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Using crossed molecular beams, velocity map imaging, and
qguantum scattering calculations on precise potential energy
surfaces, this study explores water-rare gas collisions (Ne,
Ar, Xe). Experimental results align well with theory, showing
cross sections increasing with rare gas mass due to stronger
interactions. Angular distribution oscillations highlight short-
range repulsion, confirming collision dynamics are dominated
by the interaction potential's repulsive component.
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A comprehensive study of the differential cross
sections for water—rare gas collisions:
experimental and theoretical perspectives
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a

Experimental measurements and theoretical quantum calculations of the inelastic differential cross
sections for the collisions of H,O with Ne, Ar and Xe atoms are respectively compared at the 364, 390
and 351 cm ™ collision energies. The four rotational excitation transitions Ogg — 111, 101 = 212, 101 = lio
and 151 — 254 are studied for the three systems. The experimental setup consists of a crossed molecular
beam machine with velocity map imaging complemented with state-selective laser ionization detection.
The theoretical approach is based on close-coupling calculations of rare gas scattering by rigid H,O,
using two recently developed potential energy surfaces for Ne + H,O and Ar + H,O systems as well as a
new potential energy surface developed in this work for the Xe + H,O system. Measured and calculated
differential cross sections are in good agreement. The integral cross section is increasing in proportion
to the mass of the rare gas atom. This can be attributed to the rise of the rare gas polarizability along
with the rise of the dissociation energy and reduced mass of the Rg—H,O complex. The fast oscillations
observed in the calculated differential cross sections attest that the collision dynamics is mainly driven
by the repulsive part of the interaction potential, as could be expected since the collision energies are

rsc.li/pccp

1 Introduction

Differential cross sections (DCSs) give the most detailed infor-
mation about a collisional process and this is the reason why so
many comparisons between theoretical and experimental DCSs
are performed. They are a sensitive test for the accuracy of
the interaction energy model. Such comparison can be quite
fruitful as demonstrated for example by the study recently
performed by Xiahou et al. for the F+ H, reactive collision."
The evaluation of DCS for inelastic collisions of atoms with
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much larger than the dissociation energies.

symmetric> or asymmetric top molecules® has recently been the
subject of renewed interest, largely due to the advent of ion
imaging techniques. Water has been the subject of such studies
due to its presence in various environments and its significant
role in atmospheric physics and astrochemistry. DCSs for
elastic scattering of H,O with the rare gases, H,, and H,O were
first acquired by Bickes et al* In their pioneering work, the
observed diffractive oscillations and rainbow maximum were
employed to fit the parameters of the assumed Lennard-Jones
model potential such as the well depth and the location of
potential minimum. Later on Slankas et al’ performed a
similar experiment for H,O colliding with He and demon-
strated that both the attractive and repulsive part of the
potential were less anisotropic than expected. A more detailed
measurement of the elastic differential cross sections for H,O +
He at two different collision energies was carried out by
Brudermann et al. using time-of-flight analysis of the scattered
He atoms. They also compared the measured rotationally
inelastic cross sections with quantum calculations.® However
those measurements obtained by angle-dependent energy-loss
spectra did not allow state selectivity.

Rotationally resolved state-to-state integral cross sections for
collisions of ortho and para-H,0O with Ar were also investigated
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by the Nesbitt group.” In their work, the measured integral
cross sections was found to display an exponential-decay
dependence with the magnitude of the rotational energy trans-
fer, approximately following an energy gap law. They also
observed a clear propensity for rotational excitation of H,O
around the a and c principal axes. Glory structures in the total
cross sections for H,O-rare gas collisional systems were then
identified by Cappelletti and coworkers.®°

Recently, the rotationally inelastic collision process for H,O +
He at 429 cm ™" collision energy was studied through the velocity
map imaging technique in combination with resonant enhanced
multiphoton ionization detection by Yang and coworkers.'®'"
The state-to-state DCSs were extracted experimentally for the first
time from the measured images and found to be in good
agreement with full close-coupling quantum calculations based
on an ab initio potential. New measurements were subsequently
performed for this system using the same imaging techniques"?
at collision energies ranging from 381 to 763 cm™ ' by step of
approximately 100 cm ™. In addition to He as a collision partner,
an imaging study of H,O in collision with H, was also conducted
by Yang et al.'* The H,0-H, and H,0-He DCSs were found to
differ strongly for both normal-H, and para-H, beams. Forward
scattering was found to be favoured for all rotational states of H,,
indicating that the H,O-H, potential well is deeper. The stan-
dard procedure of estimating rates for para-H, collisions using
those obtained for He in astrochemistry should then be applied
with caution.

Here we compare rotational state-to-state resolved DCS for
the collisions of H,O in the rovibrational ground-state with Ne,
Ar and Xe at respectively 364, 390 and 351 cm ™ *. The same four
0oo — 141, 191 = 219, 191 = 119 and 15, — 2,; rotational
excitation transitions are studied for the three systems using a
combined experimental and theoretical approach. The selec-
tion of these three chemically similar collision partners of water
aims to investigate the impact of an increase in the relative
mass and the potential well depth of the potential energy
surface (PES). The experimental setup employed is a crossed-
beam apparatus, complemented with velocity-map imaging
detection. Single final rotational states of ortho and para-H,O
molecules before and after collisions are detected by a 2 + 1
resonance enhanced multi-photon ionization (REMPI) process
and the state-to-state DCSs measured using the velocity-map
imaging (VMI) method.

Two recently developed and tested PESs are used to perform
the close-coupling calculations for the Ne + H,O' and Ar +
H,O0" scatterings while a new PES is developed in this work for
the Xe + H,O scattering. The last PES is tested by calculating the
bound states of the Xe + H,O system as well as its transition
frequencies, which are compared with experiments and with
previous calculations.

The manuscript is organised in two main sections dedicated
to the presentation of the methods and the results. Each of the
aforementioned principal sections is subdivided into two sec-
tions, one pertaining to the experiment and the other to the
theory. A concluding section is also eventually included, in
which a few final remarks are presented.
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2 Methods

2.1 Experimental methods

The water molecule-rare gas atom rotationally inelastic collision
experiments were carried out on a home-built crossed beam VMI
apparatus (see Fig. 1). Full details of the apparatus'®'*>"*'® and
the nascent water laser ionization detection method'" have been
described respectively in the previous publications, thus only a
brief description is given in this section. In short, the experi-
ments employed two differentially pumped molecular beams in
two separated source chambers, a VMI setup inside a collision
chamber and a laser beam for ionization detection.

The primary beam was achieved by flowing pure Ar gas
(~1 bar) into a H,O bubbler (demineralized water at room
temperature) and then through a commercial hairpin-type
pulsed valve (Jordan Inc.), resulting in a H,O molecular beam
with a concentration of H,O being ~2.5%. Due to adiabatic
expansion, the H,O beam was rotationally cooled to ~12 K,
where more than 97% of para-H,O and 90% of ortho-H,O are
populated in the lowest 0y, and 1,, rotational levels in the
ground vibrational state, respectively. The secondary beam
(Ne, Ar, Xe) was produced at ~1 bar stagnation pressure by a
second Jordan valve located in the other source chamber. Both
pulsed valves had a nozzle diameter of 0.5 mm and were
operated at 10 Hz, generating pulses with a duration of around
100 ps. The primary and secondary beam were collimated
respectively by a skimmer of 2.5 mm diameter positioned
30 mm downstream from its corresponding valve nozzle, and
crossed each other with a collision angle of 90° at the reaction

CCD camera

Dye laser  Nd:YAG laser
MCPs+Phosphor
separator
~248 nm
KDP 2-3 mJ/pulse
focal Iens§ TOF tube
: o H0
[\
wolh 7 e
% N
( ~~ VMl setup \ ~ A
Pulsed valve '
(fixed) Pulsed valve
(rotatable)

Fig. 1 Schematic diagram of the crossed-beam VMI apparatus. Pulsed
molecular beams of 2.5% H,O/Ar and neat rare gas (Ne, Ar, Xe) are
skimmed and crossed at 90°. The collision-induced rotationally excited
H,O is state-selectively ionized via (2 + 1) REMPI by laser radiation in the
248 nm region produced by a pulsed tunable dye laser beam doubled in a
KDP crystal. The mass-selected H,O" ions are velocity-mapped by a VMI
setup and projected onto a two-dimensional detector, then recorded by a
CCD camera.
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center of the VMI stack, which was 90 mm downstream from
both valves. The VMI setup was positioned in the center of the
collision chamber with the ion optics and time-of-flight tube
perpendicular to the collision plane defined by the two mole-
cular beams. The mean collision energies in the center of mass
frame of the Ne + H,O, Ar + H,0 and Xe + H,O collision system,
364, 390 and 351 cm ', were determined from the velocity
mapped beam spot positions of two beams (for the secondary
beam velocity determination a trace amount of H,O was seeded
in the pure rare gas (Rg) beam) and again confirmed by the
variation in radius of the scattering image as a function of the
rotationally excited H,O internal energy after collision.

After collision, the rotationally excited nascent H,O molecules
were state selectively ionized by (2 + 1) resonance enhanced
multiphoton ionization (REMPI) using laser radiation ~248 nm,
that was generated by a tunable dye laser system (Lambda Physik
Scanmate) pumped by the third harmonic of a pulsed Nd:YAG
laser (Contiuum Powerlite 9010). Both molecular beams and the
detection laser beam were coplanar. The laser beam with a
typical power of 2-3 m] per pulse was focused by a 20 cm focal
lens to the center of the collision region. H,O" ions were velocity
mapped by the VMI setup and then projected onto a position
sensitive imaging detector consisting of dual MCP and a phos-
phor screen, with mass selectivity obtained by applying a pulse
voltage on the MCP at the appropriate moment. The velocity
mapped ion images appearing on the phosphor screen were
subsequently recorded by a CCD camera. Typically, 20 000 laser
shots were averaged for each image, under interleaved condi-
tions with and without the Rg beam in temporal overlap with the
H,0 beam; the second condition achieved through delaying the
Rg beam by 1 ms with respect to the H,O beam was used for
background subtraction.

The state-to-state DCSs were extracted from the density-to-
flux corrected velocity mapped images of nascent H,O" that
were experimentally measured. A detailed description of image
corrections and the extraction of DCSs has been presented in
previous publications.'®'>'*1¢7'% Dyring our experiments, we
have checked the influence in the images of the direction of the
linear polarization electric field vector of the detection laser.
We did not find observably difference in the images. We
therefore ignore collision-induced alignment effects in our
H,O scattering image analysis procedure.

2.2 Theoretical methods

2.2.1 Potential energy surfaces. To properly describe the
inelastic scattering of water with Ne, Ar, and Xe we need
accurate PESs. In the case of collisions with Ne and Ar, our
recently developed PESs'“'> are employed, whereas for those
with Xe, a new PES was derived through the fit of a substantial
set of ab initio points.

The ab initio calculations were performed using MOLPRO
2015%° at the explicitly correlated coupled-cluster level of the-
ory, including single, double, and perturbative triple excitations
(CCSD(T)-F12). For the hydrogen and oxygen atoms, the aug-cc-
pVQZ basis set was employed, whereas for the xenon atom, the
pseudopotential aug-cc-pVQZ-PP basis set was utilised. A set of

This journal is © the Owner Societies 2025

View Article Online

Paper

bond functions, comprising 3s, 3p, 2d, 2f and 1g orbitals,*" was
located at the midpoint of the internuclear distance, R, to
complement the polar-diffuse basis set.

The H,0 molecule is assumed to be rigid and the relative
position of the xenon is defined by the spherical coordinates R,
0, ¢ with the origin fixed at the H,O center of mass. The grid
includes 28 radial points in the [2.8, 30.0] A interval, 13 values
of 0 in the [0°, 180°] interval in steps of 15°, as well as 7 values of
¢ between 0° and 90° in steps of 15° giving a total of 2548 ab
initio points. The OH distance and the bending angle were fixed
to their vibrationally averaged values, rop = 0.9753 A and yyon =
104.41°.>> Following the same methodology used in some of
our previous works," the grid of ab initio energies was divided
into two parts, the short range (SR) for R < 10 A and the long
range (LR) for R > 10 A. The SR and LR grids were expanded in
the Green angular basis set:**

Mmax Imax

V(RO,0)=>

m=0 I=m

vLm(R) P (cos 0) cos(mg), (1)

using lmax = 10 and My, = 8 for the SR expansion and ly,x = 4
and M. = 2 for the LR expansion. Due to the water molecule’s
C,, symmetry, the summation over m is restricted to even
values of m. For each value of R included in each grid (R)),
the coefficients v;,,(R;) were computed using the least square
method. These coefficients were later fitted using the Reprodu-
cing Kernel of the Hilbert Space (RKHS) polynomials:

NR
Dl‘m(R) = Z a?quvs(Rv Rl) (2)
i=1
where Ny is the number of R values included in the grid and
q>°(R, R;) is the one-dimensional radial kernel:**
2 R
¢**(R, Ri) = 3 ()

T 21RS  14R]

in which R. = min(R, R) and R. = max(R, R). The o™
coefficients were determined by solving the linear equation
system q(R, R;)«"™ = vy m(R;), where i and i’ label different radial
configurations of the grid. The selection of the ¢* kernel
ensures the long range’s van der Waals R ° behaviour for
R > 30 A. The final PES is obtained by combining the two fits
using a switching function, as described by eqn (5) and (6) of
our previous work®® with a smoothing parameter A4, = 6 A™%,
2.2.2 Scattering calculations. All the scattering calculations
as well as the bound states calculations for Xe-H,O are per-
formed in the space fixed (SF) frame which origin is fixed at the
H,O center of mass. Water is lying in the x-z molecule-fixed
plane with the z-axis bisecting the HOH angle while the Ne/Ar/
Xe projectile are described using spherical coordinates R, 0, ¢.
(See Fig. 1 of ref. 14 and 15). In a series of recent studies, we have
examined the collisions of H,> He,>® and Ar"® with H,O in
excited vibrational levels. Our findings, presented in these
studies, indicate that the rotational transitions within the funda-
mental vibrational level are accurately captured by the rigid rotor
approximation, a conclusion that holds for the collision energy
range considered in the present study. These findings have been
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corroborated in other studies of the H,O + Ar inelastic collision®”*®
and are not only valid for the calculation of cross-section but also
for the study of bound states of water + He systems. For example,
the bound states calculated in our previous work®® using the rigid
rotor and the rigid bender approximations are in excellent agree-
ment with the ones reported by Hou et al.,”® calculated from the
full dimensional PES reported in the same work. Then, the rigid-
rotor atom-asymmetric top close-coupling equations™ are solved
using the NEWMAT code.*® The last version of this code, which
allows calculating the DCS, was recently applied to the calculation
of the DCS for the collisions of Ne with H,0, HDO and D,0.*' We
here briefly remind the main notations used for the DCS calcula-
tions. The H,O rotational wave function is, as usual, a linear
combination of symmetric top wave functions (|jkm)):

ZN,( —1)|j — km)], (4)

k>0

ljTm, p) [|ikm) + (

where £ is the absolute value of k, p is a symmetrization factor**
1
21+ 650)

is a normalization factor while k and m are the projection of the

such thatp=0fork=0andp=0,1fork > 0, N; =

H,O rotational angular momentumj respectively along the
molecule-fixed z-axis and the SF z-axis. The 7 index labels the
2j + 1 asymmetric top levels inside a given j multiplet. We
indifferently use the alternative notation ji » where k, and k. refer

to the]' projection over the a and ¢ molecular axes and © = k, — k.
The expansion coefficients @, z as well as the eigenenergies (,0) are
as usual obtained from the diagonalization of the rigid-rotor
asymmetric top Hamiltonian:

Hyor = Agi” + Ay + Ag?, (5)

in the basis set eqn (4) where A, = A, A, = C and A, = Bwhile 4, B
and C are the spectroscopic constant of the water molecule.*?

The angular wavefunction describing the relative movement
of the impinging atom in the SF frame is a spherical harmonic
Y"(R) where R =
numbers associated with the relative angular momentum land
its projection along the SF z-axis. The quantum numbers asso-

(¢,0) while [, m; are respectively the quantum

ciated with the total angular momentum (f :]' + 7] and its
projection along the SF z-axis are denoted J and M. The angular
basis set of the collisional system is obtained by coupling the
Y"(R) and |jtm, p) functions using the Wigner Eckart theorem:

e, p, [; TM) = ,/N“ng Imy | IM)|jom, p) Y™ (R). (6)

m,my

The DCS for the inelastic collision between the Rg and H,O
are calculated using the formula:

kff ,
— Dk, Z; Z |f (jm't <—]mr|R)}
)

where the prime indexes designate the final states of the

%(j’r/ — jt|R) =
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molecule and kj. = \/2u(E — ¢). The scattering amplitude

f(j/m't" « jmt|R), for the case of an atom colliding with a
rigid asymmetric molecule, is defined as:

f('m' <—jmr\1§) =

T PR (-1 )1’+j’—l—l’
Kyrerkie S
8

i ooy @

x (2J 4+ 1)vV21 41
m 0 —M m mpy —M

X T‘L'lj ka4 Yll’ﬂﬂ (ﬁ)

where 77, is the transition matrix obtained from the close-

coupling calculations and M = m, my = m — m’' due to the
properties of the 3 — j symbols.

For the three systems investigated, the H,O rotational basis
set used to perform the close-coupling calculations included
ten values of j, namely 0 < j < 9. The calculations were
furthermore performed separately for the para and ortho forms,
using the log-derivative propagator***> with R e [3,20]a, inter-
val for Ne, R € [3,40]a, interval for Ar and R € [5.5,50]a, interval
for Xe, with a step size of 0.1a,. The convergence was checked
as a function of the step size and of the maximum propagation
distance. The relative convergence of the total inelastic cross
section as a function of J was taken to be better than 107°,
leading to maximum values 108, 146, and 161 of J for the
collisions with Ne, Ar and Xe, respectively. While these max-
imum values of J satisfy to the high relative convergence
criterion imposed to the total inelastic cross sections, particular
state-to-state transitions may require a lower number of partial
waves to be converged at the same relative criterion. The values
of partial waves needed to achieve the 10 ° relative convergence
criteria, for the four transitions of interest and for each of the
three systems are reported in Table 1.

2.3 Bound states calculation of the Xe-H,O system

The bound states were calculated using the same variational
approach that we have previously utilized and detailed in recent
works,'#1%263¢ Briefly, the wave function of the system is
expanded in the angular basis set used for the scattering
calculations (eqn (6)) in order to obtain the radial equations.
The latter are then solved variationally by utilizing a 200-points
Chebyshev Discrete Variable Representation (DVR) in the
[5.5,50]a, interval. The bound states are labeled using the
notation nK( jknk[)E/ f where n is the van der Waals stretch mode
and K is the projection of J on the body-fixed z-axis. K takes the
integer values 0, 1, 2,... denoted by the Greek letters 2, II, 4,

.. The notation j; ; refers to the rotational states of the H,0
molecule and the spectroscopic parity is represented by the
symbols e/f.

This journal is © the Owner Societies 2025
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Table 1 Maximum value of the total angular momentum needed to
converge the state-to-state inelastic cross section with a relative criterion
of 107°

jrnax
Transitions Ne-H,0 Ar-H,O Xe-H,0
0o — 114 91 114 130
101 = 110 107 145 160
o1 = 212 82 103 112
1or = 251 57 71 83
3 Results

3.1 Xe-H,O PES

The root mean square deviation (RMSD) is used to check the
quality of the fit. We divided our ab initio grid into three subsets
associated respectively with negative energies, positive energies
below 1000 em ™" and positive energies in the [1000, 10 000] cm "
interval. The RMSD values in these three intervals are respectively
432 x 10 em™, 1.55 x 1072 cm ™! and 0.13 ecm ™' demonstrat-
ing the good accuracy of the fit.

Contour plots of the PES in Cartesian coordinates (x, z) for
@ = 0° and (y, 2) for ¢ = 90° are presented in the right and left
panels of Fig. 2 respectively. The global minimum and the three
saddle points are identified by red points and crosses, respec-
tively. The geometries and energies of these three critical points
are compared with those reported in previous studies in
Table 2. The geometries are seen to be in very good agreement,
while our well depth is larger as our ab initio calculations
include more correlation contributions.

3.2 Xe-H,O bound states

The bound states of the system were calculated for the two spin
modifications (ortho/para) of the water molecule and for six
values of its rotational angular momentum (0 < j < 5). In order
to check the accuracy of our new Xe-H,O PES, we compare in
Table 3 the bound states energies with those reported in Table 2
of ref. 37. As the number of bound states is quite numerous, we
limit the comparison to the first and final bound states of each
of the four symmetry blocks (combination of ortho/para and
parity inversion e/f). We give both our calculated values as well
as the differences with the results of ref. 37. As can be seen in

y(A)
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Table 2 Comparison of the geometries and energies of the global
minimum and saddle points of the Xe—H,O PES computed in the present
work with those obtained by Wang and Yang® and Wen and Jager.*®
Distances are reported in A and energies in cm™*

This work Ref. 37 Ref. 38
Global minimum
R 4.02 4.00 4.00
0 119.50° 120.00° 120.00°
® 0.00° 0.00° 0.00°
\4 —195.44 —192.50 —191.70
First-order saddle point 1
R 3.98 3.95 3.95
0 180.00° 180.00° 180.00°
] 0.00° 0.00° 0.00°
14 —169.34 —169.20 —169.10
First-order saddle point 2
R 3.83 3.85 3.85
0 0.00° 0.00° 0.00°
] 0.00° 0.00° 0.00°
14 —168.25 —161.3 —-161.5
Second-order saddle point 2
R 3.96 3.95 4.00
0 99.50° 95.00° 100.00°
@ 90.00° 90.00° 90.00°
14 —134.06 —130.30 —130.10

Table 3, our energies are systematically deeper than those
calculated by Wang and Yang®” by about 3 cm™' (between
~2.8cm ' to ~3.9 cm ') as a result of the deeper well depth
of our PES by about 3 cm™'. A comparison of the transitions
frequencies calculated by us and those reported in ref. 37 with
the experimental values available in ref. 38 is also presented in
Table 4 inside the Z(000) and X(10;)¢ symmetry blocks for the
most abundant isotope (**Xe-H, '°0). Our results are in
excellent agreement with those of previous theoretical and
experimental studies.®”?® The present frequencies are in
slightly better agreement with experiment than those calcu-
lated by Wang and Yang®’ as the largest relative error is 1.4%,
for the X(1¢,)° J'-J” = 4-3 transition while it is 1.9% for the all
the 2(040)° transitions reported in ref. 37.

3.3 Integral cross sections

Before commenting on the scattering results it is interesting to
recall the physical interpretation introduced by Chapman et al.”
to classify the asymmetric top states of the water molecule. For

| I TN T T SN TN S [ SO T T |

z(A)

Fig. 2 Contour plots for the H,O—Xe PES. The right panel shows the x—z contour plot for ¢ = 0° (y = 0 plane) while the left panel shows the y—z contour

plot for ¢ = 90° (x = O plane).
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Table 3 Bound state energies in cm™! of the Xe—H,O system calculated in the present work (TW). The energy differences between our results and those
given in Table 2 of ref. 37 are also reported (TW-WY). Only the first and the last bound states of each of the four symmetry blocks are presented

Assignment  J=0 TW-WY  J=1 TW-WY  J=2 TW-WY J=3 TW-WY J=4 TW-WY
Xe-pH,O
Z(OOO)E —143.361 —3.424 —143.226 —3.423 —142.957 —3.421 —142.553 —3.419 —142.014 —3.415
A(202)° —49.879 —3.936 —49.506 —3.938 —49.009 —3.942
H(ln)f —105.893 —3.493 —105.625 —3.493 —105.221 —3.491 —104.682 —3.487
A(Zoz)f —18.680 —3.340 —18.305 —3.382 —17.804 —3.419
Xe-0H,0
Z(lOI)e —126.895 —3.559 —126.763 —3.558 —126.499 —3.557 —126.103 —3.555 —125.575 —3.552
32?(101)e —40.787 —3.188 —41.043 —3.443 —40.812 —3.429 —40.466 —3.412 —40.005 —-3.393
H(101) —115.059 —-3.019 —114.791 —3.015 —114.389 —3.010 —113.854 —3.003
22(110)f —27.310 —2.81 —27.191 —2.808 —26.954 —2.806 —26.599 —2.802 —26.126 —2.798
Table 4 Comparison between observed and calculated transition fre-
quencies of Xe—H,O computed in this work (TW) and the ones reported in == Ne
ref. 37 (WY). Observed transitions were taken from ref. 38. Units of cm™* . Ar
m Xe

Level J-J” Expt ™ WY Diff. (%) TW Diff. (%) WY
2(000)° 1-0  0.1365 0.1348 0.1339 1.3 1.9 <o

2-1 0.2729 0.2695 0.2677 1.2 1.9 B

3-2 0.4093 0.4042 0.4015 1.2 1.9

4-3 0.5456 0.5388 0.5352 1.2 1.9
X(11)° 1-0  0.1338 0.1320 0.1314 1.3 1.8

2-1 0.2676 0.2640 0.2627 1.3 1.8

3-2 0.4013 0.3959 0.3940 1.3 1.8

43  0.5351 0.5278 0.5253 1.4 1.8 00— 111 loi—= 110 lo1—212 lo1—221

a given value of j, the three cases k, = j, k, = k,, and k. = j
correspond respectively to a rotation around the a, b, and ¢
axes. The motion around the ¢ axis refers to a rotation in the
molecular plane while the b axis is the C, symmetry axis, and
the a axis is perpendicular to » and c axis and parallel to the H-
H axis. The 0yp — 1;; transition is the only one among those
measured experimentally for which the water molecule rotates
around its C, symmetry axis in both its initial and final states
but with Aj = 1. In the 1y, — 2;, case the water molecule rotates
in its molecular plane in both its initial and final states again
with Aj = 1. Conversely, the water molecule rotation axis is not
conserved during the collision for both the 1p; — 1;0and 1o; —
2,, transitions. The rotation initially occurs in the molecular
plane around the ¢ axis while in the final state it takes place
outside of this plane around the a axis. Furthermore, the
former is elastic in j while the latter is inelastic with Aj = 1.
We represent in Fig. 3 the state-selected integral cross
sections (ICS) calculated for the four rotational excitation
transitions studied in the present work and at the experimental
collision energies. This figure gives two valuable informations.
First, if we compare the ICS of the ortho transitions we see that
they decrease monotonically when the energy of the final state
increases for the three systems as expected. Conversely, the
rotational excitation cross section from the fundamental to the
lowest excited para level is seen to be larger than its ortho
counterpart. This is rather counter intuitive as the para transi-
tion is inelastic inj (Aj =j' — j = 1) while the ortho one is elastic
(Aj = 0). Furthermore, the difference of energy between the 04
and 1,4 para states is larger than the one between the 1,; and

12144 | Phys. Chem. Chem. Phys., 2025, 27, 12139-12151

Fig. 3 Theoretical integral cross sections (ICS) for the three systems and
the four transitions studied. Blue bars represent the ICS for the Ne + H,O
collision, red bars for Ar + H,O and green bars the Xe + H,O ones.

1,4 ortho states. The physical picture of this result given by the
discussion of Chapman et al.” is quite appealing. As a matter of
fact, the para transition preserves the water axis of rotation
(C, axis) while the ortho transition does not, therefore suggest-
ing that transitions which preserve the water axis of rotation are
favored at this collision energy. This ’propensity rule’ also
explains why the 15, — 2, cross sections are greater than
those of the 1,; — 2,; transition. Furthermore these two
transitions which are inelastic in j give cross sections which
are lower than those associated with the 1o; — 1,4 transition
which is elastic in j.

We also clearly see, in Fig. 3, that the cross sections increase
monotonically when moving from Ne to Ar and from Ar to Xe.
In the Ne-Ar—Xe series, the mass, the size, and the polarizability
of the atom increase. The dominant long-range electronic
interactions between the Rg and H,O are the dipole-induced
dipole and the dispersion, both dependent on the Rg polariz-
ability. The short-range repulsive interaction potential is depen-
dent on the size of the Rg atom. As a consequence, both the
potential well depth and the equilibrium bond length increase
as shown by Table 5. To elucidate the trend observed in the
cross sections, a classical interpretation of the phenomena is
explored. It is anticipated that a deeper potential well, a more
attractive long-range potential and a short-range repulsive wall
located at larger inter-monomer distance are all expected to
increase the maximal impact parameter, and then the cross

This journal is © the Owner Societies 2025
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Table 5 Parameters of the PES for the Rg—H,O systems and collision
energies. Distances are reported in A and energies in cm™!

Rg D, R, E. Ratio E./D.
Ne 65.3 3.20 364 5.6
Ar 139.4 3.67 390 2.8
Xe 195.4 4.02 351 1.8

section. However the collision energies are quite larger than the
depth of the potential wells (see Table 5) which is expected to
reduce the effect of the attractive part of the potentials. The
effect of the repulsive short-range potential is expected to play a
role only for small values of the impact parameter and then to
yield a small contribution to the cross section. The mass is also
expected to play a role in the increase of the cross section, as
shown by the classical dynamics equation

Linax = ﬂmeaxy (9)

where Lyax = Jmax — Jmax 1S the maximal orbital angular
momentum, p the reduced mass, v the collision relative speed
and bp,ax the maximal impact parameter. In order to determine
which of p or by, has the dominant effect on the cross section,
we have performed a few more computations of the ICS with
the following procedure. From the J;,,ax values observed in the
converged calculation of the ICS for the Ne + H,O collision (see
Table 1), and taking into account that jy,.x = 9 in all the
calculations, we have obtained the values of b, with eqn (9)
and then used these latter values to calculate the values of L.«
for the two other collisional systems Ar + H,O and Xe + H,O.
This procedure has been applied to the ICS of the four inelastic
transitions studied in the work, and the latter values of L .x
have been used to recompute the ICS. In Table 6, we compare
the values of the ICS reported in Fig. 3 and those obtained after
the procedure described just above. We can see that the ICS
calculated by both methods are almost equal, which shows that
even with the same value of b, for the three collisional
systems, the cross section is still increasing in the the Ne-Ar-
Xe series. This suggest that the increase of the cross section is
not driven by an increase of by,y, but rather by the increase of
the reduced mass.

The classical interpretation of the results can yield further
valuable insights. Indeed, by examining the values of the total
angular momentum which provide the maximum contribution

Table 6 Comparison of ICS calculated by two different methods (see
text). The maximum number used to calculate o, is also included in the
table. The number shown in parenthesis are power of ten

Rg Transition 04 0, Jmax for a, Rel. error

Ar 000 = 111 73.6 73.6 107 1.4(->5)
101 = 210 43.0 43.0 126 4.1(-5)
101 = 110 44.2 44.2 97 1.3(—5)
101 = 201 11.0 11.0 67 1.9(-5)

Xe 000 — 111 92.6 92.6 114 8.3(—5)
101 = 245 70.7 70.7 135 1.4(—4)
101 — 110 58.7 58.7 103 2.7(—5)
1o = 221 30.9 30.7 71 8.6(—3)
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to the ICS we can extract the impact parameter for which the
contribution to the ICS is maximal. Those values of J associated
with the transitions (0gp = 111,101 = 110,101 = 212,101 = 221)
correspond respectively to (33,32,33,20) in the case of Ne,
(47,72,49,31) for Ar, and (67,88,70,48) for Xe. By applying the
classical formula eqn (9), the b values leading to the maximum
contribution to the ICS are estimated to be (1.7,1.6,1.7,0.8) A for
Ne-H,0, (2.2,3.7,2.4,1.3) A for Ar-H,0, and (3.2,4.4,3.4,2.1) A
for Xe-H,O. This suggest that at the kinetical energy of interest,
for almost all the transition studied, the repulsive part of the
PES contribute most to the ICS. For the transition 1y; — 1, in
Ar-H,0 and Xe-H,O, even when the b values that give the
maximum contribution to the ICSs correspond to the region of
the potential well, a secondary maximum structure of the ICS as
a function of the J was found for smaller values of J, for which
the b values also correspond to the repulsive part of the PESs,
reflecting the prominent role of the short range interactions in
the dynamic of the systems at the energies of interest.

New theoretical ICSs calculations, performed for the same
collision energies but for transitions from the fundamental
para (0oo) and ortho (14,) levels of H,O to some selected final
states, not studied experimentally, are presented in Fig. 4. The
final states were chosen to compare the three principal align-
ment cases discussed by Chapman et al.” In their work, the
authors observed strong alignment effects of the products when
studying the excitation of H,O by collision with Ar at a collision
energy of 480 cm '. For Both of the two ortho/para spin
symmetries, they noticed that, for a given final j value, the
largest ICSs are obtained for the Aj = Ak, or Aj = Ak, transitions
while those associated with Ak, = Ak, give significantly smaller
ICSs. As can be seen in Fig. 4, the transitions calculated for these
three different systems follow the same propensity rules as the
Ak, = Ak, ICS are seen to be one order of magnitude smaller than
those of the two other cases. It can therefore be conclude that the
propensity rule discussed by Chapman et al.” for the excitation of
H,O0 by Ar is also valid for other H,O + Rg systems.

3.4 Differential cross sections

In the present work, we report rotationally resolved state-to-
state differential cross sections of H,O colliding with rare gas
atoms in the centre-of-mass frame which have been acquired
for the first time. A series of background-subtracted raw velocity
mapped H,O" images measured for the H,O + Ne, H,0 + Ar,
H,0 + Xe systems at the respective collision energy of 364, 390
and 351 cm™ ' is presented in Fig. 5, along with the corres-
ponding Newton diagrams. With respect to the relevant velocity
vectors indicated by the red dashed lines in the diagrams, the
directions of the scattered products can be described as for-
ward, sideway and backward scattering in the center-of-mass
frame. In these false-color images, it is apparent that the
intensity is higher in the forward and sideway scattering direc-
tion in most cases. Meanwhile all the images clearly display
asymmetric angular distributions with respective to their rela-
tive velocity axes, shown as the red dashed arrows superim-
posed on the raw images in the figure, due to the measurement
of laboratory product density instead of flux. Using the IMSIM"®
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Fig. 4 Theoretical integral cross sections (ICS) for the excitation of the fundamental para level (left plot) and ortho level of H,O by collision with rare
gases. Blue bars represent the ICS for the Ne + H,O collision, red bars for Ar + H,O and green bars the Xe + H,O ones. The selected final states
correspond to three different alignment cases: Aj = Ak, (rotation along the a molecular axis), Ak, = Ak, (Rotation along the b molecular axis) and Aj = Ak,
(Rotation along the ¢ molecular axis).

simulation program, “apparatus function” was first simulated Theoretically, the DCSs were calculated for the collisions of H,O
with the input of an assumed isotropic DCS together with all the with Ne, Ar and Xe for the transitions that were experimentally
experimental parameters, such as geometry and spatial condi- measured. The collision energies were respectively 364 cm™ ',
tions of incident molecular beams and laser beam, temporal and 390 ecm™*, and 351 cm ™. Given the numerous oscillations inherent
velocity distribution of molecular beams and so on. Then the to the theoretical DCS, we also computed convoluted DCS with
state-to-state differential cross sections were obtained using the experimental angular spread. We use a Gaussian function

experimental angular distributions of the background-subtracted

raw images divided by the corresponding apparatus function and f(x) = ! ex {_l (E) 2}
finally normalized for comparison with calculations. ov2n 2\e
Opp—1y 1o —1yy  1p—2y 1p—2y

Vh0
Fig. 5 Background subtracted images of inelastically scattered H,O in the indicated rotational transitions for collisions of H,O with Xe (top row), Ar
(middle row) and Ne (bottom row). The corresponding Newton diagrams for the three colliding systems are shown on the left side of this figure. Vh,0
represents the velocity of H,O in the primary molecular beam (black arrow in horizontal direction); vye, var and vye represents the velocity of the Xenon,
Argon and Neon in the secondary beam (black arrow in vertical direction), respectively. The black dashed arrows indicate the center of mass velocity vem
and the red dashed arrows indicate the relative velocity v, for three colliding systems. Same red dashed arrows are superimposed on the corresponding
H,O images for better visualization. The blue circles indicate the size (not scaled exactly) of the Newton sphere for inelastic scattering and the directions
described as forward, sideway and backward scattering in the center-of-mass frame (0°, 90°, and 180° in the DCS plotted in the Figure).
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to model the spread, being x the deflection angle, with standard
deviation ¢ = 15° for 0 < 10° and ¢ = 5° for the rest of the angular
interval. In order to allow comparing the experimental and theore-
tical values of the DCS on the same figure, we equate them at 6 =
100°. This angle was selected based on the observation that the
theoretical DCS exhibits a reduced number of oscillations around
this angle when compared to the DCS at smaller angles.

For the collision with Ne three of the four transitions DCS
presented in Fig. 6 are predicted, by the theoretical calculation,
to be strongly forward, while the 1y, — 2,, transition is the only
one with an important backward contribution. At small deflec-
tion angles, the agreement between theory and experiment is not
good, due most probably to the subtraction procedure of the
background signal from the unscattered beam. For the rest of
the angular interval, the agreement becomes quite satisfactory.
The theoretical calculations are in excellent agreement with the
experimental observations of the monotonic increase of the
191 — 2,1 DCS above 20°.

The DCSs for the collision with Ar are presented in Fig. 7.
The general agreement between theory and experiment is also
good for this system. The theoretical results reproduce the
main shapes observed in the experiments, with the 1o; — 14
being almost perfectly described, even better if we compare the
convoluted cross sections. Again, appreciable discrepancies
between theory and experiment are for the same reasons
observed only for small deflection angles, with the exception
of the 15, — 2,; transition, for which the theoretical back-
scattering is overestimated for angles larger than 120°. This
constitutes one of two noteworthy distinctions in behaviour
between the Ne + H,O and Ar + H,O DCS. The first one is the

View Article Online

Paper

bump around 35° which can be observed in the Ar + H,O DCS
and is correctly predicted by the calculations, while the second
is the decrease of the backscattering in the Ar + H,O DCS for the
larger angles, which is not reproduced by the calculations.

In order to further analyse this difference between these two
systems, we report in Fig. 9 the contributions to the DCS
associated with all the possible initial (m) and final (m') values
of the SF z-axis projection of the water angular momentum
(see eqn (7)). As can be seen in this figure, the main contribution
to backward scattering is for both systems due tothem=1 — m' =
1 component for this transition. In other words, the largest
backward contribution to the DCS is due to collisions conserving
the water SF j, quantum number. This also means that m; =0
(see eqn (8)) and that the SF z-axis is along the final intermolecular
axis which is also the final relative velocity vector and the final
body-fixed z-axis. In other words, the SF z-axis which is defined by
the direction of the initial incoming relative velocity is in coin-
cidence with the final body-fixed z-axis and is conserved during
the collision. This suggest that the angular potential expansion
coefficients v;,,—o(R) (Fig. 8) are giving the largest contributions to
this particular state to state DCS in the backward angular range.
We can conclude that the v;,,-o(R) components of the potential
leading to backward scattering for the 15; — 2, transition in the
Ar + H,O collision are probably not accurate enough.

The theoretical and experimental results for Xe, presented in
Fig. 10, demonstrate excellent qualitative and quantitative
alignment. The three peaks observed observed in the 1o; —
1,0 DCS experiment are qualitatively reproduced by the theore-
tical calculations. A minor discrepancy is observed between the
theoretical and experimental third peaks, with the former being

50 = 25
3 —— THEO  =— THEO-CONV EXP
_ 40 20
7 3 T
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8 543 = 10
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Fig. 6 State-to-state differential cross sections (DCS) for four different rotational transitions of the water molecule induced by the collision with the Ne
atom. The Ogo — 111, 1o1 — lio, lo1 — 212, and 1oy — 251 transitions are presented in top-left, top-right, bottom-left, and bottom-right panels

respectively. Black lines correspond to the theoretical results, yellow lines
results using a Gaussian function.
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Fig. 7 Same as Fig. 6 but for the H,O + Ar collision.
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Fig. 8 Partial wave expansion coefficients of the PES (u,,,) as a function of R for Ne + H,O (left panel), Ar + H,O (middle panel) and Xe + H,O (right panel).
The partial wave numbers are indicated in each curve, and only the four first partial waves are presented.

shifted to the right. The number of oscillations of the DCS is the
highest observed among the three systems. The increase in the
number of oscillations is associated with the increase of the system’s
reduced mass, which requires higher values of J for the DCS to
converge. Furthermore, the collision energies are quite larger than
the dissociation energies, thus reducing contributions of the
potential well region to the dynamics. It is rather the short range
region of the PES that is in control of the dynamics at these energies.

All the calculated DCSs reported in this work show fast
oscillations for small angles of diffusion. We can interpret
these oscillations with a simple picture. The hard sphere model
predicts narrow Fraunhofer forward diffraction peaks of the
DCS resulting from interference between the incident wave and
the outgoing scattered wave. An equivalent quantum interpre-
tation of these rapid oscillations suggests that they are the
result of interference between the numerous partial waves that

12148 | Phys. Chem. Chem. Phys., 2025, 27, 12139-12151

contribute to the inelastic DCSs. The calculated A0 spacing
between the diffraction oscillations is roughly estimated to be

4.2°,2.8° and 2.4° respectively for the collisions of H,O with Ne,
T

Ar and Xe. Using the hard sphere scattering formula Af = k—RO
V2uEc /h, and R, is the size of the collision complex
at closest approach, we obtain for these three systems respec-
tively Ry = 2.98, 3.79 and 4.13 A which is in qualitative agree-
ment with the equilibrium separations of H,O and the rare gas.

Super imposed on this fast oscillations the DCSs exhibit
broad rotational rainbow maximum which are most visible in
the 15, — 140 DCS for Ar + H,O in Fig. 7 and Xe + H,O in Fig. 10.
The semi-classical picture of rainbow scattering is that they
stem from interferences of trajectories with different impact
parameters leading to the same deflection angle and rotational
angular momentum transfer Aj =j' — j.

where k =
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Fig. 10 Same as Fig. 6 but for the H,O + Xe collision.

Conclusions

We presented a combined experimental and theoretical study of
the DCSs for the inelastic collisions of water with three rare gases
atoms: Ne, Ar and Xe. The experimental study was carried out in a
crossed molecular beam and VMI setup with state-selective laser
ionization detection. Water molecules are cooled by adiabatic
expansion before collision, and each of the two species, ortho and
para-H,0, are mostly in their respective ground states, namely 0y,
and 14;. VMI detection of the water molecules by means of (2 + 1)
REMPI allowed to measure the rotationally excited states of H,O

This journal is © the Owner Societies 2025

Deflection Angle 6(degrees)

products as a function of the scattering angle, resulting in the
state-to-state DCS measured experimentally.

On the theoretical side, a new PES was built for the Xe + H,O
system and the bound states of this system calculated. The
calculated transition frequencies of the Xe + H,O complex
using this PES are in excellent agreement with experimental
data and show slight improvement over previous calculations.
We use for the two remaining systems (Ne + H,O and Ar + H,0)
two PESs that we recently developed and tested.

The calculated ICS increases with the mass of the rare gas
atom. This is due to the increase of the rare gas polarizability
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along with the increase of both the dissociation energy and the
reduced mass of the Rg + H,O complex. A strong alignment
effect is observed for the ICS. The results for the three Rg cases
are consistent with the propensity rule observed by Chapman-
1999’ for H,O + Ar collisions at 480 cm™'. This finding
indicates that this propensity rule may be a general principle
that governs the rotational excitation of H,O by collisions with
rare gases at relatively high collision energies.

The calculated and measured DCSs for the three systems are
in good agreement, except for small deflection angles of most
DCSs and for the backward scattering in the transition 1o, —
2,, of the collision with Ar. The former is likely attributable to
the subtraction procedure of the background signal from the
unscattered beam while the latter might be due to inaccuracies
in the repulsive part of the PES.

The narrow Fraunhofer forward diffraction peaks of the DCS
are observed theoretically for the three systems. Furthermore,
the sizes of the collision complexes at closest approach pre-
dicted by the hard sphere model are in qualitative agreement
with the equilibrium separation between H,O and the rare gas
as given by the PESs. Super imposed on this fast oscillations the
DCSs exhibit broad rotational rainbow maxima which are most
visible in the 15; —» 1,9 DCS for Ar + H,O and Xe + H,0.

In the case of the Ar + H,O collisions, the theoretical 15; —
2,1 DCS backscattering is overestimated for angles larger than
120°. This may be due to inaccuracies of either the experi-
mental measurement in this angular region or in the repulsive
part of the PES developed for this system. In order to answer
this question and to test other collision energy ranges, new
measurements and calculations are required. This will enable
the testing of other regions of the PESs.
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