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Large area multiturn superfluid phase slip gyroscope
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We have built and tested a large area multiturn superflbid phase slip gyroscope. This device
demonstrates quantum-mechanical phase coherence of sup&kiidver a macroscopic length
scale(1.4 m). The sensing loop area of this device is two orders of magnitude larger than our
proof-of-principle model, with an improvement in sensitivity-e20 over any other superfluftHe
gyroscope. We find that this rotation sensor has excellent long-term stability. In addition, there are
no new noise sources preventing further enhancements in sensitivitg008 American Institute of
Physics. [DOI: 10.1063/1.1536727

I. INTRODUCTION ~10° greater than that of a photon in a HeNe laser. In gen-
. .. eral, however, ring laser gyroscopes compensate for this
Sensitive gyroscopes have found many applicationsig g gisadvantage by means of well developed techniques to
ranging from inertial navigationto such fundamental disci- measure very small phase shifts. The best reported short-
plines as geodeéyand general relativity.Geophysicists are term sensitivities of Sagnac gyroscopes are X8 5

interested in rotation sensors that can be used to study seig; /\JAz for the atom-interferometér and 1.8<10°5

mic effects as well as lunar and solar tides. The magnitude %E/ﬁ for the ring laser gyroscopeHowever, the stabil-
these geodetic effectgenerally in the fgb'mHz teHz fre- 4 and, hence, long-term sensitivity is not nearly as good for
guency rangeare on the order of-10 ° Qg whereQg is either of these devices

the Earth’s rotation rate (72:910 ° rad/9. General relativ- Here, we report on.the development of a superffliie

ity predicts that a rotating bodiguch as the Earjtwill drag gyroscope which is essentially drift free and may, therefore,

the local inertial framesuch az that_defined by ;he axish th"’,‘ be ideally suited for sensitive longer-term measurements. We
gyroscopg: F.O fa gyroscope hovering ab0ve_t1ée Earth, this,aye increased the sensing area by almost 2 orders of mag-
general relativistic effect is on the order 6f10" ™ Q. nitude over our previously reported effoft3.The subse-

Among the _current sfcate of the art gyroscopes are thOS&uent gain in sensitivity now exceeds other publisheid
based on spinning balfsting lasers. and interfering matter gyroscope¥i by a factor of 20. In addition, we report on

4-6 : - .
waves." Despite the fact that spinning ball gyros are beingy, o oy cellent long-term stability of this type of device for

used in Gravity Probe B to measure general relatiViSticfrequencies measured down+dl0 wHz. We have found no
effects® spinning balls experience residual torques in the '

, ) new sources of noise that may prevent substantial enhance-
presence of gravitye.g., for imperfect roundnesthat make : .
) . ments In sensitivity.
them a less than ideal candidate for Earth-based measure-
ments.
On the other hand, ring lasers and matter-wave interfery, SUPERFLUID “He INTERFEROMETER
ometers, which fall into a category of gyroscopes based on ) )
the Sagnac effect, are not subject to these gravitational FoOr _tegnpe_ratures below 2.17 K, liquftHe exists as a
torques. The Sagnac effect predicts that a phase s, superfluid which can be described by a macroscopic quan-
will develop when a beam of particles propagates through af#m wave function of the form

interferometer of ared rotating at the angular velocits. (r ) =|glexd1o(r,t)], 2)

This phase shift can be expressed as ) )
where|y| and ¢ are, respectively, the amplitude and phase
_ATQ-A 1 of this complex order parameter. A consequence of(Bxdis
T oA @) that the macroscopic superflow velocity, is determined by

) the phase via the relation
where\ andv are the wavelength and velocity of the par-

ticles, respectively. For particles of mass\ is the de Bro- Ve £V¢> 3
glie wavelength given by g=h/(mv) whereh is Planck’s S mg 7’

constant. From Eq(l), it is easy to show that the rotation- where m, is the mass of #He atom, andi is Planck’s

|_nduced phase Sh'ﬁ.Of an mterferometer using massive par(;onstant. Since the macroscopic wave function must be
ticles can exceed a light-based interferometer by the factor of.

mc(hf) (c is the speed of light, anlits frequency. For single valued, the circulation around any closed contour

instance, the phase shift for a sindlde atom is a factor of the inertial frameis quantized according to
h

é Ve-dl=2mn= jg Vedl=n—=n«k,
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FIG. 1. Shown is a superfluid-filled torus, with average radius R, partitioned~IG. 2. The basic geometry of a diaphragm-aperture oscillator configured as

by a wall containing a small aperture. Rotation of the torus at angular vea phase slip gyroscope. A soft flexible membrénehe center of the figuje

locity Q induces backflow in the aperture given by E@). drives flow through the aperture and the toroidal path. The position of the
membrane is monitored with a SQUID-based displacement semsir
shown). The rotation-induced flow in the aperture shifts the apparent critical
amplitude where phase slips occur.

n=0,+1,+2,..., (4)

where k, is the quantum of circulation. The superfldidle
gyroscope is based on this quantization of circulatibn.

We consider a superfluid-filled torus of radiBsparti-
tioned by a wall containing a small apertufeig. 1). If this
torus is rotating slowly at an angular velocifp then the
moving wall will push the fluid in the torus arms at a veloc-
ity approximating solid body rotationvg=QR). At the
same time, the superfluid will remain in its ground state with
zero circulation i=0). Evaluating the circulatiofi.e., the
line integral of the velocityfor a closed path that threads the
aperture and the arms of the torus yields

dissipation free for velocities below a well defined critical
velocity v, whose value is fixed for a given aperture and set
of experimental condition$i.e., temperature and pressure
When the flow velocity reaches,, a quantized vortex lirf@
is nucleated and traverses the aperture. In crossing all the
streamlines, the vortex grows in size and removes a discrete
amount of energy from the flow. This process, whereby the
phase difference across the aperture decreasesnbytiz
velocity in the aperture decreases B g,=ka4l/ly) is
known as a 2r phase slip.
The phase slip process and the critical velocity have
been studied in detail in several laboratorigst?The critical
jgvs-dlzf vs-dl+f
al al

Vedl=QR-27R+ v,y 125=0,  velocity is found to decrease linearly with temperatdie

rms p

(5) namely,v.=v.(1—T/Ty), wherev is the critical .vel.ocity
) o extrapolated to zero temperature ahgh-2.5 K. This linear
whereuv,, andl,, are, respectively, the velocity in and effec- o mperature dependence can be deduced by assuming that
tive length of, the aperture. Therefore, rotation induces dnhe nycleation of phase slips relies on a thermal activation
backflow in the aperture with a value process. Furthermore, the stochastic nature of this thermal
2R 20-A activation process implies that the critical velocity has a fi-
vap=~ T OR=———, (6)  nite statistical widttf® Av.., which will limit the precision of
ap a measuring .. We use these phase slips and the critical ve-
whereA is the area spanned by the arms of the torus. Byocity to ascertain the rotation-induced flow in the aperture.
expressing the velocity in the aperture in terms of the phase
difference across the apertunesing Eq.(3)], it is straight-
forward to show that Eq(6) is a restatement of the Sagnac Il EXPERIMENTAL TECHNIQUE
phase shift in Eq(1). The scalar produc€-A is known as The phase slip superfluid gyroscope uses a low-
the rotational flux and accounts for the general case when thigequency diaphragm-aperture oscillator, similar to the de-
normal vector of the area of the torus is not parallel to thevice used to study individual phase slfJsThe oscillator
rotation vector. For a multiturn torus witk loops, each with  consists of a fluid pump with a soft flexible membrane
an area ofA,, we may make the substitutioA—NA,. coupled to the aforementioned torishown schematically in
From Eq.(6), it is clear that if the circumference of the torus Fig. 2.
is macroscopice.g., 2rR~1 m) and the aperture is micro- Electrostatic deflection of the soft membrane is used to
scopic (a5~ 10 7 m), then this device behaves as a rota-push the superfluid through the small aperture and the paral-
tional velocity amplifier with a gain of-10’. The superfluid lel sensing loop. The position of the membrane is monitored
“He gyroscope is designed to measure this large rotationallwith a superconducting quantum interference device
induced velocity. (SQUID) based displacement transdiféarapable of resolv-
The technique used to measure the velocity in the apeting ~5x 10~ m/\/Hz.
ture relies on the notion of a quantum phase slip, a concept We drive the membrane with a sinusoidal force at the
introduced by Andersdfi to explain how a superfluid can resonance frequency of the oscillattypically, 10s of Hz.
dissipate energy. Superflow through a small aperture remairighe flow through the aperture is comprised of three compo-
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The plateaus result from the fact that most of the energy
being supplied to the oscillator is dissipated in the phase slip
process. We consider the case of a staircase where the rota-
tional flux is zero. Near the beginning of the first step, the
probability of having a phase slip in a given half cycle of
oscillation is near zero. At the middle of the step, this same
probability reaches unity so that there is a slip every half
cycle. By the end of the first step, there are two slips per half
X (n=0) cycle. At this stage, the power supplied to the oscillator goes

c into increasing the amplitude until the power is large enough
to produce additional slips, resulting in the formation of the
second plateau.

In practice, the oscillator response is monitored at a fixed
drive level. As shown by Eq(7), rotation of the torus will
shift the apparent critical amplitude. In addition, because of
Drive (arb) the scalar product in the rotation flux, reorienting the torus
with respect to the rotation vector will also cause a change in
the critical amplitude.

If the onset ofv. were a sharp deterministic transition,
then the steps of the staircase would be horizontal. In reality,

nents. The first component is the oscillating flow from theth® finite width of Av, causes the steps to have a nonzero
driven membrane. The amplitude of the membrane is directly/OPe- A measure of the quality of the staircase is given by
proportional to the velocity of this oscillating flow. The sec- the ratio of the step ris Xi. to step height Xgiep, namely:
ond component is the rotation induced flow given by Eq. 6. AX oo

The final component is flow produced by any configuration 5= AN (8)

of trapped quantized vortex lines that might exist in the arms step

of the torus. From Fig. 3, it is clear that a well defined staircase should

Phase slips occur when the total flow through the aperhave < 1. A more detailed analyreveals that; can be
ture reaches.. The critical oscillation amplitude of the ritten as

membraneX., is defined as the displacement amplitude of

el
]
1

..... X (n=1)

Diaphragm Amplitude (arb)
[+
o

o
2]

0 ' 500 ' 1000

FIG. 3. This shows a staircase response for a real désae Ref. @ The
slope of the step is proportional thv . .

the membrane when the velocity in the aperture reaches _ (1+ Rl Ave _[1+R)[Avc)( veo ©
If the rotation-induced flow increases by an amountu g, R [ Avgjp R veo /| Avgp)’
then phase slips will occur for a critical oscillation amplitude h
lowered by the amoungX; where 6X.x— dvg. Our ability where
to extract the rotation-induced flow by monitoring this appar- /1
Iy . pay
ent critical amplitude presupposes that any flow produced by R= m- (10
s%ap’'ap

vortex lines remains constant. Indeed, we find this to be the
case; therefore, for simplicity, we will assume that thisHere,|l anda are the length and cross sectional areas of the
vortex-induced flow is zero for the remainder of this article. parallel path(subscriptl) and the aperturésubscript ap and

In practice, there are two different methods used to meap, p are the density and superfluid density, respectiRlis
sure the rotation-induced flow: the staircase method and théhe ratio of the kinetic inductances of the two paths. The
slip-by-slip method. physical interpretation oR is that the current through the
parallel path iR times as large as the current going through
the small aperture.

The staircase technique is directly analogous to a method One can get a feel for the quality of the staircase for
used to operate an rf SQUID. A plot of the peak amplitude oftypical experimental values of the parameters. SiRcis a
the membrane as a function of increasing electrostatic drivegeometric property based on the dimensions of the parallel
results in a characteristic steplike patté¢fig. 3). When the  path and the aperture, we have good control over its value.
superfluid velocity in the aperture reaches the peak dia- Experimentally, one typically finds thatv./v.~0.01

A. Staircase method

phragm amplitude saturates at a critical level giveﬂ by —0.02. On the other hand, the quantity,/Avg,, also
20-A known as the zero temperature critical phase differgice
Xe=av.+ Bl nF ) n=0,12..., (7)  units of 27) varies unpredictably from one aperture to the
Ky

next. Although we have had apertures witfy/ Av g, as low
wherea and g are constants determined by the geometry ofas ~16, more typically, we find values near 40—60 and
the oscillator. The choice of sign preceding the rotational fluxsometimes over 100. It is expected that smaller apertures
in Eq. (7) depends on exactly where on the plateau the ostwith larger slip velocities,Av,= k4 /15) Wwill produce
cillator is being driven. The first half of the plateau is low- lower critical phase differences. In practice, however, we
ered (— sign and the second half is raiséd- sign) when  have not observed this for apertures with effective lengths
rotational flux is added® (which scale as- \/a_ap) ranging from several microns down
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to a few hundred nanometers. This may be due to the fac  0.62
that the critical velocity is determined by surface structure on
the scale of a few nanometers, something over which we dc
not have good experimental control at the present time.

For typical experimental values dv /v ~0.02, and
R~10, one would need to have an aperture with @ o058\, = 0 1 0-1 01 041
veo/Avgip<23 in order for a staircase to be resolvable., g |Te = - o «
n=1). Since most of our present apertures have a critical_e A e q.FA,bf‘ £ Ap.p‘o # ab
phase difference over twice as large, the staircase pattern® 0.56- »
are washed out. When this is the case, one can resort to 3 ] ——
different method of analysis. - |

s positive
° negative

0.60 -

0.54 -

B. Slip-by-slip method

. . . . 0521, T . . . . . T . .
Without a staircase, one can still measure the rotation- 500 525 550 575 600

induced flow by tracking the circulation state as it changes
with every single slip. Here we outline this procedure devel-
oped by the Saclay group. FIG. 4. The magnitude of the peak amplitude of the diaphrdi is
When there is a rotation-induced flow through the aper-plotted for consecutive half cyclgboth positive and negative displacements
ture, the apparent critical velocity will shift depending on the of the membranke We record the critical amplitudé, and the circulation
direction of the flow. The difference in the apparent critical staten for each phase slip in order to calculate the rotational flux. Data are
T . | o Pp N . from the 95 cri. The displacement amplitude for a phase ShXjip, IS
velocity in the two directiongpositive and negatiyeis di-  approximately 10 pm.
rectly proportional to this rotation-induced flow. More ex-

plicitly, the rotation-induced flux is
Figure 4 shows a sample of such data for the present device
2Q0-A 1+R

=(|Ag*|—|Ad]) , (11) (for similar data from the Saclay group, see Ref).IBhe
Kg (2m)-2R smooth ramps are interrupted by sharp drops, which are
where we have used the more convenient notation of thidentified as single phase slips. Each time a slip occurs, the
phase differenceA ¢, in lieu of the velocity through the ~Circulation state changes by a single umit(n=1), where
aperture(the superscripts- and — refer to the two different  the sign is chosen such that the velocity in the apertare
directions of flow. The phase difference across the aperturd®hase difference across dlways decreases. _
is proportional to the velocity through the aperture and is  1herefore, for each phase slip, we recardnd X (i.e.,

Half-cycle number

given by the value ofX when a phase slip occyrsiVe evaluate the
phase difference corresponding to these quantities using Eq.
A_¢= Vap (12) (13). The rotation flux, in units ok,, is subsequently found
27 Avgp’ by inserting these apparent phase differendes the two

The apparent phase difference for the two directions isdlrchons of flow into Eq. (11).

directly related to the peak diaphragm amplitoimeasured

a quarter cycle earlier by C. Noise
7|X| The precision with which ‘we can measure rotational
AG®E DXy +nR changes depends on the precision with which we can mea-
— " 7slip , (13)  sure the phase slip critical velocity. Therefore, the fundamen-
2m 1+R tal limitation in the phase slip gyroscope sensitivity is the

where AXg;, is the decrease in diaphragm amplitude for asStochastic width of the critical velocity. The statistical uncer-
2 phase slip, and is the integer describing the circulation tainty in the critical velocityo, _(i.e., the standard deviatipn
state of the loop. leads to an uncertainty in the measurement of the peak dis-
The derivation of Egs(11) and (13) involves some al-  placement of the diaphragnry . Using Eq.(7), this uncer-
gebra and is not reproduced hésee Ref. 2} This deriva-  tainty is simplyoy =ao, . The uncertainty in the rotation
tion is similar to that of Eq(7), except that we are explicitly () after timer is ¢ ¢
taking into account that both ¢ andX are signed quantities.
The raw data used in conjunction with Ed.3) is ob- ETo) ki\[a) Ou,
tained in the following manner. Experimentally, the oscillator oo(7)= a—XCUxC( )= (ﬂ) (E) N (14)
is driven with a constant amplitude sinusoidal force at its slips
resonance frequency. The full sinusoidal wave form of thewherevg;,sis the average slip frequency such thedlips are
oscillator is recorded and a parabola is fit near the extrema tmeasured in timer (i.e., N=vg7). If the phase slips are
determine the peak amplitude of each half cycle. We, theredncorrelated, one can introduce a white power spectral den-
fore, collect a sequence d6igned peak amplitudesX in sity Sq, such thatag(r)=8}{2/ﬁ. Using the geometric for-
arbitrary computer units. We plot the magnitude of the peaknulas fore and B, the rotational noise spectral power den-
amplitude|X| as a function of timgor half-cycle number  sity is
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ol rad) 1+R A <K4> 1 s Front
o S\/H—Z R AUSlip 2A \/27TVS|ipS, I

where we have used, =Av/\2m for a Gaussian distribu-

tion. Therefore, for a given torus aréa the recipe for low-

ering the noise is to minimiz&v./Avg,, to maximize

Vglips: @nd to makeR>1. A
When dealing with staircases, it is more convenient to

express the rotational noise in terms of the staircase param-

eter . Using Eq.(9), the rotational noise is

_7
2

Kag

rad 1 16

S\/H—Z V2 7TVinps. Back
The shape of the staircase, therefore, can be used to calculate -
the rotational noise of the device.

Two phase slip gyroscope prototypes have previously
been reported. The Saclay group built a 4.0° agroscope F

1/2
Sa

and used the slip-by-slip method of analySisecause . for

their aperture was too large to produce a staircase. Our group B
in Berkeley built a 1 crh device and used the staircase

method for analysi8.Consistent with the noise calculations

just given, both devices showed rotational sensitivities of
~Qg/JHz, where Qg is the Earth’s rotation rate. Since

those initial efforts, we have built several generations of 4 cmi

larger devices, culminating with a large area multiturn gyro-

scope described below. AHEEREE —[‘ ’J_ HHEHEEE

nnonnonn

0.25¢cm

noonnonn

IV. LARGE AREA MULTITURN GYROSCOPE

Our most recent attempts to acquire an aperture with &G. 5. A sketch of the front and back views of the multiturn 952cm
low critical phase difference were unsuccessful. Since th@yroscope with a well defined flow path. The aperture is glued into the inner

staircase method requires a low critical phase difference, W%entral depression. The sensing loop, machined in brass, winds around
clockwise on the front, continues through a large drilled hole to the back

built a. device that could be operated W.ith the S_"p'byl'snpside, and continues looping around in the same dire¢tonnterclockwise
analysis. Two such gyroscopes were built: The first with arom the back side point of view until it reaches the back side of the
10.6 cnt sensing loop and the second with a 952drmp_ aperture. The front side is sealed with ah Kapton membrane and a stiff

This work focuses on the more sensitive 952atevice 0.125 mm plastic washer to insure the rigidity of the flow channels. The
’ back side channels are sealed with a single 0.125 mm plastic washer with a

The multiturn 95 crf is shown in Fig. 5. The SenSing central through hole to allow the fluid to move in and out. The depth of the
area consists of a helical pafwith a total of 13 turns  various featuresiwhite) raised surface(gray) recess 0.25 mnicrosshatch
wound on the front and back side of a thin square brass platgcess 0.9 mm, anglack through hole.

(4 cm wide and 2.5 mm thigk The nominal area of the loop

is found by assuming that the position of the parallel channel

is at the midpoint of the channel. The toroidal length is 1.41

m, and the channels are 0.78 mm wide and 0.25 mm deep. This plate is immersed in a superfluid-filled box which is
The aperture0.42 umx0.26 um) is etched in a 100 nm cooled with an adsorption pumpétte refrigerator. At our
thick SIN membrane residingnoa 3 mm Sichip?® which is  base operating temperature of 0.28 K, the oscillator has a
glued in the center of the central depression. The resuRing resonance frequency of 7.073 Hz and a quality factor
ratio for this geometry is 0.43. Rigid square plastic washers;-20 000.

glued to the raised surface on both the front and back sides, To determine the sensitivity of the gyroscope, we mea-
seal the channels. sure the change in the rotation-induced flow as the sensing

A 7 um thick metallized Kapton membrane, glued overloop area is reoriented with respect to the local component of
the central depressidmnecessed 0.25 mmacts as the pump the Earth’s rotation vectdisee Fig. 6. In the lab, the normal
that we use to push fluid through the aperture and paralldb the sensing loop area is in the horizontal plane. The gyro-
path. Starting from the central depression, fluid movesscope is rigidly fixed to the refrigerator which can run at a
through the parallel path and the aperture. The fluid movindemperature near 0.30 K for 36 h at a time. The refrigerator
through the parallel path winds through the arms on the fronis placed inside a helium dewar which resides on a rotating
side, goes through a large hole to the back side of the platglatform consisting of two flat centered aluminum disks
and continues its path through the back side channels until #eparated by a water bearing. A dc motor coupled by a pulley
reaches the back side of the aperture. system is used to reorient the dewar/gyroscope system.
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10- M, +M,*cos(o-9,)
M,  -0.204 +0.004
N %, 689 102

54

Amplitude of curve, M;:
10.119 (for 1 cm? device)
-104 1.21 (for 10.6 cm? device)
110.62 (for 95 cm’ device)

'15'l'l'l'l'l'l'l'l'l
50 0 50 100 150 200 250 300 350 400

FIG. 6. The magnitude of the Earth’s rotational flux is varied by reorienting Orientation of gyroscope (degrees)

the gyroscope sensing ar@a(whereA is normal to the plane of the loop

with respect to the Earth’s rotation vect&)z. This is done by reorienting  FIG. 7. Shown is the Earth’s rotational flux as a function of the orientation
the gyroscope about the vertical axis in the lab. At a latitdde the rota- of the sensing loop area of the gyroscope. The present $5dewvice is
tional flux varies with orientation angle as )gA cosé_ cosc. compared with two previoudHe gyroscopes that have been built in Berke-
ley: the prototype 1 chgyroscopesee Ref. 8(whose modulation curve on
this scale looks like a flat lineand a 10.6 cihdevice.M, is a dc offset
determined by the flow induced by remnant vortices.

Rotational Flux (x,)

As seen in Eq.(6), when we reorient the gyroscope
about the vertical axis in the lab, the rotational flux is ex-
pected to vary as QA cosa where Q2™ is the projec- 3000 bins of 36 s each. For each bin, the rotational flux was
tion of the Earth’s rotation at our latitud@(=37N 52 20')  found using the slip-by-slip analysis described in Sec. Il B.
in Berkeley (i.e., QE°™*= (¢ cosg) and « is the angle be- |n these 30 h runs, which must obviously be conducted dur-
tweenA and QE®™®. Without prior knowledge of the direc- ing both day and night, occasionally external disturbances
tion of true North, we measure the rotational flux with re- are large enough to render identifying individual slips impos-
spect to some convenient lab coordinate systemsible. In these instances, short segments of data are removed.
characterized by an angle which is offset frem The long-term stability of the circulation bias makes it pos-

At a fixed orientation, we find the rotational flux by re- sible to piece together these disjointed segments. The bin
cording the half-cycle peak amplitude for a period of 10 min,size of 36 s was chosen so that no one segment would have
as described in Sec. Il B. A typical 10 min data record con-less than~1/2 the average number of slips for the other
tains ~2800 slips for analysis which would allow us to re- segments(169.2 slips/bii. We estimate that~1500 slip
solve the rotational flux to~0.01k,. After this measure- events are omitted from this 30 h measurement, compared to
ment, the dewar is reoriented slowly by 5° at a rate of507 689 total included slips (99.7%).
~2°/min. We allow the system to settle fer5 min at the Figure 8 shows the change in the rotational flixunits
new orientation angle before recording another 10 min obf the Earth’s rotation rajefor this 30 h measurement, and
data. We repeat this process until the gyroscope has bed¥ig. 9 shows the corresponding rotational noise power spec-
reoriented by 360° which, for a measurement of 72 points
separated by 5°, takes21 h.

A plot of the rotational flux versus orientation angle pro- 0.04-
duces the predicted cosinusoidal response c(alg® known
as the modulation curyeA typical modulation curve for this
T 0.02-

device is shown in Fig. 7. We measure the amplitude of the
modulation due to the Earth’s rotational flux to b&Z™A
=(10.63+0.01)x,, an agreement of better than 3% to that
expected for a 95 cfnloop. We locate true North with a
precision of~0.4°, which represents the reproducibility of
the offset angle from one modulation curve to the next'g
(68.9° is the offset of the arbitrarily chosen dewar coordinate & 4, |
system from North, the direction where the rotational flux is &
at a maximum ©
The sensitivity of this device to the Earth’s rotational

flux is highest at a region of maximum slope on the modu- & 0.0 3.0x10°  BOx10*  9.0x10°  1.2x10°
lation curve. The long-term stability of this device was re-
corded by measuring the rotational flux at the point of maxi-
mum sensitivity for 30 h. In order to generate the rotationalgg, g shown is the long-term stability of the 95 Zxevice over a 30 h
noise power spectrum, the 30 h time trace was divided int@eriod. Each data point is a 36 s average.

n Rotation (;
o
8

Time (sec)
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1w rad | 1+R Avc)( Vo )(K4) 1
10'5-: o S\/E R 1 veo/\Avgip/ | 2A \/27TVs|ips.

(17

Gains in sensitivity will come primarily from increases in the
area of the loop and the operating frequency of the oscillator.
One can imagine building an even more sensitive gyro-
scope with the following parameters: 15 turrfsaol m di-
ameter loop; a channel radius of 3 mm; a circular aperture
with a 50 nm radius in a 50 nm thick substrate9 cnf
diaphragm with a spring constant 61500 N/m; R=10;
Av./v,n=0.01; and a zero-temperature critical phase differ-
ence @c/Avg,) of 15. The resonance frequency of such a
diaphragm-aperture oscillator would be€).5 Hz and its sen-

8" (rad/secl Hz'?)
=
'b

10J§

10° 10 10° 10* sitivity, if Eq. (17) continues to hold, would be-5x10°°
Frequency (Hz) Qel\Hz.

In order to operate at a higher frequency, one would need
FIG. 9. Shown is the rotational noise spectrum for the 95 device(the  to find a mode other than the fundamental diaphragm-
fast Fourier transform of Fig.)8The mean value is 2.Grad/sA/Hz which aperture resonance that can be used to generate phase inps in
corresponds to 3%610°% Qe /Hz. the aperture. The derivation of the resonance frequency of
the diaphragm-aperture oscillator assumes that the superfluid

trum. This power spectrum is “white” and has a mean valuelS incompressible. This assumption is no longer valid if we,

of 2.6 wrad/sh/Hz. Therefore, the useful sensitivity of this for instance, stiffen the diaphragm in order to increase the
large area multiturn phase slip gyroscope is X318 2 fundamental resonance of the diaphragm-aperture atoye

QE/\/H_Z. wherec is the speed of soun@40 m/g andl, is the length
8f the toroidal path. For the gyroscope just described, with

The most striking feature of these results is the absencI 47 his implies that the diaph
of low-frequency noise in the rotational power spectrum. We! m, this implies that the diaphragm-aperture resonance

believe that the device contains remnant vorticity due to théreqllf'ency needs to bgidS Hz. te th t higher f
existence of a nonzero value of the circulation bias even OWEVET, one could operate the gyroscope at higher ire-

when the gyroscope is oriented so that its rotational flux isquen_mesl by ugl_lzmlg tthe ar(]:oust:;:al mOdisr?tQ:; eg'jt in the
zero. However, the stability of the circulation bias over thigSENSING 100p. simulations have been perto address

30 h time scale indicates that the movement of remnant vorihiS Possibility. The resuits suggest that using higher harmon-
tices is minimal when we do not disturb the system. In agJcs of these acoustical modes introduces additional noise that

dition, we have not observed any bias shifts during any ofictually degrades the sensitivity in most, but not all, cases.

the ~ 15 modulation curve measurements recorded with thiérhis hoise arises from sound waves generated by phase slips
device or the previous 10.6 Gndevice, even though we previous half cycles. Using the lowest harmonic fora 1 m

disturb the system every time we reorient the dewar. diameter loop, wherev~80 Hz, R=10, and Av /Avg,

: ; ~0.1, the authors of Ref. 27 find the sensitivity to b
In an attempt to quantify the level of disturbance needed > N
to change the bias, we drop a computer mouse ba8{ g X 10”° rad/shHz (or 3x10"° ¢/ Hz), an order of mag-

onto the dewar platform from various elevations. We findnitude worse t_han that_ predit_:t_ed by E_ﬁl7)- The possibility

that the bias does not shift when the ball is dropped from 41at the coupling of this additional noise can be reduced by
height of~1 cm, but the bias does change when we drop thgarefL_jI design of_t_he h_ydrodynamlcal _CIrCUI'[ remains an open
ball from ~10 cm. Apparently, the latter case is a more duestion. In addition, it may be possible to damp the sound

severe disturbance than one might encounter while reorienfl®d€s with an absorbing material such as aerogel. Further

ing the dewar, even for our highest possible reorientation rat§XPerimentation is needed to address these issues.
of ~20°/min. However, from a practical standpoint, one needs a

Larger volume devices may have an increased susceptriUEthOd for testing these gyroscopes when the random envi-

bility to external disturbances which in turn could move rem_ronmental rotational signals exceed the intrinsic sensitivity

nant vortices off their pinning sites. If this subsequently be_of the device. Velocity sensors attached to the cell stage re-

comes a problem, it will be necessary to fill the device Withveal that in quiet conditioné.e., vibration and acoustic iso-

a porous substance such as aerogel. However, we have AS{'OH mechanisms fully operationahe velocity of the low-

observed any adverse stability effects, even as the volume ggmperature stage at a typical pendulum mode frequency of

this 95 cnt gyroscope has exceeded that of our prototype by~ 15 Hz often exgeed& 100 nmys. This corresponds to a
~2 orders of magnitude. peak-to-peak motion of at least several nanometers. If this

oscillation is produced by a pendulum with a length~e10

V. PROSPECTS FOR IMPROVED SENSITIVITY cm, then the rotational velocity already exceedgrad/s, or

-~ 1072 QE .
Using Egs.(9) and(16), the rotational resolution of the Here, we suggest two methods that allow us to charac-
phase slip gyroscope can be written as terize the intrinsic sensitivity of a gyroscope in the presence
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reduce the effective area of the sensing loop to zero by windfR.P) would like to thank Professor K. LaRana from Univer-
ing an astatic pickup loop where the toroidal path on thesita’ di via Gabbiola for his seminal contributions to this
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