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Formation process of large ion Coulomb crystals in linear Paul traps
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We report on the results on various aspects of the formation of ion Coulomb crystals in linear Paul traps, for
plasmas containing from a few hundred to several thousand laser-c#dlgd ions. The presented studies
include observations of changes in emitted fluorescence, changes in plasma aspect ratio, and the formation of
shell structure, during the transition from the cloudlike to the crystalline state. The competition between rf
heating and laser cooling is observed to result in a very dramatic transition from the cloudlike disordered state
to a liquidlike state. After the liquid state is reached ordering into shell structure takes place as a continuous
process at even higher plasma coupling parameters. This is in contrast to earlier observations of few-ion
plasmas in hyperbolic rf traps.
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[. INTRODUCTION der in the form of a bcc structure has been observed at the
center of very large spherical ion crystals containing above
lon Coulomb crystal§l,2], a unique ordered state of mat- 10° ions[17] contained in a Penning trap. Also in Penning
ter, are formed by cooling an ion plasma, with a density oftraps, a variety of structures exhibiting 2D long-range order
the order of 16—10° cm 3, to temperatures in the mil- has been observed in large planar and very oblate crystals
likelvin regime. Reaching such low temperatures becamé&l6,17. In radio frequency Paul traps the attainable crystal
possible with the advent of laser coolifig]. Even though Sizes seem to be limited by the effect of rf heatjag].
only a limited number of ion species can easily be laser For large finite plasmas, simulations do not predict an
cooled, the effect of sympathetic coolifig,5] makes it pos- abrupt phase transition to the shell-structure sfag-21].
sible to form multispecies ion crystals consisting of a wideExperimental observations and simulations do, however,
range of atomic ions and even molecular id6s7]. Such  seem to indicate an abrupt transition to the ordered state for
single-species and multispecies crystals are a promising mé&w-ion plasmas confined in hyperbolic Paul trdfs18],
dium for performing a wide range of experiments in varioussSometimes described as a chaos-order trandfi6;22—23.
fields of physics. It has been proposed to implement a quanThe question of transitions between the disordered gaslike or
tum computer using a few ions in a string cryqig], while  cloudlike state and the spatially ordered state of such large
larger ion crystals might be a future storage medium forfinite ion crystals confined in radio frequency Paul traps is
quantum states of light and hence for quantum informatiorihe topic of this paper. We present results on the transition
encoded in light field§7,9]. The cold, well localized ions in  from the cloud state to the ordered state, for ion plasmas
ion crystals can also serve as targets for spectroscopy expeﬂontaining a few hundred to several thousand ions. The sig-
ments and might even constitute a future frequency standarficance of characteristic features of the fluorescence spec-
[10]. In the field of accelerator physics, crystalline ion trum of a laser-cooled ion plasma, during the transition to the
beams, offering the possibility to obtain unprecedented brilordered state, is discussed and the emergence of shell struc-
liance, have long been an elusive goal. Recently, howeveture and the change in aspect ratio, as function of the cou-
the observation of a crystalline ion beam in radio frequencypling parameter, are examined.
qguadrupole storage ring was reportgd]. Apart from the
possible applications, ion crystals have proven to be interest-
ing objects in themselves, being an example of a finite,
strongly coupled one-component plasma. While the infinite
one-component plasma shows relatively well defined phase The thermodynamic state of a one-component ion plasma
transitions between the gas, liquid, and solid stdge®cc is governed by the plasma-coupling paramétedefined as
structure, the finite plasmas show a more complex behavior.
Though a spatially ordered state is reached at low tempera- Q2
tures, this state does not display real long-range order, but
rather ordered structures defined by boundary conditions set
by the trapping potentials. These structures range from one-
dimensional1D) ion strings, over 2D planar crystals, to 3D whereQ is the charge of the iong; is the plasma tempera-
spheroidal crystals where the ions arrange themselves in coture, andayg is the Wigner-Seitz radius given bgg
centric shelld1,2,12—-16. However, real 3D long-range or- =(4/3wny) ', wheren, is the zero-temperature particle
density. Computer simulations show that the infinite plasma
enters a liquidlike state fof=2 [26], and an ordered crys-
*Present adress: Institute of Physics, SDU, Odense Universitfalline state fol'=170[27,28. The transition from a cloud-
DK-5230 Odense, Denmark. like through a liquid to a solid state in finite ion plasmas, has

II. STRONGLY COUPLED ONE-COMPONENT ION
PLASMAS
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been studied via molecular-dynami@glD) simulations of
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. . - ) - Image-
ion plasmas confined in 3D harmonic potentials. These pre- % intens?fied
dict that the ions first separate in concentric spheroidal shells CCD
and then, at even highét, order within the shell§19]. In z video
camera

MD simulations of spherical ion clouds containing a few
hundred ions, periodic oscillations of the ion density, as
function of the distance from the trap center, were already

Lens @
system <>

observed fol’=2 [19]. These oscillations were seen to have

maximum amplitude at the edge of the plasma.lAsvas
increased the amplitude of the oscillations increased, until
for I'=140 the density between shells was seen to go to zero. RN
Within each shell, however, diffusion persisted unfl BRsS M2
=300-400. Hence for 149I'<300 the plasma could be - = I

elescope

described as a solid in the direction perpendicular to the 2 N 00 m
shells, but as a liquid on the shells. Ho& 300-400, a near 1 VAV T Cmmarcar L] }
2D hexagonal lattice structure, adapted to the shell curvature, lens system —
was observed on the shells. Similar qualitative predictions |A o H = I— KDP
for the formation process have been made from MD simula- L yolaser SHG
tions of spherical crystals in radio frequency Paul traps, i.e., Casy
including the full time dependence of the rf figldl], and

for infinitely long, radially harmonically confined ion plas-

mas of _cyllndncallsymmetrjzzg.]. trap center to the surface of the electrodes. Two different
Previous experimental studies by other groups of the progang \vere used for the experiments presented in this paper,
gression of order in large lon plasmas W'Fh Increasing CouEjiffering only by the length of the center electrodes. The trap
pling parameter have been limited to a single Penning trap ey for the fluorescence observations in Sec. IV had 25-
experiment, where the state of crystallization at two differenty,y, jong center electrodes, which gave rise to a very weak
coupling parameterd, =50_5, andI'=180"7, was investi-  4yia| potential, where only very prolate ion crystals could be
gated[15]. However, in this experiment the different plasma- tormed. The second trap, used for the remaining experiments
coupling parameters were obtair_1ed through d.ifferent COO””Q)resented, had 4-mm-long center electrodes, making it pos-
schemes, and in two crystals with the same ion number buihie o create prolate, spherical, and oblate ion crystals.
different shape. Our group has previously reported observazoh, traps were normally run at effective radial trapping fre-
tions of shell structure formation in large plasmp3]. uencies of a few hundred kHz. The traps were placed in a
These results are in agreement with the more elaborate stugnyyy chamber with a typical background pressure of 2
ies presented in this paper. X107 Torr. The Mg™ ions were loaded into the traps
from thermal beams of neutral atoms. lonization was
achieved by electron impact, using a 1-keV electron beam.

, N _ The *Mg* ions were laser cooled on the 3S,,,—3p 2P
The ions are confined in a linear Paul t{&®] consistin i, . - 112 3/2
0] g _transition, which has a natural linewidify=45 MHz and

of four parallel cylindrical electrodes in a quadrupole con-. S : .
figuration. Each electrode is partitioned into three segmenté?c’ resonant with light at 280 nm. Light at this wavelength

By applying a dc voltagé) 4. to the eight end segments and \l;vas pfroducedAby frelquency dougli?g tlhe 560Tnm OUI?Ut
an rf voltageU  to diagonally opposite electrodes, an effec- €am Irom an Ar-ion 1aser pumped dye 1aser using a potas-

tive 3D harmonic confinement with cylindrical symmetry is sium dihydrogen phosphate crystal in an exiernal frequency

achieved. The axial potential is well described by do_ublmg cavity. Laser cool!ng was done along the trap axis,
using two counterpropagating laser beams of equal intensity,

obtained by splitting the 280-nm output beam from the ex-
ternal frequency doubling cavity. The light, spontaneously
emitted by the ions during the laser-cooling cycle, was moni-
tored by a photomultiplier tube or imaged onto an image
intensified digital charge-coupled devi@@CD) video cam-
era by a 15x magnification lens system, giving a spatial reso-
lution of approximately 1um. Laser frequency scan rates
were varied between experiments ranging from 80 MHz/

FIG. 1. Schematic overview of the experimental setup.

Ill. EXPERIMENTAL SETUP

1 2,2 2
<DZ(Z)=§MwZZ , 0;=2kQUy /M, (2
whereM andQ are the mass and charge of the ions and
a constant related to the trap geometry. Far
=2(QUy;/M r302)<1 the effective radial potential is given
approximately by

1 1 Q2U2 to 1.33 GHzs, depending on the monitoring system used. In
d,(r)= EM(wrz)rz, wf:wi_ Sw7, wi:m, Fig. 1 an overview of the experimental setup is shown.
0
()] IV. FLUORESCENCE OBSERVATIONS

whereU,; and() are the amplitude and the frequency of the  One of the well-known signs of emerging order in few-ion
applied rf field andro=1.75 mm is the distance from the plasmas in Paul traps has, from the first experiments, been
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FIG. 2. (a) Fluorescence spectra at different powers of the cool-
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CCD camera images as being in the crystalline state. In the
region 6~—300 to —150 MHz on the up-scan, ané~
—450 to —600 MHz on the down-scan, the fluorescence
dips are seen. These spectra show several interesting fea-
tures. First, a hysteresis effect is seen. The dip in fluores-
cence occurs for a smaller detuning in the up scan than in the
down-scan. Assuming that the dip marks a transition to a
more ordered state, this indicates that a larger laser-cooling
force is needed to make the transition into this state, than to
keep the ions in the state, once it is established. A similar
result was obtained for up to five-ion plasmas in a hyperbolic
Paul trap[1]. A second feature is the dependence upon laser
power. As the laser power is lowered the dip occurs at
smaller and smaller detunings as expected, since at lower
laser power a smaller detuning is needed to have equally
high cooling rates, but at the lowest laser power, cidyée

ion plasma never enters into the crystalline state. There is no
intensity peak at zero detuning. Still something resembling
the dip is seen, at a detuning that seems to lie in natural
continuation of the dips seen for higher laser powers. In Fig.
2(b) the fluorescence intensity as function of rf amplitldle

is shown. The background level has been offset by 100
counts between the different curves.B=30 V, curveA,

no fluorescence dip is discernible above the background

LG noise, but still we have a fluorescence peak at zero detuning,
100 - N and could, on CCD camera images, identify the plasma as
) being in the crystalline state close to resonance.Uj
03‘ T T T =60 V, curveD, a situation equivalent to the low laser
-1500 -1000  -500 o -500  -1000 -1500 power scan is seen: No crystallization, but still the rise in

fluorescence normally indicating the beginning of the fluo-
rescence dip.

ing laser. Curve A: P curve B: 057 curve The fluorescence dip can be seen as a result of a compe-
C. 04%- . and curveD. . 0.37P... The .bacfgrxéund leve| lition between the rf-heating effect and the laser-cooling
. . max: . . max- . . . .

has been offset by 200 counts between the different curi®s. force_[25]. This is supported by Fig.(B), sh_owmg that t,he rf .

Fluorescence spectra at different rf amplitudes. Cutve U,  amplitude has a strong effect on the size of the intensity

=30 V, curveB: U,=40 V, curveC: U,=50 V, and curve change at the fluorescence dip, and that for sufficiently high

D: Uy=60 V. The background level has been offset by 100ff amplitude, no crystallization occurs. Also, in Penning

counts between the different curves. traps, where no rf heating is present, no fluorescence dip is
observed32]. It has been argued that the fluorescence dip, a

the appearance of a sudden drop in fluorescence [dyel resu]t of a sudden qarrowing of the ion ve_Iocity distribution
here referred to as thiorescence dipThe fluorescence dip €ading to a reduction of the number of ions in resonance
can be observed by variation of the laser-cooling force or riVith the frequency detuned laser, is an indication of the tran-
amplitude[1]. In this paper, the fluorescence level as a func-Sition between cloud and crystalline stafe$ For small ion
tion of the laser-cooling force is studied by changing theblasmas containing 1_‘|ve or less ions, confined in a hy_perpohc
laser frequency. The fluorescence intensity was monitored b§aul trap, observations have confirmed that, starting in a
a photomultiplier tube. Figure(@ shows the fluorescence as cloud state, an ordered structure is present after the 1dip

a function of laser detuning for different laser powers. The@nd vice versa. Whether this result can be generalized to
background level has been offset by 200 counts between tH&rger ion plasmas is one of the main questions raised in this
different curves. The detuning is first scanned towards resd?@Per. Based on the observations presented above we con-
nance. Just before reaching resonance, close to the optimuiide that the observation of a fluorescence dip is not a nec-
detuning for laser cooling; \/2, the scan is stopped, and the €SSary condition for reaching the crystalline state, see curve
laser is scanned back towards an initial detuning of* N Fig. 2b). Whether observation of a fluorescence dip is a
—4 GHz. All detunings,s, given in this paper are with re- s_,uff|C|ent (_:on(_jltlon for |fjent|fy|ng a _transmo_n into a crystal-
spect to the optimum detuning T'y/2. The frequency scan line state is discussed in the following sections.

rate employed in the experiments described below was
1.33 GHz/s-30I'y/s [31]. On all curves, except for the
low-power curve(curve D), a peak is seen at a detunidg

~0 MHz. This is the fluorescence signal from the cold ion  The outer shape of an ion crystal has been found to be
plasma, which at the minimum detuning was identified onwell described by a zero-temperature charged liquid model

V. ASPECT RATIO OF STRONGLY COUPLED PLASMAS
DURING FORMATION
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0.5¢ FIG. 4. CCD images ofa) small prolate crystal containing ap-

proximately 200%*Mg* ions, (b) large prolate crystal containing
approximately 2803“Mg™ ions, (c) small oblate crystal containing
approximately 175*Mg™ ions, (d) large oblate crystal containing
FIG. 3. The relation between the ratio of the axial and radialapproximately 110G*Mg* ions.
oscillation frequencies and the crystal aspect ratio for a zero-
temperature charged liquid, solid line, and for weakly coupled parPictures of the four crystals are shown in Fig. 4. The image
ticles in thermodynamic equilibrium, dashed line. intensified digital CCD camera was used for monitoring both
the total fluorescence and the spatial distribution of the ions.
[7]. For a zero-temperature charged liquid confined in a cyThe measurements were performed by scanning the laser
lindrically symmetric 3D harmonic potential, the equilibrium from a detuning of—-2 GHz towards resonance and back
shape is a constant density spherid@]. The aspect ratio of again. The frequency scan was performed at a scan rate of
the spheroid, defined as the ratio between the spheroid hali25 MHz/s for the small crystals and 80 MHz/s for the large
lengthL and radiuskR, «=R/L, depends on the ratio be- crystals. At frame rates of 5 frames/s this gives a frequency
tween the axialw,, and radial,o,, oscillation frequencies resolution of the images of 25 MHz/frame-{"/2) for the
of the trapping potential. Based on the calculations in Refsmall crystals and 16 MHz/frame<(I"/3) for the large crys-

25

[33] the following relations can be shown to be valid. tals. The total fluorescence from the ions was obtained from
In the oblate casey=R/L>1, the images by integrating the fluorescence counts over all
pixels.
w_?_ _, sin {(1-a ?)"—a(l-a ) @ Figure 5 shows the fluorescence spectra and the aspect
w2 sin{(1—a )Y ¢~ (1— a2’ ratios_for the different cryst_als, as a fgnctic_)n _of t_he laser
detuning. Due to the variation in density distributions for
and in the prolate case,=R/L<1, different coupling parameters, three different measures of the
aspect ratios are given. The direct measure of the aspect ratio
w? sinh Yo 2—-1)12— g(@ 2-1)12 is obtained by measuring the minor and major axes in the
— == (5 ellipsoid formed by the projection of the outer shell onto the
r

® Sinh—l(a—2_1)1/2_ a,—l(a—2_1)1/2'

image plane, for the crystal image recorded at the smallest

The relation between the ratio of the trapping frequencieﬁlﬂ‘:Ser detuning. In practice, this was done by extracting the
i

and the plasma aspect ratio, as found above, has previous etails in the image by subtracting the relatively slowly vary-

. e . X g fluorescence contributions from ions performing micro-
been shown to be valid for liquidlike ion plasmas in Pennmgrnotion in the image plang35]. The axial and radial posi-
traps[34] and, for not too extreme aspect ratios, for single,[ions of the outer shell wefe then found by making a
and multispecies ion crystals in radio frequency Paul traps . : ;

[7]. Equations4) and(5), are shown in Fig. 3, together with ?)rOJectlon of a slice through the center of the crystal, in the

the relation for weakly counled particles in thermod namiCdetail enhanced version of the image, onto the axial or radial
S y pied p o plane, respectively, and subsequently doing a Gaussian fit to
equilibrium, = w,/w, . As can be seen, the aspect ratio, for

. o he intensity distribution in th hell. After havi -
a given value ofv,/w, , can be quite different for the weakly the intensity distribution in the outer shell. After having mea

. . . sured the major and minor axes using thi hni h
coupled case, i.e., particles in a hot cloud, and the strong| ) g this technique, the

. X . e . ¥ctual direct measure of the aspect ratio was calculated using
coupled case, i.e., particles in the liquid to crystalline phasethe expression

Also the density distribution of the ion plasma changes from

being a Gaussian distribution at high temperatures to being a Ry oact 14842

uniform distribution in the liquid low-temperature state, with q= —meas’ ZTTFW (6)

emerging shell structure at even lower temperatures. In this Zeast 148w d2’

section and the following section, experiments, aimed at in-

vestigating how the aspect ratios change as the coupling pathere 1.48,,42, approximately equal to half the intershell

rameter is increased, especially near the fluorescence dippacing 20], is added to emulate a constant density distribu-

and investigating whether or not shell structure is presention. This measurement method has previously been used to

right after the fluorescence dip, are presented. demonstrate that Eq&l) and(5) correctly describe the shape
The shell-structure formation and aspect ratio changef single-species and multispecies ion crystals in radio fre-

were investigated for four different crystals, a small and aquency Paul trapg7]. It is of course only applicable for ion

large prolate crystal and a small and a large oblate crystaplasmas in the shell structure phase. The aspect ratio com-
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FIG. 5. Fluorescence lev@ (the curve is a guide to the eyand aspect rati®/L for (a) the small prolate crystal shown in Fig(a},
(b) the large prolate crystal shown in Fighd, (c) the small oblate crystal shown in Figgch and(d) the large oblate crystal shown in Fig.
4(d). In all graphs aspect ratios derived from Gaussian fits are marked byageayd constant density spheroid fits are marked\byThe
dotted line marks the aspect ratio determined from the direct measure, i.e., equivalent to the zero-temperature charged liquid model
prediction, while the dashed line marks the corresponding aspect ratio for weakly coupled particles. The error bars indicate the uncertainties
from the fits.

puted using this method was used to calibrate the value dhrough a constant density spheroid. The linear density dis-
w,/w,, in all cases giving values well within the uncertainty tribution of a cross section through the center of a constant
of the measured,/w, . density spheroid is given by
The aspect ratio was also measured by making a Gaussian
fit to the intensity distribution of a projection of a radial or (£9—£)2
axial cross section through the center of the original image. Nege=No\/1————
The aspect ratio was then computethaso, /o,, whereo, Eedge
and o, are the Gaussian widths obtained from the fits to the
the radial and axial cross sections. These measurements avbere Ao is the maximum intensity¢ denotes either the
referred to as Gaussian fits in Fig. 5 and are the best estimatadial, r, or axial, z, coordinate ¢y denotes the radiat,y, or
for aspect ratios when the ion plasma is in the gas phasexial, z,, crystal center, and,y4cdenotes the position where
However, in the liquid and shell-structure phase the Gaussiathe intensity is equal to the background level, i.e., the plasma
fits are not very good estimates. half-width, whererqqe is the plasma half-width obtained
Finally, the aspect ratio was calculated by fitting the meafrom a fit to the radial projection ang,qq. is the plasma
sured intensity distributions in the cross-section projection$alf-width obtained from the fit to the axial projection. The
to the intensity distribution obtained from a cross sectionaspect ratio was then computed@s r ¢ yge/ Zegge- The con-

@)
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stant density spheroid distribution was generally seen to be a 140 24

very good estimate close to the dip. However, the fit to dis-
tributions with pronounced shell structure in some cases
gave an overestimate of the crystal width, see later discus-
sion.

In Fig. 5@a) the aspect ratio for the small very prolate
crystal containing approximately 200 iofisee Fig. 4a)] is
shown. On the laser frequency up-scan, the aspect ratio is
seen to decrease with decreasing detuning and to reach a
constant level, equivalent to the aspect ratio given by the
direct measure and to the predictions of the zero-temperature
charged liquid model, at the point of the fluorescence dip at y
6=—200 MHz. On the down-scan, a discontinuous jump to AN :
a higher aspect ratio is observed in connection with the fluo- 0 ial Position [‘:n1m] 015
rescence rise ai=—500 MHz, while on the up-scan only a
small jump in aspect ratio is seen. FIG. 6. A projection of an axial cross section through the center

An almost similar behavior is seen in Figbh, where the of the large oblate crystal is shown at two different detunir@s,
fluorescence level and aspect ratio for the large, 2800-iormarks the fluorescence at-0 MHz, with respect to the optimum
prolate crystal are shown. However, here a jump in aspedtetuning for laser cooling, pronounced shell, or planar, structure is
ratio at the d|p is 0n|y visible on the down-scan, while aclearly visible.O marks the fluorescence at- —100 MHz, where
more continuous transition is observed on the up-scan. Due ion plasma is in the liquid state. The outer edge of the plasma is
to the large number of ions, it was possible to make fits to thé€en to coincide in the two cases.
intensity distributions even at large detunings, where the as-
pect ratio for uncoupled particles is approached. From the

80 |

2]
o
T

Fluorescence at5~0 MHz [arb. units]
8
T

N
=]
T

[suun -que] zHW 011- ~@1e 9ousosalon|4

image of the large prolate crystal shown in FigbMit is al b (2) (X=X0)?lx,z

clear that the crystal contains some impurity ions, situated in M,= , (8)
the outer shell of the cryst&B6]. Due to the presence of dark |

ions, only the lower halfin the image of the crystal was all pixels (x,2)

used for obtaining the Gaussian and constant density spher-

oid fit. The center was found from the Gaussian fits of thewherex, is the weighted center along tlxeaxis, see Fig. 1,
plasma in the gas state, where the different species are sugndl, , is the intensity in the point with coordinates, ).
posed to mix. M, is calculated according to a similar formula. In Figs. 7

In Figs. Hc) and §d) fluorescence level and aspect ratiosand 8 the second intensity moments in the radial direction,
for a small, 175-ion, and a large, 1100-ion, oblate crystieé

Figs. 4c) and 4d)] are shown. The aspect ratios derived () 15

1800

from the fits deviate somewhat from the directly measured J12F ,-\‘ " u
and predicted aspect ratios, however, an increase in the fluo- <~ o.sf W tas0 §
rescence level up to the fluorescence dip on up-scan is ob- ;x 0.6F $% J 900 8
i i i 0.3F A o 1 2
zttarsvrﬁg Iiiggtll;]nti)r?g;g cases a relatively constant level is reached S By M ﬂfo | M %ﬁx‘f“mﬁ“ 450 §
) i ) -1000 -500 0 =500 =1000
In general, the aspect ratios obtained from the constant Detuning [MHz]

density spheroid and the Gaussian fits agree rather well, (b) 1.5¢
however, the agreement between the fits and the direct mea- _ 1-2§
surement is most convincing in the case of the prolate crys- = 0.9¢
tals. The deviations in the case of the oblate crystals are gx 6t
attributed to the fact that both types of fits were not particu- - ]
larly good in the case of pronounced shell structure. In the %1000 -500 0 T.500 1000
oblate crystals this effect is worse, since the density along

the axis almost goes to zero between crystal planes, see Fig. ©) :
6. Such large density modulations, with sharp peaks right at 2 45F
the edge of the crystal, cause an overestimate of the crystal 2 o.sf
widths in the fits. Even right after the dip, where shell struc- =" 0.4F

ture is not yet establishe@ee later, an overestimate in the 0.2

1.2

|

N
£
o
o

axial plasma width is seen due to large density fluctuations in %1600 21000 500
the ion plasma; see, e.g., Fig. 6.

The effect of the sharp outer peaks is also seen in the F|G. 7. Radial second intensity moments, normalized to the
radial and axial second intensity moments of the crystalsyalue at resonanc®. Integrated fluorescenc®. (a) The large
calculated directly from the background subtracted imagesprolate crystal(b) the large oblate crystal, ard) a scan towards
as resonance at a laser power too low for crystallization.
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FIG. 8. Axial second intensity moments, normalized to the value 8 ool ]
at resonancd®. Integrated fluorescend®. (a) The large prolate g
crystal,(b) the large oblate crystal, arid) a scan towards resonance I 2000 [ 1
at a laser power too low for crystallization. ki 1800
e a ]
M,, and in the axial directiony,, respectively, are shown £ 1600 A -
for the two large crystals, Figs.(l#) and 4d), at various
detunings. For comparison, a scan towards resonance at a 14000 Pl nd

laser power too low for crystallization is also shown. The -1500 -1000 -500 O  -500 -1000 -1500
second intensity moments are normalized to the value at Detuning [MHz]
resonance. In both cases where a crystal is formed, the fluo-

300 12

(c

rescence dip is associated with a volume contraction, result-

ing from a contraction in one or both of the radial and axial 2 o250l 11
directions. After this contraction an increase in the second ]

intensity moments is observed. This is due to the fact that a 2000 io
shell-structure distribution, with a sharp outer peak at the WM/A/WWWM

1
crystal edge, will have a larger second moment than a con- H
G

~

150
stant density spheroid distribution. Hence the increase in sec-

ond intensity moments is not an effect of an increased radial ]
or axial position of the outer edge of the plasma. In Fig. 6
this is clearly shown. Here the projection of an axial cross
section through the center of the large oblate plasma is J
shown at two different detunings. The outer edges of the

ordered and the liquid plasmas are seen to coincide, even - -0.05 a 0.05 0.1
though the second moments differ for the two cases. In the Transverse Position [mm]
Cose et I o P 1 10 o o Sstale e O i . Sl fomaton n e smal ol i

! . - shown in Fig. 4a). a. Projections onto the-axis of cross-sections

Cenc.e is observed at small detunings. In this I‘.”ISt Case’. the tflrough the center of the ion plasma are shown at 4 different detun-
heating overcomes the effect of the laser-cooling, leading tg,

. ) . N i : gs, A-D, indicated in Fig. @), during the scan towards reso-
a rapid heating of the ion cloud, resulting in large ion dIS'nance. The background-level has been offset by 200 counts between

placements and velocities, bringing the ions out of resonancge gifferent curves. Curve E, shown on a different scale, displays
with the cooling laser. the cross-section in the fully crystallized state. b. The integrated
To summarize, changes in aspect ratio as function ofiyorescence level during the frequency scan towards resonance,
plasma coupling parameter were studied by varying theind back again. c. Projections onto the x-axis of cross-sections
laser-cooling force via the laser detuning. In the case of prothrough the center of the ion plasma are shown at 4 different detun-
late ion plasmas, an increase in the coupling parameter leagsys, F-I, indicated in Fig. @), during the scan away from reso-
to a decrease in aspect ratio. In the cloud state, the aspeince. The background-level has been offset by 100 counts between
ratio was seen to decrease continuously, while at the fluoreshe different curves. Again curve E, the cross-section in the fully
cence dip a more or less pronounced discontinuous change ¢toystallized state, is shown on a different scale.
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FIG. 10. Shell-structure formation in the large prolate crystal shown in Fiy. &) Projections onto th& axis of cross sections through
the center of the ion plasma are shown at two different detunings, far from resonanceAcangeat resonance, cur# indicated in Fig.
10(c). (b) Projections onto the& axis of cross sections through the center of the ion plasma are shown at four different detBrifgs,
indicated in Fig. 1(c), during the scan towards resonance. The background level has been offset by 25 counts between the different curves.
CurveF, shown on a different scale, displays the cross section in the fully crystallized(s)afée integrated fluorescence level during the
frequency scan towards resonance, and back a@hiRfrojections onto tha axis of cross sections through the center of the ion plasma are
shown at two different detuning§ andH, indicated in Fig. 1), during the scan away from resonance. The background level has been
offset by three counts between the different curves. Again chrule cross section in the fully crystallized state, is shown on a different
scale.

a lower value was observed. The minimum aspect ratigition into the liquidlike state is obtained, see Fig&)and
reached was seen to be in good agreement with the predi@b). This indicates that at these detunings a critical state or
tions of the zero-temperature charged liquid model. For obdensity is reached, where either laser cooling wins and the
late crystals an increase in aspect ratio towards an almogin cloud collapses into the liquidlike state, or rf heating
constant level, deviating somewhat from the predictions ofwvins leading to rapid heating of the ion cloud.

the zero-temperature charged liquid model, was observed for
increasing coupling parameter. Accurate and comparable
measurements of the aspect ratio over a large range of de-
tunings are made difficult by the fact that no single method Apart from the significant changes in aspect ratio, the
was found, which could be used to measure the spatial extefdrmation of shell structure in the four cases discussed above
of the ion plasma in the cloudlike, liquidlike, and shell- was also studied. Figure 9 displays the spatial structure in the
structure phases. Finally, the fluorescence dip was seen to senall 200-ion prolate crystal discussed above, at various de-
associated with a volume contraction. In the cases where thenings. The projections shown, are projections onto xhe
laser power was too low for crystallization, the reverse effecaxis of radial cross sections through the center of the ion
was seen, and an increase in volume was observed at smplasma. The images, and hence the projections, show fluo-
detunings along with a drop in fluorescence level. The dropescence contributions both from ions situated close to the
in fluorescence, in the cases where the transition to the ligx-z-center plane, these perform micromotion in thdirec-
uidlike state is not made, happens at a detuning that seemstion and cause the well defined shell structure visible in pro-
lie in natural continuation of the detunings at which a tran-jections and images, and from ions situated out of the

VI. SHELL-STRUCTURE FORMATION
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x-z-center plane, performing micromotion in thelirection, a. ' T T T ] 2800

giving rise to a blurred fluorescence background over the
extent of the crystal. Hence, in the images and projections
the fluorescence level between the shells would not go to
zero even in the case of complete crystallization. For clarity
the background level has been offset between the different
curves(see figure caption Pronounced shell structure is vis-
ible right after the dip, curveC, indicating that the drop in
fluorescence and the transition into a crystalline state take
place simultaneously. This is in agreement with previous ob-
servations of small ion plasmas in hyperbolic Paul traps,
showing that right after the dip, the ions were spatially or-
dered. Just before the fluorescence dip, cukye density
distribution with a broad Gaussian base and large density
fluctuations in the center of the plasma are seen. On the b
down-scan, however, the shell structure appears to be gone '
before the fluorescence rise &=750 MHz, curveG, but
the outer radius is still equivalent to the radius of the shell-
structure state, and even in the image right before the fluo-
rescence rise, curvd, a weak indication of peaks is seen at
the positions of the shells. Curyeshows the cross section
right after the dip, where the plasma has returned to the
cloudlike state.
In Fig. 10 similar measurements on the large 2800-ion
prolate crystal are shown. Cur#eshows the cross section of
the ion plasma in the cloudlike state, while cufveshows
the fully crystallized ion plasma. For the large crystal shown
here, the shell structure does not appear right after the dip, sen Trome aon T T e e i so0
see curve€ andD. A number of peaks are present, but these Detuning [MHz]
appear, as often as not, at positions where no shells are ob-
served to be present in the Crysta”ine state at smaller detun- FIG. 11. Shell-structure formation in the small oblate crystal
ing, compare curve€ andD with curvesE andF. Real shell shown in Fig. 4c). (8) Projections onto the axis of cross sections
structure is observed at a detuning & —50 MHz from through the center of the ion plasma are shown at four different
the optimum detuning, curve, while the fluorescence dip 9etunings,A-D, indicated in Fig. 1(b), during the scan towards
occurs at a detuning 0d=—160 MHz, curvesB and C. resonance(b) The integrated fluorescence Ievc_el during the fre-
Similarly on the down-scan, the shell structure disappear§Uency scan towards resonance, and back again.
before the fluorescence rise, see cuB/&hese results are in
good agreement with our previous studies of shell-structuréon of the cross section right after the dip, &=
formation in large crystalgl3] and indicate that for large ion —225 MHz, curveA, is shown. Some peaks in intensity are
crystals a liquidlike state, as opposed to a crystalline state, i8een, but for example, the central peak is missing, indicating
reached at the fluorescence dip. that complete shell-structure ordering is not yet reached.
Even though shell structure appears at a smaller detuningven at a detuning ob=—125 MHz, curveB, the shell
than the fluorescence dip, the measurements show that spztructure is still not completely defined. In Fig. 12 cross sec-
tial separation of different mass ions, see Réf], takes tions obtained at detunings belodi=—80 MHz, well be-
place right at the fluorescence dip. This is further indicatingow the detuning of the fluorescence dip&t —190 MHz,
that at this point the liquidlike state is reached. The smallare shown. Atd)=—80 MHz, curveA, no pronounced shell
number of impurity ions present in the crystal are seen to bstructure is present, but some modulation of the fluorescence
located in the uppslin the image outer shell. This gives rise intensity is seen, especially, some peak structure is visible at
to an asymmetry in the shell-structure profile in the crystalthe edges of the plasmas. At a detuningdef —65 MHz,
line state compared to the Gaussian profile in the cloudlikeurve B, weak indications of peaks at all shell positions are
state, compare curves and F in Fig. 10. The segregation Vvisible. These become gradually more pronounced as the de-
between the different mass ions is identified by noticing thatuning is further decreased, see cur@skF.
this asymmetry in the cross-section projections appears right In conclusion, even though shell-structure ordering is ob-
after the dip, compare curves and F. Right after the dip, served right after the dip in the case of the small 200-ion
curveC, the outer radius is seen to be similar to the radius oforolate crystal, this is not the case for the larger crystals, or
the plasma in the crystalline state, cuive for the small 175-ion oblate crystal. However, in all cases the
In Figs. 11 and 12, projections onto tkeaxis of cross fluorescence dip is associated with a contraction in both the
sections through the center of the small and the large oblatedial and axial directions, and also with a spatial segrega-
plasmas discussed above, are shown. In Fi¢a)1a projec- tion of different mass ions.
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FIG. 13. Huge liquid *°Ca’ plasma formed by resonance-

9500 o
enhanced two-photon ionization.

i
£

9000
ping was done using an acousto-optic modulator at frequen-
cies between 100 kHz and 1 MHz. The digital CCD video
camera with a gateable image intensifier was used such that
signal was only transmitted, when the cooling laser was off.
However, no further shell structure was seen in the path of
the tightly focused probg39]. We therefore expect that the
plasma-coupling parameter of such huge plasmas must be
aroundI’~20, see Fig. 3 in Ref{21], corresponding to a
plasma in a liquidlike state at a temperature around 100 mK.
Earlier experiments show that starting from a plasma of
B0 00 similar size in the cloudlike state, it would not have been
Detuning [MHz] possible to reach the liquid phase. This is due to the fact that
while the laser-cooling force saturates at some value specific
FIG. 12. Shell-structure formation in the large oblate crystalfor the ion-species cooled, the micromotion amplitude, and
shown in Fig. 4d). (&) Projections onto th& axis of cross sections hence also the rf heating, keeps on growing with increasing
through the center of the ion plasma are shown at six differengrystal radius. Hence in this case the laser-cooling force
detunings,A—F, indicated in Fig. 1@), during the scan towards \yqy|d not be sufficient to overcome the large rf heating dur-
resonance(b) The integrated fluorescence Ievz_el during the fre-mg the volume contraction prior to the transition from the
quency scan towards resonance, and back again. cloudlike to the liquidlike state, and a transition to the
liquidlike state with the associated dip in fluorescence would
In the case of very large ion crystals containing4100° not occur. Instead rf heating would win, causing rapid heat-
ions, the fact that no shell-structure ordering is present afteing of the cloud and spatial expansion, see Figs) and
the dip becomes even more obvious, since in some of theskc). In the case of the liquid plasma shown in Fig. 13 the
cases it was not possible to reach the shell-structure phaselaser-cooling force is sufficient to keep the ions in the liquid
all. state once it is created, but not sufficient to fully crystallize
It has previously been demonstrated by our group that it ishe ion plasma. Why these huge plasmas could not be cooled
possible to load ions directly into the liquidlike state and forto temperatures sufficiently low for crystallization, is un-
small ion plasmas even directly into the crystalline state usknown. One theory is that the rf heating, due to the huge
ing the technique of resonance-enhanced two-photon ionizamicromotion of the outer-shell ions, pumps enough energy
tion [37]. This method makes it possible to form huge into the system to maintain a steady state at relatively high
liquidlike plasmas showing some degree of shell structuretemperatures, even in the presence of laser cooling.
Such a plasma is shown in Fig. 13. It contains approximately Molecular-dynamics simulations of both smal0], and
40000 “°Ca’ ions, which in the crystalline state would be larger systemf21,41], show that for completely ordered sys-
arranged in 22 shells. The plasma shown in Fig. 13 is, howtems, rf heating is negligible. In fact, the simulations of crys-
ever, not completely crystallized. One or two outer shells ardgals containing 1000 ions, presented in R&fl] show that
visible, but no further shell structure is seen. That this is nothe rate at which kinetic energy is coupled from the rf motion
only a consequence of the huge extent of the ion plasmanto the secular motion, increases quadratically with tem-
causing the shell structure to be wiped out by the fluoresperature, and that fdf> 100, rf-heating times of the order of
cence of a huge number of ions moving in the image planehours, is to be expected at typical trapping conditions. How-
was checked by sending a tightly focused probe laser into thever, these simulations did not include collisions with back-
center of the crystal, and chopping the cooling 1d88] in  ground gas particles. The interplay between such collisions
phase with a gate pulse for the image intensifier. The chopand very energetic micromotion will surely have a significant
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heating effect. Hence, even though it is possible to circumhowever, note that for few-ion plasmas there would be no
vent the regime of large rf heating during the contraction inreal difference between a liquidlike and a solidlike state,
the cloudlike state and create huge ion plasmas containingjnce it would not be possible to tell short-range and long-
10° ions in radio frequency traps, by loading directly into arange spatial correlations apart.

crystalline or liquidlike state, it remains unclear whether an

ordered state in such large plasmas, even once it is estab- VIIl. CONCLUSION

lished, could be maintained, in the presence of collisions i ] ]
with residual gas atoms. We have studied the formation process of large ion Cou-

lomb crystals in a linear Paul trap. The experimental results
VII. THE SIGNIFICANCE OF THE FLUORESCENCE DIP presented in this paper show that for large ion plasmas in

radio frequency Paul traps the transition from a disordered

Based on the observations described above, we concluddoud state to a liquidlike state is associated with a volume

that the fluorescence dip, in general, is not an indication of @ontraction to a finite volume identical with the volume of
transition into a shell structure, or fully crystalline, regime. the fully crystallized ion plasma, a change in aspect ratio
Our observations indicate that the fluorescence dip marks thiewards the aspect ratio expected for a zero-temperature
transition into a liquidlike state, and that the formation of charged liquid and, in most casésxcept at very low rf
shell-structure ordering evolves as a continuous process frommplitude$, a drop in fluorescence level. This abrupt transi-
that point. This is also in agreement with molecular-tion between the cloudlike and liquidlike states was ex-
dynamics simulations, showing that no real phase transitioplained as a result of the competition between the laser-
between the liquid and shell-structure state takes place inooling force and the rf heating. Once in the liquidlike state,
finite plasmad19,21], even when the full time dependence the formation of shell-structure ordering was observed to
of the confining fields is includef®1]. Our observations are, evolve as a continuous process as the plasma-coupling pa-
however, not in disagreement with earlier observationsrameterl” was further increased. Based on the presented re-
showing that, for small ion plasmas, spatial ordering issults we conclude that the observation of a fluorescence dip
present immediately after the dip. Indeed, we observe thé neither a necessary nor a sufficient condition for identify-
same correlation in the case of small prolate plasmas. We dimg a transition into the crystalline state.
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