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A study of the background radiation in inelastic X-ray scattering (IXS) and X-ray emission spectroscopy (XES)
based on an analytical model is presented. The calculation model considers spurious radiation originated from
elastic and inelastic scattering processes along the beam paths of a Johann-type spectrometer. The dependence
of the background radiation intensity on the medium of the beam paths (air and helium), analysed energy
and radius of the Rowland circle was studied. The present study shows that both for IXS and XES experiments
the background radiation is dominated by spurious radiation owing to scattering processes along the sample-
analyser beam path. For IXS experiments the spectral distribution of the main component of the background
radiation shows a weak linear dependence on the energy for the most cases. In the case of XES, a strong
non-linear behaviour of the background radiation intensity was predicted for energy analysis very close to the
backdiffraction condition, with a rapid increase in intensity as the analyser Bragg angle approaches r/2. The
contribution of the analyser-detector beam path is significantly weaker and resembles the spectral distribution
of the measured spectra. Present results show that for usual experimental conditions no appreciable structures
are introduced by the background radiation into the measured spectra, both in IXS and XES experiments. The
usefulness of properly calculating the background profile is demonstrated in a background subtraction procedure
for a real experimental situation. The calculation model was able to simulate with high accuracy the energy
dependence of the background radiation intensity measured in a particular XES experiment with air beam paths.

1. Introduction information to support newly developed theoretical approaches to cal-
culate atomic structure and to simulate satellite spectra following shake
processes [8-10]. Such IXS and XES studies are strongly demanding for
high energy resolution. This requirement is usually achieved by means
of a Johann-type spectrometer using nearly backdiffracting crystals for
the energy analysis of the scattered or fluorescence X-ray photons,

according to the kind of experiment.

With the advent of high-brilliance tunable X-ray sources, as third
generation synchrotrons, many spectroscopic techniques have benefited
from the possibility of performing high energy resolution experiments
along with a high photon flux. Among them, inelastic X-ray scatter-
ing spectroscopy (IXS) is nowadays a well-established technique for
investigating core and valence electron excitations on a variety of
systems [1]. In particular, unique field of IXS using hard X-rays is
the study of bulk electronic structure and excitations of systems under
extreme conditions [2—4]. In a like manner, X-ray emission spectroscopy
has emerged as a powerful element-specific technique to probe the

A precise data processing in X-ray spectroscopy is generally a chal-
lenging task. Besides usual energy-dependent corrections, as absorption
of the incident and outgoing beam in the sample, scale factors, reflectiv-
ity of the analyser crystal, etc., which are required to be applied depend-

electronic structure of the emitting atom and also its dependence on
the chemical environment, having been mainly applied to 3d transition
metal complexes [5-7]. Furthermore, in the field of the fundamental
atomic physics, high resolution XES measurements can provide valuable

ing on the type of experiment one is concerned with, the subtraction of
spurious spectral components may demand attention. Among them, the
background radiation owing to spurious radiation and the contribution
from multiple scattering processes occurring in the sample are the most
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commonly taken into account. An incorrect modelling of these spectral
components may lead to misleading results, in particular in experiments
intended to investigate weak spectral features in IXS or XES spectra.
Several works have been devoted to propose procedures for data analysis
and for experiment planning, particularly in the field of IXS [11-13].
The influence of multiple scattering on the IXS spectrum was also
investigated using a Monte Carlo code [14]. That study demonstrated
that under conditions realised in experiments, the double scattering
contribution to the valence electron part of the spectrum is at most ~4%
and that no additional structure into the IXS spectra of simple metals is
introduced by multiple scattering effects.

Usually, in a first approximation, the spectral distribution of the
background radiation is assumed to be constant or, in some cases,
simulated by a linear function. However, a detailed analysis of the
different spectral components of an XES spectrum revealed a non-linear
behaviour of the intensity distribution of the background radiation
under particular experimental conditions, among them non-evacuated
beam paths [15]. While in a few cases X-ray spectrometers have been
enclosed in vacuum chambers [16-18], most of the IXS and XES
spectrometers are operated in air. For those experiments requiring a
reduction of the intensity of background radiation to enhance the signal-
to-background ratio, He-filled bags are usually introduced into the beam
paths within the spectrometer.

It is the aim of this work to investigate the background owing to
parasitic scattering originated by radiation scattered from the beam
paths in Johann-type spectrometers. An analytical calculation formalism
to simulate the energy distribution of the background radiation intensity
in IXS and XES experiments is presented. Additional structures intro-
duced into the IXS/XES measured spectra by the background radiation
and, more generally, the validity of approximating the background
by a constant or a lineal function will be discussed. The dependence
of the background radiation on several experimental and geometrical
parameters will be studied.

2. Calculation formalism

In this section, a general calculation formalism to compute the
spectral distribution of background radiation in IXS and XES experi-
ments is presented. It is considered that the experiments are performed
using Johann-type spectrometers in Rowland geometry. The background
radiation is assumed to be originated by scattering of X-ray photons
in the non-evacuated beam paths of the spectrometer. A schematic of
a Johann-type spectrometer is shown in Fig. 1. Briefly, the principle
of operation is as follows. A spherically bent crystal analyser collects
photons emitted from the sample into a solid angle A€Q,, analyses a
narrow energy window of the spectrum and then focuses the analysed
radiation onto the detector. Sample, analyser and detector are located
on the Rowland circle. In order to perform the calculations, some simpli-
fying assumptions have been considered. The photon beam transmitted
through the sample is absorbed by a beam stopper located close to the
sample. Under this situation, only scattering events along the beam
paths of photons emitted by the sample contribute to the measured
background radiation. The sample is assumed to be punctual and the
detector to have a finite area. The photons outgoing from the sample
in directions other than those collected by the analyser are absorbed by
a collimator placed in front of the sample (see Fig. 1(a)). Additionally,
the solid angle collected by the analyser is assumed to be small. Under
these assumptions, the divergent beam emitted by the sample, passing
through the collimator and reaching the analyser can be replaced by a
straight beam of the same intensity, scattered into an angle 6 (central
beam in Fig. 1(a)). The beam direction is the line joining the sample
with the centre of the analyser crystal. Therefore, the dependence
on the take-off angle 6, within the small solid angle collected by
the analyser, can be disregarded. The present calculation formalism
considers the contribution to the background radiation intensity due
to elastic and inelastic scattering processes along the whole length of
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the beam paths. For the sample-analyser beam path (beam path 1), all
spectral components of the beam emitted by the sample are taken into
account. Under the approximations assumed, the background radiation
intensity originated by photons of energy w, scattered in the beam path
1 can be calculated from

0 Rsin(6,4)
B (wy) = / ﬂ(wo,w) / " oy 4% o,
0 dw 0 dQ

X AQp ()W (w)dx dw

) Rsin(0 )
+ d_l(a)(),a)) ’ e M@ it e M@
b dw o dQ

X AQp(p)W (w)dx dw

(€3]

Similarly, for the analyser-detector beam path (beam path 2) the
contribution to the background radiation intensity originated by scat-
tering of the analysed photon beam of energy w, can be evaluated from

Oel

Rsin(04) d
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The spectral distribution of the radiation emitted by the sample into the
analyser solid angle 4Q,, dI/dw, can be approximated by

drI a1 , , d’1

— (W, w) = ——— (g, ®,0")d2(0") ~ ,0,0)AQ2,0) (3
dw(wo ) /AQA da)dQ(wow )d€2(0") dwd.Q(wOw NAQ,4(0) (3)
where ‘ﬂ—l(wo, w, 0") is the spectral distribution of the radiation emitted

dwd
by the sgmple per unit solid angle and energy interval, with energy o,

in the direction ¢’ relative to the incident beam of energy . In Egs. (1)
and (2), Rsin(@,) is the sample-analyser and also the analyser—detector
distance for Rowland geometry, where R is the curvature radius of the
crystal analyser (or the Rowland circle diameter). The analysing crystal
is set to operate at a diffraction angle 6. 4 is the attenuation coefficient,
x; (x,) and I, (I,) are the scattering position on the beam path 1 (2)
and the distance between this point and the detector, respectively. %
and d;’—;’; are the differential cross sections for elastic and inelastic
scattering, respectively. w, = w/[1 + m%“ — cos(¢))] is the Compton
energy for the scattering angle ¢, mc* is the electron rest energy.
AQp(g;) is the solid angle subtended by the detector at the scattering
point x;, which is assumed to be small. W is the energy acceptance
window of the detector, ie., the width of the energy window of the
single channel analyser of the detection system.

In Eq. (2), Ir(wy, w,) is the radiation intensity at the energy wy,
associated to the diffraction angle 64, transmitted by the analyser, which
can be estimated by [16]

dl
IT(CU(),CUA) = TA E(wo,w,«;) (©)]

where T, = R, —4A_ is the analyser transmittance [16] and R, is the
A T tan(8,) i

integrated reflectivity of the crystal.

Geometrical parameters, as the distances /; and /,, the scattering
angles ¢, and ¢, and the solid angle 42 (¢,), can be expressed as a
function of the scattering position x; or x,:

©1=20,-0 (5a)

l% +2x1 = x% "
COS(ﬂ) = T (5 )
I = \/(1—><1)2+12+2(1—x1)11 c0s(26,,) (5¢)
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Fig. 1. (a) Scheme of a Johann-type spectrometer for inelastic X-ray scattering or X-ray emission spectroscopy. w,: incident beam energy, S: Sample, ¢: sample
scattering angle, RC: Rowland circle, A: Spherically bent analyser crystal of curvature radius R, D: Detector, C: Collimator, BS: Beam stopper. (b) Schematics of the
contributions to the background radiation due to scattering of X-rays in the beam paths 1 (sample-analyser) and 2 (analyser—detector). 6 ,: diffraction angle of the
analyser. ¢, and ¢, are the scattering angles of the X-rays scattered into the detector in the beam path 1 or 2, respectively, while /, (/,) is the distance between the

scattering point x, (x,) and the detector.

where A is the detector active area and r is the radial distance from
the centre to the impinging point on the detector window.

By analysing the factors of the integrands in Egs. (1) and (2), some
general behaviours can be drawn. In Fig. 2, the dependence of 42, (¢;)
on the scattering point x; along the beam path is shown for different
curvature radius and analyser diffraction angles. 4Q2,(¢,) has a sharp
maximum very close to the sample position and decreases rapidly for
larger distances. The maximum position shifts to smaller distances as
the diffraction angle approaches % (see Fig. 2(b)). Other factors in
the integrand of Eq. (1) (as attenuation factors and cross sections) are
monotonically varying functions of the position x,. This indicates that
the major contribution to the background radiation intensity arises from
the beam path region in the close vicinity of the sample. In relation to the
second beam path, since forward elastic scattering processes are mainly
contributing, the intensity distribution B,(w,,w,) should resemble that
of IXS or XES spectrum.

By using theoretical models or measured spectra as input for the
spectral distribution of radiation emitted by the sample in Egs. (1) and
(2), the intensity of the background radiation can be calculated for
different experimental conditions. Although in the present study the
calculations will be made for specific samples, the discussion of the
results will have general validity and can be applied to other IXS or
XES experiments.

To perform the numerical evaluation of Egs. (1) and (2), values of
the absorption coefficients from the XCOM database [19] were used
and values of the incoherent scattering function and of the atomic form
factor were taken from the tabulations of Ref. [20]. The discrepancy
between theoretical and experimentally determined cross sections was
found to be of the order of 10%-15% for low Z elements and for
momentum transfers of the order of those involved in the experimental
situation studied in this work [21]. Thus, it is expected that the
accuracy of present background calculations would be of that order.
The integrated reflectivity of the crystal analysers was evaluated with
the XOP program [22]. A detector with an effective detection area of
25 mm? was assumed. If the spot of the beam focused by the analyser
is much smaller than the detector entrance window, a diaphragm may
be placed in front of the detector. In this case, the detector area must
be replaced by the diaphragm area in Eq. (5g). The intrinsic detection
efficiency was considered to be constant over all the accepted energy
range.

3. Background radiation in IXS experiments
3.1. General considerations and calculation details

In IXS experiments performed in inverse geometry, which is the usual
mode for energy analysis close to the backdiffraction condition, the

AQ, [sr]

00 0.1

02 03 04 05 06 07 08 09
X, [m]

1.0

Fig. 2. (a) Solid angle subtended by the detector AQ, as a function of the
scattering point x, along the first beam path for three typical values of analyser
curvature radius and for a fixed diffraction angle 6, = 88.23°. An effective
detection area of 25 mm? was assumed. (b) As (a) but for different analyser
diffraction angles and for a curvature radius R = 1 m.

energy-loss spectrum is measured by varying the incident photon energy
w, while keeping the analysed energy w4 fixed. Hence, sample, analyser
and detector are kept fixed on the Rowland circle of the spectrometer.
The energy transfer ranges typically from a few tens of eV to several
hundreds of eV. Eq. (1) requires, as input quantity, the IXS spectrum of
the scattering sample as a function of w, and for a given momentum
transfer. This spectral distribution is proportional to the double differ-
ential scattering cross section (DDCS) of the scattering electron system.
DDCS for collective and individual electron excitations can be described
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Fig. 3. IXS spectrum of Li metal measured for a momentum transfer of 4.3 a.u.
The elastic line, the onset of the 1s electron excitation spectrum at ~55 eV energy
transfer and the valence electron excitation spectrum exhibiting a maximum at
~220 eV energy transfer can be distinguished. The data processing is indicated
in the text. The amplitude of the main IXS peak was normalised to the unity.
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Fig. 4. Background radiation intensity originated in the sample-analyser

beam path (solid line) as a function of the incident photon energy for an IXS
experiment. The contributions from elastic (dotted line) and inelastic (dashed
line) events to the background radiation are shown separately. The calculations
were made for beam paths in air and for a spherically bent Si 660 crystal analyser
of 0.5 m curvature radius. The analysed energy was 9.69 keV.
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Fig. 5. The same as Fig. 4 but for the analyser—detector beam path. The right
axis corresponds to the inelastic scattering contribution.

using simple theoretical models for the dielectric response function
as that from Lindhard [23]. Sophisticated first-principle models based
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Fig. 6. Background radiation intensity in an IXS experiment originated in the
sample-analyser beam path as a function of the incident photon energy for
different analyser curvature radii R. Note that for each value of curvature radius
a different intensity scale has been used. Other calculation details as in Fig. 4.

on time-dependent density functional theory or many particle Green’s
functions [24] are used to describe the energy-loss function by valence
electron excitation in different systems [25-27]. To model inelastic X-
ray scattering from core electrons, theoretical algorithms based on the
multiple scattering formalism [28,29] as well as methods based on the
Bethe-Salpeter equation [30,31] have been developed. Nevertheless,
if available, experimental electron-excitation spectra would provide
a more realistic description for the spectral distribution of radiation
scattered by the sample.

The calculation formalism is illustrated for the case of an IXS
spectrum of Li metal at ¢ = 4.0 a.u. momentum transfer. In the present
work, the spectral distribution 4% is built from a measured IXS spectrum

. do
according to:

dl
1= E(CUO,CUA)CXP(—MH)TA exp(—uly) , (6)

where energy dependent corrections arising from beam attenuation
in both spectrometer beam paths and analyser transmittance were
applied. The Li IXS spectrum was measured at the XDS beamline of
the Laboratério Nacional de Luz Sincrotron (LNLS) using a Johann-type
spectrometer in Rowland geometry. A Si 660 spherically bent crystal
analyser of curvature radius R = 0.5 m and operated at a diffraction
angle 0, = 88.23° was used. The corresponding analysed energy was
w4 = 9.69 keV and the incident photon energy ranged from 9.5 keV to
10.4 keV. The scattering angle was set to # = 100°. The overall energy
resolution was determined from the width of the elastic peak to be
1.5 eV. The measured spectrum was normalised to the monitor detector
signal to correct for intensity fluctuations in the incident beam and for
the slow decay of the electron beam current of the ring. A constant
background was subtracted from the experimental data. The obtained
spectral distribution dI/dw is displayed in Fig. 3.

The energy acceptance window of the detector in Egs. (1) and (2) was
considered to be open to collect the whole scattered spectrum. Since IXS
experiments are usually performed on samples of low atomic number,
the low energy fluorescence radiation emitted by the sample will not
contribute to the background radiation registered by the detector.

3.2. Results

The background radiation intensities originated in the sample-
analyser and analyser—detector beam paths in an IXS experiment are
shown in Figs. 4 and 5, respectively. Air paths in the spectrometer
were assumed. The energy analysis was considered to be made by using
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Fig. 7. Background radiation intensity in an IXS experiment originated in
the sample-analyser beam path for two different media: air (solid line) and
helium (dashed line). The dependence on the analysed energy, corresponding to
different Si hh0 reflections, is also shown. Other calculation details as in Fig. 4.
Note the different intensity scales used for air and helium.

a Si 660 spherically bent crystal analyser with a curvature radius of
0.5 m and set to analyse 9.69 keV X-ray photons. The inelastic scattering
component in the sample-analyser beam path is larger by a factor ~2 and
shows a slight linear increase, while the elastic component diminishes
slightly in the same energy range. The scattering angle ¢, for a photon
scattered into the detector direction (see Fig. 1) varies along the first
beam path from ¢, = 60,, for scattering processes occurring close the
sample, to ¢, = 204, for scattering processes close to the analyser.
Since 0, is usually near z/2 and w, is of the order of several keV,
the differential cross section for inelastic scattering is larger than that
for elastic scattering in all the range of scattering angles allowed by
the geometry of the spectrometer and in the range of energies of the
present studies. Additionally, the energy dependence of the scattering
cross sections dominates over the attenuation factor in Eq. (1) within the
energy range covered in the experiment. This accounts for the observed
energy dependence and for the intensity ratio between both partial
components. The total intensity of the background radiation is nearly
constant within the studied energy range.

Since the energy integration range in Eq. (1) is limited by W (w)
and in typical IXS experiments W (w) is set to several hundreds of eV,
characteristic spectral structures of the IXS spectrum are not reproduced
in the background radiation, as Fig. 4 shows. For the hypothetical
case of an energy acceptance window as narrow as the experimental
energy resolution (usually of the order of 1 eV), the spectral distribution
of the background radiation would be proportional to %, and thus
resembling all its spectral features, as can be easily shown by setting
W (w) ~ 6(w —wy) in Eq. (1).

For the second spectrometer beam path, the analyser—detector beam
path, the energy distribution of the background radiation resembles that
of the spectral distribution of the radiation scattered by the sample (see
Fig. 5). Unlike the first beam path, the dominant contribution arises
from elastic scattering processes. It is known that the atomic differential
cross section for inelastic scattering vanishes for scattering angles going
to zero, while the differential cross section for elastic scattering peaks
at forward scattering. Since most of the scattered radiation along this
beam path, entering the detector, is scattered into small angles, elastic
scattering processes provide the major contribution to the background
radiation in the second beam path, as Fig. 5 shows.

The comparison between Figs. 4 and 5 shows that the background
radiation intensity is originated mostly in the first beam path. At
characteristic energies of the IXS spectrum (around the maximum of the
valence part), the contribution from B, is at least two order of magnitude
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Fig. 8. Background radiation intensity originated in the sample-analyser beam
path (solid line) as a function of the analysed energy for an XES experiment.
Diffraction angles, corresponding to the analysed energies, are shown on the
top axis. Elastic (dotted line) and inelastic (dashed line) contributions are
shown separately. The calculations were made for beam paths in air and for
a spherically bent a—quartz 4404 crystal analyser of 1 m curvature radius. The
inset show the high energy tail in more detail.
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Fig. 9. The same as Fig. 8 but for the analyser-detector beam path.

more intense than that from B,. This high is mainly a consequence of
the small transmittance of the Si crystal analyser.

By estimating the signal intensity of the IXS spectrum with Eq. (6),
the signal-to-background ratio at the maximum of the valence IXS spec-
trum can be evaluated to ~38. In addition, since the relative contribution
of the analyser—detector beam path to the total background intensity
at that energy is ~1072, the structures introduced by the background
radiation in the detected IXS spectrum should not be appreciable.

Since the first beam path provides the main contribution, from now
on, only B; will be taken into account to study the influence of several
experimental configurations on the background radiation. The effect
of the size of the Rowland circle on the intensity of the background
radiation is displayed in Fig. 6. As a function of the energy, the trends
are very similar, showing a slight linear increase, somewhat more
pronounced for the largest analyser curvature radius (about 7% in the
investigated energy range). For typical curvature radii, the magnitude
of background radiation diminishes by about one order of magnitude as
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Fig. 11. Background radiation intensity in an XES experiment originated in the
sample-analyser beam path for two different media: air (solid line) and helium
(dashed line). Diffraction angles, corresponding to the analysed energies, are
shown on the top axis. Other calculations details as in Fig. 8.

the size of the Rowland circle is doubled, as shown by Fig. 6. In part, this
behaviour is ascribed to geometrical effects, particularly to the dominant
effect of the detector solid angle, as previously discussed. Radiation
attenuation effects between the scattering point and the detector also
contributes to the diminishing intensity of background radiation with
increasing Rowland circle radius.

The influence of the type of gas filling the beam paths on the intensity
of background radiation is illustrated in Fig. 7. Calculations were
performed for dry air and for He-filled beam paths. In the same figure,
the dependence on the analysed energy is also shown. Analysed energies
of 6.46 keV, 9.69 keV and 16.15 keV were considered. These energies
correspond to the 440, 660 and 10 10 O reflections of a Si analyser crystal
operated at a fixed diffraction angle of 88.23°, respectively.

As expected, because of the larger mean atomic number of air, the
background radiation generated in beam path in air is much stronger
than that for a helium-filled beam path. As a function of the analysed
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Fig. 12. Background radiation intensity in an XES experiment originated in the
sample-analyser beam path for different a-quartz crystal analyser reflections.
The analysed energy ranges corresponding to 4404 (Ni Ka,,), 6606 (Se K a,)
and 8808 (Y Ka, ,) reflections were 7.42 keV< w, < 7.52 keV, 11.13 keV< w, <
11.25 keV and 14.84 keV< w, < 15.00 keV, respectively. A curvature radius of
1 m was assumed.

energy, the average background radiation intensity increases from lower
to middle energies and decreases at higher energies for a beam path
in air. Unlike, for a helium-filled beam path, a monotonous decrease
can be observed as the analysed energy increases. The general trend
observed for the case of air can be traced back mainly to the relationship
between attenuation effects and the effective interaction volume for
different energies. As can be seen from Fig. 2, the effective interaction
region is limited to the first few cm of the beam path. This is a pure
geometrical effect, which is independent of the analysed energy. At
lower energies, attenuation effects of the scattered photons between
the interaction point and the detector are more significant. On the
other hand, at higher energies the interaction probability within the
effective interaction volume is relatively smaller. Consequently, the
intensity of the background radiation should reach a maximum around
middle energies, in consistency with the calculations. This trend is not
observed for helium-filled beam paths because the investigated energies
are not low enough. Concerning the dependence on the incident photon
energy, Fig. 7 shows an almost linear dependence at medium and high
analysed energies, while at lower energies a slight departure from the
linearity was found, in particular for a helium-filled beam path. Because
of stronger attenuation effects, a rapid variation of the background
radiation intensity within the interval of scanned incident energies is
expected at low analysed energies.

The present results show that in IXS experiments performed in usual
conditions, the subtraction of a linear background from the measured
spectrum should be adequate in most cases. The determination of the
linear background can be accomplished by fitting a linear function in
a sufficiently wide energy interval on the low energy side of the elastic
line. The fitted function can then be extrapolated to the whole measured
energy range and subtracted from the recorded spectrum.

4. Background radiation in XES experiments
4.1. General considerations and calculation details

In XES experiments, the X-ray spectrometer of Fig. 1 is operated in
scanning mode. The analysis of the X-ray emission spectrum in a narrow
energy interval, usually several tens of eV, is performed by scanning the
analyser in synchrony with the detector. The excitation energy w, of the
incident X-ray beam is kept fixed.
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Fig. 13. (a) Experimental Ni Ka,, emission spectrum (symbols). The total

fit (see text) (solid line) and the fitted background (dashed line) are shown
separately. Diffraction angles, corresponding to the analysed energies, are
shown on the top axis. (b) Background-subtracted emission spectrum. The
individual fitting components are also shown. (c) Fitting residuals. Also shown
are the limits of the +3¢ band, o being the statistical uncertainty.

The X-ray emission spectrum j—i} in Egs. (1) and (2) can be described
by a simple analytical model, which consists of a sum of Lorentzian
functions [32] representing diagram and potential satellite lines due to
shake processes. In the case of the Kf, ; spectra of transitions metals,
the characteristic distorted line shape can be also simulated by a sum
of Lorentzian functions in order to take into account the asymmetry
introduced by atomic multiplets [32,33]. Depending on the excitation
energy, satellite lines due to spectator hole transitions may be present in
the XES spectrum. Usually, these satellite lines give rise to an asymmetry
and can be as strong as about 40% of the intensity of the diagram lines,
as it is the case of 3d spectator hole transitions in Fe [34]. Another
deexcitation channel, which may contribute to the distortion of the line
shape, is the radiative Auger effect (RAE). Although KLL and KM M
RAE transitions are weak in relation to the Ka line intensity [35,36],
RAE satellites accompanying valence-to-core electronic transitions can
appreciably distort the K, 5 line shape [37]. RAE line shapes can be
described by an analytical model as that proposed in Ref. [37].
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The calculation model for the background radiation in XES experi-
ments is illustrated for the case of the Ka;, emission spectrum of Ni.
The spectral distribution of the Ni Ka,, spectrum, % in Eq. (3), was
modelled using Lorentzian functions, which describe the diagram lines
corresponding to the 2p~! — 1s~! transitions [15]. The spectral param-
eters (line widths and relative intensities) were taken from Ref. [15].
The energy of the Ka; was set to the reference value from Ref. [38].
The energy analysis was assumed to be performed with an a—quartz
spherically bent crystal analyser using the 4404 reflection. This analyser
was demonstrated to be well suited to measure the Ni Ka spectrum in
near backdiffraction condition [15]. The spectral distribution % was
normalised such that the Ka,; emission line peaks to unity.

It is further assumed that only the K, emission spectrum was
detected. This is achieved by closing the width of the acceptance energy
window of the detector to 1.0 keV around the K« line energy. This
energy window is wide enough to accept photons form the whole K« ,
spectrum, while rejecting contributions from the K g spectrum.

4.2. Results

The background radiation for the sample-analyser and analyser—
detector beam paths in air are displayed in Figs. 8 and 9, respectively.
An analyser curvature radius of 1 m was assumed. As observed and
discussed for IXS measurements, inelastic scattering processes are the
main contribution to the total background intensity originated in the
first beam path. Unlike IXS experiments, a steep rise in the intensity of
the background radiation in XES experiments is noticeable on the low
energy side (diffraction angles close to z/2) for both contributions in
the first beam path. The origin of this behaviour is geometrical, more
specifically, it is a consequence of the rapid increase of the detector solid
angle as the analyser diffraction angle approaches r/2 (see Fig. 2(b)).
It is worth noting that this effect is an intrinsic characteristic of the
Rowland geometry of Johann-type spectrometers. On the high energy
side, the intensity of the background radiation diminishes slowly. A
second order polynomial has proven to be appropriate to describe
the experimental background radiation in this energy region [15]. In
relation to the analyser—detector beam path (see Fig. 9), the energy
distribution of the background radiation resembles the spectrum emitted
by the sample and the elastic scattering processes provide the major
contribution, in a similar way to the case of IXS experiments.

The comparison of Figs. 8 and 9 shows that the major contribution
to the total background radiation intensity is provided by the sample-
analyser beam path. The contribution from the analyser—detector beam
path at the energies of the Ka;, lines, where its spectral distribution
peaks, is about one order of magnitude less than that from the first
beam path. As previously discussed, this result is assigned to the narrow
transmission of the analyser crystal. However, the ratio between the
contributions from each beam path is smaller than that for the case of
IXS experiments. This is a consequence of the high integrated reflectivity
of an a—quartz crystal in comparison to a Si crystal for the considered
reflections.

From the estimation of the signal intensity of the XES spectrum
by using Eq. (6), the ratio between the area of the diagram lines and
that from the spurious peaks introduced by the background radiation
originated in the analyser-detector beam path can be estimated to
~2x10~*. Hence, measured intensities of the diagram lines should not be
altered by the peak structures introduced by the background radiation
appreciably.

In relation to the dependence of the background radiation on the
size of the Rowland circle, Fig. 10 shows an increase of intensity as the
Rowland circle diameter diminishes. As already discussed for the case
of IXS measurements, this trend has mainly a geometrical origin.

To investigate the effect of the type of gas filling the beam paths
on the background radiation, calculations were performed for a helium-
filled beam path and for a beam path in air. The results are shown in
Fig. 11. Owing to the lower density and lower atomic number of He, the
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generated background radiation in a He-filled beam path is less intense
than for the case of air. Fig. 11 shows that by replacing an air-by a
helium-filled beam path, the intensity of background radiation can be
diminished by a factor ranging from ~6 to ~2 in the investigated energy
range and for a 1 m diameter Rowland circle. It should be noticed that
due to weaker absorption effects, the signal-to-background ratio should
be enhanced by a factor even higher for the case of helium-filled beam
paths.

The intensity of background radiation for XES experiments per-
formed at different crystal analyser reflections is shown in Fig. 12 for
the spectrometer first beam path. In the case shown, the 6606 and 8808
reflections of an a—quartz crystal are assumed to be used to analyse
the Ka;, emission spectra from Se and Y, respectively. The Ka; and
Ka, emission lines were modelled by Lorentzians located at the energies
given by Ref. [38]. Line-widths from Ref. [39] and the line fraction cal-
culated by Scofield [40,41] were used. The results show a similar energy
dependence within the analysed energy ranges, with an overall increase
in the background radiation intensity for larger reflection orders. The
ratio between Se (Y) and Ni background radiation intensities ranges
from ~3 (~5), for low Bragg diffraction angles, to ~2 (~3) for analysed
angles close to the backdiffraction condition. As mentioned previously
for the case of IXS, the magnitude of the background radiation intensity
is determined by the interplay between attenuation effects, the inelastic
scattering cross section and the effective interaction volume. A decrease
in the intensity of the background radiation for XES experiments can be
expected for much higher analysed energy ranges than those typically
used in IXS.

The need for an accurate background correction in high resolution
XES experiments is evidenced by Figs. 8 and 10-12. Particular attention
must be paid to those measurements of X-ray emission lines made at
analyser diffraction angles very close to z/2, where the variation of
the background radiation intensity with the diffraction angle/energy is
very rapid. More critical are those experiments performed with beam
paths in air and using spectrometers of small Rowland circle radius.
Under this situation, the background correction procedure requires
simulating its spectral distribution, properly scaling to the measured
intensity, for instance by a fitting procedure, and, finally, subtracting
from the measured spectrum. At smaller analyser diffraction angles,
the energy dependence is smoother and a second order polynomial
could be adequate to simulate the background radiation [15]. Some
atomic excitation processes accompanying inner-shell vacancy creation,
as for instance 3s and 3p shake processes as the result of 1s vacancy
production in transition metals, have been predicted to be of very
small probability [42]. Precise studies of such shake transitions by
means of high resolution X-ray emission spectroscopy might demand
an accurate description of the background radiation to correctly assess
the associated satellite lines in the measured spectra.

As a test case for proving the accuracy of the model in a real-
istic experimental situation, the simulated background radiation was
introduced in a subtraction procedure with the aim to extract the XES
spectrum from the row measured data. An XES spectrum was measured
under experimental conditions that should enhanced the effects of
background radiation on the measured spectrum (see Fig. 13(a)). A
Johann-type spectrometer with a Rowland circle of 1 m diameter and
with beam paths in air was used to measure the Ni K, spectrum.
The energy analysis was accomplished with a 4404a-quartz spherically
bent crystal, which allows the Ni Ka, , lines to be analysed close to the
backdiffraction condition. The achieved energy resolution was 1.07 eV
at the energy of the Ka; line. The energy of the incident X-ray beam
was set to 8.4 keV, hence spectator hole satellites other than 1s~13d™!
are not excited [15]. The measurements were performed at the XDS
beamline of the Brazilian Synchrotron Light Laboratory (LNLS). Further
experimental details are given elsewhere [15].

A fitting procedure as the one used in Ref. [15] was implemented.
As proposed in Ref. [15], the spectral components, including both
diagram and satellite lines, were modelled by Lorentzian profiles, which
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were convolved by a Gaussian response function to take into account
instrumental resolution effects. This model for the XES spectrum, super-
imposed on the calculated background, was fitted to the experimental
data. The fitting was performed by using least-squares regression,
which minimises the weighted sum of residuals. The inverse of the
squared experimental uncertainty was taken as weight. In addition to
the parameters defining position, amplitude and width of the Lorentzian
profiles, a scaling factor of the calculated background and a constant
were taken as fitting parameters. That constant needs to be included
to describe a constant background contribution of stray radiation that
is originated by scattering from different parts of the spectrometer and
that cannot be accounted for by analytical models.

The background-subtracted spectrum after fitting along with the
individual fitting components of the XES spectrum and the fitting
residuals are displayed in Fig. 13(b) and (c), respectively. Though the
measured spectrum is superimposed on a strong, non-linear background
radiation, the main diagram lines, corresponding to the K«; , emission
lines, and two low-energy satellites could be clearly resolved by the
fitting procedure. These satellite lines have been identified in a previous
work [15] as originated by 2p — 1s electronic transitions with a 3d
spectator hole created by shake processes. The fitting results yield a
separation between the diagram lines of 17.2 eV, which is in very good
agreement with the value obtained from more refined measurements
of the Ni Ko, , spectrum [15] and with the measurements from Holzer
et al. [32]. The obtained Ka,-to-K«, intensity ratio for the pure dia-
gram lines of 55% is also in good agreement with previous experiments.
Concerning shake satellites, two peaks located 1.7 eV and 1.6 eV towards
lower energies from the main diagram lines and having intensity ratios
of 21% and 19%, relative to the Ka; and Ka, lines respectively, were
found. These spectral parameters are very close to previously measured
values [15]. Present values for the satellite intensity ratios provide a
further validation of calculations based on multi-configuration atomic
models [10], which predicted a total shake probability of about 22%.

The residuals, which are randomly distributed within the +3¢ error
band, show no systematic bias in the whole energy range. This indicates
the present model is able to describe with high accuracy the spectral
distribution of the background radiation, at least within the limits of
the experimental uncertainties.

In those regions where contributions from the X-ray emission lines
are not expected (low and high energy regions of the spectrum), the
measured intensity is well described by the background radiation model.
Particularly, a very good fitting can be observed in the low energy
region, where the intensity originated from scattering along the sample-
analyser beam path increases rapidly as the analyser diffraction angle
approaches to /2.

5. Conclusions

A calculation formalism to evaluate the background radiation in IXS
and XES experiments performed with Johann-type spectrometers was
presented. The calculation model takes into account the background
radiation originated by scattering processes along the beam paths in the
spectrometer. Different conditions realised in usual experiments were
investigated. In IXS as well as in XES experiments, the background radia-
tion is mainly originated in the sample-analyser beam path. In this beam
path, the contribution from inelastic scattering events dominates over
that from elastic ones, though the order of magnitude are comparable.
The calculations show that most of the scattered radiation arises from
scattering interactions occurring in a beam path region very close to
the sample. This result indicates that the signal-to-background ratio can
be enhanced by properly shielding the detector from the background
radiation arisen from the first part of the beam path.

For IXS measurements, the spectral distribution of the background
radiation originated from single scattering events can be well described
by a constant or a linear function for realistic experimental situations.
This trend was found to be independent of the Rowland circle diameter.
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In general, the subtraction of a linear background, as determined from
the low energy side of the elastic line in the energy-loss spectrum,
should be adequate. A possible exception would be those experiments
performed with He-filled beam paths and for low analysed energies,
where a slight departure from a linear background could be expected.
For XES experiments, the calculation formalism predicts a rapid increase
of the background radiation intensity for analyser diffraction angles
approaching the exact backdiffraction condition. At lower angles, the
background radiation could be described by a slow varying function.

The spectral distribution of background radiation originated in the
analyser—detector beam path exhibits strong structure and resembles the
measured spectrum, both for IXS and XES experiments. Nevertheless,
owing to its negligible contribution in comparison to that from the
sample-detector beam path, those characteristic structures should not
distort the measured signal appreciably. In the case of IXS experiments
the background radiation should not introduce additional structures into
the measured energy-loss spectra. In relation to XES experiments, the
spurious peaks introduced by the background radiation should not affect
the determination of relative intensities of shake satellites to a large
extent.

The calculation model was tested for a real experimental situation
related to a measurement of the Ni Ka emission spectrum with an
underlying strong and non-linear background radiation. The calculated
background radiation, along with a model for the XES spectrum,
were introduced in a fitting procedure. The background-subtracted XES
spectrum is in very good accordance, both concerning spectral shape
and parameters, with previous measurements performed under much
better experimental conditions in relation to signal-to-background ratio.
The proposed calculation model was able to reproduce the spectral
distribution of the experimental background radiation adequately, in
particular at high analyser diffraction angles. The considered test case
demonstrates the need of calculating background profiles to be used in
background subtraction procedures for some experimental situations.
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