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Abstract

Novel radibfrequency nuclear magnetic resonance (NMR) pulse sequehces
are presented and their application to imaging of solids using rf field
gradients is discussed. The sequences cause a nuclear spin to precess
about the static field direction at a rate proportional to the strength of
certain of the pulses. This forced precession is independent of the
resonance offset and of couplings to other spins. The pulse sequence
design is-described using coherent averaging theory and is confirmed

experimentally and numerically.
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Imaging of the spatial distribution of nuclear spins by recording
their magnetic resonance signals in field gradients is a wel]-knbwn concept
with a growing body of applications, particularly in medicine. The central
idea is that the linear dependence of the frequency of spin precession on
the magnetic field at the nucleus can be converted to a measurement of

(1)

position along a known field gradient'” ‘. Practical imp]ementation in two
and three dimensions is accomplished by various time domain schemes which
involve switching the diréction of the grédient(z).

| Nearly all NMR imaging has been done on liquids at resolutions of
10-3 - 10-1 cm, but the excellent chemica],-brientationa1 and motional
specificity of NMR, as well as its noninvasive, penetrating nature,

suggests that such imaging methods applicable to so]ids(3-10)

would be
valuable in materials science. The first barrier to NMR imaging
encountered in solids is the broad and unresolved absorption spectrum

caused by anisotropic spin interactions, which in liquids are averaged away

by diffusive motions. In order to resolve two points in the spin distribution

separated by a distance Ar and each having a spectral width le/z, a

1/Z/Ar‘ is required. A typical value for

1/2

gradient of magnitude GzM2
protons in a solid would be G 2 50mT /cm (M2 = 0.5 mT, Ar = 10-2cm).
Rapidly switching the amplitude and direction of a gradient of this size

within the bore of a high field magnet is impractical. A time domain view

~of this inequality is that the precession in the field gradient must last

Tong enough to create a significant difference in phase angle between the
magnetization from adjacent picture elements, but that during this time the
decay of the magnetization at each point should be minimal. Imaging has

been demonstrated without meeting this condition(g), but only at the cost



of a large loss in signal energy. In applications this would lead to

unacceptably long acquisitioh times and thus is not a general solution.

1/2

The principal contribution to M2 for spin 1/2 nuclei in solids

is the direct dipdlar coupling to nearby spins. Three general approaches

o have been demonstrated previously which address this fact to achieve NMR >

= imaging of solids with field gradients of less than a millitesla per centimeter.
The first (3,4,10) is to use multiple pulse line narrowing techniques (11-16)
or related modulation schemes(s) to effectively eliminate homonuclear

. (6)

dipolar couplings. The second is to use the high-order multiple
quantum spectra obtainable in solids to increase the line separation due to
the applied gradient by a factor n equal to the number of Larmor frequency
quanta characterizing the observed spectrum. . The third(7) is to observe a
dilute spin 1/2 isotope (13C), whose spectrum is narrowed by heteronuclear
decoupling of the neighboring protons. ,
The second.largest contribution to the spectral width le/2 is the
distribution of chemical shifts. This dist}ibution is typically greater in
solids thah in fluids due to the extra contribution of the anisotropic. part
of the shift tensor. Since the chemical shift range increases linearly
with magnetic field, it is a particularly severe impediment to imaging at a
high Larmor frequéncy, which is otherwise desirable to maximize the
signal-to-noise ratio. Two general approache§ have .been suggested for
separating the distribution of chemical shifts from the spatial

(17) v

is to

(7)

systematically vary the strength of the field gradient either within or

(9,10)

distribution of nuclear spins in solids. The simplest method
between pulse sequences. This provides a data set from which the
chemical shift and spatial distributions can be deconvolved. The price

paid is a lower signal energy and a longer data acquisition time. This is
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a poor bargain when the éhemical shift:distribution is unresolved due to
powder broadening, chemical complexity, or poor field homogeneity as is
typically the case for abundant spins in disordered solids. The second

(4)

approach , which has not to our knowledge been experimentally
demonstrated, combines.multiple pulse line narrowing with pulsed DC field
gradients in between the rf pulses. The phase of the rf and sign of the DC
can be chosen in such a way that, over a cycle of several pulses, evolution
dué to the chemical shifts vanishes, but that due to the gradient
accumulates. The gradientvswitching time Of,§i0-6s required for this
scheme is a significant barrier to its experimental implementation.

This Letter introduces a new approach.to NMR imaging of nuclear
spins in solids. Without the use of pulsed DC gradients or deconvolution,
both dipolar (homonuclear and heteronuclear) and chemical shift

1/2

contributions to M2 are suppressed leaving only the spatial information.

As in the proposal of Mansfield and Granne11(4)

we begin with a cycle of rf
n/2 pulses whose net effect is to eliminate any evolution of the transverse
magnetization due to the rotating frame spin Hamiltonian. Two such cyclic
sequences are shown in Fig. 1. The first (Fig. 1la) consists of sixteen
Larmor frequency pulses alternating with delays or “"windows" and has
already appeared as part of a heteronuclear sequence in another

(18) The second example (Fig. 1c) is of the windowless variety and

(19)

context.
differs from previous such sequences in that it eliminates

heteronuclear dipolar couplings and chemical shifts as well as homonuclear

- couplings. The result of Fourier transforming the cyclically sampled

transverse magnetization obtained with these sequences is a single line at
the spectrometer carrier frequency. This is the zero point of the rotating

frame frequency scale. Such an experimental result on adamantane at a



;{;A spectrum has been eliminated. Figure 3a shows the result of a numerical

proton Larmor frequency of 180 MHz is shown in Fig. 2a. The experimental

width of 64 Hz shows that the 12 kHz dipolar width of the usual sofid state

. simulation on a system of three dipolar coupled spins 1/2 with three

distinct chemical shifts and confirms the effectivengss of the sequence
even when both typés of interactions are present.

With all internal magnetic interactions eliminated, the next step is
to introduce an externally variable field in such a wéy that the line
frequency does depend on it.. In order fof any such field to have a
lowest-order effect on the kapid]y toggling magnetization, it too must have
a related time dependence. We avoid the teChniﬁa] difficulty of pQ]sing
the DC field by instead modifying the rf field. Figures 1b) and d) show rf
sequences which when superimposed on the sequences in a)land c),
respectively, cause an apparent preceésion around the static field
direction at a frequency proportional to their pulse angle 6. The
experimental confirmation of this effect (superimposing the sequences of‘
Fig. 1la) and 1b)) 1is shown in Fig. 2, where 6 ranges from zero to 17 degrees
with proportional changes in the line position. Fig. 3 shows the
corresponding set of numerical simulations on the system with chemical
shifts..

The significancé of these results for NMR imaging of solids is that
elimination of the dipolar and Zeeman interactions has been achieved in a
sequence which gives a line position proportional to a continuously v
variable rf field strength. Figure.z was obtained by combining the sequences
of Fig. la) and b) in a single coil with a homogeneous field. If instead _
the sequence of Fig. 1b) were delivered by a rf coil whose field varied

linearly across the sample, then the value of & would label a particular



slice perpendicular to the gradient. The resulting spectrum would be the
projection of the number density of the‘observed nuclear spin onto the
gradient axis. The use of rf gradient coils in imaging of liquids has

(20)

already been demonstrated. Sequences like those of Fig. 1 should make

the use of rf gradients the method of choice for imaging of solids. The

(4)

advantage over sequences proposed using pulsed DC gradients is a

practical one; rf gradients of sufficient magnitude can be routinely
switched in amplitude and direction in well under a microsecond.(zo). As a
result of the high carrief frequency, the inductors can be small.
Furthermore, they neither couple to the static gradient coils used to-shim
the field nor excite long-lived eddy currenté, two effects which constrain
the size and switching time of DC gradients.

~ The design process can be described using coherent averaging theory
treating the pulses responsible for the precession (Fig. 1b) or 1d)) as a
perturbation on the sequences of Fig. la) or 1lc) in analogy to the standard

(13)

treatment of uncontrolled pulse angle errors. As an example, consider
a nutation sequence consisting of pulses of angle 0 coincident with the

ith pulse of Fig. la) and having the same phase. (More general tiﬁing and
phases are possible,'but will not be considered here for simplicity). The

average Hamiltonian for this sequence of total length t. is

(0) _
H = (l/tc)(Kyly +x, 1) (1)
where Ky'= (61- 0y- 8 +0g = 8g + 0y, + 08,4 - 616) and
Ky = (e2 +03 -0 -0, 40,9+ 8 -0, - 615).

Although resonance offset and chemical shift terms have been eliminated,



note that some of the pulse angles now appear as coefficients of the
longitudinal component of spin angular momentum I,. To obtain the sequence
- of Fig. 1b), these are set equal in magnitude (Ieil = é) and their éigns :
£ ¥(1.e. ’phase§) are chosen to maximize the magnitude of the coefficient of
'IZ. ‘The result is an apparent resonance offset frequency of 86/1:C
radians/s. Effective transverse fields due to intentional pd]se missets -
(analogous to the Iy term of Eq. (2» have been used recently for spin
1ocking(16).'»

The analysis of Eq. (i) suffices to explain the 8-dependent line
positions in Figs. 2 and 3. To understand why such large angles can be
treated perturbatively is more difficult. One épproach is to calculate
higher order correction terms 7¥(n)(12-15) for the superimposed pulse
seque;ce.' The largest possible e-dependent correction term is the
cross-term betweeh the_nutation pulses and the dipo]ar couplings. As can
be shown analytically, this term is zero for the sequences used. This is
confirmed by the fact that the experimental linewidth in Fig. 2 increases
only slightly with 6. No attempt has been made to calculate the algebraic
form of the underlying correction term actually responsible for this weak 6
dependence. It is of interest however, that the exact numericé] simulation
of Fig. 3, on a three spin system with dipolar couplings similar in size to
those of adamantane, accurately reproduces the weak e—dependent line

broadening. This indicates the potehtia] of such simulations as an adjunct

o

to algebraic methods in evaluating new pulse sequences.

From the viewpoint of an imaging experiment, this line broadening
represents a decrease in resolution towards the edges of the picture.
Nevertheless, the resolution achieved suggests that images with 250:

picture elements in each spatial dimension are attainable. The other imperfection
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is the small line at w = 0 in Fig. 2 even when 6 # 0. This corresponds to
a bright spot at the center of the image and an effective degradation of
the information content of that one picture element. This feature was not
found in the numerical simulation of Fig. 3, which was performed with
square pulses. One poésibility is that it arises from the finite-

rise and fall time (~3 x 10-75) of the actual pulses.

An important requirement for sequences designed for high field
imaging of protons is that they perform satisfactorily over the 10 ppm
range of chemical shifts which characterize most solids. Results
indistinguishable from Fig. 2 are found in a range of 2kHz about exact
resonance indicating that an adequate bandwidfh has been achieved.

The concept introduced here in one dimensional form will be most
useful when incorporated into multidimensional expefiments. Since the
dynamics is reduced to that of a two level system with arbitrary linearly
varying or spatially homogeneous coefficients for the transverse and
longitudinal terms (Eq. (1)), imaging procedures such as "slice

a(2)

selection and Fourier zeugmatograph}17), which were designed for
liquids, are now possible in solids. The spatial information from the
imaging dimension(s) may also be correlated with spectroscopic information
by Fourier transforming with respect to an additional dimension where some

part of the internal Hamiltonian is allowed to act in high field or zero

field(21). Such spectroscopic applications will allow the imaging of such

'properties as chemical identity, molecular structure, diffusion, restricted

motion, reactivity, or spatial orientation. The improvement of these
sequences and their incorporation into multidimensional imaging

spectroscopy of solids is currently under way.
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Figures -

Figure 1:

Figure 2:

13.

NUtation,sequences for magnetic'resonance imaging. The line
narrowing cycle in a) eliminates evolution due to both the
intérnaT spin Hamiltonian and resonance offsets. The four
quadrature rf phases are labeled x, Yy, X, and-y. The pulse
length is tw and, as with the WHH-4 sequence (see Ref. 15, Sec.
3.5), the pulse angle By 2 n/2 satisfies 6(1-tanso/so) = 4/3,
where § = 2tw/(-c1 tr,t 2tw). Optimal 1ine narrowing is
obtained with (11 + tw)/(r2 + tw) = 2.0. Transverse
magnetization is created by a «/2 pulse before the first such
cycle and is sampled at the beginning of each cycle in a train.
The sequence in b) runs concurrenf]y with that in a) and forces
a net precéssion of the magnetization through an angle 86 where
8 is the maQnitude of the individual pulses in b). For NMR
imaging, the sequence in b) is delivered by a rf field gradient
coil, such that e (and thus the rate of precession) varies
linearly across the sample. The sequences in ¢) and d) form a
similar pafr; The 12-pulse windowless sequence of ¢) with
length t. = 12tw and pulse angle Bg = n/2 narrows the line and

its position is controlled by the angle 8 in sequence d).

Experimental demonstration of line narrowing with nutation. The
sequences of Fig. la) and b) were superimposed in a single coil
by hsing pulse angles of Bp + 8 or 30'- 8 depending 6n whether
the phase in b) is equal or opposite to that of the simultaneous
pulse in a). The spectra shown are Fourier transformsvof the

resulting complex rotating frame signals. The variation from



Figure 3:

14,

= 0° in a) to 8 = 17° fn'g) was obtained by varying pulse length-
around the value BO = 93° appropriate to the parameters t =
2.7us, 1y = 10us and 1, = 22.7us. The linear variation in line
position with 6 confirms the analysis of Eq. (2). The
effectiveness of line narrowing over the entire spectral width
confirms the bossibi]ity of obtaining many reso]Qed picture
elements in an imaging experiment where frequency is
proportional to spatial position in a gradient of 6. vThe
absence of an image line at positive frequency shows that
preceésion 1s.confined to the transverse plane. Thus the
imaging gradient may pass from negative to positive values
within the.samp]é without introducihg any ambiguity with respect

to signs._

Computer simﬁ]ation of line narrowing with ndtation on three
coﬁpled spins. The pulse timing and strengths are the same as in
the corresponding traces of Fig. 2. For each value of &, the
evolution of the transverse magnetization was calculated for 500
repetitions of the sequences in Fig. la) and b) and then
multiplied by an éxponentia] decay corresponding to the
experimental linewidth found for 6 = 0 in Fig. 2a). The
additiona] 6 - dependent linewidth observed in Fig. 2 is also
seen in the simulation indicating that it is intrinsic to the
sequence énd_not due to experimental misadjuétment. The dipolar
couplings 012 = 3 kHz, 023 = 2 kHz and D31 = 1 kHz were chosen
to give a spectral width similar to that of adamantane.

Chemical shifts of vy = -500 Hz, v, = 100 Hz and v3 = 400 Hz
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were added to demonstrate the effectiveness of the sequence in

eliminating this source of spectral width.
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