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Molecular scattering at collisional energies of the order of 10-100 cm~' (corresponding to kinetic
temperatures in the 15-150 K range) provides insight into the details of the scattering process and, in
particular, of the various resonances that appear in inelastic cross sections. In this Letter, we present a
detailed experimental and theoretical study of the rotationally inelastic scattering of ground-state ortho-
D,0 by ground-state para-H, in the threshold region of the D,O(0yy — 2,) transition at 35.9 cm™~!. The
measurements were performed with a molecular crossed beam apparatus with variable collision angle,
thence with variable collisional energy. Calculations were carried out with the coupled-channel method
combined with a dedicated high-level D,O-H, intermolecular potential. Our theoretical cross section
0po — 202 1s found to display several resonance peaks in perfect agreement with the experimental work,
in their absolute positions and relative intensities. We show that those peaks are mostly due to shape
resonances, characterized here for the first time for a polyatomic molecule colliding with a diatom.

DOI: 10.1103/PhysRevLett.125.143402

Introduction.—Water is the most abundant molecule in
the Universe after H, and CO. As a polar polyatomic
species, it acts as an efficient coolant for collapsing
interstellar clouds but it also plays a key role as a reservoir
species for oxygen and as a catalyst on the surface of
interstellar dust grains. Water is observed ubiquitously in
the Solar System, in the Milky Way, and in the far Universe.
Because of its large abundance in our own atmosphere, the
main isotopologue, 'H,'%0, is difficult to detect from the
ground, except for some strong maser lines [1]. As a result,
the rich rotational and rovibrational spectrum of water has
been essentially observed from space, thanks to the (far)
infrared space missions ISO, SWAS, Odin, Spitzer, and
Herschel [2]. Rare isotopologues of water have been also
detected in interstellar clouds, including the doubly deu-
terated 2H,'%0 [3], denoted D,O or heavy water hereafter.

In order to quantitatively model the physical and
chemical conditions of astrophysical sources where water
is detected, it is necessary to understand the mechanisms of
spectral line formation, including position, shape, and
intensity. The frequencies and radiative Einstein coeffi-
cients of many water transitions are known with high
accuracy. However, because of the low interstellar densities
and the competition between photonic and collisional
processes, any radiative transfer model must also include
a proper treatment of collisional excitation, while colli-
sional line broadening and shifting are fully negligible.
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It has long been recognized that only theory is capable of
yielding precise enough values of the collisional rate
coefficients k;_,;(T), i and f being rotational or rovibra-
tional states of water, because of the wide kinetic temper-
ature range and the large number of i, f states of relevance
in astrophysical media. Huge progress was made over the
last years thanks to dedicated and concerted efforts of
theoreticians to provide rate coefficients for the rotational
excitation of H,O [4,5], HDO, and D, 0O [6] by H,, which is
the dominant collider in molecular clouds. All these
calculations employed the full nine-dimensional H,O-H,
potential energy surface (PES) computed by Valiron et al.
[7], denoted V08 hereafter.

The main goal of the present work is to observe the low-
energy resonances in the water-molecular hydrogen system
by measuring the rotationally inelastic scattering of ortho-
D,0 by para-H,, and to compare those measured resonance
peaks with a theoretical computation, performed at the
best possible level of quantum dynamics. Resonances are
predicted to be easier to detect with para-H, than with
ortho-H,, thanks to the smaller number of overlapping
resonant features. The use of D,O rather than H,O also
greatly improves the signal-to-noise ratio. Because the
positions and amplitudes of the scattering resonances are
extremely sensitive to the finer details of the underlying
PES, in particular its long-range anisotropy, this measure-
ment provides the ultimate test of the VO8 PES. Thus, good
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agreement with a fully converged theoretical computation
would give considerable confidence in the observables
derived from this PES, such as the collisional rate coef-
ficients or the spectrum of hydrogen molecules in clathrate
hydrates [8].

Many previous experimental tests of the V08 potential
exist, which have probed its short-range and well regions.
These include elastic integral cross sections [9], second
virial coefficients [10], bound states of the complex
(Ref. [11] and references therein) and pressure broadening
rates [12]. A number of differential scattering measure-
ments are also available at the state-to-state level. The first
of such studies [13] appeared in 2010 where relative state-
to-state differential cross sections (DCSs) for H,O-H, were
measured at 575 cm™! collisional energy, and later at
361 cm™! [14]. A similar experimental study was also
performed for the water isotopologues HDO and D,O [15].
The agreement with theoretical DCSs was generally good
but these relatively high collisional energies and the
coexistence of several rotational states of H, (j, =0, 1, 2)
made the comparison not fully conclusive. The comparison
of absolute values of theoretical state-to-state collisional
rate coefficients with experimental data is available for the
water-hydrogen-molecule system only via the detour of
pressure broadening rates [12].

More recently, Bergeat et al. [16] have measured relative
integral cross sections (ICSs) for H,O colliding with
normal-H, at much lower collisional energies, in the range
15-105 cm™!. The agreement with theory was found to be
very good. The lack of any observable structure on the
excitation function could not provide, however, a full
experimental check of the long-range anisotropy of the
V08 PES, because of the use of normal-H, (j, = 0, 1) and
the background signal.

Experiment.—We performed experiments in a crossed
molecular beam apparatus [16,17], with variable collisional
angle, under single collision conditions. A pulse of D,0O
seeded in helium was generated with an Even-Lavie valve
maintained at 320 K. As the best collisional energy resolution
is obtained when the two beams have almost the same
velocity, for the para H, beam, a cryogenically cooled valve
was used (see the Supplemental Material for details). The
para-H, was produced by liquefaction of normal-H, on a
NiSO, catalyst using a He-closed cycle cryostat. The
reactants and the scattered heavy water were state-selectively
detected in the crossing region using a time-of-flight mass
spectrometer after resonance-enhanced multiphoton ioniza-
tion (REMPI). Spectra of normal- and para-H, beams (see
Fig. 3 in the Supplemental Material) show that the para-H,
beam composition remains almost the same during the
experiment: the j, = 1 line remains within the background
noise, which should correspond to a j, rotational population
ratio (1/0) below 0.15. The rotational distribution of D,O
was evaluated (Fig. 1) with a simulation by PGOPHER [ 18] and
the spectroscopic data of Ref. [19]. The ortho/para ratio of
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FIG.1. (2+ 1) REMPI spectrum of the C'B;, v/ = 0 « X'A,,
v = 0 transition of D,O in the supersonic beam (top) and a
simulated spectrum for a beam of normal D,O with a rotational
temperature of 12 K (bottom). The labels indicate the rotational
levels, ji . from which the transitions originate. The ortho-D,0
probed states are specified in blue for the ground state and in
violet for the first excited state. The para-D,O probed states are in
red for the ground state and in purple for the first excited state.
See Ref. [19] for more details.

D0 remains at the room temperature equilibrium ratio of 2.
For ortho and para states separately, the REMPI signals show
that D,0O is mainly in its ground rotational levels and with a
small amount in the first excited rotational levels: we
estimated the jj , rotational population ratios (Ogo/1y;) ~
0.81/0.19 and (1¢;/1,9) ~0.73/0.27.

The experimental inelastic cross section for the rotational
excitation of D,0, 6(Eq; 009 — 2¢2), by para-H, is shown
in Fig. 2 as a function of the collisional energy E;, i.€., the
relative translational energy of the collision partners.

Theory.—The inelastic scattering calculations were per-
formed with the MOLSCAT program [20] by combining the
V08 H,O — H, PES with the coupled-channel method. The
full nine-dimensional VO8 PES is independent of nuclear
masses and can be employed for any water and molecular
hydrogen isotopologue. Full details about the transforma-
tion from H,O-H, to D,O-H, can be found in the work of
Scribano et al. [21,22]. The intermolecular coordinates are
defined in the center-of-mass frame of D, 0 and the internal
coordinates of D,O and H, are fixed at their vibrationally
averaged values. We note that the rigid-rotor approximation
was recently validated thanks to scattering calculations that
include the H,O bending-vibrational motion [23].

The rotational energy levels of D,O are labeled either by
three numbers, the angular momentum j; and the pseudo-
quantum numbers &, and k. (corresponding to the projection
of j; along the principal inertia a— and c-axes) or alter-
natively, by the quantum numbers j; and 7, = k, — k..
Ortho-D,0 levels are characterized with k, + k. even. The
rotational levels of para-H, are labeled by the angular
momentum j, = 0, 2, .... Therotational constants were taken
as A =15.41998, B =7.27299, and C = 4.84529 cm™!
for D,O and B, = 59.322 cm™! for H,, as in Ref. [21].
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FIG. 2. Comparison of experimental and theoretical integral
cross sections for the rotational excitation of ortho-D,O(0gy —
20) by para-H,(j, = 0). Orange points, experimental cross
sections (arbitrary units, left y axis). Vertical error bars represent
statistical uncertainties at 95% of the confidence interval.
Horizontal error bars represent uncertainties in energy calibration.
Thin blue line, theoretical fully converged ICS (in nm?, right y
axis) for the Ogy — 2, excitation. Main peaks are labeled 1-6.
Thick blue line, the overall theoretical data convoluted with the
experimental energy resolution; smaller theoretical contributions,
scaled to their experimental weights relatively to the D,O(0¢)
population—see text: violet, 1;; — 2, (weight of 0.23), red
101 g 212 (009), and purple, 110 g 212 (003)

The reduced mass of D,O-H, is 1.8313 u. The coupled
differential scattering equations were solved using the hybrid
modified log-derivative Airy propagator. Total energies up to
200 cm™! were considered using a fine energy grid of
0.25 cm™' for a proper description of resonances.
Calculations were performed with H, in its ground para state
(j» = 0). The highest rotational angular momentum of ortho-
D,0 in the basis set was j; = 6 (corresponding to the
inclusion of 25 levels), whereas the lowest two rotational
levels of para-H, were included in the basis (j, =0, 2).
Extending rotational bases beyond those limits was shown to
be insignificant. The inclusion of many closed channels is
essential to properly describe the transient excitation of
D,O because of the deep well of the D,O-H, PES
(D, =238 cm™!) and its very anisotropic nature.
Convergence was also checked as a function of the propa-
gation parameters. Finally, both integral and differential cross
sections were computed as a function of the total angular
momentum (partial wave) J, with J ranging from 0 to 33,
yielding full convergence.

Results.—As expected, the theoretical excitation func-
tion shown as a thin blue line in Fig. 2 exhibits a threshold
behavior corresponding to the rotational energy difference
of 35.9 cm™! between the two rotational levels, D,O(2,)
and (0y,). However, contrary to the theoretical calculations,
the experimental excitation function (points) presents a

signal below this threshold. One contribution is due to the
presence of some D,0O (1;;) (about 13%) in the beam, as
shown in Fig. 1. Moreover, at the wave number of
80860 cm™! chosen to probe the 2, rotational state, there
is a small contribution from the 2, level. Thus, the ICSs
from the 15; — 2, and 1,y — 2, were considered with
weights taking into account the ortho/para ratio of D,0O in
the beam, the relative population of the 1,y and 1,; states
and the relative strength of the REMPI transitions from the
20, and 2, levels [19].

The four sets of the theoretical excitation functions are
plotted in Fig. 1 of the Supplemental Material. They are
displayed in Fig. 2, weighted to their relative contributions to
the 2, signal, under the experimental conditions. The overall
theoretical excitation function is the sum of these four
contributions. However, theory provides absolute values of
6(E.y), while experimental results are obtained in a relative
scale. To allow for comparison with the experimental
data, the overall theoretical results were convoluted with
the experimental collisional energy spread (see Fig. 4 of
Supplemental Material). The experimental data were then
rescaled to have the same area as the theoretical ones in their
common energy domain (E,,; = 30-100 cm™").

The agreement between theory and experiment is
remarkable, both in energy and intensity, all the more so
because the only free parameter is the overall scale of the
experimental cross section. Not only is the overall shape of
the inelastic cross section fully reproduced, but also the
broadened resonances are faithfully reproduced (in ampli-
tude and position) thanks to the convolution of the
sharp theoretical resonances, whose intensities are typically
twice that of the background cross section. The six main
peaks are numbered in Fig. 2. They correspond to
E.o1 ~37.0,39.5,46.1,48.6,56.0, and 68.6 cm~!. The
small shoulder at E..; ~26.5 cm™, i.e., below the thresh-
old of the 0y — 2, transition, is also well reproduced. As
a result, all main experimental features can be attributed to
a theoretical counterpart. The origin of the six main
resonances is now to be investigated.

The contributions from each partial wave to the integral
cross section o(E.q; 0gg = 2¢p) are plotted in Fig. 3 as
function of collisional energy. These partial cross sections
differ by their total angular momentum J. It is observed that
for each resonance, one or at most two partial waves
contribute significantly, which is characteristic of shape
resonances, since they occur when a metastable state is
trapped inside a specific centrifugal barrier. Indeed, many
total angular momenta J should contribute to Feshbach
type resonances [24], as they indicate interferences between
several output channels. In addition, the widths of the six
peaks increase with energy, which is also typical of shape
resonances. We have also checked the shape character by
performing a three-state calculation (including only O, 1,
and 2(,), in which coupling to excited closed channels is
missing. The resonance structure with six peaks was found
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FIG. 3. Partial cross sections ¢’ (E.y) for the Oy — 2»

transition of ortho-D,O in collisions with para-H,(j, = 0).
Partial wave J values are given on the left vertical axis. Note
that all partial cross section scales are identical, but that of the
integral cross section is different. Positions of the resonances are
indicated by vertical dashed lines and diamonds give the main
contributions, analyzed in the Supplemental Material, Fig. 2. The
red arrow indicates the opening of the Oy, — 2;; channel.

to remain, although it was shifted to lower energies and the
background cross section was reduced by a factor of ~2
(because of the reduced rotational basis of H,, keeping only
Jj» = 0). It is remarkable to note that in these partial cross
sections, the opening of a new channel (red arrow in Fig. 3)
seems to have no importance at all. It shows that both the
threshold energy and the centrifugal energy contribute to
the position of the resonance, seen here as a metastable
state of the effective potential, i.e., the PES plus the
centrifugal term. Finally, the convergence is achieved at
J =12, with J > 12 contributions being without features
and decreasing exponentially with J.

We have also computed the DCSs in the vicinity of the
six resonance peaks, at resonance and off-resonance
energies. These are shown in Fig. 2 of Supplemental
Material. The behavior of the DCSs is not clear-cut, with
no evident preference for forward or backward scattering.
We observe, however, an obvious increase of both forward
and backward scattering at the resonance energy. Backward
scattering dominates at peaks 3, 5 while forward scattering
dominates at peaks 1, 2, 4, 6. In the simpler NH;-He
system, increased backward scattering was observed at
energies close to a resonance [25]. The structure of the DCS
near a resonance is more difficult to predict in molecule-H,
systems, as discussed by Ma et al. [24] in the case of
NH;-H,. One can also notice that the behavior of each of
the main partial waves is increasingly oscillating as the total
angular quantum number J is increasing, indicating more

interfering terms in the DCS, consistent with the impact of
J on the behavior of the DCS. We are thus assigning a
shape nature to all the six resonances analyzed here.

Conclusion.—With a crossed molecular beam setup
dedicated to low energy collisions, we succeeded in
measuring the structure of the rotationally inelastic colli-
sions between D,O and H,, at collisional energies between
15 and 105 cm™!. The selectivity of the initial conditions
(rotational ground states of both D,O and H,), energy
resolution, and the single collision conditions allowed us
to detect in four bumps, the six main resonance peaks
predicted theoretically. These peaks, calculated with a
fully converged quantum computation based on a full-
dimensional water-molecular hydrogen PES adapted here
to the D,0O-H, isotopic variant, were faithfully reproduced,
both in absolute positions and relative intensities. An
analysis in terms of partial waves points to resonances
due to metastable states in the effective potential energy
compounded by the PES and the centrifugal energy,
so-called shape resonances. This joined experiment and
theory investigation shows the great quality of the VO8 PES
and the subsequent converged dynamics. It allows one to
have full confidence in observables computed with this
PES, including rotational (de)excitation rate coefficients for
astrophysics, transport properties for water diluted in
molecular hydrogen, or the dynamics of molecular hydro-
gen confined in the cages of clathrate hydrates [26].
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