
OBJECT EXAMINATION BY DUAL ENERGY RADIATION SCANNING AND DELAYED
NEUTRON DETECTION Related Applications [00011The present application
claims the benefit of Provisional Patent 5 Application No 60/549,093,
filed on March 1, 2004 and Provisional Patent Application No.
60/568,541, filed on May 5, 2004, which are assigned to the assignee
of the present invention and are incorporated by reference herein.
Field of the Invention [0002]Radiation scanning of objects, including
large objects such as cargo 10containers, to identify contraband.
Background of the Invention  [00031Radiation is commonly used in the
non-invasive inspection of contents of objects, such as luggage,
bags, briefcases, cargo containers, and the like, to identify hidden
contraband at airports, seaports, and public buildings, for example.
The 



15 contraband may include hidden guns, knives, explosive devices,
illegal drugs, and weapons of mass destruction, such as a nuclear or
a "dirty" radioactive bomb, for example. One common inspection system
is a line scanner, where the object to be inspected is passed between
a stationary source of radiation, such as X-ray radiation, and a
stationary detector. The radiation is collimated into a fan beam or a
pencil 20 beam. Radiation transmitted through the object is
attenuated to varying degrees by the contents. The attenuation of the
radiation is a function of the density of the materials through which
the radiation beam passes. The transmitted radiation is detected and
measured. Radiographic images of the contents of the object may be
generated for inspection. The images show the shape, size and varying
densities of 25 the contents. [0004]The stationary source of
radiation used in a common inspection system is typically a source of
X-ray radiation of about 160 KeV to about 450 KeV. The X-ray source
may be a source of Bremsstrahlung radiation, for example. The X-ray
source in this energy range may be an X-ray tube. X-ray radiation of
450 KeV will 30 not completely penetrate large objects such as cargo
containers. Standard cargo containers are typically 20 - 50 feet long
(6.1 - 15.2 meters), 8 feet high (2.4 meters), and 6-9 feet wide (1.8
- 2.7 meters). Air cargo containers, which are used to contain a
plurality of pieces of luggage or other cargo to be stored in the
body of an airplane, may range in size (length, height, width) from
about 35 x 21 x 21 inches (0.89 x 0.53 x 0.53 meters) up to about 240
x 118 x 96 inches (6.1 x 3.0x 2.4 meters). Large collections of
objects, such as many pieces of luggage, may also be supported on a
pallet. Pallets, which may have supporting side walls, may be of
comparable sizes as cargo containers and use of the term "cargo
conveyance" encompasses cargo containers and pallets. 



{00051While the smuggling of guns, explosives and other contraband
onto planes in carry-on bags and in luggage has been a well known,
ongoing concern, a less publicized but also serious threat is the
smuggling of contraband across borders and by boat in large cargo
conveyances. Only 2%40% of the 17 million cargo containers brought to
the United States by boat are inspected. "Checkpoint Terror", U.S.
News and World Report, February 11, 2002, p. 52. [0006]Atomic bombs
and "dirty bombs," which use a conventional explosion to disperse
radioactive material over a wide territory, are examples of nuclear
devices that may be smuggled in cargo conveyances and smaller
objects. Radioactive, fissionable, fissile, and fertile materials
that may be used to manufacture atomic devices, may also be similarly
smuggled in such objects. Fissile materials, such as uranium-235,
uranium-233, and plutonium-239, may undergo fission by the capture of
a slow (thermal) neutron. Fissionable materials include fissile
materials, and materials that may undergo fission by capture of fast
neutrons, such as uranium-238. Fertile materials may be converted
into fissile materials by the capture of a slow (thermal) neutron.
Uranium-23S, for example, may be converted into plutonium-239.
Thorium-232, for example, may be converted into uranium-233.
Fissionable, fissile, and fertile material are referred to herein as
"nuclear material." [0007jIdentification of nuclear devices, nuclear
materials, and radioactive materials (that may not be nuclear
materials), by manual inspection of the contents of an object, such
as a cargo conveyance, is too slow for regular use. Identification of
radioactive materials and nuclear devices by passive inspection
systems, such as a radiation detector, while faster, is difficult.
For example, the radiation detector may be positioned along a path of
an object. Since nuclear materials are typically dense, however, they
absorb most of the photons they emit. Shielding material, such as
iron, lead, tungsten, or palladium may also be used to block the
escape of radiation, preventing its detection. In addition, certain
fissile materials, such as uranium-233,  uranium-235, and
plutonium-239 while radioactive, have exceedingly long half-lives (on
the order of 104-408 years). The count rate from spontaneous decays
for such material is so low, that passive detection is not reliable.
Also, a relatively small amount of radioactive material may be
located within a large cargo conveyance. It is also difficult to
distinguish nuclear devices and nuclear materials from other dense
items that may be contained within the object by standard X-ray
scanning.   [0008] The information that may be derived about the
material composition of the contents of objects by X-ray scanning may
be enhanced by the use of radiation beams with energy spectra having
two different energy endpoints (peak energies) that interact
differently with the contents of the object. The interaction is
material dependent. For example, two X-ray beams with energy spectra
may be provided by X-ray sources with accelerating potentials of 6 MV
and 9 MV or higher, which generate X-ray radiation beams with peak
energies of 6 MeV and 9 MeV, respectively. For an X-ray beam having a
peak energy of 6 MeV, the X-ray radiation will be attenuated mainly
by Compton scattering. There is not much pair production over most of
that spectrum. For an X-ray beam having a peak energy of 9 MeV or
higher, more pair production is induced. Compton scattering also
takes place. A ratio of the transmitted radiation detected at two
energy endpoints may be indicative of the atomic numbers of the



[0010}A further complication with X-ray scanning is that measurements
of  radiation after interaction with the object under inspection are
statistical. The accuracy of a measurement of X-ray radiation
transmitted through an object is limited by the number of photons
used to make the measurement, as well as intrinsic system noise, for
example. Repeated measurements of the same quantity typically yield a
cluster of measurement values around a mean value. A plot of the
cluster of measurements typically forms a "normal distribution"
curve. The dispersion of the individual measurements (the width of
the normal distribution curve) is characterized by a standard
deviation. Using Poisson statistics in X-ray scanning with a
monochromatic X-ray beam, the percentage error of the measurements is
one (1) divided by the square root of the number of photons detected,
exclusive of system noise. As more photons are detected, the standard
deviation decreases and the accuracy of measurement increases. While
the number of photons detected may be increased by increasing the
scanning time, it is generally not acceptable to slow the throughput
rate of a typical X-ray scanning system. For example, it is
unacceptable in the current marketplace to significantly delay the
passage of cargo conveyances through ports or borders, or to delay
the screening of passenger's bags and luggage at airports. [0011]The
accuracy of a scanning system seeking to identify a material, such as
uranium, for example, may be characterized by its "sensitivity" and
its "specificity". Sensitivity is the probability that the presence
of uranium in a cargo conveyance will be identified. A system with
high sensitivity will identify more true positives (correct
identification of the presence of uranium) and fewer false negatives
(missed detection of uranium) than a system with low sensitivity.
However, increased sensitivity may result in an increase in the
number of false positives, which may not be acceptable. Specificity,
which is a statistical measure of accuracy, is the probability that
the scanning system will properly identify the absence of uranium in
a cargo conveyance, for example. A system with high specificity will
identify fewer false positives (identification of uranium in a cargo
conveyance when it is not present), than a system with low
specificity. [00121The collection of insufficient photons may result
in measurement distributions with large standard deviations. The
distributions for materials of interest, such as uranium, may
therefore overlap the distributions of other, non- threatening
materials.Therefore, it may not be clear whether a particular
measurement is indicative of a material of interest or not, resulting
in false positives. Practical, efficient, and non-intrusive methods
and systems for detection of nuclear materials hidden inside cargo
conveyances and other objects, with higher accuracy, are still
needed. Summary of the Invention [0013]Fissionable, fissile, and
fertile materials ("nuclear materials") have 



high atomic numbers (Z). For example, uranium has an atomic number
("Z") of 92 and plutonium has an atomic number of 94. Special Nuclear
Material ("SNMs"), which more readily undergo fission than other
fissile materials, are defined by the U.S. Nuclear Regulatory
Commission to include plutonium, uranium-233, and uranium enriched in
the isotopes of uranium-233 or -235. Radioactive materials, certain
of which may have lower atomic numbers than nuclear materials
(cobalt-60, for example, has an atomic number of 27), are typically
shielded by high atomic number materials, such as lead (Z=82),
tungsten (Z=74), and palladium (Z=46). Iron, which is a main material
in a majority of industrial goods shipped in cargo conveyances, in
contrast, has an atomic number of 26. Agricultural goods, which may
also be shipped in cargo conveyances, have even lower atomic numbers.
Agricultural goods are predominantly composed of carbon (-6),
nitrogen (Z--7), and water (H20, H (1=1); 0 (Z=8)), which have even
lower atomic numbers. Embodiments of the invention examine contents
of objects for the presence of high atomic number materials that may
be indicative of the presence of nuclear materials. Objects
themselves Mud objects buried underground may be examined, as well.
(0014]In accordance with embodiments of the invention, the contents
of an object is examined by scanning the object with radiation beams
having different energies, such as different energy endpoints,
calculating a function of the radiation detected at the two energies,
and determining whether the object comprises a material having an
atomic number greater than a predetermined atomic number based, at
least in part, on the function. The object may be a cargo conveyance
and both energy endpoints may be greater than 1 MeV, for example. The
energy endpoints may be 9 MeV and 5 MeV, for example. The function
may be a ratio between the radiation detected at the two energy
endpoints, for example. Such a ratio is referred to herein as a
transmission ratio ("TR"). Material having an atomic number greater
than the predetermined atomic number is referred to as high atomic
number material  ("HANM"). The first function may be compared to a
second function that is based, at least in part, on the predetermined
atomic number, to make the determination. The second function may be
a threshold, for example. The threshold may be based, at least in
part, on a ratio (also a TR) derived from scanning a test material
having the predetermined atomic number, at the same two energy
endpoints, for example. The threshold may be further adjusted by a
predetermined integral or non-integral number of standard deviations.
Varying the number of standard deviations will affect the sensitivity
and specificity of the system, typically in opposite directions. For
example, increasing the number of standard deviations may improve the
specificity, decreasing the number of false positives, but it may
also decrease the sensitivity, decreasing the detection of true
positives. Specificity and sensitivity need to be balanced in a
particular application. The object may also be buried underground,
for example. 100151A projection of a portion of the radiation beam
transmitted through a particular portion of the object, onto a
surface, such as a detector, is referred to as a "pixel." Functions
may be calculated between radiation detected at each energy, for
corresponding pixels. Corresponding pixels preferably overlap by at
least one-half, but that is not required. The projection of the
corresponding pixels onto the surface is referred to as "resultant"
pixels or just pixels. [0016]Resultant pixels meeting the test



grouping first functions of a plurality of corresponding pixels into
at least one group. The method further comprises calculating a second
function based on the first functions of at least certain of the
plurality of pixels in the at least one group and determining whether
the object at least potentially contains material having a high
atomic number greater than a predetermined atomic number, based, at
least in part, on the second function of the at least one group.
[00181In accordance with a related embodiment, a method of examining
contents of an object is disclosed comprising scanning an object with
first and second radiation beams at first and second energies, as
above. The method further comprises detecting first and second
radiation transmitted through the object at the first and second
energies. The method then continues by calculating ratios between
functions of the first radiation and functions of the second
radiation for each of a plurality of pairs of corresponding first and
second pixels and storing the respective ratios in an array
comprising rows and columns corresponding to the resultant pixels.
The method further comprises comparing the respective ratios with a
threshold that is a function of a predetermined atomic number and
selecting at least one examination window comprising a plurality of
rows and columns of respective ratios. The method continues by
determining whether the object at least potentially contains material
having an atomic number greater than the predetermined atomic number
based, at least in part, on whether a predetermined number of
respective ratios in each of the at least one examination windows
meeting criterion with respect to the respective ratios and the
threshold, is greater than a predetermined number. [00191In
accordance with another related embodiment, a method of examining
contents of an object is disclosed wherein an object is also scanned,
radiation is detected, ratios are calculated and compared to a
threshold, as above. The method continues by grouping a plurality of
resultant pixels, calculating a function of the ratios of the
grouping, and comparing the function with the threshold. The method
further comprises determining whether the object at least potentially
contains material having an atomic number greater than the
predetermined atomic number based, at least in part, on the
comparison of the function of the ratios of the grouping to the
threshold. [0020]In accordance with another related embodiment, a
system for examining contents of an object is disclosed comprising at
least one radiation source to scan at least a portion of an object
with first and second radiation beams at first and   second radiation
energies. At least one detector is positioned to detect radiation at
the first and second radiation energies after interaction with the
object. At least one processor is coupled to the detector. The at
least one processor is programmed to calculate first functions of the
radiation detected at the first and second energies, for
corresponding first and second pixels, group first functions of a
plurality of corresponding pixels into at least one group, and
calculate a second function of the first functions of the plurality
of pixels in the at least one group. The at least one processor is
further programmed to determine whether the object at least
potentially contains high atomic number material having an atomic
number greater than a predetermined atomic number based, at least in
part, on the second function of the at least one group. [0021]Since
the identification of the presence of nuclear materials (fissionable,



[0022]In accordance with another embodiment of the invention, a
method of examining contents of an object is disclosed comprising
conducting a first examination of an object and checking for the
detection of delayed neutrons, if the first examination indicates
that suspect material is present. The method further comprises
determining whether the object contains nuclear material based, at
least in part, on the check for detection of delayed neutrons.
[0023]In accordance with another embodiment of the invention, a
method of examining contents of an object is disclosed comprising
determining whether an object at least potentially contains material
having an atomic number greater than a predetermined number and, if
so, determining whether the object contains nuclear material.
[0024]In accordance with another embodiment of the invention, a
system for examining contents of an object is disclosed comprising at
least one radiation source, a first detector to detect radiation from
the at least one source after interaction with the object, and a
second detector to detect neutrons. The system further comprises at
least one processor coupled to the first and second detectors. The
processor is programmed to process data from the first detector to
determine if the object at least potentially contains suspect
material and process data from the second detector to determine
whether the object contains nuclear material. [0025]In accordance
with another embodiment of the invention, a system for  examining
contents of an object is disclosed comprising means for scanning at
least a portion of an object at first and second radiation energies,
wherein the first radiation energy is different than the second
radiation energy. The system further comprises means for detecting
radiation photons at the first and second radiations, after
interaction with the object, and means for detecting neutrons. Means
for determining whether the object at least potentially contains
material having an atomic number greater than a predetermined atomic
number based, at least in part, on the radiation detected at the
first and second energies by the first detector, is also provided.
The system also comprises means for determining whether the object
contains nuclear material based, at least in part, on data received
from the second detector.  [0026]The term "radiation energy" refers
to an energy characteristic of the radiation beam. The characteristic
may be the energy endpoint or peak energy of the beam, for example.
The radiation energy may also refer to an average or nominal value of
the energy of the beam. Other characterizations of the energy of the
beam may be used, as well. 



Brief Description of the Drawings [0027]Fig. la is a graph of
measurements of transmitted radiation at 9 MeV and 5 MeV as a
function of transmitted radiation at 9 MeV, for a variety of
materials;  [0028] Fig. lb shows a surface plot of ratios of
transmitted radiation at 9 MeV to transmitted radiation at 5 MeV,
through a piece of iron adjacent to a piece of lead;  [0029] Fig. I c
shows five curves representative of ratios of simulated measurements
of transmitted radiation at 9 MeV to 5 MeV as a function of
transmitted radiation at 9 MeV, through identified materials;
[0030]Fig. 2 is a schematic representation of an example of a portion
of an X-ray image of a cargo conveyance; [0031]Fig. 3 is an example
of an array of values of X-ray radiation of 9 MeV transmitted through
a portion of a cargo conveyance, at a plurality of pixels; [0032]Fig.
4 is an example of an array of values of X-ray radiation of 5 MeV
transmitted through the portion of the cargo conveyance of Fig. 6, at
a plurality of pixels; 100331Fig. 5 is an example of an array of
transmission ratios ("TRs") for a group of resultant pixels based on
the X-ray radiation measured in Figs. 3 and 4; in accordance with an
embodiment of the invention; 



[0034]Fig. 6a is a flow chart of an example of a method for
calculating TRs for use in embodiments of the invention; [0035]Fig.
6b is a flow chart of an example of a method to adjust detected
radiation through a dense region of an image by background;
[0036]Fig. 7 is a bar chart of the minimum number of low TR pixels
required to achieve al in 10,000 false alarm ram for various sizes of
examination windows and various standard deviations, in an embodiment
of the invention; [0037]Fig. 8 is a flow chart of an example of an
"examination window test," in accordance with the embodiment of Fig.
7; [0038]Fig. 9 is a flow chart of an example of a method for
providing an output of an examination to an operator, in accordance
with embodiments of the invention; [0039]Fig. 10 is a flow chart of
an example of a "contiguity test," in accordance with another
embodiment of the invention; 



[0040]Fig. 11 is an example of an array of TRs for a group of pixels
representing a portion of a cargo container, for use in embodiments
of the invention; [0041]Fig. 12 is a flow chart of an example of a
"matrix test," in accordance with the embodiment of Fig. 11;
[0042]Fig. 13 is a flow chart of an example of a method for
calculating thresholds, in accordance with an embodiment of the
invention; [0043]Fig. 14 is a flow chart of an example of a method
for selecting a  threshold based on the contents of a cargo
conveyance, in accordance with another embodiment of the invention;
[0044]Fig. 15a is an example of a method for examining an object for
the presence of nuclear materials, in accordance with another
embodiment of the invention; [00451Fig. 15b is an example of another
method for examining an object for 



the presence of nuclear material, in accordance with another
embodiment of the invention; (0046)Fig. 16 is a front view of a cargo
scanning system programmed to implement embodiments of the invention;
[0047]Fig. 17 is a top view of a portion of a cargo scanning system
similar to the system of Fig. 15, showing two adjacent sources of
X-ray radiation; [0048]Fig. 18 is a schematic, perspective view of
another X-ray scanning system that may implement embodiments of the
invention; and [00491Fig. 19 is a rear view of the system of Fig. 18.
Description of the Preferred Embodiments  [00501In accordance with
embodiments of the invention, a function of the transmission or
attenuation of radiation through an object at two different energies
is used to classify the object or items or regions within the object
as a high atomic number material ("FIANM"), which may be a nuclear
material or shielding for such material. The function may be a ratio.
The ratio or other such function may be compared to the same function
of transmission or attenuation of radiation at the same two energies
through a test material of known atomic number. Material may be
classified as HANM if it has a higher atomic number than the test
material. The test material may be any material with an atomic number
less than the atomic number of a material of concern. The test
material may be iron, for example. The object may be a cargo
conveyance, for example. Also, in accordance with embodiments of the
invention, the determination may be made to a desired degree of
statistical confidence. (0051)Iron has an atomic number ("Z") of 26.
Since typical items in a cargo 



conveyance comprise iron and other materials with atomic numbers less
than iron, the presence of any material having an atomic number
greater than iron is suspicious. It is therefore sufficient to screen
for HANMs, without identifying the particular material (although that
is an option). While some HANM may not be nuclear materials,
non-nuclear H_ANMs, such as lead (Pb, Z=82), tungsten (W, Z=74), and
bismuth (Si, Zr-83) may be used to shield nuclear materials, and are,
therefore, also suspect materials. The presence of legitimate HANMs
in cargo conveyances and the like is rare, and when they are present,
they should be identified on a manifest for the cargo conveyance.
Silver (Ag, 1=47), for example, has medical, industrial, and
photographic uses. If silver is being shipped for such legitimate
uses, it should be identified on the manifest. In addition, nuclear
material may be distinguished from other HANM by their transmissions
and shapes in an image. Checking the manifest and visually inspecting
an X-ray image of the cargo conveyance may thereby avoid
identification of the HANM as a nuclear material, decreasing the
incidence of false positives. [00521To demonstrate that ratios of
transmission through different materials at different energies
enables classification of materials as HANM, samples of iron, lead,
lucite, and tungsten were scanned with radiation beams having nominal
energies of 9 MeV (measured half value layer ("HVL") 1.16 inches,
2.95 cm) and 5 MeV (HVL 1.04 inches, 2.64 cm). The radiation beam was
provided by an M9 LinatronG linear accelerator, available from Varian
Medical Systems, Inc., Palo Alto, California, that was set to run at
8.5 MeV and 4.5 MeV. The M9 may be switched from one energy endpoint
to another energy endpoint. Each sample was scanned at one energy end
point, data was collected, and then the sample was scanned at the
second energy endpoint and data was collected. Radiation transmitted
through each sample was detected by a PaxscanG 4030 gadolinium oxide
(GdO) scintillator about two meters from the source, positioned along
a central axis of the source. The electronics portion of the detector
was covered by lead. For the 8.5 MeV data acquisition, the detector
was run at 300 pulses per second ("pps") and the detector was run at
1.5 frames per second ("fps"). For the 4.5 MeV data acquisition, the
source was run at 200 pps and the detector was run at 3 fps. The
images were summed over 128 frames. [00531Samples of the iron, lead,
and Incite of varying thicknesses were individually placed between
the source and the detector. The different thicknesses resulted in
different amounts of transmission. For each sample, two images were
acquired and stored in .viv format. Each image was normalized to
correct for detector non-uniformities, and stored. In addition,
samples of different materials were placed next to each other. For
example, tungsten and iron were separately placed next to lead. Also,
samples of multiple materials were placed one behind another, along
the  direction of the beam. For example, tungsten and lead were
separately placed behind iron. [0054]Each image was processed by
ImageJ, image processing and analysis in Java, a freeware program
available from the National Institutes of Health at
http://rsb.info.nih.gov/W, for example. Other image processing
software known in the art could be used, as well. A histogram of the
region of interest of an image was obtained at a fixed location in
each image and the mean and standard deviation of the data collected
from the region of interest were recorded. In some cases, when two
different materials were placed next to each other, regions of



histogram mean of the image by a histogram mean of an image it the
same energy without the sample present, to normalize the image. A
ratio of the energy transmissions at 8.5 MeV to 4.5 MeV were then
calculated and recorded. The transmission at 8.5 MeV was also
recorded. [0056]The results are shown in Fig. la, which is a graph of
the ratio of the transmission of a radiation beam having a nominal
energy of 9 MeV to the transmission of a radiation beam having a
nominal energy of 4.5 MeV, along the Y axis, versus the transmission
at 8.5 MeV, along the X axis. The X axis is semi-logarithmic. Curve A
is a guide to the eye connecting calculated ratios at different
transmissions, which correspond to different thicknesses of the
sample, for iron. Curve B connects calculated ratios at different
transmissions for lead. Curve C connects calculated ratios at
different transmissions for Incite. Point D shows the ratio for iron
next to tungsten. Point E shows the ratio for lead next to iron.
Point F shows the ratio for transmission through 1.5 inches (38.1 mm)
of tungsten behind 3 inches (76.2 mm) of iron. Point G shows the
ratio for 1.5 inches (38.1 mm) of tungsten behind 3 inches (76.2 mm)
of iron in a different image. Point H shows the ratio for 3 inches
(76.2 mm) of lead behind 3 inches of iron (76.2 mm). [0057]The curves
and points in Fig. la show good separation between materials at low
transmission (high attenuation). Iron, lead, and Lucite may be
clearly distinguished at transmissions of about 0.1 and less, as can
tungsten and lead behind iron. In addition, the position of the
curves with respect to each other shows that the   ratios for
materials decrease as the atomic number increases, in this example.
Materials may therefore be classified as HANM based on the ratios for
each material and comparison to a respective ratio to a ratio of
iron, for example. It is noted that the curves converge as complete
transmission (X=1) is approached. Separation could probably be
determined at higher transmissions (less attenuations), as well, if a
greater number of photons are detected and there is less scatter, in
an optimized system, for example. [0058]Fig. lb is a surface plot of
a ratio image between transmission at 8.5 MeV to transmission at 4.5
MeV, through 3 inches (76.2 mm) of steel (iron) adjacent to 1.5
inches (38.1 mm) of lead. Different thicknesses are used so that the
transmission was the same through both materials. Portion I of the
image is that of steel (iron) and portion J of the image is that of
lead. The steel (iron) and lead have about the same energy
transmission at 8.5 MeV, as measured by the detector. The ratios are
significantly different. The roughness in each surface is due to
statistical variations in the ratio measurement. The two materials
may be readily distinguished because their ratios are separated by
many standard deviations. Where the transmission is lower, the
standard deviations will be larger, the ratios will be closer
together, and more sophisticated statistical analysis would be
required. [0059]In the experiment described above, the source and the
detector were 



close together, requiring a wide radiation beam, which decreases the
uniformity of incident radiation. In addition, scatter was not
reduced and the detector efficiency was low. Fig. lc shows five
curves depicting simulated ratios of radiation transmitted through
five (5) different materials at 9 MeV to transmitted energy at 5 MeV,
as a function of the energy transmitted at 9 MeV, based on a
simulation without these problems. The detector comprises 30 mm
cadmium tungstiate (CdW04). In the simulation, scatter was reduced,
the source and the detector were further apart and (about 13 meters)
as compared to the actual test, above. The materials were water
(H20), aluminum, iron, uranium, and gold, as indicated. The curves
are smoother than in the test above, and converge as transmission at
9 MeV increases. As above, at high attenuation of the incident
radiation (low transmission), there is significant separation among
the different materials. The separation, which increases as
transmission decreases (attenuation increases), shows a dependence on
atomic number. In addition, the ratio decreases as the atomic number
increases, in this   example. If the ratio was calculated by dividing
the lower energy by the higher energy, then the ratio would increase
as the atomic number increases. [0060]Without being limited to any
particular theory, it is believed that the relationship between the
ratio and the atomic number results from the differential effects of
Compton Scattering and pair production at different energies. With
low atomic number materials (such as aluminum (Z=I3) and water (1120,
H (Z=1), 0 (Z=8)), Compton scattering is the dominant mechanism at
high energies, such as 9 MeV. Compton scattering causes the low
atomic number materials to scatter lower energy photons, such as 5
MeV photons, at a higher rate than they scatter higher energy
photons, such as 9 MeV photons, which increases the ratio of
transmitted radiation for low atomic number materials. For higher
atomic number materials, such as silver (Z=47) and uranium (Z=92),
pair production causes removal of the high energy photons, thus
reducing the ratio. In addition, the variation of the ratio is less
sensitive to changes in energy transmission, resulting in a nearly
flat curve as energy transmission increases. [0061]In Figs. la and 1
c, if iron (Fe, Z=26), which has the highest atomic number among
materials commonly found in cargo conveyances, is used as a test
material, calculated ratios less than the ratio of iron is indicative
of the presence of a material having an atomic number greater than
iron. As discussed above, typical items in a cargo conveyance
comprise iron and other materials with atomic numbers less than iron.
The presence of any material with an atomic number greater than iron
is, therefore, suspicious. [0062]Figs. la and le also show that as
the energy transmission increases (because the materials are
thinner), the difference between the ratios for different materials
decreases. While Figs. la and le show greater differences between the
ratios for different elements and substances as energy transmission
decreases (for thicker objects), it is noted that as the energy
transmission gets smaller, fewer photons per pixel may be detected.
This may increase the error margin of the measured ratio, decreasing
the accuracy with which materials may be differentiated. Embodiments
of the present invention account for the noisy data, statistically.
[0063]In examples of embodiments of the present invention, the
relationship between the ratio of transmission or attenuation of
radiation through a material at two different energies and the atomic



an object at least potentially contains materials having atomic
numbers greater than a   predetermined atomic number, which is
considered to be a high atomic number material ("HANM"). The
predetermined atomic number is selected so that the HANM may be a
nuclear material or shielding for a nuclear material. [0064]In one
example, an object is scanned with at least two different X-ray
energy distributions or spectra having different maximum energy
levels, which is also referred to as endpoints or peak energies.
Examples of energy distributions that may be used include 5 MeV and 9
MeV, I MeV and 9 MeV, and 5 MeV and 15 MeV. The radiation transmitted
through the object at the two different energy endpoints is measured
by detector elements of a detector array. Radiation may also be
detected at each energy end point after being transmitted through the
air just before an object enters the respective, radiation beam, for
example, for use in normalization. Normalization for air transmission
is optional. Each detector element receives radiation along a beam
path through portions of the object, from the X-ray source to a
detector element. A projection of the radiation transmitted along
each beam path, onto a surface, is referred to as a "pixel." The
surface may correspond to all or a part of a receiving surface of the
detector array, which may be flat or curved, for example, as is known
in the art. Each pixel may correspond to one or more detector
elements of the detector array. If an image is generated, which is an
option but is not required in embodiments of the present invention,
the pixels may correspond to pixels of the image. [0065]A function of
the detected radiation at the two different energy  endpoints for
corresponding portions or pixels is calculated. "Corresponding"
portions or pixels result from the same or substantially the same
beam path through the object Since the object is typically being
moved across a radiation beam during scanning, the object may be
moved a slight distance between scanning at the first and second
energy endpoints. Corresponding pixels may not, therefore, be derived
from exactly the same beam path through the cargo conveyance.
Preferably pixels are considered to be "corresponding" if their
respective beam paths through the cargo conveyance overlap by at
least one-half, although that is not required. For example, the
pixels may overlap by less than half. It will be apparent to those
skilled in the art that in certain cases, such as if less sensitivity
and specificity may be tolerated, corresponding pixels may be
proximate to each other (within a few pixels of each other) and need
not overlap.  [0066]As discussed above, the function may be a ratio
between the radiation  detected at the higher energy endpoint (such
as 9 MeV) and the radiation detected at the lower energy endpoint
(such as 5 MeV), or vice versa, for example. Such a ratio is referred
to as a transmission ratio ("TR"). To calculate the TR in one
example, transmitted radiation detected at the higher energy endpoint
is divided by transmitted radiation detected at a lower energy
endpoint for a plurality of corresponding pixels. TRs for the
corresponding pixels, referred to as "resultant pixels" or just
pixels, may be represented as an array or a matrix of numbers
(corresponding to the ratios) associated with the positions of
respective resultant pixels. Instead of measuring radiation
transmission, radiation attenuation may be measured and used in the
ratio. Other functions may be used, as well. For example, an
asymmetric parameter function may be used, such as a ratio between:



[0068]Preferably, the test material has an atomic number equal to or
greater thanthe highest atomic number of acceptable materials. For
example,  radioactive materials, such as uranium (Z=92) and plutonium
(Z=94), are of particular concern because they can undergo
self-sustaining fission reactions. The test material, therefore,
preferably has an atomic number less than the atomic number of
uranium. As mentioned above, lead (Z=82), tungsten (Z=74), and
bismuth (Z=83) are also of concern because they may be used to shield
radioactive material. More preferably, the test material therefore
has an atomic number less than tungsten. It is even more prefened
that the test material be iron (Z=26), which is the highest atomic
number material commonly found in cargo conveyances and luggage in
significant quantities. Copper (Z=29) and nickel (Z=28), which have
atomic numbers close to iron, may also be used. If the cargo
conveyance or other such object contains agricultural products, which
may be determined based on a manifest for the cargo conveyance, for
example, then a threshold based on a test piece of a plastic, such as
Lucitee or Delda may be used. Iron, copper, nickel or other materials
having atomic numbers less than the materials of concern may be used
in the analysis of cargo conveyances containing agricultural goods,
as well. [00691The result of the comparison of the TR of the pixels
to the threshold is indicative of whether the atomic number of the
material in the volume of the object traversed by the radiation beam
is above or below that of the material of the test piece. In the case
where the TR is calculated by dividing a value of a high energy pixel
by a value of a corresponding low energy pixel, if the TR is less
than the threshold, then the volumes traversed by the radiation beams
resulting in those pixels at least potentially comprises material
having a higher atomic number than the material of the test piece and
is identified as at least a potential HANK Materials below that
atomic number are classified as non-HANM. In the case where the TR is
calculated by dividing the value of a low energy pixel by the value
of a corresponding high energy pixel, if the 'lit is greater than the
threshold, then the volumes traversed by the radiation beams
resulting in those pixels at least potentially comprise material
having a higher atomic number than the material of the test piece and
is identified as at least a potential HANM. It is noted that in
accordance with these embodiments of the invention, it is not
necessary to identify the atomic number of the material, although
that is an option, as is known in the art. U.S. Patent No. 5,524,133,
for example,  which is discussed above, describes a dual energy
technique for identifying a mean atomic number of material based on a
ratio of X-ray radiation detected at each energy. [0070] Fig. 2 is an
image 10 of a portion of cargo conveyance containing an item 405, an
item 410, and selected pixels, including illustrative pixels A, B, F,
G, and H. The pixel A lies within the item 405. The pixel B lies
within the item 410. An examination window W, discussed in detail
below, is also shown. The size of the pixels may depend on the size
and/or number of detector elements comprising the detector, imaging
integration time, etc. The smallest pixel size may correspond to a
single detector element or number of detector elements. In one
example, the size of each detector element and each pixel is 0.5 cm x
0.5 cm. [0071]If the radiation beam used to scan the cargo conveyance
10 is a vertical fan beam, Fig. 2 is representative of a combination
of a plurality of adjacent vertical, one dimensional scanning arrays



and analyzing TRs that may be implemented automatically by an X-ray
scanning system. In this example, transmission is detected at 5 MeV
and at 9 MeV for a  plurality of corresponding pixels, in Steps 801
and 802, respectively. In Step 803, the TRs for each resultant pixel
are calculated by dividing the measured transmitted radiation at 9
MeV at a pixel by the measured transmitted radiation at 5 MeV at a
corresponding pixel, as shown in Fig. 5. A current resultant pixel is
then selected for analysis, in Step 805. In this example, the
resultant pixel A is selected. A threshold for comparison with the TR
of the current pixel is preferably selected based on the detected
transmission at one of the energy endpoints, in Step 808. It may be
necessary to calculate an applicable threshold based on interpolating
stored thresholds, as is discussed further, below. In Step 808, this
selection is based on the detected transmission at 9 MeV. It may be
based on the detected transmission at 5 MeV, instead. The selected
threshold in this example is 4.35. [0074]It is then determined
whether the TR of the current resultant pixel A is  below the
threshold of 4.35, in Step 810. Since 2.5 is less than 4.35, this
condition is satisfied. Resultant pixel A may, therefore, be an HANM.
The pixel is "marked" as a potential HANM by flagging its place in
the array of Fig. 6a, in Step 815. It is then determined whether the
resultant pixel A is the last pixel to be analyzed, in Step 820.
Since there are other pixels to be analyzed, the condition is not
satisfied and the method returns to Step 805 to select a new pixel
for analysis, and the method continues. After the computer has
completed analysis of the TRs of all the pixels, the condition in
Step 820 becomes true as the current pixel is the last pixel. The
processing steps of the method 800 may be conducted by a processor,
such as a computer, of the scanning system. [0075]The throughput of a
scanning system may be increased by conducting  a prescan by known
techniques to determine whether the object contains one or more dense
regions that warrant further examination. If so, one or more of the
tests described herein may be conducted. If not, the object may pass
through the system without further examination. The prescan may
comprise scanning the object with a radiation beam having one of the
energy endpoints. Use of the lower energy endpoint radiation beam is
preferred because it is generally more sensitive. The results may be
analyzed for radiation attenuation or transmission indicative of a
possible suspect material. This may be done automatically by
comparing the detected radiation or contrast with a threshold, for
example. Images may be generated and visually examined, as well.
[0076]A radiation beam path intercepting an HANM will typically
intercept "background" material, such as agricultural materials or
manufactured goods in front of and/or behind the HANM. The
sensitivity and specificity of the scanning system 100 may be
improved by normalizing for the background of the suspected HANM by
separately calculating the TR of each pixel of a suspected HANM
embedded within the background material, based on the transmitted
radiation of the background material and the transmitted radiation
for a combined suspected HANM and background material occupying the
same beam path. Based on image processing techniques known in the
art, such as segmentation, the boundaries of dense regions indicative
of a possible HANM may be identified with respect to the background.
Such dense regions may be identified in a prescan of the object being
examined, at one of the energy endpoints, as discussed above. Then



[0078)Fig. 66 is an example of a method 850 that may be executed by a
processor, such as a computer, to adjust detected radiation through
suspect dense regions of an object, for the background of the dense
regions. A dense region of an  object is identified, in Step 855. The
dense region may be identified in a prescan of the object at one of
the energy endpoints, for example. The boundaries of the dense region
are determined, in Step 860. Image processing techniques, such as
segmentation, which are well known in the art, may be used, for
example. [00791The background of the dense region is identified, in
Step 862, and the average transmission through the background at each
energy endpoint is determined, in Step 864, as discussed above. The
detected radiation for each pixel of the dense region, which includes
background along the beam path, is divided by the average detected
radiation transmitted through the background, at each energy
endpoint, in Step 866. The result is the transmitted radiation of the
dense region at each energy endpoint, without the effect of the
background along the beam path. The method may then proceed to Step
803 of Fig. 6a to calculate TRs for resultant pixels of the dense
region based on the calculated transmissions for corresponding
pixels, and to compare the TRs to thresholds. [0080]The sensitivity
and specificity of the determination that a low TR pixel is at least
potentially indicative of an HANM based on the comparison of
individual TRs to thresholds may not be sufficient for particular
applications. Embodiments of the invention seek to further improve
the specificity and sensitivity of this determination by increasing
the number of pixels analyzed. A processor, such as a computer, of
the scanning system may further analyze the resultant data in
accordance with the embodiments of the invention, described below.
The Examination Window Test [0081]In one embodiment of the invention,
the number of pixels having TRs below the threshold ("low TR pixels")
contained in a grouping of pixels having a predetermined area,
referred to as an examination window, is examined. The examination
window may be a 3 pixel x 3 pixel or 9 pixel x 9 pixel matrix of
pixels, for example. A 9 x 9 pixel examination window W is shown in
Fig. 2. If the number of the low TR pixels in the examination window
exceeds a predetermined number, then HANM is considered to be
present. The threshold value (average TR of a test piece minus/plus a
value of standard deviations), the window size, and the minimum
number of low TR pixels to be considered a threat may be chosen such
that the probability that a non-HANM would meet the threat criterion,
times the number of independent examination windows in an object
(independent windows do not share 



common pixels) having at least one pixel below the threshold, is less
than a desired sensitivity and specificity. Selection of the size of
the examination window and the number of the standard deviations to
be subtracted from the average TR of the test material to calculate
the threshold is based on the following statistical analysis. This
test is referred to as "the examination window test." [00821The size
of the examination window may correspond to the cross- sectional area
of the smallest HANM of concern that the scanning system can detect.
HANM is typically smuggled in the shape of a sphere. The examination
window may be the largest square fitting within a cross section of
that sphere. Once the window size has been chosen, one chooses a
threshold value and a minimum number of pixels below the threshold
that if found will be considered a threat. Preferably, the smallest
standard deviation is chosen because as the number of standard
deviations increases, the probability of a response from a true H.ANM
decreases. The threshold and minimum number are chosen such that the
probability that a non-HANM will meet the detection criterion times
the number of independent examination windows analyzed is less than a
desired false alarm rate. An example of an acceptable false alarm
rate is less than I in 100. Less than 1 in 1,000 is preferred. Less
than 1 in 10,000 is more preferred. [0083]In one example, a test
piece of iron is scanned at the same two energy endpoints that will
be used to scan cargo conveyances by that same scanning system. The
TR measured at each pixel is considered to be an independent
measurement of the TR for iron. For each value (integer or
non-integer number) of standard deviations below the average TR of
the test object, there will be a probability per pixel "p" that a
single measurement will be less than the average TR minus that given
value of standard deviations due to statistical fluctuations and not
due to the presence of HANM. After "N" pixels are examined, there is
a probability "P" that exactly "n" of these pixels will be below the
threshold, also due to statistical fluctuations. This probability is
given by the binomial distribution: P(njN)=N!  MIN - n)! Pr 0 -13/N-a
[0084]The probability of every expected outcome can therefore be
calculated. Those low TR pixels that have some very small probability
of occurring statistically, and therefore have a high probability of
being a true HANM, may be identified. A  



false alarm rate, "Fra", for a given situation is set and the
probability of all the low TR pixels that would seem not to indicate
the presence of a high atomic number material is evaluated. These
probabilities are added until the difference between the sum and
unity is less than Pra. This sum of probabilities corresponds to the
number of low TR pixels that will be false positives. Any number of
low TR pixels above that corresponding number indicates the presence
of a true HANM. [0085]For example, assume a 9 x 9 pixel window and a
threshold equal to the average TR for iron minus two standard
deviations. Then the probability per pixel that a pixel is below the
threshold due to statistical fluctuations is p=0.02275. The
probability P(n/N) of seeing n pixels below the threshold in the 9 x
9 window due to statistical fluctuations is: n P(n181) Sum of
Probabilities 0 0.1550 0.1550 1 0.2923 0.4474 



2 0.2722 0.7197 3 0.1669 0.8865 4 0.0757 0.9623 5 0.0272 0.9894 



6 0.0080 0.9974 7 0.0020 0.9994 8 0.0004 0.9999  [00861The
probability P(n/81) that eight (8) pixels will be found below the
threshold due to a statistical fluctuation is 0.0004. The sum of
probabilities that eight (8) pixels will be found below the threshold
due to statistical fluctuation is 0.9999. Therefore, there is a 1 in
10,000 chance that if eight (8) or more pixels are found below the
threshold, it is due to a statistical fluctuation and not to the
presence of HANM. This is the false negative or false alarm rate Pra.
per examination window, 



based on eight (8) or more pixels. The probability that nine (9) or
more low TR pixels are the result of a statistical fluctuation is
less than the false alarm rate Pra of 1 in 10,000, in this example.
Therefore, to achieve a false alarm rate Pik of less than 1 in
10,000, per window, then 9 or more pixels with a low TR need to be
found in an examination window. p0s71Fig. 7 is a bar chart of the
minimum number of low TR pixels required to achieve a 1 in 10,000
false alarm rate Pfa for various sizes of examination windows and
standard deviations. If one chooses a relatively large number of
standard deviations (3 or more), for example, the examination window
size may be relatively unimportant because the minimum number of
pixels required to indicate HANM at that false alarm rate Pra changes
by only a small amount (a fraction of a pixel). If one uses a fairly
small number of standard deviations, such as 1, then the minimum
number required to indicate the presence of HANM at a particular
false alarm rate Pia is a fairly strong function of the examination
window size. For example, with a 9 x 9 matrix window size and 1
standard deviation, 27 pixels are required to indicate HANM with the
false alarm rate Pia of 1 in 10,000. With an 8 x 8 matrix window
size, 24 pixels are required. [0088]Two examinations may be
conducted, one with a larger examination window, to detect larger
masses of HANM, and another with a smaller window, to detect smaller
masses. As discussed above, in this system, a 9 x 9 matrix may be
used to detect larger masses. The smaller window may be a 3 x 3
matrix, for example. With a 3 x 3 matrix, the number of standard
deviations subtracted from the average TR of the test object may be 2
or 2.5, for example. At 2.5 standard deviations and a 3 x 3 matrix,
the presence of 3 pixels below the threshold would indicate HANM with
a false positive rate of I in 10,000, as shown in Fig. 7. The
examination window test may be the sole test for determining whether
an HANM is present, or it may be used in conjunction with other
examination techniques, including the other embodiments of the
invention discussed below. [0089]The entire object may be examined by
analyzing an examination window moved across the TRs of the object.
For example, the window may be positioned starting in one location,
such as in a corner of the object, and then moved to the opposite
corner, one column of pixels at a time. Subsequently, the examination
window may be moved down by one row of pixels and then across the
TRs, one  column of pixels at a time. The pixels in each window are
analyzed and the analysis ends when all the possible examination
windows of the object have been analyzed. [0090]In an example of an
implementation of the examination window test, during operation of
the cargo scanning system, the cargo conveyance is subjected to two
X-ray radiation beams, each with a different energy endpoint, such as
at 9 MeV and 5 MeV. The radiation at each radiation endpoint is
detected by a detector after interaction with the cargo conveyance.
An example of a cargo scanning system that may be programmed to
implement this and other embodiments of the invention is discussed
below. 



[0091]Fig. 8 is an example of a method 900 that may be executed by a
processor, such as a computer, for example, to implement the
examination window test. After calculation of the TRs of the
resultant pixels, in the method 800 of Fig. 6a (and optionally in
conjunction with the method 850 of Fig. 6b), for example, the
computer selects a pixel and constructs an examination window, such
as a 9 x 9 matrix, centered about the selected pixel, in Step 910.
The computer identifies a number of the low TR (marked) pixels in the
examination window, in Step 912, and compares it with a predetermined
number, in Step 915. The predetermined number is the highest
statistically determined number of low TR pixels that can be false
positives (a pixel having a low TR even though the pixel is not an
HANM), under the selected conditions, as discussed above. Computation
of the threshold is described further below, with respect to Fig. 13,
for example. [0092]If the number of low TR pixels is greater than or
equal to the predetermined number, an area of the cargo conveyance
corresponding to the low TR pixels is classified as an HANM, in Step
920. If the number of the low TR pixels in the examination window is
less than the predetermined number, it is determined whether the
current examination window is the last examination window to be
analyzed, in Step 925. [0093]If not, the examination window is
shifted one column of pixels to the  left one row of pixels down, as
appropriate, to construct a new current examination window, in Step
910. Then the computer repeats all the steps of the method 900, as
described above. The method 900 may be repeated with a smaller
examination window, different number of standard deviations and
different predetermined number. If the current examination window is
the last window to be analyzed, an output is provided to an operator,
in Step 930.  [00941Fig. 9 is an example of a method 950 that may be
executed by the processor, such as a computer, to display the results
of the analysis to the operator of the cargo scanning system 100. In
Step 960, the processor checks whether there are any examination
windows with a number of marked pixels greater than or equal to the
predetermined number, as determined in Step 915 of the method 900,
for example. If the number of marked pixels, if any, is not greater
than or equal to the predetermined number in any examination window,
the processor proceeds to Step 970 and displays a message "No HANM."
If the number of marked pixels in any examination window is greater
than the predetermined number, the processor proceeds to Step 980 to
display a message "HANM Found," for example, thus alerting the
operator to the presence of a high atomic number material in the
cargo conveyance. The processor may also display the images of the
examination window or windows showing the presence of an HANM, in
Step 990. An entire image including the windows may be displayed
instead of or along with the images of the windows, as well. [0095]If
the output indicates that HANM is present, the operator may then have
several options. For example, a manifest for the cargo conveyance may
be checked to determine whether HANM has been properly declared and
is not a threat. The HANM may be an HANM but not a radioactive
material, for example, such as silver for industrial or medical use,
which should be identified on the manifest. The HANM may also be a
radioactive material for medical use, which should be declared on the
manifest. The operator may also cause the scanning unit and the
processor to perform additional scanning of the cargo conveyance
and/or mathematical analysis of measurements, including other tests



conveyance may be considered to "pass" the inspection. However, if
the operator still suspects HANM are present (based on the prescan,
for example), the operator may still conduct a manual inspection.
Also, if the method 850 of Fig. 6b was not used in conjunction with
the calculation of TRs in the method 800 of Fig. 6a, the method 850
may be conducted, the TRs recalculated, and then analyzed as
described above. If HANM is still not shown, any or all of the the
other tests described herein, or other  tests known in the art, may
be conducted. Once the operator is satisfied, the cargo conveyance
may be "passed." The Contiguity Test [0097]Once a first resultant
pixel meeting the test criterion is found (as described with respect
to Fig. 6; for example), another way to increase the number of
resultant pixels analned is to analyze the pixel's environment to
identify pixels contiguous to that pixel that also meet the test
criterion. Analyzing the environment of that first resultant pixel
increases the statistical accuracy (decreases the standard deviation)
of the measurements because it is more likely that the first pixel is
part of an HANM if contiguous pixels are also part of an HANM.
Analyzing pixels surrounding the first pixel also effectively
increases the number of photons contributing to a determination. If
the area of the contiguous pixels is greater than or equal to a
predetermined area, the identification of HANM has greater
sensitivity and specificity than a determination based on a single
pixel or a grouping having an area less than the predetermined area.
[0098]The predetermined area may be a cross-sectional area of the
smallest HANM capable of producing a self-sustaining nuclear
reaction. For example, the area may be 20.25 cm2, which is the area
of a 4.5 cm x 4.5 cm square. A square of this size is representative
of a cross-sectional area of the smallest sphere encompassing a
square of these dimensions. The size of the area may be determined by
counting marked pixels. (See Step 815, Fig. 6a, discussed above,
where low TR.pixels are marked.) Other smaller or larger areas may be
used as well. The area of the contiguous pixels need not be in the
shape of a square. [0099]If contiguous pixels covering an area
greater than or equal to the  predetermined area are found, then an
HANM is considered to be at least potentially present. In one
example, pixels sharing an edge, such as a pixel G and a pixel H in
Fig. 2, are considered to be contiguous, while pixels sharing only a
vertex, such as pixels F and G, are not. A different definition of
"contiguous" may be used, which may include pixels sharing a vertex,
for example. This embodiment of the invention is referred to as the
"contiguity test." Comparison based on the area, rather than shape,
is believed to be more reliable, but shape may be considered as well.
[00100]Fig. 10 is an example of a method 1000 that may be executed by
a processor, such as a computer, to implement the contiguity test. A
marked pixel is 



selected, in Step 1010. It is determined whether there are additional
marked pixels contiguous to the selected pixel, in Step 1020. Pixels
in the array are checked and accumulated in all directions from the
selected marked pixel until a first "unmarked" pixel (whose TR is
above threshold) is reached in every direction. Algorithms for such
analysis are well known in the art. [00101]If there are marked pixels
contiguous to the selected marked pixel, the size of the area of the
contiguous marked pixels is compared to a predetermined area, such as
the area of the smallest HANM the system 100 is designed to detect,
in this example a 20.25 cm2, in Step 1030. The area covered by the
marked pixels "accumulated" in Step 1030, is preferably determined by
counting marked pixels, for example. If each pixel is 0.5 cm x 0.5
cm, the area covered by 81 contiguous marked pixels centered around
the pixel A shown in Fig. 5, for example, is equal to 20.25 cm2 (4.5
cm x 4.5 cm). While in the example the area is a square, that is not
required. If the condition in Step 1030 is satisfied, the area of the
contiguous marked pixels is marked as an HANM, in Step 1040.
Optionally, an image of this area may be generated for display to an
operator. [00102]If the area covered by the marked pixels is less
than the predetermined area, the area of adjacent marked pixels is
marked as unconfirmed HANM, in Step 1050. After either Steps 1040 or
1050, it is determined whether there is another marked pixel to
process, in Step 1060. If so, a new marked pixel is selected, in Step
1010, and the method 1000 is repeated. If there are no other pixels
to process, then the condition in Step 1060 would not be satisfied
and the computer provides an output to the operator, in Step 1070. It
is noted that once an individual pixel is part of a previously marked
area, it need not be further analyzed by this process (although it
may be). Therefore, Step 1010 may be limited to selecting a marked
pixel that is not part of a previously marked area. Step 1060 may be
similarly limited to determining whether there is another marked
pixel not part of a previously marked area. [00103]The contiguity
test may be used alone or in conjunction with other examination
techniques, including the other embodiments tests described herein.
The operator may respond to the output provided, as described above
with respect to the examination window test. [00104]Analyzing the
environment of a suspect resultant pixel is also useful where only a
limited number of photons may be detected at each resultant pixel.
For example, certain non-threatening materials (non-HANMs), such as
agricultural goods,  



may be very dense. Low TR pixels may be found even though the
material is not an HANM, because of the low transmission through the
dense material causes a high statistical inaccuracy. The contiguity
test may improve the statistical accuracy of the determination based
on measured radiation at a pixel by considering the radiation
detected in the environment of the pixel, as well. The Matrix Test
[00105]In another embodiment, resultant pixels are grouped and a
function of the TRs in the group is analyzed. The function may be an
average or median of the TRs in the group, for example. The group may
be formed about a suspect pixel or a plurality of groupings may be
provided to encompass all the pixels. The grouping may be a matrix,
for example. This test is therefore referred to as the "matrix test."
[00106] The item 410 in Fig. 2 is an example of another item within
the cargo conveyance 10. The pixel B is a low TR, and therefore
suspect pixel, within the item 410. The 3 x 3 pixel matrix B3 in Fig.
2 is an example of a grouping, "constructed" around the pixel B. Fig.
11 is an example of an array of the TRs for a portion of the cargo
conveyance 10, showing the low TR pixel B and the matrix B3. The
average TR, for example, of the matrix B3 is calculated by averaging
the TRs of each pixel in the matrix. The average TR is then compared
to the threshold. If the average is below the threshold, HANM may be
considered to have been found. In one example, where the pixel size
is 0.5 cm, the 3 x 3 pixel matrix B3 may be used to identify a
potential HANM having a cross-sectional area of at least about 1.5 cm
x 1.5 cm. The threshold used in the comparison may be selected based
on the average or other such function of the transmissions of the
pixels in the matrix. 1001071The statistical accuracy of the TR for
the 3 x 3 matrix is three times greater than the statistical accuracy
of the TR. for the individual low TR. pixel. Since false positives
may cause unnecessary, costly, time consuming, and disruptive
inspection of the cargo conveyance, additional confirmation, with
even greater accuracy, is preferably obtained before a definitive
finding is made that the pixel B belongs to an HANM. [00108jTo
further improve the accuracy of the determination (to decrease the
standard deviation) for larger objects, after the 3 x 3 matrix is
examined, an even larger matrix, such as a 9 x 9 pixel matrix B9,
which is also shown in Fig. 2 and Fig. 11, is preferably created,
centered around the same selected low TB. pixel B.  Other size
matrices, such as 5 x 5 and 7 x 7 pixel matrices, may be constructed,
instead or as well. The size of the larger matrix may depend on the
size of the items to be identified and the size of the pixels. The 9x
9 pixel matrix B9 contains eighty-one additional adjacent pixels with
data contributing to the determination of whether HANM is present. An
average of the TRs of the pixels of the larger matrix is generated
and is similarly compared to the threshold. If both the average TRs
of the first and second matrices are below the threshold, the current
low TR pixel is determined with even more confidence to represent an
HANM. In this example, the 3 x 3 pixel matrix B3 provides a first
identification of a potential HANM, whose presence is verified with
greater confidence by the 9 x 9 pixel matrix B9. 



[00109]The analysis continues until all the low TR. pixels have been
processed. Multiple overlapping 3 x 3 matrices, as well as
overlapping 9 x 9 matrices, may be constructed across an array. Fig.
2 shows an additional 3 x 3 matrix B4, for example, which overlaps
the matrix B3. [00110]In another example, lithe detector elements are
1.5 cm x 1.5 cm and a pixel size is 1.5 cm, a 3 x 3 pixel matrix
would encompass a 4.5 cm cube of HANM. If the detector element is 0.1
cm and the pixel size is 0.1 cm, a 45 pixel x 45 pixel matrix would
be required to encompass a 4.5 cm cube of HANM, or HANM covering an
area of 20.25 cm. [00111]Fig. 12 is an example of a method 1100 that
may be executed by a  processor, such as a computer, to implement the
matrix test. In this example, the pixel size is 0.5 cm x 0.5 cm.
After executing the method 800 in Fig. 6a to identify and mark low
HANM pixels, and optionally after implementing the contiguity test,
an example of which is shown in the method 1000 of Fig. 10, a current
marked pixel is selected, in Step 1105. The low TR pixel B within the
object 410 in Fig. 2, is selected, for example. A 3 x 3 matrix B3
centered around the pixel B is "constructed" (see Fig. II), in Step
1115, to identify HANM encompassing an area of 0.5 cm x 0.5 cm, and
larger. [00112]The average TR for the matrix B3 is then calculated by
summing the nine TRs in the matrix B3 and dividing that sum by the
number of individual pixels, in Step 1120. In this example, the
average TR for the matrix B3 is 2.7. It is then determined whether
the average TR of the matrix B3 is below the threshold, in Step 1125.
The threshold in this example is 3.9. Since 2.7 is less than 3.9, the
condition is satisfied. This means that the matrix B3 represents an
HANM with an  accuracy of three times that of the accuracy of the
initial suspicion that pixel B may be an HANM based solely on the
fact that pixel B had a low TR. [00113]In this example, for an HARM
encompassing a cross-sectional area of 4.5 cm x 4.5 cm and larger, a
9 x 9 matrix B9 is also preferably constructed centered around the
pixel B in Step 1130, to provide greater sensitivity and specificity
to a finding of HANM by the 3 x 3 pixel matrix. An example of a 9 x 9
matrix B9 is shown in Fig. 12. The average TR for the matrix B9 is
calculated in Step 1135. The Tits in the matrix B9 are summed and the
sum is divided by 81 (the number of individual pixels). In this
example, the TR for the matrix B9 of Fig. 11 is 2.9. Since nine (9)
times as many pixels are considered, the statistical probability of
the accuracy of the TR for the matrix B9 is three times greater than
the statistical probability of the accuracy of TR of the matrix 83.
The TR of the matrix B9 is compared to the threshold, in Step 1138.
It is then determined whether the average TR is less than the
threshold, in Step 1138. If so, then it is confirmed that the current
marked pixel corresponds to an FIANM, in Step 1140, with a higher
degree of sensitivity and specificity. Since 2.9 is less than 3.9,
the condition is met. It is then determined whether the pixel B is
the last marked pixel to analyze, in Step 1145. Since there are other
marked pixels to be analyzed, the condition is not satisfied, the
method returns to Step 1105, and the method 1100 is repeated for the
next marked pixel. 



[00114]If the TR of the matrix B9 is not less than the threshold,
then the pixel B is not confirmed as an HANM in Step 1140 and the
method proceeds to Step 1145, as discussed above. After all the TRs
of all the marked pixels are analyzed, the condition in Step 1145
becomes true and an output is provided to the operator. The operator
may respond to the output as described above with respect to the
examination window test. [00115]It is believed that the matrix test
may identify a cube of HANM with sides of 4.5 cm, such as an uranium
cube, behind a 20 cm thick shield of iron, for example. The matrix
test may be performed alone or in conjunction with any or all of the
other tests described herein, or other tests known in the art. For
example, if the area of the item 410 is less than the predetermined
size of the contiguity test, discussed above, it would not be
identified as an HANM by that test. It could still be a dangerous
HANM, however, as several objects of an SNM may be smuggled in one or
more cargo conveyances and combined into a single object large enough
to sustain a nuclear reaction. An HANM smaller than the predetermined
size could also be used  in a "dirty" bomb. Items smaller than the
predetermined area of the contiguity test may be identified by the
matrix test using a matrix smaller than the predetermined area of the
contiguity test. When the matrix test is being used to examine low TR
pixels in areas less than the predetermined size of the continuity
test, only low TR 5 pixels not part of an object greater than the
predetermined size need to be selected for analysis by the matrix
test, but that is not required. 1001161It is noted that for smaller
items, where only a small matrix (such as the 3 x 3 pixel matrix B3)
encompasses enough of an item to at least potentially identify the
item as an HANK the identification of HANM may not be as reliable as
10 if larger matrices are also used. Such potential identification
may, however, justify further examination, such as conducting the
other tests described herein or known in the art, checking the
manifest, and/or conducting a manual examination. It is also noted
that an average or other such function of the TRs of groupings other
than a matrix may be compared to a threshold to determine whether the
grouping is at least 15 potentially HANM. For example, the grouping
may be the dense regions identified in a prescan, as discussed above.
The boundaries of the dense region may be defined as discussed above,
the TRs of the pixels of the dense region may be averaged, and the
average compared to the threshold. 



Threshold Calculation -;() 1001171As discussed above, the threshold
for separating an HANM from a non-HANM is preferably calculated for
each scanning system. Threshold calculation may take place when a
cargo scanning system is periodically calibrated. The calculation
depends, in part, on the desired degree of sensitivity and
specificity for the system. As discussed above, the threshold may be
determined by scanning a test 25 material having an atomic number
less than the lowest atomic number of a material of concern (such as
uranium) at the same two energies as will be used to scan cargo
conveyances. Preferably, the test piece also has an atomic number
greater than or equal to that of common allowable materials, to avoid
false positives. Iron, nickel, and copper are examples of preferred
test materials. 3000118]The test piece preferably has a varying
thickness, so that thresholds may be calculated at different
transmission through the test piece. The test piece may be wedge
shaped or step shaped, for example. The thicknesses may correspond to
the expected range of transmissions of acceptable materials and
HANMs. Thresholds  calculated at the different thicknesses may be
used with the test criteria applied to resultant pixels having
corresponding transmissions. The test piece may have a thickness of
from about 1 mm to about 400 mm, for example. The transmission at
either energy endpoint may be used. If the test piece is step shaped,
the standard deviation is calculated for the TRs across each step. If
the test piece is wedge shaped, the standard deviation is calculated
for TRs through a particular thickness of a portion of the wedge. One
or a few columns of data may be used for each thickness. This
standard deviation is used during examination of an object to
interpolate between measured transmissions, to calculate a threshold
between calculated thresholds based on the test piece. Alternatively,
the calculated threshold closest to the measured transmission may be
used, but that may not be as precise. [001191The TRs are calculated,
summed, and averaged, at each thickness. As is known in the art, the
probability that a measurement is a statistical variation of a
measured quantity, such as TR., is a function of the distance between
the arithmetic mean of the distribution of the measurements and the
measurement in question. This distance is measured in standard
deviations. Such probabilities are expressed in tables and are well
known in the art. For example, a measurement that is three standard
deviations from the arithmetic mean of a plurality of measurements
has about a 0.0013 probability of being a statistical variation. This
probability is the false alarm rate, which in this example is 13 in
10,000. Therefore, to reduce the probability that the TR is a
statistical variation of the actual TR with a 0.0013 probability of
being incorrect, in this example three standard deviations are
selected for the calculation of the threshold, at each thickness. The
value of standard deviations used may be an integer, in this example,
3, or it may be a non-integer, such as 2.5, for example. The same
standard deviation is preferably used at each thickness. 



[001201To achieve a different sensitivity and specificity, a
different value of standard deviations may be subtracted from the
average TR of the low atomic number material of the test piece, at
each given that any given measurement of transmitted radiation may be
from an HANM or a non-HANM, the number of standard deviations to be
subtracted from the TR of a low atomic number material is selected to
achieve a desired balance between an acceptable number of false
positives and false negatives. For example, subtracting eight
standard deviations from the TR of a low atomic number material would
result in zero (0) false positives but possibly an unacceptable
number of false negatives. As mentioned above, if a greater number of
false positives  may be tolerated, then it may not be necessary to
take into consideration the standard deviation. [00121]If the
measurement at the higher energy endpoint is divided by the
measurement at the lower energy endpoint, then the standard
deviations are subtracted from the average TR of the test piece. If
the measurement at the lower energy endpoint is divided by the
measurement at the higher energy endpoint, the value of standard
deviations is added to the average TR of the test piece. The specific
number of standard deviations will determine the sensitivity and
specificity of the systems. [00122]Fig. 13 depicts an example of a
method 1200 that may be implemented by a processor, such as a
computer, to calculate the thresholds. A test piece is scanned by the
cargo scanning system with radiation having a first, high energy
endpoint, such as 9 MeV, at a plurality of thicknesses, in Step 1210.
The radiation transmitted through the test piece is detected for each
pixel, also in Step 1210. Scanning may be conducted at 5 MeV first,
instead. [00123]The test piece is then scanned with a second
radiation beam having a second energy endpoint less than the first
energy endpoint, such as 5 MeV, and the radiation transmitted through
the test piece at the plurality of thicknesses is detected for a
plurality of pixels corresponding to the pixels of Step 1210, in Step
1220. The TRs for resultant pixels are calculated by dividing the
transmitted radiation measured at 9 MeV by the transmitted radiation
measured at 5 MeV (or vice versa) for the corresponding pixels, in
Step 1230. [00124]The standard deviation of the calculated TRs is
determined, in Step 1240. Preferably, the standard deviation is
calculated for the TRs at each thickness of the test piece for use in
interpolating between calculated thresholds during actual
measurements. Standard deviation may be calculated according to the
following formula: 



where xi is the measured attenuated radiation for a pixel 1, s is the
arithmetic mean (average) of the measured attenuated radiation for
all the pixels, which is calculated  Ex/ according to the formulaand
Ar is the number of pixels. In this illustrative example, the
standard deviation of the test measurements of transmitted radiation
is calculated to be 0.2. Other statistical methods may be used with
different distributions of the measured attenuated radiation.
[001251The average TRs of the TRs at each thickness are calculated,
in Step 1250. The threshold is calculated at each thickness in Step
1260. Preferably, the thresholds are calculated by adjusting the
average 'ER at each thickness of the test piece by an integral or
non-integral number of standard deviations, dependent upon the
desired sensitivity and specificity, in Step 1250. The calculated
thresholds are stored, in Step 1270. The thresholds may be stored in
association with corresponding transmission and standard deviations
for each thickness of the test piece in a database of thresholds, for
example. [00126JUsing a threshold based on the average TR of iron
which may be about 



4.5, to differentiate a 4.5 cm x 4.5 cm HANK which may have a 'IR of
about 2.5, embedded within a 2 meter cube of agricultural goods,
which may have a TR of about 7, may be difficult. Since an HANM
typically has an atomic number that is further front the atomic
number of typical agricultural goods than the atomic number of iron,
it is easier to differentiate an HANM from agricultural goods than
from iron with the required degree of statistical accuracy. To
improve sensitivity and specificity of the identification of HANM,
thresholds may be selected based on the contents of the cargo
conveyance being examined. Therefore, if it is known that a cargo
conveyance contains agricultural goods, the TR of agricultural goods,
or a material representative of agricultural goods, such as a plastic
or water, may be used in determining the threshold, instead of the TR
of iron or other such materials. Lucite (It) or Delrin (R) may be
used, for example. A test piece of varying thickness is preferably
used, as discussed above. The calculated thresholds may also be
stored in the database of thresholds for use in the grouping related
techniques discussed above. [00127jSufficient information about the
contents of the cargo conveyance may be available through the customs
manifest, for example. A typical manifest filed by the shipper or
owner of the cargo conveyance declares the type of goods that are
supposed to be shipped in the cargo conveyance, such as agricultural
goods, manufactured goods, etc.  [00128]Fig. 14 is an example of a
method 1600 to select a threshold based on the type of contents
declared in the manifest. The manifest is checked to determine if the
cargo conveyance 104 contains manufactured goods, in Step 1605. If it
doe; then thresholds based on iron and the detected transmission, as
discussed above, for example, are selected as the thresholds to be
used in analyzing the contents of the cargo conveyance 104, in Step
1610. The thresholds may be based on copper or nickel, instead. If
the manifest does not indicate that the cargo conveyance contains
manufactured goods, it is determined whether the manifest indicates
that the cargo conveyance contains agricultural goods, in Step 1615.
If it does, then a threshold based on agricultural goods is selected
for use in analyzing the contents of the cargo conveyance. If it does
not, then a threshold for iron is selected, in Step 1610. The method
1600 may be implemented by an operator reviewing a manifest for the
cargo conveyance being inspected. The operator may then input which
threshold, or groups of thresholds, are to be used in the tests
described above. A processor, such as a computer, may implement the
method 1600, if the manifest has been electronically entered, for
example. Nuclear Test [00129]Other X-ray scanning and/or analysis
techniques may be used in conjunction with the grouping related
techniques described above, to further increase the accuracy of the
conclusion that the suspect pixel or pixels are HANM, and to reduce
the false alarm rate. The tests above determine whether any material
within a cargo conveyance is classifiable as HANM. An HANM may be a
nuclear material (fissionable, fissile, or fertile material), the
presence of which needs to be identified with a high degree of
sensitivity and specificity. As discussed above, uranium-235,
plutonium-239, and uranium-233 are examples of fissile materials.
Fissionable materials include fissile materials and uranium-238.
Fertile materials include uranium-238, which is convertible into
plutonium-239, and thorium-232, which is convertible into
uranium-233. Certain fissile materials that more readily undergo



materials, referred to as the photofission or fission threshold,
depends on the material. Table I identifies fission thresholds for
selected elements, calculated based on mass excess values for the
selected elements. The mass excess values were obtained from Nuclear
Wallet Cards, available from NNDC Brookhaven Laboratory, January,
1985. A current edition of the Nuclear Wallet Cards is available at
www.nndc.bnl.gov/wallet/wallet-2000.pdf. It is noted that both
nuclear materials and non-nuclear materials may also produce
photoneutrons within a very short period (105 sec) of exposure to
X-ray radiation. Photoneutrons are absorbed by the materials in the
container and the components of the X-ray scanning system. Table I
shows the thresholds for photoneutron emission for the selected
nuclear materials, as well. The photoneutron data was obtained from
T-2 Nuclear Information Service, Los Alamos, at
http://+2.1an/gov/data/photonuclear.html. Photofission and
photoneutron data is also readily available from a variety of other
sources known to those skilled in the art. Table I Type of
Interaction U-233 U-235 1.1-238 Th-232 Pu-239  Threshold Threshold
Threshold 



Threshold Threshold       Photoneutrons (y,n), MeV 5.7 5.3 6.1 



6.4 5.6 Photofission (y,f), MeV 5.1 5.8 5.8 5.0 5.4  [001311Since the
fission thresholds for all nuclear materials are in the range of from
about 5.0 MeV to about 5.8 MeV, scanning a nuclear material with
X-ray radiation of at least about 5.8 MeV will induce photofission
and delayed neutrons in all such materials. Increasing the energy
above the threshold increases the number of delayed neutrons that
will be emitted, facilitating detection. 9 MeV may be used, as in the
examples, above. Preferably, the delayed neutrons are detected when
the X-ray beam is off and after photoneutron emission has ceased. In
addition, by this time,  



X-ray photons that may interfere with counting the delayed neutrons
are also not present. [00132]An example of a sequence of operations
to detect delayed neutrons due to photofission in accordance with an
embodiment of the invention is now described. First, at time t=0 sec,
an electron burst of 9 MeV electrons strikes a target, generating
X-ray photons, as is known in the art. These X-ray photons are
collimated and projected onto a cargo conveyance under inspection.
The electron burst typically lasts a few microseconds. Typical values
for the pulse width are between 2.0-4.5 us. At 1.0-2.0 us after X-ray
photon production ends, a neutron detection system is switched on to
detect delayed neutrons from photofission in nuclear materials, if
present. The acquisition time period may last up until the point when
the next electron burst is about to be sent to the target, typically
about 2.5-5.0 milliseconds ("ms") after time t=0. This second burst
may be at 9 MeV or at 5 MeV. The neutron detection system may be
turned on after each high energy burst, here 9 MeV, for example. In
another example, the neutron detectors are turned on only after a TR
pixel test indicates the possible presence of HANM in an array of
resultant pixels (such as after scanning at both energy endpoints, TR
calculation, and analysis of the results, as discussed above).
1001331Photofission results may be analyzed for an entire cargo
conveyance or only for a suspect area of the cargo conveyance. A
suspect area may be a resultant pixel or a group of resultant pixels
with TRs below the threshold, indicating that HANM may be present. In
one example, the identification of the suspect area may have a
sensitivity and specificity that is not acceptable, prompting further
testing. In another example, photofission results may be analyzed if
HANM is identified with an acceptable sensitivity and specificity, to
determine whether SNM or other nuclear material is present.
[001341Detection of any delayed neutrons indicates that nuclear
materials are present within the cargo conveyance. The general
location of such nuclear materials may also be identified, as is
known in the art. In addition, the identity of the nuclear material
may be determined. Experimental counts of a number of delayed
neutrons generated by inducing photofission in SNMs at different peak
energies and the delayed neutrons' decay times may be organized in
five or six ranges, each corresponding to a particular nuclear
material. Comparison of the delayed neutron  count of the object
being tested with these ranges enables identification of a particular
nuclear material (and its atomic number). Real-time delayed neutron
counting and neutron detection technology are known in the art. See,
for example, Tsahi Gozani, Active Non-Destructive Analysis of Nuclear
Materials (National Technology Information Service 1981), pp.
173-205. [00135]If further confirmation that a nuclear material, such
as an SNM, is present at a particular location within a cargo
conveyance is necessary (for example, before a manual inspection is
performed), another photofission reaction may be induced at the peak
range of photofission energy of nuclear materials, between 13 MeV and
15 MeV. This third scan performed at the higher energy level
maximizes the number of delayed neutrons generated by photofission,
facilitating neutron detection. The high energy radiation beam may be
provided by a separate source or the same source that generates
radiation at the other energy endpoints. [001361Fig. 15a is an
example of a method 1700 for conducting the neutron 



test, in accordance with one embodiment. A portion of an object is
scanned by radiation having a low energy endpoint, such as 5 MeV, for
example, in Step 1710. Radiation is detected after interaction with
the object, in Step 1720. A corresponding portion of the object is
scanned with radiation having a high energy endpoint, such as 9 MeV,
in Step 1730, and radiation is detected after interaction with the
object, in Step 1740. The portions of the object may be the portions
of the object traversed by a radiation beam at each radiation
endpoint. For example, if the radiation beam is in the shape of a fan
beam, then each portion of the object is the slice or slices of the
object traversed by the two radiation beams. The scanning may cycle
between 5 MeV and 9 MeV radiation beams until a sufficient number of
pixels covering a sufficient area are collected to conduct one of the
tests discussed above or other tests. [001371The results are
analyzed, in Step 1744. The analysis may comprise any of the tests,
discussed above. HANM identification for one pair of corresponding
portions may be performed quickly enough to decide whether to turn on
the neutron detector system. Alternatively, the presence of one pixel
indicative of the presence of an HANM or a sufficient number of
pixels indicative of the presence of an HANM with a desired
sensitivity and specificity in accordance with the tests described
above, may cause activation of the neutron detection system.
[00138]If HANM is not suspected, then the method 1700 is repeated for
another portion of the object.  [00139]If HANM is suspected, in Step
1746, then a neutron detection system is activated, in Step 1750. As
discussed above, the neutron detection system is preferably activated
1.0-2.0 ,is after scanning at 9 MeV (in this example) ends. [00140]It
is then determined whether delayed neutrons are detected, in Step
1760. If so, an output indicative of the presence of delayed neutrons
is provided, in Step 1770. If not, the method 1700 is repeated for
another portion of the object. If the entire object has been scanned,
then an output indicative of the failure, to detect delayed neutrons
may also be provided. [00141]In accordance with another embodiment,
the nuclear test may be conducted if the presence of HANM or nuclear
material is suspected after any other test, including the tests
described above and others known in the art. For example, a dual
energy ratio test, as described in U.S. Patent No. 5,524,133, which
is incorporated by reference herein, may be conducted first to
preliminarily identify the actual material content of the object, to
determine whether the object at least potentially contains a
particular nuclear material. U.S. Patent No. 5,524,133 is described
in more detail, above. Such a dual energy test may be in more detail,
conducted in Step 1744 in the method 1700 of Fig. 15a, for example. A
test may be conducted at only one energy endpoint, as well. The
initial test or tests may involve automatic analysis of results
and/or visual analysis of one or more images. The nuclear test may
also be conducted after a manual inspection, if an object that is
found cannot be identified. 



[00142]Fig. 15b is an example of a method 1800 in accordance with
this embodiment. A first test is conducted on at least a portion of
an object, in Step 1810. It is then determined if nuclear material is
at least suspected, in Step 1820. If not, if remaining portions of
the object need to be tested, the method returns to Step 1810. If the
entire object has been scanned, an output indicative of the lack of
suspicion the presence of nuclear material may be provided. [00143]If
nuclear material is suspected, the object is scanned at sufficient
energy to induce delayed neutrons, in Step 1830, in order to conduct
a nuclear test. A radiation beam with an energy endpoint of at least
5.8 MeV may be used. The detection of delayed neutrons is then
checked, in Step 1840. If delayed neutrons are detected, in Step
1850, then an output of the results indicative of the identification
of the presence of nuclear material is provided, in Step 1860. If no
delayed neutrons are  detected in Step 1850, then the method returns
to Step 1810 to scan another portion of the object. If the entire
object has been scanned and not delayed neutrons detected, a suitable
output may be provided, as well. If a high enough energy is used in
the first test in Step 1810, then it may not be necessary to conduct
Step 1830. Scanning Systems 1001441Fig. 16 is a front view of an
example of cargo scanning system 2000 programmed to implement
embodiments of the invention. A conveyor system 2020 supports and
conveys a cargo conveyance 2040 through the scanning system 2000,
between an X-ray source 2060 and a detector 2070. The conveyor system
2020 may be a mechanically driven conveyor belt, a track or
mechanically driven rollers, for 



example. The X-ray source 2060 directs a radiation beam R of
Bremsstrahlung X-ray radiation towards the cargo conveyance 2040.
Shielding walls 2080 surround the source 2060 and the detector 2070.
The conveyor system 2020 extends through openings in the shielding
walls 2080 to allow for the entty and exit of the cargo conveyance
2040. [00145]The cargo conveyance 2040 is conveyed by the conveyor
system 2020 through a shielded tunnel 2100. The tunnel 2100 has a
first window 2110 and a second window 2120 to allow for the passage
of the X-ray radiation beam R from the X-ray source 2060 to the cargo
conveyance 2040 and from the cargo conveyance 2020 to the detector
array 2070. If the radiation beam R intercepts the conveyor low
attenuation of radiation may be used for the belt or track. If the
conveyor system 2020 comprises rollers, a gap may be provided among
the plurality of rollers, where necessary. A window may also be
provided in the structure supporting the conveyor system 2020, if
necessary. Collimators (not shown) may be provided between the cargo
conveyance 2040 and the detector 2070 to block scattered radiation
from reaching the detector. The conveyor system 2020 may be reversed
to examine a portion of the cargo conveyance 2040 or the entire cargo
conveyance again. As discussed further below, the cargo conveyance
2040 may be irradiated with multiple energies by rapidly cycling the
source 2060 between two energy endpoints as the cargo conveyance 2040
is being conveyed through the scanning unit 2000 or by providing two
adjacent sources, for example. [00146]A collimator 2140 extends from
the end of the X-ray source 2060. The 



collimator 2140 includes a. slot (not shown) shaped to collimate the
X-ray beam  emitted by the X-ray source 2060 into a desired shape,
such as into a fan beam or a cone beam. The slot may have a vertical
arc ranging from less than I degree to about 50 degrees to define a
vertical fan beam having an arc 9 and ranging from about 5 degrees to
about 45 degrees to define a cone beam, for example. The slot may
have other shapes, as well. [00147]The detector 2070 is electrically
coupled to an image processor 2160, which is coupled to a display
2180. The image processor 2160 comprises analog-to-digital conversion
and digital processing components, as is blown in the art. A
processor, such as a computer 2200, is electrically coupled to and
controls the operation of one or more of the X-ray source 2060, the
detector array 2070, the conveyor system 2020, the image processor
2160, and the display 2180. Connections between the processor 2160
and all the components are not shown, to simply the Figure. The
processor 2200 may be programmed to implement any or all of the tests
described above. The processor 2200 may provide some or all of the
processing functions of the image processor 2160. While one processor
2200 is shown, additional processors or computers may be provided, as
well. The image processor 2160, the computer 2200 and the display
2180 may be arranged and connected differently. The image processor
2160 may be part of the computer, for example. The computer may be
programmed in software and/or hardware to conduct any or all of the
tests described above. In one example, the programs may be
implemented through an Application Specific Integrated Circuit (Aslq
for example. [00148]The detector 2070 may be a detector array. The
configuration of the detector 2070 may depend on the shape of the
collimated radiation beam R. For example, if the radiation beam R is
collimated into a fan beam, a one-dimensional  Detector array 2070
may be provided, comprising a single row of detector elements. If the
collimated radiation beam is a cone beam, such as an asymmetric
pyramidal cone beam, the detector array may be a two dimensional
detector array 2070 comprising two or more adjacent rows of detector
elements. The detector array 2070 may comprise a plurality of modules
of detectors, each comprising one or more rows of detector elements
supported in a housing, as is known in the art. The detector or
detector array may be straight or L-shaped. A horizontal arm 2070a of
an L-shaped detector array is shown in phantom in Fig. 16. Fig. 19,
discussed below, also shows an L-shaped detector. If an L-shaped
detector is used in Fig. 16, the source 2060 may  



be positioned at a lower vertical position, the radiation beam R.
would intercept more of the horizontal arm 2070a and the vertical
portion 2070b of the detector 2070 may be shorter. [00149]The
detector 2070 may be a photon detector, such as a photodiode detector
array comprising inorganic scintillators, as is known in the art.
Cadmium tungstate (CdW04) scintillators may be used, for example,
Amorphous silicon (aSi) detectors, such as PaxScanTM detectors
available from Varian Medical Systems, Inc., Palo Alto, California,
may also be used. [00150]Neutron detectors 2072, 2074, 2076, and 2078
are preferably positioned at multiple locations around the cargo
container to detect the neutrons, which are emitted isotropically in
all directions. The neutron detector 2072 may be supported by the
source, for example. The neutron detector 2074 may be supported by
the detector 2070. The neutron detector 2076 may be supported by the
upper portion of the detector 2070 or by a vertical arm of an
L-shaped detector (see 2076a). The neutron detector 2078 may be
supported by the conveyor system 2020 or some other part of the
scanning system, below the cargo conveyance 2040. [001511The neutron
detectors 2072-2078 may be cylindrical proportional counters filled
with 314e. They may have useful lengths of approximately 15-25 cm for
use with cargo conveyances 2040, for example. In one example, the
counters are covered with cadmium (Cd) and polyethylene layers. The
layer of cadmium is used to absorb thermal neutrons which are "slow"
neutrons. Fast neutrons are thermalized in the polyethylene layer
before being detected in the 3He detectors. Only the delayed neutrons
are therefore detected in the 3He detectors. Suitable neutron
detectors are commercially available from Canberra Industries,
Meriden, CT, for example. [00152]Fig. 17 is a top view of a portion
of an example of a cargo scanning system 2000a, showing two, adjacent
radiation sources 2060a, 20606, each to generate radiation having a
different energy endpoint. Elements common to the system 2000 of Fig.
16 are commonly numbered. The conveyor system 2020 supports and
conveys a cargo conveyance 2040 through the scanning system 2000a,
between the first X-ray source 2060a and a first detector 2070a, and
between the second X-ray source 2060b and a second detector 2070b.
The X-ray sources 2060a and 20606 direct radiation beams RI, R2
towards the cargo conveyance 2040. The X-ray source 2060a may
generate a first radiation beam R1 with a first X-ray energy endpoint
of 5 MeV, for example, and the X-ray source 20606 may generate a
second  radiation beam R2 with a second energy endpoint ot 9 MeV, for
example, or vice-versa. The X-ray sources 2060a and 20606 are
positioned at the same angle with respect to the cargo conveyance
2040 and on the same horizontal plane. They may be immediately
adjacent to or may be situated apart from each other. They may also
be positioned one above the other. It is believed that in a system
with two sources, a 40- foot container may be examined in about 30 to
60 seconds. [00153]To examine cargo conveyances 2040 having a width
greater than about 



5 feet (1.5 meters), the X-ray sources 2060a, 2060b preferably
generate radiation having energy endpoints greater than about 1 MeV.
5 May and 9 MeV may be used, for example, as discussed above. Other
examples of energy endpoints for cargo conveyances having a width
greater than about 5 feet (1.5 meters) include I. MeV and 9 MeV, and
5 MeV and 15 MeV, for example. In order to conduct the neutron test,
one of the energy endpoints needs to be at least 5.8 MeV. The X-ray
source may be a linear accelerator, such as a Linatron(r) Linear
Accelerator ("Linatron(r)"), having an accelerating potential at an
appropriate level or levels, available from Varian Medical Systems,
Inc., Palo Alto, CA ("Varian"), for example. In the Varian
Linatron(r), 360 pulses are output per second. The Varian Linatrone
has an opening angle of about 20-30 degrees, for example. Other X-ray
sources may be used as well, such as electrostatic accelerators,
microtrons and betatrons, for example. The source or sources may also
include carbon-12 (C-12), cobalt-60 (Co-60), plutonium-beryllium
(Pu-Be), and/or americium-beryllium (Am-Be) based sources. In
examining objects having a width less than about 5 feet (1.5 meters),
X-ray tubes emitting energy in the key range may also be used. One
energy below I MeV and one above 1 MeV may be used for such smaller
objects. For example, 600 key and 5 MeV may be used. Both energies
may also be below 1 MeV. For example, 120 keV and 200 keV may be
used, as long as the radiation will penetrate through the object
being examined. [00154)A single X-ray beam having a single energy
endpoint may also be used, with a single energy sensitive detector
array to separately detect high and low portions of the energy
spectrum, as described in U.S. Patent No. 5,682,411 and U.S. Patent
No. 6,438,201 B I, for example, which are incorporated by reference,
herein. As described in these patents, different portions of the
detector array such as alternate lines, may be more sensitive to
radiation of one or the other energy.  [001551A single radiation
source that switches between energy endpoints may also be used A
description of a suitable source may be found in U.S. Application No.
10/957,212 for a Standing Wave Particle Beam Accelerator, filed on
October 1, 2004, which is assigned to the assignee of the present
inventor and is incorporated by reference herein. Other linear
accelerators that may be used in the present invention are also
described in U.S. Patent No. 6,366,021 BI, U.S. Patent No. 4,400,650,
and U.S. Patent No. 4,382,208, which are also assigned to the
assignee of the present invention and are incorporated by reference
herein. Techniques for switching between energies using mechanical
switches, such as relays, and other types of switches, such as solid
state switches, are known. Switching speeds of about 100 milliseconds
may be achieved, for example, to scan a cargo conveyance 20 feet (6.1
meters) long in several minutes. [00156]In another example, the
techniques described above may be used in a mobile system for
real-time inspection of the cargo conveyances carried by trucks and
tractor trailers. The test may be conducted at a highway rest stop,
for example. The system may comprise two telescopic tractor trailer;
as described in U.S. Application No. 10/455,864 ("the '864
application"), filed on June 6, 2003, which is assigned to the
assignee of the present invention and is incorporated by reference
herein. In one example described in the '864 application, one
telescopic tractor carries the X-ray source or sources. The other
telescopic trailer carries the X-ray photon detector and data



[00158]Fig. 19 is a rear schematic view of the system 2300 along line
19-19 of Fig. 18. Common elements are commonly numbered. An
additional neutron detector 2314 is supported by a vertical arm
2308b. Another neutron detector 23 16 may be placed in a french T in
the ground G beneath the position of the cargo conveyance 2302 when
the truck or trailer is parked. A vertical detectormay also be used,
as shown in the '864 application. In that case, the neutron detector
23 14 may be supported at or near the top of the vertical detector,
for example. The detectors 2308 - 2316 may be coupled to a processor
or computer as shown and described above, programmed to implement the
tests of any or all of the embodiments described above. The source
2606 may be a single source producing alternating 9 MeV and 5 MeV
X-ray radiation beams, for example. Two sources may also be stacked
or placed next to each other, one to produce a first energy radiation
beam and the other to produce a second energy radiation beam, for
example. Any or all of the tests described above may be used to
automatically detect HANM and nuclear materials, such as SNMs.
[00159]While the invention is particularly suited for scanning cargo
conveyances for contraband, the invention may be readily adapted to
scan other objects, such as luggage and carry-on bags in airports and
seaports, as well. [00160]In addition, while an X-ray source or
sources are described in the examples above, the source or sources
may provide other types of radiation, such as a time delayed neutron
beam or gamma rays, for example. [00161]In the examples above, the
transmission of the higher energy radiation (9 MeV, for example)
through the cargo conveyance is divided by the transmission of the
lower energy radiation (5 MeV, for example) through the cargo
conveyance to yield the TR and the test criterion for a potential
HANM is that the TR is less than the threshold. However, as mentioned
above, the transmission at the lower energy radiation may be divided
by the transmission at the higher energy radiation, in which case a
TR above the threshold would be considered to be a potential HANK'!,
in all the examples, above. In addition, TRs may be calculated based
on radiation attenuation instead of radiation transmission at the two
energy endpoints. [00162]One of ordinary skill in the art will
recognize that other changes may be made to the embodiments described
herein without departing from the spirit and scope of the invention,
which is defined by the claims, below.  



CLAIMS 1. A method of examining contents of an object, the method
comprising: conducting a first examination of an object; and
conducting a second examination of the object if the first
examination indicates that suspect material is present; the second
examination comprising: scanning at least a portion of the object
with X-ray radiation;                   checking for the detection of
delayed neutrons resulting from interaction of the X-ray radiation
with contents of the object; and                   determining
whether the object contains nuclear material based, at least in part,
on the check for detection of delayed neutrons. 2. The method of
claim 1, comprising:                   conducting the second
examination only if the first examination indicates that suspect
material is present. 3. The method of claim 1, wherein: the first
examination comprises scanning at least a portion of the object with
X-ray radiation. 



4. The method of claim 3, wherein the first examination comprises:
scanning the at least a portion of the object with radiation of at
least 5.8 MeV, prior to checking for the detection of delayed
neutrons.     5. The method of claim 4, wherein the second
examination comprises: scanning the at least a portion of the object
with second radiation of at least 13 MeV; checking for the detection
of delayed neutrons; and                       determining whether
the object contains nuclear material based, at least in part, on the
second check for the detection of delayed neutrons.     6. The method
of claim 3, wherein the first examination comprises: scanning the at
least a portion of the object with radiation having a first energy;
scanning the at least a portion of the object with radiation having a
second energy of at least 5.8 MeV, the second energy being greater
than the first energy; detecting radiation after scanning at the
first energy; and detecting radiation after scanning at the second
energy; and the second examination comprises:
checking for the presence of delayed neutrons after scanning the at
least a portion of the object at the second energy.     7. The method
of claim 6, comprising: 



periodically scanning different portions of the object at the first
and second energies, detecting radiation at the first and second
scans, and checking for the detection of delayed neutrons.     8. The
method of claim 6, further comprising: determining whether the object
contains suspect material by:                   determining whether
the object at least potentially contains material having an atomic
number greater than the predetermined number based, at least in part,
on the scanning of the at least a portion of the object at the first
and second energies.     9. The method of claim 8, further
comprising: calculating a ftinction of the radiation detected at the
first and second energies; and                       determining
whether the object at least potentially contains material having an
atomic number greater than the predetermined number based, at least
in part, on the function. 10.The method of claim 8, further
comprising: calculating a ratio of the radiation detected at the
first and second energies; identifying a material within the object,
based at least in part, on the ratio; and 



checking for the detection of delayed neutrons if the identified
material is a suspect material.              11. The method of claim
3, wherein the scanning of the at least a portion of the object with
X-ray radiation for the second examination and for the first
examination are the same.              12. The method of claim 1,
further comprising:                   identifying a nuclear material
within the object based, at least in part, on the detection of
delayed neutrons.              13. The method of claim 1, wherein the
nuclear material is at least one of plutonium, uranium-233, uranium
enriched in uranium-233, and uranium enriched in uranium-235.
14. The method of claim 1, wherein: the first examination comprises
manually examining the object. 15. The method of claim 1, wherein the
first examination comprises: scanning the object; generating an
image; and analyzing the image.  



16. A method of examining contents of an object, the method
comprising: determining whether an object at least potentially
contains material having an atomic number greater than a
predetermined number; and, if so, determining whether the object
contains nuclear material by: scanning at least a portion of the
object with X-ray radiation; and                   checking for the
detection of delayed neutrons resulting from interaction of the X-ray
radiation with contents of the object.     17. The method of claim
16, comprising: scanning the at least a portion of the object with
X-ray radiation of at least 5.8 MeV; and                   checking
for the detection of delayed neutrons resulting from interaction of
the at least 5.8 MeV X-ray radiation with the at least a portion of
the object.     18. The method of claim 16, further comprising:
scanning first portions of the object with a first radiation beam at
a first eneigy;                   detecting first radiation after
interaction of the first radiation beam with the first portions,
wherein projections of at least a portion of the first radiation beam
through each portion, onto a detector, define respective first
pixels; 



scanning second portions of the object with a second radiation beam
at a second energy different than the first energy;
detecting second radiation after interaction of the second radiation
beam with the second portions, wherein projections of at least a
portion of the second radiation beam through each portion, onto a
detector, define respective second pixels;
calculating first functions of the radiation detected at the first
and second energies, for corresponding first and second pixels;
grouping first functions of a plurality of corresponding pixels into
at least one group;                   calculating a second function
based on the first functions of at least certain of the plurality of
pixels in each of the at least one group; and
determining whether the object at least potentially contains material
having a high atomic number greater than a predetermined atomic
number, based, at least in part, on the second function of the at
least one group. 19. The method of claim 18, further comprising:
comparing the first functions to a criterion based, at least in part,
on the predetermined atomic number prior to calculating the second
function;                   wherein calculating the second function
is based, at least in part, on the first functions meeting the
criterion. 20. The method of claim 19, comprising: 



grouping first functions of corresponding pixels into at least one
examination window having a predetermined size;
calculating the second function by counting a number of first
functions within the examination window that meet the criterion; and
comparing the counted number to a predetermined number to determine
whether the object at least potentially contains a high atomic number
material. 21. The method of claim 20, wherein: the predetermined
number is based, at least in part, on a predetermined false positive
rate.                22. The method of claim 19, comprising:
grouping first functions of contiguous corresponding pixels that meet
the criterion into at least one group; calculating an area of the
grouping; and                   comparing the area with a
predetermined area to determine whether the object at least
potentially contains a high atomic number material.              23.
The method of claim 22, wherein the at least one group defines at
least one matrix and the second function is an average, the method
comprising: 



calculating an average of the first functions for the plurality of
corresponding pixels within the at least one matrix; and
comparing the average to the criterion to determine whether the
object at least potentially contains a high atomic number material.
24. The method of claim 19, wherein comparing the first functions to
the criterion comprises: comparing the first function to a threshold.
25. The method of claim 24, further comprising: calculating the
threshold, at least in part, by:                   scanning at least
a portion of a second object comprising material having an atomic
number equal to the predetermined atomic number, with a third
radiation beam at the first energy,                   detecting third
radiation after interaction of the third radiation beam with the at
least a portion of the second object;                   scanning at
least a portion of the second object with a fourth radiation beam at
the second energy;                    detecting fourth radiation
after interaction of the fourth radiation beam with the at least a
portion of the second object; and calculating the first function of
the radiation detected at the third and 



fourth energies. 26. The method of claim 24, comprising:
scanning at least a portion of a second object comprising a material
having an atomic number less than an atomic number of lead. 27. A
system for examining contents of an object, the system comprising: at
least one X-ray radiation source;                   a first detector
to detect radiation from the at least one X-ray source after
interaction with at least a portion of the object;
a second detector to detect delayed neutrons caused by interaction of
radiation from the at least one X-ray source with the at least a
portion of the object;                   at least one processor
coupled to the first and second detectors, the at least one processor
being programmed to:                   process data from the first
detector to determine if the object at least potentially contains
suspect material; and                   process data from the second
detector to determine whether the object contains nuclear material.
28. A system for examining contents of an object, the system
comprising:                   means for scanning at least a portion
of an object at first and second X-ray radiation energies, wherein
the first radiation energy is different than the second radiation
energy;  



means for detecting radiation photons at the first and second
radiations, after interaction with the object;
means for detecting neutrons resulting from interaction of the X-ray
radiation at at least one of the radiation energies with contents of
the object;                   means for determining whether the
object at least potentially contains material having an atomic number
greater than a predetermined atomic number based, at least in part,
on the radiation detected at the first and second energies by the
first detector; and                   means for determining whether
the object contains nuclear material based, at least in part, on data
received from the means for detecting neutrons. 29. A method of
examining contents of an object, the method comprising: manually
examining contents of an object; and if the manual examination
indicates that suspect material is present: scanning the object with
X-ray radiation; checking for the detection of delayed neutrons; and
determining whether the object contains nuclear material based, at
least in part, on the check for detection of delayed neutrons. 30. A
method of examining contents of an object, the method comprising:
scanning at least a portion of an object with X-ray radiation;
checking for the detection of delayed neutrons resulting from
interaction of the X-ray radiation with contents of the object; and
determining whether the object contains nuclear material based, at
least in part, on the check for detection of delayed neutrons. 31.
The method of claim 30, further comprising: 



detecting X-ray radiation interacting with the object;  analyzing the
detected radiation to identify suspect material; and
checking for the detection of delayed neutrons resulting from
interaction of the X-ray radiation with contents of the object, only
if the detected X-ray radiation indicates that suspect material is
present.              32. The method of claim 30, wherein checking
for the detection of delayed neutrons comprises: scanning the at
least a portion of the object with second radiation of at least 13
MeV; checking for the detection of delayed neutrons; and
determining whether the object contains nuclear material based, at
least in part, on the second check for the detection of delayed
neutrons.              33. The method of claim 30, wherein the
nuclear material is at least one of plutonium, uranium-233, uranium
enriched in uranium-233, and uranium enriched in uranium-235. 




