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Total L and Li subshell X-ray production cross-sections were determined experimentally for Mo by proton

impact. The thick-target method was used, and the proton energies ranged from 200 keV to 3 MeV. The

recorded X-ray spectra were fitted using novel open software for PIXE semi-quantitative analysis that

takes into account X-ray emission, absorption and detection. K-shell X-ray production cross-sections of

Ti and Cu samples were used to normalize our results for Mo. The measured Mo L X-ray production

cross-sections are in excellent agreement with the predictions of the ECPSSR theory. The sensitivity of

the theoretical L shell and Li subshell X-ray production cross-sections to the adopted fluorescence yields

and Coster–Kronig coefficients was also studied.
Introduction

The accurate experimental determination of X-ray production
cross-sections of atomic inner shells by the impact of protons
and other ions is an active research topic in atomic collision
physics, being important for testing theories and also for
analytical techniques such as particle-induced X-ray emission
(PIXE). Cross-section databases, once implemented in Monte
Carlo simulation packages, nd application in a large variety of
disciplines ranging from materials science to medical physics.
In a recent and very extensive compilation of measured cross-
sections for L-shell ionization and X-ray production by
protons,1,2 Miranda and Lapicki showed that for many atoms
either there is a lack of experimental results or the existing ones
are inconsistent.

Experimental X-ray production cross-sections are oen
determined using thin samples. This thin-target method is
effective and reliable although it has downsides related to the
manufacture of samples and the characterization of their mass
density or thickness. In turn, the thick-target method3 demands
a more elaborate data analysis procedure, but it has been
exploited fruitfully in the measurement of X-ray production
cross-sections over a wide range of target elements and proton
energies. Furthermore, it is amenable to be used for the
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measurement of low-probability events like multiple ioniza-
tions and radiative Auger emission.4

In this work, we address the ionization of the L subshells of
Mo (Z ¼ 42) by proton impact. On one hand, between around
600 keV and 4.5 MeV there is a lack of reliable experimental
Mo L X-ray production cross-sections, and the existing values
are much lower than the prediction of the ECPSSR formalism.5

On the other hand, experimental X-ray production cross-
sections of individual Mo Li subshells are only available for
energies below 300 keV. In order to help improve the status of
the experimental database for this element, L shell and Li
subshell X-ray production cross-sections were obtained using
the thick-target method for protons with energies between 200
keV and 3MeV. Novel soware6 for semi-quantitative analysis of
PIXE spectra was used to t the acquired X-ray spectra. This
soware, called PAMPA (Parameter Assessment Method for
PIXE Analysis), ts the spectrum by minimizing the quadratic
differences between the predicted spectrum and the experi-
mental one. The modelled spectrum considers the brems-
strahlung generated by the atoms in the sample, the emission of
characteristic X-rays, absorption processes and several X-ray
detection phenomena. A normalization factor is introduced in
the thick-target equation [see eqn (1) below] to avoid the large
uncertainties associated with the solid angle of the spectrom-
eter and the calibration of the charge-integration device; hence,
we rely on a relative measurement method. Then, K-shell X-ray
production cross-sections for Ti and Cu are employed to
determine this factor and place the X-ray production cross-
sections for Mo on an absolute scale.

The cross-sections reported here are compared with the
experimental values from the literature as well as with the
predictions of the ECPSSR formalism and the binary-encounter
approximation. The comparison with ECPSSR is made using
J. Anal. At. Spectrom.
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uorescence yields and Coster–Kronig coefficients published by
Krause,7 Puri et al.8 (see also ref. 9) and Kolbe et al.10 with the
intent to gauge the sensitivity of the theoretical Mo L and Mo Li
X-ray production cross-sections to these atomic relaxation
parameters.
Experimental
Samples

The analyzed sample was a bulk target of Mo. In order to
normalize the measurements, Ti and Cu bulk samples were also
required; these elements were selected because their K-shell X-
ray production cross-sections are known with high accuracy.
The three samples were metal plates polished and cleaned with
a 50% (vol) nitric acid solution.
X-ray spectrometer

The employed spectrometer was a Sirius Si dri detector (SDD)
with an ultra-thin polymer window (Moxtek AP3.3) that allows
us tomeasure X-rays emitted by elements down to Be. The active
thickness of the Si crystal is 450 mm, and its area is 30 mm2

(nominal values quoted in the detector's data sheet). The SDD
was located at a distance of 15 cm from the sample, and the
observation angle b was set to 33� relative to the incidence
direction of the proton beam. In a previous article, the intrinsic
efficiency curve of this spectrometer was established by
measuring the X-ray yields of several bulk samples bombarded
with protons and comparing them with theoretical
predictions.11
Irradiation

The samples were irradiated in a NEC Pelletron 5SDH, 1.7 MV
tandem ion accelerator located at the Centro Atómico Bariloche
(San Carlos de Bariloche, Argentina).12 The ion source works by
Cs sputtering of a solid cathode (SNICS II), and it was used for
the extraction of H� ions from a ZrH2 cathode. The analysis
chamber is a RC43 endstation equipped with several detectors
for PIXE, RBS (Rutherford Backscattering Spectrometry), ERDA
(Elastic Recoil Detection Analysis) and NRA (Nuclear Reaction
Analysis).

The samples were set up on a stage with micrometer
precision perpendicular to the incident beam (a ¼ 0�). All
samples were bombarded with protons whose energies ranged
from 200 to 3000 keV. The interval between incident energies
was set smaller in regions where large variations in the X-ray
production cross-sections were expected. The beam currents
were registered by two current integrators, one connected to
the sample stage and the other to the irradiation chamber. The
currents were chosen between 1 nA and 2 nA so as to maintain
low counting rates and avoid saturation of the SDD. The irra-
diations made at the highest proton energies were stopped
when the accumulated charge reached 1 mC. As the energy
decreased, the accumulated charge was increased up to 5 mC to
partially compensate for the lower X-ray emission
probabilities.
J. Anal. At. Spectrom.
Data analysis
Methodology

Consider a vacancy in the Li subshell that is lled by a radiative
transition from a higher subshell Xj (X ¼ M or N in the case of
Mo). The ensuing X-ray line will be denoted as LiXj. The thick-
target method is based on two assumptions, namely (1) ions
travel along straight trajectories losing energy gradually at a rate
dictated by the stopping power and (2) LiXj characteristic X-rays
are only emitted aer ion-impact ionization, the contribution
due to ionization by secondary electrons being negligible. The
equation for the X-ray production cross-section sxLiXj

of an ion
with kinetic energy E0 can be written in the form3,4,13

sx
LiXj

ðE0Þ ¼ z

�
NA

A

U

4p
3
�
ELiXj

���1

�
�
SðE0Þ
r

dYLiXj
ðE0Þ

dE0

þ cos a

cos b

m
�
ELiXj

�
r

YLiXj
ðE0Þ

�
; (1)

where z is a normalization factor (to be explained below), NA is the
Avogadro constant, A is the atomic weight of the analyzed element,
U is the solid angle subtended by the detector seen from the
impact point on the sample, 3(ELiXj

) is the intrinsic efficiency of the
SDD at the energy ELiXj

of the analyzed characteristic line, S/r and
m/r are, respectively, the mass stopping power and mass attenua-
tion coefficient of the material, whose mass density is r, a and
b are the beam incidence angle and X-ray takeoff angle, respec-
tively, both measured from the normal to the sample surface, and
YLiXj

(E0) is the number of detected LiXj characteristic photons per
incident proton, hereaer abbreviated to ‘X-ray yield’.

The procedure followed to obtain sxLiXj
involves the following

steps. (1) The X-ray yield of the LiXj line is measured for several
energies of the incident proton beam. (2) The set of experi-
mental X-ray yields is tted with an appropriate analytical
function Y fit

LiXj
ðE0Þ. (3) Y fit

LiXj
ðE0Þ and its derivative are inserted in

eqn (1) along with the mass stopping power, mass attenuation
coefficient, intrinsic efficiency, etc.

The X-ray production cross-section for subshell Li may be
deduced directly from sxLiXj

and GLiXj
/GLi,total (the relative emis-

sion rate of the LiXj line) as

sx
Li
¼

sx
LiXj

GLiXj

�
GLi ;total

: (2)

We support, instead, the more robust approach

sx
Li
¼

X
j

sx
LiXj

; (3)

where the sum encompasses all possible radiative transitions LiXj.
In either case, the total L-shell X-ray production cross-section is

sx
L ¼

X3

i¼1

sx
Li
: (4)

X-ray spectra

The collected X-ray spectra were tted with the PAMPA
program,6 specically designed for PIXE. This soware
contemplates several physics phenomena related to the
This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Mo L-shell X-ray spectra measured for 3 MeV protons. The
symbols and the black solid curve are the experimental and fitted
spectra, respectively. The red, green and blue thin curves are the
radiative transitions to the L1, L2 and L3 subshells, respectively. The
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emission, absorption and detection of X-rays. PAMPA mini-
mizes the quadratic differences between the experimental
spectrum and an analytical function proposed to describe it,
which depends on fundamental and instrumental parameters.
Depending on the particular application of the program,
different sets of parameters can be optimized; for example,
elemental concentrations can be extracted for quantication
purposes or the thicknesses of the spectrometer's dead layer
and polymer window can be found to quantify the intrinsic
efficiency at low energies. PAMPA implements realistic models
for the peak proles, instrumental parameters and brems-
strahlung background together with up-to-date fundamental
parameters, thus enabling reliable ts to the acquired X-ray
spectra. Here we will only outline briey the main features of
the program; for a full description, the reader may consult ref. 6.

A characteristic X-ray of energy Ex and negligible natural
width would produce a sharp peak (delta function) in the
recorded spectrum. In a real energy-dispersive spectrometer,
this line is broadened into a Gaussian distribution G(E)
centered at Ex and with standard deviation

sðEÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
sn2 þ 3ehFE

p
; (5)

where sn corresponds to the electronic noise of the amplication
process, 3eh is the energy expended in the formation of an elec-
tron–hole pair in Si, F is the Fano factor, which is related to
uctuations in the electric charge collected by the detector, and E
is the photon energy. Incomplete charge collection produces an
asymmetric tail towards the low-energy side, which is modelled
by adding an exponential tail convolved with the Gaussian
function. The asymmetric shape of each peak is characterized by
the amplitude t and the slope b, and it is given as6,14,15

QðEÞ ¼ t

2
exp

�
s2

2b2

	
exp

�
E � Ex

b

	
erfc

�
E � Exffiffiffi

2
p

s
þ sffiffiffi

2
p

b

	
: (6)

Thus, the characteristic X-ray peak prole can be expressed as

H(E) ¼ N[G(E) + Q(E)] (7)

with the normalization constant N ¼ 1 + tb to ensure that the
integral of H(E) is equal to 1.

The continuum background B(E) is modelled with a semi-
empirical function6,16 derived from the following consider-
ations: (1) the main contribution to the background is atomic
bremsstrahlung, (2) the number of bremsstrahlung photons
generated with a particular energy at each depth within the
target is proportional to the number of ionized atoms at the
same depth and to the differential atomic bremsstrahlung
cross-section, and (3) the distribution of ionization with depth
can be approximated by a step function.

The fundamental parameters used by PAMPA to predict the
characteristic X-ray spectrum include the X-ray transition
energies recommended by Deslattes et al.17 and relative emis-
sion rates tabulated by Campbell and Wang;18 all these quan-
tities can be rened during the tting process if so desired.
Other quantities such as uorescence yields,7,19 ionization
cross-sections,5 mass stopping powers20 and mass attenuation
coefficients21 are non-renable.
This journal is © The Royal Society of Chemistry 2018
According to ref. 17, the characteristic lines emitted by tran-
sitions to theMo L1 subshell are Lb4 (L1M2), Lb3 (L1M3) and Lg2,3
(L1N2,3), the characteristic lines associated with transitions to
the Mo L2 subshell are Lh (L2M1), Lb1 (L2M4), Lg5 (L2N1) and Lg1
(L2N4), and the lines related to transitions to the Mo L3 subshell
are L‘ (L3M1), La2 (L3M4), La1 (L3M5), Lb6 (L3N1) and Lb15,2
(L3N4,5). In the tting process, the energies of all these diagram
lines were xed to the values tabulated by Deslattes et al.17 and
the relative emission rates within each subshell were set equal to
the values tabulated by Campbell and Wang.18 Furthermore, the
parameters sn and F of the detector response function as well as
the asymmetry parameters t and b associated with each peak
were assessed by Rodŕıguez et al.6 and kept unaltered during the
optimization procedure. In turn, the three global scale factors
that govern the intensities of the Li-subshell groups were treated
as adjustable quantities. Including the offset and gain of the
linear energy-channel relationship and the two empirical coef-
cients in the bremsstrahlung background model, the total
number of adjustable parameters amounts to seven.

The energies of the lines belonging to the Mo L multiplet
span from 2.0 to 2.8 keV. As a consequence of this small energy
interval there is a strong overlap of the many contributing
peaks, the most intense of which are La1 and Lb1. Parasitic Si K
X-rays also appear in the spectra, possibly generated by internal
uorescence in the Si dead layer of the SDD; fortunately they
overlap with none of the Mo L lines. For illustration purposes,
the region of interest of the spectrum pertaining to 3 MeV
protons is depicted in Fig. 1. The contributions of the individual
characteristic X-ray lines and the bremsstrahlung background
to the t are displayed too. As can be seen, the tting procedure
carried out by PAMPA with the set of characteristic energies and
relative emission rates chosen from the literature led to a very
good description of the spectrum.

X-ray yields

All the LiXj X-ray yields were tted with the analytical function
bremsstrahlung background and Si K peaks are plotted as grey curves.

J. Anal. At. Spectrom.
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Fig. 2 X-ray yields for the Lb3, Lb1 and La1 lines as a function of proton
energy E0. The symbols are experimental data (the error bars are
smaller than the symbol size) and the solid curves correspond to the
analytical fits. The colour code is the same as that in Fig. 1.
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log Y fit
LiXj

ðE0Þ ¼ a0 þ a1 log E0 þ a2ðlog E0Þ2; (8)

where ‘log’ represents the base 10 logarithm and the adjustable
coefficients a0, a1 and a2 can be determined by means of a linear
least-squares procedure. As an example, Fig. 2 shows the
experimental X-ray yields of the Lb3, Lb1 and La1 lines, which
are the most intense radiative transitions to the L1, L2 and L3
subshells of Mo, respectively; the corresponding ts are
included in the gure.
Fig. 3 Ti K and Cu K X-ray production cross-sections. The magenta
circles with error bars are the present results normalized with z ¼ 10.7
� 0.8. The solid curves are the theoretical data, computed from
ECPSSR ionization cross-sections and Krause's fluorescence yields.

J. Anal. At. Spectrom.
The Y fit
LiXj

ðE0Þ curves and their derivatives are replaced in eqn
(1) to evaluate the sxLiXj

X-ray production cross-sections. The
mass stopping powers and mass attenuation coefficients were
taken from the SRIM2013 code20,22 and the XCOM database,23

respectively. As mentioned above, a normalization factor z was
introduced in eqn (1) to circumvent some limitations of our
experimental arrangement that are related to geometrical
factors and charge integration. The uncertainty of the solid
angle is large because we only know approximately the distance
between the impact point of the beam on the sample and the
active volume of the SDD and, moreover, we only have access to
the nominal frontal area of the SDD. On the other hand, z also
works as a parameter related to the calibration of the charge-
collection device. This factor was found from additional
measurements performed with the Ti and Cu samples. These
elements were chosen because ECPSSR is in good agreement
with the large body of measurements and also because of the
availability of high-quality samples. The K-shell X-ray produc-
tion cross-sections of these ‘reference’ elements, determined as
explained in Subsection 3.1 (with z ¼ 1), were divided by the
theoretical values calculated from ECPSSR ionization cross-
sections5,24 and the K-shell uorescence yields recommended by
Krause.7†. The ensuing ratios were averaged over all proton
energies and the two elements, yielding z ¼ 10.7 � 0.8. The Ti K
and Cu K X-ray production cross-sections normalized with this
value of z are plotted and shown in Fig. 3. We have omitted the
numerous experimental data published by other authors so as
to avoid cluttering the gure.

To determine the subshell X-ray production cross-sections
sxLi , the values of sxLiXj

are summed for all the radiative transi-
tions to the subshell Li [see eqn (3)].
Uncertainty budget

The uncertainties of the X-ray production cross-section were
found by propagating the errors in expression (1) as described
by Pérez et al.4 For this matter, the uncertainty associated with
the mass stopping power was 10% (see the graph for Mo given
by Ziegler);20 the uncertainty of the mass attenuation coeffi-
cients was 10% because the X-ray energy range of interest is
close to the Li absorption edges.26 The estimated uncertainty in
the intrinsic efficiency of the SDDwas 7%, as stated by Limandri
et al.11
Theory

The plane-wave Born approximation is an ab initio formalism
that has been extensively used to calculate ionization cross-
sections by proton impact. Binding-polarization and Coulomb
corrections can be incorporated to improve the accuracy of the
formalism at the energies employed in PIXE experiments. Chen
and Crasemann27,28 calculated ionization cross-sections for the
K, L and M (sub)shells of various atoms by adopting this
† The choice of uK is, in this case, not critical: the discrepancy between the
existing tabulated values is at most around 5% for Ti and somewhat smaller for
Cu.25

This journal is © The Royal Society of Chemistry 2018
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Table 1 Fluorescence yields ui and Coster–Kronig coefficients fij for
the L subshells of Mo, taken from the indicated references

Parameter Krause7 Puri et al.,8 Campbell9 Kolbe et al.10

u1 0.010 0.0068 0.009
u2 0.034 0.0360 0.032
u3 0.037 0.0375 0.032
f12 0.10 0.056 0.182
f13 0.61 0.771 0.57
f23 0.141 0.132 0.203

Table 2 Measured sxL and sxLi X-ray production cross-sections for Mo.
The uncertainties correspond to one standard deviation

E0 (keV) sxL (b) sxL1 (b) sxL2 (b) sxL3 (b)

200 12.6 � 1.3 3.8 � 0.5 8.8 � 1.2
300 37 � 3 11.4 � 1.5 26 � 3
400 73 � 7 1.17 � 0.15 22.1 � 2.8 50 � 6
500 118 � 11 2.7 � 0.3 35 � 5 80 � 10
600 168 � 15 5.0 � 0.6 50 � 6 113 � 14
700 225 � 21 8.1 � 1.0 67 � 8 150 � 19
800 285 � 26 11.7 � 1.5 84 � 11 189 � 24
900 350 � 30 16.0 � 2.0 103 � 13 230 � 30
1000 410 � 30 20.6 � 2.7 122 � 16 270 � 30
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corrected plane-wave Born approximation. The required
inelastic form factors were computed from numerical bound
and free relativistic wave functions of the active electron.
Unfortunately, their tabulations do not include data for Mo.

To facilitate the evaluation of ionization cross-sections
within the corrected plane-wave Born approximation, Brandt
and Lapicki developed the ECPSSR analytical model,5 which
relies on non-relativistic hydrogenic inelastic form factors. A
comprehensive overview of this model can be found in ref. 29.
The ECPSSR has been very successful in predicting reliable
cross-sections for many applications including PIXE. ECPSSR
ionization cross-sections for the Mo Li subshells were extracted
from the PIXE2010 database,24 choosing the ‘united atom’

approximation.‡
In addition, we have calculated ionization cross-sections for

the Mo Li subshells having recourse to the binary-encounter
approximation31 (BEA). This simple formalism only needs as
an input the experimental binding energy of the considered
subshell and its probability density of linear momentum, for
which we adopted the analytical non-relativistic hydrogenic
expressions with Slater's effective charges.32 The implementa-
tion of the BEA is more straightforward than that of the ECPSSR
formalism although it is expected to be less accurate owing to
the neglect of corrections for binding-polarization and
Coulomb deection.

From the Mo Li subshell ionization cross-sections one may
compute the corresponding X-ray production cross-sections sxLi
using the expressions

sx
L1

¼ u1sL1
; (9)

sx
L2

¼ u2ðsL2
þ sL1

f12Þ; (10)

sx
L3

¼ u3

�
sL3

þ sL2
f23 þ sL1

ð f13 þ f12 f23Þ
�
; (11)

where sLi
and ui are the ionization cross-section and uores-

cence yield of the Li subshell, respectively, and fij are the Coster–
Kronig coefficients. Notice that the vacancy-transfer probabili-
ties from the K shell to the Li subshells and the radiative tran-
sition probabilities between subshells L1 and L3 are very small
so that their contributions to eqn (9)–(11) have been dis-
regarded. The theoretical X-ray production cross-section of the
complete L shell sxL is then given by eqn (4).

An internally consistent database of uorescence yields and
Coster–Kronig transition probabilities was compiled by
Krause7 based on semi-empirical information. Later on, the
atomic relaxation parameters ui and fij that had been calcu-
lated in the Dirac–Hartree–Slater approximation were tabu-
lated by Puri et al.8 as well as by Campbell.9 In recent work,
Kolbe et al.10 used synchrotron radiation to measure ui and fij
for a few elements, among them Mo, with a traceable uncer-
tainty budget. For the sake of completeness, the atomic
relaxation data from these references are summarized in
Table 1.
‡ The version of ECPSSR that incorporates this specic renement is sometimes
called ECUSAR.30

This journal is © The Royal Society of Chemistry 2018
Results and discussion

We recall that in the t of the X-ray spectra with PAMPA, the
relative weights of the various radiative transitions LiXj to
a given Mo Li subshell were kept xed to GLiXj

/GLi,total. Hence, we
do not report the individual sxLiXj

X-ray production cross-
sections but, rather, sxLi and sxL.

Total L-shell X-ray production cross-sections

The present Mo L X-ray production cross-sections are listed in
Table 2. They are also displayed in Fig. 4 along with the existing
experimental data33–45 (the numerical values were taken from
the review by Miranda and Lapicki1,2), and the theoretical
ECPSSR and BEA sxL. Ratios of experimental to theoretical X-ray
production cross-sections are shown in Fig. 5.

A few of the measurements reported in the literature were
carried out using thin samples36,39,40,42,45 but in most cases the
thick-target method was employed.33–35,37–39,41,43,44 Three of the
older experimental X-ray production cross-section data sets
from the sixties and seventies are about three to ve times
smaller than the rest of the data and should be discarded from
the analysis. Our measured sxL are in satisfactory accord with
those of the majority of experiments performed below around
300 keV. Between 400 and 550 keV, the present results are
almost identical to those reported by Miranda's group,42 and
these two data sets are somewhat larger than the cross-sections
measured by Petukhov and co-workers.38 A similar trend is
1200 550 � 50 31 � 4 160 � 21 360 � 50
1500 740 � 80 46 � 6 215 � 29 480 � 70
2000 1010 � 100 67 � 9 290 � 40 650 � 90
2500 1190 � 120 78 � 11 340 � 50 770 � 110
3000 1290 � 130 81 � 12 370 � 50 840 � 120

J. Anal. At. Spectrom.
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Fig. 4 Mo L X-ray production cross-section as a function of proton
energy (logarithmic scale). The magenta circles with error bars are the
present results. Other symbols are experimental data from the litera-
ture;33–45 the acronyms are those in the review,1,2 and the letters t and T
indicate whether the thin-target or the thick-target method was used,
respectively, whereas r means that the measurement was relative. The
solid and dashed curves correspond to the ECPSSR theory5 and the
BEA, respectively, with Krause's relaxation parameters.7

Fig. 5 Ratios of the present experimental Mo L X-ray production
cross-sections to the predictions of the ECPSSR model, as a function
of proton energy (logarithmic scale). The three plots correspond to the
indicated choice of fluorescence yields and Coster–Kronig coeffi-
cients for the conversion of ionization to X-ray production cross-
sections (see eqn (9)–(11)). The dotted lines delimit an energy-
dependent uncertainty interval evaluated as a rough estimate of the
accuracy of ECPSSR combined with the uncertainties of the ui and fij
coefficients.
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observed at 1.0–1.3 MeV, where the recent measurements by
Batyrbekov and his colleagues45 are substantially smaller than
our cross-sections. Therefore, between 600 keV and 3 MeV, the
present sxL values are higher than those of all previous
experiments.

Comparing the present Mo L X-ray production cross-sections
with the ECPSSR theory we nd excellent agreement in the
investigated energy interval if the uorescence yields and
Coster–Kronig coefficients of Krause's classical compilation7 are
adopted. As can be seen in Fig. 5, the agreement worsens
slightly if the values of ui and fij are taken from Puri et al.8 or
Kolbe et al.10 Nevertheless, sxL is relatively insensitive to the
selection of uorescence yields and Coster–Kronig coefficients.
Given the uncertainty of the experimental cross-sections and
the accuracy attributed to the ECPSSR formalism, it is apparent
that the theoretical sxL curves calculated with the three sets of
atomic relaxation parameters are compatible with our
measured Mo L X-ray production cross-sections. On the other
hand, the simpler BEA yields too high cross-sections at energies
below several hundred keV.
L subshell X-ray production cross-sections

The present Mo Li X-ray production cross-sections are listed in
Table 2 and shown in Fig. 6. Included in the gure are the
J. Anal. At. Spectrom.
experimental data by Cipolla,41,44 who in these publications
chose the L2,3, Lb1 and La1,2 radiative transitions to evaluate the
X-ray production cross-sections of the L1, L2 and L3 subshells,
respectively, using eqn (2) with relative emission rates from
Campbell and Wang.18 Theoretical subshell X-ray production
cross-sections calculated from the ECPSSR Mo Li ionization
cross-sections and the three aforementioned sets of uores-
cence yields and Coster–Kronig coefficients7,8,10 are also
displayed.

The experimental Mo L1 X-ray production cross-sections
match perfectly with the theoretical sxL1 curve calculated with
Krause's u1. The curve computed with Puri et al.'s u1 underes-
timates sxL1 by around 30%, which can be attributed to the low
value of the L1 uorescence yield [see eqn (9) and Table 1].
Miranda and co-workers46 studied the effect of atomic relaxa-
tion parameters on L-shell X-ray production cross-sections by
proton impact with energies below 1 MeV, concluding that Puri
et al.'s relaxation data furnish the best overall agreement with
a large number of experiments. However, they also highlight
that sxL1 is not well predicted by Campbell and Wang's relative
emission rates. The two sets of measurements by Cipolla are
discrepant, which attests to the risk of relying on exclusively one
radiative transition to infer the X-ray production cross-section
of a subshell. Thus, although the Lg2,3 peak is resolved in the
X-ray spectra (see e.g. Fig. 1) it has a rather low intensity so that
its area has a large uncertainty and might be affected by inac-
curacies in the subtraction of the continuous bremsstrahlung
component. Interestingly, if we sum the Lb3,4 and Lg2,3 X-ray
production cross-sections of ref. 44, the results (not shown)
This journal is © The Royal Society of Chemistry 2018
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Fig. 6 Mo Li subshell X-ray production cross-sections as a function of
proton energy (logarithmic scale). The circles with error bars are the
present results, whereas Cipolla's experimental data are depicted as
triangles41 and diamonds;44 the red, green and blue symbols pertain to
the L1, L2 and L3 subshells, respectively. The solid, dotted and dashed
curves correspond to the theoretical values computed from ECPSSR
subshell ionization cross-sections and relaxation parameters pub-
lished by Krause,7 Puri et al.8 and Kolbe et al.,10 respectively.
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are almost identical to the data of ref. 41 and more consistent
with the trend of our sxL1 values.

In the case of the Mo L2 X-ray production cross-sections, the
present results and those of the older experiment by Cipolla41

are between 10% and 20% higher than the three curves, which
are close to each other. Conversely, his more recent values44 fall
nicely on the theoretical curves.

Finally, our measured sxL3 values as well as Cipolla's most
recent data set44 support the uorescence yields and Coster–
Kronig coefficients of Kolbe et al. and Krause. The curve eval-
uated with Puri et al.'s atomic relaxation parameters exhibits
a slightly worse agreement.

Conclusions

L-shell X-ray production cross-sections by proton impact were
measured for Mo by means of the thick-target method. The
results are compared to the previous experimental information
and to the predictions of the ECPSSRmodel, paying attention to
the choice of atomic relaxation parameters.

The measured total Mo L X-ray production cross-sections are
in good agreement with most previous experimental values
below 300 keV. The data from the literature are inconsistent
between 600 keV and 3 MeV, and in this energy interval our
results are higher. In the whole energy range studied here, our
This journal is © The Royal Society of Chemistry 2018
measured L-shell X-ray production cross-sections match the
theoretical predictions of the ECPSSR model, especially if the
uorescence yields and Coster–Kronig coefficients recom-
mended by Krause are used.

Regarding the Mo Li X-ray production cross-sections, exist-
ing experimental data only extend up to 300 keV. The present
results are consistent with them. The comparison of the
measured sxLi to the theoretical values is satisfactory if the
atomic relaxation parameters of Krause or Kolbe et al. are
employed. Puri et al.'s u1 leads to L1 X-ray production cross-
sections that deviate notably from those of the experiments.
Further experimental and theoretical research is necessary to
settle this issue.

The fact that the X-ray spectra are tted on the basis of
sensible physics models and that PAMPA enables the possibility
of setting up a tting strategy enhances the condence in the
results, which would be difficult to achieve with commercial
soware. PAMPA has proven to be exible and reliable for
analyzing the measured X-ray spectra, allowing us to t even
the L lines that would only be resolved with high-resolution
detectors such as wave-dispersive spectrometers.

The success of the presented combination of the thick-target
method and data-analysis procedure opens up its application to
investigate the ionization of the L subshells of other elements
whose L lines overlap strongly. Moreover, this combination can
be exploited in the measurement of the cross-sections of low-
probability phenomena like multiple ionizations producing
satellite lines.
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