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Abstract: The generation and study of ‘cold’ gas-phase molecules characterised by very low translational tem-
peratures Ttrans ≤ 1 K is an upcoming field of research in physical chemistry which has received considerable 
attention over the past years. A particular interesting form of cold molecules are ensembles of cold localised 
cations in ion traps which form ordered structures known as ‘Coulomb crystals’. The present article reviews the 
experimental methods used for the generation of atomic and molecular Coulomb crystals and highlights recent 
experiments which take advantage of their intriguing properties in order to study chemical reactions at very low 
temperatures with single-particle sensitivity. 
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1. Introduction

The study of ‘cold’ gas-phase atoms and 
molecules characterised by extremely low 
translational temperatures (T

trans
 < 1 K) rep-

resents one of the most fascinating fields 
of research in contemporary physics and 
chemistry. At very low temperatures the 
thermal de Broglie wavelength λ

th
 of par-

ticles with mass m given by 

(1)

becomes larger than the extension of the 
particles themselves, e.g. λ

th
 = 11.5 nm 

for Na atoms at T = 1 mK. Consequently 
matter-wave effects strongly influence their 
physical and chemical properties, e.g. by 
leading to the emergence of unusual quan-
tum phases like Bose-Einstein condensates 
or degenerate Fermi gases.[1] The study of 
these phenomena has only become possible 
with the development of advanced cool-
ing techniques, in particular laser cooling, 
which relies on the use of optical forces to 
slow down atoms in the gas phase. Since 
the first laser-cooling experiments in the 
late 1970s methods for the generation, trap-
ping and manipulation of cold atomic gases 
down to temperatures of tens of nK have 
been established.[2] These achievements 
have been honoured with the recent award 
of two Nobel prizes in physics: 1997 for the 
development of laser cooling and 2001 for 
the generation of Bose-Einstein conden-
sates from ultracold gases. 

Because laser cooling is generally not 
applicable to molecules (see Section 2), 
the generation of translationally cold sam-
ples has until recently only been possible 
for atoms which excluded the study of a 
wealth of molecular processes at very low 

temperatures. Only over the past few years 
methods to produce molecular samples at 
translational temperatures in the sub-Kelvin 
range have been developed. These include 
Stark deceleration, Zeeman deceleration, 
buffer-gas cooling, collisional cooling, ve-
locity selection, optical Stark deceleration, 
photoassociation and Feshbach association 
among others (see e.g. refs. [3–7] and refer-
ences cited therein). The variety of recently 
developed cold-molecule sources reflects 
the interest in the many exciting potential 
applications such as ultra-high resolu-
tion spectroscopy,[8] quantum-information 
processing[9] and the study of chemical 
reactions in the cold regime.[6,10,11] Theo-
retical calculations predict that at ultralow 
collision energies many chemical reactions 
are dominated by quantum effects such as 
tunneling and the occurrence of reactive 
resonances which are sensitively dependent 
on the details of the potential energy surface 
of the relevant system. The study of such 
effects is not only of considerable interest 
in the context of low-energy collision phys-
ics, but also provides data for stringent tests 
of reactive-scattering models and high-level 
ab initio calculations.[12,13] 

Cold cations in ion traps represent a par-
ticularly interesting form of cold matter ex-
hibiting unique properties which cannot be 
realised with cold neutrals. At temperatures 
of order tens of mK a trapped ion cloud un-
dergoes a transition to an ordered structure 
also referred to as a ‘Coulomb crystal’.[14] 
Because of their strong localisation it is pos-
sible to observe and coherently manipulate 
single ions in small Coulomb crystals which 
thus represent attractive systems for the 
implementation of quantum-information-
processing schemes.[15] The ion trap situated 
in an ultrahigh-vacuum chamber constitutes 
a well-defined isolated environment in 
which interactions with the surroundings 
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are minimised. These features in combina-
tion with the small Doppler line broadening 
prevalent at low temperatures make cold 
ions ideal systems for ultrahigh-resolution 
spectroscopic schemes of relevance for the 
development of new frequency standards 
and tests of fundamental physical concepts 
such as a possible time variation of natu-
ral constants.[16] Finally, the possibility to 
observe single particles opens up intrigu-
ing perspectives for novel highly sensitive 
chemical studies at very low temperatures 
as detailed in Section 4. The present article 
reviews the generation and properties of 
cold ions in ion traps and highlights recent 
experiments from our laboratory in which 
their unusual properties have been used to 
study chemical reactions at very low tem-
peratures with single-particle sensitivity. 

2. Ion Trapping and Cooling

Over the past decades, trapping in ra-
diofrequency (RF) ion traps has been es-
tablished as a standard technique to store 
and manipulate atomic and molecular ions 
in mass spectrometry,[17] charged-particle 
physics,[18] laser cooling,[19] and ion-trap 
based quantum-information processing.[15]  
The most common type of ion-storage de-
vices used in conjunction with laser-cooling 
experiments are linear Paul traps[20] which 
typically consist of an assembly of four 
cylindrical electrodes arranged in a quad-
rupolar configuration as shown in Fig. 1 
(a). Because charged particles cannot be 
trapped in three-dimensional space using 
static electric fields only,[17] the ions are 
confined using a combination of RF and 
direct-current (DC) electric fields applied to 
the trap electrodes as indicated in Fig. 1 (a). 
The ions are confined along the central trap 
(z) axis using DC potentials V

end
 applied to 

the outer (endcap) electrodes. Confinement 
in the (x,y) plane is achieved dynamically 
using rapidly oscillating RF potentials V

RF
 

= V
RF,0

cos (Ω
RF

t) applied with opposite po-
larity to adjacent electrodes. V

RF,0
 and Ω

RF
 

denote the RF amplitude and frequency, 
respectively. The classical equations of mo-
tion of a single ion in the time-dependent 
electric field of the trap assume the form of 
Mathieu equations[17,21,22] 

(2)

 
with u ∈ {x, y, z} and τ = (1/2)Ω

RF
t. The 

conditions for stable confinement of the 
ion depend on the values of the Mathieu 
parameters a

u
 and q

u
 which in turn depend 

on the RF and DC voltages applied to the 
trap electrodes, the RF frequency Ω

RF
, the 

charge and mass of the ion and the geom-
etry of the trap.[17,22] 

Laser cooling is performed by slowing 
down trapped atomic ions through momen-
tum transfer from the repeated absorption 
of photons delivered by a laser beam. The 
laser frequency is slightly detuned to the 
red of the atomic resonance so that the 
mismatch is compensated by the Doppler 
shift in the frame of atoms moving towards 
the laser beam. In this way it is ensured 
that only atoms with a velocity component 
antiparallel to the propagation axis of the 
laser beam absorb photons and are thus 
decelerated. In a first approximation spon-
taneous re-emission of the photons does 
not lead to a net acceleration of the atoms 
because the emission is isotropic and the 
momenta imparted to the atom by the leav-
ing photons cancel on average. 

In contrast to neutral atoms in which a 
total of six laser beams directed along the 
positive and negative (x, y, z) axes are re-
quired to achieve cooling in all three spa-
tial dimensions, for ions it is sufficient to 
only cool along one direction because the 
trap ensures a coupling of all translational 
degrees of freedom. A setup for the laser 
cooling of ions is schematically depicted 
on the left-hand side of Fig. 1 (b). In our 
experiments Ca+ ions are used which are 
laser cooled on the 4s 2S

1/2
 → 4p 2P

1/2
 tran-

sition at 397 nm. The 4p 2P
1/2

 state can also 
decay to the metastable 3d 2D

3/2
 state in 

which the atom is shelved so that the laser 
cooling is disrupted. To close the optical 
cycle another laser at 866 nm is used to re-
pump population on the 3d 2D

3/2 
→

 
4p 2P

1/2
 

transition. 
In general the translational motion of 

molecules cannot be laser cooled because 
their complex energy level structure gives 
rise to a variety of decay channels which 
prevent the implementation of closed opti-
cal cooling cycles. Molecular ions, howev-
er, can be efficiently cooled when trapped in 
conjunction with a sample of laser-cooled 
atomic ions.[11,23–25] In this case the Cou-
lomb interaction between the ions ensures 

a rapid transfer of kinetic energy from 
the molecular to the atomic species from 
which it is removed by laser cooling. The 
efficiency of this ‘sympathetic cooling’ is 
limited by the magnitude of the momentum 
transfer between the laser-cooled atomic 
and the molecular ions which depends on 
the mass mismatch between the two spe-
cies. Sympathetic cooling represents an 
extremely versatile technique to prepare 
a variety of translationally cold molecu-
lar ions ranging from diatomics[10,24] and 
small to medium-sized polyatomics[25] to 
multiply charged proteins.[26] 

3. Properties of Translationally Cold 
Ions in Ion Traps

Fig. 2 shows false-colour fluorescence 
images of Coulomb crystals of laser-cooled 
Ca+ ions taken in our laboratory. These 
images were obtained by monitoring the 
spontaneous emission produced during la-
ser cooling using a charge-coupled-device 
(CCD) camera mounted on a microscope. 
Small ensembles of only a few ions usually 

Fig. 1. (a) Schematic representation of a linear Paul trap. (b) Experimental setup to study ion-
molecule reactions at very low translational temperatures (Ttrans ≥ 1 K). Left-hand side: linear 
Paul trap used for the laser and sympathetic cooling of ions with cooling lasers and imaging 
system. Right-hand side: quadrupole-guide velocity selector to generate continuous beams of 
translationally cold polar neutral molecules. See text for details. Reproduced from ref. [10]. 

Fig. 2. False-colour fluorescence images of (a) 
a string of 13 laser-cooled Ca+ ions and (b) a 
spheroidal Coulomb crystal of several tens of 
laser-cooled Ca+ ions. 
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maining laser-cooled Ca+ ions. Although 
the product ions cannot be observed di-
rectly, because they do not show laser-
induced fluorescence at the frequency of 
the cooling laser, their presence manifests 
itself by the flattening of the central core of 
Ca+ ions (see Fig. 3 (b)). The trapping and 
sympathetic cooling of the product ions is 
confirmed by mass spectrometry and the 
theoretical modelling of the observed fluo-
rescence images using molecular dynam-
ics (MD) simulations.[10,27] 

Fig. 3. False-colour fluorescence images of 
a Ca+ Coulomb crystals before (a) and after 
(b) the reaction with velocity-selected CH3F 
molecules. The white ellipse in (b) marks the 
boundaries of the original Ca+ crystal shown 
in (a). The flattening of the central core of 
remaining Ca+ ions in (b) is caused by the 
presence of sympathetically cooled CaF+ 
product ions, see text for details. 

Fig. 4 (a) shows the decrease of the 
number of Ca+ ions from a small Coulomb 
crystal as a function of the time of reaction 
with velocity-selected CH

3
F molecules. 

The disappearance of single ions because 
of reactive collisions can clearly be ob-
served illustrating that chemical reactions 
can be studied with single-particle sensi-
tivity. 

In larger crystals consisting of hundreds 
of ions the decrease of the Ca+ ion number 
N(Ca+) follows a pseudo-first-order rate 
law of the form 

N(Ca+,t) = N(Ca+, t = 0)exp{ N(CH
3
F)k

bi
t}

 (4)

From a fit of Eqn. (4) to the experimen-
tal data (solid line in Fig. 4 (b)), the second-
order rate constant k

bi
 was determined. At 

a voltage of ± 3.0 kV applied to the elec-
trodes of the velocity selector resulting in 
an average collision energy of 〈E

coll
〉/k

B
 ≈3 

K, a value of k
bi
 = 1.3(6)×10–9 cm3s–1 was 

obtained. The rate constants obtained both 
at low and at room temperature (k

bi
 = 4.2(4) 

×10–10 cm3s–1) are considerably lower than 

form strings oriented along the central trap 
axis as shown in Fig. 2 (a). Every spot in 
the image represents a single localised la-
ser-cooled Ca+ ion. In larger samples with 
sizes exceeding tens of ions three-dimen-
sional spheroidal structures are observed 
as a consequence of the symmetry of the 
trapping potential (see Fig. 2 (b)). 

Ions in RF traps generally exhibit two 
types of motions which, under the condi-
tions used in laser-cooling experiments, 
can be adiabatically separated:[21] a slow 
thermal (‘secular’) motion superimposed 
by a fast, oscillating ‘micromotion’ which 
is incited by the time-varying electric 
fields. During laser cooling only the secu-
lar motion of the ions is damped. The mi-
cromotion, however, is constantly driven 
by the RF fields and therefore not affected 
by laser cooling. As a consequence only 
ions situated on the central trap axis where 
the time-varying fields vanish for symme-
try reasons are truly translationally cold 
whereas ions displaced from the trap axis 
exhibit a considerable amount of kinetic 
energy stored in the micromotion. The am-
plitude of an ion’s micromotion depends 
on the magnitude of the local electric fields 
and therefore on its position in the trap. 
Consequently the average kinetic energy 
of the ions in a Coulomb crystal is strongly 
dependent on the trapping conditions and 
the size and shape of the ion ensemble.[11,27] 
Large crystals are ‘hotter’ on average than 
small ones because a large number of ions 
is situated off axis in regions of increas-
ing electric field strength towards the elec-
trodes. This property can be used to tune 
the kinetic-energy distribution of the ion 
ensemble and thereby the collision energy 
in reactive-scattering experiments.[27] 

4. Chemical Reactions with 
Translationally Cold Ions

One of the most intriguing applications 
of translationally cold molecules is the 
study of chemical reactions at extremely 
low temperatures. However, the realisation 
of low-energy reactive-collision experi-
ments has until recently been prevented by 
the low number densities that can be pro-
duced with existing cold-molecule sources 
(typically on the order of N = 108 cm–3). 
This can easily be seen by estimating the 
number of reactive collisions from the clas-
sical collision density Z = συ

rel
N2. Using 

typical values of υ
rel

 = 1000 cm s–1 for the 
relative velocity and σ = 10–15 cm2 for the 
reaction cross section, only on the order of 
10 product molecules can be expected to be 
formed in a typical experimental volume of 
10–3 cm–3 every experimental cycle. Obvi-
ously the detection of such a low number 
of product molecules represents a severe 
experimental challenge in the case of neu-

trals. Using Coulomb crystals, however, it is 
possible to observe ion-molecule reactions 
with single localised ions and thus to study 
reactive processes with single-particle sen-
sitivity even at extremely small rates on the 
order of a few reactive events per minute. 

Fig. 1 (b) shows a schematic representa-
tion of a novel apparatus we have recently 
developed to study reactive collisions be-
tween translationally cold ions and neutral 
molecules. To our knowledge this experi-
ment represents the first combination of two 
different cold-molecule sources in order to 
study reactive collisions at very low temper-
atures. Our new setup combines a facility 
for the laser and sympathetic cooling of ions 
in a linear Paul trap with a quadrupole-guide 
velocity selector for the generation of con-
tinuous beams of translationally cold polar 
molecules.[10,11,27]

The velocity selector serves to separate 
the slowest molecules from a thermal distri-
bution in order to create samples of transla-
tionally cold molecules. The device used in 
our laboratory is an adaption of the design 
originally developed by Rangwala et al.[28] 
consisting of four bent cylindrical electrodes 
arranged in a quadrupolar configuration as 
shown on the right-hand side of Fig. 1 (b). 
High voltages are applied with alternating 
polarities between adjacent rods in order 
to create a strong inhomogeneous electric 
field inside the assembly. A thermal (298 K) 
beam of polar molecules is injected along 
the axis of the quadrupole. The electric field 
shifts the energy levels of the molecules (the 
Stark effect) and species in low-field-seek-
ing Stark states, i.e. states whose energy 
increases with increasing field strength, ex-
perience a force directed towards the centre 
of the guide. When the molecules reach the 
bend of the velocity selector, only the slow-
est ones whose Stark energy exceeds their 
kinetic energy are forced around the corner 
whereas the fast molecules are lost from the 
guide and ultimately removed by pumping. 
With this simple method continuous beams 
of cold polar molecules with translational 
temperatures T

trans
 ≥ 1 K and fluxes of 108–

109 molecules s–1 can be generated.[10,27]

The beam of translationally cold mol-
ecules is guided towards the centre of the 
ion trap containing an ion Coulomb crys-
tal. Fig. 3 (a) shows the fluorescence image 
of a Coulomb crystal of laser-cooled Ca+ 
ions before exposure to the slow beam of 
neutrals. After bombarding the crystal with 
velocity-selected CH

3
F molecules for about 

30 min, the image in Fig. 3 (b) is obtained. 
The Ca+ ions react with CH

3
F according 

to[29] 

Ca+ + CH
3
F → CaF+ + CH

3
 (3)

The CaF+ product ions remain trapped 
under the present experimental conditions 
and are sympathetically cooled by the re-
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those predicted using quantum-mechanical 
capture models for ion-molecule reactive 
collisions[30] indicating that the dynamics of 
this reaction cannot be described in terms of 
a simple ion-molecule capture process.[27]  
The reduced rate constants are probably due 
to a submerged barrier along the reaction 
coordinate predicted by theoretical calcula-
tions which acts as a bottle neck for the reac-
tive flux.[29,31] 

With our new method it is not only possi-
ble to study reactions with laser-cooled ions, 
but more generally also with sympathetical-
ly-cooled species as has recently been dem-
onstrated with the charge-exchange reaction 
OCS+ + ND

3
 → OCS + ND

3
+.[27] 

5. Conclusions and Outlook

These results demonstrate the consid-
erable potential for the application of cold 
ions in highly sensitive investigations of 
chemical reactions at low temperatures. 
The present experiment can be further de-
veloped in several directions to open up 
new fields of study. In the current setup nei-
ther the velocity-selected neutrals nor the 
sympathetically cooled molecular ions are 
quantum-state selected and usually exhibit 
a room-temperature Boltzmann distribution 
of internal state populations.[27] Experiments 
with state-selected species, however, are es-
sential to unravel the intricate details of the 
reaction dynamics at low collision energies 
and to study the dependence of the chemi-
cal reactivity on the quantum states of the 
reaction partners.[6] State-selected cold mo-
lecular ions could be prepared by optical 

pumping of the population into a selected 
quantum state starting from translationally 
cold, but internally warm samples[32] or by 
the sympathetic cooling of state-selectively 
produced molecular ions.[11,33] Samples of 
state-selected neutral molecules which are 
equally required for the realisation of fully 
state-selected ion-molecule collision ex-
periments can be produced using alterna-
tive cold-molecule sources such as a Stark 
decelerator.[4] Using Stark deceleration of 
pulsed molecular beams has the additional 
advantage of producing colder samples 
compared to velocity selection (down to 
translational temperatures of tens of mK af-
ter trapping[34]). Even lower collision ener-
gies corresponding to mK could be reached 
in experiments which combine Coulomb 
crystals with trapped ultracold atomic gases 
prepared, e.g. by laser cooling in a magneto-
optical trap. Developments in these direc-
tions are under way in our laboratory. 
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(a)

(b)

Fig. 4. Decrease of the 
number of laser-cooled 
Ca+ ions as a function 
of the reaction time 
with velocity-selected 
CH3F molecules for 
(a) a small Coulomb 
crystal of 17 ions and 
(b) a large Coulomb 
crystal of ≈ 250 ions. 
The solid line in (b) 
represents a fit of the 
data to a pseudo-first 
order rate law from 
which the bimolecular 
rate constant kbi of 
the reaction can 
be determined. 
Reproduced from ref. 
[11]. 


