
Mapping the B1 Field Distribution with Nonideal Gradients
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To understand the behavior of many NMR experiments, it is sample volume can be neglected in homogeneous samp
ly

-

re
ni-
ds
s a
se
t in
y
er
th

oi
b

th

ep
co
t
cu
ils

al
er

u id
c

neity
o t,
w ulse
o en-
v f the
w e
s a
f h as
i

ce in
F
k
t cans.
T

w

i
(
s ss
j mal-
i f the
s ent
s e
t
d
( arate
t the
f

ma
mportant to determine the spatial distribution of the B1 field. In
his paper, we show how this distribution can be mapped inde-
endently of spin density, coil responsiveness, and nonlinearities
f the B0 field gradients. As a by-product we obtain a map of the
possibly nonlinear) spatial variation of the B0 field gradients used
n the imaging procedure. © 1999 Academic Press

Key Words: B1 field mapping; nonlinear B0 gradients; coil re-
ponsiveness; calibration of nutation angles; edge effects.

INTRODUCTION

In many cases, it is tacitly assumed in NMR thatB1 fields
re homogeneous over the full volume of the sample. On

ew recent methods deliberately use inhomogeneousB1 fields
or the selection of coherence pathways (1), for spoiling trans
erse magnetization (2), for imaging (3–7), and for diffusion
easurements (8, 9). These techniques have been recently

iewed by Canet (10). However, more often than not, nonu
orm B1 fields are regarded as a nuisance that merely lea
onideal behavior. Very often, some sweeping assumption
ade about theB1 field distribution, but uneducated gues
ay lead to problems, in particular for experiments tha

olve two inhomogeneous rf fieldsB1I and B1S generated b
wo different transmitter coils. Indeed, the efficiency of exp
ments such as cross-polarization critically depends on
patial correlation between these fields (11). In principle, the
1 field distribution can be calculated theoretically if the c
eometry is known, or it can be mapped experimentally
oving a small sample across the volume of interest. In
aper we present a more direct approach, whereB1 field maps
re obtained by imaging techniques. The methods are ind
ent of the spatial distribution of the spin density, of the
esponsiveness, and of nonlinearities of theB0 gradients tha
re used to obtain the image. This latter aspect is of parti

mportance in high-resolution probes with triple gradient co
he spatial dependence of theB0 fields created by nonide
radients can also be obtained. Susceptibility changes ov
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sed here. The use of strongB0 gradients can help to avo
omplications in inhomogeneous samples (12).

THEORY

The simplest way to obtain an estimate of the inhomoge
f the B1 field is to perform a so-callednutation experimen
here a free induction decay (FID) is acquired after an rf p
f variable duration. However, the decay constant of the
elope of the nutation signals only provides an estimate o
idth DB1 of the distribution of the rf field but not of th
patial dependenceB1( x, y, z) of this field. To obtain such
unction, it is necessary to turn to imaging experiments suc
s shown in Fig. 1.

The three-dimensional echo recorded from the sequen
ig. 1 is best described ink-space notation (12) with k 5 (kx,
y, kz) 5 g[Gx(nx)t,Gy(ny)t,Gzt], wherenx andny indicate
hat the gradient strengths are stepped in consecutive s
he signal is described by

F~k ! 5 E f~r ! R~r ,t,tm!exp~2ik ? r !dr , [1]

here

f~r ! 5 A~u ~r !!r~r !j~r ! [2]

s the signal arising from a volume element at coordinatesr 5
x, y, z), determined by the nutation angle throughA(u (r )) 5
in(u(r )), the spin densityr(r ), and the coil responsivene
(r ). The latter is defined as a dimensionless quantity nor
zed over the sample volume accounting for the modulus o
ignal induced in the coil by a unit magnetic dipole mom
ituated at coordinatesr . If the same coil is used for th
ransmitter and receiver, the coil responsivenessj(r ) should be
irectly proportional to theB1(r ) distribution by reciprocity
13), but we shall describe the most general case with sep
ransmitter and receiver coils. Relaxation described by
unction R(r , t, tm) will be considered to be negligible (vide
il:
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109MAPPING THE B1 FIELD DISTRIBUTION WITH NONIDEAL GRADIENTS
nfra). The relation between the nutation angle and theB1 field
s simply u(r ) 5 gB1(r )d, whered is the pulse duration.

For the time being, we shall assume that the gradientsGx,y,z

f the static fieldB0 are linear in all three orthogonal dire
ions. To emphasize this assumption we will refer tox, y, and
, as theapparentspatial coordinates, as will become cl
elow. A three-dimensional Fourier transform of Eq. [1] w
espect tok yields the functionf(r ) of Eq. [2]. Note that in th
imple experiment of Fig. 1, the spatial dependence on
utation angleA 5 sin(u(r )) cannot be separated from the c
esponsiveness factorj(r ), nor from the spin densityr(r ).

Figure 2 shows a distributionf(r ) for a homogeneous samp
r(r ) 5 1) consisting of doped water in a regular 5-mm o
iameter tube, determined with the sequence of Fig. 1
lotted as a function of the apparent variablesx and z. A
imilar picture can be obtained when plottingf(r ) as a function
f the apparent variablesy and z. In Fig. 2, the intensit
ppears to rise toward the edges of the observed sampl
me. It is unlikely that this can be attributed either to theB1

eld distribution or the responsiveness functionj(r ). Indeed
uch images were observed before in connection with gra
onlinearity (14). Diffusion edge enhancement (15, 16) is not
n issue here, since (a) the extension of the sample inz
irection is limited only by the fading out of theB1 field and
f j( z), and (b) edge effects in thex andy dimensions woul
rise only very close to the tube wall at a scale that cann

FIG. 1. Basic pulse sequence for the acquisition of a 3D image.
ransverse gradients, which must be incremented in steps, are represe
ectangles with sloping ramps.
r

e

r
d

ol-

nt

be

he active volume is negligible with the sample dimensions
he experimental parameters used. Convection cur
17, 18) can be safely ignored since the experiment was
ucted at room temperature without heating.
Figure 3 shows a variant of an experiment due to Akoket

l. (19), which allows the mapping of theB1 distribution
ndependently of the spin densityr(r ), independently ofj(r )
nd, as we will show, independently of nonlinearities of theB0

radients. The pulse sequence contains two acquisition pe
hich allow one to record both the spin echo (SE) and
timulated echo (STE). The expressions for the dependen
he nutation angle can be conveniently derived by using
ucible spherical tensor operators (20), considering a nutatio
nder an rf pulse of angleu along they axis (rf phasef 5 0):

I 63 I 6cos2
u

2
7 221/ 2I 0sin u 1 I 7sin2

u

2

I 03 221/ 2I 1sin u 1 I 0cosu 2 221/ 2I 2sin u. [3]

he coherence pathways arep 5 (11, 21) for the spin ech
nd p 5 (11, 0, 21) for the stimulated echo. The tim
omain spin echo (SE) signalFSE(k) yields upon Fourie

ransformfSE(r ) 5 ASE(u(r ))r(r )j(r ) with

ASE~u ~r !! 5 221/ 2sin3 u ~r !. [4]

FIG. 2. Image obtained using the sequence of Fig. 1 with a doped
ample (90% H2O and 10% D2O) on a Bruker Avance 300 MHz spectrome
quipped with Acustar triple axes gradient amplifiers and a multinuclear 5
XI probe with three self-shielded gradient coils. The image is shown

unction of the apparentx and z coordinates. A similar picture is obtain
hen shown as a function ofy andz. Thex dimension extends over 4.2 m

inner diameter of a 5 mmsample tube) and thez-dimension over about 15 m
active volume determined by the receiver coil response.). The nutation
f the initial rf pulse was 45°, the relaxation delay between subse
xperiments was 20 s,t 5 2 ms,Gz 5 0.035T/m. The transverse gradien

x andGy were stepped in regular increments from20.025 to10.025 T/m.
he acquisition time for one scan was 8.6 ms; 643 64 3 1024 data point
ere recorded in 23 h.

e
d by
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110 JERSCHOW AND BODENHAUSEN
ikewise, the time-domain stimulated echo (STE) sig
STE(k) yields fSTE(r ) 5 ASTE(u(r ))r(r )j(r ) with

ASTE~u ~r !! 5 221/ 2sin3 u ~r !cosu ~r !. [5]

o facilitate the comparison, the variablet represents the dela
rom the start of signal acquisition for both SE and STE.

To suppress three possibly interfering echoes arising a
imest 5 tm 1 mt (m 5 21, 0, 1) after the third pulse (21)
hich stem from the pathwaysp 5 (1, m, 21), we applied
trong spoiling gradients (Gz3, Gx3, andGy3 in Fig. 3) after the
cquisition of the spin echo to dephase transverse magn

ion (p Þ 0) at the end of thetm interval. Gradients alon
ifferent axes help to avoid accidental refocusing. Additio
radients,Gz2, were used to remove unwanted free induc
ecays excited by the second and third pulses.
The spatial dependence of the nutation angle can be obt

rom the ratio

u ~r ! 5 acosS fSTE~r !

fSE~r ! D . [6]

he function of Eq. [6] is independent of both spin densityr(r )
nd coil responsivenessj(r ). In addition, phase errors from

FIG. 3. Sequence forB1 inhomogeneity mapping with acquisition of
pin-echo (SE) and a stimulated echo (STE) in intervals of equal duratiotm

14.1 ms in ourexperiments). Typical gradient amplitudes used wereGz1 5
.035 T/m (t 5 2 ms),Gz2 5 0.21 T/m(during 1.5 ms). The latter cause
ephasing of the free induction decays generated by the second an
ulses, which are strong compared to the wanted signal for extreme va

he phase encoding gradients. TheGz3, Gx3, Gy3 gradients (typically 0.1 T/m
uring 4 ms) allow one to dephase unwanted stimulated echoes. The rem
arameters were the same as in Fig. 2. For the one-dimensional experim
hase encoding transverse gradients were used and therefore theGz2 gradients
ere not needed (this also limits errors due to diffusion in the quantit
nalysis).
l

he

za-

l
n

ed

erse relaxation are canceled. Thus theu distribution of Eq. [6]
an be obtained without need for any phase correction.
It may be further safely assumed thattm ! T1, sincetm is

n the order of milliseconds, so that longitudinal relaxa
oes not affect the result.

RESULTS AND DISCUSSION

Figure 4 shows (a) the spin-echo part, (b) the stimul
cho part, and (c) theB1 field map (u map) obtained by th
rocedure outlined above as a function of the (apparent)z and
coordinates. An equivalent picture can be obtained

unction of thez andy coordinates.
From theB1 distribution and the magnitude of the spin-e

ignal we can calculate the distribution of the productr(r )j(r )
sing

r~r !j~r !}
ufSE~r !u

sin3 u ~r !
. [7]

incer(r ) is uniform for a homogeneous sample, Eq. [7] yie
(r ) directly (apart from a constant factor).

Figures 5a and 5b show one-dimensional images as a
ion of the apparentz coordinate derived from the spin ec
nd stimulated echo signals acquired with a one-dimens
ersion of the experiment of Fig. 3 (in this case the gradi

x1, Gy1, andGz2 were not used, as explained in the capti
ll images are represented in absolute value. Figure 5c s

he u distribution calculated using Eq. [6], and Fig. 5d sho
he j distribution calculated using Eq. [7]. It seems surpris
hat thej distribution is not proportional to theu distribution
Figs. 5c and 5d), as would be expected from the recipr
elation (13) if the same coil were used for transmitting a
eceiving. Again, the coil response appears to rise towar
dges, which is a symptom of nonlinearities of theB0 gradients
14). TheB1 field is fairly uniform along thex andy directions
ut severe inhomogeneities are found in thez direction as ca
e seen in Fig. 4c. We shall therefore restrict the treatme
onlinearB0 gradients to one-dimensional images along tz
irection.
The signal acquired in the presence of a gradient ap

long thez dimension is described by

F~k! 5 E f~ z!exp~2ikz!dz, [8]

herek 5 gGt, f( z) 5 A(u ( z))r( z)j( z), and where relax
tion is ignored.F(k) and f( z) form a Fourier pair if the
radients are linear. If the gradients are nonlinear the sp

unction k̃( z̃) 5 gG( z̃)t depends on the true spatial coordin
. The signal is then described by

ird
of

ing
, no

e
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111MAPPING THE B1 FIELD DISTRIBUTION WITH NONIDEAL GRADIENTS
F~k! 5 E f̃~ z̃!exp@2ik̃~ z̃! z̃#dz̃, [9]

here f̃( z̃) is the true image as a function of the true (un
orted) spatial coordinatez̃. The relationship between the a
arent spatial coordinatez and the true coordinatez̃ is defined
y a mapping functionu( z̃):

z 5 u~ z̃! 5
k̃~ z̃! z̃

k
. [10]

singdz 5 u9( z̃)dz̃ andz̃ 5 u21( z), Eq. [9] can be rewritte
n the form

F~k! 5 E f̃~u21~ z!!

u9~u21~ z!!
exp~2ikz!dz. [11]

y comparing this with Eq. [8] we find that

f~ z! 5
f̃~u21~ z!!

u9~u21~ z!!
, [12]

hich is the information we are looking for. These equat
ay be seen as generalizations of the Fourier shift the

22). The above treatment is only valid ifu9( z̃) exists and i

FIG. 4. Two-dimensional images derived from the (a) spin echo and
hown as a function of the apparentx andz coordinates, corresponding to
. (c) Spatial distribution of the nutation angleu (which is proportional to t

n absolute value. A threshold value was used in the calculation of Eq.
-

s
m

21( z) is uniquely defined, i.e.,k̃( z̃) should be a smooth an
trictly monotonic function. These conditions are usually
n practical situations.

As may be appreciated from the above discussion, Fig
nd 5d represent the distorted functionsj( z) andu ( z) of the
pparent spatial coordinatez. With recourse to the reciproci
elation we assume that the true functionsj̃( z̃) and ũ( z̃) are
roportional to each other, from which we deduce through

12] and the fact that the awkward termu9(u21( z)) drops ou
hen derivingu from Eq. [6] that

u ~ z!

j~ z!
}u9~ z̃! [13]

nd we obtain

z̃ 5 u21~ z! 5 E
a

z dz̃

dz
dz

5 E
a

z 1

u9~u21~ z!!
dz} E

a

z j~ z!

u ~ z!
dz, [14]

hich allows us to calculate the functionz̃ 5 u21( z) of Fig.
e. (For convenience the same symbolz was used for th

ntegration variable and its upper bound, anda denotes

stimulated echo signals acquired with the three-dimensional experime
ction (thickness 0.2 mm) through the middle of the sample, i.e., centery 5
field) obtained from (a) and (b) by using Eq. [6]. The images are pres

in order to avoid singularities.
(b)
a se
heB1

[6]
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112 JERSCHOW AND BODENHAUSEN
eference point to obtain the correct constant offset after
ration.) This function relates the apparent spatial coordina

he true coordinate. Using this function we can obtain
orrect nutation angle distribution, which in this case amo
o “stretching” the regions near the edge of the sample
f). This function may also be obtained without taking reco

o the reciprocity relation by iterative fitting of the experim
al data assuming a uniformB1 field in the central region. Th

FIG. 5. One-dimensional images derived from (a) spin echo and (b)
ig. 3 (Gz1 5 0.07 T/m, but Gz2 and the associated delays were remove

mages are presented in absolute value. The variablez̃ represents the true (ve
or the nonlinearity of theGz gradient. (c) Apparentu distribution (in radian
rom (a) and (c) using Eq. [7]. The undistorted variablez̃ 5 u21( z) represente
c) to give the undistortedu distribution (radians) represented in (f). The h
atches the active volume defined by the rf coil. The apparent coordina
gradient was fairly linear over a region of 5.5 mm in the center of th

alculation of Eq. [6] in order to avoid singularities.
e-
to
e
ts
g.
e

an be useful if aB1 profile must be obtained with differe
oils for rf transmission and signal acquisition.
Figure 5f shows that in the probe under investigation,

argestB1 inhomogeneities occur near the edges of the a
olume in thez direction. Obviously, this region accounts
ost of the rf pulse imperfections. It is possible to reduce

roublesome edge region by using susceptibility-matched p
o restrict the sample to the region where theB1 fields are

ulated echo signals acquired with a one-dimensional version of the ex
Five hundred twelve points were acquired during 4.3 ms, andtm 5 8.3 ms. All

al) coordinate, whilez is the apparent coordinate observed if one does not co
alculated from (a) and (b) using Eq. [6]. (d) Apparentj distribution calculate

(e) is obtained from (c) and (d) by using Eq. [14], which is then used to
ogeneous region of theB1 field extends over about 1.6 cm, which approxima
as calibrated by confining the sample volume and measuring the heige

ctive volume, as was verified thereafter in (e). A threshold value was u
stim
d).
rtic
s) c
d in
om
te w

e a
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113MAPPING THE B1 FIELD DISTRIBUTION WITH NONIDEAL GRADIENTS
niform. Many effects of pulse imperfections should then
liminated. It may be possible to reduce excessively long p
ycles, one of the main effects of which may well be
limination of artifacts stemming from the edge regions.
onfinement of the sample volume may also reduce conve
urrents (17, 18).
Figure 6 illustrates the effects expected for various no

arities of the gradients, assuming quadratic, cubic, and q
ependencies on the spatial coordinates.
Figure 7 demonstrates transverse magnetization profiles

lated for pulses with nominal nutation anglesmp. When the
f pulses are long, the magnetization near the edges ex
nces oscillations as a function of the spatial coordinates,

he magnetization in the central region remains fairly unifo
t should be mentioned that the usual experimental criterio
he calibration ofmp pulses is the nulling of the sign
ntegral. In actual fact, substantial transverse magnetiz
ith alternating signs remains in different parts of the sam
his is why a residual signal is often seen after the applica
f mp pulses. ResidualB0 inhomogeneity may draw th
egions with positive and negative signals apart so that the
ot cancel. It is obvious that if the edge regions are remove
estricting the sample volume the criterion of signal nul
ould be more meaningful and pulse calibration would
ore accurate.
Magnetization profiles such as in Fig. 7 cannot easily

FIG. 6. Effects of nonlinearity of theB0 gradients on the appearance o
hese simulations, the deviations from linearity of the field produced by
eatures at the edges of the profiles are due to truncation errors (no wi
e
se

e
on

-
tic

m-

ri-
ile
.
r

n
e.
n

do
by

e

e

easured experimentally. Imaging methods normally do
rovide the sign of the magnetization. The method of Fi
nd Eq. [6] was found to be unstable for nutation anglu

arger than 90°. Besides, singularities arise near zero-cros
Detailed information about the active volume as define

he responsivenessj(r ) of the receiver coil and theB1 distri-
ution may be useful for the study of diffusion, flow, a
onvection, especially in the edge region. Flow in and ou
he active volume may be particularly important at elev
emperatures (17, 18). The strength of theB1 gradient that w
ave determined in the edge region is approximately 0.3
hich is of the same order of magnitude as theB0 gradients

0.6 T/m) that are available in modern high-resolution pro
robes of an older design may have even largerB1 gradients
hus it may be possible to measure diffusion coefficients u
1 gradients in standard high-resolution probes.

CONCLUSIONS

We have shown howB1 field maps can be obtained ind
endently of spin density, coil responsiveness, and gra
onlinearities. In the high-resolution probe used in this in

igation, the rf field gradients in thex and y directions were
ound to be negligible compared to those in thez direction, and
he largest inhomogeneities are found (not surprisingly) a
dges of the active volume. This study indicates that the u

e-dimensional images, assuming uniform excitation and uniform spin d
gradients were assumed to be proportional to (a,b)z̃2, (c,d) z̃3, (e,f) z̃4. The sharp
w functions were used).
f on
the
ndo
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114 JERSCHOW AND BODENHAUSEN
usceptibility-matched plugs to restrict the sample vol
hould greatly improve the performance of many experim
s a by-product we have obtained a map of the (nonlineaB0

elds produced by the gradients. The quantitative informa
hus obtained is useful in detailed studies of the effects oB1

nhomogeneities in NMR pulse sequences.
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FIG. 7. Distributions of the transverse magnetizationMx simulated us
istribution ofMx is calculated after rf pulses with different nominal nuta

s defined by the demand that the integral ofMx over the entire sample mus
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