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Charge transfer of polyatomic molecules in ion-atom hybrid traps:
Stereodynamics in the millikelvin regime
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Rate constants for the charge-transfer reaction between N2H+ and Rb in the millikelvin regime are measured
in an ion-atom hybrid trap and are found to be lower than the Langevin capture limit. Multireference ab initio
computation of the potential energy surfaces involved in the reaction reveals that the low-temperature charge
transfer is hindered by short-range features highly dependent on the collision angle and is promoted by a
deformation of the molecular frame. The present study highlights the importance of polyatomic effects and
of stereodynamics in cold molecular ion-neutral collisions.
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Introduction. Over the past decade, the advent of cold
ion-atom hybrid trapping experiments has opened up a range
of new research avenues in both physics and chemistry [1].
These include the exploration of new cooling mechanisms
[2–5], the study of unusual light-driven reactive processes
[6,7], the characterization of many-body dynamics [8], and
the investigation of ion-atom interactions in the quantum
regime [9–12]. Many ion-atom hybrid systems turned out to
be chemically reactive, which for the first time opened up
possibilities to explore ion-neutral chemical processes in the
mK to μK temperature regimes, in particular charge exchange
[6,7,13–15]. Charge transfer can either occur radiatively, i.e.,
the collision system transits between different electronic states
by the emission of a photon, or nonadiabatically around
crossing points between two electronic states with a dif-
ferent asymptotic charge character [16,17]. Both scenarios
have previously been observed and characterized in different
ion-atom hybrid systems, with nonadiabatic charge exchange
usually being considerably more efficient than its radiative
counterpart [17,18]. Both nonreactive and reactive collisional
processes in hybrid traps have often been successfully ana-
lyzed in the framework of Langevin or modified Langevin
models only taking into account the long-range interactions
between the ion and the neutral [1,9,14,18,19].

A recent development is the introduction of molecu-
lar ions into hybrid experiments. The exquisite degree of
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control over temperatures and quantum states of the trapped
particles achievable in hybrid traps provide an ideal envi-
ronment for studying subtle details of molecular phenomena
and interactions [5,14,15,20,21]. The increased complexity of
molecular systems inevitably entails richer dynamics com-
pared to atoms. Previous studies on cold interactions of
diatomic ions such as N+

2 and O+
2 with alkali atoms [14,15]

revealed an intricate interplay between long- and short-range
interactions governing the dynamics and kinetics of charge
exchange in different electronic states of the collision sys-
tem. In some states, charge-transfer rates were found to be
compatible with the Langevin model which only considers
ion-induced dipole long-range interactions. In other states,
higher-order electrostatic interactions and, in particular, the
specific dynamics around state crossings had to be taken into
account in order to rationalize the charge-transfer dynamics.

In the present study, we introduced polyatomic molecu-
lar ions into an ion-atom hybrid experiment to explore the
ramifications of molecular complexity in cold charge-transfer
dynamics with the example of the prototypical triatomic
species N2H+, a stable linear cation well known from astro-
nomical observations [22], laboratory experiments [23–26],
and theoretical works [27–29]. We studied the charge trans-
fer of N2H+ with Rb atoms in their (5s) 2S1/2 ground and
(5p) 2P3/2 excited electronic states at collision energies in the
millikelvin regime. In both states, we found charge-transfer
rates below the Langevin limit. The experimental results were
interpreted with the help of multireference ab initio calcu-
lations of the lowest potential energy surfaces (PESs) of
the [N2H−Rb]+ collisional system. The calculations reveal
that the charge-transfer dynamics uncovered here is governed
by distinct short-range molecular effects which cannot be
captured by simple Langevin-type models and highlight the
relevance of stereodynamics in cold collisions of this poly-
atomic system.

Experiments. The experimental setup has been described
in detail in previous publications [15,30]. Briefly, it consisted
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of an ion-neutral hybrid trap comprising a linear-quadrupole
rf ion trap embedded in a magneto-optical trap (MOT) for
the cooling and trapping of Rb atoms. The ion trap was
operated at a frequency of �rf = 2π × 3.25 MHz with an
amplitude of Vrf = 400 V and featured 12 individual electrode
segments for the application of static and rf voltages. The
experimental sequence started with the loading of Ca+ ions
produced from an effusive beam of Ca atoms by nonresonant
photoionization. The Ca+ ions formed Coulomb crystals [31]
in the rf trap upon Doppler laser cooling on the (4s) 2S1/2 ↔
(4p) 2P1/2 ↔ (3d ) 2D3/2 optical cycling transitions using two
laser beams at 397 and 866 nm. N+

2 molecular ions were
produced by [2+1]-photon resonance enhanced photoioniza-
tion from neutral nitrogen leaked into the vacuum chamber at
a pressure of ∼1 × 10−8 mbar using a focused nanosecond
laser beam at 202 nm and sympathetically cooled into the
center of the Ca+ crystal [14,15]. After the ionization, the N2

background pressure was maintained at that level for 30 s to
equilibrate the rotational levels population by collisions and
quench vibrational level populations to the ground state [32].
As demonstrated in Ref. [33], the sympathetically cooled N+

2
ions were converted into N2H+ by leaking hydrogen gas into
the trap chamber for 30 s at a pressure of ∼1 × 10−8 mbar.

The MOT was continuously loaded from background Rb
vapor replenished by an alkali-metal dispenser. Clouds of ul-
tracold Rb atoms were generated in a position off-center from
the ion trap [Fig. 1(b)]. The Rb atoms were then accelerated
using radiation-pressure forces to pass through the Coulomb
crystal at well-defined velocities, recaptured after transit and
sent back by applying radiation pressure in the opposite di-
rection [Fig. 1(c)]. Repetition of the sequence for varying
magnitudes of radiation pressure enabled the study of ion-
atom collisions at variable, well-defined collision velocities
[30]. Depending on whether the Rb cooling laser beams were
switched off or on during transit, a part of the charge-transfer
collisions between Rb and N2H+ occurred in the (5p) 2P3/2

excited state of Rb in addition to the (5s) 2S1/2 ground state.
The excitation fraction was determined from comparisons of
the Rb fluorescence yields with an eight-level optical Block
equation modeling as in Ref. [18]. Following Ref. [15], rate
constants for charge-exchange reactions between N2H+ and
Rb were determined under pseudo-first-order-kinetics condi-
tions for Rb by monitoring the depletion of the reactant ions
from the crystal as a function of the time of exposure to
the shuttling Rb atom cloud. The Rb density was extracted
from a reference measurement of the O+

2 + Rb reaction
for which the rate coefficient conforms with the Langevin
limit [15].

Figure 1(d) shows the charge-exchange rate coefficients,
with Rb in either the (5s) 2S1/2 ground state or the (5p) 2P3/2

excited state, as functions of the collision energy in the inter-
val Ecoll/kB ≈ 23–45 mK. Within the uncertainty limits, the
rate coefficients are identical for both states across the studied
energy interval, in contrast to N+

2 + Rb, in which a marked
difference between the two channels was found [15]. The
larger uncertainty of the data for the excited state is due to the
error in the determination of the excited-state population [15].
The rate constant for reactions with Rb in the ground state
seems to exhibit a slight positive energy dependence across
the energy range studied. Neglecting this effect, the average
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FIG. 1. (a) Schematic of the experiment consisting of a MOT for
Rb atoms superimposed onto a rf linear-quadrupole ion trap. Laser
beams are labeled by their functions. [(b) and (c)] schematic for
shuttling the cloud of ultracold Rb atoms in between two extremal
positions through a Coulomb crystal of ions. (d) Charge-transfer
rate coefficients as functions of the N2H+-Rb collision energy for
the (5s) 2S1/2 ground state (blue ▼ symbols) and (5p) 2P3/2 ex-
cited state (orange ▲ symbols) of Rb. Blue (orange) solid line:
Langevin rate constant in the Rb ground (excited) state. Dash-dotted
and dashed lines: average experimental rate constant and its un-
certainty limits. Error bars indicate the standard deviation of five
measurements.

value is about a factor of 2 smaller than the corresponding
Langevin rate coefficient, implying that the reaction rate is
close to, but not equal to, the capture limit.

Theory. The reactants kinetic energy being nearly zero
at temperatures of the order of few millikelvins, endoener-
getic reactions are impossible. It is shown in Fig. S-1 of the
Supplemental Material (SM [34]) that the only energetically
accessible product channels are—aside from elastic or in-
elastic scattering—(a) N2 + HRb+, (b) N2Rb+ + H, and (c)
N2 + H + Rb+. Any of these channels can be reached in their
electronic ground states only. Note that all these products
involve an electron transfer from the rubidium atom to the
hydrogen atom (even in the case of HRb+ the electron is
essentially carried by H, as it is more electronegative than Rb).
The neutral radical N2H is unstable and readily dissociates to
give N2 + H, as already shown in previous works [35–39] (the
metastable bent geometry [40] is neglected here). The N2Rb
radical is also unstable and regardless cannot be observed as
the channel N2 + Rb + H+ is energetically inaccessible.

Figure 2 shows the computed potential energy curves
(PECs) of linear N2H and N2H+ as functions of the distance
r between H and the center of mass of N2 at fixed N≡N
distance (methods are discussed in the SM [34]). These are
corrected for the ionization energy of Rb so that they mimic
the curves of N2H + Rb+ and N2H+ + Rb, respectively, at
infinite atom-cation separation. The N2H+ (+Rb) potential is
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FIG. 2. Potential energy curves of linear N2H and N2H+ at in-
finite separation from Rb+ and Rb, respectively, as functions of the
distance r between the center of mass of N2 and H. The N≡N bond
distance is fixed at 1.0945 Å and the dashed vertical line denotes
the equilibrium value of r at req = 1.5814 Å in N2H+ [28]. Energies
are relative to the threshold which corresponds to the minimum of
the N2H+ + Rb potential (solid blue curve). ▼: See computational
methods in the SM [34].

that of a bound species. The potential energy landscape of
N2H (+Rb+) is more complex, featuring one steep dissocia-
tive state which crosses a pair of degenerate states, as already
shown in Ref. [36]. The N2H (+Rb+) dissociative state plays
the major role in the electron transfer process, as its PEC
intersects that of N2H+(+Rb). This intersection happens to be
located at r∗ slightly shorter than req = 1.5814 Å, the N2−H
distance at the equilibrium geometry of N2H+, and drives the
charge transfer N2H+ + Rb → N2H + Rb+ as the Rb atom
approaches N2H+.

Thus, we computed the four lowest electronic eigenstates
of the full tetra-atomic [N2H − Rb]+ system identified in
Fig. 2 as functions of the three coordinates r, R, and θ defined
in Fig. 3. Figure 4 displays cuts of the corresponding PESs for
θ = 120◦ (for other angles, see the SM [34]). The system is
initially in the diabatic N2H+ + Rb state at (r = req, R → ∞).
This corresponds to the solid blue curve at large R in Fig. 4(a)
and the bottom of the curve obtained by joining those of state
2A′ in green for r < r∗ and 3A′ in blue for r > r∗ in Fig. 4(b).
The intersection point at r∗ shown in Fig. 2 is in fact an
avoided crossing between the PECs in Fig. 4(b) whose energy
gap is exactly zero at R → ∞.

For N2H+ in its equilibrium geometry [solid curves in
Fig. 4(a)], the adiabatic PECs of states 3A′ and 2A′ feature

FIG. 3. Definition of the coordinates describing the arrangement
of the nuclei in the [N2H−Rb]+ system. The Jacobi vectors r and R
are such that r points from the center of mass of N2 (G1) to H and R
points from the center of mass of N2H (G2) to Rb. The N≡N bond
length is kept fixed and the position of H is constrained along the
N-N axis, as in Fig. 2. Within these constraints, the geometry of the
system is fully determined by the distances r = |r|, R = |R|, and the
angle θ between the two vectors.

an avoided crossing around R = 13.5 Å (see inset). There,
the energy spacing between these states is still nearly zero.
On the other hand, the attractive interaction between N2H+
and Rb is such that the full system acquires enough kinetic
energy to undergo a diabatic transition 3A′ → 2A′ with almost
unit probability (dotted double arrow in the inset of Fig. 4(a),
see also Landau-Zener transition probabilities estimates in
Table S-II in the SM [34]). However, for shorter distances R,
the position of the avoided crossing varies in the vicinity of
req [see Fig. 4(b)] and remains at energies below the entrance
channel threshold. There, the energy gap between the two
adiabatic states widens. Thus, for shorter R, diabatic transi-
tions between the states 3A′ and 2A′ are less effective, giving
chances to the system to stay adiabatically in the 2A′ state
along the r coordinate (see Table S-II in the SM [34]). In other
words, the system can leak from the parabolic part of the green
PEC around req, with N2H+ + Rb character, to the steep por-
tion at r > r∗ where the system gains N2H + Rb+ character
[solid double arrow in Fig. 4(b)]. This adiabatic passage is the
manifestation of the electron transfer between Rb and N2H+
which is promoted by a deformation of the molecule along the
r coordinate. The Landau-Zener model roughly predicts a 5%
chance per pass to remain adiabatically in state 2A′. However,
the typical time spent by Rb in the vicinity of the cation (∼2.3
ps) is two orders of magnitude longer than the N2−H+ stretch-
ing vibrational period (∼15 fs). Thus, the system has enough
time to leak through the avoided crossing via this vibration
(see the SM [34] for timescales estimates). Once on the dis-
sociative part of the 2A′ state PEC (green curves, r > r∗), the
system diabatically transits to its continuation on state 1A′ [see
dotted double arrow in Fig. 4(b)], i.e., H readily dissociates
from N2 as a result of the electron transfer from Rb to N2H+.

The discrepancy between the experimentally measured re-
action rates and those predicted by the Langevin capture
model is attributed to specific features of the PESs which
are dependent on the angle of attack θ . Figure 5 shows two-
dimensional contour plots in r and R of the PESs of states 2A′
and 3A′ cut at θ = 0.01◦ and θ = 120◦ (for other angles, see
the SM [34]). For each angle, the seam of avoided crossings
from asymptotic separation towards finite distance R is traced
by a minimum energy difference path (MEDP). As Fig. 5
shows, the PESs display a strong anisotropy at short range.
Starting from the asymptote (r, R) → (req,∞) on state 3A′,
when the collision takes place on the H side of N2H+ [θ ≈ 0◦,
Fig. 5(a)], the region of coordinate space accessible by the
system energy-wise is limited to distances R no shorter than
approximately 9 Å. In this region, the PES of state 3A′ is very
shallow (the minimum is about 0.034 eV below the threshold)
and the MEDP never crosses its boundary. The PES of state
2A′ underneath steeply decreases in energy both with increas-
ing R and r, eventually becoming—in a diabatic sense—state
1A′ [see Fig. 4(b)]. The limited extent of the energy-allowed
region and the increase of the energy gap between the states
2A′ and 3A′ therein forbids any nonadiabatic transition, hence
no reaction takes place.

Conversely, when the collision occurs at θ = 120◦, i.e., Rb
approaches N2H+ noncollinearly from the N2 side [Fig. 5(b)],
the energy-allowed region of the PES of state 3A′ reaches
points with R as close as 4.2 Å. The lowest points in en-
ergy in this PES cut (∼0.13 eV below the threshold) are
close to the MEDP, which, in this case, clearly enters in-
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FIG. 4. Adiabatic potential energy surfaces cuts of the N2H+ + Rb system as functions of (a) the atom-cation distance R and (b) the
N2−H distance r, for θ = 120◦. Note that, in (b), the state labeling/coloring is reversed compared to Fig. 2 for r shorter than r∗ since here the
electronic eigenstates are ordered by increasing energy (within a given irreducible representation). In (a), solid lines (——) correspond to cuts
at r = req = 1.5814 Å, dashed lines (−−−) at r = req + 0.025 Å, and dash-dotted lines (−·−·−) at r = req + 0.050 Å. The indicated values
of R locate the positions of the avoided crossings along those cuts. In (b), solid lines (——) correspond to cuts at R = 13.5 Å, dashed lines
(−−−) at R = 8.5 Å, and dash-dotted lines (−·−·−) at R = 6.5 Å. The dashed horizontal black lines denote the entrance channel energy.
Double arrows indicate transitions described in the text.

side that region. There, the energy gap between the PESs
of states 3A′ and 2A′ is much smaller than in the θ = 0◦
case (see also Fig. S-6 in the SM [34]). Hence, the latter
state is more likely reached by nonadiabatic transition and
the reaction occurs as discussed earlier in connection with
Fig. 4. The case θ = 60◦ (see Fig. S-4 in the SM [34]), where

FIG. 5. Contour plots of the PESs of states 2A′ and 3A′ as func-
tions of r and R for (a) θ = 0.01◦ and (b) θ = 120◦. The thick green
and blue contour lines correspond to the threshold energy E = 0
in those states, respectively. Other isoenergetic contours are traced
every 0.05 eV. Shaded areas indicate energy-forbidden regions of
configuration space on the corresponding PES. The dashed gray line
indicates the entrance asymptotic channel (r = req, R → ∞).

the MEDP is nearly tangent to the energy-allowed region
boundary, is close to the limit between the two behaviors
described above.

Conclusion. Unaware of the structure of the cation, the
Langevin capture model considers only the isotropic long-
range ion-atom interaction, which is satisfactory when no
other hindrance to the charge exchange arises at short range.
However, our inspection of the distinctive interaction between
N2H+ and Rb at short range, necessarily anisotropic, reveals
that an efficient charge transfer in the cold regime cannot oc-
cur from all angles of attack because of the above-mentioned
obstacles encountered for θ < 60◦, i.e., for about one third of
the configuration space spanned by θ . Although the orienta-
tion of the cation is not locked during the collision as Fig. 5
may suggest (see the SM [34]), these obstacles are nonethe-
less a limitation to a successful reaction and are qualitatively
reflected in the experimental reaction rates, which are roughly
half of the Langevin prediction.

The anisotropy of the potentials also precludes the forma-
tion of the HRb+ product. From a steric point of view, the
proton capture by Rb should be eased by an attack around
θ = 0◦, but no effective electronic transition allows the for-
mation of the H · · · Rb+ bond, leaving no other option than
scattering of Rb away from N2H+. Conversely, the attack of
Rb from the N2 side does allow the electron transfer, leading
to the formation of the ephemeral N2H radical. Due to the
steep dissociative character of the PES of state 2A′ (and its di-
abatic continuation in state 1A′), the radical readily dissociates
into N2 + H.

Summary. We have studied the charge exchange of a
polyatomic ion with Rb in an ion-atom hybrid trap. At the
present millikelvin collision energies, the system was found
to only sample parts of the available configuration space of
the reaction so that charge transfer becomes highly geometry-
dependent, is promoted by a deformation of the molecule,
and thus becomes slower than the Langevin limit. The present
study underlines the role of stereodynamics and polyatomic
effects in cold collisions of molecular ion-neutral systems.
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