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ABSTRACT

We present the first crossed beam scattering experiment using a Zeeman decelerated molecular beam. The narrow velocity spreads of Zeeman
decelerated NO (X 2 Π3/2 , j = 3/2) radicals result in high-resolution scattering images, thereby fully resolving quantum diffraction oscillations
in the angular scattering distribution for inelastic NO–Ne collisions and product-pair correlations in the radial scattering distribution for
inelastic NO–O2 collisions. These measurements demonstrate similar resolution and sensitivity as in experiments using Stark decelerators,
opening up possibilities for controlled and low-energy scattering experiments using chemically relevant species such as H and O atoms, O2
molecules, or NH radicals.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5142817., s

Establishing experimental tools to study molecular collisions
with the highest possible level of detail has been an important goal in
molecular physics for decades.1 The sensitivity and resolution of the
experiment depend on the control over the particles before the collision and how they are detected afterward. In recent years, the combination of Stark deceleration and velocity map imaging (VMI) to both
control and probe the quantum state and velocity of molecules has
greatly enhanced the possibilities to investigate molecular collisions
in crossed beam experiments.2 The narrow velocity and angular
spreads of Stark-decelerated beams result in scattering images with
unprecedented radial and angular resolution that can be exploited
to resolve the structure in the scattering images—and thus the differential cross section (DCS) of the scattering process—that would
have been washed out using conventional molecular beams. Recent
examples include the direct imaging of quantum diffraction oscillations,3 the measurement of correlated excitations in bimolecular
collisions,4 and the probing of scattering resonances at low collision
energies.5
Despite these successes and further prospects to unravel fine
details of collision processes, the Stark deceleration technique has a
major limitation. As the method relies on the interaction of neutral
molecules with electric fields, it can only be applied to species with
a sufficiently large electric dipole moment. Although these include
important molecules for scattering studies,6 many chemically relevant species such as H, O, and F atoms, O2 molecules, or ground
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state NH radicals exclusively have a magnetic dipole moment, rendering the Stark deceleration technique ineffective. However, these
species are of paramount importance to molecular reaction dynamics,7 surface scattering,8 and the emerging fields of cold and ultracold
molecules alike.9
Recently, various types of Zeeman decelerators—the magnetic
analogue of a Stark decelerator—have been realized, and the successful deceleration10–20 and subsequent trapping21–26 of a variety
of atomic and molecular species have been reported. However,
the application of molecular decelerators in crossed beam experiments poses specific requirements on density, state purity, and
velocity control of the decelerated packets that are rather different
from the requirements in trapping experiments, and therefore the
prospects for using Zeeman decelerators in advanced crossed beam
experiments have thus far remained elusive.
Here, we report the first crossed beam experiments employing
a Zeeman decelerator, using the inelastic scattering of NO radicals with Ne atoms and O2 molecules as model systems for atom–
molecule and molecule–molecule interactions. We use a 2.2-m long
Zeeman decelerator that has recently been constructed and that
is specifically optimized for scattering experiments. State-to-state
inelastic DCSs are probed using velocity map imaging. The narrow
longitudinal and transverse velocity distributions of the packets of
NO radicals emerging from the Zeeman decelerator result in scattering images with very high radial and angular resolutions. This
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is exploited to fully resolve narrowly spaced quantum diffraction
oscillations in the angular scattering distribution for NO–Ne collisions and multiple close-lying rings pertaining to rotational productpair correlations for NO–O2 collisions. Resolving such structures
has recently been a testimony of the unprecedented resolution
afforded by Stark decelerators. The measurements presented in this
work demonstrate that similar resolutions can now also be achieved
using Zeeman decelerators, opening up the possibility to perform
state-of-the-art cold and controlled collision experiments using a
wide range of magnetic species, greatly enhancing the experimental possibilities and chemical diversity in this emerging field of
research.
We chose the NO radical for these experiments as this species
has been frequently used in crossed beam experiments employing
Stark decelerators, directly facilitating a comparison with the results
from earlier work. A molecular beam of NO radicals with a mean
velocity of 450 m/s is formed using a Nijmegen Pulsed Valve (NPV)
that expands 5% NO seeded in krypton into vacuum (see Fig. 1). Due
to the supersonic expansion, the majority of the NO radicals will
reside in the j = 1/2 rotational level of the v = 0 vibrational ground
state of the X 2 Π1/2 electronic ground state. This level is split into two
Λ-doublet components with e and f parity, which are close in energy
and equally populated.
The 2 Π1/2 spin-orbit manifold of the electronic ground state has
negligible magnetic moment as the orbital angular momentum and
electron spin lead to equal but opposing contributions to the magnetic moment. Just after passing the skimmer, a part of the NO beam
is, therefore, transferred to the j = 3/2 level of the spin-orbit excited
2
Π3/2 manifold by inducing the A2 Σ+ , N = 0, j = 1/2 ← X 2 Π1/2 ,
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v = 0, j = 1/2, f transition using photons at a wavelength of
226.25 nm, followed by spontaneous decay to both spin-orbit manifolds of the X 2 Π electronic ground state. The 226.25 nm light is
generated by frequency tripling the output of a dye laser (LiopTec),
pumped by the second harmonic of an Nd:YAG laser. Typically, a
5-mm-diameter laser beam with an energy of 1 mJ in a 5 ns pulse
is used. As the Franck–Condon factors for the A → X transition are
highly off-diagonal, only a small fraction of the excited NO radicals
ends up in the v = 0 vibrational ground state of the X 2 Π3/2 , j = 3/2
level. For NO–O2 collisions, in which the scattered flux is distributed
over various O2 final states (vide infra), we added a second dye laser
to enhance population transfer into the X 2 Π3/2 , j = 3/2 initial level
by stimulated emission pumping using photons at a wavelength of
226.89 nm. Typically, a 5-mm-diameter laser beam with an energy
of 0.5 mJ in a 5 ns pulse is used.
It is noted that the parity selection rules for the A ↔ X transition, in principle, allow for the production of packets of NO radicals that are exclusively in the X 2 Π3/2 , j = 3/2, e level. However, we
find that both the e and f components of the X 2 Π3/2 , j = 3/2 level
are approximately equally populated. This is assumed to be a result
of the extremely small Λ-doublet splitting in this state in combination with the presence of stray electric fields inside the vacuum
chamber.
NO radicals in the mj = 3/2 component of the X 2 Π3/2 ,
j = 3/2 level have an effective magnetic moment of 1.2 μB and,
thus, experience a significant Zeeman effect making them amenable
to the Zeeman deceleration technique. Both the e and f Λ-doublet
components have magnetic low-field seeking and high-field seeking mj levels, and NO radicals in both Λ-doublet components

FIG. 1. (a) Schematic depiction of
the experimental setup. (b) Rotational
energy level diagram of NO (X 2 Π3/2 ,
left) and O2 (right). The Λ-doublet splitting of NO is exaggerated for clarity, and
the fine structure of O2 is neglected. (c)
Schematic velocity diagram illustrating
how the scattered NO molecule velocity vectors are projected on a circle
around the center of mass (COM) for
the collisional excitation of NO and each
simultaneous excitation of O2 depicted
in panel (b). The diagram is presented
such that the relative velocity vector is
directed horizontally, with forward scattering angles positioned at the right side.
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are transported through the Zeeman decelerator with equal efficiency. The Zeeman decelerator used here consists of an alternating
array of 100 solenoids and 100 hexapoles to control the longitudinal and transverse motions independently. A detailed description
of the pulsed solenoids, hexapoles, and electronics is given elsewhere.27 Briefly, the solenoids are produced from a single winding
of copper capillary through which cooling liquid is passed. Currents of up to 5 kA are pulsed through the solenoids using homebuilt electronics, producing a maximum magnetic field strength
exceeding 2.5 T inside the solenoid. The hexapoles consist of six
arc-shaped permanent magnets with an alternating magnetization
direction. The Zeeman decelerator is operated at a repetition rate
of 10 Hz.
After exiting the Zeeman decelerator, the packet of NO (X 2 Π3/2 ,
j = 3/2) radicals is guided toward the interaction region by 8 additional hexapoles and scatters with a beam of Ne atoms or O2
molecules that intercepts the Zeeman decelerator beam axis under
an angle of 90○ at a distance of 226 mm from the exit of the decelerator. The Ne and O2 beams are produced using an Even Lavie
Valve (ELV) held at 80 K and 120 K, resulting in a mean velocity
of 465 m/s and 530 m/s, respectively. Scattered products are detected
state-selectively using a recoil-free (1 + 1′ ) resonance-enhanced multiphoton ionization scheme in combination with high-resolution
velocity map imaging ion optics.
The Zeeman decelerated packets of NO (X 2 Π3/2 , j = 3/2) radicals are characterized by recording both the time-of-flight (TOF)
profiles of the radicals exiting the decelerator and by measuring
their velocity spreads using VMI. Figure 2(a) shows the TOF profiles that are measured when the decelerator is programmed to guide
a packet of NO at a constant speed of 450 m/s or decelerate it to a
final velocity of either 400 m/s or 385 m/s. The velocity spread of

COMMUNICATION

scitation.org/journal/jcp

TABLE I. Experimentally determined longitudinal (σv ∥ ) and transverse (σv ⊥ ) velocity spreads of the packets of NO exiting our Zeeman decelerator, together with the
spreads typically obtained when using a Stark decelerator as given in Ref. 2.

Velocity spread (FWHM)

Stark2
Zeeman

Operation mode

σv ∥ (m/s)

σv ⊥ (m/s)

Guiding (480 m/s)
Guiding (450 m/s)
450 m/s to 400 m/s
450 m/s to 385 m/s

4.8
6.8
5.2
2.0

1.4
5.3
5.2
5.9

the packets depends on the pulsing sequence of the Zeeman decelerator coils and, thus, changes with the final velocity of the packet.
This is illustrated by the VMI images shown in Fig. 2, which were
measured at the peak of the TOF profiles and thereby reflect the
velocity distributions of the most intense parts of the packets. Here,
each pixel corresponds to a velocity of 0.9 m/s, as was carefully
calibrated using a procedure originally developed for Stark decelerators.2 It is observed that the width of the longitudinal velocity
distribution strongly depends on the final velocity of the packet and
ranges from 6.8 m/s (FWHM) for the highest velocity to 2.0 m/s for
the lowest velocity (see Table I). By contrast, the transverse spread
is independent of the final velocity and amounts to about 5.5 m/s
for all packets. This reflects the operation principles of our Zeeman
decelerator: the decelerating forces are provided by the solenoids,
and for ever higher deceleration rates, a packet of NO with ever
smaller longitudinal velocity spread is produced. The transverse

FIG. 2. (a) Selected parts of the TOF
profiles for NO radicals (X 2 Π3/2 ) that
exit the Zeeman decelerator when it is
used to guide a packet of NO at a
constant speed of 450 m/s or decelerate it to a final velocity of either
400 m/s or 385 m/s. [(b)–(d)] The measured velocity-mapped ion images at the
peak of the TOF profiles, together with
the corresponding longitudinal (v∥ ) and
transverse (v ) velocity distributions of
the packets displayed in panels (e) and
(f), respectively. The experimental profiles (Exp.) are shown above the simulated profiles (Sim.).
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focusing forces are dominated by the hexapoles, and all molecules
experience the same focusing forces independent of their forward
velocity. Thus, the longitudinal deceleration and transverse focusing properties are effectively decoupled. These observations are well
reproduced by the TOF profiles and velocity distributions resulting
from numerical trajectory simulations on our apparatus (shown in
Fig. 2), which take into account the forces exerted by the space and
time dependent fields of the decelerator on both the mj = 3/2 and
mj = 1/2 components of the initial beam of NO (X 2 Π3/2 , j = 3/2)
radicals.
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As the resolution of a collision image critically depends on the
velocity spreads of the decelerated beams, it is instructive to compare these spreads attained here for NO (X 2 Π3/2 ) using the Zeeman
decelerator, with those routinely attained for NO (X 2 Π1/2 ) using
a Stark decelerator. Table I summarizes these spreads, where we
considered the Stark decelerator described in detail in Ref. 2. It is
seen that the longitudinal velocity spreads for Zeeman-decelerated
NO (X 2 Π3/2 ) can be made similar or even smaller compared to
the longitudinal velocity spread of NO (X 2 Π1/2 ) typically emerging from a Stark decelerator. By contrast, the transverse spread of

FIG. 3. Experimental scattering images
(left panels) for the scattering processes
NO (X 2 Π3/2 , j NO = 3/2, e + f ) + Ne
→ NO (X 2 Π3/2 , j ′ NO , e) + Ne. The
corresponding experimental (Exp.) and
simulated (Sim.) angular scattering distributions are shown in the right panels.
The observed oscillatory structures originate from the diffraction of matter waves
during the molecular collisions. For the
j ′ NO = 9/2, e final state (bottom left
panel), a very weak inner ring is
observed due to collisional excitation
of residual spin-orbit ground state NO
(X 2 Π1/2 ) present in the molecular beam.
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FIG. 4. Experimental scattering images (left panels) for
the scattering processes NO (X 2 Π3/2 , j NO = 3/2, e + f )
+ O2 (NO2 = 1) → NO (X 2 Π3/2 , j ′ NO , e) + O2 (N′O2 ).
The corresponding experimental (Exp.) and simulated
(Sim.) radial scattering distributions are shown in the right
panels. The observed multiple concentric rings originate
from correlated excitations in the NO radicals and O2
molecules. The simulations are based on theoretical calculations that include only four O2 states (N′O2 = 1, 3, 5, 7).
The vertical dashed lines indicate the kinematic cut-off positions, i.e., the expected radii, for the N′O2 = 1, 3, 5, 7, 9, 11
final states of O2 (from right to left) corresponding
to a rotational excitation energy of about 0 cm−1 ,
15 cm−1 , 41 cm−1 , 78 cm−1 , 127 cm−1 , and 188 cm−1 ,
respectively.
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the Zeeman-decelerated NO significantly exceeds the corresponding spread when using a Stark decelerator. This reflects the relatively strong focusing forces of the used magnetic hexapoles. It is
noted that while the longitudinal and transverse spreads in the Starkdecelerated beams are coupled, these spreads can be tuned independently in the Zeeman decelerator. For instance, the transverse
spread in the experiments reported here can simply be reduced by
exchanging the hexapole magnets for weaker ones, without affecting
the longitudinal properties of the packets.
The velocity spreads currently obtained with the Zeeman decelerator are sufficient to resolve fine structures in collision images. We
demonstrate this by performing collision experiments with Ne and
O2 , for which the packets of NO (X 2 Π3/2 , j = 3/2) radicals exiting
the decelerator with a velocity of 385 m/s and 400 m/s were chosen,
resulting in collision energies of 183 cm−1 and 285 cm−1 , respectively. The experimental scattering images for inelastic collisions of
NO with Ne and O2 that excite the NO radicals to various final states
are shown in Figs. 3 and 4, respectively. Here, each pixel corresponds
to a velocity of 1.8 m/s. The images are presented such that the relative velocity vector is directed horizontally, with forward scattering
angles positioned at the right side of the image. Small segments of
the images are masked around the forward direction since the initial
beam gives a contribution to the signal here.
For NO–Ne, clear oscillatory structures are observed, originating from the quantum mechanical nature of molecules that leads
to diffraction of matter waves during the molecular collisions. The
oscillations are most pronounced for excitation into the j = 5/2 level
and have less contrast for excitation into higher rotational levels.
For NO–O2 , multiple scattering rings are observed in a single image
that originate from correlated excitations in both the NO and O2
molecules. For a given image probing a specific transition in NO,
each ring corresponds to a different (NO2 = 1 → NO′ 2 ) inelastic excitation in the O2 molecule. The relative intensity of the inner rings is
observed to increase as NO is excited to higher rotational states, consistent with earlier NO–O2 work using Stark decelerators and with
propensity rules for bimolecular collisions.4
To further illustrate the ability to resolve fine structures in
the images, we analyzed the angular and radial scattering distributions for NO–Ne and NO–O2 , respectively (see Figs. 3 and 4).
The angular scattering distributions are retrieved from the experimental image intensities within a narrow annulus around the rims
of the rings, whereas radial scattering intensity distributions are
determined within a narrow cone of the images at near-forward
scattering angles. The experimentally obtained distributions can be
directly compared to those obtained from simulated images. Our
image simulations are based on theoretical state-to-state cross sections acquired from ab initio coupled-channels calculations that use
state-of-the-art NO–Ne and NO–O2 potential energy surfaces,4,28
in combination with the particle trajectory simulations on our Zeeman decelerator apparatus. The simulated images are analyzed analogously to their experimental counterparts to acquire predicted
radial and angular scattering distributions that take into account
the spatial, temporal, and velocity spreads of the used molecular beams.3 In these calculations, the theoretical cross sections for
the e and f initial state are taken into account with equal contribution. Our measurements are quantitatively reproduced by the
simulated distributions. The spacing and phase of the diffraction
structures, as well as the position and relative intensities of the
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pair-correlated rings, are in excellent agreement with theoretical
predictions. These results demonstrate that the high intrinsic resolution in experiments using Stark decelerators can now also be
achieved in experiments using Zeeman decelerators.
We have reported the first crossed beam scattering experiment using the combination of Zeeman deceleration and velocity
map imaging. Our direct observations of diffraction oscillations in
NO–Ne collisions and product-pair correlations in NO–O2 collisions illustrate that the image resolutions are sufficient to resolve
narrow-spaced structures in both the angular and radial scattering distributions. Such structures have thus far only been observed
using Stark decelerators, underlining the prospects for performing
high-resolution and low-energy scattering experiments with magnetic particles using Zeeman decelerators. This yields the interesting
outlook to use a variety of chemically relevant species in scattering
experiments employing decelerators that could not be used before.
These include H, O(3 P), O(1 D), and F atoms, as well as molecular
species such as O2 and NH. These species have been of paramount
importance in benchmark reactive scattering studies in the past,
such as the O(1 D)+H2 → OH + H29 and F + H2 → HF + H30,31
reactions, and are prime candidates to study barrier-less reactions
at low energies. Cold and controlled crossed beam experiments
using a Zeeman decelerator as reported here offer new and exciting
prospects to study collisions and reactions with an unprecedented
level of precision and in unexplored energy regimes.
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