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Theoretical and experimental results for NMR imaging measure-
ments of powdered materials using the 11

2
to 21

2
transition of 1

2
-integer

spin nuclei in the presence of a very large second-order electric
quadrupolar broadening are presented. An ‘‘effective spin- 1

2
’’ formal-

ism is developed to account for additional effects due to the presence
of quadrupolar interactions comparable in size to the Zeeman inter-
action. A large (7.9 mT/cm-A, with a maximum current of '20 A),
rapid ('30 ms) pulsed linear gradient field is used with echoes and
phase encoding techniques to obtain images in the limit gH1 is much
narrower than the NMR linewidth. A one-dimensional projection of
the second-order quadrupolar perturbed, 4-MHz-wide, 11

2
7 21

2
transition for 63Cu in Cu2O powder is presented as an example. An
experimental one-dimensional projection of a sample containing
Cu2O and YBa2Cu3O6.7 is also presented. © 1998 Academic Press

INTRODUCTION

NMR imaging studies using the signal from1
2
-integer nuclei in

quadrupole perturbed systems have used the fact that the broad-
ening of the central transition (11

2
to21

2
) is affected only to second

order (1). In the systems studied the central transition remained
narrow enough so that relatively straightforward imaging tech-
niques (2–5) could be employed. In this work we examine the
limit of large quadrupole coupling on imaging capabilities.

The powder linewidth of the central transition of a1
2
-integer qua-

drupolar nucleus in a solid can range from less than 1 kHz to many
megahertz. The linewidth due to electric field gradients (EFGs) is
determined by the ratio of the quadrupole coupling constant,nQ, to
the Larmor frequency,nL (1, 6, 7). The effects of the EFG on the
NMR spectrum can be used to study symmetry and stoichiometry
variations, defects (3), and other forms of disorder within a sample
(8, 9). In what follows, the utility of using standard NMR imaging
measurement techniques with readily available gradient and RF
strengths for very wide NMR lines is examined.

The field gradients typically used for NMR imaging are a small
perturbation of the much larger Zeeman interaction from the static
magnetic field. Because of this, only the components from the
magnetic field gradient which are along the static field need to be
considered. In the presence of a large EFG interaction, the quan-
tization axis is no longer along the static field, but will be along a
direction determined by the combined Zeeman and electric quad-

rupole interactions. A gradient coil must always produce magnetic
fields in directions perpendicular to the static field (10, 11), and
hence those perpendicular fields may become important for the
present case. We use second-order perturbation and an ‘‘effective
spin-1

2
’’ formalism (1) to estimate the size of the effects of the

components of the field gradients which are perpendicular to the
static magnetic field in the presence of a large EFG.

We used a simple phase encoding (12) imaging technique,
appropriate for inhomogeneously broadened lines, to produce a
one-dimensional projection of a broad line material both numer-
ically and experimentally. Two experimental images are pre-
sented. One image is obtained using the 4-MHz-wide,11

2
7 21

2
transition of63Cu in Cu2O powder, and the other is a combination
of a 9-MHz-wide YBa2Cu3O6.7, a high-temperature supercon-
ducting (HTSC) powder, and diluted Cu2O powder.

THEORY

Effective Spin-1
2

Formalism

For 1
2

integer nuclei in powdered materials and in the presence
of a large electric quadrupole coupling, the61

2
7 63

2
and other

satellite transitions will be shifted to first order and will be unob-
servable. Here we calculate the behavior of the11

2
7 21

2
transi-

tion, shifted in second order and in the presence of the magnetic
field gradients used for imaging. The following calculations are
restricted to the case where the electric quadrupole interaction is
axial,h 5 0, andI 5 3

2
. The extension of the technique to the more

general case is tedious, though straightforward.
The Hamiltonian of a spin system with a quadrupole inter-

action in a magnetic fieldH along thez-axis in the laboratory
reference frame, and in the presence of the magnetic field
gradients used for imaging, is given by

* 5 *} 1 *4 1 *& [1]

where*4 is the Hamiltonian due to the quadrupole interaction,*&

is the Hamiltonian due to the applied magnetic field gradients, and

*} 5 2g \HoI z [2]

is the Zeeman Hamiltonian.1 To whom correspondence should be addressed.
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We usex, y, andz to define the laboratory reference frame
andX, Y, andZ to define the principal axes of the EFG. Since
an axial EFG is assumed here, only two polar angles,u andf,
are needed to specify the relative orientation of these reference
frames. The angle betweenZ andz, u, is sufficient to determine
the energy-level splitting in the absence of the magnetic field
gradients. The anglef is defined so that whenf 5 0, z is in
the X–Z plane.

In terms of the operatorsIx, Iy, and Iz in the lab frame, the
quadrupole Hamiltonian is (1)

*4~u, f! 5
nQ

6 F12 ~3m2 2 1!~3Iz
2 2 a!G

1
nQ

6 F3

2
mÎ1 2 m2 @~I zI1 1 I1 I z!e

2if

1 ~I zI2 1 I2 I z!e
if #G

1
nQ

6 F34 ~1 2 m2!~I 1
2 e22if 1 I 2

2 e2if!G, [3]

wherem 5 cosu anda 5 I(I 1 1).
The gradient term is given by

*& 5 O
a,b5x,y,z

2gI aGabxb [4]

whereGab 5 Ha /b|0, a, b 5 x, y, z. Using time-indepen-
dent perturbation theory for nondegenerate spins (13), the
nuclear spin wavefunctions are calculated to second order in
nQ/nL in the absence of a gradient.

Using these second-order wavefunctions, matrix elements
for the operatorsIx, Iy, andIz are calculated. Since we are only
looking at two levels,m 5 61

2
, one can write the Hamiltonian

in terms of spin-1
2

operatorsI9x, I9y, and I9z to get an ‘‘effective
spin-1

2
’’ Hamiltonian (to second order)

* 5 eI 9z 1 const, [5]

wheree is the energy splitting between the states. Using the
perturbed wavefunctions and keeping only those terms involv-
ing I9z, *& is found to be

*& 5 2gI9zFGzxx 1 Gxzzcosf
3mÎ1 2 m2 ~9m2 2 5!

4

nQ
2

nL
2G

2 gI9zFGyzzsinf
3mÎ1 2 m2 ~9m2 2 5!

4

nQ
2

nL
2G

1 gI9zFGzxx
~153m4 2 162m2 1 9!

64

nQ
2

nL
2G . [6]

For simplicity, a simple ideal saddle gradient coil designed

to produceGxz 5 Gzx 5 dHz/dx Þ 0, with the remaining
gradient terms zero, is considered (10). The resulting effective
gradient magnetic field can be written in the form

H ~ x, y, z! 5 GzxF x 1
nQ

2

nL
2 ~axx 1 azz!G , [7]

where

ax 5
~153m4 2 162m2 1 9!

64

az 5 cosf
3mÎ1 2 m2 ~9m2 2 5!

4
.

In the absence of the gradient, the NMR frequency for a
particular crystallite in the powder sample will depend only on
u. With an applied gradient, the frequency becomes a compli-
cated function of the crystallite’s position and orientation.

When the RF excitation,gH1, is small compared to the second-
order powder linewidth, only those nuclei near the excitation
frequency,v, respond. Hence, for any particular choice of exci-
tation frequency only nuclei from crystallites at a small set of
values ofu will contribute. For each of these values ofu, all
possible values off occur with equal probability. When averaged
over allf, the angular-dependent terms average to zero and hence
the correction terms will not give rise to net shift of the NMR
intensity. The correction terms will give rise to a broadening,
which reduces the ultimate resolution in the image.

To estimate the extent of the broadening, a sample consist-
ing of a thin disc of radiusr, with its axis along thex-direction
and in the planex 5 xo, is considered. With a time-independent
gradient and considering only those nuclei oriented at (u, f), a
measured 1D projection as a function of position and frequency
shift Dv9 will be given by

S~ xo, Dv9 ! 5
r

gaz~nQ
2 /nL

2 !
Î1 2 a2, 21 , a , 1

5 0 otherwise, [8]

where

a 5
1

raz
FSDv9

g Gzx
2 xoD 1

~nQ
2 /nL

2 !
2 axxoG .

In the limit wherenQ 5 0, S( xo, Dv9 ) is a delta function
d (Dv9 2 g Gzxxo), and the usual NMR imaging result is
obtained.

Recognizing that̂ax
2& ' 1, and withxo # r, the extra broad-

ening due to the presence of the EFG will begGzxrnQ
2 /nL

2, within
factors of order of unity. The ultimate resolution will then be
proportional to the size of the sample.
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Image Profile Calculation

Walstedt (14) provides a formalism to calculate the results of
a two-pulse spin echo for inhomogeneously broadened NMR
lines in solids. We extend this formulation to accommodate a
simple one-dimensional pulsed gradient to yield a phase en-
coded image. We assume thatgH1 is much smaller than the
NMR linewidth and the relaxation effects are negligible. A two
pulse echo sequence with a gradient pulse placed between two
RF pulses (Fig. 1) is used. It is assumed that all the pulses are
of short duration.

The gradient pulse, of durationtg, is added and modeled
using a rotation about thez-axis. We writeGxz 5 Gzx 5 ago

wherea is a unitless real number. Experimentally,go will be
the smallest gradient strength used anda will take on integer
values. Following Walstedt’s procedure and evaluating the
received echo signal att 5 2t, we find for a cylindrical sample
of unit radius and length 2xo,

Sx~ b ! . O
n
E

0

2p

dfE
2`

`

dv9E
2xo

xo

dx g~v9 !
1

az~nQ
2 /nL

2 !

3 Î1 2
1

az
2 FS b

ggotg
2 xD 1

nQ
2 /nL

2 1 axxG 2

3 @r cos~Dv tg! 2 s sin~Dv tg!# , [9]

whereg(v9) is the NMR powder lineshape,Dv 5 v9 2 v, r
5 R13(R11 2 R22), s 5 R23(R11 2 R22), with Rij given in (14).
The sum is over the different values ofu which contribute to
the lineshape atv. In the absence of an EFG, the unitless
parameterb can be directly interpreted as position in units of
1/ggotg, andS(b) is a 1D projection of the sample.

EXPERIMENTAL

A homebuilt spectrometer, built around an 8.47-T supercon-
ducting wide-bore magnet, was used for imaging. A linear
gradient was generated using a fully automated gradient circuit
based on Conradiet al.’s design (15). With the components
used, this circuit resulted in a current pulse of width'30 ms in
the form of half of a sinusoidal. The peak current through the
gradient coil during one cycle is about 20 A. A simple Golay–

Saddle coil (10, 16, 17) designed to produce a linear gradient
with Hz/ x Þ 0 was used. The coil we used was 8-mm-
diameter, 24-turn, 30-gauge copper wire withLparallel 5 30mH
andRdc 5 1.2 V. We could obtain a gradient of 7.9 mT/cm-A
(339 kHz/cm-A for protons) with this circuit and this coil
configuration. The length of the linear region along the axis
was measured to be 1.4 cm.

Powdered Cu2O was used for most measurements. The63Cu
nucleus in Cu2O experiences a strong nuclear electric quadru-
pole interaction with a quadrupole coupling constantnQ 5
26.97 MHz andh 5 0 (18). This results in a powder linewidth
of 4 MHz for the11

2
7 21

2
transition as shown in Fig. 2.

Limited measurements were made using a sample of
YBa2Cu3O6.7, a high-temperature superconducting material with
an oxygen-deficient perovskite-like structure in which the oxygen
vacancies are ordered. There are two copper sites in this structure:
The Cu1 ion sites are at the center of an oxygen rhombus-like
square and the Cu2 ion is five-coordinated by an apically elon-
gated pyramid. The quadrupole coupling constantnQ of the63Cu
nucleus is 38.2 MHz in Cu1 chains and 62.8 MHz in Cu2 planes,
and in both casesh Þ 0 (19). This quadrupole interaction results
in a powder linewidth of about 9 MHz.

Room-temperature, 1D phase encoded projections of the
spin density were obtained for two different phantoms of
powdered Cu2O and a phantom made out of YBa2Cu3O6.7

powder and diluted Cu2O. A Hahn echo pulse sequence with a
single gradient pulse applied between thep

2
(10 ms) andp (20

ms) pulses was employed. Thep pulse was applied 50ms (t)
after the p

2
pulse. Because of the low signal-to-noise ratio,

64,000 acquisitions were averaged for each echo. Though not
pursued here, the use of slow sample rotation during the
measurement could be used to decrease the total acquisition
time (20, 21). The echo signals as a function of gradient
strength were stored and the image was reconstructed from the
resulting pseudo FID using a fast Fourier transform. Measure-
ments presented here were made at 96.2 MHz, which is suffi-
ciently far from the Knight shifted63Cu signal from the copper
gradient and RF coils so that no interference from the coils is
seen. At this frequency, crystallites oriented withu 5 11.5,
65.4, 111.5, and 161.5° contribute to the lineshape.

FIG. 2. NMR spectrum of central (11

2
7 21

2
) transition for63Cu in Cu2O

powder. HerenQ
2 /nL

250.0738. Imaging measurements were made at 96.2 MHz.

FIG. 1. Diagram of the echo pulse sequence used in 1D phase encoded
imaging. The figure is not drawn to scale.
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RESULTS AND DISCUSSION

Numerical simulations using Eq. [9] were made for a variety
of values ofnQ

2 /nL
2, including 0.0738, which is appropriate for

our Cu2O measurements, and withg(v9) 5 constant, appro-
priate for very broad lines. For these idealized simulations, the
only broadening is that due to the powder average in the
presence of the EFG. Values ofnQ

2 /nL
2 up to 0.9 are presented

in Fig. 3, though for larger values second-order perturbation
theory may not be entirely accurate. Nevertheless, whennQ

2 /nL
2

$ 0.5, the image resolution will be comparable to the size of
the sample and the simple technique used here would not
produce good results. For our Cu2O measurements, however,
the broadening is predicted to be small and other sources of
broadening can be expected to dominate, typical of the broad-
ening seen in other solids, at least for small samples.

Several measurements were made to show that images can
be obtained for severely broadened NMR lines. Experimental

one-dimensional projections of a 5-mm-diameter cylindrical
sample for 9.5-mm single and 8.6-mm two-piece Cu2O powder
samples are shown in Figs. 4a and 4b. For the sample used to
obtain the data in Fig. 4b, the Cu2O powder occupies two
cylindrical regions each 2.3 mm long with a 4-mm gap. An
experimental one-dimensional projection of a sample including
HTSC and Cu2O (diluted with chalk dust) is shown in Fig. 4c.
The entire sample is 12 mm long, the HTSC, 6.1 mm long, and
the diluted Cu2O, 4.9 mm long. A Teflon cap 1 mm long is
placed between the HTSC and Cu2O mixture. The different
densities of63Cu, different relaxation times, and differing
lineshapes result in very different image intensities for the two
materials. The observed intensities agree with values calcu-
lated taking these effects into account. This material-specific
contrast, which will depend on the frequency chosen for the
measurement, may be useful for identifying the spatial distri-
bution of different materials within an inhomogeneous sample.

FIG. 4. Experimental 1D projections at 96.2 MHz of (a) single-piece
phantom of 9.5-mm-long Cu2O powder (nQ

2 /nL
2 5 0.0738), (b) two-piece

phantom of 2.3-mm-long Cu2O powder with a 4-mm gap in between, (c)
two-piece phantom of 4.9-mm-long Cu2O (1 chalk dust), 6.1-mm-long HTSC
(YBa2Cu3O6.7), with a 1-mm gap in between.

FIG. 3. Simulated phase-encoded 1D projections for cylinder of unit
length and radius fornQ

2 /nL 5 0.01, 0.0738, 0.2, 0.3, 0.5, and 0.9 atu 5 11.5,
65.4, 111.5, and 161.5° corresponding to the frequency 96.2 MHz. This
simulation is done using Eq. [9].
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In fact we have demonstrated this to a limited degree in the
measurements presented here by choosing a frequency far from
that of the copper metal signal from the coils. In a more
elaborate measurement, images can be acquired at several
well-separated frequencies analogous to multispectral methods
used in remote sensing applications.

CONCLUSION

Simulations were developed for the extra image broadening
due to the presence of a large electric quadrupole interaction.
The broadening is found to be proportional to the sample size,
but for smaller samples one can still get good resolution even
for severely broadened spectra such as those of Cu2O and
YBa2Cu3O6.7. Using a simple phase encoding scheme the
measurements, though tedious, are indeed feasible as is dem-
onstrated by experimental results for samples of Cu2O and
YBa2Cu3O6.7. For even larger EFGs, the simple phase encod-
ing scheme cannot be expected to yield good results.
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