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We describe the theory, design, fabrication, and performance of a super fluid
4He device which is the analog of the superconducting RF SQUID. This
device is a sensitive rotation detector and is used to sense the rotation of the
Earth. We also describe the experimental developments and observations
which lead to the construction of this successful device.

I. INTRODUCTION

This paper describes a superfluid analog of the superconducting
RF SQUID.1 Whereas an RF SQUID is sensitive to magnetic flux, the 4He
SQUID (Superfluid QUantum Interference Device) is sensitive to absolute
rotation. The device described here exhibits several of the characteristic
phenomena of SQUIDs. For example: There is a "staircase" response func-
tion. The slope of the staircase response is determined by the fluctuation
phenomena underlying phase slips in a weak link. The device performance
is sensitive to the uncontrolled motion of quantized vortices. Performance
is adversely affected by the excitation of normal modes of the device.
Fundamental fluctuations, thermal in this case, determine the noise floor of
the device.

The theory describing the 4He SQUID rests on the very foundation of
the theory of superfluidity in 4He.2 The state of superfluid 4He is described
by a macroscopic wave function whose phase, O, is proportional to the
superfluid velocity potential:

Here h is Planck's constant divided by In and m4 is the atomic mass
of 4He. If the wavefunction is to be single valued, the phase can advance
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around a contour only by integer values of 2n. This implies that the
circulation is quantized:

Thus the accessible flow states are limited to a discrete set. In a multiply
connected topology (e.g., a toroidal container) flow is quantized about
irreducible paths. In a simply connected container, rotation of the fluid is
accomplished by a distribution of singly quantized vortex lines. In this way
the quantum fluid attempts to approximate the solid body rotation of a
classical fluid. For small rotation speeds in a cylindrically symmetric con-
tainer, the superfluid remains in the n = 0 quantization state and remains
stationary with respect to an absolute inertial frame.

For over 25 years it has been recognized that in principle, absolute
rotation could be detected using a device which relies on the superfluid's
property of quantized circulation, and which is closely analogous to the
superconducting RF SQUID. Experiments aimed at constructing such an
analog fall into three types and before this year, have had only limited
success: torsional oscillators,3-6 Helmholtz oscillators,7 and diaphragm-
aperture (D-A) oscillators.8-10 Due to recent advances which allow the
detection of single phase slips (see below) in concert with the development
of microfabrication techniques, the stage has been set to exploit the quan-
tization of circulation to demonstrate a superfluid detector of absolute
rotation. Our group in Berkeley11 as well as a group in France12,13 have
successfully used the 4He SQUID to detect the Earth's rotation.

Motivations for constructing sensitive superfluid gyroscopes are found
from widely varied sources, such as the geodesy community, and physicist
interested in experimental general relativity. The Earth's rotation possesses
fluctuations on the order of 10 -12-10 -13 rads/sec with measurement
periods of many hours to many days.14 Also, it has been proposed15,16,5,17

that a high sensitivity superfluid gyroscope might be used to measure
general relativistic effects such as gravitational radiation and the Lense-
Thirring effect.18 Gyroscopes intended to detect these signals are proposed
to be quite large (400m of tubing, coiled 127 turns about a radius of
0.5m), with measurement times of ~ 1 year. These signals will require a
much higher sensitivity gyroscope than what has been demonstrated in
Berkeley or in France (a factor of 104 improvement to resolve the fluctua-
tions in the Earth's rotation, and a factor of 106 for the Lense-Thirring
effect). What has been shown, is the first proof of principle which may
ultimately lead to these extreme levels of rotation sensitivity in the future
and rival the best existing gyroscopes.19



This paper is organized as follows. We begin by describing the
fundamental principles of the 4He SQUID. Section II describes how super-
fluid couples to rotation. In Sec. III, we describe the theory of quantized
dissipation in superflow through apertures followed by the theory of D-A
oscillators used to detect the dissipation and the effects of rotation in
Sec. IV. Section V details the physical conditions necessary for successful
device operation.

Section VI discusses the limits of the rotation sensitivity. In Sec. VII,
we describe the design and construction of two D-A oscillators followed by
the experimental performance in Sec. VIII. Our conclusions are in Sec. IX.
Finally, we give two appendixes describing the details of the superfluid flow
fields, Appendix A, and the fabrication procedure used to produce our D-A
oscillators, Appendix B.

II. ROTATING SUPERFLOW

To understand how rotation can lead to measurable changes in the
properties of superfluids, it is necessary to understand the behavior of
superfluids in rotating containers. The derived effects rest on the fundamen-
tal properties of superflow, that is, curl-free motion and quantization of
circulation. The simplest superfluid container which demonstrates the basic
coupling to rotation is a toroidal container. We will first consider this
topology. This ideal situation is closely realized in the ongoing torsional-
oscillator experiments in Trento, Italy20 and we will use their particular
geometry as an example for the numerical calculations.21

Consider a right, annular container of inner radius Rin, outer radius
Rout, height H, and with a solid septum (no aperture). A cross-section
through such a container is shown in Fig. 1. The container rotates with
angular velocity w = wz about the axis of the annulus, z. The calculation of
the velocity field simplifies to a two dimensional flow problem since the
superfluid flow field will have no z dependence. To calculate the superfluid
velocity throughout the container, we can first solve for the velocity poten-
tial (the quantum phase) and take the gradient everywhere to compute the
velocity field. This is preferable since under the assumption that the super-
fluid is incompressible, the superflow is divergence free and thus the quan-
tum phase satisfies Laplace's equation:

Performance of Superfluid 4He 1045

Numerical techniques to solve Laplace's equation are straight-forward and
readily available. Along the inner and outer cylindrical walls, the boundary
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Fig. 1. Rotating annular container of superfluid
with septum. Dotted line is Gaussian surface used
below and in Appendix A.

condition is VO • n = 0. At the septum, the boundary condition is VO.n =
(2n /K 0 ) (wr , where K0 = h/m4. Using these conditions and a finite element
analysis software package22 we calculate the superfluid phase in the container.
By taking the gradient of this phase, we find the superfluid velocity field.

Figure 2 shows the calculated phase in an annulus rotating with unit
angular velocity. Figure 3 shows the velocity field in the rotating frame. One
can see from the velocity field in the rotating frame, that along a contour
approximately midway between Rin and Rout, the velocity is essentially
zero. Therefore, in the inertial frame the superfluid is moving with velocity
vs = wrd along this particular contour. However, the entire flow field is not
solid body motion; for smaller radial positions the superfluid is moving
faster than air, and for larger radial positions, the superfluid moves slower
than wr. (See Appendix A for a discussion of the superfluid flow field.)

Most importantly, one can see that a phase difference, AOrot, is
developed across the septum when the container is rotated. Since

we find by integrating around the annulus along the contour with vs = cur,
that this phase difference is:

This relationship is of fundamental importance to the physics of a super-
fluid gyroscope and is verified in the numerical calculation shown in Fig. 2.
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Fig. 2. Numerically calculated phase contours in a rotating annular container, where the
dimensions are that of the Trento annulus and w = 1 rad/sec counter-clockwise. Contours
increase counter-clockwise by steps of 1000 rads.

By casting the equation into the form on the right-hand side of Eq. (2.3),
we can interpret the phase to be produced as a result of the application of
a fictitious circulation "flux," F = 2wnR2, which is the product of a rota-
tional "field", 2w, and a sensing area nR2.

To provide an example of the size of the rotational coupling we set
w = wearth = 72.9 u(rads/sec) and compute what value of R is necessary
such that r = K00 (as will be shown in Sec. IV, the detectable changes
induced in the superfluid from the applied circulation are periodic in the
circulation constant K 0 ) ,
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Fig. 3. Numerically calculated velocity field in the rotating frame.

One must devise a technique which makes this phase difference detectable.
As will be shown, a small aperture placed in the septum will reveal this
phase difference.

Suppose a small aperture is placed in the septum (small is quantified
in Appendix A), with area a and hydrodynamic length la.

23 With the addi-
tion of the aperture comes a change in the topology of the container and
the requirement that the circulation is quantized around this new irre-
ducible path. The circulation integral contains two terms: one from the
path around the annulus, and the other from the short path through the
aperture. Specifically, if we integrate along the contour where vs = wrd:
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Thus a current opposed to the direction of rotation is generated
through the aperture. For example, if we start the annulus from rest, in the
n = 0 circulation state, and then begin to rotate, a current opposed to the
direction of rotation is generated in the aperture such that the circulation
state of the annulus remains fixed in the n = 0 circulation state:

This current essentially "shields" the annulus from the applied circulation
2wnR2. This behavior is analogous to the Meissner effect in superconduc-
tors, where a superconducting ring expels an applied magnetic flux by
generating the appropriate supercurrents. The superfluid velocity induced
in the hole, vrot, is (2nR/la) times greater than wR. This amplification of the
rotational velocity can be quite large since 2nR is macroscopic, while la can
be made microscopic. For the torus in Trento with a 0.4 urn diameter
orifice, this factor is (2nR/la) = 1.6 • 105. The annulus and aperture act as a
velocity amplifier, where the gain is determined by the ratio of the macro-
scopic circumference to microscopic hydrodynamic length.

The back-flow through the aperture, vrot, can also be understood by
considering the hydrodynamics of the spin-up of the annulus from rest.
This will be helpful when we consider the limits on the time response of a
superfluid gyroscope in Sec. V. It will be a useful for this analysis to define
the concept of hydrodynamic inductance. Consider a tube of length / and
of constant cross sectional area a, through which a fluid with den-
sity p, flows with velocity v. The energy E that is stored in the kinetic
energy of flow is:

where I=pavs is the superfluid mass current, and L = (l/pa) defines the
hydrodynamic inductance. For a tube that acts as a superleak, such as a
sub-micron aperture, one uses ps as the density instead of p. Using
vs = (K0/2n) VO we can calculate the quantum mechanical phase difference
from one end of the tube to the other:



1050 K. Schwab, N. Bruckner, and R. Packard

where I = psavs is the super component of mass flow, and L = (l/psa) is the
hydrodynamic inductance for the superflow.

Finally, one can show that the relationship between the rate of change
of the superfluid mass current, (dI/dt) , in response to an applied
hydrostatic pressure difference, Ap is:

This result follows from the Euler equation of motion for the superfluid
and the assumption that the temperature is sufficiently low that thermo-
mechanical pressures are negligable.2

Suppose the angular velocity of the annulus follows

Assuming that the fluid is incompressible, the superfluid mass current in
the bulk of the container must follow this motion: Ian = pavs = p a w ( t ) R,
where a is the cross sectional area of the annulus, a = H AR. As the con-
tainer spins-up, the acceleration of the supercurrent is:

Using Eq. (2.10), we can calculate the pressure Ap generated across the
septum which is necessary to accelerate the fluid at this rate, Eq. (2.12):

where L a n = ( 2 n R / p H A R ) . This pressure difference across the septum
accelerates the fluid through the aperture. Again using Eq. (2.10), we can
calculate the acceleration of the mass current through the aperture as a
result of this pressure:
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After the time T, the velocity in the aperture will be (2nR/ l s ) .w 0 R which
agrees with our previous calculation. One can see that the pressure
generated by the inertia of the fluid in the bulk of the annulus is respon-
sible for generating the back-flow through the aperture.

Using these relationships, it is possible to calculate the effect on the
rotationally induced phase difference AOrot as a result of the finite current
that travels through the aperture. This will constrain the size of the aper-
ture, or more precisely, the ratio of the hydrodynamic inductance of the
aperture to the hydrodynamic inductance of the annulus.

First, by integrating Eq. (2.14) we find the familiar relationship for
current division between ideal inductors:

The mass current through the aperture is (Lm/La) times the mass current
circulating in the bulk of the annulus. Then, let us create a Gaussian sur-
face as shown in Fig. 1. We will add the contribution from mass current
through the aperture, thus providing three sources of current through the
Gaussian surface: the boundary condition at the rotating septum, the mass
current in the bulk of the annulus, and the mass current through the
aperture:

where the septum contribution is the mass current Isept = p(HAR) wR.
Using Eq. (2.15) to eliminate Ian, the mass current through the aperture is:

Using the relationship between mass current and phase difference,
Eq. (2.9), we find that the phase across the aperture, produced by the mass
current Ia, is:
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where R = (La/Lan). One can see that for La»Lan, AOrot agrees with
Eq. (2.3), where we ignored all contributions of the aperture. However, if
La « Lan then the phase across the aperture is reduced to:

In the extreme limit where there is no septum, La = 0, and thus AOrot = 0
since the superfluid remains stationary as the cylindrical walls slip by.

Equation 2.18 can be cast into another form once we recognize the
circulation applied to the annulus, r = 2w.nR 2 :

As will be shown in Sec. IV, this is also the periodicity of the staircase pat-
tern for each wound quanta of circulation, Eq. (4.8). Thus, the staircase
pattern is periodic in the applied circulation, with period K0.

The annulus behaves similarly to an electronic circuit: a voltage
source, V, with finite output impedance Z0 and series load Zl. In this
analog, the aperture is analogous to an applied load impedance, and the
annulus hydrodynamic inductance is analogous to the voltage source out-
put impedance. For the electrical case the voltage measured across the load
is V• Z l / (Z l + Z0). If the load impedance is large compared to the source
impedance, then the voltage developed across Zl is V. But if the load
impedance is too small, Zl< Z0, then the voltage is diminished by the volt-
age division. A similar situation occurs with the superfluid annulus, where
a constant phase develops across the aperture, AOrot if La > Lan. If this
condition is not met, then the phase developed drops by the same voltage
division form. The annulus is a "constant phase source" with an "output
impedance" of Lan.

24

III. CRITICAL VELOCITIES AND VORTEX NUCLEATION

If urot could be detected, one would have a sensitive gyroscope. Thus,
the experimental question is: How can one detect this rotationally induced
velocity through the aperture? A measurement of the critical velocity for
vortex nucleation provides the means. After describing below the critical
velocity and the physical process of vortex nucleation, we will explain how
a diaphragm-aperture (D-A) oscillator is used to monitor the apparent
vortex critical velocity in the aperture, and how this leads to a measure-
ment of the rotationally induced phase difference.



Performance of Supcrfluid 4He 1053

It is important to understand the nature of the intrinsic critical
velocity, since as will be shown, it ultimately determines the noise charac-
teristics of a superfluid SQUID. Given below is a summary of the theoreti-
cal ideas used to describe and understand the critical velocity. We conclude
with the current picture of quantized vortex nucleation and the definition
of parameters used in this picture.25

It is observed that superfluid helium will flow with unmeasureable
dissipation through narrow capillaries and channels up to some well
defined velocity, vc. Above this velocity, substantial dissipation is observed.
Feynman first suggested in 1955,26 that the onset of quantized vortex
production could be responsible for this dissipation, and in 1961, Vinen
considered the question of how the vortices can be created.27 Vinen
suggested that the vortices responsible for dissipation would nucleate
preferentially on sharp features on the walls of a container and could be
nucleated by thermal activation or quantum mechanical tunneling. His pic-
ture of vortex nucleation is the essence of the current theory describing
vortex creation and critical velocity phenomena in apertures and porous
powders.28

In 1966, Anderson showed, using quantum mechanical arguments,
how vortex motion can lead to quantized dissipation in superflow. A vortex
which crosses all the streamlines will decrease the superfluid phase dif-
ference across an aperture by 2n and decrement the velocity by:

where la is the hydrodynamic length of the aperture. This process of quan-
tized dissipation in units of 2n phase drops, is called a 2n phase slip. This
form of quantized dissipation is the mechanism by which the superfluid can
change its circulation state and is similar to the dissipative transitions
between quantized flux states in an RF SQUID.

Since the first detection of these phase slips,8 there has been an effort
to extract the vortex nucleation parameters directly from experiment.29-32

In these sub-micron aperture experiments, it is observed that vc is approxi-
mately a linear function of temperature:

where vco is the zero temperature critical velocity and T0 is typically
measured to be 2.0 K to 2.4 K. This dependence strongly suggests that the
vortices responsible for the phase slips are thermally activated, and, can
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be shown to be consistent with activation over a linear energy barrier:
E(v) = E0(1 - ( v / v c o ) ) . 2 9 This temperature dependence extends to ~200 mK
where the critical velocity saturates.33 This is thought to be the cross-over
temperature where quantum nucleation is dominate.34,35 Experiments
described here will be in the thermal nucleation regime.

What follows below are the theoretical definitions used in these models
following Ref. 29. The parameters used for the thermal activation model are
attempt frequency, F, and energy barrier, E(vs, T). The procedure for con-
necting these parameters to experiment is outlined below and uses the
definitions in Ref. 32. The essence of the theory is thermal activation over
a velocity dependent energy barrier. The rate of phase slips is given by the
Arrhenius law,

where, E*(v, T)=E(v, T)-kBT 1 n Y . After a time, t, the probability to
have at least one slip is:

For oscillating flow such as in the diaphragm-aperture oscillator type
experiments, v(t) = vp s i n ( w H t ) , and the probability of having a phase slip
in a half cycle is:

where t f = ( 1 / 2 v H ) , and

This probability is calculated by expanding the sin cat. The probability dis-
tribution, P 1 / 2 ( V P ) , can be characterized by two parameters: vc and Aytherm.
The critical velocity, vc is defined such that P 1 / 2 ( v c ) = 1. The statistical
width of the probability distribution, Aytherm, is defined by the inverse slope
of P1/2(v) at v = vc:
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where v,.,, is the T=0K critical velocity. If one approximates the probability
distribution of phase slips with a Gaussian,36 then

This reveals the interpretation of Au,herm as a measure of the distribution
width of the phase slips.

IV. DIAPHRAGM-APERTURE OSCILLATOR TECHNIQUE

A. Diaphragm-Aperture Oscillators: Phase Slips and Staircase Patterns

The experimental device which allows one to detect and study the
quantized dissipation is a diaphragm-aperture (D-A) oscillator of the type
used by O. Avenel, E. Varoquaux and coworkers (AV).37 The generic two
hole, D-A oscillator, shown in Fig. 4, is formed from a box with two
openings: a sub-micron aperture of hydrodynamic inductance La, com-
bined in parallel with a fine tube of hydrodynamic inductance Lp. Both
openings are of comparable hydrodynamic inductance. One wall of this
box contains a flexible diaphragm with spring constant kH . 3 8 Assuming the
superfluid is incompressible, when the diaphragm moves, superfluid moves
through the openings. The aperture, because of its small size, allows only

Fig. 4. Sketch of generic AV-type D-A oscillator showing directions of the mass
currents through the aperture and the fine lube, which is generated by the flexible
diaphragm.
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a supercurrent va, while in the parallel channel, both the normal and super
components are free to move with velocity vp:

39

where ID, Ia, Ip are the mass currents displaced by the diaphragm, aper-
ture, and parallel channel, and AD is the effective area of the flexible
diaphragm. If we take the circulation integral around a loop threading the
aperture and parallel tube, we have from the quantization of circulation,
Eq.(1.2):

This describes how trapped, quantized circulation divides between the two
holes. Combining the last two equations, we can relate the diaphragm
velocity to the superfluid velocity in the aperture and the circulation state
of the two holes, n:

where we have defined the aperture and parallel channel hydrodynamic
inductances to be:

and

Notice that with the diaphragm at rest, VD = 0, the velocity through the
aperture for each quanta of circulation is:
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which will produce a phase drop of:

Using these equations and Eq. (2.10) to relate the pressure which dis-
places the diaphragm to the acceleration of the fluid in the aperture and
parallel channel, one finds that such a system will oscillate:

This is the equation of motion for a harmonic oscillator with angular
frequency:

In practice, oscillators of this type have been realized with resonant frequen-
cies ranging from a few hertz to 1000 Hz.37,40 The diaphragm-oscillator
resonance differs from a Helmholtz resonance in that the potential energy
is stored in the displacement of a diaphragm instead of the compression of
the resonating material (in this case He).

The quality factor of this oscillator is dominated by dissipation caused
by heat flow. At a finite temperature, one will have some normal fraction
of helium which carries all of the entropy of the fluid. If we assume that
when the diaphragm moves and drives a current into or out of the cell,
only the superfluid component moves, then the ratio of normal fluid to
superfluid inside the cell must change. This change in normal fluid fraction
is equivalent to a change in temperature and thus, for each swing of
the diaphragm, driving fluid into (out of) the cell, the temperature of the
interior of the cell is lowered (raised). This temperature difference is accom-
panied by a heat current and one can show41 that this heat flow is respon-
sible for the dissipation in our particular cell. Typically, we find that the
quality factor, Q, is ~20, 000 at 0.30 K, and falls in agreement with theory
as ~ T - 5 as temperature is increased.

Individual phase slips were first detected in a D-A oscillator in 1985
by AV.8 The method of detection, as indicated in Fig. 5, is to weakly drive
the oscillator at the D-A resonance and record the amplitude of each half
cycle. Eventually, as the amplitude of oscillation grows, the superfluid
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Fig. 5. Detection and effect of phase slips on resonantly driven Helmholtz oscillator.

velocity in the aperture reaches the critical velocity and a single vortex
nucleates and crosses the flow in the aperture. The critical diaphragm
oscillation amplitude when the superfluid velocity in the aperture is vc, is:

One can see that the diaphragm critical amplitude depends on the circula-
tion state of the two holes. The circulation will have the effect of raising
(lowering) the diaphragm critical amplitude for diaphragm motion that
applies flow in the opposite (same) direction as the circulation. In fact,
each quantum of circulation that is trapped between the two holes changes
the critical amplitude by:

The notation, AXstep, will become apparent when the staircase response is
described. The relationship between superfluid velocity in the aperture, dia-
phragm amplitude, and circulation state is represented graphically in Fig. 6.
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Fig. 6. Path of oscillator, shown as dark line, as a function of fluid velocity in aperture, Va,
versus diaphragm amplitude, XD, for various diaphragm drive power levels: A. Oscillator
driven below critical amplitude; B. Phase slips at beginning of first step; C. End of first step,
4 phase slips per cycle; D. Riser leading to second step; E. Phase slips at second step.
F. Simulated staircase showing positions of previous drive levels on staircase.



1060 K. Schwab, N. Bruckner, and R. Packard

Figure 6A shows the oscillator in the n = 0 circulation state, oscillating
with amplitude less than the critical amplitude.

A useful definition to characterize an aperture is called the critical
phase, which is defined to be the phase drop across the aperture at vc,
when n = 0. Using Eq. (2.9) we calculate the critical phase AOc to be:

It is preferable to express AOc in terms of the parallel channel inductance,
Lp, since its dimensions are known to a higher precision as compared to
the measurement of La from an SEM photo.

Each phase slip has three effects on the oscillator and flow field:42

1. A quantized reduction in superfluid velocity in the aperture:

2. A change in circulation state of the loop threading the aperture
and parallel channel:

n -> n ± 1 where the sign is chosen such that
the velocity in the aperture is reduced

3. A loss of energy from the oscillator:

A E = I a K 0 since typically vc»Avslip

These changes produce a diaphragm amplitude decrement of:

Typically, XC
D= 100pm and AXslip= 1pm (pm = 10 - 1 2 meters). The cir-

culation that is wound by a phase slip is in the direction opposed to the
superflow in the aperture. Thus, on the next half cycle, the trapped circula-
tion will lower the diaphragm critical amplitude. By comparing the change
in diaphragm amplitude from a phase slip, to the change in critical
diaphragm amplitude from the trapped circulation, one can see that:

If this ratio of inductances is satisfied, the oscillator will experience another
phase slip in the next half cycle. A D-A oscillator with R > 1 has the
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property that the phase slips come in pairs; the first slip winding a quanta
of circulation which is then immediately unwound on the next half cycle.
This has the effect of preparing the oscillator in the n = 0 state for the next
phase slip. These two consecutive transitions are shown in Fig. 6B. It should
be understood that although only the transition history n —> 0 —> — 1 -»0 is
shown, the transitions n = 0 —> + 1 —> 0 happen with equal probability. This
is because the critical velocity for the two directions of diaphragm motion
are degenerate. This degeneracy will be lifted by additional currents through
the aperture from sources such as free vortices or rotation.

As the drive to the D-A oscillator as increased, the rate of the phase
slips increases to absorb this power with the diaphragm oscillation
amplitude saturated at XC

D (vs = vc, n = 0). This situation ends when there
is enough power to drive the oscillator around the loop n = +1 -> 0 ->
— 1 -» 0 -» +1 each cycle of oscillation, as shown in Fig. 6C. As additional
power is added, the diaphragm amplitude can now freely grow with the
natural high Q response. This is shown in Fig. 6D as the small line
segments growing along the n = — 1 and n = +1 circulation states. The
diaphragm amplitude stops increasing when the velocity in the aperture
again reaches vc for n = — 1 and n = +1, and another phase slip is added
to the dissipation loop shown in Fig. 6E. This new plateau, XC

D (vs = vc,
n = 1), forms the second step a staircase pattern. As in the first step, the
diaphragm amplitude saturates at this level until the power delivered to the
oscillator is sufficient to drive a total of 8 phase slips per oscillation. This
process forms a staircase pattern with step height given by Eq. (4.13) and
the step length in power delivered to the cell given by:

This dissipative process and staircase response curve is essentially identical
to the behavior of a dissipative RF SQUID.43

Figure 6F shows the staircase generated by this dynamics. Shown are
the peak amplitudes of each half-cycle of diaphragm oscillation which has
been generated by a numerical simulation using a fourth order Runga-
Kutta44 to integrate the simple harmonic equation of motion for the dia-
phragm. Using Eq. (4.4), we can find the superfluid velocity at the aperture
given the instantaneous diaphragm velocity and the circulation state thread-
ing the two holes. At each step in time, we calculate the probability for a
phase slip at the aperture by using Eq. (3.3). We use a random number gen-
erator and create a phase slip event if this number is less than or equal to the
probability for the slip. For each slip we decrement the supercurrent through
the aperture and change the circulation state by one. Using this simple pro-
cedure, we can accurately replicate the recorded data (see Fig. 22).
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Using these equations and Eq. (3.7) we can calculate an important
performance characteristic of the superfiuid oscillator, the step slope. As
will be shown in Sec. V, this parameter is intimately related to the intrinsic
circulation noise floor of this device and will determine its ultimate sen-
sitivity as a gyroscope. At the beginning of the first step, the probability for
a slip each half cycle is essentially zero. As the driving force is increased
linearly, the probability of a phase slip also increases linearly in order to
absorb the increasing power delivered to the oscillator. In the middle of the
first step, the probability for the oscillator to make one dissipation loop is
unity. Finally, at the end of the step, the probability for the oscillator to
travel through two dissipation loops, is unity. Since the rate of slippage is
an increasing function of superfiuid velocity in the aperture, the average
aperture velocity at the end of the step where the frequency of the slippage
is VH is larger than at the beginning of the step where the frequency of
slippage is near zero. This increase in aperture velocity, which is required
to generate phase slips at higher rates, is also sensed as an increase in
diaphragm amplitude. Because of this, it is expected that the step will have
a nonzero slope. Using Eq. (4.12) and Eq. (3.7) we can calculate the slope
of the step at XC

D.

Where in the above equations, P1/2 is the probability for the oscillator to
travel through one dissipation loop. Extrapolating this slope for half the
step length, AP1/2= 1, we obtain the step rise:

The figure of merit for the quality of the staircase pattern is this step rise,
AXtherm, compared to the step height, AXstep. Using Eq. (3.1), Eq. (4.13),
and Eq. (3.7), we find:



One can see that the rule of thumb is that the stochastic width, Autherm,
should be less than the phase slip size, Auslip to realize a highly defined step
pattern. Also, by measuring the step slope, we have a measure of the ther-
mal activation parameter (dE*/dv).

B. Rotating Diaphragm-Aperture Oscillator

As we have shown in Sec. II, rotation can generate phase differences
across an aperture. Here we will show how a phase difference has a
measurable effect on the staircase response of a D-A oscillator. In the
following section we will show specifically how our D-A oscillator design
couples to rotation and produces a phase difference across the aperture
similar to that in the ideal rotating annulus, Eq. (2.3). For the purpose of
this discussion, assume that such a phase, AOrot, exists.

The vrot which is produced by AOrot, will change the apparent critical
velocity as measured by the diaphragm motion. If the critical velocity is
measured with the device at rest, one will measure a critical diaphragm
oscillation amplitude of AX C

D and infer a critical velocity through the aper-
ture of vc. However, if one measures vc while the device is rotating, the
apparent critical velocity will change to v c ±v t o t , depending on the direc-
tions of applied flow and device rotation. For flow applied in the same
direction of the rotationally induced current through the aperture, the
apparent critical velocity will be lowered to vc — urot, and like wise, for flow
applied opposing the back flow, the apparent critical velocity will be raised
to vc + vrot. The gyroscopic effect is sensed by detecting this shift in the
apparent critical velocity.45 The precise effect of A$rot on the D-A oscillator
response is given below, but the underlying physics is the simple velocity
superposition that has been discussed here.

By inspecting a diagram of velocity through the aperture versus the
diaphragm oscillation amplitude, as shown in Fig. 7, one can see the
measurable effect on the D-A oscillator from a rotational phase difference.
The broken diagonal lines in Fig. 7 show the relation between vs and XD

when A0rot = 0. However, under rotation A0rot = 0, and there is an addi-
tional current bias through the aperture. This current will shift each cir-
culation state as shown by the solid, diagonal lines in Fig. 7A. It is
apparent from the figure that the diaphragm critical amplitude, represented
by the intersection with the line at va = vc, will no longer be degenerate for
the two directions of flow. For the situation shown in Fig. 7, vc will be
reached at a lower diaphragm amplitude in the positive direction, while in
the negative direction, vc will be reached at a higher amplitude. Since the
diaphragm motion is oscillatory, one always encounters the lowest critical
amplitude and this results in a lowering of the first step. The diaphragm
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Fig. 7. Plot of fluid velocity in aperture, vt, versus diaphragm oscillation amplitude, XD.
A. Shows shift of circulation states from rotational bias. B. Phase slips at lower diaphragm
amplitude in + direction. C. Phase slips at higher diaphragm amplitude in — direction.
D. Simulated staircase response. Arrows indicate motion of step from AOtot = 0 situation.
E. Maximal rotational shift of circulation states. F. Simulated staircase response for maximum
shift.
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amplitude will saturate at this value, with phase slips only in the positive
direction of flow, until the power delivered is sufficient to drive the
oscillator around the path shown in Fig. 7C every cycle: 2 slips per cycle.
Then, the diaphragm amplitude grows freely until it encounters the critical
amplitude for the negative direction of flow. This effect is demonstrated in
a numerically simulated staircase shown in Fig. 7D. The first half of the
step is lowered and in this case is caused by phase slips generated for the
positive direction of flow, while the second half of the step is raised and is
a result of phase slips generated in the negative direction of flow.

This shift in the staircase will have a maximum when the bias is such
that the shifted circulation states lie in the middle of the unbiased states.
This corresponds to a rotational phase difference across the aperture of:

This state is shown in Fig. 7F. In this case, the first half-step is again
caused by phase slips in the positive direction of flow in the n = 0 circula-
tion state. The second half of the first step which is generated by phase slips
in the negative directions and n = 0 circulation state, now meets the first
half of the second step which is generated by phase slips in the positive
direction of flow and the n = — 1 circulation state. Thus, one observes the
first step to be a lowered half step which is then followed by full steps.
As more rotational flux is applied, the oscillator will reside in the n = — 1
circulation state for small diaphragm motion. This state will have a
smaller va, and thus a lower stored kinetic energy. Finally, when the phase
difference

is reached, the circulation states have shifted by one full circulation quanta.
The situation is now indistinguishable from the AOrot = 0 case and the stair-
case pattern has its original shape.

Figure 8 shows the response of each circulation state to an applied
rotational phase difference. If we drive the oscillator on any one step, and
plot vc versus w, we expect a "triangle pattern" response. One can use this
figure to find the various steps at a given rotational phase bias. This is
done by drawing a vertical line at AOrot. The intersection of this line with
the lines of each circulation states give the step locations.

The behavior of the steps is identical to the response of a dissipative
RF SQUID to an applied magnetic field. The shifting of each circulation
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Fig. 8. Critical diaphragm amplitude versus rotational phase, AOrot, showing triangle pattern.
"A" marks maximum modulation at AOrot = n ( R / 1 + R). At phase bias marked "B", the stair-
case is indistinguishable from AOrot = 0.

state, which is demonstrated by the raising and lower of the steps, will
provide the conclusive evidence for the rotational modulation. This particu-
lar response will distinguish the rotational effect from the less interesting
suppression of the critical amplitude from other current sources, such as
vibrationally driven currents through the aperture.

The superfluid SQUID is "read-out" in the same way as a super-
conducting SQUID, that is, one monitors the changes in the onset of dis-
sipation to sense the rotation in the superfluid case, or magnetic field in the
superconducting case.46

V. SUMMARY OF PHYSICAL CONDITIONS NECESSARY TO
OBSERVE ROTATIONAL-MODULATION

In order to detect the shifts in the response of the D-A oscillator
induced by rotation, one must first demonstrate the staircase response, one
realize this response, one must minimize all environmental factors which
affect the critical velocity in the aperture. Since there is no technique yet
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developed to "flux lock" a superfluid SQUID, all sources of uncontrolled,
fluctuating phase across the aperture must be significantly less than 2n for
the time of measurement, which is typically a few hundred seconds. Sources
of phase noise could be:

1. Random vortex motion in the cell.

2. Nyquist noise currents through the aperture.

3. Acoustically and vibrationally driven currents.

A. Thermal Environment

The temperature must be stable since the critical velocity and quality
factor of the D-A oscillator are both strong functions of temperature.
Above the quantum tunneling temperature of ~ 200 mK, the critical
velocity follows closely:

where T0 = 2 K, and vco is the extrapolated zero temperature critical
velocity. The uncertainty in critical amplitude of the diaphragm from an
uncertainty in temperature, GT

D, should be compared to the uncertainty in
diaphragm critical amplitude generated by the distribution width of the
individual phase slips. The uncertainty in diaphragm critical amplitude is:

As will be shown, the uncertainty in diaphragm critical amplitude from the
phase slip distribution after a measurement time, r, is:

Thus for aT<a s l i p s , we require:

This is not a difficult constraint for the measurement times of r = 1 min or
T = 1 hour, and can be achieved with a properly designed thermal regulation
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Fig. 9. Shows the deflection of a pinned vortex in a
rotating annulus with septum on right.

system. However, for T = 1 day and even longer times, this constraint may
become difficult to achieve. In this case, it may be advantageous to work
in the quantum tunneling temperature regime ( T < 2 0 0 m K ) where the
temperature dependence of the critical velocity is much weaker.

B. Motion of Free Vortices

Vortex motion is a serious problem, since (as shown below) a free vortex
in the superfluid sample has the ability to produce a phase difference across
the aperture of 0 to 2n. To demonstrate the effect of free vortices, we consider
an annular container and a vortex positioned opposite the septum, with
ends pinned to the lid and bottom, (see Fig. 9, septum at d = 0 and vortex
at d = n). Figure 10 shows the calculated phase contours for this situation.
As the vortex moves from the outer radius to the inner radius, the phase
generated across the septum changes linearly from O = 0 to O = 2n. This is
exactly the same situation as a phase slip in the microscopic aperture,
although in this case the distance traveled is a macroscopic dimension of
the container.

The uncertainty in the vortex position, av, produces and uncertainty
in phase difference across the aperture, aO,



Performance of Superfluid 4He 1069

Fig. 10. Shows the calculated phase contours for a vortex positioned as in
Fig. 9. Contours are space by 0.2 rads. In case shown, phase produced across
septum on right side of annulus is ~n.

where AR = ROut — Rin. This uncertainty in phase difference can be
represented as an equivalent circulation uncertainty, aF, using Eq. (2.20).
Thus, the uncertainty in circulation generated by the uncertainty in vortex
position is:

This should be compared to the uncertainty in circulation caused by the
finite width of the phase slip distribution (as shown in the next section in
Eq. (6.4)). Using this one can estimate the amplitude of vortex motion that
produces the same circulation uncertainty as the stochastic distribution of
phase slips after a measurement time r.
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where we have used AR= 1 mm and Avtherm/Avslip = 0.5. It is clear that a
cell filled with a porous media would be desirable for long measurement
times. We have not yet attempted to build a cell in this way.

Another possibility to minimize such motion is to use a 4He sample
mixed with 3He. This permanent normal fluid provides dissipation for the
motion of the vortex cores.47 This normal fluid has the effect to lower the
quality factor, Q, of the D-A oscillation. Typically we have tried concentra-
tions of 3He of about 0.1 % which gives a Q = 200. We did not observe any
improvements using this mixture compared to nominal purity 4He.

C. Brownian Motion and Nyquist Currents

Brownian motion of the D-A oscillator forces an interesting constraint
on the hydrodynamic inductance.48 The Equipartition Theorem states that
every quadratic term of a system's total energy will have 1kb T of thermal
energy, (for T > ( h w / k b ) ) . The noise source which drives the system with
this energy is the dissipative element of the oscillator. In the superfluid D-A
oscillator case, the dissipation in the absence of phase slips is caused by
heat flow from interior to exterior. It is the thermally driven fluctuations in
the superfluid fraction of the fluid in the interior compared to the exterior,
which will drive the oscillator to 1kb T of thermal energy. This Nyquist
noise supercurrent through the inductance of the aperture is found by
equating:

Using the connection between mass current I and phase AO, we can
calculate the phase noise across the aperture:

As shown in Table I, thermal phase noise places a maximum on the
hydrodynamic inductance of the aperture used; one can not use smaller
and smaller apertures, without encountering increasing thermal phase
noise.
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TABLE I

Worst Case, .R = 0, Thermal Noise Across Aperture of Various Inductances at 0.3 K. Aperture
Used in this Experiment is 1.0 mm x 0.19 urn

Aperture diameter

8 nm
1.2 nm
12pm

Inductance

1.93-105m2/kg
6 - 1 0 6

6-10 8

Phase noise at 0.3 K

0.018 n radsrms

0.1 n radsrms

n radsrms

D. Vibrations and Acoustics

It is necessary to shield this device from vibrational rotations, such as
pendulum modes of the apparatus. As shown above, a rotation will
produce a phase across the aperture. Thus, to resolve the staircase pattern
the phase noise produced by wrms must be less than 2n.

The oscillating pressure field from acoustic modes in the superfluid
device can drive currents through the aperture, and thus, produce phase
noise across the aperture. There are two possible sources of acoustic drive:
sound which is external to the dewar, and the phase slips themselves which
can drive the acoustic modes of the superfluid device. The first source of
drive can be minimized by proper environment and acoustic shielding. This
noise source was very detrimental to the larger volume cell experimented
with at Berkeley,9,49,35 but was found not to be an important problem for
our microfabricated cells.

Data that is shown in Sec. VIII.A provides strong evidence suggesting
that the phase slips can drive the acoustic modes and destroy the staircase
response. If the aperture is at the end of an acoustic resonator, and acts as
a fixed end, then at the aperture, the acoustic velocity field is 0, while the
pressure will have amplitude p(t) = paeiwt. Using the connection between
mass current through the aperture and phase drop (Eq. (2.9)), and the rela-
tionship between pressure and mass current acceleration (Eq. (2.10)), we
find the relationship between the phase produced across the aperture and
the pressure amplitude of the acoustic mode with frequency v:

For the 1.5 kHz mode discussed in the following sections, AO = n when the
pressure amplitude is 68 mPa.

In the experiments discussed here and in the experiments of O. Avenel
and E. Varoquaux, the position detector used was a SQUID based system.
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This position detection system relies on a steady, trapped current for sen-
sitivity. This is as opposed to using a capacitance bridge position detector
with a high amplitude, oscillating, excitation in the frequency range of
kilohertz. It is possible for this excitation to drive acoustic modes of first
sound in the superfluid container which could then drive oscillating super-
fluid currents through the aperture. Because of this possibility and high
sensitivity, the SQUID based system is preferable.

Given that these constraints are met, one should observe a staircase
response. This response, together with the proper geometry for rotational
coupling, should allow one to detect rotationally induced phase differences.

VI. MINIMUM DETECTABLE ROTATION AND
DEVICE LIMITATIONS

We can estimate the intrinsic sensitivity of this device as a gyroscope.
The statistical width of the nucleation of the phase slip transitions deter-
mines this sensitivity. This width is related to the thermal activation
parameters by Eq. (3.8). Using Eq. (4.12) we can relate the uncertainty in
diaphragm amplitude, aD, to the uncertainty in nucleation velocity in the
aperture for each phase slip, aa:

After measuring N slips, where N= VHT, the uncertainty in the diaphragm
critical amplitude is:

The modulation transfer function, that is, the meters change in diaphragm
displacement for a circulation change in the gyroscope, is:

Using this transfer function, we can calculate the circulation uncertainty:
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where we have introduced the circulation spectral power density SKo with
a white power spectrum. This is valid under the assumption that the phase
slips are uncorrolated.

Using Eq. (4.21) we can recognize the slope of the step in the above
equation. Finally, we have an expression of the circulation noise spectral
power density in terms of the step slope:

where for our device, -JSk0 =0.030 K0/^/Hz.
We can also express the noise spectral power density of the rotation

resolution of the gyroscope expressed in units of (rads/sec)2/Hz. Since the
circulation F is related to the rotation and area of the gyroscope by
F = w2nR2, we have:

For the device described in this work, the calculated sensitivity to a change
in rotation state is: ^/Sw ~15 • 10 - 6 (rad/sec) 1/(^/Hz).

One can see that this noise decreases as the operating frequency of the
device is increased. In practice, this frequency will be limited by two con-
straints: diaphragm position detection, and driving acoustic modes in the
superfluid. As the D-A frequency is increased, the critical amplitude
decreases (Eq. (4.12)). The highest frequency allowed will be when the
uncertainty from the position detector equals the uncertainty from the
statistical distribution of the phase slips. Suppose the displacement sensor
has a spectral noise density of -^/Sx. Then using Eq. (6.3), one has the
uncertainty in circulation caused by the uncertainty in diaphragm position.
For this uncertainty to be less than or equal to the uncertainty caused by
the stochastic distribution of the phase slips we have the requirement on
the position sensor:

For the parameters in the experiments reported here, y/S x<5.10 - 1 3

m/(^/Hz) and is more than satisfied with our typical position sensitivity of
better than 5 • 10 - 1 5 m/(,/Hz). This does show that the displacement sens-
ing technology allows one to adequately sense oscillators with substantially
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higher resonant frequencies, which, as shown above, would show lower cir-
culation noise and thus higher sensitivity. In fact, with this level of position
sensing, one could satisfy Eq. (6.7) with a maximum operating frequency of
~2KHz.

As we will show in Sec. VIII, it is the possible for the phase slips to
drive acoustic modes of the superfluid device. These acoustic fields can then
drive uncontrolled supercurrents through the aperture, thus destroying the
dynamics that generates a staircase response. There is a similar effect in the
electrodynamic RF SQUID where the microwave modes can be excited.50

This is a practical constraint and not a fundamental constraint, meaning
that this coupling of the phase slips to the acoustic modes can be mini-
mized by careful cell design.

Since more sensitive future gyroscopes are proposed to have large
coiled sensing loops (see Sec. IX), it is interesting at this point to consider
the fundamental constraints on the operating frequency and time response
to a change in rotation rate. The D-A oscillator which is described earlier
in this text, operates in the limit where the finite compressibility of the
superfluid has a negligible effect. This will be the case if the operating fre-
quency, VH, is much smaller than the lowest acoustical modes of the device.
For the case of a D-A oscillator with a large coiled sensing coil of length /,
this requirement is:

where c is the speed of first sound, ~ 240 m/sec. This will severely constrain
the operating frequency of the largest D-A oscillator-based gyroscopes
which have been proposed.51

However, Eq. (6.8) is not a fundamental requirement as there is no
need to be limited to utilizing a D-A resonance. To sense the superfluid
backflow generated by rotation, we need to monitor any resonance that
couples supercurrents through the aperture. In principal, the acoustic
modes of the large sensing loop could be driven, monitored, and used to
sense the currents generated by rotation in the same way that the D-A
resonance has been utilized. Also, as demonstrated in Sec. VIII, it is
possible to modify the coupling between the aperture and the acoustic
modes by aperture placement in the hydrodynamic circuit.

The fundamental temporal limits of a superfluid gyroscope break
down into two questions: What is the maximum rate at which we can
measure the critical velocity in the aperture? What is the time response of
the superfluid sensing loop to a change in rotation? We address each issue
as follows.
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The time for a phase slip which is nucleated in a micron size aperture
to complete its motion and consequently decrement the supercurrent is
calculated to be =10 usec.52 Since this time is much longer than the sound
propagation time through the aperture, =10 - 9 sec, the fluid in the aperture
responds simply as an incompressible fluid. This suggests that the aperture
can generate independent phase slip vortices at a rate of = 100 KHz.
However, this change in current will go unnoticed by the current sensing
element, in this case a diaphragm, for a time comparable to the sound
propagation time between the aperture and the diaphragm. For the device
described in Sec. VII, this distance is at most about a centimeter. This gives
a maximum frequency for the generation and detection of a staircase pat-
tern of ~ 25 KHz, depending only on the distance between the aperture
and the diaphragm.

The time for a superfluid gyroscope to respond to a change in rotation
is limited by the sound time around the sensing loop. For the case of the
ideal annulus, one can see from the analysis given in Sec. II that it is the
motion of the septum that drives the superfluid in the annulus into motion
vave = wR, and that it is the pressures created by the inertia of this
accelerated fluid that drives the superfluid back-flow through the aperture.
One can imagine to jerk the annulus, changing its rotation rate in a time
short compared to the sound time around the annulus tjerk « 2nR/c. This
will launch two pressure fronts traveling away from the septum moving at
the speed of first sound. The amount of fluid that has responded to the sud-
den change in septum velocity will grow linearly from 0 to the full value in
a time of T = nR/c. Thus, we expect the backflow generated by this change
of rotation to grow to its full value in a time comparable to the sound
propagation time around the annulus r = nR/c. This delay produces a high
frequency cut-off at a frequency of ~ c/nR. For the most extreme designs
proposed to search for gravitational effects with sensing coils 400 m in
length, this cut-off is at ~ 1 Hz. Reiterating, this is not a high frequency
cut-off for the rate at which we can monitor the critical velocity, this is
the highest frequency we expect the superfluid gyroscope to respond to
rotation.

Interestingly, an expression analogous to Eq. (6.5) exists for the elec-
trodynamic RF SQUID.46,53 In this case, one is interested in the flux noise
spectral density:

where n = (AXtherm)/(AXstep) is the ratio of step rise to step height. The
origins of Eq. (6.9) are very similar to the derivation of Eq. (6.5), that is,
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thermal activation of quantized dissipation events over an energy barrier
that decreases as the excitation increases. The excitation in the superfluid
case is the velocity of the supercurrent in the aperture, where in the super-
conducting case it is the externally applied flux.54,55

It is interesting at this point to compare the sensitivity of the super-
conducting RF SQUID to the analogous superfluid device. For the electro-
dynamic RF SQUID, typical values of n are, n = 0.1 — 0.2.53 As we shall see,
this value of n is not drastically different than the superfluid helium case
where n = 0.25 — 0.4. However, in the superconducting case, v r f~ 200 MHz,
where in the superfluid case vH = 66 Hz. This difference in operating fre-
quency contributes a factor of ^7(200-106/66) = 1700 difference in spectral
noise level. As mentioned, the operating frequencies of both superfluid and
superconducting devices are limited by the excitations of fundamental self
modes: kilohertz sound in the superfluid case and gigahertz microwave
modes in the superconducting case. The dramatic difference in these frequen-
cies is a consequence of the difference in the wave speed of each mode: the
speed of light in the superconducting metal compared to the speed of sound
in superfluid helium. Given this, for devices of similar size, we expect the
superconducting device to operate at a frequency (3 • 108 m/sec)/(240 m/sec) =
1.25 • 106 times higher than the superfluid oscillator, and therefore, to
operate with a spectral noise floor -y/1.25 • 106= 1100 times lower than the
superfluid device.

VII. APPARATUS

Here we detail the apparatus including the design and construction of
our D-A oscillators, the dc SQUID-based position sensor, and the necessary
cryogenics and mechanics. We will show two miniaturized oscillator
designs and discuss their performance in Sec. VIII.

A. Motivation for Device Layout

The miniature D-A oscillators were developed as a result of our pre-
vious experience with much larger D-A oscillators at Berkeley (volume
=10cm3) and by the success of Avenel and Varoquaux (AV) with their
miniature cell (volume = 7 mm3).8,56 Two oscillators constructed at Berkeley
by Amar9,49 and by Davis35 both showed single phase slips but never
demonstrated a staircase response. Both larger oscillators showed extreme
sensitivity to ambient acoustic noise: D-A oscillator mode driven by
acoustics, suppression of the critical velocity, collapse of oscillator amplitude.
Because of this, it was suspected that a smaller cell with intrinsically higher



frequency acoustic modes, might show lower sensitivity to the acoustic
environment of the laboratory.

The idea for our particular device layout came primarily from two
sources: the geometry of dc SQUIDs produced here at Berkeley by the
Clarke group46 and from the group in Trento, Italy57 working with an
annular container of superfluid. This device geometry was conceived as an
attempt to combine the aesthetic appeal and calculable flow field of the
ideal annular container with the proven D-A oscillators. It also bears
resemblance to the fabrication of superconducting, thin film dc SQUIDs.

Figure 11A shows the relationship between our design and the super-
conducting dc SQUID. The superconducting SQUID is fabricated by

Fig. 11. Evolution of new cell from design of superconducting dc SQUID. A, and from
annular container, B.
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depositing a thin film of Nb. The Nb lattice "holds" the electronic super-
fluid and forms the container. This film is patterned to form a "C" shape
by etching a slot. Then a film of Nb is used to cross the slot, making con-
tact with the Nb below in two tunnel junctions (marked as black squares).
The end result is an essentially two dimensional, annular container of
superconducting electrons, with a septum. The septum is crossed by a film,
making only weak contact to the bulk.

For the superfluid case, we must form a container since there is not a
charged lattice to "hold" the fluid. Figure 11C shows the ideal superfluid
container. In this case, we etch a flat cavity into a silicon wafer in the pat-
tern shown. The cavity is closed by attaching a Kapton film to the raised
surface. This forms a "thin" supertluid film which is analogous to the thin
Nb film in the superconducting case. There must be a superfluid connection
across the septum. This is provided by the holes etched into the silicon that
penetrate the wafer. One of these holes is a large opening to the front side
of the wafer, while the other is closed by a silicon nitride film with contains
the sub-micron aperture. By embedding this device into a container of
superfluid, we provide a continuous superfluid connection around the
annulus.

In comparison to the Trento annular container, shown in cross-section
in Fig. 11B, our device has two differences. The major difference is that our
container forms a very flat annular volume. Since superfluid has a slip
boundary condition at the top and bottom surfaces of the annular con-
tainer, the height of the container is essentially irrelevant. The device in
Trento, is an annulus with the height =10mm and a diameter =24mm.
Our container has a similar size diameter, but is only 80 um in height.
Given the experience at Berkeley with large volume devices and the sub-
stantial improvement in performance with our miniature device, we felt
that this could be a major design improvement to the annular containers.
The second difference between our container and the Trento annulus is the
location of the aperture. Our device routes the superfluid up and over the
septum, where the Trento annular container has the aperture mounted
directly in the septum. This difference is unimportant: as long as the
hydrodynamic inductance of the aperture is significantly larger than the
inductance of the annulus, then the phase difference across the septum will
be unchanged, regardless of orientation.

Shown in Fig. 11D is a schematic of the realized design. We opened
the center region to form a D-A resonator. The diaphragm is free to move
over this center square, but is held rigidly over the sensing channel of the
annulus by attaching a square silicon washer (described below). The D-A
oscillator is necessary to provide a means to probe the critical velocity in
the aperture. For a superconducting SQUID, this probe is accomplished by

1078 K. Schwab, N. Bruckner, and R. Packard



external electronics. In the superfluid case, one must build the entire fluid
circuit to sense the critical velocity, at low temperatures.

B. High Coupling, Planar Cell

The size of these oscillators was choosen such that we could utilize
a natural source of low-noise rotation: the rotation of the Earth. This
eliminates the technically difficult job of providing a low vibration rotation;
one needs only to reorient the cell in the Earth's rotational field. This
comes at the cost of the requirement to provide the cell with a low rotation
noise environment. Rotation noise can come from sources such as the
pendulum mode of the experimental probe, or from the tilting of a leaky
air-spring.

Figure 12 shows design of D-A oscillator #1 (O1) and D-A oscillator
#2 (O2) drawn to scale. This figure details the 80 um deep relief on the
back side of our 15 mm square, 0.5 mm thick, silicon substrate. Fabrication
details of the silicon pieces is detailed in Appendix B. A flexible, 8 urn thick,
Kapton sheet covers the entire back side of the chip. This sheet forms a
thin slab container to hold the superfluid in the pattern shown in
Crosshatch, and forms the diaphragm element of the D-A oscillator. This

Fig. 12. Etch patterns for oscillators O1 and O2. Supcrfluid fills grey region. 80 um thick.
Aperture location is marked with "A" and parallel hole to front side is marked with "H".
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Fig. 13. Assembly of our D-A oscillator: A. superfluid D-A oscillator, B. Kapton
diaphragm, C. silicon washer, D. niobium cell bottom and lid, E. superconducting
displacement sensor, F. indium o-ring, G. fill tube. H. beryllium-copper spring.

container is surrounded by a close-fitting niobium box and is filled with
superfluid, see Fig. 13.

The Kapton membrane is attached to the silicon cell with a thin film
of Stycast 1266 epoxy. This membrane is attached on the side with the
raised contours. The Kapton is patterned with a 100 nm thick aluminum
film which serves as an electrode which is used to electrostatically drive the
D-A oscillator by applying an oscillating voltage between the aluminum
film and a gold electrode deposited on the cell.58 On the side of the Kapton
which will be external to the cell, we deposit a 200 nm thick film of niobium.
This will serve as the superconducting plane for the displacement sensor.

The central square region, 7.0 mm x 7.0 mm, forms the flexible
diaphragm member of a D-A oscillator, where the openings to the front
side of the device, shown as black squares, form the openings of the two
hole oscillator: one hole is located centrally over the diaphragm and
terminates on a 100 nm thick SiN film on which is the aperture, while the

1080
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other hole is located at the end of the parallel channel and is
250 um x 250 um. The aperture is formed using electron beam litho-
graphy.59 Notice in this design, there is no parallel fine tube as used in pre-
vious designs.37,60 Instead we create the proper parallel channel inductance
which is necessary to generate a staircase pattern, by etching the flow path
around the perimeter to the proper depth:

where for O2 lp = 42 mm is the channel length around the device, ap = wd
is the cross sectional area of the channel, w=1.5mm. wide and 80 urn
deep, and thus Lp = 3.0 • 103 (m2/kg). This was intended to form a R = 10
D-A oscillator with an 200 nm x 1.0 um aperture.

In order to hold the diaphragm rigid over the channel, we attach a
silicon washer to the diaphragm when we epoxy the Kapton diaphragm to
the cell. We use silicon to avoid any problems with relative thermal con-
traction. This washer is the size of the outer dimensions of the cell 15 mm,
with a 7 mm hole etched completely through the 500 um silicon substrate.
This central hole allows the diaphragm to move freely in the center region
and for the superconducting displacement transducer to penetrate the
washer and approach the diaphragm.

This washer was found to be necessary. For our first iteration of this
design, we did not use this washer. We found a dense spectrum of modes
which were excited when the device was above vc and phase slipping. These
modes began at ~ 275 Hz and continued into the kilohertz range, and were
not observed when the device was undriven or driven below ve. When the
washer was attached, the first mode which was observed, besides the D-A
resonance, was the A/4 acoustic resonance in the channel 1 KHz. These
acoustic modes where also found to be problematic, see Sec. VIII.A.

This cell is then enclosed by a close fitting niobium box. The only
openings to the superfluid bath surrounding the cell are through the aper-
ture and larger etched opening of the parallel channel. By making the
device holder itself from niobium, we have eliminated the need for any
external superconducting shields surrounding the cell. We use 6.35 mm
thick Nb plate for the bottom half of the cell holder which contains the
electronic feed throughs and displacement transducer. We used 3.18mm
thick plate for the lid. We have had no problems with closing this cell leak
tight and have found the niobium to be mechanically excellent (supports
threads, stiff, etc.).

The diaphragm displacement sensor is a dc SQUID-based position
sensor of the type used by the gravitational wave antennas61 and is mounted



permanently in this niobium box. This has the important advantage that
one can replace the silicon oscillator, without having to remake and reposi-
tion the displacement sensor. The sensor is a flat, spiral wound, coil of
50 um diameter niobium wire: ~ 100 turns, 2 layers. Details of the displace-
ment sensor are given below.

The assembled cell is attached to a homemade, one-shot, internally
absorption pumped 3He refrigerator. This refrigerator has a base tempera-
ture of 0.28 K and a run time of ~48 hours. We use an internal 4He pot
to condense the 3He. We stop pumping the 4He pot after condensation to
minimize mechanical vibration. This refrigerator is placed on a vibration
isolation stage with a resonance of ~ 1.5 Hz.

In order to make measurements with the apparatus oriented in various
directions, we place the dewar on a rotating bearing. This bearing is con-
structed from two aluminum disks with ~4 psi of water injected between
them. A central stainless steel pin keeps the two disks centered over each
other. This allows the dewar to rotate with the top aluminum plate with
sufficiently low mechanical vibration. A motor is used to smoothly reorient
the dewar.

All electronic control and signals are routed through a low noise,
miniature, 18 channel slip-ring. This slip-ring is mounted at the top of the
refrigerator and allows for continuous measurement while smoothly
reorienting the dewar.

C. Displacement Sensor

Here we report some considerations and experimental details about
the dc SQUID-based position sensor. Careful design of this system is essen-
tial since it is sub-picometer diaphragm oscillations which are used to infer
the superfluid current through the aperture.

The displacement transducer is a planner spiral coil, or "pancake coil."
The transducer used in the earlier experiments described in Ref. 60 and
Ref. 1 was simply 12 turns of 100 urn diameter superconducting wire,
wound onto a brass stub.62 This coil has an inductance of ~3 uH at room
temperature and an estimated inductance of <0.2uH when it is placed
50 um from the superconducting diaphragm. This is a problem, as will be
shown, since the input inductance to the dc SQUID used was 0.6 uH. Also,
we observed a white noise floor which scaled as ^/T, where T is the tem-
perature of the experiment. We suspected that we were detecting the
Nyquist noise currents in the brass button. The solution of these two
problems was straight forward: higher inductance transducer coil, and non-
conducting substrate on which to wind the transducer coil.
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Fig. 14. Schematic of SQUID-based displacement sensor.

Figure 14 shows a circuit diagram of the displacement sensor.61,37 To
understand the requirement on the transducer inductance we begin by
writing the flux in each loop of the circuit.

and

where Lx is the inductance of the transducer coil, Ls = 0.6 uH is the input
inductance of the dc SQUID, L, = 100 uH is the inductance of the tank
coil, I1 = 1 A is the large current used to energize the transducer, and I2 is
the small signal current to the SQUID. This tank coil is used to shunt the
large trapped current I1, without this large current moving through the
SQUID input coil. The inductance of the transducer is strongly affected
by the close proximity to the superconducting film on the Kapton
diaphragm:63

where n0, is permeability of free space, n is the coil turn density, ac is the
coil area, and A- is the distance to the superconducting plane. If the
diaphragm moves, 6x, the inductance of this coil will change, SLX:
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Since the flux in each superconducting loop remain fixed, there will be
currents generated by this motion. We are interested in the signal current
that is injected into the SQUID, SI2:

Using the mutual inductance between the SQUID input coil and SQUID
washer, M=10 nH, we can calculate the flux, dOsquid, that is generated
by 6I2. One finds the displacement coupling, (SOsquid/Sx), to be:

Immediately, one can see two requirements to maximize the sensitivity:
( L s / L i ) < 1 and (LS/LX) < 1. The first requirement is met easily. In practice,
we use a Li= 120uH coil: 4 layers of 125 um diameter pure Nb wire,
60 turns per layer, 4 mm diameter. The transducer pancake coil used was:
2 layers of 50 um diameter pure Nb wire (plus 25 um of insulation), 5 mm
diameter. We place this coil ~ 100 um from the diaphragm which gives an
average distance from the center of the windings to the diaphragm of
~ 175 um. This give an inductance of Lx — 3 uH. The SQUID input induc-
tance is Ls=1.87 nH, and thus the denominator of the last equation
evaluates to 1 + (L s /L i ) + ( L s / L X ) = 1 + 0.02 + 0.61 = 1.63. Using these
parameters in Eq. (7.7), we should have a displacement coupling of:

where 00 = 2.05 .10 - 1 5 Wb is the superconducting flux quantum. In prac-
tice, we have realized 11 O 0 / (nm-A) . This is a dramatic improvement of
a factor of 30 in comparison to the coupling achieved with our previous
sensor coils, where the coupling was 0.37 O 0 / ( nm-A) .

It is important to note that the inductance of the pancake coil drops
as the gap, x, between the coil and diaphragm is reduced. Eventually, as
the gap is reduced, the pancake coil inductance falls below the input induc-
tance of the SQUID. At this point, no sensitivity gains are made by further
reducing the gap. By replacing Lx in Eq. (7.7) with Lx = u0n

2Ax and taking
the limit as x -> 0, one finds:
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where we have taken Ls = 0.6 uH which is the case for the Conductus dc
SQUID used.64 Note for the Quantum Design dc SQUIDs,65Ls = 2 uH,
and the maximum coupling in this case would be 131 O0/(nm .A).

We also made substantial improvements by proper choice of super-
conducting wire for the circuits other than the sensing coil. The previous
circuit including tank coil and wires to the cell, was made with 125 um
diameter o.d., CuNi clad, 50 um diameter NbTi core. In practice, we found
it difficult to make high current superconducting joints since the core is
only 50 um diameter. In practice, we observed a critical current 0.26 A each
cool-down, when the joint is made by pressing the wire to a bulk Nb pad
with a #8 brass screw. We replaced all of this wiring with 125 um
diameter, pure Nb wire. We have also made Nb washers so that the wire

Fig. 15. Superfluid phase contours in cell rotating counter-clockwise with w= 1 (rad/sec).
Contour levels are spaced by 500 rads.
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is squeezed between two bulk Nb pads. With this larger diameter wire and
Nb pads, we have increased the critical current to 1 A.

D. Rotational Coupling

This planar design has the significant feature that the superfluid flow
field induced by rotating the container, is easily calculable. Figure 15 shows
the calculated phase contours in oscillator O2 when the device is rotating
with w = 1 (rad/sec) (solution for O1 is very similar). In this calculation we
assume that there is no aperture. Figure 16 shows the superfluid velocity
field viewed from the inertial frame, and Fig. 17 shows the velocity field

Fig. 16. Superfluid velocity field measured in the inertial frame when the cell is rotating
with w= 1 (rad/sec).
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Fig. 17. Superfluid velocity field measured in the rotating frame when the cell is rotating
with w = 1 (rad/sec).

measured in the rotating frame. The fluid in the perimeter channel has the
same basic flow as that in the ideal annulus, (see Fig. 3); velocity >wr for
the inside radius, and velocity < cor for the outside radius.

From the phase contours in Fig. 15 we see that the rotational coupling
is

where wE=12.9 m(rads/sec) is the angular velocity of the Earth. Using
Eq. (2.3) which relates the phase produced to the rotation of an ideal
annulus, we find that this coupling is equivalent to an annulus of average
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Fig. 18. Geometry to use Earth's rotation, w, to modulated superfluid gyroscope.
Orientation of sensing loop labeled as O.

radius, R = 5.6 mm. This ideal annulus has essentially the same "sensing
area", A, as the rectangular container.

By reorienting the cell about the vector normal to the surface of the
Earth, we can change the "projection" of the Earth's "rotational field"
through the device. Figure 18 shows the device at the latitude of Berkeley,
and in an orientation with none of the Earth's rotational flux penetrating
the device. When the device is reoriented by ±90°, cell normal pointing
north or south, the rotational flux will be +wA cos(38°), which will
produce a phase ±0.23371. In this way we can modulate the apparent criti-
cal velocity of the device with the Earth's rotation.

VIII. EXPERIMENTAL RESULTS

Here we report the performance of two D-A oscillator designs, O1 and
O2. Oscillator O1 was constructed first and failed to demonstrate the
expected response for reasons which we detail below. As a result of our
observations with oscillator O1, we designed and constructed oscillator O2.
This design successfully demonstrated the superfluid gyroscope.
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A. Performance of O1

Oscillator O1 demonstrated only a very weak staircase response.
Figure 19 shows the measured response curve taken at 0.30 K with a
nominally pure sample of 4He and an aperture of size 1.0 um x 0.30 um. By
subtracting a line from the portion of the response above the critical
amplitude, we can resolve a very weak periodic response, shown in inset in
Fig. 19. We experimented with a number of devices of this type and found
this weak (or worse) performance as generic to this design.

We did notice an important signal which indicated the design flaw and
failure mode of this device. We observed sound which was excited by the
phase slips. These excited sound modes are consistent with the A/4 and A/2
modes of the sensing channel. Figure 20 shows two high frequency spectra
of the diaphragm motioned one spectra with the cell driven below the criti-
cal amplitude and the other with the cell driven above the critical
amplitude. When the cell is driven above the critical amplitude we find a
mode at 1484 Hz. This is consistent with the A/4 acoustic mode of the sensing
channel; we predict 1460 Hz. We also see two strong modes excited a 2750 Hz
and 3093 Hz. We predict the A/2 mode at 2920 Hz. These modes can be

Fig. 19. Weak staircase response from oscillator O1. Inset graph is the residuals from a
linear lit to response above critical amplitude.
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Fig. 20. High frequency diaphragm spectra comparing spectra with device O1 driven above
and below the critical amplitude. Large peaks at 1484 Hz, 2750 Hz, and 3093 Hz appear when
the device is driven above the critical amplitude.

driven by applying a resonant drive to the diaphragm and have a quality
factor of ~ 20, 000 at 0.3 K.

These modes are driven to an amplitude of from 50 fm to 150 fm above
the noise floor of 1.5 fm.66 It is possible that these modes could be the source
of the uncontrolled current noise in the aperture which is responsible for
destroying the expected staircase response. To estimate the amplitude of this
acoustically driven phase noise across the aperture, we use a lumped circuit
model,51 where the diaphragm is a capacitive element, C = ( p 2 A 2 / k 1 1 ) =
2.75 • 10 9 (Kg .sec2/m2), and the short neck, of length 1 mm and cross
sectional area 80 • 10 9 m2, connecting the diaphragm to the sensing chan-
nel, is an inductive element, L = 86 (m2/Kg), (see Fig. 12). These elements
are in series. At v = 3.0 kHz the impedance of these elements are:
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where Q is the unit of hydrodynamic impedance which is defined to be the
ratio of the superfluid mass current to driving chemical potential. One can
see that all pressure drop will be across the inductive neck. Using a
diaphragm displacement of 200 fm, we calculate a mass displacement at
the diaphragm of M= 1.42 • 1 0 - 1 5 Kg, and a mass current of / =
27. 10 - 1 2 Kg/sec. This will produce a pressure drop across the inductive
neck of:

Since we measure two modes at this frequency which are excited to this
level, we will estimate the oscillating pressure to be ~ 10 mPa. This
pressure field will drive currents through the aperture and produce a high
frequency phase noise of amplitude:

which is substantial. This simple picture demonstrates that these phase slip
driven acoustic modes have high enough amplitude to cause substantial
phase noise across the aperture.67

These modes may be excited due to a poor choice of aperture location
and hydrodynamic circuit. In this design, the aperture is at the end of the
sensing channel which is a substantial hydrodynamic inductance. This
inductance is in series with the aperture and is distributed over 20 mm.
A phase slip produces a decrement of the mass current in both the aperture
and the parallel channel. It is thought that a phase slip takes ~ 10 usec
to complete.52 This time corresponds to a distance of 2.4 mm using the
velocity of first sound, 240 m/sec. Since this distance is smaller than the
length of the channel, sound must be produced; the end of the channel
nearest the aperture has decelerated while the other end of the channel has
not even received information that a slip has occurred. Because of this, we
believe it to be important that the hydrodynamic circuit between the
diaphragm and the aperture contain no substantial, spatially distributed,
inductance.

Oscillator O2 was modified to avoid this excitation of acoustic modes
by the phase slips. By moving the aperture directly over the diaphragm, the
diaphragm acts as a "capacitive shunt" for the high frequency components
of the pressure pulse generated by the sudden phase slip in the aperture. In
this way, we weaken the coupling between the aperture and the kilohertz
acoustic modes of the sensing channel.
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B. Performance of O2

1. Phase Slips and Staircase Pattern

Our device has the sensitivity to resolve the underlying single phase
slip dissipation events. Figure 21 shows the measured phase slips at 0.29 K
with a sample of 4He mixed with 0.1 % 3He. The aperture is 1.0 um x 0.19 urn
in a 90 nm thick film of silicon nitride (from SEM photo). The cell has a
resonant frequency of 66.5 Hz.

This measurement is performed by applying a resonant driving force
between the electrodes deposited on the silicon cell and the Kapton
diaphragm. We record the response of the oscillator amplitude as measured
by the SQUID-based displacement sensor, with a lock-in amplifier. The
drive amplitude is such that the rate of phase slips is ~0.1 Hz. This allows
us to use a time constant on the output stage of the lock-in amplifier of
~0.1 sec.

The staircase response is measured by applying a linearly increasing
resonant driving force, and recording the diaphragm oscillation amplitude.
Figure 22 shows the measured staircase at 0.3 K with a sample of 4He
mixed with 0.1% 3He.

Fig. 21. Shows the response of the diaphragm while driving oscillator O2 to the critical
amplitude. Quantized phase slips are evident by the sudden drops in oscillator amplitude.
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Fig. 22. Staircase response using oscillator design O2. Arrows shows where on response
curve we drive to measure rotational modulation. Also shown is a computer simulation
using the parameters given in the text (shifted down for visibility).

Plotted below the measured curve is a simulated staircase with
parameters: R = 7.5, Xc = 285.5 pm, wH = 2n.66.5 (rads/sec), Svslip = 0.40
(m/sec), Svtherm = 0.215 (m/sec), T0 = 2.11K, and uoo= 11.9 (m/sec). This
parameter set is in accord with previous measurements of the phase slip
critical velocity and nucleation parameters. In this case, Svtherm/v00 = 0.018
which matches well with previous measurements in other devices.31,68,1 In
this simulation rather than plotting the amplitude of each half-cycle as was
done in Fig. 7, we simulate the signal processing of the lock-in amplifier.

2. Modulation from the Earth's Rotation

Given the size of the predicted coupling of this cell design to rotation,
we used the Earth as a source of low noise rotation. Since the Earth's rota-
tion is fixed, we reorient the sensing area of the cell and thus change the
projection of the Earth's "rotational flux" through the sensing loop of the
cell. Figure 18 shows the geometry used to sense the Earth's rotation. The
cell is mounted with the normal to the sensing area in the horizontal plane.
The cell is driven on the first step of the staircase. We then record the
diaphragm critical amplitude as the cell is reoriented about the vertical axis
of the dewar. We expect a sinusoidal variation of the projection of the rota-
tion field onto the cell, and thus a sinusoidal variation of the rotational



phase difference, and finally a sinusoidal variation of the diaphragm critical
amplitude.

As can be seen from the Fig. 18, the maximum expected projection of
the Earth's rotation will be wE.cos(38°). This will apply a circulation flux
to the gyroscope of FEarth = +0.116k0 as we reorient the dewar through 2n.

Because of the finite slope on the staircase pattern, it is necessary to
use a numerical simulation to obtain the expected sensitivity to rotation.
This is done by finding the set of cell parameters that produces a fit to the
measured staircase. This fit is shown in Fig. 22.

Then, in the simulation, we modulate the staircase by adding a half
quanta of trapped circulation. After doing this simulation, we expect our
staircase to modulate by 2.7 pm for an applied circulation to the gyro-
scopes of K 0 /2 . Thus, we expect a modulation of ±0.63 pm measured at the
diaphragm.

Figure 23 shows the results of this measurement. The cell was driven
at the point on the staircase indicated by the arrow marked A, shown in
Fig. 22. We reoriented the cell continuously at a rate of 1.0 rev/hour while
recording ever 2 seconds the amplitude of diaphragm oscillation measured
with a lock-in. As seen in Fig. 23, the critical amplitude has the expected

Fig. 23. Modulation of diaphragm critical amplitude from Earth's rotation shown with
points and error bars. Best fit through data is shown as solid line.
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sinusoidal variation as a function of dewar orientation. Each point plotted
is a 120 second average. The error bars plotted are calculated by evaluating
the standard error for each 120 second period. Typically, the error bars are
1.0% of the peak-to-peak modulation which agrees with expected noise
calculation of Eq. (6.4), a/FEarth = 1.2%. Also shown on Fig. 23 is a best fit
through our data. This fit gives a modulation amplitude of +0.814 pm with
a 90 % confidence limit of ± 0.007 pm. At this time we do not understand
the discrepancy between our measured and expected modulation.

The expected effect of the induced phase bias is that each step of the
staircase will split in two: the first half of the step lowers while the second

Fig. 24. Modulation of diaphragm critical amplitude from Earth's rotation
measured at the beginning and at the end of the first step: triangle points are
measured at a drive of 497 mV and plotted on left y-axis, while solid points are
measured at a drive of 691 mV and plotted on right y-axis. Fits to each data set
are shown as a solid, sinusoidal line. Note n phase difference between these two
curves.
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half of the step rises. In order to observe this, we programmed the com-
puter to switch between two drive levels, the first drive level such that the
oscillator is driven at the end of the first step, and the second drive level
such that the oscillator is driven at the beginning of the second step (arrows
marked B and C, shown in Fig. 22). We then recorded the amplitudes of these
two levels while reorienting the dewar at a rate of once per hour. Figure 24
shows the measured response. This data shows that both locations on the
staircase modulate with the applied rotational flux from the Earth, and
that they modulate 180° out of phase, as expected.

This technique of chopping between two steps can be used to reject all
spurious commonmode modulation signals that result from over-all shifts
in the staircase pattern from sources such as temperature drifts of the cell.
This technique may be very important for experiments which intend to
average for extended periods of time ( r > 1 day).

Figure 25 shows the measured noise spectrum in units of the circula-
tion quantum per root hertz. The spectrum from 0.3 Hz to 3 mHz follows
a power law, ^/SK0cc f3/4. From Eq. (6.5) we expect a white noises spec-
trum of amplitude = 15 • 10- 3k0/ ^Hz. The origins of the measured excess
noise are not yet understood. The most likely candidate is that of vortex
motion within the device.

Fig. 25. Noise spectra of gyroscope in units of K0 per root hertz. Solid line shows the
predicted white noise level.
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One possible source of complication is from the fact that we con-
tinuously rotate the dewar to change the projection of the Earth's rotation.
This rotation is at a rate which is 24 times greater than the signal that we
intend to detect. Ideally, the rotation of the dewar does not couple to the
cell since the sensing area is oriented perpendicular to this rotation. To
check that a component of the rotation used to reorient the dewar does not
project onto the cell, we monitored the diaphragm critical amplitude when
the dewar was at rest and then immediately after beginning to rotate. We
saw no measurable change in the diaphragm critical amplitude, and there-
fore conclude that any component of the reorienting rotation which pro-
jects onto the cell, must be small compared with the measured signal from
the Earth's rotation.

IX. DISCUSSION: CONCLUSIONS AND DIRECTIONS

A. Conclusions

These experiments have succeeded in demonstrating a working super-
fluid gyroscope which is a close analogue of the superconducting
RF SQUID. This gyroscope demonstrates an understandable staircase
response and is modulated as expected by the Earth's rotation and is proof-
of-principle that might lead to a new ultra-sensitive gyroscope technology.

We have developed a fabrication and construction technique which is
found to be very useful in the development of our superfluid gyroscope.
Since the superfluid D-A oscillator is generated using batch silicon process-
ing techniques, and is separate from the displacement transducer, we were
able to generate and test devices rapidly. Also, the planar construction
allows easy numerical calculation of the flow field under rotation and thus
an accurate prediction of rotational coupling.

We have found the acoustic considerations are essential to creating a
successful design. In oscillator O1, we observed the acoustic modes of the
sensing channel which were driven by the pressure impulses created by the
phase slips. This design showed only a very weak "staircase" response.
These modes are driven to an amplitude that drives a current through the
aperture. This back-action of the phase slips produces a high frequency
( ~ 1.5 kHz) phase noise of substantial amplitude compared to n. By simply
moving the aperture to a position directly over the Kapton diaphragm, as
in oscillator design O2, we created a device with a high-quality staircase
response. In the simplest terms, with the aperture in this location, the
diaphragm acts as a high frequency "capacitive" short across the aperture.
This substantially weakens the coupling of the aperture to the acoustic
modes of the sensing channel.
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This problem of the phase slips driving the acoustic modes is
analogous to the situation in an RF SQUID where one is limited by the
microwave modes of the SQUID: "Operation of a SQUID at very high
(microwave) frequencies will be complicated by resonant modes of the
device itself."50 Unfortunately, the superfluid SQUID has high Q acoustic
modes in the kilohertz range.

Our working device, O2, shows excess low frequency noise above the
predicted spectral density. Although the origins of this noise are not clear
as of yet, we strongly suspect vortex motion in the superfluid sample. We
are considering various methods of providing strong pinning sites in and
around the cell which will inhibit the motion of free vorticity.

The superfluid gyroscope demonstrated by O. Avenel and E. Varoquaux
does not show this excess noise for measurement times lasting many
hours.13 Although they have not reported a noise power spectrum, this
behavior is substantially better than the low frequency noise reported in
these experiments where sudden shifts in bias are not uncommon. We
suspect that the difference arises from the extensive vibration isolation con-
structed by Avenel el al.30 This suggests that the excess low frequency noise
reported in this work is not intrinsic to the superfluid.

More generally, we have demonstrated a superfluid phase difference
detector. In the experiments described here, we have generated and detected
a rotation induced phase difference. This device can be used to detect other
sources of superfluid phase. For example, it has been predicted that a phase
difference can be induced in superfluid 4He by a combination of strong
electric and magnetic fields.69

Just as in a superconducting RF SQUID, it is expected that the modu-
lation versus applied phase bias should form a triangle pattern.70 Since
the Earth's rotation produces only +0.257t phase difference, the cell must
be rotated manually to reach higher phase differences. This a current
experimental goal.
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APPENDIX A: FLOW FIELD INSIDE ROTATING ANNULUS

In this section we present some details about the superfluid flow field
inside an annular container as shown in Fig. 1. Here we are concerned with
the velocity field in the annulus when there is no aperture in the septum.

As the annulus rotates, the superfluid must move with the septum. The
average velocity in the 9 direction, averaged along any radial line is wR,
where R = (Rin + Rout)/2. This result can be seen by making a Gaussian
surface, S, in the container as shown in Fig. 1. Since the superfluid velocity
is divergence free,

Solving for vs, we find:

Although the velocity averaged along any radial line is vave = wR, super-
fluid cannot rotate exactly as a solid body, v = wr9, and satisfy Vxu = 0,
since for solid body rotation V x v = 2w.

The superfluid flow field can be expressed analytically at the position
which is opposite the septum. If the septum is at d = 0, then at position
d = n, by symmetry, the velocity field will have only a 0 component. At this
position it is possible to solve Laplace's equation analytically and the
velocity is found to be:

where R = (Rout + Rin)/2, and AR = Rout - Rin. The form of the velocity
field is (1/r), which is similar to the flow field of a vortex. Using the
numerically calculated flow field, we find that Eq. (A3) is an excellent
approximation to the flow field in the entire container. For the specific case
of the geometry of the Trento annulus21 the moment of inertia of the fluid
calculated by assuming a simple (1/r) velocity field produces only a 0.6%
error compared to the moment of inertia calculated from the "exact" com-
puter calculated velocity field. For comparison, if one approximated the
flow field as a solid body with vs = wR, one would over estimate the
moment of inertia by 25%.



APPENDIX B: DEVICE FABRICATION

This cell is microfabricated from silicon using a variety of techniques
including photolithography, silicon micromachining, and electron beam
lithography. This procedure is carried out entirely at the Berkeley Micro-
fabrication Laboratory. These cells have two depths of bulk silicon etching:
a 500 um deep etch through the entire wafer to create the membrane which
supports the aperture and a ~ 80 um deep etch to create the superfluid
cavity and flow paths. This has the problem that the fabrication cannot
easily be done in the simplest flow: photolithography, nitride etching,
silicon etching, then second layer of photolithography, nitride etching, and
silicon etching. The problem is simply that the second layer of photoresist
cannot spread over the silicon after the surface has been etched with
grooves that are 500 um or even 20 um deep. This is because the
photoresist is ~ 3 um thick, which is thin compared to the surface features
that are etched into the silicon.

This problem is solved by a procedure where one transfers all the pat-
terning information into the silicon nitride film. Figure 26 shows the steps
involved in this process. First let us remember the goal: deep etches in
various locations to form the silicon nitride membranes and break lines to
separate individual devices from the wafer; relatively shallow 80 um etches
for flow paths and D-A oscillator cavity; silicon nitride membrane 100 nm
thick.

The process begins with a deposition of 200 nm of low stress silicon
nitride, Fig. 26A. Then we spread photoresist over the front and back side
of the wafer. Using a contact mask aligned we expose the pattern where the
silicon will be etched completely through the wafer. We then etch the
silicon nitride in this pattern completely to the bare silicon, Fig. 26B. We
strip the wafer of the photoresist and respin another layer of photoresist.
Now we expose the pattern where we will make the shallow etching of the
silicon. We then carefully plasma etch the nitride thickness to ~ 40 nm,
Fig. 26C. This etch is done in a few small steps. Each time we stop, we
measure the thickness71 and rotate the wafers. By measuring the progress
in this manner, we can calibrate the plasma etch rate. By rotating the
wafers, we obtain maximum etch uniformity. Then the wafers are stripped
of photoresist. We have created three thicknesses of silicon nitride: 0 nm
where we will etch the silicon deepest, 40 nm thick where we will etch only
80 um, and 200 nm where we will not etch the silicon. The thin layer of
nitride (40 nm thick) will be used to mask the silicon for the deep etch, and
will be removed to allow the shallow etching. The wafers are then etched
in KOH, (1 Kg KOH, 2 Kg H2O, 80° C, ~ 1(urn/sec)), to form the silicon
nitride membranes, Fig. 26D. We then etch 50 nm of the silicon nitride in
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a concentrated HF bath. This is a wet process and the nitride is removed
uniformly over the entire wafer. This has two effects: it removes the nitride
over the silicon that must be etched only 80 um, and it thins the mem-
branes to 100 nm since it etches from the front and back side of the mem-
brane. Then we etch the wafers again in KOH, to form the shallow
features, Fig. 26E. This process removes the major difficulty in the previous
fabrication recipe60 and increases the yield up to this processing step to
near 100%.
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