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Tunnelling measured in a very slow ion–
molecule reaction

Robert Wild1, Markus Nötzold1, Malcolm Simpson1, Thuy Dung Tran1,2 & Roland Wester1 ✉

Quantum tunnelling reactions play an important role in chemistry when classical 
pathways are energetically forbidden1, be it in gas-phase reactions, surface diffusion 
or liquid-phase chemistry. In general, such tunnelling reactions are challenging to 
calculate theoretically, given the high dimensionality of the quantum dynamics,  
and also very difficult to identify experimentally2–4. Hydrogenic systems, however,  
allow for accurate first-principles calculations. In this way the rate of the gas-phase 
proton-transfer tunnelling reaction of hydrogen molecules with deuterium anions, 
H2 + D− → H− + HD, has been calculated5, but has so far lacked experimental verification. 
Here we present high-sensitivity measurements of the reaction rate carried out  
in a cryogenic 22-pole ion trap. We observe an extremely low rate constant of 
(5.2 ± 1.6) × 10−20 cm3 s−1. This measured value agrees with quantum tunnelling 
calculations, serving as a benchmark for molecular theory and advancing the 
understanding of fundamental collision processes. A deviation of the reaction rate 
from linear scaling, which is observed at high H2 densities, can be traced back to 
previously unobserved heating dynamics in radiofrequency ion traps.

Hydrogen is the most abundant element in the universe6, and collisions 
of hydrogen and its charged forms are important in the chemistry and 
evolution of the interstellar medium7,8. Binary collisions of atomic 
with molecular hydrogen belong to the most fundamental molecu-
lar systems to be studied experimentally and are simple enough to 
be investigated using full quantum calculations9,10. Here we investi-
gate the presumably most fundamental ion–molecule reaction: the 
proton-transfer reaction from hydrogen molecules to hydrogen atomic 
anions. This reaction, which can be made exoergic by virtue of vibra-
tional zero-point energy differences when working with deuterium 
anions, may proceed by means of tunnelling through its intermediate 
barrier (Fig. 1a):

D + H → H + HD. (1)−
2

−

The collision complex has the make-up of the H3
− anion. Its stability 

and linear structure were proposed11 in 1937, but later questioned 
because of the difficulty of accurately calculating the vibrational 
zero-point energy. Following the calculation of the first three- 
dimensional potential energy surface, its stability could be theoreti-
cally confirmed12 and later verified experimentally13. Interstellar H3

− 
could function as a tracer for H−, which is thought to be abundantly 
present in the interstellar medium but not yet observed, mainly because 
it has only one bound electronic state14.

Experimental investigations of reaction (1) at energies of a few elec-
tronvolts and below started in the 1990s. Crossed-beam experiments 
revealed state-specific cross-sections and angular distributions for an 
isotopic variant of reaction (1)15. These were compared with pioneering 
quantum scattering calculations16. In a guided ion beam experiment, 
the barrier height of reaction (1) was found to be about 330 meV (ref. 17). 

Numerous further theoretical investigations followed, most of which 
considered energies above the potential barrier (see, for example, 
refs. 18–20). For temperatures in the range of a few Kelvin, colliding  
reactants generally cannot overcome this barrier, but will chiefly react 
by means of tunnelling, the probability of which typically increases with 
lower temperatures because of greater lifetimes of intermediate ion–
molecule complexes21. In ion–molecule collisions, only two tunnelling 
reactions have been discovered so far22,23, NH3

+ + H2 and c-C H3 2
++ H2.  

A semiclassical estimate of the tunnelling probability of reaction (1) 
indicated a rate coefficient24 of about 10−19 cm3 s−1. In a previous meas-
urement only an upper bound could be provided24. This result prompted 
ab initio quantum calculations of the reaction probability at low collision 
energies, and predicted a rate constant two orders of magnitude lower 
than the experimental upper limits5.

Here we present a measurement of the low-temperature reaction 
rate constant of equation (1), providing a benchmark for molecular 
quantum tunnelling theory. The principle of this measurement is 
straightforward: negatively charged deuterium ions are loaded into 
a 22-pole linear radiofrequency (RF) trap, mounted on a closed-cycle 
helium cryostat25. The 22-pole configuration provides a large field-free 
region to minimize RF heating, as sketched in Fig. 1a (refs. 26,27). The  
D− ions are collisionally cooled with a buffer gas of hydrogen at 10 K, 
which leads to an estimated collision temperature of 15 ± 5 K due to 
RF heating (Methods). Once the ions are cooled, more hydrogen gas 
is added to the trap and maintained at constant density. After a chosen 
interaction time, the ions are ejected from the trap and mass-selectively 
measured by means of time-of-flight (ToF) mass spectrometry.

To measure typical ion–molecule reaction rate coefficients, which 
have magnitudes around 10−9 cm3 s−1, neutral densities of the order of 
(1010–1012) cm−3 are commonly used. This implies that trapping times 
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of 10 ms to 1 s are sufficient to observe the reaction kinetics. However, 
to study rate coefficients smaller than 10−18 cm3 s−1, densities beyond 
1015 cm−3 and at the same time trapping times up to 1,000 s are required 
(Methods). Figure 1b shows the time-dependent appearance of a small 
peak of H− ions after 950 s of trapping time at a density of 2.8 × 1014 cm−3, 
which signifies that reaction (1) is actually taking place. Despite the high 
densities, no evidence for products from three-body recombination 
has been detected.

Figure 2 shows examples for measurements of the H− fraction as a 
function of interaction time for different H2 densities. We fit this frac-
tion to the solution of rate equations (equations (4) and (5)), which 
include the growth of H− and a background loss rate of H− and D−:
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where kH
gr is the growth rate of H−, kX

bg denotes the respective back-
ground loss rates of H− and D− out of the trap, t is time, and NH(0) and 
ND(0) are the initial amounts of H− and D−. A separate fit to the decay  
of the D− peak provides the sum of the D− background loss rate and  
the H− growth rate. The small amount of initial H− comes from the  
trap loading: as high-energy D− collides with the H2 buffer gas during 
initial cooling, some H− is created by means of classical over-the-barrier 
reactions.

The H− growth rates that are extracted from the fits are plotted as a 
function of H2 density in Fig. 3a; the background loss rates are shown in 
Fig. 3b. At the three lowest densities, the growth rates are consistent with 
a fit to linear dependence k k n=H

gr
r  with kr = (5.2 ± 1.6) × 10−20 cm3 s−1  

(black dashed line in Fig. 3a). This rate coefficient corresponds roughly 
to one reaction occurring for every 1011 collisions, when the rate of all 
collisions that overcome the centrifugal barrier is described by the 
Langevin capture rate coefficient, which is about 2 × 10−9 cm3 s−1. This 
is, to our knowledge, the lowest measured bimolecular ion–molecule 
reaction rate constant by four orders of magnitude; see, for example, 
the Kinetic Database for Astrochemistry28. The rate coefficient agrees 
very well with the quantum theoretical prediction for the tunnelling 
rate coefficient for normal H2 colliding with a thermal D− velocity  
distribution5 at a temperature of 15 K, which is indicated by the violet 

line in Fig. 3a. The width of the line represents the finite uncertainty of 
the ion temperature. A previous semiclassical statistical calculation 
based on an earlier potential energy surface provided a tunnelling rate 
coefficient that was about three orders of magnitude lower, which 
shows the enormous sensitivity of tunnelling rates to the theoretical 
methods29.

At higher densities a strong deviation of the reaction rate from 
linear behaviour appears, accompanied by an increase in the trap loss 
rate of H−, as seen in Fig. 3b. Such a non-linear behaviour has not been 
reported before for ion–molecule kinetics in traps, to our knowledge. 
To understand this phenomenon, one must take a closer look at the 
velocity distributions in RF ion traps. Using the adiabatic approxi-
mation, the ion velocity can be separated into micromotion, which 
is caused by the RF voltages and gives rise to the effective trapping 
potential, and secular motion, describing classical trajectories within 
the effective potential25,26. If an ion undergoes a collision during micro-
motion, energy can be transferred from the RF fields, increasing the 
amplitude of the secular motion. This is known as collisionally induced 
RF heating and has plagued ion traps since their invention. Owing to 
this RF heating, the velocity distribution is no longer described well by 
Maxwell–Boltzmann statistics, but brings about a high-energy tail in 
the ion distribution27. This must, in general, be considered for kinetics 
measurements, as a small number of reactions from the high-energy 
tail could skew the average measured reaction rates.

Following the non-extensive generalization of entropy by Tsallis30, 
the velocity distribution in one dimension f(vi) of a trapped ion of mass 
m subjected to RF heating can be described by a q-exponential Tsallis 
distribution:
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which, in addition to the Boltzmann constant kB and the temperature T, 
contains the parameter q that describes the strength of a power-law tail 
and can be generalized to the full velocity distribution (see equations  
(6)–(9) in the Methods). The limit q→1 recovers the Gaussian probability 
curve of a Maxwellian gas. For collision dynamics, the distribution of 
relative velocities between ions and neutrals is the relevant quantity. 
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Fig. 1 | Overview of the experiment. a, Cross section of the 22-pole ion trap, 
viewed along the symmetry axis. An RF voltage is alternately applied to the  
trap rods (red and blue), trapping D− ions. During collisions with H2, proton 
exchange may occur by means of tunnelling through the reaction barrier, as 
indicated by the schematic wavefunctions crossing the minimum energy path 

of the reaction. b, The ion signal measured at the MCP detector, after ToF 
separation. Shown is the average of 16 ToF traces, taken at the lowest H2 density 
of 2.8 × 1014 cm−3 and 950 s interaction time. The inset is the signal multiplied by 
30 to emphasize the H− peak.
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We obtain these by simulating the relative velocities between the Tsallis  
distribution of the ions and the Maxwell–Boltzmann distribution of 
the buffer gas.

The simulated relative velocity distributions are plotted in Fig. 3c 
for two different hydrogen densities and fitted with Tsallis distribution 

functions. The high-energy tail is notably increased at the high density, 
a phenomenon not observed in multipole ion traps before. This can 
be qualitatively understood to stem from a small mean free path of 
the trapped ions in the dense buffer gas. In multipole ion traps, RF 
heating occurs close to the turning points, where the micromotion 
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Fig. 2 | Ion–molecule reaction kinetics. The fractional amount of H− present 
in the trap as a function of time is shown at four different densities. Red lines are 
fits to equation (2); error bars denote the standard error of the mean over 23, 8, 

6 and 7 loops, respectively. As density increases, the loss of H− out of the trap 
becomes prominent.
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Fig. 3 | Density dependence of rates and velocity distributions. a, Black 
points show measurements of the H− growth rate, with uncertainties given by 
the fits as in Fig. 2. The violet line is the theoretical prediction for the tunnelling 
rate for normal H2 at the estimated collision temperature of 15 ± 5 K. The open 
circles show the result of a numerical simulation with error bars given by the 
standard deviation of 12 simulation runs. The black dashed line shows the linear 
fit to the measured rates at the lower densities. b, Loss rates of the parent and 

product ions out of the trap, with uncertainties as for the growth rate 
measurements. Elevated loss rates are seen above 7 × 1014 cm−3 of H2, at which 
point the H− growth rate begins to deviate from linear. c, The distribution of 
relative velocities between the ions and the Maxwell–Boltzmann hydrogen gas 
at 10 K for two different buffer gas densities. The distributions are fitted with a 
tail-weighted Tsallis function (equation (3)). A Maxwell–Boltzmann fit is shown 
for reference.
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amplitude is large. At standard buffer gas densities, ions make multi-
ple round trips through the trap between buffer gas collisions. Thus 
the probability for a subsequent collision to cool rather than heat is 
high. Then the ion velocity distribution has suppressed high-energy 
tails and is density independent. However, at densities above 1015 cm−3,  
the mean free path becomes smaller than the trap diameter and compara-
ble to the distances over which RF heating occurs (Extended Data Fig. 1).  
This can reduce the ion temperature in the trap centre, but causes a 
‘runaway’ heating of the ions near the trap edges, which manifests 
itself as increased high-energy tails.

To determine the influence of the increased energy tails on the  
D− reaction rate, we integrate the density-dependent Tsallis distribu-
tions for the relative velocity over the theoretical reaction probability 
(see Fig. 6 of Yuen et al.5) (see Methods section for details). The resulting 
reaction rate is plotted as open circles in Fig. 3a; the error bars repre-
sent the standard deviation of several simulations. This simulation 
shows an enhanced rate at high densities, which is in good agreement 
with the non-linear increase of the measured rate. Only the magnitude 
of the rate increase is slightly lower than that of the measurements.  
We expect that this extra heating is caused by differences between the 
real and simulated electric fields as a result of trap imperfections and 
patch potentials (Extended Data Fig. 2).

In the low-density limit, runaway heating is not present. The rate 
measurements for the lowest three densities in Fig. 3a agree well 
with a linear density dependence, and the H− loss rates remain fairly 
constant here. Thus the reaction rate coefficient can be determined 
from the slope of these data points, as stated previously and plotted in 
Fig. 4. The theoretical tunnelling rate coefficient of Yuen et al.5 is also 
shown in Fig. 4. The blue and red long-dashed lines show the theory for 
ortho-H2 and para-H2, respectively, with the violet solid line being the 
weighted average and representing the normal H2 that was used in this 
experiment. This shows again that the measured rate coefficient agrees 
very well with the theoretical rate for normal H2. In this temperature 

range, the rate coefficient is dominated by tunnelling. This becomes 
particularly clear from the short-dashed lines in Fig. 4, which show 
the theoretical rate coefficient when only over-the-barrier reactions 
without tunnelling are considered.

In this work we have measured the reaction rate constant of the pro-
ton exchange reaction D− with H2, which occurs by quantum mechanical 
tunnelling through the reaction barrier. The extremely small measured 
value of (5.2 ± 1.6) × 10−20 cm3 s−1 is in very good agreement with ab ini-
tio quantum scattering calculations. High-energy tails were found to 
influence the kinetics at high densities and at temperatures at which 
over-the-barrier reactions become active. This is an effect that will 
have to be included in other ion trap reaction measurements as well, 
in particular for endothermic or barrier-limited reactions. From our 
simulations, we know that these high-energy tails play only a minor 
role at the lower densities at which tunnelling takes place. This work 
shows how not only spectroscopic investigations, but also reaction 
kinetics can benchmark accurate quantum theoretical calculations. 
As such this broadens the understanding of tunnelling processes and 
will open up further research on the quantum dynamics of neutral 
and ionic reactions, for example, on the role of scattering resonances.
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Methods

Experiment
For the ion–molecule reaction experiments, we used a 22-pole linear 
RF trap configuration, which is described in detail elsewhere25,26,31,32.  
We created D− and a small amount of H− in a plasma discharge of deuterium 
gas. A Wiley–McLaren spectrometer accelerated the ions towards the 
trapping region, and we selectively loaded D− into the multipole trap by 
ToF mass separation. Within the trap, the ions collided with normal-H2 
buffer gas (75% ortho-H2 and 25% para-H2) that had thermalized with the 
trap’s copper housing at 10 K. At such low temperatures, measurements 
of average ion temperatures repeatedly showed temperatures warmer 
than the buffer gas32,33 as a result of RF heating. Based on this, we estimated 
the collision temperature for the collisions of D− with H2 to be 15 ± 5 K. 
Both the imperfect ToF separation and collisions of D− with H2 during the 
initial cooling contributed to some initial H− in the trap. Using helium as 
a buffer gas would have avoided the latter, but we have found the mass 
difference between He and D− to have an adverse effect on trap lifetimes.

To be sensitive to low reaction rates, one desires high densities and 
long interaction times. Very high reactant gas densities can cause dis-
charges at the high voltage of the microchannel plate (MCP) detector. 
To avoid this the MCP voltage was turned off before reactant gas was 
added. After the interaction time, the gas flow was switched off and the 
chamber pumped down until the pressure at the MCP detector was below 
10−6 mbar. To probe long interaction times, extra effort was made to keep 
the vacuum chamber free of stray reactants such as water molecules, 
which limited experiments in the past24. In the measurements presented 
here, background lifetimes of D− were in the order of three hours.

Pressures of H2 were measured with a capacitive gauge connected 
to the trap housing by means of a Teflon tube. The capacitive gauge 
allows for an absolute pressure measurement independent of gas spe-
cies. When calculating the gas densities in the trap, corrections for 
the temperature difference between the trap and the gauge, and for 
thermal transpiration effects, were performed24. The effects of thermal 
transpiration in the pressure regime in which we operated are pressure 
corrections ranging from 25% to 60%. Based on these, we estimated a 
10% error in absolute density.

During extraction from the trap, we pulsed a small gate voltage to 
deflectors situated close to the trap opening to allow only a small frac-
tion of the ion cloud with similar starting positions to pass undisturbed, 
producing a spatially localized ion packet. This substantially increased 
the ToF mass resolution and produced well-resolved ion peaks. How-
ever, the masses had begun to separate by the time they reached the 
deflectors, and so we probed slightly shifted parts of the ion packets 
of the two masses. We estimated an uncertainty of 20% in our measure-
ments due to this effect.

To fit the H− creation curves, we solved the set of equations given by:
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D

where NX denotes the respective amounts of H− and D−, kX
bg denotes 

their respective background loss rates out of the trap and kH
gr is the 

growth rate of H−. The solution is given by equation (2) in the main text. 
To achieve a more stable fit, a second-order Taylor expansion of the 
solution was used to fit the data at the two lowest densities.

Ion trajectory simulations and Tsallis distributions
An ion in an RF trap immersed in a cold buffer gas has been found to 
develop a power-law tail in the velocity distribution27. It can be modelled 
using a non-extensive generalization of entropy proposed by Tsallis30 
and developed further for a variety of physical systems34–36.

To model the ion distribution, we performed molecular dynamics 
simulations; we calculated the ion trajectories by solving Newton’s 
equation of motion numerically, and treated the collisions as those 
in a hard-sphere collision model using a Monte Carlo approach.  
We used an ideal time-varying multipole field in the radial direction 
and a quadrupole plus octupole static field in the axial direction, along 
with random collisions with a background buffer gas. Ion–ion interac-
tions were neglected because of the low ion density within the trap. 
As collision frequency increased, the bulk of the ions moved closer to 
the trap centre. Simultaneously, the number of ions at the outer edges 
increased (Extended Data Fig. 1a). The energies of the outer ions also 
increased with higher collision frequency (Extended Data Fig. 1b). This 
indicates a runaway heating effect due to multiple sequential heating 
collisions, which becomes pronounced when the mean free path of 
the ions becomes small compared with the mean distance travelled 
up the trap potential.

We fitted each dimension of the velocity distribution of the ions f1D(vi) 
(see also equation (2)), with i = x, y, z, to the q-exponential
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where m is the ion mass, T is the temperature and q is the parameter 
giving the strength of the tail, with normalization factor:
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for 1 < q < 3. The two radial directions exhibit the same distribution as 
a result of symmetry. From the one-dimensional velocity distribution, 
one can derive the full distribution of speeds v:
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with normalization factor:
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Equation (8) does not exactly describe the distribution of relative 
velocities between a Tsallis and a Maxwell–Boltzmann distribution, 
but it can be used empirically as a reasonable-fit function (Fig. 3c). 
Because the effects of the high-energy tail were of prime interest in 
this work, we fitted the logarithm of the distribution function (equa-
tion (8)) to the logarithm of the distribution, which puts more weight 
on the high-energy tail.

The calculations for the reaction rate coefficients without tunnelling, 
shown in Fig. 4, were performed using a step function as the energy bar-
rier. The reaction rates come from the percentage of ions that have a col-
lision energy above this barrier. The height of the barrier was adjusted 
such that the rate without tunnelling matches the calculated rate from 
the Maxwell–Boltzmann distribution at high temperatures from Yuen 
et al.5. The corresponding barrier height is 275 meV, which is consistent 
with the experimentally measured barrier17 of 330 ± 60 meV.
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Extended Data Fig. 1 | Ion trap simulations for different densities. 
Distributions of ion number and energy as a function of the radial position in 
the trap, at different collision rates and with a buffer gas temperature of 20 K.  
a With higher collision rates, ions move, on average, slightly closer to the 
centre, but also increase in number at large radii. Mean free path lengths are 

shown for reference. b When the mean free path becomes small, energies close 
to the trap rods increase substantially, indicating multiple heating collisions 
before moving away from the trap edges. The collision rates correspond to H2 
densities of 4.8 × 1013, 1014 and 1015 cm−3, respectively.



Extended Data Fig. 2 | Ion trap simulations including stray electric fields. 
Numerical simulations of the expected reaction rates at a hydrogen gas density 
of 1.2 × 1015 cm−3, with error bars as in Fig. 3a. The electric fields were chosen to 
be homogeneous and oriented in one direction perpendicular to the RF 

trapping rods, which has the effect of slightly pushing the ions towards the RF 
electrodes on one side. The simulations show that an extra field on the order of 
10 mV mm−1 could account for the higher measured reaction rates at this 
density.
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