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METHODS AND MEANS FOR CREATING
THREE-DIMENSIONAL BOREHOLE IMAGE
DATA

FIELD OF THE INVENTION

[0001] The present invention relates generally to creation
and 1nterpretation of three-dimensional borehole 1image data,
and 1n a particular though non-limiting embodiment to meth-
ods and means of measuring and characterizing structures
disposed within or immediately surrounding the borehole of
a water, o1l or gas well. Also disclosed are means for recreat-
ing imaged structures as three-dimensional data images using
a software-enabled data reconstruction method comprising
data detected through backscattered radiation collection and
processing.

BACKGROUND

[0002] Since water, o1l and gas wells are generally lined
with one or more metal casing strings adhered to the forma-
tion surrounding the wellbore by hardened cement, it 1s
advantageous to perform quality inspections of the matenals
used to construct the well 1n order to ensure long-term oper-
ability of the well. Such matenals include, but are not limited
to, the geological formations themselves, the casings and the
cements.
[0003] Such quality inspections include, but are not limited
to, measuring the thickness or density to discover any texture
characteristics and structural defects such as mechanical
flaws, nhomogeneities 1n the materials, incomplete or miss-
ing materials, damage caused by geological or subsurface
movement, time varying modification of the strata behind the
casings due to fluid migration, and/or corrosion of materials.
[0004] Furthermore, wells can be fractured so that they
release trapped hydrocarbons into the borehole and can be
produced at the surface; 1n this case the reservoir rock 1s
fractured by the operator by pumping specially designed flu-
1ids into the well at pressures high enough to make fissile
subsurface rocks crack along fault lines. The effectiveness of
this approach is critically dependent upon the fracture aper-
ture and the lateral extent of the fracture. A means to geo-
metrically characterize the fracture system, as well as a mea-
surement of in situ stresses 1n the formation, are therefore
important in predicting and measuring the propagation and
extent of the fracture into the reservorr.
[0005] There are currently several non-destructive methods
of well inspection available to operators, viz.:

[0006] 1. Mechanical means, such as m-bore multi-fin-

gered calipers;

[0007] 2. In-bore optical camera methods;

[0008] 3. Near-bore ultrasonic imaging methods;

[0009] 4. Far-bore ultrasonic imaging methods;

[0010] 3. Sonic logging methods to determine cement
bond quality;

[0011] 6. Electromagnetic methods to evaluate corrosion
and well integrity; and

[0012] 7. Electrical imaging methods used to determine
the borehole shape, and to create a resistivity map of the

borehole wall that can 1dentify geological features as
well as fractures in the reservoir rock.

[0013] The mechanical means, such as the caliper, and the
optical camera only produce information pertaining to the
physical inner surface of the inner-most casing of the well,
and are therefore incapable of offering operators information
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regarding the status of maternials outside of the mner surface,
such as the cement bond or volume.

[0014] Near-bore ultrasonic imaging methods, such as
rotating single ultrasonic transducers, rely upon a method of
emitting ultrasonic pulses in the frequency range of 100 to
800 kHz, and then recerving and measuring waveforms that
have been retlected from the inner and outer surface of the
inner-most casing.

[0015] The rate of decay of the wavelorms indicates the
quality of the cement bond to the outer surface of the inner-
most casing, and can detect features as small as 2-3 centime-
ters 1n size. The resonant frequency of the casing provides
information on the wall thickness of the casing. However, this
ultrasonic method cannot be used to determine the structure
of materials outside of the cement-casing interface.

[0016] Far-bore ultrasonic imaging methods rely on mul-
tiple panoramic ultrasonic transducers and imagers that com-
pare received wavetorms retlected from surfaces or interfaces
of rapid density changes to mnversion models of the wellbore
structures created prior to the operation. In order to solve the
time-oi-tlight inversion needed to resolve the ultrasonic data
into 1mage data (which contains radial distance data), the
operator must create three-dimensional models of the well-
bore apparatus prior to performing a data-collection opera-
tion. Thus, the operator effectively needs to know what an
anomaly looks like and where 1t 1s located 1n advance 1n order
to obtain a satisfactory image of the anomaly. Moreover, since
the method 1s based upon reflected waveforms obtained from
density-change interfaces, it 1s incapable of producing mean-
ingful data regarding the nature of the cement bond or any
cement volume discrepancies.

[0017] When a sonic logging method 1s used, a wire line
tool 1s run 1n the borehole to detect how well the cement 1s
bonded to the casing and formation via a principle based on
resonance. Casing that 1s not bound has a higher resonant
vibration than casing that 1s bound, which causes the energy
from the sonic signal to be transierred to the formation. While
this effect serves to detect a poor cement bond for normal
cement, 1t fails to distinguish between an acceptable bond and
a poor bond when low acoustic impedance cements are used,
for example as 1s usually the case 1n deep water wells. In such
instances, all casing appears to be poorly bonded.

[0018] Another disadvantage of the method 1s that the mea-
surement 1s averaged azimuthally around the borehole and
therefore cannot 1dentity the orientation of any breach in the
cement bond. Finally, 1t should be noted that this method can
detect bond anomalies only on the order of 25 cm or greater
along the longitudinal borehole axis, while vital breaches 1n
the cement bond with smaller dimensions often occur.

[0019] There are two common electromagnetic methods
used to evaluate the integrity of the tubing or casing. First, an
eddy current device can be used to measure the presence of
pits and holes 1n the inner wall of a casing. In the best practice
of this method, the eddy-current measurement 1s used 1n
conjunction with a flux-leakage measurement to determine
casing corrosion, the latter being sensitive to defects on both
the inner and outer walls. A transmitter coil produces a high
frequency, alternating current magnetic field that induces
eddy currents in the casing wall. These currents generate their
own magnetic field, which induces a signal 1 two closely-
spaced recerver coils. In smooth casing, these signals are the
same, but 1f the 1nner wall 1s pitted, the signals are diflerent.

[0020] Second, in a borehole within which a tubing or
casing 1s installed, a low frequency electromagnetic wave
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propagation directly atlected by the thickness of metal of the
tubular 1n which 1t lies 1s transmitted and sensed within a
borehole by a logging tool. The transmitted electromagnetic
wave travels radially through the well-fluid before permeat-
ing through the tubing wall to the area outside.

[0021] The wave then propagates along the length of the
tubing before re-entering the pipe, at which point it 1s mea-
sured by an array of detector antennae within the logging tool.
As the wave propagates through the metal wall of the tubular
its velocity and amplitude are reduced, however, the wave 1s
unaffected by well fluid or formation properties. The trans-
mitter-detector transit time and the amplitude of the electro-

magnetic wave are measured by the tool, and in turn are used
to derive wall thickness.

[0022] These two techniques are often combined 1n a single
borehole tool so that the measurements are made 1n the same
run in the well. While this method provides an average wall
thickness or detects anomalies on the inner and outer surfaces
for the first tubing or casing in a well, 1t cannot make any
measurements of a second casing or tubing in the same well.
Moreover, while multiple pads deployed to detect anomalies
provide azimuthal information regarding the presence of pits
or holes 1n the casing, full circumierential coverage of the
tubing or casing wall cannot be achieved.

[0023] Finally, 1n open boreholes assessed prior to being
cased, an electrical current can be 1njected 1nto the reservoir
rock by a logging tool and sensed by a plurality of electrodes;
in this event the electrodes are typically arranged to form an
array disposed substantially perpendicular to the axis of the
tool and deployed on mechanical pads pressed against the
borehole wall. As the tool moves up the borehole wall, the
sensed current 1n each of the plurality of electrodes varies 1n
proportion to the local conductivity of the reservoir rock.

[0024] A current reading obtained from each sensing elec-
trode 1s then displayed as an 1image spanning the circumier-
ence of the borehole as the tool moves vertically within the
hole. Since the borehole fluid 1s more conductive than the
rock formation, any fluid which fills a fracture that intersects
the borehole results 1n a relatively higher current, with the
current increasing in value in proportion to the aperture of the
fracture, thus evaluating the effectiveness of the fracture 1n
enhancing the production of hydrocarbons from the reservoir
rock. In addition to the measurement of the currents, the tool
measures the dimensions of the borehole 1n two perpendicu-
lar directions, thereby indicating the direction and magnitude
ol the elongation of the borehole and enabling a derivation of
the 1n situ stress 1n the reservoir. This final measurement may
be combined with the fracture evaluation to model the extent
of the fracture 1n the reservoir rock.

[0025] While the measurement 1s made on multiple arms
and pads attached to the tool, it does not provide full circum-
terential coverage of the borehole wall. Moreover, the deter-
mination of the aperture relies on accurate measurements of
the rock resistivity and the resistivity of the borehole fluid.
Finally, the aperture determination fails to provide meaning-
tul information regarding how the aperture varies 1n magni-
tude as well as direction as 1t extends into the formation and
therefore provides limited information about the fracture net-
work.

[0026] In sum, there are no currently known technologies
available to operators to permit detailed three-dimensional
imaging ol wellbore casings and the structures within and
surrounding the wellbore, which offer information obtained
from the mner surface or the inner-most casing, through mul-
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tiple casings and annuli to a volume including the cement and
geological formations. There 1s similarly a lack of technolo-
gies that permit the detailed three-dimensional imaging of the
near-well environment just outside the borehole.

[0027] The invention comprises a method to measure the
discrete structures within and immediately surrounding a
borehole and to recreate said structures as a three-dimen-
sional representation through mathematical reconstructions
ol x-ray backscattered volume imaging. These methods are
turther embodied by means that may be used to practice the
method for use 1n a water, o1l or gas well.

[0028] In conventional, non-destructive three-dimensional
imaging methods based upon x-ray technology, an operator
acquires X-ray attenuation data in wedges through a sample
by moving an x-ray source and electronic imaging device
arranged on opposite sides of a sample around the outside of
the sample. Mathematical processing, typically Radon trans-
form or computational processing, via various algorithms, 1s
applied to each data slice to create a three-dimensional recon-
struction of the sample. The resulting reconstructions are
typically displayed as two-dimensional slice images, though
the underlying data actually represent volumetric properties
of the sample. Various visualization techniques that better
represent the three-dimensional quality of the data are
becoming more prevalent.

[0029] In addition to x-ray computed tomography scans
(CT), tomograms are currently dertved using several other
physical phenomena such as gamma rays in single-photon
emission computed tomography scans (SPECT), radio-waves
in magnetic resonance imaging (MRI), electrons in transmis-
s10n electron microscopy (I'EM), and electron-positron anni-
hilation 1n positron emission tomography (PET). However,
all tomograms are derived from an outside-in perspective,
wherein the radiation source and/or imaging device are
located on the outside or around the sample to be imaged.
[0030] The prior art teaches a variety of techniques that use
x-rays or other radiant energy to inspect or obtain information
about the structures within or surrounding the borehole of a
water, o1l or gas well, though none teach any type of 1nside-
out volume 1maging technique as described and claimed later
in this application.

[0031] For example, U.S. Pat. No. 3,564,251 to Youmans
discloses the use of a radially scanning collimated x-ray beam
used to produce an attenuated signal at a detector for the
purpose of producing a spiral-formed log of the inside of a
casing or borehole surface immediately surrounding the tool.
[0032] U.S.Pat. No. 7,675,029 to Teague et al. provides an
apparatus that permits the measurement of x-ray backscat-
tered photons from any horizontal surface inside of a borehole
that refers to two-dimensional 1imaging techniques.

[0033] U.S. Pat. No. 7,634,059 to Wraight discloses an
apparatus that may be used to measure two-dimension 1 x-ray
images of the inner surface inside of a borehole, but lacks the
ability to look inside of the borehole 1n a radial direction.

[0034] U.S. Pat. No. 8,481,919 to Teague teaches a method

of producing high-energy photon radiation in a borehole
without the use of radioactive 1sotopes, and further describes
rotating collimators disposed around a fixed source installed
internally within the apparatus, but does not have rotatable
solid-state detectors with collimators. It further teaches the
use of conical and radially symmetrical anode arrangements
that permit the production of panoramic x-ray radiation.

[0035] US 2013/0009049 by Smaardyk discloses an appa-
ratus that allows measurement of backscattered x-rays from
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the mner layers of a borehole, but lacks the ability to recon-
struct a three-dimensional representation.

[0036] U.S. Pat. No. 8,138,471 to Shedlock discloses a
scanning-beam apparatus based on an x-ray source, a rotat-
able x-ray beam collimator, and solid-state radiation detec-
tors that enable the imaging of only the mner surfaces of
borehole casings and pipelines.

[0037] U.S. Pat. No. 5,326,970 to Bayless discloses a tool
that measures backscattered x-rays from 1nner surfaces of a
borehole casing with the x-ray source being based on a linear
accelerator.

[0038] U.S. Pat. No. 7,705,294 to Teague et al. teaches an
apparatus that measures backscattered x-rays from the mner
layers of a borehole 1n selected radial directions with the
missing segment data being populated through movement of
the apparatus through the borehole. The apparatus permits
generation of data for a two-dimensional reconstruction of
the well or borehole, but does not disclose the geometry
needed for 1lluminating an x-ray beam so as to permit dis-
crimination of the depth from which the backscattered pho-
tons originated, rather it only discloses the direction.

[0039] U.S. Pat. No. 5,081,611 to Hornby discloses a
method of back projection to determine acoustic physical
parameters of the earth formation longitudinally along the
borehole using a single ultrasonic transducer and a number of
receivers, which are typically distributed along the primary
axis of the tool.

[0040] U.S. Pat. No. 6,725,161 to Hillis et al. discloses a
method of placing a transmitter 1n a borehole, and a receiver
on the surface of the earth, or perhaps a recerver 1n a borehole
and a transmitter on the surface of the earth, in order to
determine structural information regarding the geological
materials between the transmaitter and receiver.

[0041] U.S. Pat. No. 6,876,721 to Siddiqui discloses a
method of correlating information derived from a core-
sample with information obtained from a borehole density
log. The core-sample information 1s dertved from a CT scan
of the core-sample, whereby the x-ray source and detectors
are located on the outside of the sample and thereby config-
ured as an outside-looking-in arrangement. Various types of
information derrved from the CT scan, e.g., bulk density, 1s
then compared to and correlated with the log information.
[0042] U.S. Pat. No. 4,464,569 to Flaum discloses a
method of determining the elemental composition of earth
formations surrounding a well borehole using detected neu-
tron capture gamma radiation emanating from the earth for-
mation following neutron 1rradiation of the earth formation
by a neutron spectroscopy logging tool.

[0043] U.S. Pat. No. 4,433,240 to Seeman discloses a bore-
hole logging tool that detects natural radiation obtained from
the rock of the formation and logs that information so that 1t
may be represented 1n an mtensity versus depth plot format.

[0044] U.S. Pat. No. 3,976,879 to Turcotte discloses a bore-
hole logging tool that detects and records backscattered radia-
tion obtained from the formation surrounding the borehole by
means of a pulsed electromagnetic energy or photon source,
so that characteristic information can be represented in an
intensity versus depth plot format.

[0045] U.S. Pat. No. 4,883,956 to Manente et al. discloses
an apparatus and method for investigation of subsurface earth
formations using an apparatus adapted for movement through
a borehole. Depending upon the formation characteristic or
characteristics to be measured, the apparatus may also
include a natural or artificial radiation source for rradiating
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the formations with penetrating radiation such as gamma
rays, X-rays or neutrons. The light produced by a scintillator
in response to detected radiation 1s then used to generate a
signal representative of at least one characteristic of the radia-
tion, and this signal 1s recorded.

[0046] U.S. Pat. No. 6,078,867 to Plumb et al. discloses a
method for generating a three-dimensional graphical repre-
sentation of a borehole by, for example, receiving caliper data
relating to the borehole, generating a three-dimensional wire
mesh model of the borehole from the caliper data, and color
mapping the three-dimensional wire mesh model from the
caliper data based on either borehole form, rugosity and/or
lithology.

[0047] U.S. Pat. No. 3,321,627 to Tittle discloses a system
having collimated detectors and collimated gamma-ray
sources used to determine the density of a formation outside
ol a borehole so that 1t can be represented in a density versus
depth plot format.

[0048] There 1s, therefore, a long-felt need that remains
unmet despite many prior unsuccessiul attempts to achieve a
volume i1mage dertved from an inside-out perspective,
wherein the radiation source and 1maging device are both
located within the sample, 1n a manner that overcomes the
various shortcomings of the prior art.

SUMMARY

[0049] A method of creating three-dimensional borehole
data 1s provided, including at least the steps of illuminating a
borehole using one or more collimated beams of electromag-
netic radiation; rotating the one or more collimated beams 1n
a sweep of at least 360 degrees; detecting backscattered elec-
tromagnetic radiation returned from one or more surfaces of
associated 1llumination planes using one or more electromag-
netic radiation sensors; converting detected radiation into a
corresponding set of volume 1mage data; and analyzing the
volume 1mage data using computational visualization pro-
cessing techniques; and creating a three-dimensional image
representative of the volume data.

[0050] Various imaging methodologies include at least a
complete, radial conic-shaped surface while the 1maging sys-
tem remains stationary; a plurality of scans performed while
longitudinally moving the imaging system a distance d
through the borehole between 1mage capture operations; and
a plurality of scans performed longitudinally while moving
the imaging system a distance d through the borehole, where
d 1s a distance less than or equal to the collimated beam
thickness so that portions of adjacent scans at least partially
overlap.

[0051] Various systems, structures and means suitable for
performing these methods are also disclosed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0052] FIG. 1 depicts a first embodiment comprising two
revolving collimated beams of x-rays radially offset by 180
degrees radially. The resulting 1lluminated areas of the well
materials, such as an inner casing, annulus, outer casing,
cement and formation are imaged within the imaging system
by detector arrays, which are collimated to ensure that they
only receive backscattered radiation from the areas of the
illumination planes. As the imaging system moves through
the borehole the imaged surfaces are represented by a double
helical ribbon.
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[0053] FIG. 2 depicts plural embodiments of the configu-
ration disclosed 1n F1G. 1, viz., embodiments comprising two
revolving collimated beams of radiation radially offsetby 180
degrees that illuminate the volume around the borehole,
thereby creating imaging planes represented by a double heli-
cal image-plane ribbon; three revolving collimated beams
offset by 120 degrees, thereby producing a triple helical
image-plane ribbon; four revolving collimated beams offset
by 90 degrees, thereby producmg a quadruple helical image-
plane ribbon; or any number ‘n’ of revolving collimated
beams offset by 360/n degrees that will produce an n-helical
image plane ribbon.

[0054] FIG. 3 depicts an embodiment in which the volume
around the borehole 1s 1lluminated by two reciprocating col-
limated beams of radiation radially oifset by 180 degrees. As
the 1maging system moves through the borehole, the imaged
surfaces are represented by a pair of continuous, stacked
oscillating half-conic ribbons, the form of which 1s illustrated
to the right. Configurations such as three reciprocating colli-
mated beams offset by 120 degrees thereby producing a trip-
let of continuous stacked oscillating third-conic ribbons, or
any number ‘n’ of reciprocating collimated beams offset by
360/n degrees to produce n-continuous stacked oscillating
1/n-conic ribbons, are also within the scope of this disclosure.

[0055] FIG. 4 depicts an embodiment 1n which a quadruple
helical image-plane ribbon produced by the imaging device 1s
used to illustrate how captured volume 1mage data can be
represented to an operator as longitudinal two-dimensional
sectional views, measured relative to a centreline of the bore-
hole out 1n stepped offsets to the edge of the imaged volume.
In an alternative embodiment, the volume 1image data 1s rep-
resented as transverse two-dimensional sections.

[0056] FIG. S depicts an embodiment comprising a volume
around the borehole that i1s illuminated by two revolving
collimated beams of radiation radially offset by 180 degrees
and tilted away from the transverse plane by an angle ®. The
resulting 1lluminated areas of the well materials, such as an
inner casing, annulus, outer casing, cement and formation are
imaged by detector arrays within the rotating radiation shield
enclosure. In the depicted embodiment the shield includes an
aperture to ensure that the detector arrays only receive back-
scattered radiation from the areas of the illumination planes.
In a further embodiment the apertures image a region pre-
scribed by an optimum collimation angle O.

DETAILED DESCRIPTION OF SEVERAL
EXAMPLE EMBODIMENTS

[0057] There are no previously known technologies avail-
able on the market capable of providing an operator with
non-destructive means for determining the composition or
status of materials and constructions located behind the inner
casing ol a borehole, nor of the regions surrounding the bore-
hole, with any significant detail.

[0058] The 1nvention described and claimed herein there-
fore comprises a method and means for permitting an opera-
tor to determine the current status of mechanical flaws, 1nho-
mogeneity 1n the maternials, incomplete or missing materials,
damage caused by geological or subsurface movement, time
variant modification of the strata behind the casings attribut-
able to fluid migration, and/or corrosion of materials. The
objects of the mnvention are achieved by creating accurate
volume 1mage data, which are then analyzed 1n detail using
computational visualization techniques.
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[0059] In addition, when used 1n an open borehole the
method permits the operator to detect and geometrically char-
acterize fractures intersecting the open borehole, while at the
same time providing a complete description of the borehole
geometry, thereby enabling a meaningful estimate of 1n-situ
stresses 1n the earth. This combination allows the operator to
tully characterize the fracture apertures, particularly their
extent and variation thereof as they extend into the formation,
thereby allowing for a more accurate determination of the
improvement 1n the permeability of the formation due to the
fracture.

[0060] By employing the method the operator would gain
access 1o a tull three-dimensional reconstruction of the struc-
tures within and around the borehole. This volume data 1s then
viewed as a longitudinal two-dimensional section from the
centreline of the borehole outward 1n stepped offsets of the
operator’s choosing, ranging out to the edge of the imaged
volume created by the method. Similarly, the volume 1mage
data can be represented as transverse two-dimensional sec-
tions so that cross-sectional views of regions of interest
within the borehole may be analysed 1n detail.

[0061] Further reprocessing will identify contiguous volu-
metric regions within the three-dimensional volume 1mage
data, thereby enabling the operator to visually deconstruct,
reduce or remove the visibility of certain sections of volumet-
ric data to 1solate key features within the borehole construc-
tion. The operator can visually remove all volume elements
from their computationally rendered view of the 1image data
so as to leave only the cement layer, for example, or so as to
identily areas of under-sized or missing cement, etc.

[0062] The principle of this method and means 1s to use one
or more beams of 1on1zing radiation to 1lluminate a region of
borehole and its surroundings 1n such a manner that a detector
system can be arranged to effectively record a two-dimen-
sional 1mage of the illuminated plane. When the imaging
system 1s moved longitudinally through the borehole, addi-
tional planes are 1lluminated and 1imaged. Longitudinal stack-
ing of the transverse two-dimensional 1mages enables pro-
cessing of the stacked data such that three-dimensional
volume data of the borehole surroundings may be created.
The resultant volume data set 1s then analysed to provide
complete tomographic datasets of the borehole surroundings,
its geometrical makeup, and materials.

[0063] An example method of creating three-dimensional
borehole data comprises 1lluminating a borehole using one or
more collimated beams of electromagnetic radiation; rotating,
the one or more collimated beams 1n a sweep of at least 360
degrees; detecting backscattered electromagnetic radiation
returned from one or more surfaces of associated 1llumination
planes using one or more electromagnetic radiation sensors;
converting detected radiation 1nto a corresponding set of vol-
ume 1mage data; and analyzing the volume 1image data using
computational visualization processing techniques; and cre-

ating a three-dimensional 1image representative of the volume
data.

[0064] With reference now to associated FIG. 1, an
example embodiment 1s depicted 1n which the volume around
a borehole 1s 1lluminated by two revolving collimated beams
100, 101 of electromagnetic radiation, which are radially
O'Tset by 180 degrees and tilted away from the transverse
plane of the borehole by an angle of between 0 and 90
degrees.

[0065] In another embodiment, the beams of radiation may
be composed of x-rays, gamma-rays, neutrons or other spec-
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trum of electromagnetic radiation. The resulting i1lluminated
arcas ol the well materials, such as an inner casing 102,
annulus 103, outer casing 104, cement 105 and formation 106
are 1maged within the imaging system 109 using one or more
radiation detector arrays.

[0066] In a further embodiment the system includes a plu-
rality of apertures to ensure that the detectors only receive
radiation from the direction of the 1lluminated material planes
107, 108. The radiation received can be the result of any
associated backscatter radiation interactions such as a Ray-
leigh scatter, a Compton scatter, x-ray fluorescence, elastic or
inelastic neutron scattering interactions, neutron absorption
within the material planes, etc. As the imaging system 109
moves longitudinally through the borehole, the simultaneous
action of the pair of revolving beams causes the imaged
regions to remain contiguous.

[0067] In a still further embodiment, contiguous, swept
imaging regions are diagrammatically represented by a
double helical nbbon 110. In each subsequent iteration 1n the
same radial direction (as indicated by the coordinate rose 1n
FIG. 1), the imaged plane contains imaging information
regarding specific material regions in the borehole surround-
ings from the previous pass of the radiation beam, but from a
different 1maging angle compared to the collimation of the
detector arrays. The ability to collect image data of the same
borehole surrounding materials from difierent angles permits
algorithmic computational analysis of the two-dimensional
image ribbons necessary to create three-dimensional volume
image data.

[0068] In one embodiment, iterative reconstruction tech-
niques are used to reconstruct the three-dimensional volume
image data. Due to the ray paths passing through well fluids
and possibly several matenal layers, significant attenuation
will occur along the paths and thus noise statistics will be
relatively poor. For example, iterative algorithm approaches
can be used to provide decreased sensitivity to noise and the
capability of reconstructing an optimal 1image 1n the case of
incomplete or missing data or when 1mage data 1s not distrib-
uted uniformly m angle. However, other methods of algorith-
mic reconstruction may be used to transform the two-dimen-
sional 1mage ribbons into three-dimensional volume 1mage
data as will occur to the ordinarily skilled artisan.

[0069] Inthe example embodiment depicted in FIG. 2, the
imaging system 200 1s configured such that two revolving
collimated beams ol x-rays or other electromagnetic radiation
are radially offset by 180 degrees and 1lluminate a discreet
volume around the borehole, thereby creating illuminated
planes represented by a double helical image-plane ribbon

201.

[0070] However, alternative configurations are within the
scope of this disclosure, such as three revolving collimated
beams offset by 120 degrees, thereby producing a triple heli-
cal image-plane ribbon 202; four revolving collimated beams
offset by 90 degrees, thereby producing a quadruple helical
image-plane ribbon 203; or more generally any number ‘n’ of
revolving collimated beams ofiset by 360/n degrees, which
will produce an n-helical image plane ribbon, efc.

[0071] A further embodiment would permit a complete
conical beam of radiation whereby a conical imaging plane
would be imaged by a single 360 degree collimated aperture.
In a still further embodiment of the imaging system 200
beams ol neutrons or gamma-rays as a replacement for x-rays
will also be effective.
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[0072] In yet another embodiment, the method admits to
the 1maging of complete, radial conic-shaped surfaces while
the 1maging system 1s stationary. This method further com-
prises longitudinally moving the imaging system a relatively
short distance through the borehole in between image capture
operations. The form of the resulting dataset will be that of a
non-contiguous set of two-dimensional surfaces, which
would be stacked 1n a three-dimensional space. Alternately,
the dataset can be contiguous 11 the movement in each step 1s
selected as less than the beam thickness, so that portions of
subsequent scans partly overlapped.

[0073] Inthe example embodiment depicted in FIG. 3, the
volume around the borehole 1s illuminated by two reciprocat-
ing collimated beams 300, 301 of radiation radially offset by
180 degrees. As the imaging system 304 moves longitudi-
nally through the borehole, the 1maged surfaces are repre-
sented by a pair of continuous, stacked oscillating half-conic

ribbons 302, the general form of which i1s illustrated to the
right of FIG. 3.

[0074] Other example configurations, such as three recip-
rocating collimated beams oifset by 120 degrees, will pro-
duce a triplet of continuous stacked oscillating third-conic
ribbons, and more generally, any number ‘n’ of reciprocating
collimated beams offset by 360/n degrees will produce n-con-
tinuous stacked oscillating 1/n-conic ribbons. This approach
has the benefit of reducing the overall mechanical complexity
of any 1maging system means or apparatus to which the
method would be applied, as the imaging system would only
need to be actuated 1n a reciprocating angle of less than 180
degrees at any one time, making electrical connections sim-
pler and less prone to failure.

[0075] FEither during or after the collection of the image
data, the collected volume data 1s reprocessed 1n order to
enable an operator to view the borehole surroundings and
geometrical construction as longitudinal two-dimensional
sectional views measured from the centreline of the borehole
out 1n a series of stepped offsets of the operator’s choosing,
ranging out to the edge of the imaged volume (see, for

example, the example embodiment depicted in FIG. 4 at
clements 401, 402).

[0076] In an alternative embodiment, the volume image
data 1s represented as transverse two-dimensional sections
(see FIG. 4, clement 403), so that cross-sectional views of
regions ol interest within the borehole are acquired for
detailed analysis. Further reprocessing of contiguous volu-
metric regions detected within the three-dimensional volume
image data will enable an operator to visually deconstruct,
reduce or remove the visibility of certain sections of volumet-
ric data in order to 1solate key features within the borehole
construction. The operator then visually removes all volume
clements from the computationally rendered view of the
image data, leaving only the cement layer, for example, so to
be able to 1dentity areas of under-sized or missing cement.

[0077] In the example embodiment depicted 1n FIG. 5, the
volume around the borehole 1s illuminated by two revolving
collimated beams 500, 501 of x-rays emanating from an x-ray
source 313. In this example, the beams are radially offset by
180 degrees and tilted away from the transverse plane of the
borehole by an angle ®, which can comprise any angle
between 0 and 90 degrees. The radiation beam 1s collimated
by a plurality of high aspect holes 514 formed 1n the rotating
radiation shield enclosure 509 with a collimation ratio of at
least 2:1, whereby the length of the collimator 1s closely
approximate to twice that of the diameter of the collimator
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orifice. However, ordinarily skilled artisans will recognize
that a plurality of low aspect collimator holes can also be
employed depending on desired operational parameters.

[0078] The resulting 1lluminated areas of the well mater:-
als, such as an inner casing 502, annulus 503, outer casing
504, cement 505 and formation 506 are imaged by a plurality
of detector arrays 507, 508 disposed within the rotating radia-
tion shielded enclosure 509. The shield includes a plurality of
apertures 312 so as to ensure that the detectors only receive
backscattered radiation from a specified area of the i1llumina-
tion planes 510, 511. That area 1s prescribed by the collima-
tion angle 0, which determines the geometry of the imaging,
collimators 512. In one example embodiment, the detector
array comprises a multi-strip detector, or instead a quasi-one-
dimensional array, so that 1t 1s segmented 1n the longitudinal
direction (though not necessarily perpendicularly). When
combined with an appropriate imaging collimator, the detec-
tion system admits to a representative depth discrimination of
the backscattered x-rays, thereby achieving a three-dimen-
s10nal reconstruction.

[0079] In a further embodiment, detector systems sensitive
to discriminating the energy of scattered radiation are used to
achieve one or more of a plurality of interpretive methods,
including (though not limited to) x-ray tluorescence, so that
clemental composition of the scattering medium 1s achueved.
The fluorescent characteristics of specific elements, viz., bis-
muth or barium, etc., are then i1dentified within the 1imaged
volume. This technique admits to the identification and
removal of data collected as a result of multiple scattering
events or other undesired portions of the energy spectrum.

[0080] In a still further embodiment, the x-ray source 513
and the detector arrays 507, 508 are mechanically fixed
within the radiation shielded enclosure 509 such that they
rotate together with the radiation shielded enclosure 509. In
this manner, the radiation shielded enclosure 509 effectively
rotates within the pressure housing that encompassed the
entire 1maging system. However, any means admitting to
production of a rotating or oscillating plurality of collimated
beams can be employed with equal efficacy.

[0081] The foregoing specification 1s provided for 1llustra-
tive purposes only, and 1s not intended to describe all possible
aspects of the present invention. Moreover, while the mven-
tion has been shown and described 1n detail with respect to
several exemplary embodiments, those of skill 1n the perti-
nent arts will appreciate that minor changes to the description
and various other modifications, omissions and additions may
be made without departing from the scope thereof.

1. A method of creating three-dimensional borehole data,
said method comprising:

illuminating a borehole using a collimated beam of elec-
tromagnetic radiation; rotating said collimated beam in a
sweep ol at least 360 degrees;

detecting backscattered electromagnetic radiation returned
from a surface of an associated 1llumination plane using
an associated electromagnetic radiation sensor;

converting detected radiation mto a corresponding set of
volume 1image data;

analyzing said volume 1mage data using a computational
visualization processing technique; and

creating a three-dimensional image representative of said
volume 1image data.

2. The method of claim 1, further comprising 1lluminating
a borehole using two collimated beams of electromagnetic

Jun. 25, 2015

radiation radially separated by approximately 180 degrees,
thereby creating a three-dimensional data image in the shape
of a double helix.

3. The method of claim 1, further comprising illuminating,
a borehole using three collimated beams of electromagnetic
radiation radially separated by approximately 120 degrees,
thereby creating a resulting three-dimensional data image in
the shape of a triple helix.

4. The method of claim 1, further comprising 1lluminating,
a borehole using four collimated beams of electromagnetic
radiation radially separated by approximately 90 degrees,
thereby creating a resulting three-dimensional data image in
the shape of a quadruple helix.

5. The method of claim 1, further comprising illuminating
a borehole using n collimated beams of electromagnetic
radiation radially separated by approximately 360/n degrees,
thereby creating a resulting three-dimensional data image of
an n-shaped helix.

6. The method of claim 1, further comprising tilting the
transverse plane of said collimated beam by more than zero
degrees and less than or equal to approximately 90 degrees.

7. The method of claim 5, further comprising tilting the
transverse plane of said collimated beam by more than zero
degrees and less than or equal to approximately 90 degrees.

8. The method of claim 1, further comprising illuminating
a borehole using a collimated x-ray beam.

9. The method of claim 1, further comprising illuminating
a borehole using a collimated gamma-ray beam.

10. The method of claim 1, further comprising 1lluminating
a borehole using a collimated neutron beam.

11. The method of claim 1, wherein said detecting back-
scattered electromagnetic radiation returned from a surface of
an associated 1llumination plane further comprises detecting
an associated backscatter radiation interaction.

12. The method of claim 1, wherein said detecting back-
scattered electromagnetic radiation returned from a surface of
an associated 1llumination plane further comprises detecting
at least one of a Rayleigh scatter, a Compton scatter, and an
x-ray fluorescence event.

13. The method of claim 1, wherein said detecting back-
scattered electromagnetic radiation returned from a surface of
an associated 1llumination plane further comprises detecting
at least one of an elastic neutron scattering, an inelastic neu-
tron scattering, and a neutron absorption interaction.

14. The method of claim 1, wherein said analyzing said
volume 1mage data using computational visualization pro-
cessing techniques and said creating a three-dimensional
image representative of said volume 1image data further com-
prises applying one or more iterative data processing recon-
struction techniques to said volume 1mage data.

15. The method of claim 14, wherein said applying one or
more 1terative data processing reconstruction techniques fur-
ther comprises applying one or iterative algorithms.

16. The method of claim 14, turther comprising applying
one or more iterative data processing reconstruction tech-
niques to said volume image data so that signal data attenu-
ation 1s reduced.

17. The method of claim 16, wherein said applying one or
more iterative data processing reconstruction techniques to
said volume 1mage data so that signal data attenuation 1s
reduced further comprises reducing signal noise data.

18. The method of claim 1, further comprising using an
clectromagnetic radiation sensor to detect the elemental com-
position of an associated scattering medium.
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19. The method of claim 1, wherein said method further
comprises one or more of:

imaging a complete, radial conic-shaped surface while the

imaging system remains stationary;

longitudinally moving the imaging system a distance d

through the borehole between 1image capture operations,
thereby resulting 1 a plurality of non-contiguous
datasets of two-dimensional 1mages that are stacked
using computational visualization processing tech-
niques, and then creating an integrated three-dimen-
stonal image representative of the stacked volume 1image
data; and

longitudinally moving the imaging system a distance d

through the borehole, where d 1s a distance less than or
equal to the collimated beam thickness, so that portions
of adjacent scans at least partially overlap.

20. A system for creating three-dimensional borehole data,
said system comprising:

means for illuminating a borehole using a collimated beam

of electromagnetic radiation;

means for rotating said collimated beam 1n a sweep of at

least 360 degrees;

means for detecting backscattered electromagnetic radia-

tion returned from a surface of an associated 1llumina-
tion plane using an associated electromagnetic radiation
SeNnsor;

means for converting detected radiation 1into a correspond-

ing set of volume 1mage data;

means for analyzing said volume 1mage data using a com-

putational visualization processing technique; and
means for creating a three-dimensional 1image representa-
tive of said volume 1image data.

21. The system of claim 20, further comprising means for
illuminating a borehole using two collimated beams of elec-
tromagnetic radiation radially separated by approximately
180 degrees, thereby creating a three-dimensional data image
in the shape of a double helix.

22. The system of claim 20, further comprising means for
1lluminating a borehole using three collimated beams of elec-
tromagnetic radiation radially separated by approximately
120 degrees, thereby creating a resulting three-dimensional
data image 1n the shape of a triple helix.

23. The system of claim 20, further comprising means for
1lluminating a borehole using four collimated beams of elec-
tromagnetic radiation radially separated by approximately 90
degrees, thereby creating a resulting three-dimensional data
image 1n the shape of a quadruple helix.

24. The system of claim 20, further comprising means for
1lluminating a borehole using n collimated beams of electro-
magnetic radiation radially separated by approximately 360/n
degrees, thereby creating a resulting three-dimensional data
image of an n-shaped helix.

25. The system of claim 20, further comprising means for
tilting the transverse plane of said collimated beam by more
than zero degrees and less than or equal to approximately 90
degrees.

26. The system of claim 24, further comprising means for
tilting the transverse plane of said collimated beam by more
than zero degrees and more than or equal to approximately 90
degrees.

27. The system of claim 20, further comprising means for
illuminating a borehole using a collimated x-ray beam.
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28. The system of claim 20, further comprising means for
illuminating a borehole using a collimated gamma-ray beam.

29. The system of claim 20, further comprising means for
illuminating a borehole using a collimated neutron beam.

] -

30. The system of claim 20, wherein said means for detect-
ing backscattered electromagnetic radiation returned from a
surface of an associated illumination plane further comprises
means for detecting an associated backscatter radiation inter-
action.

31. The system of claim 20, wherein said means for detect-
ing backscattered electromagnetic radiation returned from a
surface of an associated 1llumination plane further comprises
means for detecting at least one of a Rayleigh scatter, a
Compton scatter, and an x-ray fluorescence event.

32. The system of claim 20, wherein said means for detect-
ing backscattered electromagnetic radiation returned from a
surface of an associated illumination plane further comprises
means for detecting at least one of an elastic neutron scatter-
ing, an inelastic neutron scattering, and a neutron absorption
interaction.

33. The system of claim 20, wherein said means for ana-
lyzing said volume 1image data using a computational visual-
1zation processing technique and said means for creating a
three-dimensional image representative of said volume image
data further comprises means for applying one or more itera-
tive data processing reconstruction techmques to said volume
image data.

34. The system of claim 33, wherein said means for apply-
ing one or more iterative data processing reconstruction tech-
niques further comprises means for applying one or iterative
algorithms.

35. The system of claim 33, further comprising means for
applying one or more iterative data processing reconstruction
techniques to said volume image data so that signal data
attenuation 1s reduced.

36. The system of claim 35, wherein said means for apply-
Ing one or more iterative data processing reconstruction tech-
niques to said volume 1mage data so that signal data attenu-
ation 1s reduced turther comprises means for reducing signal
noise data.

37. The system of claim 20, further comprising means for
using an electromagnetic radiation sensor to detect the
clemental composition of an associated scattering medium.

38. The system of claim 20, wherein said system further
comprises one or more of:

means for imaging a complete, radial conic-shaped surface
while the 1imaging system remains stationary;

means for longitudinally moving the imaging system a
distance d through the borehole between 1image capture
operations, thereby resulting in a plurality of non-con-
tiguous datasets of two-dimensional 1mages that are
stacked using a computational visualization processing,
technique, and then creating an 1ntegrated three-dimen-
stonal 1image representative ol the stacked volume image

data; and

means for longitudinally moving the imaging system a
distance d through the borehole, where d 1s a distance
less than or equal to the collimated beam thickness, so
that portions of adjacent scans at least partially overlap.
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