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regime, collision outcomes are dominated by isolated partial waves, quantum threshold and quantum
statistics effects, tiny energy splitting at the spin and hyperfine levels, and long-range forces. Collision
outcomes are influenced not only by the quantum state preparation of the initial molecular states
but also by the polarization of their rotational angular momentum, i.e., stereodynamics of molecular
collisions. The Stark-induced adiabatic Raman passage technique developed in the last several
years has become a versatile tool to study the stereodynamics of light molecular collisions in which
alignment of the molecular bond axis relative to initial collision velocity can be fully controlled.
Landmark experiments reported by Zare and coworkers have motivated new theoretical developments,
including formalisms to describe four-vector correlations in molecular collisions that are revealed by
the experiments. In this Feature article, we provide an overview of recent theoretical developments for
the description of stereodynamics of cold molecular collisions and their implications to cold controlled

chemistry.

1 Introduction . ) . .
and astrophysics. In particular, creation of ultracold molecules via

photoassociation® or magnetoassociation 111 of ultracold atoms
or via direct cooling of pre-existing molecules through buffer-gas
cooling 12714, Stark or Zeeman deceleration '>-17 and laser cool-
ing 1819 has opened up exciting opportunities to probe molecular
collisions and chemical reactions with energy and quantum-state

Quantum control of molecular collisions and chemical reactions
has long been a cherished goal of chemists and physicists alike.
The advent of techniques to prepare atoms and molecules in well-
defined quantum states and reduce their translational tempera-
tures to well below a kelvin and even micro kelvin in some cases,

has given rise to renewed interest in controlling chemical reac-
tions in the ultimate quantum regime 1-8. At low collision veloc-
ities corresponding to relative translational temperatures in the
mK and K range the de Broglie wave lengths become much
larger than inter-particle separations and quantum effects become
amplified. The experimental techniques that led to the creation of
Bose-Einstein condensates of alkali-metal atoms have expanded
into a flourishing area of research that overlaps chemistry, physics
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resolution that were not possible until recently. These develop-
ments have led to state-resolved studies of ultracold chemical re-
action such as KRb+KRb K;+Rb, at temperatures of about 400
nK®%7. Because the KRb molecule with 4°K and ®’Rb is a com-
posite fermion, the lowest allowed partial wave is a p-wave for
collisions between two KRb molecules in the same internal state.
The reaction still occurs by tunneling through the p-wave barrier
at a collision energy of about 350 nK with a rate coefficient of
about 10 '! em3/s. If the two KRb molecules are prepared in dif-
ferent hyperfine states then s-wave scattering is allowed leading
to an order of magnitude larger value for the reaction rate, due
to the absence of centrifugal barrier2?. A comparable value was
also reported for the K+KRb K,+Rb reaction?? though these
experiments were not able to measure the quantum states of
the reaction products. Alkali metal systems are very challeng-
ing for theoretical calculations employing an explicit quantum
mechanical approach. While computations have been reported
for KRb+K21:22 and Li+LiNa23:24, they are challenging especially
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for the heavier alkali metal systems and when non-adiabatic ef-
fects need to be taken into account. For the KRb+KRb system
full quantum calculations incorporating spin and hyperfine effects
and resolution of the product quantum states are not currently
feasible. Clearly, new methodologies are needed to tackle these
systems. Here we focus on light molecular systems for which ex-
plicit quantum calculations can be carried out.

The Stark-induced adiabatic Raman passage (SARP) technique
introduced by Mukherjee, Zare and coworkers2>-36 provides an
ideal platform to study cold collisions of light molecular systems
such as H; and its isotopologues. These systems allow explicit
quantum calculations on highly accurate interaction potentials
and direct comparisons with experiments. In the approach devel-
oped by Zare and coworkers the colliding species are co-expanded
in a supersonic molecular beam and the SARP lasers excite the
molecule into a chosen rovibrational level (v ;) with a particu-
lar polarization of the rotational angular momentum. Using this
technique, v, j, and its projection on a space-fixed (laboratory)
axis (m;) can be selected. In addition, changing the direction of
the polarization vector with respect to the relative velocity makes
it possible to select the initial alignment of the molecular bond
axis relative to the scattering frame. This allows stereodynam-
ics of molecular collisions involving state-prepared and aligned
molecules be probed and controlled. The method has been ap-
plied to rotational quenching of HD by D5, H, 2829 He30.3> and
of D, by He3233 Ne34 and D, 3 at cold temperatures. In the lat-
ter case aligned-aligned collisions of two D, molecules were stud-
ied for the first time. Unlike ultracold collisions that are sensitive
to the long-range part of the interaction potential, SARP tech-
niques can access collision energies in the 1 K regime and also
probe the anisotropic part of the interaction potential. For sys-
tems with interaction potential strength on the order of 10-100
K, shape resonances generally occur in the 1 K regime making
the SARP techniques ideal for sensitive probe of the interaction
potential.

Details of the SARP method and its applications to rotational
quenching in atom-diatom and diatom-diatom collisions have re-
cently been reviewed by Mukherjee3”. Here, we focus on the the-
oretical work motivated by experiments in which the alignment of
the molecular axis can be selected and varied 3849, The paper is
organized as follows. In Section 2 we review some pertinent work
related to the stereodynamics of molecular collisions that were re-
ported prior to the development of the SARP method as well as
recent experimental progress in cold collisions. In Section 3, we
provide a brief description of the SARP method and the theoreti-
cal formalism to describe the SARP experiments. In Section 4 we
provide illustrative results of molecule-molecule collisions consid-
ering the polarization of one or both molecules and how three- or
four-vector correlations in molecular collisions can be extracted.
Atom-diatom inelastic collisions are discussed in Section 5 while
reactive collisions are discussed in Section 6. Recent theoreti-
cal progress in applying SARP methods to polyatomic molecules
is reviewed in Section 7. Finally, Section 8 provides an outlook
for future studies, including coherent control of molecular col-
lisions and chemical reactions with stereodynamically prepared
molecules.
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2 Background

Rotationally resolved cross sections and rate coefficients for in-
elastic and reactive collisions from molecular beam experiments
usually involve a sum of over the magnetic projection quantum
numbers (m j) of the products and an average over m; for rota-
tional level j of the reactants. However, m-resolved cross sec-
tions can provide useful information on the anisotropy of the
interaction potential. By selecting the magnetic sub-levels of a
given rotational level one can control the initial alignment and
orientation of the reactants and explore intimate details of the
collision dynamics and possibly control the reaction outcome.
For early experimental and theoretical analysis of polarized col-
lisions in atom-molecule systems, we refer to the work of Her-
schbach and coworkers>9->2, Alexander et al.>3, and Orr-Ewing
and Zare>*. More recently, Aoiz and coworkers®>~>8 have dis-
cussed angular momentum distributions in quantum and classi-
cal descriptions of molecular collisions. In particular, they have
analyzed how reactant polarization controls product angular dis-
tributions and presented a formalism to calculate polarization
dependent-differential cross sections (PDDCSs)°6:>%:60 Alde-
gunde et al. applied the scheme to the stereodynamics of the
benchmark D+H, 57, H+D,%! and F+H, HF+H%%63 chemical
reactions and illustrated that the reactivity can be controlled to
a considerable extent through alignment of the rotational angu-
lar momentum of the H, molecule. Previously, Balakrishnan and
Dalgarno®* have shown that the F+H, reaction may occur with a
rate coefficient on the order of 10 2 cm3/s in the ultracold limit.

In the last quarter century, as techniques to create cold and ul-
tracold molecules as well as methods to cool and trap atoms, ions,
and molecules have proliferated 17, controlled studies of reactive
and inelastic molecular collisions have become a frontier area
of research. However, state-to-state chemistry in the ultracold
regime is a challenging task experimentally due to the difference
in energy-scale involved for the relative motion in the reactant
and product channels and the large energy released compared to
the trapping potential. As a result, until recently, only the total
decay rate was typically reported by considering the loss rate of
the reactants rather than measuring the product quantum states.
Such reaction rates were reported for the KRb+KRb K;+Rb;
and K+KRb K,;+Rb chemical reaction by Ospelkaus et al. in
20102065, Recently, Ni and co-workers®6-8 reported the first
state-to-state measurements of the rate of KRb+KRb chemical
reaction using velocity map imaging (VMI) of the K, and Rb,
products. Product detection is facilitated in this case due to the
modest 10 K exoergicity which limits the number of K, and
Rb, rotational pairs to 57, all in the ground vibrational level.
The experiment also revealed that the reaction occurs through
an intermediate K;Rb, complex that lies at an energy close to
that of the reactant molecules, also detected using the VMI tech-
nique. Full quantum calculations of reactive scattering such as
KRb+KRb K;+Rb; are currently not possible due to the large
number of internal states of the KRb, K,, and Rb, molecules as
well as that of the tetramer complex that need to be taken into
account in a quantum mechanical description. Thus, simplified
methods based on multichannel quantum defect theory for total
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reaction rates or statistical quantum approaches are
adopted. The latter can yield state-to-state rate coefficients but
its accuracy hedges on the full randomization of the vibrational
energy in the reaction intermediate.

While alkali metal dimer systems continue to attract a great
deal of interest in quantum science applications benchmark calcu-
lations are more challenging for these systems. Full-dimensional
quantum calculations of atom-dimer and dimer-dimer collisions
are still largely limited to H, and light molecules containing hy-
drogen atoms. However, molecules such as Hy, CO, HCI, HF, O,,
OH, etc. are more difficult to cool and trap compared to alkali
metal systems but are more chemically interesting and amenable
to numerically exact quantum calculations. Some of these sys-
tems are also of considerable interest in astrophysics and exten-
sive quantum calculations of rovibrational transitions in CO in-
duced by H, and He have been reported 7478, Rotational quench-
ing and excitation in CO and O, by collisions with He and H, have
been the topic of several experiments in recent years using cryo-
genic techniques at temperatures as low as 5 K780, Quantum
close-coupling calculations were highly successful in reproducing
the experimental results that also revealed narrow resonances
in the energy dependence of the rotational excitation cross sec-
tions 7476,77,79,80

Recently Perreault et al.27-31 and Zhou et al. 32-33:36:37 demon-
strated that one can study cold collisions in intrabeam scatter-
ing without actually cooling or trapping the collision partners.
The technique first demonstrated by Suits and coworkers 8182 for
atom-atom collisions involves co-expanding the collision partners
in the same molecular beam. While the velocities of each species
are high in the laboratory frame, small relative velocities can be
achieved enabling cold collisions in the 1 K regime. Mukherjee
and collaborators combined this technique with the SARP tech-
nique to study the stereodynamics of cold molecular collisions.
The SARP technique allows preparing the molecules in a chosen
v, j, and m; quantum numbers so as to enable alignment of one
or both collision partners relative to the initial polarization of the
SARP laser. For example, for the j 2 rotational level, a hori-
zontal alignment of the molecular bond axis relative to the initial
velocity vector corresponds to m; 0 while a vertical alignment
corresponds to a superposition of m; states with contributions
from m; 0, and m; 2. By taking appropriate linear combi-
nation of m; states, an arbitrary alignment of the bond axis rela-
tive to the initial relative velocity vector can be prepared allowing
stereodynamic control of the collision process. They have demon-
strated this approach to rotational quenching of HD(v ;) in colli-
sions with H,, D, and He27-31 and more recently collisions of two
aligned D, molecules3®. For these molecular systems, collisions
are dominated by a few partial waves in the vicinity of 1 K reveal-
ing signatures of isolated partial waves in the measured angular
distribution. However, the experimental collision energy distribu-
tion is relatively broad, which makes theoretical studies necessary
to evaluate partial wave resolved cross sections and identify fea-
tures of the measured differential cross sections (DCSs) arising
from specific angular momentum partial waves. Below we will
highlight some of these studies for both atom-dimer and dimer-
dimer collisions and compare with experimental data. Compar-

isons with experiments also reveal that even for simple 4-electron
systems such as He+HD and He+D;, experiment and theory do
not always agree. The lack of agreement may reflect small errors
in the state-of-the-art interaction potentials leading to different
collision outcomes in the sub kelvin and kelvin ranges of collision
energies, or perhaps inaccuracies in the experimental collision en-
ergy resolution.

3 Theory

3.1 Three-vector correlations in collisions of a polarized and
an unpolarized diatomic molecule
First, we briefly review the theoretical formalism describing
the stereodynamics of molecule-molecule collisions for the case
where only one of the collision partners is polarized (for ex-
ample 1). This would correspond to a three-vector correlation,
i.e., alignment of the initial rotational angular momentum j of
the polarized molecule and the initial and final relative velocity
vectors, respectively, k and k. Note that in the center-of-mass
frame, the scattering angle is the angle between k and k and
the quantization axis z is oriented along k. We use the nota-
tion vi j1 v2 jo to denote the initial combined molecular
states and v, j; v, J, to denote the corresponding quan-
tum numbers after the collision. The scattering amplitude for a
my my) to my m,) transition, where m; and m; are the pro-
jections of the initial rotational levels of the two molecules with
the primed quantities denoting the final states, is expressed in
terms of the corresponding T-matrix elements 38:39:46:49
1 LLo1 )
— 2J 1 i d

f mp mp my m, 2k ; o LL mia myy
12

J
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J
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a Clebsch-Gordan coefficient. Also, k2

of the wave vector in channel

my, my, m; m,, is the scattering angle,
is a Wigner’s reduced rotation matrix, and is
2 Eeo h? is the square
, Econ is the collision energy, is
S/, jia  j1  Jjo, Lis the orbital angu-
lar momentum quantum number, and J the total angular momen-
tum quantum number where /L ji. The DCS for isotropic
scattering is given by

the reduced mass, 77 1

d 1

- A 1 A: 1 f f ) m; my m,

d 20 1 22 1y, ,, M T T
(2)

where is the solid angle. The DCS includes interferences (co-

herences) between all J involved. Integration of the DCS over the
solid angle washes out all interference terms, so the correspond-
ing integral cross section (ICS) for state-to-state rovibrationally
inelastic scattering is given by

27 171/ 2

. . 2 Lj Lij
20 12 VR e

(3)
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As a consequence of these interference terms, it is not guaranteed
that the DCS for a given  will increase upon the addition of more
partial waves. In fact, partial waves that barely contributes to the
ICS may dramatically change the shape of the DCS as shown for
reactive collisions between H and D, at high energies.8385 To
disentangle the partial waves that contribute to the scattering at
a given angle as well as the interference between groups of partial
waves, it is desirable to calculate the generalized deflection func-
tion (GDF). The GDF is the joint quasi-probability density func-
tion of J and , allowing us to display the cross section in a J

map. Following Refs. 86,87, the GDF (Q, J ) can be defined

as:
sin Tmax max ( hJ s J)

o J 2j1 1 2j 1 2

J1 J2 mymymimy Ji 0> 0

-./1 ‘/2

f my mp m m2f my my my m, (4)

J . . .

where f myoms mym, the J-dependent partial scattering ampli-

tude such that

f my my my m,

J
f mip ny mym, (5)
J

In subsequent discussions, for simplicity, we will suppress the
indices  and on the scattering amplitudes but their pres-
ence is implied. Aoiz and coworkers have shown that the intrin-
sic PDDCSs are convenient means of describing vector correla-
tions (stereodynamics) in molecular collisions>4->8, For example,
three-vector k-j,-k correlations with rank & and component ¢ in
molecule-molecule collisions can be expressed as:

k 1
U e — 1, b
q N N my qgmy; m;m,
21 1 2jp 1, — mymy  my myJm 2 mymy
Jimy kq jimi g (6)
where the ¢ 0 terms accounts for coherences between states

with different m;.

As discussed by Aldegunde et al. 57 for a reactant molecule pre-
pared in a state, j m 0, its internuclear axis can be aligned
along the quantization axis in the laboratory fixed frame coin-
cident with the light polarization vector. Considering that the
scattering frame is defined by k and k the internuclear axis dis-
tribution for a given preparation is given by >’

k

1 k
P roor 47 2k 1 ,!Z{O qu ] qu ror (7)
kqg k
where Cy, (and Gy , r ) are modified spherical harmon-
ics and ,;zfok J10k0 j,0 are the extrinsic polarization param-

eters that define the preparation in the laboratory frame. The
angles and
direction of the laboratory quantization axis with respect to the
scattering frame while , and , define the direction of the rel-
evant internuclear axis in the scattering frame. The polarization

are the polar and azimuthal angles that define the
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parameters for nonzero values of g are given by
k k
aq Ciq &0 ®)
In terms of the three-vector PDDCSs qu and the polariza-

. k .
tion parameters 7, , one can express the DCS for a given prepa-
ration of j; as#®

2j1 k
dT ' % 14 vt ©)
k 0g k
When integrating over the azimuthal angle (or ) all terms with
g 0 vanish. Further integration of the DCS over the scattering
angle yields the alignment ( )-dependent ICS.
It is also possible to use the GDF formalism to disentangle the

contribution for each partial wave to the DCS calculated from a

given preparation: 87
i k k k
1S0

o J - % 1[of 7] Afay (10)
kqg k
where |, is the isotropic ICS and
0 k sin Jmax Jmax ( hJ b J)
4 2j1 1 2

mymymy Ji 0y 0 my

Fo e dmi kg jm g an

In Fig. 1 we show the isotropic and 0 DCSs for the H + D,
(v=0,j=2) HD(v =1,j =0) + D reaction at E.,;=1.97 eV,
The isotropic and, especially, the 0 DCSs feature a series
of peaks and dips. Inspection of the quantum mechanical (QM)
GDF in the bottom panel allows us to conclude that, for 0,
the most backward peak is caused by J/ 0 15, the second peak
comes from J 20, the third peak, at 115 , originates from two
separate groups of J, while the minimum at 135 is caused by
the destructive interference betweenJ 10and 10 J 25 (as
depicted by the green area).

3.2 Four-vector correlations in collisions of two polarized
molecules

If both molecules are polarized under the same polarization vec-

tor, then the DCS can be expressed as 4°

4 2j, 2j,
£ %k 1 2%, 1
k 04,k 04,
k K, kK
Vo] ag agy (12)

where each of the aqk can be evaluated according to Eq. (8) as a
function of the and angles. The intrinsic {k—j-j;k } 4-vector
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Fig. 1 Differential cross sections for the H + D, (v=0,;=2)
HD(v =1,j =0) + D reaction at E.;=1.97 eV for an isotropic prepa-
ration (left panel) and for 0 (right panel). The QM GDFs for the
isotropic preparation and polarized reactants are shown in the bottom
panels. The green zones correspond to destructive interference (those
partial waves that deplete scattering at a given angle). Adapted with
permission from 87, 2019, Royal Society of Chemistry.

k k
PDDCSs, Uy 'y, , can be calculated as 49

k, k 1
U, '’ _ 13
h % 2j, 1 2j, 1 (13
- fmlmz mlm2 fmlmz m] q, mz 9,
m._m

smy kg jomgoq om, kg, j, my g,

If either k, or k, is zero, we recover the three-vector PDDCS

qu .Ifk, k, 0werecover the Uo0 , the isotropic DCS.

4 SARP Preparation and diatom-diatom in-
elastic collisions

In the SARP technique, a polarized molecule with angular mo-
mentum vector j is prepared in a state j /i 0 in which the
quantization axis of 7 is determined by the alignment of the lin-
ear polarization of the SARP laser. The alignment angle can be
chosen as the angle between the linear polarization of the SARP
laser and the beam velocity in the laboratory frame. In this way, a
state of a molecule prepared in a non-zero rotational state j 7
may be expressed as>3?
J .
jm ., Jjm (14
moj

where m is the projection of j on the initial relative relative ve-
locity vector which is directed along the beam velocity (z-axis).
Here we consider only states prepared in the SARP experiments
that corresponds to 72z 0. For j=2, the experiments considered
three specific preparations: H-SARP (pure m 0), a bi-axial state

1200 - 1000 ——
1201 —» 1001 ——

3.5 L=2—2,4

Cross section (A2)

0 2 4 6 8 10
Collision Energy (K)

Fig. 2 Integral cross sections for j 2 rotational quenching in
HD vi 1 j; 2 in collisions with H, as a function of the collision en-
ergy. The red curve is for ortho-H; and the blue curve is for para-H; with
the numbers denoting combined molecular states and . The values
of the partial wave (L) associated to the resonances are highlighted in
the figure. Reproduced with permission from 38 2018, American Physical
Society.

X-SARP (a linear combination of m 1), and V-SARP (a lin-
ear combination m 0 2)37. In particular, for j=2 the V-SARP
preparation corresponds to

3 1
- j1 2m 2 1 2m 2 Ejl 2m 0

8
(15)
where we have assumed molecule 1 with angular momentum j,
is polarized. When integrated over the azimuthal angle , the
DCS for a given SARP preparation is given by3?
d 2 sin

d 2j, 1 (16)

djl 2 f 2
0 m my my myy Ny Ny My,
my mp m; m;

Note that the interference term between different initial m-states
in the SARP preparation drops off up on integrated over 3°. Be-
low we provide some illustrative results of stereodynamic control
of cold molecular collisions and compare with available experi-
mental data.

4.1 Cold collisions of aligned HD with H, and D,

Perreault et al. reported the effect of the SARP preparation
on the rotational quenching of HD(v;y 1 j; 2 in collisions
with H, and D,.28:29 Both H-SARP and V-SARP preparations of
the HD molecule were considered while H,/D, were unpolar-
ized. For details of the experiments including the initial veloc-
ities of the two molecules as well as the relative velocities for
the collision we refer to the experimental work. To simulate the
measured DCS for H; collisions, quantum close-coupling calcu-
lations were reported by Croft et al.38 using the formalism dis-
cussed in section 3.1 and the six-dimensional ab initio potential
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Fig. 3 Velocity averaged differential cross sections for rotational quench-
ing in HD(v; = 1, j; =2)+H; collisions for H-SARP and V-SARP align-
ments of the HD molecule. The experimental data are shown by filled cir-
cles while the computed results are denoted by solid curves. The dashed
curves show results from a calculation considering only the L =2 contri-
bution. Reproduced with permission from 38 2018, American Physical
Society.

energy surface (PES) of Hinde8. Figure 2 shows the isotropic
ICS for HD(v; = 1, j; = 2)+H, — HD(¥, = 1, j; = 0)+H, 38 colli-
sions. Both ortho-H;(j» = 1) and para-H;(jo = 0) collisions were
considered. It can be seen that ortho-H, collisions dominate the
cross sections and feature a strong L = 2 partial wave resonance
near 1 K. This feature is absent in para-H; collisions. A weaker
L = 3 resonance occurs in both ortho— and para—H, collisions
near 4 —5 K. Because of the higher statistical weight of ortho-Ha,
the DCS is dominated by the L = 2 resonance in ortho-H, colli-
sions. Figure 3 shows a comparison between the experimental
and theoretical simulations of the SARP DCSs for both H-SARP
and V-SARP preparations3®. It is seen that theory can account
for the key features of the experimental DCS, with the dominant
contribution coming from the L = 2 partial wave resonance. We
note that the experimental velocity distribution includes both the
L =2 and L = 3 resonance regions but cannot resolve specific res-
onances. Theory is therefore needed to disentangle the main fea-
tures of the experimental angular distribution and to ascribe them
to main partial wave contributions.

The experimental study of HD(v; = 1,j; = 2)+H; collisions
were limited to Aj = —2 transition in HD leading to the HD(v; =
1, ji = 0) product. However, theoretical investigations of Jamb-
rina et al. %0 revealed striking differences in the ICS for different
SARP preparations for Aj = —1 and Aj = —2 transitions in HD.
This is illustrated in Fig. 4 where the ICS for different alignment
angles B are shown??, It is seen that a strong resonance feature
occurs in the Aj = —1 case near a collision energy of 0.1 K that
is sensitive to the alignment angle. This feature is present for
B =90° and magic angle (~ 54.7°, the one for which the second-
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Fig. 4 ICS vs collision energy showing alignment effects in rotational
quenching of HD(v =1, j = 2) by collisions with H;. Results are depicted
in a logarithmic scale. To highlight the effect of the alignment around
the resonance, the inset shows the resonance region in a linear ordinate-
axis scale. Reproduced with permission from #? 2019, American Physical
Society.

order Legendre polynomial is zero) as well as isotropic scattering.
However, it is entirely absent for § = 0° (H-SARP preparation).
On the other hand, there is no resonance at 0.1 K for Aj = —2.
Thus, for a given Aj transition, stereodynamic preparation can
strongly influence resonance features in ICS, not merely the an-
gular distribution. Figure 5 provides further insights into how the
collision geometry changes as the collision energy approaches the
resonance region for the Aj = —1 transition®. This is obtained
by examining the polarization parameters Ug (6) that provide the
internuclear axis distribution, essentially a “stereodynamical por-
trait” of the collision process.>® It is seen that, at low collision
energies just below the resonance, the collision occurs primarily
“head-on” but it changes to a “side-on geometry” (internuclear
axis perpendicular to the z-axis) at the resonance energy. At en-
ergies above the resonance, no preferred orientation is seen.

4.2 Cold collisions of aligned HCI with H,

Marked stereodynamic control of cold collisions of SARP prepared
HCl with H; has also been observed at the level of ICS%4. This
system is more anisotropic than that of HD-H; and exhibits more
resonance features in the ICS at collision energies near and below
1 K. While no SARP experiments in a single beam have been re-
ported on this system, the cross sections are dominated by a few
partial waves allowing almost complete control of the resonance
features through stereodynamic preparations. Figure 6 illustrates
strong modulations in the ICS for Aj = —2 rotational quenching
of HCl(v; = 1, j; = 2) by collisions with para-H; near a collision
energy of 0.3 cm~! due to a L = 1 partial wave resonance**. The
resonance is strongly enhanced by the H-SARP preparation and
B = 10° and 30° while B = 50° yields nearly the same cross sec-
tions as in isotropic collisions. The V-SARP preparation on the
other hand yields the lowest cross section. Thus, the resonance
can be completely “switched off” or enhanced through stereody-
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Fig. 5 Integral cross section for j 1 rotational quenching of HD(v

1 j 2) by collisions with Hy along with stereodynamical portraits of
the collision dynamics. The z axis is parallel to k, the x-z plane is the
scattering plane, and the y axis is parallel to k k. Reproduced with
permission 4% 2019, American Physical Society.

namic preparations allowing full control of the reaction dynamics
in the vicinity of the resonance. For the j 1 transition the
resonance profile is somewhat changed with the L 1 resonance
pushed to around 0.15 cm ! while anew L 3 resonance appears
at around 0.4 cm !. These two resonances have some overlaps as
the p-wave resonance has a non-zero contribution in the region
of the f-wave resonance. The question then is can one control the
intensities of the two resonances through stereodynamic prepara-
tion? This is illustrated in Fig. 7 where strong control of the two
resonances is seen for different alignments#*. In this case, it is
the H-SARP preparation that suppresses the resonances while the
V-SARP preparation enhances both. That stereodynamic prepara-
tions can simultaneously control multiple resonances bode well
for quantum control of molecular collisions.

4.3 Cold collisions of aligned CO with HD

Rotational de-excitation of stereodynamically prepared HD(v
0j 2) by CO also reveals strong stereodynamic effect4®. In
this case, both j 1 and j 2 transitions in HD can lead
to rotational excitation of the CO molecule. This system re-
veals more complicated dynamics due to simultaneous rotational
transitions in both molecules and the contributions from more
than one partial wave in the resonance region. This is illus-
trated in Fig.8 that shows the energy dependent ICS for the dif-
ferent final states in HD(v; 0 j; 2)+CO(v» 0, O
HD(v, 0 j)+CO(, 0 j,) collisions#®. It is seen that 0
(H-SARP) leads to the lowest cross sections in the resonant re-
gion centered around 0.1 K except for j, 0 for CO. For all other
final rotational levels of CO 90 and =magic angle yield the
highest cross sections. Figure 9 provides L-resolved cross sections
for HD(j;, 1) and CO(j, 3) for different
thatboth L 1and L 2 contribute to the resonance and the rela-
tive contributions of the two partial waves depend strongly on the
alignment. As discussed in detail by Jambrina et al.4® parity con-
servation also strongly influences the relative contributions from
the two partial waves which can arise from different values of

values?. It is seen

Fig. 6 Panel (a): ICS as a function of the collision energy for different
alignment angles of HD bond axis illustrating stereodynamic effect in

J 2 rotational quenching of HCI(v 1 j 2) by collisions with H,.
Panel (b): contributions from different orientations specified by quantum
number ki, the projection of the initial rotational angular momentum of
HCl onto the body-fixed z-axis. The result for k; 0 is identical to 0
(H-SARP) in panel (a). Reproduced with permission from 44, 2020,
American Physical Society.
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of the two molecules. Reproduced with permission from46, 2021, Royal
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the total angular momentum quantum number that is conserved
in the collision. We hope experimental studies of these intricate
stereodynamic effects will be undertaken in the near future.

4.4 Cold collisions of two aligned D, molecules

Zhou et al. 36 have recently reported experimental results of stere-
odynamic effects in collisions of two aligned D, molecules pre-
pared in the v =2, j = 2 initial state. Results show that H-SARP
and V-SARP preparations yield distinct angular distributions with
strong forward and backward scattering peaks observed for H-
SARP and a dominant peak centered around 8 = 90° for the V-
SARP case. A quantitative description of these experiments re-
quires a formalism to extract k-j;-j;-k" four-vector correlations.
By applying the formalism for aligned-aligned collisions discussed
in section 3.2 and the recently computed Hy PES of Zuo et al. 89
that can describe collisions of highly vibrationally excited H;
molecules, Jambrina et al.4? carried out a full ab initio simulation
of this process. The simulation includes collisions of two aligned
D, molecules prepared in the v=2, j = 2 level as well as aligned-
unaligned collisions involving unprepared D, molecules present
in the molecular beam in the j =1 and j = 2 rotational levels of
v =0. The relative contributions of these process are illustrated
in Fig. 10 which shows strong resonance features in the 1-4 K
regime?, A partial-wave decomposition of these resonances re-
vealed that the dominant contribution is from L = 4. Figure 11
compares angular distributions considering both v=2 and v=0
quenchers for H-SARP and V-SARP preparations with the experi-
mental results of Zhou et al36. A partial-wave analysis by Zhou
et al.3% through fitting the experimental data to possible outgo-
ing partial waves has suggested that the angular distributions are
dominated by a L = 2 partial wave resonance. Clearly, this is
not supported by theory. We note that experiments do not have
energy resolution and includes contributions from a fairly broad
range of collision energies centered around 1 K. As illustrated in
Fig. 11 the strong forward and backward scattering peaks in the
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H-SARP DCS arise from aligned-aligned collisions of the v =2
molecules. The unaligned v =0 quenchers primarily contribute to
the background cross sections.

5 Atom-diatom inelastic collisions

Mukherjee, Zare and coworkers have also reported a series of
measurements of rotational quenching of HD and D, by He30-35
and D, by Ne3*, These measurements provide k- j-k’ three-vector
correlations. The availability of highly accurate interaction po-
tentials for He-H, 9091 permits the explicit comparison between
theory and experiment. The He-H, and He-HD systems have
been the topics of extensive quantum coupled-channel calcula-
tions of rotational and vibrational transitions due to their im-
portance in astrophysics?%94, These studies carried out on dif-
ferent He-H; interaction potentials have shown the presence of
a strong L = 1 partial wave resonance centered around a colli-
sion energy of 0.2 em~! for rotational quenching of HD by He.
This is illustrated for both Aj = —1 and Aj = —2 transitions in
He+HD(v =1, j = 2) collisions in Fig. 124243, Both resonances
are very stable among different He-H, interaction potentials as
illustrated by Morita and Balakrishnan?>%3, A very weak fea-
ture arising from the L = 2 partial wave is also present but at a
collision energy of about 2.0 cm~!. Figure 13 shows a compari-
son between experimentally derived DCS3? for H-SARP, X-SARP
and V-SARP preparations of the HD(v = 1, j = 2) molecule against
the theoretical result of Morita and Balakrishnan42.
that experiment and theory agree well except for the V-SARP case
for which experimental data feature a strong peak near 6 = 90°
while theoretical results depict a more isotropic distribution. A
partial wave analysis by fitting the experimental angular distribu-
tions to outgoing scattering amplitudes has suggested the pres-
ence of a strong L = 2 partial wave resonance near 1 K30 but is
not supported by theory*2. This remains a topic of continuing
discussions as subsequent experimental studies of Aj = —2 rota-
tional quenching of HD(v=2,j=2) and Dy(v=2,j=2) by He
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Fig. 10 ICS vs collision energy for rotational quenching of Dy(v=2,j=
2) by collisions with Dy (v=2, j=2), Da(v=0,j=1), and Dy(v=0, j=2).
Upper panel: H-SARP preparation; lower panel: V-SARP preparation.
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profiles. Reproduced with permission from#?, 2023, American Physical
Society.
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sions involving the v =2 molecules. Reproduced with permission from49,

2023 American Physical Society.

have also suggested dominant contributions from a L = 2 reso-
nance 323335 That such a disagreement exists for simple systems
such as He-HD and He-D; has raised the possibility of inaccuracies
in the He-H, potential surface 323>, However, the L = 1 resonance
persists when the He-H, interaction potentials?%9! are modified
within the uncertainties of the ab initio calculations42.

Indeed, in a recent SARP experiment on rotational quenching
of HD(v=2, j =2) by He that measured bothAj=—1and Aj= -2
transitions indicated the presence of a strong L = 1 resonance in
the angular distributions for the Aj = —1 transition3>. The mea-
sured angular distribution for Aj = —1 could not be fit consid-
ering only odd outgoing partial waves which would require the
presence of even incoming partial waves and possibly feature a
L = 2 resonance. This finding is in agreement with the cross sec-
tions depicted for the Aj = —1 transition for HD(v =1, j=2)+He
collisions in Fig. 12 that show a strong L = 1 resonance near
0.2 em~' 42, Though this result is for HD(v = 1) our calculations
(unpublished) show that for pure rotational transitions in HD by
He, the resonance features are not influenced by the initial vibra-
tional state, at least for v = 0—4 of HD. For Aj = —2 transitions
in HD(v = 2, j = 2)+He collisions experiment still attributes key
features of the DCS to a L = 2 resonance which is not supported
by theory as in the v = 1 case discussed above.

Zhou et al. have most recently reported angular distributions
for rotational quenching in He+D»(v =2, j = 2) collisions for H-
SARP, X-SARP, and V-SARP preparations 3233, Here too, the an-
gular distributions were attributed to a L = 2 resonance near 1
K while theoretical results of Jambrina et al.*® show dominant
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contribution from L =1 as in He+HD. As illustrated in Fig. 14
For He+D,, the L = 1 resonance is pushed to an order of mag-
nitude lower in energy, occurring near 0.02 K but with a magni-
tude that is two orders greater than that of He4+HD*®. Though
the L = 1 resonance occurs in the tail of the experimental veloc-
ity distribution due to its large magnitude it still dominates the
velocity averaged DCS as illustrated by Jambrina et al*®, As a
result, theoretical DCS averaged over the experimental velocity
distribution show signatures of the L = 1 resonace and do not
agree with the measurements. However, if the L = 1 resonance
is artificially suppressed by omitting contributions from collision
energies below 1 K in the velocity average, theoretically predicted
DCS agrees with experiment as illustrated in Fig. 1548, Given the
fact that theory agrees with experiment when the L = 1 resonance
contribution is artificially removed, it is possible that L =1 colli-
sions may not be accessed in the experiments. The robustness of
the L = 1 resonance is topic of an ongoing study in our group and
will be addressed in an upcoming publication.

The biaxial X-SARP preparation corresponds to a linear super-
position of m = +1 states. Zhou et al. have shown that, for
Jj=2, this state can also be expressed as a linear combination of
two uniaxial states that correspond to simultaneous alignments
of B = +45°. For details we refer to Zhou et al.33 and Jambrina
et al*®, For this case, the angular distribution integrated over the
azimuthal angle still retains an interference term that is unique
for the bi-axial preparation.

Stereodynamic effects in rotational quenching of HF(j = 1,2)
by collisions with H at collision energies from 103-100 K have re-
cently been reported by Jambrina et al. 4145, For both j=1—0
and j =2 — 1 transitions quasibound states corresponding to a
L = 3 partial wave appear as a shape resonance near 5 K that
dominates the cross section in the 1-10 K regime. While several
total angular momentum quantum numbers J = 0 — 5 contribute
in this regime, partial wave contribution from L = 3 is found to
dominate for the two initial rotational levels as shown in Fig.
164, Strong stereodynamic effects are also observed in this sys-
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tem, in particular, in the resonance region as Fig. 17 illustrates*°.
The 0 preparation enhances the cross sections and rate coeffi-
cients while 90 alignment suppresses both. This suppression

is most striking in the region of the L 3 resonance.

6 Atom-diatom reactive scattering

Experiments on inelastic collisions of SARP prepared molecules
have largely focused on pure rotational quenching in cold colli-
sions. Reactive collisions have mostly been explored only theo-
retically. One exception is the recent crossed beam experimental
study of the H+HD(v 1 j 2) H;+D chemical reaction by
Wang et al.?° at collision energies of 0.5, 1.2, and 2.07 eV. The
HD molecules were prepared in H-SARP and V-SARP alignments
and the corresponding DCSs display strong stereodynamic effect
as illustrated in Fig. 18°>. Accompanying quantum scattering cal-
culations revealed strong constructive interference for the V-SARP
alignment leading to distinct angular distributions compared to
the H-SARP case. The interference effect leads to a strong en-
hancement of side-ways scattering that is predominant for the
V-SARP case. In these experiments angular distributions are not
integrated over the azimuthal angle (or ) but correspond to
0 (in-plane scattering). As discussed in Section 4, integra-
tion over the azimuthal angle washes out the interference term
arising from different m; states in the V-SARP preparation.

In a recent theoretical study, da Silva Jr. et al.? re-
ported pronounced stereodynamical effects in the H+D, v
4 j  D+HD(v j) reaction and its reverse process at collision
energies between 1-50 K. Because the H+D, v 0  HD+H re-
action has an energy barrier exceeding 0.3 eV and the reaction
is endoergic at low temperatures (due to the difference in zero-
point energies of D, and HD) the reaction does not occur at low
temperatures. In previous studies it has been shown that the vi-
brationally adiabatic barrier decreases with vibrational excitation
of D and HD, and for v 3 and higher, the reaction occurs along
a barrierless pathway even at ultracold temperatures °7—%°. Figure
19 shows the DCS, integrated over the azimuthal angle, as a func-
tion of the scattering angle for the H+D, v 4 j 2  HD(v
3 j 0) reaction for collision energies of 1 K, 5 K, and 10 K and
for different alignment angles 0 15 45 60 75, and
90 96, It is seen that the angular distribution becomes progres-
sively backward scattered as the collision energy increases from 1
K to 10 K. Strong stereodynamic effects are observed at all col-
lision energies with 0 (H-SARP) leading to enhancement
and 90 (V-SARP) leading to almost complete suppression
of the reaction. Stereodynamics at higher collision energies for
the D+H, HD+H was also investigated by Aldegunde et al.,>’
and more recently for the H+D, v 0 2 HDv j +D re-
action by Jambrina et al. 87 where the effects were analyzed in
terms of GDFs as shown in Fig. 1. In both cases, strong alignment
effects in the angular distribution of the scattered HD molecule
were found.

Stereodynamic effectsinF+HD v 01 1 HF+D; DF+H
reactions were recently reported by Séez-Rébanos et al47. As il-
lustrated in Fig. 20 , for both HF+D and DF+H channels, two
resonance peaks corresponding to the L 3 partial wave domi-
nates the ICS at energies of 0.05 meV (0.6 K) and 0.6 meV (
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Fig. 16 Partial-wave resolved ICSs for rotational quenching of HF(j =
1.2) by H as functions of the collision energy for different values of the
total angular momentum quantum number J. Upper panel: j=2— j' =
1; Lower panel: j=1-— j =0. Reproduced with permission from*1,
2019, Royal Society of Chemistry.
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7.0 K) with the former being the dominant feature. The intensity
of the resonances for v = 1 was found to be an order of mag-
nitude greater than that of v = 0. For the latter, stereodynamic
effects were found to be marginal for the dominant HF channel
while strong suppression of the resonance at 0.05 meV was ob-
served for DF channel for B = 0°. This effect is reversed for the
v= 1 reaction for which B = 0° alignment enhances the resonance
feature at 0.05 meV relative to isotropic scattering as in the case
of the H+D» reaction discussed above.

7 Atom-triatom inelastic collisions

While the vast majority of experimental and theoretical studies of
stereodynamic control of inelastic and reactive collisions were tar-
geted at atom-diatom and diatom-diatom collisions, polyatomic
molecules are expected to present even richer effects due to their
multiple degrees of freedom and the stronger anisotropy of the
interaction potential. This is a challenging problem for both ex-
periment and theory. Recently Yang, Xie, and Guo 1% explored
this effect for triatomic molecules taking rotationally inelastic col-
lisions in H;O+ He as a test case and by treating the HyO molecule
as a rigid rotor. Figure 21 shows partial-wave resolved ICS and
the ICS for isotropic, V-SARP, and H-SARP preparations for the
lg,1- ¢ 1; - rotational transition as a function of the collision en-
ergy in K100 | Note that in this case V-SARP corresponds to a pref-
erential horizontal alignment of the water molecule relative to the
incident velocity vector, whereas the H-SARP preparation corre-
sponds to a preferential vertical alignment. The partial-wave re-
solved cross sections reveal that the strongly peaked resonance at
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2.85 K primarily arises from a L 5 partial wave while the weaker
resonance near 8 K corresponds to L 6. The resonance peak at
3.24 K has contributions from both L 3 and L 5. Itis seen that
while the H-SARP preparation yields results in close agreement
with the isotropic case, the V-SARP alignment yields smaller cross
sections, except at the dominant resonance near 2.85 K. The dif-
ferences are amplified in the DCS shown in Fig. 22, including the
resonance region depicted in the bottom panel %0 . In particular,
for the resonance at 3.24 K, the H-SARP and V-SARP results are
out of phase in their oscillatory behavior. Clearly, more theoreti-
cal and experimental studies are needed to unravel the complex
stereodynamic effects expected for polyatomic molecules.

8 Outlook and future prospects

It has long been known that stereodynamics is an important as-
pect of chemical reactions and inelastic collisions. There is a long
history of probing the effect of reactant polarization on the prod-
uct quantum state populations. The stereodynamics of inelastic
collisions with open-shell molecules has been widely explored,
especially for collisions involving OH or NO in which the internu-
clear axis was oriented using hexapole and orienting fields, lead-
ing to the measurement of the integral steric asymmetry, 101-106
More recently, a major breakthrough was achieved with the mea-
surements of state-to-state differential cross section for oriented
NO molecules with rare gases, 58:60:107-111 a]lowing the determi-
nation of both differential and integral steric effects. It was shown
that by changing the direction of the orienting field with respect
to the relative velocity, a remarkable control could be exerted over
the branching between the spin-orbit changing and the spin-orbit
conserving rotational product channels. In another recent ex-
periment, direct measurement of the four-vector correlation be-
tween initial and final relative velocities and rotational angular
momenta in collisions of electronically excited NO(A) and Ne has
been reported 112, In particular, non-intuitive changes in the ori-
entation from reactants to products for specific states and scatter-
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ing angles were observed !'2. In all these cases, the experimental
result could be reproduced by quantum scattering calculations al-
most perfectly.

The stereodynamics of reactive collisions has also received con-
siderable attention. As an example, it has been found that stereo-
dynamics seems to explain the preference for given -doublet of
the OD radical that was experimentally found in the OGP)+D,
reaction. 113-115 The stereodynamics of polyatomic reactions has
also been subject of experimental investigations. In particular, Liu
and coworkers have carried out extensive studies using a crossed
molecular beam, product imaging approach on the effects of the
CHj;-stretching excitations of CH3D(v; 1) in reactions with the
Cl-atom 116120 By active control of the polarization direction
of an IR laser under chosen beam-geometries, a complete set of
polarization-dependent differential cross sections is disentangled
from the ion image of the methyl product. The results provide
a complete description of the most detailed stereo-requirement
that can be achieved for a reaction. Although these studies were
carried out at thermal or hyperthermal collision energies, it can
be expected that similar experimental investigations can be per-
formed in the cold energy regime by making use of merging
beams.

The studies just referred to above were carried out with po-
lar molecules and their experimental setups are not suitable to
study collisions of non-polar molecules. The introduction of the
SARP techniques allows preferential alignments of the molecu-
lar bond axis relative to the initial velocity vector and make it
possible to study stereodynamical effects in rotationally inelastic
and reactive collisions with H, and its isotopic variants. So far,
except the reactive scattering in H+HD collisions that employed
a crossed-molecular beam setup®>, the experimental studies of
rotationally inelastic collisions by Perreault et al. and Zhou et
al. used co-expansion of the two colliding species in the same
molecular beam. This leads to a fairly broad range of collision
energies and the measured angular distribution involves an av-
erage (integration) over these collision energies. Thus, unless
the scattering is dominated by a single partial wave, the angular
distribution reflects contributions from all allowed incoming par-
tial waves. This can smear the effect of any resonances present
in the energy-dependent cross sections. Clearly, theoretical cal-
culations are needed to unveil these resonance features and the
results on HD+H,, D, +D,, HD+He and D, +He have illustrated
the presence of shape resonances arising from low angular mo-
mentum partial waves. Because the scattering is dominated by a
few partial waves in these systems (mostly L 0 4) for collision
energies near 1 K, markedly pronounced control over the colli-
sion outcome is possible, making stereodynamical preparation as
an important tool in controlling the collision outcome.

One approach to explicitly detect scattering resonances in SARP
experiments would be to employ pre-cooled reactants so that
their relative velocity distribution would be narrower. This could
be combined with the merged beam techniques in which collision
energy can be varied by several orders of magnitude by varying
the merging angle. Narrow resonances in energy-resolved cross
sections from such measurements were demonstrated for Pen-
ning ionization of H, by He by Narevicius and coworkers 121-123,
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We expect such techniques would be extended to SARP prepared
molecules in the near future.

So far, the experimental results of rotational transitions re-
ported by Perreault et al. and Zhou et al. do not provide the
azimuthal angle ( ) resolution of the differential cross sections.
This makes any interference term arising from the different m;
components of the initial rotational level j to be unobservable.
The reactive scattering study of the H+HD collisions by Wang et
al.%> that does not include integration over the azimuthal angle
(a choice of 0 is made in the initial preparation) has shown
pronounced interference effects in the V-SARP preparation of the
HD molecule. The experiment corresponds to high collision ener-
gies and such interference effects are expected to be even more
significant in cold collisions. One approach to extend these stud-
ies to lower temperatures would be to vibrationally excite the HD
molecules to v 3 or higher for which the reaction becomes es-
sentially barrierless. The SARP techniques can be extended to co-
herent control of molecular collisions where interference effects
are expected to dominate the collision outcome. Indeed, such
interference effects have been theoretically demonstrated by De-
volder, Tscherbul and Brumer for reactive scattering in F+H,/HD
collisions and spin-relaxation in O,+0; collisions 124125 Gontrol
of reactive collisions in KRb+KRb collisions using a rudimentary
model has also been explored by Devolder et al. 126, In these the-
oretical studies reactant molecules are prepared in a coherent su-
perposition of m; or spin states. We believe, this would be a next
frontier in cold collisions where quantum effects are significantly
amplified through coherent control and stereodynamic prepara-
tions. Non-adiabatic effects in cold and ultracold chemical re-
actions have also received much attention recently2+127-128 and
how stereodynamical preparation influences reactivity in these
systems remains an open question. As commented on above,
collisions of more complex molecules than diatomics have been
experimentally probed, but nevertheless stereodynamics of poly-
atomic molecules remains largely unexplored where anisotropic
interactions are expected to dominate.

The stereodynamics approach discussed here is one avenue for
controlling molecular collisions that can be applied to cold as well
as hot collisions though the control is expected to be more dra-
matic for collisions dominated by a few partial waves as illus-
trated in this article. For ultracold collisions of dipolar molecules
it has been demonstrated that strong control over the collision
outcome can be achieved through an applied electric field or con-
fining collisions to reduced dimensions 12%-131, Controlling ultra-
cold collisions through applied electric, magnetic, and microwave
fields is rapidly emerging as an important topic in ultracold chem-
istry 132134 Clearly, the outlook appears to be very bright for
quantum control of molecular collisions and chemical reactions.
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