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Multipole-moment effects in ion–molecule
reactions at low temperatures: part I – ion-dipole
enhancement of the rate coefficients of the He+ +
NH3 and He+ + ND3 reactions at collisional
energies Ecoll/kB near 0 K

Valentina Zhelyazkova, Fernanda B. V. Martins, Josef A. Agner,
Hansjürg Schmutz and Frédéric Merkt *

The energy dependence of the rates of the reactions between He+ and ammonia (NY3, Y = {H,D}),

forming NY2
+, Y and He as well as NY+, Y2 and He, and the corresponding product branching ratios have

been measured at low collision energies Ecoll between 0 and kB�40 K using a recently developed

merged-beam technique [Allmendinger et al., ChemPhysChem, 2016, 17, 3596]. To avoid heating of the

ions by stray electric fields, the reactions are observed within the large orbit of a highly excited Rydberg

electron. A beam of He Rydberg atoms was merged with a supersonic beam of ammonia using a curved

surface-electrode Rydberg–Stark deflector, which is also used for adjusting the final velocity of the He

Rydberg atoms, and thus the collision energy. A collision-energy resolution of about 200 mK was

reached at the lowest Ecoll values. The reaction rate coefficients exhibit a sharp increase at collision

energies below BkB�5 K and pronounced deviations from Langevin-capture behaviour. The experimental

results are interpreted in terms of an adiabatic capture model describing the rotational-state-dependent

orientation of the ammonia molecules by the electric field of the He+ atom. The model faithfully

describes the experimental observations and enables the identification of three classes of |JKMpi
rotational states of the ammonia molecules showing different low-energy capture behaviour: (A) high-

field-seeking states with |KM| Z 1 correlating to the lower component of the umbrella-motion

tunnelling doublet at low fields. These states undergo a negative linear Stark shift, which leads to

strongly enhanced rate coefficients; (B) high-field-seeking states subject to a quadratic Stark shift at low

fields and which exhibit only weak rate enhancements; and (C) low-field-seeking states with |KM| Z 1.

These states exhibit a positive Stark shift at low fields, which completely suppresses the reactions at low

collision energies. Marked differences in the low-energy reactivity of NH3 and ND3—the rate

enhancements in ND3 are more pronounced than in NH3—are quantitatively explained by the model.

They result from the reduced magnitudes of the tunnelling splitting and rotational intervals in ND3 and

the different occupations of the rotational levels in the supersonic beam caused by the different

nuclear-spin statistical weights. Thermal capture rate constants are derived from the model for the

temperature range between 0 and 10 K relevant for astrochemistry. Comparison of the calculated

thermal capture rate coefficients with the absolute reaction rates measured above 27 K by Marquette

et al. (Chem. Phys. Lett., 1985, 122, 431) suggests that only 40% of the close collisions are reactive.

1 Overview of the article series

This article is the first of a three-article series devoted to

experimental studies of barrier-free ion–molecule reactions at

low collision energies. The article series addresses fundamental

aspects of chemical reactivity in low-energy ion–molecule

collisions which play a crucial role in the understanding and

modelling of ion–molecule reactions at low temperatures.1–10

The focus is placed on the measurement and theoretical

analysis of the deviations of the collision-energy-dependent

reaction rates k(Ecoll) from the Langevin rate kL at very low

collision energies resulting from the electrostatic interaction

between the charge of the ion and the electric dipole,

quadrupole and octupole moments of the neutral molecule.ETH Zurich, Zurich, Switzerland
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For these studies, we have chosen He+ as a reactant ion

because the high ionisation energy of He guarantees strongly

exothermic barrier-free reactions with a broad range of neutral

molecules. The neutral molecules we have selected are (i)

ammonia (NH3 and ND3), which is a polar molecule with a

dipole moment of 4.91 � 10�30 C m,11 (ii) N2, which does not

have a permanent dipole moment but has a quadrupole

moment of �4.65 � 10�40 C m2,12 and (iii) methane (CH4

and CD4), which has neither a permanent dipole moment nor a

quadrupole moment, but an octupole moment of 7.41 �
10�50 C m3.13 The reactions of all three molecules are known

from previous work to proceed with high rates.14,15 With these

three molecules, we can examine the convergence of the

capture rate coefficients at low energies towards the Langevin

rate as the lowest non-vanishing member of the multipole

expansion series of the neutral molecule gradually increases

in the sequence dipole (nmp = 2), quadrupole (nmp = 4), and

octupole (nmp = 8). This sequence also corresponds to the order

of this three-article series, which presents our results on the

nmp = 2 case in article I, and those on the nmp = 4 and nmp = 8

cases in articles II and III, respectively.

The experimental observations are analysed in the realm of

an adiabatic capture model inspired by the earlier theoretical

work of Clary and co-workers3,5,16 and Troe and co-

workers.4,6,17–20 Because the existence or non-existence of a

given nmp-pole moment is dictated by the molecular symmetry,

the interpretation of the experimental observations requires

consideration of the corresponding molecular-symmetry

groups, in particular when determining the nuclear-spin

symmetries and occupations of the rotational quantum states

of the neutral molecules. We follow here earlier treatments, in

particular those presented in ref. 21–24 and compare reactions

of undeuterated and fully deuterated ammonia and methane to

highlight specific aspects. The overall analysis gives insights

into the dependence of the rate coefficients on the rotational

quantum states of the neutral molecules and provides access to

the thermal rate coefficients k(T) through statistical averaging.

The overall structure of this three-article series is as follows:

in this first article, we present a general introduction to fast

ion–molecule reactions and detail the experimental approach

and set-up we have used, which are the same for all three

studies. We also summarise the main aspects of the capture

model we have implemented to interpret the experimental

results in a general form, adequate to treat the effects of an

arbitrary nmp moment. We then describe the experimental

results we have obtained in our study of the He+ + NH3 and

He+ + ND3 reactions and their analysis using the capture model

for the nmp = 2 case. In the second article, we focus on the

results obtained on the nmp = 4 case and present our studies of

the He+ + N2 reaction. To clarify the role of the sign of the

quadrupole, we also compare the results obtained for N2, which

has a negative quadrupole moment, with those obtained for the

reactions of D2
+ with H2, which has a positive quadrupole

moment. The last article is devoted to the study of the nmp =

8 case with the example of the He+ + CH4 and He+ + CD4

reactions. It also presents our main conclusions concerning the

convergence of the low-energy capture rate coefficients towards

Langevin rates. This structure offers the advantage that the

introductory, experimental and theoretical-modelling sections

of articles II and III could be reduced to a minimum, and that

the general conclusions could be condensed in the last section

of article III.

2 Introduction

Ion–molecule reactions play a key role in the chemistry of dilute

environments, such as low-density plasmas, interstellar clouds

and the upper layers of planetary atmospheres. Their rate

coefficients and the branching ratios for different product

channels are required as input in global kinetics models

designed to describe and predict the chemical compositions of

these environments.25–32 In particular, barrierless, exothermic

ion–molecule reactions proceed with high rate coefficients even

at very low temperatures and several of these reactions represent

essential steps in the synthesis of molecules in the interstellar

medium, enabling the formation of polyatomic molecules

through reaction chains in cold (3–50 K) dark molecular clouds.

Measurements of the rates of ion–molecule reactions at

temperatures below 50 K are challenging because ions are

easily heated up by stray electric fields and space-charge effects.

An electric-potential difference of only 1 mV is indeed sufficient

to accelerate ions to kinetic energies corresponding to about

12 K. Studies of ion–molecule reactions in ion guides and

traps8,33,34 and in supersonic flows35,36 enable measurements

of reaction rates down to E10 K, but the range below 10 K

remains largely unexplored experimentally.

Advances in the experimental studies of ion–molecule

reactions near 0 K have been recently made that rely on the

use of laser-cooled and sympathetically cooled ions in ion traps

and Coulomb crystals.9,37–39 Our own approach to study ion–

molecule reactions at low energies consists of suppressing the

stray-electric-field-induced heating of the ions by replacing the

ion by an atom or molecule in a Rydberg state of high principal

quantum number n.40–43 In such states, the Rydberg electron

moves on an orbit of large radius (pn2, e.g., E50 nm for n =

30), without significantly affecting the reactions involving the

ion core.44–46 The distant Rydberg electron, however, effectively

shields the reaction from stray electric fields. In addition, one

can exploit the large induced dipole moments of Rydberg

atoms and molecules (mmax E 3400 D for n = 30) to manipulate

their translational motion with inhomogeneous electric

fields of modest magnitude. We have used this property to

deflect, accelerate and decelerate beams of Rydberg atoms

and molecules using on-chip Rydberg–Stark decelerators and

deflectors.47–50 With such devices, supersonic beams of

Rydberg atoms and molecules can be merged with supersonic

beams of ground-state neutral molecules, allowing the study of

ion–molecule reactions at very low collisional energies.

This merged Rydberg-packet—ground-state-beam approach

exploits the large velocity dispersion of supersonic beams

produced with short-pulse valves, as in recent elegant work
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on Penning-ionisation and associative-ionisation reactions at

low collision energies by Narevicius and co-workers51–53 and

Osterwalder and co-workers,54–56 and the well-defined spatial

extent and mean velocity of the deflected Rydberg-atom cloud.

This combination makes it possible to achieve a collision-

energy resolution as low as B100 mK.43 In the last years, we

have observed deviations from Langevin capture rates at low

collisional energies, in particular: (a) a small enhancement

(B15%) of the H2
+ + H2 reaction rate constant compared to

kL at Ecoll/kB o 1 K,41 and (b) a strong enhancement by more

than an order of magnitude of the He+ + CH3F capture rate

constant at the lowest collisional energies.42 These enhancements

were attributed to ion-quadrupole interactions for the reaction

between H2
+ and ortho-H2 molecules in the J = 1 rotational state,

and to rotational-state-dependent Stark shifts of the polar CH3F

molecules in the Coulomb field of the helium ion for the He+ +

CH3F reaction. Despite these advances, experimental data on the

rates of ion–molecule reactions in the range below 10 K remain

extremely scarce.

In contrast, theoretical models describing ion–molecule

reactions are advanced and represent the main source of rate

constants for these reactions at low temperatures. At low

temperatures, the dominant ion–molecule reactions are

barrier-free reactions and their rates can be modelled by

ion-neutral capture models. In the simplest such model,

introduced by Langevin,57 the rates are determined by

considering the charge-induced dipole interaction between

the ion and the polarisable molecule and it is assumed that

the reaction takes place with unit probability provided that the

collision energy is larger than the centrifugal barrier in

the effective intermolecular potential. In this regime, the rate

constants are independent of the temperature or the collision

energy Ecoll and are given by the Langevin rate constant

(in SI units)

kL ¼ svrel ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p2a0ðZeÞ2
4pe0m

s

: (1)

In eqn (1), s is the reaction cross-section, vrel ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Ecoll=m

p
is the

asymptotic relative velocity, a0 is the polarisability volume of

the neutral molecule, Ze is the charge of the ion, m is the

reduced mass of the reactants and e0 is the permittivity of

vacuum. Whereas this treatment is often adequate above 100 K,

it fails at low temperatures because long-range forces between

the charge of the ion and the dipole, quadrupole, octupole, etc.

moments of the neutral molecules affect their rotational

motion.1,2,7 Specifically, the orientation of the molecular axes

and the alignment of the rotational angular-momentum vector

tend to be locked to the collision axis, leading to strong

quantum-state (index i)- and collision-energy-dependent rate

coefficients ki(Ecoll).
3–6 In this range, thermal capture rate

constants are determined from the ki(Ecoll) values by averaging

over the populated translational and rovibrational states i of

the reactants.

This article summarises the results of our studies of the

reaction of He+ with NH3 and ND3. These reactions are of

astrophysical importance. Ammonia was the first polyatomic

molecule to be detected in the interstellar medium.58 NH3 and

several of its isotopologues (NH2D, ND2H and ND3 and
15NH3)

were later found in external galaxies, interstellar ices, proto-

planetary disks, and in the atmosphere of Jupiter.59–63 Ammonia

can be detected through transitions in the radio-frequency

(transitions between the tunnelling components of the

umbrella-inversion mode), microwave (rotational transitions),

IR (vibrational transitions) and the visible/UV (electronic

transitions) ranges of the electromagnetic spectrum. The ease

of its detectionmakes it one of the most important molecules for

the study of molecular clouds (ammonia is dubbed ‘‘the inter-

stellar thermometer’’).64 Helium is the second most abundant

element in the universe (B25% bymass)65 and can be ionised by

cosmic rays in the interstellar medium to form He+.

The reaction between He+ and NH3 has been studied in the

1970s at temperatures at and above B300 K in flowing-

afterglow,66 flow-drift tube67 and ion-cyclotron resonance68

experiments. The thermal reaction rate constant at 300 K

in these studies was found to be in the range between

1.15(�20%) � 10�15 m3 s�1 and 2.20(�10%) � 10�15 m3 s�1

(kL
He++NH3 = 1.887 � 10�15 m3 s�1). An increase of the reaction

rate constant with decreasing temperature in the 300–2900 K

range was observed in ref. 67. Marquette et al.35 have measured

the thermal rate coefficient in uniform supersonic flows and

reported values of 4.5� 10�15m3 s�1 at 27 K, 3.0� 10�15m3 s�1 68

K, and 1.65� 10�15 m3 s�1 at 300 K. Several reaction channels were

identified with the following branching ratios:68

He+ + NH3 - NH3
+ + He (B12%) (R1)

- NH2
+ + H + He (B80%) (R2)

- NH+ + H2 + He (B8%). (R3)

The estimated released energies in each of these reactions are:

ER1 = 14.401 eV, ER2 = 8.822 eV and ER3 = 6.993 eV.69

Low-temperature and low-collisional-energy studies of the

reaction between He+ and ammonia are, however, lacking,

although this energy regime is particularly relevant for astro-

chemistry. The current work presents experimental and

theoretical studies of the He+ + NH3 and He+ + ND3 reactions

in the range of collisional energies Ecoll between 0 and kB�40 K

with a resolution of kB�200 mK at Ecoll = 0.

3 The effect of molecular multipole
moments on capture rate coefficients
3.1 The modified Langevin interaction potential

In the Langevin model, the interaction potential VL(R) between

an ion and a molecule is described only through the centrifugal

potential and the ion–induced-dipole interaction as:

VLðRÞ ¼
L2

2mR2
� a0ðZeÞ2

8pe0R4
: (2)

In eqn (2), L is the angular momentum of the collision (which

can be expressed as L = mvrelb, where b is the impact parameter)
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and R is the ion–molecule separation. If the molecule possesses

multipole moments, however, additional rotational-state-

dependent terms need to be added to eqn (2) to account for

the Stark-shift experienced by the molecule in rotational state i

in the electric field of the ion. The modified potential energy is:

Vint,i(R) = VL(R) + DEi(R), (3)

where the energy shift of state i, DEi(R), depends on R through

the electric field Ze/(4pe0R
2) of the ion. Eqn (3) implies that the

molecule adiabatically remains in its original rotational state

(at R - N) as it approaches the ion.3–6

The electrostatic potential at a point R in space resulting

from the molecular charge distribution, r(r0), can be expressed

as:70

fðRÞ ¼ 1

4pe0

ð

t

rðr0Þ
R� r0j jd

3
r
0: (4)

In the region where R 4 r0, one can expand the 1/|R � r0| term

in eqn (4) as:71

1

R� r0j j ¼
1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 þ r02 � 2Rr0 cos y
p ¼

X1

l¼0

r0l

Rlþ1
Plðcos yÞ; (5)

where y is the angle between R and r0, Pl(cos y) is a Legendre

polynomial:

Plðcos yÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p

2lþ 1

r
Yl0ðy;fÞ; (6)

and Yl0(y, f) is a spherical harmonic. If one defines the multipole

coefficients characterising the molecular charge distribution as:70

Ql �
ð

t

Plðcos yÞrðr0Þr0ld3r0; (7)

the value of the electrostatic potential at any given point R can be

expanded as:

fðRÞ ¼ 1

4pe0

1

R

X1

l¼0

Ql

Rl
: (8)

For a nearly-spherical charge distribution, eqn (8) is a fast-

converging series, and only a few terms are needed. The terms

for l = 1, 2 and 3 correspond to dipole-, quadrupole- and octupole-

moment expansion terms.

In the symmetric-top wavefunction basis, | JKMi, the matrix

elements of the multipole operator are given by:70

J 0K 0M0jQljJKMh i ¼
ð

t

rðr0Þr0ld3r0
� �

� ð�1ÞM0�K 0 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2J þ 1Þð2J 0 þ 1Þ

p

�
J l J 0

M 0 �M0

 !
J l J 0

K 0 �K 0

 !
;

(9)

where the integral is the multipole moment in the molecular

reference frame. The symmetric-top wavefunctions, | JKMi, are

given by:71

jJKMi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1

8p2

r
DJ�

MKðy;f; wÞ

¼ ð�1ÞM�K

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2J þ 1

8p2

r
DJ

�M�Kðy;f; wÞ;

(10)

where K and M are the quantum numbers associated with the

projections of the rotational angular momentum
-

J on the

molecular symmetry axis and a space-fixed axis, respectively,

and DJ�
MKðy;f; wÞ is a Wigner rotation matrix.

The R-dependent Stark-shifts, DEi=JKM(R), which describe the

interaction between the ion charge and the multipole moments

of the molecule, are obtained by diagonalising the

Hamiltonian:

Ĥ(R) = Ĥrot + ĤStark(R), (11)

where Ĥrot is the rotational Hamiltonian—a diagonal matrix

consisting of the molecular rotational energies EJKM in zero

electric field, and ĤStark(R) is the Stark Hamiltonian describing

the multipole-moment-induced mixing of the rotational levels in

the presence of an external electric field. The matrix elements of

ĤStark(R) in the electric field of the ion are given by:

J 0K 0M0 Ĥ
l

StarkðRÞ
���

���JKM
D E

¼ 1

4pe0Rlþ1
J 0K 0M0jQljJKMh i: (12)

The rotational-level mixing is stronger for a dipole moment

(Ĥl=1
Stark scales as R�2) than for quadrupole (Ĥl=2

Stark p R�3) and

octupole (Ĥl=3
Stark p R�4) moments. In addition, its strength also

depends on the molecule-fixed multipole moment. After the

diagonalisation of Ĥ(R), the eigenenergies Ei + DEi(R)

are assigned a value of the J, K and M quantum numbers

through an adiabatic correlation to the field-free i = | JKMi states
at R - N.

3.2 Determination of the rotational-state-dependent capture

rate coefficients

From the total interaction potential Vint,i(R) associated with a

given molecular i = | JKMi state, one can determine for each

collision energy Ecoll ¼
1

2
mvrel

2 the classically allowed maximal

value of the angular momentum, Lmax,i = mvrelbmax,i, for which

the reaction can take place.

The reaction rate coefficient for state i is determined

through the reaction cross-section si = pbmax,i
2 as:

ki Ecollð Þ ¼ pLmax;i
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2m3Ecoll

p : (13)

The effect of the multipole moment is to significantly modify

the interaction potential for each molecular rotational state.

This is particularly true in the case of an ion–dipole interaction,

as will be discussed in Section 6.1. The addition of the DEi(R)

terms in eqn (3) creates an interaction potential for state i

which is either more or less attractive than the Langevin

potential, VL, so that either higher or lower values of Lmax,i
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are allowed. The exact dependence of ki on the collisional

energy is thus related to the R dependence of DEi.

Adiabatic capture models3–6 such the one described in this

section and used to interpret our experimental results include

the effects of long-range interactions in the entrance channel but

cannot predict the branching ratios between competing reaction

channels, nor the product state distributions, nor angular

distributions, nor vector correlations. Moreover, they predict

the total cross section, whereas our experiments only measure

the part of the capture cross section that leads to reactions

products, which we estimate to be about 40% for the He+ + NH3

reaction, see Section 7. Calculations of the (nonadiabatic)

dynamics on the relevant multidimensional potential energy

surfaces would be needed for a full interpretation of the experi-

mental results and a full description of the reaction dynamics.

4 Experimental approach
4.1 The merged-beam set-up

The experimental set-up has been briefly described in ref. 42

and is outlined schematically in Fig. 1. The merged-beam

apparatus consists of two supersonic beams produced by

home-built valves (nozzle-opening duration B20 ms, repetition

rate of 25 Hz) – one for the He atoms subsequently excited to a

Rydberg state, and the other for the ground-state (GS) beam

consisting of either pure NH3 or ND3. The two beams propagate

along axes initially separated by a 51 angle. The helium atoms

are photoexcited to a Rydberg–Stark state (referred to as He(n)

from here on) between two planar electrodes used to generate

an electric field. They are then deflected by a 50-electrode

Rydberg-Stark surface deflector and merged with the ground-

state beam. The merged beams then enter a time-of-flight mass

spectrometer (TOFMS), where the reaction takes place and the

product ions are extracted toward a microchannel plate (MCP)

detector in a direction perpendicular to the merged-beam

propagation axis. The TOFMS consists of three cylindrical

electrodes (labelled E1–3 in Fig. 1, with inner radius of

35.5 mm).

The central point of the TOFMS along the beam-propagation

axis defines the origin of the space-fixed coordinate system. The

helium valve is positioned at (0, �102.5, �8.2) cm (see Fig. 1).

Its copper body is tilted by a 51 angle with respect to the vertical

(z) axis and is thermally connected by copper braids to the cold

heads of a two-stage pulse-tube cryo-cooler. The He valve is

temperature-stabilised to 100.0 � 0.1 K and operated at a

stagnation pressure of 2.5 bar. At the valve opening, a pulsed

potential (B+300 V, pulse duration 70 ms) applied to a ring

electrode attracts a beam of electrons emitted by a tungsten

filament, creating an electric discharge at the valve orifice.

Fig. 1 Schematic overview of the merged-beam experimental setup to study the reactions of He+ and ammonia. The He and ground-state beams are
produced using home-built valves generating pulses ofE20 ms duration. (i) Helium source chamber. (ii) Ground-state-beam source chamber. (iii) Region
where He* is excited to a Rydberg–Stark state and the Rydberg-He beam is deflected and merged with the ammonia beam. (iv) Time-of-flight mass
spectrometer (TOFMS) used to monitor the product ions. Inset (a): Timing and pulse characteristics of the potentials applied to electrodes E1 and E2 when
the TOFMS is operated in product-ion-extraction mode. Inset (b): Pulsed-field-ionisation signal of the He(n) atoms deflected by the surface deflector,
after acceleration/deceleration to final velocities vRyd in the 750–1200 m s�1 range, as a function of the time of application of the ionisation/extraction
pulse, tPFI. The dash-dotted black line presents the results obtained when guiding the He(n) atoms at the initial central beam velocity of 1040 m s�1.
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In this discharge, the metastable (1s)(2s) 3S1 state of helium

(lifetime of 7.859 � 103 s)72 is populated, amongst other

states.73 The metastable helium beam (referred to as He*)

travels at a velocity of B1040 m s�1. After passing two skim-

mers, the He* beam intersects a pulsed laser beam (lexc D

260 nm, pulse duration B10 ns, pulse energy B800 mJ, beam

diameter B0.2 cm), produced by frequency tripling the output

of a Nd:YAG-pumped commercial dye laser using two b-barium-

borate crystals. The excitation takes place between two parallel

metallic plates separated by 0.25 cm used to generate a dc

electric field,
-

Fexc. The laser is polarised parallel to
-

Fexc; its

frequency and the value of |
-

Fexc| are tuned such that a one-

photon excitation is driven to a low-field-seeking Rydberg–Stark

state (n, k, mc) = (30, 21, 0) just below the Inglis–Teller limit

[n and mc are the principal and magnetic quantum numbers,

respectively, and k = �(n � mc � 1) : 2 : (n � mc � 1)].74

After excitation, the He(n) atoms are loaded into an electric

quadrupole trap formed by applying time-dependent potentials to

several sets of electrodes located at the surface of a B5 cm-long,

50-electrode surface Rydberg–Stark deflector (electrode dimen-

sions dy = 0.5 mm, dx = 30 mm, separated by Ddy = 0.5 mm in

the y direction). The deflector electrodes are patterned onto the

surface of a printed circuit board, which is attached to a curved

substrate (see Fig. 1 of ref. 42). By applying a sinusoidally-varying

potential to each set of electrodes (see ref. 48 and 50), the trapped

cloud of Rydberg atoms can be guided in a direction parallel to

the surface of the chip. By setting a frequency chirp to these

sinusoidally-varying potentials, one can also accelerate or

decelerate the Rydberg atoms and precisely adjust their final

velocity, vRyd, after release from the trap at the end of the

decelerator. When it leaves the quadrupole trap, the Rydberg-

atom cloud has a cigar shape of radius B0.5 mm42 and length

B3 mm in the x direction (estimated from Monte Carlo simula-

tions), and travels in a direction parallel to the y-axis, which is also

the axis of propagation of the GS beam. We estimate the tem-

perature of the Rydberg cloud from Monte Carlo simulations and

from experiments to be in the 0.1–0.3 K range.42 A baffle at the

end of the deflector blocks the He* beam and all Rydberg atoms

which have not been captured by the quadrupole trap but have

travelled over the deflector in a straight line. We estimate that

approximately 100 Rydberg atoms exit the surface deflector and

enter the TOFMS at every experimental cycle (repetition rate

25 Hz). The He(n) atom cloud has a width of E1 mm in the

y direction in the centre of the reaction zone.

The orifice of the GS-beam valve is positioned at (0,�62, 0) cm

and has an orifice diameter of B0.5 mm. It is operated with

pure ammonia (either 14NH3 or 14ND3) kept at a stagnation

pressure of about 1 bar. The valve is connected to an ice-filled

reservoir and temperature-stabilised to 274.0 � 0.5 K. Two

fast ionisation gauges (FIGs) positioned after the TOFMS are

used to determine the velocity distribution of the GS beam.

The selected velocity of the NH3 (ND3) beam, vGS, was measured

to be 1190 m s�1 (1170 m s�1). The GS beam valve is triggered

such that the molecules travelling at vGS arrive at the centre

of the TOFMS at the same time, designated as tc, as the

Rydberg atoms.

The background pressures in the regions of the apparatus

labelled (i)–(iv) in Fig. 1 rise from about 2 � 10�7 mbar in

all regions to about 2 � 10�5 mbar in regions (i) and (ii), 7 �
10�7 mbar in region (iii) and 4 � 10�7 mbar in region (iv) when

the pulsed valves are operated.

We use the TOFMS in two modes: (i) a product-ion-

extraction mode with mass resolution and (ii) a He(n) pulsed-

field ionisation mode. In mode (i), the product ions are

extracted by applying potentials of 1 kV and 0.5 kV to electrodes

E1 and E2, respectively (see Fig. 1), through high-potential

switches, with a rise time of B30 ns. These potentials

correspond to an electric field of 110 V cm�1 at the centre of

the TOFMS. The ions are extracted toward an MCP detector

with a phosphor screen (Photonis, diameter 4 cm), with its

centre positioned at (0, 0, 14.5) cm. The front face of the MCP is

biased at a potential of �1.96 kV to allow for maximal

sensitivity while avoiding saturation effects caused by the

strong He+ signal. The potentials E1 and E2 are optimised to

achieve maximal ion-collection efficiency and mass resolution.

To generate a homogeneous extraction electric field and a field-

free flight tube, three meshes (M1–3 in Fig. 1) were installed in

the ion-extraction stack. The time interval Dtr during which the

ion–molecule reaction is observed (Dtr = 7 ms in the experiments

presented here) was defined by applying a prepulse of V1 =

125 V to electrode E1 (corresponding to B25 V cm�1 at the

TOFMS centre) to sweep out all ions located in the extraction

region. The value of V1 was chosen to be high enough to sweep

the ions formed prior to time tc � Dtr out of the ion-extraction

zone, but not high enough to field-ionise the reactant

He(n) atoms.

When the TOFMS is operated in He(n)-detection mode

[mode (ii)], a high-electric-field pulse is applied to field-ionise

the Rydberg helium atoms and extract the He+ ions towards the

MCP detector. The ionisation electric field [B1100 V cm�1 at

point (0, 0, 0)] is generated by applying 5 kV to E1 while keeping

electrodes E2 and E3 grounded. This field is sufficient to ionise

Rydberg atoms of principal quantum number n Z 29.

4.2 Varying the velocity of the He(n) beam

We measure the dependence of the product-ion yields on the

collision energy Ecoll by varying the central velocity of the

Rydberg atoms, vRyd, and keeping the velocity vGS of the GS

beam constant. The short gas-pulse duration leads to a large

spatial dispersion of the GS beam over the 62 cm distance

between the valve orifice and the reaction zone. The particles in

the GS beam thus have a well-defined velocity (with a velocity

spread DvGS = �15 m s�1) in the region where it overlaps with

the He(n) packet emerging from the chip. vRyd is set by applying

the appropriate potentials to the surface deflector. The He(n)

atoms have an estimated velocity spread of full width at half

maximum (FWHM) around vRyd of DvFWHM
Ryd E �20 m s�1.

To ensure that the same velocity class of the ammonia GS

molecules interacts with the He(n) atoms regardless of the

selected vRyd value, we perform a set of measurements in which

we determine the arrival time of the Rydberg-atom cloud at the

centre of the reaction zone, t
vRyd
c , for every value of vRyd. The
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He(n) atoms can be detected if (i) the applied ionisation field is

sufficiently high for pulsed field ionisation (PFI), and (ii) PFI

takes place in a region inside the TOFMS such that the

produced ions can reach the MCP and do not collide with the

walls of the extraction stack. To obtain the data presented in

inset (b) of Fig. 1, we operate the TOFMS in a He(n)-ionisation

(single-pulse) mode and record the integrated He+ signal as

a function of the time, tPFI, of application of the PFI pulse

relative to the laser excitation time for each set value of vRyd.

The dashed-dotted black curve represents the He+ signal

measured when operating the surface deflector in guiding

mode, i.e., with the He(n) atoms propagating at constant

velocity over the deflector surface (vguideRyd = 1040 m s�1). This

curve has an approximately Gaussian shape with a centre at

t1040 m s
�1

c = 85.5 ms and a FWHM of B17 ms.

By applying the appropriate frequency chirp to the time-

dependent electrode potentials, we can accelerate or decelerate

the He(n) atoms from an initial velocity of 1040 m s�1 to a final

velocity in the 1200–750 m s�1 range during deflection. The

maximum (minimum) velocity in this range corresponds to an

increase (decrease) of the initial He(n) kinetic energy of B33%

(B48%). The value of t
vRyd
c is obtained for each of the selected

values of vRyd by determining the centres of the corresponding

distributions depicted in Fig. 1(b). In addition, the spread of

the measured He(n) profile increases for lower values of vRyd
because the He(n) packet expands over a longer flight time.

The GS-valve opening time is then adapted so that the centre of

the GS beam overlaps with the deflected Rydberg cloud at tc.

4.3 Normalising the measured product ion signal

In the experiment, we do not measure absolute values of the

reaction rates because we do not accurately know the particle

densities in the reaction zone. We measure relative values of the

collision-energy-dependent rates, which we scale by a global factor

for comparison with the calculated capture-rate coefficients.

The total amount of He(n) that reaches the centre of the

TOFMS decreases with increasing deceleration and acceleration.

This decrease is illustrated by the decrease of the maximum

measured height of the He(n) PFI profiles at time tc in Fig. 1(b).

For example, only 56% and 47% of the atoms reach the centre of

the stack for vRyd = 1200 m s�1 and 750 m s�1, respectively,

compared to vRyd = 1040 m s�1. This decrease is attributed to the

opening of the quadrupole trap in the reference frame of the

moving atoms,48 which leads to a larger fraction of the atoms

escaping the trap at the highest acceleration/deceleration. For

the lower values of vRyd, additional losses result from the finite

lifetimes of the Rydberg atoms. In order to correct for these

effects, the integrated reaction-product signals are divided by the

detected He+ signal, integrated over the [tc � Dtr/2, tc + Dtr/2]

time interval, accounting for the times of flight of the ions to

the MCP.

The different times of flight of the Rydberg cloud from the

end of the deflector to the TOFMS centre correspond to

different expansions in the plane perpendicular to the direction

of propagation (the xz-plane). The ground-state-beam spatial

extent is limited to 1.6 mm in the z-direction by the position of

the baffle above the surface of the chip. The He(n)-cloud

expansion can thus affect the geometric overlap with the GS

beam, creating a detection bias in favour of product ions

generated at higher values of vRyd. Monte-Carlo particle-

trajectory simulations indicate that for the lowest values of vRyd
(vRyd t 700 m s�1), the cloud has expanded so much by the

time it arrives at the stack centre that the Rydberg atoms

located at its outer edge do not interact with the GS-beam

molecules. This detection bias is corrected for when determining

the collision-energy-dependent product yields.

5 Experimental results

Ammonia is an oblate symmetric-top molecule. It has C3v point-

group symmetry in its two equivalent ‘‘umbrella’’ equilibrium

structures located at values ofB�221 of the umbrella inversion

angle. These structures are separated by a relatively low energy

barrier (B2023 cm�1)75 for inversion through the D3h planar

structure. Tunnelling through the potential-energy barrier thus

leads to a splitting ofB0.79 cm�1 (B0.053 cm�1) of the ground

vibrational state rotational levels in NH3 (ND3),
23,76 the vibrational

eigenfunctions being the symmetric (s) and antisymmetric (a)

superpositions of the ground-state wavefunctions in each of the

potential wells.

The ammonia molecule has a dipole moment of 1.468 D at

the C3v equilibrium geometry11 corresponding to a partial

negative charge on the nitrogen side of the molecule, and a

partial positive charge on the hydrogen side. The ammonia

molecule can be described in the D3h point group, or the

isomorphic permutation-inversion group S�3, with rovibrational

energy states labelled by the irreducible representations:

A
0
1=A

þ
1 , A

0
2=A

þ
2 , A

00
1=A

�
1 , A

00
2=A

�
2 , E0/E+ and E00/E� in

D3h Mð Þ
�
S�3.

22–24,76 According to the Pauli principle, the total

internal wavefunction in NH3 (ND3) must have symmetry of

either A+2 or A�
2 (A+

1 or A�
1 ), i.e., it must be antisymmetric

(symmetric) with respect to pairwise exchange of the identical

fermions (bosons). The nuclear-spin states of 14NH3 and
14ND3

span the representations:

GNH3
ns ¼ 12Aþ

2 � 6Eþ (14)

GND3
ns ¼ 30Aþ

1 � 3Aþ
2 � 24Eþ; (15)

and the allowed rovibronic states span the representations:

GNH3 ;sw
rve ¼ 12Aþ

2 � 12A�
2 � 6Eþ � 6E� (16)

GND3;sw
rve ¼ 30Aþ

1 � 30A�
1 � 3Aþ

2 � 3A�
2 � 24Eþ � 24E�: (17)

Rovibrational states of symmetries A+
1 and A�

1 have a statistical

weight of zero and are missing in NH3. The rovibrational

statistical weights of the ( J,K) states in NH3 and ND3 are

presented in Table 1 (see ref. 22–24 for details), and the

rotational-level structures are presented in Fig. 2. The two

components of the inversion doublet have either A+1, A
+
2 or E+

(positive parity) or A�
1 , A

�
2 or E� (negative parity) rovibrational
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symmetry. In both NH3 and ND3, states with Kmod 3 = 0 have A

symmetry and states with K mod 3 a 0 have E symmetry.

The lowest states of A and E symmetry are the ( J, K) = (0, 0) and

( J, K) = (1, 1) states, respectively.

Because of the missing A1 levels, the inversion splitting is

not observed in NH3 states with K = 0. Instead, this manifold

consists of an alternating series of negative–positive parity J

states (even/odd J states are of A�
2 /A

+
2 symmetry). At the typical

rotational temperature of the molecules produced in our

supersonic-beam source (Trot C 6 K) and for the rotational

constants of NH3 and ND3 (ANH3
= BNH3

= 9.444 cm�1, CNH3
=

6.196 cm�1; AND3
= BND3

= 5.143 cm�1, CND3
= 3.125 cm�1),76,77

only states with K = 0 and |K| = 1 are significantly populated.

Taking into account the nuclear-spin symmetry, the ratio of

states with K = 0 to states with |K| = 1 is 1 : 1 and 11 : 16 in NH3

and ND3, respectively. The occupation probabilities of the

different ground-state rotational levels at a rotational temperature

of Trot= 6 K are listed in Table 2.

Displayed in Fig. 3 are reaction-product time-of-flight (TOF)

spectra measured following reactions between He(n) atoms and

NH3(a) and ND3(b) molecules, after a reaction time of Dtr = 7 ms.

These spectra were recorded with the He(n) atoms accelerated to

a final velocity of vRyd = 1050 m s�1, corresponding to collisional

energies Ecoll E kB�3.8 K (a) and kB�2.8 K (b). When the laser used

to photoexcite He* to He(n) is on (black traces in Fig. 3), a

prominent peak is visible at 1.6 ms, corresponding to the He+

ions generated by field ionisation of the He(n) atoms. The

extraction electric field of 110 V cm�1 is not sufficient to ionise

the initially prepared Rydberg helium atoms with n = 30 (this

field can only ionise states with n \ 50). However, n-changing

blackbody-radiation-induced transitions during the B85 ms

flight time of the He(n) atoms from the photoexcitation region

to the centre of the TOFMS populate a few higher-lying Rydberg

states, which can then be field ionised with the extraction field.

A constant background signal of B0.7 mV is also visible in the

TOF traces in Fig. 3 beyond 1.6 ms. This background signal

originates from a constant stream of He+ produced either

through blackbody-radiation-induced ionisation or slow tunnel-

ling ionisation of the He(n) Rydberg states in the extraction field.

In addition to the He+ peak, several other peaks are visible

in the mass spectra and can be assigned to (a) NH+, NH2
+,

Table 1 Rovibronic spin statistical weights gns,i for NH3 and ND3 in the S�3
permutation inversion group. Adapted from ref. 23 and 24

Symmetry (rve) J K gns,i

NH3 s; A+1 Even 0 0
a; A�1 Odd 0 0
s; A+2 Odd 0 12
a; A�2 Even 0 12
s, a; E� All 1, 2, 4, 5,. . . 6
s, a; A1

� All 3, 6, 9, 12,. . . 0
s, a; A2

� All 3, 6, 9, 12,. . . 12

ND3 s; A+1 Even 0 30
a; A�1 Odd 0 30
s; A+2 Odd 0 3
a; A�2 Even 0 3
s, a; E� All 1, 2, 4, 5, . . . 24
s, a; A1

� All 3, 6, 9, 12, . . . 30
s, a; A2

� All 3, 6, 9, 12, . . . 3

Fig. 2 Rotational energy levels and symmetry labels in the lowest vibrational level of the ground electronic state of NH3 and ND3 in the S�3 permutation
inversion group, for |K| r 2. The numbers in parentheses indicate the spin-statistical weights gns, the l and u letters indicate the lower and upper
components of the inversion doublets.24 The rotational constants are taken from ref. 76 (NH3) and ref. 77 (ND3).

Table 2 Occupation probabilities of the rotational levels of NH3 and ND3

at a rotational temperature of Trot = 6 K

NH3 ND3

K = 0 J = 0 (l) 0 0.295
J = 0 (u) 0.484 2.94 � 10�2

J = 1 (l) 1.57 � 10�2 7.58 � 10�3

J = 1 (u) 0 7.42 � 10�2

|K| = 1 J = 1 (l) 0.274 0.295
J = 1 (u) 0.226 0.291
J = 2 (l) 5.29 � 10�5 3.49 � 10�3

J = 2 (u) 4.39 � 10�5 3.54 � 10�3
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NH3
+/OH+, H2O

+ and N2
+, and (b) ND+, OH+, ND2

+/H2O
+, ND3

+

and N2
+, as indicated in Fig. 3. The main product ions observed

following the He(n) + NH3 (ND3) reaction are NH2
+ and NH+

(ND2
+ and ND+). The H2O

+, OH+ and N2
+ ions originate from

Penning-ionisation processes involving metastable He* atoms

produced in the discharge and background water and nitrogen

present in the GS beam. The corresponding mass peaks in the

TOF spectra are indeed observed even when the excitation laser

is turned off (orange traces in Fig. 3). We have verified that the

NH+, NH2
+, ND+ and ND2

+ product ions detected are generated

by autoionisation of the corresponding Rydberg-molecule

products.

The comparison of the TOF mass spectra recorded with the

excitation laser turned on and off illustrates that the peaks

corresponding to the OH+, NH3
+, ND3

+, H2O
+ and N2

+ ions

originate mostly from Penning ionisation and that the NH+,

ND+, NH2
+ and ND2

+ ions are only detected in significant

quantities from reactions with He(n).

To measure the collision-energy dependence of the product

yields, we record the integrated NH+, ND+, NH2
+ and ND2

+

product signals for several values of the He(n) velocity, vRyd, in

the 750–1200 m s�1 range, keeping the GS-beam velocity

constant. The results of these measurements are presented in

Fig. 4(a and b). The range of He(n) velocities corresponds to

collisional energies of Ecoll/kB t 40 K. In order to subtract

contributions from Penning-ionisation products from the

He(n) + NH3/ND3 reaction products, mass spectra were

recorded without the Rydberg-excitation laser and then sub-

tracted prior to integration (see insets of Fig. 3). The integration

of the light (NH+ and ND+) and heavy (NH2
+ and ND2

+) reaction

product ions, respectively, was performed in temporal windows

indicated by the red and blue shaded areas in the insets in

Fig. 3. The measured integrated product-ion signals for each

value of vRyd were further normalised following the procedure

described in Section 4.3. The error bars are obtained from five

sets of consecutive measurements, each corresponding to an

average over 1000 experimental cycles.

The integrated normalised product-ion signals INH2
+ and

IND2
+ are depicted as a function of the He(n) velocity using blue

dots in Fig. 4(a and b). They show a pronounced increase as the

He(n) velocity, vRyd, approaches the GS-beam velocity, which is

designated by the dashed vertical lines. This increase is more

pronounced for the He(n) + ND3 reaction than for the He(n) +

NH3 reaction: for example, INH2
+(1200 m s�1)/INH2

+(750 m s�1) E

2.21, while IND2
+ (1170 m s�1)/IND2

+(750 m s�1) E 4.72. The

measured values of INH+ and IND+ [red circles in Fig. 4(a and b)]

are smaller than the measured values of INH2
+ and IND2

+ by

a factor of fNH+ = 6 � 1 and fND+ = 4.0 � 0.6, respectively.

The measured NH2
+ : NH+ branching ratio is slightly lower than

the one reported in ref. 68. While in previous measurements the

NH3
+ product ions constituted approximately 12% of the total

reaction yield,68 in our experiments all NH3
+/ND3

+ ions are

primarily generated by Penning-ionisation processes and the

NH3
+ and ND3

+ signals obtained after subtraction of the

Penning-ionisation contributions are too weak and noisy for

reliable estimates of the branching ratios to be carried out.

6 Calculation of the capture-rate
coefficients and comparison with
experimental data
6.1 The Stark effect in NH3 and ND3 and the He+ + NH3/ND3

interaction potentials

The interaction between the molecular dipole moment and an

electric field mixes states | JKMi 2 | J0K0M0i with J0 = J, J � 1

(eqn (9) with l = 1). The electric-dipole selection rules are

DJ ¼ 0;�1 0 6$0ð Þ, DK = 0 and DM = 0.

To describe the Stark effect in ammonia under the consideration

of the inversion splitting, we expand the | JKMi basis set to include

the inversion doublet sublevels, which have positive or negative

parity. Since the rotational Hamiltonian is invariant under the

parity operation, it is conventional to use the symmetrised

rotational wavefunctions of well-defined parity | J,K,M,(+/�)i. The
Stark interaction mixes states of opposite parity and the non-

vanishing Stark matrix elements in the symmetrised basis are:78

hJ 0K 0M0 � jĤStarkjJKM	i ¼ hJ 0K 0M0j bHStarkjJKMi: (18)

The Stark effect in NH3 and ND3was calculated by determining

the eigenvalues of the Hamiltonian in eqn (11) for values of the

ion–molecule separation R from 0.1 nm to 50 nm in steps of

Fig. 3 Measured product-ion time-of-flight spectra after a 7 ms-long
reaction-observation time for the (a) He(n) + NH3 and (b) He(n) + ND3

reactions. The He atoms are initially excited to the (n, k, m) = (30, 21, 0)
Rydberg-Stark state. The Rydberg-atom velocity is vRyd = 1050 m s�1. The
orange traces are recorded with the Rydberg-excitation laser turned off.
The coloured text boxes indicate the measured product ions which are
specific to the reactions between the He(n) atoms and the ammonia
molecules (see text for details). The insets show the reaction products
after subtraction of the signals generated by Penning-ionisation processes.
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0.1 nm (corresponding to electric fields ranging from B1.4 �
106 kV cm�1 toB5.7 kV cm�1, respectively). We use the rotational

constants presented in Fig. 2.76,77 Because only J = 0 and 1 levels

are significantly populated in our experiments, we neglect

centrifugal-distortion effects. Convergence of the eigenvalues of

the J = 0, 1 levels was reached with a basis set with a maximum

value of Jmax = 6. The states are labelled according to their

adiabatic limit for R- N corresponding to field-free conditions.

The results of the calculation for the states with Jr 1, |K|r 1 for

electric fields in the 5–5000 kV cm�1 range are presented in Fig. 5.

Because of the smaller value of the tunnelling splitting and

the smaller (by a factor of B2) values of the rotational constants,

the Stark shifts are more pronounced in ND3 at low fields.

In addition, the Stark effect of the J = 1, |K| = 1 levels becomes

linear earlier in ND3.

We classify the Stark states of interest in ammonia in three

types according to the energy shift they experience with increasing

electric field: type A – strongly high-field-seeking states with a

linear Stark shift, i.e., the lower-energy components of the

inversion doublets with J = 1 and |KM| = 1; type B – high-field-

seeking states with a quadratic Stark shift at low fields, e.g., the

| J = 0, K = 0,M = 0,� i and | J = 1, K = 0,M = 1, +i states; and type C –

low-field-seeking states at relatively low fields which exhibit an

energy maximum at intermediate values of the electric field before

turning into high-field-seeking states at high fields, e.g., selected

components of the inversion doublets with J = 1 and |KM| = 1.

States of type A comprise the lower components of the J = 1,

|KM| = 1 inversion doublets in NH3 and ND3 (see Fig. 5). These

states experience the strongest Stark shifts, DEi, in both NH3

and ND3: DE
(A)

B �88 cm�1 in NH3 and B�95 cm�1 in ND3 at

5000 kV cm�1. States of type B with J = 0 (i.e., the |0,0,0,�i state
in NH3 and the |0,0,0,+i and |0,0,0,�i states in ND3) do not

have a dipole moment at low fields, but acquire one through

mixing with the |1,0,0,�i states in an electric field. In states of

Fig. 4 (a and b) Measured integrated product ion signals, INH+, INH2
+, IND+ and IND2

+ (in arbitrary units) as a function of the Rydberg velocity, vRyd, following
reactions between He(n) and either NH3 or ND3. The vertical dashed lines indicate the GS-beam velocity. (c) and (d) Comparison of the scaled total measured
product-ion yields for the two reactions, INH++NH2

+ and IND++ND2
+ (green circles with error bars in arbitrary units), to the state-averaged capture rate constants k

calculated assuming infinite resolution (orange and purple dots) and considering the finite experimental energy resolution (black lines). In panels (a) and (b), the
pink data points correspond to the red data points with intensities multiplied by factors of 5.5 and 4.055, respectively. See text for details.
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type C, the potential energy barriers occur at lower values of

the electric field and have lower heights in ND3 than in NH3

(see Table 3). At the lowest electric fields (t80 kV cm�1), the

inversion splitting of B0.79 cm�1 in NH3 causes the J = 1, |KM| =

1 states to undergo a quadratic Stark shift [inset of Fig. 5(a)]. In

contrast, because of the much smaller inversion splitting of

B0.053 cm�1 in ND3, the corresponding states experience a linear

Stark shift, even at the lowest fields [insets of Fig. 5(b)]. The

bottom panels in Fig. 5 show the electric-field-dependent dipole

moments of the states depicted in the top panels.

Because of the R�2 dependence of the ion–dipole inter-

action, the DEi(R) terms in eqn (3) dominate over the R�4-

dependent charge–induced-dipole interaction term for all

states, as illustrated in Fig. 6. This figure compares the total

interaction potentials, Vint,i(R), for the states presented in Fig. 5

for an s-wave collision (L = 0, solid lines) and a collision with

c = 20 (L2 = h�2c(c + 1), dash-dotted lines), with VL (black solid

and dash-dotted lines, respectively).

The Stark shifts significantly modify the potential barriers,

and thus affect the value of Lmax,i for each collisional energy

(see eqn (13)). In states of type A and B, the centrifugal barrier is

substantially lowered compared to the centrifugal barrier in VL,

the effect being significantly more pronounced in states of type A.

For example, the c = 20 term creates a centrifugal barrier of BkB�
14 K in the Langevin interaction potential [dash-dotted black line

in Fig. 6(a)], whereas the total interaction potentials for the same

value of c in the A states are strongly attractive. The Stark effect in

states of type A and B thus effectively suppresses the centrifugal

barriers, which leads to significantly larger value of L(A,B)max,i and to

much higher capture rate coefficients k(A,B)i . As the collisional

energy increases, the Ecoll
�1/2 dependence of ki(Ecoll) [see eqn (13)]

leads to a decrease of the rate coefficients. States of type C, in

contrast, are characterised by a non-zero potential-energy barrier

even for c = 0. This c = 0 potential-energy barrier is designated as

V(C),max
int in Fig. 6(a and b). For molecules in states of type C, the

ion–molecule pair experiences a repulsive potential and the

capture rate coefficients vanish for Ecoll o V(C),max
int .

6.2 The rotational-state-dependent capture rate coefficients

The calculated state-dependent capture rate coefficients,

ki(Ecoll), for the He+ + NH3(J, K, M, �) and He+ + ND3(J, K, M, �)

reactions with J = 0, 1 and |K| = 0, 1 are displayed in Fig. 6(c and

d). The calculations were performed for collisional energies

Ecoll/kB in the 0.05–40 K range, with a step size of 50 mK. For

states of type A and B, the rate coefficients are significantly

higher than the Langevin rate constant kL (black horizontal

lines in the lower insets) and increase with decreasing

collisional energy. The differences resulting from the quadratic

Stark shift of B-type states and the linear Stark shift of the

A-type states become apparent at collisional energies Ecoll/kB t

20 K. Both A- and B-type states experience a gradual increase of

k in the Ecoll/kB = 20–40 K range. However, below Ecoll/kB E 20 K

Fig. 5 Top panels: The calculated Stark effect in the J = 0, 1, |K| = 0, 1 states of NH3 (a) and ND3 (b) in electric field of up to 5000 kV cm�1. The Stark shifts
at low fields are depicted on an enlarged scale in the insets. Bottom panels: The corresponding state-specific electric-field-dependent dipole moments.
The top scale indicates the distance between He+ and the ammonia molecule at the corresponding field values. The definition of the state categories A, B
and C is provided in the text.

Table 3 Potential-energy barriers in the Stark shifts of the J = 1, |K| = 0, 1
low-field-seeking Stark states of NH3 and ND3

Height (cm�1) Position (kV cm�1)

NH3 J = 1, |KM| = 1 (+) 11.4 1836 (R = 2.80 nm)
J = 1, K = M = 0 (+) 6.03 1837 (R = 2.79 nm)

ND3 J = 1, |KM| = 1 (+) 6.37 997.2 (R = 3.80 nm)
J = 1, K = M = 0 (+) 3.32 1052 (R = 3.70 nm)
J = 1, K = M = 0 (�) 3.25 997.2 (R = 3.80 nm)
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the k(A) rate coefficients exhibit a much faster increase than

the k(B) rate coefficients. At the lowest collisional energies

of Ecoll/kB = 50 mK, the rate coefficients of A-type states

reach values of k(A),He
+
+ND3 = 93.7 kL and k(A),He

+
+NH3 = 50.9 kL.

The enhancement of the capture rate coefficients at

Ecoll/kB = 50 mK compared to 20 K is B1.1–1.3 (B1.2–1.6)

for type B states and B4.5 (B6.8) for type A states in

NH3 (ND3).

The k(C) coefficients are zero for Ecoll o V(C),max
int . For Ecoll Z

V(C),max
int , the rate coefficients rapidly increase with Ecoll, and

typically already exceed the value of kL at Ecoll/kB E 10–20 K

[see the insets in Fig. 6(c and d)].

Fig. 6 Top panels: The interaction potential, Vint,i(R), of the He+ + NH3(a) and He+ + ND3(b) reactions, for the molecular states with J = 0, 1 and |K| = 0, 1.
The solid and dash-dotted coloured lines correspond to values of the angular momentum of the collision L ¼ �h

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cðcþ 1Þ

p
with c = 0 and c = 20,

respectively. Black solid and dash-dotted lines represent the Langevin interaction potential, VL(R). Middle and bottom panels: Calculated rotational-state-
specific capture rate coefficients for Ecoll/kB in the 0.05–40 K (c and d) and 0.1–2.4� 104 K (e and f) range. The horizontal black lines in (c–f) represent the
value of the Langevin rate coefficient, kL, for the two reactions.
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The behaviour of the capture rate coefficients in the high-

collision-energy regime up to Ecoll/kB = 2.4 � 104 K is presented

in Fig. 6(e and f). States of type A and B have rate coefficients

which decrease monotonously with Ecoll, and approach the

values of kL for Ecoll/kB \ 104 K. In the case of states of type

C, in contrast, the rates reach a maximum at Ecoll/kB E 100 K

and 60 K in the He+ + NH3 and He+ + ND3 reactions,

respectively. Then they decrease again, eventually converging

to the value of kL at similar collision energies as the type-A and

type-B states. Apparent in Fig. 6(e and f) is that the k(B)

rate coefficients increase with decreasing Ecoll, but eventually

stabilise below Ecoll/kB t 5 K at a value of B7.5 kL (for the J = 1,

KM = 0 states) and B13.5 kL (for the J = 0 states) in NH3 and

B10 kL andB18 kL in ND3, respectively. The greater increase of

the k(B) rates relative to kL in ND3 is a consequence of the larger

quadratic Stark-shifts of the B-type states at low fields.

In the experiments, we measure the relative collision-energy-

dependent product yields, which reflect the initial molecular

population distribution over the J = 0, 1 |K| = 0, 1 rotational

states of NH3 and ND3. However, because the A-type states

experience a linear Stark shift and a large increase over kL even

at relatively high collisional energies (e.g., below Ecoll/kB o

40 K), the overall rate coefficient is dominated by the contribution

from these states, even though they are occupied only by a small

fraction of the molecular population at Trot = 6 K (B0.182 in NH3

and B0.196 in ND3, see Fig. 7 below).

6.3 Modelling of the measured rate coefficients

To model the experimentally measured relative product-ion

signals as a function of the collision energy for the two reactions,

INH++NH2
+ and IND++ND2

+, we proceed in the following way: in a first

step, we calculate the weighted sum of the rotational-state-

dependent capture rate constants, ki(Ecoll), for a given rotational

temperature, Trot, with weights determined by the corresponding

state population. In a second step, we perform a convolution

with a Gaussian distribution accounting for the collisional-

energy-dependent energy-resolution, as described in ref. 42,

using the equation:

DEcoll

kB
¼ DTres þ 2

ffiffiffiffiffiffiffiffiffiffiffi
DTres

p ffiffiffiffiffiffiffiffiffi
Ecoll

kB

r
; (19)

where DEcoll/kB is the FWHM of a Gaussian function. In eqn (19),

DTres is an effective experimental temperature corresponding to

the distribution of relative velocities of the He(n) atoms and the

ammonia molecules at zero nominal collisional energy (i.e.,

when vRyd � vGSc = 0). The value of DTres is mostly determined

by the temperature of the Rydberg-atom cloud released from the

quadrupole trap.42 In a third step, we multiply the experimentally

measured values of INH++NH2
+ and IND++ND2

+ by a global scaling

factor such that the total integrated signals measured at the

lowest collision energy probed experimentally matches the aver-

age rate constant determined in the second step at Ecoll/kB = DTres.

Finally, we vary Trot and DTres until the best agreement between

the experimental data and the model is obtained over the whole

range of collisional energies probed.

The comparison between the experimental data and the

calculated data using the ion–molecule capture-rate model is

presented in Fig. 4(c and d). The best agreement was achieved

for Trot = 6 K and DTres = 200 mK for both reactions. The

coloured (orange and purple) dots and the black curves are the

rates obtained in the second and third steps of the procedure

described above, respectively. The insets display the behaviour

at low collisional energies (Ecoll/kB t 6 K) on an enlarged scale.

The agreement between the data and the model taking into

account the finite resolution [black lines in Fig. 4(c and d)]

is excellent for both reactions. The model thus quantitatively

describes the experimentally observed increase of the product-

ion signals with decreasing collisional energy. The overall

behaviour exhibits a gradual, slow increase over the Ecoll/kB E

5–40 K range and a much steeper increase for Ecoll/kB t 5 K.

The latter effect is significantly more pronounced for the He+ +

ND3 reaction than for the He+ + NH3 reaction.

The calculated rate coefficients averaged over the rotational

population of the molecules [purple and orange dots in

Fig. 7 Occupation probabilities of the A-, B- and C-type of states in NH3 and ND3, at a rotational temperature of Trot = 6 K. See text for details.
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Fig. 4(c and d)] and taking the finite experimental collision-

energy resolution into account [black lines in Fig. 4(c and d)]

are enhanced by factors of B2.29 (B2.81) at a collision energy

of kB�200 mK compared to the value at Ecoll = kB�40 K and of

B1.71 (B2.09) compared to the value at Ecoll = kB�10 K for the

He+ + NH3 (He+ + ND3) reaction. The observed larger increase

with decreasing collision energy of the rates of the He+ + ND3

reaction is perfectly reproduced by the calculations and

originates from (i) the larger rotational-state-dependent rate

constants compared to the He+ + NH3 reaction, as discussed in

Section 6.2, and (ii) the higher contribution to the rate

coefficients from type-A states in ND3 resulting from the

nuclear-spin statistical factors, as is now explained.

The occupation probabilities p of the A-, B- and C-type states

in NH3 and ND3 at a rotational temperature of Trot = 6 K are

presented in Fig. 7 and are p(A),NH3 = 0.182, p(B),NH3 = 0.662 and

p(C),NH3 = 0.156 for NH3 and p(A),ND3 = 0.196, p(B),ND3 = 0.580 and

p(C),ND3 = 0.224 for ND3. The experimentally measured increase

of product-ion signals with decreasing collisional energy can

thus be almost entirely attributed to states of type A and B.

The observed steeper increase below Ecoll/kB t 5 K of the rate of

the He+ + ND3 reaction compared to the rate of the He+ + NH3

reaction results from: (i) the more pronounced Stark effect in

ND3 and (ii) the larger fraction of molecules in high-field-

seeking states of type A: p(A),ND3/( p(A),ND3 + p(B),ND3) = 0.255 in

ND3 compared to p(A),NH3/( p(A),NH3 + p(B),NH3) = 0.216 in NH3.

6.4 Thermal rate constants

The good agreement between the experimental and calculated

collision-energy-dependent rates (see Fig. 4) validates the

model used to calculate the rotational-state-specific rate

coefficients ki(Ecoll) with i = |JKM �i. These coefficients can in

turn be used to determine the thermal rate constants k(T) with

the relations79

kðTÞ ¼
X

i

gns;i exp �Erot;i � E0

kBT

� �
kiðTÞ; (20)

and

kiðTÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
8kBT

pm

s ð1

0

siðEcollÞ
Ecoll

kBT

� �
exp �Ecoll

kBT

� �
d

Ecoll

kBT

� �
; (21)

where the state-specific reaction cross sections si(Ecoll) are

given by ki(Ecoll)/|vrel| and vrel is the relative velocity vRyd �
vGS. In eqn (20), gns,i represents the nuclear-spin-statistical

factors (see Table 1) and Erot,i and E0 are the rotational energy

of state i and the zero-point energy, respectively.

In an environment where conversion between the two

nuclear-spin isomers is possible, E0 is taken as the energy of

the J = 0, K = 0 rotational ground state. If the nuclear-spin-

symmetry is conserved, E0 represents the rotational energy of

the ground state of the respective nuclear-spin isomer, i.e., E0 is

the energy of the (J = 0, K = 0)u ground state for ortho NH3 and

ND3, the energy of the lower tunnelling component of the ( J = 1,

K = 1) rotational level for para NH3 and ND3, and the energy of

the ( J = 0, K = 0)l for meta ND3 (see Fig. 2). The rate constants

calculated assuming that the relative populations of the ortho,

para and meta nuclear-spin isomers correspond to the nuclear-

spin-statistical factors are presented in panels (a) and (b) of

Fig. 8 for NH3 and ND3, respectively. In this figure, the full lines

correspond to the case where the nuclear spin is assumed to be

conserved and the dashed lines to the case where ortho–para

conversion is assumed to be possible.

Whereas the nuclear-spin symmetry is known to be

conserved to an excellent approximation in low-density gases

and supersonic expansions,24,80 conversion between the different

nuclear-spin isomers may take place if the ammonia molecules

Fig. 8 Calculated thermal rate coefficients for the He+ + NH3(a) and He+ + ND3(b) reactions in the temperature range between 0.2 K and 10 K. The
calculations with nuclear-spin-symmetry conservation (NSC) and nuclear-spin-symmetry relaxation (NSR) are presented as solid and dashed black
curves, respectively. Insets: Rotational states population of selected states in NH3 and ND3 as a function of the temperature, assuming nuclear-spin-
symmetry conservation (solid coloured lines) and nuclear-spin-symmetry relaxation effects (dashed coloured lines).
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are adsorbed at the surface of certain materials and dust grains.

The insets in Fig. 8 give the relative population of the different

rotational levels for these two cases, labelled nuclear-spin-

conservation (NSC) and nuclear-spin-relaxation (NSR), respectively.

In both cases, the thermal capture rate is enhanced as the

temperature decreases. However, the enhancement is more

pronounced if the nuclear-spin symmetry is conserved because,

in this case, there is always a significant population of the high-

field-seeking tunnelling component of the J = 1, K = 1 state, even

at 0 K.

Eqn (20) and (21) can be used to calculate the thermal

capture rate coefficients at the temperatures of 27, 68, and

300 K for which the rate of the He+ + NH3 reaction was

measured in uniform supersonic flows.35 The results are

presented in Table 4, where the first and second rows of the

body of the table list the rates calculated assuming that the

nuclear-spin symmetry is conserved (NSC) or relaxed (NSR),

respectively. Beyond 10 K, the state populations do not strongly

depend any more on whether NSR or NSC is assumed, so that

the thermal rate constant with both assumption are almost

identical. The third row gives the experimental values reported

by Marquette et al.35 The calculated rates are larger than the

experimental ones, which is expected given that the calculated

capture rates correspond to 100% reaction probability upon

close encounter of the reactants whereas the experiments

only monitor the reactive collisions. The comparison of

experimental and calculated values of the thermal rate

coefficient suggests that about 40 to 50% of the Langevin

collisions are reactive. The last two columns of Table 4 present

the ratios r1 and r2 of the thermal rate coefficient obtained at

27 K to those obtained at 68 and 300 K. The calculated r1 value is

in perfect agreement with the experimental result, whereas the

experimental and calculated values of r2 differ by about 30%.

7 Conclusions

In this article, which is the first in a series of three articles

dedicated to the role of long-range electrostatic interactions in

ion–molecule reactions at low temperatures, we have presented

the results of measurements of the collision-energy-dependent

rates of the reactions between He+ and ammonia (NH3 and ND3)

in the range of collision energies between kB�0.2 K and kB�40 K.

To reach such low collision energies, we used a merged-beam

approach and observed the reactions within the orbit of a highly

excited Rydberg electron. In this range, we observed that the

rates increase strongly with decreasing collision energy, the

increase being particularly pronounced below kB�5 K. We have

also observed that the rates of reactions involving ND3 increase

more strongly than the rates of the reactions involving NH3 at

low collision energies. To interpret the experimental results, we

have calculated the rates using an adiabatic capture model3–6

based on the calculation of the Stark shifts of the rotational

levels of NH3 and ND3 in the field of the He+ ion.

The calculations provided a quantitatively accurate description

of the experimental observations and could be used to rationalise

the observed collision-energy-dependent reaction yields in terms

of capture rate coefficient for rotationally state-selected (| JKM�i)
ammonia molecules. These states could be classified into three

categories: (A) states with |KM| Z 1 correlating at low fields with

the lower components of the inversion-tunnelling doublets. These

states undergo linear negative Stark shifts in the field of the

colliding ion, which suppresses the centrifugal barriers in the

effective intermolecular potential and greatly enhances the

capture rates at low collision energies; (B) states with KM = 0

which only become sensitive to the fields at high fields through

the quadratic and higher-order Stark shifts. The corresponding

capture rates are only weakly enhanced at low collision energies.

(C) States with positive Stark shifts at low fields which generate

large potential energy barriers and completely suppress the

reactions at low collision energies (below BkB�15 K). At high

collision energies, beyond kB�300 K, the capture rates for all three

categories gradually converge to the Langevin capture rates. These

observations are a direct consequence of the dipolar nature of

ammonia.

The model also provided an explanation for the different

behaviour of the reactions involving NH3 and ND3 at low

collision energies. The stronger enhancements of the rates

observed below kB�5 K in the reactions of ND3 was interpreted

as arising from the smaller rotational energy intervals, the

smaller tunnelling splittings of the inversion mode and from

the larger population of the rotational states belonging to

category A at the 6 K rotational temperature of the supersonic

beams. From the calculated rotational-state-specific collision-

energy-dependent captures rates, thermal capture rate coeffi-

cients were determined in the temperature range between 0.2 and

10 K of relevance for modelling reactions in the interstellar

medium. Assuming that the relative populations of the ortho,

para and meta nuclear-spin isomers reflect the nuclear-spin-

statistical factors, as can be expected for dilute gases and super-

sonic expansions, leads to a large nonlinear increase of the

thermal capture rates below 5 K. In NH3, the thermal capture

rate constant reaches the value of 4.4 � 10�14 m3 s�1 at 0.2 K,

which is more than 20 times larger than the Langevin rate

constant. Assuming that ortho–para–meta conversion processes

can take place, as might be the case if the molecules have

thermalised at the surface of certain materials and dust grains,

leads to slightly larger rate enhancements above B2 K, but to

smaller rate enhancements at the lowest temperatures (see Fig. 8).

In future work, it will be important to obtain data at even

lower temperatures and improved energy resolution. Moreover,

Table 4 Comparison of the thermal capture rate coefficients of the He+ +
NH3 reaction calculated with eqn (20) and (21) assuming nuclear-spin
conservation (NSC) or nuclear-spin relaxation (NSR) during the supersonic
expansion and the experimental reaction rate coefficients of Marquette
et al.35 The last two columns give the ratios r1 and r2 of the value obtained
at 27 K to the values obtained at 68 and 300 K, respectively

k(27 K) (m3 s�1) k(68 K) (m3 s�1) k(300 K) (m3 s�1) r1 r2

NSC 1.13 � 10�14 7.39 � 10�15 3.18 � 10�15 1.5 3.6
NSR 1.14 � 10�14 7.48 � 10�15 3.11 � 10�15 1.52 3.7
Exp.35 4.5 � 10�15 3.0 � 10�15 1.65 � 10�15 1.5 2.7
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the preparation of rotationally state-selected samples would

enable more extensive tests of the model predictions. The

generation of pure samples of molecules in high-field-seeking

states of the category A seems particularly attractive in this

regard, and recent experiments have demonstrated ways of

generating such samples.81 Calculations of the (nonadiabatic)

dynamics on the multidimensional potential-energy surfaces

involved would be needed to interpret the observed branching

ratios and the fact that only B40% of the close collisions

appear to be reactive.
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J. A. Agner, H. Schmutz and F. Merkt, ChemPhysChem,

2016, 17, 3596–3608.

41 P. Allmendinger, J. Deiglmayr, K. Höveler, O. Schullian and

F. Merkt, J. Chem. Phys., 2016, 145, 244316.

42 V. Zhelyazkova, F. B. V. Martins, J. A. Agner, H. Schmutz and

F. Merkt, Phys. Rev. Lett., 2020, 125, 263401.

Paper PCCP

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

7
 S

ep
te

m
b
er

 2
0
2
1
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/2
2
/2

0
2
2
 4

:3
7
:1

5
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 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/D1CP03116C


21622 |  Phys. Chem. Chem. Phys., 2021, 23, 21606–21622 This journal is © the Owner Societies 2021
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