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Outline

* Minerals processing 101 — why is gold assay both important and difficult?
e Searching for an alternative nuclear method
 Gamma activation analysis

e Basic mechanism
e Historical applications
e Cross-section measurements

* Experimental validation
* Practical implementation of an industrial assay system
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Why is gold assay important?

@ - % &/’ o Stockpile

Mine Crushing

Grinding r\
() =

Multi-stage
concentration

HIE

Tailings disposal
I + water recovery

Gold —> ._y \ﬁ:?
room '

Smelting Product

3 | Industrial Photonuclear Physics: Assay of Gold and other Elements in Mineral Ores using Gamma Activation Analysis | James Tickner




Why is gold assay difficult?

Low concentrations (often parts-per-million
levels or lower)

Non-uniform distribution

High throughput needed (60 samples/h)

Ideally, analysis ‘in the field’

Current technology (fire assay)
* Measures 15-50 g samples
* Laborious process; many safety issues

 Skilled technicians required

Gold is $10b pa industry in Australia
>$100b world-wide
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Requirements for analysis method

V- N\
e Commercial e Gamma-rays
accelerator or fast
and detector neutrons
\- Penetratin J

e Reaction
e Cross-
section

e Half-lives
e Backgrounds
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Gamma activation analysis (GAA)

* Use high-energy X-rays to induce reactions in target nuclei
* Measure resulting activity and relate to element concentration

®
n

409.2 keV 11/2°
t,=7.73 sec

@

/1IN

268.8 keV 3/2*

77.4 keV 1/2*
0.0 3/2*

Particle reactions ‘
a

| |
| |
| |
| |
| |
| |
| |
| |
: 279.0 keV 5/2* :
| |
| |
| |
| |
| 197Au |
| |
| |

Isomeric reactions
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History of GAA for gold and development challenges

History Challenges

* Discovery of 197Au meta-state (19405) e Improve sensitivity and accuracy

e Limited control of beam energy and power

* Photoexcitation of meta-state (1950s) . .
— Need to have on-line correction method for

* |dentification of ¥®7Au(y,y’)*’MAu reaction accurate analysis

for gold analysis (1960s) e Need to correct for variations in sample density

] _ ) and composition
e Establishment of commercial assay lab in , ,
— Need better understanding of mechanism

former Soviet Union (1970s) and cross-section for producing isomeric
states

— Develop Monte Carlo model of activation
process to determine corrections
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Reference foil for on-line stability control

* Basic idea — use a monitor foil of a different 1
element 105}
* Requirements: n
e Isomeric state 2 oesl
e Similar half-life to *’Au-M §
e Similar but lower gamma-ray emission energy ; i
e No competing reactions g 0.85r
e Rare in nature (or at least in gold deposits) :ai 0.8}
 Relatively weak activation < 075l Fittod 197 Au7Se ratio

Fitted "2 Au/"°Br ratio

_7'7'5'@,_1_775_8,_1'62"(‘#?' 0.7+ * Measured "9 Au/""Se ratio |

7QBr’ 4.86 S, 207 kev Y Mleasured 197 AL/ ®Br r?tio

0.65 : : :
6.5 7 7.5 8 8.5 9

Peak electron energy, MeV
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Gamma activation cross-sections - expectations

mtetme e * Results from Collins et al (Phys Rev C 46(3) p952)
§ * They argue strongly for limited number of
= somer gateway levels
ground state * Their model under-shoots data above ~6 MeV
107
< 0 | 1.7+0.3 0.740.3
= 107} ] 2.5+0.1 5+0.5
107" @ 3.240.15 4545
R T = 4.240.2 20040

Endpoint Energy (MeV) 6.0? 80007
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Experimental cross-section behaviour disagrees

o o'~ 103-10% eV.barns

e Extremely large state widths (>tens eV) 6.75 MeV/

e Thermal broadening will be negligible

e Peak cross-section in range tens to hundreds of
barns

e Atomic cross-section in gold is only
~12-14 barns in this energy range

8.40 MeV

Effective cross-section, barns

—— Theory (XCOM)

 Strong self-absorption should be evident 11 —— Wide-beam (6.75 MeV)| ]

— Wide-beam (8.4 MeV)
Sou rce 10 | | | | | | | | | |

25 3 3.5 4 4.5 5 55 6 6.5 7 7.5 8

X-ray energy (MeV)
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Suggested resolution of disagreement

Cross-section, mb

5
Fitted '9"MAu

A5 . Fitted "°™Br

a4l v ¥MAy data

O ’°™Brdata

35

3 -
25+

2 L

15

1_

05

Photon energy, MeV

 Quasi-continuous cross-section
formed from large number

(hundreds/thousands) of discrete
resonant states

* Determine cross-sections through
semi-empirical fit to:
e Existing data from literature

o 197mAy/7®MBr ratio that we measure
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Condensed single-history Monte Carlo implementation

Sample being
measu‘red

Sample under
irradiation
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Reference foil correction for sample composition

1r O  Silicate ore
_ Vv  Concentrate | |
5 0.9 A Quartz
ke #
.g 08l Carbon
o
207
©
®
¥ 0.6
] . 0.5
Gold activation 04 | -
. . 200 400 600 800
signal per unit gold Sample mass, g
mass versus
sample mass |
1.02 RMS error = 0.88%
0
§ 1.01 ¢ ¢
5 24 :
g iy 8 "
©
5 ;
@ 0.99 # # v # v ¢
0.98
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Relative error

Relative yield

1 L

o
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o
N

o
o

o
o

400 600
Sample mass, g

800

RMS error = 0.20%

400 600
Sample mass, g

800
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Experimental validation

LINAC manufactured by Mevex Corp. (Canada)

Tests carried out in their facility in Ottawa
LINAC operated at ~¥4 kW, 8.4 MeV E,__,
Planar HPGe detectors

Pneumatic shuttle system

Heavy steel shielding

Concrete bunker

Manual sample loading
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Experimental performance

Gold results, low grade Gold results, all samples

3
’
*
25 B 103 L
—~~ 2 | —_
£ t £ 102}
2 2
5 =
S 2 10 ~
< ! > |
O 1t O ‘
J Gold standards 100 X ’ . Gold standards
0.5¢ O Gold/copper concentrates O  Gold/copper concentrates |
= Commercial refs = Commercial refs
%  Carbon . %  Carbon
0 - ' ' ' - 10" - - ' '
0 0.5 1 1.5 2 2.5 3 107" 100 10" 102 10°
Lab grade (ppm) Lab grade (ppm)

15 | Industrial Photonuclear Physics: Assay of Gold and other Elements in Mineral Ores using Gamma Activation Analysis | James Tickner




Experimental performance - summary

* Measurement accuracy defined as difference between GAA result and ‘true’ gold content
of sample as presented

* Errors quoted at 1 standard deviation (68% confidence interval)

Parameter Results to date Final system
(demonstrated) (extrapolated)

Measurement time 7.5 min 1.5 min
Throughput 6 samples/hour 80 samples/hour
Det. limit (30) 60-75 ppb <30 ppb
Accuracy @ 0.1 ppm 35% (0.035 ppm) 15% (0.015 ppm)
Accuracy @ 0.3 ppm 15% (0.045 ppm) 6.5% (0.020 ppm)
Accuracy @ >1 ppm Better than 5% Better than 3%

Accuracy @ >30 ppm <1-2% <1%
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Other elements

1 1.008

H

Hydrogen
3 6.941 (4 9.012 5 10.811|6  12.011

Li | Be Experimental validation B | C

Lithium Beryllium Boron Carbon

11 22.990(12 24.305 Theoretica"y accessible 13 26.982(14 28.086
Na | Mg Al | Si

Sodium |Magnesium

10 20.180

Ne

Neon

Aluminium Silicon
29 63.546 33 74922

Co Cu As

Calcium Manganese Cobalt Copper Arsenic
3 98 45 102.906

Rh

Rhodium

Niobium | Technetiu
75 186.207 (76 190.220 |77 192217178 195078179 196.957[80 200590031 204.333[82 207.200(/83 208.980(/82a  [209] |85
Re

Rhenium

Bi

Bismuth

Tl

Thallium

Cs

Cesium

La

Lanthanum

Tm

Thulium
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Establishing a commercial analysis facility

e Secured investment funding
* Launched new company

 Establish flexible, high-power X-ray
facility in Australia by mid-2017

e Variable 8-14 MeV e-beam energy

e Up to 8 kW beam power

 Establish commercial gold assay business

* Work with rrlanufact.ure.r to ‘containerise CHRYSOS
system for field applications CORPORATION

Assays at the speed of light
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