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1 Introduction

Helium is the second most common element in the universe after hydrogen.
It exists as two stable isotopes: 3He and 4He. After the Big Bang nuclear
synthesis, roughly one quarter of the baryonic matter ended up as 4He while
only a fraction ∼ 10−5 of the mass became 3He. On earth 4He is found for
example in natural gas wells where it has originated from radioactive decay.
Again 3He is the less common of the two isotopes: Only a few ppm of
3He are present in the natural helium on earth. The 3He used in laboratory
experiments is a decay product of tritium which is used for example in fusion
experiments and hydrogen bombs. For physics research it became available
in the early sixties.

The helium liquids have the lowest boiling points of the natural ele-
ments. 4He liquifies at 4.2 K and 3He at 3.2 K at atmospheric pressure.
They are special since even on cooling to absolute zero they do not solidify
under ambient pressure. Only by applying high pressures can they be so-
lidified. A special quantum effect, superfluidity, emerges in these liquids at
low temperatures.

Heike Kamerlingh-Onnes managed to liquify 4He in 1908 and later, by
pumping the vapor, he cooled the liquid bath well below the superfluid
transition, the λ-point at 2.17 K. However, it was only in 1939 (Ref. [1])
when it was realized that 4He became a superfluid below the λ-transition.
The 4He atom is a boson and superfluidity arises when a macroscopic fraction
of atoms occupies the minimum energy state in a process related to Bose-
Einstein condensation. The superfluid state of 4He is usually referred to as
He-II. Superfluidity and superconductivity are related phenomena although
the mechanism how the particles form a condensate depends on whether they
are bosons or fermions. Whereas in a superconductor the electrons transport
current without resistance, in a superfluid entire atoms condense to the
superfluid state and move without resistance. The superfluid condensate
flows without viscosity.

3He is a composite fermion with spin 1/2 and the mechanism behind su-
perfluidity is essentially different from 4He. 3He becomes superfluid through
Cooper pairing similarly to electrons in a superconductor. In 3He the su-
perfluid transition is at much lower temperature than in 4He, at maximum
around 2.5 mK close to the solidification pressure of 34 bar. Partly for this
reason, the superfluid transition, which was expected, remained undetected
until 1972 [2].

Superfluid 3He provides a unique test bed for the study of quantum ef-
fects. There are several phases and the order parameter allows numerous
different types of topological defects. It is an extremely pure system, since
the 3He superfluid expels all impurities. Most importantly, there is an ex-
cellent theoretical understanding of its properties. In addition to being a
fascinating system on its own, it can been employed as an analog model for
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testing theories in other fields of physics [3]. A well-known example is an
analog experiment on cosmic string formation in the phase transitions of the
rapidly expanding Early Universe after the Big Bang [4].

This thesis studies the remarkable properties of superfluid 3He and its
topological defects. We address two different aspects in these measurements
which are all performed with the same experimental setup: First, the shear-
flow instability of the phase boundary between two superfluid phases 3He-A
and 3He-B. This so-called AB interface is studied under rotation. Secondly,
vortex dynamics in the B-phase of 3He at low temperatures. In this latter
work the shear flow instability provides a means to inject vortex loops into
vortex free flow. After the injection the evolution and propagation of the
vorticity is measured.

The AB boundary becomes unstable towards wave formation in differen-
tial shear flow of the two superfluid phases. In classical hydrodynamics this
is known as the Kelvin-Helmholtz instability and it has numerous examples
in nature, like wave formation on the surface of a lake on a windy day. How-
ever, in the classical case the instability is always affected by the viscosity
of the fluids and the comparison to the ideal case is not straight forward. In
our experiment we use the A and the B phases to create a ”superfluid wind”
at the phase boundary and observe when the boundary becomes unstable.
This experiment is the first realization of such an instability with superfluids
where there is no viscosity.

The second part of this thesis deals with one of the final unsolved fields
in classical physics: turbulence. We study turbulent flow in a special subset
of fluids, the superfluids. The superfluid condensate has no viscosity and the
flow is quantized into topologically stable vortex lines. Because of these spe-
cial features superfluid turbulence is sometimes called quantum turbulence.
Superfluid turbulence has been studied for decades in He-II. We study the B
phase of superfluid 3He, where prior to us, only one experiment on the flow
created with an oscillating wire has detected turbulence. We hope that the
differences in the properties of He-II, 3He-B, and classical viscous liquids,
shed new light on the complex phenomenon of turbulent flow.

This preface of the thesis contains an introduction to the experiments and
also some additional information not published in the research articles. The
Introduction, Sec. 1, explains some of the relevant properties and concepts
of superfluid 3He. Section 2 introduces the experimental setup. In Sec. 3
some aspects of the shear flow instability are discussed and it also serves as
an introduction to Sec. 4 which deals with experiments on turbulent vortex
dynamics. Papers [P1] and [P5] focus on the technical development of the
experiment. The shear-flow instability is discussed in [P2], [P3], [P4], and
[P6]. Vortex dynamics in 3He-B is discussed in [P7], [P8], [P9], [P10], [P11],
[P12], and [P13].
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Figure 1: The phase diagram of liquid 3He below 3 mK. 3He liquifies at
3.2 K at atmospheric pressure. Far below the Fermi temperature TF ≈ 1 K
its properties are explained by the Fermi liquid theory [5]. The normal to
superfluid transition at Tc is of second order while the AB transition is of
first order. The A phase at zero external magnetic field occupies only a
small part of the phase diagram. The external magnetic field makes the A
phase more favorable. The dashed lines show where the A to B transition is
located at two different magnetic fields. Above 0.6 Tc the A phase is stable
at all pressures. The data for the AB transition are from Ref. [7]. The
transition between the two vortex core types in 3He-B is also shown [8].

1.1 Superfluid 3He

The 3He atom is a composite fermion with spin 1/2 and cannot undergo
Bose-Einstein condensation. At low temperatures T < 0.1 K its properties
follow the Fermi liquid theory [5]. The superfluidity emerges through Cooper
pairing in a similar fashion as superconductivity appears in a superconduc-
tor, as explained by the BCS theory [6]. In a conventional superconductor,
the electrons pair in the spin-singlet s-wave (S=0, L=0) state. In 3He, the
strongly repulsive interatomic potential at close range favors spin-triplet p-
wave pairing (L=1, S=1) leading to a 3×3 complex order parameter matrix
Aµj . The first index refers to spin and the second to orbital degrees of
freedom.

There are three stable bulk phases in superfluid 3He: A (sometimes
referred to as A2), B, and A1. Fig. 1 shows the phase diagram. The two
main bulk phases, 3He-A and 3He-B, are studied in this thesis. A1 can
only exist in the presence of large magnetic fields in a narrow temperature
interval around the superfluid transition temperature at zero magnetic field.

The A phase corresponds to the Anderson-Brinkman-Morel (ABM) state
[9]. Here the Cooper pairs are formed in the Sz = ±1 (|·〉 and |¸〉) states.
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The order parameter in 3He-A is

Aµj = ∆0dµ(mj + inj), (1)

where n̂ ⊥ m̂. Vector l̂ = m̂× n̂ is in the direction of the angular momen-
tum of the Cooper pair and d̂ is the unit vector in the direction where the
projection of the spins disappears. ∆0 is the maximum energy gap. In the A
phase the gap is anisotropic such that it vanishes at two point nodes along
l̂.

There are several competing forces trying to orient l̂ and d̂ in 3He-A. The
spatial variation of the anisotropy vectors is called the texture. The bending
or gradient energy favors a uniform texture, the minimum local distortions
in the l̂(r) and d̂(r) vector fields. The strength of other orienting forces
can be characterized by their respective healing lengths. A healing length
is obtained by equating the energy density associated with a particular ori-
enting force to the bending energy density. The dipole interaction between
the nuclear spins prefers to align l̂ ‖ d̂. The healing length for the dipolar
interaction ξD ∼ 10 µm. The preferred orientation of d̂ in the presence of
a magnetic field is d̂ ⊥ H. The magnetic healing length ξH ∝ H−1. The
field where ξD = ξH is called the dipolar field HD ∼ 3 mT. At fields higher
than HD the applied magnetic field overcomes the dipolar interaction. The
texture may become partly dipole unlocked: there may be regions where l̂
and d̂ are not parallel and the spin-orbit interaction is not minimized. In
our experiments H À HD. Then the magnetic field fixes d̂ into one plain
perpendicular to H where d̂(r) is relatively homogenous. In most parts of
the texture the l̂-field is dipole-locked to the d̂-field except for instance in
soft cores of defects. In addition, l̂ is oriented perpendicular to the walls
and at the AB phase boundary it is oriented parallel to the interface [10].

The dominant phase at low magnetic field is 3He-B. It corresponds to
the Balian-Werthamer (BW) state [11]. Here all the spin states Sz = 0,±1
are present in equal admixture among Cooper pairs. The order parameter
is

Aµj = ∆eiϕRµj(n̂,Θ), (2)

where ϕ is an overall phase factor and R(n̂,Θ) is a rotation matrix describ-
ing the relative orientation of the spin and orbital spaces. Here n̂ denotes
the axis of rotation and Θ is the rotation angle. Its value is fixed by the
dipolar interactions to Θ = arccos(−1/4) in equilibrium. The texture is
formed from the spatial variation in the orientation of the symmetry axis
n̂(r). The magnetic healing length in the B phase is rather long, ξH ∼ 1 mm,
in typical experimental conditions. The energy gap ∆ is isotropic at zero
field but gets distorted at higher fields. Most of the NMR measurements in
this thesis concern the B-phase.
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1.2 Vortex lines in 3He-B

At steady state conditions the condensate of He-II can be described by a
wave function of the form ψ(r) = ψ0(r)eiφ(r) where ψ0 is the amplitude
and φ is a real function indicating the phase. The superfluid velocity is
proportional to the gradient of the phase as vs = ~

m4
∇φ. From this definition

it is seen that∇×vs = 0 - the superfluid as such is irrotational. Furthermore,
since the wave function is single valued, a trip around a region where the
order parameter vanishes must leave it unchanged i.e. φ varies as a multiple
of 2π: The circulation is quantized.

The classic experiments by Osborne [12] showed that the surface of He-II,
rotating at constant Ω, is concave as if it was a regular viscous liquid. Some-
how the superfluid fraction must rotate along with the container. It turned
out [13, 14] that the superfluid mimics solid-body rotation because of the
presence of quantized vortex lines, each carrying one quantum of circula-
tion κ = h/m4 = 0.0998 mm2/s. Rotation for a superfluid is analogous to
the application of a magnetic field on a type-II superconductor where the
magnetic field may penetrate the superconductor in the form of quantized
vortex lines. In He-II vortex lines have a singular core with a diameter com-
parable to the coherence length ξ ∼ 0.1 nm [15] which is of atomic size. A
vortex line is a topologically stable object, it cannot end in the middle of
the condensate - it either forms a loop or ends at the walls.

Superfluid 3He-B is in many ways similar to He-II. The superfluid ve-
locity is given by

vs =
~

2m3
∇ϕ, (3)

where m3 is the mass of a 3He atom. As in He-II, there is an explicit phase
factor ϕ in the order parameter. Vorticity in 3He-B resembles the con-
ventional vorticity found in superconductors or in He-II. The quantum of
circulation κ = h

2m3
=0.066 mm2/s. In 3He-B the vortices have a superfluid

hard core where the order parameter deviates strongly from the bulk. How-
ever, the core is not singular (the order parameter does not vanish in the
center of the core). The core radius is of the order of the coherence length
ξ(P, T ) ∼ 10 nm. Depending on temperature and pressure there exist two
types of vortex cores in 3He-B, the axisymmetric and non-axisymmetric
[16]. At 29.3 bar the transition between these two vortex structures occurs
at 0.60 Tc (see Fig. 1). At lower pressure the non-axisymmetric vortex
becomes the dominant structure and below 15 bar there is no transition.
(Also a third vortex core structure exists, the spin mass vortex [17] but is
not relevant in these measurements.)
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1.3 Vortex lines in 3He-A

In the A-phase the situation is not as straightforward since according to the
Mermin-Ho equation [18]

∇× vs =
~

4m

∑

ijk

εijk l̂i(∇l̂j ×∇l̂k) (4)

does not necessarily vanish in an inhomogeneous order parameter field l̂(r).
We note from Eq. (4) that if l̂ is confined to vary in one plain then∇×vs = 0,
but in a 3-dimensional case this need not be the case. It turns out, that
in typical experiments boundary conditions, the bending energy, and the
d̂-field influence the l̂-field such that flow is quantized also in the A phase
[19].

The order parameter in 3He-A allows a large variety of topological de-
fects. In the experiments described in this thesis the magnetic field is always
sufficiently high that it fixes d̂ ⊥ H ‖ Ω which limits the number of relevant
vortex structures to three [20].

The most important regarding this work is the double-quantum vortex
(DQV) [21] which is the dominant structure in most of the experiments
described here. It is a continuous vortex, which means that l̂ varies smoothly
over the entire cross section of the vortex line [18]. To accomplish this the
n̂ and m̂ vectors wind twice around l̂, leading to double quantization. Its
structure consists of two Mermin-Ho vortices or merons. The length scale
of these dipole uncoupled structures is set by the healing length of the spin-
orbit interaction ξD ∼ 10 µm since in the vortex core l̂ deviates from the
almost homogenous d̂ orientation. Compared to vortex lines in 3He-B, the
core here is three orders of magnitude larger.

The two other types of vorticity in the A phase relevant to this thesis
are the vortex sheet (VS) [22] and the single-quantum vortex line (SQV). In
a vortex sheet the merons form a double quantum vortex and are bound to
a soliton-like domain boundary and form a sheet-like structure. The energy
barrier to form a DQV is lower than that of the VS. However, once a sheet
is present in the sample new vorticity can enter easily where the soliton
connects to the walls since the order parameter is already distorted there.
In the experiment, a vortex sheet can be formed in an oscillatory rotation.

The single-quantum vortex line has a nonsingular hard core (radius ∼ ξ).
The hard core in the l̂ texture is required by the boundary conditions but
the vorticity is formed by the large soft core ∼ ξD surrounding the hard core.
The SQV is energetically favorable to the DQV at low rotation but it has
a higher critical velocity of formation. Typically in rotation experiments it
is only observed when the sample is cooled through Tc at low rotation. In
these experiments the singly quantized lines are created when the sample is
cooled under rotation through Tc [P3].
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1.4 Two-fluid model and mutual friction

The two-fluid model is a phenomenological description of a superfluid [23].
The liquid is divided into normal and superfluid components. The normal
component behaves like a regular viscous liquid while the superfluid com-
ponent is an ideal inviscid superfluid where vorticity appears as quantized
vortex lines. The total density ρ is divided such that ρ = ρn + ρs where ρn

and ρs are the densities of the normal and superfluid components and the
total mass current is given by j = ρnvn + ρsvs.

Mutual friction describes the interaction between the normal and super-
fluid components. The interaction is mediated by vortex lines. The velocity
vL at which a segment of vortex lines moves in the flow is [24]

vL = vs + αŝ× (vn − vs)− α′ŝ× [ŝ× (vn − vs)]. (5)

Here vn and vs are the local velocities of the normal and superfluid compo-
nents at the position of the vortex segment, and ŝ is the unit vector along the
vortex, α and α′ are the temperature and pressure dependent mutual fric-
tion coefficients which describe how the vortex lines interact with the normal
component. For 3He-B they were measured in Refs. [25, 26] and calculated
in Ref. [27]. Hydrodynamic data for 4He can be found in Ref. [28].

In the typical experimental temperatures in each liquid the mutual fric-
tion in He-II is much smaller than either in the A or the B phase of 3He.
Figure 2 shows values of the mutual friction coefficients α and (1−α′)/α for
3He-B and He-II for comparison. In the case of A phase the friction is very
high and the effects described later as turbulent vortex flow are not visible
in the currently achievable temperature regime.

A vortex line can support helical Kelvin waves. They are excited as
a result of disturbances such as reconnections [29] or in the Kelvin wave
instability [30, 31] when a sufficiently large flow of the normal component
is present parallel to the vortex segment. The propagation of Kelvin waves
is damped by mutual friction. At high temperatures when α > 1 the waves
are over-damped. Kelvin waves are expected to play an important role in
superfluid turbulence, discussed in Sec. 4.

Since the normal component exerts a drag on the vortex lines, its prop-
erties are important in vortex dynamics. According to the Fermi liquid
theory the viscosity of the normal component is ∝ T−2. Close to the super-
fluid transition at melting pressure the viscosity is η = 12.5 · 10−3 kg/ms
[32]. The kinematic viscosity ν = η/ρ is a more useful quantity for describ-
ing fluid motion and for 3He ν = 1.1 · 10−4 m2/s which is comparable to
olive oil at 70◦C. In our experiments the high viscosity of 3He clamps the
normal component to move with the container. In contrast, the normal 4He
is one of the least viscous fluids around. Its kinematic viscosity is orders of
magnitude lower, ν ∼ 10−8m2/s.
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Figure 2: The mutual friction coefficients in 3He-B (Left) and He-II (Right).
The data for 3He-B is from Refs. [25, 26] and for He-II from Ref. [28].

1.5 Superfluid under rotation

If the superfluid is set in rotation at constant angular velocity the normal
component behaves like a normal liquid and rotates (eventually) along with
the container. This is called solid body rotation and in this state ∇ ×
vn = 2Ω. The superfluid component will remain stationary in the inertial
coordinates if there are no vortex lines. The velocity difference between the
normal and superfluid components is called the counterflow. The vortex-free
state is the maximum energy state where it is favorable to form vortex lines
and thereby reduce the counterflow. The minimum velocity when it becomes
favorable to have the first vortex in a rotating container is the Feynman
velocity Ωc1 = κ

2πR2 ln(R/a), where a is the radius of the vortex core usually
of the order of the coherence length ξ. For a R=3 mm container the limit
is already at a rotation speed of Ωc1 ∼ 0.01 rad/s in 3He-B. However, it is
possible to maintain vortex free flow up to two orders of magnitude higher
velocities since there is an energy barrier preventing vortex formation. In
rotation the equilibrium configuration of a vortex is a rectilinear line parallel
to the rotation axis. When several vortex lines are present, these form a
cluster in the center of the rotating sample. Within this cluster the areal
density of the rectilinear vortex lines is n = 2Ω

κ and the superfluid component

8



r

v v

r

v

r

Ω Ω Ω

vs=0

vn=Ωr

R

vn=Ωr

vs=κN/2πrvs~Ωr

vn=Ωr

vs~Ωr

Figure 3: (Left) Vortex-free state; the superfluid component is at rest and
the normal component rotates with the container. (Center) When 0 < N <
Neq the superfluid mimics solid body rotation in the cluster while outside
one has the counterflow at the velocity vcf(r) = Ωr − κN/2πr. (Right)
Equilibrium number of vortex lines: The superfluid follows on average the
normal component. The case with no vortex lines is the maximum energy
state and the minimum energy state is the case with the equilibrium number
of vortex lines.

mimics solid body rotation ∇ × 〈vs〉 = 2Ω. The cluster may have any
number of lines within the range 0 ≤ N ≤ Neq, where Neq is the equilibrium
number of vortex lines. Then the superfluid is on the average in solid-body
rotation which is the minimum energy state. Figure 3 summarizes the vortex
configurations.

The differences in the structure of vortex lines are reflected in their
critical velocities when the energy barrier is overcome and vortex lines are
formed [33]. An order of magnitude estimate can be obtained by comparing
the energy of a minimal vortex loop of the size of the vortex core Evortex ∼
ρsκ

2ξ to the energy of the superflow in the volume of the loop Eflow ∼ ρsv
2
s ξ

3

assuming vortex core radius a ∼ ξ, where ξ is the coherence length of the
superfluid state. The critical velocity above which it is possible to form a
vortex is then vs ∼ κ/ξ.

In He-II with ξ ∼ 1 Å this critical flow velocity is the highest of the three
superfluids. However, it appears that some number of remanent vortex lines
are always present in He-II [34] which act as seed for the formation of new
vortices. Once a small (but still with size À ξ) vortex segment is present, it
starts to expand during increasing flow. According to our findings in 3He-B
one remanent line suffices to produce the equilibrium number of vortex lines
through reconnection mechanisms [P12].

In 3He-B the energy barrier ∼ 104 K is three orders of magnitude higher
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than in He-II. In addition, the temperature is three orders of magnitude
lower T ∼ 10−3 K. In practice the barrier is overcome only by increasing
the flow such that the barrier height approaches zero and the vortices are
formed by an instability. In He-II the situation is different since the energy
barrier ∼ 10 K and Tλ ∼ 1 K. If the temperature is not too low, thermal
fluctuations are expected to assist in the process [35]. In the A phase the
core size of the DQV is of the order of ξD ∼ 10 µm and the velocity required
for its formation is low. In these experiments vortex lines enter the A phase
already at around 0.1 rad/s rotation.

1.6 NMR

Our superfluid sample is probed with NMR (nuclear magnetic resonance).
A nucleus with a non-zero nuclear magnetic moment can be excited to res-
onance in a magnetic field H with rf excitation at a frequency ω0 = γH.
Here γ is the gyromagnetic ratio, which for the 3He nucleus is γ/2π =
32.4 · 106 Hz/T.

Leggett worked out the theoretical basis for understanding the NMR line
shape in the superfluid phases of 3He and wrote down the famous Leggett
equations [36]:

Ṡ = γS×H + RD (6)

ḋ = d× γ(H − γ

χ
S) (7)

where RD is the dipole torque on S which originates from the spin-orbit
interaction. Since RD depends on the order parameter, the texture can be
probed using NMR.

In this thesis most NMR measurements concern the B phase. The
measurements are done using cw-NMR (continuous wave NMR). Discus-
sion on the cw-NMR spectra in the A phase can be found for example in
Refs. [37, 38], here we concentrate on the B-phase spectra. Some examples of
the spectra, with varying numbers of vortex lines are shown in Fig. 4. These
spectra are formed through the influence of the n̂ texture on the resonance
frequency.

In the high field limit (H À2.5 mT) relevant to this work, the resonance
frequency depends on the angle β between H and n̂ approximately as [39]

ω = ω0 +
Ω2

B

2ω0
sin2 β, (8)

where ΩB(P, T ) is the Leggett frequency in 3He-B and ω0 = γH the Larmor
frequency. In the local oscillator model, the total spectrum is the sum of
the contributions at different inclination angle β integrated over the volume
of the sample.
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Figure 4: Examples of B-phase spectra at different rotation velocities and
the dependence of the lineshape on the number of vortex lines. In our
measurements the excitation frequency is kept constant and the magnetic
field is swept over the spectrum. The Larmor value is about 21 mT in
these measurements. The large peak on the left is the counterflow peak at
sin2 β = 0.8. Its amplitude reduces rapidly with increasing number of vortex
lines.

The following effects are most relevant to the lineshape of the NMR
spectrum: In the B phase the magnetic field tends to orient n̂ parallel to
itself. In the bulk, at the center of the cylinder (assuming ξH < R), n̂ ‖ Ĥ
i.e. β = 0 and there is no frequency shift - absorption is at the Larmor
frequency. Close to the cylinder wall there is a preferred orientation of n̂
such that n̂ makes an angle β = 63.4◦ with the magnetic field and the axis of
the cylinder. Here sin2 β = 0.8 and the absorption is at a shifted frequency
according to Eq. (8), which in this case happens to be the maximum shift.
Overall the n̂(r) field forms a continuous distribution known as the flare-out
texture [40, 41] in a cylinder.

In a rotating sample the counterflow tends to align n̂ at sin2 β = 0.8.
This is the same value of β as that preferred at the wall parallel to the mag-
netic field. However, the optimum azimuthal angle differs by 90◦ in these
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two cases. When the counterflow is increased a prominent peak (counter-
flow peak) appears. The competing orientational forces with respect to the
azimuthal angle leads to a sequence of textural transitions when the vortex
free sample is studied as a function of increasing flow velocity [42].

The observation of vortex lines in the B phase is based on their effect
on the global counterflow. Vortex lines reduce the flow and absorption is
shifted from the counterflow peak at sin2 β = 0.8 closer to the Larmor
frequency. In the NMR signal this is seen as a step-like increase in the
absorption in the Larmor region or as a decrease in the counterflow peak
height. In Fig. 7, such discontinuous absorption changes are illustrated by
the ascending staircase pattern, which is recorded in the Larmor region.
With current NMR methods it is possible to resolve the effect of a single
vortex line [43] on the spectrum at T & 0.8 Tc. The absorption change per
vortex line can be calibrated by various experimental procedures. In some
cases the line shape has been calculated numerically [39] to compare with
the experimental data.

The temperature dependent Leggett frequency ΩB(P, T ) can be used as a
thermometer [44] since sin2 β = 0.8 in the spectra is easily identifiable either
from the counterflow peak under rotation or the cutoff of the spectrum at
Ω = 0. This method has the clear advantage that the temperature of the
sample itself is directly measured.
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2 Experimental setup

2.1 The ROTA cryostat

The experiments in this thesis were carried out in a rotating cryostat [45].
When the ROTA cryostat became operational in 1981, it was the first and
for many years the only one capable of reaching the temperatures required
for superfluid 3He experiments under rotation. The first observations on
quantized vortices in 3He were produced here and published in 1982 [19].

Multiple cooling stages are needed in order to reach the temperatures
required for superfluid 3He. The most important of these are the dilution
refrigerator and the nuclear demagnetization cooling stage [46]. The 3He-
4He dilution machine precools the nuclear demagnetization stage. The best
dilution machines achieve temperatures of a few mK. This is not low enough
to cover all of the superfluid 3He phase diagram. Therefore, adiabatic nu-
clear demagnetization is used for cooling the sample further to the target
temperature of the experiment.

The ROTA cryostat is floating on air bearings in order to provide smooth
rotation. In the experiments described here the maximum angular rotation
velocity was 3.7 rad/s. The cryostat has torsional resonances which are
seen as small oscillations in the rotation speed. For some experiments this
is a handicap. For example, if the NMR spectrum is dependent on rota-
tion speed, variations in speed are directly translated to noise in the NMR
absorption amplitude [P5].

After the present experiments the old setup was disassembled and a
new dilution machine was installed in place. The goal is to achieve lower
temperatures, increase the duration of the measurement session from 12 h,
improve the quality of the rotation, and increase the overall reliability of the
rotating refrigeration installation.

2.2 Experimental arrangement

The superfluid 3He sample is contained in a high quality fused quartz tube.
Smoothness of the surface and its cleanliness have turned out to be the most
important properties. To give an example, the same experimental container
was used twice in two separate cooldowns but cleaned in between. It showed
very different characteristics of vortex formation. In the first attempt the
highest velocity of vortex-free rotation was around 2 rad/s. Later, after
careful cleaning of the sample chamber, the critical velocities at T < 0.8 Tc

were higher than the cryostat could achieve.
The principle and scheme of the cw-NMR spectrometer is described in

Fig. 6. The detector is a superconducting coil connected to a low-loss ca-
pacitor forming a parallel LC resonator. In the NMR experiment the 3He
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Figure 5: The measurement setup. The superfluid 3He sample is contained
in a high quality quartz cylinder. The 3He in the experimental volume is
connected through a small hole in a division plate to the heat exchanger
volume. The division plate is needed to prevent vortex lines from migrating
to the sample from the heat exchanger volume. NMR pick-up coils are placed
close to both ends of the sample volume. Two magnets with homogenous
axial fields provide the polarizing fields for the two NMR spectrometers. A
third magnet (barrier magnet) is used to stabilize the A phase in the middle
of the sample.

sample changes the unloaded inductance L0 of the pick-up coil as

L = L0(1− ζχ(ω)), (9)

where χ(ω) = χ′(ω)− iχ′′(ω) is the susceptibility and ζ the filling factor, an
indication how large a proportion of the volume inside the coil is filled with
the sample. As the externally applied magnetic field is swept, the sample
goes through resonance and χ changes. A merit of quality for oscillators is
the so called Q value. It is defined as

Q = ω
stored energy

dissipated power
. (10)

Since the absorption caused by the sample is in parallel to other intrinsic
loss mechanisms in the resonator, the larger the Q the larger in proportion
is the effect of the sample on the resonator. Thus high Q is desirable. The
Q values of the resonators in these experiments have been 11000 in the top
and 9000 in the bottom spectrometer.
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Figure 6: Main components of the measurement setup. The superfluid 3He
sample is probed with a high-Q LC resonator. The principle of this NMR
spectrometer is that of a Q-meter, where the dissipation on a LC-resonator
is monitored [48]. The high input impedance cryogenic preamplifier [49] is
operated at liquid helium temperature. The two function generators (model
HP 33120A) are coupled with variable phase shift and amplitude. The first
provides the excitation to the sample and the second is used to compensate
the signal passing the NMR system in the absence of the resonance in the
sample (signals are subtracted in Stanford Research Systems SR560 differen-
tial preamplifier) before the signal is read with a lock-in amplifier (Stanford
Research Systems model SR844). The data is read out and the devices are
controlled through a GBIP bus.

The resistive losses in the superconducting circuit are vanishingly small
and the high-Q capacitors [47] in our setup have small dielectric losses com-
pared to other loss mechanisms. In our case, the most significant loss mech-
anism is radiation coupling to the external parts, and secondly the loading of
the resonator by the preamplifier. The main function of the preamplifier is
to decouple the resonator from the external circuitry at room temperature.

The coupling capacitor Cf and the LC resonator form a voltage divider
which is fed through an input transformer and the output is read with a
high-input impedance preamplifier at liquid helium temperature. The LC
resonator has high impedance at resonance z = QωL and needs to be read
out with a high input impedance preamplifier [49] not to load the Q of the
resonator circuit. To minimize disturbances the preamplifier is situated at
4 K level inside the vacuum jacket.

The 3He sample is tuned to resonance by sweeping the magnetic field.
On resonance L changes and the voltage across the LC resonator drops. In
this scheme the NMR signal is superposed on top of a large carrier signal.
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A second function generator and a differential amplifier are used to subtract
the carrier signal before the NMR absorption and dispersion envelope is read
with a lock-in amplifier.

The detector coils are typically made from thin (25-50 µm) supercon-
ducting wire wound on a quartz bobbin. The presence of normal metals has
proven to reduce the Q value [50], but a reliable non-ohmic contact to a thin
niobium wire is difficult to prepare. In the end, 50 µm Cu/Ni coated Nb/Ti
wire has turned out as most reliable since it can be soldered directly and is
strong enough not to braek during cool down.

Because the tank circuit is one of the most critical parts in the spec-
trometer, a new approach for its construction was explored: The coil and
the capacitor were fabricated out of niobium films on a single substrate.
The planar coils were patterned to a 200 nm thick niobium film and the
capacitor consists of two parallel niobium film insulated by 250 nm of SiO2.
The properties of such LC resonators were investigated in [P1]. There are
a number of advantages in such a solid state device that one might expect:
i) All the wires are permanently fixed in place. Movement of wires is a
source of noise in the measurement (inductance and capacitance in the sys-
tem changes). It would be especially advantageous to have both the coil
and the capacitor on the same chip. ii) The coil can be made so that there
are no regular conductors present. One observed source of loss is attributed
to eddy current losses in normal conductors [50]. iii) The superconducting
wire, because of the Meissner effect, distorts the magnetic field smearing
the NMR spectrum. In a thin film device, the coil is only a few hundred
nm thick, hundred times smaller than the thinnest regular wire at best,
minimizing the field distortion. iv) The gyromagnetic ratio of hydrogen is
relatively close to that of 3He. The tail of this peak is seen as a sloping
baseline on which the 3He NMR signal appears. Hydrogen is present in
glues, epoxy resins, wire insulation, etc. and with proper choice of materials
this distortion can be minimized in a thin film device. A further goal is to
miniaturize the detector coil to be used as a NMR microscope [51].

Planar sample coils were fabricated on silicon and sapphire substrates.
The material of the substrate turned out not to have significance on the
performance. The superconducting material was niobium and the SiO2 in-
sulation was deposited with PECVD (plasma enhanced chemical vapor de-
position) technique [52]. The capacitors turned out to have a low Q value
and were unstable in magnetic field. The planar coils tested by themselves
with separate high quality capacitors showed high Q ∼ 105, but displayed
still traces of unstable behavior in magnetic field. In [P1] these problems
were shown to be associated with the SiO2 insulating layer. The PECVD
fabrication results in amorphous material with various kinds of defects, im-
purities, and free radicals.

A set of planar coils which had only one layer of structured niobium
film and no insulation was tested in the NMR setup of the ROTA cryostat
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and used for NMR. In the experiment the coils performed similar to wire
wound coils. The Q value was close the value of our typical wire-wound coils,
presumably limited by the losses in the copper shield coating the bore of the
magnet. However no great gain was achieved in the NMR field homogeneity.
This probably means that it is primarily the polarizing magnets themselves
which determine the homogeneity. Unfortunately, as such, the thin film
devices are too cumbersome for practical use. In order to make these coils
better than wire-wound ones, the problems with the insulation layer need
to be solved. This is especially the case if the goal is to miniaturize for a
NMR microscope [51].

The origin for the unstable properties of the SiO2 insulation in low mag-
netic fields below 100 mK is an interesting problem in itself. To find out the
source of the poor performance of the thin film resonators in magnetic field
more tests are needed. One known problem with niobium rf cavities is the so
called Q disease [53]. It is attributed to hydrogen forming hydrates during
slow cool downs somewhere around 100 K. The SiO2 insulation layer formed
with PECVD is known to contain hydrogen but whether our problems are
connected to the Q disease remain unanswered.
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3 Shear flow instability of the AB interface

The original motivation for our experimental setup was to study what hap-
pens to topological defects on the phase boundary of two rotating quantum
fluids. The dominating vortex structure in the A phase is the DQV. The
large diameter of the vortex core is set by the dipolar coherence length ξD ∼
10 µm which is reflected in the low velocity required for their formation. The
B phase vortex has a hard core with a diameter comparable to the superfluid
coherence length ξ ∼ 10 nm and the critical velocity needed for their for-
mation is much higher. What happens as the A phase starts to accumulate
vorticity in increasing rotation? Do the vortex lines penetrate across the
phase boundary from A to B phase or will the B phase remain vortex free?
At the phase boundary superfluid coherence is preserved. This rules out the
possibility that a vortex in the A phase would end at the boundary [10].

In earlier experiments the interaction of the AB interface and vortex
lines [54] has been examined in situations where the AB interface was not
stabilized. Instead, the AB interface moved through the sample such that
the A phase was replaced with the B phase. Here, depending on the speed of
the moving boundary, some vortex lines penetrated through the boundary
to the B phase side while others were pushed away by the AB interface to
the sample boundaries for annihilation, leaving a deficit of vortex lines in
the B phase.

The experimental setup is described in Fig. 5. The A phase is stabilized
with the barrier magnetic field. There are two possible configurations in
which the AB phase boundary measurements can be carried out. In the
first, the A phase is stabilized with high magnetic field in the middle and
the upper and lower parts are stable B phase. Here, the upper and lower
parts are identical and redundant. They are also independent of each other
with respect to vortex formation which was shown in these experiments. In
the second configuration there is stable B phase on the bottom, magneti-
cally stabilized A phase in the center and supercooled A phase at the top.
This configuration can be achieved by cooling down from the temperature
where A phase is stable also at zero field. The A phase generally super-
cools quite substantially [55]. In the smooth-walled quartz container the A
phase in our experiment can supercool to 0.52 Tc at 29 bar. In contrast, the
heat exchanger has rough surfaces and here B phase nucleates easily. The
bottom part of the container is in contact with the heat exchanger volume
through the orifice and thus the B phase expands into this section after it
has nucleated. The top, however, is shielded by the stable A-phase barrier
in high magnetic field and does not react when B phase enters the bottom
section. This configuration allows monitoring the vortices in the A phase
with NMR.

When rotation is slowly increased from rest, vortex lines start to form in
the A phase at around 0.1 rad/s. In other words the superfluid component
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Figure 7: A series of instability events during a continuous increase of Ω.
The boundary injects a small number of vortex lines each time the critical
velocity is reached. The top graph shows the NMR absorption measured
close to the Larmor frequency. Here the increasing number of rectilinear
vortex lines in the B phase is shown as increased absorption. In the bottom
panel the rotation velocity is shown. The number of vortex lines injected in
each event in the B phase is indicated beside the step. A detailed analysis
[P6] confirms that both even and odd numbers of vortex lines may be
injected across the AB interface into the B phase despite the fact that the
vortex lines in the A phase are doubly quantized.

in 3He-A starts to rotate with the normal component on the average while
at such low velocities the B phase stays vortex free NB = 0. This exper-
iment showed that vortex lines form in the A phase but do not cross the
AB interface until at some well-defined critical velocity a burst of vorticity
penetrates across the boundary.

Once the rotation velocity reaches the critical limit for the stability of the
AB interface, vortex lines are injected in the B phase, typically a few lines
(∆NB ∼ 10) per event. The sequence of injection events in Fig. 7 results
from a continuous acceleration at constant rate. The increasing number of
vortex lines NB winds up the superfluid velocity in the B phase section, the
counterflow velocity is reduced, and it becomes stable. During the continu-
ous rotation acceleration in Fig. 7 the same critical counterflow velocity is
reached repeatedly resulting in a sequence of vortex injections. This creates
the staircase pattern in the NMR absorption.

It turned out that a perfect explanation for our experimental results is
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given by the stability analysis of the interface. This analysis demonstrates
the instability of the AB interface which is similar to the instability known
in the literature of classical hydrodynamics as the Kelvin-Helmholtz (KH)
instability. The instability is not a direct consequence from the vorticity
accumulating on the AB interface. It is caused by the difference in flow
velocities parallel to the interface in the A and B phases.

In Lord Kelvin’s original treatise [56] he considered the case of two ideal
inviscid liquid layers flowing with respect to each other tangential to their
interface. Gravity acts as a stabilizing force when the denser liquid lies
below the lighter one. When the relative speed of the liquids exceeds a
critical value waves start to form on the interface. The examples of this
effect in nature are countless although it is never seen in the purest form
because of the viscosity of regular fluids. The most familiar case is the wave
formation on water when a wind blows over the surface. Our measurement
is the first demonstration of the KH instability in superfluids. A schematic
illustration of the process in our system is shown in Fig. 8.

When two liquids (gases) are flowing with respect to each other the
interface between them becomes unstable towards wave formation when

ρ1ρ2

ρ1 + ρ2
(v2 − v1)2 = 2

√
σFg. (11)

Here ρ1 and ρ2 are the densities and v1 and v2 the velocities of the two
liquids, σ the surface tension of the interface, and Fg the restoring force
(in this case gravitational force Fg = g(ρ1 − ρ2). This is known as the
Kelvin-Helmholtz instability. In the classical cases there is always friction
present because of viscosity and the instability in its purest form is not seen.
Superfluids provide a way around the mathematical complexity introduced
by viscous dissipation since they are inviscid. In a sense as long as we focus
on the instability itself and do not worry about what happens later, we have
here the ideal case to demonstrate the instability.

In the case of the A and B phases of superfluid 3He the restoring force
is of magnetic origin:

Fm =
1
2
(χA − χB)∇(H2), (12)

where χA and χB are the temperature and field dependent susceptibilities of
the A and the B phases. The two-fluid hydrodynamics introduces modifica-
tions to the instability criterion since the normal component acts as a frame
of reference. The criterion for the instability turns out to be [57] (neglecting
the orbital anisotropy of 3He-A)

1
2
ρsA(vn − vsA)2 +

1
2
ρsB(vn − vsB)2 =

√
σABFm, (13)

where ρsA and ρsB are the superfluid densities of the A and B phases, while vn

is the velocity of the normal component. In our case because of high viscosity

20



Ω

vsA~Ωr

vsB=0

Ω < Ωc Ω = Ωc Ω > Ωc

R

vsA~Ωr

vsB = κNB/2πr

vn-vsB<ΩcR

a

λ

A phase

B phase

vortex lines
coating the
AB interface

time

vn=Ωr

r

v

v
vn=Ωr

r

Figure 8: Schematic illustration of the shear-flow instability of the AB in-
terface. During a slow increase of the rotation velocity the A and B phases
behave differently. The A phase has a low critical velocity of vortex line
formation. In continuous rotational acceleration the number of vortex lines
NA in the A phase increases and the superfluid fraction winds-up speed and
rotates with the container. The B phase, however, remains vortex free and
stays stationary in the laboratory frame. The AB phase boundary becomes
unstable at some critical velocity difference (vs,B−vn) and a small number of
vortex lines ∆NB is injected into the B phase. The velocities of the normal
component and superfluid components in the two phases are sketched on
the right (see also Fig. 3). A schematic illustration on how the vortex in-
jection might happen is sketched below: As a result of the instability waves
form on the AB interface and vortex lines become trapped in a corruga-
tion. Below the interface A phase is unstable and shrinks away leaving the
superfluid circulation behind. The vortex lines that enter the B phase in
this way increase its velocity, the velocity difference across the boundary is
reduced below the critical value and the boundary stabilizes. On increasing
the rotation velocity further, the boundary becomes unstable again when
the velocity difference has increased to the critical value.
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Figure 9: (Left) The dependence of the rotation velocity of the first vortex
injection event (Ωc) on temperature at three different values of the barrier
magnet current at 10.2 bar pressure. (Right) Ωc as a function of the current
in the barrier magnet at fixed temperature of 0.87 Tc. The solid lines are
theoretical predictions from Eq. (14) with no adjustable fitting parameters.

vn = Ω× r ie. it follows the rotating cylinder. In addition, vsA and vsB are
the superfluid velocities in the A and B phases, σAB is the surface tension
of the phase boundary. In the classical case the velocity difference between
the two fluids triggers the instability. In the superfluid the relative velocity
difference between the normal component and the superfluid component
produces the instability. It can be seen from Eq. (13) that the instability can
happen even if both superfluid fractions are moving at the same speed. In
this sense the phenomenon is similar to the classical and dissipative flapping
flag instability, which was discussed by Raleigh (see for example Ref. [58]
and references therein) but where the explanation of the instability is quite
different.

In our experiment the instability is most practical to identify from the
critical rotation velocity of the first vortex injection event at Ωc. The A
phase has always close to the equilibrium number of vortex lines. Thus
vsA ≈ vn. Before the instability at Ω < Ωc the B phase remains vortex
free and vsB = 0. The normal component rotates along with the container
and at the outer wall its velocity is vn = ΩR. With these assumptions the
instability criterion becomes

Ωc =
1
R

(
4σAB(χA − χB)HAB

∂H
∂z |z(H=HAB)

ρ2
s

) 1
4

. (14)

Figure 9 displays the temperature dependence of Ωc for the first vor-
tex injection event at a few fixed values of the barrier field at 10.2 bar
pressure (Left) and the field dependence at constant temperature (Right).
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Theoretical values obtained from Eq. (14) are in good agreement. The pa-
rameters σAB, χA, χB, ρs, and HAB can all be obtained from the literature.
The surface tension σAB is measured in Ref. [59]. Since this value is for
melting pressure we need to scale it to lower pressures using GL-theory.
The susceptibility of the A phase is roughly the same as that of the normal
phase [60]. The B phase susceptibility is reduced from the normal phase
value [61]. The superfluid density in magnetic field is not well known, but
here ρs at zero field is used [60]. H is HAB, the critical field of the AB
transition measured in Ref. [7] and the field profile of the magnet gives the
gradient at the location of the interface ∂H

∂z |z(H=HAB).
The instability develops with a wave length λ = 2π

√
σAB/Fm. The

separation of the vortex quanta coating the AB interface is a = κ/(vsA −
vsB). In one corrugation (half of the wave length λ) there are λ/2a vortex
quanta. Our measurements on the distribution of the number of vortex lines
injected per event across the AB interface into the B phase are in reasonable
agreement with the number of vortex lines expected to be in one corrugation
[P10]. Furthermore, the number of injected vortex lines can be odd or even,
despite the fact that the vortex lines in the A phase are doubly quantized.
In [P6] it is shown that the doubly quantized vortex lines of the A phase
separate to singly or half quantized units when they are confined to the AB
phase interface.

The shear-flow instability is an interesting phenomenon for future study.
Its properties at the lowest temperatures, when there is no normal com-
ponent and no reference frame, is an open question. It also provided us
with a convenient method for injecting vortex lines into originally vortex-
free counterflow in 3He-B. The key feature is that the velocity of injection
can be tuned with the magnetic field. When the magnetic field is changed
the phase boundary moves to a position such that the magnetic field has
the critical value HAB at the location of the phase boundary. Depending on
the field profile, this results in a change in ∇H which changes the critical
velocity in Eq. (14). The externally controllable injection velocity allows
unprecedented flexibility in the study of vortex dynamics in 3He-B.
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4 Hydrodynamics of 3He-B in rotation

4.1 Classical and quantum turbulence

Turbulence is a most common hydrodynamic phenomenon. Yet, it has
turned out to be one of the most complicated problems in classical physics.
As opposed to laminar flow, in turbulence fluid flow is characterized by the
formation of eddies and their irregular motion. The larger eddies, limited
by the size of the container, contain most of the kinetic energy. On this
scale the viscous dissipation is small compared to the kinetic energy stored
in the eddy. The energy is transferred in a cascade into smaller and smaller
eddies until finally viscous dissipation starts to remove energy from the flow
more efficiently. In the model case, to which many theoretical considerations
refer, turbulence is considered to be homogenous and isotropic. In experi-
ments, one realization is grid turbulence, where the fluid is pushed through
a uniform grid. Mainly from dimensional arguments one deduces that the
energy spectrum of fully developed homogenous and isotropic turbulence is
of the form E ∝ ε

2
3 k−

5
3 , where k is the wave vector of the eddy and ε is the

energy transfer rate. This is called the Kolmogorov law [62].
The starting point of the hydrodynamics of viscous flow is the Navier-

Stokes equation,

∂v
∂t

+ (v · ∇)v = F/ρ−∇P/ρ + ν∇2v. (15)

Here F is an external force per unit volume, P pressure, and ν the kinematic
viscosity. In order to compare flows with different viscosities it is useful to
write the Navier-Stokes equation in dimensionless units x0 = x/L, v0 = v/V
and t0 = V t/L, where L and V are characteristic values for length and
velocity. The relative importance of the inertial term ∼ V 2/L and the
viscous term ∼ νV/L2 in Eq. (15) can be used to characterize the flow. The
ratio of these terms is a dimensionless quantity called the Reynolds number
Re = (V 2/L)/(νV/L2) = V L/ν. For flows with small Re the dissipative
forces are dominant and the flow is typically laminar. If Re is large, the
inertial forces dominate and the flow usually turbulent [62].

Reynolds, after whom the similarity condition is named, was the first to
conduct a systematic study on pipe flow. He found that intermittent bursts
of turbulence become possible above Re ≈ 2000. However, in carefully
prepared experimental conditions where disturbances in the flow are mini-
mized, laminar flows with very high Reynolds number have been recorded
(Re ≈ 105, [63]). However, with increasing Re the disturbance that is re-
quired to trigger turbulence decreases rapidly [64].

A superfluid, with its quantized vorticity and zero viscosity, opens up
new possibilities in understanding turbulence. Since the flow is quantized,
the minimum size of an eddy is one vortex, larger eddies need to be con-
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structed as polarized arrays of several vortex lines. Vortex lines are topo-
logically stable objects. They are continuous strings that either end at the
boundary or form closed loops. Typically the intrinsic velocity needed for
loop generation is high and is not exceeded in the usual experimental con-
ditions. Rather, at low vortex damping the formation of new independent
vortex lines is catalyzed by reconnections [65]. The existing lines may re-
connect at walls or with other vortex lines (or themselves) and in the coarse
of these processes form new loops. Similarly, a region of superfluid which
is vortex-free will be filled with vortex lines only if they migrate there from
other parts of the sample.

The first observations of phenomena related to superfluid turbulence are
from thermal counterflow experiments in 1949 [66] but the explanation of
these effects came later [67]. A large amount of experimental, theoretical,
and numerical work has been done to explain superfluid turbulence in He-II.
Experimental work on turbulence produced in a towed grid experiment in
He-II points towards quasi-classical behavior [68, 69, 70, 71]. At higher
temperatures mutual friction drags the normal and superfluid components
into co-flow on length scales larger than inter-vortex spacing. Here, the
Kolmogorov spectrum is present in both components. In the T → 0 limit
the normal component vanishes but the superfluid is still expected to have
quasi-classical character on large length scales [71]. Unfortunately there are
few experiments that investigate this regime. In Ref. [72] the drag force
from He-II on a sphere is investigated at 25 mK. It appears to resemble the
classical drag in the turbulent regime. In 3He the combined turbulence of
the normal and superfluid components becomes impossible because of the
high viscosity of the normal component. Ideas in Refs. [73, 74] still support
an energy cascade with dissipation at small length scales.

Prior to this work only measurements with a wire vibrating in stationary
fluid have suggested the existence of turbulent vortex dynamics in 3He-B:
In Refs. [75, 76, 77] a turbulent vortex tangle is created with a vibrating
wire resonator below 0.2 Tc where the normal component is expected to
have a vanishing contribution. Reference [33] describes measurements in a
rotating sample where vortex multiplication is observed. In many experi-
ments carried out in this rotating cryostat prior to the ones described in this
thesis, irregular vortex formation was found to be a serious nuisance at low
temperatures hampering other experiments but its source was not carefully
identified.

In these experiments we observe how vortex free 3He-B, where the super-
fluid fraction is initially at rest in the laboratory frame, spins up to follow
the rotation of the normal component. Although there is no classical analog
to this experiment, some features are reminiscent of the spin-up process in
a classical fluid [78, 79]. Our method of rotating the system provides a con-
venient way to study 3He-B from the experimental point of view. However,
rotation also imposes polarization on a vortex tangle. Thus, one needs to
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be careful before comparing homogenous turbulence to that in rotation.

4.2 Turbulence in superfluid 3He-B

Most experiments on quantum turbulence have been carried out in He-II.
Much of this work is not possible to repeat in 3He-B. Already the three orders
of magnitude lower superfluid transition temperature limits the experiments
that are possible. Some methods widely used for He-II such as thermal
counterflow and vortex detection via the absorption of second sound are
not suitable for 3He. Still 3He-B offers features that are instructive in the
study of turbulence and which are not present in He-II: i) Vortex formation
is under better control. ii) Viscosity of the normal component is high. iii)
Mutual friction varies widely such that both laminar and turbulent behavior
exist. iv) NMR provides a powerful tool for counting the number of vortices
and mapping their patterns in rotating flow.

In 3He-B, it is possible to create vortex free counterflow, which in He-II
has turned out to be impossible in macroscopic-sized samples. The typical
case in He-II is that there are always remanent vortex lines present [34].
The core radius of the vortex is of atomic scale a ∼ 0.1 nm [15] and any
solid surface on this scale is rough. For example, in experiments where
He-II is rotated it has turned out that the sample is always close to the
equilibrium vortex state. In 3He-B the core size is larger ∼ 10 − 100 nm
and there is no evidence of pinning on carefully prepared surfaces. Not only
high counterflow is possible, but also vortex lines can be introduced into
vortex-free flow by means of externally controlled methods.

The viscosity of normal 4He liquid is very small. In the experiments
where superfluid turbulence is studied, also the normal component can be
expected to be turbulent [70]. The case in 3He-B is clear-cut with a four
orders of magnitude higher viscosity of the normal component: In all practi-
cal cases in our experiment the normal component can be assumed to follow
the container.

Although the superfluid component is inviscid, mutual friction damps
the motion of vortex lines. One approach to look at the effect of mutual
friction in superfluid dynamics is to write a coarse grained equation such
that the superfluid velocity is averaged over volumes consisting of many
roughly parallel vortex lines [80]. We characterize the flow with a ”super-
fluid Reynolds number” Res = VcfL/κ where Vcf is the counterflow velocity.
When Res ∼ 1, it is favorable to expand a vortex into the flow (Feynman
criterion). Here, we now require Res À 1. Assuming that the vorticity
is locally polarized, the mutual friction force per unit volume of superfluid
becomes [80]

Fmf = −αρsω × [ω̂ × (vn − vs)]− α′ρsω × (vn − vs), (16)

where ω = ∇× v is the (averaged) vorticity and ω̂ is the unit vector in the
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direction of ω. Assuming that the normal component is immobile due to its
high viscosity we set vn = 0. Since the superfluid component is inviscid, the
Navier-Stokes Eq. (15) is simplified to the Euler equation which, assuming
the force in Eq. 16, leads to a coarse-grained hydrodynamic equation [P7]

∂ωs

∂t
= (1− α′)∇× [vs × ω] + α∇[ω̂ × (ω × vs)]. (17)

Similar dimensional analysis as in the case of the Navier-Stokes equation
leads to new interpretation for the equivalent of the Reynolds number from
Eq. (17). Here the inertial term ∼ (1 − α′)V 2/L2 and the viscous term
∼ αV 2/L2. Thus, their ratio q−1 = (1−α′)/α. Analogously to the classical
case Reynolds number we expect that q−1 can be used to characterize the
flow: When q−1 is large the flow is dominantly turbulent and when q−1 is
small the flow is laminar. Unlike the classical Reynolds number, q−1 is not
dependent on the external variables L and V . The intrinsic properties of the
fluid, α and α′, determine whether turbulence is possible or not. Dimensional
arguments on how the vortex length develops after vortex loops are injected
lead to the same conclusion [81].

Judging from these arguments, He-II has in all experiments been far in
the turbulent regime. Only if experiments in He-II were performed within a
few µK below the λ-transition, would mutual friction be such that laminar
behavior of vortex lines could be expected (see Fig. 2). Even then, the
low-viscosity normal component would easily form turbulent flow patterns
which the superfluid and vortex lines would follow. 3He-B allows a study of
the transition region q−1 ∼ 1 in the superfluid component only, where the
behavior changes from laminar to turbulent [P7]. Moreover, in 3He-B the
transition at q−1 ∼ 1 appears in the middle of the accessible temperature
range.

4.3 Vortex injection with the KH instability

The shear-flow instability of the AB phase boundary offers a practical tool
to inject vortex lines into vortex-free counterflow because the flow velocity
at which the injection occurs can be controlled externally with the magnetic
field in the barrier magnet. The velocity range is 2-5 mm/s in the present
experimental setup. In the simplest experimental procedure we prepare the
vortex free rotating state, inject some vortex loops into the system, and
record what happens (Fig. 10). In Fig. 11 we have calibrated the number
of vortex lines in the final state as a function of temperature after vortex
injection. The outcome, the number of vortex lines in the final state, after
the system has stabilized, is recorded. A clear majority of the events fall
into two categories: i) The number of vortex loops is close to the number of
originally injected vortex lines, which is typical at high temperatures, while
ii) at low temperatures the final state has close to the equilibrium number
of vortex lines.
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injection of vortex lines

Ω

Figure 10: In an experiment where a small number of vortex lines is injected
into superfluid flow the outcome depends on temperature (or mutual fric-
tion). It turns out that above 0.6 Tc an injected vortex line expands to its
minimum energy state rapidly with no increase in the vortex number. Be-
low this temperature curved vortex loops are unstable and typically rapid
turbulent proliferation of vortex lines takes place. As a result the system
ends up in its minimum energy state, the equilibrium vortex state. The ex-
periment shows that rather than filling the whole cell with a vortex tangle,
the turbulence develops rapidly as a localized burst. The vortex lines then
propagate along the rotating column towards the vortex free counterflow as
a front and leave behind the equilibrium number of vortex lines.

At high temperatures, the KH instability injects roughly 10 vortex loops
per event into the B phase sections of the sample. The distribution of
the number of injected loops was checked at 0.78 Tc in [P10]. There is no
reason to expect that the number of originally injected loops would change
dramatically as a function of temperature. Rather, at low temperature,
the high number of vortex lines in Fig. 11 must be the result of a burst
of turbulent vortex multiplication. It is evident from our data that there
are very few cases where the turbulent multiplication ends at relatively low
vortex numbers. Instead, it appears that once turbulence starts, it produces
close to the equilibrium number of vortex lines in the final state. However,
when the rotation velocity is slowly increased such that a sequence of vortex
injection events occurs (as in Fig. 7) it is possible, especially in the transition
regime, to have one or a few vortex injection events which do not lead to the
turbulent multiplication before the injection which triggers the turbulent
burst.

The velocity dependence of the transition to turbulence is shown in
Fig. 12. Each data point represents an injection event and its color sig-
nifies the outcome: (¤) for a small number of vortex lines and (¥) for the

28



1.2 1.25 1.3 1.35 1.4 1.45 1.5

T (mk) (29 bar)

0

0.2

0.4

0.6

0.8

1

0.49 0.52 0.54 0.56 0.58 0.6 0.62

T/Tc

29 bar, 1st event

34 bar, 1st event

29 bar, 3rd event

Ib = 8.0 A

Turbulent Transition

regime

Regular

N
/N

eq

Figure 11: The final number of vortex lines measured after an injection
event as a function of temperature in the transition regime. The vertical
scale gives the relative vortex number N/Neq. As a function of temperature
a sharp transition is observed in the final number of vortex lines.

equilibrium number of vortex lines. In the velocity range studied here the
transition occurs at 0.6 Tc independent of the injection velocity in accor-
dance with the analysis that mutual friction controls the transition.

Similar results were obtained in measurements at the other pressures,
34 and 10 bar. In Fig. 13 the results of 10, 29, 34 bar are summarized in
a histogram where we have assumed that the transition is velocity indepen-
dent. The half width of the transition is relatively narrow ∼ 0.03 Tc. There
exist mutual friction data only at two pressures: 10 and 29 bar [25, 26].
Our measurements indicate that the transition occurs roughly at q ≈ 1. At
10 bar the transition occurs at q = 1.3 and at 29 bar at q = 0.6. In the mea-
surements at zero pressure the slow vortex multiplication process described
in Sec. 4.7 intervenes before suffciently high counterflow velocities could be
generated for the KH injection process to work.

There are several factors that might influence the value of q at the tran-
sition. There is some uncertainty in the mutual friction parameters: The
high magnetic field (which is required for KH injection) at the vortex loop
injection site could affect the mutual friction value. Unfortunately there is
no data available on the magnetic field dependence of mutual friction. The
vortex core transition might influence the transition since there is a small
difference in mutual friction between the two cores. There is no data on
how a high magnetic field influences the vortex core transition. The neu-
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Figure 12: Transition to turbulence at 29 bar. The filled symbols (¥) mark
the cases where the injection resulted in almost the equilibrium number of
vortex lines while the open symbols (¤) represents final states with only a
few vortex lines. In the velocity range studied here the transition occurs at
0.6 Tc independent of velocity. The location of the data points in the TΩ-
plane is determined by the KH instability and is immaterial in this context.

tron measurements which are discussed in the next section indicate that the
initial vortex configuration at injection is important in starting the turbu-
lent burst. The initial vortex configuration, for example the vortex density
in the initial bundle which the shear-flow injection produces might also have
differences at the two pressures.

4.4 Vortex injection with neutrons

The shear-flow instability injects a small random number of vortex loops in
each event. To study the influence of the injection process itself, vortex in-
jection from neutron absorption events [4] was also used. This is a technique
which also produces locally vortex loops, but of smaller size than in the KH
injection and their number can be controlled with the applied flow velocity.

The 3He nucleus has a large absorption cross section for thermal neu-
trons. A thermal neutron has a mean free path less than 0.1 mm be-
fore it is captured by a 3He nucleus which results in the nuclear reaction
n+3He → p+3H+764 keV. The energy is released as kinetic energy of the
reaction products which heat a small volume of 3He to normal phase. Such
”bubble” of normal liquid, less than 100 µm in diameter, cools back in mi-
croseconds to the superfluid state. During the rapid non-equilibrium cooling
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Figure 13: Transition to turbulence at different pressures. The normal dis-
tribution (with the average transition temperature Tt and dispersion σt) is
fitted to the data in order to give an indication on the width on the tran-
sition. The transition is narrow at all pressures σt ' 0.03 Tc. The KH
injection has been used for injection.

through Tc a random vortex tangle is formed in the bubble Ref. [82]. Some
of the loops in the bubble may escape into the bulk if the external flow
favors the expansion of the loops. In the rotating sample the neutrons are
absorbed close to the outer wall and if the counterflow velocity is sufficient,
one or more loops, depending on the flow velocity, expand into the bulk.

The rate of vortex line formation was measured in [P9] at 29 bar at
0.53 Tc to be Ṅv = 0.0056[(Ω/Ωc,n)3 − 1] s−1 where Ωc,n = 1.43 rad/s
is the the minimum required flow velocity for vortex formation. As the
rotation velocity is increased more neutron absorption events result into
vortex formation and each event is likely to produce more vortex loops (see
Ref. [83]).

Neutron injection measurements were carried out at two temperatures
in the turbulent regime, at 0.53 Tc and 0.45 Tc. At 0.53 Tc below 3 rad/s
vortex lines were created during neutron irradiation, but no turbulence was
observed. At higher velocity turbulent bursts start to occur at random verti-
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cal position in the sample. The probability distribution of how long neutron
irradiation resulted in a turbulent burst was measured at Ω = 3.3 rad/s at
0.53 Tc. Based on these measurements we conclude that about 10% of vortex
injections events result in turbulence at these particular conditions [P13].

At 0.45 Tc a similar measurement of the probability distribution was
performed at 1.6 rad/s which is expected to be only slightly above Ωc,n. In
this case almost all neutron absorption events that lead to vortex production
result to a single loop escaping the bubble. Unfortunately the injection rate
at 0.45 Tc could not be measured directly because of the intervening tur-
bulence. Nevertheless, extrapolating from the measurements at 0.53 Tc, we
conclude that almost every injection event resulted in turbulence at 0.45 Tc.

These neutron measurements show that not all initial vortex configura-
tions at injection develop into a turbulent vortex tangle close to the transi-
tion from regular to turbulent dynamics. This means that the loop configu-
ration at injection influences the exact temperature at which the transition
from regular to turbulent dynamics is observed. At sufficient initial vortex
densities the transition between turbulent and regular vortex dynamics is
probably close to the transition indicated by the KH injection mechanism.
As the vortex density drops, the probability of turbulence decreases at a
given temperature. However, by cooling to lower temperature the prob-
ability increases. At the lowest temperatures even single loops start the
multiplication process. This point is discussed also in Sec. 4.7. On the other
hand, turbulence cannot exist at much higher temperatures than 0.6 Tc at
any vortex density since at high T the injection of thousand vortex lines into
high flow does not lead to the equilibrium vortex state (see Sec. 4.6).

4.5 Propagation of vortices in rotating flow

Above we investigated the conditions required for the onset of turbulence.
Next we ask what happens after the localized burst of turbulence. The NMR
measurements provide us some insight into what happens after the injection
process. Figure 14 shows an example from NMR response as function of
time after vortex lines have been injected into vortex free counterflow at
Ω = 1.5 rad/s. Some features can be extracted which describe the prop-
agation and the later relaxation to the equilibrium vortex state. The first
feature is the flight time, the time it takes for the vortices to travel from the
injection site to the detector. The arrival of the vortex lines at the detec-
tor is indicated by the reducing absorption in the counterflow signal. The
counterflow peak height drops abruptly indicating a rapid removal of the
azimuthal counterflow. Simultaneously the absorption in the Larmor region
shoots up and finally decays exponentially towards the equilibrium state.

According to Eq. (5) the end of a vortex line will propagate along the
wall with the velocity

vL,z = αΩR (18)
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in rotating counterflow at the velocity vcf = ΩR. The experiment provides
the possibility to extract the time-of-flight from the injection site to the
detector and thus determine the velocity at which the vortex lines travel.
This allows us to extract the mutual friction parameter α from our measure-
ments. Figure 15 displays the α values from our measurements as a function
of temperature, assuming that the speed is defined by Eq. (18). These are
compared to data measured in Refs. [25, 26]. Equation (18) holds when the
number of vortex lines expanding in the flow is small (which is the case in
high temperatures) so that the self induced velocities of the vortex lines do
not contribute too much to the flow. However, there is no distinct jump in
the flight time at the transition to turbulence. The equilibrium number of
vortices appears to travel at close to the same velocity as a single vortex
line would. The velocity of the front decreases as a function of temperature
since α drops exponentially [27] with temperature.

When the vortex lines arrive to the detector, the absorption in the coun-
terflow peak starts to reduce rapidly indicating that the global azimuthal
counterflow disappears. While the counterflow disappears, the signal in
the Larmor region of the NMR spectrum starts to increase with time, goes
through a maximum hmax and decays exponentially towards the equilibrium
signal.

The large absorption (hmax) in the Larmor region during the transient
process can be explained by the appearance of a z-directional superflow
which is induced by the vortex lines: In addition to the axial velocity com-
ponent vL,z = αΩR, the ends of the vortex lines at the outer wall move in
the azimuthal direction with the velocity vL,φ = (1 − α′)ΩR. The spirally
moving front leaves behind a helical vortex structure with a wave length
which is expected to be proportional to q since vL,ϕ

vL,z
= q. Such structure

induces superflow in the z-direction vsz which in turn orients the n̂ texture
such that large absorption (hmax in Fig. 14), exceeding that of a cluster of
rectilinear vortex lines, is seen in the Larmor region of the NMR spectrum.

The unwinding of the twist, observed as the exponential decay, is likely
to be assisted by vsz which increases with decreasing temperature. This is a
possible explanation to the counterintuitive result that the deviations from
the equilibrium state relax faster at lower dissipation at lower temperature.
The time constant τ of the exponential decay decreases as a function of
temperature as ∝ q. The existence of the twist is supported by the fact
that the relative height of the overshoot increases ∝ q−1 with decreasing
temperature [P13].

Combining all the conclusions from Fig. 14 we infer that the propagating
vortices need to form a well-defined front towards the vortex-free region into
which they expand. This is confirmed also by numerical simulations on the
coarse-grained equation Eq. (17) [84]. According to our measurements the
structure of the propagating front does not appear to display any strong
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Figure 14: Measured NMR signals as a function of time when KH injection
is used. A vortex free state is created (at 1.45 rad/s) just below the velocity
of the shear-flow instability. Then the velocity is rapidly ramped above the
critical value of the shear-flow instability (to 1.50 rad/s) (trigger), resulting
in the injection of vortex loops. Since the injection occurs ' 3 cm away
from the upper end of the detector coil, the first reaction is recorded after a
temperature dependent flight time. The mutual friction parameter α can be
extracted from this flight time (Fig. 15). The rapid removal of the absorption
in the counterflow peak (cf) indicates the removal of azimuthal counterflow.
In the Larmor region the absorption overshoots simultaneously above the
equilibrium value. The overshoot originates from a helical vortex state that
creates a superfluid velocity component in the z-direction. Finally, the signal
peak height decays exponentially towards the equilibrium value when the
helix unwinds.

dependence on Ω. In this case the mutual friction is constant and the speed
of propagation varies as Ω. All time dependencies associated with the front
seem to have a Ω−1 dependence and thus the thickness of the layer is ap-
proximately constant. As a function of temperature the front appears to
become thinner: The counterflow is removed in a shorter distance behind
the leading edge of the front.

In neutron injection measurements there is no need for an A phase layer.
Here both spectrometers monitor the same volume of B phase. The mea-
surements show that if turbulence is started in one end of the tube, the
equilibrium number of vortex lines is generated immediately, if the absorp-
tion event develops into turbulence. The vorticity moves to the vortex free
flow as a front and decays to the rectilinear vortex cluster even before the
front has reached the other end of the sample tube.
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Figure 15: Mutual friction parameter α determined from flight time mea-
surements and compared to the data from Ref. [25] (·). Here we assume
that vortex lines propagate with the velocity vL,z = αΩR. The is data mea-
sured with different methods: (N) the time difference from the trigger of the
KH instability and detection of vortex lines is measured (Fig. 14); (¥) Ω̇ is
varied (see [P8] for details); (•) measurement of the time difference between
detections in the two spectrometers in neutron injection. The data marked
(¨) is measured at 34 bar. We conclude that our data is in good agreement
with the data in [25] in the whole temperature range.

4.6 Massive injection events

At high temperatures injection of a few vortex loops results in the generation
of equal number of vortex lines. The turbulent burst only happens in the low
temperature regime. It is possible, however, to inject large numbers of vortex
lines into the flow in one sudden event both at low and high temperatures.
This allows a comparison between the vortex front motion at low and high
temperatures.

The experimental procedure is the following: First the sample is acceler-
ated to the target rotation velocity keeping the field in the barrier field below
HAB so that there is no A phase in the system. In this case the velocity
necessary for vortex nucleation is high. The barrier field is slowly swept up
and at some critical field value the A phase is formed in the sample. When
the A phase is formed the critical velocity of the KH instability is at its low-
est (Fig. 9), the AB boundary is unstable, and a sudden massive instability
follows. A large burst of vortex lines is injected at once in the B phase so
that the boundary stabilizes. Depending on the rotation speed the number
of injected vortex lines can be a thousand or more. The number is, however,
not yet the equilibrium number since vortex creation appears to stop when

35



the injection stops. Even injecting thousands of vortex lines at T > 0.6 Tc,
the final state is not the equilibrium vortex state which is the most common
result after vortex injection in the turbulent temperature regime.

4.7 Multiplication of isolated vortex lines in applied flow

At higher temperatures in the turbulent regime (0.5 . T/Tc . 0.6) high
counterflow velocities can be formed rather conveniently. Small remnant
loops, if there are any, do not necessarily lead to a turbulent burst as indi-
cated by the neutron injection experiments. On cooling down further the
situation starts to change. In many cases the experimental volume seems to
fill with vortex lines already at low rotation.

Figure 16 shows an experiment where the equilibrium cluster of vortex
lines at Ωi = 0.05 rad/s is accelerated rapidly to a higher velocity Ωf . A slow
increase in the number of vortex lines is observed to follow. This first initial
process is very different in character from the turbulent bursts which were
discussed earlier where the equilibrium number of vortex lines are generated
in the matter of seconds. In Fig. 16 the slow increase continues for over
200 s in the case when Ωf = 0.6 rad/s. It is finally terminated in an abrupt
change in the rate of vortex formation which we interpret as a turbulent
burst that finally generates the equilibrium number of vortex lines. This
slow multiplication process is similarly observed if the sample is accelerated
from zero velocity, provided that there are suitable seed loops present in the
sample.

The process is associated with such sections of vortex lines that are
not rectilinear and are not part of the vortex cluster but connect to the
cylindrical side wall. This was verified by cooling a small cluster of vortex
lines under rotation to the temperature region where the slow process is
prominent. The cluster was prepared at high temperatures and confined by
counterflow such that there were only rectilinear lines present. No increase
of vortex number was observed until the velocity decreased such that the
cluster expanded to the annihilation threshold - some vortex lines came into
contact with the cylindrical container wall - and the velocity was increased
back.

We interpret the slow multiplication to be mainly associated with iso-
lated vortex lines reconnecting with the wall. The process is started by a
vortex which expands in the applied flow to become a rectilinear line. Kelvin
waves are exited and eventually reconnect with the walls and create a new
vortex loop. Reconnections are known to excite Kelvin waves [29] and thus
the process continues. Although a single loop is observed to be stable in
homogenous flow (see for example [85]) in suitable flow a single loop can
become unstable towards reconnections [86]. Once sufficient vortex density
is generated in the annular counterflow volume outside the cluster of recti-
linear vortex lines (see Fig. 3)) vortex-vortex interactions become significant
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Figure 16: Examples of a slow increase in the vortex number. The vortex
number is measured simultaneously with both spectrometers. Solid sym-
bols refer to the experimental calibration of the vortex number while open
symbols refer to a theoretical calibration. The rotation velocity is increased
from an initial Ωi=0.05 rad/s to three different final velocities Ωf . A slow
increase in the vortex number follows which lasts for more than 200 s in
the case of Ωf = 0.6 rad/s. The slow process acts as a precursor to tur-
bulence which is seen as a rapid increase in the vortex number, indicated
by the dashed lines which are a guide to the eye. The initial state is the
equilibrium state at Ωi=0.05 rad/s. It is prepared by letting a large number
of vortex lines annihilate to the equilibrium cluster of N ≈ 37 vortex lines
at Ωi=0.05 rad/s. In the equilibrium vortex state there are some vortex
lines that curve to the cylindrical outer boundary because nonidealities in
the sample setup (The sample is slightly tilted, for example.). The vortex
lines that are curved to the wall start to expand in the increased counterflow
towards rectilinear lines and during this process increase the vortex number
through reconnections [P12]. A similar slow increase in the vortex number
can also be observed when Ωi = 0 provided that there are suitable seed loops
present in the sample.
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and a turbulent burst follows.
There are two related reasons why the linear vortex multiplication pro-

cess occurs at low temperatures both connected to the exponentially vanish-
ing mutual friction damping. First, vortex lines become easily destabilized
by Kelvin wave excitations which are generated by reconnection kinks; while
at high damping corrugations smooth out rapidly and are not able to prop-
agate. The second contributing effect is that as dissipation decreases, it can
take hours for the last vortex line to annihilate at the sample boundary in
the absence of applied flow. This is not caused by surface pinning, mutual
friction has just dropped to such low value that the last vortex line evolves
exceedingly slowly in the absence of any flow. This fact creates a new chal-
lenge for rotating experiments at low temperatures in 3He-B: To prepare
vortex-free flow states becomes increasingly difficult as the temperature de-
creases.
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5 Conclusions

This thesis examines two aspects of hydrodynamics in superfluid 3He. First,
the interface of the A and the B phases was studied when a shear-flow across
the boundary in the superfluid components was imposed. This led to the first
demonstration of the analog of the classical Kelvin-Helmholtz instability in
superfluids. The instability turned out to provide unprecedented flexibility
in vortex injection into 3He-B under vortex free counterflow. As result, the
transition between regular and turbulent vortex dynamics was discovered,
which is the main focus of this thesis.

The experiment on the AB phase boundary showed that the vortex struc-
tures in the A phase do not easily penetrate to the B phase side. Instead,
there is a well-defined critical velocity when this happens. The penetration
mechanism turned out to be the analog of the Kelvin-Helmholtz instability
known from regular hydrodynamics. It is the first example of the instability
when no viscosity is present in the initial state.

The work on turbulence in 3He-B showed a transition from vortex dy-
namics that might be described as laminar to what usually is considered
as turbulent. The experiments and the analysis indicate that at sufficiently
high velocity the transition to turbulent flow is controlled by the temperature
dependent mutual friction, a property intrinsic to the liquid. The relevant
combination of parameters is identified as q = α/(1 − α′). Although, in
retrospect, the transition was expected and had been observed often before,
the criteria for turbulence became evident in only these experiments.

Experiments with various vortex injection methods indicate that the ini-
tial vortex configuration is also important for the initiation of turbulence.
At higher temperatures, in the turbulent regime, the initialization of tur-
bulence requires some number of vortex lines. If the vortex density is not
sufficient the lines disperse and merely move to the minimum energy con-
figuration without notable reconnections. The turbulence is triggered more
and more easily with reducing temperature and eventually, according to our
measurements, even a single vortex which expands in applied rotating flow
becomes unstable towards reconnections.

In these experiments we also investigated the question how large numbers
of vortex lines expand into a rotating sample of vortex free superfluid. In
other words how the superfluid component spins up to co-rotation with the
normal component. The vortex lines appear to move into the vortex free
counterflow as a front. The spiralling motion of the vortex lines in the
front leaves behind a helical vortex structure that eventually decays to the
equilibrium vortex cluster.

There are still open questions regarding both the Kelvin-Helmholtz in-
stability and turbulent vortex dynamics. For example, what happens to the
KH instability in the T → 0 limit, how will it develop then? What will
happen to the instability in the shallow water limit? There has even been
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a suggestion that the instability could be used for an analog model of a
black hole [3]. Concerning turbulent vortex dynamics, additional measure-
ments are needed on how the helical vortex cluster unwinds as a function of
time or propagation distance. Is there an unwinding region that follows the
front or is the decay dominated by the solid top and bottom plates of the
sample container? This could be answered by relatively simple geometric
modifications of the setup and more measurements using neutron injection.
The rate of slow vortex production and its temperature dependence have
not been studied carefully. All measurements described here are limited to
above 0.4 Tc. Measurements closer to the T → 0 limit would be impor-
tant to clarify what changes occur in the vortex dynamics when the normal
component vanishes.

Considering measurement techniques, this work clarifies some of the chal-
lenges when 3He-B is studied under rotation at low temperatures. First, the
vortex dynamics changes such that it becomes exceedingly more difficult
to create the rotating counterflow state. Injection of even a single vortex
loop may lead to sudden formation of the equilibrium cluster of vortex lines
through reconnections. In the low temperature limit, the NMR measure-
ment of vortices in the 3He-B sample starts to fail also. The changes in the
spectrum created by vortices or counterflow disappear already above 0.30 Tc

rendering the current NMR technique as such not useful.
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[54] Ü. Parts, Y. Kondo, J. S. Korhonen, M. Krusius, and E. V. Thuneberg,
Phys. Rev. Lett. 71, 2951 (1993).

[55] P. Schiffer, M. T. O’Keefe, M. D. Hildreth, H. Fukuyama, and D. D.
Osheroff, Phys. Rev. Lett. 69, 120 (1992).

[56] Lord Kelvin (Sir William Thomson), Hydrodynamics and General Dy-
namics (Cambridge University Press, Cambridge, UK, 1910), Vol. 4.

[57] G. E. Volovik, JETP Letters 75, 491 (2002).

[58] J. Zhang, S. Childress, A. Libchaber, and M. Shelley, Nature 408, 835
(2000).

[59] D. D. Osheroff and M. C. Gross, Phys. Rev. Lett. 38, 905 (1977).
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