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Reconstructing Powder NQR Images with Real Gradient Coils

Srirama V. Swaminathan and B. H. Suits1

Physics Department, Michigan Technological University, Houghton, Michigan 49931-1295

Received October 6, 1998; revised January 26, 1999
ue
e
the
on
R
nt
an
MR

s (
die
on
tly
cti
pe
ted
u

om
ng
e o
ew
re

NQ

f the
a d by
a dard
i that
c re-
c
p

ient
c the
z ce-
d It is
a tation
a e RF
fi

A
e

a is
a ent
m n
z

a
d d
i n ne-
g
c coil
s he
Unlike NMR imaging, where only the components of the mag-
etic field gradients along the main applied field need be consid-
red, all nonzero components of the gradients must be considered
or NQR imaging of powder or polycrystalline materials. Any
hysically realizable gradient coil will have at least two nonzero
omponents. Since the nonzero components are of comparable
agnitude, image reconstruction will not be as straightforward as

s found for NMR imaging. Here a practical NQR imaging recon-
truction technique based on the use of standard techniques but
sing a nonrectilinear grid is demonstrated for physically realiz-
ble gradients. A two-dimensional image constructed using the

5Cl NQR signal from a polycrystalline sample of NaClO3 is
resented to demonstrate the technique. © 1999 Academic Press

Key Words: NQR imaging; image reconstruction; gradient coils.

INTRODUCTION

Nuclear quadrupole resonance (NQR) imaging techniq
nalogous to those used for NMR, have the advantag
equiring no large external magnetic field. In addition,
uch larger sensitivity of the NQR frequency to the envir
ent surrounding the nucleus used allows users of NQ
asily discriminate between different chemical environme
owever, several complications arise for NQR imaging,

he direct application of the imaging techniques used for N
s not possible.

Several groups have reported NQR imaging technique1–
4) with varying degrees of success. In each of these stu
simple magnetic field gradient that varies linearly in

patial dimension is assumed either explicitly or implici
nfortunately, such a gradient cannot be produced in pra
ithout violating Maxwell’s equations. In a previous pa

15) this difficulty was pointed out and a rather complica
ay to get around it was proposed. Here we develop a m
impler method based solely on nutation spectroscopy, s
imes referred to as rotating-frame NQR imaging, but usi
hysically realizable gradient field from the start. The us
utation spectroscopy for NQR imaging by itself is not n
nd some of the basic ideas for image reconstruction with
radients that are presented here may well apply to other

maging methods.

1 To whom correspondence should be addressed.
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Below we discuss the theory and show that the effects o
dditional components of the gradient field can be handle
n appropriate choice of coordinates combined with stan

mage reconstruction techniques. Image reconstruction in
oordinate system is then relatively straightforward. The
onstruction is demonstrated using the35Cl NQR signal from a
olycrystalline sample of sodium chlorate (NaClO3).

THEORY

The discussion here is limited to the use of an RF grad
oil constructed from a Maxwell pair with its axis along
-direction, a commonly used configuration. Similar pro
ures can be used for other gradient coil configurations.
ssumed that the same gradient coil is used for both exci
nd detection of the signal. Near the center of the coil, th
eld is given by

B1 5 Gzzzẑ 1 ~Gxxxx̂ 1 Gyyyŷ!

5 GzzF zẑ 2
1

2
~ xx̂ 1 yŷ!G . [1]

small volume elementdV of the sample at (x, y, z) will
xperience an RF field of magnitude

uB1u 5 Gzz~ z2 1 0.25~ x2 1 y2!! 1/ 2 [2]

long a directionz9 that is easily determined. If the RF field
pplied for a timet and then turned off, a time-depend
agnetization from the nuclei at (x, y, z) along the directio

9 will result, where

M~t! } f~uB1ut!r~ x, y, z!sin~vQt!dV [3]

nd wherer( x, y, z) is the density of NQR nuclei,f(uB1ut)
escribes the nutation of the nuclei during the RF pulse, anvQ

s the NQR frequency. Relaxation processes have bee
lected for simplicity. An EMFs(t, t) will be induced in the
oil as a result of the time-dependent magnetization. The
ensitivity is proportional touB1u because of reciprocity and t
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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124 SWAMINATHAN AND SUITS
act thatM(t) for an NQR measurement of a powder will
longB1; thus,

s~t, t! } uB1uvQ f~uB1ut!r~ x, y, z!cos~vQt!dV. [4]

The amplitude of the signal from the small volume elem
s then given by

s~vQ, t! } uB1u f~uB1ut!r~ x, y, z!dV. [5]

ote that nuclei at the origin will not be excited and will n
roduce a signal; hence, the sample should be placed

rom the origin. We also note here that the expression bec
ignificantly more complicated if a gradient coil is used
xcitation and a solenoidal coil (e.g., alongz) is used for signa
eception (or vice versa); however, in that case no sign
bserved for all nuclei in thex–y plane and a method based
plane with zero signal similar to that proposed by Lee
utler (10) could be used.
At this point it is useful to change to a more conven

oordinate system whereuB1u depends on only one coordina
or the Maxwell coil, a convenient choice is

s 5 Îz2 1 0.25~ x2 1 y2!

j 5 tan21S Îx2 1 y2

2z D
f 5 tan21Sy

xD , [6]

hich are distorted spherical coordinates.
To simplify the discussion that follows, we consider a t

ample in thex–z plane for which the two-dimensional volum
lement isdV 5 1

2 s ds dj. A projection of this sample
iven by

p~s! 5
1

2 E
2p/ 2

p/ 2

sr~s, j!dj, [7]

nd the signal atvQ from the entire sample is then given b

S~vQ, t! } E
0

`

sf~st! p~s!ds, [8]

here the fact thatuB1u } s has been used and the functiof
as been reexpressed in terms ofs.
The functionf that describes the nutation of the nuclei fo

owder averaged NQR signal is generally far more com
ated than the simple sinusoidal dependence observe
MR. For the63

2 to 61
2 transitions of a nucleus with spinI 5
t

ay
es
r

is

d

t

i-
for

and asymmetry parameterh 5 0, Bloom, et al. (16) have
hown that we can write to a good approximation

f~st! <
8

3
J1~Î3gGzzst!, [9]

o thatS is the first-order Hankel transform ofp. Hence, in this
ase, the inversion is quite simple, and withs expressed i
nits where=3 g Gzz s 5 1,

p~s! } E
0

`

tS~vQ, t!J1~st!dt. [10]

n other cases, this inversion may not be so straightforward
echniques such as the maximum entropy method can b
loyed (8, 17). The use of the Hankel transform forI 5 3

2 was
reviously proposed by Robertet al. (8).
To construct a two-dimensional image, projections are m

ured as the sample (or coil) is rotated, in this case abo
xis parallel to they-axis. Those projections are then app
riately weighted and combined to form an image. An exp
xample of this using a simple algebraic reconstruction t
ique (ART) algorithm is presented below.

EXPERIMENTAL

easurements

Measurements were performed for a compressed po
ample of NaClO3 in the shape of a disk 4 mm in radius an
m thick using a homebuilt spectrometer. The RF gradien
sed for both excitation and reception of the NQR sig
onsisted to two three-turn coils, 2.0 cm in diameter, sp
.6 cm apart. The coils were wound in the opposite sen

orm a Maxwell pair (reversed Helmholtz). The center of
F field (whereuB1u 5 0) and the linearity of the gradient we
etermined using a small pick-up coil. The center of the sa
as positioned away from the center of the coil so that non

he sample was located at the origin, and the axis of the sa
as perpendicular to the coil axis. The coil was tuned
atched to 50V. At the RF power levels used here,Gzz for this

oil was measured to be 0.022 T/cm. Signals were mea
or pulse lengthst in 5 ms increments up to a maximum of 3
s. Measurements were made at room temperature.
The measured free induction decays following the RF p
ere Fourier transformed to obtain the NQR intensity,S(vQ,

). The first-order Hankel transforms were performed u
imple numerical integration.

mage Reconstruction

The data are collected in discrete, evenly space interva
that, after transformation, result in a measure ofp(s) at



d is
r he
s fro
t
i

ati
o RT
( city
T

w red
s tio
T
c alu
o

c

w cas
o an
f e
i

w id
c

p e
s
i r,
t )
F ate
i l the
c sly
r s are
m y, the
v an
i

on-
s long
t t that
a since
p

ction
o tion
d ation
b eory
a fills,
G ental

xper-
i ough
t

two
d gri
p itio
a

cir-
c

125POWDER NQR IMAGE RECONSTRUCTION
iscrete evenly space intervals ofs. The sample (or the coil)
otated about they-axis to obtain many other views of t
ample. What is ultimately desired is an image obtained
hose projections corresponding to the nuclear density,r( x, z),
n a form suitable for display.

To demonstrate image reconstruction, we use a modific
f the additive algebraic reconstruction technique (AA
18, 19). This method was chosen because of its simpli
he N 3 N grid used for reconstruction is defined by

sk 5 s0 1 kDs, k 5 1, . . . , N

j l 5 j0 1 lDj, l 5 1, . . . , N,
[11]

here s0, Ds, j0, and Dj are chosen to include the desi
ample region with enough points to avoid a loss of resolu
his type of grid is illustrated in Fig. 1. The value ofN was
hosen to match the number of (discrete) evenly spaced v
f p(s) to avoid an extra interpolation.
We designate ouri th estimate of the image asf i (k, l ). We

an then compute a projection,pi , based on this estimate,

pi~sk! 5
1

2 O
l51

N

sk f i~sk, j l! DsDj, [12]

hich is compared to the measured projection (in our
btained from the data with a discrete first-order Hankel tr

orm) to generate the errore, which is used to correct th
mage estimate using

FIG. 1. A schematic showing grid points that can be used for (
imensional) image formation. A coarse grid is shown for clarity. These
oints are naturally derived from the form of the gradient field. The pos
nd size of a hypothetical sample are shown for illustration.
m

on
)
.

n.

es

e
s-

e~k! 5 @ p~sk! 2 pi~sk!#/sk

f i11~k, l ! 5 maxF f i~k, l ! 1
c

N
e~k!, 0G , [13]

here the constantc, 0 , c # 1, can be adjusted to a
onvergence.
The sample is then rotated about they-axis and a new

rojection is obtained.2 At the same time,f i11 is rotated by th
ame angle about the same axis. The rotation off requires

nterpolation. (Alternatively,f could be held fixed; howeve
his makes the computation of the newpi quite complicated.
or this new projection,e is calculated and the image estim

s adjusted as above. This process is continued unti
hanges inf become acceptably small. In practice, previou
ecorded projections for many different sample orientation
easured and are each reused several times. For displa

alues off are interpolated onto a rectilinear grid. We used
nitial image estimatef 0(k, l ) 5 0.

RESULTS AND DISCUSSION

To simplify the experimental demonstration of image rec
truction, a thin circular sample was used with its axis a
hey-direction and sample rotations were taken to be abou
xis. Hence, an actual physical rotation is not necessary
rojections from all angles would look the same.
Figure 2 shows the measured one-dimensional proje

btained after a first-order Hankel transform of the nuta
ata. Figure 2 also shows the results of a numerical calcul
ased on the size and position of our sample and the th
bove (Eqs. [1]–[7]) with the same processing (zero
aussian apodization, etc.) as was used for the experim

2 In practice, one only needs to rotate through 180°; however, some e
mental imperfections can be partially canceled if the rotation is done thr
he full circle.

-
d
n

FIG. 2. Measured (closed circles) and numerically computed (open
les) projections for a 4 mmdiameter thin disk lying in thex–z plane.
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126 SWAMINATHAN AND SUITS
ata. There is very good agreement between the two. The
egative dip in the experimental results has been trac
ower amplifier droop that occurs for longer pulse length
Figure 3 shows the output of the modified AART ima

lgorithm using the measured one-dimensional projection
5 256, showing an image that reasonably well repres

he nuclear density in this sample.
It is worth commenting that in some circumstances

ssumption that theB1 field varies only in magnitude along
ingle direction may be a reasonable approximation. Con
he schematic situation shown in Fig. 1. Within the sam
egion, the grid points are almost rectilinear and regions
ide the sample contribute no signal. Hence, a reaso
mage could be made in that situation by simply using re
inear coordinates and standard methods. However, tha
roximation is not generally valid, and such an approxima
eeds to be justified on a case-by-case basis.

CONCLUSION

A method for NQR imaging based on nutation spectrosc
nd physically realizable RF gradient fields has been de

FIG. 3. A measured two-dimensional NQR image of a 4-mm diam
hin disk reconstructed using a (s, j) grid with N 5 256, andthen interpolate
nto a rectilinear (x, z) grid for display.
all
to

nd
ts

e

er
e
t-
ble
i-
p-
n

y
n-

trated for the first time. The method makes use of a new s
nonrectilinear) coordinates during image reconstruction.
ew set of coordinates is derived from the form of the grad
eld, and the use of those coordinates simplifies reconstru
n explicit reconstruction method using a modified addi
rithmetic reconstruction technique (AART) was used to
uce an image of a thin sample of NaClO3 from 35Cl NQR
utation measurements, demonstrating the feasibility o

maging method.
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