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ABSTRACT
In many chemical reactions with more than one possible outcome, the branching ratio is nearly
constant over awide range of collision energies. In barrierless systems governedby long-range inter-
actions, however, the branching ratio is more sensitive to collision energy, and its dependence on it
can be useful for better understanding the dynamics and reconstructing interaction potentials. Here
we present the reaction rates of Penning and associative ionisation of metastable neon and helium
with argon atoms. We obtain reaction rates in merge beam experiments, over a wide range of col-
lision energies corresponding to that of room temperature, all the way down to a few millikelvins.
We observe a change of two orders of magnitude in the branching ratio in the measured collision
energy range and explain these changes using theoretical calculations.

ARTICLE HISTORY
Received 31 July 2018
Accepted 6 March 2019

KEYWORDS
Branching ratio; cold
collisions; merged beam;
Penning ionisation;
associative ionisation

CONTACT Edvardas Narevicius edvardas.narevicius@weizmann.ac.il Department of Chemical and Biological Physics, Weizmann Institute of Science,
Rehovot 76100, Israel
∗Present address: JILA, NIST and the University of Colorado, Department of Physics, University of Colorado, Boulder, Colorado 80309–0440, USA
∗∗Present address: Department of Chemistry, University of Southern California, Los Angeles, California 90089, USA

© 2019 Informa UK Limited, trading as Taylor & Francis Group

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/00268976.2019.1594421&domain=pdf&date_stamp=2019-03-22
http://orcid.org/0000-0002-0308-6319
mailto:edvardas.narevicius@weizmann.ac.il


2 N. BIBELNIK ET AL.

Introduction

One of the central goals of the chemical sciences is
to obtain a comprehensive characterisation and micro-
scopic understanding of chemical processes. An impor-
tant parameter in describing a chemical reaction with
more than one possible outcome is the branching ratio.
Very often, it is determined empirically and is assumed
to vary slowly with changes in the collision energy. Nev-
ertheless, the dependence of the branching ratio on the
collision kinetic energy reveals interesting information
about the reaction dynamics. In order to observe sig-
nificant changes in the branching ratio, it is essential to
perform measurements over a wide range of collision
energies. In our experiments, we measure the branching
ratio over collision energies ranging from room temper-
ature, where classical models can explain the dynamics,
down to the cold collision regime, where the reaction
dynamics is largely governed by quantum effects.

Due to centrifugal repulsion between the chemical
reactants, at sufficiently low kinetic energies, only a few
angular momentum states or partial waves contribute to
the reaction dynamics. This typically occurs bellow 1K,
for weakly interacting molecules, where both the exact
position and height of the centrifugal barrier depend on
the interaction strength and the reduced mass. The effect
enables the observation of interesting quantum phenom-
ena that are highly sensitive to the interaction details and
can be used as benchmarks for reconstructing potential
energy surfaces.

In recent studies, cold collision experiments have been
conducted using several techniques. Hybrid ion-neutral
traps have been used to investigate ion-neutral interac-
tions in systems involving neutral species (such as Rb,
Ca, andYb), confined inmagneto-optical traps, and ionic
species (such as laser-cooled Yb+ and Ca+, sympatheti-
cally cooled N2

+ and buffer gas-cooled OH−), confined
in Paul traps [1–4]. In other experiments, cold effusive
beams have been implemented in studying the interac-
tions of H, He, H2, and D2, with buffer gas-cooled CH5

+
and H3

+ ions [5]. In all these ion-neutral experiments,
there was no significant change in the branching ratio
throughout the measured collision energy range. A con-
venient method for studying cold neutral-neutral inter-
actions is via merged beam experiments, which offer a
unique possibility to probe the reaction dynamics over
a wide energy range, from hundreds of kelvins down to
severalmillikelvins [6,7]. Currently,merged beam studies
focus on chemionization processes, where neutral species
interact with electronically excited noble gas atoms via
van der Waals dispersion forces [8–13]. Possible reac-
tion channels include Penning ionisation (PI) [14,15],
where the neutral reactant is ionised, whereas the excited
reactant is quenched, associative ionisation (AI), where a

molecular ion is formed, or dissociative ionisation (DI),
where a reactant molecule breaks down into ionic and
neutral fragments. Our experiments focus on AI and PI
processes, which are described by:

A∗ + B � [AB]∗ → A + B+ + e− (PI)

→ AB+ + e−(AI) (1)

The branching ratio betweenPI andDI channels has been
probed in systems characterised by strong short-range
interactions, such as Ne∗ with NH3, ND3, and CH3F. It
was found to be constant over the collision energy range
of 230K to 100mK in ammonia isotopes [12], and of 56K
to 150mK in fluoromethane [13]. The weak dependence
on collision energy in these systems can be explained
by comparing the interaction strength with the initial
kinetic energy of the reactants; the short-range chemi-
cal rearrangement is fully governed by the deep potential
well; the initial kinetic energy has a negligible effect on
the reaction dynamics.

Here, we demonstrate that for weakly interacting sys-
tems where the interaction strength is of the order of the
collision energy, strong changes in the branching ratio
can be expected over a wide energy range. Importantly,
we show that the AI to PI branching ratio for the Ne(3
3P2)+Ar reaction changes by more than two orders of
magnitude over collision energies corresponding to room
temperature down to several millikelvins. At the highest
collision energies, Ar+ is the major product, whereas at
the lowest collision energies, the formation of the molec-
ular ion, NeAr+, is the dominant channel. A similar
trend is observed in the He(2 3S1)+Ar reaction, with a
roughly equal tendency towards the AI and PI channels
at the lowest collision energies. Our theoretical calcula-
tions for the branching ratio and the reaction rates are
in agreement with the experimental results. The theo-
retical calculations also show that PI processes that take
place at large inter-nuclear distances are especially sen-
sitive to the long-range part of the product’s ion-neutral
interaction and this explains the difference in the branch-
ing ratio betweenNe∗ +Ar andHe∗ +Ar at low collision
energies.

Experimental methods

Our experimental setup is based on a magnetically
aligned merged beam apparatus, where controlled colli-
sions between two species, of which one is paramagnetic,
can be studied. This setup has been described in detail
previously [7,9,11].

In our experiment, we generate a supersonic beam
of metastable species, He(3S1) or Ne(3P2) by applying a
dielectric barrier discharge [16] on ground-state He or
Ne, respectively, at the orifice of an Even-Lavie pulsed
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valve [17]. We then use a magnetic guide to deflect the
low-field seeking fraction of the metastable beam, and
merge it with a straight Ar beam, which is generated by
a second pulsed valve. The two beams collide in a detec-
tion region of a pulsed time-of-flight mass spectrometer,
which distinguishes the different ionic products by their
mass-to-charge ratio.We use amulti-channel plate detec-
tor, which is placed on axis with the beam, for measuring
the metastable reactants, and an electron impact ionisa-
tion time-of-flight mass spectrometer for detecting the
neutral argon atoms from the straight beam.

The collision energy range is obtained by tuning the
relative velocity between the beams. This is achieved by
modifying the stagnation temperatures of the valves and
by seeding the Ar beam in carrier gases having differ-
ent masses (such as He or H2). In addition to the narrow
velocity spread created in the supersonic expansion, the
attainable energy spread is further reduced by two orders
of magnitude due to velocity-position space correlations
that develop during the free propagation of the pulsed
beams [18]. The current configuration allows one tomea-
sure PI and AI reaction rates as a function of collision
energy spanning from ten millikelvins to hundreds of
kelvins.

Theoretical methods

In order to calculate PI andAI cross sections and reaction
rates, we combine two methods. We use discrete variable
representation (DVR) [19] for calculating the branching
ratio between bound (AI) and continuum states (PI) at
the exit channel, and phase-shift calculations for comput-
ing the total ionisation cross section. Ideally, DVR should
enable the calculation of the cross section for every exit
channel. However, it is based on matrix diagonalization;
therefore, the attainable number of the calculated states
at low energies is insufficient for obtaining the full spec-
trum in detail. Nevertheless, it is enough for obtaining
the branching ratio, which is a smooth function of the
collision energy.

PI and AI can be described as auto-ionisation pro-
cesses of a particle with reduced mass, μ, in an effective
potential that depends only on the inter-nuclear coordi-
nate, R, and on the angular momentum of the collision,
l. We assume that the transition is irreversible and there-
fore can be represented by an optical potential − i

2�(R),
where �(R)/� is the decay rate. The entrance Hamilto-
nian is given by:

Hi(R) = T̂ + �2l(l + 1)
2μR2

+ Vreactants(R)− i
2
�(R), (2)

where T̂ is the radial kinetic energy operator.

The total ionisation cross section for reactants with
partial wave l and collision energy Ei is given by the
formula:

σ l
total(Ei) = (2l + 1)

π

k2
(1 − e−4Im(δl)), (3)

where k = √
2μEi and δl represents the complex phase

shift, which is computed using Johnson’s integration
method [20].

We obtain the ionic product wave functions as eigen-
states of the Hermitian Hamiltonian:

Hf (R) = T̂ + �2l(l + 1)
2μR2

+ Vproducts(R). (4)

In order to distinguish the contributions of the differ-
ent exit channels to the total ionisation cross section, we
use the following approximate expression suggested by
Hickman and Morgner [21]:

σ l
total(Ei) =

∫
Ef

4π
k2

(
2μ
�2

)2 (
1
2π

)
(2l + 1)e−2Im(δl)

∣∣∣〈ψ l
f

∣∣∣√�∣∣∣ψ l
i

〉∣∣∣2dEf , (5)

where ψ l
i is the initial reactant eigenstate with energy Ei,

ψ l
f are the final product eigenstates with energy Ef , and

� is the ionisation width. Note that the matrix elements,∣∣∣〈ψ l
f

∣∣∣√�∣∣∣ψ l
i

〉∣∣∣2, represent the overlap of the states ψ l
f

with the reactive fraction of the incoming wave function√
�|ψ l

i 〉.
The relative contribution of the AI process to the total

ionisation cross section is given by the ratio of the con-
tributions of all final bound states (Ef < 0) versus that of
all possible final states:

σ l
AI

σ l
total

(Ei) =
∑

Ef<0

∣∣∣〈ψ l
f

∣∣∣√�∣∣∣ψ l
i

〉∣∣∣2
∑

all Ef

∣∣∣〈ψ l
f

∣∣∣√�∣∣∣ψ l
i

〉∣∣∣2
. (6)

We use DVR [19] to calculate the eigenstates, ψ l
i and

ψ l
f , with eigen-energies Ei and Ef , from the reactant and

product Hamiltonians. In the above expression, we sum
up the bound states and integrate over the continuum
part of the spectrum. We perform the calculation sepa-
rately for every angular momentum l, and obtain a differ-
ent set of eigen-energies for each partial wave. Therefore,
we have to interpolate over a common energy grid before
summing the contributions of all the partial waves. The
DVR calculated ratio, σ l

AI/σ
l
total, is a smooth function of

the collision energy.We interpolate the ratio of every par-
tial wave over the common energy grid, andmultiply it by
the cross section, σ l

total, which we compute using phase
shift calculations.
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We sum over all angular momenta and obtain the total
AI and PI cross sections:

σAI(E) = π

k2
∑
l

(2l + 1)
(
1 − e−4Im(δl)

) σ l
AI

σ l
total

(E) (7)

σPI = σtotal − σAI . (8)

We multiply σ by -hk/μ to obtain the reaction rates.

For simplicity, we neglect the angular momentum
carried by the electron. This assumption is supported
by a semi-classical calculation that limits the angu-
lar momentum transfer to two quanta for He+Ar,
and one quantum for Ne+Ar, at low transfer prob-
abilities. To further validate the assumption, we have
included the angular momentum transfer to the elec-
tron in a few test calculations [22] (without optimising all

Figure 1. The neutral and ionic potential energy surfaces for Ne(3P)+ Ar (a and b) and He(3S)+ Ar (c and d). The incoming wave
function weighted by the reaction rate

√
� (dashed pink line, a and c), and the outgoing�1/2 continuum wave function (dashed black

line, b andd), both for angularmomentum l = 0andwavenumber k = 8.109m−1, arepresented for the two systems. In theNe(3P)+ Ar
system (b), the continuumwave function oscillates faster and therefore the overlapwith theweighted incomingwave function is smaller
(colour online).
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Table 1. Parameters for the neutral potential energy curves. The parameters (A,α,β1,β2 in Siska
et al.) are obtained by least squares fitting of the log difference between the calculated and mea-
sured AI and PI rates. † The decay rate pre-exponential factor A is estimated after calibration of the
rates, which is based on previous measurements of the total He∗ +Ar ionisation cross sections [25].

He∗ +Ar Ne∗ +Ar

Parameter This work Siska et al. [23] This work Gregor et al. [24]

β1 5.45Å 5.523Å 6.53Å 5.978Å
β2 7.04Å 7.108Å 5.88Å 5.333Å
α 3.9 ± 0.2Å 3.889Å−1 4.8 ± 0.2Å−1 1.472 ± 0.2Å−1

A† 1.03 · 104Kcal mole−1 2.07 · 104Kcal mole−1

potential parameters). The rates obtained with and with-
out angular momentum transfer turned out to be very
similar.

In the numerical calculations, we use the neutral
potential model of Siska [23,24], Figure 1(a and c),
which is a Morse-spline-van der Waals-type potential
with decay � = Ae−αR. We adjust the fitted parameters
of the original paper (A,α,β1,β2) to obtain the best fits
to our experimental results, as presented in Table 1.

In the product channel, Figure 1(b and d), we use
three spin-orbit-resolved ionic potentials of Ar+ + He
or Ar+ + Ne: �1/2,
3/2 and 
1/2 [26]. We obtain the
non-relativistic 2� and 2
 interaction potentials for
Ar+ + He or Ar+ + Ne from ab initio supermolecu-
lar calculations using a spin-unrestricted coupled cluster
method with single, double, and noniterative triple exci-
tations [UCCSD(T)], as implemented in theMolpro suite
of codes [27]. We employ a correlation-consistent dou-
bly augmented d-aug-cc-pVQZ basis set for the helium
atom, and a singly augmented aug-cc-pVQZ basis set
for the neon and argon atoms. We calculate the spin-
orbit-coupled states,�1/2,
1/2 and
3/2, assuming that
constant spin-orbit coupling is equal to the asymptotic
splitting in Ar+(2P) ion.

We assume an equal probability of decay into each
ionic final spin-orbit state. We also assume a full pre-
dissociation of HeAr+(
1/2) to He + Ar+with an ulti-
mate contribution only to the PI channel. This is justified
by comparing the short lifetime of HeAr+(
1/2) of less
than a microsecond [26], to the detection duration of 12
microseconds.

Finally, we perform a convolution of the calculated
rates with our supersonic beamprofile, which has a veloc-
ity spread of 10 m/s.

Results

ThemeasuredPI andAI reaction rates in the two systems,
Ne(3P)+Ar and He(3S)+Ar, are presented in Figure 2.
Interestingly, the systems exhibit a strong and very dif-
ferent dependence of the branching ratio as a function of
the collision energy.

At high energies, the dominant channel is PI, with
the Ar+ ion product. At low collision energies, however,
we observe a change in the trend, and a significant dif-
ference exists in the branching ratios between the two
systems. Whereas in the Ne∗ +Ar reaction the molecu-
lar ion product, NeAr+, dominates over Ar+ by an order
of magnitude at collision energies below 0.1meV, in the
He∗ +Ar reaction, the branching ratio reaches unity.

Discussion

Ourmolecular dynamics calculations are in a good agree-
ment with the experimental results, as shown in Figure 2.
An intuitive explanation for the changes in the branch-
ing ratio can be given in terms of the overlap of the final
bound (AI) and continuum (PI) ionic states, with the
incoming wave function weighted by the square root of
the reaction rate,

√
� · ψi. In both explored systems, the

calculations indicate strong modifications in the shape of√
� · ψi when lowering the collision energy. This leads

to different overlaps of
√
� · ψi with the bound and con-

tinuum final states and thus to a non-trivial dependence
of the branching ratio on the collision energy. In con-
trast, in systems with strong short-range interactions, the
reaction occurs at the short range, where the interac-
tion strength is much larger than the collision energy.
In such systems,

√
� · ψi is less sensitive to variations in

the collision energy, the overlap with different final states
exhibits a minor dependence on the collision energy, and
the branching ratio is approximately constant over a large
collision energy range. Figure 3 presents the calculated√
� · ψi of two collision energies, for the Ne(3P2)+Ar

potential, and for the Ne(3P2)+Ar potential scaled by
a factor of ten. The presented collision energies, 0.1
and 10meV, are respectively, smaller and larger than the
potential well depth, of 5.4meV. Both collision ener-
gies are smaller than the scaled potential well depth, of
54meV.Whereas the overlap of the two

√
� · ψ with dif-

ferent energies of the Ne(3P2)+Ar potential is 41%, the
overlap of the two

√
� · ψ of the scaled potential is 86%.

In the former case, the difference in the shape of
√
� · ψ

leads to different overlaps with the final ionic states and
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Figure 2. Associative ionisation (red) and Penning ionisation (blue) reaction rates of Ne(3P)+ Ar (a) and He(3S)+ Ar (b). The solid
lines denote numerical simulations. The two resonances (b) at 0.04meV and 0.16meV match l = 6 and l = 7, respectively. InHe∗ + Ar,
the reaction rate is calibrated to match previous measurements of the total ionisation cross section [25] (colour online).

therefore to a variation in the branching ratio, which
is measured experimentally. In the latter case, however,
where the collision energies are much smaller than the
potential well depth, the change in the shape of the wave

functions is negligible and the branching ratio remains
approximately constant.

Our model also explains the significant differences in
branching ratios at low energies, between Ne(3P)+Ar
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Figure 3. Incoming l = 0wave functionsweighted by
√
� of the reactant potentialNe(3P)+ Ar (solid lines) and of the reactant poten-

tial scaledby a factor of ten (dashed line) for collision energies smaller and larger than thepotential depthwell of Ne∗ +Arpotential (both
are smaller than the scaled potential well depth). The weighted wave functions,

√
� · ψ , are normalised, so that ∫ |ψ(R)|2�(R)dR = 1.

and He(3S)+Ar, which share a similar neutral poten-
tial dominated by strong repulsion at the short range,
together with weak long-range Van der Waals interac-
tions. The weighted incoming wavefunction,

√
� · ψi,

contributesmainly in a region of the ionic potential that is
dominated by the long-range C4/R4 ion-induced dipole
interaction term, shown in Figure 1(b and d). In this
region, the continuum wave functions (PI) are sensitive
to the interaction strength, i.e. the potential well depth
of the exit channel. Stronger interactions lead to faster
oscillations of the outgoing continuum wave functions
and thus to a smaller overlap with the weighted incom-
ingwave function. This consequently leads to a smaller PI
rate; however, the effect on the bound states (AI) isminor.
This results in an increased AI/PI branching ratio at low
energies. On the other hand, at high energies, the PI
channel is always preferred, since partial waves of higher
angular momentum, which lack bound states, become
accessible. In systems with stronger long-range interac-
tions, the balance between the trends is achieved with
higher collision energy. Neon has a stronger long-range
interaction with the Ar+ ion than does helium owing
to its higher polarizability [28]. Therefore, we expect an
increased AI/PI branching ratio at low collision energy,
and a higher collision energy at which the AI and PI
reaction rates will intersect.

In order to show that the differences in the branch-
ing ratios between Ne∗ +Ar and He∗ +Ar originate
from the different long-range interaction strengths at the
region of interaction, we calculate the PI and AI reac-
tion rates with fictitious C4 values. Interestingly, the neu-
tral potential, the decay rate (�), the reduced mass (μ),
and the short-range part of the ionic potential remain
unchanged. The energy at which the AI and PI rates are
equal is presented in Figure 4 for every fictitious value
of C4. In the two systems, we observethe same depen-
dence of the energy at which the branching ratio equals
unity on the value of C4, despite the differences in the
unmodified parameters. This indicates that the differ-
ent long-range interactions are indeed responsible for the
significant differences in the branching ratios between
the two systems.

Recently, Gordon et al. [29] measured the PI and AI
reaction rates in the case of Ne∗+ Ar ionisation in the
presence of external magnetic field. Their measurements
clearly show that the branching ratio strongly depends
on the relative orientation of the magnetic field and the
collision axis. We demonstrate here that the same model
that was used by the authors [29,30] does not reproduce
the branching ratio control. The exact decay rates from
the different magnetic projection states into each of the
three final ionic spin-orbit states are not known and are
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Figure 4. Semi-log plot of the calculated energy at which the AI and PI rates are equal versus a parametric variation of C4 coefficients
for Ne+Ar+ (blue) and He+Ar+ (red). The parameters Vneutral,�,μ and the short-range part of the ionic potential were not modified.
The C4 ion-induced dipole interaction coefficients of He+Ar+ and Ne+Ar+ (0.692 and 1.335 atomic units, respectively) are denoted by
arrows. In these cases the value of C4, in atomic units, is equal to half of the electric polarizability of the atom [28] (colour online).

Figure 5. Calculated PI and AI ratios as a function of θ , the external magnetic field direction relative to the collisions axis, for the case of
Ne∗+Ar. Dashed lines show the bounds for the scanned 107 sets of individual decay rates; continuous lines are PI and AI branching ratios
for the case with the maximal change.
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empirically taken to have an exponential form. Whereas
the pre-exponential factor might vary, the exponential
argument remains the same [14]. Therefore, we scan over
many (107) sets of pre-exponential factors. We find that
the maximal change in branching ratio as a function of
the magnetic field orientation relative to the collision
axis, does not exceed 10%.The simulationwith the largest
change in the AI and PI branching ratio, at a collision
energy of 175K, is presented in Figure 5.

Conclusion

In contrast to strongly interacting systems, where the
branching ratio does not vary significantly as a func-
tion of the collision energy, weakly interacting systems
exhibit major changes in the branching ratio over a wide
range of collision energies. Our study indicates that in
strongly interacting systems, where the potential well
depth is larger compared to the reaction collision ener-
gies, the shape of the incoming wave functions in the
region of reaction is determined mainly by the depth
of the well. Therefore, different incoming wave func-
tions have a relatively similar shape and similar overlaps
with final states. In this case, the only expected depen-
dence of the branching ratio on collision energy orig-
inates from populating high angular momentum states
at higher collision energies. The high angular momen-
tum states lack bound states due to the high centrifugal
repulsion, and therefore contribute only to the contin-
uum channel, i.e. PI. In contrast, in weakly interacting
systems, the shape of the incoming wave functions in the
region of reaction depends more sensitively on the col-
lision energy, resulting in an energy-dependence of the
branching ratio. In particular, we have measured signif-
icant changes in the branching ratio in van der Waals
weakly interacting Ne∗ +Ar and He∗ +Ar with PI and
AI product channels over a wide range of collision ener-
gies. At high collision energies, PI is the major channel in
both systems. At low collision energy, AI is clearly domi-
nant in the Ne∗ +Ar reaction, while being comparable to
PI in He∗ +Ar. The difference between the two systems
is attributed to a stronger ion-induced dipole interac-
tion, i.e. a larger C4 value in Ne+Ar+, which leads to
faster oscillations and thus to lower overlaps of the con-
tinuum ionic wave functions with the weighted incoming
reactant wave function.

In this work we have measured the dependence of the
branching ratio on the collision energy in two weakly
interacting systems. Our theoretical work explains why
this dependence is weaker in systems with stronger inter-
actions, and attributes the differences in branching ratios
between the two weakly interacting systems to the prod-
uct’s potential details.
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