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NMR tools are described having unidirectional magnetization throughout the magnet assembly. An antenna assembly is positioned
around the magnet assembly in order to excite a volume in the surrounding subterranean formation. A layer of soft magnetic core
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material is positioned under the antenna assembly in order to shield all or most of the RF field generated by the RF antenna away
from the conductive components inside the NMR tool. The conductive components may be conductive structural members or a
conductive magnet assembly. The soft magnetic core material also shapes the static magnetic field by smoothing out the
longitudinal magnetic field variation.
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(57) Abstract: NMR tools are described having unidirectional magnetization throughout the magnet assembly. An antenna assembly is
positioned around the magnet assembly in order to excite a volume in the surrounding subterranean formation. A layer of soft magnetic
core material is positioned under the antenna assembly in order to shield all or most of the RF field generated by the RF antenna
away from the conductive components inside the NMR tool. The conductive components may be conductive structural members or a
conductive magnet assembly. The soft magnetic core material also shapes the static magnetic field by smoothing out the longitudinal
magnetic field variation.
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UNIDIRECTIONAL MAGNETIZATION OF NUCLEAR MAGNETIC RESONANCE
TooLs HAVING SOFT MAGNETIC CORE MATERIAL
PRIORITY

This application is a Continuation-in-part Application of and claims priority to United
States Patent Application No. 14/455 495 entitled, “DOWNHOLE NUCLEAR MAGNETIC
RESONANCE (NMR) TOOL WITH  TRANSVERSAL-DIPOLE  ANTENNA
CONFIGURATION,” filed August 8, 2014, naming Arcady Reiderman and Songhua Chen as
inventors, which is a Non-Provisional Application of and claims prionty to U.S. Provisional
Patent Apphication No. 61/872362, entitled “OBTAINING NUCLEAR MAGNETIC
RESONANCE {(NMR) DATA FROM A SUBTERRANEAN REGION,” filed on Aug. 30,
2013, also namung Reiderman ef @f. as inventors, the disclosures of which are hereby

incorporated by reference their entirety.

FIELD OF THE DISCLOSURE
The present disclosure relates generally to nuclear magnetic resonance (“NMR™) tools
and, more specifically, to NMR tools having unidirectional magnet assemblies with 8 layer of

soft magnetic core material positioned there around.

BACKGROUND

In the field of logging (e g.. wireline loggmg, logging while drilling (“"LWD”} and
measurement while drilling (“MWD™)), NMR tools have been used to explore the subsurface
based on the magnetic interactions with subsurface material. Some downhole NMR tools
include 8 magnet assembly that produces a static magnetic field, and a coil assembly that
generates radio frequency (“RE7) control signals and detects magnetic resonance phenomena
in the subsurface matenial. Properties of the subsurface material can be identified from the
detected phenomena.

Conventional NMR tools have disadvantages. For example, one conventional NMR
configuration provides an annular cylindrical sensitive volume and generates a magnetic field
substantially in a longitudinal direction in the sensitive volume. Here, there exisis a
significant limitation in that the magne! needs to be non-conductive (f.e., generally be RF
transparent) and, thus, generally limited to the use of ferrtte material. The remnant flux

density of the ferriie material 1s not as strong as recently developed rare earth magnetic
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material, so in order to achieve the same magnetic field, a lot more ferrite material is needed
which leaves significantly less room to maintain mechanical integrity. Also, ferrite material
has a ringing problem which limits how low one can get with TE, the inter-echo spacing (or
Time between Echos), which is an important NMR logging parameter. In LWD applications,
a relatively large cross section i1s required for structural components to maintam strength n
demanding dnillmg operation, and such structural components are mevitably metallic and
conductive. 1inder such drilling conditions, conventional NMR configurations become

infeasible.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A 1s a diagram of an example well system.

FIG. 1B 15 a diagram of an example well system that includes an NMR tool in a
wircline logging environment.

FIG. 1C is a diagram of an example well system that includes an NMR tool in a
logging while drilling {LWD} environment.

FIG. 2A 1s a diagram of an example downhole tool for obtaining NMR data from a
subterranean region.

FIG. 2B is a diagram of another example downhole tool for obtaining NMR data from
a subterranean region.

FIG. 3A i3 a plot showing azimuthal selectivity for an example downhole tool.

FIG. 3B 1s a diagram of another example downhole tool for obtaining NMR data from
a subterranean region.

FIG. 44 is a flowchart showing an example technique for obtaining NMR data from a
subterranean region.

FIG. 4B 1s a8 flowchart showing another example technigue for obtaining NMR data
from a subterranean region.

FIGS. SA and 5B are exploded sectional views of NMR tools, according to alternative
embodiments of the present disclosure.

FIGS. 6A and 6B show a finite element modeling results of NMR tools 500A and

S00B, respectively.
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FIG. 7 18 a flowchart showing an example process for obtaming NMR data from a

subterranean region using NMR tools S00A or S00B.

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

Tustrative embodiments and related methods of the present diselosure are deseribed
below as they might be emploved in NMR toels having magnet assemblics with vnidirectional
magnetization and soft magnetic core material there around. In the interest of clarity, not all
features of an actual implementation or method are described in this specification. It will of
course be appreciated that in the development of any such asctual embodiment, numerous
implementation-specific decisions must be made to achieve the developers’ specific goals,
such as compliance with system-related and business-related constraints, which will vary from
one implementation to another. Moreover, it will be appreciated that such a development
effort might be complex and time-consuming, but would nevertheless be a routine undertaking
for those of ordinary skill in the art having the benefit of this disclosure. Further aspects and
advantages of the various embodiments and related methods of the disclosure will hecome
apparent from consideration of the following description and drawings.

As described herein, illustrative embodiments and methods of the present disclosure
are directed to NMR tools with a unidirectional magnetization throughout the magnet
asserably. The magnet assembly may be comprised of one or more magnets which produce a
static magnetic field, each magnet having a magnetization direction in one longitudinal
direction throughout the magnet assembly. This unidirectional magnetization provides
rotational symmetry which is especially suitable for LWD. Compared to conventional designs,
the unidirectional design of the present disclosure has a longer sensitive volume which enables
logping while tripping. The magnetic field gradient 1s also higher than conventional desigos,
s0 it 15 more stable againsi magnetic material property variation and temperature variation.
Moreover, the unidirectional design may use an antenna configuration that minimizes horehole
loss in a lossy mud environment.

An antenna assembly is positioned around the magnet assembly m order o excile a
volume in the swrrounding subterranean formation. A layer of sodl magnetic core material
(e.g., magnetic sleeve) is positioned under the antenna assembly i order to shield all or most

of the RF field generated by the RF antenna away from the conductive components inside the
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NMR tool. The conductive components may be conductive structural members or a
conductive magnet assembly. The soft magnetic core material also shapes the static magnetic
field by smoothing out the longitudinal magnetic field variation, a very desirable outcome.

As previously mentioned, one disadvantage of certain conventional NMR tools is they
arc limited to the use of non-conductive magnets made of ferrite material. The non-conductive
magnets are used (o produce a static magnetic field substantially mn the longitudinal direction
in the sensitive volume of the subterranean region. Since the remnant flux density of the
ferrite material 1s not as strong as recently developed rare earth magnetic materials, much
more ferrite material is needed, which leaves significantly less room to mamtain mechanical
integrity. In addition, the ferrite material has a ringing problem which limits how low one can
get with inter-echo spacing, which is an mporiant NMR logging parameter. Moreover,
LWD applications a relatively large cross section i required for structural components to
maintamn strength in demanding drilling operations, and such structural components are
mevitably metallic and conductive. Therefore, the use of such NMR designs in such
applications, especially drilling applications, i3 verv ditficult, if not impossible.

Accordingly, the illustrative embodiments of the present disclosure overcomes these
Iimitations through use of a layer of soft magnetic core material under the antenna assembly.
As described herein, “soft” magnetic core material are those materials which are easily
magnetized and demagnetized, and typically have an intrinsic coercivity of less than 1000 A/m
(ampere/meter units). The laver of soft core material may be embodied in a variety of ways
such as, for example, a magnetic sleeve or a layer of soft core material placed on a drill collar
or other tubular. The soft magnetic core material will shield most or all of the R field
generated by the RF antenna (e.g., coil) away from the conductive components inside. As
mentioned above, the conductive components can be conductive structure members of the
NMR tool itself or & conductive magnet assembly. Moreover, the soft magnetic core material
also shapes the static magnetic field by smoothing out the longitudinal magnetic field
variation, an even more desirable outcome,

Moreover, the embodiments disclosed herein provide magnet assemblics having one or
more magnets magnetized in the same longitudinal direction and placed all together. In
certain embodiments, the magnet cross-sectional area towards the center of the magnet

assembly is larger, or the remmnant flux of the magnetic matenial used iz larger, or a
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combination thereof. In vet other embodiments, the magnet cross-sectional area towards the
center of the magnet assembly is smaller, or the remunant flux of the magnetic material used is
smaller, or a combination thereof The manipulation of the cross-sectional areas of both
embodiments assisty in shaping the static magnetic field such that it iy smoothed out along the
longitudinal direction. Furthermore, the design of the NMR tools described herein provides
the benefit that the magnet assembly is much shorter than conventional NMR designs — a very
desirable feature in LWD applications because a shorter tool is much easier {o turn along the
space-constramed wellbore.

In some mnplementations, an illustrative NMR mstrument can offer practical solutions
for obtaining NMR data from the subsurface. In some instances, the instrument can provide a
higher signal-to-noise ratio (“SNR™) {e.g., for a given DC power budget), motional immunity,
azimuthal selectivity of measurements, or a combination of these or other advantages. In some
cases, the instrument can be robust against environmental factors, and provide accurate or
precise information for analysis of the subsurface.

In some other illustrative embodiments, an NMR instrument can produce a
longitudinal static magnetic field in the volume of interest. In some examples, the instrument
includes multiple transversal-dipole antennas (e g., two identical transversal-dipole antennas)
that produce circular polarized excitation and provide guadrature coil detection. An
arrangement of multiple orthogonal antennas can be used, for example, with a longitudinal-
dipole magnet that generates an axial static magnetic field in the volume of interest. In some
examples, the instrument includes a multiple-volume arrangement that makes use of different
regions of the magnet assembly to acguire the NMR signal. In some examples, a region of
investigation has a shape that 15 suitable for measurements while tripping the dnll string (e,
transiting the dnll string mm the wellbore). Some example implementations include a
combhination of a transversal-dipole antenna axially-svmmetrical response and a monopole
antenna axially-symmetrical response, which can ensble azumuthally-resolved unidirectional
NMR measurements in some instances.

Various features of the illustrative NMR tools described herein may be combined, as
would be understood by those ordinanly skilled in the art having the benefit of this disclosure.
These and other advantages of the present disclosure will be apparent to those same skilled

artisans.
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FIG. 1A 18 a diagram of an example well system 1800a. The example well system 100a
mcludes an NMR logging system 108 and a subterranean region 120 beneath the ground
surface 106, A well system can mclude additional or different features that are not shown in
FIG. 1A, For example, the well system 100 a may include additional drilling system
components, wireline logging system components, ete.

The illustrative subterranean region 120 can include all or part of one or more
subterrancan formations or zones. The example subterranean region 120 shown mn FIG. 1A
includes multiple subsurface layers 122 and a wellbore 104 penectrated through the subsurface
layers 122, The subsurface layers 122 can include sedimentary layers, rock lavers, sand layers,
or combinations of these and other types of subsurface lavers. One or more of the subsurface
layers can contain fluids, such as brnine, oil, gas, ete. Although the example wellbore 104
shown in FIG. 1A is a vertical wellbore, the NMR logging system 108 can be implemented in
other wellbore orientations. For example, the NMR logging system 108 may be adapted for
horizontal wellhores, slanted wellbores, curved wellbores, vertical wellbores, or combinations
of these.

The example NMR logging system 108 includes a logging tool 102, surface equipment
112, and a computing subsystem 110, In the example shown in FIG. 1A, the logging tool 102
13 a downhole logging tool that operates while disposed in the wellbore 1(4. The example
surface equipment 112 shown in FIG. 1A operates at or above the surface 106, for example,
near the well head 105, to control the logging tool 102 and possibly other downhole equipment
or other components of the well system 100. The example computing subsystem 110 can
receive and analyze logging data from the logging tool 102, An NMR logging svstem can
include additional or different features, and the features of an NMR logging system can be
arranged and operated as represented in FIG. 1A or in another manner.

In some instances, all or part of the computing subsystem 110 can be implemented as a
component of, or can be mtegrated with one or more components of, the surface equipment
112, the logging tool 102 or both. In some cases, the compuiing subsystemn 110 can be
implemented as one or more computing structures separate from the swrface equipment 112
and the logeing tool 102,

In some mplementations, the computing subsystem 110 (i.e., processing circuitry) is

embedded in the logging tool 102, and the computing subsystem 110 and the logging tool 102



10

1
)

g

CA 03073505 2020-02-20

WO 2019/066919 PCT/US2017/054386

can operate concwrrently while disposed in the wellbore 104. For example, although the
computing subsystent 110 is shown above the surface 106 in the example shown m FIG. 14,
all or part of the computing subsystem 110 may reside below the surface 106, for example, at
or near the location of the logging tool 102.

The well system 100 a can include communication or telemetry equipment that allows
communication among the computing subsysiem 110, the logging teol 102, and other
components of the NMR logging system 108, For example, the components of the NMR
logging system 108 can each melude one or more transceivers or sumilar apparatus for wired
or wireless data communication among the various components. For example, the NMR
logging svstem 108 can mclude systems and apparatus for optical telemetry, wireline
telemetry, wired pipe telemetry, mud pulse telemetry, acoustic telemetry, electromagnetic
telemetry, or a combination of these and other tvpes of telemetry. In some cases, the logging
tool 102 receives comumands, status signals, or other types of information from the computing
subsystemm 110 or another source. In some cases, the computing subsystem 110 receives
logging data, status signals, or other types of mformation from the logging tool 102 or another
souree.

NMR logging operations can be performed in connection with various types of
downhole operations at various stages in the lifetime of a well system. Structural attributes and
components of the surface equipment 112 and logging tool 102 can be adapted for various
types of NMR logging operations. For example, NMR logging may be performed during
drilling operations, during wireline logging operations, or in other contexts. As such, the
surface equipment 112 and the logging fool 102 may include, or may operate m connection
with drilling eguipment, wircline logging equipment, or other equipment for other fypes of
operations.

In certain illustrative embodiments, the logging tool 102 includes a magnet assembly
that includes a central magnet and two end picce magnets. Examples are shown in FIGS. 2A,
2B, and 3B. The end piece magnets can be spaced apart from the axial ends of the central
magnet. The end pieces together with the central magnets can define four magnetic poles,
which may be arranged to enhance the static magnetic field in a volume of interest. In some
cases, the central magnet defines a first magnetic field orientation, and the end piece magnets

define a second magnetic field orientation that is orthogonal to the first magnetic field
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onientation. The logging tool 102 can also include multiple orthogonal transversal-dipole
antennas. The orthogonal transversal-dipole antennas can produce circular polarized excitation
in a subterranean volume and acquire a response from the volume by quadrature coil detection.

In some implementations, the logging tool 102 includes a magnet assembly that
produces a magnetic field in multiple distinet sub-volumes in the subterranean region 120. An
example is shown in FIG. 2B, A first sub-volume can be an elongate cylindrical-shell region
that extends in the longitudinal direction (parallel to the wellbore axis), and the magnetic field
in the first sub-volume can be substantially uwniformly oriented along the longitudinal
direction. Second and third sub-volumes can be spaced apart from the axial ends of the first
sub-volume, and the static magnetic field in the second and third sub-volumes can have a
radial orientation {perpendicular to the longitudinal direction). The second and third sub-
volumes can be located at a different distance from the center of the tool string than the first
volume. In some mstances, the locations of the sccond and third sub-volumes allow the
logging tool to collect information for mud filtrate invasion profiling. The logging tool 102
can also inclade multiple antenna assemblies at respective locations along the longitudinal
axis. Each of the antenna assemblies can detect an NMR response from a respective one of the
distinct sub-volumes.

In some implementations, the logging tool 102 includes a magnet assembly and a
transversal-dipole and monopole antenna assembly. An example 18 shown in FIG. 3B. The
transversal-dipole and monopole antenna assembly can obtain a vmidirectional azimuthally-
selective NMR response from a subterranean volume about the magnet assembly. The
transversal-dipole and monopole antenna assembly can include orthogonal transversal-dipole
antennas and a monopole antenna.

In some examples, NMR logoing operations are performed during wireline logging
operations. FIG. 1B shows an example well system 100b that includes the logging tool 102 in
a wireline logging enviromment. In some example wireline logging operations, the surface
equipment 112 includes a platform above the surface 106 equipped with a derrick 132 that
supports a wireline cable 134 that extends into the wellbore 104, Wireline logging operations
can he performed, for example, after a drill string is removed from the wellbore 104, to allow

the wireline logging tool 102 to be lowered by wireline or logging cable into the wellbore 104.
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In some examples, NMR logging operations are performed during drilling operations.
FIG. 1C shows an example well system 100c¢ that includes the logging tool 102 in an LWD
environment. Drilling is commonly carried out using a string of drill pipes connected together
to form a drill string 140 that 15 lowered through a rotary table into the wellbore 104. In some
cases, a drilling rig 142 at the surface 106 supports the dnill string 140, as the drill string 140 1s
operated to drill a wellbore penetrating the subterranean region 120. The dnill string 140 may
include, for example, a kelly, drill pipe, a bottomhole assembly, and other components. The
bottomhole assembly on the dnll string may include dnill collars, drill bits, the logging tool
102, and other components. The logging tools may include MWD tools, LWD tools, and
others.

In some implementations, the logging tool 102 mchudes an NMR tool for obtaming
NMR mesasurements from the subterranean region 120. As shown, for example, in FIG. 1B,
the logging tool 102 can be suspended in the wellbore 104 by a coiled tubing, wireline cable,
or another structure that connects the tool to a surface control unit or other components of the
surface equipment 112. In some example implementations, the logging tool 102 is lowered to
the bottom of a region of interest and subsequently pulled vpward {e.g., at a substantially
constant speed) through the region of interest. As shown, for example, in FIG. 1C, the logging
tool 102 can be deployed in the wellbore 104 on jointed drill pipe, hard wwed drill pipe, or
other deployment hardware. In some example implementations, the logging tool 102 collects
data during drifling operations as it moves downward through the region of interest. In some
example mmplementations, the logging tool 102 collects data while the dnll string 140 ix
moving, for example, while 1t is being tripped in or tripped out of the wellbore 104,

In some implementations, the logging tool 102 collects data at discrete logging points
in the wellbore 104, For example, the logging tool 102 can move upward or downward
incrementally to each logging point at g series of depths in the wellbore 104, At cach logging
point, wmstruments in the logging tool 102 perform measurements on the subterrancan region
120. The measurement data can be communicated to the computing subsystem 110 for storage,
pracessing, and analysis. Such data may be gathered and analvzed during drilling operations
{e.g., during LWD operations), during wireline logging operations, or during other types of

activities.
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The computing subsystem 110 can receive and analyze the measwrement data from the
logging tool 102 to deteet properties of various subsurface layers 122. For example, the
computing subsystem 110 can wdentify the density, viscosity, porosity, material content, or
other properties of the subsurface lavers 122 based on the NMR measurements acquired by the
logging tool 102 in the wellbore 104,

In some implementations, the logging tool 102 obtains NMR signals by pelanzing
nuclear spins in the subterranean region 120 and pulsing the nuclei with a RF magnetic field.
Various pulse sequences (i.e., series of radio frequency pulses, delays, and other operations)
can be used to obtain NMR signals, mecluding the Carr Purcell Meiboom Gill ("CPMG™)
sequence (in which the spins are first tipped using a tipping pulse followed by a series of
refocusing pulses), the Optimized Refocusing Pulse Sequence (“ORPS™ in which the
refocusing pulses are less than 1807, & saturation recovery pulse sequence, and other pulse
Sequences.

The acquired spin-echo signals (or other NMR data) may be processed {e.g., inverted,
transformed, ete.) to a relaxation-time distribution {e.g., a distribution of transverse relaxation
times Tz or a distribution of longitudinal relaxation times Ti), or both. The relaxation-time
distribution can be used to determine various physical properties of the formation by solving
one or more inverse problems. In some cases, relaxation-time distributions are acquired for
multiple logging points and used to train a model of the subterranean region. In some cases,
relaxation-time distributions are acquired for multiple logging points and uvsed to predict
properties of the subterranean region.

FIG. 2A 15 a diagram of an example NMR tool 2Z00A. The example NMR tool 200A
includes a magnet assembly that generates a static magnetie field to produce polarization, and
an antenna assembly that {(a) generates a RF magmnetic field to generate excitation, and (b)
acquires NMR signals. In the example shown in FIG. 2A, the magnet assembly that includes
the end piece magnets 11A, 11B and a central magnet 12 generates the static magnetie field in
the volume of investigation 17. In the volume of mvestigation 17, the direction of the static
magnetic field {shown as the solid black bolded arrow 18) 15 parallel o the longitudinal axis of
the wellbore. In some examples, a magnet configuration with double pole strength can be used
t0 increase the strength of the magnetic field {e.g., up to 100-150 Gauss or higher in some

instances).

10
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In the example shown in FIG. 24, the antenna assembly 13 includes two mutually
orthogonal transversal-dipole antennax 15, 16. In some instances, the NMR tool 2004 can be
implemented with a single tranyversal-dipole antenna. For example, one of the transversal-
dipole antennas 15, 16 may be omitted from the antenna assembly 13, The example
transversal-dipole antennas 135, 16 shown in FIG. 2A are placed on an outer surface of a soft
magnetic core 14, which 1s used for RF magnetic flux concentration. The static magnetic field
can be axially symmetric {or substantially axially symmetric), and therefore may not require
broader band excitation associated with additional energy loss. The volume of investigation
can be made axially long enough and thick enough (e.g., 20 em long, and 0.5 em thick in some
environments) to provide mamunity or otherwise decrease sensitivity to axial motion, lateral
motion, or both. A longer sensitivity region can enable measurement while tripping the dnill
string. The sensitivity region can be shaped by shaping the magnets 11A, 11B, 12 and the soft
magnetic material of the core 14,

In some implementations, the antenna assembly 13 additionally or altematively
includes an integrated coil set that performs the operations of the two transversal-dipole
antennas 15, 16. For example, the integrated coil may be used (eg., mstead of the two
transversal-dipole antennas 15, 16) to produce circular polarization and perform quadrature
coil detection. Examples of integrated coil sets that can be adapted to perform such operations
include multi-coil or complex single-coil arrangements, such as, for example, birdeage coils
commonly used for high-field magnetic resonance imaging ("MRI™)

Compared to some example axially-syvmmetrical designs, the use of the longitudinal-
dipole magnet and the transversal-dipole antenna assembly also has an advantage of less eddy
current losses in the formation and drilling fluid (7.e.. “mud™) in the wellbore due to a longer
eddy current path than for some longitudinal-dipole antennafs).

In some aspects, NMR measurements over multiple sub-volumes can increase the data
density and therefore SNR per vt time. Multiple volume measurements in a static magnetic
field having a radial gradient can be achieved, for example, by acquiring NMR data on a
second frequency while watting for nuclear niagnetization to recover (e.g., after a CPMG pulse
train) on a first frequency. A number of different frequencies can be used to run a multi-
frequency NMR acquisition invelving a number of excitation volumes with a different depth

of mvestigation. In addiiion to higher SNR, the multi-frequency measurements can also enable
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profiling the fluid invasion in the wellbore, enabling a better assessment of permeability of
earth formations. Another way to conduct multi-volume measurements is to use different
regions of the magnet assembly to acquire an NMR signal. NMR measurements of these
different regions can be run at the same time {e.g., simultaneously) or at different times.

FIG. 2B is a diagram of another example NMR tool 200B. The example NMR tool
200B also mecludes a magnet assembly that generates a static magnetic field to produce
polarization, and an antenna assembly that (a) generates an RF magnetic field to generate
excitation, and (b) acquires NMR signals. In the example shown in FIG. 2B, the magnet
assembly produces a magnetic ficld having a dominant axial component in the volume of
investigation 21. The directions of the RF magnetic field {produced by two transversal dipole
antennas as i FIG. 2A) and the static magnetic field in this region are shown at 22, In the
example shown in FIG. 2B, two distinet volumes of mvestigation 24A, 24B are created near
the magnet poles (beyond the axial ends of the central magnet) where the static magnetic field
has a predominantly radial component. The example NMR antennas shown at 23A and 23B
can generate RF magnetic fields in the volumes of investigation 24A and 24B near the
longitudinal-dipole antennas. The longitudinal direction of the RF magnetic fields in the
volumes of investigation 24A and 24B, and the radial direction of the static magnetic field in
the volumes of investigation 24A and 24B, are shown at 23A and 25B.

In some aspects, 3 combination of transversal-dipole and monopole antennas can be
used to enable wnmidirectional azimuthally-selective measurements, without substantially
reducing SNR in some cases. In some examples, the NMR excitation can be substantially
axially symmeirical (e.g., using etther the transversal-dipole antenna or the monopole antenna)
while a combination of axiallv-symmetrical sensitivity transversal-dipole antenna and the
axially-synunetrical sensitivity monopole antenna responses can enable azimuthally-resolved
measurements.

FIGS. 3A and 3B illustrate aspects of an example azimuthally-selective NMR tool.
FIG. 3A is a plot 300A showing an example of azimuthally selected data from the example
downhole tool 300B shown in FIG. 3B. The example NMR tool 300B includes a magnet
assembly that generates a static magnetic field to produce polanization, and an anfenna
assemibly that (a) generates an RF magnetic field to generate excitation, and (b) acquires NMR

signals. The antenna assembly 31 shown in FIG. 3B includes a monopole antenna and two
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orthogonal transversal-dipole antennas 35 and 36. The example monopole antenna includes
two coils 37A and 37B connected in reverse polarity in order to generate a substantially radial
RE magnetic field in the volume of investigation 34. Due to reciprocity, the same coil
arrangement can have a radial seasitivity direction. The example RF magnetic fields BRF
presented at 32 and 33 can reflect the total sensitivity direction when the monopole antenna
response is combined with one of the transversal-dipole antenna responses.

The example monopole antenna shown i FIG. 3B includes an arrangement of coils
that generate locally a substantially radially-directed magnetic ficld, ie., the ficld that would
be produced by a single “magnetic charge” or magnetic pole. Here, we use the term
“monopole” to distinguish this type of magnetic field from a dipole magnetic field (transversal
or longitudinal). In some cases, the monopele antenna assembly generates quasi-stationary
(relatively low frequency) magnetic fields. In the example shown, the coils 37A and 37B,
which are connected i reverse polanty, are two parts of one monopole antenna assembly.
Each coil by itself can be implemented as a standard longitudinal antenna. A monopole
antenna can be implemented in another manner.

The polar plot in FIG. 3A shows an example of the antenna sensitivity, demonstrating
unidirectional azimuthal selectivity. A combination of the responses of each of the orthogonal
transversal-dipole antennas with the response of the monopole antenna can give any of four
possible directions covering all quadrants of the transversal plane. Rotation of the drill string
while drilling may cause an amplitude modulation of the szimuthally selective response and
therefore an amplitude modulation of the NMR relaxation signal (e g., a CPMG echo train).
The amplitude medulation parameters can indicate the azimuthal variations of the NMR
properties {e.g., the NMR porosity variations).

The coils 37A and 37B of the example monopole antenna shown in FIG. 3B can be
used in combination with transversal-dipole antennas 35 and 36, for example, to achieve
azimuthal selectivity. Either of the coils 37A and 37B can also be used as a separate antenna
{in addition to or without the transversal-dipole antennas 35, 36), for example, to gain SNR. In
some cases, an NMR tool is implemented with a menepole antenna and a longitudinal magnet,
without other antennas. For example, the transversal-dipole antennas 35 and 36 may be

omitted from the antenna assembly 31 i some cases.
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FIG. 4A 13 a flowchart showing an example process 400 for obtaining NMR data from
a subterranean region; and FIG. 4B is a flowchart showing another example process 420 for
obtaining NMR data from a subterrancan region. Each of the processes 400 and 420 can be
performed independent of the other, or the processes 400 and 420 can be performed
concurrently or in concert. For example, the processes 400 and 420 may be performed 1n series
or in parallel, or one of the processes may be performed without performing the other.

The processes 400 and 420 can be performed by downhole NMR tools such as the
example NMR tools 2004, 200B, or 300B shown in FIGS. 2A, 2B and 3B, or by anocther type
of NMR tool described hercin. The processes 400 and 420 can be performed by a downhole
NMR tool while the tool is disposed within a wellbore during well system operations. For
example, the downhole NMR tool can be suspended in the wellbore for wireline logging (e.g.,
as shown in FIG. 1B), or the downhole NMR tool can be coupled to a dnll string for NMR
LWD (e.g., as shown in FIG. 1C).

Each of the processes 40 and 420 can include the operations shown in FIGS. 4A and
4B (respectivelv), or etther of the processes can melude additional or different operations. The
operations can be performed in the order shown in the respective figures or in another order. In
some cases, one or more of the operations can be performed in series or parallel, during
overlapping or non-overlapping time periods. In some cases, one or more of the operations can
be iterated or repeated, for example, for a specified number of iterations, for a specified time
duration, or until a terminating condition is reached.

At 402 in the example process 400 shown in FIG. 4A, the NMR tool i3 positioned in a
wellbore. In some cases, the NMR tool includes a magnet assembly to produce a magnetic
field in a volume mn the subterrancan region about the wellbore. The volume can include, for
example, all or part of any of the volumes of investigation 17, 21, 24A, 24B, 34 shown in
FIGS. 2A, 2B or 3B, or another volume of interest. Generally, the NMR tool includes a
magnet assembly to polarize nuclear spins in the volume of interest, and an antenna assembly
to excite the nuclear spins and to acquire an NMR signal based on the excitation.

At 404, polarization is generated in a volume ahout the wellbore. The polarization is
generated by a static magnetic field, which 18 produced by the magnet assembly of the NMR
tonl in the wellhore. The polarization refers to the magnetic polarization of the nuclear spins in

the volume. In other words, a portion of the nuclear spins becomes aligned with the static
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magnetic field, and the volume develops a bulk magnetic moment. In some cases, the static
magnetic field is configured {e.g., by the shape and position of the magnet assembly) to
produce longitudinal polarization (e g., parallel to the long axis of the wellbore) or polarization
having another orientation.

In some examples, the magnet assembly includes a central magnet {e.g.. the central
magnet 12 shown in FIGS. 2A, 2B, 3B, or another type of ceniral magnet) and two end picce
magnets {e.g., the end piece magnets 11A, 11B shown in FIGS. 2A, 2B, 3B, or another type of
end piece magnet). In some cases, the magnets in the magnet assembly are permanent
magnets. As shown, for example, i FIG. 2A, the central magnet can be an elongate permanent
magnet having a first axial end and a second, opposite axial end, with the first end piece
magnet spaced apart from the first axial end of the central magnet, and with the second end
piece magnet spaced apart from the second axial end of the central magnet. In some cases, the
two end piece magnets have a common magnetic field orientation, and the central magnet has
the opposite magnetic field orientation (e.g., such that both end piece magnets have 8 magnetic
field orientation that is orthogonal to the magnetic field ortentation of the central magnet).

At 406, circular-polarized excitation is generated in the volume about the wellbore.
The circular-polarized excitation is produced in the volume by an antenna assembly. For
example, the antenna assembly can be energized by a radio-frequency current, which produces
an R¥ magnetic field in the volume about the wellbore. The RF magnetic field generated by
the antenna assembly manipulates the nuclear spins to produce an excited spin state that has
circular polarization. In other words, the resulting spin polarization has a circular {or
circumferential} orientation m the volume about the wellbore.

In some examples, the antenna assembly includes orthogonal transversal-dipole
antennas. The anlenna assembly 13 shown tn FIGS. 2A and 2B and the antenna assembly 31
shown in FIG. 3B are examples of antenna assemblies that include two orthogonal transversal-
dipole antennas. Each antenna 15, 16 in the example antenna assembly 13 can mmdependently
produce a transversal-dipole magnetic field, for example, by conducting radio-frequency
current. In the examples shown, ecach transversal-dipole magnetfic field has a fransverse
oriemtation with respect to the longitudinal axis of the NMR tool. In other words, the

transversal-dipole magnetic field is oriented orthogonal to the long axis of the wellbore.
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In the example shown, the transversal-dipole magnetic field produced by the antenna
15 is orthogonal to the transversal-dipole magnetic field produced by the other antenna 16. For
example, m a Cartesian coordinate system of three nwtually-orthogonal dirvections, the
longitudinal axis of the NMR tool can be considered the “z” direction, and the transversal-
dipole magnetic fields (produced by the antennas 15, 16) are oriented along the “x™ and “y”
directions, respectively.

In some mmplementations, other types of excitation are produced by the NMR tool. For
example, in some cases, the circular-polarized excitation is produced in a first sub-volume
{e.g., the volume of investigation 21 m FIG. 2B) by the orthogonal transversal-dipole
antennas, and excitation having another orientation is produced in second and third sub-
volomes {e.g., the volumes of investigation 24A, 24B in FIG. 2B) that are spaced apart from
the axial ends of the first sub-volume. The excitation i the second and third sub-volumes can
be produced, for example, by a longitudinal-dipole RF field generated by other antenna
assemblies (e.g., by antennas 23A and 23B i FIG. 2B). The distinct sub-volumes may be
useful for different purposes. For example, the first sub-volume can be e¢longate (parallel to the
long axis of the wellbore), to acquire NMR data from the first sub-volume while the NMR tool
moves along the weltbore (e.g., while tripping a drill string). In some cases, the other sub-
volumes can be positioned to acquire NMR data for mud filtrate invasion profiling or other
applications.

At 408, an NMR signal is acquired by quadrature coil detection. The NMR signal is
based on the excitation generated at 406. The NMR signal can be, for example, an echo tran, a
free induction decay (“FID™), or another type of NMR signal. In some cases, the acquired
NMR data includes T, relaxation data, T; relaxation data, or other data. The NMR signal can
be acquired by the antenna assembly that produced the excitation or by another amtenna
assembly. In some cases, an NMR signal can be acquired in multiple sub-volumes.

Quadrature coil detection can be performed by the orthogonal transversal-dipole
antennas. Quadrature coil detection can be performed by using two orthogonal coils, each
picking up the signal induced by circular polarized nuclear magnetization (the signal m the
coils have 90 degree phase difference). Even if during transmission only one coil is used {e.g.,
praducing linear polarized RF magnetic field), the nuclear magnetization can still be circular

polarized. Quadrature coil transmission {two orthogonal coils driven by RF currents having 90
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degree phase difference) can enable circular polarized excitation, which can help to reduce
power consumption compared to a linear polarized excitation in some cases. Quadrature coil
detection can be used, for example, to increase SNR when exciting only one coil (not using
circular polanized excitation to simplify hardware), or circular polarization can be used to save
power while detecting signals with one coil. In some cases, both circular polarization and
quadrature coil detection can be used to save power and increase SNR. In some cases, the use
of circular polarization or quadrature coil detection (or both) is efficient when the mutually
orthogonal antennas are substantially identical. This is possible in the example magnet/antenna
configuration that has a longitudinal dipole magnet and two transversal antennae. Other
configurations that have one of the two antennac less efficient than the other, although
allowing for mutually orthogonal antennae, may not provide the same advantages n some
cases.

At 410, the NMR data are processed. The NMR data can be processed io identify
physical properties of the subterranean region or to extract other types of information. For
example, the NMR data may be processed to identify density, viscosity, porosity, material
content, or other properties of the subterranean region about the wellbore.

At 422 in the example process 420 shown i FIG. 4B, the NMR tool i3 positioned in a
wellbore, and at 424 polarization is generated in a volume about the wellbore. Operations 422
and 424 in FIG. 4B are sinular to operations 402 and 404 shown in FIG. 4A. For example, the
NMR tool includes a magnet assembly to polarize nuclear spins in the volume of interest, and
an antenna assembly to excite the nuclear spiny and to acquire an NMR signal based on the
excifation. The polarization can be produced at 424 in the manner described with respect fo
operation 404 of FIG. 4A and by the same type of magnet assembly; or polarization can be
praduced at 424 in another manner or by another fype of magnet assembliy.

At 426, excitation 13 generated in a volume about the wellbore. The excutation is
praduced i the volume by an anitenna assembly. For example, the antenna assembly can be
energized by a radio-frequency current, which produces a radio-frequency (RF) magnetic field
in the volume about the wellbore. The RF magnetic field generated by the antenna assembly
manipulates the nuclear spins to produce an excited spin state. In some instances, the spin state

has a higher excitation in a selected azimuthal direction, such that the level of spin excitation
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varies along a circular {or circumferential} direction about the wellbore, for example, due to an
azimuthally-selective RF magnetic field.

In some examples, the antenna assembly includes a transversal-dipole and monopole
antenna assermably. The antenna assembly 31 shown in FIG. 3B is an example of an antenna
assembly that includes a transversal-dipole and monopole anienna assembly. In the example
shown i FIG. 3B, the transversal-dipole and monopole antenna assembly includes two
orthogonal transversal-dipole antennas 35 and 36 1 a central region, and a monopole antenna
that includes a first coil 37A at a first axial end of the transversal-dipole antennas 35 and 36
and a second coil 37B at a second, opposite axial end of the transversal-dipole antennas 33 and
36; the coils 37A and 37B of the monepele antenna are arranged with oppostte polarity.

At 428, an azimuthally-selective NMR signal 1s acquired. The NMR signal is based on
the excitation generated at 426. The NMR signal can be, for example, an echo train, a free
induction decay (“FID'™), or another type of NMR signal. In some cases, the acquired NMR
data includes T relaxation data, T: relaxation data, or other data. The NMR signal can be
acquired by the antenna assembly that produced the excitation or by another antenna
assembly. In some cases, the NMR signal is acquired by an antenna assembly having
azimuthally-selective sensitivity, such as, a transversal-dipole and monopole antenna
assembliy.

In some implementations, the azimuthally-selective NMR signal 15 acguired as a
combination of multiple NMR signal acquisitions. The signal acquisitions can melude, for
example, acquisitions by one or more transversal-dipole antennas and one or more monopole
antennas. The signals can be combined to enable azmmuthally-resolved measurements of the
volume about the wellbore. For example, in some cases, a proper combination of the responses
of each of the orthogonal transversal-dipole antennas with the response of the monopole
antenna can give any of four possible directions covering all quadrants of the transversal
plane.

At 430, the NMR data are processed. The NMR data can be processed to identify
physical properties of the subterrancan region or to extract other types of information. For
example, the NMR data may be processed to identify density, viscosity, porosity, material
content, or other properties of the subterranean region about the wellbore. In some cases, the

NMR data are processed to identify azimuthal variations in the subterrancan region about the
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wellbore. For example, rotating the NMR tool may cause an amplitude modulation of the
azimuthally-selective response. The amplitude modulation parameters can indicate the
azimuthal variations of the properties affecting the NMR signal {eg., porosity, density,
viscosity, material content, efc. ).

FIG. 3A is an exploded sectional view of an NMR tool, according to an aliernative
embodiment of the present disclosure. NMR toel 300A includes a magnet assembly 50 that
produces static magnetic field 56 in a longitudinal direction (as indicated by arrow Bp)
volume 56 of a subterranean region. In this example, magnet assembly 50 has a magnetization
direction in ong longitudinal direction throughout magnet assembly 30 {the uphole direction as
indicated by the arrow in FIG. SA). Magnet assembly 50 may be comprised of one magnet or
multiple magnets placed together. In the illustration, three end piece magnet 50A, central
piece magnet S0B, and end piece magnet 560 have been coupled end-to-end to one another to
form magnet assembly 50. As can be seen, the polarizations of magnets 50A, 50B, and 30C
are coupled such that the magnetization direction across the enfire magnet assembly 50 1s ina
single direction.

Also, n this example, central magnet piece 50B has a larger cross-sectional area than
end piece magnets 50A and 30C. This feature allows the magnetic field in the volume of
interest to be more vniform and maximizes the efficiency of the antenna to detect such volume
of interest. Altematively, central piece magnet 50B may have a higher remnant flux density in
comparison to first and second end piece magnets 50A and 50C, which provides the same
function as the larger cross-section. In yet other alternative embodiments, magnet assembly 50
may include a combination of larger cross-sections and higher remnant flux densities.

Although not shown, a tubular body (e.g., drill collar) is positioned around magnet
assembly 50. In this example, a magnetic sleeve 54 comprised of soft magnetic core material
is placed around the tubular body and magnet assembly 50. Alternatively, the soft magnetic
core material may form the tubular body. The soft magnetic core material may be comprised
of, for example, iron-silicon alloy, amorphous or nano-crystalline alloy, nickel-iron alloy, soft
ferrite, or coball, or any other material having an intrinsic coercivity of less than 1000 A/m.
{Other examples include those Fluxtrol® or Micrometals™ soft magnetic materials. As such,
magnet assembly 50 may be conductive or non-conductive. An example of a conductive

magnet assembly may be one made of an amorphous or nano-crystalline alloy. An anfenna
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assembly 52 is positioned around magnetic sleeve 54. Antenna assembly 52 may be any of the
antennas described herein.  As such, during excitation of volume 36, magnetic sleeve 54
protects magnet assembly 50 and other internal components {e.g., conductive components)
from the RE signals in order to avoid the heat loss {(more noise), reduced antenna efficiency
{more power needed and lower signal levels), and ringing (longer TE) effects caused when
conductive components are not protected.

Moreover, note in aliernate embodiments, a protective sleeve (not shown) may be
placed around magnetic sleeve 54 in order 1o protect the soft magnetic material from the harsh
downhole environment. When used, the protection slesve may be comprised of a hard RF
transparent material such as, for example, fiberglass or PEEK.

FIG. 3B is an exploded sectional view of an NMR tool, according to an aliernative
embodiment of the present disclosure. NMR tool 500B 1s similar to tool 500A and hke
elements refer to like elements. However, magnet assembly 60 is different from magnet
assembly 50. Here, NMR tool 500B includes a3 magnet assembly 60 that produces static
magnetic field 56 in a longitudinal direction {as indicated by arrow Bg) in volume 56 of a
subterranean region. In this example, magnet assembly 60 has a magnetization direction in
one longitudinal direction throughout magnet assembly 60 (the uphole direction as indicated
by the arrow in FIG. 5B). Magnet assembly 60 may be comprised of one magnet or multiple
magnets placed together. In the example, however, magnet assembly 60 includes a first
magnet section that includes magnet piece 60A and opposing piece 60B, and a second magnet
section that includes magnet piece 60C and opposing end piece 60D.

Magnet picces 60B and 60C are separated longitudinally from one another such that a
gap 62 1s present between them. The distance of gap ¢2 may be, for example, 5 inches. Gap
62 optimizes the magnetic field distribution generated by magnet assembly 60 such that at a
desired depth of investigation, the static magnetic field 15 uniform mn front of the antenna
window. As can be seen. the polarizations of magnets picces 60A-06013 are coupled such that
the magnetization duection across the eatire magnet assembly 60 s in a single direction
throughout assembly 60.

In this example, end pieces 60B and 60C are positioned adjacent gap 62 and have a
smaller cross-sectional area in comparison to thetr respective opposing end pieces 60A and

60D, Alternatively, end pieces 60B and 60C may have a smaller remnant flux density in
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comparison to their respective opposing end pieces 60A and 60D. In vet other alternative
embodiments, magnet assembly 60 may include a combination of smaller cross-sections and
smaller remnant flux densities. The effect of thix configuration is, again, a uniform magnetic
field.

FIG. 6A shows a finite clement modeling result of an NMR tool 500A. The x-axis
represents the transversal direction, while the y-axis represents the longitudinal direction. Only
half of the cross section 15 shown because the configuration is axially symmetrie. The static
field isoline corresponds to a IH {proton) resonance frequency of about 310 kHz. The ares that
is most sensitive {o RF field radiation 1s the straight muddle section which is about 14"-16"
long. The coils can be 12"-14" long and 1s placed immediately outside the soft magnetic core
material. One advantage of the present disclosure over conventional approaches is that the
magnetic section is significantly shorter, which allows for a shorter tool that is easy to
maneuver downhole.

FIG. 6B shows a finite element modeling result of an NMR tool 300B. The x-axis
represents the transversal direction, while the y-axis represents the longitudinal direction. Only
half of the cross section is shown because the configuration is axially symmetric. The static
field 1soline corresponds to a {H (proton) resonance frequency of about 31( kHz. The area that
1s most sensitive to RY field radiation is the straight middle section which i1s about I183” long.
The coils can be 12"-14" long and is placed mamediately outside the soft magnetic core
material. Again, this magnetic section is significantly shorter, which allows for a shorter tool
that 15 easy to maneuver downhole.

FIG. 7 1s a flowchart showing an example process 700 for obtaining NMR data from a
subterranean region. At 702, an illustrative NMR tool {eg., NMR tool 500A or 500B) is
posifioned in a wellbore. At 704, the magnet assembly generates a polarization about the
wellbore. Here, the magnet assembly may produce a magnetic field in a longitudinal direction
in a volume of the subterrancan region. The magnet assembly includes a magnetization
direction i one longitudinal direction throughout the magnet assembly. At 706, polarized
excifation 1s generated about the wellbore by an antenna assembly positioned around the
magnet assembly. In cerfain embodiments desceribed herein, the polarized exeitation may be
circular-polanized excifation. Nevertheless, at 708, the magnet assembly is shiclded from the

polarized excitation using a magnetic sleeve positioned between the magnet assembly and the
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antenna assembly. At 710, an NMR response signal is acquired from the volume by the
antenna assembly and, at 712, the NMR data 1s processed.

Moreover, any of the methods deseribed herein may be acquired and processed by on-
board or remote processing circuitry that includes at least one processor and a non-transitory
and computer-readable storage, all interconnected via a system bus. Software mstructions
executable by the processing circuitry for implementing the illustrative methods deseribed
herein in may be stored in local storage or some other non-transitory computer-readable
medium. It will also be recognized that the positioning software mnstructions may also be
loaded into the storage from a CD-ROM or other appropriate storage media via wired or
wireless methods.

Moreover, various aspects of the discloswre may be practiced with a variety of
computer-system configurations, mcluding hand-held devices, multiprocessor systems,
microprocessor-based or programmable-consumer electronics, minicomputers, mainframe
computers, and the like. Any number of computer-systems and computer networks are
acceptable for use with the present disclosure. The disclosure may be practiced in distributed-
computing environments where tasks are performed by remwote-processing devices that are
Iinked through a communications network. In a distributed-computing environment, program
modules may be located in both local and remote computer-storage media mchuding memory
storage devices. The present disclosure may therefore, be implemented in connection with
various hardware, software or a combination thereof in a computer system or other processing
system.

Embodiments and methods deseribed herein further relate to any one or more of the
following paragraphs:

I A nuclear magnetic resonance (“NMR™) tool for use 1n a wellbore positioned m
a subterrancan region, the NMR tool comprising a magnet assembly to produce a magnetic
field in a longitudinal direction in a volume of the subterranean region, wherein the magnet
assembly has a magnetization direction in one longitudinal direction throughout the magnet
assembly; a magnetic sleeve positioned around the magnet assembly; and an antenna assembly
positioned around the magnetic sleeve.

2. The NMR tool of paragraph 1, wherein the magnetic sleeve comprises a soft

magnetic material.
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3. The NMR tool of paragraphs 1 or 2, wherein the magnet assembly comprises a
first end piece and a second, opposite end piece; and a central piece positioned between the
first and second end pieces, wherein the central piece has a larger cross-sectional arvea or a
higher remnant flux density in comparison to the first and second end pieces.

4, The NMR tool of any of paragraphs 1-3, wherein the magnet assembly
comprises a first magnet section and a second magnet section longitudinally separated from
one another such that a gap is present there between; and the first and second magnet sections
cach comprise a first end piece and a second, opposite end piece, wherein the first end pieces
are positioned adjacent the gap and have a smaller cross-sectional area or smaller remnant flux
density in comparison {o the second end picces.

5 The NMR tool of any of paragraphs 1-4, wherein the antenna assembly
comprises transversal-dipole or monopole antennas.

6. The NMR tool of any of paragraphs 1-5, wherein the transversal-dipole antenna
comprises mutually orthogonal transversal-dipole antennas.

7. The NMR tool of any of paragraphs 1-6, wherein the magnet assembly
comprises a conductive magnet.

8. The NMR tool of any of paragraphs 1-7, wherein the NMR tool forms part of a
drill string assembly.

9. The NMR tool of any of paragraphs 1-3, wherein the NMR tool forms part of a
wireline assembly.

10. A method of obtaining nuclear magnetic resonance (“NMR™} data from a
subterrancan region, the method comprising producing a magnetic field in a longitudinal
direction in a volume of the subterrancan region by a magnet assembly positioned in a
wellbore, the magnet assembly having a magnetization direction in one longitudinal direction
throughout the magnet assembly; producing a polarized exeitation in the volume using an
antenna assembly positioned around the magnet assembly; shielding the magnet assembly
from the polarized excitation using a magnetie sleeve positioned hetween the magnet assembly
and the antenna assembly; and acquiring a response from the volume based on the polarnized
exciiation produced by the anfenna assembly.

it The method of paragraph 10, wherein the polarized excitation is circular-

polarized excitation produced by a transversal-dipole or monopole antenna assembly.
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12 The method of paragraphs 10 or 11, wherein an NMR tool comprises the
magnet assembly, magnetic sleeve, and antenna assembly; and the response iy acquired while
the NMR tool iy disposed on a dnll string assembly positioned m a wellbore of the
subterranean region.

13, The method of any of paragraphs 10-12, wherein an NMR tool comprises the
magnet assembly, magnetic sleeve, and antenna assembly; and the response is acquired while
the NMR tool is disposed on a wireline assembly positioned in a wellbore of the subterrancan
region.

i4. A downhole assembly comprising a nuclear magnetic resonance {“NMR™) tool
positioned in a wellbore in a subterranean region, the NMR tool comprising a magnet
assembly having umdirectional magnetization which produces a magnetic field in a
longitudinal direction in a volume of the subterranean region; a soft magnetic core material
positioned around the magnet assembly; and an antenna assembly positioned around the soft
magnetic core material.

15 The downhole assembly of paragraph 14, wherein the soft magnetic core
material 15 comprised of at least one of iron, nickel, or cohalt.

16. The downhole assembly of paragraphs 14 or 15, wherein the magnet assembly
comprises a first end piece and 8 second, opposite end piece; and a central piece positioned
between the first and second end pieces, wherein the central piece has a larger cross-sectional
area or a higher remnant flux density in comparison to the first and second end pieces.

17 The downhole assembly of any of paragraphs 14-16, wherein the magnet
assemibly comprises a first magnet section and a sccond magnet section longitudinally
separated from one another such that a gap is present there between; and the first and second
magnet sections gach comprise a first end piece and a sccond, opposite end piece, wherein the
first end picces are positioned adjacent the gap and have a smaller cross-sectional area or
smaller remnant flux density in comparison to the second end picces.

18 The downhole assembly of any of paragraphs 14-17, wherein the magnet
assembly comprises a conductive magnet.

19. The downhole assembly of any of paragraphs 14-18, wherein the assembly a

dnil string assembly.
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20. The downhole assembly of any of paragraphs 14-19, wherein the avsembly a
wireline assembly.

Moreover, the methods described herein may be embodied within a system comprising
processing circuitry to implement any of the methods, or a in a non-transitory computer-

s readable mednum comprising msiructions which, when executed by at least one processor,
causes the processor to perform any of the methods deseribed herein.

Although various embodiments and methods have been shown and deseribed, the
disclosure 1s not limited to such embodiments and methods and will be understood to mclude
all modifications and variations as would be apparent to one skilled in the art. Therefore, it

1w should be understood that the disclosure is not intended to be himited to the particular forms
disclosed. Rather, the intention is to cover all modifications, equivalents and altematives

falling within the spirit and scope of the disclosure as defined by the appended claims.
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CELAIMS

WHAT IS CLAIMED IS:
1. A nuclear magnetic resonance {“NMR™) tool for use in a wellbore positioned in a
subterranean region, the NMR tool comprising:

a magnet assembly to produce a magnetic ficld in a longitudinal direction in a volume
of the subterranean region, wherein the magnet assembly has a magnetization direction in one
longitudinal direction throughout the magnet assembly;

a magnetic sleeve positioned around the magnet assembly; and

an antenna assembly positioned around the magnetic sleeve.

2. The NMR tool of claim 1, wherein the magnetic sleeve comprises a sofl magnetic
material.
3. The NMR tool of claim 1, wherein the magnet assembly comprises:

a first end piece and a second, opposite end piece; and
a central piece positioned between the first and second end pieces,
wherein the central piece has a larger cross-sectional area or a higher remnant flux

density in comparison fo the first and second end pieces.

4, The NMR tool of clann 1, wherem:

the magnet assembly comprises a first magnet section and a second magnet section
longitudinally separated from one another such that a gap is present there between; and

the first and second magnet sections cach comprise a first end piece and a second,
opposiie end piece, wherein the first end pieces are positioned adjacent the gap and have a
smaller cross-sectional area or smaller remnant flux density in comparison to the second end

pieces.

5. The NMR tool of claim 1, wherein the antenna assembly comprises transversal-dipole

or meonopole antennas.

6. The NMR tool of olaim 5, wherein the transversal-dipole antenna comprises mutually

orthogonal transversal-dipole antennas.
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7. The NMR tool of claim 1, wherein the magnet assembly comprises a conductive
magnet.

8. The NMR tool of claim I, wheremn the NMR tool forms part of a dnll string assembly.
9. The NMR too] of claim 1, wherein the NMR tool forms part of a wireline assembly.

10. A method of obtaining nuclear magnetic resonance (“NMR™) data from a subterranean

region, the method comprising:

producing a magnetic field in a longitudinal direction in a volume of the subterrancan
region by a magnet assembly positioned in a wellbore, the magnet assembly having a
magnetization direction in one longitudinal direction throughout the magnet assembly;

producing a polarized excitation in the volume using an antenna assembly positioned
around the magnet assembly;

shielding the magnet assembly from the polarized excitation using a magnetic sleeve
positioned between the magnet assembly and the antenna assembly; and

acquiring a response from the volume based on the polarized excitation produced by

the antenna assembly.

11 The method of claim 10, wherein the polarized excitation is circular-polarized

excitation produced by a transversal-dipole or monopole antenna assembly.

12 The method of claim 10, wherein:

an NMR tool comprises the magnet assembly, magnetic sleeve, and antenna assembly;
and

the response is acquired while the NMR tool is disposed on a drill string assembly

positioned in a wellbore of the subterranean region.

13 The method of claim 10, wherein:

an NMR tool comprises the magnet assembly, magnetic sleeve, and antenna assembly;

the response 1s acguired while the NMR tool 1s disposed on a wireline assembly

positioned in a welthore of the subterranean region.
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14. A downhole assembly comprizsing a nuclear masnetic resonance {(“NMR™) tool
v perg E
positioned in a wellbore in a subterranean region, the NMR tool comprising:
a magnet assembly having unidirectional magnetization which produces a magnetic
field in a longitudinal direction in a volume of the subterranean region;
a soft magnetic core material positioned around the magnet assembly; and

an antenna assembly positioned around the soft magnetic core material.

15, The downhole assembly of claim 14, wherein the soft magnetic core material is

comprised of at least one of iron, nickel, or cobalt.

16. The downthole assembly of claim 14, wherein the magnet assembly comprises:
a first end piece and a second, opposite end piece; and
a central piece positioned between the first and second end pieces,
wherein the central piece has a larger cross-sectional area or a higher remnant flux

density in comparison fo the first and second end pieces.

17. The downhole assembly of claim 14, wheremn:

the magnet assembly comprizes a first magnet section and a second magnet section
longitudinally separated from one another such that a gap is present there between; and

the first and second magnet sections cach comprise a first end piece and a second,
opposiie end piece, wherein the first end pieces are positioned adjacent the gap and have a
smaller cross-sectional area or smaller remnant flux density in comparison to the second end

pieces.

18, The downhole assembly of clamm 14, wherein the magnet assembly comprises a

conductive magnet.
19. The downhole assembly of claim 14, wherein the assembly a drill string assembly.

20. The downhole assembly of claim 14, wherein the assembly a wireline assembly.
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