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Data Reduction: Strategy

Steps for reducing measured data to p(E) and then to x(k):

o
(2]

convert measured intensities to u(E).

subtract a smooth pre-edge function, removing instrumental background and
absorption from other edges.

normalize p(E) to go from 0 to 1.
Analyze normalized u(E) as XANES.

remove a smooth post-edge background function to approximate uo(E) to isolate the
XAFS x(E).
H(E) — po(E)
Ey="*r—7——~
x(E) Apo(Eo)

2m(E—Ep)
2

identify the threshold energy Eo, and convert from E to k space: k =
weight the XAFS x(k) and Fourier transform from k to R space.
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Data Reduction: Strategy

Steps for reducing measured data to p(E) and then to x(k):

@ convert measured intensities to u(E).

@ subtract a smooth pre-edge function, removing instrumental background and
absorption from other edges.

@ normalize p(E) to go from 0 to 1.
Analyze normalized u(E) as XANES.
@ remove a smooth post-edge background function to approximate uo(E) to isolate the
XAFS x(E).
H(E) — po(E)
Ey="*r—7——~
x(E) N

2m(E—Ep)
2

@ identify the threshold energy Eo, and convert from E to k space: k =
O weight the XAFS x(k) and Fourier transform from k to R space.

After we get the EXAFS x(k), we can model this with FEFF calculations.
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Data Processing with XAS VIEWER

XAS VIEWER (part of Larch) provides a GUI for processing beamline data to x(k).

ATHENA and SIXPACK too!
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Data Processing with XAS VIEWER

XAS VIEWER (part of Larch) provides a GUI for processing beamline data to x(k).

ATHENA and SIXPACK too!
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Data Processing features:

Data Visualization
Read in beamline data, merge data sets.

Pre-edge subtraction, Find Ep, Normalize
Spectra

Background subtraction to x(k).

@ Fourier Transforms x(k) — x(R).

@ Save/Read “Projects’.
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Data Processing with XAS VIEWER

XAS VIEWER (part of Larch) provides a GUI for processing beamline data to x(k).

ATHENA and SIXPACK too!
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Data Processing features: XANES Analysis features:
@ Data Visualization @ Pre-edge peak fitting.
@ Read in beamline data, merge data sets. @ Linear combination fits.
@ Pre-edge subtraction, Find Ep, Normalize @ Principal Component Analysis
Spectra Data Corrections:
@ Background subtraction to x(k). @ Deglitching.

@ Fourier Transforms x(k) — x(R). @ Energy Alignment.
@ Save/Read “Projects’. @ Over-absorption Corrections.
°

Smooth, Rebin, Deconvolutions.
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Data Reduction: Converting Raw Data to pu(E)

Step 1: Starting with measured intensities, we construct p(E):

Transmission XAFS: I, = lpe #(E)t) w(E)t = —In(le/1,)
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Transmission measurements are needed for high concentration elements, above (~ 5wt%).
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Data Reduction: Converting Raw Data to pu(E)

Step 1: Starting with measured intensities, we construct u(E):

Fluorescence XAFS: p(E) o Ir/lo
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here Ir may be:

@ the intensity from a single fluorescence ion chamber (Lytle detector).
o the sum of several signals from a multi-element solid-state detector.

@ other emission measurement (electron yield, visible light)

Fluorescence measurements are generally better for elements at concentrations below (~ 5wt%).
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Merging Data, Aligning Data, Deglitching

Real Data is typically measured in several scans. These scans can be merged together to give better statistics.
Important issues when processing data

@ The monochromator energy calibration may drift with time.
> scans can be aligned so that Ej is constant for all scans.
> a Reference Channel — often a metal foil — can be measured during the scan and used
for energy alignment.
> if the drift is bad enough (every scan, etc), consult the beamline scientist.

o At certain energies, Iy jumps — a glitch — that may not normalize out of u(E).
These points should be removed.

@ over-absorption for concentrated samples measured in fluorescence.

XAS VIEWER can help with these. So can ATHENA and SIXPACK.
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Data Reduction: Pre-Edge Subtraction, Normalization

H(E)

H(E)

pre-edge line
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Data Reduction Steps

Pre-Edge Subtraction
We subtract away the background
that fits the pre-edge region. This
gets rid of the absorption due to
other absorption edges (say, the
Fe LH[ edge).

Normalization
We estimate the edge step,
Apo(Eo) by extrapolating a sim-
ple curve the above u(E) to the
edge.

finorm(E) = p(E)/Bpo(Eo)

M Newville Univ of Chicago
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Data Reduction: Normalized XANES and E,

1.5+
1.0 XANES
=) 054 The XANES part of u(E) shows
' a fairly rich spectral structure.
0.0 We'll use pinorm(E) for XANES
' analysis.
) 7100 7125 7150 7175 7200 7225
E (eV)
Derivative
g We can select Ep roughly as the
3

energy with the maximum deriva-
tive. This is somewhat arbitrary,
so we'll keep in mind that we may
need to refine this value later on.

7100 7125 7150 7175 7200 7225
E (eV)

Data Reduction Steps M Newville Univ of Chicago



Data Reduction: Normalization with tabulated u(E)
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Data Reduction Steps

Using tabulated p(E)
Tabulated values (Chanter, et al)
can also be used to normalize the
data.

This can improve consistency, as
the same functional fom is used
for all spectra of an element and
edge.

Polynomial vs tabulated values

The difference is typically at the
margin, but consistency is good!

This is based on the MBACK pro-
cedure of T.C. Weng, et al.
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Data Reduction: Post-Edge Background Subtraction
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Data Reduction Steps

Post-Edge Background

_ WE) = mo(E)
(E) = = A (Eo)

We don’t have a measurement of
uo(E) (the absorption coefficient
without neighboring atoms).

We approximate po(E) by an ad-
justable, smooth function: a spline.

This can be dangerous — a flexible
enough spline could match p(E) and
remove all the EXAFS! We want a
spline that will match the low fre-
quency components of u(E).

M Newville Univ of Chicago
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Data Reduction: x(E) to x(k)

m -0.5 1
= E)— E
() — ME) = po(E)
1.0 A/J“O(EO)
where Apo(Eo) is the Edge Step
254 ‘ ‘ ‘ ‘ found earlier.
0 200 400 600 800
E (eV)
0.0 -
x(k)
< 0.5 Convert scale from Energy, E, to
= wavenumber k:
-1.01
k 2m(E — Eo)
h2
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Data Reduction: x(k), k-weighting

1.04
— k
£ o0s] x(k)
< The raw EXAFS x(k) decays
< %0 quickly with k.
~ 051 We emphasize the higher-k por-
1101 tion of the spectra by multiplying
, , : : by k? or k.
0 5 10 15
k(A1)
1.04
< 051 k-weighFed x(k): kzx(k)_
< X(k) is composed of sine waves,
£ 0.09 so we'll Fourier Transform from k
f: 051 to R-space.
1.0 To avoid “ringing”, we'll multiply
. ‘ ‘ ‘ by a window function.
0 5 10 15
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EXAFS Fourier Transform: x(R)

1.01
08 X(R)
T Peaks in x(R) often correspond to
Z 061 “coordination shells”. The Fe-O dis-
Ce tance in FeO is 2.14A — the first peak
=0 .
= is at 1.6A.

0.2 b . . . .

This distance shift is due to the
0.0 ; ; : ‘ phase-shift: sin[2kR + §(k)].
0 2 4 6 8
R(A)

1.04
-~ 051 X(R) is complex:
=< Usually only the amplitude is shown,
x 0.0 but there are oscillations in x(R).
= el¥(R)]

0.5 Both real and imaginary parts are

' used in modeling.
0 2 4 6 8
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Fourier Filtering
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x(R)
often has well-separated peaks for dif-
ferent “shells”.

This shell can be isolated by a Fil-
tered Back-Fourier Transform, using
the window shown for the first shell
of FeO.

x(q) ("Q-space”)
This results in the filtered x(k) for
the selected shell.

Many analysis programs use such fil-
tering to remove shells at higher R.

Don't do it — it's too hard.

Data Reduction Steps
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Upcoming Topics on Data Reduction and Analysis

Now that we've seen the basic procedures, a bit more detail on these topics is needed:

Background Subtraction  Details on getting from p(E) to x(k)
Fourier Transforms Details on getting from x(k) to x(R)

EXAFS Analysis Modeling to fit experimental x(k).
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Background Subtraction: fio(E)

H(E) — po(E)

X(E) = Apo(Eo)

We don't know po(E), so use a spline: a smooth, adjustable function.

This could be dangerous — a flexible enough spline would remove all the XAFS.

Background Subtraction: autobk algorithm M Newville Univ of Chicago July-2021



Background Subtraction: fio(E)

H(E) — po(E)

X(E) = Apo(Eo)

We don't know po(E), so use a spline: a smooth, adjustable function.
This could be dangerous — a flexible enough spline would remove all the XAFS.

ATHENA chooses a background spline for po(E) to

minimize the low-R components of x )

@ Spline parameters for uo(E) are guessed.
@ x(k) is Fourier Transformed to x(R).,
© Spline parameters optimized so that x(R) below Ryke is minimized.

© Note that x(R) above Ruke is completely ignored!

Most important parameters:
O Rukg: R below which x(R) is reduced.
@ k-weight: used for Fourier transform: use 1, or 2.

@ Eo: May need to adjust for initial guess (max of du/dE).
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Background Subtraction in XAS VIEWER

Effect of Ruke, on XAFS x(k) and x(R):

1.5
—— Rokg=0.3A 1.0 —— Rog=0.3A
_ 1.01 —— Rpkg=1.0A 0.8 —— Rog=1.0A
:\( 0.51
< 0.0+
=
X -0.51
-1.01
0 5 10 15
k(A-1) R(A)
X (k) for FeO with Rpxz = 0.1 A X(R) for FeO with Ry = 0.1A
(stiff spline) and Rz = 1.0A. (stiff spline) and Rz = 1.0A.
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Background Subtraction in XAS VIEWER

Effect of Ruke, on XAFS x(k) and x(R):

1.5
—— Rokg=0.3A 1.0 —— Rog=0.3A
_ 1.01 —— Rpkg=1.0A 0.8 —— Rog=1.0A
:\( 0.51
< 0.0+
=
X -0.51
-1.01
0 5 10 15
k(A-1) R(A)
X (k) for FeO with Rpxz = 0.1 A X(R) for FeO with Ry = 0.1A
(stiff spline) and Rz = 1.0A. (stiff spline) and Rz = 1.0A.

Rules of thumb:

Use Rpke = 1.0 A or half the near-neighbor distance. J

Don't spend too much time on background subtraction.J

M Newville Univ of Chicago July-2021
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Background Subtraction in XAS VIEWER

Don’t make Ry too big!

1.5
—— Rokg=0.3A 1.0+ —— Rokg=0.3A
1.01 — Rog=1.0A 0.8 — Rug=104
¥ 051 —— Rog=2.0A el —— Rog=2.0A
< %
g 0.0 g
L -0.51 =
_1.0,
: : : : 0.0 : : : : :
0 5 10 15 0 2 4 6 8 10

k(A1) R(A)

X(R) for FeO with Ry = 2.0A Note:

k) for FeO with Rui; =2.0A
X(k) for FeO wi ble we have removed the first shell!!

Having Ruig too big is the most important thing to avoid.

Rukg that's a little bit small and gives a small peak at very low R is not that big of a problem.
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XAFS Fourier Transforms

Fourier Transforms are an important part of XAFS Analysis:

X(R) = FTI(K] = <= [~ dhee™ k" x(k) 2(k) J

@ Q(k) is the Window Function
@ w is the k-weighting

XAFS Fourier transforms M Newville Univ of Chicago July-2021



XAFS Fourier Transforms

Fourier Transforms are an important part of XAFS Analysis:

X(R) = FTI(K] = <= [~ dhee™ k" x(k) 2(k) J

@ Q(k) is the Window Function
@ w is the k-weighting

We really use a discrete version and Fast Fourier Transform

ik QL i
VN >N G (k) Qkn)
n=1

X(Rm) =
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XAFS Fourier Transforms

Fourier Transforms are an important part of XAFS Analysis:

X(R) = FTI(K] = <= [~ dhee™ k" x(k) 2(k) J

@ Q(k) is the Window Function
@ w is the k-weighting

We really use a discrete version and Fast Fourier Transform

ik QL i
VN >N G (k) Qkn)
n=1

X(Rm) =

x(k) is put on a uniform k-grid with spacing of 6k = 0.05 A

x(k) is filled with zeros past the real data range.
Ngy = 2048: x(k) can go to 102.4 A™? (~ 40keV) past the edge.
X(R) is on a R-grid with spacing ~ 0.031 A, and can go to 31.4A.
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Fourier Transforms: Basic Properties

Fourier Transform of a sine wave:

1.0
150 -
0.54 —~
— ag 1004
£ 0.0 z
= = 50
0.5 R=16A
0% =0.003A?
-1.0+, . : . . 0+ : : i ; ]
0 5 10 15 20 0 1 2 3 4 5
k(A-1) R(A)
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Fourier Transforms: Basic Properties

Fourier Transform of a sine wave:
1.0

R=1.6A

0?=0.003A2
-1.0 ! T T
5 10 15 20
k(A1)
4_
sin, R=2.3A
3
24 cos, R=1.6A
<
=
14
sin, R=1.6A
O_
0 5 10 15 20
k(A1)

XAFS Fourier transforms
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Fourier Transforms: Basic Properties(2)

Fourier Transforms are complex:

44

2 cos, R=1.6A

sin, R=1.6A

k(A1)

XAFS Fourier transforms

200
T
< 100+ in, R=2.3A
5 cos, R=1.6A
= 0- \ sin, R=1.6A
(9]
o«
-100 4
o 1 4
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Fourier Transforms: Basic Properties(2)

Fourier Transforms are complex:

4_

3_

2 cos, R=1.6A
<
= 14

sin, R=1.6A =
o,
-1 | : : .
0 5 10 15 20
k(A-1)

Waves with slightly different frequencies can cancel

sum/2

15 20

k(A1)

XAFS Fourier transforms

200+
P
< 100+ in, R=2.3A
5 cos, R=1.6A
= 0- sin, R=1.6A
[
o<
-100 -
o 1 2 3 4 5
R(A)
each other out, causing “beats”
150+
&
og 100+
g
=
= 501
05 ‘ : : : ‘
0 1 2 3 4 5
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Fourier Transform Window Types

3 -
Hanning, dk=3
< 2 Parzen, dk=3
2 Welch, dk=3
2
1 Kalserrr-rlgiglstsel,‘ dk=3
O - -

o 2 5 8 10 12 15

k(A-1)

Personal Recommendation:

Kaiser-Bessel Window, dk = 4.

XAFS Fourier transforms

Typical Window Functions
A Window Function:
@ goes from 0 to 1 and back to 0
o dk gives the width of the
Window “sill”

Most important rule:
Pick a window type and stick with it.

Kaiser-Bessel and Hanning are the
most commonly used, and recom-
mended.
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Fourier Transform Window Types

k2x(k) (A=2)

Fourier Window Function
The meaning of kmin, kmax, and dk.

M Newville Univ of Chicago
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Fourier Transform Window Types

k2x(k) (A=2)

Fourier Window Function
i ‘ ‘ ‘ The meaning of kmin, kmax, and dk.

Parzen, Hanning, Welch

1.01 . . . PETTIR]
Details of the different Window “sills” .

. 0.81 , all with kpin =2A7" and dk = 3A~%
N Parzen, linear
< 0.6 1 Welch, k2
S
0.4+
X

0.2 Hanning, cos?(k)

M Newville Univ of Chicago
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Fourier Transform Window and real data

The effect of dk (for Hanning Window) and different Window Function:

k2x(k) (A-2)

k(A1)

M Newville Univ of Chicago
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Fourier Transform Window and real data

The effect of dk (for Hanning Window) and different Window Function:

k2x(k) (A-2)
o

k(A1)

Welch, dk=3

Changing dk and Window functions gives rel-
atively small changes to x(R), most notice-
able in the “ringing” of small peaks.

Parzen, dk=3

Hanning, dk=3
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Fourier Transform Window and k-weight

1 i i2kR | w
(R = = [ dkee i (k) 2k

Changing w, the k-weighting has a significant impact:

2.0
L - . Fe-Fe scattering dominates
o 157— with higher w.
< w=2
= 1.0 . low w emphasizes low-k, and
= = low-Z scatterers.
0.5 A
w=0 high w emphasizes high-k, and
0.0 1; : : ‘ high-Z scatterers.
0 2 4 6

R(R)

This is important when trying to determine the Z of a scatterer.

Again, w = 2 and w = 3 are most common, and recommended.
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Fourier Transform Window and ki,

kmin and kmax are important too.

@ kmax should be the end of useful data.

o With k-weight = 2, 3, it is not too important to avoid “very low k".

2.0
ﬁ‘-’.“ 1.51
L Conventional wisdom: keep
= 1.01 Kenin > 2 A1
=

0.5 1 But: don't make it too big.

0.0 4 : ‘ :

0 2 4 6
R(R)

Use Kaiser-Bessel with dk = 4, kin = 2A 7!

Use k-weight=2, or 3. Don’t obsess too much.
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Wavelet transforms for EXAFS analysis

The Fourier transform is fundamental to understanding EXAFS.
Wavelet transforms extend Fourier transforms, mixing k and R.
They have been used by a handful of groups.

Wavelet transforms M Newville Univ of Chicago



Wavelet transforms for EXAFS analysis

k2x(k) (A-2)

The Fourier transform is fundamental to understanding EXAFS.
Wavelet transforms extend Fourier transforms, mixing k and R.
They have been used by a handful of groups.
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012

Wavelet transform for FeO data.

This is using the “Continuous Cauchy” wavelet transform, as described by
Munoz, Argoul, and Farges, Am Mineralogist, 2003

Others (Funke et al, Penfold, et al) have used Morlet wavelets.

velet transforms
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XAFS Processing: Conclusions

XAFS processing to x(k) should not be too difficult.
Be consistent.

Don't over-think it.

More information on X-rays and X-ray Absorption Spectroscopy:

https:/ /xafs.xrayabsorption.org/

Fundamentals of XAFS M. Newville, Reviews in Mineralogy & Geochemistry 78,
2014.

Introduction to XAFS G. Bunker, Cambridge Univ Press, 2010.
XAFS for Everyone S. Calvin, CRC Press, 2013.

Elements of Modern X-ray Physics J. Als-Nielsen & D. McMorrow, John Wiley &
Sons. 2001
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