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Magic Echo Solid-State NMR Imaging without a
Rapidly Switchable Field Gradient
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To relax the high-speed requirement imposed on the gradient
system used in solid-state proton imaging, we propose two simple
modifications of the magic echo imaging sequence, TREV-16TS.
In the first modification, the applied gradient is inverted in the
middle of the RF irradiation; the second modification utilizes a
sinusoidal gradient synchronized with the RF sequence. It is esti-
mated by experiments that as long as the RF amplitude is at least
about 10 times stronger than the resonance offset induced by the
gradient, the spatial resolution is not degraded significantly by the
line narrowing deterioration due to the gradient applied during
the on-resonance RF irradiation. The modifications allow com-
mercially available standard gradients to be used for the magic
echo imaging of solids. © 1999 Academic Press

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

INTRODUCTION

Solid-state NMR imaging generally requires high-perfo
mance hardwarel( 2). In particular, for the imaging methods™!
employing line narrowing techniques, the requirements i
posed on the field gradient system are so stringent that they
hamper the methods’ widespread use. In the multiple pul

imaging sequence. We employ a standard gradient system f
is commercially available for liquid-state imaging and ca
achieve a switching time of about 3@s. In the modified
sequences, the gradient is inverted during the RF irradiation,
alternatively a sinusoidal gradient is employed instead of tf
pulsed one. Experimental results indicate the conditions tt
must be satisfied to obtain high-resolution images with tt
gradient-modified magic echo sequences.

MODIFICATION OF THE GRADIENT SEQUENCE

When the gradient cannot be rapidly switched, we mu
resort to a continuous gradient combined with the origin
magic echo sequence, TREV-8)( The sequence TREV-8
refocuses the homonuclear (proton—proton) dipolar interacti
only and scales down inhomogeneous interactions such
chemical shifts and heteronuclear dipolar interactions, exhi
Ijjcing a relatively limited degree of line narrowing. Since the
spatial resolution is proportional to the line-narrowing effi

fqency, better resolutions can be obtained by using the ¢

ence TREV-16TS, modified for improved line narrowing
ZiS). Consequently, we have tried to devise imaging st

imaging experiments3], for instance, the gradient must peluences using the TREV-16TS as shown in Fig. 1.

Figure 1a shows the ideal gradient pulse sequence we p

switched in less than Ls. This is because the multiple pulse

line narrowing is based on the solid echo, and therefore t . . A .
length of the RF-free windows for pulsed application of th uring the RF-free windows to avoid gradient interference wit

gradient must be much shorter than the transverse relaxatioh RFrI]me nar_rt(r)]v;/rl]ngl.?[T:he Ipolarlty of the gT;La_dl_en; IS inverte
time of the solid sample. This requirement can be relaxed 'fySynchrony wi € R pulse sequence. This IS DEcause S

some extent by the use of multiple magic echoes for li e inverted successively by 180° pulses virtually inserted

narrowing @4-7), where the RF-free windows can be made age TREV'M_STS sequence for ad(_jltlonal _ref(_)cusmg of inhe
geneous interactions. The gradient switching must be ra|

long as the transverse relaxation time (Fig. 1a). Neverthelegg? ht that dient oul hi :
standard gradient switching times commercially available a gougnh to ensure that gradient pulses can achieve maxir

currently about the same as the transverse relaxation ti J?uer;[cy etr;]codmg. ¢ dina b . lati
unless a specially designed gradient driver and/or speciall oa e(le_n te i&:}me re_?Lrl]gncyi_encofmg 3:usmg ‘;.r‘ff IVE
wound gradient coils with a small inductance (a few micrgz W gradient with a switching ime ot abou 30, which 1S
henries) are used. equal to the time intervat (Fig. 1), an initial conception is the

In this paper, to relax this requirement of fast gradierll{Se of the gradient sequence shown in Fig. 1b, where t

switching, we modify the gradient portion of the magic echgradient inversion is made at each center of the RF irradiati
witehing, w ity gradient port g sandwiched by the 90y pulses. This modification is useful

1To whom correspondence should be addressed. E-mail: matsui@¥dl€n a gradient switching time is equal to or shorter than tt
tsukuba.ac.jp. time interval Z of the TREV-16TS sequence. Generally, a

8sed previously4). Here, the gradient pulses are applied onl
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905 y y y Yy Yy y For the RF nutation averaging of the gradient-induced re
RE <l % <« x x| x % x onance offset, the average Hamiltonian (AH) the@télls us
that because of the symmetry of the TREV-16TS sequence,
@ G Ml [+L1 F the odd-order AHs are zero in addition to the zeroth-order At

el [l
o G - — - Thus, the first nonzero term is the second-order AH. Th
—m_/_ suggests that the RF amplitude can be somewhat smaller tl
© G /+\ A A /+\ A A /+\ anticipated in both modifications.

V v v v v v An additional technical advantage in the use of sinusoid
1 i I

gradient is that although the frequency components of tl
rectangular gradient pulses spread over a wide bandwic
including much higher frequency components than the fr

A/D

A Repeat | . . .
quency determined by the pulse width, the highest frequen
D - component of the sinusoidal gradient waveform is simply th
—— t=24t———————> oscillation frequency. This significantly relaxes the high-spee

requirement on the gradient system. The utility of the sinusc

FIG. 1. Magic echo sequence, TREV-16TS, for solid-state imaging co . - . - . .
bined with ideally pulsed (a), nonideally pulsed (b), and sinusoidal (c) ﬁgféa' gradient for solid-state imaging was also described in oth

gradients. On-resonance RF irradiations alanagnd —x are sandwiched by 'magmg SChemeSlO’ 1])-
90°y pulses. This is called the magic sandwich. The hatched magic sandwich
represents four magic sandwiches. EXPERIMENTAL

long as the RF field is strong compared to the gradient-induced=xperiments were carried out on a homebuilt NMR image
resonance offset, the resonance offset can be neglected dufig @ Chemagnetics CMX300 Infinity, operating for protons :
the RF irradiation. The resonance offset is averaged out by the
fast nutation about the RF field direction. Thus, the gradient
sequence modified as Fig. 1b has the same effect as that of Fig.
la. However, how much stronger the RF field should be to
avoid possible interference between the gradient and the RF
irradiation remains to be examined.

Another point to be noted in considering such interference is
the gradient effect on the sandwiching 30pulses applied for
the interconversion between the rotating (R) and tilted rotating (a)
(TR) frames 8). The gradient effect on the frame interconver-
sion complicates the theoretical description of the interference
effects, because the resultant spin flipping around the effective
field deviates from the ideal 90° flipping about thexis, not
only in the flip angle but also in the flip axis direction. If the
flip axis deviation can be ignored, the flip angle deviation (b)
remains, resulting in a spatial distribution of the tilted angle of
the TR frame along the gradient direction. Although the tilted
angle distribution matches the distribution of the nutation axis
during the sandwiched RF irradiation under the presence of the
gradient, the spatial distribution leads to incomplete refocusing
of the homonuclear dipolar interaction. This is because for
complete refocusing, the tilted angle must be uniformly 90° in
space. The time intervals in the TREV-16TS sequence are set
by assuming that the homonuclear dipolar interaction is scaled
uniformly by the factor of— 3 in the TR frame.

The use of the sinusoidal gradient waveform, shown in Fig.
1c, avoids this distribution effect on the frame interconversion, ‘ 3.8mm
and is expected to provide a better resolution. The gradient-
induced resonance offset will again be averaged out by the fadflG. 2. Projections of the one-dimensional test sample obtained with tt

. . . . . TREV-16TS sequencer(= 30 us) combined with the ideally pulsed (a),
RF nutation. The sinusoidal time dependence of the grad'% ideally pulsed (b), and sinusoidal (c) gradients illustrated in Fig. 1. The F

can be neglected, as long as its frequency is much lower thagpiitude was set at 100 kHz. A one-dimensional test sample of adamant:
the RF nutation frequency. powder was measured on the homebuilt imager.

(c)
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Experiments with a Rapid Gradient System

To examine the gradient interference effects on the TRE)
16TS line narrowing efficiency, it is necessary to vary th
gradient amplitude relative to the RF amplitude. Since th
imaging parameters are changed if the gradient is varied,
(a) chose in the following experiments to vary the RF amplitud

while keeping the gradient amplitude constant. Using the s

quences shown in Figs. 1a, 1b, and 1c, we have measu

projections of the one-dimensional test sample, which wi

aligned precisely to about1° using a stepping motor. The

results obtained by running the sequences on the homeb
(b) imager are shown in Figs. 2, 3, and 4.

Projections obtained at an RF amplitude of 100 kHz al
shown in Fig. 2, where projections 2a, 2b, and 2c were me
sured by employing the ideally pulsed, nonideally pulsed, ar
sinusoidal gradients as shown in Figs. 1a, 1b, and 1c, resp
tively. It can be seen immediately that a high resolution of 1C

(©) wm or a better is achieved, and no significant difference
observed in resolution among the three projections. This

2.8mm

FIG. 3. Projections of the one-dimensional test sample obtained with the
TREV-16TS sequencer(= 30 us) combined with the ideally pulsed (a),
nonideally pulsed (b), and sinusoidal (c) field gradients illustrated in Fig. 1.
The RF amplitude was set at 51 kHz. A one-dimensional test sample of
adamantane powder was measured on the homebuilt imager.

(a)

60 and 300 MHz, respectively. The RF amplitude was variable
between 100 and 21 kHz, depending on the experiment. The
time intervalr of the magic echo pulse sequence (Fig. 1) was (b)
fixed at 30us. Suitably shaped adamantane powders, which
exhibit a linewidth of about 14 kHz, were the test sample for all
the experiments.

The gradient system in the homebuilt imager comprises a
small coil with an inductance of a few microhenries and a
high-speed driver with a bandwidth of about 1 MHz, achiev-
ing a high efficiency of 4.5 G/cm/A and a switching speed (©
as fast as 3us. On the other hand, the inductance of the
active-shielded gradient coils in the CMX300 was about 40
pH and the efficiency of the coils was ca. 1 G/cm/A. The
bandwidth of the driver, Techron 7570, was 20 kHz. The
sinusoidal waveforms were obtained by simply inserting a =
phase-linear Bessel low-pass filter (24dB/oct) prior to the

final driver. By setting the filter cutoff frequency to the FIG. 4. Projections of the one-dimensional test sample obtained with tt
inversion rate V. Fia. 1). successivelv invertin rectan_TREV—16TS sequencer (= 30 us) combined with the ideally pulsed (a),
74T ( 9. )' y g nonideally pulsed (b), and sinusoidal (c) field gradients illustrated in Fig. .

gular waveforms were converted to corresponding sinusgke rr amplitude was set at 36 kHz. A one-dimensional test sample
dal waves. adamantane powder was measured on the homebuilt imager.

2.8mm
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[Hz] Experiments with a Slow Gradient System
200

To confirm the utility of the gradient-modified TREV-16TS
160 sequences (Figs. 1b and 1c), experiments were conducted
TREV16-TS the CMX300 Infinity, to which a standard gradient syster

JM, © =30us designed for liquid-state imaging by JEOL was attached. Tt
H RF amplitude was about 68 kHz and the other imaging conc

tions were the same as those set on the homebuilt imager.
Figure 6 shows the experimental results, demonstrating t
utility of the modified sequences. Projection 6a, which i
displayed for comparison, was obtained with the TREV-
sequence combined with an unswitched gradient. Projectic
2 40 60 80 100 6b and 6¢c were measured by the gradient-modified TRE
H, Intensity [kHz] 16TS sequences as before. Of course, the ideal sequence in

FIG.5. TREV-16TS line narrowing efficiency plotted as a function of thela was unusable here. Note the considerable Improvemen

RF amplitude. The square root of the second moméM, of the narrowed resolution brought abOUt_ by the use of the gradient-modifie
proton line of the adamantane test sample was measured on the homedUREV-16TS sequences instead of the TREV-8 sequence. T

imager. It can be seen that the line narrowing is quite effective when the RRprovement results from the different line narrowing efficien
field is stronger than about 36 kHz, whereas if it is weaker, it deteriorates ratigas of the TREV-8 and TREV-16TS sequences, where tl
rapidly. narrowing efficiencies were represented v, = 220 and

80

40

reasonable because the RF amplitude of 100 kHz was much

stronger than the maximum resonance offsét2 kHz at both

ends of the projections, as calculated by the applied gradient of

about 4.4 G/cm. The RF nutation averaging of the gradient-

induced resonance offset and the interconversion between the

R and TR frames are almost perfect in this experimental

condition. (a)
Figure 3 shows projections measured in the same manner as

in Fig. 2; the RF amplitude, however, was reduced to 51 kHz.

Overall resolution is degraded by the somewhat reduced line

narrowing efficiency resulting from the weaker RF amplitude.

This can be confirmed by the experimental results shown in

Fig. 5, where the line narrowing efficiency is plotted as a (b)

function of the RF amplitude. Only slight or essentially no

difference is observable in resolution among the three projec-

tions in Fig. 3. However, the difference becomes much more

pronounced in the similarly obtained projections shown in Fig.

4, where the RF amplitude was reduced even more to 36 kHz

and the overall resolution becomes worse because of the de{(¢)

creased narrowing efficiency (Fig. 5). In particular, although

the highest resolution is obtained in projection 4a, projection

4b exhibits the lowest resolution. Qualitatively, the difference

between projections 4a and 4b can be ascribed to the two,

gradient interference effects mentioned above. On the other

hand, the difference between projections 4b and 4c may be due 2.5mm

to the gradient effect on the frame interconversion. FIG. 6. Projections of the one-dimensional test sample of adamantar
These experimental results indicate that to avoid resolutirpjection (a) was obtained with the TREV-8 sequence @0 us) combined

loss due to gradient effects, the RF amplitude should be at |4t an unswitched gradient. The TREV-16TS sequence (30 us), com-

about 10 times stronger than the gradient-induced resonaﬁlesd with nonideally pulsed (Fig. 1b) and s!nusmdal (Fig. 1c) field gljadlent
was used for the measurements of projections (b) and (c), respectively. T

offset; the second modification, of using the sinusoidal gradnxz00 imager was used for the measurements, and the RF amplitude was
ent, is more tolerant of such resolution loss, as expected. at 68 kHz.

1.5mm 1.5mm
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