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Abstract. The polarization of x-ray line emission from highly charged ions 
undergoing collisions with an electron beam has been a topic of continuous 
fundamental interest for decades. The understanding of the processes is important not 
only to diagnose the electron distribution anisotropy in high temperature plasmas, but 
also to provide the information on both the incident electrons and the excitation 
dynamics. Recently, on the basis of the well-known GRASP92/2K and RATIP 
packages, a new fully relativistic distorted wave program, named REIE06 has been 
developed by our group. In this composition, some selected applications of the 
program are shown. A special attention has been paid on influences of the higher 
order effects to the polarization properties of the subsequent photoemission following 
electron impact excitation process. We hope these works will be helpful for further 
understanding the contributions from the higher order effects and getting more 
accurate polarization data.

PACS numbers: 34.80.Dp, 34.80.Lx
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1・ Introduction
Electron-impact excitation (EIE) processes occur frequently in various laboratory 

and astrophysical plasmas, which is one of the most important fields of atomic 
physics. From the analysis of the polarization and angular distribution of decay 
products following the collision processes, valuable information can be obtained for 
both the dynamical process and the magnetic sublevels population of the excited 
states. These polarization data have become indispensable tools for the diagnosis of 
plasma state and the analysis of complex spectra formation mechanism. When 
compared to the conventional observable cross sections or rate coefficients, such 
polarization studies were found to be much more effective to the details of the various 
effects and interactions and, in fact, helped provide new insight into the 
electron-electron and electron-photon interactions in the presence of strong Coulomb 
fields. Recently, an important diagnostic tool has been successfully developed and 
applied to describe both the angular and energy distributions of non-thermal electrons 
existing in astrophysical and laboratory plasmas, particularly in the solar corona 
plasmas [1-3], tokamak plasmas [4] and laser-produced plasmas [5-9].

During the last few years，the degree of linear polarization of x-ray emission 
from highly charged ions colliding with an electron beam has been extensively 
investigated. With respect to experiments, several important polarization 
measurements were reported for H-like and He-like few-electron ions [10-20]. With 
respect to theory, Reed et al.[21] have investigated the relativistic effects on the 
degree of linear polarization of x-ray emission following the EIE for highly charge 
H-like and He-like ions. Fontes et al. [22] have studied the contribution of the Breit 
interaction on the collision strength and the degree of linear polarization of the 
radiation emission following the electron impact excitation of He-like ions. Sharma et 
al. [23] have studied the degree of linear polarization of the nsi/2-npi/2 and 
nsl/2-np3/2 resonance transitions for the singly charged Mg+ (n=3)，Ca+ (n=4), 
Zn+(n=4)，Cd+(n=5)，and Ba+(n=6) ions with the use of a fully relativistic 
distorted-wave method. Amaro et al. [24] have analyzed the angular correlation and 
the degree of linear polarization for the radiation emitted in two-photon decay of 
H-like ions. There are also many other theoretical studies for the degree of linear 
polarization [25-39]. However，most of these works have paid attention to the decay 
from individual magnetic sublevels to the ground state; there is a lack of studies on 
various transitions among the different excited states. In addition, to our knowledge, 
the accuracy of available polarization data is often suspect, different calculations 
using similar methods/codes sometimes differ so much due to the presence of the 
higher order effects.

Recently, based on the multi-configuration Dirac-Fock (MCDF) method and the 
corresponding packages GRASP92/2K [40] and RATIP [41],a new fully relativistic 
distorted wave program, named REIE06 [37,42] has been developed by our group. By 
using the program, a series of electron-impact excitation processes have been studied 
systematically. A special attention has been paid on the influences of the higher order 
effects [43-51] to the polarization properties of the subsequent photoemission. As
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examples, the effects of intermediate resonance states in an isolated resonance 
approximation, the effects of Breit interactions, the effects of El-M2 interference, the 
effects of plasma screening and so on were briefly reviewed in this report.

2・ Influence of resonance electron-impact excitation on the linear 

polarization of Ne-like Ba46+ ions
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Figure・1 Linear polarization degree of neonlike Ba46+ M2 line (2pへ/23si/2)2 2p6 (J = 0) as
a function of the incident electron energy. Solid line represents the present work; dashed 
lines represent Takacs et al.[12j’s calculations which considered the cascade scheme. The 
experimental data [12) are given as solid circles.

The resonant excitation processes are very important in the polarization properties 
for some special EIE processes. In Fig.1,the calculated linear polarization of M2 line 
are compared with the experimental measurements of Takacs et al. [12] The present 
results were shifted to left 130eV for considering the space charge effects in the 
experiment. It can be seen that if only the direct impact excitation were considered in 
the calculations, the negative polarization degree increases from 10% to 13% 
smoothly with increasing of electron energy, which agree with the experiment of 
Takacs et al. [12] very well. The averaged polarization degree of .12 10% also agrees 
with the assumption of -510% by Beiersdorfer et al. [43] at the considered energy 
range. The resonance excitations result in the sharp change of polarization degree, 
especially for the energy ranging from 5 keV to 5.3 keV. where the contribution of the 
double excited states 415T is dominant. At the energy near 5 keV, the negative 
polarization degree were largely enhanced to -22%，and at the energy near 5.1 keV the 
polarization effects were decreases strongly, which agree with the experiments 
excellently. However, at the energy near 5.25 keV, there is a strongly decreases of 
polarization in the experiment, but could not be reproduced by the theory. For the 
energy from 5.3 keV to 5.6 keV, where the 416V resonance series is dominant, the
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change of polarization is relatively small because of relatively small resonance 
excitation contributions. However, when the energy is larger than 5.6 keV, the effects 
of the 5151 resonance excitation on the polarization are very obviously. There are two 
peaks with the obvious decreasing polarization for the energy close to 5.8 keV, and 
one of them was measured by Takacs et al.[12] For the energy near 5.75 keV, the 
polarization were increased to -26%，which were not measured by experiment because 
of the limited energy points. Comparing with Takacs et al. [121’s calculations with 
cascade scheme. It is found that the cascade effects may play a relatively small role.

2. Influence of quantum interference on the polarization and

angular distribution of highly charged H-Iike and He-Iike ions
X-ray lines emitted by highly charged ions arise not only from optically allowed 

electric dipole transitions but also from forbidden magnetic and higher-order electric 
transitions. This concerns in most cases mixtures of dipole and quadrupole[48,49]. It 
has been pointed out recently that even if one of the multipoles contributes about 1% 
to the total transition probability, the angular distribution of radiation can be 
significantly affected by the interference between multipoles[50]・
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Figure 2. The degree of linear polarization of the transition line 2p3/2^ls\/i for 
H-like (left) and the transition line 2si/22p3,2(J =1)—1si/22si/2(J =1)for He-Iike 
(right) molybdenum, gold, and uranium ions as functions of the incident electron 
energy in threshold units. El + M2 represents values with inclusion of El-M2 
interference, El represents inclusion of only the electric-dipole approximation・

In Fig.2, the polarization with and without the El-M2 interference effects at 1.2 
times of the threshold energy for H-like of 2p3/2^ 1S1/2 transition line and at 3 times of 
the threshold energy for He-like 2si/22p3/2（J =1)^1si/22si/2（J =1)transition line are
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displayed versus the atomic number. From the figure，we can clearly found that the 
El-M2 interference effects make the degree of linear polarization decrease for H-like 
ions, while increase for He-Iike ions. Furthermore, we can also found that the degree 
of linear polarization with only electric-dipole approximation change relatively slow 
with a little rate, while with the El-M2 interference effects become rapidly with 
increasing of the atomic number for both H-like and He-like ions. It appears, thus, the 
differences between the degrees of linear polarization with and without the El-M2 
interference effects at the given energies become more evident with increasing of the 
atomic number.
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Figure 3. W(0)/W ratio the transition line for H-like (left) and the transition

line 2si/22p3/2（J =1)—>1si/22si/2（J =1)for He-like (right) molybdenum, gold, and uranium ions 
as functions of the observation angle 0 relative to the electron beam・ El + M2 represents 

values with inclusion of E\-M2 interference, El represents inclusion of only the 
electric-dipole approximation.

To examine the influence of El-M2 interference on the angular distribution of 
photoemission, we calculated the W(0)/W ratio versus angle 0 both with and without 
the El-M2 interference effects for 2p3/2—^lsi/2 transition line of H-like of Mo41+， 
Au78+ and U91+ ions at 1.2 times of the threshold energy and the
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2si/22p3/2（J=l)—*1si/22si/2（J=1) transition line of He-like Mo40+，Au77+ and U90+ ions at 
3 times of the threshold. The results are presented in Fig.3. For the 2p3/2—>lsi/2 line of 
H-like ions, as can be seen from Fig.3(a)-(c)，the El-M2 interference effects can lead 
to a slightly increase in the anisotropy of the intensity angular distribution，contrary to 
the polarization. These characters mean a dominant photon emission perpendicular to 
the electron beam including the El-M2 interference has been enhanced. The 
contributions of the El-M2 interference effects to the angular distribution of radiation 
W(0)/W ratio at 0= 90° is 0.4%，0.6% and 0.9% for the H-like Mo41+ , Au78+ and U9,+ 
ions, respectively. However, for He-like ions, as can be seen from Fig.3(d)-(f), the El・ 
M2 interference effects lead to a reduction in the anisotropy of the angular distribution 
of radiation. And a dominant photon emission perpendicular to the electron beam, 
while including the El-M2 interference clearly favors a collinear emission along the 
electrons beam, contrary to the H-like ions. The contributions of the El-M2 
interference effects to the angular distribution of radiation at 0= 90c is about 1.2%，3% 
and 5% for the He-like Mo40+，Au77+ and U90+ ions, respectively. Finally，we noted that 
the differences between the W(0)/W ratio with and without the El-M2 interference 
effects become more evident with increasing of the atomic number for both H-like and 
He-like ions.
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4. Influence of Breit interaction on the linear polarization of 

highly charged Be-like ions
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Figure 4. The degree of linear polarization of transition line Is2s22pi/2（J =1)—ls22s2(J 
=0) for the Be-like Mo38+, Nd56+, and Bi79+ ions as functions of incident electron energy in 

threshold units. R represents the value with inclusion of only the Coulomb interaction, and 

RB represents the one with the Breit interaction included.

The effects of Breit interactions on the electron collision processes are very
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important, and have been studied for many years. In Fig.4, we show the degree of 
linear polarization as functions of incident electron energy for the beryllium-like 
Mo38十，Nd56+, and Bi79+ ions. Both the degrees of linear polarization with and without 
the Breit interaction included increase sharply with increasing of incident electron 
energy before starting to decrease at higher energy region. And when the incident 
electron energies are greater than about 2 times of the threshold energies, the degree 
of linear polarization without the Breit interaction included decreases very slowly, 
however, the degree of linear polarization with the Breit interaction included 
decreases rapidly. This same pattern of an increase in the degree of linear polarization 
after the threshold energy followed by a steady decrease was apparent in the 
intermediate coupling calculations for helium-like Fe ion reported by Inal et al. [26] 
and in the distorted-wave calculations for several other helium-like ions reported by 
Reed et al. [28]. It is found that the Breit interaction makes the degree of linear 
polarization decrease at given incident electron energies, and the contribution of the 
Breit interaction on the degree of linear polarization is more and more important with 
increasing of incident electron energy. For example, the Breit interaction even causes 
a change of the sign of the linear polarization for the beryllium-like Nd56+, and Bi79 * 
ions at about 4.5 and 3.5 times of the threshold energy, respectively. The reason is 
that, the cross sections for excitations to the sublevels mr=0 and m尸±1 with the Breit 
interaction included cross each other at about 4.5 and 3.5 times of the threshold 
energy for the beryllium-like Nd56+, and Bi79+ ions, respectively. It is also found that 
the contribution of the Breit interaction on the degree of linear polarization is more 
and more important with increasing of atomic number at given incident electron 
energies.
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Figure 5・ The degree of linear polarization of transition line Is2s22pi/2（J =1)—> ls22s2(J 
=0) for the Be-likc Mo38+，Nd56+，and Bi '9+ ions as functions of atomic number. R represents 

the value with inclusion of only the Coulomb interaction, and RB represents the one with the 

Breit interaction included.
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In order to illuminate the dependence of the degree of linear polarization on 
atomic number at given incident electron energy more clearly, the degrees of linear 
polarization with and without the Breit interaction included as functions of atomic 
number at four times of the threshold energy are displayed in Fig.5. It is found that the 
Breit interaction makes the degree of linear polarization decrease for all of the 
beryllium-like ions. It is also found that the degree of linear polarization with only the 
Coulomb interaction included increases very slowly as atomic number increases, and 
the degree of linear polarization with inclusion of the Coulomb plus Breit interaction 
decreases rapidly with increase of atomic number. So the differences between the 
degrees of linear polarization with and without the Breit interaction included at the 
given energies become more evident with increasing of atomic number. However, for 
the degree of linear polarization of the same lines but formed by the dielectronic 
recombination process [39]，the situations are very different, the Breit interaction 
makes the degree of linear polarization increase, furthermore, the degree of linear 
polarization with the Breit interaction included increases with increasing of atomic 
number.

5・ Influence of Breit interaction on the cross section and circular

polarization of highly charged Be-like ions
As is well-known, the excitation of ions by a polarized electron beam will leads to 

an orientation of the excited level in general; i.e., the magnetic sublevels M； and 一My 
are differently populated[27,30]. The radiation subsequently emitted in the decay of 
these oriented levels is circularly polarized.
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FIG. 6. The degree of circular polarization of the transition line \s2s2，2p3/2（J =2)-Lv225,2(J 

=0) for Be-like Ag43+, Ho63+, and Bi79+ ions as functions of incident polarized electron 

energy in threshold units. NB represents the values with inclusion of only the Coulomb 
interaction, and B represents the ones with the Breit interaction included.
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Fig. 6 shows the circular polarization of U25,22p3/2（J =2)-k225,2(J =0)line of 
Be-like Ag43+，Ho63+，and Bi79+ ions as functions of incident polarized electron energy. 
In the case of including only the Coulomb interaction, the degree of circular 
polarization has a very large value and decreases very slowly with the increasing 
incident energy. When the Breit interaction is taken into account, the circular 
polarization decreases rapidly for each ion with increasing energy. The Breit 
interaction decreases circular polarization from 0.79 to 0.22, 0.78 to 0.21，and 0.65 to 
0.43 at 5 times the threshold energy for Be-like Ag43+，Ho63+，and Bi79十 ions, 
respectively. Moreover, the Breit interaction causes a change of the sign of the 
circular polarization for the Be-like Ho63+ and Bi79+ ions at about 4 and 2.2 times the 
threshold energy, respectively.
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Figure 7. The degree of circular polarization of the transition line Is2s22p3/2（J = 
2)—= 0) for the Be-like Ag43+, Ho63+, and Bi79+ ions as functions of atomic number at 

incident energy is four times of threshold energy. NB represents the values with inclusion of 
only the Coulomb interaction, and B represents the ones with the Breit interaction included.

In Fig.7, we display the degrees of circular polarization with and without the Breit 
interaction included as functions of atomic number at four times of the threshold 
energy. It is obvious that the Breit interaction makes the degree of circular 
polarization decrease for all of the Be-like ions. And the degree of circular 
polarization with only the Coulomb interaction included decreases very slowly as 
atomic number increases，while with inclusion of the Coulomb plus Breit interaction 
decreases rapidly with increase of atomic number.

6. Influence of Debye plasma on the polarization of He-like Fe24+

ions
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The study of spectral properties and atomic collision processes of high charged 
ions embedded in hot, dense plasma environments has become an active and 
interested topic in recently years[44-47]. Treating the effect of plasma environment in 
atoms and ions atomic processes along with an accurate treatment of electron-electron 
correlation and relativistic effects are nontrivial.

Table・I The polarization of the \slp l,3Pi-ly2 emission lines, (X, threshold unit), X is the
Debye length (ao)・

ft

'A

A=2 A=5 A=10 A=50 A=2 A=5 A=10 A=50 A=oo

6.8keV 0.590 0.595 0.592 0.596 0.596 -0.269 -0.224 -0.205 -0.191 -0.188

8.0keV 0.593 0.597 0.601 0.602 0.603 -0.090 •0.054 -0.046 -0.038 -0.036

1.5X 0.579 0.578 0.582 0.583 0.581 0.085 0.108 0.115 0.120 0.122

2X 0.529 0.533 0,534 0.538 0.534 0.205 0.218 0.222 0.225 0.226

3X 0.427 0.434 0.438 0.440 0.441 0.248 0.256 0.259 0.261 0.261

4X 0.345 0.359 0.362 0.367 0.368 0.230 0.240 0.243 0.245 0.246

•0.2

0.6-

■ 

・
 

i 

・
 

i

4 
2 
0 

o.
o.
o.

u
o
l
l
e
N
I
J
e
l
o

Q.

1 10 100 

Debey length (aQ)

Figure 8. The linear polarization of the is2p I,3P| -Is2 'Sq emission lines as a function of 
debye length. The incident electron energy is 1.5 time threshokt

Table I gives the linear polarizations of the ls2p 1,3Pi—>ls2 lines in the presence 
of plasma screening for several impact energies. From this table, it can be found that, 
with increasing of incident energy, the polarization of the lPi resonance line for the 
unscreened case (X=oo) decrease from 0.60 to 0.358，and the effects of plasma 
screening on the polarization are quite small. However, the polarization of the 3Piline
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for the unscreened case vary from the negative to positive with the increasing of 
incident energy, nevertheless, the influence of plasma screening are significant 
especially at the low impact energy, but for the high impact energy, the influence 
becomes small. As an example, Fig. 8, in relationship to Fig.6，shows the Debye 
length dependence of the linear polarization of the ls2p !Pi and 3Pi to the Is2 % at 
the incident energy is 1.5 times the excitation threshold. We found that for the 3Piline 
the polarization degree decreases fi*om 14% to -28% with the decreasing of the debye 
length. However, for the 1 Pi line, changes of the polarization degree are very small, 
and when 2 ao, the polarization are almost invariant. The reason is that the change 
trend of the cross sections excite to the M = 0 and M =1 sublevels for 3Pi and !Pi state 
are different.

7・ Conclusions
In summary, a new program, REIE06 for electron impact excitation have been 
developed in the frame of distorted wave approximation. By combining this program 
with the widely used GRASP92/2K and RATIP packages, atomic/ionic structures and 
collision dynamic process can be treated uniformly to include the effects of relativistic, 
electron correlation and Breit interaction. As the application, some higher order 
effects to the polarization properties of the subsequent photoemission such as, the 
resonant EIE process of Ne-like ions, the Briet interactions on the EIE process of 
Be-like ions, the El-M2 interference effects，the plasma screening effects have been 
studied in details. Good agreements between available experiments and other 
calculations were found. We hop.e these works will be helpful for further 
understanding the contributions from the higher order effects and getting more 
accurate polarization data.
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