Vortex flow in rotating superfluid *He-B
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Abstract

For investigating vortex-line formation in rotating superfluid >He-B at high velocities of vortex-free superflow,
the usual geometry is a cylindrical sample, which is connected via an orifice and a liquid *He column to the heat
exchanger on the refrigerator. The orifice prevents vortex lines, created in the heat exchanger, from penetrating
into the sample until the rotation velocity reaches a critical value €).. We describe NMR measurements of €. as a
function of temperature and discuss the results in terms of vortex-line pinning at the rim of the orifice.

Key words: superfluid ®He; vortex dynamics; vortex formation; critical velocity; counterflow; Magnus force; mutual friction

Ideally in a superfluid rotating at constant angular
velocity €2, the existing vortices are contained in a cen-
tral cluster of rectilinear lines, coaxial within a closed
cylindrical container. Vortex containment is provided
by the Magnus force from the macroscopic normal - su-
perfluid counterflow which circulates between the clus-
ter and the container wall. This is the hydrodynami-
cally stable state of the superfluid in uniform rotation.
The only residual motion is a slow diffusion of vortex
lines towards a better annealed vortex lattice.

In practice the geometry of the sample container is
more complicated (Fig. 1) and nonuniform vortex den-
sities cannot be entirely avoided. Uncontrolled vortex
motion may then become possible, in some cases even
at constant ). This is the case at low temperatures
in the B phase, when vortex-free counterflow states
at high ) are investigated. Here the uncontrolled flow
of vortex lines through a small filling tube or aper-
ture may prevent studies of vortex-line formation alto-
gether.
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We report on observations of the rotation threshold,
the onset €., when vortices start to flow for the first
time through the central orifice into the sample vol-
ume (Fig. 1). In the B phase, the orifice flow becomes
the dominant mechanism of vortex formation which
bypasses all other processes in a smooth-walled quartz
container [1,2]. Fig. 2 displays our measurements of
as a function of temperature which in a narrow tem-
perature interval exhibits a crossover between two dif-
ferent types of behavior.

In the high-temperature regime at 7" > 0.557; the
first event of vortex flow into the vortex-free B phase
is measured at (2.240.3) rad/s, independently of tem-
perature. The data are independent of prehistory, ie.,
whether vortices have previously been in the sample or
not, and they do not correlate with the sequence of ro-
tation directions which have been in use before. This
means that remnant vortices, which would be trapped
somewhere on the walls, are probably not present on
the smooth annealed quartz walls of our container. In
contrast to low temperatures, in the high-temperature
regime (2. is largely insensitive to rotational acceler-
ation, Q ~ (0.25...4)10 % rad/s?, which is used for
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Fig. 1. (Left) Long cylindrical container [2], shown here with a
vortex cluster in the sample volume. (Right) In measurements
of vortex formation, the sample volume is kept in vortex-free
counterflow while vortex lines crowd the orifice which connects
the sample to the refrigerator.

sweeping up {2, when one scans for the threshold. In
the low temperature regime below 0.55 T¢, €2 decreases
sharply to a low level (Fig. 2), which depends on the
acceleration ) and the noise spectrum of the rotation
drive Q(t) .

The leak through the orifice results in a cluster with a
relatively large and variable number of rectilinear vor-
tex lines. At 0.75T¢ typically 50 or more vortex lines
are formed. This exceeds the number of vortex lines
which at € fit inside the orifice in solid-body rota-
tion. Towards low temperatures the number of vortex
lines in the first leak increases and below 0.57: the
leak essentially removes all excess vortex-free counter-
flow. Thus at low temperatures, where mutual friction
damping of vortex motion becomes small, the leak leads
to a rapid multiplication of vortices [3]: Vortex lines
in the orifice first extend as loops into the sample vol-
ume, these then intersect each other, and finally evolve
into a vortex tangle by reconnecting. For a short mo-
ment this process mimics superfluid turbulence, mul-
tiplying the yield of vortex lines. The rapid increase
in the yield of vortex lines with decreasing tempera-
ture is typical of all dynamic processes which lead to
vortex-line formation from initial small loops in large
vortex-free counterflow [3]. This is particularly true of
the low-temperature orifice leak in Fig. 2. The combi-
nation of high yield and low onset makes many types
of measurements on vortices as a function of €2 impos-
sible below 0.5 T¢.

One might think that a small vortex cluster above
the orifice would efficiently block any further flow from
the orifice. However, our measurements show that the
cluster does not essentially increase the onset of the
leak in the temperature regime of Fig. 2. During a slow
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Fig. 2. Measurements on the first event of vortex flow through
the orifice, with vortex-free superflow in the sample volume:
the onset velocity Q. plotted as a function of temperature
below the A—B transition at 29 and 34 bar pressure. The
data have been measured by sweeping 2 upward at a rate
Q<4 10’3rad/s. Different symbols represent data from dif-
ferent measuring runs. The lines illustrate average behavior,
emphasizing the crossover between two different regimes.

upward sweep of §2, separated events of orifice flow thus
occur successively as a function of 2 above the onset
Q.. Above 0.55T¢ their spacing is roughly of order €2
while at low temperatures the spacing is smaller and
less consistent. The fact that the vortex cluster does
not more efficiently block the orifice probably reflects
the inhomogeneous local velocities around the orifice
while €2 is scanned upwards.

The onset of vortex motion in the orifice of Fig. 1
can be estimated with scaling arguments which lead
to a Feynman formula for vortex depinning. During
increasing rotation we may assume that vortex lines
fill the space below the orifice at equilibrium density.
The first vortex starts to creep up inside the orifice
when  exceeds some critical value €29, which can be
estimated as follows: The line tension (or kinetic en-
ergy of vortex circulation per unit length) of the vortex
is e, = (pss®/4m) In(ry/rc), where k = h/(2ms) =
0.066 mm® /s is the circulation quantum, rv ~ 1//nv
denotes the inter-vortex distance and n, = 2Q/x is the
vortex-line density within a vortex cluster in solid-body
rotation, while r. = (T, p) ~ 10 nm is the vortex core
parameter. At the lower rim of the orifice the vortices
are bent. Their curvature is determined by the bal-
ance between line tension and the Magnus force which
is created by the vortex-free counterflow in the orifice:
evk = Kpsvs, where k is the local curvature of the vor-
tex lines. We find that a vortex line which terminates
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where Ry is the radius of the orifice. For our geometry



Qo~0.4rad/s. At higher rotation velocities the vortex
is pulled inside the orifice and then creeps to the upper
rim. Here it remains pinned with one end at the upper
rim until its radius of curvature decreases close to Ry /2,
the situation depicted with dashed lines in the right
half of Fig 1. A crude estimate of the rotation velocity
needed to pull vortices away from the upper rim of the
orifice can be obtained if one substitutes Ry with Ro/2
in the expression for y. This leads to the estimate
Q¢ &~ 1.4 rad/s, independently of temperature and in
reasonable agreement with the measurements in Fig. 2
in the high temperature regime.

Except for a weak logarithmic factor, €. scales with
the size of the orifice as 1/R3. The choice of the radius
Ry is a compromise between sufficient thermal con-
tact and a high enough €. An earlier attempt with a
larger orifice produced less consistent data, but exper-
imentally no vortex-free rotation was observed above
1.4rad/s. The calculated estimate for Ry = 0.5mm
gives Q¢ &~ 0.8rad/s. Overall, the high-temperature
data in Fig. 2 thus seem to support the scaling argu-
ment for Q..

In the crossover regime (0.50...0.55)7; mutual-
friction damping of vortex motion is exponentially
dropping with decreasing temperature. This fact ac-
counts for the sudden drop in the stability of orifice
pinning below 0.55T¢ and its sensitivity to fluctuations
in the rotation drive.

The flow of vortex lines through tubes and apertures
is a difficulty which in ®He-B often dominates vortex
formation. It is surprising to find that its measurements
yield as consistent results as those in Fig. 2.

This collaboration was carried out under the EU-
THP programme (ULTI 3) the ESF network COSLAB.
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