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FIG. 1

ance (NMR) logging. One such method configures the pulse by adjusting
one or more of pulse amplitude modulation or phase cycling. The modified
pulse is transmitted into a fluid such that a substantially uniform nuclear spin
saturation or nuclear spin inversion echo response is received from the fluid.
A wait time between the pulse transmission and the echo response that indic-
ates that spin equilibrium has been achieved is substantially equal to a 77
time. The wait time is an indication of the characteristics of the fluid.
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SELECTIVE SATURATION PULSE FOR DOWNHOLE MEASUREMENTS

RELATED APPLICATIONS
[6601]  This application is a continuation-in-part of Infernational Application No.

PCT/US2015/067266, filed on 22 December 2015, which 1s incorporated herein by reference.

BACKGROUND
[6602] Nuclear magnetic resonance (NMR) logging is a type of well logging that uses the
NMR response of a formation to determine its porosily and permeability, providing a
continuous record along the length of a borehole. NMR logging exploits the magnetic
moment of hydrogen, which is abundant in rocks in the form of fluids. The NMR signal
amplitude 1s proportional to the quantity of hydrogen nuclei present in a formation and can be
calibrated to give a value for porostty that is free from lithology effects.
[6G03] NMR logs provide information about the quantities of fluids present, the properties
of these fluids, and the sizes of the pores containing these fluids. From this information, it is
possible to estimale the volume (porosity} and distrtbution {permeability) of the rock pore
space, the rock composition, the type and quantity of fluid hvdrocarbons, as well as the
hydrocarbon producibility.
[6604] Generally, NMR tools operate by imposing a static magnetic field on a geological
formation. This magnetic fleld is traditionally referred to as the “static field” as it 15 usually
independent of time and is given the syrobol By, A second magnetic field, which varies in
tirne, is also applied. This field is tvpically designated as B7 and is traditionally called the
“radio frequency field”. It is turned on and off af different increments, known as a pulse. This
second, perturbing field is perpendicular o the static field, Bo. The perturbing field moves the
magnetization away from the thermal equilibrium. Generating the perturbing field takes a
significant amount of energy, which may be in short supply downhole, especially if the
togging tool is powered by batteries.
10005} A particular type of energy-consuming RF pulse is a broadband saturation pulse that
may commonly be used for downhole NMR logging of the spin-lattice relaxation time (/)
measurements. In a typical logging while drilling (LWD) NMR logging 7 sequence, the
single hroadband saturation chirp pulse is energy inefficient and uses a cumbersome

calibration process that is ime consuming and affects operation efficiency.
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BRIEF BESCRIPTION OF THE DRAWINGS
[6606] FIG. 1 is a diagram showing an NMR (oo, according to vanous examples of the
disclosure.
16607]  FIG. 21s a plot of saturation pulses and readout pulses for transnussion from the
NMR tool, according to various examples of the disclosure.
[G008] FIG. 3 is a plot of a representative modulation scheme of the saturation pulse,
according to various examples of the disclosure.
1606069} FIG. 4 1s a plot of simulation and experimentation results of resultant A4:
magnetization component resulting from the saturation pulse signals, according to various
examples of the disclosure.
[6616]  FIG. 5 is a plot of simulation and experimentation results of the M, magnetization
component as a function of peak RF amplitude, according to various examples of the
disclosure.
[6611] FIG. 615 a plot of simulation results of an undesirable signal originating from the
M., M, magnetization components after the saturation puise, according {0 various examples
of the disclosure.
{6012} FI1G. 715 a plot of a representative modulation scheme for a non-adiabatic saturation
pulse, according 1o various examples of the disclosure.
[6613] FIG. 8is a plot of a simulation result of the resuliant M. magnetization component
resulting from the non-adiabatic pulse, according to various examples of the disclosure.
[6614] FIG. 9is a plot of a stmulation result of the resultant A% and A4 magnetization
components from the non-adiabatic saturation pulse, according to various examples of the
disclosure.
[6615] FIG. 1015 a plot of saturation experiments using a sinc pulse as the saturation pulse,
according to various examples of the disclosure.
[6616] FIG. 11 are plots of echo frains resulting from the sinc pulse of FIG. 10 using
varigus saturalion pulse amplitudes, according o various examples of the disclosure.
[B817] FIG. 12 15 a plot of echo train amplitudes versus saturation pulse amplitude resulting
from the sinc pulse of FIG. 10, according to various examples of the disclosure.
[6618] FIG. 13 is a plot of wait time 7’ versus signal showing a fit of an exponential curve
to plotied simulation data, according to various examples of the disclosure.
[6619] FIG. 14 is a more detailed plot of the wait time 1, versus the signal plot of FIG. 13,

according to various examples of the disclosure.
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i6628] FIG. 15 13 a flowchart of a method for shaping of a saturation puise, according to
vartous examples of the disclosure.

16621 FIG. 1613 a flowchart of a method for saturation pulse calibration, according to
various examples of the disclosure.

160227 FIG. 17 1s a diagram showing a drilling system, according to various examples of
the disclosure.

[6623] FIG. 18 13 a diagram showing a wireline system, according to various examples of
the disclosure.

16624} FIG. 1915 a block diagram of an example syvstem operable to implement the

activities of multiple methods, according to vanious examples of the disclosure.

DETAILED DESCRIPTION
[6628] Some of the challenges noted above, as well as others, can be addressed by forming
a safuration or mversion pulse that is generated i terms of bandwidth, selectivity, pulse
length, total radio frequency (RF) energy consumption, and/or lower peak RF amoplitude
based on the logging application. By solving Bloch’s equations for a 71 measurement
sequence and phase-cycling the 71 measurement sequence, calibration procedures may be
simplified and logging quality improved by suppressing undesirable signal contributions.
Additionally, pulse parameters {(e.g., pulse shape, bandwidth, selectivity, length, phase,
frequency, total RF energy consumption, amplitude, phase cvcling) may be selectively
adjusted, as described subsequently, to increase NMR logging times without increasing
energy usage. Solving the technical problem in this way can save energy, contributing to a
more efficient NMR measurement process.
[0026] As used herein, adiabatic pulses may be defined as amplitude and frequency
modulated RF-pulses where the orientation of the effective magnetic field changes much
more slowly than the rotation of A7 about this effective figld, so that M siavs nearly aligned
with the effective field duning the pulse. Here A{ represents the spin magnetization that 15 the
source of the NMR signal. The pulses utilize the adiabatic principle wherein the
magnetization (M) is manipulated by a slow passage of the 57 field through resonance. With
adiabatic pulses, nuclear spins having different resonant frequencies are mverted or
manipulated at different tirnes. Thas differs from a rectangular or aroplitude modulated (AM)

RF-pulse where all nuclear spins are atfected substantially simultanecusly. An effective field

[¥8)
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may be defined as the magnetic field in a reference frame that rotates with the instantaneous
frequency of the RF field.

16627 Also as used herein, non-adiabatic pulses may be defined as RF-pulses that fail to
satisfy the adiabatic condition, 1.e., RF pulses where the orientation of the effective magnetic
field changes too quickly for the magnetization M to follow it closely during the pulse.
[B028] A sinc pulse may be one example of a non-adiabatic pulse. A sinc pulse 1s generated
using only amplitude modulation and not frequency modulation or, equivalently, phase
modulation. Other embodiments may generate a non-adiabatic pulse that is adjusted in at
least one of amplitude modulation or phase modulation, accompanied by phase cycling of the
pulse(s) by changing the phase of the saturation pulse through each of a cyvcle of different
values for respective successive measurements.

[6629] The following discussion refers to formation analvsis only for illustrative purposes.
The disclosed embodiments may be used for cutling analvsis and core analvsis. For example,
cutting or core analysis might be performed 1o monitor the composition, size, shape, color,
texiure, hydrocarbon content and other properties of drilling cuttings or core by a mud
engineer or logger. The mud logger may capture samples of cuttings and/or cores for
subsequent analvsis and archiving,

16636] FIG. 1 is a diagram showing an NMR tool 100, according to various examples of
the disclosure. The NMR sensor tool 100 of Fi{z 1 is for purposes of illustration only as the
various examples disclosed herein may be used in other NMR tools. Reference to
“downhole™ 1s for purposes of brevity only. The NMR sensor tool 100 and any methods used
herein may be performed within the drilled borehole, at the surface, and/or in a laboratory.
Thus, “downhole” may refer to any of these scenartos.

16631} The NMR tool 100 includes control circuttry 102 that provides NMR control
parameters 112 to an NMR device 104. The control circuitry 102 directs the operations of the
WMR device 104 (e.g., a downhole tool or laboratory equipment) by providing commands,
programming, and/or data to the transmitier 108 of the NMR device 104 based on the NMR
control parameters 112, The control circuitry 102 may take the form of a computer system as
tHustrated in FIG. 19 and discussed subsequently. Further, in some examples, the NMR
control parameters 112 enable adjustment of pulse sequences and receiver window options
based on a default configuration, user selection, and/or calibration,

[6632]  In an example, the components of the NMR tool 100 may be located at the surface
{e.g., as part of an NMR facility or laborafory} or downhole {e.g., as part of one or more

togging tools). In other examples, some of the components {e.g., control circuitry 102} may
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be located at the surface while other components {e.g., NMR device 104) are located
downhole.

[6633] The NMR device 104 includes a transnutter {TX) 108, a receiver (RX) 110, and
NMR spectrometer components 106 for transmitting RF pulses and receiving NMR signals.
The transmitter 108 may inchude, for example, a programmable pulse sequence device, a
radio frequency (RF) synthesizer, a phase shifter, a pulse gate, an amplifier, and/or other
components. The receiver 110 may include, for example, an analog-to-digital converter
{ADC), filters, mixers, sphitters, pre-amplifiers, and/or other componenis to receive magnetic
resonance signals and recover measurement data. The magnetic resonance spectrometer
components 106 may include one or more magnets, shim coils, probes/antennas, and/or field-
frequency lock components. The magnetic resonance spectrometer components 106 may
further include a duplexer that enables separation between fransmission current and reception
current.

16634} 'The transmitter 108 of the NMR device 104 is configured fo transmit signals {e.g ,
modulated saturation pulses). If the NMR device 104 is part of a downhole tool, the signals
are transmutted into a geological formation 1n order to determine a composition of the
formation.

[6635]  The receiver 110 of the NMR device 104 is configured to receive and decode
magnetic resonance signals (e.g., from a geological formation}. If the NMR device 104 is part
of a downhole tool, the received signals may comprise a reflected response from the
geological formation {e.g., reservoir, volume to be measured). The raw NMR measurements
or processed NMR data is output from the receiver 110 to the control circuitry 102 for
storage, display, and/or analysis. In some embodiments, the control circuitry 102 may further
process raw NMR measurements or processed NMR data received from the NMR device
104,

[6636] The NMR tool 100 may be used as part of the methods described herein to improve
the accuracy and efficiency of the 7 measurement in NMR logging. One aspect of some
methods generates a pulse or train of pulses that are shaped {(e.g., variation of RF amplitude
during a single pulse) in such a way as to realize a saturation or inversion of the Z component
of the magnetization for the /1 measurement in saturation recovery pulse sequence or
mversion recovery pulse sequence, respectively.

16637} The /' relaxation time is indicative of the characteristics of the geological

formation being measured. For example, different types of formation and different types of
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fluids may result in different 7' relaxation times during an NMR logging operation. Fluids,
as used herein, may include hiquids or gases.

{60638} The generated pulse or train of pulses from the NMR tool 100 may be adiabatic or
non-adiabatic pulses that are shaped to provide a wide frequency bandwidth by using
appropriate modulation functions for the AM, frequency modulation (FM) or phase
modulation (PM). Such a pulse may use less RF peak amplitude to realize substantially
uniform saturation or inversion of the nuclear spins over a wide bandwidth with high
selectivity where available peak RF amplitude is limited. This may also extend the total
logging time of a logging tool. Thus a saturation or inversion pulse may be considered
optimized when it resulis in a substantially uniform saturation or inversion response from a
formation (e.g., fhud) while using a minimurn amount of RF energy (i.e., least amount of RF
energy ), where the minimurm amount of RF energy 15 indicated by the result of Bloch’s
equations.

[663%] Calibration procedures may be usad to adjust one or more of the pulse parameters
{e.g., bandwidth, selectivity, pulse length, {otal RF energy consumption, amplitude and
duration} of an adiabatic or non-adiabatic pulse to realize the saturation or mversion of the Z
component of the magnetization of the nuclear spins. Additionally, phase-cycling techniques
may be used to suppress undesirable signals resulting from the gradient of the magnetic field
at a bandwidth and inhomogeneity of the By field.

[B040] Subsequent examples utilize Bloch’s equations. As used herein Bloch’s equations
are a set of macroscopic equations that are used to calculate the nuclear magnetization M =
(M, My, M) as a function of time when relaxation times 71 and 72 are present (1.e., 71 =
nuclear spin-lattice relaxation (relaxation in the z-direction), 72 = nuclear spin-spin relaxation
(relaxation in the x-v plang)). Bloch’s equations are considered macroscopic since they
describe the equations of motion of macroscopic nuclear magnetization that can be obtainad
by summing up all nuclear magnetic moment in the sample.

[B041] FIG. 2 is a plot of saturation pulses and readout pulses for transmission from the
NMR tool, according to various examples of the disclosure. For the purposes of brevity and
clarity, the following discussion refers to the pulse 201-203 of FIG. 2 as a saturation pulse.
However, the pulse 201-203 may be implemenied as either a saturation pulse or an inversion
pulse.

[6642] The plot of FIG. 2 illustraies a single or a plurality of saturation pulses that may use

varigus modulations 201-203 and their respective readout sequences 211, 213 that may be
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transmitied by the NMR tool 100. As described subsequently, FIG. 2 also dlustrates a
resulting data acquasition line 200 (DAQ) comprising an echo signal 215 that may be
recetved by the NMR tool 100 as a result of the readout pulse sequences 211, 213. The
saturation pulses 201-203 and readout pulses 211, 213 are for purposes of ilhustration only.
Other examiples may include many different implementations of these pulses.

[0043] Io the exarople of FIG. 2, the saturation pulse roay be realized by one or more of
AM pulses 201, FM pulses 202, and/or a PM pulse 203 transmitted by the NMR tool 100.
The AM pulse 201 and/or the FM pulse 202 may also be realized by transnussion of just the
PM pulse 203,

16644] The design of optimal amplitude, frequency/phase modulation may be accomplished
in various wavs. For example, simulations and/or experimentations may be used to design
these tvpes of modulation. The optimal adiabatic or non-adiabatic saturation pulse or pulses
may be designed by adjusting one or more of amplitude, phase, frequency, amplitude
maodulation, phase modulation, or freguency modulation of the adiabatic pulse, such that a
substantially uniform response 1s received from the formation while using a mintmum
amount of RF energy.

16645] The saturation pulse 201-203 includes a pulse or a train of pulses that saturate or
invert the polarized M, magnetization and readout sequence (e.g.. Carr-Purcell-Meitboom-Gill
(CPMG) where the nuclear spins are first flipped to a plane perpendicular 1o the siatic
magnetic field direction using a tipping pulse followed by a series of refocusing pulses). For
exarple, the fluid in a formation may be in a state of equilibrium. The saturation pulse 201-
203 destroys that state of equilibrium, and the time it takes for the fluid to return to the state
of equilibrium may be expressed as the 71 time.

16646] One or more of the pulse parameters (e.g., bandwidth, selectivity, pulse length, total
RF energy consumption amplitude and duration) may be adjusted for one or more of the
pulses 201-203 in order to optimize that particular saturation pulse in order to create a null
state (1.e., zero nuclear spin state) in a reservoir of a formation. At the end of a saturation
pulse or train of pulses, the M; magnetization component becomes zero within the bandwidth

while the My and M, magnetization components are non-zero — the resuliing nuclear spin
states are dependent on the type of modulation {(e.g., AM, FM and PM}) used for the saturation
or inversion pulse.

{0047} The saturation pulse, once optirzed for the formation, creates a broadband region

in the formation that is in an initial, known state (i.e., null or zero spin state). A broadband
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RF pulse may be defined as a pulse that produces a wide range of spin isochromat
components within the vohume of interest (e.g., fluid) uniformly responding to the RF pulse.
Such a broadband, highly volume-selective RF pulise moay enable measurements of a well-
defined section of fluid sample with ninimal disturbance of the spins that are located outside
of the section.

[0048] Various exaroples may vary the phase of the saturation pulse 201-203, the phases of
the readout pulses 211, 213, the direction of the FM in a saturation pulse 201-203, and/or the
wait time period /) 1n order to reduce undesirable signal contributions. For example, the
phase of the saturation pulse 201-203 may be selected from @, = {0,90, 180, 270} degrees:
the direction of FM mayv be selected from a positive direction (1e, {—Af to +Af D ora
negative direction, (i.e., {+Af to —Af}); the phase of the 77/ Z pulse 220, 221 and the phase
of 77 pulses 230-233 may be selecied from {0, 90, 180, 270}, the variable wail tirne 7 may
be selecied in a range from approximately 0.5 millisecond (ms)} to approximately 15000 ms.
[6049] An NMR signal 215 (1.e., echo) is detected by using a pulse sequence, such as
CPMG, after the predetermined wait time 7. A 7/2 pulse 220, 221 from a monochromatic
RF signal in readout sequence is calibrated for the on-resonance component of the
magnetization to be rotated by 90° around the axis as defined by the phase of the 77/ 2 pulse.
However, since the net rotation of any off-resonance components 15 not equal to 90°, the off-
resonance My and M, magnetization components originated from the saturation pulse 201-
203 may induce an ondesirable signal within the data acquisttion window. This may
especially be true for NMR logging tools where spins are in the presence of significant
gradient magnetic field. Since M and M, magnetization components are dependent on the
wait time 7. and the modulation functions of the saturation pulse (i.e., direction of
frequency modulation and phase of the saturation pulse} proper phase-cyveling and the wait
time 7y may be used to reduce the signal contribution from this undesirable coherence. This
may tmprove the signal averaging, thus improving the SNR per unit time.

166561  FIG. 3 1s a plot of a representative modulation scheme of the saturation pulse
signals, according to various examples of the disclosure. The modulation scheme illustrated
in FIG. 3 1s a hvperbolic secant (HS) function modulated adiabatic pulse. This modulation
scheme is for purposes of illustration only as other types of modidation may be used.

[0051] The modulated pulse of FIG. 3, when transmmtted into a geological formation, may

produce the saturation or inversion of the polarized nuclear spins. Depending on the various
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limiting factors such as peal RF power, total RF energy consumption, frequency selectivity,
bandwidth, and/or pulse time, the optimized saluration pulse that produces the polarized
nuclear spins may be determined by using various modulation functions for AM, FM and/or
PM modulations.

[6652] In one example, curve 320 shows the modulation function for the amplitude
maodulation of the HS adiabatic pulse. Curves 321 and 322 show the modulation function for
frequency modulation, with positive modulation direction {curve 321} and negative
modulation direction (curve 322), of the HS adiabatic pulse. The HS adiabatic pulse realizes
substantially uniform saturation of the M, magnetization component over a wide bandwidth
that is determined by a range of frequency sweep. Curve 323 and curve 324 show the phase
of the saturation pulse. This phase cyching scheme 1s for purposes of dlustration only as other
types of phase cycling may be used.

16653]  As used herein phase cycling may be defined as changing the phase used for the
saturation pulse {and/or pulses in the readout pulse sequence} through a cvcle of different
values for successive measurements. For example, a first measurement may transmit a
saturation pulse {and/or readout pulses) for a first measurement using a first phase. A second
measurement may transmit a saturation pulse (and/or readout pulses) for a second
measurement using a second phase.

[0654] FIG. 4 is a plot of simulation and experimentation results of resultant A,
magnetization component resulting from the saturation pulse, according to various examples
of the disclosure. The plotted results show the resultant M, magnetization component,
kilohertz (kHz), of proton spins measured shortly after the HS adiabatic pulse {see FIG. 3} at
various B1 amplitudes (i.e., RF peak). The simulation results are illustrated by the plots
having dashed lines with circles and the experimental resulis are illustrated by the plots with
solid lines.

[B355]  Curves 430 and 431 illustrate the normalized M magnetization component of
nuclear spin after the HS adiabatic pulse with By (1.e. RF peak amplitude) of 1.0 kHz. Curves
432 and 433 iHustrate the normalized M, magnetization component of nuclear spin after the
HS adiabatic pulse with B: (1.e. RF peak amplitude) of 2.7 kHz. Curves 434 and 435 illustrate
the normalized M. magnetization component of nuclear spin after the HS adiabatic pulse
with Bi (i.e. RF peak amplitude) of 4.5 kHz Curves 436 and 437 illusirate the normalized M

magnetization component of spin after the HS adiabatic pulse with B (i.e. RF peak
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amplitude) of 6.6 kHz. Curves 438 and 439 illustrate the normalized A: magnetization
component of spin afier the HS adiabatic pulse with B (i.e. RF peak amplitude} of 12.2 kHz.
[6656] The curves 430-439 illustrated in FIG. 4 show that the effective bandwidth of the
pulse is about 80 kHz, which agrees with the range of the FM pulse, defined in the HS
adiabatic pulse shown in FIG. 3. The curves 430-439 of FIG. 4 show that the responses of the
sping are substantially uniform over the bandwidth. Slopes appearing in the experimental data
(i.e., curves 430, 432, 434 and 436) are due to instrument artifacts. The curves 430-439 show
that the HS adiabatic pulse has high selectivity, such that the M. magnetization component
puiside of the bandwidth of the pulse is not perturbed by the HS adiabatic pulse, and a sharp
transition between the perturbed spins and unperturbed spins 1s created.

[B8577 FIG. 5 is a plot of simulation and experimentation resulis of the M, magnstization
component as a function of peak RF amplitude, according to various examples of the
disclosure. This plot shows the response of the nuclear spin as a function of amplitude of the
saturation puise. In this example, the simulation results are indicated by circles (i.e, curve
541} while the experimental results are indicated by aline (i.e., curve 540). These plois show
the M, magnetization component as a function of the peak RF amplitude afier the HS
adiabatic pulse.

[6658] The coincident curves 540, 541 show that there 15 a match between the experimental
data and the stroulation data. This confirms that the optimal peak aroplitude of an adiabatic
saturation pulse may be theoretically found by solving the Bloch’s equations for given
parameters, such as duration of the RF pulse, range of the frequency sweep, functional forms
of the AM, FM or PM.

[6659] In a conventional method, time-consuming calibration procedures are used io find
an optimal amplitude of the saturation pulse that may nullifv or invert the A magnetization.
For example, in one conventional implementation, the optimal amplitude of the saturation
pulse is theoretically found for a given modulation function. Then, after calibration of the
readout sequence {e.g., CPMG sequence to optimize the peak RF amplitude for the NMR
signal detection), the optiral peak RF amplitude of the saturation/inversion pulse 15
analytically determined from the proportionality that is found from the Bloch’s equation
solution for a given adiabaiic pulse.

[B060] FIG. 615 a plot of simulation results of an undesirable signal originating from the
M, M, magnetization components after the saturation pulse, according to various examples

of the disclosure. These plots have been normalized to the maxinwrn echo signal in the
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absence of the saturation pulse. The plots originated from the A, A, components after the
HS saturation pulse, as a function of the wait time 7. detected by the readout sequence
within the data acquisition window,

[B061] Curve 630 (marked as a hine) shows the simulation results of the undesirable signal

when the phase of the saturation pulse and the readout pulse are composed of AMuw ~ FMp -

(—2") — Ty, where subscript *p’ represents the positive direction of the FM 1n the
4276

saturation pulse and subscripts 270" and ‘0’ represent the phase of their respective pulses.
[6862] Curve 651 (marked as dashed line with crosses) shows the stmulation results of the

undesirabie signal when the phase of the saturation pulse and the readout pulse are composed
of AMo — FM,, - (“) — JTs, where subscript “72” represents the negative direction of the
270

FM in the saturation pulse and subscripts ‘2707 and “0° represent the phase of the raspective
pulse.

[6863] The plots 650, 651 of FIG. 6 show that the undesirable signal depends on the phase
of the saturation pulse and the direction of the frequency modulation. It also shows that the
undesirable signal depends on the variable wait time 7. In one implementation, phase-
cyeling combination and appropriate wait fimes are selected such that the undesirable noise
signal detected within the data acquisition window in the readout sequence is effectively
suppressed. This may improve the signal-to-noise ratio (SNR) per unit time in some
examples.

[6664]  In another embodiment, a non-adiabatic puise {e.g., sinc pulse} may be used as a
saturation pulse. In general, a bandwidth of a single monochromatic puise is inversely
proportional to the duration of the pulse, which is also accompanied by undesirable infinite
number of side lobes that may perturb the spins in unwanted regions. However, a non-
adiabatic pulse in the time domain whose frequency is constant can have a uniform frequency
response over a specified bandwidth,

16065] A non-adiabatic pulse may be shorter than an adiabatic pulse. For example, a
hypersecant pulse (e.g., adiabatic pulse} may have a duration of approximately | ms while a
sinc pulse (e.g., non-adiabatic pulse) may have a duration of approximately 200 us. Since one
of the motivations for using saturation pulses is to improve accuracy for measurement of
short NMR relaxation times, including relaxation times that are less than 1 ms, the shorter

duration of the non-adiabatic pulse may be beneficial in certain embodiments.
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[6666] One aspect of the disclosure is that the non-adiabatic pulse at a constant frequency
13 optimized to provide wide frequency bandwidth by using appropriate amplitude
modulation {(AM). The non-adiabatic pulse realizes uniform saturation or inversion of the
spins over a specified bandwidth with high selectivity and simplifies calibration procedures to
optimize the amplitude of the non-adiabatic pulse to realize the saturation or inversion of the
z component of the magnetization of the spins (M), A phase-cycling technigue may be used
to suppress any undesirable signal due to the gradient of the magnetic field. Attheend of a
saturation pulse, the A, magnetization component becomes zero within the bandwidth. On
the other hand, the My and M, magnetization components are non-zero and spin states
depend on the modulations of the saturation pulse.

[6667] The NMR signal is detected by using a readowut pulse sequence, such as a CPMG
sequence, after the predetermined wait time 7y (see FIG. 2, for example) between the
saturation pulse {or last pulse of a {rain of saturation pulses). A typical ‘A’ pulse, using a
monochromatic RF signal, is calibrated for the on-resonance component of the magnetizaiion
to be rotated by 90 degrees around the axis defined by the phase of an excitation pulse.
However, the net rotation of any off-resonance components is not equal to 90°, therefore any
off-resonance M~ and M, magnetization components originating from the saturation pulse
may induce undesirable signals within the data acquisition window. This may be especially
true for NMR logging tools where spins are in the presence of significant gradient magnetic
field. Since My and M), magnetization components are dependent on the wait time 7 and the
modulation and phase of the saturation pulse, proper phase-cycling and the wail time can be
used to minimize the signal contribution {rom this undesirable coherence. This may fmprove
the signal averaging that may improve the SNR per unit ime.

16668] FIG. 7 is a plot of a representative modulation scheme {e.g., sinc pulse) for a non-
adiabatic saturation puise, according o various examples of the disclosure. This figure shows
amplitude moduolation of a saturation pulse to realize the saturation or inversion of the
polarized spin states. For purposes of illustration only, the curve shows the modulation
function for amplitude modulation. {Other forms of modulation may also be used to generale a
non-adiabatic saturation pulse. The sinc pulse of FIG. 7 realizes uniform saturation of the M,
magnetization component over a wide bandwidth, which is determined by the parameters

such as pulse tength, number of lobes, and peak RF amplitude.
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[666%] FIG. 8 is a plot of a stmulation reswult of the resultant M: magnetization component
resulting from the non-adiabatic pulse, according to vartous examples of the disclosure. The
plot of FIG. 8 1s the normalized M: magnetization component of spin relatively shortly after a
sinc pulse has been transmutted into the geological formation as a non-adiabatic saturation
pulse.

[6078]  FIG. 915 a plot of a simulation result of the resultant A% and A% magnetization
components from the non-adiabatic saturation pulse, according to various examples of the
disclosure. The illustrated A: and A4, plots are the normalized A, and A4, magnetization
components of spins shortly afier the sine pulse has been transmitted into the geological
formation as the non-adiabatic saturation pulse.

[6671] The illustrated curves in FiGs. 8 and 9 show that the effective bandwidth of the
saturation pulse s 40 kHz and that that the responses of the spins are uniform over the
bandwidth. The itlustrated curves i FIGs. 8§ and 9 also show that the sinc pulse has high
selectivity as a saturation pulse. For example, it can be seen that the M, magnetization
component outside of the bandwidth of the pulse 1s not perturbed by the sinc pulse and a
sharp transition exits between the perturbed spins and unperturbed spins.

[6672] FIG. 1015 a plot of saturation experiments using a sinc pulse 1000 as the saturation
pulse, according to vartous examples of the disclosure. The sinc pulse 1000 is shown having
a duration of 0.2 ms for purposes of tllustration only. Other embodiments may use different
pulse durations. The CPMG pulse sequence is used to detect the resultant AL, magnetization
component after a fixed wait time 7 {e.g., 234 us). This wait time is also for purposes of
tHustration only. The effective bandwidth of the sinc pulse is 40 kH7 as shown by the
frequency spectrum of the sinc puise 1010

16673] FIG. 11 are plots of echo trains resulting from the sinc pulse of FIG. 10 using
varipus amplitude modulation indices, according to various examples of the disclosure. This
figures illustrates that, with a fixed wait time, the amplitudes of the echo train are
proportional to the amplitude of the sinc pulse.

[6674] As one example, with a saturation pulse having an amplitude AMP =0.89, the
amplitude of each echo train becomes zero. This demonstrates that the sinc pulse can be used
to achieve saturation of spins over a selected frequency band. The oplimal peak amplitude of
a sin¢ pulse to achieve saturation can be analvtically found by solving the Bloch’s equations
for given parameters, such as duration of the RF pulse length, bandwidth of pulse, or

truncation of the sinc function.
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[66758] FIG. 1218 a plot of echo train amphitudes versus saturation pulse amplitude resulting
from the sine pulse of FIG. 10, according to various examples of the disclosure. After the
calibration of the readout sequence {e.g., CPMG sequence) to optimize the peak RF
amphitude for the NMR signal detection, an optimal peak RF amplitude of the
saturation/inversion pulse mav be determined from the proportionality found by solving the
Bloch’s equation solution for a given non-adiabatic pulse.

[06876] FIG. 13 is a plot of wait tirne 7' versus signal showing a fit of an exponential curve
to plotted stmulation data, according to various examples of the disclosure. A more detailed
portion of this plot 1300 is illustrated i greater detail in FIG. 14,

[6677] FIG. 13 shows, through simulation output resulis, that phase cycling may be used to
remove errors introduced into the 77 measurement by undesirable M, and M, magnetization
components generated by the sinc pulse used as a saturation pulse. In the plotted simulation,
17 =17=20 ms. A 300 us sinc pulse with two-step phase cycling was used in the simulation
to saturate the magnetization, and a CPMG sequence was used for echo readout.

i6678] FIG. 13 shows that a single decaving exponential curve is {it 1o the plotted data
from the simulation results with a near perfect fit. Ths fit provides an indication that the
saturation pulse is operating property. The 77 time constant found by the fit is 20.0 ms.
(66797 FIG. 14 is a more detailed plot of the wait time 7 versus the signal plot of FIG. 13,
according to various examples of the disclosure. As can be seen by the wait time units, this
figure 1s a more detailed representation of a portion 1300 of the plot of FIG. 13. From the
zoomed-in plot of FIG. 14, 1t can be seen that the phase cycle resulis 1 an accurate fit to the
decaving exponential curve even for very short wait times. Also, the fact that the fit is not
perfect (i.e., the plotied data does not go exactly to zero} 1s an indication of the plausibility of
the simulation results since small imperfections are expected frora a fit of a theoretical curve
to simulation data.

i6686] FIG. 1518 a flowchart of a method for using a saturation pulse, according o various
examples of the disclosure. Reference is made to the pulse plots of FIG. 2 in the description
of this method. This method may be performed in a simulation, in a downhole environment,
or a combination of a simulation and downhole. For example, the pulses mav be transmitted
into a geological formation by the NMR tool 100 and an echo received from the formation by
the NMR tool 100, the transmission of pulses and receipt of the echo may be performed as a

sinmlation, or the transmission of the pulses and receipt of the echo may include a simulation
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for one or more nitial executions of the method and then subsequent executions performed in
a downhole environment.
16681] In block 1501, one or more modified saturation pulses 201-203 {e.g., adiabatic, non-

adiabatic) are transmitted into an object in order to measure the characteristics of the object

(e.g., reservoir fluid). In block 1503, after a first predetermined wait time 7', a pulse 220,

221 (e.g., pe whose phase is defined by 97 is transnutted in order to transition the nuclear
2

spins from the M, plane to the My and M)y plane. In block 1503, a recovery pulse sequence
230, 232 {e.g., ®, whose phase is defined by ;) is then transmitted. In block 1507 a
resulting echo response 215 is then received. In block 1509, it may then be determined from
the received echo response whether, or to what percentage, the nuclear spins have recovered
to equilibrium. In block 1511, if the spins have not recovered to equilibrium, the vanable wait
time 7 is incremented and the process is repeated until the nuclear spins have recovered to
equilibrium. In block 1515, the wait time 7% is now equal to the 71 relaxation time and. thus,
an indication of the charactenistics of the formation fhud.

100821 FIG. 1615 a flowchart of a method for calibration of the saturation pulses, according
to various examples of the disclosure. Such a calibration method may be used to improve
calibration of the adjustment of the pulse parameters for the saturation pulses in order to
shape the pulse for transmission.

[G683] In block 1660, a type of adiabatic saturation pulse and its associated readout pulse
sequence is chosen. For an initial execution of the calibration procedure without any initial
measurement data on which 10 base a selection, the type of saturation pulse (e.g., adiabatic,
non-adiabatic) and associated readout pulse sequence may be chosen based on theoretical
assignment. The choice of pulse with a pulse length, shape and/or type of modulation can be
performed according to the goal of the optimization. For example, one type of pulse may use
a smaller RF peak amplitude or another type of pulse may use less RF energy. Thus, the
initial pulse may be selected according to the oplimization goal.

i6684] In biock 1661, Bloch’s equations are solved for the readout sequence and the
saturation pulse in order to determine a desired amplitude for the pulse given the pulse shape.
In block 1662, the proportionality between the peak amplitude of the readout pulse sequence
and the peak amplitude of the saturation pulse is deternuned. In block 1663, activations for

17 and 17 measurements, based on the simulation results of the Bloch’s equations from block

1661, are deternuned. In block 1664, 7% experiments are executed to find the optimal RF
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amphitude for the readout pulse sequence. In block 1663, the proportionality to the optimal
RF amplitude of the readout pulse sequence ts multiplied with the proportionality found
theoretically as discussed subsequently. The resultant RF amplitude s then used for the
adiabatic saturation pulse. In block 1666, the statistics of the 7' measurement may then be
checked and the amplitude adjusted if desired.

I6685]  In determuning the proportionality theoretically, a readout sequence may be selected
from a single spin echo seguence or a CPM( sequence where a train of n pulses are applied,
and a train of echoes are detected from each = pulse. Once the readout sequence is selected,
i a first siep, pulse parameters such as shape or pulse length can be selected. In a second
step, with the selected readout pulse, an evolution of sping mav be found by solving the
Bloch’s equations. By adjusting the strength of the time-varying magnetic field (B1), which
is often expressed in kHz, one can find the optimal B1 field strength of the readout pulse
sequence. In a third step, the adiabatic pulse may then be introduced to achieve saturation or
inversion for given pulse parameters, such as modulation type. modulation function, pulse
tength, and phase. The Bloch’s equations may then be soived to find the optimal Bl
amphitude of the selected adiabatic pulse in order to achieve saturation or inversion of the
nuclear spins. This optimnal B1 15 often expressed in kHz.

10086] In afourth step, the following expression may be executed: A:B ={:D, where A is
the optimal B1 amplitude of the readout sequence found i the second step and B is the
optimal Bl amplitude of the saturation pulse determined in the third step. In a fifth step, 1>
gxperiments may be run using the pulse parameters that were selected in the first and second
steps. In a sixth step, the RF amplitude (often expressed as kV) of the NMR logging tool may
be adjusted to achieve a maximum echo signal for a given readout pulse sequence. An
optimal RF voltage for the readout sequence may be assigned as “C’ in the expression in the
fourth step.

16687 In aseventh step, the optimnal RF voltage for the choice of saturation pulse may be
found from the above expression (1.e., U= {B/Ay+C). For example, if A=10kHz, B=3kHz,
C=1.2kV, then, D= 0.36kV. In this example, the proportionality 1s B/A {1.e,, 0.3}. In an eighth
step, the 17 experiments are executed using the choice of saturation pulse minimum wait time
(1.} between the saturation pulse and the readout sequence, and the statistics checked to
determine if it gives the minimum signal from the readout signal.

[GG88] FIG. 17 15 a diagram showing a drilling system 1764, according o various examples

of the disclosure. The systern 1764 includes a drilling rig 1702 located at the surface 1704 of
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awell 1706. The drilling ng 1702 may provide support for a drilistring 1708. The drillstring
1708 may operate to penetrate the rotary table 1710 for drilling the borehole 1712 through the
subsurface formations 1714, The dnllsiring 1708 may include a drill pipe 1718 and a botiom
hole assembly (BHA}Y 1720 (e.g., dnll string), perhaps located at the lower portion of the dril
pipe 1718,

[G089] The BHA 1720 may include a measurement while drilhing (MWD) or LWD tool
1760, including the NMR tool 100, and a drill bit 1726, The drill bit 1726 may operate to
craate the borehole 1712 by penetrating the surface 1704 and the subsurface formations 1714,
The NMR (ool 100 may be used o determine a condition of pipes that are located in the
borehole 1712 as described previously,

16096} During drilling operations within the borehole 1712, the drillstring 1708 (perhaps
including the dnll pipe 1718 and the BHA 1720) may be rotated by the rotary table 1710
and/or by the mud motor 1790 that 1s located down hole. The drill collars 1722 may be used
to add weight to the drill bit 1726 Drill collars 1722 may also operate to stiffen the BHA
1720, allowing the BHA 1720 to transfer the added weight to the drill bit 1726, and in turn, to
assist the drill bit 1726 m peneirating the surface 1704 and subsurface formations 1714
16691 Dunng dritling operations within the borehole 1712, a mud purop 1732 may pump
drithing fluid (sometimes referred to as “drilling mud™) from a mud pit 1734 through a hose
1736 into the drill pipe 1718 and down to the drill bit 1726. The drilling fluid can flow out
from the drill bit 1726 and be returmned to the surface 1704 through an annular area 1740
between the drill pipe 1718 and the sides of the borehole 1712, The driling fluid may then be
returned 1o the mud pit 1734, where such fluid is filtered. In some examples, the drilling fluid
can be used to cool the drill bit 1726, as well as 1o provide lubrication for the drill bit 1726
during drilling operations. Additionally, the dniiling fluid may be used to remove subsurface
formation cuttings created by operating the drill bit 1726,

100927 A workstation 1792 including a controller 1796 may include modules comprising
hardware circuitry, a processor, and/or memory circutis that may store software program
maodules and objects, and/or firmware, and combinations thereof that are configured to
execute the above-described methods of FIGs. 16 and 17 as instructions.

[6623] In an example, the NMR tool 100 may be used to transmit an electromagnetic field
and then measure the resulting secondary electromagnetic field responses generated by the
pipes being inspected. The resulting data may be transmitted to the surface workstation 1792

via telemetry. The worksiation 1792, with 15 coniroller 1796, may process that telemetry,
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execute any methods disclosed hersin, and generate a two-dimensional image of the
downhole pipes.

16694 FIG. I8 1s a diagram showing a wireline system 1864, according to various
examples of the disclosure. The system 1864 mayv comprise at least one wireline logging tool
body 1820, as part of a wireline logging operation in a borehole 1712, including the NMR
tool 100 as described previously.

0095} A dniling platform 1786 equipped with a derrick 1788 that supports a hoist 1890
can be seen. Drilling oil and gas wells is commonly carried out using a string of drill pipes
connected together so as to form a drillstring that 15 lowered through arotary table 1710 into
the borehole 1712, Here it is assumed that the dnllstring has been temporanly removed from
the borehole 1712 to aliow the wireline logging tool body 1820, such as a probe or sonde
with the mspection tool 100, to be lowered by wireline or logging cable 1874 (e.g., shickline
cable) into the borehole 1712, Typically, the wireline logging tool body 1820 1s Jowered to
the bottom of the region of interest and subsequently pulled upward at a substantially
constant speed.

[6696] During the upward trip, at a sertes of depths, the NMR tool 100 may be used to
determine the charactenstics of the formation 1714 or a reservoir in the formation 1714, The
resulting data may be communicated to a surface logging facility (e.g., workstation 1792) for
processing, analysis, and/or storage. The workstation 1792 may have a controller 1796 that is
able to execute anv methods disclosed herein.

{0097} FIG. 19 15 a block diagram of an exarople systern 1900 (e g.. computer system)
operable to implement the activities of multiple methods, according to various examples of
the disclosure. The systern 1900 may mnclude a tool housing 1906 having the NMR tool 100
disposed therem. The systerm 1900 may be implemented as shown in FIGs. 17 and 18 with
reference to the workstation 1792 and controller 1796.

6098} The system 1900 may include circuitry such as a controller 1920, a memory 1930,
and a communications device 1935, The memory 1930 may be structured to include a
database. The controller 1920, the memory 1930, and the communications device 1935 may
be arranged {o operaie as control circuitry to control operation of the NMR tool 100 and
execute any methods disclosed herein in order to determine the characteristics of a fluid
and/or formation,

16699]  The communications device 1935 may include communications capability for
communicating from downhole to the surface or from the surface to downhole. Such

commmunications capability can mclude a telemetry system such as mud pulse telemetry. In
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another example, the communications device 1935 may use combinations of wired
communication technologies and wireless technologies.

[066106] The system 1900 may also mclude a bus 1937 that provides electrical conductivity
among the components of the system 1900. The bus 1937 can include an address bus, a data
bus, and a control bus, each independently configured or in an integrated formai. The bus
1937 may be realized using a nurober of different coromunication mediums that allows for
the distribution of components of the svstem 1900, The bus 1937 may include a network. Use
of the bus 1937 may be regulated by the controller 1920.

[6616¢3] The system 1900 may include display device(s) 1960 as a distributed component on
the surface of a wellbore, which may be used with instructions stored in the memory 1930 to
implement a user interface fo monitor the operation of the too! 1906 or components
distributed within the svstem 1900. The user interface may be used to input parameter values
for thresholds such that the system 1900 can operale autonomously subsiantially without user
intervention in a variety of applications. The user interface may also provide for manual
override and change of control of the system 1900 to a user. Such a user interface may be
operated in conpunction with the communications device 1935 and the bus 1937,

[66102] These implementations can include a machine-readable storage device having
machine-executable instructions, such as a non-transitory computer-readable medium having
computer-executable instructions. Further, a computer-readable storage device may be a
physical device that stores data represented by a physical structure within the device. Such a
physical device is a non-transitory device. Examples of machine-readable storage devices can
include, but are not limited to, read only memory (ROM), random access memory (RAM), a
magnetic disk storage device, an optical storage device, a flash memory, and other electronic,
magnetic, and/or optical memory devices.

166103} Example 1 is a method for shaping a nuclear magnetic resonance (NMR) pulse, the
method comprising: adjusting at least one of an amplitude modulation or a phase modulation
of a non-adiabatic pulse to produce a modified non-adiabatic pulse; transmitting the modified
non-adiabatic pulse into an object; and determining when the non-adiabatic pulse is
configured to produce a substantially uniform saturation or inversion of magnetization from
the object based on an echo response from the object responsive to the modified non-
adiabatic pulse.

[66104] In Example 2, the subject matter of Example 1 optionally includes adjusiing phase

cycling of the non-adiabatic pulse to produce the modified non-adiabatic pulse.
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[66165] In Example 3, the subject matier of Example 2 optionally includes wherein phase
cyching of the non-adiabatic pulse comprises changing the phase of the non-adiabatic pulse
through each of a cycle of different values for respective successive measurements,
[66106] In Example 4, the subject maiter of any one or more of Examples 1--3 optionally

5 include transmitting a readout pulse sequence a wait time after transmitting the modified non-
adiabatic pulse into the object.
[6G107] In Example 5, the subject matter of any one or more of Fxamples 1-4 optionally
include wherein generating the modified non-adiabatic pulse comprises generafing a sing
pulse,

10 [66108] In Example 6, the subject matter of any one or more of Exarples 1-5 optionally
include wherein determining when the non-adiabatic pulse 1s configured to produce a
substantially wniform saturation or inversion response comprises determining the uniform
saturation or inversion response based on a field gradient at a bandwidth.

[6G109] In Example 7, the subject matter of any one or more of Fxamples 1-6 optionally

15 include whersin determining when the non-adiabatic pulse is configured to produce a
substantially uniform saturation or inversion response comprises determining a calculated
response from Bloch's equations based on the echo response responsive fo transmitting the
modified non-adiabatic pulse into the object.

{66118} In Example &, the subject matter of Example 7 optionally includes transmitting the

20 modified non-adiabatic pulse into a fuid 10 a geological formation; waiting a timme period
after transnutting; transmitting, after the time period, a readout pulse sequence based on the
non-adiabatic pulse; receiving the echo response from the fluid; determining from Bloch's
equations it the echo response indicates nuclear spins have recovered to equilibrium,
mcrementing the time penod and repeating the transnutting the readowt pulse sequence and

25 receiving the echo response until Bloch’s equations indicate that the nuclear spins have
recovered to equulibrium at a final wait ime; and determining characteristics of the fluid
based on the final wail time.

{00111} Io Example 9, the subject matter of Example 8 optionally includes the final wait
time is substantially equal to a 71 relaxation time.

30 {06112] Example 10 1s a nuclear magnetic resonance (NMR} device, comprising an NMR
device to transmit and receive NMR signals; and control circuitry coupled to the NMR device
1o generate one or more non-adiabatic saturation pulses based on adjusted amplitude

modulation or phase cycling wheremn the one or more generated non-adiabatic saturation
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pulses produce a substantially uniform nuclear spin saturation or nuciear spin inversion
response from a fhad.

[60113] In Example 11, the subject matier of Example 10 optionally includes wherein the
generated pulse produces the substantially uniform nuclear spin saturation or nuclear spin
inversion response at a least amount of total radio frequency (RF) energy as determined by
Bloch’s equations.

66114} In Example 12, the subject matter of any one or more of Examples 10-11 optionally
include a downhole tool housing including the NMR device.

66115} In Example 13, the subject matier of Example 12 optionally includes wherein the
downhole tool 15 a wireline tool.

[66116] In Example 14, the subject matier of any one or more of Examples 12-13 optionally
include wherein the downhole tool is a drill string {ool.

(36117} Example 15 is a non-transitory computer-readable medium comprising instructions
for executing downhole measurements that, when executed by a computer, cause the
computer to: adjust at least one of an amplitude modulation or a phase modulation of a non-
adiabatic pulse to produce a modified non-adiabatic pulse; generate the modified non-
adiabatic pulse to transnut the modified non-adiabatic pulse into a geological formation
reservoir; and determine when the non-adiabatic pulse is configured to produce a
substantially umiform saturaiion or inversion of magnetization echo response from the
geological formation reservoir,

[60118] In Example 16, the subject muatter of Exarople 15 optionally includes wherein the
mstructions further cause the computer to wait a time prior to controlling transmission of a
recovery pulse sequence and receiving the echo response indicative of a percentage of
nuclear spin saturation or nuclear spin mversion of the reservoir.

[66119] In Example 17, the subject matier of any one or more of Examples 15-16 optionally
include transmitting a /2 pulse into the reservoir after the wait time and prior {0
transmission of the recovery pulse sequence,

[33120] In Example 18, the subject matter of any one or more of Examples 15-17 optionally
include wherein the instructions further cause the computer to transmit a pulse into the
reservoir, after the wait time and prior to transmussion of the recovery pulse sequence, {o
transition nuclear spins of reservoir fluid from an A: plane 1o an M, and M, plane.

[66123] In Example 19, the subject matter of any one or more of Examples 15-18 optionally

include wherein the mstructions further cause the computer to: select a non-adiabatic pulse
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and readout sequence from a plurality of non-adiabatic pulses and read out sequences;
determine results for Bloch’s equations for the selected non-adiabatic pulse and readout
sequence; deternmine a first proportionality between a peak amplitude of the selected readout
sequence and a peak amplitude of the selected non-adiabatic pulse; generate activations for
T1 and T2 measwrements based on the results of the Bloch’s equations; determine an RF
amphtude for a readout pulse of the readout sequence; and multiply the first proportionality
by a second proportionality determined theoretically to generate a resultant RF amplitude for
the non-adiabatic pulse.

166122] In Example 20, the subject matier of any one or more of Examples 15-19 optionally
imclude wherein the instructions further cause the computer to select fror the plurality of
non-adiabatic pulses and read out sequences comprising AM pulses, FM pulses, or PM
pulses.

{68123} The following detailed description refers {o the accompanying drawings that show,
by way of illustration and not limitation, various embodiments in which the invention may be
practiced. These embodiments are described in sufficient detail to enable those skilled in the
art to practice these and other embodiments. Other embodiments may be utilized, and
structural, ogical, and electrical changes mav be made to these embodiments. The various
embodiments are not necessarily mutually exclusive, as some embodiments can be combined
with one or more other embodiments 1o form new embodiments. The following detailed
description is, therefore, not to be {aken in a limiting sense.

[00124] Although specific embodiments have been illustrated and described herein, it will
be appreciated by those of ordinary skill in the art that any arrangement that is calculated to
achieve the same purpose may be substituted for the specific emsbodiments shown. Various
embodiments use permutations and/or combinations of embodiments described herein. Itis fo
be understood that the above description is intended 1o be illustrative, and not restrictive, and
that the phraseology or terminology employed herein is for the purpose of description.
Combinations of the above embodiments and other embodiments will be apparent to those of

ordinary skill in the art upon studying the above description.
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CLAIMS

What 15 claimed is:

A method for shaping a nuclear magnetic resonance {NMR) pulse, the method

comprising:

adjusting at least one of an amplitude modulation or a phase modulation of a non-
adiabatic pulse to produce a modified non-adiabatic pulse;

transmitting the modified non-adiabatic pulse into an object; and

determining when the non-adiabatic pulse is configured to produce a substaniially
uniform saturation or inversion of magnetization from the object based on an

echo response from the object responsive 1o the modified non-adiabatic pulse.

The method of claim 1, further comprising adjusting phase cycling of the non-

adiabatic pulse to produce the modified non-~adiabatic puise.

The method of claim 2, wherein phase cycling of the non-adiabatic pulse comprises
changing the phase of the non-adiabatic pulse through each of a cvcle of different

values for respective successive measurements.

The method of claim 1, further comprising transmitting a readout pulse sequence a

wait time after transoutiing the modified non-adiabatic pulse into the object.

The method of claim 1, wherein generating the modified non-adiabatic pulse

comprises generating a sinc pulse.

The method of claim 1, wherein determining when the non-adiabatic pulse is
configured to produce a substantially uruform saturation or inversion response
comprises deternuning the uruform saturation or nversion response based on a field

gradient at a bandwidth.

The method of claim 1, wherein determining when the non-adiabatic pulse is
configured to produce a substantially uniform saturation or inversion response

comprises determining a cafculated response from Bloch’s equations based on the
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echo response responsive o transmitiing the modified non-adiabatic pulse into the

object.

The method of claim 7, further comprising:

{ransmitting the modified non-adiabatic pulse into a fluid in a geological formation;

waiting a tiroe period after transmitting;

transmitting, after the time period, a readout pulse sequence based on the non-
adiabatic pulse;

recetving the echo response from the fhad;

determitung from Bloch’s equations if the echo response indicates nuclear spins have
recoverad to equilibrium;

incrementing the time period and repeating the transmitting the readout pulse
sequence and receiving the echo response until Bloch’s equations indicate
that the nuclear spins have recovered to equulibrium at a final wait time; and

determining characteristics of the fluid based on the {inal wait time.

The method of claim 8, wherein the final wait time is substantially equal to a 71

relaxation time.

A nuclear magnetic resonance {(NMR) device, comprising

an NMR device to transmit and receive NMR signals; and

control circuitry coupled to the NMR device (o generate one or more non-adiabatic
saturation pulses based on adjusted amplitude modulation or phase cycling
wherein the one or more generated non-adiabatic saturation pulses produce a
substantially uniform nuclear spin saturation or nuclear spin imversion

response from a fluid.

The NMR device of claim 10, wherein the generated pulse produces the substantially
uniform nuclear spin saturation or nuclear spin inversion response at a least amount of

total radio frequency (RF) energy as determined by Bloch’s equations.

The NMR device of claim 10, further comprising a downhole tool housing including

the NMR device,
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14.

i
~d

i8.

i9.

The NMR device of claim 12, wherein the downhole (ool is a wireline tool.

The NMR device of claim 12, wherein the downhole tool is a dnill string tool.

A non-transitory computer-readable medium comprising instructions for executing

downhole measurements that, when executed by a computer, cause the compurer to:

adjust at least one of an amplitude modulation or a phase modulation of anon-
adiabatic pulse to produce a modified non-adiabatic pulse;

generate the modified non-adiabatic pulse to transnut the modified non-adiabatic
pulse info a geological formation reservoir; and

determine when the non-adiabatic pulse is configured to produce a substantially
uniform saturation or inversion of magnetization echo response from the

geological formation reservoir.

The non-transitory computer-readable medium of claim 15, wherein the mstructions
further cause the computer to wait a time prior to controlling fransnussion of a
ecovery pulse sequence and receiving the echo response indicative of a percentage of

nuclear spin saturation or nuclear spin inversion of the reservoir.

The non-transitory computer-readable mediurn of claim 15, wherein the mstructions
further cause the computer to transmit a /2 pulse into the reservoir after the wait time

and prior to transmission of the recovery pulse sequence.

The non-transitory computer-readable medium of claim 15, wherein the mmstructions
further cause the computer to transmit a pulse nto the reservoir, after the wait time
and prior to transnussion of the recovery pulse sequence, to transition nuclear spins of

reservoir fluid from an M: plane to an M and A, plane.

The non-transitory computer-readable medium of claim 15, wherein the instructions
further cause the computer to:
select a non-adiabatic pulse and readout sequence from a plurality of non-adiabatic

pulses and read out sequences;
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20.

determine results for Bloch's equations for the selected non-adiabatic pulse and
readout sequence;

deternune a first proportionality between a peak amplitude of the selected readout
sequence and a peak amplitude of the selected non-adiabatic pulse;

generate activations for 77 and /7 measurements based on the results of the Bloch’s
equations;

determine an RF amplitude for a readout pulse of the readout sequence; and

multiply the {irst proportionality by a second proportionality determined theoretically

10 generate a resultant RF amplitude for the non-adiabatic pulse.

The non-transitory computer-readable medium of claim 15, wherein the mstructions
further cause the computer fo select from the plurality of non-adiabatic pulses and

read out sequences comprising AM pulses, FM pulses, or PM pulses.

]
o)
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