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Abstract: The impact energy and angular dependence of L X-rays of a thick polycrystalline tungsten
(W; atomic number, Z = 74) target induced by 15–25 keV electrons has been measured at different
angles varying from 15◦ to 75◦ at intervals of 5◦ using a Si PIN photodiode detector. The variation of
measured relative intensity of Ll, Lα, Lβ and Lγ characteristic lines as a function of incidence angle is
found to be anisotropic and the measured variation compares well with the PENELOPE simulation
results. The angular variation of intensity ratio of Ll/Lα and Lβ/Lα shows anisotropic distribution,
whereas the angular variation of the Lγ/Lα ratio exhibits almost isotropic distribution within the
uncertainty of measurements. These measured ratios are found to be in good agreement with Monte
Carlo (MC) calculations. The measured intensity ratios of Lβ/Lα and Lγ/Lα at a given incidence
angle show a linear dependence with impact energy and exhibit good agreement with simulation
results; however, the measured intensity ratio of Ll/Lα shows a non-linear variation with the impact
energy and yields poor agreement with theoretical calculations.
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1. Introduction

Theoretical and experimental investigations of electron-atom ionizing collisions have occupied
physicists for many decades, and this topic is still the subject of intense research. When the
collision involves excitation of a tightly bound shell electron, the atom may emit, in the course
of subsequent relaxation, not only the characteristic (CS) X-ray lines but also a continuous radiation
called bremsstrahlung (BS) associated with X-ray lines. The energy corresponding to the emitted X-ray
line constitutes a fingerprint of the ionized shell of the atom. In a solid target consisting of a large
number of atoms, there are two significant ionization mechanisms, namely, direct electron impact and
an indirect process involving the photoelectric absorption of radiation. The theoretical estimates of total
and partial ionization cross-sections from different models can be compared with measurements of
characteristic X-rays emitted after electron impact. To do so, ionization cross-sections can be converted
into X-ray emission cross-sections using atomic relaxation parameters. At electron impact energies
near the atomic binding energies (a few eV to tens of keV), ionization and subsequent rearrangement of
atomic electrons take place, resulting in emission of photons. In this process, the presence of multiple
electrons both bound and continuous complicates the dynamics of collision processes and therefore
the subsequent observable effects are not fully understood in all the experiments. Electron-impact
ionization cross-sections of atoms and molecules, on one hand, are of great importance in many
branches of physics including atomic physics, plasma physics and radiation physics, apart from
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their several applications, for instance, in electron-probe microanalysis (EPMA), surface analysis by
Auger-electron spectroscopy (AES), electron energy loss spectroscopy (EELS) and in structure and
characterization of matter. Tungsten is an important material to be studied in plasma physics research,
and the investigation on angular distribution of X-rays can offer a useful basic database for the project
of International Thermonuclear Experimental Reactor (ITER) [1].

Earlier experiments on electron-impact ionization studies focused primarily on the K-shell
ionization cross-sections, while L- and M-shell ionization data were seldom reported [2]. Recently,
many authors have reported L X-ray production cross-sections for a few elements, and validation
of various theoretical models are done using their corresponding data. Shima et al. [3] performed
experiments near the ionization threshold and reported L-group lines production of cross-sections
and L3 ionization cross-section by electron impact. Schneider et al. [4] have reported L3 ionization
cross-section by electron impact near the ionization threshold. The comparisons between theory
and various experiments on L-shell production cross-sections in a few heavy elements, for instance,
Z = 72–83, were made by Fernandez et al. [5]. L-subshell ionization cross-sections of gold induced
by 15–40 keV electrons were measured and compared with calculations using distorted wave Born
approximation formalism as well as the modified relativistic binary encounter Bethe model by
Rahangdale et al. [6]. The recent experiments done by Campos et al. [7] provided improved results
for Lα and Lβ production cross-sections. An exhaustive review on measurements and calculations of
L-shell ionization cross-sections of a large number of elements (Z = 1–99) by electrons and positrons
having kinetic energy up to 1 GeV has been reported recently by Llovet et al. [8]. All experiments in
the above comparisons were mostly carried out using thin foils of the considered targets. Considerably,
a lower number of experimental studies on the angular distributions of characteristic L-group X-ray
lines produced by electron impact have been reported in the literature, and most of such studies were
done using photon sources with thin foils of pure elements, see, for example, Wang et al. [9] and
references therein. In their studies, the angular distributions of Lα and Lβ2 X-rays of W induced
by 0–20 keV bremsstrahlung photons at different angles varying from 100◦ to 260◦ at intervals of
10◦ were measured and shown to be anisotropic. The angular distributions of Lα, Lβ, and Ll X-rays
of Au (Z = 79) using a thin foil at forward angles of 0◦ to 25◦ emitted following 15 keV electron
impact were measured by Sestric et al. [10] for investigating the degree of induced alignment of the
L3-subshell vacancies. Their results suggested that the angular distributions of Lα and Lβ X-rays
are essentially isotropic; however, they further suggested that the angular distribution of the Au Ll

X-rays may be weakly anisotropic. Their results were, however, not compared with prediction of any
theoretical model.

Apart from the experimental work of Sestric et al. [10], no other experimental results on the
angular distributions of relative-intensity ratios of L-group X-ray lines (Ll, Lα, Lβ, Lγ) induced by
electron impact with a thick target of high Z elements are reported in the literature. It was therefore
considered worthwhile to provide further experimental and theoretical information on the angular
dependence of relative-intensity ratios of different L X-ray lines of a thick tungsten (Z = 74) pure
element produced by bombardment of 15–25 keV electrons. In this study, we have compared the
measured results on impact energy and angular dependence of the relative-intensity ratios of a pair
of specified L X-ray lines with those predicted by PENELOPE general purpose Monte Carlo (MC)
calculations [11,12]. The comparison shows a satisfactory agreement between experiment and theory
within the uncertainty of measurements, suggesting that some L X-ray lines are isotropic while others
are anisotropic in nature. A more detailed discussion in this aspect is given in Section 4.

2. Experimental Details

Measurements were carried out on an experimental set up which has been described in detail in
our recent publications [13,14]. Briefly, a beam of mono-energetic electrons (beam diameter = 1–3 mm)
was obtained from an electron gun operative in the energy range 2–50 keV. The electrons were
bombarded on a high-purity (99.9%) thick polycrystalline target of W (Z = 74) with dimensions
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10 × 10 mm, having thickness of 0.25 mm. Impact energy of electrons was varied in the range 15–25 keV.
The electron beam-target-detector geometry of the experiment is shown in Figure 1. The X-ray detector
was fixed at 90◦ with respect to the electron beam direction. According to the employed geometry,
the incidence angle α subtended between electron beam direction and target normal varied in the
angular range between 0◦ to 90◦, while the photon detection angle θ is measured to be (90◦−α)
(see, Figure 1). The total number of electrons incident on the target was determined by using a current
integrator (ORTEC model 419). The target was biased at +28 V using dry batteries for preventing the
secondary electrons to escape from the target during the electron–target collisions. The electron beam
current used in the present experiments ranged from 0.2 to 1.5 nA depending on the beam energy and
the pulse pile-up rejection requirements, and the dead time of the detector was always kept in the
range 2–3%.
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Figure 1. Schematic of the electron beam-target-detector geometry of the employed experimental set
up. A = incidence angle, N = normal to the target surface, and θ = photon detection angle equal to
(90◦−α).

Measurements of impact energy and angular dependence of CS radiation were performed by
rotating the target about an axis set perpendicular to both the electron beam and the detector axis.
The X-ray photons emerging from the target surface were detected by an energy-dispersive Si PIN
photodiode detector (M/s Amptek Inc., Bedford, MA, USA), and the resolution full width and half
maxima (FWHM) of the detector was measured to be 165 eV at 5.9 keV. As the detector efficiency
for different CS X-ray lines is not exactly the same in terms of their corresponding energies, hence,
in determination of their relative-intensity ratios, it has to be accounted for. This aspect has been
appropriately considered in the model calculations of PENELOPE by including the exact experimental
conditions with regard to detector efficiency, energy-loss, transport of electrons and photons in the
target and backscattering of electrons, etc. However, few parameters, for instance, total number of
electrons incident on the target, solid angle subtended by the detector onto the target and target
density, were considered to remain nearly constant and the same in determining the considered ratios.
The solid angle subtended by the detector to the target at a given emission angle was estimated to be
1.26 × 10−3 sr. The X-ray photons were also recorded with beam-on without target in place for each
run—this data was needed for the background subtraction later in the data analysis. The contribution
of background counts that arise due to residual gases present in the scattering chamber and that due
to thick target bremsstrahlung (TTB) produced from chamber walls was found to be much less than
a percent of the true CS X-ray lines. Furthermore, for a chosen photon energy, the normalization
of background-subtracted experimental relative-intensity ratios of given CS X-ray lines with the
corresponding theoretical ratios, the detector’s response does not influence the normalized angular
distributions. The amplified signals from the photodiode detector were transferred to a computer-based
multi-channel analyzer (MCA-3. FAST ComTech GmbH, Oberhaching, Germany) and spectra of
X-ray photons were recorded in a pulse-height analysis (PHA) mode for all impact energy range of
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electrons. The data acquisition time for X-ray spectra recorded at different angles ranged from 3 to 4 h
depending on the impact energy of electrons as well as on the requirement of reasonable statistics of
the accumulated counts.

The uncertainty in measurements of the relative-intensity ratios of characteristic X-ray lines
originates mainly from the counting statistics of individual L X-rays lines: they are found to vary in
the range (0.9–5.0%), the uncertainty in detector efficiency є(k) (5%) and total background subtraction
(2–3%). Taking these errors in account, the upper limit of relative uncertainty in the measurement of
intensity ratios of characteristic L X-rays is found to be about 7.5%.

3. Data Analysis

A typical photon energy spectrum consisting of Ll, Lα, Lβ and Lγ characteristic X-ray lines of
W produced in collisions of 25 keV electrons with a pure polycrystalline thick W target at α = 45◦

is displayed in Figure 2. The Ll, Lα, Lβ and Lγ characteristic X-ray lines are clearly seen. They are
superimposed on a continuous bremsstrahlung spectrum that extends up to the incident energy of
electrons, that is, the end point of the spectrum. In order to obtain the relative intensity of individual
characteristic L X-ray lines, firstly, we fitted the continuous background by a linear interpolation
method taking all data points, excluding the characteristic X-ray peaks. Then, we fitted different X-ray
peaks using a Gaussian multiple-peak fitting procedure. In this way, the area of continuum background
underneath the peaks was obtained by integrating the whole region of the peaks, including the
associated BS underneath the peaks, and subtracted the fitted area of the peaks from the total integrated
area, as shown in Figure 2.
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multiple-peak fitting procedure (green line curves). Due to limited resolution of the detector, Lα,
Lβ and Lγ lines are not resolved.

Following the above fitting procedures, we have determined the variation of relative-intensity
and intensity ratios of Ll, Lα, Lβ and Lγ X-ray lines of W produced by electrons of different impact
energy in the range of 10–25 keV as a function of incidence angle α varying in the range of 0◦–90◦.
Resulting nature of the angular variation of intensity of different X-ray lines, intensity ratios and impact
energy dependence has been presented and discussed in detail in Section 5.
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4. Simulation Results for Impact Energy and Angular Variation of Characteristic L X-Ray Lines

In order to compare the experimental results of relative intensity of characteristic X-ray lines
and their ratios with those of theoretical predictions, we have used the general-purpose MC code
PENELOPE [11]; specifically, we have employed the code PENEPMA [12] which is based on PENELOPE.
This code simulates the coupled electron-photon transport in matter using a combination of numerical
and analytical physical models to describe the interactions of electrons and photons with matter.
Photon interactions are generated using the conventional detailed simulation method (all individual
interactions are simulated in chronological order). Electron trajectories are generated using a mixed
simulation algorithm, which can be conveniently switched to purely detailed simulation by selecting
appropriate values for the cut-off parameters. The relevant cross-sections implemented in PENELOPE
as well as the simulation algorithms are described in detail in Reference [11].

In this study, the following simulation parameters were used: C1 = 0.2 (average angular deflection
in a step), C2 = 0.2 (maximum average fractional energy loss in a step), Wcc = 1 keV (cut-off energy
loss for hard inelastic collisions), Wcr = 1 keV (cut-off energy loss for hard bremsstrahlung collisions),
Eel = 1 keV (electron absorption energy) and Eph = 1 keV (photon absorption energy). The description
of the above-mentioned parameters is found in References [11,12].

PENEPMA delivers X-ray spectra in absolute units, i.e., as probability density for detecting a
photon per unit photon energy, per unit solid angle and per incident electron. Energy distributions of
characteristic X-ray lines and those of BS photons emitted from the studied target at a given angle
were simulated using the actual experimental conditions. Characteristic X-ray lines’ yield and the
corresponding relative intensity ratios were finally extracted from the simulated spectra in the same
way as it was done for the experimental spectra.

5. Results and Discussion

5.1. Angular Distribution of the Relative Intensity of L X-Ray Lines

A typical example of spectra showing variation of the experimental and the simulation results
for relative intensity of Ll, Lα, Lβ and Lγ X-ray lines of W produced by impact of 25 keV electrons
as a function of incidence angle α is displayed in Figure 3a–d. From these figures, it is seen that all
lines under consideration show an anisotropic distribution in the measured angular range (0◦–90◦).
This anisotropy is caused due to absorption of the CS radiation inside the target, the strength of which is
proportional to the absorption path length (α-dependent) traversed by the radiation (see Figure 1). It is
further noted that the relative intensity of the characteristic X-rays gradually increases with incidence
angle α in going from α = 15◦ to α = 55◦, that is, as θ varies from 75◦ to 35◦. This gradual increase in
relative intensity of CS X-rays is caused mainly due to decreasing strength of photon absorption with
reduced path lengths as a function of α in traversing through the target material before photons are
registered in the detector. Further, it is noted that the intensity of Lα is about 17.1, 1.6 and 12.3 times
larger than the intensity of Ll, Lβ and Lγ respectively, when measured at α = 60◦. The angular
distribution of relative intensity of all lines under consideration shows a maximum around 55◦ ± 5◦.

In the above angular variation of relative intensities, the experimental data have been normalized
to theory at α = 45◦ for comparison. The comparison between the experimental and the simulation
results is found to exhibit a satisfactory agreement within the uncertainty of measurements.
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It is noted from Figure 3a–d that the relative intensity of all CS lines decreases for incidence
angle larger than 60◦. This feature is explained by the fact that the absorption of photons in the target
decreases with incidence angle (see Figure 1) while the production cross-section of the backscattered
electrons increases with incidence angle [15]. The net result of the two effects yields a maximum
intensity at a specific incidence angle (here, α = 55◦ ± 5◦). A complete set of numerical data on angular
variation of intensity for different L X-ray lines at three impact energies, namely, 15, 20 and 25 keV
obtained from measurements and from simulation are presented in Tables 1–3, respectively.

Table 1. Measured and simulation results for Ll, Lα, Lβ and Lγ X-ray photon yields (photons electron−1,
keV−1Sr−1) as a function of incidence angle α that ranges from 15◦ to 75◦ in collisions of 15 keV electrons
with a thick W target which are normalized at 45◦ to the Monte Carlo (MC) values.

α
(Yield)Exp × 10−5 (Yield)Sim × 10−5

Ll Lα Lβ Lγ Ll Lα Lβ Lγ

15◦ 0.257 4.745 2.864 0.399 0.256 4.750 2.878 0.398
30◦ 0.365 6.039 3.659 0.485 0.368 5.909 3.653 0.482
45◦ 0.384 6.499 4.095 0.551 0.384 6.499 4.095 0.551
60◦ 0.393 6.718 4.132 0.546 0.394 6.744 4.173 0.543
75◦ 0.358 6.146 4.212 0.495 0.359 6.199 4.212 0.494

Table 2. Same as Table 1 for impact energy of 20 keV.

α
(Yield)Exp × 10−5 (Yield)Sim × 10−5

Ll Lα Lβ Lγ Ll Lα Lβ Lγ

15◦ 0.152 2.746 1.550 0.222 0.161 2.708 1.573 2.278
30◦ 0.194 3.411 1.949 0.251 0.201 3.321 1.926 2.532
45◦ 0.210 3.637 2.124 0.284 0.211 3.637 2.124 2.840
60◦ 0.213 3.783 2.202 0.272 0.222 3.791 2.221 2.803
75◦ 0.200 3.624 2.150 0.264 0.213 3.628 2.193 2.719
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Table 3. Same as Table 1 for impact energy of 25 keV.

α
(Yield)Exp × 10−5 (Yield)Sim × 10−5

Ll Lα Lβ Lγ Ll Lα Lβ Lγ

15◦ 0.257 4.745 2.864 0.399 0.256 4.750 2.878 0.398
30◦ 0.365 6.039 3.659 0.485 0.368 5.909 3.653 0.482
45◦ 0.384 6.499 4.095 0.551 0.384 6.499 4.095 0.551
60◦ 0.393 6.718 4.132 0.546 0.394 6.744 4.173 0.543
75◦ 0.358 6.146 4.212 0.495 0.359 6.199 4.212 0.494

5.2. Intensity Ratio of L X-Ray Lines

The angular variation of intensity ratios of Ll/Lα, Lβ/Lα and Lγ/Lα X-ray lines was determined
from the measured relative intensity of individual lines, and the corresponding variation has been
compared with the calculations using the PENELOPE simulation code. Such variation of the intensity
ratios of X-ray lines for Ll/Lα, Lβ/Lα and Lγ/Lα have been plotted as a function of incidence angle for
a typical impact energy, namely, for 25 keV in Figure 4a–c, respectively.
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Figure 4. Comparison of variation of the measured X-ray line intensity ratios of (a) Ll/Lα, (b) Lβ/Lα

and (c) Lγ/Lα with that of the calculations from the PENELOPE simulation code for collisions of 25 keV
electrons with a thick W target as a function of incidence angle. The black filled squares represent
experimental data while red filled circles are data from simulation.

The angular variation of intensity ratio of the considered X-ray lines is seen to exhibit a non-specific
trend of variation; however, the magnitude of intensity ratio changes from one pair ratio of X-ray lines to
the other pair ratio, for example, the magnitude of intensity ratio of Lβ/Lα is about 11-times larger than
the magnitude of intensity ratio of Ll/Lα, whereas Lβ/Lα is about 6-times larger than the magnitude of
intensity ratio of Lγ/Lα when measured at α = 45◦. Despite such variable magnitude of intensity ratios
among different X-ray lines, the experiment and the theory compare reasonably well with each other
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within the uncertainty of measurements. Further, it is noted that the angular variation of intensity
ratio of Ll/Lα and that of Lβ/Lα show anisotropic distribution, whereas the angular variation of Lγ/Lα

exhibits almost isotropic distribution within the uncertainty of measurements (see Tables 1–3).

5.3. Impact Energy Dependence of L X-Ray Intensity Ratio

We have obtained the impact energy dependence of intensity ratio of Ll, Lβ and Lγ X-ray lines
relative to the intensity of Lα at a given incidence angle. As a typical example, the impact energy
dependence of intensity ratios of Ll/Lα, Lβ/Lα and Lγ/Lα lines at incidence angle measured at α = 60◦

is shown in Figure 5a–c, respectively.
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an incidence angle α = 60◦: (a) Ll/Lα, (b) Lβ/Lα and (c) Lγ/Lα, respectively. Black squares represent
experiment whereas red circles denote corresponding simulation results.

From Figure 5b,c, it is clearly seen that there is a linear dependence of Lβ/Lα and Lγ/Lα ratios on
impact energy in the considered region. This dependence is found to be in good agreement with the
simulation results within the uncertainty of measurements. In studies of impact energy dependence of
relative intensity of L X-ray lines (Ll, Lα, Lβ and Lγ) of Sm, Ho, Er and Bi elements under bombardment
of keV electrons, Ricz et al. [16] have shown that the intensity of these lines increases with impact
energy for a fixed angle of incidence. Moreover, similar linear dependence of Ll/Lα ratio with impact
energy is not found either by the results of measurements or by that of simulation. This different
behavior of impact energy dependence of Ll/Lα ratio may partly arise due to the relatively poor
intensity of the Ll line associated with a large uncertainty of measurements in comparison to that of
the Lα line. Figure 5b,c further shows that the magnitude of Lβ/Lα ratio increases by a factor of about
1.36 in changing the impact energy from 15 to 25 keV, whereas the magnitude of Lγ/Lα ratio increases
by a factor of about 1.49 when measured at α = 60◦.
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6. Conclusions

The impact energy and angular dependence of L X-ray lines induced by 10–25 keV electrons
incident on a polycrystalline thick target of W (Z = 74) have been measured using a Si PIN photodiode
detector and compared with results of the PENELOPE simulation. The angular range of incidence was
varied from 15◦ to 75◦ at intervals of 5◦. The variation of relative intensity of L X-ray lines, namely,
Ll, Lα, Lβ and Lγ, as a function of incidence angle shows anisotropic distribution for all lines and
exhibits a reasonable agreement with simulation results. The angular variation of the intensity ratios
of Ll/Lα, Lβ/Lα and Lγ/Lα X-ray lines is found to be in good agreement with the MC calculations.
The angular variation of intensity ratio of Ll/Lα and that of Lβ/Lα shows anisotropic distribution,
whereas the angular variation of Lγ/Lα exhibits almost isotropic distribution within the uncertainty of
measurements. These measurements are found to compare well with simulation results. Furthermore,
the measured intensity ratios of Lβ/Lα and Lγ/Lα lines at a given incidence angle shows a linear
increase with the impact energy, yielding good agreement with simulation, whereas the intensity
ratio of Ll/Lα lines exhibits a non-linear variation with the impact energy and shows poor agreement
with theory. The basic information extracted from this work could be summarized by stating that the
‘oblique’ incidence (around 40◦–60◦) of impacting electrons with the considered thick polycrystalline
target enables a relatively larger intensity of the emitted characteristic L-lines than that of the ‘normal’
incidence. This finding enhances our understanding on X-line radiations which are generally needed
for generating a larger intensity of radiations. Such radiations are usually employed in radiation
therapy treatment related to medical science or in radiation damage studies of different targets related
to materials and biological sciences.
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