Laser-Cooled Ion Crystals
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The crystal-like structures of laser-cooled ions predicted by molecular dynamics calculations and
recently observed In a miniature quadrupole storage ring have far-reaching implications.

In contrast to neutral atoms, ions are
more easily influenced by electric fields
because of their charge. Dynamic confine
ment of charged particles in three dimen
sions can be achieved using alternating
electric fields and an appropriate set of elec
trodes (a so-called Paul trap after its inven
tor). Ions in such a trap are confined to a
small region in space, thus eliminating tran
sit time broadening. Moreover, the particles
can be cooled using a laser beam with a fre
quency below the resonance frequency.
Due to the Doppler effect, an ion is shifted
into resonance as it moves in the opposite
direction to the light beam; photons are
absorbed whereby the particle’s linear
momentum is reduced by photon recoil. The
spontaneously emitted photons have ran
dom directions so their momentum transfer
is averaged out and a net momentum trans
fer is only achieved during the excitation
process. The residual velocities of the sto
red ions at the achievable temperatures of a
few milli-Kelvins or less are so small that
first and second-order Doppler effects both
disappear.
As the particles are trapped in an ultrahigh vacuum, there are no collisions which
could broaden the resonance line. Trapped,
laser-cooled ions therefore offer unique pos
sibilities for ultra-high precision spectrosco
py and may provide the basis for new optical
and microwave frequency standards (see,
e.g., [1] for a survey). Single-ion experi
ments can in addition be used to demon
strate quantum effects in atom-radiation
interaction such as, for example, the anti
bunching of photons emitted in resonance
fluorescence. Owing to the almost constant
duration of an absorption-emission cycle,
the emitted photons show sub-Poissonian
statistics [2] that are not observed with the
usual light sources, or even with laser light,
where the statistics are Poissonian. Another
example is the demonstration of quantum
jumps with a single stored ion [3]. It was

possible in these experiments to observe
the transition of an ion from an excited state
to a lower state so that the lifetime of the ion
in a particular upper state could be monito
red for each excitation cycle.
Using a Paul trap, we have also been able
to study the physics of few-body phase tran
sitions of laser-cooled magnesium ions [4]
and the ordered state of the trapped ions
could be observed directly by monitoring
their resonantly scattered light (Fig. 1). The
ordered structures, representing configura
tions of maximum density for the ions, are
determined by the trap potential pushing the
ions towards the trap centre, and by the
Coulomb repulsion between the ions acting
in the opposite direction so that minimum
energy configurations are finally adopted.
Similar structures are expected in highenergy storage rings for ions when the
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Fig. 2 - Experimental set-up
of the quadrupole storage
ring, including the atomic
beam oven and the electron
gun. The storage ring contai
ned in an ultra-high vacuum
chamber with a pressure
below 10-8 Pa consists of
four circular electrodes with a
diameter of 115 mm (an
enlarged cross-section of the
electrode system is shown in
the inset). The laser beam for
ion cooling enters the storage volume tangentially. Resonance fluorescence is detected in the
radial direction with a photomultiplier tube and an imaging photon detector system.

phase space distribution of the ions is redu
ced by laser cooling [5]. To date, only theo
retical results using molecular dynamics
(MD) simulations [6] of ordered ion beams in
these storage rings have been reported.
The first experimental steps towards crystal
line beams have been the cooling of 7Li+ to
the Kelvin and milli-Kelvin regimes [7].

Fig. 1 - Crystals of two, three, four, and seven
laser-cooled Mg+ions confined in a Paul trap
and observed using resonantly scattered
light. The average ion separation is 20 µm.

Quadrupole Storage Ring
It is possible to observe crystalline struc
tures of ions in a low-energy quadrupole
storage ring [8] as they are much easier to
realise than for high-energy storage rings,
where the ions are subjected to periodic
squeezing and focussing sections, Coulomb
explosions in the drift sections and shearing
forces in the bending sections. We have
investigated these structures in a miniature
quadrupole storage ring for a wide variety of
experimental conditions, and the results
confirm theoretical predictions.
The small storage ring also has interes
ting possibilities as a trap for high-resolution
spectroscopy. Ions sitting along the axis of
the quadrupole field do not show the pheno
menon of micromotion in the same way as a
single ion stored at the centre of a Paul trap,
where ions away from the trap centre are
affected by the alternating voltage applied to
the trap electrodes and therefore move
periodically with the frequency of the trap
voltage. The ion storage ring thus has the
advantage that many ions can be investiga
ted under Doppler-free conditions. More
over, an increase in the number of ions sto
red improves the signal-to-noise ratio.
Experimental
The miniature quadrupole storage ring is
shown in Fig. 2. The set-up is contained in
an ultra-high vacuum chamber with a pres-
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Fig. 3 - Crystalline structures of laser-cooled 24Mg+ ions in the
Fig. 4 - Images and intensity profiles of (from the top): one shell plus
quadrupole storage ring. At a low ion density (λ = 0.29) the ions
string (a; λ≈ 4.3), two shells plus string (b; λ≈ 12.2), three shells plus
form a string along the field axis (a, upper). Increasing the ion
string (c; λ≈ 26), and four shells (d; λ ≈ 34). There are up to ≈ 8 x 105
density transforms the configuration to a zigzag (b, middle; λ =
ions stored in the ring for the four-shell structure.
0.92). At still higher ion densities, the ions
form ordered helical structures on the surface
of a cylinder, e.g., three interwoven helices at
λ = 2.6 (c, lower). As the fluorescent light is
by laser cooling using the 32S1/2
velocities, to give the time evolution of the
projected onto the plane of observation in this damped
transition of 24Mg+ at 280 nm. If the
system. Cooling of the stored particles is
case the inner spots are each created by two 32P3/2
laser
frequency
Is
tuned
into
resonance
simulated by scaling down the resulting
ions seated on opposite sides of the cylindri from below, the velocities of the Ions are
velocities of the stored particles at defined
cal surface, resulting in a single, bright spot.
changed so that the ions finally end up with
instants of the Integration process. After suf
a bunched (cooled) velocity distribution
ficient cooling, ordered structures such as
moving in the direction of the laser beam. As
strings, zigzags, shells, and multiple shells
sure below 10-8 Pa maintained with an ion the ions can travel freely along the field axis
should arise owing to the confining field’s
pump. The storage device consists of pairs two opposing laser beams are usually neeharmonic potential [6]. Our experiments are
of inner and outer rings held together by ded to cool all stored ions to rest. We
well-suited to checking these predictions. To
ceramic supports. Gold-coated stainless
achieve efficient cooling with a single bean
compare the experimental results with theo
steel electrodes with a distance of 5 mm because of the contact potential: laser- ry, we can use the normalised "linear par
between opposing electrodes define a toroi cooled ions with a kinetic energy below 1 e\
ticle density” X which is given by the ion
dal trap region with a diameter of 115 mm. cannot pass the potential barrier. They oscil- density multiplied by the ratio of Coloumb
Those parts of the electrodes which face the
late parallel to the field axis and periodically
repulsion and confining force of the trap [6].
trap region have a circular cross-section of come into resonance with the laser light
Low X values correspond to a deep potential
2.9 mm in radius. Trapping is accomplished
Fast-moving ions are first cooled sympathe- well or a small number of ions, resulting in
by applying a RF voltage of 6.56 MHz and tically via Coulomb collisions with slower an equilibrium structure closely confined to
an amplitude of a few hundred volts, resul particles until they are unable to cross the
the field axis comprising a string of ions (Fig.
ting in a harmonic potential well with a depth
barrier, which then compensates for the ra- 3a). This is the micromotion-free configura
ψ0 of several electron volts in the plane diation pressure. Cooling leads to a spectro tion discussed above, and the analogue of
transverse to the electrodes. Ions can move scopically observable phase transition and the single stored ion in a Paul trap, as In
freely in the direction along the field axis. to ordered structures of the laser cooled both cases the ions sit in the potential mini
There is a 2 mm gap between the elec ions [8]. By imaging the fluorescence of the
mum and show no micromotion. For higher
trodes, affording space for atomic, electron ions onto a position-sensitive photon detec values of X, the structures extend more and
and laser beams to enter the trap region.
tor we can directly obtain images of the
more Into the off-axis region, giving rise to
We used for our experiments magnesium equilibrium configurations, with the ions
(in the order of increasing X) a plane zigzag
ions produced by electron bombardment of being resolved individually.
structure (Fig. 3b) and cylindrical structures
a thermal atomic beam. A contact potential
with the Ions forming helices on cylindrical
(the voltage difference created by the direct
Ordered structures
surfaces. The structure in Fig. 3c consists of
contact of two metals) is produced by depo
In the MD calculations, a cylindrically three interwoven helices with six ions per
siting stray magnesium atoms onto the elec symmetric, static harmonic potential is assu pitch. The string and the zigzag have also
trodes in the region where the atomic beam
been observed with laser-cooled Hg+ ions in
med to describe the confining field. Each
passes through the quadrupole. The poten particle is subjected to the Coulomb forces
a linear trap [9].
tial of the coated trap section is roughly 1 eV of all other particles and to the confining
Increasing further the number of ions
above the remainder of the ring.
field. The classical equations of motion are
leads to structures with smaller spacings
The trapped particles oscillate in the har integrated for a system of several thousand between the ions where we cannot optically
monic potential well and their motion can be particles, starting with random positions and resolve Individual ions any more. Images of
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Fig. 5 - Summary of the experimental results. (a, left) Individual ions
resolved, where the observed structures are characterised by the ion
density per unit length and the depth of the potential well ψ0. These
two parameters can be combined to give the normalised linear par
ticle density X which fully determines the ion configuration. The
straight lines show critical X values separating the regions correspon
ding to the various theoretically expected structures. The observed
configurations are labelled with different symbols for each structure.
(b, right) Individual ions unresolved, where the observed shell struc
tures with up to four shells plus string are characterised by their radius
p and the potential depth ψ0. The various observed structures are
again separated by lines of theoretically determined critical X.
these structures are presented in Fig. 4. The
radial intensity profiles displayed on the
right-hand side of the figure provide informa
tion about the structures as they give a mea
sure of the radial distribution of the Ions. For
increasing λ it becomes energetically more
favourable to create a string inside the first
ion shell (Fig. 4a) to provide space for more
particles. This results in a structure which is
a three-dimensional analogue of the plane
seven-ion crystal for a Paul trap (Fig. 1).
The Inner string turns into a second shell at
higher densities: a string then develops In
side this second shell (Fig. 4b), and so on.
Figs. 4c and 4d show structures consisting
of three shells plus string, and four shells,
respectively. We have been able to observe
all possible structures, from the string up to
four shells plus string. The formation of mul
tiple-shell crystalline structures in the quadrupole storage ring contrasts with the
observation of shell structures in Penning
traps, where the ions do not occupy fixed
positions inside the shells [10].

configurations near λ = 1.3 and λ = 2.0 (two
interwoven helices) and near λ = 3.0 (three
interwoven helices - Fig. 3c). The observed
structures agree with the predicted scheme
for a large range of experimental parame
ters, thus confirming the theoretical results.
A summary of the experimental observa
tions for ordered shell structures with up to
four shells plus string and without resolution
of individual ions is presented in Fig. 5b.
The depth ψ0 of the confining potential well
is again one of the experimental parame
ters. As the ion density cannot be determi
ned directly from the images, the radius p of
the structures is used instead as the second
parameter. The theoretically predicted
boundaries between the different shell
structures are again given as straight lines
of constant X following [6] where the depen
dence of p on X and ψ0 was established.
The observed ion configurations are seen
once more to be determined by X for a wide
range of potential depths and ion densities.

Comparison with Theory
Fig. 5a gives a summary of experimental
data for all recorded images in which the
ions were individually resolved. The depth
ψ0 of the potential well and the ion density
per unit length are the experimental para
meters. The theoretical boundaries between
the different shell structures, predicted in [6]
in terms of the functional dependence of X
on ψ0 and the ion density, are given by the
straight lines with constant X. String struc
tures are expected for λ < 0.709, zigzag
structures in the range 0.709 < λ < 0.964
and single shells in the range 0.964 < λ <
3.10. Many different structures which are
degenerate in energy are expected within
the single-shell regime. We obtained stable

Implications
Our results have important implications
for two very different fields. Consider first
the physics of low-energy particles: an ion
string in a quadrupole ring, being free of
micromotion, can be cooled to its vibrational
ground state in the confining potential using
recently proposed laser cooling techniques
[11]. This would place the string in the
Lamb-Dicke regime with a vanishing firstorder Doppler effect because the spatial
amplitude of the motion is smaller than the
wavelength of the atomic transition. Further
more, the second-order Doppler effect,
which can only be reduced by further
cooling, also disappears making the stored
ions very interesting for frequency stan
dards. The large number of ultra-cold ions

available in the ring will lead to a high
signal-to-noise ratio. Finally, cooled ions in
the ring represent a quantum object of
macroscopic dimensions (a Wigner crystal).
Second, with the experimental confirma
tion that the ordered structures expected in
high-energy ion storage rings can indeed be
formed, a completely new era of accelerator
physics will emerge if it is possible to repro
duce such Coulomb crystals in these rings.
The enhanced luminosity of the correspon
ding beams would allow studies of ionic
reactions whose cross-sections are too small
for investigations in existing accelerators.
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