
ETH Library

Effects of the charge–dipole and
charge–quadrupole interactions
on the He+ + CO reaction rate
coefficients at low collision
energies

Journal Article

Author(s):
Martins, Fernanda B.V.; Zhelyazkova, Valentina; Merkt, Frédéric

Publication date:
2022-11

Permanent link:
https://doi.org/10.3929/ethz-b-000580726

Rights / license:
Creative Commons Attribution 4.0 International

Originally published in:
New Journal of Physics 24(11), https://doi.org/10.1088/1367-2630/ac8a0b

Funding acknowledgement:
200478 - Precision measurements with cold molecules: Rydberg states, ions and photoionization (SNF)
743121 - Cold Ion Chemistry - Experiments within a Rydberg Orbit (EC)

This page was generated automatically upon download from the ETH Zurich Research Collection.
For more information, please consult the Terms of use.

https://doi.org/10.3929/ethz-b-000580726
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/1367-2630/ac8a0b
https://www.research-collection.ethz.ch
https://www.research-collection.ethz.ch/terms-of-use


New J. Phys. 24 (2022) 113003 https://doi.org/10.1088/1367-2630/ac8a0b

OPEN ACCESS

RECEIVED

1 April 2022

REVISED

13 July 2022

ACCEPTED FOR PUBLICATION

16 August 2022

PUBLISHED

7 November 2022

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the
title of the work, journal
citation and DOI.

PAPER

Effects of the charge–dipole and charge–quadrupole
interactions on the He+ + CO reaction rate coefficients
at low collision energies

Fernanda B V Martins , Valentina Zhelyazkova and Frédéric Merkt∗

Laboratory of Physical Chemistry, ETH Zurich, CH-8093 Zurich, Switzerland
∗ Author to whom any correspondence should be addressed.

E-mail: merkt@phys.chem.ethz.ch

Keywords: ion–molecule reaction, cold chemistry, reaction rate coefficients, Rydberg states, charge–dipole interaction,
charge–quadrupole interaction, merged beams

Abstract
The reaction between He+ and CO forming He + C+ + O has been studied at collision energies
in the range between 0 and kB · 25 K. These low collision energies are reached by measuring the
reaction within the orbit of a Rydberg electron after merging a beam of He(n) Rydberg atoms
and a supersonic beam of CO molecules with a rotational temperature of 6.5 K. The capture
rate of the reaction drops by about 30% at collision energies below kB · 5 K. This behavior is
analyzed in terms of the long-range charge–dipole and charge–quadrupole interactions using an
adiabatic-channel capture model. Although the charge–dipole interaction has an effect on the
magnitude of the rate coefficients, the effects of the charge–quadrupole interaction determine the
main trend of the collision-energy dependence of the rate coefficients at low collision energies. The
drop of the capture rate coefficient at low collision energies is attributed to the negative sign of the
quadrupole moment of CO (Qzz = −2.839 D Å) and is caused by the |JM〉 = |00〉 and |1 ± 1〉
rotational states of CO, which represent about 70% of the CO molecules at the rotational
temperature of 6.5 K.

1. Introduction

In recent years, new experimental methods have been developed to study chemical reactions at very low
temperatures [1–5]. Overall, this progress has been faster for studies of reactions involving neutral
molecules than for studies of reactions involving charged particles, primarily because ions are easily heated
by electric stray fields. Current efforts to reach temperatures below 1 K in the study of ion–molecule
reactions involve the use of buffer-gas-cooled ion traps [6, 7], Coulomb crystals [8], and merged-beam
techniques [9].

The rates of many fast, barrier-free ion–molecule reactions can be estimated by the Langevin capture
model [10–13]. This model considers the long-range interaction between the charge of the ion and the
induced dipole moment of the neutral molecule and assumes that all capture processes lead to reaction
products. The Langevin capture rate constant

kL = 2

√
π2α′(Ze)2

4πε0μ
(1)

does not depend on the temperature or the collision energy, but only on the reduced mass μ of the
reactants, the charge q = Ze of the ion, and the polarizability volume α′ of the neutral molecule. It
represents a useful reference with which to compare calculated or experimental ion–molecule rate
constants. Deviations from the Langevin rate constant can have three distinct origins: (i) the ion–molecule
capture events may not all lead to the same reaction products and may even not lead to a reaction at all. (ii)
The electrostatic interactions between the charge of the ion and the permanent electric dipole and
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quadrupole moments of the neutral molecule can lead to pronounced departures from kL, particularly at
low temperatures, low collision energies, or in the case of state-selected reactions [12–15]. (iii) At very low
temperatures, the ion–molecule capture process becomes dominated by s-wave scattering and the capture
rate constants approach limiting values characteristic of the long-range potentials [16–20].

To predict reliable rate coefficients at low temperatures, the Langevin capture model has been extended
to include the effects of the charge–dipole [21–24] and charge–quadrupole [18, 20, 25–27] interactions, of
open-shell electronic structures of the neutral molecules [28–31], and of s-wave scattering at the lowest
collision energies [20]. In selected cases, quantum-dynamical calculations that also include the short-range
regions of the collisions have been performed, providing low-temperature reaction rates as well as detailed
information on the role of non-adiabatic effects and on branching ratios for different product channels
(see, e.g., reference [32] and references therein for the well-studied case of the H+

2 + H2 reaction).
Hardly any experimental data are available on the rate of ion–molecule reactions at temperatures T and

collision energies Ecoll/kB below 10 K. The primary reason for the lack of experimental data in this range is
the fact that ions are easily heated up by uncontrollable stray fields in the reaction volumes. We have
recently developed a new method [9] to study ion–molecule reactions below 10 K, which consists of
observing the reactions within the orbit of a highly excited Rydberg electron after merging a supersonic
beam of the neutral molecules with a beam of Rydberg atoms or molecules using a curved, on-chip
Rydberg–Stark decelerator and deflector [33]. The Rydberg electron does not influence the reaction
between the ion core and the neutral molecule taking place within the Rydberg-electron orbit, but shields
the reaction system from external electric fields. With this method, we have started systematic investigations
at low collision energies of the role of the charge–dipole interactions with the examples of the He+ + CH3F
[34] and He+ + NH3/ND3 [35] reactions, and of the charge–quadrupole interaction with the example of
the H+

2 + H2 [36–39] and He+ + N2 reactions [40]. These studies have led to the observation of large,
state-specific deviations of the rate coefficients from kL at low collision energies.

In this article, we present the results of an investigation of the He+ + CO → He + C+ + O reaction at
low collision energies. In a previous article, we have used this reaction system to experimentally verify that
the Rydberg electron does not affect the reaction rate [41]. We observed a decrease of the reaction rate by
about 30% at collision energies below kB · 5 K. CO has a weak permanent electric dipole moment of
0.112 D [42] and a large, negative quadrupole moment of −2.839 D Å [43]. Our motivation for this
investigation was to find out whether, in this reaction system, the effects of the charge–dipole interaction,
which is of longer range (R−2 vs R−3), dominate over the effects of the charge–quadrupole interaction,
despite the small dipole moment of CO. The emphasis of the article is thus placed on the investigation of
the respective roles of these long-range interactions on the reaction rate at low collision energies. Most of
the experimental data analyzed in this article were already presented in an earlier study of the spectator role
of the Rydberg electron [41]. To facilitate the understanding, we nevertheless chose to briefly summarize the
main aspects of the experimental procedure in the next section.

2. Experimental procedure

Our experimental studies of ion–molecule reactions are conducted using the merged-beam apparatus
shown in figure 1, in which a supersonic beam of cold ground-state molecules and a beam of
velocity-selected He Rydberg atoms are merged. When short pulses are used, the velocity dispersion taking
place in the expansion reduces the range of relative velocities in the reaction volume, which improves the
collision-energy resolution, as shown in previous studies of Penning-ionization reactions [44, 45].

The experimental apparatus is described in reference [35]. Here, we only outline the main features and
principles of our experimental method and setup. The ion–molecule reaction He+ + CO → He + C+ + O
is studied within the orbit of a Rydberg electron with principal quantum number n between 30 and 40,
exploiting the fact that the Rydberg electron acts as a spectator and does not affect the reaction rate, as
demonstrated recently [41]. We detect the ion product C+ upon field ionization of the C(n) product of the
He(n) + CO reaction.

A supersonic beam of helium atoms is produced by a cryogenic home-built short-pulse valve (valve
opening time ≈20 μs) at a repetition rate of 25 Hz. After the valve orifice, an electric discharge populates
the (1s)1(2s)1 3S1 metastable state, which we refer to as He∗. The He∗ beam is skimmed twice before it
traverses a region between two metal plates, where a laser beam (λ ∼ 260 nm) excites the He∗ atoms to a
Rydberg–Stark state in the presence of an electric field. The He(n) atoms, with an initial velocity
vi,He = 860 m s−1 dictated by the temperature [(66 ± 0.1) K] of the He-beam valve, are then loaded into
an electric quadrupole trap at the entrance of a curved surface-electrode Rydberg–Stark deflector and
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Figure 1. Schematic view of the merged-beam setup used to study the reactions of He+ with neutral molecules at low
temperatures. The ion products are detected in the time-of-flight mass spectrometer (TOFMS). See text for details.

decelerator[33, 34, 46]. We set the final velocity of the He Rydberg atoms vHe(n) by applying time-dependent
sinusoidal electric potentials to the electrodes of the deflector, as explained in references [33, 46].

The deflected He(n) beam is then merged with a supersonic beam of ground-state (GS) CO molecules,
which is also generated with a temperature-stabilized home-built short-pulse valve (valve opening
time ≈20 μs). The rotational temperature of the CO molecules in the beam is estimated to be (6.5 ± 1.5) K
on the basis of measurements of the PFI-ZEKE photoelectron spectrum of CO recorded under similar
conditions [47]. The GS-beam valve temperature is stabilized to (340 ± 1) K. The merged beams of He(n)
atoms and GS molecules enter the reaction region, which is embedded in a time-of-flight mass
spectrometer (TOFMS) and where the Rydberg He atoms interact with CO molecules belonging to a
well-defined velocity class. A good spatial separation of the GS beam in different velocity classes is achieved
because the molecules travel ∼62 cm from the GS-beam valve orifice to the region where the reaction takes
place. The GS-beam valve is triggered such that the molecules traveling at a velocity vGS of choice
(870 m s−1 for the results presented below) reach the center of the reaction region at the same time as the
Rydberg atoms.

We adjust vHe(n) in the range between 710 m s−1 and 1200 m s−1 for the selected value of vGS (= vCO)
and thereby vary the collision energy Ecoll between the He Rydberg atoms and the CO molecules in the
range between 0 and ∼kB · 25 K. The collision-energy resolution is about kB · 200 mK at Ecoll = 0 and
increases with

√
Ecoll [34]. The product ions are extracted toward a micro-channel-plate (MCP) detector at

the end of the TOFMS. The TOFMS consists of three cylindrical plates (E1, E2, E3) to which appropriate
potentials (V1, V2, V3) are applied. Monitoring the reaction products requires a good mass resolution,
which is achieved by setting the potentials so that they fulfill the Wiley–McLaren conditions [48], i.e., V1,
V2 =

1
2 V1, and V3 = 0. To observe the field-ionization of the reactant He(n) and detect He+, which does

not require a high mass resolution, we apply potentials as high as 5.5 kV to E1, keeping the electrodes E2

and E3 grounded.

3. Experimental results

In our experiments, we monitor the reaction yield as a function of the collision energy between the
reactants, as explained above. A TOF mass spectrum, averaged over 2500 experimental cycles, is recorded
for each selected velocity vHe(n) of the He-Rydberg beam. Additionally, we record TOF spectra at each value
of vHe(n) with the Rydberg-excitation laser turned off so that we can identify ions formed in
Penning-ionization reactions between He∗ and background-gas molecules present in the vacuum chamber.
Examples of such TOF mass spectra for Ecoll/kB = 6 K are displayed in figure 2. We identify C+ as the
only product ion of the reaction between He+ and CO, because it is the only ion formed when the
Rydberg-excitation laser is turned on. To monitor the reaction yield, we integrate the C+ ion signal
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Figure 2. Time-of-flight mass spectrum of the ions detected after the reaction between He Rydberg atoms (n = 35) and CO
molecules (black trace). The blue trace corresponds to the background signal obtained when the Rydberg-excitation laser is
turned off.

Figure 3. Integrated C+ product signal of the reaction He+ + CO → He + C+ + O as a function of (a) the central velocity of
the He(n) beam for a fixed value of the central CO-beam velocity vCO = 870 m s−1, indicated by the dashed line, and (b) the
collision energy of the reaction. In panel (a), the blue, red and gray data points correspond to measurements carried out at
n = 30, 35, and 40, respectively. In panel (b), the data points are averages of the data within bins corresponding roughly to half of
the experimental resolution. The horizontal error bars represent the collision-energy resolution and the vertical error bars are
±1σ intervals. The blue line represents the results of the calculations of the capture rate coefficients that include the
charge–dipole and the charge–quadrupole interactions.

produced by field ionization and normalize it by the amount of He+ reactant, which is estimated in a
subsequent pulsed-field ionization measurement.

Figure 3 displays the integrated and normalized C+ ion signal as a function of (a) the velocity vHe(n) of
the He(n) beam and (b) the collision energy Ecoll =

1
2μ(vHe(n) − vCO)2. The vertical error bars correspond to

one standard deviation and the horizontal error bars to the energy resolution of our experiments, which
degrades with increasing Ecoll value [34, 35]. The experimental data used to generate figure 3 involve
measurements at n = 30, 35, and 40, and were already reported in reference [41], where they were used to
show that the state of the reactant Rydberg atom does not influence the collision-energy dependence of the
reaction rate coefficients. In figure 3, we combine all data sets obtained at the different n values into a single
set, which enables us to considerably improve the statistics of our measurements. The blue, red and gray
data points in figure 3(a), correspond to the measurements carried out at n = 30, 35, and 40, respectively.
To obtain the data presented in figure 3(b), the relative velocities vrel = vHe(n) − vCO were converted into
collision energies and the data were binned in energy intervals corresponding to roughly half of the
collision-energy resolution. The black data points represent the averages within each bin and the vertical
error bars the ±σ intervals. The horizontal error bars indicate the collision-energy resolution. These data
were used as a reference with which to compare the results of calculations aiming to clarify the roles of the
charge–dipole and charge–quadrupole interactions presented in section 4.

As the collision energy decreases, the C+ product yield decreases slightly down to ∼kB · 5 K and more
steeply at collision energies below kB · 5 K. At Ecoll = 0, the C+ signal is about 30% lower than that at
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Ecoll/kB ≈ 22 K. The trend of decreasing product yield with decreasing collision energy is similar to that
observed for the He+ + N2 reaction [40]. Because N2 does not have a permanent dipole moment, this
observation suggests that the CO quadrupole moment, and not its dipole moment, determines the
collision-energy dependence of the rate coefficient of the He+ + CO reaction. To verify this hypothesis, we
have carried out calculations of the ion–molecule capture rate coefficients which are presented in detail in
the next section.

4. Calculation of the capture rate coefficients of the He+ + CO reaction
and the effects of the charge–dipole and charge–quadrupole interactions

4.1. The interaction potential between He+ and CO
We modeled the long-range interaction between He+ and CO as described in reference [35]. For diatomic
molecules in 1Σ electronic states, the projection of the total angular momentum vector�J onto the
molecular-symmetry axis is zero (K = 0). To describe the CO molecule, we therefore consider the
molecular rotational states i = |JM, K = 0〉 ≡ |JM〉, where J and M are the quantum numbers associated
with�J and its projection onto the collision axis, respectively.

The potential which describes the interaction between a molecule in the rotational state i and an ion is

V (�)
i (R) = V (�)

L (R) +ΔEi(R), (2)

where ΔEi(R) is the state-specific Stark shift and

V (�)
L (R) =

L2

2μR2
− α′q2

8πε0R4
(3)

is the Langevin potential, which consists of a centrifugal and an ion-induced-dipole interaction term. In
equation (3), L = �

√
�(�+ 1) is the quantized angular momentum of the collision (� = 0, 1, 2, . . .), μ the

reduced mass of the ion–molecule pair, q the charge of the ion, and α′ = (α′
‖ + 2α′

⊥)/3 is the average

polarizability volume of the molecule (α′
CO = 1.953 Å3 [49]). The interaction arising from the CO

polarizability anisotropy Δα′ = α′
‖ − α′

⊥ (Δα′
CO = 0.532 Å3 [50]), which has the same selection rules as

the charge–quadrupole interaction is combined with this interaction for convenience (see below).
The interaction potential in equation (2) therefore corresponds to the Langevin potential modified by a

ΔEi(R) term. This term represents the shifts that the rotational levels of CO experience as a result of the
interaction between its electric multipole moments and the electric field generated by the ion.

4.2. The Stark shifts in CO induced by the charge–dipole and charge–quadrupole interaction
with He+

As a CO molecule and a He+ ion approach, the molecular rotational levels are increasingly shifted by the
electric field F(R) = e/(4πε0R2) emanating from the ion [14, 15]. To calculate the Stark shift ΔEi(R) of the
rotational levels of CO, we express the corresponding Hamiltonian matrix Ĥ(R) [35]

Ĥ(R) = Ĥrot + Ĥλ=1
Stark(R) + Ĥλ=2

Stark(R) (4)

in the |JM〉 basis and determine its eigenvalues at the field corresponding to the distance R. We assign the
eigenenergies Ei +ΔEi(R) of Ĥ(R) to a J and an M value by adiabatically correlating them to the field-free
|JM〉 states with rotational energies Ei at R →∞. In equation (4), Ĥrot is the rotational Hamiltonian of the
molecule in zero electric field and Ĥλ

Stark(R) describes the charge–dipole (λ = 1) and charge–quadrupole
(λ = 2) interactions, which mix the rotational levels of CO. Neglecting the coupling between �L and�J, which
corresponds to the centrifugal sudden approximation of reference [14], M is a good quantum number.

In the |JM〉 rigid-rotor basis set, the matrix elements of the charge–dipole interaction Hamiltonian are
given by [35, 51, 52]

〈J ′M′|Ĥλ=1
Stark(R)|JM〉 = eμel

4πε0R2
(−1)M

√
(2J + 1)(2J ′ + 1)

(
J 1 J ′

M 0 −M′

)(
J 1 J ′

0 0 0

)
, (5)

where μel is the permanent electric-dipole moment of the molecule and ε0 the permittivity of free space. For
the charge–quadrupole interaction, the matrix elements of the Stark Hamiltonian are [35, 51, 52]

〈J ′M′|Ĥλ=2
Stark(R)|JM〉 = 1

4πε0

(
− e2Δα′

3R4
+

eQzz

R3

)
(−1)M

√
(2J + 1)(2J ′ + 1)

(
J 2 J ′

M 0 −M′

)(
J 2 J ′

0 0 0

)
.

(6)
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In equation (6), the Qzz component of the rank-two, traceless quadrupole-moment tensor Q is used to
describe the quadrupole in the molecular center-of-mass reference frame (Qxx = Qyy = − 1

2 Qzz for
symmetric-top and linear molecules). The charge–quadrupole interaction implies the same coupling
selection rule as the anisotropic part of the charge-induced-dipole interaction, which is parameterized by
the polarizability anisotropy Δα′ = α′

‖ − α′
⊥ of the molecule, and the two terms, though of distinct origin,

are treated together. The charge–quadrupole interaction is of longer range (R−3) than the
charge-induced-dipole interaction (R−4) and typically dominates.

The charge–dipole interaction (R−2) mixes rotational states of the neutral molecule according to
ΔJ = 0,±1(0 ↔� 0) and ΔM = 0, whereas the charge–quadrupole interaction mixes states according to
ΔJ = 0,±1,±2(0 ↔� 0, 1) and ΔM = 0. The J = 0 state, which is isotropic and does not have a multipole
moment, acquires an induced dipole moment through mixing with the J = 1 state via the charge–dipole
interaction, and a quadrupole moment through mixing with the J = 2 state via the charge–quadrupole
interaction. Stark states of quantum number ±M in the same J manifold are degenerate.

4.3. Rotational-state-dependent capture rate coefficients
Expressing the Stark shifts ΔEi(R) of the CO rotational energies as a function of the ion–molecule
separation, we can obtain the total interaction potentials for the He+ + CO reaction (equation (2)). From
V (�)

i (R), we find the maximal angular momentum value Lmax,i which satisfies the Langevin-capture
condition Ecoll � V (�)

i (Rmax). Rmax is the ion–molecule separation at which the potential function reaches its
maximal value. The corresponding reaction cross section, σi = πR2

max, can be used to determine the
state-specific capture rate coefficients [35]

ki(Ecoll) =
πL2

max,i√
2μ3Ecoll

. (7)

Unlike the rate coefficient resulting from a pure Langevin potential (equation (1)), the
rotational-state-dependent capture rate coefficients (equation (7)) are collision-energy dependent.

The capture rate coefficient displayed as a blue line in figure 3(b) is obtained in a weighted sum over the
i = |JM〉 rotational states of CO considering their probability of occupation pi at the rotational temperature
Trot = 6.5 K of the CO molecules in the supersonic beam

k(Ecoll) =
∑

i

piki(Ecoll). (8)

For comparison with the experimental results, we average k(Ecoll) over a Gaussian distribution of collision
energies centered at the selected Ecoll value (see references [34, 35] for details), which adequately describes
the range of collision energies probed experimentally.

4.4. Calculation results
Figure 4 presents the results of the calculations described above, obtained following the determination of
the eigenvalues of the Hamiltonian in equation (4) in a basis with Jmax = 12 and for electric fields
corresponding to an ion–molecule separation R between 0.1 Å and 50 Å. Panels (a)–(c) display the
calculated rotational-level energies of CO (J � 2) including their Stark shifts. The long-range adiabatic
interaction potentials for the He+ + CO reaction are displayed in panels (d)–(f) and the state-specific
capture rate coefficients ki(Ecoll) are depicted in panels (g)–(i). The columns, from left to right, contain the
results obtained considering only the charge–dipole interaction, only the charge–quadrupole interaction,
and both interactions. A high-field-seeking (hfs) behavior of the rotational levels at low electric fields leads
to interaction potentials that are always more attractive than the corresponding Langevin potential V (�=0)

L .
Consequently, the corresponding state-specific capture rate coefficients are larger than kL. Conversely,
low-field-seeking (lfs) states correspond to interaction potentials which have a barrier and thus to capture
rate coefficients that are lower than kL. For the remainder of this article, the capture rate coefficients are
reported as k/kL with respect to the Langevin constant kL = 1.75 × 10−15 m3 s−1 of the He+ + CO
reaction.

The Stark energies of CO displayed in panels (a) and (b) of figure 4 reveal that the |JM〉 states behave
very differently under the influence of the charge–dipole (a) and the charge–quadrupole (b) interaction.
When only the charge–dipole interaction is considered, the |J > 0, M = 0〉 states, such as |10〉 and |20〉,
are lfs. When considering the charge–quadrupole interaction only, this behavior reverses and the
|J > 0, M �= 0〉 states (e.g., |11〉 and |22〉) become lfs. Even for states which exhibit the same type of Stark

6
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Figure 4. (a)–(c) Stark shifts of the rotational levels |JM〉 of CO with J � 2 in the electric field of an ion considering (a) only the
charge–dipole, (b) only the charge–quadrupole interaction, and (c) both the charge–dipole and the charge–quadrupole
interactions. (d)–(f) Interaction potentials for the He++ CO(|JM〉) reaction, V (�=0)

i (R), for the states displayed in (a)–(c) and
an s-wave collision. (g)–(i) Calculated state-specific capture rate coefficients.

shift (i.e., lfs or hfs states) when each interaction is considered separately (e.g., the hfs |00〉 state in panels
(a) and (b)), the details of the electric-field dependence of the Stark shifts can be different. The
charge–dipole interaction causes a linear Stark shift of the |00〉 state at low electric fields, whereas the
charge–quadrupole interaction induces a quadratic Stark shift of this state. Panel (c) shows that the
simultaneous treatment of the two types of interaction significantly alters the Stark shifts of the rotational
states of CO. For example, the |20〉 state (green line in panels (a)–(c)) is strongly hfs when both the
charge–dipole and charge–quadrupole interactions are considered, but not when each of these interactions
is considered separately. The reason for this unexpected behavior lies in the fact that the selection rules for
the charge–dipole and charge–quadrupole coupling elements in the Stark matrix are different, which can
even affect the relative order and signs of the Stark shifts when both interactions are treated simultaneously.
In addition, the |00〉 state exhibits a much more pronounced hfs behavior when both interactions are
considered.

Panels (d)–(f) of figure 4 depict the interaction potential between He+ and CO for an s-wave (� = 0)
collision. The pure Langevin potential V (�=0)

L (equation (3)) is displayed in black for comparison. The
charge–dipole interaction results in a lfs behavior of the |10〉 state at low fields (yellow line in panel (a)).

7
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Figure 5. (a) Rotational-state-specific rate coefficients of the He+ + CO reaction resulting from the combined effects of the
charge–dipole and charge–quadrupole interactions, weighted by the probabilities of occupation of the CO |JM〉 states at
Trot = 6.5 K displayed in panel (b). (c) Dependence of the state-averaged capture rate coefficient on the value of the CO
rotational temperature.

Consequently, the |10〉 interaction potential has a barrier. In contrast, the |10〉 state is hfs in the case of the
charge–quadrupole interaction (panel (b)) and therefore its interaction potential is more attractive than
V (�=0)

L (panel (e)). Similarly, the |11〉-interaction potential is more attractive (repulsive) than V (�=0)
L in

panel (d) ((e)) because of the hfs (lfs) behavior caused by the charge–dipole (charge–quadrupole)
interaction. The combined effects of the charge–dipole and the charge–quadrupole interactions are
displayed in panel (f). Some interaction potentials (e.g., the one corresponding to |22〉, see purple line in
panel (f)) display a potential barrier even for � = 0.

Potential energy barriers result in capture rate coefficients which drop to zero at the lowest collision
energies, as illustrated in the collision-energy-dependent state-specific capture rate coefficients ki(Ecoll)
depicted in panels (g)–(i) of figure 4. For example, k|22〉 (panel (h)) is zero below ∼kB · 3 K as a
consequence of the large barrier exhibited by the interaction potential of the |22〉 state (panel (e)). In
contrast, k|00〉 is enhanced compared to kL for all calculations, which is a consequence of the fact that any
interaction lowers the energy of the ground state.

The contribution of each ki(Ecoll) to the total capture rate coefficient depends on the
rotational-state-population distribution of the CO molecules at the rotational temperature Trot of the
supersonic molecular beam. Figure 5(a) displays the rate coefficients for the states with J � 2 and |M| � 2
resulting from the combined effect of the charge-dipole and -quadrupole interactions. Here, the
state-specific capture rate coefficients are weighted according to the occupation probability of the rotational
levels at the estimated rotational temperature Trot = 6.5 K (see section 2) shown in panel (b). At collision
energies between ∼kB · 2 K and ∼kB · 25 K, the largest and the second largest rate coefficients correspond to
the rotational states |00〉 (in blue) and |11〉 (in orange). k|00〉 and k|11〉 represent the largest contributions to
k(Ecoll) because (i) they are larger than k|10〉, k|21〉, and k|22〉 in this collision-energy range (see panel (i) of
figure 4), and (ii) the states |00〉 and |11〉 are more populated at Trot = 6.5 K. In figure 4(i), the
state-specific rate coefficient of |20〉 is larger than k|00〉 and k|11〉 at Ecoll/kB < 2 K but, because the
occupation probability of |20〉 is less than 3% (green line in figure 5), this state makes a near-zero
contribution to the state-averaged capture rate coefficients.

5. Comparison of calculated capture rate coefficients and experimental results

The dependence of the state-averaged capture rate coefficient on the rotational temperature of the CO
molecules in the supersonic beam is illustrated in figure 5(c) in the range of Trot between 1.5 K and 11.5 K.
Overall, the capture rate coefficient decreases with increasing value of Trot at low collision energies. Below
Ecoll/kB = 25 K, the energy dependence is particularly sensitive to the rotational temperature at low Trot

values. Comparing the data presented in figure 5(c) with the experimental data (see figure 3(b)) confirms
that the rotational temperature of the CO beam is around 6.5 K.

The blue circles in panels (a)–(c) of figure 6 show the capture rate coefficients calculated considering the
charge–dipole interaction, the charge–quadrupole interaction, and both interactions, respectively. The
black line results from the convolution of the calculated rate coefficients with Gaussians corresponding to
the collision-energy resolution of the measurements, as explained in references [34, 35]. In each panel, the
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Figure 6. Panels (a)–(c) Comparison of the scaled C+ ion yield as a function of Ecoll/kB (black dots) to the state-averaged
capture rate coefficients k(Ecoll) calculated at Trot = 6.5 K considering the charge–dipole (a), charge–quadrupole (b), and both
interactions (c). The blue circles represent the state-averaged capture rates and the black lines the capture rates obtained by
averaging over the distribution of collision energies. The green line corresponds to the rate coefficients calculated assuming the
reversed sign of the quadrupole moment of CO (+2.839 D Å). The experimental data have been scaled so as to match the
calculated rate coefficients averaged over the experimental collision-energy distribution at Ecoll/kB ≈ 0.25 K.

measured C+ product yield, already presented in figure 3(b), is also depicted for comparison after scaling
by a global factor so that the experimental and calculated values match at the lowest collision energies
(∼kB · 0.25 K).

Common to the three cases is the dominant contribution of the |00〉 and the |11〉 states, which are the
most populated rotational levels at Trot = 6.5 K and lead to rate coefficients which are among the highest
(panels (g)–(i) of figure 4). The rates calculated by considering the charge–dipole interaction only (panel
(a) of figure 6) exhibit a slight increase of the product yield at low collision energies, which is not observed
in the experimental data. The measured decrease in product yield as Ecoll decreases is well reproduced by the
capture rate coefficients calculated considering either the charge–quadrupole interaction only (panel (b)) or
both the charge–dipole and the charge–quadrupole interactions (panel (c)). These results indicate that the
quadrupole moment determines the Ecoll dependence of the rates at low collision energies for the reaction
between He+ and CO at Trot = 6.5 K, despite the fact that the charge–dipole interaction is of longer range
(R−2) than the charge–quadrupole interaction (R−3). Comparison of panels (b) and (c) of figure 6,
however, reveals that the inclusion of the charge–dipole interaction has a significant effect on the value of
the calculated capture rate coefficient: the inclusion of the ion–dipole interaction increases the capture rate
coefficient by about 30% without significantly altering the collision-energy dependence below kB · 25 K.

The blue open circles in panels (b) and (c) reveal a pronounced increase in the capture rate coefficients
at very low collision energies, below ∼kB · 0.25 K, caused by the contribution of the |10〉 level (see yellow
line in figure 5). The collision-energy resolution of our measurements is not sufficient for this increase to be
observed experimentally. When we average the calculated capture rate coefficients over the distributions of
collision energies (black lines in figure 6), this contribution of the |10〉 state can no longer be observed.

The negative sign of the quadrupole moment of CO is responsible for the observed collision-energy
dependence of the rate coefficients of the He+ + CO reaction. Figure 6 compares the experimental data and
the rate coefficients k(Ecoll) calculated considering the actual negative value of Qzz (−2.839 D Å [43]) and a
positive value for Qzz (2.839 D Å). The calculations reveal that a positive quadrupole moment of CO would
lead to an increase in the product ion yield at Trot = 6.5 K as the collision energy decreases below kB · 5 K.
This example illustrates that the behavior of the rate coefficients at low collision energies provides
information on the sign of the electric quadrupole moment of the neutral molecule.

In previous experimental studies of the He+ + CO reaction, the thermal reaction rate constant
k(T = 300 K) was found to be between 0.8kL and 0.97kL [53–56], and Rowe et al measured a value of k(T)
of (0.86 ± 0.26)kL at 8 K (red dot in figure 7). Using the state-specific rate coefficients determined with our
capture model including the charge–dipole and the charge–quadrupole interactions, we calculated k(T) in
the range between 0 and 25 K by averaging over the populated rotational levels. At 8 K, we obtain a value
for k(T) of 1.9kL. The results are depicted as black open circles in figure 7 and exhibit a slow decrease with
increasing temperature, after an initial rise below 1.1 K. Taking the absolute rate constant determined in
reference [57] at 8 K as reference leads to the conclusion that only approximately 45% of the capture
processes lead to reaction products. The scaled rate constants are depicted as open orange circles in figure 7.
At 300 K, our calculated thermal rate constant approaches kL. Scaling by 0.45 yields a value of k(T = 300 K)
that is significantly lower than the measured absolute rates of the reaction at 300 K [53–56]. We have no
explanation for this discrepancy. To extract absolute rather than relative rate coefficients from our
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Figure 7. Comparison of the calculated thermal capture rate constant of the He+ + CO reaction (black open circles) and the
k(T)-value obtained by Rowe et al [57] at T = 8 K (red circle with error bar). The orange open circles represent the calculated
thermal rate constant k(T) scaled by a factor of 0.45.

measurements, we would need to determine the densities of CO and He(n) reactants in the reaction
volume, which presently cannot be done.

6. Conclusions

In this article, we have presented experimental and theoretical investigations of the effects of the electric
dipole and quadrupole moments of CO on the rate coefficients of the He+ + CO → He + C+ + O reaction
at collision energies between 0 and kB · 25 K. We used a merged-beam apparatus to study this reaction
within the orbit of the helium Rydberg electron and measured the yield of the ionized product C+ as the
collision energy between the reactants was varied. To understand the observed ∼30% decrease in product
formation at Ecoll below kB · 5 K, we employed an adiabatic capture model to calculate the corresponding
collision-energy-dependent capture rate coefficients. Our calculations allowed us to identify the CO
rotational states |JM〉 = |00〉 and |1 ± 1〉 as the states with the largest contributions to the total capture rate
coefficients because of their large rate coefficients and their high probability of occupation at the rotational
temperature Trot = 6.5 K of the supersonic CO beam.

Although the charge–quadrupole interaction is of shorter range than the charge–dipole interaction, it is
the quadrupole moment of the CO molecule which determines the Ecoll dependence of the rate coefficient
at low collision energies. This effect stems from the large magnitude of the quadrupole moment of
CO (Qzz = −2.839 D Å [43]) and its small dipole moment (μel = 0.112 D [42]). Additionally, we verified
that the sign of the quadrupole moment strongly influences the collision-energy dependence of the capture
rate coefficients. The interaction between the (negative) quadrupole moment of CO and the charge of the
approaching He+ ion causes a decrease of the capture rate coefficients at the lowest collision energies. A
similar trend of decreasing capture rate coefficients with decreasing collision energy has been observed in
the reaction between He+ and N2, which, like CO, has a negative quadrupole moment [40].

Our results also indicate that including the charge–dipole interaction has an effect on the magnitude of
the rate coefficients. Finally, comparing thermal rate coefficients calculated by including both charge–dipole
and charge–quadrupole interactions with the experimental values of Rowe et al [57] suggests that only 45%
of the capture processes are reactive. A similar comparison at 300 K indicates a higher percentage of reactive
capture processes.

We expect a similar collision-energy dependence of the capture rate coefficients in reactions involving
He+ and 1Σ molecules with a negative quadrupole moment and either no dipole moment, such as CO2, or
a comparatively small dipole moment, such as N2O. In the future, it would be interesting to investigate
reactions involving 2Π molecules. The electric-field-induced repulsion between the states of opposite parity
of each Λ doublet of the rotational levels of these molecules should strongly influence the collision-energy
dependence of the capture rate coefficients [28–30, 58]. Studies of the reaction between He+ and NO, a 2Π

molecule with non-zero dipole and quadrupole moments, are currently under way in our laboratory.
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