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Abstract
AStark decelerator is used in combinationwith velocitymap imaging to study collisions ofNO
radicals with rare gas atoms in a counterpropagating crossed beam geometry. This powerful
combination of techniques results in scattering imageswith extremely high resolution, inwhich
rotational and L-type rainbowswith superimposed quantummechanical diffraction oscillations are
visible. The experimental data are in excellent agreementwith quantummechanical scattering
calculations. Furthermore, hard-shellmodels and a partial wave analysis are used to clarify the origin
of the various structures that are visible. A specific feature is found forNOmolecules collidingwithAr
atoms that is extremely sensitive to the precise shape of the potential energy surface. Its origin is
explained in terms of interfering partial waves with very high angularmomentum, corresponding to
trajectories with large impact parameters.

1. Introduction

Molecular collisions play an important role inmany chemical processes and have therefore often been the
subject of experimental and theoretical studies. The result of a collision is determined by the path collision
partners take over the underlying potential energy surface (PES), and the comparison between experimental and
theoretical scattering cross-sections can be used to gauge the quality of the PES applied in the scattering
calculations. One of themost stringent tests for the PES is the angular distribution of the collision products, as
expressed in terms of the differential cross-section (DCS).

Our aim is tomeasure theseDCSswith ever higher resolution in order to provide sensitive tests for the ever
more accurate PESs that are available.With the velocitymap imaging (VMI) technique, a two-dimensional
image of the scatteredmolecules can be recorded that directly reveals theDCS of a collision process [1]. This
technique greatly improved our ability to recordDCSs in crossedmolecular beam experiments.When this
powerful detectionmethod is combinedwith perfectly controlledmolecular beams before the collision,
scattering images can be recordedwith high resolution.

The Stark decelerationmethod has proven to be an excellent technique for controlling the reactants [2, 3].
Thismethod can producemolecular beamswith a tunable velocity, a narrow velocity and angular spread, a
narrow spatial distribution, and an almost perfect quantum state purity.We recently showed that the
combination of a Stark decelerator andVMI significantly enhances the resolution of the scattering images [4, 5],
such that quantumdiffraction oscillations can be resolved in state-to-state DCSs. This resolution is further
enhancedwhen a counterpropagating crossed beam geometry is used, effectively eliminating the contribution of
the atombeam’s velocity spread to the angular image resolution [6]. In addition, the counterpropagating
geometry affords the use of image analysismethods that reveal the angular scattering distribution from the raw
experimental images with optimal resolution.

Here, we present a combined experimental and theoretical study of state-to-state rotationally inelastic
scattering ofNO(X Π2

1 2) radicals and the rare gas (Rg) atomsHe,Ne, Ar, Kr andXe. Scattering images with the
highest resolution presently possible are obtained by combining the Stark deceleration, VMI, and
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counterpropagating beam scattering techniques. Different structures are observed in theDCSs for these systems,
such as rotational and L-type rainbowswith superimposed quantumdiffraction oscillations.

The scattering betweenNO(X Π2
1 2) andRg atoms has emerged as a benchmark system for observing these

quantummechanical and classical structures and has therefore been the focus ofmany experimental and
theoretical studies [4, 6–18]. The physical origin of rotational rainbows [9–11, 13, 19–24], L-type rainbows
[11, 14–16, 25–29] and diffraction oscillations [4, 6, 27, 30–33] is well understood and these structures have
been studied before.However, in atom-molecule collisions, especially L-type rainbows and diffraction
oscillations could only be observed experimentally in a few systems. The extremely high resolution available in
our experiments affords the clear observation of all of these structures in the state-to-stateDCSs for fully state-
selectedNO+Rg collisions.

We compare ourmeasuredDCSswith theDCSs predicted by quantummechanical close-coupling (QM
CC) calculations, providing stringent tests for the quality of the PESs applied in the calculations. In addition, we
use hard-shellmodels to reveal and interpret the physical origin of the different structures that are observed. For
the scattering ofNOwith the series of collision partnersHe, Ne, Ar, Kr andXe, we study how the anisotropy and
well depth of the system influence the various structures, thereby explaining the general trends that are observed.
ForNO scatteringwithAr, we have observed a distinct feature in theDCS that appears extremely sensitive to
details in the PES, and that can be used to discriminate between two state-of-the-art NO–Ar PESs [6].We
present a full partial wave analysis of the scattering process, revealing the nature of the interference effect
resulting in this feature.

2.Methods

2.1. Experiments
A schematic representation of our crossed beam scattering set-up is shown in figure 1. This apparatus has been
described in detail in [5]; here, wewill only describe some essential aspects of the experiment, as well as some
modifications.

A beamofNOmolecules passes through a 2.6 m long Stark decelerator, resulting in a packet ofNO
( Π =X j f, 1 2,2

1 2 ) radicals with amean velocity of 350 m s−1, a longitudinal velocity spread of 2.1 m s−1 ( σ1 ),
and an angular spread of 0.1° ( σ1 ). This packet collides with a beamof neat Rg atoms, produced by aNijmegen
PulsedValve [34], at a beam intersection angle of 180°. In this counterpropagating beam geometry, the angular
resolution in the scattering images ismainly determined by the angular spread of the Rg atombeam, as described
in [6]. To obtain high resolution images, the atomic beam is well collimated by passing a 2 mmdiameter
skimmer and a 1 mmwide slit before entering the interaction region. The scatteredNOmolecules are state-
selectively ionized using an ion-recoil free (1+1’) resonance enhancedmultiphoton ionization scheme, and
detected using a conventional VMI detector. The two laser beams are directed parallel to the detector plane, and
cross each other at right angles. Both lasers are focused to obtain a small ionization volume and the excitation
laser polarization is parallel to the detector plane.

When counterpropagating beams are used, it is important that the reagent beams only overlapwithin awell
defined volume and time. This overlap can be determined bymeasuring time-of-flight (TOF) profiles for both
beams. ATOFof theNOmolecules exiting the Stark decelerator has been shown before [5]. From such aTOF
we determined that the packet ofNO radicals has a temporal width of 25 μs (full width at halfmaximum,
FWHM). Trace amounts ofNOmolecules entrained in the rare gas atombeams allow us tomeasure the TOF

Figure 1. Schematic view of the experimental set-up. A pulsed beamofNO radicals ismanipulated in a 2.6 m long Stark decelerator,
and scatters with beams of rare gas atoms in a counterpropagating geometry. The scatteredmolecules are ionized and imaged onto a
position sensitive detector using the velocitymap imaging technique.
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profiles of the atomic scattering partners. Temporal widths of 19, 13, 16, 40, and 59 μs (FWHM)were obtained
for beams ofHe,Ne, Ar, Kr andXe, respectively.

In the scattering experiments, the leading edges of both beams are allowed to overlap for about 5–30 μs
before the detection lasers arefired, depending on the system and transition of interest. Although the particle
densities available in both beams contributing to the scattering are compromised, the reagent beams overlap for
only a short period of time and spatially overlapwithin awell defined volume.

In order to determine the collision energies as precisely as possible, we carefully calibrated theVMI detector
as described in [5] and found a calibration factor of 2.4 m s−1 pixel−1. From this calibration, themean speed of
the rare gas atombeamwas determined to be 1850, 850, 660, 440 and 350 m s−1 forHe,Ne, Ar, Kr andXe,
respectively, resulting in collision energies for this series of 715, 720, 730, 580 and 500 cm−1.

2.2. Example of experimental image anddata analysis
In this section, we present themethods that are used to convert raw experimental scattering images into aDCS.
Infigure 2(a), a typical experimental scattering image is shown as an example. This image is obtained for the
scattering ofNO ( Π =j f, 1 2,2

1 2 ) radicals withHe atoms, exciting theNO radicals to the ′ =j e3 2, state. In
this raw image, an oscillatory pattern in the angular intensity distribution is already visible, although the contrast
between the peaks is relatively small. It is noted that a small segment of the distribution around forward
scattering is affected due to imperfect state selection of theNOpacket. In this area, the scattering intensity
distribution cannot be trusted, andwemanually set the intensity to zero, resulting in the black square. The area
inwhichwe cannot trust the data is only 2 × 2 pixels in size, but to be conservative we discard the data within
7× 7 pixels.

Becausewe use a counterpropagating beam geometry, the scattering images are in principle cylindrically
symmetric with respect to themean relative velocity vector of the colliding beams. This allows us to apply the
inverse Abel transformation to the raw scattering images, effectively canceling the blurring of images that occurs
when three-dimensional Newton spheres are projected onto a two-dimensional detector plane [35]. It is seen in
figure 2(a) that the raw image is indeed almost symmetric with respect to the relative velocity vector.Within our
experimental geometry, however, Doppler and collision-induced alignment effectsmay lead to a small

Figure 2. Scattering images for inelastic collisions betweenNOandHe, excitingNO into the ′ =j e3 2, state. The reagent beams of
NO and rare gas atoms propagate in the ẑ and −ẑ directions, respectively. The colors represent the scattering intensity. (a) Raw
experimental ion image. (b) Experimental image after Doppler correction. (c) Experimental image after Doppler correction and the
inverse Abel transformation. (d) Three-dimensional representation of the inverse Abel transformed experimental data. (e) Three-
dimensional representation of the angular scattering distribution derived from a simulation of the experiment after the inverse Abel
transformation. (f) The experimental angular distribution resulting from image (c) (red dotted line), the apparatus function (black
dashed line), and the experimental DCS (blue solid line) that is obtained by dividing the experimental angular distribution by the
apparatus function. Small segments of the scattering distributions around forward scattering aremasked (black squares in a–c, and
white stripes in d–e) due to imperfect state selection of the reagent beamofNO.
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dependence of the detection probability on the angle between the scatteredmolecule and the laser propagation
direction.No indications are found that collision-induced alignment plays a significant role for the scattering
processes studied here.We apply aDoppler correction based on the geometry of the experiment, wherewe
assume that theDoppler effect ismainly caused by the excitation laser with a bandwidth of 0.08 cm−1. After the
Doppler correction, the scattering image as shown infigure 2(b) is obtained, which is symmetric with respect to
themean relative velocity vector.

The inverse Abel transformation can nowbe applied to theDoppler corrected image.We use the BASEX
suite of programswithout Tikhonov regularization [36], resulting in the image as presented infigure 2(c). The
oscillatory diffraction pattern is retrievedwithmuch higher resolution, as is also appreciated from the three-
dimensional representation of the data shown infigure 2(d).Wewill use such three-dimensional
representations of the data throughout in thismanuscript for allmeasured state-to-state channels, and for all
systems studied. The inverse Abel transformation introduces noise on the central line of the image, which is the
line superimposed on the relative velocity vector of the collision system.We therefore discard the data on this
central line, resulting in awhite stripe of zero intensity around forward scattering in the three-dimensional
representation of the data.

It is straightforward to extract the angular scattering intensity distribution from these Abel inverted
symmetric images. These distributions, however, do not yet represent theDCS of the scattering process.
Additional effects exist, related to the kinematics of the experiment, that lead for example to a strong detection
bias towards forward scattering. This bias is caused byNOmolecules that collide with Rg atoms before reaching
the ionization volume, scatter in the forward direction and are to be found in the ionization volumewhen the
lasers arrive.

In the case of a counterpropagating beam geometry, this detection bias for forward scattering results in a
correction factor that is equal on both sides of the image, i.e., the inherent radial and angular resolution on either
side of the image is equal.We can thus easily correct for the effect by calculating the apparatus function that gives
the detection probability as a function of the scattering angle θ. This apparatus function is calculated using
simulations of the experiment that are based on the temporal, spatial and velocity distributions of both beams, as
well as on the spatial overlap of the laser beamswith the scattering volume. TheDCS of the scattering process
under study is then evaluated by dividing the angular scattering distribution from the experimental Abel
inverted image by the apparatus function. This procedure is illustrated infigure 2(f) that shows the experimental
Abel inverted angular distribution, the apparatus function and the resulting experimental DCS. This
experimentally determinedDCS can nowdirectly be compared to theDCS that is predicted byQMCC
calculations.

The calculation of the apparatus function, and the procedure to correct the angular scattering distribution, is
only correct to the extent that the simulations properly describe the actual experimental conditions. It is
therefore very important to verify that the simulations indeed give an accurate description of the experiment and
its kinematics. To this end, we simulate the scattering image for the process under study, using theDCS as input
that is predicted byQMCCcalculations, i.e., we simulate the raw scattering image that we expect tomeasure in
the experiment. The same analysis procedure as described above is then applied to this simulated image,
resulting in a three-dimensional andAbel inverted representation of the simulated data that can be directly
compared to the experimental results. Figure 2(e) shows the three-dimensional representation of the simulated
image forNO+He. There is very good agreement between the experimental and simulated images, which
implies that the experimental parameters are indeed properly taken into account in the simulations. In general,
similar agreement is found for all scattering systems and channels, adding further confidence in our description
of the kinematics.

2.3. Theory
The Π2 electronic ground state ofNO consists of two spin–orbit levels with Ω = 1 2 and Ω = 3 2. A non-
collinear approach of the rare gas atom towards theNOmolecule leads to a splitting of this Π2 -state, resulting in
two PESs ofA′ andA″ symmetry [37]. ForHund’s case (a)molecules, Alexander has shown that spin–orbit
conserving (ΔΩ =0) transitions are coupled by the sumpotential, = +′ ″V V V( ) 2A Asum , while spin–orbit
changing (ΔΩ =1) collisions are governed by the difference potential = −″ ′V V V( ) 2A Adif [37, 38].

ForNO+He [39, 40], NO+Ne [41–43] andNO+Ar [41, 44–46],multiple ab initioPESs are available. In
this work, we used the recent PESs fromCybulski et al for these systems [39, 41]. These two-dimensional PESs,
with afixedNO internuclear distance of re=1.153763Å, have been computed using the spin-restricted coupled
clustermethodwith single, double, and non-iterative triple excitations (RCCSD(T)) with a doubly-augmented
correlation-consistent polarized valence quadruple-zeta basis set (d-aug-cc-pVQZ), extended bymidbond
functions. For theNO+Kr andNO+Xe systems, which are less often studied, we used the PESs described in
[47] and [14], respectively. These two-dimensional PESs have been computed using the RCCSD(T)method
with theNO internuclear distance fixed to re=1.15077Å. ForNO+Kr, an augmented correlation-consistent
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polarized valence triple-zeta (aug-cc-pVTZ) basis set extended by bond functions has been used. ForNO+Xe,
an aug-cc-pVTZ basis set has been used for theNOmolecule, in combinationwith an ECP46MWBeffective core
potential for theXe atomwhich includes scalar relativistic effects. The basis set has been augmentedwith
midbond functions.

Themost relevant properties of the various systems, such as the reducedmass of theNO–Rg complex, the
polarizability of the Rg atom and the parameters for thewell depth of theVsum PES are listed in table 1.Here,R is
the length of the vectorR connecting the center-of-mass of theNOmolecule and the Rg atom. The angle
betweenR and theNObond axis is γ, where γ = °0 corresponds to a collinear Rg–NOconfiguration.

TheQMCCcalculationswere performedwith a scattering program for open-shell diatom-atom scattering
thatwas originally developed forOH+Rg collisions [48]. The renormalizedNumerovmethodwas used for the
propagation of thewave function on a grid inR starting at 3.5 bohr forNO+He, at 3.0 bohr forNO+Ne andAr
and at 4.5 bohr forNO+Kr andXe, up to 60 bohr for all systems.We used equidistant grids with 687, 1281,
1531, 2031 and 1591 steps forHe,Ne, Ar, Kr andXe, respectively. A channel basis set was used that included all
NO rotational levels up to j=20.5 and all partial wave contributions up to a total angularmomentumof J= 160.5
forNO+He and J=250.5 for the other systems to reach convergence.We calculated state-to-state scattering
cross-sections using theVsum andVdif PESs.However, becausewe only studied spin–orbit conserving
transitions, we effectively only probed theVsum PES.

3. Results and discussion

Wehavemeasured the state-to-state DCSs for all scattering partners for two specificfinal rotational levels of the
NOmolecules, namely the ′ =j e3 2, and the ′ =j e5 2, states. The three-dimensional representations of the
experimental scattering images, after the inverse Abel transformation is applied, are presented for all NO+Rg
systems infigure 3. A selected part of the image, displaying the finest structures that are observed, is shownnext
to each experimental image.

Broad structures are visible with superimposed rapid oscillation patterns. It is seen that both these broader
structures, as well as the diffraction oscillations, strongly depend on the scattering partner and on thefinal state
that is probed. The angular spacing between the diffraction peaks decreases with increasing reducedmass, i.e.,
the spacing is largest forNO+He and smallest forNO+Xe.Moreover, there is in generalmore sideward
scattering for the ′ =j e5 2, state than for the ′ =j e3 2, state.

The angular distributions that are observed are almost perfectly reproduced by theQMCC scattering
calculations. This is illustrated infigure 4 that shows the experimental DCSs derived from the experimental
images together with theDCSs predicted by theQMCC scattering calculations at themean collision energies of
the experiment. In general there is very good agreement between the experimentally observed and theoretically
predictedDCSs. Both the overall structure and the rapid diffraction oscillations are reproducedwell for all
systems and for bothfinal states. The excellent agreement between experiment and theory, in particular at the
high resolution levels of our experiment, demonstrates that all NO–Rg PESs used in this work are of high quality.

In the experimental images aswell as in theDCSs, different types of classical and quantummechanical
structures are clearly visible. TheQMCCcalculations accurately predict these structures, but they do not yield
the interpretation on the physical origin of these structures. Although less quantitative, theoreticalmodels such
as hard-spheremodels [10, 11, 20, 21], the quasi-classical trajectory (QCT)method [16, 49] and the quasi-
quantum treatment [50–52] can yield qualitative and valuable insight into the origin of these structures. In the
following, wewill use simple hard-shellmodels to get a better understanding of the physical origin of these
structures, and of the changes that are observedwhen going fromHe toXe as a scattering partner.

Table 1.Properties of theNO–Rg systems, withRg=He,Ne, Ar, Kr, Xe. The
reducedmassμ, the polarizability α, thewell depthDe of the Vsum PES and the
corresponding distanceRe and Jacobi angle γe are given.

Atom μ (u) α (10−24 cm3) De (cm
−1) Re (a0) γe (

◦)

He 3.5 0.21 27.7 6.12 96

Ne 12.0 0.4 57.0 6.18 95

Ar 17.1 1.64 114.4 6.78 93

Kr 22.1 2.48 139.3 7.10 88

Xe 24.4 4.04 141.7 7.52 90
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3.1.Diffraction oscillations
The rapid oscillations that are visible in all images presented in thismanuscript are diffraction oscillations. They
originate fromquantummechanical interference of different trajectories of the collidingmolecules on the
underlying PES that result in the samefinal deflection angle. These are the narrowest structures that can occur in
aDCS and are consequently themost difficult to resolve experimentally.We could already resolve these
oscillations for favorable systems and states in our previous work, but due to the enhanced resolution afforded
by the counterpropagating beamgeometry and inverse Abel transformation, we can nowmeasure them for all
systems presented here.

Within a hard-spheremodel, the angular spacing Δθ between diffraction peaks can be approximated by [53]

Δθ π=
kR

, (1)

where k is thewavenumber of the incomingwave andR is the radius of the sphere. The collision energyEcoll is
related to k via  μ=k E2 coll , where μ is the reducedmass of the system.

For eachNO–Rg complex, the radiusR can be determined froma spatial contour plot of theNO–RgVsum

interaction potential [54]. These plots are shown for all NO–Rg complexes in figure 5. An effective radius of the
complex then follows from the contourwith an energy that equals the collision energy of the experiment. This
contour is approximated by an ellipse as indicated by the red contour infigure 5, which is described by aminor

Figure 3.Three-dimensional representations of the experimental scattering images after the inverse Abel transformation forNO+
He,Ne, Ar, Kr andXe exciting theNO radicals to the ′ =j e3 2, and the ′ =j e5 2, states. The colors represent the scattering
intensity. Parts of the scattering distributions are shown on an enlarged scale next to the experimental images.
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semi-axisB and twomajor semi-axesAN andAO for theN-end andO-end of themolecule, respectively. The
origin is the center-of-mass of theNOmolecule.

The values for the three axes are listed for eachNO–Rg system in table 2, togetherwith the collision energies
of the experiment. SinceNOcan almost be considered homo-nuclear, the values forAN andAO are almost
identical.We used the largest axis to determineR, and the resulting values for Δθ are given in table 2, together
with the angular spacings that result from theQMCC scattering calculations.

It is seen that themodel predictions for Δθ are in qualitative agreement with theQMCCcalculations, where
themodel predicts a 0.3–0.5° larger spacing than theQMCCcalculations. It follows fromboth the hard-sphere
model and theQMCCcalculations that the spacing between the oscillations decreases with increasing reduced
mass of the system, since the radius of the complex increases.Moreover, the spacing decreases with increasing
collision energy. Even thoughKr andXe aremuch heavier than the other rare gases, their Δθ is only slightly
smaller than forNO+Ar, because the collision energies forNO+Kr andXe are substantially lower. The angular
range inwhich diffraction oscillations occur becomes larger with increasing potential well depth [25]. Since the
attractive interaction inNO+Rg is dominated by dispersion, thewell depth correlates with the polarizability of
the rare gas atom, and hence alsowith the reducedmass of the system (see table 1).

Figure 4.Experimentally determinedDCS (red curves), together with theDCS predicted byQMCC scattering calculations (black
dashed curves), for inelastic collisions ofNO ( Π =X j f, 1 2,2

1 2 ) radicals withHe,Ne, Ar, Kr andXe atoms, probing thefinal states
′ =j e3 2, (left) and ′ =j e5 2, (right). The experimental and theoretical DCSs are scaledwith respect to each other; the absolute
value of theDCS that follows from theQMCCcalculations is given by the right vertical axis. For the ′ =j e3 2, state ofNO+Ar, Kr
andXe, a part of theDCS is shown on an enlarged scalewith a different scaling between the experimental and theoretical DCSs. The
angles at which the L-type rainbow, aswell as the rotational rainbows from theN- andO-ends of themolecule are expected (see
sections 3.2 and 3.3) are indicated by the blue, green and purple vertical arrows, respectively. Note the different horizontal axis that is
used forNO+He.
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3.2. Rotational rainbows
Apart from the rapid diffraction oscillations, broader features exist that can be attributed to rainbow scattering.
Two types of rainbows can exist for atom-molecule scattering: rotational rainbows and L-type rainbows.

Rotational rainbows originate from the repulsive part of the intermolecular potential and are a consequence
of its anisotropic character. Their physical origin is found in an interference effect related to the fact that
different initial conditions (impact parameter and relative orientation) can lead to the same collision outcome
(scattering angle θ andfinal state j′). The rotational rainbow angle corresponds to theminimum scattering angle
at which sufficient incoming translationalmomentum is converted intomolecular rotation [13]. Angles smaller
than the rotational rainbow angle are classically forbidden. This effect results in amaximum in theDCS caused
by extrema in the angularmomentumof the scatteredmolecule as a function of its initial orientation [16].

Figure 5. Spatial contour plots of the Vsum potentials for the complex ofNOwithHe (a), Ne (b), Ar (c), Kr (d) andXe (e). The red
contour shows the contour at the collision energy of the experiment. The contours of the attractive part of the potential with energies
of − − − −140, 120, 100, 50 and−25 cm−1 are labeled to demonstrate the differences between the potentials for the different systems.
The twomajor semi-axesAN andAO and theminor semi-axisB for the complex are indicated in panel (e).

Table 2.Parameters used for and following from the hard-shell models for the systems and states considered here. The experi-
mental collision energies Ecoll, themajor (AO andAN) andminor (B) semi-axes, the angular spacing Δθ between the diffraction
oscillations following from ah ard-spheremodel andQMCCcalculations, the rotational rainbow angles θr O, and θr N, and the L-
type rainbow angle θL are listed.

NO+He NO+Ne NO+Ar NO+Kr NO+Xe

3/2,e 5/2,e 3/2,e 5/2,e 3/2,e 5/2,e 3/2,e 5/2,e 3/2,e 5/2,e

Ecoll (cm
−1) 715 715 720 735 730 725 580 580 500 480

AO (a0) 5.13 5.13 5.50 5.49 6.21 6.21 6.53 6.53 7.03 7.05

AN (a0) 5.50 5.50 5.84 5.83 6.54 6.55 6.84 6.84 7.36 7.38

B (a0) 4.32 4.32 4.68 4.67 5.41 5.41 5.77 5.77 6.23 6.25

Δθ (◦)model 5.1 5.1 2.6 2.6 1.9 1.9 1.8 1.8 1.7 1.7

Δθ (◦)QMCC 4.6 4.9 2.2 2.3 1.5 1.6 1.4 1.4 1.4 1.4

θr O, (◦) 22 33 12 17 10 15 10 16 10 15

θr N, (◦) 15 23 8 12 7 11 7 11 7 11

θL (◦) 3 3 6 6 14 14 22 23 26 27
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For an atom-ellipsoid hard-shellmodel, the rotational rainbow angle θr appears at [55]

θ Δ=
−


( )k A B

sin
1

2 2
, (2)r

n

⎜ ⎟⎛
⎝

⎞
⎠

whereAn is the semi-axisAN orAO of the ellipsoid as described in the previous section. In the case of an open-
shellmolecule, such asNO, Δ is approximately equal to j′+ϵ′/2 for the =j f1 2, initial state [13]. Here, ϵ is
the spectroscopic parity index, which is related to the parity p of theNOwavefunction by ϵ = − −p ( 1) j 1 2. The
Λ-doubling components with e parity have ϵ = + 1, whereas the components with f parity have ϵ = −1. In the
present experiments, both parity p conserving ( ′ =j e3 2, ) and parity p changing ( ′ =j e5 2, ) transitions are
measured, where Δ is even and odd, respectively. ForNO, two rotational rainbows are expected: one from the
N-end and one from theO-end. These rainbow angles are referred to as θr N, and θr O, , respectively. Both
calculated rainbow angles are listed in table 2 for bothfinal states and for all NO+Rg systems studied. In
addition, the angles at which thismodel predicts θr N, and θr O, are indicated infigure 4 by the vertical green and
purple arrows, respectively.

It is seen that the rotational rainbow angles decrease with increasing reducedmass of the complex, reflecting
the differences in anisotropy of the systems.Moreover, they shift to larger scattering angles with increasing
rotational energy transfer Δj .

3.3. L-type rainbows
The L-type rainbows arise from attractive forces between collision partners. Classically, they are caused by the
focussing of trajectories around themaximumnegative deflection angle [28]. The glory point, i.e. theminimum
scattering angle in the deflection function, is associatedwith the classical impact parameter that leads to
trajectories inwhich attractive and repulsive forces cancel, leading to zero deflection.Quantummechanically,
the L-type rainboworiginates frompartial waveswith higher J than the glory partial wave, and can therefore only
occurwhen these high partial waves contribute to the cross-section. As these partial waveswith high J cannot
transfer sufficient energy to rotationally excite themolecule to high rotational levels, L-type rainbows are
particularly prominent for low Δj transitions. Sincewemeasured Δj =1, 2 transitions, it is expected that L-type
rainbows aremanifest in theDCSs.

In contrast to rotational rainbows, L-type rainbows also occur in elastic atom-atom scattering, and have
been extensively studied in the past.Within a hard-spheremodel, the angle θL at which the L-type rainbow for
elastic atom–atom scattering is expected can be approximated by [27]

θ ϵ=
E

2 , (3)L
coll

where ϵ is the averagewell depth of the PES. It is noted that in a semiclassical description of the rainbow effect
that takes the de Broglie wavelength of the particles into account, additionalmaxima in theDCS can occur. The
angles at which these supernumerary rainbows are found depend on the path difference between two trajectories
that lead to the same scattering angle, and strongly depend on the collision energy [28].

To apply the hard-shellmodel to the systems studied in this paper, we used theminimumof the isotropic
potential as the averagewell depth. Table 2 lists the positions of the L-type rainbows θL predicted by thismodel
for all NO+Rg systems and they are indicated infigure 4 by vertical blue arrows. In contrast to the rotational
rainbow, the position of the L-type rainbow only depends on the system and collision energy and not on the
rotational excitation of themolecule. It is seen that the L-type rainbow shifts to larger angles when the reduced
mass of the system increases, since the averagewell depth increases.Moreover, as can be inferred from
equation (3), θL increases with lower collision energy.

3.4. Assignment of the structures
The simple hard-shellmodels described above yield predictions for the angular spacing of diffraction peaks and
the angular positions at which the various rainbows occur. In the observedDCSs, the diffraction pattern ismost
easily identified. The assignment of rotational and L-type rainbows, however, ismore ambiguous, because they
can occur simultaneously and in overlapping angular regions. Table 2 andfigure 3 show that θr decreases, while
θL increases with increasing reducedmass of the system. The positions at which the two types of rainbows are
expected cross each other around theNO+Ar system. To assign the rainbowswe use classical trajectories and
quantumopacity functions.

We calculated approximately 105 classical trajectories for each systemusing the two-dimensional Vsum PESs
described in section 2.3. TheNO rotational constantB=1.69611 cm−1. The initial angularmomentumofNO
was set to zero, we chose random initial orientations, and selected an appropriate range of impact parameters b.
For each trajectory we determined the deflection angle χ. Infigure 6we plot the scattering angles θ χ= ∣ ∣ for each
system in the panels on the right. The green arrows indicate the glory impact parameters, i.e., the impact
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parameters for which the deflection angle is zero. Trajectories with smaller impact parameters have positive
deflection angles andwe refer to those as nearside collisions. For the smallest impact parameters we find
backward scattering at θ = °180 , as expected. Above the glory point we find trajectories with negative deflection
angles, whichwe refer to as farside collisions.

Infigure 6we also show the quantumopacity functions for both inelastic channels. These functions give the
contributions of individual partial waves with angularmomentum J to the integral scattering cross-section. They
are calculated from theQMCCpartial cross-sections σ as [14, 56, 57]

π
σ=

+
+ +α α α α→ ′ ′ ′ ′P J

k j

J J j
( )

2 1

(2 1)[2 min( , ) 1]
, (4)j j j j

J
2

,

where j and j′ denote the rotational quantumnumber of the initial and final state, respectively, and J represents
the total angularmomentum. All other quantumnumbers of the initial and final states are represented byα and
α′, respectively. The green arrows in the plots of the opacity functions indicate the partial waves J that correspond

Figure 6.Opacity functions for inelastic collisions of NO ( Π =X j f, 1 2,2
1 2 ) radicals with the collision partnersHe,Ne, Ar, Kr and

Xe, probing thefinal states ′ =j e3 2, (left) and ′ =j e5 2, (middle), together with the deflection functions (right) for the
′ =j e3 2, (black) and ′ =j e5 2, (red) inelastic channels, that are computed at collision energies of 715, 720, 725, 580 en 500 cm−1

for collisions withHe,Ne, Ar, Kr andXe, respectively. The vertical green arrows indicate the impact parameter or partial wave at
which the glory point is found in the deflection function or opacity function, respectively.
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to the classical glory impact parameters of the right panel.We refer to partial waveswith smaller (larger) J as
nearside (farside) partial waves. Note thatmore advancedmethods exist to distinguish nearside and farside
contributions in quantum calculations [58].

For the seriesHe toXe as collision partner, figure 6 shows that the range of impact parameters and the total
number of partial waves that contributes to the cross-section increases. This is expected, since thewell depth
increases for the heavier systems. The extra energy and angularmomentum thatmust be transferred to excite
the ′ =j e5 2, channel compared to the ′ =j e3 2, channel requires smaller impact parameters. The opacity
functions confirm that for the ′ =j e3 2, channel partial waves up to higher J contribute.

ForNO+He the highest impact parameters and partial waves that contribute to the scattering coincidewith
the glory point, the contribution of farside collisions is negligible, andwe do not expect L-type rainbows. ForNO
+Ne, an interesting situation arises: for inelastic collisions populating the ′ =j e3 2, state, there is just enough
attraction to result in a small farside component, whereas these impact parameters above the glory point are
incapable to exciteNO to the ′ =j e5 2, state. TheNO+Ar,NO+Kr andNO+Xe systems have larger well
depths, and L-type rainbows are expected to bemore pronounced. In particular for the ′ =j e5 2, state inNO+
Kr andXe, the L-type rainbow is clearly visible as a broadmaximum in theDCSs around θ ≈ °19 and θ ≈ °27 ,
respectively. The positions of the L-type rainbows, as predicted by the simple hard-shellmodel, closelymatch
these values.

Infigure 7we analyze theNO+He andNO+KrDCSs for both inelastic channels inmore detail by
comparing the full quantum results (blue solid curves) to the contributions of three groups of partial waves. The
ranges are based on the opacity functions infigure 6 and the exact J values contributing to each group are given in
figure 7. The groupwith the lowest angularmomenta (black dotted line) has a negligible contribution to the total
DCS. The second group (red dash-dotted curve) consists of the remaining nearside partial waves. ForNO+He,
this group gives rise to rotational rainbows and dominates theDCSs. The third group (green dashed curve)
consists of farside partial waves with large J, which give rise to an unambiguous L-type rainbow in the ′ =j e5 2,
channel forNO+Kr around θ ≈ °19 . Interference between nearside and farside partial waves gives rise to
superimposed diffraction oscillations. Similar arguments hold forNO+Xe. For the intermediate casesNO+Ne
andNO+Ar, however, the assignment ismore ambiguous, as both L-type and rotational rainbows play a role.
For the ′ =j e5 2, state inNO+Ar, where according to themodels the L-type and rotational rainbows overlap,
the amplitudes of the diffraction oscillations are very large.

Figure 7.Differential cross-sections for the ′ =j e3 2, and ′ =j e5 2, final states that are calculated forNO+He andNO+Kr using
restricted sets of partial waves as indicated in the panels.
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It should be noted that an L-type rainbow forNO+Kr has recently been observed, althoughwith lower
resolution, for the ′ =j f7 2, state at a collision energy of 514 cm−1 [15]. The assignment of the L-type rainbow
was based onQCTdeflection functions andQMandQCTopacity functions. The transitions to the ′ =j e5 2,
state studied here and the ′ =j f7 2, state are so-called parity pairs, which are primarily caused by the same
expansion coefficient of the PES and therefore exhibit similar DCSs [8, 11, 13, 38].

3.5. Subtle interference effects
Clearly, the experimentally determinedDCSs in general show excellent agreementwith theDCSs that are
predicted by theQMCCcalculations, up to the highest level of detail. Surprisingly, however, close inspection of
the data reveals that there is one small but intriguing peak in the experimental DCS for the ′ =j e5 2, state in
NO+Ar that does notmatchwith the theory based on the recent PESs of Cybulski from2012. This is illustrated
infigure 8(a), showing the scattering intensity around forward scattering for this channel on an enlarged scale.
As indicated by the blue vertical arrow infigure 8(a), we havemeasured a peak at a scattering angle θ ≈ °3.6 ,
where theory does not predict a peak.

By contrast, we have found that theory based on the older PESs of Alexander [44] from1999 does predict a
peak here, as described earlier in [6] and shown infigure 8(a). In the following, we investigate the origin of this
peak, which appears to be extremely sensitive to details in the PES, and hypothesize why themore recent PESs of
Cybulski et al show less good agreementwith the experiment.

The origin of the peak at θ ≈ °3.6 for the ′ =j e5 2, channel inNO+Ar is investigated using the
appropriate opacity functions that are derived fromboth PESs. The opacity functions that result from the
Cybulski PESs (black dashed curve) and theAlexander PESs (black solid curve) are shown infigure 8(b) on a
semi-logarithmic scale. This figure reveals that the opacity functions are very similar for partial waves up to

≈J 150.5, but differ significantly for partial waves ⩽ ⩽J150.5 250.5. The opacity function takes values below
10−4 in this region. The glory point is found at ≈J 110.5, as is indicated by the green arrow infigure 8(b).

Just as in the analysis of L-type rainbows described in section 3.4, we investigate the origin of the peak by
calculating theDCS using only partial waveswithin a restrictedwindow of values of the total angular
momentum J. Figure 9 shows theDCS that results fromboth PESs in the following three situations: all partial
waveswith ⩽J 250.5 are taken into account (blue solid curve); only partial waveswith ⩽ ⩽J90.5 150.5
around the glory point are taken into account (black dashed curve); only partial waveswith ⩽ ⩽J90.5 250.5 are
taken into account (red dotted curve). It is checked that partial waves with >J 250.5 do not influence the
results.

As can be seen from figure 9, the general structure in theDCS is dominated by partial waves
⩽ ⩽J90.5 150.5. These partial waves yield aDCS that is almost identical to theDCS obtainedwith all partial

waves. This is in particular the case for scattering angles θ > °5 , where a regular pattern of diffraction
oscillations is observed. For smaller scattering angles, however, theDCS changes significantly when additional
partial waves with >J 150.5 are taken into account. In particular, the peak at θ ≈ °3.6 is strongly affected.
When the extra partial waves are taken into account, the intensity of this peak slightly decreases when the
Alexander PESs are used, whereas the peak disappears completely for theCybulski PESs.We can therefore

Figure 8. (a) Enlarged section of the experimental scattering distribution forNO+Ar collisions exciting theNO into the ′ =j e5 2,
state (red curve), together with theDCSs predicted by theCybulski (black dashed curve) andAlexander (black solid curve) PESs. (b)
Semi-logarithmic plot of the corresponding opacity functions, based on the Cybulski (black dashed curve) andAlexander (black solid
curve) PESs. The green vertical arrow indicates the glory partial wave.
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conclude that both PESs inherently give rise to the peak at θ ≈ °3.6 , but its contribution to the total DCS
strongly depends on a subtle interference effect that involves partial waveswith high values of J.

This behavior can be clarified using the classical deflection function for this scattering process.We refer to
the deflection function as shown infigure 6 thatwas calculated using theCybulski PESs.We refrain from
plotting the deflection function for the Alexander PESs aswell, as onlyminor differences occur that are not
relevant for the argumentation given below. The diffraction oscillation pattern observed for θ > °5 is caused by
interference between partial waves around the glory point and the partial waves higher than the L-type rainbow
partial wave at ≈J 122.5, that corresponds to the secondmaximum in the deflection function. This regular
diffraction pattern does not extend to very small deflection angles, as the highest partial waves that still
contribute to the deflection function for the ′ =j e3 2, state correspond to such large impact parameters that
they cannot transfer sufficient energy to excite theNO radicals to the ′ =j e5 2, state. The deflection function
thereforemisses a tail of partial waves with high J. Consequently, the scattering in the region θ° ⩽ ⩽ °0 5 is
dominated by a very subtle interference phenomenon, that is particularly sensitive to the exact shape of the
opacity function for high values of J.

Both the forward peak at θ ≈ °1.1 and the peak at θ ≈ °3.6 are located in the transition region, where the
partial waves that can just induce a sufficient amount of rotational excitation contribute to the scattering. The
scattering in this area is therefore extremely sensitive to small variations in the contribution of partial waves with
very high values of J (i.e. >J 150.5). This explains why theCybulski andAlexander PESs yield identical DCSs
for θ > °5 , but differ significantly in their prediction for the region θ° ⩽ ⩽ °0 5 .

Although theAlexander PESs predict a peak at θ ≈ °3.6 and thus yield better agreement with our
experiments, both PESs fail to agree quantitatively with theDCS that ismeasured experimentally for θ < °5 . The
subtle interference effect described above suggests that a tinymodification of the intermolecular potential can
result in either an increase or decrease of this peak in theDCS.Wemay therefore usemodified PESs, constructed
via the relationV λ=λ VAlexander + (1−λ)VCybulski, thereby interpolating between the Alexander andCybulski
PESs using the scaling parameter λ.

The results are shown in figure 10, where theDCSs that result from themodified PESs are shown for
different values of λ. It is seen that small variations in the PESs do not influence the diffraction pattern for angles
θ > °5 , but they result in striking changes for angles θ° ⩽ ⩽ °0 5 , consistent with the observations and
interpretation given above.We can even extrapolate theCybulski or Alexander PESs by using values for λ of−0.5
or 1.5. It is seen that the peak at θ ≈ °3.6 is further reduced for λ = −0.5 and further enhanced for λ = 1.5,
suggesting that theNO–Ar PESs requiremore ‘Alexander’ character tomatch the experimental observations.
Unfortunately, we have been unable to experimentally observe the peak at θ ≈ °1.1 , as this region ismasked by
imperfect state selection of the reagentNOpacket. Future experiments with improved state selectionmay yield
experimental data in this region, such that our hypothesis can be tested using both features at °1.1 and °3.6 .
Eitherway, the ability to experimentally resolve and study these details in theDCS as demonstrated here offers
new tools to compare experiment and theory, even for extremely well-known systems such asNO–Rg
studied here.

However, a puzzling observation remains: themore recent PESs of Cybulski et al [41], calculatedwith
superior computational power, appear to showworse agreement with the experiment than the 15-year old

Figure 9.DCSs predicted by theAlexander PESs (a) andCybulski PESs (b), when only a selectedwindow of partial waves is taken into
account. Blue solid curves: all partial waves are taken into account. Black dashed curves: only partial waves with ⩽ ⩽J90.5 150.5 are
taken into account. Red dotted lines: only partial waves with ⩽ ⩽J90.5 250.5 are taken into account.
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Alexander PESs [44]. A possible explanation for this observation lies in the long range part of the PESs of [41].
According to theory [38], one should expand the sumpotential = +′ ″V V V( ) 2A Asum in terms of Legendre
polynomials γP (cos )L and the difference potential = −″ ′V V V( ) 2A Adif in terms of associated Legendre
functions γP (cos )L M, withM= 2. Instead, Cybulski et al [41] expanded the adiabatic potentials ′VA and ″VA in
terms of Legendre polynomials γP (cos )L . The potentials ′VA and ″VA must be equal andVdif must vanish for
linear geometries with γ = °0 and 180°. This holds exactly when themathematically correct expansion functions
are used, as in [44], but in the expansion used in [41] this only holds approximately.We found by inspection that
the numerical error is small formostNO–Rg distances, but relatively large in the long range. Hence, the PESs of
[41], although perhaps superior to the Alexander PESs [44] for shorter distances, behave slightly incorrectly for
very large distances. Since the behavior of the PESs at such large distances turns out to be essential to obtain the
interference between partial waveswith very large values of J that causes the peak in theDCS observed
experimentally at θ ≈ °3.6 , itmight well be that the formally incorrect angular dependence of the PESs of
Cybulski et al. explains why these PESs fail to predict this peak.

The peak observed at θ ≈ °3.6 forNO+Ar, and the comparisonwith two PESs for this system, is a striking
example of the level of detail that can nowbe reached, and the prospects this yields to advance theoretical
methods andfitting procedures. In fact, close inspection of our experimental data also reveals amismatch
between theory and experiment for the ′ =j e3 2, state ofNO+Kr.Here, theory predicts a peak in the
diffraction pattern at θ ≈ °6.3 , whereas this peak appears absent in the experiment. Unfortunately, only one PES
is available for this system, preventing us fromperforming a comparative study between PESs aswe did forNO+
Ar.We hope that newNO–KrPESs become available in the near future, such that the origin of this peak can be
further investigated.

4. Conclusions and outlook

Wehave presented a set of DCSmeasurements for state-to-state inelastic collisions ofNO ( Π =X j f, 1 2,2
1 2 )

radicals withHe,Ne, Ar, Kr andXe atoms.We used a novel experimental arrangement combining
counterpropagating beam scattering, Stark deceleration andVMI to achieve optimal image resolutions. The
inherent image symmetry afforded by the counterpropagating geometrywas exploited to improve the resolution
further by applying the inverse Abel transformation to the experimental scattering images, thereby directly
revealing the scattering intensity on the equator of theNewton sphere. Together, this resulted in a set of
experimentally determined state-to-state inelasticDCSs, inwhich rainbow features with superimposed
quantumdiffraction oscillations are fully resolved. Excellent agreement was found between the experimental
DCSs and theDCSs that result fromQMCCcalculations with recently computed ab initioPESs. The origin of
themain structures that are present in theDCSs and the general trends that were observedwere elucidated using
simple semiclassical hard-shellmodels and deflection functions, as well as full quantummechanical partial wave
analyses of the scattering processes.

The observation of small details in theDCS, with high sensitivity and good contrast, yields new possibilities
to test PESswith unprecedented level of precision. This is illustrated in thismanuscript using a specific peak that
was observed in theDCS for theNO+Ar system as an example. This peakwas found to originate from a very

Figure 10.DCSs predicted by hypothetical PESs λV that are constructed from theCybulski andAlexander PESs via λ=λV VAlexander +
(1− λ)VCybulski. Right panel: zoomof the angular section θ° ⩽ ⩽ °0 5 .
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subtle interference effect involving partial waves around the glory point and the highest partial waves that just
induce sufficient rotational excitation. The existence of this peak, however, was predicted by one PES available
for this system, whereas it was not predicted by another PES. Both PESs are of high quality, butminor differences
in calculationmethodology and fitting procedures result in observable changes in theDCS, in particular around
forward scatteringwhere the peakwas found.

TheNO+Rg systems studied here belong to themost intensively studied andwell-known systems in the
field ofmolecular collision dynamics. Near-exact theoretical predictions for collision cross-sections exist for
these benchmark systems. Yet, as demonstrated here, even for these systems the new instrumentation and
experimental approaches available now can lead to new surprises and challenge the theoreticalmethods used. It
is our hope and expectation that these tools will very soon also become available to less well-known systems, for
which experimental validation of the PESs and of the approximations used to calculate them is still necessary.
These include elastic, inelastic and reactive scattering processes involving polyatomicmolecules, bi-molecular
scattering processes, and collisions at (ultra)low temperatures that are dominated by quantum effects.
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