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Long-range molecular forces are a subject of intense interest 
because of their importance in initiating chemical reactions1. 
However, optical spectroscopy, which so effectively probes the 

deeply bound molecular states, cannot generally probe the most 
loosely bound states associated with the long-range part of the 
potential. As a result, its experimental interrogation remains chal-
lenging. Fortunately, low-energy scattering experiments are sensi-
tive to weak, long-range molecular forces, but their small cross 
sections often cause experimental noise that masks important detail. 
Dynamic resonances, which represent positive energy quasi-bound 
states of the collision complex, enhance the scattering probability 
in this interaction range. Several crossed-beam and merged-beam 
techniques have demonstrated the ability to tune the collision 
energy in the low-energy regime and capture the increase in cross 
section that accompanies a scattering resonance. Both orbiting2–8 
and Feshbach9 resonances were detected using various collision 
pairs. While these remarkable experiments were able to detect scat-
tering resonances, they provided only limited direct information on 
the dynamics of the resonant collision complex.

Recently, a few experimental studies have begun to illustrate the 
dynamics of a scattering resonance by simultaneously measuring 
the scattering angular distribution10–15. In the presence of a reso-
nance, the scattering is dominated by a single incoming orbital or 
partial wave that produces a finite number of scattered orbitals. The 
interference of the limited number of outgoing orbitals generates a 
characteristic structure in the scattering angular distribution that 
can be used as a fingerprint of the resonance11,16,17. The quasi-bound 
states, which are formed within the centrifugal barrier of the 
orbital angular momentum, depend sensitively on the long-range 
van der Waals interactions2. However, the ability of these measure-
ments to interrogate the potential is limited by any averaging over 
internal molecular quantum states. To understand completely how 
each orbital is scattered by the interaction potential as energy is 
exchanged between different degrees of freedom, it is essential to 
eliminate averaging by fully defining the internal energy states in 
the incoming and outgoing channels.

However, even controlling the temperature and internal energy 
is insufficient to map the inherently anisotropic electrostatic force 

fields that drive molecular processes. To fully explore the rich 
dynamics of diatom–diatom interactions experimentally, we must 
also control the collision geometry18, which requires the selection of 
the m state distribution within a single rovibrational energy level for 
each partner19. A large number of theoretical studies have illustrated 
in great detail the importance of the relative alignment of the col-
liding pair on the dynamics of cold diatom–diatom scattering19–27. 
Unfortunately, the vast majority of experimental work thus far has 
not explored the effect of the spatial alignment of the collision part-
ners on the scattering process, and so there are almost no data avail-
able for comparison with theory. Defining the initial state with this 
level of precision is equivalent to setting the boundary conditions for 
experimentally solving the dynamic equations. A scattering experi-
ment probing the dynamic resonance with complete control of both 
the internal and external degrees of freedom will provide invaluable 
data elucidating the long-range anisotropic forces so important to 
chemistry. Completely alignment-controlled diatom–diatom scat-
tering experiments have been greatly anticipated by theoreticians 
and experimentalists alike and might be considered one of the holy 
grails of scattering studies.

We previously conducted a series of quantum-state-controlled 
cold-scattering experiments that made substantial progress toward 
the goal of complete control28–30. These experiments used control 
over molecular alignment to demonstrate remarkable stereody-
namic effects, which probably resulted from dynamic resonances. 
However, in these experiments the presence of a scattering reso-
nance was only speculated, not directly proven, because the colli-
sion energy was not tuned. Additionally, we have previously only 
been able to control the alignment of one of the partner molecules, 
partially obscuring the effects of the anisotropic collision forces on 
the scattering dynamics.

In this article we report a quantum-controlled collision experi-
ment that probes resonance dynamics by manipulating the molec-
ular alignment with respect to the collision velocity and to the 
collision energy. In these experiments we prepared D2 molecules in 
a rovibrationally excited, aligned quantum state (v = 2, j = 2, m), and 
studied the Δj = 2 rotational relaxation D2 (v = 2, j = 2, m) → (v = 2, 
j′ = 0) within a supersonically expanded pure beam of D2 molecules. 
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Here, v and j give the vibrational and rotational quantum numbers, 
respectively, while m gives the projection of the internal angular 
momentum on a chosen quantization axis. The state preparation of 
the D2 molecules combined with probing using nanosecond laser 
pulses provides a gating action that can be used to effectively reduce 
the longitudinal beam temperature for the state-prepared mol-
ecules. We show that the width of the velocity distribution of the 
aligned molecules contributing to the collision process is decreased 
by increasing the delay between the preparation and probe lasers, 
which reduces the available collision energy by removing hotter col-
lisions. This is similar in principle to the evaporative cooling used to 
achieve Bose–Einstein condensation of atomic gases31. The strong 
nonlinear response of the scattering rate to changes in the collision 
energy indicates that the scattering is dominated by a resonance 
involving a pair of rotationally aligned D2 (v = 2, j = 2) molecules. 
Partial-wave analysis of the measured angular distributions suggests 
that the dynamic resonance is formed within the centrifugal barrier 
of the incoming partial wave with angular momentum l = 2. Based 
on our analysis, we conclude that the long-range quadrupole–quad-
rupole interaction between a pair of rotating molecules contributes 
strongly to this dynamic resonance.

By aligning the bond axes of both colliding partner molecules 
either parallel or perpendicular to the approach direction, we fully 
define the geometry of a diatom–diatom collision. We show that 
the resonant dynamics sensitively depend on the collision geometry, 
revealing the strongly anisotropic character of the molecular forces 
involved. The anisotropy in the quadrupole–quadrupole interac-
tions we report here parallels earlier measurements on the dipole–
dipole scattering between two electric-field-oriented ultracold KRb 
molecules32, which demonstrated dramatic changes in the reaction 
barrier for the head-to-tail versus side-on orientations.

Results
We study collisions in the cold, controlled environment of a col-
limated supersonic molecular beam, which defines the collision 

velocity direction in the lab frame. To study the Δj = 2 rotational 
relaxation, nearly the complete (>95%) D2 (v = 0, j = 0) population 
in this beam is pumped into the rovibrationally excited D2 (v = 2, 
j = 2) state using Stark-induced adiabatic Raman passage (SARP)33. 
SARP prepares the quantum state using a pair of partially over-
lapping nanosecond laser pulses34–36, and controls the bond axis 
alignment by selecting specific m states within the rovibrational 
(v, j) eigenstate37. Two specific bond axis alignments, referred to as 
HSARP and VSARP, were prepared using appropriately polarized 
laser pulses28. In HSARP the bond axis of D2 (v = 2, j = 2) is pref-
erentially aligned along the collision velocity, while for the VSARP 
state the bond axis is aligned perpendicularly. The bond axes are 
prepared with respect to the well-defined collision velocity axis, 
thereby controlling the collision geometry at the molecular level.

The rotational relaxation of the prepared D2 (v = 2, j = 2) in the 
pure D2 beam can be mediated by either another state-prepared D2 
(v = 2, j = 2), or an unprepared D2 (v = 0, j = 1, 2) in the ground vibra-
tional level. The Δj = 2 rotationally relaxed D2 (v = 2, j′ = 0) scatter-
ing product is detected by (2 + 1) resonance-enhanced multiphoton 
ionization (REMPI). The scattering signal is maximized when the 
REMPI spot is centred on the moving volume of SARP molecules 
(Fig. 1). This is because the rotationally relaxed D2 (v = 2, j′ = 0) 
molecules, which move at ∼800 m s−1 with respect to the molecu-
lar beam frame, are rapidly deflected out of the beam after they are 
produced. As a result, only those collisions that occur within the 
REMPI volume are detected.

The scattered molecules were detected at five different REMPI 
probe delays ranging from 50 to 600 ns following SARP prepara-
tion. This range of probe delays corresponds to probe distances of 
0.1–1.2 mm downstream from the SARP preparation site along the 
molecular beam, which is much greater than the probe spot size 
of ∼20 µm. Figure 1a shows the measured time-of-flight distribu-
tions of the rotationally relaxed D2 (v = 2, j′ = 0) for the HSARP 
and VSARP alignments measured at probe delays of 50 and 200 ns. 
Immediately, we see that the scattering rate drops dramatically 
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Fig. 1 | HsARP and VsARP scattering rates as the probe beam moves along the molecular beam propagation direction. a, Top: schematic showing 
the SARP preparation of the molecular beam (orange spot, ~100 μm). As the delay is increased, this spot propagates downstream and spreads along 
the propagation direction. As described in the text, only those scattering products within the small REMPI probe volume (purple spots, ~20 μm) are 
detected. Bottom: graphs showing the measured time-of-flight distributions of scattered D2 (v = 2, j′ = 0) for the HSARP (red dots) and VSARP (blue dots) 
alignments at delays of 50 and 200 ns following SARP preparation. In HSARP, the total number of counts drops by a factor of ~3.5, while for VSARP it 
drops by a factor of ~2 as the delay is increased from 50 to 200 ns. b, Relative HSARP and VSARP integral scattering rates as a function of SARP-REMPI 
delay in nanoseconds. The HSARP scattering rate drops dramatically as the delay is increased from 50 to 600 ns, while the VSARP rate drops much more 
mildly, indicating the presence of a geometry-dependent collisional resonance. The dashed lines are only visual guides. Error bars, 1 s.d. All data presented 
here were normalized with respect to the REMPI power.
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for the HSARP alignment when the delay is increased from 50 to 
200 ns, while it drops much more mildly for the VSARP alignment. 
Figure 1b shows the HSARP and VSARP integral scattering rates as 
a function of the probe delay from 50 to 600 ns. The figure shows 
that most of the change in the HSARP and VSARP scattering rates 
occurs as the probe delay increases from 50 to 200 ns. We verified 
experimentally that the molecular beam intensity remained con-
stant over this range.

To understand the strong nonlinear variation of the scattering 
rate in response to the changes in probe delay (Fig. 1), we examined 
the collision velocity distribution at the different delays. To that end, 
the velocity distributions of both the prepared and unprepared D2 
molecules were measured using time-of-flight mass spectrometry 
following (2 + 1) REMPI at each delay (Supplementary Information, 
section 1). We find that for the SARP-prepared D2 (v = 2, j = 2) the 
1/e width of the distribution reduces from 92 ± 1 m s−1 to 67 ± 2 m s−1 
as the probe delay is increased from 50 to 600 ns, while for the 
unprepared D2 (v = 0) it remains constant at 96 ± 1 m s−1. Figure 2b,c 
shows the velocity distributions of both SARP-prepared and unpre-
pared D2 molecules at two different locations along the molecular 

beam corresponding to probe delays of 50 and 200 ns following the 
SARP preparation. The solid curves show that the velocity distribu-
tion of the SARP-prepared D2 (v = 2) is squeezed along the direction 
of beam propagation. Because it is the only change that we measure, 
the reduction in the longitudinal beam temperature must correlate 
with the dramatic change in scattering rate shown in Fig. 1.

To understand this velocity-narrowing effect, we must consider 
the fact that both SARP preparation and REMPI detection take 
place within the narrow confines of the focused laser spots on the 
molecular beam and have interaction times of only a few nanosec-
onds. By transferring all the ground-state D2 (v = 0, j = 0) molecules 
to the (v = 2, j = 2) state within its ∼100 μm laser spot irrespective 
of their velocities, SARP sets a time t = 0 for the state-prepared D2 
(v = 2, j = 2) molecules (orange spots in the schematics of Figs. 1a 
and 2a). Afterwards, the state-prepared D2 with different velocities 
will disperse in space along the molecular beam propagation direc-
tion as shown by the elongation of the orange spots in the schemat-
ics in Figs. 1 and 2 as the delay is increased. Detection by the REMPI 
laser (∼20 μm, 5 ns), which is shown by the purple spot in the sche-
matics, acts like a temporal gate that sets a narrow time window for 
the SARP-prepared D2 molecules to arrive at the probe location. As 
the molecules travel further from the preparation site, the D2 (v = 2, 
j = 2) molecules that have the largest deviations from the mean beam 
velocity move out of the small probe volume. Because of the gating 
action that results from the combined operation of SARP prepara-
tion and REMPI detection, an increasingly narrow velocity group 
is selected as the detection location is moved farther away from the 
SARP preparation site. The effect of the gating is demonstrated by 
the contrast between the two solid curves in Fig. 2b,c.

The hottest collisions occur between molecules in the oppo-
site tails of the velocity distributions, and so the available collision 
energy will be reduced for aligned–aligned collisions as the width 
of the distribution reduces with increasing delay. This is analogous 
to the evaporative cooling of atomic gases by removing hot atoms 
from an optical dipole trap. The narrowing can be quantified in 
terms of u90, which we define as the upper bound of the collision 
speed range that contains 90% of the aligned–aligned collisions at 
a given delay. We have calculated the value of u90 from the collision 
speed distributions measured for each probe delay (Supplementary 
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Fig. 2 | Velocity distribution measured within the probe volume as the 
probe is moved along the direction of molecular beam propagation. All 
velocities are determined by fitting the time-of-flight distribution (see 
Supplementary Information, section 1), which gives a measurement error  
of less than ±2 m s−1. a, Schematic showing the SARP preparation of  
the molecular beam (orange spot, ~100 μm). As the delay is increased,  
this spot propagates downstream and spreads along the propagation 
direction. As described in the text, only those scattering products within 
the small REMPI probe volume (purple spots, ~20 μm) are detected.  
b, The velocity distributions of SARP-prepared D2 (v = 2, j = 2) (cyan 
curve) and unprepared D2 (v = 0, j = 1, 2) (black dotted curve) at 50 ns 
delay. c, The velocity distributions of the prepared D2 (v = 2, j = 2) (green 
curve) and unprepared D2 (v = 0, j = 1, 2) (black dotted curve) at 200 ns 
delay. d, Collision speeds for both the aligned–aligned (red and blue solid 
curves) and aligned–unaligned (black and purple dashed curves) collision 
pairs at the two delays. These curves are generated by convoluting the 
velocity distributions shown in b and c. See Methods and Supplementary 
Information, section 2 for details. The only substantial change is in the 
collision speed for the aligned–aligned collisions at 200 ns (solid blue 
curve). All three other curves fall within our measurement error.
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Fig. 3 | HsARP (red dots) and VsARP (blue dots) relative integral 
scattering rates as a function of the collision speed u90 (m s−1). The 
collision speed u90 is defined as the upper bound of the collision speed 
range that contains 90% of the collisions at that delay, that is, uc ≤ u90 for 
90% of collisions. As the delay is changed from 50 to 600 ns, the value 
of u90 changes from 150 to 109 m s−1. The nonlinear dependence of the 
scattering rates on the collision speed indicates the presence of a collisional 
resonance. The dashed lines are only visual guides. Error bars, 1 s.d.
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Table 2). We find that at 50 ns delay u90 = 150 m s−1, whereas at 600 ns 
u90 = 109 m s−1. Equivalently, at 50 ns delay 90% of collisions occur 
with collision energy ≤2.7 K, whereas at 600 ns delay the upper 
bound reduces to 1.4 K, corresponding to an average change in tem-
perature of ∼0.25 K per 100 ns delay. We describe the tuning action 
of our method in terms of the differential change in u90 rather than 
the mean speed because it relies on removing the most extreme col-
lisions with each successive increase in the delay. This is very differ-
ent from most established methods, which tune collision energy by 
changing the mean of a narrow distribution.

In Fig. 2d, we compare the collision speed distributions for both 
the aligned–aligned and aligned–unaligned collision pairs at 50 
and 200 ns delay, calculated by convoluting the measured distribu-
tions of the individual partners as described in the Methods and 
in Supplementary Information, section 2. Hot collisions between 
the state-prepared D2 (v = 2) molecules are removed as the probe 
delay is increased further, which creates the visible reduction in 
the aligned–aligned collision speed distribution seen in Fig. 2d at 
200 ns probe delay. For the unprepared D2 there is nothing that sets 
a time t = 0, and so its velocity spectrum remains unchanged with 
delay and distance as shown by the dotted curves in Fig. 2b,c. As a 
result, the collision temperature does not significantly change for 
the aligned–unaligned collisions with increasing delay.

The change in aligned–aligned collision speed correlates with 
the drastic reduction in scattering rate as a function of delay shown 
in Fig. 1b. Because the measured differential and integral scattering 
rates in Fig. 1 originate only from the SARP-prepared D2 molecules 
found within the small REMPI volume at the time of probing, we 
conclude that the changes in the observed scattering rates for both 
alignments result from the reduction of the aligned–aligned colli-
sion speed or temperature as a function of probe delay. The cor-
relation between the scattering rate and the collision speed clearly 
suggests that the observed rotational relaxation of D2 (v = 2, j = 2) is 
caused via collision with another D2 (v = 2, j = 2). We use conserva-
tion of energy to confirm that only one of the D2 molecules in the 
aligned–aligned scattering pair is rotationally relaxed during the 
collision event. Because we do not select the nuclear spin state of the 
SARP-prepared D2 molecules, only one-sixth of the aligned–aligned 
scattering involves a pair of identical bosons.

Figure 3 shows the relative integral scattering rates for the 
HSARP and VSARP alignments as a function of the collision speed 
u90. The scattering rate is defined as the product of cross section 
and the collision speed. Previous theoretical studies of the H2–H2 
collision system have shown that in the absence of resonance the 
collision cross section changes very slowly in this temperature 
range22,23,38. In the absence of a collisional resonance, the scattering 
rate should exhibit nearly linear behaviour as the collision speed is 
varied. The nonlinear behaviour shown in Fig. 3 is thus very strong 
evidence for the presence of a scattering resonance for the aligned–
aligned Δj = 2 rotationally inelastic scattering. While differential 
tuning of collision speed implies the presence of a quasi-resonant 
state for the Δj = 2 scattering, it fails to identify the resonant partial 
wave. Our partial-wave analysis shows that the scattering process is 
dominated by the l = 2 incoming orbital which is fingerprinted in 
the differential scattering angular distribution.

Discussion
Fundamental scattering theory allows us to express the scattering 
angular distribution as a coherent sum of the outgoing or scat-
tered orbitals, the angular wavefunctions of which are given by the 
spherical harmonics Yl′ ,ml′

(θ,φ) (refs. 39,40). As discussed in our 
earlier work28–30, the scattering angular distributions can be fitted 
using these expressions to determine the outgoing orbitals pro-
duced by the collision process. The outgoing orbitals (l′, ml′) that 
need to be considered in these fits are those that can be generated 
by the scattering of all the incoming orbitals (l,ml). For our cold col-
lisions, only incoming orbitals with angular momentum l = 0–2 will 
have impact parameters less than the ∼7 Å range of the scattering 
potential41 as shown by Fig. 4, which gives the semiclassical orbital 
angular momentum contours as a function of the collision speed 
and impact parameter. The orbital angular momentum couples with 
the internal angular momentum of the molecules to produce the 
total angular momentum, which must be conserved throughout 
the collision. From this conservation principle, we determine that 
only outgoing waves l′ = 0–6 need to be considered in our fits of 
the scattering angular distribution. Using this set of outgoing partial 
waves, we performed a partial-wave fitting of the measured angular 
distribution of the scattered D2 (v = 2, j′ = 0) for the HSARP and 
VSARP alignments at 50 ns delay, the results of which are shown in 
Fig. 5. Details on the partial-wave fitting procedure can be found in 
Supplementary Information, section 3.

Figure 5 shows that only the even outgoing orbitals l′ = 0, 2, 
4, 6 produce good fits of the HSARP and VSARP angular distri-
butions (solid curves), yielding R2 > 0.99 for both HSARP and 
VSARP fits. In contrast, the odd outgoing orbitals l′ = 1, 3, 5 are 
not able to fit the data as shown by the dashed curve in Fig. 5a. 
As described below, the quadrupolar interactions responsible for 
the Δj = 2 transition lead to the selection rule Δl = 0, ±2, ±4 for 
the orbitals. As a result, the parity is conserved in the scattering 
process, meaning that even outgoing orbitals arise selectively from 
the scattering of even incoming orbitals. Therefore, the fact that 
the scattering distributions can be fitted with exclusively the even 
outgoing orbitals l′ = 0, 2, 4, 6 suggests that only the even incom-
ing orbitals l = 0, 2 contribute to the cold scattering. In contrast, 
the failure to fit the angular distributions with the odd outgoing 
orbitals l′ = 1, 3, 5 indicates a negligible contribution from the 
incoming orbital l = 1. According to an earlier theoretical calcula-
tion on HD–H2 scattering38, the l = 1 resonant complex represents 
a bound state below the HD–H2 dissociation limit, and therefore it 
is not accessible by the colliding pair, which agrees with the result 
of our partial-wave analysis. Further, the excellent fit to the mea-
sured angular distributions, which assumes no reorientation of the 
partner molecule, confirms that the partner behaves as a spectator 
that provides the highly anisotropic force field responsible for the 
rotational relaxation.
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In Table 1 we present the relative amplitudes of the even 
outgoing orbitals determined from the fit of the HSARP 
data. Additionally, we show how the various outgoing orbit-
als are generated from the scattering of incoming orbit-
als by the two leading quadrupolar terms of the expanded 
interaction potential U202 (r)Y2m (θ1,φ1)Y00 (θ2,φ2)Y∗

2m (θ,φ) 
and U224 (r)Y2m1 (θ1,φ1)Y2m2 (θ2,φ2)Y∗

4(m1+m2) (θ,φ) (refs. 20,42,43). 
Here, (θ1, φ1) and (θ2, φ2) define the alignments of the interacting 
diatoms in the centre-of-mass frame, and (r, θ, φ) defines the radial 
vector r connecting the centre-of-mass of the two molecules. The 
potential term U202 represents the anisotropic interaction that leaves 
the rotational state of the partner unchanged and is therefore simi-
lar to the anisotropy that drives Δj = 2 transitions in atom–diatom 
collisions. The quadrupole–quadrupole interactions where both 
molecular rotations are coupled result exclusively from U224, which 
has the largest long-range contribution.

A scattering resonance is identified when the outgoing orbit-
als correlate dominantly to a single incoming orbital6,8,17,44. Table 1 
shows that the outgoing orbital l′ = 0 has the largest amplitude, and 
arises exclusively from the scattering of the input orbital l = 2 by the 
anisotropic interaction U202. We note that the outgoing l′ = 6 orbital 
is generated exclusively from the scattering of the incoming l = 2 
orbital by the long-range quadrupole–quadrupole interaction U224. 
In contrast, the scattered orbitals l′ = 2, 4 include contributions from 
both l = 0 and 2 via the long-range interactions U202 and U224. Table 1 
shows that the scattered orbitals dominantly correlate to the incom-
ing l = 2 or d-wave that faces a centrifugal barrier to low-energy 
scattering. The strong scattering of the d-wave indicates excitation 
of a quasi-resonant D2–D2 collision complex contained within the 
centrifugal barrier of the l = 2 orbital. This quasi-resonant state 
becomes accessible at higher collision energies that are available 
at short delays close to the SARP preparation site. With increasing 
delay, the required impact parameter for the resonant l = 2 orbital 
increases. In fact, Fig. 4 shows that the l = 2 impact parameter at 
600 ns delay falls at the very edge of the interaction range41, qualita-
tively explaining the dramatic decrease in collision rate.

Conclusions
We have combined control over the molecular alignment using 
SARP with a new method of collision energy tuning in our study 
of the rotational relaxation D2 (v = 2, j = 2) → D2 (v′ = 2, j′ = 0) in a 

pure beam of D2. The state preparation of the molecules using SARP 
combined with REMPI probing using nanosecond laser pulses at 
a downstream point along the molecular beam, provides a gating 
action that effectively narrows the longitudinal velocity distribution 
as the delay between preparation and detection is increased. With 
the removal of the wings of the velocity distribution at larger delays, 
the hotter collisions are eliminated, enabling differential control of 
the collision energy. This laser gating mechanism selectively con-
trols the collision speed of only the state-prepared molecules, allow-
ing us to observe specifically the dynamics of a collision process 
between state-prepared partners. Further, because we measure scat-
tering between two state-prepared molecules, the polarization direc-
tions of the SARP laser fields can align both partners either parallel 
(HSARP) or perpendicular (VSARP) to the approach direction, thus 
fully controlling the collision geometry at the molecular level.

By combining collision energy tuning with partial-wave analysis 
of the scattering angular distribution, our study provides strong evi-
dence for a collision-geometry-dependent l = 2 shape resonance in 
the aligned–aligned D2 (v = 2, j = 2) Δj = 2 rotational relaxation. We 
observe remarkably different angular distributions and responses of 
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Fig. 5 | Partial-wave fitting of the measured scattering angular distribution. a,b, Experimentally measured scattering angular distributions and fits using 
partial-wave analysis for HSARP (a) and VSARP (b) bond-axis alignments. The red and blue dots represent the HSARP and VSARP experimental data 
taken at 50 ns delay, respectively. The solid and dashed black curves in a represent fits with even (l′ = 0, 2, 4, 6) and odd (l′ = 1, 3, 5) outgoing orbitals, 
respectively. Clearly the odd orbitals fail to generate a reasonable fit for the scattering distribution. Both HSARP and VSARP can be fitted well (R2 > 0.99) 
using only even outgoing orbitals, generating a set of self-consistent fitting parameters as described in Supplementary Information, section 3. The vertical 
error bars represent 1 s.d. in each time-of-flight bin, and the horizontal error bars represent the experimental uncertainty in the angle determination.

Table 1 | Amplitudes of outgoing orbitals, correlated incoming 
orbitals and associated potential terms that connect the two 
determined from our even wave fit of the HsARP angular 
distribution as described in the text and shown in Fig. 5a

Outgoing orbital 
Yl′ ,ml′

(θ, φ)
Amplitude of outgoing 
orbital cl′ ,ml′

Correlating incoming 
orbital l

Y00 1 l = 2 via U202

Y20 0.27 l = 0 via U202, l = 2 via U202 
and U224

Y40 0.21 exp [i 0.7] l = 0 via U224, l = 2 via U202 
and U224

Y60 0.24 exp [i 1.7] l = 2 via U224

Because the HSARP and VSARP scattering angular distributions are generated by the same 
set of scattering matrix elements, the fits shown in Fig. 5 have been constrained to generate a 
self-consistent set of expansion coefficients cl′ml′. As such, there is no additional information about 
the scattering resonance contained in the VSARP coefficients. The complete set of scattering 
coefficients and their uncertainties are given in Supplementary Tables 2, 4 and 5.
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the scattering rates to changes in the collision energy for the HSARP 
and VSARP preparations, thus demonstrating that low-temperature 
scattering is extremely sensitive to the collision geometry. We inter-
pret the strong nonlinear behaviour of scattering rate observed for 
the HSARP geometry in response to the change in collision speed 
as the delay is increased from 50 to 200 ns to indicate the presence 
of a dynamic resonance that is accessible to the hot collisions more 
prevalent at 50 ns. The VSARP scattering rate reduces much less 
dramatically as the collision temperature is decreased. Thus, we 
believe our experiment demonstrates how sensitively the resonance 
behaviour depends on the collision geometry for this diatom–dia-
tom scattering system. This illustrates the strong anisotropy of 
the long-range quadrupole–quadrupole interaction that controls 
the resonant dynamics, suggesting that these anisotropic effects 
will probably be present in other diatom–diatom collisions. The 
aligned–aligned scattering reported here is among the first of its 
kind, approaching the experimental ideal of complete control over 
both the internal and external degrees of freedom. The nearly com-
plete control that we have achieved here breaks new ground in the 
understanding of the geometric dependence of scattering dynamics, 
which has important implications in cold and ultracold four-centre 
collision processes45.
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Methods
Pure D2 gas (Cambridge Isotope Labs, 99.8%) at a stagnation pressure of 250 p.s.i. 
is supersonically expanded from an Even–Lavie pulsed valve46 and collimated to 
form a molecular beam (divergence, 12 mrad) using a narrow (1 mm) skimmer 
placed at a distance of ∼10 cm from the pulsed valve. The collimated beam defines 
the direction of the collision velocity in the lab frame. The bond axes of the D2 
molecules are aligned with respect to this axis, thus controlling the collision 
geometry at the molecular level. Using (2 + 1) REMPI, the rotational population 
distribution of the v = 0 ground state of D2 in the beam before state preparation was 
measured to be 38% in j = 0, 36% in j = 1, 24% in j = 2 and 2% in j = 3. Nearly all the 
(v = 0, j = 0) molecules are pumped to the (v = 2, j = 2) state33, leaving primarily the 
(v = 0, j = 1, 2) molecules as potential unprepared collision partners.

The D2 (v = 0, j = 0) molecules in the beam are transferred to the (v = 2, j = 2, m) 
state using a coherent optical process called SARP. SARP accomplishes population 
transfer between a pair of rovibrational states using two-photon excitation with 
far-off resonant intermediate states. To transfer the complete population to a target 
state, SARP manipulates the crossings of the optically dressed adiabatic states 
using a pair of partially overlapping phase-coherent nanosecond laser pulses. 
The dynamic Stark shift from the intense laser pulses controls the crossing of 
resonance. The efficiency of adiabatic population transfer relies on a slow sweeping 
rate of the Stark-induced detuning and a strong two-photon Rabi frequency that 
lifts the degeneracy of the adiabatic states at the crossing. To transfer the complete 
population of D2 (v = 0, j = 0) to D2 (v = 2, j = 2, m) we used a strong Stokes pulse 
(10 ns, 1,064 nm, 100 J mm−2) partially overlapping with a weaker pump pulse 
(5 ns, 655 nm, 20 J mm−2) intersecting the molecular beam transversely. The Stokes 
pulse is obtained from an injection-seeded, Q-switched Nd3+:YAG laser (PRO-
290, Spectra-Physics), and the pump pulse is derived from a pulsed dye amplifier 
(PrecisionScan, Sirah) seeded by a frequency-stabilized ring dye laser (Matisse, 
Sirah) and pumped by the second harmonic of the pump laser. Following an 
optical delay of 6 ns, the pump and Stokes beams are combined using a dichroic 
beamsplitter before being focused onto the molecular beam using a 50 cm focal 
length lens. The region of the molecular beam excited by SARP is experimentally 
measured to have a diameter of ∼100 µm. More detailed descriptions of SARP can 
be found elsewhere33–36.

We can choose the bond axis alignment prepared by the SARP process by 
manipulating the polarizations of the laser pulses. The HSARP and VSARP 
alignments discussed in this work are prepared by polarizing both the optical fields 
of the pump and Stokes laser pulses either parallel (HSARP) or perpendicular 
(VSARP) to the molecular beam axis. In HSARP the bond axis of D2 (v = 2, j = 2) 
is preferentially aligned along the collision velocity, while for the VSARP state the 
bond axis is aligned perpendicularly. Choosing the quantization z axis along the 
collision velocity direction, the HSARP and VSARP states can be expressed as

|HSARP⟩ = |j = 2, m = 0⟩ and

|VSARP⟩ = −

1
2 |j = 2, m = 0⟩

+
√

3
8 (|j = 2, m = 2⟩ + |j = 2, m = −2⟩) .

Both the SARP-prepared and scattered D2 are probed using an ultraviolet laser 
pulse (5 ns, ∼213 nm, 0.6 J mm−2) that state selectively ionizes them by (2 + 1) REMPI. 
An ultraviolet beam collimator was designed to control the probe spot size on the 
molecular beam. The REMPI pulse is obtained by using two different β-barium 
borate crystals in sequence to generate the third harmonic of a tunable pulsed dye 
laser (Cobra-Stretch, Sirah) pumped by a Q-switched Nd3+:YAG laser (PL9020, 
Continuum Lasers). The velocity distribution of the scattered molecules along 
the molecular beam axis is directly determined from the measured time-of-flight 
spectrum. Because 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 distribution28. The probe polarization 
is held perpendicular to the time-of-flight axis to minimize the contribution of 
photoelectron recoil velocity47 to the measured time-of-flight spectrum.

To control the collision temperature, we probed the scattering at different 
delays between 50 and 600 ns following SARP preparation. For the D2 molecules, 
which are travelling at the supersonic speed of ∼2 km s−1, these delays correspond 
to distances of 0.1 and 1.2 mm downstream from the SARP preparation site.  

The scattering signal is maximized when the REMPI spot is centred on the moving 
volume of SARP molecules. This is because the rotationally relaxed D2 (v = 2, j′ = 0) 
molecules, which move at ∼800 m s−1 with respect to the molecular beam frame, 
are rapidly deflected out of the beam after they are produced. As a result, only 
those collisions that occur within the REMPI volume are detected. This has been 
experimentally verified by rastering the REMPI probe along the molecular beam.

Because the state preparation and detection take place within the narrow 
confines of the focused laser spots that last only for a few nanoseconds, the process 
works as a temporal gate selecting the narrow velocity group that is able to reach 
the probed volume in a given time. The velocity distribution of SARP-prepared D2 
is therefore squeezed within the small REMPI probe volume as the displacement 
along the molecular beam axis is increased. Because we only detect scattering 
products generated within the REMPI spot, this laser gating action reduces the 
collision temperature of the molecules contained in the probed volume.

Using (2 + 1) REMPI we recorded the velocity spectra of the 
SARP-prepared D2 (v = 2, j = 2) and unprepared D2 (v = 0, j) molecules 
at each of the probe sites. The velocity spectra extracted from these 
measurements are given in Supplementary Information, section 1. These 
measurements were then used to calculate the collision velocity distribution 
between different D2 collision pairs using the following equation: 
f (vc) =

∞
∫

−∞

exp
[

− (x/∆1)
2] exp

[

− ((x − v0 + vc) /∆2)
2] dx.

Here, Δ1 and Δ2 represent the width of the individual velocity distributions of 
the colliding pairs, and v0 gives the difference in their peak speed. For collisions 
between excited pairs of D2 molecules, Δ1 = Δ2. The collision speed distribution is 
given by g (uc) = f (uc) + f (−uc). The calculated collision speed distributions 
at 50 and 200 ns delays are displayed in Fig. 2d for various collision pairs. The 
collision speed u90 in Fig. 3, which gives the upper boundary that contains 90% of 
the collisions, is determined from the integral equation 

∫ u90
0 g(uc) duc∫
∞

0 g(uc) duc
= 0.9.
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References
 46. Even, U. The Even–Lavie valve as a source for high intensity supersonic 

beam. EPJ Tech. Instrum. 2, 17 (2015).
 47. Perreault, W. E., Mukherjee, N. & Zare, R. N. Angular and internal state 

distributions of H2
+ generated by (2 + 1) resonance enhanced multiphoton 

ionization of H2 using time-of-flight mass spectrometry. J. Chem. Phys. 144, 
214201 (2016).

Acknowledgements
This work was supported by the US Army Research Office through the MURI 
programme under grant number W911NF-19-1-0283 and the National Science 
Foundation under grant number PHY- 2110256.

Author contributions
Experimental data were taken by H.Z., W.E.P. and N.M., and analysis and calculations 
were performed by N.M. All authors participated in discussion and writing of  
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material 
available at https://doi.org/10.1038/s41557-022-00926-z.

Correspondence and requests for materials should be addressed to Nandini Mukherjee  
or Richard N. Zare.

Peer review information Nature Chemistry thanks Roland Wester and the other, 
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

NAtuRE CHEMistRy | www.nature.com/naturechemistry

https://doi.org/10.1038/s41557-022-00926-z
http://www.nature.com/reprints
http://www.nature.com/naturechemistry

	Anisotropic dynamics of resonant scattering between a pair of cold aligned diatoms
	Results
	Discussion
	Conclusions
	Online content
	Fig. 1 HSARP and VSARP scattering rates as the probe beam moves along the molecular beam propagation direction.
	Fig. 2 Velocity distribution measured within the probe volume as the probe is moved along the direction of molecular beam propagation.
	Fig. 3 HSARP (red dots) and VSARP (blue dots) relative integral scattering rates as a function of the collision speed u90 (m s−1).
	Fig. 4 Incoming orbitals l contributing to the Δj = 2 inelastic scattering.
	Fig. 5 Partial-wave fitting of the measured scattering angular distribution.
	Table 1 Amplitudes of outgoing orbitals, correlated incoming orbitals and associated potential terms that connect the two determined from our even wave fit of the HSARP angular distribution as described in the text and shown in Fig.




