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Abstract. Due to reduced molecular motion the transverse relaxation time 7, in solid materials is typi-
cally shorter by a factor of 10* to 10° in comparison to those in liquids, resulting in a large intrinsic
nuclear magnetic resonance line-width that can be well above 20 kHz. Therefore high-resolution solid-
state magneltic resonance imaging requires either very strong gradients or special line-narrowing tech-
niques. Single-point imaging (SPI) is a successful pure phase encoding sequence in imaging soft-solid
materials; however, when used to study rigid solid materials it still suffers from a very long acquisi-
tion time and large gradients. On the other hand, magic echo is a technique that can be used to ef-
fectively refocus dipolar interaction, thus achieving a line narrowing. Therefore, the aim of this work
is to improve the signal intensity with the combination of the magic echo technique and the SPI se-
quence. In this paper first applications and a comparison of the SPI sequence with a combination of
the magic echo and the SPI sequence to image structures of solid-state materials are presented.

1 Introduction

Due to reduced molecular motion the transverse relaxation time 7, in solid ma-
terials is typically shorter by a factor of 10° to 10° in comparison to those in
liquids, resulting in a large intrinsic nuclear magnetic resonance (NMR) line-width
that can be well above 20 kHz [1]. In the case of solid-state magnetic resonance
imaging (MRI), the transverse magnetization M /M, decays so fast that only a
small amount is left before any conventional MRI sequences can be successfully
applied, therefore the achievable spatial resolution and the signal-to-noise ratio
is strongly degraded. Two classes of methods are commonly used to do solid-
state MRI: using large gradients and using line-narrowing techniques. The class
of imaging methods characterized with large gradients includes stray-field imag-
ing (STRAFI) [2], pure phase encoding imaging such as single-point imaging
(SPI) [3]. and multiquantum imaging [4]. The class of imaging methods charac-
terized with line-narrowing techniques includes magic-angle spinning (MAS)
imaging [5], magic-angle rotating-frame imaging [6], multipulse line narrowing
imaging [7, 8], and magic echo phase-encoding imaging [9, 10]. Most of these
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solid-state MRI methods require additional hardware, therefore are difficult to
realize with standard MRI devices and have limited applications. From an ex-
perimental point of view, pure phase encoding are the most suitable methods to
do solid-state imaging of abundant nuclei 'H. SPI is a successful pure phase
encoding sequence in imaging soft-solid materials. However, the limiting disad-
vantage of SPI is a very long acquisition time. To reduce the acquisition time,
an improved version of SPI, single-point ramped imaging with T, enhancement
(SPRITE), was proposed by Balcom [11]. SPI/SPRITE have been successfully
applied to study various materials with short transverse relaxation times, such as
cement [12-14], zeolite {15] and gas [16]. However, in most rigid solid materi-
als the dipolar interaction is so strong that the transverse magnetization decays
to noise level in 20 ps or even less. High-resolution imaging of rigid solids with
SPI/SPRITE sequences still suffers from very strong gradients and the low sig-
nal-to-noise ratio. In this case the strategy to extend the decaying time of trans-
verse magnetization is the use of different line-narrowing techniques, such as
solid-echo [17] and magic echo {18] sequences. In this paper results of the SPI
sequence combined with the magic echo SPI sequence to study structures of solid-
state materials are presented.

2 Materials and Methods

Single-point imaging is a three-dimensional (3-D) pure phase encoding method,
a single data point in the k-space is acquired with a minimum phase encoding
time after each broadband, small flip angle (typically 10°) radio-frequency (RF)
excitation pulse. The SPI sequence is shown in Fig. 1. The signal intensity §
from any point in an SPI image is related to local proton density, p, by Eq. (1)
where the pulse flip angle is &, the phase encoding time is ¢, and the repetition
time is T [I1]:
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The term in square brackets represents steady-state longitudinal magnetiza-
tion established through a succession of excitation pulses where we assume trans-
verse magnetization is completely dephased between pulses. This term suggests
the possibility of introducing 7, contrast into the image by employing large flip
angle pulses with repetition times in the order of 7,. The shorter 7, of many
systems of interest further suggests that rapid pulsing should permit rapid k-space
traversal. The main advantages of the SPI method are: no requirement of addi-
tional hardware, ultrashort phase encoding time, no chemical shift and suscepti-
bility artifacts, insensitivity to B, field inhomogeneity. The limiting disadvantage
is a long acquisition time, which is due to the fact that only one data point is
acquired after each excitation pulse.
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Fig. 1. SPI pulse sequence. x, y, z represent three gradient directions, T is the repetition time and
T, is the phase-encoding time. Only one data point is acquired after each small flip angle excitation
pulse (normally about 10°).

Magic echo is generated from transverse magnetization with magic sandwich
pulses that are shown in Fig. 2 [9]. The excitation pulse 90, produces coherences
evolving during a time period of . The time reversal of the evolution in the
presence of the spin interactions takes place as a consequence of the magic sand-
wich 90 -a.-a_-90_,. This composite pulse has a total length of 47. After an-
other interval 7/, which ideally is identical to rz, the magic echo is created. In
this sequence the 90,, , pulses are assumed to be “ideally hard”, i.e., the condi-
tions @, = yB, > yGd, and w, > yB, are fulfilled, this condition is also termed
“d pulse limit”. In this case the whole spectrum and the whole sample is ex-
cited homogeneously. Here the dimension of the sample in z direction is d,, the
gradient strength along the z direction is G, the local field is B, _, the amplitude
of the RF field is B,, and the gyromagnetic ratio of 'H is . The nominal pulse
angle « of the burst pulse is determined by the pulse length 27, ie., a =2,z
These burst pulses are assumed to fulfil the condition w, > ¥B, . but not neces-
sarily @, > yGd,. During the burst pulses the dipolar interaction and the local
off-resonance effect produced by the field gradient have to be taken into account.
Unlike a 90° refocusing pulse in the solid echo sequence, the magic sandwich
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Fig. 2. Magic-echo SPI pulse sequence. x, y, z, represent three gradient directions. All 90, , pulses

are hard & pulses, the dephasing time of the transverse magnetization is 7. The magic sandwich con-

sists of four pulses with a total length 47 90,-2-a_,-90_,, during which dipolar interaction is refo-

cused. The nominal flip angle of the burst pulse is decided by a = 273B,, B, is the RF field strength.
Magic echo appears another 7 after the magic sandwich.
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is capable of refocusing magnetization, which decays under the dipole-dipole in-
teraction not only between just two spins 1/2 but also among many spins. An-
other feature of magic sandwich is that single-quantum coherences can be refo-
cused even after delays as long as the transverse relaxation times, thus gradients
can be switched on and off during these delays. In magic echo imaging the am-
plitude of the gradient pulses applied during the echo time is varied in a sys-
tematic way to cover k-space, so that phase encoding of the space information
is realized. If the gradients cannot be switched on and off sufficiently rapidly,
they can be left on during the magic sandwich as is the case in our laboratory.
However, this will cause mirror artifacts in the final image.

In our laboratory SPI and the magic echo SPI sequences are used to do 2-
and 3-D imaging of various solid-state materials, including Lego blocks, low-
water-content chocolates, phantoms made from ifupolen particles and glass fiber
filled polypropylene samples. The Lego SPI experiments were carried out on a
0.35 T Bruker electro-magnet system located in the University of Applied Sci-
ences in Karlsruhe, equipped with 200 mT/m active-shielding gradients which can
be switched in ca. 600 us and a 200 W RF amplifier. All other experiments were
made on a 4.7 T Bruker AVANCE spectrometer located in the University of
Karlsruhe, equipped with 1 T/m gradients with 100 ps switching on/off time and
a 206 W RF amplifier. Some photos of the samples we measured are shown in
Fig. 3. The Lego block is a normal Lego piece bought from a children toy-shop,
its dimension is 24 by 12 by 16 mm; the Milka Luflee chocolate sample is from
Kraft Co. in Munich with a dimension of 12.5 by 14.5 by 21 mm, and it has
been naturally dried under room temperature for several weeks without any pack-
ing, so that the water (moisture) content is believed to be much lower than that
-in normal chocolate samples; the lupolen phantom sample is made from three
packed lupolen particles of BASF Co., each with a size of 5 mm in diameter

Fig. 3. Photos of the samples as described in the text: a a Lego block, b a Milka Luflee chocolate
piece, ¢ lupolen phantom, d glass fiber filled polypropyiene sample.
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and 2 mm in height. The glass fiber filled polypropylene sample is provided by
Fraunhofer Institute for Chemical Technology in Pfinztal, Germany, in a cylin-
der form with a diameter of 5 mm and a height of 5 mm, the imbedded glass-
fiber bundle is about 1.5 mm in diameter.

3 Results and Discussions

Figure 4 shows a surface reconstructed SPI image of a Lego block made on a
0.35 T system, having a resolution of 625 pm/pixel in all three spatial direc-
tions. The total experimental time was about 3 h. With this 0.35 T electro-mag-
net system, the signal-to-noise ratio and the achievable resolution is mainly lim-
ited by the low field strength B, Another limiting factor is the long-time ther-
mal stability of the water-cooled electro-magnet system. Because SPI method nor-
mally requires long experimental time, an SPI experiment made on a supercon-
ductive magnet system will perform better.

Figure 5 shows a 3-D reconstructed SP1 image of a low-water-content choco-
late sample measured on the 4.7 T system. In this case the achieved resolution
1s 176 um/pixel in x, y directions and 352 um/pixel in z direction, and the total
acquisition time is about 19 h. The initial motivation of this experiment is to
study the distribution of pores in this chocolate. On the image the bright areas
represent the chocolate powder with bound water or fat, the dark areas are as-
sumed to be void space. The distribution of pores as well as the porosity can be
calculated from the image data, the accuracy of the porosity calculation is di-
rectly dependent on the signal-to-noise ratio of the experiment. With this kind
of low-water-content chocolate sample we also tried to use the conventional spin
echo Fourier imaging sequence; however, the obtained signal intensity was too
weak to be used for further evaluation.

Figure 6 shows two 2-D images of the lupolen phantom obtained with the
SPI sequence and the magic echo SPI sequence. With the magic echo sequence

Fig. 4. 2-D surface reconstructed SPI image of the Lego block made on a 0.35 T electro-magnet
system. Field of view (FOV) is 4.0 by 4.0 by 4.0 cm, resclution is 625 by 625 by 625 um/pixel,
total experimental time is 17 h.
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Fig. §. 3-D reconstructed SPI image of the Milka Luflee chocolate sample made on a 4.7 T Bruker
microimaging system. FOV is 2.2 by 2.2 by 2.2 c¢m, resolution is 176 by 176 by 352 um/pixel. total
experimental time is 19 h.

the line-narrowing effect leads to an effective transversal magnetization relaxation
time 7, of ca. 250 ps compared to ca. 40 ps of intrinsic 7,. The images are 2-
D along the - direction, projected onto the other direction without slice selec-
tion. The achieved resolution and total experimental time are 375 pm/pixel in 5
min for the SPI sequence and 390 pm/pixel in 27 min for the magic echo SPI
sequence. The relatively long acquisition time of the magic echo SPI sequence
compared to the normal SPI sequence is due to the fact that a 90° excitation
pulse and a long repetition time (longer than T,) are used for the full recovery
of the longitudinal magnetization. Other important acquisition parameters are: for
the SPI sequence, the phase encoding time 7 is 45 us, repetition time is 10 ms
and the number of averages is 32; for the magic echo SPI sequence, the de-
phasing time r is 60 ps, repetition time is 400 ms, the number of averages is 4

Fig. 6. 2-D images of the lupolen phantom made on a 4.7 T Bruker microimaging system. The im-

ages are acquired along the z direction of the Bruker 5 mm microimaging birdcage probe and pro-

jected onto the third direction without slice selection. a Normal SPI sequence, with 45 us phase en-

coding time, 10 ms repetition time and 32 scans. The resolution is about 375 pm/pixel, and total

acquisition time is about 5 min; b magic echo SPI sequence, with 60 us dephasing time r, 400 ms

repetition time and 4 scans, and B, for the burst pulse is about 10 G. The resolution is about 390 um,
the total acquisition time is about 27 min.



Combination of Magic Echo and SPI for Solid-State MRI 275

Fig. 7. 3-D reconstructed magic echo SPI image of the glass fiber filled polypropylene. The sample

made on a 4.7 T Bruker microimaging system. Resolution is-about 180 um/pixel, total experimental

time is about 43 h. Artifacts are present at the center of the 3-D image. The bright area represents
the polypropylene shell, and the dark area is the imbedded glass fibre bundle.

and the B, field strength for the two RF burst pulses is about | mT. These two
images present a comparison of the two applied sequences, a clear improvement
in the signal-to-noise ratio is achieved with the magic echo technique, although
only 4 scans are accumulated compared to 32 scans in the normal SPI sequence.
However, in the magic echo SPI sequence the total acquisition time is longer
than that of the normal SPI sequence due to the fact that a 90° pulse is used
for spin excitation instead of a small flip angle excitation pulse. Further work is
continued in our group to investigate the possibility to use a small flip angle
(steady-state excitation) with the magic echo SPI sequence.

Figure 7 shows a 3-D reconstructed image of the glass fiber filled polypropy-
lene product in a 5 mm diameter cylinder form, which just fits in the Bruker 5
mm birdcage microimaging probe of the 4.7 T system. The transversal magnetiza-
tion relaxation time 7, of the sample is estimated at about 40 ps. The achieved
resolution is about 180 pm/pixel and the total experimental time is about 43 h.
Although the image is rather noisy and some artifacts are present in the center,
the structure consisting of an outer polypropylene shell and a central glass fiber
bundle can be clearly identified. Great interest from the chemical industry is ex-
pressed for a similar product that has‘an (ideally) evenly distributed glass fiber
network in the cross section, and the interest is the relation between the distribu-
tion of the glass fibers and the mechanical performance of the products. In this
case, the diameter of the glass fiber (or thin fiber bundle) is in the range of 20—
50 pm which cannot be resolved with the currently used magic echo SPI sequence.

4 Summary
The experiments described above show some preliminary results of the applica-

tion of solid-state MRI on standard equipment by using SPI in combination with
magic echo SPI sequences. Clearly, the resolution (limited by the signal-to-noise
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ratio) is not sufficient for many practical high-resolution applications, and the
total experimental time is too long. To reduce the total acquisition time, two ap-
proaches are: using small flip angle steady-state excitation with magic echo SPI
sequence; using spin-locking slice selection [19] technique with magic echo SPI
sequence. In our group work along this direction is continuing.
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