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Abstract The paper is, for the most part, a review, written in its original form for an
International Workshop on Vortices, Superfluid Dynamics, and Quantum Turbulence,
held in Lammi, Finland, in 2010. Achievements are reviewed, and a strong emphasis
is placed on problems that are either unsolved or still the subject of active discussion.
These problems often call for more powerful experimental techniques, including local
probes and actual visualization of the turbulent motion. Special emphasis is placed
on recent progress in the development of visualization.
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1 Introduction

Quantum turbulence is the name we give to turbulence in a superfluid, in which the
turbulent flow is influenced by quantum effects [1]. Turbulence has been studied ex-
tensively in the superfluid phase of liquid “He and in the superfluid B-phase of liquid
3He, and it is starting to be studied in Bose-condensed gases. Except at the lowest
temperatures these superfluids are two-fluid systems: a normal fluid coexisting with
a superfluid component [2—-6]. Flow of the superfluid component is, at low velocities,
without dissipation, and rotational motion in a simply-connected volume can arise
only through the presence of vortex lines [7], round each of which there is an irrota-
tional circulation equal to 2w i/m, where m is the mass of a single atom in the case
of a Bose system and the mass of two atoms in a Fermi system. In the presence of
these quantized vortex lines there is a frictional interaction between the two fluids,
known as mutual friction [8, 9].
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In principle, turbulent flow is possible in either or both of these two fluids (al-
though, as we shall see later, turbulence in the normal fluid of 3He-B is inhibited
by a large viscosity). Turbulence in the normal fluid is similar to that in a classical
fluid, although its characteristics can be modified by mutual friction. Turbulence in
the superfluid component must take the form of some more or less irregular tangle of
quantized vortices [7], the motion of the vortices being modified by mutual friction.

The view is sometimes expressed that the most important and interesting case of
quantum turbulence relates to that in the superfluid component at very low temper-
atures, where there is a negligible fraction of normal fluid (“pure” quantum turbu-
lence). While it is true that this is a particularly interesting case, since it involves, for
example, no viscous dissipation, types of turbulence involving both fluids are equally
interesting and provide us with a rich variety of new types of turbulent phenomena,
unknown in the study of classical turbulence.

A form of quantum turbulence (in a counterflow heat current in 4He) was discov-
ered almost sixty years ago [10-12]. In the Sects. 2 and 3 of this paper we aim to
describe what has been discovered and understood since that time. The experimental
tools available to us for the study of quantum turbulence have for much of this time
been very limited. In Sect. 4 we shall review these tools and emphasize the need to
develop more powerful experimental techniques. In the remaining sections we shall
focus on a limited number of topics of special interest and draw attention to unsolved
problems that present us with demanding challenges for the future.

2 Early History
2.1 Turbulence in a Thermal Counterflow

As soon as the two-fluid model of superfluid “He had been developed, it was realised
that heat is carried in this liquid by a counterflow, the superfluid moving towards the
source of heat, while the normal fluid moves away from it, with no net mass flow.
At first sight the only dissipation that limits this process arises from the viscous flow
of the normal fluid, but it was shown in 1949 [13] that, except at the smallest heat
currents, there appeared also to be a dissipative force of mutual friction, acting be-
tween the two fluids. The origin of this force remained a mystery until experiments,
especially those examining transient effects [10-12], showed that in all probability
the mutual friction is associated with some form of turbulence in the superfluid com-
ponent. Landau’s theory of superfluidity required that the flow of the superfluid com-
ponent be irrotational [2, 3], so the idea arose that rotational motion of the superfluid
was possible, but that it was accompanied, for some unknown reason, by mutual
friction. It was this idea that led to the search for mutual friction in the uniformly
rotating helium [8, 9]. In parallel with these experimental developments Feynman [7]
suggested that it was quantized vortex lines that allowed the superfluid to rotate, and it
was then immediately clear that the mutual friction, associated with either turbulence
in the superfluid or uniform rotation, is caused by the frictional interaction between
the normal fluid and the cores of the quantized vortices [9]. Interestingly, therefore,
the first observation and study of quantum turbulence was intimately associated with
the discovery of quantized vortices.
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Experimental evidence [10—12] suggested that thermal counterflow turbulence in
4He is essentially homogeneous, and that it might be generated and sustained by the
action of the mutual friction on the quantized vortices in the superfluid component.
Analysis of the results of these first experiments on thermal counterflow turbulence
led to phenomenological equations describing the growth and decay of the turbulence
and to suggested mechanisms of growth and decay [10—12]. But a serious understand-
ing had to await the pioneering work of Schwarz [14]. Schwarz identified the essential
physical processes underlying the way in which mutual friction in a counterflow can
lead to a self-sustaining turbulent tangle of vortex lines. This essential physics can be
seen by noting that mutual friction acting on a vortex ring in the appropriate direction
can cause the ring to expand, and that this type of process can lead to a self-sustaining
density of vortex rings, if, but only if, vortex reconnections [15] are allowed. It is in-
teresting that mutual friction can in this way lead to the generation of turbulence,
in spite of its being a dissipative process. Schwarz’s work was based ultimately on
his pioneering computer simulations, based on the vortex filament model in which
the motion of a vortex is assumed to be governed by the principle that each element
of a vortex moves with the local fluid superfluid velocity, as in classical fluid me-
chanics, but with two additional features: that vortices can reconnect if they approach
each other closely, and that the vortex motion is modified through the Magnus effect
when there is a force of mutual friction. His simulation of counterflow turbulence
was based on the local induction approximation [1], which led to difficulties that he
was able to overcome only with some ad hoc tricks. Very recently it has been shown
by Adachi et al. [16] that these difficulties disappear if the local induction approxi-
mation is replaced by the more accurate Biot-Savart law, which takes proper account
of long-range vortex-vortex interactions. We look forward to learning more about the
results of these new simulations: for example, about the turbulent energy spectrum in
the flow, and whether, for example, this spectrum indicates significant flow on scales
larger than the vortex-line spacing (which is absent in the Schwarz simulations).

In spite of this impressive success in understanding thermal counterflow turbu-
lence, there has remained a serious unsolved problem. The simulations that we have
mentioned assumed that the flow of the normal fluid is laminar. Suggestions by Tough
[17] that there is a critical heat current at which the character of the turbulence ap-
pears to change led Melotte and Barenghi [18] to suggest that this change might be a
transition to turbulence in the normal fluid. We shall return later to some very recent
evidence that this is indeed the case. An understanding of situations in which both
fluids are turbulent in a counterflow provides us with a severe challenge.

2.2 Vortex Nucleation

There was an early recognition that any discussion of the way in which quantum
turbulence can be generated must take account of the fact that the nucleation of quan-
tized vortices is opposed by a serious potential barrier [19]. Near a solid boundary
the barrier arises because a vortex is attracted to its image; in the bulk the generation
of a small vortex ring, for example, lowers the energy of the system only if the ring
exceeds a minimum size. At temperatures very close to the superfluid transition the
barrier can be overcome thermally [19-22], but otherwise the barrier seems often to
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be so large that it cannot be overcome at reasonable velocities (strictly speaking this
is true only for the case of “He, with which all early experiments were concerned;
the case of *He will be discussed later). It must then be the case that the growth
of turbulence depends on the presence of existing remanent vortices, which might
have been produced by the Kibble-Zurek mechanism [23] when the helium was first
cooled through the transition temperature. Although fully-developed quantum turbu-
lence may be unaffected by the details of the nucleation, it seems likely that critical
velocities for the onset of the turbulence will be affected. This has been confirmed
in recent beautiful observations by Hashimoto et al. [24]. These authors studied the
critical velocity for a vibrating wire in a closed cell containing the “He, which could
be filled slowly and at a low temperature through a very small channel. The idea is
that such a filling procedure might well produce helium that is relatively free from re-
manent vortices. The authors did indeed observe a greatly increased critical velocity,
which dropped as soon as a few vortices were deliberately introduced [25].
Generally speaking we have no means of knowing the configurations of remanent
vortices, a fact that must always be borne in mind in interpreting experimental results.

2.3 Other Early Experiments

Quantum turbulence associated with a thermal counterflow has no classical analogue.
During the early years a few experiments were reported in which quantum turbulence
may have been produced in flows analogous to those in which turbulence can be
produced in a classical fluid: examples are the torsional oscillations of a sphere in a
fluid [26] and fluid oscillations in a U-tube [27]. Measurements were reported of the
damping as a function of amplitude of oscillation, but interpretation proved difficult
and unconvincing. Starting only in the mid-1990s were more powerful experimen-
tal techniques applied to the study of types of quantum turbulence that might have
classical analogues. It is to these more recent studies that we now turn our attention.

3 Experimental Studies since 1995

There was a renaissance in the experimental study of quantum turbulence in about
1995, and we shall briefly describe the results.

3.1 Homogeneous Quantum Turbulence in Superfluid “He

Two experiments played an important role in this renaissance: that of Maurer and
Tabeling [28]; and that of the Oregon group [29, 30].

Maurer and Tabeling generated turbulence in liquid helium by means of counter-
rotating blades. They introduced a stagnation pressure probe into the helium at a point
where there was a large steady flow velocity, U, on which the turbulent fluctuations,
u were superimposed. The frequency spectrum of observed pressure fluctuations then
reflected the spectrum of u?; i.e. the turbulent energy spectrum. They observed the
form of this spectrum at temperatures both above and below the superfluid transition
(down to about 1.4 K). They observed no significant dependence on temperature. The
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spectrum was of the form consistent with the classical Kolmogorov energy spectrum,
E (k), describing the way in which turbulent energy per unit mass is distributed over
different length scales (inverse k) in homogenous isotropic turbulence in a classical
inertial regime [31, 32]

E(k) = Ce*PiA3, (1)

where C is a constant of order unity and € is the flux of energy towards shorter length
scales in a classical Richardson cascade. In fact small deviations from Kolmogorov
were also detected (associated with intermittency), and these too were unaffected by
changes in temperature. These results showed rather clearly that quantum turbulence
could be very similar to its classical counterpart, at least on scales larger than the size
of the pressure transducer (of order 0.5 mm).

Classical homogeneous isotropic turbulence is often studied in the form of grid
turbulence, formed by steady flow through a grid and observed at distances greater
than a few mesh sizes behind the grid [32]. The Oregon group generated quantum
turbulence in the wake of a steadily moving grid. They measured the vortex line
density, L, as a function of distance behind the grid, by using a technique that had
been developed in connection with the study of thermal counterflow turbulence: a
measurement of the attenuation of second sound caused by the mutual friction arising
from the presence of quantized vortex lines. In effect they measured the way in which
the turbulence decayed in time. The interpretation of experiments of this type will
be discussed critically later in this paper, but for the moment we can say that the
results presented by the Oregon group are consistent with two assumptions: that on
scales larger than the vortex line spacing (which we denote by £ = L~!/? throughout
this paper) the velocity fields of both fluids are essentially classical and are coupled
together by mutual friction; and that dissipation occurs on smaller scales (< £) in
accord with the formula

e =v'k?L?, )

where « is the quantum of circulation, and v’ is an effective kinematic viscosity.

We see that both experiments point to a flow of the superfluid component that is
essentially classical on large scales, meaning scales large compared with the vortex
spacing £. We shall discuss the reason for this behaviour later. We emphasize at this
stage that when there is coupled motion of the two fluids (as here, on scales much
larger than ¢), there is virtually no dissipation; movement of the two fluids with the
same velocity ensures that there is no dissipation due to mutual friction, and it turns
out that on scales much larger than £ viscous dissipation in the normal fluid can be
neglected (for *He). Turbulence on scales much larger than £ is therefore in an inertial
regime, which is necessary if the Kolmogorov spectrum is to hold.

3.2 Experiments with Vibrating Structures in “*He
When a classical viscous fluid flows steadily past an obstacle at a small enough ve-
locity the flow is laminar, but at higher velocities this laminar flow becomes unstable

and gives way to what can be described loosely as turbulence (although the initial
transition may be to a more regular form of rotational flow). It is of obvious interest
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to enquire about the quantum analogues of this phenomenon, in which laminar vis-
cous flow of the normal fluid and potential flow of the superfluid component gives
way to quantum turbulence.

An experiment involving steady flow of superfluid helium past an obstacle is hard
to achieve, especially if that flow must be free of vorticity (something similar to the
pulled-grid arrangement of the Oregon group would be possible, but has not yet been
attempted). However, it is relatively easy to set up an experiment in which the drag
is measured on an obstacle oscillating in position in the helium. Many such studies
have now been undertaken, and they have been reviewed in Skrbek and Vinen [33];
see also [48] for more recent work. The obstacle has been a small sphere [34-37],
a cylinder in the form of a wire [24, 25, 38—42], a grid [43—46], or a small tuning fork
[47, 48]. The experiments have covered a wide range of temperatures, down to those
at which the fraction of normal fluid is negligible. The interpretation of the results
is far from easy, the same being true of the classical analogues. We shall return to a
brief discussion later.

3.3 The Decay of Quantum Turbulence in “He at Very Low Temperatures

Measurements of the decay of grid turbulence by the Oregon group were confined
to temperatures above about 1.2 K, where there is a significant fraction of normal
fluid. The dissipation, described by (2), is due to a combination of mutual friction
and normal-fluid viscosity, which is fairly well understood [1]. It was appreciated
by about 1995 that at very low temperatures this dissipative mechanism must dis-
appear, with the consequence that either quantum turbulence does not then decay or
some other dissipative processes become important. An early experiment by Davis
et al. [49] showed that quantum turbulence in *He does decay even at very low tem-
peratures, and an important paper by Svistunov [50], to which we shall refer later,
discussed possible mechanisms. It is important to understand, of course, that a Kol-
mogorov spectrum requires the existence of a dissipative mechanism on some small
length scale.

The first quantitative observations of the decay of quantum turbulence at a very
low temperature were made in superfluid 3He-B, as we shall see in the next sub-
section. The first quantitative study of the decay of quantum turbulence at a very
low temperature in 4He was made in Manchester in 2007 [51]. The turbulence was
generated by first setting a cell containing the helium into steady rotation, and then
stopping the rotation (spin-down). Quantitative study required a method of measur-
ing the line density as it decays in time, but the method used above 1 K, based on the
attenuation of second sound, is no longer available because second sound ceases to
propagate at low temperatures. The Manchester group developed a method based on
the scattering by the vortex lines in the turbulent helium of small (~1 pm) charged
vortex rings that form when electron bubbles are injected into the helium. Evidence
was produced that the spin-down generated turbulence that is approximately homo-
geneous and isotropic, and it was shown that the decay proceeded in a way that was
similar to that observed in grid turbulence at higher temperatures, but at a somewhat
slower rate. The Manchester group also observed the decay of turbulence generated
by the injection of vortex rings. We shall present a critical discussion of these impor-
tant results later.
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3.4 Experiments with Superfluid *He-B

From the point of view of quantum turbulence the vortices that can be formed in
the B-phase of superfluid He are expected to behave in a way that is fundamentally
similar to those in “He, and during the past decade or so many interesting results with
3He-B have been reported.

In spite of the fundamental similarities, there are, in the context of quantum turbu-
lence, important detailed differences between “*He and *He-B.

e The normal fluid in *He has a very high viscosity, so that turbulence in the normal
fluid is practically ruled out. The type of coupled turbulence that is seen in grid
turbulence in “He is therefore impossible.

e The vortex core is much larger in >He-B than in “He, and even at very low temper-
atures it contains bound excitations that can contribute to dissipation.

e Vortex nucleation can be better controlled in 3He-B, owing to the larger vortex
core size.

e By varying the temperature the magnitude of the mutual friction in He-B can be
varied over a wider range; in particular very large values can be achieved without
approaching the critical temperature too closely.

Two groups have made substantial and important contributions to our knowledge
and understanding of quantum turbulence in >He-B.

Experiments by the Helsinki group [52, 53] have been concerned largely with the
way in which the superfluid component is brought into rotation with a rotating vessel.
(We shall not always give references to the original papers in cases where they can
be found, as here, in convenient review articles.) A long tube containing the *He-
B is set into rotation about its axis, which immediately leads to uniform rotation of
the normal fluid, and it is arranged that one or more vortex lines are nucleated in
the superfluid component at one end. NMR techniques are used to monitor the way
in which the bulk of the superfluid is brought into rotation. At high temperatures,
where the mutual friction is large, the nucleating vortex lines move smoothly along
the tube, without multiplication, leading to uniform rotation to an extent determined
by the number of lines. At lower temperatures, where the mutual friction is smaller,
the motion of the vortex lines becomes chaotic, leading to the generation of quantum
turbulence and, through reconnections, to the multiplication of lines. Eventually the
whole of the superfluid is brought into rotation with the normal fluid. The process
involves the propagation of a turbulent front along the tube, and much progress has
been made in understanding the observed speed of propagation. Very recently, studies
have been made of spin-up and spin-down occurring uniformly along the length of
the tube, and it has been shown that the resulting flow in >He-B is much less likely
to be turbulent than is the case with classical fluids or superfluid 4He [54]. We shall
comment on the results of some of these experiments later.

Experiments by the Lancaster group [55] have been concerned with the generation
of quantum turbulence in *He-B by a vibrating wire or a vibrating grid at very low
temperatures (no normal fluid), and they have developed a technique for some de-
gree of visualization of the superfluid velocity field by Andreev scattering of thermal
quasi-particles. Interpretation of the experiments with vibrating wires is complicated
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by the fact that the critical velocity for the generation of quantum turbulence seems
to be close to that for pair-breaking. Observations made with the vibrating grid are
especially interesting. It seems that, as soon as a critical velocity of about 3 mms™!
is exceeded, the vibrating grid produces a beam of small vortex rings. As the veloc-
ity of the grid increases the density of rings increases, until a coalesce of the rings
produces fully-developed turbulence. The rate of decay of this fully developed turbu-
lence, when the grid ceases to vibrate, can then be measured. Interesting observations
have also been made of the fluctuations and spatial correlations in the line density
[56], similar to those reported by Roche et al. for 4He [57]. We shall return to these
results later.

3.5 Experiments with Bose-Condensed Gases

Very recently interesting experiments on turbulent motion in very cold, Bose-
condensed, gases have been reported [58]. As we shall see more clearly in the next
section, studies of quantum turbulence in 4He and 3He-B have suffered because it
is difficult to find methods by which the flows can be visualized; in particular it has
been difficult to visualize the vortex lines. In the case of Bose-condensed gases visu-
alization of the vortex lines is relatively easy, although it is generally destructive.

It is too early to assess what might be achieved by studying quantum turbulence
in Bose-condensed gases. It is worth remarking that a Bose condensed gas is notably
different from superfluid *He in a number of important respects. The ratio of the size
of the core of a vortex to typical vortex separations is very much larger; indeed in
a Bose-condensed gas this ratio is typically of order unity (instead of ~ 10~ as in
4He). This has a major effect on dissipation in quantum turbulence. As we shall ex-
plain in a later section, dissipation in *He at very low temperatures (no normal fluid)
is associated with the formation of a Kelvin-wave cascade, which carries energy to
motion on a very small length scale, where it can be dissipated by phonon radiation;
some phonon emission is associated with reconnections (also involving small length
scales) but the small size of the vortex core ensures that this loss of energy is rela-
tively small. This situation is very different in a Bose-condensed gas, where most of
the dissipation is associated with phonon emission during reconnections, and where
therefore any Kelvin-wave cascade is likely to be unimportant. Another important
difference lies in the fact that Bose-condensed gases are confined to small volumes,
in which the fluid density is not constant; any study of large scale turbulence, es-
pecially homogeneous turbulence, is therefore ruled out. Bose-condensed gases do
have an important advantage over “He, in that they are described rather accurately
by the Gross-Pitaevskii equation; this means, for example, that we have a good mi-
croscopic theory for a vortex reconnection in a Bose-condensed gas [15], which does
not exist for a reconnection in “He. A serious experimental study of vortex recon-
nections in a Bose-condensed gas would be very useful. An experimental study of
the production of a turbulent wake behind an obstacle would seem to be feasible in
a Bose-condensed gas, and the possibility of actually seeing what is happening in
this case, where remanent vortices are not playing any role, would be interesting and
important.
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4 Experimental Techniques

We have mentioned a number of experimental techniques in our historical introduc-
tion. Here we aim to summarize the techniques that are, or soon will be, available to
us, and we assess their power.

As in the study of classical fluids, we can measure forces that are exerted on solid
boundaries by the flowing helium. These forces can be in the form of pressure or
temperature gradients along channels, or they can be forces on solid objects in the
flow. These forces give us little or no direct information about the detailed form of
the flow.

Various techniques are available for the measurement of vortex-line densities. In
the case of “He above 1 K a measurement of the attenuation of second sound gives
the mutual friction per unit volume, which is directly related to the vortex density
[8, 10-12]. Local vortex-line densities can be measured if the second sound propa-
gates in a limited volume [57], but the spatial resolution is inevitably rather poor. In
the case of *He below 1 K, where second sound does not propagate, line densities can
be measured from the scattering of small vortex rings, as already explained. Again
spatial resolution is poor. In the case of *He-B an NMR signal is modified by flow
of the superfluid component [52], and this can form the basis of a measurement of
vortex density. In the case of *He-B at a very low temperature, Andreev scattering
of thermal quasi-particles is related to superfluid velocity fields; this rather subtle
technique has been developed and exploited by the Lancaster group [55], who have
used it to determine vortex densities with some spatial resolution. The character of an
Andreev scattered beam may contain within it information about details of turbulent
structures, as is being investigated at present by Barenghi and Sergeev (private com-
munication). The best spatial resolutions attainable with these techniques are prob-
ably of order 1 mm, which is generally much larger than much of the structure in a
typical quantum turbulent flow.

Study of classical turbulence is often facilitated by the use of local probes, which
are sensitive to local velocities. The hot-wire anemometer does not work in a super-
fluid, and laser-Doppler techniques require seeding, to which we refer below. A pres-
sure probe, such as that used by Maurer and Tabeling [28], can measure pressure
fluctuations, which, observed in the appropriate circumstances, are related to the tur-
bulent energy spectrum; the spatial resolution is limited by the size of the sensor,
which is typically about 1 mm for commercially available sensors. Attempts are being
made to develop sensors with better spatial resolution, but such resolution, combined
with the necessary sensitivity, will be hard to achieve (Ihas, private communication).

The suggestion has been made that a small structure, such as a wire or a tuning
fork, vibrating at a small amplitude, might be sensitive to a local turbulent intensity.
Preliminary experiments suggest that any effects might be very hard to interpret.

Especially at the lowest temperatures the heat capacity of a superfluid is very
small, so the rate of decay of turbulent energy can be measured as a rate of rise
in temperature (this was first mentioned by Samuels and Barenghi, in the context of a
random vortex tangle [59]). We shall refer to this type of measurement as calorimet-
ric. In principle, as we shall see later, a measurement of the rate of decay of turbulent
energy would be a very useful complement to a measurement of the rate of decay of
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line density. Attempts to develop this technique in connection with the decay of grid
turbulence in “He are in progress [60], and some observations of a temperature rise
accompanying the decay of turbulence in *He-B are reported at this Workshop.

Although these various techniques have been used in clever ways to obtain much
information about quantum turbulence, attempts to visualize the flow in ways that
are so important in the study of classical turbulence have for many years proved un-
successful. During the past five years this situation has changed. Two problems have
impeded progress: finding and introducing into the helium suitable tracer particles,
which must be small enough to track small scale motions, be roughly neutrally buoy-
ant in a fluid of low density, and be visible; and the interpretation of the results, when
there are three possibly relevant velocity fields, those of the normal and superfluid
components and of the quantized vortices [61].

A number of different types of tracer particle have been used: hollow glass spheres
(diameter ~100 um); polymer microspheres (~1 um); particles of solid hydrogen
or solid hydrogen/deuterium mixtures (~1 pm); and metastable He, triplet-state ex-
cimer molecules. Except in the case of the excimer molecules special techniques have
had to be developed to introduce an appropriate density of the particles into the he-
lium, avoiding coagulation. All the work reported so far has been with *He above 1 K.

Van Sciver and his colleagues [61], using for the most part micron-sized poly-
mer microsphere as tracers, have studied thermal counterflow, with Particle Image
Velocimetry. Intriguing results have been reported, but they are proving hard to inter-
pret, and it is becoming evident that PIV may be ill-suited to a situation where there
is more than one velocity field.

Lathrop and his group [62—64] have used micron-sized (or more recently sub-
micron-sized) particles of solid hydrogen, combined with particle tracking tech-
niques. Again they have studied thermal counterflow. They have discovered that some
of their particles follow the normal fluid, while others are trapped on, and follow the
motion of, the quantized vortices. They have provided strikingly direct evidence of
the counterflow associated with a heat current. They have discovered that sometimes
a particle trapped on a vortex undergoes a motion caused by a vortex reconnection
(the first direct evidence for reconnections), and they have made a detailed study of
this motion.

The loading of the tracer particles used by both the Van Sciver and the Lathrop
groups into the helium involves fairly elaborate techniques, and it would therefore be
difficult to apply their methods at temperature below 1 K. McKinsey and his group
[65-68] are developing the use of metastable triplet-state He, excimer molecules as
tracers. Such molecules can be generated in helium easily by electron irradiation, and
they form bubble states with a diameter of about 0.5 nm. Particles of this size can be
expected to follow the normal fluid at temperatures above 1 K, and to be trapped on
vortex lines below 1 K. They can be detected and imaged by laser fluorescence. We
shall describe this technique in more detail later, where we shall also report briefly
on the application of the technique to the study of normal-fluid motion in a thermal
counterflow.

The development of these techniques for the visualization of quantum turbulence
promises to transform the subject. Not only will we be able, for the first time, to
see what is really going on, but visualization can facilitate the acquisition of much
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more detailed information about quantum turbulence than has hitherto been possible.
An example of such detailed information is provided by turbulent structure functions,
as explained later.

5 Homogeneous Isotropic Quantum Turbulence at Very Low Temperatures

We shall now discuss in more detail measurements that have been reported on the
especially interesting case of homogeneous quantum turbulence at very low tempera-
tures, where, as we have already emphasized, there is little or no normal fluid to pro-
vide mechanisms for dissipation. These measurements are interesting in themselves,
and they throw up many challenging problems.

Practically all relevant existing measurements relate to the decay of vortex-line
density, and, as we have explained, they have come for “He from the Manchester
spin-down experiments [51], and for *He-B from the Lancaster vibrating grid exper-
iments [55]. Interesting experiments have also been reported that relate to turbulence
generated by the coalescence of small vortex rings in “He [69]. It is likely that this
same generating mechanism operates in the Lancaster vibrating grid experiments. Ex-
periments to study grid turbulence in “He at low temperatures are in progress but have
yet to produce meaningful results [60]. Experiments at low temperatures on the rate
of propagation of a turbulent front in *He-B, to which we have already referred [52],
also provide information about dissipation, although in relation to turbulent flows that
are not homogeneous; the results are discussed in other contributions to this Work-
shop.

5.1 Introductory Theory

In order to facilitate the discussion we shall first outline important aspects of the
theory that is believed to describe the essential phenomena that are involved in the
decay of quantum turbulence at very low temperatures.

Suppose first that the turbulence exists in a steady state, in which energy is fed in at
arate € per unit mass on a scale, R, which is large compared with the vortex spacing,
£; dissipation at the rate € occurs on a small scale (< £). Our present theoretical
understanding is summarized in Fig. 1, in which the length scale is decreasing (wave
vector, k, increasing) as we move down the diagram.

On scales large compared with ¢ the turbulence is essentially classical (we call
it quasi-classical). Owing to non-linear turbulent interactions, there is a Richardson
cascade [31] that leads to a flux of energy, equal to €, to smaller and smaller length
scales; there is no dissipation on these scales (an inertial range), so € is constant,
independent of k. The large-scale motion in the superfluid is achieved by partial po-
larization of the vortex lines. As in classical turbulence there is a Kolmogorov energy
spectrum, given by (1). On scales comparable with or less than £ the motion cannot
be classical, and we can ask why this has little effect at large scales, in view of the
fact that non-linear interactions couple motion on different length scales. The widely
accepted reason is that the non-linear interactions are local in k-space; in other words
motion on one length scale is strongly coupled only to motion on adjacent length
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scales. This means that the Richardson cascade is indeed a cascade: energy flows
from one length scale to the next adjacent length scale, and then to the next adja-
cent length scale, and so on. It follows that the behaviour on a large (>>£) scale is
unaffected by processes occurring on a scale of order or less than £, and therefore
unaffected by quantum effects. The same assumption of locality in k-space under-
lies the Kolmogorov spectrum, which is unaffected by the mechanism of dissipation.
Computer simulations of quantum turbulence by Tsubota and his colleagues [70, 71],
using both the vortex filament model and the Ginsburg-Pitaevskii equation, have pro-
duced energy spectra that are at least consistent with a Kolmogorov spectrum on
scales greater than £.

On scales small compared with £ one obvious type of motion that we can envis-
age is a Kelvin wave on a vortex line. It is widely believed that such wave motion
can carry energy to smaller and smaller scales, through non-linear interactions be-
tween waves of different wave numbers. In other words the energy flux is associated
with a form of wave turbulence [72—74]. Whether there is a simple Kelvin-wave cas-
cade, arising from wave interactions that are local in k-space, will be discussed at
this Workshop. A process envisaged by Feynman in which energy flows to small
scales by the break-up of small vortex rings was shown by Svistunov [50] to violate
conservation of energy and impulse.

At zero temperature, and in “He, energy is ultimately dissipated by radiation of
sound (phonons) by the Kelvin waves, but this process can occur only at very high
wave numbers, of order 10° m~! [76-78]. At finite temperatures there can be dissi-
pation of the Kelvin waves by a small residual mutual friction. In *He-B energy can
probably be absorbed by the bound excitations in the vortex core (the Caroli-Matricon
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excitations [79]), when the Kelvin-wave frequency matches the spacing between en-
ergy levels of these excitations.

Finally there must be a transition region, at scales of order £ (but possibly extend-
ing over a couple of decades in length scale), separating the quasi-classical regime
from the Kelvin-wave cascade. The structure of the turbulence within this transition
has been the subject of much discussion [80—84]. In principle there could be a bottle-
neck at this transition [80], arising from a difficulty in matching the fluxes of energy
in the quasi-classical and Kelvin wave regimes. There is little doubt that vortex re-
connections play an important role in the generation of the Kelvin-wave cascade, but
the details, including the possible existence of a bottleneck, remain controversial. It
is known that reconnections are dissipative [75], in the sense that they involve some
emission of phonons. However, in superfluid helium, in which the ratio of vortex core
size to vortex spacing is typically very small, this dissipation is relatively unimpor-
tant [1].

It is important to understand that the turbulent regime that we have been describing
is in a steady state, so that the energy flux € is constant in time. In all the experiments
that have so far been carried out at low temperatures, the turbulence is decaying; there
is no continuous input of energy and no steady state. In favourable circumstances this
is not important. For example, suppose that we have only a quasi-classical Richard-
son cascade, and that the size of the largest eddies is limited by the dimensions of a
containing vessel. Most of the energy is in the largest (“energy-containing”) eddies,
which decay at a rate, determined by their turnover time (see later), which is larger
than the characteristic times associated with the smaller eddies. Thus, as the turbu-
lence decays, the energy-containing eddies act as a energy reservoir that gradually
feeds energy into the cascade at a rate €, while at any given time the smaller eddies
are in a quasi-steady state corresponding to the instantaneous energy flux . However,
this simplifying situation does not always apply, as we shall see later.

It is interesting to ask what would happen if energy were injected on a length scale
within the transition region. There might then be some flux of energy towards larger
length scales, but perhaps the rate of dissipation of energy, occurring, as we suggest,
only at a very high wave number, is unchanged. We might then be looking at the decay
of a random tangle of lines, without any large-scale motion. Experimental evidence
will be discussed in the next section. Any flux of energy towards larger length scales
may be unimportant, for the following reason. As in the case discussed by Stalp et al.
[30], this flux is likely to lead to a spectrum on scales larger than the line spacing that
is proportional to k%, and we assume, tentatively, that this spectrum joins smoothly to
the spectrum (~k~!) on scales smaller than the line spacing; in that case it is easy to
show that the turbulent energy on scales larger than the line spacing is much smaller
than that on smaller scales.

5.2 Experimental Evidence

All the experimental evidence relates to the rate of decay of vortex line density, and it
is summarised in Figs. 2—4. Figure 2 relates to “He in which the turbulence is gener-
ated by spin-down [51]. Figure 3 relates to “He in which the turbulence is generated

by a short (0.1-0.3 s) burst of charged vortex rings [69]. We see that during a final
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Fig. 2 (Colour online) Decay of line density, L, with time, ¢, in the Manchester spin-down experiment:
LQ3/2 plotted against ¢, for different initial angulat velocities of rotation, €2; “axial” and “transverse”
refer to the directions in which the probing vortex rings are injected [51]
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Fig. 3 (Colour online) Decay of line density, L, with time, #, in the Manchester experiment in which the
turbulence is generated by a short burst of vortex rings [69]
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decay (large times) the line density produced by spin-down falls as =3/, while that
produced by short bursts of charged vortex rings falls as ~!. Very recently, Walmsley
and Golov (private communication) have studied the decay of turbulence generated
by bursts of charged vortex rings of variable length; they find that for lengths greater
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Fig. 4 (Colour online) Decay of line density with time in 3He-B in the Lancaster experiment. The time,
t, is measured from the time at which the grid motion is turned off. The different curves relate to different
initial grid velocities, as shown. The parameter ¢ is related to v’ by the relation ¢ =47 v’/ (Ax)

than roughly 100 s the final decay has a form (z~>/?) similar to that observed in the
spin-down experiments, and that for intermediate lengths, in the range of roughly
5-20's, the final decay starts as 7! but then changes to /2. Figure 4 relates to
3He-B in which the turbulence is generated by, probably, the coalescence of un-
charged vortex rings produced by a vibrating grid. Here we see that at large initial
line densities the final decay has the form t~3/2, while at smaller initial line densities
it has the form #~! [85].

We shall not attempt to analyse these decay curves in all their details. Instead we
shall focus on only the behaviour at large times. As we have just seen, this behaviour
is rather simple. The line density decays with time as =", where n is either 3/2 or
unity. In some cases there is a period during which there is decay with n = 1, after
which the value of n seems to switch to n = 3/2.

A decay at large times as #—>/? was seen first by Stalp et al. [30] in “*He at tem-
peratures above 1 K, and these authors suggested how such a time dependence could
arise in quasi-classical turbulence. A decay as t~! was implicit in the phenomeno-
logical treatment of decaying turbulence in a thermal counterflow. In the next section
we shall outline the arguments that lead to these two time-dependences, using the
minimum number of assumptions.
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—3/2

5.3 Assumptions that Lead to the Decay of Vortex Density as Either ¢ or ¢!

First, we make the following assumptions.

e The decay follows the pattern illustrated in Fig. 1.

e Most of the turbulent energy is concentrated in the largest (quasi-classical) eddies.
This is the case for classical homogeneous turbulence, for which the Richardson
cascade is cut off by viscosity at a wave number equal to €'/4p=3/4,

e The lifetime of the largest eddies is equal to their turnover time, D/ U, where D
is the size of these eddies and U is the characteristic velocity in these eddies. If
the assumption is made that the lifetimes of all eddies are equal to their turnover
times, then the Kolmogorov spectrum follows.

e The size D remains constant as the decay proceeds.

e The dissipation per unit mass is given by

e =1'k*L?, 3)

where V' is an effective kinematic viscosity. This is based on the assumption that
the dissipation is determined entirely by the length scale £.

It is then easily shown that in the limit of large times the following relations hold

2D
Ec =2D* 2, e =4D%73, L=——1"" )
kv'1/2
where we have denoted the turbulent energy by E¢, in order to emphasize that it is
concentrated in the quasi-classical eddies.
Now we make the following assumptions.

e There is no quasi-classical motion; i.e. no motion on scales greater than .
e The turbulent energy per unit mass is that associated with a random tangle of vor-
tices, spacing ¢, and is therefore given by

2
K L
Eo=—LA, A~In-—, 5
7 4 £ ®
where £ is the vortex core parameter, and where we have denoted the turbulent
energy by E¢ to emphasize that this is a “quantum energy” in the sense that it
arises from motion on scales of order or less than the vortex line spacing.
e Dissipation is still given by (3).
It is then easily shown that in the limit of large times
A
= —t_l
4’

(6)

We see then that our two sets of assumptions have produced line densities that
vary with time as 13/ and !, in accord with the two observed types of behaviour.
We note that the dependence on time as 7! is observed only when the turbulence
is generated by the injection of small vortex rings (radius less than £), so that our
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identification of this time dependence with turbulence existing only on scales of order
or less than £ is not unreasonable. But we note also that the injection of charged vortex
rings for longer periods can lead to a time dependence as >/, and that in the case
of 3He the time-dependence seems to depend on the initial line density.

The constancy of D, which is required to obtain the +=3/2 behaviour, is assumed
to arise because the size of the largest eddies is limited by the size of the cell in which
the turbulence is generated.

5.4 Values of the Effective Kinematic Viscosity

Let us assume now that our analyses have correctly described the two different ob-
served time-dependences, and let us use the experimental data to obtain values of
the effective kinematic viscosity, v’. The results are summarized in Fig. 5, where we
have plotted the dimensionless kinematic viscosity, v/k, against the dimensionless
mutual friction parameter « [1], which decreases towards zero with decreasing tem-
perature. The value of D is taken to be the size of the cell or width of the channel
containing the “He, or, in the case of He, the measured size of the decaying tur-
bulent cloud (obtained by using the Andreev reflection technique). Values of v’ for
the higher temperatures (above 1 K) relate to the grid turbulence that was studied by
Stalp et al. [86]. Especially at low temperatures, there seems to be a rather confused
picture, with different experiments yielding very different values of v’/«k. Values re-
lating to a time-dependence as t~! are of order, or a little greater than, 0.1, while
those relating to a time dependence as 7 ~3/2 range from 3 x 1073 to 0.3. Values for
3He are consistently larger than those for “He.
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Fig. 5 (Colour online) Values of the effective kinematic viscosity plotted against temperature, for dif-
ferent types of experiment. Upper triangles (red): “4He, short pulse of injected charged rings by cir-
cles (green): “He, long pulses of injected charged rings (t=3/%); lower triangles (blue): “He, spin down;
squares and diamonds: 4He above 1 K from Stalp et al. [30]; upper line (red): 3He, small grid velocity
(t_l); broken line (blue): 3He, large grid velocity (t_3/2)
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5.5 Comments, Questions and Problems

The results that we have just presented raise many questions, which we can sum-
marise as follows.

e Why are the values of the effective kinematic viscosity for *He so different from
those for “He? It is true that dissipation may take place by different processes
within the Kelvin-wave cascade, and that the quantum of circulation has a slightly
different value, but it is not clear how these differences can lead to very different
values of the effective kinematic viscosity. The turbulence observed in the exper-
iments on >He is not confined by the walls of a container, and therefore cannot
be strictly homogeneous, and this fact may be relevant. A critical discussion of
the interpretation of the experimental results for 3He, particularly as they relate to
decays as ~3/2, has been given by Golov and Walmsley [87].

e Our derivation of the time-dependence as #~3/? does not require that the whole
spectrum at large scales (> £) has the Kolmogorov form, so experimental evidence
for this spectrum is weak.

e Our derivation of (4) was based on the assumption that Ec 3> Eg. It is easily
proved, from the various equations that we have already written down, that

Eg A [« 23/ p\2/3 ;

Ec_zn<u/) <D> ' M
It turns out that this ratio is not small in the case of the Manchester spin-down
experiments at the lowest temperature. Typically it is equal to about 3.6 even at the
start of the period when the decay goes as 1 —>/2, although at higher temperatures,
towards 1 K, there is no problem. Thus our derivation of the t73/2 law is invalid at
the lowest temperature, yet this law still appears to be obeyed.

e Do we understand, in the case of “He, why a short pulse of injected charged vortex
rings leads to decay as !, whereas a long pulse leads to decay as r~3/2? We need
large-scale eddies for the 73/ decay law. Perhaps the total impulse associated
with a long pulse of rings is quite large, so that not only are the rings created but
also there is a net backflow on a scale of order the size of the containing cell;
and perhaps the electric field applied to a high density of charged vortex rings
can create a large-scale flow. Another possible puzzle is that the random tangle
produced by a short pulse of injected rings is observed to diffuse more rapidly
throughout the volume of the Manchester cell [69] than might be expected [88, 89].
A more detailed understanding of these issues would be helpful.

e A important possibility is that there is uncertainty in the size and lifetime of the
largest eddies. As we have mentioned, the dimension D in the Manchester exper-
iments is taken to be the side of the cubical cell in which the helium is contained,
and the lifetime is assumed to be D/U. There is a strong hint that the effective
value of either D or the time D/U may not be the same for spin-down turbulence
as it is for turbulence created by a pulse of charged rings. Perhaps the assumed val-
ues of D and D/ U are wrong in the situation where, as we have seen, the inequality
Ec > E seems to be violated. Perhaps, for example, the lifetime is much larger
than D/U at the lowest temperatures, because it is enhanced by a conservation
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of angular momentum following the spin-down, this effect being more serious at
lower temperatures owing to the absence of normal fluid. Some evidence against
this suggestion comes from a recent observation in Manchester that the decay is not
modified by the addition of shallow grooves in the inside walls of the containing
vessel, which might be expected to modify the boundary conditions. Nevertheless,
we must conclude that the true values of v’ at low temperatures remain seriously
uncertain.

e There is some evidence that in “He the value of v’ is strongly reduced when energy
is fed to small scales through a quasi-classical Richardson cascade. This suggests
that polarization of the vortex tangle reduces v’. Again, however, >He seems to
behave differently.

e Nemirovskii [89] has suggested that the turbulent decay could be enhanced by
diffusion of vortex lines to the boundary of the cell, a view that is based on his
calculations that the diffusion takes place more rapidly than was observed in the
simulations of Tsubota et al. [88]. The fact that the data displayed in Fig. 2 lie on
a single curve for large times, independently of the angular velocity from which
spin-down takes place, is evidence against this view, but some residual uncertainty
remains.

e It has been argued, especially by Kozik and Svistunov [84], that the way in which
V' varies with temperature in the Manchester spin-down experiments can be used
as evidence for the validity of detailed theories of the structure of the transition
region and of the way in which it feeds energy into the Kelvin-wave cascade. The
serious uncertainty that we now see in the values of v’ must cast doubt on these
arguments. The comment might also be added that there is in reality virtually no
experimental evidence for the existence of a Kelvin-wave cascade.

e We recall that our derivations of the time-dependence of the decay of line density
were based on the assumed validity of (3). Theories of the structure of the transition
region support this assumption, but they are based on an assumed steady state in
which the line density is independent of time, so that the energy flux, €, is constant
throughout the inertial cascades. In practice there is not a steady state and the flux
will be different at different points in the cascades. This means that (3) cannot
apply at all points in the cascades. This is clearly an important matter that requires
further investigation.

We conclude that many experimental facts relating to the decay of homogeneous
isotropic quantum turbulence at very low temperatures are still not reliably estab-
lished, and that there are serious uncertainties relating to the application of the analy-
ses set out in Sect. 5.3.

5.6 New Experiments

We turn now to a brief discussion of possible new experiments that may help to
resolve some of these uncertainties.

All the experimental measurements at very low temperatures that we have dis-
cussed so far relate to the decay of vortex line density. As we have already noted,
it ought to be possible to measure also the decay of total turbulent energy. Looking,
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for example, at (4), we see that such a calorimetric measurement could provide infor-
mation about the effective value of D, in contrast to a measurement of the decay in
vortex density, which yields only the ratio D/(v")!/2. Since, as we have emphasized,
the effective value of D is open to question, such a calorimetric measurement could
be very valuable. More detailed analysis shows that such a measurement could also
tell us something about the total energy associated with length scales of order or less
than ¢, which could then be compared with the predictions of theories relating to the
turbulent structure in the transition and Kelvin-wave regions.

We have noted that experiments so far tell us virtually nothing about the existence
and characteristics of a Kelvin-wave cascade. One suggestion here is that we should
attempt to carry out an experiment similar to that described by Hall [90] when he
first showed that Kelvin waves can propagate on an array of quantized vortices. His
apparatus consisted of a horizontal circular disc, suspended from a torsion fibre in
uniformly rotating *He above 1 K; the dynamical behaviour of the disc indicated
clearly that Kelvin waves were generated on the vortices that were attached to the
roughened disc. Above 1 K the Kelvin waves were damped by mutual friction, but
well below 1 K this damping disappears and a Kelvin-wave cascade should be gen-
erated on each vortex. The observed damping on the disc would tell us the rate at
which energy is being fed into the cascades, and a calorimetric measurement would
tell us the rate at which energy is being dissipated by phonon radiation. In a steady
state these two quantities must be equal, but otherwise their difference measures the
rate of increase in turbulent energy stored in the cascade. A major challenge would
be to ensure that imperfect pinning of the vortices on the surface of the disc does not
lead to dissipation.

Ideally, of course, we would like to have local probes for use at very low temper-
atures. Andreev scattering of thermal quasi-particles can provide information with
some spatial resolution in 3He, and it might be possible to develop small pressure
sensors. However, such pressure sensors would require what may be prohibitively
high sensitivity, because the maximum turbulent velocities that can be generated in
quantum turbulence at very low temperatures are seriously limited by the requirement
that the decaying turbulence does not produce too much heating. The ideal local probe
would be a tracer particle attached to a vortex. In the long run, metastable excimer
molecules might fulfil this role.

6 Visualization of Superflow with Metastable He, Excimer Molecules

We have emphasized the importance, as we see it, of recent developments in the
visualization of quantum turbulent flow. The use of micron-sized hydrogen particles
in conjunction with particle tracking techniques to visualize flow in superfluid “He
is reviewed by Lathrop at this Workshop. Here we shall review recent progress with
the use of metastable He, excimer molecules [68]. These excimer molecules can
be produced by electron bombardment of the helium or, probably, by laser excitation.
Molecules are produced both in singlet states, which decay very rapidly, and in triplet
states, which are metastable and have a lifetime in liquid helium of about 13 s. The
metastable molecules exist as bubble states, with a bubble radius of about 0.53 nm.
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Fig. 7 Photographs of a line of
excimer molecules at different
times after tagging. The arrow
shows the initial position of the
tagged molecules. Temperature:
1.95 K; heat flux:

640 mW cm 2 [68]

The energy-level diagram for the metastable molecule is shown in Fig. 6. The
molecules are illuminated with a laser at 905 nm, when they are excited by two-
photon absorption to the d> %" state. They fluoresce at 640 nm, and return to the
ground state, from which they can again be excited and fluoresce (we omit some
of the details). This cyclic process allows a given molecule emit a succession of
fluorescent photons, at a wavelength very different from that of the exciting laser.
Filtering at 640 nm will then allow the imaging of the molecules, without interference
from the exciting laser. A particular group of molecules can be “tagged” in a way
that is described by Rellergert et al. [66] (essentially the molecules are raised to an
excited vibrational state), so that they fluoresce when excited at 925 nm instead of
905 nm, although each of these tagged molecules emits only one fluorescent photon
and cannot be cycled.

Most recently this technique has been applied to a preliminary study of the flow
of the normal fluid in a thermal counterflow in “He [68]. At the relevant temperatures
(above 1 K) the molecules are expected to follow the motion of the normal fluid, so
that it ought to be possible to determine whether or not this motion is turbulent. The
heat flow takes place along a vertical glass tube of square (5 mm x 5 mm) cross-
section. At the closed top end of the tube there is a chamber containing the heater and
a source of metastable excimer molecules. Under the influence of the heat current
the molecules move downwards along the tube, being carried by the normal fluid and
eventually filling the tube. With an appropriate well-focussed laser beam (the pump)
a thin horizontal line of molecules in the tube is tagged, and the motion of these
molecules is tracked as a function of time with a probe laser, as shown in Fig. 7.

We see that the tagged molecules move downwards along the glass tube, and the
average velocity with which they move proves to agree with the average expected
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normal-fluid velocity. We see also that the initially thin line of molecules spreads out.
The spreading is much larger than would be expected from ordinary diffusion. It is
therefore attributed to turbulence in the normal fluid, so providing evidence that the
normal fluid is indeed turbulent in this particular experiment.

It should be explained that the photographs in Fig. 7 are superpositions of some
40 separate exposures, each exposure relating to a given time interval after tagging.
The photographs represent therefore averages over 40 different realizations of the
turbulent velocity field. The need to average in this way arises from the fact that the
tagged molecules cannot be cycled, so that averaging is required in order to achieve
an acceptable signal. If a line of molecules could be created, through laser-field ion-
ization, by a well-focussed femtosecond laser pulse, and then examined by cyclic
fluorescence, such averaging would not be required. The line would then be seen
to distort with time, the distortion being related to the transverse structure functions
for the turbulence [31]. The relative motion of two parallel lines would be related to
the longitudinal structure functions. This improvement in the technique could make
it much more powerful. As it is, the broadening of the line is related in part to the
time-dependence of the separation of two particles in a turbulent flow (see, for ex-
ample, [91]), but it is influenced also by the way in which the line of molecules is
distorted by the turbulent motion on a scale larger than the width of the molecular
line; these two effects are difficult to disentangle.

We see from Fig. 7 that the average velocity profile of the normal fluid appears
to be flat. This is probably due to a combination of the turbulence and the non-linear
average mutual friction in the heat current. It should be noted that the technique we
have described can be applied only at fairly large heat currents, because otherwise
the excimer molecules are not pulled into the region of observation before they de-
cay. Therefore it has not yet been possible to use the technique to observe a critical
velocity below which the normal fluid is not turbulent; the existence of such a critical
velocity has been predicted by Melotte and Barenghi [18]. Indirect evidence for such
a critical velocity has come from an experiment in which the motion of a small bunch
of molecules is tracked as it moves along the centre line of the tube; we refer to the
paper for details [68].

This new technique, especially in a version that does not require tagging, promises
to have many applications; for example, in obtaining rather direct information about
the energy spectrum in quantum grid turbulence.

7 The Generation of Quantum Turbulence by Vibrating Structures

We have already remarked that the classical analogue of this case is generally very
complicated. While the same is not necessarily true of the quantum case, there is at
least the possibility that the quantum case is also complicated and therefore hard to
understand in any detail. This is especially the case if, as now, we have no available
visualizations of the flow, and if, at a finite temperature, we must allow for flow of
both the normal and superfluid components. We can of course be guided by com-
puter simulations, and in some cases such simulations have indeed provided us with
valuable insight [25, 92]. But realistic computer simulations are difficult to set up, for
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several reasons: it is difficult to allow for the inevitable roughness of the surface of the
vibrating structure; the simulations are as yet not capable of dealing adequately with
coupled motion of the two fluids; and a full understanding of the transition to fully-
developed turbulence often requires a simulation that incorporates a larger number of
vortices than can be treated with existing computer programmes.

In the quantum case authors have often focussed almost exclusively on the iden-
tification of a critical velocity at which there is rapid growth in the density of vortex
lines. This is analogous to the identification of the velocity in a classical system at
which the first instability occurs in the laminar flow. However, this is not the whole
story, since the way in which the flow evolves at higher velocities is also interesting
and important, as we see very clearly in the classical cases [33]. In the quantum case
the only available data at supercritical velocities take the form usually of plots of the
drag against velocity, or, better, of plots that use the relevant dimensionless parame-
ters. Unfortunately, it is sometimes difficult in the quantum case to reach velocities at
which the limiting high-velocity behaviour is clearly evident.

One difficulty that arises in thinking about critical velocities is the possibility that
these velocities depend on a particular configuration of remanent vortices. That this
can certainly be the case is evident in the recent work on Hashimoto et al. [24], in
which the critical velocity is greatly increased by careful preparation of the helium.
However, it may be the case that, as long as there is some minimum density of re-
manent vortices, there is a rapid growth in vortex density (an avalanche) at a critical
velocity that is independent of this minimum density. This idea underlies the theory
of Héanninen and Schoepe [93]. This theory is based on the idea that an avalanche
can be described by a generalization by Kopnin of an equation that was originally
written down in connection with thermal counterflow, and it describes the rate of
change in line density when the superfluid moves at a uniform, time-independent,
velocity relative to a fixed normal fluid. There are some difficulties with this argu-
ment. The Kopnin derivation is based on the HVBK equations, which are subject
to a course-grained averaging. The course-grained vorticity is then put equal to « L,
which cannot be strictly true since the line density is related to the enstrophy rather
than the vorticity. The generalization to an oscillating flow is also questionable. Nev-
ertheless, the idea that there is an avalanche may indeed be true, and there are signs
that it is true in the simulations of Hianninen et al. [92]. Hidnninen and Schoepe show
that according to their model the critical velocity should be of order (kw)'/?, where
w is the angular frequency of oscillation, independently of the shape and size of
the oscillating structure. There is some evidence that such a relation does hold, but
is not totally persuasive, as discussed by Blazkova et al. [48]. There is a shortage
of studies in which any dependence of critical velocity on the shape and size of a
structure has been systematically investigated, and the range of frequencies that have
been investigated is generally rather small. In any case a critical velocity that is of
order (kw)!'/? can arise in other ways. For example, suppose that a remanent vortex
is pinned to the surface of the structure. Oscillation of the structure at frequency w
will generate Kelvin waves on the vortex with half-wavelength ~(x /w)'/?. Vortex
self-reconnection at the surface of the structure will then produce loops with radius
R ~ (k/w)'/?, and these loops will expand only if the velocity amplitude exceeds
k/R ~ (kw)'/*>. More complicated theories, such as that of Skrbek and Vinen [33],
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which are based on quasi-classical processes, also give similar critical velocities. It
is not obvious how at this stage we can say which theory is most nearly correct. And
there remains the question of our understanding the form of the drag versus velocity
curve at supercritical velocities.

Interesting switching effects are often observed just above the critical velocity
[36]. These have been analysed in considerable detail, but they do not seem to throw
much light on the fundamental mechanisms of the breakdown of laminar (or poten-
tial) flow. A number of worrying features have emerged in recent experimental re-
sults, especially at very low temperatures and with both vibrating grids and vibrating
tuning forks: a lack of reproducibility between results obtained with what appear to
be very similar structures; a time-dependent excess damping at velocities that are less
than that normally identified as the critical value; and other strange time-dependent
phenomena that are reminiscent of level-crossing effects, due possibly to acoustic
coupling (private communications from the Lancaster groups). All in all, we seem
still to be very far from understanding the behaviour of oscillating structures in a su-
perfluid. Although some elegant and instructive experiments have been carried out
with oscillating structures (for example those of Hashimoto et al. [24] and Goto et
al. [25]), there is a growing feeling among some of us that the study of many oscillat-
ing structures at the present time is not adding significantly to our understanding of
quantum turbulence. This situation could change if visualization techniques were to
become available for use with these structures.

8 Comments and Conclusions

It is clear that quantum turbulence is becoming a rich field of study. Many different
forms of turbulent behaviour have been identified, many of which are not seen in
classical turbulence and are therefore new to physics. Although we have been able
to identify many of these forms of quantum turbulence, we must ask whether our
supposed understanding of them is based on secure experimental foundations. In this
connection there is an urgent need for more powerful experimental techniques, es-
pecially with local probes, and more especially still with actual visualization. Recent
progress with the development of useful forms of visualization has been very promis-
ing.
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