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(57) ABSTRACT

A system and process for classifying a piece of material of
unknown composition at high speeds, where the system
connected to a power supply. The piece 1s wrradiated with
first x-rays from an X-ray source, causing the piece to
fluoresce x-rays. The fluoresced x-rays are detected with an
x-ray detector, and the piece of material 1s classified from the
detected tluoresced x-rays. Detecting and classilying may be
cumulatively performed in less than one second. An x-ray
fluorescence spectrum of the piece of material may be
determined from the detected fluoresced x-rays, and the
detection of the fluoresced x-rays may be conditioned such
that accurate determination of the x-ray fluorescence spec-
trum 1s not significantly compromised, slowed or compli-
cated by extrancous x-rays. The piece of material may be
classified by recognizing the spectral pattern of the deter-
mined x-ray fluorescence spectrum. The piece of material
may be tlattened prior to irradiation and detection. The x-ray
source may irracdiate the first x-rays at a high intensity, and
the x-ray source may be an x-ray tube.
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HIGH SPEED MATERIALS SORTING USING
X-RAY FLUORESCENCE

RELATED APPLICATION

[0001] This application 1s a continuation of U.S. applica-
tion Ser. No. 11/232,574, titled “High Speed Materials
Sorting Using X-Ray Fluorescence”, filed Sep. 22, 2003,
currently pending, which 1s a continuation of U.S. applica-
tion Ser. No. 10/967,981, titled “High Speed Materials
Sorting Using X-Ray Fluorescence”, filed Oct. 19, 2004,
which 1s a continuation of U.S. application Ser. No. 10/364,
783, titled “High Speed Materials Sorting Using X-Ray
Fluorescence”, filed Feb. 11, 2003, 1ssued May 3, 2005 as
U.S. Pat. No. 6,888,917, which 1s a continuation of U.S.
patent application Ser. No. 09/827,784, titled “High Speed
Matenals Sorting Using X-Ray Fluorescence”, filed Apr. 6,
2001, 1ssued Feb. 11, 2003 as U.S. Pat. No. 6,519,315,
which 1s a continuation of U.S. patent application Ser. No.
09/400,491 titled, “High Speed Materials Sorting Using
X-Ray Fluorescence™, filed Sep. 21, 1999, 1ssued Jul. 24,
2001 as U.S. Pat. No. 6,266,390, which claims priority under
35 U.S.C. §119(e) to U.S. provisional application Ser. No.
60/101,128 titled, “Electronics Sortation for Recycling of
Post Consumer Non-Ferrous Metals,” filed Sep. 21, 1998,
where each application 1s hereby incorporated by reference
in 1ts entirety.

GOVERNMENT LICENSE RIGHTS

10002] The U.S. Government has a paid-up license in this
invention and the right 1n limited circumstances to require
the patent owner to license others on reasonable terms as

provided for by the terms of Grant No. DMI-9761412
awarded by the National Science Foundation.

[0003] This invention was made with Government support
under Grant No. DMI-9761412 awarded by the National
Science Foundation. The Government has certain rights in
this mnvention.

FIELD OF THE INVENTION

[0004] This invention relates to a system and process for
sorting pieces of materials (by composition) 1n a stream of
materials moving along a conveyor belt. Particularly, this
invention relates to a system and process for classitying
pieces of materials of unknown composition based on the
x-ray fluorescence spectrum of each respective piece so as to
permit very high speed sorting of the unknown materials.

BACKGROUND OF THE INVENTION

[0005] Current worldwide environmental concerns have
fueled an increase in eflorts to recycle used equipment and
articles containing materials that can be reused. Such eflorts
have produced new and improved processes for sorting
maternials such as plastics, glass, metals, and metal alloys.

[0006] As used herein, a “material” may be a chemical
clement, a compound or mixture of chemical elements, or a
compound or mixture of a compound or mixture of chemical
clements, wherein the complexity of a compound or mixture
may range irom being simple to complex. Materials may
include metals (ferrous and non-ferrous), metal alloys, plas-
tics, rubber, glass, ceramics, etc. As used herein, element
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means a chemical element of the periodic table of elements,
including elements that may be discovered after the filing
date of this application.

[0007] Generally, methods for sorting pieces of materials
involve determining a physical property or properties of
cach piece, and grouping together pieces sharing a common
property or properties. Such properties may include color,
hue, texture, weight, density, transmissivity to light, sound,
or other signals, and reaction to stimuli such as various
fields. Methods to determine these properties include visual
identification of a material by a person, 1dentification by the
amount and/or wavelength of the light waves emaitted or
transmitted, eddy-current separation, heavy-media plant
separation, and x-ray fluorescence detection.

[0008] With respect to metals and metal alloys, today it is
neither technically nor commercially feasible to separate and
recover many of the non-ferrous metals that are manufac-
tured into products and discarded at the end of their usetul
life. In residential waste, only aluminum cans are recycled to
any significant degree. Virtually none of the other non-
ferrous materials 1 our residential waste are recovered.
Instead, they are disposed in landfills. Further, small non-
ferrous materials below > inches in size are landfilled from
nearly 200 automobile shredders.

[0009] Smaller-sized pieces of non-ferrous metals from
automobile shredders are not separated because their recov-
ery 1s not cost-etlective. They can only be consolidated and
shipped to larger facilities for further processing. Mixed
non-ferrous metals from industrial processes are often dis-
posed or junked because hand-sorting and small-particle
recovery technologies either do not work well or are not
cost-eflective. Nearly 2 billion pounds of valuable non-
ferrous metals are discarded in landfills every year in the
U.S. alone. Worldwide, the amount of metal wasted 1s far
greater. If this metal could be economically recycled at high
volumes, the potential value generated 1s estimated to be 1n
excess of 1 billion dollars (U.S.) per year. Further, there are
approximately 200 waste-to-energy facilities, 200 automo-
bile shredders, and thousands of metal scrap yards in the
U.S. alone that could benefit financially (and otherwise)
from an 1mproved sorting system.

[0010] X-ray fluorescence spectroscopy has long been a
usetul analytical tool in the laboratory for classifying mate-
rials by i1dentifying elements within the material, both in
academic environments and in idustry. The use of charac-
teristic x-rays such as, for example, K-shell or L-shell
x-rays, emitted under excitation provides a method for
positive 1identification of elements and their relative amounts
present 1n different materials, such as metals and metal
alloys. For example, radiation striking matter causes the
emission of characteristic K-shell x-rays when a K-shell
clectron 1s knocked out of the K-shell by incoming radiation
and 1s then replaced by an outer shell electron. The outer
clectron, 1n dropping to the K-shell energy state, emits x-ray
radiation characteristics of the atom.

[0011] The energy of emitted x-rays depends on the
atomic number of the fluorescing elements. Energy-resolv-
ing detectors can detect the different energy levels at which
x-rays are fluoresced, and generate an x-ray signal from the
detected x-rays. This x-ray signal may then be used to build
an energy spectrum of the detected x-rays, and from the
information, the element or elements which produced the
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x-rays may be identified. Fluorescent x-rays are emitted
1sotopically from an 1rradiated element and the detected
radiation depends on the solid angle subtended by the
detector and any absorption of this radiation prior to the
radiation reaching the detector. The lower the energy of an
x-ray, the shorter the distance i1t will travel before being
absorbed by air. Thus, when detecting x-rays, the amount of
x-rays detected 1s a function of the quantity of x-rays
emitted, the energy level of the emitted x-rays, the emitted
x-rays absorbed in the transmission medium, the angles
between the detected x-rays and the detector, and the dis-
tance between the detector and the 1rradiated matenial.

[0012] Although x-ray spectroscopy 1s a useful analytical
tool for classifying materials, with current technology, the
cost 1s high per analysis, and the time required 1s typically
minutes or hours. Scrap vard identification of metals and
alloys 1s primanly accomplished today by trained sorters
who visually examine each metal object one at a time.
Contamination 1s removed by shearing. A trained sorter
observes subtle characteristics of color, hue, texture, and
density to qualitatively assess the composition of the metal.
Sometimes, spark testing or chemical “litmus” testing aids
in 1dentification. The process 1s slow and inaccurate, but 1s
the most common method in existence today for sorting
scrap metal to upgrade 1ts value.

[0013] There have been disclosed a variety of systems and
techniques for classiiying materials based on the x-ray
fluorescence of the material. Some of these systems involve
hand-held or bench-top x-ray fluorescence detectors. Some
of these systems include serially conveying pieces of mate-
rial along a conveyor belt and irradiating each piece, in turn,
with x-rays. These x-rays cause each piece of maternial to
fluoresce x-rays at various energy levels, depending on the
clements contained 1n the piece. The fluoresced x-rays are
detected, and the piece of material 1s then classified based on
the fluoresced x-rays and sorted in accordance with this
classification.

[0014] Such disclosed systems, however, have not been

widely accepted commercially because they require about
one second or more to detect the x-rays and accurately
classity the piece of maternial accordingly, and they are
expensive relative to the number of objects 1dentified per
unit time.

SUMMARY OF THE INVENTION

[0015] In response to the need for faster classification,
disclosed herein 1s a system and process for classilying a
piece of material based on the x-ray fluorescence of its
constituents, wherein x-rays are detected from the piece and
the piece 1s accurately classified, cumulatively, 1n substan-
tially less than a second—indeed, typically in about 100
milliseconds (ms) or less.

[0016] To achieve these speeds, a high intensity x-ray
source, such as an x-ray tube, 1s used to 1rradiate the piece.
The previously mentioned systems, by contrast, employ a
comparatively low-power narrow-spectrum X-ray source
such as, for example, Cadmium isotope Cd'*”, Americium
isotope Am**', Cobalt isotope Co>’, and Iron isotope Fe’>.
Although use of an x-ray tube has been mentioned as a
possible alternative x-ray source for a material sorting
system, a high intensity x-ray source has not been imple-
mented by others in such systems, and there are major
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problems 1n doing so that have not previously been resolved.
Consequently, there previously has not been shown a system
that enables use of a high intensity x-ray source 1n such a
system.

[0017] Another problem with many known material sort-
ing systems that classily pieces ol material based on the
x-ray fluorescence of the material 1s that such systems are
limited to analyzing only the fluorescence of specific, pre-
determined eclements of interest in the piece of matenal.
Analyzing only select fluorescence limits the accuracy of the
identification and the range of materials that can be identi-

fied.

[0018] In response to this problem, there 1s also disclosed
herein a system and process for classilying a piece of
material based on the x-ray fluorescence of the piece by
recognizing a broad spectral pattern of the x-ray fluores-
cence.

[0019] According to the invention, a high speed process
for classifying a piece of material of unknown composition
1s provided. The piece 1s 1irradiated with x-rays from an x-ray
source, causing the piece to fluoresce x-rays. The fluoresced
x-rays are detected with an x-ray detector and the piece 1s
classified from the detected fluoresced x-rays.

[0020] In optional illustrative embodiments, detecting and
classifying are cumulatively performed in less than one
second, less than 500 ms, less than 100 ms, less than 50 ms,
and preferably even less than 15 ms.

[0021] Preferably, but optionally, an x-ray fluorescence
spectrum of the piece of material from the detected fluo-
resced x-rays 1s determined, and at least one of the steps of
the 1rradiating and detecting includes conditioning the irra-
diating x-rays or the fluoresced x-rays, respectively, such
that speed and accuracy of determining the x-ray fluores-
cence spectrum 1s not significantly compromised or com-
plicated by generation or detection of extraneous x-rays.

[0022] In vyet another optional aspect, the irradiating
x-rays are filtered to reduce a number of 1rradiating x-rays
having an energy level too low to cause the piece to fluoresce
x-rays having an energy level within a predefined range of
the x-ray fluorescence spectrum.

10023] In still another optional aspect, the irradiating
x-rays are aimed at the piece of matenial to reduce an amount
of x-rays detected by the x-ray detector that were not
fluoresced by the piece 1tsell.

10024] In still another optional aspect of the illustrated
embodiments, the x-ray tluorescence spectrum 1s determined
for a predefined range of energy levels, and the 1rradiating
x-rays are aimed by collimating the x-ray source with a
collimator whose aperture components are made substan-
tially of one or more materials that fluoresce at energy levels
not within the predefined range.

[0025] For example, the operative parts of the collimator
may be formed essentially of polyvinyl chloride.

[0026] In another optional aspect, the x-ray source is
aimed at the piece of maternial with a small aperture to
substantially confine the x-rays detected by the x-ray detec-
tor to those fluoresced by the piece and limit detection of
other x-rays.
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10027] In another optional aspect, the x-ray detection is
aimed by collimating the x-ray detector with a collimator
consisting essentially of one or more matenals that fluoresce
at energy levels not within the predefined range. For
example, the collimator may be formed essentially of poly-
vinyl chloride.

10028] In yet another optional aspect, the piece of material
1s conveyed on a conveyor through a detection area where
the 1irradiating x-rays irradiate the piece and the fluoresced
x-rays are detected from the piece. The conveyor may be
formed essentially of one or more materials that fluoresce at
energy levels not within the predefined energy range, so that
the conveyor does not fluoresce x-rays that significantly
interfere with determination of the x-ray fluorescence spec-
trum of the piece.

[0029] In another optional aspect, the spectral pattern of
the determined x-ray fluorescence spectrum 1s recognized.

[0030] In still another optional aspect, a plurality of x-ray
fluorescence spectra are stored as relerence spectra on a
computer-readable medium, each reference spectrum having
a spectral pattern and corresponding to a different material
classification. Recognizing the detected spectral pattern
includes comparing the determined x-ray fluorescence spec-
trum to each of the reference spectra to determine which
reference spectrum has a spectral pattern most similar to the
spectral pattern of the determined x-ray fluorescence spec-
trum. The piece ol material 1s classified as the material
classification corresponding to the reference spectrum deter-
mined to have the most similar spectral pattern.

[0031] In a further optional aspect, the piece of material is
conveyed on a conveyor and through a detection area where
the 1rradiating x-rays irradiate the piece and the fluoresced
x-rays are detected from the piece, and an ejector corre-
sponding to the classification of the piece 1s actuated such
that the piece 1s ejected from the conveyor at a point
downstream from the detection area and associated with said
classification.

10032] In another optional aspect, the piece of material 1s
flattened prior to 1rradiation and detection.

[0033] In still another optional aspect, the step of irradi-
ating includes 1rradiating the x-rays at a high intensity.

[0034] Optionally, but preferably, the x-ray source is an
x-ray tube.

[0035] It will be appreciated that both large and small
pieces may be processed, including pieces having a largest
dimension less than %% inch; indeed, even less than approxi-
mately 74 inch.

[0036] In another illustrative embodiment, a system for
classitying a piece of material of unknown composition 1s
provided, where the system 1s connected to a power supply.
An x-ray source powered by the power supply generates
x-rays that irradiate the piece of matenal, causing the piece
to fluoresce x-rays. An x-ray detector detects the fluoresced
x-rays and produces as an output a signal, called an x-ray
signal, representing the detected x-rays. An x-ray fluores-
cence processing module 1s connected to the x-ray detector.
The processing module receives as an iput the x-ray signal
and generates as an output a classification signal that 1den-
tifies the classification of the piece of matenal.
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[0037] In optional aspects, the x-ray detector and x-ray
fluorescence processing module are operative to detect the
fluoresced x-rays and classily the piece, respectively, 1 a
combined time less than one second, less than 500 ms, less
than 100 ms, less than 50 ms, and preferably even less than
15 ms.

[0038] In yet another optional aspect, the x-ray fluores-
cence processing module includes a spectrum acquisition
module connected to the x-ray detector, the spectrum acqui-
sition module receives as an input the x-ray signal and
generates as an output an x-ray tluorescence spectrum, and
a classification module receives as an input the x-ray fluo-
rescence spectrum and generates as an output a classification
signal indicating a classification of the piece of matenal. The
system 1s conditioned such that accurate determination of
the x-ray fluorescence spectrum 1s not significantly compro-
mised or complicated by generation or detection of extra-
neous X-rays.

[0039] In another optional aspect of this embodiment, the
x-ray fluorescence spectrum 1s determined for a predefined
range of energy levels, and an x-ray filter filters the 1rradi-
ating x-rays to reduce a number of 1rradiating x-rays having
an energy level too low to cause the piece to fluoresce x-rays
having an energy level within the predefined range of the
x-ray fluorescence spectrum.

[0040] In another optional aspect the output of the x-ray
source 1s conditioned by a collimator, the collimator having,
an aperture to aim the 1rradiating x-rays at the piece such that
production of x-rays from objects other than the piece 1s
reduced.

[0041] In an optional feature of this aspect, the x-ray
fluorescence spectrum 1s determined for a predefined range
of energy levels, aperture components of the collimator
being made substantially of one or more materials that
fluoresce at energy levels not within the predefined range.

[0042] For example, the collimator may be formed essen-
tially of polyvinyl chloride.

[0043] In another optional aspect, the x-rays detected by
the x-ray detector are conditioned by a collimator, the
collimator having an aperture to aim the detection of the
fluoresced x-rays at the piece during the detection such that
detection of incident radiation from objects other than the
piece 1s minimized.

[0044] For example, the collimator may be formed essen-
tially of polyvinyl chloride.

[0045] In still another optional aspect, the x-ray fluores-
cence spectrum 1s determined for a predefined range of
energy levels, and a conveyor conveys the piece of material
through a detection area where the 1rradiating x-rays 1rradi-
ate the piece and the fluoresced x-rays are detected from the
piece, and the conveyor consists essentially of one or more
materials that fluoresce at energy levels not within the
predefined range.

[0046] For example, the conveyor belt may be formed
essentially of polyvinyl chloride.

[0047] In another optional aspect, the x-ray fluorescence
processing module includes a spectrum acquisition module
connected to the x-ray detector, the spectrum acquisition
module to receive as an imput the x-ray signal and to
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generate as an output an x-ray fluorescence spectrum, and a
classification module to receive as an input the x-ray fluo-
rescence spectrum and to generate as an output a classifi-
cation signal that indicates the classification of the piece,
wherein the classification module 1s operative to classity the
piece by recognizing a spectral pattern of the x-ray fluores-
cence spectrum.

10048] In yet another optional aspect, a computer-readable
storage medium stores a plurality of x-ray fluorescence
spectra as reference spectra, each reference spectrum having
a spectral pattern and corresponding to a different material
classification, and the classification module further includes
means for comparing the determined x-ray fluorescence
spectrum to each of the reference spectra to determine which
reference spectrum has a spectral pattern most similar to the
spectral pattern of the determined x-ray fluorescence spec-
trum. The classification of the piece corresponds to the
reference spectrum determined to have the most similar
spectral pattern.

[0049] In a further optional aspect, a conveyor conveys the
piece of material through a detection area where the 1rradi-
ating x-rays irradiate the piece and the fluoresced x-rays are
detected from the piece, and an ejector corresponding to the
classification of the piece having an mput receirves an
¢jection signal, and the ejector ejects the piece from the
conveyor 1n accordance with the ejection signal at a point
downstream from the detection area and associated with said
classification.

[0050] In another optional aspect, the piece of material 1s
flattened prior to 1rradiation and detection.

[0051] In still another optional aspect, the x-ray source is
operative to generate the irradiating x-rays at a high inten-

sity.
[0052] Optionally, but preferably, the x-ray source is an
x-ray tube.

[0053] In another illustrative embodiment, a system for
classiiying a piece of material of unknown composition at
high speeds 1s provided. The system includes means for
irradiating the piece with x-rays from an X-ray source,
causing the piece to fluoresce x-rays, means for detecting the
fluoresced x-rays with an x-ray detector, and means for
classitying the piece of material from the detected fluoresced
X-rays.

[0054] In optional illustrative embodiments, the means for
detecting and means for classitying are operative to detect
the tfluoresced x-rays and classity the piece, respectively, in
a combined time of less than one second, less than 500 ms,
less than 100 ms, less than 50 ms, and preferably even less
than 15 ms.

|0055] Preferably, but optionally, the system includes
means for determining an x-ray fluorescence spectrum of the
piece ol matenial from the detected tluoresced x-rays, and
means for conditioning at least one of the wrradiating x-rays
and the fluoresced x-rays, respectively, such that speed and
accuracy of determining the x-ray tluorescence spectrum 1s
not significantly compromised or complicated by generation
and detection of extraneous x-rays.

[0056] In yet another optional aspect, the means for con-
ditioning includes means for filtering the iwrradiating x-rays
to reduce a number of 1rradiating x-rays having an energy
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level too low to cause the piece to fluoresce x-rays having an
energy level within a predefined range of the x-ray fluores-
cence spectrum.

[0057] In another optional aspect of the illustrated
embodiments, the means for conditioning includes means
for aiming the rradiating x-rays at the piece of material to
reduce an amount of x-rays detected by the x-ray detector
that were not fluoresced by the piece 1tsell.

[0058] Preferably, but optionally, the means for aiming
includes a collimator whose aperture components are made
substantially of one or more materials that fluoresce at
energy levels not within the predefined range.

[0059] For example, operative parts of the collimator may
be formed essentially of polyvinyl chloride.

[0060] In another optional aspect, the means for condi-
tioning includes means for aiming the x-ray detector at the
piece of material to substantially confine the x-rays detected
by the x-ray detector to those fluoresced by the piece and
limit detection of other x-rays.

[0061] In another optional aspect, the x-ray fluorescence
spectrum 1s determined for a predefined range of energy
levels, and the means for aiming the x-ray detector includes
a collimator whose aperture components are made of one or
more materials that fluoresce at energy levels not within the
predefined range.

[0062] For example, operative parts of the collimator may
be formed essentially of polyvinyl chlonde.

[0063] In yet another optional aspect, the system further
includes means for conveying the piece of material through
a detection area where the 1rradiating x-rays irradiate the
piece and the fluoresced x-rays are detected from the piece,
and the means for conveying includes a conveyor that may
be formed essentially of one or more materials that fluoresce
at energy levels not within the predefined energy range of
the determined x-ray fluorescence spectrum so that the
conveyor does not tluoresce x-rays that significantly inter-
tere with determination of the x-ray fluorescence spectrum
ol the piece.

[0064] In an optional aspect, the conveyor is made essen-
tially of polyvinyl chloride.

[0065] In still another optional aspect, the system further
includes means for recognizing the spectral pattern of the
determined x-ray fluorescence spectrum, and the means for
classiiying the piece base the classification on the recogni-
tion of the spectral pattern.

[0066] In another optional aspect, the means for detecting,
means for determining, means for recognizing, and means
for classitying are operative to detect the tluoresced x-rays,
determine the x-ray fluorescence spectrum, recognize the
spectral pattern of the x-ray fluorescence spectrum, and
classity the piece, respectively, 1n a combined time of less
than one second.

[0067] In a further optional aspect, the system further
includes means for storing a plurality of x-ray fluorescence
spectra as reference spectra on a computer-readable
medium, each reference spectrum having a spectral pattern
and corresponding to a different material classification, and
the means for recogmzing the detected spectral pattern
includes means for comparing the determined x-ray fluo-
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rescence spectrum to each of the reference spectra to deter-
mine which reference spectrum has a spectral pattern most
similar to the spectral pattern of the determined x-ray
fluorescence spectrum, and the piece of material 1s classified
as the material classification corresponding to the reference
spectrum determined to have the most similar spectral
pattern.

[0068] In yet another optional aspect, the system further
includes means for flattening the piece of material prior to
irradiation and detection.

[0069] In still another optional aspect, the system further
includes means for 1rradiating the x-rays at a high intensity.

[0070] Optionally, but preferably, the x-ray source is an
x-ray tube.

[0071] In another optional aspect, the system further
includes means for conveying the piece of material through
a detection area where the irradiating x-rays irradiate the
piece and the fluoresced x-rays are detected from the piece,
and means for actuating an ejector corresponding to the
classification of the piece such that the piece 1s ejected from
the conveying means at a pomnt downstream from the
detection area and associated with said clarnfication.

[0072] These and other features and advantages of the
invention will be more readily understood and appreciated
from the detailed description below, which should be read
together with the accompanying drawing figures.

BRIEF DESCRIPTION OF THE DRAWINGS

10073]

0074] FIG. 1 is a diagram showing an illustrative
embodiment of a high speed material sorting system;

[0075] FIGS. 2A and 2B are a flow chart showing an

illustrative embodiment of a process of sorting pieces of
maternial at high speed;

10076] FIG. 3 is a diagram showing an illustrative
embodiment of an x-ray detection chamber of a high speed
material sorting system:;

In the drawings:

10077] FIG. 4 is a block diagram showing an illustrative
embodiment of an x-ray fluorescence processing module;

10078] FIG. 5 is a data flow diagram showing an illustra-
tive embodiment of the function of a spectrum acquisition
module;

[0079] FIG. 6 is a flow chart showing an illustrative
embodiment of a process for classilying a piece of material
based on the x-ray fluorescence spectrum of the piece;

[0080] FIG. 7A is a diagram showing an illustrative
embodiment of using an energy histogram to represent an
x-ray tluorescence spectrum;

[0081] FIG. 7B is a diagram showing an illustrative
embodiment of using an energy histogram to represent an
x-ray fluorescence spectrum;

10082] FIG. 8 is a screen capture of an illustrative embodi-
ment of a user interface for analyzing detected x-ray fluo-
rescence spectra; and

10083] FIG. 9 is a block diagram showing an illustrative
embodiment of a process of binary sorting materials.
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DETAILED DESCRIPTION

[0084] 'The combination of the high speed x-ray irradiation
and detection techniques and the execution of a complex
sorting algorithm described herein permit highly accurate
classification and sorting of materials at very fast rates, at
least one to two orders of magnitude faster than currently
used techniques.

[0085] FIG. 1 depicts an illustrative embodiment of a high
speed material sorting system. A materials singulator and
feeder 3 feeds a singulated stream of pieces of material 11
onto a conveyor belt 5. The conveyor belt 5 receives the
pieces of material 11 and conveys the pieces of material
through an x-ray detection chamber 7 downstream to be
sorted into sorting bins 18-23. Although a conveyor belt 1s
used 1n the 1llustrative embodiment of FIG. 1, any suitable
conveying means may be used.

[0086] An x-ray detection chamber 7 receives each piece
of material, 1irradiates the material with x-rays, and detects
the x-ray fluorescence (xrf) from the maternials as a result of
the 1irradiation. The detection chamber 7 1s also connected to
an xri processing module 9 through a signal carrier 8 such
as, for example, a data bus. The xrf processing module 9
receives a signal representing the xri detected from a piece
of material along the signal carrier 8. The xrf processing
module 9 then classifies the piece of material based on the
xri signature of the material, and activates a sorting device
such as an air jet—Ifor example, one of the air jets 13-17—
that 1s mapped or assigned to the classification. When one of
the air jets 13-17 receives a signal from the xrf processing
module 9, that air jet emits a stream of air that causes a piece
of matenial to be ejected from the conveyor belt 5 into a
sorting bin corresponding to that air jet such as, for example,
one of the sorting bins 18-22. High speed air valves from
Mac Industries may be used, for example, to supply the jets
with air pressure at, for example, 60-90 ps1, with operating/
closing times of 15 ms.

[0087] Although air jets are used to eject materials in the
illustrative embodiment of FIG. 1, other methods may be
used to eject the pieces of material, such as robotically
removing the piece ol material from belt 5, pushing the piece
of material from belt 5, or causing an opening in the belt
from which a piece of material may drop.

|0088] In addition to sorting bins 18-22, into which pieces
of material are forced, the system may also include a sorting
bin 23 that receives pieces ol material not forced from the
belt 5. A piece of material may not be ejected from the belt
5 when the classification of the piece 1s not determined.
Thus, sorting bin 23 may serve as a default bin into which
unclassified pieces of materials are dumped. Alternatively,
sorting bin 23 may be used to receive one or more classi-
fications of pieces of material by deliberately not assigning
any of the sorting bins 18-22 to the one or more classifica-
tions. This technique of default sorting can be particularly
useiul 1n sorting materials which fluoresce at low energy
levels diflicult to detect because of absorption by air such as,
for example, aluminum.

[0089] Depending upon the classifications of materials
desired, multiple classifications may be mapped to a single
air jet and sorting bin. In other words, there need not be a
one-to-one correlation between classifications and sorting
bins. For example, it may be commercially beneficial to sort
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copper and brass mto the same sorting bin. To accomplish
this sort, when a piece of material 1s classified as either
copper or brass, the same air jet may be activated to sort both
copper and brass 1nto the same sorting bin. The contents of
this sorting bin may, for example, then be used to create a
copper/brass alloy. Such combination sorting may be
applied to produce any desired combination of material
pieces and element distribution. The mapping of classifica-
tions may be programmed 1n the sorting application 35 of
FIG. 4 to produce such desired combinations.

[0090] The classifications of pieces are user-definable and
not limited to any known classification of maternials. The
classifications may be defined by using appropriate refer-
ence spectra, and programming the threshold values for
these spectra, as 1s described 1n more detail below in
connection with FIGS. 4 and 6. For example, the classifi-
cation may be between: plastics, ceramics, glass, and, met-
als, such classification having a relatively broad scope;
different metals and metal alloys such as, for example, zinc,
copper, brass, chromeplate, and aluminum, such classifica-
tion having a narrower scope; or between specific grades of
steel, such classification having a relatively narrow scope.
Thus, the classifications may be programmed to distinguish
between materials of significantly different compositions
such as, for example, plastics and metal alloys, or to
distinguish between materials of almost identical composi-
tion such as, for example, diflerent grades of steel.

10091] Although FIG. 1 shows an illustrative embodiment
of a high speed material sorting system in which the pieces
of materials 11 are conveyed along a straight and level path,
the system described herein 1s not limited to such an
embodiment. In an alternative embodiment, the conveyor
belt 5 may be divided into multiple belts in series such as,
for example, two belts, where a first belt conveys the
materials into the detection chamber 7, and a second belt
conveys the pieces of material from the detection chamber
7. For example, the second belt may be at a lower height than
the first belt, such that pieces of material 11 fall from the first
belt onto the second belt through the detection chamber.

[0092] In an illustrative embodiment, an x-ray detector
and x-ray source may be arranged such that the irradiation
of x-rays onto or detected from the belt(s) 1s kept to a
mimmum (1.€., an acceptably low level), thus reducing
detection of extraneous X-rays ifrom the belt(s). (This both
improves the speed and accuracy of classification as well as
avoids “flooding” the detection needlessly.) In yet another
embodiment, during conveyance through the detection area
cach piece ol material may be slid across a window of
material or air gap that allows x-rays to pass through, with
the x-ray source situated to wrradiate x-rays through the
window.

[0093] In another illustrative embodiment, the part of the
conveyer belt downstream from the detection chamber may
be replaced by a circular conveyor, and the air jets 13-17, or
other suitable removal means, arranged along the exterior or
interior of the circular conveyor. In an optional aspect of this
illustrative embodiment, the entire conveyor belt 5 1s a
circular conveyor, where the pieces of materials are fed onto
the conveyer, and a detection chamber 1s located at a point
along the conveyor.

[0094] In another illustrative embodiment of the high
speed material sorting system, gravity may be used to
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accelerate the speed of the pieces of materials. For example,
the conveying belt may convey pieces ol material onto a
surface that slopes downward leading toward the detection
chamber 7. Further, at some point along the path of con-
veyance, the pieces of materials may be dropped into free
fall, and be 1rradiated during free fall from an x-ray source
or sources located along the sides. The fluoresced x-rays
could also be detected during free fall from an x-ray detector
or detectors located along the path of trajectory. Although
such an arrangement reduces background radiation, the
detection process becomes more complex. The location and
speed of each falling piece must be detected to properly time
the sorting process (constant speed cannot be assumed as in
the previously discussed embodiments). Further, the mher-
ent unstable nature of pieces rolling down a slope or 1n free
fall introduces a variable element 1nto the sorting process.

[0095] The system and process for classifying described
herein may be applied to a handheld system for classifying
pieces of material one at a time. In such a system, adjust-
ments would have to be made for portability, but the general
methods described herein for irradiating with x-rays, detect-
ing fluoresced x-rays, building an xrf spectrum, and recog-
nizing a spectral pattern of the xrf spectrum may be used.

[0096] FIGS. 2A and 2B i1s a flow chart depicting an
exemplary illustrative embodiment of a process of sorting
materials at high speeds. First, 1n step 51, matenals are fed
in a singulated stream onto a conveyor belt. In an optional
aspect of this illustrative embodiment, the materials are
flattened with a flattening apparatus before being fed onto
the conveyor belt 5. For example, a rolls crusher may be
used for this purpose.

[0097] By flattening the piece of material, any other mate-
rials adhered to the piece of material may be removed.
Further, flattening a piece of material before feeding the
piece onto the conveyor belt improves sorting and classifi-
cation of the materials. First, flattened pieces ol material
remain stationary on the conveyor belt, and do not roll. Thus,
in the 1llustrative embodiment of FIG. 1, when a piece of
material 1s classified, and an appropriate air jet 13-17 1s
actuated, the piece 1s 1n a position anticipated by the xrf
processing module 9, and the piece 1s ejected from the
conveyor belt into the appropriate sorting bin 18-22. Second,
flattening the pieces of material provides a larger surface
area to 1rradiate and from which to detect x-rays. Conse-
quently, the piece of material 1s bombarded with and fluo-
resces more X-rays, resulting in a more complete xrf spec-
trum being determined for the piece of material. Third, the
composition of the piece of material i1s less influenced by
surface contaminants. Because during tlattening, fresh mate-
rial surfaces are exposed, a cleaner xrf spectrum 1s produced.
Consequently, the spectra detected are more representative
of the piece of material and not other materials that may be
adhering to the surface of the piece of materal.

[0098] In an illustrative embodiment, the conveyor belt 5
1s depressed or troughed 1n the center such that pieces of
materials gravitate to the center of the conveyor belt 5,
where they remain more stationary and may be aligned
directly beneath a detector.

[0099] Next, in step 53, the materials are conveyed along
the conveyor belt and 1nto an x-ray detection chamber. In an
illustrative embodiment, each piece 1s flattened while being
conveyed along the belt, as discussed above 1n connection
with step 51.
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[0100] In an illustrative embodiment, the belt 1s comprised
at least mostly of a material such as, for example, polyvinyl
chloride (PVC), that when 1rradiated, fluoresce x-rays only
at low energy levels, as will be disclosed 1n more detail with
connection to FIG. 4. The speed at which the belt 1s operated
1s programmed 1n accordance with the spacing between the
pieces of material and the cumulative time which it takes to:
acquire or detect the x-rays from a piece ol materal;
determine an xrf spectrum; and classily the piece. Such
speeds may exceed 100 inches per second.

[0101] In step 55, when a piece of material has entered the
x-ray detection chamber, the piece 1s rradiated with x-rays,
as will be discussed below 1n more detail 1n connection to

10102] FIG. 4. The exposure to x-rays causes each mate-
rial to fluoresce x-rays at various energy levels, producing an
xri spectrum. In step 57, this xrf spectrum 1s detected by an
x-ray detector.

[0103] Next, in step 59, for each piece of material, the
material 1s classified based on the xrf that was detected, as
discussed 1n more detail below 1in connection to FIG. 3.

[0104] Next, in step 61 of FIG. 2B, an air jet correspond-
ing to the classification of the piece 1s activated. Between the
time at which the piece of material was 1rradiated and the
time at which the air jet 1s activated, the piece of maternial has
moved from the detection chamber to a point downstream
from the detection chamber, at the rate of conveying of the
belt. In an embodiment, the activation of the air jet 1s timed
such that as the piece passes the air jet mapped to the
classification of the piece, the air jet 1s activated and the
piece of matenal 1s g¢jected from the conveyor belt.

[0105] In an alternative embodiment, the activation of air
jet 1s timed by a respective position detector that detects
when a piece of material 1s passing before the air jet and
sends a signal to enable the activation of the jet. In step 63,
the sorting bin corresponding to the air jet that was activated
receives the ejected piece of materal.

10106] FIG. 3 1s a diagram illustrating an illustrative
embodiment of the x-ray detection chamber 7. A power
supply 45 supplies power to an x-ray source 47. For
example, the power supply may be a Spellman RMP 300
power supply, and the x-ray source 47 1s an x-ray tube such
as, for example, a water-cooled Varian OEG-30 x-ray tube.
Such an x-ray tube and power supply combination 1s capable
of operating at up to 300 watts at 30 kv. In an illustrative
embodiment, the x-ray tube is operated at 13-17 kv at levels
in the range of 1-10 watts.

[0107] The intensity of X-rays i1s proportional to the rate at
which x-rays are transmitted. Although commercially avail-
able x-ray sources using radioactive i1sotopes, for example
Cd'*”, Am**', and Co>’, and Fe > may be used as the x-ray
source 47, as 1s common 1n material sorting systems that
detect xrt, such 1sotope-based sources do not produce x-rays
at the mtensity that can be produced by an x-ray tube. The
number of x-rays fluoresced 26 from a piece of material 25
irradiated with x-rays 24 1s a function of the intensity and
energy levels of the mrradiating x-rays 24. Thus, when an
x-ray source 47 1s used that produces less intense x-rays 24,
less x-rays 26 are fluoresced from the piece of material 25.
Consequently, fluoresced x-rays 26 must be detected from
the piece of material 25 for a longer period of time so that
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an xri spectrum with a strong enough 1mage, 1.€. a recog-
nizable spectral pattern, may be determined.

[0108] Therefore, to increase the speed of detection and
classification, an x-ray tube may be used as the x-ray source
47. An x-ray tube 1s capable of producing x-rays several
orders ol magnitude more intense than any commercially
available 1sotope-based x-ray sources. This intensity 1s par-
ticularly important when the piece ol material 25 1s rela-
tively small, when the x-ray source 47 1s a relatively long
distance away from the piece ol material 235, or when the
piece of material 25 1s a relatively long distance away from
the detector 27, the reasons for which are discussed 1n more
detail below. Further, an x-ray tube has the added advantage
of being capable of being turned ofl when not 1n use, 1n
contrast to a radioactive 1sotope. As used herein, the term
“high 1ntensity” when used to describe x-rays means x-rays
of an intensity at least an order of magnitude more intense
than the x-rays produced from a typical, commercially-
available 1sotope-based x-ray source.

[0109] Using an x-ray tube, or another comparable high
intensity radiation source, as the x-ray source 47, however,
causes massive amounts of x-rays to be present in the x-ray
chamber 7, orders of magnitude more than would be present
iI an 1sotope-based source were used. The presence of this
amount ol x-rays causes problems with the detection of
x-rays by the x-ray detector 27 and the determination of an
accurate xrl spectrum. Therefore, the 1rradiation and detec-
tion of the x-rays must be conditioned as described in more
detail below.

[0110] In an illustrative embodiment, the x-ray source 47
1s collimated by a collimator 49, having an aperture which
1s aimed at a detection area where a particular piece of
material 25 1s to be irradiated. In an 1llustrative embodiment,
the detection area 1s approximately a circle with a diameter
of about 2.5" . As used herein, a “collimator” 1s a device
having an aperture which limits the transmission of x-rays of
an X-ray stream such that the x-rays move in the same, or
nearly the same, direction.

[0111] An x-ray detector 27 detects the x-rays fluoresced
from the piece of material 25, and sends a signal represent-
ing the detected x-rays along the signal carrier 8 to the xrf
processing module 9. In an illustrative embodiment, the
x-ray detector 27 1s collimated by a collimator 29. An
aperture of collimator 29 aims x-ray detector 27 at the piece
of material 25 during detection such that detector 27 directly
receives tluoresced x-rays 26 from piece of material 235
while extraneous x-rays including x-rays 24 irradiated from
x-ray source 47 and incidental x-rays from other objects
within the detection chamber 7 are inhibited by collimator
29 from reaching detector 27, thereby reducing detection of
these extraneous x-rays by detector 27. These direct and
incidental x-rays are referred to herein as background noise.
Background noise includes x-rays fluoresced or reflected
from objects in the chamber 7 other than the piece of
material 25, including: the interior surfaces of the chamber
7 1tsell, 1tems used to fasten together sections of the chamber
7 itself, the conveyor belt 5; or any other objects present 1n
the chamber. Such background noise may be caused by the
irradiating x-rays 24 and fluoresced x-rays 26 impacting
other objects 1 the chamber 27 and causing secondary
fluorescence.

[0112] In an illustrative embodiment in which a high
intensity x-ray source 47 1s used, the high intensity x-rays 24
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bombarding the piece of material 25 cause the piece of
material 25 to fluoresce x-rays 26 of high intensity. Because
of these high intensity x-rays, 1t 1s necessary to use an x-ray
detector 27 capable of handling the high intensity xrf
without flooding. An example of an x-ray detector capable
of handling the high intensity fluorescence x-rays 1s the
Amptek XR-100T with S1-PIN diode detector and beryllium
window to admit low energy x-rays. The energy resolution
of the Amptek detector 1s 250 ev or 0.25 Kev. However,
improved x-ray detectors are currently being developed
which are capable of even smaller (more precise) energy
resolution. Thus, the choice of resolution of an xrf spectrum
1s a function of the resolution desired and the resolution
capability of the x-ray detector 27.

[0113] In an illustrative embodiment, the x-ray detector 27
1s highly sensitive, and when too many x-rays impact the
x-ray detector 27, 1t may become tlooded with fluoresced
x-rays. Such flooding may cause the x-ray detector 27 to
malfunction or reduce the accuracy of the determined xrf
spectrum. When too many x-rays impact the x-ray detector
277, the accuracy of the spectrum determination may be
reduced because not all of the fluoresced x-rays 26 will be
detected. Thus, 1n an illustrative embodiment, accurate clas-
sification 1s best achieved by generating x-rays 24 at an
intensity that will not cause the x-ray detector 27 to be
flooded by irradiation. Thus, the x-ray 47 source may be
operated at power levels to produce relatively low intensity
radiation such as, for example, at 13.5 V and 0.03 mA,
giving an x-ray power output of only 0.4 watts.

[0114] The x-rays 24 emitted by the x-ray source 47 may
be filtered by an x-ray filter. Such filtering 1s beneficial when
an x-ray source 47 that has a broadband energy output (emuits
x-rays ol a wide range of energy levels) for example, an
x-ray tube, 1s used. Such broadband energy includes
unneeded x-rays that produce increased background noise in
the x-ray detection chamber 7. Unneeded 1rradiated x-rays
are 1rradiated x-rays of an energy level mnsuflicient to cause
the piece of material 25 to fluoresce x-rays within an energy
range ol the determined xrf spectrum. For example, it the
determined x-ray spectrum 1s programmed to have an energy
range between S kev and 30 kev, then only fluoresced x-rays
26 within this range are relevant for classification of the
piece 25. Generally, to cause the fluorescence of an x-ray at
a given energy level, an impacting irradiated x-ray must
have an energy level equal to or greater than the given
energy level. Thus, to cause the fluorescence of an x-ray of
between 5 kev and 30 kev, an impacting irradiated x-ray
must have an energy level of at least 5 kev. Thus, any x-rays
irradiated 24 from the x-ray source 47 that are less than
approximately 5 kev are unneeded. The term extraneous
x-rays, as used herein, includes both background noise and
unneeded 1rradiated x-rays. The unneeded x-rays may cause
additional background noise, and the unneeded x-rays alone
or in combination with the background noise may flood the
x-ray detector 27. Thus, an x-ray filter may be used to reduce
the number of unneeded x-rays impacting the piece of
material 25 or impacting the x-ray detector 27.

[0115] As discussed above, in an illustrative embodiment
using a high energy x-ray source, such as an x-ray tube, a
high amount of background noise 1s generated. Although
typically a conveyor belt made of some sort of rubber
material 1s used 1n sorting systems, the intensity of the x-rays
24 generated from the x-ray source 47 cause even elements
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present in a rubber belt to emit x-rays. Therefore, 1n an
illustrative embodiment, the belt preferably 1s made of a
material that will not fluoresce x-rays at energy levels that
tall within the range of the energy spectrum being detected,
thereby interfering with the energy spectrum. The energy
level of the fluoresced x-rays depends on the energy levels
at which the elements present 1n the piece of material 25
fluoresce. The energy level at which an element fluoresces 1s
proportional to its atomic number. For example, elements of
low atomic numbers fluoresce x-rays at lower energy levels.
Thus, the material for the conveyor belt may be chosen such
that the belt comprises elements of certain atomic numbers
that do not fluoresce x-rays within a certain energy range.
For example, PVC contains chloride which fluoresces at a
low energy level, and therefore, when an xrf spectrum with
a relatively high energy range 1s being determined, PVC
may be a good choice as a material for the conveyor belt.

[0116] For the same reasons as discussed above with
respect to the conveyor belt 5, the x-ray detection chamber
7, or at least the interior surface of the x-ray detection
chamber 7, may be made or lined with a matenal that
fluoresces at particular energy levels such as, for example,
PVC. Further, the collimator 49 for the x-ray source 47 may
be made of a material that fluoresces at particular energy
levels such as, for example, PVC.

[0117] X-ray chambers, such as x-ray chamber 7, are
typically shielded with a layer of lead along the interior
surface to absorb the x-rays and thus protect persons in the
vicinity of the x-ray chamber. In a high speed matenal sorter,
however, when a high intensity x-ray source such as an x-ray
tube 1s used, 1f the intensity 1s high enough, the lead 1itself
begins to fluoresce x-rays at a level that may interfere with
the detector. It there are enough x-rays tluoresced from the
lead, the x-ray detector may be flooded, and the accuracy of
the determined xrf spectrum may be reduced. To reduce the
probability of flooding the x-ray detector 27, the Xx-ray
chamber 7 may be lined with a material, for example, PVC,
that fluoresces x-rays at lower energy levels at which the
x-rays have a higher probability of being absorbed by arr.

[0118] Besides reducing the accuracy of the xrf spectrum
by flooding, the xrf spectrum may be further compromised
by 1ncorrectly indicating that the piece of material 25
contains lead, or a different amount of lead than 1s correct,
which may lead to incorrect classification. Such a situation
would arise 1f lead fluoresced within the energy spectrum
being determined. In such a situation, to avoid loss of x-ray
fluorescence spectrum accuracy, lead should not be used to
line the interior surface of the x-ray chamber.

[0119] In an illustrative embodiment, the xrf detected by
the x-ray detector 27 1s collimated by a collimator 29. The
collimator 29 limits the effects of extraneous x-rays being
received by the x-ray detector 27, by aiming the detector 27
at the detection area where the x-rays 26 are tluoresced by
the piece of material 235. In an 1llustrative embodiment, this
collimator 29 1s made of a material or materials that fluo-
resces at particular energy levels such as, for example, PVC,
for the same reasons discussed above with respect to colli-
mator 49, x-ray chamber 7, and conveyor belt 5.

[0120] Thus, when using an x-ray source 27 of high

intensity, such as an x-ray tube, the 1rradiation and detection
of the x-rays may be conditioned in order to accurately
detect the xrf of a piece of material and accurately classity
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the piece. Conditioning the irradiated x-rays may include
collimating the x-ray source 49 and {filtering the x-rays 24
produced by the x-ray source 47. Conditioning the detection
of x-rays may include collimating the x-ray detector 27, and
using materials that fluoresce at low energy levels for many
of the components proximate to detection area such as, for
example, the conveyor belt 5 and the x-ray chamber 7.

[0121] For high speed sorting of materials using an x-ray
source that produces x-rays of high intensity, collection
intervals for collecting x-ray spectra may range lower than
10 ms (ms). Longer intervals such as, for example, 5
seconds, may be used to collect reference spectra that are
stored for comparison against detected spectra. Generally,
the long-time spectra are less noisy than the shorter duration
samples since random variations of the fluorescing and
detection of x-rays thus of the output of the detector 27, tend
to cancel over time.

10122] In the illustrative embodiment of FIG. 3, the x-ray
source 47 1s located above the detection area. In alternative
illustrative embodiments, the x-ray source may be located to
the side of detection area, or beneath the belt. Locating the
x-ray source beneath the detection area, however, requires
maintaining a surface, perhaps a portion of the belt, through
which the x-rays must penetrate to wrradiate the piece of
material 25. In such an illustrative embodiment, the belt may
have a mesh configuration, or may have apertures through
which x-rays may pass through the belt impeded mainly by
the x-ray absorption of air. Further, the composition of the
belt may be such that the belt 1s largely transparent to the
transmission of x-rays. Although locating the x-ray source
beneath the detection area requires maintaining a surface,
such an arrangement does place the x-ray detector closer to
materials, regardless of the size of the materials. This
arrangement therefore may increase the number of 1rradiat-
ing x-rays that impact the piece of materials, resulting 1n an
increased number of x-rays fluoresced and an increased
number of detected x-rays.

10123] FIG. 4 1s a diagram illustrating an illustrative
embodiment of the xrl processing module 9. The x-ray
detector 27 sends a signal that carries the xrf detected from
the piece of material 25 along a signal carrier 8. The xrf
signal 1s amplified by amplifier 31 to produce an amplified
xri signal transmitted on signal carrier 10 which 1s received
by a spectrum acquisition module 33. In an illustrative
embodiment, the amplifier 31 1s an A250 preamplifier that
conditions the signal to produce the amplified xrf signal on
signal carrier 10.

[0124] FIG. 5 1s a data flow diagram illustrating an
illustrative embodiment of the function of the spectrum
acquisition module 33. The spectrum acquisition module 33
receives the amplified xrt signal and converts the amplified
xrl signal into a discrete energy histogram spectrum 34. In
an 1llustrative embodiment, the spectrum acquisition module
comprises an Amptech MCA 5000 acquisition card and
soltware programmed to operate the card at a real-time rate.
The Amptech MCA card has 2048 channels for dispersing
x-rays into a discrete energy spectrum with 2048 energy
levels. In this illustrative embodiment, for each collection
interval, the energy count for each energy level may be
stored 1n a separate collection register. A processor of the xrt
processing module 9 may then read each collection register
to determine the number of counts for each energy level
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during the collection interval, and bwld the energy histo-
gram. The processor interfaces to the Amptech card by
executing I/O reads and writes across a bus such as, for
example, an ISA bus. In this illustrative embodiment, the
general procedure for obtaining a spectrum 1s: load timer
registers, 1ssue start collection command, wait for done
status, and copy the collection registers to a computer-
readable memory.

[0125] The sorting application 35, also referred to herein
as the classification module, executes a sorting algorithm
that classifies the piece of matenal 25 by recognizing the
spectral pattern of the xrf spectrum of the piece. FIG. 6 1s
a flow chart showing an illustrative embodiment of step 59
of FIG. 2A for classifying the piece based on the xrf
spectrum of the material. In step 59, each energy count of the
xrl spectrum 1s normalized such that each energy count may
be considered a dimensional component of an xrf umt
vector. Accordingly, each energy count 1s reduced by an

amount equal to:

1

V(a2 + b2 +c2 ... n2)

where a, b, ¢ and n are energy counts at various energy
levels.

[0126] The energy range of the xrf spectrum determined
by the spectrum acquisition module 33, the number of
energy levels of the determined xri spectrum, and the
resolution of the determined xrf spectrum are all program-
mable. These parameters may be chosen depending on the
sort to be performed. If a large range of materials are being
sorted, the energy range may be large and the number of
energy levels high. If pieces of materials are to be sorted
have relatively similar compositions, then the resolution
may be fine, so as to distinguish between the spectral
patterns. For example, when pieces of metal are to be sorted
into aluminum, brass, chrome plated zinc, copper, stainless
steel, and zinc, the spectrum acquisition module 33 may be
programmed to detect and count x-rays at 256 energy levels
ranging from 0 kev to 25.6 kev with 0.1 kev resolution.

[0127] Next, in step 63, the vector dot products are com-
puted between the normalized detected xrt spectrum and the
normalized xrf spectra of any stored reference materials.
Prior to starting the sorting process, a set of reference
samples 1s collected and the xrf spectra of these samples
determined and stored, for example, 1n a non-volatile storage
medium 41. In an 1illustrative embodiment, for reference
spectra, the x-ray spectrum of each reference material 1s
collected over an 1nterval of 5§ seconds.

[0128] To compute the dot product, if the detected nor-
malized reference spectra has normalized energy counts of
a,, a5, . . . 8,54, and the normalized xrf spectrum of a
reference material has normalized energy counts of b,,
b,, ... b, then the vector dot product between these two
spectra would be a,xb,+a,xb,+ . . . a,..xb,-.. Because all
the spectra have been normalized to a unit vector, the dot
products between two i1dentical spectra would produce the
value 1, where the results of all dot products should be
between the 1 and 0. A dot product of O results 1f for every
energy level of the detected spectrum for which at least a
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single count 1s detected, the reference spectrum does not
have a single energy count, or vice versa.

[0129] A user interface 37 provides functions to sample,
view, and compare individual spectrums to prepare the
reference material set and to designate which references will
be “active” and read into faster volatile memory for use
during execution of the sorting algorithm. Thus, the xrf
processing module computes a vector dot product between
the normalized xrt of the detected material and the normal-
1zed xrf spectrum of each of the active reference materials.

[0130] Next, in step 65, it 1s determined whether any of the
computed vector dot products reach a minimum threshold
value. In an 1illustrative embodiment, there 1s a single
mimmum threshold value that must be achieved for any of
the reference spectra. In an alternative 1illustrative embodi-
ment, each reference spectrum has an individual minimum
threshold value that the dot product calculated for the
reference spectrum must equal or exceed. Having an 1ndi-
vidual threshold value for each reference spectrum adds
additional flexibility in distinguishing between similar spec-
tral patterns, as 1s discussed in more detail below.

10131] The threshold values for reference spectra are
programmable by a system user. The closer the spectral
patterns of two reference spectra, the higher the threshold
value for these reference spectra should be programmed in
order to positively distinguish the two spectra. For example,
if a user 1s only interested 1n distinguishing between a first
spectral pattern that has several peaks at certain energy
levels, and a second spectral pattern that has energy peaks at
certain other energy levels, then the user may program the
threshold value for these two reference spectra to be rela-
tively low to distinguish between the two spectral patterns
(although the threshold value should be high enough to
distinguish the two reference spectra from other reference
spectra). Conversely, 1f two spectral patterns have energy
peaks that share common energy levels and where, for these
energy levels, the normalized count value for each spectra 1s
close to the other, then the threshold value should be set
relatively high. The value of the threshold must be set high
enough so that the spectral pattern of a detected piece of
material must be very close to matching one of the two
reference spectra for a classification to be made. This high
threshold ensures correct recognition of a spectral pattern.

[0132] Ifitis determined in step 65 that at least one vector
dot product reaches a minimum threshold value, then at step
67 1t 1s determined which computer dot product value has the
highest value. The dot product of the highest value indicates
the reference spectra closest to the detected spectra. In an
alternative 1illustrative embodiment, where each spectrum
has an individual threshold value, it 1s determined for which
of the reference spectra the highest dot product was calcu-
lated for which the minimum threshold for the reference
material was reached.

10133] Consequently, in step 69, the classification corre-
sponding to the stored spectrum that produced the highest
dot product and equals or exceeds a minimum threshold 1s
determined. Such a classification may be encoded on a
classification signal. In an alternative illustrative embodi-
ment of step 69, the classification corresponding to the
stored spectrum whose dot product exceeds the spectrum’s
threshold value by the greatest percentage 1s selected. For
example, assume spectra A has a threshold of 0.4 and spectra
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B has a threshold of 0.6. In addition, assume a dot product
of 0.7 1s calculated for spectra A and a dot product of 0.8 1s
calculated for spectra B. The classification corresponding to
Spectra A would be selected even though Spectra B’s dot
product 1s higher because Spectra A’s dot product 1s 75%
over 1ts threshold, while Spectra B’s dot product 1s only 33%
over 1ts threshold.

10134] Classifying a piece of material by comparing the
spectral shape or spectral pattern of the xrf of a spectrum
contrasts to known methods of analyzing only energy counts
of select peak energy levels. Such known methods merely
determine whether the number of counts for select energy
level exceeds a threshold value, or compare the counts of the
select energy levels to the counts from corresponding select
peak energy levels of a reference spectrum. Each selected
energy level 1s typically indicative of a particular element
present 1n the piece of material. In some known systems, the
selected peaks are normalized, such that the resulting nor-
malized peaks reflect the proportion of each element in the
piece of material. Typically, known methods require that the
xrl of a piece of material 1s detected over a relatively long
period of time such as, for example, a second or more.
Detecting over such a long period ensures that the selected
peaks accurately reflect the proportion of each element.

[0135] The sorting algorithm described herein 1s a faster
and more flexible method of classifying a piece of material
than those known methods described above. First, compar-
ing the spectral pattern or image of the detected xrt spectrum
to the spectral pattern or image of stored reference spectra
permits an accurate classification to be made even when
only a faint or weak 1mage of the xrf spectrum of a piece of
material 1s known (1.e. the detected spectral pattern takes the
general shape of the spectral pattern of a reference spec-
trum). Therefore, precise composition of a piece of material
need not actually be determined (although 1t may be). Such
a faint 1mage results when a relatively limited number of
X-rays or counts have been detected. Less counts result from
shorter detection times. Thus, recognition of a faint 1mage
permits a piece ol matenial to be classified 1n shorter
detection times, substantially less than one second, possibly
shorter than 10 ms.

[0136] Second, the sorting algorithm described herein
permits a material sorting system to have greater tlexibility
in sorting materials than do known sorting algorithms allow.
A user may select a random sample to use as a reference
sample, establish the random sample as a reference spectra
by detecting the xrf from the random sample for a relatively
long interval of time, for example 5 seconds, 1n order to
climinate any random variations in the detected xrf, and
store the xrtf spectrum determined from the detected x-rays.
The xrf spectrum of the random sample can then serve as a
reference spectra by which other pieces of material can be
detected and compared against to determine whether the
determined xrf spectra matches the reference spectra created
from the random sample. A user would not have to program
the processing module to analyze certain peak energy levels
of the new reference xrf spectrum and future determined xrf
spectra. In contrast, the sorting algorithm would compare the
spectral patterns without regard for peak energy levels.
Known sorting methods require that sorting parameters be
reconfigured to analyze the peak energy levels of the refer-
ence xrf spectra and determined xrt spectra.
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10137] FIGS. 7A and 7B are each a diagram illustrating
an 1illustrative embodiment of using energy histograms to
represent an x-ray fluorescence spectrum. Energy histogram
70 represents the comparison between the xri spectral pat-
tern of an unknown piece ol material B08 and the xrf
spectral pattern of chromeplate. Energy histogram 72 rep-
resents the comparison between the xrt spectrum of B08 and
the xrf spectrum of brass 360. For illustrative purposes, the
xrl spectral pattern of B08 1s represented as a discrete energy
counts, while the xrf spectral patterns of reference matenals
chromeplate and brass 360 are represented as a curve. For
example, 1n energy histogram 70, 74 represents a discrete
energy count of B08S.

[0138] The reference spectral curves 73 and 75 illustrate
the fact these spectral patterns were constructed from xri
collected over a significantly longer collection interval than
the detected pattern. Thus, the reference curves 73 and 75
are a more complete 1image of their respective xrl spectra
than the faint image presented by the energy counts of B08.

[0139] The energy histograms 70 and 72 indicate that the
unknown material B08 1s a piece of brass, the xrf of which
was collected over a relatively brief interval of time such as,
for example, 50 ms. The reference materials chromeplate
and brass 360, on the other hand, are collected over a
relatively long period of time, for example 5 seconds. As can
be seen from the energy count histogram 72, from the energy
histogram itself and from the information panel 78, the brass
reference, brass 360, 1s a very close match to the brass
sample B08. The lower right box of the information panel 78
indicates that the vector dot product produced from the
comparison of these two spectral patterns 1s 0.961. On the
other hand, as shown by energy histogram 70, the chrome
plate reference 1s not a very close match for the brass sample
B08. This 1s indicated visually 1n the energy count histogram
itself and also by the vector dot product of 0.292 indicated
in the lower right hand box of the information panel 76.

10140] In FIGS. 7A and 7B, energy peaks of various
clements present 1in the materials are 1dentified. For example,
nickel (Ni1) has an energy peak at 7.48 keV. As discussed
above, known systems are typically limited to analyzing
only the energy peaks, such as those shown in the energy
histograms of FIGS. 7A and 7B. These energy peaks are
highly indicative, however, of the composition of the refer-
ence material or the sample material.

|0141] The partial dot product calculated between two
energy peaks, comprising the multiplication of the normal-
1zed energy counts from each spectra at these energy peaks,
has a greater impact on the overall vector dot product than
the partial dot products produced by multiplying lower
energy counts. Thus, the sorting algorithm described herein,
although considering a large range of energy levels, still
statistically gives more weight to the peak energy levels
characteristic of the elemental materials included 1n a mate-
rial.

[0142] Returning to FIG. 4, the sorting application 35
accesses spectral data from the spectrum acquisition module
33 and uses the data to execute the sorting algorithm
described above to determine which of the air jets 13-17 to
activate in accordance with the classification of the piece of
material. The sorting application 35 may also store data 1n a
non-volatile computer readable medium 41 such as, for
example, a database. The database may be implemented
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with Microsolt Access, Cybase, Oracle, or other suitable
commercial database systems. Such data may include xrf
spectra received from the spectrum acquisition module 33,
sorting parameters, and the results of comparisons, e.g., dot
products, between detected xri spectra and reference xrf
spectra. Once the data 1s stored 1n a database, such data may
be analyzed using known database analysis tools, such as a
query language such as, for example, Microsoft SQL.

10143] The sorting application 35 also sends data to and
receives commands from a user interface 37 that may
provide a visual display to a system user on a video display
device such as a monitor 43. The details of the graphical
display produced by the user intertace 37 1s described 1n
more detail below in connection with FIG. 8.

[0144] In an illustrative embodiment, the sorting applica-
tion 35 executes at a real time rate, the functionality required
by the sorting algorithm executed by the sorting application
35 being separate from the user interface 37. In an 1llustra-
tive embodiment, the xrf processing module 9 runs an
operating system on a computer such as, for example,
WindowsNT®, a general-purpose operating system. Other
known commercial operating systems suitable to implement
the sorting application 335 and the user interface 37 may be
used. In an 1illustrative embodiment, the delays in timing
uncertainties introduced by WindowsN'T affect only the user
interface and not the sorting algorithm. In an 1illustrative
embodiment, all software system components are written for
WindowsNT 4.0 using Microsoit Visual C++ and Imagina-
tion Systems’ HyperKernel real-time extension. The Som-
mer application discloses source code that may be used to
implement the sorting application 35.

[0145] In an illustrative embodiment, the sorting applica-
tion 35 executes on a real-time operating system.

[0146] In an alternative illustrative embodiment, the sort-
ing application 35 1s a real-time module that executes
“underneath” the operating system, and contains the entire
sorting algorithm as well as any necessary sorting-hardware
references. A real-time extension such as, for example, the
Imagination System’s HyperKernel, of the Windows NT
operating system may provide guaranteed real-time control
that 1s 1solated from the non-determimstic delays introduced
by a general-purpose task scheduler. HyperKernel library
functions may be used for unrestricted access to an ejector
air valve controller 42, and to registers of external hardware,
such as a hardware illustrative embodiment of the spectrum
acquisition module 33.

[0147] The sorting algorithm described herein requires
that spectra be captured and processed at a precise rate with
millisecond accuracy. The speed and precision of this execu-
tion are functions of the actual time for executing the
algorithm code, and the scheduling of the timed events 1n a
multi-tasking environment. If the time required to execute
the algorithm were to exceed an 1nter sample period, then an
auxiliary embedded processor would be required. If a host
computer has suflicient bandwidth to execute the algorithm
within the required time, the operating system must also
ensure that the algorithm’s tasks are not delayed by tasks
from other application or system service processes.

|0148] The second requirement is often the most difficult
to satisty. Although, contemporary PC hardware provides
suflicient processing power to execute all but the highest
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data-rate or most calculation-intensive algorithms, general
purpose multi-tasking operating systems, like Windows N,
cannot guarantee real-time millisecond-precision service for
the algorithm’s code. In an illustrative embodiment, a sepa-
rate embedded processor board 1s used to guarantee real-
time execution of the sorting algorithm, even when the host
CPU may have adequate bandwidth. In another illustrative
embodiment, a real-time extension to WindowsN'T 1s imple-
mented to provide guaranteed time-slices to the sorting
algorithm. The real-time extension allows the algorithm to
be implemented as a multi-threaded application system with
guaranteed sub-millisecond real-time precision, so that the
operating system (and 1ts extension) scheduler satisfies the
second requirement. The result 1s a xrf processing module 9
that can support the sorting algorithm without the cost of an
additional embedded processor board.

[0149] The sorting algorithm executed by the sorting
application 35 requires that xrf be detected, the spectral
pattern determined, and the piece be of material be classified
over short time intervals such as, for example, less than a
second. The processing speed of most of today’s commercial
PCs permits execution of the sorting algorithm in less than
1 ms. Even a computer system implementing a 166 mega-
hertz Pentium processor can execute the sorting algorithm in
less than 2 ms if run as a single non-interrupted thread of
execution. The x-ray detector 27, however, requires 10 ms to
50 ms to acquire the spectrum, depending on the intensity of
the x-ray source 47, the respective distances between the
x-ray detector 27, the x-ray source 47, and the piece of
maternial 25 during detection, the composition of objects
within the x-ray chamber, the conditioning of the x-ray
detection and irradiation, the duration of the detection, and
various parameters of the x-ray detector 27. Thus, the speed
of the entire process 1s essentially limited by the acquisition
time for the spectra.

[0150] The amount of xrf detected from a piece of material
depends on the detection time, which depends on the size of
the piece of material and the time the material spends 1n the
detection area. Systems that rely on the number of energy
counts, as opposed to the proportional relationship between
energy counts must know the size of the piece of material
and the time spent under the x-ray detection device by the
material. The high speed material sorting system and process
described herein may be used to sort materials of various
s1zes because the sorting algorithm depends on the propor-
tions of the energy counts as opposed to the volume of the
energy counts. Further, the sorting algorithm can classity a
piece ol material from the recognition of a faint image of the
spectral pattern of the piece.

[0151] Further, because x-rays are detected and an xrf
spectrum 1s determined at a much faster rate, cumulatively,
and because less x-rays are needed to classily a piece of
material, pieces of materials as small as % inch may be
classified at rates fast enough to make the sorting and
recycling of such pieces economically valuable. Size as used
herein to describe the size of a piece of material means the
largest diameter of the piece of material 1n any dimension.

[0152] A problem with known material sorting systems,
where pieces of materials are conveyed along a conveyor
belt, 1s that i1t 1s diflicult to detect specific elements that
fluoresce at low energy levels because the x-rays from these
clements are so weak that the x-rays are absorbed by air
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before reaching a detector. For example, aluminum 1s dif-
ficult to detect because 1t tluoresces at energy levels below
2 kev, and these x-rays are mostly absorbed by air before
reaching an x-ray detector. Although the proceeding
example uses aluminum for illustrative purposes, the
example applies analogously to other elements that fluoresce
at low energy levels. One solution 1s to put the x-ray detector
closer to the piece of material that includes the aluminum.
However, when conveying pieces ol materials of variable
s1ze along a conveyor belt, the x-ray detector must be kept
at a distance suilicient to accommodate the largest possible
s1ze of a piece. Thus, small pieces may be further away from
the x-ray detector than larger ones.

[0153] In an illustrative embodiment of a high speed
sorting of materials, a piece of material comprising alumi-
num, or any element that fluoresces at low energy levels,
may be classified by recognizing the spectral pattern of the
material as a whole. For example, aluminum may be clas-
sified by the spectral pattern of its alloys by storing the
spectral pattern of aluminum alloys as reference spectra, and
mapping an air jet to each reference spectra. In an illustrative
embodiment, if 1t 1s desired to sort all aluminum alloys into
a common bin, multiple air jets may be mapped to a common
sorting bin. The high speed material sorting process as
described herein may be executed, and pieces of aluminum
alloy may be recognized and sorted in accordance with the
sorting algorithm.

[0154] In an illustrative embodiment of a high speed
material sorting system, multiple sorting systems may be
used 1n parallel, each sorting system optimized for a par-
ticular classifications of materials or particular piece sizes.
For example: a first system may sort pieces ol material
having a size from approximately Y4 inch to approximately
> 1nch; a second system may sort pieces having a size from
approximately %s inch to 4 inches; and a third system may
sort pieces between 4 inches and 12 inches. Prior to sorting,
a Tfeedstock of materials could be pre-sorted into feedstocks,
one for each size category. For each size-specific system,
various parameters could be optimized for the size of the
materials 1t sorts. Parameters that may be adjusted include:
the width and length of the belt; the width and height of the
chamber; the speed of the belt; the distance between the
x-ray source and the detection area, the distance between the
x-ray detector and the detection area; the power of the x-ray
source resulting in the intensity of the irradiated x-rays; the
resolution of the determined spectra; the reference spectra;
the number of reference spectra; the threshold value for each
spectra; the number of sorting bins; the mapping of refer-
ence spectra to sorting bins, etc.

[0155] In an illustrative embodiment of a high speed
materials sorting system, multiple x-ray detectors may be
used. Such x-ray detectors may be all be aimed at the same
detection area, or may be aimed at different detection areas.
The x-rays detected by the multiple detectors may all be
caused by a common X-ray source or multiple x-ray sources,
where the x-ray detectors may be placed 1n series along the
path of the conveyor belt. Using multiple x-ray detectors
allows for the gathering of more xrf to produce a more
accurate spectral pattern of a piece of material, thus reducing
the eflects of random variations inherent with detecting
X-rays.

[0156] In an illustrative embodiment of a high speed
materials sorting system, materials may be sorted using a
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type of binary sort. For example, as opposed to the air jets
13-17 ejecting pieces ol materials mto sorting bins 18-22,
the air jets can be used to eject the piece of materials onto
additional conveyor belts that lead to additional sorting.

[0157] FIG. 9 is a block diagram illustrating an example
illustrative embodiment of a binary sort. In a first stage of the
binary sort, materials may be sorted into metals 120 and
non-metals 122 by a material sorting system such as, for
example, the high speed matenal sorting system 1 of FIG.
1. The system may eject metals onto a first belt for convey-
ing metals 1into a material sorting system for sorting metals,
and eject non-metals onto a second belt for conveying
non-metals 1nto a material sorting system for sorting non-
metals. To implement this first sort, the reference spectra of
cach sorting system and their respective threshold values
may be selected such that the each sorting system 1s
designed to differentiate between metals and non-metals.
Selecting a proper threshold for a particular sort 1s described
above with respect to the sorting algorithm.

[0158] In another stage of the binary sort, non-metals 122
may be sorted into plastics 124 and ceramics 126, while
metals 120 may be sorted into red metals 130 and other
metals 128. The red metals 130 may then be separated into
copper 134 and brass 132. Each sort may be performed
analogously to the process described above with respect to
the first stage of the binary sort.

[0159] FIG. 8 1s a screen capture 1llustrating an illustrative
embodiment of graphical display generated by a user inter-
face 37. In an 1llustrative embodiment, the user intertace 37
1s a graphical application written with standard Microsoft
tools and libraries and executes strictly in NT user space.
Other known commercial tools and libraries may be used.
The user iterface functions for screen management, key-
board or mouse mput, and file I/O may be supported by the
standard WIN 32 libraries. This graphical application may
run simultaneously with other applications, and may be
executed (and task-swapped) by an NT task scheduler.

[0160] Although not shown in FIG. 4, an interface may be
provided between the user interface 37 and the sorting
application 35. This interface passes commands between the
user 1nterface 37 and the sorting application 35, and the
sorting algorithm results are passed back for display by the
user interface 37. A HyperKernel extension library may
manage a shared-memory region that 1s used to exchange
data between the user interface 37 (and user, or virtual
memory space) and the real-time code (1n kernel, or physical
memory space) of the sorting application 35.

[0161] In this illustrative embodiment, the graphical dis-
play 80 includes buttons at the top and left of the screen that
are used for program control, setting parameters, and data-
base management. Reference material button 94 allows a
system user to set parameters for reference materials. Data
acquisition button 96 allows a user to set parameters for data
acquisition. The ejector control button 98 allows a user to set
parameters for controlling ejection via the air jets. Results
monitor button 100 allows a system user to set parameters
for monitoring the results of the sorting algorithm. Start
button 102 permits a system user to start the sorting algo-
rithm, while stop button 104 allows the system user to stop
the sort algorithm. Check box 106 allows a user to enable or
disable the ejectors. Configuration button 108 permits a
system user to save the current configuration. Save dot
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product button 110 permits a system user to save the results
of a dot product between the xrf spectral pattern of a
detected material and the xrt spectral pattern of a reference
material.

[0162] The histogram chart 82 displays a scrolling time
histogram of dot product values taken with each reference
spectra as a sample moves through the detection chamber 7.
The numeric tables 86, 88, 90 on the right of the screen show
dot product values and sorting threshold settings. The instant
dot products table 90 shows the dot products between a
detected matenal and a reference material at a point 1n time
indicated by cursor 114, the cursor 114 being adjustable by
a system user. The average dot product table 88 displays the
average dot product across the time interval displayed 1n the
histogram chart 82. The threshold table 86 indicates the
threshold value for the corresponding reference material of
the reference material column 116.

[0163] The ejection destination chart 84 identifies the air
jet/sorting bin corresponding to the classification of the
piece of material determined by the sorting algorithm. For
example, 1n the histogram chart 82, the dot products of the
highest value at the mstant indicated by the cursor 114 1s that
of Cu 38 (copper), which, as indicated by the instant dot
product table, has a dot product o1 0.903. In accordance with
this determination, the ejector designation chart shows that
the Cu/brass (copper/brass) ejector has been designated for
the piece of matenial.

[0164] The high-speed metal sorting system and method
disclosed herein allows for hand shearing to be replaced by
automated size reduction and sorting techniques such as
shredding, grinding, crushing, air classification, eddy-cur-
rent separation, magnetic separation, and screening. High-
value metals, or other materials, can be liberated from
non-metals or from lower value metals or materials to which
they are adjoined. Once liberated and grouped by size, the
particles may be singulated (particle by particle with spaces
between particles) and fed onto conveyor belt 5.

[0165] The xrf processing module 9 may be implemented
with a typical computer system. The invention 1s not limited
to any specific computer described herein. Many other
different machines may be used to implement the xrf pro-
cessing module 9. Such a suitable computer system includes
a processing unit which performs a variety of functions and
a manner well-known 1n the art 1n response to instructions
provided from an application program. The processing unit
functions according to a program known as the operating
system, of which many types are known 1n the art. The steps
of an application program are typically provided in random
access memory (RAM) 1 machine-readable form because
programs are typically stored on a non-volatile memory,
such as a hard disk or floppy disk. After a user selects an
application program, 1t 1s loaded from the hard disk to the
RAM, and the processing unit proceeds through the
sequence of instructions of the application program.

[0166] The computer system also includes a user input/
output (I/O) intertace. The user intertace typically includes
a display apparatus (not shown), such as a cathode-ray-tube
(CRT) display in an mput device (not shown), such as a
keyboard or mouse. A variety of other known imput and
output devices may be used, such as speech generation and
recognition umts, audio output devices, efc.

[0167] The computer system also includes a video and
audio data I/0O subsystem. Such a subsystem 1s well-known
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in the art and the present mvention i1s not limited to the
specific subsystem described herein. The audio portion of
the subsystem includes an analog-to-digital (A/D) converter
(not shown), which receives analog audio information and
converts 1t to digital information. The digital information
may be compressed using known compression systems, for
storage on the hard disk to use at another time. A typical
video portion of subsystem includes a video 1mage com-
pressor/decompressor (not shown) of which many are
known 1n the art. Such compressor/decompressors convert
analog video information mnto compressed digital informa-
tion. The compressed digital information may be stored on
hard disk for use at a later time.

[0168] One or more output devices may be connected to
the computer system implementing the xrf processing mod-
ule. Example output devices include a cathode ray tube
(CRT) display, liquid crystal displays (LCD) and other video
output devices, printers, communication devices such as a
modem, storage devices such as disk or tape, and audio
output. One or more mput devices may be connected to the
computer system. Example mput devices include a key-
board, keypad, track ball, mouse, pen and tablet, commu-
nication device, and data mput devices such as audio and
video capture devices and sensors. The computer system 1s
not limited to the particular input or output devices used in
combination with the computer system or to those described
herein.

[0169] The xrf processing module 9 may be implemented
on a general purpose computer system which 1s program-
mable using a computer programming language, such as
“C++7, JAVA or other language, such as a scripting language
or even assembly language. The computer system may also
be specially programmed, special purpose hardware. In a
general purpose computer system, the processor 1s typically
a commercially available processor, such as the series x86
and Penfium processors, available from Intel, similar
devices from AMD and Cyrix, the 680x0 series micropro-
cessors available from Motorola, and the PowerPC micro-
processor from IBM. Many other processors are available.
Such a microprocessor executes a program called an oper-
ating system, of which WindowsNT, Windows95 or 98,
UNIX, Linux, DOS, VMS, MacOS and OS8 are examples,
which controls the execution of other computer programs
and provides scheduling, debugging, input/output control,
accounting, compilation, storage assignment, data manage-
ment and memory management, and communication control
and related services. The processor and operating system
define a computer platform for which application programs
in high-level programming languages are written.

[0170] A memory system typically includes a computer
readable and writeable nonvolatile recording medium, of
which a magnetic disk, a flash memory and tape are
examples. The disk may be removable, for example, a floppy
disk or a read/write CD, or permanent, known as a hard
drive. A disk has a number of tracks in which signals are
stored, typically in binary form, 1.e., a form interpreted as a
sequence of one and zeros. Such signals may define an
application program to be executed by the microprocessor,
or information stored on the disk to be processed by the
application program. Typically, 1n operation, the processor
causes data to be read from the nonvolatile recording
medium 1nto an integrated circuit memory element, which 1s
typically a volatile, random access memory such as a
dynamic random access memory (DRAM) or static memory
(SRAM). The integrated circuit memory element allows for
faster access to the iformation by the processor than does
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the disk. The processor generally manipulates the data
within the integrated circuit memory and then copies the
data to the disk after processing 1s completed. A variety of
mechanisms are known for managing data movement
between the disk and the mtegrated circuit memory element,
and the invention 1s not limited thereto. The invention 1s not
limited to a particular memory system.

[0171] Such a system may be implemented in software or
hardware or firmware, or a combination of the three. The
various elements of the system, either individually or in
combination may be implemented as a computer program
product tangibly embodied in a machine-readable storage
device for execution by a computer processor. Various steps
of the process may be performed by a computer processor
executing a program tangibly embodied on a computer-
readable medium to perform functions by operating on input
and generating output. Computer programming languages
suitable for implementing such a system include procedural
programming languages, object-oriented programming lan-
guages, and combinations of the two.

[0172] The xrf processing module is not limited to a
particular computer platform, particular processor, or par-
ticular programming language. Additionally, the computer
system may be a mult1 processor computer system or may
include multiple computers connected over a computer
network. Steps 61-69 of FIG. 6 may be separate modules of
a computer program, or may be separate computer pro-
grams. Such modules may be operable on separate comput-
ers.

[0173] Having now described some illustrative embodi-
ments, 1t should be apparent to those skilled 1n the art that
the foregoing 1s merely illustrative and not limiting, having

been presented by way of example only. Numerous modi-
fications and other 1illustrative embodiments are within the

scope of one of ordinary skill in the art and are contemplated
as falling within the scope of the mvention. In particular,
although many of the examples presented herein involve
specific combinations of method steps or apparatus ele-
ments, 1t should be understood that those steps and those
clements may be combined in other ways to accomplish the
same objectives. Steps, elements and features discussed only
in connection with one embodiment are not intended to be
excluded from a similar role 1n other embodiments.

1. A lugh-speed process for classilying a piece of material
of unknown composition, the process comprising acts of:

irradiating the piece with x-rays from an Xx-ray source,
causing the piece to fluoresce x-rays;

detecting the fluoresced x-rays with an x-ray detector;

determining an x-ray fluorescence spectrum of the piece
of material from the detected fluoresced x-rays,
wherein the detected x-ray fluorescence spectrum has a
spectral pattern;

recognizing the spectral pattern of the determined x-ray
fluorescence spectrum; and

classitying the piece based on the recognition of the
spectral pattern,

wherein the acts of detecting, determining, recognizing
and classitying are cumulatively performed in less than
one second.
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