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To relax the high-speed requirement imposed on the gradient
ystem used in solid-state proton imaging, we propose two simple
odifications of the magic echo imaging sequence, TREV-16TS.

n the first modification, the applied gradient is inverted in the
iddle of the RF irradiation; the second modification utilizes a

inusoidal gradient synchronized with the RF sequence. It is esti-
ated by experiments that as long as the RF amplitude is at least

bout 10 times stronger than the resonance offset induced by the
radient, the spatial resolution is not degraded significantly by the
ine narrowing deterioration due to the gradient applied during
he on-resonance RF irradiation. The modifications allow com-
ercially available standard gradients to be used for the magic

cho imaging of solids. © 1999 Academic Press

Key Words: magic echo; solid-state; NMR imaging; sinusoidal
radient.

INTRODUCTION

Solid-state NMR imaging generally requires high-per
ance hardware (1, 2). In particular, for the imaging metho
mploying line narrowing techniques, the requirements
osed on the field gradient system are so stringent that the
amper the methods’ widespread use. In the multiple p

maging experiments (3), for instance, the gradient must
witched in less than 1ms. This is because the multiple pu

ine narrowing is based on the solid echo, and therefore
ength of the RF-free windows for pulsed application of
radient must be much shorter than the transverse relax

ime of the solid sample. This requirement can be relaxe
ome extent by the use of multiple magic echoes for
arrowing (4–7), where the RF-free windows can be made

ong as the transverse relaxation time (Fig. 1a). Neverthe
tandard gradient switching times commercially available
urrently about the same as the transverse relaxation
nless a specially designed gradient driver and/or spe
ound gradient coils with a small inductance (a few mic
enries) are used.
In this paper, to relax this requirement of fast grad

witching, we modify the gradient portion of the magic e
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sukuba.ac.jp.
220090-7807/99 $30.00
opyright © 1999 by Academic Press
ll rights of reproduction in any form reserved.
-

-
an

se

e

ion
to
e
s
ss,
re
e,

lly
-

t

maging sequence. We employ a standard gradient system
s commercially available for liquid-state imaging and
chieve a switching time of about 30ms. In the modified
equences, the gradient is inverted during the RF irradiatio
lternatively a sinusoidal gradient is employed instead o
ulsed one. Experimental results indicate the conditions
ust be satisfied to obtain high-resolution images with
radient-modified magic echo sequences.

MODIFICATION OF THE GRADIENT SEQUENCE

When the gradient cannot be rapidly switched, we m
esort to a continuous gradient combined with the orig
agic echo sequence, TREV-8 (8). The sequence TREV

efocuses the homonuclear (proton–proton) dipolar intera
nly and scales down inhomogeneous interactions suc
hemical shifts and heteronuclear dipolar interactions, ex
ting a relatively limited degree of line narrowing. Since
patial resolution is proportional to the line-narrowing e
iency, better resolutions can be obtained by using the
uence TREV-16TS, modified for improved line narrow
4, 5). Consequently, we have tried to devise imaging
uences using the TREV-16TS as shown in Fig. 1.
Figure 1a shows the ideal gradient pulse sequence we

osed previously (4). Here, the gradient pulses are applied o
uring the RF-free windows to avoid gradient interference

he RF line narrowing. The polarity of the gradient is inver
n synchrony with the RF pulse sequence. This is because
re inverted successively by 180° pulses virtually inserte

he TREV-16TS sequence for additional refocusing of in
ogeneous interactions. The gradient switching must be
nough to ensure that gradient pulses can achieve ma

requency encoding.
To attain the same frequency encoding by using a relat

low gradient with a switching time of about 30ms, which is
qual to the time intervalt (Fig. 1), an initial conception is th
se of the gradient sequence shown in Fig. 1b, where
radient inversion is made at each center of the RF irradi
andwiched by the 90°y pulses. This modification is usef
hen a gradient switching time is equal to or shorter than

ime interval 2t of the TREV-16TS sequence. Generally,
k.
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221MAGIC ECHO SOLID-STATE NMR IMAGING
ong as the RF field is strong compared to the gradient-ind
esonance offset, the resonance offset can be neglected
he RF irradiation. The resonance offset is averaged out b
ast nutation about the RF field direction. Thus, the grad
equence modified as Fig. 1b has the same effect as that
a. However, how much stronger the RF field should b
void possible interference between the gradient and th

rradiation remains to be examined.
Another point to be noted in considering such interferen

he gradient effect on the sandwiching 90°y pulses applied fo
he interconversion between the rotating (R) and tilted rota
TR) frames (8). The gradient effect on the frame interconv
ion complicates the theoretical description of the interfer
ffects, because the resultant spin flipping around the effe
eld deviates from the ideal 90° flipping about they axis, not
nly in the flip angle but also in the flip axis direction. If t
ip axis deviation can be ignored, the flip angle devia
emains, resulting in a spatial distribution of the tilted angl
he TR frame along the gradient direction. Although the ti
ngle distribution matches the distribution of the nutation
uring the sandwiched RF irradiation under the presence o
radient, the spatial distribution leads to incomplete refocu
f the homonuclear dipolar interaction. This is because
omplete refocusing, the tilted angle must be uniformly 90
pace. The time intervals in the TREV-16TS sequence a
y assuming that the homonuclear dipolar interaction is sc
niformly by the factor of2 1

2 in the TR frame.
The use of the sinusoidal gradient waveform, shown in

c, avoids this distribution effect on the frame interconvers
nd is expected to provide a better resolution. The grad

nduced resonance offset will again be averaged out by th
F nutation. The sinusoidal time dependence of the gra
an be neglected, as long as its frequency is much lower
he RF nutation frequency.

FIG. 1. Magic echo sequence, TREV-16TS, for solid-state imaging c
ined with ideally pulsed (a), nonideally pulsed (b), and sinusoidal (c)
radients. On-resonance RF irradiations alongx and 2x are sandwiched b
0° y pulses. This is called the magic sandwich. The hatched magic san
epresents four magic sandwiches.
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For the RF nutation averaging of the gradient-induced
nance offset, the average Hamiltonian (AH) theory (9) tells us

hat because of the symmetry of the TREV-16TS sequenc
he odd-order AHs are zero in addition to the zeroth-order
hus, the first nonzero term is the second-order AH.
uggests that the RF amplitude can be somewhat smalle
nticipated in both modifications.
An additional technical advantage in the use of sinuso

radient is that although the frequency components o
ectangular gradient pulses spread over a wide band
ncluding much higher frequency components than the
uency determined by the pulse width, the highest frequ
omponent of the sinusoidal gradient waveform is simply
scillation frequency. This significantly relaxes the high-sp
equirement on the gradient system. The utility of the sinu
al gradient for solid-state imaging was also described in o

maging schemes (10, 11).

EXPERIMENTAL

Experiments were carried out on a homebuilt NMR ima
nd a Chemagnetics CMX300 Infinity, operating for proton

-
d

ich

FIG. 2. Projections of the one-dimensional test sample obtained wit
REV-16TS sequence (t 5 30 ms) combined with the ideally pulsed (
onideally pulsed (b), and sinusoidal (c) gradients illustrated in Fig. 1. Th
mplitude was set at 100 kHz. A one-dimensional test sample of adam
owder was measured on the homebuilt imager.
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222 MATSUI ET AL.
0 and 300 MHz, respectively. The RF amplitude was vari
etween 100 and 21 kHz, depending on the experiment

ime intervalt of the magic echo pulse sequence (Fig. 1)
xed at 30ms. Suitably shaped adamantane powders, w
xhibit a linewidth of about 14 kHz, were the test sample fo

he experiments.
The gradient system in the homebuilt imager compris

mall coil with an inductance of a few microhenries an
igh-speed driver with a bandwidth of about 1 MHz, ach

ng a high efficiency of 4.5 G/cm/A and a switching sp
s fast as 3ms. On the other hand, the inductance of
ctive-shielded gradient coils in the CMX300 was abou
H and the efficiency of the coils was ca. 1 G/cm/A. T
andwidth of the driver, Techron 7570, was 20 kHz.
inusoidal waveforms were obtained by simply insertin
hase-linear Bessel low-pass filter (24dB/oct) prior to
nal driver. By setting the filter cutoff frequency to t
nversion rate,1⁄4t (Fig. 1), successively inverting recta
ular waveforms were converted to corresponding sinu
al waves.

FIG. 3. Projections of the one-dimensional test sample obtained wit
REV-16TS sequence (t 5 30 ms) combined with the ideally pulsed (
onideally pulsed (b), and sinusoidal (c) field gradients illustrated in Fi
he RF amplitude was set at 51 kHz. A one-dimensional test samp
damantane powder was measured on the homebuilt imager.
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RESULTS AND DISCUSSION

xperiments with a Rapid Gradient System

To examine the gradient interference effects on the TR
6TS line narrowing efficiency, it is necessary to vary
radient amplitude relative to the RF amplitude. Since

maging parameters are changed if the gradient is varied
hose in the following experiments to vary the RF amplit
hile keeping the gradient amplitude constant. Using the
uences shown in Figs. 1a, 1b, and 1c, we have mea
rojections of the one-dimensional test sample, which
ligned precisely to about61° using a stepping motor. Th
esults obtained by running the sequences on the hom
mager are shown in Figs. 2, 3, and 4.

Projections obtained at an RF amplitude of 100 kHz
hown in Fig. 2, where projections 2a, 2b, and 2c were m
ured by employing the ideally pulsed, nonideally pulsed,
inusoidal gradients as shown in Figs. 1a, 1b, and 1c, re
ively. It can be seen immediately that a high resolution of
m or a better is achieved, and no significant differenc
bserved in resolution among the three projections. Th

e

.
of

FIG. 4. Projections of the one-dimensional test sample obtained wit
REV-16TS sequence (t 5 30 ms) combined with the ideally pulsed (
onideally pulsed (b), and sinusoidal (c) field gradients illustrated in Fi
he RF amplitude was set at 36 kHz. A one-dimensional test samp
damantane powder was measured on the homebuilt imager.
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223MAGIC ECHO SOLID-STATE NMR IMAGING
easonable because the RF amplitude of 100 kHz was
tronger than the maximum resonance offset64.2 kHz at both
nds of the projections, as calculated by the applied gradie
bout 4.4 G/cm. The RF nutation averaging of the grad

nduced resonance offset and the interconversion betwee
and TR frames are almost perfect in this experime

ondition.
Figure 3 shows projections measured in the same mann

n Fig. 2; the RF amplitude, however, was reduced to 51
verall resolution is degraded by the somewhat reduced
arrowing efficiency resulting from the weaker RF amplitu
his can be confirmed by the experimental results show
ig. 5, where the line narrowing efficiency is plotted a

unction of the RF amplitude. Only slight or essentially
ifference is observable in resolution among the three pr

ions in Fig. 3. However, the difference becomes much m
ronounced in the similarly obtained projections shown in
, where the RF amplitude was reduced even more to 36
nd the overall resolution becomes worse because of th
reased narrowing efficiency (Fig. 5). In particular, altho
he highest resolution is obtained in projection 4a, projec
b exhibits the lowest resolution. Qualitatively, the differe
etween projections 4a and 4b can be ascribed to the
radient interference effects mentioned above. On the
and, the difference between projections 4b and 4c may b

o the gradient effect on the frame interconversion.
These experimental results indicate that to avoid resol

oss due to gradient effects, the RF amplitude should be at
bout 10 times stronger than the gradient-induced reson
ffset; the second modification, of using the sinusoidal g
nt, is more tolerant of such resolution loss, as expected

FIG. 5. TREV-16TS line narrowing efficiency plotted as a function of
F amplitude. The square root of the second moment=M 2 of the narrowed
roton line of the adamantane test sample was measured on the hom

mager. It can be seen that the line narrowing is quite effective when th
eld is stronger than about 36 kHz, whereas if it is weaker, it deteriorates
apidly.
xperiments with a Slow Gradient System

To confirm the utility of the gradient-modified TREV-16T
equences (Figs. 1b and 1c), experiments were conduct
he CMX300 Infinity, to which a standard gradient sys
esigned for liquid-state imaging by JEOL was attached.
F amplitude was about 68 kHz and the other imaging co

ions were the same as those set on the homebuilt imag
Figure 6 shows the experimental results, demonstratin

tility of the modified sequences. Projection 6a, which
isplayed for comparison, was obtained with the TRE
equence combined with an unswitched gradient. Projec
b and 6c were measured by the gradient-modified TR
6TS sequences as before. Of course, the ideal sequence
a was unusable here. Note the considerable improvem
esolution brought about by the use of the gradient-mod
REV-16TS sequences instead of the TREV-8 sequence

mprovement results from the different line narrowing effici
ies of the TREV-8 and TREV-16TS sequences, where
arrowing efficiencies were represented by=M 5 220 and
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FIG. 6. Projections of the one-dimensional test sample of adaman
rojection (a) was obtained with the TREV-8 sequence (t 5 30 ms) combined
ith an unswitched gradient. The TREV-16TS sequence (t 5 30 ms), com-
ined with nonideally pulsed (Fig. 1b) and sinusoidal (Fig. 1c) field gradi
as used for the measurements of projections (b) and (c), respectivel
MX300 imager was used for the measurements, and the RF amplitude w
t 68 kHz.
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224 MATSUI ET AL.
20 Hz, respectively. The degraded line narrowing comp
o that obtained with the homebuilt imager (=M 2 5 50–60
z, Fig. 5) is due to the relatively poor RF homogeneity in
MX300 Infinity. Essentially no difference can be obser
etween projections 6b and 6c, as in Fig. 3.

CONCLUSION

We have proposed two gradient-modified TREV-16TS
ging sequences for relaxing the high-speed requirement o
radient system. Experiments made on the homebuilt im
nd on the CMX300 Infinity have demonstrated the utility

he modifications. The use of the modified sequences pe
he relatively slow gradient systems to be used, making
agic echo imaging of solids more easily accessible.
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