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Rotational energy transfer (RET) in molecular collisions 
plays an important role in a variety of fields, which range 
from combustion and atmospheric chemistry to astronomy. 

Nowadays, full quantum dynamical scattering calculations are 
possible for a growing number of systems, and yield almost exact 
scattering cross-sections that are used as inputs to model the 
behaviour of macroscopic systems. Yet, these full quantum treat-
ments give the correct cross-sections, but do not immediately lead 
to a conceptual understanding of the underlying scattering mecha-
nisms. Therefore, to understand trends in RET in terms of simple 
mechanistic models remains a central goal of physical chemistry1–6. 
Successful examples of such models are the kinematic apse2,7–9 and 
hard-ellipsoid10–13 models, as well as semiclassical approaches such 
as the quasi-quantum treatment14–24.

One of the simplest scattering models, dating back to the early 
19th century, is the elastic scattering of hard spheres25. This model 
describes billiard-ball-like collisions in which the colliding particles 
repel each other when they meet at a distance smaller than the 
sphere radius. Within this model, small impact parameters result in 
back scattering, whereas larger impact parameters result in side and 
forward scattering, which leads to an isotropic total cross-section. 
Although extremely simple in nature, this hard-sphere model has 
been successful in the description and understanding of the ideal 
gas law, for instance. More realistic models of interactions between 
molecules also include long-range attractive interactions, such as 
van der Waals attraction. The resulting cross-sections are no lon-
ger isotropic, but rather reflect the balance between attractive and 
repulsive interactions. As a result, new features in the dynamics 
arise, such as long-range glancing collisions with impact parameters 
larger than those of the hard-sphere radius, and the so-called glory 
and rainbow effects. These models are also effective in the under-
standing of RET in inelastic collisions. Processes in which there is 
a small RET are typically dominated by long-range contributions 
and are therefore mainly forward scattered, whereas deeply inelastic 

collisions with large RET require hard collisions with small impact 
parameters that lead to backward or side scattering.

This basic hard-sphere model, which includes long-range attrac-
tion, is now commonly treated in textbooks26–28, and its predictions 
for molecular collision cross-sections have served as general rules of 
thumb for decades. Yet could there be collisional processes that defy 
this simple intuition? Recent observations seem to violate this com-
mon wisdom as cross-sections for the high energy transfer caused 
by hard collisions are, nevertheless, found to be forward scattered. 
In recent experiments in our laboratory, for instance, we were able 
to fully resolve the pair-correlated cross-sections for processes in 
which two molecular collision partners were rotationally excited. 
Inelastic collisions with a substantial amount of RET in relation to 
the collision energy were found to be strongly forward scattered, 
even for systems like NO−O2 with relatively strong interactions29. 
Since then, similar counter-intuitive forward scatterings were found 
in a variety of other systems. For instance, for collisions between 
two CO molecules studied by Sun et al.30, strong forward scattering 
was observed when both CO molecules were excited into identi-
cal high rotational levels, although the symmetry of the shape and 
excitation of both colliders was deemed necessary for the forward 
scattering to occur. Yet, all these observations raise the pressing 
question as to whether a general mechanism underlies these unex-
pected forward scatterings, and whether such a mechanism can be 
explained in terms of a simple scattering model.

Here we present such a model by extending the textbook model 
of hard-sphere scattering26–28. To account for RET, we include an 
energy uptake by the colliding molecules when the hard spheres 
touch, and thereby instantaneously reduce the radial kinetic energy 
at the point of contact. This slowing of the receding trajectory 
together with conservation of angular momentum causes the tra-
jectory to bend forward, compared with the elastic trajectory. For 
a suitable set of parameters, this effect can be sufficiently strong to 
alter backward trajectories induced by low-impact parameters into 
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a forward-scattered distribution, which peaks at a deflection angle 
of 0°. As the latter reminds one of the well-known glory effect in 
glancing elastic collisions, we call this mechanism ‘hard-collision 
glory scattering’ (HCGS). Here, hard collisions refer to collisions 
with small impact parameters and a large energy transfer. We derive 
under which conditions HCGS occurs and demonstrate the general 
validity of our model by conducting two series of high-resolution 
scattering experiments on two completely different scattering sys-
tems, namely NO scattering with (1) CO and (2) HD molecules. 
These scattering partners have vastly different rotational constants 
(being about 20 times larger for HD) and reduced masses (which is 
about five times smaller for HD). For both bimolecular systems, we 
fully resolved individual product pairs by exploiting the exceptional 
experimental resolution offered by the combination of Stark decel-
eration and velocity map imaging. In both systems, we observed 

highly forward-scattered products for inelastic channels that are 
characterized by a large RET induced by low impact parameters. 
The experimental results are in excellent agreement with quantum 
mechanical coupled-channels (CC) calculations31, as well as with 
semiclassical trajectory calculations based on our model, which 
reveal that HCGS is responsible for the observed forward-scattered 
distributions. We retrospectively identified HCGS in previous 
experiments on NO−O2 collisions29,32 and found HCGS to occur 
in NO−Ar as well. Furthermore, our model yields a simple expla-
nation for the observed forward scattering in CO–CO collisions30, 
without the need to impose additional symmetry requirements.

results
Before describing the essence of our model, we first recapture what 
is expected for elastic events from the textbook model26–28 using an 
example. Figure 1a,b illustrates several typical trajectories and the 
expected deflection angles, respectively, for the scattering of NO 
radicals with HD molecules at a collision energy of 133 cm−1. We 
define as the scattering target a hard sphere with radius a. Consistent 
with the common treatment in textbooks, each trajectory is defined 
by the impact parameter b and deflection angle χ. The observable 
scattering angle θ is closely related to χ but lies between 0 and 180°. 
The classical turning point is found at the hard-sphere radius a, 
which separates hard collisions with b < a from the soft long-ranged 
collisions with b > a. The balance between long-range attractive and 
short-range repulsive interactions leads to particular trajectories, as 
indicated by the arrows in Fig. 1b. The rainbow trajectory is found 
at the impact parameter for which the maximum net attraction is 
experienced, which results in a minimum deflection angle χ. By 
contrast, the glory trajectory is found when the repulsive and attrac-
tive forces experienced during the trajectory exactly cancel to yield 
perfect forward scattering. The classical cross-section depends on  
1/(sin(χ)|dχ/db|), which diverges for rainbow and glory scattering  
as either |dχ/db| = 0 or sin(χ) = 0, respectively, which results in 
prominent features in the scattering cross-section. For complete-
ness, we also include in Fig. 1b the deflection function expected 
from a hard-sphere model without long-range attraction. Here, 
the divergence disappears, as χ(b) does not cross zero but rather 
approaches zero infinitely steeply.

We now consider a very simple extension to the hard-sphere 
model by including the uptake of the internal energy to account for 
RET. In the simplest approximation, we assume this energy uptake 
is instantaneous at the point of contact. Compared with elastic scat-
tering, the reduced kinetic energy after the RET causes the receding 
trajectory to bend forward, that is, for a given impact parameter b 
the deflection function χ(b) shows less deflection, as also illustrated 
in Fig. 1b. For an appropriate set of parameters, orbiting can occur 
in the receding trajectory. That is, there is an impact parameter with 
b < a at which, after RET, there is barely sufficient radial kinetic 
energy to escape in the receding trajectory, and the deflection angle 
diverges towards −∞, as illustrated in Fig. 1b. This guarantees that 
the deflection angle will first cross zero, which leads to forward 
scattering similar to the well-known glory scattering in elastic col-
lisions. The corresponding trajectory is illustrated in Fig. 1a, which 
shows how a trajectory with a low impact parameter below the 
classical turning point ends up forward scattered. Just as for glory 
scattering, the crossing χ(b) = 0 leads to a 1/sin(χ) divergence in the 
cross-section; hence, we refer to this mechanism as HCGS.

To experimentally identify HCGS, we conducted two series 
of high-resolution scattering experiments on two vastly differ-
ent scattering systems, (1) NO−CO and (2) NO−HD. The key 
differences between these systems lie in the rotational constants 
(BCO = 1.9225 cm−1 and BHD = 44.6665 cm−1) and the correspond-
ing energy spacing between rotational levels. The experiments were 
performed in two different crossed molecular beam machines to 
study NO−HD and NO−CO collisions at two different energies. 
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Fig. 1 | Trajectories and deflection functions predicted from hard-sphere 
models with hard-sphere radius a for the scattering of NO with hD 
at a collision energy of 133 cm−1. a, Trajectories of the NO−HD relative 
coordinate in the centre-of-mass frame. For elastic collisions, trajectories 
are shown for the well-known rainbow (θR, blue dashed line) and glory 
(θG, blue dot-dashed line) scattering. A model that includes energy 
transfer by inelastic collisions leads to trajectories that are bent into 
the forward direction. The HCGS trajectory with impact parameter b < a 
leads to perfect forward scattering (solid orange line). The black dotted 
curve shows the elastic trajectory with the same impact-parameter b as 
that of the HCGS trajectory. b, The corresponding deflection angle χ as a 
function of the impact parameter b. Arrows indicate the locations at which 
the cross-sections diverge as 1/sin(χ) or |db/dχ|. The deflection function 
expected from a hard-sphere model without any attractive forces is shown 
by the green dotted line.
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Both machines made use of a Stark decelerator to manipulate the 
NO radicals and a velocity map imaging detector to record the scat-
tered products33–35.

Scattering images for NO−CO collisions at an energy of 
E = 220 cm−1 were measured for six final NO states, which ranged 
from j′NO = 3/2e to j′NO = 13/2f . Figure 2a shows the results for 
the lowest excited state of NO as an example; a full overview of all 
the probed final states is presented in Supplementary Section 9. 
Multiple concentric rings are observed, in which each ring corre-
sponds to a different rotational excitation of the CO collision part-
ner, which range from j′CO = 0 up to j′CO = 8. Most rings are fully 
resolved; however, the process in which the CO molecule scatters 
elastically with jCO = 0 → j′CO = 0 is superposed with the first 
inelastic channel jCO = 0 → j′CO = 1 in the outermost ring. Rings 
with smaller diameters correspond to an ever-larger inelastic exci-
tation of CO. Scattering images for NO−HD were measured at an 
energy of E = 133 cm−1 for seven final NO states, which ranged from 
j′NO = 3/2e to j′NO = 11/2e. The results for the lowest excited state 
of NO are shown in Fig. 2b; a full overview of all data is again pro-
vided in Supplementary Section 9. For NO−HD, only two rings 
are observed, as the collision energy is insufficient to excite HD 
to the final states with j′HD > 1. Similar to the results for NO−CO 
collisions, the outermost ring corresponds to the process in which 
HD scatters elastically, whereas the inner ring corresponds to the 
inelastic jHD = 0 → j′HD = 1 channel. Owing to the low mass of 
HD, the scattering images feature clearly resolved diffraction oscil-
lations, which result in vertical stripes in the images. These diffrac-
tion oscillations were observed for a variety of systems in our earlier 
experiments, and are not further discussed here.

Despite the substantial differences between the two collisional 
systems, all the product pairs in the recorded scattering images are 
highly forward scattered (see Supplementary Section 9 for the full 
overview). At first glance, the outermost rings in the NO−CO scat-
tering images seem to follow the rule of thumb that a low RET is for-
ward scattered, whereas a high RET requires hard collisions, which 
lead to more side scattering. However, for the innermost rings, this 
scattering picture breaks down. Here, RET is substantial and, thus, 
one expects the products to be back scattered. Instead, forward scat-
tering was observed throughout, even for the innermost ring in 
which almost all the available energy is transferred into rotational 
motion. For the NO−HD system, the observations are even more 
counter-intuitive. For the jHD = 0 → j′HD = 1 excitation channel, 
some 90 cm−1 from the available 133 cm−1 is transferred into a single 
quantum of rotational energy of the HD molecule. Yet, the angular 
distribution strongly peaks at around θ = 0°.

Discussion
To substantiate our findings we performed quantum CC scattering 
calculations of the pair-correlated differential cross-sections (DCSs) 
for excitations in both NO−CO and NO−HD collisions31. Technical 
details of these calculations, such as the potential energy surfaces 

and the channel basis are treated in Supplementary Sections 2 
and 3. In the NO−CO calculations, the CO channel basis had to 
be truncated at jCO = 6, so excitations beyond j′CO = 6 could not 
be described. The calculated DCSs were used in a program that  
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Fig. 2 | experimental and simulated scattering images for inelastic 
scattering. a,b, The panels show NO(X2Π1/2, j = 1/2f) radicals with 
CO(X1Σ+, j = 0) (a) and HD(X1Σ+, j = 0) (b) molecules at collision energies 
of 220 and 133 cm−1, respectively, both probing the (X2Π1/2, j = 3/2e) final 
state of NO. The images are presented such that the forward scattering 
direction is located on the right-hand side. Small segments of the images 
around the forward direction are masked due to the imperfect state 
selection of the initial NO packet. The simulated image for NO−CO shows 
fewer rings than the experimental one, as the CC scattering calculations 
are truncated at j′CO = 6. The angular distributions in arbitrary units (a.u.) 
derived from the images for selected scattering channels are shown below 
the images. The angular distributions are forward scattered, even for the 
highest rotational states, at which the RET is substantial.
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simulates scattering images taking into account the kinematics of 
the experiment29. For both collisional systems, the experimental and 
simulated images show excellent agreement, as can be seen in Fig. 2.

To further analyse our near-exact quantum scattering calculations, 
we calculated opacity functions (Supplementary Section 4) to quantify 
the contributions of short-range hard collisions and long-range glanc-
ing collisions. For the jNO = 1/2f+ jHD = 0 → j′NO = 3/2f+ j′HD = 1 
and jNO = 1/2f+ jCO = 0 → j′NO = 13/2f+ j′CO = 6 channels, 
these opacity functions are shown in Fig. 3a as an example. This 
analysis showed that for the NO−CO system, the elastic channels 
are governed by long-range glancing-type collisions, and when 
either NO or CO, or both, molecules are excited to progressively 
higher-lying final states the collisions become more short ranged 
with dominant contributions from impact parameters smaller than 
the hard-sphere radius. Similarly, elastic collisions in NO−HD 
are governed by long-range glancing-type collisions, whereas the 
inelastic collisions for HD are completely governed by short-range 
hard collisions.

These results and the observation of forward scattering in both the 
experiment and CC calculations paint a strikingly counter-intuitive 
picture of forward scattering in deeply inelastic collisions, which 
we attribute to HCGS. The discussion of HCGS as given above and 
illustrated in Fig. 1 gives a conceptual and qualitative understand-
ing of the observed effects. To also yield a more quantitative under-
standing, we performed semiclassical calculations in which we used 
a more realistic interaction potential, which also describes van der 
Waals attraction at the long range, but it smoothly becomes repul-
sive at the short range. Furthermore, we described energy transfer 
through an effective potential that reduces the kinetic energy not 
instantaneously, but over a timescale determined from the semi-
classical calculation itself. We incorporated this inelastic scattering 
model into a semiclassical scattering code that treats the translation 
of the two colliding molecules classically and the rotation quantum 
mechanically. The propagation of the classical trajectories was done 
using Hamilton–Jacobi classical equations of motion using the iso-
tropic part of the full interaction potential. The main advantage of 
this approach is that one can both interpret the dynamics in terms  
of classical trajectories and maintain a quantum mechanical  
description of the rotational part (see Supplementary Sections 5 and 
6 for more details).

Using this semiclassical model, we calculated the differential 
scattering cross-sections for NO−CO and NO−HD collisions for 
various final states at collision energies of 220 and 133 cm−1. The 
resulting DCSs are shown in Fig. 3b together with the results of 
quantum CC calculations. The semiclassical DCS again captures 
forward scattering in hard collisions with small impact parameters 
caused by HCGS, and the model DCSs are in close agreement with 
the CC calculations.

The agreement of cross-sections derived from our model with 
experimental results and CC calculations illustrates that, in essence, 
the HCGS mechanism is responsible for forward scattering in 
deeply inelastic collisions. This mechanism depends on the amount 
of energy transfer ΔE, and the strength of the attractive interactions 
and associated well-depth Vmin of the interaction potential, in rela-
tion to the collision energy E. For a given system, that is, for a given 
value of Vmin/E, for low values of ΔE/E one expects results similar 
to those of the elastic scattering model. Cross-sections follow the 
common wisdom and intuition: long-range glancing collisions lead 
to forward scattering, whereas short-ranged hard collisions lead to 
side or back scattering. By contrast, for high ΔE/E values, the DCSs 
are dominated by forward scattering as a result of HCGS, even if 
hard collisions are required to induce RET.

These trends for the occurrence of HCGS can be described more 
quantitatively by defining a parameter to indicate the ‘strength’ 
of HCGS. Referring back to Fig. 1, HCGS occurs as χ(b) crosses 
zero to yield a divergence in the classical cross-section. Long-range 
attraction is essential for this to happen; without attraction, χ(b) 
approaches zero infinitely steeply, that is, |dχ/db| becomes infinite 
and yields zero contribution to the cross-section. With attraction, 
χ(b) crosses zero less steeply such that |dχ/db| becomes smaller 
and the divergence of the classical cross-section more prominent. 
Hence, we interpret |db/dχ| at the HCGS impact parameter, relative 
to the intensity for backward scattering, as a figure of merit for the 
strength of HCGS. This strength of HCGS, as computed using our 
semiclassical model as a function of ΔE/E and Vmin/E, is shown in 
Fig. 4 and can be used to predict whether HCGS occurs in a given 
system. As shown in Supplementary Section 1, the classical deflec-
tion angle for isotropic interactions is universal in that it does not 
depend on the mass, but depends only on the ratio of the interaction 
potential and collision energy, Vmin/E, and on the amount of energy 
transferred, ΔE/E.

Figure 4 indicates that HCGS only occurs in processes with a 
high RET and for systems with sufficiently strong attractive inter-
actions. The values for ΔE/E and Vmin/E that pertain to the vari-
ous pair-correlated inelastic NO−CO and NO−HD transitions as 
observed in our experiments are indicated in Fig. 4 as circle and dia-
mond data points, respectively. For NO−CO, it is seen that HCGS 
occurs for jCO′ ≥ 5. For these relatively high excitations, the opacity 
functions reveal that low-impact parameters are needed to induce 
the transitions, yet the collision products are strongly forward scat-
tered. For NO−HD, HCGS already occurs for the ΔjHD = 1 transi-
tion as a consequence of the high ΔE needed to rotationally excite 
the HD molecule.

As shown in Fig. 4, our model is able to predict the occurrence 
of HCGS from two simple parameters. Based on this analysis, we 
can retrospectively identify HCGS in previously studied systems as 
well. A comprehensive overview of all the studied transitions and 
systems is given in the Supplementary Section 6. This includes the 
full series of NO−CO and NO−HD excitations studied in this work 
as well as NO−O2 collisions studied in our earlier work29,32. For the 
latter, fully resolved pair-correlated DCSs were measured for both 
spin–orbit (SO)-conserving (F1 → F1) and SO-changing (F1 → F2) 
transitions in NO. Although not recognized nor appreciated at 
the time, the surprising result was found that for SO-conserving 
NO transitions, excitation of O2 to progressively higher rotational  
levels leads to DCSs that follow the expected trends and intuition, 
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deeply inelastic collisions require hard collisions with impact parameters 
smaller than the hard-sphere radius. Nevertheless, the resulting DCS is 
forward scattered.
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whereas SO-changing NO transitions were always found forward 
scattered irrespective of the O2 excitation. These observations are 
now readily understood in the context of HCGS. In Fig. 4, the 
series of SO-conserving and SO-changing NO−O2 transitions are 
indicated by blue and red crosses, respectively. The parameters for 
SO-conserving NO−O2 transitions are found in the region in which 
HCGS does not occur, whereas SO-changing transitions are within 
the HCGS region throughout. Finally, we also analysed the CO–
CO collisions studied experimentally by Sun et al.30, in which they 
report forward-scattered product pairs in which both CO molecules 
are excited to high rotational states of j = 15, yet exhibit forward 
scattering. Using quasiclassical trajectory scattering calculations, 
the forward scattering was attributed to a do-si-do dance by both 
CO molecules that results in a forward scattered symmetrical exci-
tation, in which ‘symmetrical’ refers to both the shape of the mol-
ecules and the excitation to identical final rotational states. Figure 
4 shows the values for ΔE/E and Vmin/E that pertain to the CO–CO 
experiment, which suggest that the observed forward scattering can 
also be interpreted as HCGS without imposing additional require-
ments on the shape, symmetry and orientation of the molecules, nor 
on the symmetric excitation to final rotational states.

Conclusion
We developed a model for inelastic molecular scattering that is an 
extension of the textbook hard-sphere elastic scattering model.  
We assume RET occurs around the classical turning point in hard 
collisions, such that the slower receding trajectory is more suscepti-
ble to van der Waals attraction and bends into the forward scattering 

direction. This gives rise to a hard-collision analogue of glory scat-
tering for which trajectories with an impact parameter smaller than 
the hard sphere radius unexpectedly lead to forward scattering. We 
refer to this phenomenon as HCGS. Numerical (semi)classical model 
calculations using realistic interactions also exhibit HCGS and yield 
quantitative agreement with the results of full quantum CC calcula-
tions. We found that HCGS is ubiquitous and derived under which 
conditions HCGS occurs. We experimentally probed HCGS by fully 
resolving rotational product pairs in the inelastic scattering of NO 
radicals with CO and HD molecules, and identified HCGS retro-
spectively in NO−O2 and CO–CO collisions. Our model, although 
conceptually a very simple extension of text-book models dating 
back decades, describes a fundamental aspect of energy transfer in 
molecular collisions that hitherto appears to have escaped attention.
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Methods
To study NO−CO collisions, a packet of velocity controlled NO radicals 
(X2Π1/2, v = 0, j = 1/2, f, referred to as 1/2f), in which the labels X2Π1/2 and v denote 
the electronic and vibrational states of the NO radical, respectively, was produced 
using a 2.6-m-long Stark decelerator. The NO beam had a mean velocity of 
440 m s–1 and subsequently scattered with a pulsed beam of neat CO molecules 
at an intersection angle of 45°, which resulted in a collision energy E = 220 cm−1. 
In the NO−HD experiments a packet of velocity-controlled NO(1/2f) radicals 
seeded in Kr with a mean velocity of 390 m s–1, was scattered with HD molecules 
at an intersection angle of 45°. The valve that produced the HD beam was kept at 
100 K, which resulted in a collision energy of E = 133 cm−1. After the collisions, the 
scattered NO radicals were state-selectively ionized near the ionization threshold 
through a (1 + 1′) REMPI scheme, and collected by homemade velocity map 
imaging ion optics.
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