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ABSTRACT

A 3-m-long, non-propelled cryostat released from a 40-km-high balloon is used to shield a detector free falling inside
for 30 s. This facility provides opportunities for accurate experiments in gravitational physics. Among others, two
experiments of particular interest are: (a) a free-fall test of the Equivalence Principle; and (b) the local mapping of the
gravity field along vertical lines by means of a gravity gradiometer. In experiment (a), the differential accelerations
between two test masses of different materials (e.g. aluminum and gold) is measured during free fall. The estimated
accuracy in testing the Equivalence Principle in a 30-s free fall is 4 parts in 1014 with 95% confidence level. In
experiment (b), the knowledge of surface gravity anomalies can be improved with a 10-2-EU gradiometer and the
upward continuation gravity models validated.

INTRODUCTION

Several ground-based and airborne free-fall facilities are available nowadays but none of them provide the acceleration
levels required by very accurate gravitational experiments. A facility for conducting gravitational experiments of
significant scientific merits should have the following characteristics: acceleration noise no greater than 1012 g fora
sizeable duration; reusability with a relatively short turn around time; low-temperature with high thermal stability;
low self-gravitational noise; and affordability. Drag-free satellites, with acceleration levels of ~5 picog for a few
months, do meet the acceleration requirements for very accurate gravitation experiments with the drawbacks of high
costs, complexity, and the inability to access or recover the instruments on board.

BALLOON-RELEASED FREE-FALL FACILITY

The technique of releasing from a high-altitude balloon a vacuum chamber (cryogenic or not) with an instrument
package free falling inside the shielding chamber has been considered for some time by the authors of this paper and
their respective research groups /2-4/ to meet the requirements specified above.

For a 3m (length)x1.5m (diameter), (cross section S = 1.8 m2) non-propelled cryostat with a mass M =1500 kg
released from 40 km of altitude, the free-falling experimental package takes 30 s to reach the bottom of the cryostat
(see Fig. 1). By adding 500-N thrusters for drag compensation, the free-fall duration can be extended to 60 s (this
feature will be considered for future flights). At the end of the free fall the cryostat is decelerated by a supersonic
parachute for recovery and reflight. The cryostat falls by 4.3 km in 30 s and by 17.2 km in 60 s. The Mach number
of the cryostat is 0.95 (velocity = 300 m/s) after 30 s and 2 (600 m/s) after 60 s.

Liquid Nitrogen (77 K) refrigeration is adopted to provide low thermal noise, high thermal stability, low thermal
gradients, and high Q-factors for the gravity detectors. The residual gas inside the cryostat affects the acceleration of
the instrument package through the propagation of perturbations from the cryostat's walls and air drag. The
acceleration vs the residual pressure into the cryostat's experimental chamber is shown in Fig. 2(a) for an instrument
package of 50 kg with a frontal area of 2500 cm2. The spectral density of the cryostat wall's velocity has been

assumed equal to 1 mm-s'lN Hz which should be expected during the free fall of a cryostat with a first modal
frequency of 25 Hz and a 10% damping factor.

At the temperature of 77 K, the acceleration noise of an instrument package free-falling inside the cryostat has an
estimated value of less than 1 picog for a pressure inside the cryostat of 10-6 mBar. Consequently, this facility
(named Galileo) provides free-fall conditions which are unmatched by any other ground-based and air-bome free-fall
facilities (with the exception of space-based drag-free satellites) as shown in Fig. 2(b). Among others, two free-fall
experiments of particular interest proposed for this facility are: (a) a test of the Equivalence Principle; and (b) the
local mapping of the gravity field by means of a gravity gradiometer.
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Fig. 1. Distance between cryostat and instrument package vs time. The curve for the cryostat with M
= 1500 kg, S = 1.8 m2 and Cp varying from 0.1 to 0.45 as a function of Mach number is in solid line.
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Fig. 2. (a) Detector acceleration during free fall; (b) Accelerations vs duration for low-g facilities
TEST OF THE EQUIVALENCE PRINCIPLE IN FREE-FALL

The achievable accuracies of ground-based tests of the (Weak) Equivalence Principle (WEP) with laboratory test
masses are limited by the Earth's seismic noise and the small strength of a suitable signal source. In his null
experiment with a vertical torsion balance, at the turn of the last century, E6tvs used the component of the Earth's
gravity along the local horizontal (equal to 1.7x10-3 g at 45° of latitude), which is compensated for by an equivalent
component of the Earth's centrifugal force, as the signal source. Edtvds established the equivalence of inertial and
gravitational mass for various material pairs to an accuracy of 5 parts in 108 /5/ later improved to 3 parts in 108 /6/.

In their 1962 experiment, Dicke, Roll and Krotkov also resorted to a vertical torsion balance, but used the gravity
attraction of the Sun (equal to 6x104 g) balanced by the centrifugal force of the Earth in its motion around the Sun
(a technique first attempted by E6tvds) to improve the accuracy in testing WEP to about 3 parts in 1011 for a pair of
aluminum-gold test masses /7/. A similar type of experiment with a torsion-balance, carried out at Moscow State
University /8/, yielded a stated accuracy of about 1 part in 1012 for an aluminum-platinum pair.

An alternative technique for testing WEP makes use of heavenly bodies. Accurate laser ranging from the Earth to
optical retroreflectors on the Moon has allowed a very accurate measurement of the Sun's differential attraction of the
siliccous Moon and the ferrous Earth and, consequently, has set the upper limit of WEP to 7 parts in 1012 9/, later

improved to 3 parts in 1012 /10/. Unlike the torsion balance experiments, the accuracy of the lunar laser ranging is
not limited by the Earth's seismic noise but rather by the signal strength.

Isolation from external noise sources and increase of the signal source, which are essential for improving the
experimental accuracy in testing WEP with laboratory test masses, can be obtained by performing the experiment in
free fall. An orbital free fall, with a drag-free satellite, is advocated for the Satellite Test of the Equivalence Principle
(STEP) to attain an accuracy in testing the Equivalence Principle of 1 part in 1017 /11/. We propose the vertical

free fall of a differential accelerometer with a sensitivity of 10-13 g/\/EZ inside the balloon-released, evacuated
cryostat to achieve an accuracy in testing WEP of 4 parts in 1014,
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Physical Sienifi f Experimental /

The (Weak) Equivalence Principle states the equality of gravitational and inertial masses or equivalently the
universality of free fall. The inertial mass of a body is formed by various forms of mass energy: rest mass, strong
(nuclear) interactions, electrostatic, magnetostatic, weak interactions, gravitational energy and so on /12,13/. For a
single atom, the ratios of the energy components above to the total energy (assumed equal to 1) are respectively
(order of magnitde estimates): 1; 10-2; 10-3; 10-7; 10-8-10-12; 10-39 and so on /13/.

A violation of WEP below the value of a certain energy component implies that that particular interaction violates
the universality of free fall. Of particular interest are the weak interactions which, as shown above, have two
components with different strengths: the parity-conserving-part at 10-8 /14/ and the parity-pon-conserving part at
10-12, Given the accuracy of WEP tests conducted thus far (i.e., > 10-12), the universality of free fall has been
proven (for selected pairs of materials) for the energy components of the inertial mass up to the parity-conserving-
part of the weak interactions. Self gravitational energy contribution have also been measured by laser ranging of the
Moon (the ratio of the gravitational binding energy to the total energy for the Moon is ~10-11 /10/). Thanks to its
estimated accuracy, the proposed test of the Equivalence Principle in free fall could probe, for the first time, into the
effect of the parity-pon-conserving-part of the weak interactions upon the universality of free fall.

Description of Experimental A

The gravity detector that we propose for the free-fall test is a zero-baseline (i.e. the sensing masses have coincident
center of masses) differential accelerometer. The detector will be built at the Institute of Space Physics (IFSI),
Frascati, Italy and is based on a technology pioneered by Fuligni and Iafolla for building condenser-type differential
force sensors /15,16,17/. The detector (see Fig. 3) measures the differential capacitance (and consequently the relative
displacement along the sensitive axis x) between two double-faced condensers: condenser probe 1 is formed by
sensing mass 1 and fixed plates As and Bs; condenser probe 2 is formed by sensing mass 2 and fixed plates Cs and
Ds. The fixed plates As and Cs are used for signal pick-up while the fixed plates Bs and Ds are for feed-back control.

The displacement of sensing mass 1, for example, is detected by the series capacitance A and A’ which form one
branch of a capacitive bridge while two additional reference capacitances form the other branch. The bridge is
pumped at a stable frequency of about 1 kHz in order to keep the noise temperature of the preamplifier at a minimum
value. After taking the difference between the output signals from the condenser probes 1 and 2, the differential
output signal is amplified by a low-noise preamplifier, sent to a lock-in amplifier for phase-detection and to a low-
pass filter.

In Fig. 3, which is a sketch of a possible detector design, sensing mass 1 is made entirely of aluminum while
sensing mass 2 consists of a gold hollow cylinder embedded into an aluminum prism. The two sensing masses are
formed by cylinders and prisms with square cross sections in order to reduce the gravity gradient torques. The
sensing masses are constrained by torsional springs to rotate about the t-axis (see Fig. 3), and their resonant
frequencies are electrostatically controlled for frequency matching. The typical value of the mechanical resonant
frequency is about 10 Hz. This value can be reduced to (for example) 1.5 Hz by applying a constant electrostatic
field to the condenser fixed plates (i.e. the plates Bs and Ds for condenser probes 1 and 2 respectively).
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Fig. 3. Sketch of differential accelerometer: (a) 3-D view; (b) Longitudinal cross section

Gravity signal modulation during free fall is obtained by spinning the detector around the longitudinal »-axis, along
the local horizontal, at a (maximum) frequency of 1 Hz after release from the balloon and before the instrument’s
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release into the cryostat. Spinning also provides a frequency separation between the gravity signal and the gravity-
gradient-induced-accelerations at twice the spin frequency. The feed-back plates of each condenser probe are used to
damp actively the oscillations forced by the detector spin-up in an estimated 2.4 s.

From our preliminary error analysis, the detector sensitivity in measuring differential accelerations is 10-13 g/‘/ﬁz
in a 1 picog environment at a temperature of 77 K which leads to an accuracy of 4 parts in 1014 (with 95%
confidence level) in testing the Equivalence Principle in a 30-s free fall.

A measurement accuracy of 4 parts in 1014 with a signal frequency of 1 Hz sets the requirements on the system as
shown in Table 1. The common-mode rejection factor, in Table 1, expresses the attenuation of the effect of an
external linear acceleration upon the detector differential output. The magnetic shielding requirement stems primarily
from the need to reduce the magnetic torques and forces on the ferromagnetic impurities inside the metals of the
sensing masses. The requirements on the differences between moments of inertia of the instrument package and on
its rotational rate errors at release stem from the need to limit the amplitude and the frequency of the precession of
the package during free fall. The values of the system requirements are within the state of the art.

TABLE 1. System requirements for a measurement accuracy of 4 parts in 1014 and a signal frequency of 1 Hz

Item Requirement | Item Requirement
Detector Detector
Preamplifier noise temperature <25 mK Sensing mass CMs offset <4 um
Q-factor/Temperature > 100
Sensing mass >54kg nstrument Package
Resonant frequency €15Hz Difference between inertia <2%

noments

Common-mode rejection factor| <104 Distance detector-package CMs < 100 pm
Linearity range > 106 Cryostat
Pressure < 10-8 mBar Pressure < 106 mBar
Thermal gradient <3K/m elease Mechanism
Magnetic shielding at 1 Hz > 104 [Rate errors at detector release <0.2°s

GRAVITY MAPPING IN FREE FALL

In the Free Falling Gravity Gradiometer (FFGG) Experiment, the effective acceleration of the vertically free falling
body in the altitude range 20-40 km and the gravity gradient tensor are simultaneously measured along the same
trajectory The kind of physical information provided by the FFGG Experiment is different from local terrestrial
measurements and global gravity estimation by means of satellite tracking. The FFGG measurement has regional
character and can be related to an area of ~400 km diameter underneath the trajectory of the falling chamber. The
scientific outcome of this experiment is twofold: (1) testing gravity models and upward continuation procedures by
comparing the calculated with the measured profile; and (2) improving the local gravity model by correcting low and
medium frequency terms by providing reference information analogous to absolute measurements on the ground.

In addition to the balloon-released vacuum chamber, the measurement system for the FFGG experiment consists of
the following elements: (1) a 3-axis gradiometer /17/ which measures the Wxx, Wyy, W, diagonal components of
the gravity gradient where the z-axis is along the local vertical (the gradiometer is also the falling body whose
motion is monitored); and (2) a tracking system which consists of a transponder on board the cryostat and at least 3
tracking stations on the ground for determining the position and velocity vector of the falling body.

The idea of the vertical sounding of the Earth gravity ficld by observing the trajectory of a test mass dropped from
high altitude was first introduced by Zielinski in 1974 /18/. This technique, which is also used for the gravity
mapping by means of satellite tracking, is based on the equation of motion of a particle in a gravitational potential
field whereby the gravity potential U can be computed by tracking the position and velocity of the particle.

The gravitational acceleration 7 is the main component of the Earth’s gravity force for a vertically free-falling body

as follows: g = F + W where W is the centrifugal acceleration due to the Earth’s rotation. The vector g can be
computed from tracking the falling body and Earth's rotation data. Eventually, after subtraction of the reference

gravity value¥, the gravity disturbance 8g is obtained as follows: §g = g - ¥. The gravity disturbance is a vector
quantity and its components are related to the gravity anomaly Ag by the expressions:

3gx = [SxAgcosado;  dgy = [SyAgsinads; g, = [S;Agdo m
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where Sy, Sy, S; are Stokes functions of the second order, o is the azimuth and do is the surface element /19/. The
gravity anomaly is the basic parameter used in geodetic and geophysical interpretation. The purpose of the tracking

system is to provide (with a 1-s resolution) the three dimensional position of the falling body which yields 7, ¥ and
eventually Ag. The typical accuracy of gravity anomalies on the ground for a surface segment is about 10.1 mGal
(108 m/s2). This is also the expected accuracy in computing 7y along the free-fall trajectory. In order to reach the
same level of measurement accuracy, the falling body must be tracked with a velocity error less than 0.1 mm/s.
Moreover, since the vertical change of vy is equal to about 0.3 mGal/m, the vertical position must be determined
with an accuracy of about 0.1 m.

The tracking system will make use of the Global Positioning System, in the differential mode /20/, to provide
position and velocity of the free-falling chamber. An L-band Doppler system which consists of three ground stations
and a transponder on the falling chamber should also be considered for achieving the required accuracy. The tracking
system measures the motion of the chamber while the motion of the falling body with respect to the chamber is
monitored by two video cameras mounted on the chamber.

Although geodetic gradiometry is still in the embryonic stage and only a few experimental tests have been done so
far, it is generally assumed to be a technical breakthrough for attaining higher resolution and accuracy in mapping
the Earth's gravity field. The gradiometer proposed for this project is the latest version of the instrument built at the
Institute of Physics and Interplanetary Space in Frascati, Italy /17/. This gradiometer measures the three diagonal
components of the gravity gradient tensor with a sensitivity of 0.01 EU (1 E¢itvts Unit = 10°9 ms-2/m).

The gravitational potential U is usually split into a reference potential V, related to some conventionally assumed
body (usually an ellipsoid), and a perturbing potential T as follows: U = V + T. The gradients Tj; of the perturbing
potential can be predicted using the free-air gravity anomalies and Stokes expressions. These gradients have
amplitudes of the order 0.1-10 EU /22/ at altitudes of 20-40 km and, hence, provide distinct signals to the 0.01-EU
gradiometer. Variability of the signal is low because of the vertical trajectory of the falling chamber which prevents
the gradiometer from being exposed to the horizontal variations of the gravity field. This provides an additional
opportunity for better filtering of the instrument noise.

In order to test the model of the gravity field we have to compare the measured values Tjj with those calculated from
the existing geodetic data. These data are of two types: (1) terrestrial gravimctrg data, including air-borne and sea-
borne gravity measurements, with a typical accuracy of +0.1 mGal (10‘6 m/s<) for point measurements; and (2)

satellites tracking data, which provide global gravity information extended over the entire Earth and integrated over
the period of observations (weeks or months).

The low frequency terms of the geopotential model are known with high accuracy from satellite tracking. The
"satellite-only” models have resolutions of about 10 deg. Recently, altimetry data have also been used for improving
the gravity field model. The geodetic model can be constructed with sufficiently high resolution in the vicinity of
the test range. The upward continuation expressions can be applied, based on Stokes functions Sjj of the second
order as follows:

R
. f [ AeSijcrdo. @

From other published results it can be estimated that the range of integration Z should be extended to an area with a
radius 10 times the altitude of the falling chamber /21,22/ (i.e. ~400 km in our case).

The improvement of the model is more difficult and probably will require a number of free-fall measurements,
preferably at different altitudes. Data can be preprocessed in such a way that k points along the free-fall trajectory
will be identified by moments and positions so that the measurements will be referred to those points. Six measured
parameters of the gravity gradient will provide six observational equations of the type

Tjj(obs) - Tij(cal) = vijk 6)]
for each point where vjji are the residuals. Two constraint equations are then added as follows: (1) the diagonal

elements of the gradient tensor of the anomalous gravity potential must satisfy the Laplace equation; and (2) the
integration of T, along the local vertical for a drop equal to AH requires that

T,=A8g;= [ Tz dh. @
AH

If we adopt reference points evenly spaced by 1 km, then there are 5 points along the 30-s fall which are equivalent
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to 30 observation equations. If we envisage four flights with release altitudes Hg = 40, 35, 30, 25 km, we obtain
one hundred observation equations which will improve a significant number of parameters in the model. One of the
more striking results of this experiment is the implementation of eqn (4). This is equivalent to an absolute gravity
measurement. Combining the velocity and gradiometric measurements we can reach an accuracy of the order of
+0.01 mGal, which is comparable to the accuracy of ground-based absolute gravity meters.

CONCLUSIONS

The vertical free fall of very accurate detectors inside a cryostat released from a high altitude balloon could make
possible the following gravitational experiments:

(1) A test of the Equivalence Principle, by means of a 10-13 g/‘[_ -sensitivity differential acceleration detector, to an
accuracy of 4 parts in 1014 (with 95% confidence level) in a 30-s free fall. Consequently, the accuracy in validating
the Equivalence Principle could be improved by at least 2 orders of magnitude with respect to the most accurate tests
conducted thus far. This free-fall experiment will also provide experience valuable for the far more ambitious orbital
test of the Equivalence Principle.

(2) The gravity mapping along vertical lines between 20-40 km of altitude by direct measurement of the gravity
gradients with a 10-%-EU-sensitivity gravity gradiometer combined with the tracking of the falling gradiometer.
Surface anomalies can be improved over an area of ~400 km and the upward continuation gravity models validated.
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