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We have developed the superfluid analog of the superconducting rf SQUID. Such a device is a
quantum mechanically based, absolute gyroscope and has been used to sense the rotation

of the Earth. Our device is fabricated using silicon processing techniques and forms a planer
sensing loop of superfluid helium which couples to the applied rotation. A much more

sensitive superfluid gyroscope based on the principle’s demonstrated with this device, might
ultimately be used to detect the precession of our local inertial frame with respect to the fixed stars
by the gravitomagnetic field of the rotating Earth. We compare the superfluid gyroscope

against two other experiments aimed at detecting this general relativistic effedt998® American
Institute of Physicg.S1063-777X98)01102-3

INTRODUCTION
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It has long been appreciated that superffikigd could be 1= 2imy (PEVE =V =p my Ve &
used as a reference to an absolute inertial frimdn this Thus the superfluid velocity is,= (#/my)V ¢. If we evalu-
paper we futllne how we exploit the quantum propert_les Ofate the path integral of the velsocity around a closed contour,
superfluid®”He to construct an absolute gyroscope, dlscus%e find
the recent success in observing the rotation of the Earth us-
ing a device which behaves similarly to an rf SQUit%,and
discuss the possibility of using a much improved superfluid

?ngoéggﬁe to observe the Lense-Thirring Effect of the rOtat_that circulation is quantized in units @f. This is required if

the complex order paramet®f is to be single valued as we
traverse around the path of integration.
Following from fundamental quantum mechanical as-
Here we show that if a Schadinger-like equation of mo-  sumptions, that is, the existence of a macroscopic order pa-
tion is assumed for the macroscopic order parameter of gameter and a Schdinger-like equation of motion, it is
superfluid, one concludes that circulation is quantized irfound that circulation in a superfluid is quantized, and this
units of g in the local inertial frame, where,=h/m, and  quantization is with respect to a local inertial frame. By mea-
m, is the bare mass of the helium atom. Anarfdgives an  suring these circulation states, we can use the superfluid as a
elementary argument where one begins with the Grosseference to an absolute, non-rotating frame.
Pitaevsky equation for the superfluid order parameter
W(r,t):
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CIRCULATION QUANTIZATION IN SUPERFLUIDS

SUPERFLUID GYROSCOPE

VU + V¥ +g| ¥ |2, (1) An annular container with a septum and an aperture pro-
vide a means to exploit the quantization of circulation to
whereg is the strength of the self interactions of the super-measure rotation of the container with respect to the local
fluid andV is from external potentials. We assume this to beinertial frame. If this container is rotating with angular ve-
true in the local inertial frame. In the usual way, if we evalu-locity w, one finds that the superfluid will undergo essen-
ate the time derivative of this equation and of the complexially solid body motion along a contour between the inner
conjugate equation, we can identify a continuity equationand outer radius of the annulfign order that the circulation
and a mass current density operator: is to be quantized along a path threading the annulus and the
aperture, a back-flow through the aperture is required:

if

d h
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where we interpret the term on the left hand side to be the la la
time derivative of the superfluid density,* ¥, and the next wheren is an integer] , is the hydrodynamic length of the
term to the divergence of the superfluid mass current. If weaperture, andR, is the radius of the annulus.

assume a stationary wave function of the form In our device, this back-flow is detected by measuring
W (r,t)=V¥q(r)exp(—iEt/h), whereE is a constant ant¥V the apparent change in the onset of vortex nucleation in the
=/p expl¢), then the current operator becomes aperture. These vortices nucleate at a superfluid velocity

: ®
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whereR is the ratio of the hydrodynamic inductances of the
Raw data two hole oscillator Ao is the effective sensing area, ang
| Smoothed

is the oscillator resonance. In our cabgs=0.25<10 ° m,
275 1 L1 N

R=7, A=9.8x10"°m? vy=66.5Hz, v.=8.4mis,
Av.=0.22 m/s, thus/S,=15x 10 8(rad/9(1/\Hz).
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SUPERFLUID GYROSCOPES AND THE LENSE-THIRRING
EFFECT

It is predicted that the local inertial frame is not the same
frame as that attached to the fixed stars. The relative rotation
between these two frames is expected to be at the level of
tens of milli-arcsec per year, and arises from the general
FIG. 1. Modulation of diaphragm critical amplitude from Earth's rotation. Felativistic effect of the rotating Earth on the local inertial
Smoothed curve has been shifted down 0.5 pm for visibility. frame, the gravitomagnetic field.Motivations for detecting

this gravitomagnetic field are found at the most fundamental
level of physics. Detection of this effect would provide in-
formation to basic questions concerning general relativity
* and the origins of inertia
Currently, there are two active experiments which intend

Diaphragm critical amplitude, pm
N
3

v+ Av, Whereu, is relative to the walls of the aperture
andAv. is the spread in velocity from the stochastiber-

mal or quantuth nucleation mechanisms. One can see tha{o measure this new field: LAGEGSand Gravity Probe B
the superfluid gives a reference to an absolute, non—rotatingEGPB)_ls The LAGEOS experiments involves the tracking of
inertial fr?‘m?' since the apparent changg int_he apparent Crit|§arth orbiting satellites. The gravitomagnetic field should
cal velocity n the ap_erture V\."" b_e zero in this frame. precess the plane of the orbit. The GPB experiment uses
Free vortices which are inevitably created when the Su'spinning quartz sphere gyroscopes on an Earth orbiting sat-

E_erﬂl#:j SaT]ptlﬁ coolstthroug:k, tvr\:”l produce a _nont-zer(t) ellite. In this case, the measurement is of the precession of
as through the aperture when the gyroscope IS at rest. By,q gyro axis. Although a superfluid gyroscope is very far

ma"'!"g rlneasurements at_tvvtotrc])_ppg_s Ny o;legt?tmtns cl)f ttuﬁom possessing the sensitivity required to detect this effect,
Sensing loop, one can reject this bias and detect only i ;o interesting to compare it to these existing projects.

signal from absolute rotation. This is the same technique One could imagine three superfluid gyroscopes oriented
used to make an absolute magnetometer using a SUperCOrlﬂ'utually perpendicular, attached to a platform carrying a

; 8

dUCt\'/Cg : SQ(L;ID' trated a devi hich i imilar pointing telescope. These gyroscopes provide a measure of
€ have demonstrated a device which IS Very SImIar Iny,qq) e rotation about any axis and by combining the output

dynamics and operation to a superconducting rf SQUID. Th

S . . - 1N%f these gyroscopes with a feedback loop and actuators, one
devu_:e IS atwo hole, dlaphragm—apgrture superfluid OSCIIIatOEould hold the platform non-rotating with respect to our local
?”d tls fabngatec: from .:?hl.S cm S'“?fQ f(()qiu“arez. Iltghas;_a Phertial frame. Using the telescope to provide a reference to
lr.'”.‘e erllsensmg 00p Wi ¢ aﬂ "?‘reg@ bl mt. ) )tl u I-t the inertial frame of the distant universe, it is predicted that
12Ing Stlicon processing techniquesye are able to INtegrate .o qhsepyved star would drift as viewed by the telescope at a

the submicron sized aperture with a patterned, thin SENSINBhte consistent with the Earth’s gravitomagnetic field. This

loop (80 pm thi9k)' AISO.’ the ;uperfluid flow ﬁel_d is easily experiment is essentially the inverse of the GPB experiment.
calculated in this two dimensional geometry using commer-~ " comparison to LAGEOS, both the superfluid gyro-

cial _?ﬁ.rt'?jl d|_ffere2t|al equz;ttl_o n solving softwarﬁ_. his ch scope and GPB are less sensitive to effects which cause ad-
IS device Shows a slaircase response Which IS charafg; o rotations, such as the non-spherical mass distribution

terlst|ctotf atr;] rfESQtl#D. B;ytreonenttmg the fsegstlr?gt It?]op al of the Earth. For LAGEOS, one must model these effects to
respect to the tarth's rotation vector, we hind that the appa:il precision better that one part in’1® resolve the small

e_nt critical velocity in the aper_ture IS modulated as gxpecte esidual rotation caused by the general relativistic effect. For
Fig. 1. We drove the superfluid oscillator onto the first stepg

and continuously recorded the apparent critical amplitud%
while reorienting the Dewar. This reorientation was at a rate;
of 1 rev/h and had the effect of changing the Earth’s rota
tional “flux” through the perimeter sensing loop.

The noise in this gyroscope originates from the uncer
tainty in the superfluid critical velocity at which a vortex is
nucleated. TypicallyAv is ~2% ofuv.. One can show that
the rotation resolution in rad/s pefHz, given this uncer-
tainty in critical velocity, is

PB, the rotation caused by the Earth’'s oblateness is about
ne third the rate of rotation caused by the gravitomagnetic
eld. A superfluid gyroscope would have a similar low sen-
sitivity to such a non-ideality, and thus would provide a
much more direct measurement as compared to the LA-
‘GEOS experiment.

As compared to the spinning quartz balls used for GPB,
the superfluid gyroscope has a much more relaxed constraint
on the physical environment: fewer “Near Zero” require-
ments. The spinning sphere gyroscope requires: exotic fabri-

14R | cation, extreme vacuum, a method to spin-up and suspend
VS, = — ———— Av,, (6)  the spheres, and ultra-low ambient magnetic and electric
R A/8mry field. The superfluid gyroscope does not require such ex-
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treme experimental conditions: helium couples very weaklyprove the sensitivity of the superfluid gyroscope should be
to electromagnetic fields through the small dielectric polarfocused in two areas as indicated by E®). increasing the
izability; a superfluid gyroscope will never “spin down” coupling with larger sensing loops, and finding ways to de-
since the measured effect is given by a quantum constrainttrease the uncertainty in the critical velocity for vortex
The superfluid gyroscope is a rate sensor, while the GPBucleation.
scheme is an angle sensor. If one used the superfluid gyro- The first step to improve rotational coupling would be to
scope in a feedback loop as described, the error in the angwind a much larger area, multi-turn, sensing loop. If we limit
lar orientation will grow with timer: o,=/7S,. Thus, the the size of the loop to fit into our current apparatl cm
signal-to-noise ratio will grow only as the square root ofdia. Deway, we could increase the rotational coupling by
time. To obtain a resolution of 1 milli-arcsec after a measure41000 in comparison to our current apparatus. Ideally, if one
ment time of 1 year, a superfluid gyroscope with spectrabould suppress all forms of non-fundamental noise and dis-
noise density of~1x 10 ¥rad/9(\Hz) is required. This turbance, one could achieve a sensitivity ofl6 ° of the
requires an improvement of a factor ef5- 106 over our rotation of the Earth with a measurement time of 1 h. This
demonstrated gyroscope. would be a significant step toward realizing a superfluid gy-
As for GPB, the signal from the precessing spinningroscope which could sense the Earth’s gravitomagnetic field.

spheres increases linearly with the measurement time, but . . '
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