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High-resolution NMR imaging of objects
with dipolar-broadened spectra
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Abstract

It is shown that, in some substances with dipolar-broadened conventional NMR spectra, it is possible to use long-lived coherent

response signals, excited by long and weak radiofrequency pulses, for producing NMR images with high spatial resolution.

Compared to other techniques, the method does not require high field gradients or strong radiofrequency fields, and therefore, can

be applied to large objects.
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1. Introduction

Magnetic resonance imaging (MRI) and local spec-

troscopy are among the most powerful techniques for

non-destructive study of various objects. MRI is widely

used in biological science and medicine for, as an ex-

ample, producing high quality images of the inside of

the human body. The images are reconstructed from

Fourier transforms of NMR signals of nuclear spins in

the presence of radiofrequency and magnetic field gra-
dient pulses. The achievable spatial resolution Dx in the

direction x can be estimated as [1]

Dx ¼ 2pDf =ðcGxÞ; ð1Þ
where Df is the linewidth, Gx is the gradient of magnetic

field in x-direction, and c is the gyromagnetic ratio of the

resonant nuclei. As one can see from Eq. (1), for high

spatial resolution one needs sharp NMR signals or

strong gradients of the magnetic field. NMR lines are

very narrow in liquids (Df � 0:1–10Hz), where aniso-

tropic dipole–dipole interactions are averaged by fast
molecular motions. Most of the MRI applications use
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NMR spectra of liquids. The achievable spatial resolu-

tion is about 0.1mm for large objects (human body) and
up to one micron for small objects (NMR microscopy)

[2]. Spatial resolution is proportional to the NMR

linewidth. With the existing techniques, the resolution is

considerably less for solids or ‘‘soft solids’’ where, in

contrast to liquids, dipole–dipole interactions between

nuclear spins are not averaged out by fast molecular

motions.

Compared to the impressive success of medical ap-
plications, MRI use in materials science for imaging

solid objects is rather limited. In solids or substances

with restricted molecular motions, NMR lines are 3–5

orders of magnitude broader. According to Eq. (1), a

corresponding increase in strength of the magnetic field

gradients is required for the same level of spatial reso-

lution. However, over the past several years there has

been an increased interest in using MRI to examine solid
materials or porous media, the objects with broad NMR

lines. The main techniques are NMR line-narrowing

with multi-pulse sequences [3–5] and use of ultra-strong

gradients: stray fields of an NMR magnet [6–8]. Among

line-narrowing multi-pulse sequences the ones based on

the magic echo [9] are especially convenient for imaging

applications [10–12]. The systems with broadened spec-

tra, studied with MRI techniques, include polymers [13–
16], porous materials [17,18], and multi-phase systems
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[19]. A review of imaging techniques for solid materials
can be found in [20]. Despite considerable progress,

spatial resolution for solid samples remains much lower

than for liquid samples. Besides that, application of the

methods mentioned above to large objects faces serious

technical problems of creating large gradients and/or

high radiofrequency field in a large volume.

Recently, we have found that long and weak radio-

frequency pulses can produce long-lived coherent re-
sponse signals in systems with dipolar-broadened

spectra. This novel phenomenon may have interesting

practical applications. One of them is using collective

dynamics of clusters of coupled spins to store [21] and

process in parallel [22] large amounts of information.

Another promising application of such coherent re-

sponse signals could be MRI with greatly improved

spatial resolution.
Fig. 1. Conventional 1H NMR spectra of 5CB (A) and adamantane

(C) obtained with 3.5 ls 90� pulse; (B) spectrum of 5CB excited with

soft 0.2 s pulse with RF amplitude cB1=2p ¼ 15Hz, acquisition delay

was 1ms, the linewidth is 23Hz; and (D) spectrum of adamantane

excited with soft 12ms pulse with RF amplitude cB1=2p ¼ 60Hz,

acquisition delay was 200ls, the linewidth is 120Hz.
2. Results

Two examples in Fig. 1 demonstrate the line-nar-

rowing which can be achieved by using the new type of

excitation of NMR signals. Figs. 1A and C show con-

ventional 1H NMR spectra of 5CB (40-n-pentyl-4-bi-
phenylcarbonitrile) and adamantane, respectively. Their

widths are determined by residual dipolar couplings

between proton spins. For the liquid crystalline sample

of 5CB, with soft excitation, the linewidth is decreased

by more than 2000 times (Fig. 1B). Considerable line-

narrowing has been also achieved for solid adamantane

(Fig. 1D). Actual phases of the signals excited by soft

pulses are opposite to those of the conventional spectra.
For convenience, the spectra in Figs. 1B and D are

shown with 180� phase shifts.

Feasibility of using the long-lived coherent response

signals for producing NMR images is demonstrated in

Fig. 2, which shows a 1D image of a model object. The

phantom is a 5mm flat-bottomed NMR tube filled

with liquid crystal, and there is an axially symmetric

Teflon insert inside of the tube. The gradient is applied
along the symmetry axis, and the corresponding 1H

NMR spectrum reflects distribution of the proton-

containing substance (liquid crystal) along this direc-

tion. One can see that the total spectral width of the

image is an order of magnitude less than the linewidth

of conventional NMR spectrum of 5CB. The image is

obtained with weak magnetic field gradient of only

0.5G/cm. This gradient strength is typical for medical
MRI scanners. With conventional excitation, three

orders of magnitude stronger gradient would be needed

to reach comparable spatial resolution. The arrow in

Fig. 2 indicates the boundary of sensitive region of the

probe.

The phantom in Fig. 3 consists of three layers of

powdered solids: adamantane–potassium dichromate–
adamantane. The powders have been packed into a

5mm flat-bottomed NMR tube. Proton density distri-

bution along the symmetry axis (1D image) shown in

Fig. 3 has been obtained with the same gradient of only

0.5G/cm. Similar to the 5CB phantom, the total spectral

width of the image is considerably less than the width of

the conventional NMR spectrum (Fig. 1C).
3. Experiment

The experiments were carried out with a Varian

Unity/Inova 500MHz NMR spectrometer equipped

with a z-gradient probe. 5CB and adamantane were

purchased from Aldrich and used without further puri-

fication. To compensate for a finite rise time of the



Fig. 2. 5CB phantom and 1D image. The excitation pulse parameters are the same as in Fig. 1B, the gradient is 0.5G/cm, the number of transients is

5000.
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magnetic field gradient, a gradient echo has been used.

After the RF excitation pulse, to obtain the image of

5CB phantom (Fig. 2), a negative gradient of 1G/cm

and a duration of 80 ls have been applied and the ac-

quisition gradient of 0.5G/cm followed after 600 ls de-
lay. For the imaging of adamantane phantom (Fig. 3), a

negative gradient of 1.25G/cm and a 40 ls duration

have been applied, and the 0.5G/cm acquisition gradient
followed after 120 ls delay. The first point of FID for

Fourier transform was the point of maximum amplitude

of the FID signal.
4. Discussion

Soft excitation of long-lived response signals does
not offer a universal solution for solid-state NMR im-

aging. In many cases, the signals are too weak to be

practically used for imaging. The presence of internal

molecular motions is favorable for stronger response

signals (B.M. Fung, V.L. Ermakov, ‘‘The presence of
long-lived spin states in organic solids with rapid

molecular motions,’’ to be published) and we expect

that the technique will be most useful for imaging

‘‘soft’’ solids with intense anisotropic molecular

motions. Integral intensity of the sharp peaks is always

much smaller than that of conventional NMR spectra.

However, in favorable cases, like liquid crystals or some

‘‘soft’’ polymers, the peak height can be comparable to
that of conventional spectrum. Since much smaller

gradients are needed for the same spatial resolution, we

can expect considerable improvement of the S/N ratio

compared to imaging with conventional excitation of

signals. In organic solids, the coherent response signals

are usually weak. As an example, the height of the peak

for adamantane in Fig. 1D is only 0.2% of the signal

excited by a hard 90� pulse. In this case, the sensitivity
is decreased even compared to the single point imaging

(SPI). Poor sensitivity can be partially compensated by

faster repetition of the acquisition cycles. Similar to the

FLASH technique [23], which uses pulses with small

flip angles, each weak pulse produces only a small



Fig. 3. Adamantane phantom and 1D images. The excitation pulse parameters are the same as in Fig. 1D, the gradient is 0.5G/cm, and the number of

transients is 5000.
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change of the total z-component of magnetization

and, therefore, acquisitions can follow much faster
than T1.

The use of long-lived coherent response signals can

significantly decrease the strength of gradients needed to

achieve a desired spatial resolution, and the RF power

during ‘‘soft’’ excitation is extremely small. This makes

this technique more suitable for imaging large objects.

Another advantage comes from using the generator

frequency rather than the Larmor frequency for labeling
spatial position: there are no distortions caused by a

static field inhomogeneity (magnetic susceptibility vari-

ations or non-perfect shims) and the schemes for com-

pensating such distortions [24] are not necessary. In the

presence of inhomogeneous static field, different regions

of a broad spectrum are excited in different parts of a

sample but the frequency of the excited signal is the

same. Applied gradients shift this common precession
frequency. In addition, there is no distortion arising

from the interaction between radiofrequency pulses and

gradient pulses [25].
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