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The X-ray emissions induced by protons and alpha-particles of the elements Ag and Ru were measured on
mono-elemental thin films. L-shell X-ray production cross sections were obtained for the three L-sub-
shells, considering absorption corrections. The Ag X-ray production cross sections agree with experimen-
tal data of other authors and with theoretical models, and were used to endorse the quality of the
experimental values for Ru, that were not found in the literature.
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1. Introduction all atomic numbers [8,11]. In addition, L-subshell X-ray production
The experimental confirmation of fundamental atomic parame-
ters like the X-ray production cross section is of paramount impor-
tance for precise measurements in X-ray analysis, as for PIXE
(induced either by protons or by alpha-particles), that has been
used for trace analysis of many elements [1,2] in many different
samples [1,3,4]. Empirical and semi-empirical expressions [5] have
been developed to predict the values of the X-ray production cross
sections of most elements, and theoretical models [6] are proposed
to elucidate the mechanisms of particle–matter interaction. How-
ever the X-ray production cross section of some elements still
needs experimental confirmation [7,8].

The ionization cross sections necessary for standardless analysis
can be easily determined from the experimental X-ray production
cross sections, once the fluorescence yields of the relaxation pro-
cesses in the electronic distribution are known [9]. They are quite
well established for K-shell ionizations of most elements, except
for the very light ones. However, L-shell X-ray production cross
sections are difficult to compare to the theoretical ionization cross
sections, because of the intra-shell transitions [10], considering
that the Coster–Kronig coefficients are known only with a large le-
vel of uncertainty.

There is no reliable theory that can predict L-shell ionization
cross sections neither by proton nor by alpha-particle impact for
cross sections are poorly corroborated with experimental results
for elements with atomic number below 45 [7,8,12]. Some ele-
ments require experimental support for their subshell X-ray pro-
duction cross sections, particularly this is the case of Ru [7], even
though total X-ray production cross sections have been determined
[13]. This lack of data hampers the analysis of trace amounts of Ru
in geological [2], medical [14], and technological [15] samples.

The quality of experimental data depends of the availability of
good samples and reliable measuring devices. The development
of ultra-high vacuum facilities for thin film preparation and a mea-
suring setup with new detectors and faster electronics are ex-
pected to bring improvements to the dataset available for
comparison. In thin films the calculations for X-ray production
cross section is facilitated, due to the assumption of single interac-
tions of the particles when impinging on the film.

Using the thin film approximation, the X-ray production cross
section of each L subshell (rLs (E,A)), as a function of energy (E)
and type of incident particle (A) can be written as:
rLs E;Að Þ ¼
X

i

Y i E;Að Þ
eiu Ntð Þ ð1Þ
where Yi(E,A) is the intensity of a L-shell X-ray line (i) that belongs
to the subshell s, ei is the detector efficiency at this energy, u is the
total number of incident particles, and (Nt) is the number of target
atoms per unit area.
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Fig. 1. Gaussian curve fitting of the (a) Ag spectrum (excited with 1.2 MeV protons)
and (b) the Ru spectrum excited with 0.9 MeV protons. The residual plots are in
standard deviation units.
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This work intends to contribute with new experimental data for
L-subshell X-ray production cross sections induced by protons and
alpha-particles in the 0.7–2.0 MeV/amu range for Ru and Ag.

2. Experimental

2.1. Sample preparation and characterization

10 nm films of Ru and Ag were deposited on vitreous carbon
planchets (Ted Pella), by magnetron sputtering (AJA International
ATC ORION 8 UHV), using ultrapure (99.999%) Ag and Ru targets.

The areal densities (Nt) were determined with Rutherford back-
scattering spectrometry (RBS) using 1 MeV alpha-particles in an
ion accelerator (High Voltage Engineering, Tandetron 3MV). The
SIMNRA [16] software was used to fit the experimental results.
Ru and Ag film areal densities were 58.25 (0.17) � 1015 at/cm2

and 47.12 (0.43) � 1015 at/cm2, respectively.

2.2. PIXE measurements

The samples were irradiated with protons and alpha-particles
in the 0.7–2.0 MeV/amu range. X-ray spectra were obtained with
an EDX Si(Li) detector placed at 135� of the particle beam (e2 V Sci-
entific Instruments, model Sirius 80, with 148 eV energy resolution
at the Mn Ka line).

The Ag spectra were induced with proton energies of 0.7, 0.8,
0.9, 1.0, 1.2, 1.5, 1.8 and 2.0 MeV, and with alpha-particles with
energies of 4.0, 5.0, 6.0 and 6.9 MeV (corresponding to 1.0, 1.25,
1.5 and 1.725 MeV/amu). The Ru spectra were induced with pro-
tons energies of 0.7, 0.8, 0.9, 1.0, 1.2 and 1.5 MeV and with the
same alpha particle energies as Ag.

The spectra were charge normalized and fitted using a 9 Gauss-
ian curve fit with the software Origin 6TM.

2.3. EDX detector efficiency

The solid angle was determined from geometrical consider-
ations, and the detector efficiency calculated from the product of
the fraction of the solid angle and the absorption terms of the layers
in front of the active volume in the Si(Li) detector, according to Eq.
(2):

e ¼ X
4p

exp½�
X2

i¼1

lixi� ð2Þ

where X/4p is the solid angle subtended by the detector, li is the
absorption coefficient of each layer in front of the intrinsic volume,
and xi is the corresponding thickness. In this detector only the Be
window and the Ni contact had to be considered, because it does
not present a dead layer. The latter information, supplied by the
manufacturer (personal communication, SGX Sensortech (MA)
Ltd.) was confirmed by the bremsstrahlung measurements of a pure
carbon planchet that showed no silicon edge jump, as was observed
by Cohen [17] when using a Si(Li) detector with a dead layer. The
detector efficiency was calculated using a sample-detector distance
of 44.2(0.6) mm, exposed detector area of 63.6(0.1) mm2, Be window
thickness of 12.5(0.2) lm, and Ni contact thickness of 12(0.5) nm.
The standard uncertainties in parenthesis were established from
geometrical measurements, estimated mechanical precision of the
turning lathe, and the last two from manufacturer information.

3. Results

Nine transitions were considered for the fittings: for the L3-(LIII-

MI, LIIIMIV,V, LIIINIV,V,), for the L2-(LIIMIV, LIINIV, LIIMI), and for the L1-
(LIMII, LIMIII, LINII,III) subshells.
The fittings of the Ag spectra were initialized with the nominal
characteristic energy values [18] and the line widths were kept
approximately at the value of the detector resolution. As can be
ascertained by the residue plot in Fig. 1a, the Ag spectrum excited
with 1.2 MeV protons adjusted well with Gaussian curves.

Due to the extreme overlap of the spectral lines, the fitting of
the Ru spectra was only possible with the additional hypothesis
that the line widths were similar to the corresponding ones in
the Ag spectra. The initial values for the Ru-fit were taken from
the Ag-fit and then released to vary, each at a time, until the chi-
square achieved a minimum. The resulting fit and the residual plot
are shown in Fig. 1b.

The X-ray production cross sections of each line were deter-
mined and added to their respective subshell L1, L2, and L3. The re-
sults for Ag are shown in Fig. 2a and b, and for Ru in Fig. 2c and d,
for proton and alpha-particle excitation, respectively. The bars cov-
er a confidence interval of 68.27% [19].

The comparison of the total X-ray production cross-sections in-
duced with protons obtained in this work with the experimental
values from the literature is presented in Table 1. It can be seen,
that the agreement is within the stated uncertainty with Sow
[12] and Miranda [13] while the data of Reis [5] are lower. Our re-
sults of the partial X-ray production cross sections are presented as
well, however are not compared with the literature, because of the
choices of other authors to consider or not the spectral overlap of
lines from different subshells (e.g. LIIIMIV,V with LIIMI (La1,2

with
Lg) or LIIINIV,V with LIMIII (Lb2

with Lb3
)).

The experimental X-ray production cross sections induced by
alpha-particles for the L1, L2, L3 subshells, and for Ltotal are pre-
sented in Table 2. In the literature the sparse experimental data
for Ag excited with alpha-particles either are not in the same en-
ergy range [20] or present the data only in graphic form [21]. For
Ru we could not find previous experimental data.

The theoretical values of X-ray production cross sections were
obtained from the code ISICS 11 [22], which is a stand-alone pack-
age that uses Gauss–Legendre quadrature integration to obtain the
form factors needed for the calculation of PWBA and ECPSSR K-, L-,
and M-shell cross sections for any projectile/atom combination.
The software uses the database of Krause [9] to convert theoretical
ionization cross sections to X-ray production cross sections.
4. Discussion

Since ECPSSR seems to be more appropriate to describe our re-
sults (Fig. 2), the deviations were plotted as the ratio between
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Fig. 2. X-ray production cross sections for the subshells L1, L2 and L3 of Ag, induced with (a) protons, and (b) alpha-particles, and for the subshells L1, L2 and L3 of Ru, induced
with (c) protons, and (d) alpha-particles. The bars cover a confidence interval of 68.27%.

Table 1
Experimental proton induced X-ray production cross sections for Ag and Ru.

E (MeV) L1 L2 L3 Ltotal Ltotal[12] Ltotal[5] Ltotal[13]

Ag
0.7 4.5(1.9)a 29.7(2.9) 87.8(4.5) 122.0(9.3) – 96.784 119(7.6)
0.8 4.5(0.8) 40.8(1.9) 113.7(4.5) 159.0(7.1) 156.151 128.117
0.9 5.2(1.0) 52.4(2.4) 141.8(5.6) 199.4(9.0) – 162.108
1.0 8.1(2.0) 62.4(3.6) 171.3(7.3) 242(13) 254.7 197.55
1.2 14.3(3.0) 85.2(5.2) 230(10) 330(18) 336.44 273.7
1.5 27.9(2.1) 121.4(5.2) 349(13) 498(21) – 391.67
1.8 35.3(3.8) 164.9(7.8) 393(16) 593(27) 614.84 498.61
2.0 37.7 (4.2) 157.5(8.4) 448(18) 643(31) 666.13 585.83

Ru
0.7 3.8(0.8) 34.1(1.6) 125.9(4.8) 163.8(7.2) – – 159(20)
0.8 6.6(1.0) 46.5(2.2) 164.7(6.5) 217.8(9.7) – –
0.9 9.3(1.1) 65.2(2.9) 195.1(7.4) 270(11) – –
1.0 11.1(1.0) 71.3(3.8) 231.5(8.7) 314(14) – –
1.2 10.9 (1.7) 108.1(5.8) 294(11) 413(19) – –
1.5 12.2(1.9) 131.9(6.5) 418(15) 552(24) – –

a The values in parenthesis are the standard uncertainties.
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experimental and calculated X-ray production cross section
(Fig. 3). It can be observed that the best agreement occurs for the
Ru-L3 subshell, for protons and alpha-particles (Fig. 3a). For the
Ag-L3 subshell the experimental data are around 15% higher than
the theory.

For the L2 subshell (Fig. 3b), the experimental values for Ru are
in good agreement with theory, except in the case of irradiation
with protons at low energies. For the Ag-L2 subshell our experi-
mental values are about 15% (for protons) and 25% (for alpha-par-
ticles) above the theoretical values.

The results for the L1-subshell show large uncertainties, because
these lines have comparatively low intensities. For Ru the experi-
mental values lie below the ECPSSR theory, but improve with
increasing energy in the case of irradiation with alpha-particles.



Table 2
Experimental alpha-particle induced X-ray production cross sections for Ag and Ru.

E (Mev) L1 L2 L3 Ltotal

Ag
4.0 17.4(3.8) 256(12) 647(26) 921(43)
5.0 53(17) 353(25) 914(38) 1320(80)
6.0 84(20) 475(31) 1193(55) 1751(106)
6.9 79(22) 663(40) 1569(71) 2311(132)

Ru
4.0 30.3(6.7) 293(15) 935(38) 1258(59)
5.0 60(17) 411(38) 1215(51) 1686(106)
6.0 103(11) 458(24) 1700(69) 2261(105)
6.9 132(14) 653(34) 2025(81) 2810(129)
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symbols). The bars cover a confidence interval of 68.27%.
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The Ag experimental data agree with the theory for both, proton
and alpha-particles, within the large uncertainty.

The Ltotal production cross section for Ru (Fig. 3d) agrees very
well with the theory. The results for Ltotal of Ag are around 15%
above the values predicted by the theory (due to the values of
the Ag-L3-subshell, which is the main contribution to Ltotal).

Considering that the experimental data were obtained using the
same procedures, the differences in their agreement with theory
seem to lie outside the realms of experiment. The explanation
could be the high uncertainties of the fluorescence yield of each
sub-shell, stated to be in the 10–30% range for elements with
40 < Z < 50 [9]. It has been pointed out [23] that the results of this
conversion critically depend on the utilized database. The results
are as well affected by multiple ionization [13], however the dis-
cussion about these effects transcends the scope of this article.

5. Conclusion

The X-ray production cross sections for the Ru and Ag L1, L2, and
L3-subshells for protons and alpha-particles were determined
experimentally. The intensities of the Ru and Ag L-lines in the X-
ray spectrum were fitted with 9 Gaussian curves. The values for
Ag obtained in this work are in good agreement with the data re-
ported by Sow [12], used as reference cross sections in the GUPIX
database. Considering that the experimental procedures and data
reduction were identical for Ru and Ag, the accuracy of the latter
vouch for the reliability of the up to now unavailable experimental
data of the Ru-L1, -L2 and -L3 X-ray production cross sections.

For Ru the L3 subshell the experimental values of the X-ray pro-
duction cross sections showed excellent agreement with ECPSSR
theory for both, protons and alpha-particles. For the Ru-L2 subshell
there was a good agreement with theory, except in the case for
irradiation with protons at low energies. The experimental results
of the Ru-L1-subshell lie below the theoretical curve. However this
deviation does not affect the total X-ray production cross section,
and the obtained values agree with the theoretical predictions
for protons as well as for alpha-particles.
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