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Summary

e Quantification of particles is difficult
* Estimating the mass fraction of an element in a particle

* Fortunately, quantification isn’t necessary to determine the presence of
an element
e K-ratios are sufficient

* Linear regression using standard spectra is our friend
* Linear regression provides uncertainty metrics

* Uncertainty metrics can be used to make defensible, quantitative
statements about the presence or absence of an element

* Even in the presence of interfering elements!
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Characteristic Particle Types
Name |Required |Optional |Trace _|Specials

Sinoxid Pb, Ba, Sb Si, Ca, Al, Cu, Sn Fe, S, Zn, K, Cl, P, Ni Co, Cr
SBP Pb, Ba, Ca, Si, Sn  Cu, Fe, S, Zn, K, Cl

Sintox—RUAG Ca, Ti, Zn Ca, S

Sintox — MEN Ca, Cu, Sn K, S

@ = [l simulated[Pb,25.0 keV,60.00 nA-s] 2000004 = O [l simulated[Pb,25.0 keV,60.00 nA-s]
| ] Simulated[Ba,25.0 keV.60.00 nA-s] o .Simulated[Ba,Zs 0 keV.60.00 nA-s]
3000004 w [l simulated[Sh,25.0 keV,60.00 nA-s] e M simulated[Sb,25.0 keV,60.00 nA-s]
M si@lated[Si,25.0 keV,60.00 nA's] Wl Simulated[Si 25.0 keV,60.00 nAs]
ptedAL25 0 koV/60 00 A1 = R Simulted 55,0 kev 6000 A 'S
ulated[Cu,25.0 keV,60.00 nA's] ] [ simulated[Cu,25.0 keV,60.00 nAs]
£ 2000004 imulated[Sn,25.0 keV.60.00 nA-s] £ I M simulated[Sn D0 keV.60.00 nAs]
3 imulated[Fe,25.0 keV,60.00 nA-s] 3 w .Simulated[f-’e,"'.ﬂ keV,60.00 nA-s]
o iMulated[S,25.0 keV,60.00 nA-s] © 1000007 » @ M simulated[S,25[0 keV,60.00 nA-s]
iMmulated[Zn,25.0 keV.60.00 nA-s] &) g T .Simulated[zn‘z C keV,60.00 nA-s]
Simulateq[K,25.0 keV,60.00 nA-s] } Simulated[K,25(0 keV,60.00 nA-s]
100000+ Sinulated[Cl,25.0 keV,60.00 nA-s] 0 E .Simulated[Cf.Z .0 keV,80.00 nA-s]
Sinulated|P.25.0 keV,60.00 nA-s] 500001 % » o | Ml simulated[P,25{0 keV,60.00 nA-s]
Simukged(iNi,25.0 kel 50.00 nA-s] 3 Ak & [N [ ] $hulated[Ni, 28.0 keV.60.00 nA-s]
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Energy (keV) Energy (keV)

(S, Pb) (Sn, K, Sb), (Sb, Ca), (Ba, Ti)

N g Source: SWGGSR — Guide for Primer Gunshot Residue Analysis by Scanning
Electron Microscope / Energy Dispersive X-ray Spectrometer.



Consistent Particle Types

e Barium, calcium, silicon (with no more than a trace of sulfur)

* Antimony, barium (usually with no more than a trace of iron or sulfur)
* Lead with levels of antimony greater than trace amounts

e Barium, aluminum

e Lead, barium

 Lead, barium, calcium, silicon (produced by antimony-free, lead
styphnate, barium nitrate, and calcium silicide based primers like
Hirtenberger)

Source: SWGGSR — Guide for Primer Gunshot Residue Analysis by Scanning
Electron Microscope / Energy Dispersive X-ray Spectrometer.
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M oisy[Simulation of PhBaSh] #1
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\MIRA-3 b [V sb
r [ [7] K-family
;Sl:::Tor I-(.Betst) O Eorder | ] L-famiy
um LIS — E— . = i y | B 7] M-family
Noisy [Smulation of PbBaSh] #1 — ;:;:“ ik e r t;g:'o‘l s for microanalysi .'sA - - ] i Escapes
Beam energy 25.0 keV | " &[] Edges
Calibration GUID f347653-8dcd-9344-3081-b632a€f... | = I Oﬂ A Clear Al
Dead layer 0 pm "
Detector PulseTor (Best) - FWHM[Mn Ka]=13... Standardicomposition
Detector GUID €2272650-9628-174c-9116-42cacs. .. Element Mass Fraction  Atomic Fraction
Detector area 30 mm2 Antimony 0.2611 0.3333
Detector orientation -0.000,-0.819,0.574] Barium 0.2945 0.3333
Detector position 0.000,34.404,-6.090] Lead 0.4444 0.3333
Detector thickness 0.45 mm
Detector type Silicon Drift Detector
Detector window Moxtek AP 3.3 (manufacturer's table)
Display name Noisy [Simulation of PbBaSb] #1
Elevation 35°
Enerqy offset 0eV
Energy scale 10 eV/channel
¥ A == Gold laver thickness 0nm 5
1 spectra selected

Google: “NIST DTSA-II” or http://www.cstl.nist.gov/div837/837.02/epqg/dtsa2/index.html

NIST DTSA-II
* Quantitative EDS spectrum analysis
e EDS spectrum simulation
e Analytical models
* Monte Carlo models
* Experiment optimization




Pb MS-N7

Counts

M simulated PbBaSb particle

40000+ e,
o
30000+
20000+
7))
o v
Q
w
10000 =i o
o ) )
Ym = oo Al & D = =l LY
Q Y] ) vy] 1Y) e T
UYI—-/—UO'WCCOQ' LI_'%U ) o[ g (g g! o
0 AV4 U_I\—:l 1 e | 7 Wil | l_lu—nl ; , -l S . | Syrr ; ]
0 2 4 6 8 10 12 14

5.12 pm % 5.12 pm

Emission

Energy (keV)

Sb L3-MS 512 pmx 512 pm Ba L3-M5S

Emission

5.12 pm % 5.12 pm

Emission

e

X BAPTT



Demonstration

* Consider Sb in a Pb-Ba-Sb particle

e Simulate spectrum from (1-k) PbBa + k Sb
- fork=(0.5,0.1,0.05, 0.02, 0.01, 0.005, 0.002, 0.001)

* Fit spectra with BaF,, K227 (lead glass), Sb standard spectra
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Standards

M K227 - Pb standard
.BaF2 - Ba standard
M sb - Sb standard
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Standards

Element Material
CaF2
Results

c Spectrum

Simulated 0.5 PbBa+0.5 Sb

Bulk
St

D-H = ? keV

Bi 1=1.000nA

LT =60.0s

Residual

Simulated 0.9 PbBa+0.1 Sb

Bulk
Pl

D-H = ? keV

I = 1.000 nA

LT =60.0s

Residual

=21

Req. References

Quantity Ca

Line Ca K-family
Z"A'F - - |-
k-ratios 0.0000 = 0.0007

mass fraction 0.0000 =

norm(mass

. £ 0.
fraction) 0.0000 0.0007
atomic
fraction 0.0000 = 0.0026

0.0007(I[unk,Ca])
[0.0007]

Preferred ROI

Sb
Sb L3-M5 + 11 others

1.041  0.774 1.004
0.4145 = 0.0008

0.0004(I[std,Sb])
0.0009(I[unk,Sb])
0.0036([1/p])

0.5110 *
1.9:1073(n)
[0.0037]

0.4983 = 0.0036

0.5837 = 0.0042

Beam Energy Spectrum

Ba Pb

Ba L3-M5 + 5 others Pb La

1.087 0.650 0.999 1.043

0.1879 = 0.0008 0.4268
0.0001(1I[std,Ba])
0.0009(I[unk,Ba])

0.2079 = 0.0077([p/p]) 0.3066
4.7:108(n)
[0.0078]

0.2028 = 0.0076 0.2989

0.2106 = 0.0079 0.2058

C:\Users\nritchie.NIST\AppData\lLocal\NIST\NIST DTSA-II Reports\2015July\7-Jul-2015\residual6292583148720905155.msa

Line Ca K-family
Z-A-F - - -
k-ratios 0.0000 = 0.0004

mass fraction 0.0000 =

norm(mass

. £ 0.
fraction) 0.0000 0.0004
atomic

. £ 0.
fraction 0.0000 0.0016

0.0004(I[unk,Ca])
[0.0004]

Sb L3-M5 + 11 others
1.075 0.641 1.007
0.0726 = 0.0004

7.6 1073(I[std,Sb])
0.0006(I[unk,Sb])
0.0013([/p])

0.1039 =

4.1-10(n)
[0.0014]

0.0990 = 0.0014

0.1339 = 0.0018

Ba L3-M5 + 5 others Pb La
1.122 0.688 0.999 1.074
0.3845 = 0.0010 0.7978
0.0003(I[std,Ba])
0.0010(I[unk,Ba])
0.3885 = 0.0038([p/pl) 0.5575
9.9-10%(n)
[0.0040]
0.3700 = 0.0038 0.5310
0.4439 * 0.0045 0.4221

C:\Users\nritchie.NIST\AppData\Local\NIST\NIST DTSA-II Reports\2015\July\7-Jul-2015\residual42907374606270039.msa
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9.9:107(n)
[0.0034]

0.0033

0.0023

0.999
0.0061

0.0009(I[std,Pb])
0.0041(I[unk,Pb])
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0.0040

0.0032

Sum

1.0255

1.0500



4000- @Simulted 0.98*PbBa+0.02*Sb - 0
Simulated 0.99*PbBa+0.01*Sb - 0
Simulated 0.995*PhBa+0.005*Sb
Simulaied 0.998*PBBa+0.002*Sb - 0
Simulated 0.999*bBa+0§§1*Sb - 0
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Std Dev
of k (25 reps)

Uncertainty estimate
(from MLLSQ fit)

C(Sb) k(Sb) dk(Sb) [k/](Sb) o(Sb) [k/G](Sb)
50.0% 0.41416 0.00096 4296 0.00080 5177
10.0% 0.07267 0.00054 1330 0.00040 1817
5.0% 0.03575 0.00047 75.3 0.00040 89.4
2.0% 0.01416 0.00048 203 0.00030 472
1.0% 0.00702 0.00036 19.7 0.00030 23.4
0.5% 0.00351 0.00029 122 0.00030 117
0.2% 0.00150 0.00037 41 0.00030 5.0
0.1% 0.00049 0.00044 11 0.00030 16
0.0% 0.00012 0.00025 05 0.00030 0.4
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Ca / Sb interference
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Mixtures of Sb and Ca in Pb-Ba
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A quick lesson in what “detectable” means...

3000+ o O = Eflow] = 1,195 eV e Icite
E[high] = 1,326 eV % Calcite + 1% Magnesite
Delta =131eV std
9933 Calcite
13236 99% Calcite + 1% Magrfesite
2000- 2067336 Mg std
(2]
<
>
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1000+
o N
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CIDL=3VMB) /Vn (Vs —MB) ) CLS=3v10713 /v1 (2.1x1075 —=1073) 1=4.5x107—4 =0.05%
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MLLSQ Filter Fitting
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Flltered counts

-40
-60
Channel
m iltered (Mg) === Filtered (1% Magnesite) Filtered (0.2% Magnesite)

Filtered spectra near Mg K

NIST

Flltered Counts

100 20

Channel

m Filtered (1% Magnesite) === Filtered (0.2% Magnesite)
0.0016 * Filtered(Mg) === 0.00029 * Filtered(Mg)

Filtered spectra near Mg K
with fitted Mg standard
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Mg C
Mg All C
Results 0.951 0.604 1.001 0
Spectrum Quantity c o Mg Ca 0.0016 = 0.0001 Q0
Line caAll O All Mg All Ca K-family
0, i 0, i ) X A oA 4 oz - .
—9—33|f Caldie + 1% Magnesite [, ¢ 1.247 0.420 1.001 0.089 0.340 0.999 0.0510,504 1001 0.057 1030 1000 D]) 1.910 5(I[std,Mg])
k-ratios 0.0805 +  0.0003 03501 %  0.0011 0.0016 *  0.0001 07322 =  0.0017
0.0002(I[std,C]) 0.0009(I[std,0]) £:5710°°(I[std,Mqg]) 0.0006(I[std,Ca])
0.0006(I[unk,C]) 0.0012(I[unk,0]) 0.0001(I[unk,Mg]) 0.0007(I[unk,Ca])
D-H = 14.831 keV mass fraction 0.1503 =  0.0165((u/p]) = 04918 =  0.0121([ypl) ~ 0.0028 =  1.1-105([u/p]) 03021 =  0.0001([/p]) 1.0369 O 0016 + O 0001 = 16 o
0.0002(n) 0.0002(n) 3.3-107(n) 6.8'10°5(n) b - 7
[0.0165] [0.0122] [0.0001] [0.0009]
I=1.000 nA 2,';';’2&?;55 0.1449 +  0.0160 04742 =  0.0118 0.0027 +  0.0001 03782 = 00009 Mg All (
LT=60.0s 2:’2';1 0.2354 +  0.0259 0.5783 + 0.0144 0.0021 * 0.0001 0.1841 = o.0004 0.952 0.603 1.001 (
Residual C:\Users\nritchie.NIST\AppData\Local\NIST\NIST DTSA-IT Reports\2015\July\8-Jul-2015\residual5794580825505575085.msa 0.0003 + 0.0001 (
Line call O All Mg All Ca K-family _7{r d 1
.89 i .29 i A PR P - O .
—“—gﬂlﬁ/“ Calcite + 0.2% Magnesite , ", ¢ 1249 0.431 1.001 0.990 0.335 0.999 D.052=GrGTE 100! 0931 1.030 1.000 4.0°107(Tlstd.Ma
k-ratios 0.0818 +  0.0003 03441 '+  0.0011 0.0003 +  0.0001 07419 +  0.0017
0.0002(I[std,C]) 0.0009(I[std,0]) 470°107 (1[std,Mg]) 0.0006(I[std,Ca])
0.0006(I[unk,C]) 0.0012(I[unk,0]) 0.0001(I[unk,Mg]) 0.0007(I[unk,Ca]) 0,0003 '|_‘ 0,0001 = 3 (o)
D-H = 14.970 keV mass fraction 0.1520 =  0.0168([u/p]) ~ 0.4890 =  0.0121([p/pl)  0.0006 =  2.4-105([/p]) 03972 = 0.0001([/p]) 1.0387
0.0002(n) 0.0002(n) 6.810°5(n) 6.9:10°5(n)
[0.0168] [0.0122] [0.0001] [0.0009]
I =1.000 nA ".:_"a"c’gf;‘)ass 0.1463 +  0.0161 04707 £  0.0117 0.0006 £  0.0001 03824 +  0.0009 -
atomic
LT =60.05s P 02381 +  0.0263 05750 +  0.0143 0.0004 +  0.0001 0.1865 +  0.0004
Residual

Notes Uncertainties are 1 ¢ and labeled by source. (I[std|unk]: Count statistics[standard|unknown], [j3/p]: Absorption correction, n: Backscatter correction, []: combined)




False negatives

-0.04

-0.02

True value=0

False positives

0.02 0.04



If we measure a value of 2 o or larger,
what is the chance that the true value
was actually zero?

False positives

L
-6

CDF [NormalDistribution[u, o], x]
:—L Erfc[ -x—:,u]
2 ﬁo
CDF[20] = 0.97725 1-CDF[20] = 1- 0.97725 = 0.02275
~2% for2 o

Currie, L. A., “Limits for Qualitative Detection
and Quantitative Determination. Applications

‘Detectmn C,=3290 to Radichemistry” Anal Chem. 40: 586 (1968)
Quantification C,=10fo

Decision CC =1640




Conclusion

e Quantification of particles is difficult
* Estimating the mass fraction of an element in a particle

* Fortunately, quantification isn’t necessary to determine the presence of
an element
e K-ratios are sufficient

* Linear regression using standard spectra is our friend
* Linear regression provides uncertainty metrics

* Uncertainty metrics can be used to make defensible, quantitative
statements about the presence or absence of an element

* Even in the presence of interfering elements!
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