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Multipole-moment effects in ion–molecule
reactions at low temperatures: part III – the
He+ + CH4 and He+ + CD4 reactions at low
collision energies and the effect of the
charge-octupole interaction

Valentina Zhelyazkova, Fernanda B. V. Martins and Frédéric Merkt *

We present experimental and theoretical studies of the He+ + CH4 and He+ + CD4 reactions at collision

energies in the kB�(0–10) K range. Helium atoms in a supersonic beam are excited to a low-field-seeking

Rydberg–Stark state and merged with a supersonic beam of CH4 or CD4 using a curved surface-elec-

trode deflector. The ion–molecule reactions are studied within the orbit of the helium Rydberg [He(n)]

electron, which suppresses stray-electric-fields-induced heating and makes it possible to reach very low

collision energies. The collision energy is varied by adjusting the velocity of the He(n) atoms with the

surface deflector, keeping the velocity of the methane beam constant. The reaction product ions

(C(H/D)p
+ with pA {1,2,3}) are collected in a time-of-flight mass spectrometer and monitored as a function

of the collision energy. No significant energy-dependence of the total reaction yields of either reactions is

observed. The measured relative reaction rate coefficient for the He+ + CH4 reaction is approximately twice

higher than the one for the He+ + CD4 reaction. The CH+, CH2
+ and CH3

+ (CD+, CD2
+ and CD3

+) ions

were detected in ratios 0.28(�0.04) : 1.00(�0.11) : 0.11(�0.04) [0.35(�0.07) : 1.00(�0.16):0.04+0.09
�0.04]. We also

present calculations of the capture rate coefficients for the two reactions, in which the interaction

between the charge of the helium ion and the octupole moment of the methane molecule is included.

The rotational-state-specific capture rate coefficients are calculated for states with J = (0–3) at collision

energies below kB�15 K. After averaging over the rotational states of methane populated at the rotational

temperature of the supersonic beam, the calculations only predict extremely weak enhancements (in the

order of B0.4%) of the rate coefficients compared to the Langevin rate constant kL over the collision-

energy range considered.

1 Introduction

Numerous ion–molecule reactions are barrierless and exothermic
and proceed with high rate coefficients even at very low tempera-
tures. These reactions play an important role in the chemistry
of the tenuous (with number density o106 cm�3)1 and cold
(10–150 K) environment of interstellar clouds.2 Precise knowledge
of the absolute reaction rate coefficients and the branching ratios
for different product channels is necessary as input parameters
for kinetics models of the relevant chemical processes.1,3–5 Ion–
molecule reactions at and above room temperature have been
experimentally studied since the 1960s in drift-tube,6 flowing-
afterglow,7 selected ion-flow tube8 and ion-cyclotron-resonance9

setups. The introduction of the uniform-supersonic-flow method
to study ion–molecule reactions in the 1980s made it possible to

reach temperatures down to E10 K.10 Such low temperatures can
also be reached in experiments with sympathetically cooled
ions in ion traps and guided ion beams.11–13 In recent years,
techniques relying on the combination of trapped ions in
Coulomb crystals and slow beams of molecules have been devel-
oped to study low-temperature ion–molecule chemistry.14,15

In most experiments, stray electric fields in the reaction
volume accelerate the ions, which prevents investigations below
B10 K. This limitation is unfortunate, because it is precisely
below 10 K that strong variations of the rate coefficients with the
temperature or the collision energy are expected.16–24 Replacing
the ion with an atom or molecule in a Rydberg state and merging
the Rydberg sample with a supersonic beam containing the
molecule of interest suppresses the heating of the ion core by
stray electric fields and enables one to reach very low collision
energies, down to BkB�100 mK,25–30 when studying the reactions
within the Rydberg-electron orbit.ETH Zurich, Zurich, Switzerland. E-mail: merkt@phys.chem.ethz.ch
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This article is the third in a series of three articles exploring
the effect of the molecular electric multipole moments on ion–
molecule reaction rate coefficients at low collision energies.
The article series is dedicated to studies of the interactions
between the He+ ion and molecules possessing either a dipole,
a quadrupole or an octupole moment. In the series, we also
develop and test the theoretical framework necessary for treat-
ing the ion-multipole-moment interactions and calculating the
rotational-state-dependent capture rate coefficients at low
collision energies. Experimentally, we reach collision energies
close to 0 K in a merged-beam approach by replacing the He+

ion with a helium atom in a Rydberg state (referred to as He(n)
henceforth). We vary the energy of the collision by varying the
velocity of the He(n) atoms using a surface-electrode Rydberg–
Stark deflector,27,29–31 and keeping the velocity of the molecular
beam fixed.

In the first article of this series (Article I),29 the reaction
between He+ and ammonia (both NH3 and ND3) was investi-
gated in the kB�(0–40) K collision-energy range to characterise
the effect of the charge–dipole interaction. A significant increase
of the total reaction yield at the lowest collision energies was
observed and attributed to the interaction between the dipole of
the ammonia molecule and the He+-ion charge. In the second
article (Article II),32 the He+ + N2 reaction was studied in the
range of collision energies between 0 and kB�10 K and a
suppression of B30% of the reaction yield was observed at
the lowest collision energies compared to the reaction yield at
Ecoll/kBE10 K. This suppression was attributed to the inter-
action between the negative quadrupole moment (Qzz) of the N2

molecule and the He+ ion charge. In the current article, we
extend these studies to reactions involving molecules that do
not have a permanent dipole or quadrupole moment and
present results on the He+ + CH4 and He+ + CD4 reactions in
the kB�(0–10) K collision-energy range.

The lowest nonvanishing electric moment of methane is the
octupole moment (OCH4 = 3.12 ea0

3).33 Interactions between
oriented (in the case of the dipole) and aligned (in the case of
the quadrupole) molecules and ions scale with the ion–mole-
cule separation R as R�2 and R�3, respectively. In the case of the
octupole moment the interaction scales as R�4. Because of the
small value of OCH4 and the R�4� dependence of the charge-
octupole-moment interaction, the reaction between methane
and the helium ion is expected to be well described by the
Langevin capture model down to very low collision energies.
Our experiments are carried out to test this expectation. To
complement the experimental observations, we present theore-
tical calculations of the rotational-state-dependent capture rate
coefficients for the He+ + CH4 and He+ + CD4 reactions.

The current paper is organised as follows. After a short
introduction to the He+ + CH4 reaction in the remainder of
this introductory section, we briefly recapitulate the main
aspects of the experimental setup and method in Section 2.
The experimental results are then reported in Section 3. In
Section 4, we present calculations of the rotational-state-
dependent reaction rate coefficients for the rotational states
of methane that are populated at the 6 K rotational temperature

of the supersonic source ( Jr2). Finally, we present the con-
clusions for this article and the three-article series in Section 5.

The reactions between He+ and methane at low temperatures
and densities have relevance for the chemistry of the interstellar
medium (ISM). Methane has been detected both in the gas
phase and as ice in several interstellar molecular clouds,34 with
an abundance estimated to be B10�3 that of carbon monoxide,
the second most abundant molecule in the ISM after H2.35

Helium is the second most abundant species in the ISM,
corresponding to about 25% of the primordial baryonic mass
of the universe,36 and it can be ionised by cosmic rays to form
He+.2 The ionisation energy of 4He (24.5874 eV)37 is higher than
that of all neutral atomic and molecular species, and in parti-
cular much higher than the adiabatic ionization energy of CH4

(12.615 eV),38 and even higher than the dissociative ionisation
energy of CH4.39

The reaction between methane and He+ has been studied at
B300 K and B700 K in the 1970s and 1980s in drift-tube
(DT),40 ion-cyclotron-resonance (ICR),41,42 selected-ion-flow-
tube (SIFT)43 and flowing-afterglow (FA)44 experiments, and in
the 2000s at higher collision energies in the 4–4000 e V range.45

The main reaction channels observed in several of the experi-
ments conducted at 300 and 700 K are:

He+ + CH4 - H++ CH3+ He + 6.51 eV (R1)

- CH++ H2+ H + He + 4.87 eV (R2)

- CH2
++ H2+ He + 9.46 eV (R3)

- CH3
++ H + He + 10.26 eV (R4)

- CH4
++ He + 11.97 eV, (R5)

and the product-ion distributions measured in ref. 40–43 are
summarised in Table 1. Other energetically allowed reaction
channels, e.g., those leading to the formation of H2

+, H3
+, HeH+

and C+ ions, were not detected so far and are expected not to be
significant at low energies.43 The total reaction rate coefficient
in these experiments was found to be in the [1.25(�0.19) �
1.7(�0.34)] � 10�15 m3 s�1 range, consistently lower than the
Langevin rate constant (kL = 2.048 � 10�15 m3 s�1). In these
studies the dominant product ions were found to be CH2

+ (50–
53%), H+ (25–28%) and CH+ (14–16%), with smaller contribu-
tions from CH3

+ (4–5%) and CH4
+ (1–3%). The H+ product was

not detected in one of the experiments (ref. 41), while in
another experiment (ref. 42) it was not directly detected but
its production was deduced from the loss of the total ion signal.

Table 1 Distributions of the He+ + CH4 reaction product ions reported in
ref. 40–43

Ref. 40 Ref. 41 Ref. 43 Ref. 42

(DT) (ICR) (SIFT) (ICR)

H+ 0.28 — 0.25 0.28
CH+ 0.14 0.19 0.16 0.14
CH2

+ 0.53 0.74 0.53 0.50
CH3

+ 0.04 0.05 0.05 0.05
CH4

+ 0.02 0.03 0.01 0.03
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This inconsistency regarding the observation of H+ as a reaction
product in the different experiments originates from its high
kinetic energy and low mass, which make its detection challen-
ging. In our experiments, we have not observed significant
amounts of H+ product ions and disregard the corresponding
reaction channel from our analysis. Consequently, when we use
the term branching ratios for given reaction channels, we exclude
the contributions leading to H+ or D+ products.

2 Experimental setup

The experimental setup has been described in detail in Article I of
the current series (see also ref. 27). Here we outline the details
relevant to the study of the He(n) + CH4 and He(n) + CD4 reactions.

The merged-beam apparatus consists of two supersonic
beams produced by home-built short-pulse valves (pulse dura-
tion B20 ms, repetition rate 25 Hz) – one for the He and one for
the ground-state (GS) methane beams. The two beams propa-
gate along axes initially separated by a 51 angle. An electric
discharge at the He valve orifice populates the metastable
(1s)(2s) 3S1 state of helium (referred to as He* below). After
passing through two skimmers, the He* beam is crossed at
right angles by a UV laser beam and is photoexcited in a dc
electric field to a low-field-seeking Rydberg–Stark state [(n, k, m) =
(30, 21, 0), referred to as He(n) below]. After excitation, the
He(n) atoms are loaded into electric quadrupole traps formed
above the surface of the 50-electrode Rydberg–Stark decelerator
and deflected and merged with the GS supersonic beam. After
the He(n) atoms are merged with the GS beam, they enter a
Wiley–McLaren-type46 time-of-flight mass spectrometer (TOF-
MS), where the reaction product ions are extracted toward a
microchannel plate (MCP) detector in a direction perpendicular
to the merged-beam propagation axis (see Fig. 1 of Article I). In
the experiments described here, the helium valve is temperature-
stabilised to 100.0� 0.1 K, resulting in a supersonic beam with a
mean forward velocity of about 1000 m s�1. By setting the
appropriate time-dependent potentials to the electrodes of
the surface deflector, the trapped He(n) atoms can also be
accelerated or decelerated to selected final velocities, vRyd, in
the 750–1200 m s�1 range.

The GS-beam valve has an orifice diameter of B0.5 mm. It is
operated with one of the following gases: (i) pure 12CH4,
(ii) pure 12CD4, and (iii) a mixture of 13CH4 and 12CD4, corres-
ponding to molar fractions of x (13CH4) = 0.479 and x (12CD4) =
0.521, determined from the weight of the gas cylinder before and
after filling it with CH4 and CD4. For the measurements recorded
with gas samples (i) and (ii), the valve was temperature-stabilised
to 273 K and the gas was kept at a stagnation pressure of 2.5 bar.
The measurements recorded with the 13CH4–12CD4 mixture were
performed with the valve operated at room temperature and a
stagnation pressure of 4 bar. Two fast ionisation gauges (FIGs)
positioned after the TOF-MS were used to determine the velocity
distribution of the GS beam. The central velocities, vGS, of the
12CH4, 12CD4 and 13CH4–12CD4 mixture beams were measured to
be 1068� 5 m s�1, 960� 5 m s�1 and 1033� 5 m s�1, respectively.

The reaction product ions were collected by applying a potential of
1 kV (0.5 kV) to electrode E1 (E2) [see Fig. 1 of Article I]. A prepulse
of 125 V applied to E1 was used to define a reaction-observation
time Dtr of 7 ms, as explained in Article I.

3 Results
3.1 Ion-product mass spectra and integrated signals

Displayed in Fig. 1 are reaction-product TOF mass spectra
measured following reactions between the He(n) atoms and a
GS beam containing pure CH4 (a) and pure CD4 (b) gas. The
spectra were recorded with the He(n) atoms guided by the
surface deflector at a constant velocity of vRyd = 1040 m s�1,
corresponding to collision energies of Ecoll/kB = 0.2 K (a) and
1.2 K (b). When the Rydberg-excitation laser is turned on [green
traces in Fig. 1(a) and (b)], a prominent peak is visible at
B1.6 ms, corresponding to field-ionised helium Rydberg atoms.

In addition, several peaks appear in the TOF mass spectra.
These peaks can be assigned to (i) the GS-beam-specific reaction
products from reactions (R2), (R3) and (R4), i.e., CHpA{1,2,3}

+ (a)
and CDpA{1,2,3}

+ (b) ions, (ii) ions produced from the Penning-
ionisation reactions

He* + CH4 - He + CH3
+ + H (R6)

- He + CH4
+, (R7)

Fig. 1 Product-ion TOF mass spectra recorded following reactions
between the He(n) Rydberg atoms and a ground-state beam containing
either pure 12CH4 (a) or pure 12CD4 (b) gas. The green and black traces
depict the mass spectra measured with the Rydberg excitation laser turned
on and off, respectively. The He(n) mean velocity used to record the
spectra shown in both (a) and (b) is vRyd = 1040 m s�1, and the reaction
time is Dtr = 7 ms. The coloured boxes indicate the detected products ions
of the He+ + CH4/CD4 reactions.

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ju

ne
 2

02
2.

 D
ow

nl
oa

de
d 

on
 4

/2
/2

02
6 

1:
26

:3
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp05861d


This journal is © the Owner Societies 2022 Phys. Chem. Chem. Phys., 2022, 24, 16360–16373 |  16363

and equivalently for the He* + CD4 reaction, and (iii) ions
originating from Penning ionisation of trace amounts of water,
oxygen and nitrogen (e.g., OH+, H2O+, N2

+ and O2
+) present in

the vacuum chamber.
To distinguish the ion products formed in the He(n) + CH4/CD4

reactions from ions formed in the Penning-ionisation reactions
(R6) and (R7), we also recorded mass spectra with the Rydberg-
excitation laser turned off [black traces in 1(a) and (b)]. When the
GS beam is CH4, we can identify the He* + CH4 reaction products
to be CH3

+ and CH4
+, in addition to the products originating from

reactions with the H2O, N2 and O2 molecules in the reaction
chamber. The Penning-ionisation products from the He* +CD4

reaction are analogous to the ones from the He* + CH4 reaction,
however, the H2O+ and CD3

+ ions both have a mass of B18 u and
are not resolved in the mass spectra.

We did not observe the H+ or D+ product ions in our
experiments. For all other product ions, no significant losses
are expected to take place during the reaction–observation time.
Moreover, the detection efficiency can be assumed to be iden-
tical for all reaction product ions because of their similar
masses.

A considerable He+ signal is detected even when the GS
beam is on, indicating that only a small fraction (about 1%) of
the He(n) atoms takes part in the chemical reaction, as already
observed for the other reactions discussed in Articles I and II.
Because the particle number density of the GS beam is much
greater than that of the Rydberg atoms, the reaction can be
described with pseudo-first-order kinetics. From the experi-
mental conditions under which the supersonic expansion is
produced, we estimate that the density of the GS-beam particles
in the interaction region is rGS E 3 � 1017 m�3 using standard
expressions for the isentropic expansion of gases in vacuum.47

The estimated effective reaction rate coefficient is keff = kLrGS E
6 � 102 s�1, corresponding to a reaction probability per He(n)
atom of only 0.004 during the 7 ms-long reaction–observation
time. Typically, less than one reaction product ion is detected
on average during each experimental cycle.

We measure the dependence of the product-ion yields of the
He+ + CH4 and He+ + CD4 reactions on the collision energy
Ecoll = 1

2mvrel
2 = 1

2m(vRyd – vGS)2 (m is the reduced mass) by varying
vRyd and keeping vGS constant. The integrated product-ion
signals, ICHþ

1;2;3f g
and ICDþ

1;2;3f g
, were corrected for (i) the different

amount of He(n) atoms and (ii) the different overlap with the
GS beam dependent on vRyd, as explained in part I. Time-of-
flight spectra recorded with the excitation laser turned off are
subtracted from each recorded reaction time-of-flight mass
spectrum prior to integration. The measured product-ion
branching ratios, excluding the contributions from channels
releasing H+/D+, for the two reaction systems are summarised
in Table 2 in Section 3.2.

3.2 Reaction-product yields as a function of the reaction
collision energy

Fig. 2(a) and (b) display the integrated product-ion signals ICH+,
ICH2

+ and ICH3
+ (ICD+, ICD2

+ and ICD3
+) measured for the He+ + CH4

and He+ + CD4 reactions, respectively. The error bars corre-
spond to the standard deviation of five consecutive measure-
ments, each averaged over 500 experimental cycles. Examples of
the measured ion signals, after subtraction of the TOF mass
spectra recorded without the Rydberg excitation laser, but prior
to the correction for the vRyd-dependent amounts of He(n)
atoms that make it to the reaction region, are displayed for
vRyd = 840 and 1050 m s�1 in the insets of Fig. 2. The coloured
rectangles in the insets indicate the integration windows used
for the three product ions.

Table 2 Branching ratios for the formation of the C(H/D)+, C(H/D)2
+ and

C(H/D)3
+ product ions measured in the current work and the relative

branching ratios for the CH+, CH2
+ and CH3

+ product ions measured in ref.
40–43. The branching ratios exclude the contributions from H+ and CH4

+

which could not be reliably detected in our experiments

C(H/D)+ C(H/D)2
+ C(H/D)3

+

He+ + CH4 (this work) 0.20 � 0.03 0.72 � 0.08 0.08 � 0.03
He+ + CD4 (this work) 0.25 � 0.05 0.72 � 0.11 0.03+0.07

0.03

Ref. 40 0.197 0.746 0.0563
Ref. 41 0.194 0.755 0.0510
Ref. 43 0.216 0.716 0.0676
Ref. 42 0.203 0.725 0.0725

Fig. 2 Measured product-ion yields from the (a) He+ + CH4 and (b) He+ +
CD4 reactions, as a function of vRyd. (a) ICH2

+ (blue circles), ICH+ (red circles)
and ICH3

+ (orange circles). (b) ICD2
+ (green circles), ICD+ (orange circles) and

ICD3
+ (blue circles). The insets show the TOF spectra recorded for vRyd =

840 and 1050 m s�1 (indicated by grey vertical lines), after subtraction of
the Penning-ionisation contribution. The dash-dotted vertical lines indi-
cate the selected velocity of the CH4 and CD4 molecules.
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We do not observe a significant dependence of ICHþ
1;2;3f g

and

ICDþ
1;2;3f g

on vRyd in the range of He(n) velocities probed. The

product branching ratios, determined from the mean value and
standard deviations of ICðH=DÞþ

1;2;3f g
as a function of vRyd are

summarised in Table 2 and compared to the relative branching
ratios reported in ref. 40–43 (excluding the contributions from
H+ and D+ ions, which were not detected in our experiments,
and CH4

+ and CD4
+, for which we estimate a branching ratio of

r3%).
The measured product branching ratios for all product ions

in the current work are consistent with those measured in
previous work, within the experimental uncertainty.

The He+ + CH4 and He+ + CD4 data sets presented in Fig. 2
were obtained under near-identical experimental conditions
(e.g., GS-beam stagnation pressure, valve temperature), so that
the product yields for the two reactions can be directly
compared. In Fig. 2, the detected product-ion signals for the
He+ + CH4 reaction are almost twice higher than those for
the He+ + CD4 reaction. This result is unexpected because the
Langevin rate constant of the former reaction, kHeþþCH4

L ¼
2:048� 10�15 m s�1 is only 2.1% higher than the one of the
latter, kHeþþCH4

L ¼ 2:006� 10�15 m s�1. To explain this discre-
pancy, we first considered the possibility that the CD4 gas,
because of its higher mass of 20.067 u, undergoes different
expansion dynamics compared to the CH4 gas (mass 16.043 u)
leading to a lower CD4 density in the supersonic beam. To test
this hypothesis, we repeated the experiment with a GS super-
sonic beam composed of a E1 : 1 mixture of 13CH4 (17.035 u)
and 12CD4 (20.067 u). The use of a mixture of both gases in the
supersonic expansion is expected to reduce the differences in
the expansion dynamics of the two species. The choice of 13CH4

in this experiment ensures that the dominant product ion of
each reaction, namely 13CH2

+ and 12CD2
+, is less contaminated

with product ions from other ion–molecule and Penning-
ionisation reactions.

Typical TOF mass spectra recorded with the GS beam con-
taining the 13CH4–12CD4 gas mixture are displayed in Fig. 3.
When the Rydberg-excitation laser is turned on (green trace),
many peaks are observed. Because there is usually more than
one molecular ion corresponding to a given mass, most of the
peaks cannot be unambiguously assigned to a particular mole-
cular ion. The detected peaks in order of increasing time of
flight are assigned to: He+, 13CH+ and 12CD+, 13CH2

+, 12CD2
+

and 13CH3
+, 13CH4

+ and OH+, 12CD3
+ and H2O+, 12CD4

+, N2
+,

and O2
+. By subtracting the background spectra recorded with

the laser turned off [black trace in Fig. 3], we obtain a time-of-
flight spectrum which only contains the ion–molecule reaction
products from the two reaction systems [blue trace in Fig. 3]. If
the H+/D+ product channel is disregarded, the main products
of the He+ + 13CH4 and He+ + 12CD4 reactions are 13CH+ and
13CH2

+, and 12CD+ and 12CD2
+, respectively. The 13CH+ and

12CD+ products have the same mass number (14) and we cannot
determine the individual contributions to the measured signal.
The heavier and more dominant reaction product of the He+ +
13CH4 reaction, 13CH2

+, is not contaminated by any other

product-ion contributions. The corresponding product ion of
the He+ + 12CD4 reaction, 12CD2

+, only coincides in mass with
the minor 13CH3

+ product of the He+ + 13CH4 reaction. From
our measurements using the pure CH4 and CD4 beams, this
contribution was determined to be B11% of the 13CH2

+ peak
intensity (see Table 2) and can be subtracted to derive the
12CD2

+ signal.
The integrated product-ion signals corresponding to the

CH2
+:CD2

+ product-ion ratio, measured with GS beams of pure
12CH4 and 12CD4 gas in separate experiments and the
13CH4–12CD4 mixture, and vRyd = 1040 m s�1, are 0.66 � 0.04
and 0.72 � 0.06, respectively. These ratios are identical within
the experimental uncertainties, which suggests that the expan-
sion effects do not significantly affect the CH4/CD4 densities in
the reaction volume. The He+ + CH4 reaction thus appears to
have a larger rate coefficient (by about 40%) at low collision
energies than the He+ + CD4 reaction. This difference is
significantly larger than predicted from the Langevin rate
coefficients (about 2.1%).

The collision-energy dependence of the total measured
product-ion yield (Itot) of the He(n) +CH4 (purple) and He(n)
+CD4 (green) reactions is displayed in Fig. 4. The triangles and
circles indicate measurements with vRyd o vGS and vRyd 4 vGS,
respectively. The dashed horizontal lines and coloured rectan-
gles represent the mean and standard deviation of the experi-
mentally measured values for Itot. The product yields of these
reactions do not exhibit a significant dependence on the
collision energy in the kB�(0–10) K collision-energy range stu-
died experimentally.

In our experiments, there is a very large excess of the
ground-state molecules (density rGS in the order of 1010 cm�3

compared to a density rRg of about 106 cm�3 of the Rydberg
atoms). Consequently, the density of the ground-state mole-
cules remains unchanged during the reaction, which corre-
sponds to pseudo-first-order kinetics. In addition, the
conditions are such that less than 1% of the Rydberg atoms

Fig. 3 Measured time-of-flight mass spectra of the products of the
reaction between He(n) atoms and methane molecules in a GS beam
composed of a E1 : 1 mixture of 13CH4 : 12CD4 (green trace), and back-
ground time-of-flight spectrum recorded without the Rydberg-excitation
laser (black trace). The blue trace represents the reaction ion products
after subtraction of the background signals from Penning ionisation. The
coloured boxes indicate the ion products of the He+ + 13CH4 and He+ +
12CD4 reactions.
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react during the duration Dt of the reaction–observation win-
dow. Their concentration therefore also does not significantly
change during the reaction and the product yields are propor-
tional to the rate coefficients. Fig. 4 thus indicates that the rate
coefficients do not depend on the collision energy, as expected
for Langevin-capture reactions. This observation suggests that
the charge-octupole interaction between He+ and CH4 (CD4)
does not affect the rate coefficients. This aspect is now exam-
ined in more detail from a theoretical point of view.

4 The effect of the octupole moment
on the rate coefficients of
ion–molecule reactions

Because of its tetrahedral symmetry, the methane molecule
does not have a permanent electric dipole nor a quadrupole
moment. Its first non-vanishing permanent electric moment is
the octupole moment. The interaction between the charge of
the He+ ion and the octupole moment can lead to a modifica-
tion of the R� and rotational-state-dependent ion–molecule
interaction potentials and capture rate coefficients (R is the
distance between the ion and the molecule). In this section, we
present a theoretical analysis of this interaction.

We consider methane molecules in their ground electronic
(X̃ 1A1) and vibrational state (v1,2,3,4 = 0). The interaction
between the electric field generated by the ion and the octupole
moment of the methane molecule results in a mixing of the
|JKMi rotational levels and induces a small energy shift from
the Stark effect, DEJKM, of the rotational energy levels which
depends on the distance between the methane molecule and
the ion. The total ion–molecule interaction potential, consist-
ing of the pure Langevin term, VL (R), and the state-dependent
Stark shift, DEJKM, as described in Article I, is used to calculate
the state-dependent capture rate coefficients.

4.1 Nuclear-spin statistics of methane in the Td (M) group and
rotational-state population in the supersonic beam

The methane molecule has a tetrahedral structure and, if
tunnelling effects are ignored, its states can be labelled by the
irreducible representations A1, A2, E, F1 and F2 of the molecular
symmetry group Td (M). The total wavefunction (including the
electronic, nuclear-spin and rovibrational components) must
have either A1 or A2 symmetry, both for CH4 and CD4. CH4 (CD4)
has three nuclear-spin isomers with total nuclear spin I = 2, 1, 0
(I = 4, 2, 0). The nuclear spin of 1/2 (1) of the protons
(deuterons) in CH4 (CD4) leads to 16 (81) nuclear spin
wavefunctions, which span the total irreducible representa-
tions:48–50

GCH4
ns ¼ 5A1ðI ¼ 2Þ � EðI ¼ 0Þ � 3F2ðI ¼ 1Þ (1)

and

GCD4
ns ¼ 15A1ðI ¼ 4Þ � 6EðI ¼ 0Þ � 18F2ðI ¼ 2Þ: (2)

The allowed rovibronic states span the irreducible represen-
tations:

GCH4
rve ¼ 5A1 � 5A2 � 2E� 3F1 �þ3F2 (3)

and

GCD4
rve ¼ 15A1 � 15A2 � 12E� 18F1 �þ18F2: (4)

The symmetries of the rotational wavefunctions of methane
and the nuclear-spin-statistical weights of the rovibronic states
determined from the allowed combinations of nuclear-spin and
rovibronic wavefunctions are presented in Tables 3 and 4,
respectively.

The octupole-allowed transitions in the Td (M) group are:51

A12A2,

F12F2,

Table 3 Symmetry species of the J = 0–12 rotational levels of the 1A1

ground state of CH4 and CD4 in the Td (M) molecular symmetry group
(adapted from ref. 48). The last column lists the rotational energies in the
ground vibrational state of CH4, neglecting centrifugal distortion terms.
The states of A, F and E symmetry are labelled in red, black and blue,
respectively (see text for discussion)

Fig. 4 Total measured product-ion yields of the He+ + CH4 reaction,
ICH+ +ICH2

+ +ICH3
+ (purple), and the He+ + CD4 reaction, ICD+ +ICD2

+ +ICD3
+

(green), as a function of the collision energy, Ecoll = m (vRyd� vGS)2/2, in the
kB�(0–10) K range. The triangles (circles) indicate measurements carried
out at vRyd o vGS (vRyd 4 vGS). The dashed horizontal lines and coloured
rectangles represent the mean and standard deviations of each measure-
ment set.
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and

E 2 E,

implying that states of symmetry A1 and A2, and F1 and F2 can
interconvert. These transitions are associated with a change of
parity and are better described by the complete-nuclear-permu-
tation-inversion group, S4*:52

A1 - A1
++ A2

�,

A2 - A2
++ A1

�,

E - E++ E�,

F1 - F1
++ F2

�,

and

F2 - F2
++ F1

�.

The selection rules arising from the conservation of the total
angular momentum (see eqn (8) in the following section) and of
the nuclear-spin symmetry of the rotational wavefunctions of
methane in the Td (M) group are:

DJ ¼ 0;�1;�2;�3 0$= f0; 1; 2g; 0$= 1Þ;ð (5)

DK = 0, (6)

and

DM = 0. (7)

To illustrate these selection rules, the calculated R�inde-
pendent matrix elements [without the factor of eO/(4pe0R4)] of
the Stark Hamiltonian in eqn (8) for J = 0–12 and KM values of 0
and �1 are presented in Fig. 5.

States with J = 1 (rovibrational symmetry F1) and the E
component of the J = 2 states are metastable because they
cannot decay to a lower rotational state without changing the
nuclear-spin symmetry (see Table 3). The lowest rotational state
that can decay to J = 0 is the J = 3 state. The ground states of
the three nuclear-spin isomers are thus the J = 0 (A1 character),
J = 1 (F1 character) and J = 2 (E character) states, respectively.

In supersonic expansions of CH4 and CD4, states of different
nuclear-spin symmetry do not interconvert.53,54 Because of the
relatively large ground-state rotational constant in CH4 (BCH4

=
5.241 cm�1), only the J = 0, 1 and 2 states, and thus only the
ground state of each nuclear-spin isomer, are significantly
populated at the rotational temperature Trot = 6 K of our
supersonic beam (the fraction of molecules in states with J 4 2
is o10�5). The fraction pJ of CH4 molecules in state J, including
the K and M degeneracies and the nuclear-spin statistical

weights, is pCH4
J¼0 ¼ 0:31, pCH4

J¼1 ¼ 0:55 and pCH4
J¼2 ¼ 0:14. The rota-

tional constant of CD4 is smaller (BCD4
= 2.591 cm�1), but the

nuclear spin isomers of A and E symmetry still mostly occupy
their respective J = 0 and J = 2 ground states (97.25% and 99.95%
of the molecules belonging to the nuclear-spin isomers of A and E
symmetry, respectively, are in their respective ground state). The
distribution of the nuclear-spin isomer of F symmetry among its
three lowest energy states is B80.5% ( J = 1), B18.6% ( J = 2) and
B0.9% ( J = 3). The fractions of molecules in specific J states in

CD4 in our supersonic beam (Trot E 6 K) are: pCD4
J¼0 ¼ 0:180,

pCD4
J¼1 ¼ 0:537 and pCD4

J¼2 ¼ 0:272, with B1% of the molecules in
states with J Z 3.

4.2 The interaction potentials between the He+ ion and the
methane molecule

In the absence of electric dipole and quadrupole moments, the
matrix elements of the Stark Hamiltonian in the basis of the
symmetric-top rotational wavefunctions, are given by:55–57

J 0K 0M0 bHStark

��� ���JKMD E
¼ eO

4pe0R4

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2J 0 þ 1Þ

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2Jþ 1Þ

p
ð�1ÞK 0�M0

�
J 3 J 0

M 0 �M0

 !
J 3 J 0

K 0 �K 0

 !
:

(8)

The He+ + CH4( JKM) and He+ + CD4( JKM) interaction
potentials

V
ð‘; JKMÞ
int ðRÞ ¼ � a0e2

8pe0R4
þ �h2‘ð‘þ 1Þ

2mR2
þ DEJKMðRÞ

¼ V
ð‘Þ
L ðRÞ þ DEJKMðRÞ

(9)

Table 4 Nuclear-spin-statistical weights of the rovibronic wavefunctions
of CH4 and CD4 in the Td (M) group

CH4 CD4 Degeneracy Total nuclear spin I(CH4; CD4)

A1(5) A1(15) 1 {2; 4
A2(5) A2(15) 1
E(2) E(12) 2 0
F1(3) F1(18) 3 {1; 2
F2(3) F2(18) 3

Fig. 5 Calculated values of the R� independent (without the factor of eO/
(4pe0R4)) matrix elements of the Stark Hamiltonian, hJ0K0M0|ĤStark|JKMi, for the
J = 0–12 rotational levels of methane and the indicated values of K and M.
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for rotational levels with J r 2 are presented in Fig. 6(a)–(f). To
determine DEJKM (R), the Stark Hamiltonian was diagonalised for
values of R in the 0.1–60 Å range, in steps of 0.075 Å, corres-
ponding to a maximum electric field of B1.4 � 108 kV cm�1 for
the smallest value of R. The rotational constants and octupole
moment used in the calculations are BCH4

= 5.241 cm�1,58 BCD4
=

2.591 cm�1,59 and O = 3.12 e a0
3.33 Convergence was achieved by

including all rotational states with J r 7.
The solid black (dashed black) and solid coloured (transpar-

ent coloured) lines in Fig. 6 indicate the Langevin ion–molecule
interaction potential [V(c)

L (R)] and the total interaction potentials
including the charge-octupole interaction [V(c,JKM)

int (R)] for c = 0
(c = 10), respectively. For all states, the deviation of V(c,JKM)

int (R)
from V(c)

L (R) is very small, particularly for the states of the J = 0
and J = 1 manifolds. The effect of the octupole moment becomes
stronger as J increases from 0 to 2. For states with J = 0 and 1, the

effect of the charge-octupole interaction is more pronounced in
CD4 than in CH4 because the rotational constant of CD4 is half
that of CH4, leading to stronger mixing of the different J levels in
the electric field of the He+ ion, as explained below. At an
internuclear separation of R C 19 Å, which corresponds to the
Langevin radius at a collision energy of BkB�6.3 K, the ( JKM) =
(000) state is shifted from the value of V(c=0)

L by B�0.0005 cm�1

(B�0.001 cm�1) in CH4 (CD4) [insets of Fig. 6(a) and (b)]. In the
J = 1 manifold, the potential-energy curves for all ( JKM) states
are also shifted to lower energies compared to V(c=0)

L (R). The
change in energy is largest for the (100) state of the J = 1 manifold
and is B0.001 cm�1 (B0.002 cm�1) in CH4 (CD4) [insets of
Fig. 6(c) and (d)]. This energy shift is twice as large as for the
(000) state. In the J = 2 manifold of states, the different ( JKM)
states are shifted to both higher and lower energies compared to
V(c=0)

L (R) [insets of Fig. 6(e) and (f)]. These shifts are in the order of

Fig. 6 Calculated interaction potentials between He+ and either CH4[(a), (c) and (e)] or CD4[(b), (d) and (f)], for the J = 0, 1 and 2 manifolds of (JKM) states.
The solid coloured (transparent coloured) and solid black (dashed black) curves indicate the interaction potential, V(c,JKM)

int (R), including the effect of the
molecular octupole moment (see text for details) and the Langevin interaction potential, V(c)

L (R), for c = 0 (c = 10), respectively. The legend indicates the
state label (JKM).
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�0.15 cm�1 in both CH4 and CD4. Their larger values come from
the fact that these states are closer in energy to states of the J = 3
manifold than states with J = 0 and 1 and that J = 3 states are the
lowest rotational levels that can support an octupole moment. In
addition, there are more (and stronger) coupling matrix elements
to states of the J = 3 manifold compared to states with J = 0 and J =
1, as can be seen by evaluating the relevant Wigner 3 � j symbols
in eqn (8), see also Fig. 5.

In general, the Stark shifts of all rotational states of CH4 and
CD4 are several orders of magnitude smaller than the Stark

shifts encountered in polar molecules, such as NH3
29 and

CH3F27 (see, e.g., Fig. 6(a) and (b) of Article I) and more than
an order of magnitude smaller than the shifts in quadrupolar
molecules, such as N2

32 and H2
21,32,60 (see, e.g., Fig. 4 and 7 of

Article II), as expected.

4.3 The rotational-state-dependent capture rate coefficients

We calculate the state-dependent capture rate coefficients as a
function of the collision energy (Ecoll) by finding the highest
classically-allowed partial wave, cmax, which results in a

Fig. 7 The calculated rotational-state-dependent rate coefficients ki(Ecoll) (normalised to kL) for selected non-degenerate states with J = 0–2 for the
He+ + CH4 [(a), (c) and (e)] and He+ + CD4 [(b), (d) and (f)] reactions, for collision energy in the kB�(0.25–15) K range. The reaction rate coefficients
averaged over all M and K sublevels are displayed in panels (g) and (h).
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capture, for each selected value of Ecoll. The value of cmax is then
used to calculate the maximal impact parameter

bmax ¼ �h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
‘max ‘max þ 1ð Þ

2Ecollm

s
; (10)

the cross section, s = pbmax
2, and the rate coefficients ki for the

methane molecule in state i = ( JKM):

ki Ecollð Þ ¼ vrels ¼ vrelpbmax
2 ¼ p

�h2‘max ‘max þ 1ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m3Ecoll

p : (11)

The total rate coefficient is obtained by summing over the ki

contributions weighted by the fractional population wi in state
i, determined from the Boltzmann distribution including
nuclear-spin-statistical weights:

ktot Ecollð Þ ¼
X
i

wi � ki Ecollð Þ: (12)

The index i in eqn (12) runs over all ( JKM) states that are
significantly populated at the rotational temperature of the
supersonic beam of 6 K. A total of 81 states were included in
the calculation of the total reaction rate coefficients, with J r 3.

The results of the calculations for the ki(Ecoll) rate coeffi-
cients for the two reactions and rotational states of the J = 0, 1
and 2 manifolds are presented in Fig. 7. The calculations were
performed in the range of collision energies Ecoll/kB between
0.25 and 15 K, in steps of 0.25 K. For states experiencing a total
interaction potential that is more (less) attractive than the
Langevin potential, the centrifugal potential-energy barrier for
a given value of c is lowered (raised) compared to V(c)

L (R),
leading to values of ki(Ecoll) that are larger (smaller) than the
Langevin rate kL. The exact dependence of ki on the collision
energy is determined by the Stark shift and the shape of the
interaction potential in state i, Vi=(c,JKM)

int (R). We can classify the
states in three categories as types I, II and III depending on
whether the deviation of ki(Ecoll) from kL is small (t1%),
intermediate (B1–5%) or large (\5%), respectively, keeping
in mind that what we call large here is still small compared to
the deviations observed in polar and quadrupolar molecules.

States of type I include all the states from the J = 0 and J = 1
manifolds [Fig. 6(a)–(d)], the |M| = 0, 1, 2 states of the ( J = 2,
K = 0) manifold [see lower insets of Fig. 6(e) and (f)] and the
( J, |K|, M) = (2, 2, 0) states. At the lowest collision energies,
Ecoll C kB�(0.25–5) K for the He+ + CH4 reaction and Ecoll C kB�
(0.25–2.5) K for the He+ + CD4 reaction, the rate coefficients of
these states are very close to the Langevin rate constant,
k(I)

i (Ecoll) C kL. At higher collision energies, the rate coefficients
of the type-I states increase (decrease) for interaction
potentials that are more (less) attractive than VL (R). The
deviation from kL in type-I states is more pronounced for CD4

[see Fig. 7(b), (d) and (f)].
States of type II comprise the |K| = 2, |M| = 1, 2 states from

the J = 2 manifold. These states experience deviations from
V(c=0)

L at R E 19 Å of B0.03–0.06 cm�1 [upper insets in Fig. 6(e)
and (f)]. The rate coefficients of these states all gradually
increase with increasing Ecoll. The deviation of the rate

coefficients k(II)
i (Ecoll) from kL is relatively insensitive to the

collision energy in the considered range, particularly for the
states with |M| = 1.

States of type III exhibit the largest deviation from kL (\5%),
but their rate coefficients almost do not depend on the collision
energy. States of type III are the MK = �1 states of the J = 2
manifold, which are shifted by approximately �0.15 cm�1 from
V(c=0)

L (R) at RE19 Å, in both CH4 and CD4. These states exhibit
the largest deviation from VL (R) [see upper insets in Fig. 6 (e)
and (f)] and kL and have rate coefficients of B0.94kL for the
KM = 1 states and B1.05kL for the KM = �1 states, in both CH4

and CD4 [see Fig. 7(e) and (f)].
The calculated rate coefficients averaged over all (K, M)

sublevels of the J = 0, 1 and 2 manifolds are displayed in
Fig. 7(g) and (h). They are almost equal to BkL at the lowest
collision energy and grow with increasing Ecoll value. This
increase is more pronounced for the J = 0 and 1 states. The
J = 2 manifold consists primarily of states of type II and III.
Although the deviations of the interaction potentials from VL(R)
for type-II and III states are the most pronounced, approxi-
mately half of the states in this manifold experiences a positive
energy shift while the other half experiences a negative energy
shift relative to VL(R). Consequently, the overall effect on the
rate coefficient cancels out.

The total capture rate coefficients for the He+ + CH4 and
He+ + CD4 reactions obtained after averaging over the
rotational-state population of our supersonic beam are dis-
played in Fig. 8. The weighting factors of each ( JKM) sublevel
were determined assuming a rotational temperature of the
supersonic beam of Trot = 6 K and including the nuclear-spin
statistical weights. A small increase, of B0.2% and B0.4% for
CH4 and CD4, respectively, compared to the Langevin rate is
predicted in the range of collision energies between 0 and kB�
15 K. The overall effect of the octupole moment on the total
capture rate coefficients arises from states with negative Stark
shifts, i.e., mostly from states with J = 0 and J = 1. The effect is

Fig. 8 The calculated collision-energy-dependent total capture rate
coefficients for the He+ + CH4 (purple) and He+ + CD4 (green) reactions,
normalised to the Langevin rate kL. The weights for each state are
determined assuming a rotational temperature of 6 K and including the
nuclear-spin statistical weights.
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more pronounced in CD4 than in CH4 because of the smaller
rotational constant of CD4.

The effect of the octupole moment on the total rate constant
is expected to be larger in molecules with larger values of O and
smaller rotational constants, such as CCl4.61 The results presented in
Fig. 8 imply that the capture rate coefficients of the He+ + CH4 and
He+ + CD4 reactions do not significantly depend on the collision
energy in the range between 0 and kB�15 K. This finding is in accord
with the experimental observations presented in Fig. 2 and 4, which
did not reveal any significant change of the rate coefficient over the
range of collision energies probed in the experiment.

5 Conclusions

We have presented measurements of the relative rate coefficients
of the reactions between He+ ions and methane molecules (CH4

and CD4) in the collision-energy range between 0 and BkB�10 K.
The reactions were studied in a merged Rydberg-He-neutral beam
setup, within the orbit of the helium Rydberg electron. We did
not observe any dependence of the total product ion yield of
either reaction on the collision energy in this range.

The measured product ion yield of the He+ + CH4 reaction
was found to be approximately twice as large as the one of the
He+ + CD4 reaction. This result is unexpected because the
Langevin capture rate coefficients of the two reactions are
almost identical. Only a very small part of this discrepancy
can be explained with the different expansion dynamics affect-
ing the CH4 and CD4 supersonic beams, as demonstrated in
measurements using a supersonic beam consisting of a B1 : 1
mixture of 13CH4 : 12CD4. Most likely, the bias towards the
product-ion formation in the He+ + CH4 reaction compared to
the He+ + CD4 reaction arises because of non-adiabatic coupling
effects, which are expected to be more pronounced in CH4

because the protons are lighter than the deuterons.
We have also presented calculations of the rotational-state-

dependent capture rate coefficients, which include the effect of
the interaction between the charge of the He+ ion and the
octupole moment of the methane molecule. These calculations
confirmed that the charge-octupole interaction does not signifi-
cantly affect the rate coefficients of ion–molecule reactions in
the range of collision energies investigated in our studies (i.e.,
between kB�100 mK and kB�10 K). Nevertheless, the calculations
revealed small differences, on the order of 5% or less, in the
rate coefficients of reactions involving CH4 and CD4 in specific
rotational states. The effect of these differences might become
observable in experiments achieving a higher sensitivity than the
present ones or using samples prepared in selected rotational
states. The absence of electric dipole and quadrupole moments
in CH4 makes the He+ + CH4 reaction an attractive system to
observe the factor-of-two quantum enhancement of the rate
coefficient that has been predicted theoretically for Langevin-
type ion–molecule reactions at very low collision energies.21,62,63

In most other systems, deviations from the Langevin rate
constant caused by long-range interactions are dominant and
effectively mask the pure quantum enhancement.

This article concludes the three-part series investigating the
effects of the molecular multipole moments on the capture rate
coefficients of fast, barrierless ion–molecule reactions. In each
article, we have presented experimental data on a reaction
involving the He+ ion and a molecule possessing either a
permanent dipole, a quadrupole or an octupole moment, and
compared the experimental results with calculations of the
molecular-rotational-state- and collision-energy-dependent
capture rate coefficients. The results overall demonstrate the
rapid convergence of the capture rate coefficients to the Lange-
vin rate constant, kL, as the lowest non-vanishing molecular
multipole moment (nmp = 2l) increases in the sequence dipole
(l = 1), quadrupole (l = 2) and octupole (l = 3).

In Article I, we presented experimental results and calcula-
tions showing the molecular-dipole-moment-induced enhance-
ment of the total reaction rate coefficients of the He+ + NH3 and
He+ + ND3 reactions, kHe++NH3 and kHe++ND3, with decreasing
collision energy (the ammonia molecule has a dipole moment
of 1.47 D).69 At the lowest experimentally resolvable collision
energy of BkB�200 mK, the calculated capture rate coefficients
of the two reactions were estimated to be kHe++NH3

\ 17kL and
kHe++ND3

\ 22kL.
In Article II, we treated the case of the charge–quadrupole-

moment interaction with the example of the He+ + N2 reaction,
demonstrating a suppression of the total reaction rate coeffi-
cient, kHe++N2, at the lowest collision energies, and an increase
of the reaction rate coefficient with increasing energy, reaching
a value of B1.3kL at Ecoll/kB E 10 K. This suppression at the
lowest collision energies was shown to arise from the negative
sign of the quadrupole moment of N2 QN2

zz ¼ �1:394D Å
� �

.70

In the He+ + NH3/ND3 and He+ + N2 reaction systems, the
rate coefficients strongly depend on the rotational level of the
molecule. The results we obtained are for jet-cooled samples in
which the occupation of rotational levels is approximately
described by a rotational temperature of B6–7 K. The pro-
nounced deviations we observed at low collision energies are
thus the results of the average behaviour of molecules in
different rotational states. Much stronger effects could be
observed if fully state-selected samples are generated, and if
the molecules are aligned or oriented.

The good agreement between the experimentally observed
and the calculated state-averaged rate coefficients indicates
that the adiabatic capture treatment we used in our calcula-
tions, which was developed more than 30 years ago,17,18 is
adequate to describe the energy dependence of the rate coeffi-
cients from B50 K down to E0.1 K, which covers the entire
temperature and collision-energy ranges relevant for chemical
processes in interstellar clouds.

Capture models do not provide information on the branch-
ing ratios for different reaction channels. Moreover, they only
provide the absolute values of the capture rate coefficients,
whereas our experiments probe the relative rate coefficients for
reactive collisions. However, we can use our calculations
together with the experimentally measured absolute thermal
rate coefficients in previous experiments in order to estimate
the absolute thermal coefficients for the studied reactions at
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temperatures below B100 K, which is the temperature regime
relevant for astrophysics.

The thermal rate coefficients calculated using our frame-
work and the experimentally measured absolute rate coeffi-
cients at the lowest temperatures available in the literature are
listed in Table 5 for the reactions studied in the current series,
together with key parameters describing each reaction. For all
reactions considered, the calculated thermal rates are higher
than the experimentally measured ones, implying that only a
fraction of the collisions are reactive. In the case of the reaction
between He+ and ammonia, the calculated and experimentally
measured thermal rate coefficients at 27 K and 68 K are larger
than the Langevin rate kL by factors of B6 and B4 (assuming
nuclear-spin conservation),29 and B2.4 and B1.6, respectively.
The enhancement of the He+ + NH3 thermal reaction rates with
decreasing temperature originates from the interaction between
the charge of the He+ ion and the dipole moment of the ammonia
molecule, as described in Article I. We infer that the fraction of
reactive collisions for the He+ + NH3 reaction is B40%. Moreover,
our results indicate that the rate coefficient exceeds B5 kL at 3 K.

The calculated thermal capture rate coefficients for the
reaction between He+ and N2 at 8 and 20 K are estimated to
be B26% and B21% higher than kL. The enhancement over
the value of kL of the He+ + N2 reaction thermal rate coefficient
at low temperatures is caused by the interaction between the
charge of the He+ ion and the quadrupole moment of N2, as
described in Article II. As the temperature increases, the thermal
capture rate coefficient of the He+ + N2 reaction is expected to
converge to the value of kL. At 50 K and 100 K the thermal
capture rate coefficient is 1.16 kL and 1.07kL, respectively. Using
the experimentally measured reaction rate coefficients at 8 and
20 K,64 we estimate a reaction probability of B60% of the He+ +
N2 system, with an uncertainty of B�20% resulting from the
experimental uncertainty of the measurements.64

Because of the minimal effect of the methane octupole
moment on the capture rate coefficients of both the He+ +
CH4 and the He+ + CD4 reactions, the calculated thermal rate
coefficients for these reactions already converge to the value of
kL at 1 K. Using (a) the experimentally measured absolute rate
coefficients of the He+ + CH4 reaction available in the literature
for 300 K,41 and (b) the relative product yield of the He+ + CH4

and He+ + CD4 reactions measured in our experiments, we
estimate that B60% and B40% of the collisions in the He+ +
CH4 and He+ + CD4 systems, respectively, are reactive.

Taking the earlier measurements of absolute thermal rate
coefficients at elevated temperatures into account and using our
calculated capture rate coefficients and the corresponding percen-
tage of reactive collisions, we determined values of the thermal
reactive rate coefficients for all reactions in the temperature range
relevant for the chemistry of interstellar clouds. Values of these
reaction rate constants are given for T = 3 and 10 K in the row
labelled kest in Table 5. These values correspond to the sum of the
rates of the different reaction channels and the rates for specific
channels can be obtained from the respective branching ratios, as
given, e.g., in Tables 1 and 2. We recommend that these values be
used in kinetic models of the chemical processes in these clouds.T
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The reactions between He+ and CH4, NH3 and N2 involve a
charge transfer and thus more than one adiabatic potential-
energy surface. These reactions are thus not simply ‘‘downhill’’
reactions on a single surface but involve nonadiabatic dynamics,
which is likely to be the reason for the less-than-unity reaction
probability. The smaller fraction of reactive collisions in the He+ +
CD4 system compared to the He+ + CH4 system observed in our
study may therefore reflect the fact that protons are lighter than
deuterons and thus more likely to undergo nonadiabatic pro-
cesses. Differences in the zero-point vibrational energies along
the reaction paths may also play a role. Capture models do not
provide information on the reaction mechanisms leading to
different products, nor on the product branching ratios, nor on
the percentage of reactive collisions. Nonadiabatic calculations
for the reactions studied in this article series would be needed to
reach a full understanding of the experimental observations.
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