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One of the best ways to study the nature of molecular inter-
actions is to conduct scattering experiments that map the 
quantum state of the incoming particles to the measured 

state of the outgoing particles. State-resolved scattering experiments 
that study single-collision events provide experimental access to 
molecular interaction potentials because the probability of scatter-
ing within a differential solid angle is directly proportional to the 
square of the scattering matrix element between the input and out-
put states1,2. Therefore, the experimental challenge lies in prepar-
ing a large molecular population in a desired input state and then 
state-selectively measuring the angular distribution of the outgo-
ing scattered particles3–5. The internal states and orbital angular-
momentum states of the outgoing particles can be determined from 
state-resolved measurements of the angular distribution using well-
developed techniques6–8. However, full control over the input chan-
nel, which is defined by both the internal molecular quantum state 
and the orbital angular-momentum states associated with the rela-
tive motion of the colliding pair, is much more difficult to achieve9,10.

The internal quantum state of a molecule in a given electronic 
state is defined in terms of its vibrational and rotational energy, 
related to quantum numbers (v, j), as well as the projection of the 
rotational angular momentum j onto a fixed axis, given by the m 
quantum number. The preparation of states with specific (j, m) 
defines the molecular frame with respect to a known axis in the lab 
frame and provides the stereodynamic control necessary to deter-
mine the anisotropy of scattering force fields11. Many techniques 
have been developed to control internal quantum states12, and range 
from the use of electric13–16 or magnetic17 fields18 for state-selecting 
molecular populations to techniques that use optical pumping to 
state-prepare molecules19–21. In this work, we use Stark-induced 
adiabatic Raman passage (SARP) to prepare orientation-specific 
quantum states of deuterium hydride (HD), a molecule of particular 
interest because of its abundance in the early universe22 and theo-
retical tractability. SARP is an optical adiabatic passage technique 
developed specifically to state-prepare large populations of small 
molecules with little or no dipole moment23,24.

With the prepared molecules in a single quantum state in a 
sufficiently high density to conduct a scattering experiment, the 
selection of the orbital angular-momentum states of the incom-
ing particle presents the experimentalist with an additional chal-
lenge10. Unless the collision energy is reduced substantially, a large 
number of orbital angular-momentum states in the input channel 
contribute to the scattering process25,26. To preserve the plane-wave 
character of an incoming particle with well-defined linear momen-
tum, all of the orbital angular momentum l states, also referred 
to as the partial waves, must be coherently coupled1,2. As such, at 
high collision energies it is necessary to consider the interference 
of many partial waves in the input channel, which can obscure 
interesting features of the interaction potential. To gain the clearest 
possible understanding of the molecular force field, it is therefore 
necessary to restrict the number of involved input orbital angular-
momentum states by reducing the collision temperature. Ultracold 
collision experiments have succeeded in limiting the input partial 
waves to only the l =​ 0 component27,28, but, in the absence of the 
measurement of the output scattering states, it was not possible to 
truly probe the interaction force field. Molecular-beam technology 
provides an opportunity to study relatively cold collisions in a wide 
variety of species and is easily coupled to existing techniques to 
determine the outgoing scattering states29. Many different molec-
ular-beam techniques have been developed to study collisions at 
relatively low energy, thus reducing the number of involved partial 
waves. These methods include buffer gas cooling9, CRESU (reac-
tion kinetics in uniform supersonic flow (cinétique de réaction en 
ecoulement supersonique uniforme))30, merged31 and crossed10,21,32 
beams, and Stark, Zeeman and Faraday deceleration18. In this work, 
we employ a technologically simpler method in which the collid-
ing species are coexpanded in a single molecular beam33,34. This 
brings the collision energy near 1 K, which limits the partial waves 
to s (l =​ 0) and p (l =​ 1). In addition, coexpansion of the colliding 
partners in a single collimated beam defines the direction of their 
relative velocity within a few milliradians, which is essential for ste-
reodynamic studies.
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By combining SARP with the coexpansion of the colliding part-
ners in the molecular beam, we are able to control both the internal 
quantum state (v, j, m) and partial waves of the incoming mol-
ecules. We then measure the angular distribution of the scattered 
molecules state selectively, from which we determine the outgo-
ing states using partial-wave analysis based on the conservation of 
angular momentum. Our control of the input state coupled with our 
partial-wave analysis allows us to infer the internal dynamics of a  
collision process.

In our previous work33, we demonstrated low-energy molecular 
scattering in a single beam using quantum-state prepared molecules, 
and observed remarkable stereodynamic effects in the scattering of 
HD (v =​ 1, j =​ 2) with D2 to produce HD (v =​ 1, j =​ 1). In this paper, 
we present HD (v =​ 1, j =​ 2) collisions with D2 as well as H2 to pro-
duce HD (v =​ 1, j =​ 0), and find that a simultaneous reorientation of 
the partner molecule is necessary to explain our experimental data. 
Our previous paper focused primarily on the experimental method, 
and the present publication illustrates how details of the anisotropic 
scattering potential can be extracted directly from quantum-state 
resolved, low-energy scattering measurements by correlating each 
input partial wave with the measured outgoing waves using partial-
wave analysis. We determined the dominant anisotropies responsi-
ble for Δ​j =​ 2 inelastic scattering, which include a strong short-range 
and a relatively weaker long-range potential term that results from 
quadrupole–quadrupole interactions. This distinguishes the Δ​j =​ 2 
transition studied here from the previously studied Δ​j =​ 1 transi-
tion, which results primarily from dipolar interactions.

Results
Experimental results. Figure  1a shows the relative-speed distri-
butions between HD and its scattering partner in the two mixed- 
molecular beams (1:6 HD:D2 and 1:8 HD:H2), which are calculated 
from time-of-flight measurements of HD, D2 and H2 following  (2+​
1) resonance-enhanced multiphoton ionization (REMPI). To deter-
mine the velocity distribution of the neutral molecules accurately, 
the REMPI photoelectron recoil was deconvoluted from the mea-
sured time-of-flight spectra35. Figure 1b shows the corresponding 
collision-energy distribution for D2/HD and H2/HD, calculated 
using the relative-speed distributions in Fig.  1a. The rotational 
distributions of each species in the molecular beam are given in 
Supplementary Table 1.

We used SARP to prepare specific m states of the rovibrationally 
excited (v =​ 1, j =​ 2) energy eigenstate of the HD molecules. SARP 

employs a delayed sequence of single-mode nanosecond pump and 
Stokes laser pulses that transversely intersect the molecular beam 
to transfer adiabatically the complete ground-state population to 
specific-energy eigenstates23,36. The molecular alignment was con-
trolled by changing the direction of the polarization of the pump 
and Stokes optical fields24. As the HD is so efficiently cooled to its 
rotational ground state, we were able to transfer nearly the entire 
population to the rovibrationally excited (v =​ 1, j =​ 2, m) state using 
SARP. The colliding partner (either H2 or D2) was not state selected.

For each scattering partner, we studied the rotational relaxation 
of state-prepared HD from (v =​ 1, j =​ 2) →​ (v =​ 1, j =​ 0) for the HD 
bond axis preferentially aligned parallel or perpendicular to the rela-
tive velocity direction. Figure 2 shows the parallel and perpendicular 
collision geometries, denoted by H-SARP and V-SARP. In H-SARP 
(Fig. 2a), the HD (v =​ 1, j =​ 2) molecular-bond axis is aligned prefer-
entially parallel to the flight direction using linearly polarized pump 
and Stokes laser pulses with their direction of polarization aligned 
along the molecular-beam axis. In V-SARP (Fig. 2b), the HD (v =​ 1, 
j =​ 2) molecular-bond axis is aligned preferentially perpendicular to 
the flight direction using pump and Stokes laser pulses polarized per-
pendicularly with respect to the molecular-beam axis. The colliding 
partners are coexpanded in a single molecular beam, so the direction 
of their relative velocity is extremely well defined (±​12 mrad).

Figure 3 shows the angular distribution produced by the rota-
tional relaxation of HD molecules from (v =​ 1, j =​ 2) →​ (v =​ 1, 
j =​ 0) in collisions with D2 in the mixed molecular beam. Figure 3a 
shows the collisional relaxation of HD prepared by H-SARP, 
whereas Fig. 3b shows the relaxation for HD prepared by V-SARP, 
as defined in Fig.  2. The angular distributions shown here were 
extracted from experimentally measured time-of-flight distribu-
tions of scattered HD molecules after state-selective ionization 
of the scattered HD (v =​ 1, j =​ 0) using (2+​1) REMPI. The details 
of the procedure to extract the scattering angle from the time-of-
flight measurement are given elsewhere33. We observe that there 
is a notable stereodynamic difference in the differential scatter-
ing cross sections between H-SARP and V-SARP, and also that 
the integral cross section for H-SARP is almost four times smaller 
than that for V-SARP.
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Fig. 1 | Relative-speed and energy distributions. a, Relative-speed 
distributions between HD (v =​ 1, j =​ 2) and D2 (v =​ 0, j =​ 0) (green curve) 
and HD (v =​ 1, j =​ 2) and H2 (v =​ 0, j =​ 0) (orange dashed curve), derived by 
convolution of the velocity distribution of the two species present in each 
mixed molecular beam, as determined from time-of-flight measurements. 
About 85% of the collisions take place with a relative velocity of 160 m s–1 
or less for both the H2/HD and D2/HD mixed beams. When (a) is 
integrated over the relative speeds, the value is 100. b, Collision-energy 
distributions for D2/HD (green curve) and H2/HD (orange dashed curve), 
calculated using the relative-speed distributions in a. The two beams have 
nearly the same range of collision energies present. Greater than 85% of 
the collisions have a collision energy of less than 5 K.
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Fig. 2 | Two different collision geometries. a,b, The quantum state of HD 
is prepared using SARP optical fields polarized parallel (H-SARP) (a) or 
perpendicular (V-SARP) (b) to the molecular-beam axis. The green and 
red arrows define the polarization direction of the pump and Stokes optical 
fields. For H-SARP, the m state refers to the quantization z axis parallel to 
the relative velocity of HD and its scattering partner. For V-SARP, the m′​ 
state refers to the quantization z′​ axis perpendicular to the relative velocity. 
For H-SARP, the HD bond axis is preferentially aligned parallel to the 
relative velocity, and for V-SARP, the HD bond axis is preferentially aligned 
perpendicular to the relative velocity. The scattering partner (either H2 or D2) 
is not state prepared, so its bond axis is distributed isotropically.
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Partial-wave analysis. To interpret the angular distributions, 
we employed a similar partial-wave analysis to that described in 
our earlier work on HD (v =​ 1, j =​ 2) →​ HD (v =​ 1, j =​ 1) rota-
tionally inelastic scattering33. As before, we considered only the 
s (l =​ 0) and p (l =​ 1) partial waves in the input channel. Using 
the H2/HD and D2/HD relative-speed distributions (Fig.  1a), 
we find that for ~85% of collisions the (l =​ 1) partial wave cor-
responds to an impact parameter greater than 3.5 Å for D2/HD 
and 4.7 Å for H2/HD, whereas the (l =​ 2) partial wave corresponds 
to an impact parameter greater than 6 Å and 8.1 Å, respectively. 
Previously calculated rigid-rotor potentials for H2–H2 collisions 
show that all the anisotropic terms are negligible at distances 
greater than 5 Å (ref. 37), which justifies neglecting the input par-
tial waves with (l >​ 1) for the collision temperatures present in  
our experiments.

The collision partners copropagate in a single molecular beam, 
so the relative velocity direction coincides with the lab-fixed molec-
ular-beam axis, which is parallel to the laser polarization used in 
the H-SARP preparation. Choosing the angular momentum to be 
quantized along the relative velocity axis considerably simplifies the 
data analysis because the initial orbital angular-momentum compo-
nent vanishes in this direction. In this frame, the HD (v =​ 1, j =​ 2) 
state prepared by H-SARP is simply ∣ = = ⟩j m2, 0  where m refers to 
the angular-momentum component along the z axis in Fig. 2a. The 
state prepared by V-SARP, when transformed into this coordinate 
system, is given by:

∣ = ′ = ⟩ = ∣ = = + ⟩− ∣ = = ⟩

+ ∣ = = − ⟩

j m j m j m
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where m′​ refers to the angular-momentum component along the 
z′​ axis, which is parallel to the laser polarization direction in the 
V-SARP preparation, as described in Fig. 2b. The vibrational quan-
tum number (v =​ 1) is omitted for simplicity.

The (j =​ 2 →​ j =​ 0) scattering angular distribution σ θ∕d d  as a 
function of the polar angle θ, which was determined from time-of-
flight spectrometry, is related to the differential scattering cross sec-
tion σ Ω∕d d  by integration over all azimuthal angles φ:
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where Ωd  gives the differential solid angle in the direction defined 
by θ and φ. The differential cross sections can be expressed in terms 
of the state-to-state scattering amplitudes ( = → =qj m j2, 0), as follows. 
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Each state-to-state scattering amplitude can be expanded in terms 
of the outgoing partial waves (l′​,

′ml
 ) which are given by the 

spherical harmonics θ φ′′Y m ( , )l l, as described in the Supplementary 
Information. Here, l′​ and 

′ml
 are the quantum numbers associated 

with the outgoing orbital angular momentum and its component 
along the quantization z axis, respectively. Equations (3) and (4) can 
then be substituted into equation (2) to produce the fitting functions 
used to generate the theoretical curves in Fig. 3, as well as those in 
Fig.  4. The dashed curves in Fig.  3 show fits of the experimental 
data in which the expansion of the scattering amplitudes in terms 
of partial waves assumed that no exchange of angular momentum 
occurred between HD and D2. This procedure clearly failed to fit the 
H-SARP data accurately (R2 =​ 0.73). Although the fit of the V-SARP 
data generated using this procedure appears to be reasonable 
(R2 =​ 0.98), it clearly fails to reproduce the sharpness of the peak 
at 90°, and also misses the two shoulders that appear near 60° and 
120°. Consideration of the conservation of the angular-momentum 
component along the z axis shows that the strong scattering peak 
near 90° necessitates the involvement of outgoing partial waves with 
(

′ml
 ≠​ 0). For molecules prepared by V-SARP, these outgoing partial 

waves are generated by the direct relaxation of the initial HD (v =​ 1, 
j =​ 2, m =​ ±​2) state, which explains the relatively good fit shown by 
the dashed curve in Fig.  3b. In the H-SARP case, however, these 
outgoing partial waves can only be produced via the exchange of 
angular momentum between the two scattering partners.

Partner reorientation explains experimental observations. 
To obtain a better fit of our H-SARP data, we introduced into our 
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Fig. 3 | D2/HD mixed-beam scattering. a,b, Collisions of the state-prepared HD (v =​ 1, j =​ 2) with unprepared D2 occurred with a mean collision energy of 
~1 K, with the HD molecular-bond axis aligned parallel (H-SARP) (a) and perpendicular (V-SARP) (b) to the relative velocity between HD and D2. The red 
(a) and blue (b) points show the angular distribution of the scattered HD (v =​ 1, j =​ 0) derived from time-of-flight measurements of REMPI-generated ions. 
In both a and b, the dashed curves give theoretical fits generated using functions that neglect D2 reorientation, and the solid curves give theoretical fits 
generated using functions that include D2 reorientation, as described in the main text. In addition to the obvious stochasticity in the number of counts in 
each bin, the scattering angle is subject to a small (<​5%) error from the finite width of the molecular beam, but this does not affect the fits shown here.
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partial-wave analysis the simultaneous degenerate (Δ​j =​ 0) reorien-
tation transitions Δ​m =​ ±​1 and ±​2 in D2 (v =​ 0, j =​ 1) and D2 (v =​ 0, 
j =​ 2), respectively, that accompany the rotational relaxation of HD 
(v =​ 1, j =​ 2) →​ HD (v =​ 1, j =​ 0). When these degenerate reorienta-
tions were considered for H-SARP, we obtained the solid curve in 
Fig. 3a, which shows a substantially better fit to the experimental data 
(R2 =​ 0.98). A similar reorientational angular-momentum exchange 
was then considered for the relaxation of the HD (v =​ 1, j =​ 2, m =​ 0) 
component present in the superposition prepared by V-SARP (equa-
tion (1)), which resulted in the slightly improved fit given by the solid 
curve in Fig. 3b (R2 =​ 0.99). Table 1 summarizes the outgoing partial 
waves that contribute to each of the reorientation fits.

Although these degenerate reorientations explain the experi-
mental data well, there is another open output channel that involves 
angular-momentum exchange, which could support the 90° scat-
tering peak we see for H-SARP. This output channel involves the 
simultaneous nonresonant rotational excitation of D2 from (v =​ 0, 
j =​ 0) →​ (v =​ 0, j =​ 2) that accompany HD relaxation from (v =​ 1, 
j =​ 2) →​ (v =​ 1, j =​ 0). However, the following consideration of the 
energetics of the collision shows that this mechanism is unlikely 
to contribute to the observed scattering. The maximum speed of 
the scattered HD molecules along the time-of-flight axis can be 
determined from the energy released in the collision. Clearly, the 
mechanism that involves the excitation of D2 will result in a smaller 
final HD speed than the D2 reorientation mechanism because a sig-
nificant portion of the energy produced by rotational relaxation of 
HD (v =​ 1, j =​ 2) →​ HD (v =​ 1, j =​ 0) is absorbed by the D2 excita-
tion. However, the experimental time-of-flight spectrum shows the 
presence of scattered HD molecules with speeds along the time-
of-flight axis that exceed the maximum allowed by the mechanism 
involving D2 excitation. On the other hand, the observed speeds 
fall well within the range allowed by the D2 reorientation mecha-
nism. This suggests that the likely mechanism is the reorientation 
rather than the excitation of D2. To determine conclusively that the 
mechanism is reorientation of D2, we examined the H2/HD scatter-
ing because the energy released by the rotational relaxation of HD 
(v =​ 1, j =​ 2) →​ HD (v =​ 1, j =​ 0) is insufficient to rotationally excite 
H2. Our analysis of the H2/HD scattering data, which also neces-
sitated angular-momentum exchange, as detailed below, provides 
additional evidence that the mechanism is the reorientation rather 
than the excitation of D2.

Figure  4 gives the angular distribution of the rotational relax-
ation of HD (v =​ 1, j =​ 2) →​ HD (v =​ 1, j =​ 0) produced by collisions 
with coexpanded H2. Figure  4a,b show the angular distribution 
of the collisional relaxation for the initial state of HD prepared 
by H-SARP and V-SARP, respectively. Not only is there a notable 

stereodynamic difference in the differential cross sections between 
H-SARP and V-SARP, comparison with Fig.  3 shows significant 
differences between H2/HD and D2/HD scattering, especially for 
H-SARP. In further contrast to the D2/HD scattering, the measured 
integral cross section for H-SARP is nearly twice that of V-SARP. 
This is somewhat surprising because the scattering potentials gen-
erated by H2 and D2 are expected to be very similar unless there is a 
strong resonance effect.

As in Fig.  3, the dashed curves in Fig.  4 shows fits that were 
obtained using partial-wave analysis assuming that no angular 
momentum is exchanged between HD and H2. Although this proce-
dure provided a somewhat reasonable fit (R2 =​ 0.96) of the V-SARP 
experimental angular distribution, it clearly failed to fit the H-SARP 
data accurately (R2 =​ 0.90). When H2 degenerate reorientations were 
included for H-SARP, we obtained the solid curve in Fig. 4a which 
shows a substantially better fit to the experimental data (R2 =​ 0.98). 
A similar reorientational angular-momentum exchange was then 
considered for the relaxation of the HD (v =​ 1, j =​ 2, m =​ 0) compo-
nent of the superposition (equation (1)) prepared by V-SARP, which 
resulted in the slightly improved fit given by the solid curve in Fig. 4b 
(R2 =​ 0.98). Table 1 summarizes the outgoing partial waves that con-
tribute to each of the reorientation fits for the H2/HD collisions.

The necessity of H2 reorientations to fit both the H-SARP and 
V-SARP data for H2/HD scattering clearly confirms that part-
ner reorientation is a viable mechanism for these collisions. 
Additionally, because the H2/HD H-SARP scattering is relatively 
strong, we conclude that the cross section for reorientation scatter-
ing is significant. This proves that D2/HD relaxation is mediated by 
partner reorientation rather than by D2 excitation.

Table 1 shows that for the D2/HD collision with HD prepared 
by H-SARP, the rotational relaxation proceeds entirely via partner 
reorientation, whereas the relaxation of HD prepared by V-SARP 
proceeds via two distinct mechanisms, namely, direct relaxation in 
addition to partner reorientation. As noted above, the direct relax-
ation is produced by the initial V-SARP-prepared HD (v =​ 1, j =​ 2, 
m =​ ±​2) component (equation (1)), whereas the partner-reorienta-
tion mechanism comes from the relaxation of the HD (v =​ 1, j =​ 2, 
m =​ 0) component. In contrast, for H2/HD collisions, both H-SARP 
and V-SARP scattering involve the direct as well as the reorientation 
mechanism. In each of the HD (j =​ 2) to HD (j =​ 0) scattering cases 
presented in Table  1, the bold type gives the dominant outgoing 
partial wave, which was determined from the relative significances 
given in Supplementary Tables 2–5. Given the angular-momentum 
conservation in the relaxation of the state HD (v =​ 1, j =​ 2, m =​ 0,  
±​2) →​ HD (v =​ 1, j =​ 0, m =​ 0), it is not surprising that the domi-
nant outgoing partial waves are Y22 and Y20. For three of the four 
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Fig. 4 | H2/HD mixed-beam scattering. a,b, Collisions of state-prepared HD (v =​ 1, j =​ 2) with unprepared H2 occurred with a mean collision energy of ~1 K, 
with the HD molecular-bond axis aligned parallel (H-SARP) (a) and perpendicular (V-SARP) (b) to the relative velocity between HD and H2. The red (a) 
and blue (b) points show the angular distribution of the scattered HD (v =​ 1, j =​ 0) derived from time-of-flight measurements of REMP-generated ions. In 
both a and b, the dashed curves give the theoretical fits generated using functions that neglect H2 reorientation, and the solid curves give theoretical fits 
generated using functions that include H2 reorientation, as described in the main text. In addition to the obvious stochasticity in the number of counts in 
each bin, the scattering angle is subject to a small (<​5%) error from the finite width of the molecular beam, but this does not affect the fits shown here.
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cases considered here, the dominant outgoing partial wave is Y22. 
Only in the case of H2/HD H-SARP scattering is the dominant par-
tial wave Y20, which suggests a fundamentally different character to 
this interaction.

Discussion
By connecting each incoming state with each outgoing state using 
a H2–H2 rigid rotor potential (Supplementary Tables 6–9), we were 
able to associate each outgoing partial wave with the potential terms 
capable of producing it. We found that all the outgoing partial waves 
with no partner reorientation (direct relaxation) result from the 
strongest anisotropic potential term previously calculated by Buck 
and co-workers37,38. Consistent with this, for V-SARP-prepared 
HD scattering with both collision partners, the dominant partial 
waves in the scattering angular distribution are Y22 arising from the 
non-reorienting relaxation of HD (v =​ 1, j =​ 2, m =​ ±​2) present in 
the input channel (equation (1)). It is likely because of the domi-
nance of the direct relaxation that the differential cross sections for 
V-SARP in H2/HD and D2/HD are similar. In contrast, all outgoing 
partial waves associated with reorienting collisions correlate with 
weaker terms in the potential calculated by Buck and co-work-
ers37,38, the strongest of which arises from long-range quadrupole–
quadrupole interactions. The relative strength of the potential term 
responsible for the nonreorienting collisions readily explains why 
some of the partial waves associated with partner reorientation in 
H-SARP scattering do not appear in the analysis of the V-SARP 
scattering angular distributions. Even though HD has a small per-
manent dipole moment, our partial-wave analysis shows no terms 
that correlate with dipole–quadrupole interactions are expected 
for the HD (v =​ 1, j =​ 2) →​ HD (v =​ 1, j =​ 0) rotational relaxation  
(Supplementary Section 3.2).

We have also performed measurements on the Δ​j =​ 1 transi-
tions in the HD/H2 beam. Interestingly, they show, within experi-
mental error, the same angular distributions as those measured 
for the Δ​j =​ 1 transitions in the HD/D2 beam in our earlier work33. 
In contrast, we observe dramatic differences in the Δ​j =​ 2 transi-
tion between HD/H2 and HD/D2 scattering when the HD molecu-
lar axis is aligned parallel to the relative velocity. This emphasizes 
that entirely different anisotropies drive the two inelastic transi-
tions. Additionally, given that H2 and D2 have nearly equal quad-
rupole moments, this highlights an important difference in the 
dynamics of the Δ​j =​ 2 transition between HD/H2 scattering and 
HD/D2 scattering.

Quantum-state-resolved scattering coupled with partial-wave 
analysis not only elucidates the mechanism of rotationally inelas-
tic diatom–diatom scattering, but also allows us to extract the 

important anisotropic potential terms directly from experimental 
measurements. We find that, depending on the initial alignment 
of the HD molecules, the collisions with H2 and D2 molecules 
involve different parts of the anisotropic potential, and, as a 
result, produce different outgoing partial waves. As noted above, 
the dominant partial wave for HD/H2 H-SARP scattering is Y20, 
which arises from a direct relaxation that correlates with the 
strongest anisotropy, as opposed to the dominant wave for D2/HD 
H-SARP scattering, Y22, which correlates with weaker anisotropic 
potential terms. This  correlates with the large observed differ-
ences between H-SARP-prepared HD scattering with D2 and H2 
in both the scattering angular distribution and the integral cross 
section relative to V-SARP.

As the collision energies are so similar (see Fig. 1b), the observed 
differences between H2/HD and D2/HD scattering may originate 
from the difference in reduced mass. The reduced mass controls the 
height of the centrifugal barrier, which affects the classical turning 
point and determines the range of the potential probed by the scat-
tering process. The centrifugal barrier, which is particularly impor-
tant for collision energies in the range of a few Kelvin, can give rise to 
orbiting resonances. These resonances were predicted theoretically 
for H2/HD collisions39,40, so their presence is not unexpected, but 
they had not been measured experimentally. A strong dependence 
of resonance on reduced mass has been observed in the Penning 
ionization of the hydrogen isotopologues by metastable helium 
atoms41. Although the present work does not directly measure reso-
nances, we believe that, in showing that small changes in reduced 
mass cause large changes in the scattering distribution it provides  
experimental evidence suggesting their presence. We have also con-
sidered the fact that the difference of para and ortho distributions 
for normal H2 and D2 may also give rise to the observed difference in 
the scattering of HD with H2 compared to D2. Although a large pop-
ulation of H2 (~ 75%) can be found in the (v =​ 0, j =​ 1) state, a rela-
tively small fraction of D2 is in (v =​ 0, j =​ 1) (33%), and (v =​ 0, j =​ 2) 
(~8%) having substantial quadrupole moments to cause efficient   
transition. However, this difference of ortho and para distributions 
can only affect the intensity of scattering; it cannot fully explain the 
dramatic difference observed in the shape of the scattering angular 
distribution of HD with H2 and D2 for HSARP. On the other hand, 
in presence of resonance, there will be a substantial induced quad-
rupole moment making a more profound difference in the scatter-
ing angular distribution.    The presence of the possible resonance is 
further supported by the uniqueness of Y20 as the dominant partial 
wave in H2/HD H-SARP scattering, which further indicates that any 
collisional resonance is highly orientationally dependent. However, 
none of the prior theoretical studies have examined the effects of 
anisotropy in collisional resonances. These results truly emphasize 
the importance of fully quantum-state-resolved scattering experi-
ments at low collision energies to elucidate the most fundamental 
aspects of molecular interaction potentials.

Methods
A mixture of HD (98% (Cambridge Isotope Labs)) and either D2 (99.6% 
(Cambridge Isotope Labs)) or H2 (99.999% (Praxair)) was coexpanded in a high-
vacuum source chamber using a room-temperature Even–Lavie pulsed valve at 
a stagnation pressure of 11 bar. To reduce the transverse velocity spread of the 
molecular beam, we collimated the beam using a skimmer of diameter 600 μ​
m, kept at a distance of ~8 cm from the pulsed valve. The skimmer opening was 
located ~35 mm upstream of the interaction region. Using (v =​ 0, j =​ 0) REMPI, 
we measured the diameter of the molecular beam in the interaction region to 
be ~1.5 mm. This allowed us to determine the transverse beam divergence to be 
~12 mrad, which corresponds to a transverse velocity spread of ~26 m s–1. As such, 
the coexpansion not only brought the collision energy down to near 1 K, which 
significantly reduces the number of involved partial waves, but also allowed us to 
define the relative velocity of the colliding partners, and so considerably simplify 
the analysis of the scattering angular distribution.

HD molecules were prepared in the (v =​ 1, j =​ 2, m) state using SARP. SARP 
accomplishes a complete population transfer using a sequence of partially 

Table 1 | Outgoing partial waves

D2/HD 
H-SARP 
(Fig. 3a)

D2/HD 
V-SARP 
(Fig. 3b)

H2/HD 
H-SARP 
(Fig. 4a)

H2/HD 
V-SARP 
(Fig. 4b)

No partner 
reorientation  
Δ​m =​ 0

— Y22, Y32 Y20 Y22, Y32, Y20

Partner 
reorientation  
Δ​m =​ ±​1

Y11, Y31, Y51, 
Y71

Y31, Y71 Y11, Y51 Y51

Partner 
reorientation  
Δ​m =​ ±​2

Y22 Y22 Y22, Y42 Y22, Y42

Each column gives the outgoing partial waves that contribute to the fits shown in the solid curves 
in Figs. 3 and 4. Within each column, the partial waves are separated according to the internal 
mechanism that produced them. Bold type indicates the dominant outgoing partial wave.
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overlapping single-mode pump and Stokes laser pulses. By inducing a second-
order Stark shift of the rovibrational levels, the stronger pump pulse (10 ns, 
532 nm, 10 J mm–2) sweeps the Raman frequency through resonance twice during 
the rising and falling of its intensity. The population is transferred adiabatically 
from HD (v =​ 0, j =​ 0) to HD (v =​ 1, j =​ 2, m =​ 0) in the presence of the Stokes 
pulse (5 ns, 670 nm, 2 J mm–2) at the second resonance crossing, as long as the 
frequency difference between the pump and Stokes laser pulses is tuned to within 
a few gigahertz of the Raman resonance in HD (116.546 THz). SARP requires a 
threshold laser power to satisfy the condition of adiabatic following defined by 

πωΔ <td / d 2 R
2 where ωR is the Rabi frequency for the HD (v =​ 0, j =​ 0) to HD 

(v =​ 1, j =​ 2) Raman transition and dΔ​/dt is the Stark-induced sweeping rate of 
dynamic Raman detuning Δ​. More-detailed descriptions of SARP can be found 
elsewhere23,24,36. The pump pulse was obtained from the second harmonic of an 
injection-seeded, Q-switched Nd3+:YAG laser (PRO-290 (Spectra-Physics)), and 
the Stokes pulse was derived from a pulsed dye amplifier (PrecisionScan (Sirah)) 
seeded by a frequency-stabilized ring dye laser (Matisse (Sirah)) and pumped by 
the same Nd3+:YAG laser used to generate the pump pulse. After an optical delay 
of 6 ns, the Stokes laser pulse was combined with the pump pulse on a dichroic 
beam splitter. Both beams were then focused onto the molecular beam using a 
40 cm focal length lens. The region of the molecular beam excited by SARP was 
experimentally measured to have a diameter of ∼​100 μ​m.

The scattering products were probed using a third laser pulse to state-
selectively ionize HD molecules by (2+​1) REMPI. The REMPI probe beam 
(5 ns, 209 nm, 0.3 J mm–2) was focused onto the molecular beam using a 60 cm 
lens to a spot size of ∼​20 μ​m. The REMPI pulse was obtained by using two 
different β​-barium borate crystals in sequence to generate the third harmonic 
of a tunable pulsed dye laser (ND6000 (Continuum Lasers, Inc.)) pumped by 
a Q-switched Nd3+:YAG laser (PL9020, Continuum Lasers, Inc.). The probe 
polarization was held perpendicular to the time-of-flight axis to minimize the 
contribution of photoelectron recoil velocity35 to the measured time-of-flight 
spectrum. The REMPI-generated ions were detected on a multichannel plate at 
the end of a time-of-flight mass spectrometer connected to the reaction chamber. 
The velocity distribution of the scattered molecules along the molecular beam 
axis was determined directly from the measured time-of-flight spectrum. As the 
scattering centre-of-mass frame coincides with the moving frame of reference of 
the molecular beam, the scattering angular distribution can then be easily extracted 
from the velocity distribution using the final speed of the scattered HD molecules 
calculated using the conservation of energy33.

Data availability. The experimental data supporting this study are available from 
N.M. on request.
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