US 20130234706A1

a9 United States

a2y Patent Application Publication o) Pub. No.: US 2013/0234706 A1

MANDAL et al. 43) Pub. Date: Sep. 12, 2013
(54) SYSTEM AND METHOD FOR PROCESSING Related U.S. Application Data
MAGNETIC RESONANCE SIGNALS (60) Provisional application No. 61/608,457, filed on Mar.
(71)  Applicant: SCHLUMBERGER TECHNOLOGY 8,2012.
CORPORATION, Houston, TX (US) Publication Classification
(72) Inventors: SOUMYAJIT MANDAL, (51) Int.CL
CAMBRIDGE, MA (US); YI-QIAO GOIR 3328 (2006.01)
SONG, NEWTON, MA (US); SHIN GO1V 3/32 (2006.01)
UTSUZAWA, MISSOURI CITY, TX (52) US.Cl
g}:@fﬁch&HOg’[PSON’ CPC . GOIR 33/28 (2013.01); GOIV 3/32 (2013.01)
s MA (US) USPC oo 324/303: 324/322: 324/307
(73) Assignee: SCHLUMBERGER TECHNOLOGY 7 ABSTRACT
CORPORATION, HOUSTON, TX A broadband magnetic resonance (MR) receiver is described
(as) herein. The MR receiver can be used to process nuclear mag-
netic resonance (NMR) signals. The MR receiver includes a
. transformer that amplifies the MR signals and a preamplifier
(21) Appl. No.: 13/774,487 that receives the MR signals from the transformer. The
preamplifier includes a common-drain amplifier stage and a
22) Filed: Feb. 22, 2013 common-source amplifier stage.
p 2

3500 ™~

Y
SURFAGE

<3512

EQUIPMENT

3502,3504
—— 3506



Patent Application Publication  Sep. 12, 2013 Sheet 1 of 29 US 2013/0234706 A1

1

S7A8T)

y

A
102 APPLY A STATIC MAGNETIC FIELD TO THE SUBSTANCE |

\
104~ | APPLY AN NMR MULTI-SEGMENT PULSE SEQUENGE
N TO THE SUBSTANGE TO GENERATE RESONANT
SIGNALS WITHIN THE SUBSTANCE

A

106~ DETECT THE RESONANT SIGNALS WITHIN THE SUBSTANCE |
A
END I

FIG. 1




Patent Application Publication  Sep. 12, 2013 Sheet 2 of 29 US 2013/0234706 A1

202

I o0 a 2
o
o A5 A 212~y

208 210
ﬁ N
(DHFZ e
\_,W_*/
FIG. 2
/—302
WEAK Bg v 304 / 4
IR > ‘ Vs ' A «
“\ \ ; ’/ /! /I/
I S S S R
| | / 3 'r/
N N R i i i/
N R e i A W
| \ 1 i
N A 4 A
@RFz\ * : ! 4 ;‘ N
A _ R NN AR SR (S #_1 308
STRONG B [ S S R T A
\




US 2013/0234706 Al

Sep. 12,2013 Sheet 3 of 29

Patent Application Publication

402

410

404

Ogr1

Wprp

L

504
506

L
‘

/o
i 1

FIG. 4

pr3

|||||

]
i
]

\

Oprr

L

:
e ]

L

—_————

]
——n
1
]

—————— e

]
]

]

4508

7

Y SN

STRONG By




US 2013/0234706 Al

Sep. 12,2013 Sheet 4 of 29

T8 88 N ¥
@D S © © ©o _ o
/e~ /N / / N

e b L e S L I | ©
[ “1-Lo | [ [ e _
| [ S [ 11 [ i, L
| 1| [~~~ ! 1| |1 T
I |1 ol |1 I I
_ Pl o | Tl | _
:_:/ 11 | |l [ R e R |
| ::Li_ | | 11 |1 it T,
! [“h~o_ | [ |1 I I
| 11 r~de . | 11 |1 |
! |1 [ Rl SN I I
| |1 [ [ [==~--- [ [
| 11 | |l |1 |1 |
e
| | T e _r I “ I __ _ -
A R R e B & s
A I I S N S N
T R x_. bl
I R e [
I I dedmm T I I -
| \\_T_\A\ L_ | _ | “ | __ _
- | [ o | Il I
N N1 S
A N A o
| 1| \\\_\\_\1 [ 1| |1 |
_ \_.\_\L | [ [ |1 | _
|- [ [ |1 [P S Lo
TN T
™ JISN | [ _t-T* 1 W0 ©
[y [y iy i W -
& EAET D R BRIE
13 \+;m | 13 o 2 | _\@ .:.@ |
SO g R e L S g OSSR | S

Patent Application Publication

STRONG By




Patent Application Publication

Summed Echo Amplitude

Normalized Amplitude

Sep. 12,2013 Sheet 5 of 29
P 700
2 :
b st A
- ‘ :‘“::“;‘,».' LRSS ! "‘f".:..‘../ 702
"'.:L;.\_l‘ ] H v‘,"‘ .
. N “:\"A
:".'l g |‘. .l"“
1 .’f"'"'ﬁ Tl
l‘iI” ‘);: 704 “‘4,'\.
054 g
706

0 '/"A“’st"’lh‘}\'r/ﬂb‘ e Jbé\M'},\Ml\U '*Mf\'l:,_jvlw

'05 | | I I |
0 50 100 150 200 250
Time (us)
FIG. 7 a0
100_@\’0 '
~Q o DATA
AN —— —Fit, T;=125ms
\D\\
\()\\\
\\o\
0 50 100 150

Delay Time (ms)
FIG. 8

US 2013/0234706 Al



Patent Application Publication  Sep. 12, 2013 Sheet 6 of 29 US 2013/0234706 A1

Echo Amplitude (a.u.)

Relative Echo Amplitude

900
/-
1“--—-9—{?—%_%\\
0.8 ® RS
. o) \t
\
\\
0.6- %
\
\\
0491 o wre=1.01 MHz Y
* O)RF=1.30 MHz \\
0.2 1 + CORF=1.51 MHz \b
- -—Fit, D=2.2 x 109 m?/s \

0 ! L ! LR ! """'IE'\'*)IIIIII
103 1072 101 100 101
Diffusion Weighting (10-8 x (;0)2T3/12)

FIG. 9 /—1000
1 y
0.9-
0.8-
0.7
0.6-
0.5
0.4
0.3-
02 [ [ [ |
0 2 4 6 8 10

Frequency Offset (Awg/m4)
FIG. 10



Patent Application Publication  Sep. 12, 2013 Sheet 7 of 29 US 2013/0234706 A1

1102

1100

FIG. 11



US 2013/0234706 Al

Sep. 12,2013 Sheet 8 of 29

Patent Application Publication

o

¢l “9ld

>

RN

A 0cz! vazl vicl
\’\/\/\’\/\)\’\/\/\}\\/\l}

cee c44 Em,/ c44 144 ¢4 A Em/ c¢d4 144 cdd 144

2lel ~ () 8/ ) () : Mo /8/ U] U] U @
N =N N S S S S

. gzel 92zl 222l 022 8l 9icl

rocl ~. < < E cddm
S S
Olcl 902! Oici 802! 90¢!
20eL~"" < < E ELIO)
S S
0ict 802! 0icl 80¢! 902!

002! S



US 2013/0234706 Al

Sep. 12,2013 Sheet 9 of 29

/

Patent Application Publication

FIG. 13

STRONG B



US 2013/0234706 Al

Sep. 12,2013 Sheet 10 of 29

Patent Application Publication

—

434

0ivi

vl "9l4

civl

>

0ivi

— T T

N

N

S N 2

1440
N

£4d q

24y

£4 ¢y

N
2440y

144

£44 0

24

1@

£44 )

2440

1440

UNEN
\V

\/

L

4

N \V

\/

9081~
201-3" "

aavﬁ|\\\

\

\/

|

&)

_I_I 144 )



US 2013/0234706 Al

Sep. 12,2013 Sheet 11 of 29

Patent Application Publication

<r © @
D S D
s w0
~ - -
T r _ﬂw/Ll“_lllln
o T
™~ R
| ~~ody I I
I M~ N I
| h s~y I
I b e
e i |
| el I I
| __ llrll_._.lll |
I L I -
I h h I
| h h I
T i h “
| I
| h h I
| h h I
| h I !
_ B Apmom o 1
- I I
| h h I
| b M “
I _
S
A N [
_ h ot “
[ -4y | on
| - o houl !
| e EnE L
e 0 g g
L e i B 1

STRONG By,

FIG. 15



US 2013/0234706 Al

Sep. 12,2013 Sheet 12 of 29

Patent Application Publication

91 "9I4
0191 219} 0191
8091 - SN ) W\ Em,e I | SNAHqy |+« |ZHHgn | 1440 SNA Gy | =+ |24 |18
i \ N
N =
2091
) 909! b091 ) e
\(\/Im\|/ el >_ g TN n_._.wA .......
D SRCEN [
AR fogt] ... [fosi| [fost N
“ | ! 06 06
; Hov(1-Sy) #Mov o Hovy(-Sy  #Mov o Hoy(1-Sy) #Hov o
NL | L |



Patent Application Publication  Sep. 12,2013 Sheet 13 of 29 US 2013/0234706 A1

0.08

==
—
—_—
-

0.06
0.04 1

—— 7
—r—

0.02-

- — . — = Er——

-0.02 1
-0.04 1

-

Signal Amplitude (a.u.)

e
—
———

-0.06 1

-0.08 . . .
0 0.2 04 0.6 0.8 1

Time (ms)
FIG. 17




Patent Application Publication  Sep. 12,2013 Sheet 14 of 29 US 2013/0234706 A1

ORFy —

Wpr2

FIG. 18



Patent Application Publication  Sep. 12,2013 Sheet 15 of 29 US 2013/0234706 A1
P 1900
1.2 1
- - - REAL (SHELL 1)
o 14 N - - - IMAG (SHELL 1)
= / \ —— REAL (SHELL 2)
E. 0.8 ) —— IMAG (SHELL 2)
=T
o 0.61
=
[x]
[
o 041
=]
= 0.2
)
< (-
'0.2 | | |
-1 0 1 2
Frequency Offset (t/Tqq)
FIG. 19
2000
/"
1.2 )
- — - REAL (SHELL 1)
(= 1 . - - - IMAG (SHELL 1)
= 0! —— REAL (SHELL 2)
E. 0.8 J —— IMAG (SHELL 2)
<
o 0.6-
K —
©
[
© 041
S
e 0.21
)
<C 0+
'02 | I1302 |
-2 -1 0 1 2

Frequency Offset (t/Tgq)

FIG. 20



Patent Application Publication  Sep. 12,2013 Sheet 16 of 29 US 2013/0234706 A1

2106 27{78 2110 '/-2100
mgox 180, /\
®prr 2102
2112 2 7\?4
Tgs Tgs
pr2 m 2104
FIG. 21
2200
2206 = 2308 2210 ¥y
mgox 180, ?\
Wpge7 2202
2212 22\74
Tgs 2Tgs
Oppo m . o\2204
FIG. 22
2300
/"
2306 = 2§08 2310 N
mgax 160, h
Opry \2302
2312 23\74
Tgs 2lps
®ppo m o :.\ 2304

FIG. 23



Patent Application Publication  Sep. 12,2013 Sheet 17 of 29 US 2013/0234706 A1

7 A
™4
A
AO)RF (’OefszO)RF-I_(DBS
<«
Y’
FIG. 24
50
()_._Q_._b_-_e_._O_._o_._o_-_Q_._o._..Q._.E
40
)
& 301
=
= ¢-—o-O-9o-0-0_-g-0--90--0_¢g
g 20
&
10 -
0 T
0.5 1

T/Tg
FIG. 25



Patent Application Publication

Normalized Echo Amplitude

ogg (degrees)

Sep. 12,2013 Sheet 18 of 29

US 2013/0234706 Al

1.2
-ILr_—g.—:@.—:5.—_@:.—_6:.—_5:.—.5:.—.9=__&=__U
0.8
0.6
0.4-
024 —O-- TBS=2TC
—*- Tgg=m
0 .
0.5 1 15
T/ng
FlIG. 26
35 D
o MEASUREMENT .’
S [ p— Fn Tgp=102us e
25- o’
20- ]
/D/
15 Qs
10+ Rl
/Q/
51
0 | | |
0 100 200 300 400
Tps(us)



Patent Application Publication  Sep. 12,2013 Sheet 19 of 29 US 2013/0234706 A1

Normalized Echo Amplitude

Echoes (a.u.)

1

0.9-
0.81
0.7
0.61
0.5 )
0.4 1
0.3
0.2
0 ' ! ' T ) | |
20 40 60 80 100 120 140 160 180
Top(us)
FiG. 28
x10-2
4| — RE(90-135), 516kHz
--- IM{(90-135)

0 005 01 015 02 025
Time (ms)

FIG. 29



Patent Application Publication  Sep. 12,2013 Sheet 20 of 29 US 2013/0234706 A1

x10-4

—  RE(90-135)
64(--- IM(90-135)

Echoes (a.u.)

0 01 02 03 04 05
Time (ms)

FIG. 30

Signal Amplitude
S~ 2 & & -

(@]
ot

Distance (cm)
FIG. 31



US 2013/0234706 Al

Sep. 12,2013 Sheet 21 of 29

Patent Application Publication

vee "9ld
H3AID3H ANYEQYOHd |
m NovaaIH |
| o m mmmm m = HALLNSNVEL |
| T loeon] 18X31dNQ 100 anveavode
! Svig, 9¢ce _ o— s _ o “
“ D | e s m T pge V|
D= = b [ Y|
//_ :,71 5 == “To |7V | !
| NGL! | \ DR
| . PECE zpze | |
i _ _ 0sze Lece!
m seze—" m m MH m
N \. ......................... _n n------------------------HHH”HH"--I-W..HHHHHH". ...................... /.--
902s m o p02e

! 00Y )-={9NISSID0HA LSO | ie—| "

w S 9| v

s cree A _

m HOLVHINTD |

m 30N3ND3S 35TNd [ ANV~

_.-m-----Emz%@.m.n_:m:--.f-:_

QQNM.\\ 80c¢ 9rc€



US 2013/0234706 Al

Sep. 12,2013 Sheet 22 of 29

Patent Application Publication

q¢¢ 94

0cc¢
81c¢ 91c¢
< _A_v Ne /v 1
o (o)
7109 9ece — Ve
|é\| N
h




J¢¢€ 94

|||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||||

US 2013/0234706 Al

Y3114 SSVd  HALT4 SSvd | d344N4
d344n49 MOT HOIH

<N\ [

VA4
mmmm.\\ Emm.\\

Sep. 12,2013 Sheet 23 of 29

\

4313N0H1I3dS
0L

Patent Application Publication



Patent Application Publication

Sep. 12,2013 Sheet 24 0of 29  US 2013/0234706 A1

| 3253
LV
|
|
2R
|
. D M
| J * Vour
-
| i
g i — e —
T
—_ |
I -
FIG. 32D
3243
/‘
Vad
3253

FIG. 32E



US 2013/0234706 Al

Sep. 12,2013 Sheet 25 of 29

Patent Application Publication

£¢ '9Id
JONVLSENS
NN /// ~-z0ee
JOV4HILNI
1NdNI e _ 1109
43N TYOIHdYYD | [826¢ momm\* W 7 AR W NLogee
A f
%m,\m 3INAOW -~  3INAOI SOINOYLDTTI HIAN
NOILVOINNININOD [ N NOILYIINNININOD anvaavowa  |N-olge
A / \ A A
y ¥ y VAASS y y
K| 0258 91€¢ 1
éo_\,_m_\,_“_ 40$S3904d _ 40SS3004d | _Eo_\,_m_\,_
\-9z¢¢ \-pzee zlee piee
31NAOIN HOLYHYIdO 3INAOIN HIAIN
gle¢ p0EE
«/%%



Patent Application Publication  Sep. 12,2013 Sheet 26 of 29 US 2013/0234706 A1

3400~ " ot

7 V3430
X SURFACE
EQUIPMENT

&«

D
[[7]

[ []]

3404

AN
.
<3406

74

-

.
.

SN

————1 3408

NN NN NEN
A\

3426

3424\ 3422
3418

1 ~3428
3402

3416

N
[/ 7 7 777 TR 77 7 7777777777

[/ T 7T 7777777 N7

FIG. 34



Patent Application Publication  Sep. 12,2013 Sheet 27 of 29 US 2013/0234706 A1

3500\ g |
A
® SURFACE

EQUIPMENT
-} [ :
I~ I~

// N - I~ &« >
I~ I~
e /\/ e
== /\/ ==
b b
I~ I~
b b
I~ I~

2 e e
] ]

b b
N ~ N
~_ | b
] I~
N [~
A ~
N — ~
] b

== y
b ] b
I~ I~
-~

2 I~
e e
]

NN S 3502,3504
N 33506
I~ I~

7 [~ [~

A I~ I~
e -

I~ =~ )

b b

N N 3512
-~

\ 3520
b b

I~ I~

e e

] ]

b b

I~ I~

7 . b

& I~
b b
I~ I~
e e
] ]

FIG. 35



Patent Application Publication  Sep. 12,2013 Sheet 28 of 29 US 2013/0234706 A1

3600
3614 4
/‘
7z
1 3618
SURFACE
EQUIPMENT
|
| 3606
\
3616 | 13602
| N
|
| 3608
3610~ [
3612 ‘

FIG. 36



Patent Application Publication  Sep. 12,2013 Sheet 29 of 29 US 2013/0234706 A1

e S e
GRS

b ———

NS
w
X
>
\

1 I>>)/

]
| -

AN
1

—3704

=

3704~

SANNNNE

SRS A XK S S
(95

SIS NS S

/

FIG. 37



US 2013/0234706 Al

SYSTEM AND METHOD FOR PROCESSING
MAGNETIC RESONANCE SIGNALS

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Patent
Application Ser. No. 61/608,457 filed Mar. 8, 2012, which is
incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] This disclosure relates to magnetic resonance (MR)
and, more particularly, to MR receivers.

BACKGROUND

[0003] Magnetic resonance (MR ) techniques canbe used to
determine properties of a substance. One example of a MR
technique is a nuclear magnetic resonance (NMR) measure-
ment. A NMR measurement typically includes applying a
static magnetic field to the substance. The static magnetic
field generates an initial magnetization of atomic nuclei
within the substance. Then, an NMR system is used to apply
an oscillating magnetic field at a particular frequency to the
substance. The oscillating field is composed of a sequence of
pulses that tip the magnetization of the atomic nuclei away
from the initial magnetization. The sequence of pulses can be
arranged so that pulses and the static field interact with the
nuclei to produce a resonant signal composed of “echoes”
within at least a portion of the substance. The portion of the
substance where the resonant signal is generated is known as
a “shell”

[0004] The resonant signal is detected and then used to
determine NMR properties such as T, relaxation time, T,
relaxation time, and attenuation of the signal due to molecular
diffusion. These NMR properties can be used to determine the
properties of the substance within the shell.

[0005] The pulse sequence is typically repeated a number
of times so that the resonant signal can be more accurately
determined. The next pulse sequence is not initiated until the
atomic nuclei within the shell reach thermal equilibrium and
are aligned with the initial magnetization. In some cases, it
may take several seconds (e.g., 10 seconds) for the shell to
reach thermal equilibrium. This means that the NMR system
sits idle while the shell reaches thermal equilibrium. This is a
particular problem in NMR borehole logging applications
where idle time is costly.

SUMMARY

[0006] This summary is provided to introduce a selection of
concepts that are further described below in the detailed
description. This summary is not intended to identify key or
essential features of the claimed subject matter, nor is it
intended to be used as an aid in limiting the scope of the
claimed subject matter.

[0007] Illustrative embodiments of the present disclosure
are directed to systems and methods for processing magnetic
resonance (MR) signals, such as nuclear magnetic resonance
(NMR) signals. In a specific embodiment, a MR receiver is
used to process MR signals that are obtained from a sub-
stance. The MR receiver includes a transformer that amplifies
the MR signal and a preamplifier that receives the MR signal
from the transformer. The preamplifier includes a common-
drain amplifier stage and a common-source amplifier stage. In

Sep. 12,2013

some embodiments, the common-source amplifier stage fol-
lows the common-drain amplifier stage.

[0008] Various embodiments of the present disclosure are
also directed to a MR system for processing MR signals. The
MR system includes a coil for applying MR pulse sequences
to a substance and receiving MR signals from the substance.
The system also includes a transmitter for providing the MR
pulse sequences to the coil and a receiver for receiving the
MR signals from the coil and processing the MR signals. The
MR receiver includes a transformer that amplifies the MR
signals and a preamplifier that receives the MR signal from
the transformer. The preamplifier includes a common-drain
amplifier stage and a common-source amplifier stage.
[0009] Exemplary embodiments of the present disclosure
are also directed to a MR receiver for processing MR signals.
The MR receiver includes a transformer that amplifies the
MR signals and a preamplifier that receives the MR signals
from the transformer. The MR receiver also includes a feed-
back network coupled to the preamplifier.

[0010] Illustrative embodiments of the present disclosure
are also directed to a method for processing a MR signal. The
method includes receiving the MR signal and amplifying the
MR signal using a transformer. The method further includes
passing the MR signal through a common-drain amplifier
stage and further amplifying the MR signal using a common-
source amplifier stage.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] Further features and advantages will become more
readily apparent from the following detailed description
when taken in conjunction with the accompanying drawings:
[0012] FIG. 1 shows a method of applying an NMR pulse
sequence in accordance with one embodiment of the present
disclosure;

[0013] FIG. 2 shows an NMR pulse sequence with multiple
pulse sequence segments in accordance with one embodi-
ment of the present disclosure;

[0014] FIG. 3 shows an area of interest within a substance
in accordance with one embodiment of the present disclosure;
[0015] FIG. 4 shows an NMR pulse sequence with multiple
pulse sequence segments in accordance with another embodi-
ment of the present disclosure;

[0016] FIG. 5 shows four shells generated by a four-seg-
ment NMR pulse sequence in accordance with another
embodiment of the present disclosure;

[0017] FIG. 6 shows interleaved shells in accordance with
one embodiment of the present disclosure;

[0018] FIG. 7 shows a plot of summed echo amplitude
versus time in accordance with one embodiment of the
present disclosure;

[0019] FIG. 8 shows a plot of normalized amplitude versus
delay time in accordance with one embodiment of the present
disclosure;

[0020] FIG. 9 shows a plot of echo amplitude versus diffu-
sion weighting in accordance with one embodiment of the
present disclosure;

[0021] FIG. 10 shows a plot of relative echo amplitude
versus frequency offset in accordance with one embodiment
of the present disclosure;

[0022] FIG. 11 shows a pulse with a Gaussian envelope as
compared with a rectangular pulse in accordance with one
embodiment of the present disclosure;
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[0023] FIG. 12 shows an NMR pulse sequence with inter-
posed pulse sequence segments in accordance with one
embodiment of the present disclosure;

[0024] FIG. 13 shows an area of interest within a substance
in accordance with one embodiment of the present disclosure;
[0025] FIG. 14 shows an NMR pulse sequence with inter-
posed pulse sequence segments in accordance with another
embodiment of the present disclosure;

[0026] FIG. 15 shows three shells generated by a three-
segment NMR pulse sequence within an area of interest of a
substance in accordance with one embodiment of the present
disclosure;

[0027] FIG. 16 shows an NMR pulse sequence with greater
than two interposed pulse sequence segments in accordance
with one embodiment of the present disclosure;

[0028] FIG.17showsa plotofsignal amplitude versus time
in accordance with one embodiment of the present disclosure;
[0029] FIG. 18 shows a multi-segment sequence for deter-
mining T1 relaxation time in accordance with one embodi-
ment of the present disclosure;

[0030] FIG. 19 shows a simulated plot of asymptotic echo
amplitude versus echo acquisition time in accordance with
one embodiment of the present disclosure;

[0031] FIG. 20 shows a measured plot of asymptotic echo
amplitude versus echo acquisition time in accordance with
one embodiment of the present disclosure;

[0032] FIG. 21 shows a multi-segment sequence for deter-
mining an applied oscillating field (B,) in accordance with
one embodiment of the present disclosure;

[0033] FIG. 22 shows a multi-segment sequence for deter-
mining an applied oscillating field (B,) in accordance with
another embodiment of the present disclosure;

[0034] FIG. 23 shows a multi-segment sequence for deter-
mining an applied oscillating field (B,) in accordance with
yet another embodiment of the present disclosure;

[0035] FIG. 24 shows an effective on-resonance magnetic
field in a rotating frame of an oft-resonant pulse inaccordance
with yet another embodiment of the present disclosure;
[0036] FIG. 25 shows a plot of amplitude of asymptotic
echoes as a function of various on-resonant pulse lengths (T)
and two values of off-resonant pulse lengths (Tzs) in accor-
dance with one embodiment of the present disclosure;
[0037] FIG. 26 shows a plot of amplitude of asymptotic
echoes as a function of various on-resonant pulse lengths (T)
and two values of off-resonant pulse lengths (T ;) in accor-
dance with one embodiment of the present disclosure;
[0038] FIG.27 shows a plot of measured B-S phase shift for
a doped-water sample for various off-resonant pulse lengths
(Tzs) in accordance with one embodiment of the present
disclosure;

[0039] FIG. 28 shows a plot of normalized echo amplitude
as a function of excitation pulse length in accordance with one
embodiment of the present disclosure;

[0040] FIG. 29 shows a plot of measured asymptotic
CPMG echoes for a sodium sample in accordance with one
embodiment of the present disclosure;

[0041] FIG. 30 shows a plot of measured asymptotic
CPMG echoes for a deuterium sample inaccordance with one
embodiment of the present disclosure;

[0042] FIG. 31 shows a plot of measured proton and
sodium depth profiles for a brine sample in accordance with
one embodiment of the present disclosure;

[0043] FIG. 32A shows a broadband NMR device in accor-
dance with one embodiment of the present disclosure;

Sep. 12,2013

[0044] FIG. 32B shows a non-resonant NMR transmitter
circuit in accordance with one embodiment of the present
disclosure;

[0045] FIG. 32C shows a broadband NMR receiver in
accordance with one embodiment of the present disclosure;
[0046] FIG. 32D shows a preamplifier in accordance with
one embodiment of the present disclosure;

[0047] FIG. 32E shows a preamplifier in accordance with
another embodiment of the present disclosure;

[0048] FIG. 33 shows a broadband NMR system for apply-
ing multi-segment sequences to a substance in accordance
with one embodiment of the present disclosure;

[0049] FIG. 34 shows a wireline system for applying multi-
segment sequences to a substance in accordance with one
embodiment of the present disclosure;

[0050] FIG. 35 shows another wireline system for applying
multi-segment sequences to a substance in accordance with
one embodiment of the present disclosure;

[0051] FIG. 36 shows a logging-while-drilling (LWD) sys-
tem for applying multi-segment sequences to a substance in
accordance with one embodiment of the present disclosure;
and

[0052] FIG. 37 shows an LWD NMR logging module for
applying multi-segment sequences to a substance in accor-
dance with one embodiment of the present disclosure.

DETAILED DESCRIPTION

[0053] Illustrative embodiments of the present disclosure
are directed to systems and methods for processing magnetic
resonance (MR) signals, such as nuclear magnetic resonance
(NMR) signals. In a specific embodiment, a NMR receiver is
used to process NMR signals that are obtained from a sub-
stance. The NMR receiver includes a transformer that ampli-
fies the NMR signal and a preamplifier for receiving the NMR
signal from the transformer. The preamplifier includes a com-
mon-drain amplifier stage that is followed by a common-
source amplifier stage. Using this configuration, various
embodiments of the NMR receiver can receive and process
NMR signals over a wide frequency range, while also main-
taining low noise. Details of various NMR receivers and pulse
sequences that can be implemented using the receivers are
discussed below.

[0054] FIG. 1 shows a method 100 of applying an NMR
pulse sequence with multiple segments in accordance with
one embodiment of the present disclosure. The method 100
includes applying a static magnetic field (B,) to an area of
interest within a substance 102, such as a reservoir formation
containing hydrocarbons. In some embodiments, an inhomo-
geneous magnetic field is applied to the substance. The term
“inhomogeneous” should be considered in the context of the
NMR art. Many NMR well logging tools deploy inhomoge-
neous static magnetic fields due to the limitations and con-
straints of a borehole environment. In this context, an inho-
mogeneous static magnetic field is a static magnetic field that
varies in intensity or direction within an area of interest of the
substance. In one example, an inhomogeneous static mag-
netic field within a shell may vary in intensity by a value
approximately equal to or greater than a nominal RF mag-
netic field (B, ) amplitude of an NMR pulse sequence applied
to the area of interest. The inhomogeneous static field varia-
tion within a shell will be proportional to the intensity of B, .
For example, with rectangular pulses the variation is approxi-
mately 2B,. As B, increases the shell becomes thicker, so
more variation in the static field occurs within the shell.
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[0055] Once the static magnetic field is applied to the area
of interest, the method includes applying an NMR pulse
sequence to the area of interest within the substance 104. In
some embodiments, the NMR pulse sequence is a series of
radio frequency (RF) pulses. FIG. 2 shows an NMR pulse
sequence 200 with multiple pulse sequence segments in
accordance with one embodiment of the present disclosure.
The NMR pulse sequence 200 includes at least a first pulse
sequence segment 202 and a second pulse sequence segment
204. Each segment includes an excitation pulse 206, a series
of refocusing pulses 208, and a series of echoes 210. In
various embodiments, the excitation pulses have a length of
Tso and the refocusing pulses have a length of T, 4,. Ty, is
defined as: To,=m/2(yxB,), where y is the gyromagnetic ratio
of'a nucleus of interest and B, is the maximum amplitude of
an applied circularly-polarized magnetic field in a rotating
frame within the area of interest within the substance (e.g., in
many cases, B, is half the amplitude of the linearly-polarized
magnetic field produced by acoil). T 5, is defined as: T, o=/
(yxB,). The pulses also have amplitudes that typically range
between 1 G (Gauss) and 10 G. In one specific example, the
sequence segments 202, 204 are Carr, Purcell, Meiboom and
Gill (CPMG) sequences. In various other embodiments, the
sequence segments 202, 204 can be spin echo, inversion
recovery, saturation recovery, and/or stimulated echo
sequences. Illustrative embodiments of the present disclo-
sure, however, are not limited to such specific sequences,
pulse lengths, and amplitudes.

[0056] Asshownin FIG. 2, the first segment 202 is applied
to the substance at a first set of frequencies (wg,) and the
second segment 204 is applied to the substance at a second set
of frequencies (wzz,). An average of the first set of frequen-
cies and an average of the second frequencies are different by
avalue of A¢ . In some embodiments, the frequency difter-
ence (Amwg ) is as great as 10% of the average of the first set
of frequencies. In various other embodiments, the frequency
difference can be even greater (e.g., 20%, 30% or 50%). In a
specific example, the frequency of a first pulse segment is
approximately 1 MHz and the next segment is applied at 0.5
MHz or 0.75 MHz (e.g., Awg /21=0.5 MHz or 0.25 MHz). In
another specific example, the frequency difference is suffi-
cient to switch between the resonant frequencies of hydrogen
nuclei (*H, or protons) and sodium nuclei (**Na). The hydro-
gen nuclei and sodium nuclei can be different by as much as
a factor of four.

[0057] The term “set” of frequencies is used because the
frequency within a pulse segment or a single pulse may not be
a single frequency. The frequency within a pulse sequence
segment or a single pulse can vary over a set of frequencies
(e.g., over a range of frequencies). In some embodiments, the
frequency may be specifically selected to vary within a pulse
sequence segment or a single pulse. Furthermore, resonant
signals generated within a shell can also vary over a set of
frequencies. Reference within the present disclosure to a spe-
cific frequency should not be interpreted as limited to that
specific frequency because that frequency may vary within a
pulse sequence segment or even a single pulse.

[0058] The NMR pulse sequence 200 applied to the sub-
stance generates resonant signals within the substance. The
resonant signals are composed of a series of echoes. The first
pulse sequence segment 202 will generate a first resonant
signal in a first shell, while the second pulse sequence seg-
ment 204 will create a second resonant signal within a second
shell. A “shell” is a region of the substance that produces a
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resonant signal in response to an NMR pulse sequence
applied with a particular set of frequencies. In a homogenous
static magnetic field, the shell will be broad across an area of
interest within the substance because the field (B,) is con-
stant. In an inhomogeneous static magnetic field, the field
changes across the area of interest and NMR pulse sequences
at a particular frequency produce resonant signals in a limited
region within area of interest. This limited region is referred
to herein as a “shell” or a “slice.”

[0059] FIG. 3 shows an area of interest 300 within a sub-
stance 302 in accordance with one embodiment of the present
disclosure. In FIG. 3, an inhomogeneous magnetic field 304 is
applied to the area of interest 300 within the substance 302.
When the first pulse sequence segment 202 and the second
pulse sequence segment 204 are applied to the area of interest
300 within the substance 302, the substance generates two
resonant signals with two different frequencies (e.g., sets of
frequencies). The first resonant signal originates at a first shell
306 and a second resonant signal originates at a second shell
308 within the area of interest 300. The two resonant signals
have different frequencies because the static magnetic field
304 is different at each location within the area of interest 300
of the substance 302. The frequency of each signal can be
determined using the following equation:

Wo=YxB, Eq.1

where B, is the strength of the static magnetic field 304, vy is
the gyromagnetic ratio of the atomic nuclei of interest, and w,,
is the frequency of the resonant signal that is produced by the
atomic nuclei. The frequency of the resonant signals is also
known as the Larmor frequency. For a hydrogen nucleus, the
gyromagnetic ratio is 4258 Hz/Gauss. Given the relationship
defined in Equation 1, if a static magnetic field of 235 Gauss
is applied to the nucleus, the frequency of the resulting signal
would be 1 MHz.

[0060] NMR pulse sequences are typically applied a num-
ber of times to a single shell within the substance (e.g., N=10,
N=100, or N=1000) to improve the accuracy of the measure-
ment. Conventional NMR systems typically do not apply a
second NMR pulse sequence to the shell immediately after a
first NMR pulse sequence. Instead, conventional systems sit
idle until the shell reaches thermal equilibrium. Conventional
wisdom suggests that applying a second NMR sequence
before the shell reaches thermal equilibrium may produce
inaccuracies in the second measurement. In some cases, con-
ventional systems sit idle for several T, time constants before
resuming application of NMR sequences. For example, if the
substance of interest includes light oil, the idle time can be as
great as 10 seconds. This idle time increases measurement
time, which is costly in NMR borehole logging applications
and also decreases the SNR available per unit time.

[0061] Illustrative embodiments of the present disclosure
initiate the second pulse sequence segment 204 before the
first shell 306 reaches thermal equilibrium. In this manner,
various embodiments speed up NMR measurements and
improve SNR. As shown in FIG. 2, the first pulse sequence
segment 202 includes a refocusing pulse 208 and a corre-
sponding echo 210 that are repeated a number of times (e.g.,
Nz=10, Nz=100, N-=1000) to form a series (e.g., train) of
refocusing pulses and corresponding echoes. Once the first
pulse sequence segment 202 is complete, the first shell 306
will reach a point of thermal equilibrium 212 during a time
period 214. Before this point of thermal equilibrium 212, the
second pulse sequence 204 segment is initiated and applied to
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the second shell 308. The term “thermal equilibrium” should
be considered in the context of the NMR art. Many NMR
logging tools do not apply a subsequent pulse sequence to a
shell until most of the nuclei of interest within the shell are
aligned with the initial magnetization induced by the static
magnetic field. The approach to thermal equilibrium is expo-
nential. The approach can be written as M(t)=M(0)e™""* +M
(c0)(1-e"™), where M(0) and M(c0) are the initial magneti-
zation and thermal equilibrium magnetization, respectively,
and t=0 corresponds to the end of the first pulse sequence
segment 202. For practical purposes this infinitely long pro-
cess is assumed to have completed once the term ¢ "
becomes very small (e.g., t is much greater than T)). In one
example, a shell is assumed to reach thermal equilibrium over
a time period (e.g., 214) that is five times T, resulting in
e~#71=0.00674. The time period begins when the prior pulse
sequence (e.g., 202) is completed. In another specific
example, the time period (e.g., 214) is less than five times T,
(e.g., four times T)).

[0062] Inaccordance with the method 100 shown in FIG. 1,
the first resonant signal generated at the first shell 306 and/or
the second resonant signal generated at the second shell 308
are detected. These detected signals can be used to determine
NMR properties for the substance 302 (e.g., T, relaxation
time, T, relaxation time, diffusion, and/or a correlation func-
tion of such properties). In turn, the NMR properties can be
used to determine physical properties of the substance, such
as the chemical composition of the substance and/or the pres-
ence of a solid phase, a liquid phase, and/or a gas phase within
the substance.

[0063] FIG. 4 shows an NMR pulse sequence 400 with
multiple pulse sequence segments in accordance with another
embodiment of the present disclosure. In FIG. 4, the NMR
pulse sequence 400 includes four pulse sequence segments. A
first segment 402 is applied to the substance with a first set of
frequencies (wxx), a second segment 404 is applied to the
substance with a second set of frequencies (wgzs), a third
segment 406 is applied to the substance with a third set of
frequencies (wy3), and a fourth segment 408 is applied to the
substance with a fourth set of frequencies (wgz,). These
frequencies are substantially similar to the average Larmor
frequency of each shell in order to satisfy the resonance
condition (wy=(wzz) within each shell. FIG. 5 shows four
shells 504, 506, 508, 510 generated by the four-segment
NMR pulse sequence 400 within an area of interest 500 of the
substance 502. In this case, an inhomogeneous static mag-
netic field is applied to the area of interest 500.

[0064] As shown in FIG. 4, the second segment 404 is
initiated before the first shell 504 reaches a point of thermal
equilibrium 410. The third segment 406 is initiated before the
second shell 506 reaches a point of thermal equilibrium 412.
The fourth segment 408 is initiated before the third shell 508
reaches a point of thermal equilibrium 414. At this point, in
some embodiments, the NMR measurement stops. In various
other embodiments, the NMR pulse sequence is repeated a
number of times (N) and the first segment 402 is initiated
before the fourth shell 510 reaches a point of thermal equi-
librium 416.

[0065] Illustrative embodiments of the present disclosure
are not limited to two, three or four pulse sequence segments.
Exemplary embodiments of the NMR pulse sequences may
include five, six, nine, or more such pulse sequence segments.
[0066] Illustrative embodiments of the present disclosure
are also directed to methods for avoiding interaction between
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shells because interactions between shells can produce inac-
curacies in the measurement. In one such embodiment, NMR
pulse sequence segments are interleaved to avoid interaction
between shells. An NMR pulse sequence is interleaved when
at least some of the shells are temporally skipped to avoid
interaction with adjacent shells. FIG. 6 shows interleaved
shells in accordance with one embodiment of the present
disclosure. In this case, an NMR pulse sequence is applied to
an area of interest 600 within a substance 602. The NMR
sequence includes six pulse sequence segments applied at six
different frequencies (Wzz;, Wrpss Wrp3s Vrpgs Wres and
Wgrres)- The six pulse sequence segments generate six shells
604, 606, 608, 610, 612, 614 within the area of interest 600.
Instead of applying the pulse sequence segments in order of
increasing frequency (e.g., Wzzy, 604—=>Wzzm, 606—>0 5z,
608—wyry, 610—w, s, 612—> w4, 614) or decreasing fre-
quency (e.g., Wgpg 614—Wgrps, 612—>Wgpy, 610—0 4z,
608—wyry, 606—wy., 604), the shells are temporally
skipped to avoid interaction with adjacent shells. The shells
that are skipped are then analyzed at a later time. The follow-
ing is a non-limiting list of interleaved pulse sequence seg-
ments:

[0067] wgpy, 604—0zps, 608—wrps, 612—>wgrps,
606—>w sy, 610—w4 g, 614
[0068] wgps 606—>0zpy, 610—>weps, 614—>wrp,
604—w 4z, 608—wyys, 612
[0069] wgpy, 6004—wgpe, 614—wgp, 606—wg,,
610—wyzs, 608—wyys, 612
[0070] In this manner, pulse sequence segments can be

interleaved to avoid interaction with adjacent shells.

[0071] In illustrative embodiments of the present disclo-
sure, NMR pulse sequences are applied to a substance using
an NMR system. In some embodiments, the NMR system
may include a single coil. Also, the resonant signals generated
by the NMR sequences are detected by the coil. In additional
or alternative embodiments, the NMR system includes one
coil for applying NMR pulse sequences and another coil for
detecting resonant signals. In various embodiments, the
NMR system includes broadband NMR electronics that are
coupled to the coil. The broadband electronics are configured
to transmit an NMR pulse sequence to the coil and/or to
receive resonant signals that are detected by the coil. Further
details of broadband NMR electronics are shown in FIGS.
32A, 32B, 32C, 32D, and 32E.

[0072] In various embodiments of the present disclosure,
the detected resonant signals that are received by the broad-
band electronics can be used to determine various properties
of'the substance, such as an NMR property for the substance.
The NMR property can be one or more of T, relaxation time,
T, relaxation time, diffusion, and/or correlation function of
such properties.

[0073] In some embodiments, one or more properties can
be determined for each of the shells based on the resonant
signals originating at the respective shell. In this manner, a
depth profile can be determined for the substance. For
example, in FIG. 6, the T, relaxation time for each shell 604,
606, 608, 610, 612, 614 can be determined. Such a profile
provides information about how the properties of the sub-
stance are changing over the area of interest 600 along a depth
dimension 616. In such exemplary embodiments, the multi-
segment sequences advantageously speed up measurement of
the depth profile by initiating the next pulse sequence before
the prior shell reaches thermal equilibrium.
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[0074] In additional or alternative embodiments, the reso-
nant signals from a plurality of shells (N ) are combined. For
example, the amplitudes of each resonant signal can be added
together. In some cases, the resonant signals add coherently
across the shells, while the noise adds incoherently. The com-
bined signal is used to differentiate the actual resonant signal
from noise. In this manner, the combination of signals
improves the signal to noise ratio (SNR). According to one
exemplary measure, SNR increases by a factor of the square
root of the number of pulse sequence segments (\/N—S) In this
manner, illustrative embodiments of the present disclosure
improve SNR for NMR measurements.

[0075] FIG. 7 shows a plot 700 of summed echo amplitude
versus time in accordance with one embodiment of the
present disclosure. More specifically, the plot shows a
summed amplitude for an NMR pulse sequence with four
pulse sequence segments at four different shells (e.g., N—=4)
as compared with an NMR pulse sequence at a single shell.
The top curve 702 is the sum of the four-shell sequence, the
second curve 704 is the single-shell sequence, and the lower
curves 706 are noise channels. The SNR for the four-segment
sequence 702 was 303, while the SNR for the single-shell
sequence 704 was 190. The NMR sequences were applied to
a doped-water sample. The doped-water sample had a T,
relaxation time of 120 ms. The NMR pulse sequences were
applied to the sample using broadband NMR electronics, as
described further below. Within the four-segment sequence,
the first segment was applied at 2.0 MHz (e.g., wzz/27=2.0
MHz) and the frequency difference between the segments
was 10 kHz (e.g., Awgz/2n=10 kHz=5.6 w,). Also, the exci-
tation pulses for each segment had a duration of 140 us (e.g.,
T4,=140 us). The echo spacing within each shell was 800 is
(e.g., Tz=800 ps) and the four-segment sequence was
repeated four times (e.g., N=4). The SNR for the four-seg-
ment sequence was greatly improved even though the total
time for applying the four-segment sequence was approxi-
mately equal to the total time for applying the one-shell
sequence. This is so because, in the one-shell sequence, there
was an idle time of 500 ms between repetitions of the
sequence (e.g., wait time T ;=500 ms), whereas, there was no
idle time between repetitions of the four-segment sequence
(e.g., T,=0 ms).

[0076] In yet another embodiment of the present disclo-
sure, multi-segment sequences are applied in 2D NMR mea-
surements. In one exemplary embodiment, each different
shell number (e.g., N) of a multi-segment sequence is used as
an indirect dimension (e.g., second dimension). In other
words, each shell can be encoded with a different value of an
indirect variable, such as a delay between two pulses in the
pulse sequence. In this manner, illustrative embodiments of
multi-shell sequences speed up 2D NMR measurements (e.g.,
diffusion and T, relaxation time) because at least some of the
wait times between the sequences can be nullified. The speed
up factor can be determined by:

So1i+ Tw Eq. 2
NeTg
[0077] Where T, is the wait time between pulse sequence

segments, N is the number of refocusing pulses and corre-
sponding echoes within each pulse sequence segment, and T
is the echo spacing. In some embodiments, T, is approxi-
mately equal to 3 times T, to allow for longitudinal relaxation
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of the shell. Also, in some embodiments N.T is approxi-
mately equal to 1.26 times T, to maximize SNR. Given the
relationship defined in Equation 2, the speed up factor can be
determined by:

T, Eq. 3
S~1+24-1 .
T

[0078] FIG. 8 shows a plot 800 of normalized amplitude
versus delay time in accordance with one embodiment of the
present disclosure. More specifically, the plot shows normal-
ized amplitude for a 2D NMR measurement. The measure-
ment used an inversion recovery sequence for measuring T,
that was accelerated by encoding each shell with a different
recovery time. Also, the measurement used a multi-segment
sequence with six pulse sequence segments at six different
shells (e.g., Ng=6). The pulse sequence segments were inter-
leaved to reduce interaction between shells. The pulse
sequence segments were interleaved in the following manner:
Wrp1WrE3, > Wrps, > Wrpss = Wrpg, > Werpe The
sequence had no idle time between segments.

[0079] The 2D NMR measurement was applied to a doped-
water sample. The doped-water sample had a T, relaxation
time of 120 ms. The NMR pulse sequences were applied to
the sample using broadband NMR electronics. The first pulse
sequence segment was applied at 1.25 MHz (e.g., wy/2n=1.
25 MHz) and the frequency difference between the pulse
sequence segments was 13 kHz (e.g., Awgz/2n=13 kHz=4 .4
, ). Also, the excitation pulses for each segment had a dura-
tion of 90 us (e.g., Tg,=90 ps). The echo spacing within each
shell was 1 ms (e.g., Tz=1 ms) and the pulse sequence were
repeated 128 times (e.g., N=128). The 2D NMR measure-
ment determines the value of T, from decay data, as shown in
for example FIG. 8. In this example, T, is equal to 125 ms.
[0080] FIG. 9 shows a plot 900 of echo amplitude versus
diffusion weighting in accordance with one embodiment of
the present disclosure. More specifically, the plot shows echo
amplitude for another 2D NMR measurement at three difter-
ent locations within a sample. The measurement used a low-
gradient diffusion editing (LG-DE) sequence for measuring a
molecular diffusion coefficient. The LG-DE sequence was
accelerated by encoding each shell with a different diffusion
time. The measurement used a multi-segment sequence with
six pulse sequence segments at six different shells (e.g.,
N=6). The pulse sequence segments were also interleaved in
the following manner: gz, —>Wzr3,>Wrps,—>Wrras
—>Wgpa,—>Wxre. 10 this case, the sequence had an idle time of
5 ms between segments. Such a small delay can reduce arti-
facts in the decay curve by ensuring that diffusion nullifies at
least a portion of the transverse magnetization before the next
shell is excited. During the measurement, a dummy shell
(e.g., separated from the first shell by the normal shell sepa-
ration) was excited before the first shell was excited. A
dummy shell further reduces artifacts in the decay curve by
ensuring that all shells are equally spoiled by preceding exci-
tations.

[0081] The 2D NMR measurement was applied to a doped-
water sample at three different sample locations. The doped-
water sample had a T, relaxation time of 120 ms. The NMR
pulse sequences were applied to the sample using broadband
NMR electronics. The first pulse sequence segments were
applied at the following frequencies: 1.51 MHz; 1.30 MHz;
1.01 MHz (e.g., wgzz/2n=1.51 MHz; wg/27n=1.30 MHz;
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wg2m1=1.01 MHz). The frequency difference between the
pulse sequence segments was 10kHz (e.g., w/2n=10kHz).
Also, the excitation pulses for each segment at the three
different locations had a duration of 105 ps, 87.5 ps, and 70 ps
(e.g., Too=105 ps; T5,=87.5 us; To,=70 us). The echo spacing
within each shell was 1 ms (e.g., Tz;=1 ms) and the pulse
sequence was repeated 128 times (e.g., N=128). As shown in
FIG. 9, the 2D NMR measurement determines a correct value
for a diffusion coefficient (D). The figure also shows that the
measurements are independent of the nominal Larmor fre-
quency of the sample (e.g., the location of the measurement
within the sample). Further measurements demonstrated
similar favorable results for more widely-separated locations
within the sample.

[0082] FIG. 10 shows a plot 1000 of relative echo ampli-
tude versus frequency offset in accordance with one embodi-
ment of the present disclosure. More specifically, the plot
shows measured “spoiling” between nearby shells for rectan-
gular pulses as a function of the frequency offset. The thick-
ness of a shell is defined at least in part by the longitudinal
magnetization of the nuclei within the shell. When applying
NMR sequences, in many cases, it is much easier to nullify
longitudinal magnetization than to generate the required
transverse magnetization. For this reason, common pulse
sequences, such as CPMG sequences, create “holes” in lon-
gitudinal magnetization that are much wider than the shells
from which they produce detectable resonant signals. Such
“hole burning” or “spoiling” limits the minimum spacing
between adjacent shells. The plot in FIG. 10 shows measured
“spoiling” between nearby shells for rectangular pulses as a
function of the frequency offset. The measurement was per-
formed using a series of CPMG sequences applied at different
offset frequency values (e.g., Awgz). The measurement was
applied to a doped-water sample having a T, relaxation time
ot 120 ms. Furthermore, the pulse sequences were applied to
the sample using broadband NMR electronics. FIG. 10 shows
thata frequency offset Aw, between shells of greater than four
times w, provides for less than 10% spoiling, where w,=yB;.
Also, there is very little spoiling for frequency offset values
Aw,, that are greater than 8 times w,. For 90 degree rectangu-
lar pulses and 180 degree rectangular pulses zero spoiling
occurs when the resonant offset frequency has the values
determined by Equation 4 and Equation 5, respectively:

Aog=x(V 16rn°-1)w, Eq. 4
Awg=x(V 4°-1)o, Eq.5

where n is an integer (e.g., 1,2, ...).

[0083] In illustrative embodiments of the present disclo-
sure, such interactions between shells can be reduced by
using shaped pulses that gradually turn on and off. In one such
example, pulses with Gaussian envelopes reduce the amount
of' spoiling and hole burning between shells. FIG. 11 shows a
pulse with a Gaussian envelope 1100 as compared with a
rectangular pulse 1102 in accordance with one embodiment
of'the present disclosure. In this manner, illustrative embodi-
ments reduce interactions between shells.

[0084] Illustrative embodiments of the present disclosure
are directed to multi-segment sequences that further improve
the efficiency of NMR measurements (e.g., interposed
sequences). To this end, various embodiments apply at least
two pulse sequence segments to a substance. The NMR pulse
sequence segments are applied at two different frequencies
and are interposed within each other. In this manner, such
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various interposed sequences perform measurements in par-
allel, whereas in many conventional systems, the measure-
ments are performed in series.

[0085] FIG. 12 shows an NMR pulse sequence 1200 with
interposed pulse sequence segments in accordance with one
embodiment of the present disclosure. The NMR pulse
sequence 1200 includes at least a first pulse sequence segment
1202 and a second pulse sequence segment 1204. Each seg-
ment includes an excitation pulse 1206, a series of refocusing
pulses 1208, and a series of echoes 1210. In various embodi-
ments, the excitation pulses have a length of T,, and the
refocusing pulses have a length of T 5. The pulses also have
amplitudes that typically range between 1 G and 10 G. In one
specific example, the sequence segments 1202, 1204 are
CPMG sequences. In various other embodiments, the
sequence segments 202, 204 can be spin echo, inversion
recovery, saturation recovery, and/or stimulated echo
sequences. Illustrative embodiments of the present disclo-
sure, however, are not limited to such specific sequences,
pulse lengths and amplitudes.

[0086] As shown in FIG. 12, the second segment 1204 is
interposed within the first segment 1202. In other words, at
least one pulse or detected echo of the second sequence seg-
ment 1204 occurs before the first pulse sequence segment
1202 is completed. The first segment 1202 is applied to the
substance with a first set of frequencies (w, -, ) and the second
segment 1204 is applied to the substance with a second set of
frequencies (wyz,). An average of the first set of frequencies
and an average a second set of frequencies are different by a
difference of Awgy. In some embodiments, the frequency
difference of Awy - is as great as 10% of'the first frequency. In
various other embodiments, the frequency can be even greater
(e.g., 20% 30% or 50%).

[0087] The NMR pulse sequence 1200 applied to the sub-
stance generates resonant signals within the substance. The
resonant signals are composed of a series of echoes. The first
pulse sequence segment 1202 will generate a first resonant
signal in a first shell, while the second pulse sequence seg-
ment 1204 will create a second resonant signal within a sec-
ond shell.

[0088] FIG. 13 shows an area of interest 1300 within a
substance 1302 in accordance with one embodiment of the
present disclosure. In FIG. 13, an inhomogeneous magnetic
field 1304 is applied to the area of interest 1300 within the
substance 1302. When the first pulse sequence segment 1202
and the second pulse sequence segment 1204 are applied to
the area of interest 1300 within the substance 1302, the sub-
stance generates two resonant signals with two different fre-
quencies (e.g., sets of frequencies). The first resonant signal
originates at a first shell 1306 and a second resonant signal
originates at a second shell 1308 within the area of interest
1300. The two resonant signals have different frequencies
because the static magnetic field 1304 is different at each
location within the area of interest 1300 of the substance
1302. The frequency of each signal can be determined using,
for example, Equation 1, where By, is the strength of the static
magnetic field 1304, y is the gyromagnetic ratio of the atomic
nuclei of interest and w, is the frequency of the resonant
signal that is produced by the atomic nuclei.

[0089] The first resonant signal and the second resonant
signal are detected. These detected signals can be used to
determine NMR properties for the substance 1302 (e.g., T,
relaxation time, T, relaxation time and/or diffusion). In turn,
the NMR properties can be used to determine physical prop-
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erties of the substance, such as the chemical composition of
the substance and/or the presence of solid phase and/or liquid
phase within the substance.

[0090] FIG. 14 shows an NMR pulse sequence 1400 with
interposed pulse sequence segments in accordance with
another embodiment of the present disclosure. In FIG. 14, the
NMR pulse sequence 1400 includes three pulse sequence
segments. A first segment 1402 is applied to the substance
with a first set of frequencies (W, ), a second segment 1404
is applied to the substance with a second set of frequencies
(wgz>), and a third segment 1406 is applied to the substance
with a third set of frequencies (wzz;). Each of the second
segment 1404 and the third segment 1406 are interposed
within the first segment 1402. Such an NMR pulse sequence
1400 generates resonant signals within three shells. FIG. 15
shows three shells 1504, 1506, 1508 generated by the three-
segment NMR pulse sequence 1400 within an area of interest
1500 of the substance 1502. Illustrative embodiments of the
present disclosure are not limited to two or three interposed
pulse sequence segments. Exemplary embodiments may
include 4, 5, 9 or more interposed pulse sequence segments.

[0091] FIG. 16 shows an NMR pulse sequence 1600 with
greater than two interposed pulse sequence segments in
accordance with one embodiment of the present disclosure.
The NMR pulse sequence 1600 includes a number of pulse
sequence segments (N). Each segment includes an excitation
pulse 1602, a series of refocusing pulses 1604, and a series of
echoes 1606. The sequence segments are applied to the sub-
stance with different frequencies. In the specific example
shown in FIG. 16, the frequency of the n-th segment is given
by wzp+(0-1)Awgy, Where Awyy is the separation between
adjacent shells and 1=n=N. In various other embodiments,
the separation between shells is not constant and varies.

[0092] Also, in one specific embodiment, the refocusing
pulse lengths and delays between refocusing pulses can be set
to integer multiples of 1/(Awg) to maintain phase coherence
within each shell. In additional or alternative embodiments,
phase coherence can be maintained by explicitly tracking the
phase of each shell in a rotating frame and appropriately
modulating the phase of the refocusing pulses.

[0093] As shown in FIG. 16, echoes from each shell form
sequentially in time (e.g., separated by T, where T is the
length of each refocusing interval and excitation interval).
Given this phenomenon, the echoes can be distinguished
from each other based upon their placement in time. In addi-
tional or alternative embodiments, the echoes can be distin-
guished from each other based upon their frequency content.

[0094] Illustrative embodiments of the present disclosure
are also directed to compensating for the Bloch-Siegert (B-S)
phase shift. The inventors herein have discovered that inter-
posed pulse sequence segments with different frequencies
can be adversely affected by the B-S phase shift. In particular,
the B-S phase shift can cause rapid signal decay when apply-
ing an NMR pulse sequence with interposed pulse sequence
segments. To prevent this rapid signal decay, the B-S phase
shift can be corrected by phase shifting excitation pulses for
the second and successive pulse sequence segment (e.g.,
N>1). In other words, each excitation pulse applied subse-
quent to the first excitation pulse is applied with a shifted
phase. In an additional or alternative embodiment, the time
interval between each excitation pulse is varied to account for
the B-S shift within a single shell. Details of these corrections
are provided below.
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[0095] In various embodiments, the timing of a pulse
sequence segment is adjusted such that the phase acquired
between the excitation pulse and the first refocusing pulse is
about half the phase acquired in each refocusing cycle. In
some embodiments, this phase is proportional to the Larmor
frequency and can be determined by:

Or=YOrrTE. Eq. 6

where y is the gyromagnetic ratio of a nucleus of interest, w
is the frequency of the pulse sequence segment, and T is the
echo spacing. When multiple pulse sequence segments are
run simultaneously on different shells, various embodiments
of'the present disclosure compensate for interactions between
the shells that result from the B-S shift. In one example, a first
pulse sequence segment with a first frequency wgz, is applied
to the substance and a second pulse sequence segment with a
second frequency w g 1s applied to the substance. An offset
Awgy between the first frequency and the second frequency
induces an extra phase shift on the transverse magnetization.
This so-called “Bloch-Siegert” shift is designated herein as
¢5s- In cases where Awg is much larger (e.g., larger than
2m, ) than the frequency w,, the phase shift for on-resonance
magnetization can be determined by:

0 Eq. 7
#BS =(§)AZ;F' ’

where 0 is the nominal tipping angle of the pulse. The nomi-
nal tipping angle can be determined by:

6=y2mz, Eq. 8

where t,, is the duration of the pulse and y is the gyromagnetic
ratio of the nucleus of interest.

[0096] The NMR pulse sequence shown in FIG. 19
includes a plurality of interposed pulse sequence segments
(Ny). Various embodiments of the present disclosure compen-
sate for the B-S phase shift by modulating the phase and/or
timing of excitation pulses within the plurality of interposed
pulse sequence segments. The phase shift for a spin in a shell
consists of the standard Larmor phase shift between two
refocusing pulses. This phase shift can be determined by
adding the result of Equation 6 to the phase shifts induced by
the pulse sequence segments (e.g., No—1) applied to previous
shells. For the pulse sequence segment applied to the first
shell, the phase shift between the excitation pulse and the first
refocusing pulse remains halfthe total phase shift because the
B-S phase shift is proportional to pulse duration. In one
example, the B-S phase shift is proportional to the pulse
duration when the refocusing pulses are twice as long and
have the same amplitude as the excitation pulse (e.g., the
excitation pules is 90 degrees and the excitation pulses are
180 degrees).

[0097] For a second pulse sequence segment applied to a
second shell, this proportionally is not fulfilled. During the
time interval between when the excitation pulse of the second
pulse sequence segment and the first refocusing pulse of the
second pulse sequence segment are applied, a refocusing
pulse is applied to the first shell as part of the first pulse
sequence segment. This refocusing pulse adversely affects
the second pulse sequence segment. Ifthe refocusing pulse is
a 180 degree pulse, then the associated B-S phase shift is
twice as long, as compared with the 90 degree excitation
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pulse. The total phase shift caused by first pulse sequence
segment and the first shell can be determined by:

T

Apgsy = _(4_1)

w1 Eq. 9
Awgp

[0098] The first pulse sequence segment and second pulse
sequence segment also produce phase shifts that affect any
potential third pulse sequence segment. Furthermore, each
subsequent pulse sequence segment is affected by phase
shifts produced by segments applied before the subsequent
segment. These phase shifts can be compensated by deter-
mining and summing the phase shift contribution of each
previous pulse sequence segment. Equation 10 below can be
used to determine the total phase shift for a plurality of pre-
vious pulse sequence segments:

Eq. 10

[0099] The integer k is the pulse sequence segment of inter-
est and (k-1) is the number of pulse sequence segments that
contribute to the total phase shift. Using Equation 10, the B-S
phase shift can be corrected by replacing the standard exci-
tation pulse (e.g., 90,) within the k-th pulse sequence segment
with an excitation pulse that has a modulated phase. In a
particular embodiment, the phase of the excitation pulse is
modulated by the total phase shift produced by the previous
pulse sequence segments. In other words, the phase of the
excitation pulse within the k-th pulse sequence segment is
equal to the phase of the excitation pulse in the first segment
minus the result of Equation 10 (e.g., 90-A® ;).

[0100] Illustrative embodiments of the present disclosure
are also directed to correcting for the B-S phase shift when the
phase shift is not constant within a single shell. Equation 9
shows that the B-S phase shift can vary within a shell because
the offset frequency (Awgy) varies linearly across the shell.
This phenomenon can be addressed by shifting the position of
the excitation pulse for the k-th pulse sequence segment by:

i 11 1 Eq. 11
(5Tk=3(1+§+§+... m]
[0101] In Equation 11, t_ the length of the excitation pulse

within the first pulse sequence segment. In this manner, the
B-S phase shift can be corrected by replacing a standard time
interval (T ;) between the excitation pulses within the firstand
second segments with a time interval (T ) that is varied. In a
particular embodiment, the initial time interval (T ) is modu-
lated by the result of Equation 11 (e.g., 8,). In other words,
the time interval between the excitation pulse in the k-th pulse
sequence segment and the excitation pulse of the next pulse
sequence segment is equal to the initial time interval (T ) plus
the result of Equation 11 (e.g., 8,;). In this manner, various
embodiments of the present disclosure account for the B-S
phase shift within interposed pulse sequence segments.

[0102] In wvarious embodiments, the multi-segment
sequences described herein are applied at a plurality of dif-
ferent frequencies. In some embodiments, the segments
within each sequence are interposed. To apply the sequences
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and detect resonant signals, various embodiments of the
present disclosure are directed to NMR electronics that are
configured to switch between a transmitting mode and a
receiving mode. Within a transmitting mode, the electronics
are further configured to switch between various frequencies
so that the coil can apply pulse sequence segments at difterent
frequencies. Within a receiving mode, the electronics are
configured to switch between various frequencies so that the
coil and electronics can detect resonant signals at different
frequencies. In various embodiments, the switching of fre-
quencies is performed according to a particular schedule.

[0103] FIG. 14 shows a switching schedule 1412 for the
NMR pulse sequence 1400 in accordance with one embodi-
ment of the present disclosure. In the specific example, the
switching schedule 1412 begins with a first set of time inter-
vals 1414. During the first set of time intervals 1414, the
broadband NMR electronics are set to a transmitting mode.
The first set of time intervals includes four time intervals
1416, 1418, 1420, 1422. During the first time interval 1416,
the electronics are set to a first frequency (wgx) so that the
coil can apply the first excitation pulse 1406 of the first pulse
sequence segment 1402. During the second time interval
1418, the electronics are set to a second frequency (wgz,) SO
that the coil can apply the first excitation pulse 1406 of a
second pulse sequence segment 1404. During the third time
interval 1418, the electronics are set to the first frequency
(wgz) so that the coil can apply the first refocusing pulse
1408 of the first pulse sequence segment 1402. During the
fourth time interval 1422, the electronics are set to the second
frequency (wx,) so that the coil can apply the first refocusing
pulse 1408 of the second pulse sequence segment 1404. As
explained above, the frequency (e.g., wzz;) within a pulse
segment or a single pulse may not be a single frequency. The
frequency within a pulse sequence segment or a single pulse
can vary over a set of frequencies (e.g., over a range of
frequencies).

[0104] Following the first set of time intervals 1414, a sec-
ond set of time intervals 1424 begins. During the second setof
time intervals 1424, the broadband NMR electronics switch
to a receiving mode of operation. The second set 1424
includes two time intervals 1426, 1428. The first time interval
1426 is dedicated to detecting a resonant signal at the first
frequency (wyg,) generated by the first pulse sequence seg-
ment 1402 (e.g., within the first shell). In the embodiment
shown in FIG. 14, a single echo 1410 is detected at the first
frequency. The second time interval 1428 is dedicated to
detecting a resonant signal at the second frequency (wzz)
generated by the second pulse sequence segment 1404 (e.g.,
within the second shell). Again, a single echo 1410 is detected
at the second frequency.

[0105] Next, a third set of time intervals 1430 follows.
During the third set of time intervals 1430, the broadband
NMR electronics are switched back to a transmitting mode of
operation. During this set of time intervals 1430, one more
refocusing pulse 1408 is applied at each of the two different
frequencies (e.g., Wz, and wxx,). Then, a fourth set of time
intervals 1432 follows. During the fourth set of time intervals
1432, the broadband NMR electronics are switched to a
receiving mode of operation. During the fourth set of time
intervals 1432, resonant signals (e.g., echoes) 1410 are
detected at each of the two different frequencies (e.g., Wzz,
and wgz,). The third and fourth sets of time intervals 1430,
1432 can be repeated a plurality of times (e.g., N =10,
N;z=100, and N ;~1000) until the NMR pulse sequence comes
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to anend. In some embodiments, the time intervals have equal
lengths across the switching schedule. In other embodiments,
the time intervals have varying lengths. In various embodi-
ments, the time intervals are at least as long as the excitation
pulse and/or refocusing pulse that they are dedicated to apply-
ing. Also, the time intervals are at least as long as the echoes
that they are dedicated to detecting. In further embodiments,
the length of the time intervals is no greater than 1 ms. In yet
further embodiments, the length of the time intervals is no
greater than 100 ps.

[0106] FIGS. 14 and 16 show two switching schedules
1408, 1608 for NMR pulse sequences, 1400, 1600 in accor-
dance with embodiments of the present disclosure. In FIG.
14, the switching schedule 1408 also modulates between a
transmitting mode 1410 and a receiving mode 1412. In this
case, within each mode, the broadband NMR electronics are
switched between three different frequencies (e.g., Wzz,
Wrp aNd g 3). Similarly, in FIG. 16, the switching schedule
1608 also modulates between a transmitting mode 1610 and a
receiving mode 1612 and within each mode, the broadband
NMR electronics are switched between N number of differ-
ent frequencies (€.2., Wxz;, Orpzs Wrrss - - - Ogpns)- 10 this
manner, various embodiments of the present disclosure apply
pulse sequence segments at various different frequencies and
detect resonant signals from a plurality of different shells
within the substance.

[0107] FIG. 17 shows a plot 1700 of measured signal
amplitude versus time in accordance with one embodiment of
the present disclosure. More specifically, FIG. 17 shows
asymptotic echoes that were detected for an NMR sequence
with two interposed pulse sequence segments (e.g., N;=2).
The segments generated resonant signals within two shells of
a doped-water sample. The doped-water sample had a T,
relaxation time of 120 ms. The two interposed pulse sequence
segments were applied to the sample using broadband NMR
electronics. The first pulse sequence segment was applied at
2.0 MHz (e.g., wz/2m=2.0 MHz) and the frequency differ-
ence between the first pulse sequence segment and the second
pulse sequence segment was 20 kHz (e.g., Awg/2n=20
kHz=11.8 w,). Also, the excitation pulses for each segment
had a duration of 140 ps (e.g., Tg,=140 ps). The echoes
between each shell were separated by 500 us (e.g., T =500 ps)
and the sequence was repeated 128 times (e.g., N=128). The
receiver frequency was kept constant at the center frequency
of the first pulse sequence segment (e.g., wx/2n=2.0 MHz)
so the first echo sequence was demodulated to zero frequency
(e.g., baseband). The second echo sequence was demodulated
to an offset frequency of 20kHz (e.g., Awg/2n=20kHz). The
echoes from each resonant signal were distinguished by the
placement in time (e.g., T =500 ps). In various other embodi-
ments, the echoes can also be distinguished by their fre-
quency content.

[0108] Illustrative embodiments of the present disclosure
are also directed to multi-segment sequences that are applied
to generate interactions between shells and these interactions
between shells are used to determine an NMR property. Such
multi-segment sequences influence magnetization in one
shell of a substance by manipulating spins in other shells of
the substance. In one embodiment, such a method includes
applying an NMR pulse sequence to the substance. The NMR
pulse sequence includes at least a first pulse sequence seg-
ment at a first set of frequencies and a second pulse sequence
segment at a second set of frequencies. The second pulse
sequence segment generates a resonant signal within a shell
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of the substance and the first pulse sequence segment gener-
ates a characteristic within the resonant signal through inter-
action with another shell. The resonant signal is detected and
an NMR property is determined based upon the characteristic
within the detected resonant signal.

[0109] In various embodiments, the characteristic may be
an imaginary component within the detected resonant signal
that is introduced by the first pulse sequence segment. For
example, the first pulse sequence segment may introduce an
asymmetry in longitudinal magnetization within the shell. In
another example, the characteristic may be a phase shift
within the detected resonant signal.

[0110] In some embodiments, the NMR property that is
determined is an NMR property of the substance, such as a
long spin-lattice T, relaxation time of the substance. In
another example, the NMR property is a property of the NMR
measurement itself. In one specific example, the property of
the NMR measurement is the magnitude of the applied oscil-
lating field. Details of how interactions between shells can be
used to determine (1) a long spin-lattice T, relaxation time of
the substance and (2) a magnitude of the applied oscillating
field are described below.

[0111] As explained above, multi-segment sequences can
be advantageously used to generate interaction between a
plurality of shells, to detect spins with long spin-lattice relax-
ation times (T,), and to determine the length of such relax-
ation times. Measurements produced from such sequences
can be used as log quality control indicators. For example, the
measurements can be used to warn an operator about incom-
plete polarization during fast logging operations. Such multi-
segment sequences can function as “partial” saturation recov-
ery sequences.

[0112] FIG. 18 shows a multi-segment sequence 1800 for
determining T, relaxation time in accordance with one
embodiment of the present disclosure. The sequence 1800
includes a first pulse sequence segment 1802 at a first set of
frequencies (wg ) that is applied to a first shell and a second
pulse sequence segment 1804 at a second set of frequencies
(wgz») that is applied to a second shell. The pulse sequence
1800 includes a waiting period (T;) between the first pulse
sequence segment 1802 and the second pulse sequence seg-
ment 1804. In some cases, the waiting period (T;) is between
1 ms and 10 s. In one specific example, the waiting period
(T4 is less than 1 s. Also, in another specific example, the
pulse sequence segments are CPMG sequences. In some
cases, the second pulse sequence segment 1804 is initiated
before the first shell reaches thermal equilibrium. If the wait-
ing period (T;,) is much greater than the T, relaxation time,
then the first pulse sequence segment 1802 will not have the
desired interaction on the second shell. When the waiting
period (T};) is approximately equal to or smaller than the T,
relaxation time, then the first pulse sequence segment 1802
will have the desired interaction on the second shell and this
interaction can be detected to determine whether the waiting
period (T ;) is bigger or smaller than the T, relaxation time.
[0113] An average frequency (wgz) of the second pulse
sequence segment 1804 is offset from an average frequency
(Awgy;) of the first pulse sequence segment 1802 by a fre-
quency difference (Awgz). In various embodiments, the fre-
quency difference is less than 10w, . In some specific embodi-
ments, the frequency difference is between 1w, and 4w,. The
amount of interaction between the first shell and the second
shell can be controlled by varying the frequency difference
(Awgr) and/or the waiting period (Ty). The first pulse
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sequence segment 1802 generates an asymmetry in at least a
portion of the longitudinal magnetization with respect to a
static frequency offset axis of the second pulse sequence
segment 1804. The asymmetry introduces a non-zero imagi-
nary component into echoes generated within the second
shell. This imaginary component decays exponentially as
exp(-T,/T,). This imaginary component of the resonant sig-
nal within the second shell is detected. The imaginary com-
ponent and the known value of the waiting period (T ;) can be
used to determine the T, relaxation time. In some cases, the
partial saturation recovery sequences advantageously
increase SNR for nuclei with long T, components. In con-
trast, in conventional saturation recovery sequences, SNR
approaches zero as T, approaches infinity.

[0114] FIG. 19 shows a simulated plot 1900 of asymptotic
echo amplitude versus echo acquisition time in accordance
with one embodiment of the present disclosure, while FIG. 20
shows a measured plot 2000 of asymptotic echo amplitude
versus echo acquisition time in accordance with one embodi-
ment of the present disclosure. In particular, the Figures show
simulated and measured asymptotic echo amplitudes for a
partial saturation recovery sequence. In this case, the
sequence includes a waiting period of 10 ms between seg-
ments (e.g., T ;=10 ms). Each pulse sequence segment was a
CPMG sequence. The partial saturation recovery sequence
was applied to a doped-water sample. The doped-water
sample had a T, and T, relaxation time of approximately 120
ms (e.g., T;~T,=120 ms). The pulse sequence was applied to
the sample using a broadband NMR system. The Larmor
frequency of the first shell was 0.94 MHz and the frequency
difference between the shells was 10 kHz (e.g., Awg/2n=10
kHz). The excitation pulses for each segment were 70 ys is in
length (e.g., T4,=70 ps). The echo spacing within each shell
was 4 ms (e.g., T z=4 ms) and the pulse sequence was repeated
128 times (e.g., N=128). As shown in FIGS. 19 and 20, the
measured asymptotic echo amplitude corresponds well with
the simulated asymptotic echo amplitude for the partial satu-
ration recovery sequence. The asymptotic echo produced by
the second shell has a non-zero imaginary component 1902.
As explained above, the non-zero imaginary component can
be used to determine the T, relaxation time. Further measure-
ments demonstrated similar favorable results for various dif-
ferent values of the waiting period (T ).

[0115] As explained above, in another illustrative example,
amulti-segment sequence is used to determine the magnitude
of'an applied oscillating field (B,). Various embodiments of
the present disclosure are directed to a fast and accurate
method that determines an average magnitude of an RF mag-
netic field (B,), or equivalently a nutation frequency
(w,=yB,), that is applied by an NMR system. The multi-
segment sequence uses the Bloch-Siegert phase shift (B-S
phase shift) to determine the magnitude of an applied oscil-
lating field.

[0116] FIG. 21 shows a multi-segment sequence 2100 for
determining an applied oscillating field (B,). The sequence
2100 includes a first pulse sequence segment 2102 at a first
frequency (wgz) (e.g., set of frequencies) and a second off
resonant pulse sequence segment 2104 at a second frequency
(wgz>) (e.g., set of frequencies). The difference between the
two pulses is Awg ;. In the pulse sequence segment of FIG.
21, the first segment 2102 includes an excitation pulse 2106,
a refocusing pulse 2108, and an echo 2110. In various
embodiments, the excitation pulses have a length of Ty, and
the refocusing pulses have a length of T, 5. In this case, the
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first segment 2102 is a Hahn spin-echo sequence (SE). The
second segment 2104 includes an off-resonant pulse 2112
that is applied after the excitation pulse 2106. The second
segment 2104 also includes another off-resonant pulse 2114
that is applied after the refocusing pulse 2108. The off-reso-
nant pulses each have a length of T5..

[0117] FIG. 22 shows another multi-segment sequence
2200 for measuring an applied oscillating field (B, ). In this
embodiment, the sequence 2200 includes a first pulse
sequence segment 2202 at a first frequency (wzz) and a
second off-resonant pulse sequence segment 2204 at a second
frequency (wxy,). The first segment 2202 includes an excita-
tion pulse 2206 and refocusing pulse 2208, and an echo 2210.
The refocusing pulse 2208 and the echo 2210 (e.g., refocus-
ing cycle) are repeated a number of times (N). In this case,
the first segment is a CPMG sequence. The second segment
2204 includes a first oft-resonant pulse 2212 that is applied
after the excitation pulse 2206 and another second off-reso-
nant pulse 2214 that is applied after the refocusing pulse
2208. As shown in FIG. 22, the pulse sequence segments
2202, 2204 are interposed within each other. In this case, the
second off-resonant pulse 2212 is repeated after each refo-
cusing pulse 2208 (e.g., Nz number of times). Also, in this
case, the first off-resonant pulse 2212 has a length of Tz,
while the second off-resonant pulse 2214 has a length of
2T s

[0118] FIG. 23 shows another multi-segment sequence
2300 for measuring an applied oscillating field (B,). In this
case, a second off resonant pulse sequence segment 2304
includes a second off-resonant pulse 2314 that is applied after
an echo 2310. The multi-segment sequences shown in FIGS.
21-23 are specific examples and the embodiments presented
herein are not limited to any specific sequences and pulse
lengths.

[0119] In these specific examples, the pulses have a length
of Tz and 2Tz and the pulses introduce B-S phase shifts that
are ¢z and 2¢,, respectively (e.g., because ¢z—m,>T5o/
(2Amgzz)). Such B-S phase shifts can also be produced by
varying other pulse characteristics. In particular, such phase
shifts can be produced by changing the pulse length (T ), the
pulse amplitude (w, ), or the frequency offset (Awx).
[0120] In illustrative embodiments, the multi-segment
sequences (e.g., 2100, 2200, 2300, are applied a plurality of
times (e.g., a number of “scans”). In some embodiments, the
pulses have equal and opposite frequency offsets (zAwgx),
which removes the dependence of B-S phase shift (¢55) on
resonant frequency offset, as shown in Equation 24 below.
For example, in a first application of a multi-segment
sequence (e.g., a first scan), the frequency offset is +Awg,
while in a second application of the multi-segment sequence
(e.g., second scan) the frequency offset is ~Awg .

[0121] The first and second off-resonant pulses induce a
B-S phase shift (w) in the echoes of the resonant signal and
this B-S phase shift can be used to determine the applied
oscillating field (B;). As explained above, the pulse
sequences are applied using an NMR system. In some
embodiments, the NMR system is a broadband system that
applies off-resonant pulses with a frequency offset (Awg.) of
several o, from the Larmor frequency. For example, at a
Larmor frequency of 2 MHz and a nutation frequency
w,=2mtx10 kHz (corresponding to To,=25 ps), the offset fre-
quency might be 8m,=27x80 kHz. The NMR system also
includes a coil to excite nuclear spins and produce a resonant
signal within a shell. The coil produces a time-varying linear
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RF magnetic field that can be expressed as the sum of two
circularly-polarized magnetic fields using the following
equation:

exp(éwol) + exp(—iwot) Eq. 12

cos(wgl) = 2

where o, the excitation frequency, t is time, and i=y~1. The
two fields rotate clockwise and counter-clockwise with time.
The effect of the counter-clockwise rotating field on the reso-
nant signal is to shift the resonant frequency by an amount
(wzs), as shown by the following equation:

(yB,) =w_f Eq. 13

wgs = =
Aewg Awo

where B, is the amplitude of each circularly-polarized RF
field. The counter-clockwise rotating field can be viewed as
being offset in frequency from the resonant (clockwise rotat-
ing) field by an amount wy—(-m,)=2m,. In most cases, w, is
much less than m, and this so-called B-S frequency shift is
small and can be ignored. However, it is possible to increase
the shift by decreasing the frequency offset from 2w, to some
other value Awgy. As explained above, off-resonant RF
pulses at a frequency (w,—Awmgz) can be applied for increas-
ing the shift. The effect of such an off-resonant excitation
pulse is expressed by the following equation:

o Eq. 14

WEs = 57—
2AwgF

where Awy - 1s the frequency offset of the off-resonant pulse,
and o, is yB; (e.g., w,;=yB,). In illustrative embodiments, the
frequency offset (Awyy) is much larger than w, and the oft-
resonant pulse does not excite any additional magnetization
and thus does not change the amplitude of the spin echo.
However, the off-resonant pulse does produce a measurable
phase shift. This phase shift effect can be described by using
the rotating frame of the pulse. In the rotating frame, the
effective magnetic field for the spin packet at Awg is given
by:

YB o~ \/(A(DRF)z'HDlz

The off-resonant pulse modifies the magnitude of the effec-
tive field, and thus the precession frequency, from its free-
precession value of Awg, by an amount that is the B-S phase
shift.

[0122] FIG. 24 shows an effective on-resonance magnetic
field in the rotating frame of the off-resonant pulse. Using
trigonometry, as shown in F1G. 24, the following relationship
is determined:

Eq. 15

o Eq. 16

wly = (Awgp + wps)® = (Awgp) + 0] = wps ~ Do

Since the effective field is approximately aligned to the static
field (z-axis) far off-resonance (e.g., when Awgz. much
greater than , ), the pulse will produce almost no additional
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magnetization. However, it will produce additional preces-
sion about the z-axis, resulting in a phase shift for the resonant
signal at Awgy of:

Eq. 17

Tps Tas (yB1 (1)
= dr = d
ops fo wps(D di fo 2heorr (D 3

where T is the duration of the off-resonant pulse. Because
the magnitude of the effect decreases only as the inverse of the
offset frequency (Awgr), even frequency-selective pulses
applied far off-resonance can produce significant B-S phase
shifts. The precise value of the B-S phase shift depends on the
amplitude and frequency profile of the off-resonant pulse, as
shown in Equation 17. In the case of fixed-amplitude (rect-
angular) and fixed-frequency pulses, Equation 17 simplifies
to:

¢BS:TBS( w? ]=0mm( wy ) Eq. 18

2AwgF 2AwgF

where 0,,,,, is the nominal tipping angle of the off-resonant
pulse (e.g., 0,,,,,=0; Tzs). In an inhomogeneous static field
the B-S phase shift is also a function of the resonant frequency

offset (Aw,) within a shell, as shown below:

A _ waBs Eq. 19
$ps(Awo) = Taonr — bwg)
[0123] Rectangular pulses in a constant static field gradient

excite a frequency span of approximately 2mw,, (e.g., the
region where |Awyl=wm,), thus defining the shell. In some
embodiments, where Awg is much larger than ,, Awgy is
also much larger than |Aw,| within the excited volume (e.g.,
shell). The denominator in Equation 19 can then be expanded
as a Taylor series to determine the following relationship:

Eq. 20

wi ][1+ Awo +0(Awg)]

A =Tgg| ——
$ps(Awo) BS( Thonr Aonr

The first-order dependence on resonant frequency can be
removed by taking the difference between two applications
(e.g., scans) of multi-segment sequences (e.g., 2200, 2300)
with offset frequencies of +Awy and —Awg, as explained
above. In this case, the phase shift is approximately constant
across the excited sample volume, and there is almost no
distortion of the echo shape. The shift is given by:

ot Eq. 21

$ps(+Aw) = pps(—Awg) = TBS( ][1 + O(Aw)]

Awgr

e
glg
=

S
—

Equation 21 can be re-written to solve for the applied oscil-
lating field (B,) based upon the measured B-S phase shift
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(100 zo), the length of the off-resonant pulse (1), the fre-
quency offset (Awg), and the excitation frequency (w,), as
shown below:

| Eq 22

B~ L [Bwke A A
120N T [#5s(+Awo) — $ps(—Awo)]

[0124] The B-S phase shift (¢55) can be determined more
accurately by increasing the resonant signal. The resonant
signal can be increased by generating multiple spin echoes
and then adding the echoes. A CPMG sequence, such as the
one shown in FIG. 22 or 23, can be used for this purpose. In
various embodiments, in order to measure the B-S shift with
a CPMG sequence, the CPMG condition is satisfied (e.g., the
initial transverse magnetization is aligned with the effective
axis of the refocusing cycle) and the initial transverse mag-
netization is phase-shifted by the first off-resonant pulse. As a
result, the effective refocusing axis is also rotated by the same
amount. A second off-resonant pulse that creates a phase shift
of 2¢ 5 can be added to the refocusing cycle for this purpose.
This behavior can be obtained by increasing the length of the
second off-resonant pulse by a factor of 2, by increasing the
amplitude of the off-resonant pulse by a factor of V2, or by a
combination of both such techniques. In some embodiments,
the amplitudes of the off-resonant pulses are constant, thus
allowing the sequence to be transmitted using highly-efficient
nonlinear power amplifiers. In various embodiments, the sec-
ond off-resonant pulses within each CPMG refocusing cycle
can be applied before the echo (e.g., 2200), or after the echo
(e.g., 2300). The spin dynamics of these sequences are simi-
lar, except for a reversal in the sign of the phase shift (¢z).
The application of RF pulses is followed by a certain “dead
time” where the receiver is not used (e.g., because of pulse
feed through, duplexer switching time, or other reasons). The
gap between the application of RF pulses and the generation
of echoes is larger in the multi-segment sequence shown in
FIG. 23 than the multi-segment sequence shown in FIG. 22
and so the sequence in FI1G. 22 is less susceptible to dead time
effects. As a result, shorter echo spacing is possible, which
results in higher SNR and more accurate estimation of the B-S
phase shift (¢z).

[0125] In illustrative embodiments, the second segment
and its off-resonant pulses are phase cycled. In some cases,
the off-resonant pulses excite small but often non-negligible
amounts of transverse magnetization, which produce ampli-
tude variations in the final echo and can make it difficult to
measure the phase shift (¢55) precisely. This effect can be
particularly pronounced for rectangular pulses, which may
have poor frequency selectivity. Such unwanted magnetiza-
tion can be eliminated by phase cycling the off-resonant
pulses. Table 1 shows an example of four-part phase cycles
that can be used to measure the B-S phase shift for a given
frequency offset (Awgy). The phase shifts in Table 1 are
shown in multiples of 7t/2. The four-part phase cycles include
two phase-alternating pairs (PAPs) with opposite phases for
the off-resonant pulses. The cycle is repeated for a frequency
offset of ~Awyand the phases are subtracted from each other
to get the final value of the phase shift (¢5), as shown in
Equation 22. This differential computation also makes the
result independent of the absolute phase of the echo. Thus, in
some cases, a total of four PAPs are sufficient for measuring
the B-S phase shift.
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TABLE 1
Step 0 1 2 3
Excitation 2 2 0 0
Pulses
Refocusing 3 3 1 1
Pulses
Off-resonant 2 0 2 0
Pulses
Acquisition 2 2 0 0

[0126] In illustrative embodiments, the length of the refo-
cusing pulses (1) is an integer multiple of 27t/Aw . In such
embodiments, the rotating frames of the first sequence seg-
ment (e.g., CPMG pulses) and the second sequence segment
(e.g., off-resonant pulses) are aligned after each off-resonant
pulse. In some cases, it may not be possible to ensure that this
synchronicity condition is precisely satisfied (e.g., because of
pulse transients, limited timing precision of the spectrometer,
or other factors). For example, pulse turn-on and turn-off
transients may reduce the effective length of both the first
off-resonant pulse (e.g., T;,) and the second off-resonant
pulse (e.g., 2T5s) by the same amount (At). As a result, the
effect can be removed by lengthening both pulses by At. Inthe
absence of this correction, there will be a static phase offset
between the rotating frames of the off-resonant pulses and the
CPMG pulses. As a result, the echo will exhibit the same
phase offset, which is given by:

=2AWpExAL Eq. 23
ol RF" q.

where the factor of two is used because of two applications of
multi-segment sequences with opposite values of Awz - (e.g.,
afirst scan at +Awyand a second scan at —Awg ). Such static
phase offsets can be removed by applying the multi-segment
sequence with two values of Tz (T, ) and (T ). In such
an embodiment, measured phase shifts (including the offset)
may be given by ¢, and ¢,. The true phase shifts ¢ 55, =¢,~¢
and ¢ ,=0,—,; can be estimated because the shifts linearly
depend on Ty

P1—dor _ Ths, _ $1Tss2 —$oTs, Eq. 24
$2— ¢y Thsa o Tpso = Tgs,

[0127] The phase of a complex echo signal z(t)=x(t)+iy(t)
can be estimated by finding the average in-phase and quadra-
ture components, as follows:

Nacg—1 Eq. 25

Tc ;
f qx(t)dt Z 1]
¢ =tan™ o ~tan!| =2

Tac
fo 7y(r)dt

where N, data points are measured within an acquisition
window oflength T , . The error in this estimate is minimized
when the window has approximately the same width as the
echo itself. The next process is to estimate w, by inverting the
measured B-S phase shift. According to Equation 24, two
measurements are sufficient since the phase shift (¢z5) is
dependent on , and known properties of the off-resonant
pulses (e.g., length and frequency offset).
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[0128] In illustrative embodiments, variations in pulse
parameters within the first pulse sequence segment, such as
flip angles of the excitation and refocusing pulses, do not
complicate the inversion process by causing changes in the
B-S phase shift (¢). The flip angle of a pulse length (T) can
be determined based upon the pulse length (T), the gyromag-
netic ratio (y), and the magnitude of the applied oscillating
field (B,) (e.g., flip angle is equal to yB, T). FIG. 25 shows
phase of asymptotic echoes as a function of various pulse
lengths for off-resonant pulses (Tz). In particular, FIG. 25
shows that the B-S phase shift (¢ ) is substantially constant
for awide range of flip angles. As aresult, w, can be estimated
accurately using one or two phase-shift measurements. FIG.
26 shows amplitude of asymptotic echoes as a function of
various pulse lengths for off-resonant pulses (Tzs). In par-
ticular, FIG. 26 shows that the echo amplitude is substantially
unaffected by the off-resonant pulses. The plots in FIG. 25
and FIG. 26 were generated by normalizing the nutation
frequency (e.g., setting m,=1), setting the ratio of lengths of
the refocusing and excitation pulses within the first sequence
segment to 2, and the frequency offset (Awg) was set to 8w, .
As aresult, the nominal B-S phase shifts expected for T =27
and Tz~n were /4 (45°) and 7/8 (22.5°), respectively. The
sequence for measuring the B-S shift was implemented on a
broadband NMR system, as described herein. The pulse
lengths and delays were set to integer multiples of the fre-
quency offset (Awgzz) to minimize static phase offsets. In
addition, a small timing correction (on the order of 1 us) was
applied between the excitation pulse and the first refocusing
cycle. This correction ensured that the initial transverse mag-
netization was aligned with the effective refocusing axis.

[0129] FIG. 27 shows a measured B-S phase shift for a
doped-water sample for various off-resonant pulse lengths
(T3). The plotin FIG. 27 was generated by applying a multi-
segment sequence 2300, as shown in FIG. 23, to a doped-
water sample. The doped water had a T, of approximately 110
ms. The parameters of the multi-segment sequence included:
wr2n=1.48 MHz; T =2.4 ms; N;=50; Awy/2n=25 kHz;
excitation pulse length=80 us; and refocusing pulse
length=160 ps. Static phase offset was estimated and removed
by using the smallest and largest values of Ty, as shown in
Equation 24. The remaining phase shift is a linear function of
T s withaslope corresponding to Tg,=102 ps, (e.g., w,/2n=1/
(4T5,)=2.45kHz). In this case, two values of Tz were used to
measure Tg.

[0130] The results in FIG. 27 were in agreement with con-
ventional approaches for determining the applied oscillating
field, such as using measured nutation curves. A measured
nutation curve was determined by varying the excitation and
refocusing pulse widths within the first segment, while keep-
ing the ratio between them fixed. The resultant echo ampli-
tudes were plotted and the location of the peak was found.
Such a measured nutation curve is shown in FIG. 28. As
shown in FIGS. 27 and 28, the two techniques described
above (e.g., based on measuring the B-S phase shift and a
nutation curve, respectively) are in good agreement, except
for the fact that the peak of the nutation curve occurs at
slightly shorter pulse lengths (e.g., 96 us is as opposed to 102
us). The difference is caused by a spin-dynamics effect,
namely, the multiplicity of coherence pathways that contrib-
ute to the asymptotic CPMG echo shape in inhomogeneous
fields. Similar results were obtained at other offset and Lar-
mor frequencies, showing that the using the B-S phase shift
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can be a faster and more accurate way to measure the mag-
nitude ofthe B, field and calibrate pulse lengths, as compared
to conventional methods.

[0131] Illustrative embodiments are also directed to deter-
mining the magnitude of an applied oscillating field (B, ) that
is inhomogeneous. In an inhomogeneous field, the measured
NMR signal can be determined as a function of both w, and
resonant frequency offset (wm,), as follows:

|ANGES Eq. 26

2
—Xfff(Awo, 0 F(Awg)m, (Awy, w))whedAwydwy,
Ho

where 7 is the nuclear susceptibility, F(Aw,) is the frequency
response of the detection system, m, (Aw,,w,) is the local
transverse magnetization, and the function f(Aw,,m,) can be
determined from B, and B, field maps, a spin density map of
the sample, and a coil efficiency factor. In the presence of the
B-S phase shift, Equation 26 can be rewritten as:

2 i? T, Eq. 27
Vi, () ~ _Xffexp(ﬂwl BS]
Ho Awgp

FAwg, w)F(Awg)m, , (Awy, ) )whrd Awy dw,

Equation 27 above shows that the off-resonant pulses will
change both the shape of the echo, as well as the phase of the
echo.

[0132] Illustrative embodiments of the present disclosure
can also detect changes within the applied oscillating field
(B,). Magnetic debris often causes significant changes in the

static magnetic field distribution B, (T) of NMR well-log-
ging tools. As a result, the location and shape of the sensitive
volume (shell) changes, leading to calibration errors in basic
NMR measurements such as porosity. The multi-segment
sequences can be combined with other measurements of B,
(for example, from a pickup loop) to detect such B, changes.
The skin depth at the low Larmor frequencies used in well-
logging is usually significantly larger than the depth of inves-
tigation. Therefore, the dependence of B, on salinity is spa-
tially uniform (e.g., can be modeled as a uniform scaling of

B 1(?) by a factor ). In particular, the B, values measured by
the multi-segment sequences (at the sensitive volume) and the
pickup loop (near the tool) scale by the same factor as a
function of salinity. Deviation from uniform scaling indicates
that the location of the sensitive volume has changed. The

known spatial dependence of B 1(?) can be used to estimate
the magnitude and direction of this shift.

[0133] Inthe embodiments, described above, the shells are
spatially separated by using a difference in applied frequency
between pulse sequence segments. In additional or alternative
embodiments, the shells can also be spatially separated by
using different transmit and receive coils, and/or using the
motion of the sample.

[0134] Various embodiments of such multi-segment
sequences for determining the applied oscillating field can be
used in both medical and oilfield applications. The sequences
can be used to calibrate the amplitude and/or duration of
applied RF pulses so that the pulses produce the desired effect
on nuclear spins. The calibration is repeated periodically
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because the magnetic field generated by a given pulse can
depend significantly on the presence and properties of the
sample. For example, the temperature of the sample may
change over time and will have an impact on the magnitude of
the applied field. As a result, in some cases, RF pulse lengths
in downhole NMR tools are adjusted by 20% or more as a
function of temperature and coil quality factor (e.g., which is
a function of formation conductivity). Illustrative embodi-
ments of the multi-segment sequences advantageously deter-
mine the magnitude of the applied oscillating field quickly
and accurately, as compared to conventional methods. For
example, one conventional method, as described above, var-
ies RF pulse durations and plots the NMR signal amplitude as
a function of pulse duration and determines peaks. This
method is time consuming because it requires several NMR
measurements (e.g., acquisitions) to determine the peaks. In
another example, an inductive pick up loop is used to measure
the applied oscillating field. Such a system, however, requires
additional components, namely, the additional inductive pick
up loop. In addition, the system detects the oscillating field
near the location of the loop, which does not usually coincide
with the NMR sensitive volume (shell).

[0135] Illustrative embodiments of the present disclosure
are also directed to applying multi-segment NMR sequences
to different sets of atomic nuclei. Such an NMR pulse
sequence includes at least a first pulse sequence segment at a
first set of frequencies applied to a first set of atomic nuclei,
such as carbon nuclei, and a second pulse sequence segment
ata second set of frequencies applied to a second set of atomic
nuclei, such as sodium nuclei. The second pulse sequence
segment is initiated before the first set of atomic nuclei reach
thermal equilibrium. In some embodiments, the segments are
interposed within each other, as described above. In some
cases, the first set of atomic nuclei and the second set of
atomic nuclei are from different chemical species (e.g., dif-
ferent atoms, ions or molecules). In other cases, the first set of
atomic nuclei and the second set of atomic nuclei are from the
same chemical species.

[0136] Insomeembodiments, more than two sets of atomic
nuclei are investigated within the same shell using two or
more pulse sequence segments. The set of atomic nuclei can
be one or more of hydrogen (e.g., 'H protons, 2H deuterium),
fluorine (e.g., *°F), sodium (e.g., >*Na), and carbon (e.g.,
13C). Table 2 below shows various properties for each
nucleus.

TABLE 2
Nucleus 'H °H 19 23Na 3¢
Spin, I 12 1 172 3/2 12
Gyromagnetic ratio, 4.26 0.654 4.01 1.127  1.071
v (kHz/G)
Natural abundance 99.985% 0.015% 100% 100% 1.1%
Quadrupole moment 0 2.86 0 100.6 0
(mb)
[0137] The frequency for each pulse sequence segment is

selected so that segment produces resonant signals within a
specific set of atomic nuclei. To this end, the pulse sequence
segments are selected to match the Larmor frequency of a
specific set of nuclei. The Larmor frequency (w,) for a spe-
cific set of nuclei can be determined from the magnitude of
the static magnetic field (B,) and the gyromagnetic ratio (y) of
the set of nuclei (e.g., w,=YB,). The gyromagnetic ratios for
several nuclei are shown above in Table 2.
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[0138] Inillustrative embodiments, the pulse sequence seg-
ments are applied to a substance and the nuclei within the
substance using a broadband NMR system, as further
described below. The system can advantageously measure
NMR signals from multiple nuclei at different Larmor fre-
quencies in parallel and without physical changes in the hard-
ware. Furthermore, by using a broadband system, the ampli-
tude of the oscillating (RF) magnetic field is inversely
proportional to its frequency (e.g., B;%1/mz.) and, in addi-
tion, is near resonance (e.g., Wy~0y). Thus, the sequence
pulse lengths (T) at any given position in the sample (imply-
ing a fixed value of B,) are invariant with the gyromagnetic
ratio (y) of the atomic nuclei, as shown below:

1 1 1 1 1

X — = — = = =By

T o) ) )
WRF wo By

Accordingly, in some embodiments, an appropriate pulse
length can be determined for the first set of atomic nuclei and
similar pulse lengths can be used for other sets of atomic
nuclei. For example, pulse lengths determined for sensitive
nuclei (such as 'H) can be reused for less-sensitive nuclei
(such as *C), and do not have to be determined again. This
saves considerable measurement time. Thus, the various dif-
ferent pulse segments can advantageously have pulses with
similar lengths (T).

[0139] When the NMR system applies a pulse sequence
segment having a particular frequency (e.g., over a limited
bandwidth), the thickness of the shell will be inversely pro-
portional to gyromagnetic ratio of the nuclei within the sub-
stance. This behavior occurs because the coil current and B,
amplitude of the NMR system is inversely proportional to the
Larmor frequency (e.g., B,x1/mzz). In one particular
embodiment, the gradient (g,=IdB,/dzl) of the static field
within the shell increases linearly with the static field, that is,
g.xB,. In this case, we have:

Eq. 28

LI B Eq. 29
wy  YBy

NN
8z ?’B%

where Az is the shell thickness. Due to the relationship in
Equation 29, signal amplitude of the resonant signal (in volt-
age units) scales as:

VPII+ DB Az I+ 1)y Eq. 30

where [ is the spin of the atomic nucleus. The number of
signal averages (e.g., scans) used to obtain a given SNR in
voltage units scales as:

N 1 Eq. 31
. S
P+ 1)y

where N is the number of signal averages.

[0140] FIGS. 29 and 30 show measured asymptotic CPMG
echoes for a sodium sample (250 ppK NaCl (brine)) and a
deuterium sample (40% D,0, 60% H,O (heavy water doped
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with NiCl,)), respectively. FIGS. 29 and 30 were produced by
summing the echoes within the resonant signal from each
sample. Data was taken at multiple Larmor frequencies with
various pulse sequences. The results match spin dynamics
simulations well. Additional CPMG measurements (not
shown) were used to estimate T, for these samples. The
sodium sample had a proton relaxation time of 2 seconds
(T,z72 s) and a sodium relaxation time that was much shorter
(T,,,=42 ms). The sodium relaxation time case was domi-
nated by quadrupolar interactions. On the other hand, the
deuterium sample had a proton relaxation time of T,,=200
ms and a deuterium relaxation time that was substantially
longer (T,,=420 ms). This longer relaxation time occurs in
spite of the fact that *H is quadrupolar (I=1). There are two
reasons for this longer relaxation time. Firstly, the quadrupo-
lar moment of H is small, resulting in little quadrupolar
relaxation. Secondly, protons have enhanced dipolar relax-
ation relative to deuterons. In this sample, dipolar relaxation
is dominated by interactions between target nuclei and
unpaired electrons within paramagnetic ions in solution. As a
result, both longitudinal and transverse relaxation rates are
proportional to the square of the nuclear gyromagnetic ratio:

1 R Eq. 32
R = T 1T+ Dyye)”s

1
R = o o I+ D(ynye)’.
2

where vy, and y, are the nuclear and electronic gyromagnetic
ratios, respectively, and 1 is the nuclear spin. The significantly
higher gyromagnetic ratio of protons relative to deuterons
results in enhanced dipolar relaxation for the proton nucleus.
FIGS. 29 and 30 were generated using a broadband NMR
system. The broadband NMR system applied pulse sequences
with rectangular 90 degree excitation pulses and rectangular
135 degree refocusing pulses. The sequence and sample
parameters for FIG. 29 included T,=800 us/900 ps; T, =262
us; Tz=200 ms; and N=16384, where T is the echo spacing,
T, 1stheacquisition time, T is the time between repetitions
of'the sequences, and N is the number of times the sequences
are repeated. The sequence and sample parameters for FIG.
30 included w,=2rx342 kHz; T;=1 ms; T, =262 us, Tz=1.0
s, and N=1024.

[0141] Illustrative embodiments of the present invention
are also directed to depth profiling of multiple nuclei. FIG. 31
shows the measured proton and sodium depth profiles of a
brine sample. The wait times between successive scans can be
kept short (e.g., less than 200 ms) for measuring sodium
nuclei because sodium nuclei have short T, times. As aresult,
the sodium profile can be measured relatively quickly (e.g.,
only 2.5 times slower than the proton profile, in this case).
Such sodium profiles can be used to estimate the brine content
in a mixture of oil and brine as a function of radial distance
from the tool (depth) during NMR well logging. Such a
measurement can be referred to as an “NMR salinity log.”
FIG. 31 shows a multi-nuclear depth profile that was gener-
ated using a broadband system. In particular, FIG. 31 shows a
normalized proton and sodium depth profiles of a 250 ppK
brine solution located at a center frequency of 2.0 MHz for the
proton nuclei and 529 kHz for the sodium nuclei. The experi-
mental time required to acquire each point in the profiles was
64 seconds (proton, N=16) and 150 seconds (sodium,
N=1024).
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[0142] Illustrative embodiments of the present disclosure
use broadband NMR electronics to apply multi-segment
sequences at different frequencies and/or to detect resonant
signals at different frequencies. Conventional narrowband
NMR electronics can switch frequencies at the end of a com-
plete pulse sequence, such as a CPMG sequence. To switch
between frequencies, such conventional narrowband systems
use banks of fixed capacitors and mechanical switches that
are coupled to a coil. The mechanical switches tune the coil to
different frequencies by switching between a pre-set number
of fixed capacitors. Such narrowband systems suffer from
several disadvantages. Firstly, the switches within the capaci-
tor banks introduce noise into the NMR measurement. Sec-
ondly, a predetermined discrete set of narrowband frequen-
cies can be set because each frequency is dependent on a
separate capacitor. Thirdly, the frequency switching process
introduces dynamics and may not maintain phase coherence
of'the pulse sequence waveform. Fourthly, the switching pro-
cess is slow (e.g., 10-100 ms switching times).

[0143] Exemplary embodiments presented herein avoid
such problems. Broadband NMR electronics can switch
between frequencies that are outside a natural resonant fre-
quency bandwidth of a coil with a tuned circuit. In other
words, broadband electronics do not depend on tuning a coil
to set a particular frequency. In contrast to conventional nar-
rowband systems, which use mechanical switches and banks
of fixed capacitors to tune the coil, various embodiments of
the broadband electronics described herein achieve multi-
frequency operation without a need for hardware modulation
(e.g., switching between fixed capacitors or tuning between
variable capacitors). In this manner, the broadband electron-
ics are frequency insensitive and allow the pulse sequence
frequency to be dynamically varied by a spectrometer while
maintaining phase coherence of an output waveform.

[0144] As explained above, in some cases, the broadband
NMR electronics can switch between frequencies with a fre-
quency difference (Awyy) as great as 10% of an initial applied
frequency. In various other embodiments, the frequency can
be even greater (e.g., 20% 30% or 50%). Also, in some
embodiments, the broadband NMR electronics can switch
between frequencies in less than 5 ps. In yet further embodi-
ments, the broadband NMR electronics can switch between
frequencies in less than 20 ps or 50 pys. Furthermore, in some
embodiments, the broadband NMR electronics can operate
within a frequency range of 100 kHz and 3.2 MHz.

[0145] FIG. 32A shows broadband NMR device 3200 in
accordance with one embodiment of the present disclosure.
The broadband NMR device 3200 includes a coil 3202 that is
coupled to broadband NMR electronics 3204, 3206, 3208. A
sample substance is located inside and/or outside of the coil
3202. The broadband NMR electronics include a broadband
transmitter 3204 and a broadband receiver 3206. Each of the
transmitter 3204 and the receiver 3206 are coupled to the coil
3202.

[0146] The broadband NMR transmitter 3204 includes a
non-resonant NMR transmitter circuit 3210 that is coupled to
the coil 3202. The transmitter circuit 3204 is “non-resonant”
because the resonant frequency of the circuit does not need to
match the Larmor frequency of interest. In contrast, as
explained above, conventional circuits set their resonant fre-
quencies to match the Larmor frequency of interest by select-
ing a particular capacitance for the circuit. Although the non-
resonant transmitter circuit 3210 and coil 3202 may use
capacitors and have some associated capacitance, this capaci-
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tance is not specifically selected to match a Larmor frequency
of interest. FIG. 32B shows a non-resonant NMR transmitter
circuit 3210 in accordance with one specific embodiment of
the present disclosure. In this specific example, the NMR
transmitter circuit 3210 includes a set of four switches: A
3212,B 3214, C 3216 and D 3218. These switches control the
timing and the direction of the current flow in the coil. Turn-
ing these switches on and off using a certain switching logic
generates an alternating current in the coil and thus produces
RF irradiation. The switching logic often includes a period of
positive current followed by a period of negative current,
simulating a sinusoidal waveform. Repeating this pattern at a
given frequency allows the generation of RF power at a par-
ticular frequency. In one particular embodiment, the switches
3212, 3214, 3216, 3218 are transistors, such as metal-oxide-
semiconductor field-effect transistors (MOSFET), insulated
gate bi-polar transistors (IGBT), or various other switches
based upon the high frequency switching (HFS) family. In
various embodiments, the switches can switch at less than 10
ns. The switches 3212, 3214, 3216, 3218 are arranged in a
circuit 3220 known as an H-bridge, as shown in FIG. 32B. In
one embodiment, the switches 3212, 3214, 3216, 3218 are
controlled by two non-overlapping digital signals denoted as
¢, and ¢, 3222, 3224. The signals ¢, and ¢, 3222, 3224
include a switching logic, which is used to drive the two sets
of switches, (A and D) and (B and C), such that a voltage
source V. 3226 is connected with alternating polarity
across the coil 3202 and an oscillatory coil current (1)) is
created. A load resistor R, 3228 or fuse can be used in series
with the voltage source to limit the current that is applied to
the switches 3212, 3214, 3216, 3218. The digital signals
denoted as ¢, and $,3222, 3224 are used to control the
switches 3212, 3214, 3216, 3218 and a desired frequency of
an NMR sequence (e.g., a multi-segment sequence) is
achieved by repeating these signals at the desired frequency.
In some embodiments, other digital signals can be used to
control each of the switches 3212, 3214, 3216, 3218 individu-
ally. For example, the signals may include high components
(e.g., ¢,z and ¢, ) that control the high-side switches 3212,
3214 and low components (e.g., ¢, and ¢, ) that control the
low-side switches 3216, 3218.

[0147] The broadband NMR transmitter 3204 also includes
a driver 3230 that is coupled to the non-resonant NMR trans-
mitter circuit 3210. In one particular embodiment, the driver
3230 can be a computer processor. The driver 3230 is used to
control the switches 3212, 3214, 3216, 3218 within the trans-
mitter circuit 3210. The driver 3230 switches the switches
3210 according to the switching logic within the digital sig-
nals (e.g., ¢, and ¢,). In various embodiments, the driver 3230
also receives NMR pulse sequences from an NMR spectrom-
eter 3208. In some embodiments, the NMR pulse sequences
are sent along a plurality of channels. An adder circuit (not
shown) can be used to combine the plurality of channels.
Also, in various embodiments, the transmitter 3204 includes
a comparator 3231 for receiving the NMR pulse sequences
from the spectrometer 3208 and generating a square wave-
form that is then provided to the driver 3230. The NMR pulse
sequences can be translated by the driver 3230 into the par-
ticular switching logic by selecting positive and negative
waveforms of the NMR pulse sequences and then condition-
ing the waveforms to an appropriate voltage. In this manner,
modulating hardware, such as a tuning capacitor, is not nec-
essary in order to achieve a particular frequency. Instead, the
frequency is modulated directly by the spectrometer 3208.
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[0148] The coil 3202 is also coupled to the broadband
NMR receiver 3204 so that NMR resonant signals can be
detected within the sample. The coil 3202 is coupled to the
broadband receiver 3206 using a duplexer 3232. The duplexer
3232 decouples the receiver 3206 from the coil 3202 when the
coil is operating in a transmitting mode (e.g., transmitting an
NMR pulse sequence). In this manner, the duplexer 3232
protects the receiver 3206 during a transmitting mode. In one
particular embodiment, the duplexer 3232 includes switches
and a switch driver 3234 that opens the switches during a
transmitting mode and closes the switches during a receiving
mode of operation. In various embodiments, the duplexer
3232 includes two back-to-back field effect transistors
(FETs) that are controlled by an isolated driver circuit. This
configuration produces a bidirectional and broadband switch.
The switch is bidirectional because the state of the switch is
independent of the polarity of the voltage on the coil. For
example, such a switch will remain OFF regardless of
whether the voltage across the coil is positive or negative. The
switch is broadband because a reference voltage for the driver
is not connected to the same ground terminal as the remainder
of the driver circuit. Control signals can be passed to the
switch using various isolated signal transmission methods,
such as magnetic transmission methods (e.g., using a trans-
former) or optical transmission methods (e.g., using an
optoisolator). In some embodiments, a duplexer is not used
when the device 3200 includes separate transmit and receive
coils.

[0149] FIG. 32C shows the broadband NMR receiver 3206
in more detail. The broadband NMR receiver can receive and
process resonant NMR signals over a broad frequency range.
In some embodiments, the ratio of the highest operating fre-
quency and lowest operating frequency is greater than 5. In
various embodiments, this ratio is as great as 30 or 50. The
highest operating frequency and lowest operating frequency
are defined by the frequency range over which the perfor-
mance of the receiver is satisfactory for its application. For
example, in one case, the frequency range is the range over
which the input-referred noise of the receiver is less than that
of'a 1Q resistor. This level of noise is considered adequate for
NMR coils with resistance of 1Q or larger. In various embodi-
ments, the frequency range satisfying this condition is 3 MHz
to 0.1 MHz

[0150] Various embodiments of the broadband NMR
receiver 3206 include a transformer 3236 that receives the
NMR resonant signal from the coil 3202 and amplifies the
signal by proving a voltage gain. In some embodiments, the
transformer is directly coupled to the duplexer 3232. The
transformer 3236 may be a step-up transformer with a turn
ratio of 1:N. The turn ratio may be in the range of 1:2 to 1:10.
For low frequency operation (e.g., below 5 MHz), the trans-
former 3236 may include a soft magnetic core to increase the
inductance and performance of the transformer. However, in
some embodiments, higher turn ratios can also be used. For
higher frequency operation (e.g., above 5 MHz), a trans-
former 3236 without a magnetic core can be used. In illustra-
tive embodiments, the transformer 3236 includes a low inser-
tion loss and a bandwidth that significantly exceeds the
highest operating frequency of the receiver 3206. In some
embodiments, for transformers 3236 with magnetic cores, a
magnetic shield may be installed around the transformer. The
shield reduces the magnetic field projected from the NMR
magnet into the transformer 3236, which improves the per-
formance of the transformer.
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[0151] The receiver 3206 also includes a preamplifier 3238
that follows the transformer 3236. In some embodiments, the
preamplifier is directly coupled to the transformer 3236. The
transformer 3236 provides a broadband passive and low-
noise voltage gain of a NMR signal that is detected at the coil
3202. This voltage gain occurs before the preamplifier 3238.
In some cases, such a transformer-coupled topology results in
a low noise figure (NF) over a wide frequency range. In one
specific example, the transformer 3236 has a turn ratio of 1:10
to amplify an input signal above a noise floor of the pream-
plifier 3238. Such a configuration can produce a low input-
referred noise at frequencies up to 10 MHz (e.g., 0.1 nV/Hz"
2, which is equal to the thermal noise produced by a 0.6
resistor at 300 K). After the transformer, the NMR signal is
passed to the preamplifier 3238, which further amplifies the
NMR signal.

[0152] The preamplifier 3238 includes a common-drain
amplifier stage 3251 and a common-source amplifier stage
3253. In FIG. 32C, the common-drain amplifier stage 3251
includes a transistor (J, ) that is configured as a common-drain
amplifier. The transistor (J,) has an input signal fed at the gate
of'the transistor and an output signal taken from the source of
the transistor (e.g., also known as a source follower). In one
specific embodiment, the transistor (J;) is a junction gate
field-effect transistor (JFET). A gate-source capacitance
(C,,) and a gate-drain capacitance (C,,) are intrinsic to the
transistor (J,). By configuring the transistor (J,) as a source
follower, the preamplifier 3238 advantageously applies the
gate-drain capacitance (C,,) at an input terminal of the tran-
sistor. The gate-drain capacitance (C,,) is much smaller than
the gate-source capacitance (C,,) when the transistor (J,) is
biased in its usual region of operation (e.g., known as satura-
tion). The maximum RF frequency that can be amplified by
the preamplifier 3238 with low noise (e.g., useful bandwidth
of the preamplifier) is proportional to:

1A/ Ciapurs

where C,,,,, is the total capacitance at the input of the tran-
sistor (J,). The transistor (J,) contributes a significant portion
of total capacitance at the input of the transistor (C,,,,,), so
reducing its contribution from the gate-source capacitance
(C,,) to the gate-drain capacitance (C,,) significantly
increases the bandwidth of the preamplifier.

[0153] InFIG. 32C, a single transistor is shown within the
common-drain amplifier stage 3251 of the preamplifier 3238.
In other embodiments, however, the common-drain amplifier
stage 3251 can include a plurality of common-drain amplifi-
ers that are, for example, coupled in parallel (e.g., a plurality
of transistors configured as source followers and coupled in
parallel).

[0154] Once the NMR signal passes the common-drain
amplifier stage 3251, the NMR signal is further amplified by
the common-source amplifier stage 3253, which provides a
voltage gain to the signal. In the embodiment shown in FIG.
32C, the common-source amplifier stage includes 3253 a
number (M) of transistors that are coupled in parallel. Insome
embodiments, the number of transistors (M) can be between
2 and 10. The common-source stage 3253 reduces the noise
that the stage contributes to a level that is 1/M times that
contributed by the common-drain amplifier stage 3251 (in
power units). By making M much larger than 1, the noise
contributed by the stage can be reduced, thus minimizing the
noise floor of the preamplifier 3238.

Eq. 33
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[0155] Theexamplesaboveuse JFETs (e.g.,as], andasJ,),
however, other types of transistors can also be used, such as
bipolar junction transistors (BJT) and/or metal oxide field
effect transistors (MOSFET). In various embodiments, the
transistors have low current and voltage noise, and also
include small capacitances between their terminals.

[0156] FIG. 32D shows another embodiment of a pream-
plifier 3241 that can be used with the NMR receiver 3206. The
preamplifier 3238 of FIG. 32C uses a resistor (Rg) at the
source of the transistor (J,) to set a DC bias current through
the transistor. A negative power supply (V) is applied at an
end of the resistor (Rg) because of a DC voltage drop across
the resistor. In one specific embodiment, the resistor is 820€2
and the power supply is =5 V. In contrast to the preamplifier
3238 of FIG. 32C, the preamplifier 3241 of FIG. 32D replaces
the resistor (R) with a large inductor (L) that is coupled to
the transistor (J,). In one specific embodiment, the inductor
has an inductance of 470 uH. By using such an arrangement,
the preamplifier 3241 of FIG. 32D can omit the use of the

power supply (V).

[0157] FIG. 32E shows yet another embodiment of a
preamplifier 3243 that can be used with the NMR receiver
3206. In this embodiment, the preamplifier 3243 includes a
second transformer that is coupled between the common-
drain amplifier stage 3251 and the common-source amplifier
stage 3253. The second transformer amplifies the NMR sig-
nal by providing a voltage gain to the signal. In some embodi-
ments, the voltage gain provided by the transformer is sub-
stantially noiseless. The transformer may be step-up
transformer with a turns ratio of 1:M (e.g., between 1:2 and
1:10). In some embodiments, the second transformer includes
a magnetic core, while, in other embodiments, a core is not
used. If a magnetic core is used, then the transformer may be
enclosed with a magnetic shield. The shield prevents the
magnetic field of the NMR magnet from penetrating the
transformer core.

[0158] This second transformer is followed by the com-
mon-source amplifier stage 3253. In this specific embodi-
ment, the common-source amplifier stage 3253 includes a
single transistor (J,) configured as a common-source ampli-
fier. (Other embodiments, however, may include additional
transistors. The second transformer reduces the noise contrib-
uted by the common-source amplifier stage 3253 to a level
that is 1/M? times that contributed by the common drain
amplifier stage 3251 (in power units). Thus, the noise contri-
bution of the common-source amplifier stage 3253 and later
stages can be made insignificant for relatively small values of
M, and, in this manner, the configuration creates a very low-
noise preamplifier. For example, in an embodiment where M
is 4, the total input-referred noise of the preamplifier is only
6.25% larger than that of the common drain amplifier stage
alone. In various embodiments, the preamplifier 3243 also
advantageously saves a significant amount of power. In par-
ticular, the resistor or the inductor at the transistor (J, ) can be
omitted because the primary side of the second transformer
sets the DC bias point for the transistor (J, ) and the secondary
side of the transformer does not need to consume DC power.

[0159] In various embodiments, the preamplifiers 3238,
3241, 3243 described herein have increased bandwidth (e.g.,
over 3 MHz for a typical NMR coil of inductance 15 uH),
improved settling time, and similar input-referred noise, as
compared to conventional preamplifiers. One conventional
example of a transformer-coupled preamplifier for low fre-
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quency operation (e.g., less than 50 kHz) is the SR-554,
which can be obtained from Stanford Research Systems™
[0160] As showninFIG. 32C, the broadband receiver 3206
includes a DC blocking network 3247 that is disposed after
the preamplifier 3238. The DC blocking network 3247 sets an
output (V_,,,) of the preamplifier 3238 to ground, which maxi-
mizes the overall dynamic range of the receiver 3206.
[0161] In the specific embodiment of FIG. 32C, the broad-
band receiver 3206 also includes a feedback network 3245.
The feedback network is coupled to the preamplifier 3238 and
configured to reduce settling time of the preamplifier. In this
case, the feedback network is coupled to an input (V) of the
preamplifier 3238 at one end and after the DC blocking net-
work 3247 at the other end. The feedback network 3245
removes unwanted high-frequency resonances between
inductive impedance at the NMR coil 3202 and capacitive
inputimpedance (C,,,,,) at the preamplifier 3238. These reso-
nances are produced by RF pulses that are applied to the coil
3202 by the transmitter 3204 and can adversely affect the
settling time of the receiver 3206. To reduce the settling time,
without adding noise, the particular feedback network 3245
shown in FIG. 32C uses an op-amp based integrator circuit
followed by a small feedback capacitor (C/). The feedback
network 3245 produces a noiseless damping resistance
(Ryzuny) between the input of the preamplifier (V,,) and
ground to remove these resonances. The noiseless damping
resistance (R,,,,,) can be defined by:

R~/ (AC), Eq. 34

where =R C, is the time constant of the integrator circuit,
and A is the overall voltage gain of the preamplifier. Other
types of feedback networks can also be used. For example, a
feedback resistor (R,) can replace the capacitor (C,) and a
voltage gain circuit can replace the integrator circuit.

[0162] In various embodiments, the settling time of the
receiver can be further improved by limiting the signal ampli-
tude at various locations within the receiver 3206 using diode
clamps. In the embodiment shown in FIG. 32C, a diode clamp
3249 is coupled between the transformer 3236 and the input
(V,,) ofthe preamplifier 3238 (e.g., at the gate of the transistor
(11)). The diode clamp 3249 includes a pair of cross-coupled
diodes that limit maximum signal amplitude across the diodes
to approximately a threshold voltage of each diode (V,_,).
Typical values of the threshold voltage (V,,) for silicon
diodes range from 0.6 V to 0.7 V. Similar diode clamps can
also be used at other locations within the receiver 3206, such
as after the output (V,_,,,) of the preamplifier and/or between
the common-drain stage (J1) and common-source stage (J2).
[0163] The broadband NMR electronics 3204, 3206, 3208
also include a spectrometer 3208. In some embodiments, the
output of the preamplifier 3238 is passed through further
stages of analog filtering before being sent to the spectrom-
eter 3208. For example, high-pass and low-pass filters can set
the minimum and maximum detectable NMR frequency,
respectively. The cutoff frequencies of these filters can be
varied based on the application.

[0164] Insome embodiments, the detected resonant signal
is output by the broadband receiver 3238 in analog form. In
such embodiments, the spectrometer 3208 may include a
digitizer 3240 for converting the detected resonant signal into
digital data. Furthermore, in various embodiments, demodu-
lation of the NMR signal can occur within the spectrometer
3208. In various other or alternative embodiments, however,
demodulation of the NMR signal can also occur within the
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broadband NMR receiver 3206. The spectrometer 3208 also
includes a post-processor 3242 that is used to interpret the
detected digital resonant data and to determine NMR proper-
ties from the detected data. This data can be presented to a
user using an operator module 3244 with a graphical user
interface (GUI). In various embodiments of the present dis-
closure, the operator interface 3244 and the GUI are not part
of the broadband NMR electronics 3204, 3206, 3208. The
spectrometer 3208 also includes a pulse sequence generator
3246. The pulse sequence generator 3246 generates NMR
sequences based upon parameters selected by an operator at
the operator module 3244. The pulse sequence generator
3246 provides the sequences to the transmitter 3204. In one
particular embodiment, the spectrometer 3208 is a Kea™,
which can be obtained from Magritek™. The spectrometer
3208 can be controlled from the operator module 3244 using
Prospa™ software, which can also be obtained from Mag-
ritek™

[0165] Further details of broadband NMR electronics (e.g.,
non-resonant NMR systems) are described in U.S. Publica-
tion No. 2012/0001629 published on Jan. 5, 2012.

[0166] FIG. 33 shows a broadband NMR system 3300 for
applying multi-segment sequences to a substance 3302 in
accordance with one embodiment of the present disclosure.
The system 3300 includes an NMR module 3304. In various
embodiments, the NMR module 3304 includes an electro-
magnetic device 3306 for applying a static magnetic field to
the substance 3302. In some embodiments, the electro-mag-
netic device 3306 is a magnet or an array of magnets. The
magnets can be formed from a samarium-cobalt (SmCo)
magnetic material.

[0167] The NMR module 3304 also includes at least one
coil (e.g., antenna) 3308 and broadband NMR electronics
3310 electronically coupled to the coil. The coil 3308 and
broadband NMR electronics 3310 apply an oscillating field to
the substance 3302 (e.g., a radio frequency (RF) field). In
accordance with exemplary embodiments of the present dis-
closure, the oscillating field applied to the substance includes
a multi-segment sequence, such as a sequence with inter-
posed pulse sequence segments. The coil 3308 and broadband
NMR electronics 3310 are also used to detect resonant signal
that originate within the substance 3302.

[0168] Thebroadband NMR electronics 3310 are electroni-
cally coupled to a processor 3312 and a memory 3314 (e.g.,a
computer system). The memory 3314 can be used to store
computer instructions (e.g., computer program code) that are
interpreted and executed by the processor 3312. The memory
3314 may be a digital memory such as a random-access
memory, a flash drive, a hard drive, or a disc drive.

[0169] In alternative or additional embodiments, the multi-
segment sequences described herein may be implemented as
a series of computer instructions fixed either on a non-tran-
sitory tangible medium, such as a computer readable medium
(e.g., a diskette, CD-ROM, ROM, field-programmable array
(FPGA) or fixed disk) or transmittable to a computer system,
via a modem or other interface device, such as a communi-
cations adapter connected to a network over a tangible
medium (e.g., optical or analog communications lines). The
series of computer instructions can embody all or part of the
multi-segment sequences described herein.

[0170] The multi-segment sequences described herein and
various other NMR pulse sequences may be stored within the
memory 3314 as software or firmware. The processor 3312
may be configured to retrieve the sequences from memory
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3314 and provide instructions to the broadband NMR elec-
tronics 3310 to apply the sequences to the substance 3302.
The detected resonant signals may also be communicated
from the broadband electronics 3310 to the processor 3312
for storage on the memory 3314.
[0171] Theprocessor 3312 is also electronically coupled to
a communications module 3316. The communications mod-
ule 3316 communicates with an operator module 3318. The
operator module 3318 also includes a communications mod-
ule 3320 so that the operator module 3318 can communicate
with the NMR module 3304. A communications link 3322
between the operator module 3318 and the NMR module
3304 can be established using, for example, a hard-wired link,
an optical link, acoustic link, and/or a wireless link. The
operator module 3318 includes a processor 3324 and a
memory 3326 (e.g., a computer system). The processor 3324
and memory 3326 support a graphical user interface (GUI)
3328, such as a monitor, a touch screen, a mouse, a keyboard
and/or a joystick. The GUI 3328 allows an operator to control
and communicate with the NMR module 3304. The processor
3324 is also electronically coupled to one or more informa-
tion input devices 3330. In some embodiments, the input
device 3330 is a port for communicating with a removable
medium (e.g., a diskette, CD-ROM, ROM, USB and/or fixed
disk). In additional or alternative embodiments, the input
device 3330 is a modem and/or other interface device that is
in communication with a computer network (e.g., Internet
and/or LAN). In various embodiments, the NMR module
3304 and the operator module 3318 can be used to perform
functions selected from the following non-limiting list:
[0172] Communicate instructions to the NMR module
3304 to initiate and/or terminate NMR measurements;

[0173] Communicate instructions to change parameters
of NMR sequences to the NMR module 3304 (e.g., pulse
amplitude of sequences, pulse lengths, timing between
pulses, shape of pulses, and/or frequency of pulses);

[0174] Communicate detected NMR signal data from
the NMR module 3304 to the operator module 3318;

[0175] Communicate NMR pulse sequences from the
operator module 3318 to the NMR module 3304;

[0176] Perform analysis of detected NMR signal data to
determine NMR properties of substances at the operator
module 3318 and/or the NMR module 3304;

[0177] Display various plots of NMR properties to the
operator at the operator module 3318; and

[0178] Download NMR pulse sequences from the opera-
tor module 3318 to the NMR module 3304.

[0179] Illustrative embodiments of the present disclosure
are not limited to the system shown 3300 in FIG. 33. Various
modifications can be made to the system 3300. For example,
in one specific embodiment, the NMR module 3304 lacks the
processor 3312 and the memory 3314. In such an embodi-
ment, the processor 3324 and memory 3326 on the operator
side 3318 support the broadband NMR electronics 3310.
Furthermore, in some embodiments, the NMR module 3304
and the operator module 3318 can be physically located in
two separate locations. For example, in a borehole applica-
tion, the NMR module 3304 can be located downhole, while
the operator module 3318 is located at the surface. In various
other embodiments, the NMR module 3304 and the operator
module 3318 can be physically located in the same place as a
single system. This may be the case when the system is used
in a surface environment such as a laboratory.
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[0180] Illustrative embodiments of the present disclosure
are further directed to oil and gas field applications. FIG. 34
shows a wireline system 3400 for applying multi-segment
sequences to a substance 3402 in accordance with one
embodiment of the present disclosure. The wireline system
3400 is used to investigate, in situ, a substance 3402 within an
earth formation 3404 surrounding a borehole 3406 to deter-
mine a characteristic of the substance (e.g., characteristics of
solids and liquids within the earth formation). As shown in
FIG. 34, a wireline tool 3408 is disposed within the borehole
3406 and suspended on an armored cable 3410. A length of
the cable 3410 determines the depth of the wireline tool 3408
within the borehole 3406. The length of cable is controlled by
a mechanism at the surface, such as a drum and winch system
3412. Although the wireline tool 3408 is shown as a single
body in FIG. 34, the tool may alternatively include separate
bodies.

[0181] AsshowninFIG. 34, the wireline tool 3408 includes
an NMR logging module 3414 that is used to apply multi-
segment sequences. The NMR logging module 3414 includes
a face 3416 that is shaped to contact the borehole wall 3406
with minimal gaps or standoff. In some embodiments, a
retractable arm 3418 is used to press the body of the wireline
tool 3408 and the face 3416 against the borehole wall 3406.
The NMR logging module 3414 also includes an electro-
magnetic device 3420 for applying a static magnetic field to a
sensitivity zone 3422 within the earth formation 3404. As
explained above, in some embodiments, the electro-magnetic
device 3420 is a magnet or an array of magnets formed from
a magnetic material.

[0182] The NMR logging module 3414 also includes at
least one coil 3424 and broadband NMR electronics 3426
electronically coupled to the coil. The coil 3424 and broad-
band NMR electronics 3426 apply an oscillating field to an
area of interest 3428 within the earth formation 3404. The
area of interest 3402 is located within the sensitivity zone
3422 ofthe electro-magnetic device 3420. In accordance with
exemplary embodiments of the present disclosure, the oscil-
lating field applied to the earth formation 3404 includes
multi-segment sequences, such as the interposed sequences
described above. The static magnetic field and oscillating
field generate resonant signals within the area of interest
3428. These resonant signals are detected by the coil 3424.
The detected resonant signals are used to determine charac-
teristics of the substance 3402 within the area of interest
3428.

[0183] The wireline system 3400 includes surface equip-
ment 3430 for supporting the wireline tool 3408 within the
borehole 3406. In various embodiments, the surface equip-
ment 3430 includes a power supply for providing electrical
power to the wireline tool 3408. The surface equipment 3430
also includes an operator interface for communicating with
the NMR logging module 3414. Such an operator interface
has already been described with reference to FIG. 33. In some
embodiments, the NMR logging module 3414 and operator
module communicate through the armored cable 3410.

[0184] FIG. 35 shows another wireline system 3500 for
applying multi-segment sequences to a substance 3502 in
accordance with one embodiment of the present disclosure. In
contrast to FIG. 34, which shows an embodiment where the
area ofinterest 3428 is outside of the coil 3424, FIG. 35 shows
an illustrative embodiment where the coil 3506 is used to
analyze substances located within the coil. To this end, the
wireline system 3500 includes a flow line NMR module 3508.
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The flow line NMR module 3508 includes a flow line (or
chamber) 3510 that is at least partially disposed within the
coil 3506. The area of the flow line 3510 disposed within the
coil 3506 is defined as an area of interest 3504. An electro-
magnetic device 3512, such as a magnet or a coil, can be used
to apply a static magnetic field to the area of interest 3504. A
probe module 3514 is used to probe an earth formation 3516.
A formation fluid is pumped into the flow line 3510 from the
probe module 3514. The formation fluid (e.g., substance)
flows through the flow line 3510 and into the area of interest
3504 where the formation fluid is analyzed using a multi-
segment sequence applied by the coil 3506 and broadband
NMR electronics 3518. In an alternative or additional
embodiment, the formation fluid is passed to a separate cham-
ber that is disposed within the coil and the formation fluid is
analyzed within the separate chamber. Once the analysis is
performed, in some embodiments, the formation fluid flows
to a pump-out module 3520 that expels the formation fluid
from the flow line 3510.

[0185] Illustrative embodiments of the present disclosure
can also be applied in logging-while-drilling (LWD) systems.
FIG. 36 shows a LWD system 3600 for applying multi-seg-
ment sequences to a substance in accordance with one
embodiment of the present disclosure. The LWD system 3600
can be used to investigate, in situ, a substance 3602 within an
earth formation 3604 surrounding a borehole 3606 to deter-
mine a characteristic of the substance, while a drilling opera-
tion is performed. The LWD system 3600 includes a drill
string 3608 that is suspended within the borehole. The drill
string 3608 includes a drill collar 3610 with a drill bit 3612
disposed at the lower-end of the drill collar. The LWD system
3600 also includes a surface system with a derrick assembly
and platform assembly 3614 positioned over the borehole
3606. The derrick assembly 3614 rotates the drill string 3608
and, as the drill string rotates, the drill bit 3612 drills deeper
into the borehole 3606. An LWD NMR logging module 3616
is disposed within the drill collar 3610 so that the module can
log the surrounding earth formation as the drilling operation
is performed. The logging module 3616 communicates with
surface equipment 3618, which includes an operator interface
for communicating with the module. Such an operator inter-
face has already been described with reference to FIG. 33. In
various embodiments, the NMR logging module 3616 and
operator module can communicate via any one of a wired-
drill pipe connection, an acoustic telemetry connection, opti-
cal communication and/or electronic communication.

[0186] FIG. 37 shows an LWD NMR logging module 3700
for applying multi-segment sequences to a substance 3702 in
accordance with one embodiment of the present disclosure.
The module 3700 includes a cylindrical magnet 3704 that
generates a static magnetic field within a zone of sensitivity
3706 within the earth formation. The module 3700 also
includes a drill collar 3708 with an axial slot 3710. A coil
3712 is disposed within the slot 3710 and the slot is filled with
a ceramic insulator. The slot 3712 is sealed using a cover
3714. In some embodiments, the cover 3714 is formed from a
non-magnetic material and/or non-conductive material. The
coil 3712 is composed of at least two diametrically opposed
conductors. At one end, the conductors are grounded to the
drill collar 3708. At the other end, the conductors are coupled
to broadband NMR electronics 3716. The broadband NMR
electronics 3716 include a transformer and the conductors are
coupled to the transformer via, for example, pressure feed-
throughs. The transformer 3718 maintains a 180 degree phase
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difference between the currents in the diametrically opposite
conductors. The coil 3712 applies an oscillating magnetic
field to an area of interest 3720 within the zone of sensitivity
3706. In some embodiments, the oscillating magnetic field is
axially symmetric to facilitate measurements during rotation
of the drill string. In accordance with exemplary embodi-
ments of the present disclosure, the oscillating field applied to
the earth formation includes multi-segment sequences. In
additional or alternative embodiments, the coil 3712 can also
be configured so that the drill collar itself 3708 produces the
oscillating magnetic field. Further details of NMR LWD sys-
tems are described in U.S. Pat. No. 5,629,623, issued on May
13, 1997.

[0187] Various embodiments of the present disclosure are
not limited to oilfield borehole applications, such as LWD
systems and wireline systems. Exemplary embodiments of
the present disclosure can also be implemented in surface
environments, such as laboratories. Furthermore, illustrative
embodiments are not limited to oil and gas field applications.
Various embodiments described herein may also have appli-
cation in chemical production, food production, material
inspection and infrastructure inspection (e.g., building and
bridges). In one particular embodiment, cheese can be ana-
lyzed using multi-segment sequences in order to determine an
oil-to-water ratio within the cheese. In the specific example of
analyzing cheese, a two-dimensional measurement can be
made. The efficiency of such a measurement can be increased
using the systems and pulses sequences described above.
[0188] Furthermore, the broadband NMR systems and
devices described herein, including the transmitter 3214 and
the receiver 3206, are not limited to implementing NMR
techniques and sequences. The systems and devices
described herein can also be used to implement other mag-
netic resonance (MR) techniques and sequences, such as
nuclear quadrupole resonance (NQR) techniques and
sequences. For example, the receiver 3206 described herein
can be used to process NQR signals that have been obtained
from a substance.

[0189] Although several example embodiments have been
described in detail above, those skilled in the art will readily
appreciate that many modifications are possible in the
example embodiments without materially departing from the
scope of this disclosure. Accordingly, all such modifications
are intended to be included within the scope of this disclosure.

We claim:

1. A magnetic resonance (MR ) receiver for processing MR
signals, the receiver comprising:

a transformer configured to amplify the MR signals; and

a preamplifier configured to receive the MR signals from

the transformer, wherein the preamplifier comprises:
a common-drain amplifier stage; and
a common-source amplifier stage.

2. The receiver of claim 1, wherein the common-source
amplifier stage comprises a plurality of common-source
amplifiers coupled in parallel.

3. The receiver of claim 1, further comprising:

a second transformer coupled between the common-drain

amplifier stage and the common-source amplifier stage,

wherein the second transformer further amplifies the
MR signals.

4. The receiver of claim 1, wherein the common-source
amplifier stage follows the common-drain amplifier stage.
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5. The receiver of claim 1, further comprising
an inductor coupled to at least one transistor within the
common-drain amplifier stage.

6. The receiver of claim 1, further comprising:

a feedback network coupled to the preamplifier and con-
figured to reduce settling time of the preamplifier.

7. The receiver of claim 1, further comprising:

a diode clamp disposed between the transformer and the
preamplifier.

8. The receiver of claim 1, further comprising:
a low-pass filter; and

a high pass filter, wherein the low-pass filter and the high-
pass filter are disposed after the preamplifier.

9. The receiver of claim 1, wherein the receiver is part of a
borehole tool for investigating earth formations.

10. The receiver of claim 9, wherein the borehole tool is a
logging-while-drilling tool.

11. A magnetic resonance (MR) system comprising:

a coil for applying MR pulse sequences to a substance and
receiving MR signals from the substance;

a transmitter for providing the MR pulse sequences to the
coil;

a receiver for receiving the MR signals from the coil and
processing the MR signals, the receiver comprising:
a transformer configured to amplify the MR signals;

apreamplifier configures to receive the MR signals from
the transformer,

wherein the preamplifier comprises:
a common-drain amplifier stage; and
a common-source amplifier stage.

12. The system of claim 11, wherein the common-source
amplifier stage comprises a plurality of common-source
amplifiers coupled in parallel.
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13. The receiver of claim 11, further comprising:

a second transformer coupled between the common-drain
amplifier stage and the common-source amplifier stage,
wherein the second transformer further amplifies the
MR signals.

14. The receiver of claim 11, wherein the transmitter com-

prises a non-resonant transmitter circuit.

15. The system of claim 11, further comprising:

a duplexer disposed between the coil and the receiver,
wherein the duplexer decouples the receiver from the
coil when the system is operating in a transmitting mode.

16. The system of claim 11, further comprising:

a feedback network coupled to the preamplifier and con-
figured to reduce settling time of the preamplifier.

17. The system of claim 1, wherein the system is part of a

borehole tool.

18. A magnetic resonance (MR) receiver for processing

MR signals, the receiver comprising:

a transformer configured to amplify the MR signals;

a preamplifier for receiving the MR signals from the trans-
former; and

a feedback network coupled to the preamplifier.

19. A method for processing a magnetic resonance (MR)

signal, the method comprising:

receiving the MR signal;

amplifying the MR signal using a transformer;

passing the MR signal through a common-drain amplifier
stage; and

amplifying the MR signal using a common-source ampli-
fier stage.

20. The method of claim 19, further comprising:

after passing the MR signal through a common-drain
amplifier stage and before amplifying the MR signal
using a common-source amplifier stage, amplifying the
MR signal using a second transformer.

21. The method of claim 19, further comprising:

performing the method in a borehole.
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