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We introduce a low-frequency torsional oscillator suitable for studies of quantum fluids and solids. It operates at
frequencies of ~100 Hz, achieves velocities of several cm s~! and exhibits a quality factor of Q ~ 3 X 10*. In order
to reach such velocities at this relatively low frequency, the oscillator amplitude must exceed 100 pum, which would be
impracticable for a conventional capacitor-driven device where the drive is applied parallel to the main motion and there
are correspondingly large changes in the separation of the capacitor plates. For the different geometry of the oscillator
that we now describe, however, the separations of both the drive and detect capacitor plates remain constant regardless

of the amplitude of oscillation. We discuss its design, and report our initial tests of its performance.

Torsional oscillators have been a valuable tool in studies of
quantum fluids and solids since the very beginning. For exam-
ple, they have been used to detect phase transitions in liquid
“He'! and helium isotopic mixtures®, in 2D adsorbed helium
films and in restricted geometries>* and porous media>-3.

The most direct experiment searching for the supersolid
phase in bulk solid “He also used the torsional oscillator
technique’: the onset of superfluidity in the solid helium in-
side a torsional oscillator would have decreased the overall
moment of inertia, and hence decreased the resonant period.
Bishop et al. made measurements of solid helium from 25 to
48 bar, and concluded that, if there was a supersolid state, then
either the supersolid fraction (the fraction of “He atoms partic-
ipating in superflow) was less than 5 x 10~° or the critical ve-
locity (maximum velocity of superflow without any detectable
dissipation) was less than 5 ums~! °. Kim and Chan'®!! em-
ployed this same technique for the detection of an anomalous
response in solid helium. Others soon followed with a vari-
ety of designs and experiments. These included compound
torsional oscillators to study the frequency dependence of the
nonclassical rotational inertia of solid *He!%!3, a torsional os-
cillator in conjunction with a square cell'# for similar stud-
ies, a cell capable of measuring the torsional oscillation and
shear modulus simultaneously using a piezo-transducer, under
uniform rotation'> and, more recently, a compound torsional
oscillator to show the existence of a 2D spatially-modulated
superfluid'®. In common to all of these designs was the use
of capacitative drive and detect systems. For a conventional
torsional oscillator, Seamus Davis’s group introduced a mag-
netic pick up using a SQUID!’, making it sensitive to much
smaller displacements and velocities.

Our immediate motivation for developing the present oscil-
lator is to study quantum turbulence (QT). It is the most gen-
eral form of dissipative motion in superfluids, and it differs
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from its classical counterpart mainly by the inherent quantiza-
tion of fluid circulation, which manifests itself as the existence
of quantized vortices'®1°. These vortices are identical to each
other in all respects save position and core velocity. They
not only serve as the building blocks for macroscopic quan-
tum flows, but they also provide the only means of energy
dissipation in a pure superfluid that has zero viscosity?". It
is presently understood that Kelvin wave excitations on these
vortices transfer energy to progressively shorter wavelengths,
until it is radiated as excess thermal quasiparticles in *He-B
or as sound excitations in “He and Bose-Einstein condensates
(BECs). In the case of superfluid “He, the onset of QT is char-
acterised by the critical velocity needed for self-reconnection
of the Kelvin waves on remanent vortices>! attached to walls
and surfaces.

At temperatures above ~ 0.7K, vortex dynamics in “He be-
comes complicated because of a significant density of viscous
normal fluid component (quasiparticles). This requires the
use of phenomenological e.g. HVBK?223 or geometrical?*-26
models to describe the QT and its decay?’ when the thermal
or mechanical driving force is removed. Our interest, how-
ever, centres on the simpler situation that pertains in the low
temperature limit where the effect of normal fluid can be ig-
nored. Even then, when only the superfluid component need
be considered, there still remains much to be understood, and
fascinating new ideas are being introduced on a regular basis,
e.g. the recent identification of “fine structure” in the energy
levels of model vortex rings in a cylindrical domain.?

Our main concern here is to develop the technology needed
to study QT creation through the excitation of Kelvin waves.
To generate waves of sufficient amplitude for reconnection to
occur requires that we lower the frequency range of operation,
compared to most earlier oscillators and, at the same time, that
we increase the velocity range. These are seemingly opposed
ambitions because a reduction in frequency at a given ampli-
tude must also reduce the velocity. We report here a design
that allows us to fulfill our goal but, in order to appreciate its
unusual mode of operation, we first summarise the design and
function of a traditional cryogenic oscillator.



A common design is illustrated in Figs. 1(a) and (b). The
oscillator, shown in yellow in (b), is composed of a cylindrical
body and a support rod. The body contributes to the total mo-
ment of inertia / and the support rod provides the necessary
return spring, with spring constant k. To drive the oscillator
and measure its motion, two capacitors are used. Each of them
is formed of a moving electrode (shown in blue) attached to
the main body, and a fixed electrode (red). Each pair of elec-
trodes is separated by a very small gap on the order of 100 um.

The capacitors are each charged to a substantial DC voltage,
so that the plates strongly attract. An additional AC potential
is then applied to the driving capacitor, which causes small
oscillations of the moving plate and thus of the oscillator body
to which it is fixed. The corresponding capacitance changes
in the second transducer induce a small AC current to its fixed
electrode, measured by a phase-sensitive detector referenced
to the AC drive. This system works well at small amplitudes,
but is constrained by the very narrow plate separations needed
in the capacitors.

To investigate the onset of QT creation, we wish to study the
oscillation of a pill-box-shaped experimental cell as sketched
in Fig. 2. At low temperatures, in the absence of vortices, the
coin-shaped sample of superfluid within the cell would remain
stationary within the oscillating structure. However, it is to be
expected that, prior to oscillation, there will exist remanent
vortices?! pinned between the top and bottom plates, parallel
to the axis of symmetry. The movements of the oscillator will
induce Kelvin waves on these vortices and, for sufficient wave
amplitude, there will be vortex reconnections, production of
QT, and significant dissipation. For typical vortices of length
between several hundreds of micrometers up to millimeters,
the Kelvin wave resonant frequencies are hundreds of Hz. The
critical velocity, v, is proportional to the square root of the an-
gular frequency w, and we need to bring v. down into the mea-
surable range. Based on dynamics of quantized vortices, the
critical velocity for inducing reconnections can be estimated?’
as v ~ v/8k®, where k = 9.97 x 10~8 m?s~! is the quantum
of circulation in “He. It is estimated that Q > 10* will be suf-
ficient to detect the dissipation corresponding to the onset of
reconnections at this critical velocity.

Thus for frequencies near 100 Hz, critical velocities of or-
der 20mm s~ are expected, corresponding to amplitudes near
30 um at the circumference of the superfluid-filled cell. To
search for convincing evidence of QT production, the critical
velocity must be exceeded substantially, which is impossible
using the conventional oscillator design because the capaci-
tor plates would be liable to touch, given the large oscillation
amplitude required. To solve this problem we use a trans-
ducer geometry that moves the electrodes parallel to the mo-
tion of the torsional oscillator, so that they cannot touch even
at the largest amplitudes and corresponding velocities. The
oscillator drive and detection capacitors have partially over-
lapping electrodes. Electrostatic shear forces are therefore
generated in the plane of the capacitor plates; and the capaci-
tance changes with the area of overlap, leaving the small dis-
tance between the plates unaffected. We use the same external
electrical drive and detection systems as for the conventional
oscillator’®. As we demonstrate below, this kind of oscillator
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FIG. 1. (a). Common design for a cryogenic torsional oscillator. (b)
Side view showing the main body of the oscillator, the torsion rod,
the positions / and size L x H of each fixed plate. (c) Schematic
electrical circuit used for running the torsional oscillator showing all
instruments used in the experiment. Also shown are the protection
diodes and capacitors with the wiring and grounding in the circuit.
The gain setting of the SR570 Amplifier is 1 LA/V.

can achieve velocities of up to at least 300 mms™~!, giving sta-
ble and reproducible vacuum data. Its design and construction
are shown in Fig. 2. As in a conventional torsional oscillator,
the active elements are parallel plate capacitors charged to a
high DC bias voltage, and with an AC voltage superimposed
in the case of the driving electrodes. The shear forces due to
the incomplete overlap of the capacitor plates tend to increase



the overlap and to bring the plates towards alignment.

To make full use of this effect, and to spread the force
evenly around the torsional oscillator, we developed the de-
sign illustrated in Fig. 2 (a). For our particular experiments,
a sample of liquid “He is located in a pill-box-shaped epoxy
cell fixed to the centre of a rigid copper framework by a BeCu
tube, which forms the torsion rod. This tube is attached rigidly
to the top and bottom of the framework, and has a small hole
in its side at the centre so that it also acts as the fill line for
the cell. This highly symmetrical design helps to ensure that
the oscillator does not respond to unwanted nuisance modes
at nearby frequencies. Each electrode consists of 12 evenly-
spaced sectors, electrically connected together, manufactured
using conventional lithographic techniques on a thin circular
circuit board of radius 2cm. The radial segments between
radii r and R are distributed in a star-like fashion and con-
nected by a small ring. Two finned electrodes of the type de-
scribed above are permanently fixed to the top and bottom of
the cell. Very close to them, two similar finned electrodes are
positioned above and below, with deliberate angular misalign-
ments of one half-segment-width, as illustrated in Figs. 2 (b)
and (c). They are attached to the frame and carefully adjusted
to create a narrow gap d for each capacitor, one of which is
used to drive the oscillator and the other to detect its motion.

To analyse the physics of the oscillator, we first consider an
idealised system, where the capacitance between the individ-
ual pairs of electrode segments is taken as that of a parallel-
plate capacitor. Thus we neglect, inter alia, stray capacitances
to ground and to the copper support rods/rings, and the effects
of the finite conductivity of the circuit board material (but see
below). Under these assumptions the capacitance of N such
radial electrode segments would be:

S Ll

C=Ne&_=Ne&_n, )]
where L = R — r is the radial length of the electrode, / =
(R+r)/2 is the position of its centre from the axis of rota-
tion and m is the angle of overlap between any two opposite
segments and S is the surface area of overlap. Near to any of
its non-overlapping resonant modes, the entire device can be
treated as a damped harmonic torsional oscillator, obeying the
dynamical equation

10 +T6 + k6 = 19e/® , ()

where [ is the total moment of inertia of the system (includ-
ing any liquid possibly moving with the cell), 6 is the angular
displacement, I" is a dissipation factor, k the torsional spring
constant, and 7p the amplitude of the driving torque. The well-
known solution corresponds to a Lorentzian resonance with a
maximum angular velocity at frequency fo = 1/(27)+/k/I, a
linewidth Af =T"/(2nI), and an amplitude of angular velocity
Qo = max(|8]) given by Qo = 7y/T". Thus the expected angu-
lar velocity at resonance may be expressed from the driving
torque and the linewidth as
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FIG. 2. (a) Drawing of the assembly, showing the torsional oscilla-
tor with circular electrodes and its surrounding frame. The pill-box-
shaped helium cell is in the centre, and the fixed electrodes have been
pulled away from it for clarity though, in reality, they are positioned
very close to it as shown in (d). (b) Top view of the oscillator. The
moving electrodes are shown in blue and the fixed electrodes in red.
(c) Detail of the electrode overlap geometry. The angle 1) is the over-
lap angle between each pair of facing electrodes. (d) Profile view of
the oscillator showing the torsion rod and the gaps between the ca-
pacitor plates. The drive voltage V; includes both the DC bias and
the AC drive signal, while the detection electrode voltage V, stays at
the level of the DC bias at all times, necessitating a DC-insulated low
impedance amplifier for the detection current.

Consequently, the often-used “height-times-width-over-
drive” (HW/D) parameter QoAf /7y then depends only on
the total moment of inertia and is unaffected by changes
in damping. In contrast to the conventional geometry, the
narrow gap between the electrodes remains fixed, and the
changes of capacitance arise on account of variations of the
overlap angle during oscillation. With 12 electrodes, R =
20mm, r = 7.5mm giving L = 12.5mm and / = 13.75 mm
with a gap of 100um and an overlap of 6°, we expect a
capacitance of 19.1 pF.

For a potential difference V, the electric energy stored in
the capacitor is

1., 1 NL _,
U=-CV?=_g—nV>. 4
> SE— “)

Using the principle of virtual work with the angular displace-
ment given by a variation of 1), at constant voltage, the torque



being applied to the oscillator can be computed as®!

1 NLI_, 2
T—ZsodV —ZnV, (5)
where the value of the constant C/n depends only on geome-
try. The value of C can easily measured at equilibrium where
the value of 1] is fixed at 6 degrees by construction. The torque
always tends to increase the overlap between the capacitor
plates and does not depend on the sign of the potential V. In
reaction to a fixed angular displacement 6, the BeCu torsion
rod exerts an opposite torque leading to an equilibrium angu-
lar displacement which in practice is of the order of tens of
micro-degrees. The driving torque, parabolic in V, can be lin-
earised by using a large DC bias voltage Vpc together with a
lower AC drive V4, leading to the torque

C
T= élnlchVAc, (6)

where C; is the capacitance of the drive electrode, and &; is
an efficiency factor, less than unity, that encapsulates the non-
ideal behaviour of the drive of the real system. Conversely,
assuming a fixed DC bias voltage on the detection electrode,
we get the detection current

. C
iger = 4= C2Vpc = %ZVDCQ, ()

where ¢ is the charge stored in the detection capacitor of ca-
pacitance C, and &; is a detection efficiency factor of less than
unity. We can then express the oscillator angular velocity Q
in terms of a voltage output u from an I/V converter (tran-
simpedance amplifier) with gain G

n u

- ECVpe G ®

All quantities are known or can be measured accurately, ex-
cept for the efficiency factors &1, & and 1 = 6°. The error
in the overlap angle can be estimated. We are using centering
pins of diameter 0.5 mm at a radius of 20 mm for fixing the
electrodes. An overestimation of half a pin diameter gives an
uncertainty of 0.72°, i.e., 12%. Therefore, within the ideal-
ized treatment with & = & = 1, one might expect to calculate
the velocity from the measured signal to within 12%.

For practical purposes we also define the electrical equiv-
alent HW/D parameter of the resonator, pgwp, (c.f. below
Eq. (3)), as

_Af 1 & &CIGGV)e
PHWD = U— = — =

Vac " 2nl n 2 ©)

Because in reality the oscillator is far from ideal, we found it
necessary to calibrate it against direct velocity measurements,
performed optically with a laser vibrometer at room tempera-
ture. We found that the velocity calculated from the electrical
signal was substantially lower than that from the optical mea-
surements, i.e. that &, & < 1.

Before discussing the calibration procedure, there is one
other observation that we should mention. In testing the oscil-
lator at room temperature, we found that the copper covered

conventional fibreglass PCB material known as FR4 circuit
board3? forming the substrate of the electrodes is not electri-
cally inert: Over a few hours, the material gradually charges
towards the voltage applied to the electrode, thereby destroy-
ing the designed geometry and potentials, and consequently
reducing the signal obtained. It seems plausible that humidity
(water content in the porous plastic) could be responsible for
the residual conduction and, indeed, both surface and volume
conduction are known properties of FR4 boards. At liquid ni-
trogen temperature (77 K), however, the problem did not arise,
or developed so slowly as to be undetectable over the dura-
tion of an experiment. Subsequently, therefore, we ensured
that the cell remained at zero voltage (grounded) to minimize
spurious effects due to polarization of the FR4 for at least a
day before cooling, or prior to making quick measurements at
room temperature.

Further analyses have been carried out using three sepa-
rate oscillators, to measure and then compare the velocity cal-
culated from the lock-in amplifier signal with the optically-
measured velocity. First we used a conventional oscillator as
shown in Fig. 1, as a standard for the measurement setup: hav-
ing previously measured identical results for this particular os-
cillator from two entirely different setups, we felt confident in
using it as a consistency check for our instrumentation. With
the conventional oscillator there is an almost 1:1 correspon-
dence between the optically-measured angular velocity and
the angular velocity calculated from the lock-in signal, as seen
in Fig. 3(a).

For the present oscillator, it is clearly essential to establish a
calibration procedure to determine the real torques and angu-
lar velocities from the lock-in measurements, i.e. to evaluate
the two efficiency factors &; and &. Given that data from con-
secutive measurements in cryogenic vacuum are highly repro-
ducible (see Fig. 4 below), it is clear that the FR4 conduction
effect is absent at low temperatures. It is therefore preferable
to calibrate the oscillator under cryogenic conditions. This can
be achieved similarly to the approach used earlier for quartz
tuning forks3, provided that the driving power, P, is known.
In terms of electrical quantities, the AC driving power (aver-
aged over one period) is P = Vyciac cos ¢, where the voltage
and current are expressed as rms values and ¢ is the phase
shift between the current and voltage, approaching 7/4 for
the capacitive drive. The same power can be expressed in
terms of mechanical quantities P = 19Q0/2, where 7y and Qo
represent the amplitudes of the torque and angular velocity
at resonance, respectively. Both the driving current and the
phase factor at resonance can be measured directly. From the
measured ratio of the drive voltage to the detection current (ef-
fectively the electro-mechanical impedance Z of the device),
Z =Vac/iger = T0/€2. Thus we arrive at the calibration rela-
tions

Qy =/2P/Z, (10)
T =+2PZ, (11)

which can be used to determine the efficiency factors in Equa-
tions (6) and (7) by providing an indirect electrical measure-
ment of the angular velocity Q¢ and the torque 7y, while all
other quantities are known or can be measured directly. We
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FIG. 3. Comparisons of angular velocities obtained in different ways
at room temperature, for the three oscillators discussed in the text. In
each case, the ordinate plots the actual velocity as measured optically,
and the abscissa plots the velocity as calculated from the lock-in sig-
nal. (a) Conventional oscillator. A line fitted to the data has a slope
of 0.88. (b) Torsional oscillator of the design shown in Fig. 2 with
circular electrodes made of FR4. A fitted line has a slope of 0.16 and
does not pass through the origin. (c) Torsional oscillator of the de-
sign shown in Fig. 2 but with all-metal electrodes and no FR4. The
fitted line has a slope of 0.49.

may also note that if the driving current measurement is un-
available, so that a full calibration in the sense described above
is impossible, one may still obtain the product of the two ef-
ficiency factors from Eq. (9), requiring only the knowledge of
the total moment of inertia, /.

In testing the present torsional oscillator we were careful to
minimise any effects from the FR4 conduction (see above). It

can be seen from Fig. 3(b) that the slope of the fitted line does
not pass through zero; the value of the slope is 0.16. Despite
minimising the measurement time, the conduction and charg-
ing of the FR4 must inevitably have introduced errors in mea-
surements made at room temperature, which may be another
reason why the slope does not pass through zero. Our final
test used an oscillator with all-metal electrodes made of brass
of thickness 1.5 mm, without any FR4 at all. As can be seen in
(c) the slope is 0.49, which is markedly more than the 0.16 ob-
tained from the FR4 oscillator. The slopes of the curves give
values of the detection efficiency factor &,. There is still a dis-
crepancy in the actual velocity. We are currently unsure of the
reason, but it could be due in part to edge effects: decreasing
the capacitor gap of the detection electrode, and therfore in-
creasing the overall capacitance, further increased &, i.e. the
discrepancy between the optical and electrical velocities de-
creased.

During the development of the torsional oscillator we in-
vestigated the effects of different diameter torsion rods, made
from both BeCu and Sterling silver. The Sterling silver
rods yielded a lower maximum oscillator velocity than we
expected, produced characteristcs that became non-linear at
about 9mms~!, and cracked the cell on thermal cycling. We
therefore concentrated our designs on cells with BeCu torsion
rods. We now present test data from two oscillators with BeCu
torsion rods. Each of them was installed in a dilution refrig-
erator, with the fill line and the copper framework (Fig. 2)
thermally anchored to the mixing chamber at ~15 mK.

The first oscillator had a BeCu torsion rod of 1.2 mm OD
and 0.9 mm ID. The capacitor plates were set as close as pos-
sible while avoiding touches; the resultant capacitances of the
drive and detection electrode pairs were measured as 11.1 pF
and 11.3 pF respectively. Our measurements yielded an effi-
ciency factor & = 1/2.78. The device worked well with a res-
onance frequency 79.105728 Hz, quality factor Q ~ 37,800,
as illustrated in Fig. 4(a).

The second oscillator had a larger diameter (stiffer) BeCu
torsion rod of 1.6 mm OD and 1.24 mm ID and. The resul-
tant capacitances were 11.93 pF and 12.04 pF for the drive
and detection electrodes, respectively. It had a resonance fre-
quency 123.18590Hz, and a quality factor Q ~ 34,250, as
illustrated in Fig. 4(b). This oscillator had an efficiency factor
& =1/2.63.

The mechanical Q’s of both oscillators are relatively low
compared with the conventional design which can have Q’s
of between 10° and 107 depending on the material used and
any heat treatment for the torsion rod: apart from the lack of
heat treatment of our rods, another possibly relevant factor is
that the present oscillator is rigidly connected to a polymer
experimental cell, and such materials are inherently lossy.

In each case, repeating the frequency sweeps over an inter-
val of several hours showed that the data were highly repro-
ducible, as shown in the corresponding figures. Testing the
stability of the 79 Hz oscillator over 20 hours showed that the
frequency was stable to within 0.03 mHz and that the 123 Hz
oscillator was stable within 0.1 mHz over 10 hours. There
was some vibrational noise coming from fridge pumping lines
which has now been reduced by putting pumping lines in sand
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FIG. 4. Frequency sweeps in vacuum at base temperature ~ 15mK.
Four consecutive sweeps of length 10*s were taken over 14 hours.
(a) Results from the oscillator with a 1.2 mm BeCu torsion rod, with
DC bias of 200V and an AC drive of 2.0 V. (b) Results from the
1.6 mm BeCu torsion rod oscillator, with DC bias of 600V and an
AC drive of 10.0 V.

boxes. We will test the stability of our next redesigned oscil-
lator when installed in the dilution unit. Conventional oscilla-
tors can have a frequency stability of 1 uHz down to several
nano Hz in high Q oscillators.

At higher velocities, both oscillators exhibited Duffing-
style non-linearities with asymmetry in the resonance curves
and increases in linewidth that reduced the maximum attain-
able velocity. This effect was smaller for the second oscillator
with the stiffer, larger diameter, BeCu torsion rod. A notice-
able warming of the cell was observed at the higher drives
with increases of temperature from ~15mK up to ~110mK
for the larger diameter torsion rod; and up to ~80mK for the
smaller one.

Amplitude sweeps in vacuum at temperature ~ 100 mK for
the second oscillator (1.6 mm diameter) yielded the results
shown in Fig. 5(a). Here we have plotted peak rim velocity
as a function of torque on a log-log scale. The frequency fell
by 7.41 mHz from 123.32145 Hz for data at ~ 100 mK and
for the amplitude sweep in vacuum at 4.2 K the frequency fell
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FIG. 5. Peak rim velocity dependence on peak torque with a DC bias
of 800V for the 1.6 mm BeCu torsion rod oscillator. Blue empty and
red-filled circles represent vacuum data at temperatures of ~100 mK
and ~4.2 K, respectively. At higher velocities shallower gradient
compared to the linear dependence (dotted line) indicates an increase
of damping. Inset: A frequency sweep at temperature ~15 mK with
a DC bias of 800V and an AC drive of 1.0 V. Slight asymmetry in
the data can be described by fitting a Duffing lineshape (black line).

by 4.18 mHz from 123.31777 Hz. In each case, the resonance
frequency did not fully recover its original value due to in-
crease of fridge temperature.

We conclude that the ability of our oscillator to attain ve-
locities of at least 300 mms~! at frequencies ~100 Hz means
that it is well suited to studies of the generation of QT from
remanent quantised vortices in superfluid “He, where critical
velocities of this order or less are to be anticipated. The de-
crease in sensitivity from the change in geometry, compared to
traditional cryogenic oscillators, is easily compensated by the
much larger velocities that can be attained. A procedure for
implementing a full calibration of the device has been estab-
lished. Another immediate application could be to study a 2D
spatially-modulated superfluid, where the critical behaviour
expected by Choi et al'® was aparently absent up to veloci-
ties of 33 mms~!: our device would facilitate measurements
at much higher velocities, and might enable a determination
of the critical velocity for this state and help to elucidate its
spectrum of excitations.
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