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Measuring inelastic rates with partial-wave resolution requires temperatures close to a Kelvin or below,
even for the lightest molecule. In a recent experiment, Perreault, Mukherjee, and Zare [Nat. Chem. 10, 561
(2018).] studied collisional relaxation of excited HD molecules in the v ¼ 1, j ¼ 2 state by para- and
ortho-H2 at a temperature of about 1 K, extracting the angular distribution of scattered HD in the v ¼ 1,
j ¼ 0 state. By state preparation of the HD molecules, control of the angular distribution of scattered HD
was demonstrated. Here, we report a first-principles simulation of that experiment which enables us to
attribute the main features of the observed angular distribution to a single L ¼ 2 partial-wave shape
resonance. Our results demonstrate important stereodynamical insights that can be gained when numeri-
cally exact quantum scattering calculations are combined with experimental results in the few-partial-wave
regime.

DOI: 10.1103/PhysRevLett.121.113401

Introduction.—The ultimate goal of chemistry is the
complete quantum state control of both reactants and
products. Understanding the state-to-state stereodynamics
of collision processes is a prerequisite for attaining such
control [1–4]. Reducing the collision energy to a Kelvin or
less simplifies collisional processes by restricting the
relevant number of partial waves. Thanks to recent
developments in molecule cooling and trapping [5–12]
and merged beams [13–16], it is now increasingly possible
to study molecular systems in this few-partial-wave regime
[17–23].
The stereodynamics ofmany inelastic and reactivemolecu-

lar encounters is strongly influenced by resonances, which
occur via either tunneling through a centrifugal barrier (shape
resonance) or coupling to a bound state of a closed channel
(Fano-Feshbach resonance) [15,23–25]. Low-energy colli-
sions of lightmolecules such asH2 near 1K are dominated by
just a few partial waves. However, experimental studies of
molecular collisions and measurements of product angular
distributions in this regime have been a significant challenge,
in particular, for neutral molecules such as H2 andHD, which
are not magnetically trappable and have a zero or very small
dipole moment (for HD).
In a landmark experiment, Perreault, Mukherjee, and Zare

reported four-vector correlations for collisions of excitedHD
molecules in the v ¼ 1, j ¼ 2 level with D2 and H2 at a
collision energy around 1 K [1,20]. In the experiment, HD
and H2=D2 are coexpanded in a single beam, and the HD
molecules are prepared in one of two specific well-defined
states using the technique of Stark-induced adiabatic Raman
passage (SARP). TheSARPcombinedwith a coexpansion in
a molecular beam therefore provides a powerful tool for

studying the stereodynamics of cold collisions without
having to explicitly remove their kinetic energy [26].
Here, we report a first-principles simulation of the

experiment of Perreault, Mukherjee, and Zare based on
full-dimensional quantum scattering calculations. In doing
so, we unravel the stereodynamics of the collision process
and attribute the observed experimental angular distribution
to a L ¼ 2 shape resonance in the incoming channel. We
also explain the origin of the symmetric angular distribu-
tion observed in the experiment.
Methods.—Being the simplest neutral molecule-mol-

ecule system, H2 þ H2=HD collisions are amenable to
full-dimensional quantum scattering calculations [27–30],
and high-quality ab initio potential energy surfaces are
available. In this work, we have used the full-dimensional
H2-H2 potential of Hinde [31], which has been used
extensively in recent years to study scattering of H2 on
H2 and its isotopologs [32,33]. Its features compare well
with the other available potentials for the H2-H2 system
[34,35]. In particular, its accuracy is comparable to the
four-dimensional potential of Patkowski et al. [35], which
is considered to be the most accurate for the H2-H2 system
(with an uncertainty of about 0.15 K or about 0.3% at the
minimum of the potential well).
Scattering calculations for collisions of HD with H2 were

performed in full dimensionality using a modified version
of the TWOBC code [36]. The methodology is well
established and outlined in detail [30,32,37] and has been
applied to other similar systems [38–41]. Here we briefly
review the methodology in order to define the notation.
The scattering calculations are performed within the

PHYSICAL REVIEW LETTERS 121, 113401 (2018)
Editors' Suggestion

0031-9007=18=121(11)=113401(5) 113401-1 © 2018 American Physical Society

https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.121.113401&domain=pdf&date_stamp=2018-09-11
https://doi.org/10.1038/s41557-018-0028-5
https://doi.org/10.1038/s41557-018-0028-5
https://doi.org/10.1103/PhysRevLett.121.113401
https://doi.org/10.1103/PhysRevLett.121.113401
https://doi.org/10.1103/PhysRevLett.121.113401
https://doi.org/10.1103/PhysRevLett.121.113401


time-independent close-coupling formalism yielding the
usual asymptotic S matrix [42]. For convenience, we label
each asymptotic channel by the combined molecular state
(CMS) α ¼ v1j1v2j2, where v and j are vibrational and
rotational quantum numbers, respectively, and the subscript
1 refers to HD and 2 to H2. The integral cross section for
state-to-state rovibrationally inelastic scattering is given by

σα→α0 ¼
π

ð2j1 þ 1Þð2j2 þ 1Þk2α
×

X
J;j12;j012;l;l

0
ð2J þ 1ÞjTJ

αlj12;α0l0j012
j2; ð1Þ

where k2 ¼ 2μE=ℏ2, TJ ¼ 1 − SJ, L is the orbital angu-
lar momentum, J is the total angular momentum
(J ¼ Lþ j12), and j12 ¼ j1 þ j2. To compute the differ-
ential cross sections relevant to this work, we also need the
scattering amplitude, which has previously been given by
Schaefer and Meyer [43] in the helicity representation:

qα;m1;m2;m12→α0;m0
1
;m0

2
;m0

12

¼ 1

2kα

X
J

ð2J þ 1Þ
X

j12;j012;l;l
0
il−l

0þ1TJ
αlj12;α0l0j012

dJm12;m0
12
ðθÞ

× hj012m0
12J −m0

12jl00ihj12m12J −m12jl0i
× hj01m0

1j
0
2m

0
2jj012m0

12ihj1m1j2m2jj12m12i; ð2Þ
where dJm12;m0

12
ðθÞ is Wigner’s reduced rotation matrix. The

rovibrational state-to-state differential cross section is then
given by

dσα→α0

dΩ
¼ 1

ð2j1þ1Þð2j2þ1Þ
×

X
m1;m2;m12;m0

1
;m0

2
;m0

12

jqα;m1;m2;m12→α0;m0
1
;m0

2
;m0

12
j2: ð3Þ

Results.—In the recent work of Perreault, Mukherjee,
and Zare, collisions of HDðv¼1;j¼2Þ with H2ðv ¼ 0;
j ¼ 0; 1Þ were studied in the 0–10 K regime and the
angular distribution of HDðv ¼ 1; j ¼ 0Þ measured [1].
Figure 1 shows the corresponding theoretical integral cross
section for α ¼ 1200 → 1000 and α ¼ 1201 → 1001. It is
clearly seen that there are shape resonances for collisions
with both ortho-H2 and para-H2, in the vicinity of 1 K, with
the dominant feature being a L ¼ 2 shape resonance with
ortho-H2 at around 1 K.
In order to gain insight into the nature of the resonances

seen in Fig. 1, we analyzed the effective potential matrix
corresponding to different incoming partial waves L:

VJ
v1j1v2j2Lj12;v01j

0
1
v0
2
j0
2
L0j0

12
ðRÞ

¼ ϵv1j1v2j2 þ
LðLþ 1Þℏ2

2μR2
þ UJ

v1j1v2j2Lj12;v01j
0
1
v0
2
j0
2
L0j0

12
ðRÞ:

ð4Þ

The first term is the energy of the CMS obtained by adding
the asymptotic rovibrational energies of HD and H2. The
second term is the centrifugal potential for the orbital
angular momentum L, and the third term is the potential
energy matrix in the channel basis. At large intermolecular
separations, the energies of the different channels that
correspond to the same CMS converge to its asymptotic
value. The effective potential matrix is diagonalized at each
value of R, and the eigenvalues as a function of R
correspond to a series of adiabatic potentials. Bound or
quasibound states of these one-dimensional potentials
correspond to HD-H2 complexes, and the decay of the
quasibound states leads to the resonances seen in Fig. 1.
Figure 2 shows the potentials for the approximately good
quantum number L ¼ 0, 1, 2, 3, 4 for the asymptotic state
1201 along with the corresponding one-dimensional wave
functions—shown at the bound or quasibound energies. It
is the quasibound states at ≈1 K and≈5 K in the L ¼ 2 and
3 channels, respectively, which lead to the shape resonan-
ces seen in Fig. 1. The corresponding dominant outgoing
partial waves are L0 ¼ 2 and 4 for L ¼ 2 and L0 ¼ 5 for
L ¼ 3 as shown in Fig. 1.
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FIG. 1. Integral state-to-state cross sections for HDðv ¼ 1;
j ¼ 2Þ → HDðv ¼ 1; j ¼ 0Þ in collisions with H2ðj ¼ 0; 1Þ.

FIG. 2. One-dimensional adiabatic potentials andwave functions
of the HD-H2 system as a function of R.
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The experimental setup is described in detail in a series of
papers by Perreault, Mukherjee, and Zare [1,16,20]. Herewe
only outline the details necessary for making a comparison
with our theory results. In the experiment, HD and H2 are
coexpanded in a single beam. The HD molecule is prepared
in one of two specific states using the SARP technique.
H-SARP prepares the HDðv1 ¼ 1; j1 ¼ 2Þ in a state
jj1 ¼ 2; m1 ¼ 0i, wherem1 refers to the angular-momentum
component along the relative velocity axis, in which case the
HD bond is aligned parallel to the relative velocity. V-SARP
prepares the HDðv1 ¼ 1; j1 ¼ 2Þ in a state

ffiffiffi
3

8

r
jj1 ¼ 2; m1 ¼ −2i − 1

2
jj1 ¼ 2; m1 ¼ 0i

þ
ffiffiffi
3

8

r
jj1 ¼ 2; m1 ¼ 2i; ð5Þ

in which case the HD bond is aligned perpendicular to the
relative velocity. TheH andV inH-SARP andV-SARP refer
to the horizontal and vertical orientations, respectively, of the
SARP laser polarization relative to the beam velocity. The
H2, on the other hand, is not state prepared, and the ratio of
para-H2 to ortho-H2 in the beam is taken to be 1 to 3. The
experiment then measures the rate of HDðv1 ¼ 1; j1 ¼ 0Þ
scattered into a solid angle Ω relative to the beam velocity.
In order to compare with the experimental result, we

need to account for these experimental particulars. When
molecules are prepared using H-SARP or V-SARP, Eq. (3)
for the differential cross section has to be modified to
account for the interference between the differentm’s in the
initial state preparation. For H-SARP it becomes

dσHα→α0

dΩ
¼ 1

ð2j2þ1Þ
×

X
m2;m12;m0

1
;m0

2
;m0

12

jqα;m1¼0;m2;m12→α0;m0
1
;m0

2
;m0

12
j2; ð6Þ

while for V-SARP it becomes

dσVα→α0

dΩ
¼ 1

ð2j2 þ 1Þ
X

m2;m12;m0
1
;m0

2
;m0

12����
ffiffiffi
3

8

r
qα;m1¼−2;m2;m12→α0;m0

1
;m0

2
;m0

12

−
1

2
qα;m1¼0;m2;m12→α0;m0

1
;m0

2
;m0

12

þ
ffiffiffi
3

8

r
qα;m1¼þ2;m2;m12→α0;m0

1
;m0

2
;m0

12

����
2

: ð7Þ

Note that Eqs. (6) and (7) are written for the general case of
H-SARP and V-SARP preparation, but in the present case
m0

1 ¼ 0 as j01 ¼ 0 for the scattered HD. As Fig. 1 reveals,
the dominant feature seen in the experiment is expected to

be an L ¼ 2 shape resonance from collisions with ortho-
H2, especially when the relative population of ortho-H2 and
para-H2 in the beam is taken into account. Figure 3 shows
the differential rate (defined below) as a function of the
relative velocity for the state-to-state transition,
HDðv ¼ 1; j ¼ 2Þ → HDðv ¼ 1; j ¼ 0Þ in collisions with
ortho-H2 for H-SARP and V-SARP. The L ¼ 2 shape
resonance seen in Fig. 1 is clearly visible at around
100 ms−1 (≈1 K). The initial alignment of the HD with
respect to the beam velocity clearly makes a significant
difference in the angular distribution. For V-SARP, where
the HD bond axis is aligned perpendicular to the beam axis,
the dominant scattering is at around 90°, whereas for
H-SARP, where the HD bond axis is aligned parallel to
the beam axis, there is also significant forward scattering at
around 20°. The equivalent figures for collisions with para-
H2 are given in Supplemental Material [44].
In order to make an explicit comparison with the exper-

imental angular distribution, we also have to average over
both the relative velocity distribution and the relative pop-
ulations of ortho-H2 and para-H2. The experimental velocity
distributions for HD and H2 are given by the Gaussian
distributions PðvHDÞ∼N ðμHD¼2814;σ2HD¼712=2Þ and
PðvH2

Þ∼N ðμH2
¼2740;σ2H2

¼1052=2Þ, respectively, where
v, μ, and σ are in units ofms−1 [16].With the relative velocity
defined as vrel ¼ vHD − vH2

, the relative velocity distribution
is then given by convolving the two distributions yielding
PðvrelÞ ∼N ðμrel ¼ μHD − μH2

; σ2rel ¼ σ2HD þ σ2H2
Þ. In the

experiment, the scattering angle θexp is defined relative to
the beam velocity; therefore, for positive relative velocities
(HD catching up with H2) θexp ¼ θ, whereas for negative
relative velocities (HD being caught up by H2) θexp ¼ π − θ.
Thevelocity-averageddifferential rate, forortho- orpara-H2,
is therefore given by
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dkðθexpÞ
dθexp

¼
Z

0

−∞
jvrelj

dσðπ − θÞ
dθ

PðvrelÞdvrel

þ
Z

∞

0

jvrelj
dσðθÞ
dθ

PðvrelÞdvrel; ð8Þ

byweighting themwith the experimental population ofpara-
and ortho-H2 (25% and 75%, respectively), a direct com-
parison can be made with the experiment.
Figure 4 compares our theory results with the exper-

imental data presented in Perreault, Mukherjee, and Zare
[1]. The experimental results for both H-SARP and
V-SARP have been scaled by the same factor (0.009). It
is seen that we find very good agreement with the
experimental results, capturing the main features as well
as getting the relative magnitude of H-SARP and V-SARP
correct. We note that this means we also get agreement with
the higher integral rate reported for H-SARP compared to
V-SARP. Comparing Fig. 4 with Fig. 3, we are able to
attribute the observed features to a specific resonance. This
is especially clear in the case of V-SARP where the strong
central feature is clearly due to the L ¼ 2 shape resonance
found at 100 ms−1. The L ¼ 2 contribution for collisions
with ortho-H2 is explicitly shown in Fig. 4 as dashed lines,
which can be seen to make up over half of the observed rate
as well as giving the overall form to the angular distribu-
tion. In the case of H-SARP, however, there is a backwards
scattering feature (at around 160°) seen in the experiment
which is not present in the theoretical differential cross
sections shown in Fig. 3. This apparent backwards scatter-
ing is, in fact, the result of the velocity averaging of Eq. (8)
and is actually forward scattering of HD from collisions
with negative relative velocities. More generally, the

approximate symmetry of the measured angular distribu-
tion seen here is a direct consequence of the approximate
symmetry of the relative velocity distribution of this kind of
experimental setup, which leads to nearly equal contribu-
tions from positive and negative relative velocities in
Eq. (8). The separate contributions to the angular distri-
bution from positive and negative velocities are given in
Supplemental Material [44]. We are therefore able to
unambiguously attribute the observed feature to an L ¼
2 shape resonance for collisions of HDðv ¼ 1; j ¼ 2Þ with
H2ðj ¼ 1Þ. We note that there is also a large L ¼ 2 shape
resonance for collisions of HDðv ¼ 0; j ¼ 2Þ with H2ðj ¼
0Þ between 0.1 and 1 K which disappears for HDðv ¼ 1Þ. If
this resonance is also present for HDðv ¼ 1Þ, say, if the
potential well were actually slightly deeper, it would not
change this conclusion, as it would affect only the overall
magnitude of the cross section but not its form [we have
checked this explicitly by computing the HDðv ¼ 0;
j ¼ 2Þ → HDðv ¼ 0; j ¼ 0Þ cross sections].
Conclusions.—We have performed numerically exact

quantum scattering calculations for low-energy collisions
of quantum-state-prepared HD with H2, finding good
agreement with the experiment for the angular distribution
of scattered HD. Our computations provide a complete
numerical simulation of the experiment with full quantum-
state resolution, including the orientation of the HD
molecule relative to the molecular beam axis. We were
able to unravel the stereodynamics of the collision process
and attribute the observed angular distribution to a single
L ¼ 2 shape resonance in the incoming channel. This
demonstrates the enormous potential of low-energy beam
experiments for controlled studies of inelastic collisions at
the single partial-wave level and the unique insights that
can be gained in the collision dynamics when combined
with numerically exact scattering calculations. The stereo-
dynamic control is achieved in the experiment by the ability
to choose a single or a coherent superposition of quantum
states with m-state resolution. The overall good agreement
between the theory and experiment for this benchmark
system also provides an independent confirmation of the
accuracy of the H2-H2 interaction potential for collisional
studies near 1 K, a regime also of significant interest in
astrophysics. Whether the small remaining discrepancies in
the angular distributions can be addressed with further
refinement of the H2-H2 interaction potential is an issue
worth exploring.

We acknowledge support from the U.S. Army Research
Office, MURI Grant No. W911NF-12-1-0476 (N. B.), the
U.S. National Science Foundation, Grant No. PHY-
1505557 (N. B.), and Department of Energy, Grant
No. DE-SC0015997 (H. G.). We thank Dick Zare,
Nandini Mukherjee, and William Perreault for many
stimulating discussions and for sharing their experimental
data.
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