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Original Research

Two- and Three-Dimensional Multinuclear
Stray-Field Imaging of Rotating Samples
with Magic-Angle Spinning (STRAFI-MAS):
From Bio to Inorganic Materials

Alan Wong, PhD and Dimitris Sakellariou, PhD*

Purpose: To revisit and illustrate the potential of a simple
and effective multidimensional stray-field imaging tech-
nique with magic-angle spinning, known as STRAFI-MAS.

Materials and Methods: STRAFI-MAS images are
acquired with a standard NMR magnet and a traditional
magic-angle sample spinning (MAS) probe. The stray-field
gradients are achieved by placing the MAS probe, along
the z-direction, at a distance from the center of the mag-
net. No pulsed-field gradients are applied. The multidi-
mensional spatial encoding is carried out by synchroniz-
ing the radiofrequency pulses with the sample MAS
rotation.

Results: Two-dimensional (2D) and 3D multinuclear
images of various phantoms, including a tibia bone and
silicon carbide, are recorded. Images of inorganic solids
containing quadrupolar nuclei, 23Na and 27Al, are also
explored for the first time by STRAFI-MAS.

Conclusion: We have demonstrated that STRAFI-MAS is
a simple and user-friendly technique for multidimen-
sional imaging without the need of imaging equipment.
With the current advancements in NMR and MRI method-
ologies, STRAFI-MAS is expected to be further developed
and improved. We anticipate that STRAFI-MAS can spark
a wide spectrum of interest, from material to bio science,
where can benefit from high-resolution images.

Key Words: stray-field imaging; magic-angle rotating
sample; multidimensional imaging; multinuclear imaging;
large field gradient
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MRI IS AN IMAGING technique used primarily in med-
icine to produce high quality images for medical anal-
ysis. The technique is based on the principles of nu-
clear MR (NMR), a spectroscopy used by scientists to
obtain microscopic chemical and physical information
of liquid and solid phase materials. MRI was first
demonstrated by a back reconstruction projection of
1H NMR frequency in the presence of a magnetic field
gradient (1,2). This is, in fact, still the fundamental
basis for today’s MRI experiments. Field gradients
along the x, y, and z direction are necessary for
encoding multidimensional k-space (raw image space)
of a 3D sample-frame. Generally, the pulsed gradient
strengths of no greater than 3 T/m are used in most
clinical and research facilities. There is a constant
strive to apply higher gradients because the spatial
resolution is directly dependent to the applied field
gradient: the stronger the gradient, the higher the re-
solution. Samoilenko et al (3) was first to propose the
use of a large stray-field gradient, up to 100 T/m,
from the fringe field of a superconducting NMR mag-
net. However, stray-field imaging (STRAFI) is a 1D
technique in nature, due to the fact that it involves a
single directional gradient along the z-axis of the labo-
ratory frame. To overcome this handicap, there are
generally two approaches toward multidimensional
STRAFI. The first is by adding external pulsed-field
gradients (along the x and y direction) for multidimen-
sional k-space encoding (4); however, this would
result in an uneven spatial resolution, high along the
z direction and low along the x and y. The second
approach is by mechanically reorienting the sample
with respect to a single-directional fixed gradient (5),
in such that the k-space encoding can be carried by a
time consuming back reconstruction projection. In
both approaches, specialized equipments are required
and are not easily accessible.

High spatial resolution in solid samples requires
additional line-narrowing techniques. For example,
the first-order anisotropic interactions, such as chem-
ical shift, dipolar coupling and magnetic susceptibil-
ity, have an angular dependence proportional to
(3cos2Q–1), where Q is the angle with respect to the
external magnet field Bo. These can be readily
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averaged by rotating the sample rapidly at 54.74�

about Bo. This line-narrowing technique is called
magic-angle sample spinning (MAS) (6,7), and is now
a routine experiment in NMR spectroscopy for solid
materials. The concept of MAS imaging have been pro-
posed by Wind and Yannoni (8). But the first MAS
imaging experiment was implemented by Cory et al
(9,10), where the gradient coils were built so that the
gradients rotate synchronously with the MAS rotor,
resulting in gradient components fixed with the sam-
ple body frame. An alternative to synchronize the gra-
dients with the MAS rotor (i.e., the sample body
frame) is by simulating the effective rotating gradients
using external gradient pulses along the x, y, and z
laboratory frame. Pampel (11) has demonstrated the
latter approach by inserting a standard 4-mm high-
resolution MAS probe into a standard pulsed-field
gradient system (Bruker Micro2.5). Although the
above two MAS imaging techniques promise access to
high resolution imaging, they both require technically
demanding hardware.

In 2005, Baltisberger et al (12) have proposed an
ingenious approach for acquiring multidimensional
images by combining the stray-field gradient and the
line-narrowing MAS technique, where MAS is also
used as a tool for sample reorientation. This tech-
nique is called STRAFI-MAS. Figure 1A illustrates the
principle of STRAFI-MAS, as the sample under a con-
tinuous rotation (nR) at the magic-angle (54.74�) about
Bo, the body-frame axes (x, y, and z) rotates and
changes its orientations successively every third (Tr/3
¼ 120�) of a rotation. In other words, after a 120�

rotation of the sample holder (known as the ‘‘rotor’’) at
the magic-angle, the z-body axis becomes x, and x
becomes y, and y becomes z. Thereby, all three body-
fame axes have successive aligned with the fixed
stray-field z-gradient. As a result, the spin magnetiza-
tion density can be encoded at each body-axis during
the three periods, t1, t2, and t3. The encoding can be
carried by a modified magic-angle turning (MAT) pulse
sequence (13). A 3D experiment (Fig. 1B) begins with
two 90� pulses which are centered at every one-third
of the rotor period, creating a balanced effective gradi-
ent orientation during the periods, t1, t2, and t3. The
two pulses excite and store the evolved magnetization,
at each of the three body orientations with respect to
the fixed gradient for incremented times Dt1, Dt2, and
Dt3, by simply tipping (first 90�) the magnetization to
the transverse plane, and projecting (second 90�)
back to the longitudinal z-axis of laboratory frame at
every one-third rotor period. The last 180� pulse is to
eliminate image distortions, in the t3 period, from the
probe/receiver dead-time. In this experiment, the spa-
tial k-space encoding is done by frequency encoding
with a single fixed stray-field gradient along the z-
axis. Similarly, a 2D experiment can be performed by
encoding the frequency during two of the three sample
orientations. A 2D k-space encoding scheme is illus-
trated in Figure 1C. Additional CPMG (Carr–Purcell–
Meiboom–Gill) (14) train pulses could be applied as
an option for signal enhancement. The spatial resolu-
tion and/or the sample size is limited by the excita-
tion bandwidth generates from the radiofrequency (rf)

power of a probehead. However, with the advance-
ments in NMR technology, high rf-power MAS probe is
readily available. Baltisberger et al (12) have demon-
strated the experiment and presented 2D 1H images.

Figure 1. A: Diagram showing the sample body-fame axes, x,
y, and z, undergoing a change of its orientation after a succes-
sive 120� rotation along the magic-angle axis: z ! y ! x. B:
STRAFI-MAS pulse experiments for encoding the k-space
along the x, y, and z body-axes to give raise to 2D and 3D spin
density images. The coherence pathways of the experiment
were selected as described in Baltisberger et al (12). Tr is one
rotor period of a MAS rotation. The inserted circles indicate the
sample rotational phase. trp is a rotor (i.e., sample) projection
period for setting the rotor projection angle Qrp of the image:
(1/nR) � (Qrp/360

�), where nR is a MAS frequency. C: The 2D k-
space sampling scheme, where Dt is the dwell time in t1 and t2.
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To the best of our knowledge, there are no further
developments and applications of STRAFI-MAS have
been reported. Here, we revisit the STRAFI-MAS imag-
ing technique with 2D and 3D image acquisitions,
and explore with different spin-1=2 and spin > 1=2
nuclei to illustrate its potential application to a wide
range of materials.

MATERIALS AND METHODS

The STRAFI-MAS images of water phantoms and a
natural abundance silicon carbide (SiC, purchased
from Aldrich, France) were carried out on a 11.75T
widebore (89 mm) Bruker 500 UltraShieldTM magnet
with a Avance III 500 spectrometer, and a standard
Bruker 7 mm HX-CPMAS probe. The STRAFI-MAS
images of a tibia bone and a Na2SiO3/Al(OH)3
(Aldrich, France) mixed phantom were performed on a
7.05T widebore (89 mm) Oxford magnet with a Avance
300 spectrometer, and a Bruker 4 mm HXY-CPMAS
probe. The field gradients (0.05–1.0 T/m) used in this
study were achieved by simply positioning the MAS
probe at an offset, along the bore of a NMR magnet,
from its standard position (sweep-spot of the magnet).
The gradient strengths were carefully measured from
the 1H linewidth of a known dimension water phan-
tom. It should be pointed out that the gradients
applied here are comparable to those offered from a
standard commercial pulsed-field gradient system, up
to 3 T/m. The probe’s magic-angle, 54.74�, was care-
fully calibrated with 89Br NMR of KBr. The MAS
frequency was manually adjusted using a standard
Bruker pneumatic controller. Spinning frequencies of
less than 200 Hz with stability less than 61 Hz were
achieved with a custom-made turbine-less Kel-F rotor
cap. All multidimensional images were recorded with
States phase cycling (15) and processed with an expo-
nential apodization on the t1 and t2 time-domain data
to improve the signal-to-noise ratio. Zero-filling was
also applied to improve the pixel definition quality.
Further experimental and processing details are pro-
vided in the figure captions.

RESULTS AND DISCUSSION
1H Images of Water Phantoms

Figure 2A shows a 2D 1H image of a Kel-F insert hav-
ing two chambers filled with water inside a 7-mm
MAS rotor, with a resolution about 185 mm � 730 mm.
The tilted image (pointing at the magic-angle) can be
readily sheared by a simple 2D rotational matrix to
a favorable representation. Although the image is
acquired with a relatively low stray-field z-gradient
(<0.1 T/m), it shows the physical features of the
phantom: two water chambers with an unsmooth sur-
face all around the wall. The 2D image is carried out
under a slow continuous magic-angle rotation, having
a frequency of 105 Hz with stability of less than 61
Hz. The slow and stable rotation reduces the image
distortion arises from the change in the gradient ori-
entation during t1 and t2 (12). Moreover, short echo
period (D ¼ 5 ms) is used to minimize the distortion

arising from the slight difference in the gradient orien-
tation during each D period (12). Thus, slow and
stable MAS conditions with short D minimize the

Figure 2. A: Unsheared and sheared 1H 2D image of a water
phantom of two-chamber 7-mm Kel-F insert. The phantom is
displayed on the right. Experimental details: probe offset 5.8
cm; 1H frequency at 499.12 MHz; z-gradient �0.05 T/m; 105
6 1 Hz MAS; 2.5 ms 90� pulse width (1H-rf of 100 kHz); 0 ms
trp; 5 ms D; 0.25 s recycle delay; 8 scans; 512 and 128 real
data points were collected for a 200,000 Hz spectral width in
F2 and F1, respectively. The total acquisition time is 9 min.
The image was processed with an exponential apodization of
200 Hz in t2 and t1 � t2 and t1 data were zero-filled to 2048
points to increase the pixel resolution; however, the actual
image resolution ca. 185 mm � 730 mm is unaffected. B:
Water phantom of a 4-mm round bottle flask inside a 7-mm
MAS rotor. Experimental details: probe offset 7.9 cm; 1H fre-
quency at 498.88 MHz; z-gradient �0.62 T/m; 111 6 1 Hz
MAS; 2.5 ms 90� pulse width (1H-rf of 100 kHz); [for 1D pro-
jection] 0 Hz MAS (i.e., static sample); acquired with a full-
echo; 5 s recycle delay; 16 scans; [for 2D projection] 0.5 s
recycle delay; 32 scans; 0 ms trp; 5 ms D; 1024 and 50 real
data points were collected for a 500,000 Hz spectral width in
F2 and F1, respectively. Acquisition time is 30 min. The
image was processed with an exponential apodization of 500
Hz in t2 and t1, and zero-filled to 2048 and 512 points,
respectively. The image resolution is about 19 mm � 380 mm;
[for 3D projection] 0.7 s recycle delay; 32 scans; 5 ms D;
1024, 26 and 50 real data points were collected for a
500,000 Hz spectral width in F3, F2, and F1, respectively.
The acquisition time is 32 hr. The image was processed with
an exponential apodization of 1000 Hz in t3, t2, and t1, and
zero-filled to 2048, 64 and 128 points, respectively. The
image resolution is ca. 19 mm � 743 mm � 379 mm.
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imperfection of gradient orientation, and provide good
quality images. Similarly, Figure 2B shows 1D, 2D,
and 3D images of water inside a 4-mm round-bottle
flask. The images were acquired with a gradient of
�0.62 T/m. The resultant resolutions are estimated
to be 19 mm � 379 mm for 2D, and 19 mm � 743 mm
� 379 mm for 3D. The images are acquired under a
slow MAS (spinning frequency of 111 Hz) with a short
D period (5 ms) to eliminate distortions, and are in
good agreement with the water phantom. Note that
the 3D image appears to be tilted, and is slightly dis-
torted around the round bottle region. The latter is
contributed from the fact that the signal is truncated
during the t2 period, and results in a poor pixel reso-
lution (743 mm) along the t2 dimension. An improved
image could be acquired with longer acquisition time.
Nevertheless, the 3D image reveals the round bottle
feature quite well, and it represents the first three-
dimensional image acquired by STRAFI-MAS.

1H Image of a Tibia Bone

The 2D STRAFI-MAS images of a small hollow tibia
bone (�6 mm � �1.5 mm) are carried out at 7.05T
with a stray-field gradient of �0.9 T/m, and are
shown in Figure 3. The resolution is approximately 51
mm � 408 mm. The probe was positioned 9.7 cm
below the center of the magnet. Although the image’s
feature does not agree well with the tibia bone shown
in the photograph on the left, it does display the high
1H density regions at the two long edges, and the low
density at the center (hollow) region. Moreover, the
two images with different rotor (i.e., sample) projec-
tion angles (Qrp ¼ 360� � nR � trp, where nR is a MAS

frequency and trp is the rotor projection period used
in the experiment), 0� and 90�, do correspond mod-
estly with the view projection of the bone. For exam-
ple, the image with a 90� rotor projection corresponds
to a mirror reflection of the photograph; whereas, the
image with 0� rotor projection corresponds to a 90�

turn of the photographic picture. The visible distor-
tions in the images arise from the fact that the experi-
ments were carried out in an unstable MAS rotation,
1050 Hz with a constant fluctuation of 6 5 Hz. A bet-
ter image quality could be obtained with a slower and
a more stable MAS rotation. This could be achieved
by using a larger MAS rotor with a turbine-less cap. It
is interesting to note that Tritt-Goc et al (16) have
acquired high spatial 3D resolution images (60 � 60
� 60 mm) of a human trabecular bone at 7T to investi-
gate a bone disease called osteoporosis. In the study,
a field gradient of 1 T/m was used along the x, y, and
z direction, which is comparable to what we applied
here for the tibia bone.

29Si Image of Silicon Carbide

Silicon is a widely used element in many applications,
ranging from high endurance materials (i.e., automo-
bile components, bearings, and abrasives) to elec-
tronic and nuclear energy applications (i.e., radioac-
tive storage components, emitting diodes, detectors,
and fuel). Thereby 29Si MAS experiments are vastly
applied to study the atomic structure around the
silicon sites (17). Figure 4 shows a 29Si image of an
industrial importance silicon material, SiC powder,
packed without any effort to generate a featured
object, at the center region of a 7-mm rotor. It was
acquired with a gradient of �0.45 T/m, and a stable
MAS rotation frequency of 1800 Hz. The image resolu-
tion is approximately 56 mm � 521 mm. The image
dimensions correspond well with those of the phan-
tom. The distortion of nonparallel edges is attributed
to a combination of the fast MAS and the inherently
low sensitive 29Si nucleus. The low 29Si natural

Figure 3. A photograph of a hollow tibia bone (left) and its
sheared 1H images with two different rotor projection angles
Qrp, 0

� and 90� (right). Experimental details: probe offset 9.7
cm; 1H frequency at 298.12 MHz; z-gradient �0.9 T/m; 1050
6 5 Hz MAS; 2 ms 90� pulse width (1H-rf of 125 kHz); 0 and
238 ms trp, which correspond to Qrp 0� and 90�, respectively;
5 ms D; 1 s recycle delay; 64 scans, 512 and 64 real data
points were collected for a 1,000,000 Hz spectral width in F2
and F1. The acquisition time is 2.3 hr. The image was proc-
essed with an exponential apodization of 3000 Hz in t2 and
t1, and zero-filled to 1024 and 512 points, respectively. The
image resolution is ca. 51 mm � 408 mm.

Figure 4. 29Si image of natural abundance SiC powder
tightly packed at the center of a 7-mm rotor. Experimental
details: probe offset 7 cm; 29Si frequency at 99.16 MHz; z-
gradient �0.45 T/m; 1800 6 1 Hz MAS; 3.4 ms 90� pulse
width (29Si-rf of 74 kHz); 0 ms trp; 5 ms D; 330 s recycle
delay; 32 scans, 150 and 16 real data points were collected
for a 50000 Hz spectral width in F2 and F1. The acquisition
time is 39 hr. The image was processed with an exponential
apodization of 1000 Hz in t2 and t1, and zero-filled to 2048
and 512 points, respectively. The image resolution is ca. 56
mm � 521 mm.
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abundance (4.7%), and the long longitudinal relaxa-
tion time T2 (1.9 min) for 29SiC (18) result in a very
time consuming experiment. Fortunately, in both
crystalline and amorphous natural abundance sam-
ples, the intrinsic transverse relaxation time T2 of the
29Si nuclei can be much longer than T2* rendering the
possibility of observing successive Hahn echoes in a
CPMG train, and enhancing the sensitivity during the
acquisition (19,20). Larsen and Farnan (19) has dem-
onstrated that 1D 29Si NMR signal enhancement with
29Si MAS CPMG on silicon glasses. Similarly, the 29Si
signal efficiency of implementing CPMG into a high-
resolution 2D MAT experiment has also been demon-
strated (20). Thereby in principle, a signal enhanced
STRAFI-MAS image could be readily achieved by cou-
pling the CPMG during the signal acquisition period,
see Figure 1B. 29Si STRAFI-MAS with CPMG is a
direction that we plan on pursuing and demonstrate
in a near future.

23Na And 27Al Images of Inorganic Salts

To investigate the extension of STRAFI-MAS to quad-
rupolar nuclei (spin > 1=2), we chose to image with
23Na (I ¼ 3/2) and 27Al (I ¼ 5/2), which are abun-
dance elements in materials, and are commonly char-
acterized by MAS spectroscopy. Due to the additional
quadrupolar interaction in the quadrupolar nuclei, it
often resulted in fast spin–spin transverse relaxation
and broad resonance, hindering high resolution imag-
ing. Despite this, 23Na MRI is still a good diagnostic
technique for localizing and quantifying the sodium
concentration in materials such as foods (21), soft
tissues (22), bone cartilages (23), and cements (24).
Most of today’s 23Na imaging is done on nonrigid sam-
ples, or highly mobile sodium ions, where the quadru-
polar interaction is expected to be small. For rigid
samples, the second-order quadrupolar interaction
can become sufficient and hampering for 23Na imag-
ing. Even under MAS, the resonance lines may show
certain frequency distributions arising from the sec-
ond-order anisotropic interaction yielding quadrupo-
lar parameters: vQ ¼ [3CQ/2I(2I�1)](1þh2/3)0.5, where
CQ and h are quadrupolar coupling constant and
asymmetry parameter, respectively. Figure 5 shows
23Na and 27Al STRAFI-MAS images of a solid phantom
consists of Al(OH)3 and Na2SiO3 powder layers each
with 1 – 2 mm thickness. Under a fast but stable
1500 Hz MAS, we were able to acquire 23Na and 27Al
images with full-echo acquisition (one rotor period for
D) to eliminate image distortion from the imperfection
of magnetization refocusing during the t2 period. How-
ever, the distortions around the edges are mainly
attributed to the second-order quadrupolar interac-
tion. In the case, the 27Al image is slightly more dis-
torted compared to 23Na. This is due to the fact that
Al(OH)3 consists of two 27Al sites with different
quadrupolar frequency vQ, 0.24 and 0.67 MHz (25);
whereas, Na2SiO3 has only one 23Na site with vQ of
0.79 MHz (26). Despite the distortion, the 23Na and
27Al images shown in Figure 5 clearly display the indi-
vidual layers containing sodium in Na2SiO3 and alu-
minum in Al(OH)3. In principle, a magic-angle turning

experiment for quadrupolar nuclei (QMAT) (27) could
be incorporated in the STRAFI-MAS experiment to
minimize the distortion by suppressing the inherent
MAS sidebands. Alternatively, a larger magnetic field
gradient, such that it dominates the nuclear quadru-
polar interaction, could be used to improve the spatial
resolution and suppress the distortion from the quad-
rupolar interaction. Notice that very large stray-field
gradients are easily accessible away from the center of
any NMR magnet.

The continuous sample rotation is a main factor
contributing to the image distortion in STRAFI-MAS
(12). It arises from the imperfection of gradient orien-
tation in t1, t2, and t3 evaluation periods, and the
sample vibration during the course of sample rotation.
We minimized these effects by means of slow and sta-
ble MAS sample rotation, and showed good quality 2D
images of water phantoms in Figure 2. Alternatively,
the distortion from the sample rotation could be ‘‘com-
pletely’’ eliminated by using a discrete sudden 120�

rotation (rather than a continuous rotation, MAS),
about an axis oriented at the magic-angle to Bo,
between the t1, t2, and t3 periods. This, in fact, is the
principle of a magic-angle hoping (MAH) experiment
(28) for obtaining high-resolution solid-state NMR
spectroscopy. In principle, the STRAFI-MAS experi-
ment could be served as a protocol for incorporating

Figure 5. (Left) A Na2SiO3/Al(OH)3 phantom with the num-
ber (in millimeters) indicating the estimated thickness of
each layer. (Right) 23Na and 27Al STRAFI-MAS images. Ex-
perimental details: probe offset 8.6 cm; 23Na and 27Al fre-
quency at 79.14 and 77.95 MHz, respectively; z-gradient
�0.47 T/m; 1500 6 1 Hz MAS; [for 23Na] 1.13 ms solid-90�

pulse width (23Na-rf of 111 kHz); 0 ms trp; acquired with a
full-echo; 3-s recycle delay; 64 scans; 512 and 46 real data
points were collected for a 1,000,000 Hz spectral width in F2

and F1. The acquisition time is 4.8 hr. The image was proc-
essed with an exponential function of 1200 Hz in t2 and t1,
and zero-filled to 4096 and 512 points, respectively; [for 27Al]
1.25 ms solid-90� pulse width (27Al-rf of 67 kHz); 0 ms trp;
acquired with a full-echo; 0.1 s recycle delay; 2024 scans;
512 and 28 real data pointed were collected for a 1,000,000
Hz spectral width in F2 and F1. The acquisition time is 3 hr.
The image was processed with an exponential apodization of
1500 Hz in t2 and t1, and zero-filled to 2048 and 512 points,
respectively.
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MAH with STRAFI as a new and improved approach
for multidimensional NMR imaging.

In conclusion, this study demonstrates a potentially
useful technique, STRAFI-MAS, for multidimensional
and multinuclear imaging. It utilizes the easily acces-
sible large gradient from the stray-field of a NMR mag-
net, and the slow sample reorientations around the
magic-angle. In addition, the experiment is user-
friendly and simple to set up. It only requires a stand-
ard MAS probe capable of stable slow spinning.
Although at this point, STRAFI-MAS is a primitive
multidimensional imaging technique, but there is
plenty of room for further developments. For example,
adding CPMG echo pulses would enhance signal sen-
sitivity; and implementing T1, T1r, or multiquantum
filter pulses would provide contrasting images, which
are an enormous advantage for MRI over other imag-
ing techniques. With the accessible large gradient and
the simplicity of the experiment, we anticipate that
STRAFI-MAS is a promising imaging technique for a
wide range of microscopic studies, including micro- or
maybe even nano-scale imaging by adopting the
recent developments of micro-sized slow MAS NMR
spectroscopy (29,30). One highly possible interest
would be cell-imaging, where it can benefit from the
large stray-field field gradient for ultra-high
resolution.
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