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Translationally cold, spatially localised molecular ions prepared by sympathetic
cooling with laser-cooled atomic ions in ion traps have recently found a wide
range of applications in both chemistry and physics. The very low temperatures of
the ions (down to millikelvins), their tight localisation in the trap and the ability
to control and manipulate single isolated molecules on the quantum level offer
intriguing possibilities for new experiments in the realms of cold chemistry,
precision molecular spectroscopy, mass spectrometry and quantum technology.
The present article gives an overview of the basic experimental methods, current
topics and recent developments in this field.
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1. Introduction

Ordered structures of translationally cold molecular ions in ion traps, usually referred to as
‘Coulomb crystals’, represent an unusual form of matter which has found a range of
intriguing applications in both physics and chemistry over the past few years [1–3].
Coulomb crystals can be generated by confining molecular ions in an ion trap and cooling
their translational motion sympathetically to millikelvin temperatures using the interaction
with simultaneously trapped laser-cooled atomic ions. Under these conditions, the ions
localise in the trap so that it is possible to observe, address and manipulate single particles.
Experiments are carried out in an ultrahigh-vacuum chamber in which collisions and other
perturbations from the surroundings are efficiently suppressed. Apart from the trapping
fields, the only major interaction with the environment is the radiative coupling to the
ambient black-body radiation field.

These intriguing features of Coulomb-crystallised molecular ions set the stage for a
range of fascinating applications such as studies of chemical reactions at extremely low
temperatures with single ions, spectroscopic precision measurements and the manipulation
of single molecules on the quantum level. As becomes evident from these examples,
research on cold molecular ions is highly interdisciplinary and bridges the boundaries
between various established fields such as ultralow-temperature physics, plasma physics,
chemical reaction dynamics, molecular spectroscopy and quantum information.

The topic has been reviewed previously with the most recent overview articles covering
the developments up to 2008 [1–3]. However, the field has been progressing fast since then
and recent advances have opened up several new research directions and perspectives.
Following a summary of the basic concepts and methods used in ion trapping and cooling,
the current article gives an overview of the most recent developments in the field. Topics
discussed in previous reviews will only be mentioned briefly for completeness.

2. Ion trapping and cooling

Although Coulomb crystallisation of ions has also been studied in Penning traps, see, e.g.,
Refs. [4–7], the vast majority of experiments have been carried out in linear-quadrupole
radio-frequency (RF) traps.

2.1. Linear-quadrupole radio-frequency ion traps

The theory of RF ion traps and the laser cooling of ions in these devices has extensively
been treated in textbooks and previous reviews, see, e.g., Refs.[1–3,8–15]. The traps
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conventionally used for the laser- and sympathetic cooling of ions are linear-quadrupole

traps (also referred to as linear Paul traps) [2,11,16–18]. A generic linear Paul trap (shown

in Figure 1(a)) consists of four cylindrical electrodes broken down into several segments to

which static and time-varying voltages in the RF domain are applied.
Because Earnshaw’s theorem forbids the generation of a static electric potential

minimum, RF fields are used to trap the ions dynamically. The time-varying fields are

generated by applying voltages VRF(t)¼V0cos(�RFt) with opposite polarity across

neighbouring electrodes as indicated in Figure 1(a). Here, V0 is the RF amplitude, �RF is

the angular frequency and t is the time. As a result, an oscillating potential saddle point is

created which traps the ions dynamically in the (x, y) plane perpendicular to the trap axis.

In the direction along the axis (z), the ions are confined using static potentials VEND

applied to the ‘endcap’ electrodes of the trap.
In a linear Paul trap, the electrodes are arranged to generate an almost ideal

quadrupolar electric potential close to the trap centre [8,12,13]. The trajectory of a single

ion in the trap can be obtained analytically from the solution of the Mathieu equations

d2u

dt2
þ

�2
RF

4

�
au þ 2qu cosð�RFtÞ

�
u ¼ 0, ð1Þ

where u2 {x, y, z}. Stable trapping of the ion is only achieved for specific values of the

Mathieu parameters au and qu which are defined by1

ax ¼ ay ¼ �
1

2
az ¼ ��

4QVEND

m�2
RFz

2
0

,

qx ¼ �qy ¼
4QV0

m�2
RFr

2
0

, qz ¼ 0:

ð2Þ

In Equations (2), m and Q stand for the mass and the charge of the ion, respectively, 2z0 is

the distance between the endcaps, � is a geometry parameter, and 2r0 is the distance

between two diagonally opposed quadrupole rods (see Figure 1(a)). The regions for stable

confinement in au, qu space are usually represented in terms of stability diagrams, see e.g.,

Refs. [11–13,18].

Figure 1. (Colour online) (a) Schematic representation of a linear Paul trap following the design of
Ref. [11]. Ions are confined in the centre of the trap by applying radio-frequency voltages VRF(t) and
static voltages VEND to the electrodes as indicated. (b) Energy-level scheme for the Doppler laser
cooling of 40Caþ ions. Cooling is achieved by repeatedly exciting the 4s 2S1/2! 4p 2P1/2 transition at
397 nm. A second laser beam at 866 nm is required to repump population from the 3d 2D3/2 level to
close the laser cooling cycle. The wavy line indicates spontaneous emission back to the ground state
which is used for imaging the laser-cooled ions.
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In the limit jauj, q
2
u � 1, the trajectory of the ion is approximately given by [17]

uðtÞ � u0 cosð!utþ ’Þ

�
1þ

1

2
qu cosð�RFtÞ

�
, ð3Þ

where ’ is a phase determined by its initial position and velocity. The motion of the ion is
periodic and separates into two components. The first term in Equation (3) corresponds to
a slow ‘secular’ motion with frequencies

!u ¼
1

2
�RF

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
au þ

1

2
q2u

r
ð4Þ

and amplitudes u0� x0, y0, z0. Note that in the absence of additional static fields !x¼!y.
The second term is referred to as ‘micromotion’ and represents a fast oscillating motion
superimposed on the secular motion which is constantly driven by the RF fields. If
jauj, q

2
u �1, the two motions can be adiabatically separated [8,10,12,13,19]. In this limit, it

can be shown that the secular motion in the radial (x, y) direction is governed by a time-
independent pseudopotential which corresponds to the average kinetic energy stored in the
micromotion and is approximately given by

��ðx, yÞ ¼
1

2
m
�
!2
xx

2 þ !2
yy

2
�
: ð5Þ

2.2. Laser cooling of atomic ions

Laser cooling [20] of the translational motion can be achieved in atomic ions with a simple
energy-level structure which allows the implementation of closed optical cycles, for
instance the alkaline-earth ions Beþ, Mgþ, Caþ, Baþ, and Srþ. Laser cooling of trapped
ions was first achieved by Wineland et al. [21] and Neuhauser et al. [22] and has since
become a standard technique [9,10,13,15,20].

During laser cooling, the kinetic energy of the ions is decreased by the transfer of
momentum from the repeated absorption of photons from a laser beam. The cooling of the
ion motion is achieved by slightly detuning the laser frequency to the red side of an atomic
resonance (see Figure 1(b)). In this way, photons are preferentially absorbed by atoms
moving antiparallel to the laser beam for which the frequency mismatch is compensated by
the Doppler shift (Doppler laser cooling). The resulting momentum transfer slows the ions
down. The excited atoms subsequently decay by spontaneous emission of photons in a
pattern always having inversion symmetry. Over repeated absorption and emission cycles,
the momentum transferred to the atoms by spontaneous emission (photon recoil) is thus
averaged out, resulting in a net cooling effect from photon absorption from the laser beam.
The limiting temperature TD which can be achieved by this scheme is given by [20,23]

TD �
�h�

2kB
, ð6Þ

where � is the natural linewidth of the cooling transition. For typical ions used, TD is on
the order of 1mK, e.g., TD¼ 0.5mK for the 397 nm cooling transition of Caþ shown in
Figure 1(b). In contrast to neutral atoms [20], it is often sufficient to use a minimum of one
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laser beam to cool the motion of the ions in all three spatial dimensions because
anharmonicities of the trapping potential and/or the Coulomb interaction between ions
couple all translational degrees of freedom.2

Because the pseudopotential in a linear Paul trap is approximately harmonic, the
secular motion of an ion can be described as an harmonic oscillator. In the quantum limit,
the motion is described by a series of discrete motional states jnuim with motional quantum
numbers nu¼ 0, 1, 2, 3, . . . and energies Enu ¼ ðnu þ 1=2Þ�h!u, u 2 fx, y, zg [10,13,15,24]. In
the Lamb–Dicke regime in which the extension of the ion wavefunction is much smaller
than the wavelength of the radiation coupling to the ion, transitions between motional
states appear as sidebands modulated onto the atomic spectrum. Transitions of the form
jnuim!jnu� 1im are termed red-sideband (RSB) transitions. The repeated excitation of
RSB transitions can be used to reduce the kinetic energy of the ion and cool the ion down
to the motional ground state of the ion trap jnu¼ 0im [15,25]. The zero-point energy E0

associated with the three-dimensional motional ground state jnx¼ 0, ny¼ 0, nz¼ 0i
represents the physical limit for the cooling of trapped ions. For secular trapping
frequencies of 1MHz, one finds E0/kB¼ 11 mK.

2.3. Coulomb crystals

Upon laser cooling, the ions form Coulomb crystals in the trap. Coulomb crystallisation
sets in when the potential energy Epot between the ions exceeds their kinetic energy Ekin.
More specifically, theoretical simulations have shown that a phase transition to a
crystalline state occurs if the plasma-coupling parameter � defined by

� ¼
Epot

Ekin
¼

Q2

4�"0aWSkBT
ð7Þ

exceeds a value of �� 150 [26–28]. In Equation (7), the Wigner–Seitz radius
aWS¼ (3/(4��))1/3 represents the average distance between the ions where � is the ion
density. Depending on the number of trapped ions and the trapping conditions, single
localised ions, strings of ions or three-dimensional spheroidal structures are obtained
[2,29,30]. The properties of Coulomb crystals can be studied experimentally by imaging the
fluorescence of the ions generated during laser cooling as shown in Figure 2(a). Careful
analysis of the images, for instance with the help of molecular-dynamics (MD)
simulations, enables the determination of the number of ions in the crystal and the
ion kinetic energies [2,3,30,31].

Motions of small amplitude of the Coulomb-crystallised ions can be described in terms
of normal modes [32–34], in analogy to the small-amplitude vibrations of the atomic nuclei
in a molecule. For large spheroidal crystals, many of the normal modes are surprisingly
well described by modes of a cold uniformly charged liquid [35–38]. In general, laser
cooling acts on the secular motion of the ions and by reducing its amplitude u0, it also
reduces the amplitude of the micromotion (see Equation (3)). The micromotion, however,
is never completely cooled as it is constantly driven by the RF fields. It is only suppressed
completely for ions located on the central trap axis where the RF fields vanish. The energy
stored in the micromotion scales quadratically with the distance of the ion from the central
trap axis, see Equation (5). Three-dimensional Coulomb crystals in which a large number
of ions are situated off axis generally exhibit broad distributions of ion energies which
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depend on the number of ions and the shape of the crystals, see Figure 3. As can be seen
from Figure 3, the kinetic-energy distributions are irregular so that it is not possible to
assign a temperature to the ions. However, it can be shown that the secular kinetic energies
associated with the motion in the pseudopotential (5) obey a Maxwell–Boltzmann
distribution which allows to define a secular temperature Tsec for the ions [39].

2.4. Sympathetic cooling of molecular ions

The complexity of the molecular energy level structure usually prevents the implemen-
tation of closed optical cycles so that laser cooling is generally not applicable to molecules.
The exception to this rule are molecules with nearly diagonal Franck–Condon factors in

Figure 2. (Colour online) False-colour fluorescence images of laser-cooled Caþ ions in a linear Paul
trap. (a) (i) A single laser-cooled ion, (ii) a string of six ions, (iii) a large spheroidal Coulomb crystal
(not to scale with the images shown in (i) and (ii)). (b) (i) Bicomponent Coulomb crystal consisting of
925 laser-cooled Caþ ions and 24 sympathetically cooled Nþ2 ions. The molecular ions form a non-
fluorescing region in the centre of the crystal. (ii) Molecular-dynamics simulation of the image in (i).
The distribution of molecular ions in the crystal has been made visible in green in the simulation.

Figure 3. (a) Experimental and simulated Coulomb crystal images for (i) a string of 15 ions, (ii)
a prolate crystal of 900 ions (long axis of spheroid along the trap axis), and (iii) an oblate crystal of
500 ions (long axis perpendicular to the trap axis). (b) Ion kinetic-energy distributions for the crystals
in (a) obtained from the molecular-dynamics simulations including both secular and micromotion.
From Ref. [30], reproduced by permission of The Royal Society of Chemistry.
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which quasi-closed optical cycles can be realised, as has recently been demonstrated for
SrF [40,41]. Direct laser cooling of trapped molecular ions has not been demonstrated so
far, but theoretical studies have recently identified promising candidates for such
experiments (BHþ, AlHþ) [42].

However, as these approaches are only applicable to a very limited set of molecular
ions, alternative methods have to be employed. Over the past 15 years, sympathetic
cooling [43,44] has emerged as a versatile method for cooling a broad range of molecular
ions to millikelvin secular temperatures [1–3,45,46]. Sympathetic cooling relies on the
simultaneous trapping of molecular ions with laser-cooled atomic ions. The ions exchange
kinetic energy by elastic collisions which is removed by laser cooling on the atomic species.
Thus, the atomic ions act as a coolant for the molecular ions resulting in the formation of
bicomponent (or molecular) Coulomb crystals, see Figure 2(b). Sympathetic cooling of
molecular ions down to temperatures in the range 7–70K was first reported by Baba and
Waki in 1996 [45]. However, sympathetic cooling of molecular ions to millikelvin secular
temperatures leading to their Coulomb crystallisation was only achieved in 2000 by
Mølhave and Drewsen [46]. Sympathetic cooling has since become the ‘work-horse’
technique in the field, and forms the basis of many experiments discussed in the present
article.

Sympathetic cooling is applicable to a variety of species ranging from atomic ions
[44,47,48], diatomic and small polyatomic ions [30,46,49–51] to large organic and
biomolecular ions [52–55]. Because the strength of the pseudopotential depends on the
mass of the ions (as can easily be seen by inserting Equations (2) and (4) into
Equation (5)), sympathetically-cooled ions lighter than the coolant ions localise along and
around the central axis of the trap, see the example of the Caþ-Nþ2 bicomponent crystal
shown in Figure 2(b). On the other hand, heavier sympathetically-cooled ions crystallise in
shells around a central core of lighter laser-cooled ions. The dynamics of sympathetic
cooling and the structure of bi- and multicomponent Coulomb crystals have been studied
extensively using theoretical methods, see, e.g., Refs. [3,30,31,56–61]. In general, the
efficiency of sympathetic cooling is optimal if the two ion species have similar mass-to-
charge ratios m/z, in which case secular temperatures Tsec & 10mK can be achieved [3,51].
However, even in extreme cases such as the sympathetic cooling of multiply-charged
cytochrome c ions (m/z� 729 amu/e) with 138Baþ, secular temperatures as low as 750mK
have been obtained [54].

2.5. Coulomb crystals in alternative types of RF traps

2.5.1. RF multipoles

Linear multipole traps consist of 2n (n¼ 2, 3, 4, . . .) cylindrical electrodes evenly distributed
around a circle. Compared to linear quadrupoles (n¼ 2) which represent the most
commonly used variant, higher-order linear multipoles exhibit a flatter pseudopotential
near the trap centre and steeper potential walls closer to the electrodes [8], see Figure 4(a).
Ensembles of laser-cooled ions in octupole (n¼ 4) traps have recently been studied
theoretically using MD simulations [62–65]. Coulomb crystals in these traps have been
predicted to exhibit cylindrical shapes in contrast to the ellipsoidal structures observed in
linear quadrupoles [62,64], see Figure 4(b). The cylindrical arrangement of the ions results
from the superposition of a static endcap potential �END which confines the ions along the
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multipole axis, but is repulsive in the radial (x, y) direction, with the radial pseudopotential
�*. Because close to the trap axis the static potential is more strongly curved than the
pseudopotential (�END/� r2 compared to �*/þ r6 [8]), the total potential exhibits a
saddle point at r¼ 0, see Figure 4(a). The minimum of the potential around which the cold
ions localise assumes the shape of a cylinder centred on the axis [62,64]. Experimental
evidence for such cylindrical ion ensembles has been observed recently [66], however,
further studies are clearly desirable to explore in more detail the properties of these
unusual Coulomb crystals.

2.5.2. Microstructured traps on chips

Recently, microstructured RF devices on chips have been developed as new trapping
architectures for experiments with laser-cooled ions, notably in the context of quantum
information processing [68–71]. Microstructured traps are more challenging to manufac-
ture and operate and often exhibit reduced trap depths in comparison to conventional
linear Paul traps. On the other hand, they enable the implementation of large interlinked
trapping networks which offer more flexibility for manipulating the ions.

Surface-electrode traps are a variant of microtraps in which all electrodes are arranged
in a plane. A widely used design consists of a ‘five-wire’ geometry which is formed by
projecting the electrodes of a linear Paul trap onto a surface [72], see Figure 5(a). As a
result, the quadrupolar symmetry of the potential is broken and the pseudopotential
exhibits a saddle point above the surface through which the ions can escape (Figure 5(b)).
The potential difference between the saddle point and the trap minimum defines the trap
depth which is typically on the order of a few hundred meV. This can be compared with

Figure 4. (Colour online) (a) Top panel: one-dimensional cuts through the pseudopotential �* for
ions with masses M¼ 17 and 50 and the static endcap potential �END along the radial (x, y)
directions of a linear octupole trap. Bottom panel: superposition �*þ�END illustrating the
generation of a saddle point at the trap centre x¼ y¼ 0 and the formation of potential minima off
axis. (b) Molecular-dynamics simulations of cylindrical Coulomb crystals with N¼ 150 and 250 Caþ

ions in an octupole trap. From Ref. [62], copyright (2007) by the American Physical Society.
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depths up to several eV achieved in typical linear Paul traps. Although surface-electrode
traps are now widely used in atomic-ion experiments, see, e.g., Refs. [70,71] and references
therein, the sympathetic cooling of molecular ions in these type of traps has not been
reported so far. Georgescu et al. have recently performed a theoretical characterisation of
the properties of bicomponent ion clusters in a five-wire surface electrode trap [67]. It was
found that large multicomponent ion clusters can exhibit distinctly asymmetric ion
configurations as a result of the asymmetric trap potential. The ion species in a
bicomponent cluster were also predicted to segregate asymmetrically, see Figure 5(c). The
spatial distributions of the ions and their energies are also strongly affected by the endcap
and other static fields which push the ions away from the RF null line, the central trap axis
on which the RF fields vanish.

3. State preparation of sympathetically cooled molecular ions

Sympathetic cooling is mediated by collisions between atomic and molecular ions which
are dominated the long-range Coulomb repulsion. Consequently, the effective interaction

Figure 5. (Colour online) (a) Schematic of a ‘five-wire’ surface electrode (SE) ion trap exhibiting two
radio-frequency (RF), four endcap (END) and one central (CTR) electrode. (b) Cut through the trap
potential in the y direction (perpendicular to the surface) at the trap centre. The RF pseudopotential
(green line) exhibits a saddle point (indicated by the asterisk) over which ions can escape. The trap
depth in the y direction (defined as the potential difference between the saddle point and the
minimum) is considerably increased upon the application of a static endcap voltage (blue line). (c)
Molecular-dynamics simulations of the structures of bicomponent Coulomb clusters in a SE trap. (i)
10 Nþ2 ions (blue dots) and (ii) 10 CaHþ ions (black dots) in Coulomb clusters of 50 laser-cooled Caþ

ions (light grey dots). The asymmetric distribution of the ions results from the asymmetries of the
trap potential shown in (b). From Ref. [67], reproduced by permission of the PCCP Owner Societies.
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is nearly isotropic. The very small residual anisotropy will in principle lead to a coupling of
the internal molecular degrees of freedom to the translational motion of the ions.
However, since the quantised frequencies of the rovibrational transitions of the molecular
ions are many orders of magnitude higher than the typical normal mode frequencies of the
Coulomb crystals, this coupling is non-resonant and very weak. As a consequence, the
vibrational and in particular the rotational motion are not cooled and ensembles of
translationally cold, but internally warm molecular ions are obtained. Owing to the long
trapping time in typical experiments (4minutes), the internal-state populations are
usually in thermal equilibrium with the ambient room-temperature black-body-radiation
field [73–75]. This situation stands in contrast to cooling with a cryogenic buffer gas which
affects both the internal and translational degrees of freedom [8,76,77]. However, in
buffer-gas-cooling experiments the lowest temperatures are limited to several kelvins, and
Coulomb crystals are generally not obtained.

The preparation and control of the internal quantum state of sympathetically cooled
molecular ions is a necessary prerequisite for a number of applications, ranging from state-
controlled collision studies over precision spectroscopy of single ions to possible
applications in quantum-information processing. This problem was already recognised
in the early days of sympathetic-cooling experiments when Drewsen and coworkers
proposed several schemes for the state-preparation of sympathetically cooled molecular
ions [78–81]. Recently, two different experimental approaches have been implemented to
overcome this problem.

3.1. Optical pumping

Based on the proposal by Vogelius et al. [78], Staanum et al. [82] and Schneider et al. [83]
recently implemented ‘rotational laser cooling’ schemes to achieve the accumulation of
population in the rotational ground state of sympathetically cooled MgHþ and HDþ ions.
Their approach relies on the optical pumping of the population from rotational levels of
the vibrational ground state to vibrationally excited states. The relevant rovibrational
transitions are carefully chosen so that subsequent spontaneous emission back to the
vibrational ground state populates the rotational ground state owing to selection rules.

In the experiments on MgHþ [82], the population was continuously pumped from the
v00 ¼ 0, N00 ¼ 2 level to the v0 ¼ 1, N0 ¼ 1 level using a continuous-wave infrared laser, see
Figure 6(a)(i). Here, N and v denote the rotational and vibrational quantum numbers and
00 and 0 stand for the lower and upper state of the infrared transition, respectively. Because
of the rotational selection rule DN¼N0 �N00 ¼�1, spontaneous emission from the excited
rovibrational state leads to the accumulation of population in the N00 ¼ 0 and 2 levels.
Ambient black-body radiation induces a redistribution of the population among the
rotational levels, including N00 ¼ 2 from where it is immediately re-pumped to the v0 ¼ 1
state. Overall, this scheme results in an accumulation of population in the N00 ¼ 0 level
after several tens of seconds. In this way, steady-state populations of 37% in the N00 ¼ 0
state were achieved which corresponds to an almost 15-fold increase in comparison to the
population in thermal equilibrium at room temperature, see Figure 6(b).

The efficiency of the population-accumulation scheme can further be increased by
using additional pumping lasers, as demonstrated in the experiments on HDþ [83]. By
employing two IR laser beams resonant with the (v00 ¼ 0, N00 ¼ 1)! (v0 ¼ 2, N0 ¼ 0) and
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(v00 ¼ 0, N00 ¼ 2)! (v0 ¼ 1, N0 ¼ 1) transitions, see Figure 6(a)(ii), the efficiency of the
population transfer into the v00 ¼ 0, N00 ¼ 0 state could be increased to reach populations
up to 78%.

3.2. State-selective generation of molecular ions

An alternative method for the generation of state-selected, sympathetically cooled
molecular ions has recently been demonstrated by Tong et al. [51,75]. In these experiments,
Nþ2 ions were produced in a well-defined rotational level using threshold-photoionisation,
followed by the sympathetic cooling of their translational motion. The technique relies on
the fact that photoionisation is subject to optical selection and propensity rules which lead
to the generation of only a limited number of rotational states when a molecule is ionised
out of a well-defined initial state [85]. By setting the photoionisation energy slightly above
the lowest ionic state accessible by the selection rules (threshold ionisation), molecular ions
could be generated in a single rotational level.

N2 molecules were ionised from a collimated supersonic gas expansion passing close to
the centre of the ion trap. In an initial two-photon excitation step, well-defined rotational
levels J0 of the a00 1�þg excited electronic state of N2 were populated (e.g., J0 ¼ 2 as indicated
in Figure 7(a)). Photoionising transitions out of the a00 electronic state of N2 are subject to
the rotational propensity rule DN¼ J0 �Nþ ¼ 0, �2 [86]. Here, J0 and Nþ denote the
rotational quantum numbers in the intermediate and cationic state, respectively. By setting
the ionisation energy slightly above the Nþ¼ 0 ionisation threshold, Nþ2 ions were only
produced in the rotational ground state.

After sympathetic cooling, the rotational-state populations were probed using laser-
induced charge-transfer (LICT) spectroscopy [51,75]. This method relies on the fact that
Nþ2 ions can undergo charge transfer with Ar atoms only in vibrationally excited states,

Figure 6. (Colour online) (a) Rotational laser-cooling schemes for accumulation of population in
the rotational ground state N¼ 0 in (i) MgHþ [82] and (ii) HDþ [83]. BB stands for the radiative
coupling between rotational levels by black-body radiation. (b) Distribution of the population over
rotational levels J�N in MgHþ before (red bars) and after (blue bars) rotational laser cooling.
Adapted by permission from Macmillan Publishers Ltd: Nature Physics [82,84], copyright (2010).
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but not in the vibrational ground state for energetic reasons [87]. For that purpose, the Nþ2
ions were excited out of the vþ¼ 0, Nþ¼ 0 level to the A 2�u, 3/2 first excited electronic
state, see Figure 7(b). Subsequent radiative decay led to the population of vibrationally
excited levels of the electronic ground state with an efficiency of 55%. The vibrationally
excited Nþ2 ions underwent charge-transfer reactions with Ar gas leaked into the chamber.
From the fraction of destroyed Nþ2 molecules, the initial population in the vþ¼ 0, Nþ¼ 0
level was inferred. Figure 7(c) shows a LICT measurement probing the population in
the Nþ¼ 0 rotational level prepared by the threshold ionisation sequence shown in
Figure 7(a). The population was found to be 93�11%, suggesting an efficiency close
to unity in the initial state-preparation step.

3.3. Comparison of state-preparation schemes

Both approaches, optical pumping and threshold ionisation, have proved successful in the
generation of sympathetically cooled molecular ions with a high degree of state purity.
The optical pumping schemes employed in Refs. [82,83] provide continuous cooling of the
rotational degrees of freedom using strong dipole-allowed IR transitions. Therefore, they
are particularly suited for polar ions. However, they are not applicable to apolar species
which do not exhibit a dipole-allowed IR spectrum. Threshold-photoionisation on the
other hand, while being equally applicable to polar and apolar species, is particularly
attractive for apolar ions which do not couple to the ambient black-body radiation field

(a) (b) (c)

Figure 7. (a) [2þ 10] resonance-enhanced threshold-photoionisation sequence for the selective
generation of Nþ2 ions in the rotational ground state Nþ¼ 0 from Ref. [51]. (b) The population in the
Nþ¼ 0 level was probed by a laser-induced charge transfer (LICT) scheme which was initiated by
optical pumping into vibrationally excited states. The efficiency of this population transfer
amounted to 55%. The vibrationally excited Nþ2 ions underwent charge-transfer reactions with Ar
atoms and the fraction of reacted molecular ions was taken as a measure of the initial rotational level
population in Nþ¼ 0. (c) Fluorescence images of a Caþ /Nþ2 bicomponent Coulomb crystal obtained
(i) after state-selective generation of Nþ2 ions using the scheme in (a) and sympathetic cooling, (ii)
after LICT. By comparison with the simulated images, it was inferred that 51�6% of the Nþ2 ions
underwent charge transfer, translating into a population of 93�11% in Nþ¼ 0. From Ref. [51],
copyright (2010) by the American Physical Society.
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and therefore allow the preservation of the originally prepared state over extended periods
of time.

Very recently, a number of alternative optical-pumping schemes for internal-state
preparation have been proposed. These approaches rely on the coupling of the internal
state with the motional state of the ions using Raman transitions in the resolved-sideband
regime [88–90]. At the expense of additional experimental overhead, these methods are
potentially applicable to both polar and apolar species, and are predicted to be faster than
black-body-radiation assisted optical-pumping schemes [88]. However, as individual
motional sidebands need to be addressed, they will effectively be restricted to very small
ensembles of sympathetically cooled molecular ions.

4. Chemistry with cold ions

Studies of chemical reactions under extreme conditions represent one of the key
applications of Coulomb-crystallised ions. Early investigations focused on reactions of
large Coulomb-crystallised ensembles of laser- or sympathetically cooled ions with various
gases leaked into the vacuum chamber, e.g., MgþþH2 [46], H3O

þ
þNH3 [91], Ca

þ
þO2

and CO [29], BeþþH2 and Hþ3 þO2 [49], Arþ, Nþ2 and Hþ2 þH2 [50]. More recently,
however, the intriguing properties of Coulomb-crystallised ions have allowed to push
chemical studies towards two extremes which have not been accessible before: single-ion
experiments and ultralow-energy ion-neutral reaction studies.

4.1. Chemical reactions with single ions

In a pioneering study, Drewsen and coworkers [92] reacted one ion in a Coulomb crystal
consisting of two laser-cooled Caþ ions with oxygen gas to form a CaOþ molecular ion
which was sympathetically cooled by the remaining atomic ion. The mass m of the
molecular ion was subsequently determined using a resonant-excitation technique. A two-
ion crystal exhibits two normal modes of the combined axial motion of the ions, a centre-
of-mass mode and a breathing mode, which exhibit distinct motional frequencies [33,34].
Because the frequencies depend on the mass of the ions, their measurement was used as a
means for the mass spectrometry of the constituents of the two-ion Coulomb crystal.

In Ref. [92], the centre-of-mass mode was resonantly excited by subjecting the ions to a
periodic drive. This perturbation was generated either by applying an additional RF
potential to the trap or by modulating the cooling-laser beam intensity. The resonant
excitation of the ions manifested itself in the blurring of the ion images. Using
phase-sensitive detection of the ion motion, the position of the resonance and hence the
mass of the sympathetically cooled ion was determined with a resolution on the order of
m/Dm� 104. A detailed characterisation of this method has recently been given in
Ref. [93].

This study demonstrated both the possibility to observe chemical reactions with single
ions and sympathetically cool the single product ions, and the capability to perform highly
precise mass-spectrometric measurements on single ions. In subsequent experiments by the
same group, these techniques were employed in the measurement of unusual isotopic
branching ratios in the reaction of Mgþ ions with HD molecules [94] and in the study of
consecutive photodissociation events in single molecular ions [52].
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4.2. Cold chemistry

The study of chemical reactions at ultralow collision energies Ecoll/kB� 1 K, often referred
to as ‘cold chemistry’, has received considerable attention over the last few years [95–97].
The reasons for this interest lie in the intriguing features of reactive collisions at ultralow
energies. In this regime, collisions are dominated by only a few (in the extreme case even
only one) partial waves, allowing the study of quantum effects which depend on the
collisional angular momentum, e.g., reactive scattering resonances and tunnelling through
centrifugal barriers. The dynamics of ultralow-energy collisions is dominated by long-
range interactions, enabling the detailed characterisation of the role of ‘universal’ chemical
forces. Moreover, by accurately determining the collision energy and internal quantum
state of the reaction partners and by the application of external electric and magnetic
fields, prospects open up to study and control chemical processes at an unprecedented level
of accuracy [98,99].

Most cold-chemistry studies thus far have focused on collisions and reactions between
neutral molecules [95,99–104]. Ion-neutral reactions on the other hand represent an
important class of processes exhibiting a different chemical behaviour [96,105–108].
Theoretical models at varying levels of sophistication have been developed to describe low-
temperature ion-neutral reactions. These range from classical Langevin capture (see, e.g.,
Refs. [109,110] and references therein), and adiabatic capture [108,111], to close-coupled
scattering equations and quantum-defect theory [106,107,112–114]. Capture models
assume that ion-neutral collisions are barrierless processes dominated by the interaction
between the charge and permanent or induced dipoles [107,108,111]. As a consequence, the
reaction dynamics follow ‘universal’ behaviour whereby a chemical reaction is initiated by
long-range attractive forces and subsequently occurs with unit probability at short range.
In this context, it is particularly interesting to assess the validity of these models in the cold
regime in which only few partial waves contribute to the collision and quantum effects
become important.

In order to study cold collisions between ions and neutrals, both types of
reaction partners need to be translationally cold. The generation of samples of cold
neutral molecules has made impressive progress over the last decade. By now, an arsenal
of different methods has become available, see, e.g., the comprehensive reviews [96,115,116]
and the literature cited therein. Similarly to molecular ions, it is not only essential to cool
the translational motion of the neutrals, but also to accurately control their internal, i.e.,
rotational, vibrational and hyperfine, quantum state [117–120].

In 2008, Willitsch et al. [105] combined an ion trap for the generation of Coulomb
crystals with an electrostatic velocity selector for the generation of continuous beams of
cold neutral molecules [121]. A schematic of the experimental setup is presented in
Figure 8(a). The velocity selector consists of a bent electrostatic quadrupole to guide a
thermal beam of polar molecules emitted from an effusive source. At the bend, the slowest
molecules are forced around the corner, whereas fast molecules are lost from the guide.
Subsequently, the slow molecules enter the ion trap located at the exit of the quadrupole.
Here, collisions between laser- and sympathetically cooled ions and the velocity selected
neutrals occur. Mechanistic information on the reactions studied were inferred from the
comparison of experimental rate constants with theoretical predictions. The rate constants
were obtained by analysing the rate of decrease of the reactant ions in terms of a pseudo-
first-order kinetic model as illustrated in Figure 8(b) and discussed in detail in Ref. [105].
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This approach was applied to the study of a range of reactions between laser- and
sympathetically cooled ions and velocity-selected neutrals including CaþþCH3F [30,105],
OCSþþND3 [30], CaþþCH2F2, and CaþþCH3Cl [122] down to collision energies
corresponding to a few kelvin. These experiments enabled the characterisation of
dynamical effects in cold ion-molecule reactions such as the role of low-lying potential
barriers and electronic excitation of the reactants [30,122].

4.3. Ion-atom hybrid traps

Recently, several groups have combined ion traps with traps for ultracold atoms which
enabled them for the first time to enter the millikelvin regime in ion-neutral collision
experiments. Besides opening up prospects for the study of ion-neutral collisional
processes at extremely low temperatures, such ion-atom ‘hybrid’ traps also hold promise
for the exploration of unusual mesoscopic quantum systems consisting of ions loosely
bound to atoms in an ultracold gas [123] and the study of photo- and magnetoassociation
processes in mixed ion-neutral systems [124–126]. Moreover, the gas of ultracold atoms
could potentially be used to sympathetically cool the ions below the Doppler limit without
the need for resolved-sideband-cooling schemes [127,128].

The properties of ensembles of simultaneously trapped ultracold ions and atoms and
collisional processes occurring in them were first described theoretically by Côté and
coworkers [112,123,129,130]. The first detailed proposal for an experimental implemen-
tation was based on the combination of a magneto-optical trap (MOT) for Na atoms with
a linear Paul trap for laser-cooled Caþ ions [131]. The first experimental realisation of a
hybrid trap was reported by Vuletić and coworkers who combined a Yb-MOT with a
surface-electrode trap for laser-cooled Ybþ ions [132,133]. Following these pioneering

(a) (b)

Figure 8. (a) Experimental setup for the study of cold ion-neutral reactive collisions by combining a
Coulomb-crystal apparatus with an electrostatic velocity selector for polar neutral molecules [105].
(b) Fraction of laser-cooled Caþ ions remaining in the Coulomb crystal as a function of the time of
reaction with velocity-selected CH3F molecules. The solid line represents a fit to an integrated
pseudo-first-order rate law from which bimolecular rate constants for the reaction
CaþþCH3F!CaFþþCH3 were obtained [105]. Panel (a) from Ref. [105], copyright (2008) by
the American Physical Society. Panel (b) from Ref. [2], reproduced by permission of the PCCP
Owner Societies.
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studies, several groups have developed similar experiments by combining ion traps with
either MOTs [134–136] or trapped Bose–Einstein condensates [125,128].

As an example, Figures 9(a) and (b) show the hybrid-trap setup described in Ref. [136].
A linear Paul trap for the laser- and sympathetic cooling of ions has been combined with a
vapour-cell MOT for ultracold Rb atoms. The MOT [137] consists of a pair of coils in anti-
Helmholtz configuration which generate a quadrupolar magnetic field with a gradient
of� 20 G/cm in the centre. Rb atoms are captured and laser-cooled from ambient vapour
by three pairs of 780 nm-diode-laser beams counterpropagating along the x, y and z axes.
Optical forces generated by transitions between Zeeman levels in the inhomogeneous
magnetic field trap the atoms in the centre. With this setup, typically 105–106 atoms at
densities of 109 cm�3 are trapped and temperatures in the range of 150–200 mK are
achieved. Caþ ions are laser cooled in the ion trap using standard procedures as outlined in
Section 2.2. A typical experiment is illustrated in Figure 9(c) which shows a false-colour
fluorescence image of a Caþ Coulomb crystal immersed in a cloud of ultracold Rb atoms.

Several experimental studies focused on the action of the ions on the cloud of ultracold
atoms [125,128]. These studies also demonstrated the sympathetic cooling of the ions by
the ultracold atoms down to temperatures comparable to Doppler-laser-cooling experi-
ments [128]. Recently, chemical processes occurring in the different types of hybrid traps
have shifted into the focus of attention. Whereas in collisions between isotopes of Yb and
Ybþ fast near-resonant charge exchange in accordance with Langevin theory was observed
[133,138], only very slow reactive processes were found to occur in collisions between Rb
and Ybþ [124] and Rb and Baþ [125]. For Rb/Ybþ, the observations were rationalised in
terms of slow non-adiabatic and radiative charge exchange [124]. In the latter study, it was

Figure 9. Hybrid traps. (a) Experimental setup from Ref. [136] for the combination of a linear Paul
trap for laser-cooled Caþ ions and a vapour-cell magneto-optical trap (MOT) for ultracold Rb
atoms. (b) Close-up photograph of the ion and magneto-optical traps. (c) False-colour fluorescence
images of a Coulomb crystal of laser-cooled Caþ ions (blue) in a cloud of ultracold Rb atoms. Panels
(a) and (c) from Ref. [136], copyright (2011) by the American Physical Society.
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also speculated whether the formation of molecular ions is possible under the highly dilute
and cold experimental conditions prevailing in hybrid traps, but no experimental evidence
was found. Very recently, Rellergert et al. [135] observed very large reaction rates between
cold Ybþ ions and Ca atoms in a hybrid trap. In a recent study on the CaþþRb system,
Hall et al. [136] observed a significant increase of the reaction rates upon electronic
excitation of the collision partners and the generation of molecular ions by radiative
association.

Although these studies have so far been restricted to chemically ‘simple’ ion-atom
collisions, they have already demonstrated the great potential of hybrid traps for collision
and reaction studies. The chemistry observed in ion-atom hybrid traps owes itself to the
capacity of ions to exchange charge through non-adiabatic and radiative processes as well
as to form molecules by radiative association. In electronically excited collisions, these
processes are usually feasible through a variety of channels resulting from the high density
of states in ion-atom hybrid systems [136]. This situation stands in contrast to the
comparatively smaller range of chemical processes which can occur in neutral atom
traps [139].

Apart from chemical studies, future perspectives of hybrid traps lie in the refinement of
the sympathetic cooling of ions with ultracold atoms to achieve ion temperatures in the
sub-millikelvin regime. Besides providing a new cooling method potentially rivalling
resolved-sideband cooling, this development would also constitute an important step
towards exploring new unusual mesoscopic quantum systems predicted by theory [123].

5. Precision spectroscopy

Precision spectroscopy, i.e., spectroscopic experiments at an extremely high resolution, on
cold molecules and ions has recently received considerable interest as a means to explore
fundamental physical concepts such as a potential time variation of fundamental constants
[140–144], the dipole moment of the electron [145,146] and the energy difference between
enantiomeric forms of chiral molecules [147]. Cold trapped ions exhibit a range of
advantages for applications in this field. First, experiments on single trapped ions avoid
inhomogeneous spectral line broadening resulting from ensemble averaging. Second, the
low translational temperatures of the ions minimise Doppler line broadening. Third, the
long storage times allow experiments over extended periods of time. Fourth, the ion trap in
the UHV chamber constitutes a well-defined experimental environment in which
interactions with the surroundings are minimised or well controlled. Therefore, it is not
surprising that trapped atomic ions currently represent the most advanced systems for
precision frequency measurements [141].

5.1. Resonance-enhanced multiphoton dissociation spectroscopy

Pioneering experiments towards precision measurements on sympathetically cooled
molecular ions were performed by Schiller and coworkers [148,149]. These results were
recently reviewed in Ref. [3] and are briefly mentioned here for completeness.

In these experiments, high-resolution infrared spectroscopy on sympathetically cooled
HDþ ions was performed. The rovibrational transitions (v00 ¼ 0, N00 ¼ 2)! (4, 1) and
(0, 2)! (4, 3) at a wavelength around 1.4mm were studied in samples of about 40–100
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molecular ions sympathetically cooled into a Beþ Coulomb crystal. Spectroscopic
transitions were detected using a resonance-enhanced multiphoton dissociation
(REMPD) scheme. The absorption of an additional 266 nm photon from the vibrationally
excited state resulted in the photofragmentation of the ions. The photofragmentation rate
was derived from time-resolved resonant-excitation mass spectrometric measurements as a
measure of the IR absorption strength. At a resolution of �40MHz limited by the residual
micromotion-induced Doppler shift, the spectral line positions could be determined with
an absolute accuracy of 450 kHz [74].

In analogy to previous experiments on atomic ions [141,150], further progress towards
precision measurements on molecular ions could be achieved by performing spectroscopic
experiments on single particles. This would allow to remove the effects of ensemble
averaging and also to avoid micromotion-induced Doppler broadening by localising the
ion on the RF null line in the trap. In addition, such experiments should ideally use a non-
destructive spectroscopic technique to avoid variations in the experimental conditions
resulting from repeated trap loading.

This approach would not only require extreme sensitivity allowing the detection of a
spectroscopic transition in a single molecule trapped in ultrahigh vacuum, but would also
necessitate the re-initialisation of the molecule in the relevant quantum state after every
excitation cycle. For atomic systems, well-established methods to fulfil these requirements
exist. For instance, efficient detection can be achieved by using an optical cycling
transition, typically the one which is also used for Doppler laser cooling [150]. This scheme
is ubiquitously used, e.g., to read out quantum registers in ion trap quantum-information
processing [151]. However, such an approach is generally not applicable to molecules
because of the lack of closed transitions.

5.2. Quantum-logic spectroscopy

A potential solution to this problem is ‘quantum logic spectroscopy’. This scheme was
originally demonstrated in a two-ion system consisting of a laser-cooled Beþ ion and a
sympathetically cooled Alþ ion [152]. The principle of quantum-logic spectroscopy relies
on the entanglement of the spectroscopy ion S (Alþ) with the ‘logic ion’ L (Beþ). For this
purpose, a quantum gate is implemented which maps the state of S onto L from which it is
read out via an optical cycling transition.

The quantum gate implemented in Ref. [152] for detecting the Alþ ‘clock’ transition
(1S0, F¼ 5/2! 3P1, F 0 ¼ 7/2), denoted (j#iS!j"iS), requires an auxiliary Raman
transition between the (F¼ 2, mF¼� 2)� j#iL and ðF 0 ¼ 1,m0F ¼ �1Þ � j"iL levels in the
Beþ 2S1/2 ground state, see Figure 10(a). Here, F and mF denote the total angular
momentum and its associated magnetic quantum numbers and 0 refers to the relevant
excited states j"i. The operation of the gate is illustrated in Figure 10(b). In the first step,
both ions are prepared in the states j#iS and j#iL. Additionally, the two-ion string is
initialised in the motional ground state j0im of the combined centre-of-mass motion by
resolved-sideband cooling, resulting in the overall state �0¼ j#iSj#iLj0im (Figure 10(b) A).
By exciting the spectroscopy ion close to resonance, Rabi flopping between #iS and j"iS is
induced creating a coherent superposition between the two states (Figure 10(b) B):

�0! �1 ¼
�
�j#iS þ �j"iS

�
j#iLj0im, ð8Þ
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where j�j2þ j�j2¼ 1. A red-sideband � pulse (Figure 10(b) C) maps the spectroscopy ion’s

internal state onto the centre-of-mass mode

�1! �2 ¼ j#iSj#iL
�
�j0im þ �j1im

�
, ð9Þ

creating a superposition between the motional states j0im and j1im. A final red-sideband
� pulse on the logic ion (Figure 10(b) D) yields

�2! �3 ¼ j#iS
�
�j#iL þ �j"iL

�
j0im, ð10Þ

completing the transfer of the state of the spectroscopy ion onto the logic ion. The logic
ion is then measured by projecting the state �3 onto j#iL or j"iL which can efficiently be
distinguished by scattering photons via the optical cycling transition in the logic ion (see
Figure 10a). By repeated execution of this scheme, the resonance frequency of the
transition j#iS!j"iS is obtained by determining the probabilities j�j2 and j�j2 as a
function of the spectroscopy laser frequency.

Although technically rather involved, quantum-logic spectroscopy has been demon-
strated to be a very powerful method for the precision spectroscopy of single atomic ions
and now forms the basis of the Alþ optical clock at NIST [141]. Various variations of this
method aiming at the spectroscopy of single molecular ions have recently been put
forward. These include straightforward adaptations of the scheme used for atomic ions

[153], the use of Raman transitions and fs-laser frequency combs to drive sideband
transitions for state preparation and detection in a two-ion crystal [89,90] and the
implementation of state-dependent forces to either heat the crystal [74] or drive a
geometric-phase gate [154]. Experiments in this direction are currently being pursued by
several research groups.

6. Conclusions

The past few years have seen impressive progress in the field of sympathetically cooled
molecular ions. New experimental methods have been developed which allow the control
of their internal quantum state, chemical processes have been studied at the single-ion
level, millikelvin temperatures have been reached in ion-atom collision experiments and
spectroscopic measurements have been performed with high precision.

Figure 10. Quantum-logic spectroscopy of a single sympathetically cooled Alþ ion [152]. (a) Energy-
level schemes and relevant transitions in the ‘logic ion’ L (9Beþ) and the ‘spectroscopy ion’ S (27Alþ).
(b) Quantum gate for detecting a spectroscopic transition in S by readout on L, see text for details.
From Ref. [152], reprinted with permission from AAAS.
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These recent developments have opened up a variety of perspectives for further
progress. Based on the recently established techniques to prepare the internal quantum
state of sympathetically cooled molecular ions, precision spectroscopic experiments on
single molecules have now moved closer within reach. In the foreseeable future, these
experiments will have a strong connection with developments in quantum information
science, and indeed molecular ions might also emerge as a system for new applications in
this context. Ion-neutral collision and reaction experiments will benefit from the improved
capabilities to control both the internal quantum state of the ions and the collision energy.
Finally, the intriguing possibilities of hybrid traps are just beginning to be explored. The
current activity in the field is reflected by the increasing number of research groups
working on topics related to sympathetically cooled molecular ions, laying the ground-
work for future exciting discoveries and advances in this highly interdisciplinary field.
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Notes

1. Note that the qu factor in Equation (2) differs by a factor of 2 from other sources in the
literature because of a differing RF voltage configuration applied to the trap [13,18] or a
different definition of the RF amplitude [11].

2. The need for only one cooling laser beam for trapped ions is actually also true for a perfect 3D
harmonic potential provided the laser beam is not collinear with any main trap axis. This
requirement can always be achieved as long as the trapping potential is not isotropic.
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H. C. Nägerl, Nature Phys. 6, 265 (2010).

International Reviews in Physical Chemistry 197

D
ow

nl
oa

de
d 

by
 [

Pu
rd

ue
 U

ni
ve

rs
ity

] 
at

 1
1:

24
 1

9 
Fe

br
ua

ry
 2

01
4 



[121] S. A. Rangwala, T. Junglen, T. Rieger, P. W. H. Pinkse, and G. Rempe, Phys. Rev. A 67,

043406 (2003).

[122] A. D. Gingell, M. T. Bell, J. M. Oldham, T. P. Softley, and J. M. Harvey, J. Chem. Phys. 133,

194302 (2010).
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