
Quantum-Controlled Collisions of H2 Molecules
Nandini Mukherjee*

Cite This: J. Phys. Chem. A 2023, 127, 418−438 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: The amount of information that can be obtained
from a scattering experiment depends upon the precision with
which the quantum states are defined in the incoming channel. By
precisely defining the incoming states and measuring the outgoing
states in a scattering experiment, we set up the boundary condition
for experimentally solving the Schrödinger equation. In this
Perspective we discuss cold inelastic scattering experiments using
the most theoretically tractable H2 and its isotopologues as the
target. We prepare the target in a precisely defined rovibrational (v,
j, m) quantum state using a special coherent optical technique
called the Stark-induced adiabatic Raman passage (SARP). v and j
represent the quantum numbers of the vibrational and rotational
energy levels, and m refers to the projection of the rotational angular momentum vector j on a suitable quantization axis in the
laboratory frame. Selection of the m quantum numbers defines the alignment of the molecular frame, which is necessary to probe the
anisotropic interactions. For us to achieve the collision temperature in the range of a few degrees Kelvin, we co-expand the colliding
partners in a mixed supersonic beam that is collimated to define a direction for the collision velocity. When the bond axis is aligned
with respect to a well-defined collision velocity, SARP achieves stereodynamic control at the quantum scale. Through various
examples of rotationally inelastic cold scattering experiments, we show how SARP coherently controls the dynamics of anisotropic
interactions by preparing quantum superpositions of the orientational m states within a single rovibrational (v, j) energy state. A
partial wave analysis, which has been developed for the cold scattering experiments, shows dominance of a resonant orbital that
leaves its mark in the scattering angular distribution. These highly controlled cold collision experiments at the single partial wave
limit allow the most direct comparison with the results of theoretical computations, necessary for accurate modeling of the molecular
interaction potential.

■ INTRODUCTION
The molecular force fields that drive chemistry at the most
fundamental level arise from the anisotropic electronic and
nuclear charge distributions, whose dynamics is governed by the
laws of quantum mechanics. The purpose of a scattering
experiment is to probe the anisotropic force field that extends
over long distances at the molecular scale. State-resolved
scattering experiments studying single-collision events between
individual molecules in the gas phase provide the most direct
access to the molecular interaction potentials.1−7 The
probability of scattering measures the degree to which an
incoming quantum state is modified by close interaction with its
collision partner. To develop an intuitive understanding, let us
consider a molecule prepared in an eigenstate |m⟩ of its
HamiltonianH0 before it encounters the collision partner. In the
presence of the partner molecule its state is modified by the
interactionHamiltonianH′. When the first-order perturbation is
used, the collision-induced transition probability from the initial
eigenstate |m⟩ to a final state |k⟩ is determined by |⟨k|H′|m|⟩|2.
Therefore, by measuring the outgoing states for each incoming
eigenstate of a complete set, a scattering experiment can, in

principle, determine the interaction HamiltonianH′. In general,
however, in the presence of a large number of incoming states
normally available to even small molecular systems, one-to-one
correspondence between the incoming and outgoing states is
not possible and averaging over states washes out the details of
themolecular interactions. Until we eliminate averaging over the
states, direct comparison between experimental measurements
and theoretical calculations will remain a dream, and as such a
theoretical model can be tested only approximately. Such a
dream can be realized by designing an ideal scattering
experiment that precisely controls the incoming state and
measures the final states, as such setting up the boundary
conditions for experimentally solving the Schrödinger equation
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(iℏ)(∂ψ/∂t) = Hψ, where H represents the Hamiltonian and ψ
represents the quantum state of the colliding system.
In this Perspective we will discuss what can be achieved in a

near ideal scattering experiment that controls the incoming state
defining both the internal and external degrees of freedom. In
addition to precisely controlling the energy, the control of
molecular alignment, that is, the stereodynamic control in the
incoming channel, is essential for mapping the anisotropic
molecular forces. Because the quantum state preparation plays a
key role in achieving controlled collision, a good portion of this
Perspective will be devoted to this topic. However, we want to
remind readers that quantum state preparation8−15 is already a
well-developed field, and we do not intend to review this here.
Instead, we will be focusing our discussion on a special case, that
is, the quantum control of H2 and its isotopologue molecules,
and illustrating their applications in cold scattering experiments
recently conducted in our laboratory at Stanford Univer-
sity.16−21 The quantum-state-controlled benchmark experi-
ments are extremely valuable for testing and validating a
theoretical model before applying it to a more complex system.
We chose H2 molecules because they are the most theoretically
tractable, and as such one can expect one-to-one correspond-
ence between the experimental measurements and theoretical
calculations. It is needless to stress the importance of
understanding interactions of the most abundant H2 molecules
that have many applications in a variety of physical and chemical
processes including combustion and energy storage. Addition-
ally, the collision dynamics of highly vibrationally excited H2
molecules are of immense interest for understanding and
modeling the physics and chemistry of an interstellar
medium.22−24

For the gas-phase collisions, the internal degree of freedom of
amolecular system is defined by a set of quantum numbers, (n, v,
j, m), that give the electronic state (n), vibrational state (v), and
rotational state defined by the internal angular momentum (j),
and its projection (m) on a suitable quantization axis. The
projection quantum numberm defines the molecular frame with
respect to a fixed axis in the laboratory frame, thus providing the
stereodynamic control necessary to probe the anisotropic van
der Waal’s interactions.25 Many techniques13 ranging from the
use of electric26−29 or magnetic fields30 for state selection to
techniques that use optical pumping to state-prepare mole-
cules11,14,31−36 have been developed to realize molecular
scattering with the precision of a single quantum state. However,
preparation of a large, scattering-sensitive population of H2
molecules in a single rovibrational (v, j, m) state has been a
challenge for a very long time. This is because the homonuclear
symmetry forbids infrared excitation, and the Raman pumping is
generally weak, requiring large optical intensities that further
complicate the optical preparation of a vibrationally excited
target state. For one to meet this challenge, a new coherent
optical technique called Stark-induced adiabatic Raman passage
or SARP37−46 was developed; it allows preparation of a large
quantity of H2 and other molecules in a single rovibrational (v, j,
m) eigenstate. SARP offers the field-free stereodynamic control
by controlling the alignment of the rotational plane or the
molecular bond axis with respect to an axis in the laboratory
frame. For many homonuclear and symmetric molecules, it is
challenging to achieve field-free alignment control, except by
using intense ultrashort optical pulses that align them
transiently, making them difficult to use in a bimolecular
scattering experiment.47−49 Additionally, SARP prepares the
phase-coherent superposition of degenerate orientational (m)

states within a single rovibrational (v, j) energy state. Because
the prepared superposition is stationary in time, it allows the
study of quantum interference by coherently controlling the
bimolecular collisions.
To reach the full-scale quantum control, onemust also control

the external degrees of freedom, which describe the relative
motion of the colliding particles about their center of mass. In
the absence of external force because the linear momentum is a
constant of motion, the translational state is described by a plane
wave ∼eikZ propagating along the direction of the collision
velocity, which can be chosen as the quantization Z axis. The
plane wave is composed of an infinitely large number of discrete
orbitals l, which are also known as partial waves that describe the
rotational motion of the colliding system about the center of
mass. Mathematically, the plane wave can be expressed as

+= +i l J kre (2 1) ( )Y ( , )ikZ
kr l

l
l l

1
0 1/2 0 , w h e r e

Jl+1/2(kr) is the spherical Bessel function, giving the radial
amplitude, and Yl0(θ,φ) is the spherical harmonics, giving the
angular dependence of the orbital l. The orbital angular
momentum l generates the repulsive centrifugal barrier l(l +
1)ℏ2/2μr2 that classically prevents the colliding particles from
crashing on to each other. When the repulsive centrifugal energy
from each of the orbitals is added to the attractive van der Waals
potential, the resulting interaction becomes complicated in the
presence of a large number of coupled orbitals. Moreover, each
orbital angular momentum l couples vectorially with the internal
angular momentum j to make a total angular momentum J that
must be conserved in a collision process. Theoretical
computations to solve the Schrödinger equations for each
total angular momentum J can become challenging when there
are a large number of orbitals involved in the collision. To gain
the clearest possible understanding of the molecular force field,
one must restrict the number of incoming orbital states that can
be achieved by reducing the collision temperature in the range of
a few degrees Kelvin or less. Additionally, for a few low-lying
orbitals l, the centrifugal barrier l(l + 1)ℏ2/2μr2 can confine a
quasi-bound state above the dissociation energy, as depicted by
the gray dashed line for an atom−diatom collision in Figure 1.
The quasi-bound states, which are referred to as the scattering

Figure 1. A potential well is created when the centrifugal energy l(l +
1)ℏ2/2μr2 of a low-lying orbital is added to the attractive van derWaal’s
interaction U(r). The potential well can support a quasi-bound state
above the dissociation energy. U(r) is drawn using the realistic D2-He
potential.117 The position of the quasi-bound state represented by the
gray dashed line is arbitrary and is used here for the purpose of
discussion. The temperature distribution of the cold collision is shown
by the red curve on the left. r is the radial distance between the center of
mass of D2 and He, and μ is their reduced mass.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Perspective

https://doi.org/10.1021/acs.jpca.2c06808
J. Phys. Chem. A 2023, 127, 418−438

419

https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig1&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c06808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


resonances, can be accessed by tunneling through the centrifugal
barrier. The tunneling probability is resonantly enhanced when
the collision energy matches the energy of the quasi-bound state
held behind the barrier. Because the wave function of the quasi-
bound state is fairly localized within the well, the collision
complex acquires a finite lifetime that could increase the
collision cross section by 1 or even 2 orders of magnitude.
Indeed, the scattering resonances have made it possible to
experimentally observe the low energy scatterings by weak van
der Waal’s potentials that would otherwise be impossible to
measure. To develop an intuitive feeling, let us consider the
rotational relaxation of H2 molecules induced via weak
anisotropic interactions. Within the approximation of the first-
order perturbation, the probability of state mixing is determined
by |Uij/Eij|2, whereUij (=⟨i|U|j⟩) and Eij represent the anisotropic
van derWaals interactionHamiltonian and the difference energy
between the initial |i⟩ and the final |j⟩ rotational states. For the
H2 molecule, Uij is several orders of magnitude smaller than Eij,
and as such, the transition probability is generally very small and
is often unmeasurable, unless there is a resonance.
Just like those in an optical cavity, the scattering resonances

can be formed in various ways from the interference of the
incident and scattered matter waves from the interaction
potential.50 Even with an energy exceeding the barrier height,
orbiting resonances can be formed by the interference of
incident and reflected partial waves from the inner repulsive wall
of the van der Waal’s potential.51 The wave functions associated
with the shape resonances that are formed behind the barrier are
fairly localized within a short interaction range. These
resonances are accessed via tunneling.52,53 Then there are
Feshbach resonances, which occur when there is coupling
between internal and external degrees of freedom associated
with the bound state and the scattering state, respec-
tively.51,54−57 These resonances are accessed only transiently
within the short range of the potential accompanying internal
excitation. In each of these resonances, the colliding partners are
captured in a short-lived collision complex that strongly
enhances the probability of scattering. In this Perspective our
discussion focuses specifically on the shape resonances that are
encountered in the cold rotational relaxation of neutral H2
molecules.17,58,59 In the presence of a resonance the scattering is
dominated by a single orbital providing the centrifugal barrier
for the quasi-bound complex. With a single orbital l dominating
the scattering process, together with a precisely defined internal
angular momentum j, we are able to restrict the possible values
of the total angular momentum J. This greatly simplifies both
experimental and computational analysis, allowing us to extract
in-depth information about the dynamics of quantum
interactions.
In recent times, there have been tremendous experimental

efforts and excitement in realizing cold collisions in the limit of a
single incoming orbital. The s-wave (l = 0) and p-wave (l = 1)
collisions have been realized between a pair of ultracold KRb
molecules which were produced by associating ultracold Rb and
K atoms.60,61 The ultracold collision experiments have
demonstrated quantum effects that depend sensitively upon
the relative alignment or the collision geometry at the quantum
scale.62 Alternatively, cold and near-ultracold collisions have
been realized in the moving frame of the molecular beams.63−65

Although the individual molecular species move at the speed of a
few kilometers per second in a molecular beam, their relative
velocity can be small, giving a collision energy of a few degrees
Kelvin. The molecular beam provides a versatile platform to

study cold collisions between a wide variety of colliding species.
Narrow angle crossed beam experiments involving lightweight
molecules such as H2, CO, and O2 have made it possible to carry
out cold collisions at a few degrees Kelvin, allowing a limited
number of partial waves.53,57,66−69 In these experiments the
collision energy was tuned by varying the crossing angle,
detecting Feshbach and shape resonances in much the same way
as molecular lines are detected using optical spectroscopy.
External-field-induced deceleration of molecular beams com-
bined with the velocity map imaging (VMI) of the angular
distribution have further advanced the scope of studying the
resonant scattering in a crossed beam experiment. Imaging the
angular distribution at highly resolved collision energies in the
sub-Kelvin temperature range, Meerakker’s group studied the
benchmark NO-He collision in the presence of Feshbach
resonances.68 Their study captured collision dynamics at the
resolution of a few resonant partial waves. The merging of two
molecular beams using external electric or magnetic fields has
brought major advances, realizing cold collisions in the range of
a few milliKelvins along with high-resolution tuning of the
collision energy.70−74 Studying the penning ionization reactions
of H2 with an electronically excited He atom in a merged
molecular beam, Narevicius and his co-workers demonstrated
shape resonances that arise exclusively from the anisotropic
interactions of rotating H2 molecules.

71,75 These and many
recent high-resolution cold scattering experiments at the level of
a single orbital together with the detailed theoretical
computations have greatly advanced our understanding of
quantum interactions.16−21,53,66,76−80

Because of their light weights, H2 and its isotopologues allow
only a few low-lying incoming orbitals, l = 0, 1, 2, 3, to participate
in a cold collision with the temperature near 1 K, thus making it
easier to experimentally probe the scattering resonances without
requiring a complex cooling procedure. Additionally, because
the internal energy levels of H2 are sparse, the energy
redistribution in a cold collision is substantially simplified,
making it possible to identify the individual partial wave
resonances. Extensive theoretical studies have been done on
inelastic collisions of vibrationally excited H2 with He,

81,82

H,78,83 D,84 Ar,85,86 and H2
77,87 that predicted shape resonances

at a temperature of a few degrees Kelvin. These studies stressed
the importance of vibrational excitation in long-range van der
Waals interactions. Unfortunately, until recently, preparation of
a large population of hydrogen molecules in a single highly
excited vibrational state has proven to be experimentally
challenging, and so, many of these theoretical predictions have
yet to be verified. Although many inelastic scattering experi-
ments have been performed using molecular hydrogen or its
isotopologues,88−92 until the development of SARP, none have
been conducted at low temperature with highly vibrationally
excited and aligned H2 molecules. SARP preparation of
vibrationally excited target states has allowed us to observe the
cold collisional relaxation of pure o- or p-H2. Combining the
molecular beam method with SARP’s ability to prepare a
spatially aligned single rovibrational quantum state has opened
completely new possibilities for cold scattering experiments that
could challenge the most sophisticated theoretical calculations.
Before illustrating the scattering experiments of SARP-

prepared H2, we present a brief description of how cold
collisions are achieved in our laboratory within a single
molecular beam (in the section “Cold Collision in the Moving
Frame of a Mixed Supersonic Beam”). Because SARP plays the
key role in controlling the internal quantum state and the
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collision geometry, we present an elaborate description of SARP
in the section “SARP Control of Internal States and Collision
Geometry”. In the section “Method of Partial Wave Analysis for
the Rotationally Inelastic Cold Scattering Experiments”, we
describe the partial wave analysis that is used to interpret the
results of the cold scattering experiments. The section
“Experimental Study of Cold j = 2 → j' = 1 and j = 2 → j' = 0
Rotational Relaxations” illustrates the benchmark cold scatter-
ing experiments using SARP-prepared H2 molecules. We
conclude in the section “SARP Opens New Avenues to
Experimentally Probe the Quantum Mechanism of Molecular
Interactions” with a discussion of future possibilities of
quantum-controlled collisions.

■ COLD COLLISION IN THE MOVING FRAME OF A
MIXED SUPERSONIC BEAM

In our laboratory at Stanford University scattering experiments
have been conducted using molecular beams in a differentially
pumped vacuum chamber. The molecular beam is formed by
supersonically expanding a mixed molecular gas containing the
colliding partners using an Even-Lavie pulsed valve. As the gas
mixture expands adiabatically from a high-pressure (∼10−20
atm) region into the vacuum, the velocity slip between the
partner molecules in the beam reduces, bringing the collision
temperature down to a few degrees Kelvin as shown in Figure 2
for the case of D2-He co-expansion.

93 A highly collimated
molecular beam with divergence <12 mrad is formed using a
skimmer (diameter ∼1 mm) placed at a distance of
approximately 8−10 cm from the pulsed valve. The supersonic
beam with a sharply defined velocity provides a direction in
space with respect to SARP aligning the molecular bond axis,
defining a specific geometry for collision. We like to emphasize

that cold collisions within a highly collimated beam can be
treated as 1D, which greatly simplifies the analysis of a scattering
experiment. Reaction products are detected state-selectively,
using resonance-enhanced multiphoton ionization (REMPI) in
a mass spectrometer that is connected to our molecular beam
vacuum chamber. The laser beams for SARP and REMPI
intersect the molecular beam transversely from opposite
directions. The experimental arrangement to observe scattering
in a single beam is shown schematically in Figure 3.

Figure 2.Cold collision achieved by co-expanding partner molecules in a single supersonic beam. (A) Distributions of the laboratory frame velocities u
(m/s) for D2 (green) and He (red): f Dd2

(u) = e−((u−1750)/70)d

2

, f He(u) = e−((u−1750)/85)d

2

. (B) D2-He collision velocity distribution. The dotted line shows
the range of velocities with which 90% of the collisions take place. (C) D2-He collision temperature distribution. (D) Partial wave contours defined by

= +b l l v( 1) / c as a function of the collision speed vc (m/s) and impact parameter b for l = 1, 2, 3. (E) H2−He van der Waal’s potential. (D) and
(E) show that for a given orbital l as the collision speed decreases, the impact parameter b increases and finally falls outside the interaction range, thus
effectively switching off the interaction.

Figure 3. Schematic of a cold scattering experiment within a co-
expanded mixed supersonic beam containing the colliding partners (X
and B). Polarized SARP laser beams (red and green) prepare the target
molecule X (H2, HD, or D2) in a given rovibrational m eigenstate (v, j,
m), where m refers to the projection of the rotational angular
momentum j along the molecular beam direction. The colliding partner
B (He, Ne, H2, D2, or HD) is left unprepared. The collision product is
ionized state-selectively using REMPI with tunable vacuum ultraviolet
pulses and detected on a multichannel plate (MCP) following a passage
through the time-of-flight mass spectrometer, which is attached to the
high-vacuum scattering chamber. V2−V4 represent the voltages
applied to the various electrodes of the mass spectrometer fulfilling
the space-focusing condition. The scattering angle θ is extracted from
the time-of-flight measurement of the product. All laser beams intersect
the molecular beam transversely.
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A collimated mixed molecular beam not only provides a
unidirectional collision velocity but also brings the collision
temperature down to a few degrees Kelvin, limiting the number
of involved partial waves. As an example, let us consider the co-
expanded beam of D2 and He shown in Figure 2. Figure 2A
shows the laboratory frame longitudinal velocity distribution
f Dd2
(u) and fHe(u) for D2 andHe in themixed beam. The velocity

distributions are determined from the measurements of their
time-of-flight (TOF) distributions in the ionization mass
spectrometer (see Figure 3). To reach the precision of collision
energy of a few degrees Kelvin, the time-of-flight is measured
carefully, taking into account the recoil from the photoelectron
generated in the ionization process, a detailed description of
which can be found elsewhere.93,94 The D2-He collision velocity
(the same as the relative velocity) distribution shown in Figure
2B is found by convoluting the longitudinal velocity
distributions of the individual collision partners (Figure 2A),
which is expressed as =f f u f u u(v ) ( ) ( v ) dc D He c

2
. In the

laboratory frame, even though the individual particles are
moving at a speed of a few kilometers per second, the slip
between their velocities (magnitude of vc) can be quite small
(Figure 2B), resulting in a small collision energy of a few degrees
Kelvin (as shown in Figure 2C). The classical impact parameter
b is related to the collision speed vc using the semiclassical
equation, = +b l l( 1) / vc Therefore, for a given orbital
with angular momentum l, a smaller collision speed vc would
require a larger impact parameter b. With the reduction of
collision speed as the impact parameter for a given orbital
becomes larger, exceeding the range of van der Waal’s
interaction (Figure 2D,E), that orbital becomes less important
and can be neglected. For the range of D2-He collision velocity
in the mixed beam (Figure 2B), only a few incoming orbitals, l =
0, 1, 2, 3, are meaningfully involved in the collision process
(Figure 2D,E). In the presence of a resonance, only one of these
orbitals will dominate the scattering process.

■ SARP CONTROL OF INTERNAL STATES AND
COLLISION GEOMETRY

To obtain a good signal-to-noise ratio in a scattering experiment
having cross sections of ∼1 Å2, we require at least 109 target
molecules prepared in a single rovibrational quantum state (v, j).
The traditional off-resonant Raman pumping that uses two-
photon resonance to transfer the population to a desired
vibrationally excited state can be extremely weak in the absence
of a real intermediate state. For H2 andmany diatomicmolecules
with a large separation between the ground and excited
electronic states, the resonant Raman process requires the use
of extreme ultraviolet lasers that may complicate the pumping
process by ionizing the intermediate states. SARP is based on
off-resonant Raman pumping that combines a pair of intense
visible or infrared laser pulses to meet the two-photon Raman
resonance, as shown in Figure 4.
To compensate for the weak Raman coupling, SARP uses

large optical pulse intensities that induce a dynamic Stark shift of
the Raman resonance. In the presence of a time-dependent
resonance, at first it seems impossible to achieve consistent
population transfer to a rovibrational excited state. SARP takes
advantage of this dynamic Stark shift to control the crossings of
the optically dressed adiabatic eigenstates and achieves the near-
complete population transfer to a desired target state. In the
following we explain how SARP carries out the population

transfer using a pair of partially overlapping nanosecond laser
pulses. The time-dependent two-photon resonant excitation can
be described by the modified Schrödinger equation involving a 2
× 2 optical Hamiltonian:95
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C1 and C2 represent the quantum mechanical amplitudes for the
initial and final rovibrational states. The off-diagonal elementΩR
of the interaction Hamiltonian represents the two-photon
Raman Rabi frequency and is responsible for mixing the initial
and target states. ΩR is given by the product of the optical fields
EP and ES of the pump and Stokes laser pulses:

38,45

= E E
rR

P S
12 (2)

In eq 2r12 is the Raman coupling between the initial and final
vibrational states which is determined by the overlap of the
vibrational wave functions, that is, r12 ∝ μv d1v′μv′v d2

, where μv d1v′ and
μv′v d2

are the transition dipole moments connecting the initial v1
and the target v2 states via the electronically excited vibronic
state v′.Δ in eq 1 is the Stark-induced dynamic Raman detuning
given by38,45

= [ | | + | | ]t E E( )
1

( ) ( )0 12 P P
2

12 S S
2

(3)

In eq 3 α12(ω) is the difference polarizability of the initial and
final states at the optical frequency ω. The large optical
intensities IP,S ∝ |EP,S|2 of the pump and Stokes pulses induce
time-dependent change in the two-photon detuning Δ during
the course of Raman excitation. We will show that, under the
nonstationary resonance condition, the population can still be
transferred efficiently by manipulating the adiabatic eigenstates
of the optical Hamiltonian. The adiabatic eigenstates are
obtained by diagonalizing the 2 × 2 optical Hamiltonian
appearing on the right-hand side of eq 1. They are given by44,45

|+ = | + |sin 1 cos 2 (4a)

| = | |cos 1 sin 2 (4b)

Figure 4. Raman pumping of a rovibrational eigenstate within the
ground electronic state H21Σg+ using visible pump and Stokes laser
pulses, both of which are far detuned from the single-photon resonance
between the ground and the first excited electronic state. The two-
photon resonance ω21 = ωP − ωS is closely satisfied by the pump (ωP)
and Stokes (ωS) laser frequencies. The two-photon detuningΔ (∼10−2

THz) is much smaller than the Raman frequencyω21 (∼100 THz). The
gray dashed line shows the position of the virtual intermediate.
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The energy eigenvalues of the adiabatic states are = ±±E
2
,

where = +4 R
2 2 .

The projection of the adiabatic states onto the bare states |1⟩

and |2⟩ are defined by = +cos
2

and =sin
2

.

Because at the initial time (t = 0) the entire population is
confined within the ground state |1⟩, eq 4a and eq 4b suggest
that, in general, the interaction with optical pulses will result in a
time-dependent superposition of the two adiabatic eigenstates:

= |+ + |t( ) sin e cos ei t i t/2 /2 (5)

The state in eq 5 creates population oscillations both in the
initial state |1⟩ and in the final state |2⟩, which are known as the
Rabi oscillations (Figure 5). As we do not have control over the

phase of the Rabi oscillations, to obtain a consistent population
transfer, we must avoid mixing of the adiabatic states and instead
use one of them to transfer the population from the initial state
to the target state. This can be achieved in the following way by
manipulating the projections cos θ and sin θ in eq 4a and eq 4b.
As an example, let us consider the special situation depicted in
Figure 6A, where the time-dependent detuning Δ is large and

positive in the initial part of the excitation, crosses resonance
where the Rabi frequencyΩR reaches its peak, and then becomes
large and negative near the end of excitation. Under this
condition, at the initial time (t ≈ 0) whenΔ ≫ ΩR, we have cos θ
≈ 1 and sin θ ≈ 0, so the adiabatic state |−⟩ aligns with the initial
bare state |1⟩. As a result, the entire population of the initial
ground state is loaded into the adiabatic state |−⟩, whereas the
other adiabatic state |+⟩ is left empty. During the course of
excitation, the time-dependent detuningΔ and the Raman Rabi
frequencyΩR modulate the projection coefficients cos θ and sin
θ, thus mixing the bare states |1⟩ and |2⟩ within the single

adiabatic state |−⟩. Near the end of excitation as Δ becomes
large and negative, sin θ ≈ 1 and cos θ ≈ 0, transferring the entire
population from the initial state |1⟩ to the target state |2⟩, as
shown in Figure 6B. The time evolution of the adiabatic state can
be visualized as the rotation in the Hilbert space spanned by the
bare states |1⟩ and |2⟩ (Figure 6C). Initially, the adiabatic state
|−⟩ aligns with the ground state |1⟩, and then under the optical
excitation it slowly rotates, finally aligning with the target state |
2⟩. Note that there is no special preference over the adiabatic
states; either one can be used to transfer the population. For
efficient transfer of the population, the adiabatic states |−⟩ and |
+⟩ must remain isolated, requiring that the time evolution must
progress at a sufficiently slow rate to maintain the condition of
adiabaticity given by44,45

< = <±t t
d
d

E or, equivalently,
d
d

4 R
2

(6)

The condition given in eq 6 is known as the Landau−Zener
condition. The required resonance crossing of the detuning Δ
that induces the adiabatic evolution of the dressed states (eq 4a)
can be experimentally realized by mixing a strong laser pulse
(either pump or Stokes) with a weaker and delayed laser pulse,
as shown in the upper panel of Figure 7. The laser pulses must be

single mode to be able to coherently control the population
transfer. We numerically solve eq 1 with this pulse sequence.
Figure 7 shows that the complete population can be transferred
to the target state. The middle and third panels of Figure 7 show
that the detuningΔ crosses zero (resonance) twice, and only the
second crossing becomes avoided in the presence of the weaker
(pump) pulse, making a sufficiently strong Rabi frequency ΩR

Figure 5. Rabi oscillation of the population in the Raman-pumped
rovibrationally excited state |2⟩ as a result of mixing the light-induced
adiabatic eigenstates |+⟩ and |−⟩. N2 represents the fractional
population transfer from the initial state |1⟩ to the target state |2⟩.

Figure 6. Adiabatic population transfer by changing the detuning Δd
during excitation. (A) Sweeping of the detuning Δ (blue) from a large
positive value to a large negative value such that the resonance (Δ = 0)
is crossed near the peak of the two-photon Rabi frequencyΩR (purple).
(B) Complete population transfer to the rovibrationally excited state |2⟩
is achieved following the pulsed excitation after Δ becomes large and
negative. N2 gives the fractional population transfer from the initial state
to the target state. (C) Rotation of the adiabatic eigenstates |−⟩ and |+⟩
in the Hilbert space of the bare states |1⟩ and |2⟩.

Figure 7. SARP transfers the complete population to the rovibrational
target state |2⟩. Top panel: Strong Stokes laser pulse (yellow) partially
overlapping in time with a weaker pump pulse (red). Second panel from
top: Stark-induced Raman detuningΔ (blue) and the two-photon Rabi
frequency ΩR (purple) as functions of time. The zero crossing of the
detuning Δ is explicitly marked by the numbers 1 and 2. Third panel
from the top: Energies E± of the adiabatic eigenstates during the course
of excitation. At the second zero crossing of the detuning, in the
presence of a strong Rabi frequency ΩR, the crossing of the adiabatic
states (E±) is avoided. Bottom panel: The complete population is
transferred from the initial state |1⟩ to the target state |2⟩ at the avoided
crossing. N2 gives the fractional population transfer from the initial to
the target state. The SARP temporal dynamics shown here were
calculated by numerically solving the Schrödinger equation (1) for H2
molecules using realistic molecular and laser parameters.
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that satisfies the Landau−Zener condition of eq 6. The complete
population is transferred to the target state during the second
crossing, as shown in the bottom panel of Figure 7. A schematic
of the SARP experimental setup is shown in Figure 8.
The near-complete population transfer from the initial state to

the target state is demonstrated by the threshold behavior of the
measured target population against the fluence of the pump
lasers, which is a hallmark of adiabatic passage, as illustrated in
Figure 9b for the preparation of the D2 (v = 2, j = 0) state.
Although the threshold behavior against laser fluence looks very
much like saturation, we must realize that the population
transfer is not saturated but does reach the 100% level. Later, we

will show that this apparent saturation is accompanied by near-
complete depletion of the initial state population (Figure 11).
With increasing fluence the frequency detuning over which the
complete population is transferred widens, as can be seen in
Figure 9a. SARP has demonstrated the near-complete
population transfer of H2 and its isotopologues to a variety of
vibrationally excited (v = 1, 2, 4, 7), and rotationally oriented (j,
m) quantum states.36,39,40,42−46

Two-Step SARP to Prepare Highly Vibrating and
Rotating Molecules. As discussed earlier, the efficiency of
SARP population transfer relies on a strong two-photon Rabi
frequency and a slow Stark-induced sweeping of the two-photon

Figure 8. Schematic of SARP experimental setup. A single-mode strong Stokes laser pulse (yellow) is mixed with a weaker single-mode pump laser
pulse (red) to satisfy the two-photon Raman resonance. The strong single-mode Stokes (1064 nm, 9 ns, yellow) pulse is derived from an injection-
seededNd3+:YAG laser, the second harmonic of which pumps a seeded dye pulse amplifier to generate the single-mode pump pulse (655 nm, 4 ns, red)
with appropriate fluence required to meet the SARP’s adiabaticity condition. The weaker pump pulse is optically delayed before being combined with
the strong Stokes pulse. Both laser pulses are brought into focus within the molecular beam. The optimum overlap of the pump and Stokes pulses are
achieved by controlling their divergence using telescopes in their respective optical beam paths. The SARP-prepared target states are probed using (2 +
1)-resonant-enhanced multiphoton ionization (REMPI) with tunable deep UV pulses (∼200 nm) that counterpropagates with respect to the SARP
laser beams. All lasers intersect the molecular beam transversely. The REMPI probe beam is placed downstream from the SARP preparation site to
avoid ionization and Stark shift during the operation of SARP.

Figure 9. Saturation of D2 (v = 0, j = 0)→D2 (v = 2, j = 0) Raman transition as a function of pump (655 nm) fluence (J/cm2) at a pump to Stokes delay
of 6.5 ns confirms near-complete population transfer to the (v = 2) target state. (a) Spectral response of the REMPI signal from D2 (v = 2, j = 0) as a
function of the pump detuning (GHz) for various pump fluences at a fixed Stokes pulse fluence of 2500 J/cm2. (b) Comparison of the theoretically
calculated peak spectral response to that measured experimentally as a function of the pump fluence shown in (a). Figure reprinted from ref 45.
Copyright 2019 AIP Publishing.
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detuning that satisfies the adiabatic condition dΔ/dt ≪ 4ΩR
2

(eq 6). The two-photon Rabi frequency ΩR is proportional to
the Raman polarizability r12 (eq 2), and the Stark-induced
detuningΔ is proportional to the difference optical polarizability

α12 between the initial state and the target state (eq 3). As
mentioned earlier, the strength of the Raman coupling r12
depends on the overlap of the vibrational wave functions
between the initial and target states. The decrease of r12 and the

Figure 10. Two-step SARP process. (A) Raman excitation schematic, showing the wave functions of the initial and final states connected via an
electronically excited vibronic state. The figure shows a resonant Raman transition for ease of illustration, but the SARP processes in this work involve
off-resonant Raman transitions with virtual electronically excited vibronic states. The overlap between initial and final vibrational levels decreases with
increasing change in vibrational quantum number. (B) Schematic of the two-step SARP process described in this Perspective. D2 molecules are excited
from the (v = 0) ground state into the (v= 4) target state using a sequence of two SARP processes that drives the population through a real intermediate
(v = 2) state. The inset shows the temporal pulse sequence, with a stronger Stokes pulse ((1064 nm, 10 ns, green) partially overlapping with twoweaker
pump pulses (655 and 660−680 nm, 5 ns, orange and red). (C) Experimental arrangement for the combination of three laser pulses. The two pump
pulses are combined using a polarizing cube, requiring that their polarizations be perpendicular to one another. As shown in the schematic, this
produces the (m =±1) state. (D) Theoretical simulation of the two-step SARP process shows the possibility of transferring the complete population to
the final state, with no population left stranded in the intermediate state. Figure adapted from ref 96. Copyright 2022 American Chemical Society.

Figure 11. Saturation of the REMPI signal from the target state with its accompanying depletion from the intermediate state confirms the near-
complete population transfer. Spectra of the second SARP step D2 (v = 2, j = 2,m =±1)→D2 (v = 4, j = 2,m =±1) as a function of the second pump
laser fluence. The fluence and frequency of the first pump are held constant at values corresponding to the maximum population transfer. (A)
Measured D2 (v = 4, j = 2) target state REMPI signal. The saturation behavior of the signal with increasing pump fluence shows the threshold
characteristic of the SARP process, demonstrating that the complete population transfer is achieved as long as the two-photon coupling is sufficiently
strong to satisfy the adiabatic condition. (B) Depletion of the REMPI signal from the D2 (v = 2, j = 2) intermediate state confirms complete population
transfer. About 90% of the intermediate state molecules are pumped into the excited state within the measured REMPI volume. Figure reprinted from
ref 96. Copyright 2022 American Chemical Society.
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simultaneous increase of α12 with increasing vibrational
quantum number v of the target state makes it increasingly
difficult to satisfy the Landau−Zener condition and achieve a
strongly avoided crossing that allows successful population
transfer. Moreover, because of the large optical Stark shift of the
rotationally aligned molecule, it becomes additionally difficult to
satisfy SARP’s adiabatic condition to prepare a rotationally
aligned high vibrational state.We note that the orientation of the
rotational angular momentum vector j provides the handle to
control the collision geometry. Although in some instances using
a single-step SARP may have been possible for transfer of the
population to a rotationless (j = 0) high vibrational state (v = 4
and 7), SARP’s adiabaticity condition could be fulfilled only over
a small target volume. We note that a large target population is
essential to obtain a good signal-to-noise ratio in the
measurement of a state-resolved differential cross section,
especially for collisions that involve neutral H2 in the electronic
ground state.
To overcome this limitation, a multicolor ladder SARP that

connects the ground vibrational state to a highly excited
vibrational state via one or more Raman-coupled intermediate
states within the ground electronic surface was proposed41

(Figure 10). For each smaller Δv SARP step, the adiabaticity
condition is fulfilled because of the strong Raman coupling that
results from the superior overlap of the vibrational wave
functions of nearby vibrational states. The simulation of a two-
step SARP process in Figure 10D shows that at the end of
excitation complete population of the initial state (v1) is
transferred to the target state (v3), leaving no population in the
intermediate SARP state (v2). Recently, a two-step SARP
transferring a large population from the ground state (v = 0, j =
0) to the rovibrationally excited states (v = 4, j = 2) and (v = 4, j =
4) of the deuteriummolecule has been demonstrated.96 The two
sequential SARP steps were connected via the intermediate two-
photon resonant D2 (v = 2, j = 2) state. To achieve population
transfer using the two-step SARP, a strong Stokes pulse was
combined with a pair of weaker and delayed pump pulses, as
illustrated in Figure 10B. The near-complete population transfer
from the initial (v = 0, j = 0) state to either of the (v = 4) target
states is demonstrated by the threshold behavior of the
measured target population against the fluence of the pump
lasers (Figure 11A). The complete population transfer is further
supported by measuring the near-complete depletion of the
population in the intermediate (v = 2) state (Figure 11B).
SARP Offers Coherent Stereodynamic Control by

Preparing m-State Superposition. As mentioned in the
beginning, stereodynamics plays an important role in controlling
the outcome of a collision.15,25,29,30,97−101 Field-free stereo-
dynamic control is essential for probing the 3D anisotropic
molecular potentials. Through exploitation of the angular
momentum selection rules for optical transition, SARP can
prepare a target molecule in a single or a superposition of the
magnetic sublevels m within a rovibrational eigenstate (v, j), as
such providing field-free control of the molecular frame. The m-
state selection is accomplished by combining appropriate
polarization directions of the pump and Stokes lasers optical
fields. Figure 12 shows how SARP aligns the bond axis of the
diatom (X2) in the rotational state j = 2 along an arbitrary angle,
α, with respect to the Z axis using parallel pump and Stokes
optical fields polarized in the direction α. The SARP excitation
scheme is also shown, where the projection m′ of j = 2 refers to
the Z′ axis along α. The state of the polarized bond axis can be
expressed as

| = | = = = | ==v j m d v j m, 2, 0 ( ) , 2,
m

m
j

0
2

(7)

In eq 7, d0mj = 2(α) gives the Wigner rotation matrix for the
angular momentum j = 2. SARP’s ability to precisely define the
molecular bond axis provides control over the collision
geometry at the quantum level. Using two-step SARP, we are
now able to polarize the bond axis in the (v = 4, j = 4) state.
When different polarization states of the pump and Stokes
optical fields are mixed, various m-state superpositions and
coherent controls can be obtained for molecular scattering. For
example, when right and left circularly polarized pump and
Stokes laser pulses are mixed, SARP transfers the population to a
single m′ = 2 or −2 state of j = 2, where m′ refers to a
quantization axis along the laser beam propagation. In this state
the bond axis is set to rotate like a cartwheel in a direction
perpendicular to the collision velocity.
In general, for a SARP-prepared superposition state

|C vjmm m , the differential scattering cross section for the
rotationally inelastic collision (v, j → v, j′) can be expressed as
follows:

= C qd
d j j m m

m jm j m

2i
k
jjj y

{
zzz

(8)

In eq 8, Cm gives the amplitude of the m state in the SRAP-
prepared superposition, and qjm→j′m′ represents the amplitude
for scattering from the initial (v, j, m) to the final (v, j′, m′) state
within a differential solid angle dΩ defined in a laboratory fixed
reference frame. The final scattered state (j′,m′) results from the
interference of the variousm states of the superposition defining
the target state. The sum overm′ implies that the polarization of
the rotationally relaxed j′ state is not measured, which is
generally the case for the rotationally inelastic collision of H2.
The interference can be seen more explicitly by expanding the
differential cross section as follows:

= | | | |

+ * *
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In eq 9, the first term gives contributions from the individual m
states with |Cm|2 giving the m-state population within the
superposition. The second term describes interference that
results from different m states, with CmCn* giving coherence
between the two sublevels m and n within the rotational state j.

Figure 12. SARP control of bond-axis alignment using polarized pump
and Stokes laser fields EP and ES. To align the bond axis along an
arbitrary direction (Z′) defined by the angle α relative to the Z axis, the
pump and Stokes laser are combined with polarizations parallel to the
direction α. The m and m′ refer to the projections of the rotational
angular momentum vector j along the quantization axis Z and Z′,
respectively.
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For polarizing the bond axis at an angle α, we have |Cm|2 = |
d0mj (α)|2 and CmCn* = d0mj (α)d0nj (α)*, showing how SARP
coherently controls the outcome of a scattering by controlling
the polarization angle α of the pump and Stokes optical fields.
The fine stereodynamic control offered by SARP is essential for
measuring the vector correlations. Moreover, because the
coherent superposition of the degenerate m states is stationary
in time, it can be used to coherently control a bimolecular
reaction. Some of these controls have already been demon-
strated in the cold scattering experiments and also have been
discussed theoretically.16−21,97,100,102

Figure 13A,B show two specific collision geometries obtained
by setting the polarization angle α = 0 (HSARP, Figure 13A) and

α = π/2 (VSARP, Figure 13B). For the HSARP case the
molecular bond axis is preferentially aligned along the collision

velocity, whereas for the VSARP case the bond axis is
preferentially aligned perpendicular to the collision velocity.
Figure 13C describes a special alignment or collision geometry
(XSARP), which is achieved by combining the cross-polarized
pump and Stokes laser pulses. The excitation schematic for
preparing the XSARP state shows that it is a coherent
superposition of m = ±1 state within the j = 2 state. The
XSARP state is also called the biaxial state, which has a
nonclassical feature because the bond axis simultaneously
occupies two possible orientations in space, and thus acts
exactly like a double slit for the coherent scattering of molecules.
In the chosen system of coordinates with the quantization axis Z
oriented parallel to the molecular beam propagation, HSARP,
VSARP, and XSARP states can be expressed as follows:16−19

| = | = =v j mHSARP , 2, 0 (10a)

| = = =

+ [| = = + | = = ]

v j m

v j m v j m

VSARP
1
2

, 2, 0

3
8

, 2, 2 , 2, 2

(10b)

| =
| = = | = =j m j m

XSARP
2, 1 2, 1

2 (10c)

As we will see later in the section “Experimental Study of Cold
j = 2 → j' =1 and j = 2 → j' = 0 Rotational Relaxations”, the
scattering distribution and integral cross sections vary
dramatically for the three collision geometries defined by
HSARP, VSARP, and XSARP states. For the two-step SARP
process (Figure 10), the bond-axis polarization is accomplished
by delayed switching of Pockel’s cell, which controls the relative
polarizations of the optical fields in the three-pulse sequence as
shown by the schematic in Figure 14.

■ METHOD OF PARTIAL WAVE ANALYSIS FOR THE
ROTATIONALLY INELASTIC COLD SCATTERING
EXPERIMENTS

Rotationally inelastic scattering can sensitively and non-
invasively probe the anisotropic part of the van der Waals
interactions. Through precise control of the internal quantum

Figure 13. Three bond-axis alignments HSARP, VSARP, and XSARP
by combining the polarizations of SRAP’s pump and Stokes laser pulses.
(A) HSARP is produced by combining the pump and Stokes optical
fields polarized along the Z axis (α = 0). (B) VSARP alignment is
generated by the pump and Stokes fields polarized perpendicular to the
Z axis (α = π/2). In the HSARP state, the molecular bond axis is
preferentially aligned parallel to the collision velocity, whereas in
VSARP it is aligned perpendicularly. (C) XSARP is a biaxial state,
produced by combining cross-polarized pump and Stokes laser pulses;
the excitation schematic of XSARP is also shown on the right. In the
XSARP state the bond axis simultaneously occupies two orthogonal
orientations.

Figure 14. Bond-axis polarization in the two-step SARP process. (A) Experimental arrangement of the two-step SARP by combining a strong Stokes
pulse (ES, brown) with two weaker pump pulses (EP1, orange, and EP2, red). (B) The temporal sequence of the three laser pulses and switching voltage
of Pockel’s cell that rotates only the polarization of the delayed pump pulse (EP2) by 90°. (C) Pockel’s cell is followed by a half-wave plate that further
rotates the polarizations of the two pumps relative to the Stokes pulse polarization, achieving the desired control of the bond-axis alignment.
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state and alignment of the bond axis of H2 molecules using
SARP, a series of rotationally inelastic cold scattering (vj) →
(vj′) experiments are carried out in our laboratory within a single
co-expanded mixed molecular beam, as shown schematically in
Figure 2 and Figure 3. This arrangement brings the collision
temperature down to a few degrees Kelvin, allowing only a few
low lying (l = 0, 1, 2, 3) incoming orbitals to contribute to the
collision. The scattering angular distribution is generated by the
interference of a set of outgoing orbitals that arise from the
scattering of the few incoming orbitals. In the presence of a
scattering resonance, the outgoing orbitals arise from a single
incoming orbital that dominates the scattering process and
leaves its signature in the angular distribution. A partial wave
analysis has been developed for the angular distribution to
extract information about the dynamics of resonant scatter-
ing.16−19 The analysis uses a set of selection rules connecting the
incoming and outgoing orbitals that are based on the
conservation of angular momentum and parity. In the following
we discuss the orbital selection rules for the Δj = 1 and Δj = 2
rotational relaxations and give the basic guidelines of the partial
wave analysis.
Orbital Selection Rules for the Rotationally Inelastic (j

→ j′) Cold Collision. The atom−diatom interaction (between
X2 and B in Figure 15) can be expressed as

1,89,91,103,104

=
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In eq 11, (r′, θ′, φ′) defines the orientation of the molecular
bond axis with respect to the quantization Z axis along the
collision velocity, whereas (r, θ, φ) defines the relative position
vector r connecting the center of mass of the two colliding
species. Ynk(θ′, ϕ′) and Ynk(θ, ϕ) are the spherical harmonics of
order n describing the anisotropy of the interaction potential
that couples the rotational and translational degrees of freedom.
For the homonuclear molecules only, even n values are allowed
by the requirement of exchange symmetry. Keeping only the first
three lowest order terms in the atom−diatom potential, we get
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The isotropic U0 (r, r′) part generates the attractive force in the
radial direction and does not mix the rotational states. The Δj =
1 transition is exclusively driven by the first anisotropic term

proportional to U1(r, r′) and gives rise to the orbital selection
rule Δl = l − l′ = ±1, where l and l′ represent the incoming and
outgoing orbitals, respectively. The second anisotropic term
proportional to U2(r, r′) drives the Δj = 2 transition, giving rise
to the selection ruleΔl = 0,±2 for the orbitals. For the diatom−
diatom interactions, there is an additional third term that
describes coupling between two rotating molecules. For
example, the Δj = 2 transition for homonuclear diatom−diatom
collision, the interaction can be expressed as
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The second term, proportional to U202, in eq 13 describes the
anisotropic interaction that drives theΔj = 2 transition in one of
the pairs, whereas the partner molecule is left unchanged. This
interaction is similar to that of the atom−diatom anisotropic
term proportional to the potential U2(r, r′) in eq 12, giving rise
to the orbital selection rules Δl = 0, ±2. The third term,
proportional to U224, couples the two rotating molecules,
generating the selection rules Δl = 0, ±2, ±4 for the orbitals.
This term is responsible for changing the state of both partners
including the reorientation of their angular momentum. These
orbital selection rules are used to develop the partial wave
analysis for the measured scattering angular distribution.
Partial Wave Analysis. Figure 16 schematically describes

the experimental arrangement for measuring the center-of-mass

angular distribution in a co-expanded mixed beam with the 1D
relative velocity along the Z axis. Before discussion of specific
cold scattering experiments, it is pertinent to describe the basic
principles underlying the partial wave analysis. Let us consider
the rotationally inelastic scattering where the initially prepared
molecule in the (v1,j1) state relaxes into the final (v1,j1′) state via
collision with another species having angular momentum j2. In

Figure 15. Atom−diatom anisotropic van der Waals interaction. The
quantization Z axis is oriented along the relative velocity of the colliding
species. θ gives the polar angle of the position vector r that connects the
center of mass of the colliding atom B with the center of mass of the
diatom X2. γ gives the angle between the bond axis of X2 and the vector
r. r′ gives the bond length of the vibrationally excited diatom X2.

Figure 16. For cold scattering within a well-collimatedmixedmolecular
beam, the center of mass scattering angles (θ, φ) are defined relative to
the Z axis oriented along the relative velocity of the partner molecules.
v⃗Xd2
(v, j′) is the lab-frame velocity of the inelastically scattered product,

v⃗Xd2
(v, j′) = u⃗c (v, j′) + v⃗b, where u⃗c is the center of mass velocity of the

product, and v⃗b is the lab-frame peak velocity of the unscattered
molecular beam along theZ axis. The projection vZ of v⃗Xd2

(v, j′) on to the
Z axis determines the center-of-mass polar angle θ from the time-of-
flight measurement of the product ions. cos θ = (tb − ts/Suc), where tb
and ts are the time-of-flights of the unscattered (v, j) and scattered (v, j′)
X2, respectively, and S is a calibration parameter of the ionization mass
spectrometer. In the experiments discussed here, the differential
scattering angular distribution is averaged over the azimuthal angle φ.
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the following analysis we focus our attention only on those
collisions where the partner molecule in the j2 state does not
relax to another rotational state, a condition that can be validated
experimentally by using conservation of the total energy. The
state-to-state differential scattering amplitude for the rotational
relaxation (j1m1 →j1′m1′) of the target molecule can be
expanded as the coherent superposition of the various outgoing
orbitals or partial waves (l′ml′):

=q j m lm JM( , ) A ( ; ) Y ( , )j m j m
J l l

l m l l m
, ,

1 1l l1 1 1 1
(14)

qjd1m d1 → jd1′md1′ represents the state-to-state scattering amplitude
within a differential solid angle dΩ in the direction defined by
the center of mass polar angle (θ) and the azimuthal angle (φ)
relative to the Z axis, as pictured in Figure 16. In eq 14 Yl′mdl′

(θ,φ)
represents the outgoing scattered orbitals ( l′ml ′).
Al′mdl′

(j1m1lml;JM) gives the amplitude for scattering of a single
incoming state, defined by the internal and orbital angular
momentum quantum numbers (j1m1;lml), into the outgoing
state (j1′m1′;l′ml′) for a given total angular momentum J and its
projection M along the Z axis. Al′ml′(j1m1lml;JM) results from
the product of the relevant scattering matrix and the Clebsch-
Gordan (CG) coefficients for coupling of the internal angular
momentum, with the orbital angular momentum producing the
total angular momentum J. Exact expression for the expansion
coefficients for specific collisions can be found else-
where.58,77,105,106 The outgoing orbitals (l′ml′) are determined
using the conservation of the angular momentum and parity as
mentioned earlier. In each collision event the total angular
momentum J and its projectionMmust be conserved, satisfying
J = j1 + j2 + l = j1′ + j2′ + l′ andM = m1 + m2 + ml = m1′ + m2′ +
ml′, where m1, m2, and ml give the projection quantum numbers
for the internal and orbital angular momenta j1, j2, and l on to the
quantization Z axis, and similarly, m1′, m2′, and ml′ refer to the
projection quantum numbers for the scattered channels. Further
simplification is achieved by choosing the quantization Z axis
along the collision velocity, which coincides with the direction of
the mixed-beam propagation. Because the orbital angular
momentum vector l cannot have any projection on the relative
velocity along the Z axis, we have ml = 0. With use of the
conservation of angular momentum, this leads to ml′ = (m1 +
m2) − (m1′ + m2′). Additional simplification is possible when
the partner molecule is not reoriented in the collision process,
giving m2′ = m2 and ml′ = m1 − m1′. Likewise, for collision
between the diatom and a spinless atom with j2 = j2′ = 0, we have
ml′ = m1 − m1′. As such, the atom−diatom rotationally inelastic
collision can be simplified, giving106
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where SJ (jl;j′l′) gives the scattering matrix for the inelastic j → j′
transition, and ⟨jlmml | jlJM⟩ gives the CG coefficient for
coupling of the angular momentum j and l producing the total
angular momentum J. The CG coefficients gives the geometric
factor, whereas the scattering matrix S contains information
about the dynamics.
With the well-defined angular momentum projection m1 in

the incoming channel, the interference of a small number of
outgoing orbitals (l′ml′) produces sharply defined structures in
the scattering angular distribution. In the presence of a scattering
resonance these features can be identified as originating from a

specific incoming orbital that dominates the collision. In our
inelastic scattering experiments SARP selects the specific m
states for the incoming channel, whereas the projection m′ for
the outgoing scattered states (j′, m′) are not measured. Because
the scattering is not resolved with rest to the azimuthal angle φ,
the measured angular distribution in polar angle θ is obtained by
integrating the differential cross section over the azimuthal angle
φ, that is,
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Using eq 8 in eq 15 and replacing the state-to-state scattering
amplitude qjm→j′m′ with its partial wave expansion given in eq 14,
we get an integral expression for (dσ/dθ)j→j′ in terms of the
outgoing orbitals Yl′mdl′

(θ,φ), which is then fitted to themeasured
angular distribution. With a very small number of orbitals in the
incoming channel together with a precisely defined internal
state, the partial wave fit to the angular distribution reliably
generates the relative contributions of the outgoing orbitals. The
detailed dynamics of the collision is revealed by relating each
outgoing orbital with the orbitals in the incoming channel. In
favorable cases it may be possible to extract the scattering matrix
from the fitting parameters. The implications of the partial wave
analysis will become clear as we discuss the various cold
scattering experiments.

■ EXPERIMENTAL STUDYOFCOLD j= 2→ j′= 1AND
j = 2 → j′ = 0 ROTATIONAL RELAXATIONS

The rotationally inelastic cold collisions of HD andD2 have been
studied by preparing them in rovibrationally excited (v = 1, 2, j =
2) and aligned target states using SARP.16,17,19−21,80 These
experiments studied the rotational relaxations, j = 2→ j′ = 1 and
j = 2 → j′ = 0 mediated by either a He atom or a H2 or D2
molecule co-expanded with the target in a single molecular
beam. In each case the concentration of the target molecules in
the gas mixture was appropriately diluted to avoid collisions
between a pair of target species, so that measured scattering
arises exclusively from the collision with its partner. In these
experiments the state of the partner has been left unprepared.
With precise control of the initial target state combined with the
state-selective detection of the collision product, the low-
temperature collision in a directed beam allowed a detailed
partial wave analysis of the scattering angular distributions,
revealing the dynamic nature of quantum interactions. With use
of this analysis, it was possible to identify a single resonant
orbital in the incoming channel that dominated the cold
scattering. Parallelly, a great deal of theoretical work targeting
these quanta-controlled scattering experiments that have led to
deeper understanding of the collision dynamics has been
developed.58,100,107,108 In the following we discuss some of
these cold scattering experiments.
Four-Vector Correlation Measured in the j = 2 → j′ = 1

Relaxation of HDwith D2.
16 The study of the stereodynamics

provides insight into the anisotropic molecular interactions. The
four-vector correlation k−j−k′−j′, where k and k′ are the initial
and final relative velocities and j and j′ are the initial and final
rotational angular momentum vectors of the quantum-state-
prepared reactant, best quantifies the stereodynamics of a
collision. By preparing HD in specific rovibrationally excited and
aligned (v = 1, j = 2,m) target states, the (v = 1, j = 2)→ (v′ = 1, j′
= 1) rotational relaxation via cold collision with unprepared D2
molecules was studied by co-expanding the partners in a single
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supersonic beam. The scattering angular distribution was
measured for the HSARP and VSARP orientations of the HD
(v = 1, j = 2) target state. The partial wave analysis of the
rotationally relaxed product HD (v′ = 1, j′ = 1) angular
distribution yielded the four-vector correlations between k, j, k′,
and j′ (see Figure 17).16Figure 17 shows the fitted angular
distributions for the different orientations (mf = 0, ±1) of the
angular momentum vector j′ of the scattered HD (v = 1, j′ = 1).
The angular distributions for the polarized product states were
extracted using the partial wave fit to the measured distributions.
Partner Reorientation in the Resonant Dynamics of j =

2 → j′ = 0 Relaxation.17 The cold collision combined with
SARP’s ability to select a single internal quantum state captures
the dynamics at the limit of a single partial wave and provides the
deepest insight of the mechanism of molecular interaction. The
rotational relaxation of HD (v = 1, j = 2)→ HD (v′ = 1, j′ = 0)
via cold collision with unprepared D2 and H2 was studied by
preparing the HSARP and VSARP bond-axis alignments of HD.
The partial wave analysis of the scattering angular distribution
revealed that the rotational relaxation proceeds through the

simultaneous reorientation of the partner molecule (Figure 18).
This suggests that the strong scattering observed with H2 as the
collision partner is driven mainly by the o-H2 (v = 0, j = 1).
Besides demonstration of a strong stereodynamic preference for
the Δj = 2 inelastic scattering, the partial wave analysis was able
to extract the dominant anisotropies that include a strong short-
range and a relatively weaker long-range potential term resulting
from the quadrupole−quadrupole interactions between a pair of
rotating molecules as described in the section “Method of Partial
Wave Analysis for the Rotationally Inelastic Cold Scattering
Experiments”. The partial wave analysis also suggested the
footprint of a shape resonance for collision with H2, which was
later confirmed with high-level quantum scattering calcula-
tions.17,58 Theory was able to successfully reproduce exper-
imental angular distribution that results mainly from the l = 2
shape resonance in agreement with the partial wave fit.
Stereodynamic Preference in Resonant Collision of

HD and He.19 It is well-known that by polarizing the reactants,
one controls the reaction products. Because the quantum state in
the incoming channel can be fully defined for the atom−diatom

Figure 17. Polarization of the final scattered product in rotationally inelastic collision of state-preparedHD (v = 2, j = 2) with unpreparedD2molecules
in a mixed supersonic beam. Angular distribution (dσ/dθ)j′=1,m df

of the scattered HD (v = 1, j′ = 1) with specific orientations defined by the projection
quantum number mf of the final angular momentum vector j′ on to the Z axis for the HSARP and VSARP alignments of the HD bond axis. (A)
Scattering angular distributions for different polarizations of the product state HD (v = 1, j′ = 1) for the initial HD bond axis aligned parallel to the
molecular beam axis (HSARP). (B) Scattering angular distribution for different polarizations of the product state HD (v = 1, j′ = 1) for the initial HD
bond axis aligned perpendicular to the molecular beam axis (VSARP). Curves labeledmf = 0,±1 in each plot give the theoretical scattering distribution
obtained by partial wave fit to the experimental angular distribution. Angular distributions for specific outgoing angular momentum polarization are
given by the blue and magenta curves. The green (HSARP) and the red (VSARP) give the angular distribution for the total (unpolarized product).
Figure adapted from ref 16. Copyright 2017 The American Association for the Advancement of Science.

Figure 18.H2/HDmixed beam scattering. Partner reorientation revealed by partial wave analysis of the HD-H2 cold scattering at the collision energy
of ∼2 K. Partial wave fit to the measured angular distribution for the Δj = 2 rotationally inelastic collisions of state-prepared HD (v = 1, j = 2) with
unprepared H2 for the HD bond axis preferentially aligned (a) parallel (HSARP) and (b) perpendicular (VSARP) to the relative velocity between HD
and H2. The red (a) and blue (b) points show the experimental angular distribution of the scattered HD (v = 1, j′ = 0) derived from the time-of-flight
measurements of REMPI-generated ions. In both (a) and (b), the dashed curves give partial wave fits generated using functions that neglected H2
reorientation, and the solid curves give partial wave fits generated using functions that included H2 reorientation. The strong HSARP scattering
accompanying partner reorientation suggests involvement of the o-H2. Figure adapted from ref 17. Copyright 2018 Springer Nature.
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collision, it allows us to study how the product channels are
determined by the initial polarization of the target molecule. To
study the steric effects in atom−diatom collisions, the HD was
prepared in the rovibrational (v = 1, j = 2) state with its bond axis
aligned in HSARP, VSARP, and XSARP orientations. The
rotational relaxation HD (v = 1, j = 2)→HD (v′ = 1, j′ = 0) via
cold collision with He was studied within the co-expanded
molecular beam of HD and He. The partial wave analysis of the
product HD (v′ = 1, j′ = 0) angular distribution revealed how the
inelastic scattering rate depends upon the initial orientation orm
state of the target. The partial wave fit to the measured product
angular distributions for different initial m states are reproduced
in Figure 19, which clearly shows the stereodynamic preference

of the HSARP (m = 0) alignment of HD over that of them =±1
and ±2 states. SRAP’s ability to fully control the collision
geometry combined with the partial wave analysis in atom−
diatom cold collision, thus, reveals the unprecedented details of
the stereodynamics. Similar stereodynamic preferences have
also been predicted by recent theoretical studies.108

l = 2 Shape Resonance and Controversy of D2-He Cold
Scattering.80 The amount of information that can be obtained
from a scattering experiment depends upon the precision with
which the incoming channel is defined. The high level of
precision achieved in the SARP-controlled atom−diatom cold
collision opens the possibility to test the high-level theoretical
calculations. The rotational relaxation of D2 via collision with a
He atom constitutes one of the simplest atom−diatom
scattering experiments that disagreed with theory, raising
concern about the accuracy of well-established H2−He
interaction potential. The cold j = 2 → j′ = 0 rotational
relaxation of D2 (v = 2, j = 2) was studied within the mixed beam
of D2 and He for three specific bond-axis orientations HSARP,
VSARP, and XSARP of D2. The partial wave analysis of the
measured D2 (v = 2, j′ = 0) angular distribution revealed the
dynamics of a resonant scattering that has the characteristic
feature of a l = 2 shape resonance. Here, we present some details

of this analysis. The scattering angular distribution for the
HSARP, VSARP, and XSARP alignments are expressed as

= | |= = =q
d
d

sin dj m j
H 0

2

2, 0 0
2i

k
jjj y

{
zzz

(16)

= +

[ + ]

= = =

= = = = = =

q

q q

d
d

sin
1
2

3
8

d

j m j

j m j j m j

V 0

2

2, 0 0

2, 2 0 2, 2 0

2

i
k
jjj y

{
zzz

(17)

and

=

+= = = = = =q q

d
d

sin
1
2

1
2

dj m j j m j

X

0

2

2, 1 0 2, 1 0

2

i
k
jjj y

{
zzz

(18)

As discussed earlier, with use of conservation of the angular
momentum along the Z axis, the state-to-state scattering
amplitude qj=2,m→j′ = 0 can be expanded in terms of outgoing
partial waves:

== =q c Y ( , )j m j
l

l l m2, 0
(19)

The complex amplitudes cl′ of the outgoing orbitals are
determined by numerically fitting the integral expressions (eqs
16 and 17) to the measured HSARP and VSARP angular
distributions. The numerical fitting procedure generates a set of
self-consistent complex amplitudes cl′ that produces a good fit to
the HSARP and VSARP angular distributions with R2 > 0.99.
The amplitude and phase of the complex fitting parameters are
further validated by calculating and showing that they also make
a good fit to the XSARP angular distribution. Traveling in a
single molecular beam, the colliding partners often have the
overlapping velocity distributions with nearly coinciding peak
velocities, like in the case of D2 and He (Figure 2). As such, the
cold scattering measured within a given solid angle is
contributed by both positive and negative collision velocity
groups, as pictured in Figure 20. The contributions from both

positive and negative velocity groups are included in the partial
wave fit of the angular distributions using
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Figure 21A shows excellent fit to the HSARP and VSARP
scattering angular distributions with even outgoing orbitals l′ =

Figure 19. HD-He stereodynamics. The Δj = 2 rotationally inelastic
HD-He scattering angular distribution dσ/dθ for different initial m
states of the state-preparedHD (v = 1, j = 2). The red (m = 0), green (m
=±1), and blue (m =±2) curves give the scattering angular distribution
dσ/dθ calculated using the scattering matrix elements that are found
from the partial wave fits to the measured HSARP and VSARP angular
distribution of HD (v = 1, j = 2,m)→ (v′ = 1, j′ = 0) cold scattering. To
bring the different scatterings in the same scale, the angular distribution
ofHD (v = 1, j = 2,m = 0) is divided by 4, showing that this state scatters
most efficiently into the final (v′ = 1, j′ = 0) state. Figure adapted from
ref 19. Copyright 2019 AIP Publishing.

Figure 20. In a co-expanded mixed beam, the collision velocity
distribution has both positive and negative velocity groups that
contribute to the scattering measured at a laboratory angle θLab = θ
relative to the Z axis. θ refers to the center of mass scattering angle. The
contribution from the positive collision velocity group (+vc) scattering
at the angle θ is added to the contribution from the negative velocity
group (−vc) scattering at the angle π − θ. The partial wave fit to the
scattering distribution takes both contributions into account.
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0, 2, 4 that arise exclusively from the incoming l = 0, 2, as
suggested by the quadrupolar selection rules Δl = 0, ±2 (see
section “Method of Partial Wave Analysis for the Rotationally
Inelastic Cold Scattering Experiments”). The scattering matrix
elements determined from the HSRAP and VSARP fits are used
to calculate the XSARP distribution that produces an excellent
fit to the experimental XSARP angular distribution shown in the
bottom panel of Figure 21A. The failure to fit the angular

distribution using the odd outgoing waves l′ = 1, 3, 5 (Figure
21B) shows that the l = 1, 3 incoming orbitals do not contribute
to the scattering. The strongest amplitude of the l′ = 0 orbital,
which arises solely from the scattering of the incoming l = 2
orbital, suggests a possible l = 2 shape resonance that has a
characteristic feature fingerprinted in the scattering angular
distribution.

Figure 21. Fitting of measured angular distributions with even and odd outgoing orbitals. Colored dots give experimental data, whereas solid black
curves give the results of our partial wave analysis, as described in the text. The images in the middle show the collision geometry in the center-of-mass
frame for each of the bond-axis orientations: HSARP, VSARP, and XSARP. (A) HSARP and VSARP fit (R2 > 0.99) with the even outgoing orbitals l′ =
0, 2, 4. For XSARP, the black curve is calculated (R2 = 0.94) using the complex fitting coefficients found from HSARP and VSARP fits. (B) HSARP,
VSARP, and XSARP fit with odd l′ = 1, 3 outgoing orbitals following the same procedure. Clearly, we are not able to fit the experimental data using
these odd partial waves. Figure adapted from ref 18. Copyright 2021 AIP Publishing.

Figure 22. Demonstration of a quantum mechanical double slit by preparing the biaxial and uniaxial orientations of the bond axis of D2 (v = 2, j = 2).
(A) Experimental scattering distribution (blue dots) for the uniaxial bond axis orientation at βLab = π/4. This orientation generates angular distribution
that is identical to the distribution measured with the bond axis oriented at βLab = −π/4. (B) Experimental scattering distribution (red dots) for the
XSARP biaxial bond-axis orientation. The black solid lines in (A) and (B) show the calculated angular distributions using the scattering matrix, which
were derived in earlier cold scattering experiments of D2 andHe. Vertical error bars represent the standard deviation in the number of counts at a given
scattering angle, and the horizontal error bars give the experimental uncertainty in the determination of the scattering angle. The sum of the scattering
distribution from the two uniaxial orientations is drastically different from the angular distribution from the biaxial states. The spectacular difference
between the two scatterings arises because of the interference of the two uniaxial orientations, which are coherently coupled in the biaxial state and
behave like the two mechanical slits in a traditional double slit. Figure reprinted from ref 20. Copyright 2021 The American Association for the
Advancement of Science.

The Journal of Physical Chemistry A pubs.acs.org/JPCA Perspective

https://doi.org/10.1021/acs.jpca.2c06808
J. Phys. Chem. A 2023, 127, 418−438

432

https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig21&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpca.2c06808?fig=fig22&ref=pdf
pubs.acs.org/JPCA?ref=pdf
https://doi.org/10.1021/acs.jpca.2c06808?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Recently, Jambrina et al.107 studied this inelastic D2-He
collision theoretically using full dimensional close-coupling
calculations with highly accurate interaction potential. Their
study, however, indicates the presence of a much stronger l = 1
resonance that is accessible within the broad experimental D2-
He collision temperature shown in Figure 2. However, an effort
to fit the experimental angular distribution with their theoretical
calculations, which include contributions from the l = 1
resonance, failed. Jambrina et al. showed that the experimental
data can be fit to the theory only when the contributions from
the l = 1 incoming orbitals are completely ignored. The
theoretical fit to the experimental data using only the even
outgoing orbitals agrees with the earlier partial wave fit to the
experimental angular distribution shown in Figure 21A.
However, the complete absence of the strong l = 1 resonant
orbital remains unexplained. The conflict between experiment
and theory cannot be mitigated by considering a higher rate of
collision present at the calculated temperature for the l = 2
resonance. This example illustrates that SARP provides the
precision of quantum control that can be used to test a high-level
scattering calculation.
SARP Prepares Quantum-Mechanical Double Slit to

Coherently Control Molecular Scattering.21 As a direct
consequence of the wave nature of matter, interactions at the
quantum scale are often controlled by interference of
indistinguishable quantum mechanical pathways connecting
initial and final states. Historically, interference between two
indistinguishable pathways in a double-slit experiment most
conclusively demonstrated the wave properties of particles. In a
quest to observe quantum interference in a two-body collision, a
quantum mechanical double slit is realized by preparing D2 (v =
2, j = 2) in a biaxial state using SARP, as illustrated in Figure 13C.
The biaxial state has a nonclassical character because in this state

the bond axis of D2 simultaneously occupies two possible
orthogonal orientations that may act as two slits for the
scattering of another particle. The density matrix representing
such a state has nonzero off-diagonal elements that represent
phase coherence between the two orientational states. The
coherently coupled bond-axis orientations in the biaxial state led
to the two indistinguishable pathways connecting the initial and
final state for the Δj = 2 rotationally inelastic D2-He scattering.
The double-slit interference is manifested as a strong
modulation in the measured angular distribution of the
rotationally relaxed D2 (v = 2, j′ = 0) (Figure 22). Indeed, the
coupled orientations within the biaxial state mimics the two
mechanical slits in a traditional double-slit scattering experi-
ment. To prove that the observed interference arose from the
double-slit action of the biaxial state, the effect of one slit at a
time must be measured separately. For this purpose, each of the
uniaxial states (with bond axis aligned at α = ±π/4) contained
within the superposition of the biaxial state was prepared by
SARP (Figure 12). The scattering angular distributions
measured for each slit, which is for each of the uniaxial states,
shows remarkable difference from that of the biaxial state
(Figure 22). This difference that clearly arises from the quantum
mechanical interference of the two orientations of D2
unequivocally establishes the double-slit action of the biaxial
state. This experiment demonstrates that SARP provides the
ability to experimentally engineer a quantum interferometer for
controlling or measuring the fundamental properties of a
molecular process. A higher level of control can be obtained by
introducing a variable phase shift between the coherently
coupled states, thus opening completely new possibilities for
controlling a chemical reaction by changing the relative phase
rather than the number density.

Figure 23. SARP’s control of collision energy and stereodynamics for aligned−aligned collision between a pair of state-prepared D2. HSARP and
VSARP scattering rates change as we move the probe beam along the molecular beam propagation direction. Schematic at the top shows the SARP
preparation of the molecular beam (orange spot, ∼100 μm). As the delay is increased, this spot propagates downstream and spreads along the
propagation direction. Scattering products generated within the small REMPI probe volume (purple spots,∼20 μm) are detected. (a) Measured time-
of-flight distributions of scattered D2 (v = 2, j′ = 0) for the HSARP (red dots) and VSARP (blue dots) alignments at delays of 50 and 200 ns following
SARP preparation. In these measurements, the delay and displacement of the REMPI laser along the molecular beam are carefully matched to
maximize the number of scattering products. InHSARP, the total number of counts drops by a factor of∼3.5, whereas for VSARP it drops by a factor of
∼2 as the delay is increased from 50 to 200 ns. (b) Relative HSARP and VSARP integral scattering rates as a function of SARP−REMPI delay in
nanoseconds. The HSARP scattering rate drops dramatically as the delay increased from 50 to 600 ns, whereas the VSARP rate drops much more
mildly, indicating the presence of a geometry-dependent collisional resonance. The dashed lines are only visual guides. Figure reprinted from ref 21.
Copyright 2022 Springer Nature.
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SARP Controls Collision Energy for Aligned−Aligned
Bimolecular Collision. There is great interest in achieving a
high level of stereodynamic control by preparing both reactants
in specific aligned target states. Using a single-step SARP, we can
control only one of the colliding species in a bimolecular
collision. However, cold scattering can be studied between a pair
of the same species in a pure beam prepared in a specific target
state, thus opening the possibility of studying aligned−aligned
scattering. Additionally, by preparation of quantum states at one
location and probing at a different location along the molecular
beam propagation, SARP can differentially control the velocity
distribution or the collision energy between a pair of state-
prepared molecules. The last control arises because of the
dispersion of molecular beam velocities. To study the quantum
mechanism of cold aligned−aligned scattering, the D2 molecules
within the molecular beam of pure D2 were prepared in the
rovibrationally excited (v = 2, j = 2) state with its bond axis
aligned either in HSARP or VSARP orientations, thus defining
two possible collision geometries as shown in Figure 23. TheΔj
= 2 rotationally inelastic scattering within the pure beam of D2
has demonstrated the highly anisotropic character of aligned−
aligned collision between a pair of SARP-aligned D2 (v = 2, j = 2)
molecules. The rotationally relaxed product D2 (v′ = 2, j′ = 0)
angular distribution was measured for each collision geometry
by probing with REMPI at different distances from the SRAP
preparation site. Figure 23a shows dramatically different
differential scattering rates measured for the HSARP and
VSARP geometries at two different probe locations along the
molecular beam corresponding to the SARP−REMPI delays of
50 and 200 ns. Figure 23b shows that the integral scattering rate
drops with the increase of SARP−REMPI delay for bothHSARP
and VSARP geometries. We should note that the D2(v = 0)
molecules in j = 1, 2, which were not prepared by SARP, can also
contribute to the observed scattering. The drop of the scattering
rates, however, correlates only with the drop of the measured
width of the collision velocity distribution between a pair of
state-prepared D2. Measurement shows that the collision
velocity distribution between the prepared and unprepared
pair did not change with the distance or the delay, confirming
that the observed scattering mainly arises from the aligned−
aligned collision. The sharp drop of collision rates that correlates
with the narrowing of collision velocity distribution suggested
the presence of a shape resonance. The partial wave analysis
confirmed this shape resonance, identifying the l = 2 as the
dominant orbital contributing to the aligned−aligned scattering
at the available collision temperature within the D2 beam.
Similar anisotropic dynamics in aligned−aligned scattering has
also been observed with KRb molecules at ultracold temper-
ature.62

■ SARPOPENSNEWAVENUES TO EXPERIMENTALLY
PROBE THE QUANTUM MECHANISM OF
MOLECULAR INTERACTIONS

Combining SARP with the molecular beam methods provides a
unique platform to control both the internal and external
degrees of freedom of a two-body collision. Through various
examples of rotationally inelastic cold scattering experiments, it
is illustrated how SARP coherently controls the dynamics of
anisotropic interactions by preparing quantum superpositions of
the orientational states. These highly controlled cold collision
experiments at the single partial wave limit allow the most direct
comparison with the results of theoretical computations,
necessary for accurate modeling of the molecular potential.

The recent development of the two-step SARP process,
preparing higher vibrational states, has further widened the
scope of probing long-range interactions. These weak
interactions are substantially modified as the vibrationally
excited molecule spends more time at the outer classical turning
point of its anharmonic potential. A recent cold scattering
experiment of SARP-prepared D2 (v = 4) with Ne atom has
already demonstrated the effect of vibrational excitation on long-
range molecular forces. This study has showed that the Δj = 2
rotational relaxation of D2 could not be observed unless the D2
molecule is vibrationally excited to the v = 4 level.109 It is
expected that a highly vibrationally excited and rotationally
aligned molecule will control the height of a reaction barrier.
This combined with the possibility of resonance for low-
temperature collision generates hope to experimentally study
many exotic three-center and four-center exchange reactions
with H2 molecules. Although the four-center exchange reaction
between a pair of H2 molecules has been extensively studied
theoretically, the dynamics of this benchmark reaction has
remained controversial in the absence of a reliable experimental
measurement. SARP’s demonstrated ability to produce the
rotationally aligned high vibrational states finally opens the
possibility to experimentally study this four-center reaction, HD
(v = 4) + HD (v = 4) → H2 + D2.

110−116

Although aligned−aligned collisions have been demonstrated
between a pair of SARP-prepared D2 molecules, in these
experiments SARP has controlled only a single molecular
species. Experiment that independently controls the quantum
states and alignments of both colliding partners can measure
higher order vector correlations. To reach this goal, the
experimental setup of the two-step SARP process that combines
a delayed sequence of three laser pulses can be utilized to
simultaneously prepare two different molecular species in
desired quantum states. Finally, we note that SARP is not
limited to only H2 molecules; lightweight molecules such as
HCl, H2O, CH4, CO, N2, and C2H2, whose rovibrational energy
levels are separated by more than a few cm−1, can also be
prepared by SARP, giving the possibilities to experimentally
study a wide variety of quantum-controlled scattering experi-
ments.
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