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Abstract

We combined different experimental techniques with a theoretical approach to determine a consis-
tent set of diagram lines energies and binding energies. We propose an original approach consisting
in determining the mass attenuation coefficients in an energy range covering the L-, M- and N- ab-
sorption edges, including a detailed evaluation of the associated uncertainties, to derive precisely the
binding energies. We investigated the La, L8 and M spectra of Gd with an independantly calibrated
high-resolution anti-parallel double-crystal x-ray spectrometer. All the lines were identified and found
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in excellent agreement with the binding energies previously derived. Morever, we identified for the first
time Ms — Oz, My — O23 and M4 — N2 3 diagram lines.

1 Introduction

Gadolinium is a lanthanide also known as rare-earth presenting an incompletely filled 4/ shell, which
is responsible for most of the physical properties of the element. The 4f — 3d transitions were studied
from the theoretical point of view as well as experimentally [1] but the experimental spectra were not
deconvolved from the spectrometrist point of view and only the presence of 4 f —3d and 5p—3d transitions
was acknowledged. In fact, from the theoretical point of view, the calculation of the 4f — 3d transition
involves hundreds of thousands of single transitions making it difficult to derive a mean energy or even
a relative intensity that fits with the observed spectra. For example when the energy of an elementary
transition of a certain diagram line is closer to another diagram line, this leads to a false contribution
in an experimental spectrum. Nevertheless, if the experimental resolution of instruments cannot reach
the theoretical needs, the analysis of experimental spectra should be deepened in order to deliver a
useful and consistent set of energy values for spectrometry issues.

X-ray atomic properties of gadolinium were investigated in a singular approach that combines differ-
ent experimental techniques to obtain new and useful reliable values of atomic fundamental parameters
for x-ray spectrometric purposes. In the litterature, some databases gathered binding energies and/or
diagram line energies [2, 3, 4, 5] but they are incomplete or inconsistent. Moreover, associated un-
certainties are rarely detailed, which make comparisons more difficult. Therefore, national metrology
institutes agreed on the need to improve the reliability of the x-ray fundamental parameters of elements
and this work is part of an international effort to aim at this goal [6].

Transition elements and rare-earths, which have incomplete d or f shells present modifications
in the atomic spectra due to inter-electronic correlation [7, 8, 9, 10]. For example, the Ka and Kj
x-ray emission spectra of the 3d transition metals exhibit several peculiar asymmetric line shapes not
observed in other elements [11], whose origin has been under investigation and debate [12, 13, 8, 14, 9].
Several mechanisms, such as shake-off and shake-up [15], conduction band collective excitation [16],
exchange [17, 18, 19, 20], and final-state interactions [21, 22] were suggested to account for this effect.
However, Deutsch et al. [8, 14], Holzer et al. [9], Anagnostopoulos et al. [23], Chantler et al. [24],
and Ito et al. [25, 26] suggested that the line shapes in Ka; 2 X-ray spectra could be accounted for
by the diagram transition, and 3s, 3p, and 3d spectator-hole transitions. Ito et al. [25] reported that
the FWHM of the Kas; peak, which includes the satellite lines corresponding to the Kas line, shows
a different aspect from that of the K«;; peak, corresponding to a K«; line, which may be ascribed to
the Ly — L3M,4 5 Coster-Kronig transitions. Moreover, Ito et al. [26] measured systematically the Ka; »
spectra of the elements from Ca to Ge using an antiparallel two-crystal x-ray spectrometer. Combined
with ab initio Dirac-Fock calculations, the origin of the asymmetry in the K« 2 spectra for Ca, Ti, and
Ge elements can be fully explained by considering only the diagram and the 3d spectator transitions,
such as shake-processes.

The K f 3 x-ray emission spectra includes K5’ and K" satellites on the low- and high-energy side
of the K 3, 3 peak position, respectively, as explained in the case of copper [8, 14]. These satellites have
also been investigated until now both experimentally and/or theoretically [11, 9, 23, 27, 28, 29, 30, 31,
32] for all 3d transition metals. Shake-up from the 3d shell was also shown to account reasonably well
for the measured K 3, 3 line shape, although a complete quantitative fitting has not been reported and
possible contributions from other shells were not investigated [27, 30]. The low-energy satellite group,
denoted by K/j’, received special attention, and several other sources such as exchange interaction
[17, 18, 19, 20] and plasmon oscillations [21, 22] were suggested to be their origin. It has been assumed
that the line shape can be fully accounted for by satellites resulting from 3/(! = s, p,d) spectator holes
in addition to the nominal single-electron diagram transitions. Recently, The K x-ray spectra of the
3d transition metals from Ca to Ge have been systematically investigated either experimentally, using
a high-resolution antiparallel double-crystal x-ray spectrometer, and theoretically [33]. Each Kf; 3



natural line width has been corrected using the instrumental function of this type of x-ray spectrometer,
and the spin doublet energies have been obtained from the peak position values in K 3, 3 X-ray spectra.
For all studied elements, the corrected K3, x-ray lines FWHM increase linearly as a function of Z.
However, for K s x-ray lines this dependence is generally not linear in the case of 3d elements but
increases from Sc to Ni. Moreover, the theoretically predicted synthetic spectra of Ca, Mn, Cu, and Zn
are in very good agreement with the observed data except for the case of Mn, due to the influence of
the complicated structure of the metallic Mn. They suggested that the contributions of satellite lines in
3d KB 3 spectra are considered to be [KM] shake processes similar with that in 3d K« > spectra.

On the other hand, and to our knowledge, there were not carried on the studies considering the
instrumental function for the L and M emission lines of the lanthanides as it has be done for K«
and Kp lines in 3d elements. Regarding the L x-ray emission spectra for the lanthanide compounds,
the studies have been focussed mainly on the chemical shifts, intensity ratios, and their line shapes
[34, 35, 10, 36]. This work present for the first time detailed measurements of La and LS diagram lines
on metallic Gd considering the instrumental function to derive the natural linewidths. Concerning the
M spectral lines, several experimental works were performed using XPS or XES in some lanthanide
compounds together with theoretical works [37, 38, 39, 40, 41, 42, 1, 43, 44] or in metallic and oxide of
Gd [45, 46, 47] in order to identify the main components. In this work, we combine several experimental
approaches as well as new theoretical calculations to derive a consistent set of atomic binding energies
of metallic gadolinium. We present accurate measurement of mass attenuation coefficients in the
range 100 eV to 25 keV that are used to derive the binding energies. This allowed to identify some x-
ray diagram lines present as weak lines on the high-resolution spectra obtained by the double-crystal
x-ray spectrometer and the electron-probe micro analyser (EPMA). The energy positions of the diagram
lines are determined experimentally and compared with our theoretical values and found in excellent
agreement.

2 The Mass attenuation coefficients and absorption edges

2.1 Experimental determination of the mass attenuation coefficients

The methodology used to determine the mass attenuation coefficients was extensively described in
[48, 49, 50] and consequently, will not be detailed here. The mass attenuation coefficient, #/,, is the
parameter standing for the interaction probability of a photon beam with matter. It depends both on the
material and the photon energy and includes the photo-absorption and scattering effects. The overall
attenuation of a parallel and monochromatic photon beam at normal incidence through a thin target
follows the Beer-Lambert law, from which the mass attenuation coefficients can be derived,

-1 I —A
pxxXIn(Io)_ i x In(T) (1)
where [ and I, are the transmitted and incident photon beam intensities, respectively, p and = are
respectively the target density and thickness, y/p is the energy-dependent mass attenuation coefficient,
M is the mass of the target, A its area, and 7T is the transmission ratio. The procedure using a
monochromatic photon beam of low divergence is a convenient way to determine this parameter. In
this approach, the final uncertainty budget is linked to the target characteristics and the photon flux
intensities.

The experimental transmission measurements were done in an energy range covering the L, M
and N;_5 absorption edges using the two branches of the SOLEIL metrology beamline, the hard x-ray
branch from 3 to 25 keV, the xuv branch from 100 to 1.8 keV, and the laboratory source SOLEX for
energies between 1.8 to 3 keV.

At the SOLEIL synchrotron (France), the metrology beamline optics were aligned as described in [48]
to minimize harmonics and stray light, and the Bragg angle was calibrated with respect to K -absorption
edges of pure metal foils. The Bragg angular position is equipped with an optical encoder and only
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one calibration point is needed. If different elements were used in [48], only a maximum residual
discrepancy of 0.04% between the tabulated K-absorption edge and the measured one over the whole
energy range when calibrating the Bragg angle with one edge only. Therefore, the K-absorption edge
of zirconium was chosen for calibration of the Bragg angle of the two-crystal Si(111) monochromator
(hard x-ray branch) and aluminum K-absorption edge for the grating at low energies (xuv branch),
respectively. The transmission measurements were performed using a beam collimated at 2.5 x 2.5
mm? at normal incidence, thus considering the area representative of the average thickness of the
whole target. Once the energy calibration is achieved, long scanning sequences with 50 eV steps are
carried out within the entire available photon energy range, with smaller steps of 3 €V around the L-
absorption edges and 1 eV around the M- and N-absorption edges. The transmitted photon intensities
are recorded by means of an AXUV:Al photodiode whose dark noise is subtracted from acquired current
values to derive an unbiased transmittance.

The laboratory x-ray source SOLEX was also used to cover the energy gap between the hard x-
ray and xuv branches using the Si(111) and Béryl(1010) crystals as monochromators [51]. The weak
flux delivered by this source, compared to a synchrotron beamline, constrained us to use an energy-
dispersive spectrometer as detector, which has the advantage of simply discriminating stray light and
harmonics at the expense of a higher statistical uncertainty.

Accurate values of the sample characteristics are required to derive absolute values of the mass
attenuation coefficients. Gadolinium was studied in the form of metal foils, supplied by the Goodfellow
corporation [52], which were chosen with a mass purity better than 99.9 %. To derive absolute mass
attenuation coefficients from Equation (1), mass per unit area must be known with the lowest possible
uncertainty. The samples were weighed with a calibrated microbalance used in a laboratory whose
ambient air hygrometry, temperature and pressure are controlled giving an absolute uncertainty of
9 pg at best. The area was measured with a Mitutoyo QSL-2010Z vision machine consisting of a
microscope with two calibrated stages and a picture analyzer. Three samples were used in the different
SOLEIL transmission experiments. The thickest of nominal thickness 10 pm was weighted 10.664(10)
mg with an area of 135.52(10) mm?. The 2 um foil weights 1.575(9) mg with an area of 102.43(10) mm?.
Measuring the mass and area of the samples has the advantage to be more accurate and independent
from x-ray analysis techniques, nevertheless, the thinnest foil of nominal thickness 0.2 um could not
be handled and its mass per unit area was determined at 2.48 x 10*g.cm™? by scaling the experimental
results of the transmission measurements for the product of mass attenuation coefficient, and mass
per unit area to the hard x-ray data in overlapping energy ranges.

2.2 Results and uncertainty estimation

Equation (1) can be modified by including a factor kp = 1, which is responsible for an additional
uncertainty due to the elemental purity, calculated as in [48]:

#lp = _ﬁA x In(T) x kp (2)
N° | Sample 10 um (%) | Sample 2 (%) | Sample 0.2 pm (%)
Mass 0.097 0.6 -
Area 0.08 0.1 -
Mass/Area - - 1
Sample purity 0.5 0.5 0.5
Transmission 0.17 1.8 0.16

Table 1: Uncertainty budget: relative standard uncertainties of each contributor.

To evaluate the uncertainty of the experimental mass attenuation coefficients, Eq. (2) was derived
according to all the influence quantities, as mentioned in the “Guide to the expression of uncertainty in
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Figure 1: Left: Mass attenuation coefficients of Gd (as metal) measured from the N to the L absorption
edges (values on the left-hand vertical axis). The lower data points represent the relative standard
uncertainties (right-hand vertical axis, where 0.10 means 10 %). The inset graphs are details of the

mass attenuation coefficients of Gd around the L and M-absorption edges. Right: Comparison of

experimental values with published databases; the relative deviation as calculated by Eq. (4) is plotted
for the databases referenced therein.

measurement” [53]. The combined standard uncertainty is, thus expressed using the following formula:

2
we)\_ (oD ()t () k)Y’ .
() = (5) + () + e+ (57

where the relative uncertainty of the transmission is estimated in the same way as in [48]. Table 1 gives
the different contributions to the uncertainty budget of the mass attenuation coefficient measurements.
For the mass attenuation coefficients in the soft x-ray range, the different contributions cannot be
written in the form of Eq. (3) because mass and area were not measured. Instead, the contributions to
the uncertainty budget were obtained from the matching of the different data sets (1.0 %).

The measurements resulted in a set of transmission data for metallic Gd in the photon energy range
from 0.1 keV to 25 keV, from which the energy dependent mass attenuation coefficient was calculated,
covering the M-, L- and some N-absorption edges (Fig. 1).

These results were compared to theoretical and experimental values compiled in other published
studies or databases such as [54, 55, 4, 56]. The relative differences between the present results and

other tabulated values are presented in Fig. 1 right. This graph plots the relative deviation as stated in
Equation 4:

Ap _ MEXP — IDB
H HDB

where upxp denotes for the presently measured mass attenuation coefficients and upp stands for val-
ues from a published database. The largest relative difference found around the M- and L- absorption
edges are essentially due to the fine structures which are detailed in the present measurements. The
Ap/y deviation plotted for the data from Cullen [4] and Berger [56] can be as high as 3% for photon
energies larger than the Gd L, absorption edges and even higher deviations with the Henke data [54]
are observed. At higher photon energies, the behaviour of Henke’s values differs from the others of
where no significant deviations were found. It must be noted that all the uncertainties reported by

Krause et al. [57] are very high and not even known for energies below the L absorption edges of any
element.

x 100 (4)



2.3 L-, M- and N- absorption edges

The mass attenuation coefficients were measured on a large energy range including the L and M-
absorption edges. The energy scale was calibrated using the experimental values of the Deslattes
database [5]. The K-absorption edges are presumably the most reliable and only a residual difference
of 0.04% was measured [48] for several K-absorption edges (Ti, Fe, Cu, Zr, Mo, Rh, Ag). The Deslattes
Zr K-absorption edge is 17995.87(8) €V, and it is proposed to be 17997.6 eV by Larkins [2], and 17995.2
eV by Cauchois [3], that is to say a relative difference of 0.01 % and 0.004 %, respectively.

We estimated the L and M absorption edges of gadolinium at the inflexion point of the mass atten-
uation coefficients curve. It was estimated by taking the position of the maximum of a fitted gaussian
curve on the first derivative of the mass attenuation coefficients, except for L, 3 and M, s because a
strong peak, due to bound states interactions, is red-shifting the edge. Instead, we modelled the ab-
sorption edge by a gaussian curve representing the bound states superimposed with a step function
representing the edge. The inflexion point of the step function is used to derive the value of the absorp-
tion edge. The results are presented in Table 2. The best agreement of our values is observed with the
database from Larkins [2] concerning the L and M, ; s-absorption edges. On the other hand, we found
a better agreement with values from Cauchois [3] for the A, s-absorption edges.

’ Edge ‘ This work ‘ Deslattes [5] ‘ Cauchois [3] ‘ Larkins [2] ‘ Cullen [4] ‘

L, | 8377.3(10) | 8381.7(14) 8386.2 8375.6 8349.8
Ly | 7930.030) | 7934.3(11) 7931.0 7930.3 7947.0
L3 | 7246.6(28) | 7246.6(9) 7242.9 7242.8 7242.7
M, | 1884.0(10) 1884.61 1880.8 1864.6
M, | 1686.9(5) 1694.4 1688.3 1686.9
Ms | 1543.5(5) 1550.7 1542.9 1544.0 1541.8
My | 1220.1(6) 1221.61 1213.1 1217.2 1231.6
Ms | 1190.1(27) 1189.23 1183.9 1185.2 1199.8
N; | 383.0(10) 375.8 381.39
Ny | 292.0(10) 288.5 311.3
N3 253(10) 270.9 278.86
Ny | 143.0(10) 140.5 162.16
Ns | 139.0(10) 149.4 140.5 156.16

Ner | 11.3(12) 0.1 16.2
01 36.1 34.83
O 30.7(10) 20.3 30.18
O3 25.5(10) 20.3 17.03

Table 2: Experimental binding energies derived from the absorption edges of gadolinium (in eV). In the
present work, the values in italic are derived from the M lines. In the Deslattes column, italic values
are derived from the difference between the L experimental absorption edges and diagram lines quoted
in [5].

3 Theoretical models for the diagram lines

Theoretical predictions of the Gd L and M x-ray diagram line positions have been performed using
the multiconfiguration Dirac-Fock (MCDF) method, which is the primary theoretical tool applied in
atomic physics, allowing for the determination of many of the significant atomic parameters. The MCDF
method is described in detail in many papers [58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70]. Thanks
to the ease of performing high-precision large-scale calculations, it is even possible to include electron
correlations to a large extent. Our calculations have been done with the GRASP (General-Purpose



Relativistic Atomic Structure Package) package [59, 66, 67], and with the Relativistic General Purpose
Multiconfiguration Dirac-Fock code (MCDFGME) developed by Desclaux and Indelicato [69, 70]. The
effective relativistic Hamiltonian for an N-electron atom is given by (Eq. 5)

N
H=">Yhp (i) Z Vg (i, 5) 5)
i=1

j>i=1

where hp (i) is one-electron Dirac Hamiltonian, and Vj (i, j) describes the sum of Coulomb interaction
and Breit interaction between the i-th and the j-th electron. The wave function describing an N-
electron atomic state, characterized by the total angular momentum J, the projection value of angular
momentum M, and parity p, is assumed in the form [58], (Eq. 6)

s (JMP) Zcm D (Y JMP) ©)

where @ (v,,JMP) are N-electron configuration state functions (CSFs) built from one-electron Dirac
spinors, ¢, (s) are the configuration mixing coefficients for state s, and ~,, contains all information
necessary to uniquely define the respective CSFs. All the states (with given quantum numbers) cor-
responding to the set of initial and final configurations are simultaneously taken into account in the
MCDF calculations [60, 61, 62, 63, 64, 65] to determine the x-ray line positions and spectra structure.
It must be underlined that the application of the relativistic MCDF method, taking into account Breit
interaction and two quantum electrodynamics (QED) corrections (self-energy and vacuum polarization),
and a finite size nucleus model (with a two-parameter Fermi charge distribution) is crucial to reliably
determine the significant atomic parameters with the highest possible accuracy. We expect the accu-
racy of the simulations to be high, partly because some of the approximations included in the code
tend to affect the energy values involved in a similar way, so that their effect may partly disappear from
differences. Consequently, we estimate that the associated uncertainty for the calculated positions of
the lines is 0.2 eV at worst.

The theoretical values are presented in Tables 5 and 6 together with the experimental values and
Bearden’s and Deslattes experimental ones.

4 X-ray emission spectroscopy

4.1 Experimental determination of /. diagram lines

In the present work, we used a Rigaku (3580EKI) double-crystal spectrometer integrated in a cham-
ber of which the temperature is controlled within 035.0 + 0.5°C. The experimental conditions for the
measurements are given in Table 3, and a metal foil sample of gadolinium (Nilaco Co. Ltd., purity of
99.9 % with an impurity of ~0.1 % of Fe) was used. Using this spectrometer, the true full-width at
half-maximum (FWHM) of the emission line can be determined by a simple subtraction of the convo-
lution in the crystal dispersion from the FWHM of the measured emission line [26, 33] (see Ref. [71]
for details). With a Rh end-window x-ray generator operated at 40 kV, 60 mA, the emitted L spectra
in Gd (see Figs.2, 3, and 4) were recorded with a gas proportional counter in the symmetric Si (220)
and Ge(220) Bragg reflection of the double-crystal spectrometer at an angular step of 0.001 or 0.002
degree in 26. The vertical divergence slit is 0.573 degree in this spectrometer. Acquisition time was
20 to 80 s/point (see Table 3). We checked the Cu Ka; 2 diagram lines as standard lines in order to
evaluate the reproducibility in the double-crystal x-ray spectrometer while measuring the Gd La; 2 and
Lp,4 diagram lines for comparison with those reported by Ito et al. [26]. An example of these results
is presented in Table 4 for the Cu Ko, 2 lines. The CF values of the K«;; and Kay; diagram lines are
very consistent with those of the lines from Ito et al. [26] (Table 4). Neither smoothing nor correction
was applied to the raw data. Each spectrum was repeated three times. The values of Deslattes’ et al.
[5] were used as initial parameters for the L diagram lines in the fitting process.



’ line ‘ analyzing crystal ‘ accumulation time (s/point) ‘ step (deg.20) ‘ Voltage (kV) ‘

Lo 2 Si(220) 60 0.001 40
LpB1,4 Si(220) 80 0.001 40
Lf1,2,3,4,6,9,10,15 Ge(220) 20 0.002 40

Table 3: Experimental conditions of the measurements using a two-crystal x-ray spectrometer on a
metallic foil of gadolinium . The measurements were repeated 3 times under vacuum with a rhodium
anode at 60 mA current.

Lines Energy (eV) FWHM (eV) Al NIR
Exp. ‘ Campbell [72]
Koy 8047.76(8) 2.696(9) 1.155(7) 100
Kasg 8027.73(8) 3.134(24) 1.150(12) | 50.92(20)
AEy(Kai — Kaz) 20.03(4)
Kai 8047.76(8) | 2.243(14)* 2.1 100
Kaio 8045.23(9) 2.99(13) 10.99(69)
Kag 8027.96(5) 2.56(5)* 2.53 40.6(21)
Kasgo 8026.38(7) 3.22(10) 16.5(22)
AEy(Kai1 — Kaz1) 19.79(4)

Table 4: The averaged fitting parameters for the Cu K« 2 spectra using four symmetric and two asym-
metric Lorentzians. A four Lorentzian functions fitting is used for the contribution of the shake pro-
cesses and obtaining the natural linewidths. NIR stands for the normalized intensity ratio, Al stands
for asymmetric index, * is the CF, i.e. the corrected FWHM from the instrumental resolution. In order
to investigate the stability of the spectrometer, Cu K« 2 emission lines were measured as the standard
lines. The primary target was Rh and the spectrometer crystal was Si(220) x 2.

4.1.1 The observed La, Ly and L3 emission spectra of gadolinium

The Gd Lo 2 and Ly, and LB; 23.46,9,10,15 Spectra were measured several times using a high-resolution
double-crystal x-ray spectrometer. These emission spectra are shown in Figs. 2, 3 and 4, respectively.
We measured the Gd Lo, 8 spectra with Cu Ka; 5 standard spectra in order to check the reproducibility
of the double-crystal spectrometer. Thus, the measurement sequence is repeated three times as fol-
lows; Cu Kaj 2-Gd L lines-Cu Ko 2-Gd L lines-Cu Ka;2-Gd L lines-Cu Ka; 2 (Table 4). Actually, to
obtain realistic uncertainties, the ones originating from the energy calibration have to be considered.
For example, absolute K«; » and Kf; 3 photon energies for all 3d elements from Cr to Cu can be found
in [9]. A well-known identification of the line shape is generally based on its FWHM and its intensity
ratio in x-ray emission lines. Both values allow for a comparison with other experimental results and
a general classification of our measurements relative to other reference data. However, it is notewor-
thy that various width values from previous measurements on the elements do not include complete
corrections for the instrumental broadening [9, 26]. The advantage of the double-crystal spectrometer
setup lies in the fact that the true FWHM of the emission line can be determined by a simple subtrac-
tion of the crystal dispersion from the FWHM of the measured emission line [71]. This approach was
employed in this work. The averaged line energies, observed FWHM, corrected FWHM (CF), and relative
intensity ratio in each Lorentzian model were determined as shown in Tables 5, 6 and 7, together with
the recommended natural line widths [72]. The Lorentzian fitting model was used for an analytical
representation of these lines [8, 9, 26, 33]. The uncertainties quoted in Tables 5, 6 and 7 are thus
only statistical uncertainties resulting from the fitting processes, and the limited reproducibility of the
experimental setup.
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Figure 2: The observed Lo » spectra of gadolinium shown with the Lorentzian functions used in the
fitting process [8, 73, 26, 33] were measured using the antiparallel double-crystal x-ray spectrometer
with Si(220) crystals.

’ Lines ‘ Energy (eV) ‘ FWHM (eV) ‘ NIR
Present Cauchois Deslattes [5] CF Campbell
Exp. Th. [3] Exp. Th. Exp. [72]
Loy (Ls — Ms) | 6056.85(34) | 6057.50(20) 6057.24 6057.37(88) | 6057.8(11) | 6.159(23) 4.67 100
Lag (L3 — M) | 6024.51(33) | 6023.00(20) 6025.03 6024.99(87) | 6024.0(12) 7.28(7) 4.67 13.04(16)
Ln (L2 — My)* | 6048.36(30) | 6047.91(20) 6049.27 6049.69(44) | 6048.3(16) 5.89(16) 16.67 8.40(32)

Table 5: The averaged fitting parameters for the Gd La; » spectra using three symmetric Lorentzians,
deriving the natural linewidths. NIR stands for the normalized intensity ratio, CF are the corrected
FWHM from the instrumental resolution. * indicates that the Lz diagram line superimposes the La;
satellite. The energy values are from Cauchois [3] and Deslattes et al. [5], respectively, and the FWHM
are from Campbell and Papp [72]. Uncertainties are indicated within parentheses. The primary target
was Rh and the spectrometer crystal was Si(220) x 2.

4.1.2 Lo;» and Ly emission spectra

In Table 5 we present the averaged energy, FWHM, CF and intensity ratios of the La;, Ln, and Lay
diagram lines together with the recommended FWHM reported by Campbell and Papp [72] for Gd. We
obtained the CF values for the Lo; 5 and Ln diagram lines from the observed FWHM through Tochio’s
method [71]. As mentioned in Table 5, the CF values of these Laj 2 (L3 — My ) lines are larger than
those from Campbell and Papp [72]. However, that of Ln (L — M;) line, 5.850 eV, is much smaller than
the one quoted in [72], i.e. 16.67 eV. The physical meaning of this difference in the Ly diagram line is
not clear. Moreover, the energy values of La; 2 and Ly lines are calculated and presented in Table 5.
They are very consistent with the observed ones as seen in this table.

Krish et al. [74] performed experiments on the evolution of the La; spectral line profile for ener-
gies larger than the L3 edge and below the L, absorption edge. They also performed resonant-Raman
scattering experiments in the vicinity of the L; absorption edge [75] to study the multi-electron tran-
sitions such as shake processes. Our Lao; s spectral profiles are very similar with those of Krish et
al., consequently, we could not be able to distinguish the Ly diagram line from L«a; satellite as they
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Figure 3: The observed Lf 2 34,6,9,10,15 spectra of gadolinium shown with the Lorentzian functions
used in the fitting process [8, 73, 26, 33] were measured using the antiparallel double-crystal x-ray
spectrometer with Ge(220) crystals.

superimpose.

4.1.3 [ emission spectra

For the measurements of these spectra, we used a Ge(220) double-crystal monochromator in the x-
ray spectrometer in order to investigate the intensity ratio of each diagram line more accurately. The
observed spectra of Lf 2.34,6,9,10,15 €mission lines are shown in Fig. 3. In Table 6, the diagram lines, the
averaged energy, FWHM, and intensity ratio are shown together with the recommended values reported
by Campbell and Papp [72], the experimental ones reported by Cauchois [3] and Deslattes et al. [5], and
theoretical values [5], respectively. The photon energy, FWHM, and the intensity ratio in each diagram
line were obtained using the fitting analyses. The L{; diagram line has a hidden satellite. In order to
make the reconfirmation of this satellite, the regions of the L3, and Lj3, spectral lines were measured
using the Si(220) analyzing crystals (Fig. 4). The averaged FWHM or corrected FWHM (CF) and intensity
ratio of LBy, LB, LB visible satellite and LS5, hidden satellite lines are presented in Table 7 together
with the recommended FWHM [72]. The CF of Lj; diagram line is larger than the recommended one,
that is, 5.87(4) and 4.82 eV, respectively. Moreover, Lf3;; line was confirmed at the photon energy of
7098.2(7) eV and is in excellent agreement with the value 7097.92 eV reported by Cauchois [3].

The peak at 7075 eV marked by X corresponds to the L34, an L3, satellite line reported by in the
table from Cauchois [3], originally in [77]. Krish et al. [74] observed the line “X” on such a spectrum
on the low energy side of the Lp, .5 diagram lines, using an excitation energy higher than the L;
absorption edge and lower than the L, edge. According to their suggestions, the two main peaks in the
Lfs 15 emission spectrum are not due to the spin-orbit interaction in the 4d shell, which is less than 0.2
eV. They are rather caused by magnetic and electrostatic interactions between the 4d and 4f electrons.
The two lines, separated by ~ 27 eV in their case and 26.42 eV in our case, are due to configurations
with the spin of 4d electrons either mostly parallel (line at 7102.104 eV) or antiparallel (line at 7075.692
eV) to the spin of the 4f electrons. The ejected photoelectron has dominantly spin-up character for the
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Figure 4: The observed Lfj; 4 spectra in gadolinium are shown with Lorentzian functions used in the
fitting process [8, 73, 26, 33]. These spectra were measured in details using the antiparallel double-
crystal x-ray spectrometer with Si(220) crystals described in the text. The Lj; visible satellite was
identified and the L3; hidden satellite was newly found.

line at 7075.69 eV and spin-down character for the line at 7102.10 eV.

4.2 Experimental determination of )/ diagram lines

We have investigated Gd M¢, Mo, M and M~ emission lines in detail using both the photon and
the electron bombardment methods. The former analyser is the anti-parallel x-ray spectrometer and
the latter is EPMA, respectively, and both spectrometers are using TAP(001) double-crystals. In the
photon bombardment method, the rhodium end-window generator was operated at 30 kV, 60 mA. The
emitted Ma, 3,y spectra of Gd were recorded with a gas proportional counter accumulating 20 seconds
per point, in the symmetric TAP(001) Bragg reflection of the double-crystal spectrometer at an angular
step of 0.005 degree in 20. The values of Bearden’s et al. [76] were used as initial parameters for
the M diagram lines in the fitting process. In the electron bombardment method, we used the 15 kV
accelerating voltage. As seen in Figure 5 right, the spectral profiles of M«, 8, diagram lines obtained
in EPMA are very similar to those from the photon bombardment method with the double-crystal x-ray
spectrometer. Moreover, a non-diagram line marked by D can be assigned by theoretical calculation as
seen in Table 9. The spectrum abscissa was calibrated with respect to the line M~; which is M3 — N5
as this is probably the binding energies we know best compared to other M lines.

4.2.1 The observed M«, M3, and M~ emission lines

The Ma, f and M~y diagram lines of gadolinium are presented in Fig. 5. In addition to these diagram
lines, four peaks are resolved and labeled as A-D. These peaks are presented in Table 9 together with
the results using EPMA. Bonnelle and Karnatak measured Gd M« and Mg in Gd metal and Gd2Os
compound [45]. They reported the effect of the compound, i.e. the chemical shift and the profile change.
After then, LaVilla measured M« and M emission lines in Gd;O3 and Yb3Ogs in order to investigate the
resonance radiation using the fluorescence method using the double-crystal x-ray spectrometer [47],
and indicated that Gd Ma and Mg emission lines in Gd2O3 compound have a different aspect from
those reported by Bonnelle and Kartanak.
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’ Lines Energy (eV) ‘ FWHM (eV) ‘ NIR

Present Cauchois Deslattes [5] Campbell
Exp. Th. [3] Exp. Th. Exp. [72]
LBy (L2 — My) 6713.42(13) | 6711.29(20) 6713.21 6713.4(11) 6711.1(12) 6.45(6) 4.82 100
L1 hid. sat. 6708.17(23) 8.7(4) 19.8(23)
L, vis. sat. 6737.49(25) 6741.05 9.47(21) 3.20(21)
LB4 (L1 — Ma3) 6686.67(11) | 6686.89(20) 6687.05 6687.3(11) 6684.8(23) 10.70(18) 9.40 14.08(19)
LBs (L1 — M3) 6831.50(16) | 6832.16(20) 6831.12 | 6831.0(11) 6829.9(23) 13.82(12) 12.10 25.22(29)
LBe (L3 — Nq) 6865.25(23) | 6865.94(20) 6866.98 6867.3(11) 6863.8(36) 14.1(7) 8.62 2.58(18)
X (LpB14) 7075.77(17) 7075.91 10.41(31) 7.55(23)
LpB1s (L3 — Ny) 7098.2(7) 7086.29(20) 7097.92 7103.0(12) 7093.9(26) 10.5(10) 5.1(26)
LBs (L3 — N5) 7102.38(18) | 7102.91(20) 7103.05 7101.77(55) 6.90(19) 6.05 35.2(22)
LB1o (L1 — My) | 7157.90(13) | 7157.43(20) 7160.31 7160.4(18) 7155.0(20) 5.3(9) 4.75 0.33(9)
LBg (L1 — Ms) 7190.75(12) | 7191.88(20) 7191.74 7191.6(19) 7188.8(19) 9.8(11) 4.75 0.89(12)

Table 6: The averaged fitting parameters for the Gd Lf12346.9,10,15 spectra using 11 symmetric
Lorentzians to derive the contribution of the satellite and obtaining the natural linewidths. NIR stands
for the normalized intensity ratio. The energy values are from Cauchois [3] and Deslattes et al. [5],
respectively, and the FWHM are from Campbell and Papp [72]. Uncertainties are indicated within
parentheses. The primary target was Rh and the spectrometer crystal was Ge(220) x 2.

Lines Energy (eV) FWHM (eV) NIR
Present Cauchois | Deslattes [5] Campbell
Exp. [3] Exp. Exp. [72]

L1 6713.60(4) 6713.21 6713.4(11) 5.87(5)* 4.82 100
Lp; hid. sat. | 6708.29(11) 7.85(25) 18.1(11)
LB vis. sat. 6737.47(6) 6741.05 7.7(4) 2.54(21)

LB4 6687.06(6) 6687.05 6687.3(11) 10.32(9) 9.4 14.27(22)

Table 7: The averaged fitting parameters for the Gd Lpj; 4 spectra using four symmetric Lorentzians
to obtain the contribution of the satellite and the natural linewidths. NIR stands for the normalized
intensity ratio, * is the CF, i.e. the corrected FWHM from the instrumental resolution. The energy
values are from Cauchois [3] and Deslattes et al. [5], respectively, and the FWHM are from Campbell
and Papp [72]. Uncertainties are indicated within parentheses.

4.2.2 Results and discussion

The features of lines named A and B observed in Figure 5 contain contributions from more than one
transition. The feature named C was assigned to a Mg satellite. The diagram lines M5 — Ny, M&
(Ms— N3), My— N2 and M, — N3 have energies compatible with the binding energies M; and N, presented
in Table 2 except for N3 for which we found a difference of 20 eV. The May 1 (M5 — Ng7) at 1178.60 eV
and M S (M4 — Ng) at 1209.84 eV gives Ng7 = 11.5 eV and Ng = 10.26 eV, which are compatible. These
two peaks are surrounded by five other contributions. At energies 1160.2 and 1165.6 eV, we identify
the M5 — O, and M5 — O3 diagram lines, respectively. In this case, O2 should take the value of 29.9 eV,
and O3, 24.5 eV. At 1188.5 and 1193.6 eV, we identify M, — O, and M, — O3z, respectively. This gives 31.6
and 16.5 eV for O, and O3, respectively. Finally, the closed shells O, (5p'/2) and Os (5p°/?) are derived at
30.7 eV and 25.5 eV, respectively. Finally, the peak at 1541.1 eV is ascribed to the M35 — O45 because
its level is very close from the binding energy.

Almost similar results are obtained with the photon bombardment experiment although the sig-
nal/background ratio is not as good as compared with that in EPMA. We performed the same consid-
erations for May1 (Ms — Ng7) at 1177.72 eV and M (M, — Ng) at 1208.97 eV, which gives Ny 7 = 12.4
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Excitation Lg — M475 M4,5 — N6’7
method [76] ‘ present [47] ‘ present | Diff.
photons (x-rays) | 32.2 32.34 30.5 31.25 1.09
electrons (EPMA) 30.6

Table 8: M4-Mb5 splitting (in eV).

Lines Energy (eV) ‘ Widths (eV) ‘ NIR
Present Bearden | Cauchois FWHM FWHM
Exp. (Fluo) Exp. (EPMA) Th. [76] [3] Exp. (Fluo) | Exp. (EPMA) (Fluo)
Ms — No 896.2(4) 16(3)
MEg1(Ms — N3) 915.14(3) 912.24(20) 914 913.74 8.9(2)
My — No 927.0(3) 9(2)
My — N3 945.0(6) 17(3)
A 1165.03(49) 11.1(9) 31.8(14)
Ms — O2 1160.2(10) 3(3)
Ms — O3 1165.6(6) 1165.27 6.2(20)
Mag 1 (Ms — Ne,7) | 1177.72(47) 1178.60(10) 1174.37(20) 1185 1180.47 5.06(52) 3.9(4) 47.2(13)
B 1193.0(5) 1187.03 11.9(8) 69.9(17)
My — O2 1188.5(5) 3.5(19)
My — O3 1193.6(5) 8.2(13)
MpB (My — Ng) 1208.97(47) 1209.84(4) 1208.97(20) 1209.1 1209.97 4.53(37) 3.21(9) 100
Mp sat. 1221.3(5) 1222.0 11.4(10) 5.3(16) 29.6(16)
D 1379.6(4) 1381.7(18) 1385.99(20) 12.1(27) 10(4) 3.7(15)
M~1 (M3 — N5s) 1403.1(5) 1404.4(2) 1402.68(20) 1402 1401.83 11.96(88) 13.3(5) 32.1(15)
Ma — Ny 1531.63(20)
M3 — Oy 5 1544.1(5) 1541.17 13.5(15)

Table 9: The averaged fitting parameters for gadolinium M«, 5, spectra are shown for both the fluo-
rescence and EPMA methods together with the theoretical calculations. NIR stands for the normalized
intensity ratio. The energy value refers to Bearden [76] and Cauchois [3]. Uncertainties are indicated
within parentheses. The primary target was Rh and the spectrometer crystal was TAP(001) x 2.

eV and Ng = 11.1 eV. The N and O binding energies evaluated are averaged (when several values were
derived) and gathered in Table 2 with other values from the literature for comparison.

The peaks of the Ma and M3 emission lines obtained in fluorescence permits the measurement of
the M, — Ms spin-orbit splitting. The M, — M; splitting is ascertained also from the L3 — M, 5 emission
lines in Table 8. The splitting derived from the L; — M, 5 lines is larger by about 1.09 eV, which is
similar to that reported by LaVilla [47]. He suggested that the difference is attributed to electrostatic
interaction between the open 3d and 4f shells and when the 4f shell (Vg ;) is completed and lies deeper
in the atoms as at higher Z number, the M, — M; splittings from the Ls — My s and M, 5 — Ng emission
lines are equal within experimental uncertainties.

5 Conclusion

This work proposes a consistent set of binding energies and diagram lines energies for the L and M
subshells of gadolinium by combining complementary x-ray techniques and a theoretical approach. We
measured the mass attenuation coefficients of gadolinium in a large range from 100 eV to 25 keV using
a well-established methodology, included reliable uncertainties. These values were used to derive the
Li23, Mi2345 and Ny2 345 binding energies that were used to check for consistency with the L lines
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Figure 5: a) The observed Ma, 3, spectrum of Gd obtained with the antiparallel double-crystal x-ray
spectrometer with TAP(001) crystals in photon bombardment. Several peaks marked by A, B. C, and
D are shown together with Lorentzian functions used in the fitting process. b) The observed Ma, 3,7, &
spectra of Gd measured using EPMA method with analysing crystal TAP(001).

and to identify the M diagram lines. The gadolinium L and M spectral lines were measured accurately
using the anti-parallel crystals x-ray spectrometer, and were compared with the most recent theoretical
calculations that consider the electronic transitions. Moreover, the natural linewidths of Loy » and LS,
diagram line were derived from the FWHMSs obtained in the present study. The LS; hidden satellite,
the Lf;5; diagram line and a non-diagram line named L4 reported by Cauchois were confirmed. We
report for the first time on the precise identification of the Gd M emission lines M5 — O3, M4 — O3 3 and
My — N273 diagram lines.
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