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Abstract. Detailed calculations are carried out for the longitudinally-polarized electron impact excitation cross sections from the ground state 1s1/2 to the individual magnetic sublevels of the excited state
2p3/2 of highly charged H-like ions using a fully relativistic distorted-wave method. The inﬂuence of the
Breit interaction and radiation multipoles on the circular polarization of X-ray radiation are investigated
systematically. Our results show that the Breit interaction, as the dominant correction to the Coulomb
interaction, may lead to a considerable change in the magnetic sublevels cross sections and circular polarizations of Lyman-α1 (2p3/2 → 1s1/2 ) line radiation with a more pronounced eﬀect at higher incident
energies and/or atomic numbers. Moreover, the interference between the electric dipole (E 1) decay and the
magnetic quadrupole (M 2) decay may signiﬁcantly alter the circular polarizations of the emitted X-rays.
The circular polarizations of the Lyman-α1 line are exhibit a diﬀerent behavior than the linear polarizations
for the same transition line regarding the radiative electron capture [Weber et al., Phys. Rev. Lett. 105,
243002 (2010)], radiative recombination [Bettadj et al., J. Phys. B 47, 105205 (2014)], and electron-impact
excitation processes [Chen et al., Phys. Rev. A. 90, 012703 (2014)].

1 Introduction
Recent advances in the production and storage of highly
charged ions have opened up new opportunities to explore electron-atom/ions collisions [1]. Investigation of
electron impact excitation (EIE) collision process plays an
important role in understanding the electron correlation,
quantum electrodynamic (QED), and hyperﬁne interaction eﬀects. Apart from its fundamental importance, EIE
is responsible for the vast majority of X-ray radiation produced in kinds of plasmas [2]. In the past, the studies have
mainly dealt with the total cross sections and rate coefﬁcients. Much of today’s interest, in contrast, is focused
on the polarization properties of X-ray emission [1,3–10].
From the detailed analysis of the polarization, valuable information can be obtained about both the magnetic sublevels population of the excited states and the dynamical
process. These properties have become indispensable tools
for the diagnosis of plasma state and the analysis of complex spectra formation mechanism [4–13].
In recent years, the studies of the Breit interaction
(BI) are of great interest in a variety of fundamental
processes, especially for highly charged ions. Theorists
have employed the BI in order to provide more accurate polarization data. For example, a comparison was
a
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made in reference [14] for the degree of linear polarization of the Lyman-α1 (2p3/2 → 1s1/2 ) line for H-like
ions following EIE process using the relativistic convergent close-coupling method. The results indicated that
the BI is important to resolve the discrepancy between
theory and experiments. Fontes et al. [15] studied the collision strengths of He-like ions following EIE using a fully
relativistic distorted-wave (RDW) method. They pointed
out that the eﬀect of the BI is very signiﬁcant for highly
charged Xe52+ ions and is even non-negligible for low-Z
Fe24+ ions. Wu et al. [16] showed that the BI makes the
linear polarization of Be-like ions decrease, which character becomes larger as the incident electron energy and/or
atomic number increases. There are also many other studies of the BI in other dynamical processes, such as dielectronic recombination (DR) [17–19], electron-impact ionization (EII) [20,21] and so on. On the other hand, for
highly charged ions, multipole-mixing eﬀects are of also
great important in the polarization properties of X-ray
emission. For example, Surzhykov et al. [3] investigated
the polarization of the Lyman-α1 line following the radiative recombination (RR) of bare, high-Z ions. They found
that the E 1-M 2 interference may remarkably modify the
angular distribution of the linear polarization. Matula
et al. [1] investigated the angular correlations between
the photons emitted in the DR of H-like U91+ ions. They
found that the higher multipole components can notably
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modify the angular properties. Fritzsche et al. [22] investigated the multipole mixing eﬀects on the radiative decay
of the doubly excited resonances of He-like U90+ ions, following the K-LL DR of H-like U91+ ions. They found that
the interference between the multipole components can either decrease or enhance the anisotropy of individual ﬁnestructure transitions, and that this eﬀect can be as large
as a factor of 6. We [23] have studied the linear polarization properties of highly charged H-like and He-like ions
following EIE. Results show that the E 1-M 2 interference
eﬀects depend on the atomic number and/or the incident
electron energy.
Until the present, however, most studies have dealt
with the linear polarization of X-ray radiation [22–35].
In contrast, fewer publications have reported the circular polarization properties of X-ray radiation, due to the
fact that the measurement of the circular polarization of
(hard) X-rays is a very challenging task. For example, for
the Compton scattering of magnetized materials, the measurement of circular polarization is limited, both in precision and in the requirements for the X-ray intensity and
energy [36]. As is well known, excitation of ions by collisions with a polarized electron beam will leads to a diﬀerent population for the diﬀerent magnetic sublevels of the
ﬁnal state [10,37–39]. The X-ray radiation in the decay of
these sublevels will exhibits both linear and circular polarization. Some years ago, Inal et al. [38] investigated the
circular polarization properties of X-ray emission of Helike Sc19+ ions. They show that hyperﬁne interaction eﬀect
has a more dominant eﬀect in reducing the circular polarization near the excitation threshold. Later, the inner-shell
ionization eﬀect and relativistic eﬀect on the circular polarization were also reported [10,39]. For the high-Z elements, some higher order eﬀects can be probed more effectively as the innermost electrons are exposed to strong
nuclear ﬁelds. However, to our knowledge, there have been
no previous results for the multipole eﬀects on the circular polarization properties of X-ray radiation in the high-Z
domain. In particular, recent experiment [22] showed that
the E 1-M 2 interference eﬀects can reduce the linear polarization of Lyman-α1 line radiation of H-like U91+ ions
by about 15%. Therefore, a similar eﬀect should also be
expected for the circular polarization of radiation emitted
by the longitudinally polarized EIE.
In the present work, the cross sections and the circular
polarization properties of the Lyman-α1 line X-ray radiation for highly charged H-like Fe25+ , Xe53+ , Dy65+ , and
U91+ ions after impact excitation by the longitudinallypolarized electron beam are calculated using a fully RDW
method [4,16,23]. The eﬀects of the BI and the E 1-M 2
interference on the cross sections and the degree of circular polarizations of subsequent X-ray radiation are discussed details. The paper is organized as follows. In Section 2 the method and computation are brieﬂy outlined.
In Section 3 we present a systematic study of the BI and
multipole eﬀects, separately and combined, on the circular polarization of Lyman-α1 line X-ray emission along an
isoelectronic sequence and as a function of the incident
energy. Finally, a few conclusions are drawn in Section 4.
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2 Theoretical method
2.1 Calculations of the cross sections
In this study, for the atomic structure part of the calculations we used the atomic structure code GRASP92 [40].
For the continuum electron wave functions part of the calculations we used the component COWF of the RATIP
package [16,27,41,42]. In the RDW method [4,16,23], the
quantization axis (z axis) is taken along the incident electron beam, so mli = 0 (the z axis component of the
incident electron orbital angular momentum). The subscript i (f ) refers to the initial (ﬁnal) state. We assume
that the direction of the ﬁnal scattered electron remains
unobserved. Then, the general formula of the impact excitation cross section for the target atom/ion from βi Ji Mi
to βf Jf Mf by the longitudinally-polarized electron beam
can be given by improving the formula [37–39]
2πa20
ki2



(i)li −li [(2li + 1)(2li + 1)]1/2

σεi (βi Ji Mi − βf Jf Mf ) =
×
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1
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i
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× C(li ml msi ; ji mi )C(Ji ji Mi mi ; JM )
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× C(Ji ji Mi mi ; J M )C(Jf jf Mf mf ; JM )






× C(Jf jf Mf mf ; J M )R(γi , γf )R(γi , γf ).

(1)

Here εi and a0 is the incident energy and Bohr radius,
respectively. C , s are the Clebsch-Gordan coeﬃcients. δκi
is the phase factor for the continuum electron. κ is the
relativistic quantum number.
γi = εi li ji βi Ji JM ; γf = εf lf jf βf Jf JM,

(2)

in which J and M are the quantum numbers corresponding to the total (target plus free electron) angular momentum and its z component, respectively. For the incident
electron, ji and mi are the quantum numbers corresponding to the total angular momentum and its z component,
respectively. li and mli are the quantum numbers corresponding to the orbital angular momentum and its z component, respectively. ki is the relativistic wave number. β
represents other quantum numbers required to specify the
initial and ﬁnal states of the target ion in addition to its
total angular momentum J and its z component M .
The collision matrix element R(γi , γf ) can be written
as [23,27]
R(γi , γf ) = Ψγf |

N
+1


(VCoul + VBreit )|Ψγi ,

(3)

p,q,p<q

in which Ψγi (Ψγf ) is the wave function for the initial (ﬁnal)
state of the impact system, respectively. VBreit (VCoul ) is
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the Breit (Coulomb) operator, respectively [40].
αp · αq
cos(ωpq rpq )
rpq
cos(ωpq rpq ) − 1
+ (αp · p )(αq · q )
,
2 r
ωpq
pq

VBreit = −

(4)

where ωpq is the angular frequency of the exchanged virtual photon. αp and αq are the Dirac matrices. The collision strength Ωif (εi ) is given by:
Ωif (εi ) =

ki2 gi
σif (εi )
πa20

(5)

where gi is the statistical weight of the initial level.
2.2 Calculations of the circular polarizations
The circular polarization of X-ray radiation is deﬁned
as [37–39]
Pc =

Iσ+ − Iσ−
,
Iσ+ + Iσ−

(6)

f1
,
Pc (θ) =
f2
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and
f2 =

(10)

Here, the ﬁrst, second, and third term is the E l transition,
the M 2 transition and the interference term, respectively.
These terms are given by [38]
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where
MJ  +J

NE1 + NM2 + NInt
.
DE1 + DM2 + DInt

Pc (θ = 0) =

MJ

where Iσ+ (Iσ− ) is the intensity of left (right) handed circularly polarized radiation, respectively. For an electric
dipole Lyman-α1 (2p3/2 → 1s1/2 ) radiation line, the angular distribution of the circular polarization Pc (θ) is given
by [37]



β f Jf to βi Ji (J to J  ) decay allowed by both E l and M 2
transitions, the maximum degree of circular polarization
Pc (θ = 0) (θ is the angle between the incident electron
beam and the direction of observation of the emitted radiation) can be expressed in terms of the populations N MJ
or σMJ of the βJM J magnetic sublevels by [37–39]

√
= 5 6(2J + 1)

(9)

where N MJ  are the populations of magnetic sublevels for
the ﬁnal states (J to J  decay). 0 ≤ X ≤ 2, P X (cos θ) are
Legendre polynomials.
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To consider the E 1-M 2 interference, a theory of the circular polarization of X-ray radiation in the transition involving two diﬀerent electromagnetic multipoles was developed by Inal et al. [38]. In the present work, for the

(15)
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2.3 Calculations of the E1-M2 interference
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Fig. 1. Comparison of the (a) collision strength and (b) circular polarization Pc (θ = 0) of the 1s2p1/2 (J = 1) → 1s2 (J = 0)
transition line of He-like Fe24+ ions between the present calculated results and the existing theoretical results [37].

Table 1. Comparison of collision strengths for excitation from the ground level to speciﬁc magnetic sublevels of He-like Xe52+
ions by unpolarized electron for various impact energies. In each case, the upper entries are the present results, the second
entries are the fully relativistic results given by Fontes et al. [15]. Here C + B and C represent the values with and without
inclusion of BI, respectively. R[n] means R × 10n .
3000 Ry
C+B

6000 Ry
C+B

10 000 Ry
C+B

Excited state

Mf

C

1s2s1/2 (J = 1)

0

2.402[−5]
2.425[−5]
2.417[−5]
2.428[−5]
7.236[−5]
7.280[−5]

2.669[−5]
2.713[−5]
2.789[−5]
2.791[−5]
8.127[−5]
8.296[−5]

9.845[−6]
9.917[−6]
9.936[−6]
9.969[−6]
2.972[−5]
2.986[−5]

1.340[−5]
1.382[−5]
1.448[−5]
1.478[−5]
4.236[−5]
4.339[−5]

4.531[−6]
4.559[−6]
4.587[−6]
4.612[−6]
1.370[−5]
1.378[−5]

8.325[−6]
8.345[−6]
9.763[−6]
9.886[−6]
2.785[−5]
2.812[−5]

1
Total

C

C

1s2p1/2 (J = 1)

Total

3.342[−4]
3.400[−4]

3.465[−4]
3.517[−4]

5.999[−4]
6.056[−4]

5.913[−4]
6.047[−4]

9.236[−4]
9.410[−4]

9.361[−4]
9.579[−4]

1s2p3/2 (J = 2)

Total

1.473[−4]
1.507[−4]

1.717[−4]
1.752[−4]

4.275[−5]
4.345[−5]

6.160[−5]
6.304[−5]

1.552[−5]
1.568[−5]

3.289[−5]
3.307[−5]

where AE1 (AM2 ) is the pure E 1 (M 2) transition
probability.

3 Calculations and discussions
3.1 Comparisons of collision strength
and circular polarization
In order to check the accuracy of the present calculation,
in Figure 1a, we display the collision strengths for the
1s2 (J = 0)→1s2p1/2 (J = 1) excitation of He-like Fe24+
ions by the longitudinally-polarized electrons. A slight discrepancy between our results and the theoretical predictions of Inal et al. [37] in the ﬁgure, which we attribute
to the fact that the calculations in reference [37] do not

include the BI in their scattering matrix elements. Figure 1b shows that the comparison of our circular polarization Pc (θ = 0) of subsequent X-ray emission of He-like
Fe24+ ions results with that of reference [37] are in excellent agreement.
To further illustrate the accuracy of the present calculation for the high-Z ions, Table 1 gives the calculated collision strengths for unpolarized electron excitation of He-like Xe52+ ions from the ground level to speciﬁc
magnetic sublevels for various impact energies, along with
the available theoretical results [15]. From the table we can
found that although our calculated collision strengths are
a little smaller than those of Fontes et al. [15], the agreement of the diﬀerent calculations is good. The maximal
diﬀerence between the present results and the theoretical
predictions of Fontes et al. [15] is within 3%. From the
table we can also found that the eﬀect of the BI on the

Eur. Phys. J. D (2015) 69: 148

Page 5 of 10

Fig. 2. Total cross section for longitudinally-polarized EIE from the ground state to the excited state 2p3/2 of H-like Fe25+ ,
Xe53+ , Dy65+ , and U91+ ions as functions of incident energy in threshold units. C + B and C represent the values with and
without inclusion of BI, respectively.

collision strengths is quite diﬀerent for diﬀerent magnetic
sublevels and incident energies. The BI has a fairly moderate eﬀect near the threshold, while the eﬀect becomes
large for high incident energies.
3.2 BI eﬀects on the cross sections
Figure 2 shows the total cross sections for direct excitation
from the ground state 1s 1/2 into the excited state 2p 3/2 for
unpolarized highly charged H-like Fe25+ , Xe53+ , Dy65+ ,
and U91+ ions as functions of incident longitudinallypolarized electron energy (threshold units). The threshold
energies for these elements are 6977, 31334, 48139, and
118 873 eV, respectively. Here C + B and C represent the
values with and without inclusion of BI, respectively. As
shown in Figure 2, the cross sections both with and without the BI included decrease monotonically with increasing incident energy; they decrease rapidly/slowy within a
lower/higher energy region. The BI has the eﬀect of reducing the total cross sections at all energies and this becomes
more signiﬁcant at higher incident energy and for higher
atomic numbers.
Figure 3 shows the Mf = −1/2 and −3/2 magnetic
sublevels cross sections for direct excitation from the
ground state 1s 1/2 into the excited state 2p 3/2 of highly
charged H-like Fe25+ , Xe53+ , Dy65+ , and U91+ ions as
functions of incident longitudinally-polarized electron energy. It can be found that the Mf = −1/2 sublevel is
preferentially populated relative to the Mf = −3/2 sublevel in all the H-like ions and at all incident energies.
As expected, for the low-Z H-like Fe25+ ions, diﬀerences

between the cross sections with and without BI are very
small. They do not exceed 10% for both the Mf = −1/2
and −3/2 sublevels even at 5 times the threshold energy.
For H-like Xe53+ and Dy65+ ions, discrepancies become
big, especially for high incident energy. Furthermore, for
the high-Z U91+ ions, results with and without BI differ signiﬁcantly even at rather lower incident energy. For
example, at 2 times the threshold energy, the BI leads
to a decrease in the cross sections by about 15% for the
Mf = −1/2 sublevel and a increase by about 22% for the
Mf = −3/2 sublevel compared to calculations without BI
included.
For the Mf = 1/2 and 3/2 sublevels, as shown in
Figure 4, cross sections for excitation to the Mf = 1/2
sublevel remain signiﬁcantly larger than those for to the
Mf = 3/2 sublevel in all the H-like ions and at all incident
energies. The diﬀerences between the Mf = 1/2 and 3/2
magnetic sublevels cross sections decrease as the incident
energy increases. These characters are quite similar with
the same line for the EIE process studied by Reed and
Chen [13] and Bostock et al. [14], and the RR process studied by Bettadj et al. [43], in which the Mf = 1/2 sublevel
is preferentially populated in all of the H-like ions. The
BI leads to a decrease in the Mf = 1/2 sublevel cross sections, while it make an increase in the Mf = 3/2 sublevel
cross sections at all incident energies. This eﬀect becomes
more and more evident as the atomic number increases.
For example, the eﬀect of the BI on the Mf = 3/2 and 1/2
sublevels is about 6% and 4% for H-like Fe25+ ions while
about 65% and 32% for H-like U91+ ions at 5 times the
threshold energy, respectively. Moreover, it is intersting to
see that, for H-like U91+ ions, due to the BI eﬀect, cross
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Fig. 3. The same as in Figure 2, but for Mf = −1/2 and −3/2 magnetic sublevels.

Fig. 4. The same as in Figure 2, but for Mf = 1/2 and 3/2 magnetic sublevels.

section curves for the Mf = −3/2 and −1/2 sublevels and,
the Mf = 1/2 and 3/2 sublevels cross each other at about
4.7 and 3.4 times the threshold energy, respectively.
3.3 BI eﬀects on the circular polarizations
Figure 5 shows the inﬂuences of the BI on the degrees of
circular polarizations Pc (θ = 0) for the Lyman-α1 line of

H-like Fe25+ , Xe53+ , Dy65+ , and U91+ ions as functions
of incident polarized electron energy in threshold units.
In the calculations, we do not included the E 1-M 2 interference. It is can be found that the circular polarizations
(absolute value) with and without the BI are monotonically decreasing with increasing incident energy and the
curves do not intersect. For H-like Fe25+ and Xe53+ ions,
two curves with and without the BI are close to each other
for low energies (near threshold), with increasing energies,
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Fig. 5. Circular polarization Pc (θ = 0) for the Lyman-α1 (2p3/2 → 1s1/2 ) transition line of H-like Fe25+ , Xe53+ , Dy65+ , and
U91+ ions as functions of incident energy. C + B and C represent the values with and without inclusion of BI, respectively.

the diﬀerences become more noticeable. As expected, since
relativistic eﬀect is more dominant for high-Z elements,
there is signiﬁcant diﬀerence between the circular polarization with or without the BI for Dy65+ and U91+ ions.
That is, the no BI result decreases less steeply with energy
than the BI result and, the BI curve departs from the no
BI curve at higher energies. For example, the BI leads to
a decrease in the circular polarization by about 24% and
37% at 1.5 times the threshold energy, while about 86%
and 135% at 5 times the threshold energy for H-like Dy65+
and U91+ ions, respectively.
Figure 6 shows the inﬂuences of the BI on the degree
of circular polarization Pc (θ) for the Lyman-α1 (2p3/2 →
1s1/2 ) transition line of H-like ions a function of the observation angle θ at four times the threshold energy. Obviously, in all ions, the maximum polarization (absolute
value) occurs at θ = 0◦ /180◦. The diﬀerences between
the angular distribution of the Pc (θ) with/without BI included are become more and more evident as the atomic
number increases and as the θ tends to 0◦ /180◦.
To show the dependence of the circular polarization
of X-ray radiation on the atomic number more clearly, in
Figure 7, the circular polarizations Pc (θ = 0) with and
without BI for the Lyman-α1 radiation line at 4 times the
threshold energy are displayed versus the atomic number. It is evident that the circular polarization (absolute
value) decreases as the atomic number increases. However,
with/without BI included, it decreases rapidly/slowly.
The contribution of the BI to the circular polarizations
for H-like Mo41+ , Xe53+ , Dy65+ , and U91+ ions is about
46%, 57%, 67%, and 98%, respectively.

3.4 Circular polarization including E1-M2 mixing
As mentioned, for the high-Z ions, the question of how
multipole eﬀects modify the circular polarization of X-ray
radiation has not been considered before. To discuss the
E 1-M 2 interference eﬀects on the circular polarization of
X-ray emission, in Table 2, we listed the pure E 1 and
M 2 transition rates of Lyman-α1 transition line for H-like
Fe25+ , Xe53+ , Dy65+ , and U91+ ions, along with the existing theoretical values [33,44,45]. It is found that the
ratios of AM2 /AE1 increase as the atomic number increases, which implies that the M 2 radiative decay becomes more and more important for these high-Z ions. It
is also found that the agreement with the diﬀerent calculations is good in general for these transition rates. A
discrepancy of <8% is quoted between other’s results and
the present calculations.
Figure 8 shows the inﬂuences of E 1-M 2 interference
on the circular polarizations Pc (θ = 0) for the Lyman-α1
transition line of H-like Fe25+ , Xe53+ , Dy65+ , and U91+
ions as functions of incident energy (threshold units). Here
E1+M2 and E1 represent the values with and without inclusion of E 1-M 2 interference eﬀects, respectively. In the
calculations, we included the BI. As shown in Figure 8,
both circular polarizations (absolute value) with and without the interference eﬀects decrease monotonically with
increasing incident energy. The E 1-M 2 interference may
become important leading to considerable decreases in the
circular polarization near the threshold, while these eﬀects
become less important as the incident energy increases.
For example, the contributions of the E 1-M 2 interference
eﬀects to the circular polarization for H-like Fe25+ , Xe53+ ,
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Fig. 6. Degree of circular polarization Pc (θ) for the Lyman-α1 (2p3/2 → 1s1/2 ) transition line of H-like ions a function of
the observation angle θ at four times the threshold energy. C + B and C represent the values with and without inclusion of BI,
respectively.

Dy65+ , and U91+ ions are about 6%, 17%, 24%, and 42%
at 1.5 times the threshold energy and, about 2.9%, 3.4%,
4%, and 18% at 5 times the threshold energy, respectively. Moreover, it is interesting to noted that, for H-like
U91+ ions, two circular polarization curves with and without E 1-M 2 interference eﬀects cross each other at about
4 times the threshold energy.
Finally, in Figure 9, we show the inﬂuence of the E 1M 2 interference on the degree of circular polarization
Pc (θ = 0) as a function of atomic number at 1.5 times
the threshold energy for the Lyman-α1 transition line of
highly charged H-like ions. By inspecting Figure 9, one can
clearly see that the E 1-M 2 interference eﬀects decrease
the circular polarization (absolute value) for H-like ions.
Circular polarizations with E 1 approximation/E 1-M 2 interference changes relatively slowly/rapidly as the atomic
number increases [23]. These characteristics are diﬀerent
from the conclusions of the same radiation line but for the
linear polarization emitted subsequent to the 2p3/2 population by the REC [29], EIE [23], and RR process [43].
Up now, we have studied the BI and radiation multipoles eﬀects on the direct longitudinally-polarized EIE
and de-excitation processes. It is hoped that the present
results will stimulate interest in the unidirectional spinpolarized electrons collision experiments [36]. It is also
hoped that some similar eﬀects will be important during the positron impact ionization and the transversely
polarized EIE processes. This may be an interesting topic
for the future. For example, in the positron impact process, for the forward/back scattering, the paths of the

Fig. 7. Degree of circular polarization Pc (θ = 0) for the
Lyman-α1 (2p3/2 → 1s1/2 ) transition line of H-like ions a function of atomic number at four times the threshold energy. C + B
and C represent the values with and without inclusion of BI,
respectively.

electron and the positron are almost the same/diﬀerent
in the strong Coulomb ﬁeld [46]. Moreover, apart from
the direct excitation, the cascade and resonance excitation
from higher lying shells may inﬂuence the cross sections
and polarization in some case. These eﬀects will be done
in future works.
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Table 2. Comparison of the transition rates (s−1 ) of the Lyman-α1 line (2p3/2 → 1s1/2 ) for H-like ions between the present
calculated results and the existing theoretical results. (B: Babushkin gauge, C: Coulomb gauge) R[n] means R × 10n .
Ions
25+

Fe

Xe53+
Dy65+
U91+

a

Type
E1
M2
E1
M2
E1
M2
E1
M2

Present
C

Others
B

2.84[14] , 2.84[14]
9.89[9]
5.11[15]C , 5.13[15]B
3.55[12]
1.09[16]C , 1.12[16]B
1.81[13]
3.69[16]C , 3.93[16]B
2.80[14]

3.95[16]a , 3.92[16]b , 3.34[16]c
2.82[14]b

Reference [44], b reference [33], c reference [45]

Fig. 8. Circular polarization Pc (θ = 0) for the Lyman-α1 (2p3/2 → 1s1/2 ) transition line of H-like Fe25+ , Xe53+ , Dy65+ , and
U91+ ions as functions of incident energy. E1 + M2 and E1 represent the values with and without inclusion of E 1-M 2 interference
eﬀects, respectively.

4 Conclusion
In summary, detailed calculations of the longitudinallypolarized EIE cross sections and the degree of circular polarizations of X-ray emission of the Lyman-α1 (2p3/2 →
1s1/2 ) line for highly charged H-like Fe25+ , Xe53+ , Dy65+ ,
and U91+ ions are performed, including a detailed analysis of the inﬂuences of BI and radiation multipoles. It
is found that the BI may leads to a dramatic change in
the magnetic sublevels cross sections and circular polarizations of Lyman-α1 (2p3/2 → 1s1/2 ) line radiation with a
more pronounced eﬀect at higher incident energies and/or
atomic numbers. For example, for low-Z Fe25+ ions, BI
eﬀects on the cross sections and circular polarizations are
small, they do not exceed 10% over the whole energy range

considered, while for high-Z U91+ ions, the contributions
of the BI to the circular polarizations are about 37% and
135% at 1.5 and 5 times the threshold energy, respectively.
It is also found that, due to the E 1-M 2 interference eﬀects,
circular polarization Pc (θ = 0) (absolute value) decreases
at a given incident energy, these features are more pronounced for higher atomic numbers. For example, the contributions of the E 1-M 2 interference eﬀects to the circular polarizations of H-like Fe25+ , Xe53+ , Dy65+ , and U91+
ions are 6%, 17%, 24%, and 42% at about 1.5 times the
threshold energy and 2.9%, 3.4%, 4%, and 18% at 5 times
the threshold energy, respectively. The circular polarizations of the Lyman-α1 line are exhibit a diﬀerent behavior
than the linear polarizations for the same transition line
in the REC, EIE, and RR processes.

Page 10 of 10

Fig. 9. Degree of circular polarization Pc (θ = 0) for the
Lyman-α1 (2p3/2 → 1s1/2 ) transition line of H-like ions as a
function of atomic number at 1.5 times the threshold energy.
E1+M2 and E1 represent the values with and without inclusion
of E 1-M 2 interference eﬀects, respectively.
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