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Abstract

Space experiments to test the Equivalence Principle (EP) are affected by a systematic radiometer effect having the same
signature as the target signal. In [PhRvD 63 (2001) 101101(R)] we have investigated this effect for the three proposed
experiments currently under study by space agengi¥COPE, STEP and GG, setting the requirements to be met—on
temperature gradients at the level of the test masses—for each experiment to reach its goal. We have now re-examined the
radiometer effect in the case @gfSCOPE and carried out a quantitative comparative analysis, on this issue, with the
proposed heliocentric LISA mission for the detection of gravity waves. We find that, even assuming thesGiPE
spacecraft and payload be built to meet all the challenging requirements of LISA, temperature gradients along its test masses
would still make the radiometer effect larger than the target signal of an EP violation because of flying in the low geocentric
orbit required for EP testing. We find no way to separate with certainty the radiometer systematic disturbance from the signal.
uSCOPE is designed to fly a second accelerometer whose test masses have the same composition, in order to separate ol
systematic effects which—not being composition dependent like the signal—must be detected by both accelerometers. We
point out that this accelerometer is in fact insensitive to the radiometer effect, just as it is to an EP violation signal, and
therefore even having it onboard will not allow this disturbance to be separated ®GOPE is under construction and it is
scheduled to fly in 2004. If it will detect a signal to the expected level, it will be impossible to establish with certainty
whether it is due to the well known classical radiometer effect or else to a violation of the equivalence principle—which
would invalidate General Relativity. The option to increase the rotation speed of the spacecraft (now set at@bout 10  Hz) so
as to average out the temperature gradients which generate the radiometer effect, is allowed in the GG design, not in that of
STEP anduSCOPE.
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1. Introduction slightly higher than the orbital one (to help dis-
tinguish it from disturbances related to the orbital
Three space missionsuSCOPE, Touboul and motion); but so will do with the frequency of the

Rodrigues, 2001), STEP (STEP, 1993, 1996; Mester radiometer effect. This is therefore indistinguishable
et al., 2001) and GG (GALILEO GALILEI (GG), from the signal and its amplitude will limit the

2000; GALILEO GALILEI (GG); Nobili et al., sensitivity of the mission in EP testing.
1999) have been proposed for testing the Equival- The amplitude of the radiometer acceleration
ence Principle (EP) in the gravitational field of the along the sensitive axis s of the test masses in the

Earth by testing its most direct consequence: the uSCOPE accelerometer can be writter} as :
universality of free fall, whereby all bodies fall with

the same acceleration regardless of their mass and, _ PS ATy <or asa. — P 1 ATTM) 1)
composition. The targets are: 1§ farSCOPE, ™ 2m T ™72 T Asy,

10" for GG, 10" (STEP, 1993, 1996) or 1t

(Mester et al., 2001) for STEP. While GG and where p is the pressure of the residual gas,its
uSCOPE are designed for room temperature, STEP average temperature andT., the temperature
requires a superfluid He dewar to maintain the difference between the two faces-0.1 m apart) of

experiment core at 1.8 K. In all cases the test bodies tShS i%s,ts cylzlnde(; gf m_z:sm;O.S kglitcrgss 1sect|ort1
are concentric, hollow test cylinders (of different =~ m" and density. The amplitude (1) mus

composition) forming an accelerometer sensitive to be proved to b? smaller.than the ampll|tude of the
accelerations acting between them. In STEP and expected EP violation signal acceleration, namely

—15
uSCOPE the sensitive axis of the accelerometer is & h ;C?gPlEot mt/§ éag ZO? km ?Iftudet anl%iofor
the symmetry axis of the test cylinders and the WetrllL I far?re n o Ts ing of L par I?’io %)
spacecraft is actively controlled for it to lie in the 'th & value for the residual gas pressure o a

orbital plane. Slow spacecraft rotation around the which has been expen.mentally demo_nstrated
orbit normal will make the sensitive axis rotate (TOUbOUI’. 20.01)’ the amphtyldle of the razdlometer
relative to the Earth. An EP violation signal having aeceleratlon ISy =3.33- 10 A.TT'V' m/s”. For
the Earth as the source mass would therefore vary th|s to be smaller than the elgnal, temperature
with the rotation period of the spacecraft with respect dn‘f_erences betweep the opPp osite faces of the test
to the center of the Earth. cyllnders_ (at the S|gnellred|omet_er frequendy)

For uSCOPE—as reported in Touboul and Rod- must satisfy the following inequality:
rigues (2001)—the orbital period is 5900 s (at an AT <2.39.-107* K 2)
orbiting altitude of 700 km) and the rotation period
of the spacecraft is 1570 s, resulting in a signal The requirement (2) agrees with the corresponding
period of 1240 s (signal frequendy,=8.06- 104 one derived in Nobili et al. (2001) fouSCOPE
Hz). taking into account that the residual gas pressure that

A residual gas around the test cylinders and we assumed in Nobili et al. (2001) was a factor 7.5
exposure of the spacecraft to the infrared radiation smaller than the value of 16  Pa provided by the
from the Earth (which causes non zero temperature uSCOPE scientists in Touboul and Rodrigues
gradients along the sensitive axes of the cylinders), (2001). The mass and thermal capacity of the
give rise to a disturbing acceleration usually referred accelerometer itself will reduce thermal variations,
to as radiometer effect. Since the test cylinders have caused by radiation impinging on the outer surface of
different density, the radiometer effect—like an EP the spacecraft, at frequencies higher than a threshold
violation signal—is differential. For a spacecraft
with space fixed attitude the radiometer effect varies F— - on of the radiometer effect "

H H H H2eH SsSion O e radijometer eriect see .
with its orbital freque.ncy’.always pointing tc.) the K(r)lzjdasen,'cl)';m(eulginetiz:s?rl;]eory of Gases (Methuen, London, John
center of the I_Earth (JUSt like the expected SIQnal)' Wiley, New York, 1952) (first published in 1934 following
The slow rotation of the spacecraft will up-convert | ectures given at University of London in 1933) and L. Loeb,
the frequency of an EP violation to a frequency The Kinetic Theory of Gases (McGraw Hill, New York, 1934).
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frequency depending on the timescale of its thermal characterized by a thermal inertia as large as reported
inertia. First hand knowledge of the apparatus is above would change the phase of the radiometer
required in order to establish how long is this effect by about Baving a multilayer isolation (as
timescale, and we therefore rely on the vale it is usually the case), in addition to standard
7200 s given in Touboul and Rodrigues (2001). The spacecraft and payload parts through which heat is
resulting attenuation factor, at the rotation/signal/ transferred before reaching the test masses, will
radiometer frequencyg, is make it very hard to guarantee that the phase
difference on the test masses will be close t6. 90
1+ (2fep)® = 2mfp=36.5 (3)  The possibility to perform specific ground tests of

; this effect with the same full apparatus to be flown,
might be considered.

Radiometer noise at frequencies other thancan
be expressed in terms of power spectral density
(PSD) and its effect will decrease with the inverse

thus setting the requirement on the amplitude o
temperature differences in the apparatus just outside
the thermal isolation of the test masses (with fre-
quency fgp) at

AT<8.7-10 %K (4) square root of the integration time. Instead, the
radiometer effect at the same frequency as the signal
As far as temperature gradients are concerned, is a systematic effect, not noise, and it does not
over the 0.1 m size of interest they should be smaller decrease as the inverse square root of the integration
than 2.3910°° K/m along the symmetry axes of time. Therefore formula (Touboul and Rodrigues,
the test masses themselves. With a thermal inertia 2001, Section 5), giving the PSD at the frequency
characterized by a timescale of 7200 s as reported inf., of the signal, is inappropriate because it treats as
Touboul and Rodrigues (2001), they can be larger noise the radiometer effect at the same frequency as

than that by the factor (3), i.e., not to exceed -8.7 the signal (the one which really matters).

10"* K/m. The thermal specifications given in

Touboul and Rodrigues (2001, Table 1) report a

value of 3 10"% K/m for thermal gradients. If this 2. Sources of thermal variations in geocentric
value refers to thermal gradients to be further and heliocentric orbit: disturbances in LISA and
attenuated by the factor (3), then the radiometer in uSCOPE

effect between the test masses of th&SCOPE

accelerometer would be smaller than the target signal The reason why the radiometer effect at the signal
by a factor of 30. In any case, the issue as to what frequency is a serious matter of concern for
evidence is available that this specification will be wSCOPE, and needs to be singled out from the
met in the flight experiment, so that temperature noise, becomes apparent by analyzing the same
differences across the test masses will fulfill the effect in the case of another proposed gravitational
requirement (2), is a key issue. experiment in space, although far ahead in the future:
Spacecraft heat loads induced by infrared radiation the LISA (Laser Interferometry Space Antenna)
from the Earth have the same frequency and also the mission for the detection of gravitational waves
same phase as the putative EP violation signal. (LISA, 2000; LISA). Each LISA spacecraft (kept
Thermal isolation will reduce the actual temperature fixed with respect to inertial space by 3-axis active
gradients at the level of the test masses, and also stabilization) carries an accelerometer whose test
change the original Earth-pointing phase of the mass must be subject to accelerations not exceeding
effect. While a phase difference of 18&ould not the level of 310 *® ms? AHz in a frequency
help (because the sign of an EP violation is not range between 0.1 mHz and 10 mHz, which requires
known), a phase difference close to°9buld be spacecraft drag compensation to this level. For a
exploited to rule out that a detected signal even measuring Tigge= 1/f_, equal to the inverse of
several times larger than the target is not in fact due the signal frequengySQOPE, the target sen-
to an EP violation because it is not Earth pointing. sitivity of LISA is therefarg, =8.52- 10 *' m/

However, while one single stage of thermal isolation > s . This is a factor 100 smaller thap.tteget of
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uSCOPE, which means that disturbances on the test

mass of the LISA acceleration sensors must be 2
orders of magnitude smaller than pSCOPE. The

need for such a stringent requirement is not surpris-
ing, because the test masses in LISA are in fact ‘the

(due to an albedo of about 30%) and then consider-
ing that the radiation absorbed is re-emitted in the

infrared from the entire surface of the planet, yield-

ing an infrared dijx=0.17b_. The forcing
thermal variation is therefore a factor 4300 larger on

mirrors’ that will reflect back the laser beams of the wSCOPE than it is on LISA, and the resulting

interferometer on which the mission relies in order to

detect geometrical changes caused by the passage of

a gravitational wave. In the current LISA baseline
(LISA, 2000) the accelerometer—named
CAESAR—is based on capacitance sensing similarly
to the uSCOPE accelerometer, and has been pro-
posed by the same team at ONERA (Josselin et al.,
1998). An interesting issue is therefore how relevant
is the radiometer effect for LISA.

As far as the radiometer effect is concerned, the
main difference between LISA an@dSCOPE is
that—in order to test the equivalence principle in the

radiometer effect has a constant amplitude which is
determined better and better as the integration tim
increases—and mimics the signal. Unlike infrared
radiation from the Earth, all other heat sources and,
primarily, direct radiation from the Sun do not
produce a systematic effect at the signal/spin fre-
quency of the spacecraft with respect of the Earth
(note alsouB&IOPE is in sun-synchronous orbit

and its body will be mostly maintained in the shadow

of the solar panels).
The acceleration due to the radiometer effect in
the case of LISAajg) (s, =8.33-10 **(dT/

s, M/S*, a value which is obtained from (1),
using the expression in parentheses, (at 300 K
environment temperature) taking into account that in
LISA the proof mass of the sensors is a very dense

field of the Earth—« SCOPE must fly in low geocen-
tric orbit while LISA’s orbit will be heliocentric at
the same distance from the Sun as the Earth (1 AU,
with a 1 yr orbital period). In this orbit each LISA

spacecraft will be exposed to the solar flux at the
distance of the Earthd{,=1.3510° Watt/nf on

average) and the main source of thermal variations
will be due to changes in the solar irradiance around
this mean value. Observed variations from 0.1 mHz
to 10 mHz are described by a spectral density with a
shallow frequency dependence (Woodard, 1984):

1.3-10° @,
(f/1mHz)'"® VHz

(5)

Thus, at the frequencyf., of interest for
uSCOPE, LISA would be subject to flux variations
of =3.97-10"° &, and the resulting radiometer
effect, having a random phase, is noise which

mass made of AysPt.(=20-10° kg/m’) and

the residual gas pressure is expected not to exceed

“®10 Pa. If we now consider this disturbing accelera-
tion over the Tigpe= 1/f, and require that it be
smaller than the corresponding target sensitivity of
LISA, we obtain a requirement on temperature
gradients in the proof mass of LISA because of the

radiometer effect, namely:
ar
ds

This means that, because of the radiometer effect,

) Lsa<1.02:10* K/m (6)
re,LISA

over the 0.05 m size of the Au—Pt proof mass in the
direction of the laser beam, temperature differences
MUStAE) { |, sa < 5.15-10°° K. The analog of

inequality (6u8ECOPE can be written taking
into account that the residual pressure is expected to

therefore decreases with the inverse square root of
the integration time. Instead, in the geocentric orbit
of uSCOPE, at its rotation/signal frequenty, with be 10 times larger than in LISA, and that the relevant
respect to the Earth (the spacecraft rotates around the density is the one of the low density Ti test cylinder
axis perpendicular to the orbit plane) most of the p;&E4.5: 10° kg/m®). A low density proof mass is
spacecraft surface will be exposed to a radiation flux obviously a disadvantage. However, when looking
varying from zero to the full flux of the Earth for a composition dependent differential effect as in
infrared radiation. This is obtained from the solar wSCOPE, it is unavoidable to have a low density test
radiation absorbed by the Earth (with a cross section cylinder and a high density one, and it is the low
n-R;;, R, being the radius of the Earth) after density one which dominates the differential
subtracting the radiation re-emitted in the visible radiometer effect. We obtain the condition:
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By comparison with theuSCOPE requirement
G (7 (7), in that case set by the radiometer effect, this is a
factor 23 too large. Assuming thai SCOPE will

and recall that the radiometer effect WISCOPE is  have a residual gas pressure 10 times lower than the
systematic. From (2), with a 0.1 m test mass, we current value of 10° Pa used to derive (7), reaching
have a value slightly larger than this, of 2.38 ° 10"° Pa as expected for LISA, the requirement (7) is
K/m. However, the latter value was obtained from relaxed by a factor 10. As a consequence, the
the first of (1) using approximate values for mass, discrepancy with (9) would be by a factor 2.3.
length and cross section of the proof mass, while (7) Moreover, one should not underestimate that the
is obtained using the expression in parentheses,inequality (9) has been obtained by scaling only for
which requires to know only its density. the higher heat load, and then comparing it with (7)

We learn from LISA, 2000, Sec. 9.5.1.1 that the under the assumption that theSCOPE spacecraft
goal for LISA is to maintain the fluctuations of the and payload are built to meet the standards currently
temperature difference across the proof mass cavity set for LISA. With the LISA project more than 10
below 2-10"° K/vHz. This means that over the years into the future, and a technology demonstration
time Tep = 1/f;, of interest inu SCOPE temperature  preparatory mission (SMART2) planned for testing
differences across the proof mass of the LISA its acceleration sensors and drag free technology, we
sensors are required not to exceed-30 " K, and  are led to question thagt SCOPE, as it is currently
therefore: designed, will be able to get close to its planned
tarl%et of testing the equivalence principle to 1 part in
10™°.

The analysis (Josselin et al., 1998) of the
CAESAR sensor for LISA, carried out by ONERA
prior to LISA (2000), reported a temperature differ-

(o]} _3
<2.15-10 ° K/m
re,.SCOPE

dT .
<1.14-10 °K/m (8)
LISA,goal

ds

By comparison with (6) we see that, with this goal
of LISA on temperature gradients, the radiometer
effect (over the timeT.,=1/f.) is below the  ence of 0.01 K with variations of I0 K/ Hz at
required sensitivity by a factor 100. Which amounts 10" Hz for the selected sensor configuration along
to saying that the LISA goal on thermal gradients in the direction of the laser beam. This does not appear
not set by the radiometer effect. Rather, it is likely to to comply to the more stringent requirement set in
be set by the need to have a very stable laser cavity, LISA (2000, Sec. 9.5.1.1) for fluctuations of the
because fluctuations in the heat load could lead to temperature difference across the proof mass of
thermal gradients across the optical bench which |SA.
would upset the stability of the laser cavity. Thisis  |n low Earth orbit, it is interesting to consider the
also why in LISA most structural elements are made STAR accelerometer (manufactured by ONERA),
from carbon-epoxy, which has a very low coefficient currently flying onboard the low altitude<{450 km)
of thermal expansion (about-40 '/K) and the  geodetic spacecraft CHAMP, and designed to reach a
optical bench is made from ULE. The purpose is to sensitivity less good than the opeSCOPE is aiming
avoid active thermal control close to the test mass, to. At the time of its integration for flight on
because it is known to be a source of unwanted CHAMP, the test mass of STAR was expected to be
disturbances in small force gravitational experiments. surrounded by a residual gas at® * Pa pressure,

The goal (8) obviously refers to the LISA planned and to reach temperature differences of 0.5 K
heliocentric orbit at 1 AU. If we rescale this number (Touboul et al., 1998). A malfunctioning of the
for a satellite—the same spacecraft, with the same accelerometer has been reported (CHAMP newslet-
acceleration sensor— flying in a geocentric orbit like ter, 2001), involving the linear acceleration along the
uSCOPE, we find that, just because of the larger radial direction of the satellite and two angular
heat load, this value would be 4300 times larger, accelerations about its roll and pitch axes (CHAMP’s

namely:

dT 5
LISA <4.9-10 “ K/m (9)
,geo

ds

attitude is 3-axis stabilized, Earth pointing). It is
reported that because of the malfunctioning these
accelerations are disturbed. Luckily, the linear direc-
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tion disturbed is less relevant for the geodetic temperature differences (and residual gas pressure)
mission (which needs best sensitivity along track), and having the instrument calibrated for response to
but it is the direction of the radiometer effect, and it temperature variations, would provide knowledge of
is therefore unfortunate that no direct measurement is the radiometer effect, thus allowing it to be sub-
available to provide evidence for pre-launch expecta- tracted away. Another option might be to actively
tions (Touboul et al., 1998). control thermal gradients. This requires an appro-

priate distribution of thermometers and heaters in
order to measure and reduce temperature differences

3. Can the radiometer effect be distinguished (at the rotation/signal frequency) until the radiome-
from an EP violation signal? ter effect becomes smaller than the sensitivity. Once
it is too small to be detected, it would also be too
By getting close to its target SCOPE will detect small to mask the target signal. However, it is a risky
a differential acceleration between the test cylinders choice to have thermometers and heaters (even
corresponding to an EP violation at the level of thermometers alone) close to the test masses, and
10~*°, a level which might still be unexplored at the even more so to control them at the frequency of the

time of flight (currently planned for 2004). Whether signal.
the detected acceleration is an EP violation, or else a u©SCOPE is designed to carry one accelerometer

perturbing effect fully accountable within known for EP testing (inner cylinder in Pt, 0.5 kg; outer
physics, will be of crucial importance. The best cylinder in Ti, 0.4 kg) and a second one with test
torsion balance experiments on the ground have bodies made of the same material for checking
tested the equivalence principle to about 10 (Su et purposes (inner cylinder in Pt, 0.5 kg; outer cylinder
al., 1994; Baeliler et al., 1999). An EP test in vertical in Pt, 1.7 kg) (Rodrigues et al., 2001). Since the
free fall (GREAT) inside a vacuum capsule to be expected signal is composition dependent, it must be
released from a balloon at an altitude of about 40 km detected only by the first accelerometer. Instead, a
(30 s free fall time) has been proposed with the same spurious systematic effect, not being composition
target asuSCOPE (lafolla et al., 1998; lafolla et al., dependent, must be detected by both accelerometers
2000) and is under study at Harvard—Smithsonian and because of this fact it can be discarded. Un-
Center for Astrophysics. It has the advantage of easy fortunately, the second accelerometer provides no
repeatability. For a check at higher accuracy, one check in the case of the radiometer effect bacause—
would need no less than another dedicated space for a constant temperature gradient along the sensi:
mission like GG or STEP. tive/symmetry axis of the cylinder and a given
How to ensure that a detected residual acceleration residual gas pressure—the radiometer acceleration
with the frequency expected for the signal is not in (see the expression (1) in parentheses) depends only
reality due to the radiometer effect? In Section 1 we on the mass density of the test body, and therefore
have seen the difficulty to ensure a large phase vanishes between bodies of equal composition (de-
difference between the disturbance and the signal. A viations of local gradients from a constant would
non zero eccentricity of the satellite in its orbit produce second-order effects). A way to make the
around the Earth will not help, because both the EP zero-check acceleromgt8COfPE as sensitive to
driving signal (the gravitational attracting accelera- the radiometer effect as the EP testing one is to
tion of the Earth monopole on the satellite) and the reduce the average density of the 1.7 kg Pt outer
radiometer effect decrease as the inverse square of cylinder to the same density as the 0.4 kg Ti outer
the distance (so does the flux of infrared radiation cylinder of the EP accelerometer. Given the compar-
from the Earth heating the spacecraft). It is also not able volume, this requires to excavate the outer Pt
possible to count on daily or seasonal variations of cylinder enough to take away 1.3 kg of its mass (i.e.
the radiometer effect, because the spacecraft is almost 77% of it). This should be done in such a way
always affected by an average of day/night and to maintain the cylindrical symmetry, but also to
summer/winter infrared radiation, also helped by the minimize the relative diffeteintef the principal

very high thermal inertia of the oceans. Measuring moments of inertia. A non-zero vahlélahakes
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each test cylinder sensitive to external mass
anomalies in the spacecraft and—most importantly—
to mass movements with the signal/rotation fre-
quency of the spacecraft relative to the Earth. Such
movements are due to the fact that (at slow rotation)
the Earth-facing side of the spacecraft will always be
hotter than the opposite side that is facing cold

space, causing expansion—contraction of spacecraft

masses relatively close to the test cylinders at the
frequency and phase of the signal. The box-like,
small structure (0.&0.6x0.8 m) with flat panels of

uSCOPE (Touboul and Rodrigues, 2001, Fig. 5)
indicates that mass deformations will occur close to

the test masses, leading to accelerations even a few

orders of magnitude larger than the signal. Only if
both test cylinders are sufficiently ‘spherical’ (i.e.
their Al/I are sufficiently small), the resulting dif-
ferential effect (directly competing with the signal)
can be neglected. Whether this can be achieved in
manufacturing the outer Pt test cylinder, taking into
account that it needs to be substantially excavated
according to an appropriate theoretically computed
design, remains to be investigated.

Even in STEP, whose test masses are surrounded

by a residual gas with extremely low pressure and
good thermal stability, both properties ensured by a
superfluid He dewar at 1.8 K, the radiometer effect is
estimated by the mission team to be among the six
largest perturbations (Worden et al., 2001), less than
1 order of magnitude below the target signal. Also in
this case, because of the higher target sensitivity, the
accuracy of the thermal model used to rule out the
radiometer effect and the uncertainty in the physical
parameters involved are of crucial importance for an
EP violation detected by a single experiment to be

accepted beyond question. The more so in absence of

a systematic check.

The radiometer effect becomes unimportant if
rotation relative to the Earth is fast enough to
average out temperature gradients (Nobili et al.,
2001). uSCOPE (as well as STEP) relies on a slow
rotation of the spacecraft in order to modulate the
signal (which has the orbital frequency) at a higher
frequency, and to separate it from the inevitable
disturbances which occur over a complete revolution
of the satellite around the Earth. However, this does
not help with the radiometer effect, because slow
spin modulates the signal as well as the radiometer.

527

Instead, fast spin modulates an EP violation signal
but averages out the temperature gradients which
generate the radiometer effect, and therefore makes it
to vanish, as we have demonstrated for the GG
proposed experiment (Nobili et al., 2001).

Indeed, the first proposal for testing the equival-
ence principle in space was based on fast rotation
(Chapman and Hanson, 1970). They suggested tc
place the test cylinders on a rotating aluminum wheel
with the symmetry/sensitive axis in the radial direc-

tion and the rotation axis perpendicular to the plane

of the wheel. The rotation speed of the wheel was to
be quite high: 100 rpm (1.7 Hz), much higher than
the mHz frequency planp&CfOPE and STEP,
and close to the 2 Hz nominal spin rate of GG. The
proposed experiment (Chapman and Hanson, 1970)
would have test cylinders with low natural frequen-
cies, i.e. weakly coupled (this is mandatory in EP
testing, because the test masses must be sensitive t
small forces) and—at the same time—a fast spin
frequency. Although the authors may not have been
aware of it, this mechanical system is known to be
highly unstable (Den Hartog, 1985, Ch. 6). The test
cylinder, because it is constrained to move on a
straight line, will not be able to self center on the
rotation axis, and is therefore destined to ‘fly away’,
as shown by a simple example in Den Hartog (1985,
Ch. 6 p. 227). No matter how precisely it is
manufactured and mounted, any tiny offset of its
center of mass from the spin axis is destined to grow
(till the experiment is terminated by the test masses
hitting their cage) because no stable equilibrium
position exists for this system.
For the same reason, based on physical laws (and
not for technical difficulties which might eventually
be overcome), peRBEPE nor STEP can use
fast rotation, because the test cylinders would be
highly unstable if spinning faster than their (low)
natural frequencies. As a matter of fact, the rotation
MEFCOPE in the current mission baseline is very
slow (1570 s period relative to inertial space). In
STEP, where the test mass suspension is based on
magnetic levitation, the common mode and differen-
tial mode natural oscillations have periods of 1470 s
and 1130 s, respectively; as for spacecraft rotation, it
is set to be a factor 2.72 faster than its revolution
around the Earth, resulting in a rotation period of
2000 s (according to a recent numerical simulation of
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the system, and for an orbiting altitude of 500 km out a quantitative comparative analysis with the
Worden et al., 2001). Thus, a rotation frequency of heliocentric LISA mission. We conclude that, even if
the STEP spacecraft slightly slower than its common wSCOPE were to meet the LISA requirements in
and differential mode frequencies avoids instability; terms of thermal isolation and residual gas pressure,
but there is almost no margin left for faster rotation the systematic radiometer effect would still be larger
because this is limited to be (strictly) slower than than the signal, and directly competing with it. As
1/1470 Hz. Otherwise, active control would be for the possibility of using the seeoBGOPE
needed in order to maintain the masses at a given accelerometer whose test cylinders are made of the
(arbitrary) relative position. At fast spin this would same material in order to check for spurious sys-
require compensation of centrifugal forces (propor- tematic effects, we point out that—in its current
tional to the spin frequency squared) many orders of design—this accelerometer is insensitive to the
magnitude larger than the signal. radiometer disturbance, hence not allowing it to be
In GG the two test bodies spin around their separated from the signal. At completion of the
symmetry axis, which after all is the most natural wSCOPE mission it will therefore be impossible to
choice for bodies of cylindrical symmetry. For them, know with confidence at what level an ‘observed’
weak coupling and fast rotation can be reconciled if signal should be discarded because of the well
their centers of mass are free to move not in one known classical radiometer effect or else be regarded
direction only but in all directions in the plane of the outmost importance as an equivalence princi-
perpendicular to the rotation axis (which therefore ple violation which would invalidate General Re-
also becomes the plane of sensitivity to small forces). lativity.

An equilibrium position is known to exist in this
case, and to be closer to the spin axis than the
original offset by construction and mounting (by the
ratio, squared, between the natural and the spin
frequency) (Den Hartog, 1985, Ch. 6). Whirl un- , ) . )
stable motions are also known to develop around this 11 Work is funded by the Italian national space
equilibrium position, but they have the natural (not 29€ncy (ASI), the national Ministry of education,
the spin) frequency and their growth rate is inversely University and research (MIUR) and the University
proportional to the quality factor of the system at the ©f Pisa. Thanks are due to A. Milani and A.
spin frequency (Crandall, 1970). For GG, evidence Ruediger for reviewing the manuscript and sug-
that whirl instabilities are very slow and can be 9€sting improvements.

controlled by very small forces proportional to the
natural (not the spin) frequency squared, and inverse-
ly proportional to the quality factor of the system,
comes from theoretical analysis (Crandall and
Nobili, 1997; Crandall, 1997; Nobili et al., 1999), BaeRler, S. et al., 1999. PhRVL 83, 3585.

numerical simulations (Nobili et al., 1999; cHAMP newsletter 004 (June 2001http://op.gfz-potsdam.de/
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