wo 2010/061183 A2 I 10KV 0 OO0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

oo o
1 rld Intellectual Property Organization /) -sady
(19) World Intellectual Property Organization /g5 1IN V00T 00 K00 OO RO L
International Bureau S,/ )
3\ 10) International Publication Number
(43) International Publication Date \'{:/_?___/ (10)
3 June 2010 (03.06.2010) PCT WO 2010/061183 A2
(51) International Patent Classification: Not classified (74) Agent: DEHNS; St. Bride's House, 10 Salisbury Square,
(21) International Application Number: London EC4Y 8JD (GB).
PCT/GB2009/002749 (81) Designated States (unless otherwise indicated, for every
. - ) kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO. AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
25 November 2009 (25.11.2009) CA. CH. CL, CN, CO. CR, CU. CZ, DE, DK, DM, DO,
(25) Filing Language: English DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
o . HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
(26) Publication Language: Enghsh KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
(30) Priority Data: ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
0821844.8 28 November 2008 (28.11.2008) GB NO, NZ, OM, PE, PG, P11, PL, PT, RO, RS, RU, SC, SD,
SE, S@G, SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT,
(71) Applicant (for all designated States except US): TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
GRAVITEC INSTRUMENTS LIMITED; Suite 5, . .
Tower Hill House, Le Bordage, St. Peter Port, Guernsey 84) D.e51gnated. States (unle.ss othemzse indicated, for every
GY1 3QT (GB). kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
(71) Applicant (for LC only): TOMLINSON, Kerry, John ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
[GB/GB]; Frank B. Dehn & Co., St. Bride's House, 10 TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
Salisbury Square, London EC4Y 8JD (GB). ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, SM
(72) Inventors; and > i > > [ >y > i
(75) Inventors/Applicants (for US only): VERYASKIN, E/[Ii) h?[ﬁpllxrgsl:s’h?Jngng’ CL CM, GA, GN, GQ, GW,
Alexey [NZ/AUJ;, 9 Parkingson Street, Noranda, W.A. > - NE, SN, TD, TG).
6062 (AU). GOLDEN, Howard [US/AU]; 3 Forsyth Published:
Close, Mosman Park, W.A. 6012 (AU). McRAE, Wayne . . . .
[NZ/AUJ; School of Physics (MO13), UWA, Crawley, ;”Zln”Zéé:ﬁ’;j,’;;jf}{;ej;";}’; e;zo;; ‘;’;d))m be republished
Perth, W.A. 6009 (AU). P P P <8
(54) Title: GRAVITATIONAL GRADIOMETER
L\ 5
= 15 ‘_}
20
4
n's 1
17
s
23 13

Figure 1

(57) Abstract: Apparatus for the measurement of quasi-static gravity gradients comprising: a flexible ribbon held under tension at
both ends; sensing means arranged to detect the transverse displacement of the ribbon from an undisturbed position due to the
gravitational field acting on said ribbon and to generate a signal representing the displacement; and output means coupled to said
sensing means and responsive to said displacement signal to generate an output signal which is a function of the gravitational gra-
dient tensor of the gravitational field; wherein the ribbon has a non- uniform rigidity profile and/or mass profile along its length
such that, in use, the displacement response of the ribbon due to the gravitational gradient of the gravitational field is enhanced
and/or the displacement response of the ribbon due to the absolute gravitational acceleration of the gravitational field is sup-
pressed.
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Gravitational Gradiometer

The invention relates to an apparatus for directly measuring components of the
gravitational gradient tensor, particuiarly the off—diagonal components of the tensor,
and to a method of measuring said tensor components.

Gravitational gradiometry is the measurement of the gravitational gradient
field of differential accelerations betwéen two ipﬁnitesimally close spatial points.

l

The gravitational gradient field is described by a second rank tensor, Tj:

T, <04/ (3,9,7) W

- wherein i, j = (x, y, z) and the scalar V is the gravitational potential of a local

reference frame of orthogonal Cartesian coordinates (x, ¥, z). Taking the z axis as
pointing vertically into the ground, the components of the tensor at some point in the

local reference frame (x, y, z), calculated by determining the spatial rate of change

.along directions x, y and z of the spatial rate of change of the gravitational potential in

directions x, y and z, represent ;che rate of change of acceleration due to gravity along
that direction. For example, the component T}, represents the rate of change along the
y direction of acceleration due to gravity along the direction z towards the ground, and
is typically measured in units of E6tvos Units (1 E6tvés =1 EU =10 s%). The tensor
consists of nine components, only five of which are totally independent due to their
geometrical symmetry (i.e. Ty = Tj;, where i#j) and due to the validity of the Laplace
equation (i.e. Ty + Ty, + T, = 0) for gravitational potential fields outside of the extent
of gravitational field sources.

.Providing apparatus that enables accurate and absolute measurements of the
various components of the gravity gradient tensor Tjjis very important in the fields of

oil, gas and mining of various other natural resoutces. ‘Gravitational gradiometry
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particularly enables the mapping of variations in the density of subsurface rocks and

deposits to assist in the targeting of prospecting, and in increasing the effectiveness of

. drilling for oil and gas and mining, Gravitational grédiometry finds further

application in defence and space industries for navigation and reconnaissance (e.g.
void detection), geological prospecting, sub-sea/underwater navigation and
exploration, terrestrial and marine archaeology, medicine and space exploration (for
example, obtaining density maps of asteroids and other solar system orbital bodies).
For many gravity gradiometry applications, it is th:e T,, component (i.e. the
second order derivative of gravitational potenﬁal in the vertical direction) that many.
gradiometers aim to measure, whether by direct measurement, or by measuring at
least some of the other tensor components and recalculating T, from their dependent

relationship, or both. However, in their paper 'On the combined gravity gradient

‘modeling for applied geophysics', Journal of Geophysics and Engineering, 2008, Vol

5, pp 348-356, Veryaskin and McRae show that by measuring and using the two off-
diagonal gravity gradient tensor components 7, and T, it is possible to obtain more
information about anomalous subsurface density contrasts than by measuring and

using the vertical gravity gradient component T;,. To retrieve this subsurface density
information, a gradiometer arrangement is required that is capable of simultaneously

producing real-time data sets of direct measurements of both the T}, and T, tensor

components.

A method of absolute measurement of gravity gradient tensor components was
invented first by Baron Lorand von E6tvos-as early as 1890, ufcilising a torsion
balance with proof masses hung at different heights from a horizontal beam
suspended by a fine ﬁlament.'The gravity gradients give rise to differential forces

being applied to the masses which result in a torque being exerted on the beam, and
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thus to angular deflection of the masses which can be detected with an appropriate
sensor. A sensitivity of about 1 EU can be reached but measurement requires several
hours at a single position due to the necessity to recalculate the gravity gradient
components from at least five independent measurements of an angular deflection
each with a different azimuth angle.

Practical devices, which have been built in accordance with this basic method of
Et')tvés,'are large in size, bulky and have low environmental noise immunity, thus '
requiring specially prepared conditions for measurements. This excludes any
possibility of using them on a moving carrier or for many practical applications where
there are weight or space constraints, such as in the confined environment of a
borehole, and in airborne drones, space launcher payloads, satellites, and
extraterrestrial rovers.

Another method for absolute measurement of gravity gradient tensor components
which enhances the above method was invented by Forward in the 1960s (see US
patents 3,722, 284 (Forward et al) and 3,769, 840 (Hansen)). The méthod comprises
mounting both a dumbbell oscillator and a displacement sensor on a platform which is
in uniform horizontal rotétion with some frequency Q about the axis of the torsional
filament. The dumbbell then moves in forced oscillation with double the rdtational
frequency, whilst many of the error sources and noise sources are modulated at the
rotation frequency or not modulated (particularly 1/f noise). The forcéd oscillation
amplitude is at a maximum when the rotation frequency satisfies the resonance
condition 20 = wg, where g is the angular resonant frequency, and the oscillator
quality factor Q tends to infinity. Uﬁlike the non-rotating method, this method
enables one to determine rapidly the quantities Ty - Ti and T, by separating the

quadrature components of the résponse using synchronous detection with a reference
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signal of frequency 2Q.

The same principles can be directly used, as proposed by Metzger (see US pat.ent
3,564, 921), if one replaces the dumbbell oscillator with two or more single
accelerometers properly oriented on such a moving platform. There are no new
features of principle in this solution to compare with the previous one except that the
outputs of the pairs of accelerometers require additional balancing.

Devices have been built according to this method, but they have met more problems
than advantages, principally because of the need to maintain precisely uniform
rotation and the small displacement measurement with respect to the rotating frame of
reference. The devices have reached a maximum working accuracy of about a few
tens of Eé;cvﬁs for a one second measuring interval, and they are extremely sensitive
to environmental vibrational noise due to their relatively low resonant frequencies.
The technological problems ‘arising in this case are so difﬁcult‘to overcome that the
existing developed designs of rotating gravity gradiometers show a measurement
accﬁracy which is much lower than the limiting theoretical estimates.

In WO-A-96/10759 a method and apparatus for the measurement of two off-diagonal
components of the gravity gradient tensor is described. According to this document,
the transverse deflection of a stationary flexible string with fixed ends in its second
fundamental mode of oscillation (the 'S' mode, as shown in Figure 10b) is coupled to
an off diagonal gravity gradient, whilst its deflection in ifs first fundamental mode of
oscillation (the 'C' mode, see Figire 10a) is coupled.to an effective (i.e averaged with
a weight function along the string's 1ength) fransverse gravitational acceleration. In
other words, a string with fixed ends is bent into its 'S' mode by a gravity gradient
only, provided that it does not experience any angular movements. Therefore, by

measuring absolutely the mechanical displacement of such a string which corresponds
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to the 'S' mode it is possible to measure absolutely an off-diagonal component (i.e. T

or T, for a string aligned along the z axis) of the gravity gradient tensor. While this

~document teaches the use of a one-dimensional 'string', any generic element having a

width and depth much smaller than its length, for example, a flat ribbon, is suitable.
In this design for a gradiometer having a current-carrying string, or ribbon, of
length / aligned along the z axis and having a uniform mass distribution per unit

length along its extent, the displacement, y(z,?), of the string from its undisturbed

position (i.e. the straight line joining its fixed points at both ends), for example in the

y-direction of the local coordinate frame as a function of the z-position of a unit
element, and of time, t, can be described by the following force balancing equation for
a vibrating string. (N.B. A similar equation and following analysis is applicable to the

orthogonal direction transverse to the string and to any number of other directions).

62

4l ¢
natz

2
>¥@)=-1g,(0,)-1T,.(0,)z

0
D4+ h—y(z,t)— YA
Y(z1) aty(Z) 3,

+I()B,(0,1) - I(t)B_(0,)z

+ thermal noise

The comi)onents on the right hand side of the equation represent the forces
acting oﬁ the string (including gravitational and magnetic forces) in the y direction,
and the components on the left hand side of the equation represent the restoring string
forces in the y direction.

The equation has the boundary conditions corresponding to the fixed ends of
the string, i.e. y(O;t) =y(,f) = 0. In this equation 5 denotes the string's mass per unit
length, & is fhe friction coefficient per unit length, the parameters ¥, 4 and Al/l are the
string's Young modulus, the area of its cross séction and the string's strain

respectively. The quantity g;(0,7) is the absolute value of the y-component of the
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gravitational acceleration and 7,(0,7) the corresponding gravity gradient tensor
corﬁponent along the string, both taken at the centre of the local coordinate frame
chosen (i.e. z= 0). The quantity I(t) is the current flowing through the string. It is
well known that a conductor carrying a current I(f) il a non-uniform magnetic vector
field of flux density B(x, y, z) is subject to force F =I (t) {n x B(x, y, z)}, where n is

the unit vector in the direction of current flow, in this case the z direction. The

. quantities Bx(0, t) and B,,(0, t) therefore represent the absolute values of the x-

component of the magnetic field and the corresponding magnetic gradient tensor
component along the string, resp'ectivel}.l, both taken at the centre of the local
coordinate frame chosen.

Since the string is subject to Brownian fluctuations, the corresponding thermal
noise driving source is included on the right side of equation (3).

Of the gravitational force components of the equation (3), -7 g,(0,2)

represents the force in the y direction on the unit element of the string due to the

acceleration due to gravity, and - 5T, (0,2)z represents the force in the y direction on

the unit element of the string due to the change along‘the z direction in the
acceleration due to gravity.

Applying Fourier analysis to the complex shape of the string caused by its
interaction with the gravitational‘ and magnetic field, the function y(z,7), can be
described, in the range z = 0 to z =/, by an infinite sum of sinusoidal functions of
period 2/, with appropriate coefﬁciénts cy(n,t). Thus a solution of force balance
vibration equation (3), which satisfies the boundary conditions shown above, can be
represented by the following sum (4) wherein each term in n corresponds to one of the

string's natural vibrational modes.
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)=, cy(n,lf)Slﬂ _Z—Z (4)

n=l

By substituting equation (4) into equation (3) and by multiplying its left-hand
and right-hand sides by sin(rn'z/l), and then by integrating both sides over z from 0 to

I, one can obtain the following differential equation (4) for cy(n,1).

d? 2d ' 2 N , 1
e, ()= e (1) oy ) 7[(—1) - Jl[gy (0,1) + ;I(t)Bx(o,t)}

22 1
5 +(-1) —{Tyz(O,tH—J(t)Bﬂ(O,t)}

7m n
+ thermal noise
(5)
where the quantities

m Y Al . '
A 6
o lW,pl 6)

represent the string’s natural frequencies; and v and p are the relaxation time and the
- 10 volume mass density of the string respectively.
When 7 takes an even value (i.e. for those terms cy(#,£) of the infinite sum in
equation (4) corresponding to anti-symmetric vibrational modes of the string having a
node at z=I/2, the midpoint of the string), the force component of equation (5)
involving gy(0,f) and By(0, #) is equal to zero and the force component being a
15  function of the gravitational gradient tensor component 7y, and magnetic field
gradient tensor component Bx(0, ¢) remains. Thus, for anti-symmetric modes of the
string (i.e. n =even), ¢y is dependent only on Ty, and By(0, ¢) (and thermal noise).
In practice this means that the amplitude, ¢y, of the anti-symmetric sinusoidal

components of the deflection of the string in the y-direction, y(z,t), is dependent only
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on the magnitude of the gravity gradient tensor component 7, and the magnetic field
gradient tensor component B,,(U, ). |

Thé string has an effective mechanical bandwidth of oscillation limiting its
displacement response to oscillations below a few kHz (even for extremely stiff
strings). The force on the string due to the mégnetic field gradient is-dependent on the
current carried in the string. Therefore, by not pumping the string with any current at
all or by pﬁmping the string with an alternating current well outside the mechanical
bandwidth of the string, the string will effectively not be sensitive to magnetic field
gradients because 6sci11ations at such frequencies are damped. In this way a string
sensitive only to the gravity gradient tensor component T, is provided.

The mid point of the string, z=1/2, is tﬁe position of a node in all anti-
symmetric vibrational modes of the string. If sensors are positioned symmetrically in
the longitudinal direction with respect to this point, it will be possible to identify
displacements of the string corresponding to the string's natural anti-sym_metric
vibrational modes while discounting displacements corresponding to the string's
symmetric vibrational modes.

It is particularly advantageous if displacement Sensorsl are positioned at z=l/4
and z=31/4, positions conespon@ing to the antinodes of the first anti-symmetric
vibrational mode of the string, #=2 (the 'S' mode). At these points the displacement of |
the string corresponding to the 'S' mode is at a maximum and thus the gradiometer
sensing signal will also be at a maximum, giving optimum sensitivity.

In'WO 96/10759, two rectangular type pick-up coils in the form of a
Superconducting Quantum Interference Device (SQUID) are arranged to detect the
transverse displacement in a superconéucting Niobium string held under tension at its

ends inside a superconducting casing, the whole apparatus being cooled to 4.2K or
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less in a cryogenic liquid helium vessel. Solenoids arranged symmetrically at either
end of the string are driven by an alternating signal having frequency Q to induce an
AC supercurrent in the string also having frequency Q. The superconducting casing
excludes the external magnetic field from the casing such that no magnetic field
forces act on the stn'ng and the displacement of tﬁe string from its straight line
configuration is in response to the gravitational field only. The two coils of the
SQUID device are positioned proximate to the string and are located at symmetrical
longitudinal positions one on either side of the mid—poiﬁt of the string and are
arranged in a circit as two arms of a superconducting magnetic flux transformer.

The AC supercurrent carried by the string induces a current in each coil of the SQUID
device proportionai to the displacement of the string at that point from its undisturbed
position. If the positions and responses of the two coils are arranged such that the two
arms pf the magnetic flux transformer are perfectly balanced either side of the mid-
point of the string, the response is in ‘anti-phase' such that the symmetrical modes of
the siring (i.e. n = odd, including the dominant 'C"' mode) do not produce any signal
current in the flux transformer. For the anti-symmetric modes, the displacement
response of the string is dominated by the » = 2 'S' mode and ali higher modes can be
ignored (or factored in to error sources); then it follows that the output voltage of the
SQUID is an AC signal having frequency Q and an amplitude that is proportional to
the displacement of the string'in the first anti-symmetric 'S"mode only, and hence, to
the off-diagonal gravitational gradient component (in'the example given above,
1y,(0,9)). The amplitude of this SQUID output signal is obtained by synchropous
detection of the signal using the alternating signal driving the solenoids as a reference.
A force feedback circuit is also provided which takes as an iriput the voltage output of

the SQUID and induces in the string a feedback current formed from this voltage
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outpuf to incfease the sensitivity of the device to the gravifational gradient
component. For a gradiometer of this design having typical practical parameters, the
theoretical minimum gravity gradient detectable is calculated as being 0.02 EU. The
string-based gravitational gradiometer device is less sensitive to vibrational noise than
the earlier rotating gradiometer designs and lends itself to deployment on a mobile |
platform where measurements can be taken to retrieve high resolution data of local
differences in gravity gradient. However, deployment is problematic in that the linear
and angular accelerations of the mobile plétforrn affect the deformation of the string
and the output of the device.

In WO 03/27715 the string based gradiometer design is developed further by

providing a gravity gradiometer in which the string is in the form of a uniform metal

.strip or ribbon and is constrained to its rest position at its mid-point, with, for

example, a rigid knife-edge mounted to the casing and touching the ribbon but not
exerting any force thereon. This knife-edge restricts any movement of the.ribbon at
that point and adds another boundary condition with the effect that deformation of the
string into all symmetric modes (i.e. # = odd) is limited while deformation into all -
anti-symmetric modes (i.e. n = even), including the dominant 'S’ mode, is permitted. -
Notably, deformaﬁon of the ribbon into the otherwise dominant first order symmetric
'C' mode is significantly limited. This use of a ribbon arrangement in place of a string
is such that the ribbon is more constrained in its movement making the output of the
device less dependent on linear ack:e]eraﬁons exerted on the device and more
manageable. This makes the device more suitable for operation on mobile platforms.
The device operates in a 1jquid nitrogen cryogerﬁc bath at 77K which reduces the
effects of thermal noise énd increases mechanical stability. In place of a SQUID

device, two pick-up coils are provided positioned symmetrically about a mid-point of
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the ribbon and arranged as two arms of a resonant bridge circuit tuned to the
frequency of an alternating carrier signal supplied to the ribbon as an alternating
current. The frequency of the AC carrier current pumped to the ribbon is above the
mechanical bandwidth of the tensioned ribbon such that the ribbon's displacement
response due to interaction forces with the ambient magnetic field is damped and the
detected signal is dependent on the gravitational field only. The two coils are located
at positions directly adj acent the antinodes of the first anti-symmetric mode of the |
ribbon (i.e. at z=L/4 and z= 3L/4) which correspond to the maximum displacement
and increases the sensitivity of the response. A voltage signal is induced in the bridge
circuit having the same frequency as the carrier signal, and having an amplitude that
is a measure of the average deflection of the ribbon over a region situated around the
L/4 and 3L/4 positions. By synchronously detecting tile voltage amplitude of the
induced signal Witil reference to the carrier signal, the amplitude of the local off
diagonal gravity gradient component can be retrieved. The response of the ribbon is
modulated with a square wave by indirectly changing its stiffness between a high
value and a low value. This is achieved by using a square wave signal to switch a
negative feedback circuit arraﬁged to periodically produce in the ribbon a current
signal proportional to the output of the bridge circuit but in anti-phase or quadrature
therewith such that the ribbon becomes stiffened and is forced to its rest position. In
the high stiffness or tensioned state, the response of the detector to the gravity
gradients is low, and in lovs; stiffness or relaxed state the response of the detector to
the gravity gradieﬁts is high, ’I‘Tﬁs modulated output is retrieved using a lock-in
amplifier. Three sets of four single axis gradiometer modules are provided in an

'umbrella’ arrangement to remove the effect of angular accelerations on the output of
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the combined device, which is capable of providing absolute and direct measurement
of all gravitational gradient tensor components.

In these string based gravitational gradiométers, the ability of the string to
simultaneously deform into the 'S' mode and the othgf 'parasitic' symmetric modes
introduces a significant noise source into the gradiometer device. The sensitivity of
the gradiometer can be increased by the two defeqtor céils being well balanced either
side of the mid-point of the string to cancel out these unwanted parasitic modes.
However, this balancing does not eliminate the effect that the deformation of the
string in its symmetric modes has on the detectors and these unwanted parasitic
modes make a significant contribution to the noise 4level above which the gradiometer
signal, contributed by the deformation of the string in its anti-symmetrical (i.e. n=
even) modes of oscillation, must be detected.

As described above, WO 03/027715 discloses one solution to this problem by
providing a knife-edge at the mid-point of the string to add another boundary
condition by constraining the string at its rest position there. This acts to restrict the
string from deforming in its symmetric modes, most notably its 'C' mode. However,
the string remains susceptible to deformation in the 'W' mode of oscillation
(illustrated in Figure 10c), which is the linear sum of all residual sy;nmetric mode
deflections. While deflection in this "W’ mode is of a smaller amplitude than that of
the total deflection of an unconstrained string withQut a knife edge due to all
symmetric modes, it remains a significant noise source that can limit the operational
sensitivity of the apparatus to gravitational gradient signals.

It is an object of the present invention to p‘rovide. an apparatus for the
measurement of gravitational gradients having high sensitivity to gravitational

gradient and low sensitivity to absolute gravitational acceleration.
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Viewed from one aspect the present invention provides apparatus for the
measurement of quasi-static gravity gradients corhprising: a flexible ribbon held under
tension at both ends; sensing means arranged to detect the ﬁ'ansverse displacement of
the ribbon from an undisturbed position due to the gravitational field agtirig on said
ribbon and to generate a signal representing the displacement; and output means
coupled to éaid sensing means and responsive to said displacement signal to generate
an output signal which is a function of the gravitational gradient tensor of the
gravitational field; wherein the ribbon has a non-uniform rigidity profile and/or mass

profile along its length such that, in use, the displacement response of the ribbon due

“to the gravitational gradient of the gravitational field is enhanced and/or the

displacement response of the ribbon due to the absolute gravitational acceleration of
the gravitational field is suppressed.

The gradiometer apparatuses of the prior art have string or ribbon sensing
elerﬁents with a uniform rigidity profile and mass profile. This leads to a uniform, or
standard displacement response to applied forces, causing the sensing element to
oscillate in its different modes indiscriminately.

In accordance with the invention, a gradiometer having high sensitivity to
gravity gradient signals is provided by a ribbon that has a varying rigidity and/or mass
profile along the length of the ribbon.

By rigidity profile, it is meant the variation along the ribbon of the force
required to deform the ribbon in its direction of oscillation by an equal amount.

By mass profile, it is meant the variation along the ribbon of the mass per unit
length of the ribbon.,

By arranging the ribbon to have a varying rigidity and/or mass profile along its

length such that the deformation of the ribbon in its symretrical modes of oscillation
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is suppressed, the effect of absolute gravitational acceleration on the ribbon
displacement is low and the contribution of the 'gravimeter' component in the signal
detected by the sensing means is also low. Therefore the gradiometer signal is more
prominent against a quieter background signal. By suppressing of the ribbon
diéplacement due to the effect of absolute gravitational acceleration, it is only meant
that the ribbon's displacement is reduced relative to an equivalent ribbon having a
uniform mass and rigidity profile, not that the displacement due to absolute
gravitational acceleration is necessarily eliminated entirely.

Similarly, by arranging tl_le ribbon to have a varying rigidity and/or mass
profile such that the deformation of the ribbon in its anti-symmetric modes of
oscillation is enhanced, the effect of gravity gradient on the ribbon displacement is
high and the contribution of gradiometer component in the signél detected by the
sensing means is also high. |

Thus, in accordance with the invention, the ribbon can be engineered such that
its displacement response due to applied gravitational forces increases the sensitivity
of the apparatus to the gravitational gradient when compared with an equivalent
apparatué having a string or ribbon sensing element having a uniform rigidity profile
and mass profile. In this way, the ribbon of the present invention is designed
intelligently' to provide a response that discriminates between applied forces, in such
a way as to increase the sensitivity of the apparatus to the gravity gradient. ‘

In the invention the ribbon may have a non-uniform rigidity profile and a
uniform mass profile. Alternatively the ribbon may havé a non-uniform mass profile
and a uniform rigidity profile. Alternatively, and preferably, the ribbon has a non-
uniform rigidity profile and a non-uniform mass profile. The arrangement of the non-

uniform mass and rigidity profiles of the ribbon may be any that is suitable to enhance



WO 2010/061183 PCT/GB2009/002749
15

the displacement response of the ribbon due to the gravitational gradient of the
‘gravitational field and/or suppress the displacement response of the ribbon due to the
absolute gravitatiopal acceleration of the gravitational field. The means and method
by which such a suitable ribbon profile can be provided and manufactured will be

5  evident from the following description and exemplary( embodiments,

The rigidity and/or mass profile of the ribbon are preferably arranged such that
the ribbon is relatively less able to deform in its symmetric modes and is not relatively
less able to deform in its anti-symmetric modes than an equivalent ribbon having a
uniform rigidity profile and/or mass profile along its length. More preferably, the

10 rigidity and/or mass profile of the ribbon are arranged such that the ribbon is

| relatively less able to deform in the 'C' mode and "W' mode and is not relatively less
able to deform in the 'S' mode than an equivalent ribbon having a uniform rigidity
profile and/or mass profile along its length. In accordance with these preferred forms
of the invention, the gradiometer signal is more prominent'agéinst a quieter noise

15  level resulting from the parasitic modes such that the two signals can be easily
diécriminated.

To achieve this, the rigidity of the ribbon around the mid-point between its
longitudinal ends is preferably relatively increased compared with other sections of
the ribbon. By relatively increasing the rigidity of the ribbon at its mid-point, the

20  ribbon is less susceptible to deformation into its 'C' and "W' modes of oscillation, in
which the ribbon is required to bend Signiﬁcantly at its mid-point. This increased
rigidity does not act in any way to suppress the 'S' mode of oscillation, in which the
ribbon is not required to bend significantly at its mid-point.

In this preferred arrangement, the relatively increased rigidity of the ribbon

25  about its mid-point is preferably provided by a relatively thickened section of the
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ribbon about its mid-point. Thickening the ribbon provides a mechanism for
suppression of the 'C' and "W' modes that is simple to manufacture.

The rigidity and/or mass profile of the ribbon are preferably arranged such that
fhe ribbon is relatively more able to deform in its anti-symmetric modes than an
equivalent ribbon having a uniform rigidity profile and/or mass profile along its
length. More preferably, the rigidity and/or mass profile of the ribbon are arranged
such that the ribbon is relatively more able to deform in the 'S' mode than an
equivalent ribbon having a uniform rigidity profile and/or mass profile along its
length,‘ In accordance with these preferred forms of the invention, the gradiometer
signal is of a higher magnitude and can be more easily detected against the noise level
resulting in part from the parasitic modes.

To achieve this, the rigidity of the ribbon is preferably relatively reduced
about at the L/4 and 3L/4 positions along the length of the ribbon compared with
other sections of the ribbon. This reduction in rigidity is preferabiy provided by
relatively thinning the ribbon in these areas. As the ribboﬁ is required to bend at the
L/4 and 3L/4 positions in its 'S' modes of oscillation, the amplitude of the ribbon's
displacement in this mode is increased in this preferred arrangement. To deform in
the 'C' mode of oscillation, the ribbon does not particularly need to bend significantly
at the L/4 and 3L/4 positions and so this mode is relatively unaffected. Since the
ribbon is also required to bend at the L/4 and 3L/4 positions in its 'W' mode of
oscillation, the amplitude of the ribbon's displacement in this mode is also increased
unless another rigidity or mass profile feature of the ribbon is-provided to suppress it.
Therefore, alternatively or in addition, the rigidity of the ribbon is preferably greater
at the mid-point between its longitudinal ends than at the L/4 and 3L/4 positions along

the length of the ribbon. In this preferred arrangement, the 'W' mode of oscillation of
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the ribbon is effectively suppressed by the relatively rigid mid-point of the ribbon, and
so the ribbon is as a result more susceptible to displacement in the 'S' mode.of
oscillation invpreference to the 'W' mode.

‘Alte'rnatively, or in addition, the mass per unit length of the ribbon is
preferably increased around the L/4 and 3L/4 positions along the length of the ribbon
compared wi?h other sections Qf the ribbon. By providing increased mass around the
L/4 and 3L/4 positions, the force on the ribbon at these locations in increased and thus
the total deflection of the ribbon is increased for the same gradient accelerations of the
gravitational field. This increases the displacement response of the ribbon in its 'S'
mode and also its parasitic 'W' mode. However, the displacement response of the
ribbon in its "W' mode is preferably suppressed, preferably in the way described
above. Thus the sensitivity of the apparatus to the gravitational gradiént is increased.

The features of these preferred azraﬁgements that provide a ribbon that is
relatively more able to deform in the 'S' mode can be provided in combination with
the preferred arrangements described above that provide a ribbon that is relatively ’less
able to deform in the 'C' mode and "W' mode.

The ri gidity of the ribbon is preferably relatively reduced at the Boundary
condition loc'>ations at the end-points of the ribbon. This is preferably achieved by
making the ribbon relatively thin in the region of its end-points. By providing
reduced rigidity at the end-points of the ribbon the ribbon is more easily able to
deflect at these points about the end boundary conditions. Alternatively, or in
addition, if clamping means is provided at both ends of the.' ribbon to hold the ribbon
under tension, the clamping méans is preferably arranged such that the ribbon is easily
able to deflect about the clampiﬁg means, and such that the ribbon is not permitted to

translate laterally away from the clamping means. In accordance with these preferred
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arrangements in which the ribbon is more easily able to deflect about its end boundary
conditions, the effective length of the ribbon is greater and the deflections of the
ribbon are maximised. When the 'C' and "W' modes are suppressed by other rigidity
or mass profile features, enabling the ribbon to more easily deflect about its end
points serves only to maximise the amplitude of the 'S' mode oscillation and the
gradiometer sensitivity. |

The thickness of the plane of the ribbon preferably varies along its length so as

to give the non-uniform rigidity and/or mass profile. Preferably, the varying profile

of the thickness of the plane of the ribbon is provided by a section of the ribbon

having material removed from the ribbon to reduce its planar thickness by machining
or by chemical etching and/or by a section of the ribbon having material added to the
ribbon to increase its planar thickness by vapour deposition. Varying the thickness of
the ribbon is a simple way to vary the rigidity and mass profile of the ribbon to alter
its susceptibility to oscillations in its different modes.

The ribbon's material properties preferably vary along the length of the ribbon’
s0 as to give the non-uniform rigidity and/or mass profile. Such material properties
may include at least one of density, elastic modulus, specific modulus, 'allqy
compositioﬁ, material composition, lamination characteristics, type of material in
composite, etc. By varying the material properties of the ribbon, the susceptibility of
the ribbon to oscillations in its different modes can be more completely controlled.
Preferably, the varying profile of the ribbon's material pfoperties is provided by an
annealed section of the ribbon and/or a tempered section of the ribbon. Tempering a
section of the ribbon generally increases, the rigidity of that section, whereas
annealing a section of the ribbon generally reduces the rigidity of that section. Heat

treating the ribbon to temper and/or anneal a section of the ribbon is a simple
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processing method to provide a non-uniform rigidity profile whereby the mass-of the
ribbon is not increased and the ribbon has a simple struc’cﬁre. Further still, no
thickening or thinning of the ribbon is required to increase or decrease its rigidity.

The cross-sectional profile of the ribbon preferably varies-along the length of
the ribbon so as to give the non-uniform rigidity and/or mass profile. By providing a
ribbon having a varying cross-section, the desired rigidity and/or mass profile for the
ribbon can be easily achieved i)y appropriate modelling of the ribbon structure, for
example using Finite Element Analysis, and a variety of manufactiring techniques.

Pr(;ferably, the varying cross-sectional profile of the ribbon is provided by a -
section of the ribbon having parts of the planar cross-section removed to relatively
reduce the rigidity of that section of the ribbon. A slotted section of the ribbon may
be provided to reduce the rigidity of the ribbon in that section. A section of the ribbon
may have a cross-section that is hollowed out to have a patterned structure that
provides a low mass per unit length in that section without reducing the structural -
strength and rigidity 0t“ that section. An example o”f such a patterned structure is a
honey-comb structure, which is naturally light-weight but strong. Alternatively, an
arrangement of pattern of holes may be provided in a section of the ribbon to reduce
the ﬁgidity of that section. |

Altemativel.y, or in addition, the varying cross-sectional profile of the ribbon
is provided by a section of the ribbon having a cross-section comprising a structure
that extends out of the plane of the ribbon to relatively increase the rigidity of that
section of the ribbon. The cross-sectional profile of the ribbon is preferably in 1,:he
form of an 'T-beam in a section of the ribbon about its mid-point. Providing an I-
beam section around the midpoint of the ribbon provides increased rigidity in that

section without significantly increasing the mass of the ribbon.. Further, in the I-beam
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configuration, and where a knife-edge is provided at the mid-point, the two points of
the knife edge can be accommodate;i inside the hollowed out part of the I-beam
section of the ribbon, such that the §eparation between the two knife edge points is not
increased by a thickened section of the ribbon and the knife edge behaves more like a
point rotating constraint.

The rigidity and/or mass profile of the ribbon are preferably selected by
optimisation of a Finite Element Analysis model of the ribbon. By modelling a
design for the ribbon's rigidity and/or mass profile using the Finite Element Method to
perform a modal analysis of the ribbon's displacement response, the deéign can be
optimised to maximise the sensitivity of the gradiorheter device, Further, the
thickness profile of the ribbon, the profile of the ribbon's material properties and/or
the cross-sectional profile of the ribbon are preferably selected by optimisation of a
Finite Element Analysis model of the ribbon. Using this technique, an optimised
design for the ribbon's structure can also be provided. This structural design of the
ribbon can be optimised to provide to one which provides a desired rigidity and/or
mass profile, or alternatively the structural design of the ribbon itself can be optimised
directly to maximise the sensitivity of the gradiometer device.

Movement preventing means is preferably provided arranged to prevent
transverse movement of the ribbon away from its rest position at the mid-point
between the ends of the ribbon. Such movement preventing means, for example a
knife edge, restricts the deformation of the ribbon in its unwanted symmetric modes.

Viewed from another aspect, the present invention provides a method of

" measuring quasi-static gravity gradients comprising: holding a flexible ribbon under

tension at both ends; arranging sensing means to detect the transverse displacement of

the ribbon from an undisturbed position due to the gravitational field acting on said
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ribbon aﬁd to generate a signal representing the displacement; and generating,
responsive to said displacement signal, an output signal which is a function of the
gravitational gradient tensor of the gravitational field; wherein the ribbon has a non-
uniform rigidity profile and/or mass profile along its length such that, in ﬁse, the
displacement résponse of the ribbon due to the gravitational gradient of the
gravitational field ié enhanced and/or the displacement response of the ribbon due to
the absolute gravitational acceleratiop of the gravitational field is-suppressed.

According to the method and apf)aratus of the invention, the sensitivity of the
gradiometer device may be significantly greater than a gradiometer ha{fing aribbon
that (_ioes not have a rigidity profile and/or mass profile arranged such that its
displacement response due to gravitational gradients is enhanced and its displacement
response due to absolute gravitational acceleration is suppressed. The increased
sensitivity of the gradiometer of the invention makes it more suitable for practical
deployment and more useful in the'abov.ementionc.ad practical applications.

Certain preferred embodiments of the invention will now be described by way
of example only, and with reference to the accompanying drawings, in which:

Figure 1 is a schematic of a gravitational gradiometer according to a first
embodiment of the present invention;

Figure 2 is a side view of a ribbon provided in the gravitational gradiometer of
Figure 1 in its various modes of oscillation;

Figuré 3 is a detailed schematic of a ribbon fdr a gravitational gradiometer
according to a second embodiment of the invention;

Figure 4 is a detailed schematic cross-sectional view of a I-beam shaped
section about a mid-poinf of a ribbon for a‘gravit'ational gradiometer according to a

third embodiment of the invention;
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Figure 5 is a detailed schematic cross-sectional view of a slotted section of a
ribbon for a gravitational gradiometer according to a fourth embodiment of the
invention;

Figure 6 is a detailed schematic cross-sectional view of a honeycomb section
of a ribbon for a gravitational gradiometer according to a fifth embodiment of the
invention;

Figure 7 shows the result of a modal analysis of the displacement response of
a prior art ribbon having a uniform mass and rigidity profile in the 'S' and "W' modes
of oscillation, modelled using Finite Element Analysis;

Figuré 8 shows the result of a similar analysis of the displacement response of
a ribbon according to the sixth embodiment of the invention in the 'S' and "W' modes
of oscillation; |

Figure 9 shows the result of an identical analysis of the displacement response
of a ribbon according to a seventh embodiment of the invention in the 'S' and "'W'
modes of oscillation; and

Figure 10, already described, is a schematic showing the main modes of
oscillation of a prior art ribbon having a uniform mass and rigidity profile.

The ser,;sing element of the first embodiment of a gravitational gra;diometer
device 1 according-to the invention shown in Figure 1 is provided by a long ribbon 3
having a width and a depth much smaller than its length. The ribbon 3 provided in
device 1 is shown in detail in Figure 2a in its unperturbed state (i.e. its rest position).

The ribbon 3 has a length, L, of the order of tens of centimetres and has a
width, W, that is greater than its depth, D, such that the ribbon 3 resembles a length of
tape (i.e. L >> W > D). This ribbon shape means that the displacement of the ribbon

3 1s constrained to the direction orthogonal to the plane of the ribbon's major extent
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(in its length and width directions) and the gradiometer is thus only sensitive to forces

causing the ribbon 3 to be displaced in this direction (the direction being the depth

“direction of the ribbon). The ribbon 3 is constructed to have a relatively thickened

middle section 21 about its mid-point M cbmpargd to relatively thin outer sections 22,
23. The middle section 21 has a total length of about a quarter of the length of the
ribbon 3. As will be explained below, this non-uniform rigidity profile is such that
the displacement response of the ribbon 3 due to absolute gravitational acceleration is
suppressed.

The ribbon 3 is held under tension between two fixed points 5, 7 at its
longitudinal ends. Between these two fixed points 5, 7, movement preventing means
4 is provided as a 'knife-edge’ device mounted at the mid-point M of the ribbon 3 at its
rest position to touch the ribbon 3 but not exert any force thereon. The ribbon 3 is
otherwise free to move such that it can be displaced away from the straight line S
joining the two points under the influence of any external force acting on the ribbon 3,
such as a gravitational force acting on the ribbon 3 and a differential gravitational
gradient across the ribbon 3.

The displacement of the ribbon 3 from its rest position can generally be
described by the force balance equation (3) set out above which has solutions in the
form of the sum of the modes of vibration of the ribbon 3 that make up the
components of the decomposed infinite Fourier sum set out above in equation (4).

However, the movement preventing means 4 restricts any transverse

- movement of the ribbon 3 away from its rest position at the mid-point M and adds

another boundary condition that reduces the deformation of the ribbon 3 into its

symmetric modes of oscillation (however, the W-mode of oscillation remains, which
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is the linear sum of all remaining symmetrical mode deflections) while not reducing
the deformation of the ribbon 3 into its anti-symmetric modes.

Ser_lsing means 10 is provided to detect the transverse displacement of the
ribbon 3 from an undisturbed position S due to the grévitational gradient acting on the
ribbon and to genefate a signal representing the displacement. The sensing means 10
is provided generally in the form known in the art described above. Two pick-up
coils 13, 15 are positioned symmetrically about the mid-point M of the ribbon 3 and
are electrically connected to form the two arms of a resonant bridge circuit (not
shown) and to a control and detection 'system 17. Control and detection system 17 is
also electrically connected to the ribbon 3 to pump the ribbon 3 with an AC carrier
si gnél generated therein, and having a frequency above the mechanical bandwidth of
the ribbon (such that magnetic forces acting on the ribbon are damped). The
frequency of the resonant bridge circuit is tuned to that of the AC carrier signal such
that a corresponding signal is generated in each pick-up coil 13, 15 having a strength
that increases as the distance between the ribbon 3 and the pick-up coil 13, 15
decreases. The displacement signal output from the bridge circuit is retrieved in
control and detection system 17 by synchronous detection together with the carrier
signal. The pick-up coils 13, 15 and bridge circuit are balanced in an anti-phase
arrangement such that the signal output from the bridge circuit is sensitivé primarily
to the displacement of the ribbon 3 in the 'S' mode of oscillation. By amplifying and
processing the displacement signal, the control and detection system 17 generates an
output signal which is a function of the gravitational gradient tensor of the
gravitational field. Any remaining displacement of the ribbon jn the parasitic modes
(in this case, the "W' mode) contributes to the'noise level above which the

displacement signal must be detected, and limits the sensitivity of the gradiometer.
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However, the thickened middle section 21 of the ribbon 3 provides the ribbon‘
3 with a relatively high rigidity in the section extending through its mici—point M such
that the ribbon 3 requires a greater force to be applied in order to bend the ribbon 3 in
this section. In contrast, the relatively thiﬁ outer sections 22, 23 have a relatively low
rigidity such that less force is required to bend the ribbon 3 in these sections.

Figure 2b shows the deformation of the ribbon 3 of the first embodiment of the
invention into the 'W' mode of oscillation, with the knife edge 4 constraining the mid-
point of the ribbon at ijts rest position. As can be seen, in order to deform into thé "W’
mode, the middle section 21 of the ribbon must bend significantly. As this middle
section 21 has a relgtively high rigidity, the force required‘to be;nd this middle section
21 and deform the ribbon 3 into the "W’ mode is relatively high. Thus the ribbon 3 of

the first embodiment of the invention is relatively less able to deform in the 'W' mode

than an equivalent ribbon having a uniform rigidity profile and/or mass profile along

its length.

Figure 2¢ shows the deformation of the ribbon 3 of the first embodiment of the
invention into the'S' mode of oscillation, with the knife edge 4 constraining the mid-
point of the ribbon at its rest position. As can be seen, in order to deférm into the 'S’
mode, the relatively thin outef sections 22, 23 of the ribbon 3 must bend significantly
at the antinodes, whereas very little bending of the middle section 21 of the ribbon 3.
is required about the node at the mid-point M of the ribbon 3. Aé the relatively rigid
middle section 21 does not need to be bent, the force required to deform the ribbon 3
into the 'S' mode is relatively unchanged. ‘Thus the ribbon 3 of the first embodiment
of the invention is not relatively less able to deform in the 'S' mode than an equivalent

ribbon having a uniform rigidity profile and/or mass profile along its length.
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Thefefore, as the ribbon 3 is relatively less able to deform in the "W' mode but
not relatively less able to deform in the 'S' mode, the displacement response of the
ribbon 3 due to the absolute gravitational acceleratioﬁ of the gravitational field is
suppressed. This reduces thé noise level above which the gravitational gradient signal
must be detected and provides a gradiometer device 1 having a high éensitivity.

Further, if the gradiometer device 1 of the first embodiment were permitted to
operate in the absqnce of a movement prevention means 4, then the ribbon 3 would be
permitted to deform into its fundamental 'C' mode, as shown in Figure 2d. Ascanbe
seen, in ofder to deform into the 'C' mode, the middle section 21 of the ribbon must

also bend significantly. The relatively high rigidity of the middle section 21 thus also

. makes the ribbon 3 of the first embodiment of the invention relatively less able to

deform in the 'C' mode than an equivalent ribbon having a uniform rigidity profile
and/or mass profile along its length.

More broadly, aé all symmetrical modes of oscillation have an antinode at the
mid-point M of the ribbon in this thickened section, and as all anti-symmetrical modes
have a node at this mid-point M, the relatively rigid middle section 21 causes the
ribbon 3 to deform relatively less easily in its symmetrical modes when compared
with an equivalent ribbon having a uniform rigidity profile and/or mass profile along
its length, while not sigﬁiﬁcantly affecting the ability of the ribbon 3 to deform in its
anti-symmétﬁcal modes. Therefore, in absence of a movement prevention means 4,
the design of the ribbon 3 of the first embodiment of the invention also suppresses the
displacement response of the ribbon 3 due to the absolute gravitational acqeleration of
the gravitational field and reduces the noise level above which the gravitational
gradient signal must be detected. Thus a gradiometer 1 having a high sensitivity is

provided.
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Figure 3 shows detail of a ribbon 30 provided in a second embodiment of a
gravitational gradiometer of the invention. In this second embodiment, the ribbon 30
is provided in the gradiometer device 1 of the first embodiment in place of the ribbon
3. The rigidity profile of the ribbon 30 is similar to the ribbon 3 of tﬂe first
embodiment in tﬁat it has a relatively thickened middle section 31 extending through

the ribbon's mid-point M, giving a relatively high rigidity here. The ribbon 30 of the

- second embodiment differs from the ribbon 3 of the first embodiment in that it has

relatively massive outer sections 32, 33, extending through the 1L/4 and 3L/4
positioﬁs. Mass is added to these outer sections by, for example, vapour deposition in
this area by laser ablation. These relatively massive outer sections 32, 33 have a low
rigidity compared to tﬁe relatively thick middle section 31. Thus the ribbon 30 of the
second embodiment is similar to the ribbon 3 of the first embodiment except that mass
has been added to the ribbon around the antinodes of the 'S' mode. By adding mass at
these positions, the force on the ribbon here is relatively increased and thus the total
deflection of the ribbon at these points for the same gradient acceleration is greéter
than for that of an equivalent ribbon having a uniform mass profile.

Thus due to the non-uniform mass profile of the ribbon 30 of the second
embodiment; the ribbon 30 is relatively more able to deform in the 'S' mode than an
equivalept ribbon having a uniform mass profile. The relatively massive outer
sections 32, 33 providing the non-uniform mass profile 6f the ribbon 30 also have the
effect of urging an increase in the deflection in the 'W' mode. However, the relatively
rigid middle section 31 of the ribbon éeverely limits this increase in the "W' mode
deﬂectioﬁ.

Therefbre the displacement response of the ribbon 30 due to gravitational

gradients is enhanced. The displacement response of the ribbon 30 to absolute
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gravitational acceleration is also suppressed. This increases the strength of the
gradiometer signal above the noise level leading to a grad_iometer having increased
sensitivity.

To further increase the ability of the ribbon to deform in its 'S" mode, the
rigidﬁy of the ribbon about its L/4‘and 3L/4 positions is relatively reduced compared
with other sections of the ribbon, particularly the section extending through the mid-
point M. This is achieved by annealing the ribbon in these sections.

In the second embodiment, the clamps 35, 37 provided at the ends of the
ﬁbbon 30 to hold the ribbon under tension are arranged to allow the ribbon 30 to
cieﬂect easily about the end boundary condition locations, as shown by the arrows in
Figure 3, while not allowing the ribbon to move by translation laterally away from the
boundary condition location. This ease of deflection is provided by the clamps 35, 37
having a pivoting mechanism to allow tﬁe ribbon to pivot about the clamps.
Providing pivoting clamps 35, 37 increases the effective length of the ribbon and
increases the deflection of the ribbon 30 in its various modes of oscillation, notably its
'S' mode, increasing the sensitivity of the gradiometer device.

Alternatively, this ease of ribbon deflection around the end boundary
condition locations can be enabled by providing each clamp in the form of a pair of
roliers, one provided on either side of the ribbon. The effective length of the ribbon
may also be increased by relatively decreasing the rigidity 6f the ribbon near the
boundary condition locations iﬁ the sections of the ribbon around the end clamps.
This can be achieved by relatively thinning the ribbon in this area.

- Figure 4 shows a cross-sectional profile of a ribbon of third embodiment of the
invention in which the plane 41 of tibbon forms a web between two ﬂanées 43,45,

provided on either side of the plane 41 of the ribbon such that the ribbon is in the form
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of an 'I'-beam. The flanges 43, 45 may be integrally formed with the plane 41 of the
ribbon by, for example, extruding or rolling, or the flanges 43, 45 may be formed
separated and attached to the ribbon 41. Specific sections of the ribbon may be
provided with this I-beam cross-section to provide them with increased rigidity but
not a significantly increased mass compared with other sections of the ribbon in

which the flanges 43, 45 are omitted. Providing a ribbon having an I-beam seclion
around the midpoint of the ribbon, as shown in Figure 4, provides increased rigidity in
about the mid-point that suppresses the W-mode without significantly increasing the
mass of the ribbon. Further, the two knife-edge 47 points provided at the mid-point of
the ribbon can be accommodated inside the hollowed out part of the I-beam section of
the ribbon. In this embodiment, the separation between the two knife edges points 47
is not increased by a thickened section of the ribbon and the knife edge behaves more
like a point rotating constraint.

Figure 5 shows a cross-sectional profile of a ribbon of fourth embodiment of
the invention in which a slotted section 53 is provided in the plane 51 of ribbon at or
near to the boundary condition locations at the ends of the ribbon to reduce the
rigidity of that section of the ribbon without significantly reducing the mass. The slot
53 may be cut using simple machining techniques. Reducing the rigidity of the
ribbon in this way at or near the boundary condition locations at the ends of the ribbon
causes the ribbon to be relatively more able to deform in the 'S' mode. Alternatively,
to reduce the rigidity of a section of the ribbon a pattern of holes may be provided
through the ribbon.

Figure 6 shows a schematic representation of cross-sectional profile of a
section of a ribbon 61 of a fifth embodiment of the invention, being formed to have a

recurring honeycomb structure 63. The honeycomb structure can be designed and
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manufactured using suitable CAD/CAM techniques. The honeycomb structure 63
provides this section of the ribbon with a relatively reduced mass but not a
significantly reduced rigidity, compared with oth‘er sections‘ of the ribbon.

The ribbons 3 and 30 of the first to fifth embodiments are only shown
schemaﬁcally in the drawings to illustrate how the advantageous effects of providing
a non-uniform mass and/or rigidity profile may be realised. A variety of ribbon
arrangements are possible that are in accordance with the invention in that. they
suppress the absolute gravitational acceleration signal and/or enhance the
gravitational gradiént signal.

In practice, the design for the m:ass and rigidity profile of the ribbon may be
subject to rigorous modelling by Finite Element Analysis and lab testing to verify the
model. Any suitable FEA modelling software can be‘ used to aid the design of the
ﬂBbon, An example of a suitable FEA modelling software package is MSC Advanced
FEA available from MSC Software of Santa Ana, California, USA

(www.mscsofware.com).

By this FEA design process, the final ribbon design can also be selected by
optimisation of its modelled mechanical responsé (and particularly its displacement
response in its different modes) to pr<;vide maximum sensitivity of the gradiometer to
the gravity gradient of the gravitational field. That is, the ribbon desigﬁ can be
optimised to balance that maximisation of the enhancement of the displacement
response due to the gravity gfadient of the gravitational ﬁeld'with the maximisation of

the suppression of the displacement response due to the absolute gravitational

acceleration of the gravitational field. FEA modelling of the ribbon's mechanical :

response can also be used to ensure that the ribbon's displacement response is highly
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linear and reproducible, which is essential for accuracy and repeatability in

gradiometric sensing, -

Despite the use of FEA modelling to provide the final optimal ribbon design,

the general principles for selectively engineering the ribbon's displacement response

in its different modes by providing a non-uniform profile in accordance with the

invention can be simply summarised as follows:

The magnitude of the ribbon's deflection in a particular mode can be increased
by increasing the mass profile of the ribbon in the sections of the ribbon
around the antinodes of that mode. The mass of a section of the ribbon can be
increased, for example, by vapour deposition of material, by thickening or
widening the ribbon, or by increasing the density of a composite ribbon in that
section. While some of these mass increasing techniques also increase the
rigidity, for incregsed mass at the L/4 and 3L/4 positions, it has been found
that generally, the effect of the increased rigidity in these sections is
outweighed by the effect of the increased mass, such that there is a net
increase in deflection in the 'S' mode.

The opposite effect of decreasing the ribbon's deflection in a particular mode
can also be achieved by decreasing the mass profile of the ribbon in the
sections of the‘ ribbon around the antinodes of that mode. A mass decrease
without significantly decreased rigidity can be achieved, for example, by
hollowing out the ribbon to have a light but rigid structure, for example, a
honeycomb structure. A mass decrease can also be achieved by tﬁinning or
narrowing the ribbon,

The magnitude of the ribbon's deflection in a particular mode can be increased

by decreasing the rigidity profile of the ribbon in the sections of the ribbon
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around the antinodes of that mode, or any other bending points. A rigidity
decrease without significantly decreased mass can be achieved, for example,
by annealing the ribbon, or by cutting slotted holes or patterned holes in the
ribbon. A rigidity decrease can also be achieved by thinning or narrowing the

ribbon.

- The opposite effect of decreasing the ribbon's deflection in that particular

mode can also be achieved by increasing the rigidity profile of the ribbon in

the sections of the ribbon around the antinodes of that mode, or any other

bending points. A rigidity increase without sigﬁiﬁcantly increased mass can
be achieved by, for example, tempering the ribbon, or by providing a rigid
cross-sectional profile that resists deformation (e.g. and 'T'-beam profile). A
rigidity increase can also be achieved by increasing the thickness or width of
the ribbon,

The desired variations of the mass proﬁlé may therefore be provided by

varying the shape and dimensions of the ribbon (e.g. its .thickness) or varying the
material properties of the ribbon by, for example, providing a design having a -
composite mix of materials having different densities, or by processing the ribbon to

alter its material properties.

Similarly, the desired variations of the rigidity profile may therefore be

provided by varying the shape or dimensions of the ribbon (e.g. its thickness), varying
the structural design of the ribbon or varying the material properties of the ribbon by,
for example, providing a design having a composite mix of materials having different
elastic moduli, or by processing the ribbon to alter its material properties such as its

elastic modulus.
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The ribbon according to the final design can be provided using any suitable
material having material properties in accordance with the design, or a composite mix
of materials, and by using any suitable manufacturing method or post-manufacturing
processing known in the art. However, it is preferable to form the ribbon from a
single sheet of a suitable metal material, for example, phosphor bronze, as this
facilitates manufacture. Suitable machining teqhniques can be used to form the
ribbon to the optimised design, with CAD/CAM techniques being desirably used.
Other rﬂetalworking techniques (such as rolling or extrusion) can be used to provide a
desired ribbon cross section. Material can be removed from the ribbon using other
suitable techniques such as timed chemical etching and material can be added to the
ribbon using suitable deposition techniques such as laser ablation to produce a hot
vapour of a metal material which is then deposited on the ribbon. Heat treatment
techniques can be employed to alter the rigidity of the ribbon, such as annealing or
tempering. These can be localised at d;asired points on the ribbon.

Figures 7-9 show the results of a modal analysis of the displacement response
of a three ribbons having different mass and rigidity profiles, modelled using Finite
Element Analysis.

Each of the modelled ribbons have dimensions of 300 mm x 5 mm x 0.3 mm
and are fixed at their ends such that they cannot translate away from these fixed
positions or rotate thereabout. The modelled ribbons are also fixed at their rest
positions at their mid-points such that they cannot translate away from this position..

Figure 7 shows a model of a ribbon of the prior art type shown in Figure 10,
formed of a stﬁp of uniform material 70, having a uniform cross-sectional profile such

that the ribbon does not have a non-uniform rigidity or mass profile.
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Figure 8 shows a model of a ribbon 80 for a gradiometer according to a sixth
embodiment the invention, which is similar to a combination of the first and fourth
embodiments. The ribbon of the‘ sixth embodiment has a section 81 having an
increased rigidity provided by a thickened section grouﬁd its mid-point, thir_med and
slotted sections 83, 85 having decreased rigidity at its end points around its boundary
condition locations, and normal thickness in all other sections of the ribbon.

Figure 9 shows a model of a ribbon 90 for a gradiometer accordiﬁg toa
seventh embodiment of the invention, which is similar to the sixth embodiment except
that it has additional thickened sections 92,‘ 94 of increased rigidity around its L/4 and
3L/4 positions and thinned slotted sections 96, 97 having decreased rigidity at either
side of its rigid middle section 91 such that each thickened rigid section 91, 92, 94 is
separated by a thinned slotted section of decreased rigidity. Further slotted sections
98, 99 of decreased rigidity are also provided at locations proximal to, but distant
from, the end points of the ribbon. This is a ribbon design that is produced by an FEA
model optimising the rigidity and mass profile to increase gradiometer sensitivity, and
it is therefore more 'exotic' or 'intelligent'. Indeed, the provision of thickened rigid
sections 92, 94 around the L/4 and 31/4 positions of the ribbon 90 has the effect of
reducing the ability of the ribbon 90 to deform in its 'S' mode. However, as we shall
see, ‘thiis may result in an increased overall magnitude of deflection of the ribbon 90 in
is anti-symmetric modes, and an increased gain in gradiometer sensitivity.

The modelled ribbons are subjected to absolute gravitational acceleration of g

=98m 52 (at the Earth's surface) such that they deform into their anti-symmetric 'W'

.mode (see Figures 7b, 8b and 9b) and to be subjected to a gravitational gradient of T=

1s2=1x 10° EU, such that they deform into their symmetric modes, dominated by
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the 'S' mode component (see Figures 7a, 8a and 9a). Both modelled gravitational
forces are in-the direction of sensitivity of the ribbon,
The magnitude of the maximum displacement of each ribbon in their anti-

symmetric and symmetric modes are compared below in Table 1.

Profile Gravity Gradient Absolute Gravitational Overall Gain
Gain Compared to | Acceleration Gain Compared to Compared to
' Uniform Ribbon Uniform Ribbon Uniform Ribbon
(Uniform prior art ribbon, N/A N/A (comparative value) - N/A
(Figure 7) .
First Embodiment 2.2 0.85 2.6
(Figure 8) '
Sixth embodiment 8.2 2.0 4.1
(Figure 9)
TABLE 1

It can be seen that, compared to the 'uniform' prior art ribbon shown in Figure
7, the ribbon 80 of the sixth embodiment of the invention shown in Figure 8 has a
gain in the maximum displacement due to absolute gravitational acceleration of 0.85
(i.e. a reduction) and a gain in the maximum displacement due to gravitational
gradient of 2.2. Thus the section 81 of increased rigidity at the mid-point of the
ribbon 80 has suppressed its sensitivity to the 'W' mode compared to the uniform
ribbon 70, and the thinned slotted sections 83, 85 of reduced rigidity at the end points
of the ribbon have increased its sensitivity to the 'S' mode compared to the uniform
ribbon 70, This represents an overall sensitivity gain of 2.6 for the gradiometer of the
sixth embodiment of the invention, when compared to the prior art 'uniform'’
gradiometer.

Further, compared to the ‘uniform’ prior-art ribbon shown in Figure 7, the
ribbon 90 of the seventh embodiment of the invention shown in Figure 9 has a gain in
maximum displacement due to absolute gravitational acceleratidn of 2.0 and a gain in
the maximum displacement due to gravitational gradient of 8.2. This represents an

overall sensitivity gain of 4.1 for the gradiometer of the seventh embodiment of the
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invention, when compared to thé prior art gradiometer. Clearly, even though the
ribbon 90 of this ses‘/enth embodiment of the invention has an increased sensitivity to
the 'W' mode compared to the ribbon of the prior art, a higher overall gradiometer
signal gain can still be achieved by optimising an intelligent ribbon design. As can be
5  seen from Figure 9, the deformation of the 'intelligent' ribbon 90 oif this seventh

embodiment of the invention is very unusual in that the maximum deflection is
located a distance from the L/4 and 3L/4 positions. However, unusual gravity
gradient anti-symmetric ribbon deﬂeétions are advantageous provided the detected
gravity gradient signal is increased relative to the detected absolute gravitational

10 acceleration symmetric ribbon deflections. The coil detectors 13, 15 do not have to be
positioned at the location of maximum gravity gradient anti-symmetric ribbon

deflection, though this may be advantageous.
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Claims:;

1. Apparatus for the measurement of quasi-static gravity gradiénts comprising:

a flexible ribbon held under tension at both ends;

sensing means arranged to detect the transverse displacement of the ribbon
from an undisturbed position due to the gravitational field acting on said ribbon and to
generate a signal representing the displacement; and

output means coupled to said sensing means and responsive to said
displacement signal to generate an output sigﬁal which is a function of the
gravitational gradient tensor of the gravitational field;

wherein the ribbon has a non-uniform rigidity profile and/or mass profile
along its length such that, in use, the displacement response of the ribbon due to the
gravitational gradient of the gravitational field is enhanced and/or the displacement
response of the ribbon due to the absolute gravitational acceleration of the

gravitational field is suppressed.

2. Apparatus as claimed in claim 1, wherein the rigidity and/or mass profile of
the ribbon are arranged such that the ribbon is relatively less able,to deform in its
symimetric modés and is not relatively less able to deform in its anti-symmetric modes
than an equivalent ribbpn having a uniform rigidity profile and/or mass profile along

its length.

3. Apparatus as claimed in claim 1 or 2, wherein the rigidity and/or mass profile
of the ribbon are arranged such that the ribbon is relatively less able to deform in the

'C' mode and "'W' mode and is not relatively less able to deform in the 'S' mode than an
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equivalent ribbon having a uniform rigidity profile and/or mass profile along its

length.

4. Apparatus as claimed in claim 2 or 3, wherein the rigidity of the ribbon in the
section about its mid-point between its longitudinal ends is relatively increased,

compared with other sections of the ribbon.

5. Apparatus as claimed in claim 4, wherein the relatively increased ri gidity of
the ribbon about its mid-point is provided by a relatively thickened section of the

ribbon about its mid-point.

6. Apparatus as claimed in any preceding claim, wherein the rigidity and/or mass
profile of the ribbon are arranged such that the ribbon is relatively more able to
deform in its anti-symmetric modes than an equivalent ribbon having a uniform

rigidity profile and/or mass profile along its‘length.

7. Apparatus as claimed in any preceding claim, wherein the ri gidity and/or mass
profile of the ribbon are arranged such that the ribbon is relatively more able to
deform in the 'S' mode than an equivalent ribbon having a uniform rigidity profile

and/or mass profile along its length.

8. Apparatus as claiméd in claim 6 o'f 7, wherein the rigidity of the ribbon is
relatively reduced about the L/4 and 3L/4 positions along the length of the ribbon

compared with other sections of the ribbon.
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9. Apparatus as claimed in claim 6, 7 or 8, wherein the rigidity of the ribbon is
greater about the mid-point between its longitudinal ends than about the % and % L

positions along the length of the ribbon.

10.  Apparatus as claimed in claim 6, 7, 8 or 9, wherein the mass per unit length of
the ribbon is increased around the L/4 and 31/4 positions along the length of the

ribbon.

11.  Apparatus as claimed in any preceding claim, wherein the rigidity of the
ribbon is relatively reduced around the boundary condition locations at the end-points

of the ribbon.

12.  Apparatus as claimed in claim 11, wherein the rigidity of the ribbon is reduced
by providing slotted sections of the ribbon about the boundary condition locations at

the ends of the ribbon.

13, Apparatus as claimed in any preceding claim, wherein clamping means is
provided at both ends of the ribbon to hold the ribbon under tension, the clamping
means being arranged such ‘that the ribﬁon is easily able to deflect about the clampiﬁg
means, and such that the ribbon is no'g permitted to translate laterally away from the '

clamping means.

14.  Apparatus as claimed in any preceding claim, wherein the thickness of the
plane of the ribbon varies along its length so as to give the non-uniform rigidity -

and/or mass profile.
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5. Apparatus as claimed in claim 14, wherein the varying profile of the thickness
of the plane of the ribbon is provided by a section of the ribbon having material
rémoved from the ribbon to reduce its planar thickness by machining or by chemical
etching and/or by a section of the ribbon having material added to the ribbon to

increase its planar thickness by vapour deposition.

16.  Apparatus as claimed in any preceding claim, wherein the ribbon's material
properties vary along the length of the ribbon s0 as to give the non-uniform rigidity

and/or mass profile.
17. Apparatus as claimed in claim 16, wherein the varying profile of the ribbon's
material properties is provided by an annealed section of the ribbon and/or a tempered

section of the ribbon.

18.  Apparatus as claimed in any prededing claim, wherein the cross-sectional

- profile of the ribbon varies along the length of the ribbon so as to give the non-

uniform rigidity and/or mass profile,

19.  Apparatus as claimed in claim 18, wherein the varying cross-sectional profile
of the ribbon is provided by a section of the ribbon having parts of the planar cross-

section removed to relatively reduce the rigidity of that section of the ribbon.

20.  Apparatus as claimed in claim 18 or 19, wherein the varying cross-sectional

profile of the ribbon is provided by a section of the ribbon having a cross-section
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comprising a structure that extends out of the plane of the ribbon to relatively increase

the rigidity of that section of the ribbon.

21.  Apparatus as claimed in cldim 20, wherein the cross-sectional profile of the

ribbon is in the form of an 'T'-beam in a section of the ribbon about its mid-point.

22.  Apparatus as claimed in any preceding claim, wherein the rigidity and/or mass
profile of the ribbon are selected By optimisation of a Finite Element Analysis model

of the ribbon.

23.  Apparatus as claimed in any preceding claim, wherein the thickness profile of
the ribbon, the profile of the ribbon's material properties and/or the cross-sectional
profile of the ribbon are selected by optimisation of a Finite Element Analysis model

of the ribbon.

24.  Apparatus as claimed in any preceding claim further comprising movement
preventing means arranged to prevent transverse movement of the ribbon away from

its rest position at the mid-point between the ends of the ribbon.

25. A method of measuring quasi-static gravity gradients comprising:

holding a flexible ribbon under tension at both ends;

arranging sensing means to detéct the transverse displacement of the ribbon
from an undisturbed position dué to the gravitational field acting on said ribbon and to

generate a signal representing the displacement; and
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generating, responsive to-said displacement signal, an output signal which is a
function of the gravitational gradient tensor of the gravitational field;
wherein the ribbon has a non-uniform rigidity profile anﬁ/or mass profile
along its length such that, in use, the displacement response of the ribbon due to the
5  gravitational ér@dient of the gravitational field is enhanced and/or the displacement
response of the ribbon due to the absolute gravitational acceleration of the

gravitational field is suppressed.
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MSC AFEA 2007 71 28-Mar-08 14:29°36
Fringe: STEP_GravityGradient, A2:Incr=5.Time=1.00000, Disptacement, Transtation, Z Component, (NON-LAYERED) 1.74-00628
Deform: STEP,_GravityGradient, A2-Incr=6.Time=1.00000, Displacement, Transiation, . (NON-LAYERED) '

¢ default_Fringe »
e Max 2.01-006 @Nd 167
Min-2.01-006 @Nd 435
default_Deformation :
Max 2.01-006 @Nd 435

L Figure 7a 2010

MSC AFEA 2007 1 28-Mar-08 14:28:69
Frings: STEP_UniformGravity. A1:Incr=5.Time=1.00000. Displacement. Translation, 2 Component, (NON-LAYERED)
Detorm, STEP_UniformGravity. Al Incr=6.Time=1.00000. Displacement, Translation, , {(NON-LAYERED)

Figure 7b 110001

default_Fringe :
Y Max 362032 @Nd 5109
Min-1.26-004 @Nd 461
defautt_Deformation :
Max 1.26-004 @Nd 461

X
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~ Figure 8a 452008
default_Fringe :

el Max 4.52-006 @Nd 220
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Deform: STEP_UniformGravity, Al Incr=6.Time=1.00000, Displacement, Translation. . {NON-LAYERED)

~1.11-006;

Figure 8b

~1.07-004
default_Fringe :
A Max 1.01-032 @Nd 6554
Min~1.07-004 @Nd 181
default_Deformation :
Max 1.07-004 @Nd 181
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MSC AFEA 2007 r1 10-Apr-08 12:64:28 1.64-005| r
Fringe: STEP_GravityGradient. A2:incr=6.Time=1.00000. Displacement. Translation. Z Component, (NONXLAYERED} 1.42-005M
Deform: STEP_ GravityGradient, A2:Incr=5.Time=1.00000. Displacement, Translation. . (NON-LAYERED)

Figure 9a

default_Fringe :
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default_Deformation :
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Deform: STEP_UniformGravity, Al :Iner=6,Time=1.00000, Displacement, Translation, . (NON-LAYERED)

Figure 9b

-261-004
defauit_Frings :
~ ’ Max 1.41-030 @Nd 4272
<->< : Min -2.61-004 @Nd 10634
defautt_Deformation :
Max 251-004 @Nd 10634
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