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XFM Quantification in GeoPIXE

1. Model X-ray yields Yi (per unit flux Q)

Ci = Ni / (Q*Yi)

3. Determine concentration  Ci

2. Measure counts Ni

Fe

General approach

ÅStandardless, fundamental parameters

Å X-ray Yields calculated for a model sample

ÅNeed to know something about sample

Å Thickness, main components

Å Undetected light elements

ÅExtend this to imaging

Å Using the Dynamic Analysis method

ÅCombine all detectors in an array

ÅModel yields for each detector separately
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XFM Quantification in GeoPIXE

1. Model X-ray yields Yi (per unit flux Q)

Ci = Ni / (Q*Yi)

3. Determine concentration  Ci

2. Measure counts Ni

General approach

ÅStandardless, fundamental parameters

Å X-ray Yields calculated for a model sample

ÅNeed to know something about sample

Å Thickness, main components

Å Undetected light elements

ÅExtend this to imaging

Å Using the Dynamic Analysis method

ÅCombine all detectors in an array

ÅModel yields for each detector separately

ñAngular diversityò of a large array

ÅTake-off angles to sample normal  ɔ:  14° to 53°

Å Sensitivity to depth within sample

ÅAzimuthal angle (around beam)  ű:  0 to 360°

Å Probe of internal structure in sample

Maia



2020 X-ray Vision: High definition imaging and buried rare phase detection using XRF, PIXE and the Maia detector array Chris Ryan, CSIRO

Dynamic Analysis

ñEvent modeò spectral deconvolution
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SXRF (PIXE) Spectrum - linear combination of element spectra.

Linear least squares fit of function fi to data Si

Ą solve equations (for each j):

ajk bji

for parameters ak (X-ray peak areas é).
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In matrix form:

aa =  bS

a matrix transform from spectrum vector S to peak area (and 
background) vector a:

a =  (a-1b) S

in terms of a matrix a-1b, which is built from óshapeô functions.

Maia 384 spectrum

How to apply detailed spectrum fitting to imaging?
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Therefore  a = (a-1b)S leads to a matrix transform from SXRF 
spectrum S to concentration vector C :

C =  Q -1 GS

where the matrix G is given by:

Gki =  (WekTkYk)
-1Sj a

-1
kj bji

SXRF (PIXE) Spectrum - linear combination of element spectra.

Peak areas ak are related to elemental concentration Ck by

ak =  (WekTkQ). Yk . Ck

W detector solid angle

ek detector efficiency

Tk filter transmission

Q integrated beam charge/flux

Yk X-ray yields (assume uniform composition )

Dynamic Analysis method

Maia 384 spectrum

* Ryan, J. Imaging Sys. Tech. 11 (2000) 219 

Ryan et al., AIP Proc. 1221 (2010) 9  



XRF analysis and imaging at XFM using GeoPIXE Chris Ryan, CSIRO

é cast as a matrix transformation:

C = Q-1 GS

Spectrum vector

Transform matrix

Concentration vector

GeoPIXE software

PIXE and SXRF imaging

PIXE and SXRF Imaging :

X-ray event: Energy 'eó
Position 'x,yó

selects column of matrix GĄ
increments to images at 'x,y'

Cd

Zn

Cu

Fe

As

Y

X

e

Gmatrix

ÅRyan and Jamieson, NIMB 77 (1993) 203.

ÅRyan, J. Imaging Sys. Tech. 11 (2000) 219 

ÅRyan et al., AIP Proc. 1221 (2010) 9  

PIXE (SXRF) Spectrum - linear combination of element 
spectra.

Dynamic Analysis method
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Further issues

ÅCorrect images for spatially varying sample 

composition (effects on model yields)

ÅTrack changing beam energy Eb for XANES 

imaging (the model scatter peaks move)

ÅExploit ñangular diversityò of a large array

Apply to imaging Ą Dynamic Analysis

ÅAccumulate images ñevent by eventò

XFM Quantification in GeoPIXE

General approach

ÅStandardless, fundamental parameters

ÅCombine all detectors in an array

Ca Sr Fe

Se Ni S

Zn U Y

Hg Cu V

1 mm
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XFM imaging modes in GeoPIXE

2D

ÅXYïfull spectral event analysis using DA

ÅImage for each element

ÅXEbïLine XANES, many elements 

ÅScan along line for each beam energy Eb

Ca Sr Fe Zn U Y

EbX map

Line XANES:

DA matrix model should follow 

changing beam energy Eb

(coming soon)
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é cast as a matrix transformation:

C = Q-1 G(Eb) S

Spectrum vector

Transform matrix

Concentration vector

XANES Imaging :

X-ray event: Energy 'eó
Position 'x,yó
Beam energy óEbô

óEbôselects matrix Gin stack Ą

óeô  selects column of matrix G(Eb) Ą the 

increments to images at 'x,y'

SXRF Spectrum - linear combination of element 
spectra.

Dynamic Analysis method - XANES

e

GMatrix stack

e
e

e
e

e
e

one for each beam energy óEbô

Ti V Cr

Mn

Fe elastic

Compton
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XFM imaging modes in GeoPIXE

3D

ÅXYɗïFluorescence Tomography, 

Åfull XY frames at each ɗ

ÅXYEbïXANES stack (for selected element)

ÅXY image frames at each beam 

energy Eb

ÅXEbYïXANES stack (for selected element)

ÅEb from undulator encoder as second 

fastest axis

As III

As V

2D

ÅXYïfull spectral event analysis using DA

ÅImage for each element

ÅXEbïline XANES, many elements 

ÅScan along line for each beam energy Eb
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XFM imaging modes in GeoPIXE

3D

ÅXYɗïFluorescence Tomography, 

Åfull XY frames at each ɗ

ÅXYEbïXANES stack (for selected element)

ÅXY image frames at each beam 

energy Eb

ÅXEbYïXANES stack (for selected element)

ÅEb from undulator encoder as second 

fastest axis

2D

ÅXYïfull spectral event analysis using DA

ÅImage for each element

ÅXEbïline XANES, many elements 

ÅScan along line for each beam energy Eb

ÅXɗEbïXANES Tomography

ÅXɗas fastest axes, stacked by Eb

Cu Fe

Compton

0.4 x 0.55 mm; 200 x 275 

pixels, 16 min

2D XFM

0.3 mm x 180°, 100 

angles; 150 x 100 pixel 

sinogram, 4.7 minutes per 

energy x 80 energies

XANES Tomography section

Cu-I

Cu-II

Cu speciation maintained 
ƛƴ 5ǊƻǎƻǇƘƛƭŀΧ

James + deJonge et al.



PIXE and synchrotron XRF imaging: Comparisons using the Maia detector array Chris Ryan, CSIRO

Maia detector array

ñtake-off angle diversityò

Å Take-off angle range:- ɔ:  14° to 53°

Å Azimuthal angle range:- ű:  0 to 360°
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beam

sample

detector array

inner
outer

Lintern et al., Nature Communications 4, 2274

10 mm

outer

inner

Depth mapping
Gold precipitates in leaves
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Lintern et al., Nature Communications 4, 2274

beam

sample

detector array

inner
outer

outer

inner

Depth mapping
Gold precipitates in leaves

10 mm

Red

Green

1 mm

1 mm

deep

shallow
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Pt LŬyields, ñouterò/òinnerò ratio for Pt particle in olivine at 

18.5 keV beam energy

ÅDepth sensitivity using large detector array

VAngles from normal range from 13.9 ° to 52.6°

VOuter detectors ñseeò more self-absorption

VInner detectors ñseeò deeper particles

VRatio ñouterò / ñinnerò  Ą depth measure

Maia 384 array:
Depth sensitivity and measurement



Dunite polished section from Muang Pha intrusion Laos (Godel et al., CSIRO)

Three groups of PGMs found in 100 mm2é

20 x 5 mm, 10002 x 2502 pixels, 0.49 ms

PGM Search:
Depth mapping

Cr Fe Mn1 mm
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Three groups of PGMs found in 100 mm2é

20 x 5 mm, 10002 x 2502 pixels, 0.49 ms

PGM Search:
Depth mapping

Cr Fe Mn

200 µmPt Fe Mn

100 µm

Pt Fe Mn

Pt L lines

1 mm



Dunite polished section from Muang Pha intrusion Laos

20 x 5 mm, 10002 x 2502 pixels, 0.49 ms

PGM Search:
Depth mapping

Cr Fe Mn

200 µmPt Fe Mn

100 µm

Pt Fe Mn

1 mm

Pt Fe Mn

100 µm



Dunite polished section from Muang Pha intrusion Laos

20 x 5 mm, 10002 x 2502 pixels, 0.49 ms

PGM Search:
Depth mapping

Cr Fe Mn

200 µmPt Fe Mn

100 µm

Pt Fe Mn

1 mm

Pt Fe Mn

100 µm

10 µm

ñinnerò Red
ñouterò Green

23 ± 6 µm

33 ± 11 µm

44 ± 8 µm 8 ± 11 µm

66 ± 10 µm



Harnessing the angular diversity of a Maia detector array for PIXE imaging Chris Ryan, CSIRO

log(As) S Zn

1 mm

Black smoker chimney conduit thin-section, PACMANUS seafloor hydrothermal field, study by Siyu Hu et al., CSIRO Maia-PIXE 

images (#664): 3500 x 2197 pixels @ 8 ms; 7.0 x 5.0 mm2, 3 MeV protons, 122 µC, (see Laird et al., NIMB 449 (2019) 11-16)
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log(As) S Znlog(As) sqrt(Pb) Zn

1 mm

Black smoker chimney conduit thin-section, PACMANUS seafloor hydrothermal field, study by Siyu Hu et al., CSIRO Maia-PIXE 

images (#664): 3500 x 2197 pixels @ 8 ms; 7.0 x 5.0 mm2, 3 MeV protons, 122 µC, (see Laird et al., NIMB 449 (2019) 11-16)

Dufrenoysite Pb2As2S5
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Pb (inner) Pb (outer) As

Detector array ïDepth 
perception

1 mm
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Pb (inner) Pb (outer) As

Detector array ïDepth 
perception

1 mm
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Detector array ïDepth perception

Fe (inner) Fe (outer) S

23 µm

5.8 µm

surface

10.2 µm

10.8 µm

19.5 µm

17.2 µm

uncertainties  dɻ ~ 1.0 - 1.9 µm

Depths to Fe minerals

1 mm



Maia Mapper: High Definition Drill Core Scale XRF Mapping in ARCF Chris Ryan, CSIRO

Detector array: Take -off angle perspectives

Right

é

Group detectors by azimuthal angle around array é

Top-left Top Top-right Right Bot -right

Bremsstrahlung background intensity

1 mm


