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We present an experimental study of the low-energy stereodynamics of the Neð3P2Þ þ N2 reaction.
Supersonic expansions of the two reactants are superposed in a merged beam experiment, where individual
velocity control of the two beams allows us to reach average relative velocities of zero, yielding minimum
collision energies around 60 mK. We combine the merged beam technique with the orientation of the
metastable neon atoms and measure the branching between two reaction channels, Penning ionization
and associative ionization, as a function of neon orientation and collision energy, covering the range
0.06–700 K. We find that we lose the ability to orient Ne below ≈100 K due to dynamic reorientation.
Associative ionization products Ne-Nþ

2 predissociate with a probability of 30%–60% and that associative
ionization is entirely due to reactions of the Ω ¼ 2 state, where the singly occupied p orbital of the Ne� is
oriented along the interatomic axis.

DOI: 10.1103/PhysRevLett.123.133401

Introduction.—Several groundbreaking studies have
demonstrated the potential in recently developed exper-
imental techniques to control and investigate chemical
reactions at collision energies below 1 K [1–11]. One of
these methods is the merged beam technique, which gives
access to near-zero collision energies by superposing two
supersonic expansions and reducing the relative velocity
without the need for slow molecules in the laboratory
reference frame. Different approaches for this have been
proposed in the past, namely, the use of Stark decelerators
and molecular synchrotrons [12], of backward-rotating
nozzles [13], and of guides [14]. The first demonstrations
of the merged beam approach were achieved by Henson
et al. [4] and by Jankunas et al. [6], and it has since been
applied to several studies that allowed for, e.g., the
observation of shape resonances [4], symmetry-dependent
reactivity [15], and stereodynamics [16].
In the realm of control, it is of special interest to actively

fix also the reactant orientation [17–19]. Such stereo-
dynamics experiments introduce an anisotropy and provide
access to angular dependencies that are not accessible when
using isotropically distributed reactants [20,21]. The com-
bination of low-energy collisions with steric control is
interesting particularly in view of effects like dynamic
reorientation, which can take place at low collision ener-
gies, when the force from the interatomic potential over-
comes the force produced by the external magnetic field.
Thus, at the lowest energies, the stereodynamics are
entirely dominated by the potential between the reactants
rather than by kinematics or external fields, thus completely
changing the outcome of the reaction. The energy at which
the ability to orient is lost, as observed recently for several
prototypical reactions [16,22], depends on the interaction

potential between the two reactants. Here we here apply the
merged beam technique to the investigation of the reor-
ientation effect in detail.
In collisions between an excited atom A� and a ground

state particle BC with an ionization energy lower than the
internal energy of reactant A�, three primary reactions can
take place,

A� þ BC → Aþ BCþ þ e−; ð1Þ

→ ABCþ þ e−; and ð2Þ

→ Aþ Bþ Cþ þ e−; ð3Þ

called Penning ionization (PI), associative ionization (AI),
and dissociative ionization, respectively [23,24]. They have
all been studied extensively in the past decades, both
theoretically and experimentally [25–28].
We have found in the past that the atoms that emerge

from our magnetic guide are polarized and can be oriented
even by very weak stray fields [29], and our Neð3P2Þ þ Ar
studies demonstrate that it is critical to know the exact state
of the Neð3P2Þ atoms when measuring branching ratios.
With unknown orientation or polarization, reactivity mea-
surements become very difficult to interpret, and care must
be taken to apply appropriate models [30]. In a recent study
of the Neð3P2Þ þ Ar reaction, we have measured the
branching between reactions (1) and (2) in the energy
range 0.02–1000 K, while controlling the orientation of the
Neð3P2Þ atoms (henceforth, Ne�) with an external magnetic
field [16]. This effectively controls the populations of states
with different J⃗ projections on the interatomic axis. Ne�
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itself has an anisotropic electron distribution, making also
the propensities for AI and PI angle dependent. A strong
steric effect was observed, except at the lowest collision
energies where the branching ratio was independent of the
external magnetic field, an effect we attributed to a
reorientation of Ne�.
Here we extend our studies to the investigation of the

ðorientedNe�Þ þ N2 reaction and present sub-Kelvin stereo-
dynamics studies of a triatomic collision system. In contrast
to atomþ atom reactions, atomþmolecule reactions pos-
sess more internal structure and offer a higher complexity
even if the molecule itself is not oriented. In the case of N2,
for example, the existence of a vibrational structure has been
observed to significantly affect the branching ratio [31,32].
We recently found that predissociation can distort the
measured channel branching: products of reaction 2 usually
areweakly boundNe-Nþ

2 complexes, where theN2 fragment
can be formed in excited states. Energy flow from the N2

fragment to theNe-Nþ
2 bond can then lead to predissociation.

PI can thus lead to the same product ions as AI followed by
predissociation, namely, bare Nþ

2 , while AI alone should
form Ne-Nþ

2 complex cations [32]. Expanding our high-
energy studies to less than 0.1 K allows us to compare them
with those from Ref. [16] to extract separate propensities for
AI and PI and to improve our understanding of the energy-
dependent reaction mechanisms.
Experimental details.—A detailed description of the

complete setup is given elsewhere [5,33]. Briefly, a super-
sonic expansion of state-purified metastable Neð3P2Þ is
merged with a supersonic expansion of N2 by bending the
neon onto the axis of the N2, using a 1.8 m long, curved
permanent-magnet multipole guide. The guiding dynamics
inside the guide depend on the magnetic quantum number
that leads to a polarized Ne�. The Ne� speed is controlled
by varying the valve temperature from ≈ 200–250 K,
yielding center velocities between 700 and 760 m=s. N2

is formed by expanding a mixture of He and N2, and
injected tangentially through the magnetic guide. Velocities
of 750–1700 m=s are obtained by varying the He:N2

seeding ratio between 1∶10 and 30∶1, which leads, in
combination with the Ne� velocities, to collision energies in
the range from Ecoll=kB ¼ 60 mK to 700 K (kB is the
Boltzmann constant). From our previous measurements, we
estimate the rotational temperature of N2 in the molecular
beam to be ∼ 20 K, which implies that more than 97% of
molecules occupy levels with J ≤ 4 [32].
The two beams enter an area with a controlled magnetic

field that is produced through two pairs of solenoid
magnets arranged at 90 deg (see Fig. 1), which allows
the production of a magnetic field with a well-defined
direction at any angle [32]. Polarized Ne� atoms emerge
from the magnetic guide and are adiabatically oriented in
the magnetic field. Reaction products, either Nþ

2 or Ne-Nþ
2 ,

are extracted in a pulsed time-of-flight mass spectrometer
out of the plane of Fig. 1.

The populations for the different mJ states have been
determined spectroscopically [29,33]. It should be noted
that the measured populations are not what one would
expect based on trajectory calculations alone since it
appears that some degree of depolarization is taking place
between the end of the magnetic guide and the interaction
zone 30 cm away; a scattering experiment comparing
different reactions of magnetically or electrically controlled
particles must include a detailed analysis of the polarization.
The populations, together with the selected angle θkB

between B⃗ and k⃗, are used to calculate populations in the
molecular reference frame where the projection of J⃗ on the
interparticle axis is labeled by Ω, in analogy with Hund’s
coupling case (c). Wigner D matrices are used, for each
magnetic field orientation, to determine the pðΩÞ popula-
tions from the measured pðmJÞ. Previous experiments
indicate that AI products are formed with several quanta
of vibrational excitation of the Nþ

2 bound to Ne [31,32], and
all but the ground state products predissociate, presumably
in most cases on a very fast timescale [34].
Examples of raw data traces are shown in Fig. 2.

Figures 2(a) and 2(b) show mass spectra recorded at an
angle of θkB ¼ 85° and at collision energies of Ecoll=kB ¼
68 mK and 616 K, respectively. Nþ

2 (the early, red-shaded

FIG. 1. Sketch of the interaction region. Two parallel molecular
beams collide with the relative velocity vrel in the center of a pair
of solenoids, arranged at 90 deg, which produces the magnetic
field B⃗ at an angle θkB.

0 1500 3000 4500
0

20

40

60

80

100

TOF (ns)

Io
n

yi
el

d
(a

.u
.) BG

H2O
N+

2
NeN+

2

0 1500 3000 4500
TOF (ns)

(a) (b)

(c) (d)

0 120 240 360

20

40

60

80

kB (Degrees)

Io
n

yi
el

d
(c

ou
nt

s) N+
2 NeN+

2

0 120 240 360

100

200

300

kB (Degrees)

FIG. 2. Samples of raw TOF spectra at θkB ¼ 85° for
(a) Ecoll=kB ¼ 68 mK and (b) Ecoll=kB ¼ 616 K. (c),(d) Ion
yields as a function of θkB for the same collision energies. BG
is short for background.
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signal) and NeNþ
2 (late, blue) are easily distinguished.

Figures 2(c) and 2(d) show the angle-dependent total ion
counts for the two energies, and in each case the red (blue)
trace corresponds to the Nþ

2 (NeNþ
2 ) signal. These signals

contain information on the Ω specific reaction cross
sections for AI and PI, as well as for the propensity for
predissociation of the NeNþ

2 products. Our studies of
Ne� þ Rg have shown that the AI channel is enhanced
when the singly occupied p orbital on Ne� is oriented along
the interatomic axis (corresponding to Ω ¼ 2), while PI
takes place at longer internuclear distances and has an
angle-independent propensity, and this was the case for
Rg ¼ Ar, Xe, and Kr [32]. We can use that result to
disentangle the true AI and PI signals from the measured
ion signals: we assume that the measured Nþ

2 signal carries
an angle-independent part (PI) and an angle-dependent part
that originates from predissociated AI products, and we
write

INþ
2
ðθkB;EcollÞ¼wðEcollÞINeNþ

2
ðθkB;EcollÞþIPIðEcollÞ; ð4Þ

where θkB is the angle between relative velocity k⃗ and
magnetic field direction B⃗, Ecoll is the collision energy,
wðEcollÞ is the fraction of NeNþ

2 ions that predissociate, and
IPIðEcollÞ is the fraction of Nþ

2 ions that are formed through
direct PI. wðEcollÞ and IPIðEcollÞ do not depend on the
magnetic field direction, but they can vary with collision
energy. The predissociation probability of the AI products
can then be written as PpdðEcollÞ ¼ ½wðEcollÞ=1þ wðEcollÞ�.
The actual ratio between AI and PI thus becomes

RðθkBÞ ¼
IAI
IPI

¼ INeNþ
2
ðθkBÞ þ wINeNþ

2
ðθkBÞ

INþ
2
ðθkBÞ − wINeNþ

2
ðθkBÞ

; ð5Þ

which defines the reactivity R. As we show below, this
approximation is justified only at collision energies above
≈30 K where we observe a steric effect. Below that, the
reactivity becomes independent of θkB, and we write it
directly as the ratio between the ion signals Rlow EðθkBÞ ¼
½INeNþ

2
ðθkBÞ=INþ

2
ðθkBÞ�.

Results and discussion.—To extract relative reaction
cross sections for AI and PI, we express each of the
channels as IAI;PI ∝

P
Ω¼0;1;2 pðΩÞσAI;PI and fit the mea-

sured ratio R to the ratio IAI=IPI [33]. The primary results
from this analysis are the Ω specific ratios σΩAI=σ

Ω
PI.

Figures 3(a) and 3(b) show the raw and fitted reactivity,
respectively, as a function of orientation angle and collision
energy. The reactivity on the right side, above 30 K, is
obtained using Eq. (5), while the one on the left is the ratio
of the raw ion signals. Above 30 K, the ratio between AI
and PI strongly depends on θkB, while it is nearly
independent of collision energy. As the orientation angle
θkB is varied from 0° to 360°, the reaction oscillates

between PI dominated and AI dominated. This is in stark
contrast with the Ne� þ Ar reaction where, despite the
angle-dependent oscillations, PI dominates at low collision
energies but is the minor channel at high energies.
Ω specific reactivities are shown in Figs. 4(a)–4(c) for

Ω ¼ 0, 1, and 2, respectively. In each case, the left panel for
Ecoll < 30 K is obtained from Rlow E, while the right panel
uses Eq. (5) and excludes predissociation. Three striking
observations can be made here: (1) While the Ω ¼ 0, 1
reactivities are nearly zero at high energies and rise to ≈0.5
below 30 K, the Ω ¼ 2 reactivity is around 2.5 at high
energies and steeply drops to ≈0.6 below 30 K. (2) AI
above 30 K originates exclusively from the Ω ¼ 2 state.
The AI channel is closed for Ω ¼ 0, 1. (3) Below 30 K, the
efficiency of the AI channel is lower than that of the PI
channel for allΩ values. Further information is obtained by
calculating the energy-dependent ratio Rð90°Þ=Rð180°Þ,
being the ratio between the maximum and minimum of
curves like those in Figs. 2(c) and 2(d). This ratio, shown in
Fig. 4(d), quantifies the steric effect; it is close to 1 if there
is no angle dependence. Similar to our observation in
Ne� þ Ar collisions, the steric effect is quite pronounced at
energies above 100 K but then drops and is absent below
10 K. At the lowest collision energies (indicated by a pink
shading), our experiment does not permit orientational
control since in this range the longitudinal relative veloc-
ities become comparable to the spread of the transverse
velocities.
Finally, Fig. 5 shows Ppd, the probability for predis-

sociation of AI products as a function of energy, as
extracted through a least-squares fit of Eq. (4) to the raw
data. As the collision energy decreases, a slight downward
trend is observed for w, which implies that the state
distribution of the Ne-Nþ

2 ions changes as a function of
collision energy. Sonnenfroh and Leone have studied this
reaction in the past and found the vibrational state
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FIG. 3. Experimental (a) and fitted (b) reactivity as a function of
collision angle and energy. In both cases, the left side shows the
energy range 0.06–30 K, and the right side shows the range
30–700 K. (Left) Raw data. (Right) The true AI/PI obtained
through a fit of Eq. (4).
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distributions to be largely governed by Franck-Condon
factors [31]. Possibly, the changing wave function of the
collision complex leads to sufficiently strong variations of
those, even though we here only cover an energy range of
0.1 eV relative to the energy release of more than 1 eV
during ionization. Recent calculations propose the exist-
ence of long-lived states where predissociation is sup-
pressed, and the collision-energy-dependent population of
such states would have a great effect on the observed
predissociation rate [35].
A particularly intriguing feature in Fig. 5 is the local

reduction of Ppd observed around 470 K, a collision energy
where we also observe a reduced propensity for AI,
see Fig. 3. This energy coincides with the calculated energy
of the vþ ¼ 4 state of Nþ

2 , using ωe ¼ 2207 cm−1 and
ωexe ¼ 16 cm−1, in combination with the energies of Ne�
(16.6 eV) and the ionization potential of N2 (15.58 eV) and
the estimated binding energy of Ne to N2 of 300 cm−1

[31,36]. We tentatively assign the feature to a vibrational
Feshbach resonance that leads to the formation of Ne-Nþ

2

with Nþ
2 in the vibrationally excited state. A final assign-

ment requires additional experiments that enable us to

separately detect the formation of this complex prior to
predissociation, as well as theoretical calculations.
The electronic configuration of Ne� is 1s22s22p53s1. A

magnetic quantum number mJ ¼ 2 implies that the singly
occupied 2p orbital is oriented along the selected axis,
which in turn means that in the Ω ¼ 2 state it is oriented
along the interparticle axis. Similar to our previous study on
the Ne� þ Ar reaction [16,32], we find that AI necessitates
Ω ¼ 2. In other words, the orbital overlap that is required
for complex formation preceding AI is very strongly
favored by that particular Ne� orientation. In contrast to
the case of Ar, however, we here observe no AI from
Ω ¼ 0, 1 at all. Only when the collision energy is reduced
below a certain threshold do we observe AI from all three
components. However, this only happens when the Ne�
electron distribution dynamically reorients into the most
stable arrangement relative to N2, which corresponds an
arrangement similar to the Ω ¼ 2 state, since in this
configuration a metastably bound Ne�-N2 complex can
be formed. The energy range in which we start observing
this reorientation is very similar for Ar and N2, which can
be explained by the similar interaction potentials between
Ne� and either of these species [37].
Conclusions.—The stereodynamics of the Ne� þ N2

reaction shows several similarities to the Ne� þ Ar reac-
tion: in both cases associative ionization originates pre-
dominantly from Neð3P2;Ω ¼ 2Þ states, while the other
components show little (in the case of Ar) or no associative
ionization. In both reactions, the steric control is lost to
dynamic reorientation at around 30 K, a similarity that is
expected from the comparable interaction potentials of Ne�
with the two reactants. Although the Ne� þ N2 interaction
potential is anisotropic, there is no signature of this in the
present data because the nonzero rotational temperature of
N2 leaves some population in rotationally excited states and
effectively turns the molecule into an isotropic object. The
added complexity of N2 in comparison with Ar is seen
primarily in the additional dynamics of the product ion,
namely, that an AI product can predissociate. We find the
total probability for predissociation to be 30%–60% over
the entire energy range covered here, but to slightly
increase with collision energy. Below 30 K, our experiment
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does not currently allow us to extract information on the
predissociation.
The very strong dependence of the AI/PI ratio on

the pðΩ) implies that great care must be taken when
interpreting experimental results. Any kind of manipula-
tion of polar or paramagnetic particles with electric or
magnetic fields induces some degree of polarization.
Depolarization dynamics eliminate the effect of the fields
once the particles emerge from them, but depending on the
system the relevant timescales may well be on the timescale
of the experiment.Dependingon the subsequent experiment,
it is critical to quantify the polarization in view of a correct
analysis of reaction cross sections and branching ratios.
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