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Phase transitions of stored laser-cooled ions
R. Blimel, J. M. Chen, E. Peik, W. Quint, W. Schleich, Y. R. Shen” & H. Walther

Masx-Planck-Institut fiir Quanienoptik, D-8046 Garching, FRG

Single ions in miniature traps can be imaged by using laser light to stimulate fluorescence radiation. At the same iime,
radiation pressure can be used to bring them nearly to rest. When a small number of ions are trapped. phase transitions
can be observed between a chaotic cloud and an ordered crystalline structure, depending on the degree of laser cooling.

THE behaviour of charged particles in an external potential has
been discussed frequentiy in different contexts. Examples
inciude the Thomson ‘raisin model'' and strong electrolyte sol-
utions. treated by Debve and Hiickel®. The first quantum treat-
ment of the problem was presented by Wigner® who proposed
a new phase of the degenerate electron gas, the Wigner crystal.

Experimental studies of charged particles in an external
potential reached a new stage after the invention of ion-traps*”*,
The first observation of crystallized charged particles stored in
a Paul-trap was reported for aluminium microparticles (20 pm
diameter. 10" times the elementary charge) by Wuerker et al®,
when cooling was achieved by a light background gas. Repeated
cryvstallization. of the particles to a regular array and its sub-
sequent melting were abtained by variation of the storage poten-
tial and the cooling force. Laler, experiments were reported”™®
with Be -ions in a Penning-trap™'®. The ions were cooled by
radiation pressure’'"'* and it was claimed™ that plasma para-
meters'*'* inamely the ratio between the potential and kinetic
energies of the tons) were high enough for crystallization to be
feasible. The observation of the crystallization of Mg” ions in

a Paul-trap to an ordered structure, its melting and recrystalliz-

ation Ithal is. phase transitions) were then reported'“'". Later,
the vibrationa!l frequencies of small ion-clusters of Hg™ ions
were measured™".

Pure electron plasmas have also been produced. Thev bear
the exciting possibility that the quantum regime may be reached
at low temperatures’ ' ~*. Recently the problem of ion-crystal
formation™ ¥ in strongly coupled Coulomb systems®®*! found
additional interest in connection with the new ion storage rings
with electron- and laser-cooling™ .

The Paul-trap has so far been directed mainly towards using
a single ion'** for high-resolution spectroscopy” ™ and as a
frequency standard®’, which could easily surpass the accuracy
of modern Cs atomic clocks™.

Here we concentrate mainly on few-body phase transitions
that occur for a small number of ions in a2 Paul-trap between a
chaotic cloud and an ordered crystalline structure. We describe
our recent experimenial and theoretical work on this subject.
In particular, we focus on the following questions: what keeps
ion-clouds and crystals stable? What are the parameters control-
ling the transitions between these two phases, and what is the
mechanism?

Description of the trap

Cenitral to our experiment is a radio frequency (r.f.) Paul-trap®.
This device grew out of the work on quadrupole mass filters™.
Our Paul-trap tsee Fig. 1 and ref. 46 for technical details} is
larger than most other traps used in laser experiments. The
frequency of the r.f. field, f. had a value of /=11 MHz. For the
measurement of the secular and vibrational frequencies of ion
crystals, an additional a.c.-voltage can be applied between the
ring and the two end-cap electrodes.

* Permanent address: Department of Physics, University of California,
Berkeley, California 94720, USA,
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Fig. 1 Sketch of the ion-trap. The fluorescence light Is shserved

through & hole in the upper end-cap. The ionizing electran beam

enters through a hole in the lower end-cap. Both holes arecavered

by a fine molvbdenum mesh in order not o distort the trapsotentiat
(for details see ref. 46+,

Our trap is mounted inside an ultra-high vacuum chamber
and is loaded by a thermal beam of neutral Mg atens which
are ionized close to the trap’s centre by an electron bean:entering
the trap through a small hole in the lower end-cap. Tie neutral
Mg beam and a laser beam are passed through the gagbetween
cap and ring electrodes. The laser excitation serves twogurposes:
on one hand it detects the ions by laser-induced flusrescence
on the transition 35;..- 3P;.; of Mg", and on the other it cools
the ions by radiation pressure’'"'*. For this purposcthe laser
frequency is red-shifted by an amount A with respict to the
resonance transition (negative detuning). The large sze of the
trap affords a large solid angle for detecting the fliorescence
radiation either with 2 photo-multiplier or a photoncounting
imaging system (Hamamatsu, ARGUS or PIAS). Te observe
the ions, the cathode of the imaging system was plazd in the
image plane of the microscope objective attached w the trap
(Fig. 1).

Outline of the theory

We now analyse the equations of motion of ions in a%®aul-trap.
The ions are subjected to essenuially four different firces: the
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Fig. 4 Time-resolved dynamics of the phase transition of Fig. 3b

{with identical trap parameters) extracted from three-dimensional

molecular dynamics calculations. Horizontal arrows indicate the

time periods over which the r.f. voltage, V,, has the value of 800V
and 750V respectively.

the ions perform an erratic mation of much larger spatial
extension and mean kinetic energy {(cloud phase). As a result
of the cooling and randomizing eflect of the forces F'“*" and
F ™, the equilibrium energy is independent of the particular
choice of initial conditions. For those trap parameters, however,
where both phases occur and are stable (bistability), the phase
space of initial conditions is divided into tweo domains represent-
ing the basins of anraction for the crystalline phase and the
cloud phase, respectively.

Experimental and theoretical results

In this section we discuss our few-ion phase transition experi-
ments in detail and compare them with the results of three-
dimensional molecular dvnamics simulations of equation (&1
Care has been taken in the experimenis to ensure that onls
“*Mg’ ion- are in the trap. The effects of the other Mg isotopes.
TN and Mg, have been studied in detail and will be
published elsewhere.

The phase transitions manifest themselves experimentally in
abrupt changes in fluorescence intensity when the laser
frequency is scanned over critical negative detunings'*'". The
transitions hetween the cloud and the crystalline phase show
hvsteresis (discussed below). Furthermore, the two phases can
be observed directly with the help of a highly sensitive imaging
svstem. It is also possible 1o identify the crystalline structure by
an excitation of vibrational modes using an additionalr.f. voliage
apphed 1o the trap.

The behaviour of the ions in the trap is governed essentially
bv three parameters: the trapping voltage V,, the laser detuning
A and the laser power P. Hysteresis in the fluorescence intensity
occurs whenever two of these are kept constant and the third
is swept. This is shown for the detuning A in Fig. 2 and for the
r.f. voltage V, in Fig. 3. Such hysteresis behaviour can be
expected with laser-cooled ions, because the cooling power of
the laser is strongly dependent on the details of the velocity
distribution of the ions. The jumps from the cloud to the crystal
reproduce well in the experiment, as well as in our simulations.
The transitions from the crystal to the cioud state. namely the
melting of the crystal, occurs only in the experiment (see Fig.
1a}, but not in our simulations {see Fig. 3, for example), where
the crvstals are stable until the critical voliage corresponding to
the instability condition of the Mathieu equation is reached. On
the other hand. the experimental data show that the location of
the transition from crystal to cloud is not well defined, and the
melting of the crystal could be caused by fluctuations in the
laser intensity. We note that, depending on the detuning, either
the crvstal or the cioud can have a higher fluorescence intensity.

What is the timescalte on which the cioud-crystal phase transi-
tions occur? To study theoretically the dvnamics of a particular
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Fig. 5 Time-resolved dvnamics of an experimentally obtained

phase transition of three ions. LUy=0, P=300pW, a 3

—40 MHz, b, A = —80 MHz. The t.f. voliage V|, is suddenly switched

from its value 140 V (crystal’ to 420 V (cloud}, and back to 140\

(crystall, The period over which the r.f. voltage of 420 V is applhcd

is marked by the hatched rectangles. Note that here the number
of ions is different from the number in Fig. 4.
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Fig. 6 Spectroscopy of vibrational modes of a two-ion ¢rvsial:

fluorescence intensity as a function of the frequency of an addi-

tionallv applied a.c. voltage for U, =0, ¥, =163V, A= -60MH7

and P =500 uW. The theoretical values of the secular frequencies
are w,,/ 27 =w, /27 =170 kHz and w, 27 =340 kH:z

jump, such as the one shown in Fig. 3b, in Fig. 4 we analvse
the fluorescence as a function of time, when we suddenly switch
the r.f. field from V=800V (cloud state) to V,, =750V (crystal
state). After a transient of about 0.5 ms, the value of the fluores-
cence typical for this cloud state settles to its crystalline value.
Experimental time-resolved phase transitions shown in Fig. §
demonstrate that the transient time strongly depends on the
laser detuning. In contrast to Fig. 4, the results in Fig. Srepresent
an average over 60 such switching experiments, whereupon the
large intensity fluctuations in the cloud state are washed oul.
The residual fluctuations in Fig. 5 result mainly from counting
statistics.

The experimental results described above represent only a
small fraction of the entire bodyv of data accumulated. lon-
crystals, clouds and phase transitions of 1wo to approximatety
100 ions have been observed.

The most basic jon-crystal—the two-ion crystal-—enjoys two
kinds of normal modes: 111 three centre-of-mass oscillations
with secular frequencies"‘ w, = w, and w_, where the distance
between the ions is fixed and. (2} vibrationzl modes. in which



Fig. 7 The large amphiude vibration of a single ion {maximal
visible excursion fram the trap-centre is 160 pm} for the bistable
sitwation L;=0. V,=410V, A=—-100MHz and P=220pW.
Increasing the r.f voltage to V.= 630 V_ the line collapses 1o a dot.
Decreasing V., back to ils ortpinal value, the dot remains stable.

the two ions oscillate against each other with an approximate
frequency™ " of » 3w, or « 3w., according to the alignment of
the crvstal. as determined by L),. When we apply an additional
a.c. voltage to the electrodes of the trap (15 mV1, we excite the
centre-of-muass motion as well as the oscillation between the two
ions (Fig. 6). The resonant excitation of one of these modes
results in an additional heating and in a reduction in the fluores-
cence intensity. The dip in the spectrum at ~ 170 kHz thus
corresponds to w, .. and the one at ~340kHz to .. The one
in the middie corresponds 1o the mode in which the ions oscillate
against each other. At the end of the recording time, one ion
left the trap leaving the fluorescence intensity at half its original
value. Figure 6 demonstrates the feasibility of this experimental
technigue to determine the frequencies of the vibrational modes
of ion crystals.

In Fig. 7, a single ion shows a stable large-amplitude vibration
orthogonal to the cooling laser beam. According to equation
(5), there is only a cooling eflect in the k direction. Motion
orthogonal to this direction is damped only in a2 minor way
giving to laser-focus effects, contact potentials or trap-imperfec-
tions that couple the different degrees of freedom. When we
increase the r.f. voltage, the amplitude of vibration reflected in
the length of the white line (integrated fAluorescence signal) in
Fig. 7 is reduced until it suddenly collapses into a dot represent-
ing the single ion sitting at the centre of the trap. When we now
decrease the voltage again 1o its original value where the large-
amplitude vibration was observed, the ion wili still be located
at the centre of the trap. This means that there is bistability,
even for the case of a single ion. Theoretical calculations confirm
this observation and will be published elsewhere,

Discussion

The cooling effect of the laser is balanced by a heating mechan-
ism. Heating of the ions by the r.f. field has been known® since
the early days of 1.f. traps. Its understanding, however, remained

incomplete.
Does the most elementary of all conceivable one-dimensional
models for ions in an ion-trap, namely the one-dimensional
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Fig. 8 Theoretical power spectrum of the x coordinate of one of

the two ions in a Paul-trap. a. Ions started close to the equilibrium

position of the corresponding crystalline state. The discrete spikés

in the power-spectrum are typical for quasi-periodic motion. b

Two tons in the cioud phase: the spectrum is noisy, a characeristic
feature of chaotic motion.

version of equation (8}, taking into account only F™ and the
Coulomb interaction force F**') reveal the origin of the r.f,
heating mechanism? To answer this question, we havemonitored
the average energy of two 10 five jons as a function of time in
such a one-dimensional trap. For less than five ions we could
not observe any gain in energy over several tens of mitliseconds
For five ions. a slow increase in energy was recorded, but it wa
too small to account for the stability of ion-clouds in the presency
of iaser coolihg. A fast Fourier transform of the positions x,t i
of the n-th member of the one-dimensional ion-chain taken at
time 1 =T

2
v x,,(j)exp[—iufjk}
k=0,1,...,N-1 19

{ N =2,048 in the present case) shows a small number of discrete
frequencies dominating the spectrum, and thereby gealifies this
mode! as being close to integrable and lacking a heating
mechanism.

Two-dimensional ion-traps behave essentially like one-
dimensional traps if the motion is restricted 1o the x-v plane.
In the x-z {(y-z) plane, however, there is strong %eating. To
study this observation in more detail, we have calmlated the
power-spectrum |P;[° of the positions of two ions in a two-
dimensional trap. We have chosen an initial separiatton of the
ions that was about twice the equilibrium separation of the
two-ion crystal, and a set of discrete frequencies appeared. as
shown in Fig. 8a. In this case, the ions perform a quasi-periodic
motion. They are unable to extract energy from the r.f. field
and, as a result of the cooling laser, they ¢ventualis end up in
the crystalline state. Such a power-spectrum tharactrizes phase
space domains that act as basins of attraction for #ie crystal.
But when we choose initial conditions that correspond 1o typical
separations in a cloud state, the spectral power of any one of
the two ions is a very noisy, quasi-continuous tand which
resembles the power spectrum of a turbulent fluid™ (e Fig. 851,



There is an interesting connection between the r.f. heating in
a Paul-trap and the ionization mechanism of Rvdberg atoms.
Both are subjected to strong time periodic fields. For a given
field strength. microwave frequency and small diameter of the
Rydberg atom, the motion of the Rydberg electron is regular
and no ionization occurs. An increase of the atom's diameter
(byv increasing the principle quantum number for example!
makes chaotic phase space domains accessible. The motion ol
the Rydberg electron becomes erratic, resulting in a diffusive
gain of energy and ionization of the atom. We encounter an
analogous situation for ions in a Paul-trap. If we prepare 1ons
in the vicinity of their equilibrium positions with small initial
velocities, thev are located in regular regions of phase space.
No heating occurs and after a while the cooling laser establishes
a siable crystailine configuration. If, however, we prepare an
ionic array with small initial velocities, but with a diameter
which amounts to about four times the typical dimensions of a
crystal, this configuration will be located in a chaotic domain
of phase space. Strong heating occurs by a cooperative etfect
of r.f. driving field and Coulomb non-linearnties. Furthermore,
our calculations show that the heating rate reduces with the
diameter of the clouds. As a result, for verv large clouds.
the heating stops and the ions will sull be confined in the
trap. This is confirmed bv experiments in which. even in the
absence of a cooling laser, jarge ciouds of ions can be stored
in a Paul-trap over several hours without being hezted out of
the trap.

The above considerations and observations suggest & simpie
explanation for the surprisinglv sharp phase transitions found
in our experiments. Starting with a large cloud. and increasing
the laser cooling power. the cloud reduces in diameter. The
increased cooling power of the laser is counter-balanced by the
larger heating-rate of the smaller cloud. But as soon as the cloud
diameter reaches the critical value separating regular and chaotic
domains in phase space. the smaliest increase in laser power
bevond this value will result in a collapse of the cloud into the
crystal state. Dittusion models similar to the ones developed tor
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Rvdberg atoms™ 7 could be designed to calculate the energ)
diffusion coefficient, which would aliow for an analytical calcu-
lation of the steady-state size of ion-clouds and the exact location
of the phase-transition points

Summary and conclusions

In conclusion. we have shown that ions confined in an ion-trap
can be found in two modifications: in a cloud phase and 10 a
crvstalline phase. Phase transitions characterized by a discon-
tinnous change in the fluorescence intensity can be induced M
appropriately adjusting the r.f. voltage. the detuning and the
power of the cooling laser. The transitions show hvsteresis - a
funcrion of these three essential control parameters. With the
help of three-dimensional molecular dvnamics calculations. we
have reproduced quailitativelv all the essential features in recent
experiments, such as the size of ion clouds and crystals, as wel!
as transitions between these two phases. The dynamics of the
phase transiuons were explored experimentally and numericall
by time-resolved fluorescence intensity recorded for the
transients of specific phase transitions. In detailed studies of
one-, two- and three-dimensional simulations of ions in & Paul-
trap, we have identified the occurrence of deterministic chaos™
in the cloud state as the predominant source of heating. The
mechanism of r.f. heating. therefore, relies onlyv on the deter-
ministic features of the svstem, rather than oa the effect of
external randomness. such as noise in the amplitude and
frequency of the r.f. trapping field, or collisions with the atoms
of the background gas.

The static as well as the dvnamic features of laser-cooled ions
in g Paul-trap is a very promising subject for the study of
few-body non-equilibrium phenomena. With the help of present-
dav powerful imaging systems, crystals, clouds and phase transi-
tions between them can be studied as a function of particie
number.
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