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THE possibility of creating ordered ion beams in high-energy
storage rings"” by means of electron and laser cooling has opened
up a new era in accelerator physics. The enhanced luminosity and
suppressed momentum spread in such systems create the highest
possible phase-space density. The first experimental results were
obtained by cooling "Li* beams to temperatures of a few kelvin
or even to sub-kelvin temperatures®®, and the ordered structures
have been studied theoretically®”’ by methods of molecular
dynamics. Predicted configurations for the lowest ion densities
have been observed in low-energy quadrupole storage rings® and
linear traps’. Recently we showed that at slightly higher ion
densities helical structures are obtained'®. Here we present a series
of new experimental results on ordered ion structures in a quad-
rupole storage ring. In order of increasing ion number, a linear
chain of ions, a zig-zag structure, helical structures and finaily
multiple concentric shells could be observed. The experimental
results agree with molecular dynamics calculations.

When ordered structures in storage rings are simulated®”’, a
cylindrically symmetric, static harmonic potential is usually
assumed to describe the confining field. The pseudopotential of
a low-energy quadrupole storage ring is closer to the theoretical
model than the confining field of a high-energy storage ring,
where the ions are subjected to periodic squeezing and pulling
in the focusing sections, Coulomb explosion in the drift sections
and shear forces in the bending sections. The principle and first
realizations of quadrupole storage rings are described in refs
11-13. In the ring the ions can move freely along the axis of
the quadrupole field and are radially confined by applying a
radiofrequency (r.f.) voltage Ugy cos Q1 to the electrodes. This
feads to a harmonic confining potential'* of the form ¢ = yor®/ 1
with the potential depth @, = g°Ugge/4mQ’rG, where g is the
ion charge, m the ion mass, r the distance from the field axis
and r, half the distance between opposite electrodes. The oscilla-

tion frequency in this harmonic potential, w...=(2¢o/ mrg)"?,
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FIG. 1 Quadrupole storage ring, with the atomic beam oven and electron
gun. The storage ring consists of four circular electrodes, and the diameter
of the tordidal storage volume is 2R =115 mm. The insert shows an enlarged
cross-section with opposite electrodes having a separation of 2r,=5mm.
The laser beam enters the storage volume tangentially. Resonance fluores-
cence is detected with a photomultiplier tube or an imaging photon detector
system.
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is called the secular frequency'®. Ions in a r.f. quadrupole field
also show micromotion with frequency (), the amplitude of
which increases in proportion to the distance r from the field
axis. To compare experimental results with theory, it is useful
to define the normalized ‘linear particle density’”’, A = aN/2mR.
Here N is the total number of stored ions in the ring, R the
ring radius and a the Wigner-Seitz radius, a = (3q/8me K ),
where K is the force constant. For the ring trap, K = 24i/ gr3,
which leads to a = (3¢%r3/16meo,)"/>. The quantity a® corres-
ponds to the volume of the unit cell of the Coulomb crystal.
The equilibrium structures resulting from the molecular
dynamics (MD) calculations as a function of increasing A are
a linear chain, a zig-zag, a single shell and multiple shells®~.
For the single shell, different ion configurations on the shell
surface, such as single and multiple helices, have also been
calculated in detail®’. Static properties of these configurations,
such as shell diameters and the arrangement of the ions on the
shell surfaces, can also be obtained by minimizing the energy
in an electrostatic model’”"*’.

Figure 1 shows the quadrupole storage ring. The toroidal trap
volume has a diameter 2R = 115 mm, and the distance between
opposite electrodes is 2ro=5mm. The radiofrequency is 1 =
27 X 6.56 MHz, and the secular frequency w, is of the order
of megahertz. The geometry of the quadrupole and measurement
of the r.f. voltage allow the potential depth to be determined
with an accuracy of 5%. The apparatus is contained in an
ultra-high-vacuum chamber with a pressure below 107® Pa. Mag-
nesium ions **Mg* are created by electron bombardment of a
thermal atomic beam. A contact potential barrier of ~1¢V is
produced by deposition of stray magnesium atoms on the elec-
trodes in the region where the atomic beam passes through the
quadrupole. The potential barrier enables us to cool the stored
ions to rest, using only a single laser beam'®. Laser light with a
wavelength of 280 nm, resonant with the 3”S,,,-3?P;, transition
of **Mg™, is focused tangentially along the axis of the quadrupole
field, where it can interact with the stored ions. The resonance
line of 2*Mg" can easily be saturated with the available laser
power of several milliwatts. The fluorescence light emitted by
the ions is measured by a photomultiplier tube and an imaging
photon detector system equipped with a two-stage microchannel
plate and a position analyser, the channel diameter being 25 pm.
The lens system used for the optical imaging has a focal length
of 35mm and allows the image of the ion structure to be
magnified between 10 and 70 times. For most of the measure-
ments a magnification factor of 40 was used. Thus the imaging
system allows a resolution of ~1 pm in the storage volume. The
diffraction-limited resolution of the optics is 0.4 um.

Previous work has shown®'® that laser Doppler cooling of
the stored Mg ions leads to a phase transition from a disordered
state to an ordered crystalline structure with the same features
as described for ions stored in a Paul trap'®'’. In contrast to
high-energy storage rings, in the quadrupole ring the laser-
cooled ions are at rest; and therefore the structures can be
investigated in detail. Ordered ion configurations have also been
observed in Paul'®'® and Penning'® traps.

Figure 2 shows ordered structures for low ion densities,
leading to images of singly resolved ions. The ion spacings are
known to an accuracy of 3%, and therefore the ion density can
be directly determined from the images with the same error.
The A parameters can be calculated with 5% accuracy for these
structures. A linear chain of ions with an ion spacing of 33 um
is presented in Fig. 2a. Increasing the ion density favours
configurations in which the ions are displaced from the field
axis, leading to a zig-zag structure (Fig. 2b). The ions are
arranged in a plane perpendicular to the direction of observa-
tion, as can be concluded from their spacing (26 wm in the
direction of the field axis) and the potential depth. Further
increasing the ion density changes the equilibrium configuration
into helical structures. The experimental image in Fig. 2¢ shows
an ordered structure which can be described as two interwoven
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FIG. 2 Colour-coded images of crystal-
line structures of laser-cooled 2*Mg*
ions. The intensity increases from vio-
let to blue, yellow and red. Individual
ions could be resolved in these images.
The ions arrange themselves in
minimum energy configurations. a, For
low ion density (A =0.29) the ions form
a string along the field axis; b, increas-
ing the ion density changes the
configuration to a zig-zag (A =0.92). At
still higher ion densities the ions form
ordered helical structures on the sur-
face of a cylinder: ¢, two interwoven
helices at A=1.9; g three interwoven
helices at A =2.6. Experimental images
are displayed above, visualizations
below.
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FIG. 3 Images and intensity profiles of (a) string, (b) one shell 0 @
(p/a=1.05, total ion number in the ring N =5 x10%), (¢) one =1
shell plus string ( p/a=1.8, N =1 x10°),(d) two shells ( p/a= 100 B
2.7,N =2 x10°),(e) two shells plus string (p/a=3.4, N =3 x 2
10°) and (f) four shells (p/a=6.2, N=8x10°). The ions £
are not individually resolved. The structures can be identified -—100 .g
with the help of the radial intensity profiles (right). The images 2
are colour-coded as in Fig. 2. Integration times are longer 1o S
than 3 min each. o
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FIG. 4 Summary of experimental results. a, Individual ions resolved. The
observed structures are characterized by the linear ion density N/27R and 10|~
the potential depth y,. These two parameters can be combined to give the
normalized linear particle density A, which fully determines the ion configur-
ation. The straight lines show critical A values separating the regions of 7r

different theoretically expected structures. The observed configurations are
labelled by different symbols for each structure. b, Individual ions not
resolved. Here, the observed shell structures with up to four shelis plus
string are characterized by their radius p and the potential depth y.
Different observed structures are again separated by lines of theoretically
determined critical A.

helices with a diameter of 44 um and four ions per pitch. The
image in Fig. 2d, recorded with an even higher ion density,
shows a structure of three interwoven helices with a diameter
of 53 um and six ions per pitch. The fact that the structures in
Fig. 2b to d do not rotate around the field axis shows that there
must be small deviations from the rotational symmetry around
the quadrupole axis, which may be caused by the contact poten-
tial or a misalignment of the trap electrodes. By increasing the
radiation pressure the structures can be slightly compressed in
the direction of the incoming laser beam. As mentioned above,
the contact potential prevents the structures from starting to
rotate around the ring.

Increasing the ion number and the potential depth accordingly
leads to identical structures, but with smaller ion spacings, so
that the ions can no longer be individually resolved (Fig. 3).
Information about the structures can be extracted from the radial
intensity profiles, giving a measure of the ion distribution in
this direction. Instead of the parameter A, it is now possible to
use the radius p of the structure in units of the Wigner-Seitz
radius a (where a is determined by the potential depth) to
characterize the structures. The zig-zag and helix both produce
a double-peak structure in the radial intensity profile (Fig. 3b).
If, therefore, the ion density is so high that observation of
individual ions is not possible, we cannot discriminate between
the zig-zag and helical structures. This is only true because we
are looking perpendicularly to the plane of the zig-zag, as in
Fig. 2b. Successively increasing the ion density or lowering the
potential leads to the occurrence of a string inside the shell (Fig.
3c), two concentric shells (Fig. 3d) and two shells plus string
(Fig. 3e). Figure 3f shows a four-shell structure for very high
densities. We have observed all possible shell structures up to
four shells plus string. All these structures form after a phase
transition from a disordered state, indicating that the ions occupy
fixed positions within the shells. This differs from the observa-
tions of shell structures in a Penning trap'®. The structures in
Figs 2b-d and 3b-f are not free of micromotion, but the ampli-
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tude of this motion is too small to be observable at the present
optical resolution.

The intensity profiles of Fig. 3 show decreasing contrast for
a higher number of shells. This is partly due to the summation
of the intensity distributions of more and more shells in a
multiple-shell configuration, which masks the individual struc-
tures. In addition, for higher-order structures the inner shells
become substantially thicker, as pointed out in ref. 7. Our
experiments show that it is possible to obtain ordered configur-
ations even for very high ion densities.

Figure 4a gives a summary of experimental data for all recor-
‘ded images in which the ions were individually resolved. The
potential depth ¢, and linear ion density N/27R (obtained
directly from the images with the known optical magnification)
are the experimental parameters. The theoretical limits’ between
the different structures are given by the straight lines with
constant A. String structures are expected for A <0.709, zig-zag
structures in the range 0.709 < A < 0.964 and single shells in the
range 0.964 < A < 3.10. In the single-shell regime, many different
structures are expected that are practically degenerate in energy.
The structures may change on a timescale short compared with
the averaging time of the imaging system, owing to their residual
thermal energy. For that reason it is difficult to obtain clear
images in much of this A regime. The stability could be improved
by cooling the ions further. We obtained stable configurations
for several seconds (more than 10° secular periods of the system)
near A =1.3 and A =2.0, yielding structures of two interwoven
helices (Fig. 2¢) and near A = 3.0 structures of three interwoven
helices (Fig. 2d). The two-fold helix is also expected from the
MD calculations, the structure forming a series of tetrahedra’. .
The expected A domains for this configuration are marked by
the dashed lines in Fig. 4a. For a large range of experimental
parameters the observed structures fit into the expected scheme,
confirming the theoretical results. Thus the kind of structures
observed is fully determined by A, which proves to be a universal
parameter independent of the experimental conditions.
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Figure 4b summarizes the experimental results on the ordered
shell structures up to four shells plus string without resolution
of individual ions. Again the potential depth ¢, is one of the
experimental parameters. As the ion density can no longer be
determined directly from the images, the radius p of the struc-
tures is used instead as the second parameter. The theoretical
limits between the different shell structures are again given as
straight lines with constant A, as predicted in ref. 7, where the
functional dependence of p/a on A is established. The observed
ion configurations are fully determined by p/a and therefore
by A for a variety of potential depths and ion densities. O
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