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by electron incidence was studied. To this end, L X-ray spectra were measured with a wavelength
dispersive spectrometer, and processed by a parameter optimization method previously devel-

oped. A large set of atomic parameters corresponding to diagram transitions, such as relative
transition probabilities, characteristic energies and natural linewidths of the three elements were
determined. The results obtained are compared to the data found in the literature, when available.
In general terms a good agreement was observed, supporting recent calculations based on the
framework of the relativistic many-body problem in atoms. Spectral structures related to satellite
and radiative Auger emissions were also analyzed, and energy shifts and relative intensities were
determined. Many of these parameters were determined for the first time, which was possible due
to the robustness of the spectral processing method used, even in the cases of peak overlapping

and weak transitions.

1 Introduction

The analytical prediction of spectra in X-ray spectroscopic tech-
niques requires a good knowledge of several fundamental pa-
rameters, like characteristic energies, relative transition proba-
bilities (RTP), fluorescence yields, natural linewidths (I'), etc.1:2
Thus, an adequate set of experimental data for these parame-
ters as well as a good description of satellite lines and radiative
Auger emission (RAE) structures becomes crucial for a profitable
application of techniques such as electron probe microanalysis
(EPMA), X-ray fluorescence (XRF) or particle-induced X-ray emis-
sion (PIXE).3* On the other hand, the X-rays emitted in atomic
transitions contain useful information about atomic structure,
and several molecular and solid-state effects. A detailed study of
the X-ray emission involving decays from inner-shell hole atomic
states is therefore essential for a better understanding of the dif-
ferent processes that can take place as relaxation mechanisms.
Even when the spectral acquisition from pure known standards
irradiated with an electron beam may be considered as a routine
task, a more difficult challenge is to obtain from these spectra re-
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liable information about the fundamental parameters related to
the basic processes involved. To this purpose, a reliable method
to process experimental EPMA spectra has been previously devel-
oped®, which takes into account all the physical and instrumental
parameters involved: characteristic peaks, bremsstrahlung con-
tinuum, multiple ionization bands or peaks, radiative Auger emis-
sion (RAE) structures, detection artifacts, etc. The study of X-ray
emission in atomic transitions is not only very useful in several
spectroscopic techniques but it is also of interest in the field of
atomic physics, particularly to test theoretical models and some
approximations assumed in them. In the case of L lines, any con-
tribution is especially important due to the scarce data published.

The data available for the elements studied here include exper-
imental determinations re-evaluated by Bearden® and Cauchois
and Sénémaud’ for characteristic energies of Ru, Ag and Te, by
Ohno et al.® for natural linewidths of Ru and Ag, and by Par-
ratt? for RTPs, characteristic energies and natural linewidths of
Ag. On the other hand, theoretical calculations of characteris-
tic energies for all the transitions involved were carried out by
Indelicato et al. 19 and by Deslattes et al.}!, whereas RTPs were
assessed by Scofield 12. These parameters were also predicted by
Perkins et al. '3 for all diagram transitions. Finally, a set of natural
linewidths compiled by Campbell and Papp '# is also available for
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a large number of transitions for elements from Na to U. Never-
theless, values for several parameters studied were not found in
the literature for the elements considered.

In this work, the structure of L X-ray emission spectra induced
by electron incidence is studied for Ru, Ag and Te. These spec-
tra were measured by wavelength dispersive spectroscopy and
5 . processed using a robust fitting procedure based on a parame-
<, ter refinement method®, which takes into account all the spec-
tral features mentioned above. The set of data for Ag published
3 5 in the pioneering work of Parratt® was used to compare the re-
9 g sults of satellite relative intensities obtained here. In view of the
57 agreement found, the same parameters were investigated for Ru
28 and Te, elements for which no experimental data for satellite in-
a9 tensities are available. In addition, RAE structures were char-
20 acterized reporting, for the first time, numerical values for their
@1 energy shifts and relative intensities. Some N,_s5 and O; level
22 widths were also determined, for which no experimental data can

3 be found in the literature. Complementarily, relative transition
R4 probabilities, characteristic energies and natural linewidths were
@5 determined for a number of atomic transitions to the L subshells.
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@9 The spectra were measured with a commercial INCA Wave 700
gg wavelength dispersive spectrometer (WDS) attached to a Leo
32 1450VP scanning electron microscope. The Rowland circle has
a 21 cm radius, r, in a Johansson type arrangement, i.e., the crys-
= 4 tal is bent to radius 2r and ground to radius r. This geometry
5, ensures that all X rays originating from the irradiated point at the
g sample are diffracted along a large region of the crystal surface
&7 and are brought to focus at the same point on the detector, thus
g maximizing the collection efficiency of the spectrometer.

%9 The X-rays diffracted by a PET analyzing crystal were collected

by two proportional counters operated in tandem: the first one

is a P10 (90%Ar-10%CH,) flow counter and the second one is

a sealed Xe counter. All the spectra were collected at 29° take-
44 off angle, by irradiating pure bulk polished standards with a 20
45 keV electron beam. All three standards were carbon coated to
46 prevent from charge accumulation and thermal damage, particu-
47 larly in the case of Te, which bears a lower electrical conductivity.
48 The beam currents and live acquisition times for the three spectra
49 were in the ranges of 120-170 nA, and 110-160 minutes, respec-
50 tively.

5; With the aim of avoiding thermal fluctuations, the laboratory
53 temperature is kept almost constant; in this way, the spectrome-
54 ter energy calibration is carried out routinely and the associated
55 uncertainties are negligible. This calibration consists only in ad-
56 justing the global shift of the goniometer (zero parameter), with
57 the aid of a well known characteristic line from a pure standard.
58
59
60
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3 Spectral Analysis

The spectral processing was performed using the software PO-
EMA®, which is based on a method of atomic and experimen-
tal parameter optimization. This method involves the fitting of a
function which provides an estimate I; for the measured intensity
I;, as a function of the energy E; of channel i 1°.

I;=B(E))+ Y PySq(Ei) , €))
q
where B is the background radiation, S, is a function accounting
for the peak profile, which is Voigt for the characteristic lines, and
Gaussian for spectator hole transitions and RAE bands, and P, is
the intensity for the characteristic line ¢, which is described by

Py =Boypy(ZAF)4e(Eg) , )

where f is a constant proportional to the number of incident elec-
trons, o} = Q,wy is the X-ray production cross section for the ¢
subshell (i.e., the product of the final vacancy production cross
section O, and the fluorescence yield wy); pq and E, are the rela-
tive transition probability and the characteristic energy of the line
g, respectively; Z, A and F are the correction factors for atomic
number, absorption and fluorescence, respectively1°, and ¢ is the
spectrometer efficiency. The corresponding efficiency curve was
obtained from the comparison of two measurements of a particu-
lar spectrum: one of them carried out with an energy dispersive
spectrometer and the other one with the WDS whose efficiency is
searched. More details about the method for efficiency determi-
nation, and the obtained curve can be found elsewhere 7.

In the case of transitions to L shells, the final vacancy produc-
tion cross sections are related to the ionization cross sections Q;

by

O, = 0O 3)
O, = O +/MmoL, @
O, = QO +/f130L + /30, , (5)

where f;; is the probability of a Coster-Kronig transition from an
initial state with a vacancy in the L; subshell to a final state with
a vacancy in the L; subshell.

The optimization method consists in minimizing the quadratic
differences between the experimental spectrum and the analytical
function proposed (1):

N, (I_l _Ii)z

1

2

_ 6
L TNN, = O

=1

where N, is the number of channels and N, is the number of pa-
rameters to be refined.
The global parameters refined by POEMA are: the scale factor

This journal is © The Royal Society of Chemistry [year]

Page 2 of 10


http://dx.doi.org/10.1039/c5ja00498e

Page 3 of 10

(@rtaDogu Teknik 1) ,on P6/QYZHE6 12EBE - » co N
~NoO U A WNRO

involved in the bremsstrahlung prediction, the peak scale factor
B, the spectrometer calibration parameters and the description of
instrumental peak broadening. Individual parameters associated
to each peak or to specific peak groups can be also optimized by
the program, such as characteristic energies, relative transition
probabilities, natural linewidths, etc. Each of the latter represents
the Lorentzian component of the Voigt profile, whereas the instru-
mental broadening coefficient is related to the Gaussian compo-
nent. The refinement procedure must be carried out through a
cautious sequence of minimization steps in order to get the best
fit of the experimental spectrum. In addition, the physical valid-
ity of the results obtained in each step must be evaluated to avoid
local minima in the function to be minimized.

Roughly, the strategy for the spectral fitting was to sequentially
refine the global parameters in a wide spectral region including
all the characteristic peaks in a first stage. Then the individual
parameters characteristic energies, RTPs and natural linewidths
where optimized separately, which allowed us to proceed with
the refinement of the parameters related to satellite lines and RAE
structures. Finally, all the parameters where optimized together.

The uncertainties related to the parameters obtained were es-
timated by propagating the errors of the experimental channel
intensities by numerical differentiation!8. The meaning of this
procedure is to account for the influence of the statistical errors
inherent to the counts registered at each spectrometer position on
the estimated uncertainty for each optimized parameter. In order
to perform these calculations, all the relevant models involved in
the analytical description of the spectrum (;) were assumed to
be exact; this approximation is reasonable, since the main con-
tributions to the resulting uncertainties are due to experimental
statistical errors, which are more determinant in the case of weak
lines.

4 Results and discussion

Fig. 1 shows the experimental spectra of Ru, Ag, and Te. As can
be seen, a good fit was achieved, with x2 < 2 in all the cases. In
the case of Ru, Mo traces are evidenced through two weak L lines.
These lines were properly taken into account during the spectrum
fitting procedure, so they did not affect the determination of Ru
atomic parameters.

All the peaks observed in the spectra were identified as dia-
gram lines (labeled in the figures), spectator hole transitions or
RAE structures. For the sake of clarity, only spectator hole tran-
sitions will be referred to as satellite lines. The shoulders ap-
pearing close to some of the diagram lines are satellite and RAE
structures, which are discussed in subsection 4.4.

4.1 Characteristic energies

With the purpose of validating the calibration and the optimiza-
tion procedure performed, the characteristic energies obtained in

This journal is © The Royal Society of Chemistry [year]
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this work are compared with results published by Bearden®, Cau-
chois and Sénémaud” and Deslattes et al.!! in Table 1. Data
published by Perkins et al.13 strongly deviate from these sets of
data, and were thus excluded from the present comparison. The
software POEMA allows for the optimization of the calibration pa-
rameters zero and gain, which relate the analyzer crystal position
to the corresponding wavelength 1>. For the present assessments,
the gain value was taken from the default calibration settings,
while the zero value was fitted so that the energy of the most in-
tense peak in each spectrum (L3;Ms) matches the value reported
by Bearden®, in each case. Thus, the possible influence of the
goniometer offset is avoided. To estimate the uncertainty of each
transition energy, the fitting error was added in quadrature with
the error reported by Bearden® for the line L;M; taken as refer-
ence.

In Fig. 2, a comparison between the characteristic energies ob-
tained in this work and data available in the literature is given.
The differences between the data given by the other authors and
the ones determined in this work are below 1.5 eV in 80% of
the cases. The remaining cases correspond to four transitions of
Ru, three of Ag and five of Te. In the case of Ru, the character-
istic lines L3Ny 5, LoN; and LoNy reported by Deslattes et al.!!
show some discrepancy with the data obtained here, which are
slightly lower; the other two data sets, however, agree well with
the present results. In addition, the Ru LN, and L;Nj3 transitions
are considered as a doublet in Bearden® and Cauchois and Séné-
maud?; in situations like this, the comparisons displayed in Table
1 were carried out with the average of the values reported here
for the transitions involved. In this pair, although certain discrep-
ancy with Bearden® and Cauchois and Sénémaud” can be seen,
a reasonable agreement with Deslattes et al. 1! is observed.

For Ag, the energy of the L;N,-L; N3 pair obtained in this work
is below the values reported by the other three authors; neverthe-
less, although the disagreement between the present value and
the data given in Bearden® and Deslattes et al. 1! is considerable,
the discrepancy between these authors and Cauchois and Séné-
maud” is even greater. In addition, the energies reported in Des-
lattes et al.!! for the transitions LsN; and L,N; are higher than
the obtained in this work and in the other two references.

Finally, for Te, the greater discrepancies correspond to the
L3Ny, L,Nj, L;O,3 and L30; transitions, which represent very
weak lines (less than 1% of the total intensity of the correspond-
ing group in each case), and also to the L;N,-L{N3 pair, which
is considered a doublet for Bearden® and Cauchois and Séné-
maud’. It must be noticed, however, that for the last case, the
differences between the results presented here and some of the
data compared are similar to the discrepancies arising among the
other data themselves. This doublet is not properly described
with only two peaks not only for Te but also for Ag. It is important
mentioning that according to Deslattes et al. 1!, there is a dipolar
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F‘S Table 1 Characteristic energies (in keV). Numbers in parentheses indicate the estimated uncertainties in the last digit.
% Ru Ag Te
j Trans. This work Ref.® Ref. Ref. 1+ This work Ref.® Ref. Ref. *1 This work Ref.® Ref. Ref. t*
L3M; (D 2.2541(1) 2.25280 2.25270 2.254 2.6348(1) 2.63370 2.63363 2.634 3.3357(1) 3.33558 3.33545 3.335
§ L3My(0p) 2.5543(3) 2.55431 2.55438 2.5542 2.9786(2) 2.97821 2.97824 2.979 3.7591(3) 3.75879 3.75870 3.760
@ L3N, (Bg) 3.2550(3) 3.25603 3.25584 3.258 4.1698(3) 4.17325 417314 4174
& L3Ny 5(Ba.15) 2.8358(2) 2.83600 2.83598 2.8383 3.34801(4) 3.34781 3.34783 3.3478 4.3011(1) 4.30170 430160 43017
90 L1301 (B7) 4.3373(5) 432980  4.32999
LM, (1) 2.3819(2) 2.38197 2.38190 2.383 2.8069(2) 2.80610 2.80607 2.807 3.6057(2) 3.60590 3.60578 3.605
al LMy (B1) 2.68324(3) 2.68323 2.68326 2.683 3.15101(2) 3.15094 3.15109 3.151 4.02919(7) 4.02963 4.02953 4.030
3 2 LoN; (75) 2.8918(4) 2.89180 2.89179 2.896 3.4282(5) 3.42832 3.42819 3.430 4.4402(6) 4.44370 4.44359 4.445
3- LoNg (1) 2.9645(2) 2.96450 2.96447 2.9666 3.51996(5) 3.51962 3.5193 4.5711(1) 4.57093 4.57084 4571
a3 LM (Bs) 2.74110(7) 2.74110 2.741 3.20343(7) 3.20346 3.20332 3.203 4.0684(1) 4.06952 4.06944 4.069
4 L1 M3(B3) 2.76326(6) 2.76340 2.76327 2.763 3.23416(5) 3.23446 3.23427 3.234 4.11917(9) 4.12048 4.12040 4.120
LMy (B1o) 4.3551(9) 4.35516 4.35499 4.356
§5 L Ms(Bo) 3.4381(6) 3.43917 3.43901 3.438 4.3671(9) 4.36716 4.36698 4.366
LNz (1) 3.176(8) 3.176 3.7410(6) 3.74320 3.746 4.807(1) 4.821
ﬂ6 LiN;3 (73) 3.181(2) 318090 3.18109  57gq 3.7484(3) 374080  O74995  guue 4.8222(6) 482010 482905 g3
57 L1023 (1) 4.9327(7) 4.93690 4.93696
28
49
. 20 Ru A Te
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Fig. 2 Differences of the characteristic energies obtained in this work
respect to the values reported by other authors. Solid circles: Ref.®,
open triangles: Ref.”, open stars: Ref.!!. The transitions are ordered as
in Table 1.

forbidden transition (L;N;) with energy close to the LiN—-L;N3
peak. Unfortunately, there is no information about the RTP of
this decay, which hampers its inclusion in the spectral fit.

It must be noted that the characteristic energies of Ru L;M,
and Ag L,N, lines were not reported by Bearden®. These ener-
gies, however, were measured by Cauchois and Sénémaud?’ and
assessed by Deslattes et al.1l, and they are in very good agree-
ment with the present data.

The very good agreement between the present values and pre-
vious experimental data® in most of the transitions studied sug-
gests that the uncertainties due to the calibration procedure (and
not taken into account by the propagation of errors explained
above) are negligible. Any error in the instrument calibration
would translate into systematic deviations along all the energy
range considered, reducing the accuracy of the results obtained,
which clearly is not the case.

This journal is © The Royal Society of Chemistry [year]

Fig. 3 Percent differences of the RTP data obtained here relative to the
values reported by other authors. Open circles: Ref.®, solid triangles:
Ref. 13, open squares: Ref.'°. The transitions are ordered as in Table 2.

4.2 Relative transition probabilities
The RTP of an LiX; line is the probability of the corresponding
transition relative to all the decays to the L; subshell. The RTP
values obtained in this work are presented in Table 2, along with
the data reported by Scofield 1%, Perkins et al. '3 and Parratt®. To
normalize the RTPs, all the transitions observed experimentally
were taken into account. For Te, the set of transitions coincides
with the one reported by Scofield1°. In the case of Ag, the weak
LMy line was not appreciated in the spectrum. This transition
amounts only 0.3% of all the decays to the L; subshell, according
to the data available in the literature 13:1°. In addition, the inten-
sity of the Ru L3N line could not be determined, because this line
is too low, and located between the much more intense L; M, and
L; M3 lines. However, this line represents around 0.6% of the L;
group according to previous theoretical predictions 1.

Figure 3 displays a comparison between the RTPs obtained in
this work and data published by the other authors. The present
results show a good agreement in the case of the most intense

Journal Name, [year], [vol.], 1-10 |5
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1

2

3

(,g' Table 2 Relative transition probabilities. Numbers in parentheses indicate the estimated uncertainties in the last digit.

% Ru Ag Te

J Trans. This work Ref. 7 Ref. 1° This work Ref.” Ref. ” Ref. '? This work Ref. ” Ref. '°

§ LsM; (D 0.0189(5) 0.0335 0.1158 0.0371(5) 0.0317 0.0329 0.1019 0.0411(4) 0.0320 0.0847

@ L3My (o) 0.106(8) 0.0924 0.0849 0.121(6) 0.0620 0.0895 0.0828 0.075(4) 0.0859 0.0812

S LsMs(ap) 0.833(6) 0.8150 0.7530 0.752(4) 0.7198 0.7910 0.7341 0.763(3) 0.7620 0.7197

Q0 L3N (Bs) 0.0093(4) 0.0040 0.0062 0.0066 0.0089(2) 0.0067 0.0069

a]_ L3Ny 5(B2,15) 0.041(2) 0.0592 0.0463 0.0799(5) 0.0857 0.0805 0.0747 0.109(2) 0.1130 0.1068

32 L30,(B7) 0.0029(3) 0.0009 0.0008

: LoM;(n) 0.0196(9) 0.0276 0.0747 0.0377(9) 0.0345 0.0262 0.0629 0.0344(8) 0.0243 0.0485
3 LoM4(B1) 0.927(5) 0.9076 0.8698 0.877(7) 0.8471 0.8857 0.8509 0.859(5) 0.8544 0.8319
4 1oN; (%) 0.0068(6) 0.0051 0.0067 0.0048(5) 0.0048 0.0050 0.0066 0.0034(3) 0.0052 0.0064

§5 LoNs(n) 0.0462(9) 0.0597 0.0489 0.0802(9) 0.0752 0.0831 0.0795 0.103(2) 0.1162 0.1132

a—6 LM, (Bs) 0.288(5) 0.3157 0.3174 0.316(4) 0.3016 0.3166 0.3165 0.311(8) 0.3340 0.3113

SV LiM;(B3) 0.597(6) 0.5351 0.5391 0.543(5) 0.5568 0.5267 0.5266 0.520(6) 0.5353 0.4987
7 LiM4(Bio) 0.0041(6) 0.0046  0.0043

28 L1 Ms(B9) 0.003(4) 0.0057 0.0052 0.0052 0.0018(5) 0.0069 0.0064

§-9 LiN2(p) 0.054(6) 0.0546 0.0528 0.065(5) 0.0510 0.0565 0.0566 0.076(3) 0.1125 0.0641

. LiN3(p) 0.060(6) 0.0945 0.0906 0.072(5) 0.0804 0.0950 0.0951 0.080(3) ' 0.1049

20 1,0,5(1) 0.0064(6) 0.0068  0.0103
1

22

3 lines; particularly with the theoretical data given by Scofield °.
I?& On the other hand, for some transitions amounting less than 5%
=5 . of the intensities corresponding to decays to the same subshell,
§7 differences are important. The discrepancy of the RTP reported

by Perkins et al.13 for the L3M; line is particularly large for the
three elements studied, as well as for the Ru L,M; line. It should
be noticed that no experimental data are available for Ru and Te;

1 despite the differences observed, a comparison with the present

o results clearly favor the data reported by Scofield !® as compared
33 to Perkins et al. data base.!3 Regarding silver, a good agreement
@4 was found respect to the experimental data published by Par-
@5 ratt?, except for three cases: L3My, L3N; and L;M; lines. The last
@6 two lines are very weak transitions (less than 1% of the group),
&7 whereas the first one corresponds to the Lo, decay, which is very
:%8 close to the intense Loy line. The RTP reported by Parratt for
B9 the latter shows also a disagreement respect to the theoretical

0 predictions (see Table 2), which suggests a difficulty in its de-
41 termination. It must be mentioned that the spectrometer used
42 by Parratt had a better resolution than the one involved in the

present work; nevertheless, the spectral processing method used
here is quite more reliable.

46

47 4.3 Natural linewidths

48
49 A diagram line can be well described by a Voigt profile1® v, which

50 is the convolution of a Lorentzian, representing the emitted pro-
51 file, and a Gaussian function, associated with the instrumental
52 peak broadening:

53

54 V()C) — 4 1n2YL /Do CXP[— lnz(x//YG)z} dx/ (7)
55 w2y J—eo (x4

56 where ¥ and y; are the half width at half maximum for the
58 Lorentzian and Gaussian contribution, respectively. In other
59

6| Journal Name, [year], [vol.],1—10
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words, ;. is the half of the natural linewidth, and the instrumen-
tal broadening can be derived from the Bragg’s law as a function
of the photon energy E:

2
Y6 = V2In2 AOFE (%E) -1 ®
where d is the is the interplanar spacing of the crystal, & is the
Planck constant and c¢ is the speed of light in vacuum. Thus,
each Voigtian peak at energy E can be described by means of
two parameters, refinable with POEMA: y;, related to its natural
linewidth, and the angular divergence A6 of the analyzer crystal;
the latter being common to all the peaks present in the spectrum.

Table 3 shows the natural linewidths obtained in this work
along with data calculated by adding the energy level widths in-
volved in each decay published by Perkins et al.13 and by Camp-
bell and Papp!4. Natural linewidths reported by Ohno et al.8
and by Parratt® for some transitions are also shown. It is worth
mentioning that linewidths obtained here for the 130 and L;O; 3
decays of Te were not reported up to now in the literature.

Fig. 4 presents a comparison between the natural linewidths
obtained here and values reported in the literature, in which a
good agreement can be observed, except for the values published
by Perkins et al.13, where differences up to 20 eV were found.
The widths corresponding to Te L3Ny 5 and L, N4 lines determined
in this work exceed the double of the values reported by Perkins
et al.13 and by Campbell and Papp'4. Nevertheless, the agree-
ment between these two sets of data in these cases is expectable
because the natural linewidths published by the latter were cal-
culated from the N4 and N5 level widths tabulated by the former,
and from L level widths, which are known with a higher accuracy
and are similar in both databases.

It must be pointed out that there are several energy levels
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1
2
3

(,g' Table 3 Natural linewidths (in eV). Numbers in parentheses indicate the estimated uncertainties in the last digit.

% Ru Ag Te

J Trans. This work ~ Ref.'>  Ref.'®™  Ref.® This work ~ Ref.’®>  Ref.'™  Ref.®  Ref.” This work  Ref.'®  Ref.'*

§ LsM; (D 8.1(3) 11.41 9.07 13.9(3) 13.91 10.55 10.7 16.2(3) 15.79 12.82

@ L3My (o) 3.43(9) 2.020 2.46 3.66(5) 2.42 2.45 2.2 3.9(2) 3.1 3.14

4 L3Ms (o) 2.25(2) 2.020 2.04 2.70(2) 2.43 2.46 2.34 4.25(2) 3.11 3.14

Q0 L3N; (Be) 12.5(7)  26.05  6.55 8.6 159(7)  16.03  5.02

a]_ L3Ny 5(B2,15) 3.0(2) 5.3 4.32(8) 3.9 3.72 6.8(1) 2.76 2.79

32 L:01(B) 11.2(4)

: LoM;(n) 7.8(5) 11.55 9.23 15.2(6) 13.42 10.72 10.8 18.0(6) 16.01 13.04
3 LoM4(B1) 2.74(3) 2.16 2.62 3.18(3) 2.6 2.62 2.4 5.23(4) 3.32 3.36
4 LNy (9s) 7.3(7) 18.48 5.93 6.8(5) 26.23 6.72 8.8 7.2(2) 16.25 5.24

§5 LoNa(n1) 3.8(4) 5.5 4.4(1) 4.3 3.95 7.7(3) 2.76 3.01

a.6 LM (Bs) 6.5(2) 9.72 6.1 7.9(2) 9.04 6.25 5.9 8.4(4) 7.91 5.4

£ LiM3(B3) 7.4(1) 9.9 6.1 8.1(1) 9.28 6.35 6.6 9.9(2) 8.33 6.1

a7 LiMa (B1o) 27(7) 378 272

‘38 L1 Ms(B9) 5.3(9) 5.71 4.11 5.6 2.7(7) 3.79 2.72

| 9 LiN2(p) 5.7(7) 11.63 7.1 13.4(8) 19.16 12.2 11.0 19.7(8) 28.47

g‘ LiN3(p3) 9.4(9) 11.93 6.7 8.9(8) 20.11 11.8 10.2 14.1(6) 39.35

20 L1023 (1) 7.7(4)

21

22

é3 Ru Ag Te Table 4 Atomic level widths (in eV). Numbers in parentheses indicate

%4 104 the estimated uncertainties in the last digit.

@5

26 oo N, N; N, Ns o~

§7 Oo v e , Ru 2(1) 6(1) 1.8(5) 1.1(3)

04w ¥ v R v s Ag 10(1) 5(1) 2.1(3) 2.2(2)

8 x Kow oYV 7 M Te 17.5(9) 11.9(7) 4.9(4) 4.2(3) 8.6(5)

29 S v v
0 '; -10 v v
1 M v v 4.4 Satellite transitions and Radiative Auger emissions

Q2 Tables 5 and 6 show the relative energies and areas of the satellite

% g

>3 204 v lines and RAEs, respectively, associated with the main transitions

§£51 studied. Every relative area displayed was calculated as the ratic

g 6 M of each particular peak area to the sum of the parent line area and

57 Transitions the areas of all the RAEs and satellites arising from it. In Table

. . Yos 7 _

:%8 Fig. 4 Differences between the natural linewidths obtained in this work 5, data pub'hshed by Cauchois angd Senémaud for the three ele
29 and the values reported by other authors. Solid triangles: Ref. 13, stars: ments .COHSIdered’ and by Parratt” for silver, are also Presenmd'
@0 Ref.8, open circles: Ref.?, solid squares: Ref. 4. The transitions are In Figs. 5-7 the L (a) and L3, 15 (b) spectral regions of Ru,
41 ordered as in Table 3. Ag and Te are displayed in detail. These figures show the experi-
42 mental data and the fitting curves. The contributions of diagram
43 lines were modeled with Voigt profiles, whereas satellite bands
44 and RAE structures were described with Gaussian profiles. Gaus-
45 sian functions proved to be appropriate to fit the spectator hole
46 transition bands, which are typically a set of several transitions
47 whose widths are not available in the literature; particularly, O of similar energies. On the other hand, even when RAE struc-
48 levels, and N4 and Ns levels for elements with Z < 50. Table 4 tures present a tail at the low energy side, Gaussian functions
49 shows some N and O level widths determined from the natural were chosen to describe them because with a few fitting param-
50 linewidths obtained in this work and from L level widths taken eters a good description of the structures was achieved. In all
51 from Campbell and Papp . To estimate each uncertainty, the er-  the cases, the adopted criterion consists in achieving a good fit
52 ror of the natural linewidth involved was added in quadrature with the fewest possible lines. As displayed in Figs. 5-7, one or
53 with the error associated with the L level width. For the natural two satellite lines and one RAE band appear associated with the
54 linewidths, the errors shown in Table 3 were used, while for the LB, 15 line for the three elements. In the case of the Lo doublet,
gg L level widths, the error estimation given in the table A of Camp-  four satellite transitions and one RAE band can be seen for both
57 bell and Papp 4 was considered, taking the highest value when Ru and Ag, while one satellite and two RAEs are present in the
58 an error range is suggested. Te spectrum. In the case of Te, the two RAE bands observed were
59
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Table 5 Relative energies and areas of satellite bands.* Sum of all the
satellites related to the corresponding group. In the case of the data
taken from Parratt®, other lines reported in the original paper and not
displayed here were considered.

QY2836123BS-» w v -

Diagram AE (eV) Relative area (%)
g0 line This work  Ref.”  Ref.? Thiswork Ref.?
51 U L3M; (01) 5.8(6) 6.85 0.53(7)
= 9.3(9) 9.51 11.2(3)

32 16.7(9) 1651 0.70(5)
73 19.4(8)  20.16 1.66(6)
4 L3Ny 5(B2,15) 25(1) 24.13 1.4(4)
E 29.7(3)  29.29 25(2)
25 LMy (B1) 12.2(4)  13.16 2.3(2)
96 Az L3Ms(ow) 9.8(3) 10.71 _ 10.66 7.8(1) 45
57 13.1(6) 13.97 14.18 3.9(2) 2.7
18.4(2)  18.99 1873  0.64(7) 1.4
28 37.7(3) 0.05(1)
49 12.5¢ 10.5¢
20 LiNgs(Bais)  26.6(4) 2922  26.62 1.3(1) 3.7
1 342(3) 3384 3247  11.5(3) 2.0
® 12.9¢ 13.0¢
22 LM (B1) 12.5(7) 892 885 2.20(8) 1.6
53 1539 15.32 1.6
B4 2.2¢ 4.0

LoN4(71) 35.9(8)  35.70 35.24 2.6(3) 2.2
@5 2.64 3.6¢
D6 T LMLl 15.9(3)  17.03 1.13(4)
§7 L3Ny 5(Ba.15) 5.7(3) 8.03 2.1(2)

0 assigned to the Loy and Loy lines. This assignment led to sim-
gl ilar shifts of the RAEs with respect to the corresponding parent
@2 lines, in consistency with what was observed for the other two
K3 elements.

@4 As can be seen in Table 5, the satellite lines identified can be
B5 properly associated with the ones reported by Cauchois and Séné-
€86 maud” and by Parratt®. These authors also report other satellite
87 lines, particularly for Te, not observed here probably due to their

8 low intensity.

B9 It can be observed that, in the case of silver, even when the rel-

O ative areas of the satellite lines present certain discrepancies with
41 the data published by Parratt, the sums of the relative areas corre-

sponding to the same parent line agree when all the satellite lines
reported by this author are taken into account. It must be noted
that the energy of the satellite lines can be considered indepen-
dent of the excitation source, unlike their relative intensities; par-
47 ticularly, the multiple spectator hole satellites are markedly more
intense when irradiating with ions. Nevertheless, the agreement
49 found with the data published by Parratt is expectable because the
50 15 keV incident electron source involved in Parratt? is similar to
51 the one used in this work (20 keV electrons), both energies being
52 well above several combinations of double and triple ionization
53 energies. It is worth mentioning that the relative areas for Ru and
54 Te satellite bands were not reported previously in the literature.
55 When the relaxation energy of an L;R; transition is shared be-
56 tween a photon of energy 4v and an Auger electron ejected from

57 the T shell with kinetic energy E,;, the energy balance can be
58

59
60
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Diagram AE (eV) Relative
line area (%)

Ru T3Ms (o) 2.6(3) 3.902)
L3Ny 5(B2,15) -2.7(8) 25(1)
LoMa(B1) -2.4(4) 7.4(9)
LNy (1) -2.4(9) 21(3)

Ag L3Ms (o) 3.1(2) 3.7(1)
L3Ny 5(B2,15) -4.4(6) 5.2(2)
LoMy(B1) -3.8(4) 6.8(1)
LNy (1) -5.1(7) 5.3(4)

Te LiMy (o) -4.8(3) 18.3(9)
LsMs (o) -5.2(1) 13.6(1)
L3Ny 5(Ba,15) -6.0(3) 29(2)
LoMy(B1) -5.6(1) 19.5(2)
LoNg (1) -7.3(4) 45(1)
LiM,(Bs) -4.9(1) 19.0(9)
LiM;(B3) -4.9(1) 16.3(5)

written as:

hv+Eq = E(L;) — E(R;) — E(Ty) )

where the terms in the second member refer to L;, R; and Ty
binding energies, respectively. The RAE edge E,4q, is the maxi-
mum photon energy that can be emitted in a RAE process, corre-
sponding to an Auger electron ejected with zero kinetic energy;
therefore:

Eeqge = E(Li) —E(Rj) — E(Ty) (10)

This edge is thus the difference between the energy of the dia-
gram line E(L;) — E(R;) and the Auger electron binding energy
E(Ty). The energy of the RAE band maximum E,, is always close
to and below this edge. Therefore, Eq. 10 can be written as:

Ey 5 Eedge = E(LiRj) - E(Tk) an

where E(L;R;) is the energy of the L;R; transition. Thus, the en-
ergy shift of a RAE structure with respect to the parent line should
satisfy:

E(LiR;)—Ep = E(Ty) (12)

Then, from Eq. 12, it is possible to associate each RAE struc-
ture found from the spectral processing with a particular absorp-
tion edge. According to this criterion, the RAEs observed for Ru,
Ag and Te can be related to the Ny 5, Ny5 and O3 absorption
edges, respectively. This assignment arises by considering the ab-
sorption edges given in Zschornack2®, which are in the ranges
1.8-2.4, 3.0-3.6 and 2.0-2.6 €V, while the AE values obtained
here (see Table 6) are in the ranges 2.4-2.7, 3.1-5.1 and 4.8-7.3
€V, respectively.

5 Conclusion

The X-ray emission involving atomic decays to the L-shell vacancy
states of Ru, Ag and Te was studied experimentally. To this end,
spectra induced by electron impact were measured by wavelength

This journal is © The Royal Society of Chemistry [year]
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Fig. 5 X-ray spectra of Ru in the Le (a) and Lf3 ;5 (b) regions. Dots:
experimental spectrum; solid line: spectral fitting; dashed line:
contribution of each diagram, satellite and RAE transition.

dispersive spectrometry and processed by a parameter optimiza-
tion method. A set of 12, 14 and 17 diagram transitions were
studied for Ru, Ag and Te, respectively.

Regarding the characteristic energies and natural linewidths,
the values obtained in the present work are in good agreement
with data given by other authors in most of the cases, except for
the results published by Perkins et al.!3. Particularly, the char-
acteristic energies given by these authors exhibit large discrep-
ancies with the results presented here and the experimental and
theoretical data available in the literature. On the other hand,
the general agreement of the present results with the calculations
performed by Deslattes et al.!! supports the framework of the
relativistic many-body problem in atoms used by them. There ex-
ist discrepancies between the present data and values published
by other authors for some characteristic energies corresponding
to weak transitions, and for two natural linewidths (L3N, 5 and
L,Ny lines) of Te. It must be pointed out, however, that the nat-
ural linewidths published both in Perkins et al. 13 and Campbell
and Papp 14 (chosen for the present comparison), were calculated
by using the same database for the N level widths, the agreement
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Fig. 6 X-ray spectra of Ag in the Lo (a) and L ;5 (b) regions. Dots:
experimental spectrum; solid line: spectral fitting; dashed line:
contribution of each diagram, satellite and RAE transition.

between them being therefore expectable.

No data were found in the literature to compare with the
linewidths reported here for the Te 130 and L;0, 3 transitions.
Some atomic level widths not previously published were deter-
mined from natural linewidths obtained here and atomic level
widths given by other authors.

A detailed study of the L satellite lines of Ru, Ag and Te was
faced. The energies and relative intensities obtained were com-
pared with the few data available. It was possible to identify most
of the satellite structures found here with some of the ones pre-
viously reported, in spite of the different energy resolutions and
spectral processing methods of the different studies. In addition,
the relative areas presented here for Ru and Te were not reported
in the previous works.

Finally, the radiative Auger emission was investigated, which
led to the characterization of several spectral structures not pre-
viously studied. In each case, the energy corresponding to the
maximum intensity and the area relative to the parent line were
determined, and the atomic level of the Auger electron was iden-
tified. These analyses were possible due to the robustness of
the spectral processing method used, which allowed a detailed
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B35

36 . . . .
description of complicated structures, in spectra measured with

87 P P P

g a commercial wavelength dispersive spectrometer attached to a
39 scanning electron microscope.
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