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Direct observations of the structural phases of crystallized ion plasmas *
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Laser-coolecPBe"’ ions confined in a Penning trap were directly observed, and the images were
used to characterize the structural phases of the ions. With the ions in two-dimensionally extended
lattice planes, five different stable crystalline phases were observed, and the energetically favored
structure could be sensitively tuned by changing the areal density of the confined ions. Qualitatively
similar structural phase transitions occur or are predicted to occur in other planar single-component
systems with a variety of interparticle interactions. Closed-shell structures were observed with small
ion clouds that were spherical or prolate, and crystals with long-range order were observed in the
centers of clouds with large numbers of ions. These experimental results are in good agreement with
theoretical predictions for the strongly coupled one-component pld$t870-664X99)92605-9

I. INTRODUCTION transition to a body-centered cubi¢bco lattice is
- ¢ Dlasm@Ch has b del of predicted*** at '~170. With an OCP in a planar geom-
€ one-component p gsnﬁ F). as been a model o etry, boundary effects are predicted to cause the formation of
condensed matter in statistical physics for over 60 years, and

it is used to describe such diverse systems as dense astfoy ariety of additional structural phases, such as the hexago-

physical matter and electrons on the surface of liquid nal clozls_%packgd(hcp) "’,m(_j face-centered cublc(fcp?
helium? Laser-cooled trapped iohare an excellent experi- phases: Qualltquvely similar §tructural phase transmon§
mental realization of the OCP. The phase structures of spfCcur or are predicted to occur in other planar systems with
tially homogeneou&? cylindrical (extended in one dimen- varied interparticle interactions, such as plasma dust
sion only,%7 and thin planartwo-dimensionally extended, Crystals;”*® colloidal suspension$, semiconductor electron
with up to 5 plane OCPs have been explored recently. InSystems? and hard spherés. In the case of small
this paper, images of ions that were confined in these geon¢ylindrically- or spherically-shaped plasmas, concentric
etries in a Penning trap are presented and used to furthehells are predicted to forfA.
characterize the structural phases. The observed structures The crystallization of small nhumber@otal number N
agree well with the theoretical predictions for the strongly<50) of laser-cooled ions into Coulomb clust€tsvas first
coupled OCP. observed in Paul trapé:®® With larger numbers of trapped
The OCP model consists of a single charged species enons, concentric shefté?® were directly observed in
bedded in a uniform, neutraliZing baCkgrOUnd Charge. |rPennin§7 and Paul trapgv7v28 Recenﬂy, Bragg diffraction
Pauf or Penning*°traps, which are used to confine chargedhas been used to detect bee crystale predicted infinite
particles, a1_(f|_ct|t|ous) n_eutrallzmg background_ is provu_jed volume ordering in large spherical(N>2.7 x 1P, radius
by the pqnfmmg p_otenuals. The thermonnamm propertles 0F0>6061W5) ion plasmas confined in a Penning tf.
the infinite classical OCP are determined by its Coulomb = | il paper we present measurements taken from direct

coupling parameter, images of the centralr&0) structure of pancake-shaped
1 e? (lenticulap ion plasmagaspect ratiom=2z,/r(y<<0.1, where
= 47ey AykpT' 1) 2z, is the plasma center’'s axial exteénThis region has a
disk-like geometry with constant central areal density
(charge density per unit area projected ontozke) plane,

which is the ratio of the Coulomb potential energy of neigh-

boring ions to the kinetic energy per ion. Herg, is the . . : .
permittivity of the vacuume is the charge of an iorkg is which facilitates a comparison with planar theory. We ob-

Boltzmann's constanfT is the temperature, and,. is the served five different stable crystalline phases and found that
Wigner—Seitz radius, defined byma 5)3/3’: 1/noswhere the energetically favorable central structure could be tuned
il W H

no is the ion number density. The onset of short-range ordePY €hangingag. Both continuous and discontinuous struc-
for the infinite OCP is predictdd at T~2, and a phase tural phase transitions were observed. We also present direct

images of the cylindrical shell structures observed in small
*paper F3IL.4 Bull. Am. Phys. Sod3, 1702(1998 ion clouds and of the three-dimensio{dD) periodic crys-
.4 Bull. . Phys. , . . .
"lnvited speaker tals obgerved in Iargg sphencgl cIougs, and compare our re-
aElectronic mail: travis.mitchell@nist.gov sults with those obtained previougly:
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FIG. 1. Schematic side view of the cylindrical Penning trap with its side-
and top-view imaging optics. The insets show the variables used to charac-
terize the intra- and interlayer structure. The side-view inset also shows the

central region of a lenticular ion plasma with three axial lattice planes. Phase IV 3 planes

staggered rhombic
0=176.2°
a=19.7 um

Il. EXPERIMENTAL APPARATUS ¢, = (a,+a,) 0.51

0o a2ws2p=0.92

The °Be™ ions were confined radially in a cylindrical
Penning trap(Fig. 1, inner trap diameter 40.6 mnby a
uniform magnetic fieldB=4.465 T in thez direction. The
ions were confined axially by a potential difference\&f
(usually -1.50 kV applied between the center and end elec-
trodes of the trap. Near the trap center this axial potential is
quadratic and has a value of 1féfe) w>z?, where the axial
frequencyw,/27=978 kHz for°Be" whenV,=—1.50 kV.
The radial electric fields of the trap, as well as the ion space
charge, cause the ion plasma to undergdea¢B drift and
thus rotate about the trap axis. In thermal equilibrium, thisFiG. 2. Top-view §,y) images of the five structural phases observed in the
rotation is at a uniform frequency,. The radial binding experiment, with lines showing a fit of the central ions to the indicated
force of the trap is determined by the Lorentz force caused™cture-
by the plasma’s rotation through the magnetic field. Thus,

low [OF results in a weak radial blndlng and a lenticular which had a~70 Mum waist and variable power. The theo-
plasma with a large radius. For “Grapped ions with retical cooling limit is 0.5 mK, and an experimental upper
w,/2m=68.5 kHz (typical for our work on thin planar hound of T<10 mK has been measurdtifor a density of
clouds, the ion plasma has a density of 210° cm 3 with  n =2x1¢® cm 2, these limits give a range of 160
2rp~1.3 mm and an aspect ratio~0.05. The rotation fre- <3150. A series of lenses form side- and top-view images of
quency was controlled by phase-locking the plasma rotatiofhe ions, with viewing directions perpendicular and parallel

Phase V3 planes Phase V.,

staggered hex (hcp-like)

4 planes

to an applied “rotating-wall” electric field”*° At low o,  to the magnetic field, respectively, on either a gateable
an increase inv, increases both the plasma density @9d  charge-coupled devid€CD) camera, or on an imaging pho-
providing a way to sensitively adjust,. tomultiplier tube. The resolution of the optical systems-i4

The ions were coolédby an axial laser beam propagat- ,m, while typical interparticle spacings arel5 um.
ing along thez axis and tuned 10 to 20 MHz lower in fre-

quency than a hyperfine-Zeeman component of 552, IIl. RESULTS AND ANALYSIS
—2p?Pg, resonance at 313 nm with a natural linewidth of
19 MHz. The laser power was 50 uW and was focused at

the ion plasma to a diameter 6f0.5 mm. There was also a The side-view image inset in Fig. 1 shows the central
perpendicular cooling beam, derived from the same laseregion of a lenticular ion plasma with three axial lattice

A. Structure in thin planar OCPs: 1 to 5 planes
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TABLE I. Primitive and interlayer displacement vectors in they) plane for the observed phases, where

=a,/|a,|.
Phase Symmetry  Stacking Lattice type a; a C, C3
| hexagonal single plane (@, 0) (a cos60°,a sin 60°)
Il square staggered b@01) (a0 (0,a (ay+ay)/2 (0,0
IV rhombic  staggered b¢t10 (& 0) (acosé, asiné) (yyt+a)/2 (0,0
V  hexagonal hcp-like hecp (& 0) (acos60°,asin60°) (+ay)/3 (0,0
Vi hexagonal fcc-like fa@d 1) (& 0) (acos60°asin60°) (y+ay)/3 2(+ay/3

planes. It is representative of the flatness and radial extemligned(abcalr...). When there were 3 or more hexagonal
(<10% ofry) of the plasma regions used to study the planadayers, both types of stacking were observed.
OCP. At a large radius, curvature of the planes can cause the The following sequence of phase structures, with their
side-view images of axial plane positions to blur. This effectlattice parameters and types defined in Table I, were ob-
was prevented in the planar measurements reported here Bgrved as the central areal density was increased from
using clouds with sufficient amountsp to 50% of nonfluo-  where order was first observedt) one-layer hexagonal
rescing impurity ions. Because these heavier ions are cen-=, (|||) two-layer staggered square (IV) two-layer stag-
trifugally separated to larger radii than tPBe*, the regions gered rhombic— (V) two-layer staggered hexagonal. At a
of the plasma where curvature begins to be significant can bgritical density, a third layer was formed, resulting(li ) a
filled with these ions, which are sympathetically cooled bythree-layer staggered square. The process then repeated with
thegB_e+.32'33 _ _ ~__minor variations, such as phase Ill becoming less common.
With good alignment of the trap with the magnetic field | the Jabeling of the phases, we have used classifications
(<1 mrad, the ion plasma rotation becomes phase-lockeg,qm previous theoretical studies of quanfi#f and
with the rotating-wall perturbatioft:* Direct images of the  |assical® electron bilayer systems. Phase II, which is a
rotating ion structures can then be made by gating the 10Psiapie phase of the bilayer systems where the interlayer dis-

viel\:/)v CCDf catr)n_erfa synchronouzléwitfh ;he rlotating-wall_ Petance is fixed, is not listed here because it is unstable for the
turbation for brief gate times<(2% of the plasma rotation planar OCP, where this distance can vary.

period. Total exposure times of-3x 10 rotation periods We have performed an analytical calculation of the en-

were used in typical _|m_age(§|g. 2. For_ourstudy of the lon ergies of these phase structures for the planar OCP. The
lattice structure we limited our analysis to the central region . . ) L

. . theory uses Ewald summation techniques in order to mini-
where regular ordering of the ions was observed. At a larger

. ) mize the energy oh parallel lattice planes confined in a
radius we observed an increased blurridge to the plasma harmonic potential of the formb, = 1/2(m/e) 2,2 Because
rotation, occasional lattice distortions, and, ultimately, the P Mhe= Wz2

transition to the regions filled by heavier ions. this potential is identical to the confinement potential of a

The observed structure of the central crystallized regiorFenr_‘Ing trap in ther—0 planar limit; th_e theory should )
depended on the central areal density of the plasma. predict the structures that are observed in the central region

Within a layer, the lattice is characterized by the primitive ©' the plasmas of the experiment. However, since only mini-
vectorsa, anda, (which are observed to be equal in magni- Mum energy states are determined, the theory provides the
tude, |a,| =|a,]=a), or, equivalently, bya and the angle lattice structure only for the case of zero temperatdre (

(=<90°) between the primitive vectors. The interlayer struc-=*)- o o

ture is characterized by the axial positiansof the n lattice The energy minimization was performed holding fixed
planesimeasured by the side-view cameaad the interlayer and the areal density of the ions. Consistent with the ex-
displacement vector in thex(y) planec, between layers 1 perimental observations, each lattice plane was assumed to
and n. Hence, the equilibriumxy) positions of ions in have the same structure, consisting of a 2D lattice described
axial planes 1 anch are given byR,(ij)=ia;+ja, and Dy primitive vectorsa, anda,. Since the area, a,sin of the
Rn('aJ)z ial+ja2+ Ch» Wherei,j are integers_ These variables 2D pr|m|t|Ve cell is equal tm/O', the pal’ametel’s that were

are shown in the insets of Fig. 1. varied in order to minimize the energy weag/a,, 6, c, and
Three different types of intralayer ordering were ob-Z,. The functional form of the energy is given in Ref. 36.
served: hexagonalé=60°), square §=90°), and rhombic There were several local minima in the energy function,

(90°>#=65°). The square and rhombic layers stack in acorresponding to different minimum energy lattices. A nu-
staggered fashion, with the upper ions immediately above th&nerical search was performed to find the true global mini-
centers of the parallelograms below, resulting in an interlayemum with respect to the parameters listed above. Finally, the
displacement vectoc,= (a;+a,)/2. Hexagonal layers also search was repeated for several values af a given value
stack with ions above the centers of the triangles below, buef o, and the value of that provided the lowest energy was
this stacking can occur in two distinct ways,3-a,+a,and  kept. The search was then repeated for a range of values of
3c/2=a;+a, With hcp-like stacking, the ions in every o.

other plane lie directly above each oth@bab..), while The correlation energy per particE.,,, (in units of

with fcc-like stacking, the ions in every third plane are soe?/4meja,sp) is shown in Fig. 3 as a function of the
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. ) L ) FIG. 4. The transition to the bulk bcc structure: correlation energy per
FIG. 3. The correlation energy per partidig,, (in units ofe”/ 4 esawsp) Iparticle Ecorr for larger values of the normalized areal density.
for the minimum energy planar lattices as a function of normalized areal
density.

deformed from a bcc lattice with th€l10) plane oriented
dimensionless  parameter oal,,, Where a,op  parallel to the surface, the deformation becoming smaller as
= (3e%/4megmw?)* is the Wigner—Seitz radius in the 2D ¢ increases further. This can be seen in Fig. 6 below, where
limit. The correlation energy is the total energy of the latticethe intralayer angle of the rhombic phase IV is seen to ap-
minus the energy of a uniform slab of charge with the sameroach the bad 10 lattice value of 70.5° a& increases.
areal densityr. Each successive cusp in the energy function  The predictions of the analytic planar OCP theory,
corresponds to the addition of a new lattice plane. The spaavhich has no free parameters, were compared directly with
ing between the planes is shown in Figa)5 As o increases, the observations by identifying the areal densityof the
the number of lattice planes increases while the spacing bglanar OCP with the directly measured central areal density
tween the planes is nearly constant. oo of the lenticular plasmas. For a quantitative analysis of

The topology of the lattice planes variesasaries. Just the observed lattice structure, we performed a least-squares
as in the experiments, the minimum energy state has one offi of the positions of the ions in the central regiimes in
separate topologies, depending on the value.ofhe struc-  Fig. 2) to the relevant phasdshown in Table ). Using the
tures are listed in Table | as phases |, I, IV, ang.VIn best-fit values of the primitive vector lengshand the intra-
addition, there is a fifth stable phase, phase V, which hatayer angled and the observed number of lattice plamgs
hcp-like stacking. Phase V has only a slightly higher energywe calculated the central areal density=n/(asiné).
than phase ) in thin planar OCPs, and if its energy were The agreement fon = 1 to 5 between the planar OCP
plotted in Fig. 3 the line would overlay that of phasg.V theory and experiment, with measurements taken on differ-

The rhombic phase, phase 1V, was missed in two previent plasmas wittN<10*, is good(Fig. 5). This is somewhat
ous publications on the minimum energy states of thissurprising since the energy differences between competing
system>* This is because the previous publications did notlattices are extremely small, on the order of
perform a full numerical minimization with respect to all of 10™2e?/4meya,p Per particle. As the central areal density
the parameters of the model. Instead, only phases I, Ill, Vis increased, the lattice planes move further apart axially
and V. along with a few other symmetric phases, were[Fig. 5a)]. Eventually, it becomes energetically favorable to
considered. Although stability of these phases was checkefdrm an additional lattice plane. However, although the
by evaluating the normal modes of the lattices, it was nophase Y. was predicted to be slightly more favorable than
recognized that phase Ill becomes unstable to the rhombighase V(by energies on the order of 10e?/4eqa,p per
phase IV deformation, since this instability was suppressegarticle, we rarely observed M. (~10% of the timg. These
by the periodic boundary conditions. Fortunately, the energynd other minor discrepancies from theory may be due to the
of the rhombic phase is only slightly lower than that of phasefinite radial extent or the nonzero temperature of the ion
[1l, so the conclusions of the previous works concerning theplasma; we observed a similar preference for hcp stacking in
phase diagram of the system are only slightly altered. Immolecular dynamics simulations of small € 3000) lenticu-
particular, the maximum size of approximately 60 latticelar ion plasmas witH"=500.
planes required to observed bulk bcc behavior is  For the dependence of the anglebetween the primi-
unaffectedf’ tive vectorsa; anday) on central areal density, [Fig. 5(b)],

The transition to bulk behavior is shown in Fig. 4, which the trend was that, when a new lattice plane was fornded,
displays local minimum energy states for larger valuesof changed discontinuously from 60° to a higher value. As
There is a competition between the energies of the rhombie, of the crystal was further increased, smoothly de-
phase IV and phasegy which implies that the lattice struc- creased te-65° until there was a second discontinuous tran-
ture displays sensitive dependenceconp IOUafvszD~ 20— sition to a hexagonal structure. This second transition has
21, corresponding to approximately 60 lattice planes. Howbeen predicted to become continuous, wittassuming all
ever, beyond this range Mafvsthhis phase is only slightly values 60% 6=<90°, in liquid ('<80) bilayer system&
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FIG. 6. Intralayer angle of the central region for two ion plasmas with

1 9—11 planedleft) and 24— 26 planedright). The symbols are experimen-

E tal measurements as in Fig. 5, plotted versus rotation frequency. The lines
- are from theT=0 theory plotted as a function of the central areal density,
with dashes indicating that the structure is not predicted to be energetically
favorable. The four transitions imused to align the two abscissas are also
shown.

6 (degrees)
~
o
T
1 = 2 Plane transition

o

o

—————ilt

f

I
f
L

-z, 1)/la=+/2/3=0.816, phase IV is equivalent to H&¢d0
L S ordering, which is the predicted infinite volume ordering.

2 The increased axial extent of the plasmas required a
o sz modification in how the images of the structure were ob-
FIG. 5. (a) The interlayer structuréplane axial positions and displacement tained. For plasmas withz3 greater than the depth of field
vectorg and (b) intralayer angled of the central region as a function of the of the top-viewf/2 objective lens 80 wm), the cooling-
central areal charge density. The lines show predictions from theory, anfhser heam directed perpendicularlyBovas used to illumi-

symbols show experimental measurements. Also indicated is whether th . s .
lattices have an interlattice displacement vectocharacteristic of the hex- ﬁate a section of the plasma within the depth of figde

agonal phasescircles, thick lines or the square and rhombic phases FigS. 4b) and 8 below. The fluorescence from the ions out-

(squares, thin linés Lengths have been normalized Ay, p=10.7um. side this region illuminated by the parallel beam could be
made negligible by chopping the parallel beam with an op-
tical wheel and gating the CCD camera on only when the

The lines indicate the minimum energy structures predicted@rallel beam was blocked. This chopping technique was
by the analytic theory. At central areal charge densities nedf'SC 0ccasionally used with the side-view images in order to
phase boundaries, both phases could be observed. In thedS4Prove their spatial resolution. _ _

regions, the phase which materialized after the crystal was Figure 6 plots the measured and predicted intralayer
formed was initially random, but persisted if the ions wereangled of the central regions, for parameters near where the

not heated. Where there was not a strong preference for orfinar plasmla has 10 and 25 axial lattice [;Iane.;s. I?ecause the
phase over the other, both were plotted. experimental uncertainties amand 6 cause the calculates,

to have an unacceptably large scatter for a large number of
planes, the experimental measurements have been plotted as
a function of the plasma rotation frequency, which increases
monotonically withey. To match the observations with the
By increasing the number of lattice planes we have theory, the range of the plotted rotation frequencitm
been able to study the transition from the several plane reaxis) was adjusted to make the frequencies wherenthen
gime where surface energy contributions are important, to- 1 transitions shown in the figure were observed coincide
one where bulk energy contributions become more imporwith the theory predictions.
tant. The basic result as we increased the number of planes is Good agreement with the analytic theory continued to be
that bands of alternating phase IV and phases Vigrwere  seen with 10 planes: Phases IV and V qg\alternated as
observed, untik~30 planes were formed. Above this point, the energetically preferred structure, and the intralayer angle
phase IV with 6 within a few degrees of 70° andz{ @ of phase IV showed the expected decrease as the central
—z,-1)/a within a few percent of 0.82 was almost exclu- areal density of the crystal is increased. With a larger num-
sively seen. When#=_2arctan(1{2)=70.53° and £, bers of planes, however, phase IV occurred more often than

B. Structure in planar OCPs: 5 to 45 planes
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TABLE II. Incidence of phase I\Mbcc-like) in planar OCP<%).

n planes Experiment F0 Theory

5 50 40
10 52 35
20 76 31
25 90 31
33 >97 26
45 >97 34
60 100

) ) ) ) perpendicular beam
predicted(Table 1l). A plausible explanation for why this 500
occurs is the ions’ finite temperature. Dubin and O'Rfeil
have determined the free energy of various lattice types for
the planar OCP as a function of bathandI'. In Fig. 9 of side-view
Ref. 37 they plot which of the two main lattices, (td1) optics

and bc€110), has the lower free energy for the regimes (©)
200<I'<5000. They found that a¥' was decreased, the
areal density above which the tﬁﬂ:dO) phase is exclusively FIG. 7. Side-view(a) and topvieMb) im_ages of ap iqn cloud with rotation

. frequencyw, =27 X 63 kHz confined into a cylindrical shape due to the
favoreq decreases. For example, wh&n 600, be¢l10) is presence of centrifugally separated, heavier impurity ions. The viewing
exclusively favored fon>30. angle of the side-view optics is showtop-view) in (c).

C. Shell structure in small OCPs
Wh h ion f L d the ol the perpendicular laser beam was held fixed near the central
en the rotation frequency Is increased the pasmzEz=0) section of the plasma and the ion fluorescence pro-

changes shape from oblate to prolate, and the lattice planeg,.eq py hoth the parallel and perpendicular laser beams

near the plasma boundary bend in order to conform with the,o o integrated on the top-view camera. However, because

curvature of the boundary. The minimum energy structure aﬁ]e camera was also focused on the central section of the
PR

.these freglgnshconssts ‘ij conc?n'[glcggeellﬁ, eahch”made UP Blasma, this figure essentially shows a cross section of the
imperfect 2D hexagonal crystal sheéts.’ The shell curva- ¢ o1 structure neaz=0.

ture results in a loss of correlation between shells since the The ion plasma of Fig. 7 had 9 shells ¥e* ions that
2D lattices on different shells get out of phase as one MOVESare cylindrical near the middlezE&0) section of the

along the shell surfacé$ With small plasmas where bound- oo " e cylindrical shells were produced by the presence
ary effects are important, shell structure can be the minimu f heavier mass contaminant ions, which centrifugally sepa-
energy structure of the cloud; that is, the shell structure eXiStFated and produced a cylindrical boundary to the lightef Be

throughout the interior as well as near the plasma boundar){onsl Figure 7a) shows a resolved spatial structure in the

, She(ljl s}trtucture ha; bee%%g?ﬁ“g mgge:j in both PeNaxial direction and Fig. (b) in the radial directions. How-
ning and rt trap experiments. € Fenning trap experl- gy qr jn agreement with the simulations, the cylindrical shells
ment showed differences with the simulations in that the

X are not open ended, but are closed by a curved shell struc-
shells were observed to be open ended cylingeasallel to ture. The curvature of the shells near the ends of the plasma

thez axi9) rather than the predicted closed spheroidal shellsyas also observed in top-view images like Figp)avhen the

In order to investigate this discrepancy with the present traPperpendicular laser beam was directed near an axial end of
which includes the capability of taking side-view images, Wethe plasma. The reason for the frequent observation of open-
returned to the geometry of the previous experiments. Figurgnded cylindrical shells in the earlier Penning trap experi-
7 shows side{a) and top-view(b) images of shell structure ments is unknown, as we were not able to produce open-
obtained on a plasma &f=9000 B€" ions and 15,000 im- ended cylindrical shells in this work. For example,
purity ions. Neither image was strobed with the rotating-wallmisaligning the trap symmetry axis with the magnetic field

perturbation. by up to 0.3 mrad had no apparent effect on the shell struc-
In Fig. 7(a) the parallel beam was chopped at 1 kHz, andyre.

the side-view camera was gated on only when the parallel
beam was gated off. The perpendicular laser beam was th
translated up and down throughout the plasma, and the re-
sultant ion fluorescence was integrated over many transla- The formation of a structure in spherical plasmas with
tions of the beam, producing a slice of the shell structuranany ions has been studied experimentally using Bragg
cutting through the plasma near the:0 axis. The viewing diffraction*° Long-range orde(3D periodic crystallization
optics are at 60° with respect to the perpendicular bgighn ~ was found to emerge in plasmas with~50 000 iongradius
7(c)], which, along with the small offset of the beam from ry~37a,s). Bulk behavior(bcc crystals exclusivelywas

the r=0 axis, produced an image with the shell structureobserved in plasmas wittN>270 000 ¢,~60a,s, and
well defined on the right hand side of Fig.ay. In Fig. 7(b) lower limits to the crystal diameters of 17 andagg were

. Crystal structure in large OCPs
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plane of ions as shown in Fig. 2 could provide an alternative
2D geometry of trapped ions for studies of quantum comput-
ing or entangled quantum states.

In an approximately spherical plasma of 160 000 ions,
we have observed 3D periodic crystals with long-range or-
der. The crystals occupied the inner cylindrical core of the
plasma, and outside the crystal there was a complicated tran-
sition to the shell structure. We have not observed the ther-
modynamic liquid—solid phase transition predicted for the
bulk OCP, as our measurements have concentrated on the
correlations obtained at the coldest temperatytiesrefore
maximumTI') where the ion fluorescence is maximum. The
study of this phase transition in the bulk and 2D geometries
is an interesting direction for future studies with this system.

FIG. 8. Top-view images of a spherical cloud with 100 000 Bens and 60
000 impurity ions, with lines showing a fit to the bcc lattice structure with
the indicated orientation. The length of the perpendicular beam in the image
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