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ABSTRACT: We theoretically study inelastic collisions between NO radicals and He atoms
at low collision energies, focusing on the occurrence of scattering resonances. We specifically
investigate de-excitation of rotationally excited NO radicals (X 2Π1/2, v = 0, j = 3/2, f) at
collision energies ranging from 10−3 to 20 cm−1 and compute integral and differential cross
sections using quantum mechanical close-coupling calculations. Although unconventional,
we show that the measurement of rotational de-excitation cross sections brings several
advantages to experiments that aim to study rotational energy transfer at temperatures
approaching zero kelvin. We analyze the nature and partial wave composition of the quasi-
bound states associated with each individual resonance and compute the scattering wave
functions. The differential cross sections contain the partial wave fingerprints of the
scattering process and are found to change drastically as the collision energy is varied over the resonances. The prospects for
measuring these differential cross sections in inelastic de-excitation collisions at low energies are discussed.

1. INTRODUCTION

In recent years, there has been a growing interest to study
molecular collision processes at low temperatures and collision
energies. Especially at low energies it becomes manifest that the
angular momentum associated with the relative motion of the
colliding particles is quantized and is described by a set of
partial waves with integer quantum number . The interest in
low-energy collisions stems from the fact that at sufficiently low
energies, the scattering is governed by quantum effects where
only a few partial waves contribute, leading to exotic
phenomena such as quantum tunneling and diffraction.
Arguably the most striking of these phenomena is the
occurrence of scattering resonances.1

Scattering resonances occur at specific energies where the
colliding particles temporarily form quasi-bound complexes,
resulting in rapid variations in the energy dependence of
scattering cross sections. At the resonance energy, i.e., when the
collision energy is resonant with the energy of a quasi-bound
state supported by the interaction potential, the incident
particles can form a long-lived complex. For atom−molecule
collisions, resonances may be regarded, in a simplified picture,
either as the orbiting of the atom around the molecule (a shape
or orbiting resonance) or as the transient excitation of the
molecule to a state of higher energy (a Feshbach resonance).
After some time, however, the complex decomposes into a
separate atom and molecule.1

These scattering resonances are ideally suited for studying
the partial wave dynamics of a collision event. At a resonance, a
single partial wave (referred to as the resonant partial wave res)
is involved in the quasi-bound state, which results in the
increase of the scattering cross section. In a molecular collision
experiment, tuning of the collision energy to a scattering
resonance therefore directly probes the contribution of the
dominating resonant partial wave. If the enhancement of the

cross section at the resonance is substantial compared to the
background, measurements of the integral (ICS) or differential
(DCS) cross sections in principle reveal the influence of the
single partial wave on the collision process, yielding information
on the relation between incoming ( in), resonant ( res), and
outgoing ( out) partial waves. This gives insights into the most
fundamental question in molecular collision dynamics: how
does the interaction potential transform the reagents into the
collision products?
It has proven extremely challenging to experimentally

observe scattering resonances, as it is hard to reach the low
collision energies and high energy resolution that are required.2

Resonances were already observed in selected atomic systems
in the early 70s by Toennies and co-workers3 and by Scoles and
co-workers4 using high-resolution crossed beam machines.
More recently, signatures of resonances in reactive systems
have been observed in the benchmark F + H2 and F + HD
reactions, using the powerful Rydberg tagging technique5−11

and high-resolution anion photodetachment spectroscopy.12 In
these systems, the resonance is associated with the formation of
transiently stable transition-state structures. Naulin and Costes
and co-workers observed the first resonances in state-to-state
cross sections for inelastic scattering.13 Using a crossed beam
apparatus in which the beam crossing angle can be made very
small, the collision energy dependence of the integral cross
sections for O2 and CO colliding with He or H2, featuring
pronounced resonance peaks, was accurately determined.13−15

Narevicius et al. and Osterwalder et al. developed novel merged
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beam methods to reach collision energies well below 100 mK,
and used it to study resonances in Penning ionization
processes.16−18

Recently, our group has pioneered a different approach to
study scattering resonances, focusing primarily on recording the
differential cross sections at resonances, for inelastic NO + He
collisions as a model system.19 Using a crossed beam apparatus
that combines Stark deceleration and velocity map imaging
(VMI), state-to-state and parity-resolved DCSs could be
recorded at energies between 13 and 19 cm−1, with a
spectroscopic energy resolution of 0.3 cm−1. The high
resolution afforded by the Stark decelerator allowed us to
observe structure in the very small velocity mapped scattering
images, directly reflecting the DCSs. The resonance fingerprints
were clearly visible in the DCSs as the collision energy was
tuned over the resonances. In combination with theoretical
calculations, this revealed the full partial wave dynamics of the
collision process.
Despite these formidable advances, an important research

direction in this field is still targeted toward a long-term quest:
the measurement of molecular collision processes at the full
quantum level, with complete information on reagent and
product properties, and at ever lower collision energies. For
experimental approaches that aim to study partial wave
dynamics employing crossed beam methods and VMI, however,
this quest is challenged by an unfortunate vicious circle that is
best described as follows: resonances are most pronounced at
collision energies as low as possible. The entrance channel is
then exclusively governed by a single partial wave with the
lowest possible value for (for instance = 0 (s-wave) or = 1
(p-wave)). At these low energies, however, there will also be
very little energy available in the exit channel, such that the exit
channel is also governed by the same partial wave, resulting in
relatively straightforward and fully predictable dynamics. In
addition, the recoil velocity (and hence the diameter of the
image recorded by the VMI spectrometer) will be very small,
hampering the observation of any structure in the angular
scattering distribution. The latter limitation also holds for
inelastic collisions that excite a molecule from the initial j to the
final j′ rotational state, at energies just above the j → j′
thermodynamic excitation threshold.19 In conclusion, the
regime in which scattering resonances are most pronounced
and experimentally best observed may not be the most exciting
and experimentally rewarding regime to probe the partial wave
dynamics of the collision.
Here, we investigate an intriguing possibility to circumvent

this challenge that works specifically for inelastic collisions. We
propose to scatter molecules at the lowest possible collision
energies, while optically exciting the reagent molecules to a
rotationally excited state j. Upon collisions, the molecules are
then inelastically de-excited to lower rotational states j′,
imparting a fraction of the initial rotational energy to the
recoiling molecules. This scheme has a 2-fold advantage in
probing the partial wave dynamics of these cold collisions. First,
because recoil energy is transferred to the molecules, the
entrance and exit channels will be governed by different partial
waves ( out ≠ in), resulting in interesting dynamics. Second, the
recoil energy yields larger scattering images in which it is
experimentally more feasible to resolve structure.
We study this possibility using de-excitation of rotationally

excited NO radicals (X 2Π1/2, v = 0, j = 3/2) by low-energy
collisions with He atoms as an example, focusing on theoretical
predictions for the scattering cross sections. The NO−He

system appears ideal for this approach as NO−He has already
successfully been used in low-energy collision experiments that
probe scattering resonances.19 In addition, the rotational
constant of the NO radical is relatively small; the j = 3/2
state is only 5.02 cm−1 above the j = 1/2 rotational ground
state. This is sufficiently small to not lose the relation with the
cold entrance channel, but sufficiently large to impart
substantial recoil energy to the scattering products.
This paper is organized as follows: in section 2 we provide a

detailed description of the theoretical methods used in our
scattering calculations. The integral and differential inelastic de-
excitation cross sections are presented in section 3, together
with a partial wave analysis of the scattering resonances found.
In section 4 we describe the feasibility of these experiments,
focusing on the possibilities to prepare a sample of rotationally
excited NO (j = 3/2) radicals.

2. METHODS

The 2Π electronic ground state of NO involves two spin−orbit
levels with Ω = 1/2 and Ω = 3/2. In low rotational levels, the
NO(X 2Π) molecules can approximately be described by a
Hund’s case (a) coupling scheme. When a He atom approaches
an NO(X 2Π) molecule in a nonlinear configuration, the 2Π
state splits, resulting in two potential energy surfaces (PESs) of
A′ and A″ symmetry.20 For Hund’s case (a) molecules, the
spin−orbit conserving (ΔΩ = 0) transitions are coupled by the
sum potential, Vsum = (VA′ + VA″)/2, whereas spin−orbit
changing (ΔΩ = 1) collisions are governed by the difference
potential Vdif = (VA″ − VA′) /2.

20,21

In this work, we used the Vsum and Vdif potentials constructed
by Kłos et al.22 These two-dimensional ab initio PESs, with a
rigid NO interatomic separation of 1.150 77 Å, have been
calculated at the restricted coupled cluster level including
single, double, and noniterated triple excitations [RCCSD(T)]
using an augmented correlation-consistent triple-ζ (aug-cc-
pVTZ) basis set with an additional set of bond functions
[3s3p2d].
We performed quantum mechanical close-coupling (QM

CC) calculations to compute state-to-state cross sections for
collisions between NO(X 2Π1/2, v = 0, j = 3/2, f) radicals and
He atoms, where v is the vibrational quantum number, j is the
rotational quantum number and f is the spectroscopic parity
label of the NO molecule. We chose the j = 3/2, f state as the
initial state, as population transfer to this state from the
rotational ground state is experimentally feasible (see section
4). The calculations were performed with a scattering program
for open-shell diatom−atom scattering that was originally
developed for OH + Rg collisions.23 We used the renormalized
Numerov method for the propagation of the wave function on
an equidistant grid in R from 3.5 to 40 bohr with 281 steps,
where R is the distance between the He atom and the center-of-
mass of the NO molecule. All NO rotational levels up to j =
10.5 and all partial wave contributions up to a total angular
momentum of J = 50.5 were taken into account in the channel
basis set. Both integral and differential cross sections were
computed for collision energies ranging from 10−3 to 20 cm−1.
Because the NO molecules are initially in the j = 3/2, f state,
they can be excited or de-excited during a collision. Only de-
excitation cross sections are presented here, as shown in the
energy level scheme of NO in Figure 1.
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3. RESULTS AND DISCUSSION
The top row of Figure 2 shows the integral cross sections as a
function of the collision energy for three different inelastic de-
excitation channels. The NO molecule in the j = 3/2, f initial
state can be de-excited due to a collision with He to the j′ = 1/
2, e (left column), j′ = 1/2, f (middle column), and j′ = 3/2, e
(right column) states. We clearly observe strong and well-
resolved resonances in the total ICSs for all three channels.
In a collision, the total angular momentum J and the total

parity P are conserved. The value of J ranges from |j − | to j +
, where j denotes the rotational quantum number of the NO
radical and is the partial wave quantum number. The total
parity P is related to the parity p of the Λ-doublet states of the
NO monomer as P = − p( 1) . This monomer parity p refers to
the symmetry of the wave function of the NO radical, and is
related to the spectroscopic parity ϵ as ϵ = p(−1) j−1/2. States
with ϵ = +1 and −1 are denoted by e and f, respectively. For
inelastic processes, where j and p can change during the
collision, the partial wave is not a good quantum number and
is not conserved. We can describe the scattering process either
in terms of the conserved quantum numbers J and P or in terms
of the initial and final conditions, where we denote the partial
waves by in and out, respectively. In the first case, we can
compute partial integral cross sections for different (J, P)
combinations, i.e., their contributions to the total ICS. These
are shown for J ≤ 8.5 in the second and third rows of Figure 2
for P = 1 and P = −1, respectively. The partial cross sections in
the fourth and fifth rows of Figure 2 show the contributions of
the lowest in and out to the total ICS, respectively. It can be
seen from Figure 2 that the strong enhancements in the total
ICSs at resonances are mainly caused by only one or two (J, P)
combinations and that they can be assigned to only one or a
few incoming and outgoing partial waves.
For the resonances indicated by the red dots in the top row

of Figure 2, we calculated the contributions of the asymptotic
NO monomer states labeled by (j, e/f) and the different partial
waves labeled by to the squared scattering wave functions for
R values ranging from 4 to 30 bohr. The wave functions were
computed at the energies where each (J, P) contribution to the
resonance peak in the ICS has its maximum. Figure 3 shows
two examples for the de-excitation process j = 3/2, f→ j′ = 1/2,
f at collision energies of 1.5 cm−1 (panel a) and 7.3 cm−1 (panel
b). For both energies we considered a total angular momentum
of J = 6.5 and parity P = −1, because this is the main
contribution to the ICS at these resonance energies (see also
Figure 2). This imposes restrictions on the possible values for
that can contribute to the scattering event. In the example

presented in Figure 3, asymptotically only in = 5,7 can
contribute to the incoming channel, and only out = 6 can
contribute to the outgoing channel.
Both panels clearly show that a single (j, e/f) NO monomer

state and partial wave dominate the scattering wave function
in the region of the van der Waals well at the resonance
energies considered. These resonances therefore correspond to
quasi-bound states involving a specific NO monomer (j, e/f)
state and a specific value that we will call res. The resonance at
a collision energy of 1.5 cm−1 (panel a) belongs to a quasi-
bound state with j = 3/2, f and res = 5, which means that the
quasi-bound state is formed in the entrance channel, resulting
in a shape (or orbiting) resonance that is associated with
tunneling through the centrifugal barrier. The long tail of the
scattering wave function is a direct and clear manifestation of
this tunneling. A quasi-bound state with j = 5/2, f and res = 4
gives rise to the resonance at a collision energy of 7.3 cm−1

(panel b). Because this quasi-bound state is formed in an
asymptotically closed scattering channel, we call this a Feshbach
resonance.
A similar analysis was performed for all other (J, P)

combinations contributing to the resonances, revealing the
nature of and the quasi-bound states associated with each
individual resonance. In combination with the partial cross
sections, these scattering wave functions allow us to fully
characterize the resonances in terms of initial, resonant, and
final conditions. An overview is given in Tables 1−3 for the
resonances indicated by the red dots in the top row of Figure 2.
These tables show that series of resonances occur that are
related to the same NO monomer state, but with increasing
resonant partial wave res. Most resonances could be identified
as Feshbach resonances, a few could be classified as shape
resonances, and we also found some combined Feshbach-shape
resonances that were associated with quasi-bound states in a
scattering channel that is different from the entrance and exit
channels (Feshbach), but that is asymptotically open (shape).
Additional information on the individual resonances can be

acquired from the phase shifts, which can be obtained from the
eigenvalues of the scattering matrix.24,25 When a resonance
occurs, the sum of the phase shifts in all open channels for the
dominant (J, P) combination rapidly increases by π as a
function of the collision energy.25 The lifetimes of the quasi-
bound complexes are given by the derivatives of these total
phase shifts with respect to the energy.24 These lifetimes τ are
given in Tables 1−3 as well. At the collision energies where
resonances occur, long-lived quasi-bound states are indeed
formed, with lifetimes ranging from 1 to 53 ps. For the
resonances in the j′ = 3/2, e final state, where two (J, P)
combinations dominate, two lifetimes are given.
Striking variations can be observed for the resonances in the

different inelastic processes. For the j′ = 1/2, e final state, the
Feshbach resonances are associated with the j = 5/2, e state,
whereas quasi-bound states with j = 5/2, f result in Feshbach
resonances for the transition to the j′ = 1/2, f state. When the
NO molecules are de-excited to the j′ = 3/2, e state, however,
the resonances are due to quasi-bound states involving both j =
5/2, e and j = 5/2, f states. Similarly, the partial waves
underlying the resonance features strongly depend on the de-
excitation channel. In general, as expected from conservation of
total angular momentum and parity, out > in for de-excitation
collisions that involve a rotational transition with Δj ≠ 0, and

Figure 1. Schematic representation of the lowest rotational levels for
NO(X 2Π1/2) and the de-excitation processes studied here. NO
molecules are initially prepared in the j = 3/2, f state. The splitting
between the Λ-doublet levels is greatly exaggerated for clarity.
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out = in ± 1 for energetically near-elastic collisions that merely
change the Λ-doublet state of the NO radical.
Experimentally, this partial wave dynamics is probed best

using an experimental arrangement that allows for measure-
ments of DCSs with full state-selective and parity-resolved
detection of NO radicals. The DCSs contain the partial wave
fingerprints of the scattering process, and measurements of the
DCSs at the resonance energies for the various de-excitation
processes yield a wealth of information on the relation between

in, res, and out. A selection of these unique possibilities is
illustrated in Figure 4.
Figure 4a shows the DCSs for three different inelastic de-

excitation processes at a resonance. The blue, red, and black
curves represent the DCS at a collision energy of 2.2, 2.4, and
2.4 cm−1 and pertain to the exit channels j′ = 1/2, e, j′ = 1/2, f,
and j′ = 3/2, e, respectively. The three Feshbach resonances,
however, all originate from a quasi-bound state that is
characterized by j = 5/2 and res = 1. The three rather different

Figure 2. Top row: energy dependence of the integral inelastic cross sections for de-excitation of NO (j = 3/2, f) radicals by He atoms, producing
NO radicals in the j′ = 1/2, e state (left panel), the j′ = 1/2, f state (center panel), or the j′ = 3/2, e state (right panel). The contribution of the total
angular momentum J and the total parity P to the cross sections is given in the second and third rows. The correspondence to the partial waves in of
the entrance channel and out of the exit channel is given in the fourth and fifth row, respectively. See text for details.
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DCSs thus represent how this quasi-bound state decomposes
into the different exit channels. Similar effects can be observed

Figure 3. Scattering wave functions for J = 6.5 and P = −1, at collision
energies of 1.5 (a) and 7.3 cm−1 (b). At these energies, resonances
occur for the j′ = 1/2, f state.

Table 1. Characterization of Scattering Resonances in the
Inelastic De-excitation Process NO(j = 3/2, f) + He →
NO(j′ = 1/2, e) + He, for Collision Energies Ecol between 1
and 10 cm−1a

Ecol
(cm−1)

Ekin
(cm−1) J, P in out τ (ps) resonance

1.5 6.5 5.5,
−1

5 5 53 j = 3/2, f; res = 5 (shape)

2.2 7.2 3.5,
−1

2 3 10 j = 5/2, e; res = 1
(Feshbach)

3.2 8.2 4.5, 1 2, 4 4 6.9 j = 5/2, e; res = 2
(Feshbach)

4.6 9.6 3.5,
−1

5, 6 3, 4 6.8 j = 5/2, e; res = 3
(Feshbach)

7.0 12.0 4.5, 1 4, 6 4 12 j = 5/2, e; res = 4
(Feshbach)

9.6 14.6 5.5,
−1

5, 7 5 18 j = 5/2, e; res = 5
(Feshbach-shape)

aThe total kinetic energy Ekin of the collision, as well as the dominant
values of the total angular momentum J and the total parity P giving
rise to the resonance are indicated. The resonances are further
characterized by the values for the partial waves in, res, and out and for
the lifetime τ.

Table 2. Same as Table 1 for the De-excitation Process NO(j
= 3/2, f) + He → NO(j′ = 1/2, f) + He

Ecol
(cm−1)

Ekin
(cm−1) J, P in out τ (ps) resonance

1.5 6.5 6.5,
−1

5 6 33 j = 3/2, f; res = 5 (shape)

2.4 7.4 3.5, 1 2 3 9.0 j = 5/2, f; res = 1
(Feshbach)

3.3 8.3 4.5,
−1

1, 3 2, 4 6.5 j = 5/2, f; res = 2
(Feshbach)

4.2 9.2 4.5, 1 6 5 3.5 j = 3/2, f; res = 6 (shape)

5.1 10.1 5.5, 1 4, 2 5, 3 10 j = 5/2, f; res = 3
(Feshbach)

7.3 12.3 6.5,
−1

5, 3 6, 4 15 j = 5/2, f; res = 4
(Feshbach)

9.9 14.9 7.5, 1 4, 6 5, 7 24 j = 5/2, f; res = 5
(Feshbach-shape)

Table 3. Same as Table 1 for the De-excitation Process NO(j
= 3/2, f) + He → NO(j′ = 3/2, e) + He

Ecol
(cm−1)

Ekin
(cm−1) J, P in out τ (ps) resonance

1.9 6.9 2.5, −1
and 1

2, 1 1, 2 8.5
and
11

j = 5/2, f; res =
0 (Feshbach)

j = 5/2, e, f; res =
1 (Feshbach)

2.4 7.4 3.5, −1
and 1

2, 5 5, 2 10 and
9.0

j = 5/2, e, f; res =
1 (Feshbach)

3.2 8.2 3.5, −1
and 1

3 (2, 4) 3 (2, 4) 17 and
19

j = 5/2, e, f; res =
2 (Feshbach)

4.0 9.0 1.5, −1
and 1

1 1 1.4
and
1.9

j = 5/2, e, f; res =
2 (Feshbach)

5.1 10.1 4.5, −1
and 1

4, 5 5, 4 22 and
18

j = 5/2, e, f; res =
3 (Feshbach)

7.3 12.3 5.5, −1
and 1

5, 6 6, 5 22 and
25

j = 5/2, e, f; res =
4 (Feshbach)

Figure 4. (a) DCSs at the collision energy where a Feshbach
resonance is found that is associated with the quasi-bound j = 5/2; res
= 1 state for the exit channels j′ = 1/2, e (blue), j′ = 1/2, f (red), and j′
= 3/2, e (black). (b) Same as in panel a, but at the collision energy
where a Feshbach resonance is found associated with the quasi-bound j
= 5/2; res = 4 state. (c) DCSs for the exit channel j′ = 1/2, f at three
different energies: on top of the j = 3/2, res = 5 resonance at 1.5 cm−1

(blue); on top of the j = 5/2, res = 1 resonance at 2.4 cm−1 (black);
and at a collision energy of 2.1 cm−1 in the valley between these two
resonances (red). See text for details.
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for resonances that originate from other quasi-bound states. In
Figure 4b the DCSs are shown for the same de-excitation
channels as in panel a, but the Feshbach resonances now
originate from a quasi-bound state with j = 5/2 and res = 4 at a
collision energy around 7 cm−1. Clearly, the DCSs differ
significantly from each other, reflecting the different dynamics
for each inelastic channel. The larger number of peaks in the
DCSs that are observed in comparison to panel a reflects the
larger value for res.
Figure 4c illustrates a different type of measurement to probe

the partial wave dynamics in the vicinity of scattering
resonances. Here, DCSs are shown for the j = 3/2, f → j′ =
1/2, f channel at three different collision energies. The blue and
black curves pertain to collision energies where a resonance is
found. For the blue curve, this shape resonance originates from
a quasi-bound state with j = 3/2, f and res = 5 at a collision
energy of 1.5 cm−1, whereas the black curve probes a Feshbach
resonance at 2.4 cm−1 that is associated with a quasi-bound
state for which j = 5/2, f and res = 1. The red curve pertains to a
collision energy of 2.1 cm−1, which is located in the valley
between these two resonances. Although the collision energies
of these three processes are only a few 0.1 cm−1 apart, there are
substantial differences between the DCSs, showing that the
DCS changes rapidly as a function of energy.
In general, the DCSs as presented in Figure 4 are strongly

affected by the presence of scattering resonances. The DCS for
the j′ = 3/2, e final state, for instance, is predominantly peaked
in the backward direction (180°) in the resonance region,
whereas the DCSs for the j′ = 1/2, e and j′ = 1/2, f states are
mostly forward peaked, with strong enhancements in the
backward direction around the resonance energies. Such strong
enhancement at backward scattered angles is often observed at
resonances and is a clear fingerprint of resonant scattering,
although the existence of a resonance not automatically implies
that a prominent backscattered peak occurs (see, for instance,
the blue curve in panel b). Figure 4 moreover shows that the
number of peaks in the structured DCS decreases at lower
collision energies and that the nature of the resonance (shape
or Feshbach type, values for J, P, in, res, out) has a profound
influence on the DCS. This again epitomizes the interest and
importance in developing the experimental methods to record
these DCSs.

4. EXPERIMENTAL FEASIBILITY

We now briefly discuss the prospects for measuring DCSs in
the state-to-state inelastic de-excitation cross sections at low
collision energies. State-to-state differential cross sections for
NO−He collisions in the vicinity of resonances at energies
between 13 and 19 cm−1 have recently been measured in a
crossed beam scattering experiment using a combination of
Stark deceleration and velocity map imaging.19 To probe the
de-excitation resonances discussed in this manuscript, lower
collision energies in the 1−10 cm−1 range are required. The
collision energy can easily be reduced by using a smaller beam
crossing angle than the 45° angle used thus far, although
technical modifications to the Stark decelerator will be needed
to accommodate such a smaller beam crossing angle.
As is seen from Figure 2, the ICSs for the de-excitation

processes are typically large. Cross sections up to 45 Å2 are
found at resonances that increase further to >100 Å2 as the
collision energy drops below 1 cm−1. These cross sections are

significantly larger than the cross sections for the low-energy
NO−He collisions that were measured by our group recently.
An important factor in experiments that aim to probe DCSs

using velocity map imaging is the diameter of the Newton ring
pertaining to the scattering process. Although the resolution
with which DCSs can be measured strongly depends on the
overall resolution of the experiment (determined by beam
spreads, the detection process, and the quality of the imaging
system), the ability to resolve structure in the DCS always
decreases with decreasing ring diameters. In our experiments to
date, a minimum ring diameter corresponding to 15−20 m/s is
required to resolve structure in the DCS. By comparison, the j
= 3/2 → j′ = 1/2 de-excitation channel imparts 5.02 cm−1 of
rotational energy to the recoiling He atom and NO molecule.
Hence, even in the limit of zero collision energy, the Newton
ring diameter for the NO radical amounts to 43.4 m/s. Clearly,
this is sufficient to probe detailed structure in the angular
scattering distributions.
Perhaps the most challenging aspect of measuring de-

excitation processes in inelastic scattering is the need to
produce a packet of reagent molecules in a rotationally excited
state. Also here, the NO radical appears an ideal candidate.
There are several methods to transfer NO radicals from the j =
1/2 rotational ground state to the j = 3/2 first rotationally
excited state. The first method employs stimulated emission
pumping using two dye lasers. The NO radicals are first excited
to a selected rotational state in the A 2Σ+ electronically excited
state by the first laser and then forced to decay into the j = 3/2
state of the X 2Π electronic ground state by a second laser. This
method has frequently and successfully been used by Wodtke
and co-workers to prepare samples of NO in a wide range of
vibrational states26−33 but should work for rotational state
preparation as well. The disadvantage of this approach is the
state purity with which a sample of NO(j = 3/2) radicals is
produced, although advanced methods using additional lasers
have been developed to improve this.34,35

An elegant alternative is to directly optically excite the NO
radicals via the electric dipole allowed j = 3/2, f ← j = 1/2, f
transition using narrow-band sub-terahertz (millimeter-wave)
radiation. Compact microwave synthesizers, power amplifiers,
and frequency multipliers are commercially available nowadays
to generate sufficient power levels to saturate the transition. An
important advantage of this approach is that rotational
excitation can be achieved under conditions of rapid adiabatic
passage; i.e., a 100% population transfer can be achieved.36 This
ensures high densities of reagent NO(j = 3/2) radicals and
eliminates contamination of the experiment by imperfect state
selection prior to the collision. It is noted that optical
preparation of the NO radicals is best performed in the region
between the exit of the Stark decelerator and the collision
interaction region, although excitation upstream from the
decelerator is possible as well.

5. CONCLUSIONS
In this article, we have theoretically studied low-energy
collisions between rotationally excited NO radicals (X 2Π1/2,
v = 0, j = 3/2, f) and He atoms. We especially looked at
scattering resonances occurring in de-excitation of the NO
molecules upon collisions with He. We calculated state-to-state
integral and differential cross sections in the energy range
between 10−3 and 20 cm−1 using quantum mechanical close-
coupling calculations. The observed scattering resonances were
fully characterized in terms of initial, resonant, and final
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conditions by examining the partial cross sections and
scattering wave functions. We discussed the experimental
feasibility of measuring differential cross sections around
resonance energies for de-excitation processes in inelastic
scattering. Measurements of rotational energy transfer for de-
excitation collisions will mitigate the experimental challenge of
recording angular deflection distributions for collision energies
that approach 0 K and will allow for the observation of partial
wave fingerprints of scattering resonances for (ultra)cold
inelastic collisions. Experiments of this kind are currently
underway in our laboratory.
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