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Abstract. A procedure for calibration of the recently developed energy dispersive
EXAFS beamline at the Indus-2 synchrotron source at RRCAT, Indore, India has been
described. The procedure involves recording of absorption spectra of two standard
samples, whose absorption edge energies are well-established. Two methods have
been considered for calibration. In the first method, the position of the first maximum
of the derivative of absorption curve is taken as the position of the edge energy. In the
second method, the position of the point at half edge step in the absorption curve is
taken as the position of the edge energy. It has been shown that only the first method
gives same values of dispersion even when the beam current is varied and should
be used for calibrating the experimental spectra. Further, it is recommended that the
performance of the beamline for a particular setting should be checked by recording
and analysing EXAFS of a standard. Hence, the procedure for analysis and extracting
information about the various parameters that can be determined by fitting the EXAFS
data with a theoretical model has also been described, by taking the example of
K-absorption spectra of copper metal foil recorded on this beamline.
Keywords. Energy dispersive EXAFS; calibration method; theoretical model;
Cu metal EXAFS.
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1. Introduction
With the advent of the modern bright synchrotron radiation sources, extended X-ray absorption fine structure (EXAFS) spectroscopy has emerged out to be one of the powerful structure
determination techniques that can be applied to any type of material, e.g., amorphous solids, liquids, solutions, gases, polymers and surfaces. EXAFS is an important probe for materials, since
knowledge of local atomic structure, i.e., the species of atoms present and their locations, essential to progress in many scientific fields, whether for biology, chemistry, electronics, geophysics,
metallurgy, or materials science. (Lytle 1999; Stern 2001; Tournus et al 2002; Hricovini et al
2003; Ascone et al 2003).
EXAFS measurements with synchrotron radiation are generally carried out on two different types of beamline set-ups. In the first type of EXAFS beamline set-up, a Double Crystal
Monochromator (DCM) is used which selects a particular energy from the incident synchrotron
beam. The monochromatic beam is made incident on the sample and the intensity of the transmitted beam passing through the sample or that of the fluorescence beam emerging out of the sample
is recorded along with the incident intensity at each energy by scanning the DCM. EXAFS can
be measured in transmission, fluorescence, and electron yield modes. Detectors that can be used
are ionization chambers, Peltier-cooled Si(Li) detectors, multi-element germanium diode array
fluorescence detectors, Lytle fluorescence and electron yield detectors.
In the second type of EXAFS beamline set-up, a bent crystal polychromator is used, to select a
band of energy from the white synchrotron beam, which is horizontally dispersed and focused on
the sample. The transmitted beam intensity from the sample is recorded on a position sensitive
CCD detector, thus enabling recording of the whole EXAFS spectrum around an absorption edge
in a single shot. The main advantages of dispersive EXAFS set-up are the focusing optics, short
acquisition time (few ms) and great stability during the measurements due to the absence of any
mechanical movement. Thus, in situ and time-resolved experiments can be easily performed on
such kind of set-ups (Lamberti et al 2003, Smolentsev et al 2009).
This second type of EXAFS beamline set-up has been recently developed at the Indus-2
synchrotron source at RRCAT, Indore, India (Das et al 2004, Bhattacharyya et al 2009, Bhattacharyya et al 2009). On this beamline, before any EXAFS spectrum is recorded, the crystal
bender and the goniometer has to be set so as to cover the energy range of the spectra. Then a procedure for energy calibration for that particular setting has to be followed. The usual procedure
is to record absorption spectra of two standard samples. The aim of the present work is to study
the various aspects of the calibration and to describe a procedure which should be recommended
to be followed at this beamline for EXAFS measurements.
After calibration of the particular setting of the polychromator, the performance of the beamline set-up should be checked by recording EXAFS spectra of a standard and then analysing it
by fitting with theoretical model. In the present paper, the procedure for such a fitting has also
been outlined by taking the example of K-absorption spectra of copper metal foil recorded on
this beamline. Extraction of information about the various parameters that can be determined
from EXAFS data by the fitting procedure has also been described.

2. Description of EXAFS beamline at INDUS-2
The recently developed BL-8 Dispersive EXAFS beamline at 2 GeV Indus-2 synchrotron source
at RRCAT, Indore, India has already been described elsewhere (Das et al 2004, Bhattacharyya
et al 2009, Bhattacharyya et al 2009). A schematic diagram describing the basic principles of
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Figure 1. Schematic diagram showing the principle of action of the beam-line.

the beamline is, however, reproduced in figure 1. The beamline has a 460 mm long Si (111)
crystal (C,C) having 2d value equal to 6.2709 Å mounted on an elliptical bender, which can
bend the crystal to take shape of an ellipse (Lee et al 1994). The source (S0 ) and the sample
positions (S3 ) are situated at two foci of the ellipse. The white synchrotron radiation emerging
from one focus (S0 ) is dispersed and focused at the other focus, (S3 ) after reflection from the
crystal. The elliptical optics offers minimum aberration. The radiation transmitted through the
sample is detected by a position sensitive CCD detector (D) having 2048 × 2048 pixels. The
whole absorption spectrum can be recorded simultaneously in a short duration of even a few
micro seconds in case of a rich sample. The beamline has been designed to cover the photon
energy range of 5 to 20 keV providing energy band widths of 0.3 keV, 1.0 keV and 2.0 keV and
with resolutions of ∼0.5 eV, 1 eV and 2 eV per pixel at photon energies of 5 keV, 10 keV and
20 keV, respectively. The plot of absorption versus photon energy is obtained by recording the
intensities I0 and It , as the CCD outputs, without and with the sample respectively and using the
relation, It = I0 e−μt , where μ is the absorption coefficient and t is the thickness of the absorber.

3. Energy calibration using two absorption edges
The energy calibration of the beamline for a particular setting of the polychromator can be done
by recording the absorption spectra of two standards, whose absorption edge energies are wellestablished. First edge energy should be in the beginning and the second edge energy should be
at the end of the range of the spectra to be recorded. For example, for recording the absorption
spectra of copper samples, the two standards can be Cu metal foil and Lu oxide powder. The
absorption spectra of Cu K-edge and Lu2 O3 L3 -edge should be recorded under the same setting
of crystal bender and the goniometer. In the present work, we have recorded ten sets of such
spectra at different beam currents. One set of spectra recorded at 62 mA beam current is shown
in figures 2(a-c). The CCD channel numbers at which the Cu metal K-edge and Lu L3 -edge in
Lu2 O3 have been found to appear, at different beam currents, have been listed in table 1. Taking
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Figure 2. (a) I0 versus channel number, (b) It versus channel number with Cu metal foil as absorber,
(c) It versus channel number with Lu2 O3 as absorber. All the readings are for 62 mA beam current.

the values of the energies of Cu K-edge and Lu L3 -edge in Lu2 O3 as 8980.5 eV and 9249 eV
respectively (Bearden 1964, Deslattes et al 2003), the CCD channels have been calibrated as
follows.
We have used two methods for calibration of the data. In the first method, the position of first
maximum of the derivative of absorption curve is taken as the position of the edge energy as
shown in figures 3a and 3b. In the second method, the position of the point at half edge step in
the absorption curve is taken as the position of the edge energy as shown in figures 3c and d.
The required positions of the energies can be found with the help of the software Athena for both
of these methods. The values of CCD channel numbers corresponding to the position of edge
energy for both Cu metal foil and Lu2 O3 are measured at different beam currents to observe
if there is a variation. After obtaining the channel numbers, corresponding to the position of
edge energies of Cu metal K-edge and Lu L3 -edge in Lu2 O3 , their difference is found. Then,
the dispersion is obtained by dividing the difference of energies of these edges (268.5 eV) by
the difference in channel numbers. The values of the dispersion obtained by the two different
methods, at different beam currents, are given in table 1. The dispersion is required for converting
the channel numbers into their corresponding energy values and then obtaining the calibrated
curve between μ(E) and E.

Beam current
(in mA)

62
50
46
32
29
27
25
22
20
13

S.no.

1.
2.
3.
4.
5.
6.
7.
8
9.
10.

311
311
310
310
310
310
309
310
308
308

1159
1156
1157
1157
1155
1157
1156
1157
1155
1155

848
845
847
847
845
847
847
847
847
847

0.3166
0.3177
0.3170
0.3170
0.3177
0.3170
0.3170
0.3170
0.3170
0.3170

The first method of calibration, i.e., by taking the position
of the first maximum of the derivative of absorption
curve as the position of the edge energy
Copper foil
Lu2 O3 L3 -edge Difference
Dispersion
K-edge
(channel no.)
(D)
eV/channel
(channel no.)
(268.5 eV/D)

Table 1. Dispersion values determined by the two methods at different beam currents.

327
326
325
326
323
326
324
325
326
323

1157
1155
1157
1158
1156
1157
1154
1156
1153
1153

830
829
832
832
833
831
830
831
827
830

0.3234
0.3239
0.3227
0.3227
0.3223
0.3231
0.3234
0.3231
0.3246
0.3234

The second method of calibration, i.e., by taking the
position of the point at half edge step in the
absorption curve as the position of the edge energy
Copper
Lu2 O3 L3 -edge Difference
Dispersion
foil K-edge
(channel no.)
(D)
eV/channel
(channel no.)
(268.5 eV/D)
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Figure 3. The first method of calibration, i.e., the position of the first maximumof the derivative of absorption curve is taken as the position of the edge energy, is shown in (a) for Cu metal foil and (b) for Lu2 O3 .
The second method, i.e., the position of the point at half edge step in the absorption curve is taken as the
position of the edge energy, is shown in (c) for Cu metal foil and in (d) for Lu2 O3 . The absorption curves
were obtained from figure 1.

4. EXAFS data analysis of copper foil
To check the performance of the beamline for the particular setting and to outline the procedure
for fitting the theoretical model to the calibrated EXAFS spectrum, the copper K-edge EXAFS
recorded on the beamline, shown in figure 4, has been analysed using the available computer
software packages Athena version 0.8.061 and Artemis version 0.8.013 (Ravel & Newville 2005,
Kelly et al 2008) (available from website www.xafs.org). These programs include AUTOBK
(Newille et al 1993) for background removal, FEFF6L (Zabinsky et al 1995) for generation of
the theoretical EXAFS models, and FEFFIT (Newille et al 1995) for parameter optimization of
the model. The analysis procedure is as follows.
The spectrum is first normalized by regressing a linear function to the pre-edge region (−200
to −30 eV before the edge energy) and by regressing a linear or quadratic function to the postedge region (50 to 1000 eV above the edge energy). Normalized μ(E) spectra are produced
by subtracting the pre-edge line from the entire data spectrum and then dividing the spectrum
by the step height. Normalized μ(E) data is converted to the χ(k) data, which is then Fourier
transformed.
The Fourier transformed data is then fitted with theoretical model in R-space to obtain the
different fitting parameters. These parameters include the passive electron reduction factor (S20 ),

On the method of calibration of the energy dispersive EXAFS

345

1.2

Cu foil (calibrated)
1.0

(E)

0.8
0.6
0.4
0.2
0.0
8900

9000

9100

9200

9300

9400

E (in eV)
Figure 4. Copper metal foil EXAFS spectrum taken on the beamline for the same setting, calibrated by
the first method and then normalized.

the number of identical paths (N), the relative mean-square displacement of the atoms included
in path (σ 2 ), an energy shift for each path (E0 ), and a change in the path length (R). A single
value of S20 and E0 for all the paths is used in the fitting. R values are defined by an isotropic
expansion–contraction term as α Re f f . Re f f is a special keyword for the effective path length
R for each path from the FEFF calculation of the model structure. This approach is best used
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Figure 5. Magnitude of the Fourier transform of the spectrum shown in figure 3 along with the
theoretical fit.
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Table 2. The EXAFS results for σ 2 and delr values for Cu metal foil. For the present work, S20 was
determined to be 0.65 ± 0.08. The model constrained the distances R in terms of an expansion–
contraction parameter of −0.017 ± 0.003 relative to the XRD values. The degeneracy of each path (N) is
based on the crystal structure of Cu. The best fit value for E0 = 5.14 ± 0.84 eV. The values of Smith
et al are given for comparison.
Shell
1st
2nd
3r d

R(Å)

Present work
delr(Å)
σ 2 (Å−2 )

2.50
3.54
4.34

−0.04
−0.06
−0.07

0.0068 ± 0.0015
0.0007 ± 0.0019
0.0089 ± 0.0016

R
2.55
3.60
4.45

Smith et al
delr
σ
0.01
0.02
0.03

2

0.016
0.022
0.019

for cubic crystal structures like copper in which physical expansions/contractions are likely to
be isotropic. A unique Debye–Waller factor (σ 2 ) value is given to each single scattering path in
the model. As multiple scattering paths also have important contribution, they are also included
in modelling the data. For multiple scattering paths, Debye–Waller factor is defined as the sum
of Debye–Waller factors of any two single scattering paths. This is done so as to include the
multiple scattering paths without including an extra variable. All the parameters are allowed to
vary simultaneously in the fitting procedure so that correlation between all the parameters can
be determined. The resulting fitted curve is shown in figure 5 and the parameters so obtained are
given in table 2.

5. Results and discussion
In the present work, we have taken the measurements at 10 different beam currents (62, 50, 46,
32, 29, 27, 25, 22, 20 and 13 mA) but same beam energy 2.5 GeV. It can be seen that the values
of the dispersion as determined by the first method do not vary much with the values of beam
current, i.e., it is almost constant. On the other hand, the values of dispersion, as determined
by the second method show more variation with the beam current than the first method. As
the dispersion affects the calibration which ultimately affects the data analysis and the results
obtained, hence it is advised that the first method outlined by us should be used for finding the
dispersion and then for calibrating the experimental spectra. The first method involves taking
the position of the first maximum of the derivative spectra of the two standards, for determining
their edge positions and energies.
For the analysis of the Cu metal foil EXAFS data recorded on this beamline, the input
parameter Rbkg , that determines the maximum frequency of the background, was set to 1.25 Å.
Fourier transform was performed over k-range: kmin = 2.72 Å−1 , kmax = 8.1 Å−1 . Theoretically modelled data was fitted in the R-space to the experimental data using kw = 1. Fitting was
performed only for the first three coordination shells, i.e., in the R ranges of 1.0–5.0 Å. In the
fitting procedure, we have used the first 15 paths obtained
  after FEFF calculation. The value
of goodness-of-fit parameter, i.e., reduced chi-square χν2 is 52.145. The results obtained from
fitting are given in table 2, which gives the local structure parameters obtained from the analysis. The S20 value so obtained is 0.65 with an error of ±0.08. E0 value is also reasonable, i.e.,
5.14 eV with an error of ±0.84. The value of isotropic expansion–contraction term α as determined from the fit is −0.017 with an error of ±0.003. The delr values determined according to
this factor α and are listed in the table. σ 2 factors for multiple scattering paths are defined as the
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sum of σ 2 factors of any two single scattering paths, resulting in three independent σ 2 values.
These values are also listed in the table. Our results are comparable with those reported by Smith
et al (2006), which are also given in the table.
6. Conclusions
Before doing any EXAFS measurements on the recently developed energy dispersive EXAFS
beamline at the INDUS-2 synchrotron source, calibration of the particular setting of the polychromator has to be done. It has been shown that the method outlined by us should be used for
finding the dispersion and then for calibrating the experimental spectra. This method involves
taking the position of the first maximum of the derivative spectra of the two standards, for
determining their edge positions and energies. Also, the performance of the beamline for the
particular setting should be checked by recording the EXAFS of a standard and by fitting the
EXAFS data with a theoretical model, the procedure for which has been outlined. By recording
the K-absorption spectra of copper metal foil on this beamline, it has been shown by analysis
and extracting information about the various parameters that the performance of the beamline is
quite satisfactory.
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