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Abstract To understand the origins of synchronous and asynchronous phase slip-
pages observed in an array of apertures connecting two reservoirs of superfluid 4He,
we have investigated the role of thermal fluctuations in the critical velocity and the
possible effects of having an array rather than a single aperture through several model
simulations. The results are compared with recent experiments carried out near the
superfluid transition temperature with an array of apertures as well as those carried
out at low temperatures with a single aperture.
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We remind the reader that a 2π phase slip is a fundamental superfluid dissipation
mechanism wherein a quantized vortex is stochastically nucleated near some critical
velocity vc at an asperity at the walls of a channel/aperture. The vortex grows in size
at the expense of the local fluid energy and moves across the path of the fluid. When
the vortex has completely crossed the channel/aperture, the phase difference across
that element decreases by 2π which corresponds to a loss of energy and a drop in
aperture flow velocity �vs ≡ vslip = κ/�eff. Here, κ = h/m4 = 9.97 × 10−8 m2 s−1

is the circulation quantum and �eff is the effective length [1] of the aperture that takes
the hydrodynamic edge effects into account.

During the past 20 years, single phase slip events, first observed by Avenel and
Varoquaux [2], have been studied extensively at temperatures well below Tλ. Rele-
vant energy barriers and statistical variations in the critical velocity have been mea-
sured [3, 4] and explained phenomenologically [5, 6]. However, the nature of phase
slip dynamics very near Tλ is less well known.
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Fig. 1 Typical experimental
cell schematic. D: diaphragm,
E: electrode, A: aperture array
(or a single aperture)

A typical experimental apparatus used to study phase slips in superfluid 4He is
shown in Fig. 1 and described in more detail in [7, 12, 13]. Two volumes filled with
superfluid 4He are separated by a diaphragm and an array of apertures (or a single
aperture depending on experiments). A pressure head (and therefore a chemical po-
tential difference) can be induced across the apertures by applying a DC step voltage
between the diaphragm and the electrode thereby pulling up on the diaphragm. Mo-
tion of the diaphragm indicating fluid flow through the apertures is detected by a
SQUID-based displacement sensor placed above the electrode. If the initial pull on
the diaphragm is large enough, the flow velocity inside the apertures increases in time
until it reaches vc, at which point it decreases almost discontinuously by an amount
vslip. This process repeats, such that the flow through the apertures follows a sawtooth
waveform (which can be thought of as a phase slip “oscillation”).

Since vortex nucleation is a stochastic process [5], thermal fluctuations spread the
critical velocity into a range �vc. For a single aperture, the ratio of �vc to the velocity
drop due to a phase slip vslip determines the degree of periodicity (i.e. how periodic
the phase slip events are) in a phase slip oscillation driven in a way described above.
As this ratio �vc/vslip increases, phase slips become less correlated (i.e. less periodic)
in time. Using single apertures (instead of an array) of size 0.042 µm × 0.12 µm,
0.18 µm × 4.2 µm, and 0.13 µm × 5.3 µm in 50 nm thick silicon nitride windows
connecting two volumes of superfluid 4He, Backhaus and Packard found [8] that a
periodic phase slip oscillation does not exist at temperatures near 0.5 K. Although
previous work [9–11] suggests that �vc/vslip decreases with increasing temperature
near Tλ, there have been few experiments done to investigate its consequences with
single apertures.

In contrast, Hoskinson et al. [7, 12] recently reported a highly periodic phase slip
oscillation in an array of N (=4225) apertures nominally 70 nm across, etched in
a 50 nm thick membrane near the superfluid transition temperature. (Some experi-
mental traces are shown in [12] and [13].) A further investigation [13] has revealed
that the phase slip oscillation amplitude1 which is ≈4225 times greater than that ex-
pected for a single aperture near Tλ decreases as the temperature is lowered. This
indicates that phase slips occur simultaneously in all the apertures when the tempera-
ture is near Tλ but subsequently lose their simultaneity as the temperature is lowered.
The exact mechanism underlying such transition is as yet unknown but possible ties
to physics seen in systems such as sliding tectonic plates, magnetization of random
field magnets, and disordered-pinned charge density waves have been suggested [14].

1“Phase slip oscillation amplitude” is a peak to peak amplitude of sawtooth mass current oscillation re-
sulting from a series of phase slip events in an array of apertures. Experimental procedures for measuring
this amplitude is described in detail in [13].
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In an attempt to understand the origins of these observed phenomena as well as some
differences between results involving a single aperture and an array of apertures, we
have performed several model simulations. Here we describe our simulations for sev-
eral possible scenarios.

We wish to address three issues: (1) Does having an array of apertures rather than
a single aperture change the effect of thermal fluctuations and therefore the peri-
odicity of phase slip oscillations? (2) Can a decreasing �vc/vslip (with increasing
temperature) explain why a phase slip oscillation with well-defined periodicity is ob-
served near 2 K yet not at lower temperatures? (3) Correspondingly, can the observed
decline in the phase slip oscillation amplitude at lower temperatures (suggesting a
loss of simultaneity in the array) in [13] be explained by an increasing �vc/vslip?

To answer question (1), we have performed a numerical simulation of phase slip
oscillation amplitude as a function of �vc/vslip for an array of N apertures. It is
natural to expect that the exact behavior of the array should depend on the strength
of (hydrodynamic or quantum mechanical) coupling that exists among the apertures,
and therefore we have picked two special cases for simulation to study some key
differences. In the first case, we assume that the apertures are so strongly coupled that
phase slips always occur in unison among all the apertures in the array. (In this case,
the whole array is essentially orchestrated by a single aperture.) In the second case,
we imagine the apertures to be completely decoupled from each other and allow phase
slips to occur independently in various apertures. (Here, the array behaves simply as
a collection of N independent apertures.) Our simulation reveals that the effect of
thermal spread in vc is quite different for these two cases.

The simulation procedure for N (=4225) independent apertures is as follows.
We first simulate the effect of thermal fluctuation by introducing a spread in critical
velocity with a Gaussian distribution with a finite width that we specify about the
mean value vc. We define P(vs) to be the probability of a phase slip event taking
place at a superfluid velocity vs . As in [9], the critical velocity here is defined to be
the value of vs at P = 1/2, and the width of the critical velocity distribution is set to
be (dP/dvs)

−1 at vc. At t = 0, we start increasing the fluid velocity in an aperture
linearly in time, and we assign2 a critical velocity vc,1 for the first phase slip using
the statistical distribution described above.

When the fluid reaches vc,1, the velocity is made to decrease by a fixed amount
vslip. After such an event, a new critical velocity vc,2 is assigned for the next phase slip
based on the given distribution. The fluid accelerates again until it reaches that new
value, at which point, the fluid undergoes the second phase slip causing the velocity
to drop by vslip. A new critical velocity vc,3 is assigned again for the third phase
slip, and the process repeats. This is done independently for 4225 apertures, and we
superimpose the simulated velocity profile from all the apertures to obtain vs(t) for
the whole array. Taking the Fourier transform of this signal vs(t) and analyzing the
spectral content allow us to calculate the phase slip oscillation amplitude [13].

This gives us one point in the simulated oscillation amplitude versus �vc/vslip
plot. We then repeat this entire process for different values of �vc/vslip. To observe
the effect of stochastic �vc alone, the mean critical velocity vc has been assumed

2In this simulation, we have set the mean value to be ∼1 m/sec using the data of [13].
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Fig. 2 Simulated phase slip
oscillation amplitude vs.
�vc/vslip. “Locked” means
apertures are forced to slip
together. “Not locked” means
that phase slips can occur
independently in various
apertures. A locked array
behaves just like a single
aperture

to be the same for all the apertures. For the case of 4225 locked apertures, we sim-
ply force all the apertures to slip whenever the critical velocity is reached in some
aperture.

Simulated phase slip oscillation amplitude as a function of �vc/vslip is shown in
Fig. 2. It has been normalized so that 1 is the expected amplitude for a phase slip
oscillation with no spread in vc. Open circles show the expected amplitude for 4225
apertures that are forced to slip together, and filled circles show the expected ampli-
tude for the same number of apertures that are independent of each other. Triangle
points indicate the background noise for locked apertures, and the crosses near the
bottom of y-axis show the same for independent apertures. The background noise is
obtained by measuring the power/Hz next to the oscillation frequency peak in the
power spectrum, multiplying that by the frequency width used to measure the power
in the peak, and converting that into velocity oscillation amplitude units. This particu-
lar simulation was done for the oscillation frequency of 90 Hz, with 10 kHz sampling,
and the frequency resolution of 1.43 Hz. These parameters were chosen to mimic the
experimental setup of [13].

What is common in the two cases simulated here is the fact that phase slip events
become less and less periodic in time in a given aperture as �vc/vslip increases.
Therefore the phase slip oscillation amplitude (which is obtained from measuring
the power in the peak at the oscillation frequency in Fourier space) decreases as a
function of �vc/vslip. When all the apertures are required to slip together (i.e. aper-
tures are locked due to strong coupling), this loss of periodicity in phase slip events
causes the power that was in the Fourier peak at the oscillation frequency to spread
out into a wider frequency band. The “background noise” then increases and it even-
tually washes out the decreasing peak when �vc/vslip ∼ 0.7. Since the whole array
is orchestrated by one aperture, this behavior is exactly the same as what one would
expect from a single aperture [15]. On the other hand, when the phase slips are al-
lowed to occur independently in various apertures (i.e. apertures are not coupled at
all), the background noise seems to be reduced by a factor of

√
N . In the array where

N = 4225, this factor of
√

N (=65) is rather large, and this keeps the oscillation
visible even when �vc/vslip is much bigger than 0.7.
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Fig. 3 The Fourier transform of
phase slip oscillation when
�vc/vslip = 0.7. Two curves are
for 4225 locked apertures and
4225 independent apertures

The Fourier transforms of vs(t) when �vc/vslip = 0.7 are shown in Fig. 3 for the
two cases. The Fourier peak at the oscillation frequency is lost in the noise if we
lock all the apertures and make the array single-aperture-like. However, if we keep
the apertures completely independent of each other, the peak becomes visible. What
this shows is that if phase slips are forced to always occur simultaneously in all the
apertures due to some strong coupling, then an array will be affected by thermal
fluctuation just as much as a single aperture would. On the other hand, if phase slips
do not have to occur simultaneously in various apertures because they are very weakly
coupled, having an array of them actually suppresses the effect of �vc and allows
one to observe a phase slip oscillation at a well-defined frequency even if it might be
unobservable in a single aperture.

As intriguing as this result may be, we do not know how strong the coupling
among the apertures is. A hydrodynamic or quantum mechanical coupling among the
apertures might be such that the behavior of the array is somewhere between the two
special cases studied here. The fact that the phase slip oscillation amplitude decreases
in the data of [13] suggests that phase slips might not be occurring simultaneously
in all the apertures at low temperatures, and that could mean the coupling does not
always force all the apertures to slip together. However, to gain a full picture, we
really need a robust model of how a phase slip in a given aperture should or should
not affect the rest of the array [14].

To answer question (2) (“Can the existence of highly periodic phase slip oscil-
lation observed in an array of apertures near 2 K and nonexistence of such oscilla-
tion in a single aperture below 1 K be explained by the temperature dependence of
�vc/vslip?”), we use the data presented in [9] to find �vc(T ). For the array experi-
ments of Hoskinson et al., we use vslip ∼ 1 m/sec found in [13] to see how �vc/vslip
varies with temperature. (Apertures used in [12] and [13] are ∼30 nm in diameter and
are fabricated in 50 nm thick Si–N chip.) The calculated value of �vc/vslip as a func-
tion of temperature for these apertures is shown in Fig. 4. For comparison, we plot
what we find for the experiments of Backhaus et al. To find vslip for the three different
apertures used in their experiments, we use vslip = κ/leff with leff = l+8D/3π where
l is the thickness of silicon nitride membrane and D is the diameter of an aperture.
This formalism [1] corrects for the hydrodynamic edge effects (from flow field at the
ends of a channel/aperture) by scaling the aperture length according to its diameter.
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Fig. 4 �vc/vslip as a function
of temperature. (A) is for
apertures used in experiments of
Hoskinson et al. [12, 13].
(Aperture sizes are ∼30 nm in
diameter and they are made in a
50 nm thick Si–N chip.) (B),
(C), and (D) are for those used
in the experiments of Backhaus
et al. [8]. (Aperture sizes
are (B): 0.42 µm × 0.12 µm,
(C): 0.18 µm × 4.2 µm, and (D):
0.13 µm × 5.3 µm. They are
fabricated in a 50 nm thick Si–N
chips.) �vc as a function of
temperature was obtained
from [9]

If the apertures used in [15] are treated as circles whose radii give the same areas as
the apertures, their effective lengths come out to be 265 nm, 883 nm, and 845 nm.
The same analysis gives leff ∼ 75 nm for the apertures of Hoskinson et al. The effect
of having smaller leff (and therefore bigger vslip) is apparent in the result.

Our simulation shown in Fig. 2 indicates that for single apertures �vc/vslip should
be kept below 0.7 to observe a phase slip oscillation with some sort of periodicity.
For the apertures used in experiments of Hoskinson et al., this condition seems to be
always satisfied and the degree of periodicity is very high above 2 K. In contrast, for
the apertures used in experiments of Backhaus et al., one would have to get very close
to Tλ to have a chance of seeing phase slips highly correlated in time.

This explains why phase slips were found to be completely uncorrelated in the ex-
periments of Backhaus et al. which were done at temperatures below 1 K. This result
suggests that if they had gone very close to the transition temperature, they might have
been able to observe a phase slip oscillation with a well-defined frequency. However,
it is possible that the system might have transitioned into a Josephson regime [12]
where a sinusoidal current-phase relation eliminates dissipative phase slips. On a
similar note, this result also suggests that Hoskinson et al. might have been able to
see a phase slip oscillation with a well-defined frequency even with a single aperture.
However, one could argue here that the mass current though a single aperture of such
small size would have been too small to detect.

To answer question (3) (“Can the observed decline in the phase slip oscillation
amplitude at lower temperatures in [13] be explained by an increasing �vc/vslip?”),
we have used the curve (A) in Fig. 4 to turn Fig. 2 into a plot of simulated oscil-
lation amplitude as a function of temperature. For comparison, we present the ex-
perimental data from [13]. Figure 5a shows the measured mass current oscillation
amplitude Islip along with the expected value for the fully synchronous case IN

slip.
Background noise is calculated the same way as it is for the simulation. The exper-
imental data shows that the phase slips occur simultaneously among different aper-
tures when Tλ − T ≈ 10 mK but they lose their simultaneity as the temperature is
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Fig. 5 a Measured phase slip
oscillation amplitude (see
footnote 1) and the noise in the
peak. The temperature
dependence for the expected
value IN

slip comes from the
increasing superfluid density
with decreasing temperature.
The dotted line in (b) is the
normalized phase slip oscillation
amplitude which was obtained
using the fits to the data shown
in (a). A solid line (b) is the
normalized oscillation amplitude
(simulated) which takes the
effect of thermal width in vc

lowered. A dotted line in Fig. 5b is Islip/I
N
slip, which is an observed oscillation ampli-

tude normalized so that the expected value IN
slip is taken to be 1. (Fitted curves to the

data in Fig. 5a were used to produce this plot.) A solid line in Fig. 5b is the simulated
Islip/I

N
slip with thermal fluctuation in vc.

This simulation reveals that the thermal width in the critical velocity plays a rel-
atively small role with the apertures of [12] and [13] if the phase slip oscillation
is driven above 2 K. There is a slight decrease in the oscillation amplitude, which
comes from a slight loss of periodicity in individual apertures. However, the effect
is not as drastic as the measured decline shown in this plot. Therefore, the observed
variation in the phase slip oscillation amplitude is more likely to be due to some
other effect that is more dominating in this particular temperature regime. As sug-
gested in [13], one such candidate is the superfluid healing length which changes
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from ∼10 nm to ∼1.5 nm in the temperature range plotted in Fig. 5. (The superfluid
healing length decreases with decreasing temperature.) As the healing length short-
ens and more nanometer size asperities in aperture walls become exposed, different
apertures might start to have different critical velocities. That can bring the overall os-
cillation amplitude down for the whole array while maintaining well-defined periodic
oscillations in individual apertures.

In summary, to understand the existence of a highly periodic phase slip oscillation
near 2 K and the decline of the oscillation amplitude with decreasing temperature, we
explored the role of thermal fluctuation in the critical velocity and the effect of hav-
ing an array of apertures rather than a single aperture. Using a numerical simulation,
we find that the role that �vc plays in the single aperture experiments of Backhaus
et al. is large, but it is negligible in the array experiments of Hoskinson et al. This dif-
ference is a consequence of different aperture dimensions used in those experiments
and has nothing to do with the existence of an array. The simulation reveals that the
effect of thermal fluctuation is not large enough to explain the observed decline in the
phase slip oscillation amplitude seen in the data of [13]. As for the array dynamics,
we find that if the apertures are independent of each other, having many apertures
can further suppress the effect of �vc. However, it still remains a mystery if such
an independent behavior is allowed in a quantum mechanical system with a single
macroscopic wavefunction governing the whole array. A more robust model of how
a phase slip in a given aperture should or should not affect the rest of the array is
needed to fully understand this matter [14]. We hope this study will shed some light
on the possible mechanisms underlying the observed phenomena and the nature of
phase slip dynamics in a multiply connected geometry.
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