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Non-­‐LTE	
  excita3on	
  

•  In	
  the	
  ISM,	
  collisions	
  
cannot	
  maintain	
  LTE	
  

	
  
•  Collisional	
  rates	
  
are	
  cri3cal	
  parameters	
  

14 M. D. Gray, A. Baudry, A. M. S. Richards, E. M. L. Humphreys, A.M. Sobolev and J. A. Yates

Figure 4. As for Fig. 1, but for p-H2O transitions accessible to SOFIA.

Figure 5. As for Fig. 1, but for some well-studied transitions not accessible to SOFIA or the cycle-3 configuration of ALMA.

reaching a maser depth of 8.9 at Td = 2000K. This behaviour is
shared with the well-known o-H2O transition at 22GHz (see be-
low). For 325GHz, the radiative branch only appears at the low-
est kinetic temperature: it is not repeated in the two lower panels,
where gain at 325GHz only decays with rising Td. At the lowest

kinetic temperature (top panel) four of the other transitions that ap-
pear are radiatively pumped. Like the o-H2O maser transitions in
Fig. 10 and Fig. 11, the radiative pumping becomes strong above
Td ∼ 700K, and it is strongest for 96GHz, with decreasing maser
depth through 260, 209 and 177GHz. The radiatively pumped lines
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Water	
  collisions	
  in	
  the	
  ISM	
  

•  H2O-­‐He 	
   	
   	
  everywhere	
  (but	
  second-­‐order)	
  
•  H2O-­‐H 	
   	
   	
  J-­‐type	
  shocks	
  
•  H2O-­‐e-­‐ 	
   	
   	
  diffuse	
  ISM,	
  shocks,	
  PDRs	
  
•  H2O-­‐H2 	
   	
   	
  dense	
  ISM	
  



Historical	
  review	
  (before	
  2006)	
  
•  H2O-­‐He	
  
–  De	
  Jong	
  (1973)	
  
–  Green	
  (1980),	
  Palma	
  et	
  al.	
  (1988)	
  
– Maluendes	
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  al.	
  (1992)	
  

•  H2O-­‐H2	
  
–  Phillips	
  et	
  al.	
  (1996)	
  
–  Dubernet	
  &	
  Grosjean	
  (2002)	
  
–  Grosjean	
  et	
  al.	
  (2003)	
  

•  H2O-­‐electron	
  
–  Xie	
  &	
  Mumma	
  (1992)	
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Theore3cal	
  ingredients	
  

Born-­‐Oppenheimer	
  
approxima3on	
  

1.	
  Interac3on	
  
poten3al	
  

2.	
  ScaSering	
  
calcula3ons	
  

Bound-­‐states	
  
Virial	
  coefficients	
  
Dissocia3on	
  energy	
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  cross	
  sec3ons	
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PES	
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PES	
  topology	
  
H2O-­‐He	
  

(Hodges	
  et	
  al.	
  2002)	
  
H2O-­‐H	
  	
  

(Dagdigian	
  &	
  Alexander	
  2013)	
  

-­‐61	
  cm-­‐1	
  
x	
  

-­‐61	
  cm-­‐1	
  
x	
  

-­‐35	
  cm-­‐1	
  
x	
  

-­‐35	
  cm-­‐1	
  
x	
  



PES	
  topology	
  
H2O-­‐He	
  

(Hodges	
  et	
  al.	
  2002)	
  
H2O-­‐pH2	
  	
  

(Faure	
  et	
  al.	
  2005)	
  

-­‐35	
  cm-­‐1	
  
x	
  

-­‐35	
  cm-­‐1	
  
x	
  

-­‐79	
  cm-­‐1	
  
x	
  

-­‐79	
  cm-­‐1	
  
x	
  



COMPARISONS	
  TO	
  EXPERIMENT	
  



Tes3ng	
  the	
  PES	
  

•  Spectroscopic	
  studies	
  
– Probe	
  the	
  shape	
  of	
  the	
  poten3al	
  well	
  

•  Collision	
  experiments	
  
– Probe	
  the	
  short-­‐range	
  (repulsive)	
  part	
  

•  Resonances	
  (cold	
  regime)	
  
– Probe	
  the	
  global	
  shape,	
  including	
  long-­‐range	
  



A	
  benchmark	
  system:	
  H2O-­‐H2	
  



transfer (CT), we show how the presence of even a small amount
of CT can be reliably ascertained, and we finally discuss a
simple model to estimate the energy contribution associated with
CT and how this compares with the experimental findings.

Before turning to this theoretical and computational analysis
of CT effects, we note that the Q(V) data measured for D2O-D2,
enabling the determination of the radial part of the intermo-
lecular potential, also provide a direct test of the accuracy of
calculated PESs for the system. We have calculated the spherical
average of three recent PESs for H2O-H2,9-11 and the radial
curves obtained are compared with the experimental determi-
nation in Figure 4. The corresponding ε and rm parameters are
reported in Table 1. Note that the isotropic average is by
definition the first angular term (within a normalization factor)
of the angular expansion employed by Phillips et al.9 and Valiron
et al.11 In order to make the comparison with experiment more
stringent, we evaluated, from the flexible PES of ref 11, the
spherical average for the isotopologue D2O-D2, in addition to
H2O-H2. The two differ negligibly (see Table 1), and only one
is displayed in the figure. These isotropic potentials were then
used to calculate theoretical cross-section curves to be compared
with the experimental data. These are shown in Figure 5. Both
this figure and Figure 4 clearly show that the PES reported by
Valiron et al.11 is of superior quality and in substantial better
agreement with the experiment as compared to the previous
calculations. It appears to underestimate the average binding
energy by less than 1 meV (∼8 cm-1), which is well within the
combined error bounds of experiment and calculations.11 Let
us recall here that the full-dimensional H2O-H2 PES described
by Valiron et al.11 was obtained by combining standard
CCSD(T) calculations with elaborate, explicitly correlated
CCSD(T)-R12 calculations. The latter calculations are expected
to provide an accuracy of a few cm-1, close to the basis set
limit, as further discussed below. We note that, in the present
work, a proper rigid-rotor D2O-D2 PES was obtained from the
flexible H2O-H2 PES by accounting for both the different
monomer-averaged geometries and the shift of the D2O c.m.
with respect to H2O. Details on the coordinate transformation
will be presented in a forthcoming paper,16 together with a
discussion of the impact of such isotopic effects on the scattering
dynamics. The present results suggest, however, that the
isotropic average of both PESs are very similar and that the
isotopic effects are essentially negligible here (see Table 1).

Theoretical Calculations: Charge Displacement Analysis. As
we have seen, the average binding energy between water and
H2 exceeds that which would result from vdW and induction
forces by not more than 2 meV (see Figure 3 and Table 1).
Where does this small but precisely measured effect originate,
and what role does it play in governing the interaction? Tracing
the origin of such small effects is a challenge. A quantitative
description of these weak intermolecular interactions requires
the use of theoretical methods that describe electron correlation
accurately and large basis sets. The suggestion emerging from
the experimental results, that the small stabilization observed
may originate from a CT component in the interaction (this is,
in fact, the only component that it is missing in the model), is
also difficult to prove or refute a priori. If present, this CT may
not be much larger than a few millielectrons (me) and therefore
would be difficult to ascertain, but, indeed, a non-negligible
energy contribution may be associated with it.28 This is not the
first time that such a situation has been encountered: recently
we studied CT phenomena in the interaction between water and
the series of noble gases (Ng). By quantitatively correlating
theoretical results and experimental observations, it was possible
to prove for the first time that a small CT (of the order of a
couple of millielectrons) takes place from the Ng to water.17,18

Furthermore, it was found that this CT is a strongly stereose-
lective, anisotropic phenomenon that is mediated by an asym-
metric donor-acceptor concerted role of the two hydrogen
atoms of the water molecule, which can in fact dictate the
equilibrium geometry of the adducts.17,18 The water-H2 interac-
tion energy surface is clearly much more anisotropic than that
of water-Ng. Do CT effects play a role in this?

The key approach in our analysis is the study of the electron
density changes taking place upon formation of the water
adducts. The electron density change (∆F) is defined as the
density difference between the complex and the isolated non-
interacting partners placed at the same positions they have in
the adducts.29 But how do we define and measure CT? In
principle, this simply cannot be done without resorting to some
charge decomposition model, which may leave room to doubts

(28) Khaliullin, R.; Bell, A.; Head-Gordon, M. Chem.sEur. J. 2009, 15,
851–855.

(29) Note that this definition includes the change in density due to the
antisymmetrization and renormalization of the total wavefunction made
up from the non-orthogonal fragment wavefunctions.

Figure 4. Spherical average of computed potential energy surfaces for
water-H2 compared with the present experimental potential: (a) from ref
9, (b) from ref 10, and (c) from ref 11.

Figure 5. Theoretical cross-section profiles for water-H2 obtained from
the radial potentials in Figure 4 compared with the experimental results:
(a) from ref 9, (b) from ref 10, and (c) from ref 11.
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Bound-­‐states	
  

•  High-­‐resolu3on	
  IR	
  
spectroscopy	
  	
  

•  Rovibra3onal	
  states	
  
supported	
  by	
  the	
  PES	
  

084301-8 Ziemkiewicz et al. J. Chem. Phys. 137, 084301 (2012)

that the ! vs " projection comes predominantly from an-
gular momentum j = 1 of the oH2 subunit. In general, both
wavefunctions are characterized by large amplitude quantum
motion and significant departure from the global minimum
energy “hydrogen bond acceptor” structure for H2O at βH2O

= 0o and βH2 = 0o, 180o, even partially sampling the higher
minimum energy “hydrogen bond donor” structure at βH2O

= 128o and βH2 = 90o. This confirms the zeroth order na-
ture of H2 and H2O wavefunctions in the complex as that of
nearly free internal rotors, with angular motion weakly cou-
pled by the anisotropy in the potential energy surface. Thus,
a more complete description of the states in Fig. 3(a) for
oH2-oH2O would be ! (1,000) and " (1,000), where the first
and second terms in parentheses refer to the corresponding
free monomer descriptions of H2 and H2O angular momenta,
respectively.

Based on calculated energies and wavefunctions for all
levels in both ground and internally vibrationally excited
|02−) states and the transition line strengths, it is possible to
predict an infrared spectrum of the complex from first prin-
ciples. A small sample segment of this is shown in Fig. 4(a),
where observed lines are labeled using symmetric top nota-
tion as $K$JK”(J′′). A 3.8(3) K beam temperature best fits
the data, i.e., cold but nevertheless achievable in the slit su-
personic expansion and in agreement with the previously de-
termined upper limit of 5 K. Despite potential complications
associated with action spectroscopy vs direct absorption spec-
troscopy based intensities, the degree of agreement observed
between experiment and theory is extremely encouraging. In
particular, this provides strong evidence for assignment of the
peaks in the 000 ← 101 monomer region as coming from the
corresponding ! (1, 000) ← " (1, 101) free internal rotor tran-
sition in the oH2-oH2O complex, blueshifted by ≈ 4 cm−1

from the 000← 101 transition of the H2O moiety at 7226 cm−1

due to presence of the H2(j = 1).
In addition, a weaker second set of transitions is ob-

served near the water monomer band origin35, 66 at ν0

= 7249.823 cm−1 (Fig. 4(b)), where again experiment and
theory agree reasonably well on the various infrared transi-
tions, providing further support for assignment to the oH2-
oH2O dimer species. Interestingly, there are no allowed tran-
sitions for H2O monomer in the band origin region, with ap-
pearance of spectral structure only made possible by angu-
lar anisotropy in the potential. Simply stated, the potential
anisotropy makes j an imperfect quantum number for the H2O
subunit, and therefore generates oscillator strength on the
nominally “forbidden” Q-branch transitions corresponding to
zero change in monomer angular momentum. The presence of
comparably strong P,Q,R-branch features for the cluster and
the expected cold temperature of the supersonic jet identify
this as a progression in the " (1,000) ← " (1,101) band, which
probes a second, completely independent internal rotor state
in the |02−) manifold. Note that our " (1,000) labelling of in
the upper state implies that the net angular momentum pro-
jection (K = 1) now arises predominatly from the oH2 rather
than the oH2O subunit. As will be discussed in more detail in
Sec. V B, this provides access to photolysis and predissocia-
tion dynamics in two quite different metastable upper states
of the oH2-oH2O cluster.

FIG. 4. Sample comparison between first principles ab initio/dynamical the-
ory calculations (colored lines, downward) and experimental spectra (black
lines, upward). Excellent agreement between experiment and theory (Trot
≈ 3.8(3) K) allows assignment of the observed struxcture to (a) ! (1,000)
← " (1,101) and (b) " (1,000) ← " (1,101) internal rotor bands of oH2-
oH2O (red). (c) In contrast, the oH2-pH2O species (yellow) reveal no peaks
near the predictions, despite the fact that such transitions would be well above
the signal to noise for a 3:1 ortho/para nuclear spin ratio. Lines are labeled in
symmetric top notation according to $K$JK′′ (J′′).

Finally, we see no evidence within our signal to noise
limits for experimental action spectra corresponding to oH2-
pH2O complexes. The relevant scan region is shown in
Fig. 4(c), which displays sample ab initio/dynamics predic-
tions for the "(1,101) ← !(1,000) and !(1,101) ← !(1,000)
bands of oH2-pH2O. Note that these band origins lie 9 cm−1

to the red and a few cm−1 to the blue, respectively, of the
associated 101 ← 000 transition at 7273 cm−1 for the free
pH2O monomer. It is important to consider that these intensity
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134.90 and 173.37 cm!1, respectively. Due to the thermal
excitation required for these measurements the lowest
measured temperatures were limited to 33, 68 and 68 K.
Furthermore, detailed scattering calculations of states with
this excitation level were beyond the scope of the com-
parative work presented in Drouin and Wiesenfeld [9].
Therefore, we report the experimental values here to
complete the published experimental data set and to
provide further comparison data points for the RPA

results. The data points shown in Fig. 2 are those recorded
in ‘normal’ hydrogen gas, where the ortho/para ratio is
held at its room temperature value of three. This data
predominately represents three parts j2¼1 hydrogen to
one part j2¼0 hydrogen, although the j2¼2 component is
relevant at the highest temperatures. The experimental
work also included measurements of specially prepared
‘para’ hydrogen, which includes (at these temperatures) a
statistical mixture of j2¼0 and j2¼2 hydrogen gas. All of
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Fig. 1. Broadening parameter (in MHz/Torr) as a function of temperature for five transitions of H2O in collision with n H2. The experimental data (red
circles with error bars) at 183 and 380 GHz are taken from Dutta et al. (1993). CC calculations (dashed black line) and experimental data at 556, 988 and
1113 GHz are taken from Drouin and Wiesenfeld (2012). The present RPA results are given by the solid blue lines. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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the H2O-para-H2 collision !rotational temperature of
para-H2"220 K#, we averaged the theoretical DCS over a
rotational distribution in the H2 beam of 61% H2!J=0#, 10%
H2!J=1#, and 29% H2!J=2#, as measured experimentally us-
ing !2+1# Resonance Enhanced Multi-Photon Ionization
!REMPI# of H2 around 200 nm. Collisions resulting in H2!J#
changing cross sections were both measured $using 2+1
REMPI of H2!J=1,2# at "200 nm% and calculated to be
negligible. Comparisons of the experimental and fully quan-
tum calculated DCSs plotted in Fig. 3 show remarkably good
agreement for both the H2O+He and the H2O+ para-H2 sys-
tems. We have not smoothed any possible quantum oscilla-
tions appearing in the theoretical DCS. Some remnants of the
oscillations averaged over the experimental resolution may
be visible at the experimental level.

For the sake of comparisons between He and para-H2
scattering, we also show computed DCSs for scattering be-
tween water and para-H2 using the H2 J=0,2 rotor states in
the channel basis as before, but considering only J=0 initial
and final states. In this calculation, the coupled channel
propagation used for computation of the S matrix elements
includes a full description of molecular H2, including its an-
isotropy, but the partial wave sum used for construction of
the DCS from the S matrix elements is identical to that for
H2O–H2 collisions. The resuts are shown as blue lines in the
left panels of Fig. 3. In this case. the DCS structure becomes
very different from the results that include an average over
the experimental rotational state distribution. The strong for-
ward scattering disappears and the overall structure becomes
qualitatively similar to scattering of H2O by He. Very similar
results were obtained when only J=0 was included in the H2
rotor basis, that is, when H2 was treated as an atom in the
scattering calculation. Apparently the most important differ-
ence between scattering by He and by H2 !J=0# is the dif-

ferent shape of the potential; in particular, the well is deeper
for H2. While no attempt is given here to compare absolute
values of cross sections, the computed DCSs for He and for
H2 !J=0→0# show strong similarities at the energies stud-
ied, away from the resonance regimes.

H2O–H2 scattering is thus quite sensitive to the initial
rotational state of the H2, even though most collisions result
in no change in its rotational state. Ignoring this dependence
and treating all H2 molecules as J=0 molecules or as atoms
can introduce important errors. The common procedure of
estimating rates for para-H2 collisions with those from sim-
pler He calculations should thus be applied with caution.

Differences in the scattering of water by para-H2 and
normal-H2 have been found in pressure broadening experi-
ments and simulations at 50!T!200 K.28,29 The present
experiments, however, did not detect a qualitative change in
the DCS changes in H2 beam conditions. In our experiment,
it is not possible to produce a beam of pure para-H2!J=0#.
Even at the nozzle temperature of 170 K, the expected popu-
lation ratio of para-H2!J=0# to para-H2!J=2# is still 4.3:1.
Replacing normal-H2 by para-H2 at this temperature in our
apparatus produced beams with measured H2 populations in
J"0 states of 28%, and the observed images had quite simi-
lar angular distributions to those observed under other beam
conditions. It is likely that this state distribution was not pure
enough to reveal the He-like DCS predicted by the calcula-
tion. These experimental indications are qualitative for the
present apparatus configuration because the reliability of the
signal in the forward scattering region suffers from wide
beam angles and background subtraction uncertainty. Im-
proved experiments with more narrow beams and a higher
accuracy in the forward scattering region, and more detailed
comparisons with scattering by the other rare gases as well as
by D2 !whose spin statistics are inverted with respect to H2#
are under way. Lower collision energies will also be studied
using a smaller molecular beam crossing angle.

In summary, experiments are now possible that provide
sensitive information in the form of state-to-state differential
cross sections for collisions of H2O with H2, He, and other
species under conditions relevant to those of interstellar
space. Although the center-of-mass energy tested here is
somewhat higher than the usual energies found in interstellar
matter, the shape of the PES has been thoroughly tested,
setting great confidence in the calculating scheme that we
used to obtain the PES. The measured and calculated prop-
erties for the most part agree quite well, giving confidence in
the quality of the PESs describing the H2O–H2 and
H2O–He interactions. The PESs for H2O interaction with He
and H2 in general appear to pass the experimental DCS test
with flying colors. Our results point out the differences be-
tween collisions of water with helium and with cold para-H2,
and suggest similarities in the shape of the DCS for all initial
H2!J# states.

Various tests at lower collision energies, including
H2–H2O cluster spectroscopy, and scattering experiments
testing the resonance or elastic regimes should be undertaken
in parallel with more global tests such as pressure broaden-
ing or virial coefficient measurements. All these tests

FIG. 3. Experimental and theoretical differential cross sections for H2O–H2
inelastic scattering !left column# and H2O–He inelastic scattering !right
column#. Black lines !experimental#. Red lines, full theoretical DCS calcu-
lations. Blue lines, for H2O–H2 scattering, theoretical calculations with H2
in J=0 as initial and final states !see text#. Scattering angle !deg#, x-axes;
DCS in arbitrary units, all normalized to unity, y-axes. Scattering energies:
H2O–H2, 575 cm−1; H2O–He, 429 cm−1. Experimental signal in the region
of 0°–10° is not reliable due to background subtraction uncertainty.

131103-3 Mapping water collisions J. Chem. Phys. 133, 131103 !2010"
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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
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Figure 6. k5→i deexcitation rates of ortho-H2O:He inelastic collisions starting in the i = 5 rotational level of ortho-H2O in units of 10−14 cm3 s−1.

Figure 7. kr→5 deexcitation rates of ortho-H2O:He inelastic collisions ending in the i = 5 rotational level of ortho-H2O in units of 10−14 cm3 s−1.

7

Tejeda	
  et	
  al.	
  ApJS	
  (2015)	
  



Summary	
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•  Current	
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  (≈	
  1	
  cm-­‐1)	
  

•  Inelas3c	
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Daniel	
  et	
  al.	
  MNRAS	
  (2015)	
  

except for electrons where the rate has a maximum at about 200 K. The rate coefficients for

para- and ortho-H2 are very different below ∼300 K. The He and H rate coefficients are lower

but rather similar to the para-H2 one. In addition, above about 300 K, all heavy particles

have a similar rate coefficient (∼ 1 − 2 × 10−10cm3s−1). In this high-temperature regime,

as observed previously for CO, the scattering process becomes dominated by kinematics. It

should be noted that the “bump” in the para-H2 rate coefficient, at about 100 K, reflects the

increasing population of the j2 = 2 level. The similarity between the para- and ortho-H2 rate

coefficients at high temperature indeed reflects the resemblance between para-H2(j2 = 2)

and ortho-H2(j2 = 1) (see Daniel et al., 2011). Finally, the rate coefficients for electron-

impact are about a factor of 104-105 larger than those for heavy particles, indicating that

electrons will compete with neutrals at electron fractions larger than ∼ 10−5− 10−4. In the

intermediate coma of Comet Halley, Xie and Mumma (1992) have shown that the rotational

temperature of the water molecule is controlled by collisions with electrons rather than with

neutral (H2O) molecules.
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Figure 1.6: Theoretical rate coefficients for the ortho-H2O excitation j = 101 → 110 by para-H2,
ortho-H2, He, H and electrons as function of temperature. See text for details and
references.

1.3.2.2 H2CO

Formaldehyde was the first organic polyatomic molecule detected in the ISM by Snyder

et al. (1969) and in comet Halley by Snyder et al. (1989). Both detections were made via the

single rotational transition 111−110 of ortho-H2CO at 6 cm. H2CO is very abundant in star
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rigid-rotor PES. Indeed, the explicit average of the full-
dimensional PES over the ground state vibrational wavefunctions
was found in very good agreement with the rigid-rotor PES
at the vibrationally averaged ground state geometries. The
corresponding effects on the low energy scattering of H2O by
H2 have been examined by us recently.10 We have thus shown
that employing state-averaged geometries within a rigid-rotor
PES is a reliable approximation for the computation of
scattering cross sections. We note that other authors have
investigated these effects in the calculation of rovibrational
spectra, e.g. recently for the water dimer.20

Averaged intramolecular geometries can be determined
either theoretically, by computing the integral of the coordinate
operator on the vibrational wave function of the monomers,
or from some experimental data. In this study, as in Scribano
et al.,10 we have chosen the latter approach to determine the
ground state averaged geometry of HDO, starting from the
equilibrium geometry of H2O which is the reference for all
water isotopologues within the Born–Oppenheimer approxima-
tion. The averaged intramolecular geometry

!
q of HDO

(i.e.
!
rOD,

!
rOH and !aHOD) was obtained from the theoretical

equilibrium value of H16
2 O, q(1)eq ,

21 and a correction term
derived from experimental data using the relation below:

!qHDO ¼ qð1Þeq 1þ Dqð2Þ

q
ð2Þ
eq

 !

ð1Þ

where q(2)eq is the experimental equilibrium value22 and Dq(2) is
the deviation of the averaged geometry with respect to the
equilibrium one (see Table 7 in ref. 23). This way of determining
averaged geometries combines ab initio and experimental data.
We have reported in Table 1 the H2O, D2O and HDO averaged
geometries. We observed for D2O, a very good agreement
(better than 1%) with the purely theoretical estimate.24 For
HDO, the

!
rOH distance is found to be close to the one in H2O

while
!
rOD and !aHOD are close to the values in D2O, as

expected.
The rigid-rotor HDO–H2 PES was obtained from the full

flexible H2O–H2 potential energy function of Valiron et al.,
V

ð9DÞ
H2O!H2

, but in the principal inertia axes of HDO and fixing
the internal coordinates qR {qHDO,qH2

} at their vibrationally
averaged values (Table 1). The water center of mass is thus
shifted towards the D atom (see Fig. 1). The HDO–H2

intermolecular energies, VHDO–H2
, were then generated on a

grid ðRp; yp;fp; y
0
p;f

0
pÞ using the relation:

VHDO!H2
ðRp; yp;fp; y

0
p;f

0
pÞ ¼ V

ð9DÞ
H2O!H2

ð ~Rp; ~yp; ~fp; ~y
0
p;
~f0
p; !qÞ
ð2Þ

where the correspondence between the two sets of coordinates
is explained in the following. The location of the H2 center of
mass with respect to the body-fixed HDO (X,Y,Z) and H2O
(x,y,z) frames is (Rp,yp,fp) and (R̃p,~yp, ~fp), respectively. The
transformation from (X,Y,Z) to (x,y,z) is made by a transla-
tion from the center of mass of HDO to the center of mass of
H2O, followed by a rotation g around Y:

xp
yp
zp

0

@

1

A ¼
xcm
0
zcm

0

@

1

Aþ
cos g 0 ! sin g
0 1 0

sin g 0 cos g

0

@

1

A
Xp

Yp

Zp

0

@

1

A: ð3Þ

The rotational and translational parameters of this transforma-
tion are g = 21.111, xcm = +0.07573 and zcm = !0.04625
both in bohrs. The spherical coordinates in the H2O (x,y,z)
frame are given by the trivial relations:

~Rp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2p þ y2p þ z2p

q
ð4Þ

~yp ¼ arctan
zpffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2p þ y2p

q ð5Þ

~fp ¼ arctan
yp
xp

ð6Þ

The above rotational transformation is also employed for the
angles ðy0p;f

0
pÞ which orient the H2 direction with respect to

the body-fixed HDO frame. The grid points ðyp;fp; y
0
p;f

0
pÞ

describing the angular coordinates of H2 relative to HDO
were chosen via random sampling for 28 fixed intermolecular
distances R in the range 3–14 a0. At each intermolecular
distance, the interaction potential VHDO–H2

was then least-
square fitted using the functional form employed previously
for H2O and D2O:

V(R,y,f,y0,f0) =
P

vl1m1l2l
(R)tl1m1l2l

(y,f,y0,f0) (7)

where the angular functions tl1m1l2l
are explicitly given in

Valiron et al.14 The only difference with respect to H2O and
D2O is that the C2v symmetry is relaxed in HDO, resulting in

Table 1 Averaged geometries of H2O, D2O, HDO and H2 in their
ground vibrational state (distances in angstroms and angles in degrees).
The present values for H2O and H2 were taken from Faure et al.13

while those for D2O and HDO were computed from the nuclear
correction formula, eqn (1). The theoretical equilibrium geometry
was taken as reqOH = 0.9578 and aeqHOH = 104.4821

H2O D2O HDO H2

!
rOH !aHOH

!
rOD !aDOD

!
rOD

!
rOH !aHOD

!
rHH

Present 0.9753 104.41 0.9685 104.37 0.9684 0.9727 104.34 0.7668
Ref. 24 0.9756 104.43 0.9707 104.41 — — — —

Fig. 1 Body-fixed coordinate system used for HDO (X,Y,Z) and the

reference frame (x,y,z) used for H2O by Valiron et al.14
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FUTURE	
  ISSUES	
  



Available	
  data	
  
•  H2O-­‐He	
  

–  Yang	
  et	
  al.	
  ApJ	
  (2013)	
  	
  
–  First	
  10	
  levels	
  of	
  oH2O	
  and	
  pH2O,	
  T=1-­‐3000	
  K	
  

•  H2O-­‐H	
  
–  Daniel	
  et	
  al.	
  MNRAS	
  (2015)	
  
–  First	
  45	
  levels	
  of	
  oH2O	
  and	
  pH2O,	
  T=5-­‐1500	
  K	
  

•  H2O-­‐H2	
  
–  Daniel	
  et	
  al.	
  A&A	
  (2011)	
  
–  First	
  45	
  levels	
  of	
  oH2O	
  and	
  pH2O,	
  T=5-­‐1500	
  K	
  

	
  
•  HDO/D2O-­‐H2	
  

–  Faure	
  et	
  al.	
  MNRAS	
  (2012)	
  
–  First	
  30	
  levels	
  of	
  HDO,	
  first	
  12	
  levels	
  of	
  D2O,	
  T=5-­‐300	
  K	
  

	
  
•  H2O/HDO/D2O-­‐electron	
  

–  Faure	
  et	
  al.	
  MNRAS	
  (2004)	
  
–  First	
  28	
  levels	
  of	
  H2O,	
  HDO	
  and	
  D2O,	
  T=10-­‐5000	
  K	
  



Rovibra3onal	
  excita3on	
  

•  Current	
  rovibra3onal	
  
data	
  are	
  based	
  on	
  	
  
extrapola3ons	
  
(Faure	
  &	
  Josselin	
  2008)	
  

•  Rigid-­‐bender	
  
calcula3ons	
  in	
  progress	
  	
  
(Stoecklin	
  et	
  al.)	
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Related	
  oxygen	
  hydrides	
  
•  OH	
  +	
  He	
  

–  Kalugina	
  et	
  al.	
  Phys	
  Chem	
  
Chem	
  Phys	
  (2015)	
  

•  OH	
  +	
  H2	
  
–  Schewe	
  et	
  al.	
  J	
  Chem	
  Phys	
  
(2015)	
  

•  OH+	
  +	
  He	
  
–  Gomes-­‐Carrasco	
  et	
  al.	
  ApJ	
  
(2014)	
  

•  OH+	
  +	
  H	
  
–  Stoecklin	
  et	
  al.	
  JPCA	
  (2015)	
  
–  Bulut	
  et	
  al.	
  JPCA	
  (2015)	
  

•  H2O+	
  +	
  H	
  

•  H3O+	
  +	
  H2	
  

•  H2O	
  +	
  H2O	
  (for	
  comets)	
  
–  PES	
  from	
  Cencek	
  et	
  al.	
  
PCCP	
  2012	
  



Conclusion	
  

«	
  Altogether,	
  the	
  collisional	
  rate	
  coefficients	
  
have	
  now	
  reached	
  such	
  high	
  accuracy	
  that	
  they	
  
are	
  no	
  longer	
  the	
  limiAng	
  factor	
  in	
  the	
  
interpretaAon	
  of	
  the	
  astronomical	
  water	
  data.	
  
This	
  conclusion	
  is	
  a	
  tesAmony	
  to	
  the	
  decade	
  long	
  
effort	
  by	
  molecular	
  physicists	
  and	
  quantum	
  
chemists	
  to	
  determine	
  them	
  »	
  

van	
  Dishoeck,	
  Herbst,	
  Neufeld	
  Chem	
  Rev	
  (2013)	
  


