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Abstract. An oscillating object immersed in superfluid helium generates quantum turbulence, emitting
quantized vortices to its surroundings. We report vortex emissions in directions parallel and perpendicular
to the oscillating motion of a thin wire used as a turbulence generator. Two vibrating wires are used to
detect the vortex emissions. We use superffideé as a medium, with the temperature set to 1.25 K, at
which a small amount of normal fluid component is present. In this setup, only vortex loops with sizes
larger than a certain loop diameter= 42 um can be detected. In the perpendicular direction, vortex loops
are detected when the oscillation amplitude is comparable Witln the parallel direction, however, no
vortex loops are detected at the same amplitude, suggesting an anisotropic emission of vortex loops.

1. Introduction

Turbulent flow in superfluids has a simpler structure than classical turbulence in viscous fluids [1]. Since
the circulation of superfluids is quantized, superfluid flows consist only of quantized vortices. These
vortices carry the same quantized circulatioand have very thin cores, e.g. the core radius of a
superfluid*He vortex isag ~ 0.1 nm. A disordered tangle of quantized vortices produces turbulence in
superfluid flow, namely quantum turbulence. Quantum turbulence is a central issue in low-temperature
physics [2].

In experiments, quantum turbulence can be produced by a vibrating obstacle immersed in superfluid
helium, even at very low temperature [3, 4]. Since a quantized vortex cannot have an unconnected end
in superfluid helium, a vortex line forms a loop or it ends at the superfluid boundary. If the boundary is
moved, superfluid flows arise along the surface of the boundary, causing vortex lines remaining at the
boundary to move. A strongly vibrating motion of an object stretches vortex lines attached to the object,
producing vortex loops by reconnection between vortex lines. Some of the vortex loops move away from
the oscillation path, and others collide with the object during the return motion, producing further vortex
loops. Thus, a vortex tangle forms in the oscillation path and vortex loops are emitted from the vortex
tangle.

The motions of vortices are described as being governed only by quantized circulations in superfluids
at the zero temperature limit. A circular vortex loop, for instance, moves in a superfluid sea, propelled
by quantized circulation with a velocity [5]

K 8R 1
U—m(ln%—é)a (l)

whereR is the radius of the vortex loop. Despite the simplicity of the description, experimental studies
on the motion of vortex loops are quitefiitult because there are few methods for vortex observation.
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Figure 1. Schematic of vibrating wires. The detec-
tor wires are mounted around the generator wire. De-

tectors A and B are located in directions perpendicular

and parallel, respectively, to the vibration direction of
\ / the generator indicated by the arrows. The distances
detector As between the generator and detectors A and B are 0.84

mm and 0.83 mm, respectively.

Visualization technigues for quantized vortices can trace vortex motions [6, 7], though these techniques
have been limited to studies on quantized vortices at high temperatures. Also, tracer particles may affect
the vortex motions.

Recently, the paths of vortices emitted from turbulence have been studied by using vibrating wires
[8, 9]. A vortex-free vibrating wire, which cannot generate turbulence alone even at high vibrating
velocities, is capable of detecting a vortex loop [4]. When a vortex loop collides with a vortex-free
vibrating wire, the vibration of the wire is dissipated due to generation of turbulence. After the wire
vibration has been stopped, the wire returns to the vortex-free state [10]. A set of two vibrating wires,
a turbulence generator and a vortex detector, enables the study of the time-of-flight of a vortex emitted
from the generator to the detector. In the present paper, we report vortex emissions in directions parallel
and perpendicular to the vibrating directions of a generator, generated in sup&rtiidt a finite
temperature.

2. Experimental setup

To detect vortex flight paths, we mounted three vibrating wires made of NbTi wire with a diamet2r of

um in a copper chamber with a pin hole. Two detector wires, detector A and detector B, are located in
directions perpendicular and parallel, respectively, to the vibration direction of a generator wire, as shown
in Fig. 1. The distance between the apexes of the generator and detector A is tuned to be 0.84 mm, with
the distance between the generator and detector B set to be almost the same at 0.83 mm. The bending
shape of detector A is nearly identical to that of detector B. Although the wire arrangement is similar to

a previous experimental design [11], the tuned distances enable us to study the direction distributions of
vortex emissions from the generator more precisely. The resonance frequencies in vacuum at 4.2 K are
1145 Hz for the generator, 2906 Hz for detector A and 3282 Hz for detector B.

To study vortex emissions for large vortex loops, we performed time-of-flight measurements in
superfluid*He at a temperature of 1.25 K. At a finite temperature, a normal fluid component arises from
superfluid helium, dissipating superfluid vortices. Vortex loops shrink during flight and may therefore
fade away. The flight distandeand the flight timer until disappearance of a circular vortex loop with a
radiusRy are given byl = Ry/a andt = Ry/2a1yp [5], wherea is the mutual friction cofficient between
a normal fluid component and a vortex line, agds the velocity of a loop with radiuRy given by Eq.

(1). Inthe present setup, the detectors can detect emitted vortex loops with an initial diameter only above
42 um, because smaller vortex loops may disappear shortly before reaching the detectors. The flight time
of the fastest loop is estimated to be 0.08 s under this condition.

3. Results and discussion

3.1. Time-of-flight measurements for the perpendicular direction

Time-of-flight measurements were performed by similar methods to those used in previous studies

[9, 11]. We measured the period between the start of turbulence generation by the generator and the
detection of a vortex loop by the detector. The period, therefore, corresponds to the creation time of a
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Figure 2. Distribution of vortices detected with detector A for generation powers of (a) 30 pwW and (b)
60 pW. The probabilityP is the detection probability within a time period(a) The probability - P

for 30 pW follows the exponential function Eq. (2), shown by the solid line. (b) The detection periods
for 60 pW are much shorter than those for 30 pW. The distribution, however, no longer shows a single
exponential function (see text).

vortex loop plus the time of its flight from the generator to the detector. We measured periods repeatedly
at a temperature of 1.25 K for a power of 30 pW injected in a turbulence region, and found that the
observed periods were distributed widely from 0.4 s to 250 s for 100 measurements. The non-detection
probability 1— P is plotted as a function of time in Fig. 2(a), whd?as the detection probability within

a time windowt. The data of the probability £ P are consistent with an exponential function

1-P= exp(—t;—to), ()
1

shownas the solid line in Fig. 2(a), indicating that the vortex detection is a Poisson process. The fitting
parameters, andt; are estimated to be 0 s and 53 s, respectively. The paratpetemresponds to the
creation time plus the flight time of the fastest vortex loop [9]. As mentioned in the previous section, the
flight time of the fastest vortex loop that can reach the detector is expected to be 0.08 s. The creation
time of a vortex loop by the generator is expected to be less than 10 ms [9]. Therefore, thgifme
estimated to be almost zero in the present time range. The mean detection period corresponds to the
fitting parametet;. Hence, the detector detects vortex loops at irregular intervals with a mean interval
time oft;. Since the detector can respond only to a reachable vortex loop, this result suggests that vortex
loops are emitted randomly with respect to the emission direction. To study the emission rate of large
vortex loops, we measured times-of-flight foffdrent generation powers. For powers below 30 pW,
we rarely detected vortex loops within a measurement time window of 500 s. For a power of 60 pW,
however, the observed detection periods are much shorter than those for 30 pW, as shown in Fig. 2(b).
The emission rate of large vortex loops appears to increase steeply with increasing generation power.
The data of the probability 2 P for 60 pW do not fit to a single exponential function. The detection
rate of vortex loops, proportional to the slope of the probability, increases at times above 0.8 s, in contrast
to the 30 pW case. Increasing emission rates appedfdotdhe vortex emissions. It is plausible that
emitted vortices reconnect between themselves at high densities, forming a tangle of vortices between
the generator and the detector, as observed in the studies of sup&éuBl [12]. Forming the tangle
may reduce vortex loops reaching the detector. When a balance is achieved in the tangle, the detection
rate increases, as the distribution above 0.8 s for the 60 pW case shown in Fig. 2(b).



27th International Conference on Low Temperature Physics (LT27) IOP Publishing

Journal of Physics: Conference Series 568 (2014) 012027 doi:10.1088/1742-6596/568/1/012027

100 : , .

>, [ J

2

5 10f —

g e Figure 3. Mean detection period of detector A

5 ® as a function of generation power. Below 50

£ 1k %e00, - pW, the distributions of detection period indicate

": ° a Poisson process. Above 60 pW, however, the

g distributions do not reveal a Poisson process. In
0.1 . | . | the figure, therefore, we averaged the detection

0 100 200 period for all powers instead of using timgin
generation power (pW) Eq. (2) (see text).

3.2. Power dependence of vortex emission for the perpendicular direction

To study the emission rates, we measured the distributions of time-of-flight as a function of generation
power. Below 50 pW, the data are consistent with a single exponential function, indicating a Poisson
process. Above 60 pW, however, the distributions do not indicate a single exponential function. The
mean detection period is equal to tiref Eq. (2) in a Poisson process because the tjtenegligible,

though we could not estimate for powers above 60 pW. Instead of using titae we averaged the
detection periods to estimate a mean detection period, as shown in Fig. 3. The mean detection period
decreases steeply with decreasing power below 60 pW, though the value does not vary so much above 60
pW.

In the present setup, only vortex loops larger tharu#®in diameter can reach the detector. The
emission of such large vortex loops should relate to the geometry of the turbulent region. For a power
of 60 pW, the generator wire produces a turbulent region of (wire thicknesgn®.% (wire length: 1.3
mm) x (vibrating peak-to-peak amplitude: g4n). Thus, the emitted vortex size42um, is comparable
with the vibrating amplitude. This result suggests that the vibrating wire stretches attached vortices,
producing vortex loops comparable with its amplitude. The large vortex loops may propagate in the
direction perpendicular to the vibration direction. In a previous paper [9], we found that a vibrating wire
produces vortex loops equal to or smaller thandrildiameter. Consequently, a vibrating wire produces
vortex loops with a diameter from 04m to a size comparable to its vibrating amplitude. Note that
vortex loops with a larger size may not emit in this power range, because vortex loops have been rarely
detected below 30 pW.

3.3. Vortex emission for the parallel direction

To study the direction distribution of vortex emissions, we measured times-of-flight for the direction
parallel to the vibrating direction using detector B. Unlike in the perpendicular direction case, we did
not detect vortices in a power range of the order of 10 pW to 100 pW. At 100 pW, we observed vortices
within a time window of 500 s, though a few data points were still missing in the window. The detection
periods are much longer than those for the perpendicular direction at the same power, indicating that
large vortices are emitted anisotropically. The probability B of detection periods at 100 pW are well

fitted to a single exponential function Eg. (2), as shown in Fig. 4, indicating a Poisson process. The
fitting parameterg, andt; are estimated to be 0 s and 169 s, respectively.

This distribution suggests that vortices are emitted from the generator independently and randomly.
This behavior is similar to that of the vortex emission for 30 pW in the perpendicular direction shown
in Fig 2(a). The question remains, however, as to how the vibrating wire produces large vortex loops.
In the parallel direction, the cross-section of a turbulent region for 100 pW has a geometry described
by (wire thickness: 2.4m + wire bending: 0.9um) x (wire length: 1.3 mm). Thus, the largest vortex
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loop produced by the generator is expected to be of the ordeof, Inuch smaller than the detected
vortex loops. It is possible that large vortices may be emitted from tangles of vortices. As mentioned in
the previous section, the distribution of the vortex emissions at 60 pW shown in Fig. 2(b) implies that
a tangle of vortices may form around the generator. In a tangle of vortices, vortices reconnect between
themselves, forming large vortex loops [12]. Therefore, it is plausible that large vortex loops may be
emitted from tangles forming around the generator, though we cannot estimate the size of such tangles
in this experiment.

In the present work, we observed anisotropic emissions of large vortex loops generated by a vibrating
wire. In previous studies [13, 14], numerical simulations using a vibrating sphere also predict anisotropic
emissions of vortex loops. Contrary to the present results, however, the emission rate of large vortex
loops is higher in the direction parallel to the vibrating direction than that in the perpendicular direction.
The emission rate of large vortex loops may be associated with the geometry of the vibrating object. A
vibrating sphere produces a turbulence forming a column with a length equal to the vibrating amplitude
and a diameter comparable with the sphere size. The turbulence produced by a vibrating wire may spread
in a rather planar region defined by the vibrating amplitude and the wire length. Therefore, a vibrating
wire can produce large vortex loops propagating in the perpendicular direction more easily. Further
experimental and numerical studies are necessary to describe vortex emissions produced by a vibrating
object.

4. Conclusions

We report the vortex emission of large vortex loops generated by a vibrating wire immersed in superfluid
“He. Using vortex-free vibrating wires as a vortex detector, we measured times-of-flight in the directions
perpendicular and parallel to the vibrating direction of the generator wire. In the perpendicular direction,
the vibrating wire can produce vortex loops with a diameter comparable with the vibrating peak-to-peak
amplitude. In the parallel direction, we also find the emission of such large vortex loops, though a higher
generation power is required for large vortex loops to be detected. This anisotropy may be associated
with the creation mechanism of large vortex loops.
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