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(57) ABSTRACT

A probe (80) for irradiating a sample with RF energy during
transmitting periods and detecting an NQR or NMR signal
from a substance contained within the sample during receiv-
ing periods. The probe (80) comprises a variable impedance
unit (20) for changing the Q-factor of the probe and a probe
coil. The probe (80) is responsive to powerful RF pulses
applied thereto to excite an RF magnetic field in the probe
coil during the transmitting periods. The variable impedance
unit (20) is controllable to provide a Q-factor for the probe
(80) at: (1) an optimal level during a prescribed transmitting
period of an RF pulse for irradiating the sample with said RF
energy; (il) a minimal level during a prescribed recovery
period immediately following said transmitting period to
rapidly dampen transient signals from the probe; and (iii) a
maximal level during a prescribed receiving period for
detecting an NQR or NMR signal from the target substance
if present, immediately following the recovery period.

A method for detecting an NQR or NMR signal within a
sample using the probe (80) is also described.
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Q-FACTOR SWITCHING METHOD AND
APPARATUS FOR DETECTING NUCLEAR
QUADRUPOLE AND NUCLEAR MAGNETIC
RESONANCE SIGNALS

FIELD OF THE INVENTION

[0001] This invention relates to nuclear quadrupole reso-
nance (NQR) and nuclear magnetic resonance (NMR) detec-
tion equipment, and more particularly to an apparatus and
method for changing the Q-factor (quality factor) of a probe
used in NQR and NMR detection equipment.

[0002] Within this specification the term “substance” is
taken to mean those materials which respond to the NQR
and NMR phenomenon. For a discussion of the NQR
phenomenon, regard should be made to our co-pending
International Patent Application PCT/AU00/01214, which is
incorporated herein by reference.

[0003] Throughout the specification, unless the context
requires otherwise, the word “comprise” or variations such
as “comprises” or “comprising”’, will be understood to imply
the inclusion of a stated integer or group of integers but not
the exclusion of any other integer or group of integers.

BACKGROUND ART

[0004] The following discussion of the background art is
intended to facilitate an understanding of the present inven-
tion only. It should be appreciated that the discussion is not
an acknowledgement or admission that any of the material
referred to was part of the common general knowledge as at
the priority date of the application.

[0005] Nuclear quadrupole resonance (NQR) and nuclear
magnetic resonance (NMR) are methods widely used for the
detection and investigation of various chemical compounds.
These methods are also successfully used for detecting the
presence of specific substances, such as explosives and
narcotics.

[0006] The probe of a pulsed NQR (or NMR) detection
system is a device providing interaction between the radio
frequency (RF) field of a resonant RF transmitter and a
particular substance that is targeted within a sample for
detection of NQR (or NMR) signals generated as a result of
the NQR (or NMR) phenomena, as well as interaction
between the RF field response from the target substance and
the receiving part of the NQR (or NMR) detector. Strong RF
pulses, typically with hundreds of watts of power are used.
In practical NQR devices, when detecting specific sub-
stances (for example explosives and narcotics), the power of
RF pulses can reach several kW.

[0007] FIG. 1 illustrates a conventional system for detect-
ing NQR (or NMR) signals from a target substance. For
NMR a magnet is required but this is not shown in FIG. 1.
A transmitter unit 60' and a receiver unit 50' are connected
to a probe 80' through a duplexer and matching circuit 40'
which switches the probe 80' between a transmit mode and
a receive mode. The transmitter unit 60' generates RF pulses
and applies the pulses to the probe 80' during a transmitting
period when in the transmit mode to irradiate a sample with
RF energy and excite nuclei of any target substance con-
tained within the sample. The pulses have a frequency
corresponding to the resonant frequency of the nuclei of the
substance to be detected and the probe 80' is tuned to this
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resonant frequency typically by a tank circuit to optimise the
Q-factor of the probe for optimal detection. After the RF
pulse is applied, the probe 80' can detect the NQR (or NMR)
signal. This signal is received by the receiver unit 50' during
a receiving period when in the receive mode and is pro-
cessed by a control and signal-processing unit 70', which
also generates all control and RF signals.

[0008] Strong radio frequency (RF) pulses applied to the
probe produce transient signals (“ringing”). This results
from the accumulation of energy in the circuit of a probe
after the impact of RF pulses. This remaining RF energy
must be dissipated before a probe can be effectively used to
receive the NQR (or NMR) signal. After the probe has rung
down, the NQR (or NMR) signal from the sample can be
detected.

[0009] The duration of these transient signals, which
determines the length of the recovery period of a probe, can
be quite considerable—from several hundred microseconds
to several milliseconds. This is particularly apparent when
detecting low frequency NQR samples within a high Q-fac-
tor probe coil.

[0010] NQR frequencies of many significant explosive
and narcotic substances are found in the low frequency
range (0.1-6 MHz) and need to be detected within time-
frames of 300 ps to 1.2 ms after irradiation of a sample
containing same with RF energy for determining their exist-
ence. Hence ringing can present a major problem for detect-
ing NQR signals lying in this low frequency range. Low
frequency NMR and Magnetic Resonance Imaging (MRI)
are also important for biological and medical research, as
well as for some other purposes, and thus ringing also
presents a problem with the detection of low frequency
signals in these technologies as well.

[0011] In order to overcome this problem the signal-to-
noise (SNR) ratio in the probe needs to be increased. This
can be achieved by using high quality probe coils having a
Q-factor ranging from between several hundred to several
thousand.

[0012] The time constant of a tank circuit for a probe is
generally expressed by:

where Q is the quality factor and f is the resonant frequency.
Thus in the case of high Q (for example around 1000) of the
tank circuit, the recovery period of the probe after the
irradiation of the sample with the powerful RF pulse is very
long.

[0013] In the art, the requirement for a long recovery
period of the probe for dissipating the transient signals prior
to being able to detect NQR (or NMR) signals during the
receiving period results in causing a considerable decrease
in the detection sensitivity. Firstly, the induced delay in
switching-on the receiver system to provide for the recovery
period of the probe results in a part of the useful signal
energy in any responsive NQR (or NMR) signal being lost.
Secondly, this delay imposes serious time limitations when
using multi-pulse sequences. For example, when using the
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steady-state free-precession (SSFP) or spin-locking spin-
echo (SLSE) type sequences, the best detection sensitivity is
achieved when the pulse spacing is optimised, which is
determined by the relaxation parameters for each substance.
When the recovery period of the probe is long, the optimum
pulse spacing cannot be achieved in most instances, and this
leads to subsequent losses in the detection sensitivity. Con-
sequently it is desirable to get the resonant probe to ring-
down as soon as possible during the recovery period.

[0014] A very high Q for a tank circuit is also undesirable
during the transmitting period. With a high Q, the time
constant of the tank circuit can be too long and the leading
edge of the pulse envelope does not have time to develop.
This results in the amplitude of the RF pulse not necessarily
being able to reach its maximum value in the required time.
The shape of the pulse then gets distorted and becomes
“triangular” which is not always desirable.

[0015] The increase in the pulse duration leads to a
reduction in its spread in the frequency domain, and conse-
quently the RF pulse bandwidth can then become narrower
than the NQR (or NMR) resonance line. In this case the
resonance line will not be fully excited, which will make the
SNR lower.

[0016] Too higher Q also limits the effectiveness of ampli-
tude, frequency or phase modulating the pulse. Therefore,
for the efficient NQR (or NMR) signal detection in many
practical applications, such as detecting the presence of
specific substances, the value of the Q-factor during the
transmitting period must be lower than during the receiving
period.

[0017] Various techniques have been used to reduce the
ring-down time of the probe and hence the recovery period.
One of the more widely used is the resistive damping
technique based on the use of a resistive damping element,
which is electrically coupled to the probe with diodes. In the
transmit mode this resistive element damps a probe during
the transmitting of the RF pulse and for some time after it,
keeping a low Q-factor. When the amplitude of the transient
signals reaches the lower threshold voltage, a high maxi-
mum Q-factor is then provided. A disadvantage of this
method is the necessity to use a very low Q-factor to achieve
a rapid diminution of the transient signals. Due to losses
caused by this element, additional increased pulse power is
needed. In addition, due to Johnson noise, the resistive
damping element in the probe can reduce the SNR.

[0018] Techniques based on Q-switched damping are also
known. This method involves active damping by switching
the total Q-factor from a high maximum Q-factor during the
transmit mode to a low Q-factor during the ring-down
period, and back to a high maximum Q-factor during the
receive mode. Q-switched damping uses actively switched
elements (such as transistors, actively switched diodes,
triacs or thyristors). When the transistors or diodes are used,
a parasitic charge may be injected into the probe via the
parasitic capacitance of these elements and so cause the
probe to ring anew unless appropriate precautions are taken.
Other switching elements (such as a triac or thyristor) switch
themselves off after a certain recovery time. They do not
require a switch off control signal. Therefore no charge is
injected and no new ringing appears when the damping is
removed. However, these devices offer less control.

[0019] A similar effect can be achieved when using the
so-called “slow” transistor. This “slow” transistor exhibits a
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response time between receiving a switch-off signal and
actually switching off. This response time is of the order of
the damped ring-down time or recovery period of the probe.
However the use of such a transistor requires cascade
connection of other elements, such as resistors or/and
diodes, which diminish the efficiency of damping and are a
source of additional noise. Unfortunately, the use of actively
switched elements for Q-switched damping of the resonance
circuit is limited by the maximum voltage capacity of these
elements. In practice it is very difficult to find a suitable
device capable of switching more than 1000V. For many
practical purposes RF voltage can exceed this value consid-
erably, which inevitably leads to the breakdown of the
actively switched element. It is possible to find some kinds
of actively switched elements, which have a maximum
voltage capacity higher than 1000V, however usually this
voltage still is not sufficient for practical use. There are also
other reasons as to why these elements do not provide fast
and efficient damping of the probe, making them unsuitable
for use in NQR and NMR applications.

DISCLOSURE OF THE INVENTION

[0020] 1t is an object of this invention to provide for
changing the Q-factor of a probe in nuclear quadrupole
resonance (NQR) or nuclear magnetic resonance (NMR)
detection for the purpose of optimally sensing NQR or NMR
signals from a target substance irradiated with RF energy,
without some or all of the disadvantages associated with
previous detection methods and systems.

[0021] Tt is a preferred object of the invention to accom-
plish the detection of NQR or NMR signals from the target
substance whilst using a high Q coil in the probe and a high
RF voltage during the time that high power RF pulses are
applied to the target substance.

[0022] Tt is a further preferred object of this invention to
provide optimal parameters for transmitting the RF pulses
during the transmit mode and high sensitivity of the system
during the receive mode.

[0023] Inthe present invention, these objects are achieved
by changing the Q-factor of the probe to different Q-factors
during: (1) the transmitting period of the pulse, (2) the
recovery period immediately after the transmitting period
and (3) the receiving period immediately after the recovery
period in methods or apparatuses for NQR or NMR detec-
tion.

[0024] Thus, in accordance with one aspect of the present
invention, there is provided an apparatus for changing the
Q-factor of a probe for an NQR or NMR apparatus including
Q-factor setting means for setting the Q-factor of the probe
and Q-factor changing means for changing the Q-factor of
the probe for detecting an NQR or NMR signal from a target
substance within a sample irradiated with RF energy
wherein the Q-factor changing means is controllable to
change the Q-factor of the probe to:

[0025] (i) an optimal level during a prescribed trans-
mitting period of an RF pulse for irradiating the sample
with said RF energy;

[0026] (ii) a minimal level during a prescribed recovery
period immediately following said transmitting period
to rapidly dampen transient signals from the probe; and
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[0027] a maximal level during a prescribed receiving
period for detecting an NQR or NMR signal from the target
substance if present, immediately following the recovery
period.

[0028] Preferably, the probe has an impedance that can be
varied to achieve a Q-factor of minimal orders of magnitude
during the recovery period and a Q-factor of high orders of
magnitude during the receiving period.

[0029] Preferably, the Q-factor changing means has low
reactance for actively changing the Q-factor of the probe
without injecting a parasitic charge thereon.

[0030] Preferably, the optimal level is sufficiently low to
reduce the prescribed recovery period to a period in which
the transient signals may be dampened and to develop the
leading edge of the pulse envelope of said RF pulse during
said transmitting period; the optimal level is also sufficiently
high to reduce the bandwidth of said RF pulse during said
transmitting period and so mitigate the power expended in
amplifying the pulse envelope over the bandwidth; and the
maximal level is sufficiently high for the probe to receive a
signal during the receiving period, after the recovery period,
to enable an NQR or NMR signal emitted from a substance
within the sample to be detected.

[0031] Preferably, the reactance of the Q-factor changing
means that is low is the capacitive reactance thereof.

[0032] Preferably, the Q-factor changing means comprises
a variable impedance unit which combines with the probe
coil to form a tank resonant circuit that is capable of
receiving powerful RF pulses applied to the probe from the
output of a transmitter, and permitting an RF magnetic field
to be excited in the probe coil during transmitting periods.

[0033] In this manner, the magnetic field may act on the
sample and lead to the excitation of a resonance signal in it
from any traces of the target substance in the sample. After
the RF pulse stops, any such resonance signal should appear
in the probe and exist there together with any transient
signals (“ringing”) in the probe.

[0034] To ensure the optimum shape and duration of the
powerful RF pulses, the specific total Q-factor in the probe
is preferably set by Q-factor setting means during the
transmitting period to the optimal level in orders of hun-
dreds. For a rapid ring-down in the probe, the Q-factor
during the recovery period required for a complete damping
of the transient signals is preferably made by the Q-factor
setting means to be in orders of magnitude of ones or tenths.
The maximum value of the total Q-factor that permits
detection of an NQR or NMR signal is set by the Q-factor
setting means during the receiving period (after the recovery
period) t orders of hundreds or thousand. The value of the
total Q-factor of the probe is changed by varying the
impedance of the tank resonant circuit incorporating the
probe coil using the variable impedance unit.

[0035] Preferably, the Q-factor changing means is control-
lable to change the Q-factor of the probe in accordance with
said Q-factor setting means further to actively step the
impedance of the probe down after said transmitting period
to provide the requisite minimal level of the Q-factor for the
probe for some period of time during the recovery period.

[0036] Preferably, the impedance of the probe is stepped
down to a first minimal level of magnitude during a first
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period of the recovery period immediately following said
transmitting period and then to a second minimal level of
magnitude lower than said first minimal level during a
subsequent period of the recovery period, prior to said
receiving period.

[0037] Preferably, the variable impedance unit comprises
a variable step impedance element and switching control
elements that may be actively switched to step the imped-
ance elements to provide the requisite Q-factor for the probe.

[0038] Preferably, the switching control elements are
included only in the control circuits of the variable step
impedance element.

[0039] This permits the use of a high RF voltage in the
probe that considerably exceeds the normally permissible
voltage for actively switching the switching elements.

[0040] Alternatively, the switching elements may be
placed in electrical series with one another and in parallel
with resistive elements to enable higher permissible voltages
on the tank circuit and to achieve a plurality of possible
Q-factor values during the transmitting, recovery and receiv-
ing periods. Other elements such as a capacitor network or
zener diodes may be included improving the voltage sharing
during switching. Here, the low level drive signals need to
be electrically isolated. This may be achieved by a number
of means including optical isolation and pulse transformers.

[0041] Preferably, a balanced coil together with Q-switch-
ing elements are provided in the probe.

[0042] Preferably, the switching control elements have a
low capacitive reactance.

[0043] Preferably, a said switching control element com-
prises a triac or thyristor.

[0044] Preferably, the switching control elements are
coupled with an inductive element during the period that the
impedance of the probe is stepped down to said first minimal
level to protect said switching control elements from voltage
applied thereto pursuant to the resultant change in imped-
ance, and are decoupled from said inductive element during
the period that the impedance of the probe is stepped down
to said second minimal level to minimise the inductance of
said switching control elements and thus the reactance of the
variable impedance to minimise the impedance of the probe
to change the Q-factor to said minimal level during the
recovery period.

[0045] Preferably, the first minimal level of the Q-factor is
in orders of magnitude of ones, and said second minimal
level of the Q-factor is in orders of magnitude of tenths. In
accordance with another aspect of the present invention,
there is provided a method for detecting an NQR or NMR
signal within a sample comprising:

[0046] setting the Q-factor of a probe for irradiating the
sample with an RF magnetic field pulse to an optimal level
to achieve an optimum shape and duration of the RF pulse
for subsequent detection of NQR or NMR signals from the
sample;

[0047] transmitting the RF magnetic field pulse with the
probe set at said optimal level during the prescribed trans-
mitting period to irradiate the sample and excite an NQR or
NMR signal in the sample if a substance providing for NQR
or NMR is present;
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[0048] actively changing the Q-factor of the probe to a
minimal level during a prescribed recovery period immedi-
ately following the prescribed transmitting period; and

[0049] actively changing the Q-factor of the probe to a
maximal level having high orders of magnitude during the
prescribed receiving period immediately following the pre-
scribed recovery period, the maximal level being sufficiently
high for detecting the presence of any NQR or NMR signals
in a signal received from the substance during the receiving
period;

[0050] wherein the optimal level at which the Q-factor for
the probe is set during the prescribed transmitting period is:

[0051] 1(i) sufficiently low to reduce said prescribed
recovery period to a period in which said transient signals
may be dampened and to develop the leading edge of the
pulse envelope of said RF pulse during said transmitting
period; and

[0052] (ii) is also sufficiently high to reduce the band-
width of said RF pulse during said transmitting period
and so mitigate the power expended in amplifying the
pulse envelope over the bandwidth;

[0053] and wherein said setting and changing of the Q-fac-
tor of the probe is performed without injecting a parasitic
charge into the probe. Preferably, the method includes
setting or changing the minimal level of the Q-factor of the
probe during the recovery period to orders of magnitude of
ones or tenths so as to be considerably lower than the
Q-factor of the probe before and after the recovery period so
as to completely dampen the transient signals and provide
for a rapid ring-down in the probe.

[0054] Preferably, the method includes setting or changing
the maximal level of the Q-factor of the probe during the
receiving period to orders of magnitude of hundreds or
thousand to be considerably higher than the optimal level of
the Q-factor of the probe during the transmitting period and
the minimal level of the Q-factor of the probe during the
recovery period.

[0055] Preferably, the method includes actively stepping
the impedance of the probe down after said transmitting
period to provide the requisite minimal level of the Q-factor
for the probe for some period of time during the recovery
period.

[0056] Preferably, the method includes stepping down the
impedance of the probe to a first minimal level of magnitude
during a first period of the recovery period immediately
following said transmitting period and then to a second
minimal level of magnitude lower than said first minimal
level during a subsequent period of the recovery period,
prior to said receiving period.

BRIEF DESCRIPTION OF THE DRAWINGS

[0057] FIG. 1 (prior art) is a block diagram of a conven-
tional NQR or NMR (magnet is not shown) apparatus for
detecting a resonance signal in the specimen.

[0058] FIG. 2 is a block diagram illustrating an NQR or
NMR apparatus for detecting a resonance signal in the
specimen, according to a best mode for carrying out the
present invention.
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[0059] FIG. 3 illustrates graphs of waveforms seen at
different positions of the apparatus illustrated in FIG. 2
plotted with respect to time using a three-level Q-switching
arrangement, wherein:

[0060] FIG. 3a shows a pulse produced by a transmitter
unit,

[0061] FIG. 3b shows a first control pulse produced by a
control and signal processing unit,

[0062] FIG. 3¢ shows a second control pulse produced by
the control and signal processing unit, and

[0063] FIG. 3d shows the Q-factor for the coil of the
apparatus.

[0064] FIG. 4 shows the probe with a three-step variable
impedance unit and a conventional coil, according to a first
embodiment (type I) of the present invention.

[0065] FIG. 5 shows the probe with a three-step variable
impedance unit and a balanced coil, according to a second
embodiment (type I) of the present invention.

[0066] FIG. 6 shows the probe with a three-step variable
impedance unit and a conventional coil, according to a third
embodiment (type II) of the present invention.

[0067] FIG. 7 shows the probe with a three-step variable
impedance unit and a balanced coil, according to a fourth
embodiment (type II) of the present invention.

[0068] FIG. 8 illustrates graphs of waveforms seen at
different positions of the apparatus illustrated in FIG. 2
plotted with respect to time using a four-level Q-switching
arrangement, wherein:

[0069] FIG. 8a shows a pulse produced by a transmitter
unit,

[0070] FIG. 8b shows a first control pulse produced by a
control and signal processing unit,

[0071] FIG. 8¢ shows a second control pulse produced by
the control and signal processing unit,

[0072] FIG. 84 shows a third control pulse produced by
the control and signal processing unit, and

[0073] FIG. 8¢ shows the Q-factor for the coil of the
apparatus.

[0074] FIG. 9 shows the probe with a four-step variable
impedance unit and a conventional coil, according to a fifth
embodiment (type I) of the present invention.

[0075] FIG. 10 shows the probe with a four-step variable
impedance unit and a balanced coil, according to a sixth
embodiment (type I) of the present invention.

[0076] FIG. 11 shows the probe with a four-step variable
impedance unit and a conventional coil, according to a
seventh embodiment (type II) of the present invention.

[0077] FIG. 12 shows the probe with a four-step variable
impedance unit and a balanced coil, according to an eighth
embodiment (type II) of the present invention.

[0078] FIG. 13 shows the probe with a multi-step variable
impedance unit and a conventional coil, according to a ninth
embodiment (type I) of the present invention.
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[0079] FIG. 14 shows the probe with a multi-step variable
impedance unit and a balanced coil, according to a tenth
embodiment (type 1) of the present invention.

[0080] FIG. 15 shows the probe with a multi-step variable
impedance unit and a conventional coil, according to an
eleventh embodiment (type II) of the present invention.

[0081] FIG. 16 shows the probe with a multi-step variable
impedance unit and a balanced coil, according to a twelfth
embodiment (type II) of the present invention.

BEST MODE(S) FOR CARRYING OUT THE
INVENTION

[0082] The best mode of the present invention is directed
towards an apparatus and method that causes the changing
of the Q-factor of the probe to different Q-factors during: (i)
a prescribed transmitting period when the apparatus is in the
transmit mode, (ii) a prescribed recovery period immedi-
ately following the transmitting period, and (iii) a receiving
period when the apparatus is in the receive mode immedi-
ately after the recovery period; in discrete steps.

[0083] This mode has advantages over conventional
designs that are pointed out within the description herein-
after.

[0084] FIG. 2 is a block diagram illustrating an NQR or
NMR apparatus for detecting a resonance signal in a speci-
men to be irradiated with a powerful RF magnetic field
pulse, according to the best mode of the present invention.
As shown in FIG. 2, a probe 80 is connected to a conven-
tional receiver unit 50 and a conventional transmitter unit 60
via a duplexer and matching circuit 40. The probe 80
includes a tank circuit 10 and a variable step impedance unit
20. The tank circuit 10 is tuned to a frequency of interest.

[0085] The duplexer and matching circuit 40 is a circuit
which switches the probe 80 between the transmit and
receive mode as well as matches the receiver unit 50 and
transmitter unit 60 to the probe 80.

[0086] The transmitter unit 60 generates RF pulses and
transfers the pulses to the probe 80. The pulses are trans-
mitted at a relatively high power, typically from several
hundred watts to several kilowatts. These RF pulses can
excite NQR or NMR signals in the specimen under inves-
tigation that is located within the bounds of the probe 80.
This signal is amplified and detected by the receiver unit 50
and is then delivered for further mathematical processing
into a control and signal processing unit 70, the input of
which is connected to the output of the receiver unit 50.

[0087] The control and signal processing unit 70 generates
an RF signal, which from its first output is transmitted to one
of the inputs of the transmitter unit 60 for further formation
of the RF carrier for the RF pulses, and to one of the inputs
of the receiver unit 50 to act as a reference frequency. The
control and signal processing unit 70 also generates signals
to another input of the transmitter unit 60 and prescribes
parameters for the RF pulses and the control signals, which
are transmitted to the input of the variable step impedance
unit 20 to change or control the Q-factor of the probe 80 in
discrete steps.

[0088] The control and signal-processing unit 70 usually
consists of a computer, an RF signal source for producing
the RF pulses and electronic circuits for producing the
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control signals, which are not specific to the present inven-
tion and so are not described in detail here.

[0089] The apparatus shown in FIG. 2, operates in accor-
dance with the following method:

[0090] The first control signal is generated at the output of
the control and signal processing unit 70 and is input to the
variable step impedance unit 20, which sets a certain optimal
Q-factor for the probe 80 during the transmitting period
when the apparatus is in the transmit mode. The Q-factor for
the probe during the transmitting period cannot exceed and
is optimally lower than the total or maximum Q for the probe
during the receive mode, which occurs immediately after the
recovery period. The transmitter unit 60 generates RF pulses
and provides the pulses to probe 80 virtually simultaneously
with the setting of the Q-factor for the probe to the optimal
level.

[0091] The second control signal is also generated at the
output of the control and signal-processing unit 70 and is
similarly sent to the variable step impedance unit 20. The
second control signal results in setting the minimal possible
Q-factor for the probe 80 during the recovery period imme-
diately following the transmitting period and is lower than
the optimal Q-factor set for the probe during the transmitting
period and also than the maximal Q-factor set for the probe
during the receiving period, immediately after the recovery
period.

[0092] After the recovery period of the probe 80, a maxi-
mum possible total Q factor is then set for the probe in order
to achieving high SNR during the receiving period when the
apparatus is in the receive mode immediately after the
recovery period. This occurs either as a result of control
signals sent to the variable step impedance unit 20 being
generated from the output of the control and signal process-
ing unit 70 or, in some cases which will be treated in more
detail below, without generating any special control signals
at all. Simultaneously with setting a high total Q factor, any
NQR or NMR signal induced with the probe is directed from
the output of the probe 80 to the input of the receiver unit 50,
where it is amplified, and sent for further mathematical
processing to the control and signal processing unit 70 for
detection.

[0093] FIGS. 3(a), 3(b), 3(c) and 3(d) are diagrams illus-
trating, respectively, the timing of an RF pulse 90 generated
by the transmitter unit 60, the first control signal (control
pulse 1) 92 and the second control signal (control pulse 2)
93, generated by the control and signal processing unit 70,
and the Q-factor of the probe 80 during these periods. FIGS.
3(a), 3(b), 3(c) and 3(d) are not drawn to scale, and are
included to further illustrate the general operation of the best
mode of the present invention.

[0094] FIG. 3(a) illustrates RF pulse 90, which has a
carrier frequency 91 equal to the resonance frequency of a
specimen under investigation. The transmitter unit 60 gen-
erates this RF pulse 90.

[0095] To set the required value of the total Q-factor of the
probe 80 in transmit mode from the output of the control and
signal processing unit 70 to the input of the variable step
impedance unit 20, the first control signal (control pulse 1)
92 is transmitted, as illustrated in FIG. 3(5). This first control
signal 92 can be transmitted simultaneously with the RF
pulse 90, or earlier as indicated by the interval 94, and is
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required for setting the optimal Q-factor of the probe 80
during the transmitting period when in the transmit mode.

[0096] After the end of the RF pulse 90, the second control
signal (control pulse 2) 93 is transmitted from the output of
the control and signal processing unit 70 to the input of the
variable step impedance unit 20, as illustrated in FIG. 5(¢).
This second control signal pulse ensures that a minimal, and
indeed the minimum possible, Q-factor for the probe 80 is
applied during the recovery period.

[0097] FIG. 3(d) illustrates the change of the Q-factor for
the probe 80 during the transmitting period when in the
transmit mode, the recovery period and the receiving period
when in the receive mode, respectively. As illustrated in
FIG. 3(d) during the action of the RF pulse 90 when in the
transmit mode 98 an intermediate level of the total Q-factor
95 of the probe 80 is set corresponding to the optimal level
Q-factor for the probe for generating an RF pulse of the
desired character to excite NQR (or NMR) signals in the
sample under investigation. After the end of RF pulse 90,
during recovery period 99, the minimal Q-factor 96 for the
probe 80 is set. After the end of the recovery period during
the receive mode 100, the maximum total Q factor 96 of the
probe 80 is set.

[0098] Note that in FIGS. 3(b) and 3(¢) a solid line shows
signals when control-switching elements 26 based on self-
switched elements such as a thyristor or a triac are used, and
the interrupted line shows cases when other actively
switched elements (such as transistors or actively switched
diodes) are used. According to the best mode for performing
the invention, the control-switching elements are in the form
of elements that have a low capacitive reactance, such as a
thyristor and a triacs.

[0099] Elements such as transistors or diodes are not used
for the reason that they inject a parasitic charge into the
probe during switching. In the present invention where high
Q-factors are used, this parasitic charge can cause the probe
to ring anew, as previously discussed.

[0100] According to the above mode of the present inven-
tion, the use of a variable step impedance unit (as the
variable step impedance unit 20) permits the operator to still
use a high Q-factor coil in the probe to increase the SNR, but
in a more efficient manner that results in a considerable
shortening of the recovery period after the effect of the RF
pulses. In this manner, it is possible to control the value of
the parameters of the RF pulses optimally by setting the
required Q-factor for the probe during the transmit mode.

[0101] In addition, the above mode of the present inven-
tion permits the use of sufficiently high power RF pulses for
irradiating a specimen within the bounds of the coil of the
probe. The high voltage that appears then in the tank circuit
will not result in the damage to the variable step impedance
unit.

[0102] Several practical embodiments of this mode will
now be described. These embodiments fall into two types.

[0103] In the first type, type I, this higher voltage rating is
achieved by only including inductive elements directly
within the tank circuit. As these are passive elements, they
can tolerate very high voltages. Actively switched elements,
which have limited maximum voltage capacity, are con-
nected only to the control circuits, where the voltage can be
lowered to the safe value.
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[0104] Inthe second type, type II, the higher voltage rating
is achieved by simply connecting the active switching
elements in series with the parallel resistive elements allow-
ing a selection of different Q values.

[0105] In order to illustrate the effectiveness of these
embodiments, an NQR signal emanating from a plastic
explosive containing RDX was detected. This measurement
used different and predetermined Q values during the trans-
mitting, recovery and receiving periods to optimise the
system performance. The probe included a 260 L volume
coil with a relatively high Q-factor in the receive mode, in
the order of hundreds to a thousand, or more. Essentially, is
desirable to use a probe that achieve the highest possible
Q-factor, given the sensitivity required to detect an NQR or
NMR signal. The duration of the recovery period was
reduced by a factor of 7.5 with no measurable increase in the
noise floor and this was achieved while still meeting the
prerequisite requirements for transmitter bandwidth and
stability.

[0106] The first embodiment of the best mode of the
invention is directed towards an apparatus of the type I
arrangement that provides a three-step change to the total
Q-factor of a probe.

[0107] As shown in FIG. 4 the probe 80, includes a tank
circuit 10 and variable step impedance unit 20. The tank
circuit and the variable step impedance unit are configured
to provide a Q-factor setting means for setting the Q-factor
of the probe from minimal orders of magnitude to high
orders of magnitude, and a Q-factor changing means having
low reactance for actively changing the Q-factor of the
probe without injecting a parasitic charge therein.

[0108] The Q-factor changing means actually comprises
the variable impedance unit that combines with the probe to
form the tank resonant circuit. The tank circuit is capable of
receiving powerful RF pulses applied to the probe to excite
an RF magnetic field in the probe during transmitting
periods. The value of the total Q-factor of the probe is
determined by the impedance of the tank resonant circuit,
whereby varying the impedance of the variable impedance
unit changes the impedance of the tank resonant circuit.

[0109] The tank circuit 10 includes a high Q coil 2, where
the sample specimen to be examined is placed, and a
variable capacitance 1 for tuning to the predetermined
resonance frequency of the substance to be detected that
exhibits NQR properties. The variable step impedance unit
20 contains an inductive element 21 formed by a coil wound
on core 23, and is connected to the tank circuit 10. Depend-
ing on the frequency, the core 23 can be made of iron-
powder or ferrite materials.

[0110] The impedance of the variable step impedance unit
20 on the core 23 is able to be changed in discrete steps by
the provision of two secondary control coils 24 and 25.
When these control coils 24 and 25 are switched off, the
inductive element 21 has the highest impedance and the
probe 80 has the highest or maximum total Q factor that is
possible, in this embodiment 1000, which is used in the
receive mode. If only one of the coils is short-circuited (eg.
control coil 24), the impedance of the inductive element 21
reduces to a predetermined optimal value, in this embodi-
ment 300, thus providing the required decrease in the
Q-factor of the probe 80 during the transmitting period when
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in the transmit mode. When both control coils 24 and 25 are
short-circuited the inductive element 21 has the lowest
impedance and the probe 80 has the lowest Q-factor, in this
embodiment 3, which is used during the recovery period. To
short-circuit control coils 24 and 25, control switching
elements 26 provided by triacsare used.

[0111] To ensure the highest total Q factor of the probe
during the receiving period when in the receive mode, the
impedance of the inductive element 21 must not be lower
than the impedance of the tank circuit 10 at the resonance
frequency, but ideally be from 2 to 10 times higher. This is
achieved by tuning the inductive element 21, which results
in high impedance at the frequency of interest. When using
a high quality coil 2 with a Q-factor of around 1000 or
higher, and when the impedance of the tank circuit 10 is
sufficiently high, the inductive element 21 can be tuned in
resonance to the required frequency to achieve a higher
impedance. For this purpose either its self-capacitance can
be used, or an additional tuning capacitance 22 can be added.
A skilled operator can easily accomplish this tuning.

[0112] The number of turns in the control coils 24 and 25
can be equal or different and is chosen so as to ensure the
required impedance value of the inductive element 21 at the
time of switching. The number of turns in each of the control
coils 24 and 25 can be less, equal, but ideally larger, than the
number of coils in the inductive element 21, from 2 to 100
times.

[0113] The optimal level is sufficiently low to reduce the
prescribed recovery period to a period in which transient
signals generated within the probe may be dampened and to
develop the leading edge of the pulse envelope of the RF
pulse during the transmitting period;

[0114] Importantly, the optimal level is also sufficiently
high to reduce the bandwidth of the RF pulse during the
transmitting period so as to mitigate the power expended in
amplifying the pulse envelope over its bandwidth.

[0115] The maximal level is as high as possible for the
probe to receive a signal during the receiving period, after
the recovery period, to enable an NQR or NMR signal
emitted from a substance within the sample to be detected.

[0116] The second embodiment is shown in FIG. 5 and
illustrates a first variant of the probe 80 that includes a tank
circuit 10 and a variable step impedance unit 20. The specific
feature of this particular variant of the probe 80 is that the
tank circuit 10 includes a balanced high Q coil 2, which
contains two similar coils 3 and 4, where the sample
specimen to be investigated is placed. The tank circuit 10
also includes a variable capacitance 1 for tuning to the
resonance frequency of the chosen substance to be detected.
The variable step impedance unit 20 contains an inductive
element 21, which is a coil wound on core 23 and which is
divided into two identical coils 27 and 28, and is connected
to the tank circuit 10. Depending on the frequency, the core
23 can be made either of iron-powder or ferrite materials.

[0117] For changing the impedance of variable step
impedance unit 20 in discrete steps, the core 23 has four
secondary control coils 29, 30, 31 and 32 wound thereon. It
should be noted that the control coil 29 is short-circuited
simultaneously with the coil 29, and the coil 31 is short-
circuited simultaneously with the coil 32, otherwise this
variant of the probe 80 works similarly as the arrangement
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provided in the first embodiment. For short-circuiting the
control coils 29, 30, 31 and 32, control switching elements
26 that are conventional active switching elements, are also
used. Any suitable active switching element may be used for
this purpose.

[0118] The third embodiment is directed towards an appa-
ratus of the type Il arrangement that provides a three-step
change to the Q-factor of a probe to achieve the best mode
of the invention.

[0119] As shown in FIG. 6, the third embodiment illus-
trates a second variant of the probe 80, which includes a tank
circuit 10 and a variable step impedance unit 20. The tank
circuit 10 includes a high Q coil 2, where the sample
specimen to be examined is placed and a variable capaci-
tance 1 for tuning to the resonance frequency of the sub-
stance to be detected. The variable step impedance unit 20
in the type Il arrangement shown contains pulse transform-
ers 61 to isolate the drive signals, pulse shaping networks 62
to optimise the trigger input to the active switching element
26, and resistive elements (R1) 63 and (R2) 64 located in
parallel with the switching elements.

[0120] The changes in the impedance of the variable step
impedance unit 20 are accomplished via the control signals
92 and 93. The effect of closing either switching element is
to practically short-circuit the resistor in parallel. The values
of the resistors should be chosen so that the sum of the
resistances is sufficient to leave the Q when in the receive
mode, relatively unchanged. Thus, the sum of resistances
should be higher than the highest achievable impedance
across any element in the tank circuit 10 and be ideally 2 to
100 times higher. Either of the resistive elements R163 or
R264 can also be shorted out to reduce the Q to a prede-
termined ‘optimal’ value in the transmit mode. A benefit of
this design is the possibility of achieving a higher switching
voltage than can be achieved by using a single switching
element. Any suitable active switching element may be used
for this purpose.

[0121] The fourth embodiment is shown in FIG. 7 and
illustrates a third variant of the probe 80, including a tank
circuit 10 and a variable step impedance unit 20. The specific
feature of this variant of the probe 80 is that the tank circuit
10 includes a balanced high Q coil 2, which contains two
similar coils 3 and 4, where the sample specimen to be
investigated is placed. The tank circuit 10 also includes a
variable capacitance 1 for tuning to the resonance frequency
of the substance to be detected. The variable step impedance
unit 20 has four active switching elements 71-74 in parallel
with four resistive elements 81-84. A balanced coil design
offers other advantages to the best mode than those
described in previous embodiments including a further
improvement in the switching voltage compared with the
design of the third embodiment shown in FIG. 6. Typically,
the switches are triggered in pairs via the control signals 100
and 101. Otherwise this variant of the probe 80 works
similarly to the third embodiment as shown in FIG. 6. Again,
any suitable active switching element may be used.

[0122] The fifth to eighth embodiments are directed
towards apparatus that provide a four-step change to the total
Q-factor of the probe. These are actually preferred to the
three-step change arrangements previously described.
[0123] These embodiments essentially correspond in order
to the preceding embodiments and so the same reference
numerals have used to indicate like components.
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[0124] Firstly with regard to FIG. 2, the four-step change
arrangement essentially involves the control and signal-
processing unit 70 producing three sets of control signals, as
opposed to two in the three-step arrangement. The first
control signal is the same as in the three-step arrangement.
However the second control signal results in setting of a first
minimal Q-factor for the probe 80 and the third control
signal results in setting of a second minimal Q-factor, which
is lower than the first minimal Q-factor.

[0125] Essentially, the variable step impedance unit 20 is
controlled to change the Q-factor of the probe to actively
step the impedance of the probe down after said transmitting
period to provide the first then the second minimal levels of
the Q-factor for the probe for some period of time during the
recovery period.

[0126] The process is better illustrated in FIG. 8 where
FIGS. 8(a), 8(b), 8(c), 8(d) and 8(e) are diagrams illustrat-
ing, respectively, the timing of an RF pulse 90 generated by
the transmitter unit 60, the first control signal (control pulse
1) 92, the second control signal (control pulse 2) 93 and the
third control signal (control pulse 3) 934, generated by the
control and signal processing unit 70, and the Q-factor of the
probe 80 during these periods.

[0127] After the end of the RF pulse 90, the second control
signal (control pulse 2) 93 is transmitted from the output of
the control and signal processing unit 70 to the input of the
variable step impedance unit 20, as illustrated in FIG. 8(¢).
This second control signal pulse ensures that a minimal,
Q-factor for the probe 80 is applied during the first part of
the recovery period.

[0128] After this has occurred, the third control signal
(control pulse 3) 93a is transmitted from the output of the
control and signal processing unit 70 to the input of the
variable step impedance unit 20, as illustrated in FIG. 8(d).
This third control signal pulse ensures that a minimal
Q-factor for the probe 80 is applied during the second part
of the recovery period.

[0129] Importantly, the four-step arrangement provides for
superior protection of the control-switching elements from
the high voltages that arise from switching from a relatively
high Q-factor to a relatively low Q-factor. This allows
construction of a reliable Q-switch which does not repeat-
edly breakdown.

[0130] The fifth embodiment is substantially the same as
the first embodiment, being directed towards an apparatus of
the type I arrangement, but which provides for a four-step
change to the total Q-factor of the probe.

[0131] As shown in FIG. 9, the apparatus is essentially the
same as that of the first embodiment illustrated in FIG. 4,
except that the impedance of the variable step impedance
unit 20 on the core 23 is able to be changed in discrete steps
by the provision of three secondary control coils 24, 25 and
25a. When these control coils 24, 25 and 25a are switched
off, the inductive element 21 has the highest impedance and
the probe 80 has the highest or maximum total Q factor that
is possible, which is used in the receive mode. If only one
of the coils is short-circuited (eg. control coil 24), the
impedance of the inductive element 21 reduces to a prede-
termined optimal value, thus providing the required decrease
in the Q-factor of the probe 80 during the transmitting period
when in the transmit mode. When all control coils 24, 25 and
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25a are short-circuited the inductive element 21 has the
lowest impedance and the probe 80 has the lowest Q-factor,
which is used during the recovery period. To short-circuit
control coils 24, 25 and 25a, control switching elements 26
provided by conventional active switching elements are
used. Any suitable active switching element may be used.

[0132] The number of turns in the control coils 24, 25 and
25a can be equal or different and is chosen so as to ensure
the required impedance value of the inductive element 21 at
the time of switching. The number of turns in each of the
control coils 24, 25 and 25a can be less, equal, but ideally
larger, than the number of coils in the inductive element 21,
from 2 to 100 times.

[0133] For changing the impedance of variable step
impedance unit 20 in discrete steps, the core 23 has six
secondary control coils 29, 30, 31, 31q, 32 and 32a¢ wound
thereon. It should be noted that the control coil 29 is
short-circuited simultaneously with the coil 30, the coil 31
is short-circuited simultaneously with the coil 32, and the
coil 31a is short-circuited simultaneously with the coil 324,
otherwise this variant of the probe 80 works similarly as the
arrangement provided in the first embodiment. For short-
circuiting the control coils 29, 30, 31, 31a, 32 and 32q,
control switching elements 26 that are conventional active
switching elements, are also used. Any suitable active
switching element may be used for this purpose.

[0134] The switching control elements 26 have a low
capacitive reactance and again are in the form of triacs.

[0135] Importantly, the triacs 26 are coupled to inductive
elements during the period that the impedance of the probe
is stepped down to the first minimal level to protect the triacs
from voltage applied thereto pursuant to the resultant change
in impedance. They are then decoupled from the inductive
elements during the period that the impedance of the probe
is stepped down to the second minimal level to minimise the
inductance of the triacs and thus the reactance of the variable
impedance. This minimises the impedance of the probe to
change the Q-factor to the second minimal level during the
recovery period.

[0136] In the present embodiment, the first minimal level
provides a Q-factor of 3 and the second minimal provides a
Q-factor of 0.6.

[0137] Essentially, the first minimal level enables the
voltage to be brought down from that generated when
changing the Q-factor from the optimal level to a level that
would no longer be destructive to the triacs, using the
inductive elements to protect them. The inductive elements
are removed from the triacs to reduce their reactance and
thus achieve the lowest Q possible to dampen any transient
signals.

[0138] The triacs have an innately long recovery period
when activated again to increase the Q-factor to the maxi-
mum. This quite advantageous as the control-switching
elements cannot be switched on too quickly, otherwise they
would create another signal that would be capacitively
coupled with the coil, creating ringing anew.

[0139] The sixth embodiment is substantially the same as
the second embodiment and is shown in FIG. 10. For
changing the impedance of variable step impedance unit 20
in discrete steps, the core 23 has six secondary control coils
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29, 30, 31, 31a, 32 and 32a wound thereon. It should be
noted that the control coil 29 is short-circuited simulta-
neously with the coil 30, the coil 31 is short-circuited
simultaneously with the coil 32, and the coil 31qa is short-
circuited simultaneously with the coil 32a, otherwise this
variant of the probe 80 works similarly as the arrangement
provided in the first embodiment. For short-circuiting the
control coils 29, 30, 31, 31a, 32 and 324, control switching
elements 26 that are conventional active switching elements,
are also used.

[0140] The seventh embodiment is directed towards an
apparatus of the type Il arrangement that provides a four-
step change to the Q-factor of a probe, as shown in FIG. 11.
The embodiment is substantially the same as the second
embodiment with the variable step impedance unit 20 being
in the type Il arrangement. This arrangement however,
contains pulse transformers 61 to isolate the drive signals,
pulse shaping networks 62 to optimise the trigger input to
the active switching element 26, and resistive elements (R1)
63, (R2) 64 and (R3) 64a located in parallel with the
switching elements.

[0141] The changes in the impedance of the variable step
impedance unit 20 are accomplished via the control signals
92, 93 and 93a. The effect of closing either switching
element is to practically short-circuit the resistor in parallel.
The values of the resistors should be chosen so that the sum
of the resistances is sufficient to leave the Q when in the
receive mode, relatively unchanged. Thus, the sum of resis-
tances should be higher than the highest achievable imped-
ance across any element in the tank circuit 10 and be ideally
2 to 100 times higher. Either of the resistive elements R163,
R264 or R364a can also be shorted out to reduce the Q to a
predetermined ‘optimal’ value in the transmit mode. A
benefit of this design is the possibility of achieving a higher
switching voltage than can be achieved by using a single
switching element.

[0142] The eighth embodiment is shown in FIG. 12 and
illustrates another variant of the probe 80, including a tank
circuit 10 and a variable step impedance unit 20. The
variable step impedance unit 20 has six active switching
elements 71, 72, 73, 73a, 74 and 74a in parallel with six
resistive elements 81, 82, 83, 83a, 84 and 84a. A balanced
coil design offers other advantages to the best mode than
those described in previous embodiments including a further
improvement in the switching voltage compared with the
design of the third embodiment shown in FIG. 6. Typically,
the switches are triggered in pairs via the control signals
100, 101 and 101a. Otherwise this variant of the probe 80
works similarly to the third embodiment as shown in FIG.
12. Again, any suitable active switching element may be
used.

[0143] The ninth embodiment is directed towards an appa-
ratus of the type I arrangement that provides multi-step
changes to the Q-factor of a probe to achieve the best mode
of the invention.

[0144] As shown in FIG. 13 the ninth embodiment illus-
trates a further variant of the probe 80, including a tank
circuit 10 and a variable step impedance unit 20. The tank
circuit 10 includes a high Q coil 2, where the sample
specimen to be investigated is placed and a variable capaci-
tance 1 for tuning to the resonance frequency of the sub-
stance to be detected. The variable step impedance unit 20
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contains an inductive element 21, which is a coil wound on
core 23, and is connected to the tank circuit 10. Depending
on the frequency, the core 23 can be made of iron-powder or
ferrite materials. The difference of this variant of the probe
80 from those described in the preceding embodiments is
that it allows for changes in the Q-factor of probe 80 in
multiple steps. This is achieved by making corresponding
changes in the impedance of the core 23 within the variable
step impedance unit 20. Moreover, for a general case, there
are n (3 or more) secondary control coils 33, 34 and 35.
When these control coils 33, 34 and 35 are switched off, the
inductive element 21 has the highest impedance and the
probe 80 has the highest total Q-factor possible, which is
used in the receive mode. Short-circuiting control coils 33,
34 and 35 results in decreasing the total Q-factor of the
probe 80. For short-circuiting the control coils 33, 34 and 35,
control switching elements 26, which are conventional
active switching elements, are used. Any suitable active
switching element may be used, but in the present embodi-
ment the element is a thyristor, and more particularly, a triac.

[0145] Short-circuiting the control coils 33, 34 and 35 can
be accomplished according to any rule required for the
optimum detection of NQR or NMR signals, by sending
corresponding control signals (control pulses) 100, 101 and
102 to the inputs of control switching elements 26. This
ensures a more flexible and smooth control of the changing
Q-factor for the probe 80 during NQR or NMR signal
detection. Otherwise the operation of this variant of the
probe 80 is similar to the first embodiment described with
reference to FIG. 3.

[0146] The number of turns in the control coils 33, 34 and
35 can be similar or different to each other and is chosen to
ensure the required value of impedance, and changes in
relation thereto, of the inductive element 21 when switching.
The number of turns in each of the control coils 33, 34 and
35 can be less, equal but ideally higher, being from 2 to 100
times higher, than the number of turns in the inductive
element 21.

[0147] Multi-level Q-switching may be required for per-
forming different tasks. For instance, there maybe two Q
levels at the beginning of the recovery period to reduce the
voltage effects upon active elements within the circuit as in
FIG. 3(e) and then this maybe followed by more two Q
levels to arrive back to the receive Q level instead of only
one level. This last two Q level stage may be required to
speed up the switching of the Q back to the best possible
receive Q so that the acquisition of the weak NQR (or NMR)
signal can begin sooner than would otherwise occur.

[0148] The tenth embodiment is described with reference
to FIG. 14, which illustrates another variant of the probe 80,
including a tank circuit 10 and a variable step impedance
unit 20. The distinguishing feature of this variant of the
probe 80 as compared to the features of the third embodi-
ment as described with reference to FIG. 6, is that the tank
circuit 10 includes a balanced high Q coil 2, containing two
identical coils 3 and 4, where the sample specimen to be
investigated is placed. The tank circuit 10 also includes a
variable capacitance 1 for tuning to the resonance frequency
of the substance to be detected. The variable step impedance
unit 20 contains an inductive element 21, which is a coil
wound on a core 23 and which is divided into two identical
coils 27 and 28, and is connected to the tank circuit 10. For
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effecting numerous changes in steps of the impedance of the
variable step impedance unit 20 on the core 23, for a general
case, there are provided 2n (6 or more) secondary control
coils 36, 37 and 38, 39. Short-circuiting the control coils 36,
37 and 38, 39 is performed by control switching elements
26, similar to those described above. Effecting the short-
circuiting of the control coils 36, 37 and 38, 39 can be
achieved according to any rule required for the optimum
detection by sending corresponding control signals (control
pulses) 100, 101 and 102, 103 to the inputs of the control
switching elements 26. The number of turns in the control
coils 36, 37 and 38, 39 can be equal or different to each
other, and is selected so as to ensure the required impedance
value of the inductive element 21 at the appropriate time
when they are switched. The number of turns in each of 2n
control coils 36, 37 and 38, 39 can be less, equal, but ideally
larger, typically from 2 to 100 times larger than the number
of turns in the inductive element 21.

[0149] The principle of operation of the sixth embodiment
of the apparatus insofar as the probe 80 is concerned, as well
as the purpose and structural features of its other elements
are similar to those previous embodiments described above.

[0150] The eleventh embodiment is directed towards an
apparatus of the type I arrangement that provides multi-step
changes to the Q-factor of a probe to achieve the best mode
of the invention.

[0151] As shown in FIG. 15 the eleventh embodiment
illustrates another variant of the probe 80, including a tank
circuit 10 and a variable step impedance unit 20. The tank
circuit 10 includes a high Q coil 2, where the sample
specimen to be investigated is placed and a variable capaci-
tance 1 for tuning to the resonance frequency of the sub-
stance to be detected. The variable step impedance unit 20
in this case consists of a series of active switching elements
each in parallel with a resistive element and is switched by
an isolated drive pulse. This drive pulse is derived from a
pulse transformer and pulse-shaping network. Again, short-
circuiting the resistors R1111 to Rn 113 results in decreasing
the Q-factor of probe 80. An additional benefit of this design
compared with previous embodiments is the possibility of
achieving a higher switching voltage than can be achieved
by a single switching element. Any suitable active switching
element may be used for this purpose. As described in the
fifth sixth embodiment with reference to FIG. 9, the short-
circuiting of the coils 36 to 39 by the active switching
elements 26 can be accomplished according to any rule
required for the optimum detection of the NQR or NMR
signals by sending corresponding control signals (control
pulses) 100, 101 and 102 to the inputs of the control
switching elements 26. This ensures a more flexible and
smooth control of the Q-factor of the probe 80 during NQR
or NMR signal detection. Otherwise the operation of this
variant of probe 80 is similar to the variant described in the
third embodiment in relation to FIG. 6.

[0152] The twelfth embodiment is described with refer-
ence to FIG. 16, which illustrates a further variant of the
probe 80, including a tank circuit 10 and a variable step
impedance unit 20. The distinguishing feature of this variant
of the probe 80 as compared to the features of the seventh
embodiment as described with reference to FIG. 10 is that
the tank circuit 10 includes a balanced high Q coil 2,
containing two identical coils 3 and 4, where the sample
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specimen to be investigated is placed. The tank circuit 10
also includes a variable capacitance 1 for tuning to the
resonance frequency of the substance to be detected. The
variable step impedance unit 20 is also connected to the tank
circuit 10. For effecting numerous (n) changes in steps of the
impedance of the variable step impedance unit 20, there
exist 2n (6 or more) active switching elements 26, in parallel
with 2n resistive elements similar to those described above.
Short-circuiting of the resistive elements can be performed
according to any rule required for achieving optimum detec-
tion of the NQR or NMR signals by sending corresponding
control signals (control pulses) 100, 101 and 102, 103 to the
inputs of the control switching elements 26. A balanced coil
design offers other advantages including a further improve-
ment in the switching voltage compared with the design of
the eleventh embodiment described with reference to FIG.
15. Once again, any suitable active switching element may
be used.

[0153] According to the eleventh and twelfth embodi-
ments of the present invention, using a multi-step variable
impedance unit as the variable step impedance unit 20
provides additional advantages, namely a broadening of the
scope of Q-factor switching possibilities in NQR or NMR.
Thus it becomes possible to make a smoother change of the
total Q-factor of a probe during the detection process at any
of'its stages. It is also possible to control the required value
of the total Q-factor of a probe, which usually depends on
the type and size of the sample specimen placed in the coil
of the probe.

[0154] 1t should be appreciated, however, that the list of
embodiments is not considered be exhaustive, and indeed
the scope of the invention is not limited thereby. For
example, in all the specific embodiments of the invention,
the tank circuit 10 has been shown as a parallel resonant
circuit. In practice, other embodiments of the invention
could be envisaged and adapted to work equally as well with
any tank circuit, including for example a series resonant
circuit, by any one skilled in the art.

[0155] 1t should also be appreciated that although the
embodiments have been specifically described for direct
application using NQR techniques, these embodiments are
just as easily applied to NMR using NMR techniques.

1. An apparatus for changing the Q-factor of a probe,
having an impedance that can be varied to achieve a Q-factor
of minimal orders of magnitude and a Q-factor of high
orders of magnitude, for irradiating a sample with RF energy
during transmitting periods and detecting an NQR or NMR
signal emitted from a substance contained within the sample
from a signal received by the probe during receiving periods,
the apparatus comprising:

Q-factor setting circuit for setting the Q-factor of a probe
from minimal orders of magnitude to high orders of
magnitude;

Q-factor changing circuit having low reactance for
actively changing the Q-factor of the probe without
injecting a parasitic charge therein; and

control circuit to control said Q-factor changing circuit so
as to change the Q-factor of the probe in accordance
with said Q-factor setting circuit to:
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(1) an optimal level during a prescribed transmitting
period of an RF pulse for irradiating the sample with
said RF energy;

(i1) a minimal level during a prescribed recovery period
immediately following said transmitting period to
rapidly dampen transient signals from the probe; and

(iii) a maximal level during a prescribed receiving
period for detecting an NQR or NMR signal from the
target substance if present, immediately following
the recovery period;

said optimal level being:

(a) sufficiently low to reduce said prescribed recovery
period to a period in which said transient signals may
be dampened and to develop the leading edge of the
pulse envelope of said RF pulse during said trans-
mitting period; and

(b) sufficiently high to reduce the bandwidth of said RF
pulse during said transmitting period and so mitigate
the power expended in amplifying the pulse enve-
lope over the bandwidth; and

said maximal level being sufficiently high for the probe to
receive a signal during the receiving period, after the
recovery period, to enable an NQR or NMR signal
emitted from a substance within the sample to be
detected;

wherein said control circuit is adapted to control said
Q-factor changing circuit in accordance with said
Q-factor setting circuit to actively step the impedance
of the probe down in a plurality of stages after said
transmitting period for some period of time during the
recovery period to provide the requisite minimal level
of the Q-factor for the probe.

2. An apparatus as claimed in claim 1, wherein the
reactance of the Q-factor changing circuit that is low is the
capacitive reactance thereof.

3. An apparatus as claimed in claim 1, wherein the
Q-factor changing circuit comprises a variable impedance
unit that combines with the probe to form a tank resonant
circuit that is capable of receiving powerful RF pulses
applied to the probe to excite an RF magnetic field in the
probe during transmitting periods, the value of the total
Q-factor of the probe being determined by the impedance of
the tank resonant circuit, whereby varying the impedance of
the variable impedance unit changes the impedance of the
tank resonant circuit.

4. An apparatus as claimed in claim 1, wherein the
Q-factor setting circuit is controlled to set the Q-factor of the
probe during the recovery period to orders of magnitude of
tenths to be considerably lower than the Q-factor of the
probe before and after the recovery period so as to com-
pletely dampen the transient signals and provide for a rapid
ring-down in the probe.

5. (canceled)

6. An apparatus as claimed in claim 1, wherein the
impedance of the probe is stepped down to a first minimal
level of magnitude during a first period of the recovery
period immediately following said transmitting period and
then to a second minimal level of magnitude lower than said
first minimal level during a subsequent period of the recov-
ery period, prior to said receiving period.
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7. An apparatus as claimed in claim 1, wherein said
Q-factor setting circuit comprises a variable step impedance
element and switching control elements that are able to be
actively switched to step down the impedance of the probe
to provide the requisite minimal level of the Q-factor of the
probe.

8. An apparatus as claimed in claim 29, wherein the
switching control elements are included only in the control
circuits of the variable step impedance element.

9. An apparatus as claimed in claim 8, wherein said
Q-factor changing circuit comprises a variable impedance
unit including said variable step impedance element that
combines with the probe to form a tank resonant circuit that
is capable of receiving powerful RF pulses applied to the
probe to excite an RF magnetic field in the probe during
transmitting periods, the value of the total Q-factor of the
probe being determined by the impedance of the tank
resonant circuit, whereby varying the impedance of the
variable impedance unit changes the impedance of the tank
resonant circuit, and the switching control elements are
placed in electrical series with one another and in parallel
with resistive elements to enable higher permissible voltages
on the tank circuit and to achieve a plurality of possible
Q-factor values during the transmitting, recovery and receiv-
ing periods.

10. An apparatus as claimed in claim 1, wherein said
Q-factor changing circuit comprises a variable impedance
unit that combines with the probe to form a tank resonant
circuit that is capable of receiving powerful RF pulses
applied to the probe to excite an RF magnetic field in the
probe during transmitting periods, the value of the total
Q-factor of the probe being determined by the impedance of
the tank resonant circuit, whereby varying the impedance of
the variable impedance unit changes the impedance of the
tank resonant circuit, and other elements comprising a
capacitor network or zener diodes are included in the tank
resonant circuit to improve the voltage sharing during
switching.

11. An apparatus as claimed in claim 9, including isolation
circuit to electrically isolate low level drive signals for
controlling the variable impedance unit.

12. An apparatus as claimed in claim 11, wherein said
isolation circuit includes optical isolation and pulse trans-
formers.

13. An apparatus as claimed in claim 7, wherein the probe
is balanced with the switching control elements.

14. An apparatus as claimed in claim 7, wherein said the
impedance of the probe is stepped down to a first minimal
level of magnitude during a first period of the recovery
period immediately following said transmitting period and
then to a second minimal level of magnitude lower than said
first minimal level during a subsequent period of the recov-
ery period, prior to said receiving period.

15. An apparatus as claimed in claim 7, wherein said
switching control elements have a low capacitive reactance.

16. An apparatus as claimed in claim 14, wherein a said
switching control element comprises a triac or thyristor.

17. An apparatus as claimed in claim 7, wherein the
impedance of the probe is stepped down to a first minimal
level of magnitude during a first period of the recovery
period immediately following said transmitting period and
then to a second minimal level of magnitude lower than said
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first minimal level during a subsequent period of the recov-
ery period, prior to said receiving period, and said switching
control elements are coupled with an inductive element
during the period that the impedance of the probe is stepped
down to said first minimal level to protect said switching
control elements from voltage applied thereto pursuant to
the resultant change in impedance, and are decoupled from
said inductive element during the period that the impedance
of the probe is stepped down to said second minimal level
to minimise the inductance of said switching control ele-
ments and thus the reactance of the variable impedance to
minimise the impedance of the probe to change the Q-factor
to said minimal level during the recovery period.
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18. An apparatus as claimed in claim 1, wherein said
minimal level of the Q-factor is in orders of magnitude of
ones or tenths.

19. An apparatus as claimed in claim 6, wherein said first
minimal level of the Q-factor is in orders of magnitude of
ones, and said second minimal level of the Q-factor is in
orders of magnitude of tenths.

20. An apparatus as claimed in claim 1, wherein said
maximal level of the Q-factor is in orders of magnitude of
hundreds or thousand.

21-31. (canceled)



