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In the realm of molecular collision dynamics, stereochemistry refers to the dependence of1

the collision outcome on the mutual orientation of the colliding partners. This may involve2

directed end-on collisions along a molecular bond-axis or encounters in which the partner3

approaches the bond of an oriented molecule from the side. Using both experiment and the-4

ory, we show here that in the simplest case of an inelastic collision between an atom and a5

nearly homonuclear diatom, in which the two atoms have almost the same mass, the scatter-6

ing dynamics are very distinct for impacts on either side of the molecule. By recording the7

direction of the scattered particles after collision, we demonstrate that the intensity of prod-8

ucts scattered in the forward direction, near parallel to the initial motion, can be substantially9

controlled and even maximised, by altering the side-on orientation of quantum state selected10

NO molecules colliding with Ar atoms. In addition, our findings provide valuable informa-11

tion about the preferred collision mechanism and reveal interesting quantum interference12

effects.13

The concepts of the steric effect and the steric factor have their foundations in chemistry14

going back to early studies of kinetic theory over a hundred years ago1, and the idea that the15

outcome of molecular collisions might be controlled by orienting collision partners in particular16

directions continues to capture the imagination of chemists to this day. This article considers17

collisions between an Ar atom and the nitric oxide molecule (NO), in which the collision energy18

is transferred into rotational excitation of the scattered NO. Here we show that by first quantum19

state selecting NO in its lowest rotational state, and then orienting its bond-axis, r, preferentially20

side-on to the incoming Ar atom, using a static electric field, we can provide exquisite control of21

the direction of scattering after collision. In fact, we show that the intensity of products scattered22

in the forward direction, near parallel to the initial motion, can be substantially controlled and23

even maximised by altering the side-on orientation of the NO molecule. We also demonstrate that24

the ability to measure the variation of the collision cross-section with initial molecular orientation25
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provides valuable insight into the preferred scattering mechanism.26

There has been considerable interest in elucidating how the initial molecular axis direction,27

r, influences the outcome of inelastic and reactive collisions, and, complementary to that, the role28

of the direction of the initial molecular rotational angular momentum, j 2–8. Studies have primar-29

ily focussed on investigating the effects of ‘head-on’ versus ‘side-on’ alignment of the incoming30

molecules on the collisional process (see Supplementary Fig. 1) 4, 7, 9–11. The effect on the colli-31

sion dynamics of end-on ‘heads versus tails’ molecular orientation, parallel or antiparallel to the32

approach direction, has also been the subject of several studies 3, 4, 7, 12–14. By contrast, very little33

attention has been paid to the effect of initial side-on bond-axis orientation on the scattering pro-34

cess, in which the direction of approach is preferentially perpendicular to the oriented molecular35

axis 15, 16. Although in crossed molecular beam experiments the impact parameter (i.e. the distance36

of closest approach in the absence of an interaction potential) cannot be selected, intuitively, one37

might expect that side-on oriented collisions will be more sensitive to higher impact parameter38

collisions, leading to more forward scattering (i.e. NO scattering in the same direction as the initial39

NO motion, θ < 90◦), than those occurring in an end-on configuration. The latter are expected40

to be more dominated by lower impact parameter (head-on) collisions, preferentially leading to41

backward scattered trajectories (θ > 90◦). Hence, to obtain a complete picture of the collision42

dynamics, it is necessary to probe both end-on and side-on collisions: the work described here43

provides a route to exploring such effects directly experimentally and theoretically.44

The inelastic scattering of NO with the rare gases has been used to demonstrate complete45

quantum state resolution in studies of inelastic scattering 17–21, with experiments now affording46

sufficiently high resolution to reveal fascinating quantum diffraction and resonance structures in47

the differential cross sections (DCSs) – or angular distributions – of the scattered products 16, 22, 23.48

In addition, NO + Ar was the first system in which the effects of end-on bond-axis orientation were49
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studied with full quantum state resolution 12, 14, 24, 25. For these end-on collisions one can control50

the intensity of scattering into the backwards direction, but forward scattering is relatively less51

affected. In contrast to previous work in which end-on orientation was considered 12, 14, 24, 25, here52

we preferentially orient NO side-on to the incoming Ar atom, perpendicular to the initial relative53

velocity vector, k, and monitor the direction of scattering using resonantly enhanced multiphoton54

ionisation (REMPI) coupled with velocity map 26 ion-imaging 27 (VMI).55

Figure 1 illustrates key features of the experiment. Panel a defines the two scattering frame56

side-on orientations, labelled ±x, considered in this work, whilst panels b and c illustrate the57

experimental configuration employed. Because of the open shell nature of the NO(2ΠΩ) ground58

electronic state, each rotational state is split into two Λ-doublet levels, labelled e and f . We use59

a hexapole electric field to initially select just the upper low-field-seeking f component of the60

lowest (Ω = 1/2, j = 1/2) rotational quantum state of NO 12. Here, j and j′ refer to the initial61

and final quantum numbers for the total angular momentum of NO apart from nuclear spin. Ω is62

the absolute value of the quantum number for the projection of the electronic angular momentum63

along the internuclear axis, which defines the spin-orbit state of the NO(X2ΠΩ) molecule. On64

exiting the hexapole, the state selected molecules are adiabatically oriented along a chosen axis by65

applying a static electric field, E 3, 24, 25, created by a set of four rods, as shown in Fig. 1b. In the66

static field, the initial Λ-doublets of the NO molecule become mixed, so that scattering with Ar67

takes place with NO in a coherent superposition of the two lowest e and f levels 7, 12. Under these68

conditions, the NO bond-axis, r, becomes oriented about the field direction, Ê, according to the69

distribution shown in the inset of Fig. 1a. The N atom of the NO molecule preferentially points70

towards the negative electrode, such that the bond-axis, r (which coincides with the direction of71

the permanent dipole moment, N→O), preferentially points in the direction opposite to the field,72

as illustrated in Fig. 1a-c. In the figure, we show the bond-axis in its most probable orientation,73

antiparallel to the field direction, but in reality r is distributed about E, as shown in the inset to74
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Fig. 1a.75

The experiments reported here focus on the Ω′ = 1/2 spin-orbit state of the scattered NO76

in the e final Λ-doublet level. Because of the mixing of the initial Λ-doublet levels in the static77

electric field, similar results are found for the f final Λ-doublet level. Note that, at the static electric78

fields employed, the Λ-doublet levels of the excited NO rotational states populated after collision79

are not significantly mixed.80

1 Results81

Representative ion-image data, obtained probing the final e Λ-doublet levels of NO(Ω′ = 1/2)82

for ∆j = j′ − 1/2 = 7 to 12 are presented in Fig. 2 for orientation of NO in the +x (panels83

a) and −x configurations (panels b). These particular final rotational states represent a subset of84

the data we have collected and are chosen here because they most prominently exhibit the steric85

effects discussed in the following. Because the static field direction for each of the raw images86

shown is fixed in the experiments, scattering intensity in different portions of the image (e.g., the87

bottom left versus the top right of the images) actually correspond to different scattering frame88

orientations of the field. However, due to experimental factors affecting the detection sensitivity89

across the image, such as the flux-density transformation, the most intense region of the images90

corresponds to in-plane scattering into the lower left region of the image. This portion of the image91

is indicated in Fig. 1c as the brighter, unshaded region, and corresponds to slow-moving scattered92

NO in the laboratory. For this reason we label the experimental ion image configuration, ±x,93

according to the field orientation with respect to scattering into this more intense half of the image94

(see Supplementary section 1.3.1).95

Whilst the NO orientation is controlled through application of the static electric field, and96

the Ar atom preferentially approaches NO from the side, only for the smallest impact parameters97
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does Ar actually hit the side of NO close to its centre-of-mass. In most collisions, Ar hits the side98

of the NO molecule at (or towards) either the N atom or the O atom in higher impact parameter99

collisions, as illustrated in the bottom panels of Fig. 2 and Supplementary Fig. 1. We refer to100

these collisions as N-side or O-side, respectively. Although these side-on collisions generally101

involve higher impact parameters than in the end-on configuration, for the transitions studied here102

scattering is dominated by the repulsive core of the potential energy surface (PES), rather than103

the long-range attractive region, which really only dominates for low rotational excitations (∆j ≤104

3) 28. Given that the orientation direction (±x) is defined in terms of the field direction, Ê, the105

+x (−x) orientation therefore corresponds to repulsive collisions preferentially off the N-side (O-106

side) of NO, as illustrated in Fig. 1a. We note that these cartoons provide a simple and intuitive107

(classical) picture. Quantum mechanically, the outgoing direction of the Ar atom may arise from108

interfering trajectories on either side of the molecule.109

The relative intensities of the images shown in the±x orientations in Fig. 2 reflect the signals110

recorded in the two geometries, and exhibit a strong alternation between +x and −x for ∆j odd111

and even, respectively. This intensity alternation represents an integral x-axis steric effect, which is112

particularly pronounced for the ∆j shown here. Furthermore, the features in the raw ion images are113

shown also to be strongly dependent on the +x or −x orientation. Strikingly, we find that the raw114

images for transitions involving odd changes in rotational quantum state display intense scattering115

in the forward direction (i.e. small angle scattering of NO with respect to its initial motion) and116

a pronounced double peaked structure when the Ar approaches the side of the NO molecule and117

repulsively scatters off the N-side (+x orientation), whereas only a single peak is observed when Ar118

approaches the side of NO and repulsively scatters off the O-side of the molecule (−x orientation).119

By contrast, even ∆j transitions are largely dominated by just a single strong maximum in their120

images for both bond-axis orientations.121
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Figure 2 also presents difference ion images, obtained by subtracting the images in panels b122

from those in panels a. The difference images highlight the field- or orientation-dependence of123

the scattering process. The experimental difference images show a sign inversion around the ini-124

tial relative velocity vector, reflecting the fact that scattering into the bottom left and top right of125

the image corresponds to different scattering frame orientations of the field. Note that if it were126

not for experimental factors associated with differing detection sensitivity across the image, these127

difference images would be perfectly anti-symmetric about the relative velocity vector (see Sup-128

plementary section 1.3.1). The experimental difference image data (panels 2c) are compared with129

the results of a full simulation of the difference images obtained using new quantum mechanical130

(QM) scattering calculations (panels d), on the potential energy surfaces (PESs) by Alexander 29.131

The calculations take full account of the side-on orientation of NO in the static electric field, and132

the simulations also allow for the experimental detection sensitivity factors mentioned above. The133

agreement between the experimental and simulated difference images is generally excellent.134

The ion images can also be fitted to obtain the angular distribution of the scattered products135

for the different initial bond-axis orientations 21, 24, 30. The resulting experimental angular distri-136

butions (blue continuous lines in panels e and f of Fig. 2) are directly compared with the results137

of the QM scattering calculations (red dashed lines). The experimental angular distributions are138

scaled to preserve the observed relative intensities in the ±x orientations. As with the difference139

images, the agreement between experiment and QM theory is also very good, with the relatively140

small differences between experiment and theory generally within the experimental uncertainties,141

and serves to validate the theoretical procedures developed here and further confirms the accuracy142

of PESs employed 29.143

The DCSs shown in Fig. 2e-f display the striking trends already apparent in the raw images:144

the DCSs for odd ∆j transitions for the +x bond-axis orientation display pronounced scattering145
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in the forward direction, favouring repulsive scattering off the N-side of the molecule. For exam-146

ple, the odd ∆j transitions shown approach a nearly ten-fold enhancement in scattering intensity147

around the peak in the forward direction for the +x orientation compared with that in the −x148

configuration. Furthermore, the DCSs for these odd ∆j, +x-oriented transitions exhibit multiple149

peaks, corresponding to the structures observed in the raw ion images. The intense forward peak150

in the DCSs (highlighted by the white dashed circles on the relevant images in panels a) is almost151

completely suppressed when the field is oriented such that Ar repulsively scatters off the O-side152

of the molecule (−x-direction). However, for even ∆j transitions the picture is reversed, with the153

intense forward peak observed for scattering off the O-side of the molecule (−x-orientation), but154

multiple peaks are absent, and the relative intensities of the forward peaks in the ±x geometries is155

less pronounced than for the odd ∆j transitions. For the highest rotational excitations (∆j ≥ 12),156

the two orientations lead to similar DCSs, with a modest preference for scattering in the +x ori-157

entation. This behaviour can be rationalized by the relatively low impact parameters required for158

these higher rotational excitations; as the PES on the side of the molecule, close to the centre-of-159

mass (i.e. at low impact parameters), varies only slightly, collisions to either side result in similar160

scattering dynamics.161

Three factors are primarily responsible for the detailed form of the DCSs shown in Fig. 2 (see162

also Supplementary section 2). Firstly, the strength of the static electric field determines the mix of163

the initial e and f Λ-doublet levels in the initial state and the degree of bond-axis orientation 24, 25.164

This directly affects the relative intensities of the peaks in the DCSs. At low fields the DCSs165

resemble those for the field free parity-resolved f → e transitions, irrespective of field orientation.166

Due to parity effects, these have been shown previously to possess multiply peaked DCSs for167

odd ∆j, but only single peaks for even ∆j 21, 28. At the limit of infinite field, when the initial168

Λ-doublet states are fully mixed with equal weights in the superposition state, multiple peaks are169

observed for all ∆j transitions in the DCSs for the +x-orientation, but only single peaks in the−x-170
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orientation (for reasons discussed below). At the experimental field one finds a somewhat more171

intermediate picture, because the initial Λ-doublet states are only partially mixed, with the initial172

f state contributing about two thirds to the superposition. For this reason, at the experimental field173

employed, multiple peaks are seen most clearly only for odd ∆j in the +x-orientation, rather than174

for all ∆j.175

The second factor to consider is the role of rotational rainbows in determining the form of176

the ±x resolved DCSs at infinite field. We have applied a simple semi-classical hard-shell scatter-177

ing model 21, 28, 30 which accounts qualitatively for the infinite field scattering behaviour discussed178

above. The model demonstrates that the multiple peaks seen in the infinite field DCSs for the179

+x-orientation can be associated with QM rotational rainbow structures arising from interfering180

trajectories repulsively scattering off the side and the N-end of NO. For the −x orientation, as-181

sociated with interfering trajectories repulsively scattering off the side and the O-end of NO, the182

phase shift between the side- and end-on trajectories is smaller than for the +x orientation, because183

the repulsive core of the PES protrudes less on the O-end of the molecule than on the N-end. The184

greater phase shift generated for the +x orientation than for the−x orientation leads to more peaks185

in the associated DCSs for the former configuration. To further validate this argument, we have186

also performed QM scattering calculations in which we have swapped the masses of the N and O187

atoms, obtaining more peaks for collisions towards the side of the lighter atom, just as would be188

expected from the simple semi-classical treatment.189

Finally, QM interference between the coherently prepared Λ-doublet levels plays a vital role190

in determining the relative intensities of the scattering distributions in the ±x orientations14. This191

QM interference can be traced back to the relative phase shift of the scattering amplitudes associ-192

ated with transitions from the initial e and f Λ-doublet states to a given final state. The sign of this193

phase shift changes between odd and even ∆j transitions, which, in turn, leads to the character-194

9



istic alternation of the total scattering intensity between adjacent ∆j transitions. Specifically, this195

QM interference leads to an enhancement in intensity for the +x orientation when ∆j is odd, and196

an enhancement in intensity for the −x-orientation when ∆j is even, as clearly seen in the data197

presented in Fig. 2. Because QM interference determines the relative intensities in +x and −x198

orientations (i.e. the integral steric asymmetry effect), it also ensures that the double peaks in the199

DCSs are observed particularly strongly for odd ∆j, and also determines the distinctive forms of200

the difference ion images for even versus odd ∆j.201

2 Discussion202

We highlight here two aspects of the present study which are of particular significance, namely the203

dramatic control that x-axis orientation is able to exert on the intensity of forward scattering, and204

the new insight the measurements provide about the scattering mechanism.205

As Ar approaches NO from the sides, it sees a different potential energy landscape for N- and206

O-side encounters, and the direction of scattering is thus highly sensitive to the side-on bond-axis207

orientation. It is precisely this ability to differentiate between different approach configurations208

that allows us to control the scattering in the forward direction in this geometry. Here we have209

demonstrated that, at the experimental field strengths employed, x-axis orientation can lead to an210

enhancement in scattering intensity of a factor of almost ten (see Fig. 2). Such strong control cannot211

be achieved if the NO molecule is oriented in the end-on configuration, for which the topography212

of the potential is more symmetric around the molecular axis.213

The degree of control achieved for side-on and end-on orientations, along the x- and z-axes,214

respectively, is illustrated in Fig. 3. The left (a) and right (b) panels of the figure compare the215

calculated DCSs obtained in the x- and z-axis orientations at infinite field with the maximised216

DCSs for ∆j = 7 and 12 (shown as the white area). The maximised DCS corresponds to the217
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maximum DCS obtained at each scattering angle for any arbitrary orientation of the static electric218

field, E, and hence any arbitrary orientation of the bond-axis. From this comparison it is possible219

to ascertain the control that can be achieved at a given scattering angle by optimal choice of static220

field direction. In the forward hemisphere, the maximum DCS is very close to that achieved with221

±x orientation (Fig. 3a), particularly so for ∆j = 7, whereas for scattering in the backward222

hemisphere (θ > 90◦) the degree of control in the ±x orientation is less pronounced. By contrast,223

NO orientation along the z-axis (Fig. 3b) leads to modest selectivity in the forward region, but is224

close to the maximum for backward scattering, as is particularly striking for ∆j = 12.225

A key feature of our experiment is that it helps elucidate the scattering mechanism. Fig. 4a226

compares the calculated infinite field DCSs assuming an isotropic bond-axis distribution for the227

coherent state produced within the static electric field, equivalent to the average of the +x and−x,228

or +z and −z, oriented DCSs (shown as the orange line) with the maximised DCSs for ∆j = 7229

and 8 (shown as the white area). The +x and −x oriented DCSs are also included. The data230

further emphasize the importance of x-axis orientation in controlling scattering into the forward231

region. At a given scattering angle, the preferred mechanism which maximises the DCS is shown232

in Fig. 4b for ∆j = 7 and 8, with the shaded angular distributions reflecting how the DCSs at a233

given scattering angle are influenced by the initial bond-axis orientation. Our experimental results234

show that forward scattering is enhanced with x− (side-on) approach whilst backward scattering235

is nearly maximized with end-on (z−) approach. Strikingly, for the two transitions shown, the236

preference for O-side or N-side collisions is reversed. As already mentioned, this behaviour arises237

from QM interference between the scattering amplitudes of the initially prepared coherent mixture238

of Λ-doublet states, and cannot be explained within a classical framework 14, 31.239

Our results demonstrate that the ability to orient molecules in different directions can yield240

new insight about the scattering mechanism, as illustrated here in Fig. 4. We have shown that this241
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information can be determined directly both from the experiment and from the newly extended242

theory. By varying the bond-axis orientation, one can to some extent also control the contributions243

from different impact parameters, and ultimately the collision outcome. In addition, the possibility244

of modeling the collision dynamics in arbitrarily oriented electric fields presents a powerful tool245

to elucidate the steric preferences of scattering systems, and should stimulate the design of novel246

experiments. For example, in the context of molecular scattering it would be particularly interest-247

ing to look at orientation effects in more complex systems, such as molecule-molecule scattering.248

Extensions to the observation of bond-axis orientation effects in reactive systems would also be249

of great interest, and potentially complement measurements made using initial state alignment250

induced by polarised light.251

3 Methods252

Experimental methods The experiments were carried out in a crossed-molecular beam apparatus,253

with the NO (10% in Ar) and Ar beams, at backing pressures of 3 and 2 bar respectively, crossing at254

right angles in the centre of the scattering chamber, as described previously 24, 25. The NO beam was255

expanded using a General valve (Series 9) and skimmed (d = 3 mm) before entering a hexapole256

state selector, where the low-field seeking f Λ-doublet level of the NO(X, v = 0, j = 1/2,Ω =257

1/2) rotational state was selected and focussed. The Ar beam was expanded through a Jordan valve258

and also skimmed (d = 3 mm). Prior to collision with Ar, the NO molecules were oriented in a259

static electric field of 9.2 kV/cm. This was created by a set of four rods placed in the interaction260

region, with the two rods on opposite sides charged to +8 kV and−8 kV (see Fig. 1b). The electric261

field was oriented perpendicular to the relative velocity vector of the two beams (k = vAr − vNO),262

such that the Ar approached the NO preferentially from the side (Fig. 1b and c). The direction of263

the electric field was switched every 200 laser shots to change the orientation of the NO molecules,264

thus minimising the effect of experimental drift on the measurement. The NO primary beam was265
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operated at 10 Hz, whilst the secondary Ar beam was operated at 5 Hz to allow for background266

subtraction on a shot-to-shot basis. For a given orientation, including background shots, the ion267

images were typically converged after about .105 laser shots. In all measurements, the mean268

collision energy was determined to be 651 cm−1 24, 25, 32.269

Following a fixed delay after the molecular beam pulses, the scattered NO molecules were270

state selectively ionised using a (1+1′) REMPI scheme via the NO(A) state 24, 25. The first photon271

was supplied by a frequency-doubled dye laser in the region around 226 nm, and the second pho-272

ton by a XeCl excimer laser (308 nm). All data were recorded on the Q21 + R11 (mixed) branch273

transition of NO, with the polarisation of the 226 nm light set to vertical with respect to the molec-274

ular beam plane using a linear polariser. The 308 nm ionisation laser radiation was unpolarised.275

The two laser beams were oriented at 90◦ with respect to each other, and approximately 45◦ with276

respect to the molecular beams, such that the probe beam propagating direction was close to per-277

pendicular and the ionisation beam close to antiparallel to k. Ions generated in the REMPI process278

were accelerated by a set of ion optics and velocity mapped onto a dual MCP/phosphor screen279

detector. The flashes on the phosphor screen were recorded with a charge-coupled device camera280

and transferred to a computer for data analysis. In order to achieve good velocity-mapping, Behlke281

switches were employed to rapidly switch the voltages on the rods from ±8 kV to about 1 kV. The282

time delay between the switching and the arrival of the probe laser beam in the interaction region283

was about 500 ns, which was found to be short enough to retain orientation of the NO molecules.284

Data analysis The image analysis is complicated by the fact that in the x-axis geometry scattering285

is no longer symmetric around the relative velocity vector. This means that the slow and fast side286

of the ion image in the laboratory frame (indicated in Supplementary Fig. 3), which reflect differ-287

ent directions of k′, correspond to opposite orientations with respect to the static field direction,288

E, in the scattering frame. It is this break in symmetry of the scattered images which gives rise289
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to the characteristic appearance of the difference images shown in Fig. 2. The experimental DCSs290

were extracted from the ion images by first determining the flux-density correction and then fit-291

ting the experimental sum and difference ion images to a linear combination of modified spherical292

harmonics basis functions by means of a genetic algorithm 21, 30. The flux-density correction was293

determined using a Monte Carlo procedure with the experimental parameters (such as detection294

volume, laser firing time, molecular beam velocity and temporal distributions, etc.) defining the295

space sampled during the simulation of the basis functions 21, 30. To account for the polarisation of296

the probe laser, a polarisation term, calculated from the kinematic apse model 30, 33, was included.297

The DCSs were calculated from the parameters obtained from the fitted images, whilst preserving298

the relative intensities of the data recorded in the±x orientation. The simulations of the ion images299

employed the same basis set as in the fitting of the images, but used the initial bond-axis polari-300

sation moments obtained from the QM calculations to express the intrinsic scattering distribution.301

A more in-depth discussion of the data analysis procedure can be found in Supplementary section302

1.3.303

Theoretical methods The newly developed theory for modelling collisions of Ar atoms with NO304

molecules placed in an arbitrarily oriented static electric field is described in Supplementary sec-305

tion 1.2.1. The QM dynamical calculations were performed with the HIBRIDON suite of codes306

(http://www.chm.unipg.it/chimgen/mb/hibridon/index.html), which uses the log-derivative propa-307

gator of Manolopoulos. A propagation from 4.5 bohr to 60 bohr was used, and included a rotational308

basis with all NO(X) states up to j = 20.5 and all partial waves up to total angular momentum309

quantum number, Jmax = 190.5. These calculations used both the Vsum = (VA′ + VA′′)/2 and310

Vdiff = (VA′′ − VA′)/2 potential energy surfaces (PESs) of Alexander 29 (which assume a fixed311

bond length for the NO(X) molecule). Calculations were run over a grid of collision energies from312

530 cm−1 to 740 cm−1 with a spacing of 35 cm−1, and the theoretical close-coupled QM DCSs313

were averaged over the appropriate experimental collision energy distribution. Although this has314
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the effect of somewhat blurring the oscillations in the forward scattered direction at low values of315

j′, the DCSs averaged over the distribution of collision energies is otherwise very similar to that316

obtained at the most probable collision energy.317

Data Availability Experimental and computational data supporting the findings of this study are318

available from the Oxford Research Archive (ORA) (DOI: xxx).319

Code Availability The Hibridon set of programs used for the QM calculations can be down-320

loaded from http://www2.chem.umd.edu/groups/alexander/hibridon/hib43/index.html. The com-321

puter codes used for the data analysis are available from the corresponding author upon reasonable322

request.323
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Figure 1: Schematic of the experimental configuration for bond-axis orientation measure-

ments. a, The static field directions (θE , φE) are defined in the scattering frame, in which the

initial relative velocity vector, k = vAr − vNO, lies parallel to the z-axis, the (+x) (+z)-quadrant

contains k and k′ (= v′Ar − v′NO), the final relative velocity vector, and θ denotes the scattering

angle. The +x (left) and −x (right) field orientations correspond to θE = π/2, φE = 0 and

θE = π/2, φE = π, respectively; the angles are indicated for the −x configuration. The initial

isotropic bond-axis probability distribution without a static field is shown as a grey shaded circle

in the top inset. The bond-axis probability distribution at the experimental field, E, is shown as the

red shaded area and at infinite field as the blue shaded area. The orientation of the NO molecule

represents the most probable configuration. b, A static electric field, created by a set of four rods,

preferentially orients the NO bond-axis, r, antiparallel to the field, Ê. c, The Newton diagram

for the +x-orientation, assuming scattering occurs in the plane of the molecular beams, is overlaid

with the experimental ion image for the ∆j = 9 transition. The orientation label “+x” refers to the

lower left, unshaded portion of the image, where the signal intensity corresponding to the scattered

NO molecules opposes k′ (the direction of the scattered Ar atoms).
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Figure 2: Bond-axis orientation resolved experimental ion images and differential cross sec-

tions (DCSs) compared to QM theoretical results. a-d, Experimental images for the +x (a) and

−x-orientation (b), corresponding to repulsive scattering from the N-side and O-side, respectively,

alongside experimental (c) and QM simulated (d) difference images, for ∆j = 7 to 12 transitions

into the final e Λ-doublet. The +x and −x-orientation labels on the ion images in a and b refer

to NO scattering in the plane of the molecular beams (coincident with the image plane) into the

intense lower left region of the image (see Fig. 1c). For odd ∆j, the prominent peak corresponding

to forward scattering (of NO with respect to its initial motion) is highlighted with a dashed circle.

e,f, The differential cross sections extracted from the experimental images (blue continuous lines)

are compared to QM calculations (red dashed lines). The error bars in the experimental data cor-

respond to one standard deviation, calculated from individual fits to the bottom left half, the top

right half, and the whole image. The panels in the bottom row illustrate the simplified configu-

ration relevant to in-plane scattering into the bottom left intense portion of the images, with the

most probable orientation of the bond-axis also included. The preference for +x/− x orientation

alternates between odd and even ∆j transitions; this is particularly evident in the difference images

(c,d), in which blue/purple in the lower left half of the images represents a−x-axis and yellow/red

a +x-axis preference (and vice versa in the top right half of the images).
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Figure 3: Comparison of the differential cross sections (DCSs) for side-on and end-on orien-

tation. a The maximised DCSs (white area) are shown with the +x (N-side, blue lines) and −x

(O-side, red lines) oriented DCSs for ∆j = 7 and 12. b Same as in a, but showing the DCSs for +z

(O-end collisions, red lines) and −z (N-end collisions, blue lines). (A more complete set of data is

shown in Supplementary Fig. 5.) The data are calculated in the limit of infinite static field strength

in which the initial e and f Λ-doublet states are fully mixed such that the bond axis is maximally

oriented antiparallel to the field direction. The DCSs were maximised with respect to θE and φE ,

the direction of the static field (see Fig. 1a). As can be seen, for ∆j = 7, side-on orientation (+x

in this case) almost maximises the DCS around the prominent forward peak, whilst for ∆j = 12,

the end-on orientation (O-end (+z) in this case) is close to the maximum DCS in the backward

scattered region.
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Figure 4: Illustrations of the scattering mechanism derived from the initial bond-axis oriented

calculations. a As for Fig. 3a, but showing the QM isotropic DCSs (equivalent to the average of

the +x and −x, or +z and −z, oriented DCSs (shown as the orange line)) for ∆j = 7 and 8

together with the +x (blue lines) and −x (red lines) bond-axis oriented DCSs. b Sketches of

the mechanisms that maximise the DCSs at selected scattering angles, with the corresponding

QM calculated initial bond-axis probability distributions shown by the shaded areas (red for O-

end/side preferred collisions, and blue for N-end/side preferred collisions). Note the opposite

preference for odd and even ∆j transitions, which is due to quantum interference between the

scattering amplitudes of the two initial Λ-doublet states. The cartoons illustrate that nearly side-on

geometries dominate in the forward scattered region (cartoons 1,2), whereas geometries that are

more end-on dominate in the backward scattered region (cartoons 3,4).
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