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A System for Classification of Materials Using Laser Induced Breakdown Spectroscopy

TECHNICAL FIELD -

The pre'sent mnvention relates to a system and process for real-time ‘classiﬁcation_. of
materials, and in particular to processes and systems for real-time classifications and/or
spatial surveying of elemental, compound and-stress fields, and other compositions in
mining, prospecting, assaying, preeisidil- farming, and a range of other human activities,

using single or multiple-spark spectroscopy.

BAC KGROUND

_ The reference in this spec1t1cat10n to any prlor pubhca’uon (or 1nf0rmat10n derlved from it), .

or to any matter which is known, is not, and should not be taken as an acknowledgment or

- admission or any form of suggestion that that prior pubhcatlon (or information derived

15

20

25

from it) or k_nown matter forms part of the common general knowledge in the field of

endeavour to which this specification relates.

A feature of numerous human activities involves discovering, mapping, and harnessing.
certain desired chemical elements or compounds in rock or soil. For example, the mining
industry is built around the extraction and economic exploitation of mineral deposits that
are enriched within certain geographi.c locations. Similarl'y,‘t'h‘e farming indus;-try'relie‘s on
the presence of desired nutrients in the soil. Farming is4focussed on areas where the soils
contain these nutrients in relatively high concentrations. Industries such as prospeeting

and assaying are dedicated to discovering and mapping the geographic and spatial

distributions of certain elements on or near to the Earth’s surface.

Toillustrate the economic importance of elemental and chemical mappmg of this type, one
may consider commerual mining operatlons which need to distinguish between “ore”

which is defined as a mineral deposit that contains certain metals or minerals or
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compounds in economic concentrations, and “waste”, which is defined as rock and/or soil
that does not contain economic concentrations of chemicals or minerals or metals. An

efficient mining operation will excavate and process as much ore and as little wasfe as

- possible in order to maximize the profitability of the operation. In large scale mining

operations, the difference of even a few percent in the proportion of waste to ore that is - -

excavated and processed can have very significant commercial implications. Refining

- waste ties up productive plant and equipment in uneconomic activities. The difference

between ore and waste can, however, be relatively small. Moreover, what is waste today

~can be ore tomorrow, since the term “ore” is defined by economics and markets, which are .

constantly changing. F urthermore, it can be desirable to blend different grades of: ore or to
blend one or more different grades of ore with waste in order to-provide a product that is
invariant over time and/or to provide a4 product that conforms to contractual supply

obligations.

Geologists and chemists are usually the persons tasked with accurately de‘l.i_‘neati'n-g and

mapping ore bodies, seams and zones of mineralization during mining operations. This
) .mapping‘takes into aceount the 3-D distributions of the ore and waste withini the rock

" “bench” adjoining the mining face. Chemists typically employ panoplies of éna;lyt’i'cal '

chemical techniques in this respect, in'c»]udin_g,,in'ter- alia, ind‘uctively-cdupfl'ed plasma (ICP) -

and atomic absorption (AA) s‘p‘ec‘troscopy; However, such techniques are time-consUmi,ng

~and generally expensive. They also require extensive sample preparation, handling, and

 intensive treatment by skilled staff infixed-site laboratories that may be far from the

mining face. As such, it is usually only possible to analyze a limited number of samples,

'mea‘ning that mine geologists and chemists are severely limited in - their ability to

accurately determine the boundaries between ore and waste, especially given the 3-D
distributions of the elements of interest in the rock face. In some cases the ore and waste

are characterized by specific minerals, known as “stress field” minerals, whose présence

- can simplify the identification of ore and waste. However, even in such cases it is .

generally difficult to accurately delineate ore from waste over large 2-D areas and 3-D

volumes of material.



WO 2011/120086 PCT/AU2011/000360

15

20

25

30

To illustrate these complexities, one may further -consider that many mining operations

excavate ore seams and deposits using explosives. That is, holes are drilled into or around

* the ore body and filled with explosives. When detonated, thé explosives dislodge the ore

and, possibly, some surrounding waste, producing so-called- “rock-on-ground” - which s

then typ1cally collected and sent for milling and refining. Since the geological structure in

‘the blast area is seldom. umform such “rock-on-grouna”’ ¢an contain substantial vanatlons-

in the quantltxes of desired elements. In effect, the dynamics of the explosive blast re-map

the ore and waste distribution, greatly adding to the complexity of the situation in the field.

Furthermore, the blast dynamics can themselves be, in part, a function of the ore and waste
distributions in the rock adjoi,n_i’ng the mining face. Due to the need to maintain production

rates, there is usually insufficient time to properly assay the “r-ock—on—,ground"’ and -~

~ determine what is ore-arid what is waste. Morco‘ve"r’ the rock—on—groimd is combi‘ncd with
: 'rock-on-ground from other exploswe excavations prior to-processing. It is, generally, not

~-possible to assay variations in the elemental compositions-‘of the cumulatlve collected

“rock-in-transit” during its transport to, and at, the refinery.

To pto_perly distinguish ore from waste in mining is therefore not a simple matter. It

itiéally requires a sampling teChnique capable' of collecting and analyzing elemental data in-

high frequency (real-time) at the mining face itself and at mu]tlple pomts durmg

transportatlon to the processing facility.
Several solutions to this problem have been proposed.

US 6753 957, entitled “Mineral detection and content evaluation method”, teaches a
method for essentially. instaﬁtaneous'anai‘yses\ and comparison of two elements within an
ore -on a moving belt using an analytical "te'c:hnique known as laser-induced breakdown or
spark. spectroscopy, or LIBS. This technique employs va laser beam to generate, at the ore
surface, a plume of energized material that produces atomic spectral emissions. The

relative intensities of the emission lines are characteristic of specific minerals or elements |

in the rock, with elevated contents of desirable elements being detect_-al:)'fle.,, Using this
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approach, it is possible to differentiate a first substance (an ore) from a second substance (a
waste) in real-time, allowiﬁg real-time sorting of the samples. WO 2006008155 describes
a. similar _téchnique for performing chemical ar_lalysés of 'man-made surfaces in rock
formations during mining or exploration activities. WO0014516 describes the use of a

comparable technique in the identification of coal seams.

All of these techniques rely on a laser, closely proximate to the rock surface, directing

| single pulses of high energy radiation that produce spectral emissions at the rock surface.

Despite constituting a substantial advance on traditional analytical techniques in mining,
these forms of spectrometry nevertheless have significant disadvantages that can entirely

negate their-utility in mining operations. These disadvaritages include the following:

(i) The techniques involve contact or near-contact with the rock face, meaning that

the laser and light-collector element must be physically moved from one -analysis point to

the next on the rock face. This is time and energy consuming. In the challenging -

environment of a mine, it also risks physical damage to the apparatué, given the delicate
nature of the components. - This shortens the lifetime of the analytical device, which is
typically éxp_'ensive. The near contact hature of these methods furthermore: complicates
and hinders the measures required to resolve meaningful data for samples containing a

substantial degree of inhomogeneity.

(i) The ».quaht'itiés of each elément present can only ever be approximately
d_etennihed using these methods, since the size and charactet of ithe‘_plunie‘, as-well as the
intensity of the spectral lines that result, differ for each type of rock according to factors
such as: (I) their hardness, (II) their ability to absorb the laser light and to produce a plume
in a suitable manner when energized, and (IlI) the physical character of the plume,

including the direction, and the amount of non-enetgized dust ard particulate matter

“present, which can hinder and alter the light generated by the plume and the ab‘ili’tiy.-to '

sueeessfully harvest that light for analysis. Because these factors can differ from place to -

place within the same rock -,sa_.mplve,;it" i"s' not generally -v.;idblc"tg -cornpare spectral data from
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one point on a rock sample with data from another point on the same sample, or from

another sample, to thereby obtain sufficiently accurate elemental compositions.

(iti) These techniques are typically defeated by ambient dust and debris on the

surface of rock faces. When energized, such ambient dust Yiéld's- spectral data which is not

- representative of the elemental composition of the underlying rock. Alternatively, in non:

energized form, it absorbs and blocks light generated in the techniqué,' including both light
from the laser and from the spectral emissions, The presence of ambient dust and
particulate matter therefore skews the overall spectral data, making it unrepresentative of
the actual elemental composition. The resulting data can be highly mis-leading, reducing

the ‘usefulness of these techniques and potentially exacerbating the inefficiencies of the

extraction process at the mining face.

It is possibly for these and other reasons that, in spite of their potential utility, these

'techniqﬁes- have not been widely taken up by the mining .industry and appear to be _

generally limited in the patent literature to relatively uniform rock structures, such as those

in coal seams or on moving belts after crushing.

:WO 03006967 entitled “Method .and Apparalus for Depth Profile Analym by Laser

Induced Plasma Spectroscopy”, aims to address. the problem of ambient dust and debrls by v

using multiple laser pulses to first clear away surface debris, after which a later laser pulse

is used to exclusively ana_lyse the material at the bottom of a first ablation crater in the
surface. This approach does not however, overcome the issues with hardness and other

matters descrlbed in"(i1) above, so that it still does not allow for the general detection of

accurate elemental compositions.

It is desired, therefore, to provide a system and process for real-time classification of

~ materials; a surveying process and system, and a process for classifying a material into one

of a plurality of predetermined categories, that alleviate one or more of the above

difficulties, or at least provide a useful alternative.
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SUMMARY

In accordance with the present invention, there is provided a process for real-time
classification of materials, the process including:

directing at least one first pulse of ehergetic photons from a laser to a surface of at -
least one material to vaporise a portion of the material and thereby form a plume of v
constituents of said material; |

dirc'cting at least one second pulse‘o.f energetic photons from a laser to the plume to
selectively excite only a portion of the plume; '

measuring optical emissions from the excited portion of the plume; and

asse-s_singb the elemental composition of the material on the basis of the optical

emissions from the excited portion of the plume;

wherein the excited portion of the plume is substantially smaller thari the entire
plume so that the measured optical emissions are relatively independent of the size of the
ent.i're plume and hence are- relativély independent of the optical absorption and
v'apo_risation characteristics of the ma_teriaL thereby allowing a more accurate assessment |
of the elemental composition of the material than if the assessment was based on the

optical emissions from the entire plume, -

“The process may include directing one or more laser beams near or into the plume to move

_ the plume to a desired location. The one or more laser beams may have one or more

wavelengths. The laser beams may be emitted from multiple lasers. The laser beams may
emanate from multiple positions and/or directions. The laser beams may be may directed at

multiple locations in or nearby the plume.

The process may mclude _

assessing the elemental compositions of one or more matenals at a plurality of
mutually spaced locations within a region; _

generating location data representing spatial coordinates of said locations;

generating composition data representing the assessments of the materials; and

storing the location data in association with the composition data. to represent the
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spatial distributions of elemental compositions of the materials in the region.

‘The spatial distributions may represent the spatial distributions of elemental compositions

in three spatial dimensions.

The present invention also provides a system for real-time analysis of materials, the system
including; _ |

one or more lasers configured to generate pulses of photons of one or more
wavelengths;

a spectrometer; and

an analyser; '

wherein at least one of said lasers is conﬁgured to generate and direct at least one
first pulse of energ,etlc photons to a surface of a material to vaponsc a pomon of the -
material and thereby form a plume of constltuents of said material;

at least one of. sa1d lasers is. conﬁgured to generate and direct at least one second

Lpulse of energetic photons to the plume to selectively excite only a portion of the plume;

the spectrometer selectively measures optical emissions from the excited portion of

~the plume; and

the analyser'assesses the elemental composition of the material on the basis of the

'optxcal emissions from the excited portion of the plume;

‘wherein. the excited portlon of the plume is substantially smaller than the entire:

plume so that the measured optlcal emissions are relatively mdependent of the size of the

- entire plume and hence are r‘elatwely mdepen"dent of the optical absorption and

vaporisation characteristics of the material, thereby allowing a more accurate assessment
of the elemental composition of the material than if the assessment was based on the

optical emissions from the entire plume.

The material may include a mineralogical material or a soil.
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Embodiments of the present invention include improved processes and systems for
accurate real-time analysis of elemental compositions, including:
the use of multiple-spark spéctrochemistry to- determine elemental compositions,
where:" | '
5 o (a) a first spark is used to create a plume on a surface,

‘ (b) one or more subsequent sparks are used to “sfcer” and/or “tailor” the
plume in an advantageous fashion that may include: (i) moving it away from the
surface, (ii) moving it so as to remove the presence of interfering, non-energized
particulate matter and dust, or (iii) tailoring it for optimum light-harvesting from -

10 . the emission. The steering or téi'l,or‘ing may be achieved, inter alia, by firing laser
pulses 1nto a region cloSe"ly ad_j_acent’ to the plume to move the plume towards or
into that region. | |
~ (c) one or more further subseqﬁent sparks are used to .ré'-e.nergizé a closely
controlled portion of the resulting plume to thereby emit light having

15 characteristic spectral lines from which elemental compositions can be accurately
measured. Rei'll_uminating or (re)energizing an exi‘sﬁ'ng plasma plume of material
imay. involve one or more laséfs of _eit‘her the same wavelength or of a different
wavelength or va» Qdmb‘ihatioh of waifelehgth, pulses to obtain an dccurate, .
reproducible 'dete,nninatidn of the elemental co"mpos-ition of .the material since .

2000 ~ signal quality improves with the temperature of the plume and also because the
subsequent laser pulse is. used to,energizé a carefully controlled portion of the -
plume, not the whole of the plume. In this way it is genéra-lliy possible: to
compensate for differences in, for example, the :har_clness and a.bsorptiviity Qf rock
~samples, which can otherwise lead to inaccurate quantization of the elements

25 - present.

The preseﬁt invention also provides a surveying process, including:
§)) directing atv least. one first pulse of energetic phbtons from a laser to a
surface of at least one material to vaporise a portion of thevma;tic'r'ial and
30 thereby form a plume of said material; |

(ii)  measuring optical emissions from the plume;
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(iii)' identifying constitue_ﬁts, of the vaporised material on the basis of the optical
emissions from the plume; 7

(iv)  generating, on the basis of the assessment, oomposition data representing
the el'erﬁental composition of the plume; \

(v)  generating location data representing a spatial location of the plume;

(vi)  storing the cornposition data in association with the location data; and

(vii)  repeating steps (i) to (vi) for a plurality of plumes of one or more materials
at respective mutually 'sp_ace_d _locatiOné to provide survey data
repfes_e.nting a spatial survey of composition of the one or more

materials.

Embodiments of the present invention also. include a surveying process in which detailed
vmaps--o-ff the elemental compositions within locations of interest are created using data from

single- or multiple-spark spectrochemxstxy The resulting maps then provxde a means: of

op’umlzmg, o the activity for which lhey are created.

Some embodiments employ a small, portable or a 'hand~he?ld or a stand off laser and or

spectrometer which may be air-cooled, fluid cooled and / or battery powered or powered

'vv1a other suitable means.

In some embodiments, the «s'maillportable laser and spectrometer-is attached to, or is part of

a specialized machine used in the operation in question. For example, in some

embodiments the spectrometer is a component of a boring machine used to bore holes for.

placing explosives during mining operations. In other embodiments, the spectrometer is a

component of a tractor or machine-planter undertaking precisiorn farming.

In sorhe embodiments, déta from. the analysis is subjected to automated discriminant

generation (i.e., “machine- learnmg’ ) techniques for data analysis, for example, the use of o

‘neural networks or equlvalent statistical methods. The ability to program a “machine-

learning” algorithm into the data analysis protocol employed is 'par'tioularly advantageous

in cases where there are substantial variations in the behaviour of spatially proximate
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samples under laser ablation, such as can occur in geological formations or agricultural

soils.

In some embodiments, a spectrometer or equivalent imaging device directly captures the

spectral emissions generated during the spectroscopic analysis, without the use of an
intervening and possibly inefficient light collection system. Examples of spectrometers or
imaging devices that can be .us’e‘d in such embodiments include:
(a) miniature speetrometers
(b) solid state custom spectrometers tuned to spemﬁc emission lmes
(¢) solid-state spectrometer devices coated with patterned filters to exclude all
“wavelengths other than those of interest. Such devices may involve an
imaging chip, such as a Charge-Coupled Device (CCD) or similar chip,
.overlaid With a patterned filter in such a manner that each pixel on the chip
‘is limited to. receiving light which has been filtered to transmit only a
patticular wavelength or narrow range of wavelengths and . where the
transmitted wavelength(s) differ from pixel to pixel; or
(d) Hyperspectral ,1»mag.1ng~dev.1c_es, mcludmg modified digital cameras capable
| .of measuring not only the presence and intensity of spectral lines of interest,
but also their spatial position within the field of view. Such devices can, for
example, be used to rapidly analyse ores and or waste where the ore and
waste is inherently inhomogeneous. Such techniques can vastly increase the
spatial sampling frequency of the method and / or the rate at which a very

high spatial sampling frequency can be attained. .

In some embodiments, the analyses performed using the laser and spectrometer are carried
out-at a distance from the target sample using a stand-off technique. The stand-off
technique can be used to perform a raster-scan of a location of interest. The x,y.z

information from such a raster scan can be used to create maps of structure and small and

, Iarge scale homogenexty
30
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" In some embodiments, the surveying process involves carrying out analyses at multiple

different spatial positions within the location in such a way that each spatial position is

computer logged and associated in the resulting data, to the elemental composition present
at that position. In this way a detailed, high-resolution survey of the elemental
composition of the location can be built up in real-time. SUbSequently_, this survey can be
made readily accessible to a user of the computer software, allowing that usér to make

decisions in regard to, for example, ore vs. waste discrimination.

The precise location of each spatial position of each analysis can be automatically logged,

without the need for human intervention, using GPS (Global Position Satellite technology),

Differential GPS, triangulated radio- or other waves (e.g., using a IR Wii system), laser- -
positioning, or other automated positional te:chhiq'i_xes, to thereby create an accurate and an

absolute survey of the elemental composition of the location.

In some embodiments, the resulting survey is used to optimize the operation for which it is

being created. For example, the survey m-ap can be used to more efficiently collect and

separate the ore from the waste in rock-on-ground or rock-in-transit during a mining

- operation. By way of another example, a survey map can be used to more accurately plant.

crops in precision farming opeiations. By way of a further example, the map may be used

to determine the best position to place explbsNe-s for excavating earth during blasting in

~mining. This process, known as “draw-control”, refers to the optimization of the

excavation of ore from seams of ore surrpunded by waste materials.

In some embodiments, the resulting map is used to improve safety. For example, the map
may be used to identify the presences of reactive pyrites minerals in mining bodies,
thereby avoiding the possibility of premature detonation of excavating explosives that can

be caused by these minerals.

In some embodiments, the resulting map is used to improve quality control.. For example,
the map may be used to optimize the blending of ores to thereby establish a more uniform

grade of mineral in the ore to be processed. during refining. Ore bl‘énding is a critical
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component of optimising the recovery and refinement of metals in many mining or
manufacturing processes (e.g., the steel industry). In the same vein, the quality control
data derived from the scanning process can be used in mine planning which depends on
determinations about the strength and competency of rock in order to make assumptions

about tunnel forms, column sizes, and other structural forms.

In'some embodiments, the map is created in 3-dimensions. For example, in cases where

‘multiple holes are bored into a rock bench adjoining a mining face prior to blasting, the -

elemental compositions of the bench can be measured multiple times at respective depths
down each bore hole, to thereby build up a 3-D map of the elemental composition of the

entire bench. In this way it is possible to optimize explosive excavation of the bench.

In some embodiments, the resulting 2-D or 3-D map is used as the basis for decision-

- making of the above or other types, in automated, robotic, or machine-directed applications

~ including, but not limited to:

(a) prospecting, mining; 'agricultur_e’_, or similar applications;

(b) removal of “rock-on-ground” in a mining application; o

(c) transportation to a refinery or an end-user in a mining application of “rock-in-
transit”; and

(d)  mining, farming, harvesting, or similar agrieultural applications.

In order to create a more complete survey of the location of interest, the processes
descﬁbed herein can be combined with other analytical'techniquesl including but not
limited to: |
(a) laser-induced fluorescence,
(b) laser-induced Raman spectrometry to determine structure, including the organics
preSept, ' |
_(c) the use of polarization "i’n_i:‘Qrrrllat'i_onE to determine crystal structure ‘which is of
significant vélue' in defeﬁhiﬁihg the strength and competency of rock and which _
has other significant values iri mining applications, and ‘ |
_ (d) the use of hyperspectral imaging to capture raster or ofher scanning data and/or

also as a means to measure inhomogeneity:
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Some embodlrnents of the present invention prov1de a means of mdependently onhancmg
system capabilities, mcludmg

(a) plume generatlon _ _

(b) plume conditioning, including plume steering by the same or different lasers,

- (¢) plume excitation by one or more lasers of one or more frequencies, '
(d) plume excitation f’romvm'ulti_ple dir,_e,c-‘;ﬁons by one or more lasers of the same or
different frequencies, | |
(e) as per fhe above but for stand off applications,
(f) as per (a-e) for applications involving polarized light,

(g) as per (a-f) above for applications involving Raman s'pectfoscopy.

The present invention also provides a process for classifying a material into one ‘of a

plurality of predetermined categories, the process incltdi-ng applying a statistical

classification method to measurements of optical emissions from the excited plumes of
materials of respective known classifications to generate classification data for use in

classifying other materials based on measurements of optical emissions from plumes of .

. said other materials.

The present invention also provides a system for executing any one of the above processes.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the present invention are described hereinafter, by way of -éxa‘mp‘le only,

with reference to the accompanying drawings in which:

- Figure 1 is an emission spectrum obtained using a double-pulse LIBS technique in

accordance with an embodiment of the present mventwn ona representative sample taken
from one set of areas of a “rock-on-ground” sample created by blasting at Triton mine in
Australia. The background shows a representative plot of the spectral emissions taken

from a differént area on the sarhe samiple;
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Figure 2 is a portion of an emission spectrum obtained using the double-pulse technique,
on a representative sample of “ore” obtained from the Lake Cowal mine in Australia,

showing the peak due to Gold (Au);

Figure 3 is a portion of an emission spectrum obtained using the double- pulse technique,

on a representatwe sample of “ore” obtained from the North Parkes mine in Australia,

- showing the peak due to Gold (Au);

Figure 4 (upper) is an enlargement of a single emission line obtained using the double-

pulse technique, on a representative sample taken from one set of areas of a “rock-on- -

ground” sén1p’le created by blasting at Lake Cowal mine in Australia; the lower graph

shows a representative plot of the same line emission taken from. a different area on the -

same sanmple;

Flgures 5 and 6 depict how a rock bench achommg the face of a mining operatxon may be

surveyed in accordance with an cmbodlmcnt of the present mvenUon and then efﬁmently

excavated by exploswe detonat1on

Figure 7 shows in schematic form, a blending pad operation in which, according to one

‘embodiment of the present invention, ores having different concentrations of a desired

mineral are combined in such a way as to maintain absolu.te stability in the average
concentratxon of the mineral in the materials which are fed into a refinery (thereby

maximizing the efﬁc1ency with which the desired element is isolated);

Figure 8 depicts a draw control process for mining a mineral seam in accordance with an

embodiment of the present invention; and

Figure 9 is a survey map of Hematite Zone Data as obtained using the laser spark

spectroscopy technique described in the General Example (upper graph), and as obtained

using standard wet ‘ch-eniistr_y techniques (lower graph).
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DETAILED DESCRIPTION

The described embodiments of the present invention include a process and system for real-
time classification and surveying of compositions, and their use in, for exaxh‘ple,
maximizing the efficiency of mining, prospecting, precision farming, and a range of other

human activities.

A process for réal-time classification of materials includes:;

directing at least one first p.ulse of energetic photons from a laser to a surface of at
least one material to vaporise a portion of the material and thereby form a plume of
constituents of said méterial; |

directing at least one second pulse of energetic photons from a laser to the plume to

| : selectively excite only a portion of the plume;

measuring optical emissiorls, from the excited portion of the plume; and

'asseselng the elemental composition of the rrlateri.él on ‘the basis of the optical
emlssmns from the excited- portlon of the plumc, |

wherem the excited portion of the plume is substantially smaller than the entire
plume so that the measured optlcal emissions are relahvely independent of the size of the
entire plume and hence are relatively 1ndep¢ndent ‘of the optical absorption and
vapoﬁsa_ti‘on characteristics of the material, thejre-by' ajl_ldwihg a more accurate assessment -
of the elemental composition of the material than if vt‘he éssé‘ssment ‘was baséd on the

optical emissions from the entire plume.

In some embodiments, the process includes directing one or more laser beams near or into
the plume to move the plume to a desired location. The oné¢ or more laser beams can have
one or more wavelengths. The laser beams may be emitted from multiple lasers. The laser
beams may emanate from_,multi'ple _positi’c)ns and/or directions. The laser beams may be

may directed at m‘ultiple' locations in, or nearby the plume. |
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The process may include:

assessing the elemental compositions of one or more materials at a plurality of

mutually spaced locations within a region;

-generating location data representing spatial coordinates of said locations;
generating composition data representing the assessments of the materials; and

storing the location data in association with the composition data to represent the

spatial distributions of elemental compositions of the materials in the region.

The spatial distributions inay represent the spatial--distrfbuti.oils of elemental compositions

in three spatial dimensions.

A system for real-time c’lassiﬁcation of f-naierials includes:
one or more lasers configured to generate pulses of photons of one or more
waveleﬁgths; | |
‘a spect_roinét‘é,'r; and
an analyser; |
wherein 4t least one of said lasers-is 'c,_o'nﬁ'gﬁ;re‘d to generate and direct at least one
first pulse of energefic photons to a surface of a material to vaporise a portion of the
material and thereby form a plume of constituents of said material; : |
_ at least one of said lasers is conﬁg:ufcd to -geneizite and direct at least one second
pulse of energetic bhotons to the plume to selectively excite only a portion of the plume;
the spectrometer selectively measures op‘ti'cal emiissions from the excited portion. of
the plume; and - ‘- | '
_ “the analyser assesses the elemental composition bf the material on the basis of the
optical emissions from the excited portion of the plume; '
wherein the excited p'ox“[ion of the plume is substantially smaller than the entire
plume so that the measured optical emissions are relatively independent of the size of the
enﬁre plume and hence are réla‘tively independent of the optical - absorption and.
vaporisation char_actéri\sfi’cs of the. material, thereby allowing a more accurate assessment
of the elemental comp.os’iﬁo‘n of the material than if the asscssrﬁent was based on the ..

optical emissions from the entire plume. =
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The material may include a mineralogical material or a soil.

The described embodiments of the present invention include improved processes and

(94

systems for accurate real-time analysis of elemental compositions, including:
the use of multiple-spark spectrochemistry to ‘determine elemental compositions,
where: v
(a) a first spark is used to create a plume dn a surface,
(b) one or more subsequent sparks are used. to “steer” and/or “tailor” the
10 plume in an advantageous fashion that may include: (i) fnovi'ng_ it away from the
surféce, (i1). _rho’ving it so as to remove the presence of interfering, non-energized
particulate matter and dust, or (iii) tailoring it for optimum light-harvesting from
the emission.. The steering or taiio,ri‘ng may be_ achieved, inter alia, by firing laser.
| pulses into a region closely adjacent to the plume to move the plume to.wards or
15 into that region, ' '
(c) one or more further subsequent sparks are used to re-energize a élosely
- controlled portion of the resulting plume to thereby emit light having
characteristic spectral lines from which elemental compositions can be accurately
: -nl_eaéured. .'Reiilluminaﬁng or (re)energizing an existing plasma plume of material
20 . ~may involve one or more lasers of either the same wavelength or of a different -
| 'wa'VClength ~or a combination of wavelength pulses to obtain an accurate,
reproducible determination of the elemental Vcomposition of the material since
signal quality improves with the temperature of the plume and also because the
subsequent laser pulse is used to energize a carefully controlled portion of the
25 plume, not the whole of the plumé., In ‘this way it is generally possible to
compensate for differences in, for example, the hardness and ab's_orptiviiy of rock
samples, which can otherwise lead 'to inaccurate quantization of the elements

present.

30  Also described herein is a surveying process, including:

(1) directing at least one first pulse of energetic photons from a laser to a
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surface of at least one material to vaporise a portion of the material
and thereby form a plume of said material;

(ii) measuring optical emissions from the plume;

(111) identifying constituents of the vaporised material on the basis of the
optical emissions from thev plume; _

(iv) generating, on the basis of the assessment, composition data
representing the elemental composition of the plume;

(v) | generatin_g' location data representing a spatial location of the plume;
(vi) storing the composition data in association with the .locatidn data; and
“(vil) repevating' steps (i) to (vi) for a plurality of plumes of one or more
o materials at respective mutually spaced locations to provide survey

data representing a spatial survey of composition of the on eor more

materials.

Embodiments of the present invention also include a surveying process in which detailed
maps of the elemental compositions within locations of interest are created using data from
single- or multiple-spark spectrochemistry. The resulting maps then provide-a Iﬁ'e_ans of

optimizing the activity for which they are created.

'Some embodiments empldy a small, portable or a hand-held or a stand off lasér and or

spectrometer which may be air-cooled, fluid cooled and / or battery pewered or-powered

via other suitable means.

In some embodiments, the small portable laser and spectrometer is attached to, or is part of
a specialized machine used in the opération in question. For example, in some
embodiments the spectrometer is a component of a boring machine used-to bore holes for

placing explosives during ’m‘i.ning operations. In other embodiments, the spectromieter is a

. component of a tractor or machine-planter undertaking precision farming.

In some embodiments, data from the analysis is subjected to automated discriminant

generation (i.e., “machine-learning”) techniques for data analysis, for example, the use of
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neural networks or equivalent statistical methods. The ability to program a “machine-

learning” algorithm into the data analysis protbcol employed is particularly advantageous

in cases where there are substantial variations in the behaviour of spétially proximate

samples under laser ablation, such as can occur in geological formations or agricultural

5 soils.

In some embodirnents, a spectrometer or equivalent imaging device directly captures the

spectral emissions generated during the spectroscopic analysis, without the use of an

intervening and possibly inefficient light collection system. Examples of spectrometers or

10 imaging devices that can be used in such embodiments include:

15

20

25

(a) miniature spectrometers;
(b‘) solid state custom spectrometers tuned to specific emission lines;

(c) solid-state spectrometer devices.coated with patterned filters to exclude

all wavelengths other than those of interest. Such devices may involve -

an ifnagihg chip, such as a Charge-Coupled Device (CCD) or similar

chip, overlaid with a patterned filter in such a manner that each pixel on

the chip is iimi’_ted to 'brec-eiving light which has been filtered to transmit

~only a particular wavelength or narrow range of wavelengths, and

where the transmitted aneliEng.th(s) differ from pixel to pixel; or

(d) Hypersﬁec_tral imag'ing‘ devices, including medified digital cameras

c-épable of measuring not only the presence and inte,n'sity of spectral
lines of interest, but also their spatial position within the field of view.
Such devi;:es' can, for example, be used io rapidly analyse ores and or
waste where the ore and waste is inherently inhomogeneous. Such
techniques, can.vastly incfeaS,é the spatial sampling frequency of the
method and / or the rate at which a very high spatial sampling frequency |

can be attained.

In some embodiments, the-analyses performed using the laser and spectrometer are carried

30 out at'a distance from the target sample; using a stand-off te'chni‘q;'le, The stahd-off

tec'hnique can be used to perform a raster-scan of a location of interest. The x,y,z
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information from such a raster scan can be used to create maps of structure and small and

large scale homogeneity.

In some embodiments, the surveying prbcess involves carrying out analyses at .rhultiple
different spatial positions within the location in such a way that each spatial position is

computer logged and associated in the resulting data, to the elemental compositibn present

‘at that position. In this way a detailed, high-resolution survey of the elemental

composition of the location can be built up in real-time. Subsequently, this survey can be
made readlly accessible to a user of the computer software, allowing that user to make:

decisions in regard to, for example, ore. vs. waste dlscnmmatxon

' The precise location of each spatial position of each analysis can be automatically logged,

without the need for human intervention, using GPS (Global Position Satellite te_'chnology),
Differential GPS, triangulated radio- or other waves (e.g., using a IR Wii system), laser-

positioning, or other autemated positional techniques, to thereby create an accurate and an

“absolute survey of the el:emeritajl_- composition of the location.

" “In some embodiments, the resulting survey is used to optimize the operation for which it is

being created. For .examiple, the survey map Ac‘an be used to more efficiently collect and

‘separate the ore from the waste in rock-on-ground or rock-in-transit during a mining .

operation. By way of another example, a survey map can be used to more aceurately plant -
crops in precision farming operations. By way of a further example, the map may be used'k

to determine: the best pOSition to place explo‘s’ives for excavating: earth during blés’ti-ng in

© mining. This process known as. - “draw-control”, refers to the optlmlzatlon of the

-excavation of ore from seams of ore surrounded by waste materials.

In some embodiments, the resulting map is used to improve safety.” For example, the map
may be used to identify the - presences of reactive pyrites minerals in mining bodi‘es
thereby avoiding the p0351b1hty of premature detonatlon of excavating explosives that can

be caused by these mmerals
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In some embodiments, the resﬁlting map is used to improve quality control. For example,
the map may be used to Optimizé the blending of ores to thereby establish a more uniform
grade of mineral in the ore to be processed during reﬁning. Ore blending is a critical
component of optirnising the recovery and reﬁnemént of metals in many mining or
manufacturing processes (e.g., the steel industry). In the éarne vein, the quality control
data derived from the scanning process can be used in mine planhing which depends on
determinations about the strength and competency of rock in order to make assumptions

about tunnel forms, column sizes, and other structural forms.

In some embodiments, the map is created in 3-dimensions. For example, in cases where

multiple holes are bored into a rock bench adjoining a mining face prior to blasting, the

elemental compositions of the bench can be measured multiple times at respective depths

.down each bore hole, to thereby build up a '3-D: map of the elemental composition of the

~ entire bench. In this way it is possible to optimize explosive excavition of the bench.

In some embodiments, the resulting 2-D or 3-D map is used as the basis for decision-
making of the above or other tyﬁes, in automated, robotic, or machine-directed applications
including, but not limited to: | . | ‘
(a) prospecting, mining, agr‘ic‘ultufe, or similar applications;
(b) removal of “rock—*oh-g"r@tznd’ > ina mining application;
(C) transportation to a refinery or an end-user in a mining application of “ro‘ck—bﬁ-
transit’; and

(d) mining, farming, harvesting, or similar agricultural applicatio.ns.

In order to create a more complete survey of the location of interest, the ,p‘fo_cesse‘s
described herein can be combined with other analytical techniques, including but not
limited to: | |
(a) l.avlser-indu‘cedlﬂuorescence,
(b) laser-induced Raman spectrometry to determine structure, including the organics
present, -

(c) the use of polarization information to determine crystal structure. which:is of
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significant value in determining the strength and competency of rock and which
has other significant values in mining applications, and
(d) the use of hyperspectral imaging to capture raster or other scanning data and/or’

also as a means to measure inhomogeneity.

Some embodiments include a means of independently enhancing system capabilities,
including: '

(a) plume generation,

(b) plume conditioning, including plume stgering by the same or different lasers,

(c) plume excitation by one or.more lasers o;f one or more frequencies,

(d) plume excitation from mulfiple directions by one or more lasers of the same or

different frequencies, »
(e)v_ as per the above but for stand off applications,
() as per (a-¢) for applications involving polar.'ize.d light,

| (g) as per'(a—f) above for applications involving Raman spectroscopy.

Some embodiments include a process for classifying a material into one of a plurality of

predetermined categories, the process including applying a statistical classification method

to measurements of optical emissions from the excited plumes of materials of respective
known classifications to generate classification data for use in classifying other materials

based on measurements of optical emissions from plumes of said other materials.

EXAMPLES

In the examples below, the following experimental setup was used. Geological samples
were irradiated with photons generated by Big S'ky 200 mJ CFR Q-switching Nd:YAG
pulsed lasers. Elemental emissions were col.léctcd by an optical fibre assémb‘ly including
multiple 600 pm UV-VIS patch cords, each with a collimating focusing lens bxiilt into the
fiber termination.” Each fibre was routed into a high-resolution eptical spectrometer,
providing spectral analysis with an opticél_ resolution of ~0.1 nm, in the wavelength range

200-980 nm. Geological samiples were énalyzed in a custom-built sample chamber and
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subjected to laser irradiation protocols involving single or multiple laser firings. Each

laser pulse was typically 15.47 J/pulse, with a time separation of 180 us and no refocusing

between pulées.

. GENERAL EXAMPLE: STANDARD _METHODS OF CLASSIFICATION.

DIGITAL SAMPLING DURING YS’URV,EYING AS A METHOD: OF REAL-TIME

CLASSIFICATION

Conventional approaches to laser spark spectroscopy seek to classify a material by one of

two methods. These approaches are: -

A. Qualitative: Indicating qualitatively the presence of an element by confirming the

V presence of a particular emission line. While qualitatively useful, this approa'ck}
~ does not offer quantitative information in mining applications because many ore
bodies involve concentration gradients. Thus, spark spectroscopic analysis of

' both ore and waste would typically indicate the presence of a particular target
element but give En"o_: ;i’ndicati‘on of whether the material being exarh'ined.‘is -an ore
or a waste. Nor will this approach. offer an indication of the type-or g-réd_e, of ore

present.

B. Quantita’ti?e: Quantitatively measuring the chemical composition of pertinent
elements down to low concentrations (ppm or 10w_er). This approach typically
~requires significant chemical and/or mechanical pre-processing to maké the
sample suitable for analysis-. For example, the sample would typically have to be
mechani_cally_ homogenised and then pressed into dis»ké or pellets in o.rde:r.to

normalize the possible variables present. Each different variation in the target
material would then also be expreséed accurately in a calibration curve in order
to output a reasonably accurate measurement of the concentration of the.'targ;et
element. Any change in the composition or‘the co,ncentration of other elements

- requires an entire new family of calibration curves. Applying such processes
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may, nevertheless, yield accurate quantitative information regarding the make-up

of the ore or waste and thereby assist in ore-waste discrimination or ore-grade

determination.

The above methods have utility in ore-waste discrimination or ore-grade determination in

mining applications, but are not suitable for real-time analysis. This is because:

Rocks are, in the main, innately heterogeneous materials composed of a
plethora of minerals. The spark spectroscopic method however, samples a
single pinpoint on the mi‘neral_ and therefore gives a highly localized
analysis. ' _ | |
T hé .minefal-‘s have a variety of habi'tﬂs an‘d sizes. Some present as glasses.
The mineréls themselves are solid state systems, composed of elements
that undergo ramparit elemental substitution.
The materials are generally quite rough.
The materials exhibit a variety of hardness, so an clex_ﬁent present in one
mineral and crystal can report more strongly than the same element in
another mineral and crystal.
Elements have innately different responses under 'laséf spark
SPECtroscopy. ' "
Geometric surface effects such as but not limited to

a. variations in focus of the laser |

b. variations in angle of inicidence of the laser beam.

‘Even when the concentration of a specific element is known, the classification of ore, ore

grade and waste may well be influenced by the presence of:

h.

1

Pernicious minerals that affect smelting etc
Specific combination of minerals that affect mine processing
Gross rock characteristics that are not expressed in elemental percentages

but that can affect the ease and hence cost of extraction of ore.
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This general example describes a new method of directly creating an ore-waste

discriminant and/or of creating an ore-grade discriminant based on whole spectra or

- subsets of whole spectra without:

1. Physical or chemical preprocessing of the sample, such as physwally
homogenizing the sample '

2. Any need for cal'lbratlon,.cur\;es to det‘ermine» the percentage of single elements
present in a spemﬁc type of material, or _ '

3. Needing to generate and more specxﬁcally, program a classmcatlon system from

a list of specific material concentrations.

The method involves collecting spectra in such a manner that they can be used to indicate

. the ore and or waste in question. The technique involves physically tracking the laser oVer

geological or mining samples whilst constantly: firing the laser in multi-skiot puise trains.

The individual spectra thus obtained, ar¢ then stacked into a single spectrum. The data is

thereby homogenized digitally at the time of collection. That is, variations in homogeneity,

mineral habits, and the like, are averaged out. This is achieved without the rieed for

extensive sample preparation. The resulting, homogenized spectra can be used to reliably

indicate whether the'sample is an ore or a waste. This is typically achieved by comparing

the homogenized single spectrum to a homogemzed reference spectrum of an ore or a -
waste and mathematically correlatmg the similarities ot dlfferences using a standard

correlation algorithm. There is no need to laboriously construct calibration curves.
A typical example of the method is as follows:

A mining or geological sample is physically traversed while being subjected to a 50-shot

laser pulse train. The pattern of the shots may be in a 1-D direction, or a raster pattern.

‘This form of data collection could include sampling materials that are wholly or partially

composed of powder. That is, the technique may have the effect of moving and changing

the sample and the Sampling may in fact eccur in a powder cloud formed by the
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shockwave created by one of the earlier shots. Any of the above can be combined with
multiple shots at a single location to sample below the surface. This method also cancels
noise in the data -collection, especially noise associated with variable focus depths and

variable angles of incidence.

The ‘resulting spectra are then stacked (averaged) into a single, homogenized spectrum.
The whole of this spectrum, or portions thereof (but inclhding a plurality of spectral Hne‘s‘),

are then used to classify the ore, ore-grade or waste ‘material, using a statistical method that

«does not require any particular spectral lines to be identified, but just treats the spectrum

(or part thereof) as information characteristic of the sample. This 'information' is then
provided to a statistical classification method ‘tQ‘deterrniné: which of a plurality of known
categories is the most likely category for the sample, based on similar information

determined for other samples known to belong to those same categories. The statistical

classification method can include:

15

- i. Corrélaﬁén to one ;)r more oré and or one or more waste models créated_ by
the user or system. Fo} 'éxam_ple, a reference homogenized spectrum of an
ore can be used. Mathematieal correlations 'With a goodness-of-fit > 0.9 can
then indicate that the sample is an ore with a high. level of reliability.
Correlations of <0.9 indicate a waste. The cut-off point for this decision is

typically determined empirically. This could be done using:

i. Machine learning systems that build classification sys‘t‘erﬁ‘s from a 7leam‘ing
sé,t. That is, one measures and stores t'he. homogerized spectra af a set of
samples of ores and/or waét_es and/or ore grades, that havé previously been
classified as ore or waste, or, classified by ore grade, using compositions _
determined by wet chemistry. The spectra correlation parameters for ore-
waste and or for ore grade are then -established by machine learning
algorithms operating over this known traiﬁﬁing set. In this way, a rapid .an'd :

relatively reliable indication of ore and waste discrimination, or of ore-

R grade can be obtained.
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It is to be understood that the current invention extends to the use of this digital samplihg
method, as well as the Qualitative and Quantitative methods already known to the art and

described in A and B above. The remaining examples may employ any of these methods.

_.'EX:A'MPLE 1: PRECISION SEPARATION OF ROCK-ON-GROUND INTO ORE

AND WASTE

A “rock-on-ground” sample at the Triton mine in Australia was analysed at multiple

different spatial locations using double-pulse spectroscopy, where two pulses are fired

~ from the same laser. In general, two different types of spectra were obtained, depe‘nding

on precisely where sampling was performed on the rock pile.

Figure 1 shows representative optical emission spectra obtained (a) exclusively at
one periphery of the rock pile (dark black lines) and (b) at, essentially, all other points

examined on the rock pi]é ("background spectrum®, light grey line).

As can be seen, the spectrum of the latter ai'ea (background) contains-more peaks-and.
higher peaks than the spectrum of the former area (the foreground).  Each peak

corresponds to a particular element (mostly metals in this case), some of which have been

- labelled in the Figure. The height of each peak is representative of the quantity of the

corresponding element in the corresponding s‘am;‘jled. portion of the rock pile. -

Thus, by the qualitative analysis technique describéd above in A, it is immediately
apparent, even from a cursory examination of the two 'spec'tr,a‘- shown in'F igure 1, that the
latter area which was examined (background 'spe'_'c’truin)" is Yir’tuall_y exclusively “ore”. The
former area that was examined (foreground spectrumi) cohtains‘, Aby contrast, mainly

“waste” material.

Using one of the other techniques described aboVe, it is possible forapidl,y and

- reliably develop a detailed, accurate survey of the ore and waste components of the
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- exposed surface layer of rock-on-ground and to immediately identify which portions of the

surface layer of the rock pile should be processed and which should be left unprocessed.
This can be done m real-time using the méthod described in the General Example above.
After removing that surface layer, the .analysis is repeated, providing a survey of the new
surface layer and indicating again which portions -Should be collected for processing' This
procedure is repeated continuously until the rock pile has been unamblguously and

sc1ent|hcally separated into ore and waste.

EXAMPLE 2: PRECISION SURVEYING AND MINING SELECTED MINERAL
COMPOSITIONS IN REAL-TIME | |

~ To illustrate the power of the processes and systems described herein, Figures 2 and

3 depict'representati've double-*pulse’ optical 'em'i'ssion spectra collected from “ores”™ at the

Lake Cowal and North Parkes mings in Austraha For clarity, the dlsplayed poruons ofithe- -

spectra in Figures 2 and 3 have been llmlted to prommently show the gold (Au) spectral

‘emission 202, 302 at ~ 461nm. The spectrum can be analysed using the technlques

“described above to qualitatively or quantitatively determine the amount (ppm) of gold in

the rock at each point that an analysis is performed. Using the method described in the
General Example above, each analysis takes a fraction of ‘a second. This is potentially

extremely valuable information to. gold mines, since by analysing different spatial

~ locations they can map. in high precision where the gold is and how much of it there is.

This can be done in real time:during excavation. The refining process can then be tuned to

appropriately process the ore grade that is being refined at that time.

Figure 4 shows a single spectral line for an “ore” 402 anda “waste” 404 sample from
the Lake Cowal mine. The spectral line corresponds to uranium (U) a‘nd_/or_Ir_on (Fe). Itis
possible to 'qﬁalitatiVely or quantitatively analyze rock samples for other elements, -a_nd to

dothisina h‘ighly specific and definite way using one or more of the technfques described . -

.above. Thus, using such a process,-one is able to determine surveys of multiple elements,

including, for example, elements that can be isolated simuitanqou’sly with the metal of

interest, or elements that may interfere with the isolation of the element of interest during
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the refining process to be applied. Mining can then selectively excavate ores having very
particular constitutions and leave ores of other, more difficult constitutions for another

time.

EXAMPLE 3: PRECISION SURVEYING OF THE ROCK BENCH ADJACENT TO
A MINING FACE FOR EXCAVATION WITH EXPLOSIVES; ASSURING SAFETY
DURING PACKING OF EXPLOSIVES ‘

Figure 5 schematically depicts a portion of an open cut mining operation having
"benéhe_-s" on several levels, including the levels shown as 502 and 504. To mine a portion
of the lbWer bench on'leve17502, four lines of boreholes 506 have been drilled i‘n‘tovthe:- rock
bench. Each of these boreholes 506 is filled _with explosives which, when detonated,
excavates that part of the level 502. The drilling of one 602 of the holes 506 is illustrated
in Figure 6. During the drilling of the hole 602, a drill with shaft 604 and drillhead 606 is
used to make the hole 602. In this parﬁcular drill, a spectromet;ér 608 is positioned
immediately behind the drillhead 606. The spectrometer 608 is connected, via a cable 610,‘

to a computer 612 which logs the spectra of the rock as a function of the depth of the

' borehole 602 during drilling. In this way, and applying the technique in the General

Example, of bone_ of the other techniques, the .'conipu»ter 612 builds up a survey of the
different strata in the rock bench 502 down.’-tih_e length of the borehole 602. When the‘ data
for all of the boreholes 506 are combined, the c-omputer 612 generates a 3-D survey of the
elemenfal composition of the rock bench 502. The corﬁputer 612 is configured At‘o
ahtomatically analyse the data as it arrives from the spectno.méter 608. In the event that the
computer 612 recognizes a possible hazard, such as a pyrites depb‘sit*at. any point in the
rock bench, it sends an alert to the blasting crew, who are then forwartied to avoid this
particular deposit. Moreovér, having a detailed and accurate survey of the rock bench 502 B
in hand, the computer 612 is in a position to classify the ore and waste present and advise
the best way to ex'cavaté the bench 502 using standard methods known to the mining
industry. This may involve, for example, varying the quantity of eXp.iosive charges in each

hole for maximum efficiency in excavating the ore.
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EXAMPLE 4: PRECISION SURVEYING OF ORES DURING A BLENDING PAD

OPERATION; PRECISION QUALITY CONTROL OF BLENDED MATERIALS

Figure 7 depicts, in schematic form, a blending pad operation. A mine has three
different operations, each yielding ores of different element composition. The three
operations deposit their ores in respective stockpiles A, B, or C. A conveyor belt 702

carries ore from stockpile A to a central “blending” stockpile 708. Conveyor belt 706

- carries ore from stockpile B to the blended stockpile 708. Conveyor belt 706 carries ore

from étoc.kp‘ile C to the blended stockpile 708. The composition of the ores on each of

these cdnveyofs 702,704,706 is monitored by- havihg three optical spectrofneters

710,712,714, Spectrometer 712 monitors conveyor belt 702. Spectrometer 714 monitors
conveyor belt 704. Spectrometer 716 monitors conveyor belt 706. Each spectrometer

712,714,716 is connected via cables 718 to a central computer 720. Using the real-time

“data_from the .spectrometers 712,714,716, the computer 720 controls the rate of addition

from each of conveyor 702,’704,706‘ to ensure that the blended stockpile 708 contains as.

close as possible to a desired fixed composition that is preferred for refining. Conveyor

- 722 carries the blended material 708 to the refinery. A central spectrometer 724, which is

connected to the computer 720 via a cable 726, monitors and performs quality control on

the blended ore seh‘t to the refinery.

EXAMPLE 5: PRECISION OPTIMISATION OF DRAW CONTROL DURING

" MINING OF A MINERAL SEAM

25

30

* Figure 8 illustrates a seam 802 of a mineral running through a non-mineral region
804. To mine the seam 802, it is necessary to excavate it in stages, taking and processing
as little as possible of the. surrounding waste 804, The next stage to be excavated in this
particular case is shown by 806. A éeries a long holes 808 have been bored iﬁto the face of
the seam. Explosives will be placed into these holes and: detdnated. It is important to
excavate only the ‘seam 8(_)2; that v.is, the seam 802 must be drawn out of thé surrounding
rock 804. To this end, a pmﬁlé. of the ore grade or ore-waste as a function of the d’epth. of

edch hole has been collected and the make-up of the excavation area 806 has been mapped
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in detail and in 3-D. Explosives may then be placed in accordance with this map and in
such a way as to maximize the efficiency of the excavation. Using this approach, better

-draw control is achieved.

5 'EXAMPLE 6: GENERATING ACCURATE MAPS FOR MINING ‘USING
DIGITAL SAMPLING

Highly accurate maps of ore and waste or ore-grade cén be rapidly generated using the
abox,/e technique and in the above applications -without need for laborious processes.
10 © Figure 9 (top) indicates a map of raw hematite in a mining area using the method described _
in the General Example. Figure 9 (bot’tonﬁ)’ indicates a comparable ‘map obtained'ﬁsi:hg
laborious wet chemical analysis techniques. As can be seen, the two maps aré essentially

identical. -

15 Many modifications will be apparent to those skilled in the art without departing from the

. scope of the present invention.
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CLAIMS:

I A process for real-time classification of materials, the process including:
directing at leaét one first pulse of energetic photons from a laser to a
surface of at least one material to vaporise a portioh of the material and thereby form
a plume of constituents of said material;
| directing at least one second pulse of energetic photons from a laser to the
. plume to selectively e‘xcité_only a portion of the plume;
- measuring optical emissions from the excited portion of the plume; and
‘ assessing the elemental composition of the material on the basis of the
optical emissions from the excited portion of the plume; |
wherein the excited. portion of the plume is 'substahtia‘lly smaller than the entire
plume so that the measured optical emissions are relatively independent of the size of
the entire plume and hence are relatively independent of the optical absorption and
‘vaporisation characteristics of -the material, “thereby allowing a more accurate
_:aSSCSSInent‘of the elemental composition of the material than if the assessment was

based on the optical emissions from the entire plume.

| 2. The process of Cldlm 1, including directing one or miore pulses of encrg,etlc photons

trom a laser into or near the plumie to move the plume to a.desired locatmn
3. The process of claim 2, wherein the energetic photons have a plurality of wavelengths.

4. The process of ¢laim 2 or 3, wherein the pulses-of energetic photons are-directed to-the

- plume from a plurality of ;positioﬂs.a.nd/’or directions.

5. The process of any one of claims 2 to 4, wherein the pulses of energetlc photons are ‘

directed at mu]tlple locations in-or near the plume.

6. The process of any one of claims 2 to 5, wherein said assessing includes:

assessing the elemental composition of the at least one material at a plurality of |
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mutually spaced locations within a region of interest;

generating location data representing spatial coordinates of said locations;

generating composition data representing the results of the assessments of the at least

one material; and

storing the location data in association with the composition data to represent at least

one spatial distribution of elemental composition of the at least one material in the region

_of interest.’

- 7. The process of claim 6 wherein the at least one spatial distribution includes three

spatial dimensions..

8. .A process for classifying a material into one of a plurality of predetermined categories,

-the 'prbcesS» ineluding applying a statistical classification method to measurements of

optical emissions from the excited plumes of materialé of respective known

classifications to generate classification data for use in classifying other materials .

based on measurements of optical emissions from plumes of said other materials.

9. A survéying process, including:

(1)

(i1)
(iii)
(iv)

(v)
(vi).

(vii)

directing at least one first puilse of energetic photons from a laser to a

surface of at least one material to vaporise a po_rii.on of the material

and thereby form a plume of said material;

measunng optical emissions from the plume;.

identifying constituents of the vaporised material on the basis of the
optical emissions from the plume; *
generating, on the basis of the assessment, composition data
representing the elemental composition of the plume; _
generating location data representing a spatial location of the plume;
storing the COmposifion data in association with the location data;’
repeating steps (i) to (vi) for a plurality of plumes of one or more

materials at respecfive mutually spaced locations to provide survey
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data representing a spatial survey of elemental composition of the at

least one material.

. The process of any one of claims 1 to 9, wherein the assessments of elemental

composition are performed using the laser and spectrometer at a distance from the

11.

12,

13.

14,

15.

16.

target sample using a stand-off technique..

The process of any one of claims 1 to 10, wherein the energetic photons from the laser
are scanned over a region of interest and the spatial coordinates used to scan the

photons are used to generate a corresponding spatial map of composition,

The process of any one of claims 1 to 11, including using a survey or map of the
elemental composition to improve the collection and separation of ore from waste in

rock-on-ground or rock-in-transit during a mining operation. .

"l;h,e process of any one of claims 1 to 11, including using a survey or map of the

elemental composition to determine locations to place explosives for eXpavapi_ng earth

~during blasting in mining.

The process of any one of claims 1 to 11, including 'u-sing a survey or map of the
elemental comprition to identify the presence of reactive pyrites minerals'in mining

bodies.

The process of any one of claims 1 to 11, including using surveys or maps of elemental
composition of a plurality of ores of respective elemental compositions to control the

blending the ores.

The process of any one of claims 1 to 11, including:
forming bore holes in a rock bench adjoining a mining face prior to blasting;
determining elemerital compositions at respectivé depths down each bore hole;

generating a 3-D map of elemental composition of the entire bench Base’d on the
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locations of the bore holes and the determined elemental compositions; and

determining explosive excavation of the bench based on the 3-D map.

17. The process of any one of'claims 1 to 11, including using s_urvéys or maps of elementai
5 composition as the basis for decision-making in automated, robotic, or machine-
_ | directed applications including: V
(a) prospecting, mining, agriculture, or similar applications;
v(b) removal of “rock-on-ground” in a mining application;
(6) transportation to a refinery oran end-user in a minihg application of “rock-in-
10 - tramsif’;and .

(d) mining, farming, harvesting, or similar agricultural applications.

18. The method or system of any one of claims 1 to 17, wherein the material includes a

o  j rﬁiﬁerélogi-cal material or a .soi'l‘. |

15 | |
19.A System for real-time c]aséiﬁc&tion of materials and configured to execute any one of

claims 1 to 18.

20. A system for real-time cl,as”siﬁéaﬁon- of materials; the system including:
one or more lasers configured to geﬁerate pulses of photons of one or more
20 wavelerigths; o | v -
a spectrometer; and
an anaiyser;
~ wherein at least one of said lasers is confi gured to generate and direct at
least one first pulse of energetic photons to a surface of a material to vaporise a
25 portion of the material and thereby forma plume of constituents of said material; |
at least one of said lasers is cohﬁgured to generate and direct at least one
second pulse of energetic photons to the plume.to seieoti‘vei_y excite only a portion of
thé plume; |
the spectrometer seléct.i’vely measures optical emissioﬁs from the excited

30 portion of the plume; and
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the analyser assesses the elemental composition of the material on the basis
of the optical emissions from the excited portion of tﬁe plume; |
wherein the excited portion of the plume is substantially smaller than the
entire plume so that the measured o__pﬁcal eniissions are. relatively independent of the
5 size of the entire plume and hence are relatively independent of the optical
| absorption and vaporisation characteristics of the material, thereby allowing a more:
- accurate assessment of the elemental composition of the material than if the

assessment was based on the optical emissions from the entire plume.

10 '2-,1,.: The system of claim 2O,Iiwheréi‘h the lasers and spectrometer are attached to, or are
|  components of, a boring machine, a tractor, or a machine-planter undertaking precision

 farmin g

22. The.system. of claim 20 or 21, wherein the spectrometer directly captures the spectral

15 emissions from the plume without the use of an intervening light collection system.
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Continuation of Box No:

This International Application does not comply with the requirements of unity of invention because it does not relate
to one invention or to a group of inventions so linked as to form a single general inventive concept.

This Authority has found that there are different inventions based on the following features that separate the claims
into distinct groups:

e Claims 1 to 7 and 20 to 22 are directed to a process for real time classification of materials using double pulsed
laser induced breakdown spectroscopy (LIBS) wherein the second laser pulse selectively excites only a portion
of the plume, such that the excited portion of the plume is substantially smaller than the entire plume. The
feature of the second laser pulse selectively exciting only a portion of the plume, such that the excited portion
of the plume is substantially smaller than the entire plume is specific to this group of claims.

e Claim 8 is directed to a method of classifying a material into one of a plurality of predetermined categories, by
applying a statistical classification method to measurements of optical emissions from excited plumes of
materials of respective known classification to generate classification data for use in classifying other
materials based on measurements of optical emissions from plumes of said other materials. The feature of
classifying a material into one of a plurality of predetermined categories, by applying a statistical classification
method to measurements of optical emissions from the excited plumes of materials of respective known
classification is specific to this group of claims.

e Claims 9 to 19 are directed to a surveying process wherein data representing the spatial distribution of the
composition of at least one material is determined using LIBS. The feature of a surveying process wherein data
representing the spatial distribution of the composition of at least one material is determined using LIBS is
specific to this group of claims. :

PCT Rule 13.2, first sentence, states that unity of invention is only fulfilled when there is a technical relationship
among the claimed inventions involving one or more of the same or corresponding special technical features. PCT
Rule 13.2, second sentence, defines a special technical feature as a feature which makes a contribution over the prior
art. '

"When there is no special technical feature there is no unity of invention.

In the above groups of claims, the identified features may have the potential to make a contribution over the prior art
but are not common to all the claims and therefore cannot provide the required technical relationship. The only feature
common to all of the claims and which provides a technical relationship among them is the analysis of optical
emissions from a plume of material. However this feature does not make a contribution over the prior art because it is
disclosed in:

See the abstract of WO 2006/008155 A1; any method using LIBS will inherently incorporate the common feature
indicated above.

Therefore in the light of this document this common feature cannot be a special technical feature. Therefore there is no
special technical feature present in the claims and the requirements for unity of invention are consequently not
satisfied a posteriori.
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This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following
reasons: ’

D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such
an extent that no meaningful international search can be carried out, specifically:

3. I:I Claims Nos.:

because they are dependent claims and are not drafied in accordance with the second and third sentences of Rule 6.4(a)

Box No. III Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This Ihtemational Searching Authority found multiple inventions in this international application, as follows:

See Supplemental Box 1.

As all required additional search fees were timely paid by the appllcant this international search report covers all
searchable claims.

As all searchable claims could be searched w1thout effort justifying additional fees, this Authority did not invite
payment of additional fees.

As-only some of the required additional search fees were timely paid by the applicant, this international search report
covers only those claims for which fees were paid, specifically claims Nos.:

DED

4. D No required additional search fees were timely paid by the applicant. Consequently, this international search report is
. restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest I_—_] The additional search fees were accompanied by the applicant's protest and, where applicable,
the payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable
protest fee was not paid within the time limit specified in the invitation.

I:l No protest accompanied the payment of additional search fees.
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