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A simple method to collect X-ray absorption spectra at extremely
high energies (>50 keV) is presented. The method is based on the
use of the third harmonic signal from a conventional double-crystal
monochromator. Strengths and limitations of the method are shown,
together with a few experimental examples on metallic foils and oxide
powders in transmission and fluorescence mode.
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1. Introduction

X-ray absorption spectroscopy (XAS) is a particularly powerful
technique for the determination of the local structure around a given
chemical species. The technique is used in a wide range of disciplines
from solid-state physics to chemistry from biology to earth sciences
(Lee et al., 1981). The method is based on the interference between
the wave associated with a photoelectron ejected by an atom
(photoabsorber) after the absorption of an X-ray photon of energy E
and the waves scattered backwards by the surrounding atoms.

Given that the initial state is well localized on the photoabsorber
site and that the core hole is sufficiently long lived, the interference
effect appears in the X-ray absorption spectra as oscillations super-
imposed on the atomic background and can be used for quantitative
structural determinations.

The advent of third-generation synchrotrons has marked a great
advance in the energy region accessible for XAS owing to the high
energy of the electron beam that determines high critical energies of
the sources (bending magnets, wigglers). However, new problems in
data collection and data treatment are encountered that are not
present at lower energies. Namely, the lifetime of the hole in the
ionized level strongly decreases with Z (Krause & Oliver, 1979)
giving rise to a broadening effect that can be of the order of I' =40 eV
FWHM for the inner states (1s) of heavy elements (rare earths, 5d
metals). This effect tends to cancel the fine structures in the
absorption coefficient even in the extended region. For this reason it
was initially surprising when fine structures were observed above the
K edge of high-Z elements like Ce (Asakura et al., 1986). However, as
previously pointed out (Borowski ef al., 1999), the broadening effect
is constant in E space whereas the XAS oscillations are periodic in
the photoelectron wavevector space, k o< (E — Eo)l/ ? where E, is the

edge value. This implies that only the initial part of the spectrum is
severely affected by the lifetime broadening and that XAS spectra
can be collected provided that a wide k range is measured. Owing to
this limitation, XAS at high energies cannot be used as a substitute of
more conventional L-edge XAS but can be useful in a variety of cases
when the co-presence of atomic species with interfering edges
prevents the collection of a good spectrum. On a synchrotron
beamline it is crucial to have easy access to photon energies above
40 keV for the collection of such spectra without losing access to
lower energies where most of the work is performed. In this paper we
present a simple method to solve this problem based on the use of
third-harmonic reflection of the monochromator crystals.

2. Experimental method

The selection of high energy from the white spectrum of a typical
bending magnet (BM) or wiggler source is made by using Si perfect
crystals. The use of high-order diffracting planes [like Si(511)] is
reported for this kind of applications both for flat (Asakura et al.,
1986; Nishihata et al., 1998, 2001; Borowski et al., 1999) or sagittally
focusing (Braglia et al., 1998; Colonna et al., 2000) geometries. Owing
to the flux enhancement (Pascarelli et al., 1996), the latter method is
more indicated for studies on diluted samples or thin films. However,
there are some experimental difficulties to be considered when
planning to run a beamline at high energy. First of all, even when
working with high-order crystal planes, the incidence angles become
very low, which causes problems in monochromator positioning
accuracy and energy resolution. The energy resolution AE at energy
E (with a corresponding angle ) induced by an angular spread A6 is
given by

_E
" tan6,

)

Equation (1) can also be applied to derive the energy step AE
relative to an angular step A®. For example, at 80 keV for an Si(511)
crystal the Bragg angle is ~4.2° and a typical goniometer single step
(usually 10~* deg) corresponds to 2eV. A 1 mm total-width slit
placed at 37 m [typical values for the GILDA CRG beamline at the
European Synchrotron Radiation Facility (ESRF)] results in a reso-
lution of 29 eV.f An alternative way is to exploit the high-order
reflection of lower-order planes: for example, the Si(933) reflection
can be used with Si(311)-cut crystals. In this way it is possible to work
at relatively low angles with less influence of the beam divergence and
angular resolution. Considering again the 80 keV case, the Bragg
angle is 8.1°, the minimum step is 1 eV and the resolution is 15 eV.
Another important aspect to consider is that in this way no inter-
vention on the beamline (crystal change) is needed to switch from a
low-energy to a high-energy configuration. The main problem with
this method is the presence of several energies in the beam such as
the fundamental, the fourth and higher-order harmonics that can
heavily affect the quality of the spectrum. However, their influence
can be limited by using proper filters and selecting a suitable part of
the total beam pattern. Indeed, a 350 um Cu filter attenuates the
fundamental by a factor of 100 at 80 keV whereas, owing to a
different extinction length in the Si crystals (80 um at 26 keV and
660 um at 80 keV), the third harmonic is shifted upwards with respect
to the fundamental. For the fourth (and higher) harmonic, the lower
emission intensity from the machine (a factor of three for the ESRF

1 Energy resolutions have to be regarded as full width at half-maximum
values as we consider the full width of the slit. In a Gaussian picture it
corresponds to 2.350, where o is the standard deviation.
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BM) and the lower monochromator transmissivity owing to the
narrower Darwin width (at 8.1°: 0.16 prad for 80 keV and 0.09 prad
for 107 keV, the fourth harmonic) act together to limit the presence of
higher orders in the spectrum. These theoretical calculations, made
using the program XOP (Sanchez del Rio & Dejus, 1997), have been
confirmed by experiment. Tests have been conducted at the GILDA
beamline at ESRF in order to assess the feasibility of this technique;
the monochromator was equipped with Si(311) crystals and run in
sagittally focusing geometry. The energy spectrum of the scattered
beam collected from an Al plate with a high-purity Ge detector
showed no visible traces either of the fundamental and the fourth
harmonic at 80 keV with 60% crystal detuning.

3. Examples
3.1. Transmission mode: the Au K edge

Here we show the possibility of collecting good quality XAS
spectra at high energy by using the third-order reflection from an
Si(311)-cut crystal. In this case the K edge of a 100 pm Au foil was
collected at a temperature of 10 K. A 350 pm Cu filter was used to
reject the fundamental and a couple of ion chambers filled with Kr at
1000 mbar were used to measure the absorption. The raw spectrum is
shown in Fig. 1: note the rather good quality of the spectrum, the
noise-to-signal ratio being only a few 107*. Figs. 2 and 3 show the
EXAFS spectra and the Fourier transforms (FT) resulting from a
four-shell fit. The fit of the EXAFS data was performed using the
GNXAS code (Filipponi et al., 1995; Filipponi & Di Cicco, 1995): first
and second shells were included as single scattering, third and fourth
shells were modelled as the sum of a single- plus a triple-scattering
signal. Particular attention was devoted to the calculation of the edge
jump J. Note that, owing to the noticeable core-hole width I', the
initial part of the spectrum still falls in the rising part of the edge. As
many extraction programs determine the jump from an extrapolation
of the atomic background to the edge energy E,, the value of J can
easily be underestimated. A good choice is to fit the edge region
(4500 eV from the edge) with a function of the type (Rohler, 1985)

= Bkg + J| arctan E—EN1 1
H="5R r2 )z 2

that gives a more proper estimate of J. A fit of the edge performed on
the Au sample gave J = 1.4 [the theoretical value from the film
thickness was J = 1.3 using the MacMaster tables (MacMaster et al.,
1969)] and the measured core-hole width T" was 43 eV, in reasonable
agreement with tabulated values (52 eV; Krause & Oliver, 1979). We
obtained a first-shell bond length of 2.882 £ 0.003 A, in good
agreement with crystallographic data (2.8837 at RT, Wychoff, 1964).
The number of first neighbours was found to be 12 & 1 with an 3
parameter of 0.85. A corresponding Debye—Waller factor of 0.0011 +
0.0002 A2 was obtained from the fit whereas the calculated Debye-
Waller factor, based on an approximation of the correlated Debye
model (Sevillano et al, 1979) and a value of the Au Debye
temperature 7, = 160 K averaged over the results of different
methods (Herbstein, 1961), is 0.0025 A~2.

3.2. Fluorescence mode: rare-earth (RE) doped glasses

The use of sagittal focusing, providing a high flux from the
monochromator of about 10°-10° photons s~" in this energy range, is
ideal for the analysis on dilute samples. In the present example the
spectrum of powdered Yb,O; taken at liquid nitrogen temperature
(LNT) in transmission mode is compared with that taken at LNT in
fluorescence mode on a silicate glass doped with Yb and Er with the
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Figure 1

Absorption spectrum of a 100 pm Au foil at 10 K collected by using the Si(933)
reflection.

41— _|
—~ L i
L 20— —
*
x L |
st L ]
<
E L
= L '
@ i
g o ;
=] r i
=1 L W
< i !
- L |
2 L 1
§ -2 ) Y " W
L ANV py At gy S ikt LY
m i - ARV u\lj"“"\l\“\’yl ;‘ W l.\lv‘”‘“vl ! ”ﬂ ‘:)r L" " i
L I
—4 —
e M M .
0 5 10 15 20 25
o
-1
k(A7)
Figure 2

Fit of the EXAFS spectrum with a four-shell model (GNXAS code). The fit
was performed in the interval 3.5-25 Al weighting the data by k% Upper
curves: data (continuous line) and fit (dot-dashed line). Bottom curve:
residual.
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Figure 3

Fourier transform of the EXAFS data in Fig. 2.
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Table 1
Quantitative results of the EXAFS analysis on Yb-doped glass and oxide.

Data for the first, second and third shell are shown in different rows.

Yb,0; Yb,0; (Wychoff, 1964) Glass

N, . 6.0+050 6.0 0 6.6 050
R, (A) 226 £ 0.03 222 227 £ 0.03
N, 6.0 + 0.5 Yb 6.0 Yb
R, (A) 3.49 + 0.01 3.46
N; . 6.0 £ 0.5 Yb 6.0 Yb
Ry (A) 3.99 £ 0.01 3.95
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Figure 4
Absorption spectrum of a Yb,O; powder (upper curve) and Yb-doped glass
(lower curve) collected by using the Si(933) reflection. The two curves have
been rescaled and shifted vertically for clarity. Note the oscillations in the
region around 62 keV present in the crystal spectrum and absent in the glass
spectrum.

aim of detecting evidence of possible Yb—RE pair correlations.
Glasses were prepared by the sol-gel method (Almeida, 1998) and
had a composition of 72 mol% SiO,, 18 mol% TiO,, 8.25 mol%
Al, O3, 0.875 mol% Er,O; and 0.875 mol% Yb,O;. Powdered glass
was deposited on a millipore membrane resulting in the equivalent of
a 100 pm-thick sample; RE density was estimated to be 10'* RE cm 2.
An extensive discussion for the scientific case of this experiment as
well as the XAS data at the Er K edge can be found elsewhere
(D’Acapito et al., 2001). The fluorescence signal was detected by a
multi-element high-purity germanium detector with digital signal
processing. In this case, the use of the K edges was mandatory to
obtain a wide k-range spectrum to check in a stringent way for the
presence of Yb-RE correlations, which are readily visible above
k=10 A~'. Indeed, only a limited range (k,,,, ~ 9 A~') is obtainable
from the Yb L;; edge owing to the presence of the Er L. The
EXAFS spectra and the relative FT are shown in Figs. 4 and 5. A
quantitative analysis of the transmission and fluorescence spectra has
been performed, this time with the FEFFS8 package (Ankudinov et al.,
1998). The results are resumed in Table 1 with the crystallographic
data taken from Wychoff (1964). A general agreement can be noted
between the two data sets of Yb,0O; leading to the conclusion that
commonly used data-analysis programs work correctly also in this
energy range. Moreover, this investigation has permitted us to rule
out the presence of Yb—RE pair correlations in the doped silicate
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Figure 5

Fit (dots) of the EXAFS spectra (line) with a three-shell model for the
crystalline Yb,O; and with a one-shell model for the glass sample.
Oscillations above k = 10 A~! visible in the crystalline sample arise from
RE-RE coordination and are absent in the glass. Data collected using the
Si(933) reflection.

glass owing to the absence of oscillations above 10 A1, Such oscil-
lations are present in the Yb,0; XAS spectrum.

4. Conclusion

In this paper we have demonstrated that the third-harmonic signal
from Si(311) crystals can be used for the collection of reliable XAS
spectra at very high energies. This method, although needing care to
eliminate undesired signals from the fundamental and fourth
harmonic, is very useful, permitting experimentalists to cover a very
wide energy range with a single Si(311) crystal pair. Quantitative
results, in agreement with crystallographic determinations, can be
extracted from data taken both in transmission and fluorescence
mode.

The GILDA CRG beamline is jointly financed by CNR, INFM and
INFN. The authors thank Professor R. Almeida and Dr L. Santos of
the INESC Institute in Lisboa for providing the Er/Yb-doped glasses.
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