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Introduction: Inelastic collisions in space
Inelastic collisions are crucial in environments where LTE is not achieved 
(molecular clouds, protostars, comets, etc) to 
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Non-LTE radiative transfer modelling 
requires collisional excitation and 
quenching cross sections and rate 
coefficients with main constituents of 
ISM (He,  H2, H) for T ~ 5 - 500 K

• Obtain accurate molecular 
abundances 

• Put constraints on the chemistry 
(formation pathways)

• Probe local physical conditions such as 
temperature and density 

Ex: N2H+, NH3, HCN/HNC ratio, CH3CN 



General methodology for inelastic collisions developed (starting in 1960s):
1. Construct the potential energy surface (PES) for molecule-He/H2 
2. Investigate the dynamics of the collision on the PES 
3. Obtain cross sections and rate coefficients 

+ BA

Collision energy

Again, the set of equations can be quite large as we might want to know the evolution
of many internal levels of a given molecule.

The typical example is the astrophysical maser (population inversion).
The two types of networks can of course be mixed to include both inelastic and

reactive processes.

1.3 Cross sections

In a scattering experiment in which a beam of molecules travels along the x axis, passes
in a collision chamber where it interacts with other molecules, and is detected after
collisions, the variation of the flux I(x) will be given by

dI

dx
= −

I

λ
(8)

where λ is the mean free path. The cross section is related to the mean free path by

λ =
1

nσ
(9)

where n is the density of the gas. The cross section has units of length2 and represents
the effective “size” of the atoms/molecules. It can be seen as a probability that a collision
takes place. With this definition we rewrite

dI

dx
= −Inσ (10)

or
I(x) = I0e

−nσx (11)

which is similar to the Beer-Lambert law for absorption of light.
We can also define (see later) the differential cross section dσ/dΩ, which takes into

account the angular dependence of the collision. We have

σ =

∫

dσ

dΩ
dΩ = σ =

∫ 2π

0

∫ π

0

dσ

dΩ
sin(θ)dθdϕ (12)

The rate coefficient k(T ) is obtained by averaging the cross section over the distri-
bution of energy of the incident particles. For example, for a bimolecular collision it is
usually assumed that the particles have a velocity (or energy) distribution that conforms
to a Maxwell-Boltzmann distribution and

k(T ) =
( 2

kBT

)3/2 1
√
πµ

∫ ∞

0
Ee−E/kBTσ(E) dE . (13)

On the other hand, for reactions initiated by light (photons), such as the photodis-
sociation reaction,

k(T ) =

∫

σ(λ)I(λ)dλ (14)

where I(λ) is the distribution of photon energy, usually taken as a black body.

4

Energy (cm-1)



Potential energy surface  

Calculation of the interaction energy for fixed 
nuclei on a grid of geometries 

For Mol-He and Mol-H2, typical well depth 
20-500 cm-1 : requires accurate quantum 
chemistry methods! 

“Gold standard” 
• CCSD(T) or CCSD(T)-F12a method 
• Aug-cc-pVnZ basis sets on all atoms 
• 103 - 105 points (geometries) 
• Fitted using angular functions (spherical 

harmonics)

θ
r

Between 2 and 6 dimensions for rotational excitation



Collision dynamics 

Many different methods to provide state-to-state collisional rate 
coefficients…

• Close-coupling (CC) method (exact) 
• Coupled states (decoupling) 
• Infinite order sudden (IOS) approximation 
• Mixed quantum/classical theory (MQCT) 
• Quasi-classical trajectory (QCT) 
• Statistical approaches (SACM+) 
• …

• Time-independent QM 
(hyperspherical coordinates) 

• Time-dependent QM (wave 
packet) methods 

• QCT 
• Statistical 
• MCTDH 
• …

Common feature of all methods: need a PES 

Non-reactive (inelastic) Reactive



• Hamiltonian:                                                  with  

• Total wave function : 

• Integration of Schrödinger equation over angles 

• System of radial coupled equations (+ boundary conditions): 

• Cross sections and rate coefficients:

 = R�1
X

↵

|↵i�↵(R)

Angular functions

Radial functions

PES

Close-coupling method: solve the time-independent Schrödinger equation

kvj!v0j0(T ) =

s
8

⇡µ(kBT )3

Z 1

0
Ee�E/kBT�vj!v0j0(E) dE

Boltzmann distribution cross section

H = HA +HB � ~2
2µ

r2 + V

<latexit sha1_base64="s1mcwCDat0bwGJuQigXsMHxdlu8=">AAACF3icbVDLSgNBEJz1GeMr6tHLYBCEYNgNgh4Uol5yjGAekE2W3slsMmR2dpmZFcKSv/Dir3jxoIhXvfk3Th4HTSxoKKq66e7yY86Utu1va2l5ZXVtPbOR3dza3tnN7e3XVZRIQmsk4pFs+qAoZ4LWNNOcNmNJIfQ5bfiD27HfeKBSsUjc62FM2yH0BAsYAW0kL1es4Ctc8a4LFe8Gn7qBBJK6fR9kpzRKS26YjFwBPodOCRdwPevl8nbRngAvEmdG8miGqpf7crsRSUIqNOGgVMuxY91OQWpGOB1l3UTRGMgAerRlqICQqnY6+WuEj43SxUEkTQmNJ+rviRRCpYahbzpD0H01743F/7xWooOLdspEnGgqyHRRkHCsIzwOCXeZpETzoSFAJDO3YtIHk402UY5DcOZfXiT1UtGxi87dWb58OYsjgw7RETpBDjpHZVRBVVRDBD2iZ/SK3qwn68V6tz6mrUvWbOYA/YH1+QOjTp0V</latexit><latexit sha1_base64="s1mcwCDat0bwGJuQigXsMHxdlu8=">AAACF3icbVDLSgNBEJz1GeMr6tHLYBCEYNgNgh4Uol5yjGAekE2W3slsMmR2dpmZFcKSv/Dir3jxoIhXvfk3Th4HTSxoKKq66e7yY86Utu1va2l5ZXVtPbOR3dza3tnN7e3XVZRIQmsk4pFs+qAoZ4LWNNOcNmNJIfQ5bfiD27HfeKBSsUjc62FM2yH0BAsYAW0kL1es4Ctc8a4LFe8Gn7qBBJK6fR9kpzRKS26YjFwBPodOCRdwPevl8nbRngAvEmdG8miGqpf7crsRSUIqNOGgVMuxY91OQWpGOB1l3UTRGMgAerRlqICQqnY6+WuEj43SxUEkTQmNJ+rviRRCpYahbzpD0H01743F/7xWooOLdspEnGgqyHRRkHCsIzwOCXeZpETzoSFAJDO3YtIHk402UY5DcOZfXiT1UtGxi87dWb58OYsjgw7RETpBDjpHZVRBVVRDBD2iZ/SK3qwn68V6tz6mrUvWbOYA/YH1+QOjTp0V</latexit><latexit sha1_base64="s1mcwCDat0bwGJuQigXsMHxdlu8=">AAACF3icbVDLSgNBEJz1GeMr6tHLYBCEYNgNgh4Uol5yjGAekE2W3slsMmR2dpmZFcKSv/Dir3jxoIhXvfk3Th4HTSxoKKq66e7yY86Utu1va2l5ZXVtPbOR3dza3tnN7e3XVZRIQmsk4pFs+qAoZ4LWNNOcNmNJIfQ5bfiD27HfeKBSsUjc62FM2yH0BAsYAW0kL1es4Ctc8a4LFe8Gn7qBBJK6fR9kpzRKS26YjFwBPodOCRdwPevl8nbRngAvEmdG8miGqpf7crsRSUIqNOGgVMuxY91OQWpGOB1l3UTRGMgAerRlqICQqnY6+WuEj43SxUEkTQmNJ+rviRRCpYahbzpD0H01743F/7xWooOLdspEnGgqyHRRkHCsIzwOCXeZpETzoSFAJDO3YtIHk402UY5DcOZfXiT1UtGxi87dWb58OYsjgw7RETpBDjpHZVRBVVRDBD2iZ/SK3qwn68V6tz6mrUvWbOYA/YH1+QOjTp0V</latexit><latexit sha1_base64="s1mcwCDat0bwGJuQigXsMHxdlu8=">AAACF3icbVDLSgNBEJz1GeMr6tHLYBCEYNgNgh4Uol5yjGAekE2W3slsMmR2dpmZFcKSv/Dir3jxoIhXvfk3Th4HTSxoKKq66e7yY86Utu1va2l5ZXVtPbOR3dza3tnN7e3XVZRIQmsk4pFs+qAoZ4LWNNOcNmNJIfQ5bfiD27HfeKBSsUjc62FM2yH0BAsYAW0kL1es4Ctc8a4LFe8Gn7qBBJK6fR9kpzRKS26YjFwBPodOCRdwPevl8nbRngAvEmdG8miGqpf7crsRSUIqNOGgVMuxY91OQWpGOB1l3UTRGMgAerRlqICQqnY6+WuEj43SxUEkTQmNJ+rviRRCpYahbzpD0H01743F/7xWooOLdspEnGgqyHRRkHCsIzwOCXeZpETzoSFAJDO3YtIHk402UY5DcOZfXiT1UtGxi87dWb58OYsjgw7RETpBDjpHZVRBVVRDBD2iZ/SK3qwn68V6tz6mrUvWbOYA/YH1+QOjTp0V</latexit>

J = jA + jB + L
<latexit sha1_base64="/wIF5Nss46LUVBK3tPYButEBbYw=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBGEQklE0IVC1Y2Iiwr2AW0Ik+mknXbyYGZSKKF/4saFIm79E3f+jZM2C209cOFwzr3ce48XcyaVZX0bS8srq2vrhY3i5tb2zq65t9+QUSIIrZOIR6LlYUk5C2ldMcVpKxYUBx6nTW94m/nNERWSReGTGsfUCXAvZD4jWGnJNc2O56P7q4F7XR64N+WHomuWrIo1BVokdk5KkKPmml+dbkSSgIaKcCxl27Zi5aRYKEY4nRQ7iaQxJkPco21NQxxQ6aTTyyfoWCtd5EdCV6jQVP09keJAynHg6c4Aq76c9zLxP6+dKP/CSVkYJ4qGZLbITzhSEcpiQF0mKFF8rAkmgulbEeljgYnSYWUh2PMvL5LGacW2KvbjWal6mcdRgEM4ghOw4RyqcAc1qAOBETzDK7wZqfFivBsfs9YlI585gD8wPn8A2rOR0Q==</latexit><latexit sha1_base64="/wIF5Nss46LUVBK3tPYButEBbYw=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBGEQklE0IVC1Y2Iiwr2AW0Ik+mknXbyYGZSKKF/4saFIm79E3f+jZM2C209cOFwzr3ce48XcyaVZX0bS8srq2vrhY3i5tb2zq65t9+QUSIIrZOIR6LlYUk5C2ldMcVpKxYUBx6nTW94m/nNERWSReGTGsfUCXAvZD4jWGnJNc2O56P7q4F7XR64N+WHomuWrIo1BVokdk5KkKPmml+dbkSSgIaKcCxl27Zi5aRYKEY4nRQ7iaQxJkPco21NQxxQ6aTTyyfoWCtd5EdCV6jQVP09keJAynHg6c4Aq76c9zLxP6+dKP/CSVkYJ4qGZLbITzhSEcpiQF0mKFF8rAkmgulbEeljgYnSYWUh2PMvL5LGacW2KvbjWal6mcdRgEM4ghOw4RyqcAc1qAOBETzDK7wZqfFivBsfs9YlI585gD8wPn8A2rOR0Q==</latexit><latexit sha1_base64="/wIF5Nss46LUVBK3tPYButEBbYw=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBGEQklE0IVC1Y2Iiwr2AW0Ik+mknXbyYGZSKKF/4saFIm79E3f+jZM2C209cOFwzr3ce48XcyaVZX0bS8srq2vrhY3i5tb2zq65t9+QUSIIrZOIR6LlYUk5C2ldMcVpKxYUBx6nTW94m/nNERWSReGTGsfUCXAvZD4jWGnJNc2O56P7q4F7XR64N+WHomuWrIo1BVokdk5KkKPmml+dbkSSgIaKcCxl27Zi5aRYKEY4nRQ7iaQxJkPco21NQxxQ6aTTyyfoWCtd5EdCV6jQVP09keJAynHg6c4Aq76c9zLxP6+dKP/CSVkYJ4qGZLbITzhSEcpiQF0mKFF8rAkmgulbEeljgYnSYWUh2PMvL5LGacW2KvbjWal6mcdRgEM4ghOw4RyqcAc1qAOBETzDK7wZqfFivBsfs9YlI585gD8wPn8A2rOR0Q==</latexit><latexit sha1_base64="/wIF5Nss46LUVBK3tPYButEBbYw=">AAAB+XicbVDLSsNAFL3xWesr6tLNYBGEQklE0IVC1Y2Iiwr2AW0Ik+mknXbyYGZSKKF/4saFIm79E3f+jZM2C209cOFwzr3ce48XcyaVZX0bS8srq2vrhY3i5tb2zq65t9+QUSIIrZOIR6LlYUk5C2ldMcVpKxYUBx6nTW94m/nNERWSReGTGsfUCXAvZD4jWGnJNc2O56P7q4F7XR64N+WHomuWrIo1BVokdk5KkKPmml+dbkSSgIaKcCxl27Zi5aRYKEY4nRQ7iaQxJkPco21NQxxQ6aTTyyfoWCtd5EdCV6jQVP09keJAynHg6c4Aq76c9zLxP6+dKP/CSVkYJ4qGZLbITzhSEcpiQF0mKFF8rAkmgulbEeljgYnSYWUh2PMvL5LGacW2KvbjWal6mcdRgEM4ghOw4RyqcAc1qAOBETzDK7wZqfFivBsfs9YlI585gD8wPn8A2rOR0Q==</latexit>

� ~2
2µ

d
2
�↵

dR2
+

X

↵0

h↵0|HA +HB + V +
L2

2µR2
|↵i�↵ = E�↵

<latexit sha1_base64="F52NcJyK23j1mCGcw+8mYEKKds8="></latexit><latexit sha1_base64="F52NcJyK23j1mCGcw+8mYEKKds8="></latexit><latexit sha1_base64="F52NcJyK23j1mCGcw+8mYEKKds8="></latexit><latexit sha1_base64="F52NcJyK23j1mCGcw+8mYEKKds8="></latexit>



Ben Khalifa et al. MNRAS 523 2577 (2023)

2584 M. Ben Khalifa, P. J. Dagdigian and J. Loreau 

MNRAS 523, 2577–2586 (2023) 

0

4

8

12

16

20

 

102 103 104 105 106 107 108
 

51-41:CH3CN
52-42:CH3CN
51-41:CH3NC
52-42:CH3NC

T ex(K
)

T=20K

nH2
(cm-3)

0

10

20

30

40

50

60

 

102 103 104 105 106 107 108
 

51-41:CH3CN
52-42:CH3CN
51-41:CH3NC
52-42:CH3NC

T ex(K
)

nH2
(cm-3)

T=50K
0

40

80

120

160

200

240

 

102 103 104 105 106 107 108
 

51-41:CH3CN
52-42:CH3CN
51-41:CH3NC
52-42:CH3NC

T ex(K
)

nH2
(cm-3)

T=80K

0

4

8

12

16

20

 

102 103 104 105 106 107 108 109
 

50-40:CH3CN
53-43:CH3CN
50-40:CH3NC
53-43:CH3NC

T ex(K
)

nH2
(cm-3)

T=20K
0

10
20
30
40
50
60
70

 

102 103 104 105 106 107 108 109
 

50-40:CH3CN
53-43:CH3CN
50-40:CH3NC
53-43:CH3NC

T ex(K
)

nH2
(cm-3)

T=50K -4

-2

0

2

4

 

102 103 104 105 106 107 108
 

50-40:CH3CN
53-43:CH3CN
50-40:CH3NC
53-43:CH3NC

Y

nH2
(cm-3)

T=80K

Figure 5. Excitation temperature of CH 3 CN (solid curves) and CH 3 NC (dashed curves) for the transitions j k → j ′ 
k ′ with j = 5, j ′ = 4, and k = k ′ = 1 or 2 

( para -CH 3 CN/NC, top panels) and k = k ′ = 0 or 3 ( ortho -CH 3 CN/NC, bottom panels) as a function of the H 2 density for three kinetic temperature (20, 50, and 
80 K) and a column density of 10 14 cm −2 . The bottom right panel shows Y = T ex 

| T ex | × log 10 (1 + | T ex | ) instead of the excitation temperature. 
If we analyse the intermediate domain where collisional and 

radiative processes are in competition, we see that the comparison 
of the T ex of CH 3 CN and CH 3 NC isomers shows that the excitation 
conditions of both isomers are different and that a similar T ex for 
both isomers cannot be assumed. 

Fig. 6 presents the brightness temperature of CH 3 CN and its 
isomer CH 3 NC as a function of the H 2 volume density. In all panels, 
the brightness temperature globally increases with the increase of 
the density and the temperature with an asymptotic behaviour at 
n > 10 6 cm −3 . A small peak is observed for T = 50 K and 
5 × 10 4 ≤ n H 2 ≤ 5 × 10 5 cm −3 with a higher magnitude at T = 
80 K. We can see se veral dif ferences between the two isomers, 
especially in the intermediary domain (10 4 cm −3 ≤ n ≤ 10 6 
cm −3 ) where collisional and radiative processes are in competition. 
These differences demonstrate the need of calculating collision rate 
coefficients of each isomer separately to determine their abundance 
with good precision. 
5  C O N C L U S I O N  
State-to-state cross sections for the (de-)excitation of CH 3 CN and 
its isomer CH 3 NC induced by collisions with helium atoms were 
computed using the CC method for E tot ≤ 100 cm −1 and CS approx- 
imation for 100 cm −1 ≤ E tot ≤ 900 cm −1 . The dynamics was studied 
using recent accurate ab initio PESs. These cross sections were then 
av eraged o v er a Maxwell–Boltzmann distribution of v elocities to 
determine quenching collision rate coefficients between the first 74 
levels of para -CH 3 CN/NC and first 66 levels of ortho -CH 3 CN/NC 
for temperatures ranging from 5 to 100 K. The rate coefficients for 

the two isomers display different propensity rules. Transitions with 
! j = 2, ! k = 0 are dominant for CH 3 CN-He collisions, while for 
CH 3 NC-He a propensity rule is found in fa v our of ! j = 1, ! k 
= 0 transitions at low temperatures but ! j = 2, ! k = 0 at high 
temperatures. Overall, the CH 3 CN-He collision rate coefficients are 
found to be slightly smaller than those for CH 3 NC-He isomer, which 
can be explained based on the depth of the PES corresponding to the 
collision, which is larger for CH 3 NC-He than for CH 3 CN-He (See 
Paper I ). 

We have compared the new set of rate coefficients of CH 3 CN-He 
with those available in literature for CH 3 CN-H 2 that are currently 
used for astrophysical modelling. An important discrepancy was 
found between both sets of data, with differences of up to three 
orders of magnitude for some transitions. There does not seem to be 
any correlation between the two data sets, which demonstrates the 
usefulness of the present collisional rates. Even though the present 
calculations have been performed for the excitation with He atoms 
and not H 2 molecules, we recommend the use of these new rates in 
non-LTE models of CH 3 CN excitation. 

A systematic comparison of the excitation rate coefficients for 
CH 3 CN-He and CH 3 NC-He shows that the rates differ by up to 
a factor of 3. These isomerism effects in the collisional excita- 
tion show that separate calculations must be performed for each 
isomer as the rate coefficients cannot be assumed to be equal. 
These differences also let us predict that the excitation of these 
molecules in cold molecular clouds will be different, and we must 
use the appropriate rate coefficients of each isomer. To confirm 
this, we carried out a radiative transfer simulation for both iso- 
mers using scaled rate coefficients of CH 3 CN/NC. As predicted, 
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Use of rate coefficients in modelling

Collisional excitation of ND2H and ND3 by H2 1545

Figure 11. Comparison between model (red curves) and observations (his-
tograms) for the o–NHD2 line at 336 GHz observed with APEX towards
16293E. In each panel, the offset is indicated according to the reference
position α2000 = 16h32m29.s47, δ2000 = −24◦28′52.′′6.

Figure 12. Abundance profile of o–NHD2 (red curve) as a function of
radius in the pre-stellar core 16293E. The grey areas show the confidence
zone for the abundance at every radius.

The o–NHD2 column density is log(N) = 13.82+0.14
−0.15 and with

a 2:1 ratio between the ortho and para species, this gives a total
column density of log(N) = 13.99+0.14

−0.15.

6.2.2 NH2D

The o–NH2D (11, 1–10, 1) line was observed at the single posi-
tion α2000 = 16h32m29.s47, δ2000 = −24◦28′52.′′6, which is offset
by ∼15 arcsec from the centre of our model. This o–NH2D ob-
servation can be satisfactorily reproduced by applying an overall
scaling factor to the o–NHD2 abundance profile discussed in the
previous section. The comparison between the model and observa-
tions is shown in Fig. 14.

Figure 13. Comparison between model (red curves) and observations (his-
tograms) for the p–NHD2 line at 335 GHz observed with APEX towards
16293E. In each panel, the offset is indicated according to the reference
position α2000 = 16h32m29.s47, δ2000 = −24◦28′52.′′6.

Figure 14. Comparison between model (red curves) and observations (his-
tograms) for the o–NH2D line observed towards 16293E at the reference
position.

The o–NH2D column density is log(N) = 14.54+0.13
−0.08 and with

a 3:1 ratio between the ortho and para species, this gives a total
column density of log(N) = 14.66+0.13

−0.08.

6.2.3 ND3

As for NH2D, we model the ND3 transition by applying an overall
scaling factor to the o–NHD2 abundance profile. The m–ND3 col-
umn density is log(N) = 12.27+0.15

−0.16 and with a 16:10:1 ratio between
the ortho, meta and para species, this gives a total column density
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Scattering experiments
Allows to probe quantum chemistry + quantum dynamics methods. 
In the last 20y, huge progress in measuring accurate cross sections and/or 
rate coefficients for inelastic collisions at low temperature.  
Theory has been validated at low temperatures…

CO(j=0) + H2 

Chefdeville et al., Science 341 1094 (2013)

O2(j=0) + H2 

The Astrophysical Journal Letters, 799:L9 (4pp), 2015 January 20 Chefdeville et al.

(a)

(b)

Figure 1. Collisional energy dependence of the integral cross sections for CO
excitation (jCO = 0, 1 → 2) by para-H2. (a) Theoretical ICSs calculated with
V12 PES (Jankowski et al. 2012) for both possible transitions 0 → 2 and 1 → 2,
(b) comparison of theoretical ICSs convoluted with the experimental collision
energy spread (solid blue line), with a 10% relative contribution of collisions
with CO(jCO = 1) with experimental data (open circles) in arbitrary units. The
measurements were performed when crossing a beam of neat para-H2 from a
pulsed nozzle at ca. 45 K propagating at velocity v1 = 943 ms−1 with a beam
of 1% CO in He from another pulsed nozzle at ca. 85 K propagating at v2 =
941 ms−1; crossing angle χ was varied from 17.5 to 37.◦5, resulting in a collision
energy ET = (1/2)µ(v2

1 + v2
2 − 2v1v2 cosχ ) where µ stands for the reduced

mass of the collision partners.

4. RESULTS

The results obtained for CO (jCO = 0, 1 → 2) excitation by
collision with H2 are displayed in Figure 1: the theoretical ICSs,
calculated with the V12 PES of Jankowski et al. (2012) are given
in panel (a); experimental data are displayed in panel (b), along
with the theoretical ICSs convoluted with experimental energy
spread to allow for comparison. The theoretical data displayed
in Figure 1(b) are the sum of the contributions of excitation
from the jCO = 0 and 1 states. The populations of rotational
level with jCO ! 2 are below than our detection limit: therefore
the de-excitation contributions from these levels need not be
taken into account. The 1 → 2 ICS was included as a 10%
contribution to the total ICS based on average population of
the jCO = 1 state in the experiment. Note that this contribution
does not correspond to the jCO = 1 population determined when
probing the central part of the beam (ca. 1%, corresponding to a
rotational temperature close to 1 K); in this collision experiment,
half the CO beam (from its rising edge to the middle of the
pulse) contributes to the signal; since jCO = 1 populations
are higher on the edges (up to ∼15% at the maximum of the
signal for jCO = 1), the overall contribution due to collisions
of CO(jCO = 1) with H2 also is higher (10%, corresponding to
an average temperature within the whole beam of about 1.6 K).
Such a contribution describes well the behavior of the total ICS
below the 0 → 2 threshold.

The experimental data on the 0 → 1 transition, as published
by Chefdeville et al. (2012), were not corrected for the varia-
tion of the mean interaction time with the beam crossing an-
gle. Furthermore, the calculations presented in this Letter were

Figure 2. Integral cross-sections for the CO rotational transition 0 → 1 induced
by para-H2 as function of collision energy. The corrected experimental data
(Naulin & Costes 2014; same conditions as Figure 1) is compared to the
new theoretical ICS calculated with the V12 PES and convoluted with the
experimental energy spread.

(a)

(b)

Figure 3. Collisional energy dependence of the integral cross sections for CO
excitation (jCO = 0 → 1) by normal-H2. (a) Theoretical ICSs calculated with
V12 PES (Jankowski et al. 2012) for para- and ortho-H2; (b) theoretical ICSs
convoluted with the experimental collision energy spread (solid blue line), with a
25% relative population of para-H2 (jH2 = 0) and 75% of ortho-H2 (jH2 = 1);
experimental data (open circles) in arbitrary units (for more details, see the
caption of Figure 1).

performed using the former V04 PES (Jankowski & Szalewicz
2005), rescaled by a factor of 1.05 to obtain a fair agreement
(i.e., reproducing the position of the peaks). These former exper-
imental data were corrected, similarly as we did for the 0, 1 → 2
transitions. The comparison of uncorrected and corrected exper-
imental ICSs, with calculations using the scaled V04 PES can be
found in Figure 9 of Naulin & Costes (2014). These experimen-
tal results, along with new theoretical calculations performed
on the V12 PES, are displayed in Figure 2.

To allow comparison with ortho-H2, experimental measure-
ments on the 0 → 1 rotational excitation of CO by normal-H2
were performed (see Figure 3): the theoretical ICSs for para-
and ortho-H2, calculated with the V12 PES of Jankowski et al.

3

resolved peaks (a, b, and c), with no observable
difference for the collision partners para-H2 or
normal-H2. The excitation function also appears
unusual for a molecular collision process. The O2

(N = 1, j = 0 → N = 1, j = 1) transition violates
the propensity rules in rotationally inelastic
collisions of diatomic molecules in 3S electronic
states (10). Thus, normal scattering cannot occur.
Scattering can only arise from resonances, and
the three observed peaks are proof of this reso-
nance behavior.

To gain insight into the resonance structure,
we performed full quantum close-coupling scat-
tering calculations by using a four-dimensional
ab initio PES treating O2 and H2 as rigid rotors,
which had been recently obtained by the coupled
cluster method while using single and double
excitation with perturbative contributions from
connected triple excitations and large sets of
atomic basis orbitals (16). Because the well depth
of the PES strongly affects the energy, width, and
intensity of the scattering resonances, we per-
formed additional electronic structure calcula-
tions at a higher level of theory to obtain a better

description of this critical parameter (fig. S1)
(13). We estimated that 5% of the interaction en-
ergy was missing in the potential well. Therefore,
we scaled the global PES by a factor of 1.05. A
previous theoretical study on O2–H2 inelastic scat-
tering neglecting the fine structure showed that
rotation of H2 has almost no influence on the
magnitude of the cross sections, including the
resonances (16). We thus restricted the calcu-
lations to the j = 0 level of H2 (i.e., the PES was
averaged over H2 rotations), considering that
our results should also be valid for H2 ( j = 1). For
the scattering calculations, we solved the quantal
coupled equations in the intermediate coupling
scheme by using the MOLSCATcode (17) mod-
ified to take into account the fine structure of the
O2 energy levels (18, 19). Cross sections were
obtained up to ET = 50 cm–1 on a 0.05-cm–1 grid.
The results are presented in Fig. 1B for partial
waves J = 1 to 7, which contribute at the colli-
sion energies sampled in the experiment. The
theoretical ICSs convoluted with the experi-
mental collision energy spread are also reported
in Fig. 1A.

The agreement between experiment and the-
ory in Fig. 1 is very good. The convoluted theoret-
ical curve reproduces well the position and width
of the three experimental peaks. The experimen-
tal excitation function falls almost to zero at ET =
20 cm–1, which indicates a negligible contribution
of collision energy transfer in the final observed
state N = 1, j = 1 from N = 1, j = 2 residual pop-
ulation in the O2 beam (see also fig. S2) (13).
Furthermore, Fig. 2 demonstrates that inelastic
scattering with H2 ( j = 1) behaves the same as
with H2 ( j = 0), which justifies the theoretical
assumption made (vide supra).

A comparison of experimental and theoretical
data shows that each peak in the experimental
excitation function corresponds to an almost pure
partial wave: peak a to J = 2, peak b to J = 3, and
peak c to J=4.The contributions frompartialwaves
J = 1 and J > 4 and the overlaps between J = 2, 3,
and 4 remain marginal. To gain insight into the
nature of the peaks, we calculated adiabatic-bender
potentials (20) and searched for all van derWaals
stretch levels supported by these curves (21). The
levels are labeled as N, j, and l, where l is the
orbital angular momentum. Figure 3 shows the
J = 2 potential curve, which correlates with O2

(N = 1, j = 1) + H2( j = 0). This curve supports one
quasi-bound state at E1,1,2 = 4.36 cm–1, slightly
above the asymptotic value atE1,1 = 3.96 cm

–1 but
trapped below the centrifugal barrier. Tunneling
through the barrier thus gives rise to a shape (or
orbiting) resonance (5, 22). Another J = 2 curve,
which correlates with the asymptotically closed
channel O2 (N = 3, j = 4) + H2( j = 0) at E3,4 =
16.39 cm–1, furnishes a different scenario. The
O2–H2 complexes are temporally trapped in the
bound state at E3,4,4 = 6.19 cm–1 before disso-
ciating to O2 (N = 1, j = 1) + H2 ( j = 0), yielding
a Feshbach resonance (23). Therefore peak a
can be regarded as the juxtaposition of a shape

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, data of Fig. 1A) and normal-
H2 (open triangles). Error bars and scan parameters
for normal-H2 as defined in Fig. 1A but with 29
consecutive scans of the beam intersection angle.

Fig. 1. Collisional energy dependence of the integral cross sections for O2 excitation (N = 1,
j = 0)→ (N = 1, j = 1). (A) Experimental data with para-H2 (open circles, with error bars representing the
statistical uncertainties at 95% of the confidence interval). Each point corresponds to 40 consecutive
scans of the beam intersection angle acquired between 30° and 12.5° with –0.5° decrement and 100
laser shots per angle; theoretical ICSs were convoluted with the experimental collision energy spread
(solid line). (Inset) Energy-level diagram and excitation scheme of O2 in the N = 1 state. (B) Theoretical
results: partial waves J = 2, 3, and 4 (solid lines); partial waves J = 1 and J = 5 to 7(dashed lines); integral
cross section (dashed-dotted line). Positions of the bound and quasi-bound states (see Fig. 3) labeled with
their quantum numbers {N, j, l} (see text) are shown by vertical dashed lines. a.u., arbitrary units.
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State-resolved diffraction oscillations imaged
for inelastic collisions of NO radicals with
He, Ne and Ar
Alexander von Zastrow1†, Jolijn Onvlee1†, Sjoerd N. Vogels1, Gerrit C. Groenenboom1,
Ad van der Avoird1 and Sebastiaan Y. T. van de Meerakker1*

Just as light scattering from an object results in diffraction patterns, the quantum mechanical nature of molecules can lead
to the diffraction of matter waves during molecular collisions. This behaviour manifests itself as rapid oscillatory
structures in measured differential cross-sections, and such observable features are sensitive probes of molecular
interaction potentials. However, these structures have proved challenging to resolve experimentally. Here, we use a Stark
decelerator to form a beam of state-selected and velocity-controlled NO radicals and measure state-to-state differential
cross-sections for inelastic collisions of NO with He, Ne and Ar atoms using velocity map imaging. The monochromatic
velocity distribution of the NO beam produced scattering images with unprecedented sharpness and angular resolution,
thereby fully resolving quantum diffraction oscillations. We found excellent agreement with quantum close-coupling
scattering calculations for these benchmark systems.

The outcome of a collision between molecules is determined by
the paths they take over the underlying potential energy
surfaces (PESs). The accurate measurement of the deflection

of the molecules as a result of their encounter, that is, of the
differential cross-section (DCS), is one of the most rigorous tests
for ab initio computed PESs1. Since the 1950s, experimentalists
have engineered ever more complex crossed molecular beam
machines to measure DCSs in more and more detail. In the early
experiments, product recoil velocities and angular distributions
were measured by time-of-flight analysis of the scattered molecules
using electron impact ionization detectors that rotated around the
beam crossing area. Enhanced detection efficiencies and resolutions
were realized with the advent of tunable lasers. For light atoms
such as H and D, the extremely high resolution afforded by
modern ‘Rydberg tagging’ and Doppler time-of-flight techniques
has made a significant impact on the understanding of elementary
chemical reactions2–4.

The ability to record DCSs took a major leap forward with the
development of ion imaging and velocity map imaging (VMI) tech-
niques5,6. The power of these methods is derived from the ability to
image velocity vectors onto a position-sensitive detector, thereby
probing all recoil angles simultaneously7. In combination with
laser-based ionization methods, this offers the revolutionary capa-
bility to generate images of recoiling molecules that directly reflect
the state-resolved DCSs8,9. In the last decade, VMI has opened new
avenues in molecular collision research and has already proven indis-
pensable in unravelling the mechanisms that govern half-col-
lisions10,11, inelastic energy transfer12,13 and chemical reactivity14–18.

Although VMI and time-of-flight techniques have comparable
inherent resolutions, the image resolution attainable with VMI is
limited by the velocity spread(s) of the molecular beam(s) used7.
For uni-molecular dissociation processes—where the VMI spec-
trometer can be directed along the beam flight direction—the
narrow transverse velocity spread of a well-collimated beam

results in sharp images of the recoiling fragments19. In crossed
beam experiments, however, the detector needs to be directed per-
pendicular to the plane of the intersecting beams and the much
larger forward velocity spreads of both beams significantly blur
the image. The resulting image resolution is often not sufficient to
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Figure 1 | Schematic representation of the experimental set-up. a, Energy-
level diagram of NO, where the energy splitting between the L-doublet
components of each rotational level is greatly exaggerated for clarity.
b, A packet of NO (X2P1/2, v¼0, j¼ 1/2, f ) radicals with a small velocity
spread is produced by passing a beam through a 2.6-m-long Stark
decelerator. This packet scatters with neat beams of He, Ne or Ar atoms.
The state-resolved angular distribution of the scattered NO radicals is
measured using a VMI detector.
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v and j indicate the electronic state, the vibrational state and the rota-
tional state of the NO radical, respectively. Each rotational state of 
NO possesses two near-degenerate components, labelled with sym-
metry labels e (lower component) and f (upper component), which 
refer to the total parity of the electronic wavefunction, exclusive of 
rotation. After exiting the Stark decelerator, the NO packet collided 
with a beam of H2 (j =  0) molecules at a crossing angle of 45°.

To reach collision energies with this geometry that are sufficiently 
low to access scattering resonances, H2 velocities below 900 m s–1 are 
required, which are well below the velocities that can be obtained by 
cryogenic cooling of the H2 source. We use a hitherto unexplored 
method to reduce the collision energy for inelastic scattering pro-
cesses, in which heavier Ne atoms are co-expanded with the H2 
beam in a 1:1 ratio. Cryogenic cooling of the gas mixture to variable 
temperatures resulted in beam velocities between 500 and 700 m s–1, 
which are well below the velocities obtainable with a pure H2 expan-
sion. This results in collision energies between 10 and 18 cm−1 for 
NO–H2 collisions and between 68 cm−1 and 115 cm−1 for NO–Ne 
collisions. In this energy range, scattering resonances are predicted 
for NO–H2 inelastic collisions that excite NO radicals from the 
initial j =  1/2, f level to the j =  3/2, e level, for instance. Scattered 
NO radicals were detected state-selectively using resonance-
enhanced multiphoton ionization and imaged using an advanced  
VMI spectrometer.

Both the Ne atoms and H2 molecules scattered with the NO rad-
icals and induced collision signals. However, due to the different 
reduced masses for NO–H2 and NO–Ne, the Newton spheres for the 
two systems have vastly different radii (Fig. 2) and only overlap for 
a small angular window near forward scattering. This is best illus-
trated at relatively high collision energies, as in Fig. 2, which shows 
an experimentally obtained image for inelastic j =  1/2, f →  j =  3/2, 
e collisions that was obtained using a valve temperature of 200 K, 
yielding collision energies of 43 cm−1 and 275 cm−1 for NO–H2 and 
NO–Ne, respectively. The circular signatures of the two superim-
posed Newton spheres are readily resolved in the two-dimensional 
VMI images.

For the larger NO–Ne image, the scattering intensity is unper-
turbed by the smaller NO–H2 image, except for near-forward scat-
tered angles that were discarded in the analysis. We simulated the 
individual contribution of Ne to this image with a simulation pro-
gram that uses DCSs from coupled-channels calculations for NO–
Ne and the instrument parameters as input. We retrieved the angular 
scattering distribution from the experimental image, which could 
be compared directly with the distribution resulting from a simu-
lated image. Well-calibrated NO–Ne potentials21 are known with 
high accuracy22, and excellent agreement was obtained between the 
two angular distributions. It is also helpful that no resonances occur 
for NO–Ne scattering in this energy range, so the cross-sections 
depend only weakly on the collision energy. This allowed us to sub-
tract, with high precision, the contribution of Ne-induced scattering 
intensity from the image (Supplementary section ‘Differential cross 
section’), retrieving a reconstructed image for pure NO–H2 colli-
sions, as shown in Fig. 2. For scattering angles near forward scat-
tering the procedure is very critical, and a precise reconstruction of 
the NO–H2 angular scattering distribution was not possible in this 
region. Yet, because the signature of scattering resonances is par-
ticularly visible near backscattered angles (vide infra), the method 
of reducing beam speeds and collision energy presented here is well 
suited to probe these resonances, which would have been inacces-
sible otherwise.

By scanning the valve temperature of the Ne/H2 beam, scatter-
ing images for the j =  1/2, f →  j =  3/2, e channel were recorded as a 
function of collision energy in the region from 10 to 18 cm−1. The 
collision energy resolution ranged from 0.2 cm−1 for the lowest col-
lision energies to 0.5 cm−1 for the highest energies. To investigate the 
presence of resonances in this energy region, we first analysed the 

energy dependence of the NO–H2 scattering signal for this inelas-
tic channel. The presence of the larger NO–Ne ring in each raw 
experimental scattering image proved very beneficial for this pur-
pose, as the measured NO–Ne scattering intensities could be used 
to calibrate the different beam intensities of the Ne–H2 mixture as 
the collision energy was varied (Supplementary section ‘Integral 
cross section’). To avoid contamination of the results with NO–Ne 
scattering intensity, we only analysed the reconstructed NO–H2 
images in the backward hemisphere for scattering angles θ between 
90 and 180°. The resulting partial cross-section is particularly sen-
sitive to revealing the presence of resonances, provided that these 
cause significant scattering intensity at backward scattered angles 
(Supplementary section ‘Scattering calculations’).

The experimentally obtained partial ICS (Fig. 3) shows a dis-
tinct rise in scattering probability near 14 cm−1, indicating the 
presence of a resonance. In this figure, the ICS is compared to 
the cross-sections resulting from full coupled-channels scat-
tering calculations based on two high-quality sets of potential 
energy surfaces. A set of two coupled potential energy surfaces 
is required to describe the collision due to the breakdown of 
the Born–Oppenheimer approximation for open-shell com-
plexes, such as NO–H2 (ref. 23). Both sets were computed at the 
CCSD(T) level and predict a resonance near 14 cm−1, but one 
of the potentials24—which we will denote the complete basis set 
(CBS) potential— was based on a CBS extrapolation, while the 
other potential25—which we denote the F12 potential—used the 
explicitly correlated F12a method with a scaled contribution 
from triple excitations (Supplementary section ‘Potential energy 
surfaces’). It turns out that the F12 potential is deeper than the 
CBS potential by nearly 2 cm−1, which causes a 0.7 cm−1 shift of 
the predicted scattering resonances. This is illustrated in Fig.  4, 
which shows the total ICS (0° ≤  θ ≤  180°) and the partial ICS of the 
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Fig. 3 | Collision energy dependence of the partial ICS for scattering 
angles θ between 90° and 180°. Measured cross-sections (data points 
with error bars) are compared with the cross-sections derived from the 
F12 (red) and CBS (blue) potentials. The resonance position is predicted 
by the potentials at a slightly different collision energy. The experimentally 
determined resonance position agrees best with the F12 potential. Inset: 
Enlargement of the resonance region. Experimental data are presented 
in arbitrary units (a.u.). Theoretical ICSs have been scaled to minimize 
the root-mean-square deviation from experiment. Vertical error bars 
represent the  error induced by the reconstruction method applied on the 
experimental images. Horizontal error bars represent the uncertainty in the 
determination of the mean collision energy. The calculated cross-sections 
were convoluted with the experimental energy resolution.
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Theory has passed 
experimental tests so far!
But only for specific (small) 
systems…



Successes:

• Clear methodology for rotational 
excitation of molecules 

• Validated by experiments 
• Extensions to fine/hyperfine 

excitation 
• New approximate approaches 

available 
• Data (rate coefficients) available 

for about 70 molecules (with He 
and/or H2) 

• Databases of rate coefficients for 
the community (EMAA, Basecol, 
LAMDA) 

• Interactions between the Astro 
and Chemical Physics 
communities

8. Species Detected in Interstellar Ices

Molecules for which a relatively firm detection in interstellar
ices has been reported in the literature are given in Table 5.
Note that for some molecules, it is not clear whether a
community consensus has been reached. Here, as for the ISM/
CSM species, the default has been to list molecules as detected
if a literature source claims such and no other study specifically
disputes it. A review of the status of interstellar ices, which
delves more deeply into the nuances of various claims, is given
by Boogert et al. (2015). Observations of ices require a
background-illuminating source for absorption, limiting the
number of sight lines that are available for study. Further
complications arise when comparing with laboratory spectra, as
the peak positions, line widths, and intensities of molecular ice
features are known to be sensitively dependent on temperature,
crystal structure of the ice (or lack thereof), and mixing or
layering with other species (see, e.g., Ehrenfreund et al. 1997;
Schutte et al. 1999, and Cooke et al. 2016). As a result, only a
handful of species (H2O, CO, CO2, CH4, CH3OH, and NH3)
have been definitively detected in interstellar ices.

The first molecular ice detection was reported by Gillett &
Forrest (1973), who observed an absorption feature at 3.1 μm
toward Orion-KL, which they attributed to H2O based on
comparison to the laboratory work of Irvine & Pollack (1968).
Soifer et al. (1979) then reported the detection of CO at 4.61
μm in absorption toward W33A, based on the laboratory work
of Mantz et al. (1975).

The laboratory work of D’Hendecourt & Allamandola
(1986) was then used to detect a further four species. As
mentioned in Section 4.2.17, CO2 was detected by D’Hende-
court & Jourdain de Muizon (1989), based on their own
laboratory work, in absorption at 15.2 μm toward several IRAS
sources. Also discussed previously (Section 4.4.13), CH4 was
simultaneously detected in the gas and solid phases by Lacy
et al. (1991) toward NGC 7538 IRS 9. A feature was attributed
to CH4 at 7.7 μm. That same year, Grim et al. (1991) identified
and assigned an absorption feature at 3.53 μm in UKIRT
observations toward W33A to CH3OH. Finally, the detection
of NH3 was reported by Lacy et al. (1998), who assigned an
absorption feature at 1110 cm−1 toward NGC 7538 IRS 9.

Several more species have been tentatively identified due to
the coincidence of a spectral feature with laboratory data for a
molecule under certain temperature or mixture conditions.
Palumbo et al. (1995) and Palumbo et al. (1997) identified an
absorption feature at 4.90 μm toward a number of sources that
corresponded to OCS when mixed with CH3OH, based on their
own laboratory work. As discussed in Section 5.4, van
Broekhuizen et al. (2005) claim an identification of OCN+

based on a lengthy history of laboratory work (e.g., Schutte &
Greenberg 1997). Finally, detections of HCOOH and H2CO are
claimed by Schutte et al. (1999) and Keane et al. (2001),
respectively.
Finally, a number of additional molecular carriers have been

suggested or tentatively assigned but have not yet been
definitively confirmed. These possible interstellar molecules
are discussed in some detail in a review article by Boogert et al.
(2015).

9. Species Detected in Protoplanetary Disks

To date, 25 unique molecules and 17 isotopologues have
been detected in protoplanetary disks. Compared with the
molecular clouds from which they form, the detected molecular
inventory of protoplanetary disks is relatively sparse. A list of
species detected in disks, including isotopologues, is given in
Table 6, along with early and/or representative detection
references. The detections of H2D

+ and HDO that were
reported by Ceccarelli et al. (2004) and Ceccarelli et al. (2005),
but were later disputed by Guilloteau et al. (2006), are not
included. Only detections reported in sources identified by the
authors or supporting literature as class II sources—those that
are no longer embedded in their natal molecular cloud—are
included. This distinction is made to avoid any possible
ambiguity over whether a reported detection originates from
the disk itself or the molecular cloud.
The (relatively) low number of gas-phase species so far

detected in disks can likely be attributed to a combination of
factors.

1. Often narrow ranges of physical environments conducive
to a large gas-phase abundance. For example, many

Table 7
List of Molecules Detected in Exoplanetary Atmospheres, with References to

Representative Detections.

Species References

OH 1
CO 2, 3, 4, 5
TiO 6, 7, 8
H2O 9, 10, 11, 12, 13
HCN 14
CO2 15, 2, 4
NH3 16
C2H2 16
CH4 17, 3, 18, 5

Note. Tentative and disputed detections are not included. References. (1)
Nugroho et al. 2021; (2) Madhusudhan et al. 2011; (3) Barman et al. 2011; (4)
Lanotte et al. 2014; (5) Barman et al. 2015; (6) Haynes et al. 2015; (7)
Sedaghati et al. 2017; (8) Nugroho et al. 2017; (9) Tinetti et al. 2007; (10)
Deming et al. 2013; (11) Kreidberg et al. 2014; (12) Kreidberg et al. 2015; (13)
Lockwood et al. 2014; (14) Hawker et al. 2018; (15) Stevenson et al. 2010;
(16) Giacobbe et al. 2021; (17) Swain et al. 2008; (18) Stevenson et al. 2014.

Figure 1. Cumulative number of known interstellar molecules over time. After
the birth of molecular radio astronomy in the 1960s, there have been on
average 3.9 new detections per year. The commissioning dates of several major
contributing facilities are noted with arrows.
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Figure 2.2: Contour plot for the CH+

2
system. The internal coordinates are defined in

the diagram shown at the top right. This contour plot was created by fixing the angle
� = 3⇡/4 rad. The electronic energy increases from the dark blue to the bright yellow
shades. (Made utilizing the Matplotlib package of Python [25].)

Figure 2.3: Approximate MEP on the ground state CH+

2
PES, to illustrate the pres-

ence of the (deep) potential well that separates the reactants and products. Note the
exothermicity (�U = �0.402 eV ). (Made utilizing the Matplotlib package of Python
[25].)

Reactive ions 

AH+ + H      

A + H2+

AH+ + H 
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Increase in size 
Challenges are mostly numerical… 
• Highly anisotropic PESs 
• Number of rotational states is huge 

even at low T due to small rotational 
constants 

Werfelli et al., JCP 143 114304 (2015)
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Recent progresses for COMs excitation: rate coefficients computed for 
some… 

Linear molecules: HC5N, C6H, C6H-,… + He/H2 

Non-linear molecules
• CH3CN, CH3NC, CH3CCH - He up to 100 K 
• CH2CHCN - He up to 20 K 
• CH3CHCH2O - He up to 30 K  
• CH3OH - H2   
• CH3CN - H2   

Cyclic molecules
• C5H6 - He  
• C5H5CN - He 
• C6H5CN - He up to 40 K 

Note: lowest vibrational modes:  
• CH3CN : 363 cm-1  

• CH3CHCH2O : 200 cm-1  
• C6H5CN : 141 cm-1 

• HC7N : 64 cm-1 (92 K)
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Vibrational excitation

Previous works on collisional vibrational excitation of molecules with QM 
methods is limited: 
• Diatomic molecules + He, H2 (ex: CO, CN, HCl, H2)         
• Linear molecules + He, H2 (HCN, C3, … , Stoecklin et al.)  
• H2O + H2 (Stoecklin et al.; Wiesenfeld) 
• CH3OH + He (Pottage et al.) 
• CO2 + He (Selim et al.) 
• CH3 + He (Ma et al.) 
• NH3 + He (Loreau and van der Avoird) Grant et al, ApJL 947 L6 (2023)



Challenges:  
• Construction of the PES (increased dimensionality) 
• Increased number of coupled equations (more internal states available) 

• Rovibrational excitation of molecules by H2 is expected to be very different 
than by He 

• At high temperatures data for collision with ortho-H2 is needed 

Need new methods… 
• Fully QM (close-coupling, CC) 
• QM + decoupling (coupled states, CS) 
• Multichannel distorted-wave Born approximation 
• QCT 
• Need to benchmark approximations!
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Loreau & van der Avoird, Faraday Disc. 251 249 (2024)

the rate coefficients, and the large number of rotational states in the ground
vibrational level that are open, vibrational relaxation could be efficient in warm
astrophysical environments, although the state-to-state rate coefficients are
several orders of magnitude smaller than the vibrationally-elastic ones. This will
require the use of different scattering methodology, such as that presented in
ref. 26, since the fully quantum-mechanical CC calculations performed here
become intractable at the higher energies required to obtain converged rate
coefficients above 300 K.

Fig. 7 Distribution of the logarithm base 10 of the vibrational relaxation rate coefficients
n2= 1/ 0 at three temperatures for all initial states j= 0–3 of ortho- and para-NH3 and all
final states j0 = 0–10 (964 transitions). The lines represent kernel density estimates.

Fig. 8 Total vibrational relaxation rate coefficients n2 = 1 / 0 for various initial rotation–
inversion states of para-NH3 and ortho-NH3, summed over all final states. Symmetric and
antisymmetric initial inversion states are denoted by full and dashed lines, respectively.

Faraday Discussions Paper

258 | Faraday Discuss., 2024, 251, 249–261 This journal is © The Royal Society of Chemistry 2024

Example: ro-vibrational relaxation of the umbrella mode of NH3 by He atoms 
• Typical rotational excitation rate coefficients are ~10-11 cm3s-1 

• Strong temperature dependence



Collisions involving heavy partners
When the two colliders are “heavy” (= heavier 
than H2) the calculations become intractable… 

Ex: The coma of a comet is composed mainly of 
H2O, CO and CO2. The composition of the coma 
changes with the distance to the Sun! 
         need collisional data for excitation by these 
molecules…

If the PES is attractive (no barrier), and the well is deep 
enough, the collision is mostly determined by the long-
range potential. 

At low temperature we can 
introduce a statistical 
approximation: equal probability 
among open channels. 
Complementary to other 
approximate methods at high T !

A+B



Ex: rate coefficients for H2O-CO collisions. 
Level populations of CO as functions of H2O density for kinetic temperatures 
of 10, 50 and 100 K: 

Faure, Lique & Loreau, MNRAS 493 776 (2020).
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Figure 4. Coma density profile of H2O in the Haser’s model. See
text for details.
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Figure 5. Level populations of CO (j = 0� 6, 8, 10) as functions
of H2O density for kinetic temperatures of 10, 50 and 100 K.
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Figure 4. Coma density profile of H2O in the Haser’s model. The pho-
todissociation rate was taken as βH2O = 1.042 × 10−5 s−1 from Zakharov
et al. (2007). The dashed lines delineate, for a production rate QH2O =
1 × 1029 s−1, the three approximate density regimes: (a) LTE equilibrium,
(b) non-LTE regime, and (c) fluorescence equilibrium. See text for details.

fixed at N(CO) = 1014 cm−2, which is the typical magnitude at
r ∼ 1000 km for a CO/H2O abundance ratio of ∼10 per cent (e.g.
Lupu et al. 2007). We have checked, however, that the relative
populations are not sensitive to the column density provided that
N(CO) < 1016 cm−2 (i.e. the lines are optically thin). The water
density is varied in the large range 10−3–1013 cm−3 corresponding
to nucleocentric distances between 1 and 106 km in the Haser model,
as plotted in Fig. 4. The line width is fixed at 1.6 km s−1, i.e. "v =
2 × vexp. Finally, the background radiation field includes both the
2.73 K cosmic microwave background (CMB) and the Sun radiation.
This latter contribution is taken as a diluted blackbody of 5770 K
with the dilution factor W = #S/4π, where #S ∼ 6.79 × 10−5 sr is
the Sun solid angle seen at Rh = 1 au.

Input data include the CO energy levels (v2, j2) (v2 is the CO
vibrational quantum number), the spontaneous emission Einstein
coefficients and the collisional rate coefficients. Level energies
and Einstein coefficients were taken from the HITRAN data base1

(Gordon et al. 2017). Only the first excited vibrational level v2 =
1 was taken into account because the solar excitation rate of v2 =
1 is at least two orders of magnitude greater than those of v2 > 1
(Crovisier & Le Bourlot 1983). Our model thus include the lowest
80 ro-vibrational levels of CO, i.e. up to level (v2, j2) = (1, 32)
which lies 4148 cm−1 above the ground-state (0, 0). Since our
SACM rate coefficients are available for the lowest 11 rotational
levels only, we had to extrapolate the collisional data above j2 =
10. It should be noted, however, that the corresponding levels
are negligibly populated (less than 1 per cent) at the investigated
temperatures and the extrapolated collisional data play only a minor
role in the SE equations. In practice, the total de-excitation rotational
rate coefficients were simply fixed at 10−10 cm3 s−1 with an equal
distribution among final levels and no temperature dependence.

1https://hitran.org/.
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Figure 5. Level populations of CO (j = 0 − 6, 8, 10) as functions of H2O
density for kinetic temperatures of 10, 50, and 100 K. The thermalized
SACM rate coefficients are employed with an OPR of H2O fixed at 3.

Similarly the total de-excitation vibrational rate coefficients were
fixed at 10−13 cm3 s−1 (with again an equal distribution among
final levels), as suggested by the CO(v2 = 1) − H2O quenching
measurements of Wang, Gu & Kong (1999) performed at 300 K.
Finally, for pure rotational transitions involving rotational levels
j2 ≤ 10 within v2 = 1, we adopted the corresponding rate coefficients
within v2 = 0. Rotational rate coefficients indeed depend only
weakly on the vibrational state (Carty et al. 2004). This extrapolation
procedure was used for the SACM, the B99 and the G93 collision
data sets.

The population distribution of the CO rotational levels j2 in
v2 = 0 is thus governed by the balance between the collision-
induced transitions, the vibrational excitation (v2 = 0 → 1) by
the solar infrared radiation field, the rotational excitation by the
CMB radiation field and the radiative decay due to spontaneous
emission. The results of our non-LTE model are presented in Fig. 5
where the population of levels j2 is plotted as function of the H2O
density for the selected kinetic temperatures 10, 50, and 100 K.
The set of thermalized SACM rate coefficient is employed here
with an OPR for H2O equal to 3. We can clearly observe the
presence of three different regimes: the fluorescence equilibrium at
low densities (nH2O ! 103 cm−3), the non-LTE regime in the range
103 ! nH2O ! 108 cm−3, and the LTE-regime at larger densities.
Thus, for a production rate QH2O = 1 × 1029 s−1, LTE applies
at r ! 300 km, i.e. in the inner coma, while the fluorescence
equilibrium distribution is completely established at r" 7 × 104 km
(see Fig. 4). The non-LTE regime extends typically from 300 to
70 000 km, representing about 10 per cent of all CO molecules in
the coma. We can notice in Fig. 5 that the non-LTE regime of
densities does not significantly vary with temperature. In contrast,
the LTE population distribution is very sensitive to the temperature:
at 10 K significant populations (>1 per cent) are found only for
j2 = 0–3 while at 100 K all levels j2 = 0–10 are occupied above
2 per cent.

MNRAS 493, 776–782 (2020)
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The non-LTE regime extends 
typically from 300 to 70 000 km

Data for H2O-H2O, HF-
H2O, HCN-H2O, CO-CO, 
now available



Challenges: 
• Competition between reactive and inelastic processes - must be treated on 

the same footing. 

• Need state-to-state k(T): (v, j)          (v’, j’) 

• Often deep well on the PES - many                                                       
quantum states can be involved… 

    Ex: CH+ + H: well of 4.8 eV!

CHAPTER 2. POTENTIAL ENERGY SURFACES 18

Figure 2.2: Contour plot for the CH+

2
system. The internal coordinates are defined in

the diagram shown at the top right. This contour plot was created by fixing the angle
� = 3⇡/4 rad. The electronic energy increases from the dark blue to the bright yellow
shades. (Made utilizing the Matplotlib package of Python [25].)

Figure 2.3: Approximate MEP on the ground state CH+

2
PES, to illustrate the pres-

ence of the (deep) potential well that separates the reactants and products. Note the
exothermicity (�U = �0.402 eV ). (Made utilizing the Matplotlib package of Python
[25].)

Statistical adiabatic channel model 
assumes that collision proceeds through 
formation of a long-lived complex. 

Collisions involving reactive ions

AB + C
A + BC

Benchmarked on some systems for which accurate QM data are available: 
H2 + H+, CH+ + H, SH+ + H, OH+ + H, H2+ + Ar, etc

Ex: CH+ + H’ 
CH+ + H’  
CH’+ + H 
C+ + H2

Konings et al., JCP 155 104302 (2021)



Example: Rate coefficients for insertion reaction  
HD( ) + H+          H2 ( )+ D+   (well depth 4.6 eV)v = 0,j v′ = 0,j′ 

Desrousseaux et al., PCCP 23 19202 (2021) 

19206 |  Phys. Chem. Chem. Phys., 2021, 23, 19202–19208 This journal is © the Owner Societies 2021

first 6 rotational states of HD and H2 are taken into account at
three different temperatures: 50, 150 and 300 K. As can be seen,
the SACM is able to reproduce CC calculations to better than a
factor of 2 for all the transitions and all represented tempera-
tures, the maximum difference between the two sets of rate
coefficients being of B40%.

Finally, we show in Fig. 7 the thermal rate coefficient kth as a
function of the temperature for the HD +H+ - H2 + D+ reaction.
The thermal rate coefficient was obtained assuming a Maxwell–
Boltzmann distribution of the rotational levels of the HD
molecule:

kthðTÞ ¼
1

Zrot

X5

j¼0
ð2j þ 1Þe

%Ej

kBT
X9

j0¼0
kj!j0 ðTÞ (9)

where Ej is the energy of the HD( j) rotational level and Zrot ¼

P5

j¼0
ð2j þ 1Þe

%Ej

kBT is the rotational partition function. We

restricted the summations over the HD rotational level to j =
5 as higher levels are very weakly populated at the temperatures
explored in this work and will not significantly affect the final
result.

It should be noted that in order to compare to experimental
results, one may take into account the nuclear-spin statistics for
the two identical nuclei.49 This is achieved by applying multi-

plying factors of
1

2
and

3

2
to rate coefficients corresponding to

para and ortho states of the H2 molecule, respectively:

kthðTÞ¼
1

Zrot

X5

j¼0
ð2jþ1Þe

%Ej

kBT
X8

j0¼0;2;...

1

2
kj!j0ðTÞþ

X9

j0¼1;3;...

3

2
kj!j0ðTÞ

 !

(10)

However, applying such multiplying factors in the present case
has no noticeable effect over all the temperature range explored
Fig. 7 so that using eqn (9) or eqn (10) will give very similar
results with differences of less than 2% at 205 K and less than
0.3% at 295 K.

As can be expected from the results presented above, ther-
mal rate coefficients obtained using one or the other method
are in very good agreement, the SACM only overestimating the
rate coefficients by less than 20% over all the temperature
range. Experimental results at 205 and 295 K from Henchman
et al.24 are also represented on Fig. 7. Our theoretical results
compare very well with the experiments, the CC thermal rate
coefficient lying within the error bars at 205 K and being less
than 30% larger at 305 K.

Fig. 5 Temperature dependence of the HD( j) + H+ - H2 + D+ reaction
rate coefficients (summed over all the product rotational states). The solid
and dashed lines correspond to results obtained using the CC method or
the SACM, respectively.

Fig. 6 Systematic comparison between rate coefficients (in units of cm3 s%1)
obtained using the CC method and the SACM for the HD( j) + H+ - H2( j0) +
D+ reaction. Transitions between the first 6 rotational states of HD and H2 are
taken into account at three different temperatures: 50, 150 and 300 K. The
dashed lines delimit the region where the rate coefficients differ by less than a
factor of 2.

Fig. 7 Comparison of the thermal rate coefficient as a function of the
temperature, for the HD + H+ - H2 + D+ reaction. Solid and dashed lines
represent results obtained using the CC method and the SACM, respec-
tively. Experimental results obtained by Henchman et al.24 are also
represented.
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Example: Rate coefficients for inelastic collisions  
OH+(  ) + H          OH+(   ) + H     (PES with well of ~0.4 eV) j0j

CC (QM)
statistical

Loreau et al., ApJL 853 L5 (2018) 



Outlook
Successes: 
• Methodology tested vs experiments for small systems  
• Sets of rate coefficients for rotational excitation in molecule + He/H2 

collisions are available for a large number of molecules, including 
iCOMs 

Challenges:
• In many cases collisions with He are not sufficient, data with H2 is 

needed 
• Rate coefficients at higher temperatures 
• Rate coefficients for more rotational states 
• Rate coefficients for ortho-H2 (j=1) 
• Deuterated molecules 
• Fine/hyperfine structure 
• Isomers 

Need to develop and benchmark approximate methods!
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Non-LTE modelling
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Excitation temperature of  
CH3CN and CH3NC: 

• RADEX: uniform, 
homogeneous medium 

• Critical densities < 104 cm-3 
at 50 K 

• LTE only achieved at n(H2) 
> 106 cm-3   

• Differences between 
CH3CN and CH3NC 

• Similar observations for 
CH3CCH, but for smaller 
densities

Ben Khalifa et al,  MNRAS 523 2577 (2023)


