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NEUTRON FLUORESCENCE WITH SYNCHRONIZED GAMMA DETECTOR

CROSS REFERENCE TO RELATED APPLICATIONS

[0001] This application claims priority to United States Provisional Patent Application No.
61/167,902 filed April 9, 2009, the entire disclosure of which is hereby incorporated by

reference and relied upon.

BACKGROUND OF THE INVENTION

Field of the Invention

[0002] The present disclosure relates generally to the use of neutron emission to detect a
substance of interest in a remote target via gamma ray fluorescence, and more specifically
toward a method and system for improved gamma ray signal detection.

Related Art

[0003] The use of emitted neutrons to identify substances of interest in distant targets is an
emerging technology. For example, the apparatus and methods described in US Patent No.
7,573,044, 1ssued August 11, 2009 to Norris, the inventor of the subject invention, directs a
neutron beam of thermal, epithermal, or cold neutrons toward a remote target or area to
interrogate for possible substances of interest. It is to be understood that the term “target”
may be a specific suspicious object like a suitcase or a parked car, an indiscriminate area
under mvestigation, or almost any other desired focus of an interrogation. The detection and
analysis of gamma rays returning from the target enable a determination whether the target or
its immediate surroundings contain significant concentrations of the substance(s) of interest.
Substances of interest may be hostile, as in hidden explosives detection, or benign, as in the
detection of certain minerals in connection with mining operations. Diverse applications of
this technology abound. The entire disclosure of US Patent No. 7,573,044 is hereby
incorporated by reference and relied upon.

[0004] Neutrons sent to interrogate a target will typically produce a broad range of
reactions both in the target and also in virtually all other substances that are exposed to the
neutrons including, but not limited to, materials in the neutron source itself, shielding and the
materials used to produce the neutrons, the intervening atmosphere with all its constituents,
materials surrounding the target in all directions (including objects beside, in front of, and

behind the target), and uninteresting substances commingled with the target.
1
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[0005] Signals resulting from interactions with the target are referred to as signals of
interest.  Signals resulting from interactions other than from the target are referred to
variously as background signals, nuisance signals, or simply as noise. Gamma ray signals
received by the detector are the sum of all signals produced by all sources, including signals
of interest and noise. The challenge for all detection systems is to distinguish between
signals of interest and signals due to noise.

[0006] Two significant contributors to noise gamma rays in the field of neutron
fluorescence are fratricidal and backshine gammas. All neutron sources tend to directly
produce unwanted gamma rays as byproducts. These byproduct gamma rays are sometimes
referred to as “fratricidal” gamma rays, since they typically degrade the mission of the device
from which they emanate. Gamma ray detectors used as part of a substance identification
system cannot be completely shielded from fratricidal gamma rays. Gamma rays produced as
a direct result of neutron production thus constitute a source of noise or nuisance signal for
the gamma ray detectors. Further, unwanted or nuisance gamma rays may be produced by
the interaction of the neutron beam with atmospheric nitrogen as the beam travels toward the
substance of interest. These unwanted gamma rays are sometimes referred to as
“atmospheric backshine gammas” or “atmospheric sparkle gamma rays,” and constitute
additional noise or nuisance signals. The ratio of signals of interest to signals due to noise is
known as the “Signal-to-Noise Ratio” (SNR).

[0007] One proposed strategy for reducing signal noise is to implement methods that
reduce the production of unwanted gamma signals. For example, the applicant’s co-pending
patent application serial number PCT/US09/65706, filed November 24, 2009, describes
strategies for modulating the illuminating neutron beam flux to improve the SNR, among
other objectives, by adjusting the signal of interest. Background noise effects are reduced
relative to the total received signal using target-distance measurement, other parameters, and
computerized algorithms to modulate the neutron beam flux. The entire disclosure of patent
application serial number PCT/US09/65706 is hereby incorporated by reference and relied
upon.

[0008] Other prior art examples include US Patent No. 7,430,479 to Holslin et al., issued
September 30, 2008, which discloses a method for interrogating suspicious objects for hidden
explosives or contraband via gamma ray emission stimulated by a pulsed neutron source. A

“fast” neutron interrogation beam is used (14 MeV) as opposed to a “thermal” neutron
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interrogation beam. A gated gamma ray detector monitors the return of gamma rays between
pulses, with the die-off of the slow-decay species being observed over time for the purpose of
substance analysis. The pulse provides quiet “gates™ for resolving or disambiguating neutron
burst/inelastic gammas, capture gammas, and activation gammas.

[0009] US Publication No. 2008/0203309 to Frach et al., published August 28, 2008,
describes a gamma ray detector system with a time of flight positron emission tomography
imaging feature. In particular, a time of flight processor localizes a positron-electron
annihilation event along the line of response based on a time difference between two
substantially simultaneous gamma ray detections. This publication recognizes a “time of
flight” event with respect to emitted neutrons.

[0010] US Patent No. 5,153,439 to Gozani et al., issued October 6, 1992, describes a fairly
basic application of thermal neutron activation analysis techniques, where the use of neutrons
in general, with unspecified energy, is used with an Artificial Neural Network to process
gamma ray data. The description includes a discussion of subtracting noise from a returning
gamma ray signal, but without teaching a specific method for recognizing and discriminating
noise from good signal.

[0011] US Patent No. 5,838,759 to Armistead, issued November 17, 1998, describes an
inspection system for cargo containers using a fast neutron interrogation beam. Neutrons
penetrating the container are thermalized or slowed by several ambient mechanisms,
including inelastic and elastic scattering, but the degree of thermalization is not and cannot be
controlled, since the neutrons encounter unknown quantities and geometries of numerous
atomic species. Such neutrons as are thermalized by this process are then absorbed by certain
elements in the target which give off gamma rays for detection.

[0012] US Patent Publication No. 2010/0025573 to Hahto et al., published February 4,
2010, proposes a method to produce short neutron pulses at a current of more than 1 milliamp
of protons at 9.17 MeV.

[0013] Challengingly low SNR is a common problem encountered generally in this field.
High levels of noise or nuisance gamma rays make the detection of gamma rays of interest
more difficult. Despite the abundance of development activity in this area, there remains a
desire for improved signal detection methods to provide faster and more accurate

identification of substances of interest in a remote target. Specifically, there exists a need to
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address the issue of unwanted fratricidal-type and atmospheric backshine type gamma rays in

connection with detection strategies in this field.

SUMMARY OF THE INVENTION

[0014] The present invention relates generally to the use of flux modulation or pulsing of
neutron emissions, synchronized to the time of flight of a packet or cloud of neutrons,
combined with time-gating of an associated gamma ray detector, to minimize noise signals
received by the gamma ray detector. A remotely located target is provided, together with a
neutron source and a gamma ray detector. The neutron source has power ON and OFF
modes, and is operable in its ON mode to emit neutrons capable of traveling over time and
distance to reach the target. Neutrons interacting with the target will produce characteristic
gamma rays of interest if they encounter a substance of interest. The travel time of the
emitted neutrons to the target defines a neutron time of flight (NTOF). The gamma ray
detector also has power ON and OFF modes, and is operable in its ON mode only to detect
gamma ray signals. The method includes powering ON the neutron source for a pulse period
and then powering OFF the neutron source. The gamma ray detector is constrained in its
OFF mode during the pulse period and for an immediately subsequent additional period of
time generally equal to the NTOF. Then, the gamma ray detector is powered ON. Any
unwanted nuisance gamma signals produced during the pulse period and the subsequent
NTOF period are not detected by the gamma ray detector because it is in the OFF mode.
Alternatively, the gamma ray detector may substitute an IGNORE mode for its OFF mode.
During IGNORE mode, detected gamma ray counts may be truly ignored, or may be
compiled for purposes other than the detection of signals of interest.

[0015] The present invention provides also an apparatus for generating one or more pulses
of thermal, epithermal, or cold neutrons to illuminate a substance of interest for the purpose
of stimulating it to produce gamma rays, and a gamma ray detector gated so as to minimize
the amount of fratricidal gamma rays and atmospheric backshine gamma rays that it detects.
Between pulses, when the neutron source is either switched OFF or set to a very low neutron
flux value, the flux of noise gammas is either much less than it would be during the pulse or
actually zero. Detector time gating enables the exclusion of fratricidal gamma rays and
atmospheric backshine gamma rays produced at times when the substance of interest is not

being illuminated by neutrons.
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[0016] This invention takes advantage of the fact that the time of flight of a pulsed neutron
beam or emission to a remote target is typically on the order of several milliseconds —
sufficient to cycle ON and OFF a neutron source. The gamma ray detector is not switched
ON until the time one can expect gamma ray signals of interest to be arriving at the detector.
This timing is based on the time of flight of the neutrons and possibly also the returning
gamma rays (although the latter travel so much faster than neutrons that gamma ray flight
times, which would be measured in tens of nanoseconds in the present invention, may be
neglected in most applications). The switching ON and OFF of the gamma ray detector is
therefore a function of the target distance. As a consequence, the invention improves the

effective SNR as compared with prior art techniques.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] These and other features and advantages of the present invention will become more
readily appreciated when considered in connection with the following detailed description
and appended drawings, wherein:

[0018] Figure 1 illustrates graphically an apparatus for minimizing nuisance or noise signal
due to gamma rays created during the detection of substances of interest by the mechanism of
neutron irradiation, in accordance with one embodiment of the present invention;

[0019]  Figure 2 is an exemplary chart showing the population of thermal neutrons arriving
at a gamma ray detector as a function of time, for a substance of interest located
approximately 11 meters from the neutron source, resulting from a 1 millisecond thermal
neutron pulse;

[0020] Figure 3 is a schematic illustration depicting the phenomenon of atmospheric
nitrogen gamma ray “backshine” or “sparkle;”

[0021] Figures 4A-C provide a sequential depiction of the neutron irradiation and gamma
ray detection process according to this invention, as the cloud of neutrons emitted during a
pulse elongates as it travels toward a target;

[0022]  Figure 5 is an exemplary time-based analysis showing one hypothetical duty cycle
of a process according to this invention;

[0023] Figures 6A-C provide simplified timing diagrams illustrating in somewhat

exaggerated fashion the manner in which gamma detector switching times may be
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functionally related to target range as a result of the differing neutron velocities within a

typical neutron cloud;

[0024] Figure 7 shows a mobile application of the subject invention used in connection

with explosive detection; and

{0025]  Figure 8 is another exemplary application of the subject invention for grading coal.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

[0026] Referring to the figures wherein like numerals indicate like or corresponding parts
throughout the several views, the process of thermal neutron activation analysis (TNAA) is
graphically depicted in Figure 1, where a cloud or packet of thermal neutrons 10 is emitted by
a pulsed neutron source 12. That is to say, the neutrons 10 are emitted in pulses, resulting in
a series of neutron clouds or packets 10, rather than as a continuous stream. Conventional
elements, such as housings, mountings, supports, electrical power supplies, external radiation
shielding, etc. are omitted from the figures for clarity.

[0027]  The neutron source 12 may be any suitable source for creating an emission 10 of
thermal, epithermal, or cold neutrons, including but not limited to those examples provided in
the prior art references cited above. The neutron source 12 produces a pulsed neutron beam
10 by deliberately cycling between ON and OFF modes with a switch or switch-like feature
actuated by a control mechanism 24, described in greater detail below. It should be
understood that the actual mechanism for powering ON the neutron source 12 may include
adjusting and/or varying its neutron flux setting within a range of effective settings by any
method. Likewise, pbwering OFF or switching OFF the neutron source 12 between pulses
may include setting the source 12 to a very low neutron flux value rather than absolute zero.
In other words, the neutron source 12 is a switchable, i.e., pulsed, neutron source capable of
being switched between different power or flux levels, including but not limited to power
settings OFF and ON, 10% and 90%, etc., and that the terms ON and OFF may refer to “some
effective level of neutron flux” and “some non-effective neutron flux”, respectively.

[0028] Cold, thermal, and epithermal neutrons 10 travel several thousands of miles per
hour. Gamma rays, by comparison, travel at the speed of light, more than 2 billion miles per
hour, and hence travel thousands of times faster than the velocity of cold, thermal, or
epithermal neutrons. The relatively slow neutrons 10 move outward from the neutron source

12. As they do so, they produce gamma rays as they encounter most kinds of atomic nuclei,
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such as the nuclei in the atoms in air. The much faster gamma rays generated by the neutron
interactions with nuclei in their paths are detected by a gamma ray detector 14 nearly
instantly after they are produced. Thus, gamma rays that are produced immediately after a
neutron cloud leaves the neutron source arrive at the detector 14 significantly earlier than
those produced after the neutron could has been traveling for some time. With the
arrangement of the neutron source 12 and the detector 14 as shown in the diagram, this would
mean that the gamma rays produced at locations close to the detector 14 arrive significantly
earlier than those that are produced far from the detector 14. Since the neutron pulse contains
neutrons exhibiting a distribution of speeds, the pulse spreads out as it travels, meaning that
the gamma rays generated at each distance arrive over time. This is exemplified in Figure 2,
where the population of thermal neutrons 10 is shown arriving at a gamma ray detector as a
function of time, for a substance of interest in a target 16 located 11 meters from the neutron
source 12, and for a 1 millisecond thermal neutron pulse. Note that epithermal neutrons
would arrive more quickly than the thermal neutrons upon which Figure 2 is predicated, and
cold ones more slowly, based on their respective velocities/times of flight.

[0029] In general, in the context of interrogation procedures contemplated by this
invention, a remote interrogation target 16 is located relatively far from the neutron source 12
and the gamma ray detector 14, perhaps on the order of 10 to 20 meters for explosives
detection operations and possibly closer for other types of measurements. The target 16 is
interrogated with neutrons 10 to determine whether it contains significant levels of a
substance of interest. A substance of interest may be any suitable element or compound that
produces measurable gamma rays in this application including, but not limited to, nitrogen-14
(MN), plutonium-239 (23 9Pu), uranium-235 (mU), chlorine, copper, aluminum, boron, carbon
or hydrogen in coal (for grading purposes), and the like.

[0030] When a substance of interest is dosed with neutrons 10, gamma rays of interest 18
are produced in a process that has been well documented. In addition to these gamma rays of
interest 18, the neutrons 10 also produce unwanted or nuisance gamma rays, including
fratricidal gamma rays 20 and backshine (also known as sparkle) gamma rays 22. Fratricidal
gammas 20 are depicted in Figures 1 and 4A. Backshine gamma rays 22 are a result of
interactions with atoms of atmospheric nitrogen-14. The phenomenon of atmospheric
nitrogen gamma ray backshine 22 is illustrated in Figures 3 and 4B. These nuisance gamma

rays 20, 22 are generally produced closer to the neutron source 12 and the gamma ray
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detector 14 than are the gamma rays of interest 18. For this reason, a sufficiently short pulse
of cold, thermal or epithermal neutrons 10 will cause gamma rays from the neutron source
(i.e., fratricidal gamma rays 20), from the illuminated cone of air (sparkle gamma rays 22)
and from the substance of interest (gamma rays of interest 18) to arrive at the detector 14 at
successively later times. This is because the emitted neutrons 10 arrive at the locations
described at successively later times. Figures 4A-C represent a sequence in which a neutron
pulse or cloud 10 leaves a neutron source 12 headed for a target 16 that is suspected to
contain a substance of interest. The cloud contains neutrons with a range of speeds
distributed around a mean value, which corresponds to the “temperature” of the cloud.
Although a cloud of thermal neutrons certainly has some very slow components that would
qualify as cold and some fast ones that would qualify as epithermal, those terms are generally
used to describe the temperature of the center of the velocity distribution, i.e., its
characterized velocity spectrum, and not the outliers of a distribution. Thus, the longitudinal
spread of neutrons 10 shown in Figures 4C and 5 is due to the velocity differences among the
neutrons in the cloud 10. Thermal neutrons, for example, with mean energy of 4.05 x 10!
Joules = 0.026 eV, have velocities distributed according to a Maxwell-Boltzmann
distribution, with mean velocity of 2,200 meters per second, corresponding to a “room
temperature” of 298.16 Kelvins and a momentum of 3.68 x 10”** kg-m/sec.

[0031] Figure 4A shows the neutron pulse or cloud 10 leaving the neutron source 12, and
the source 12 itself making fratricidal gamma rays 20. The gamma ray detector 14 is not
sensing these nuisance gamma rays 20 during this time, because it has not been turned to its
ON mode by the control mechanism 24. In Figure 4B, the neutrons 10 are in flight toward
the target 16. Backshine gamma rays 22 are created during this phase. Still the gamma ray
detector 14 remains in its OFF mode. Figure 4C shows the neutrons 10 producing gamma
rays of interest 18 by colliding with a substance of interest contained in or around the target
16. The gamma ray detector 14 is switched to its ON mode by the control mechanism 24,
and the gamma ray detector 14 then detects these gamma rays of interest 18. The gamma
rays 18-22 generally travel very fast — at or near the speed of light. The only significant
quantities of nuisance gamma rays 20 and 22 reaching the detector 14 while it is switched ON
originate from the vicinity of the target itself, rather than from the full collection of possible
sources in the environment, thus substantially reducing the problem of noise in the gamma

ray detector 14.
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[0032] If the approximate distance to the target 16 is known, then the duration of a pulse of
neutrons 10 and the amount of time before the next pulse is generated can both be tailored to
allow the gamma rays 18 from the substance of interest to arrive at the gamma ray detector
14 during times when the smallest number of nuisance gamma rays 20, 22 are also arriving.
The result is a maximization of the signal-to-noise ratio (SNR).

[0033] The gamma ray detector 14 is switched ON or told to stop disregarding the gamma
rays by the control mechanism 24. A calculation is made to determine the moment the bulk
of the neutrons 10 arrive at the target 16 based on the neutron time of flight (NTOF) and the
extent to which the cloud of neutrons has spread due to the spectrum of neutron velocities
within it. Distance between the neutron source 12 and the target 16 is determined by a target
range detector 26. The gamma ray detector 14 continues to sense the gamma rays of interest
18 for nominally the entire time the substance of interest in the target 16 is being illuminated
by substantial numbers of neutrons 10. During this time, the gamma rays of interest 18,
which travel at the speed of light, are arriving at the gamma ray detector 14. Connections
between the control mechanism 24, the neutron source 12, the gamma ray detector 14, and
the target range detector 26 are shown as broken lines.

[0034] The flux of neutrons emitted from the source 12 is controlled by commands from
the control mechanism 24, which may comprise a computer running appropriate control
software. The connection between the neutron source 12 and the control mechanism 24 may
be either unidirectional, in which commands pass from the control mechanism 24 to the
neutron source 12, or bidirectional, in which control and/or status information pass in both
directions between the two components. Between pulses, the neutron source 12 is either
switched OFF or else switched to a very low value. When the neutron source 12 is either
switched OFF or switched to a very low neutron flux, the fratricidal gamma rays 20 either
cease entirely or drop to a very low flux.

[0035] The gamma ray detector 14 is designed to sense gamma rays of interest 18. When
in its ON mode, the detector will also detects nuisance gamma rays 20 and 22, since it is
impossible or impractical to design a detector that will selectively reject all nuisance gamma
rays. The detector 14 can be switched ON and OFF by the control mechanism 24.
Alternatively, the detector 14 may instead be configured to remain powered ON at all times
but commanded by the control mechanism 24 to regard or disregard (i.c., IGNORE) gamma

rays 18-22 at the respective times. This latter alternative is intended within the meaning of
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ON and OFF modes of the detector 14. The connection between the gamma ray detector 14
and the control mechanism 24 may be either unidirectional, in which commands pass from
the control mechanism 24 to the gamma ray detector 14, or bidirectional, in which control
and/or status information pass in both directions between the two components.

[0036] The control mechanism 24 sends commands to both the neutron source 12 and the
gamma ray detector 14. In the case of the neutron source 12, these commands may specify a
level of neutron flux emitted. In the case of the gamma ray detector 14, these commands may
specify the state of that component regarding either its ON/OFF state or its regarding or
IGNORING of gamma rays, depending on the embodiment. In addition, other commands
may be issued, such as system commands, self-test, diagnostic, etc. In addition to commands
being sent by the control mechanism 24, optionally, status information may be sent from
either the neutron source 12 or the gamma ray detector 14, or both. Such status information
may either be sent upon request of the control mechanism 24 or autonomously by either or
both of the neutron source 12 and the gamma ray detector 14. The control mechanism 24 is
preferably a computer controlled device of the type commercially available and readily
adapted for use in this invention by those of skill in the art.

[0037] In one embodiment, the control mechanism 24 receives encoded information that
includes the distance to the target 16 as reported by the target range detector 26, the total
gamma ray flux detected by the gamma ray detector 14 and the number of neutrons per
second emitted by the neutron source 12. In one embodiment, the control mechanism 24 uses
this encoded information to define a time cycle over which the neutron source 12 and the
gamma ray detector 24 each completes a respective ON cycle and an OFF cycle. The control
mechanism 24 further defines the percentage of said time cycle that the neutron source 12 is
ON (i.e., the neutron source “duty cycle”), the percentage of said time cycle that the gamma
ray detector 14 is ON (i.e., the gamma ray detector “duty cycle”), and the delay time between
when the neutron source turns ON and the gamma ray detector turns ON. As will be apparent
to one skilled in the art, the duty cycles will generally be different for the neutron source 12
than for the gamma ray detector 14, since, on the one hand, the neutron source 12 works with
comparatively slow nuclear particles, and on the other hand, the gamma ray detector 14
works with gamma rays traveling at the speed of light.

[0038] The target range detector 26 measures the distance between the neutron source 12

and the substance of interest 16 and makes such determinations available to the control
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mechanism 24 either upon query by the control mechanism 24, on a schedule determined by
the operating parameters, or continuously. An optional imaging sensor (e.g., a video camera
or its functional equivalent) may be paired with the target range detector 26. The optional
imaging sensor and the target range detector 26 collect and transmit range and image data to
the control mechanism 24. The target range detector 26 is effective to detect the range from
the neutron source 12 to the target 16, and may be of the electromagnetic wave type, optical
type, sonic type, acoustic type, or a hybrid system based on one or more single-modality-
systems. By knowing the speed, or average speed, of the neutron cloud 10 and the distance to
the target 16, the NTOF can be computed.

[0039]  Referring now to the time-based chart of Figure 5, a theoretical example is provided
in which a beam of thermal neutrons 10 with an average speed of 2,200 meters per second is
aimed at a target 16 containing a substance of interest located approximately 11 meters away
from the source 12. In this example, the neutrons 10 are sent out in a pulsed beam that is
turned ON for 1 millisecond and OFF for 5 milliseconds. Further, in this example, the
gamma ray detector 14 is turned OFF for 3 milliseconds and then ON for 3 milliseconds.
This pattern may be repeated every 6 milliseconds. (The distance of 11 meters here chosen to
result in round numbers for this illustrative example.) As depicted in this Figure, the
neutrons spread within the cloud 10 due to their differing velocities. The faster neutrons
naturally reach the target 16 earlier than the slower moving neutrons. As a result, it is
foreseeable that at most extended ranges, the ON (i.e., pulse) time of the gamma detector 14
will exceed the ON (pulse) time of the neutron source 12.

[0040] More specifically, the neutrons 10 in any given pulse (here shown as a 1-
millisecond pulse) have a spectrum of energies distributed according to a Maxwell-
Boltzmann distribution, with mean energy of 0.027 electron volts, corresponding to a speed
of about 2,200 meters per second. As the “cloud” of neutrons produced during this pulse
moves away from the source 12 and detector 14, it spreads out in the direction of travel, with
the faster neutrons’ moving ahead of the cloud’s center and the slower ones’ falling further
behind the cloud’s center. In Figure 5, the faster neutrons are shown as solid black circles
and the slower moving neutrons with cross-hatching. Only two neutron speeds (fast and
slow) are shown here for convenience, it being understood that in the typical neutron cloud

10 there will likely be a dispersion of velocities. By the time the cloud 10 arrives at the target
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16 (11 meters away from the source 12), it is somewhat stretched or longer in the direction of
travel than it was when it was emitted, due to the range of neutron velocities in the cloud 10.
[0041] Figures 6A-C shows, in generalized fashion, the manner in which the gamma ray
detector 14 switching times are preferably altered by the control mechanism 24, on the fly, as
a function of target range. Figure 6A represents a situation in which the substance of interest
16 is relatively close (Range “X”) to the neutron source 12, and as a result the differing
neutron velocities within the cloud 10 do not result in a significant degree of longitudinal
spread. The gamma ray detector 14 is gated ON for a time equal to the duration of the
neutron source pulse plus an additional calculated time to account for the longitudinal
spreading of the neutron cloud 10 due to the distribution of velocities within it, and
corresponding to the distribution of neutron arrival times at the target 16. In Figure 6B, the
range (Y) 1s greater than that of Figure 6A, resulting in the fact that the arrival times of the
respective fastest and slowest neutrons in the neutron cloud 10 are more longitudinally (and
temporally) dispersed. The interval between gating of the neutron source 12 ON is thus
longer (i.e, lower frequency pulsing), due to the increased travel times of the neutrons to a
more distant substance of interest 16. In Figure 6C, the range to target 16 is further still,
causing an even more noticeable spread in the time during which gamma rays of interest 18
can be expected to arrive at the detector 14. Thus, the gamma ray detector 14 can be
constrained in its OFF condition beginning with the initiation of the neutron source pulse plus
a time delay generally equal to the range divided by the speed of the fastest foreseeable
neutrons in the cloud 10 (i.e., the fastest reasonable NTOF). The gamma ray detector 14 is
then switched ON, and maintained in this ON condition for a period of time generally equal
to the neutron source pulse duration plus the time of flight for the bulk of the neutrons in the
cloud 10. In other words, the gamma ray detector 14 is constrained in its OFF mode at the
initiation of the neutron source pulse period plus a time delay generally equal to the neutron
source pulse duration plus the fastest reasonable NTOF plus an additional time period
generally equal to the time difference between the fastest reasonable NTOF and the slowest
reasonable NTOF,

[0042] In this example, fratricidal gammas 20 are produced by the neutron source 12
during the 1 millisecond length of the pulse. These fratricidal gammas 20 arrive at the
gamma ray detector 14 virtually instantaneously, as they are produced before the neutrons 10

even leave the generator 12. However, these fratricidal gamma rays 20 are not reported by
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the gamma ray detector 14 because it is in the OFF mode when they arrive. Atmospheric
backshine gamma rays 22 are produced as the cloud of neutrons 10 moves through the air
toward the target 16. These backshine gamma rays 22 are also not reported by the gamma
ray detector 14, since it is shut OFF for the first several milliseconds of the 6-millisecond
total cycle.

[0043] As can be seen in Figure 2, due to the broadening of the pulse of thermal neutrons
due to the velocity spectrum, the leading edge of the cloud’s center arrives at the target 16
approximately 3 milliseconds after leaving the source 12 (time required to cover the
hypothetical 11 meter spacing). The trailing edge of the cloud’s center arrives 2 milliseconds
later, or approximately five milliseconds after leaving the source 12. Although some
neutrons 10 arrive both prior to and after this 2-millisecond “time window”, the majority of
neutrons 10 arrive during the window, as shown illustratively in both Figures 5 and 6.

[0044] The gamma ray detector 14 is switched ON during the 3-to-5 millisecond time
window. Gamma rays 18 produced in the region of the target 16 arrive at the gamma ray
detector 14 virtually instantaneously and are reported by the gamma ray detector 14. The
proposed strategy minimizes the total number of gamma rays from sources other than the
substance of interest that are reported by the gamma ray detector 14, thus maximizing SNR.
[0045] In real-world experience, as opposed to theoretical examples such as that given
above, it may be necessary to adjust the pulses and ON/OFF cycle of both the neutron source
12 and/or the gamma ray detector 14 in order to maximize SNR in the face of the spreading
neutron cloud 10, neutron cloud divergence, the thickness of the area being inspected, and
other concerns. However, laboratory experiments have demonstrated that the differences
between theoretical predictions of the best pulse timing and empirical results may be
acceptably small. The time constants involved (mean neutron speed on the order of 0.455
milliseconds per meter), the distances involved (up to about 20 meters), and the pulsing rate
(on the order of 167 hertz with 67% dead-time) are all reasonable and achievable for most
contemplated applications.

[0046] In other disciplines, such as radar and sonar, the synchronization of a detector with
modulations in the strength of an interrogation signal is referred to as “pulse gating”. That
terminology is borrowed and applied here to the case of neutron analysis to underscore
analytical and theoretical similarities with other detection modalities. However, neutron

pulse gating differs from pulse gating in radar and sonar in several important ways, notably
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that, with these two sensing modalities, the interrogating signal and the return signal are of
the same type, whereas with neutrons, they are very different, travel at very different speeds,
and require different detection schemes.

[0047] Embodiments of the present invention include systems in which the neutron source
12 is pulsed, systems in which the gamma ray detector 14 is optionally time gated so as to
literally not respond to gamma rays while the neutron flux is too high or the substance of
interest is not being illuminated, and systems in which the gamma ray detector 14 is
instructed to ignore the nuisance signals, despite the fact that it is physically sensing them.
[0048] Figures 7 and 8 illustrate exemplary applications of the subject methods and
apparatus for detecting remote explosive substances (Figure 7) in mobile applications and for
grading coal (Figure 8) as it moves along a conveyor belt. These are offered merely by way
of example, and it is to be understood that many other applications of this technology are

contemplated and will fall within the scope of the claims.

EXAMPLE

[0049] As a further example of one possible embodiment of the invention, one may
consider a control mechanism 24 that includes a computer with a means of generating several
channels of digital electronic pulses such as TTL (Transistor-Transistor Logic) pulse train
generators, a collimated pulsed neutron source 12, a range-finding device 26 such as a
RADAR or LIDAR gun directed along the path of the collimated neutron pulses, and a
gamma ray detector 14 whose data acquisition can be gated ON or OFF by a digital electronic
pulse. In this example, the computer (incorporated into or operated in conjunction with the
control mechanism 24) may include a means of moving/controlling the pointing direction of
the collimator on the neutron source 12 and the pointing direction of the range-finding device
26.

[0050] Continuing in this example, the computer aims the collimated neutron source 12 in a
particular direction of interest or causes it to scan across a particular field of view, while
directing the range-finding device 26 to simultaneously track along the same direction of
view as the collimated neutron source 12. Every 100 milliseconds (for example) the
computer queries the range-finding device 26 and records the distance in meters to the nearest
solid object 16 in the neutron beam path 10. In response to this range data, the computer

immediately directs its electronic pulse generators to adjust their pulse train patterns

14



WO 2011/002537 PCT/US2010/030455

according to one or more straightforward instruction sets. Since the typical travel rate for the
centroid of a pulse of thermal neutrons 10 is nearly 2200 meters per second, a reasonable set
of instructions to the pulse train generators might appear as follows:

Instruction Set (1)

[0051] Settl = 0.2 x (D/2200 meter per sec),
[0052] Sett2 = 1.0 x (D/2200 meter per sec),
[0053] Set t3 = 0.6 x (D/2200 meter per sec),
[0054] Set t4 = 0.6 x (D/2200 meter per sec),

Where:

D is the distance to the solid object in meters, and

t1, t2, t3, t4 are time intervals.
[0055] Generate a pulse train that will pulse the neutron source ON for duration tl, then
OFF for duration t2, then repeat this pulse cycle for a duration of 100 milliseconds.
[0056] Generate a second pulse train, synchronized with the first pulse train, that will gate
the gamma ray detector OFF for duration t3, then ON for duration t4, then repeat this pulse
cycle for a duration of 100 milliseconds.

Instruction Set (2)

[0057] Every 100 milliseconds, repeat the control operation as follows:

[0058] Update the motion control instructions that steer the neutron source 12 and range-
finder 26.

[0059] Query the range-finder 26 to find the distance to the first solid object 16 in the
neutron path.

[0060] Recompute the neutron source 12 and gamma ray detector 14 time intervals and
reset the pulse trains as indicated in Instruction Set (1) above.

[0061] The effect of these instructions, for example, when an object 16 is in view at range
11 meters, will be to turn on the neutron source for 1 millisecond, then turn off the neutron
source for 5 milliseconds while the majority of the thermal neutrons pass into and through the
object at range 11 meters. The gamma ray detector 14 is gated OFF during the first 3
milliseconds, which includes both the period when the neutron source is on and the period
while a majority of the thermal neutrons have not yet reached the target range of 11 meters.
Then the gamma ray detector is gated ON during the next 3 milliseconds, which includes the

period of time when most of the neutrons will pass into and through the object at target range
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11 meters. In this way, the gamma ray detector 14 will record far fewer nuisance gamma
rays 20, 22 from the neutron source 12 and nearby air relative to the number of useful gamma
rays 18 detected from the target range at 11 meters. As the target range changes from
moment to moment when the field of view changes, the computer will update the gating
every 100 milliseconds or so to maintain a nearly optimal signal-to-background ratio in this
manner.

[0062] It should be clear to those practiced in the art that other embodiments of this
invention could use any suitable automated directional range-finding technique in place of the
LIDAR or RADAR; that any set of appropriate formulas/instructions could replace those in
Instruction Set (1) to optimize the signal-to-background ratio for a variety of different
source/detector geometries and for neutrons with velocity distributions both faster and slower
than thermal neutrons on average; that the update interval for the range-finder and pulse
trains could be set to any suitable interval other than 100 milliseconds; that the synchronized
digital pulse generators could be replaced with any equivalently functional mechanism to
communicate a duty cycle or ratio of ON/OFF periods or similarly useful timing information
to the synchronized time-gated neutron source and gamma ray detector; and that the
collimated neutron source and range-finder could be fixed in a single orientation or could be
controlled by the computer or by a live operator in pointing at different targets of interest or
fields of view.

[0063] Thus, the invention relates generally to the use of flux modulation or “pulsing” of a
neutron source 12 capable of emitting thermal, epithermal, and/or cold neutrons 10, as well as
time-gating the gamma ray detector 14 in synchronization with the time of flight of a packet
or cloud of neutrons 10, as a means to minimize signal noise, under the control of the control
mechanism 24. The invention improves upon prior art techniques by pulsing the neutron
beam 10 in such a way so as to improve the signal-to-noise ratio (SNR), by gating the gamma
ray detector 14 in synchronization, and by the use of a control mechanism 24 to coordinate
both systems. One result of pulsing the neutron beam 10 is that, during the pulses, the
neutron flux varies from high to low. The neutrons 10 stimulate, or produce, the gamma rays
18-22, including both gamma rays of interest 18 and also fratricidal 20 and other nuisance
gamma rays 22 from areas other than the target area 16 being inspected. During times when
low neutron flux arrives at any particular location, the production of all types of gamma rays

from such location 18-22, including both those that are interesting 18 and those that are noise
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20, 22, is minimized. If the gamma ray detector 14 is commanded by the control mechanism
24 to ignore gamma rays 20, 22 arriving at times other than those during which gammas of
interest 18 are physically able to arrive, then the SNR is improved.

[0064] The foregoing invention has been described in accordance with the relevant legal
standards, thus the description is exemplary rather than limiting in nature. Variations and
modifications to the disclosed embodiment may become apparent to those skilled in the art

and fall within the scope of the invention.
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What is claimed is:

1. A method for interrogating a remote target (16) with neutrons (10) to produce
gamma ray fluorescence from targets that contain at least one specified substance of interest,
said method comprising the steps of:

providing a remotely located target (16);

providing a neutron source (12) having power ON and OFF modes, the neutron source
(12) operable in its ON mode to emit neutrons (10) capable of traveling over time and
distance to reach the target (16) and there produce gamma rays of interest (18) upon
interaction with a substance of interest, the travel time of the emitted neutrons (10) to the
target (16) defining a neutron time of flight (NTOF);

providing a gamma ray detector (14) proximate the neutron source (12), the gamma
ray detector (14) having power ON and OFF modes and operable in its ON mode to detect
gamma ray signals (18-22);

powering ON the neutron source (12) for a pulse period and then powering OFF the
neutron source (12); and /

constraining the gamma ray detector (14) in its OFF mode during the pulse period and
for an immediately subsequent additional period of time generally equal to the NTOF, and
then powering ON the gamma ray detector (14), whereby any unwanted nuisance gamma
signals (20, 22) arriving at the detector (14) during the pulse period and during the

subsequent NTOF period are not detected.

2. The method of Claim 1, further including maintaining the neutron source (12)

in its OFF mode while the gamma ray detector (14) is in its ON mode.
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3. The method of Claim 1, further including determining the distance between
the neutron source (12) and the target (16) prior to said step of powering ON the gamma ray

detector (14).

4. The method of Claim 3 wherein the neutrons (10) emitted by the neutron
source (12) have a characterized velocity spectrum, and further including the step of

calculating the NTOF as a function of the neutron velocity.

5. The method of Claim 3 wherein said step of determining the distance between
the neutron source (12) and the target (16) includes measuring electromagnetic radiation from

the target.

6. The method of Claim 3 wherein said step of determining the distance between
the neutron source (12) and the target (16) includes monitoring of the reflection of acoustic

waves from the target (16).

7. The method of Claim 3 wherein said step of determining the distance between

the neutron source (12) and the target (16) includes optical sensing.

8. The method of Claim 3 said step of determining the distance between the
neutron source (12) and the target (16) includes at least one of infrared, terahertz, and

millimeter wave techniques to determine range.

9. The method of Claim 1, wherein said step of powering ON the gamma ray
detector (14) occurs for a period of time generally equal to the pulse period of the neutrons

and then powering OFF the gamma ray detector (14).
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10. The method of Claim 6, further including repeating said step of powering ON

the neutron source (12) after said step of powering OFF the gamma ray detector (14).

11. The method of Claim 1, wherein the neutron source (12) has a flux setting, and

said step of powering ON the neutron source (12) includes varying the neutron flux setting.

12. The method of Claim 1 wherein said step of powering OFF the gamma ray

detector (14) includes IGNORING gamma rays (18-22) from all sources.

13, The method of Claim 1 further including the step of providing a control
mechanism (24) operatively associated with the neutron source (12) and the gamma ray
detector (14) for independently switching the neutron source (12) and the gamma ray detector

(14) between the respective ON and OFF modes.

14. The method of Claim 1 wherein the neutrons (10) emitted by the neutron
source (12) have a velocity spectrum that may be characterized by a fastest reasonable
neutron velocity and a slowest reasonable neutron velocity, and wherein said step of
constraining the gamma ray detector (14) in its OFF mode includes constraining the gamma
ray detector (14) to its OFF mode at the initiation of the neutron source pulse period plus a
time delay generally equal to the neutron source pulse duration plus the fastest reasonable
NTOF plus an additional time period generally equal to the time difference between the

fastest reasonable NTOF and the slowest reasonable NTOF.
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15. A method for interrogating a remote target (16) with neutrons (10) to produce
gamma ray fluorescence from targets that contain at least one specified substance of interest,
said method comprising the steps of:

providing a remotely located target (16);

providing a neutron source (12) having power ON and OFF modes, the neutron source
(12) operable in its ON mode to emit neutrons (10) traveling at a spectrum of velocities over
time and distance to reach the target (16) and there to produce gamma rays (18) upon
interaction with a substance of interest, the travel time of the emitted neutrons (10) to the
target (16) defining a neutron time of flight (NTOF), the characterized velocity spectrum
including a fastest reasonable neutron velocity and a slowest reasonable neutron velocity;

providing a gamma ray detector (14) proximate the neutron source (12), the gamma
ray detector (14) having power ON and OFF modes and operable in its ON mode to detect
gamma ray signals (18-22);

providing a control mechanism (24) operative to selectively switch the neutron source
(12) between its power ON and OFF modes and to independently switch the gamma ray
detector (14) between its power ON and OFF modes;

powering ON the neutron source (12) via the control mechanism (24) for a pulse
period and then powering OFF the neutron source (12);

constraining the gamma ray detector (14) in its OFF mode via the control mechanism
(24) at the initiation of the neutron source pulse period plus a time delay generally equal to
the neutron source pulse duration plus the fastest reasonable NTOF plus an additional time
period generally equal to the time difference between the fastest reasonable NTOF and the
slowest reasonable NTOF;

and then powering ON the gamma ray detector (14) via the control mechanism (24);
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maintaining the neutron source (12) in its OFF mode via the control mechanism (24)
while the gamma ray detector (14) is in its ON mode;

determining the distance between the neutron source (12) and the remote target (16)
prior to said step of powering ON the gamma ray detector (14); and

repeating said step of powering ON the neutron source after said step of powering

OFF the gamma ray detector (14).
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16. An apparatus for interrogating a remote target (16) with neutrons (10) to
produce gamma ray fluorescence when the target (16) contains at least one specified
substance of interest, said apparatus comprising:

a neutron source (12) having ON and OFF modes and operable in said ON mode to
emit neutrons (10) capable of producing gamma rays (18) upon interaction with a substance
of interest, the travel time of the emitted neutrons (10) to the target (16) defining a neutron
time of flight (NTOF); the emitted neutrons (10) having a velocity spectrum characterized by
a fastest reasonable neutron velocity and a slowest reasonable neutron velocity;

a gamma ray detector (14) configured to recognize gamma ray signals (18-22), said
detector (14) having ON and OFF modes and operable in said ON mode to detect gamma
rays (18-22);

a target range detector (26) configured to calculate the distance between the neutron
source (12) and the remote target (16);

a control mechanism (24) operatively interconnecting said neutron source (12), said
gamma ray detector (14) and said target range detector (26), said control mechanism (24)
operable to power ON said neutron source (12) for a pulse period then power OFF the
neutron source (12) while constraining said gamma ray detector (14) in its OFF mode for a
period of time generally equal to said neutron source’s pulse period plus the fastest
reasonable NTOF plus an additional time period generally equal to the time difference
between the fastest reasonable NTOF and the slowest reasonable NTOF, and then

immediately powering ON the gamma ray detector (14).

17. An apparatus according to Claim 16, wherein said target range detector (26)

includes at least one of a RADAR and LIDAR device.

23



WO 2011/002537 PCT/US2010/030455

18. An apparatus according to Claim 16, wherein said neutron source (12)

includes a collimated pulsed neutron source (12).

19. An apparatus according to Claim 16, wherein said neutron source (12)

includes a directionally aimable pulsed neutron source (12).

20. An apparatus according to Claim 19, wherein said target range detector (26)
includes a directionally aimable target range detector (26), and wherein said control
mechanism (24) is operable to synchronize direction movements of said range detector (26)

and said pulsed neutron source (12).
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