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Nb capacitor: spacing 1 mm, diameter 4mm

permanent magnet: spherical, radius 0.1 mm,
electric charge ca. 1 pC

driving force: F = q Uac/ d
induced current: I = q v / d
oscillation amplitude 50 nm to 50 µm
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The mean lifetimes τ

are found to grow rapidly with increasing drive, namely as

τ (F ) = τ0 exp[(F/F1)
2],

where for 119 Hz F1=18 pN and τ0=0.5 s,

and for 160 Hz F1=20 pN and τ0=0.25 s.
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where v1 = 0.48κ/R and vc = 2.8
√

κω



The shedding frequency

fv = 2 f n = 2 f
v1

· ∆v = a · ∆v

where

a = 0.60 µm−1 at 119 Hz and

a = 0.80 µm−1 at 160 Hz.

1/a = v1/2f is a relevant length scale.

What happens if f → 0 for steady flow? Then the relevant length

scale will be the size R of the sphere!
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FIG. 1: (Color online) (a) Schematic of the experiment. A
penetrable obstacle is formed by a repulsive Gaussian laser
beam and it moves with velocity v in the center region of a
highly oblate Bose-Einstein condensate (BEC). The barrier
height V0 of the optical potential is lower than the chemical
potential µ of the BEC. (b) Time-of-flight absorption image
of a BEC. A vortex dipole is generated by the moving obstacle
and it is identified with its pair of density-depleted cores.

deterministically generating a single vortex dipole and
examines its stability in terms of of the linear velocity of
the generated vortex dipole. Finally, Sec. V provides a
summary and outlook.

II. EXPERIMENT

The experimental setup is similar to that in our pre-
vious work [11]. A highly oblate BEC of 23Na atoms is
prepared in a hybrid trap composed of a pancake-shaped
optical trap and a magnetic quadruple trap. The trap-
ping frequencies are ωr,z = 2π × (9.0, 400) Hz and the
atom number in the condensate is N0 = 3.3(2) × 106,
giving the chemical potential µ ≈ h×1.0 kHz, where h is
the Planck constant. The condensate fraction of the sam-
ple is over 80%. At the trap center, the healing length
is ξ = ~/

√
2mµ ≈ 0.45 µm and the speed of sound is

cs =
√
µ/m ≈ 4.3 mm/s, where ~ = h/2π and m is the

atomic mass. The Thomas-Fermi radius of the trapped
condensate is R =

√
2µ/mω2

r ≈ 110 µm.
An optical obstacle is formed by a repulsive Gaussian

laser beam whose 1/e2 width is σ = 9.1(12) µm ≈ 20ξ.
We initially locate the laser beam 11.5 µm away from the
condensate center and horizontally translate it through
the center region of the condensate using a piezo-driven
mirror [Fig. 1(a)]. The moving velocity v of the laser
beam is kept constant during the translation. After the
laser beam sweep, we linearly ramp down the beam power
within 20 ms and then take an absorption image of the
condensate to detect vortices [Fig. 1(b)]. When we re-
lease the trapping potential, we turn off the magnetic
trap 13 ms earlier than the optical trap and place 24 ms
free expansion before taking the image.

III. PERIODIC VORTEX SHEDDING

A. Penetrable obstacle

We first investigate the case of a penetrable obstacle
with V0/µ ≈ 0.74 by measuring the number of vortex
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FIG. 2: (Color online) Periodic shedding of vortex dipoles
from a moving penetrable obstacle of V0/µ ≈ 0.74. (a) Num-
ber of generated vortex dipoles, Nd as a function of the sweep-
ing time t for various moving velocities v of the obstacle. Each
data point consists of 15 realizations of the same experiment
and the error bar indicates the standard deviation of the mea-
surements. The activation time τv for generating the first
vortex dipole was determined from a sigmoidal function fit
(red solid lines, see the text for detail) to the data up to the
Nd=1 plateau region. The shaded area indicates the region
of τv < t < 2τv. (b) Vortex shedding frequency fv = 1/τv as
a function of v. The solid line is a linear fit to the data.

dipoles generated from the obstacle as a function of the
sweeping time t for various moving velocities v. The mea-
surements results are displayed in Fig. 2(a). We see that
the vortex dipole number Nd shows stepwise increasing
behavior as a function of t. There is a certain amount
of an inert time τv before generating the first vortex
dipole and another sweeping time almost equal to τv is re-
quired to generate the second vortex dipole. This regular
stepping-up feature clearly indicates that the inert time
is not due to the transient response of the condensate
to the perturbations of the laser beam but an intrinsic
activation time for generating a vortex dipole from the
moving obstacle. The periodic vortex generation might



Woo Jin Kwon et al., Phys. Rev. A 92, 033613 (2015) find

in a BEC of 23Na atoms:

a = 0.25 µm−1.

From the width of the laser beam 2R = 9.1µm we have

a ' 1/R = 0.22 µm−1.
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The Strouhal number

Sr ≡ fv2R/v

fv = a∆v = ∆v/R

Sr = 2 ∆v/v



In Helium for v ≥ vc:

n(∆v) = F
F1

=
(8/3π)γ(v2−v2

c)
1.3 ρ κ R

√
κω
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)

fv(∆v) = 2fn(∆v)

Sr = 2f
v1
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)
2R ∆v

v

Res = ∆v 2R/κ

Sr = Res(2 Rω/πv)(1 + Resv1/vc), (v ≥ vc) (9)
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FIG. 1. (Color online) (a) Schematic of the experiment. A pen-
etrable obstacle is formed by a repulsive Gaussian laser beam and
it moves with velocity v in the center region of a highly oblate
Bose-Einstein condensate (BEC). The barrier height V0 of the
optical potential is lower than the chemical potential μ of the BEC.
(b) Time-of-flight absorption image of a BEC. A vortex dipole is
generated by the moving obstacle and it is identified with its pair of
density-depleted cores.

and m is the atomic mass. The Thomas-Fermi radius of the
trapped condensate is R = √

2μ/mω2
r ≈ 110 μm.

An optical obstacle is formed by a repulsive Gaussian
laser beam whose 1/e2 width is σ = 9.1(12) μm ≈ 20ξ .
We initially locate the laser beam 11.5 μm away from the
condensate center and horizontally translate it through the
center region of the condensate using a piezo-driven mirror
[Fig. 1(a)]. The moving velocity v of the laser beam is kept
constant during the translation. After the laser beam sweep,
we linearly ramp down the beam power within 20 ms and then
take an absorption image of the condensate to detect vortices
[Fig. 1(b)]. When we release the trapping potential, we turn
off the magnetic trap 13 ms earlier than the optical trap and
allow 24 ms free expansion before taking the image.

III. PERIODIC VORTEX SHEDDING

A. Penetrable obstacle

We first investigate the case of a penetrable obstacle with
V0/μ ≈ 0.74 by measuring the number of vortex dipoles
generated from the obstacle as a function of the sweeping time
t for various moving velocities v. The measurements results are
displayed in Fig. 2(a). We see that the vortex dipole number Nd

shows stepwise increasing behavior as a function of t . There
is a certain duration of an inert time τv before generating the
first vortex dipole and another sweeping time almost equal
to τv is required to generate the second vortex dipole. This
regular stepping-up feature clearly indicates that the inert
time is not due to the transient response of the condensate
to the perturbations of the laser beam but is an intrinsic
activation time for generating a vortex dipole from the moving
obstacle. The periodic vortex generation might be understood
as a cycling process where the moving obstacle exerts a
drag force during the activation time and the accumulated
energy is released as a vortex dipole at a certain threshold
condition [20].

It was theoretically anticipated that the vortex shedding
frequency fv linearly increases with the moving velocity v of
the obstacle as fv = a(v − vc), where vc is a critical velocity
[17,19–21,24–26]. Interpreting the activation time τv as the
inverse of fv , we find that our experimental data support the
theoretical prediction [Fig. 2(b)]. τv was determined by fitting
a sigmoidal function Nd = [1 + e−(t−τv )/γ ]−1 to the data up to
the Nd = 1 plateau region. Here γ represents the jittering of
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FIG. 2. (Color online) Periodic shedding of vortex dipoles from a
moving penetrable obstacle of V0/μ ≈ 0.74. (a) Number of generated
vortex dipoles, Nd , as a function of the sweeping time t for various
moving velocities v of the obstacle. Each data point consists of 15
realizations of the same experiment and the error bar indicates the
standard deviation of the measurements. The activation time τv for
generating the first vortex dipole was determined from a sigmoidal
function fit (red solid lines, see the text for detail) to the data up to
the Nd = 1 plateau region. The shaded area indicates the region of
τv < t < 2τv . (b) Vortex shedding frequency fv = 1/τv as a function
of v. The solid line is a linear fit to the data.

the vortex emission event and we used the value of 1.5γ as the
measurement uncertainty of τv . Figure 2(b) shows fv = 1/τv

as a function of v and the result is well described with the
functional form of fv = a(v − vc), giving vc = 0.99(4) mm/s
and a = 0.25(2) μm−1.

We present another set of measurements in Fig. 3(a), where
Nd is measured as a function of v for fixed sweep lengths
L = vt of the laser beam. This is a typical situation addressed
in previous experiments to measure the critical velocity vc for
vortex shedding [10,11,16]. Our motivation is to examine the
effect of the finite activation time τv on the determination of
vc. In order to generate vortices, the sweeping time t = L/v

should be longer than τv , which requires v < aL(v − vc) from
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Ions in superfluid helium 4He and 3He:

Structure, mobility, critical velocity, vorticity,

trapping in vortices, ions at the free surface of

liquid helium, etc.



 

Transport of a Single Cold Ion Immersed in a Bose-Einstein Condensate
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We investigate transport dynamics of a single low-energy ionic impurity in a Bose-Einstein condensate.
The impurity is implanted into the condensate starting from a single Rydberg excitation, which is ionized
by a sequence of fast electric field pulses aiming to minimize the ion’s initial kinetic energy. Using a small
electric bias field, we study the subsequent collisional dynamics of the impurity subject to an external force.
The fast ion-atom collision rate, stemming from the dense degenerate host gas and the large ion-atom
scattering cross section, allow us to study a regime of frequent collisions of the impurity within only tens of
microseconds. Comparison of our measurements with stochastic trajectory simulations based on sequential
Langevin collisions indicate diffusive transport properties of the impurity and allows us to measure its
mobility. Our results open a novel path to study dynamics of charged quantum impurities in ultracold
matter.

DOI: 10.1103/PhysRevLett.126.033401

Unraveling the microscopic details of transport processes
forms a prime challenge to understand macroscopic
phenomena in complex many-body systems. Paradigms
thereof comprise Drude-type electronic motion, Cooper
pairing in superconductors, or hopping dynamics in lattice
or spin systems. The advent of ultracold atomic gases has
opened exciting new routes to perform microscopy of
transport phenomena in quantum systems [1,2], even at
the level of individual particles by deliberately implanting
single impurity atoms in the host gas and monitoring their
dynamics in real time. Recent advances in controlling
neutral impurities interacting with bulk Bose and Fermi
gases, for example, offer means to investigate polaron
formation [3–6], to trace individual particle collisions [7],
or to study exotic impurity dynamics in reduced dimen-
sions [8,9]. Neutral impurities interact with the quantum
gas via short-range contact interaction. In contrast, hybrid
platforms combining neutral atoms with co-trapped ions
allow for realizing strongly coupled charged impurities,
which interact with the host gas via a comparatively long-
range polarization potential [10].
The strong ion-atom interaction has been exploited not

only for sympathetic collisional cooling of the ionic
impurity by its host gas [11–15], but also for extensive
studies of cold two- and three-body charge-neutral chem-
istry induced by the long-range tail of the polarization
potential [16–19]. Further, the rich interplay between
elastic collisions and chemical processes has been subject
to theoretical studies of ionic impurities at ultralow
temperatures, predicting coherent formation of exotic
mesoscopic molecular ions with large effective masses
[20,21], novel transport processes driven by resonant

charge exchange [22], or polaronic effects for ion-doped
degenerate gases [23]. Indeed, mobility studies of ions in
liquid helium have been exploited early on to probe central
properties of superfluidity [24,25]. However, the experi-
mental realization of directed impurity transport in a cold
ion-atom hybrid system so far remained elusive and is
impeded by the presence of strong confining potentials and
typical intrinsic trap-induced micromotion.
In this work, we study transport of a single cold ion

through a Bose-Einstein condensate (BEC) on a completely
different experimental footing. We control a free and low
kinetic energy ionic impurity in a nominally field-free
environment. This ion is generated from a single precursor
Rydberg atom by a tailored pulsed field-ionization
sequence, and strong Rydberg blockade grants the creation
of a single charged impurity only [26–28]. Subsequently,
we steer the ion through the BEC by applying exquisitely
controlled bias electric fields [Fig. 1(a)]. This allows us to
observe indications of diffusive ionic transport as a result of
the large cross section for ion-atom Langevin collisions.
The interaction between an ion and neutral atoms at long

range is well captured by an induced charge-dipole polari-
zation potential of the familiar form VðRÞ ¼ −C4=ð2R4Þ
[10], where R denotes the internuclear separation and C4

the atom’s polarizability (C4 ¼ 318.8 a.u. for Rb [29]). For
the typical collision energies considered in this work, it is
this long-range tail which determines the Langevin scatter-
ing rate γL ¼ 2πnat

ffiffiffiffiffiffiffiffiffiffiffi

C4=μ
p

of binary ion-atom scattering
events leading to large deflection angles [30]. Here μ is the
ion-atom reduced mass and nat denotes the atom number
density of the host gas. The rate for such Langevin-type
collisions can reach up to hundreds of kHz at densities
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typical for gaseous BECs (nat ∼ 1014 cm−3), and may thus
lead to frequent collisions on timescales of only a few tens
of microseconds. Such fast scattering rates form the basis
for our experiments and specifically allow us to observe
collision-dominated transport dynamics of an untrapped
ion controlled by small electric bias fields.
Our experiments start with a magnetically trapped BEC

of typically 8 × 105 87Rb atoms in the j5S1=2; F ¼ 2; mF ¼
2i hyperfine state. Trap frequencies of ðωx;ωy;ωzÞ ¼ 2π ×
ð194; 16; 194Þ Hz yield a condensate with Thomas-Fermi
radii of ð4.4; 53; 4.4Þ μm and a peak density of
nat ¼ 4.1 × 1014 cm−3. The BEC is surrounded by three
pairs of electrodes [Fig. 2(b)] allowing us to control electric
fields at the gas position to a level≲300 μV=cm [28]. Next,
we implant a single low-energy Rbþ ion into the central
region of the condensate by promoting one atom from the
atomic ensemble to a highly excited 160S1=2 Rydberg level
with a tightly focused excitation laser (1.8 μm waist) [31].
Subsequently, the single Rydberg atom is ionized by a short
(10 ns long) electric field pulse of 2.85 V=cm followed by a
second tailored field pulse of similar shape but with
opposite polarity. This sequence allows us to rapidly
decelerate the produced ion and results in small initial
velocities of ≲0.1 m=s (Ekin ≈ kB × 50 μK) [31].
The produced low-energy ionic impurity is now

accelerated via a deliberately applied electric field E of
several mV=cm pointing along the long y axis of the BEC.
After a variable evolution time t, we interrupt the transport
dynamics with a two-step electric field pulse rapidly

guiding the ion towards a microchannel plate (MCP) for
detection [Figs. 2(a) and 2(b)] [31]. Finally, the entire
procedure is repeated 50 times with the same ensemble of
atoms to gain statistics. Along its path to the MCP, the Rbþ
ion passes through an ion lens in einzel lens configuration,
resulting in a time of flight ttof to the detector which
depends on the ion position prior to the extraction sequence
[Fig. 2(b)]. In some cases, we detect a formed molecular
ion Rbþ2 , which due to its larger mass arrives at much later
time at the MCP.
Let us now focus on the distribution of the Rbþ arrival

times ttof at the MCP. An exemplary dataset for a field
E ¼ 4.3 mV=cm and different values of t is shown in
Fig. 2(c) (blue bars). We compare this measurement to a
reference dataset taken at about 40 times smaller densities
(red bars), for which the rate of ion-atom collisions
(γL ≈ 24 kHz) is sufficiently small so that the ion motion

(b)

(c)

(a)

FIG. 2. (a) Measurement sequence consisting of the excitation
of a single Rydberg atom (RE) and production of a low-energy
ion via pulsed field ionization (PFI). After a variable evolution
time t in the electric field E, a two-step electric field pulse (EF)
guides the ion to the MCP for temporarily separated detection of
Rbþ and Rbþ2 . (b) Detection principal of ionic transport. The two-
step extraction pulse [EF in (a)] in combination with an ion lens in
einzel lens configuration results in a time of flight to the MCP
which depends on the position of the ion in the BEC after time t.
The color of the electrodes encodes, which field plates are used
for applying the PFI and EF pulses shown in (a). (c) Distribution
of the ion’s time of flight ttof as a function of evolution time t for
E ¼ 4.3 mV=cm measured in a dense BEC (blue) and a low-
density regime for reference (red). The low-density data are
slightly offset in t for better visibility.

(b)

+

+

+

(a)

+

FIG. 1. (a) Schematic view of a single Rbþ ion (yellow sphere)
transported through a Bose-Einstein condensate via an applied
electric field E. Two exemplary ion trajectories indicate frequent
binary Langevin scattering with host gas atoms (green spheres)
and a competing three-body collision event. (b) Numerical
trajectory simulations (see text) of the mean velocity hvii as a
function of evolution time t for an ion created at the BEC center
predict a field-dependent drift velocity (dashed horizontal lines)
after an initial transient, indicative of diffusive ion transport.
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