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We experimentally realize a highly tunable superfluid oscillator circuit in a quantum gas of ultracold
atoms and develop and verify a simple lumped-element description of this circuit. At low oscillator
currents, we demonstrate that the circuit is accurately described as a Helmholtz resonator, a fundamental
element of acoustic circuits. At larger currents, the breakdown of the Helmholtz regime is heralded by a
turbulent shedding of vortices and density waves. Although a simple phase-slip model offers qualitative
insights into the circuit’s resistive behavior, our results indicate deviations from the phase-slip model. A full
understanding of the dissipation in superfluid circuits will thus require the development of empirical
models of the turbulent dynamics in this system, as have been developed for classical acoustic systems.
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The emerging field of atomtronics aims to build devices
using ultracold atomic gases [1], with potential applica-
tions including inertial and magnetic sensing [2,3] and
quantum simulation [4]. Ultracold atoms also present a
configurable and controllable platform for elucidating the
foundational principles of superfluid circuitry. Realizing
quantitative models for atomtronic circuits will therefore
aid the development of other technologies, such as those
based on superfluid helium and room-temperature exciton-
polariton condensates, where practical applications are
forthcoming [5–8].
Recent experiments have performed detailed studies of

simple atomtronic devices, including the transport of
atomic gas superfluids through tunnel junctions [9–13],
weak links [1,14–16], and mesoscopic channels [17–19].
Although the dynamics of these experiments with Bose-
Einstein condensates (BECs) can be accurately modeled
using the Gross-Pitaevskii equation (GPE), this is time
consuming and is therefore not a feasible approach to
atomtronic circuit testing and design. Practical atomtronics
will require accurate and quantitative circuit models that
include basic elements akin to resistors and capacitors.
To a large extent, this has been achieved for superfluid
Josephson junctions, where various forms of two-mode
models have been successful in modeling real experiments
[12]. However, currently there is no established lumped-
element description of superfluid transport through
extended channels [18–20].
In this Letter, we experimentally study a super-

fluid system consisting of two reservoirs connected by a

configurable linear channel [17–20]. We perform a com-
prehensive investigation of this prototypical atomtronic
circuit by varying both the channel dimensions and
the initial superfluid imbalance between the two reservoirs.
We demonstrate that accurate modeling of superfluid
atomtronic circuits requires an acoustic description of
the device. Unlike circuit models based on electrical analog
[18,19], the acoustic description delivers quantitatively
accurate predictions for the circuit oscillation frequency.
We also study dissipation in the circuit, and in contrast
to recent experiments [15,19], we show that idealized
phase-slip models of dissipation fail to accurately describe
the circuit’s resistive behavior at high initial bias. These
results present a new paradigm for developing atomtronic
devices, suggesting much can be learned from existing
acoustic circuitry principles. Furthermore, an understand-
ing of turbulence and the interactions of excitations will
likely be required to completely describe atomtronic circuit
resistance.
Circuit overview.—Figure 1 provides an overview of

our experiment and its behavior. The BEC is tightly trapped
in the vertical direction using an elliptical Gaussian beam,
and confined transversely with a hard-walled optical
potential resulting from the direct projection of a digital
micromirror device (DMD) [21,24,25]. An image of the
balanced superfluid-filled resonator at equilibrium is shown
in Fig. 1(a). By applying a variable linear potential in the x
direction [21], we can continuously vary the initial pop-
ulation imbalance η ¼ ðN1 − N2Þ=ðN1 þ N2Þ between the
two reservoirs from zero to near 100%, where N1 and N2
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are measured atom numbers in the top and bottom halves of
the circuit, respectively. The sudden removal of the linear
potential causes the superfluid to begin to flow, as illus-
trated in Figs. 1(a) and 1(b).
Nondissipative regime.—We first examine small initial

imbalances where the superfluid undergoes undamped
oscillations between the two reservoirs, similar to a
Josephson junction [26], for a wide range of channel
widths and lengths. Example results are shown in
Figs. 1(a) and 1(b), where it can be seen that the oscillation
frequency decreases for a longer channel. In Fig. 1(c) we
plot the frequency dependence of the circuit as a function of
length l for a width of w ¼ 12.5 μm. Similarly, in Fig. 1(d)
we show the frequency dependence as a function of width
for a length of l ¼ 1.5 μm. The experimental results (grey
circles) are in excellent agreement with GPE simulations
[21,27] (orange diamonds) in both cases.

Acoustic circuit model.—Since a BEC of ultracold atoms
forms a compressible superfluid, the macroscopic param-
eters of the system (e.g., circuit geometry, average fluid
density and pressure) are amenable to modeling using
the theory of acoustics [28]. This methodology underpins
the modeling of a variety of compressible fluid phenomena,
with diverse applications to cosmology [29], plasma
physics [30], oceanography [31], seismology [32], and
architectural design [33].
A lumped-elements acoustic model can be realized using

the correspondence between the kinetic and potential
energy stored within the sound waves in a superfluid,
and the electrical energy in an LC circuit, as illustrated in
Fig. 2. Specifically

E ¼ 1

2
ðLI2 þ CV2Þ ¼ 1

2

Z
dr½ρ0juðrÞj2 þ κδpðrÞ2�; ð1Þ

where ρ0 is the superfluid mass density at hydrostatic
equilibrium, uðrÞ is the superfluid velocity field, δpðrÞ is
the pressure difference from hydrostatic equilibrium, and
κ ¼ 1=ðρ0c2Þ is the compressibility, which depends upon
the speed of sound, c. Provided the wavelength of the
sound is much larger than the characteristic length scales of
the atomtronic device, all acoustic variables can be treated
as constant over the dimensions of the device, leading to a
lumped-elements description [28].
Applying this methodology, it can be shown that the

resonator frequency is given by [21]

ω ¼ 1ffiffiffiffiffiffiffi
LC

p ¼ c

�
S

lþ δ

�
1

V1

þ 1

V2

��
1=2

; ð2Þ

FIG. 1. Experimental system and oscillator frequency depend-
ence in the nondissipative regime. (a) (Left) In situ experi-
mental image for a reservoir radius r ¼ 20 μm, channel width
w ¼ 12.5 μm, and channel length l ¼ 35 μm. (Right) Nondissi-
pative dynamics of the population imbalance for this circuit
geometry (red points), which are well fitted by a sinusoid (black
curve, grey shading indicates 95% confidence interval). (b) As for
(a) butwithl ¼ 1.5 μm. (c) (Bottom)Bymeasuringoscillations for
different atom numbers [21], frequencies are extrapolated to N ¼
2 × 106 atoms (grey circles) for comparison with GPE simulations
(orange diamonds) as a function of channel length for a fixed width
w ¼ 12.5 μm. The black dash-dot line is a one-parameter fit of the
acoustic model to the GPE data, where V1 ¼ V2 ¼ 2πr2lz and
S ¼ 2lzw, where lz is the Thomas-Fermi radius in the z direction,
resulting in an end correction of δ ¼ 2.18ð1Þ ffiffiffiffi

S
p

. (Top) Shows the
fit residuals. (d) Similar to (c), but for varying channel width with a
fixed length l ¼ 1.5 μm, with the fit giving δ ¼ 2.14ð3Þ ffiffiffiffi

S
p

. The
speed of sound used in the fits was c ¼ ffiffiffiffiffiffiffiffiffiffiffi

n̄g=m
p

, where n̄ is the
spatially averaged atom number density of the GPE ground state.
c ¼ 2376 μm=s and c ¼ 2332 μm=s in (c) and (d), respectively.

FIG. 2. Acoustic Helmholtz oscillator and equivalent LC
circuit. (Left) A Helmholtz superfluid oscillator consists of
two reservoirs of volume V1 and V2 coupled by a channel of
cross sectional area S and length l. A pressure differential δp
leads to fluid exchange at velocity u between the reservoirs. The
exchange of energy E between the kinetic and potential terms
leads to oscillations at frequency ω, dependent on S, V, and the
effective channel length (lþ δ), with the end correction δ
accounting for fluid flow inside the reservoirs. (Right) Mapping
δp to voltage δV and volume velocity Su to current I results in an
equivalent LC circuit model for the system.
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where L ¼ ρ0ðlþ δÞ=S and C ¼ κð1=V1 þ 1=V2Þ−1. Here
V1 and V2 are the volumes of the reservoirs, S is the cross-
sectional area of the channel connecting the two reservoirs,
l is the length of the channel, and δ ∝

ffiffiffiffi
S

p
is the so-called

end correction due to the transport extending into the
reservoirs [28,34]. Notably, this frequency depends only on
the geometry of the resonator, the speed of sound, and the
end correction.
To test this model, we determine the speed of sound by

calculating the density-weighted average from the ground
state of the GPE [21,35], and determine the end correction
by fitting Eq. (2) to the oscillation frequencies predicted by
the GPE simulations. The frequency prediction made by
the acoustic model is shown as the black dashed line in
Figs. 1(c) and 1(d) and is in excellent agreement with the
experiment. Quantitatively, the residuals associated with
the end correction fits to the GPE frequency vs length and
frequency vs width data are <1.9% and <5.2%, respec-
tively. The agreement is even better for longer channels
[21]. These results demonstrate that once the end correction
has been determined, the acoustic model can quantitatively
model the superfluid circuit and detailed GPE modeling is
not required. We find that the hydrodynamic treatment of
the oscillator is essential to predicting the correct fre-
quency; a direct application of an ordinary LC circuit
[18,19], without the end correction, leads to overestimates
of the resonator frequency of up to a factor of 3 [21].
Dissipative regime.—We now turn to larger initial

imbalances where we characterize the resistive damping
of the superfluid flow [12,13,15,36–38]. In contrast to a
classical acoustic circuit, where resistivity originates from
the effects of viscosity [28], in a superfluid the resistance is
expected to originate from nonlinear excitations such as
vortex lines [19], vortex rings [13,39], or solitons [40],
depending on the circuit geometry. Typical results for the
dynamics of the population imbalance are shown in Fig. 3;
above a critical imbalance ηc ∼ 5%we see clear evidence of
vortices in the superfluid, and decay of the imbalance with
time. At very large biases, the decay is a highly turbulent
process in which a large density shock decays into a
disordered distribution of vortices [Fig. 3(a)]. After the
dissipative phase, we find the system exhibits reproducible
undamped oscillations [Fig. 3(b)] at long times [41].
We find that, after the initial resistive decay, the

amplitude of oscillations is sensitive to the initial bias.
In both the experimental and GPE data, the 60% bias case
shows almost complete suppression of oscillations, while
the 96% bias case exhibits oscillations ∼5–10% in ampli-
tude. In individual GPE simulations, the oscillation ampli-
tude was found to be strongly sensitive to the initial
imbalance, atom number, and channel dimensions, dis-
playing no apparent trend against these parameters [42].
The behavior of the decay and subsequent reproducible

oscillations seen in Fig. 3 motivates the inclusion of a
phenomenological resistive element, R, in the acoustic

circuit. Previous studies [19,43] have presented evidence in
favor of phase-slip models of dissipation [5,13,15]. This
results in an acoustic conductance [21]

G ¼ A
n1Dξ
hn̄2

; ð3Þ

where A is a dimensionless scaling constant of order unity,
n1D is the 1D density, and ξ is the healing length measured
1 μm before the channel exit.
We have performed experiments and GPE simulations to

measure the conductanceG ¼ 1=R as a function of channel
width w for a fixed length of l ¼ 10 μm and an initial
imbalance of η ∼ 1 [21]. Our experiments probe channel
widths over the range 0.75–15 μm [44], resulting in the
one-dimensional channel densities n1D varying over nearly
two orders of magnitude, allowing a stringent test of the
phase-slip model in high-bias conditions. We determine the
conductance by fitting the initial decay of the imbalance
ηðtÞ as seen in Fig. 3(b) to an RC decay model [21], and the
results are shown in Fig. 4. For ease of comparison with
Refs. [13,15,19], the chemical conductanceGμ is plotted vs
programmed DMD channel width and n1D in Figs. 4(a)
and 4(b), respectively [46]. The chemical conductance is
related to the acoustic conductance through Gμ¼ n̄2G [21].

Time, t (ms)

t = 50 ms t = 1000 mst = 25 mst = 0 msy
x

10 µm

Im
ba
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nc

e,
 

FIG. 3. Superfluid atomtronic oscillation regimes, for channel
width w ¼ 12.5 μm, and channel length l ¼ 1.5 μm. (Top row)
Superfluid density dynamics, beginning from an initial η ¼
0.96ð1Þ population imbalance. The Faraday images were taken
following 3 ms time-of-flight expansion. In this regime, the
large initial imbalance leads to phase-slip-induced dissipation;
vortices can be clearly seen as dark holes in the density. (Bottom
panel) Dynamics of the population imbalance for different initial
imbalances. Red circles: η ¼ 0.03ð1Þ; blue squares: η ¼ 0.18ð1Þ;
green diamonds: η ¼ 0.60ð5Þ; black triangles: η ¼ 0.96ð1Þ; con-
tinuous lines: GPE simulations. The data are offset for clarity, with
horizontal lines denoting η ¼ 0. Uncertainties are 95% confidence
intervals estimated from five datasets.

PHYSICAL REVIEW LETTERS 123, 260402 (2019)

260402-3



The experimental results (grey circles) are in good agree-
ment with the GPE simulations (red diamonds).
To test whether the phase-slip model accurately predicts

the conductance, we fit the GPE conductance data with
Eq. (3) by assuming a power-law dependence of the
conductance on the 1D density, G ∝ Aðn1DξÞα, where
the model predicts α ¼ 1. The resulting fit and fit residuals
are shown with a dot-dashed curve in Fig. 4(b). Fitting the
conductance vs n1Dξ, where ξ is determined from the GPE
simulations, results in α ¼ 1.18ð3Þ and A ¼ 1.8ð4Þ, incon-
sistent with the phase-slip model prediction. Fitting vs n1D
only, as was done in previous work [13,19], gives a similar
disagreement with α ¼ 1.11ð4Þ. A fit to the experimental
data, using the GPE-derived healing lengths, results in
α ¼ 1.2ð1Þ and A ¼ 1.2ð11Þ, consistent with the GPE
results at the 95% confidence level.
We observe a qualitative difference in the dynamics

for small and large channels [21]. Small channel widths,
w≲ 8ξ ∼ 4 μm, cannot support vortex dipoles; the topo-
logical excitations are instead solitonic vortices or solitons
[47], which can rapidly decay to compressible (sound)
excitations. Comparison of the relative magnitude of
compressible excitations (sound) and incompressible
excitations (vortices) for the varying channel widths,
as determined from GPE simulations [21], is shown in

Fig. 4(c). Dissipation is sound dominated for small chan-
nels, whereas for larger channels sound and vortices
contribute roughly equally. Despite these differences, we
find a similar power law when fitting only the channels
w ≤ 4 μm [α ¼ 1.3ð2Þ], or larger channels w > 4 μm
[α ¼ 1.19ð5Þ], indicating the conductance is independent
of the nature of the excitations.
The consistent deviation from the phase-slip model

suggests that understanding the more complex role of
compressible excitations and excitation interactions will
be required to fully describe the high-bias resistive decay of
atomtronic circuits. We note that Ref. [13] observed a
decreasing conductance with increasing bias, consistent
with interactions between excitations, as might be antici-
pated for a high shedding rate. Indeed, for a superfluid the
drag force is expected to be nonlinear for sufficiently high
flow velocities [48], or sufficiently wide obstacles, as is the
case in classical hydrodynamics [49]. Establishing empiri-
cal laws for these fluid aspects, as has been done for
classical fluids [28], will thus be important for completely
understanding the resistive behavior of superfluid circuits.
Outlook.—Our comprehensive study of transport

between superfluid reservoirs connected by a linear channel
provides a rigorous foundation for a lumped-element
acoustic approach to atomtronic circuits. In the nondissi-
pative regime, the frequency and amplitude of oscillations
for any channel geometry and moderate initial bias can be
completely determined by the geometry, speed of sound,
and a single fitted parameter, the end correction, which
appears similar to that of a classical fluid.
Although the dissipative regime fails to conform to a

simple phase-slip picture, our results indicate that n1D can
still be used to estimate the conductance, as was done
previously [13,15,19]. A more detailed understanding of
the resistive mechanism requires a full characterization of
the underlying turbulent dynamics.
The intermediate bias case shown in Fig. 3(b) also

highlights the need for a more comprehensive study of
conductance vs initial bias; although the reduced oscillation
amplitude at intermediate bias could be reproduced with
previously developed shunted Josephson junction resistor
models [13,19], this requires the critical current to vary
nonmonotonically (perhaps randomly) with initial bias. We
found the behavior could not be explained by the resonant
excitation of a higher-order acoustic mode. Additionally,
analysis of the incompressible and compressible energies
showed no significant discrepancy with the 100% bias case,
suggesting this is not due to enhanced conversion of the
initial bias energy into vortex interaction energy. In the spirit
of a circuit model, this behavior might be explained by a
randomrelative phase acquired between the reservoirs during
the resistive decay phase. Alternatively, the behavior might
originate from the interaction between the fundamental
resonator mode and the turbulent background, and require
theories for the nonlinear ring down of acoustic resonators.

FIG. 4. (a) Channel conductance as a function of programmed
channel width, upon which n1D depends, for the GPE simulations
(red diamonds) and experimental data (grey circles), for initial
bias η ∼ 1 and fixed channel length l ¼ 10 μm. The purple
shaded area serves to guide the eye, highlighting a change in the
conduction power law for small channel widths. For channel
widths w < 3 μm, the resolution of the DMD projection results in
the channel floor rising as the width decreases, further reducing
the density in the channel [21]. (b) Channel conductance as a
function of the 1D channel density n1D; the data fall on the same
trend line. The power law fit (black dot-dashed line) demonstrates
a deviation from the phase-slip model (see text). The light-grey
region indicates 95% confidence intervals for the fit, and
residuals are shown below. (c) Ratio of compressible and
incompressible energies averaged over the resistive dissipation
regime [exponential decay regime in Fig. 3(b)], showing that
compressible excitations are dominant for small channels.
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Our work is a step towards more complex atomtronic
circuits, and can be applied to the design of guided
superfluid inertial sensors of superfluid helium [5,6] and
exciton-polariton condensates [7]. Future work will include
the realization of other passive atomtronic circuits, such as
simple high- or low-pass filters, which have been devel-
oped for other acoustic systems [28]. Such elements may be
useful for modulating the coupling between superfluids and
mechanical elements, such as superfluid helium hybrid
systems [8]. Our approach provides a framework for the
future combination of passive elements with active ones
such as atomtronic transistors [50].
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