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Motivation 

¡  Hydrides play a central role in 
astrochemistry as  

¡  reservoirs of heavy elements 

¡  building blocks of chemistry  

¡  State-specific reactive processes 
with electrons, H and H2 compete 
with energy transfer processes 

Interstellar and circumstellar hydrides,  
from http://www.astrochymist.org/  
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¡  Carbon 

¡  CH+ 

¡  Nitrogen 

¡  NH, NH3  
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Hydride chemistry 

¡  Initial steps 
¡  X + H2 à XH + H (e.g. F or high temperature) 

¡  X+ + H2 à XH+ + H2 (e.g. X=C, N, Cl) 

¡  X + H3
+ à XH+ + H2 (e.g. X=C, O) 

¡  Hydrogen abstraction  
¡  XHn

+ + H2 à XHn+1
+ + H (n=1-3) 

¡ Dissociative recombination 
¡  XHn

+ + e- à XHn-1 + H (n=2-4) 



Carbon 



CH+ formation 
C+(2P) + H2(v, j) à CH+(X1Σ+, j’) + H    

¡  Wavepacket calculations by 
Zanchet et al. (2013) using the PES of 
Stoecklin & Halvick (2005) 

¡  In PDRs, CH+ excitation is mostly 
driven by chemical pumping (see 
also Godard & Cernicharo 2013) 

¡  Talk by B. Godard 

¡  C2+ + H2 à CH+ + H+ recently 
investigated  by Bacchus-
Montabonel & Wiesenfeld (2013) 

Zanchet et al. ApJ 766 80 (2013) 

The Astrophysical Journal, 766:80 (8pp), 2013 April 1 Zanchet et al.
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Figure 4. Vibrationally resolved rate constants for the C++H2(v = 1, J =
0,1)→ CH(v′)+H, summing over all final rotational states obtained by numerical
integration of the cross section.
(A color version of this figure is available in the online journal.)

The state-to-state rate coefficients are then obtained by
numerical integration over the collisional energy as

K(v, J, v′, J ′)(T ) =
[

8

πµ (kBT )3

]1/2

Qe(T )

×
∫ ∞

0
E σvJ→v′J ′ (E)e−E/kBT dE, (6)

where µ is the C+ + H2 reduced mass. The vibrationally resolved
rate constants are shown in Figure 4 for v = 1 and J = 0
and 1. As described above, the initial rotational excitation has
no significant effect on the rates, at least for J = 1. For the
excited vibrational states the rates show an increase at low
temperatures, as expected by the existence of a threshold, but
they are essentially negligible in all the temperature ranges
considered.

The total rate thus obtained for v = 1 is 3×10−10 cm3 s−1

at 800 K and it decreases slowly as temperature increases. This
value is about three times smaller than the experimental value
estimated by Hierl et al. (1997), 1–2×10−9 cm3 s−1. These
authors estimated an uncertainty factor of two for this value
essentially due to the small difference data used to extract
the rates. In their derivation, the cross sections at different
temperatures were fitted by a sum of vibrational contributions
as described above for rotation but with the rotational effect of
reagents included. Considering this uncertainty factor of two, the
simulated rates in this work are lower than the experimentally
estimated one by a factor of between 1 and 2. Because of the
high experimental uncertainty it would be desirable to have
new and more accurate measurements. Also, the accuracy of
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Figure 5. Rotationally resolved rate constants for the C++H2(v = 1, J = 0,1)→
CH(v′ = 0, J ′)+H.
(A color version of this figure is available in the online journal.)

the simulated value has to be addressed. Due to the relatively
high accuracy of the dynamical calculations performed here,
we consider that the main source of error might be the PESs.
One crucial issue at this point is the height of the barrier
or, in this case, the endothermicity of the reaction. However,
this value seems to be rather accurate since the experimental
threshold is well reproduced. Apart from details of the PESs,
the possible origin of theoretical error is the use of a single
surface to describe the reaction. It is worth mentioning that the
electronic partition factor is about 0.36 at 800 K. Thus any
contribution coming from the two (or four including spin-orbit
couplings) excited electronic states may be significant. Since the
two excited electronic states seem to have a very high barrier, the
occurrence of non-adiabatic transitions must be examined. To
conclude, we consider that the simulated values reported in this
work are rather accurate, with an uncertainty, although difficult
to estimate, less than a factor of two.

The individual state-to-state rate constants,
Kv=0J=0,1→v′=0J ′ (T ), are shown in Figure 5 (J = 0 left panels,
J = 1 in right panels). It should be noted that not all J ′ rotational
channels of CH+ products are open. Thus, for v = 1, J = 0,
only CH+(J ′) with J ′ <9 are open, while the rest present a
threshold. For v = 1, J = 1, the increase of total energy due to
the rotational excitation of H2 reactants shifts the threshold to
J ′ = 10. In the cases of no threshold, the increase as T tends
toward zero is due to the fast variation of the electronic partition
function since the Langevin extrapolation performed in those
cases would yield a constant value of the rate coefficients. For
J ′ ! 9(10), apart from the change of the threshold, the rota-
tional excitation of H2 has only a small effect. The rates show
an increase with increasing J ′, up to a maximum at J ′ = 5–6 and
then a monotonous decrease for all the temperatures analyzed.
Most final products are formed in v′ = 0 and J ′ ∈ [4 − 9].
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C+ excitation 
C+(2Pj) + H2 à C+(2Pj’)+ H2    

¡  Close-coupling calculations by 
Lique et al. (2013) using a 
dedicated new PES 

¡  The flux of the 2P3/2 à 2P1/2 line at 
158µm is increased by up to 30% 
for typical diffuse cloud conditions 

Lique et al.  J. Chem. Phys. 138 204314 (2013) 

204314-5 Lique et al. J. Chem. Phys. 138, 204314 (2013)

coefficients and those computed by Flower and Launay.8

However, the present rate coefficients are larger, by 30%–
50%, than those of Flower and Launay, which are currently
used in astrophysical applications. The largest deviations oc-
cur at low temperature (T < 100 K). The difference can
be simply explained by the use of different PESs (see Sec.
II). Indeed, Flower and Launay8 used PESs with an inac-
curate short-range part and stated that their rate coefficients
may present inaccuracies up to 50% for temperature greater
than 50 K, and probably even more at lower temperatures.
However, one can note that despite significant differences in
the position and magnitude of the potential well, the overall
agreement is reasonable between the two sets of calculations.
This comparison shows that spin orbit quenching process is
not highly sensitive to the accuracy of the PESs. The present
work thus should provide reasonably accurate calculations of
the C+ spin-orbit relaxation rate coefficients for collisions
with H2.

It is interesting to note that the temperature variation of
the C+(2P3/2) + H2(j = 0) → C+(2P1/2) + H2(j = 0) rate
coefficient of Flower and Launay8 is not the same as in the
present study. Their rate coefficient increases with increas-
ing temperature, whereas the present rate coefficient for this
process increases and then decreases with increasing temper-
ature. This can certainly be explained by the small magnitude
of their rate coefficient for simultaneous excitation of C+and
H2, which is less competitive with the C+(2P3/2) + H2(j = 0)
→ C+(2P1/2) + H2(j = 0) process than in the present results.
This effect may be a signature of the different PESs used.

V. DISCUSSION AND CONCLUSION

We have presented quantum mechanical calculations of
rate coefficients for the spin-orbit relaxation of C+(2P3/2)
ion by H2 molecules in both the para and ortho nuclear
spin modifications. The calculations are performed using
new PESs obtained from highly correlated ab initio calcu-
lations. The spin-orbit quenching of C+(2P3/2) is more ef-
ficient when the H2 molecule is in the j = 1 rotational
level rather than in j = 0. The quenching is less efficient,
but not negligible, for simultaneous C+ and H2(j = 2)
(de-)excitation. The new rate coefficients will significantly
help in interpreting C+ emission observed with current and
future telescopes.

As a first and preliminary application and in order to test
the impact of the new rate coefficients on the C+ 2P3/2 → 2P1/2

emission line, we have performed radiative transfer calcula-
tions for the physical conditions typical of diffuse interstellar
clouds, where hydrogen is mostly molecular. We note that the
state-to-state rate coefficients for H2 initially in j = 0 and
j = 2 were summed over the final j′ states (j′ = 0, 2) and
averaged over a thermal (Boltzmann) initial rotational state
distribution. Ortho-H2 was restricted to j = 1. The ortho-to-
para ratio of H2 is ∼1 in the diffuse ISM,30 and this value was
adopted in the following. Non-local thermodynamic equilib-
rium (non-LTE) calculations were performed with the RADEX
code,31 using the Large Velocity Gradient (LVG) approxima-
tion for an expanding sphere. The H2 density, C+ column den-
sity, and line width were taken from typical values derived by

FIG. 5. Line flux (in K km s−1) of the C+ 2P3/2 → 2P1/2 emission line at
158 µm as a function of kinetic temperature for two different sets of rate
coefficients [this work and Flower and Launay, FL77 (Ref. 8)]. The inset
shows the relative difference (in percent) between the line fluxes. See text for
the detailed physical conditions.

Langer et al.2 towards the “dark” H2 component of diffuse
interstellar clouds, namely, n(H2) = 300 cm−3, N(C+) = 2
× 1017cm−2, and !v = 3 km s−1. The temperature was var-
ied from 10 to 250 K. Results are presented in Fig. 5. It can
be observed that the line flux of the 2P3/2 → 2P1/2 transition
increases rapidly above ∼25 K, showing that C+ emission is
indeed a probe of “warm” diffuse gas. The present rate coef-
ficients are also found to produce a similar but larger line flux
than those of Flower and Launay.8 The difference is actually
the largest below 50 K, where it can reach 30%, as expected
from the comparison in Table I.
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CH+ destruction 
CH+(1Σ+) + H à C+(2P)  + H2   

¡  QCT, quantum and statistical 
calculations by Halvick et al. (2007), 
Warmbier & Schneider (2011) 

¡  Recent measurements by Plasil et al. 
(2013) suggest that non-rotating CH+ 
is protected against H attack 

¡  A new CH2
+ PES is required to 

interpret the 22PT measurements 
(see Grozdanov & McCarroll 2013) 

The Astrophysical Journal, 737:60 (7pp), 2011 August 20 Plasil et al.

Figure 4. Reactions of stored CH+ ions with atomic ([H] = 4 × 107 cm−3) and
molecular ([H2] = 1.2 × 109 cm−3) hydrogen at T22PT = 12.2 K and TACC =
7.3 K. The number of primary and product ions per filling, Ni, is plotted as a
function of the storage time t averaged over many iterations. At each iteration,
700 primary ions (CH+, filled circles) are typically injected into the trap. After
thermalization with He, they react slowly with H atoms to a few C+ (solid
triangles) and mainly with H2 to CH+

2 (squares). The background count rate on
mass 12 (open triangles) has been measured with the discharge switched OFF,
i.e., without H atoms. Concerning subsequent reactions to CH+

3 (diamonds)
and, after very long times via radiative association, to CH+

5 , see Gerlich et al.
(2011). Reactions of C+, CH+

2 , and CH+
3 with H have been neglected. Within

the statistical errors, the sum of all detected ions (crosses) is constant. The solid
lines are fits to the data based on a kinetic model. The results are given in the text.
(A color version of this figure is available in the online journal.)

are in the rotational ground state at 10 K, while at 100 K,
states up to J = 7 are populated. Due to the mass ratio, the
translational temperature is the mass-weighted average Tt =
(mion Tneut + mneut Tion)/(mion + mneut). Cooling or heating of
CH+ via the blackbody radiation from the surrounding cold
shield is negligible under the conditions (storage time, buffer
gas density) of the experiment.

3. RESULTS

The basic procedures of typical trapping experiments (filling
the trap, cooling, reacting, extracting, and analyzing) have
been described often. A detailed discussion of the competition
between reactions of CH+ with H and H2 and secondary
reactions leading finally to CH3

+ can be found in Gerlich et al.
(2011; see especially Figure 3). To illustrate the situation with
the weak but very cold 7.1 K H-atom beam, Figure 4 shows
the temporal evolution of ions, starting with 700 CH+ and
some background on the masses 12, 14, and 15 u. The relevant
parameters are given in the figure caption.

Inspection of the count rate occurring on mass 12 reveals that
there is a very small background when there are no H atoms
in the hydrogen beam (i.e., the RF discharge is switched OFF),
about 0.06 counts per filling. Within the statistical error smaller
than the size of the symbols used in the plot, there is no change
in the time window shown. When the discharge is ON, a few
additional C+ ions are formed. Since the injected CH+ is initially
hot and therefore reacts more efficiently with H, the number of
C+ ions (0.02) is already larger than the background at 20 ms;
however, within this time, the primary ions are cooled to the
temperature of the trap. From the subsequent increase of C+

(1.4 ions s−1), the number of primary ions, and the effective
number density of H, one already obtains a reliable estimate of
the rate coefficient for reaction (4), k = 5 × 10−11 cm3 s−1.

Figure 5. Rate coefficients k for the reaction CH+ + H → C+ + H2, measured
as a function of temperature (filled circles). By setting T = TACC = T22PT,
all degrees of freedom are in thermal equilibrium. Only for the point at
12.2 K are the translational and rotational temperatures slightly different. The
largest rate coefficient has been obtained at T = 60 K, k = (1.2 ± 0.5) ×
10−9 cm3 s−1. The results are compared with previous experimental data from
this laboratory—triangles: AB-22PT reported by Luca et al. (2005); filled dot
without error bar: Gerlich et al. (2011); and from an SIFDT apparatus (open
squares; Federer et al. 1984, 1985). The dashed line indicates predictions from
classical PST (Halvick et al. 2007), and the solid line is a result from quantum-
mechanical calculation (RIOSA-NIP; Stoecklin & Halvick 2005). The short-
dashed and the dash-dotted lines, following the trend of the experimental values,
are analytical functions, explained in the text.
(A color version of this figure is available in the online journal.)

For a more detailed evaluation, the temporal evolution of the
number of stored ions, Ni(t), is modeled by numerically solving
a system of differential equations simulating the interactions in
the trap. Analyzing possible errors leads to a final result of (5 ±
4) × 10−11 cm3 s−1.

This result is included in Figure 5 as an open circle. It has
been measured under the coldest conditions presently achievable
in our instrument (beam: 7.3 K; trap 12.2 K). This figure also
presents new measurements (filled circles) for the temperature
range from 30 K to 100 K. These data, which have been
obtained under thermal conditions, i.e., for TACC = T22PT, show
a maximum of (1.2 ± 0.5) × 10−9 cm3 s−1 at 60 K and a steep
fall-off toward lower temperatures. In accordance with previous
discussions (Gerlich et al. 2011), all experimental data above
60 K, obtained with different methods, roughly follow the trend
predicted by phase space theory (PST; Halvick et al. 2007).
For astrochemical applications, between 100 and 1000 K it is
recommended to use the temperature-dependent function

k = 7.84 × 10−10 (T/300 K)−0.22 cm3 s−1, (5)

plotted in Figure 5 as a dash-dotted line. In previous discussions
it has been claimed that the result from quantum-mechanical
calculations, using the RIOSA-NIP method (reactive infinite
order sudden approximation with negative imaginary potential;
see Stoecklin & Halvick 2005), significantly underestimates all
experimental values. With the new measurements it seems to be
worthwhile to take a closer look at these results. For example,
it is interesting that the calculated values show a maximum at
about 20 K due to a resonance in the reaction cross section.

The surprising result that the rate coefficient for the exother-
mic reaction (3) drops by more than one order of magnitude
between 60 and 10 K needs more experimental confirmation
and explanation. In order to prove the reproducibility of the in-
strument and to get more insight into the role of translational

4

Plasil et al.  ApJ 737 60 (2011) 



CH+ excitation 
CH+(j) + He à CH+(j’)  + He   

¡  Close-coupling calculations by 
Turpin et al. (2010) using a non-
reactive CH+-He PES 

¡  Large differences expected for H 
and H2, which are reactive with CH+ 

¡  Electron-impact rate coefficients 
computed by Lim et al. (1999) using 
R-matrix method 

Turpin et al.  ApJ 511 A28 (2010) 

A&A 511, A28 (2010)

In Sect. 2, we first describe the method and parameters used
to complete the scattering calculations. The results are then
presented and compared with those of the Langevin model in
Sect. 3. Section 4 presents our conclusions.

2. Scattering calculations

The close-coupling calculations are performed using the
Newmat code (Stoecklin & Voronin 2005), which is based
on the Magnus propagator introduced by Light and coworkers
(Anderson 1982; Stechel et al. 1978). The scattering equations
are propagated in space-fixed coordinates and the asymptotic
matching to diagonal spherical Bessel functions of the first and
second kind follows the method described by Launay (1977).

The cross-sections are calculated from the T matrix ele-
ments obtained for a given transition from an initial vibrational-
rotational level, labelled by the quantum numbers ν j to a final
level labelled by the quantum numbers ν′ j′,

σν j→ν′ j′ (Eν j) =
π

(2 j + 1)k2
ν j

∞∑

J=0

(2J + 1)
|J+ j|∑

l=|J− j|

|J+ j′|∑

l′=|J− j′ |
|T J
ν j,ν′ j′ |2 (3)

where J and l are, respectively, the total and the orbital angu-
lar momentum quantum numbers. The wave vector is given by
k2
ν j =

2µ
h2

[
E − εν j

]
, εν j being the eigen-energy of the initial ro-

vibrational state v j, E the total energy, µ the relative mass of the

system, and Eν j =
h2k2
ν j

2µ .
The de-excitation rate coefficients are then calculated by av-

eraging the cross-sections over a Boltzmann distribution of the
relative kinetic energy

kln
ν j→ν′ j′ (T ) =

√
8
πµ

(kBT )−
3
2

∫ ∞

0
Eν j σ

ln
ν j→ν′ j′ (Eν j) e−

Eν j
kBT dEν j. (4)

The detailed balance relationship is eventually used to obtain the
excitation rate coefficients

kln
ν′ j′→ν j(T ) =

(2 j + 1)
(2 j′ + 1)

e−
[Eν j−Eν′ j′ ]

kB T kln
ν j→ν′ j′(T ). (5)

Because the rotational constant of CH+is relatively large (around
14 cm−1), a basis composed of 10 rotational states for both vi-
brational levels ν = 0 and ν = 1 considered in the calcula-
tions, was sufficient to obtain a convergence of the cross-sections
closer than 1 percent. The maximum propagation distance was
300 Bohr and convergence was checked as a function of the
propagator step size. The matrix elements of the potential were
obtained by expanding the potential in terms of Legendre poly-
nomials retaining terms up to l = 6 on a grid of 10 points, used
to calculate the Gauss-Hermite quadrature of the vibrational part
of the integral. This operation is repeated for each point of the
propagation grid. We computed the diatomic wave function by
solving the diatomic equation, using an extended Hartree Fock
fit of the ab initio diatomic potential and the same numerical
procedure applied in our previous works (Reese et al. 2005).

3. Results and discussion

Close coupling calculations were performed for collision en-
ergies ranging from 10−6 cm−1 to 3000 cm−1. Convergence of
the cross-section as a function of the total angular momentum J
was checked for each value of the kinetic energy. The maximum

Fig. 1. Comparison between the elastic cross-sections (in Angstrom2)
of CH+ (v = 0, j = 1) by collision with 4He and 3He as a function of
the kinetic energy in cm−1.

Fig. 2. Elastic and rotational deactivation cross sections (in Angstrom2)
of CH+ (v = 0, j = 1) in collision with 4He as a function of the kinetic
energy in cm−1.

value of total angular momentum used in the calculations was
J = 81.

To evaluate the influence of the long-range potential, we
compare our results to those given by the classical Langevin
model, which is based on the long-range charge-induced dipole
potential

V(R) = − α
2R4

for singly charged ion-molecule reactions, where α is the po-
larisability of the helium atom. The expression for the cross-
sections becomes

σR(ET) = π
(

2α
ET

)1/2

where ET is the translation energy. The reaction cross-section is
then directly proportional to v−1, where v is the relative speed,
whereas the corresponding rate coefficient is a constant

k(T ) = 2π
(
α

µ

)1/2
·

Page 2 of 5



Nitrogen 



NH+ formation 
N+(3P) + H2(j) à NH+(X2Π) + H 

A&A 537, A20 (2012)

plus the fundamental rotational transition at 572 GHz with a self-
absorbed line profile likely tracing both warm and cold gas. For
all three molecules, excitation temperatures were found in the
range 8−10 K (Paper I). The derived column density ratios are
NH:NH2:NH3 = 5:1:300. Whilst abundances are generally too
delicate to derive because the column density of H2 is uncer-
tain, the column density ratios above provide a stringent test for
the first steps of the nitrogen chemistry and for the ammonia
synthesis, in particular. Indeed, the currently available nitrogen
networks all produce more NH2 than NH under dark cloud con-
ditions (Paper I), at odds with the observations.

We investigate the NH:NH2 problem in dark gas, by revisit-
ing the kinetic rate for the reaction

N+ + H2 −−→ NH+ + H. (1)

We derive separate rates for reactions with p- and o−H2 for
which the nuclear spin I = 0 and 1, respectively. In Sect. 2 we
describe the new rates that are compared to experimental mea-
surements and derive the abundances of nitrogen hydrides in typ-
ical dark cloud conditions. The results are discussed in Sect. 3
and we propose concluding remarks in Sect. 4.

2. Chemical modelling

2.1. Rate of reaction N+ + H2

Reaction (1) has a low activation energy in the range 130−380 K
(Gerlich 1993), with a consensus now tending towards a value
below 200 K (e.g. Gerlich 2008). This reaction has been stud-
ied experimentally by Marquette et al. (1988), who considered
pure para-H2 and a 3:1 mixture of o- and p−H2, referred to as
normal H2 (n−H2). These authors fitted the two rates with nor-
mal and p−H2 as kn = 4.16× 10−10 exp[−41.9/T ] cm3 s−1 and
kp = 8.35× 10−10 exp[−168.5/T ] cm3 s−1. The rate with p-H2
was used by LB91, who assumed that the reaction with o−H2
proceeds with no endothermicity, on the basis that the 170.51 K
internal energy of the J = 1 level of o−H2 is used to over-
come the endothermicity. Accordingly, the rate of reaction (1)
was written as kLB91 = 8.35× 10−10[x + (1 − x) exp(−168.5/T )],
where x = O/P/(1 + O/P) is the fraction of o−H2. Actually,
the expressions for kn and kp allows derivation of a simple ex-
pression for ko, the reaction rate of N+ with o−H2, namely
kn = 3/4 ko + 1/4 kp (Gerlich 1989). For O/P = 3:1 and at tem-
peratures less than ≈40 K, the rate is essentially ko, and kn is thus
a good approximation of ko at the low temperatures (T < 15 K)
of dark clouds. Alternatively, a single-exponential fit to ko leads
to (see Fig. A.1)

ko = 4.2× 10−10 (T/300)−0.17 exp[−44.5/T ] cm3 s−1. (2)

The rate for reaction (1) with an H2 admixture of arbitrary O/P
is then obtained as

k1 = x ko + (1 − x) kp. (3)

In Fig. 1, the rate k1 from Eq. (3) is compared to the experimental
data of Marquette et al. (1988) for the reaction with n-H2 down
to 8 K and p-H2 to 45 K. Gerlich (1993) performed experiments
with n−H2 and with p−H2 containing admixtures of o−H2 (13%,
8%, and 0.8%), at temperatures down to 14 K. The agreement
between our Eq. (3) and the three sets of p−H2 data of Gerlich
(1993) is excellent at temperatures below 20 K, and to within
a factor of 2 up to 100 K. This suggests that Eq. (3) should be
accurate to within a factor of 2−3 down to 10 K. On the other
hand, this rate should not be employed above ∼150 K.
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Fig. 1. Comparison of the rate coefficient as given by Eq. (3) to exper-
imental data for the reaction of N+ with n−H2 and p−H2 with differ-
ent o−H2 admixtures: 13%, 3%, 0.8%, and 0% (blue line). The small
symbols are taken from Gerlich (1993) while the large triangles are
CRESU results from Marquette et al. (1988). The solid lines correspond
to Eq. (3) of the present paper.

Fig. 2. Comparison of the rate coefficient for reaction (1) as given by
Eq. (3) to the rates from LB91 (dashed) and the OSU database (dot-
dashed). The rates are computed for temperatures in the range 8−150 K
and O/P = 10−4, 10−3, 0.01, 0.1, and 3 (black lines). The symbols show
the fits from Marquette et al. (1988) for normal H2 (red circles, O/P = 3)
and p-H2 (blue triangles).

We compare, in Fig. 2, the rate given by Eq. (3) to
both kLB91 and to the rate given by the OSU database kOSU =
8.35× 10−10 exp[−85/T ] cm3 s−1. The rate is computed for sev-
eral values of O/P. As expected, it converges towards the n-H2
and p-H2 rates for high (O/P = 3) and low (O/P = 10−4) val-
ues, respectively. It is evident that LB91 overestimated the rate
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Dislaire et al. A&A 737 60 (2012) 

¡  Pioneering measurements by 
Marquette et al. (1988), Gerlich (1993) 

¡  The reaction is endothermic or 
hindered by a small barrier 

¡  Strong dependence on the o-H2 
fraction and fine structure states of N+ 
(Zymak et al. 2013) 

 



NH3 formation 
NHn

++H2àNHn+1
+ + H (n=0-3);  NH4

+ + e- à NH3 + H 

¡  Surprising low values of the  
NH3 o/p ratio (<1) measured by 
Herschel (Persson et al., Le Gal et al.) 

¡  A low o/p ratio for NH3 is consistent 
with nuclear spin selection rules  
in a para-enriched H2 gas 

¡  Supports a gas-phase synthesis 

¡  See Talk by C. Persson, Poster by  
R. Le Gal P68, 

Faure et al. ApJ 770 L2 (2013) 
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Fig. 3.— Same as Fig. 2 for the OPR of NH3.
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Fig. 4.— Same as Fig. 2 for the OPR of NH2.

para-enriched H2 gas 

Thermal equilibrium 



NH excitation 
NH(N, j, F1, F)+He à NH(N’, j’, F1’, F’)+He  

¡  H/D isotopic substitution has 
strong effects for hydrides 

¡  kinematics (mass and 
velocities)  

¡  PES (centre of mass, 
intramolecular geometries)  

¡  See also Scribano et al. (2010), 
Wiesenfeld et al. (2011) for HDO 
and D2O 

Dumouchel et al. J. Chem. Phys. 137 114306 (2012)  

114306-6 Dumouchel et al. J. Chem. Phys. 137, 114306 (2012)
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FIG. 7. Same as Figure 6, but for ND–He rate coefficients.

collisional rate coefficients of the main isotopologues to es-
timate the abundance of the secondary isotopologues. This
approximation is obviously reliable for 12C/13C, 14N/15N, or
16O/17O/18O substitutions, because the relative mass differ-
ences are small, but it is clearly questionable in the case
of H/D substitution. To the best of our knowledge, this
approximation has been rarely tested in detail16 and one
needs to discuss its accuracy. There are available inelastic
rate coefficients for H/D isotopologues of H2,35, 36 H2O,37, 38

HCO+,39, 40 N2H+,41, 42 NH3,43–45 and HCN/HNC.46 H2 and
HD rate coefficients are not straightforward to compare since
the breakdown of the homonuclear symmetry in HD allows
transitions with odd !j that are not allowed in H2. HCO+ and
N2H+ rate coefficients were found to be in good agreement
with those of DCO+ and N2D+. This is not really surprising
since these molecules are relatively heavy and replacing H
by D should not affect significantly the collisional data. On
the other hand, H2O–H2 rate coefficients were compared with
D2O–H2 rate coefficients in Scribano et al.16 and differences
by up to a factor of 3 were observed. It is therefore crucial to
test the effect of H/D substitution in NH.

In this section, we compare in details NH and ND rate co-
efficients in order to pursue the above discussion. As NH and
ND molecules do not have the same hyperfine structure (IH
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FIG. 8. Temperature variation of the fine structure resolved NH–He (solid
line) and ND–He rate coefficients (dashed line) for selected N, j → N, j′

transitions.

= 0.5 and ID = 1), we have only compared the NH–He and
ND–He fine structure resolved rate coefficients. Calculations
were performed at the same levels of theory for both sets of
data and we will clearly see the effect of the isotopic substitu-
tion. Figure 8 compares, on a small sample, the temperature
variation of NH–He and ND–He rate coefficients.

Comparison between NH–He and ND–He rate coeffi-
cients makes sense only for de-excitation transitions, since ex-
citation rate coefficients will differ significantly due to thresh-
old effect. One can clearly see significant differences between
the two sets of data. The temperature variation of the NH and
ND rate coefficients differ at low temperature and the ND–
He rate coefficients are larger or smaller depending on the
transition. As a consequence, an estimation of the ND rate
coefficients from the NH ones will be very difficult.

Three effects can explain the differences between the NH
and ND data:

(i) The reduced mass of NH–He (µ = 3.160 amu) differ
from the one of ND–He (µ = 3.202 amu).

(ii) The rotational constants of ND are significantly smaller
than those of NH.

(iii) The positions of the center of mass of NH and ND differ.

Taking into account the small difference in the reduced
mass, one can estimate (and we have checked) that the dif-
ference seen in the NH–He and ND–He rate coefficients can
come mainly from effects (ii) and (iii). In Table II, we com-
pare the results of a series of three different calculations. We
show for four different kinetic energies (Ek = 50, 100, 300,
and 500 cm−1), the cross sections obtained for NH–He calcu-
lations, for exact ND–He calculations including ND–He PES,
ND rotational constants and ND–He reduced mass and for
ND–He calculations using NH–He PES but including ND ro-
tational constant and ND–He reduced mass. The last set of
calculation is an approximation that has been used in previ-
ous studies of isotopic substitution.42

Using this table, we can analyze the effect of both the
different energy structure and expansion of the PES on the
magnitude of the cross sections.

Downloaded 07 Oct 2013 to 193.48.255.141. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



NH3 excitation 
NH3(jk) + H2 à NH3(j’k’) + H2 

¡  Close-coupling calculations by 
Maret et al. (2009) using a high-
accuracy PES 

¡  Non-LTE calculations suggests 
that the calibration of ammonia 
thermometer is robust 

¡  The accuracy of the PES was 
recently confirmed by 
molecular beam experiment  

Pirani et al. submitted to JPCA 
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H2O excitation 
H2O(jkakc) + H2 à H2O(j’k’ak’c) + H2 

Yang et al. J. Chem. Phys. 134 204308 (2011) 

¡  The high accuracy of the H2O-H2 
PES (Valiron et al. 2008) was 
confirmed experimentally: 
¡  Inelastic differential cross 

¡  Pressure broadening 

¡  Elastic integral cross sections 

¡  Spectrum of the complex 

¡  Second virial coefficient 

¡  Vibrational relaxation 

¡  See Daniel et al. 536 A76 A&A (2011) 
(high temperature : Faure & Josselin 492 257 2008)  

 

204308-7 Water plus hydrogen collisions J. Chem. Phys. 134, 204308 (2011)

FIG. 6. Comparison of experimental relative integral cross sections with
quantum mechanical calculations for collisions of ortho- and para-H2O with
para-H2 (320 K nozzle). The experimental relative cross sections are nor-
malized to the calculated cross sections at the 111 state. The experimental
uncertainty is ∼20%.

in Table III. A clear exception to the exponential fall-off in
energy is the 211 final state, which is discussed later.

Calculated state-to-state integral inelastic cross sections,
presented in Table III, were obtained from the calculated
DCSs by integrating the differential cross sections, weighted
by sin θ , over all deflection angles. Four selected transitions
for each initial rotational state (101 and 000 of ortho- and para-
H2O, respectively) are presented in Table III. For H2 rota-

tional state transfer two para (J = 0 and 2) and one ortho
(J = 1) states are considered and consequently five possible
calculated transitions are presented. The trends in cross sec-
tions are relative, not only with regard to the magnitude of
"J, Ka, and Kc, and the energy transfer of H2O but also with
the initial and final J and "J for H2. In general, the integral
cross section decreases when the magnitude of energy transfer
increases for both ortho- and para-H2O.

Comparisons of experimental and calculated relative in-
tegral cross sections are presented in Fig. 6 by normalizing
the experimental relative cross sections to theory at the 111

final state. The calculated relative integral cross sections for
the comparisons were obtained by averaging cross sections
using the relative ratios of H2 J state populations presented in
Table I. The experimental uncertainties of the relative image
intensities measured on different days result in 20% error bars
for the integral cross section results. The measured relative in-
tegral cross sections agree within the error bars in almost all
cases with the quantum mechanical calculations.

C. Inelastic scattering of H2O by D2

State-to-state differential cross section for H2O collisions
with normal-D2 have been investigated for several purposes.
First of all, normal-D2 has a quite different J state popula-
tion distribution than normal-H2 due to its different nuclear
spin statistics. The ratio of ortho (J = even) to para (J =
odd) of normal D2 is 2:1 at 320 K and should remain the
same after supersonic expansion. Consequently, J = 0 domi-
nates the initial J state population of D2 in the collisions with

TABLE III. Calculated integral state-to-state cross section values for H2O + H2 inelastic transitions, at kinetic energy Ecoll = 574 cm−1 (320 K H2 nozzle).
For each H2O state-to-state transition the cross section (in Å2) for each H2 state-to-state component is listed separately. The total H2O state-to-state cross
section shown in Figure 6 are calculated for each H2O component by summing over the separate H2 cross sections weighted by the H2 state populations listed
in Table I.

H2O transition
JKa Kc → J

′′
Ka ′Kc′

Energy level (cm−1)
H2 transition

J → J′′
Cross section

(Å2)

H2O transition
JKa Kc → J

′′

Ka ′′ Kc′′ Energy
level (cm−1)

H2 transition
J → J′′

Cross section
(Å2)

Ortho 101 → 110 0 → 0 4.22 Para 000 → 111 0 → 0 8.09
23.799 2 → 2 7.68 0 2 → 2 15.10
42.402 1 → 1 8.26 37.158 1 → 1 15.71

0 → 2 0.074 0 → 2 0.061
2 → 0 0.167 2 → 0 0.307

→ 212 0 → 0 4.49 → 202 0 → 0 1.39
2 → 2 8.48 2 → 2 5.42

79.513 1 → 1 9.12 70.133 1 → 1 5.70
0 → 2 0.062 0 → 2 0
2 → 0 0.269 2 → 0 0.631

→ 221 0 → 0 0.562 → 211 0 → 0 0.018
2 → 2 2.22 2 → 2 1.67

135.322 1 → 1 2.71 95.245 1 → 1 1.51
0 → 2 0.011 0 → 2 0
2 → 0 0.199 2 → 0 0.202

→ 321 0 → 0 0.265 → 220 0 → 0 0.784
212.628 2 → 2 1.19 2 → 2 3.34

1 → 1 1.36 136.588 1 → 1 4.09
0 → 2 0.002 0 → 2 0.006
2 → 0 0.501 2 → 0 0.509

Downloaded 27 Nov 2011 to 193.48.255.141. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



H2O excitation 
H2O(jkakc) + e- à H2O(j’ka’kc’) + e- 

Zhang et al. Phys. Scr. 80 015301 (2009) 

¡  R-matrix calculations by Faure et 
al. (2004) were validated by 
differential/integral measurements  

 

¡  Electron-impact excitation of 
water is crucial as soon as xe>10-5 
(e.g. PDRs, comets) 

Phys. Scr. 80 (2009) 015301 R Zhang et al
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Figure 1. Elastic (rotationally summed) effective integral and
backward cross sections as a function of the collision energy. Solid
lines denote the present theoretical results. Open squares give the
experimental data of Čurík et al (2006) while filled circles
correspond to the differential data of Khakoo et al (2008b). See text
for explanations.

The effective ICS in figure 1 correspond to the integration
of the DCS over the experimental solid angle. As a result,
these ICS are smaller than those published by Faure et al
(2004b) by up to a factor of 2 at the highest energies (see also
figure 2). This reflects the missed forward angles at which the
DCS are heavily peaked. At the lowest energies (<20 meV),
however, the peak is much less pronounced and the theoretical
ICS in figure 1 agree to within a few percent with those plotted
in figure 2.

It should be noted that while the effective ICS agrees well
with the calculated ones above 40 meV, figure 1 suggests that
the calculations overestimate somewhat the contribution due
to backward scattering at energies below 200 meV. Backward
scattering is not strongly influenced by the long-range dipole
potential but is sensitive to short-range potential, suggesting
that the effective short-range potential of the calculations is a
little too hard. This observation is consistent with the results
of recent studies (Gorfinkiel and Tennyson 2005, Tarana
and Tennyson 2008) which show that it is only possible
to get a converged description of the attractive polarization
effects by using extended close-coupling expansions which
also allow for effects of coupling to the continuum. The
molecular R-matrix with pseudostates (RMPS) (Gorfinkiel
and Tennyson 2004) allows for the inclusion of such effects
but so far RMPS calculations have not been attempted for
water. Finally, we note that the experimental, backward cross
sections above 1 eV given in figure 1, which are derived from
the differential measurements of Khakoo et al (2008b), are
actually based only on measurements at three angles and none
above 130�. The errors given in the figure are therefore likely
to be underestimates.

In figure 2, the theoretical ICS corresponding to the
integration of DCS over the full solid angle are compared to
the experimental results of Cho et al (2004) and Khokoo et al
(2008b). The agreement with the ICS of Khokoo et al (2008b)
is very good while the results of Cho et al (2004) are lower by
a factor of 2–3. Since the agreement between the three sets of
DCS is much better (see figure 3), the differences in the ICS
clearly reflect the extrapolation procedure used by Cho et al
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Figure 2. Elastic (rotationally summed) integral cross sections as a
function of the collision energy. The solid line denotes the present
theoretical results. Filled squares and circles give the experimental
data of Cho et al (2004) and Khakoo et al (2008b), respectively.

(2004). Indeed, in contrast to Khakoo et al (2008b), Cho
et al (2004) did not apply Born-dipole results to their data,
which is necessary to properly account for the strong forward
scattering (see discussion in Khakoo et al (2008b)).

Finally, it is worth saying a few words about the DCS
themselves. Faure et al (2004b) already noted that they
got excellent agreement between their calculations and the
measured DCSs of Johnstone and Newell (1991) and Cho et al
(2004), even though the ICS did not give good agreement.
Figure 3 gives a similar comparison with the more recent
measurement of Khakoo et al (2008b). Again agreement is
good although we note that the DCS of Khakoo et al (2008b)
tend to be higher than other data at energies above 4 eV; they
are also below the present theoretical results at lower energies
for backward angles.

4. Positron–water collisions

Positron–water collisions have been less studied both
theoretically and experimentally than their electron analogues
and, in particular, there are no very low-energy measurements
available. Furthermore collisions with positrons introduce a
new channel, positronium (Ps) formation, at 6.8 eV below
the ionization threshold. Given this complication we only
consider energies up to 10 eV, as above this Ps formation
becomes significant.

Theoretically, calculations of positron scattering cross
sections are in general harder than the corresponding ones
with electrons due to the very strong electron–positron
correlation effects. The solution has often been to introduce
semi-empirical factors into such calculations (Franz et al
2008). The dominance of the dipole interaction, however,
means that positron collisions with strongly dipolar molecules
are actually easier to model reliably and here we stick to
purely ab initio procedures. In particular, we focus on the
R-matrix calculations of Baluja et al (2007), which are the
positron analogue of the electron calculations of Faure et al
(2004b) discussed above; these positron–water calculations
are in good agreement with the single-centre expansion study
of Gianturco et al (2001), see figure 4.

4



OH excitation 
OH(Fi, j) + He à OH(F’i, j’) + He 

¡  Rotationally inelastic scattering 
of OH by He and D2 was 
measured by Kirste et al. (2010) 

¡  Excellent agreement between 
theory and experiment with the 
new OH-He PES (Kalugina et al.) 

¡  Different propensity rules 
predicted for H2 collisions 
(Alexander et al.) 

Kalugina et al. in preparation 
 



OH+ excitation 
OH+(N, j, F) + He à OH+(N’, j’, F’) + He 

¡  Talk by Z. Nagy 

¡  Close-coupling calculations by 
Lique et al. (in preparation), 
including hyperfine structure 

¡  Large differences expected for H 

¡  Electron-impact excitation 
computed by van der Tak et al. 
(submitted) using Coulomb-Born 

van der Tak et al. submitted 

F.F.S. van der Tak et al.: OH+ emission in Orion.

Fig. 1. Line profiles of the OH+ 12–01 (top) and 11–01 (bottom)
transitions, observed with HIFI toward the CO+ peak of the Orion Bar,
after smoothing to 0.6 km s−1 resolution.

J = 5/2 → 3/2) line near 593.7 GHz (Blagrave & Martin 2004;
Sharpee et al. 2004), leading to an upper limit on T ∗A of 30 mK
rms per 0.5 km s−1 channel. No continuum emission is detected
in the spectra, down to upper limits ranging from T S S B

mb = 0.1 K
at 607 GHz to 0.3 K at 1655 GHz, which is consistent with the
SPIRE measurements of Arab et al. (2012).

The difference between the measured central velocities and
FWHM widths of the two detected OH+ lines is mostly due to
hyperfine blending of the 12–01 line. We thus adopt the mea-
sured parameters of the 11–01 line as the best estimate of the
central velocity and FWHM width of the OH+ emitting gas in the
Orion Bar. While the central velocity of this line of 10.1 km s−1

is in good agreement with the value of 10.0±0.2 km s−1 from
ground-based observations of other molecular species toward
this source, its width of 4.3 km s−1 is much larger than the value
of 1.7±0.3 km s−1 measured for the dense gas deep inside (AV

>
∼ 1)

the Bar (Hogerheijde et al 1995, Leurini et al 2006). On the other
hand, its width is smaller than the value of ≈5 km s−1 measured
in species such as HF which trace the surface (AV

<
∼ 0.1) of the

PDR (Van der Tak et al. 2012), and more similar to the width of
the [C II] line (Ossenkopf et al. 2013). Based on the line width,
the OH+ emission thus seems to originate from close to the PDR
surface (0.3 < AV < 0.5) where CH+ and SH+ peak as well in

Fig. 2. Spatial distribution of the OH+ 12–01 emission, integrated
between VLSR = +6 and +10 km s−1 (top), between +8 and +12 km s−1

(middle), and between +10 and +14 km s−1 (bottom). Greyscale levels
start at 0.6 K km s−1 and increase by 0.2 K km s−1. Contours of CO 10–
9 emission are at 5, 15, ...95% of the peak intensity in the respective
velocity channel.

the chemical model of Nagy et al. (2013). In contrast, the non-
hydride reactive molecular ions CO+, SO+ and HOC+ have
small line widths (2–3 km s−1, Fuente et al. 2003), and may
thus peak somewhat deeper into the PDR.
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Fluorine 
Chlorine 



HF and HCl excitation 

¡  Close-coupling calculations on 

¡  HF+H2 by Guillon & Stoecklin (2012) 

¡  HCl+H2 by Lanza et al. (in prep.) 

¡  Significant differences between 
He and p-H2, in particular near-
resonant energy transfer.  

¡  See Poster on Cl by M. Kama P71 

¡  Electron-impact excitation of HF 
computed in van der Tak et al. (2012)  

Guillon & Stoecklin MNRAS 420 579 (2012) 

582 G. Guillon and T. Stoecklin
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Figure 4. Rotational deactivation rate coefficients of HF (jHF = 5) in col-
lision with p-H2 (jH2 = 0) as a function of temperature. Transitions written
on the figure read as jHF–j ′

HF/jH2 –j ′
H2

.

see that the strongest pure deactivation rate occurs from jHF = 5 to
j ′

HF = 3, with the simultaneous transition from jH2 = 0 to j ′
H2

=
2. For this situation, at a low temperature, the energy difference
between ‘reactants’ p-H2 (jH2 = 0) + HF (jHF = 5) and ‘products’
p-H2 (j ′

H2
= 2) + HF (j ′

HF = 3) of the collision is fairly small, and
this quasi-degenerate effect strongly contributes to the enhancement
of the corresponding rate coefficient.

This mechanism was revealed a few years ago by Abrahamsson,
Groenenboom & Krems (2007), which occurs for the spin–orbit
relaxation of fluorine and chlorine by H2. They found that the elec-
tronic transition from the state 2P1/2 to 2P3/2 of the fluorine atom
is dramatically enhanced when accompanied by a simultaneous ro-
tational excitation of p-H2 from jH2 = 0 to j ′

H2
= 2. The same

electronic spin–orbit quenching process of the chlorine atom is
dominated by the accompanying excitation of p-H2 from jH2 = 2 to
j ′

H2
= 4. A very similar behaviour is thus found for both halogens,

although the spin–orbit splitting in chlorine is more than twice as
strong as that in fluorine. Again, this mechanism strongly fades
when the o-H2 collision partner is considered, due to the rotational
structure of this nuclear spin isomer.

For this peculiar jHF = 5 to j ′
HF = 3/jH2 = 0 to j ′

H2
= 2 tran-

sition, the rate is above 10−10 cm3 s−1 for nearly all temperatures
of astrochemical interest. The corresponding excitation rate coef-
ficient, namely for the jHF = 3 to j ′

HF = 5/jH2 = 2 to j ′
H2

= 0
transition, is also the strongest, much faster than all the others. It
can be, for example, nearly five orders of magnitude higher than
that associated with the jHF = 2 to j ′

HF = 5 transition, between 5
and 150 K.

This resonance mechanism, which is sublimated in the case of
collisions of HF with the para spin isomers of hydrogen, is re-
sponsible for the superior efficiency of the p-H2 + HF quenching,
where the rate coefficients seem to reach the very high value of
10−9 cm3 s−1. However, even at a somewhat high temperature of
150 K, the relative population of the jHF = 5 rotational level is only
3 per cent that of the jHF = 0 level, and 1.3 per cent that of the jHF =
1 level, which is the most populated level. Thus, at this temperature,
the near-resonant energy transfer discussed above may not make p-
H2 as a serious candidate for the quenching of HF in the ISM, in
comparison with other conceivable factors of de-excitation. On the
other hand, at T = 300 K, the jHF = 5 level population is now 60
per cent of that with jHF = 0. It is even twice as much populated
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Figure 5. Selected rotational deactivation rate coefficients of HF (jHF =
5) in collision with 4He and p-H2 (jH2 = 0) as a function of temperature.
Transitions written on the figure read as He: jHF–j ′
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as the ground rotational HF level at T = 500 K. For deactivation
transitions starting from jHF = 5, we thus performed supplementary
scattering calculations for the collision with the p-H2 isomer, until
a relative kinetic energy of 3000 cm−1, which allow us to calculate
rates for temperatures reaching 300 K. In order to carry out such
high-energy calculations, we added in the basis two rotational levels
for HF and one (jH2 = 4) for H2. Convergence tests for energies
around 1600 cm−1 and higher have shown that including a supple-
mentary level for H2 does not change cross-sections of more than 2
per cent. The comparison of high-temperature relaxation rate coef-
ficients of HF (jHF = 5) in collision with the He atom and the p-H2

species is shown in Fig. 5.
We see that for a large range of temperatures beyond 150 K,

the same jHF = 5 to j ′
HF = 3/jH2 = 0 to j ′

H2
= 2 transition rate

continues to dominate. At high temperatures, the jHF = 5 to j ′
HF = 4

collision with He, which is the strongest with He as a collision
partner, becomes increasingly important, but still less effective than
the dominating one with p-H2. At 300 K, the three HF rotational
levels jHF = 1, 2, 3 are the most populated, about twice as much as
jHF = 4 and four times as much as jHF = 5. Thus, the quenching of
HF by p-H2 is not the most important process at this temperature.
However, the quenching of HF starting from jHF = 1–7 is still on
average more efficient with H2 than with He (compare above results
with those of Reese et al. 2005 and see fig. 5 of Guillon et al. 2008).
On the other hand, if we now consider the excitation process, the
jHF = 3 to j ′

HF = 5/jH2 = 2 to j ′
H2

= 0 transition is not negligible
at all, especially if we observe that p-H2 populates the jH2 = 2 level
significantly at 300 K.

As the rate coefficients in Fig. 5 all present a very monotonic
behaviour, it is reasonable to assume that the jHF = 5 to j ′

HF =
3 and jHF = 5 to j ′

HF = 2 rate coefficients for the He + HF system
will not attain the same values as those associated with the same
transitions for the p-H2 + HF collision until 500 K or above. A
similar statement is also true for excitation rates. At 500 K, for
example, the jHF = 3 rotational level is nearly as populated as the
most important level (jHF = 2), and it becomes the most populated at
higher temperatures. Therefore, the rotational excitation of HF from
jHF = 3 and jHF = 2 to j ′

HF = 5, accompanied with the relaxation
of p-H2 from jH2 = 2 to j ′

H2
= 0, must be more important than

that with the help of He. As a consequence, it seems that p-H2 is
one of the main sources of the strong rotational excitation of HF in
hot shock wave regions, where the post-shock temperature can vary
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J=5à3 with pH2 (0à2) 

J=5à3 with He 



HF formation 

¡  CRESU measurements down to 11K 
have confirmed the quantum 
calculations of Lique et al. (2011) 

¡  Non-adiabatic effects important 

¡  Strong non-Arrhenius temperature 
dependence (tunneling)  
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Conclusions 

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

¡  Chemical pumping important 
for reactive ions (state-specific 
rates essential) 

¡  Nuclear spin selection rules 
crucial to predict o/p ratios 

¡  Strong effects of H/D substitution 

¡  Current quantum calculations 
give an accuracy rivalling 
experiment 

¡  Systems studied include: 
¡  CH+ 
¡  NH, ND 
¡  NH3, ND2H 
¡  OH, OH+, H2O, HDO, D2O 
¡  HF 
¡  HCl 

¡  Future systems include: 
¡  CH 
¡  NH2D 
¡  H3O+ 
¡  SH+ 

… 
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