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a b s t r a c t

A number of materials MR developments require that measurements be made in a large magnetic field
gradient, including unilateral (single-sided) magnet designs for portability and open access. In such cases,
all radiofrequency (RF) pulses are slice selective. Typically, little effort is made to tailor the shape of the
selected slice, because shaped RF excitations are viewed as too lengthy in duration to be useful in mate-
rials MRI, where signal lifetimes are mostly less than 1 ms. We compare measured magnetization
responses to various standard shaped pulses under extreme conditions of application (�30 ls duration,
offset frequencies up to 0.3 MHz, and in the presence of a 13 T/m permanent magnetic field gradient). We
discuss the feasibility of their implementation for materials MRI in a large gradient, including the diffi-
culty of choosing optimized pulse area, and propose viable solutions.

� 2008 Elsevier Inc. All rights reserved.
1. Introduction

In materials MRI, the need for spatial resolution despite the
short signal lifetimes of solid and semisolid materials may be
met by the use of large magnetic field gradients applied over a
small time interval. This strategy, one of several possible [1], has
led to several MRI methodologies in which RF excitations must
be carried out in the presence of a considerable magnetic field gra-
dient [2,3]. STRAY FIeld Imaging (STRAFI) is one example of a high
spatial resolution magnetic resonance imaging technique
(�10 lm) for solids and other systems with short T2 (<1 ms), which
uses the constant, stable, high magnetic field gradients existing in
the fringe field surrounding a conventional superconducting mag-
net [4]. Permanent magnets designed with a constant magnetic
field gradient can also offer large, stable magnetic field gradients
on the order of tens of tesla per meter [5] for STRAFI-like imaging.
Perhaps most important, is the widespread use of application-spe-
cific magnet designs for portability and open access [6]. In partic-
ular, unilateral magnet designs may include incidental [7] or
deliberate magnetic field gradients [8,9]. The consequent spread
in resonant frequencies, across even a modestly sized sample, is
enormous and every RF pulse applied is spatially selective.
Depending on the design of the polarizing field, the pulse may se-
lect a ‘‘sensitive spot” [10] or a more conventional slice [9]. We will
use the term ‘‘slice” throughout for brevity, although the results
presented here are equally, or even more, relevant to the sensitive
spot case. Typically, little effort is made to tailor the frequency
ll rights reserved.
bandwidth of the selected region, conventional slice selection
methods being deemed too lengthy for use with short T2 materials.
Rectangular (constant amplitude) RF pulses are usually employed
for excitation. The profile of the selected slice is therefore sinc-like,
with a rounded-central maximum and several appreciable, adja-
cent, out-of-slice maxima (Fig. 1(a)).

In this paper, we argue that it is not difficult to select a carefully
tailored slice with conventional, amplitude modulated pulses in
materials with intermediate T2 (0.15–1 ms) in which unilateral
and STRAFI methods have hitherto found most application, such
as elastomers, semisolids and confined fluids [4,6,11]. While exci-
tation with shaped RF pulses is hardly novel, their use has been
dismissed in large magnetic field gradient imaging applications
[11]. Several ingenious solutions to the problem of slice selection
in very short T2 materials have been proposed [12,13] including
analytical T2 compensation [14], but we demonstrate that shaped
RF pulses are useful in a more brute force sense in MRI of materials
with intermediate T2, by testing them at short durations (�30 ls),
over a wide range of offsets (±300 kHz) and in a large static mag-
netic field gradient (ca. 13 T/m).

There are three separate circumstances, in large gradient appli-
cations, under which there are compelling reasons to prefer an RF
excitation which engenders a uniform excitation with a sharply de-
fined bandwidth (an ideal slice).

(1) A typical strategy for imaging of extended samples in a per-
manent gradient is to acquire signal slice-by-slice, either by
mechanically moving the sample or by sweeping the reso-
nant frequency [4,7]. A simple profile is built up, one slice
at a time, without Fourier transformation. An RF excitation
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Fig. 1. (a–c) Simulated responses of the magnetization along the axis (z) of the polarizing magnetic field, in the presence of a magnetic field gradient, which renders the
frequency-selective pulse spatially selective (slice selective). Responses to (a) rectangular amplitude modulation of RF, (b) sinc modulation, (c) fc90 modulation. The tip angle
is 90� in each case. The insets show the time domain, amplitude modulated pulse shapes for each excitation. (d and e) Fourier transforms of simulations of the echoes
(TE = 180 ls) formed with sinc and fc90 pulses for a material with: (d) T1 = 340 ms, T2 = T1q = 100 ls, (e) T1 = 340 ms, T2 = T1q = 30 ls.
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such as that of Fig. 1(a), which significantly disturbs the
magnetization outside each slice, necessitates a TR between
excitations sufficiently long (5T1) to allow the recovery of
equilibrium magnetization in order to avoid position depen-
dent T1-weighting.1 When an ideal slice is selected, adjacent
slices may be interrogated immediately.

(2) When the excited slice encompasses the whole sample (or
that part of the sample which is of interest) [4,11,15], uni-
form excitation is necessary for the profile to give geometri-
cally correct information.

(3) When accurate relaxometry is to be carried out in a large mag-
netic field gradient or using a unilateral magnet, the excited
spins should experience the same RF tip angle, particularly
in the case of inversion recovery measurements of T1 [16].

A sinc pulse (whose amplitude is a truncated sin(px)/(px) func-
tion) and the fc90 pulse [17] (Fig. 1(b) and (c)) were implemented
for imaging in a constant magnetic field gradient of G = 12.9 T/m.
The fc90 pulse is a self-refocusing pulse shape of similar design
to the BURP family of pulses [18] and to their T2-compensated
cousins the SLURP pulses [19]. The fc90 shape was chosen because
of the rectangular excitation profile with virtually no out-of-slice
excitation. The self-refocusing property of this pulse is also, in
principle, attractive, because in a permanent gradient there can
be no application of a refocusing gradient lobe (although see be-
low). The sinc pulse is time-symmetric, its point of action being
at the center of the pulse application, while the fc90 pulse causes
only small excursions of sample magnetization from the longitudi-
nal axis until the end of its application.
1 An alternative is to acquire non-adjacent slices consecutively [4], which can be
prohibitive in acquisition time when mechanical sample repositioning is used.
Bloch equation simulations of the magnetization responses at
the culmination of rectangular, sinc and fc90 pulses are compared
in Fig. 1. The effects of relaxation are only included in simulations
(d) and (e), which are Fourier transformations of simulated echoes
formed with sinc and fc90 pulses.

The product of pulse duration (pw) and excitation bandwidth
(BW) of the slice selected by the three pulses: rectangular, sinc
and fc90 is 1, 6 and 6, respectively. The bandwidth is the full width,
measured at half maximum amplitude (FWHM) of the slice shape.

A large magnetic field gradient or highly inhomogeneous field
typically makes T2* shorter than the dead time of the RF receiver
hardware and measurements are made using echoes rather than
free induction decays. For a given permanent G, resolution in a
slice-by-slice profile is primarily determined by the frequency
bandwidth (BW) of the pulse, which is inversely proportional to
the pulse duration (pw). The limit to resolution (the largest possi-
ble value of pw) is, therefore, imposed by the fact that the echo
time is restricted by T2 relaxation [4]. It is the desire for spatial res-
olution, which limits the use of amplitude modulated pulses to sys-
tems with T2 > ca. 0.15 ms. The phase dispersion at the end of the
sinc and rectangular pulses are refocused by the use of echoes,
which negates the self-refocusing advantage of the fc90 pulse.
However, unilateral magnets with sufficient B0 homogeneity to ac-
quire an FID have recently become available [10] and there are,
therefore, prospects for the use of self-refocusing pulses in FID
acquisitions, even in inhomogeneous fields, to eliminate phase dis-
persion across the selected region.
2. Experimental section

The echo trains were obtained with an Apollo spectrometer
(Tecmag, Texas, USA), an AMT M3205A 300-W RF amplifier
(American Microwave Technologies, California, USA) and the
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openGARField magnet (Laplacian Ltd., Oxon, UK). The sensitive
upper plane of the magnet is characterized by a gradient to mag-
netic flux density ratio G/B = 16.6 m�1 at 33.0 1H MHz. The gra-
dient, G, is 12.9 T/m and is extremely linear in the region
between the two shaped pole pieces of a permanent magnet
[5]. A home-built surface coil with a square shape (1 mm �
1 mm) and a frequency of 33.1 MHz was used. The bandwidth
of the coil (FWHM) is 0.9 MHz (ca. 1.8 mm). Two phantom sam-
ples were made from silicone adhesive putty (Clear Silicone,
Radiator Specialty Comp, Ontario, Canada): a large phantom
extending far beyond the coil and a small phantom within the
dimensions of the coil. A leveling phantom was made from
poster adhesive (HoldIt, Dixon, Ontario, Canada) pressed on top
of a glass microscope slide in order to present a planar surface.
A layered sample was prepared from a microscope slide, cover
slips and silicone sealant. The relaxation times for silicone were:
T1 = 340 ms and T2 = 5.4 ms. The dwell time was 1 ls and the
filter width 500 kHz.
Fig. 2. (a and b) Profiles of the excited slice using an extended sample, larger than the di
case, the vertical axis is intensity of magnetization response in arbitrary units and th
193.5 kHz � 352 lm) were selected by the fc90 pulse (duration 31 ls, 1 dB transmitter a
85% of the fc90 amplitude). Trains of eight echoes were acquired with 128 signal averag
time (TR) was 2 s and the total measurement time was 9 min. The ratio of echo ampl
1.00:1.20:1.20 (±0.03) for the sinc pulse. (c and d) Profiles of the excited slice using a samp
shown (250 kHz � 455 lm) were selected by the fc90 pulse (24 ls,1 dB), the sinc puls
acquired, with 1056 signal averages, TE = 170 and 100 ls acquisition interval/100 point
3. Results and discussion

The pulse length for a rectangular pulse of nominal tip angle 90�
was first determined by the method of Benson and Mc Donald [20]
using the quadrature echo pulse sequence 90x–s–(90y–s–echo–
s–)n. The first three echoes following these pulses should have
amplitudes in the ratio 1:3/2:3/2, if the duration for a 90� pulse
is set correctly. The 90� pulse duration is not that at which maxi-
mum signal is obtained. At the maximum amplifier power output
used (250 W average), the rectangular 90� pulse duration was
2.5 ls for the extended phantom sample (larger than the dimen-
sions of the coil) and 1.9 ls for the small sample (which fits within
the dimensions of the coil).

To set the duration for sinc and fc90 pulses of tip angle 90�, it
was necessary to consider the Fourier transform of the echoes,
which is the profile of the selected slice. Pulse durations were ad-
justed to optimize the slice profile, so that it most closely ap-
proached the ideal. The optimized 90� pulse duration did not, in
mensions of the RF coil. Fourier transforms of (a) first echo, (b) eighth echo. In each
e points in the position axis are separated by 20 lm. Slices shown (bandwidth

ttenuation), the sinc pulse (31 ls, 8 dB) and the rectangular pulse (5.17 ls, 6 dB and
es, 180 ls echo time (TE) and 100 ls acquisition interval/100 points. The repetition
itudes for the first three echoes was 1.00:1.20:1.10 (±0.03) for the fc90 pulse and
le smaller than the RF coil. Fourier transforms of (c) first echo, (d) eighth echo. Slices

e (24 ls, 8 dB) and the rectangular pulse (4 ls, 6 dB). Trains of eight echoes were
s. TR was 2 s and the total measurement time was 34 min.



Table 1
The ratio between the FWHM and full width (at the axis of zero magnetization) measures rounding of each Fourier transformed slice for the extended and smaller phantom
samples. The closer the ratio to 1, the closer the slice to ideal (the less rounded the slice profile). The fractional non-uniformity measures the inhomogeneity of excitation across
the slice. The smaller the fraction (of maximum slice amplitude), the closer the slice to ideal (more homogeneous excitation).

Pulse Echo # FWHM/full width Fractional non-uniformity

Extended sample Small sample Extended sample Small sample

Rectangular 1 0.50 0.58 n/a n/a
2 0.57 0.58 n/a n/a
3 0.54 0.59 n/a n/a
8 0.56 0.56 n/a n/a

fc90 1 0.70 0.70 0.35 0.27
2 0.74 0.77 0.28 0.31
3 0.74 0.73 0.29 0.24
8 0.78 0.72 0.19 0.28

Sinc 1 0.70 0.81 0.18 0.34
2 0.73 0.80 0.10 0.21
3 0.72 0.79 0.12 0.31
8 0.72 0.76 0.10 0.20
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general, correspond to the maximum in acquired echo signal. We
found the most robust approach to be use of the CPMG pulse se-
quence 90x–s–(180y–s–echo–s–)n [21] with a 90� rectangular pulse
(as determined above) and with a sinc/fc90 180� to determine a first
approximation to the 90� sinc/fc90 pulse duration. The final pulse
duration was determined by optimization of the slice profile gener-
ated with identically shaped 90� and 180� pulses (see below). With
250 W of applied RF power, the 90� pulse duration for the sinc was
12.3 ls for the extended phantom sample (ratio of echo amplitudes
for the first three echoes was 1.00:1.20:1.20 ±0.03) and 9.6 ls for
the small sample. At the same power, the 90� fc90 pulse was
27.6 ls in duration for the extended sample (ratio of echo ampli-
tudes 1.00:1.20:1.10 ±0.03) and 21.4 ls for the small sample.

To compare the shapes of the selected slice using the three pulses,
they were applied with the same bandwidth and echo time in a
CPMG sequence, with 90� and 180� pulses identically shaped. For
the rectangular and the sinc pulses, the pulse duration for a refocus-
ing tip angle of 180� was the same as the pulse duration for the 90�,
but the RF amplitude was doubled, so as to refocus the same band-
Fig. 3. (a) A comparison of the slice obtained by Fourier transformation of the
second echo from CPMG trains of sinc and fc90 pulses, showing frequency
dependence. (b) A comparison of the slice residuals calculated by subtracting the
profile of the on-resonance slice (33.2 MHz) from the offset slices. Pulse bandwidths
were (193.5 kHz) for fc90 (31 ls, 1 dB) and sinc (31 ls, 8 dB) pulses. Trains of eight
echoes were acquired with 128 scans; TE = 180 ls and acquisition interval 100 ls/
100 points. TR was 2 s and the total measurement time was 9 min. The same
acquisitions were made at 33.5, 33.3, 33.2, 33.1, and 32.9 MHz in the extended
phantom sample.
width as that excited [20]. For the fc90 pulse, a refocusing fc180
pulse (with double the pw � BW product of the original fc90) was
constructed by placing a time-reversed fc90 at the end of a normal
fc90 [22]. This is an incidental, but sometimes useful, feature of
the self-refocusing pulse, which allows the 90� and 180� pulses to
have the same amplitude, while retaining the same bandwidth.

In the extended phantom sample, an fc90 pulse with a pulse
length of 31 ls at 1 dB (transmitter attenuation), which excited a
193.5 kHz bandwidth, was chosen. To maintain the same band-
width, the duration for the sinc pulse was 31 ls at 8 dB and for
the rectangular pulse was 5.17 ls at 6 dB and 85% of the fc90
amplitude. For all three pulses, trains of eight echoes were ac-
quired, in 128 signal averages. The echo time, TE, was 180 ls and
the acquisition interval was 100 ls with 100 digitized complex
data points. The repetition time, TR, was 2 s and the total measure-
ment time was 9 min. The comparison is presented in Fig. 2 for the
first and eighth echoes of the train.

In the small phantom sample, an fc90 pulse with a pulse length
of 24 ls at 1 dB, which excited a 250 kHz bandwidth was chosen.
To maintain the same bandwidth the duration for the sinc pulse
was 24 ls at 8 dB and for the rectangular pulse was 4 ls at 6 dB.
For all three pulses, trains of eight echoes were again acquired, in
1056 signal averages. TE was 170 ls and the acquisition interval
was again 100 ls, spanned by 100 digitized points. TR was 2 s
and the total measurement time was 34 min. The resonant fre-
quency was 33.2 MHz for sinc and fc90 pulses, and 33.1 MHz for
the rectangular pulse (Fig. 2).

For the extended sample there are features at the slice edges in
the profiles, which are discussed in the literature [23]. The profile
obtained with the rectangular pulse is, of course, the most rounded
and shows out-of-slice excitation in Fig. 2(b), despite the filter
width of 500 kHz (half of the complete spectral width). For a quan-
titative comparison of rounding of the slice, the ratio between the
Table 2
A comparison between sinc and fc90 shaped pulses of the ratio of average intensity of
the slice obtained by Fourier transformation of the second echo in a CPMG train
(Fig. 3(a)) for different frequencies with respect to the resonance frequency 33.2 MHz.

Frequency (MHz) Ratio of average slice intensity (Fig. 3(a))
to that of the on-resonance slice

fc90 ratio Sinc ratio

32.9 0.63 0.62
33.1 0.79 1.05
33.2 1.00 1.00
33.3 0.64 0.98
33.5 0.63 0.68
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width of the slice at the axis of zero magnetization (full width, see
Fig. 2(a)) and FWHM for each Fourier transformed slice was calcu-
lated for each of the three pulses (Table 1). For a comparison of the
uniformity of excitation, the peak-to-peak variation in intensity of
MR signal from each slice (Fig. 2(a)) was divided by the maximum
intensity to give a fractional measure of non-uniformity in the
excitation. The latter figure is meaningless in the magnetization re-
sponse to the rectangular pulse, which is smoothly rounded from
the peak (there is no region of uniform excitation).

As expected, the sinc and fc90 pulse shapes yield slice profiles
far closer to ideal (with the FWHM/full width ratio closer to one,
indicating less rounding of the slice) than the usual rectangular
pulse. The sinc pulse shape outperforms the fc90 pulse in slice
selection through the small sample, but there is very little to
choose between them in the extended sample. The slice experi-
ences a distribution of flip angles in parts of the sample beyond
the dimensions of the coil. Despite this, and despite the naivety
Fig. 4. Profiles of a layered sample. (a) Un-normalized profiles, with (inset) a
schematic of the layered sample and the field of view. A = silicone of thickness
2.6 mm; B = glass, 1 mm; C = silicone, 0.85 mm; D = glass, 0.3 mm. The RF coil is
beneath the sample (to the right, as drawn). (b) The same profiles, but normalized
with respect to a separate calibration profile (not shown) of a uniform silicone
sample. At each point, the profile is divided by the corresponding value in the
calibration profile. The normalized profile is thus corrected for the intensity effects
of B1 inhomogeneity. Fifteen slices were acquired with separations of 0.1 MHz,
between 32.4 and 33.8 MHz. Four echoes, 100 acquisition points and 128 scans
were acquired for each slice. TE was 25 ls. The durations of the pulses were: 62 ls
(7 dB transmitter attenuation) for the fc90 shaped pulse, 62 ls (17 dB) for the sinc
pulse and 10 ls (12 dB) for the rectangular pulse (all pulses had the same
bandwidth).
of our RF coil design, the fc90 and sinc pulse shapes result in very
respectable profiles of an excited slice with very low out-of-slice
excitation for extended samples. This is a critical test in open-ac-
cess magnet designs (such as the openGARField), which are impor-
tant in materials MRI precisely because of their ability to
interrogate part of a large sample. The well-controlled, linear gra-
dient of the openGARField magnet allows for prototyping of tech-
niques for use in other constant gradient devices, such as
portable MR sensors [24].

Both sinc and fc90 pulses can be employed for a successful slice
selection in the 12.9 T/m permanent gradient, at a frequency near
the resonant frequency of the coil. Off resonance, the profile of the
slice is no longer very rectangular. The frequency response of the
RF coil causes the amplitude of the RF excitation to depend on off-
set (Fig. 3(a)). For the rectangular pulse, the shape of the selected
slice does not change significantly with offset frequency. Self-refo-
cusing pulses, such as the fc90 shape, are designed with a specific
tip angle in mind (in the case of fc90, the intended tip angle is 90�)
and cannot, in general, be applied at arbitrary amplitude to give
arbitrary excitation tip angle across the selected slice. The fc90
pulse might be expected to be unsuitable, therefore, for swept fre-
quency applications. The response of the spin system is sufficiently
linear, however, that the sinc pulse may be used successfully for
slice selective excitations of arbitrary tip angle [25]. In Fig. 3, the
offset selected slices for the fc90 and sinc pulse shapes are com-
pared. The lower line shows, for each offset frequency, the differ-
ence between the selected slice and that at 33.2 MHz (on
resonance). At 0.300 MHz offsets there is, rather surprisingly, little
to choose between the sinc and fc90 slice profiles. At 0.100 MHz
offsets, the fc90 slice profiles are considerably more attenuated
than their sinc-excited counterparts (see Table 2). However, the
uniformity of excitation in the sinc slice profiles is as bad, if not
worse, than the fc90 profiles, showing an exaggerated slope to-
wards the on-resonance frequency.

The effects of relaxation upon the slice selection of shaped
pulses are the principle reason cited for their non-use in materials
MRI. In simulation (Fig. 1(d) and (e)), the effects upon slice selec-
tion are shown to be mostly in signal amplitude, rather than in
slice shape, even when the simulated T2 of the sample is equal to
the shaped pulse duration (Fig. 1(e)). The amplitude units on the
vertical axis are arbitrary, but consistent, and show the effect of
T2 relaxation upon slice signal amplitude (in Fig. 1(e), TE is six
times longer than T2). In echo formation, the distorting effects of
relaxation during RF pulse application are far less important for
shaped pulse slice selection in materials MRI than are the simple
effects of signal attenuation during the TE interval.

In order to compare the performance of the pulses when profil-
ing a layered sample by sweeping the frequency, identical CPMG
sequences were applied for each of the three pulses. The scheme
of the layered sample and the field of view used (being limited
by the construction of our RF coil) are shown in the inset of
Fig. 4(a). Fifteen slices, with separations of 0.1 MHz, between
32.4 and 33.8 MHz were acquired. Four echoes, 100 acquisition
points and 128 scans were acquired for each slice. The echo time
was 25 ls. Profiles were constructed by summation of all four ech-
oes and recording the echo maximum at the position correspond-
ing to the appropriate frequency offset in the 12.9 T/m gradient
(Fig. 4(a)). The profile was normalized with respect to a reference
profile acquired in the same conditions but using an extended, uni-
form sample of silicone (Fig. 4(b)).

Sinc pulse excitation leads to a rounding (blurring) of the sample
profile at the extremity of the coil response (more than 2.0 mm from
the coil). This is rather unexpected, given the satisfactory perfor-
mance of the sinc pulse in slice selection above. Notice that the range
of excitation frequencies represented in Fig. 4 is greater than trialed
in Fig. 3. Even in the un-normalized profile (Fig. 4(a)), it is apparent
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that the sinc pulse affects no excitation in the leftmost silicone layer
(A in the inset). This effect is, of course, duplicated in the calibration
profile, so that the normalized sinc profile (Fig. 4(b)) shows exagger-
ated blurring, where one noisy signal is divided by another. The fc90
and rectangular pulses show a greater useful frequency range and
lead to more faithful sample profile. There is little to choose between
the two profiles, but the absence of out-of-slice excitation with use of
the fc90 pulse allows the potential for more rapid excitation of adja-
cent slices as detailed above.
4. Conclusion

Conventional shaped (amplitude modulated) RF pulses, played
out in tens of microseconds, represent a viable alternative to rect-
angular pulses in materials MRI in large magnetic field gradients.
Well-defined slice selection is an asset for slice-by-slice profiling
in a permanent gradient, Fourier transform profiling or relaxom-
etry. With a view particularly to application in unilateral mag-
nets, short, sinc-shaped and self-refocusing (fc90) pulses were
compared with rectangular excitation in a larger gradient
(12.9 T/m) and over a wider range of offsets (±300 kHz centered
at 33.2 1H MHz) than previously reported. With careful calibra-
tion of pulse amplitude, both sinc and fc90 pulses gave satisfacto-
rily well-defined slice excitation in a sample smaller than the RF
coil and in a sample which extends beyond the geometry of the
coil. The latter case is typical of open magnet geometry applica-
tions. Our open magnet has an unusually linear magnetic field
gradient, but some recent open, portable magnet designs also
have well-defined magnetic field gradients [9], which suggest
the use of slice selective pulses in imaging, as demonstrated
herein.

We note that the maximum in echo signal amplitude does not
in general indicate an optimal choice of pulse amplitude for slice
selection and that the ratio of amplitudes in an echo train is differ-
ent for differently shaped pulses. This observation is in accord with
those previously made for rectangular pulses [20]. Just as for rect-
angular pulses, the ratios of CPMG echo amplitudes for the sinc
(1.00:1.20:1.20) and fc90 pulses (1.00:1.20:1.10) will now be used
for convenient pulse calibration.

In simulation, slice selection by shaped RF pulses is compro-
mised only when T2 6 pulse duration and the shaped pulse dura-
tion can be as short as 30 ls on standard equipment (including a
home-built RF coil and a 300 W RF amplifier). However, a pulse
duration of 30 ls does impose a minimum possible TE (ca. 150 ls
on our equipment): this has a greater effect upon the usefulness
of standard shaped pulses in very short T2 materials than does
any loss of selectivity due to relaxation during the pulse itself. In
intermediate T2 materials (T2 = 0.15–1 ms), which still comprise
the majority of those studied by materials MRI, the shaped pulse
durations are not at all inconvenient. The use of shaped pulses in
swept-frequency profiling was demonstrated. The sinc pulse
showed a slightly smaller useful frequency range in profiling than
the rectangular and fc90 pulses.

There are, of course, many possible variations on the excitations
demonstrated here. Many other pulse shapes have been designed
and alternative RF coil geometries, for example, may extend the
useful frequency range of these selective excitations. No particular
attempt has been made to optimize these excitations or the RF
hardware for particular circumstances. The viability and robust-
ness of shaped RF excitations for careful slice selection in materials
MRI in large magnetic field gradients and extended samples has,
therefore, been amply demonstrated.
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