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Reconstructing Powder NQR Images with Real Gradient Coils
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Unlike NMR imaging, where only the components of the mag- Below we discuss the theory and show that the effects of tf
netic field gradients along the main applied field need be consid-  additional components of the gradient field can be handled |
ered, all nonzero components of the gradients must be considered  gp, appropriate choice of coordinates combined with standa
for NQR imaging of powder or polycrystalline materials. Any  jage reconstruction techniques. Image reconstruction in th
physically reall_zable gradient coil will have at least two nonzero coordinate system is then relatively straightforward. The re
components. Since the nonzero components are of comparable construction is demonstrated using el NOQR signal from a

magnitude, image reconstruction will not be as straightforward as | i le of sodi hl NacIo
is found for NMR imaging. Here a practical NQR imaging recon- polycrystalline sample of sodium chlorate (NaG)

struction technique based on the use of standard techniques but

using a nonrectilinear grid is demonstrated for physically realiz- THEORY

able gradients. A two-dimensional image constructed using the

*Cl NQR signal from a polycrystalline sample of NaClO; is The discussion here is limited to the use of an RF gradie!

presented to demonstrate the technique. © 1999 Academic Press coil constructed from a Maxwell pair with its axis along the
Key Words: NQR imaging; image reconstruction; gradient coils.  _girection, a commonly used configuration. Similar proce

dures can be used for other gradient coil configurations. It |

assumed that the same gradient coil is used for both excitati

and detection of the signal. Near the center of the coll, the R

Nuclear quadrupole resonance (NQR) imaging techniquéig,ld is given by

analogous to those used for NMR, have the advantage of

INTRODUCTION

requiring no large external magnetic field. In addition, the B1 = G,2Z + (GuxX + GyyY9)
much larger sensitivity of the NQR frequency to the environ- 1
ment surrounding the nucleus used allows users of NQR to = Gzz[ 77 — 3 (xx +y9) |. [1]

easily discriminate between different chemical environments.
However, several complications arise for NQR imaging, and _
the direct application of the imaging techniques used for NMR small volume elemendV of the sample atX, y, z) will

is not possible. experience an RF field of magnitude
Several groups have reported NQR imaging techniglies (
14) with varying degrees of success. In each of these studies, |B,| = G,{z? + 0.25(x? + y?)) Y2 [2]

a simple magnetic field gradient that varies linearly in one

spatial dimension is assumed either explicitly or impIiCitIyJalong a directiorz’ that is easily determined. If the RF field is

Unfortunately, such a gradient cannot be produced in practlgsp“ed for a timer and then turned off, a time-dependent

W'thoui[ V"?"?“'”g Maxwell_s equations. In a previous pape agnetization from the nuclei ak(y, z) along the direction
(15) this difficulty was pointed out and a rather complicated, will result. where

way to get around it was proposed. Here we develop a much

simpler method based solely on nutation spectroscopy, some- )

times referred to as rotating-frame NQR imaging, but using a M(t) = f(|By|T)p(X, ¥, Z)sin(wet)dV [3]
physically realizable gradient field from the start. The use of

nutation spectroscopy for NQR imaging by itself is not nevand wherep(x, y, 2) is the density of NQR nuclei(|B,|7)
and some of the basic ideas for image reconstruction with ref@scribes the nutation of the nuclei during the RF pulse gand
gradients that are presented here may well apply to other N@Rthe NQR frequency. Relaxation processes have been r

imaging methods. glected for simplicity. An EMFs(t, 7) will be induced in the
coil as a result of the time-dependent magnetization. The cc
! To whom correspondence should be addressed. sensitivity is proportional t¢B,| because of reciprocity and the
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fact thatM(t) for an NQR measurement of a powder will bé and asymmetry parametey = 0, Bloom, et al. (16) have

alongB;; thus, shown that we can write to a good approximation
s(t, 1) « |Bilwof(|By|7)p(X, Y, Z)cofwet)d V. 4 8
By o f([Ba|7)p(x, y Q [4] f(or) ~ 3 Jy( \J@?GZZUT), [9]
The amplitude of the signal from the small volume element
is then given by so thatSis the first-order Hankel transform pf Hence, in this
case, the inversion is quite simple, and withexpressed in
S(wq, T) * |B4|f(|Bi| T)p(x, y, 2)dV. [5] units where\/3 vy G,,o =1,

Note that nuclei at the origin will not be excited and will not »

produce a signal; hence, the sample should be placed away p(o) = J (wg, T)Jy(o7)dT. [10]
from the origin. We also note here that the expression becomes 0

significantly more complicated if a gradient coil is used for

excitation and a solenoidal coil (e.g., alargs used for signal In other cases, this inversion may not be so straightforward at

reception (or vice versa); however, in that case no signaltgChniques such as the maximum entropy method can be e
observed for all nuclei in the—y plane and a method based o loyed 8, 17). The use of the Hankel transform for= ¢ was
’ . — 2

a plane with zero signal similar to that proposed by Lee a (Feviously proposed by Robeet al. (8).

Butler (1) could be used. To construct a two-dimensional image, projections are me:

Al t_h|s point it is useful to change to a more conv_emergtured as the sample (or coil) is rotated, in this case about
coordinate system whefB,| depends on only one Coordlnateaxis parallel to they-axis. Those projections are then appro-

For the Maxwell coll, a convenient choaice is priately weighted and combined to form an image. An explici
example of this using a simple algebraic reconstruction tecl

o= 22+ 0.25x* + y?) nique (ART) algorithm is presented below.
KEry?
&= tan_l(zz) EXPERIMENTAL
y Measurements
¢ = tanl(x) : [6]
Measurements were performed for a compressed powd

sample of NaClQin the shape of a disk 4 mm in radius and 1

which are distorted spherical coordinates. mm thick using a homebuilt spectrometer. The RF gradient cc
To simplify the discussion that follows, we consider a thipised for both excitation and reception of the NQR signe
sample in the—z plane for which the two-dimensional volumeconsisted to two three-turn coils, 2.0 cm in diameter, space
element isdV = 3 ¢ do d¢. A projection of this sample is 1.6 cm apart. The coils were wound in the opposite sense

given by form a Maxwell pair (reversed Helmholtz). The center of the
RF field (wherdB,| = 0) and the linearity of the gradient were

1 (2 determined using a small pick-up coil. The center of the samp

p(o) = > J op(o, &)d¢, [7] was positioned away from the center of the coil so that none

—ml2 the sample was located at the origin, and the axis of the samy

was perpendicular to the coil axis. The coil was tuned an

and the signal ai, from the entire sample is then given by matched to 5@). At the RF power levels used hef@,, for this
coil was measured to be 0.022 T/cm. Signals were measur
" for pulse lengthg in 5 ws increments up to a maximum of 300

S(wo, T) * j of(o7) p(o)da, [8] Ms. Measurements were made at room temperature.

o The measured free induction decays following the RF puls

were Fourier transformed to obtain the NQR intens8w,,
7). The first-order Hankel transforms were performed usin

where the fact thaB,| « o has been used and the functibn "’ o .
simple numerical integration.

has been reexpressed in termsoof
The functionf that describes the nutation of the nuclei for .

. . mage Reconstruction
powder averaged NQR signal is generally far more compli-
cated than the simple sinusoidal dependence observed fofhe data are collected in discrete, evenly space intervals
NMR. For the+$to +3 transitions of a nucleus with spin= 7 that, after transformation, result in a measurep¢) at



POWDER NQR IMAGE RECONSTRUCTION

discrete evenly space intervals@fThe sample (or the coil) is

rotated about the/-axis to obtain many other views of the
sample. What is ultimately desired is an image obtained from

those projections corresponding to the nuclear dens(ty, z),
in a form suitable for display.

To demonstrate image reconstruction, we use a modification
of the additive algebraic reconstruction technique (AART)
(18, 19. This method was chosen because of its simplicity.

The N X N grid used for reconstruction is defined by

o= oy + kAo,
| = §0+ |A§,

k=1,...,N

I=1,...,N, -

where o, Ao, &, and A¢ are chosen to include the desired FIG. 2.
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sample region with enough points to avoid a loss of resolutiofies) Projections foa 4 mmdiameter thin disk lying in the—z plane.

This type of grid is illustrated in Fig. 1. The value bf was

chosen to match the number of (discrete) evenly spaced values

of p(o) to avoid an extra interpolation.
We designate ouith estimate of the image ds(k, 1). We
can then compute a projectiop;,, based on this estimate,

N

1
pi(o) = 2 E ofi(on &) AoAE,

I=1

[12]

which is compared to the measured projection (in our casé

e(k) = [p(ay) — pi(a]/oy

fira(k, 1) = ma{fi(k, ) + % e(k), Of, [13]

where the constant, 0 < ¢ = 1, can be adjusted to aid
convergence.

The sample is then rotated about thieaxis and a new
projection is obtained At the same timef;. , is rotated by the
me angle about the same axis. The rotatiori téquires

obtained from the data with a discrete first-order Hankel trarf5€rpolation. (Alternativelyf could be held fixed; however,

form) to generate the errag, which is used to correct the
image estimate using
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this makes the computation of the newquite complicated.)
For this new projectiorg is calculated and the image estimate
is adjusted as above. This process is continued until tt
changes irf become acceptably small. In practice, previously
recorded projections for many different sample orientations a
measured and are each reused several times. For display,
values off are interpolated onto a rectilinear grid. We used al
initial image estimatd,(k, |) = 0.

RESULTS AND DISCUSSION

To simplify the experimental demonstration of image recon
struction, a thin circular sample was used with its axis alon
they-direction and sample rotations were taken to be about th
axis. Hence, an actual physical rotation is not necessary sin
projections from all angles would look the same.

Figure 2 shows the measured one-dimensional projectic
obtained after a first-order Hankel transform of the nutatiol
data. Figure 2 also shows the results of a numerical calculatic
based on the size and position of our sample and the thec
above (Egs. [1]-[7]) with the same processing (zero fills
Gaussian apodization, etc.) as was used for the experimen

FIG. 1. A schematic showing grid points that can be used for (two-
dimensional) image formation. A coarse grid is shown for clarity. These grid ? In practice, one only needs to rotate through 180°; however, some expe
points are naturally derived from the form of the gradient field. The positiamental imperfections can be partially canceled if the rotation is done throug

and size of a hypothetical sample are shown for illustration.

the full circle.
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strated for the first time. The method makes use of a new set
(nonrectilinear) coordinates during image reconstruction. Tt
new set of coordinates is derived from the form of the gradier
field, and the use of those coordinates simplifies reconstructic
An explicit reconstruction method using a modified additive
arithmetic reconstruction technique (AART) was used to pro
duce an image of a thin sample of NaGl@om *Cl| NQR
nutation measurements, demonstrating the feasibility of tt
imaging method.

X (cm)
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