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

(19) World Intellectual Property Organization
International Bureau

(10) International Publication Number
(43) International Publication Date
3 September 2009 (03.09.2009) WO 2009/106820 Al

(51) International Patent Classification: (81) Designated States (unless otherwise indicated, for every
GOlB 11/24 (2006.01) kind of national protection available): AE, AG, AL, AM,

AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
(21) International Application Number: CA, CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ,

PCT/GB2009/000523 EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
(22) International Filing Date: HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP, KR,

25 February 2009 (25.02.2009) KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO,

(25) Filing Language: English NZ, OM, PG, PH, PL, PT, RO, RS, RU, SC, SD, SE, SG,

(26) Publication Language: English SK, SL, SM, ST, SV, SY, TJ, TM, TN, TR, TT, TZ, UA,
UG, US, UZ, VC, VN, ZA, ZM, ZW.

(30) Priority Data:
0803701 .2 28 February 2008 (28.02.2008) GB (84) Designated States (unless otherwise indicated, for every

kind of regional protection available): ARIPO (BW, GH,
(71) Applicant (for all designated States except US): STA- GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,

TOILHYDRO ASA [NO/NO]; N-4035 Stavanger (NO). ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,

(71) Applicant (for BB only): REES, David, Christopher TM), European (AT, BE, BG, CH, CY, CZ, DE, DK, EE,

[GB/GB]; Kilburn & Strode, 20 Red Lion Street, London ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

WClR 4PJ (GB). MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK, TR),
OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW, ML,

(72) Inventors; and MR, NE, SN, TD, TG).
(75) Inventors/Applicants (for US only): MELDAHL, Paul

[NO/NO]; Dyretraakket 8, N-4034 Stavanger (NO). Published:

VIKHAGEN, Eiolf [NO/NO]; Bromstadveien 44, — with international search report (Art. 21(3))
N-7045 Trondheim (NO).

(74) Agents: PITCHFORD, James, Edward et al; Kilburn &
Strode LLP, 20 Red Lion Street, London WClR 4PJ
(GB).

(54) Title: IMPROVED INTERFEROMETRIC METHODS AND APPARATUS FOR SEISMIC EXPLORATION

Figure 9

(57) Abstract: Interferometer apparatus for studying the surface of an object, the apparatus comprising: a source producing an ob
ject beam of coherent light; a source producing a reference beam which is coherent with the object beam; and a detector or a plu
rality of detectors arranged in an array; wherein the apparatus is arranged such that the object beam is diverging or substantially
collimated; and wherein, in use: the diverging or substantially collimated object beam is directed towards the surface of the object
to produce a reflected object beam reflected from the surface of the object; the detector(s) is/are focused to a point beneath the sur
face of the object; and the reflected object beam is combined with the reference beam and detected by the detector(s). Also provid
ed is a corresponding method for conducting an interferometric study of the surface of an object. The surface of the object may be
a sea floor, and the interferometer apparatus may be for studying the movement of particles on the sea floor in response to a seis
mic event.



IMPROVED INTERFEROMETRIC METHODS

AND APPARATUS FOR SEISMIC EXPLORATION

This invention relates to interferometer apparatus and related methods. It is

particularly applicable, but by no means limited, to seismic exploration using

laser interferometry.

Background to the Invention

WO 2004/003589 describes a seismic exploration and imaging system for

producing seismic survey reports of sub-sea geological structures. In such a

survey, a seismic event is applied to the seabed. The response to the seismic

event in the rock of the seabed includes a compression wave (P-wave) and a

shear wave (S-wave). Particles on the sea floor move in response to the P-

wave and S-wave, the particles' movement being representative of the two

waves. Detecting apparatus in the sea is used to monitor and record the

movements of the particles, thus enabling the P-wave and S-wave to be

measured and analysed. P-waves are considered well suited to imaging

structures, while S-waves are well suited to determining rock and fluid

characteristics.

WO 2005/078479, WO 2006/013358 and WO 2007/020396 disclose laser

interferometry techniques suitable for monitoring and recording the movement

of particles on the sea floor in response to the P-wave and S-wave. A plurality

of interferometers may be towed on cables behind a surface vessel or

submarine, the interferometers being arranged in one or more streamers.

Alternatively the interferometers may be located on self-propelled vessels or

submarines. In other applications, interferometers may be towed by, or located

on, land vehicles or aircraft.



With conventional interferometry systems, a converging object beam is used

which must be accurately focused on the surface of the object (e.g. the sea

floor) being studied, or on a point below the surface of the object. Such

focusing may be time consuming and may complicate the interferometry

process. There is also a desire to improve the sensitivity of the interferometry

system, such that finer detail may be captured. It would also be desirable to

reduce problems with backscattering that are sometimes experienced with

conventional interferometry systems.

Summary of the Invention

According to a first aspect of the present invention there is provided

interferometer apparatus for studying the surface of an object, the apparatus

comprising: a source producing an object beam of coherent light; a source

producing a reference beam which is coherent with the object beam; and a

detector or a plurality of detectors arranged in an array; wherein the apparatus

is arranged such that the object beam is diverging or substantially collimated;

and wherein, in use: the diverging or substantially collimated object beam is

directed towards the surface of the object to produce a reflected object beam

reflected from the surface of the object; the detector(s) is/are focused to a point

beneath the surface of the object; and the reflected object beam is combined

with the reference beam and detected by the detector(s).

Thus, the object beam directed towards the surface under investigation is either

diverging or substantially collimated, instead of being converging as is the case

with conventional interferometer systems. Advantageously, with this new

system, there is no need for focussing, thus greatly simplifying the

interferometry process. Additionally, improved sensitivity may be achieved,

and problems with backscattering may be reduced.



Thus, in some embodiments, the object beam may be substantially collimated.

The terms "substantially collimated", or simply "collimated", as used herein

should both be interpreted broadly, to encompass a beam having parallel rays,

and also a beam whose rays are nearly parallel such that the beam does not

converge or diverge significantly. We predict that, using collimated imaging, a

gain factor twice that of other systems may be achieved.

The reflected object beam may also be substantially collimated.

In a first embodiment, the object beam and the reflected object beam have a

common optical path. This enables the interferometer apparatus to have a

compact and relatively straightforward design, with relatively few components.

In a second embodiment, the object beam and the reflected object beam have

different optical paths. In such a case, the source of the object beam may be

external from the detector(s).

In other embodiments, the object beam may be diverging.

In further embodiments, the geometry of the object beam is as though it

emanates from a point source situated behind the actual source of the object

beam, and the distance from the surface of the object to the said point source is

approximately equal to the distance from the surface of the object to the focus

point of the detector(s) beneath the surface of the object.

The "point source" mentioned above is an imaginary point, also referred to

herein as a "virtual source", and is introduced for the purposes of defining the

geometry of the beam emanating from the actual source of the object beam.



With all the embodiments, preferably the sensitivity direction changes from

location to location on the detector or array. Particularly preferably the

sensitivity direction changes in a monotonian way, from one side of the

detector or array, to the other side of the detector or array.

Preferably the interferometer apparatus is arranged such that all light rays

coming to a single point on the detector or array have the same sensitivity

direction. This improves the signal quality in the interferometer.

Preferably the detector or array has an equal sensitivity direction for all light

waves coming to each point on the detector or array, for all distances to the

surface of the object. This means that the system will not be sensitive to

surface topography.

Preferably the apparatus is configured to determine the movement of particles

on the surface of the object from the sensitivity direction of the detector or

array.

Preferably the object beam and the reference beam are coherent laser beams.

Preferably the object beam and the reference beam are derived from a common

laser source.

The interferometer apparatus may be moveable relative to the surface of the

object being studied. In such instances, the speed of movement of the

apparatus, the sampling rate of the detector(s) and the size of the area of the

surface illuminated by the object beam are preferably arranged so that

sequential areas of the object studied overlap.



The interferometer apparatus may be configured to measure relative motion

between the apparatus and the surface from the speckle pattern formed by the

combination of the reflected object beam with the reference beam.

For applications in geological surveying, the surface of the object may be a sea

floor, and the interferometer apparatus may be for studying the movement of

particles on the sea floor in response to a seismic event. Accordingly, the beam

source(s) and the detector(s) may be situated in a streamer.

According to a second aspect of the present invention there is provided a

method for conducting an interferometric study of the surface of an object, the

method comprising: arranging a source to produce a diverging or substantially

collimated object beam of coherent light; arranging a source to produce a

reference beam which is coherent with the object beam; arranging a detector or

a plurality of detectors in an array; directing the diverging or substantially

collimated object beam towards the surface of the object to produce a reflected

object beam reflected from the surface of the object; focusing the detector(s) to

a point beneath the surface of the object; and combining the reflected object

beam with the reference beam and detecting them using the detector(s).

The method may further comprise moving the detector(s) relative to the surface

of the object, and preferably also moving the object beam relative to the surface

of the object. Particularly preferably the detector(s) and the object beam are

moved at the same speed relative to the surface of the object The speed of

movement of the detector(s), the sampling rate of the detector(s) and the size of

the area of the surface illuminated by the object beam are preferably arranged

so that sequential areas of the object studied overlap.



The method may further comprise measuring relative motion between the

apparatus and the surface from the speckle pattern formed by the combination

of the reflected object beam with the reference beam.

The surface of the object may be a sea floor, and the method may be for

studying the movement of particles on the sea floor in response to a seismic

event.

The method may further comprise applying a seismic event to the sea floor.

The method may further comprise analysing data gathered from the detector(s)

to derive representations of underlying strata.

The method may still further comprise assembling the representations as a

depiction of the geological nature of the region.

Brief Description of the Drawings

Embodiments of the invention will now be described, by way of example only,

and with reference to the drawings in which:

Figure 1 illustrates the principal elements of an interferometer;

Figure 2 illustrates the principle of interferometric sensing of the movement of

particles on the sea floor;

Figure 3 illustrates an embodiment of an interferometer arrangement, using a

diverging object beam, and with the imaging system focused to a point below

the sea floor;

Figure 4 illustrates another embodiment of an interferometer arrangement,

using collimated illumination;

Figure 5 illustrates a further embodiment of an interferometer arrangement,

also using collimated illumination;



Figure 6 illustrates an interferometer design for providing collimated

illumination and collimated imaging;

Figure 7 is a graph showing the maximum possible seismic velocity against

distance to the sea floor, using collimated illumination/imaging;

Figure 8 is a graph showing the required detector length (plus spot width)

against distance to the sea floor, using collimated illumination/imaging;

Figure 9 illustrates a new "combined" system according to a further

embodiment, having collimated or diverging illumination, and an imaging

system focused to a point beneath the sea floor;

Figure 10 illustrates the geometrical parameters of the "combined" system; and

Figure 11 is a graph showing the maximum possible seismic velocity against

distance to the sea floor, using the "combined" system; and

Figure 12 illustrates the sensitivity direction of an interferometer with respect

to the illumination direction and the imaging/reflected direction of the light.

Detailed Description of Preferred Embodiments

The present embodiments represent the best ways known to the applicant of

putting the invention into practice. However, they are not the only ways in

which this can be achieved.

Although the embodiments described below will be in relation to seismic

exploration - in particular for studying the movement of particles on a sea floor

in response to a seismic event - those skilled in the art will appreciate that the

mterferometric principles described herein may be applicable to the sensing of

other surfaces, such as machine parts, metal sheets (e.g. to detect flaws) or

surfaces which are susceptible to vibration (e.g. a window pane), provided an

interference pattern can be formed that can be suitably interpreted by the

detector apparatus.



By way of an initial introduction, Figure 1 illustrates the basic principles of an

interferometer 10. The interferometer 10 consists of the following elements:

• One or more coherent light sources, for instance laser source(s) 12,

where the laser source 12 is split into one or more object beams 14 and a

reference beam 16.

• The object beam(s) 14 goes through an illumination system 18

consisting of optical elements such as lenses, mirrors, slits, gratings,

diffraction patterns, holographic elements etc., to illuminate the surface

of the object 20 at a point or over an area.

• The object beam 14 is reflected from the object 20 and passes through

an imaging system 22 which also consists of optical elements such as

lenses, mirrors, slits, gratings, diffraction patterns or holographic

elements etc. The imaging system 22 can also be the same, or partly the

same, as the illumination system 18, meaning that light can go both

ways through or via the same optical elements.

• The object light coming from the object 20 is directed toward a detector

line or a detector array 24. One example of a suitable detector array is a

CCD (charge-coupled device), of the kind used in digital cameras,

having an array of many thousands of sensor pixels. Indeed, a digital

camera may be used to provide the detector array. The reference beam

16 is also arranged to illuminate the same detector line or detector array

24, to interfere with the object light.

• The optical signal on the detector line or detector array 24 is digitized to

form a signal which is then processed in a computer system.



• The phase of the reference beam 16 and/or the object beam 14 may be

controlled by a phase modulator 26.

• The direction of the object light 14 can be controlled both on a large

scale (e.g. greater than 10 degrees) and on a smaller scale, down to

micro-degrees, for example. This direction control can be both for the

direction toward the object surface and the direction toward the detector

array 24, inside the interferometer 10. The direction can be adjusted and

controlled, for example, by mirrors which can be tilted.

• The interferometer 10 can also be equipped with accelerometers or other

displacement and tilt measurement devices, to measure the

displacements of the interferometer, so this displacement can be taken

into consideration when the object displacements are calculated.

• Signals from the accelerometers can also be used for direct steering of

the phase modulator 26 on the reference beam 16 or the object beam 14,

to adjust the spot position and to compensate for movements of the

interferometer 10.

• Several reference beams with known differences in optical path lengths

can be used, with several detector arrays, to be able to calculate and

eliminate phase variations due to frequency instabilities in the light

(laser) source.

As illustrated in Figure 2, the interferometer is used in such a way that it

identifies a direction or directions which are perpendicular to the total relative

movement between interferometer and object. This is done by identifying the



light ray directions with minimum temporal changes in the optical phase of the

object light. When the object light is combined with a reference beam, changes

in optical phase of the object light is given by changes in intensity level of the

cross interference term. In other words, the interferometer identifies directions

with minimum temporal intensity variations, by analysing the signal across the

detector array.

This can be done by using a relatively slow detector array (with relatively long

exposure time), where very fast temporal variations in intensity are averaged

away, since the fast intensity variations can not be temporally resolved by the

slow detector array. Hence, the contrast in the speckle pattern (cross

interference term) will be high only for directions which are perpendicular to

the direction of the relative movement between object and interferometer. It is

also possible to use a fast detector array which can resolve faster intensity

variations, to use data across the whole detector array to identify areas with

slow intensity fluctuation.

If the interferometer is moving with a linear and constant velocity, then the

direction of the relative movement between interferometer and object will

change if the object is moving or vibrating with a displacement component

towards the interferometer. These directional changes can be detected by the

interferometer, and hence, seismic movements or other object movements can

be detected and quantified.

An embodiment of an interferometer is shown in Figure 3, in which the object

beam is diverging, and the imaging system is focused to a point beneath the sea

floor.



Theoretically, it should be possible to use new optical configurations to amplify

the sensitivity of the system, since we need to find optical configurations which

are such that the sensitivity direction for incoming light at one edge of the

detector array is only very slightly different from the sensitivity direction for

the incoming light by the other edge of the detector array. During our work

with this principle, we discovered two important factors. This first factor is

that it is preferable to focus the imaging system to a point below the sea floor,

as illustrated in Figure 3. The second factor is that we do not need to have in¬

line illumination and observation to obtain insensitivity to the object (sea floor)

topography.

Hence, in accordance with embodiments of the present invention, a solution

with collimated illumination and infinite imaging has been developed. A first

embodiment is shown in Figure 4. Advantages of this configuration is that it

has twice the sensitivity of the system of Figure 3, and there is no need for

focussing. In addition, problems with backscattering may also be reduced. In

the present work, we also present a new configuration which we refer to as the

"combined" system.

The following aspects of interferometry are of relevance with respect to the

present embodiments:

Aspect 1: Different sensitivity direction across detector array

When a light ray is reflected from the object and back to the detector array, this

light ray will have a defined sensitivity direction with regards to object

displacements. With reference to Figure 12, the sensitivity direction 92 is in

the direction half way between the illumination direction 93 and the reflected

direction 94 for the light ray. The dashed line 9 1 represents a detector line.

Light rays with a sensitivity direction perpendicular to the object versus



interferometer movement direction, will have minimum temporal changes in

phase and intensity. With the invention, preferably the sensitivity direction

changes from location to location on the detector array. Particularly preferably

the sensitivity direction will change in a monotonian way, from one side of the

detector array towards the other side of the detector array.

Generally, any optical arrangement (illumination system and imaging system in

Figure 1) which fulfils this requirement can be used with our invention.

Aspect 2: Equal sensitivity directionfor all beams coming to each point on the

detector

The object light coming to a single location on the detector array will consist of

multiple light waves with different optical pathways toward and back from the

object. This is valid for all points on the detector array. These light waves

come through different parts of the aperture. To obtain a good signal in the

interferometer, the illumination and imaging system should preferably be

arranged such that all light rays coming to a single point on the detector array

have the same sensitivity direction, even if they propagate along different paths

between the interferometer and the object.

Aspect 3: Insensitive to distance between object (seafloor) and interferometer

With reference to Aspect 2 above, we also have another preferred functionality

with the invention. That is to have an equal sensitivity direction for all light

waves coming to each point on the detector array, for all distances to the object.

This means that the system will not be sensitive to surface topography.

Aspect 4: Sensitivity considerations

To obtain a very sensitive interferometer, the difference in sensitivity direction

from one side of the detector array and to the other side of the detector array



should be small. Generally, small changes in sensitivity direction will give

wider spots, but larger spot movements. The width of the spot can be

controlled by the exposure time of the detector array.

With the embodiments of the present invention, a "spot" will be created at

points on the detector with a sensitivity direction normal to the direction of the

linear movement between the interferometer and the sea floor. If several

detector lines are located side by side to form an detector array, each detector

line will have a spot, and by averaging transversally over several lines we can

create a single spot with higher contrast. Expressed in other words, signals

from points on the detector array with equal sensitivity direction can be

averaged to obtain better spot contrast.

Some examples of optical configurations which may form embodiments of the

present invention are presented below.

Example 1

Figure 4 shows an example of an optical configuration where each single

detector element along the line receives multiple light rays having an equal

sensitivity direction. Different points along the line have different sensitivity

directions. The lens is used both for providing collimated illumination and for

imaging. Sl and S2 are sensitivity directions for different beams.

Example 2

Figure 5 shows another example with collimated illumination. This

configuration is similar to that of Example 1 (Figure 4), but the illumination is

provided externally from the imaging system.



New interferometer design

To provide collimated illumination and effectively collimated imaging requires

a different interferometer design compared to earlier constructions. Figure 6

shows our newest design. A single coherent laser source is used to generate

both the object beam and the reference beam. The laser source is situated

behind a partially reflective mirror M2, and is arranged to emit beams through

a pinhole in the mirror M2. The object beam is formed by lens Ll and is

directed outwardly, towards the sea floor, by adjustable mirror Ml. The

reference beam is formed by lens L2 and the accompanying aperture, and is

directed by mirror M3 to the detector array. The reflected object beam passes

back along the same optical path as the outgoing object beam and is combined

with the reference beam when reaching the detector array.

The detector in this system can be with small pixels in the centre and larger

towards the edge. By putting another aperture into the system, we can also

obtained a controlled vignetting effect, to obtain a speckle size which

corresponds to the larger pixel size by the edge of the detector array.

When designing the interferometer, it is important to take into consideration the

density of the interferometer, its support cylinder and the outer metal cylinder

all together. This is because the weight of this system should not exceed the

weight of the water in the same volume. If the interferometer and the support

cylinder becomes too heavy, this can be compensated by making the outer

metal cylinder longer.

Some typical or estimated datafor beam size, detector size and dynamic range

If we are using an effective focal length of 1 metre, and a F-number of 25, then

the imaging aperture a by lens Ll is 4 cm. As long as we use infinite imaging

(i.e. "collimated" imaging) the imaging area on the sea floor will also be 4 cm,



at least if the beam is directed vertically downward. If the beam diameter in

the x-direction (see Figure 6) is A, then the dynamic range in terms of angle for

reflected light becomes

{A- 4cm)
Alpha = +

TL

where L is the distance to the sea floor.

If Alpha exceeds the value given above, then we will have less light reflected,

as the imaging area goes outside the illuminated area. Since the sensitivity

direction is halfway between the illumination direction and the imaging

direction, the dynamic range Beta in terms of sensitivity direction becomes

D , (A- 4cm)
Beta =±~ -

4

If the interferometer in Figure 6 has an effective focal length of 1 metre, then

the spot movement on the detector array will have an dynamic range of

dd = ± (A-4cm)
2L

In other words, the spot moves twice what it would do with the setup of Figure

3, or alternatively, we have obtained double sensitivity. With an illumination

spot diameter A of 10 cm this gives a maximum possible spot movement on the

detector of +/- 1 mm for a distance L of 30 metres, and maximum of +/- 15 mm

for a distance L of 2 metres. In other words, the new configuration gives us a

limited maximum spot movement for long distances to the sea floor; the

maximum spot movement with L = 30 metres is +/- 100 pixel-to-pixel



distances (p-p) before we have to reposition the spot by using a phase

modulator or by tilting a mirror.

On the other hand, the maximum spot movement is +/- 1500 pp if the distance

to the sea floor is 2 metres. All the considerations outline above are related to

limitations as a consequence of the illumination geometry. Other limitations,

e.g. related to noise levels, may give other and smaller values for the dynamic

range.

In Figure 7 we see the dynamic range in terms of maximum seismic velocity

(given directly by maximum spot movement) with the new design with

collimated illumination/imaging. We see that for small distances between

interferometer and sea floor (less than 10 metres), we have a maximum

possible seismic velocity of more than +/-1500 micrometres/second, while for

a 30 metre distance we have about +/- 500 micrometres/second maximum

possible seismic velocity on the detector.

From our earlier work, we concluded that we may be able to detect spot

movements corresponding to seismic velocities up to more than 2800

micrometres/second for low frequencies. This means that with the new design

with collimated illumination and imaging, we will not have enough dynamic

range when the distance to the sea floor is more than approximately 5 metres.

With collimated illumination/imaging, the detector array length for will be +/-

1 mm = 2 mm (plus the width of the spot) for a distance to the sea floor of 30

metres, while larger detector arrays should be used for smaller distances to the

sea floor to obtain maximum dynamic range. This is shown in Figure 8.



From our earlier research, we know that a typical spot will be approximately 20

pp wide, and our goal is to be able to detect spot movement down to less than

0.1 pp. Anyway, if the maximum spot movement is limited to +/- 1 mm = +/-

100 pixel to pixel distances (pp), more dynamic range will be needed for the

spot movement, especially at the beginning of the recording when the seismic

movements are relatively large. The issue is, if the spot moves outside the

range of +/- 100 pp (with L = 30 metres), the spot contrast will be reduced and

it will simply disappear.

New optical configuration: combined system

One way of solving this problem with limited dynamic range for the spot

movement along the detector array, is to use a combined system where we

combine the two principles outlined earlier in this description. An example of

a combined system is shown in Figure 9, which combines the use of a

collimated or diverging object beam with an imaging system focused to a point

below the sea floor. The beam source and the detector array are situated in a

streamer. The principle in Figure 9 is actually very close to the principle

shown in Figures 4 and 6; only a small repositioning of two of the optical

components in the system is required to go from the configuration in Figure 6

to the configuration in Figure 9.

In the example illustrated in Figure 9, the illumination beam is expanded and is

diverging on the way towards the sea floor, such that it apparently originates

from a "virtual" source located a distance B behind (above) the interferometer.

If the distance to the sea floor is L, the imaging system is focussed toward a

point located (B + L) beneath the sea floor. This way, we obtain constant phase

velocity in the aperture when the interferometer is moving. The principle is

shown in Figure 9.



We now go through an analysis of the combined system. Figure 10 shows the

most important parameters in the combined system. With reference to Figure

10, we now have the following equations:

Alpha _ l (1)

Alpha = αt-n(— - ) (3)
LL + β

The sensitivity direction for the two beams passing the aperture a by the two

edges is given by Teta_l and Teta_2 respectively (not shown in Figure 10):

Teta_l = (Beta_l + Alpha_l) / 2 (6)

Teta_2 = (Beta_2 + Alpha_2) / 2 (7)

Teta_l and Teta_2 should be equal to obtain constant phase velocity across the

aperture a. This has been tested and confirmed with Matlab.



The most angular observation we can have before we start losing light

efficiency, is when point P l reaches point P2 in Figure 10. This happens when

the value of s, which is the distance out to the focus point below the surface, is

equal to:

. α .2L +B a / os = (c ) ( ) + - (8)
v 2 L 2

With the value of s given by equation (8), we now have that the maximum spot

movement we can have on the detector, given by:

dd = Alpha 1= (9)
2L +B

Compared to the system of Figure 3, our new optical configuration is more

sensitive. If we define a gain factor G compared to the system of Figure 3, then

Gbecomes:

G A ϊ≠ a (10)
Teta 1

This means that if the spot moves a given distance on the detector, then the

corresponding seismic velocity is HG times the velocity we had with our

earlier system. The gain factor G depends on the values of B and L. If we set

B ∞ , then we have the system of Example 1 described earlier, with

collimated illumination/imaging, and G becomes equal to 2. (This is the reason

that, when plotting the graphs in Figures 7 and 8 B was set equal to 10,000 m,

which is effectively infinity, to give effectively collimated illumination.) If B

goes towards 0, then the gain factor G becomes equal to 1 and we have the



system of Figure 3. Thus, with collimated imaging (B = ∞), we have a gain

factor twice that of the system of Figure 3.

We now look at the data we get with the combined system when B = 15 metres,

giving a diverging beam. Figure 11 shows the maximum seismic velocity we

can obtain with this system, with different distances to L to the sea floor. As

we can see, we can obtain a dynamic range from 3800 micrometres/second for

L = 30 m, and higher velocities for smaller distances.

This means that when we go from the collimated system to the combined

system, we increase the maximum dynamic range we can have, but the

sensitivity factor is somewhat reduced at the same time.

The interferometer apparatus may be in a fixed position with respect to the

surface of the object being studied. Alternatively, as is typically the case with

seismic exploration of the sea floor, there may be relative motion between the

interferometer apparatus and the surface of the object being studied. For the

apparatus described with respect to Figures 7, 8 and 10, the speed of the camera

may be about 1 m/s.

The interferometer apparatus may be configured to measure relative motion

between the apparatus and the surface of the object, using the speckle pattern

formed by the combination of the reflected object beam with the reference

beam. Principles for achieving this are described in WO 2006/013358, the

relevant contents of which are incorporated by reference herein.

Concluding remarks

We have presented a new interferometer design, which may be installed inside

a streamer, and new optical configurations. The main principle is a "directional



interferometer", which means we can find the direction of incoming light

which contains no phase velocity except speckle decorrelation.

Our new "combined" system has the following advantages compared to other

systems:

• Easier design outline

• Higher sensitivity

• Better signal since we have constant aperture phase velocity

• Fewer problems with backscattering

• Even less sensitivity to surface topography



CLAIMS

1. Interferometer apparatus for studying the surface of an object, the

apparatus comprising:

a source producing an object beam of coherent light;

a source producing a reference beam which is coherent with the

object beam; and

a detector or a plurality of detectors arranged in an array;

wherein the apparatus is arranged such that the object beam is

diverging or substantially collimated ;

and wherein, in use:

the diverging or substantially collimated object beam is directed

towards the surface of the object to produce a reflected object beam

reflected from the surface of the object;

the detector(s) is/are focused to a point beneath the surface of the

object; and

the reflected object beam is combined with the reference beam

and detected by the detector(s).

2. Interferometer apparatus as claimed in Claim 1, wherein the object beam

is substantially collimated.

3. Interferometer apparatus as claimed in Claim 2, wherein the reflected

object beam is substantially collimated.

4. Interferometer apparatus as claimed in Claim 2 or Claim 3, wherein the

object beam and the reflected object beam have a common optical path.



5. Interferometer apparatus as claimed in Claim 2 or Claim 3, wherein the

object beam and the reflected object beam have different optical paths.

6. Interferometer apparatus as claimed in Claim 5, wherein the source of

the object beam is external from the detector(s).

7. Interferometer apparatus as claimed in Claim I 5wherein the object beam

is diverging.

8. Interferometer apparatus as claimed in Claim 7, wherein the geometry of

the object beam is as though it emanates from a point source situated

behind the actual source of the object beam, and wherein the distance

from the surface of the object to the said point source is approximately

equal to the distance from the surface of the object to the focus point of

the detector(s) beneath the surface of the object.

9. Interferometer apparatus as claimed in any preceding claim, wherein the

sensitivity direction changes from location to location on the detector or

array.

10. Interferometer apparatus as claimed in Claim 9, wherein the sensitivity

direction changes in a monotonian way, from one side of the detector or

array, to the other side of the detector or array.

11. Interferometer apparatus as claimed in any preceding claim, arranged

such that all light rays coming to a single point on the detector or array

have the same sensitivity direction.



12. Interferometer apparatus as claimed in any preceding claim, wherein the

detector or array has an equal sensitivity direction for all light waves

coming to each point on the detector or array, for all distances to the

surface of the object.

13. Interferometer apparatus as claimed in any preceding claim, configured

to determine the movement of particles on the surface of the object from

the sensitivity direction of the detector or array.

14. Interferometer apparatus as claimed in any preceding claim, wherein the

object beam and the reference beam are coherent laser beams.

15. Interferometer apparatus as claimed in Claim 14, wherein the object

beam and the reference beam are derived from a common laser source.

16. Interferometer apparatus as claimed in any preceding claim, which is

moveable relative to the surface of the object.

17. Interferometer apparatus as claimed in Claim 16, wherein the speed of

movement of the apparatus, the sampling rate of the detector(s) and the

size of the area of the surface illuminated by the object beam are

arranged so that sequential areas of the object studied overlap.

18. Interferometer apparatus as claimed in any preceding claim, configured

to measure relative motion between the apparatus and the surface from

the speckle pattern formed by the combination of the reflected object

beam with the reference beam.



19. Interferometer apparatus as claimed in any preceding claim, wherein the

surface of the object is a sea floor, and the interferometer apparatus is

for studying the movement of particles on the sea floor in response to a

seismic event.

20. Interferometer apparatus as claimed in Claim 19, wherein the beam

source(s) and the detector(s) are situated in a streamer.

21. A method for conducting an interferometric study of the surface of an

object, the method comprising:

arranging a source to produce a diverging or substantially

collimated object beam of coherent light;

arranging a source to produce a reference beam which is coherent

with the object beam;

arranging a detector or a plurality of detectors in an array;

directing the diverging or substantially collimated object beam

towards the surface of the object to produce a reflected object beam

reflected from the surface of the object;

focusing the detector(s) to a point beneath the surface of the

object; and

combining the reflected object beam with the reference beam and

detecting them using the detector(s).

22. A method as claimed in Claim 21, wherein the object beam is

substantially collimated.

23. A method as claimed in Claim 22, wherein the reflected object beam is

substantially collimated.



24. A method as claimed in Claim 22 or Claim 23, wherein the object beam

and the reflected object beam have a common optical path.

25. A method as claimed in Claim 22 or Claim 23, wherein the object beam

and the reflected object beam have different optical paths.

26. A method as claimed in Claim 25, wherein the source of the object beam

is external from the detector(s).

27. A method as claimed in Claim 2 1, wherein the object beam is diverging.

28. A method as claimed in Claim 27, wherein the geometry of the object

beam is as though it emanates from a point source situated behind the

actual source of the object beam, and wherein the distance from the

surface of the object to the said point source is approximately equal to

the distance from the surface of the object to the focus point of the

detector(s) beneath the surface of the object.

29. A method as claimed in any of Claims 2 1 to 28, wherein the sensitivity

direction changes from location to location on the detector or array.

30. A method as claimed in Claim 29, wherein the sensitivity direction

changes in a monotonian way, from one side of the detector or array, to

the other side of the detector or array.

31. A method as claimed in any of Claims 2 1 to 30, wherein all light rays

coming to a single point on the detector or array have the same

sensitivity direction.



32. A method as claimed in any of Claims 2 1 to 31, wherein the detector or

array has an equal sensitivity direction for all light waves coming to

each point on the detector or array, for all distances to the surface of the

object.

33. A method as claimed in any of Claims 2 1 to 32, further comprising

determining the movement of particles on the surface of the object from

the sensitivity direction of the detector or array.

34. A method as claimed in any of Claims 2 1 to 33, wherein the object

beam and the reference beam are coherent laser beams.

35. A method as claimed in Claim 34, wherein the object beam and the

reference beam are derived from a common laser source.

36. A method as claimed in any of Claims 2 1 to 35, further comprising

moving the detector(s) relative to the surface of the object.

37. A method as claimed in any of Claims 2 1 to 36, further comprising

moving the object beam relative to the surface of the object.

38. A method as claimed Claim 37 when dependent on Claim 36, wherein

the detector(s) and the object beam are moved at the same speed relative

to the surface of the object.

39. A method as claimed in any of Claims 36 to 38, wherein the speed of

movement of the detector(s), the sampling rate of the detector(s) and the

size of the area of the surface illuminated by the object beam are

arranged so that sequential areas of the object studied overlap.



40. A method as claimed in any of Claims 2 1 to 39, further comprising

measuring relative motion between the apparatus and the surface from

the speckle pattern formed by the combination of the reflected object

beam with the reference beam.

41. A method as claimed in any of Claims 2 1 to 40, wherein the surface of

the object is a sea floor, and the method is for studying the movement of

particles on the sea floor in response to a seismic event.

42. A method as claimed in Claim 41, wherein the beam source(s) and the

detector(s) are situated in a streamer.

43. A method as claimed in Claim 4 1 or Claim 42, further comprising

applying a seismic event to the sea floor.

44. A method as claimed in any of Claims 4 1 to 43, further comprising

analysing data gathered from the detector(s) to derive representations of

underlying strata.

45. A method as claimed in Claim 44, further comprising assembling the

representations as a depiction of the geological nature of the region.

46. Interferometer apparatus substantially as herein described with reference

to and as illustrated in any combination of the accompanying drawings.

47. A method for conducting an interferometric study of the surface of an

object substantially as herein described with reference to and as

illustrated in any combination of the accompanying drawings.
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