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To understand the behavior of many NMR experiments, it is sample volume can be neglected in homogeneous samples
important to determine the spatial distribution of the B, field. In  ysed here. The use of strofy gradients can help to avoid

this paper, we show how this distribution can be mapped inde- complications in inhomogeneous sampl&g)(
pendently of spin density, coil responsiveness, and nonlinearities

of the B, field gradients. As a by-product we obtain a map of the
(possibly nonlinear) spatial variation of the B, field gradients used
in the imaging procedure. © 1999 Academic Press

Key Words: B, field mapping; nonlinear B, gradients; coil re-
sponsiveness; calibration of nutation angles; edge effects.

THEORY

The simplest way to obtain an estimate of the inhomogeneit
of the B, field is to perform a so-calledutation experiment,
where a free induction decay (FID) is acquired after an rf puls
of variable duration. However, the decay constant of the er

INTRODUCTION velope of the nutation signals only provides an estimate of th
width AB; of the distribution of the rf field but not of the

In many cases, it is tacitly assumed in NMR tiigatfields spatial dependends, (X, y, z) of this field. To obtain such a
are homogeneous over the full volume of the sample. Onlyfianction, it is necessary to turn to imaging experiments such ¢
few recent methods deliberately use inhomogendbufields is shown in Fig. 1.
for the selection of coherence pathwagy for spoiling trans-  The three-dimensional echo recorded from the sequence
verse magnetizatior2), for imaging @-7), and for diffusion Fig. 1 is best described k-space notationl) with k = (k,,
measurementsB( 9). These techniques have been recently réy, k,) = v[G.(n,)7,G,(n,)7,G,t], wheren, andn, indicate
viewed by Canet]0). However, more often than not, nonunithat the gradient strengths are stepped in consecutive sca
form B, fields are regarded as a nuisance that merely leadsTive signal is described by
nonideal behavior. Very often, some sweeping assumptions are
made about th®, field distribution, but uneducated guesses
may lead to problems, in particular for experiments that in- F(k) = J f(r)R(r,t,7exp(—ik - r)dr, [1]
volve two inhomogeneous rf field8,, and B,s generated by
two different transmitter coils. Indeed, the efficiency of exper-
iments such as cross-polarization critically depends on thdere
spatial correlation between these field9)( In principle, the
B, field distribution can be calculated theoretically if the coil f(r) = A(6(r))p(r)&(r) [2]
geometry is known, or it can be mapped experimentally by
moving a small sample across the volume of interest. In tisthe signal arising from a volume element at coordinates
paper we present a more direct approach, wherbeld maps (y v 7), determined by the nutation angle throuty® (1)) =
are obtained by imaging techniques. The methods are indepgig(r)), the spin densityp(r), and the coil responsiveness
dent of the spatial distribution of the spin density, of the Co(y). The latter is defined as a dimensionless quantity norma
responsiveness, and of nonlinearities of Biegradients that jzed over the sample volume accounting for the modulus of th
are used to obtain the image. This latter aspect is of particulggnal induced in the coil by a unit magnetic dipole momen
importance in high-resolution probes with triple gradient coilgjt ated at coordinates. If the same coil is used for the
The spatial dependence of 8 fields created by nonideal ransmitter and receiver, the coil responsivengsgshould be
gradients can also be obtained. Susceptibility changes over §}ectly proportional to theB,(r) distribution by reciprocity

(13), but we shall describe the most general case with separe

'To whom correspondence should be addressed. E-maff@nsmitter and receiver coils. Relaxation described by th

Geoffrey.Bodenhausen@ens.fr. function R(r, t, 7,,) will be considered to be negligiblevifle
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resolved in our experiments. Likewise, diffusion in and out o
the active volume is negligible with the sample dimensions an
the experimental parameters used. Convection curren

RF n I\ (17, 18 can be safely ignored since the experiment was cor
<A A A ducted at room temperature without heating.
v\ VY Figure 3 shows a variant of an experiment due to Akeka

al. (19, which allows the mapping of th®&, distribution
independently of the spin densipfr), independently of(r)

and, as we will show, independently of nonlinearities of e
G t gradients. The pulse sequence contains two acquisition perioc
z » which allow one to record both the spin echo (SE) and th
stimulated echo (STE). The expressions for the dependence

T the nutation angle can be conveniently derived by using irre
< > ducible spherical tensor operato), considering a nutation
under an rf pulse of anglé along they axis (rf phasep = 0):

0 0
Gx Ii—>lico§51 2’1’2losin0+lisin2§
lo—>2"Y2 sin® + I,cos0 — 2 Y2 _sin 6. [3]
G .
y The coherence pathways gre= (+1, —1) for the spin echo
andp = (+1, 0, —1) for the stimulated echo. The time-

domain spin echo (SE) signdts(k) yields upon Fourier

FIG. 1. Basic pulse sequence for the acquisition of a 3D image. T _ -
transverse gradients, which must be incremented in steps, are representé}g%r))SformeE(r) ASE(O(r))p(r)g(r) with

rectangles with sloping ramps.

. A(0(r)) =2 Y%sin® 6 (r). [4]
infra). The relation between the nutation angle andBhéield
is simply 6(r) = yB,(r)8, whered is the pulse duration.

For the time being, we shall assume that the gradi€nis
of the static fieldB, are linear in all three orthogonal direc-
tions. To emphasize this assumption we will refexty, and
z, as theapparentspatial coordinates, as will become clear
below. A three-dimensional Fourier transform of Eq. [1] with
respect tk yields the functiorf(r) of Eq. [2]. Note that in the
simple experiment of Fig. 1, the spatial dependence on the
nutation angleéA = sin(A(r)) cannot be separated from the coil
responsiveness factd(r), nor from the spin density(r).

Figure 2 shows a distributidifr) for a homogeneous sample
(p(r) = 1) consisting of doped water in a regular 5-mm outer
diameter tube, determined with the sequence of Fig. 1 and
plotted as a function of the apparent variablesand z. A
similar picture can be obtained when plottif{g) as a function  FIG. 2. Image obtained using the sequence of Fig. 1 with a doped wate
of the apparent variableg and z. In Fig. 2, the intensity sample (90% kO and 10% BO) on a Bruker Avance 300 MHz spectrometer
appears to rise toward the edges of the observed sample \(;sp_ipped with Acustar triple axes gradient amplifiers and a multinuclear 5-mr

. . . . . TXI probe with three self-shielded gradient coils. The image is shown as
ume. It is un“kely that this can be attributed either to Bie function of the apparernt and z coordinates. A similar picture is obtained

field distribution or the responsiveness functign). Indeed, when shown as a function gfandz. Thex dimension extends over 4.2 mm
such images were observed before in connection with gradighter diameter ba 5 mmsample tube) and thedimension over about 15 mm
nonlinearity 0_4) Diffusion edge enhancemerilE(, 1@ is not (active volume determined by the receiver coil response.). The nutation ang
an issue here, since (a) the extension of the sample iz th%f the initial rf pulse was 45°, the relaxation delay between subsequer

. . Lo . . experiments was 20 3,= 2 ms,G, = 0.035T/m. The transverse gradients
direction is limited only by the fading out of th, field and G, andG, were stepped in regular increments frend.025 to+0.025 T/m.

Oflf( 2), and (b) edge effects in theandy dimensions would the acquisition time for one scan was 8.6 ms; 664 x 1024 data points
arise only very close to the tube wall at a scale that cannot bere recorded in 23 h.
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offsets, inaccuracies of the gradient areas, and effects of trar
verse relaxation are canceled. Thus @tdistribution of Eq. [6]
can be obtained without need for any phase correction.

It may be further safely assumed thgt < T,, sincer,, is
on the order of milliseconds, so that longitudinal relaxatior
does not affect the result.

RESULTS AND DISCUSSION
G G G
z 21 z1 z1
<> < T N Figure 4 shows (a) the spin-echo part, (b) the stimulate
m ' echo part, and (c) th8, field map ¢ map) obtained by the
G, G, procedure outlined above as a function of the (appamat)d
G x coordinates. An equivalent picture can be obtained as
X function of thez andy coordinates.
G Gy3 ] From theB, distribution and the magnitude of the spin-echo
y1 signal we can calculate the distribution of the proda(€)&(r)
G .
y using
FIG. 3. Sequence foB, inhomogeneity mapping with acquisition of a |fSE(r)|
spin-echo (SE) and a stimulated echo (STE) in intervals of equal duratjon ( p(l’)f(r)oc WO(") . [7]

= 14.1 ms in ouexperiments). Typical gradient amplitudes used weye=
0.035 T/m ¢ = 2 ms),G,, = 0.21 T/m(during 1.5 ms). The latter causes a

dephasing of the free induction decays generated by the second and ‘@iﬂcep(r) is uniform for a homogeneous sample, Eq. [7] yields
pulses, which are strong compared to the wanted signal for extreme value: ! '

f. .

the phase encoding gradients. TBg, G,s, Gy, gradients (typically 0.1 T/m %&)_dlreCtly (apart from a ConStar.]t faCtF’r)- )
during 4 ms) allow one to dephase unwanted stimulated echoes. The remainingrigures 5a and 5b show one-dimensional images as a fur
parameters were the same as in Fig. 2. For the one-dimensional experimentjion of the apparent coordinate derived from the spin echo
phase encoding transverse gradients were used and theref@e tradients and stimulated echo signals acquired with a one-dimension
\;vr?;i/;g)t needed (this also limits errors due to diffusion in the q“a”t'ta“‘(f'ersion of the experiment of Fig. 3 (in this case the gradient
' G, Gy1, andG,, were not used, as explained in the caption)
All images are represented in absolute value. Figure 5¢ shoy

Likewise, the time-domain stimulated echo (STE) signdhe 6 distribution calculated using Eq. [6], and Fig. 5d shows

Fsre(K) yields fse(r) = Ase(0(r))p(r)&(r) with the ¢ distribution calculated using Eq. [7]. It seems surprising
that the¢ distribution is not proportional to the distribution
Asr0(r)) = 27 Y%sin® 0 (r)coso(r). [5] (Figs. 5¢c and 5d), as would be expected from the reciprocit

relation (L3) if the same coil were used for transmitting and

To facilitate the comparison, the variatileepresents the delay "€C€iving. Again, the coil response appears to rise toward tt
from the start of signal acquisition for both SE and STE. ~ €dges, which is a symptom of nonlinearities of Byegradients

To suppress three possibly interfering echoes arising at {#é)- TheB: field is fairly uniform along thex andy directions,
timest = t, + mr (m = —1, 0, 1) after the third pulseq) Put severe inhomogeneities are found in #direction as can

which stem from the pathways = (1, m, —1), we applied be seen in Fig. 4c. We shall therefore restrict the treatment

strong spoiling gradientsy;, G, andG,s in Fig. 3) after the npnliqearBo gradients to one-dimensional images alongzhe
acquisition of the spin echo to dephase transverse magnet@4gction. S _ .
tion (p # 0) at the end of ther, interval. Gradients along The signal acquired in the presence of a gradient applie
different axes help to avoid accidental refocusing. Addition&1oNd thez dimension is described by
gradientsG,,, were used to remove unwanted free induction
decays excited by the second and third pulses.

The spatial dependence of the nutation angle can be obtained F(k) = J f(z)exp(—ikz)dz, [8]
from the ratio

0(r) = acos{fSTE(r)> wherek = yGt, f(2) = A(6(2))p(2)&(2), and where relax-
fse(r) ) ation is ignored.F(k) and f(z) form a Fourier pair if the
gradients are linear. If the gradients are nonlinear the spati
The function of Eq. [6] is independent of both spin denpity)  functionk(%) = yG(2)t depends on the true spatial coordinate
and coil responsivenes#$r). In addition, phase errors from rfZ. The signal is then described by

(6]
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FIG. 4. Two-dimensional images derived from the (a) spin echo and (b) stimulated echo signals acquired with the three-dimensional experiment of
shown as a function of the apparenéandz coordinates, corresponding to a section (thickness 0.2 mm) through the middle of the sample, i.e., centered &
0. (c) Spatial distribution of the nutation anglgwhich is proportional to thd, field) obtained from (a) and (b) by using Eq. [6]. The images are presente
in absolute value. A threshold value was used in the calculation of Eq. [6] in order to avoid singularities.

u*(2) is uniquely defined, i.ek(%) should be a smooth and
F(k) = f f(2exd —ik(2) z]dz, [9] strictly monotonic function. These conditions are usually me
in practical situations.

B As may be appreciated from the above discussion, Figs. &
wheref(Z) is the true image as a function of the true (undisand 5d represent the distorted functigjfg) and 6 (z) of the
torted) spatial coordinaté. The relationship between the ap-apparent spatial coordinare With recourse to the reciprocity
parent spatial coordinateand the true coordinateis defined relation we assume that the true functigf{) and 6(2) are
by a mapping functionu(2): proportional to each other, from which we deduce through Ec

[12] and the fact that the awkward tenm(u*(z)) drops out

2= u(z) = k(i)z- (10} when derivingd from Eq. [6] that
0(2) .
Usingdz = u’(2)dzandz = u *(2), Eq. [9] can be rewritten &(2) “u'(2) [13]
in the form
and we obtain
F(k) :J Mexp(—ikz)dz [11]
u'(u=(2) '

R
Z=Uu (2 = 52 97
By comparing this with Eq. [8] we find that @

’f(uil(Z)) = fzmdzx fzg((z))dz, [14]
f(2) = vuN2) [12] A .

which is the information we are looking for. These equationshich allows us to calculate the functi@= u~*(z) of Fig.
may be seen as generalizations of the Fourier shift theor&a (For convenience the same symbolas used for the
(22). The above treatment is only valid if (Z) exists and if integration variable and its upper bound, aaddenotes a
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FIG. 5. One-dimensional images derived from (a) spin echo and (b) stimulated echo signals acquired with a one-dimensional version of the experi
Fig. 3 (G, = 0.07 T/m, butG,, and the associated delays were removed). Five hundred twelve points were acquired during 4.31pss é@ ms. All
images are presented in absolute value. The variatdpresents the true (vertical) coordinate, while the apparent coordinate observed if one does not correc
for the nonlinearity of thes, gradient. (c) Apparent distribution (in radians) calculated from (a) and (b) using Eq. [6]. (d) Appafehstribution calculated
from (a) and (c) using Eq. [7]. The undistorted variable u~'(z) represented in (e) is obtained from (c) and (d) by using Eq. [14], which is then used to rem
(c) to give the undistorted distribution (radians) represented in (f). The homogeneous region @&:tffield extends over about 1.6 cm, which approximately
matches the active volume defined by the rf coil. The apparent coordinate was calibrated by confining the sample volume and measuring the height in
z gradient was fairly linear over a region of 5.5 mm in the center of the active volume, as was verified thereafter in (e). A threshold value was usec
calculation of Eq. [6] in order to avoid singularities.

reference point to obtain the correct constant offset after intean be useful if &, profile must be obtained with different

gration.) This function relates the apparent spatial coordinatedoils for rf transmission and signal acquisition.

the true coordinate. Using this function we can obtain the Figure 5f shows that in the probe under investigation, the
correct nutation angle distribution, which in this case amouri&rgestB, inhomogeneities occur near the edges of the activ
to “stretching” the regions near the edge of the sample (Figolume in thez direction. Obviously, this region accounts for
5f). This function may also be obtained without taking recoursaost of the rf pulse imperfections. It is possible to reduce th
to the reciprocity relation by iterative fitting of the experimentroublesome edge region by using susceptibility-matched plug
tal data assuming a uniforB), field in the central region. This to restrict the sample to the region where te fields are
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FIG. 6. Effects of nonlinearity of thé, gradients on the appearance of one-dimensional images, assuming uniform excitation and uniform spin dens
these simulations, the deviations from linearity of the field produced by the gradients were assumed to be proportionaf t¢d@)®’, (e,f) z*. The sharp
features at the edges of the profiles are due to truncation errors (no window functions were used).

uniform. Many effects of pulse imperfections should then bmeasured experimentally. Imaging methods normally do nc
eliminated. It may be possible to reduce excessively long phasevide the sign of the magnetization. The method of Fig. :
cycles, one of the main effects of which may well be thend Eq. [6] was found to be unstable for nutation andles
elimination of artifacts stemming from the edge regions. THarger than 90°. Besides, singularities arise near zero-crossin
confinement of the sample volume may also reduce convectiorDetailed information about the active volume as defined b
currents 17, 18. the responsivenesqr) of the receiver coil and th8, distri-
Figure 6 illustrates the effects expected for various nonlitbution may be useful for the study of diffusion, flow, and
earities of the gradients, assuming quadratic, cubic, and quadimvection, especially in the edge region. Flow in and out ©
dependencies on the spatial coordinates. the active volume may be particularly important at elevate
Figure 7 demonstrates transverse magnetization profiles stemperaturesl(/, 18. The strength of th®&, gradient that we
ulated for pulses with nominal nutation anghesr. When the have determined in the edge region is approximately 0.3 T/n
rf pulses are long, the magnetization near the edges expe&rhich is of the same order of magnitude as Bwegradients
ences oscillations as a function of the spatial coordinates, whi®6 T/m) that are available in modern high-resolution probe:s
the magnetization in the central region remains fairly unifornifrobes of an older design may have even laBjegradients.
It should be mentioned that the usual experimental criterion fdhus it may be possible to measure diffusion coefficients usin
the calibration ofmm pulses is the nulling of the signalB, gradients in standard high-resolution probes.
integral. In actual fact, substantial transverse magnetization
with alternating signs remains in different parts of the sample. CONCLUSIONS
This is why a residual signal is often seen after the application
of mm pulses. ResiduaB, inhomogeneity may draw the We have shown hovB, field maps can be obtained inde-
regions with positive and negative signals apart so that they pendently of spin density, coil responsiveness, and gradie
not cancel. It is obvious that if the edge regions are removed bgnlinearities. In the high-resolution probe used in this inves
restricting the sample volume the criterion of signal nullingigation, the rf field gradients in the andy directions were
would be more meaningful and pulse calibration would beund to be negligible compared to those in gdirection, and
more accurate. the largest inhomogeneities are found (not surprisingly) at th
Magnetization profiles such as in Fig. 7 cannot easily kelges of the active volume. This study indicates that the use



114 JERSCHOW AND BODENHAUSEN

7 pulse profile

o

Z [mm] 10

2n pulse profile

1l 1 1 1 1
C 1 T T T T T
10n pulse profile
0.5 i
O ________ L |- o
-0.5 u -
10 -5 0 5 10

Z [mm]

FIG. 7. Distributions of the transverse magnetizatidh simulated using the experimentally determined distribution ofBhdield (see Fig. 5f.) The
distribution of M, is calculated after rf pulses with different nominal nutation anglesz(dp) 2, and (c) 16r. A pulse with a “nominal” nutation anglemr
is defined by the demand that the integraMbf over the entire sample must vanish. This is the usual criterion for calibrating rf pulses experimentally. In ac
fact, even if the net magnetization vanishes, there is a significant fraction of the magnetization which experiences shorter nutation antiey, neatithe
edges of the active volume.
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