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Resonant scattering of optically state-prepared and aligned molecules in the cold regime allows the most
detailed interrogation and control of bimolecular collisions. This technique has recently been applied to
collisions of two aligned ortho-D2 molecules prepared in the j ¼ 2 rotational level of the v ¼ 2 vibrational
manifold using the Stark-induced adiabatic Raman passage technique. Here, we develop the theoretical
formalism for describing four-vector correlations in collisions of two aligned molecules and apply our
approach to state-prepared D2ðv ¼ 2; j ¼ 2Þ þ D2ðv ¼ 2; j ¼ 2Þ → D2ðv ¼ 2; j ¼ 2Þ þ D2ðv ¼ 2;
j ¼ 0Þ collisions, making possible the simulations of the experimental results from first principles.
Key features of the experimental angular distributions are reproduced and attributed primarily to a partial
wave resonance with orbital angular momentum l ¼ 4.
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In molecular encounters collision outcomes are influ-
enced by factors such as the collision energy (Ecoll) and
directional properties (orientation and alignment). While
measurements of the energy (actually, the kinetic temper-
ature T) dependence of the collision rates are rather routine,
experiments that measure the outcome of a molecular
collision on the initial alignments of the reactants (stereo-
dynamics) are scarce (see, for example, Refs. [1–19]).
Optical state preparation using the Stark-induced adia-

batic Raman passage (SARP) method combined with
coexpansion of the colliding species has become a versatile
tool to explore the stereodynamics of atom-molecule
and molecule-molecule collisions [11–13,18–21]. When
applied to light molecules such as HD and D2, relative
collision energies near ∼1 K can be achieved, as demon-
strated for HDþ H2=D2 [11,12], HDþ He [19], and D2 þ
He [13,18] mixtures. In this regime, isolated resonances
control the collision outcome, and their strength some-
times depends on the relative alignment between the two
partners [22–30], so the SARP method provides a powerful
technique to study and control stereodynamics of bimo-
lecular collisions. However, most of these studies involve
atom plus molecule collisions, and those that deal with

collisions between two molecules could only control the
direction of the internuclear axis of one of the colliding
partners [11,12].
Very recently, Zhou et al. [31] reported results of the

inelastic collisions between two aligned ortho-D2ðv ¼ 2;
j ¼ 2Þ molecules prepared by the SARP technique, show-
ing how the angular distribution of the scattered products
depends sensitively on the direction of D2 internuclear axis
with regard to the scattering frame defined by k and k0, the
reactant-approach and product-recoil directions. Further,
while not directly observed, key features of the angular
distribution were attributed to a resonance caused by the
orbital angular momentum l ¼ 2 near 1 K in the incoming
channel whose properties are predicted to be strongly
influenced by the initial alignment of the two molecules.
Previous theoretical treatments of the stereodynamics of

collisions between two molecules considered only the po-
larization of one of the collision partners [22–24,29,32,33],
which are not adequate to describe collisions when both
partners are polarized. While the effect of entangled-
assisted coherent control has been discussed [34–36], it
does not directly relate to the SARP experiments. Here, we
present the theoretical formalism for the angular distribution
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of scattered products when both collision partners are
polarized. This formalism provides the quantummechanical
framework to understand four-vector correlations in mole-
cular collisions, and is completely general for molecule-
molecule collisions. Combining this formalism with
full-dimensional quantum scattering calculations on an
accurate ab initio potential energy surface (PES) [37], we
reproduce the experimental angular distributions reported
by Zhou et al. [31]. Agreement with experiments is only
obtainedwhen collisions involving two polarizedmolecules
(both in v ¼ 2) as well as one polarized (in v ¼ 2) and one
unpolarized molecule (in v ¼ 0, also present in the beam)
are considered. Our results reveal that there is an l ¼ 4
partial wave resonance whose contribution to the experi-
mental angular distribution is dominant in the 1.5–3.5 K
collision energy range.
Let us consider collisions involving two molecules A and

B, each of them in a pure rotational state jA and jB and that
we can control the spacial distribution of the internuclear
axis of one of them (for example, A). In that case, the state-
to-state differential cross section (DCS) can be calculated
as [32]

dσðθjβ; αÞ ¼
X2j

k¼0

Xk

q¼−k
ð2kþ 1Þ½UðkÞ

q ðθÞ��aðkÞq ; ð1Þ

where aðkÞq are the extrinsic polarization parameters that
describe the anisotropic preparation of the collision partner
in the k–k0 scattering frame. If A is prepared in a pure
jjAm ¼ 0i state, where m is the magnetic quantum number
with respect to a laboratory-fixed quantization axis (the
polarization vector of the Stokes and pump laser in the
SARP experiment), the polarization parameters aðkÞq are
given by

aðkÞq ¼ Ckqðβ; αÞAðkÞ
0 ¼ Ckqðβ; αÞhjA0; k0jjA0i; ð2Þ

where AðkÞ
0 are the extrinsic polarization parameters in the

laboratory frame,Ckq are the modified spherical harmonics,
whose arguments β and α are the polar and azimuthal
angles that define the direction of the polarization vector in
the scattering frame, and h::; ::j::i is the Clebsch-Gordan
coefficient. For an isotropic internuclear axis distribution,
the only nonzero aðkÞq element is að0Þ0 .
In Eq. (1),UðkÞ

q ðθÞ are the intrinsic polarization dependent
DCSs (PDDCSs) of the fk − jA − k0g three-vector correla-
tions that describe how the collision outcome depends on the
relative geometry of the collision partners. UðkÞ

q ðθÞ can be
expressed in terms of the scattering amplitudes in the helicity
representation, fj0Am0

Aj
0
Bm

0
BjAmAjBmB

ðθÞ≡ Fm0
Am

0
BmAmB

ðθÞ, as

UðkÞ
q ðθÞ ¼ 1

ð2jA þ 1Þð2jB þ 1Þ
X

m0
A
;m0

B
mA ;mB

Fm0
Am

0
BmAmB

ðθÞ

× F�
m0

Am
0
BðmAþqÞmB

ðθÞhjAmA; kqjjAmA þ qi; ð3Þ
with

Fm0
Am

0
BmAmB

ðθÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ δvAvBδjAjBÞð1þ δv0Av0Bδj0Aj0BÞ

q

2ik

×
X

J

ð2J þ 1ÞdJm0
Aþm0

B;mAþmB
ðθÞ

× SJm0
Am

0
BmAmB

ðEÞ; ð4Þ

where dJm0
Aþm0

B;mAþmB
ðθÞ is an element of the Wigner redu-

ced rotation matrix, and S is an element of the scatte-
ring matrix in the helicity representation, with m0

A,
m0

B, mA, and mB being the projections of j0A, j0B, jA,
and jB on the initial and final relative velocities, respectively
(the primed indices indicate the products states). Theffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð1þ δvAvBδjAjBÞð1þ δv0Av0Bδj0Aj0BÞ

q
factor only applies to

inelastic scattering between indistinguishable particles [38].
For two polarized reagents under the same polarization

vector, the DCS can be expressed as

dσðθjβ; αÞ ¼
X2jA

kA¼0

X

qA

X2jB

kB¼0

X

qB

ð2kA þ 1Þð2kB þ 1Þ

×
h
UðkA;kBÞ

qA;qB ðθÞ
i�
aðkAÞqA aðkBÞqB ; ð5Þ

where each of the aðkÞq can be evaluated according to
Eq. (2) as a function of the β and α angles. The intrinsic

fk − jA − jB − k0g four-vector PDDCSs UðkA;kBÞ
qA;qB can be

calculated as

UðkA;kBÞ
qA;qB ðθÞ ¼ 1

ð2jA þ 1Þð2jB þ 1Þ
×

X

m0
A
;m0

B
mA ;mB

Fm0
Am

0
BmAmB

ðθÞF�
m0

Am
0
BðmAþqAÞðmBþqBÞðθÞ

× hjAmA; kAqAjjAðmA þ qAÞi
× hjBmB; kBqBjjBðmB þ qBÞi: ð6Þ

If either kA or kB is zero, we recover the three-vector

PDDCS UðkÞ
q ðθÞ. If kA ¼ kB ¼ 0, we recover the Uð0Þ

0 ðθÞ,
the isotropic DCS.
The DCS in the SARP experiments that we aim to

reproduce involves integration over the azimuthal angle (α).
This allows us to simplify Eq. (5) to

dσðθjβÞ ¼ 2π
X

kA;kB

ð2kA þ 1Þð2kB þ 1ÞUðkA;kBÞ
0;0 ðθÞaðkAÞ0 aðkBÞ0 :

ð7Þ

The coupled-channel quantum calculations to evaluate the
scattering matrices are carried out in full dimensionality
using a modified version of the TwoBC code [39] and the
recently reported full-dimensional PES for the H2-H2
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system [37]. This PES was developed by fitting energy
points from multireference configuration interaction cal-
culations using a permutationally invariant neural network
method [40] with the proper electrostatic and long-range
dispersion terms. Details of the scattering calculations are
given in our prior works [22,23,41]. For pure rotational
quenching of D2ðv ¼ 2; j ¼ 2Þ, results are insensitive to
the inclusion of additional rotational or vibrational levels
beyond v ¼ 2 and j ¼ 4 in the basis set.
In their experiments, Zhou et al. [31] used a collimated D2

beam with a rotational temperature of ∼130 K (see
Supplemental Material [42]). Using SARP, nearly all jv ¼
0; j ¼ 0i≡ j0 0i molecules are transferred to a j2 2i state.
As a result of the pumpingprocess, the internuclear axis ofD2

molecules in the j2 2i state is aligned in a chosen direction
with respect to the molecular beam axis. Here, we will
consider three possible scenarios: isotropic (no alignment)
internuclear axis distribution, internuclear axis aligned par-
allel to the molecular beam axis (β ¼ 0° or HSARP), and
internuclear axis aligned perpendicular to the molecular
beam axis (β ¼ 90° or VSARP). After state preparation,
D2 molecules in the j2 2i state experience collisions with
themselves and with other D2 molecules in the beam giving
rise to a pure rotational deexcitation to the j2 0i state whose
angular distribution is selectively detected.
Since all the D2 molecules travel along the molecular

beam spanning a relatively narrow velocity distribution, the
relative velocity distribution corresponds to Ecoll < 5 K.
D2 in a j2 0i state can be produced from inelastic collisions
between either two polarized j2 2i molecules or between
one polarized j2 2i and one unpolarized j0 1i or j0 2i
partner (higher rotational states had negligible populations
in the molecular beam). The excitation function (cross
section as a function of Ecoll), σðEcollÞ, for each of these
processes is shown in Fig. 1. For collisions between j2 2i
and j0 1i or j0 2i, σðEcollÞ is characterized by a broad
resonance peak at Ecoll ∼ 2.8 K and a smaller peak around
2 K, both associated with l ¼ 4 (see Fig. S1 in
Supplemental Material [42]). Around the resonance,
σðEÞ is larger for a HSARP preparation and slightly smaller
for a VSARP preparation compared to the isotropic case.
Away from the resonance, σðEÞ is similar for the three
preparations of the j2 2i state. In contrast, σðEÞ for
collisions between two j2 2i molecules displays a complex
resonance structure centered around 2 K, which is also
enhanced by the HSARP preparation. There is also a sharp
resonance at Ecoll ∼ 1 K that disappears for both HSARP
and VSARP polarizations. All these resonances are asso-
ciated mainly to l ¼ 4 (see Fig. S1 in Supplemental
Material [42]) and different values of the total angular
momentum J. Collisions between two j2 2i molecules that
lead to two j2 0i products, and those in which the
unpolarized partner changes its rovibrational state, have
a significantly smaller cross sections, and hence are not
considered here. Irrespective of the σðEÞ shape, although

the absolute values of the cross section for collisions
between two j2 2i molecules are significantly larger at
the energy of the resonance, all the three types of
encounters have to be taken into account for the simulation
of the experimental angular distributions.
Figure 2 depicts the energy dependent rate coefficients

multiplied by the experimental Ecoll distribution, such that
its integral over Ecoll is the rate coefficient. The higher flux
for the HSARP preparation is consistent with its larger cross
section compared to the VSARP preparation. The different
contributions from the v ¼ 2 and v ¼ 0 quenchers are also
highlighted. At Ecoll within 1.5–2.5 K, the flux mostly
originates from the resonance features due to ðv ¼ 2Þþ
ðv ¼ 2Þ collisions, whereas at higher energies the broad
resonance due to ðv ¼ 2Þ þ ðv ¼ 0Þ collisions prevails.
Overall, the energy distributions reflect the interplay
between resonance features associated with ðv ¼ 2Þþ
ðv ¼ 2Þ and ðv ¼ 2Þ þ ðv ¼ 0Þ collision partners, all of
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FIG. 1. Excitation functions for D2ðv0 ¼ 2; j0 ¼ 0Þ production
from ðv ¼ 2; j ¼ 2Þ þ ðv ¼ 2; j ¼ 2Þ collisions (top panel),
ðv ¼ 2; j ¼ 2Þ þ ðv ¼ 0; j ¼ 1Þ (middle panel), and ðv ¼ 2;
j ¼ 2Þ þ ðv ¼ 0; j ¼ 2Þ (bottom panel). Results for isotropic
preparation is shown in black, while those for HSARP (β ¼ 0°)
and VSARP (β ¼ 90°) are shown in red and blue, respectively.
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them associated to l ¼ 4 (instead of l ¼ 2 as discussed in
Ref. [31]), and also show contributions from lower energies,
associated to l ¼ 0 and 1 (see Fig. S2 in Supplemental
Material [42]). Scattering calculations were repeated assum-
ing that D2 internuclear distance is fixed at their vibration-
ally averaged values (see Fig. S4 in Supplemental Material
[42]) leading to a small shift of the resonance peak toward
lower Ecoll. However, given the experimental Ecoll distribu-
tion, this energy shift should not have a significant impact on
the comparison with the experiment.
Figure 3 shows the computed angular distributions

(differential rate coefficients) convolved over the exper-
imental velocity distributions for the three collision pairs
considered here and the HSARP and VSARP preparations.
Since in the experiments it is not possible to distinguish
between products scattered at θ or π − θ (where θ is the
scattering angle, that between k and k0), the angular
distributions are symmetrized as in the experiments [31].
For HSARP preparations between two polarized j2 2i
molecules we observe prominent peaks at 15° and 165°.

These peaks are also present for j2 2i þ j0 1i collisions,
although in that case, they are not that dominant, and peaks
at 60°, 90°, and 120° also exist. For j2 2i þ j0 2i collisions
the shape is similar but the magnitude is smaller for the
forward and backward peaks. The sharp forward and
backward peaks observed for j2 2i þ j2 2i are a conse-
quence of the simultaneous polarization of both D2

molecules, which is inherent to the experiment. If the
simulation were carried out hypothetically considering
polarization of only one of the two D2ðv ¼ 2; j ¼ 2Þ
partners, the two prominent forward or backward peaks
in the experimental HSARP angular distribution cannot be
accounted for (Fig. S3 [42]). For a VSARP preparation, we
obtain a salient 90° peak for j2 2i þ j2 2i collisions that is
somewhat suppressed for j2 2i þ j0 1i encounters. The
angular distribution for j2 2i þ j0 2i collisions shows a
small dip at 90° with small shoulders at each side at 70°
and 110°.
Taking into account the populations of the different

rovibrational states in the beam, it is possible to combine
the angular distributions depicted in Fig. 3 and compare
with the experimental angular distributions. Such a com-
parison is presented in Fig. 4. Note that experiments do not
provide absolute values of DCS, so comparison is made on
a relative scale. The agreement between experiment
and calculations is good for both HSARP and VSARP.
For HSARP our calculations predict that forward and
backward experimental peaks are mainly caused by j2 2i þ
j2 2i collisions while collisions between j2 2i þ j0 1i
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FIG. 2. Energy dependent integral rate coefficients multiplied
by the experimental collision energy distribution for a 50 ns
SARP REMPI delay time for the two experimental preparations:
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panel). The contribution of collisions between two D2ðv ¼ 2Þ
molecules is highlighted in shaded dark green while that from
collisions between one D2ðv ¼ 2Þ and one D2ðv ¼ 0Þ molecule
is shown in shaded gray.

FIG. 3. Velocity-averaged differential rate coefficients for
D2ðv0 ¼ 2; j0 ¼ 0Þ production from ðv ¼ 2; j ¼ 2Þ þ ðv ¼ 2;
j ¼ 2Þ collisions (top panel), ðv ¼ 2; j ¼ 2Þ þ ðv ¼ 0; j ¼ 1Þ
(middle panel), and ðv ¼ 2; j ¼ 2Þ þ ðv ¼ 0; j ¼ 2Þ (bottom
panel). Results for a HSARP (VSARP) preparation are shown
in the left-hand (right-hand) panel. Differential rate coefficients
were symmetrized as discussed in the text.

PHYSICAL REVIEW LETTERS 130, 033002 (2023)

033002-4



and j0 2i have a more important contribution to sideways
scattering and, in particular, to the smaller sideways peaks.
Regarding VSARP, the experimental signatures primarily
arise from the j2 2i þ j2 2i collisions modulated by small
contributions from the other two collision pairs.
Altogether, our results provide a complete ab initio

simulation of the experiments of Zhou et al. [31] on the
stereodynamics of bimolecular collisions between two
aligned D2 molecules. This is enabled by developing the
theory for stereodynamics of aligned-aligned bimolecular
collisions and by considering different collision processes
that occur in the molecular beam. Results presented here
based on full-dimensional coupled-channel scattering cal-
culations reveal that the angular distribution observed in the
experiments of Zhou et al. [31] is due to resonance features
that arise from different collision partners in the beam
with distinct angular distributions. Key features of the
experimental angular distributions are captured only when
four-vector correlations in aligned-aligned molecular
collisions are accounted for. The formalism presented here
is general, and will provide the foundation for describing
four-vector correlations in reactive or inelastic aligned

molecular collisions in future experiments involving
SARP or related techniques.
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