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Summary

Pulsed field gradients used together with trim pulses may cause artifacts in NMR spectra that originate
from partial refocusing of dephased magnetization. These effects can reduce the efficiency of solvent
suppression. The duration of the trim and PFG pulses should be in the range in which refocusing is
negligible. Background gradients due to bad shimming also interfere with the B, field gradient pulses,
producing gradient-recalled echoes that reduce the receiver gain for NMR experiments. The shim
settings can be optimized using simple experiments, as described in this paper. Eddy currents that cannot
be completely compensated by adjustments of preemphasis induce phase shifts in NMR signals. The
decay constants for a given spectrometer setup can easily be measured. If the experiment does not allow
for proper compensation delays, the phase of the pulses must be adjusted to compensate for these phase

shifts.

Introduction

Pulsed field gradients (PFGs) have been widely used in
high-resolution NMR spectroscopy to improve the quality
of spectra (Sattler et al., 1995; Stonehouse et al., 1995; for
reviews see Hull, 1994; Keeler et al., 1994). However,
PFGs can also cause spectral artifacts that originate from
their interaction with trim pulses, shim settings, and met-
allic parts of the spectrometer. In this paper we will dis-
cuss the hardware-dependent origins of these artifacts and
indicate remedies for their elimination.

Theory

Interference of B, gradients and B, inhomogeneity

Trim pulses (TPs) and PFGs are frequently combined
for removal of unwanted coherences (Bax and Pochapsky,
1992; Keeler et al., 1994). As TPs and PFGs cause de-
phasing with respect to the two orthogonal axes (e.g. the
Xx- and z-axes, respectively), the resulting defocusing is
naively expected to be more efficient; defocusing of the
magnetization is no longer restricted to a plane but can
cover a globe. We will show that a coherence which is

*To whom correspondence should be addressed.

0925-2738/$ 6.00 + 1.00 © 1996 ESCOM Science Publishers B.V.

defocused by an inhomogeneous field in one direction, for
example TP,, can be partially refocused by another in-
homogeneous magnetic field in an orthogonal direction,
for example a B, gradient pulse. A necessary requirement
for such partial refocusing is that the derivatives of both
field inhomogeneities are not orthogonal.

The following coherence transfer is possible for an
inhomogeneous trim field pulse B,(7), applied for a time
t, (Ernst et al., 1987):
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Using the relations
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where o (T) gives the spatial dependent field strength of
the rf pulse applied for a time t,, and neglecting the con-
tribution proportional to I,, Eq. 1 results in:
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If B, is dependent on z, the resulting coherence has the
same spatial dependence as B,, expressed by the ‘phase
terms’ in Eq. 3. After an inhomogeneous magnetic field
with an orthogonal axis of rotation, e.g. a PFG B,(r), has
been applied for a time t,, the magnetization p,(r) evolves
according to:
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Integration over the sample volume gives rise to the ob-
servable magnetization, with an amplitude dependent on
the duration, strength, and spatial distribution of the B,
and B, inhomogeneities. As an example, a simple linear
model for both inhomogeneous fields of the form

B,(f)=(0B,/0z) - z=G" - z
(5)
By(t) = (0B,/9z) - z= G™C - z

is considered, with G*"° representing the PFG strength
(possible imperfections of the homogeneous magnetic field
are neglected). After integration along the z-axis of the
sample tube (ranging from -1/2 to +1/2), Eq. 4 results in:

Cee ot GPFeé
- Z(I +1 ) if iz—G—“—
(6)
Lot GPFo
Z(I -1 ) if —p—————CF—

g

In practice, the inhomogeneities, especially TP, can only
be approximated by such a simple model, but since B,
inhomogeneities are dominated by the transition bands
along the z-axes, the model is a good approximation.
Nevertheless, refocusing of coherences is imperfect, but
the resulting magnetization can be measured easily for a
large solvent signal.

Interference of background gradients and B, gradients
Partial refocusing of coherences can be accomplished
by the interference of the strong defocusing PFGs and
weak inhomogeneity of the static external B field (Red-
field and Gupta, 1971; Karlicek and Lowe, 1980). This
effect is normally minimized by proper setting of the
shim parameters. Problems arising from this interference
that lead to a reduced suppression factor of unwanted co-
herences were described previously (Moonen et al., 1992).

In pulse sequences with gradient pulses, distortions in
the shapes of FIDs lead to artifacts close to the solvent
line. These distortions are usually explained as the inter-
ference between the field distribution of the gradient coil
and the inhomogeneity of the main field. The static mag-
netic field in a plane at the coordinate z (with respect to
the center of the sample tube) can be written as:
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Transversal components are neglected for the sake of
clarity. G{** are coefficients of a power series with re-
spect to z. These parameters can be adjusted (normally up’
to the fourth or fifth order) with shim devices. A perfectly
shimmed probe shows only the B, component of Eq. 7. A
slight missetting of the shim values causes a z-dependent
phase shift of the magnetization during delays inserted in
the experiment. This line broadening effect is exactly the
same as that found during the PFG, but hopefully much
weaker. In the experiment consisting of 90° and PFG
pulses, directly followed by a detection period, the mag-
netization (written as a complex vector) at time t (counted
from the beginning of the PFG) results from the integral
of Eq. 7 over all planes within the sample:

12
IVI(t) :Mo Je—i2nsz(z.t)t dz

-172 (8)

172

ima .
,izn«{nw o (G3ie +GPFO (). 2
P 1 ]
=M, Je j dz

-1/2

where G{FO(t) represents the coefficients of the power
development of the PFG. B, is the homogeneous field of
the spectrometer. This term gives rise to the precession
frequency ® of the signal. The term GPF arises from a
linear gradient pulse (Eq. 5) and the term G{**° from
background gradients due to imperfect shimming of the
z-component (Eq. 7). In practice, refocusing due to higher
orders of z is seen in the spectra. After application of a
perfectly linear defocusing gradient pulse with strength
G{" and duration t,, and neglecting the static contribu-
tions ‘under’ the gradient, magnetization of the form
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can be measured. A general analytical solution of Eq. 9
is difficult. However, interference of PFG and linear
missetting of the shim can be solved analytically:

GTFG . tg — _Gs‘tatic -t (10)



A gradient-recalled echo arising from refocusing of the
dephased magnetization by the background gradients is
refocused after a time period

fano = = G170 1/ G (n

leading to the distorted shape of the FID. In practice the
assumption G793 G holds; therefore the echo of Eq.
11 cannot be detected, as the signal has completely de-
cayed by T, relaxation. In a more general form, the dif-
ferent spatial offset z, of the PFG coil with respect to the
shim coils must be included in Eq. 9. Therefore, the pro-
per form of the integral of Eq. 9 is:
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This offset is an important factor, since it determines
the location of the gradient-recalled echoes in the fre-
quency domain. Since the integral of Eq. 9 ranges from
-1/2 to +1/2, the imaginary part (y-magnetization) will
vanish. Fourier transformation of such a FID will result
in a doublet, symmetrically located around the central
solvent frequency. This condition is no longer fulfilled in
Eq. 12, where both magnetization components are time
dependent. This precession results in an additional offset
of the center of the doublet, as can be seen in Fig. 3. A
numerical simulation for a gradient of amplitude G}"¢
and duration t, and the offset dependence of imperfection
of the shim of an arbitrary order is possible by digitizing
a tube into N thin planes (compared to the pitch of the
dephased magnetization). The signals from all planes can
be numerically integrated, resulting in an artificial FID
that yields the spectrum after Fourier transformation.

Eddy currents in gradient coils

Eddy currents can be reduced by the use of actively
shielded probeheads, proper setting of the preemphasis
and shaping of the PFGs (Majors et al., 1990; Keeler et
al., 1994). In addition, the induced B, shifts can be cor-
rected by applying an appropriate waveform to the shim
coils. These can be calculated from a spherical-harmonic
expansion of the magnetic fields produced following a
gradient pulse (Eccles et al., 1993), or by modulation of
the transmitter and receiver reference frequencies (Crozier
et al., 1992,1994).

After a PFG, usually a certain delay is incorporated in
a pulse sequence before the next rf pulse is applied. This
delay (of approximately 100 us) is necessary because of a
delayed ending of the PFG. Even if the PFG is switched
off in the pulse program, the current to the gradient coil
always persists longer, for several tens of microseconds.
This is due to hardware limitations of the amplifiers cur-
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rently in use (there is also an influence of the gradient
coil itself). During this time no rf pulse can be efficiently
applied. When the current from the amplifier to the gra-
dient coil has decayed completely, residual eddy currents
are still present. The residual eddy currents measured in
our actively shielded probehead showed long decay con-
stants compared to the values of a typical compensation
delay, which is on the order of hundreds of microseconds.
Compared to the PFG itself, the magnetic field caused by
eddy currents is small. Experimentally it can be shown
that the eddy current field results in a time-dependent
phase shift (whereas only minor dephasing related to field
inhomogeneity was noticed). To compensate for this
effect, the phase of a subsequent f pulse has to be ad-
justed. A possible explanation for these effects is a weak
gradient field caused by the eddy currents located asym-
metrically, with an offset z, with respect to the center of
the receiver coil (Keeler et al., 1994). If this offset were
not present, only minor dephasing of the signals would be
seen. This effect can be removed if the gradient unit has
a z, compensation; otherwise care must be taken in posi-
tioning the PFG within a pulse sequence.

The current I,(t) in the gradient coil induces an eddy
current I,(t) in the metallic parts of the probehead and
the magnet. Both currents decay because of the intrinsic
resistance R. The transfer from I,(t) to I,(t) must be
known in order to estimate the distortions. Assuming a
single resistance R, the behavior of the system can be
described by a single time constant 7, The z-dependent
field produced by the eddy current immediately after the
gradient can be calculated according to:

fan) .
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A simple procedure to measure the constant T, is given
in the Experimental section. The shape function k.44 /(2)
cannot be easily measured. The integration of Eq. 13
must be performed over the duration of the gradient
pulse (t,). During a subsequent delay (I, =0), the follow-
ing equation holds:

B ye,(1,2) = Bygy(0+,2) - €™ (14)

If the main effect of the induced field B, (t) were
dephasing of the signal, the size of a FID excited by a 90°
pulse directly after the PFG would be reduced substan-
tially. This is, however, not seen in practice. Nevertheless,
the line shape of the Fourier-transformed FID is destroyed
completely. The effect can be explained by assuming that
the induced gradient causes a time-dependent shift of the
offset frequency of the signals.

The on-resonance signal under the time-dependent field
B, (1) of Eq. 14 can be calculated according to:
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The real and imaginary parts of this equation indicate
the x- and y-magnetizations, respectively. Using the simple
model k.4,,(z) = c¥(z-z,), where the zero position of the
gradient field with respect to the receiver coil is given by
Z,, an analytical solution is possible using Eq. 13:

S,(1) ~ + 2 sin[-A(t) 1] cos[A(t)2 z,]/ A(t)
S,(t) ~ — 2 sin[-A(t) 1] sinfA(t)2 z,]/ A(t) (16)
A(t) = 11.¢ Bogg (0H)(1 - e )1,

where relaxation effects are neglected. The integration
ranges over the detected volume. Equation 16 shows that
S, decays, whereas S, builds up to a certain value. The
measurement of S, can be used to estimate the decay
constant of the eddy current.

The ratio of the two components at time t > T, can be
calculated from Eq. 16:

0(t) = arccot(S,(t1)/S,(1))

Ot = 00) = 297247, € Byy (0+,2=0) (17
= ¢ (zy,shape) - G[T/cm]

This shows that the resulting phase shift is linearly
dependent on the strength of the PFG since B,44,(0+,2=0)
is proportional to this value and also dependent on the
PFG shape and on z,. By measuring ¢ as a function of
the PFG strength, the £(z,,shape) can be estimated.

Experimental

All experiments were performed with a triple resonance
5 mm gradient probehead on a Bruker AMX 600 spec-
trometer, equipped with a BGU II gradient unit.

Interference of B, gradients and B, inhomogeneity

The pseudo-3D experiment of Fig. 1 was performed to
measure the magnetization that was defocused by a trim
pulse along the x-axis and refocused by a PFG. Both trim
and PFG pulses were incremented. The trim pulse ‘p’ of
variable length t, (first dimension) was applied on the
steady state magnetization I,, followed by a PFG (‘G’)
with variable duration t, (second dimension). The gradi-
ent was sine shaped (64 points) with a maximal amplitude
of 10 G/cm. The data set consisted of 64 t, increments
(maximum t, 1100 ps) and 70 t, increments (maximum t,
3000 ps). The delay A was set to 3 ms. A total of 2K data
points were acquired. The carrier was set on the strong
solvent signal. Four scans without phase cycling were
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Fig. 1. Pulse sequence for measuring the interferences between the
trim pulse (p) and PFG (G) pulses.

summed. The relaxation delay between the scans was
chosen to be 1.3 s. The receiver gain was set to 512 units.
To ensure a constant duration of the sequence, a delay of
8=8"-1t,—t, (with =5 ms) was employed before open-
ing the receiver. The magnetization was measured during
acquisition (third dimension). After Fourier transform-
ation along t;, the plane of the water signal could be
displayed in a 2D plot with axes t, and t,. The result is
shown in Fig. 2.

Interference of background gradients and B, gradients
Figure 3A shows the data set collected with the pulse
sequence of Fig. 1, with fixed values for t, (=90° pulse)
and t, (1 ms, 10 G/cm, sine shaped). By changing the
value of the z* shim on the Bruker BSV10 shim unit in 32
equidistant steps, a pseudo-2D spectrum was acquired,
collecting 2K data points in a single scan. The receiver
gain was set to 4K. The influence of the sign of the PFGs
on the gradient-recalled echo in a standard GE-HMQC
experiment (Fig. 4C) (Hurd and John, 1991; Davis et al.,
1992; Ross et al., 1993) was also determined. An N-type
echo was collected with one scan and the strength of the

Fig. 2. Plane at the water frequency of the pseudo-3D experiment of
Fig. I, performed on a water sample doped with Cr*. The contour
plot (absolute value) shows partial refocusing of water magnetization.
Seec the text for details. The horizontal bar gives the position of the
inserted 1D spectrum.
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Fig. 3. (A) Data set collected with the pulse sequence of Fig. 1, with
fixed values for t, (90° pulse) and t, (1 ms, 10 G/cm, sine shaped). By
changing the value of the z* shim on the Bruker BSV10 shim unit in
32 equidistant steps, a pseudo-2D spectrum was acquired collecting
2K data points in a single scan. Optimized values for the shim setting
according to maximum lock signal and our optimization procedure,
respectively, are indicated. (B) Numerical simulation of a signal de-
phased by a gradient linear in z, which was rephased by a z*
inhomogeneity of the shim. See the text for details.

PFGs G:G,:G,=+5:45:41 and —5:-5:—1, respectively. The
distortions introduced by the gradient-recalled echoes can
be visualized by inspecting the solvent signal in a 2D
HMQC spectrum (Fig. 5).

Eddy currents in gradient coils

The pulse sequence to determine the decay constant of
the eddy currents following a rectangular gradient pulse
(g, 5 ms, 10 G/cm) is shown in Fig. 6A. The 1° flip angle
was chosen to neglect the decay of eddy currents ‘under’
the rf pulse. t, was incremented to monitor the decay of
the eddy currents. Parameter A, was set to 100 us. A
delay of 100 ms ensures that all residual eddy current
effects decayed before acquisition. Figure 6B shows the
pulse sequence to determine the value given in Eq. 14.
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Parameter A was set to 100 us. The pulse sequence for
demonstrating the effect of the phase shift induced by
eddy currents is shown in Fig. 6C. A two-scan reference
experiment without the PFGs was performed and phased.
The PFGs had a duration of 1 ms each and were sine
shaped, with an amplitude of approximately 10 G/cm.
The delays were set to 11 ms, including the gradients and
compensation. All experiments were performed on a
chloroform sample (10% CHCI,;, 1% TMS, acetone-d;).

Results and Discussion

Interference of B, gradients and B, inhomogeneity

If both the trim and PFG pulses worked in a cooper-
ative manner, only a small signal should be visible in the
spectra acquired with the experiment of Fig. 1. This sig-
nal is expected to decay rapidly with increasing durations
of both pulses. We observed, however, a strong refocused
solvent signal (Fig. 2). The presence of the diagonal in
Fig. 2 can be explained by the linear model given in Eq.
6, thus reflecting a similar spatial dependence for the two
inhomogeneities. It should be noted that the durations of
the PFG and trim pulses are within the range often used
in NMR experiments. For shorter gradients, the deviation
from the diagonal can be explained by imperfect defocus-
ing of the solvent signal. When no PFG is applied, sol-
vent suppression due to the trim pulse alone is weak. The
combination of both suppression techniques can lead,
however, to even less effective suppression than that due
to the PFG alone. Less effective suppression can occur in
the case of the heteronuclear experiment that involves the
INEPT transfer step with a trim pulse, followed by a zz-
filter with the PFG to defocus spins not coupled to the
heteronucleus (Bax and Pochapsky, 1992). This is also
true for the gradient experiments with an isotropic mixing
sequence flanked by trim pulses (Yamazaki et al., 1994).

Interferences between PFGs and the more sophisticated
spin-locking sequences such as GARP (Shaka et al., 1985)
or MLEV-17 (Bax and Davis, 1985) are minor, since
these decoupling sequences are compensated for B, in-
homogeneities. We carried out an experiment in which a
simple trim pulse was replaced by the MLEV-17 sequence
(data not shown). Refocusing effects were visible only for
gradients shorter than 500 ps and with strengths below 10
G/cm. Longer PFGs lead to perfect removal of residual
signals. No ‘diagonal’ as discussed above was visible.
However, for shorter gradients also, nonlinear orders of
refocusing appeared. It should also be mentioned that ef-
fects described for the B, and B, rotations occur for any
arbitrary combination of orthogonal rotations having a
parallel component of their spatial dependencies. This
problem can be reduced by using a three-axis B, gradient
system or a single magic angle gradient (Bowtell and
Peters, 1995), since the interference of the TP with this
gradient is expected to be much smaller.
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Interference of background gradients and B, gradients
Partial refocusing of defocused coherences of the sol-
vent signal by the inhomogeneity of the static magnetic
field may cause artifacts in NMR spectra. Since per defi-
nition, refocusing of any dephased magnetization can take
place in an inhomogeneous B, field, this effect can be
exploited to further improve the quality of the shim.
Figure 3A shows that the defocused solvent magnetiza-
tion was partially refocused by the background gradients
represented by z* shim settings. For perfect defocusing, no
residual solvent signal should be visible. However, for
each row two signals appeared in Fig. 3A. The shift of
the center of the two lines with respect to the frequency
of the solvent is proportional to the value of the z* shim
component. Shape and location are dependent on the
setting of all shim parameters and the sign of the PFG.
Assuming the presence of an offset between the coils, the
qualitative agreement with our numerical simulations can
be seen in Fig. 3B. If the relative sign of the PFG and the
background gradients (where the latter are set to zero for
the optimal shim value) are different, two sharp lines can
be detected (Fig. 3B). If the PFG and background gradi-
ents have the same sign, the structure of the lines covers

A signalintensity
fa.u]

a broad frequency range showing reduced intensity (Fig.
3B). We found that a partial refocusing of magnetization
was also achieved by any other shim setting that had a
z contribution, like for example xz or yz (data not shown).
Because of the imperfect orthogonality of the shim coils,
a slight influence of x and y would also be possible, but
this was not observed in our measurements.

The experiments described above can be used for opti-
mizing the values of some shim currents (e.g. z*, z°). The
simulation showed that an optimized value is obtained if
the location of the echo is ‘under’ the solvent line (having
minimal amplitude), which is also expected from theory.
We could not observe any negative (or positive) influence
of these settings on the line shapes compared to a non-
gradient reference experiment performed on a protein
sample. The major advantage of the optimized shim set-
ting lies in the fact that the receiver gain can be opti-
mized, since the maximal signal amplitude is no longer
determined by the gradient-recalled echo. The shim values
differ from settings found by optimizing the lock signal
level (standard shim routine). This is indicated in Fig. 3.
Higher orders of the PFG and the shim lead to additional
signals and the asymmetric behavior with respect to the

10.0 8.0 6.0 [ppm]

v |

N n

100 200 300 400  points
C H L 2t
*N t/2
PFG N
G,

G, G,

Fig. 4. First t, increment of a standard 'H-"N GE-HMQC experiment, showing the FID and the corresponding 1D spectrum. The experiment
was performed on a 1 mM 252 amino acid "*N-labeled protein sample dissolved in water at 300 K. An N-type echo was collected in one scan.
The setting for the gradients was +5,+5,+1 in (A) and —5,-5,—1 in (B), with all other parameters kept equal. The shim was optimized on the lock
level. The gradient-recalled echo is visible in (B). The receiver gain was set to 4K. The spectrum in (B) is scaled by a factor of two compared to
that in (A). In (C) the corresponding pulse sequence is given. The delay 2t was set slightly shorter than 1/2J .
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Fig. 5. Residual water resonance extracted from the GE-HMQC spectrum. In (A) two artifacts with ‘diagonal behaviour’ are visible. The slope
is indicated. The artifacts were caused by missetting the z* shim value. (B) shows the same spectra with optimized shim values, as described in the

text. The distortions shown are clearly above the noise level.

optimized setting visible in Fig. 3. Recently, Van Zijl et
al. (1994) introduced a method for optimizing the shim
values automatically by mapping the inhomogeneity with
imaging methods. These authors also noticed a discrep-
ancy between ‘shimming on the lock signal’ and an opti-
mized setting of the shim values.

The size of the echo in a pulse sequence that contains
rephasing and dephasing PFGs is dependent on the rela-
tive setting of the gradient pulses. Figure 4 shows the first
t, increment of a standard "N-"H GE-HMQC spectrum
(the pulse sequence is given in Fig. 4C) (Hurd and John,
1991; Davis et al., 1992; Ross et al., 1993). In Fig. 4A,
the result for the N-type experiment with the gradient
setting G,:G,:G,=+5:+5:+1 is shown; in Fig. 4B the setting
was (,:G,:G,= -5:-5:—1 for the same N-type selection. In
the first case, the shim imperfections lead to partial re-
focusing of unwanted coherences visible in the sharp,
large gradient-recalled echo directly next to the water line,
whereas in the experiment depicted in Fig. 4B further
defocusing was employed, resulting in a broad echo to the
left of the solvent signal. Additional orders of shim in-

homogeneities caused a number of gradient-recalled
echoes. The location and structure of these echoes were
influenced by the setting of all shim parameters.

For pulse sequences with more than one PFG, the
interference of any of these pulses with the shim setting
must be considered. In the HMQC-type experiment, con-
tributions of the solvent (having their origin in the first
90° pulse) are passed through all PFGs of the sequence
and evolve during the t, evolution with the offset frequen-
cy of the solvent signal from the proton carrier in the F1
dimension. An imperfect 180° pulse in the middle of the
sequence creates magnetization influenced by the last two
PFGs only. This magnetization experiences only one half
of the t, evolution, thus showing only half of the frequen-
cy of the carrier offset. This behavior is similar to the
origin of spectral artifacts as described by Ruiz-Cabello
et al. (1992). The position in F2 is given by the positions
of the echoes. Both echoes are visible in Fig. 5A, which
shows a 'H-"N GE-HMQC spectrum in which only the
water line is visible. The echo was caused by purposely
missetting the z' shim. As shown in Fig. 5B, this distor-
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Fig. 6. (A) Pulse sequence to determine the decay constant of the eddy
currents following a rectangular gradient pulse (G, 5 ms). The 1° flip
angle is chosen to neglect the decay of eddy currents ‘under’ the rf
pulse. (B) Pulse sequence to determine the value given in Eq. 14. Pa-
rameter A was set to 100 ps. (C) Pulse sequence demonstrating the
effect of the phase shift induced by eddy currents.

tion can be reduced by setting the shim according to the
method given above. More complex patterns of artifacts
are expected for pulse sequences using more PFG pulses
or more evolution periods.

It is clear that the artifacts related to refocusing effects
can be removed by additional phase cycling of the high-
frequency pulses in the pulse sequence. In practice, imper-
fect setting of shim values is often the limiting factor for
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increasing the receiver gain in gradient-enhanced experi-
ments. The possible digitization is then determined by the
size of the refocused solvent signal. In cases where the
shim imperfections cannot be totally removed, it is pos-
sible to select the sign of the PFGs such that the solvent
signal is further defocused rather than refocused. For the
GE-HMQC, this can be achieved if the first and the
second PFG are inverted for P- and N-type selection
rather than inverting the third pulse (which is responsible
for solvent suppression) (Ross et al., 1993). Another
possibility is the use of different PFG axes to eliminate
gradient-recalled echoes, which was described by Van Zijl
et al. (1993) for in vivo HMQC spectroscopy and by
Moonen and Van Zijl (1990) for improved water sup-
pression in proton in vivo spectroscopy.

Eddy currents in gradient coils

Eddy currents in PFG experiments cause mainly time-
dependent phase shifts of signals. The PFGs must be
placed in the pulse sequence at places where this phase
shift does not produce line distortion or reduction of
amplitude in the spectra. Three experiments were per-
formed to determine 1, and the dependence of phase
errors on the PFG strength.

The first experiment was used to determine the decay
constant T, of the eddy currents in a probehead (Fig. 6A).
The magnetization developed according to Eq. 16. As the
carrier was positioned on-resonance at the frequency of

Ap=0°

PFG strength [% of max.]

Fig. 7. (A) Intensity of the water resonance as a function of the compensation delay t, of the sequence described in Fig. 6A (see the text for details).
Note that excitation directly after the gradient pulse is not possible. The decay constant could be extracted from the envelope of the signal. (B)
Phase shift induced in the spectrum due to eddy currents measured with the pulse sequence of Fig. 6B. The phase shift relative to a non-gradient
reference experiment is given for several PFG strengths. Filled squares represent a 5 ms PFG and open squares a 1 ms PFG. The phase shift in
the spectrum was acquired using the pulse sequence of Fig. 6C. The upper entry gives a reference spectrum without gradients, recorded with a
two-step phase cycling. The zero order phase shift in the lower spectrum is —15°.



chloroform, no signal should be observed, provided that
the second pulse is in quadrature to the first one. The
result of the experiment can be seen in Fig. 7A, where the
amplitude of the y-magnetization after the delay A, as a
function of t, is shown. From the curve in Fig. 7A, the
decay constant was estimated to be 600-800 ps. The
compensation delay applied after the PFG is frequently
determined by inspection of the shapes of FIDs. Typical
compensation delays of 100-200 ps are obtained by this
method. Our experiment gave much longer times.

Figure 6B shows the second pulse sequence, used to
demonstrate the effect of eddy currents on the phase of
the signal. A rectangular PFG was followed by a compen-
sation delay of 100 us and an excitation pulse. The phase
shift was allowed to develop during a delay of 50 ms. The
phase error §(t—eo), which is acquired by the signal due
to the z, offset, is shown for several PFG strengths in Fig.
7B. The lengths of the rectangular PFGs were 5 and 1|
ms. The phase shift of the latter is smaller due to partial
self-compensation of the eddy currents, induced by the
rising and decreasing flanks of the PFG (an effect that is
also exploited by the so-called ‘sandwich pulses’ (D6tsch
et al., 1994; Wider et al., 1994)). At 5 ms the eddy cur-
rents on the rising flank had decayed, therefore only the
eddy currents of the decay needed to be considered. The
result is in agreement with Eq. 16 with 1,=600 pus. &(z,
‘rectangle’) could be estimated to be 15° c/G.

Finally, the third experiment was performed to show
the phase shift in a spin-echo scheme (Fig. 6C). After
excitation, a spin-echo sequence was performed before
acquisition. The central 180° pulse is flanked by two sine-
shaped PFGs, which compensate each other. The phase
shift induced to the spin system by the first eddy current
is not compensated by the phase shift of the second eddy
current. This is because the current had not sufficiently
decayed when the 180° pulse was applied, and was added
to the second eddy current. A reference experiment with-
out PFGs was also performed (Fig. 7C).

If the gradient is followed by the rf pulse or by acquisi-
tion of the signal, the eddy currents should be allowed to
decay during a delay of at least 1-2 ms. This is not al-
ways possible, e.g. when a PFG is located in an evolution
period that should be kept as short as possible for the
first increment. In this case it must be ensured that the
phase shift of the gradient is the same for all subsequent
evolution increments (Tyburn et al., 1992). The gradient
should then be located at the end of the evolution period,
close to the subsequent rf pulse. This positioning, how-
ever, might introduce a signal decay during the evolution
period due to diffusion effects (Ruiz-Cabello et al., 1992)
if another PFG were used at the beginning of the evol-
ution period.

When the PFG gradient is applied within a constant
delay, an additional constant phase shift results. This may
cause loss of intensity when ‘reading’ refocused magneti-
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zation with a subsequent pulse. This situation arises in
the INEPT transfer steps, where the two 90° pulses ap-
plied on the I spin must be orthogonal to allow maximal
transfer to the S spin. PFGs can be incorporated to re-
move imperfection of the 180° pulse, as described by Bax
and Pochapsky (1992). Phase shifts can be compensated
by locating PFGs directly after the first 90° pulse and the
180° pulse, respectively (90,- G- A-180, ;- G—-A-90,).
If the available delay A were to become too short for a
proper eddy current decay (e.g. in a 'H-"*C INEPT trans-
fer, where the total time (G — A) is set to ~1.9 ms), eddy
currents would have to be minimized by shortening or
shaping the PFG and/or applying it at a low power. If
the strength of the gradient were critical for dephasing at
this location, the phase of the reading pulse could be
adjusted to compensate for the phase shift of the reson-
ances. Since the described phase shift depends on the
gyromagnetic ratio of the nucleus, it will cause problems
mainly if proton magnetization is subjected to the gradi-
ent dephasing.

Conclusions

The effects discussed in this paper are dependent on
individual probeheads and gradient devices. We have
shown a number of simple experiments for determining
the relevant parameters that allow detection of these
effects. We have also shown that PFGs can interfere with
trim pulses, thus partly refocusing the dephased magneti-
zation. This effect can decrease the quality of solvent sup-
pression when sequences with additional trim pulses are
used. In such cases, one has to ensure that the durations
of the trim pulse and the PFG are in the range in which
negligible refocusing takes place. Otherwise, removal of
one of the pulse components is recommended.

The frequently used shim routine of optimizing the
lock signal level does not necessarily lead to optimized
performance for gradient experiments. Refocused gradient
echoes during acquisition due to missetting will lead to a
decrease in the receiver gain. In experiments without
additional phase cycling, distortions will be visible around
the solvent line. Since the refocusing of the solvent signal
depends strongly on the sign of the PFG, one should take
care that no gradient-recalled echoes are recorded. We
present a method to improve the shim values based on
the location of these echoes; using this procedure, an
optimized receiver gain can be used. No negative effect
was visible on the line shapes in our experiments.

The decay constant of eddy currents induced by PFG
was measured for our gradient setup. These are on the
order of several hundred microseconds and cannot be
totally compensated by the preemphasis adjustment. Since
the typical compensation delay after a PFG often must be
as short as possible, the PFG should be located in pulse
sequences in such a place that the resulting phase shifts
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would not influence the experiment. Another possibility
would be the adjustment of the phases of rf pulses to
compensate these phase shifts as, for example, in INEPT
transfer steps.
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