Chemical
Science

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Chemical
Science

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsﬂw

ROYAL SOCIETY . .
OF CHEMISTRY www.rsc.org/chemicalscience


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 29

Chemical Science

Steric effects and quantum interference in the inelastic
scattering of NO(X) + Ar

B. Nichols?, H. Chadwick?, S. D. S. Gordor, C. J. Eyles, B.
Hornung?@, M. Brouard &, M. H. Alexander®’, F. J. Aoiz%, A.
Gijsbertserf, and S. Stolt& -9+

19 January 2015

2 The Department of Chemistry, University of Oxford, The Riaysind Theoretical Chemistry Labora-
tory, South Parks Road, Oxford, OX1 3QZ, United Kingdom

b Department of Chemistry and Biochemistry and Institutehyfdital Science and Technology, Univer-
sity of Maryland, College Park, MD, 20742, USA

¢ Departamento de Quimica Fisica, Facultad de Quimicaiversidad Complutense, 28040 Madrid,
Spain

d |nstitute for Lasers, Life and Biophotonics, Vrije Univieeit, Amsterdam, de Boelelaan 1083, Ams-
terdam 1081 HV, The Netherlands

€ Institute of Atomic and Molecular Physics, Jilin UniveysiChangchun 130012, China

f Department of Physics and Astronomy, LaserLaB, Vrije Usiteit, Amsterdam, de Boelelaan 1081,
1081 HV Amsterdam, The Netherlands

9 Laboratoire Francis Perrin, Btiment 522, DRECEM/SPAM/CEA Saclay, 91191 Gif sur Yvettede

*To whom correspondence should be addressed; E-mail: nratkabd @chem.ox.ac.uk

E-mail addressesfmha@umd.edifs.stolte@vu.nliaciz@quim.ucm.es



Chemical Science Page 2 of 29

Abstract

Rotationally inelastic collisions of NOX) with Ar are investigated in unprece-

dented detail using state-to-state, crossed molecular beeexperiments. The NOK)
molecules are selected in th@ = 0.5,j = 0.5, f state and then oriented such that
either the ‘N’ or ‘O’ end of the molecule is directed towards the incoming Ar

atom. Velocity map ion imaging is then used to probe the scagted NO molecules
in well-defined quantum states. We show that the fully quantm state-resolved
differential steric asymmetry, which quantifies how the rehtive efficiency for scat-
tering off the ‘O’ and the ‘N’ ends of the molecule varies with scattering angle, is
strongly affected by quantum interference. Significant chages in both integral
and differential cross sections are found depending on whier collisions occur
with the N or O ends of the molecule. The results are well accaued for by rig-

orous quantum mechanical calculations, in contrast to bottclassical trajectory
calculations and more simplistic models that provide, at bst, an incomplete pic-

ture of the dynamics.

Graphical abstract summary: New measurements of the diffel steric effect for NO

+ Ar inelastic scattering highlight the importance of quant interference.

Introduction

Much of chemical kinetics can be understood on the basis oftdigan mechan-
ics. Nuclei follow “quasi-classical” trajectories (QCTuiged by forces which are
the gradients of potential energy surfaces. That said, inynsgstems, such as the
diatom-atom system studied in this work, quantum interfeeeoccurs between col-
lisions which follow different classical trajectories. ulyying these interferences has
formed the focus of many experimental and theoretical itiasons.

Quantum scattering simulations of collisions of “near-tommclear” (almost sym-
metrical) molecules such as CO with noble gasses providediyprediction of inter-

ference! Cross sections for transitions with even changes in théiootal angular mo-
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mentum (or, equivalently, conservation of the total paoityhe rotational states) were
significantly larger than those with odd changes in rotai@tate,j (and a change in
the total parity). This alternation is a manifestation ohgtum interference, and can-
not be predicted by QCT calculations. In a semi-classicplaation, quantum phases
are associated with each trajectory leading from a padidnltial to a particular final
state?3

In a typical experiment, the partner will collide with onetbe other end of the
molecule. Since neither end is selected, the observatibbbesubject to quantum in-
terference. Just as in the textbook double-slit experipgah trajectory accumulates a
complex phase. These will interfere, constructively ottidesively, in any experiment
which monitors only the initial and final states of the cadlis partners.

Because of experimental accessibility, crossed moleddam collisions of Ar
with NO, a near-homonuclear molecule, provided the firsbitatory confirmation of
this effect? Subsequent experiments measured not only integral (IGS)Isui differ-
ential (DCS) cross sectiors? DCS’s are sensitive to a more specific type of quantum
interference, between different trajectories which endughe same laboratory scat-
tering angle.

There is a third source of quantum interference: The outstralectron in NO
occupies a doubly-degeneratetype anti-bonding molecular orbital. Approach of a
collision partner lifts this degeneracy, which resultswwo tdifferent potential energy
surfaces which are both sampled, coherently, during tHisiool. 1°

A beautiful series of studies have probed these interf@®ircincreasingly state-
selective molecular-beam experiments. In NO the eleatrdageneracy manifests it-
self in a splitting of each rotational level into closelyasgd/-doublets, of opposite
parity, labelece and f. Earlier experiments measured DCSs for an incoherent neixtu
of thee and f A-doublet initial state$-811 More recently, use of a hexapole electric
field or Stark decelerators have made possible similar @xgets with NO selected
in a defined-parity, singl&-doublet level>1213 |n addition to measuring the angular
distribution of the scattered products, or DCS, more comeigeriments allow deter-

mination of the plan&!1141%r sensé&1* of the rotation (or equivalently the alignment
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or orientation of the rotational angular momentgithas a function of scattering angle.

To elucidate the three dimensional steric properties ofllsmmn, it is necessary to
determine how the angular scattered product distributi@nges with the orientation
of the molecule relative to the direction of approach. Teedat differential scattering
experiments have been performed which answer the most chkguiestion about the
interaction of a partner with NO: do collisions with the ‘dhd lead to a greater or
lesser degree of rotational excitation, than collisionthwhe ‘O’-end, as a function of
scattering angle? This difference is the differential fistasymmetry”.

Here, we use a static electric field to generate a cohereetgagition of the two
A-doublets of NO in its lowest rotational level. This allowsto control the orientation
of the bond axis, defined by the vectarprior to collision316-1%in other words, to
select the ‘O’ or ‘N’ orientation of the molecule. Measuritige angular dependence
of the scattering of NO so prepared will yield the so-calleceé vectork — r — k'
correlation (whergk and k’ are the initial and final relative momenta), or oriented
differential cross section. This will be the inelastic amale of recent experiments on
the Cl + CHD; reaction, which measured the three-vedtor 5 — k' correlation in a
reactive collision?? Classically, the initial angular momenturp, is perpendicular to
7, SO orientation or alignment gfalso provides information on the directionsf In
our experiment we can prepare molecular quantum coheramcesbserve how they
are transformed by the collision.

This paper is laid out as follows: Sections A and B provideadebf the exper-
imental method, including the orientation of the NQ(molecule. The details of the
theoretical methods employed in this study; quantum mechhscattering calcula-
tions and quasi-classical trajectory calculations areigea in section C. Results sec-
tions D and E present the integral and differential sterjerasetry results for NOX)

+ Ar scattering respectively. Conclusions then follow.
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Methods

A Experimental methods

An overview of the experiment is shown schematically in Bigwe employ a crossed
molecular beam apparatus, coupled with hexapole initiahtum state selection and
(1+7) resonantly enhanced multiphoton ionization (REMPI) e#lemapped ion imag-
ing final state detectio®1? Both molecular beams are formed using pulsed general
valves at a backing pressure of 3 bar. The primary beam ¢ seeded at 16%
in Ar and is doubly skimmed before entering the hexapole afithtated on entrance
to the scattering chamber. The secondary beam consists@fp@and is skimmed by
a single skimmer approximately 8 cm from the scatteringreeritiring the secondary
beam at half the frequency of the primary allows the unsedt&lO background to
be recorded and subtracted on a shot by shot Basmulations suggest that the
beam conditions employed yield an approximately Gaussidlision energy distribu-
tion with a mean of 530 crmt, and a full-width-at-half-maximum (FWHM) of 50 ¢,

as in previous studie¥

After the adiabatic expansion, the majority of the MQgnolecules in the beam
are in their rotational ground state, however the poputatiof thee and f A-doublet
levels are near equal due to the small energy splitting bestvileem (0.01180cr).
Initial state selection of the NQ&X() is therefore achieved using a hexapole electric field,
which exploits the Stark effect to select the low field seghid = 0.5, ]’ = 0.5, f) state
and focusses it into the interaction regidt Molecules in the high field seekirgy\-
doublet level are expelled from the hexapole electric field higher rotational states
are defocussed due to their weaker Stark effeét.

In the interaction region the NO molecules are exposed taticstlectric field,
generated by a four-rod electrode. The rods lie perperati¢althe relative velocity,
k (shown by the black arrow in panel (a) of Fig. 2). Dependingtsrdirection, the
field orients the bond axig;, of the NO molecules either parallel or antiparallekto
as described in the following section. A cross section tghotlhe rods and interaction

region is shown in panels (c) and (d) of Fig. 2.
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As shown in Fig. 2(c), a negative voltage& kV) is applied to rods 3 and 4, and a
positive voltage{8kV) to rods 1 and 2, resulting in an electric field of approately
9.2 kV/cm that orients the ‘O’ end of the NO molecule towalks incoming Ar atom.
(1+ 1) resonant enhanced multiphoton ionization (REMPI) is thesduto ionize se-
lectively the scattered NO molecules. The probe laser isduo individual rotational
lines of the NO(A—X) transition at wavelengths around 226 nm. The electrdiyica
excited NO molecules are then ionized using 308 nm radidtimm a XeCl excimer
laser. This detection scheme allows observation of the tguastate resolved DCS,
with the identity of the rotational branch determining threafiA-doublet level probed.
Scattered NO molecules arising from collisions populativggfinale A-doublet level,
as presented in Sections D and E, are probed from an anafyddsesorecorded on the
R11 and overlapping @ satellite branches. Velocity mapp&don imaging? is then
used to map the resulting ions onto a position sensitivecttateTo achieve velocity
mapping conditions, approximately 100 ns before the lasergired, the voltages ap-
plied to the rods are rapidly switched such that approxitpatekV is applied to all
four rods. The extraction field employed to velocity map th@ fns is insufficient to
mix the NOX) A-doublet levels and orient the NO. lons are detected usitgralard
MCP/phosphor screen system, with the flashes on the phospiean recorded using a
charge-coupled device (CCD) camera. Data are then traedfiera PC for subsequent
averaging and data analysis. After 1000 laser shots thetaiireof the orienting field
is then reversed to allow recording, alternately, ‘O’ en®©@ar) and ‘N’ end (ON—Ar)
images.

lon images are recorded with the probe laser polarizatignadl both in the plane
of the molecular beams (H) and perpendicular to it (V). Th83® excimer laser ra-
diation was unpolarized. Both sets of images are then aedbysd the DCSs extracted

from each set averaged, as described in more detail in thel&upntary Information.

B Orientation of NO(X)

In the X 2Mg electronic ground state of NO there are two spin-orbit rmidia‘,zl'll/z

and2I'I3/2, the latter of which lies about 123 crh higher in energy. In addition, each

Page 6 of 29
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rotational level within the spin-orbit manifolds is splittdo two near degenerafs-
doublet levels, distinguished by the symmetry indexvhich can take values of 1
(labellede) and—1 (labelledf). The total parity of the NO() wavefunction is given
byp=g(—1)i-1/2

The NO molecular wavefunction in the Hund’s case (a) cogpicheme can be
written ag’®

imQe) = % [1imaQ) + el jm-Q)]

wherej is the total angular momentum quantum number apart fromeansipin, with
projectionsmandQ onto the space and molecule fixed axes respectively. Not&tha
is the absolute value of projection of the total electromigiear momentum along the
internuclear axis.

In our experiments the initial state selection of the MP(olecule is achieved
using a hexapole electric field which exploits the Starkaffe select only thé;ﬁ =
0.5,j' = 0.5, = —1, ) state!? Hexapole state selection thus focusses onlyftiAe
doublet level into the interaction region, and the NO molesware then exposed to
a static electric field used to orient the bond axis. In a puad® case (a) basis,
which is reasonable for low NO rotational states, the NO imdkr wavefunction in
a static electric field can be written as a linear combinatibthe field freee and f
stated8.19.24,25

.= 1 N~ N~
|JmQE) = 7 [aljmQe) + B|jmQf)] . (1)

The relative signs of the mixing coefficients,and 3, are discussed further below.
Their magnitudes are given in terms of the strength of thaaed electric fieldEeg,

as

)

where

Ered= —— (3)
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and

L o o |Qm| |Qm)|

W, is the/A-doublet splitting between theand f statesyu is the static dipole moment
of NO(X) andE is the applied static electric field (taken as the LAB frafreis), and
Ok is the angle between the two. The last of the above equatinV¥sga« assumes
that thef A-doublet state is selected through the hexagble.

In the high field limit,a = 8 = 1 and if there is no applied fieldy = 0 andf =
V2 such that the non-orientefd state wavefunction is recovered from Eq. (1). At
the field strength used in the experimeritss= 9.2 kV/cm, the parameters and 3
take the magnitudes 0.64 and 1.26, respectively. The valugsand3 may be very
slightly reduced at the time of interrogation, because tbetec field in the interaction
region is switched to velocity mapping potentials aroun@ i€ prior to the firing of
the REMPI probe laser. However, in practice, we find littlduetion in the integral
steric asymmetry (see section D) up to delay times of aro@ch®, suggesting that
the fraction of inelastic collisions occurring in the peatioetween the switching of the
voltages and the firing of the probe laser is relative smalttantimescale of a few
hundred nanoseconds.

The orientation of the NO molecule in the fiellddepends on the relative signs of
a and . Fig. 3 shows a plot of the probability distribution of thegéenbetween the

dipole moment of the NO molecule and the electric field, givgn
1
P(OuE) = > [1+ aBcosOue] . (5)

The figure shows the distribution for no applied field, thedfiaked in the current
experimentsE = 9.2 kV/cm), and an infinite field. The permanent electric dipafe
NO points from the negative N-atom to the positive O-atomweleer, as the hexapole
selects the low field seekinfg/\-doublet level, itis the ‘N’ end of the molecule that will
be oriented towards the negative electrode (as shown irBFRf. This fact determines

the relative signs ofr and 3 in Eq. (5): a and 3 must thus take opposite signs to
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ensure that the ‘N’ end of NO points towards the negativetedde in the static field
(as shown in Fig. 2).

As illustrated in the Fig. 2, to a good approximation the fi&dcan be aligned
either parallel or anti-parallel to the initial relativelweity vector, defined as usual for
inelastic scattering as = vy = var — vno (&nd similarly for the final relative velocity
vector,k’' = v/, = v, — v)- Thus when the ‘N’ end of the NO molecule is directed
towards the velocity of the Ar in the centre-of-mass (CMnim(labelled asva, in
Fig. 2), thenk will be parallel to the permanent electric dipole momentConversely,
the opposite orientation, an ‘O’ end collision with Ar, cam @btained experimentally

by reversing the direction of the applied field, in which ckseill be anti-parallel tou.

C Theoretical methods

In our theoretical simulations we assume, as indicatedglibat the fieldE is aligned
either parallel or anti-parallel to the initial relativelgeity vector,k.2425

The laboratory and scattering frames used in the preseay site shown in Fig.
4. Laboratory frame is taken such that thexis lies in the direction of the electric
field, whilst the scattering frame takes the relative vejotd be thez-axis, with the
xz plane containing the initial and final relative velocitida. both the QM and QCT
calculations we define||u and R = Rar — Rno (consistent with the definition of
the initial relative velocity vectork, given above). The potential energy surface used
in both sets of calculatior$ is defined such thag = 0 corresponds to the Ar—-O-N

configuration. Thus an ‘O’ end collision with Ar hasantiparallel tok.

QM calculations

The scattering amplitude for oriented NO in an electric fi@lgcan be written &&2°

1
fimaE— j'mae (0) = 7 [a fimaesjmare (8) + Bfimatjmae(0)] . (6)

where fimaejrmae (6) is the scattering amplitude for the particular state-tdest

transition at scattering angie The corresponding oriented DCS can be obtained from



Chemical Science Page 10 of 29

the square modulus of the oriented scattering amplitude:

1 2
dono(8) = ﬁ;|fijE~>j’n‘(Q'£'(e)|v (7)

where oy (0) and dop(0) are the ‘N’-end and ‘O’-end DCSs, respectively. It follows
from equation (7) that the sum of the two oriented DCSs isrgivg the weighted

(incoherent) sum of the two unoriented DCSs

aZ 2
don (8) +d0o(6) = 15 3 [ fimaeymare (6)[ + ﬁ—z S | fimatjmare (0)°. (8)
m m

Similarly, the difference between the oriented DCSs wilgben by

a *
don(6) —doo(8) = k—f;[meQHj/mg/e/(e)fijHJ’m(Q'e'(e)

+  fimarsjimae (6) fimaesjmrare (6)].- 9)

It can be seen from equations (8) and (9) that in the casehbatléectric field is ori-
ented along the relative velocity vector the differenceatefs on interference between
scattering from the two initiah-doublet levels, whilst the sum does not. When investi-
gating the differential steric asymmetry, it can be congahto consider dgj; (6), the

normalized difference DCS, which is defined as

don(6) — doo(6)

dogifr (6) = don(8) +dao(6)

(10)

It should be noted that the integral steric asymmetry is btaioed by integrating the
above expression for the differential steric asymmetryiddetermined by replacing
the DCSs in the above expression by the corresponding N@tatien-specific integral
Ccross sections.

The close-coupled quantum mechanical calculations ptedémsections D and E
are calculated using the HIBRIDON suite of cod&sThe calculations are run over a
range of collision energies from of 500 cito 560 cmi 1, and then averaged over the

experimental collision energy distributidd. The Vsum andVgig NO(X) + Ar potential
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energy surfaces of Alexandrare used in the calculations. The log derivative propa-
gation method is used at short range (between 4.5 and 15,Batir)Airy propagation

in the long range region (15 to 60 Bohr). A rotational basiduding all states up to

j’ = 20,5, and partial waves up td= 1605 are used in order to fully converge the

DCSs.

Quasi-classical calculations

The bond axis distribution of the NO molecules is describeddpuation (5). Using the
method described in R&E-31 the oriented differential cross sections are calculated
according to:

do  Jiso

do = 2n & 1R (0)ay’. (11)

Here, giso is the integral cross section for scattering with an isatrapitial bond
axis distribution,[Rék)(G)] are the (real) intrinsic-PDDCSs, calculated as detailed
in Ref.3%, and aék) are the moments that describe the bond axis polarizatiohen t
scattering frame. Because it is assumed that the field iatedesither parallel or anti-
parallel to the initial relative velocity, the@l) = (c0SBy) ~ % = —-0.27 foran ‘O’
end collision, and+0.27 for an ‘N’ end collision at the fields employed in the presen
experimentsfy; is the angle between the bond axiand the relative velocitys. All
otheraék) moments are zero for p= 0.5 molecule, except foa(()o) which is equal to
unity.

The QCT calculation®32 are run using only th&s,m PES of Alexandef’ At
each collision energy we run51° trajectories. Since the NO bond length is fixed
to its equilibrium value at all times the method of Lagrangeltipliers are used to
enforce the rigidity of the NO molecule. The final rotatiogalantum numberj, is
determined by equating the square of the classical anguwanentum,j?, to j(j +
1)/R? and then rounded to the nearest integer. Note that the irgilivalues are
integer numbers. The maximum impact paraméxgsy, at which trajectories are run is
determined by monitoring the change in rotational quantumimerAj with increasing

impact parameter. In this manner a valuebgfy = 6.5A is chosen above which no

10
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trajectories withAj > 0.5 are found.

As with the QM calculations, the QCT calculations are perfed over a grid of
collision energies from 500 cnt to 560 cm ! with a spacing of 15cmt, and the
theoretical data are averaged over a Gaussian collisiogedestribution with a mean

of 530 cnt?, and a full-width-at-half-maximum (FWHM) of 50 crd. 12

Results and discussion

D Integral Steric Asymmetry

Consistent with the preceding discussion, the dimensssritgegral steric asymmetry,

S, is defined a&819.24.25
. ON — 00
ON + Oo

x 100, (12)
whereaoy and op are the oriented integral cross sections, which are olddiyen-
tegrating the oriented differential cross sections oves@ttering angles. The steric
asymmetry can be obtained from the experimental imagestbgriating the intensity
of the ion images corresponding to the two orientations bad taking the normalized
difference. It is not possible to directly measure the iraegross section from the ion
images, however the calibration factor to convert signlrisity to absolute cross sec-
tion will be very similar for the two orientations, so it witincel when the normalized
difference is calculated according to Eq. (12).

Fig. 5 shows the experimental integral steric asymmetntriorsitions ending in
e A-doublet states compared to the quantum mechanical catmsga The agreement
between the experimental steric asymmetry and quantumaméai calculations is
very good for allj’. The steric asymmetry is large and shows an alternationgim si
with j’ state, as has been seen in previous theorétieaid experimentaP work. It
should be noted that the integral steric asymmetry is ingemso the choice of final
A-doublet level’2® There has previously been some discussion as to the coigect s
of the steric asymmetr§£34 In the current experiments we find that the measured

steric asymmetry has the same sign as the quantum mechealimalbtions, for which

11
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Sis large and positive at higff, indicating an ‘N’ end preference to populate high
rotational states (see further below).

The QCT calculations are unable to reproduce the oscitlatfound withAj and
for most of the final states the predicted integral stericramgtry is nearly zero. We
conclude that the oscillatory behaviour of the steric asytnywithAj is a purely QM
effect, a fuller discussion of which has been given previpirs Ref.32°. However,
as we have seen, at higty the QCT calculations predict a preference for ‘N’ end
collisions, as also observed experimentally and in the Qeltations. This preference
is as expected on the basis of a simple classical ball andrstidel: Because the CM
of NO is slightly displaced towards the O-atom, collisionhwvithe ‘N’ end can apply
more torque, and therefore lead to greater rotational &tkoit.

The excellent agreement between experiment and QM theesepted here pro-
vides confidence in both the experimental and QM theoretieatments employed in

the study of differential steric asymmetry.

E Differential Steric Asymmerty

Figure 6 shows experimental and simulated ion images fositians intoj’ = 5.5¢,
6.5€e, 7.5¢, 10.5¢, and 155e for collisions with either the ‘N’ (left columns) or ‘O’ end
(right columns) of NO. For all these transitions the NO maleaemains in its lowest
spin-orbit and vibrational states. In the simulation we asédonte-Carlo methotf
to generate a set of basis images and then use a sum of thegeedeappropriately
according to the DCS predicted by the quantum scatterirgytzdions. The images are
slightly distorted from circularity in the direction pempgicular to the relative velocity.
This is a consequence of deformities in the velocity mapfigld due to the presence
of the rods, an effect which we have modelled and incorpdriate the simulation and
fitting procedures.

The white arrow in the top left of Fig. 6 indicates the direatof the relative ve-
locity, k (defined in section B). The asymmetry ab&un both the experimental and
simulated images is due to the difference in the lab-frantecitées of the scattered

NO molecules in different areas of the imatfeThe extent of both the experimental

12
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and simulated images decreases with increagings more of the collision energy is
transferred to rotational motion, resulting in a smalletgming velocity of the NO.
For all states (except fof = 5.5) differences in intensity between the ‘N’ and ‘O’
orientations are apparent, in both the experimental andlated images.

Fig. 7 shows a comparison of the experimentally determirreghted DCSs [de-
rived by means of the method outlined in the Supplementdoydmation and in Ref?]
and the DCSs predicted by our quantum scattering calcakatibhe agreement is gen-
erally very good, even down to the subtle differences in tiented DCSs. See, for
example, the small peak at around 200 the j’ = 6.5 NO—Ar data which is all but
absent for the ON-Ar orientation. The orientation of the N@nd axis prior to the
collision has a significant effect on the relative intersitof the peaks in the angular
distributions, but not on their number or position. The QNto&tions reproduce very
well the relative magnitudes of the peaks seen in the expatah DCS (for example,
i’ = 10.5), as would be expected given the excellent agreement sedhef integral
steric asymmetries in section D.

For both bond orientations, the main peak in the DCS shiftsfforward scatter-
ing (the direction of the motion of the NO is little altered the collision) at lowj’
(5.5 < j’ £7.5) to sideways scattering for midd]é(j’ = 10.5) and then to backward
scattering for the highest stat§ & 15.5).3% This is to be expected: transitions with
small changes inj result primarily from high impact parameter ‘glancing’ jereto-

ries, whereas a large degree of rotational excitationsssita¢es low impact parameter

‘head-on’ collisions. Foji’ = 5.5, the images and the DCSs show little dependence on

the orientation of the NO bond axis.

As noted in section C, it can be instructive to consider thenadized difference
DCSs, as defined in Eq. (10). The experimental and quanturhanéal dgis (0)’s
for a low, middle and highj’ state are shown in the left hand column of Fig. 8. A
positive value indicates more inelastic ‘N’ end collisicersd a negative value, more
inelastic ‘O’ end collisions.

Here, too, the agreement between experiment and QM themegsonable, despite

the fact that the errors in the individual oriented DCSs hdlamplified through propa-

13
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gation when calculating the normalized difference. It caséen that the experimental
normalized difference DCSs oscillate between approxiimabe2 and 0.5 forj’ = 5.5
and 75 (compared with limiting values 6f 1 and—1). For these states, the range of
dagitt (8) over which the normalized difference DCSs oscillate is weddicted by the
QM calculations, as are the frequency and positions of tkélatsons for 6 < 100°.
The largest discrepancies occur in the backwards direfiioji = 5.5 and 75, where
the experimental scattered intensity is low, and thereftgeexperimental errors in the
normalized difference DCSs are large.

For j/ = 15.5, no such oscillations are observed in the experimental\Mrd@ta,
so that i (6) is positive over almost the entire angular range. As withitiegral
steric asymmetry, the simple ball and stick model mentidneatie preceding section
goes some way to explain this preference for ‘N’ end coliisiat highAj.

QCT calculations (shown in the right hand column) predictS3@vhich are nearly
independent of the initial orientation of the NO moleculédey fail to reproduce the
structure observed in the quantum calculations. Other &tdmgh j’, for which the
steric preference can be explained by the simple ball ackiistodel, the general failure
of a classical picture confirms that the steric asymmetnhaangular distributions
is due to constructive or destructive quantum interferdyateveen trajectories which
scatter off the two different ends of the NO molecule.

A simple qualitative (but far from quantitative) explaratiis provided by a ‘four-
path’ model, which treats the collision as that of a hard splaad a hard ellipsoid,
restricted to four limiting path&? It has previously been used to predict the position of
the parity dependent oscillations observed in the DCSseoRiB(X) + Ar system?12:36
Within this model, the angular dependence of the orientetastic cross sections re-
flects interference between relative phase shifts assaligith scattering off different
parts of the molecule. The expression for the normalizefémdince DCSs in the four

path model is given by (for details see Supplementary In&tion)

4a 3 (cosA@y — COA@)

do(8) + do (8) (13)

dagir (0) =
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with

doP(8)+do(8) = a?[6-+4(cosAm + COSA) + 2 COS A — Ago)]

2B2[1—cos(Agn — Ag)] - (14)

_|_

Here Agy and Ago are the relative phase shifts associated with scatterihgitbier
of the two ends and the side of the NQ(molecules and are defined in the Supple-
mentary Information. Equation (13) indicates that theistasymmetry arises from a
guantum interference between scattering from the two ehttedNO(X) molecule, in
agreement with the conclusions of the quasi-quantum tre@ttpresented in ReX.

Note that the four path model only provides information &lihe variation of the
oriented differential cross section with scattering angie it cannot predict the abso-
lute magnitude, as it neglects the geometric cross setiarich contains information
on the relative weights of each path. Therefore, in ordertoutate the normalized
difference oriented differential cross section, the ifdiial four path model oriented
differential cross sections are weighted by the quantunhagical integral cross sec-
tions.

The middle column of Fig. 8 shows that the four-path modelsdoedict oscil-
lations whose modulation depths and ‘wavelengths’ cooedpoughly to the pre-
dictions from quantum scattering calculations. Unforteha the four-path model is
unable to describe weak, non hard-shell, collisions anddeannot be applied to
small-angle (large impact parameter) scattering.

The decrease in the number of oscillations @ygl(6) with increasing rotational
excitation can be rationalized in terms of the outgoing degBe wavelength of the
system. AsAj increases, the relative NO-Ar velocity after collision deses and

hence the de Broglie wavelength increases.
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Conclusions

In a study of collisions of NO with Ar, we have used a statictie field in the inter-
action region to orient the NO bond axis such that either fief ‘O’ end is directed
towards the incoming Ar atom. Fast switching of the oriéntatlectrodes allowed us
to employ velocity map ion imaging to determine the diffa@r@icross section for the
oriented scattering, providing information on the threeteek — r — k’ correlation.
These fully quantum state-resolved stereodynamical @xgaits allow for the study
of the NO + Ar system in unprecedented detail. Oriented wfiéial cross sections for
a selection of final rotational states have been presenttdgreement with quantum
mechanical calculations has been found to be very good.

Calculation of the normalised difference DCS using QM, Q@@ aemi-classical
models has revealed that the differential steric asymntelis/us how the interference
from scattering from the two ends of the molecule varies withttering angle. The
method described in this paper for orientation of the X{Ofond axis could be applied
to other open shell diatomic molecules for investigating stereodynamics of differ-
ent systems. Further experimental study of the collisidneriented NO with other
diatomic molecules would also provide additional insigttbithe subtle stereodynam-
ics of inelastic scattering. Of particular interest mightdmllisions of NO with HD or
OH, recently studied under crossed-beam conditfins.

By combining the current experiment with linearly or cirady polarized laser
light, it would also be possible to determine the alignmantrientation of the rota-
tional angular momentuny,.%811.15Measurement of this “full” four vector correla-
tion38 between the bond vector and relative momenta (or, equithpldretween the
rotational and relative momenta) of the scattering pastbefore and after the scatter-
ing event would provide maximal information on the undartyintermolecular forces,

free of incoherent averaging over multiple quantum statelsdirectionst®39:40
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Supplementary Information is linked to the online versibthe paper.
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308 rﬁgsm 226 nm

Figure 1 An overview of the experimental apparatus, as describelaeimtain text.
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Figure 2 Panel a) illustrates the interaction region, indicating directions of the molecular
and laser beams and orientation rods. Panel b) shows thieeelad centre-of-mass velocities
and the orientation of the NO. An ‘O’ end collision is assumeéle lower panels (c and d)
show a cross section through the orientation rods, illtisgiahe four vectors necessary to fully
describe the motion before (panel c) and after (panel distafl. Below panels ¢) and d), the
voltage applied to rods 1 and 2 is shown by the green dashedainmilst the blue dotted line
indicates the voltage applied to rods 3 and 4. In panel ckliaetric field orients the bond axis
of the molecule along such that the ‘O’ end of the molecule is directed towards theAter
the collision, the voltage is switched to velocity mappiettisgs (approximately +1 kV), and
the scattered NO molecules imaged onto the detekfaand;j’ are the final relative velocity
and rotational angular momentum vectors, respectivelgrfg€000 shots the direction of the
field is switched to allow alternate recording of both oréiuns.
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Figure 3 Polar plot ofP(©,g), the probability distribution of the angle between the NP(
bond axis vector and the electric field for an infinite fieldd(liae), 9.2 kV/cm field (blue line)
and no field (black dashed line). In this figure the dipole of IN©@riented towards the top of
the page, and the electric fielH;, points in the opposite direction, from top to bottom, st t
the ‘N’ atom is directed towards the negative electrodendated.
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a) Laboratory frame b) Scattering frame
Z||E z||k
A N

Figure 4 The laboratory (panel a) and scattering (panel b) framedioate systems used in the
present work. See text for details.
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Figure 5 Comparison of experimental (red continuous line with poard error bars) and
guantum mechanical (black dashed line with open square=)rad steric asymmetry, as
defined in Eq. 12 of the main text, for transitions leadingh®et final A-doublet levels. Note
that a positive value obindicated a preference fdt-end collisions. The corresponding QCT
data are shown as a blue dotted line with triangles, as itetica
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Exp Sim Exp Sim

Figure 6 Experimental (3 and 3¢ columns) and simulated f2and 4" columns) ion images
for a selection of spin orbit conserving transitions inte ¢\-doublet level. The left hand
panel shows images for collisions where the ‘N’ end of theeuole is preferentially oriented
towards the Ar, whilst the right hand panel shows imagesHer®’ end collisions. The white
arrow in the top left panel shows the direction of the relatielocity (as defined in section B).
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Figure 7 The DCSs determined experimentally from the images shovi#igné (red

continuous lines) and the corresponding QM DCSs (blackethBhes). The data shown are for
a selection of spin orbit conserving transitions into ¢he-doublet level. The error bars
associated with the experimental data (shown in blue) sepite95% confidence limits.
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de\ﬂ

deiﬂ

Figure 8 Normalized difference DCSsadi (6), as defined in Eq. 10, for transitions to

j’ =5.5,7.5,15.5,e. In all columns the quantum scattering predictions are shioythe black
line. The experimentaldalj (0) (red line) is shown in the left column, four-path model
calculation (green line) in the middle column and QCT caltioh (blue line) in the right
column. The error bars associated with the experimental @giresent 95% confidence limits.
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Note that a positive value ofagix (6) indicated a preference fdt-end collisions.
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