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Anomalous Dynamics of a Single lon in an Optical Lattice
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We have investigated the dynamics of a single ion in a one-dimensional optical lattice by
tracing its position through fluorescent photons. *Mg* ion was radially confined in a two-
dimensional radio-frequency trap, while an optical lattice superimposed on a weak electric potential
was applied along the free axis. By decreasing the optical potential depth, a change of the transport
characteristics from diffusive to quasiballistic was observed. Corresponding to this change, the
distribution of the ion position showed an excess fluctuation reminiscent of Lévy walks. A statistical
analysis of these fluctuations confirmed a significant deviation from the Gaussian diffusion law.
[S0031-9007(97)04069-6]

PACS numbers: 32.80.Pj, 42.50.Vk

Laser cooling of atoms has opened up many new fieldsSince the atoms are trapped in the intensity maximums,
including the opportunity to study random walks [1—6]. the atomic lifetime in a specific well is limited because
The first impressive example was found in the Brownianenergy fluctuations due to spontaneous emission occasion-
motion of ultracold atoms in an optical molasses [1],ally allow the atom to accumulate enough energy to over-
where atoms were cooled and confined by photon recoitome the potential barrier. This causes random walks of
to form a viscous medium. The cooling and confinementhe atoms between lattice sites [3]. To date these atomic
rely on velocity- or position-dependent absorption oftransports have been studied only in relatively deep opti-
laser photons followed by spontaneous emission. Theal potential wells, where atoms show Brownian (Gauss-
complexity in the absorption process gives diversity toian) diffusion [5] because the Sisyphus damping force
the random walks of laser-cooled atoms; Brownian adogether with the lattice periodicity strongly limit the ran-
well as anomalous diffusion such as Lévy flights [2,7]dom walk step size.
can be observed, depending on the cooling technique. For shallower optical potentials, it has been predicted
Lévy flights have generated broad interest over a crosthat these energy fluctuations lead to long flights of an
disciplinary field in recent years [8,9], because of theiratom that can reach over many wavelengths before it
strange kinetics, self-similarity, and fractal nature. Inis eventually trapped again, since the Sisyphus damp-
laser cooling, Lévy statistics have been employed tang force is negligible for an atom with a large momen-
analyze the atomic momentum distribution in velocitytum which is far outside the momentum capture range
selective coherent population trapping [2]; also Lévyp. [6,10,13]. The resultant atomic trajectory is reminis-
walks are predicted to occur in atomic transport in opticalkcent of random walk phenomena called Lévy walks [8].
lattices [6]. Macroscopically this results in a breakdown of the Gauss-

This Letter presents the first study of the single ionian diffusion law and causes a divergence of the spatial
dynamics in a one-dimensional (1D) optical lattice su-diffusion constant. Marksteinest al. [6] discussed the
perimposed on a weak harmonic potential. The experioccurrence of this anomalous diffusion in terms of the
ment measured the trajectory of the ion via its reemittedlowly decaying momentum correlation due to the weak
photons using a position-resolved, single-photon, deteadamping force. However, this paper will discuss it using
tion technique. This single particle observation allowsenergy correlations. The superimposed weak harmonic
us to see the microscopic processes in the atomic tranpotential allows us to observe the potential energy of the
port, where an anomalous diffusion process such as Lévipn from its spatial distribution measured with an appro-
walks can best manifest its unique features. The resultaptriate averaging time. Once the ion acquires enough ki-
macroscopic effects, the change of the spatial diffusiometic energy to significantly exceed the barrier, it becomes
constant and the existence of long range correlations, aiasensitive to the Sisyphus damping and oscillates in the
analyzed by applying statistical techniques to the obtaineduperimposed potential. The total energy is then virtually
trajectories. unchanged for some time period, until the ion is captured

A red-detuned optical lattice with polarization gradi- by one of the optical potentials with the help of Sisyphus
ents has been successfully used to realize sub-Doppldamping. This results in anomalous fluctuations of the
temperatures with the help of the Sisyphus effect [10]. Iton’s kinetic energy with long range correlations whose
can produce atomic samples with kinetic energies of leserigin is attributed to the existence ¢f., as discussed
than half the optical potential depth, leading to a localizawith spatial Lévy walks [6]. In order to interpret the ex-
tion of atoms at the minimums of the potential [11,12]. perimental results, we performed Monte Carlo simulations
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that calculate the classical trajectory of an ion in our totabf the trap electrodes. An example of an ion trajectory
1D potential [14,15]. is shown in Fig. 1(b). The analysis of the ion trajectories
We used an rf quadrupole ring trap [16] to store aemployed, for different time scales, two kinds of statistical
single?*Mg™*. It gave a radial confinement with a secular techniques: an autocorrelation function and a random
frequency of 900 kHz. Along the axis of the quadrupolewalk analysis.
field the ion was confined by a weak electric potential A position-autocorrelation function(x(0) x(7)) was
with an oscillation frequency oiw /27 = 13 kHz. A  used to analyze the spatial diffusion of an ion in the short
periodic optical potential was produced tangential to theaime scale. It was calculated from(7), the average of
trap axis with a pair of counterpropagating, crossedihe squared displacements between position detections
linear-polarized, laser beams, which were slightly redseparated by a time delay ¢(7) is thus defined as
detuned from the'S;,, —2 P;,, transition of>*Mg™ at 5 s
A =280 nm (natural linewidthl'/27 = 43 MHz). A (x(t + 1) — x(@)]7) = 2(x7) — 2x(0)x(7)), (D)
sketch of the total 1D potential is depicted in Fig. 1(a).
The experiment concentrated on the axial motion o
the ion as measured by its displacemefy;) from the
minimum of the electric potential. The ion position was .
determined by detecting its fluorescent photons whictPUt _and result in a constant offset. . .
pass through a microscope lens with a numerical aperture Figure 2 shows the shape2 () for different opi-
(NA) of NA = 0.28, and are then projected onto a single-a potential degtt‘gjfzpt = —3hAso [10], wheres, =
photon-counting position analyzer with a time resolutionTs a7, fsat = ~35—» A, and I are the saturation pa-
of 10 us. The total photon detection efficiency wasrameter, the saturation intensity of the transition, the laser
1074, The effective position resolution was estimateddetuning, and the intensity, respectively. The potential

experimentally to be~3 um, due mainly to the thermal depth is given in units of photon recoil energy = ’Z’;
motion of the ion in the focal direction. A single with Ez/h = 106 kHz. For deep optical potentials where
measurement recorded the position and time of arrivay slow rise in ¢(7) is seen, a spatial diffusion con-
of 2!¢ photons as the serigs(#;)}. This required total stant can be defined by the slope@fr) at = 0, i.e.,
observation timesT,,; of up to a few minutes. The 2Dy = ¢/(0) [17]. The spatial diffusion of an ion in this
signal to noise ratio wa$0>-10°, limited mainly by the  short time period is so small that the effect of the super-
presence of fluorescence light scattered from the surfadenposed electric potential is negligible and the diffusion

constant can be compared with a pure 1D lattice [6].

1where the angle brackets denote averaging over time
In this manner the contribution of stray photons and any
position uncertainty in the optical imaging are averaged

(a) We observed a minimum diffusion constant 6fX
1078 m?2/s or23h/m at Uy, ~ 300Eg. The diffusion
constant increased by a factor of 10, roughly inversely
proportional toU,,,, in the range200Ex to 100Eg, and
eventually diverged. These observations agree with our
Monte Carlo simulation within a factor of 2 [15].
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FIG. 1. (a) A schematic diagram of the 1D potential: an time delay (ms)

optical lattice superimposed on a weak electric potential.

The light shifted Zeeman substates = =1/2 produce the FIG. 2. The squared position differenggr) as a function of
potentials shown as solid and dotted lines. (b) An examplghe time delayr. The optical potential depth for each curve is
of an ion trajectory measurementx(z;) denotes the ion’s indicated in the figure, obtained by changing the laser detuning
displacement from the center of the electric potential atfrom A = —3.2I" (U, = 250E¢) to —10.8' (76Eg) with a
time ¢;. fixed laser intensity of = 121,,.
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As the optical potential depth is decreased, the slope (a)

of the initial increase inp(7) becomes steeper until the 5
function eventually displays a sinusoidal oscillation at the 4
frequencyw of the electric potential. This clearly shows - 2
the atomic transport changing from a diffusive motion mﬁ 1
between lattice sites to a quasiballistic motion in the zo
electric potential. The quasiballistic motion implies that >
the optical potential is too shallow to confine the ion and 1]
that harmonic oscillator states exist on a longer time scale. °
In this unlocalized regime the average kinetic energy of

the ion can be estimated from its time-averaged spatial (b)
distribution in the electric potential. .

In this parameter range, excess long-lived fluctuations 0% s
in the ion’s position distribution were found. In order to ~ |
evaluate these fluctuations we divide up the total obser- — w' | g%’ﬁ?f?:f"
vation time 7, into 2'! intervals and calculate a mean 0% //
square average value of the ion’s displacemént) = a
Niﬂ > <i<i,., x(t;))* for eachinterval, wher®, is the num- [ 4
ber of sampling points ang, = nTz"lbf the starting time of 102"'5:01"’3' ; 31 EEE—re—

thenth interval. On the average, each interval corresponds
to more thanl 0% oscillation periods in the electric poten-
tial and contains~2> position detections. Monte Carlo FIG. 3. (a) Temporal fluctuations of the ion’s potential energy
simulations have shown that, ev?n with a deep optical poé{,]zf estitmattﬁd Ifrorrt1 t?eI aneem sq(ulsrcle_ogifgéagfor?%rfltthfgrr nt1\g0
tential, the potential energy, = smw?u(t,) determined  Gierent opucal poténtia’ deptns. -09- .

from the posit_ion distribut_ion of the ion_ in the eIe_ctri_c po- zﬁgwgt:ma%.sn T\ﬁet'(;gihg |ti?12 \:\?ass? th;]\geraftlggtggtl(?antz g'fufﬂing
tential can still be associated approximately with its Ki-fqr Uspe = 85Eg; See text,

netic energy, as long as the averaging time is much larger

than both the ion’s localization time in an optical well and
the oscillation period of the electric potential. Figure 3(a)
shows the temporal behavior &f, for two different opti-

time (s)

so that the ion was effected only by far detuned Doppler
cooling [18]. Second, to confirm the existence of time
; Sorrelation in the fluctuation, we randomly shuffled the

VYime order of U,} and calculated the rms fluctuatidys,
walks [7,8] in the sense that there is no definite character, {Uni

istic 1 le for th fh X S[9]. Both procedures suppressed the anomalous character
Istic ime scale for te appearance of INese ENergy JUMPS, 4 1o to Gaussian diffusion with = % The result

To characterize_ the fluctuations quantitatively, we takefor the second procedure is indicated by the dashed line
U, as the step size of a random walk and evaluate thﬁ1 Fig. 3(b). In addition, a histogram of the spatial

total random walk distance aftersteps starting fromy, distribution of the ion showed a broader wing than that

. . . _ n0+n . .
which is given bys, = >, Us. The statistical nature ¢ 5 Gayssian. These pieces of evidence confirm that

of the random walks can be determined by the power IaVYEe origin of the anomalous behavior ¢} lies in

dependence of the root mean square (rms) fluctuation %he broad momentum distribution with a long correlation
S time, which is introduced by the polarization gradient field

As, = /<S}%>n0 — (52, o n®, ) \évit? eéshallow optical potential depth, as discussed in
ef. [6].

where brackets denote expectation values averaging over|:in[a|]|y, we studied the change of the exponenas a
all possible starting pointa,. A diffusion process is function of the optical potential depth, which is shown in
defined as Gaussian fer = % and anomalous foxr #  Fig. 4. The exponent was determined from the linear part
%. The result of this analysis is shown in Fig. 3(b). of the slope at short times, as is seen in Fig. 3(b). For a
When U, = 250Eg, we observed an exponemnt of wide range of experimental parameters where polarization
0.51, which indicates that the diffusion process{bf,}  gradient cooling was effective the diffusion process was
is Gaussian. On the other hand, 1g,, = 85E¢, @ was approximately Gaussian. A transition to anomalous diffu-
0.77 for an averaging time. of up to a second, which is sion was observed &,,, ~ 100E;. The inset shows the
a significant deviation from Gaussian diffusion. corresponding kinetic energy of the ion estimated from

We verified the origin of this anomalous diffusion the spatial distributionEgx = }maﬂq’;(oo); one can see
in the following ways. First, the polarizations of the the general trend of polarization gradient cooling, i.e., the
lattice lasers were changed to remove Sisyphus coolinginetic energy decreases proportionallig,; and finally
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the kinetic energy in polarization gradient cooling by em-
ploying a novel single ion tracing technique. The origin
of the long-range correlations of the latter is closely re-
lated to the anomalous transport of an atom in an optical
lattice, recently predicted in Ref. [6]. A better confine-
; ment in the radial direction will allow us to measure the
T o T ion position with a diffraction limited resolution. An ex-

{% : i . Us (fk)z tension of this study to a few ions would be interesting

08 : 300
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E because the strong motional coupling between the ions

Ll E """ o } """" —?,r """""" due to Coulomb interactions can introduce cooperative ef-
] ? 5 fects in the appearance of anomalous diffusion.
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FIG. 4. The exponen& as a function of the optical potential
depth U,,,. The error bars show the standard deviation
calculated from several data sets measured at the same
laser parameters. The change from Gaussian=(0.5) to
anomalous diffusion is seen &t ~ 100E;. The inset shows
the corresponding kinetic energy of the ion. The circles and  *Permanent address: Department of Applied Physics,
squares show the data taken on different days. University of Tokyo, Bunkyo-ku, Tokyo 113, Japan.
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