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Abstract

Nuclear Quadrupole Resonance (NQR) technique is expected as a promising method for explosive detection, since some
major explosives are known to possess the substance—specific NQR frequency. We have developed a prototype of NQR
explosive detection system and examined the applicability of NQR technique to explosive detection for transportation, in
particular, aviation security. In this study, we examined two types of surface coils, nonlinear spiral and gradiometer—
type, and several large volumetric solenoids as sensors for detection of explosives hidden in shoe and baggage, respec-
tively. The limit distance for detection of 500 g of NaNO: was ca. 85 cm above the surface of gradiometer coil without
electromagnetic shield. The gradiometer coil also clearly detected 300 g of hexahydro—1, 3, 5—trinitro—1, 3, 5—triazine
(RDX) located 3.5 cm above the coil—surface without the shield. A blind test of NQR as well as X—ray baggage screening
tests were conducted with 50 baggage—samples containing RDX or non—explosive materials at the security—check gate
in the airport. The resulting false positive rate of NQR screening with large solenoid was about one—tenth of that of the
conventional X—ray inspection. It indicates that the security—check by NQR explosive detection technique is useful for
the transportation security.
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1. Introduction
Transmitting X—ray imaging is currently used for shoe

or baggage screening at the airport to detect explosive
compounds. X—ray screening can distinguish the shape
and the X—ray transmittance of objects in baggage, but its
false positive alarm rate is significantly high. This is be-
cause there are varieties of food products and substances
which have the similar X—ray transmittance to organic ex-
plosives such as transformable plastic explosives. Mean-
while, Nuclear Quadrupole Resonance (NQR) technique
can be used for detection with the identification of the sub-
stance including explosives, since the NQR frequencies in-
trinsically depend on their crystal structure’®. Many of
explosives contain nitrogen atoms, and a nucleus of “N

(natural abundance of 99.63 %) has a nuclear spin of quan-
tum number of I=1. For the nucleus with I=1, three gen-
erally non—degenerated quadrupole energy levels are
formed by the electrostatic interaction between the nu-
clear quadrupole moment, ¢Q, and the second derivative
of the electric potential (the electric field gradient, eq) of
the surrounding electron cloud. Three NQR frequencies
among the three energy levels are given as v+> v-> vo
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Where e2Qq/h is the quadrupole coupling constant in
frequency units and 7 is the asymmetry parameter of the
electric field gradient (EFG) tensor. The quadrupole mo-
ment e@ is a nuclear physics parameter describing the
charge distribution in the nucleus and is a constant for a
given nucleus. The EFG tensor, however, largely depends
on chemical environments of the atom in question. Not
only the distribution of valence electrons around the nu-
cleus but also that of the external charge such as sur-
rounding ions or molecules, contribute to the EFG. There-
fore, the NQR frequencies are unique quantities depend-
ing on the crystal structure of substances. This fact allows
the identification of a specific substance by NQR tech-
nique, though the NQR frequency varies slightly accord-
ing to the temperature in general.

A multi—pulse method is thought to be suite for the pur-
pose of shoe and baggage screening. A strong off—reso-
nance comb (SORC) pulse sequence is described as (f—¢—
t)v, where ¢ is the flip angle defined as ¢ = yHitw, yis a gy-
romagnetic ratio, which is nucleus—specific value, Hi is RF
magnetic field amplitude and ¢ is pulse width, and 2¢ is
the time interval between the pulses. The RF pulse repeti-
tion time 2t described below is defined as 2t = 2t + tw. In
this method, a continuous steady—state signal can be pro-
duced when the RF pulse repetition time 27t is less than or
equal to the spin—spin relaxation time 73 and the signal
generation in approximately every T»* seconds allows a
very efficient signal averaging resulting in remarkable
shortening of inspection time?. Here, the inverse line—
width parameter T>* is generally less than 7% and is typi-
cally~1 ms.

2. Experimental
As test substances, 414 g of hexamethylenetetramine

(HMT), (CH2)6N4 and 500 g of sodium nitrite, NaNOz, both
of which were immersed in liquid paraffin to prevent pie-
zoelectric noise signal, and composites of 300 g and 500 g
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of hexahydro—1, 3, 5—trinitro—1, 3, 5—triazine (RDX) which
were deactivated with wax'? were used. N NQR frequen-
cies are 3306.2 kHz at 299.6 K for HMT W, v+ = 4640 kHz
and v- = 3603.7 kHz at 295 K for NaNO2'2, v+ = 5240, 5192,
5047 kHz and v- = 3458, 3410, 3359 kHz at 298 K for
RDX 13,

For a shoe screening, two types of surface coils were
made. One was a six turns spiral coil of 24 cm in diameter
shaped according to nonlinear spiral with the radius ¢ =
pIn(1+k8), where p = 5.1 cm, £ = 0.25 and 6 denotes the an-
gle in radian'¥, consisting of a copper wire 2 mm in diame-
ter. The other surface coil, gradiometer coil”®, was com-
posed of parallel—connected two spiral coils wound seven
turns in opposite direction each in a diameter of 18 cm. RG
213 co—axial cables removed the outer shield were used to
make the spiral coils of the gradiometer. The inductance L
and quality factor @ of these surface coils were L = 11 pH,
@ =100 at 4.6 MHz, and L =4 uH, @ = 120 at 4.64 MHz, re-
spectively.

For a baggage screening, two types of large solenoids
were made. One was by winding the outer—shield—re-
moved co—axial cable three turns on a frame of 45 cm
(height) X 45 cm (width) X 34 cm (depth) size, and the other
was by winding a thin copper—plate band (0.2 mm thick 18
mm in width) two turns on a frame of 30 cm (height) X 60
cm (width) X 45 cm (depth) size made by 5 mm thick acryl
plates. The latter solenoid was comparable in size to the
limit of carry—on baggage. The inductance L and quality
factor @ of these solenoids were L =9 uH, @ = 100 at 3.30
MHz, and L =4 pH, @ =130 at 5.19 MHz, respectively.

All coils mentioned above were used for both as a trans-
mitter and a receiver coil in our NQR system. For the sur-
face coils, distance and positional dependence of NQR sig-
nal amplitude were measured. Baggage screening test us-
ing the deactivated RDX was conducted with the acryl—
frame solenoid.

The measurements were conducted with high—speed
multi—pulse method using a SORC pulse sequence men-
tioned above. A PC—controlled pulse Fourier—transform
NQR spectrometer schematically shown in Fig. 1 was con-
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Fig. 1 Block diagram of a PC—controlled pulse Fourier—transform NQR spectrometer



Sci. Tech. Energetic Materials, Vol. 70, No. 3, 2009 57

structed. RF pulses were generated by a Compact PCI
(PXI) module of direct digital synthesis (DDS), National In-
struments PXI—5421 arbitrary waveform generator. The
RF pulses were amplified by a RF power amplifier (Tham-
way, 0.3—7 MHz, 500 W) and transferred to the coil. During
RF pulse irradiation, NQR signals emitted from samples
were received by the same coil and amplified by pre—am-
plifier (Matec 252, 30 dB) and Main amplifier (Thamway,
0.3—7 MHz, 47 dB). As a duplexer, i.e. a transmit—receive
switch, we used Jeffrey and Armstrong asymmetrical RF
—bridge!®, which ensured a proper impedance matching
when it was balanced. In the early—stage experiments, a
conventional phase—sensitive detection using a double bal-
anced mixer (DBM), a signal amplification with a low—pass
filter (Tektronix AM502, 20 dB, 10 kHz), and an accumula-
tion using a signal averager (Electronica ELK-5150AVE)
were employed without fast Fourier transform (FFT). Af-
ter improvement of the system, signals received by the
coil were acquired directly to onboard memory of a high—
speed digitizer, PXI-5122. The acquired data were trans-
ferred to PC memory and all the signal processing men-
tioned above, quadrature detection, low—pass filtering, ac-
cumulation, and a complex FFT were executed by a soft-
ware program written in a graphical programming lan-
guage, LabVIEW 85. All PXI modules and RF power am-
plifier were synchronized with 40 MHz clock generated by
a counter/timers module, PXI-6602, using the same pro-
gram.

3 Results and Discussion
3.1 Remote detection by surface coil

To detect explosives hidden in shoes without taking
them off, the remote detection using surface coil is prefer-
able. In the first place, we tested a nonlinear spiral coil
which can improve the uniformity of RF field¥. The NQR
system without software process and FFT was used for
this experiment. The amplitude of N NQR signal v+ (4640
kHz at room temperature, RT) from 500 g of NaNO2 was
measured at RT as a function of the distance between the
sample and the coil—surface. The probe part, the coil and a
test sample, was put in the electromagnetic shield box. A
SORC pulse sequence with the pulse amplitude of Vyp =
250 V for 50 Q load, the pulse width of tw = 200 ps, and the
repetition time of 2t = 2 ms was employed. The number of
accumulation was N = 40000. The time required for the
accumulation was ca. 8 minutes. The distance dependence
of NQR signal amplitude is shown in Fig. 2 (@).

The signal amplitude was evaluated as a signal to noise
ratio (S/N). The limit of distance for detection of 500 g of
NaNO: was estimated to be ca. 185 cm above the surface
of the coil.

With the other surface coil composed of parallel—con-
nected two spiral coils, the gradiometer coil, the similar
measurements were made. The pulse conditions were Vpp
= 200 V for 50 Q load, tw = 100 us, 2t = 2 ms, and N =
40000. The ratios of NQR signal amplitude to noise are also
shown in Fig. 2 (&) as a function of the distance between
the sample and the coil surface. The limit of distance for
detection of 500 g of NaNOz was estimated to be ca. 15 cm
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Fig.2 Remote detection of NQR signals emitted from 500 g of
NaNOg with a nonlinear spiral coil (@), with a gradiome-
ter coil (&) under an electromagnetically shielded cir-
cumstance, and with the gradiometer coil out of the
shield (£). These measurements were conducted with
the system of the earlier setup with accumulation N =
40000. The conditions of SORC pulse sequence were Vpp
=250V, tw =200 ps, 2t =2 ms, and Vpp =200 V, tw = 100
us, 2t = 2 ms, respectively.
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Fig.3 Positional dependence of the NQR signal amplitude
from 500 g of NaNO:2 on the surface of the gradiometer
coil. The measurements conditions by SORC pulse se-
quence were Vpp = 200 V, tw = 100 us, 2t = 2 ms, N =
40000.

above the surface of one of the component coils. The gradi-
ometer coil has an advantage of canceling the voltage in-
duced by the environmental electromagnetic field and so
the detection of the NQR signal of 500 g of NaNO2 without
electromagnetic shield was tested. The distance depend-
ence of NQR signal is also shown in Fig. 2 (&). Without the
electromagnetic shield, the limit distance for detection of
500 g of NaNO: was estimated to be ca. 85 cm above the
surface of one of the component coils. The positional de-
pendence of the signal amplitude on the surface of the gra-
diometer coil was also measured in the shied. This is
shown in Fig. 3.
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(a) The signal v+ (4640 kHz at RT) obtained from 500 g of NaNOz located 15.5 cm above the nonlinear spiral coil.

(b) The one of v+ lines (5192 kHz at RT) obtained from 300 g of RDX located 8.5 cm above the nonlinear spiral
coil. In the insert legend, Ft and Fr denote the transmitter and reference frequencies, respectively. The abscissa

is the offset from the reference frequency.
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Fig.5 The one of v+ lines (5192 kHz at RT) obtained from 300
g of RDX located 3.5 cm above the gradiometer coil by
the FFT method under unshielded circumstance. The
abscissa is the offset from the reference frequency.

Improvement of S/N was achieved by a complex FFT
of the signal after digital phase—sensitive quadrature de-
tection on the software program. By introducing FFT
technique, the better result could be obtained with the
smaller accumulation number of N = 3000. The signals ob-
tained by the FFT method under shielded circumstance
are shown in Fig. 4 ; (a) the v+ line of 500 g of NaNO:z and (b)
one of the v+ lines (5192 kHz at RT) of 300 g of RDX lo-
cated 15.5 cm and 8.5 cm above the nonlinear spiral coil, re-
spectively.

By using the FFT method, the gradiometer coil could
detect the v+ line of 300 g of RDX located 3.5 cm above the
coil-surface with S/N = ca. 15 under unshielded circum-
stance as shown in Fig. 5.

These results confirmed the feasibility of shoe screening
without taking them off by using NQR technique.

3.2 Explosive detection by large volumetric solenoid
For bulk detection of explosives in carry—on baggage,

the detection using a large solenoid is preferable. A large
solenoid made by winding RG213 co—axial cable removed
its outer shield three turns on a frame of 45 cm X 45 cm X
34 cm size was successfully used to detect the N NQR
signal (3306 kHz at RT) from 414 g of HMT as well as the
v+ from 500 g of NaNO2 The NQR signals were obtained
with S/N = ca. 5 by use of the signal averager without
FFT from the NaNO: included in a baggage and the HMT
for the accumulation of 8192 and 2048, respectively. The
conditions of SORC pulse sequence were as follows: the
pulse amplitude of Vp, = 200 V for 50 Q load, the pulse
width of tw = 200 ps, and the repetition time of 2t = 2 ms.

Based on the above results, a solenoid for security check
of carry—on baggage was also made by winding a thin cop-
per—plate band ( 0.2 mm thick 18 mm in width ) two turns
on a frame of 30 cm X 60 cm X 45 cm size (carry—on bag-
gage limitation) made by 5 mm thick acryl plates. The pic-
ture of the coil with RDX and the obtained FFT spectrum
of NQR signal of RDX under shielded circumstances are
shown in Fig. 6.

The FFT were conducted for the signal in the last half
period of the repetition time 2t in order to remove the in-
fluence of the noise due to the coil ringing. With this sole-
noid and the FFT method, the ability of detecting RDX
hidden in a baggage was tested in the laboratory as well as
in the airport. At first, influence of metallic objects was
tested in the laboratory, because they had a possibility to
interfere with the RF propagation between the coil and
samples. The picture of baggage sample, including RDX
and metallic objects, and the NQR signal from it are shown
in Fig. 7.

It was shown that the NQR signal of RDX could be well
detected, even metallic objects were contained in baggage.
The probe, however, had to be readjusted for impedance
matching. This is thought to be caused by the change of
the magnetic permeability in the coil by inserting the me-
tallic objects.

At the security check gate in the airport, a blind test of
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Fig. 8 (a) Optical images of the contents of the baggage sample. Upper : 300 g of deactivated RDX, food (rice cake) with the X—ray
transmittance similar to explosives, and travel goods (hair dryer, folding umbrella, glasses in the case, disposable camera
and toilet kit). Lower : Food (azuki—bean jelly) with the X—ray transmittance similar to explosives, and travel goods. (b) X—
ray images of the baggage sample. The frames of A (a X—ray transmittance in the range of explosives) and B (a X—ray
transmittance of metal) were automatically displayed according to the set values. Upper and lower : The presence of explo-
sive, i.e. the frame of A, is displayed. (c) The results of NQR baggage screening. Upper : The peak is one of v+ lines (5192
kHz at RT) from 300 g of RDX in a baggage. Lower : No NQR peak of RDX was observed and it means nonexistence of RDX.
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NQR baggage screening was conducted with 50 kinds of
baggage samples for the comparison with explosive detec-
tion by X—ray inspection. Fifty kinds of samples were pre-
pared with three types of bags which randomly contain
any of the following items ; clothes and travel goods, 300 g
or 500 g of deactivated RDX, foods and substances whose
X-ray transmittance values were close to those of plastic
explosives. The pictures of baggage sample and the auto-
matic judgment of both X—ray image and NQR measure-
ments are shown in Fig. 8 for two baggage samples with
and without RDX.

NQR screening correctly judged existence or nonexist-
ence of RDX, on the other hand, X-ray screening re-
sponded not only to RDX but also to foods as shown in Fig.
8. By the X—ray inspection, most of the substances whose
X-—ray transmittance is similar to explosives cannot be dis-
tinguished from explosives, resulting in the high value of
false positive rate. A false positive rate with NQR screen-
ing system was ca. one—tenth of that with X—ray inspec-
tion system, while the value of false negative rate was as
low as that of X—ray inspection. It clearly indicates that
the security—check by NQR explosive detection technique
is useful for the transportation security.

The most interfering object was a notebook computer in
the test. The noise was thought to be caused due to cou-
pling of the receiver coil of NQR system with the circuit in
the note PC. The total time required for the measurement
was 3 minutes®. Data acquisition to onboard memory was,
however, finished within 6 seconds for N= 3000. The data
processing time can be shortened with a hardware tech-
nique like Field Programmable Gate Array (FPGA) 7.

* By the improvement of an algorithm in the software pro-
gram, the measurement time could be shortened to ca. 12
seconds.

4. Summary
The applicability of NQR technique to explosives detec-

tion was examined for the transportation security. Proto-
type shoe and baggage screening system using NQR tech-
nique were developed and tested using HMT, NaNOg, or
RDX as a target substance. The gradiometer coil for shoe
screening detected 300 g of RDX located 3.5 cm above the
coil-surface with S/N = ca. 15 without an electromagnetic
shield. It indicates the feasibility of NQR shoe screening
without taking them off. The blind test of NQR baggage
screening with large solenoid was conducted and com-
pared with the results of X—ray screening at the security—
check gate in the airport. The results confirmed that secu-
rity check with NQR technique contributed to decrease
the false positive rate to ca. one—tenth of that of the con-
ventional X—ray inspection. The test also found out, how-
ever, that impedance mismatching or coupling noise was
caused by existence of metallic objects or electric devices
such as a notebook computer. It can be thought for these
problems to be solved by the improvement of a protocol in
the screening. The typical detection time was 3 minutes
and it can be shortened using hardware technique such as
FPGA, since most of the time for measurement was soft-

ware program process and the data acquisition was con-
firmed to finish within 6 seconds of RF pulse irradiation.
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