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Abstract

The GGG differential accelerometer is made of concentric coaxial test cylinders weakly coupled in the horizont
and spinning in supercritical regime around their symmetry axis. GGG is built as a full scale ground based prototyp
proposed “Galileo Galilei-GG” space experiment aiming to test the equivalence principle (EP) to 10−17 at room temperature
We report measuredQ values of 95000 at 1.4 Hz, and expect even better ones at typical spin frequencies of a few Hz
violation signal in the field of the Sun would appear as a low frequency displacement in the horizontal plane of the lab
and it can be separated out from a much larger whirl motion of the test masses at their natural differential frequenc
we have managed to reduce the amplitude of this whirl to about 0.1 µm. We discuss how to improve these results in
the very high accuracy GG experiment in space, and/or to reach a 10−13 sensitivity in the lab which would allow us to eithe
confirm or rule out recent predictions of violation to this level.
 2003 Published by Elsevier B.V.
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1. Introduction

A fast rotating differential accelerometer made
weakly coupled concentric and self centering t
cylinders, has been designed to be flown inside
small “Galileo Galilei”-GG satellite with the purpos
of testing the equivalence principle (EP) to 1 part
1017 at room temperature, see [1,2] and referen
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therein. EP experiments in low Earth orbit take adv
tage of the stronger signal (by 3 orders of magnitu
for orbiting test masses, and the absence of weight
lowing the test masses to be very weakly suspen
and coupled). Two other proposed missions, STEP
and µSCOPE [4], also aim to test the equivalence p
ciple in space. The goals are 10−15 for µSCOPE and
10−17–10−18 for STEP (by running the experiment
very low temperature). Both the STEP and µSCO
accelerometers are sensitive only along the symm
axis of the test cylinders and are designed to modu
the signal by rotation around an axis in the plane p
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pendicular to it. Instead, the GG accelerometer sp
around the symmetry axis (which appears to be
natural choice) and is sensitive in the plane perp
dicular to it. In addition to preserving the 2D dime
sion of a possible EP violation signal in the orbi
plane of the satellite, and to make fast rotation p
sible, a 2D accelerometer allows a full scale 1-g v
sion of the instrument to be designed and tested in
laboratory. Indeed, if the spin/symmetry axis is us
to suspend the accelerometer against local gravity
plane of sensitivity lies in the horizontal plane whe
it could detect the signal of a possible violation
the equivalence principle. The “GG on the Groun
GGG accelerometer is a full scale prototype of the
proposed for flight with GG (see [5] for details). W
report the experimental measurements which con
the main novel features of the GGG acceleromete
predicted from the theoretical analysis of its dynam
cal behavior, and the measured quality factors wh
demonstrate that the accelerometer is suitable for
accuracy EP tests. We also report the current sens
ity of the instrument and discuss how to improve it
demonstrate the feasibility of the GG experiment
space to 10−17 and to perform a ground test to 10−13.
The latter test would improve the present best res
[6,7] by one order of magnitude, enough to either c
firm or rule out recent violation predictions based
string theory [8].

2. Design and main features of the GGG
differential accelerometer

Experimental tests of the equivalence principle
tests of the most direct experimental consequenc
the “Principle”, namely the universality of free fa
(UFF) by which in a gravitational field all bodie
fall exactly the same independently of their mass
composition. UFF experiments require two test bod
of different composition in the gravitational field of
source mass (e.g., the Earth or the Sun). The bo
must be arranged to form a differential accelerome
and to accommodate a read-out system in betw
them to sense the effects of differential forces. In
GG accelerometer design for space the differen
nature of the instrument is obtained in two wa
First, by arranging the test bodies (concentric, coax
hollow cylinders) like in a beam balance with th
beam along the spin/symmetry axis of the cylind
and very weak coupling in the plane perpendicula
it (the plane of sensitivity). Second, by means o
capacitance read-out which is sensitive primarily
differential displacements of the centers of mass
the test cylinders relative to one another (it may se
common mode displacements too, but only to sec
order).

Both these features are retained in GGG at 1
Like in space, the design is that of a beam bala
with the beam along the local vertical, which
also the spin/symmetry axis of the test bodies. Th
are concentric, coaxial hollow cylinders with th
same 10 kg mass as in space. Appropriate card
suspensions are used such that they can withs
gravity along the vertical while also weakly couplin
the test cylinders in the horizontal plane, for b
sensitivity to differential forces. The coupling vertic
beam is enclosed inside the rotation shaft by me
of 3 such suspensions: the central one to suspen
whole system, the top and down ones for the ou
and inner test cylinder respectively (see Fig. 1). T
relative displacements between the centers of m
of the test cylinders are detected by a differen
capacitance read-out in all similar to the one desig
for flight. As in the design for space, the syste
spins in supercritical regime, i.e., at frequencies
a few Hz) higher than its natural frequencies wh
allows self centering and reduced mechanical
electronic noise. The main difference with respec
the experiment in space is the need of a motor
of bearings (which are well-known sources of noi
to provide the rotation of the system. To the contra
in space, once the whole satellite has been spu
the required rate, this is maintained by conserva
of angular momentum and no motor or bearings
needed. Another important difference is that on
ground the spin/symmetry axis of the accelerome
is also the direction of local gravity, a force whic
exceeds any other force acting on the system
far hence imposing a top/down asymmetry in
accelerometer design, as it is apparent by compa
the GGG accelerometer shown in Fig. 1 with the G
accelerometer shown in Fig. 2 of Ref. [1].

The theoretical analysis of the GGG dynami
system allows us to predict its natural frequencies
oscillation in the plane of sensitivity of the instrume
(the horizontal plane), to be compared with th
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Fig. 1. Section through the spin axis of the GGG differential accelerometer inside the vacuum chamber. (Figure is in colour on the web.)
VC: vacuum chamber; MO: motor (drawn in brown); x: ball bearings; OR: O-rings; AD: annular dishes with the read-out electronics; CP:
capacitance plates; OD: optical device;mi : inner test mass (green);mo : outer test mass (blue); LS: laminar suspensions (orange);ma : coupling
arm (cyan); ST: suspension tube (yellow). The open circle indicates the position of the bodies center-of-mass CM. The drawing is to scale and
the inner diameter of the vacuum chamber is 1 m. Also:Lo = 38 cm;La = 19 cm;Li = 4.5 cm;	L ∼= 0 cm; l = 0.5 cm.



216 G.L. Comandi et al. / Physics Letters A 318 (2003) 213–222

ment) as
t zero spin
the other.
Fig. 2. Natural frequencies of the GGG system in the X and Y directions of the horizontal plane (the plane of sensitivity of the instru
theoretically predicted (lower plot) and measured (upper plot). (Figure is in colour on the web.) The measurements are performed a
rate. The lowest frequency (just below 0.1 Hz) is the frequency of the differential oscillations of the test cylinders one with respect to
The difference in the X and Y directions is due to manufacturing differences of the cardanic suspension strips in the two directions.
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measured values. The sensitivity of the instrumen
the effect of differential forces (such as the effect
an EP violation) increases with the natural freque
of differential oscillation of the test cylinders one wi
respect to the other to power−2, and this frequenc
can be reduced by using the force of gravity to prov
a negative spring.

In Fig. 2 this frequency is just below 0.1 H
but it can be further reduced. The figure shows
comparison between the theoretical and the predi
values of the 3 natural frequencies at zero spin
in the X and Y directions of the horizontal/sensitivi
plane, indicating that the values of these frequen
are known beforehand. Once in rotation, the val
of the natural frequencies slightly change depend
on the spin rate, and these changes can also
predicted theoretically. Fig. 3 shows that all measu
values of the natural frequencies lie on the predic
lines. For each spin rate, the supercritical regime
below the 45◦ resonance line. In this regime, due
inevitable losses in the system, at the slightly chan
values of the natural frequencies the system deve
whirl motions (see Section 3). More details on t
simulation program that we have developed in or
to predict the dynamical behavior of the GGG syst
(and possibly improve its sensitivity by appropria
changes in the design) are given in [9,10].

3. Quality factor, whirl control and sensitivity

In order to reduce thermal noise and to impro
sensitivity, an accelerometer devoted to testing
equivalence principle should have quality factorsQ

(inverse of loss factors in the system) of values
high as possible. An important advantage of rotat
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frame of
ithin our

m, to show
dicted ones.
Fig. 3. So-called “Campbell diagram” for the GGG rotor. It gives the natural frequencies of the system (in the non-rotating reference
the laboratory) as function of the spin rate of the rotor. (Figure is in colour on the web.) The blue (solid) lines have been predicted w
simulation program of the system (circles on these lines are computed including also a realistic dissipation, i.e., losses in the syste
that dissipation does not affect the natural frequencies); the red crosses are the measured values, and they clearly confirm the pre
The supercritical regime is easily identified below the red dashed line at 45◦ inclination (see [9] for details).
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in supercritical regime (spin frequency higher than
natural ones) comes from the well-known fact that
this regime the suspensions are deformed at the
frequency of the system, not at their natural on
hence, losses occur at this frequency (which is
highest in the system), and they are known to decre
with frequency. We can therefore design the system
as to have a very weak coupling of the test cylinde
hence, a very low natural frequency for different
oscillations of their centers of mass one with resp
to the other (for best sensitivity to differential force
and yet obtain a high quality factor by spinning
high frequency. Moreover, since rotation provides
modulation of the signal, high spin rate also mea
high modulation frequency and reduced “1/f ” noise.
It is therefore apparent that the supercritical regim
extremely well suited for accelerometers aiming to t
the equivalence principle.

Quality factors at the natural frequencies can
measured, for the whole system, at zero spin rate
exciting oscillations at these frequencies and mea
ing the decay in the oscillation amplitude. Fig. 4
ports measurements performed in 2002 at the 0.9
natural frequency, yielding value of 16450. In 200
with improved suspensions, we have obtained, at a
the same frequency a higherQ value (33000), as
shown in Fig. 5. The same figure shows measureQ

values at the other 2 natural frequencies (1.4 Hz
0.08 Hz). As expected, theQ value increases with th
frequency (losses are smaller at higher frequenc
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Fig. 4. Measurement of the quality factor of the GGG system at its natural frequency of 0.9 Hz. (Figure is in colour on the web.) The system (at
zero spin) is excited at this frequency and the decay in oscillation amplitude is measured. The decay turns out to be compatible with aQ value
of 16450. The run refers to the GGG system set up as in the year 2002.

Fig. 5. Resulting quality factors of the GGG accelerometer at the natural frequencies (at zero spin) as obtained by measuring the oscillation
decay of the system. (Figure is in colour on the web.) The blue curve is the FFT of the fitted output data. The runs refer to an improved system
set up (with improved cardanic suspensions) of June 2003. Note the higherQ value at about 0.9 Hz as compared to the value reported in Fig. 4.
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system.
requency
Fig. 6. FFT of the relative displacements of the test cylinders in the Y direction of the horizontal plane in the non-rotating reference
The relevant whirl at the natural frequency of 0.08 Hz has been reduced to about 0.1 µm. The effect of a differential force at lower f
must be separated out and emerge from the low frequency residual noise (see Fig. 7).
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reaching the value of 95000 at 1.4 Hz. Since the s
rate is 2 Hz and above, we expect that the relevantQ in
supercritical regime will be even better (higher) th
this value. With cardanic suspensions of rather co
plex shape (see Fig. 1), which are therefore not e
to manufacture, the measuredQ is indeed higher than
we had expected. It is worth noting that the GG sp
mission studies have been carried out assuming
the mission target of testing the equivalence princ
to 10−17, a Q value of 20000 (see [1] and referenc
therein). The ground measurements reported in Fi
indicate that such an assumption is in fact rather c
servative.

In supercritical rotors losses at the spin freque
are also relevant for the growth rate of whirl motio
that such rotors are known to develop, once in su
critical rotation, at their natural frequencies in the no
rotating system. For instance, the centers of mas
the GGG test cylinders do develop an orbital mot
in the horizontal plane of the laboratory at the n
ural frequency of differential oscillations around th
position of relative equilibrium, which is determine
by external differential forces (see simulation, Fig
of Ref. [1] for the case in space). Such a whirl m
tion grows in amplitude at a rate which depends
theQ of the system at the spin frequency: the hig
the Q at this frequency, the slower the growth ra
of the whirl. More precisely, rotordynamics predic
that whirl grows with a (negative)Q equal and op-
posite to theQ of the system at its spin frequenc
In GGG whirls are controlled actively by means
capacitance sensors/actuators with a control sch
which is proportional to the tangential whirl velocit
Measurements of the relative displacements of the
cylinders show, after coordinate transformation to
non-rotating reference system, a controlled whirl m
tion at a differential frequency of 0.08 Hz: the wh
radius has been reduced from a few hundred µm
about 0.1 µm (see the FFT plot of Fig. 6 at this wh
frequency). In order to detect the effect of a low f
quency differential force (such as in the case o
24 hr EP violation signal in the field of the Sun
the corresponding displacement between the cen
of mass should be separated out from the whirl
also emerge from the residual low frequency no
mostly seismic noise. An example of recovery of
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bout 100
10 times
Fig. 7. A signal applied at 0.01 Hz in the Y direction of the non-rotating reference system is recovered from the output data though a
times smaller than the whirl (more than 100 µm in amplitude during this run) at about 0.1 Hz (system spinning at 2 Hz). Since it is also
larger than the noise, an applied signal even several hundred times smaller than the whirl could be recovered.
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applied signal at frequency below whirl frequency
shown in Fig. 7, and indicates that recovery is poss
even though the applied force produces a displacem
much smaller than the whirl radius. However, this w
possible in the run of Fig. 7 where the residual low f
quency noise was also much smaller than the whir
Fig. 6 (which reports more recent measurements)
whirl radius is smaller than in Fig. 7 by about 3 o
ders of magnitude, but residual low frequency nois
not correspondingly smaller. In fact we have reason
think that this is local noise due to the vacuum cha
ber opening/closing system, which can be fixed.

Though the measurements reported in Fig. 6 cle
show the potentiality of the GGG novel design f
detecting the effect of very small low frequen
differential forces in the horizontal plane, they ha
also identified an important issue which requi
immediate attention. In spite of the highQ values
t

measured at zero spin rate (due to the suspens
only), the growth rate of whirl once in supercritic
rotation is indeed much faster than expected by h
Q, indicating that, during rotation, much bigger loss
take place in the system beside the ones in
suspensions. A source of “rotating damping” (the
kind of damping which is known in rotordynamics
produce whirl instability) may be due to the rubber
ring used to transmit rotation from the motor (in
offset location) to the rotating suspension shaft/tu
(see Fig. 1). This problem can be solved by eliminat
the O-ring altogether, i.e., by locating the motor on
spin axis with care to have a hollow shaft for optic
transmission of digitised data from the read-out to
computer outside the vacuum chamber. Other poss
causes of spurious losses are under investigatio
order to obtain theQ values measured in absence
rotation.



G.L. Comandi et al. / Physics Letters A 318 (2003) 213–222 221

n-
the

rth
ig-
n
.

to
ivity
by

ther
nce
the
(no
ion
sen-
to

ct,
vel-
be

er
ers

re-
, so
nts

he
sed
nal

is-

by
a-
rtly

or a
top
s a

of
ders
ay.
e,
f
get

sus-
As

nifi-
cy

tial
d as

rest
lin-
am
s by
o-
ed
h-

irrors
ce-
oth
ust

he

er
en

e A
as

ra-

pro-

ys.

re-
ite:

ce/

02)

leo
le:
4. Conclusions

A space version of the fast rotating GGG differe
tial accelerometer presented here, to be used within
GG mission ([1] and references therein) in low Ea
orbit, would take advantage of the stronger driving s
nal (8.4 m s−2 from the Earth at 520 km altitude i
GG, instead of 0.006 m s−2 from the Sun in GGG)
It would also allow much weaker suspensions due
absence of weight, and consequent higher sensit
(which depends on the differential period squared)
a factor of about 450. It can be argued that ano
factor of about 200 can be gained due to the abse
of motor and motor/bearings noise, and thanks to
much higher symmetry of the space accelerometer
1-g preferential direction, hence much better reject
of common mode forces and consequent higher
sitivity to differential forces). Overall this amounts
about 8 orders of magnitude gain, thus making a 10−17

test in space a goal worth pursuing. In point of fa
the error budget of the GG space experiment, as de
oped within mission studies so far, has turned out to
compatible with this goal [1]. The improvement ov
current best ground results [6,7] would be of 5 ord
of magnitude.

Very recently, predictions of violation have been
ported [8] at levels close to the current best results
that even a slight improvement on those experime
on the ground (to reach the 10−13 level) would be able
to either confirm or rule out these predictions. T
GGG rotating differential accelerometer can be u
to test the equivalence principle in the gravitatio
field of the Sun to 1 part in 1013. In GGG this goal
requires to detect low frequency (24 hr) relative d
placements of the test cylinders of 10−13 m, which in
turn requires to reduce daily seismic disturbances
7 orders of magnitude with respect to daily tilts me
sured so far. This can be done partly actively and pa
passively. Active reduction is done using as sens
tiltmeter placed inside the vacuum chamber at the
of the GGG frame (not rotating), and as actuator
set of PZTs (also not rotating, at 120◦ in the horizon-
tal plane around the symmetry axis, providing tilts
the apparatus through vertical displacements). 3 or
of magnitude reduction can be obtained in this w
A further reduction by about 4 orders of magnitud
down to 4×10−14 m, which would bring the effects o
tilts and horizontal disturbances well below the tar
signal, can be obtained using a passive cardanic
pension and the lever effect (see [11] for details).
discussed in [11], the main reason why such a sig
cant reduction of seismic noise at very low frequen
is possible is in the very nature of the GGG differen
accelerometer. Since the test cylinders are arrange
in a vertical beam balance, the observable of inte
in GGG are the relative displacements of the test cy
ders relative to it, not the absolute location of the be
which indeed undergoes much larger displacement
following the local vertical in its seismic disturbed m
tion. This is not the case in VIRGO-like apparata us
to detect gravitational waves with interferometric tec
niques. The suspended test masses being the m
of the interferometric system, their absolute displa
ments (unless one could make it possible that b
mirrors undergo exactly the same displacements) m
fulfill a rather stringent requirement coming from t
need that locking is preserved (see [12]).
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