wO 2008/061282 A1 |00 0 0O 0 O O 0

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

(19) World Intellectual Property Organization f 11”11

52 IO O OO O

International Bureau

(43) International Publication Date
29 May 2008 (29.05.2008)

(10) International Publication Number

WO 2008/061282 Al

(51) International Patent Classification:
GO1V 7/00 (2006.01) GO1V 7/10 (2006.01)

(21) International Application Number:
PCT/AU2007/001180

(22) International Filing Date: 17 August 2007 (17.08.2007)

(25) Filing Language: English

(26) Publication Language: English

(30) Priority Data:

2006906562 23 November 2006 (23.11.2006) AU

(71) Applicant (for all designated States except US):
TECHNOLOGICAL RESOURCES PTY LIMITED
[AU/AU]; 120 Collins Street, Melbourne, Victoria 3000
(AU).

(72) Inventors; and
(75) Inventors/Applicants (for US only): VAN KANN, Frank,
Joachim [AU/AU]J; 42 Loftus Street, Nedlands, Western

(74)

(81)

(34)

Australia 6009 (AU). WINTERFLOOD, John [AU/AU];
70 Bruce Street, Nedlands, Western Australia 6009 (AU).

Agent: GRIFFITH HACK; 509 St Kilda Road, Mel-
bourne, Victoria 3004 (AU).

Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ, CA, CH,
CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE, EG,
ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID, 1L,
IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC, LK,
LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN, MW,
MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH, PL,
PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV, SY,
TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA,
M, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,

[Continued on next page]

(54) Title: GRAVITY GRADIOMETER

(57) Abstract: A gravity
gradiometer and method for
forming a pivot flexure web for
a gradiometer is disclosed. The
gradiometer has measurement bars
(41, 43) supported in housings (45)
and (47) and transducers (71) for
measuring movement of the bars to
provide an indication of the gravity
gradient tensor. The bars (41,
43) are mounted on flexure webs.
The webs are formed in separate
elements to the housing and bars.



WO 20087061282 A1 |00 00000100 00 000 0

FR, GB, GR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL, PL,  Published:
PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG, CI, CM, —  with international search report
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).



WO 2008/061282 PCT/AU2007/001180

10

15

20

25

30

35

GRAVITY GRADIOMETER

Field of the Invention

This invention relates to a gravity gradiometer, and in

particular, but not exclusively, to a gravity gradiometer
for airborne use. The invention has particular
application for measuring diagonal and off-diagonal

components of the gravitational gradient tensor.

Backg;ound of the Invention

A gravity gradiometer is disclosed in our International
Patent Application No. PCT/AU2006/001269 and several
concurrently filed applications. The content of
International Patent Application No. PCT/AU2006/001269 is

incorporated into this specification by this reference.

Gravimeters are widely used in geological exploration to
measure the first derivatives of the earth’s gravitational
field. Whilst some advances have been made in developing
gravimeters which can measure the first derivatives of the
earth’s gravitational field because of the difficulty in
distinguishing spatial variations of the field from
temporal fluctuations of accelerations of a moving
vehicle, these measurements can usually be made to
sufficient precision for useful exploration only with

land-based stationary instruments.

Gravity gradiometers (as distinct from gravimeters) are
used to measure the second derivative of the gravitational
field and use a sensor which is required to measure the
differences between gravitational forces down to one part
in 10*? of normal gravity.

Typically such devices have been used to attempt to locate
deposits such as ore deposits including iron ore and

geological structures bearing hydrocarbons.
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The above-mentioned gradiometer has a sensor in the form
of a sensor mass which is pivotally mounted for movement

in response to the gravity gradient.

The gravity gradiometer disclosed in the aforementioned
International applications includes a housing for
supporting a sensor mass which is in the form of a sensor
bar. The bar is connected to the sensor mass by an
integral flexure web. If the flexure web breaks, the
housing and bar are therefore useful and require complete
replacement, which can be relatively expensive because of
the nature of the materials from which the bar and housing

are formed.

Summary of the Invention

The object of the invention is to provide a gradiometer
and method of forming a flexure web joint for a

gradiometer which overcomes this problem.

The invention therefore provides a gravity gradiometer for
measuring components of the gravity gradient tensor,
comprising:

at least one sensor bar for movement in response
to the gravity gradient;

a transducer for measuring the movement of the
sensor bar to provide a measure of at least one component
of the gravity gradient tensor,

a housing for supporting the sensor bar; and

a flexure web element formed separate to the
housing and the bar and having a flexure web, the element
being connected to the bar and the housing to support the
bar in the housing for pivotal movement about the flexure

web.

Since a separate flexure web element is provided, if the
flexure web does break, it is only necessary to remove the

old element and insert a new element which can be retained
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as a spare part in order to repair the gradiometer. This
therefore avoids the need to machine a complete new
housing and bar having the integral flexure web which is
time consuming, or the need to maintain complete spare

housings and flexure webs which is relatively expensive.

Preferably the flexure web element has a double dove~tail
configuration with a cut separating the dove-tails of the
double dove-tailed configuration, except for the location
of the flexure web, the housing having a dove-tail channel
and the sensor bar having a dove-tail channel for
receiving the element to thereby connect the element to
the housing and the bar.

The invention also provides a method of forming a flexure
web in a gravity gradiometer for measuring components of
the gravity gradient tensor, the gravity gradiometer
having a sensor bar mounted in a housing so that the
sensor bar can move relative to the housing in response to
the gravity gradient to provide a measure of at least one
component of the gravity gradient tensor, comprising:
forming a connection component on the bar and a
connection component on the housing, attaching a separate
flexure web element having a corresponding component to
the component on the bar and a corresponding component to
the component on the housing to the bar and housing by
heating one of the housing and bar, and the element, and
cooling the other of the housing and bar, and the element,
and locating the respective components together so that
when the housing, bar and element return to substantially
the same temperature, the element is connected to the bar
and housing by contraction and expansion of the housing,

bar and element.

Preferably the components on the bar and housing are dove-
tail shaped channels and the components on the housing are

corresponding dove-tail shaped elements separated by a cut
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except for the location of the flexure web.

Brief Description of the Drawings

Preferred embodiments of the invention would be described,
by way of example, with reference to the accompanying
drawings, in which:

Figure 1 is a schematic view of a gradiometer of
one embodiment of the invention.

Figure 2 is a perspective view of a first mount
forming part of a mounting of the gradiometer of the
preferred embodiment;

Figure 3 is a view of a second mount of the
mounting;

Figure 4 is a view from underneath the mount of
Figure 3;

Figure 5 is a cross-sectional view along the line
IV-IV of Figure 3;

Figure 6 is a cross-sectional view along the line
V-V of Figure 3;

Figure 7 is a view of the assembled structure;

Figure 8 is a view showing the sensor mounted on
the gimbal structure;

Figure 9 is a plan view of a bar of the preferred
embodiment;

Figﬁre 10 is a diagram showing actuator control;

Figure 11 is a block diagram showing operation of
the rotatable support system;

Figure 12 is a view of a gradiometer of the
preferred embodiment;

Figure 13 is a view of a first mount of a second
embodiment;

Figure 14 is a view of part of the mounting of
Figure 13 to illustrate the location and extent of the
flexural web of the first mount;

Figure 15 is a view of the mounting of Figure 13
from beneath;

Figure 16 is a view of the mounting of Figure 13
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including a second mount of the second embodiment;

Figure 17 is a cross-sectional view through the
assembly shown in Figure 16;

Figure 18 is a view from beneath of the section
shown in Figure 17;

Figure 19 is a view from beneath of the second
mount of the second embodiment;

Figure 20 is a view of the second mount of Figure
19 from above;

Figure 21 is an exploded view of the second mount
of the second embodiment;

Figure 22 is view of the assembled mounting and
sensors according to the second embodiment;

Figure 23 is a perspective view of the
gradiometer with some of the outer vacuum container
removed;

Figure 24 is a plan view of a housing for
supporting a bar according to a further embodiment of the
invention;

Figure 25 is an exploded view of part of the
embodiment of Figure 24;

Figure 26 is a more detailed view of part of the
housing of Figure 24;

Figure 27 is a circuit diagram of a transducer
used in the preferred embodiment of the invention;

Figure 28 is a side view of the physical layout
of the transducer of the preferred embodiment;

Figures 29, 30, 30A, 31, 32 and 33 are a series
of diagrams showing the formation of the transducer of the
preferred embodiment of the invention;

Figure 34 is a view similar to Figure 26 but
showing the transducer in place;

Figure 34A is a view of a more preferred
embodiment of the coil arrangement shown in Figures 29 to
33;

Figure 34B is a detailed view of part of the

arrangement shown in Figure 34A4;
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Figure 35 is a diagram to assist explanation of
the circuits of Figures 36 and 37;

Figure 36 is a circuit diagram relating to the
preferred embodiment of the invention, particularly
showing use of one of the sensors as an angular
accelerometer;

Figure 37 is a frequency tuning circuit;

Figure 38 is a diagram illustrating balancing of
the sensors of the gradiometer of the preferred
embodiment;

Figure 39 is a circuit diagram of a calibration
sensor used when balancing the gradiometer;

Figure 40 is a detailed view of the part of
Figure 24 circled and marked A;

Figure 41 is a drawing of a connector used in the
preferred embodiments of the invention;

Figure 42 is a circuit diagram of the connector
of Figure 41;

Figure 42A is a circuit diagram used with the
circuit of Figure 42;

Figure 43 is a diagram of a sensor bar and
transducer configuration of one embodiment of the
invention;

Figure 44 is a circuit diagram of the
configuration shown in Figure 43;

Figure 45 is a diagram illustrating a heat switch
of one embodiment of the invention;

Figure 45A is a view of a housing part of the
gradiometer according to one embodiment;

Figure 45B is a detailed view of part of the
embodiment of Figure 45A;

Figure 45C is a cross-sectional view along the
line 45C-45C of Figure 45A;

Figure 45D is a detailed view of part of the
arrangement shown in Figure 45C from beneath;

Figure 45E is a cross-section view along the line
45E~-45E of Figure 45D; and
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Figure 46 is a schematic diagram of a gradiometer

according to one embodiment of the invention.

Detailed Description of the Preferred Embodiments

Figure 1 is a schematic view of a gravity gradiometer
according to one embodiment of the invention.

The gradiometer shown in Figure 1 comprises a double
walled Dewar 1 which is supported in an external platform
2. The external platform 2 enables adjustment of the
Dewar and therefore the contents of the Dewar about three
orthogonal axes. The external platform 2 is generally
known and its adjustment by suitable motors or the like is
also known. Thus, a detailed description will not be

provided.

A vacuum canister 3 is provided in the Dewar and the Dewar
is supplied with liquid gas such as liquid helium He so
that the gradiometer can operate at cryogenic temperature.
The Dewar 1 is closed by an end plate 4 which includes
connectors 5a for connecting electrical leads (not shown)

to external components (not shown).

The canister 3 is closed by an end plate 9 which includes
connectors 5b for connecting electric leads (not shown) to
the connectors 5a. The gradiometer has a main casing 61
formed from a twelve-sided ring 62 and hemispherical domes
63 (see Figure 12). An internal mounting 5 is connected
to the ring 62. The ring 62 carries a support 65 to which
a feed through flange 9 is coupled. A neck plug 11 formed
of baffles 1lla which sandwich foam 11b is provided above
the canister 3. The baffles 1lla are supported on a hollow
rod 93 which extends to the canister 3 and which is also

used to evacuate the canister 3.

With reference to Figure 2 a first mount 10 of a rotatable

mounting 5 (Figure 7) of the gradiometer is shown which
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comprises a base 12 and an upstanding peripheral wall 14.
The peripheral wall 14 has a plurality of cut-outs 16.
The base 12 supports a hub 18.

Figures 3 and 4 show a second mount 20 which comprises a
peripheral wall 22 and a top wall 24. The peripheral wall
22 has four lugs 13 for connecting the mount to the casing
61. The top wall 24 and the peripheral wall 22 define an
opening 28. The peripheral wall 22 has a first part 25, a
second part 26 and a third part 27. The second mount 20
is a monolithic integral structure and the first part 25
is formed by making a circumferential cut 19 through the
peripheral wall except for the formation of flexure webs
as will be described hereinafter. The third part 27 is
formed by making a second circumferential cut 29 through
the peripheral wall 22 except for flexure webs which will
also be described hereinafter. The second mount 20 is
mounted on the first mount 10 by locating the hub 18 into
the opening 28 and the lugs 13 through respective cut-outs

16 as is shown in Figure 7.

The first mount 10 is joined to the second mount 20. The
first flexure web 31 is formed in the first mount 10 so a
primary mount portion of the mount 10 can pivot about the
web 31 relative to a secondary mount portion of the mount
10. This will be described in more detail with reference

to the second embodiment shown in Figures 13 to 21.

The lugs 13 connect the mounting 5 in the canister 3
which, in turn, locates in the Dewar 1 for cryogenic

operation of the gradiometer.

The Dewar is in turn mounted in a first external platform
for course rotational control of the gradiometer about
three orthogonal x, y, z axes. The mounting 5 mounts the
sensor 40 (which will be described in more detail

hereinafter and which is preferably in the form of a mass
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quadrupole) for much finer rotational adjustment about the
X, Y and z axes for stabilising the gradiometer during the
taking of measurements particularly when the gradiometer

is airborne.

The first flexure web 31 allows the first mount 10 to move
relative to the second mount 20 about a z axis shown in

Figure 7.

Figures 5 and 6 are views along the lines IV and V
respectively which in turn are along the cuts 19 and 29
shown in Figure 3. The peripheral wall 22 may be cut by
any suitable cutting instrument such as a wire cutter or
the like. Figure 5 shows the bottom surface 19a formed by
the cut 27. As is apparent from Figures 3 and 5 the cut
27 has two inverted v-shaped peaks 34. The apex of the
peaks 34 is not cut and therefore form a second flexure
web 33 which join the first part 25 to the second part 26.
Thus, the second part 26 is able to pivotally rotate
relative to the first part 25 about the x axis in Figure
7. The second cut 29 is shown in Figure 6 and again the
bottom surface 29a formed by the cut 29 is visible. Again
the second cut 29 forms two v-shaped peaks 35 and the
apexes of the peaks 35 are not cut and therefore form a
third flexure web 37 which connect the second part 26 to
the third part 27. Thus, the third part 27 is able to
pivotal rotate about the y axis shown in Figure 7.

Figure 8 shows sensor 40 mounted on the mounting. The
sensor 40 is an Orthogonal Quadrupole Responder — OQR
sensor formed of a first mass and a second mass in the
form of a first bar 41 and a second bar 42 (not shown in
Figure 8) orthogonal to the bar 41 and which is of the
same shape as the bar 41.

The bar 41 is formed in a first housing 45 and the bar 42

is formed in a second housing 47. The bar 41 and housing
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45 is the same as bar 42 and the housing 47 except that
one is rotated 90° with respect to the other so that the
bars are orthogonal. Hence only the housing 45 will be

described.

The housing 45 has an end wall 51 and a peripheral side
wall 52a. The end wall 51 is connected to rim 75 (Figures
2 and 7) of the wall 14 of the first mount 10 by screws or
the like (not shown). The bar 41 is formed by a cut 57 in
the wall 51 except for a fourth flexure web 59 which joins
the bar 41 to the wall 51. The flexure web is shown
enlarged in the top view of the bar 41 in Figure 9. Thus,
the bar 41 is able to pivot relative to the housing 45 in
response to changes in the gravitational field. The bar
42 is mounted in the same way as mentioned above and also
can pivot relative to its housing 47 in response to
changes in the gravitational field about a fifth flexure
web 59. The housing 47 is connected to base 12 (Figure 2)
of the first mount 10.

The bar 41 and the housing 45 together with the flexure
web 59 in this embodiment are an integral monolithic
structure. However, the web 59 can be made separate to
the housing 45 and connected to the housing 45 and bar 41,
as will be described in the embodiment of Figures 24 and
25

Transducers 71 (not shown in Figures 2 to 6) are provided
for measuring the movement of the bars and for producing
output signals indicative of the amount of movement and
therefore of the measurement of the differences in the

gravitational field sensed by the bars.

Figure 10 is a schematic block diagram showing actuator
control to stabilise the gradiometer by rotating the
mounting 5 about three orthogonal axes (x, Yy, zZ). A

controller 50 which may be a computer, microprocessor or
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the like outputs signals to actuators 52, 53, 54 and 55.
The actuator 52 could rotate the mounting 5 about the x
axis, the actuator 54 could rotate the mounting 5 about
the y axis and the actuator 54 could rotate the mounting 5
about the z axis. However, in the preferred embodiment,
two of the four actuators 52, 53, 54 and 55 are used to
rotate the mounting about each axis so that rotation about
each axis is caused by a combination of two linear
movements provided from two actuators. The linear
movement provided by each actuator will be described with
reference to Figures 31 and 32. The position of the
mounting 5 is monitored so that appropriate feedback can
be provided to the controller 50 and the appropriate
control signals provided to the actuators to rotate the
support 10 as is required to stabilise the support during
movement through the air either within or towed behind an

aircraft.

The preferred embodiment also includes angular
accelerometers which are similar in shape to the bars 41
and 42 but the shape is adjusted for zero quadrupole
moment. The linear accelerometers are simple pendulous
devices with a single micro pivot acting as the flexural

hinge.

Figure 11 is a view of a feedback control used in the

preferred embodiment.

Figure 12 is a cut away view of the gradiometer ready for
mounting in the Dewar 1 for cryogenic operation which in
turn is to be mounted in the external platform. Although
Figures 2 to 8 show the gradiometer with the bars 41 and
42 top and bottom, the instrument is actually turned on

its side (90°) so that the bars 41 and 42 are at the ends

as is shown in Figure 12.

Figure 12 shows the mounting 5 arranged within the casing
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61 and formed by the ring 62 and the transparent
hemispherical ends 63. The ring 22 has connectors 69 for
connecting the internal wiring from transducers 71 (see
Figure 8) and SQuID (Superconducting Quantum Interference
Device) Electronics located in the casing 61 to the

connectors 5b (Figure 1).

The transducers 71 measure the angle of displacement of
the bars 41 and 42 and the control circuitry (not shown)

is configured to measure the difference between them.

Error correction can be performed numerically based on
digitised signals from the accelerometers and a

temperature sensor.

The transducers 71 are SQuID based transducers and the
error correction is made possibly by the large dynamic
range and linearity of the SQuID based transducers.

Figures 13 to 21 show a second embodiment in which like
parts indicate like components to those previously
described.

In this embodiment the first mount 10 has cut-outs 80
which effectively form slots for receiving lugs (not
shown) which are connected to the mount 10 in the cut-outs
80 and also to the second mount 20 shown in Figures 19 to
21. In this embodiment the lugs are separate components
so that they can be made smaller, and more easily, made
than being cut with the second mount section 20 which
forms the second flexure web 33 and the third flexure web
37.

In Figure 13 a cut 87 is made to define the part 18a of
the hub 18. The cut 87 then extends radially inwardly at
88 and then around central section 18c as shown by cut
101. The cut 101 then enters into the central section 18c
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along cut lines 18d and 18e to define a core 18f. The
core 18f is connected to the central section 18c by the
flexural web 31 which is an uncut part between the cut
lines 18e and 18d. The part 10a therefore forms a primary
mount portion of the mount 10 which is separated from a
secondary mount portion 10a of the mount 10 except for
where the portion 18a joins the portion 10a by the
flexural web 31. The part 18a effectively forms an axle
to allow for rotation of the part 18a relative to the part
10a in the z direction about the flexure web 31.

As is shown in Figure 14, the cut line 88 tapers outwardly
from the upper end shown in Figure 14 to the lower end and
the core 18c tapers outwardly in corresponding shape, as
best shown in Figure 17.

As is apparent from Figures 13 to 18, the first mount 10
is octagonal in shape rather than round, as in the

previous embodiment.

Figures 19 to 21 show the second mount 20. Figure 16
shows the second mount 20 mounted in the first mount 10.
As is best shown in Figures 19 and 20, the second mount 20
has cut-outs 120 which register with the cut-outs 80 for
receiving lugs (not shown). The lugs can bolt to the
second mount 20 by bolts which pass through the lugs and
into bolt holes 121. The lugs (not shown) are mounted to
the mount 20 before the mount 20 is secured to the first
mount 10.

In the embodiment of Figures 19 and 20, the peaks 34 and
inverted peaks 35 are flattened rather than of V-shape as

in the previous embodiment.

In this embodiment, top wall 24 is provided with a central
hole 137 and two attachment holes 138a. Three smaller
holes 139a are provided to facilitate pushing of the
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housing 45 off the part 18a if disassembly is required.
When the second mount 20 is located within the first mount
10, the upper part of central section 18c projects through
the hole 137, as best shown in Figure 16. The mount 20
can then be connected to the mount 10 by fasteners which
pass through the holes 138 and engage in holes 139b (see
Figure 13) in the part 18a.

Thus, when the first housing 45 and its associated bar 41
is connected to the rim 75 of the housing 10 and the
second housing 47 is connected to the base 12, the
housings 45 and 47 and their associated bars 41 and 42 are
therefore able to move about three orthogonal axes defined
by the flexure web 31, the flexure web 33 and the flexure
web 37.

As is best seen in Figure 21 which is an exploded view of
the three parts 25, 26 and 27 which make up the second
mount 20, an opening extends through the mount 20 which is
formed by the hole 137, hole 138 and hole 139. It should
be understood that the mount 20 shown in Figure 21 is a
monolithic structure and is merely shown in exploded view
to clearly illustrate the location of the flexural webs 33
and 35. Obviously the flexural web 33 shown in Figure 21
joins with the part 26 and the flexural web 35 shown in
Figure 21 joins with the part 27. The holes 137, 138 and
139 define a passage through which the axle or first
portion 18a of the first mount 10 can extend when the

second mount 20 is located in the first mount 10.

Thus, when the second mount 20 is fixed to the part 18a,
the second mount 20 can pivot with the first portion 10a
of the first mount 10 about a z axis defined by the
flexure web 31 whilst the second portion formed by the
part 18a remains stationary. Movement about the x and y
axes is achieved by pivotal movement of the second mount
20 about the flexure webs 33 and 35 as previously
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described.

Figure 22 shows the linear and annular accelerometers 90
fixed to the housings 45 and 47.

The gravity gradient exerts a torque on a rigid body with
any mass distribution provided it has a non-zero
quadrupole moment. For a planar body, in the x-y plane
and pivoted about the z-axis, the quadrupole is the
difference between moments of inertia in the x and y
directions. Thus a square or circle has zero quadrupole

moment, while a rectangle has a non-zero value.

The torque produced is what éonstitutes the signal
measured by the gradiometer.

There are two dynamical disturbances which can also

produce torques and consequently are sources of error.
The first is linear acceleration.

This produces a torque if the centre of mass is not
exactly at the centre of rotation - i.e. the bar is
"unbalanced". The bars 41 and 42 are balanced as well as
possible (using grub screws to adjust the position of the
centre of mass) but this is not quite good enough, so
there is a residual error. This error can be corrected by
measuring the linear acceleration and using this to
numerically subtract away the erroneous part of the
signal.

The second is angular motion.

There are two aspects to angular motion, each of which

produces a different error.

The first is aspect angular acceleration.
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Angular acceleration produces a torque on the mass
distribution through its moment of inertia (even if the
quadrupole moment is zero). This is an enormous error and

two preferred techniques are used to counteract it.

The first is to use internal rotational stabilization.
This is depicted in the block diagram of Figure 10. Here
Ho(s) represents the sensor assembly pivoted about the
mounting 5 (as per Figure 9). The block A(s) represents
the actuator, which provides the feedback torque to effect
the stabilization by canceling the applied disturbances.
T(s) represents the sensor (or transducer) which measures
the effect of the applied disturbance. This is the
angular accelerometer. Using angular accelerometers in
rotational control is unusual - usually gyros and/or
highly damped tilt meters are used, but for our purpose
the angular accelerometers are better, as the error is

proportional to the angular acceleration disturbance.

The second is to use common mode rejection CMRR - that is
why 2 orthogonal bars are needed. For the two bars, the
error torque produced by the angular acceleration is in

the same direction, but the signal torque produced by the

gravity gradient is in opposite direction.

Therefore, by measuring the difference in deflection
between the two bars, the gradient is sensed but not the

angular acceleration.

Therefore, two separate angular accelerometers 90 (labeled
90' in Figure 22 for ease of identification) are provided.
We have two independent output signals from the pair of
OQR bars 41 and 42. The first is proportional to the
difference in deflection, which gives the gradient signal
and the second is proportional to the sum of their

deflections, which is proportional to the angular
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acceleration and provides the sensor for the z-axis

rotational control.

The x and y axes require separate angular accelerometers.
Rotational stabilization about these axes is required
because the pivot axes of the two bars are not exactly
parallel and also to counteract the second form of error

produced by angular disturbance, discussed below.
The second aspect is angular velocity.

Angular velocity produces centrifugal forces, which are
also a source of error. The internal rotational
stabilization provided by the actuators reduces the

angular motion so that the error is below 1 Eotvos.

Figure 23 shows main body 61 and connector 69 with the

hemispherical ends removed.

Figure 24 is a plan view of housing 45 according to a
still further embodiment of the invention. As is apparent
from Figure 24, the housing 45 is circular rather than

octagonal, as is the case with the embodiment of Figure 8.

The housing 45 supports bar 41 in the same manner as
described via flexure web 59 which is located at the
centre of mass of the bar 41. The bar 41 is of chevron
shape, although the chevron shape is slightly different to
that in the earlier embodiments and has a more rounded
edge 4le opposite flexure web 59 and a trough-shaped wall
section 41f, 41g and 41h adjacent the flexure web 59. The
ends of the bar 41 have screw-threaded bores 300 which
receive screw-threaded members 301 which may be in the
form of plugs such as grub screws or the like. The bores
300 register with holes 302 in the peripheral wall 52a of
the housing 45. The holes 302 enable access to the plugs
301 by a screwdriver or other tool so that the plugs 301
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can be screwed into and out of the bore 300 to adjust
their position in the bore to balance the mass 41 so the

centre of gravity is at the flexure web 59.

As drawn in Figure 24, the bores 300 are a 45° angle to the
horizontal and vertical in Figure 24. Thus, the two bores
302 shown in Figure 24 are at right angles with respect to

one another.

Figure 24 also shows openings 305 for receiving the
transducer 71 for monitoring the movement of the bar 41
and producing signals which are conveyed to the SQUID
device. Typically, the transducer is in the form of a
coil and as the bar 41 moves slightly due to the gravity
difference at ends of the bar, a change in capacitance
occurs which alters the current in the coil to thereby

provide a signal indicative of movement of the bar 41.

In the embodiment of Figure 24, the flexure web 59 is not
integral with the bar 41 and housing 45 but is rather

formed on a separate web element 501.

In this embodiment the bar 41 (and also the bar 42 in the
second housing, not shown in Figures 24 and 25) are cut
separate to the housing 45. The bar 41 is formed with a
dove-tail shaped channel 502 and the housing 45 is
provided with a correspondingly shaped dove~tail channel
503.

As is best shown in Figure 25, the web element 501 is of
double dove-tail shape having a first dove-tail part 501a
and a second dove-tail part 501b which are joined together
by the flexure web 59. The parts 501 and 501b are
separated by a cut 504 apart from the location of the
flexure web 59.

The part 50la is shaped and configured to fit into the
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channel 503 and the part 501b is shaped and configured to
fit into the channel 502. Thus, when the element 501 is
located into the channels 502 and 503, the element 501
joins the bar 41 to the housing 45 and provides the
flexure web 59 to enable movement of the bar 41 in the
housing 45.

In order to secure the element 501 in the channels 502 and
503, the element 501 is cooled to a low temperature so
that it effectively shrinks relative to its ambient
temperature size. The housing 45 and the bar 41 can be
heated so that they expand to increase the size of the
channels 502 and 503 relative to their ambient temperature
state. Thus, the shrunk element 501 can easily fit into
the channels 502 and 503 as a relatively snug fit and when
both the element 501 and the bar 41 and housing 45 return
to ambient temperature, the housing 41 and bar 45
effectively contract or shrink relative to the element 501
which expands thereby causing the element 501 to tightly
lock in the channels 502 and 503.

When the gradiometer is used at cryogenic temperatures,
both the element 501 and the bar and housing will
experience the same temperature, and therefore temperature
difference between that which occurred when the element
501 was fitted into the channels 502 and 503 is maintained
to maintain the lock and integrity of the connection of
the element 501 to the bar 41 and housing 45.

The use of the element 501 means that the flexure web 59
is formed on a separate component and if the web 59
breaks, the element 501 can simply be removed and replaced
by a new element. This therefore avoids the need to
replace the entire housing 45 and bar 41 in the event that
the flexure web 59 does break.

The flexure webs 31, 33 and 37 could be formed on separate
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web elements similar to the element 501 instead of being
integral with their respective mounting parts to thereby
avoid the need to replace the entire mounting part, should

one of those webs break.

Figure 26 is a more detailed view of part of the housing
of Figure 24 showing the openings 305. As can be seen
from Figure 25, the openings 305 have shoulders 401 which
form grooves 402. A spring 403 is arranged adjacent
surface 406.

Figures 27 to 33 are drawings relating to the transducer
71 used in the preferred embodiments of the invention,
which measure the movement of the bars 41 and 42 in the
housings 45 and 47. Only one of the transducers is shown

in Figures 27 to 33.

As is shown in Figure 27 the transducer 70 has two sensing
coils 510 and 511 which have their inductance modulated by
the motion of superconducting surface 4la of the bar 41,
as the bar 41 moves about the flexure web 59 in response
to changes in the gravitational field. The coil 510 is a
large inductance fine pitch coil with many turns which is
intended to carry a relatively low current. The coil 511
is a low inductance coarse pitch pancake coil with fewer
turns and is tightly coupled to coil 510 but separated
from the coil 510 by a thin insulating layer 513 (which is
shown in Figure 32). The coils 510 and 512 are concentric
with one another and are provided on one surface of a
Macor block 514 (see Figure 29) which supports a silicon
substrate 515 (Figures 28 and 29).

A ballast inductor coil 516 is provided in parallel with
the coil 510 and input leads 517 and 518 are provided for
inputting an initial current into the loop formed by the
coil 510 and the coil 516. The input and output leads are
separated by a heat switch 519, The function of the heat
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switch 519 and leads 517 and 518 will be described in
detail hereinafter. Suffice it to say for the present
description that the leads 517 and 518 and the switch 519
enable an initial current to be stored in the loop formed
by the coils 510 and 516 which will be modulated by
movement of the bar 41 during cryogenic operation of the

gradiometer to sense changes in the gravitational field.

The coil 516 also provides for tuning of the effective
spacing of the coils 510 and 516 from the surface 512, as

will be described in more detail hereinafter.

The coil 511 is connected parallel to coil 518 which forms
part of the SQUID device 367. A fixed ballast inductor in
the form of coil 519 can be provided in parallel with the
coils 511 and 518 in order to carry any large currents so
those currents do not flow into the SQUID device 367.
Provided that the inductance of the coil 519 is much
greater than that of the coil 518, the sensitivity is not
altered by the inclusion of the fixed ballast inductor
519.

In order to provide a suitable pancake coil for measuring
the movement of the surface 512, a large number of turns
is required. This makes the formation of conventional
coils formed by winding a wire onto a substrate difficult
because of the size of the coil and the restraints on size
due to its inclusion in the housing 45 and in proximity to
the bars 41 in the gravity gradiometer.

To overcome difficulties of manufacture and expense, the
sensing coil is formed from a thin film technology so that
the coil is an integrated circuit formed on a silicon '
substrate by suitable masking manufacturing techniques
which are well known. However, such thin film technology
suffers from the disadvantage of having relatively low

current limit requirements. To overcome this drawback the
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circuit is provided with at least two coils 510 and 511 as
described with reference to Figure 27. The coil 511
effectively amplifies the current in the coil 510 suitable
for the SQUID device 367. Thus, the coil 511 effectively
forms a transformer to increase the output current of the
coil 510. Although this also decreases the effective
source inductance, this is not a drawback because using
high resolution micro-circuits, it is possible to make

coils with many turns and very large inductance.

Thus, as shown in Figure 29 which is a plan view of the
Macor block 514 shown in side view in Figure 28, a silicon
substrate 515 is laid on the block 514 and, as is shown in
Figure 30, a circular aluminium capacitor plate 518a is
then formed on the silicon substrate 515. The plate 518a
is provided with radial slots 519a to reduce circulation
of current around the plate 518a. Concurrently with
formation of the capacitor plate 518a, heater switch input
520 and 521 are formed for supplying current to the heat
switch 519b. Input and output pads 517a are also formed
for supplying the initial source current which flows
through the coil 510 and coil 516. A thin insulating
layer 522 is then laid over the capacitor 518a, as is
shown in Figure 31. A layer containing the fine coil 510
is then formed on the insulating layer 522, as are input
and output leads 517 for supplying the initial current
which circulates through the loop formed by the coils 510
and 516. The fine coil 510 is formed from superconducting
material such as niobium and may have 1200 turns, a pitch
of 5 microns, an outside diameter of 28 um and an inside
diameter of 16 um.

An insulating layer is then formed over the coil 510. The
insulating layer 513 shown in Figure 32 is then laid over
the coil 510 to separate the coil 510 from the coil 511
and the coarse coil 511 is then laid on the insulating
layer 513 as shown in Figure 32.
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The coarse coil 511 is also made from superconducting
material such as niobium and, for example, has 36 turns
with a pitch of 150 microns, and outside and inside

diameters which are the same as the fine coil 510.

The ballast coil 516 is provided on the opposite side of
the substrate 515 to the coils 510 and 511. This is done
by providing two substrates which are about 0.5 mm thick
and gluing the two substrates together so that the coil
516 is on the outer opposite surface of the formed
substrate to that on which the coils 510 and 511 are
deposited. The coil 510 is connected to the coil 516 by
bond wires 535 (only one shown in Figure 28). The Macor
block 514 is provided with a slight recess 539 to
accommodate the bond wires 535. Bond wires 536 also
extend between the substrate 515 and a niobium contact
strip 537 formed on the Macor block 514.

As is shown in Figure 33, part of the coarse coil 511 is
covered by insulating strips 530 to enable interconnection
of the coil 511 to the SQUID device 367 such as via pads
531 and lead 532 and pad 533, pad 534 and lead 535.

In the simplest embodiment of the invention the integrated
circuit formed by the aforementioned layers may be as
simple as comprising the coil 510 and the coil 511, as
well as the aluminium capacitor plate 518 all separated by
their respective insulating layers.

In this embodiment the arrangement provides good coupling
with K;» approaching unity. The initial current
circulating in the loop formed by the coarse coil 511 and
the SQUID device 367 can be set to zero with the sensing
flux maintained by the current in the coil 510. Although
the current is small, the sensing flux is large because
the coil 510 has a large number of turns.
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An initial current is stored in the coil 510 (or in the
loop formed by the coil 510 and the coil 516) by supplying
a current via input lead 517 to the loop. Current is also
supplied to the leads 520 and 521 to cause the resistor
519a to heat up, thereby heating up the part of the loop
shown in Figure 28 adjacent the heating resistor 519
which underlays the lead 517, as shown in Figure 32, to
heat that part of the lead 517 and therefore effectively
break the superconducting loop. Current supplied from the
leads 517 and 518 can then circulate through the loop and
those leads to induce the initial current in the loop.
Current is then discontinued to the heating resistor 519b
and the current induced in the loop continues to circulate
in the loop because of the superconducting characteristics
of the loop. The current which is induced in the loop is
the current which is modulated by movement of the bar 41
relative to the coil 510 so as to change the magnetic flux
which is produced which in turn alters the current in the
coil 511 which in turn is sensed by the SQUID device 367
to provide a measurement of the change in the

gravitational field.

In the embodiment shown in Figures 27 and 28 which
includes the coil 516, the coil 516, as is previously
explained, is mounted on the opposite side of the
substrate 515 to the coil 510 and prevents the bias
current flowing through the coil 510 from flowing in the
external leads 517. The coil 516 is effectively an exact
copy of the coil 510 and is preferably therefore also
formed from a thin film layer deposited onto the substrate
515. The bond wires 536 which connect to the strips 537
form the connections for enabling the coil 511 to be
connected to the SQUID device 367.

The coil 516 may also be used to tune the effective
spacing of the coil 510 from the front face 512 of the bar
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41 so that all of the transducers which are used can be
spaced from the surfaces 512 by the same distance. This
will be described in more detail hereinafter, but suffice
it to say for the present description that coils 516 and
510 can form a single virtual coil by suitably selecting
the current which is induced in the loop formed by the
coils 510 and 516. Thus, by changing that current the
position of the virtual coil effectively moves between the
coils 510 and 516 to provide a virtual coil position which
can be located at a predetermined distance from the face
512. By suitably selecting the currents which circulate
through the respective loops, tolerances in manufacture
and assembly of the device can be overcome to ensure that
the virtual coil formed by the coils 510 and 516 are
equally spaced from the faces 512 of their respective

bars.

Thus, the coil 516 can be used to perform the dual
function of avoiding bias currents in the external leads
as described above, and also tuning of the effective

spacing of the coil 510 from the surface 512.

In the embodiments described above, the capacitor plate
518a is concentric with the coils 510 and 511. The
capacitor plate 518a does not play any part in the
operation of the transducer in order to sense changes in
the gravitational field. The capacitor plate 518a is used
to calibrate the balance of the bars 41 and 42 in their
respective houses 45 and 47, as will be described in more
detail hereinafter. The positioning of the capacitor
plate 518a as a concentric arrangement with the coils 510
and 511 and substantially coplanar with those coils means
that the capacitor plate 518a sees the same signal which
is seen by the coil (that is, the gap between the surface
512 and the coil 510). Thus, when the capacitor 518 is
used to calibrate the balance of the bars 41 and 42, the

capacitor is measuring the same effective signal as would
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be seen by the coils during operation of the gradiometer.
This enables the bars 41 and 42 to be balanced relative to
the signal which is actually detected by the coils 510
during operation of the device, thereby improving the
balancing of the bars 41 and 42 and therxefore the

operation of the gradiometer.

The plate 518a is provided concentric with the coils 510
and 511 in this embodiment by making the plate 518 and the
coils 510 and 511 having substantially the same centre
point. However, in other embodiments the concentric
arrangement can be provided by providing the capacitor
plate 518a as separate platelets concentrically arranged
about the centre location of the coils 510 and 511 rather
than a common centre, as shown in Figure 30A. Different

geometrical arrangements are also possible.

Figure 34 shows the location of the block 514 in the
opening 305 and the grooves 402 and is biased by the
spring 403 against the shoulders 401 to hold the block 514
in place with the coil 510 being adjacent the edge face
4la of the bar 41.

Thus, the coil 510 and the bar 41 form an lc¢ circuit so
that when the bar 41 moves, the current passing through
the coil 510 is changed.

With reference to Figure 34A and Figure 34B, a more
prreferred arrangement of the coils 510 and 511 is shown.
In the embodiment previously described the coils 510 and
511 are generally circular pancake type coils. To more
easily form the coils and enable interconnection of the
coils with other circuit componentry of the gradiometer,
the coils 510 and 511 in Figures 34A and 34B are
meandering coils formed on the block 514 in two separate
layers which are separated by insulation as previously

described.
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As best shown in Figure 34A the coarse pitch coil 511
meanders in generally curved zigzag fashion and has arms
51la which are joined by curved transitions 511b at
respective alternate ends of the arms 5l1la as shown in
Figure 34A. The fine pitch coil 510 is not shown in
Figure 34A. However, if the fine pitch coil merely
follows the meander of the coil 511 so that there are a
number of fine pitch meandering arms having current
flowing in opposite directions associated with each arm
51la, then the current in the arms of the fine pitch coil
will simply cancel one another to produce zero net

magnetic flux.

The avoid this the fine pitch coil 510 meanders in the
manner shown in Figure 34B relative to the coil 511. The
coil 510 has a first arm 510a which follows the meandering
part of the coil 511 (which is shown in dotted lines in
Figure 34B) to the opposite end of the coil 5l1lla then
returns along coil section 510b to form a further arm
510a' which then meanders in the same manner to return
along coil part 510c to again form a further arm 510a''.
The coil 510 then returns along circuit part 510d to form
a still further arm 510a''’.

Thus, the current flowing through the arms 510a of the
coil 510, which overlap the arms 51la of the coil 511, is
in the same direction as indicated by the arrowheads in
each of those arms. Therefore, there is no cancelling of
the magnetic flux in each coil 510a associated with the
overlapped arm 51lla of the coil 511. Further still, the
coil 510 need only cross over itself at one location 512a
as shown in Figure 34B in order to provide an output
current from the coil 510. The coil part 512a can be on a
separate layer to the remainder of the coil 510 (for
example, the same layer as the coarse pitch coil 511) so
that the insulating layer between the coils 510 and 511
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separates the circuit part 512a from the remainder of the

coil 510 shown in Figure 34B).

The coil 511 is dimensioned such that the width W of the
arms 5l1lla of the coarse pitch coil is greater than the
space d between the surface of the bar 41 and the surface
of the block 514 on which the coils 510 and 511 are

deposited as shown in Figure 34.

As will be apparent from Figure 24, four transducers 71
are arranged adjacent the ends of the bar 41. The other
housing 47 also has four transducers arranged adjacent the
bar 42. Thus, eight transducers 71 are provided in the

gradiometer.

Figure 35 is a diagram of the bars 41 and 42 showing them
in their “in use” configuration. The transducers which
are located in the openings 305 are shown by reference
numbers 7la to 7le to equate to the circuit diagrams of
Figures 36 and 37.

With reference to Figures 36 and 37, transducers 7la and
71b associated with the bar 41, and transducers 71g and
7le associated with the bar 42 are used to provide the

gravity gradient measurements.

Input terminals 361 provide input current to the
superconducting circuits shown in Figure 36. Heat
switches which may be in the form of resistors 362 are
provided which are used to initially set the
superconducting current within the circuit. The heat
switches 362 are initially turned on for a very short
period of time to heat those parts of the circuit at which
the resistors 362 are located to stop those parts of the
circuit from superconducting. Currents can then be
imposed on the superconducting circuit and when the heat

switches formed by the resistors 362 are switched off, the
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relevant parts of the circuit again become superconducting
so that the current can circulate through the circuits
subject to any change caused by movement of the bars 41
and 42 under the influence of the gravity gradient and

angular acceleration, as will be described hereinafter.

The transducers 71a, 71b, 71g and 7le are connected in
parallel to circuit line 365 and to circuit line 366 which
connect to a SQUID 367.

Thus, as the bars 41 and 42 rotate about their respective
flexure web, the bars 41 and 42, for example, come closer
to the transducer 7la and therefore further away from the
transducer 71b, and closer to the transducer 71h and
further away from the transducer 71g respectively. This
therefore changes the current flowing through the
transducers and those currents are effectively subtracted
to provide signals for providing a measure of the gravity

gradient.

As is shown in Figure 37, transducers 7l1lc and 71d form a
separate circuit and are used for frequency tuning of the
bar 41 and transducers 7la and 71b. Similarly, the
transducers 7le and 71f are used for frequency tuning of
the bar 42 and the transducers 71g and 71h. Frequency
tuning of the bars is important because the bars should be
identical in order to reject angular accelerations. The
frequency tuning circuits therefore enable electronic
tuning of the bars to match resonant frequencies and to
achieve mode rejection so that each of the bars does

function in an identical manner.

The transducers 7la, 71b, 71lg and 71h are also used to
form angular accelerometers for measuring the angular
movement of the mounting 5 so that feedback signals can be

provided to compensate for that angular movement.
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To do this, the line 366 is connected to a transformer
370. The polarity of the signals from the transducers 7la
and 71b and 71g and 71h are reversed so that the output of
the transducer 370 on lines 371 and 372 is an addition of
the signals rather than a substraction, as is the case
when the gradient is measured so the addition of the
signals gives a measure of the angular movement of the
bars. The outputs 371 and 372 are connected to SQUID
device 375 for providing a measure of the angular
acceleration which can be used in the circuit of Figure 10
to provide compensation signals to stabilise the mounting
5.

Thus, according to the preferred embodiment of the
invention, the angular accelerometers 90' provide a
measurement of angular acceleration, for example, around
the x and y axes, and the angular accelerometer formed by
the bars 41 and 42 and the transducers 7la, 71b, 71lg and
71h provide a measure of the angular accelerometer around

the, for example, z axis.

With reference to Figures 38 and 39, the manner in which
the balance of the bars 41 and 42 is achieved will be
described. A pair of displacement sensors formed by

capacitors 400 and 401 are provided for two main purposes:

1. To measure the residual linear acceleration
sensitivity of each bar 41 (and 42) to enable the
bars to be mechanically balanced using the grub
screws 301 described with reference to Figure 24,

before operation at low temperatures; and

2. To measure the induced linear acceleration

sensitivity of each bar 41 and 42.

The capacitor 400 is formed by the previously described
capacitor plate 518a and the surface 4la of the bar 41. A
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second circuit the same as that shown in Figure 39 is used
to measure the change experienced by the capacitor 401.
That circuit is the same as Figure 38 except the capacitor
400 is replaced by the capacitor 401 which is formed by a
capacitor plate and surface 4la relating to another of the

transducers 71.

The bars 41 and 42, in their respective housings, are
rotated in a jig (not shown) through 360°. This provides
an acceleration range of 2 gz, which is typically 100 times
greater than the accelerations which may be conveniently
applied at low temperature. A typically requirement is
for the capacitors 400 and 401 to be able to detect 0.1 nm
over a period of 1 to 20 minutes. A pair of capacitors
400 and 401 is required for each bar to provide some
discrimination against sensor drift, since rotation of the
bar 41 will cause one capacitor 400 t6 increase and the
other capacitor 401 to decrease by the same amount, as is
shown in Figure 38, whereas thermal expansion will cause
both outputs of the capacitors 400 and 401 to increase.
The capacitors 400 and 401 remain in place, even though
they are unusable at low temperatures, and therefore their
components need to be non-magnetic so as to not interfere
with the operation of the gradiometer and, in particular,

its nearby superconducting circuitry.

Figure 38 shows that as the bar 41 pivots, the gap
applicable to the capacitor 400 decreases and the gap of

the capacitor 401 increases.

The capacitors 400 and 401 are formed by the face 4la of
the bar 41 (and the corresponding face on the other bar
42) and second plates 405 which are spaced from the face
4la. The gap between the plates of the respective
capacitors 400 and 401 must typically be resolved to about

1 ppm.
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The capacitor 400 forms a high Q-factor resonant circuit
with inductor 410. The inductor 410 and capacitor 400 are
provided parallel to capacitors 411 and 412 and connect
via capacitor 413 to an amplifier 414. The output of the
amplifier 414 is provided to a frequency counter 415 and
also fed back between the capacitors 412 and 411 by line
416. The capacitor 400 therefore determines the operating
frequency of the amplifier 414 which can be read to a high

precision.

If the bar 41 is out of balance, the frequency counter 45
will tend to drift because of the imbalance of the bar.
This can be adjusted by moving the grub screws 301 into
and out of the masses as previously described until
balance takes place. The amplifier 414 can then be
disconnected from the frequency counter 415 so that the
gradiometer can be arranged within the Dewar 1 with the

other parts of the circuits shown in Figure 39 in place.

Figure 40 is a detailed view of part of the bar 41 and
housing 45 shown in Figure 24 and marked by the circle A.
Because the bar 41 is connected to the housing 45 by a
very thin flexure web 59, if the bar 41 moves too much it
may exceed the elastic limits of the flexure web 59. This
can degrade the flexure joint and therefore the movement
of the bar 41 under the influence of differences in

gravitational field experienced at ends of the bar 41.

The amount of movement of the bar 41 which would normally
take place and which is required in order to provide
signals indicative of likely change in the gravitational
field is in the order of 10 microns. Typically the bar 41
is cut from the housing 45 by a wire cutting operation
which makes a cut such as that labelled 550 in Figure 40
which has a thickness of about 60 microns. Thus, the
amount of space which is available for the bar 41 to move

greatly exceeds that which is required and that which may
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exceed the elastic limit of the flexure web 59. To
prevent the bar 41 from moving beyond the elastic limit
(such as more than plus or minus 10 microns) a cut 551 is
made adjacent the end of the bar 41. A similar cut is
made at the other end of the bar 41 which is not shown in
Figure 40. The cut 551 is provided with an enlarged hole
552. The cut 550 which defines the end of the bar 41 is
provided with a profiled section 553 which defines a first
abutment surface 554 and a second abutment surface 555.

The very thin strip of material 556 between cut 551 and
the cut 550 has a profile 557 which matches the profile
553 except that abutment surfaces 558 and 559 formed at
the end of the profile 557 are spaced apart by a distance
of 20 microns less than the space between the abutment
surface 554 and 555. Thus, the abutment surfaces 558 and
559 can move in the direction of arrow B (as will be
explained hereinafter) so that the abutment surfaces 558
and 559 move into the profile 553 adjacent to and slightly
spaced from the surfaces 554 and 555.

The thin strip of material 506 is moved in the direction
of arrow B to so locate the abutment surfaces 558 and 559
by inserting a pin into the hole 552 which pushes the
strip of material 556 in the direction of arrow B so that
the surfaces 558 and 559 register with the surfaces 554
and 555. Thus, the surfaces 554 and 558 are spaced apart
by a distance of about 10 microns and the surfaces 555 and
559 are spaced apart by a distance of about 10 microns.
Thus, when the bar 41 moves in the direction of double-
headed arrow C in Figure 40 about the flexure web 59, the
amount of movement is limited to 10 microns because the
surface 554 will then engage the surface 558 and the
contact of those surfaces will prevent further movement of
the bar 41. Similarly, if the bar 41 is moved in the
opposite direction, then the surface 555 contact the

surfaces 559 to again limit the movement to about 10
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microns.

Therefore, movement of the bar 41 is limited to a movement
within the elastic limit of the flexure web 59 so the web
does not become degraded and adversely influence operation

of the gradiometer.

Figures 41 and 42 are more detailed drawings showing the
connector 5a which is used to connect electrical signals
from inside the Dewar 1 to componentry (not shown) outside
the Dewar 1. 1In particular, the structure and circuit of
Figures 41 and 42 is intended to shield the SQUID devices
367 from RF interference which may otherwise take place if
there is simply a wire terminal passing through the end

plate 4 to the external componentry.

The connector 5a comprises a container 560 which has a
bottom wall 561 sealed to end plate 4 by an O-ring 562. 2
lead such as that marked 563 passes from inside the Dewar
1 through end plate 4 to a feed through filter 564 mounted
on the bottom wall 561. A first baffle 567 supports a
three terminal cap 565 which is connected to the feed
through filter and the cap 565 is connected to a relay 566
which is supported on a second baffle 567. The relay 566
includes a relay switch 568 (see Figure 42) which in turn
passes through a connecting element 570 on the container
560 to a lead 571 to connect to the external componentry
(not shown).

As is shown in Figure 41, the lead 563 connects to the
feed through filter 564 which is comprised of an inductor
571 and a capacitor 572 which is connected parallel to the
inductor 571 on one side and to earth on the other side.
The inductor 571 connects to the three terminal cap 565
which comprises an inductor 573, an inductor 574 and a
capacitor 575. The capacitor 575 is connected parallel to
the inductors 573 and 574 on one side and is earthed on
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the other side. The inductor 574 connects to the relay
566 which comprises a relay coil 575 and the relay switch
568. When it is desired to conduct signals from the lead
563 to the lead 571, current is supplied to the relay coil
575 to close the switch 568 so that the signals can pass
through the filter 564, the three terminal cap 565, the
relay switch 568 to the lead 571. The relay being opened
when signals are not conducted cuts off the circuit from
the lead 571 to the lead 563 and the three terminal cap
565 and feed through filter 564 further shield the SQUID
device within the Dewar 1 during operation of the
gradiometer so as to eliminate RF interference from
outside sources, such as television signals and the like,
from being conducted through the terminal 5a to the SQUID
devices 367.

In other embodiments the capacitors 572 and 575 may be

replaced by resistors.

Figure 42A shows a further part of the RF shielding
located in the connectors 5b. The wires 563 (only one
shown in Figures 41 and 42A) each comprise twisted wire
pairs with each pair being individually screened. Each
wire in each pair of wires 563 is connected to inductor
57%9a and 579b and two resistors 579¢ which are connected
in parallel with the respective inductors 579a and 579 to

provide further RF attenuation.

Figures 43 and 44 show the physical configuration and
circuit diagram of one of the measurement bars (i.e. bar
41) and a circuit diagram respectively which illustrate
tuning of the effective spacing of the sensor coil of each
transducer with respect to the edge 4la of the bar 41. 1In
the embodiments shown, the transducer 71b is provided with
two coils 510 and 516 which may be the coils previously
described with reference to Figure 28. The coils 510 and

516 are separated by a space of about 1 mm. Heat switch
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362 is provided in the loop formed by the coils 510 and
516 and the coil 601 of the transducer 7la at the other
end of the bar 41. In order to ensure that the coils 601
and 510 are spaced at equal distance from the surfaces 4la
of the bar 41, the current flowing through the loop formed
by the coils 510, 516 and 601 is proportioned between the
coils 510 and 516 to form a virtual coil at, for instance,
the location D shown in Figure 44. By changing the
proportion of the current which flows through the coils
510 and 516, the position D changes between the coils to
form an effective virtual coil at that position. Thus, if
the coils 510 and 601 are not equally spaced from their
respective surfaces 4la, the current induced in the loop
can be altered to in turn alter the amount of current
which flows through each of the coils 510 and 516 to
adjust the position D and therefore the virtual location
of a single coil formed from the coils 510 and 516 until
the spacing matches that of the coil 601.

If desired, the coil 601 could be replaced by a double
coil arrangement the same as that which forms the
transducer 71lb shown in Figure 44. Of course, the
transducers 7l1la and 71b can be identical to those
described with reference to Figures 27 and 28 in which the
coarse coil 511 forming a transformer is provided to step
up the current which is supplied to the SQUID device 367.
For ease of illustration, the additional coil 511 and the
other componentry described with reference to Figure 27
through to Figure 33 is not shown.

As previously explained, the SQUID 367 is initially tuned
by inducing a current into the loop formed by the coils
510 and 601. This is achieved by supplying current to the
heating resistor 362 which forms a heat pump to elevate
the part of the loop at the position of the resistor 362
to warm that part of the circuit above superconducting

transition so that part of the circuit no longer super-



WO 2008/061282 PCT/AU2007/001180

10

15

20

25

30

35

- 37 -

conducts. Thus, a current can be supplied into the loop
from, for example, inputs 517 described with reference to
Figures 27 to 33 and which are not shown in Figure 44, so
that current circulates through the loop and the current
supply connected to the terminals 517 and 518. The
heating resistor 362 is then deactivated so that the part
of the circuit again becomes super-conducting and the
current supply is disconnected from the loop so that the
current induced in the loop continues to circulate through

the loop under super-conducting conditions.

To proportion the current through the coils 510 and 516, a
further heat switch 362' is provided which enables a
current to be induced in the loop formed by the coils 510
and 516 which can travel in the direction of arrow E in
Figure 44. The current induced by the heat switch 362
circulates in the direction of arrow F. Therefore, the
amount of current which passes through the coil 510 can be
altered compared to that which passes through the coil
516, thereby shifting the position D of the virtual coil
formed by the coils 510 and 516. Thus, the spacing of the
coils so that the spacing of the coil 510 and the coil 601

are the same is electronically achieved.

That current is proportionally passed through the coils
510 and 516 to set the virtual position of the coil 510 at
position D if necessary, so that the coils 601 and 501 are
effectively spaced from the surfaces 4la by precisely the
same distance. As the bar 41 moves under the influence of
the gravity gradient, the coils 601 and 510 will therefore
move relative to the surfaces 4la, changing the induced
current passing through those coils which in turn is
sensed by the SQUID device 367 to provide a measure of the
movement and therefore of the gravity gradient experienced
by the bar 41.

The coils 601 and 510 enable angular motion to be
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distinguished from lateral motion. Any lateral movement
of the bar 41 to the right or left in Figure 45 will
produce the same effect on both coils, whereas an angular
movement under the influence of the gravity gradient will
cause one end of the bar 41 to move closer to its
corresponding coil and the other end to move further away

from its coil.

Whilst the heat switches 362 previously described may take
the conventional form of resistors, in one embodiment of
the invention the heat switches comprise semi~conducting
material such as a Hall effect sensor 570 as shown in
Figure 45. The HBall effect sensor 570 has leads 571 and
572 for powering the sensor to in turn elevate the
temperature of part of the circuit labelled 575 to which
it relates, above the super-conducting threshold so as to
effectively open the circuit at that point so a current
can be induced in the circuit from an outside source and
so when the sensor is turned off and the device returns to
cryogenic operation, the induced current supplied by the
outside source simply continues to circulate through the

circuit under superconducting conditions.

The use of the semi-conductor material and, in particular,
the Hall effect sensor has the advantage that it works in
the cold environment, is non-magnetic and also is very

compact.

Further still, the Hall effect sensor 570 has a further
advantage of being non-magnetic and heatable. The non-
magnetic characteristics thereby avoid interference with a
super conducting circuitry and the usually undesirable
characteristic of heatability of the sensor 570 allows the
sensor 570 to be used as the switch as previously
explained. The sensor 570 also has high resistance in the

order of 1K ohm at 4°K which is also advantageous.
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Figures 45A to 45E show the heat switch 570 and its
arrangement in the gradiometer in more detail. With
reference to these figures and in particular Figure 453,
the bar 41 in the housing 45 is shown along with the
transducers 71. A circuit board 850 is supported by the
housing in a groove 861 (see Figure 45C) and located in
place by screws 863 (only one shown in Figure 45C). The
circuit board 850 supports electronic circuitry such as
the squid device and the like which are collectively shown
by the block 859 in Figure 45C. With reference to Figure
45A and 45B, as is also previously explained, the Macor
core block 514 on which the coils 510 and 511 are
deposited has strips 537 on its edge for conducting
current to the circuitry 859. As previously explained,

the block 514 is biased into place by spring 403.

The circuit board 850 has a plurality of conducting strips
856 which, in this embodiment are formed from super
conducting material, namely niobium, which interconnect
with the circuitry 859. The strips 537 are connected to
the strips 856 by bridges 852 also formed from niobium.
The bridges 852 are separated from the spring 403 by
insulation which may be a varnish coating on the spring
403 or alternatively by suitably spacing the bridges 852
away from the spring 403.

As is best shown in Figure 45C the circuit board 850 has a
conducting substrate such as a copper substrate 865 on its
under surface on which the Hall effect sensor 570 is
located. As best shown in Figure 45D the sensor 570 has
four terminals or connector pins 867. In this embodiment
only two of the pins 867 are used so as to cause a current
to flow through the sensor 570 from current leads 571 and
572. The leads 571 and 572 connect with pads 869 formed
from the copper substrate material which is etched at 870
to insulate the pads 867 from the remainder of the
substrate 865. As shown in Figure 45E the leads 571 and
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572 pass through the circuit board 850 and fine copper
wires 873 may be used to join the leads 571 and 572 to the
pins 867.

The superconducting circuit 575 wraps around one of the
pins 867 so that when current passes through the sensor
570 the sensor is heated and that heat is conducted to the
pin 867 to in turn heat the part of the circuit 575
wrapped around the pin 867 to open the circuit 575 as
previously explained. The circuit 575 is attached to the
copper substrate 865 at locations 879 in Figure 45D by
varnish or the like so that when the sensor 570 is
switched off the pin 867 and the circuit 575 quickly cools
because heat can be conducted away through the substrate
865. Thus, the circuit 575 returns to its closed

superconducting state.

The preferred embodiment of the heat switch 570 therefore
takes advantage of the usually unwanted characteristic of
such devices being the heating of the device, as well as

the non-magnetic nature and high resistance of the device.

As is shown in Figure 44, if the transducer 7l1a is also
formed by a double coil 601 and 60la as shown in dotted
lines, the current can be made to circulate only through
each loop formed by the respective coils 510 and 516, and
601 and 60la, thereby producing zero current at lead 576
to which the SQUID device is connected. Therefore,
perturbation of the lead microphonics leading to the SQUID
device 367 goes away.

In a still further embodiment of the invention, rather
than providing one pair of measurement bars formed by the
bars 41 and 42, at least one orthogonal extra pair of bars
may be provided. The second pair of bars may be the same
in configuration as the bars 41 and 42 and their

respective housings 45 and 47 and may be located at the
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positions of the accelerometers 90'' shown in Figure 22.
This arrangement is shown in Figure 46. The first pair of
bars provided in the housings 45 and 47 which are shown in
Figures 22 and 46 provide respectively a measure of the
difference between tensor components G;; and Gyy (Gzz — Gyy)
and the second pair of bars provided in the housings
marked 45' and 47' in Figure 46 provide a measure of the

difference between the tensor components G;; and Gy (Gzz -

Gxx) -

It should be understood that the subscripts given in the
components referred to above are with respect to the X and
Y axes being in a horizontal plane and orthogonal, and a Z
axis being a vertical axis. As previously mentioned, the
bars 41 and 43 in the housings 45 and 47 are orthogonal
with respect to one another and the bars in the housing
45' and 47' are also orthogonal with respect to one
another. The bars 41 and 43 are also arranged in spaced
apart planes which are orthogonal to spaced apart planes
in which the bars of the housings 45' and 47' are located.
It should be further understood that in Figure 46, the
gradiometer is not shown in the orientation it would take
up when in use. When in use the gradiometer is
effectively rotated 90° from the position shown in Figure
46 so the dotted line in Figure 46 forms the X axis or
direction of flight of the aircraft carrying the
gradiometer. The manner in which the movement of the bars
in the housings 45' and 47' move and provide measurement
signals is exactly the same as that described in the
previous embodiments. Typically, when a survey is flown,
the aircraft flies across the so-called geological strike
of the region which is being surveyed. The provision of
two sets of bars in the gradiometer shown in Figure 46
results in a single flight simultaneously measuring data
from the two sets of measurement bars and therefore has
the advantage that the data is relevant to the same point

along the survey lines.
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In various embodiments of the invention, the data which is
collected from the two sets of survey bars can be
manipulated by a processor 800 shown in Figure 46 to
provide a measure of one or more than one component of the
gravity gradient tensor. Because the data is received
from two sets of measurement bars and is processed, the
actual measure of a component of the tensor, such as the
Gzz component, can be obtained for individual points along
a survey line. This therefore enables surveys to be
conducted flying much wider lines than is the case with
conventional geoclogical surveys, and therefore the
gradiometer of the embodiment of Figure 46 can be used for
both geological surveys and regional surveys with the

survey lines being a relatively large distance apart.

In situations where only two bars are used, a grid of data
needs to be obtained in order to enable processing by a
mathematical transform technique in order to obtain
measurements of a single component of the tensor. This
generally requires the grid to be produced by flying
relatively close survey lines and because of the nature of
the processing, the data is usually presented as a grid of
data which provides an overall indication of the survey
region. Thus, with the present embodiment of the
invention, data which is collected from the actual point
of interest is analysed to produce the component. If only
two bars are used, a grid of data is needed and processing
by a Fourier transform technique or the like is required
where data from the particular point plus surrounding
points is used to obtain a measure of the component.

Thus, in order for the measure to be accurate, it is

necessary that the survey lines be close together.

In still further embodiments of the invention a further
set of measurement bars could be provided so that six bars

are used to provide measurements to again enable various
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combinations of components to be manipulated by the
processor to obtain measurements relative to any desired
component of the gravity gradient tensor which may be
required. These additional measurements should also allow

additional processing to improve signal to noise.

As previously explained, data from the transducers (not
shown in Figure 46) which detect movement of the bars 41
and 43 is supplied to a SQUID device 367. The SQUID
device 367 is only schematically shown in Figure 46 for
illustration purposes. Data produced by the SQUID device
can be manipulated by processor 800 which can be
physically connected to the gradiometer of Figure 46 but
which, more likely than not, is a separate processor at a
remote location. If the processor 800 is at a remote
location, data from the SQUID device 367 and other
processing componentry associated with the gradiometer can
be recorded on a recordable medium 900 and loaded into the
processor 800 for manipulation or can be forwarded to the
processor 800 by a communication link. The processor 800
processes the data obtained from the two sets of

measurement bars in the following manner:

Gxx + Gyy + Gzz = 0 (Equation 1)
Gzz — Gxx (Measurement 1)
Gzz — Gyy (Measurement 2)

equation 1 being a known relationship between the
components of the gravity gradient tensor given in
equation 1;

measurement 1 being the measurement obtained by
the first pair of bars;

measurement 2 being the measurement obtained by
the second pair of bars;

adding measurements 1 and 2 gives:
Gzz = Gxx + Gzz — Gyy
= 2Ggzz — Gxx — Gyy
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= 2Gzz - (GXX + ny) (Equation 2)

from equation 1 Gyxx + Gyy = —Gzz and substituting
into equation 2 gives:
2GZZ - (_GZZ)
= 3Gzz

Since modifications within the spirit and scope of the
invention may readily be effected by persons skilled
within the art, it is to be understood that this invention
is not limited to the particular embodiment described by

way of example hereinabove.

In the claims which follow and in the preceding
description of the invention, except where the context
requires otherwise due to express language or necessary
implication, the word “comprise” or variations such as
“comprises’” or “comprising’” is used in an inclusive sense,
i.e. to specify the presence of the stated features but
not to preclude the presence or addition of further

features in various embodiments of the invention.
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CLAIMS

1. A gravity gradiometer for measuring components of
the gravity gradient tensor, comprising:

at least one sensor bar for movement in response
to the gravity gradient;

a transducer for measuring the movement of the
sensor bar to provide a measure of at least one component
of the gravity gradient tensor,

a housing for supporting the sensor bar; and

a flexure web element formed separate to the
housing and the bar and having a flexure web, the element
being connected to the bar and the housing to support the
bar in the housing for pivotal movement about the flexure

web.

2, The gradiometer of claim 1 wherein the flexure
web element has a double dove-tail configuration with a
cut separating the dove-tails of the double dove-tailed
configuration, except for the location of the flexure web,
the housing having a dove-tail channel and the sensor bar
having a dove-tail channel for receiving the element to

thereby connect the element to the housing and the bar.

3. A method of forming a flexure web in a gravity
gradiometer for measuring components of the gravity
gradient tensor, the gravity gradiometer having a sensor
bar mounted in a housing so that the sensor bar can move
relative to the housing in response to the gravity
gradient to provide a measure of at least one component of
the gravity gradient tensor, comprising:

forming a connection component on the bar and a
connection component on the housing, attaching a separate
flexure web element having a corresponding component to
the component on the bar and a corresponding component to
the component on the housing to the bar and housing by

heating one of the housing and bar, and the element, and
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cooling the other of the housing and bar, and the element,
and locating the respective components together so that
when the housing, bar and element return to substantially

the same temperature, the element is connected to the bar

5 and housing by contraction and expansion of the housing,

10

bar and element.

4, The gradiometer of claim 3 wherein the components
on the bar and housing are dove-tail shaped channels and
the components on the housing are corresponding dove-tail
shaped elements separated by a cut except for the location

of the flexure web.
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