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ABSTRACT: Scattering between atomic and/or molecular species can be
controlled by manipulating the orientation or alignment of the collision

<4smm @ He

partners. Such stereodynamics is particularly pronounced at cold (~1 K)
collision temperatures because of the presence of resonances. Comparing to
the extensively studied atomic and diatomic species, polyatomic molecules
with strong steric anisotropy could provide a more sophisticated platform for
studying such stereodynamics. Here, we provide the quantum mechanical
framework for understanding state-to-state stereodynamics in rotationally
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inelastic scattering of polyatomic molecules with atoms and apply it to cold
collision of oriented H,O with He on a highly accurate potential energy
surface. It is shown that strong stereodynamical control can be achieved near
1 K via shape resonances. Furthermore, quantum interference in scattering of
a coherently prepared initial state of the H,O species is explored, which is
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shown to be significant.

O ne of the holy grails for molecular and chemical
physicists is to accurately control the scattering
dynamics at the quantum state level. This is often achieved
at ultracold or cold conditions where only one or few partial
waves are relevant.”” One such approach is to create ultracold
molecules in a single quantum state, e.g., KRb, directly from
ultracold atoms (K and Rb), using STIRAP (stimulated Raman
adiabatic passage).”* These ultracold KRb molecules are then
allowed to interact near ~250 nK, revealing reaction dynamics
with both quantum state resolution and partial wave
selection.”® An alternative approach is to lower the collision
temperature of the colliding species to a few kelvin. This can
be achieved by either deaccelerating molecules with external
fields, ™ or controlling the relative collision velocity by
copropagating the collision partners.'’~"® The latter approach
also allows internal excitation of the transitionally cold
molecules, creating conditions far from thermal equilibrium.
A complete description of collision dynamics requires the
precise control of not only the translational energy, partial
wave/impact parameter, and internal quantum state(s) but also
the collision geometry, namely the relative orientation/
alignment of the collision partners. This so-called stereo-
dynamics stems from the anisotropy of the interaction
potential energy surface (PES)."*"* Cold conditions necessar-
ily restrict the scattering to the lowest few (sometimes one)
partial waves, which accentuate stereodynamics. A recent
ultracold experiment with oriented KRb molecules, for
example, revealed strong orientation dependence of bimolec-
ular reactivity controlled by long-range dipole—dipole
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interaction.'® Hence, cold collision offers a unique way to
probe weakly interacting regions of the PES, particularly the
long-range interaction,'” as the collision partners often form
metastable complexes referred to as resonances.'® In a series of
landmark experiments, Mukherjee, Zare, and their co-workers
investigated cold collisions between copropagating species,
including He, H,, HD, and D,, and found strong stereo-
dynamics.'”"""?7** In these experiments, one or both collision
partners were prepared in a single quantum state via Stark-
induced adiabatic Raman passage (SARP) with orientation (or
alignment) at particular angles to the collisional axis.”**
Strong differences between the different orientation/alignment
scenarios were detected in the differential cross section, which
were attributed to threshold shape resonances for partial waves
with low orbital angular momentum quantum numbers (L).
Note that these resonances are not detectable in ultracold
collisions as they are mostly present in the cold (~1 K) regime,
controlled by the weak intermolecular interaction between the
collision partners. Theoretical investigations on the benchmark
rotationally inelastic scattering between H, and oriented HD
molecules confirmed this interpretation,”® and this suggested
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further ways to control the stereodynamics.”” Extensions to
other diatom—diatom systems have also been proposed.”**’
However, the reproduction of SARP results for the scattering
of aligned HD by He was not entirely successful,’® under-
scoring the complexity in precise theory—experiment compar-
ison.

So far, such stereodynamical studies have been restricted to
diatomic molecules. Polyatomic molecules, in particular
asymmetric rotors, are expected to present more pronounced
and richer stereodynamical effects, because the PES anisotropy
is potentially much stronger and more complex than that of
diatoms. Understanding of the stereodyamics involving
polyatomic molecules is thus of great importance. In this
Letter, we provide the necessary theoretical framework for
analyzing stereodynamics in collision of an oriented
polyatomic asymmetric top with an atom and report its
application to cold collision of oriented water molecules
(H,O) with He atoms. This system is of great importance in
understanding the rotational distribution of interstellar water,>!
and the scattering dynamics has been extensively inves-
tigated.”** Quantum scattering calculations for rotationally
inelastic processes in this system reported here reveal strong
stereodynamics, particularly near low-lying shape resonances.
This new insight helps to advance our understanding of
quantum nature of scattering processes.

In this work, we restrict our discussion to rotationally
inelastic scattering between a rigid polyatomic asymmetric top
with a closed shell atom, as the extension to symmetric or
spherical rotor is trivial. Although the oriented molecule in
SARP experiments is also vibrationally excited, the vibrational
modes have often too high frequencies to strongly couple with
the translational and rotational degrees of freedom. Hence,
these vibrational degrees of freedom in the polyatomic
molecule are assumed to be adiabatically separatable. Although
their inclusion presents no fundamental problem for atom—
triatomic cases as we illustrated recently,”” the lack of full-
dimensional PESs presents practical difficulties.

A molecular internal state (MIS) for an asymmetric rotor,
which labels the rotational state of the molecule before
(without prime) or after the scattering (with prime), can be
denoted by a = (ji,  P.,), with the rotational quantum number

j and its projections k, and k. onto its a and ¢ principal rotation
axes, respectively. Here, only j is a good quantum number. For
A,B type molecules, P, = +1 labels an MIS with the symmetric
nuclear-exchange parity (para-H,0) and P, = —1 for the
antisymmetric one (ortho-H,O). Atomic units are used
throughout this Letter unless specifically mentioned.

The scattering calculations were carried out based on our
recently published full-dimensional time-independent close-
coupling algorithm,” which yields the state-to-state scattering
matrix (S-matrix) as a function of collision energy for atom—
triatom collisions. The time-independent approach is ideally
suitable for cold collisions where the de Broglie wavelength is
long. The calculations were performed on an interaction PES
developed by Hou et al,” which is based on high-level ab
initio data and has the correct description of the long-range
electrostatic and dispersion interaction. Importantly, the PES
used in this work was fit to ab initio data after averaging over
the ground vibrational state of H,O. The quantum scattering
calculations were restricted to three active intermolecular
coordinates as the PES treats H,O as a rigid rotor, and such
reduced dimensionality treatment is similar to those used by
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others.”"** The rotational energy levels used in this work can
be found in our previous publication.’

For analyzing the stereodynamics, it is convenient to express
the S-matrix in the space-fixed (SF) representation with each
collision channel labeled by (aL) where L is the orbital angular
momentum quantum number. The scattering amplitude is
calculated in terms of the T-matrix elements as""**

1
gy, . (0,E)=— > (2] + 1)
2k, 5
Dtk L (B)d) (0) X (j'm'J(=m)IL'0)
L'L

X (jm](—m)ILO). (1)

Here, m is the projection of j onto the SF z axis, which specifies
the orientation of the molecule. It is also the projection of |
onto the same axis. The orbital angular momentum is defined
asL=]—j (L =]—j), kg is the channel wave vector,
&, ,(0) is the Wigner's reduced rotational matrix with
scattering angle 6, E_ is the collision energy, and (..l...) is a
Clebsch—Gordan coefficient. The T-matrix is conventionally
calculated from the S-matrix by T = I — S, where I is the
identity matrix. We note that the summation over all allowed L
implicitly includes the summation over both odd and even
space inversion parities £ = + 1.

In a typical SARP experiment,” the molecule is prepared in
the same initial MIS, but with its principal axis at an angle
relative to the collision axis. These spatially distinct
configurations are described in general by the superposition
of substates with different m quantum numbers:

™0 = 3 B (p)lar, m)

m

)

where b (f) = ds,,(f). P is the angle between the linear
polarization of the SARP laser and the beam velocity. The
projection of j onto the laser polarization axis (7) is fixed as 0.
Therefore, the coefficients in eq 2 are determined by the
experiment: # = 0 is referred to as H-SARP, while f = 7/2 is
referred to as V-SARP. Note that # can in general have other
values, serving as an experimentally tunable parameter.””’

Similar to atomic scattering of oriented/aligned diatoms,*>**
the differential cross section (DCS) for the state-to-state ro-
vibrational inelastic scattering of oriented polyatomic mole-
cules by atoms is

a' —a

da‘“i’(ﬂ)(e, E) B

dQ z

m

Z b’”(ﬂ)qa’mu—am(g’ EC)
m )

where dQ = sin 8 df d¢ is the infinitesimal solid angle. We
note that an initial aligned state may not be a “pure” m-labeled
substate. This characteristics allows quantum interference
between different initial m-labeled substates, which is
manifested by the coherent sum of scattering amplitudes
over m within the square in eq 3. However, the summation
over final m’ substates is carried out incoherently, since the
final substates are not distinguished by their spatial
orientation/alignment. The corresponding integral cross
section (ICS) is calculated by integrating over the scattering
angle:

7 da, (0, E
6y o(E) = Zﬂ/ Msin 0 do
0

dQ (4)
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The scattering of oriented molecules can be contrasted with
the randomly oriented case, where all m-substates are

incoherently distributed with the same weight /1/(2j + 1).
The corresponding DCS can thus be calculated by

2
de" (0, E,) -y 1 0, E)
dQ N2+ 1 B am (s)

where the summation is done outside the square. The
corresponding ICS assumes the more familiar form:

z 27+ 1) 2 1T}, 1 (Ee o

L'L
(6)
We first focus on the 1j;- < 1,,- transition for ortho-H,O.
Figure la shows the partial wave (L) resolved ICSs (summed
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Figure 1. Integral cross sections of the 1j;- < 1,,- transition for
ortho-H,O + He collision. (a) Partial-wave resolved ICSs. (b) ICSs for
different initially oriented H,O

over all relevant Js) as a function of the collision energy for
unoriented H,O scattering with He. It is clear that the
scattering is dominated by the Wigner threshold law below the
collision energy of 0.1 K, where the ICS decreases
monotonously and only s-wave contributes to the scattering.
The total ICS also shows three resonant peaks in the
concerned range of collision energy. The sharp peaks at E_ =
2.85 and 7.86 K can be attributed exclusively to L = 5 and 6
partial waves, respectively. On the other hand, the resonance at
E. = 3.24 K has contributions from both L = 3 and S partial
waves.

1779

For the initial MIS 1,5, a V-SARP state can be explicitly
expressed as,

1
I, V75 = —(Im = +1) — Im = —1))
v Np) (7)
while the H-SARP one is a pure substate with m = 0,
Ill,o)l'[_s‘mP = Im = 0) (8)

Figure 1b compares the ICSs for oriented and unoriented
cases. It is clear from the figure that there are significant
differences between the two SARP cases. As shown by the inset
of Figure 1b, the initial MIS 1,,- corresponds to the out-of-
plane rotation of the water molecule in the classical picture.
Therefore, V-SARP or H-SARP leads to a side-on or a head-on
collision. In other words, the stereodynamics discussed below
is rooted in different orientations of collision partners
controlled by the anisotropy of the interaction PES.

The upper panels of Figure 2 show the DCSs as a function
of the collision energy and the resonances are also clearly
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Figure 2. Differential cross sections of the 1y,- « 1, - transition for
ortho-H,O + He collision as a function of collision energy and
scattering angle for V-SARP (panel a) and H-SARP (panel b), and
that at two shape resonant energies of 2.85 (panel c) and 3.24 K
(panel d).
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visible. The DCS at the two dominant resonance energies are
displayed respectively in the lower panels of Figure 2. At E_ =
2.85 K, the H-SARP DCS is severely suppressed at all
scattering angles, while that of V-SARP case shows strong
scattering in both the forward and backward directions. Such
differences in DCSs and ICSs are sufficiently significant for
experimental verification. At E_ 3.24 K, the difference
between the H-SARP and V-SARP is significant, but less
pronounced than that at E_ = 2.85 K.

In order to gain insight into the nature of the resonances
shown in Figure 1la, we calculated the effective potential energy
corresponding to different incoming partial waves L as a
function of intermolecular distance R

L(L +1)
2,14R2

veER) = + (aLlAVlaL)

)
where the first and second terms are, respectively, the
centrifugal potential and the diagonal element of interaction
potential matrix of the corresponding channel. Figure 3

~o~
| I L L R |}
b WN =0

100
R/a,

Figure 3. One-dimensional effective potentials and corresponding
wave functions of the H,O—He system as a function of intermolecular
distance R.

displays the potential curves for different partial waves, in
which the minimum corresponds to the H,O—He van der
Waals complex. In the same figure, wave functions of the
bound and quasi-bound states supported by these effective
one-dimensional (1D) potentials are also plotted. It is clearly
seen that for L = 0 ~ 4 only one bound state can be supported
by such a shallow van der Waals well. With the increase of L,
the eigenenergy of this bound state gradually shifts from
—10.10 (L = 0) to —0.77 K (L = 4). At L = S, the bound state
turns into a quasi-bound state with eigenenergy of 2.76 K,
which corresponds the shape resonance at E. = 2.85 K for L =
S.

The resonance peak at E. = 3.24 K cannot be simply
explained by a quasi-bound state on an adiabatic potential, as it
has contributions from two L partial waves. To gain insights
into its origin, we plot in Figure 4 the trajectory of the S-matrix
elements for channels related to the initial MIS, as the collision
energy varies from 3.06 to 3.44 K at an interval of 0.014 K,
with an arrow pointing to the direction for increasing energy.
In the complex plane, a circular trajectory corresponds to an
isolated resonance with a long lifetime due to a characteristic
phase shift.*>*° It is clear that parts a, b, e, and f of Figure 4
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show examples of nonresonant scattering, in which the
trajectories vary monotonically. On the other hand, trajectories
with (half of) a resonant circle can be seen in parts ¢ and d of
Figure 4, where both cases are correspondence to (J = 4, L’
4). (Note that the twin resonant peaks at E_ = 2.85 and 3.24 K
are so close, we can only present S-matrix elements in a very
small range of energy, which is responsible for the semicircles.)
This observation suggests that the contributions from the L = 3

and S partial waves to the E_ = 3.34 K resonance peak originate
from the same outgoing channel L’ = 4.

The average lifetime of a resonance at a given energy can be
characterized by the trace of Smith’s lifetime matrix (Q-
matrix).*> The traces for some selected total angular momenta
are shown in Figure 5. It is clearly shown that the twin
resonant peaks at E. = 2.85 and 3.24 K are related to Je = 6—
and 4—, respectively, and they both reach an average lifetime of
~100 ps. The L = 6 shape resonance at 7.86 K (labeled by Je =
S+ in Figure S) has a slightly shorter lifetime of ~10 ps. Other
total angular momenta are not related to the resonances and
they do not show long-lived features.

It is interesting to note that the m

0 component has
essentially no contribution near the resonance at E. = 2.85 K.
In other words, this resonant peak can be completely shut off
by H-SARP. In the meantime, the V-SARP ICS is only half of
unoriented case, which suggests that while the Im = —1) and Im

+1) components are resonantly enhanced, their scattering
amplitudes are anti-synchronous. In V-SARP, as a result, the
quantum interference of two pure substates in the equal-
weighted superposition state leads to a destructive effect. Since
pure states Im = 1) cannot be prepared by SARP, a direct
observation of the interference effect is impossible. However, it
is possible to prepare SARP states that can unravel quantum
interference. In such a set up referred to as X-SARP, two
uniaxial states, and a biaxial state can be prepared by using
SARP with a cross-polarized pump and Stokes laser fields.”’
The biaxial state can be considered as a superposition state of
the uniaxial states. As a result, a comparison of the two allows
the extraction of effect of the quantum interference.

Such an X-SARP experiment is possible for the current
system. To this end, we consider the 0y+ < 2,+ transition
for para-H,0. By setting # = + 7/4, the wave functions of two
uniaxial states ¢b, are expressed as,

|20,2>¢ = Z dg,m(/’) = +7/4)lm)

= 0.2510) + 0.612(1+1) — I-1)) + 0.306(1+2) + 1-2))

(10)
On the other hand, the biaxial state ¢y is defined as
2g,)x = ——(1+1) = I—1))
RENG) (11)

Using egs 10 and (11), it is clear that the biaxial state can be
regarded as superposition of the two uniaxial states:

20,)x = 0-577(|20,2>+ - |20,2>—) (12)

which suggests the corresponding DCS is

https://doi.org/10.1021/acs.jpclett.2c00187
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Figure 4. Evolution of S-matrix elements in the complex plane for the 1y ;- < 1, - transition for ortho-H,O + He collision. The arrow shows the
trajectory as the collision energy increases from 3.06 to 3.44 K with an interval of 0.014 K.

do 2 2 2
— =lgl°=0.577"lg. —q |
(dQ )X qx 9, —4_

=0.577*(q,” +1q_” — q7q_—q,947)

= 0.577 (d—") + (d—") ~ 1|,
iq), " \da). (13)

where I, is the interference term between the scattering
amplitudes of two uniaxial states.

Figure 6a shows the ICS as a function of collision energy for
120204, 1202)x and unoriented cases, where a few resonances
are present and their positions are similar to those reported by
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Yang and Stancil for scattering of unoriented H,O by He.*® We
will focus on the peaks at E. = 3.28 and 8.06 K, which are
related to those discussed above. Similar to the j = 1 case, these
two shape resonances solely stem from the L = S and 6 partial
waves, respectively, but the former one is much stronger. We
present the DCSs at the resonant energy E_ = 3.28 K in Figure
6b, in which the red solid line shows the sum of DCSs over
two uniaxial states and the black dashed line shows the DCSs
of the biaxial state divided by 0.577% This allows one to
directly compare scattering intensities with and without the
coherence. Both forward and backward scatterings have large
differences, indicating quite significant quantum interference
effects.

https://doi.org/10.1021/acs.jpclett.2c00187
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Figure 6. Integral and differential cross sections of the Ogo+ « 2¢,+
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uniaxial one ¢,. (a) ICSs for different initially oriented H,O. (b)
Comparison of DCSs with/without coherence at the shape resonant
energy.

To summarize, we present the theoretical framework for
analyzing stereodynamics in nonreactive atom-molecule
scattering in which the molecule is oriented by SARP. The
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integral and differential cross sections for the scattering of the
oriented molecule can be obtained from numerically exact
quantum scattering calculations, which provide the complete
description of the scattering dynamics. This analysis is
performed for rotational quenching of sterically oriented/
unoriented H,O in collision with He at cold temperatures. It is
shown that the stereodynamics is significantly accentuated at
low collision energies by shape resonances assignable to one or
few partial waves, much the same way as in the SARP
experiments involving diatoms. In one case, we demonstrate
that it is possible switch on and oft a resonance using SARP. In
another example, we show that SARP can be used to extract
the effect of quantum interference near a resonance. These
new insights help to gain a deeper understanding of the
interaction in collision processes.
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