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Abstract

An approach toward high-resolution NMR spectroscopy on samples located outside the physical confines of a
magnet (ex situ NMR), has recently been described [C.A. Meriles, D. Sakellariou, H. Heise, A.J. Moulé, A. Pines,
Science 293 (2001) 82]. Nutation echoes are generated by a train of z-rotation pulses in the presence of spatially matched
static and rf field gradients. These pulses were based on a combination of ‘perfect’ #/2 constant rotation composite
pulses and ‘imperfect’ ordinary pulses of variable length. Here we introduce a new class of ‘self-compensated’ z-rotation
composite pulses based only on variable rotation inversion pulses that lead to an rf dependent phase shift. Experiments
and simulations show that these new pulses perform well at high B, gradients and require less rf power than previous

schemes. © 2002 Elsevier Science B.V. All rights reserved.

1. Introduction

In recent years a great effort has been devoted
to the design of NMR spectrometers with ‘inside—
out’ small magnets and surface coils for surface
excitation and detection [1-3]. A variety of appli-
cations to materials [4,5], well logging [6], imaging
[7] and in vivo NMR [8] have been made possible.
However, the large line-broadening caused by the
intrinsic inhomogeneity of the external magnetic
field obscures chemical shift information. Thus,
the application of ex situ NMR has typically been
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limited to relaxation measurements, imaging and
lineshape analysis.

The problem of obtaining high-resolution
spectra in the presence of field gradients has been
addressed previously [9-11], most recently using
intermolecular zero-quantum coherences [12,13].
Because the net effect of the distant dipolar field is
proportional to the static field, it is not practically
applicable to the case of inside—out magnets with
low magnetic fields (<2 T).

An approach that makes use of spatially cor-
related static and rf fields has recently been dem-
onstrated [14]. Applications to liquids [14], solids
[15], and 2D J homonuclear and heteronuclear
correlations in liquids [16] in the presence of in-
homogeneous fields have been described. This
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method is based on the stroboscopic observation
of nutation echoes [17] whose amplitudes are
modulated by the chemical shift [14]. In this
scheme, robust ©/2 pulses are used in order to
direct the magnetization in and out of the xy plane
in an ideal manner, and a single ordinary pulse
exploits the rf inhomogeneity to encode a spatially
dependent phase shift on the spins. Constant ro-
tation n/2 composite pulses are typically long and
complicated leading to a relatively inefficient pulse
train.

Here we describe a new pulse scheme, based on
variable rotation composite pulses, to perform
z-rotations that are proportional to the rf inho-
mogeneities. Radiofrequency inhomogeneity is
exploited throughout the pulse scheme leading to
less demanding duty cycles. The performance of
these pulses is studied numerically by calculating
the NMR spectra in the presence of matched and
unmatched field gradients. Experiments performed
in model situations within the bore of a super-
conducting magnet are also presented. It is shown
that large field gradients can be refocused and that
high-resolution NMR spectra can be obtained
without any frequency distortions only at the ex-
pense of signal amplitude. These observations to-
gether with the future possibilities of this method
are discussed in terms of ‘real’ ex situ analysis.

2. z-Rotations and refocusing sequences

As mentioned above, this method relies on the
spatial matching between the inhomogeneous sta-
tic By(#) and the inhomogeneous rf B, (7) magnetic
fields, according to

dBy(F) _, dBi.(F)
=k 1
dr a7 (M)
where the proportionality constant k is not a
function of space, and B;, (¥) obeys

1_3'0(7) 'Eu(F) =0. (2)

In the following, we treat only the case of corre-
lation along a single dimension, taken to be the
longitudinal x axis of the rf-coil.

To obtain a high-resolution NMR spectrum, we
must refocus the effect of varying Larmor fre-

quencies so that equivalent spins give rise to nar-
row signals while maintaining chemical shift
information. This can be achieved with the aid of
composite rf pulses which have the net effect of a
negative sign rotation of the magnetization around
the z axis of the rotating frame. This compensates
for the evolution of the magnetization under the
influence of the inhomogeneous external magnetic
field. The rotation of in-plane magnetization about
an angle f§ around the z-axis can be achieved with
the following composite pulse

P(B) = P(n/2)R:(B)P-,(n/2), (3)

where R,(f) and P,(f) represent an ordinary
square pulse and a composite pulse around the «
axis of flip angle = w, g, respectively. In the case
of inhomogeneous fields, the Py,(n/2) pulses are
constant rotation [18] composite 7/2 pulses that
ideally compensate for rf and static magnetic field
inhomogeneities [19], while R,(f) should depend
only on (x), since now f=f(x)=[w+
Aw, (x)]zs. If we assume that the evolution during
this last pulse is governed solely by the rf Hamil-
tonian (strong rf field approximation), P.(§) be-
comes rf dependent, and as a result, a variable
phase shift is encoded throughout the sample.
After a time

T = 15Aw; (x)/AQ(x) = T4k,

the effect of the inhomogeneous magnetic field is
refocused while dephasing induced by chemical
shift differences continues to accumulate. Strobo-
scopic acquisition of the magnetization at the end
of each free precession period z, produces an ef-
fective FID with the magnetization after n cycles
given by

M(nt) = Z[,-x cos[n(0;T + w1 74)]

+Iiy sin[n(é,-r + (,l)l’l?ﬁ)]. (4)

Thus, the spectrum contains chemical shift infor-
mation ;. This sequence induces an overall fre-
quency shift of w;74/t which can be corrected
either during the sequence by the application of a
phase shift at each step or by numerical means
while processing the FID.

Although conceptually simple, an effective re-
focusing pulse train is difficult to implement in
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practice. Even under the assumptions that the
available rf power is strong enough to allow one to
disregard offset problems during the pulses and
that the rf and static field gradients are perfectly
matched, the performance of a pulse like P,(f)
relies on a combination of ideal 7/2 pulses and
‘imperfect’ rotations of length f. At first sight, this
does not represent a serious problem given that a
variety of composite n/2 pulses operating under
extended rf and offset inhomogeneities have al-
ready been implemented [18]. Most of them oper-
ate on a well-defined initial condition, i.e.
longitudinal magnetization, leading to good exci-
tation or inversion pulses. For our purposes,
however, only a reduced subset can be used. We
need pulses compensated whose propagator is the
wanted rotation operator for any rf field amplitude
and offset. This means that their effect is inde-
pendent on the initial position of the magnetiza-
tion. This class of pulses, known as constant
rotation composite pulses, usually operates over a
restricted range of rf values, requires complex
phase shifts and are rather long '. This last point
implies that most of the rf power is wasted during
the 7/2 pulses; therefore, the pulse described by
Eq. (4) is a rather inefficient refocusing procedure.

In the early 1980s Levitt and Freeman [20], in-
troduced combinations of rf pulses that were used
to induce inversion of the z magnetization over a
wide range of rf and/or offset imperfections.
Clearly, only 7 rotations about some axis on the
equatorial plane can accomplish such a task. This
implies that, generally, an effective inversion pulse
can be visualized as a series of n rotations taking
place around a wide distribution of axes on the xy
plane. If the directions of these axes depend on the
rf, a spatially variable phase shift can be attained
when an initial © pulse is concatenated with a
second inversion displaying a new set of axes. One
can combine two of these 7 pulses to form a 2n
composite pulse that introduces a net z phase shift.

' As a reference, the z-rotation pulses used initially were
constructed using the constant rotation composite 7/2 pulse
introduced by Wimperis [19]. Using this composite pulse Eq. (3)
becomes Pz(ﬁ) = R97_2(TC) — R291_5(27Z) — R97_2(TE) — Ro(n)—
R (P) — Raz7.2(m) — Ri11.5(2m) — Ra77.2(m) — Rigo (7).

As an example of this approach, we consider the
first 7 composite pulse

R(n/2)R,(m)R.(m/2), (5)
which leads to
P = R(n/2)R,(m)Re(m)R_, (1) R:(7/2). (6)

When the rf field is inhomogeneous, a given devi-
ation € from the nominal angle leads to the altered
7 rotation

R.(m/2 + €)Ryy(m + 2€)R\(7/2 + €), (7)
which, to first order, can be rewritten as [20]
Rez(OR, (MR (c). (8)

This result reveals that if the rf variation is small
enough (e < 1), the pulse behaves as a n rotation
about an axis shifted from the nominal one by an
amount proportional to this variation. The sign of
the phase shift depends on the relative phases
within the composite 7 pulse. Combining expres-
sions 6 and 8, pulse P, can be expressed to first
order as

P. =R _.(4¢) + O(&). )

This pulse can be used to create a variable phase
shift on spins subject to an inhomogeneous rf field.
Fig. 1a illustrates the trajectory of the magnetiza-
tion for £20% rf inhomogeneity. The final position
of the magnetization lies on the xy plane, dephased
by an rf dependent phase shift. If the shape of the
field gradient is matched, dephased spins can be
refocused when free evolution occurs on a time
interval of proper length. For stronger gradients,
repetition of the same pulse unit two times or more
allows the retention of a reasonably long free
evolution period during the pulse train. A sche-
matic of the refocusing pulse train is shown in
Fig. 1b: block Q contains, potentially, any com-
bination of P, composite pulses whose relative
phases can be shifted to correct for higher order
artifacts in the spectrum.

3. Experiments and simulations

Experiments were performed in an ultra-wide-
bore imaging magnet using a Chemagnetics In-
finity NMR spectrometer operating at a proton
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Fig. 1. (a) Trajectory of the transverse magnetization during the z-rotation composite pulse of Eq. (6). In the left and the right sphere
the dephasing is introduced by £20% rf inhomogeneity, respectively, with the initial magnetization along the x axis. If the field has the
nominal rf amplitude a perfect 27 pulse is obtained, if it has greater (less) than the nominal value a positive (negative) phase shift is
induced. (b) Pulse sequence used for the detection of chemical shift in the presence of inhomogeneous B, magnetic field. After an initial
7/2, pulse a variable phase shift is created by means of the pulse series Q which is composed of an integral number of z rotation P,
pulses. The dwell time is set such that a nutation echo is formed at the end of it. The amplitude of the echo is modulated with the
chemical shift. Thus, stroboscopic detection for the refocused echo points yields an inhomogeneity free FID.

frequency of 179.12 MHz and a home-built
imaging probehead with three perpendicular gra-
dient coils. The excitation coil has a conical shape
and was designed to generate a linear rf gradient
along the x axis as shown in Fig. 2. Numerical
integration of the Biot-Savart law gives the field
contour levels shown in Fig. 2b which display a
linear dependence in the sample region. To mini-
mize imperfect spatial matching, an extended (1.2
cm long) but narrow (1 mm diameter) tube con-
taining ethanol was placed inside the coil. This
configuration produces a nominal value of the rf
amplitude of 15 kHz for protons, measured as the
optimal /2 pulse length, in the absence of any B,
gradients. The intrinsic static field homogeneity
can be estimated from Fig. 3a to be ~0.5 ppm. A

variable gradient dB;/dx of 6.5-50 kHz/cm along
the x axis was applied in the following experi-
ments. As shown in Fig. 3b, the variation in Lar-
mor frequencies ranges from 40 to 350 ppm (7-63
kHz), and always obscures the chemical shift.
Well-resolved spectra are obtained using the pulse
sequence of Fig. 1b and are presented in Fig. 3c. In
all spectra reported within this Letter 16 scans
were acquired. As the gradient increases, a loss in
signal to noise ratio is observed without signifi-
cantly affecting the spectral resolution.

It is important to note that the limiting By
gradient that can be addressed by this methodol-
ogy scales with the amplitude of the rf field. To
illustrate this, numerical simulations were per-
formed using larger rf amplitudes and field gradi-
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Fig. 2. Schematic design of the rf coil used for excitation and
detection. A conical coil was used to obtain a linear gradient of
the rf field within the cavity. All dimensions are in mm. The
contour plot, obtained after exact integration of the Biot-Sav-
art law assuming zero-wire thickness, shows the theoretical
profile of the rf field.

ents. An ensemble of 200 ‘molecules’ (1200 spins
1/2) was prepared in a one-dimensional arrange-
ment under constant linear B, and rf gradients.
The latter is set such that the last molecule in the
chain does not experience any rf. The spectrum is
composed of three distinct lines encompassing a 6
ppm spread and having a linewidth of 0.3 ppm.
This linewidth is introduced by a phenomenolog-
ical 75 (5 ms) damping in the FID. The effect of

progressively higher field gradients pointing along
the chain is displayed in Fig. 3d. The calculated
response when the refocusing pulse train is applied
is shown in Fig. 3e. Note that a nominal rf am-
plitude of 83 kHz was used. The chemical shift
information is left unaltered even in the presence
of very high gradients (=170 kHz/cm). These val-
ues are comparable with those found in inside—out
magnets [6,1], and suggest that such schemes could
give high-resolution ex situ NMR spectra provided
that field and rf gradients are properly matched.

In accordance with the experiments, Fig. 3e also
shows a reduction of the refocused signal as the
gradient increases. The reason for this behavior
becomes apparent from Fig. 4, where the contri-
butions from three different parts of the chain to
the overall spectrum have been simulated and
compared to those expected in the absence of static
field inhomogeneity. In accordance with the reci-
procity theorem [21], the largest contribution
comes, in both cases, from the first section (first
quarter) which encounters the strongest rf ampli-
tude. It is critical to note that, in case (b) the
carrier frequency was set close to resonance for
spins located at the first quarter of the sample; this
implies that the performance of the pulse train is
optimum in this region. However, a proper setting
of the carrier frequency can, in principle, be uti-
lized to obtain spectra from other portions of the
sample at the expense of sensitivity.

The perfect matching assumed to hold between
the rf and static field gradient must be stressed; if
this were not the case, the performance of the pulse
sequence would invariably be reduced. In the case
of mismatch along the sample axis, the localized
behavior of the pulse train can be utilized, and the
influence of the mismatch can be minimized.
However, mismatching along a plane perpendicu-
lar to the sample axis leads to imperfect refocusing
because the spins cannot be spatially discriminated
by utilizing the one-dimensional rf inhomogeneity.
Fig. 5 shows the effect of a slight mismatch (1% of
the nominal rf value) between the rf and B, gra-
dients along this axis on the spectrum. In panel (a)
a relatively small B, gradient (25 kHz/cm) is refo-
cused under perfect (left) and imperfect (right)
matching. The effect of the mismatch is not detri-
mental to the resolution of the spectrum. This
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Fig. 3. (a) Standard one pulse spectrum of pure ethanol. (b) Standard one pulse spectra in the presence of a linear B field gradient. (c)
Spectra obtained in the presence of the respective gradient using the sequence of Fig.1. (d) and (e) are the simulated equivalents for (b)
and (c). The nominal value of the rf field was set to 83 kHz for the spins located closest to the coil. A linear rf gradient was applied so
that the rf amplitude for the spins located the furthest from the coil experience zero-rf amplitude. The basic blocks PP for G, = 25 kHz/
cm, PPPP for Gy =45 and 60 kHz/cm, and PPPPPPPP for G, =87 and G, =170 kHz/cm were used.

seems not to be true when large B, gradients (170 to imperfections due to matching: accumulated
kHz/cm) are refocused, as in panel (b). Extensive refocusing errors compromise the spectral resolu-
use of rf-inhomogeneity renders the pulse sensitive tion.
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Fig. 4. Contributions from three different regions of the sam-
ple. The spectra are simulated as in Fig. 3(e) using Go =25 kHz/
cm. The first quarter of the sample, closest to the coil gives a
sensitive resolved spectrum because the carrier frequency was
deliberately chosen to be nearly on resonance for those spins.
The second quarter contributes less to the total FID and suffers
more from imperfect refocusing. The remainder of the sample
does not contribute significantly to the recorded spectrum. This
figure clearly illustrates that the performance of the pulse train
is localized and that proper adjustment of the carrier frequency
could lead to localized spectra at the expense of sensitivity.

4. Extensions

In the previous sections, it was shown that
pulses that perform non-ideally throughout the
sequence are combined so that their overall effect
shows a dependence on the desired physical pa-
rameter (rf inhomogeneity). Using this method,
some constraints in the development of new pulse
schemes are ‘relaxed’; all spins do not have to
behave identically. The description of a z-rotation
pulse as a combination of variable rotation in-
version pulses, allows one the opportunity to im-
plement a set of compensated pulses having
varying features. As demonstrated by Levitt and
co-workers [22], a rotation of the form
R(n/2), — R(y), — R(r/2), can be made offset in-
sensitive to first order if y is chosen to be close to
37/2. In the present context, a z-rotation pulse can
then be envisaged having the form

R.(n/2)R,(3n/DR()R_, 3n/2R,(x/2).  (10)

20 o] 20 0
(@  ppm ppm
MM
2 0 2 0
()  ppm ppm

Fig. 5. Refocused spectra in the presence of perfect (left panels)
and imperfect (right panels) rf and static field matching. The
refocused gradient was G, = 25 kHz/cm for the (a) panels and
Gy =170 kHz/cm for the (b) panels. The linear correlation along
the x axis, used for the perfect matching, was adversely affected
by the addition of a rf gradient along the y axis. This extra
perturbation was only of 1% the main rf field which was 83 kHz
at the portion of the sample nearest the coil. We observe that
this slight mismatch is not vital for the refocusing when the
gradient is small, but it can have detrimental results for high-B,
gradients.

It is interesting to note that there is no obvious
method by which to make such compensation for a
pulse having the form of Eq. (3). Even if the n/2
pulses are chosen to be robust with respect to
offset, the only manner to compensate the f flip
angle pulse for offsets is to increase the rf ampli-
tude. As a second possibility, the extent of the rf
bandwidth can be improved [23] by replacing the
n/2 in Eq. (5) by = pulses. This gives the following
z-rotation pulse

R(m)R,(m)R,(2m)R_, (n)R. (), (11)
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whose performance could be further extended by
applying iterative schemes on the inversion pulses
[23].

In general, the phase shift encoded by a series of
pulses (like those of Eq. (10) and (11)) is not a
linear function of the rf and, therefore, it is the
combined effect of the B, gradient and the pulse
response to the rf that determines the phase shift
encoded at each portion of the sample. In princi-
ple, this represents an extra degree of freedom
because an effective rf profile could be crafted by
selecting pulses such that an optimized matching
takes place for a given rf-offset correlation band.

5. Conclusions

Recent advances toward high-resolution ex situ
NMR spectroscopy require the development of
new compensated pulse sequences for refocusing.
In this Letter we have introduced a novel method
to construct z-rotation pulses that can be used to
recover chemical shift information in the presence
of spatially matched inhomogeneous rf and B
fields. This procedure has been shown to be effi-
cient in the presence of the high gradients expected
to be present in real ex situ experiments. The
sensitivity of the pulse to carrier frequency offset
renders its performance localized, leading to a loss
of signal. However, the spectral resolution is not
affected, and different parts of the sample can be
analyzed by properly tuning the carrier frequency.
In a real ex situ situation, the gradient profiles for
the rf and B, fields are not necessarily linearly
correlated; but imperfect matching along the di-
rection of the field gradient does not detrimentally
affect the spectrum due to the intrinsic localization
of the pulse. This is not true for mismatching
perpendicular to the excitation axis where other
means of spin discrimination are needed. The use
of a system composed of two coils of different size
could be a potential solution to this problem if, of
all the spins excited, only those located in a well-
matched region are detected by a smaller pick-up
coil. Finally, it is important to mention that be-
cause the inhomogeneous broadening on samples
located outside of the magnet greatly exceeds the rf
amplitude, the use of any pulse scheme, such as

those discussed here, will invariably lead to a loss
in sensitivity. This is due to the fact that only those
spins whose frequency differs by less than the rf
amplitude can be controlled simultaneously for a
given tuning frequency. To manipulate a larger
portion of the sample, adiabatic pulses that are
able to spatially discriminate between spins are
desired. Work in this direction is currently un-
derway in our laboratory.
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