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The response of the spin system has been investigated by nu-
merical simulations in the case of a nuclear magnetic resonance
(NMR) experiment performed in inhomogeneous static and radio-
frequency fields. The particular case of the NMR-MOUSE was
considered. The static field and the component of the radiofre-
quency field perpendicular to the static field were evaluated as well
as the spatial distribution of the maximum NMR signal detected
by the surface coil. The NMR response to various pulse sequences
was evaluated numerically for the case of an ensemble of isolated
spins 1. The behavior of the echo train in Carr—Purcell-like pulse
sequences used for measurements of transverse relaxation and
self-diffusion was simulated and compared with the experiment.
The echo train is shown to behave qualitatively differently depend-
ing on the particular phase schemes used in these pulse sequences.
Different echo trains are obtained, because of the different super-
position of Hahn and stimulated echoes forming mixed echoes as
a result of the spatial distribution of pulse flip angles. The super-
position of Hahn and stimulated echoes originating from different
spatial regions leads to distortions of the mixed echoes in intensity,
shape, and phase. The volume selection produced by Carr—Pur-
cell-like pulse sequences is also investigated for the NMR-
MOUSE. The developed numerical simulation procedure is useful
for understanding a variety of experiments performed with the
NMR-MOUSE and for improving its performance. © 2000 Academic
Press

Key Words: NMR-MOUSE; inhomogeneous fields; Carr—Purcell
pulse sequence; mixed echo; virtual echo; selective volume.

INTRODUCTION

999; revised March 15, 2000

in NMR imaging, and in volume localized spectroscopy
(4,9-12.

Magnetic field gradients are an asset for obtaining spati
resolution, and their continuous presence allows in principl
for the determination of transverse and longitudinal relaxatio
and they enable measurements of translational diffusion. Th
NMR devices for spatially resolved material characterizatio
can be constructed with inhomogeneous magnetic fields, wit
out the need for the superconducting magnet, the most expe
sive component in commercial imaging equipment. Based ¢
these considerations, the NMR-MOUSE (mobile universal su
face explorer) has been developd@<1§. It has been shown
that relaxation measurements by the NMR-MOUSE are usef
in nondestructivein situ characterization of polymerd 2-15.

In contrast to conventional NMR where the probe supplie
only the radiofrequency magnetic fiel, the NMR MOUSE
probe consists of two permanent magnets with anti-parall
magnetization producing the, field. For radiofrequency irra-
diation, a surface coil is mounted in between the magnets.
similar approach can be found in ReL7]. The advantage of
this concept is that limitations of the sample size no longe
exist. However, the sensitive volume is restricted to regior
near the surface of the object under examination. It depends
the configuration of theB, and B, fields and is therefore
determined by the geometry of the permanent magnets and
the radiofrequency coil.

The given inhomogeneities &, and B, require reexami-
nation of the spin system response to the well-known puls

High-resolution nuclear magnetic resonance (NMR) of liggéquences. The aim of this work is to gain an improve

uid and solid samples uses excitation and detection of NM#derstanding of the origin of the measured NMR signal &
signals with homogenous radiofrequency and static magnedig!l as its spatial distribution, and the shape and intensity
fields (1, 2). This ensures well-defined flip angles which aréhe spin echoes. In particular the behavior of the echo train
important for predicting the spin evolution and reveals tH@vestigated in the Carr—Purcell-like pulse sequent8s-22

internuclear couplings as a source of structural and dynantiged for measurements of transverse relaxation and self-dift
information (-5. Nevertheless, controlled inhomogenousion. The echo train is shown to behave qualitatively differ
static and/or radiofrequency fields have been used in NMRtly depending on the phase schemes used. Variation in t
spectroscopy for enhanced coherences selecti®r8)( echo trains are shown to result from different superposition ¢
Hahn and stimulated echoes formingxedechoes 23) as a

Bresult of the spatial distribution of pulse flip angles. The
volume selection of Hahn and stimulated echoes which |
elective in mixed echoes as well as that in Carr—Purcell-lik
pulse sequences is also investigated. The analysis is perforn
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by numerical simulation of the spin system response inthe case 2
of noninteracting spins.
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NUMERICAL SIMULATION OF THE NMR SIGNAL
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For simulation of the signal of the NMR-MOUSE, the é “%ggggggg%gﬁ@ 10
sample is divided into volume elements, hereafter caled - 0 “’*?,3:::::;23, A
els. The simulation comprised four steps: (i) computation of -10 N 0 <&
the static magnetic fielB, in each of the volume elements; (ii) 2 " SUNE
computation of the radiofrequency fidhg in the same points; m]

(iif) calculation of the evolution of the nuclear spins under the
influence of the radiofrequency sequence in each voxel; (iv)
calculation of the electric signal induced in the coil by the
nuclear spins.

N
=
Rk
R
e

1
The Static Magnetic Fiel®(r) g
=

The magnetic field generated by the permanent magnets has 0
been computed as a Coulombian field by using the surface
charge approximation2@). By considering the magnetic
charges distributed on the surface of the permanent magnets

that face the samplB, at a pointr is computed according to  FIG. 1. Isosurfaces, solutions @&,(r) centered at = (0, 5 mm, 0) (a),
andr = (0, 3 mm, 0) (b).

Z[bun] 10

I'—I’l I’—I’z
Bo(r) =k |3 ds|, [1] Kol (rl_ r) X dr,

e S_ e —
r—rq® r—r - o —
N Ir = r4 SQII J Brel1) = 4 T R 2]

whereS, andsS, are North and South pole surfaces, andnd \where | is the current in the coil ang, is the vacuum

r, denote the positions of the surface elements. All Vectohgrmeability. In Eq. [2]r, is the position of the coil element
describing positions refer to the same arbitrarily selected ref¢ length @ ,. The magnetic flux density per unit curremg.
erence frame. The symbjfl . )| denotes the vector modulus.yas computed by numerical integration along the windings ¢
The mesh size of the integration grid was selected considerpg coil.
the minimum distance from the pole surfaces whBeis In an NMR experiment it is customary to repldzg by 2b,,
computed. The typical value is 0.2 mm. The value of constagg, in the case of strong inhomogeneous fields, one needs
k was determined by fitting the computed values to the megsnsider that only the component &; orthogonal toB,
sured ones for the particular device considered. (henceforth denoteB,,), induces quantum transitions becaust
The geometry of theB,(r) field can be represented Dythe parallel component commutes with the Zeeman Hamilt
isosurfaces, solutions of the implicit equatiBp(r) = const. pjan. For this reason the values Iof, were computed at the
Figure 1 displays the isosurfaces that cross the axis of ®g&me points wherB, was computed.
radiofrequency coil at 5 and 3 mm (cf. Figs. 1a and 1b, The strength of the radiofrequency (RF) fiélg relevant for
respectively). the NMR experiment was evaluated with some approximz
The evaluation of the magnetic flux density described aboygns: The presence of objects near the RF coil was neglecte
has some limitations: The magnetic charges were consideredfs concerns in particular the permanent magnets that grea
be distributed uniformly on the two surfaces, and no interactifistort the RF field. The finite diameter of the coil wire has als
between the elementary magnetic moments was taken igin neglectedFor computational commodity the coil was
account. As a consequence deviations from the field are largghroximated by a set of circles.
close to the NMR-MOUSE surface, i.e., in the sensitive vol- |t can be seen below that despite these approximations in t
ume of the device. Nevertheless, this approximatio&f) calculation ofB, andB, the quantitative computations for the
produces satisfactory results (see below). NMR-MOUSE remain fairly accurate.

The Radiofrequency Field The Evolution of the Spin System

The field produced by the transmitter coil can be calculatedA system of isolated spinsis considered which interacts
using the Biot-Savart law26), i.e., with two magnetic fieldsBy(r) and B,(r, t). In the high-
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temperature approximatiod (2) for such a system the density |, — |,(—cosa Sin 6 cosf cose + Sina sin 6 sin ¢

operator of each voxel can be written as _
+ sin 6 cos6 cos )

hB . . . :
p(t) =« E + % [Ci(t)l+ Cy(D)l, + Co()1,].  [3] + I (—cosa sin 6 cosf sin ¢ + sina sin 6 cos ¢
B
+ sin 6 coso sin ¢)

In this equation the explicit dependencerdmas been dropped.
E is the unity operator, (I,, I,, I,) is the total spin operator,
v is the magnetogyric factokg is the Boltzmann constant, and
T is the absolute temperature. The Liouville space coordinaigs the above equations the local flip angle is =
of the density operator are given by the coefficie@igt) \/(w, — 0)? + 0’ - t, = wut,, Wherew, is the strength of
wherei = 1, 2, 3. As the unity operatdf commutes with all the RF pulse andv is the irradiation frequencyt,, is the
other operators and if all we intend to calculate is the averaggration of the RF pulse and is the phase of the RF field
values of the traceless spin operators, the density operator gant) = 2B,,coswt + ¢). The azimuthal anglé is the angle

+ 1,(cosa sin?6 + cos?0). [6]

be reduced to between the effective field ar8},. All of the above quantities,
except forw, ¢, andt,, depend on the voxel position. Relax
p(t) = [Cyt)l + Cy(t)ly + Cy(t)1,]. [4] ation during the pulses was neglected.

CoefficientsC,, C,, andC; are changing in time under thethe NMR Signal

influence of spin interactions, and our calculations are similar

to those described by other authoP) The signal induced by the magnetic momenbf a volume
In the absence of the RF field, the components of the densigment of the sample at positiornin the receiver coil is given

matrix in a reference frame rotating witharound the local-z by

direction evolve according to

Z ) — | Sin e — D, 3
Iy = 1,codwy — w)t — | ,sin(wy — w)t, o= "= _atf (B, n)ds 7]
I, = l,codwy — o)t + 1,siN(wg — w)t, s
I, = 1, (5]

S ) ) ~where®,, is the magnetic flux trough the coil created by the
The localz direction is a.“gned with the local static magne“q'nagnetic momenm of the Voxe|’ Bm is the Corresponding
field B, and the local Larmor frequency is given by = yBo.  magnetic flux density, andlis the unit vector orthogonal to the
Transverse and longitudinal relaxation can be introduced phgpface elemerdS of the coil. Using the Stokes theorei2s],

nomenologically in the above equations. the surface integral can be replaced by the contour integral
After the action of a hard pulse the evolution of the densifxe vector potentiah,,

matrix can be calculated from the following transformations:

I, — | (cosacos’dcos’e + cosa sin®g + sin?d sin®p)

<I>m=J (Bm-n)dS=J (V><Am)-nds=§; A, dr.
S S L

+ 1,(cosa cos’d sin ¢ COS @ — COSa Sin ¢ COS ¢
+ sina cos 6 + sin0 sin ¢ cos ) (8]

+ 1,(—cosa sinf cosh sin ¢ — sina sin 6 sin ¢
The vector potential generated by the magnetic momeat
the positionr ; of the coil can be written7) in the notation of

I, = I (—sinacosf — cosa sin?f sin ¢ cos ¢ Eq. [2] as

+ sin 0 cosh cos o),

+ sin26 sin ¢ cos ¢)

+ 1,(cosa cos’d sin“p + cosa CoS’e A = Ho m”>< (ry Hsr) (9]
4w ro—r

+ sinf sin®p) !

+ — i i . . .

'{(~cosasincosésin ¢ If the transmitter and the receiver coils are the same, Eq. [:

+ sina sin 6 sin ¢ + sin 6 cosH cos ), becomes by, using Eq. [2]28),
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(10]

For further calculation a local coordinate system for a voxel

is defined with the unit vectors, v, andw, wherew is the local

direction of the static magnetic fieRl, u is the direction of the

normal componenB,, of the radiofrequency field, and =
w X U is orthogonal to bottB, andB,,.

Following a pulse, the local magnetizatiom of a volume
elementAV precesses around the loeabxis with the Larmor
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FIG. 2. Isosurface of the response 8., = 3 Snal(0, 0, 0).

Snax 1S the spatial responsivityof the NMR device, whileS,
andS, are actual signals generated in a unit volume that can |
phase detected at time The quantityS,.. is the key to
evaluating the sensitive volume of the NMR-MOUSE. Figure

frequencyw, = yBo, which is assumed to be proportional 10, gy an isosurface of the response that separates points \

the local static magnetic field, i.en = yB,AV, wherey is the

nuclear magnetic susceptibility. This last quantity is propofg
tional with y* (2). In the absence of relaxation, the precessir}g

magnetization can be written as

m(t) = xBoAV{[u codwot + ¢)

— vsin(wet + ¢)]sin 6 + w cos0}, [11]

Snax > 0.5'S, from points withS,,., < 0.5 S,, whereS, is the
sponsivity of the NMR-MOUSE at the surface in the cente
the RF coil.

Based on this consideration the signal produced by ar
sequence of rectangular pulses can be computed by start
with an initial density matrix defined by the component in
the rotating frame, calculating its evolution by using Egs. [5
and [10], and then computing the signals by Eq. [14]. Th

where bothe and 6 depend on the pulse sequence (lengtRVerall signalS,, with @ =, y, can be computed by inte

timing, intensity, frequency, and phase of the pulses) and
local fields at the voxel positionBi and b,,). The time
evolving magnetization can be calculated from @ecoeff
cients of Eq. [4], as

m(t) = v Tr{l - p(t)}. (12]

Using Egs. [10], [7], and [11], the electric signal induced in the

coil by an arbitrary voxel is obtained,

e = yAVyB 2bgcog bge U)Sin(wet + ¢)sin(9)
= 2xAVyB3b, [C.(0)sin(wgt + D)

+ C,(0)cod wot + P)], [13]

tg@\ting the signal densitg,(r) (cf. Eq.[14]) over the volume
of the sample. If one wants to evaluate the effects of a receiv
filter described by the functiof{w) it is very convenient to
introduce the filter in our calculations at this step. The resultin
signal at any time is given by

Su(t) = 2xy j B3(r)bin(r)Cya(r, 1) f(yBo(r))dV. [15]

\

The quantitieC, , depend on through the local field8, and
B,,. For a heterogeneous sample the magnetic susceptibility
space dependent, i.g(r), and has to remain inside the kernel
of the integral.

The frequency distribution of a signal can be calculated a

where® is a phase factor related to the transformation from the

local rotating frame to the local laboratory frame and bgs(

u) is the cosine angle between the magnetic flux density per

unit currentbge andu vector.
At this stage new quantities callesignal densitiesare in-
troduced. They are defined as

Snad1) = 2x¥B3bin,
S(r,t) = ZXVB%blncl(t),

Sy(r, t) = 2xvYB3P:,Calt). [14]

S.(w) = J S.(r)8(w — yBo(r))dV, [16]

where 6 is Dirac’s delta function and,(r) is given by Eq.
[14]. For the purpose of simulation Eqgs. [15] and [16] have t
be quantified and a suitable window function has to be used
approximate the Dirac function. In a similar manner one ca
obtain the distribution of the signal versBs,. The frequency
distribution of the spatial responsivitgS,./dw, can be inter
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has been simulated by considering the effects of various 9
and 180° pulses. In inhomogeneous fields the definition of 9
and 180° pulses is not trivial. While the phase and the length:
the pulses are the same for all regions of the sample, their fl
angle and resonance offset are strongly distributed in the sa
ple volume. The 90° pulse cannot be selected as the one tl
maximizes the amplitude of the FID, because essentially FID
not longer than the pulse that excites it. Also, Fig. 3a unde
lines that there is no realistic pulse which can excite the enti
spectrum, but only its own bandwith. Thus, for extended ok
jects, the FID is unobservable in most cases. When trying
maximize the amplitude of an echo one is searching for
maximum in a two-dimensional space, because both the inte
sity (power) and the length of the pulses can be varied, and t
maximum is never reached, except in the litgit= 0 andl —
c, In numerical simulations the problem is easily circum:
vented, as one can “tune” the simulated pulses for one speci
point, in which the pulses are resonant and produce the desil
90° and 180° flip angles. In the following, RF pulses are
sometimes referred as 90° and 180° pulses meaning that the
angle assumes these values for a well-defined voxel.
Experimental echo trains measured by the NMR-MOUSI
are compared to simulated data for the Carr—Purcell XY1
sequencell, 22 applied to a silicon rubber sampl29), (cf.
Figs. 4a (simulation) and 4c (experimental)). Replacing th
180° refocusing pulses by 90° pulses greatly changes tl
pattern of the echo train (cf. Figs. 4b (simulation) and 4

FIG.3. (a) The frequency distripution of the maximum response gignal fgexperimental)). In order to improve the agreement of simu
the NMR MOUSE. The width of this spectrum shows that any applied pUIst_ted and experimental data an exponential transverse rel:

is a selective one. (b) Two-dimensional distribution of the maximum respons
signal, versusw, = yB, and w,/I = vyb,,. The maximum of the 2D
distribution is observed af{0, 0, 0). Therew, = 15.5 MHz, andw,/| = 14.2

kHz/A (marked at the intersection of the dotted lines).

preted as thdrequency responsivity spectruai the NMR-

MOUSE (cf. Fig. 3a).

Even more informative about NMR experiments in inhomo-

3tion was introduced between the pulses, considdring T,.
Relaxation during the pulses was neglected. These particu

geneous fields is the distribution of the spatial responsivity
versusB, andBy,. This is presented in Fig. 3b. The maximum
of this function is at the origim = (0, 0, 0), which is on the
surface of the NMR-MOUSE in the center of the RF coil. This
point is the most sensitive one because it is closest both to the
three-dimensional saddle point Bf and to the three-dimen
sional saddle point oB,,. This also means that the excited
volume is largest when a pulse sequence is tuned for the point
r = (0, 0, 0). Theridge going from that points towardaf,

;) = (0, 0) corresponds to the symmetry axis of the RF caill,
going away from the surface of the NMR-MOUSE.

SPIN ECHOES IN INHOMOGENEOUS FIELDS
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Numerical Simulation Test

FIG. 4. Numeric simulation of echo trains for the Carr—Purcell-like pulse
sequence with the XY16 phase cyc®l(22 (a) and after replacing the 180°

In order to check the accuracy of this approach, an echo tradfhcusing pulses by 90° pulses (b).! echo train recorded experimentally

generated by a Carr—Purcell XY16 pulse sequeieZ2, 29

(29) corresponding to a XY16 (c) and XY16(90°) (d) pulse sequences.
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CPMG duce the fastest relaxation rate of the echo train for a samy
l"H | with T, < T..
"f W‘ ““H ‘ When no relaxation is included in these simulations, th
AR }\ L UNRTNSTRNET, good sequences will generate echoes that look almost identi
after some oscillations3Q) in the first few echoes. The echo’s
maximum amplitude is either the second or the third if refo
‘ cusing pulses are not far from the 180° value, depending on't
90° pulse being half the strength or half the length of the 18C
pulses.
¢ onalicrmated Carr-Purcell Other Carr—Purcell-like pulse sequences produce shor
‘ echo trains, with a nonexponential echo envelope. Such ec
| trains decrease in amplitude even if no transversal and long
,JUUMWH R . tudinal relaxation is included in the simulations. In order tc
understand this behavior, the first echoes generated by st
‘ phasc-aliernated Carr-Purcell pulse sequences were decomposed using numerical simulati
H m by increasing the time interval between the pulses in th
‘j\‘ | MWHHHWJHJ ! sequence in an irregular manner. Thus, instead of a pul
sl L sequence PO—P1-2—P2-2—P3, the system response to a
FIG. 5. Numerical simulation of echo trains for various Carr—Purcell-likesequence POr—P1l-7,—P2-7,—P3-+ was simulated withr, =
pul_s‘e. sequences. All signals are in the magnitude mode and echoes g ms,r, = 2.2r,, andt; = 2.5r,. The RF pulses are denoted
artificially _broadened. (a) CPMG(XX—[T—BY—T]{-,. (b) CPMG-type pulse se by P (n =0, 1,2, 3). The amplitude and phases of the pulse
quence with alternated phases of tBepulses:a,—[t—B,—27—B_,~7].. (C) . .
Carr—Purcell pulse sequence without phase alternatgr{—8,—7],. (d) CorreSpond to the values already discussed in the pulse :
Carr—Purcell sequence with phase alternatiop:[7—8,—27—_—7] . quences above. Numerically simulated sigrsss,, andspag,
are presented in Fig. 6 for several Carr—Purcell-like puls

) ) ) se%uences. It is evident that the second echo generated=for
pulse sequences were chosen for comparison of simulation #NYecomposes into two elementary inhomogeneous echc
experimental results because of the irregular trend of eChWenfl £ 1,

they generate. The differences between the simulations (@‘1
Figs. 4a and 4b) and the experiments presented in Figs. 4c aa
4d can be explained by small pulse misadjustments.

b phase-alternated CPMG

i i
J‘\,,,u‘ A i it N

I,

(known aspathwaysfrom Refs. g6), (30), and

), while the third decomposes into fiedementary echoes,
pposed to four in Re26) and in agreement with Ref3().
Therefore, these simulations directly prove that the echo
generated by the Carr—Purcell-like pulse sequencesated
echoes.

In inhomogeneous fields, some pulse sequences, for in‘These simulations clearly show why some sequences &
stance, the phase-alternated Carr—Puregh[r—B,—27—B_,— good, i.e., generate regular echo patterns, while others prodt
7].), (18) and Carr—Purcell-Meiboom-Gill (CPMG}(—[7— irregular echo trains. It is simply because the various echo
By~ (19), wherea andp are the local flip angles around theinto which a mixed echo decomposes can all be of the san
effective fields, tend to produce more regular echo trains whipnase or not. It is interesting to note at this point that the ect
others generate irregular echo trains, with distorted echoes, ¥ in Fig. 6a is an echo with positive amplitude, in phase wit
instance, the Carr—Purcell-like sequences XY8 and XYI6 neighbors. The widespread perception that in a Carr—Purc
(21, 22 and the phase-alternated CPMG sequence. Pulses afequence the alternation of the phases of the refocusing pul.
type are those intended to be 90° pulses and in the simulati@asicels small errors in the pulse definition instead of addir
they are for the single voxel selected for their tuning, wigile them up fails to explain why in inhomogeneous fields a phas
pulses are tuned to be 180° pulses at the same voxel. HEiernated CPMG (i.e., §6[7—18(-27—180 ,~7],) produces
numerical simulations of the echo trains presented in Figs. &arain of distorted echoes while this is not the case for a
and 5d show that the “good” sequences, CPMG and the phasephase CPMG sequence. The elementary echoes simulate
alternated Carr—Purcell sequences, generate similar echoeBigs. 6a to 6d graphically explain why the phases of th
the magnitude mode. These echoes decay with a decay timfcusing pulses should be the same in a CPMG sequence
T, iN this case roughly 1.5 times shorter than the valu€,of why they should be alternated in a Carr—Purcell sequence.
used in the simulations. A change in the strength or length of The identification of the eight pure echoes into which the
the refocusing pulses will change this value as the pulses fiyst three echoes of a standard Carr—Purcell-like pulse s
away from the nominal 180° value. Actually, this property caguence are decomposed is quite straightforward. All of thel
be used to experimentally select nominal 180° pulses in inhderive from the FID of pulse PO, henceforth denoted “0,” bu
mogeneous fields, defining them as the refocusing pulses inat represented in the picture because it is not experimenta
CPMG or phase-alternated Carr—Purcell sequences that meailable. In order not to obtain an FID smaller than the

Carr—Purcell-like Pulse Sequences
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FIG. 6. Numerical simulation showing the decomposition of the first three echoes for several pulse sequences, obtained by increasing the distance
the RF pulses from that in the original sequences (see text). The Hahn and stimulated echoes for CPMG (a), phase-alternated CPMG (b), stamdalid Ce
(c), phase-alternated Carr—Purcell (d), XY16 with detegtasihnals (el), XY16 with detectedsignals (e2), and XY16 with 90° pulses (f) are presented. All
echoes arg-phase signals if not otherwise indicated. The time axis is the same for all simulations and is indicated in (f).

subsequent echoes, in the numerical simulations one hasléod Carr—Purcell pulse sequence. Even when no relaxation
extrapolate the FID from the end of the pulse backward to itscluded in the simulations, the echoes E1, E3, and E7 conti
middle. All elementary echoes are either Hahn echoes (denotexisly decrease in amplitude. They are also narrower in fr
by H; which means: “the Hahn echo generated by the RF pulgaency spread, as one can infer from their increased width
Pi”) or stimulated echoes (denoted I8y, with j > i, (i, j) the time domain. This effect is reminiscent of a filter acting or
being the two RF pulses involved). Thus all of the echoes can
be identified and traced back to the original FID, as £1
H,(0), E2 = S,,(0), E3= H,(E1) = H,(H,(0)), and so on _ TABLE 1
(see Table 1 and Fig. 6a). These notations are just a steno-"'¢ Nine Real Echoes (E4 to E12) Generated after the Last

. - Pulse of the Three-Pulse Sequence PO—7,—P1-7,—P2-7,—P3
graphic way of keeping track of the echoes and one should
keep in mind that E5= S;5(0), for instance, is not a pure  Nature of echo Echo time after P3  Position on the time axis
product of PO, P1, and P3 pulses but it is also affected by the

P2 pulse. Also E4= H,(0) is also affected by the P1 and P34 = H:(0) TET T T t=2m + 27
pulses, not only by its “refocusing” pulse P2. In the absence &t = S::(0) TEm t=2n 4+

. E6 = S,3(H,(0)) T=-—1+1 t=27+ 13

the P2 pulse, the echo E5 would look like the echo E3 (cf. Fig, _ (H.(HA(0))) L _

) .. 3(H2(H: T=T — T, + 73 t =27 + 27,

6a), while, where the P1 and P3 pulses are eliminated, the eglga- H,(s,,(0)) r=-—m 41 t= 1, + 21,
E4 would look like E1. E9 = S,4(0) T=1+ 1 t =21, + 27, + 74
One should note the decay pattern of the ordinary Halsa0 = Hs(S::(0)) T=T+ T, t=2m + 7, + 27,

echoes, that is of the echoes one expects in weakly inhonfgd = Hs(H.(0) T=mt Tt =214 25

E12 = H,4(0) T=T T+ T t =271, + 21, + 274

geneous, fields for a 90°+,—180°-,—180°-7;—180°~, stanr
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the signal which the pulses are supposed to refocus. These 2
ordinary Hahn echoes are also the largest ones, as long as one
deals with a sequence designed to generate just them. As one
can see in Fig. 6f, this is by no means a general rule, the echoes =201
in an uninterrupted Hahn series can be just a byproduct if the =
refocusing pulses are far from 180°. The echo E5 (cf. Fig. 6a)
is typical for the pitfalls one can encounter when calculating
the signal intensity only for the exact time of the echo peak,
since in such calculations an echo like E5 could be easily
overlooked, having the midtime amplitude close to zero.

experimental
simulated

,E2

s
magn

The “numerical noise” present in the baseline of the simu- 038 0.40 0.42 0.44 0.46 048
lated signal (cf. Fig. 6) is due to the finite number of the voxels ! [ms]
used for static and radiofrequency fields computations. This b experimental
noise is related to the finite accuracy of the numerical simula- — simulated

tions leading to slightly different baseline signals between
neighboring voxels. The simulations show that smaller num-
bers of voxels decrease the signal-to-noise ratio as the number
of voxels increases the noise disappears. One should also take
into account that only voxels where the conditBn= w/vy is
fulfilled contribute to the formation of the echoes, thus the
number of voxels involved in the formation of an echo is
smaller than the total number of voxels.

The Timing and Nature of Elementary Echoes

experimental

The exact timeg at which echoes of the FID generated by

— simulation
a pulse PO occur after the last pulse of a sequencer,PB1— Sl
7~P2—...4—PN—7 can be obtained by using a heuristic 5
generating function ““éo
107 E9

explioTy) X [explioT,) + 1+ exp—iwT,)] . ..

X [expliory) + 1+ exp—iwTy)]

E10 E1l

1 1

X [explioT) + exp(—iwT)]. [17] 0.88 0.90 092 0.94 0.96
t [ms}]

; ; ; N-1

Thls function Can_ be decomposed |rpQ3 terms. An echo FIG. 7. Details of the decomposed echoes of the CPMG-like pulse s¢
will occur every time one of the terms in Eq. [17] equals 1. Auences shown in Fig.6. Simulated and the experimental detected spin ech
more complete formula would contain an amplitude factor fen a silicon rubber sample are shown in magnitude mode. (a) Echoes E2 &
each term in Eq. [17] and could also predict the amplitude B8B. (b) Five echoes contributing to the third CPMG echo. (c) Three echoes tr
each echo. If the pulse sequence is of the Carr—Purcell ty}y8¥d add up to the fourth CPMG echo.

e, =1=...= 7y = 21, andt, = 7, One can substitute
exp(lwTt) by x and get a modified form of the generatin% ) . i )
function 30), he pulse P3 and their position®n the time axis measured

from the first preparation pulse PO. All 9 echoes can readil

No1 be understood with the exception of echo E10 (see below

X+ (x + 1) . (x +1+ ) , [18] The elementary echoes E4-ES8 are the 5 pathways that le

X X to the third mixed echo of a normal, Carr—Purcell-like

sequence, E9-E11 represent 3 of the 13 pathways to a fou

where the value of the-independent term in Eq. [18] is themixed echo of the same sequence, and E12 should contr!

number of pathways or elementary echoes that build\ithe ute to the fifth mixed echo. Figure 7 shows a comparison c

echo. In our particular case, P8—Pl+,—P2-7,—P3<+— calculated and measured elementary echoes for the grot

echo, there are 18 terms that will yield fer9 positive and E2-E3, E4—ES8, and E9—-E11. The simulated echoes are |

9 negative values. The positive values correspond to ttlee magnitude mode of the echoes shown in Fig. 6a, calc
echoes listed in Table 1, with their respective delays aftlted as
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——————

Smaglt) = SX() + S{(1). [19] 0 B R
—real sy(t)y

30

The experimental proton echoes presented in Fig. 7 were
recorded on a silicone rubber sample using the NMR-MOUSE 20
probe (2-16 driven by a Bruker Minispec whose character- =
istics were employed in the calculations Bf andb,,. The “
amplitude of the simulated echo was scaled to the experimental
one by a factor that was the same for Figs. 7a, 7b, and 7c. The
agreement between the simulations and experiments is good, 1ob 1 . .
and the observable differences between the larger simulated 0.16 0.18 0.20 0.22 0.24 0.26
regular successive Hahn echoes E3 and E7 and the smaller ¢ [ms]
experimental ones can be attributed to deficiencies in thgyg. g. Numerically simulated signals between the first refocusing puls
adjustment of the nominal 180° pulses in the experiment. Thigd the second one in the stretched CPMG pulse sequence (full line), 2
suggests that the refocusing 180° pulses be employed Yinual echoes calculated using the following steps: RF pulse PO, free evoluti
tuning the flip angle, i.e., for trying to maximize the ebmentarg}.uring 71, RF pulse Pl,_free evolut_ion QUrirfg, RF pulse P2, fre_e evolution
echoH(Hy (. . . H1(0) . . .)) compared to the other “irreg omputed backward, with a negative time increment (dotted line).
ular” echoes in the decomposition of thith Carr—Purcell or
CPMG mixed echo.

—
<

— 10

the system evolutiobackward,disregarding pulses, to= 0.
This “signal” calculated backward into the past displays all o
the virtual echoes. These virtual echoes can be characterized
The nine negative solutions that should be added to Tablathplitudes, shapes in the time domain, and distributions |
are not real echoes, but they should be nevertheless considespdce and frequency. But similar to virtual images in optic:
because any one can be refocused later into real Hahn or rghich cannot be projected onto a screen, they do not induce
stimulated echoes by the subsequent pulses P4, P5, etc., wkighal in the NMR probe until another RF pulse correspondin
follow the pulse P3. Instead of discussing all nine of themta another lens is employed to refocus them. Figure 8 compatr
shorter sequence, PO—P1-2.2,—P2-, is considered. Using the simulated virtual echoes V1 and V2 to the real signal alor
the generating function of Eq. [17], one obtains three elemethe positive time axis. The difference between real eche=E1
tary echoes at positive timesfter the last pulse. They are E2H,(0) and virtual echo V1= H,(H,(0)) is striking. The
E3, and another echo that coincides with E4 in Fig. 6a buirtual echo V1 is actually what remains of the elementan
looks different as a result of the absence of pulse P3. One atstho E1 after the pulse P2 for the subsequent pulse P3
obtains three negative solutions fgrthat is the entities VO at refocus, because what the subsequent pulse “see” is V1 and
T= —1, — T, corresponding to an echo at positiosr 0, V1 EL. The virtual Hahn echo V1 is the virtual pair of the real ech
attr=1, — 7,fort = 2r,,and V2 atr = —7, fort = 7,. The E3, and the virtual stimulated echo V2 is the virtual pair of the
first corresponds to the FID after the pulse P0O. The secorghl echo E2. Moreover, the echo E11 should be written :
solution constitutes the echo E1 or, better, what remains oHt(V1) = H;(H,(H,(0))) instead ofH;(E1) = H;(H.(0)).
after the pulse P2, because the next pulse P3 refocuses VO antb summarize all of these results, one can say that
V1, not FID(PO) and E1. The third entity, V2, corresponds tmhomogeneous fields: (i) Any pulse that comes at T after
no observable echo. It corresponds tovigual echo,or a a signal (FID or echo) at timeproduces a real Hahn echo at
virtual stimulated echof the FID following the pulse PO. Thistime t + 27 and a virtual echo at timé that constitutes a
virtual echo at = 7,, that is at a negative = —, beforethe portion of the signal which remains from the original signal fol
final pulse P2. It was denoted as ¥2S,,(0) in Table 1. The the subsequent pulses. (i) Any RF pulse inserted at time
echo E10 cannot be understood without V2, as it cannot tracetiefore an echo (that is produced otherwise by some previo
back to the FID(PO) through an uninterrupted chain of replises) at time will generate a real echo at timehat is the
Hahn and stimulated echoes. The echo E10 is the Hahn eelobho modified by the new pulse and a virtual echo at time
through P3 of thiwirtual echo_S,(0). Itiscalled avirtual echo 27. By this rule, the echo E4 should be written as
because it cannot be observed where it should be=at,, but H;(H,(H,(0))), which is quite confusing, but nevertheless
can beseenand refocused by the later pulse P3 into the reabeful because this notation specifies that while the position
echo E10. E4 depends on the position of P2 the amplitude and shape
The fact that virtual echoes cannot be observed does @t depend also on P1 and P3. (iii) Any pair of pulsesdj,
mean they cannot be simulated. In order to simulate the virtyak i, at timest + 7, andt + 7, + 7, positioned after a signal
echoes VO= H,(H,(0)), V1= H,(H,(0)), and V2= S;,(0), at timet will generate, in addition to the Hahn echoes, a ree
one has to simulate the evolution of the spin system afilr stimulated echo at time+ 27, + 7, and a virtual stimulated
the pulse P2 (or the last pulse of a sequence) and then eval@ateo at time + 7,. One should keep in mind that a stimulatec

Virtual Echoes
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position for which the sequence was designed in the simul
tions. The “parasite” echo E2 arises from the inhomogeneitie
of B, andb,,, and it derives from nearby regions, both in the
B,—b,, plane and in the three-dimensional volume occupied b
the sample.

THE SENSITIVE VOLUME OF THE NMR-MOUSE

Due to the inhomogeneity of the fields a limited distributior
of NMR signal inB, andb,, means a limited distribution of the
signal in the sample volume. This fact is also applicable to tr
two echoes E2 and E3 discussed above.

Spatial Distribution of Echoes

In order to show the difference between the space distribi
tion of the two echoes, the signal densy as defined in Eq.
[14], is plotted in Fig. 10 for a vertical slice, across the gap
through the center of the RF coil (the = 0 plane). The
stimulated echo (Fig. 10b) seems to surround the Hahn ec
(Fig. 10a). The scale of the figures also provides informatio
about the resolution of the NMR-MOUSE when applied to the
surface of the sample. The two echoes, when superposed (t
is for , = 27, in the terms of Fig. 5) together, form the seconc

FIG.9. Two-dimensional distributions of amplitude versug= yB, and echo of the CPMG sequence, which is Oﬁ?n the IargeSt_ one
./l = yby, for the stimulated echo E2 (b) and secondary Hahn echo E3 (a). It has been shownl§, 19 that a change in the transmitter
These echoes are components of the second CPMG echo (cf. Fig. 6apoThe frequency of the NMR-MOUSE produces a change in th

w,/l) coordinates corresponding to the points= (0, 0, 0), for which the gansitive volume of the device, more specifically in the dept
sequence was tuned, are indicated by the dashed lines.

of the slice that is producing the NMR signal. Because eac
echo is different, one can very well assume that the sensiti

volume varies with each echo in a train of echoes generated

echo generated by pulsesndj will be shaped and modified o sequence. In Fig. 11 projections of the signal derSjty

by all intermediary pulses+ 1,i + 2,...,j — 1. (iv) Any

pair of pulses with the first pulse at— 7, before a signal
which is otherwise produced by previous pulses at tijrend

the second pulse at time— 1, + 7,, will generate a real
stimulated echo at time+ 7, and a virtual stimulated echo at

t — 27, + 7, in addition to the Hahn echoes. Virtual echoes
are a useful tool in understanding the formation of echoes in
inhomogeneous fields, because they help explain every inho-
mogeneous echo generated by an arbitrary pulse sequence in
terms of successive Hahn and stimulated echoes, either real or
virtual.

Frequency Distributions of Echoes

Each of the echoes discussed above and presented in Figs. 5
to 8 has its own characteristics. The variations in the individual
shapes and amplitudes of echoes in the time domain corre-
spond to different frequency ara, distributions of the sig
nals. In Fig. 9 two-dimensional distributions of the echoes E3
and E2 (see Fig. 6a) are plotted as a functiomgfind w,/I.

wn

Itis easy to see that, as the CPMG sequence with the increasj

FIG. 10. The spatial distribution (sensitive volume) of the amplitude for
%timulated echo E2 (b) and Hahn echo E3 (a) which are components of 1

echo time (cf. Fig. 6a) is designed to generate Hahn echoes, d&&nd mixed CPMG echo. A numerical filter with a bandwidth 300 kHz wa
Hahn echo E3 is the one that appears, as a sharp peak, atappied.
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a Both ends of the darker strip seen in projections in Fig. 11 al
signals from voxels near the NMR-MOUSE.

The thickness of the selected slices can best be evalua
from the frequency spectrum of the echoes. Figure 12 shov
the frequency spectrum of the two echoes discussed abo
ol B before frequency filtering. The ninth mixed echo is slightly
‘ wider in frequency and more intense. The amplitude of thi
L echo is given by the integral area of the frequency distributiol
The larger spectral amplitude of the ninth mixed echo actual
10k & corresponds to a larger width of the selected slice.

10

x [mm)]

The Shape of the Selected Volume

b In order to visualize the sensitive volume of the NMR-
MOUSE for a pulse experiment the signal density for the
second, and largest, echo of a CPMG sequence was calculs
for a nominal depth of 5 mm inside the sample volume. Figur
13 shows a vertical slice which contains thexis through the
sample volume az = 0 along the gap of the permanent
magnets (a) and a slice at = 0, across the gap (b). A
simulated projection of the sensitive volume onto the surface
the NMR-MOUSE given by signal density integrated algng
= axis is shown in Fig. 13c. The sensitive volume looks like a
x s L . elliptical patch which extends along the saddle-shape reson:
‘05 0 3 10 surface of Fig. 1a. The slice is thicker in the middle and thinne
Z [mm] toward the edges. When the intensity of the RF pulses
FIG. 11. Horizontal projection of the signal density for the first (a) and théncreased and their length accordingly shortened the bandwic
ninth (b) echo of a CPMG sequence tuned for a poirt (0, 3 mm, 0). The of the echoes increases and the excited slice becomes thic
gr_ay shading !s proportional to the vaIut_echfS(x, y, 2)dy. A numerical filter and somewhat Iarger. Figures 13d, 13e, and 13f show the t
with a bandwidth of 300 kHz was applied. . . . L . .
vertical slices and a horizontal projection of the signal densit
for the same sequence but with the power of the RF puls

increased. One can see that the sensitive volume becon

onto thez—x plane are depmtgd. This plane forms th'e Surfa(fﬁicker without a significant increase in the lateral extension
of NMR-MOUSE. The projections are shown for the first Hah e signal

echo (cf. Fig. 11a) and the ninth mixed echo (cf. Fig. 11b) of ! Co . .
’ . The discontinuities in the representation of the sensitiv
a CPMG echo train. The pulse sequence was tuned to a poin S .
volume in Fig. 13 are artifacts that appear because of tt
3 mm away from the surface of the NMR-MOUSE on the .. . o .
. . ' : relatively small number of voxels involved in simulating the
symmetry axis of the RF coil. A frequency filter with a rect-
angular bandwidth of 300 kHz was applied in the numerical
simulations.

The first echo is a primary Hahn echo, while the ninth echo
is composed of a multitude of elementary echoes. One can see
that the change in the sensitive volume is not dramatic because
the stimulated echoes and other “irregular” echoes tend to
collect signals from space excluded from the “regular” echoes
H.(...H,(H0)) ...), that dwindles both in the frequency
domain and in the spatial domain with increasingrhere is a
certain increase in the overall intensity (corresponding to a
slightly thicker slice) and a small lateral growth of the selected
slice. This is due to the fact that relaxation was not included in 1 s 16
these numerical simulations and thus the first echo is the o, [MHz]
smallest of the train. Geometrically, Figs. 11a and 11b, which

. . FIG. 12. Frequency distribution of the amplitude of the first echo, a Hahr
represent the sensitive volumes, are slices that Closely fo”@%o, and the ninth echo, a mixed echo of a CPMG sequence tuned for 1

the saddle-shape surface Bf(r) in Fig. 1b. They cross the pointr = (0, 3 mm, 0). The ninth echo is broader in the frequency domai
saddle point and extend a little upward with increasirandy.  (thicker selected slice) and higher in spectral intensity (larger slice width).

|
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FIG. 13. The sensitive volume for the second, mixed echo of a CPMG pulse sequence, at a nominal depth of 5 mm inside the sample. (a) Signa
in a vertical slice along the gap at= 0. (b) Vertical slice across the gap,at 0. (c) Projection of the signal density onto the surface of the NMR-MOUSE

aty = 0. (d), (e), and (f) are the same as (a), (b), and (c) but with RF pulse intensity increased threefold and the pulse length accordinglyS;iaeteted.
Snal0, 0, 0).

echo. Less than 1% of the total number of voxels contribute tdtated depth distributions for sequences tuned at (0, 1.6
the NMR signal in Figs. 13a to 13c and less than 2% to tmem, 0) and = (0, 2.8 mm, 0) against the experimental result:

enhanced signal in Figs. 13d to 13f. obtained with two different transmitter frequencies for ar
o NMR-MOUSE. Both for the simulated and for the experimen:
The Depth Selectivity of the NMR-MOUSE tal data the signal employed was a Hahn echo generated by

An experimental determination of the sensitive volume for $¢duence 98-—18(. There is good agreement between-sim
particular frequency of the transmitter and a particular pulskated and measured data.
sequence is quite difficult, because it requires moving a minute

sample from voxel to voxel. Hence a poor signal-to-noise ratio .
and long recording times are needed. Nevertheless, an exper- :Ej Eﬁjéﬁ; 22
imental confirmation can be obtained from integrated NMR 2001 A oxp.at 14MHz
signals having the depth as a variable. N — ¥ exp.at 13.75MHz
The depth of the selected slice can be changed by changing & \
the transmitter frequency. The depth distribution of the signal "‘;00 | \
has been computed according to \v\ v
3S, :‘7 S ‘\\\—\‘;‘;E\&,\,z:” 4
ay ~ | ) St 120] N I
xTz depth [mm]

. . . . . FIG. 14. Depth dependence of the signal intensiyfor simulated Hahn
where Sy(r) is the signal density at the time of a I:)artlcu'aéchoes with pulse sequences tuned to nominal depth of 1.6 and 2.8 mm and

echo. By tuning the RF pulses for different depthene can experimental measurements at 14 and 13.75 MHz on silicon rubber slices
obtain different depth distributions. Figure 14 shows the sim-mm thickness.
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