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THEORETICAL INSIGHTS INTO L X-RAY EMISSION ANISOTROPY
AND POLARIZATION IN HIGH-Z ELEMENTS

A comprehensive theoretical study of the angular anisotropy and linear polarization of characteristic L-shell X-ray
emission from high-Z atoms (tantalum, tungsten, rhenium, iridium, gold, and thallium) produced by photoionization with
unpolarized photons is reported. The calculations are performed within the non-dipole approximation employing three
alternative descriptions of the atomic potential: (i) point Coulomb field, (ii) screened Coulomb field, and (iii) analytical
perturbative treatment. To examine only direct L-shell fluorescence, the incident photon energy is limited to the range
extending from the Lz absorption threshold to the K-shell edge, thereby eliminating contributions from K-shell ionization,
Coster—Kronig transitions, and inter-shell vacancy transfer processes. The degree of linear polarization for the L, L

al 7
and Lay spectral lines is calculated up to 60 keV to determine their variation with excitation energy. The results indicate
that vacancy alignment reaches its maximum close to the threshold, where great changes in subshell ionization amplitudes
and photoelectron partial-wave components occur. As the photon energy increases, the alignment progressively decreases,
leading to reduced anisotropy and polarization, and gradually approaches a slowly varying high-energy limit. The L
transition consistently shows greater anisotropy than the L. lines, while the polarization values of L, La1, and Loz remain
transition-specific because of differences in angular momentum coupling and radiative transition matrix elements. A
systematic dependence on atomic number is observed throughout the investigated elements, with heavier atoms exhibiting
comparatively greater changes in the polarization behaviour. While this trend may reflect the combined influence of
relativistic effects, spin-orbit coupling, and electron-correlation effects commonly associated with heavier atomic
systems. Although all three theoretical approaches predict similar overall energy-dependent trends, noticeable quantitative
differences are obtained in the polarization magnitudes, demonstrating the sensitivity of the results to the adopted potential
model and alignment treatment. Comparison with previously published results of Kampfer et al. and Ozdemir et al.
confirms the consistency of the present calculations and L. offers a deeper theoretical understanding of the combined
influence of vacancy alignment, multipole mixing, and relativistic dynamics in L-shell X-ray emission.
Keywords: L-shell X-ray emission, polarization, anisotropy, photoionization, high-Z atoms.

1. Introduction Meanwhile, the polarization of L X-rays for some
] ] elements at 59.54 keV energy has been calculated by
_ The study of angular anisotropy and linear pola-  yzgemir et al. [2], and it was noticed that the linear
;lza:;]on 'ndCha{an?”St"'})t;' rag/ EMISSIONS 1S esientt:al polarization of L lines is greater than that of L, lines.
or the unaerstanding OT the basIC Processes ot pno- Moreover, the alignment of inner-shell vacancies
toionization at the atomic level, especially in the case o . S
of the high-Z elements in which 'E)he rel?i/tivistic and produced in heavy elements following photoioniza-
di ? Ffoct into olav. M h tion or electron-impact ionization can be investigated
non-dipoie etlects come Into piay. VIoreover, these through measurements of the angular distribution and
parameters are used to study the exchange of coupling linear polarization of the emitted characteristic
between subshells, transition probabilities and fine P o
. - o . X-rays as analyzed by Jitschin and Werner [3]. These
structure analysis of multipole transitions. Since the uantities are commonly described using alianment
K-shell has been investigated extensively, the L-shell g . y sihg aflg
ionization shows unique behaviour of electron-pho- parameters, which depend on the atomic structure, the
ton interaction, particularly under conditions in which energy of the |r](:_|dent radiation, and Fhe polar|zat|o'n
state of the exciting photons. Theoretical and experi-

radiation emission is significantly affected by multi- ; .
pole interferences and correlation effects. mental studies by Wu et al. [4] and Han and Demir

According to [1], non-dipole contributions to [5]_e>_(amined the anisotrop;_/ and polarization chara(_:—
electron-photon interactions can influence the linear ~ (eristics of L-shell X-rays in heavy elements. Their

polarization of characteristic radiation from neon-like ~ Investigations showed that, for photon-induced L
Fe's* and U®?* ions in Ls photoionization processes.  *X-ray emission in gold and lead atoms, the anisotropy
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and linear polarization above the Ls absorption edge
are relatively small. Furthermore, anisotropy aids in
describing the alignment parameter A, and, hence-
forth, the linear polarization of heavy elements
(high--Z). However, the angular distribution mea-
surements are challenging and require corrections for
both the absorbed beam and produced photons, which
in turn may lead to errors.

Several studies have explained the linear polariza-
tion in terms of the alignment parameter, calculated
by means of several approximation methods.
Ké&mpfer et al. [6] calculated linear polarization for
tungsten with the help of density matrix theory; the
results are in agreement with experimental results and
exposed a weak susceptibility of polarization on inci-
dent radiation.

Singh et al. [7] examined alignment in lead, tho-
rium, and uranium elements by intensity measure-
ments in the case of the Lz sub-shell using selective
photoionization by an unpolarized radiation of
59.54 keV. The precise measurements undeniably
concluded that anisotropy, if any, in the L3 X-ray is
very small and is nearly of the order of the theoreti-
cally measured value.

In 2018, Sharma et al. [8] reported that the expe-
rimentally observed anisotropy values were higher
than those predicted theoretically. Further, L¢ lines
are observed to be more anisotropic than uncertain
Lo1 and Lo lines with opposite anisotropies. Addi-
tionally, Sharma et al. [8] have shown that formula-
tions and interpretations given for the study of pho-
ton-induced inner shell alignment of atoms are valid
and concluded that the experimental trends in the
alignment parameter are consistent with each other.
Similar alignment trends are observed in ytterbium
also. The maximum number of alignment studies is
performed for L sub-shell electrons excited by 26 and
60 keV, or near threshold energies for the sub-shells.

Variation in the alignment parameter leads to a
distinction in polarization for all the high-Z elements.
It is observed that the approximation method, atomic
state and incident photon energy affect anisotropy and
thus the polarization. Zhang et al. [9] recognized that
the linear polarization of the characteristic photons is
significantly improved because of the transference of
polarization from the linearly polarized incident
ionizing photons. Garg et al. [10] measured the ani-
sotropy by changing the incident radiation energy
from Ls; edge to 60 keV (where the majority of
experimental results are available) in the angular
range of 0 to 180°. Multiple ionization of vacancies
occurs in the case of ionization by high ions and not
in the case of ionization by photons; that is, alignment
studies initiated by photoionization have an immate-
rial multiple ionization effect. Hence, it is viable to
ionize a specific atomic sub-shell by monitoring pho-
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ton ionising beam energy and to avoid conflict due to
the Coster—Kronig transition with the alignment
measurement studies by means of selective excita-
tions.

The anisotropy in L line is more compared to L,
lines, which is a combination of unresolved L,; and
L. lines with converse anisotropy [11]. Wu et al. [12]
used the relativistic single-configuration Dirac—
Hartree—Fock method to study anisotropy for barium,
ytterbium, mercury, and radon atoms with closed sub-
shells and observed that the Lo lines are nearly iso-
tropic and Lq2, L lines are feebly anisotropic. Luo et
al. [13] investigated the dependence of L-RR X-ray
polarization on energy and atomic number Z and
found that the results are in good agreement with
K-shell experimental values and are nearer to
L-shells. As vacancy alignment is sensitive to the
model or approximation method used, this will also
affect the degree of linear polarization of the atoms
under investigation [14].

Kébisch et al. [15] and Algadi et al. [16] used syn-
chrotron radiation to investigate L-shell fluorescence
of various elements; furthermore, Algadi et al. com-
pared results in good agreement with the Dirac—
Hartree—Slater model and prior datasets. The photo-
electron-based angular distribution of krypton was
measured with the help of linearly polarized synchro-
tron radiation in the neighbourhood of the resonant
excitations of the Ls subshell and huge non-dipole
involvement has been detected [17]. The impact
energy dependency of L-shell X-ray production cross
sections of lead (Z=82) has been measured in the
range of 15-30 keV electrons. The observations were
carried out using the thick target method, and the X-ray
yields as well as the production cross sections of
various L-subshell lines were measured and compared
with the results of Monte Carlo simulations [18].

In the present study, an effort has been made to
examine with high accuracy the linear polarization of
the fluorescent radiation by means of a theoretically
assessed alignment parameter. The studies are
focused on polarization and alignment at incident
photon energies near threshold to 60 keV to draw a
distinction with the existing outcomes of Kampfer et
al. [6]. The incident photon energies have been
selected to evade the K-shell binding energies to
avoid the Coster—Kronig transitions and inner shell
transfer to confirm the spectral purity.

2. Formulation

The present work investigates the angular
distribution of characteristic L X-ray lines inside the
polarization plane, changing the azimuthal angle ¢
from 0 to 180° but keeping the polar angle 0 at 90°.
The Z axis is the axis of the incoming photon beam,
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while the outgoing radiation lies in the XY plane
(Fig. 1). Such a geometry is appropriate for the

investigation of linear polarization effects as well as
anisotropic emission in photo-ionized atoms.

Outgoing
photon
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Fig. 1. Coordinate system to study angular distribution and linear polarization.

In this configuration, the azimuthal angle ¢ is
defined as the angle between the projection of the
emitted photon onto the plane perpendicular to its
propagation direction and the X-axis, which is
aligned with the electric vector of the incident linearly
polarized radiation. The polar angle 0 denotes the
angle between the incident photon beam and the
emission direction. Within this reference frame,
quantum-mechanical calculations enable a rigorous
description of the angular distribution and degree of
polarization of inner-shell X-ray transitions as a func-
tion of incident photon energy, with particular rele-
vance to L- and K-shell processes [6].

Fig. 1 shows the coordinate system to which the
geometry of the problem is referred to study the linear
polarization properties of the characteristic X-ray flu-
orescence as a function of the incident photon energy.
The incident radiation propagates along the Z-axis,
while the emitted radiation lies in the XY-plane, per-
pendicular to the direction of the photon beam. Here,
¢ denotes the azimuthal angle, defined as the angle
between the projected X-ray emission vector and the
X-axis (i.e., the direction of the electric field vector
of the incident linearly polarized photon). Following
Kampfer et al. [6], the polar angle 6 is defined as the
angle between the direction of the incident photon
(Z-axis) and that of the emitted photon. The geometry
adopted in the present work is well suited for investi-
gating the angular anisotropy and linear polarization
of L-shell characteristic X-rays following photoioni-
zation. In this configuration, the emitted radiation is
observed perpendicular to the incident photon beam,
while the azimuthal angle is measured relative to the
electric-field vector of the incident polarized radi-
ation. Such an arrangement enhances the sensitivity
to vacancy alignment effects and facilitates a clearer
analysis of the anisotropic and polarization behaviour
of the emitted X-rays. This geometry is highly advan-
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tageous for the analysis of L-shell X-rays, including
their anisotropy and polarization associated with
inner-shell photoionization under linear polarization
conditions. In the case of grazing incidence for fully
linearly polarized X-rays along the X-direction
¢ =0°, the angular distribution for each Ly peak
follows the formulation given in [8].

WL, (90°,0°) =, (1)

W,
where =4—;(1+u2[(—1.25)A20 )

On the similar lines for ¢ = 30, 60, 90, 120, 150 and
180°:

WL, (90°,30°) =+ Cyat, , )
WL, (90°,60°) = 0 +3c,0,, ®)
WL, (90°,90°) =  +4c,0,,, (4)
WL, (90°,120°) = 0 + 3¢,01,, ()
WL, (90°,150°) = @ + C,01,, (6)

WL, (90°,180°) =0, 7

where ¢, :%[(0.375)&0 :
T

At every angle ¢, for each Ly peak, Wo/4n is
constat and only o, that determined by J values of the
initial and final states of the ion, having values 0.5,
0.1, =04 and 0.1 for L¢ L1, La2 and Lgo lines
correspondingly [16].

The normalized intensities for each Lq peak of L
X-rays at an azimuthal angle (e. g. $=0°) is
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expressed as

WLg(90°,O°) B ® ®)
WL, (90°,90°) o+ 4ca, |
For individual L¢, and L, peaks the normalized

intensities at ¢ = 0° can be measured by using equa-
tions (9) and (10) respectively

WL, (90°0°) )
WL, (90°,90°) o +4c,a, |
WL, (90°,0°)
WL, (90°,90°)
WO
=01 ~1.25
_ o+ 4n( + 0‘2[Azo( )]) o)

W,
o+ 4c0, + 4—;(1 + a,[ A (0.250)])

Afterwards, the derived Az alignment parameter,
calculated via non-relativistic dipole approximation
(NDA), i) point Coulomb, ii) screened Coulomb, and
iii) analytical perturbation theory, is used in Egs. (9)
and (10) to study the azimuthal behaviour of the L,
and L, X-ray lines at an angle ¢ between 0 and 180°.
Giventhat L, and L, transitions are generated by pho-
toionization of the Lz subshell, the maximum aniso-
tropy in the angular emission is anticipated near the
ionization threshold. Therefore, in this work, the
alignment parameters have been evaluated at photon
energies lying between the Ls and L binding energies
of the target atoms, where strong anisotropy is present
and at 60 keV, corresponding to a higher energy,
where an abundance of experimental data is available.
The angular distribution studies were performed at
various azimuthal angles, in the interval of 30°, from
0 to 180°, the full range.

Furthermore, the degree of linear polarization of
the emitted characteristic X-rays is of particular inte-
rest for studying the polarization properties of an
X-ray source in detail, indicating the degree of aniso-
tropy of the photon emission. Since the anisotropy in
the angular distribution originates from a non-uni-
form population of the magnetic sublevels, the resul-
ting linear polarization of the emitted radiation
becomes a direct observable consequence of this ani-
sotropy. Therefore, a larger magnitude produces
stronger directional asymmetry in the emission pat-
tern and consequently a larger value of the first Stokes
parameter P1, which serves as a quantitative indicator
of the anisotropy of the emitted X-rays. This is sum-
marized by the parameter P1, which quantifies the
linearly polarized component of the radiation. Con-
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cerning inner-shell photoionization processes pro-
duced by an unpolarized photon beam, P; is a direct
measure of the anisotropy in the emission pattern, and
itis intrinsically related to the alignment parameter A;
of the initial vacancy state. In particular, for emis-
sions along the normal to the incident beam direction,
0 = 90°, the linear polarization of lines Lq1, La2, and
L. can be calculated using analytic equations that pro-
vide Pz as a function of the previously obtained As.
Based on the angular momentum coupling and quan-
tum electrodynamical formalism used in [6] and
Zhang et al. [9], these contributions provide the trans-
formation of the atomic alignment into polarimetric
observables, connecting the study of the angular dis-
tribution with the analysis of the polarization in a sin-
gle theoretical approach.

3. Results and discussions
3.1. Angular distribution studies

The theoretical analysis of the angular distribution
for characteristic L (L, and L¢) X-ray emission lines
was performed for some high-Z elements (tantalum,
tungsten, rhenium, iridium, gold, and thallium) over
a wide range of the incident energy from threshold up
to 60 keV. At Low photon energies, the calculated
normalized intensities as a function of the azimuthal
angle (¢) in the vicinity of the Ls subshell threshold
clearly indicate a distinct anisotropy for all the ele-
ments mentioned above.

As shown in Fig. 2, three models converge per-
fectly at 90°, where the normalized angular distribu-
tion reaches its maximum value of 1.00. This indi-
cates that for transitions in tungsten (W) at this
energy, the emission is most intense perpendicular to
the reference axis. The gap between the screened and
Coulomb lines illustrates the importance of electron-
electron interactions. In heavy elements like tungsten,
the inner electrons significantly shield the outer ones
from the full positive charge of the nucleus, which
shifts the probability of X-ray emission.

The most dramatic difference occurs between 0
and 60°. The analytical perturbation theory shows a
much steeper drop-off as the angle approaches 0°.
This suggests that the perturbation approximation
may fail to capture the full complexity of the atomic
field near the forward-scattering direction compared
to potential-based models.

The distribution is anisotropic, meaning it is not
the same in all directions. If the emission were
isotropic (equal in all directions), the graph would be
a flat horizontal line. The curvature proves that the
physical process of emission has a preferred spatial
orientation.
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Fig. 2. Normalized L angular distribution of 7sW at incident photon energy 15.660 keV using NDA.:

black curve — point Coulomb, red curve — screened Coulomb, and green curve — analytical perturbation theory.
(See color Figure on the journal website.)
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Fig. 3. Comparison of present angular distribution results for L, Lq1, and Le of 72W at 15.660 keV
with that of Zhang et al. [9]. (See color Figure on the journal website.)

As it is clear from the graphs (Figs. 2 and 3), the
present results demonstrate a comparable variation of
all L¢ and L, relative intensities for incident photon
energy 15.660 keV. The intensities rise with the rise
in angle from 0 to 90°, and after 90° there is a drop.
Furthermore, it is found that the L, X-ray groups
exhibit greater variability than the L, X-ray groups.

C'omparison of L¢ angula'r distribution for U-92'at 60 keV
1.4+ using A2, A2* and A2** with Kahlon et al. (1991) -
21.24 b
w
o
i<}
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£ 0.8 Normalized L; (Kahlon et al. 1991) b
§ —e— using NDA in a Coulomb potential
using NDA in a screened Coulomb potential
0.6+ using analytical perturbation theory in a screened E
potential
T T T
60 90 120

Emission angle (Degrees)

The reason for the more significant variance of L
X-rays compared to L, could be that the L
group only has one intense line (Ls — Mi), while
the L, group has two lines, L1 (Ls — Ms) and
Loz (Ls = Ms), which have opposite anisotropic
distributions.

Compar'ison of L angular dist'ribution for U-92 at 60I keV
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Fig. 4. Comparison of present angular distribution results for L, and L, of ®?U at 60 keV
with Kahlon et al. [19]. (See color Figure on the journal website.)
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As observed in Fig.4 when compared with
Kahlon et al. [19], the anisotropy for W at 60 keV is
very small for both L¢ and L, lines. However, the
magnitude of anisotropy at 60 keV is considerably
reduced compared to that near threshold energies,
reflecting the diminishing influence of alignment
effects at higher excitation energies except in the case
of analytical perturbation theory, where this reduction
is minimal, as illustrated in Figs. 3 and 4. Comparison
with the angular distribution data of tungsten (74W) at
15.660 keV reported by Zhang et al. [9] further vali-
dates the present results.

Quantitatively, the anisotropy values predicted by
analytical perturbation theory are significantly higher
than those obtained using the other two approaches,
namely the non-relativistic distorted-wave approxi-
mation with (i) a point Coulomb potential and (ii) a
screened Coulomb potential, particularly at both pho-
ton energies. This discrepancy may be attributed to
the treatment of screening effects and the inclusion of
isotropic correction factors within the analytical per-
turbation framework, which likely enhance the pre-

dicted anisotropy relative to the other models. Fur-
thermore, the angular distribution profiles derived
using the analytically obtained alignment parameters
are found to be relatively uniform across both ele-
ments and exhibit similar behaviour at both photon
energies, suggesting a degree of robustness and
energy independence in this approximation [14].

4. Polarization studies

In the present investigation, the degree of linear
polarization of characteristic L-shell X-ray lines has
been evaluated through the alignment parameter Ay,
which quantifies the spatial anisotropy of the initial
vacancy state following photoionization. Since align-
ment is inherently sensitive to the incident photon
energy as well as to the theoretical model employed
for its computation, its variation provides a direct
framework for interpreting the behaviour of linear
polarization (Table). Fig. 5 illustrates the dependence
of Ay on photon energy for tantalum, serving as a rep-
resentative case.

Degree of linear polarization of L X-rays for 7sTa
in the energy range of 13 to 60 keV incident photon energy

Incident P(Lar) P(Le) Incident Polarization
. . . . values
Sr. photon Using the allganlent B*arameter Using the allgnrpent Bgrameter photon of Kampfer et al
No. | energy, (A2, Ao, A2™) (A2, A2, A2™) energy, [6] '
keV = = = = keV
Az Az Az Az Az Az P(La) | P(Le)
1 13 0.0466 | 0.0433 0.0767 | -0.1730 | -0.2301 | —0.2722 | 10.307 1.02 -5.2
2 15 0.0333 | 0.0306 0.0767 | -0.1264 | -0.1595 | -0.2722 12 1.04 5.6
3 20 0.0205 | 0.0191 0.0767 | -0.0794 | -0.0983 | -0.2722 14 1.06 -5.8
4 25 0.0162 | 0.0153 0.0767 | -0.0634 | -0.0785 | -0.2722 16 1.08 —6.2
5 30 0.0143 | 0.0137 0.0767 | -0.0559 | -0.0699 | -0.2722 18 1.10 —6.4
6 35 0.0132 | 0.0127 0.0767 | -0.0518 | -0.0650 | —0.2722 20 1.12 —6.6
7 40 0.0125 | 0.0121 0.0767 | -0.0489 | -0.0619 | -0.2722 22 1.15 —6.8
8 45 0.0120 | 0.0117 0.0767 | -0.0472 | -0.0597 | -0.2722 NA NA NA
9 50 0.0117 | 0.0203 0.0767 | -0.0460 | -0.1047 | -0.2722 NA NA NA
10 55 0.0114 | 0.0112 0.0767 | -0.0449 | -0.0573 | -0.2722 NA NA NA
11 60 0.0112 | 0.0110 0.0767 | -0.0443 | -0.0559 | -0.2722 NA NA NA

Note. The polarization values reported from Kampfer et al. [6] are expressed in percentage, %.

At very high photon energies, the incident photon
effectively interacts with the electron as if it were
guasi-free. Consequently, the detailed structure of the
atomic potential (i.e., the specific “shape” of the
atom) becomes less significant compared to the large
kinetic energy involved in the interaction, leading to
a reduction in alignment. The largest discrepancies
are observed near the ionization threshold
(10-20 keV). The point Coulomb potential predicts a
pronounced negative alignment, whereas the
screened Coulomb potential yields a comparatively
weak positive alignment. This strong sensitivity in the
near-threshold region indicates that electron scre-
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ening effects play a crucial role in determining the
post-photoionization spatial alignment of tantalum
(Z=73) ions. The marked discrepancy between the
two models highlights the necessity of incorporating
many-electron interactions in the theoretical descrip-
tion of heavy atomic systems, as the use of a pure
Coulomb potential leads to substantially different
(and negative) alignment predictions.

With increasing photon energy (E = 50 keV), the
alignment effects are significantly reduced. In this
high-energy regime, the interaction increasingly
resembles that of a quasi-free electron, thereby
diminishing the influence of the atomic potential.
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Consequently, the dependence on the choice of
potential model becomes weak, and the alignment

parameter approaches an approximately energy-
independent, near-zero value.

0g8 T T T T T T
Alignment parameter Vs Incident photon energy for Ta
0.5+ -
0.4 .
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o 03 Analytic perturbation theory
é -
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Incident Photon Energy (keV')

Fig. 5. Alignment parameter vs. incident photon energy for 73Ta.

(See color Figure on the journal website.)

The linear polarization of L1 and Ly2 X-rays have
been investigated as a function of incident photon
energy in the range 13-60 keV (see Table) using
different alignment parameters (Az, Ax’, Az"). The
notation P(L«), P(L«2), and P(L¢) denotes the degree
of linear polarization associated with the correspon-
ding characteristic L-shell X-ray transitions. The
results show a clear energy dependence of polariza-
tion, where P(L.1) remains positive and decreases
steadily with increasing photon energy, indicating a
gradual reduction in the degree of linear polarization
parallel to the reference plane. In contrast, P(Ly) is
negative throughout the energy range, with its magni-
tude varying with an increase in incident photon
energy, signifying polarization perpendicular to that
of La1. This opposite behavior is consistent with the
differing angular momentum coupling and selection
rules governing the two transitions. The decreasing
magnitude of polarization for both lines suggests a
reduction in atomic alignment and a transition toward
more isotropic emission at higher energies. The align-
ment parameters Az and Az yield consistent and
physically meaningful trends, whereas Ax"™, being
constant, fails to capture the energy dependence and
represents a limiting approximation. A comparison
with the results of Kampfer et al. [6] shows qualita-
tive agreement in the sign and trend of polarization
but reveals significant quantitative differences in
magnitude, likely due to differences in normalization
or theoretical treatment. An anomalous deviation
observed at 50 keV appears to be non-physical and
may be attributed to numerical or typographical error.
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Overall, the analysis confirms that linear polarization
of L-shell X-rays is strongly governed by atomic
alignment effects and decreases with increasing inci-
dent photon energy.

Extending the present analysis, the degree of
linear polarization was evaluated for four additional
high-Z elements, namely tantalum, rhenium, iridium,
gold, and thallium, over a broad range of incident
photon energies from the ionization threshold up to
60 keV. The results indicate that, for all photon ener-
gies and across all investigated elements, the degree
of linear polarization of the L. line consistently
exceeds that of the L,1 and L2 lines under all theo-
retical approximations considered. Furthermore, the
polarization associated with the L., line exhibits a
sign opposite to that of the Ly line, in strong agree-
ment with the results reported by Kampfer et al. [6].
This inversion in polarization can be attributed to the
differing angular momentum coupling characteristics
of the corresponding radiative transitions. Specifi-
cally, the L transition 3ds, — 2pso involves a
change in the total angular momentum quantum num-
ber, whereas the L. transition 3ds» — 2ps,» does not,
as also discussed by Kahlon et al. [19].

A clear distinction is observed in the predicted
degree of polarization depending on the theoretical
approach: analytical perturbation theory consistently
yields higher polarization values compared to those
obtained using NDA in point Coulomb or screened
potentials. These results, compared using all three
theoretical approximations Az, Ax", and Ax™ are
presented in Figs. 6-9.
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Fig. 6. P(La1) and P(L,2) vs. incident photon energy for tantalum, rhenium, iridium, gold, and thallium using Azo.
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Fig. 7. P(La1) and P(L2) vs. incident photon energy for tantalum, rhenium, iridium, gold, and thallium using Az*.
(See color Figure on the journal website.)
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(See color Figure on the journal website.)

Figs. 6-9 collectively demonstrate the dependence
of the degree of linear polarization of the L1, La2, and
L. characteristic X-ray lines on incident photon
energy for tantalum, rhenium, iridium, gold, and
thallium, evaluated using the three alignment
parameter formulations Az, Az’ and Ax™. The

ISSN 1818-331X ANEPHA ®I3UKA TA EHEPTETHUKA 2026 T.27 Ne 3

degree of linear polarization of the L1, La2, and L
lines are directly dependent on the alignment
parameters Az, A, and A", which determine the
anisotropic population of the initial L-shell vacancy
states. Changes in these parameters modify the
magnitude of polarization, while the general photon-
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energy dependence remains nearly unchanged. The
differences in polarization among La1, La2, and L
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The results consistently show that X-ray polariza-
tion is not constant, but varies systematically with
excitation energy, confirming that the alignment of
the initial L-shell vacancy state is strongly influenced
by the photoionization dynamics. This energy sensi-
tivity is most pronounced in the near-threshold
region, where the photoelectron angular distribution
and subshell ionization probabilities undergo rapid
changes. The oscillatory manner observed for thal-
lium in Figs. 6-8 is unlike represent a physical effect,
since the alignment and polarization parameters are
expected to vary with incident photon energy in
heavy atoms. The asymmetrical variation for thallium
(Z=81) most likely originates from enhanced
numerical sensitivity in the estimation of the align-
ment parameter, predominantly near the threshold
region where relativistic effects, strong spin-orbit
interaction, and subshell coupling become gradually
significant. Because the polarization expression
depends directly on alignment parameter, even small
numerical deviations in the calculated alignment
parameter may propagate and appear amplified in the
polarization curves.

Across all figures, a common trend is the gradual
evolution of polarization values with increasing pho-
ton energy after the threshold region, eventually
approaching a more stable regime at higher energies.
Such behaviour indicates that vacancy alignment
becomes less sensitive to further increases in excita-
tion energy once the dominant ionization channels are
fully established. The smooth high-energy variation
also suggests reduced influence of resonance-like
effects and stronger averaging over competing exci-
tation pathways.

The elemental sequence from tantalum to thallium
reveals a clear atomic-number dependence of polari-
zation behaviour. As Z increases, the magnitude and
slope of the polarization curves change noticeably,
reflecting the growing importance of relativistic in-
teractions, spin-orbit splitting, and electron correla-
tion effects in heavy atoms. These factors alter both
the population of magnetic sublevels in the ionized
state and the angular momentum coupling during
radiative decay. Consequently, heavier elements such
as gold and thallium exhibit more distinct polarization
responses compared with tantalum and rhenium. The
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comparison of Lq1, L2, and L. transitions further
indicates that polarization is transition-specific. Since
these lines originate from different final-state cou-
plings and radiative selection pathways, their polari-
zation magnitudes are not identical even under the
same excitation conditions. This confirms that emit-
ted X-ray polarization depends not only on the initial
vacancy alignment but also on the multipole character
and angular momentum properties of the particular
transition. A comparison among Ao, A", and Az
shows that while the overall energy-dependent trends
remain similar, the absolute polarization values differ
appreciably. This demonstrates that the theoretical
treatment of vacancy alignment significantly affects
guantitative predictions, although the underlying
physical behaviour is preserved. The consistency of
the general trends across all three models supports the
robustness of the polarization mechanism, whereas
the numerical differences emphasize the need for pre-
cise alignment parameter calculations in theoretical
and experimental interpretation.

5. Conclusion

The present theoretical investigations establish
that the angular distribution and linear polarization of
L-shell characteristic X-ray lines (La1, La2, and L)
emitted after photoionization of high-Z atoms are
direct manifestations of vacancy-state alignment pro-
duced during the primary ionization event. The calcu-
lated results for tantalum, rhenium, iridium, gold, and
thallium show that the alignment parameters Az, Az,
and Ax™ govern the anisotropic population of mag-
netic sublevels and therefore determine both the mag-
nitude of polarization and the angular anisotropy of
the emitted radiation. A strong excitation-energy
dependence is observed, particularly in the vicinity of
the Ls ionization threshold, where rapid changes in
photoelectron partial-wave composition, subshell
ionization cross sections, and channel interference
generate mam alignment. As the incident photon
energy increases, the alignment decreases monoto-
nically, leading to a gradual reduction in polarization
and anisotropy, and eventually approaches an asymp-
totic high-energy regime where the vacancy-state
population becomes comparatively stable. This

behaviour indicates that near-threshold dynamics
dominate the polarization response, whereas high-
energy excitation is controlled by more averaged con-
tinuum processes. For all elements and theoretical
models considered, the L, transition exhibits consis-
tently larger anisotropy than the L, lines, indicating
stronger alignment of the corresponding initial
vacancy states. In contrast, the polarization magni-
tudes of Lq1, La2, and L, are not identical, owing to
their distinct angular momentum coupling coeffi-
cients, multipole amplitudes, and radiative selection
rules. Thus, the emitted X-ray polarization is
governed jointly by the initial-state alignment and the
transition-specific decay matrix elements. A syste-
matic dependence on atomic number is also evident
across the sequence tantalum-thallium. With increa-
sing Z, the polarization curves exhibit modified
slopes and magnitudes, reflecting the increasing
influence of relativistic wavefunction contraction,
spin-orbit splitting, and electron-correlation effects.
These contributions alter both the magnetic-sublevel
population created during ionization and the subse-
guent radiative decay dynamics, making polarization
effects more pronounced in heavier atoms such as
gold and thallium. Comparison among the three
alignment formalisms demonstrates that, although all
approaches reproduce the same qualitative energy
dependence, significant quantitative deviations
remain in the predicted polarization values, especially
away from threshold and at higher photon energies.
This sensitivity confirms that accurate treatment of
vacancy alignment is essential for predictive model-
ling and that precision polarization measurements are
required for stringent validation of competing theo-
retical descriptions. In summary, the study confirms
that linear polarization and angular anisotropy of
L-shell X-rays constitute sensitive probes of inner-
shell photoionization dynamics, vacancy alignment,
and relativistic atomic structure in heavy elements.
The results provide an important theoretical basis for
benchmarking photoionization calculations and for
the development of polarization-resolved X-ray fluo-
rescence techniques in synchrotron science, trace
elemental analysis, and advanced spectroscopic
diagnostics.

REFERENCES

1. A. Sharma, R. Mittal. Experimental and theoretical
anisotropy studies for tungsten. Nucl. Instrum.
Methods A 619 (2010) 55.

2. Y. Ozdemir et al. L-shell polarization and alignment
of heavy elements induced by 59.54 keV photons.
Appl. Radiat. Isot. 69 (2011) 991.

3. W. lJitschin, U. Werner. X-ray and Auger-electron
yields for quantitative element analysis. J. Vac. Sci.
Technol. A 5(1987) 1203.

ISSN 1818-331X ANEPHA ®I3UKA TA EHEPTETHUKA 2026 T.27 Ne 3

4. Z.-W. Wau, J. Jiang, C.-Z. Dong. Influence of Breit
interaction on the polarization of radiation following
inner-shell electron-impact excitation of highly
charged beryllium-like ions. Phys. Rev. A 84 (2011)
032713.

5. 1. Han, L. Demir. Angular dependence of Ls-subshell
X-ray emission following photoionisation. J. X-Ray
Sci. Technol. 19 (2011) 13.

6. T. Ké&mpfer et al. Linear polarization of the charac-

257


https://doi.org/10.1016/j.nima.2009.12.081
https://doi.org/10.1016/j.nima.2009.12.081
https://doi.org/10.1016/j.apradiso.2011.03.033
https://doi.org/10.1116/1.574640
https://doi.org/10.1116/1.574640
https://doi.org/10.1103/PhysRevA.84.032713
https://doi.org/10.1103/PhysRevA.84.032713
https://doi.org/10.3233/XST-2010-027600276
https://doi.org/10.3233/XST-2010-027600276

V. K. GARG, M. GUPTA, M. K. TIWARI, A. SHARMA

teristic x-ray lines following inner-shell photo- wing inner-shell 2ps. photoionization of high-Z
ionization of tungsten. Phys. Rev. A 93 (2016) atoms. Phys. Rev. A 108 (2023) 053115.
033409. 13. T. Luo et al. Linear polarization of x rays emitted in

7. G. Singh et al. Alignment of Lz subshell vacancy radiative recombination into the K and L shells of Kr,
states created without Coster—Kronig decay through Xe, Bi, and U ions. Phys. Rev. A 109 (2024) 012822.
selective photoionization in gPb, oTh and 2U and 14. V.K. Garg et al. Linear polarization of L3 sub-shell
effect of external magnetic field. Eur. Phys. J. D 71 X-ray lines for some high-Z elements. Indian J. Phys.
(2017) 248. 98 (2024) 3445.

8.  A. Sharma. Inner shell alignment of atoms in photon  15. S. Kébisch et al. Polarity driven morphology of zinc
impact ionization. J. Electron Spectrosc. Relat. oxide nanostructure. Appl. Phys. Lett. 103 (2013)
Phenom. 225 (2018) 1. 103106.

9. D.H. Zhang, C.Z. Dong, ZW. Wu. Angular distribu-  16. M. Al-Qadi et al. L-shell X-ray fluorescence relative
tion and polarization of characteristic x-ray lines intensities for elements with 64 < Z < 83 at 21 keV
following innershell photoionization of tungsten by and 25keV by synchrotron radiation. J. Quant.
linearly polarized light. J. Quant. Spectrosc. Radiat. Spectrosc. Radiat. Transf. 338 (2025) 109398.
Transf. 244 (2020) 106844. 17. L. Abrok et al. Non-dipole anisotropy parameters in

10. V.K. Garg, R. Mittal, A. Sharma. Theoretical angular the photoionization of Kr in the region of deep inner
dependence of Lz sub-shell X-rays following photo- shell excitations. J. Electron Spectrosc. Relat.
ionization. J. Electron Spectrosc. Relat. Phenom. 248 Phenom. 258 (2022) 147209.

(2021) 147054. 18. K. Verma et al. Experimental determination of

11. V.K. Garg, R. Mittal, A. Sharma. Non-relativistic L-subshells x-ray yields and production cross
dipole approximation based angular dependence of L3 sections of thick lead (Z=82) element by impact of
sub-shell X-rays following photoionization. AIP 15-30 keV electrons. J. Electron Spectrosc. Relat.
Conf. Proc. 2357 (2022) 0700009. Phenom. 280 (2025) 147541.

12. Z.W.Wu, W. Liu, S. Fritzsche. Angular and polariza-  19. K.S. Kahlon et al. Linear polarization of Loy and Loz
tion properties of characteristic x-ray radiation follo- x-ray lines of gold. Phys. Rev. A 48 (1993) 1701.

B. K. Tapr!, M. T'ynral, M. K. TisapiZ, A. lllapmal*

Y Ixona inxcenepii ma mexnonoziti Yumrapa, Yuisepcumem Yumrapa, Ximauan-Ilpadew, Inois
2 [lenmp nepeoosux mexuonoziti imeni Padxci Pamannu, Inoop, Inois

*BianosiganeHuii aBTOp: ajay.sharma@chitkarauniversity.edu.in

TEOPETUYHUI AHAJII3 AHI3OTPOIIIi TA NOJISAPU3AIII L-PEHTTEHIBCBKOI'O
BUTTIPOMIHIOBAHHSA EJIEMEHTIB 3 BACOKUM ATOMHHUM HOMEPOM Z

[MpencraBneHO KOMIUICKCHE TEOpPETHYHE JIOCHI/DKEHHS KyTOBOi aHi3oTpomii Ta JiHIHHOI —mosspu3auii
XapaKTePUCTUIHOTO PEHTTCHIBCHKOTO BUIPOMIHIOBaHHS L-000JIOHKHM aTOMIiB 3 BUCOKMM Z (TaHTaJI, BoJb(pam, peHi,
ipHAii, 300TO Ta Talii), 110 BUHUKAE BHACIINOK (oToioHI3auii Hernosipu3oBaHUMH poToHamu. Po3paxyHKH BUKOHAHO
B MEXaX HEIUIOJIBHOTO HAOIMKEHHS 3 BHUKOPHUCTAHHSIM TPHOX AJIBTEPHATHBHUX MOJEJEH aTOMHOIO IOTEHINamy:
(i) TOUKOBE KYJIOHIBCBKE IOJIE, (i1) EKpaHOBaHE KYJIOHIBChKE ToJIe Ta (iii) aHATITHIHHUHN ITiIX1]1 Ha OCHOBI TEOpii 30ypEHb.
Jlna mocmiKeHHsT BUKITIOYHO TpsMoi duryopectieHmii L-o60moakn enepriio magawdnx GOTOHIB 0OMEKEHO Tiarma3oHOM
BiJl mopora moriuHaHHS Ha L-mimoOonoHkax mo Mexi K-000JMOHKH; Iie Aano 3MOTY YCYHYTH BHECKH Bif ioHi3amil
K-o6omonku, mepexoniB Kocrepa—Kponira ta mporeciB MiX0OOOJIOHKOBOTO IEpeHECeHHs BakaHCid. Po3paxoBaHo
CTYIIIHb JIIHIHHOT MONApH3aLii U1 CIEKTPaNbHUX JiHiH L¢, Lo Ta Laz B qiamazoni enepriii 1o 60 keB 3 MeTO0 BU3HAYCHHS
3aJIeKHOCTI IIMX TapaMeTpiB Bij eHeprii 30y/pkeHHsA. Pe3ynbraT CBiguaTh, 110 BUPIBHIOBAHHS BaKaHCIH JOCATAE
MaKCHMyMY 1ToOJIM3y 1mopora i0Hi3arlii, Jie BitOyBaroThCs CYTTEBI 3MIHM aMILTITY 1 i0HI3a1ii 1i000J0HOK Ta NapIiaIbHUX
XBUJIBOBUX KOMITOHEHT (OTOEIEKTPOHIB. 3i 30UIbIICHHSAM eHeprii (OTOHIB CTYNiHb BHPIBHIOBAHHS ITOCTYIIOBO
3MEHIIYETHCS, 10 MPU3BOJIUTH JI0 3HWDKEHHS aHI30TpOmii Ta Mojspu3alii, a 3roJoM HaOIMKAETHCS 0 PAHUYHOTO
3HAUYEHHSI, SIKE MOBIIBHO 3MiHIOETHCS B 007acTi BUCOKUX eHeprii. [Tepexin Lt ieMoHCTpye BUIy aHI30TpPOIIiF0 IOPiBHSIHO
3 miHisMHA Lo, TOAI sk 3HAYeHHsS moyspm3anii ans JiHid Le, Loy Ta L2 3aymmiaroThes crierudiuHUME I KOXKHOTO
Mepexo 1y 4epe3 BiIMIHHOCTI ¥ 3B’ 3Ky KyTOBUX MOMEHTIB Ta MaTPHYHUX €IIEMEHTaxX palialliiHuX mepexomiB. Jlms Beix
JIOCIIZPKYBAaHUX €JIEMEHTIB CIIOCTEPIra€Thcs 3aKOHOMIpHA 3aJISKHICTh BiJI aTOMHOTO HOMEpa, MPUYOMY BaXKdi aTOMH
JIEMOHCTPYIOTh BIIHOCHO OiJTbII 3MiHM XapakTepy noispu3anii. Ls TeHmeHIis, iMOBipHO, BimoOpakae CYKyITHUH BILTUB
pENATHBICTCEKHUX €(eKTiB, CriH-0pOiTaTbHOI B3aeMOIiT Ta e(EeKTIB eIEKTPOHHOI KOPENAIii, XapaKTepHHUX ISl BaKKUX
ATOMHHUX CHCTEM. X04a BCi TPU TEOPETUYHI MiIX0H MepeadadaroTh CX0Ki 3araibHi TEHAEHIIT 3aJIeXHOCTI BiJ eHeprii,
OTPUMAHO TOMITHI KiJIBKICHI PO30DKHOCTI y 3HAYEHHAX MHOJSIPHU3AIlii, IO AEMOHCTPYE YyTJIUBICTH PE3yNbTaTiB IO
o0OpaHOi MozeNni NOTEHIIally Ta METOJQy BpaxyBaHHS BHMpPiBHIOBaHHs BakaHCiii. IIpoBeneHe mopiBHSHHS 3 paHilie
OMyOIiKOBAHMMH pe3yIbTaTaMu gochimkens Kampfer et al., a takox Ozdemir et al. miaTBEpmKYye Y3TOMKEHICTH
BHKOHAHMX PO3PaxXyHKIB 1 3a0e3redye TauOIIe TEOPETHYHE PO3YMIHHA CYKYITHOTO BIUIMBY BHPIBHIOBaHHS BaKaHCIMH,
3MiITyBaHHS MYJBTHIIONIB Ta PEIATUBICTCHKOI AMHAMIKM Ha PEHTT€HIBChKE BUIPOMiHIOBaHHS L-00010HKH.

Kiouosi cnosa: peHTTeHIBCbKEe BUIIPOMIHIOBaHHS L-000OHKH, MONApH3AIlis, aHi30TpOis, (OTOIOHI3aIlsA, aTOMH 3
BHUCOKUM Z.
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