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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 = 2 rotational level
of the v = 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 D2(v = 2, j = 2)+ D2(v = 2, j = 2) →
D2(v = 2, j = 2)+ D2(v = 2, j = 0) 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 = 4.

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 rou-
tine, experiments that measure the outcome of a molec-
ular collision on the initial alignments of the reactants
(stereodynamics)are scarce (see for example Refs. 1–19).

Optical state-preparation using the Stark-induced adi-
abatic Raman passage (SARP) method combined with
co-expansion of the colliding species has become a versa-
tile 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, rela-
tive collision energies near ∼ 1K can be achieved, as
demonstrated for HD+H2/D2 [11, 12], HD+He [19] and
D2+He [13, 18] mixtures. In this regime, isolated reso-
nances control the collision outcome, and their strength
sometimes 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 bimolecular collisions. However, most of these studies
involve atom + molecule collisions, and those that deal
with collisions between two molecules could only control
the direction of the internuclear axis of one of the collid-
ing partners[11, 12].

Very recently, Zhou et al. [31] reported re-
sults of the inelastic collisions between two aligned

ortho−D2(v=2,j=2) molecules prepared by the SARP
technique, showing 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 k′, 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 = 2 near 1K in the incoming channel whose proper-
ties are predicted to be strongly influenced by the initial
alignment of the two molecules.

Previous theoretical treatments of the stereodynam-
ics of collisions between two molecules considered only
the polarization of one of the collision partners [22–
24, 29, 32, 33], which are not adequate to describe col-
lisions when both partners are polarized. While the ef-
fect of entangled-assisted coherent control has been dis-
cussed [34–36], it does not directly relate to the SARP ex-
periments. Here, we present the theoretical formalism for
the angular distribution of scattered products when both
collision partners are polarized. This formalism provides
the quantum mechanical framework to understand four-
vector correlations in molecular collisions, and is com-
pletely general for molecule-molecule collisions. Combin-
ing this formalism with full-dimensional quantum scat-
tering calculations on an accurate ab-initio potential en-
ergy surface (PES) [37], we reproduce the experimental
angular distributions reported by Zhou et al. [31]. Agree-
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ment with experiments is only obtained when collisions
involving two polarized molecules (both in v = 2) as well
as one polarized (in v = 2) and one unpolarized molecule
(in v = 0, also present in the beam) are considered. Our
results reveal that there is an ℓ=4 partial wave resonance
whose contribution to the experimental angular distribu-
tion 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
j
B

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]

dσ(θ|β, α) =
2j∑
k=0

k∑
q=−k

(2k + 1)
[
U (k)
q (θ)

]∗
a(k)q , (1)

where a
(k)
q are the extrinsic polarization parameters that

describe the anisotropic preparation of the collision part-
ner in the k–k′ scattering frame. If A is prepared in a
pure |j

A
m = 0⟩ 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,

a
(k)
q , are given by

a(k)q = Ckq(β, α)A
(k)
0 = Ckq(β, α)⟨jA0, k0|jA0⟩, (2)

where A
(k)
0 are the extrinsic polarization parameters in

the laboratory frame, Ckq are the modified spherical har-
monics, whose arguments β and α are the polar and az-
imuthal angles that define the direction of the polariza-
tion vector in the scattering frame, and ⟨.., ..|..⟩ is the
Clebsch-Gordan coefficient. For an isotropic internuclear

axis distribution, the only non-zero a
(k)
q element is a

(0)
0 .

In Eq. 1, U
(k)
q (θ) are the intrinsic polarization depen-

dent DCSs (PDDCSs) of the {k–j
A
–k′} three-vector cor-

relations that describe how the collision outcome depend

on the relative geometry of the collision partners. U
(k)
q (θ)

can be expressed in terms of the scattering amplitudes
in the helicity representation, fj′Am′

Aj′Bm′
B j

A
m

A
j
B
m

B
(θ) ≡

Fm′
Am′

B m
A
m

B
(θ), as:

U (k)
q (θ) =

1

(2j
A
+ 1)(2j

B
+ 1)

∑
m′

A,m′
B

mA,m
B

Fm′
Am′

B m
A
m

B
(θ)×

F ∗
m′

Am′
B (m

A
+q)m

B
(θ)⟨j

A
m

A
, kq|j

A
m

A
+ q⟩ ,(3)

with

Fm′
Am′

B m
A
m

B
(θ) =

√
(1 + δv

A
v
B
δj

A
j
B
)(1 + δv′

A
v′
B
δj′

A
j′
B
)

2ik
×∑

J

(2J + 1)dJm′
A+m′

B,m
A
+m

B
(θ)×

SJ
m′

Am′
B m

A
m

B
(E), (4)

where dJm′
A
+m′

B
,m

A
+m

B
(θ) is an element of the Wigner re-

duced rotation matrix, and S is an element of the Scatter-
ing matrix in the helicity representation, with m′

A
, m′

B
,

m
A
, and m

B
being the projections of j′

A
, j′

B
, j

A
, and

j
B
on the initial and final relative velocities, respectively

(the primed indices indicate the products states). The√
(1 + δv

A
v
B
δj

A
j
B
)(1 + δv′

A
v′
B
δj′

A
j′
B
) factor only applies

to inelastic scattering between indistinguishable parti-
cles [38].
For two polarized reagents under the same polarization

vector, the DCS can be expressed as

dσ(θ|β, α) =

2j
A∑

k
A
=0

∑
q
A

2j
B∑

k
B
=0

∑
q
B

(2k
A
+ 1)(2k

B
+ 1)

×
[
U

(k
A
,k

B
)

q
A
,q

B
(θ)

]∗
a
(k

A
)

q
A

a
(k

B
)

q
B

(5)

where each of the a
(k)
q can be evaluated according to

Eq. (2) as a function of the β and α angles. The in-

trinsic {k–jA–jB–k
′} 4-vector PDDCSs, U

(k
A
,k

B
)

q
A
,q

B
, can be

calculated as:

U
(k

A
,k

B
)

q
A
,q

B
(θ) =

1

(2j
A
+ 1)(2j

B
+ 1)

× (6)∑
m′

A,m′
B

m
A
,m

B

Fm′
Am′

B m
A
m

B
(θ)F ∗

m′
Am′

B (m
A
+q

A
)(m

B
+q

B
)(θ)×

⟨j
A
m

A
, k

A
q
A
|j

A
(m

A
+ q

A
)⟩⟨j

B
m

B
, k

B
q
B
|j

B
(m

B
+ q

B
)⟩ .

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

PDDCS U
(k)
q (θ). If k

A
= k

B
= 0 we recover the U

(0)
0 (θ),

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 the equation (5) to:

dσ(θ|β) = 2π
∑

k
A
,k

B

(2kA + 1)(2kB + 1)U
(k

A
,k

B
)

0,0 (θ)

× a
(k

A
)

0 a
(k

B
)

0 . (7)

The coupled-channel quantum calculations to evalu-
ate 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 system [37]. This PES was developed by
fitting energy points from multi-reference configuration
interaction calculations using a permutationally invariant
neural network method [40] with the proper electrostatic
and long-range dispersion terms. Details of the scatter-
ing calculations are given in our prior works [22, 23, 41].
For pure rotational quenching of D2(v = 2, j = 2), results
are insensitive to the inclusion of additional rotational or
vibrational levels beyond v=2 and j=4 in the basis set.
In their experiments, Zhou et al. [31] used a collimated

D2 beam with a rotational temperature of ∼130K (see
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FI G. 1.  E x ci t a ti o n f u n c ti o n s f o r D 2 ( v ′ = 2, j ′ = 0 ) p r o d u c-
ti o n f r o m ( v = 2, j = 2 ) + ( v = 2, j = 2 ) c olli si o n s ( t o p p a n el ),
( v = 2, j = 2 ) + ( v = 0, j = 1 ) ( mi d dl e p a n el ), a n d ( v = 2, j = 2 ) +
( v = 0, j = 2 ) ( b o t t o m p a n el ). R e s ul t s f o r i s o t r o pi c p r e p a r a ti o n
i s s h o w n i n bl a c k, w hil e t h o s e f o r H- S A R P (β = 0 ◦ ), a n d V-
S A R P ( β = 9 0 ◦ ) a r e s h o w n i n r e d a n d bl u e, r e s p e c ti v el y.

SI). U si n g S A R P, n e arl y all |v = 0 , j = 0 ⟩ ≡ | 0 0 ⟩,
m ol e c ul e s ar e tr a n sf err e d t o a |2 2 ⟩ st at e.  A s a r e-
s ult of t h e p u m pi n g pr o c e s s, t h e i nt er n u cl e ar a xi s of D 2

m ol e c ul e s i n t h e |2 2 ⟩ st at e i s ali g n e d i n a c h o s e n dir e c-
ti o n wit h r e s p e ct t o t h e m ol e c ul ar b e a m a xi s. H er e, w e
will c o n si d er t hr e e p o s si bl e s c e n ari o s: i s otr o pi c ( n o ali g n-
m e nt) i nt er n u cl e ar a xi s di stri b uti o n, i nt er n u cl e ar a xi s
ali g n e d p ar all el t o t h e m ol e c ul ar b e a m a xi s ( β = 0 ◦ or
H- S A R P), a n d i nt er n u cl e ar a xi s ali g n e d p er p e n di c ul ar
t o t h e m ol e c ul ar b e a m a xi s ( β = 9 0 ◦ or V- S A R P). Af-
t er st at e pr e p ar ati o n, D 2 m ol e c ul e s i n t h e |2 2 ⟩ st at e e x-
p eri e n c e c olli si o n s wit h t h e m s el v e s a n d wit h ot h er D 2

m ol e c ul e s i n t h e b e a m gi vi n g ri s e t o a p ur e r ot ati o n al
d e- e x cit ati o n t o t h e |2 0 ⟩ st at e w h o s e a n g ul ar di stri b u-
ti o n i s s el e cti v el y d et e ct e d.

Si n c e all t h e D 2 m ol e c ul e s tr a v el al o n g t h e m ol e c ul ar
b e a m s p a n ni n g a r el ati v el y n arr o w v el o cit y di stri b uti o n,

t h e r el ati v e v el o cit y di stri b uti o n c orr e s p o n d s t o E c oll <
5 K. D 2 i n a |2 0 ⟩ st at e c a n b e pr o d u c e d fr o m i n el a sti c
c olli si o n s b et w e e n eit h er t w o p ol ari z e d |2 2 ⟩ m ol e c ul e s or
b et w e e n o n e p ol ari z e d |2 2 ⟩ a n d o n e u n p ol ari z e d |0 1 ⟩ or
|0 2 ⟩ p art n er ( hi g h er r ot ati o n al st at e s h a d n e gli gi bl e p o p-
ul ati o n s i n t h e m ol e c ul ar b e a m). T h e e x cit ati o n f u n cti o n
( cr o s s s e cti o n a s a f u n cti o n of E c oll ), σ (E c oll ), f or e a c h of
t h e s e pr o c e s s e s i s s h o w n i n Fi g ur e 1. F or c olli si o n s b e-
t w e e n |2 2 ⟩ a n d |0 1 ⟩ or |0 2 ⟩, σ (E c oll ) i s c h ar a ct eri z e d b y
a br o a d r e s o n a n c e p e a k at E c oll ∼ 2. 8 K a n d a s m all er
p e a k ar o u n d 2 K, b ot h a s s o ci at e d wit h ℓ = 4 ( s e e Fi g ur e
S 1). Ar o u n d t h e r e s o n a n c e, σ (E ) i s l ar g er f or a H- S A R P
pr e p ar ati o n a n d sli g htl y s m all er f or a V- S A R P pr e p a-
r ati o n c o m p ar e d t o t h e i s otr o pi c c a s e. A w a y fr o m t h e
r e s o n a n c e, σ (E ) i s si mil ar f or t h e t hr e e pr e p ar ati o n s of
t h e |2 2 ⟩ st at e. I n c o ntr a st, σ (E ) f or c olli si o n s b et w e e n
t w o |2 2 ⟩ m ol e c ul e s di s pl a y s a c o m pl e x r e s o n a n c e str u c-
t ur e c e nt er e d ar o u n d 2 K, w hi c h i s al s o e n h a n c e d b y t h e
H- S A R P pr e p ar ati o n. T h er e i s al s o a s h ar p r e s o n a n c e at
E c oll ∼ 1 K, t h at di s a p p e ar s f or b ot h H- S A R P a n d V-
S A R P p ol ari z ati o n s. All t h e s e r e s o n a n c e s ar e a s s o ci at e d
m ai nl y t o ℓ = 4 ( s e e Fi g ur e S 1) a n d di ff er e nt v al u e s of t h e
t ot al a n g ul ar m o m e nt u m J . C olli si o n s b et w e e n t w o |2 2 ⟩
m ol e c ul e s t h at l e a d t o t w o |2 0 ⟩ pr o d u ct s, a n d t h o s e i n
w hi c h t h e u n p ol ari z e d p art n er c h a n g e s it s r o vi br ati o n al
st at e h a v e a si g ni fi c a ntl y s m all er cr o s s s e cti o n s, a n d h e n c e
ar e n ot c o n si d er e d h er e. Irr e s p e cti v e of t h e σ (E ) s h a p e,
alt h o u g h t h e a b s ol ut e v al u e s of t h e cr o s s s e cti o n f or c olli-
si o n s b et w e e n t w o |2 2 ⟩ m ol e c ul e s ar e si g ni fi c a ntl y l ar g er
at t h e e n er g y of t h e r e s o n a n c e, all t h e t hr e e t y p e s of e n-
c o u nt er s h a v e t o b e t a k e n i nt o a c c o u nt f or t h e si m ul ati o n
of t h e e x p eri m e nt al a n g ul ar di stri b uti o n s.

Fi g ur e 2 d e pi ct s t h e e n er g y d e p e n d e nt r at e c o e ffi ci e nt s
m ulti pli e d b y t h e e x p eri m e nt al E c oll di stri b uti o n, s u c h
t h at it s i nt e gr al o v er E c oll i s t h e r at e c o e ffi ci e nt. T h e
hi g h er fl u x f or t h e H- S A R P pr e p ar ati o n i s c o n si st e nt wit h
it s l ar g er cr o s s s e cti o n c o m p ar e d t o t h e V- S A R P pr e p a-
r ati o n. T h e di ff er e nt c o ntri b uti o n s fr o m t h e v = 2 a n d
v = 0 q u e n c h er s ar e al s o hi g hli g ht e d. At E c oll wit hi n 1. 5 –
2. 5 K, t h e fl u x m o stl y ori gi n at e s fr o m t h e r e s o n a n c e f e a-
t ur e s d u e t o ( v = 2) + ( v = 2) c olli si o n s, w h er e a s at hi g h er
e n er gi e s t h e br o a d r e s o n a n c e d u e t o ( v = 2) + ( v = 0) c ol-
li si o n s pr e v ail s. O v er all, t h e e n er g y di stri b uti o n s r e fl e ct
t h e i nt er pl a y b et w e e n r e s o n a n c e f e at ur e s a s s o ci at e d wit h
(v = 2) + ( v = 2) a n d ( v = 2) + ( v = 0) c olli si o n p art n er s,
all of t h e m a s s o ci at e d t o ℓ = 4 (i n st e a d of ℓ = 2 a s di s-
c u s s e d i n R ef. [ 3 1]), a n d al s o s h o w c o ntri b uti o n s fr o m
l o w er e n er gi e s, a s s o ci at e d t o ℓ = 0 a n d 1 ( s e e Fi g ur e S 2).
S c att eri n g c al c ul ati o n s w er e r e p e at e d a s s u mi n g t h at D 2

i nt er n u cl e ar di st a n c e i s fi x e d at t h eir vi br ati o n all y a v-
er a g e d v al u e s ( s e e Fi g. S 4) l e a di n g t o a s m all s hift of
t h e r e s o n a n c e p e a k t o w ar d l o w er E c oll . H o w e v er, gi v e n
t h e e x p eri m e nt al E c oll di stri b uti o n, t hi s e n er g y s hifti n g
s h o ul d n ot h a v e a si g ni fi c a nt i m p a ct o n t h e c o m p ari s o n
wit h t h e e x p eri m e nt.

Fi g ur e 3 s h o w s t h e c o m p ut e d a n g ul ar di stri b uti o n s
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FI G. 2. E n e r g y d e p e n d e nt i nt e g r al r a t e c o e ffi ci e nt s m ul ti pli e d
b y t h e e x p e ri m e nt al c olli si o n e n e r g y di s t ri b u ti o n f o r a 5 0 n s
S A R P- R E M PI d el a y ti m e f o r t h e t w o e x p e ri m e nt al p r e p a-
r a ti o n s: H- S A R P ( β = 0 ◦ ) ( t o p p a n el ) a n d V- S A R P ( β = 9 0 ◦ )
( b o t t o m p a n el ). T h e c o nt ri b u ti o n of c olli si o n s b e t w e e n t w o
D 2 ( v = 2 ) m ol e c ul e s i s hi g hli g ht e d i n s h a d e d d a r k g r e e n w hil e
t h a t f r o m c olli si o n s b e t w e e n o n e D 2 ( v = 2 ) a n d o n e D 2 ( v = 0 )
m ol e c ul e i s s h o w n i n s h a d e d g r e y.

( di ff er e nti al r at e c o e ffi ci e nt s) c o n v ol v e d o v er t h e e x p er-
i m e nt al v el o cit y di stri b uti o n s f or t h e t hr e e c olli si o n p air s
c o n si d er e d h er e a n d t h e H- S A R P a n d V- S A R P pr e p ar a-
ti o n s. Si n c e i n t h e e x p eri m e nt s it i s n ot p o s si bl e t o di s-
ti n g ui s h b et w e e n pr o d u ct s s c att er e d at θ or π -θ ( w h er e
θ i s t h e s c att eri n g a n gl e, t h at b et w e e n k a n d k ′ ), t h e
a n g ul ar di stri b uti o n s ar e s y m m etri z e d a s i n t h e e x p e ri-
m e nt s [ 3 1]. F or H- S A R P pr e p ar ati o n s b et w e e n t w o p o-
l ari z e d |2 2 ⟩ m ol e c ul e s w e o b s er v e pr o mi n e nt p e a k s at 1 5 ◦

a n d 1 6 5 ◦ . T h e s e p e a k s ar e al s o pr e s e nt f or |2 2 ⟩ + |0 1 ⟩
c olli si o n s, alt h o u g h i n t h at c a s e, t h e y ar e n ot t h at d o mi-
n a nt, a n d p e a k s at 6 0 ◦ , 9 0◦ , a n d 1 2 0◦ al s o e xi st. F or |2 2 ⟩
+ |0 2 ⟩ c olli si o n s t h e s h a p e i s si mil ar b ut t h e m a g nit u d e
i s s m all er f or t h e f or w ar d a n d b a c k w ar d p e a k s. T h e s h ar p
f or w ar d / b a c k w ar d p e a k s o b s er v e d f or |2 2 ⟩ + |2 2 ⟩ ar e a
c o n s e q u e n c e of t h e si m ult a n e o u s p ol ari z ati o n of b ot h D 2

m ol e c ul e s , w hi c h i s i n h er e nt t o t h e e x p eri m e nt. If t h e
si m ul ati o n w er e c arri e d o ut h y p ot h eti c all y c o n si d eri n g
p ol ari z ati o n of o nl y o n e of t h e t w o D 2 (v = 2, j = 2) p art-
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FI G. 3.  Vel o ci t y- a v e r a g e d di ff e r e nti al r a t e c o e ffi ci e nt s f o r
D 2 ( v ′ = 2, j ′ = 0 ) p r o d u c ti o n f r o m ( v = 2, j = 2 ) + ( v = 2, j = 2 ) c ol-
li si o n s ( t o p p a n el ), (v = 2, j = 2 ) + ( v = 0, j = 1 ) ( mi d dl e p a n el ),
a n d ( v = 2, j = 2 ) + ( v = 0, j = 2 ) ( b o t t o m p a n el ). R e s ul t s f o r a
H- S A R P ( V- S A R P ) p r e p a r a ti o n a r e s h o w n i n t h e l ef t ( ri g ht )
p a n el. Di ff e r e nti al r a t e c o e ffi ci e nt s w e r e s y m m e t ri z e d a s di s-
c u s s e d i n t h e t e x t.

n er s, t h e t w o pr o mi n e nt f or w ar d / b a c k w ar d p e a k s i n t h e
e x p eri m e nt al H- S A R P a n g ul ar di stri b uti o n c a n n ot b e a c-
c o u nt e d f or ( Fi g ur e S 3). F or a V- S A R P pr e p ar ati o n, w e
o bt ai n a s ali e nt 9 0 ◦ p e a k f or |2 2 ⟩ + |2 2 ⟩ c olli si o n s t h at
i s s o m e w h at s u p pr e s s e d f or |2 2 ⟩ + |0 1 ⟩ e n c o u nt er s. T h e
a n g ul ar di stri b uti o n f or |2 2 ⟩ + |0 2 ⟩ c olli si o n s s h o w s a
s m all di p at 9 0 ◦ wit h s m all s h o ul d er s at e a c h si d e at 7 0 ◦

a n d 1 1 0 ◦ .

T a ki n g i nt o a c c o u nt t h e p o p ul ati o n s of t h e di ff er e nt
r o vi br ati o n al st at e s i n t h e b e a m, it i s p o s si bl e t o c o m bi n e
t h e a n g ul ar di stri b uti o n s d e pi ct e d i n Fi g ur e 3 a n d c o m-
p ar e wit h t h e e x p eri m e nt al a n g ul ar di stri b uti o n s. S u c h
a c o m p ari s o n i s pr e s e nt e d i n Fi g ur e 4. N ot e t h at e x p eri-
m e nt s d o n ot pr o vi d e a b s ol ut e v al u e s of D C S, s o c o m p ar-
i s o n i s m a d e o n a r el ati v e s c al e. T h e a gr e e m e nt b et w e e n
e x p eri m e nt a n d c al c ul ati o n s i s g o o d f or b ot h H- S A R P
a n d V- S A R P. F or H- S A R P o ur c al c ul ati o n s pr e di ct t h at
f or w ar d a n d b a c k w ar d e x p eri m e nt al p e a k s ar e m ai nl y
c a u s e d b y |2 2 ⟩ + |2 2 ⟩ c olli si o n s w hil e c olli si o n s b et w e e n
|2 2 ⟩ + |0 1 ⟩ a n d |0 2 ⟩ h a v e a m or e i m p ort a nt c o ntri b uti o n
t o si d e w a y s s c att eri n g a n d, i n p arti c ul ar, t o t h e s m all er
si d e w a y s p e a k s. R e g ar di n g V- S A R P, t h e e x p eri m e nt al
si g n at ur e s pri m aril y ari s e fr o m t h e |2 2 ⟩ + |2 2 ⟩ c olli-
si o n s m o d ul at e d b y s m all c o ntri b uti o n s fr o m t h e ot h er
t w o c olli si o n p air s.

Alt o g et h er, o ur r e s ult s pr o vi d e a c o m pl et e a b i niti o
si m ul ati o n of t h e e x p eri m e nt s of Z h o u et al. [ 3 1] o n
t h e st er e o d y n a mi c s of bi m ol e c ul ar c olli si o n s b et w e e n t w o
ali g n e d D 2 m ol e c ul e s. T hi s i s e n a bl e d b y d e v el o pi n g t h e
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FI G. 4. Vel o ci t y- a v e r a g e d di ff e r e nti al r a t e s f o r D 2 ( v ′ = 2, j ′ = 0 )
p r o d u c ti o n n o r m ali z e d b y t h e s q u a r e of t h e t o t al d e n si t y of
D 2 ( s e e SI f o r f u r t h e r d e t ail s ). R e s ul t s of o u r c al c ul a ti o n s
a r e s h o w n i n s oli d c u r v e s w hil e e x p e ri m e nt al r e s ul t s of Z h o u
et al. [ 3 1] a r e s h o w n i n d o t s. C al c ul a ti o n s u si n g a H- S A R P
( V- S A R P ) p r e p a r a ti o n a r e s h o w n i n t h e t o p ( b o t t o m ) p a n el s.
Di ff e r e nti al r a t e c o e ffi ci e nt s w e r e s y m m e t ri z e d a s i n t h e e x p e r-
i m e nt al w o r k. T h e c o nt ri b u ti o n of c olli si o n s b e t w e e n t w o D2

( v = 2 ) m ol e c ul e s i s s h o w n i n s h a d e d d a r k g r e e n, w hil e t h a t
f r o m c olli si o n s b e t w e e n o n e D2 ( v = 2 ) a n d o n e D 2 ( v = 0 ) i s
s h o w n i n s h a d e d g r a y a n d bl a c k d a s h e d li n e.

t h e or y f or st er e o d y n a mi c s of ali g n e d- ali g n e d bi m ol e c ul ar
c olli si o n s a n d b y c o n si d eri n g di ff er e nt c olli si o n pr o c e s s e s
t h at o c c ur i n t h e m ol e c ul ar b e a m. R e s ult s pr e s e nt e d h er e
b a s e d o n f ull- di m e n si o n al c o u pl e d- c h a n n el s c att eri n g c al-
c ul ati o n s r e v e al t h at t h e a n g ul ar di stri b uti o n o b s er v e d i n
t h e e x p eri m e nt s of Z h o u et al. [ 3 1] i s d u e t o r e s o n a n c e
f e at ur e s t h at ari s e fr o m di ff er e nt c olli si o n p art n er s i n t h e
b e a m wit h di sti n ct a n g ul ar di stri b uti o n s. K e y f e at ur e s of
t h e e x p eri m e nt al a n g ul ar di stri b uti o n s ar e c a pt ur e d o nl y
w h e n f o ur- v e ct or c orr el ati o n s i n ali g n e d- ali g n e d m ol e c u-
l ar c olli si o n s ar e a c c o u nt e d f or. T h e f or m ali s m pr e s e nt e d
h er e i s g e n er al, a n d will pr o vi d e t h e f o u n d ati o n f or d e-
s cri bi n g f o ur- v e ct or c orr el ati o n s i n r e a cti v e or i n el a sti c
ali g n e d m ol e c ul ar c olli si o n s i n f ut ur e e x p eri m e nt s i n v ol v-
i n g S A R P or r el at e d t e c h ni q u e s.

T hi s w or k w a s s u p p ort e d i n p art b y N S F gr a nt
N o. P H Y- 2 1 1 0 2 2 7 ( N. B.) a n d A R O M U RI gr a nt N o.
W 9 1 1 N F- 1 9- 1- 0 2 8 3 ( N. B., H. G.).  P. G. J. gr at ef ull y
a c k n o wl e d g e s gr a nt PI D 2 0 2 0- 1 1 3 1 4 7 G A-I 0 0 f u n d e d b y
M CI N / A EI / 1 0. 1 3 0 3 9 /, a n d F. J. A. a c k n o wl e d g e s f u n d-
i n g b y t h e S p a ni s h Mi ni str y of S ci e n c e a n d I n n o v a-
ti o n ( Gr a nt s N o. P G C 2 0 1 8- 0 9 6 4 4 4- B-I 0 0 a n d PI D 2 0 2 1-

1 2 2 8 3 9 N B-I 0 0). J. F. E. C gr at ef ull y a c k n o wl e d g e s s u p-
p ort fr o m t h e D o d d- W all s C e ntr e f or P h ot o ni c a n d Q u a n-
t u m Te c h n ol o gi e s.
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