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Plasmas of M§ ions, containing more tham0’ ions, have been observed to reach well-ordered
(crystalline) states by applying laser cooling. The crystals are highly elongated with up to ten concentric
cylindrical shells surrounding a central string. Such large structures have not previously been observed
in a Paul trap. The amplitude of the micromotion of the ions can be larger than the shell spacings. As
the diameter changes along the crystals, sharp transitions are observed when new shells form, in good
agreement with molecular dynamics simulations. The predictions from simulations of how ordering
develops with decreasing temperature are also confirmed. [S0031-9007(98)07188-9]

PACS numbers: 32.80.Pj, 42.50.Vk, 52.25.Wz

Clouds of laser-cooled, trapped ions have previoushsystems so far were seen in Penning traps, where more
been observed to condense and to exhibit quasicrystallinhan 10° ions have been crystallized and show evidence
spatial order in Penning [1,2] and Paul (radiofrequencyof central bcc structures [2].
or rf) traps [3—5]. A classicalinfinite, one-component In this Letter, we present evidence for Coulomb crystals
plasma undergoes a transition from liquidlike behavior toof the largest transverse size observed in a linear Paul trap
a body-centered-cubic (bcc) lattice when the rdtiof the  [12], as well as evidence on how the ordering develops
Coulomb energy between adjacent particles to the randoigradually as the random motion or “temperature” of the
thermal kinetic energy exceeds 175 [6]. In contrastjons is reduced. We have also performed simulations
for finite plasmas molecular dynamics (MD) simulations for up to 10* ions, taking into account the micromotion.
predict formation of concentric shells with near-hexagonalThese simulations predict the same detailed structures as
ordering within the shell [7,8]. (Though these structuresare observed in the experiments.
have no long-range periodic order, they are often referred The linear Paul trap [12] is a quadrupole composed of
to as crystals, a usage we follow here.) four parallel cylindrical electrodes (55 mm long), each

In Paul traps the rf field drives micromotion, which is sectioned longitudinally into three pieces (15, 25, and
a modulation (at the rf frequency) of the secular harmonicl5 mm), so that a positive dc potential can be added
motion in the effective trapping potential. The magnitudeto the rf field on the eight end pieces to provide axial
of the micromotion increases with an ion’s distance fromconfinement [13]. The diameter of the electrodes is
the trap central axis, and such motion can couple energg mm, and they are at the closest 1.75 mm from the trap
from the rf drive into therandom motion of the ions center axis in order to obtain the best approximation to
through their mutual Coulomb interaction. This so-calleda perfect quadrupole field [14]. An rf frequendy =
rf heating (see, e.g., [9,10]) is widely assumed to limit27 X 4.2 MHz and an amplitudeU,; = 30-50 V are
attainable crystal sizes. The kinetic energy associatetypically used. This gives rise to a value of the stability
with the micromotion can be several orders of magnitudgparameterg [15] in the range[0.07-0.2] for Mg* ions
higher than the thermal energy at which spatial orderingand to a radial effective (pseudo) potential with a single-
occurs in static potentials, so the coupling of micromotionparticle frequencywy = ¢ /+/8. The very open trap
into thermal motion can be expected to be critical forconfiguration allows good access to laser beams along
crystal formation. The noninertial constraints and thethe central axis. The ions are directly cooled along this
continually changing shape of the cloud in the rf field canaxis while the transverse degrees of freedom are cooled
affect the ordering process and the resultant structure afue to the coupling to the axial motion through Coulomb
the crystals in interesting ways that at present are poorlinteractions.
understood. The?*Mg™ ions were produced by ionizing an effusive

Crystals consisting of at most five shells have beeratomic Mg beam with a 1 keV electron beam at the
attained earlier [5] in a ring rf trap, and simulations with center of the trap. In order to preferentially load the
up to 512 ions in a standard Paul trap, with the emphasigap with the>*Mg isotope, ions are laser cooled during
on the averaged position of ions in the crystal [11] havdoading using two counterpropagating laser beams which
been reported previously. By contrast, the largest orderedre continually frequency scanned through 8 GHz just
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below the3s 2S;,,-3p %P3, transition for this isotope.
The laser light at 280 nm needed for cooling is produced
by frequency doubling of a dye laser system. The
frequency doubled laser beam is spatially filtered and then
power stabilized using an acousto-optical modulator. The
resulting beam has a nearly Gaussian profile (waist of
~0.5 mm) at the trap center with a power of 15 mW.
The integrated fluorescence from the ions is monitored
by a photomultiplier tube, and the shape and structure of
the ion cloud is observed through a lens system with a
9X magnification, to image the fluorescence from the ion
plasma onto a liquid nitrogen coolet)24 X 1024 pixel
CCD camera having a pixel size 4 um.

Figure 1a shows a CCD picture (2 sec exposure) of the
end of a very prolate ion crystal containing about 3500
ions. The well-separated points of high intensity indicate
that some of the ions are relatively fixed in position with
respect to the plane perpendicular to the line of sight.
Since the ions (except for the ones on the trap axis)
undergo the collective micromotion in the rf field with
a period very short compared to the detection time, the
sharpest image will be of those ions whose motion has the
smallest amplitude in the plane perpendicular to the axis
of viewing. These are the ions close to the midplane of
the crystal, where the micromotion is perpendicular to the
plane. In Fig. 1a the transitions between different shell
structures along the axis are well defined. In order to
test our understanding of these systems we have carried
out MD simulations with 3500 ions using a radial rf
field and assuming a harmonic potential along the trap
axis. The result of such a simulation is presented in
Fig. 1b. The calculated motion is integrated over an
rf period to simulate the exposure time of the camera.
As in the experiments, well-defined edge structures are
observed. Transitions between different shell structures a.

along the crystal are also seen in the 5|mulat|0n,_ but n IG. 1(color). (a) CCD picture integrated over 2 sec of a very
as pronounced as in the experiment. The potential alongrolate crystal of about 3500 ions. (b) Molecular dynamic
the trap axis is known to be slightly anharmonic, so wesimulation with 3500 ions in a crystal with roughly the same

do not expect the simulations to quantitatively match ou@spect ratio as the one in (a).
measurements.

Since the crystal in Fig. 1la is very prolate, it is fur-
thermore interesting to compare the experimental resultstructural transition. For the crystal depicted in Fig. 1a,
with MD simulations of infinitely long cylindrical crys- the two methods give nearly the same result. In Fig. 2,
tals in a static potential [16,17]. In this limit the shell the dimensionless linear density normalized to the MD
structure is determined by the dimensionless linear dersimulation in the vicinity of the transition from a two-
sity A, defined as the number of ions per Wigner-Seitzshells-plus-string to a three-shell configuration is plotted
radiusaws [aws = (3/4mng)'/?, wheren, is the asymp-  as a function of the position along the crystal (solid line).
totic density for a cold system with many shells]; in our The dotted vertical bars indicate the uncertainty in the
experimentsuws is aboutl5 um. The relative values of measured positions of the transitions while the dashed hori-
A were extracted from the CCD data under the assumptiormontal lines correspond to linear densities where transi-
that all ions contribute equally to the fluorescence signaltions are expected to happen for infinitely long crystals.
The absolute value of the linear density can be obtaine&or the transitions for which theoretical valuesohave
by normalizing to the amount of light detected from thepreviously been calculated [17], the agreement is strik-
three single ions in the tip of the crystal or by assum-ingly good. A similar analysis of the simulation presented
ing that the MD simulations for infinitely long crystals in Fig. 1b shows the same correspondence with theory
are valid in predicting the linear density for a particularfor infinite plasmas. Birklet al. [5] had confirmed the

Max
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predictions of MD simulations in experiments where up togrows with crystal radius, eventually there may be a limit
four-shell-plus-string ion crystals of constant linear chargeon the size of obtainable crystals in Paul traps. Whether
densities were observed in a ring-shaped Paul trap. this limit is reached in the above-mentioned experiments
In Figs. 3a and 3b, a CCD picture and associateds still unclear, but future experiments using stroboscopic
transverse intensity profile of the crystal are presentedbservation as well as realistic MD simulations could
for one of the largest crystals produced. This crystakeveal this.
consists of a central string surrounded by ten shells The structural evolution of a strongly coupled one-
and holds more tharl0® ions. The maximum linear component plasma with temperature has been studied
density A is about 5 times larger than that previously through simulations [18], but, to our knowledge, has not
obtained in Paul traps [5]. MD simulations on infinitely been addressed experimentally in a systematic fashion. In
long cylindrical crystals predict that the radial spacingFig. 4, we present transverse profiles of an ion plasma in
between shell$r becomes constant at a value of aroundour trap during the cooling process. In these measure-
1.48aws [17] once there are more than about three shellsments, as the laser detuning, defined as the difference
From Fig. 3b we deduce that the spacing is indeedetween the laser frequency and the atomic transition fre-
constant and has a valu® = (1.35 = 0.15)aws. The  quency, gets smaller, the laser cooling becomes more ef-
uncertainty in6r comes partly from the uncertainty in fective and the component of kinetic energy for motion
measuring the radii from the pictures, and partly fromalong the laser is reduced. The concept of temperature in
the uncertainty in the measurement of the rf voltagesuch a dynamic system is not clearly defined, but it seems
(which is used in determiningiws). In experiments to be a reasonable working assumption that with cool-
with slightly smaller linear densities and in which the rf ing, the coherent transverse motion in the rf field does not
voltages were measured more precisely, we find an everouple significantly into longitudinal velocities, and thus
better agreement with the MD results. For these largethat the value of” relevant to ordering may be computed
crystals, the amplitude of the micromotion is, in fact, from this velocity component alone. This assumption is
larger thand r and the corresponding kinetic energy aboutsupported by the results of the MD simulations referred
4 orders of magnitude higher than the limited thermalto above. The values dF listed in Fig. 4 are derived
energy needed for ordering. We have observed largdrom the longitudinal laser detuning with the assumption
partially crystallized plasmas, in which the outer shellsthat the random velocities have a Boltzmann distribution
have been well defined, while structures in the centralith a FWHM corresponding to the velocity that makes
part were lacking. Estimated from the diameter of thethe ions Doppler shifted into resonance. For the largest
outer shell, such crystals would consist of 13 shells ifdetuning (smallesi”) shown in this figure only a hint
fully crystallized. Since the laser cooling rate saturatef an outer crust is seen, with the outer shell sharpening
at a level specific to the ions used, while the rf heatingand interior structure developing to a fully ordered seven
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FIG. 2. The dimensionless linear densityas a function of E

position along the crystal is shown in Fig. 1a (solid line). The Position
shaded vertical areas indicate the uncertainties in the measured

position of structural transitions, while the dashed horizontalFIG. 3. (a) Part of a picture showing a crystal with ten shells
lines correspond to linear densities where these transitionsurrounding a central string of ions. (b) Transverse intensity
should happen according to MD simulation for infinite long profile corresponding to the picture in (a). As expected from
crystals. MD simulations the shells are nearly equally spaced.
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