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Experimental determination of L-subshell x-ray production cross sections
for La, Ce, Pr, and Nd by electron impact
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L-subshell x-ray production cross sections induced by electron impact were determined for La, Ce, Pr, and
Nd in the incidence energy range of 5.7–25 keV. The experiments were carried out by irradiating thick samples
in a field-emission scanning electron microscope equipped with an energy-dispersive spectrometer. The x-ray
spectra were then analyzed using a previously developed optimization software, which accounts for bulk effects
through a model for the ionization depth distribution function. The x-ray production cross sections obtained were
compared with theoretical predictions, using different relaxation data reported in the literature. A good agreement
is obtained for the L2 and L3 subshells when the distorted-wave Born approximation model is used along with the
relaxation parameters reported by Perkins et al. [Technical Report UCRL-50400, Vol. 30, Lawrence Livermore
National Laboratory, Livermore, CA, 1991]. However, for the L1 subshell, the theoretical curves systematically
underestimate the measurements in the high-energy region, evincing the need for further determinations of the
fluorescence yield coefficient for this subshell.
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I. INTRODUCTION20

Knowledge of inner-shell ionization cross sections by elec-21

tron impact is crucial in many areas of both basic and applied22

physics. Reliable values of these cross sections are required,23

for instance, to perform realistic calculations of correction fac-24

tors for the x-ray intensities in electron probe microanalysis,25

to model electron and photon radiation transport in Monte26

Carlo simulations, and to develop analytical descriptions of27

electron-induced x-ray spectra.28

Despite decades of extensive experimental and theoretical29

efforts, a complete understanding of how inner-shell ioniza-30

tion cross sections depend on the atomic number and the31

incident electron energy remains elusive. Theoretical models32

such as the plane-wave Born approximation [1] or a more re-33

fined formalism using the distorted-wave Born approximation34

(DWBA) [2] provide predictions for these quantities; how-35

ever, their accuracy can only be evaluated through comparison36

with experimental data.37

For the K shell, many elements and energy ranges have38

already been addressed by experimental determinations. In39

a recent work [3], 2509 experimental data points were com-40

piled, although some elements and energy ranges still have to41

be explored.42

The situation of L shells is significantly more limited. No43

data exist for numerous elements along the periodic table. Par-44

ticularly for lanthanides, the number of available experimental45

results is very scarce [4]. This lack of reliable measurements46

is mainly due to the fact that the energy spacing between L1,47

L2, and L3 subshells frequently produces line overlappings48

*Contact author: slimandri@unc.edu.ar

for each of these elements, which hinders the appropriate 49

deconvolution of the emission lines involved—particularly 50

relevant when an energy-dispersive spectrometer is used in 51

the experiment. In addition, in this region of the periodic 52

table, Coster-Kronig transition probabilities become quite im- 53

portant, and the atomic relaxation data necessary to compare 54

with theoretical models for ionization cross sections are de- 55

terminant [5,6]. No data are available in the literature for Pm 56

and Tb, while for La, Ce, Pr, Nd, Eu, Er, and Yb, the existing 57

scarce measurements are limited to a few relativistic energies 58

[7–10]. Although a larger volume of data can be found for Sm, 59

Gd, Dy, Ho, and Tm [7–9,11–17], in each case there are no 60

measurements in the same energy range by different authors 61

which would validate the trends observed. Recent data for Lu 62

Lα and Lβ have also been reported for a single electron energy 63

[18]. Given the limited amount of measurements available 64

for keV electrons, a comparison between different theoretical 65

models is very difficult to perform. This underlines the need 66

for further experimental determinations. 67

The properties of rare-earth elements have been the subject 68

of increasing interest in recent decades due to the multiple 69

applications of materials containing these elements. Some 70

examples include the use of Nd in permanent magnets [19] 71

and of several rare-earth elements in the petroleum industry 72

[20], in catalysis [21], in manufacturing of nickel-metal hy- 73

dride batteries, which are widely used in hybrid and electric 74

vehicles [22], etc. 75

In this work, x-ray production cross sections for the L1, L2, 76

and L3 subshells of La, Ce, Pr, and Nd by electrons impact 77

in the 5.7–25 keV incidence energy range were experimen- 78

tally determined. To this aim, x-ray spectra acquired from 79

bulk standards were processed through a careful methodology, 80

implemented in a software previously developed [23]. The 81
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results are compared with theoretical calculations of ion-82

ization cross sections converted to x-ray production cross83

sections by using different sets of fluorescence yields and84

Coster-Kronig transition probabilities.85

II. EXPERIMENTAL86

The x-ray emission spectra induced by electron impact87

were obtained from lanthanide thick solid standards (Micro-88

Analysis Consultants LTD): LaB6, CeAl2, PrF3, and NdF389

for lanthanum, cerium, praseodymium, and neodymium, re-90

spectively. According to the standard certificates, sample91

impurities are lower than 0.5 wt% in all cases, so their in-92

fluence on the x-ray spectra can be neglected. The standards93

are mounted on a nonconductive resin inside a brass block94

coated with a carbon thin layer to ensure adequate thermal95

and electrical conductivity.96

The targets were irradiated with an electron beam in a97

Carl Zeiss �igma field emission scanning electron micro-98

scope. The x-ray spectra were acquired by means of an99

energy-dispersive spectrometer based on an Oxford silicon100

drift detector with an AZtec characterization system, whose101

front window is an ultrathin polymer layer, supported by a102

380-µm-thick silicon grid with 77% open area. The detector103

intrinsic efficiency ε was determined in a previous work [24].104

The incident electron energies Eo used were between 5.7105

and 25 keV. The beam currents used, measured with a Faraday106

cup before and after recording each spectrum, ranged from107

120 to 1700 pA, with beam fluctuations below 1.5%.108

III. METHODOLOGY109

The spectra were processed by means of the software110

POEMA [23], which has been previously developed and suc-111

cessfully applied for determining x-ray production cross112

sections for K , L, and M shells in several elements [5,6,24–113

26]. The method implemented in this software involves the114

minimization of the (weighted) quadratic differences χ2 be-115

tween the experimental spectrum and an analytic function116

depending on refinable instrumental and atomic parameters;117

among these atomic parameters, attention is focused on the118

x-ray production cross sections. A brief overview of the ex-119

pressions used to describe each spectrum is provided in the120

next section, and a more detailed description can be found in121

Ref. [24].122

A. Spectral description123

The analytic expression considered to account for the x-ray124

intensity Ĩn at the nth channel can be written as125

Ĩn = B(En) +
∑

νkq

PνkqSνkq(En), (1)

where B(En) corresponds to the background intensity contri-126

bution at the energy En of the nth channel [27], and P and127

S are, respectively, the intensity and the function employed128

for describing the peak profile—a Gaussian function for the129

spectrometer used in this work. For each element ν in the irra-130

diated sample, k refers to the atomic shell where the primary131

vacancy associated with the characteristic line q occurs. For a132

mass concentration Cν and a beam current i running during a 133

live acquisition interval �t , the intensity factor Pνkq in Eq. (1) 134

is expressed as 135

Pνkq = i�t

e
Cνσ

x
νk pνkq (ZAF )νkq ε(Eνkq)

�


4π
, (2)

where e is the elementary charge; Eνkq is the q-line charac- 136

teristic energy; pνkq is the corresponding relative transition 137

probability (RTP); the matrix correction factors Z , A, and 138

F are related to the so-called atomic number, absorption, 139

and fluorescence corrections [28], respectively; ε(Eνkq) is the 140

detection intrinsic efficiency; �
/(4π ) is the solid angle 141

fraction subtended by the detector [24]; and σ x
νk is the x-ray 142

production cross section for the k subshell of interest at the 143

incident electron energy Eo. The software estimates the Z , 144

A, and F factors by using the ionization depth distribution 145

function, for which the modified Gaussian model proposed by 146

Packwood and Brown [29], with parameters given by Riveros 147

and Castellano [30], is used, whereas the F factor is assessed 148

according to the traditional Reed’s model [31], although it is 149

negligible for the samples involved in the present work. 150

The effect of the carbon coating, related to the attenuation 151

and energy loss of the incident electrons and to the absorp- 152

tion of the emitted x-rays, is properly accounted for by the 153

software according to a previous study based on Monte Carlo 154

simulations [32]. To determine the carbon coating thickness, 155

an x-ray spectrum originating in a region of the brass support 156

close to the standards used was recorded and fitted with the 157

software. As a result of the fitting, a value of 8.4 ± 0.3 nm for 158

the carbon coating thickness was obtained. 159

After traversing the surface carbon layer, the actual energy 160

Eo of the incoming electrons may differ from the nominal 161

value for several reasons, including energy loss in the carbon 162

film, calibration of the electron beam energy, and minor charg- 163

ing effects that are not fully compensated by the conductive 164

coating. To account for the latter two issues, the Duane-Hunt 165

limit EDH [33] was determined as the maximum energy of the 166

detected bremsstrahlung photons in each spectrum. The en- 167

ergy loss due to the coating was estimated using the software 168

[32], with EDH as input. The effective incident energies differ 169

from the nominal values by 1.6% or less in all cases. 170

B. Fitting strategy 171

For each element, the spectrum acquired at 20 keV was 172

fitted in first place. To this aim, initial values for the charac- 173

teristic x-ray energies and the relative transition probabilities 174

were taken from the compilations by Bearden [34] and Perkins 175

et al. [35], respectively, and some of them were optimized 176

to attain a better description of the spectrum. The remaining 177

spectra were then fitted using the values obtained for these 178

parameters, which were kept fixed during the optimization 179

procedure. 180

In all cases, the characteristic peak widths were obtained 181

through the refinement of two global instrumental parame- 182

ters corresponding to the spectrometer noise and the Fano 183

factor associated with the detection system. In addition, the 184

zero and gain calibration parameters, as well as the back- 185

ground scale factor, were also optimized for each spectrum. 186

The contribution of these five parameters to the cross-section 187
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FIG. 1. X-ray spectrum for Nd at 20-keV incidence energy. Gray circles: experimental; solid black line: fit; solid gray line: background;
isolated peaks (dotted lines): characteristic decays to L3 (red), L2 (blue), and L1 (green) shells. The corresponding transitions for the lines
detected are listed on the right side.

uncertainties is negligible. Particularly, noise, Fano factor, and188

zero and gain calibration parameters were determined with189

high precision, since the fit quality is highly sensitive to these190

parameters. On the other hand, the background scale factor191

had a minor influence on the cross section values. Finally, as192

a result of the fitting procedure, the x-ray production cross193

section values σ x
νk for L1, L2, and L3 subshells were obtained194

for each element and incidence energy.195

IV. RESULTS AND DISCUSSION196

Figure 1 shows, as an example, the experimental spectrum197

for Nd at 20 keV, along with the analytical description and198

the corresponding background and characteristic-line contri-199

butions. As can be seen, a very good fit was achieved; in200

all cases, similar spectral structures and fitting qualities were201

found.202

As explained in Sec. III B, the optimization process203

followed to determine the x-ray production cross sections in-204

volved the refinement of some characteristic energies and205

RTPs in the 20-keV spectra. The values obtained for these 206

parameters are shown in Tables I and II, respectively. 207

Regarding the six characteristic energies determined, a 208

general agreement between the present data and those re- 209

ported by Bearden [34] can be observed. Nevertheless, some 210

discrepancies arise in La and Ce for the Lγ2,3 line, and in 211

Pr and Nd for the L
 line. It must be emphasized that these 212

transitions—particularly the L
 decay—exhibit peaks that are 213

not overlapped with other structures and are intense enough 214

to allow for a reliable determination. Some lines could not be 215

characterized due to their weakness. In those cases, character- 216

istic energies and RTPs were taken from the literature [34,35] 217

to carry out the fitting procedure. 218

In general terms, the RTPs determined show good agree- 219

ment with those reported by Perkins et al. [35]. The main 220

exception corresponds to the L
 line, for which the present 221

values are less than half of the data published in Ref. [35] 222

for the four elements studied. Scofield [36] determined RTP 223

values for Nd and obtained RTP = 0.015 for the L
 line, 224

quite below the present result. This suggests that the theo- 225

retical predictions for this particular transition rate are not 226

TABLE I. Characteristic x-ray energies in keV, obtained as a result of the optimization process along with values reported by Bearden [34].
Numbers in parentheses indicate the estimated uncertainties in the last digits.

La Ce Pr Nd

Transition This work Ref. [34] This work Ref. [34] This work Ref. [34] This work Ref. [34]

L1N2,3 (γ2,3) 6.054(3) 6.060(1) 6.316(2) 6.325(1) 6.599(2) 6.598(1) 6.879(3) 6.883(2)
L1O2,3 (γ4) 6.23(2) 6.252(1) 6.55(1) 6.528(1) 6.81(1) 6.815(2) 7.07(1) 7.107(2)
L2M4 (β1) 5.0409(4) 5.0421(1) 5.2602(5) 5.2622(7) 5.4881(5) 5.4889(7) 5.7194(6) 5.7216(5)
L2N4 (γ1) 5.786(1) 5.7885(8) 6.048(1) 6.052(1) 6.317(1) 6.322(1) 6.595(1) 6.6021(7)
L3M1 (
) 4.123(2) 4.124(4) 4.289(2) 4.2875(6) 4.465(2) 4.4532(6) 4.639(2) 4.6330(7)
L3N4,5 (β2,15) 5.3810(7) 5.3835(7) 5.6104(7) 5.6134(5) 5.8499(7) 5.850(1) 6.0877(8) 6.0894(9)
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TABLE II. RTPs obtained as a result of the optimization process along with values reported by Perkins et al. [35]. Numbers in parentheses
indicate the estimated uncertainties in the last digits.

La Ce Pr Nd

Transition This work Ref. [35] This work Ref. [35] This work Ref. [35] This work Ref. [35]

L1M2,3 (β3,4)a 0.83(1) 0.789 0.80(1) 0.789 0.80(1) 0.788 0.81(1) 0.787
L1N2,3 (γ2,3) 0.160(9) 0.184 0.184(7) 0.184 0.180(7) 0.185 0.166(8) 0.186
L1O2,3 (γ4) 0.010(4) 0.027 0.016(3) 0.027 0.020(4) 0.027 0.024(5) 0.027
L2M1 (η) 0.034(3) 0.039 0.035(4) 0.038 0.021(2) 0.036 0.045(8) 0.035
L2M4 (β1) 0.84(2) 0.823 0.83(2) 0.825 0.85(2) 0.819 0.82(2) 0.826
L2N4 (γ1) 0.131(4) 0.138 0.134(3) 0.137 0.132(3) 0.137 0.138(5) 0.140
L3M1 (
) 0.031(1) 0.072 0.032(1) 0.069 0.032(1) 0.067 0.032(1) 0.065
L3M4,5 (α1,2)a 0.82(3) 0.791 0.82(3) 0.793 0.82(2) 0.793 0.82(3) 0.795
L3N4,5 (β2,15) 0.140(3) 0.129 0.137(2) 0.129 0.135(2) 0.130 0.138(3) 0.131

aThese two lines were processed jointly.

thoroughly trustworthy. On the other hand, the present exper-227

imental results appear to be reliable, given that the L
 line is228

not overlapped and is sufficiently intense, as can be observed229

in Fig. 1. Note that both the Lα1 and Lα2 lines and the Lβ3230

and Lβ4 lines were treated jointly due to their proximity,231

maintaining their intensity ratios to coincide with those found232

in the literature.233

The x-ray production cross section values obtained as a234

result of the spectral processing are presented in Table III,235

along with the nominal incidence energy, the Duane-Hunt236

limit, and the effective electron energy after crossing the237

carbon conductive layer. The relative uncertainty in the x-238

ray production cross section was estimated as the quadrature239

sum of the relative uncertainties in the main error sources 240

in Eq. (2), i.e., the net predicted characteristic intensities, 241

the ZA factors, and the solid angle �
 (the uncertainty in 242

the beam current and the intrinsic detector efficiency do not 243

contribute significantly to the overall error). The uncertainty 244

in the peak intensities was assessed by analyzing the fit quality 245

when varying global peak scale factors embracing decays to 246

each subshell. In addition, the uncertainty associated with the 247

matrix correction factors was estimated from the variation in 248

the x-ray production cross sections due to the differences in 249

the Z and A factors obtained by using two parametrizations 250

of the Gaussian model of Packwood and Brown [29]: the one 251

suggested by Riveros and Castellano [30] and that by Bastin 252

TABLE III. X-ray production cross sections for the L subshells of La, Ce, Pr, and Nd. The second column corresponds to the nominal
incidence energy, the third one is the Duane-Hunt limit, and the fourth column represents the electron energy after traversing the carbon
conductive layer. Numbers in parentheses indicate the estimated uncertainties in the last digits.

E EDH Eo σ x
L1

σ x
L2

σ x
L3

E EDH Eo σ x
L1

σ x
L2

σ x
L3

(keV) (keV) (keV) (barns) (barns) (barns) (keV) (keV) (keV) (barns) (barns) (barns)

25 24.78 24.76 47(4) 130(9) 290(20) 25 24.76 24.73 47(3) 132(8) 290(20)
La 20 19.82 19.79 49(3) 141(8) 320(20) Ce 20 19.91 19.88 48(3) 140(7) 310(20)

15 14.87 14.83 50(3) 158(9) 370(20) 15 14.95 14.91 48(3) 140(8) 330(20)
12 11.87 11.82 47(4) 150(10) 350(20) 12 11.94 11.89 41(3) 130(8) 310(20)
10 10.08 10.02 38(3) 119(9) 300(20) 10 10.12 10.06 32(3) 102(8) 250(20)
8 8.04 7.97 24(3) 75(8) 210(20) 8 8.16 8.09 14(2) 59(7) 160(20)
7 7.07 6.97 5(1) 41(6) 140(20) 7 7.09 7.01 6(1) 25(4) 100(10)

6.7 6.78 6.70 1.2(7) 27(5) 96(16) 6.7 6.82 6.74 12(3) 70(10)
6.5 6.57 6.48 0.3(6) 19(3) 86(15) 6.5 6.59 6.50 8(2) 60(10)
6.2 6.29 6.20 6(1) 58(12) 6.2 6.28 6.19 34(8)
5.9 5.99 5.90 30(7) 5.9 5.96 5.87 11(3)
5.7 5.77 5.67 13(4)

25 24.62 24.60 47(3) 139(8) 300(20) 25 24.79 24.77 51(4) 134(9) 300(20)
Pr 20 19.77 19.74 50(2) 145(7) 330(10) Nd 20 19.92 19.89 49(3) 141(8) 310(20)

15 15.01 14.97 45(3) 142(7) 320(20) 15 15.00 14.96 47(3) 137(8) 320(20)
12 11.92 11.87 39(3) 130(7) 310(20) 12 11.92 11.87 43(3) 122(7) 290(20)
10 10.12 10.06 30(2) 98(6) 250(20) 10 10.10 10.04 28(2) 90(6) 230(20)
8 8.09 8.02 15(2) 50(5) 150(20) 8 8.06 7.99 9(1) 30(5) 130(20)
7 7.07 6.99 19(3) 80(10) 7 7.14 7.06 4(2) 60(10)

6.7 6.83 6.75 7(1) 50(10) 6.7 6.86 6.78 34(7)
6.5 6.60 6.51 40(8) 6.5 6.57 6.48 20(5)
6.2 6.30 6.21 16(4)
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FIG. 2. Main contributions to the uncertainties of lanthanum x-
ray production cross sections. Solid angle: gray dotted line, ZAF
factors: black dashed line. Global peak scale factors: color solid lines
(L1, green; L2, blue; L3, red).

et al. [37]. Finally, the solid angle fraction subtended by the253

detector and the corresponding uncertainty were determined254

in a previous work as �
/(4π ) = 0.0024 ± 0.0001 [24].255

The contributions of the different error sources for the case256

of lanthanum are shown in Fig. 2 as an example—a similar257

behavior was found for the other elements. It can be seen that258

the main contribution corresponds to the model used to assess259

the ZA corrections, except for the L1 group, where the error260

introduced by the peak scale factor is the most important for261

low incidence energies and becomes comparable at interme-262

diate and high Eo values.263

In order to compare experimental results with theoretical264

prediction, the theoretical predicton for the ionization cross265

sections must be transformed into x-ray production cross sec-266

tions. For the element j in the sample, the x-ray production267

cross section corresponding to the Li subshell, σ x
Li

≡ σ x
νLi

, can268

be written as269

σ x
Li

= ωLi σ̃Li ,

where ωLi is the fluorescence yield and σ̃Li is the final vacancy270

production cross section, which in turn can be expressed in271

terms of the ionization cross sections σLi as follows:272

σ̃L1 = σL1 ,

σ̃L2 = σL2 + f12σL1 ,

σ̃L3 = σL3 + f13σL1 + f23(σL2 + f12σL1 ),

with fi j being the probability of a vacancy migration from Li273

to Lj subshells through a Coster-Kronig transition. Table IV274

lists the values of ωLi and fi j given by different authors and275

considered in this work.276

Figures 3 and 4 show a comparison of the present results277

with the calculations of Bote et al. [40] performed on the278

basis of the DWBA, using the datasets for ωLi and fi j given in279

Table IV. A reasonably good agreement is obtained for L2 and280

L3 subshells, particularly when the DWBA theoretical model281

is combined with the relaxation parameters given by Perkins282

TABLE IV. Fluorescence yields and Coster-Kronig coefficients
taken from the literature to convert σLi values into σ x

Li
values.

Element Ref. ωL1 ωL2 ωL3 f12 f13 f23

La [35] 0.0544 0.111 0.111 0.203 0.332 0.180
[38] 0.055 0.103 0.104 0.19 0.29 0.153

Ce [35] 0.0574 0.119 0.118 0.206 0.332 0.176
[38] 0.058 0.110 0.111 0.19 0.29 0.153

Pr [35] 0.0604 0.127 0.125 0.208 0.333 0.174
[38] 0.061 0.117 0.118 0.19 0.29 0.153

Nd [35] 0.0635 0.136 0.132 0.209 0.333 0.172
[38] 0.064 0.124 0.125 0.19 0.30 0.152
[39] 0.0746 0.133 0.135 0.207 0.303 0.141

et al. [35]. For these subshells, the same behavior is observed 283

for all the studied elements: the theoretical curves overesti- 284

mate the cross sections at low energies, especially near the 285

binding energy, where the performance of the parametrization 286

proposed by Bote et al. [40] is less accurate, and the orig- 287

inal DWBA model presents numerical difficulties [41]. For 288

higher energies (E � 10 keV), the agreement improves and 289

the experimental data lie within the band determined by the 290

theoretical curves considering one standard deviation. In some 291

cases (Pr-L2 and Nd-L2), the models slightly underestimate 292

the measurements, although they lie within the experimental 293

error bars. 294

For the L1 subshell, the theory also overestimates the cross 295

section at low energies. However, in the higher-energy region, 296

only the Nd curve obtained using McGuire’s fluorescence 297

yield [39] gets closer to the experimental values; the general 298

trend is to underestimate the experimental data, being more 299

pronounced when using the atomic relaxation parameter sets 300

given by Perkins et al. [35] and Krause [38]—with differences 301

of up to ∼30% in some cases. Nevertheless, it must be no- 302

ticed that the results obtained for the L1 group appear to be 303

reliable, since this group presents a strong characteristic line 304

that does not overlap with others (see the Lγ2,3 line in Fig. 1). 305

In addition, even though the Lβ3 and Lβ4 decays—to the 306

L1 shell—overlap with the Lβ1 peak, the corresponding σ x
L2

307

values are in very good agreement with the theoretical data, 308

which suggests that the deconvolution process has been suc- 309

cessfully carried out. It is worth noting that for the L1 subshell, 310

only the fluorescence yield ωL1 is needed for converting the 311

theoretical ionization cross section into an x-ray production 312

cross section. DWBA calculations have been proven to de- 313

scribe reasonably well the scarce experimental data available 314

for the L-subshell ionization cross sections [42–45], which 315

suggests that the origin for these discrepancies must be at- 316

tributed to the fluorescence yield ωL1 . As can be seen in Fig. 5, 317

in the atomic number range of interest, the published data 318

are scarce; particularly, the values recommended by Campbell 319

[46] for higher atomic numbers support the ωL1 trend reported 320

by McGuire [39] in the lanthanide range. 321

V. CONCLUSION 322

In this work, experimental values of the electron-impact- 323

induced L-subshell x-ray production cross sections of La, 324
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FIG. 3. X-ray production cross sections for La and Ce. Spheres: present experimental results; lines: data derived from ionization cross-
section values calculated by means of a DWBA-based model [2] converted to x-ray production cross sections using different sets of ωLi and
fi j parameters: Ref. [35] (violet), Ref. [38] (orange).
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FIG. 4. X-ray production cross sections for Pr and Nd. Spheres: present experimental results; lines: data derived from ionization cross-
section values calculated by means of a DWBA-based model [2] converted to x-ray production cross sections using different sets of ωLi and
fi j parameters: Ref. [35] (violet), Ref. [38] (orange), and Ref. [39] (cyan).
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FIG. 5. Theoretical datasets for the L1 x-ray fluorescence yields
ωL1 , as a function of the atomic number. Gray solid symbol: Perkins
et al. [35]; green empty symbol: Krause [38]; blue empty symbol:
McGuire [39]; red solid symbol: Campbell [45].

Ce, Pr, and Nd were determined for incidence energies325

between 5.7 and 25 keV. The results obtained show a general326

good agreement with the DWBA theoretical model within the327

spread related to the dispersion of the relaxation parameters328

required to convert ionization into x-ray production cross329

sections, except for the L1 subshell. In this case, the theoreti-330

cal curves systematically underestimate the measurements for331

E > 10 keV, which might be attributed to incorrect values of332

the fluorescence yield ωL1 . The scarcity of experimental data333

for lanthanides and their great dispersion observed for larger334

atomic numbers encourage further investigations to obtain335

reliable estimates for this parameter.336

Regarding the characteristic energies and RTPs, the ob- 337

tained results are in good agreement with the data published 338

by other authors, except for some particular cases discussed 339

above. 340

This work provides useful data for the evaluation of 341

theoretical models of ionization-relaxation mechanisms, par- 342

ticularly within the atomic number range studied, given the 343

scarcity of experimental L-subshell x-ray cross sections for 344

rare-earth elements. In future contributions, measurements in 345

heavier rare-earth elements could be performed to extend the 346

present study. 347

Although the methodology used in this work has already 348

been applied to the determination of x-ray production cross 349

sections in pure bulk samples, it is worth emphasizing that 350

along the present work compound samples have successfully 351

been studied. This evidences the robustness of the previously 352

developed parameter optimization methodology. 353
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