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Angular and polarization properties of characteristic x-ray radiation following inner-shell 2p;,,
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Inner-shell 2ps/, photoionization of high-Z neutral atoms by linearly polarized light and subsequent
Loy (3ds;y — 2p3)2), Las (3ds;y — 2p3jn), and LE (3512 — 2p3j) radiative decays are investigated within
the framework of the density-matrix theory. Special attention is paid to angular and polarization behaviors of the
radiated Loy, Loy, and LE lines. To do this, relativistic single-configuration Dirac-Hartree-Fock calculations are
performed for Ba, Yb, Hg, and Rn atoms with closed subshells. It is found that the Lo line is nearly isotropic and
that the Lo, and LY lines are weakly anisotropic, behaviors that are rather different from the results predicted with
nonrelativistic dipole approximations or analytical perturbation theory [V. K. Garg et al., J. Electron Spectrosc.
Relat. Phenom. 248, 147054 (2021)]. In contrast, the polarization behaviors of these characteristic lines are found
to be more promising for experimental implementation. To be specific, not only are the presently obtained linear
polarizations of these lines strong enough to be measurable in experiment, but their dependences on the nuclear
charge of atoms and ionizing photon energy are also noteworthy to be readily observed, in particular, for the
weakest L€ line among them, which could be employed for exploring electron screening effect in inner-shell

photoionization and decay dynamics of atoms.
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I. INTRODUCTION

Photoionization of atoms and ions is a fundamental atomic
process in astrophysical and laboratory plasmas. In astrophys-
ical plasmas near strong radiation sources, photoionization
and photoexcitation often prevail over a variety of collisional
processes and, in particular, inner-shell electrons of atoms and
ions can become photoexcited or even photoionized due to
the presence of energetic photons [1-4]. When one of the
inner-shell electrons is photoionized by incident light, the re-
sulting ions will reside in some excited hole states. These hole
states are unstable and thus will decay radiatively or nonradia-
tively to some energetically lower states under the emission of
characteristic photons or Auger electrons, respectively. Here
special attention is paid to the emission of characteristic pho-
tons, which carries important information about electronic
structure as well as excitation and decay dynamics of atoms
or ions involved [5-9].

As early as half a century ago, Mehlhorn proposed theoret-
ically for the first time that ionic hole states with total angular
momentum larger than 1/2 generated by electron or proton
impact ionization are aligned and that the characteristic x-ray
photons radiated from these aligned hole states should gener-
ally be polarized [10]. Since then, atomic physicists have been
being interested in exploring the alignment of inner-shell hole
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states following collisions of atoms or highly charged ions
with (anti)protons, electrons, as well as ions. For example,
alignment parameter values of the Lj3-subshell hole (2p§/12)
states were derived and compared with theoretical results by
measuring spectral intensities and anisotropy parameter val-
ues of characteristic x rays radiated following high-energy
collisions of Au, Pb, and Bi atoms with energetic fluorine
ions [11]. The effects of screened Coulomb interaction on
the alignment of the H(2p) state produced in collisions of H
atoms with protons and antiprotons were studied for an energy
range of 1-200 keV by using a two-center atomic orbital
close-coupling method [12]. Furthermore, the effects of the
Breit interaction on the alignment of the core-excited hole
state 152s*2p 2, J = 1 produced by resonant electron cap-
ture [13,14] and electron-impact excitation [15,16] of highly
charged ions were investigated as well.

During the past decades, experimental and theoretical stud-
ies of the inner-shell photoionization of medium- and high-Z
atoms have been attracting a great deal of attention owing
to the fast development of strong light sources and corre-
sponding experimental technologies [17,18]. As a matter of
fact, a (nonzero) alignment of inner-shell-photoionized hole
states can definitively give rise to an anisotropic and polarized
emission behavior of characteristic photons, so the alignment
of those photoionized hole states could be determined from
angular distribution and polarization of emitted characteristic
photons. Therefore, many studies have been carried out on
angular distribution and linear polarization of characteristic
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photon emissions following photoionization of neutral atoms
and highly charged ions. For example, Caldwell and Zare
demonstrated that the excited doublet states 2Ds /2,572 of Cd+
ions are aligned by measuring the degree of linear polarization
of the resulting photon emissions following photoionization
of cadmium [19], in which a theoretical calculation cor-
rectly predicted the sign of the degree of linear polarization
though failed to reproduce the measured results. Karanfil and
Barrea observed in experiment a nonisotropic angular distri-
bution of the Loy (3ds;; — 2p3,2) and Lay (3d3;n — 2p3 )
lines following photoionization of Yb by a linearly polarized
monochromatic photon beam, and the experimentally deter-
mined value of the alignment parameter shows very good
agreement with the predicted theoretical result [20]. Alrak-
abi et al. determined experimentally the alignment of the
Ls-subshell vacancy states following photoionization of Au,
Bi, Th, and U atoms by measuring the angular distribution
of the subsequently emitted Ls-subshell x rays, which clearly
supports small theoretically predicted values of the alignment
parameter, although it is difficult to deduce the predicted
anisotropic trends [21]. In addition, Kdmpfer et al. studied
both experimentally and theoretically linear polarization of
the Loy o lines following 2p3,, photoionization of tungsten
by unpolarized ionizing light, where the measured degree of
linear polarization agrees very well with the theoretical re-
sults calculated within the electric dipole (E 1) approximation
[22]. Moreover, the influence of linearly polarized ionizing
light on the linear polarization and angular distribution of
the Loy, lines of the 2p3/>-photoionized W+ ions was also
addressed [23].

Even though the L¢ (3512 — 2p3,2) line is the weakest
among all the three E 1-allowed Lj lines (i.e., Loej, Lo, and
L?) and thus is paid little attention, it is expected to be more
anisotropic and linearly polarized. Recently, Garg et al. stud-
ied angular distribution of the Ls-subshell x rays following
photoionization of high-Z W, Pt, Hg, Pb, and U atoms using
several different theoretical schemes based on the nonrela-
tivistic dipole approximation or the analytical perturbation
theory [24]. It was found that the L¢ line radiation behaves
more anisotropically than the mixed Lo one consisting of two
subshell-resolved Lo, , components with opposite anisotropy
and also that both the L¢ and L« lines are more anisotropic at
the L3 ionization threshold of all the atoms considered than
a higher ionizing photon energy of 60 keV under all three
theoretical schemes. Nevertheless, the calculated anisotropy
values vary remarkably with the theoretical schemes used and
at the L3 threshold they are certainly larger than the reported
experimental uncertainties of 5-8 % [24]. In the present work,
arelativistic ab initio single-configuration Dirac-Hartree-Fock
method is employed to investigate in detail the angular distri-
bution and also linear polarization of the Lo , and L¢ lines
following 2p3,, photoionization of high-Z atoms by linearly
polarized light under the framework of the density-matrix
theory.

The rest of this paper is structured as follows. In the fol-
lowing section we discuss the coordinates that are used to
characterize the two-step inner-shell photoionization plus sub-
sequent radiative decay of initially unpolarized atoms or ions.
In Sec. III a density-matrix formalism is applied to study the
angular distribution and linear polarization of characteristic

FIG. 1. Geometry describing the photoionization of atoms by
linearly polarized light as well as subsequent radiative decay. The
incident ionizing light y propagates along the quantization z axis
with its polarization vector € along the x axis. The emission of
characteristic y, photons is characterized by the polar angle 6, and
azimuthal angle ¢y.

emission lines following photoionization. Then the presently
obtained angular distribution and linear polarization of the
Lo, and L lines are illustrated in Sec. IV and also compared
with the results of Garg et al. [24]. A short summary is given
in Sec. V.

II. GEOMETRY

Before formulating the inner-shell photoionization and
subsequent radiative decay of atoms, an appropriate geome-
try should be specified first. To facilitate the formalism and
simplify corresponding calculations, the quantization z axis is
chosen to be along the wave vector k of the incoming ionizing
light y, while the x axis is given by the direction of its polar-
ization vector €, from which the y axis is uniquely determined
by a corresponding right-handed Cartesian coordinate system,
as shown in Fig. 1. Under such a geometry, the emission of
characteristic yy photons with wave vector Ky is characterized
by the polar angle 6y and azimuthal angle ¢y.

III. THEORETICAL METHOD

To explore angular and polarization properties of character-
istic photons following photoionization of atoms, a theoretical
formalism based on the density-matrix theory [25,26] will be
employed. Since this formalism has been introduced in detail
in several works (for instance, Refs. [27,28]), below we just
show the major steps for the considered inner-shell 2p;3 , pho-
toionization by linearly polarized light and subsequent Lo
and L/ radiative decays, which is considered in practice to be
a two-step process

Alaidy) + y(hv) > AT (apdy) + e (el )
— At (apdo) + e (elj)+y. (1)

In the first step, one of the inner-shell 2p3, electrons of atom
A in its ground state |o;J;) is photoionized by an incoming
ionizing photon y (hv), in which a resulting excited hole state
AT (ayJy) is formed. The subsequent radiative stabilization
of the hole state to an energetically lower state |apJy) in the
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second step results in the emission of a characteristic (x-ray)
photon yp.

Within the density-matrix theory [25,26], the formation
and decay of the hole state are treated separately. If the ion-
ized photoelectron e~ (glj) remains unobserved and the E'l
approximation of the ionizing y photon field is adopted, the
statistical tensors pg,(asJr) of the photoionized 2p§/12 hole
state can be given under the geometry of Fig. 1 as [23]

prqlepdp) = 6m D [2(11, 1 — 1|kq)8og — (824 + 8_20)82Py ]
Lj
X(_1)j+l/2{3/2 J 1

2
1k 32 ’

}|Tgl<elj> )
which describes the relative population of magnetic substates
of the 2p3’/12 hole state. Here the rank k of the statistical

tensors ,qu(zp;/lz,‘]f = 3/2) takes values of only 0 and 2
due to the total angular momentum J; = 3/2 of the state and
for each k its component g takes all integer values between
—k and k. Here [ and j are the orbital and total angular
momenta of the photoelectron, respectively, which are deter-
mined by the conservation laws of parity and total angular
momentum of the ionizing system. The P, characterizes the
linear polarization of the ionizing photon y and is given by
the first Stokes parameter. In addition, a shorthand notation
TY (el j) = (apdr =3/2,¢elj: J|H], lleiJ;) for the reduced
photoionization amplitudes and standard notations for the
Clebsch-Gordan coefficients, the Wigner 6- j symbols, and the
Kronecker delta functions are used. In practical applications,
these statistical tensors pg, are often renormalized with re-
spect to the zero-rank tensor pgo as

Piq(@rJf)
pooleesJy)’
which are called reduced statistical tensors. In particular,
the reduced second-rank tensors Ay, (asJy) are the so-called
alignment parameters.

In order to formulate the angular distribution and linear
polarization of the presently considered Lo; » and L¢ lines,
we first need to obtain the (polarization) density matrix of the
corresponding characteristic photons. Such a density matrix
is generally expressed in the helicity representation instead of
the spin angular momentum one, that is, (Ko |p,,[koA') with
photon helicities A (A') = =£1. If the resulting ion A (apJp)
after radiative decay is unobserved and again the E'1 approxi-
mation of the radiation y; field is employed, the (polarization)
density matrix of the Lo » and L€ photons can be expressed
as [23]

(k())ul,?)yo|ko)\,) = 61 ZDE‘I‘I’ ((p(), 90, O)Ak’pkq(af.lf)
kqq'

x (=)ot 2 1 — Wk — ¢)

X{3}2 3}2 ~Z}|TEV?(040J<))|2 (4)

Apglapdy) = 3)

in terms of the statistical tensors pi,(crJy) of the 2p3_/12
hole state given by Eq. (2). Here D¥ a (90, 60, 0) denotes the
Wigner D matrix as a function of three Euler angles ¢y, 6y, and
0, which relate the direction of the ionizing y photon to that

of the emitted y, photon by the three-step rotation. Moreover,
the shorthand notation 7,7 (tgJo) = (ool HY lepJr = 3/2)
denotes the reduced amplitudes of the radiative Lo » and L
decays.

As is well known, the (polarization) density matrix of
any photons can be formally parametrized by means of the
so-called Stokes parameters [25,26]. For the density ma-
trix (koA|py, ko)) of the Loy, and L{ photons, such a
parametrization has the form

W(ko)<
2

1+ P

N no__
(Ko ko) = hip

—P +iP,

where W (Kg) is the total intensity (i.e., the angular distri-
bution) of characteristic y, photons emitted in the direction
of kg. The Stokes parameters P, and P, characterize linear
polarization of the photons, while P; describes their circular
polarization. In addition, it should be noted that the first and
second lines (or columns) on the right-hand side of Eq. (5)
correspond to the helicities A = 41 and —1, respectively.

In the present work we restrict ourselves to the angular
distribution W (ky) and the linear polarization P;(Ky) of the
Lo, and L{ photons, which can be easily formulated from
Eq. (5) as

W (ko) = (Ko, +11py, Ko, +1) + (Ko, —1]py ko, —1) (6)
and
(Ko, +11py, ko, —1) + (Ko, —1|py, Ko, +1)
(ko, +1[py, ko, +1) + (ko, —1|p), ko, —1)

Here the (polarization) density-matrix elements appearing in
Eqgs. (6) and (7) are given by Eq. (4). In particular, if the
emitted Lo » and L€ photons are measured in the reaction
plane with the azimuthal angle ¢y = 0, which is determined
by the two propagation directions of the ionizing y light and
the emitted photons, the corresponding angular distribution
W (ko) = W (6p) of these characteristic photons can be explic-
itly expressed as follows with the use of Eqs. (2)—(6):

gl
W) =1+ Olgo\/ ?n Z Aopg(apJ¢)Yaq(09,0).  (8)

q=-2

Pi(ko) = — . (D

In this expression, W (6p) has been normalized with respect to
the total intensity that is obtained by integrating over 6y. In
addition, if the Lo » and L photons are measured perpendic-
ular to the ionizing y light (i.e., for 6) = 7 /2 and ¢y = 0),
by means of Egs. (2)—(5) and (7) the corresponding linear
polarization P; (ko) = P;(7/2) can be written explicitly as

2a)0 Y0, 240,y J)D2(0, /2, 0)
P = - )
Lol S Agg(apd)Yay(/2,0)

In the expressions above, Y»,(6p, ¢o) denotes the spherical har-
monics. In addition, &}’ is the (so-called) intrinsic anisotropy
parameters associated with the corresponding y; photon emis-
sions, which takes the values of 1/10, —2/5, and 1/2 for
the presently considered dipole-allowed Lo , and L£ lines,
respectively [26].

As seen from Egs. (2)-(9), any further discussion of the
angular distribution W(6y) and the linear polarization P; of
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the characteristic Lo » and LZ lines simply needs to be traced
back to the computation of the reduced 2p;,, photoioniza-
tion amplitudes (cpJ; = 3/2,¢lj : J||Hg] |lee;J;) appearing in
Eq. (2). The key to performing this is the generation of the
continuum photoelectron wave function |pm,) with momen-
tum p and spin projection m;, which is often decomposed into
partial waves as [28-30]

lpmg) = Y il (lmy, 1/2mg| jmj)Yr, (D)leljm;).  (10)

Km/

Note that in such a decomposition the spatial part of the
photoelectron wave function has been rotated from the z axis
to the p direction since the quantization (z) axis is chosen
along the wave vector k of the incoming ionizing light y in
the present work. Furthermore, the summation in Eq. (10)
runs over all possible partial waves, i.e., all possible values
k = =£1,%2,... of the Dirac angular momentum quantum
number k = £(j + 1/2) for [ = j £ 1/2. The orbital angular
momentum [ indicates the parity (—1)" of the partial waves
|el jm;). In addition, A, represents the phase shift [31,32],
which appears due to the (non-Coulombic) distortion potential
of the nucleus and remaining electrons of the photoion [33]. In
general, each of the partial waves |el jm;) = |exm;) is further
separated into the radial and angular form [30,34]

PSK Kkm
leem) =g, ) D

in which ., represents the standard Dirac spin-angular func-
tion and the two (radial) wave functions P, (r) and Q.. (r)
are often called the large and small components, respectively,
which can be obtained by solving the Dirac equation with
consideration of the distortion potential. It is worth noting
that when solving the differential equations of the two com-
ponents, the phase shift is simultaneously determined, which
depends only on the kinetic energy of the photoelectron
[30,31]. Besides the photoelectron wave function |pm;), the
reduced 2p3,, photoionization amplitudes (o pJr = 3/2, ¢l :
JIH], lleeiJ;) still incorporate the E'1 operator Hy,. In the most
general case, the (relativistic) electron-photon interaction is
described by the transition operator R; k) = Zn o, - u; ek
in which «,, denotes the vector of the Dirac matrices for the
nth electron and u,_ is the polarization vector of the photon.
This operator is often decomposed into the form of multipole
components in practical calculations. If the quantization axis
is chosen along the ionizing photon momentum, as done in the
present work, such a decomposition reads [35]

& = 2m Z V2L + T(AY 4 12AL)
=V2r Y Y 2L+ 1G0PAL,. (12)

L p=0,1

Here the denotations A\ = A~ 7=l and AV = Ap " are used
for the electric (p = 1) and magnetic (p = 0) multipole
fields, respectively. Based on the above considerations, the

reduced 2p3 > photoionization amplitudes can be written more

TABLE I. Presently calculated inner-shell 2p;,, ionization ener-
gies (in units of eV) of Ba (Z = 56), Yb (Z = 70), Hg (Z = 80),
and Rn (Z = 86) atoms with closed subshells, compared with other
theoretical and experimental results [39,40]. Numbers in parentheses
are one standard deviation uncertainties of the quoted value referring
to its last figures.

Work Ba Yb Hg Rn
present 5256.30 8943.87 12292.66 14620.78
Ref. [39]* 5257.36(32) 8944.26(35) 12292.28(39) 14619.53(43)
Ref. [39]° 5247.04(33) 8944.04(95) 12286.4(18)

Ref. [40]  5247.03)  8943.6(4)  12283.9(4) 14619.4(30)

2Calculated ionization energies from Ref. [39].
®Converted from the experimental data of Ref. [40].

explicitly as

logdy = 3/2, el J| B, )
=i o sy =3/2, 80 T Y ey we o),

13)

which will be further simplified with the use of Eq. (12) and
the E'1 approximation (i.e., p = 1 and L = 1 therein). In the
present work, all of the required energy levels and wave func-
tions as well as the 2p3,» photoionization amplitudes were
calculated within a single-configuration Dirac-Hartree-Fock
approximation [36] using the GRASP2018 [37] and the RATIP
[38] packages, which was shown in our previous work [22]
to be sufficient to properly reproduce high-precision experi-
mental measurement for inner-shell 2p3,, photoionization of
high-Z atoms as considered presently.

IV. RESULTS AND DISCUSSION

In Table I we list the presently calculated 2p3/> ionization
energies of selected high-Z Ba (Z = 56), Yb (Z = 70), Hg
(Z = 80), and Rn (Z = 86) atoms, which are compared with
other theoretical and experimental results available from the
literature [39,40]. Note that there are two sets of data relevant
to Ref. [39], one set for the calculated ionization energies and
another set for the converted values from the experimental
ionization energies of Ref. [40] with certain conversion factors
listed in Ref. [39]. As seen clearly from Table I, the present
2p3,; ionization energies are in excellent agreement with these
available results. To be more specific, the relative discrepan-
cies are found to be within 0.18% for all these high-Z atoms
considered, which shows to some extent the reliability of
wave functions and energy levels involved in the subsequent
computation of the reduced 2p;3,, photoionization amplitudes.

Before showing the experimentally measurable angular
distribution and linear polarization of the Lo, and L¢
lines, let us first discuss briefly the alignment parameters
Aoy (2p3) J2:Jf = 3/2) of the photoionized 2p;) /o state even if,
for the sake of brevity, their values are not listed explicitly
here. As for the presently considered 2p3,, photoionization of
(unpolarized) atoms by linearly polarized light with P, = %1,
only A,y and A4, with components 0 and +2 are nonzero.
Furthermore, the parameter 45, is found to be fully identical
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FIG. 2. Comparison of the presently calculated angular distribu-
tion W (6p) (black solid lines) of the Lo (top row), Lo, (middle),
and L¢ (bottom) lines following 2ps,, photoionization of Hg atoms
by linearly polarized light with P, = 1 with other nonrelativistic or
analytical results calculated using the PCP (red dashed lines), SCP
(blue dotted lines), and APT (green dash-dotted lines) schemes by
Garg et al. [24]. Results are presented for two ionizing y photon
energies: the 2p;3, ionization threshold (left column) and 60 000 eV
(right).

to the parameter .4,_, owing to spatial symmetry of the 2 pg/lz
hole state produced under the geometry as shown in Fig. 1.
This is also indicated by the present calculations performed
for different ionizing photon energies and polarizations.
Figure 2 displays the presently obtained angular distribu-
tion of the Lo > and L/ lines following 2p3,, photoionization
of Hg atoms by linearly polarized light with P, = 1, along
with the results of Garg et al. calculated by using three the-
oretical schemes for comparison, that is, two nonrelativistic
dipole approximations with point Coulomb potential (PCP)
and with screened Coulomb potential (SCP), respectively, as
well as an analytical perturbation theory (APT) [24]. Results
are plotted for two different ionizing photon energies, i.e., the
2p3 /> ionization threshold 12292.66 eV and a higher energy
of 60000 eV. It should be noted that for the calculation of the

angular distribution at the 2 p3, ionization threshold the actual
ionizing photon energy is taken to be slightly higher than the
threshold by a few eV to avoid numerical difficulties resulting
from photoelectrons with zero kinetic energy, as we did for
electron-impact excitation of ions at the excitation threshold
[8,41,42], which will be adopted for other atoms considered
below. The present results show that at both ionizing ener-
gies considered the Lo line is radiated almost isotropically,
while the Lo and L{ lines are both weakly anisotropic but
with an opposite angular emission pattern, which is rather
different from the results predicted by Garg et al. using the
PCP, SCP, and APT schemes [24]. To be more specific, at
the ionization threshold energy the anisotropies of the three
characteristic lines are all overestimated remarkably by Garg
et al. when compared to the present findings. However, at
the ionizing photon energy of 60000 eV, the consistencies of
the angular distribution among different calculations behave
very differently for the Lo > and L¢ lines. First of all, for
the Lo line the presently obtained angular distribution agrees
very well with all the results from the PCP, SCP, and APT
schemes, although it is almost isotropic. As for the Loy line,
the present calculation shows that it is preferentially radiated
perpendicularly to the incoming ionizing light (i.e., 6y = 7 /2
and @9 = 0), which coincides well with the SCP and APT
results, whereas in contrast the PCP scheme predicted a much
more anisotropic angular distribution. With respect to the
characteristic L¢ line, a forward- and backward-dominated
radiation pattern is obtained in the present calculation, which
also agrees well with the PCP and SCP results of Garg et al.
but behaves much less anisotropically than their APT result.
Overall, for all three E 1-allowed lines, although large discrep-
ancies are obtained between the present relativistic ab initio
results and the nonrelativistic or analytical PCP, SCP, and APT
results of Garg et al. [24], all of them give rise to the same
emission pattern (that is, the sign of the anisotropies) for each
of the lines at both ionizing photon energies.

In addition to Hg atoms, we further analyze the angu-
lar distributions of the Lo, and L¢ lines following 2ps/»
photoionization of high-Z Ba, Yb, and Rn atoms by linearly
polarized light y with P, = 1, which are illustrated in Fig. 3.
Once again, for each of these atoms the results are calculated
for two ionizing photon energies, that is, their respective 2p3/»
ionization thresholds as listed in Table I and an energy of
60000 eV. It is found that the presently obtained angular
distributions of the Lo;, and L lines for Ba, Yb, and Rn
atoms are nearly the same as for Hg atoms, which indicates
that for heavy neutral atoms (56 < Z < 86) the number of
outer-shell electrons beyond the 2p3/, subshell hardly affects
the alignment of the photoionized 2p3_/12 hole state and the
angular behavior of the subsequent Lo, and L¢ radiative
decays. For the case of P, = —1, the angular distributions
of all the Lo, and L lines are found to be completely
isotropic and thus are not presented here. Such an isotropic
distribution can be illustratively understood as follows. Un-
der the considered geometry as shown in Fig. 1, P, = —1
means that the ionizing light y is linearly polarized along
the y axis and, as a consequence, the photoionized 2 p3_12 hole
state is certainly aligned along the same y direction. Within
the E1 approximation of the ionizing and radiation fields,
only this direction is physically significant. Since the angular
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FIG. 3. Angular distribution W (6,) of the Lo, (top row), Lo,
(middle), and L¢ (bottom) lines following 2p3,, photoionization of
Ba (black solid lines), Yb (red dashed lines), Hg (blue dotted lines),
and Rn (green dash-dotted lines) atoms by linearly polarized y light
with P, = 1. Again, results are shown for two ionizing photon en-
ergies: their respective 2p;3, ionization thresholds (left column) and
60000 eV (right).

distribution of these characteristic lines is considered in the
reaction plane that is perpendicular to the y axis, they are
destined to be completely isotropic.

Apart from the angular properties of the characteristic
Loy, and LY lines, as studied by Garg et al. [24], we also
explore their polarization properties, which might be more
interesting and promising for forthcoming measurements. For
example, Fig. 4 displays the linear polarization P; of the Lo »
and L/ lines radiated perpendicularly to the ionizing light (i.e.,
0y = m /2) following 2p;,, photoionization of Ba, Yb, Hg,
and Rn atoms by linearly polarized light with P, = —1, as
functions of ionizing photon energy in units of their respective
ionization thresholds as tabulated in Table I. As seen from
the figure, the L¢ line is the most linearly polarized among
the three lines at any given ionizing photon energies for each
of the atoms, which is followed by the Lo, and Loy lines in
sequence. In contrast to the angular distribution as discussed
above, the linear polarization P; is found to be remarkably

dependent upon the nuclear charge of atoms and also upon
the ionizing photon energy for each of the Lo, and L¢
lines, respectively, which is more physically significant. The
Loy, and L2 lines radiated from atoms with higher nuclear
charge are more linearly polarized for the ionizing photon
energies considered, and such a characteristic becomes more
prominent at higher photon energies. Moreover, for each of
the atoms the linear polarization P; of the Lo » and LY lines
becomes stronger with the increase of the ionizing y photon
energy. Take the L¢ line as an example: The linear polarization
P, increases from 9.3% for Ba (Z = 56) atoms to 10.6% for
Rn (Z = 86) atoms at the ionizing photon energy of 1.1 times
their respective ionization thresholds, while it changes from
12.9% to 16.7% at an energy of 4.0 times their respective
thresholds. In addition, for the case of P, =1 all these lines
considered are found to be fully unpolarized. Such a result
is the consequence of the choice of the present geometry. To
be specific, P, = 1 means that the ionizing light y is linearly
polarized along the x axis and thus the photoionized 2p§/12
hole state is aligned along the same x direction. Since the
linear polarization P of these characteristic lines is calculated
for those photons emitted in the direction of 6y = 7 /2 and
@o = 0 (that is, along the x axis) and photons are transversely
polarized in nature, the linear polarization P; must be zero
under the geometry considered. Finally, it is worth mentioning
that the presently obtained linear polarization P; of the Lo,
and L¢ lines for the case of P, = —1 and its dependences
upon the nuclear charge and also upon the ionizing photon
energy are strong enough to be measurable using present-day
(crystal-based) x-ray polarimeters [43] or microcalorimeters
[44.,45], although it is insignificant to observe their nearly
isotropic angular distributions as discovered above.

V. CONCLUSION

To summarize, in light of the work of Garg et al. [24], the
inner-shell 2p3,, photoionization of atoms by linearly polar-
ized ionizing light with P, = £1 and the subsequent La; >
and L{ radiative decays have been investigated within the
framework of the density-matrix theory. Apart from angular
emission behaviors of these E1-allowed characteristic lines,
as explored by Garg et al. using the nonrelativistic dipole
approximations or analytical perturbation theory, we paid par-
ticular attention to their polarization properties as well. To
do so, detailed relativistic single-configuration Dirac-Hartree-
Fock calculations were done for selected high-Z Ba, Yb, Hg,
and Rn atoms with closed subshells for the sake of simplicity.
By using the presently calculated reduced 2p3,, photoioniza-
tion amplitudes, the second-rank alignment parameters A,
of the photoionized 2p3’/12 hole state and further the angular
distribution and linear polarization P; of the L« and L¢
lines were obtained. It was found that the Lo line is nearly
isotropic and the Lo, and L£ lines are weakly anisotropic,
which is insignificant and rather different from the results of
Garg et al. [24]. In contrast, the linear polarization of these
characteristic lines was found to be more significant for ex-
perimental implementation; not only is it known to be strong
enough to be measurable in experiment, but its dependences
on both the nuclear charge of atoms and ionizing photon en-
ergy are also noteworthy to be readily observed, in particular,
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FIG. 4. Linear polarization P, of the characteristic Lo; (left panel), La, (middle), and L€ (right) lines radiated perpendicularly to the
incoming ionizing light (that is, 6y = 7 /2 and ¢y = 0) following 2p3,, photoionization of Ba (black solid lines with squares), Yb (red dashed
lines with triangles), Hg (blue dotted lines with circles), and Rn (green dash-dotted lines with stars) atoms by linearly polarized light with
P, = —1, as functions of ionizing photon energy in the range from 1.1 to 4.0 times their respective ionization thresholds as listed in Table 1.

for the weakest L¢ line among them. In the end, it is worth
mentioning that the presently obtained linear polarization
P, of these characteristic lines and the discovered depen-
dences are measurable with the use of state-of-the-art x-ray
polarimeters or microcalorimeters, which could be expected
to be employed in exploring the electron screening effect in
inner-shell photoionization and radiative decay dynamics of
atoms.
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