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Solid State Proton Imaging Detected by Quadrupole Resonance
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A double resonance method for imaging of solid materials con-
taining quadrupole nuclei via the coupled protons is reported.
The technique uses a static field gradient to encode the position
on the protons and the method of double resonance spin-echo to de-
tect the occurrence of proton resonances by affecting the zero-field
echo signal from the quadrupole system. The double resonance
imaging method offers the advantages of higher spatial resolu-
tion and straightforward image reconstruction for powder samples
compared with rotating-frame and Zeeman-perturbated nuclear
quadrupole resonance encoding techniques. C© 2001 Academic Press

Key Words: solid state imaging; nuclear quadrupole resonance;
spatially resolved NQR spectroscopy; NQR imaging.
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INTRODUCTION

In NMR imaging in rigid solids it is particularly difficult to
achieve high spatial resolution. Because of its high gyromagn
ratio, the protons, which are the most sensitive nuclei, experie
large dipolar interaction. It is necessary to apply Zeeman fi
gradients large enough to spread the1H spectrum beyond the
dipolar-broadened linewidth. Various approaches to obtain
ton images in solids have been employed with different deg
of success (see for example (1, 2)).

In many solids containing nuclei with an effective stro
quadrupole interaction, the zero-field nuclear quadrupole
onance (NQR) can easily be observed in single crystals as
as in powder samples. NQR images are generated by eithe
rotating-frame technique based on the application of radio
quency field gradients (3) or the Zeeman-perturbated meth
using static magnetic field gradients (4). Several rotating-frame
NQR imaging (ρ-NQRI) techniques (5–7) have been develope
for one- and two-dimensional imaging and the spatial res
tion with cm scale objects is of the order of millimeters. B
cause quadrupole nuclei have small gyromagnetic ratio c
pared with protons, higher resolution inρ-NQRI demands very
high radiofrequency power that makes microscopic resolutio
practical impossibility.

In some quadrupole systems with half-integral spins, wh
do not couple appreciably among themselves, the lifetime o
1 Present address: Quantum Magnetics, 7740 Kenamar Court, San Die
CA 92121.
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transverse coherence is limited by the strong dipolar interac
with nearby protons. As demonstrated by Herzog and Hahn8),
the method of double irradiation can be used as a mean
detecting the resonance of the spinsI by affecting the echo signa
of the spinsS. The method has been applied on a polycrystall
sample of paradichlorobenzene, the spinI being the protons and
the observed spinSthat of35Cl. A small static magnetic field is
applied to the solid and low-frequency irradiation of the prot
system during the NQR experiment affects the echo signa
the quadrupole nuclei. The occurrence of a proton resona
can then be measured by observing the effect on the quadru
echo of chlorine.

The solid state imaging experiment reported in this pa
uses a small static magnetic field gradient to spread the pro
Zeeman resonances in paradichlorobenzene. The35Cl resonance
is used as a means of detecting the resonance of the proton
sweeping the irradiation frequency on the1H system, the occur-
rence of the proton resonances at different positions in the s
is detected. Therefore, a high-resolution profile of the polycr
talline object is reconstructed from changes in the quadrup
echo’s amplitude. With the double resonance imaging (D
method we exploit the large gyromagnetic ratio of protons
achieve high spatial resolution with small magnetic field gra
ents and the signal from large quadrupole splitting of chlor
as an indicator of proton resonance for higher sensitivity. U
like the previously published quadrupole imaging method, i
ρ-NQRI and Zeeman-perturbated techniques, with the dou
irradiation technique a one-dimensional projection of the obj
is directly constructed from changes in the echo’s amplitud
Therefore, no special deconvolution methods are needed to
construct spatial distribution with powder objects. Submillim
ter spatial resolution was achieved with this technique, yield
significant improvement in spatial resolution compared with t
ρ-NQRI method.

DOUBLE RESONANCE IMAGING METHOD

For the double resonance technique, a weak static magn
field B0 is applied to define a resonance frequencyνH for the pro-
ton system. During continuous wave (CW) irradiation or stirri
at the proton resonance frequency, the chlorine echo signal is
tected at the transition frequencyνQ of the quadrupole splitting
2
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IMAGING SOLID MATERIALS B

by using the Carr–Purcell single-echo pulse sequence. The
reorientation of protons driven by the CW irradiation leads
an effective average of the local field at the quadrupole nuc
positions, increasing the spin–spin time decay constantT2. A
theoretical description of the line narrowing technique by d
ble frequency irradiation is given in Refs. (8, 9). In this section,
we describe the application of the nuclear magnetic quadru
double resonance suggested by Herzog and Hahn (8) for spatial
localization in solids.

Let the35Cl echo amplitudeE0 observed in a two-pulse ex
periment be expressed asE0 = exp(−2τ/T2), where (1/T2) is
the second moment of theSspins due to all species of nucle
neighbors

1

T2
= 1

TSS
2

+ 1

TIS
2

, [1]

andTPS
2 (P = S, I ) is the contribution of spinsP to the second

moment ofS spins. The chlorine echo amplitude can then
expressed asE0 = ESSEIS, whereEPS = exp(−2τ/TPS

2 ) for
P = I , S. In our experiments, we found thatEIS can be ap-
proximately described as a gaussian function of the freque
difference from exact proton resonance1ν = νH − ν0,

EIS(1ν) = exp

(
−1ν

2

2σ 2
IS

2τ

)
+ EIS(0). [2]

EIS(0) is the static contribution to the echo decay ofSspins due
to the local field of spinsI when the proton stirring is far from
resonance.σIS is the width of the double resonance line and it i
function of the magnitudeB2 of the double resonance perturbin
RF field.

To achieve spatial localization of protons, a static magn
field gradientG0 is superimposed to the weak static field to ma
the Larmor frequency spatially dependent,νH(z) = γH(G0Z +
B0). The double resonance line

E0(1z) = ESS

[
exp

(
−
(
γHG01z

σIS

)2

τ

)
+ EIS(0)

]
[3]

is a function of the spatial coordinate1z = z − z0, where
z0 is the position at which the resonance conditionνH = νH(z0)
is fulfilled. Since the decrease of the second moment of
quadrupole system induced by the stirring vanishes far off
onance, the change of the quadrupole echo’s amplitude du
the lengthening ofT2 indicates the resonance of protons co
tained in the slice centered atz0. The net echo signal amplitud
is then given by an integral over the normalized spin den
functionρ(z),

E0(z0) = ESS

[ ∫ ∞
−∞

dzρ(z)

× exp

(
−
(
γHG01z

)2

τ

)
+ EIS(0)

]
. [4]
σIS

The quadrupole echo amplitude is a convolution of the spa
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distribution of spinsρ(z) with the point response function or dou
ble resonance lineshapeEIS. To map a one-dimensional densit
profile, the irradiation frequencyνH—or equivalently the static
field B0—is changed in successive experiments to move the
onance condition to various slices along the axis defined byG0.
Measuring the echo’s amplitude as a function of positionz0 of
the selected slice, a 1D spin density profile along the magn
field gradient direction is obtained.

For a given strength of the encoding field gradient,G0, the
spatial resolution1zr of the DRI technique is determined by th
width at half the height of the gaussian function and it is given

1zr =
√

ln 2

τ

σIS

γHG0
. [5]

Therefore, the width of the selected slice depends on
linewidth σIS of the double resonance spectrum, which vari
with the magnitudeB2 of the low-frequency irradiation field
and the intervalτ of the quadrupole spin-echo sequence. T
optimization of these parameters was done experimentally
discussed in the next section.

EXPERIMENTAL SETUP

Figure 1 shows a drawing of the double resonance pro
head built for the implementation of the described techniq
Two coils, 75 mm in diameter and separated by 55 mm, in
anti-Helmholtz configuration provide an approximately consta
magnetic field gradient at the position of the test object. The p
ton irradiation frequency wasνH = 90 KHz, and the scanning of
the on-resonance slice position was performed through the v
ation of the currentsi1 andi2 on each coil. To keep the spatia

FIG. 1. Double resonance probehead schematics drawn in perspective.
coils of 75-mm diameter separated by 55 mm generates a static magnetic
gradient to label the position of protons in the solid. A solenoidal coil, 30 mm
diameter and 35 mm long, perpendicular to the Zeeman coils provides the pr
irradiation fieldB2 at low frequencies. A solenoidal coil 12 mm in diameter an
13 mm long tuned at 34.266 MHz, perpendicular to the direction of the ot
coils, was used to transmit and detect at the frequency of the35Cl quadrupole
tial

transition. The test object consists of two cylinders of powder paradichloroben-
zene of 10-mm diameter and 2.8- and 1.5-mm thickness, with a plastic spacer
of the same diameter and 2.5-mm thickness.
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resolution constant, the current through the coils was adju
according toi1 = i + n1i andi2 = i − n1i , so that the total
current was constant. The strength of the total magnetic
along the axis of the coils can be written as

B0(z)

= Nµ0

2r

[
i

(
1

(1+ ((z+d/2)/r )2)
3
2

− 1

(1+ ((z−d/2)/r )2)
3
2

)
+ n1i

(
1

(1+ ((z+d/2)/r )2)
3
2

+ 1

(1+ ((z−d/2)/r )2)
3
2

)]
,

wherer is the coil radius,d is the separation between coils, a
z is the coordinate along the axis withz= 0 at the center of the
coil array. The static magnetic field can then be described by
series

B0(z) = Nµ0

2r

[
1.05n1i

(
1+ 0.72

(
z

r

)2)

+ 1.48i

(
z

r

)(
1+ 0.3

(
z

r

)2)]
[6]

to third order in the parameter (z/r ). In our experiments (z/r ) <
0.1 and numerical evaluation of the coefficients in last equa
shows that the departure from a constant gradient is less tha
over the region of the object. Therefore, it is possible to write
magnetic field produced by this coil asB0(z) = Aiz+ Bn1i .
The total currenti determines the strength of the static gradie
andn1i determines the linear increment in the spatial coordin
of the point where the resonance condition is fulfilled.

To avoid heating of the object, which leads to an unde
able shift of the quadrupole resonance, the gradient coils w
switched on 10 ms before running the spin-echo sequence
switched off during the waiting time between experiments
time interval of 10 ms assures equilibrium for the proton sys
before running detection of the35Cl echo signal.

A solenoidal coil, 30 mm in diameter and 35 mm long, perp
dicular to the Zeeman coils provides the proton irradiation fi
at low frequencies. This coil was tuned at the proton working
quency by a series capacitance to obtain a low input imped
suited to be driven by an audio amplifier. NQR signals w
generated and detected by means of a solenoid coil 12 m
diameter and 13 mm long. The NQR resonant circuit was tu
at 34.266 MHz, the35Cl quadrupole transition frequency fo
the solid at room temperature. The pulse widths in the sin
spin-echo sequence were optimized to give the maximum e

amplitude without stirring of the protons. The resulting widt
were 8 and 16µs for the preparatory and refocusing pulse
respectively.
ET AL.
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EXPERIMENTAL RESULTS

Spatial resolution1zr of the DRI technique is determined
by the widthσIS of the double resonance lineEIS. We deter-
mined the spatial selectivity of the described encoding te
nique by studying the dependence of the points response f
tion EIS with both the time intervalτ between pulses and th
strength of the proton irradiation fieldB2 using a powder sam-
ple. To measure the shape of the double resonance line we
quired the NQR echo’s amplitudes as a function of Zeeman fi
strengthB0 with a constant proton irradiation frequencyνH =
90 kHz.

First, we study the dependence of the decoupling with the a
plitude of B2 field. Figure 2 shows the echo’s amplitude plotte
as a function of theB2 intensity withτ = 1 ms. A first maxi-
mum occurs atB2 = 8 G, resulting in an increment ofT2 from
0.6 to 2.2 ms. The longestT2 value of 3.5 ms is achieved fo
a B2 intensity of about 25 G and remains almost constant
to the highest audio field amplitude applied in our experime
The maximum sensitivity with the double-irradiation techniq
is achieved withB2 higher than 25 G that gives the longestT2

value. However, the width of the double resonance line wi
B2 = 25 G is larger than the linewidth resulting with the p
rameter for the first maximumB2 = 8 G. The double resonanc
spectra withB2 at 8 and 25 G are compared in Fig. 3. The na
rower double resonance line for the lowerB2 is apparent in Fig. 3
and the intensity of theB2 field in the localization experiments
was set at 8 G toachieve higher spatial resolution.

We made no attempt to explain the behavior of chlorine tra
verse relaxation with the parameters of the decoupling te
nique. It should be pointed out that the highest intensity of
B2 field applied in the experiment shown in Figs. 2 and 3
higher than the magnitude of the static magnetic fieldB0. In

FIG. 2. Dependence of the chlorineT2 lengthening with the amplitude of

hs
s,
the proton irradiation fieldB2. The powder object was placed in a uniform
static field and on-resonance proton irradiation was performed at 90 kHz. The
separationτ between pulses in the single-echo pulse sequence was 1 ms.
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IMAGING SOLID MATERIALS B

FIG. 3. Double resonance spectra for two differentB2 amplitudes, 8 and
25 G, obtained with aτ = 1 ms and applying aB0 at which the resonance i
fulfilled at 90 kHz. The narrower double resonance line atB2= 8 G yields better
spatial resolution in the localization experiments.

Ref. (8) the double resonance in solids is described for w
CW RF excitation. Therefore, it might be possible to analy
the lengthening of35Cl spin-echo envelope by using the theo
of RF photon dressing (10).

Figure 4 shows a set of double resonance spectra for diffe
values ofτ with B2= 8 G. The horizontal offset at shortτ values
is the echo amplitude without low-frequency irradiation of t
protons. The linewidth decreases as the timeτ between the RF
pulses increases as expected from the discussion in the pre
section. Thus, the spatial resolution is better for longerτ . On the

FIG. 4. Double resonance lineshapes for paradichlorobenzene obtain
differentτ values. The linewidth decreases as the time intervalτ increases, and
then the resolution under a static gradient is better for longerτ . For these experi-

ments the proton irradiation frequency was fixed at 90 kHz andB0 amplitude was
varied to shift the proton line off resonance. The amplitudeB2 of the irradiation
field is 8 G.
Y QUADRUPOLE RESONANCE 135
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other hand, the signal-to-noise ratio decreases whenτ increases
because of transverse relaxation. Then, the optimumτ value
results as a trade-off between spatial resolution and sensit
We chooseτ = 1.8 ms andB2= 8 G as the optimum paramete
to obtain high spatial resolution with no significant degradat
in sensitivity.

The test object for the localization experiments consists of
cylinders of powder paradichlorobenzene of 10 mm in diame
and 2.8 and 1.5 mm thickness separated by a plastic dis
the same diameter and 2.5 mm thickness (Fig. 1). The ob
was placed at the center of the radiofrequency coils as sh
in Fig. 1. The currents through the coils were adjusted to g
a static field gradient ofG0 = 20 G/cm. The expected spatia
resolution with our experimental conditions was about 0.5 m

Figure 5 shows a one-dimensional density profile of the tw
disk object acquired with the DRI technique. To construct
spatial profile we acquired the35Cl echo amplitude as a func
tion of the slice position. The currents through the coils w
adjusted to give a spatial displacement of the selected slic
200µm between experiments. To increase the signal-to-nois
tio, 200 echoes were accumulated with a recycle delay of 500
for every position of the selected slice. The resulting spatial
olution in the profile shown in Fig. 5 agrees with the calcula
value.

To compare the resulting spatial resolution of the DRI meth
with previously published localization techniques, we show
Fig. 6 a one-dimensional quadrupole nuclear density of the s
object recorded by the rapid rotating frame NQR technique4).
The encoding RF gradient was produced by a three-turn sur
coil 24 mm in diameter driven by a power amplifier Kalmus L
1000. The measured RF gradient strength was approxima
30 G/cm at the position of the object. The nutation signal w

FIG. 5. Spin density profile of the two-disk object shown in Fig. 1 applyin
aG0 = 20 G/cm. Echo amplitudes were acquired by changing the slice pos

in steps of 200µm and 200 echoes were accumulated every 500 ms. Spatial
resolution evaluated from the profile is about 0.5 mm, which agrees with the
calculated value.
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FIG. 6. Spin density projection recorded by the rapid rotating fram
NQR technique and reconstructed by the maximum entropy met
of the two-disk object. The strength of the applied RF gradient w
30 G/cm and 200 scans were averaged. The resulting spatial resolution i
experiment is about 2.5 mm.

acquired with a train of 64 RF pulses and 15µs width sep-
arated by acquisition windows of 40µs, and 200 scans wer
averaged for increased signal-to-noise ratio. The reconstruc
of the one-dimensional profile was performed by the maximu
entropy method to remove the powder distribution of nutat
frequencies that distort the image from the profile (11). As the
same surface coil was used for signal detection, adequateB1 field
correction was applied in the spatial dimension to compen
for the spatial dependence of sensitivity.

CONCLUDING REMARKS

The nuclear magnetic quadrupole resonance imaging t
nique described in this paper is applicable when relaxation
quadrupole nuclei is caused by local magnetic field fluctuati
which arise from neighboring unlike spins. It offers a number
advantages over previously developed spatial localization m
ods for quadrupole systems. Because the spatial encoding is
formed using the proton system, the larger gyromagnetic r
leads to significant improvement in spatial resolution compa
with rotating-frame NQR imaging methods. The experimen
results reported in this paper show a spatial resolution of

order of 0.5 mm for the double resonance imaging method a
2.5 mm for theρ-NQRI technique.
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Unlike the previously reported NQR imaging techniques, i
Zeeman-perturbated and rotating-frame imaging, reconstruc
of spatial information with the double resonance localizat
method is straightforward. There is no need for special rec
struction algorithms to take into account the powder distribut
on the encoding gradients. As a static field gradient is used
spatial encoding, a higher uniformity of the gradients can
achieved compared with the RF gradients over a similar v
ume, thus reducing image distortion.

A number of modifications to the proposed double resona
method can be conceived to increase sensitivity and red
data acquisition time. For example, by switching off the sta
field gradient at the maximum of the chlorine echo, a zero-fi
quadrupole signal can be acquired given higher sensitivity
access to the full spectroscopic information of the quadrup
resonance in a manner similar to the two-dimensionalρ-NQRI
technique. Implementing a pulsed proton decoupling meth
instead of the CW technique suggested in this paper, would o
the possibility of single-shoot one-dimensional localization
the double resonance approach. This work is in progress in
laboratory.
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