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(57) Abrege(suite)/Abstract(continued):

target material iIs present, an NQR signal will be picked up by the same coll. That signal iIs compared with known NQR signals In
frequency and amplitude. A signal is displayed in an appropriate way If a threshold value of the NQR signal is equalled or exceeded.
The empty coll Is statically tuned by means of adjusting the location or capacitance values, or both, of static tuning capacitors (102)
INn the coll. The coll Is tuned after the specimen Is inserted into the coil by means of an auto-tune feature (36). Effective RFI| shielding
(37) Is provided to prevent external contaminating signals from being detected by the coll and to prevent RF signals from escaping
from the scanner. The invention also includes the method for performing tests with the system.
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YSTEM AND METHOD FOR CONTRABAND DETECTION

SYSTEM AND METHOD FOR CONTRABAIND Db 1S 12201

USING NUCLEAR QUADRUPOLE RESONANCE

ABSTRACT
A system for detecting a target substance within a class of explosives and
narcotics containing quadrupolar nuclei through the use of nuclear quadrupole resonance
(NQR). The system applies an RF signal to a coil (34) to excite the substance under
test. If the target material is present, an NQR signal will be picked up by the same coil.
That signal is compared with known NQR signals in frequency and amplitude. A signal
is displayed in an appropriate way if a threshold value of the NQR signal is equalled or

exceeded. The empty coil is statically tuned by means of adjusting the location or
capacitance values, or both, of static tuning capacitors (102) in the coil. The coil is
tuned after the specimen is inserted into the coil by means of an auto-tune feature (36).
Effective RFI shielding (37) is provided to prevent external contaminating signals from
being detected by the coil and to prevent RF signals from escaping from the scanner.

The invention also includes the method for performing tests with the system.
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SYSTEM AND METHOD FOR CONTRABAND DETECTION
USING NUCLEAR QUADRUPOLE RESONANCE

TECHNICAL FIELD

This invention relates generally to a bulk substance detection system for detecting

concealed explosives and narcotics, and more particularly to a practical system and

method for such contraband detection employing nuclear quadrupole resonance (NQR).

BACKGROUND ART

Earlier work 1n detecting contraband substances centered on the subject of nuclear
magnetic resonance (NMR). Work in this area is reflected in U.S. patents 4,166,972,
4,296,378 and 4,514,691. A drawback of NMR 1is that 1s requires relatively large

magnets. Magnets are relatively expensive, would likely cause personnel to be exposed
to large static magnetic fields, and could damage magnetically recorded material.
Another attempt at explosives detection employed thermal neutron analysis
(INA), which can detect nitrogen in any form. Although it could detect explosives, it
was also triggered by nitrogen-rich nylon and wool, and other innocuous items. These
shortcomings resulted 1n a high rate of false positives. Because it employed potentially
hazardous radioactive emissions, TINA systems were also required to be heavily shielded.

As a consequence, TINA systems were very large, very expensive, and also produced a

high rate of false positives.

X-ray screening, commonly used in airports, does not have the same overall
limitations as TNA. However, it cannot alert the operator to the presence of explosives
or drugs, much less identify them. X-ray screening can only "see images that the
operator must interpret quickly.” Further, X-ray screening emits potentially hazardous
1onizing radiation.

With respect to explosives, plastic explosives such as C-4 and Semtex, containing
RDX and PETN, have an almost infinite variety of possible shapes and uses for terrorist
bombing tactics. Plastic explosives are highly stable, have clay-like malleability and are

deadly 1n relatively small quantities. A small piece of plastic explosive, a detonator, and
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a trip wire inside a large mailing envelope can cause a deadly explosion. Unfortunately,
without close--and potentially dangerous--visual inspection, plastic explosives can be
made virtually untraceable. Because of the drawbacks of TNA, NMR and X-ray, as
mentioned above, they have generally proven ineffective for practical bulk detection of
these types of explosives. In particular, detection of sheet explosives, typically having
a thickness as small as 6.35 mm (0.25 inch), has not been effectively accomplished by

prior technologies.

The wide-scale attempts to fight the illegal drug trade indicates that narcotics
detection 1s also extremely important. The need for a simple procedure for detecting
drugs inside sealed containers, mail parcels, and other small packages, quickly and
accurately, 1s immeasurable. Conventional detection methods are time-consuming,
costly, and have only marginal reliability at best. |

NQR 1s a branch of radio frequency spectroscopy that exploits the inherent
celectrical properties of atomic nuclei. Nuclei with non-spherical electric charge
distributions possess electric quadrupole moments. Quadrupole resonance arises from
the interaction of the nuclear quadrupole moment of the nucleus with the local applied
electrical field gradients produced by the surrounding atomic environment.

Any chemical element’s nucleus which has a spin quantum number greater than
one half can exhibit quadrupolar resonance. Many substances (approximately 10,000)
have been 1dentified that exhibit quadrupolar resonance, among such nuclei being: 7L,
9Be’ I4N, 170’ 7'3Na, 27 Al, 35Cl, 37Cl, 39K, SSMn, 75 As, 79Br, SIBI., 1271’ 197 Au, and 20935 1y
so happens that some of these quadrupolar nuclei are present in explosive and narcotic
materials, among them being nitrogen (**N), chlorine (**Cl, *’Cl), oxygen (170), sodium
(*Na), and potassium (*K). The most studied quadrupole nucleus for explosives and
narcotics detection is nitrogen.

In solid materials, electrons and atomic nuclei produce electric field gradients.
These gradients modify the energy levels of any quadrupolar nuclei, and hence their
characteristic transition frequencies. Measurements of these frequencies or relaxation
time constants, or both, can indicate not only which nuclei are present but also their

chemical environment.
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When an atomic quadrupolar nucleus is within an electric field gradient,
variations in the local field associated with the field gradient affect different parts of the
nucleus in different ways. The combined forces of these fields cause the quadrupole to

experience a torque, which causes it to precess about the electric field gradient.

5 Precessional motion generates an oscillating nuclear magnetic moment. An externally
applied radio frequency (RF) magnetic field in phase with the quadrupole’s precessional
frequency can tip the orientation of the nucleus momentarily. The energy levels are
briefly not in equilibrium, and immediately begin to return to equilibrium. As the nuclei
return, they produce an RF signal, knéwn as the free induction decay (FID). A pick-up

10 coil detects the signal, which is subsequently amplified by a sensiti\;e recerver to

measure 1ts characteristics.

One distinguishing feature of an NQR response is its precessional frequency.
Two independent factors determine the precessional frequency: the quadrupolar nucleus,
and 1ts local crystalline environment. There may be one or more characteristic NQR

15 frequencies for each substance containing quadrupolar nuclei.

The second distinguishing features are the NQR relaxation times. Relaxation
times are a measure of the nuclei’s rate of return to the equilibrium state following
disturbance by an RF pulse. Relaxation times are compound-, temperature-, and
pressure-specific. Relaxation times also determine the repetition rate and timing of RF

20 pulses required for exciting and detecting a specific NQR signal. Relaxation times can
be as short as a few hundred microseconds or as long as several seconds.

Detection of NQR signals normally requires RF transmitting and receiving
apparatus. To minimize noise and radio frequency power requirements and improve
receiver sensitivities, conventional NQR systems use a narrow band (high Q) sample coil

25 in both the transmitting and receiving equipment. Even so, several factors can
significantly degrade the effectiveness of detecting NQR signals. Among these factors
are: (1) the presence of conductive materials inside the sample coil; (2) the presence of
materials with a high dielectric constant inside the sample coil; (3) temperature, which
can affect the value of the capacitance used for tuning and matching the RF coil; and

30 (4) mechanical movement of the coil which respect to its surroundings. All of these

factors can cause serious de-tuning of the detection apparatus, which in turn, lowers the
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detection sensitivity of the coil. Accordingly, NQR systems have largely been limited
to small sample laboratory systems with little or no "real-world" potential.

The NQR energy level transitions are observed primarily in the radio frequency
range. Detection of these transitions requires an RF source to excite the transition, and
an RF receiving mechanism to detect the signals returning from the nuclei. Normally,
the signals appear at a pre-defined frequency. An RF coil tuned to, or close to, that
predefined frequency can excite and/or detect those signals. The signals are of very low
intensity and can only be observed for a short time, approximately 10us to 10ms. As
a consequence, there i1s a need for an NQR receiver that can be tuned to a (usually) high
Q, has very low noise, and is capable of fast recovery after a high-voltage RF pulse.

Previous work in this area is reflected in U.S. patents 4,887,034, 5,206,592,
5,233,300 and 5,365,171. Use of NQR for explosives and narcotics detection is also
discussed in Buess et al., Explosives Detection By "N Pure NQR, Advances in Analysis
and Detection of Explosives (J. Yinon (ed.)) pp. 361-368 (1993), and Shaw, Narcotics
Detection Using Nuclear Quadrupole Resonance (NQR), Contraband and Cargo
Inspection Technology International Symposium, Washington, D.C., pp 333-341 (1992).

Detection by means of NQR is possible for both explosives and narcotics,
partially because they have as a constituent element “N in crystalline form. Particularly
with respect to narcotics, this is true of cocaine base, cocaine hydrochloride and heroin
based narcotics. The hydrochloride forms of narcotics, such as cocaine hydrochloride,
also contain quadrupolar nuclei *Cl and *'Cl. For example, U.S. patent 5,206,592
discloses the concept of using a planar meanderline coil past which a specimen is passed.
The coil is tuned to about the target signal frequency and applies a pulsed RF signal to
the specimen and picks up the nuclei relaxation signals from target substances present
in the specimen. A CPU is employed to process the received signals and to activate an
alarm when the received signal exceeds a predetermined threshold.

Where coils are involved, the Q of the coil is often of major importance. Ochi
et al., Analysis of a Magnetic Resonance Imaging Antenna Inside an RF Shield,
Electronics and Communications in Japan, Part 1, Vol. 77, No. 1, pp 37-45 (1994), teach
how to quantify the change in Q of an MRI antenna with changes in length and diameter
of the shield. However, this deals with MRI and not NQR, and is relevant only to
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humans and not to packages or baggage. An automatic tuning system is disclosed in
Butler et al., High-Power Radio Frequency Irradiation System with Automatic Tuning,
Rev. Sci. Instrum., Vol. 53, No. 7, pp 984-988 (1982). This tuning system is useful in

an NQR spectrometer and in other nuclear resonance experiments involving frequency

sweeps. In the Butler system, data is predetermined for various frequencies and is not
designed to compensate for an unknown coil loading. U.S. patent 5,208,537 discloses
a method for matching antennas in an NMR imaging apparatus for use in producing
tomogra}ns.

A significant factor in contraband detection by means of NQR is that quadrupolar
nuclei that are commonly present, and potentially readily observable, in narcotics and
explosives include nitrogen (**N) and chlorine (*°Cl and *’Cl), among other possible
nuclei. Thus, in commercial applications it is necessary to be able to detect quadrupolar
nuclei contained within articles of mail, mail bags or airline baggage, including carry-on
and checked luggage. While the resonant frequencies of the nitrogen in these substances
differs for each chemical structure, these resonant frequencies are well defined and

consistent. By applying an RF signal to a container having any of these suspected

substances inside, and then detecting any quadrupolar resonance thus engendered by the
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application of RF pulses, the identity of the contraband substance can be easily

determined.

DISCLOSURE OF INVENTION

Broadly speaking, this invention provides a practical nuclear quadrupole

resonance (NQR) detector system for improved bulk contraband detection. More
specifically, the invention employs the principle of NQR to simply and relatively
inexpensively, with a very low rate of false alarms, detect the presence of explosives
and/or narcotic materials within closed or sealed packages or within baggage having
many other articles of other materials contained therein. It is particularly effective in
detecting contraband materials in sheet form, which are as thin as one quarter inch or
possibly even thinner.

The invention is a system for detecting a target substance within a class of
explosives and narcotics containing quadrupolar nucleil in a specimen employing the
phenomenon of nuclear quadrupole resonance (NQR), said system comprising: a
sequence controller having means for providing timing and programming pulses to said
system; a radio frequency (RF) subsystem comprising a variable frequency RF source
to provide pulsed RF excitation at a frequency generally corresponding to predetermined

characteristic nuclear quadrupolar resonant frequency of the specimen, wherein nuclear

quadrupolar resonant frequency 1s the frequency of nuclear precession due to
quadrupolar interaction with molecular electric field gradients; a detection head
subsystem comprising: a single turn distributed RF coil sheet shaped and configured to
define a cavity of predetermined volume therein and to receive the specimen within the
cavity defined by said RF coil, said cavity having a first end and a second end, the RF
signal from said RF source being transmitted within said cavity and being uniformly
applied to the specimen within said RF coil cavity and generating a uniform field within
sald cavity, said RF coil also functioning as the pickup coil for the NQR signals from
the specimen and providing an NQR output signal; apparatus for tuning said RF coil to
about the desired characteristic nuclear quadrupolar resonant frequency for the specimen
under test; and an electrically conductive RF shield surrounding and spaced from and

electrically isolated from said RF coil, said RF shield being shaped and configured to

CA 02214742 1997-09-05 PPT/US 36703286
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provide electromagnetic interference and radio frequency interference (EMI/RFT)
shielding from external noise and to prevent RF and magnetic flux {from escaping from
said RF coil cavity and RF shield combination, said RF shield configuration being longer
than said RF coil, thereby extending beyond both said first end and said second end of
said coil, said RF shield being an electrically integral part of said RF coil to improve the
Q and the efficiency of said RF coil and contributing to the uniformity of flux field
applied to the specimen within said RF coil, said RF coil and RF shield together forming
a scanner; a signal capture and data processing subsystem having a digital signal
processor and comprising: means for receiving the NQR output signal fron:.t said RF coil;
memory means storing characteristics of NQR signals from at least one target substance
in the class explosives and narcotic compounds; means for processing the NQR output
signal from said RF coil; and means for comparing characteristics of the processed NQR
output signal with the characteristics in memory and emitting a final output signal; and
a display device receiving the final output signal from said signal capture and data
processing subsystem and, in response thereto, said display device selectively indicating
the presence of the target substance, the absence of the target substance, and an

intermediate result when conditions of the received signal from the specimen indicate

that further testing is necessary.

The invention is a also a method for detecting a target substance within a class
of explosives and narcotics containing quadrupolar nuclei in a specimen, said method
employing the phenomenon of nuclear quadrupole resonance (NQR) in a detection
system and comprising the steps of: forming a scanner comprised of a single turn
distributed RF coil sheet shaped and configured to define a cavity of predetermined
volume therein and to receive the specimen within the cavity defined by the RF coil, the
RF coil being surrounded by an electrically conductive RF shield which is spaced from
and electrically isolated from the RF coil, the shield being shaped and configured to
provide electromagnetic interference and radio frequency interference (EMI/RFI)
shielding from external noise and to prevent RF and magnetic flux from escaping from
the scanner, the RF shield configuration being longer than the RF coil, thereby extending
beyond the ends of the RF coil, the RF coil and RF shield being an integral combination
portion of the scanner and being designed to improve the Q and the efficiency of the RF
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coil, the RF coil and RF shield contributing to the uniformity of flux field applied to the
specimen when it is inserted within the RF coil cavity; entering known characteristics
of NQR signals of target substances in memory in a data signal processor in the
detection system; providing precisely programmed timing pulses to the detection system;
ingerting the specimen within the cavity formed in the RF coil; then automatically tuning
the RF coil to maximum power transfer efficiency for RF signals transmitted within the
RF coil cavity; providing excitation RF pulses of a predetermined frequency to the RF
coil; transmitting the RF pulses into the cavity formed by the REF coil and creating a
uniform flux field within the RF coil to which the specimen is subjected; detecting by
the RF coil the NQR signals emitted by target substances within l;he specimen;
processing the NQR signals and comparing them to signal characteristics in memory to
determine whether the detected NQR signals indicate the presence of a target substance;
and selectively indicating whether the target substance is present in the specimen,
whether the target substance is absenf from the specimen, and whether conditions of the
received signal indicate that further examination 1s necessary.

The invention provides a commercially practical system employing the known
properties of the substances and the known principles of NQR to detect and identify
contraband products -WhiCh may be hidden inside airline baggage or concealed in a
variety of packaging. RF pulses are applied to an RF coil in which the specimen resides
for purposes of the test. An appropriately foﬁned RF shield prevents stray signals from
entering or leaving the cavity in the coil so that the test results can be reliable and

external RF radiation is insignificant. Because insertion of the sample in the RF coil

causes de-tuning, an automatic tuning system is provided to re-tune the RF coil to

provide optimum performance under a range of coil loading conditions. This tuning

‘system also corrects for the possible degradation of NQR response signals caused by

temperature changes and others of the factors set out above in the Background.

An analog signal is converted to digital form and is sent to a digital signal
processor. The digitized signal is digitally filtered and compared with a predetermined
threshold level. Alternatively, once the signal is apodized and Fourier transformed, it

occurs as a quadrature "spike" at or close to 0 Hz in the frequency spectrum, and is then

filtered and compared to the known signal of the material to be detected. The signal

CA 02214742 1997-09-05 "T/S 96/ 0 3286
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from a digital signal processor is applied to a display device which indicates whether the

package is clean, has contraband, or needs further inspection.

In a practical system, the presence of other conductive material in the package
being inspected may cause acoustic ringing as a result of the applied RF pulses. The
system of the invention has provisions to filter out such acoustic ringing when it occurs

so that the NQR signal is isolated and is not hidden in the ringing signal.

BRIEF DESCRIPTION OF DRAWING

The objects, advantages and features of this invention will be more readily
appreciated from the following detailed description, when read in conjun;:tion with the
accompanying drawing, in which:

Fig. 1 is a block diagram of the basic system of the invention;

Fig. 2 is perspective view of an actual device in accordance with the invention

for small package inspection incorporating the Fig. 1 system therein;

Fig. 3 is a partially cut away perspective view of the scanner portion of the Fig.
2 device;

Fig. 4 is a partially cut away perspective view of a baggage inspection device

constructed according to the invention;

Fig. 5 shows the auto-tune subsystem in greater schematic detail;

Fig. 6 is a flow diagram of the operation of the auto-tune subsystem of Fig. 5;
and

Fig. 7 is a perspective view of the RF coil, core and cavity of the invention,

showing the static tuning capacitors in the coil gap.

BEST MODE FOR CARRYING OUT THE INVENTION

NQR is a linear spectroscopy, that is, the signal strength is directly proportional
to the quantity of contraband material containing quadrupolar nuclei. Because the NQR
frequencies of different compounds are quite distinct, the system of this invention does
not encounter false alarms from the NQR signals of other benign materials. For
example, '*N NQR absorption frequencies from crystalline materials are virtually unique.
When looking for the nitrogen signal at the NQR frequency of RDX, for example, only

-



10

15

20

25

30

y—

- P./US36/03286

CA 02214742 1997-09-05

0.

nitrogen in RDX will be detected. If other compounds containing "“N are in the same
parcel as the RDX, those other compounds would not be identified. The frequency
resulting from NQR in a target substance will be sharply defined, while other "“N-
containing substances would not provide a sharp peak NQR response. Another factor

of importance is that NQR is a bulk detector, that is, sheet, bulk or distributed materials
are equally detected.

The unique NQR resonance frequencies of a large number of compounds have
been identified and recorded. The frequency information 1s stored 1n a memory in the
system of the invention and provides a database for comparison of detecte-d signals. For
general reference purposes, the NQR frequencies of quadrupolar nuclei are generally

within the range of 0.5 MHz to 5 MHz.
It is important to understand that explosives and narcotics have "fingerprints" that

are different from innocuous substances. To thwart analysis by NQR, it would require
the impossible task of altering the chemical structure of the contraband, and the laws of
nature cannot be altered. Thus, to change a substance so that the elements of interest
in the particular contraband could not be detected by means of NQR would require
changing the chemical composition and make it other than the contraband itself.

With reference now to the drawing, and more particularly to Fig. 1 which shows
the system, block 21 is the sequence controller subsystem. This subsystem provides
precise timing and other control functions for all other elements and subsystems of the
invention. It generally would comprise a microprocessor-based device which provides
means to download and initialize the sequence control information to all other
subsystems, and would include appropriate data storage or memory means. It also stores
information on the results of individual scans for future reference. As one specific
embodiment, the microprocessor based control and storage device may be a personal
computer (PC) with a hard disk.

The sequence controller subsystem also includes a pulse programmer which is
a high-precision, high-resolution device that runs off the standard computer bus. The
pulse programmer provides the precise sequence control required for correct operation
of all other major components in the NQR scanner of the invention. In combination

with the personal computer, it also provides the precisely defined pulses and triggers to
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activate the subsystems to which it is connected and which will be discussed in detail

below.

Radio frequency (RF) subsystem 22 has several functional elements including RF
signal source 23, RF power amplifier 24, receiver RF preamplifiers 25, recetver RF
amplifier 26 and detectors 27 and 28. The detectors are here shown as phase-sensitive
detectors. A 90° degree phase shift generator 31 is also part of the RF subsystem. This

is one embodiment of the invention and is used when detectors 27 and 28 are phase shift

detectors. Other types of detectors could be employed and the phase shift generator

would not be required. Conventional ampliﬁef protection devices 29 are also part of the
RF subsystem. They are typical RF amplifier-related elements and need not be
described in detail here.

RF signal source 23 provides either continuous or pulsed RF excitation at a

frequency corresponding to the resonant frequency of the sample material. For example,

TV P U : mran ] v Inmwres ¥ sttt oaint TRAIYITOISTE o 3 9% TN PN ntaler
R.IJA-bE:led plaSth CXPIOSIVES 11aVe a IeS0l1idilt 1o{yuciiCy uf a PlUAlLllaLC}.y

while PETN-based plastic explosives have a resonant frequency of approximately
890 KHz. The excitation source is fed into amplifier 24 of sufficient power rating to
generate about 1 gauss of RF magnetic field within the coil. The excitation frequency
need not be exactly the same as the target substance NQR frequency but it should be
within about 500-1000 Hz. The RF excitation for NQR detection could be a single pulse
of 10us-500us duration, depending on the substance being tested for. Such a single
pulse could cause an NQR return, but the nuclei may not have reached a steady state of
precess so the NQR return might not be sufficiently strong to be detectable or useful.
For a letter bomb scanner, approximately three seconds of RF pulses at a repetition rate
of 667 pulses per second, meaning a train of 2000 pulses having a pulse width of 200us
each, would preferably be applied. The pulse repetition rate can range between 300 Hz
and 2 KHz. This would result in a series of NQR signals which are added and averaged
in digital signal processor 44. This is an application of the conventional technique
where target signals are added linearly while noise adds randomly, thereby building a
clearly definable pulse by improving the signal-to-noise ratio (SNR). Any method to
improve SNR might advantageously be used.
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- The power requirements of the invention are generally proportional to the
detection coil volume. An explosives scanner for mail packages with a 25 liter detector
coil volume might have an RF power amplifier rated at about 25 Watts, peak value, for
example. The amplifier produces a uniform RF field of about 1 gauss over the entire
25-liter volume. In other applications, such as in narcotics detection, the RF field may
be greater than this value. For airline baggage, an explosives detection head of about
300 liters (10 ft’) volume within the coil requires a 1 to 2 KW RF power amplifier.
These parameters are provided for reference purposes and are not meant to define or

limit the actual characteristics of a practical NQR system.

C- 4

The RF excitation pulses are fed from amplifier 24 into detectio;l head 33, the
operation of which will be discussed below. After the sample in the detection head has
been excited by the RF pulse, a short RF coil "ring-down" or dead time occurs, during
which the receiver i1s "deaf," before sensing occurs. This ring-down time could, for
example, be 500us. Then RF coil 34 detects the NQR signals and the response is
amplified by low-noise, high-gain preamplifiers 25 having a gain of 20 to 30 dB, and
a noise figure of 1 to 2 dB. Examples of such preamplifiers are Anzac Model AM-110
and Mini-Circuits Model ZFL-500 LNS.

In the package or letter scanner size configuration of the invention, after the
received signal has been sufficiently amplified by RF amplifiers 25 which, together with
amplifier protection components 29, include appropriate conventional filter functions,
the received signal is fed into two phase sensitive detectors 27 and 28, having reference
signals shifted 90° from each other by means of phase shift element 31. Note that
reference RF signal from RF source 23 is applied to phase sensitive detector 27 while
the reference signal to phase sensitive detector 28 passes through phase shift element 31.
The two mutually phase-shifted analog signals are then fed into signal-capture and data
processing subsystem 41, which will be discussed below.

Detection head subsystem 33 is comprised of four main components. These are
RF coil 34, an RF probe circuit which is RF tuning and matching network 35, auto-tune
subsystem 36 and RF shield 37. The detection head serves two primary purposes. One
1s to produce a homogeneous RF field in the RF coil. The other is to receive the raw

NQR signal, if present, from the item under investigation. The manner in which a
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homogeneous field is ensured within the RF coil cavity to achieve uniform tip angles in
the nuclei of the target substances will be described with respect to Fig. 7.

RF coil 34, which may also referred to as an antenna, is made of a highly
conductive material, such as copper. The conductor should have a thickness in the order
of at least five times the skin depth of the material of the conductor at the operational
frequency. This ensures a minimal amount of resistance to the flow of current when the
coil is energized with RF. A 25 liter detection volume (for a mail scanning device) has
a single turn, high-Q, 0.25 mm (0.01 inch)-thick copper coil made of a single sheet.
The skin depth of copper at 3.4 MHz is about 0.025 mm (0.001 inch) and the skin depth
of copper at 900 KHz is about 0.051 mm (0.002 inch). Direct coil tuning results in an
increased overall efficiency for the mail scanning embodiment of the invention. The
single-turn, high-Q coil, when no sample is present, that is, the coil is empty, requires
approximately 30,000 pF of capacitance for tuning at about 3.4 MHz in order to detect
the "N resonant frequency of RDX explosives. Using a series of switches to add or
remove capacitance in order to re-tune the coil under differing load conditions, it has
been determined that it would be useful for the system to be re-tunable for a 10%
change in tuning capacitance. In this particular application, the coarse tuning increments
in capacitance were selected to be aﬁproximately 80 pF, and in the fine tuning mode,
10 pF. The RF signal source and amplifier (23, 24) of RF sub-system 22 used to

exercise the auto-tune subsystem are the same as those used to excite the RF coil for

substance detection purposes. Details of the auto-tune subsystem are set out

hereinbelow.

The basic tuning of the coil to create a uniform field within the RF coil cavity
during the transmit mode is necessary for optimum operation and sensitivity of the
system. This homogeneity is important because it is highly desirable to cause uniform
tip angles of the nuclei throughout the expected measurement volume. Of course, the
measurement volume of interest is the target substance (contraband) within the specimen
or sample in the coil cavity. Uniform sensitivity in the receive mode, due to reciprocity,
to the nuclear precession-generated fields, is equally important. A "hole" in the field can
exaggerate the difficulty in detecting a target substance by reducing the effect of the

generated signal (less than complete and uniform nuclei tipping) and at the same time

resulting in a reduced received signal.
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Further details of these concepts follow.

It is desirable for a volume detection system to have a uniform sensitivity
throughout the detection volume. With NQR this can be assured by having a uniform
RF flux field in that detection volume. A region of reduced field may cause a reduction
In sensitivity due to reduced tipping of the nuclei during the time of the excitation or
transmitted pulse. By reciprocity, the antenna will be less sensitive to the nuclear
induction signals in those regions of reduced field during the receive mode. The effects
of changes in tip angle and the changes in receiver sensitivity are cumulative. Thus, a
25% reduction in the effect of the excitation pulse results in about a 50% reduction in
receiver effect, or overall sensitivity.

With reference now to Fig. 7, for a single turn coil 34 with a length L much
greater than the height X or the width Y, a uniform RF field will exist in central
region 52 provided that the static tuning capacitance is distributed or spaced generally
uniformly along gap 101 of the coil.‘ Improper placement of the distributed static tuning
capacitance 1n the central region can cause variations in the field in that region. For a
coil with a length not substantially greater than the lesser of the length or width, the
field near the ends will be less if the capacitance is uniformly distributed along the entire
gap. The field at the ends can be made more uniform by increasing the relative portion
of the total capacitance placed near the ends of the gap. A multiplicity of static tuning
capacitors 102 are shown in gap 101. They are shown evenly spaced here for purposes
of simplicity, and because their placement and respective values are determined when
the detection system is constructed. For reference purposes, it was previously stated that
the total capacitance for an empty RF coil is about 30,000 pf for static tuning at about
3.41 MHz, the "N resonant frequency of RDX explosives. Of course, different target
substances have different crystalline structures and different '*N resonant frequencies, so
the distributed static tuning capacitance would be different. The sizes and spacings of
capacitors 102 are determined by the procedure which follows.

By way of example, the ideal tip angle for RDX is 117° and its nuclear resonant
frequency 1s 3.410 MHz. The total capacitance necessary in the coil is determined

according to the equation:

C f tual)z f tual :
o = Co |l— = C ( = ) Eqg. 1
Total 0 ( f; ° {3410
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The procedure for determining Cr,,, the desired capacitance, 1s to connect a
probe connected to an inductance meter across coil gap 101 and measure the inductance.
By approximation, a multiplicity of capacitors, totalling approximately 30,000 pf, are
distributively connected across the gap as shown in Fig. 7. Then with an impedance
meter, the resonant frequency of the coil is measured to provide f,, .. That frequency
is plugged into Eq. 1, the division made, the result squared, and that number is
multiplied by 30,000 (C,), giving a closer approximation for Cr,,. This static tuning
is repeated until the resonant frequency of the coil is about 3.410 MHz. Then the
capacitor distribution is adjusted to achieve homogeneity of the field W1thm the coil

cavity, as set out below.

To determine if the capacitor placement is correct for the empty cavity coil, the

RF coil is connected to a signal generator tuned to about the resonant frequency of the
coil for the specified target substance and a small pickup loop connected to a
conventional impedance meter is used to-map the RF flux field inside the coil (the axis

of the loop is parallel to the axis of the coil). If the field is not sufficiently uniform

continued until the desired field homogeneity is achieved.

AUTO-TUNE SUBSYSTEM

A ——— R T R

Apparatus for automatic fine tuning of the NQR detection coil/head under
adverse conditions is shown in Fig. 5. Within sequence controller 21 is software or
control programming 91 for auto-tune subsystem 36. The auto-tune subsystem 1is
preferably incorporated within RF shield 37, as are RF coil 34 and matching network 35.
Input/output line 92 connects the tuned RF coil to the amplified RF excitation signal and
connects the coil as the receiver of the NQR signals to ¥4 wave line 38 (Fig. 1).

The system consists of a series of fixed value capacitors 93 switched by an equal
number of vacuum relays 94. The amount of capacitance switched into the tuning
circuit is determined by measuring the amount of power being transferred from REF
amplifier 24 to RF detector coil 34 (or, more precisely, the amount of "forward" to

"reflected"” power.) The means to measure this power transfer efficiency consist of a

e el e e & e = e e e e e e e e — - . Se = omen i imm ss B e ms asm e = e e ame e a e e e e e e =
—— . T e e e e e i B e e e T | e e R, T S 8 %aTm e Ttee T T ed T Tm v 0T AT T - I AT T e e e el
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variety of common RF techniques. For one application, a directional watt meter is used

to measure the amount of "forward" to "reflected” power. Based on the power transfer
efficiency, capacitors are switched in or out of the circuit to maximize power transfer

efficiency from the RF amplifier to the RF coil. The system is thus re-tuned to provide
the most efficient and most sensitive RF coil. Once the state of tune of the RF coil has

been determined by the values of the forward and reflected power, the coil is re-tuned

by switching in capacitance according to the algorithm described below.
Tuning of the RF coil consists of two stages: coarse tuning and fine tuning. A

flow diagram for the sequence is shown in Fig. 6. The value of "C" in Fig. 5 has been

chosen to be 10pf, so each capacitor is a multiple of "C." Other values could be

assigned as desired.
Coarse Tuning

Both the forward and reflected power are measured. If reflected power is greater
than a predefined percentage of forward power, then the system self-adjusts to coarse
tuning by making the large jumps mentioned above (by increasing capacitance until
reflected power drops below the maximum value of reflected power that the fine tuning
mode can handle). When that condition is reached, then the system goes into fine
tuning. The upper limit of the size of the capacitance jump is determined by the
capacitance range of the fine tuning subsystem. When the reflected power drops below
a preset upper size limit, then the system will begin fine tuning. This 1s the "start fine
tuning mode" point.
Fine Tuning

After taking a step (either increasing or decreasing capacitance) the reflected
power is measured again. If reflected power has increased and the direction (i.e.,
increase or decrease of capacitance) has been reversed from the previous step, then the
system goes back one step to the "start fine tuning mode" point. Fine tuning begins
again, only this time in the opposite direction (that is, adding capacitance instead of
subtracting 1t). If, however, the reflected power did not increase, then another step is
taken in the same direction (adding or subtracting capacitance). This process continues
until another reversal of the direction is encountered. At this stage the system goes back

one step and the fine tuning i1s complete. The reflected power is now at a minimum.

»
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The forward power is measured and compared to a pre-defined value, to ensure correct
functioning of the RF transmitter.

Auto-tune subsystem 36 performs two major functions. One is to re-tune the RF
coil to provide optimum performance under a range of coil loading conditions.
Secondly, it determines the state of the tune by comparing it to a pre-defined "zero"
setting. The system consists of a radio frequency power source, a directional watt-meter
and switched capacitors to vary tuning reactance. Control unit 21 operates the RF power
source, measures the reflected power and then varies the tuning reactance until a
minimum in reflected power is reached. The system’s ability to tune the sample coil
directly results in increased overall efficiency. Antenna tuning systems commonly used
in radio electronics are unnecessarily complex for coil fine tuning in NQR applications.
They also have certain inefficiencies for NQR applications: they cannot tune the coil
directly, and they experience higher feed line losses, which can contribute to noise.
Furthermore, antenna tuning systems tend to be too general in terms of what is being
matched (for example, tuning range).

RF probe 35 1s a matching network and Balun which provides tuning and
matching of the coil, and also protects preamplifiers 25 from the high voltages in the
coil during RF excitation. RF probe 35 matches RF coil 34 to a 5002 unbalanced input.
This makes the coil look like a 502 transmitter/receiver and is conventional matching
technology. The function of % wave line 38 is to isolate the receiver from the
transmitter. Transmitter 1solation diodes 39 and 40 have a related function. The auto-
tune subsystem determines the state of the tune of RF coil 34 in the detector head by
matching the RF coil to its load in the detection volume. It measures the amount of
power transferred directly to the RF coil (the "forward" power), and the amount of
power reflected back due to losses in the circuit and mis-tuning (the "reflected” power).
Once the tuning state is determined by comparing the values of the forward and reflected
powers, the coil is re-tuned by switching capacitance according to a predetermined
sequencing as has been discussed above.

When coil 34 is loaded with a package of unknown contents, it becomes de-
tuned. In one application of this invention, to re-tune the coil, eight vacuum relays

switch the capacitors arranged in pF values of powers of two, that is, 10, 20, 40, 80.

CA 02214742 1?97-09-05 D}CT/US 36/70328¢6
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This particular arrangement is capable of producing 256 values of capacitance for re-
tuning the system, with a maximum total of 3000 pF. Rather than overloading the
system with one relay for each value of capacitance, this power arrangement minimizes
the number of relays needed to produce a given value of capacitance (eg. 10 + 20 = 30;
20 + 80 = 100, etc.), and affords very fast operational speed. It should be noted that the
same algorithm can be used with a continuously-variable capacitance system. A stepper
motor could be employed and the actual tuning sequence would be very similar to that
described for discrete, direct capacitor tuning. The direct coil tuning capacitance

arrangement described above is preferred for this invention.

"

Using capacitors switched by vacuum relays requires a "settling time" of about
6 ms or less to allow the relays to operate and for the reflected power to achieve a
steady-state value. The benefit in overall system ruggedness, efficiency, reliability, and
small size due to the fixed switch capacitor scheme overcome any possible advantage
in precision tuning which might have been achieved using the more conventional
variable capacitors. However, because the system uses switching commands controlled
by a computer operated sequence controlling device, it can get exact information on the
amount of system de-tuning.

This tuning sub-system offers improved sensitivity for NQR systems by optimum
automatic fine tuning of the sample coil (RF coil). Previous developments in coil fine
tuning required manual tuning of the system, which is acceptable for the laboratory but
undesirable for field use. This system offers the advantage of automatic tuning based
on fixed capacitors switched by vacuum relays (designed for high RF switching) rather
than bulkier and slower variable capacitors. The proposed system measures changes in
coil loading, a feature not available on other detection systems. The system 1s faster and
easier to use than a manually tuned sample coil, and provides information about the
state-of-tune of the RF coil which can give an indication of the contents of the coil (the
sample). The system also gives the control unit an indication of the performance of the
RF amplifier.

Physical configurations of the scanner of the system will be described with
respect to Figs. 2, 3 and 4. RF coil 34 is a hollow rectangular tube of thin sheet

conductive material, as previously described, formed on thin-walled rectangular

:\ CA 02214742 %997-09-05 ” CT/US 9 6/ 0 3286
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insulator 51 (See Fig. 3). Shield 37 1s a conductor in the shape of a rectangular copper
(or other highly conductive material) sleeve enclosing the coil and spaced from it by a
distance of about one half the length of the shortest side of the coil. The shortest side
of the coil is represented by distance "X" in Fig. 3 and the spacing is preferably X/2.
As an example of actual size, X is 12.7-15.2 cm (5 to 6 inches), so the spacing between
coil 34 and shield 37 would be about 6.35-7.62 cm (2.5 to 3.0 inches). Amnother
significant measurement is the distance between the edge of coil 34 and opening 52
through which the item to be tested 1s inserted. That is the same X/2 distance, or about
6.35-7.62 cm (2.5 to 3.0 inches). The RF shield provides the coil and probe units, that
is, the structure within the RF shield, with the necessary EMI/RFI (electromagnetic
interference/radio frequency interference) shielding from external noise. At the same
time, the structure inhibits RFI from escaping from the specimen testing cavity. This
configuration has been optimized to provide the best balance between noise isolation of
the coil, loading of the coil, and minimization of the total system volume.

To complete the dimensions of the scanner of Fig. 3 for purposes of example,
the long dimension of the rectangular cavity at the opening may be 16 inches, and the
length of the cavity within the coil may be 61 cm (24 inches). Surrounding shield 37
may have a depth of 25.4-29.2 cm (10 to 11.5 inches), a width of about 51-56 cm (20
to 22 inches), and a front-to-back length of at least about 68.6 cm (27 inches). The
volume of the cavity would be about 26 liters (2000 in’). The scanner described above
may be referred to as a box with a cavity therein, having external access opening 52 to
the cavity.

Different arrangements are necessary for the front and back of the coil. The best
RFI shielding is normally an electrically connected and grounded box that completely
encloses the RE coil, such that external noise cannot reach the RF coil directly. For
most real-world applications of this technology, this arrangement is not always possible.
An RFI trap or cut-off device 1s needed to permit access to one or both ends of the coil
for movement of the sample item in and out of the coil. In an application of this
invention, a portable hand-fed mail or package scanning device, only one end is open
and this end, door 85 (Fig. 2), is closed after the package is inserted and before the test

is commenced. This closed configuration completes the RFI trap.
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For a conveyor system to scan airline baggage, both ends of the RF shield are,
of necessity, open, as shown in Fig. 4. To provide the necessary RF] shielding, a tunnel,
commonly known as a "wave guide below cut-off" of about the same maximum Cross-
sectional dimension as the coil, is required. Ends 66 and 71 provide the wave guide
below cut-off for this configuration of the invention. While the overall dimensions are
areater, the coil, shield and opening relationships remain substantially consistent. In this
case the "X" dimension between coil 61 and shield 62 is X/2, the same as between
edge 63 of the coil and end 64 of the main part of baggage-size scanner structure 67.
As an example, the X dimension may be 45.7 cm (18 inches) and the width, dimension
"y " could be around 71 cm (28 inches). Opening 65 is the same size all the way
through wave guide or tunnel end extension 66, the main tunnel (not shown) through test
apparatus box 67, and out through wave guide or tunnel end extension 71.

Some additional exemplary dimensions are given here for purposes of
completeness. The front-to-back length of the cavity, in scanner box 67, 1s about 89 cm
(36 inches) and the cavity volume would be about 305 liters (10.5 ft°).

While X/2 is the preferred spacing discussed above, it need not have exactly that
relationship to the short dimension of the coil cavity. The shield spacings may range

between X/3 and X, with X/2 being preferred at the present time.

In addition to the coil and shield, some typical materials for facing 53 and for
inner rectangular frame 51 are wood and plastic. They should be relatively light, rigid,
and be an electrical insulator. In the larger, double open-ended version of Fig. 4,
external surfaces 72 and 73 of tunnel ends 66 and 71 would likely be copper or
aluminum, while the inside and facing would be plastic or wood.

A practical smaller size, or portable, mail scanner 81 is shown in Fig. 2. The
electronics and control functional elements can be contained in box 82. The scanning
device itself is box 83 mounted on top of box 82 by stand-offs 84. The front of
scanner 83 is normally closed by front door or lid 85 which is hinged to the top box.
A package 86 is shown in opening 52, within the RF coil, ready for test.

To reiterate, in the portable mail scanner of Figs. 2 and 3, only one end of the
coil 1s réquired to be open for access to the coil compartment or cavity. The shield

entirely surrounds the coil, except for an opening of the same cross-sectional area as the
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coil. This opening forms a slot through which packages can be passed. The opening
in the shield is positioned in such a way (approximately 5.1-7.6 cm (2 to 3 inches) from
the end of the coil) that the magnetic flux from the coil is "forced" to be contained
within the shield itself. Thus, little flux escapes from the shielded opening and little flux
can enter the cavity. In order to further minimize EMI/RFI noise entry, a secondary
shield in the form of a grounded, aluminum enclosure, with EMI/RFI gaskets and a lid
which overlaps the coaming may be employed. This 1s an aluminum casing closely
surrounding 'shielding 37 and does not add to the overall dimensions, except to make
overhang 68 if desired (see Fig. 3). This overhang is both aesthetically pleasing and
provides improved RFI shielding for external RF. Lid 85 covers opening 52 with
package 86 in the cavity. Suitable rubber gaskets impregnated with conductive material
completes the EMI/RFI shielding.

Once the auto-tuning procedure has been completed, the scanning procedure
begins. The scanning procedure is standard for detecting NQR signals in real-world
detection applications. In one application of this invention, the procedure consists of a
combination of RF pulses, commonly known as PAPS (phase-alternated pulse sequence)
and NPAPS (non-phase-alternated pulse sequence) versions of the SSFP (steady state
free precession) pulse sequence. These sequences are described in U.S. patent
5,365,171, which 1s incorporated herein by reference to the extent necessary for full
explanation. However, there are other sequences of RF pulses which are commonly used
in NQR procedures which are also applicable for use in this invention. These are known
and readily useable by those of ordinary skill in this technical field.

When test button 87 1s pushed, the coil is tuned and scanning of the package is
accomplished and at least one of the lights is illuminated. White light 111 flashes while
tuning and testing are being completed. Illumination of green light 112 indicates that
no contraband being tested for is present. Illumination of red light 113 indicates that
the target substance has been found in such a quantity as to be significant. If yellow
light 114 1s illuminated, 1t means there may be something present which should be
looked at or further tested. It could mean there 1s a significant amount of metal present.
Both yellow and green lights illuminated means there was no clear NQR signal and there

was metal or other conductive material present. Both red and yellow lights illuminated
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indicates that the target substance may be present, but it 1s at least partially obscured by

metal. Those are indeterminate results. Not shown 1s an ON/OFF button on a

non-visible side of unit 81.

One challenge which must be overcome in proceeding from the laboratory to a
practical NQR detection system for scanning airline baggage 1s that of acoustic ringing.
A standing wave can be set up in a conductor placed 1n a pulsed RF field. This
acoustical wave is picked up by the RF coil. The signal produced is often close to the
same magnitude and sufficiently close in characteristics to an NQR signal to possibly
cause a false alarm. The acoustical signal is often coherent with the exciting RF pulse,
and hence can potentially be mistaken for an NQR signal, which 1s also coherent with
the exciting RF pulse. Moreover, common methods for reducing spurious ringing etfects
in laboratory NQR systems, such as signal averaging and/or reversing the RF phase, will
often not sufficiently reduce the problem. Certain types of commonly-occurring
materials, such as spring-steel, are particularly prone to acoustic ringing.

In the preferred embodiment of this invention, a simple but effective method of
reducing the effects of acoustic ringing in NQR detection applications 1s employed. The
primary differing characteristic of an NQR signal compared with an acoustic ringing
signal is that NQR signals occur only at pre-defined frequencies. Acoustic ringing
signals, on the other hand, can be generated by any frequency of an RF excitation pulse.
Thus, by operating the NQR scanning system at a frequency outside the range of the
NQR sample frequency, using a standard or modified RF pulse sequence, no signal will
be generated by or be detected from any target material. Under these conditions, if a
signal is seen, it is from acoustic ringing. Implementation of this method is
straightforward. The "ring detect" sequence can be implemented before or after the main
sample detect sequence and is part of the programming and RF signal generation. This
frequency excursion can easily be provided by the auto-tune aspect of this invention.

As an alternative for detection of acoustic ringing, the standard target substance
detection scanning cycle can be employed. It is a principal of acoustic ringing fhat the
ringing signal decays with time. Within a limited time period, between respective RF
pulses, the NQR signal increases with time. This feature can be used to determine the

nature of the signal response. This procedure can be used in some instances, and 1s
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limited at the highest sensitivity levels, where the noise level of the system 1is
comparable to the signal level.

In the package or mail scanner configuration of this invention, when employing
analog detectors, signal capture and data processing subsystem 41 comprises two analog
to digital (A/D) converters 42 and 43 and digital signal processor 44. The received
signals from phase sensitive detectors 27 and 28 are fed to A/D converters 42 and 43
respectively. All signals produced by the sample scan and ring detect sequences are fed
into the A/D converters and are processed by the digital signal processor. Through the
sample scan sequence, signals are either added or subtracted, according to the algorithm
outlined in patent 5,365,171. The addition/subtraction algorithm reduces the effects of
RF coil ring-down and magnetoacoustic ringing.

In a practical configuration of this portion of the invention, signal capture and
most of the signal processing is carried out on a plug-in PC A/D converter card. The
card has two channels, 14-bit resolution, and a 2 MHz sampling rate. Subsystem 41 also
performs on-board digital signal processing functions, such as addition or subtraction of
consecutive data sets as required. Once processing the output signal is completed, it is
digitally filtered and compared to a predefined threshold level. Alternatively, once the
signal is apodized and Fourier-transformed, 1t occurs as a quadrature "spike" at or close
to 0 Hz in the frequency spectrum, and 1s then filtered and compared to the "known"
signal of the material to be detected.

In the frequency domain, the signal capture and data processing subsystem
compares other signal factors to the expected signal factors. For example, it may
compare the signal shape (Lorentzian or Gaussian) to the line-width at half height. A
combination of the above signal factors may be used to determine the presence or
absence of the target substance. The output of the digital signal processor is then sent
to display device 46.

The NQR detected signal is compared with a predetermined threshold level stored
in memory in digital signal processor 44. If the detected signal is equal to or greater
than the predetermined threshold, red light 113 flashes on the operator’s panel on display
device 46, indicating the presence of the target substance. If the signal is less than the

predetermined threshold, green light 112 flashes, indicating the absence of the target
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substance. If the auto-tune algorithm detects that an excessive amount of re-tuning of
the coil is necessary, compared to an average investigation or predefined threshold, or
an acoustic ringing signal is detected, the condition is flagged and yellow warning
licht 114 illuminates. The yellow warning light indicates that: (1) there 1s an
abnormally high amount of metal in the coil, (2) a high quantity of high dielectric
material is detected, or (3) a spurious acoustic signal has been detected. Further

alternative testing or visual inspection can be used to resolve inconclusive results of the
NQR test.

In addition to the illumination indications mentioned above, the display device
can optionally provide graphical display 95 of the signal showing both the in-phase and
quadrature signals, as well as other signal and system characteristics. Also optionally,
printed output 96, including the time, date, signal amplitude and frequency, as well as
coil tuning parameters, and other information such as acoustic signal responses from
speaker 97, can be provided.

The factors which have degraded the effectiveness of previous NQR signal
detectors are reduced or eliminated by this system. If conductive or high dielectric
materials are present in the sample, the auto-tune sub-system will be employed in an
attempf to neutralize the effect of the foreign material. Then visual inspection can be
accomplished if there is reason to do so. The auto-tune capability can quickly account
for changes in temperature which affects tuning capacitance, as well as movement or
distortion of the coil which might occur when samples are put into the cavity.

Examples of two embodiments of the invention have been described above. It
is likely that modifications and improvements will occur to those skilled in this technical

field which are within the scope of the appended claims.
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What 1s claimed 1s:

1. A system for detecting a target substance within a class of explosives and
narcotics containing quadrupolar nuclei in a specimen employing the phenomenon of

nuclear quadrupole resonance (NQR), the system including:

a sequence controller (21) having means for providing timing and

programming pulses to said system;

a radio frequency (RF) subsystem (22) comprising:

a variable frequency RF source (23) to provide pulsed RF excitation at a
frequency gencrally corresponding to a predetermined characteristic nuclear
quadrupolar resonant frequency of the specimen, wherein nuclear quadrupolar
resonant frequency is the frequency of nuclear precession due to quadrupolar

interaction with molecular electric field gradients;

a detection head subsystem (33) comprising:

an RF coil to transmit the RF excitation and functioning as the pickup coil
for the NQR signals from the specimen and providing an NQR output signal,
wherein said RF coil is a single turn RF coil made of a single sheet (34) ot
highly conductive material shaped and configured to define a cavity (52, 65) of
predetermined volume therein and to receive the specimen within the cavity
defined by said RF coil, said RF coil being formed on an insulator frame (51)
with a linear gap (101) between confronting edges of said RF coil sheet, and
wherein the RF signal from said RF source is transmitted within said cavity
and is uniformly applied to the specimen within said RF coil cavity;

a multiplicity of static tuning capacitors (102) connected between said RF
coil confronting edges, said static tuning capacitors being configured and
spaced to provide a uniform RF flux field within said RF coil cavity when
excited by RF pulses; and

an electrically conductive RF shield (37) surrounding, spaced from and

electrically isolated from said RF coil, said RF shield being shaped and
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configured to provide electromagnetic interference and radiofrequency
interference (EMI/RFI) shielding from external noise and to prevent RF
magnetic flux from escaping from said RF coil cavity and RF shield
configuration, said RF shield configuration being longer than said RF coil.
thereby extending beyond both said first end and said second end of said coil,
wherein said cavity has a first end and a second end and is rectangular in
shape, with 1ts shorter sides having a first dimension, wherein the spacing
between said RF coil and said RF shield 1s about one-half of said first
dimension, and wherein said RF shield extends past at least the open end of
said RF coil by a distance that i1s substantially equal to one-half of said first
dimension, said RF shield being an electrically integral part of said RF coil to
improve the Q and the efficiency of said RF coil and contributing to the
uniformity of flux field applied to the specimen within said RF coil, said RF

coil and said RF shield forming a scanner;

at least one cavity extension element (66, 71) coupled to said scanner and
comprising waveguide below cut-off, said extension element having an opening

therethrough which is the same cross-sectional size as said cavity;

automatic means for tuning said RF coil to about the desired characteristic

nuclear quadrupolar resonant frequency for the specimen under test and comprising:

a series of fixed value capacitors (93) switched by controllable switch
means (94); and
control means (91) for controlling the switching sequence of said

capacitors to establish maximum power transfer etficiency of said RF coil;

a signal capture and data processing subsystem (41) having a digital signal

processor (44) and comprising:

means for receiving the NQR output signal from said RF coil, and

means for processing the NQR output signal from said RF coul;
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memory means which store characteristics of NQR signals from at least one

target substance in the class explosives and narcotic compounds;

means for comparing characteristics of the processed NQR output signal with

the characteristics in memory and emitting a final output signal;

a display device (46) receiving the final output signal from said signal capture

and processing subsystem and having means to selectively indicate:

the presence of the target substance,
the absence of the target substance, and
an intermediate result when conditions of the received signal from the

specimen indicate that further testing is necessary; and

means to identify and differentiate acoustic ringing signals from NQR signals,

wherein said identifying and differentiating means comprises:

said sequence controller and said RF source, in combination with said
detection head subsystem to apply excitation RF pulses to said RF coil which
are separate and distinct from the RF excitation pulses at the quadrupolar
resonant frequency, whereby the system is operated at a frequency outside the
range of the NQR sample frequency, or

means to determine the nature of the signal response based on the
principle of acoustic ringing that the ringing signal decays with time and,
within a limited time period, between respective RF pulses, the NQR signal

increases with time.

2. The system recited in claim 1, wherein said RF coil cavity is configured to

leave at least one end accessible, through which the specimen can be inserted.

3. The system recited in claim 2, wherein both ends of said cavity are open to
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enable specimens to enter at one end and leave at the other end 1n a continuous

mannecr.

4, The system recited in claim 1, and further comprising the cavity extension
element (66, 71) coupled to each end of said scanner and having an opening
therethrough which are the same size as said cavity, said extension elements

comprising waveguides below cut-off.

5. The system recited in claim 1, wherein said tuning apparatus comprises
means for automatically tuning said RF coll after the specimen is inserted therein for

maximum power transfer efficiency.

6. The system recited in claim 5, wherein each successive capacitor has a

capacitive value which is a power of two greater than the previous one.

7. The system recited in claim 5, wherein said controllable switch means
comprise a series of vacuum relays, one for each said capacitor, said vacuum relays

being individually controlled by said control means.

8. The system recited in claim 7, wherein said static tuning capacitors are so
spaced that capacitance values are concentrated and spread farther apart as required to

achieve the uniform RF flux field.

9. A method for detecting a target substance within a class of explosives and
narcotics containing quadrupolar nuclel in a specimen using a detecting system
according to claim 1, said method comprising the steps of:

providing precisely programmed timing pulses to the detecting system;

providing excitation RF pulses of a predetermined frequency to the RF coil;

detecting by the RF coil the NQR signals emitted by target substances within
the specimen;

entering known characteristics of NQR signals of target substances in memory

In the data signal processor (44) in the detecting system;
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inserting the specimen within the cavity formed in the RF coil, then

automatically tuning the RF coil to maximum power transfer efficiency for RF
signals transmitted within the RF coil cavity;

transmitting the RF pulses into the cavity formed by the RF coil and creating a
uniform flux field within the RF coil to which the specimen is subjected;

identifying acoustic ringing signals and differentiating said ringing signals
from NQR signals, wherein said identifying and differentiating step comprises the

steps of:

applying an RF signal to the RF coil which is separate and distinct from
the NQR excitation signal, and

determining if a ringing signal is present by operating the system at a
frequency outside the range of the NQR sample frequency or by determining
the nature of the signal response based on the principle of acoustic ringing that
the ringing signal decays with time and, within a limited time period, between

respective RF pulses, the NQR signal increases with time;

processing the NQR signals and comparing them to signal characteristics in
memory to determine whether the detected NQR signals indicate the presence of a
target substance; and

indicating whether conditions of the received signal indicate that further
examination is necessary, or selectively indicating whether the target substance is

present in the specimen or whether the target substance is absent from the specimen.

10. The method recited in claim 9, wherein the spacing of the static tuning

capacttors being determined by:

exciting the RF coil to about the target resonant frequency:;

sensing the RF flux field intensities at locations throughout the RF coil cavity
to map the relative field intensities;

linearly adjusting the capacitance in the gap:;

re-mapping the field within the RF coil cavity and readjusting the gap
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capacitance to achieve uniformity of field within the RF coil cavity when the RF coil

1s excited by RF pulses.

11. The method recited in claim 10, wherein the capacitance is adjusted by

changing relative locations of the static tuning capacitors in the gap.
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