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Automated Mineral Classification

Technical Field of the Invention

[0001] The present invention relates generally to methods and structures for identifying

minerals using charged particle beam systems with x-ray spectroscopy.

Background of the Invention

[0001] A scanning electron microscope (SEM) is a type of electron microscope that
images a sample by scanning it with a focused beam of electrons in a predetermined pattern.
The electrons interact with the atoms that make up the sample producing signals that provide
information about the sample's surface topography, composition, and other properties.
[0002] The types of signals produced by an SEM include secondary electrons, back-
scattered electrons (BSE), characteristic X-rays, light (cathodoluminescence), specimen
current and transmitted electrons. The signals result from interactions of the electron beam
with atoms at or near the surface of the sample. In one common detection mode, secondary
electron imaging (SEI), the SEM can produce very high-resolution images of a sample
surface, revealing details less than 1 nm in size. Due to the very narrow electron beam, SEM
micrographs have a large depth of field yielding a characteristic three-dimensional
appearance useful for understanding the surface structure of a sample.

[0003] Scanning electron microscopes are used in mineral analysis systems, such as the
Qemscan® and MLA® available from FEI Company, Hillsboro, Oregon, have been used for
many years to analyze mineral samples. To determine the type and relative quantity of
minerals present in a mine, a sample in the form of small granules, is fixed in epoxy in a
mold and the mold is placed in a vacuum chamber. An electron beam is directed toward a
sample and, in a process called x-ray spectroscopy, the energies of x-rays coming from the
sample in response to the electron beam are measured and plotted in a histogram to form a
spectrum. The measured spectrum can be compared to the known spectra of various
elements to determine which elements and minerals are present. One type of x-ray
spectroscopy is “energy dispersive x-ray spectroscopy” or “EDS.” Another type is
“wavelength dispersive spectroscopy,” or “WDS.”

[0004] To stimulate the emission of characteristic X-rays from a specimen, a high-energy
beam of charged particles such as electrons or protons, or a beam of X-rays, is focused into
the sample being studied. At rest, an atom within the sample contains ground state (or

unexcited) electrons in discrete energy levels or electron shells bound to the nucleus. The
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incident beam may excite an electron in an inner shell, ejecting it from the shell while
creating an electron hole where the electron was. An electron from an outer, higher-energy
shell then fills the hole, and the difference in energy between the higher-energy shell and the
lower energy shell may be released in the form of an X-ray. The unique atomic structure of
each element allows x-rays that are characteristic of an element’s atomic structure to be
uniquely identified from one another. The number and energy of the X-rays emitted from a
specimen can be measured by an x-ray spectrometer, such as an EDS or a wavelength
dispersive spectrometer, to determine the elemental composition of the specimen to be
measured.

[0005] Back-scattered electrons (BSE) are electrons from the primary electron beam that
are reflected from the sample by elastic or inelastic scattering. BSE are often used in
analytical SEM along with the spectra made from the characteristic X-rays, because the
intensity of the BSE signal is strongly related to the atomic number (Z) of the specimen. BSE
images can provide information about the distribution of different elements in the sample.
[0006] BSE signals are typically acquired at a rate of microseconds per pixel. EDS
systems have a longer acquisition time, typically requiring on the order of several seconds per
pixel to produce a spectrum having sufficient resolution to uniquely identify a mineral. The
longer time required to collect an x-ray spectrum to uniquely identify a mineral substantially
limits the number of pixels that can be measured. EDS systems are also typically insensitive
to light atoms. Because of the advantages of both EDS detectors and BSE detectors, it is
sometimes useful to use both BSE and x-ray spectra to accurately identify minerals, which
requires more time and becomes a difficult problem to solve with a commercially viable
approach.

[0007] The Qemscan® and MLLA® systems comprise an SEM, one or more EDS
detectors, and software for controlling data acquisition. These systems identify and quantify
elements represented within an acquired spectrum, and then match this elemental data against
a list of mineral definitions with fixed elemental ranges.

[0008] Some mineral classification systems compare the acquired spectrum of an
unknown mineral to a library of known mineral spectrums, and then identify the sample
based on which known spectrum that is most similar to the sample’s spectrum. There are
various ways to compare two spectrums directly. For example, one can take the sum of the
differences between the two spectrums at different energy channels as a “distance.” The
MLA, uses a chi-squared statistical test to compare the value at each energy channel of the

measured spectrum to the value at the corresponding channel of the known mineral spectrum.
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The MLA assigns the unknown spectrum to the element having the “best match” to the

spectrum, as long as a minimum similarity is met.

[009] QEMSCAN, on the other hand, uses a system of rules or criteria that, if met,
classify the spectrum. This is typically applied in a “first match” manner, that is, the spectrum
is compared sequentially to the criteria of each possible mineral, and when the spectra meets a

criteria, the system assigns that element to the spectrum.

[0010]  Existing systems require expert users to spend time 1) locating and collecting
examples of minerals to use as standards to compare against the unknown spectrum (MLA) or
i1) formulating a list of rules that are applied sequentially to identify a mineral (QEMSCAN).
These requirements have made it difficult to make an automated mineral identification system

or even a system that can be used by relatively unskilled operators.

Summary of the Invention

[0011] Itis an object of the present invention to substantially overcome, or at least

ameliorate, one or more disadvantages of existing arrangements.

[0011a] Disclosed are arrangements which seek to address the above problems by

efficiently classifying mineral samples analyzed by x-ray spectroscopy.

[0012]  One of the disclosed arrangements is a combination of a rules-based approach with
a similarity metric approach. The combination provides synergistic benefits those that would
be expected from the approach applied individually. The disclosed arrangements simplify the

mineral identification process so that it can be automated.

[0012a] According to one aspect of the present disclosure, a method for determining the
mineral content of a sample, said method comprising: placing a sample in a scanning electron
microscope; directing an electron beam to a point on the sample to obtain an x-ray spectrum
of the sample and a backscatter electron intensity value, the x-ray spectrum and the
backscatter electron intensity value corresponding to a data point, the data point having an
associated mineral composition; sequentially applying rules from a first set of rules to the x-
ray spectrum of the data point, wherein each rule identifies a mineral composition and
comprises one or more criteria corresponding to the mineral composition that the rule

identifies, and applying the rule comprises comparing the x-ray spectrum of the

11620877/P141742
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data point to the one or more criteria of the rule; identifying the mineral composition of the
data point as the mineral composition of the first rule of the first set of rules applied to the x-
ray spectrum of the data point in which the one or more criteria are satisfied; if the x-ray
spectrum of the data point fails to satisfy the one or more criteria of any of the rules of the
first set of rules, comparing the x-ray spectrum of the data point to x-ray spectra of different
mineral definitions in a library of mineral definitions to determine which of the minerals
defined in the library is a best match for the data point; and if the value of a metric of
similarity between the x-ray spectrum of the data point and the x-ray spectrum of the mineral
definition for the best matching mineral in the library meets a predetermined threshold,
identifying the mineral composition of the data point as the mineral composition

corresponding to the best matching mineral defined in the library.

[0012b] According to another aspect of the present disclosure, there is provided a scanning
electron microscope system for determining the mineral content of a mineral sample,
comprising: an electron beam column for directing an electron beam toward a mineral sample;
a detector for measuring the energy or wavelength of x-rays emitted from the mineral sample
in response to an impingement on the mineral sample of electrons in the electron beam to
create an x-ray spectrum of a data point; a processor for executing computer instructions to
determine the minerals present in the mineral sample; and a computer memory containing
computer instructions configured for: sequentially comparing the x-ray spectrum of the data
point to criteria within a first set of rules, each criterion corresponding to a mineral
composition, and identifying the mineral composition of the data point as the mineral
composition corresponding to the first satisfied criterion; if the x-ray spectrum of the data
point fails to satisfy any of the criteria in the first set of rules, comparing the x-ray spectrum
of the data point to x-ray spectra of mineral definitions in a library of mineral definitions to
determine which of the minerals defined in the library is a best match for the data point; and if
the match between the x-ray spectrum of the data point and the x-ray spectrum of the mineral
definition for the best matching mineral in the library meets a predetermined threshold,
identifying the mineral composition of the data point as the mineral composition

corresponding to the best matching mineral defined in the library.

[0012¢] According to an aspect of the present disclosure, there is provided a scanning
electron microscope system for determining the mineral content of a mineral sample,
comprising: an electron beam column for directing an electron beam toward a mineral sample;
a detector for measuring the energy or wavelength of x-rays emitted from the mineral sample

11620877/P141742
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in response to an impingement on the mineral sample of electrons in the electron beam to
create an x-ray spectrum of a data point; a processor for executing computer instructions to
determine the minerals present in the mineral sample; and a computer memory containing
computer instructions configured for: sequentially applying rules from a first set of rules to
the x-ray spectrum of the data point, wherein each rule identifies a mineral composition and
comprises one or more criteria corresponding to the mineral composition that the rule
identifies, and applying the rule comprises comparing the x-ray spectrum of the data point to
the one or more criteria of the rule; identifying the mineral composition of the data point as
the mineral composition of the first rule of the first set of rules applied to the x-ray spectrum
of the data point in which the one or more criteria are satisfied; if and only if the x-ray
spectrum of the data point fails to satisfy the one or more criteria of any of the rules of the
first set of rules, comparing the x-ray spectrum of the data point to x-ray spectra of different
mineral definitions in a library of mineral definitions to determine which of the minerals
defined in the library is a best match for the data point; and if the value of a metric of
similarity between the x-ray spectrum of the data point and the x-ray spectrum of the mineral
definition for the best matching mineral in the library meets a predetermined threshold,
identifying the mineral composition of the data point as the mineral composition

corresponding to the best matching mineral defined7 in the library.

[0013] The foregoing has outlined rather broadly the features and technical advantages of
the present invention in order that the detailed description of the invention that follows may
be better understood. Additional features and advantages of the invention will be described
hereinafter. It should be appreciated by those skilled in the art that the conception and
specific embodiments disclosed may be readily utilized as a basis for modifying or designing
other structures for carrying out the same purposes of the present invention. It should also be
realized that those skilled in the art that such equivalent constructions do not depart from the

spirit and scope of the invention as set forth in the appended claims.

Brief Description of the Drawings

[0014] For a more thorough understanding of the present invention, and advantages
thereof, reference is now made to the following descriptions taken in conjunction with the

accompanying drawings, in which:

[0015] FIG. 1 is a scanning electron microscope suitable for implementing a mineral
analysis system of the present invention.

11620877/P141742
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[0016] FIG. 2 is a flow chart of an embodiment of the invention;

[0017] FIG. 3 is a flow chart of the first match algorithm portion of the embodiment of
FIG. 2; and

[0018] FIG. 4 is a flow chart of the best match algorithm portion of the embodiment of
FIG. 2.

Detailed Description

[0019] Embodiments of the present invention are directed towards a method for
efficiently and easily classifying minerals based on an x-ray spectrum.

[0020] This invention describes a robust method that can be automated to identify a
mineral from SEM-EDS data without human intervention. Combining a rules-based
approach with a best match approach provides the unexpected benefit of decreasing the
analysis time and increasing the robustness of the analysis. In some embodiments, a first
match, rules-based approach is used to eliminate data points that are not of interest, such as
data points that represent the resin between mineral samples or data points that represent a
crack in a sample, which provides unreliable readings. A “data point” corresponds to a
position on the sample, either a single dwell point or multiple, grouped dwell points, and can
include one or more types of information, such as an x-ray spectrum and back scattered
electron information, from that position on the sample. The rules applied for such
preliminary screening are typically different from the rules typically applied when the rules-
based, first match, system is used alone. The different rules provide benefits that would not
accrue from merely applying prior art systems in sequence.

[0021] One embodiment uses in the “Best Match™ analysis, the similarity metric
described in ‘Mineral Identification Using Mineral Definitions Including Variability’ as
described in U.S. Pat. Appl. No. 13/661,774, filed October 26, 2012, where is hereby
incorporated by reference. This analysis, when used with the present invention, eliminates
the need for expert users to locate and collect examples of minerals to compare measured
data against for determining a similarity metric or formulating a list of rules that are applied
sequentially to identify a mineral. This system allows untrained operators to use it, as
opposed to previous systems that required extensive training and expertise.

[0022] FIG. 1 is an example of a scanning electron beam system 100 with an x-ray
detector 140 suitable for analyzing samples prepared according to the present invention. A
scanning electron microscope 141, along with power supply and control unit 145, is provided

with system 100. An electron beam 132 is emitted from a cathode 153 by applying voltage
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between cathode 153 and an anode 154. Electron beam 132 is focused to a fine spot by
means of a condensing lens 156 and an objective lens 158. Electron beam 132 is scanned
two-dimensionally on the specimen by means of a deflection coil 160. Operation of
condensing lens 156, objective lens 158, and deflection coil 160 is controlled by power
supply and control unit 145.

[0023] A system controller 133 controls the operations of the various parts of scanning
electron beam system 100. The vacuum chamber 110 is evacuated with ion pump 168 and
mechanical pumping system 169 under the control of vacuum controller 132.

[0024] Electron beam 132 can be focused onto sample 102, which is on movable X-Y
stage 104 within lower vacuum chamber 110. When the electrons in the electron beam strike
sample 102, the sample gives off x-rays whose energy correlated to the elements in the
sample. X-rays having energy inherent to the elemental composition of the sample are
produced in the vicinity of the electron beam incident region. Emitted x-rays are collected by
x-ray detector 140, preferably an energy dispersive detector of the silicon drift detector type,
although other types of detectors could be employed, which generates a signal having an
amplitude proportional to the energy of the detected x-ray. Backscattered electrons are
detected by backscatter electron detector 147, which can comprise, for example, a
microchannel plate or solid state detector.

[0025] Output from x-ray detector 140 is amplified and sorted by the processor 120,
which counts and sorts the total number of X-rays detected during a specified period of time,
at a selected energy and energy resolution, and a channel width (energy range) of preferably
between 10-20 eV per channel. Similarly, output from BSE detector 147 is amplified and
processed by processor 120. Processor 120 can comprise a computer processor; operator
interface means (such as a keyboard or computer mouse); program memory 122 for storing
data and executable instructions; interface means for data input and output; executable
software instructions embodied in executable computer program code; and display 144 for
displaying backscattered electron images and the results of a multivariate spectral analysis by
way of video circuit 142.

[0026] Processor 120 can be a part of a standard laboratory personal computer, and is
typically coupled to at least some form of computer-readable media. Computer-readable
media, which include both volatile and nonvolatile media, removable and non-removable
media, may be any available medium that can be accessed by processor 120. By way of
example and not limitation, computer-readable media comprise computer storage media and

communication media. Computer storage media include volatile and nonvolatile, removable
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and non-removable media implemented in any method or technology for storage of
information such as computer-readable instructions, data structures, program modules or
other data. For example, computer storage media include RAM, ROM, EEPROM, flash
memory or other memory technology, CD-ROM, digital versatile disks (DVD) or other
optical disk storage, magnetic cassettes, magnetic tape, magnetic disk storage or other
magnetic storage devices, or any other medium that can be used to store the desired
information and that can be accessed by processor 120.

[0027] Program memory 122 can include computer storage media in the form of
removable and/or non-removable, volatile and/or nonvolatile memory and can provide
storage of computer-readable instructions, data structures, program modules and other data.
Generally, the processor 120 is programmed by means of instructions stored at different times
in the various computer-readable storage media of the computer. Programs and operating
systems are typically distributed, for example, on floppy disks or CD-ROMs. From there,
they are installed or loaded into the secondary memory of a computer. At execution, they are
loaded at least partially into the computer's primary electronic memory. The invention
described herein includes these and other various types of computer-readable storage media
when such media contain instructions or programs for implementing the steps described
below in conjunction with a microprocessor or other data processor. The invention also
includes the computer itself when programmed according to the methods and techniques
described herein.

[0028] An x-ray spectrum obtained from the system can be stored in a portion of memory
122, such as the measured spectra memory portion 123. Data template memory portion 124
stores data templates, such as definitions of known spectra of elements or, in some
embodiments, known diffraction patterns of materials.

[0029] While the embodiment shown includes a scanning electron microscope, related
embodiment could use a transmission electron microscope or a scanning transmission
electron microscope to generate x-rays from the sample. An x-ray fluorescence system could
also be used to generate x-rays from the sample. Other embodiments may detect other
characteristic radiation, such as gamma rays, from a sample.

[0030] FIG. 2 shows an overview of a preferred embodiment of a mineral analyzer in
accordance with the invention. In step 202 a user of the system indicates the origin of the
sample, such as being from a Copper-Lead-Zinc deposit. Knowing the origin reduces the
number of minerals that are likely to be in sample, reducing the number of comparisons

required and thereby reducing analysis time. In step 204, the system retrieves a pre-
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determined list of mineral definitions suitable for the sample. By “mineral definition” is
meant an analysis protocol that when followed will determine the minerals present in the
sample, thereby defining the minerals in terms of analysis rules. The list of mineral
definitions is comprised of one or more analysis sections, where in one embodiment each
analysis section is either a ‘First Match’ or ‘Best Match’ section. Once the user has indicated
the origin, and the data points (x-ray spectrum and electron backscatter data) are obtained
from the sample, the data points are analyzed to determine the mineral. Each data point can
be analyzed immediately or multiple data points can be obtained and then analyzed.

[0031] In step 206, the system determines which analysis section is to be applied to the
data point. In one embodiment, the first analysis section applied uses a rules-based, first
match analysis in step 208. In decision step 210, if the analysis section has identified the
mineral composition of the data point, then the data point is assigned its mineral
identification in step 218. If it is determined in decision block 212 that there are additional
data points to be analyzed, the next data point is read in step 214 and the analysis repeats the
analysis from step 206.

[0032] If in step 210, the analysis section fails to identify the composition of the data
point, the system determines in decision step 211 if additional analysis sections are available.
If available, then the system selects a different analysis section in step 206. For example, if
the data point did not meet the criteria for any mineral under the rules-based analysis, then a
best match analysis is performed in step 207. If it is determined in step 210 that the best
match analysis in step 207 determined the mineral composition of the data point, then the
analysis of that data point is complete. If it is then determined in decision block 212 that
there are additional data points, the next data point is read in step 214 and the analysis repeats
the analysis from step 206. If it is determined in decision block 210 that the best match
analysis section failed, and it is determined in decision block 211 that there is an additional
analysis section remaining, then a different analysis section is selected in decision block 206.
For example, the third analysis section may be a second, first match, rules-based analysis
system in step 208, with different rules than the first analysis section. In another
embodiment, the third analysis section may be another best match analysis section in section
207 using a different matching algorithm or a lower threshold. Again, if the mineral
composition of the data point was found to be determined in block 210, then the data point is
assigned its mineral identification in step 218. And if it is then determined in decision block
212 that there are additional data points to be analyzed, the next data point is read in step 214

and the analysis repeats the analysis from step 206. If the mineral composition of the data
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point is not identified, and it is determined in step 211 that there is an additional analysis
section, then the process returns to step 206 to apply another analysis section. If no
additional analysis sections are available, the data point may be classified as “unknown” in
step 216. In one embodiment, the rules in the third analysis section are less stringent than the
rules in the first analysis section or the matching threshold in the best match section, so the
third analysis section is likely to find at least a general classification for the data point.

[0033] FIG. 3 shows a ‘first match’ analysis section in more detail. This analysis is
similar to a QEMSCAN Species Identification Protocol (SIP) rule, described, for example, in
U.S. Pat. Publication No. 2011/0144922 is a Method and System for Spectrum Data Analysis,
which is assigned to the assignee of the present invention. A first match analysis section uses
a number of entries in a rules table. Each rule consists of one or more criteria, such as the
height of an x-ray peak at a specific energy range, or a backscatter electron intensity value,
that must be met to classify the data point as a particular mineral. For example, one rule may
state that if the BSE value is less than 30, the data point represents the resin used to embed
the mineral sample, and so that data point may be discarded. Another rule may indicate that
if the BSE value is less than 1000 counts per second, the electron beam is positioned at a
crack in the sample, and the data point can be discarded. Another rule may state that if the
composition of silicon is between 45% and 47% and oxygen is between 52% and 55%, then
the mineral is quartz.

[0034] In step 302, a set of rules in a particular sequence is provided. In step 304, a data
point is compared to the first rule in the set. If the data point meets the criteria, decision
block 306 shows that the composition of the data point is considered to be the mineral
corresponding to the rule and the identification process is complete. If in step 306, the
analysis section fails to identify the composition of the data point, the system determines in
decision step 308 if additional rules are available. If available, then the next rule is applied to
the data point in step 304. The process continues until either the mineral is identified in step
310, or all rules have been applied, and the data point does not meet the criteria of any rule in
step 312. If the mineral is identified, then the system continues to process the next data point
in step 214 of FIG. 2. If not, then the system continues to process the next analysis section in
step 206 of FIG. 2.

[0035] The process of FIG. 3 may be used to remove bad data points, or quickly identify
areas that are definitely not of interest such as the resin used to mount the sample. The
process of FIG. 3 may also be used as a final analysis section that classifies a mineral into a

broad category, if it was not possible to specifically identify the mineral using more specific
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rules or matching.

[0036] The data point, that is, the unknown spectrum, is checked sequentially against
each of the rules until either a match is found or all the rules have been checked. If the ‘First
Match’ section provides a positive result, the result is taken as the mineral identification. If
the ‘First Match section does not result in a match, then the process determines if the ‘Best
Match’ section can be used.

[0037] A “Best Match” analysis section consists of mineral definitions and a threshold
value. A preferred similarity metric is described in “Mineral Identification Using Mineral
Definitions Including Variability” as described in U.S. Pat. Appl. No. 13/661,774. FIG. 4
shows that the steps of a “Best Match” analysis section. In step 402, a library of mineral
definitions is provided. In step 404, the data point is compared to each of the mineral
definitions in the library, and a similarity metric between the data point and each mineral
definition in a library is calculated. When all minerals have been checked, in step 406, the
mineral definition that has the highest similarity metric with the data point is taken as the best
match. In step 408, the similarity metric of the best match is compared to a pre-specified
threshold value, and, if the threshold is met, the best matching mineral definition is taken as
the mineral identification in step 410. And the system continues to process the next data point
in step 214 of FIG. 2. If the metric falls below the threshold, then no mineral identification is
assigned in step 412 and, as described in step 206 of FIG. 2, another analysis section is
applied. For example, the third section might be another “first match” section using different
rules than the first “first match” section.

[0038] For example, the data point may be compared to Chalcopyrite, having a
composition of Fe 30.43%, Cu 34.63%, S 34.94%, and having an average atomic number of
23.54, and to Galena, having a composition of S 13.40%, Pb 86.60% and having an average
atomic number of 73.16%. If the data point fails to match Chalcopyrite or Galena with a
match of, for example, 95%, then the data point is examined again using a second “first
match” section having rules different from the original “first match” section. This second
match section, being applied only after a match is not found, can be more generic. For
example, a rule can state that if the Si composition is greater than 30%, the mineral is
classified as “other silicates” and if the mineral has a composition of greater than 30% sulfur,
the mineral is classified as “other sulphides.”

[0039] While the embodiment above compares the data point with data from known
minerals, other embodiments can first elements present, and then determine the minerals

present from the identity and quantity of the elements present in the data point.
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[0040] According to some embodiments of the present invention, a method for
determining the mineral content of a sample, said method comprising placing a sample in a
scanning electron microscope; directing the electron beam to a point on the sample to obtain
an x-ray spectrum of the sample and a backscatter electron intensity value, the x-ray spectrum
and the backscatter electron intensity value corresponding to a first data point, the data point
having an associated mineral composition; sequentially comparing the data point to criteria
within a first set of rules, each criterion corresponding to a mineral composition, and
identifying the mineral composition of the data point as the mineral composition
corresponding to the first satisfied criterion; if the data point fails to satisfy any of the criteria
in the first set of rules, comparing the x-ray spectrum of the data point to x-ray spectra
corresponding to minerals in a library of minerals to determine which of the mineral in the
library is a best match for the data point; and if the match between the data point x-ray
spectrum and the x-ray spectrum in the library meets a predetermined threshold, identifying
the mineral composition of the data point as the mineral composition corresponding to the
best matching library spectrum.

[0041] In some embodiments, a method further comprising if the match between the data
point x-ray spectrum and the x-ray spectrum in the library fails to meet the predetermined
threshold, sequentially comparing the data point to criteria within a second set of rules, each
criterion corresponding to a mineral composition, and identifying the mineral composition of
the data point as the mineral composition corresponding to the first satisfied criterion within
the second set of rules.

[0042] In some embodiments, a method in which comparing the x-ray spectrum of the
data point to x-ray spectra corresponding to minerals in a library of minerals to determine
which of the mineral in the library is a best match for the data point further comprises
comparing a backscatter electron intensity of the data point to a backscatter electron intensity
or comprises calculating similarity metrics between the data point and each of the minerals in
the library.

[0043] In some embodiments, a method in which sequentially comparing the data point to
criteria within a first set of rules identifies bad data points or identifies parts of the sample
that do not need detailed analysis.

[0044] In some embodiments, a method in which calculating similarity metrics includes
determining probabilities that the library mineral will produce the values observed for the
data point or includes calculating a chi squared value.

[0045] According to some embodiments of the present invention, a scanning electron
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microscope system for determining the mineral content of a sample, comprising an electron
beam column for directing an electron beam toward a mineral sample; a detector for
measuring the energy or wavelength of x-rays emitted from the mineral sample in response to
the impingement of electrons in the electron beam; a processor for executing computer
instructions to determine the minerals present in the sample; a computer memory containing
computer instructions for sequentially comparing the data point to criteria within a first set of
rules, each criterion corresponding to a mineral composition, and identifying the mineral
composition of the data point as the mineral composition corresponding to the first satisfied
criterion; if the data point fails to satisfy any of the criteria in the first set of rules, comparing
the x-ray spectrum of the data point to x-ray spectra corresponding to minerals in a library of
minerals to determine which of the mineral in the library is a best match for the data point;
and if the match between the data point x-ray spectrum and the x-ray spectrum in the library
meets a predetermined threshold, identifying the mineral composition of the data point as the
mineral composition corresponding to the best matching library spectrum.

[0046] In some embodiments, a scanning electron microscope system in which the
computer instructions further comprise instructions for, if the match between the data point x-
ray spectrum and the x-ray spectrum in the library fails to meet the predetermined threshold,
sequentially comparing the data point to criteria within a second set of rules, each criterion
corresponding to a mineral composition, and identifying the mineral composition of the data
point as the mineral composition corresponding to the first satisfied criterion within the
second set of rules.

[0047] In some embodiments, a scanning electron microscope system in which the
computer instructions for comparing the x-ray spectrum of the data point to x-ray spectra
corresponding to minerals in a library of minerals to determine which of the mineral in the
library is a best match for the data point further comprise computer instructions for
comparing a backscatter electron intensity of the data point to a backscatter electron intensity
or comprise computer instructions for calculating similarity metrics between the data point
and each of the minerals in the library.

[0048] In some embodiments, a scanning electron microscope system of in which the
computer instructions for sequentially comparing the data point to criteria within a first set of
rules comprise computer instructions for identifying bad data points or identifying parts of
the sample that do not need detailed analysis.

LYY

[0049] Further, whenever the terms “automatic,” “automated,” or similar terms are used

herein, those terms will be understood to include manual initiation of the automatic or
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automated process or step. Whenever a scan or image is being processed automatically using
computer processing, it should be understood that the raw image data can be processed
without ever generating an actual viewable image. In the following discussion and in the
claims, the terms "including" and "comprising" are used in an open-ended fashion, and thus
should be interpreted to mean "including, but not limited to . . . .”

[0050] To the extent that any term is not specially defined in this specification, the intent
is that the term is to be given its plain and ordinary meaning. The accompanying drawings
are intended to aid in understanding the present invention and, unless otherwise indicated, are
not drawn to scale. Although the present invention and its advantages have been described in
detail, it should be understood that various changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the invention as defined by the
appended claims. Moreover, the scope of the present application is not intended to be limited
to the particular embodiments of the process, machine, manufacture, composition of matter,
means, methods and steps described in the specification. As one of ordinary skill in the art
will readily appreciate from the disclosure of the present invention, processes, machines,
manufacture, compositions of matter, means, methods, or steps, presently existing or later to
be developed that perform substantially the same function or achieve substantially the same
result as the corresponding embodiments described herein may be utilized according to the
present invention. Accordingly, the appended claims are intended to include within their
scope such processes, machines, manufacture, compositions of matter, means, methods, or
steps.

[0051] We claim as follows:
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CLAIMS

1. A method for determining the mineral content of a sample, said method comprising:

placing a sample in a scanning electron microscope;

directing an electron beam to a point on the sample to obtain an x-ray spectrum of the
sample and a backscatter electron intensity value, the x-ray spectrum and the backscatter
electron intensity value corresponding to a data point, the data point having an associated
mineral composition;

sequentially applying rules from a first set of rules to the x-ray spectrum of the data point,
wherein each rule identifies a mineral composition and comprises one or more criteria
corresponding to the mineral composition that the rule identifies, and applying the rule
comprises comparing the x-ray spectrum of the data point to the one or more criteria of the rule;

identifying the mineral composition of the data point as the mineral composition of the
first rule of the first set of rules applied to the x-ray spectrum of the data point in which the one or
more criteria are satisfied;

if the x-ray spectrum of the data point fails to satisfy the one or more criteria of any of the
rules of the first set of rules, comparing the x-ray spectrum of the data point to x-ray spectra of
different mineral definitions in a library of mineral definitions to determine which of the minerals
defined in the library is a best match for the data point; and

if the value of a metric of similarity between the x-ray spectrum of the data point and the
x-ray spectrum of the mineral definition for the best matching mineral in the library meets a
predetermined threshold, identifying the mineral composition of the data point as the mineral

composition corresponding to the best matching mineral defined in the library.

2. The method of claim 1, further comprising if the value of the metric of similarity between
the x-ray spectrum of the data point and the x-ray spectrum of the best matching mineral defined
in the library fails to meet the predetermined threshold;

sequentially applying rules from a second set of rules to the data point , wherein each
rule of the second set of rules identifies a mineral composition and comprises one or more
criteria corresponding to the mineral composition that the rule identifies, and applying the rule

comprises comparing the data point to the one or more criteria of the rule; and
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identifying the mineral composition of the data point as the mineral composition of the
first rule of the second set of rules applied to the data point in which the one or more criteria are

satisfied.

3. The method of claim 1 or claim 2, in which comparing the x-ray spectrum of the data
point to x-ray spectra of different mineral definitions in a library of mineral definitions to
determine which of the minerals defined in the library is a best match for the data point further
comprises comparing the backscatter electron intensity value of the data point to backscatter

electron intensity values corresponding to minerals defined in the library.

4 The method of claim 1 or claim 2, in which sequentially applying rules from a first set of
rules to the x-ray spectrum of the data point identifies bad data points or identifies parts of the

sample that do not need detailed analysis.

5. The method of claim 1 or claim 2, in which comparing the x-ray spectrum of the data
point to x-ray spectra of different mineral definitions in a library of mineral definitions to
determine which of the minerals defined in the library is a best match for the data point
comprises calculating similarity metrics between the data point and each of the mineral

definitions in the library of mineral definitions.

6. The method of claim 5 in which calculating similarity metrics includes determining

probabilities that the library mineral will produce the values observed for the data point.

7. The method of claim 5 or claim 6 in which calculating similarity metrics includes

calculating a chi squared value.
8. The method of claim 1 or claim 2, in which sequentially applying rules from a first set of
rules to the x-ray spectrum of the data point includes comparing the data point to a criterion that

includes the height of an x-ray peak at a specific energy range.

9. The method of claim 8, in which one of the criteria is a backscatter electron intensity

value.
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10. A scanning electron microscope system for determining the mineral content of a mineral
sample, comprising:

an electron beam column for directing an electron beam toward a mineral sample;

a detector for measuring the energy or wavelength of x-rays emitted from the mineral
sample in response to an impingement on the mineral sample of electrons in the electron beam
to create an x-ray spectrum of a data point;

a processor for executing computer instructions to determine the minerals present in the
mineral sample; and

a computer memory containing computer instructions configured for:

sequentially comparing the x-ray spectrum of the data point to criteria within a first set of
rules, each criterion corresponding to a mineral composition, and identifying the mineral
composition of the data point as the mineral composition corresponding to the first satisfied
criterion;

if the x-ray spectrum of the data point fails to satisfy any of the criteria in the first set of
rules, comparing the x-ray spectrum of the data point to x-ray spectra of mineral definitions in a
library of mineral definitions to determine which of the minerals defined in the library is a best
match for the data point; and

if the match between the x-ray spectrum of the data point and the x-ray spectrum of the
mineral definition for the best matching mineral in the library meets a predetermined threshold,
identifying the mineral composition of the data point as the mineral composition corresponding to

the best matching mineral defined in the library.

11. The scanning electron microscope system of claim 10, in which the computer instructions
further comprise instructions for, if the match between the x-ray spectrum of the data point and
the best matching mineral defined in the library fails to meet the predetermined threshold,
sequentially comparing the data point to criteria within a second set of rules, each criterion
corresponding to a mineral composition, and identifying the mineral composition of the data
point as the mineral composition corresponding to the first satisfied criterion within the second

set of rules.

12. The scanning electron microscope system of claim 10 or claim 11, in which the computer
instructions for comparing the x-ray spectrum of the data point to x-ray spectra of different
mineral definitions in a library of mineral definitions to determine which of the minerals defined in

the library is a best match for the data point further comprise computer instructions for
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comparing a backscatter electron intensity value of the data point to backscatter electron

intensity values corresponding to minerals defined in the library.

13. The scanning electron microscope system of claim 10 or claim 11, in which the computer
instructions for sequentially comparing the x-ray spectrum of the data point to criteria within a
first set of rules comprise computer instructions for identifying bad data points or identifying parts

of the mineral sample that do not need detailed analysis.

14. The scanning electron microscope system of claim 10 or claim 11, in which the computer
instructions for comparing the x-ray spectrum of the data point to x-ray spectra of different
mineral definitions in a library of mineral definitions to determine which of the minerals defined in
the library is a best match for the data point comprise computer instructions for calculating
similarity metrics between the data point and each of the mineral definitions in the library of the

mineral definitions.

15. A scanning electron microscope system for determining the mineral content of a mineral
sample, comprising:

an electron beam column for directing an electron beam toward a mineral sample;

a detector for measuring the energy or wavelength of x-rays emitted from the mineral
sample in response to an impingement on the mineral sample of electrons in the electron beam
to create an x-ray spectrum of a data point;

a processor for executing computer instructions to determine the minerals present in the
mineral sample; and

a computer memory containing computer instructions configured for:

sequentially applying rules from a first set of rules to the x-ray spectrum of the data point,
wherein each rule identifies a mineral composition and comprises one or more criteria
corresponding to the mineral composition that the rule identifies, and applying the rule
comprises comparing the x-ray spectrum of the data point to the one or more criteria of the rule;

identifying the mineral composition of the data point as the mineral composition of the
first rule of the first set of rules applied to the x-ray spectrum of the data point in which the one or
more criteria are satisfied;

if and only if the x-ray spectrum of the data point fails to satisfy the one or more criteria of

any of the rules of the first set of rules, comparing the x-ray spectrum of the data point to x-ray

11620281 _1



05 Aug 2016

2013335211

-17 -

spectra of different mineral definitions in a library of mineral definitions to determine which of the
minerals defined in the library is a best match for the data point; and

if the value of a metric of similarity between the x-ray spectrum of the data point and the
x-ray spectrum of the mineral definition for the best matching mineral in the library meets a
predetermined threshold, identifying the mineral composition of the data point as the mineral

composition corresponding to the best matching mineral defined in the library.

16. The scanning electron microscope system of claim 15, in which the computer instructions
further comprise instructions for:

if the value of the metric of similarity between the x-ray spectrum of the data point and x-
ray spectrum of the best matching mineral defined in the library fails to meet the predetermined
threshold, sequentially applying rules from a second set of rules to the data point, wherein each
rule of the second set of rules identifies a mineral composition and comprises one or more
criteria corresponding to the mineral composition that the rule identifies, and applying the rule
comprises comparing the data point to the one or more criteria of the rule; and

identifying the mineral composition of the data point as the mineral composition of the
first rule of the second set of rules applied to the data point in which the one or more criteria are

satisfied.

17. The scanning electron microscope system of claim 15 or claim 16, in which the computer
instructions for comparing the x-ray spectrum of the data point to x-ray spectra of different
mineral definitions in a library of mineral definitions to determine which of the minerals defined in
the library is a best match for the data point further comprise computer instructions comparing a
backscatter electron intensity value of the data point to backscatter electron intensity values

corresponding to minerals defined in the library.

18. The scanning electron microscope system of claim 15 or claim 16, in which the computer
instructions for sequentially applying rules from a first set of rules to the x-ray spectrum of the
data point comprise computer instructions for identifying bad data points or identifying parts of

the mineral sample that do not need detailed analysis.
19. The scanning electron microscope system of claim 15 or claim 16, in which the computer
instructions for comparing the x-ray spectrum of the data point to x-ray spectra of different

mineral definitions in a library of mineral definitions to determine which of the minerals defined in
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S the library is a best match for the data point comprise computer instructions for calculating
8 similarity metrics between the data point and each of the mineral definitions in the library of
o)) mineral definitions.
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