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Niuna impresa, pur minima che sia, puo avere
cominciamento o fine senza queste tre cose: senza sapere,
senza potere, senza con amore volere.

Anonimo fiorentino, 1300

No matter how small an undertaking,
it cannot start or come to fruition
without knowledge,

without means

or without loving tenacity

Anonymous from Florence, 1300

....Veduto, dico , questo cascai in opinione che se si levasse totalmente la resistenza del
mezzo tutte le materie descenderebbero con eguali velocita .

Having observed this 1 came to the conclusion that, if one could totally remove the
resistance of the medium , all substances would fall at equal speeds.

Galileo

(Cover page by Alice Milani Comparetti. Pisa, October 1998)



FOREWORD

This Phase A Report of the GALILEO GALILEI (GG) small mission project has been carried out
under ASI funding within the SMALL MISSION PROGRAMME of the Agency. The funding, albeit
limited, has been essential to bring to completion a preliminary Phase A Study which was
carried out in 1996 in collaboration between the GG proposing scientists and the Italian space
industries ALENIA SPAZIO and LABEN. Collaboration between the scientists and the industry on
GG is now very well established; it includes all the expertise which is necessary to design the
mission and has proven capable of transforming an innovative idea into a realistic space
project in a field of Space Science, that of Fundamental Physics in space, in which Italy as well
as Europe, are newcomers.

LABEN has initiated to collaborate on GG in October 1995, when it has made available its well
equipped laboratories in Florence for carrying out the GGG (GALILEO GALILEI ON THE GROUND)
experiment with a prototype of the GG payload. This has made all the difference in the
subsequent development of the project, because more and more was learned about the space
experiment as the realization of the prototype progressed. ALENIA SPAzIO has started
investigating GG in the spring of 1996, bringing in the expertise they had acquired from
studying a mission with the same scientific objective as GG during two Phase A Studies (at
Prime Contractor level) under ESA contract; a contribution which was praised by ESA. How
valuable their expertise was for GG, has become clear very soon because they were able to
simulate the delicate GG experiment in detail, giving an essential contribution to establishing
the feasibility of the mission.

In addition to collaborating with ALENIA SPAZIO and LABEN, the development of the ground
prototype has led us to involve several small companies (DG Technology Service, Parma;
QSA Electronics, Arezzo; ProMec, Bientina; CoMeBa, Pisa). The quality of their contribution
was often very high, they reacted quickly in response to our needs and sometimes made
helpful suggestions.

The list of people who have participated in the GG Phase A Study Team is given below,
including (at the end of the list) four students who are preparing a /aurea degree thesis on GG
at the Universities of Pisa and Rome “La Sapienza”; they are from Mathematics, Physics and
Aerospace Engineering, which gives an example of the interdisciplinary nature of the GG
mission.
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PEOPLE
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Thanks are due to the Director of the Science Area of Asi, Prof. G.F. Bignami, and to the
Director of the Small Missions Programme of the Agency, Dr. S. Di Pippo, for having
contributed significantly to setting up a procedure based on open competition from which
Italian Space Science and ASI itself will benefit greatly. It is an absolute novelty, and we
definitely stand by it.

Pisa, November 1°* 1998
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OVERVIEW

A high accuracy test the Equivalence Principle is widely recognized as a crucial asset for the
development of fundamental physics beyond the current unsatisfactory framework. It is also
clear that only a space experiment can provide the high accuracy at which a violation is likely
to occur. This is why all major space agencies around the world have investigated mission
projects for testing the Equivalence Principle.

It is indeed remarkable that a scientific objective which is well known for being of crucial
importance, as well as for requiring an extremely challenging experiment can be achieved with
a small space mission like “GALILEO GALILEI(GG). GG aims at testing the Equivalence
Principle to 1 part in 10", which would be an improvement by 5 orders of magnitude over the
best ground results. This goal requires to be able to measure relative displacements of two
coaxial test cylinders made of different materials by only 630° Angstrom. As a mechanical
displacement this is incredibly small, but if transformed into an electric potential signal (via a
capacitance bridge) and modulated at high frequency by spinning the system, it can be
detected and distinguished from the existing numerous disturbances. We have started
developing a prototype of GG in the laboratory in order to demonstrate that indeed a system of
rapidly spinning, weakly coupled rotors can be a very precise instrument for such fine
measurements, and it has numerous advantages over non spinning apparata. If one looks at
the history of Equivalence Principle testing, both on the ground and in proposed space
experiments, a continuos attempt to modulate the signal at frequencies as high as possible is
apparent. However, fast rotation is found to be hard to handle; our point is that in fact it is not
so, provided that fast rotation is combined with weak coupling, as also the prototype
demonstrates. At completion of this Phase A Study, in which all aspects of such a delicate
mission have been carefully investigated, this is no longer just a novel idea.

The GG spacecraft design, its attitude and orbit are all driven by the experiment it carries
inside, and by the requirement to be small. A general purpose platform would therefore be
difficult to adapt. However, GG needs no new technology, except for the FEEP minithrusters
which are required to provide fine compensation of drag and the other non gravitational forces.
FEEP technology is likely to become essential in all gravitational space missions which require
drag compensation but cannot accept the disturbances that ordinary thrusters and their large
propellant mass necessarily cause on the experiment. By the time GG will fly, FEEP will have
been tested on the Shuttle. After that, GG would test the FEEP for fine drag free control.

GG carries two test cylinders, and will therefore test two materials for violation of Equivalence.
In the current baseline they are Beryllium and Copper, a combination frequently used in
ground tests. The mission would fail by not getting close to its target sensitivity. If the target is
reached, it rules out violation to that level and is a remarkable scientific achievement. Whether
or not the remaining observed signal can be ascribed to an Equivalence Principle violation, or
else it is due to errors, will be a matter of endless debate anyway. With only one experiment it
cannot be otherwise, because the essence of science is repeatability. Testing more couples of
test masses is very unlikely to provide a result beyond question; for sure it will complicate the
mission and diminish its chances to succeed. Instead, we have tried to design the least
possibly complicated mission.

A small satellite capable to test a physical principle that three fathers of modern science

- Galileo, Newton and Einstein- have regarded as fundamental, would have an enormous
impact on the general public; a high accuracy result would make it to the first pages of the
major newspapers and surely lead the space agencies to fly another (improved) mission.
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1. THE SCIENTIFIC SIGNIFICANCE OF GG

1.1 RELEVANCE OF THE EQUIVALENCE PRINCIPLE

“GALILEO GALILEI” (GG) is a small satellite project devoted to testing the EQUIVALENCE
PRINCIPLE (EP) to 1 part in 10", an improvement by 5 orders of magnitude over the best results
obtained so far on Earth. It is the same target of the STEP mission proposal as evaluated twice
by ESA at Phase A level within the competitions for the medium size missions M2 (Blaser et
al., 1993) and M3 (Blaser et al., 1996).

Do bodies of different composition fall with the same acceleration in a gravitational field? If not,
the so called Equivalence Principle is violated. The Equivalence Principle, expressed by
Galileo and later reformulated by Newton, was assumed by Einstein as the founding Principle
of general relativity, the best theory of gravitation available so far. In fact, it is not a Principle
but a starting hypothesis unique to Gravity: no Equivalence Principle holds for the other
fundamental forces of nature (the electromagnetic, weak and strong interaction) and almost all
theories trying to unify gravity with these forces require the Equivalence Principle to be
violated, thus indicating that general relativity may not be the final truth on gravitation, just as
Newton’s theory of gravitation was proved by Einstein not to be the final truth at beginning of
this century. All tests of general relativity, except those on the Equivalence Principle, are
concerned with  specific predictions of the theory; instead, EP tests probe the basic
assumption of general relativity, and this is why they are a much more powerful instrument of
investigation. A high accuracy, unquestionable, experimental result on the Equivalence
Principle —no matter whether it is violated or confirmed— will be a crucial asset for many
decades to come. And this is how it has to be, because physics is an experimental science in
which any theory, in spite of its internal consistency and beauty, has to confront experiments,
and ultimately will stand or fall depending solely on experimental results.

Galileo questioned Aristotle’s statement that heavier bodies should fall faster than lighter ones,
arguing instead that all bodies fall at equal speeds regardless of their mass and composition
(this is the Universality of Free Fall). His formulation of the universality of free fall, which lately
became known as the Equivalence Principle, was first published in 1638: “..veduto, dico
questo, cascai in opinione che se si levasse totalmente la resistenza del mezzo, tutte le
materie descenderebbero con eguali velocita “ (“... having observed this | came to the
conclusion that, if one could totally remove the resistance of the medium, all substances would
fall at equal speeds ). It appeared in his Discorsi e dimostrazioni matematiche intorno a due
nuove scienze attinenti alla meccanica e ai movimenti locali, which was published outside Italy
(in Leiden) few years after completion due to Galileo’s prosecution by the Church of Rome
(Galileo, Le Opere, Vol. VIII, 1968 Edition). Aged 74, Galileo was blind and under house arrest;
but the Discorsi are based on much earlier work, mostly on experiments with the inclined
plane and the pendulum going back almost 40 years to the time when he was a young lecturer
at the University of Pisa or had just moved to Padova. Galileo was well aware that
experiments he made with inclined plane and pendula were much more accurate than just
dropping masses from a tower; but mass dropping experiments allowed him to describe the
universality of free fall in a very straightforward manner, not requiring a deep understanding of
mechanics. This is how Galileo has become known worldwide for his mass dropping
experiments. Indeed, no image of science has captured the imagination of ordinary people
more than that of Galileo dropping masses from the leaning tower of Pisa, a symbol of the birth
of the modern scientific method.

About 80 years after Galileo's first experiments Newton went further, actually recognizing the
proportionality of mass and weight. Newton regarded this proportionality as so important that
he devoted to it the opening paragraph of the Principia (Cajori Edition, 1934) where he stated:
“ This quantity that | mean hereafter under the name of ... mass ... is known by the weight ...
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for it is proportional to the weight as | have found by experiments on pendulums, very
accurately made... ” . At the beginning of the 20™ century, almost 300 years since Galileo’s
work, Einstein realized that because of the proportionality between the gravitational (passive)
mass my and the inertial mass m, the effect of gravitation is locally equivalent to the effect of an
accelerated frame and can be locally cancelled: this is known as the Weak Equivalence
Principle which Einstein introduced in 1907 (Einstein, 1907) as the hypothesis of complete
physical equivalence between a gravitational field and an accelerated reference frame: in a
freely falling system all masses fall equally fast, hence gravitational acceleration has no local
dynamical effects. Einstein then generalized this principle to the Strong Equivalence Principle,
on which he based his theory of general relativity. The Strong Equivalence Principle states that
in an electromagnetically shielded laboratory, freely falling and non rotating, the laws of
physics —including their numerical content— are independent of the location of the laboratory. In
such a laboratory all particles free of non gravitational forces move with the same acceleration.
Therefore, according to Einstein, the effects of gravity are equivalent to the effects of living in a
curved space-time. In this sense the Equivalence Principle expresses the very essence of
General Relativity and as such it deserves to be tested as accurately as possible. In the last 30
years since the advent of the space age general relativity has been subject to extensive
experimental testing as never before in its first 50 years of existence, and so far it has come
out having no real competitors; the crucial area where experimental gravitation is likely to play
an important role is in the verification of the universality of free fall as a test of the weak
equivalence principle itself, since it is tantamount to testing whether gravitation can be
ascribed to a metric structure of space-time.

The total mass-energy of a body can be expressed as the sum of many terms corresponding
to the energy of all the conceivable interactions and components: m= 2, my. The adimensional
Eo6tvos parameter 17 = 2[(my/m)a- (Mmym)g]/[(Mmy/m)a+ (Mmy/m)g] which quantifies the violation of
equivalence for two bodies of composition A and B, inertial mass m and gravitational mass my,
can be generalized into

_ A(mg /m) o — (Mg /M), ]
[(mg/m)ag + (Mg /m)g, ]

Mk (1.1)

such that a non-zero value of 77, would define the violation of equivalence between the inertial
and gravitational mass-energy of the k-th type. For instance, the rest mass would contribute
(as a fraction of the total) for /71; the nuclear binding energy for 807, the mass difference
between neutron and proton for 8/10* (A-Z) (A being the number of protons plus neutrons and
Z the number of protons in the nucleus), the electrostatic energy of repulsion in the nuclei for
6/10% 72> A*®, the mass of electrons for 510 Z, the antiparticles for /7107, the weak interactions
responsible of g decay for [710™. From the point of view of conventional field theory, the
verification of all these separate Equivalence Principles corresponds to a very peculiar
coupling of each field to gravity; whether and why it should be so in all cases is a mystery. Let
us consider the case of antiparticles. A peculiarity of gravity, strictly related to the Equivalence
Principle, is that there is so far no evidence for antigravity, namely for the possibility that matter
is gravitationally repelled by antimatter. A negative ratio of inertial to gravitational mass would
obviously violate the Equivalence Principle and forbid any metric theory of gravity. Yet, there
are theoretical formulations which would naturally lead to antigravity. Unfortunately, while
experiments concerning the inertial mass of antiparticles have been highly successful, and
these are very accurately known, gravitational experiments (i.e. involving the gravitational
mass of antiparticles) are extremely difficult because of the far larger electric effects, such as
those due to stray electric fields in the drift tube. In absence of such direct tests, an
improvement by several orders of magnitude of current tests of the weak Equivalence Principle
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with ordinary matter would also be an important constraint as far as the relation between
gravity and antimatter is concerned.

Nearly all attempts to extend the present framework of physics predict the existence of new
interactions which are composition dependent and therefore violate the Equivalence Principle.
Equivalence Principle tests are by far the most sensitive low energy probes of such new
physics beyond the present framework. This is because any deviation from the universality of
free fall —expressed as a fractional differential acceleration da/a between falling bodies of
different composition— is proportional to the post-Newtonian deviations from general relativity
measured, for instance, by the adimensional parameter y*=y-1 (ythe Eddington parameter)
with a proportionality factor <<1 (from 10° to 10° depending on scalar or vector models).
Therefore, while y* is constrained by post-Newtonian or pulsar tests below 10° the current
ground results on the Equivalence Principle giving Ja/a <10™ already constrain y* below 10”
or 10°°, which clearly shows the superior probing power of Equivalence Principle tests.

No precise target accuracy at which a violation should occur has been predicted by these

theories; an EP violation is expected, but only below the 10 level reached so far, probably
well below it; whether this is really so, only high accuracy experiments can tell.
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1.2 THE ADVANTAGES OF SPACE

There is a tendency in ground physics experiments, as well as in facilities for astronomical
observations, to become big enterprises involving many scientists/engineers and large funding,
often lasting many years. By contrast, scientific space missions tend to become smaller, faster
and cheaper; so the gap between the two is decreasing. Yet, doing science in space is still a
challenge in itself. Therefore, no space experiment should be proposed unless there is a very
good reason for it to be done in space. As far as testing the Equivalence Principle is
concerned, the crucial advantage of a space experiment in low Earth orbit (in essence two test
bodies of different composition in the gravitational field of the Earth and a read-out system to
monitor their relative displacements) is that the driving signal (over distances of the order of
the radius of the Earth) is given by the entire value of the Earth gravitational acceleration,
yielding a (differential) signal acceleration:

(1.2)

for an EP violation of level n (the adimensional E6tvés parameter) and an orbiting altitude h
around the Earth (G is the universal constant of gravity, M5, Ry are the mass and radius of the
Earth). The driving acceleration from the Earth is therefore GM4/(R+ h)z, whose value, at low
altitudes, is close to 1-g (8.4 mysec? for h (7520 km). If the test bodies, rather than orbiting around
the Earth are suspended on its surface, the maximum strength of the driving signal (at 45°
latitude) is only about 1.69702 m/seé if the Sun is taken as a source rather than the Earth, the
corresponding driving signal is even weaker: [76/10° m/seé at most (see Sec. 3.2). With a
driving signal almost 3 orders of magnitude stronger, the advantage of testing the Equivalence
Principle in space is unquestionable. By contrast, a short range EP experiment has nothing to
gain from going into space since much bigger source masses can be used on the ground.

In the early days of the space age ordinary people and scientists alike dreamed of going into
space. Physicists in particular were fascinated by the emptiness and quietness of space, which
appeared to be the ideal environment for many experiments, especially gravity experiments,
limited by too many disturbances on Earth. As dreams faded away and reality began, it
became apparent that space is not empty and spacecraft are not quiet; at least, not as much to
automatically compensate for the disadvantage of the experiment becoming inaccessible to
one’s hands.

Nowadays the space environment is far better understood, and a few statements can be made
which are not likely to be disproved. The absence of seismic noise can no longer be quoted as
a reason for moving to space, since on-board of any space structure there is vibration noise
instead, while down on Earth experimentalists have learned how to cope with seismic noise
very effectively. Also, space in far from being empty. residual atmosphere (in low Earth orbits),
photons from solar radiation, charged particles ... make physics experiments in space
—particularly gravitational ones— far from straightforward. However, the main advantage of
space is still there: the gravitational attraction of the Earth is largely compensated by the
centrifugal force due to the orbital motion of the spacecraft and there is no such thing like the
g 710 m/setlocal acceleration of gravity that shapes our everyday life on Earth by giving a
weight to every object. In addition and more importantly, the largest acceleration on-board is
many orders of magnitude smaller than 1-g: how much depends on the orbit, the spacecraft,
the body on-board that we are considering (e.g. whether it is suspended or free floating, or
else rigidly connected to the spacecraft, whether it is close to the center of mass of the
spacecraft or far away from it). Inside GG the largest acceleration —even not considering active
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drag compensation- is about a factor 10° smaller than 1-g. Evidently a ratio by one hundred
million times between the force that has to be overcome in order to suspend the same body in
a ground laboratory or inside the GG spacecraft makes a big difference in the problems to be
faced; it is indeed possible to suspend 100 kg in the spacecraft with the same suspensions that
would be used on Earth for suspending 1 milligram. Weightlessness, not the absence of
seismic noise, is therefore the true advantage of space that must be exploited. GG has been
specifically designed for weightlessness to provide numerous advantages: weak mechanical
coupling, self-centering and balancing of the test bodies, electrical grounding, vibration
isolation; all of them crucial for a sensitive EP experiment, and all of them deriving from the
absence of weight in space.

An EP space experiment in low Earth orbit offers the crucial advantage of a signal about a
factor of a thousand bigger than on Earth (see Sec. 3.2); the challenge of a fully automated
remote controlled experiment can be traded off against the advantages of weightlessness. An
accuracy of 1 part in 10" in EP testing means five orders of magnitude improvement with
respect to the best ground results. Even with further progress in ground experiments (e.g. to
an accuracy of 1 part in 10*, possibly 10'%) a space mission would undoubtedly mean a great
leap forward allowing space scientists to probe a totally unknown, highly promising field of
physics like no other ground experiment can even dream of.
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1.3 HISTORY OF EQUIVALENCE PRINCIPLE TESTING

Aristotle’s statement that heavier bodies should fall faster than lighter ones was already
questioned in the 6™ century by Philoponus, who noted that: if two bodies are released by the
same altitude one can observe that the ratio of the times of fall of the bodies does not depend
on the ratio of their weights, and the difference of the times is very small. Amazingly enough, it
was only in 1553 that Benedetti reconsidered the issue, stating that the velocity of fall does not
depend on the weights of the falling bodies.

Galileo questioned Aristotle’s view and even showed the internal contradiction of Aristotle’s
reasoning with a simple argument which goes as follows: If then we take two bodies whose
natural speeds are different, it is clear that on uniting the two, the more rapid one will partly be
retarded by the slower, and the slower will be somewhat hastened by the swifter....Hence the
heavier body (made by the two tied together) moves with less speed than the lighter (the
former swifter one); an effect which is contrary to your (by Aristotle) supposition. More
importantly, Galileo was well aware of the need to provide experimental evidence. By dropping
bodies of different composition in media much denser than air Galileo came to the conclusion
that all bodies fall equally fast and that any observed difference is due to the different
resistance of the medium that different bodies are subject to. Galileo was also aware of the
difficulty to prove this fact by dropping masses from a height. As he clearly argues in the
Discorsi, from a big height the accumulated effect of air resistance is too large to allow a
reliable conclusion, while from a small one any difference is too small to appreciate. Most
probably Galileo was not able to calculate precisely the effect of air resistance, but he certainly
knew that it was much smaller if the velocity of the body was small (we know it is proportional
to the velocity squared). He therefore performed experiments with bodies falling on inclined
planes where only a fraction of the gravitational acceleration is relevant, which reduces the
falling velocity —hence also the effect of air resistance.

Better still than bodies falling on inclined planes are bodies suspended from a wire and brought
to oscillation like a pendulum: if all bodies fall with the same acceleration in the gravitational
field of the Earth, bodies suspended from wires of the same length which are released at the
same time by the same angle must keep in step regardless of their mass or composition.
Besides reducing the velocity —and air resistance- the periodic repetition of the motion allows
a better measurement and improves the accuracy of the experiment. ...e finalmente ho preso
due palle, una di piombo e una di sughero, quella ben pia di cento volte piu grave di questa, e
ciascheduna di loro ho attaccata a due sottili spaghetti eguali, lunghi quattro o cinque braccia,
legati ad alto, allontanata poi I'una e l'altra palla dallo stato perpendicolare, gli ho dato I'andare
nellistesso momento, ed esse, scendendo per le circonferenze de’ cerchi descritti da gli
spaghi eguali, lor semidiametri, passate oltre al perpendicolo, son poi per le medesime strade
ritornate indietro e reiterando ben cento volte per lor medesime le andate e le tornate, hanno
sensatamente mostrato, come la grave va talmente sotto il tempo della leggiera, che né in ben
cento vibrazioni, né in mille, anticipa il tempo d’un minuto secondo, ma camminano con passo
egualissimo.

Pendulum experiments have provided the most accurate tests of the Equivalence Principle till
the torsion balance was used for EP testing at the beginning of 1900. Newton is often reported
as the first ever to perform pendulum tests of the Equivalence Experiment; in fact, Galileo’s
pendulum experiments as in the above quotation from the Discorsi had even been reported
much earlier than the publication of the Discorsi, in a letter addressed by Galileo to Guidobaldo
dal Monte in 1602 (Le Opere, Vol. X, 1968 Edition). It is sometimes argued that Galileo could
not perform accurate pendulum tests of the Equivalence Principle because -although he had
discovered the physical properties of the pendulum- he did not have an accurate pendulum
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clock, which was invented by Christian Huygens after Galileo’s death, in 1657. Huygens clock
was obviously available to Newton. The point is, however, that pendulum tests of the
Equivalence Principle do not require a clock: the oscillating bodies must keep in step, and only
differences between the two matter, not the precise value of the oscillation period. Newton
quotes his pendulum tests of the Equivalence Principle to have an accuracy of 1 part in 10°
The pendulum tests described by Galileo have been repeated by Fuligni and lafolla (19932.
They concluded that even without special care it is easy to reach an accuracy of 1 part in 107
an error by 0.1% in the length of the suspensions is a realistic assumption, yielding a similar
accuracy for the outcome of the experiment, and this is in agreement with Galileo’s
observation that the bodies keep in step for hundred or even thousands swings.

Experiments to test the Equivalence Principle require to measure a differential effect between
the test bodies; a pendulum experiment is better than a mass dropping experiment because it
makes it easier to record differences, but it is not a null experiment. An apparatus for EP
testing should be differential by its own design, i.e. such that it gives a non-zero signal only in
case of violation; otherwise it should give a null result. The torsion balance is one such
differential device: two objects of different composition are connected by a rod and suspended
in a horizontal orientation by a thin wire. Any suspended body is subject to the gravitational
attraction of the Earth and to the centrifugal force due to the Earth daily rotation about its axis.
In the horizontal plane the two reach equilibrium along the North-South direction. The
gravitational attraction is proportional to the gravitational mass my, while the centrifugal force is
proportional to the inertial mass m. If the ratio my/m is different for the two bodies of the torsion
balance there is differential force in the North-South direction; with the rod of the balance
aligned along the East-West direction the entire differential force gives a torque tending to twist
the torsion balance. The differential force and its torque are constant; by exchanging the
bodies on the balance (or rotating the apparatus by 180°), the sense of twist should reverse. If
the ratio my/m is the same for the two bodies (no violation) the torsion balance should give no
twist (null result).

The first careful tests of the Equivalence Principle with a torsion balance were performed over
many years at the beginning of this century by Roland von E6tvés and his colleagues in
Budapest. Their results were published three years after E6tvos’ death (E6tvos et al., 1922)
and more details on the apparatus and methods of measurement appeared in Eotvos’
collected works (E6tvds, 1953); the experiments were later repeated by Renner (1935) using
Eotvos’ apparatus. Most precise experiments are null experiments, and the E6tvés experiment
is no exception: they reported no EP violation to the level of several parts in 10°, an accuracy
much better than in all previous experiments.

E6tvos results have remained unchallenged until the 60’s, when an E6tvis-type experiment
was performed in Princeton (Roll et al. 1964) with an essential novelty. On the footsteps of
Edtvos outstanding results the Princeton scientists led by Robert Dicke also used a torsion
balance. However, EOtvOos original experiment, despite its high quality, has an essential
weakness: the signal is a constant twist produced by a constant torque (DC effect), hence the
experiment lacks a suitable control, for there is no way of turning off the centrifugal force of the
Earth’s diurnal rotation. Only a 180 °rotation of the apparatus by the experimentalists (with the
inevitable consequence of disturbing the delicate balance) gives the signal a signature. Dicke
suggested to look at the acceleration of the apparatus towards the Sun, rather than the Earth,
and compare it with the centrifugal force due to the annual rotation of the Earth around the
Sun. Were the ratio my/m different for the weights of the balance, an anomalous torque would
appear; at 6 a.m. and 6 p.m., and for a torsion balance beam in the North-South direction, an
anomalous gravitational pull upon one of the weights at an end of the beam would produce a
turning force. The resulting twist would be periodic with a 24-hr period (the solar day) due to
the diurnal rotation of the Earth. The horizontal component of the acceleration towards the Sun
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(as well as of the annual centrifugal acceleration) is —at most— 3/8 of the diurnal centrifugal
acceleration, but it is modulated by the rotation of the Earth with a 24-hr period and therefore
the measurement contains its own zero check. Thanks to this frequency modulation and in
spite of the weaker signal Roll et al. (1964) improved significantly E6tvds result, finding no EP
violation to about 1 part in 10** for aluminum and gold. Braginsky and Panov (1973) also used
the Sun as a source and the modulation of the Earth’s rotation. They improved the experiment
further using 8 masses (of aluminum and platinum) at the vertices of an octagon, instead of
two. The torsion-balance experiment being a small force experiment, any spurious gravitational
field due to nearby masses can cause significant disturbances. The geometrical structure
realized by Braginsky and Panov is less sensitive to the effects of such fields, since only a
gravitational potential with a non-zero fifth derivative does affect their balance. The result of
their experiment is that the inertial and gravitational mass (for aluminum and platinum) are the
same to about 1 part in 10"

The advantage of a space experiment (with a much stronger signal) was recognized soon after
the beginning of the space age. While designing a space experiment scientists also tried to
provide a frequency modulation. Chapman and Hanson (1970) proposed to test the
Equivalence Principle in space using a fast rotating platform so as to modulate the signal at its
rotating frequency; however, in their apparatus the test bodies were constrained to move along
one diameter of the rotating platform, and it is well known that any such rotating system is
always strongly unstable above the critical speed (Den Hartog, 1985). Worden and Everitt
(1973) proposed instead that the orbital motion of the spacecraft enclosing the test bodies
would provide the modulation. This requires the spacecraft (which carries the coaxial test
cylinders) to be kept fixed with respect to inertial space by accurate active control. This is the
STEP proposal (Worden and Everitt, 1973; Worden, 1976; Worden, 1987; Blaser et al., 1993;
Blaser et al. 1996). The symmetry axis of the test cylinders is the sensitive axis, and lies in the
orbital plane (the system is very stiff in the plane perpendicularly to the symmetry axis). If one
cylinder is attracted by the Earth more than the other there is a relative movement of the two
one inside the other; the effect is maximum when the symmetry axis is directed towards the
center of the Earth (changing sign as the satellite moves by 180° around the Earth) and it is
zero when the symmetry axis is perpendicular to the satellite-to-Earth direction. Hence, the
signal has an intensity varying at the orbital frequency of the satellite (corresponding to a
period, in low Earth orbit, of about 6,000 sec). Any higher frequency signature, higher than the
orbital frequency, that one would wish to impress on the signal requires the spacecraft to be
spun around its actively controlled space-fixed attitude. Due to the STEP design these can
only be slow rotations and require a careful active control.

In the meantime scientists have achieved a higher frequency modulation of the putative EP
violation signal in classical torsion balance experiments where the apparatus is mounted on a
turntable that rotates with a period of 12 hr. These are the very careful EP experiments by the
“Edt-Wash" group at the University of Seattle (Su et al., 1994) whose results are at present
the most accurate (to about 1 part in 10%). Their modulation frequency is the highest achieved
so far, and their ongoing attempts to improve the sensitivity by one order of magnitude include
a faster and smoother rotation of the turntable. The only alternative to attempting faster
rotation is pursued by the R. Cowsik group in India, with a much heavier torsion balance in a
very low noise environment (25 m under the ground) and a very good thermal stability (by
means of two, very large, concentric vacuum chambers) (Unnikrishnan, 1994; Cowsik et al.,
1997)

It is apparent how all EP differential experiments based on the direct measurement of
extremely small displacements between two test bodies have been driven, in Earth-based
experiments as well as in space proposals, by the need to provide a modulation frequency of
the expected tiny signal at the highest possible frequency. GG tries to go much beyond in this
trend by modulating the signal at 2 Hz, an increase by more than a factor 10* in comparison to
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all previous experiments. A modulation frequency of /71 Hz has been proposed also for an

Equivalence Principle experiment inside a capsule in sub-orbital flight with a free falling time
of /730 sec (Lorenzini et al., 1994; lafolla et al.,1998).

Surprisingly enough, completely different tests of the Equivalence Principle (for the Earth and
the Moon falling towards the Sun) have achieved an accuracy close to that of torsion balance
experiments, even about one order of magnitude better (Dickey et al. 1994; Williams et al.,
1996). The Earth—-Moon distance is measured by lunar laser ranging (LLR) to the corner cube
laser reflectors left by the astronauts on the surface of the Moon, accurate to better than 1 cm.
Were the Earth and the Moon to be attracted differently by the Sun because of their different
composition (1/3 iron core and 2/3 silicate mantle the Earth; entirely silicate mantle the Moon),
a physical model based on conventional Newtonian gravity with general relativistic corrections
would not be able to make predictions reconcilable with the observed LLR data. This is a test
of the Equivalence Principle for different composition, but also for gravitational self-energy
effects in the Earth (testing gravity's pull on gravitational energy), effects which are obviously
absent in test bodies of laboratory size. According to Einstein, all forms of matter and energy,
including the gravitational binding energy, accelerate at the same rate in a uniform gravitational
field, and the gravitational binding energy of the earth amounts to 540" of its mass and is
therefore not negligible to the current achieved accuracy. However, it should be emphasized
that —despite the high quality of the analysis— LLR tests of the Equivalence Principle are based
on highly complex physical models of many perturbing effects on the orbit of the Moon (such
as tides) whose signature can be the same as that of an EP violation, and which involve many
unknown parameters to be adjusted. To the contrary, EP experiments with test bodies of
laboratory size can always provide a zero check: no sensitivity can be claimed better than the
one which is obtained using in the same apparatus test bodies of the same composition.
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1.4 NOVELTIES AND ADVANTAGES OF THE GG DESIGN

A torsion balance is not well suited for testing the Equivalence Principle in space, where
scientists agree to use coaxial test cylinders, with a read out system to detect relative
displacements between them. The main novelty of GG is to modulate the expected EP
violation signal by spinning the entire spacecraft (also of cylindrical symmetry, enclosing the
test bodies and the read—-out sensors) at 2 Hz, which in addition provides 1l-axis passive
stabilization of the satellite.

Capacitance read out system
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Figure 1.1 (not to scale) Section of the GG coaxial test cylinders and capacitance sensors in the plane
perpendicular to the spin axis. They spin at angular velocity ws while orbiting around the Earth at angular velocity
Worb. The capacitance plates of the read-out are shown in between the test bodies, in the case in which the centers
of mass of the test bodies are displaced from one another by a vector AXg, due to an Equivalence Principle

violation in the gravitational field of the Earth (e.g., the inner test body is attracted by the Earth more than the outer
one because of its different composition). Under the (differential) effect of this new force the test masses, which are
weakly coupled by mechanical suspensions, reach equilibrium at a displaced position where the new force is
balanced by the weak restoring force of the suspension, while the bodies rotate independently around O; and O,
respectively. The vector of this relative displacement has constant amplitude (for zero orbital eccentricity) and
points to the center of the Earth (the source mass of the gravitational field). The signal is therefore modulated by the
capacitors at their spinning frequency with respect to the center of the Earth.

The figure above shows, in the plane perpendicular to the spin/symmetry axis, how the GG
coaxial test cylinders (of different composition) would move one with respect to the other were
they attracted differently by the Earth because of an EP violation. The Figure shows the test
cylinders one inside the other and two pairs (for doubling the output data) of capacitance
plates in between them to measure any relative displacement. If one of the bodies is attracted
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by the Earth more than the other, the two centers of mass move away from one another
always towards the center of the Earth. In GG the test cylinders are coupled by very weak
mechanical suspensions so that even a tiny differential force (in the plane perpendicular to the
spin/symmetry axis) causes a mechanical displacement which is detectable once transformed
into an electric potential signal by the capacitance read-out. The weaker the coupling, the
longer the natural period of differential oscillations of the test bodies, the more sensitive the
system is to differential forces such as the one caused by an EP violation. It is apparent from
Fig. 1.1 that spinning capacitance plates modulate the amplitude of the electrical signal caused
by an EP violation at their spinning frequency with respect to the Earth (2 Hz in the current
baseline), with a well defined phase (the vector does always point towards the center of the
Earth). In absence of spin the EP violation force has constant intensity (except for the effect of
orbital eccentricity of the satellite, which is close to zero) and a direction changing at the orbital
frequency of the satellite around the Earth (71.7540™ H2); so in GG the electric signal is
modulated at a frequency about 10* times higher than the frequency of the EP violation force,
the advantage being the reduction of low frequency noise both mechanical (the suspensions
have higher mechanical quality factor Q at higher frequency) and electrical (lower 1/f
electronic noise). The spinning state of the GG spacecraft is a stable 1-axis rotation and needs
no active control.

An important consequence of the fact that in GG the expected EP violation force lies in the
plane normal to the spin/symmetry axis of the test cylinders is that a major perturbation due
to the so called "radiometer effect" is zero also at room temperature. It is known that, in low
pressure conditions where the mean free path of the gas particles is much larger than the
dimensions of the vessel, a cylinder whose faces are not at the same temperature is subject to
an acceleration along its symmetry axis whose value is exceedingly large unless the residual
gas pressure is extremely low, down to values which can only be obtained at very low
temperatures. In STEP this radiometer effect along the symmetry/sensitive axis of the test
cylinders competes directly with the signal, and is reduced thanks to the extremely low level of
residual pressure, which can be obtained by operation at superfluid He temperature (about 2
K). Instead, a hollow cylinder whose inner and outer surfaces were not exactly at the same
temperature, would have zero radiometer effect in the plane perpendicular to its axis, for pure
symmetry reasons. In reality, azimuth asymmetries as well as the radiometer effect along the
symmetry axis of the cylinders must be taken into account in GG, since it is a non cryogenic
experiment; however, the requirements they impose on the amount of acceptable temperature
gradients are compatible with a pure passive thermal control of the GG experimental
apparatus (see Sec. 2.2.3). If the radiometer effect is dealt with at room temperature, one of
the main reasons why a high accuracy EP experiment in space should be operated in
cryogenic conditions is no longer valid.

Low temperature is certainly helpful in reducing thermal noise. Since the dependence of
thermal noise acceleration on the experiment temperature T and the mass m of the test bodies
is ZAT/m)'?, in GG we use more massive test bodies: test masses of 10 kg each at 300 K, as we
have in GG, result in the same thermal noise as with test masses of 0.1 kg at a temperature of
3 K. However, a future, lower temperature version of the GG experiment can be envisaged for
which the rapid spin gives an important advantage: the very high centrifugal force at the
periphery of the spacecraft would dominate the motion of the refrigerating (movable) material
and largely reduce, by symmetry, its perturbations on the bulk of the experiment; evaporation
can take place along the spin axis for symmetry reasons too. This is unlike non-spinning or
slowly spinning satellite experiments for EP testing in which perturbations from the nearby
refrigerant mass (a few hundred liters of He in STEP) is known to be a serious source of
perturbation.

The weak mechanical coupling of the GG test bodies (e.g. obtained with a simple and effective
use of helical springs and flat gimbals pivoted on thin torsion wires) is the key feature which
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allows us to cope with a major dangerous effect: the effect of residual air drag along the
satellite orbit. Air resistance acting on the spacecraft surface is experienced by the test bodies
suspended inside it as a translational inertial acceleration equal and opposite to the one
caused by air drag on the center of mass of the whole satellite (spin axes are stable due to the
extremely high energy of spin). This acceleration is about 8 orders of magnitude weaker than
1-g on Earth but about as many orders of magnitude larger than the expected signal; it should
be the same on both test cylinders, but only in the ideal case that their masses and
suspensions were exactly the same. Drag-free control (with FEEP ion thrusters) of the GG
spacecraft reduces the corresponding inertial acceleration on the payload. In order to further
reduce its differential effect on the test cylinders due to small differences in their suspensions,
the test cylinders are coupled similarly to the two weighs of an ordinary balance whose arms
can be adjusted (by means of piezoceramic actuators) so as to eliminate differential effects.
Balancing of weights (under local gravity) is obviously well known on Earth, where weights can
be balanced to 1 part in 10° or better, much more accurately than it is required for the GG test
bodies. It is also well known that small forces are much easier to balance than large ones;
hence, since in the GG spacecraft the largest force (due to air drag) is many orders of
magnitude weaker than local gravity on Earth, balancing the test bodies must be easier than
on Earth by far, where it has been tested on the payload prototype. To be balanced is a
property of the system, not of the particular force acting on it; hence, all other common mode
perturbations beside drag (e.g. solar radiation pressure) are also balanced once the main drag
effect is balanced. Balancing the drag does not eliminate an EP violation signal because it is a
differential and constant signal while drag produces common mode forces, is variable in time
and about 90°out of phase with respect to the EP violation signal. Vibration noise close to the
spin frequency (e.g. from the FEEP thrusters) is attenuated by the suspensions of the
laboratory enclosing the test bodies.

Drag-free control of GG with FEEP thrusters requires a negligible amount of propellant,
amounting to only several grams for the entire duration of the mission. By contrast, the He
thrusters planned for STEP require a few hundred liters of He on board, whose mass is in itself
a disturbing source for the experiment. FEEP thrusters are electrically tuned; instead, He
thrusters are tuned mechanically. Because of their numerous advantages, particularly the
extremely low propellant mass, FEEP have been proposed also for STEP (Blaser et al., 1994),
but the presence on board of a considerable mass of superfluid He and the consequent need
to eliminate the boiled off He from the dewar in a carefully controlled manner, clearly require
He thrusters, which are therefore used also for drag—free control rather than adding the FEEP.
The superiority of FEEP in small force gravitational missions is beyond question; they are the
current baseline choice not only for GG but also for LISA and OMEGA, two mission proposals
for the detection of gravitational waves in space.

The GG bodies all spin at a frequency much higher than their natural frequencies of oscillation
(which are very low because of the very weak suspensions that can be used in absence of
weight). This state of rotation is very close to that of ideal, unconstrained, rotors and allows the
test cylinders to self-center very precisely (the center of mass of an ideal free rotor would be
perfectly centered on the spin axis). This is how it is possible to reconcile a high frequency of
spin (hence a high frequency modulation of the signal) with the need to measure extremely
small relative displacements. However, suspensions are not perfect, which means that, as they
undergo deformations at the frequency of spin, they also dissipate energy. The higher the
mechanical quality of the suspensions, the smaller the energy losses. Small energy losses are
known to produce slow whirl motions of the suspended bodies one around the other which
must be damped actively, with small capacitance sensors/actuators and appropriate control
laws (see Chap. 6). In fact, whirl motions of the GG test cylinders are so slow that they can be
damped at time intervals long enough to allow data taking in between, when active damping
can be switched off.
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Unlike STEP, GG has mechanical suspensions and no floating bodies; they are all connected
by mechanical conductive suspensions which once coated with the same conductive material
provide a “Faraday cage” and consequent electrical discharging of the experimental apparatus.
This is a major advantage because the electric forces caused by even a limited amount of
charge (in the Van Allen belts and South Atlantic Anomaly) are enormous compared to the
very small gravitational force to be detected; apart from the discharging mechanism to be
devised, the electric charge acquired by the test bodies needs to be measured before
discharging, which in itself is a source of perturbation. No such devices are needed in GG.

It is clear that fast rotation and weak mechanical suspensions are the main features of the GG
experiment design, distinguishing it from the STEP design. Other advantages of fast rotation
beside the modulation of the signal are that a large number of perturbing effects (e.g. due to in-
homogeneity of the test bodies, spacecraft mass anomalies, non-uniform thermal expansion,
parasitic capacitances, etc.) appear as DC because the entire system is spinning.

Last but not the least, the GG payload design can be tested on the ground (see Chap. 3). An
important novel feature of the GG space experiment is that it is sensitive to differential forces in
the plane perpendicular to the spin/symmetry axis of the test cylinders (as in the case of an
Equivalence Principle violation). If the test masses are suspended on the surface of the Earth
a violation of the Equivalence Principle can be detected as a force in the horizontal plane along
the North/South direction; the GG test cylinders can be suspended along the vertical/symmetry
axis and yet be sensitive to differential forces in the horizontal plane. The suspensions must
necessarily be strong along the vertical, to sustain the weight of the bodies, but it is possible to
couple the cylinders weakly so that they can respond by a measurable displacement
(measurable with a capacitance read—out at room temperature, like in GG) to tiny differential
forces acting between them in the horizontal plane. The result is very important: despite the
weaker EP violation signal (by about 3 orders of magnitude) and the unfavorable 1-g
environment, the GG payload design can be tested on the ground to the same level of
measurement sensitivity which is required by the GG mission in space.
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2. THE GG SPACE EXPERIMENT

2.1 EXPERIMENTAL CONCEPT

2.1.1 TEST BODIES, EXPECTED SIGNAL AND PGB LABORATORY

GG is an experiment in space to test the Equivalence Principle through a test of the so called
Universality of Free Fall, namely that two bodies of different composition orbiting around the
Earth should move with the same acceleration, hence along the same orbit. In order to
eliminate major, purely classical, differential effects due to non uniformity of the gravity field of
the Earth the test bodies are concentric hollow cylinders, as they were in the STEP project
since its very beginning.

How an EP violation signal would affect the GG test bodies (in the plane perpendicular to their
spin/symmetry axis) is shown schematically in Fig. 1.1 where most details have been omitted
in order to show the essence of the experiment. The test cylinders are weakly coupled by
mechanical suspensions (not shown here; see Fig. 2.1); if the Equivalence Principle is violated
and one of the bodies is attracted by the Earth more than the other, the two centers of mass
reach equilibrium at a position displaced by AXgp (towards the center of the Earth) where the

new force is balanced by the restoring force of the suspension. For a given value of the
differential force (on one body with respect to the other) the weaker is the suspension, the
larger will be the displacement. Since our goal is to be sensitive to extremely small differential
forces in order to test the Equivalence Principle to 1 part in 10", it is apparent that the
mechanical coupling between the test bodies must be as weak as possible. As the whole
system orbits around the Earth at angular velocity ., (see Fig. 1.1), the displacement vector
AX ., keeps pointing to the center of the Earth. Therefore, in absence of spin, the EP signal

has constant intensity (perfectly constant if the orbital eccentricity is exactly zero) and a
direction changing at the frequency of the orbital motion around the Earth (/71/5700 sec).

HIGH FREQUENCY SIGNAL MODULATION. How can the signal caused by the mechanical
displacement AX. be modulated at a frequency higher than the orbital frequency? The
mechanical displacement is transformed into an electric potential signal by the capacitance
read—-out whose plates are located in between the coaxial test cylinders. If the capacitance
plates spin at angular frequency a, this is sufficient to modulate the electric potential signal at
the spin frequency. However, in space it is a good rule not to have a satellite with components
rotating at different speeds one with respect to the other; while stabilizing a spacecraft by one-
axis rotation is well known as the simplest possible attitude control (at the beginning of the
space age most satellites were stabilized by spin around the principal axis). We therefore
choose to spin the whole GG satellite (the outer spacecraft, the suspended laboratory
enclosing the test bodies —that we call Pico Gravity Box, PGB- the test bodies and the read-
out sensors) at the spin frequency of 2 Hz, hence providing a modulation of the signal a factor
[710* times higher than its original (orbital) frequency. The sensors will detect a time changing
relative distance Ax between the test bodies of the form:

AX(t) = Axgp cos(wdt + gep ) L7 2.1

where @y is the known phase of the EP violation signal (the displacement vector AX, points

to the center of the Earth), and the numerical factor & =cosé+sin@cbs(wyvt+ @) depends on the
angle @ between the spin axis of the satellite and the orbit normal, and is maximum (&=1) for
the spin axis exactly perpendicular to the orbit plane (6=0).
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WEAK MECHANICAL COUPLING OF THE TEST CYLINDERS. In order to be sensitive to the
differential force of an EP violation, as shown in Fig. 1.1, the GG test cylinders must be
coupled mechanically, and very weakly. The way they are coupled is shown in Fig. 2.1. This
Figure is to scale for the case of an inner hollow cylinder made of Pt/Ir (21.56 g/cm® density)
and an outer one (much less dense) made of Be (1.848 g/cm®). Once the practicalities of
manufacturing the test bodies have been taken into consideration, this material choice is a
good one from the viewpoint of maximizing the effect of EP violation, because a new
interaction is generally expected to couple to baryon number. A very large density difference is
an important assembling constraint in the GG experiment design, as it is apparent in Fig. 2.1
because the room available is very limited. From the viewpoint of cost, a more realistic choice
is for the inner test cylinder to be made of Cu rather than Pt/Ir (testing composition
dependence with Be and Cu is a frequent choice in ground EP experiments) and this is our
current baseline.

Absence of weight in space allows the test bodies to be suspended with mechanical
suspensions of extremely low stiffness (helical springs and flat elastic gimbals), which is ideal
for detecting an EP violation effect to high accuracy because it makes the corresponding
relative displacement between the test bodies appreciable by the capacitance read—out. In the
current baseline and finite element simulation of GG (see Chap. 6) the helical springs and flat
gimbals have stiffness, respectively, k=10? N/m (10 dyn/cm) and ko=4/10° N (40 dyn&m).
Helical springs and gimbals with elastic properties close to these nominal values have been
manufactured in CuBe by a small Italian company (DG Technology Service, Parma) (Figs. 2.2
and 2.3). The helical springs have been carved out of a single piece of CuBe by electroerosion
in 3D with special equipment, followed by Brush-Wellman heat treatment and ultrasound
cleaning. The flat gimbals are also made in CuBe by electroerosion, with the same heat
treatment and ultrasound cleaning. This very careful manufacturing is required in order to
obtain a good mechanical quality (high quality factor Q) of the suspensions of the test masses
and to avoid the release of accumulated stress and consequent time varying elastic properties.
A high Q is very important to reduce the thermal noise of the test bodies and also, in the GG
rotating system, to decrease the growing times of whirl motions (see Sec. 2.1.5 for whirl
motions and Q measurements).

It is worth noticing that no electric signal goes through the helical springs; this avoids electric
insulation of the springs (with plastic or glue) which would certainly impoverish their
mechanical quality. The only electric connection from the PGB laboratory to the test bodies
(needed for commanding the piezoelectric actuators) is through the flat gimbals, and this is
possible without applying any insulation on the thin torsion wires of the gimbals, which again
would reduce the mechanical quality. The flat gimbals have 6 wire sectors (see Fig. 2.3); each
sector is connected to the inner clamping ring on one end and to the outer clamping ring on the
other. Since 3 electric wires are sufficient, 3 of these 6 sectors are used in alternation, which
means that they can be electrically insulated on the clamping rings, rather than on the thin
wires themselves, thus avoiding negative effects on their mechanical quality.
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Figure 2.1 (to scale) Section through the spin axis of the GG test cylinders (10 kg each) and the capacitance plates
of the read-out in between. The lower density cylinder (21 cm in height) encloses the higher density one. Inside the
inner cylinder is a narrow tube rigidly connected to a laboratory (also of cylindrical shape) called PGB (Pico Gravity
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Box) enclosing the test bodies and the read-out capacitance plates shown here. The PGB in its turn is
mechanically suspended inside the spacecraft (not shown; see Fig. 2.8 for an overall view). For coupling the test
bodies there are two “coupling” arms (shown in light blue) located inside the PGB tube but not in contact with it; the
inner test cylinder is suspended from the coupling arms at its center by means of two helical springs; the outer one
is also suspended from the arms with helical springs, one at the top and one at the bottom of its symmetry axis. The
only connection between the coupling arms and the PGB laboratory is via two flat gimbals at the midpoints of each
arm. Being pivoted on torsion wires the gimbals allow conical movements of the coupling arms around their
midpoints, e.g. in response to a differential force between the test bodies. The piezoelectric actuators shown next to
the gimbals are for adjusting the length of the two halves of each coupling arm. The capacitance plates of the
read—out are shown in between the test cylinders; they are connected to the PGB tube and have inch-worms for
adjusting their distance from the surfaces of the test cylinders. On the PGB tube are shown the mechanical stops
which constrain the test bodies to only slight movements. The small capacitance sensors/actuators (with plates of
about 2 cm?) are for sensing and damping the slow whirl motions of the test bodies with respect to the PGB (see
Sec. 2.1.5 and Chap. 6).

—

i_”_rnl RN

Figure 2.2 One of the 4 helical springs to be used for suspending the GG test bodies; two such springs are needed
for each test body (as shown in Fig. 2.1). This spring has been manufactured in CuBe by DG Technology Service,
Parma (ltaly) according to our design. They have manufactured the spring by electroerosion in 3D from a single
piece of CuBe with special equipment, and then have applied Brush-Wellman heat treatment and ultrasound
cleaning. The elastic properties are close to the desired ones. Each spring is clamped by the thick rings at its ends.
It is well known that most energy losses (which reduce the mechanical quality) occur at the clamping, no matter
what clamping means are used —screws, welding, glue...; if clamping takes place far from where deformations
occur during the oscillations (such as the thick rings in this case), this will reduce clamping losses significantly. Half
turns of this spring are clockwise and the other half counter—clockwise; this is for de-coupling torsional from

longitudinal (axial) oscillations.

Figure 2.3 One of the two flat gimbals to be used for coupling the GG test bodies (as shown in Fig. 2.1). The outer
ring is clamped to the PGB tube and the inner one to the coupling arm (in Fig. 2.1 the PGB tube is shown in dark
green and the coupling arm in light blue). There are 6 wire sectors in between the clamping rings; 3 of them (in
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alternation) carry electric signals and are insulated at the clamping (on the outer and inner clamping rings); no
electric insulation is needed on the thin wires themselves where deformations occur. The manufacturer of the
gimbals is the same as for the helical spring; the same heat treatment and cleaning procedure have been applied.

The way each gimbal is mounted is shown schematically if Fig. 2.4, where it is apparent that it
allows conical movements of the coupling arm at its midpoint. By commanding the
piezoelectric actuators it is possible to change the relative axial position of the centers of mass
of the test bodies, allowing axial centering; in addition, it is possible to change the length of the
two halves of the arm, which is extremely important for balancing the test bodies under the
effect of the residual drag (Sec. 2.1.4, Fig. 2.13). Note that, if inch-worms are used rather than
ordinary piezo, it is possible to switch off the electric potential once the desired adjustment has
been achieved; in this way they will not disturb the EP measurements nor produce joule
heating inside the PGB (small force gravitational experiments should be as passive as
possible).

FLAT GIMBALS PIVOTED ON THIN TORSION WIRES

Figure 2.4 Schematic view of one flat gimbal pivoted on torsion wires. The inner ring of the gimbal is clamped on
the coupling arm (in light blue) and the outer one on the PGB tube (of which only a section is shown). The length of
the two halves of the arm can be changed by means of the piezoelectric actuators (schematized by their end faces).
Torsion of the wires allows conical movements of the coupling arm at its midpoint.

Low NOISE SUSPENDED LABORATORY (PGB). As shown in Fig. 2.1 that the only connection
between the (coupled) test bodies and the “outside world” is through the flat gimbals. It is very
important for such a connection not to be directly to the spacecraft, but through an
intermediate stage, in its turn suspended from the spacecraft. This intermediate stage is a
cylindrical laboratory whose mechanical suspension from the spacecraft (also a very weak
suspension, as it is possible in space), provides an effective, passive (i.e. at essentially no
cost) vibration isolation above its natural frequency of oscillation. This laboratory is shown in
Fig. 2.8 under the name of PGB (Pico Gravity Box), from the original name given to a passive
noise attenuator of this kind to be used for low gravity experiments, typically in a box of
available volume, on board the space station (Nobili et al., 1991, Catastini et al., 1992).

The PGB laboratory shown in Fig. 2.8 is suspended from the spacecraft with 2 helical springs,
one of which is shown in Fig. 2.5. It is made of 1 steel wire of 0.15 mm diameter, which provides
the stiffness, and Cu wires (0.12 mm diameter each) for the required electric connections from
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the spacecraft to the laboratory (3 in this spring; 6 are needed in the GG experiment, 3 through
each PGB spring); each Cu wire has a resistance of 1.5 Q and is insulated to better than 20
MQ. All wires are glued with epoxy and made into a helical spring as shown in the picture with
elastic properties (both in the longitudinal and the transversal direction) very close to the
nominal ones in the current GG baseline, namely 10 N/m (10 dyn/cm). This is easily obtained
by playing with the parameters which determine the elastic properties of helical springs,
namely the thickness of the wire, the number of turns, the diameter of each turn, the total
length of the wire (45 cm in this case). Although this spring is very soft, two of them can very
well suspend the PGB laboratory and the test bodies apparatus inside it, all together a mass of
several tens of kg. This is because, in absence of weight, the largest force that the GG
spacecraft is subject to is due to air drag, which is about 10° times smaller than 1-g on Earth.
The largest deformation that the PGB springs will undergo, before drag compensation, is very
minute compared to their length and size (less than 0.7 mm); there is certainly no danger to
overcome their elasticity regime.

Figure 2.5 One suspension spring of the PGB laboratory

In GG an EP violation signal is modulated at the spin frequency of the sensors. Vibration noise
at this frequency (or close to it), i.e. noise which acts at 2 Hz with respect to the Earth, hence
at 4 Hz or DC in the rotating frame, is effectively attenuated by the mechanical suspensions of
the PGB laboratory inside which the experiment is carried out. As seen in the fixed frame, the
system is transparent to DC and low frequency effects (like the signal, the residual
atmospheric drag and its low frequency fluctuations...) but is very efficient in attenuating
vibration noise above its threshold frequency, particularly around the spin frequency. The
transfer function of the system, when viewed in the rotating frame, shows a sharp peak of
value 1 at 2 Hz (Fig. 2.6), meaning that the system is perfectly transparent at the signal
frequency (see Catastini et al., 1996 for details). In this way the signal is not affected, in
amplitude, by the spin; also the low frequency drag effects (of the fixed frame) are up-
converted to high frequency with no amplification (and no reduction either, of course). The
only difference, and indeed big advantage, with respect to the non rotating case being that the
detecting instruments work much better at higher frequency. So the sharp peak at 2 Hz is a key
feature of GG. But how can the peak at 2 Hz be so sharp? Simply thanks to the fact that the
PGB provides good attenuation at its sides, at lower and higher frequencies, i.e. around 4 Hz
and 0 Hz (w.r.t the rotating frame). This means good attenuation of perturbations which are at 2
Hz w.r.t the fixed frame. The need to attenuate these perturbations should not be neglected.
Although in space a motor is obviously not needed, we cannot forget that the FEEP thrusters

GG Phase A Report, Chapter 2: THE GG SPACE EXPERIMENT 19



GG Phase A Report, Chapter 2.1: EXPERIMENTAL CONCEPT

will act at about 2 Hz (to reduce the main along track effect of drag at the orbit frequency, and
also its low frequency components). Since the FEEP thrusters compensate low frequency drag
effects while spinning at 2 Hz, any mismatches and imperfections in their firing will give rise to
spacecraft perturbations at 2 Hz w.r.t. the fixed frame (hence at 4 Hz and 0 Hz in the rotating
frame). Sonic noise of the GG spacecraft structure will be peaked at much higher frequency,
but a tail at the spin/signal modulation frequency should not be excluded, and will be
attenuated.

The transfer function of the rotating PGB for a quality factor Q of the suspensions of 90 and 400
is shown in Fig. 2.6, in the non-rotating frame (upper plot) and in the rotating one (lower plot).
Q=90 is the value measured in the laboratory for the PGB spring shown in Fig. 2.5 (see Q
measurements in Sec. 2.1.5). This low Q value of the PGB springs (as compared to the Q of
the springs which suspend the test bodies) is due to the fact that the PGB springs have to
carry wires and their insulation. A Q value higher than this, e.g. Q=400, can be easily obtained
by manufacturing the PGB helical springs with separate wires insulated at the clamping; these
will have a lower dissipation and therefore a higher Q.

In summary, the weak mechanical suspensions of the PGB —which can be used only thanks to
weightlessness— provide an effective, passive means of isolation from the (relatively) high
frequency vibrations around the spin/signal modulation frequency; in addition, they provide
electric grounding (see Sec. 2.2.4) and make the PGB laboratory essentially thermally de-
coupled from the spacecraft (see Sects. 5.4 and 4.4). All of these are very important
advantages for the purpose of achieving a high accuracy test of the Equivalence Principle.

AMPLITUDE OF THE EXPECTED SIGNAL. In the GG numerical simulation (see Sec. 6.1.10), with
the nominal elastic properties of the suspensions given above (and close to those of the
suspensions in CuBe shown in Figs. 2.2 and 2.3) the natural frequency for differential
oscillations of the test bodies (differential mode) is wym (71.15407 rad/sec, corresponding to a
natural period of about 545 sec (Table 6.4). The resulting amplitude of the relative displacement
of the test bodies in response to an EP violation to the level 7=10" (current target of GG)

-yielding an acceleration signal agp as in Eq. (1.2)-is

DXpp = aEP2 06.3010™3 Angstrom (2.2)

Wdm

modulated at the spin frequency according to Eq. (2.1). As a mechanical displacement, Axgp 7
6.310° A is incredibly small; however, once it has been transformed into an electric potential
signal via a relative change of capacitance in the read-out capacitance bridge, it can be
detected, as we have verified experimentally (see Sec. 2.1.3 and Chap. 3). It is clear, however,
that the very weak mechanical coupling of the test bodies achievable in space (a natural
differential period of 520 sec is very long, meaning that the coupling is very weak indeed) is
crucial in order to get a displacement value within the reach of a capacitance read—out.

Finally, as mentioned in Sec. 1.4, mechanical suspensions allow electric grounding of the test
bodies and eliminate the major effects of electric charging. There are no floating bodies in GG,
as it is shown in Fig. 2.8.
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Figure 2.6 Transfer function of the GG Spacecraft/ PGB system as seen in the non rotating frame (upper figure and
in the frame rotating at 2 Hz (lower figure) together with the whole system. The noise reduction factor plotted on the
vertical axis is the ratio: amplitude of disturbing vibration at the PGB level to amplitude of vibration at the GG
spacecraft level. The lower this ratio, the lower the platform noise of the experiment, since the experiment is carried
out inside the PGB. We consider the two cases Q=90 (currently measured) and Q=400 (readily achievable). In both
figures we plot also the transfer function in the zero-spin case (i.e. PGB suspended inside the spacecraft with the
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system not spinning) to recover the familiar shape of the transfer function, with noise attenuation above the natural
oscillation frequency of the system and the resonance peak; the peak height is low for a finite, low, Q. As viewed in
the non rotating system (top), the transfer function is not changed very much by the spin because it depends on the
elastic properties of the suspensions, and rotation does not bring in any dramatic changes (deformations are
minute). It is apparent that the system is transparent to frequencies lower than the natural frequency of the system,
such as the orbital frequency while it provides good attenuation close to the spinning frequency (the modulation
frequency of the EP violation signal). When viewed in the rotating frame (bottom) there is a peak with value 1 at the
spinning frequency, showing that vibrations at very low frequency w.r.t. the fixed frame, particularly the DC ones,
are not attenuated; the observer co-rotating with the system sees these DC perturbations as 2 Hz, and finds that
the suspension does not reduce them, namely that it is transparent to 2 Hz effects. Perturbations which are seen at
2 Hz by the non rotating observer (and attenuated), have frequencies 0 and 4 Hz for the rotating one, and in fact he
too finds that they are attenuated.

ALTERNATIVE WEAK COUPLING DESIGN. Although helical springs and flat gimbals have many
advantages and allow to weakly couple the GG test cylinders as it is required for high accuracy
EP testing, they are not the only solution. An alternative design to the one shown in Fig. 2.1
and discussed above, is shown in Fig. 2.7, based on thin, curved laminar suspension strips to
be manufactured from a CuBe foil in the required curved shape shown in the figure (they
should not be bent elastically) so as to avoid release of accumulated stress. The advantage of
this design is to be more sensitive to differential forces and stiffer in common mode. The
laminar suspensions should also be easier to manufacture and handle.
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Figure. 2.7 Alternative design, with respect to the baseline one shown in Fig. 2.1, for a weak coupled suspension of
the GG test cylinders; section through the spin/symmetry axis. The two balancing arms are twice as long as in Fig.
2.1, which increases the sensitivity by a factor of 4. The bodies are coupled by thin, curved laminar suspension
strips; there are 3 of them at each level, symmetrically placed around the axis (there can be more, but always
symmetric). The particular geometry of mounting them ensures that the pivoting points of the two balancing arms
are well defined and that those at the center of the rotor coincide well one with the other (at the cross shown).
These suspensions are very soft for lateral differential oscillations of the two test masses and at the same time are
particularly rigid for unwanted motions, like common mode lateral oscillations and rotational oscillations around the
spin axis. They have enlarged ends for clamping (so as not to add dissipation at the clamps), and those in the
central part of the rotor are fastened by electrically insulating clamps, so that these suspensions can be used as
conducting leads between the PGB tube and the two balancing arms for the driving voltages of the four axial inch-
worms, which are used for balancing the two rods and for adjusting the axial position of the two test masses. Once
the desired balancing has been achieved the driving voltages of the inch-worms are switched off, leaving them
blocked; in this way they will not disturb the EP measurements nor produce joule heating inside the PGB laboratory.
The small capacitance sensors/actuators for sensing and damping the whirl motions, and the capacitance plates of
the read-out are shown, as in Fig. 2.1.
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2.1.2 IMPLICATIONS ON SPACECRAFT, ATTITUDE AND ORBIT

NEED FOR A SPIN STABILIZED SPACECRAFT IN Low EARTH ORBIT. The test bodies, their
mechanical coupling and the capacitance read-out are the core of the GG mission. Once the
experimental design outlined in the previous section has been conceived, the features of the
required spacecraft, its attitude and orbit are also identified. In the first place, the cylindrical
symmetry of test bodies and PGB and the request to spin, suggest a spacecraft of cylindrical
symmetry too, stabilized by one-axis rotation along the symmetry axis. The nature of the signal
(see Fig. 1.1 and Eq. 2.1) requires the spin axis to be as close as possible to the orbit normal;
the need to reduce non gravitational perturbations on the spacecraft surface (Sec. 2.2.1)
suggest that it should be small and compact (which in addition helps reducing its cost); the
need to reduce perturbations on the test bodies from nearby moving masses suggests to use
thrusters of high specific impulse (such as FEEP; see Sec. 4.2) in order to reduce the amount
of propellant required for drag compensation during the mission.

A section of the GG satellite through its spin/symmetry axis showing how the PGB and the
experimental apparatus is accommodated, in a nested arrangement inside it, is shown in Fig.
2.8; a 3-D view is given in Fig. 2.9 (see Chap. 5 for details). The spacecraft is 1 mwide and 1.3
m high. The area of the external (cylindrical) surfaces covered by solar cells is dictated by the
power needs of the mission (somewhat more than 100 W); the compactness of the spacecraft
(similar to a spinning top in shape) is for maximizing the moment of inertia with respect to the
symmetry axis whereby providing passive spin stabilization around it. The current nominal spin
rate is 2 Hz (120 rpm), yielding a peripheral acceleration of about 8 g, which is well doable.
From the viewpoint of the EP experiment the modulation frequency of the signal, hence the
frequency of spin, should be as high as possible: the higher the better, to reduce mechanical
noise and low frequency “1/f" electric noise. In addition, a higher spin rate, with very weak
suspensions at it is possible to use in space, makes the test bodies closer to being free, ideal
rotors (see Sec. 2.1.5), which is advantageous for the EP experiment. However, there are
practical constraints which is better not to push to their limits in order to reduce the complexity
and cost of the spacecraft. A spin frequency of 5 Hz with spacecraft dimensions close to the
current ones, was the original choice for GG (Nobili et al., 1993; Nobili et al., 1995). The
current baseline is safer and poses no problems. Indeed, the first Italian satellite, SIRIO, flown
more than 20 years ago, was very similar to GG: cylindrical in shape, passively stabilized by
one axis rotation, with mass, spin rate and maximum peripheral acceleration very close to
those of GG. In any case, a spin frequency of 2 Hz already provides a modulation of the
expected EP signal about 10" times higher than ever achieved.

From Eq. (1.2), which gives the intensity of the expected signal acceleration for an EP violation
expressed by the adimensional E6tvOs parameter 7, it is apparent that the lower is the orbiting
altitude the stronger is the signal. The altitude h of the satellite orbit is chosen having in mind
two competing needs. On one side there is the need for an orbit altitude as low as possible, as
this increases the strength of the signal; however Eq. (1.2) shows that the dependence on h of
the acceleration signal is very slow for low Earth satellites (R;>>h). On the other hand, the
altitude should be high in order to reduce the relevant disturbing effect from the residual
atmosphere, at least as long as this becomes comparable to the effect of solar radiation
pressure, which cannot be avoided anyway. The value of h is much more relevant for air drag
acceleration than it is for the strength of the signal, because of its linear dependence on air
density. In the current baseline we have h /7520 km. It is worth noticing that in the case of GG
the only concern about a higher altitude is for a slightly weaker signal; there is no special
concern on charged particle effects (as it is the case in STEP) because there are no relevant
electrostatic effects (Sec. 2.2.4).
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Figure 2.8 Section through the spin axis of the GG satellite. The solar panels are shown, in two cylindrical halves at
the two ends of a girdle which is the central part of a very compact spacecraft of cylindrical symmetry, resembling a
spinning top, —made of the central girdle, one truncated cone above and one below— all to be manufactured in
carbon fiber composite (see Fig. 2.9 for a 3-D view of the GG spacecraft with and without the solar panels). Inside
the spacecraft is shown the PGB laboratory with its helical suspension springs and small capacitors for sensing its
relative position with respect to the spacecraft, both along the symmetry axis and in the transverse plane. The role
of the passive compensation masses is discussed in the Section and shown in Fig. 5.7. A blow up of the cylindrical
test bodies and the read-out sensors located inside the PGB is shown in Fig. 2.1
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Figure 2.9 The GG spacecraft with solar panels (left) and without (right), showing its compact “spinning top™-like
shape The outermost cylinder is 1 m wide and 1.3 m high. On the central girdle are located some electronic boxes,
the Earth/Sun Sensors and the FEEP thrusters. One of the two antennas can be folded to reduce the required
fairing space at launch.

WHY AN EQUATORIAL ORBIT. Due to the flattening of the Earth any satellite orbit whose
inclination | over the equator is different from exactly O or 772 is subject to the regression of its
line of nodes. The dominant effect on the longitude Q of the ascending node of the satellite

orbit is due to the zonal harmonic Joj of the gravity field of the Earth (which expresses its
polar flattening) with a rate of change:

: 3H Ry
QU-— I 2.
> Eﬁ RJrhga)oerZD cos (2.3)

where wyp is the orbital angular velocity of the satellite at altitude h around the Earth. The
formula is valid for small values of the orbital eccentricity e (€’ terms neglected) and non-zero
inclination (for symmetry reasons, there is no such effect at /= 0); there is either regression or
advance of the line of nodes depending on whether /is smaller or bigger than 904 there is no
motion of the nodes for an exactly polar orbit (/= 772). For any inclination 0 < /< 772, assuming
the spin axis unit vector of the satellite @ to be initially parallel to the orbit normal &,, (and

neglecting at this point all perturbations on & (see below) the two vectors will be an angle 2/

away from one another after a time 77/Q i.e. after half period of the regression of the nodes
(see Fig.2.10). For low orbit altitude and inclinations of 5 to 20 degrees half the period of the
nodes is from 25 days to about 1 month, to be compared with a mission duration of 7 months,
which means that the higher the orbit inclination the more important would be —in order not to
loose in signal strength— to perform attitude maneuvers so as to keep the spin axis close to the
orbit normal. No such maneuvers are needed at inclination close to zero, and this is why an
equatorial orbit is preferable. An orbit very close to a polar one would also be suitable from this
point of view; however, it would offer no major advantages from the viewpoint of launch while it
is certainly less advantageous for ground operation from the Italian equatorial station of
Malindi. Although GG is a mission far from heavy on data rate (see Chap. 7) its operation if
close to equatorial orbit is definitely easier for the Italian ground station.
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Figure 2.10 The figure shows the relative position of three unit vectors: the spin axis of the Earth a, the spin axis
of the GG satellite G (both fixed in time) and the normal to the orbit plane of GG @&, for a given orbital
inclination I. The orbit normal is drawn in two positions: at initial time, as &°o, assuming that it coincides with G

and after 1/2 period of the nodes, as &%?qy. It is apparent that the originally aligned axes become an angle 2I
apart. The higher is the inclination (0<I<772), the larger their angular separation will be.

The price to pay for this choice is to deal with severe thermal variations due to the satellite
coming in and out of the shadow of the Earth every orbit. And to be without sun power for a
significant fraction of the orbital period. The only orbit which would solve (yet not totally) this
problem is sun-synchronous, which however cannot (by definition) have zero motion of the
node line (since its orbital plane is meant to follow the Sun) and is therefore incompatible with
the GG need for a spin axis close to the orbit normal during the entire mission and no attitude
maneuvers. However, we have found (see Sects. 4.4 and 4.5) that the GG thermal problems
can be solved, thanks to the fast spin of the spacecraft and good vacuum inside it, using, in
addition, passive insulation and a spacecraft structure in carbon fiber composite (with very low
thermal expansion coefficient). The required thermal stability can be met by purely passive
means.

A circular orbit is preferable, but a small eccentricity can be accepted in order not to put
stringent requirements on the performance of the launcher. Residual eccentricity from the
launcher can be as low as 0.003. An orbit inclination of no more than 0.2°is within the current
launcher performances (e.g. Pegasus); as for having the spin axis close to the orbit normal,
active maneuvers can be performed (before spin up to the nominal rate) reaching a deviation
<1° Apart from the regression of the line of nodes, and its consequences on the strength of
the EP signal, perturbations on the GG orbit do not have any relevant consequences over the
7 months nominal duration of the mission. The pericenter will precess; the orbit will circularize
and spiral in due to air drag; orbital effects of radiation pressure in semimajor axis will average
out every orbit (Milani et al. 1987, Chap. 4). All these non gravitational effects are significantly
reduced by FEEP drag compensation; in any case, hone of them is of any concern for of the
experiment and the mission. No precise satellite tracking is required; tracking with an ordinary
accuracy of several km along track is sufficient for the purposes of the EP experiment.

PASSIVE COMPENSATION OF DIFFERENTIAL ROTATION. With this choice of the orbit (almost
equatorial, almost circular with the spin axis close to the orbit normal) there is an effect
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induced by eclipses which gives rise to an angular phase lag between the spacecraft outer
shell and the payload suspended inside it, and it must therefore be taken care of (Lund, 1995).

The spin rate @y of the outer shell will change if the moment of inertia of the shell changes
while the spin angular momentum remains constant. This indeed happens every orbit due to
temperature variations of the outer shell as the GG satellite gets in and out of the Earth
shadow, which is not the case for the PGB laboratory since it is very well insulated and
thermally de-coupled from the spacecraft (see Sects. 4.4 and 5.4). Hence, a differential
rotation rate of the outer shell with respect to the PGB is to be expected. The relative change
of the angular velocity of the outer shell s with respect to its nominal spin angular velocity
must equal the relative change of its moment of inertia J, with respect to the symmetry/spin
axis (due to the conservation of spin angular momentum), and it must be:

A(")OS - A‘JZ DZGOS AT (2.4)
Ws Jz

where a,s is the thermal expansion coefficient of the outer shell and AT its temperature
variation due to the eclipse. Because of the low torsion constant of the PGB springs the natural
period for torsion oscillations of the spacecraft/PGB systems is longer than the eclipse duration
(about 1/3 of the orbit period); as a consequence, a differential rotation rate will accumulate
over the eclipse passage, yielding a corresponding phase lag between the two bodies. We
shall have:

(Atos)eclipse 12005 Log [AT Feglipse (2.5)

for the variation of the spin angular velocity in 1 eclipse passage of duration Teipse, and a
corresponding phase lag:

Oeclipse U 0s LU [AT [Teqfipse (2.6)

The GG thermal model gives AT /730 degrees for the temperature variation of the spacecraft in 1
eclipse passage; if the spacecraft is made of carbon fiber composite it is reasonable to have a
thermal expansion coefficient dos [70.9M0°/K; thus:

Oeclipse 0.8 rad (2.7)

This result has been confirmed by detailed theoretical and numerical analysis; it is clearly
unacceptable and calls for a solution. A way to solving it comes from noticing that such a large
phase lag is due to the high spin rate of the spacecraft (together with the fact that the phase
difference grows quadratically in time) while the absolute change in the moment of inertia is
indeed very small. This means that it can be balanced by a small compensation mass.
Moreover, compensation can be passive (Marchal, 1996); the idea is to have a mass which
expands and contracts in anti-phase with respect to the outer shell of the spacecraft so as to
keep the total moment of inertia (of the outer shell plus the compensation mass) essentially
constant. Since the compensation mass should be small compared to the mass of the outer
shell, clearly its expansion coefficient must be larger than the expansion coefficient of the outer
shell (if the masses have about the same distance from the spin axis). Expansion is required
in the radial direction (normal to the spin axis) because this is how the outer shell expands and
contracts. Hence, there must be bars located radially from the cylindrical surface towards the
spin axis, while the bulk of the compensation mass should be as close as possible to the outer
shell in order to give the highest contribution to the total moment of inertia (and thus to its
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variations as well). Also, materials with high expansion coefficients tend to have low density.
From all this we are led to the design shown in Fig. 2.8: a number of bar shaped supports with
large thermal expansion coefficient ayy are located radially from the outer shell surface (in
thermal contact with it) towards the spin axis; from the other ends, getting back towards the
surface of the spacecraft, there are thermal insulating low expansion bars at whose ends the
compensation masses are attached. As the spacecraft outer shell expands outward the
compensation masses are displaced inward, and viceversa. The compensation masses are
far away from the spin axis thus giving a large contribution to the moment of inertia. Care
should be taken in maintaining symmetry in azimuth as well as top/down. Also, thermal
insulation of the top radial bars and insulating masses is necessary not to bring heat inside.
Three possible mass compensation designs are shown in Fig. 5.7. For the total moment of
inertia to remain constant the ratio of the thermal expansion coefficients and the ratio of the
moments of inertia (with respect to the spin axis) must satisfy the equation:

Opar _ Jos 2.8)
Oos  Jem

and, with the design outlined above:

Mem _ @[E r g Jem 2.9)
Mos  Obar Tem T loar

with my,, the total compensation mass (with bars of negligible mass), mysand r the mass and
radius of the outer shell, rq, the radial distance of the compensation mass from the spin axis,
lar the length of the high thermal expansion bar. Using materials with aw, @ factor 50 to 100
times larger than the expansion coefficient of the outer shell in carbon fiber it is found that a
compensation mass not larger than 5 kg is sufficient. Note that a small compensation mass,
and a small mass for the bar, i.e. a small mass for the entire system means that heat can be

transferred (hence expansion/contraction achieved to compensate for those of the spacecraft)
in a very short time.

How rapidly must this passive mass compensation system work in order to keep the phase lag
between the outer shell and the PGB within a required phase difference Oreq [J0.01rad

(namely, 1/10 of the of angle available by the mechanical stops)? Assuming the temperature
change to be linear in time we get a quadratic growth of the phase lag angle with acceleration:

© 020 osweT 03.401077 rad/sec? (2.10)

giving about 240 sec for the response of the compensation system. Materials with thermal
expansion coefficient as large as 10%/K to be used for manufacturing the bars tend to have
low thermal conductivity; they can have a thermally conductive inner bar so as to increase the
surface of thermal contact with the expanding/contracting outer shell of the spacecraft thus
reducing the response time. In any case there is sufficient time available. Instead, it is possible
to use bars is special Al alloy which have somewhat smaller thermal expansion coefficient but
high thermal conductivity and need no inner bar. The gravitational perturbation on the test
bodies of all the moving mass (from the outer shell as well as the compensation mass) has
been estimated and found not to be a problem (Sec. 2.2.5).

In the conservative assumption that 10% of (2.10) is not compensated passively, for the
residual angular acceleration between the spacecraft and the PGB (3.440° rad/sec?) the
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response time is 770 sec; it can be sensed and corrected. It is sensed by placing a small mirror
on the PGB tube and a photo-detector on the spacecraft (it adds no wire to the PGB); the
angular resolution (< 0.01 rad) is certainly not a demanding one. The photo-detector can then
drive the FEEP thrusters to correct for the phase lag by spinning the outer shell up or down as
necessary. The torque to be provided is of 10 uN/m, well within the capabilities of the thruster
authority of the FEEP. Indeed, the FEEP could correct for the entire effect (no passive mass
compensation), since this requires 100 4N/, but it is preferable to limit the FEEP to fine
adjustments only in order to reduce power consumption.

No such phase lags as those discussed above will take place between the PGB and the test
bodies because of the very good thermal insulation (see Sec. 4.4); spring coupling will take
care of eliminating residual small phase lags (e.g. left out by the unlocking procedure) within 2
weeks (see Sec. 2.1.6).

EFFECTS ON THE SPIN AxIS. We have analyzed the effects of the regression of the nodes on the
relative angle between the orbit normal and the spin axis, assuming the latter fixed in space.
Although the approximation is correct, the spin axis is not exactly fixed in space. This is
because a body with different moments of inertia (the GG satellite) whose spin axis is not
exactly normal to the orbit plane will be forced to precess about the orbit normal by the
monopole gravitational attraction of the central body (the Earth). The effect is similar to the well
known luni-solar precession (with 26,000 yr precession period) of the spin axis of the Earth
about the normal to the ecliptic produced by the monopole of the Moon and the Sun on a
planet Earth which has a non zero quadrupole moment.

For an axisymmetric body having moments of inertia J, with respect to the symmetry axis and
Ji with respect to any axis in the transversal plane (J,>J,), whose spin axis —assumed to be
coincident with the symmetry axis at this point- is at an angle & with respect to the orbit
normal, it can be shown that the spin axis will precess about the orbit normal with a precession
period Py given by (e.g. Afonso et al., 1989):

Py O 3 ; oYz £ 2.11)
cosb (3cos|-1) Jz~Jx 3 Wb

This formula has been obtained after averaging over the fast variables, both the true anomaly
and the longitude of the node. Clearly, the more the body differs from a sphere i.e. the larger is
its fractional difference in the principal moments of inertia (J-Js)/J,, the more relevant this effect
will be (i.e. faster precession). Once all the bodies have been unlocked, since they are weakly
coupled and have different values for the fractional difference in the principal moments of
inertia (J-J)/J; they will precess at different rates, slower the test masses than the outer shell
and the PGB (the test masses are manufactured with lower quadrupole moments). The fastest
precession rate is that of the outer spacecraft, whose precession period amounts to P, /6 yr.
(and it is the shortest of all). This means that the assumption made for the longitude of the
nodes to be a fast variable too was indeed correct. Note that the precession angular velocities
are different for the different bodies due to their different quadrupole moments, but they have
all the same sign (in fact opposite to the sign of the spin angular velocity, which is obviously
the same). The precession rate of the PGB is slightly slower than that of the outer shell, while
those of the test bodies are at least a factor of ten slower. Let us consider the worst possible
case: that of one body precessing at the fastest rate (i.e. the spacecraft outer shell) and
another body with zero precession rate. In a given time interval At the precession angle ay
covered by the vertex of the spin axis of the spacecraft in its precessional motion in the sky is
oy = (271Py) [4t. However, the spin axis is sweeping a precession cone of semi-aperture 6, and
therefore the angular displacement with respect to its original position (also the position of any
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axis not affected, or much less affected by this torque) is @=ay, 8 (all angles in radians). Taking
the entire 7 months nominal duration of the mission as 4t, we get 9/10° rad (0.69 for the total
angular displacement. This value, which is an upper limit, is also much smaller (about 1/10) of
the maximum physical room allowed by the mechanical stops for relative angular movements
(in all degrees of freedom) for the suspended bodies.

However, in the above reasoning we have ignored the mechanical coupling between the two
bodies. Instead, there are coupling springs which will be elastically deformed in response to
the external torque until an equilibrium position is reached. The effect is like the so called
“gyroscopic effect” for rotors on Earth —in the case that the coupled rotors be suspended by
their center of mass—, noticing that on the ground precession would be around the diurnal
angular velocity vector of the Earth, hence yielding a much stronger effect. The problem arises
for the GG prototype experiment in the laboratory and it has been carefully investigated: the
resulting angular displacement at equilibrium between the spin axes is very small even on
Earth (10° rad or smaller depending on the arrangement; Comandi, 1998). It will be certainly
smaller in space. Even more important, the GG test bodies in space are suspended from the
center of mass (or symmetrically with respect to it): as a consequence, gyroscopic effects —in
addition to causing very small angular displacements— will not affect the centers of mass of the
test cylinders whose relative displacement is the only physical quantity relevant for the EP
experiment.

The outer shell of the GG satellite is subject also to a number of non gravitational perturbations
that can change its spin axis while not affecting the PGB laboratory and test masses
suspended inside. As a result, there will be tilts which, although not affecting the centers of
mass, may be unacceptable for the EP experiment. If so one should resort to active control of
the spin, that is, GG should rely on compensation (to some extent) of non gravitational effects
also in angle. From the analysis reported below we conclude that no active control is needed
on the direction of the spin axis.

The main non gravitational torques are due to solar radiation pressure and air drag. Radiation
pressure on the GG top and bottom covers is usually asymmetrical. The Sun is not always at
zero declination over the equator of the Earth, the orbit of GG is not exactly equatorial, the spin
axis is not exactly normal to it. So one cover is illuminated while the other is in the dark. The
reflected part of this asymmetrical radiation gives a force along the spin axis, hence no filt.
Instead, the effect due the absorbed fraction has the same direction as the surface-to-Sun
direction, and this has a component perpendicular to the spin axis which, in the case of
asymmetrical illumination, results in a torque that can tilt the spin axis of the outer shell with
respect to that of the PGB inside. The radiation pressure force on a GG cover can be
estimated to be:

qDsun 24
(Frp)cover DTMW sind) [ 5 (2.12)

where @y, is the solar flux, ¢ the speed of light, r the radius of the GG spacecraft, J the
declination of the Sun over the equator of the Earth and ay, the absorption coefficient of the
surface. The corresponding torque is:

Nep DFep e E-'Izl (2.13)

where h is the height of the GG outer shell. In the unfavorable, simplifying assumptions that &
is always at its maximum, that no shadowing occurs, and with a large value for a,, (0< amp<l)
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the maximum value of N, is only of few 107 Nih, to be compared with the enormous spin
energy of the spacecraft, Eqin= J,w? [J5/10° N (a factor at least 10 bigger). As far as air drag,
is concerned, since the GG spacecraft is highly symmetric only fluctuations in the residual (at
the orbiting altitude) atmospheric density can give rise to a tilting torque. Furthermore, only a
fraction of such fluctuations will produce a tilting torque always in the same direction. In the
very conservative assumption that fluctuations producing a tilting torque always in the same
direction amount to 0.01 of the average air density, the resulting torque would still be of the
same order as in the torque due to solar radiation estimated above; hence, also negligible
compared to the spin energy. For completeness we have estimated also the effect of a
magnetic torque. Any electric charge that were to materialize inside the spacecraft (e.g.
interaction with cosmic rays) will move to the external surface of its outermost conducting
structure because all parts are connected via conducting suspensions and there are no free
floating masses. Since GG is spinning this charge will create a current loop whose magnetic
moment M (parallel to the spin vector of the spacecraft) will interact with the dipole magnetic

field of the Earth I§D giving rise to a torque mx éD As a result, the spin axis will precess

around ED . With an upper limit for the electric charge obtained from charging on LAGEOS (an

upper limit, because LAGEQOS orbits in the middle of the Van Allen belts) this magnetic torque
turns out to be totally negligible.

Having analyzed all non gravitational perturbing torques (that we are aware of) which can tilt
the spin axis of the GG spacecraft outer shell with respect to the PGB laboratory inside, we
conclude that their effects are negligible by far and that no active control of the direction of the
spin axis in space is needed. Such direction is absolutely stable. The simple physical reason
behind this fact is that the kinetic energy of spin once at the nominal rate of 2 Hz is so high
compared to all perturbing torques that they would need a very long time to even slightly
displace the spin axis; with the addition of the restoring coupling of the springs, these torques
are of no concern at all. From the viewpoint of satellite operation, this result is a very important
simplification; in addition, a reduced complexity of the spacecraft is clearly beneficial for the
experiment. By comparison, the STEP attitude needs to be actively controlled; moreover, it
must be drag free also in angle to very high accuracy.

Besides the precessions caused by external torques (of both gravitational and non
gravitational origin) there is a precession, known as Eulerian or free precession, and also as
Eulerian or free nutation, which takes place in the absence of any external torque. For an axis-
symmetric body with the symmetry axis being the axis of maximum moment of inertia, there is
free precession whenever the body is put into rotation about an axis at non zero angle with
respect to the symmetry/principal axis. The spin axis precesses around the symmetry/principal
axis of the body (moving inside the body itself) at a frequency smaller than the spin frequency
and given by V= Vgindd; - J)/J.. A well known example is the polar motion or Chandler wobble
of the spin axis of the Earth by which the north pole moves on the surface of the Earth along a
circle-like curve of about 6 m radius (0.2 arcsec) every /7420 days. In the case of spinning
spacecraft free precessions must be damped in order to stabilize their attitude. In the case of
GG the presence of low stiffness mechanical suspensions coupling the outer spacecraft to the
PGB can reduce the amplitude of the free precession cones (see Fig. 2.6). The free
precession movement causes forced oscillations (and deformations) of the PGB springs in the
transversal plane, just like any other vibration perturbation; this happens at the free precession
frequency given above, which is higher than the threshold frequency of the system for the
attenuation of vibration noise, thus reducing the amplitudes of these oscillations and closing
the precession cone.

INNOVATIVE DRAG COMPENSATION. So far the GG spacecraft is standard. However, it is an
innovative spacecraft in that it performs an accurate drag-free control at the orbital frequency.
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The request for drag compensation comes from the experiment, because the effect of air drag
is by far larger —by many orders of magnitude; see Sec. 2.2.1- than the expected signal. The
residual atmosphere at the satellite orbiting altitude (as well as radiation from the Sun, the
Earth’s albedo and the infrared Earth radiation) act on the outer surface of the GG spacecraft
but not on the test bodies suspended inside. Since gyroscopic effects are negligible (because
of the very high energy of spin the GG spinning bodies are essentially unaffected by tilts and
torques), these non-gravitational effects appear as inertial accelerations on the test bodies to
which they are transferred via the flat gimbals on the coupling arms (as shown in Fig. 2.1),
ideally —i.e. in case of perfect balancing of the test bodies; see Sec. 2.1.4- equal and opposite
to the acceleration acquired by the spacecraft. Most of the effect (along-track) is at the
satellite orbiting frequency around the Earth; smaller, low frequency variations are also to be
expected. In the ideal case of perfect balancing of the test bodies air drag effects would cause
no differential displacement of the bodies (with respect to one another), hence not competing
with the EP differential signal. In reality balancing is not perfect, and it is a good strategy that
the burden of dealing with air drag effects be shared between the experiment core, by accurate
balancing of the test bodies, and the spacecraft itself —by making it drag-free, i.e. capable of
compensating for air drag.

In GG drag compensation is performed with FEEP thrusters, whose advantages for high
precision missions in Fundamental Physics devoted to the detection of very small forces, are
numerous: high specific impulse, negligible amount of propellant (few grams for a few months
mission duration), no moving parts, fine electric tuning and consequent high level of
proportionality. The motion of the PGB with respect to the spacecraft is monitored by small
capacitance sensors (shown in Fig. 2.8) which drive the FEEP thrusters (spinning with the
system) for compensation. The actual configuration of FEEP thrusters on GG for drag
compensation (6 in total) is given in Sec. 5.5 and Fig. 5.15. The drag-free control is based on a
notch filter, and requires the thrusters to fire close to the spin frequency; it has been designed
and implemented in a finite element numerical simulation of the full GG system (see Sec.
6.15). The corresponding vibration noise (close to the signal modulation frequency) is very
effectively reduced by the PGB suspensions according to the transfer function of Fig. 2.6, and
therefore does not reach the test bodies. The FEEP thrusters and their control electronics are
discussed in Sec. 4.2. The current GG requirements on drag compensation are given in Sec.
2.1.1.
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2.1.3 THE READ—OUT SYSTEM

The expected relative displacement between the centers of mass of the GG test cylinders due
to an EP violation to 1 part in 10" (the GG target) is given by Eq. (2.2), and it is as small as
5.840° A. Such a displacement can be detected by means of a capacitance (or an LC) bridge
as schematized in Fig. 2.11; we use two bridges, namely 4 sensor plates located halfway
between the test cylinders at 90° from one another (only 2 of them are shown in Fig. 2.11), in
order to double the output data, thus gaining in sensitivity by a factor v2 with respect to
unidirectional sensors. A capacitve detector to test the Equivalence Principle was proposed
also by Pace et al. (1992).

Any displacement of the test masses is the combination of a common mode displacement A,
(both masses move the same) and a differential mode displacement Axy, (of one body relative
to the other), as shown in Fig. 2.12. For the general displacement the total (relative) change of
capacitance will be given by (see Nobili et al., 1998 Sec. 7 for details):

Cl - C2 a-b 1
O [AXq~y —— LAX 2.14
2Co a2 cm a dm ( )

(C,=C3=C%, the initial values of the capacitances; a and b are defined as in Fig. 2.11) from
which the output potential derives. It is apparent from this equation that the measurement is
unaffected by displacements in common mode only if the plates are positioned exactly halfway
between the surfaces of the test cylinders. Therefore, the bridge needs to be mechanically
balanced, i.e. the capacitance plates of Fig. 2.11 must be positioned (and stay) at “equal”
distance from the surfaces of the test bodies with sufficient accuracy for all common mode
displacements to be smaller than the expected differential signal (see Fig. 2.12). If Axgp is the
differential displacement of the expected EP violation signal (as in Eq. 2.2), it must be:

a-b _Ax
Z " g—FP (2.15)

a  DAxgm
meaning that, for the bridge to detect a differential displacement Axgp in the presence of a
displacement in common mode Ax., (at most) the relative off-centering of the plates must not
exceed the ratio Axgp/AXm as in Eq. (2.15).

The GG requirements for the mechanical balancing of the capacitance bridge are given in Sec.
2.2.1 and can be easily met by means of inch-worms mounted a shown in Fig. 2.1. They will
not disturb the experiment because they can be switched off after having been positioned for
the required balancing has been achieved. Any disturbances from parasitic capacitances
depend on the geometry of the system and therefore act as DC effects, while the signal is
detected at the spin frequency.

A capacitance read-out as schematized in Fig. 2.11 has been designed, built, tested and
mounted on the GGG prototype (see Chap. 3). The capacitance bridge sensor circuit currently
in use on the prototype is shown in Fig. 3.10. It has been demonstrated that it is sensitive to
displacements of 510 A in 1 sec of integration time, with a factor of 10 improvement in 100 sec
integration times. Since integration times of a few thousand seconds are not a problem at all,
the required sensitivity is already feasible.
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Figure 2.11 Schematic drawing of the two capacitance sensor of the bridge of the GG read out system for detecting
relative displacements of the inner and outer test body with respect to one another. Each capacitor is formed by two
surfaces, one for each of the two grounded bodies, and one plate, to which a sinusoidal voltage is applied. The
other two capacitors of the bridge are fixed capacitors. Any differential displacement of the test masses with respect
to the plates causes a loss of balance of the bridge and therefore an output signal.

Surfaces after
displacement

_ Surfaces after
~ displacement

Figure. 2.12 The surfaces of the capacitors before and after: a) a common mode displacement and b) a differential
mode displacement. For a non zero (a-b) both a differential and a common mode displacement would contribute to
the (capacitance) unbalance of the bridge, hence to the output potential, as in Eqg. (2.14). An EP violation signal
would produce a differential displacement. For it to be detected the contribution coming from a common mode
displacement (e.g. caused by air drag) must be smaller than the contribution of the EP violation, hence leading to
the constraint on the mechanical unbalance of the bridge (a-b)/a (see inequality 2.15).
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2.1.4 BALANCING OF THE TEST BODIES AND COMMON MODE REJECTION

The effect of non gravitational forces, such as air drag and solar radiation pressure, acting
directly on the outer surface of the spacecraft and not on the suspended masses inside, is
twofold. On one side they shake the spacecraft and produce vibration noise whose spectral
distribution covers a wide frequency range and depends on the particular spacecraft. This is
not a matter of concern for the GG experiment thanks to the PGB mechanical suspension
which is particularly effective at the 2 Hz modulation frequency the signal (Fig. 2.6). On the
other side, non gravitational forces accelerate the satellite itself. Let us consider air drag, which
at 520 km altitude dominates over solar radiation pressure (the effect of the Earth’s albedo is
even smaller). The main component of air drag is in the along track direction of the satellite
with smaller variations at higher frequencies. The spacecraft will loose altitude and accelerate
in the along track direction, with the result that the suspended bodies inside (the PGB
laboratory as well as the test masses) will be subject to inertial translation forces. These are
transferred to the PGB via its helical suspension springs and, from the PGB, via the flat elastic
gimbals connecting the PGB to the coupling arms of the test bodies (see Fig. 2.1), to the test
bodies themselves. We have shown already that the spin axes are essentially unaffected by
the various disturbances because of the high spin energy of the bodies. The lifetime of the
satellite because of its orbit decay is several tens of years, much longer than the 7 months total
mission duration.

The first important fact to learn is that, unlike the forces which act directly on the surface of the
spacecraft, inertial forces on the suspended bodies inside do not depend in any way on the
surface properties of these bodies. Whatever the non gravitational acceleration on the satellite,
the inertial acceleration transferred to the coupled test bodies is simply opposite to that
acquired by the spacecraft because of drag; and if the test bodies are perfectly balanced, there
is no differential displacement between the two. In such an ideal case, drag would not affect
the expected signal of an EP violation at all since this is differential. The mathematical
dynamical model equivalent to the GG coupled test bodies is shown in Fig. 2.13, from which it
is apparent that the system is in all similar to an ordinary beam balance, save for the fact that it
is a vertical rather than a horizontal balance. Although not perfectly balanced so as to be totally
unaffected by drag, the system can be balanced in order to reject common mode forces (such
as the inertial forces resulting from drag) to very high accuracy, leaving only a much smaller
differential residual disturbance to compete with the signal. Piezoelectric actuators are well
suited to accurately balance the system, as shown in Fig. 2.14. The required electric
connections are through the flat gimbals (as discussed in Sec. 2.1.1) and, by using inch-
worms, all tensions can be switched off after balancing.

Once no further reduction is possible the phase and frequency of the signal must be analyzed
in order to establish whether it is due to an EP violation. How can one make sure that an EP
violation signal would not be eliminated together with the perturbing effects? This would only
be possible for a competing effect with the same frequency and phase as the signal, and in the
case that it were also constant in time. If the effects of drag and EP violation were parallel to
each other one could, for one particular value of the drag, balance the sum of the two.
However the drag is approximately along track, i.e. approximately at 90 ° with the EP violation
signal. Since we know the exact direction of the latter (toward the Earth’s center), we can
perform a balancing, exactly at 90° with respect to it, of the main component of the drag. Once
its main component has been balanced, also a possible component of the drag parallel to the
EP violation signal will be balanced out, as well as all variations of the drag and all other
common mode effects. In this way the EP violation signal will not be affected, and will be the
only remaining.
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It is apparent that the weaker the force, the more accurate can be the balance, hence
balancing the GG test bodies in space is favored by the very weak effect of drag (much
stronger than the expected signal, but much weaker than 1-g on Earth!). The test bodies of the
GGG prototype have been balanced to 1 part in 200,000 (see Chap. 3), better than it is
currently required for GG in space (see Sec. 2.2.1 for the requirements)
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Figure 2.13 The GG system of coupled test bodies (shown in Fig. 2.1 and discussed in Sec. 2.1.1) is equivalent to
the mathematical model shown on the right, which is in essence a vertical balance. F represents any force acting
on the system in common mode (i.e. the same on both bodies); being the beam of the balance vertical, it can
balance forces in the horizontal plane (i.e. the orbital plane). F represents here the main effect of drag as the GG
satellite orbits around the Earth (orbit frequency). It is apparent that if the arm lengths and masses were exactly
equal F would cause no relative displacement of the centers of mass of the bodies one with respect to the other.
An EP violation signal would be also in the horizontal plane, but at about 90° from F, i.e. about normal to the plane

of the figure.
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Figure 2.14 An enlarged view of the system of piezoelectric actuators placed on the two balancing arms of the GG
test bodies (see Fig. 2.1 for an overall view). The + and — signs represent the intrinsic polarization of the actuators,
i.e. how each one of them must be oriented when mounted. Control voltages are applied to the actuators (when
they are applied with the opposite polarity they should not exceed a certain value, which however is relatively high,
S0 as not to risk to depolarize the piezoelectrics): the sum Vi+V, determines the relative axial position of the
centers of mass of the test bodies and is used for axial centering. The voltage difference Vi—V; can be used to
change the lengths of the four halves of the arms so as to balance out the effect of transverse inertial forces (in
particular the along-track component of the air drag).
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2.1.5 SELF-CENTERING, WHIRL MOTIONS AND STABILIZATION

The GG experiment requires the test bodies, as well as the PGB laboratory, to be weakly
coupled and rapidly spinning, which means that the frequency of spin is much higher than all
frequencies of natural oscillation: w>>can. This is known as supercritical rotation. Rotors in
supercritical rotation are known since the last century to have an equilibrium position very
close to the rotation axis, which is pivotal in reducing the otherwise destructive effects of
centrifugal forces. In simple terms, a weakly suspended fast spinning rotor tends to spin
around its center of mass, i.e. it behaves more like a free rotor rather than a constrained one.
If the center of mass of the suspended body is located, by construction and mounting, an
offset vector £ away from the rotation axis, equilibrium is reached on the opposite side of &
with respect to the rotation axis, where the centrifugal force due to rotation and the restoring
elastic force of the suspension equal each other. It can be shown that this happens at a
distance from the spin axis smaller than the original unbalance & by a factor (w,/wg)? (see

e.g. Den Hartog, Chap. 6, 1985; Genta, 1993). Thus, at equilibrium, the off-centering is:

DRy D—E{ig ¥3 (2.16)

The offset vector £, hence also the equilibrium position vector, are fixed with the rotor. Since
the pioneer work of Gustaf De Laval about a century ago this relationship has been widely
demonstrated in both theoretical and experimental work on high speed rotors. It shows that
space offers an important advantage, because in absence of weight the natural frequencies of
suspended bodies can be made very low. In GG the ratio w/w, goes from 250 to 1000, hence
the reduction factor of the initial offset given in Eq. (2.16) goes from 10° to 1.6/10°. Moreover, it
is purely passive, naturally deriving from physical laws. For an original unbalance ¢ /10 ym this
means that the equilibrium position is within /71 Angstrom from the spin axis, as we have
indeed verified in the numerical simulation of the GG system (see Chap. 6, Fig. 6.29). It is
important to stress that this equilibrium position, slightly displaced from the rotation axis, is
fixed in the rotating frame of the spacecraft while the signal is modulated at the frequency of
spin. Possible imperfections on the surfaces of the bodies would also give a DC effect. The
actual direction of the off-centering in the rotating system depends only upon the location of
the unbalance and is of no importance for the experiment.

Offset values ¢ significantly smaller than 1um (even by a factor 100) are achieved with ground
rotors; however, it has been pointed out by Cornelisse (1996) that the system of test bodies
cannot be tested on the ground in exactly its flight configuration; therefore we assume that the
initial offset of the GG bodies, by both construction and mounting imperfections, does not
exceed the value &=10 um. It should be realized that, from the viewpoint of modern capabilities
in precision mechanics this is a very conservative assumption.

Perturbations such as air drag and solar radiation pressure acting on the external surface of
the spacecraft produce a non gravitational acceleration of its center of mass. In the reference
frame of the spacecraft the bodies will therefore be subject to inertial forces in the opposite
direction, which will move the masses to new displaced positions of equilibrium where the
perturbation is balanced by the restoring force of the spring. This is shown very clearly in Fig.
6.4 obtained from the numerical simulation (Fig. 6.4 shows also the whirl, that we introduce
below). It is worth noticing that, because of the supercritical state of rotation, the displaced
body will always spin around its own axis, which means that no centrifugal force due to the
spin will result because of this displacement. The only centrifugal force due to the spin come
from the off-centering given by Eqg. (2.16) and is balanced by the restoring force of the
suspension springs.
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No matter how good is the mechanical quality of the suspensions and how accurately they are
clamped, as the system rotates they will undergo deformations and, in this process, will
dissipate energy. The only energy that can be dissipated is the spin energy of the rotor, which
means that the spin angular velocity must decrease. As a consequence, the spin angular
momentum also decreases, and since the total one must be conserved, a motion of the two
bodies one around the other (in the same direction as the rotational motion) will develop.
Which is what is observed, and is referred to in the literature on Rotordynamics as whirling
motion. Friction between rotating parts of the system (i.e. friction inside the suspension
springs) is the physical cause of the whirl motion, and it is referred to as rotating damping.
Except in the case of rotating machines with very viscous bearings, the rotor whirls at
essentially its natural frequency (with respect to a fixed frame of reference). In GG there is no
motor, there are no bearings, no fluids, no oils, no greases; only carefully clamped
suspensions of high mechanical quality (particularly for the test bodies) which undergo only
minute deformations. Hence, the GG bodies whirl at their natural frequencies of oscillation.

As shown in Sec. 2.1.4, it is a key feature of GG that the test cylinders be very weakly coupled
in the plane perpendicular to the spin axis, so as to be sensitive to tiny differential forces in the
transverse plane (close to the orbit plane). The mathematical model typically used in
Rotordynamics literature in order to describe this system is shown in Fig. 2.15, where r,, is the
radius of whirl of each body around the common center of mass which, for the purpose of the
present discussion on whirl motion, is shown to coincide with the equilibrium position ("perfect”
self alignment); this amounts to neglecting the off-centering at equilibrium given by Eq. (2.16),
which is of about 1 A for the test bodies (as it has been confirmed by numerical simulations;
see Fig. 6.29).

Figure 2.15 Mathematical model of a rotor made of two bodies, each of mass m, coupled by weak springs. The
coupling constant is k and the natural frequency of oscillation . Both bodies are spinning at the same angular
velocity ) around their respective centers of mass O; and O.. In turn, O; and O, are whirling around the center
of mass O of the whole system, at a distance 1, (the whirl radius) from it, and at the natural angular velocity . In
the GG case wn 0102 s

Can the whirl motion be damped and the rotating system be stabilized? For more details than
those given in the remaining of this Section see: Bramanti et al., 1996; Nobili et al., 1996;
Nobili et al., 1997b; Nobili et al., 1997c.

If there is nothing else in the system but rotating damping there is nothing to prevent the
amplitude of the whirl motion from growing, and therefore the system is unstable. In rotating
machines on the ground whirl motions are usually damped by non-rotating damping, namely
by sufficient friction occurring between two parts of the system, both non-rotating as shown in
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Fig. 2.16 (i.e. between two parts of the non-rotating supports, for example friction between the
non-rotating part of the bearings and their fixed supports). This friction generates non-rotating
damping forces which are effective in damping transversal translational oscillations of the
rotor's axis of rotation (such as the whirl motions), and they do so without slowing down its
rotation. Non-rotating friction should not be confused with friction in the bearings, also
shown in Fig. 2.16. This is the friction (mostly viscous) between the rotating body and the non
rotating parts, which is obviously effective in slowing down the rotor but almost completely
ineffective at damping whirling motions (and also at producing them). An important advantage
of the GG space experiment is the absence of bearings, hence of bearing friction at all.

Rotor's Mass Rotating Damping Rotor's Shaft

\\ / rotatingat W ¢

Rotor's Springs 7 7 |

\ / ;7/ Bearing's Friction

<— Non Rotating Part
of the Bearing

Non Rotating

Damping

<— Fixed Support

Figure 2.16 Sketch of a ground rotating machine showing where rotating damping, non-rotating damping
and friction in the bearings are localized. The different roles they play in the dynamics of the system are
discussed below.

In the GG space experiment where there are no non-rotating parts an equivalent non-rotating
damping must be provided by an active control system of sensors and actuators fixed with the
rotating bodies. Before any such device can be designed, it is obviously necessary to establish
the magnitude of the forces which destabilize the system and which will therefore need to be
counteracted actively. The actual implementation of the active control forces for the real case,
with realistic errors in all components of the control system, can only be faced once the
magnitude of the destabilizing forces has been firmly established. In turn, this requires to firmly
establish the amount of energy losses in the GG rotating system.

GG is made of rigid bodies coupled by weak suspensions of high mechanical quality
(particularly those of the test bodies) which moreover undergo only minute deformations, from
a few 10° um in the case of the test bodies to /70.6 mm in the case of the PGB (before drag
compensation); see Sec. 2.2.1. The suspensions are carefully clamped so as to avoid parts
sliding one against the other, which is the main cause of mechanical losses. There are no
bearings, since, after spin up is completed, there is no need of a motor. There are no viscous
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materials: no fluids, no oils, no greases. Therefore the main loss factors (inverse of quality
factor Q) are those due to the very small internal dissipation of the mechanical suspensions as
they undergo minute deformations at the spin frequency. The only other cause of dissipation
are the electrostatic sensors/actuators used to damp the whirl motions, since all other parts
are rigid and have no losses. Calculation of thermal noise in the active dampers shows that
the corresponding losses are by far negligible compared to those achievable with mechanical
suspensions (assuming all parameters as for the GG experiment and a very conservative
value of 10 for the electric quality factor); see Nobili et al., 1997a; 1998a. Crandall (1997) has
calculated the back-reaction force on the plates of the capacitors from the high-frequency
measurement voltage, finding that the electrical contributions to the mechanical stiffness and
damping are negligible.

A firm estimate of the losses in the GG mechanical suspensions requires them to be
measured experimentally, by setting the springs in oscillation under realistic operating
conditions (oscillation frequency, vacuum, temperature, clamping); note that there is no need
to perform this measurement with the system rotating (Crandall and Nobili, 1997; from S.H.
Crandall on the subject of damping in Rotordynamics see also Crandall, 1970; Nelson and
Crandall, 1992; Crandall, 1995).

In order to measure, for a given mechanical system, the quality factor Q (defined as the ratio
of the total energy stored in the system to the amount of energy dissipated in one cycle) the
system is made to oscillate and then the oscillation amplitude A(t) is recorded as it decays
with time. Q can also be expressed as follows:

A(t) = A0) &~ @t/(2Q) (2.17)
where w is the frequency of the oscillation and A(0) its amplitude at initial time. Hence:

oty —t)
2[n(A /1 Ay)

which yields the value of Q from measurements of A;, A, at times t; t,. Consider a helical
spring with its (unavoidable) clamping and the attached mass necessary to obtain the
oscillation frequency of interest. Horizontal oscillations avoid pendulum-like motion due to
local gravity which would yield a higher Q because gravity contributes to the total energy but
not to the dissipation. In vacuum (/7 10® torr) at room temperature and for oscillation
frequencies from 2 to 10 Hz, the measured Q values of the prototype springs manufactured for
the suspension of the GG test masses were between 16,000 and 19,000. Oscillations were
excited with a small electromagnet and their amplitudes were measured optically. Fig. 2.17
shows the Q measurement apparatus used and the way the helical spring of the GG test
bodies (see Fig. 2.2) was mounted. Although further improvement is possible, these values
are quite good because of the complex shape of the suspensions. The Q measurement
procedure (by recording the decaying oscillation amplitude) is a standard one, which obviously
does not require the system to be taken into space even though, in this case, it is designed for
use in space.

Q= (2.18)
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Figure 2.17 One helical spring to be used for suspending the GG test bodies (see Figs. 2.1 and 2.2) clamped and
ready for measuring its quality factor at a frequency of a few Hz. A small mass is attached to the free end of the
spring in order to obtain the desired oscillation frequency. Note that the measurement is done for horizontal
oscillations for the result not to be affected by local gravity

Similarly, the quality factor of one helical spring to be used for suspending the PGB laboratory
has been measure, yielding a value of 90. This low value is due to the fact that this spring has
3 Cu wires for electrical connections insulated and glued with epoxy, as described in Sec. 2.1.1
(Fig. 2.5). As discussed there and shown in Fig. 2.6, this is not a problem from the point of
view of vibration isolation (although a higher Q can be easily obtained using separate wires
insulated at the clamping). It is also not a problem from the point of view of whirl motion, as
shown below and verified in detail with numerical simulations (Chap. 6).

Figure 2.18 One helical spring manufactured for suspending the PGB laboratory clamped and in preparation for
the measurement of its quality factor in horizontal oscillations at frequencies of a few Hz (the small black sheet at
the free end of the spring is for the optical measuring system).

Energy is dissipated because of different types of losses (structural or viscous, in the spring
material as it undergoes deformations, because of imperfect clamping or because of the
resistance of residual air) and the oscillation amplitude decay is due to all of them.
Consequently, the measured Q is the Q of the whole system and gives a quantitative
measurement of alllosses in it: whatever their physical nature.

Since energy losses in the mechanical suspensions are responsible for the onset of the whirl
motion (in order to conserve the total angular momentum of the system) (see Fig. 2.15), the
whirl motion (at the natural frequency a, w.r.t. the fixed frame) is nothing but an oscillatory
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motion of growing amplitude, i.e. with a negative quality factor equal and opposite to the
measured quality factor Q of the suspensions. Hence, the radius of whirl will grow, from a
given initial value r,(0), according to the equation:

(1) = 1,,(0) @“nt/ 2R (2.19)

That is, the larger the Q, the slower the growth of the whirl instability. For large Q, as in this
case, we can write:

(Arw)T T

—" D6 (2.20)

where (4ry)m is the increase in the amplitude of whirl in one natural period of oscillation T,. For
the GG test bodies, taking the measured value Q /719,000 and having T, /7113 sec (see Sec.
6.1.10), the amplitude of the whirl motion will need 8 days to double: such a very slow growth of
the whirl instability is obviously very important for making the control forces required to damp it
very small. For the PGB, with a Q value of 90 and a natural period of oscillation of about 300
sec the amplitude of the whirl motion needs about 2.4 hours to double; clearly, the whirl motion
of the PGB grows much faster than the whirl motion of the test bodies due to the much poorer
mechanical quality of its suspensions. However, it is still very slow compared to the spin and
there is no problem in controlling it, as it is found in Chap. 6. The disturbing force resulting
from inaccurate application of the PGB control force acts as a common mode disturbance on
the test bodies (platform noise) and it is found to be negligible (see Sec. 2.2.6).

The increase in amplitude (4ry)m (during one natural period) is due to an increase of the

along-track velocity of the bodies, which in turn is caused by an average destabilizing
acceleration aq, also along-track, such that:

1 2 1_5
> g Ty Dzn[(ArW)Tn : ay Daﬁun B, (2.21)
which means, an average destabilizing force (along-track) of magnitude

[ D% [M652 (1, (2.22)

Since F, :mm)ﬁ 1, is the centrifugal force, equal and opposite to the elastic force of the
SPriNg  Fgying = —k . the destabilizing force which generates the unstable whirl motion

depicted in Fig. 2.15 turns out to be
1
|Fd| Da [']Fspring‘ (2.23)

i.e., only a fraction of the elastic spring force: the higher is the Q of the suspensions (at the
spin frequency) the smaller is the destabilizing force which needs to be damped in order to
stabilize the system. This is well known in Rotordynamics.

The following question becomes relevant at this point: how much energy (per unit time) is
gained by the (destabilizing) whirling motion as fraction of the energy lost by the spinning
rotor? Let us consider the rotor in the two body model of Fig. 2.15. The spin energy of the rotor
is:
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1
Erotor = 5 O m)g (2.24)

| is the total moment of inertia of the two bodies with respect to the spin axis (perpendicular to
the plane of the Figure). The energy (kinetic plus elastic) of the whirl motion, at the constant
natural frequency « with respect to the fixed frame and with radius of whirl ry, is:

E, = 20nod 0,2 (2.25)

The time derivatives of E, and E;q are:

From the conservation of angular momentum it is possible to relate g to . The total spin
angular momentum of the rotor is:

Lrotor =1 Ldos (2.27)
The angular momentum of the whirl motion is:

Ly, = 2032 Mo, (2.28)
Since the total angular momentum has to be conserved, it must be:

Lrotor +Lw =0 (2.29)
from which, since ay is constant, it follows:

Ws = _% (T, (2.30)

Using Eq. (2.30) for g, we get from Eq. (2.26):

E W
Ew __Wn (2.31)
Erotor Wg

which is a very important result. In the GG case, where the frequency of the whirl motion is
very small compared to the spin frequency (a, [10° @), Eq. (2.31) tells us that the energy
gained by the whirling motion is one thousand times smaller than the energy lost by the rotor.
All the rest, that is 1-(a/ ) [799.9%!! is dissipated as heat inside the springs; which means
that it is not transferred to the (destabilizing) whirl motion. In simple terms one can say that in
"supercritical” rotation the energy balance is essentially between the rotor and the springs; the
rotor looses spin energy and the springs dissipate almost all of it as heat: the faster is the spin,
the larger is the energy dissipated inside the springs, as it can be seen from Eq. (2.26). On the
other hand, the springs do not enter at all in the balance of the angular momentum; the onset
of the whirl motion is inevitable for the total angular momentum to be conserved, but the
energy it gains from the rotor is only the small fraction given by Eq. (2.31). So, the idea one
might have that the faster the spin (as compared to the natural frequency) the higher the
energy gained also by the whirl motion (by which argument the GG system would be highly
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unstable), is proved to be incorrect. As a consequence, the GG system is not more unstable
than ground based rotating machines because of the smaller ratio w/aw; (by one order of
magnitude or more), because the fraction of destabilizing energy is also correspondingly
smaller, as shown by Eq. (2.31).

ACTIVE STABILIZATION AND CONTROL WITH ROTATING DAMPERS. All the GG bodies spin at the
same rate. Phase lags between the PGB and the outer spacecraft induced by eclipses are
compensated (see Sec. 2.1.2); initial phase lags between the test cylinders and the PGB due
to unlocking are damped out by the coupling springs (see Sec. 2.1.6). There are no non-
rotating parts, and therefore there can be no non-rotating friction to damp the whirl motions.
They must be damped actively, with dampers necessarily fixed to the rotating bodies. We have
shown (Eg. 2.26) that the destabilizing forces are only a small fraction of the passive spring
forces, which in turn are very small because the suspensions are designed to be extremely
weak (k (710 N/m=10 dyn/cm), as it is in fact possible in space in spite of the fact that the test
bodies have masses of 10 kg each. Small capacitance sensors/actuators (see Fig. 2.19; also
shown in the overall view of Fig. 2.8), with surfaces of about 2 cn?, turn out to be sufficient to
provide the required active forces.

Figure 2.19 Four capacitance plates, at 90° from one another, rotate with the system at angular frequency .
They provide an electrostatic force F in order to prevent the growth of the whirl motion of the bodies (at a frequency
wy equal to the natural one wx). The reaction of the active force on the plate has a small tangential component f,
which spins up the rotor by transferring to it the angular momentum of whirl, which would otherwise grow. The
figure is not to scale; the distance 21y, between the centers of mass O; and O, of the two bodies is in reality many
orders of magnitude smaller than the radius of this device.

Let the whirling motion be damped using electrostatic sensors/actuators fixed to the rotating
bodies. The capacitors are required to provide a force at the whirling frequency w, while
spinning at angular frequency wy; therefore, they must actuate at frequency wy . By providing
forces internal to the system they cannot possibly change its total angular momentum: they
can only transfer the angular momentum of whirl to the rotation angular momentum of the rotor
by spinning it up. This is what happens if they are made to provide a stabilizing force of the
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same intensity as the destabilizing one given by Eq. (2.23) (in fact a slightly larger one). This
force must always act along the vector of relative velocity of the centers of mass of the bodies
in their whirling motion, as seen in the fixed frame of reference. Since the centers of mass of
the bodies are displaced from the center of mass of the system by an amount r,, (see Fig.
2.19), the electrostatic plates will necessarily apply also a small force f, tangent to he surface
of the rotor amounting to a fraction r,/R (R 710 cm is the linear dimension of the rotor) of the
active force F, of intensity F [J(2/Q)|Fsxingl (for both bodies), which will damp the relative
velocity of whirl (see Fig. 2.19). Of the corresponding reaction components on the electrostatic
actuators only the reaction to the small tangential component fy [ (1/Q)|Fsuingl (2rW/R) will
produce a non zero angular momentum by spinning up the rotor at the expense of exactly the
angular momentum of whirl:

1 1 .
fo (R Datl]Fsprmg‘ 21, Damnmmﬁ 12 =L, (2.32)

which will therefore increase the spin angular momentum of the rotor Lo = I'ass in such a way
that the total angular momentum of the system is conserved. That is:

| [Bog D%mﬁmﬁloﬁ 2 (2.32)

thus producing a spin up of the rotor at the rate (g given by Eq. (2.32) By integrating ¢, for

the entire duration of the mission Tyson= t- ti, from intial to final epoch, the ratio w/a of final-
to-initial spin angular velocity of the rotor is obtained:

@A) w 20ES w2
—f:1+6'92|7‘”a°°—2£rmisgon (2.33)
w

Y

In the case of the GG test bodies, taking the measured value of 19,000 for the quality factor Q
at the spin frequency of 2Hz, r,, [710% um (although whirl radii are damped below this value)

and wj / wyn 02.50107° we get, for a 7 month duration of the mission:

()]
~f 1010715 (2.34)
w

The corresponding angular advance is negligible. The amount of spin energy gained by the
rotor at the end of the mission is vanishingly small. The corresponding (negative) quality factor
for the spin up of the rotor (in absence of any external disturbances to its spin rate) is
obviously huge (in modulus). The amount of spin angular momentum gained by the rotor in 6
months s, similarly to the spin energy, vanishingly small.

The contribution to the energy of the system by the electrostatic dampers is obtained by
computing the work done by both components (F, and f,, shown in Fig. 2.17) of the active
force they provide. While only f; will transfer angular momentum from the whirl motion to the
rotor, both components of the active force will provide energy. It can be easily demonstrated
that f, supplies the rotor with the energy necessary to increase its spin rate, while the energy
supplied by F, balances exactly the energy dissipated by the springs as heat, which would
otherwise slow down the rotor.

The capacitors must also act as sensors in order to recover, from relative position
measurements, the linear relative velocity of the whirling motion which needs to be damped to
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stabilize the system; or, for example (see Fig. 2.19), two of the capacitors can be used as
sensors and the other two as actuators. In GG the capacitors spin (together with the bodies) at
a frequency about 10° times larger than the frequency of whirl. Is it possible, by means of
rotating sensors, to recover the slow relative velocity of whirl as with non-rotating sensors?
This question can be answered in a totally general way. The answer would be "No", if the
rotating observer had no other means of "looking outside" to measure independently (i.e. by
means of some other instrument) its own phase and rotation rate; the answer is "Yes", if the
rotating observer can do that, which is the case in GG using Earth Elevation Sensors (see
Sec. 5.5). An independent knowledge of the phase and the rotation rate of the sensors makes
it possible to subtract from the measurements of the rotating sensors their own velocity of
rotation, hence to recover the (much slower) relative velocity which would be obtained with
fixed sensors. The problem amounts to that of computing numerically a time derivative,
because the capacitors measure relative displacements while the electrostatic active dampers
require to know the relative velocity of the bodies in the fixed frame. If the velocity were
computed by taking successive measurements of the sensors and computing their difference,
it would be dominated by the rotation velocity, i.e. it would be larger than the velocity to be
damped by a factor about 10° (i.e. the ratio spin-to-natural velocity). If then such a velocity
output were used to drive the electrostatic actuators which must damp it, the required force
would be (correspondingly) about 10° times larger than necessary. Clearly this procedure
would not be appropriate for a system like GG where the spin-to-natural velocity ratio is very
large.

Instead, the problem of reducing the magnitude of the active control forces close to that of the
destabilizing ones (given by Eq. 2.23), is solved as follows. A reference signal is built from a 2
Hz oscillator (clock) synchronized by the Earth Elevation Sensors output averaged over many
spin periods of the spacecraft. Since the spin period is 0.5 sec, it can certainly be considered
constant over time intervals of the order of many times the spin period itself. Note that the
reference signal is continuously synchronized to the output of the Earth Elevation Sensors so
that any error in their measurement of the spin rate will not build up. The reference signal is
needed in order to perform the transformation from the rotating to the fixed frame (and back)
as accurately as possible. A relative displacement of two bodies due to the growing unstable
mode is measured by the rotating capacitance sensors. Instead of taking successive
measurements of the sensors and computing their difference, the difference is computed
between measurements which are 1 spin period apart, using the reference signal. The sensor
signal is sampled a certain number of times per spin period (e.g. 10 to 20), at regular intervals,
and for each sampled point the difference is computed with respect to the sampled point 1 spin
period later. In this way the rotation velocity of the sensors is subtracted from their
measurements; a best fit to the sampled data points (each one is a relative position difference
after 1 spin period) gives the relative velocity vector v between the two bodies in the fixed
frame. To this velocity corresponds a whirling motion of amplitude r,, /7v/ia, and then, taking
into account Eg. (2.22), we can obtain the required stabilizing force, anti-parallel to the velocity
v,

Fetap = —%Dmmon W (2.35)

This force will prevent the whirl motion from growing, i.e. it will maintain the system in a steady
condition. To actually damp a whirling motion one has to apply a slightly larger force: for
instance, a force twice as large will damp the whirling motion at the same rate at which it
would grow in the absence of Fy,p,.

Were the capacitance sensors perfect, this would be enough to stabilize the GG bodies, as it
can be also checked with numerical simulations. However, the sensitivity of the sensors in
realistic flight conditions has to be taken into account because, being the growth rate of the
whirl instabilities very slow, the relative displacement during one spin period is so small to be
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dominated by the noise of the sensors. As a result, the recovered velocity vector is also very
noisy, and much larger than its actual value in the fixed frame. If the actuators were
programmed to damp the velocity vector recovered in this way, the resulting active force would
be driven by the noise, i.e. it would be much larger than the force which destabilizes the
system. Such a controlled system would be dominated by the active control forces rather than
by the very low stiffness passive mechanical suspensions. This is in contrast with the basic
physical design of the GG experimental test of the universality of free fall whereby the test
bodies must be very weakly coupled so as to be sensitive to tiny differential forces.

A better active control can be devised in which active damping is not applied until the (slow)
relative velocity of the whirl motion of the bodies has been recovered from the noise after
appropriate averaging. To do this, the relative velocity vector is averaged over a few spin
periods (typically a fraction 1/100 of one period of whirl), and then fitted to the whirl period (the
natural period of oscillation) in order to reconstruct its rotation in the fixed frame. Since the
growth rate of the instability is slow, this averaging procedure can be carried on over a large
number of whirl periods (particularly for the test bodies), thus making the determination of the
velocity to be damped more and more accurate. Active control starts only once the small
relative velocity of the bodies w.r.t. the fixed frame has been reconstructed and separated from
the noise.

So far we have outlined the main principles on which active control of the whirl motions should
be based. A dynamical control which allows stabilization of the whirl motions (as well as drag
compensation according to the requirements) has been designed and implemented in a finite
element numerical simulation of the full GG system. The results are reported in Chap. 6 and
are fully satisfactory. They demonstrate beyond question that the analysis of GG by Jafry and
Weinberger (1998), whereby GG would be limited by the active control forces to an accuracy
of 1 part in 10" in EP testing (3 orders of magnitude worse than the GG target), is incorrect
because their dynamical control is badly designed (see also Nobili et al.,1998Db).
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2.1.6 LOCKING/UNLOCKING

All space experiments which involve freely falling or softly suspended bodies require them to
be locked during launch, and properly unlocked once in orbit to start the experiment. First of all
we find it important to avoid any danger of the rotors hitting each other. This is done simply by
having each suspended mass and the PGB laboratory constrained to only slight movements in
all directions by means of mechanical stops Fig. 4.3 shows, for instance, the mechanical stops
between the outer test cylinder and the PGB tube. Static lockers capable to survive the launch
phase have been designed both for the PGB (Sec. 5.2) and the test bodies (Sec. 4.1). As for
the forces acting on the springs themselves during launch, their mass is very small and
estimates show that there is no danger for the elasticity regime to be exceeded during launch;
some time for relaxation should probably be allowed at the beginning of the mission. Once the
spacecraft has been injected in its orbit and given the required attitude and spin rate static
lockers can be released and never used again. A symmetrical locking consisting of 4 inch-
worms placed at 90° from one another as shown in Fig. 2.20 is provided, centering the
cylindrical bodies to within their original construction and mounting error £ /10 um (see Sec.
2.1.5). Each inch-worm is equipped with a force sensor sensitive to 10 4N (easy, e.g. with a
spring force sensor) giving a measure of the centrifugal force in that direction, and therefore
providing the driving signal to the inch-worms for reducing the distance offset from the rotation
axis. Once the off centering has been reduced to /710° m, which means a centrifugal force of
10 uN for the PGB, active centering with inch-worms can be stopped; the electrostatic dampers
will then stabilize whirl motions around the equilibrium positions (see Sec. 2.1.5 and Chap. 6).
While the static lockers are meant not to be reused, the inch-worms can be reused to re-center
the system if anything happens during the mission. Together with the mechanical stops they
make the system safe from unexpected occurrences.

The inch-worm unlocking should be done without transferring spin angular momentum to the
bodies, which would induce undesired differential rotations. Ideally, the rotational torque
provided by inch-worms placed at 90° from one another and pointing exactly towards the
central axis, is exactly zero. This is why this configuration of the inch-worms has been chosen.
The time required to provide the required force is very short (order of seconds). In practice
however, there will be both angular and linear offsets from the ideal inch-worm configuration
resulting in a non zero rotational, spurious torque whose effect on the springs which couple the
bodies must be carefully evaluated. Most of the spurious torque is induced at the beginning of
the inch-worm unlocking, when the off-centering of the body is dictated by the offset ¢ of the
test bodies due to construction and mounting imperfections. Assuming, for the angular and
linear offsets of the inch-worms 0.1 rad (69 and 1 mm (both very conservative with modern
precision mechanics), and a continuos control time of 50 sec, the resulting spurious phase lag
is 0.01 rad. Such a small phase lag, obtained under conservative assumptions, is reduced to
zero by the torsion constant of the coupling springs over timescales of the order of 2 days for
the PGB and 2 weeks for the test masses (Comandi,1998).

The role of the coupling springs in damping out small phase lags between the PGB and the
GG test bodies inside it, is very important and should not be overlooked. This is unlike the
phase lags between the outer spacecraft and the PGB laboratory which are induced by
eclipses every orbit; as discussed in Sec. 2.1.2, these phase lags are reduced almost entirely
by a passive mass compensation system, and the small remainder by FEEP control.
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Figure 2.20 Top view (across the spin/symmetry axis) of one set of 4 inch-worm actuators for fine unlocking of the
suspended GG bodies; this figure refers to unlocking the PGB from the outer spacecraft. The inner tube less than
10 cm in radius (belonging to the PGB) encloses one of the PGB helical suspension spring. As viewed in Fig. 2.8,
this system is located at the top (or bottom) of the PGB suspensions. Since Fig. 2.8 is a section through the
spin/symmetry axis, the capacitance active dampers and the inch-worms cannot be shown together (each damper

is 45° from the two nearest inch-worms); Fig. 2.8 shows only the capacitance dampers. Each suspended cylinder
needs 2 sets like the one shown here placed at its two axial ends.
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2.1.7 CALIBRATION PROCEDURE

Once the GG rotors have been properly unlocked, as outlined in the previous Section the small
capacitance sensors/actuators shown in Figs. 2.1 and 2.8 can be put in operation. It is the task
of the fine unlocking inch-worm system described in Sec. 2.1.6 to bring all relative distances of
the GG bodies (the PGB with respect to the spacecraft and the test bodies with respect to the
PGB) within the control capability of the small capacitors (i.e. < 10% um; see Chap. 6). The
dynamical control of whirl motions (as simulated in Chap. 6) can therefore begin. After whirl
control is in operation and working properly, drag-free control can also begin, driven by the
PGB small capacitors which sense the relative displacements of the PGB with respect to the
spacecraft; according to the numerical simulations reported in Chap. 6, full dynamical control
(for both drag compensation and whirl damping) works properly. Note that, for the control to
work properly the value of the spin angular velocity must be known to 1 part in 10* (rms) (see
Chap. 6 and Sec. 5.5); however, the angular velocity is not required to have a specific value,
as long as it is close to the nominal value for which the satellite has been designed.

At this point data taking can begin from the main read-out capacitance sensors shown in Fig.
2.1 through a synchronous demodulation of the 2-phase 2 Hz signal, since we know that the
signal of interest is modulated at 2 Hz. This is in all similar to what we do already with the GGG
prototype in the laboratory (see Chap. 3). The circuits currently mounted and used in GGG for
the 2-phase synchronous demodulation of the signal at the spinning frequency are shown in
Fig. 3.11.
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Figure 2.21 Qualitative representation, in the orbital plane, of the differential displacements obtained from the
synchronous demodulation of the 2-phase 2 Hz signal. The X axis is fixed in the Earth-to-satellite direction; in this
non spinning frame the OP vector represents the expected signal, namely a differential displacement, directed
along the X axis and constant in amplitude, of the two masses due to a violation of the Equivalence Principle
violation. The perturbation PD due to an unbalanced atmospheric drag will be found in the area between the two
dotted lines crossing in P: The angle between them is about 0.8 rad, due to the fact that the drag has a variable
component in the radial direction because of solar radiation pressure (of amplitude about 0.4 times the atmospheric
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drag and in the Sun-satellite direction). Smaller contributions to the PD vector come from the Earth albedo, the
Earth infrared radiation and, by a smaller amount, from a possible small eccentricity of the orbit. By finely adjusting
the lengths of the suspension arms (as discussed in Sec. 2.1.4) the point D is displaced up or down inside this area,
and brought close to P. In doing so, also the radial component of the drag is automatically balanced, as pointed out
in Sec. 2.1.4. The low frequency variations of the drag (not shown) will oscillate inside the same area. The vector
DQ shows here the whirl instability before it is damped by the whirl control whose period in this (non spinning)
frame is the natural frequency of oscillation. The circle around point Q represents the error in the measurement due
to thermal noise of the mechanical oscillations built up during the integration time.

Large relative displacements of the test bodies will be detected at first. This means that either
the capacitance bridge is not balanced or the test masses are not balanced (i.e. disturbances
in common modes are not sufficiently rejected), or the axial misalignment between the centers
of mass is too large (see the discussion on tidal disturbances, Sec. 2.2.2), or all of them
together. The calibration phase consists in applying changes with the piezo actuators (to the
capacitance plates, the arms length of the test bodies and the axial positions of their centers of
mass) one by one, detecting the corresponding effect and from it deciding about the next
change. Fig. 2.21 describes graphically how the signal is demodulated and the balancing is
carried out.

With the current requirement on thermal stability and on mechanical balancing of the
capacitance bridge the system may need re-balancing after 2 weeks (the mechanical balance of
the bridge) and 20 days (balance of the test masses for common mode rejection). Axial
centering of the centers of mass of the test bodies needs to be done only at the beginning (see
Sec. 2.2.2).
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2.2 PERTURBATION ANALYSIS, REQUIREMENTS AND ERROR BUDGET

2.2.1 REQUIREMENTS ON DRAG COMPENSATION AND BALANCING

The force due to atmospheric drag on low Earth spacecraft in near circular orbit depends on
the solar cycle (it is maximum when solar activity is maximum) and oscillates every orbit
between a minimum and a maximum because the iso-density surfaces of the atmosphere are
not spherically symmetric around the Earth (there is an atmospheric bulge). For a GG mission
starting at the beginning of 2002 (close to solar maximum) in its nominal near circular, near
equatorial orbit at 520 km altitude and the spin axis close to the orbit normal, the maximum
value at each orbit of the atmospheric drag force on the GG spacecraft, as evaluated
according to the ESABASE software model (at 2o level) amounts to 65.18 uN. The
corresponding (maximum) acceleration, which is transferred to the suspended bodies inside
the spacecraft as shown in Sec. 2.1.4, amounts to

agrag 02.607 107" m/ sec? (2.36)

The drag force is the largest force that the spacecraft is subject to. Forces due to solar
radiation, Earth albedo (the fraction of sunlight re-emitted by the Earth and hitting the
spacecraft) and Earth infrared radiation, are all smaller (by at least a factor of 2). The value
given above for the (maximum) air drag acceleration on GG close to solar maximum is a very
small fraction (£72.740°®) of the acceleration of gravity on the surface of the Earth, but it is also
much larger (by a factor [72.50°) than the expected acceleration agp /78.3840™"" m/sec? caused
by a violation of the Equivalence Principle at the level of 1 part in 10" (as from Eq. (1.2)). This
explains in simple terms why it must be easy to weakly couple and balance the GG test bodies
in space; however, it also makes it apparent that the effect of drag is huge for the required
sensitivity of the EP experiment and must therefore be dealt with very carefully, the only
favorable features being (i) that the resulting effect of drag on the test bodies in inherently
common mode (while the expected EP signal is differential); (i) that its largest component is at
about 90° from the signal (see Sec. 2.1.4);

Our strategy for dealing with drag is twofold: to partially compensate the effect of air drag (by
drag free control, with FEEP thrusters) and partially reject it (by balancing the coupled
suspension of the GG test bodies).

For drag compensation the requirements are:

1 1

XFEEPy = 50000 , XFEEP, = 155 (2.37)

in the xy transverse plane and along the z spin/symmetry axis of the spacecraft respectively.
Mini FEEP thrusters are capable to provide the required maximum thrust of about 65.18 uN
with this resolution. FEEP thrusters and their control electronics for GG are presented in Sec.
4.2; the proposed thruster configuration is given in Sec. 5.5 and the drag-free controller is
presented in Sec. 6.1.15 with results from numerical simulations. Compensation is required at
the orbital frequency (the frequency of the signal vector before modulation), and since the
thrusters spin with the spacecraft, they must act at their spin frequency (relative to the center
of the Earth). A notch filter is therefore used (see Sec. 6.1.15) which appears to work very well;
it shows no difficulty in controlling non gravitational effects also at higher frequencies (i.e. twice
the orbital frequency or the natural differential frequency of the test bodies). It is apparent that
the control compensates for any non gravitational forces acting on the surface of the
spacecraft at the frequencies of the notch filter. Note that, because of firing at the spin
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frequency (or close to it) and of being fixed on the spacecraft outer surface, thruster firing will
induce undesired vibration noise (at the modulation frequency of the signal); however, such
noise is very effectively attenuated by the mechanical suspensions of the PGB, as shown by
the transfer function in Fig. 2.6.

The requirement on drag compensation along the z axis (by a factor 1/150) is dictated by the
necessity of reducing non gravitational effects along the spin/symmetry axis, which would
displace the centers of mass of the bodies, hence giving rise to tidal perturbations from the
Earth; these effects are presented in the next Section where the above requirement is also
derived.

As for balancing the test bodies (see Sec. 2.1.4) in order to reject common mode forces and
leave only a much smaller residual differential effect competing with the signal, the
requirement is:

1
100000

XCMR = (2.38)

With the GGG payload prototype we have achieved so far a balancing level better than this
requirement by a factor of 2 (see Chap. 3). Given that the largest force to be balanced in space
is [72.710°® of the local gravity acceleration to be balanced on Earth, this requirement can be
regarded as well doable. Indeed, a more stringent one can be posed, either to improve the
sensitivity or in the case that it would become necessary to release the requirement (2.37) on
drag compensation. Although at some point the experiment will become limited by thermal
noise (see Sec. 2.2.7), it is very important to have good margins on the balancing requirement
while using FEEP technology, which is innovative and is subject to further testing. Even more
important is the fact of being able to test the balancing on the ground instead of relying on
calculations only.

There will be air drag disturbances at the natural frequencies of the test bodies (particularly the
one for differential oscillations wym) due to air density variations (known air granularities) over
distance scales of about a thousand km. The corresponding density is smaller than average
atmospheric density, typically by at least a factor of 10. For these disturbances to resonate with
the natural frequencies of the system, they must act at a frequency whose distance from the
resonant frequency is within the width of the gaussian, namely wy,/Q . With Q /720000 for the
test bodies of the GG experiment (Q measurements reported in Sec. 2.1.5) there is no way
that air granularities over a thousand km can act on the spacecraft so precisely close to the
natural differential frequency of the test bodies.

The amplitude of the displacements caused on the GG suspended bodies by the air drag
(maximum) acceleration (2.36) can be easily computed once the natural frequencies of
oscillation are known. With the current GG set-up the values of the relevant natural
frequencies —and periods— (checked with the numerical simulations reported in Sec. 6.1.10)
are:

wpgg U2.12 [0 % rad / sec (Prgp 0296 sec)

W 05561072 rad/ sec Py, 0113 5ec) (2.39)

Wy 01.15010 7 rad / sec Py, 0545 sec)

for -respectively- the PGB, the test bodies in common mode and the test bodies in differential
mode. The PGB is displaced because of drag (relative to the spacecraft) by:
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Adrag

2
WpGR

AXPGB O 0.6 mm

This is the amplitude of the largest displacement that the PGB will ever be subject to; it is
therefore apparent that, in spite of weighing several tens of kg (with the test bodies, capacitors
etc... inside), the PGB can very well be suspended by means of very weak springs like the one
shown in Fig. 2.5.

Once at the level of the test bodies, air drag effect has been reduced by the drag free control,
hence, the amplitude of the largest displacement of the test bodies (in common mode) is:

adrag XFEER,, 3
Ax gy 017010723 um (2.40)
2
Wem

involving the helical springs and flat gimbals shown in Figs. 2.2. and 2.3. This value allows us
to quantify the requirement to be fulfiled in the mechanical balancing of the read-out
capacitance bridge. According to inequality (2.15) the capacitance plates of the read out (see
Fig. 2.11) must be positioned halfway between the outer surface of the inner test cylinder and
the inner surface of the outer one to within:

a-b<1.86 um (2.41)

(if the half-width of the gap is 5 mm), i.e. the requirement for balancing of the bridge is:
— -4
Xbridge = 3.710 (2.42)

With inch-worms actuators adjusting distances with the resolution of about 1zmis no problem
at all.

Having partially compensated and partially rejected the drag, the residual differential
displacement it causes on the centers of mass of the test bodies one with respect to the other
is:

agrag XFeeP XcMR

2
Wdm

AxXgr O 03.94110~3 Angstrom (2.43)

This competes with the signal given by Eq. (2.2). However, it is at about 90° from the signal
(the largest drag component is along track while the signal is radial, as shown in Fig. 1.1), and
we have verified in the numerical simulation that this very important information is not lost by
the controller during drag compensation (see Sec. 6.15). Thus, after demodulation of the signal
the EP vector and the drag perturbation vector will be as shown in Fig. 2.21, which allows us to
distinguish the residual drag even if it is a factor of 2 larger than the signal. A gain of a factor 2
in distinguishing signals well separated in phase is commonly accepted by experimentalists,
and this is taken into account in the GG error budget given in Tables 2.1 and 2.2.
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2.2.2 EARTH TIDAL PERTURBATIONS

The GG mission goal is to detect, or to place a stricter upper limit on, a very small differential
displacement between test bodies of different composition which cannot be accounted for by
classical, known laws of physics. However, tides are a well known classical phenomenon
producing differential displacements between bodies orbiting around the Earth whose centers
of mass do not perfectly coincide, because the gravitational field of the Earth is not uniform.

Let us first consider tides in the transverse x,y plane. We know that once rotating the GG test
bodies will self-center to within about 1 Angstrom (see Sec. 2.1.5). More importantly, it has
been stressed that the relative position vector Ax,. given by Eg. (2.16) —anti parallel to the

original unbalance vector - is fixed in the system, spinning at frequency «, with respect to the
center of the Earth. As a consequence, the frequency of the tidal differential signal detected by
the spinning sensors is 2a, just as it happens to an observer on the surface of the Earth
because of luni-solar tides (the main effect of lunar tides on Earth is at half the sinodic day of
the Moon, i.e. 12 h and 25 min). The effect is maximum when the unbalance vector € points to
the center of Earth or away from it (which happens twice per spin period of the spacecraft). If
dissipation, hence whirl, is taken into account and controlled, the relative position vector Ax,

will slowly move at the whirl frequency always remaining close to 1 Angstrom in length, as
shown in Fig. 6.29; the resulting tidal displacement of the test bodies with respect to one
another will still be close to the (faster) 2w, frequency, hence not competing with the signal
(which is modulated at the spin frequency « ) even though it turns out to be about 5 times
larger.

The center of mass of the GG test bodies will not be exactly centered on one another along the
spin/symmetry z axis either. And if the centers of mass of the test bodies are not at the same
height along the spin axis (z axis) there is a tidal relative acceleration in the transverse plane
(plane of signal) due to the Earth unless the spin axis is exactly perpendicular to the orbit
plane. Since the spin axis (along which a displacement gives rise to a tidal acceleration
component in the transverse plane) is fixed in the inertial space, the tidal effect is detected by
the sensors at their spinning angular frequency «,; the amplitude of the signal goes from
maximum, to zero, to a negative maximum, in half orbit period of the satellite around the Earth.
With its spin axis at a non-zero angle &, from the orbit normal, the GG spacecraft has
"seasons” like the Earth around the Sun. This tidal effect is maximum at the "solstices” and
zero at the "equinoxes" of the GG satellite; the "summer"” solstice and the "winter" solstice
differ in that the tidal signal changes sign between the two (i.e., the signal changes sign at
twice the orbital frequency) (see Fig. 2.22). However, with the sensors spinning much faster,
the two effects differ from one another by a fraction of about 1/10000 and it is therefore better
that this particular tidal effect be below the expected EP signal.

The offset 9, of the GG spin axis from the orbit normal is expected not to exceed 1°(see Sec.
5.1). The corresponding Earth tidal acceleration in the x,y at an orbiting altitude h is given by:

acT DEE-IGMimszﬁnZSn (2.44)

2 (Ry+h)?

This tidal signal is detected by the capacitance read-out and it is used in the initial calibration
phase to drive the piezo actuators (as described in Fig. 2.14) in order to reduce the axial
miscentering Az once the tidal acceleration signal has become too small to be detected it will
also be too small to perturb the EP experiment. The idea of using the tidal signal to drive an
active control of the centers of mass of the test bodies was initially put forward by P. Worden
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for STEP. However, there is a component of solar radiation pressure along the z axis which will
cause a corresponding inertial acceleration of the test bodies along z (similarly to what
happens in the transverse plane). This effect is in principle common mode, but we make the
conservative assumption that 1/100 of it will remain as a residual differential effect . It means
that solar radiation will keep displacing the center of mass of the test bodies along z. The effect
is close to zero near the equinoxes of the Earth’s orbit around the Sun and close to its
maximum near the solstices of the Earth. If we now require that FEEP drag free control be
operational also along the z axis (by only a factor 1/150), the amplitude of the largest Az
displacement that solar radiation can give rise to, turns out to be of about 2 Angstrom. With this
value the tidal perturbing acceleration (2.44) is well below the signal and no active vertical
centering of the centers of mass of the test bodies is necessary to be driven by the tidal signal.
In fact, a vertical miscentring up to 5 Angstrom would still be acceptable to avoid recentering.

Tidal component which
competes with the EP violation

0 Y LS @ ,,,,,,,,,,,,,,,,,,,,,,,,,,, S

Figure 2.22 Simple scheme of Earth tidal forces on two test bodies which rotate around the same axis but whose
centers of mass are displaced along it. The figure shows how the component of the tidal force towards the Earth
changes phase by 180° every half orbital period of the satellite around the Earth. Only this component does
produce a differential displacement of the centers of mass which can be recorded by the spinning capacitors. It is
apparent that a differential force due to a violation of the Equivalence Principle would not change sign every 1/2
orbit and would also not go to zero with the separation distance Az.

2.2.3 RADIOMETER EFFECTS AND THERMAL REQUIREMENTS

The radiometer effect is well known in gravitational experiments as a dangerous "experiment
killer". It is caused by the differential pressure of the residual gas on the cylindrical test bodies,
and therefore one way of reducing it is by reducing the residual pressure. This choice has led
scientists to lower the temperature to very low values, until almost all gases freeze out and
only an extremely low pressure is left. In GG, since the signal of interest is not along the
symmetry axis of the test bodies, but in the perpendicular plane, the major contribution by the
radiometer effect is zero for symmetry reasons even at room temperature. We have examined
all contributions caused by this effect in GG, and concluded that they do not affect the EP
experiment at the current target sensitivity of 1 part in 10", as it is summarized below (see
Comandi et al., 1998 for details)

The perturbing acceleration known under the name of “radiometer effect” is:

(2.45)

aro= BT

_ET dx
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with p, pand T the pressure, density and temperature of the body with a gradient along the x
direction. This happens in conditions such as the space ones in which the mean free path of
the gas molecules is much larger than the linear dimension of the vessel. Consider the
concentric hollow test cylinders of the GG experiment, with the symmetry axes in the z
direction and the expected EP violation signal in the transverse xy plane. A radiometer
acceleration in the x,y plane would compete directly with the signal. Consider one of the hollow
cylinders with its inner and outer surfaces at temperatures differing by AT, perfect azimuthal
symmetry and zero temperature gradient along z. For pure symmetry reasons there is no
radiometer acceleration normal to the axis of the cylinder. If the two cylinders are placed one
inside the other and their axes are perfectly aligned there is no differential force between the
two in the x,y plane due to the radiometer effect. An imperfect centering of the cylinders would
break this symmetry, but we have checked that it would require a very large temperature
difference between the test cylinders to become relevant. We take T=300 K and p=1.140" N/n?
(corresponding to a residual density of 240 g/lcm?® ; maximum value close to solar maximum).
Due to the fast spin and with well known insulation techniques azimuth temperature
asymmetries of the test bodies are negligible; the resulting radiometer effect (due to the
resulting break of symmetry) is also negligible.

The only relevant requirement comes from the radiometer effect along the spin/symmetry axes
of the test cylinders. Although the signal is in the transverse plane, we have just seen in the
previous Section that the vertical misalignment Az between the centers of mass of the test
bodies should not exceed a few Angstrom in order not to give rise to a tidal effect competing
with the signal and requiring recentering. If we compute the radiometer effect along the z axis
we get the following inequality:

(BT,)e < % K,z K (2.46)

which must be fulfilled by temperature gradients along z, S and S being the cross sections, in
the x,y transverse plane of the outer and inner cylinder respectively, and k, the elastic constant
of the suspensions along z. Temperature gradients along z (over the height of the test bodies)
must not exceed a few degrees.

The radiation pressure effect along z leads to a similar requirement on AT, : if the two faces of
a test cylinder have different temperatures they will emit differently, and this will result in a net
force along the symmetry axis of the cylinder. This effect will be different for the two bodies,
hence resulting in a differential acceleration (and a differential displacement) along the z
direction. The inequality to be fulfilled by the axial temperature gradients because of this effect
is:

ATrp<——k, Dz K (2.47)

Z
0'&3T3

(cthe speed of light, ¢ the Boltzmann constant, € the emissivity —about 0.03 for gold coating—
S the cross section of the body in the x,y transverse plane). It is more stringent for the outer
body, due to the larger S, and leads again to a few degrees.

Yet another requirement on temperature gradients along z, this time along the coupling arms

of the test bodies (see Fig. 2.1), is due to the fact that temperature gradients change the length
of the arms, whereby impairing the balancing of the test bodies. It is enough to choose the
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material for manufacturing the arms with a coefficient of thermal expansion of 10° /K : then, if
temperature gradients along each arm do not exceed 1K the balancing is not perturbed.

In this low equatorial orbit the GG satellite spends about 1/3 of its time in the shadow of the
Earth and the rest in sunlight, thermal equilibrium temperatures in the two cases differing by
several tens of degree. While azimuth temperature variations are inexistent because of the fast
spin, temperature gradients between the illuminated and the dark side of the satellite when
exposed to radiation can in principle be very large. These gradients can be essentially
eliminated inside a rapidly spinning spacecraft if it is properly insulated. Insulation and vacuum
serve also the purpose of reducing the rate of temperature variation with time. For the
temperature stability in time inside the PGB laboratory at the level of the test bodies we require
that:

T<0.2 K/day (2.48)

which, from thermal model simulations, turns out to be feasible by passive control only (see
Sec. 4.4).

The temperature drift affects the stiffness of the suspensions, hence the balancing of the test
bodies because the springs will not respond exactly the same to the same temperature
changes. We require that the relative change in stiffness with temperature be of 1/4000 per
degree of temperature; experience with gravimeter springs for the measurement of Earth tides
has shown that it can be done much better (Melchior et al. 1979). If 1/100 of the stiffness
variation is differential (which is reasonable because the test bodies springs are manufactured
to high precision, and can be tested in the laboratory), then there is a time interval of 20 days
before exceeding the required common mode rejection level (given by 2.38) whereby the test
bodies need to be rebalanced.

If the test bodies expand uniformly (in azimuth), the relative position of their centers of mass
does not change; hence the signal will not change as long as the capacitance bridge remains
balanced. However, the capacitance sensors will change their relative position in between the
test bodies to such an extent that the bridge may no longer be balanced. If this happens, a
common mode signal may become dominant over the expected differential signal. With the
requirement (2.42) on bridge balancing this will take about 15 days. However, once the
materials for the test bodies have been selected (Be and Cu in the current baseline) and the
bodies have been manufactured, thermal tests can be done so that the mounting arms of the
capacitance can be manufactured using a material whose coefficient of thermal expansion
partially compensates for the bridge unbalance caused by the thermal expansion of the test
bodies. In this way the allowed time-span before mechanical rebalancing of the bridge would
become longer than 2 weeks. Non uniform thermal expansion of the test bodies is small and
gives a DC effect.

In summary, current temperature requirements (0.2 K/day stability in time at test masses level;
1 K axial gradient over the test bodies and the coupling arms) appear to be doable with passive
thermal insulation techniques (see Secs. 4.3 and 5.4); they allow 20 days of data taking before
rebalancing of the test bodies and at least 15 days (more if some more care is taken in the
manufacture of the sensor plates arms) before rebalancing the read-out capacitance bridge.
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2.2.4 ELECTROSTATIC AND MAGNETIC EFFECTS

Electrostatic effects are known to be a major challenge in all gravitational experiments due the
[710% ratio in strength between the two interactions. The GG orbit (low and equatorial) is below
the Van Allen belts and minimizes charged particles impact. However, the major advantage of
the GG experiment is that, with conductive mechanical suspensions there are no free floating
masses and therefore no electrostatic charges will be able to build up inside the spacecraft.
Care will be taken that all currents flow in shielded cables. Potential differences between the
test masses can be avoided by coating them with a thin layer of the same conductive material.
Small residual potential differences (known as patch effects) may be present with slow time
variations. In GG they would give essentially DC effects. Such potential differences can only
be detected from their mechanical effects. This can be done with the GGG ground prototype; if
a known potential V is applied to a capacitance plate facing the test body the resulting force is
proportional to V2 Therefore, by changing sign to the voltage any deviation from a parabolic
dependence (hence any bias AV) can be measured.

A comparison with STEP makes it apparent how serious charging problems can be. In STEP
as studied by ESA at Phase A level for the M3 competition (with a target in EP testing of 1 part
in 10" like GG), a 2-cm thick tungsten shield (weighing /7130 kg) was considered as baseline in
order to have a time span of a few days available before discharging was needed again
(Blaser et al., 1996 Mission Summary and Sec. 3.6.1). In the previous Phase A Study of STEP
carried out by ESA for the M2 competition in collaboration with NASA (same target in EP
testing) the problem had already been recognized as a serious one, although the baseline
solution was a different one: it was decided to add a radiation sensor on board so as to be able
to discard the contaminated data (Blaset et al., 1993 Sec. 3.4.4). In addition, it must be noted
that in STEP charged particles affect the EP experiment also by asymmetrical momentum
transfer along the sensitive axis of the test bodies, especially because their masses are small
(a few hundred grams) (Blaser et al., 1993, Sec. 3.4.3). It is therefore a very good feature of
GG to be essentially unaffected by Van Allen belt effects and electrostatic charging.

Magnetic disturbances are of two types: interactions of magnetized or magnetizable materials
between themselves and interactions between these materials and the Earth’'s magnetic field.

The effects appear at wsog (0e~7.2910rad/s the rotation angular velocity of the Earth, wg<ws),
at 2(wso4), hence essentially at the spin frequency and twice it, and as DC. All these effects
have been estimated in worst case assumptions (see Nobili et al., 1998a for details on all
various terms).

The most dangerous perturbation is due to the interaction between the magnetic moment (due
to residual ferromagnetic impurities) of one test body and the magnetization induced on the
other by the magnetic field of the Earth. The resulting perturbing force, at frequency «; and
therefore competing with the signal is:

(2.49)

with B, the magnetic field of the Earth, 9,~11°the angle between north geographic and north
magnetic pole, y; and V; the magnetic susceptibility and volume of test mass 1, u, the
magnetic moment of test mass 2, r the mutual distance. The requirement on the magnetic
moment of the Be test mass is to be smaller than about 7.540° An? . From experimental data
reported in textbooks we find that the magnetic moment of a cube of magnet of 0.1 mm size
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(which would be a large magnetic impurity) is about 5407 Ant, so with care in avoiding large
magnetic impurities our requirement can be met.

At the spin/signal frequency there is also the perturbation due to the interaction of the magnetic
moment of one test body with the magnetic field of the Earth:

By .
F, = ———=—snd 2.50
w = H2 (R, +h) m ( )

but the constraints it poses on residual magnetic moments are much easier to fulfill. Magnetic
effects close to twice the spin frequency, and those DC have been evaluated and found out not
to be a matter of concern.

Taking into account that these are worst case estimates, it can be safely concluded that the
GG experiment does not need magnetic shielding. In STEP magnetic shielding is needed
because of the use of SQUID sensors and its is provided by superconducting lead shields
(Blaser et al., 1993 Sec.3.4.6).

By comparison, it is worth considering the problem of magnetic perturbations in the Eét-Wash
EP torsion balance experiment (Su et al., 1994), where the magnetic field of the Earth near
the balance was reduced by a total factor of 10° (partly with u-metal shielding, partly with
Helmholtz coils). This seems to contradict our previous conclusion, especially if one considers
that they have reached a sensitivity n=10"2 while the GG target is n=10". Indeed, it is not so
and we can easily understand why. The first important fact to bear in mind is that, despite its
higher target sensitivity the GG expected force signal is ~ 2.5 times larger than it is in EGt-
Wash, because of the bigger EP signal in space and the larger mass of the test bodies. In GG
there are two test bodies of 10 kg each while in the E{t-Wash torsion balance there are 4
masses of 10 grams each; the force signals are ~ 8.4-10"° N and ~ 3.4-10™ N respectively. Note
that the force, not the acceleration, is relevant when dealing with non gravitational
perturbations. Secondly, since the Eét-Wash experiment is a torsion balance experiment it is
sensitive to torques, hence also to the magnetic torque generated by the interaction of the
magnetic field of the Earth with magnetic moments of the test bodies (due to residual
ferromagnetic impurities). Indeed, it turns out that the magnetic moment of the tray on which
the test bodies are positioned gives an even larger perturbation than the test masses
themselves. For this torque to be smaller than that due to an EP violation it must be:

HrayBr <3.40107'° [0.03Nm (2.51)

where ~ 0.03 m is the length of the arm. It must therefore be .y < 2-10°An? (having used
Bs= 5-10°T). From measurement of the torsion angle in absence of any shielding or coils the
Edt-Wash group finds that the residual magnetic moment of the tray (made of Al) is about
2.4-10% An? (Su et al., 1994; Su 1992), thus making a reduction of B by 10° crucial for the
success of the experiment. This is achieved by means of a 3-layer u-metal shielding for a
factor 3,600 and of Helmholtz coils for a factor 28. As for the E{t-Wash test masses, the
measured value of the residual magnetic moment is ~ 4-10%° Anm? while the requirement
imposed by the magnetic torque is about 7-10° An?; with a factor 10° of reduction of the
magnetic field of the Earth made necessary by the tray, this effect is no problem. The magnetic
dampers, used to kill the swing and wobble modes so that the motor can provide a smooth
rotation, will also benefit of the reduction of the magnetic field. In GG we have symmetric and
concentric masses and the signal is a force, not a torque, thus we have nothing like the
magnetic torque (2.51); we do not have any motor or magnetic dampers either.
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2.2.5 COUPLING TO HIGHER MASS MOMENTS OF THE TEST BODIES

The GG test bodies have non zero quadrupole and higher mass moments. These are different
for the two bodies and will therefore interact differently with the monopole moment of the Earth.
The result is a (classical, i.e. Newtonian) differential acceleration which experimentally is
absolutely undistinguishable from an EP violation signal: the source mass is the same, the
mass moment which produces the effect is the same (the monopole), so the resulting
frequency and phase are also the same. For this reason, this is the single most dangerous
perturbation whose value has to be absolutely below the expected signal to make EP test
unambiguous. The perturbing acceleration caused by the Earth mass interacting with the
guadrupole moment of a test body orbiting at an altitude h is:

0 _3 GMp 12+r22+I2/3PAJ[f 5 ) 5o
e 8(RD+h)2%’(RD+h)2 e .

with rq, rp and | the inner radius, outer radius and height of the body, h the altitude of the
satellite, 433, =(J, —J)/J, =p the fractional difference in the principal moments of inertia and
¥<1°the angle between the spin axis and the orbit normal (f(J,) ~ 1 for small 3,). In the GG
current design (taking into account that coupling to a given monopole source with the
guadrupole moments of the test bodies is in phase, and therefore the relative effect is the
difference of the two, the resulting effect is given in the error budget Tables 2.1 and 2.2 and it
is below the signal by two orders of magnitude. Coupling to mass moments higher than the
quadrupole gives much smaller disturbances because the Earth is far away (large value of

Rs+h).

Nearby mass anomalies Am in the mass distribution of the satellite will also produce a similar
coupling. But the big difference is that these effects are DC; an advantage of the entire
laboratory spinning with the test bodies which unfortunately is not there in the GGG ground
test. So values larger than the signal are acceptable, and we can avoid putting tight constraints
on symmetry of the mass distribution (by construction), which might be expensive
requirements to meet. We find that 100 grams unbalance on the outer shell where such
anomalies are more likely to be (at about 40 cm distance), gives a quadrupole effect at most 30
times larger than the signal, which is not a problem because it is a constant DC effect . We
have been worried about the expansion and contraction of the outer shell (and compensation
masses) induced by eclipses (Sec. 2.1.2). Even though the signature of an eclipse induced
signal can in principle be recognized (the frequency is the orbital one, but eclipse lasts only
about on third of the orbital period) eclipse induced effects would still be a concern. In fact the
gravitational effect of such an oscillation turns out to be negligible because the test bodies are
well centered on the symmetry axis of the cylinder where the effect of a pulsating cylindrical
surface would be exactly zero. Hence, the dominant effect remains the one of a mass anomaly
by construction estimated above.

GG Phase A Report, Chapter 2: THE GG SPACE EXPERIMENT 63



GG Phase A Report, Chapter 2.2: PERTURBATION ANALYSIS, REQUIREMENTS AND ERROR BUDGET

2.2.6 REQUIREMENTS AND DISTURBANCES FROM WHIRL CONTROL

The stabilization of whirl motions as outlined in Sec. 2.1.5 and numerically simulated in Chap.
6 gives a requirement on the measurement of the spin rate of the spacecraft:

Aag
Ws

010™% rms (2.53)

to be met by the Earth Elevation Sensors of the spacecraft (see Sec. 5.5). Currently available
sensors, e.g. from Officine Galileo, are usually mounted on higher altitude spinning spacecratft.
They would therefore need to be modified for the lower orbit of GG (the angle between the two
small infrared telescopes needs to be increased) but the requirement is not a challenging one.
Note that, although the spin rate needs to be measured to this level, it does not matter how
much it is precisely. Also the precise direction of the spin axis in space does not matter
because the active dampers act, by geometrical construction, in the plane perpendicular to the
spin axis; where precisely this axis is in space is not needed. This comes from the fact that the
EP differential signal would be measured, by construction, in the same plane perpendicular to
the spin axis. However, the analysis of the output data of the Earth sensors will provide also
the direction of the spin axis.

The whirl control needs the small capacitance sensors to be able to detect relative
displacements of 0.01 pym , particularly for the test masses. This is the sensitivity which, after
applying filters at the spin frequency and at the whirl/natural frequency, allows us reducing the
whirl radii to values of a few Angstrom. The sensitivity required for these small capacitance
sensors has been demonstrated in the laboratory during the development of the GGG
prototype (see Chap. 3).

Disturbances induced by the active control of the test masses themselves need not to be taken
into account because the growth times of their whirl motions are so slow (due to the high
mechanical quality of the suspensions; Q=19000 measured) that a convenient strategy is to
first damp the whirls with forces much larger than the minimum required (so as to damp them
quicker) and then start data taking. The planned integration time of about 1 week can be
carried without controlling the whirls of the test bodies. The whirl motion of the PGB needs to
be damped all the time because its suspensions have a lower mechanical quality (smaller Q).
There are perturbations on the relative position due to the controlling forces if they are not
perfectly opposite to the whirl velocity but have also a radial component, because of a phase
error. However, perturbations on the PGB are common mode for the test bodies, hence only
their residual differential fraction (after common mode rejection) gives a differential effect and
competes with the signal: with ycur = /100000 disturbances from the control forces of the PGB
are totally negligible even with a very large phase error.
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2.2.7 THERMAL NOISE AND ERROR BUDGET

Test masses will have their own mechanical thermal noise, resulting in a perturbing
acceleration on each test mass:

M QL (2.54)

mQ  tint

where Kgis the Boltzmann constant, m=10kg is the mass of each test body, w, the natural
oscillation frequency of the test bodies in differential mode, Q the quality factor of the
mechanically suspended bodies and t; the integration time.

ah U

It is a well known fact that in supercritical rotation suspensions are deformed (and dissipate
energy) at their spinning frequency, not at their natural frequency. This applies to GG as well
(Crandall and Nobili, 1997). In this case the relevant Q is that of the suspension springs of the
test masses at 2 Hz, for which our best measured value is 19000 (see Sec. 2.1.5). Having the
natural frequency wyy, rather than the one in common mode in (2.54) is correct: the two values
are not close (see 2.39) and Q is high, hence the bandwidth of noise is so small that there is
no significant contribution from thermal noise in common mode to the thermal noise in
differential mode where the effect of an EP violation would appear. It is also worth noticing the
dependence of thermal noise acceleration on (T/m)¥? , which shows how bigger masses can
compensate for the higher temperature in a room temperature rather than cryogenic
experiment as it is GG at present.

Table 2.1 gives the GG error budget listing the major disturbances with the signature of their
effects (frequency and phase), since this is very important in establishing how they contribute
to the total budget. This Table assumes launch at the beginning of 2002 and mission operation
for 7 months after launch, the first month being devoted to initial set-up and calibration phase.
Being close to the solar maximum air drag is the main disturbance; moreover, the maximum
value of drag along the orbit is used for a conservative evaluation. It is partially compensated
and partially rejected; the common mode rejection factor of 1/100000 assumed here is a very
realistic one, since it has already been tested on the GGG prototype (see Chap. 3). Also the Q
value, which is relevant for thermal noise, derives from experimental measurements (see Sec
2.1.5). The signal is about a factor of 2 above the total error.

In Table 2.2 the error budget refers to operating the mission close to solar minimum, in the fall
of 2004; however, the maximum value of drag along the orbit is used. Drag is clearly less
relevant, also because we have assumed an improvement in common mode rejection by a
factor of 5, which experience with the ground prototype shows it can be reached. Thermal
noise has become the limitation; we have also assumed to be able to improve the Q by a factor
50, to a value 100000. Such a possibility can be tested in the laboratory; the target value
appears to be reachable but it is not as easy as improving the common mode rejection. The
signal is now about a factor 5 larger than the error.

In conclusion, EP testing with the GG experiment —at room temperature and with an almost
passive satellite— to 1 part in 10" is feasible. Doing better than this requires to substantially
lower the temperature flying a cryogenic version of GG. In this case the GG rapid axial rotation
gives two important advantages: (i) the very high centrifugal force at the periphery of the
spacecraft dominates the motion of the refrigerating (movable) material and largely reduces,
by symmetry, its well known disturbances on the experiment; (i) the spin/symmetry axis
provides an ideal symmetrical direction along which evaporation can take place without
disturbing the experiment. None of these advantageous features holds for the current,
cryogenic STEP experiment.
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Table 2.1 GG Error Budget for EP testing to 107 (SI Units): close to solar maximum (launch beginning of
2002); maximum drag value along the orbit assumed; Q as measured; Xcur tested in GGG.
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Table 2.2 GG Error Budget for EP Testing to 10-17 (SI Units): close to solar minimum (launch 2004);
maximum drag value along the orbit assumed; improvement in Q and Xcwmr required.
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3. THE GG PAYLOAD PROTOTYPE ON THE GROUND (GGG)

3.1 THE GOALS

"GALILEO GALILEI ON THE GROUND" (GGG) is an experiment to test the Equivalence Principle
with an apparatus very similar to a prototype of the payload designed for the GG space
experiment. The experiment is carried out in the laboratories of LABEN in Florence; it has been
designed by the GG scientists at the University of Pisa and is under the responsibility of Dr D.
Bramanti. The scientific goal is to test the Equivalence Principle to 1 part in 10*®, which would
improve the accuracy of current laboratory tests by an order of magnitude. Since the apparatus
used is a prototype of the space payload, GGG can validate the proposed space mission and
be a valuable experiment in its own right. In turn, the design of the space experiment does
substantially benefit from experience gained in the laboratory, as it has already happened.

3.2 SIMILARITIES AND DIFFERENCES WITH THE GG SPACE EXPERIMENT

If two test bodies of different composition orbit around the Earth at an altitude h the EP
violation signal at level n of the E®6tvds adimensional parameter driven by the Earth as a
source mass is given by Eq. (1.2). For h=520 km, it amounts to: ag ([78.4/f m/sec’> . The
experiment is made by comparing the equilibrium positions of the bodies under the
gravitational attraction from the Earth (proportional to the gravitational mass of the body), and
the centrifugal force due to their orbital motion around the Earth (proportional to the inertial
mass of the body). If the test bodies are coaxial cylinders the displacement vector resulting
from an EP violation is always directed to the center of the Earth (see Fig. 1.1). Instead, if the
bodies are suspended on the ground each of them reaches equilibrium when the component
on the horizontal plane of the centrifugal force due to the diurnal rotation of the Earth is
balanced by the horizontal component of the local gravitational attraction. This is the
equilibrium position of an ordinary plumb line, which does not point to the center of the Earth
because of the centrifugal force due to the rotation of the Earth, but it is displaced always
along the North-South direction. Therefore, the EP violation signal (with the Earth as the
source mass) is:

aEp Dco%RDsinﬁcoseﬂz (3.1)

where 6 is the latitude of the laboratory and g, is the diurnal angular velocity of the Earth; the
maximum value of (3.1) is at 45° latitude ad amounts to 1.69/10% mVsec® , about 500 times
smaller than in space. Being the displacement fixed in the North-South direction there is no
modulation of the effect. If instead one takes the Sun as the driving source mass, the
equilibrium of the suspended body is between the gravitational attraction from the Sun and the
centrifugal force due to the annual rotation around it. The resulting signal is, at most:

agy <Msin 6193 1/ sec? (3.2)
D2

(D is the Earth-Sun distance and Mg, the mass of the Sun); its intensity is modulated by the
diurnal rotation of the Earth from a minimum value depending on the latitude (as sin@) and the
maximum given by (3.2). If the ground experiment is carried out with the Earth as a source,
the signal in space given by Eq. (1.2) is 500 times stronger; if the ground experiment uses the
Sun as a source in order to provide a diurnal modulation, then the signal in space (still with the
Earth as a source) is at least 1400 times stronger. Note that a space experiment with the Sun
as a source has no advantage over the ground ones.
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In the GGG experiment the EP violation signal, constant in time and fixed in direction in the
horizontal plane, is modulated at the spinning frequency with the spin axis in the vertical
direction, similarly to GG. The spin frequency can be higher than 2 Hz (10 Hz reached so far)
but the mechanical coupling of the test bodies cannot be as weak as in space; the apparatus is
somewhat different because of local gravity but, it is based on the same dynamical principle
(see Sec. 3.3)

Whirl motions can be damped both passively and actively, and active damping can be both
rotating and non rotating (GG needs active rotating damping, as discussed in Sec. 2.1.5 and in
Chap. 6). GGG needs no drag compensation because there is no drag; instead, there is
seismic noise which —similarly to air drag- is in principle common mode. It is partially rejected
by balancing the test bodies and partially attenuated. The read-out capacitance system is in
all similar to the GG read-out and it can reach, in terms of displacement measurements, the
same sensitivity as it is required for GG.

In GG the whole spacecraft spins with the test masses, which makes perturbations from all
local mass anomalies DC (see Sec. 2.2.5); this is not the case on the ground. The effect is less
severe than in torsion balances because the test cylinders are very well centered on one
another. In any case it can be taken care of, similarly to how it is done in torsion balance
experiments (Sue et al., 1994), i. e. by using test masses specially designed to amplify the
perturbations from local anomalies and then compensate for them with appropriate nearby
masses. Effects on the spin axes of the test cylinders are also different in GGG as compared
to GG because the GGG test bodies are not suspended from their center mass. The
gravitational torque caused by the local acceleration of gravity, and the torque due to the fact
that the laboratory is rotating with the Earth (hence it is not an inertial system), affect the
equilibrium position of the coupled test bodies. These effects have been the subject of
theoretical analysis and numerical simulation, and are to be compared with the experimental
results (Comandi, 1998). In GG the test cylinders are suspended from their centers of mass
and the spin axis is subject only to a slow precession (see Sec. 2.1.2).
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3.3 THE CONCEPTUAL DESIGN

The GGG experiment set up is made of two test bodies (in the shape of coaxial cylinders) in a
coupled mechanical suspension (as shown in Fig. 3.1). In between the test cylinders are
placed capacitance sensors forming a bridge to measure displacements of the test cylinders
relative to one another in the horizontal plane. A motor sets the whole system in rotation along
a vertical axis. The laminar suspensions shown in Fig. 3.3 are designed to withstand the local
force of gravity along the vertical while being very weak in response to any force in the
horizontal plane.

In more detail, with reference to Fig 3.1, the system can be described as follows. It is made of
4 rotors. One is the suspension tube, held by a shaft turning inside ball bearings; rotation is
transmitted from the motor (in violet on the left) to the central shaft by means of 2 O-rings (not
shown in this Figure) on pulleys. The 2 test cylinders are shown in green (the inner one) and
blue (the outer one). They are suspended by means of 2 laminar suspensions (in red; see
picture in Fig. 3.3) from the top (the blue cylinder) and the bottom (the green cylinder) of a
coupling arm (the fourth rotor of the system). The coupling arm is in its turn suspended, at its
center, from the center of the suspension tube. The suspension point of the coupling arm can
be finely adjusted along the vertical; the zero position of the whole pendulum (made of the
coupled system of test bodies) and the period of the differential oscillations of the two bodies
of the pendulum can be finely adjusted mechanically by means of appropriate rings and
screws of small mass. The capacitance plates of the read-out are shown in between the test
masses. The two rings (in yellow) mounted on the suspension tube contain the 2 capacitance
bridges, their preamplifiers, the signal demodulators, the A/D (analog-to-digital) converters and
the driver of the optical emitter, which is located at the very top of the rotating shaft (in order to
transmit the demodulated signal from the rotor to the non rotating frame and then outside of
the vacuum chamber). At the top of the shaft there are 2 sliding contacts for power
transmission to the electronics of the rotor through a stabilized power supply (in yellow on a
dish on top of the rotor). To this dish is also attached a simple optical device which provides a
reference signal for the phase of the rotor. The passive damper (see Fig. 3.8) is shown under
the lowest laminar suspension and it is obviously not rotating. The two verticals crews (in light
blue) allow us, by means of a chain at the top (shown in Fig. 3.6) to move a platform up and
down holding the test cylinders during the assembling phase. The non rotating frame and the
vacuum chamber are drawn in gray.
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Figure 3.1  Section through the spin axis of the GGG experiment set up inside a vacuum chamber at the
laboratory of LABEN in Florence. The drawing is to scale, the diameter of the vacuum chamber being 1 m. See the
text for a description of all its parts.
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The mechanical coupling of the GGG test bodies is in essence as shown in Fig. 3.2, where the
masses are assumed to be equal and the arms different, with Al = 1,- 1. If A1 = 0, this would
be a configuration of neutral equilibrium (infinite period of differential oscillations) unaffected by
any common mode force. With an unbalance 4l< 0 the system is unstable against gravity; with
an unbalance 41 > 0 the system oscillates about the local vertical, the smaller the unbalance
the longer is the period of oscillation, the more sensitive is the system to a differential force.
Which is our goal. Elastic coupling of stiffness k in the horizontal plane modifies the differential
period as follows (through the term with k):

2T

ok

where the elastic term is always positive, while gravity can act as a "negative" spring for Al< 0
and can therefore make the differential period longer. However, it is apparent that the elastic
coupling in the plane should be of as low stiffness as possible. We therefore exploit a simple
lever effect whereby a mechanical suspension (e.g. a wire) of length I, with a given stiffness
kv results in a system of (lower) stiffness k when mounted at the end of a bar of length | :
k=ku(Iw/)°. The importance of a weak coupling, hence a long differential period becomes
apparent if we estimate the amount of relative displacement of the centers of mass of the test
bodies to be expected in response to an EP violation signal as given by (3.1):

sziff 0
Oxep =— [agp (3.4)

418

For a given EP violation signal the resulting displacement grows quadratically with the natural
period of oscillations of the bodies one with respect to the other. With 7=10" in Eq. (3.1) (the
current goal for GGG) and T4#=90 sec, we get a displacement signal Axep (735103 Angstrom,
which can be detected by the current capacitance read-out (see Sec. 3.3). A differential period
of 90 sec has been obtained, though not yet on a routine basis. Note that this value of Axgp is
very close to (indeed even smaller than) the current target of GG in space (given by Eq. 2.2)
for a violation of Equivalence to 1 part in 10"’ . Two very important facts are therefore apparent:

(i) that an EP experiment in space is very advantageous, which is why GG was designed in the
first place; (ii) that a GGG Equivalence Principle experiment on the ground to 1 part in 10 is of
comparable difficulty as (if not greater than) a GG experiment in space to 1 part in 10*".
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klg

gravity only gravity + elasticity

Figure 3.2. Simple dynamical scheme showing how the GGG test bodies, two hollow cylinders, are coupled.
Although they are suspended so as to make them concentric, they are coupled in such a way as to behave like in
an ordinary balance, except for the fact that the beam of the balance is vertical and that there is a weak elastic
coupling in the horizontal plane. Dynamical systems of this kind can be treated similarly to very well known models
and long periods of differential oscillation can be obtained by accurately balancing the masses and their arm
lengths.

Figure 3.3 One of the 3 laminar suspensions used in the GGG experiment. High mechanical quality is obtained by
careful manufacturing. The suspensions are carved out of a solid bar of CuBe and properly treated to ensure high
quality. The design is such as to have high stiffness in the vertical direction (to withstand gravity) and at the same
time very low stiffness in the horizontal plane, so as to improve the sensitivity of the instrument to small forces.
These suspensions have been manufactured by "DG Technology", Parma, Italy according to our design. The "Eot-
Wash" group (Seattle, USA) has expressed an interest in using this type of suspension for their torsion balance
experiments (Gundlach, 1998)

GG Phase A Report, Chapter 3 73



GG Phase A Report, Chapter 3: THE GG PAYLOAD PROTOTYPE ON THE GROUND (GGG)

3.4 THE APPARATUS
In this section we give an overview of the GGG apparatus as it is at present.

Figure 3.4 The rotor designed in Fig. 3.1 being mounted by Dr. D. Bramanti inside the vacuum chamber in the
laboratory of LABEN in Florence. The electronics was in part realized by QSA Srl, Arezzo

Figure 3.5 The GGG rotor inside the vacuum chamber with the electronics partially mounted. The technical
drawings are from ProMec, Bientina (Pisa), and the main parts have been manufactured by CoMeBa, Pisa. Many

components have been realized in the mechanical workshop of LABEN.
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Figure 3.6 The motor used to spin the GGG rotor. It is a motor adapted for high vacuum by DG Technology
Service, Parma. The sliding contacts are also visible. The chain is for holding and lifting the test cylinders during the
assembling phase.

Figure 3.7 The passive damper used in the first tests. Friction between the polished brass disk and the teflon
(white) one provides non rotating damping.

Figure 3.8 The passive damper currently in use; it is much lighter than the previous one and yet it is sufficient to
stabilize the system because the required damping forces are very small. The brass disk of Fig. 3.7 has been

GG Phase A Report, Chapter 3 75



GG Phase A Report, Chapter 3: THE GG PAYLOAD PROTOTYPE ON THE GROUND (GGG)

replaced by a smaller and lighter disk (it is in light plastic at present). See Fig. 3.1 to identify where this damper is
located in the apparatus (under the lowest laminar suspension).

Figure 3.9 The GGG laminar suspension springs clamped and mounted for Q measurement in horizontal
oscillations at a few Hz. The largest value obtained was 2,000; it improved at lower amplitudes but the
measurements then became limited by seismic noise. Therefore, we expect their Q to be even better than our value
measured in this way.
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CAPACITANCE BRIDGE SENSOR CIRCUIT
(For detecting variations of the capacity difference between C, and C, )
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Figure 3.10 The capacitance bridge sensor circuits currently in use for the read out of the relative displacements of the test cylinders. See Fig. 3.1 for their location in the
GGG apparatus
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Figure 3.11 Two-phase synchronous demodulator circuits currently in use. They carry out the signal demodulation required also in the space experiment
and described in Fig. 2.21
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Figure 3.12 A D conversion and IR transmission circuit. This is the circuit used for digitizing the signal (A/D converter) and for driving the optical emitter,

located at the top of the shaft, in order to transmit the demodulated signal from the rotor to the non rotating frame and then outside of the vacuum
chamher

(99D) ANNOUD FHL NO FdALOLONUJ AVOTAYd DO AH L ¢ Jardey) ‘poday v aseyd oo



¢ Jardey) ‘woday v aseyd Do

08

| A .

us

J3A1>; 1 #’ S
_‘JINEEDO 20T

45Y

*

—*

%“E
0

LLENCD REVISICNT

NOMERD | MU EH. APPORIATL |

R2MRZALT

MLuZ32

Figure 3.13

analysis.

=Bk koo i
P T R L e
RS YRR ERRR Lapi-g s iy
1 2 -5 73 L2a
14 [z
I Hh — T -z
17 (8%
[E]sTE? [66 TAHOM
Taslvec g7
20]sckn [£6
21 |rxe 55
2 xg Sas 4
JoTa e el
e, va-7 (5 ey
2E] Pé-8 C
25 Pe-5 £4-7 (55
(2R Pg-e PL-f 53 ‘
135 b3 a5 [57 74400 <443
. 38] ps-2 Pa-a (ob (4 vee «L
”'131 pg-i ps-3[35 A vee T
3] ra-0 fa- 22 o
e Y 0w D
iy : i 7 vss
Dbt i wch o
L& Sa
2 i \
AnnEeE B
SFT
|
|
Zooct ToeTa
rew EReveEE Jrrsraares
i MILANESCH L A BARTOLUCTE M
s, [P e '
! . |
1 bl l LSO

Infrared receiver circuit and microprocessor for receiving the demodulated, digitized, optically transmitted signal and have it ready for

(99D) ANNOUD FHL NO FdALOLONUJ AVOTAYd DO AH L ¢ Jardey) ‘poday v aseyd oo



GG Phase A Report, Chapter 3: THE GG PAYLOAD PROTOTYPE ON THE GROUND (GGG)

3.5 STATE AND PERSPECTIVES

The GGG test bodies have been mounted in a coupled (low stiffness) mechanical suspension
and they have been balanced so as to reach long natural periods of differential oscillations;
this means that they are sensitive to small differential forces acting in the horizontal plane. The
whole system has been put in rotation reaching a spin rate of 10 Hz (in vacuum). The state of
rotation is supercritical so that the centers of mass of the test cylinders once in rotation auto-
center themselves on the rotation axis (hence with respect to one another) better than they
had been centered because of manufacturing and assembling errors. A stepping motor
modified for vacuum has been mounted.

The laminar suspensions used to suspend the bodies and couple them have been verified to
have high mechanical quality, i.e. low dissipation, under deformations at the spin frequency.
They can withstand the weight of the bodies (10 kg each) along the local vertical but have low
stiffness in response to forces in the horizontal plane as it is required for EP testing. Losses in
the suspensions generate unstable whirl motions of the rotating test cylinders at their natural
frequency of differential oscillations. A light damper, non rotating and passive, has been built
and has proved to be capable of stabilizing the system up to a spin frequency of 10 Hz (in
vacuum). A first damper (Fig. 3.7) has been replaced by a much lighter one (Fig. 3.8) because
the whirl motion to be damped is very slow, as predicted by the GG Team in agreement with
experts in Rotordynamics (Crandall and Nobili, 1997). Work is in progress to replace the
passive damper with an active and more controllable one, using electrostatic forces, as in the
GG design. The required electronics has been manufactured but needs to be tested; the
software to operate it is in preparation (Aversa, 1998).

The test bodies coupled suspension has been balanced to 1 part in 200000 (in Am/m), which is
better than the balancing level currently required for the GG test bodies in space
(xemr=1/100000, see Sec. 2.2.1). The capacitance sensors of the read out system have been
manufactured and mounted. The electronics needed for the amplification, demodulation,
digitalization and optical transmission of the signal outside of the rotor has been built and
mounted on the rotor, and it is under testing (Figs. 3.10+3.12). The sensitivity of the
capacitance bridge has been measured (with plates of 200 cn): it can detect relative
displacements of 5 picometers in 1 sec of integration time and therefore only 100 sec of
integration time are enough to reach the sensitivity required by the GG space experiment. With
smaller plates (2 cn?) like those designed in GG for the active dampers it is easy to measure
100 Angstrom, as it is required for whirl control in space (see. Chap. 6).

The system is operational; without the electronics of the read-out it spins stably between 2 and
10 Hz, with the test cylinders axes aligned on one another within 100 um. It demonstrates that
macroscopic weakly coupled and balanced rotors can be made to spin very stably and very
well aligned. The electronics has been mounted and tested at zero spin rate. For supercritical
rotation the electronics components themselves need to be carefully balanced; this work is
underway and a sensitivity test will be carried out as soon as it has been completed.

Theoretical work is in progress on gyroscopic effects and on differential effects of forces from
nearby mass anomalies.

The contribution by Li-Shing Hou (from the research group led by Wei-Tou Ni, at the National
Tsing Hua University) to the mounting and testing of GGG is kindly acknowledged.
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