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The spin dynamics for Carr—Purcell-Meiboom-Gill-like se-
quences is analyzed in grossly inhomogeneous B, and B, fields.
This problem is important for many applications, especially when
the bandwidth of the signal is excitation limited. Examples include
stray-field NMR or inside-out NMR probes used in well logging.
The amplitudes of the first few echoes exhibit a characteristic
transient behavior but quickly approach a smooth asymptotic
behavior. For simple Hamiltonians without scalar or dipolar cou-
plings, the evolution of a refocusing subcycle for a given isochro-
mat is described by a rotation. Simple expressions for the signal of
the Nth echo are derived in terms of these effective rotations that
have a simple geometrical interpretation. It is shown that the
asymptotic behavior is controlled by the direction of the axis of
these effective rotations and the signal is dominated by magneti-
zation “spin-locked” to the rotation axis. The phase of the signal
is independent of the details of the field inhomogeneities. Relax-
ation in inhomogeneous fields leads to a signal decay that is in
general nonexponential with an initial decay rate that is a
weighted sum of T;* and T,*. At long times, the echo amplitudes
decay to a finite value. Phase cycling eliminates this offset. The
effect of diffusion is also studied. This analysis has been applied to
an inside-out NMR well logging apparatus. Good quantitative
agreement is found between measurements and calculations that
are based on the measured B, and B, field maps.  © 2000 Academic Press

Key Words: inhomogeneous fields; CPMG; relaxation; diffusion;
well logging.

1. INTRODUCTION

Another application is NQR on polycrystalline materials, a
used, for instance, in the detection of explosives or narcoti
(5, 6). In this case, the effective RF field varies from crystallite
to crystallite, because only the component of the RF field alor
the relevant axis of the electric field gradient tensor is effectiv

Here we study the spin dynamics in both inhomogeneol
static and RF fields. We concentrate on multipulse sequenc
such as the Carr—Purcell-Meiboom-Gill (CPMG) sequenc
(7, 8), where the magnetization is refocused repeatedly al
measured stroboscopically at constant time intervals.

The paper is organized as follows: In Section 2, we formt
late the general problem of spin dynamics in grossly inhome
geneous fields. The general expression for the signal dfithe
echo is derived. We analyze the spin dynamics in terms
effective rotations that represent the spin dynamics of an ent
refocusing subcycle. Special attention is given to the axis |
these rotations. In Section 3, we apply the general analysis
the CPMG sequence. Simple expressions for the asymptc
signal as a function of offset and detuning parameters a
given. Relaxation is examined in Section 4. Results for th
initial decay rate in terms of I/, and 11T, are derived. Simple
expressions for signal offsets at long time are obtained f
T, = T,. In Section 5, we apply the analysis of the previou
sections to the case of an NMR logging apparatus used
oilfield applications. TheB, and B, fields were mapped and
calculations directly compared with measurements. Diffusic
effects are discussed in Section 6.

In standard NMR measurements, great care is taken to applyn previous work, Voldet al. (9) studied experimentally the

a static magnetic fieldB,, and an RF fieldB,, that are as €effect of imperfect pulses and frequency offsets on the rela
homogeneous as possible over the sample volume. Howeadion times measured with the CPMG sequence. Our analyti
there are a number of applications where NMR measuremefgsults are in agreement with their observed offsets at lof
are performed in grossly inhomogeneous fields. This includése. Bull (1L0) also studied the magnetization decay observe
applications where the sample is outside the apparatus, suckviik the CPMG sequence in inhomogeneous fields. He o
in NMR well logging (1) or in materials testing with portable tained analytical results for some special cases that were ct
NMR surface scanners2(3). In stray-field NMR @), the firmed experimentally and are in agreement with our result
sample is deliberately placed at a spot where the static m&genson and McDonaldl(, 19 studied the amplitude modu-
netic field is very inhomogeneous. When surface coils are udation of the first few echoes in a constant gradient for stra)
in MRI, the RF field at the sample is highly nonuniformfield applications, both theoretically and experimentally. Goe
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man and Prammerl®) analyzed a different well logging 2x wy(1)
apparatus. Analytical results were obtained for the first few v, (t) = J dr®d(r)B3(r) I
echoes and numerical simulations were used to investigate the Ko

effects of inhomogeneous fields on the measured relaxation 5]
times. Bain and Randalll8) analyzed two sequences, ;90
(9G)" and 9G-(90)", in inhomogeneous fields. Assumina_(

F(Awo(r))my(rt).

ere y is the nuclear susceptibility. The quantity,(r, t) is
2 local transverse magnetization at pairdnd timet, nor-
alized to the thermal longitudinal magnetizatidig(r) =
a}MO Bo(r). For water at room temperature, the nuclear su:
eptibility, x, is x = 4.04x 10°° in MKS units.F(Aw,) is the
?equency response of the detection system, including the c
response and any hardware or software filteiis.the current
needed in the coil to give raise ®,(r) in the sample. By
2. SPIN DYNAMICS IN INHOMOGENEOUS FIELDS reciprocity, the factor ofw,(r)/l gives then the efficiency of
the coil to detect magnetization at a pomtin Eq. [5], one
We assume that the spin dynamics is solely determined fttor of B, stems from the Boltzmann factor; the other come
the Larmor precession in the applied static fiBlgr) and the from Faraday’s law. We have included a tefbr) to denote
effects of the RF fieldB(r, t). Effects of relaxation and the variations in the local density of spins. In porous medi:
diffusion are considered later. We further assume|@t)| > ®(r) corresponds to the local porosity.
By(r, t)|. In this case, we only have to consider the componentrFor many applications, it is convenient to replace the thre
of the RF f|6|dBl that is CirCUlarIy pOIariZEd and Orthogonal tqjimensionaj integra| over in Eq [5] by a two-dimensional

delta-function RF pulses, they calculated the echo amplitu
of the first few echoes and found that they oscillate a
approach different limits. Our approach in this paper gives
simple geometrical interpretation for this observation and

lows one to generalize the calculation to include finite pul§
width and relaxation.

Bo(r). This component has the magnitude integral overAw, andw,. A distribution functionf(Aw,, w.),
is determined from the field ma@3,(r) and B,(r) (and the
1 B,(r) - By(r) porosity mapd(r)), such thaf(Aw,, w,)6Aw,8w, equals the

Bi =5 | Bur) - Bo(f)m : [1]  number of spins withAw, = 8Aw, andw, * Sw,, multiplied

by the coil efficiency factorw,(r)/l. With this distribution

) ) _ function, the expression for the signal, Eq. [5], becomes
The spin dynamics depends on the two vector fi@gsnd

B,. only through two scalar quantitieAw, andw,. Aw, is the

offset of the RF frequencyge from the local Larmor fre _ 27X _ 2
quency,y|Bo|: Vx,y(t) %o JJ dAwodwlf(Awo, wl)(wRF Aw)

X F(Awo) mx,y(Awa wl)

Awy = (wre — 'Y|BO|)- [2]
= 27)( dAwydw, f(Awy, w)w?
On resonanceAw, = 0. Note that we use the same sign o oL O TUTRE
convention as in15). The second frequency,, measures the
amplitude of the RF pulse and is defined by X F(Awo)my (A wy, wy). (6]
Here we have used the fact th&, > |B,|. Note that this
~yB() = wicowpt + ). 3 & > |B,

description as a two-dimensional integral ovas, and w, is

possible as long as the signal depends only on the local valt
Here ¢ is the phase of the RF pulse. With this notation, thef the fields. This is not the case if motion during the mee
Hamiltonian in the rotating frame of the RF frequency becomesirement is important, for instance, due to diffusion, flow,
movement of the NMR instrument with respect to the sampli

N
¥ = 2 {Awoul + o1 (t)(COS Py + sindly}.  [4]
k=1 In the absence of relaxation, the normalized magnetizatic
m(r, t) is a unit vector, initially pointing along the local
direction of the static field. It is best to describe the spi
The in- and out-of-phase voltage induced in the coil from dynamics in local rotating frames that rotate with the carrie
sample in grossly inhomogeneous fields can be written fiequency wg: around the local direction oBy(r). At each
(16,17 pointr, the coordinate system of the rotating frame is chose

2.2. CPMG-like Sequences in Grossly Inhomogeneous Fiel

2.1. General Expression for Signal
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" %Ry Ry Ry without RF, a 180° pulse, and another periggwithout RF.
l With this notation, the echo spacingis te = 27, + tigo.

: 2.3. Overall Rotation for Refocusing Cycle
me

, The evolution over a single subcyd consists of consec-
_..T l:l‘a;'. utive rotations. In the absence of relaxation and with ot
assumptions made before, this evolution can always be c

Top = scribed by a single, overall rotatioch,;. The overall rotation

- - %R is characterized by an axis of rotatidhn,, and an angle of
rotation, ag. Similarly, we can describe the effect of the

FIG. 1. Schematic pulse sequence: The general pulse sequence is compssdocycle s by the net rotation?,. The overall evolution

of an initial excitation sequence, represented by a rotatigrfollowed by alarge  petween the initial condition and the end of thh cycle ofd,
number of refocusing cycles, represented by rotatidpsThe signal forms at the the Nth echo. is then completely determined by
end of each refocusing cycle. In the CPMG pulse sequence, the excitation se- ’

guence consists of an RF pulse of duratignThe refocusing cycle consists of a

: ; NP . B R N o R R
period of free precessmn_ of d_uratm&,_ (te — tie0)/2, @n RF pulse of duration my = [%%(n%’ a%)] 97{&4{ z} = Ry(Ay, Na%)%w{ Z}.
t1s0 fOllowed by another identical period of free precession.

[10]
such that th& axis is pointing along th8, field and thex axis
is pointing along the local direction &, when¢ = 0. Forour It is useful to rewrite this as
calculation, we assume that the same RF coil is used as
ransmitier and receiver. _ _ My = PPy - R 2) + (Rl 2 = AP R { 2D)]
In this rotating frame the spin dynamics consists of consec- R o
utive rotations®. The axish and the nutation frequencf X cogNag) + (g X R {Z})sin(Nag). [11]

characterizing the rotations during the RF pulses are deter-

mined by the applied RF field strength and the detuning:  The first term does not depend on the echo nurhbavhereas
the second and third terms oscillate with a frequeagy This

Q= JAwl+ o? [7]1 frequency depends akw, andw,, which are assumed here to
have a wide range of values. Therefore, only the first term ad

a_ @1 o L i o1y Ao, coherently from echo to echo

=4 [codd) X + sin(¢) Y] + q Z [8] Yy '

2.4. Asymptotic Signal
Between the RF pulsesy, = 0 and the magnetization

evolves around thé-axis: Since the signal is obtained by integrating the contributior
from all spins, the second and third terms of Eq. [11] are on
[m, + im/](r, t) important for the early echoes. For a sufficiently high numbe
* e of echoes, the signal will be dominated by the first term; th
= explidwo(r)(t — to)}[m, + imy](r, to). [9] other two terms tend to average out.

This statement implicitly assumes thaj # 0. There are
In grossly inhomogeneous fields, this leads to fast dephasingspgcial points in théw, — w, plane whereR,, is the identity
the overall magnetization, and refocusing pulses are used éperation witha, = 0. For these points, the second and thir
rephasing. We consider here generalized CPMG-like germs in Eq. [11] will not average out. However, in inhomo:-
quences of the form shown in Fig. 1. After the initial subsegeneous fields, the contribution from these points is typical
quenced, used to excite the spins, identical subsequeftesvery small and this complication can be neglected in most cas
are applied repeatedly and the echoes are formed at the end dthe first term in Eq. [11] can be thought of as a generalize
each cycle of3. In general, the subsequencdsand % can form of spin locking. The spins are locked not to the actual R
consist of any number of RF pulses and sweeps and peridigsd with axis (./Q)¥ + (Aw/Q) z, but to the effective axis
without any applied RF. The refocusing cycle is assumed to bg that includes the effect of free precession between tt
repeated typically several hundred to thousand times. In giulses. At long enough times, only the magnetization locked
field logging applications, this is necessary to determine relax; survives; the other terms give rise to a transient. In anoth
ation times that can span three orders of magnitude in time.lamguage 10), fi,, is the eigenvector of the operat®rwith the
the standard CPMG sequencg consists of a single 90° pulseeigenvalue 1. The other two eigenvalues are complex. At lot
and & is composed of three periods: an initial perieg time, the asymptotic signal is then given by
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2y Ry = R(Z, AwyTep)
Viy(t) = — JJ dAwedw; F(Awy, w,)(wre— Awg)? © Ao

o x?]t(<919+ Q‘)z) th)%(z, Awgre).  [15]
X F(Aw[(X +19) - Ag](Rg - R{Z}).  [12]

In general, the largest signal is generated with refocusing sef©" all symmetrical composites of the forth, = % (f.,
quencesR for which the effective axis of rotatiom,, points in _0‘1)%“‘2' o) R (N, aa), th? axis of th? composite rotation lies
the same direction in the-y plane over as large a range &b, N the plane spanned byl{, f;). This implies that for the
andw, as possible. Such a refocusing sequence should be combfiEdC sequence, the axis, always lies in the ¥, 2) plane
with an initial pulse cycles! that rotates the vectdrontofi,. ~ @"dfa - X = 0. Atlong times, the signal at the peak of the
Note that the anglex, does not enter the optimization€Ch0 has therefore only yxcomponent and na-component,

directly (it only affects the transient signal at early times). ndependent of the profile d, or B,.

This analysis is based on rectangular RF pulses. If the F

3. ANALYSIS OF CPMG SEQUENCE pulses have finite rise and fall times, the temporal symmetry
IN INHOMOGENEOUS FIELDS in general broken. Even if the pulses have a short rise time, t
tuned circuit of the transmitter coil will cause “phase glitches

In the standard CPMG sequencg §), the excitation cycle in the applied fieldB,, especially in probes with higl®Q
s consists of a singler/2 pulse and the refocusing cycle (23, 24. Both of these effects will lead to a smatcomponent
consists of three intervals: an interval, of free precession, in the axis of the composite rotation. This complication i
followed by am pulse applied along thgaxis of duratiort,, neglected below.
and another intervat,, of free precession (see Fig. 1). It is convenient to use the following abbreviations: =

Modified Carr—Purcell sequences have been introduchd - ; n, = f, - §; n, = f, - 2. For rectangular pulses, the
where the phase of the refocusing pulse is cycled within tfi@llowing results are obtained:
sequence 18-21. Denoting R4, the evolution of thekth
refocusing cycle and assuming that the phase cycleNas w,
elements, we can analyze these modified sequences with the, = fig * § = a
same approach as discussed before. TherN diferent types
of echoes and for thgh type, the refocusing rotatidit, has sin 3,
to be replaced bty — Ry ... Ry Ray . . . Ry and the Tw, 12
excitation cycleR, by R, — Ry 1 ... R ,. For our HQ sin Bz]
application discussed in Section 5, we found no benefit in using Aw, 2y 1/2
these modified sequences and we concentrate here on the + [sin B.cosB, + Tcosﬁlsin Bz] }
standard CPMG sequence.

To calculate the axigy and anglex, of the overall rotation [16]
resulting from several consecutive rotations, we use the X A
pressions given by Counsedt al. (22). A rotation character- 2
ized by (., «,), followed by a second rotation characterized
by (h,, «,), is described by a net rotation around an dxis sin B,cos B, +
and an anglex,, given by =

ACOO

a cosB;sin B,

A 2y 1/2
2 . Wy .
+ [sm B.C0sfB, + o COSf3;Sin Bz] }
[13]
[17]
sin<a12> Ay, = sin( al) cos( aZ) n, + cos( al) sin( aZ) f, A
12 2 2 2 . .
2 2 cos(o;‘%> = cosfB;cosB, — % sin B;sin B,, [18]
N A AN ~
— sin| 5] sin| 5Ny X . [14]

where
3.1. Refocusing Cycl& for CPMG Sequence

For arbitrary offsets iMAw, and w,, the rotation for the Br = Awote [19]
refocusing cycleft,, becomes B2 = Qtigd 2, [20]
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Quantitatively, the axis of the effective rotation has th
following features in thedw, — w, plane:

>

e Purez-rotations: The dark semicircles corresponehjo=
0, i.e., purez-rotations. These lines are described kyw(/
0)? + (w./w))? = (2k)? (k integer). Under this condition,
Ot,g = k27, i.e., the RF pulse has no net effect. The overa
rotation?, is purely a rotation around thieaxis with an angle
2A 0T,

e Purey-rotations: In theAw, — w, plane, there are also
lines along whichn,| = 1, i.e., purey-rotations. Thgth line
originates at fwo/w?, w./w?) = (0, 2 — 1) (j integer), and
ends at thew, = 0 axis at Awy/w?, w/w?) = (F] 2t.gte,
0). In addition, purey-rotations are also obtained along the
on-resonance lindAw, = 0.

¢ |dentity operation: The lines of purgrotations intersect
the lines of pure-rotations at special points where the overal
rotationR, is the identity operation. At these points, the axi
of rotation is not uniquely defined and can be chosen |
any direction. Thekth semicircle of purez-rotations is
intersected by thgth line of purey-rotation if k < j < k
te/tigo and it occurs at oo, wi/wd); = (£(j — K)
FIG. 2. Component of the axis of the effective rotation describing thé; g/ Tcp, \/(2k)2 — ((j = Kt/ Tep)?). In addition, the follow-

refocusing cyclek, along they direction,|n,, for the refocusing cycle of the jng points on the axes describe identity operatiodsy{/ o},
CPMG sequence as a function of the normalized detuning from the Larm(gr/wo = (+i 2t../te. 0) and Aw/o’. w- /o) = (0. 2K
frequency,Awot,sf/ 7, and the normalized RF field strengtl,t;s/ . The /1) (*] 2tigd/te, 0) Qoo ws, 0if/w) (0. ).

refocusing cycle consists of free precession interval and a nomind|,180

pulse, followed by another free precession interval. The two figures are B8r2. Asymptotic Signal for CPMG Sequence

different echo spacingsg, or duration of the refocusing cycle. (A) = 7t40;

(B) te = 15t 54 The asymptotic signal of the CPMG sequence is due to tl

magnetization that is locked to the composite rotation axis
as shown in Eq. [12]. At the nominal echo center, this mag
and Aw,, w,, and Q were given in Egs. [2], [3], and [7], netization, normalized to the equilibrium magnetization, can
respectively. In these expressionssQy, < 2. Alternatively, Wwritten as
one could choosa, = 0, becausef{;, az) and (—hgy, 27 —
ag) describe identical situations. Note thg{—Aw,, w;) =
Ny(Awy, 1), N(—Awy, ;) = —n(Aw, w,;), and
ag(—Awo, @) = ag(Aw,, wy).
3.1.1. Axis of the effective rotation for the refocusing cycle. We have shown thdt, has nox-component. It follows that

In Fig. 2, they-component of the axigi, describing the the asymptotic signal at the nominal echo center is always
refocusing cycle|n,|, is plotted as a function cdhw, andw,. they-channel withv;; = 0. The signal exhibits a pure abserp

@, in units of [ /1, ]

5 4 3 -2 A 0 1 2 3 4 5
amolnun|tsof[nft1m]

w, in units of [x /1, ]

amn in units of [n/ tm]

m.. = Ng(Ng - R {2}). [21]

In this figure, the units of the frequencids, andw, arew? = tion spectrum, independent of the exact nature of the fie
7/t g0, the nominal value ob, for a 180° pulse on resonanceinhomogeneities.
In these units, the main sweet spot occurs\aiw?, w./w?) = For the CPMG sequence, the initial excitatién,{ z} is a

(0, 1). Results are shown for two valuestght,s, = 7 and 15. nominal 90| ., pulse on resonance. Meiboom and G first
Figure 2 shows that the axis of the effective rotation igointed out that the phase of the initial pulse has to be shifte
affected by both the pulse strength and the echo spacing. Hye90° with respect to the refocusing pulses. This requireme
circular features depend mainly di and scale with the RF can be easily understood from Eq. [21]. To obtain the large
field strength. There is a multitude of circles, because aignal, the initial pulse has to tip the magnetization in
resonance, an odd multiple of the nominal pulse streagdth direction colinear with the axi8,,, therefore maximizingf{, -
leads again to a 180° pulse modulo 360° pulses. In additiéh,,{ z}). Without a phase shift between the 90° pulse and th
there are predominately vertical features superimposed subsequent 180° refocusing pulses, the magnetization is p
these circular features. These vertical features scale with th@mminantly perpendicular td, and the asymptotic signal
inverse of the echo spacing,ti/ vanishes. The same argument immediately explains the diff
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1

mmyy(A(vo, 0)1)

_ o sin(Qtgg) 2]

Q Q
1+ [w Sin(Awete/ 2)cot(Qt,54 2)
1

2

o, in units of [z / t“m]

A(,OO
+ —— coqAwite/ 2)
(21

The asymptotic normalized magnetization, Eq. [25], is plo
ted in Fig. 3 as a function adkw, andw,. The sweet spot is at
FIG. 3. Normalized asymptotic magnetization for CPMG sequentg, (Awo = 0, w1 = 7/tyg0). At odd multiples of the nominal RF
as a function o\ w,t s/ ™ andw:t:g/ 7. The solid lines are contour lines at 0, field strength, there are other sweet spots, but the asympitc
*0.5, and+0.9. The echo spacing was settto= 7t magnetization has alternating signs. The additional, bat-li}
structure depends on the echo spacitg, The stripes are
spaced by approximatelyw, = 27/te. Note that if the field
ence in the asymptotic behavior of the two sequences analyzsitomogeneity inB, is larger than this spacing, the effect of

Aay in units of [““mo]

by Bain and Randall in1(4). this structure is completely averaged out for echoes within tt
For an initial 90|., pulse, the resulting magnetizationCPMG. The reason is that the acquisition time for an ect
R -e0d 2} for arbitrary offsets inB, or B, is given by within the CPMG sequence is necessarily less thateading
to a frequency resolution that is coarser than this spacing. T
Awow, structure can be observed if the field homogeneity is hic
g2 (11— cosQty) enough or if the CPMG sequence is stopped and the last ec
w, is acquired with a long acquisition time. The fine structure il
R ood 2 = +q Sin Oty : [22] the spectrum will then lead to secondary echoes at at tim
Aw? w2 (n + 1/2)t. after the last refocusing pulse.
Q2 + L costg,

4. RELAXATION

It is common practice to use phase cycling to eliminate a@_/fl_ General Expressions

offsets in the detection electronics or to eliminate the effects o
pulse ringing and magnetoacoustic ringing. The basic phasdn this section, effects of, and T, relaxation during the
cycling scheme for the CPMG sequence alternates the phas#tsirvals of free precession between the pulses are analyz
the 90° pulse between x and +x without changing the phase Relaxation during the RF pulses is neglected.

of the 180° pulses. The resulting signal is added and sub-The following operator describes relaxation during the interv:
tracted. We include the effects of phase cycling in the spime for the magnetization, normalized to the thermal equilibriurr
dynamics calculation by replacirt§ o, { 2} with

Ogim} =[I'(m-2) + (L -TYJz+ Ty[m—(m-2)Z],

1
RlZ = 5 [ R0~ oo {2} [26]
Aw, wherel’; = exp{—71c/T;}. The expression for the magneti
w,| g (L~ cosQty) zation of theNth echo,my, is modified from a combination of
-q sin Qtg, - [23]  pure rotations in the absence of relaxation, = [(%4)"% ]
0 { 2}, to an expression involving also the relaxation operatc

Using the fact thath ,{ Z} with phase cycling has only
components in th&—y plane and the axid, has only com (05R5045){m} = Og{m} + p, [27]
ponents in the/-2 plane, Eq. [21] simplifies to

then the expression fan, with relaxation becomes
M.y = ny(§- Ra{2}). [24]
N—-1

Using Egs. [16] fom, and [23] for® ,{ 2}, m.., with phase my = [(05) "R {2} + D (04)p}. [28]

cycling becomes k=0
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With standard phase cycling, the last term in Eq. [28] does nd®2. Signal Offset and Saturation foy & T,

contribute to the signal. The relevant first term has a form anal-

ogous to the expression for the magnetization in the absence diVe first treat the case af, = T,. For echo spacings short

relaxation, Eq. [10]. In the presence of relaxation, the effectimmpared to the relaxation times,, < T,, and after the first

rotation%,, is replaced by the more complicated operdtgr few echoest > 75, we can safely neglect terms that depen
It is straightforward to calculate the operafoy. We listit on «y. Using Eqgs. [28], [29], and [30], we obtain for the

in the coordinate system spanned by the three vect@rs {normalized magnetizatiom(t),

(CiTon)y — (Tl n)Z (T'o/T ny)y + (I'/T )2},

wherel', = VI'inZ + T'in: m(t) = (Ag - R{ZHAze "™ + ny (1 — e V). [31]

r,r r(rz-r?2

I'3cog agy) - 110 2 sin(ag) - 2(;01) nyn,sin(ag,)
0 0 O 2 212 2 2
r.r rir r,r(rs—rns9

Oy = (8 8 1“02) + 11“02 sin(ag) ;7%2 coq agy) “F—%l nyn,codag) [ [29]
Cor@i-TH I3 -T? (T3-TH? ,
T, nyn,sin(ag,) 1z nyn,cod o) 1z (nyn,) “coq ag).

In general, it is difficult to give the operatdr, a simple The first term is the desired signal. With the assumpfion=

geometrical interpretation. However, there are two importait, relaxation simply leads to an exponential decay with th
and simple limits: (i) absence of relaxatioll, = 1. In this decay timeT,. The second term is an offset term, as has be

case(0, reduces to the rotatiof . (ii) T,
I,
%4 followed by an isotropic reduction by exp{27./T,}.

T,. In this case, studied experimentally by Volét al. (9). Hughes and Lind-
I, =T, = exp{—7:/T.} and O, describes the rotation blom (25, 26 considered the offset term theoretically, but thei

treatment is restricted to small offset frequenci®s, < w,.

The vectorp in the same coordinate system as used aboVée present treatment is valid for all offsets.

for Oy is given by

p=(1-Ty
I';sin(ag)n,

I,
— F—O [1+ I';codag)]n,

1"2 _ 1'*2
S, [ codag)Ingn,

Bsr
FO[ + l]nz_ T

[30]

Using this particular coordinate system, the representation

The offset term can be separated from the signal term |
standard phase cycling. Equation [31] shows that at the end
the CPMG sequence of duratior> T,, the baseline offset of
the signal isM, — nyn,M,, and the saturation of the longitu
dinal magnetization i81, — n?M,. As expectedM, — 0 on
resonance andl, — M, far off resonance. Note that the
magnetization at long time is independent of relaxation time. |
inhomogeneous fields, the offset of the signal at the nomin
echo center tends to be small, becange, is a rapidly oscil
lating function with respect td\w,. However, this term de
scribes the “steady-state-free-precession” sigral, 28 in
ig?omogeneous fields that can be observed before and after
nominal 180° RF pulses.

the operato@, in Eq. [29] splits naturally into two parts. The
first matrix has only a single nonzero element and it is inde-

pendent ofay. In contrast, each term in the second matrix ig 3. Observed Relaxation Time for E T,

proportional to either cos(;,) or sin(xy). To obtain the signal

of the Nth echo, the operator has to be raised toNitle power When T, # T,, the situation is more complicated. We
and then averaged over all the relevant valued®f andw,. assume standard phase cycling and only consider the sig
The signal will be dominated by the first term, since all theerm that is independent ai,;. The decay of the transverse
other terms have an oscillatory nature and tend to average auagnetization depends both ®n and onT,. Relaxation adds
This is in analogy to the prior argument that the asymptoti nontrivial decay term to the expression for the asymptot
signal will be determined by the first term in Eq. [11]. normalized magnetization:
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My = {n%e 2T + n2e 2 T Nn2(g . e {2)). [32] 5. APPLICATION TO THE NMR LOGGING TOOL

In this section, we apply the spin dynamics calculations t
In general, the signal decay is not single exponential anymoggaracterize an “inside-out” NMR apparatus used for oil-we
but decays with a distribution of decay times betw@grand |ogging (1). Such instruments are used forsitu evaluation of
T,. The initial decay rate of Eq. [32] is given by the simplgjeological formations in boreholes up to 10 km deep ar
expression temperatures up to 175°C. This NMR apparatus has be
described in detail by Kleinbergt al. (17). The magnetic field
is generated by two SmCo magnets, magnetized transverse
i =(n? i + (nd) i - i —(n?) (1 _ 1) . [33] the sonde axis and arranged in a way to create a sweet spc
Toer T the formation. At the sweet spot, the field forms a saddle poi
with the magnetic field pointing predominantly in the radia
direction. The RF field is generated by a 15-cm-long ha
Qoaxial cable placed on the face of the sond@6).(At the

five decav rate is a weiahted sum of ffieandT. relaxation saddle point, the RF field is transverse to the static field. Tt
y 9 € 2 face of the RF sensor is pressed against the wall of tl

rates, with weights determined by the direction of the effecn\f)orehole Under normal operation, the whole NMR apparat

axisfy. Note that this expression for the initial decay rate haépulled upward and the NMR response of the earth formatio

the same form as the effective relaxation rate in spin-lo
& continuously measured using the CPMG sequence.
experiments under off resonant conditio29)( In that caseT, y 9 q

in Eq. [33] is replaced byT,, and n, is replaced by the _
z-component of the axis of the effective RF fielbp,/Q). For 5-1. Field Maps
the CPMG sequence, the relevant axis is not that of the effec-

tive RF field, but the axisi,, that describes the whole refocusspace both the magnitude and the direction of the static and |

ing cycle, including the free precession between the pulsesr eld have to be known. We mapped the vectors of the staf
The total signal displays an initial transient associated wq Id, By(r), and the RF field normalized by the square root c
the magnetization perpendicular to the effective dxjs Af- 'RF power, B,(r)/\/P, in all three dimensions. Details are

terward, the signal is dominated by the magnetization Sp”&scussed in the Appendix. From these field maps, maps of t
Iocligqt to Ay, land dhecays Wéth :he |5ng|al rate Tier. A detuning frequencyw, and the RF strengtly, are generated.
explicit example 1S shown 1N Section Figure 4 shows thdAw, and w; maps in a cross section

) i P .
IFor t‘."l glt\'/ en f'e_ll_?‘ map(n.) ';;.‘ cor|15t:|;1ntt éngepen_d(;?t Ofperpendicular to the sonde axis at the position halfway alor
relaxation imes. The average ol IS calcuiated by WeIghting .o pr sensor. The radial directimis measured outward from

it with the expected signal in the absence of relaxation, EClﬁ'e outer most face of the NMR apparatus; the tangent

[12, 24], directiony is centered at the symmetry plane of the tool.
With this magnet arrangement, the sweet spot is locat
[ dAwdw, f(Awg, ®1)(wge — Awg)? s_IightIy over an inch into the formatiqn. At the sweet spot, th
X F(Awg)M..,(Awo, @1)N2(Aw, @y) field strength is 541.2 G, corresponding to a Larmor frequen
(n? = dAo-de f(A T Awl)? of 2.3 MHz. The magnetic field strength is decreasing radial
JT dAwgdw; f(Awo, wy)(wre — Aw) away from the saddle point and increasing in the transver
X F(Awgm..,(Awo, @) direction closer to the pole pieces of the two magnets. Tl
[34] strength of the RF fieltB,(r)| increases monotonically toward
the RF sensor. However, for NMR applications, only th
component of the RF field perpendicular to the static fiel
Bull (10) has previously calculated the effective decay ramontributes tow,. In the transverse plan@, vanishes along
for the specific case dfw, = —/te. His result, (Eqg. [40] in two lines where the fieldB,(r) andB,(r) are parallel.
(10)), is in agreement with the more general result in Eq. [33]. Using the field maps shown in Fig. 4, the sensitivity map i
Goelman and Prammelg) have presented numerical resultgalculated and displayed in Fig. 5 for the same cross section
for the effective relaxation tim&,.; as a function of the ratio before. The sensitivity is the integrand of Eq. [5], using th
of T,/T, for another NMR logging device. We show in Sectiorasymptotic magnetization of Eq. [24]. There are no significal
5.5 that their numerical results are well described by Eq. [33Egions with negative sensitivity. Ideally, a matched filter i
Relaxation during the RF pulses has been neglected. Whesed for-(Aw,) in Eq. [5]. For the purpose of this calculation,
short echo spacings are used, the treatment has to be expandedhave used a simple filter of the forR(Aw,) =
to includeT,, relaxation effects. SINC(AwoTed4), With Ther = 2t 0.

Here 0 = (n?) = 1 is the average of the square of the
projection of the effective axi@, onto thez-axis. The effee

In order to calculate the signal strength at any given point |
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| Aoy with fields approximated by two-dimensional dipolé8) the
1 25 me distribution functionf(Aw,, w,) has only contributions on a
nearly horizontal line going through the sweet spatw(,
w,) = (0, 7/t with a slope ofVB,/VB, < 1.

2 Wity

5.3. Transient Behavior of the First Few Echoes

1.5y, . . L.
® The amplitudes of the first few echoes show a distinc

transient behavior. In Fig. 7, the calculated amplitudes of tt

17ty first 15 echoes are compared with CPMG measurements p

formed with the logging tool, using a large bottle of water as

sample. Both in-phase and out-of-phase amplitudes are sho

There is excellent agreement between measurements and

culations. For the solid line, the signal (Eq. [6]) was calculate
A . , . using the full expression for the magnetizatiomy, Eq. [11].

o 05 1 15 2 It is normalized with respect to the asymptotic signal, Eq. [12

X [lnch] The data in Fig. 7 show that the second and third terms

FIG. 4. Map of the measured static and RF fields in a cross sectiony, EQ. [11], are only relevant for the first two echoes. For

through the plane perpendicular to the sonde axis at the position halfway al¢figher echo number, the integration over the field distributio

the RF sensor. The grayscale image displays,|. For the value oft,g, = averages these terms to zero to a high degree. This dem

29.2 us, Aw, = mltyg, cOrresponds to a field variatiorf 4 G from the field . e ‘
strength of 541.2 G at the sweet spot. Exact resonakeg= 0, is shown by strates that the expression for the asymptotic signal, Eqg. [1:

the dotted line. To the left and right of the sweet spot, the strength of the stdfic @ €xcellent approximation for the observed signal. Tr
field B, decreases anflw, > 0, whereas to the top and bottom of the sweeout-of-phase component is less than 1% of the asympto

spot, Aw, < 0. The solid lines are contours of constant valuesvof The in_phase value for all echo numbers. ThereforE, the transie
curves are labeled by,tg/, i.e., the ratio of the local RF field to the ideal spin dynamics effect does not affect the determination of tl
value. . . . .
proper signal phase. The transient behavior for the first tw
echoes shows a negligible dependencecdor t: = 1 ms. At
o - e longer echo spacings, diffusion effects become important. Tk
The sensitivity map in Fig. 5 has a similar shape asitg is further discussed in Section 6. For weaker field inhomog

map in Fig. 4 The signal is dominated by contributions C“Om_"Weities, the transient effect is smaller on the first two echoes k
from the region around the sweet spot and from the two spldgr

. . &xtends over a larger number of echoes.
legs” extending toward the RF sensor. The other two spider g
legs are attenuated, because the RF field decreases rapidly in
the radial direction.

Also shown in Fig. 5 are contour lines of constant gradient,

y [inch]

0.5 Tt,go

|[VB,|. Close to the sweet spot they form circles, characteristic 'S 100 80,
for a saddle point. The effect of these gradients will be further g . 0.8
discussed in Section 6. ’
05 4
5.2. Distribution Function ofAw, and w, z e
For the calculation of the total NMR signal, we have to - °
integrate the sensitivity over three dimensions. As pointed out 05 X o
above, the integral can be reduced to a two-dimensional inte-
gral over Aw,, w, by calculating the distribution function -1 i
f(Aw,, w,), defined in Eq. [6]. Figure 8hows the distribution v
function for the current NMR apparatus extracted from the -1.5 1300 Glom
measured field maps. . : 0
This distribution function is peaked near the sweet spot & W i ¢

(Aw,, ;) = (0, mltg), but has significant contributions

away from it. It is intermediate between two extreme cases. F FIG. 5. Sensitivity_map in the cross section through the plane perpendi
. N, . ular to the sonde axis at the position halfway along the RF sensor. T
a homogeneous field, the distribution function would bee%

. . ~ grayscale is proportional to the signal generated by spins located at that po
delta-function centered at the sweet spot. In a gradient fielghe dashed lines are contour lines of constant gradient for 30, 100, and

such as encountered in stray field NM& 6r in logging tools G/cm, respectively. The solid line indicates the 10 G/cm contour.
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FIG. 6. Distribution functionf(Aw,, w,) for the field map of the logging tool, normalized to a maximum of 1. The distribution function is defined such 1
f(Awo, w;) 8Aw, dw, is proportional to the volume of spins withw, + 8Aw, andw; = dw,, multiplied by the coil efficiency factow,/I.

5.4. Phase which leads to a decrease in signal amplitude by over a fact

For the CPMG sequence, the axis describing the refocusif

f 2.
cycle, iy, is in they—2 plane for all values ohw, andw,. As q:)etunlng from the sweet spot does not affect the phase of t

stated above, this implies that the phase of the asympto?fgnal significantly, as is shown in Fig. 8. This supports th

. . e revious conclusion from Fig. 7 that the signal is dominated &
signal is along thé direction, independent of the exact naturﬁ:IIe maanetization spin-locked to the afis. This behavior
of the inhomogeneities. This has been tested by detuning 9 P 5. '

logging tool from the sweet spot of the saddle point. Using twlggependent on the exact field profile, is contrasted in Fig.

large coils, an external magnetic field was applied to tr¥V|th the phase of a free induction decay in a homogeneous fie

logging tool roughly parallel to the field produced by théNehere detuning leads to a rapid phase change.
permanent magnets. This external field was varigd betwe€® Relaxation
—18.8 and+18.8 G, corresponding to a change in Larmor
frequency of =80 kHz. This is significantly larger than the
typical strength of the RF field, which is of order/2w = inhomogeneous fields for the CPMG sequence was develop
1/2t,5 = 17.1kHz. It was shown that forT, # T,, the overall decay of the
CPMG measurements were taken as a function of the #jgtected transverse magnetization is not single exponent
plied field. The RF frequency and all other acquisition parardnymore and that the initial decay rate is a weighted sum
eters were kept constant. An applied fieldtof8.8 G shifts the To' andT;™.
distribution functiorf(Aw,, ;) shown in Fig. 6 along thAw, In Fig. 9, calculations for the field maps of the present NMF
axis by 8w, = +4.77/t,4. In this case, the signal originated0ogging tool are presented. The solid line shows the result
not from the sweet spot at the saddle point anymore, but fréiflving the full spin dynamics problem, Eq. [28], numerically
two thin crescents. The associated resonant volume is redudetithe field maps of the NMR logging tool using the relaxatior
parameterd, = 30 ms andT; = 90 ms. The echo spacing
was set td = 1 ms and standard phase cycling was used. W

In Section 4, the theory of relaxation in the presence ¢

I 1 L | I—— L 1 el L i
1.0=-- /\'—s—A—.ﬁ-ﬂ—l—l—A*_
— 90 T T T T T T T T T
5 08 = 2
5 o
@ 06 - 2 45- .
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Echo Number

Extra Applied Field [kHz]

FIG. 7. Transient behavior of the first 15 in-phase (top) and out-of-phaseFIG. 8. The change of the measured phase of the NMR signal is plotte
(bottom) echo amplitudes. The solid lines are the calculated echo amplitudtessus the additional field;B.,/27, applied to the logging apparatus. The RF
based on the measured field maps using the full expression for the sfpeguency, coil tuning, and pulse sequence were kept unchanged. The pt
dynamics. The dots show the results of CPMG measurements with a wathows only a weak dependence on the applied field, indicating that tl
sample and using an echo spacingof= 320 us. The data are normalized magnetization contributing to the signal is effectively “spin-locked” to the axi
with respect to the asymptotic limit of the in-phase signal. Only the in-phagg. In contrast, the calculated phase change of the free induction decay it
amplitudes of the first two echoes show a significant deviation from tH®mogeneous field with the same nominal RF field strength depends stron
asymptotic limits, shown as dashed lines. on detuning, as shown by the dashed line.
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FIG. 9. Relaxation: The solid line is an exact spin dynamics calculation
using the measured field maps and assuring= 30 ms andl, = 90 ms.
The initial decay rate is slower thah,* (dash—dotted line) but agrees with
1/T, — (n2) (1/T, — 1/T,) = (33.4 ms)* (dashed line). At longer times, the
decay deviates from a single exponential.

FIG. 10. Ratio of the CPMG relaxation time measured with the logginc
tool, T, . T, as a function of the ratio of,/T,. The solid line is the result of
the spin dynamics calculations for the device described here. For our devi
(n?) = 0.15. Thedots show numerical simulations published by Goelman an
Prammer {3) for a different NMR logging device. The dashed line is a fit to
those simulations witdnZ) = 0.12. Arrows indicate the limiting values of
T, T, for T, > T, for the two cases.

assume that the spins are initially in thermal equilibrium and

that diffusion is negligible. Relaxation during the pulse is 6. DIEFUSION
neglected. The time axis in Fig. 9 only includes the time of free
precession. For samples with intrinsically long relaxation times, the

The amplitudes of the first and second echoes show thecay of the observed CPMG echo trains is often controlled |
characteristic transient behavior. The deviation of these echefifsusion in field inhomogeneities. In our apparatus, the mag
from the smooth extrapolation from the later echoes agresstic field is relatively uniform near the saddle point. Moving
with the previous results in Section 5.3 obtained without reway from the saddle point, the gradiegt= |V (|B|)
laxation. After the second echo, the signal decays in a smoatlkreases to first order linearly. Figure 5 shows that the loc
manner. The decay rate is clearly slower thah,15hown by gradient strength in the sensitive region of our apparatus var
the dashed-dotted line. The theoretical expression for theer a wide range. Close to the saddle point, the gradie
initial decay rate, Eq. [33], is shown by the dashed line. For ogtrength is less than 10 G/cm, but significant signal comes frc
field maps, the value dh?) has been evaluated numerically toegions with gradient strength in excess of 100 G/cm.
be 0.15. There is excellent agreement between the simple he effect of diffusion in these gradients is clearly evident il
theoretical expression and the simulations. At lower signkid. 11. Alarge bottle of water was placed on the apparatus a
levels, the decay starts to deviate from the exponential decHie decay of the echo amplitudes measured for six differe
This is also in agreement with our predictions: The initig#¢ho spacingse = 0.32, 0.65, 1, 2, 5, and 10 ms, respectively
decay rate of I, — (n?)(1/T, — 1/T,) slows down to the The strong dependence of the decay rate on echo spacing
limiting rate of 17T,. clear indication of diffusion effects.

For the current NMR device, the measured initial decay rates
will vary betweenT, for T, = T, and the limiting case of 1.2 : : ; ;
T./(n) = 1.17T, for T, > T,. This is shown in Fig. 10,
where T, /T, is plotted as a function of the ratio df,/T,,
following Eq. [33].

In Fig. 10, we have also included results for a different NMR
logging tool published by Goelman and Pramm&B)( They
used numerical simulations to obtain /T, as a function of
T,/T,. This NMR apparatus has a very different field map
compared to our device, but their simulation results can still be 0l : ! !
well described by Eq. [33]. The field maps are described to first 00 08 1_':”“6 [51]‘5 20 .
order by two-dimensional dipoles. For such field maps, the
parametetn?) is calculated to be 0.09. The fit shown in Fig. 10 FIG. 11. CPMG measurements with different echo spacings show tr
to the numerical data give(ssﬁ) = 0.12. Thedifference gives _erf;]fect of diffusion |n_the inhomogeneous field of the |nS|_de-out NMR device

o . A e sample was a big bottle of water placed on the logging tool. The values
an indication of the end effects where the fields deviate fropang spacings ate = 0.32, 0.65, 1, 2, 5, and 10 ms, respectively, increasin
pure two-dimensional dipole fields. from the top curve to the bottom curve.

Echo Amplitude
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' T J v ' space, are shown in Fig. 12 and compared with the measu
> first echo ments from Fig. 11.
o second echo . .

o There is excellent agreement between calculation and me
surements. For short echo spacings, the behavior of the fi
7 two echo amplitudes is determined primarily by the spin dy
namics interplay between the first term in Eq. [11] and th

1.0~

08Fo5o——

Echo Amplitude
(=]
[=2]
I

o4 2 other two terms. As was discussed in Section 5.3, the secc

0.2 7 1 and third terms overall subtract from the first term for the firs

echo, but add for the second echo. This leads to the charac

00 5 . . é T~ istic transient behavior with a decreased first echo amplituc
te [ms] shown in Fig. 7.

With larger echo spacings, diffusion modifies this transier

FIG. 12.  Amplitude of the first and second echoes as a function of ec ehavior of the first two echoes. Diffusion attenuates the se
spacing. The symbols show measured values; the solid lines show the result 6

calculations based on the measured field maps that take diffusion in the IdRd €cho more than t_he first echo. As a results, there IS
gradient into account. The sample is a large bottle of water at room temperat@GgSsover at echo spacings of around 5 ms, when the amplitt

of the second echo drops below the amplitude of the first ect

With diffusion, spins experience time-dependent refocusing2?. Gradient Distribution
cycles. The axi$\, starts to fluctuate and subsequent rotations ) )
do not commute anymore. To describe the effect of diffusion FOr @ larger number of echoes, this approach for calculati

quantitatively, we first consider that spins diffuse only over i€ €ffect of diffusion of the CPMG sequence in gross

distance between a few micrometers and a few tens of rfifomogeneous fields becomes unmanageable, because
crometers before they dephase. Over this length scale, finber of coherences that must be considered diverges.
inhomogeneities in th@, field of the apparatus can be well N our application, there is a large range of local gradient
approximated by local gradients; curvature terms are not i Fi9- 13, the solid line shows the gradient distributigg)
portant. Over these distances, the direction of the staticBigld c@lculated from the measured field maps. At every point |
changes only by a small amount so that the spins can foll§ace. the local gradient is calculated and it contributéégp
adiabatically. Therefore, it is the gradient of magnitud@ig according to the chal asymptotic sensitivity, |..e.,.the integrar
g = |V|B,||, that determines the dephasing for diffusion. In off V= (Ed- [5]) using the asymptotic magnetization., (Eq.

case B, gradients can be neglected to a good approximatiod#l)- In Fig. 13, the gradient distribution is displayed as :
function of log(g) and is normalized so thdt d log g f(log

6.1. Diffusion Effect on the First Two Echoes g) = 1. The distribution has a maximum at around 20 G/cr

] S but with significant contributions over a range of almost twt
Woessner 1) has studied the effect of diffusion in inho-4 qars of magnitude in gradient strength.

mogeneous fields for up to four pulses. His calculation keepsgq, \weak inhomogeneities, it is well know,(32 that

track of the extra phase shifts that the transverse magnetizaigi sion in a gradientg leads to an extra attenuation of

acquire between pulses due to the fluctuating magnetic field %{—ﬁyzgzDotét}. This corresponds to the case whep=

spins experience. The resulting attenuation is obtained aferk ziseret al. (33) have analyzed the effect of diffusion in
integrating over the distribution of the phase shifts, taking into

account the appropriate correlations for unrestricted diffusion.
We have used the treatment of Woessner to model the observed OB it G e ey

effect of diffusion on the first two echoes in Fig. 11. 05l )
We have generalized the calculation B1) by including ’

effects of RF pulses far off resonance, i.e., take into account - 04 )
that the RF pulses rotate around an axis with a signifigant 2 03 .
component. The expressions derived for this case are summa- < 5| _
rized in Appendix B. Some of the terms have already been

obtained by Goelman and Pramm&B); At every point in the il |
sensitive region, the local gradient was determined from the 00—~ REEE
measured field maps and the echo amplitude for the first two 1 Gradient [ G/om | 1000

echoes was calculated as a function of echo spacing using Egs.

. . .. - FIG. 13. Gradient distribution for logging tool: The solid line shows the
[39] to [48]' The diffusion coefficient was set @, = 2.3 X distribution derived from the measured field maps. The dotted line shows t

s o X
10" cm’/s, appropriate for water at_ room t.emperature. Thfadient distribution deduced from the CPMG measurements, assuming
results for the calculated echo amplitudes, integrated over aliue of the efficiency facton = 1.
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inhomogeneous fields when a large number of identical RBnsidering the axisf,, that characterizes the refocusing
pulses are applied. They found that when the signal has cembcycle from one echo to the next. This is essentially tf
tributions from many different coherences (in our languagggenvector of the propagator of the refocusing subcycle as:
n, # 0), the signal decay due to diffusion is faster than for theated with the eigenvalue 1. After the first few echoes, th
on-resonance case. They introduced the efficiency fagtor signal is dominated by the magnetization spin-locked to th
1 to measure the increase in decay rate. For our case, eigenvector. The components of the magnetization after t
approximate the signal decay for the CPMG sequence in initial 90° pulse that fall onto the other two eigenvectors givi

homogeneous fields, after the first few echoes, by rise to a transient behavior of the first few echo amplitudes, b
then average out to a high degree. For the CPMG sequence
t the absence of diffusion or motion effects, the aris is
M(t) = Moexp{ - T} J dgf(g) always in they—z plane in the rotating frame. As a conse-
quence, the phase of the echoes is independent of the e»

1 field distribution. These results have been confirmed wit
X exp{— anzgzDotEt}- [35] experiments on a inside-out NMR logging tool with very
inhomogeneous fields.

In principle, the efficiency factos has a complicated depen- Y/hen the axis1, has a significanz-component, the signal

dence oMy, w;, and the pulse parameters. However, we find@S an offset at long times. It can be eliminated by phas
that within experimental error, the diffusion-related signal d&Y¢ling. In addition, whenT; # T, it gives rise to a nonex
cay in Fig. 11 scales lik¢Zt. This indicates that, for our PONential signal decay with an initial decay rate that is

analysis, we can ignore the dependence;ain other param- Weighted sum off, andT, relaxation rates.
eters and replace it to first order by a constant. This approach is also useful for the analysis of effects due

We have used Eq. [35] to extract independently a distrimetiO”' instabilities of pulse parameters, or diffusion.
tion of gradientsf(g), from the measured signal decay after

the first few echoes. The fitting routine used was originally APPENDIX A
developed by Sezginer for relaxation time distributioB4)( )
The bulk relaxation time of water was independently measured Field Maps

in a standard NMR set up with homogeneous field at 2 MHa& 1. Measurement of Field Maps

For this analysis, we set the efficiency parameter 1. The

diffusion coefficient was set tB, = 2.3 X 10°° cm?/s. The  Each component of the static fieRi(r) was mapped using

resulting gradient distribution is shown as a dotted line in Fi§ one-axis Hall probe [F. W. Bell, Inc., Digital Gaussmeter

13. Model 811AB and SAK 8-1808 probe]. The probe wa:s
The two gradient distributions, shown in Fig. 13, show gounted to a three-axis computer-directed positioner th

remarkable agreement, considering that they were obtainecf@nned the field in front of the magnets. The probe was th

completely independent ways. Closer inspection shows that f§€riented and the next componentBy(r) was measured.

measurement derived distribution appears to be shifted slightlyFor the measurement of the normalized RF filldr)/\/P,

to the right by about 15% compared with the field-map-basédHP3577A network analyzer was used. The RF sensor w

distribution. This can be interpreted that the efficiency fagtor driven at its resonant frequenay,. A pick-up loop, mounted

is not 1 as assumed in the data analysis, bii)s~ 1.3. to the same three-axis computer-directed positioner, scanr
To use this measurement for the extraction of fluid diffusiopeduentially the three components of the RF field in front of tt

coefficients in real formations, two complications arise. Firs@htenna. The voltage induced in the single turn, 0.202-in

susceptibility contrasts between the rock grain and the pdf@meter, pick-up loop drove the balanced terminals of a 5

filling fluids lead to induced gradients that can be comparag®m 1:1 balanced to unbalanced transformer. The normaliz

to these tool gradients3§). Second, in the pore space of the€ro-to-peak RF field along the axis of the pick-up loop wa

rock, diffusion of the spins is restricted and not free as assunfé@fermined from the measur&bparameterss; by

above. If the pore size is smaller than the dephasing length

I, = (Do/(y9))"?, the effects of restrictions are importaBsy. B, 2 27,

Typical values ofl, are in the range of a few to 1am, ﬁZ S (1 - S NAw, \1—[S,% [36]

comparable to the pore size in many formations.

7. CONCLUSIONS HereP is the power dissipated in the antenna and its tunir
capacitorsN, = 1 is the number of turns on the pick-up loop,

We have shown that the spin dynamics of the CPMG ik = 2.07 X 10 ° m?is the area of the pick-up loop, add =
grossly inhomogeneous fields can be analyzed effectively b9 () is the input/output impedance of the network analyzel
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R AT TR determined. For a given data set, the measured fiBlds, are
1 #_«gww'*"‘*n';_ related to the true field8,, by
E ] ‘I+:' +.‘? o
2 5004 +o »
8 ] i 2 BO,m
o ] e o
@ 450-° I \/1 - Siy - 85,2 Exy Exz
_ [
] B, as measured = €y x \"1 — gix — giz €yz
W0 2 4 & s €1x €y VI-2l— el
z [inch] X Bo- [37]
BT s st S, a Heree;; = sin 6, ; with i, j = X, y, orz and wheref, ; is the
4 £ LA L ’ N ~ R . R '
P 1 & Y i angle between the trueaxis and the projection of the actual
§ ol S orientation of the Hall probe onto thé, () plane.
= 1o o [ Maxwell's equations require that the curl of any static mag
of 450 o netic field vanishes3y):
] corrected B, [
] 1 " 1 I 1 1 I 1 i [ =
400-L5 : : : : k V X By =0. [38]
z [inch]

We estimatedvV X B,,, from the discrete points of the mea
FIG. 14. Profiles of|B,| from two different field scans through the sweetg red field map and found systematically nonzero value

spot along the axis of the NMR apparatus. (Top) Data as measured. There is s .
a large discrepancy between the two measurements, caused by a small %ésqsed by the m|saI|gnment of the Hall prObe' This allows (

alignment of the Hall probe for the separate measurements of the three fidladetermine the anglet ; in a robust way by minimizing the
components. (Bottom) Corrected data. For each measurements, the ang@dare of the estimated curl Bf, [V X Bo|>. We observe fast
describing the probe misalignments were determined separately by mippnvergence with the solutionsex(y, Oczr Oyxs Oyz 024
mizing [V X Bo|> There is excellent agreement between the two correct_q_}:lzy — (3‘30, —0.6°, 2.7, 2., 1.9, _3.00) for the fine
Cg:gen;?gslerements. The small error bar on the upper left shows a typlg%lale map and (1.90, 3.4° 1.8°, 2.3°, 2&3.8°) for the Iarge
scale map, respectively. These angles are within our estima
accuracy of orienting the Hall probe. The residual(8 X
A.2. Corrections to the Field Maps Bo|?) is typically over 100 times smaller for the corrected fielc

L maps than for the uncorrected maps.
For our application, the accuracy of tBg measurement has b b

. Figure 14B compares the field profiles of the two indeper
to be much better than the local valueBy, i.e., much better drfntly corrected field maps. The corrected field maps are nc

0 ) i .
than 1%. In Fig. 14, two independently measured profiles g excellent agreement. For all spin dynamics calculations |

. ) I
the magnitudeB,(r)| are shown on a line through the SWeeh e NMR logging tool, only the corrected field maps were use

spot along the axis of the NMR sensor. Instead of a perfect
overlay, the two curves deviate from each other by as much as
10 G, an amount much larger than the typical valuéof

This deviation is caused by the imperfect reorientation of thes
Hall sensor that is necessary between measurements of thg
three field components. As a consequence, when the probe ik this Appendix, the general expressions for the first tw
nominally reoriented by 90° to measure the next field compeeho amplitudes with diffusion and for arbitrary offset fre-
nent, the sensor does not measure a component that is exapiigncyAw, and RF field strengtlv, are summarized. Details
orthogonal to the previous measurement. A systematic corre¢-the calculation will be given elsewhere. Diffusive attenua
tion of the data for this tilt is required. This tilt has twotion is caused by the extra random phases the spins acqt
independent contributions. First, according to the manufactlmetween the pulses because the spins diffuse into regions w
er's specifications, there is an uncertainty in the orientation different Larmor frequency. Following Woessne3l), the
the chip sensing the Hall voltage af2°. Second, we estimateevolution for every different possible diffusion path is firs
that our alignment of the probe is accurate to about the sag®culated. The final result is obtained after averaging over
level, =2°, possible paths. Unrestricted diffusion in a gradient of streng

Two angles are required to describe the actual orientationgpfind standard two-step phase cycling are assumed.
the Hall sensor relative to the nominal direction. For all three The effect of diffusion on the RF pulses is neglected, i.e.,
components, this results in a total of six angles that have toiseassumed that the RF strength and the offset frequency

APPENDIX B

in Dynamics of the First Two Echoes with Diffusion
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Aw, is time independent for all of the RF pulses. This is

Wy . .
appropriate in our case, since the gradientBafis much b, = >0 sin(Qtg)nJ[ —sin“ag + N5(1 — cosagy)?]
smaller than the gradient iB, and the duration of the pulses
is much shorter than the echo spacing. ! Awg [1— cogQtyy)]n2n
The y-magnetization, normalized to the thermal magnetiza- QO Q 907y
tion M,, at the time of the first echo, is given by X sin ay(1 — coSay) [46]
2 low
mpy = alexp{ ~3 yzgzDOTgp} bs = 2 ﬁl sin(tho)nf,[sinza% — n%(1 — cosag)?]
8 1w, Awg
+ azexp{ ~3 yzgzDofﬁp}, [39] t50 q [1 - cogQtg)]n;n,
with X sin ag(1l — cosag) [47]
w s — Eﬂ : 4 _ 2
a, = (6) SIN(Qteo)SIN%( Q50 2) [40] D=7 7q Sin@o)lnz(1 - cosay)

o, o + (1 + cosag)? — 6n2sinag]
Q=7 sin(Qty) [Q sin?(Oty50 2) + COSa%]

w1 Awo
- 6 Q [1 - COthQO)]nz
wq Awo Q i
g 1 codQig]n;sin ag. [41] X sin ag[(1 + cosagy) — N%(1 — cosagy)]. [48]

The quantitiesn,, n,, and ay have been defined by Egs.

[16-18]. _The sgcond term in Eq. _[39] comes from the part he termsa, andb; give the contributions from the standard

the free induction decay of the first pulse that does not gl%hn echoes: the tertm, is due to the stimulated echo

refocused by the second pulse. Terms due to the free inductlor'q:Or D. — 0 the expression for the magnetization .for the
o [l

decay of the second pulse do not appear, because they have . . cccond echoes reducegfo, a, andX >, b;, respee

been eliminated by phase cycling._ . . tively. These sums are identical to Eq. [11] fdr= 1 and 2,
For the second echo, tlyemagnetization, normalized to therespectively

thermal magnetizatioM,, is the sum of six terms:

ote thata,, b,, andb, do not depend on the echo spacing
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