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Abstract. We report the results of a combined theoretical and experimental study of B-like
dielectronic recombination satellite lines excited by an electron beam. Polarization sensitive spectra
were accumulated at the Lawrence Livermore electron beam ion trap facility. Three beam energies
were chosen in the region of maximum B-like Fe satellite emission. At each energy, spectra
were obtained using two LiF crystals of differing polarization sensitivities. Polarization-dependent
spectra have been calculated using the degree of polarization of single lines computed with a photon
density matrix formalism. The agreement between the experiment and theory is very good. Two
spectral features were observed to have polarizations that were particularly sensitive to the electron
beam energy. Spectral features with this property are candidates as diagnostics of energy and
direction of electron beams in plasmas.

1. Introduction

The degree of linear polarization of x-ray lines from highly charged ions can provide
information on the anisotropy of the electron distribution function in high-temperature plasmas.
In particular, the polarization of x-ray lines can be used as a spectroscopy diagnostic for the
energy and directionality of electron beams in astrophysical and laboratory plasmas [1-5]. The
understanding of polarized line emission from high-temperature plasmas requires modelling
of different excitation mechanisms of line transitions that can lead to alignment of energy
levels, such as direct electron-impact excitation, cascade contributions, and dielectronic
recombination. The construction of reliable models requires that each component be tested
against experimental benchmarks. The aim of this paper is to calculate the polarization of
K-shell lines produced by dielectronic recombination and test these results against laboratory
data produced under well controlled conditions. These fundamental studies are important for
the development of plasma diagnostics using polarization spectroscopy.

The electron beam ion trap (EBIT) is a powerful tool capable of creating very highly
charged ions for atomic structure, electron—ion collision and other spectroscopic studies [6].
Furthermore, EBIT offers an excellent opportunity to observe polarization effects in x-ray
line emission in experiments performed under well controlled conditions. In turn, these
measurements can be used to make detailed comparisons with theoretical calculations before
applying them to the analysis of polarized spectra from complicated systems like plasmas.
Recently, polarization measurements of x-ray lines of He- and Li-like Fe ions excited by
electron impact were performed by Beiersdoderl [7, 8] at the Livermore EBIT. We have
published the results on the analysis of polarization-dependent spectra of dielectronic satellite
lines of Li- and Be-like Fe ions produced at the Livermore EBIT elsewhere [9,10]. In this paper,
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we develop and extend our previous studies and present an extensive analysis of polarization-
dependent spectra of dielectronic satellite lines of B-like Fe. Theoretical and experimental
results of the polarization properties of spectral features formed by the overlapping and blending
of dielectronic satellite lines are discussed in detail. Our calculated polarization-dependent
spectra are compared with experimental spectra observed at the Livermore EBIT. To this end,
dielectronic satellite spectra were simultaneously recorded with two crystal spectrometers,
which acted as polarization analysers by reflecting polarization states associated with directions
parallel and perpendicular to the electron beam axis with different efficiencies. The dielectronic
satellite spectrum is significantly polarized and, in general, the two polarization-dependent
spectra have different intensity distributions. The details of these spectra also depend strongly
on the energy of the electron beam. In section 2 we develop our theoretical approach for
the calculation of polarization-dependent spectra of dielectronic satellite lines. Specifically,
in section 2.1 we briefly discuss the basic formalism presented in detail in our previous
paper [10], in section 2.2 we discuss the results of the calculations of atomic and polarization
characteristics, and in section 2.3 we display theoretical, polarization-dependent spectra.
Experimental details and measurements are given in section 3. In section 4 we discuss the
experimental and theoretical results, and their comparison. Finally, in section 5 we present
our conclusions.

2. Theoretical approach

2.1. Formalism

A detailed discussion of the theoretical formalism used for the calculation of the polarization-
dependent spectra is presented in [10]. Here, we mention only the main points. The degree of
polarization of line transitions excited by an electron beam observed in adirection perpendicular
to the electron beam is defined as:
p= Lt (1)

wherel|, I, are the photon intensities associated with electric vectors polarized parallel and
perpendicular to the electron beam, respectivelyd i§ the angle between the axis of the
electron beam and the direction of observation, the total intensity obsernéed=-af0 is
190°) = IH +1.

The intensities of dielectronic satellite lines associated with different polarization states
have the following form:

3 1+P
Ij(s) = EQd(s) exp(—((E, — Ea(s))/AE)2)3 Po @
— 10
3 1-P
1,(5) = 5 0a(s) EXp(—((Ep — Ea(5))/ AE)) 53— @)
— 10

hereQ,(s) is the intensity factor, andl, (s) is the auto-ionization energy. In equations (2) and

(3), the beam of electrons is characterized by a Gaussian distribution function centred at the
beam energ¥, with awidthA E. Thus, to calculate the intensity of a dielectronic satellite line

s associated with parallel and perpendicular polarization states, we need to know the atomic
characteristicsQ,(s) and E, (s), and the degree of polarization of each satellite Byés).

To describe the polarization properties of dielectronic satellite line emission we use a
photon density matrix formalism. We consider the representation of the total momentum of
the system. The target ion in the initial state (before recombination) and an incident electron is
the initial state of the system characterized by the ind&@he target ion in the auto-ionization
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Table 1. Atomic and polarization characteristics for dielectronic satellite transitiong€2g2s>
1s225°2p of B-like Fe. are wavelengths4, are radiative probabilities), are intensity factors,
E, are auto-ionization energies, amfg are the values of maximum degree of polarization of
transitions. Number in square brakets denote powers of 10.

Peak Line [16] Transiton J,—J; A(A) Ar(s7Y Qas™H E,(eV) Po

3 1 B2 25-2p 1-3 1.8795  288[+14] 568[+13] 4809.1 0.0
2 B3  2p-_2p 3-3 1.8814  577[+14]  121[+14] 48025 —0.75
1 3 B5 ’D-2?p 3-1 1.8821  307[+14] 251[+14] 4785.4 0.6
4 B4  2p_2p -1 1.8822  520[+14] 903[+12] 4785.1 0.0
2 5 B6  2D-2p 5-3 1.8849  205[+14]  334[+14] 47904 05
6 B8 2D-2p 3-3 1.8863  380[+13] 312[+13] 47854 —0.75
7 B9  “P-2p 3-3 1.8916  289[+13]  131[+13] 4766.9 0.5

state is characterized by the indexThe target ion in the final state (after recombination and
emission of the photon) and the emitted photon is the final state of the system characterized
by the indexf. The quantization axig is taken along the direction of the electron beam.
We assume that the auto-ionizing states in the B-like ions are populated by electron capture
originating only in the ground state?ls’ 'S, of Be-like ions. This approximation is reasonable
considering that we will compare theoretical results with experimental data recorded at the
Livermore EBIT where it can be safely assumed, under the experimental conditions, that the
largest population of Be-like ions is concentrated in the ground state.

We have shown how the elements of photon density matrix are connected with the degree
of polarization (see equations (22)—(28) of [10]). Finally, we got the expression for the degree
of polarization in the following simple form (see equation (29) in [10]):

3sirf 0 Ba(s)

P(s) =— 4
2/10By(s) + (3c026 — 1) By (s) )
hereB, (s) is the so-called polarization moment of the ion:
| L I L L L J L
— (11— a a a a
mo-cvsan( 5oy g S @

where () are the 3f symbols, and } are the 67 symbols. In our case, where only electric
dipole transitions contribute to the dielectronic satellite emissionan be equal to 0 or 2.
If Bo(s) = 0, then the line has a zero degree of polarization. For non2g), the degree
of polarizationP (s) is nonzero and has a maximum value foe= 90°. The results of the
calculation of Py(s) are discussed in the next section.

2.2. Atomic and polarization characteristics

In table 1 the atomic characteristics, namely wavelengthradiative transition probabilities

A,, intensity factorsQ,, and auto-ionization energigs,, used to calculate polarization-
dependent spectra of B-like Fe dielectronic satellite line spectra are listed. Also displayed
in table 1 is the degree of polarization of each dielectronic satellite RBy{e), which has

been computed using the formalism discussed in the previous section. Atomic data have
been calculated using the 1/Z perturbation theory and approximation for atomic structure
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calculations implemented in the MZ code [11, 12]; auto-ionization enerfieave been
determined using the data from [13]. Our atomic data agree well with the B-like data of Chen
and Crasemann [14,15]. As seen from table 1, to produce B-like Fe dielectronic satellite lines,
the energy of the beam has to be in the range from 4.767 keV to 4.809 keV. There are seven lines
listed combined into three peaks, which correspond to spectral features that can be identified
in the present experimental spectra. For comparison, the lines in table 1 are also labelled
according to the notation of [16] where they were discussed in terms of their contribution
to Tokamak spectra. Peak 3 is formed by a single, unpolarized line. The other two peaks
consist of more than one line that have different degrees of polarization. Relativistic effects
are important for the B-like Fe ion, but only one intercombination line (line 7) is observed.
In general, the lines contributing to the same peak have different magnitudes and signs of the
degree of polarizatio®,. According to equation (1), if the sign df, is positive, the line is
predominantly polarized parallel to the electron beam axis, and if the si¢g isfnegative,
the line is predominantly polarized perpendicular to the electron beam axis.

Since we are assuming that the ground staf@<£4S, of Be-like ions dominates the
electron capture process, then in the plifecoupling scheme auto-ionization levels associated
with the configuration 1s28p? and terms S and D can be populated, i.e.,

12815, + ks — 1s282p?  (s-channe) (6)
1828 1) + kd — 1s282p%  (d-channe) (7)

wherex characterizes the energy of the electron beam. The corresponding transitions arising
fromthese levelsarelines 1, 3,5, and 6 intable 1. Alllines arising from terms populated via the
s-channel are unpolarized (see equations (4) and (5)). Hence, line 1 is unpolarized. However,
lines arising from terms populated via the d-channel show nonzero degrees of polarization
(lines 3, 5, and 6). All other lines, i.e., 2, 4, and 7, occur from levels associatedviéhms,

which, due to relativistic effects, are produced by mixing with S and D terms having the same
J,. The mixing of terms S, D, and P within a complex described by the same parity and the
sameJ, increases withiz and becomes significant for the case of Be=£ 26). All lines

arising from levels withJ, = % are unpolarized. Thus, lines 1 and 4 are unpolarized. Lines
arising from levels with/, # % may show polarization. Faf, = %’ the level$P,?D, and*P

are mixed. Fou, = 3, the level’D and*P are mixed.

To calculate the polarization of lines arising from P terms, we selected the main term (S
or D) depending on which one makes the largest contribution to the level. This main term is
then used to calculate the polarization of lines arising from P levels according to equations (4)
and (5). ForJ, = g andg the main term i€D. Moreover, levels with/, = % can be prepared
only through the s-channel, while levels with = g andg can be prepared only through the
d-channel. This differs from the case of Be-like ions, where we have two and even three S or
D terms contributing to each P term, which can be prepared through both channels. Here, for
B-like Fe, we have only one main term for each P level. The main term of the upper level of
line 2 iSzDg/z, which is the same as for the upper level of line 6, and their lower levels are the
same. Thus, line 2 has the same polarization as line 6. Line 7 has the same polarization as line
5. In this case, the main term of the upper level of line 7Ds),, which is the same as for the
upper level of line 5, and their lower levels are the same.

It should be noted that equations (4) and (5) are written for the case ol suceupling.
However, they can still be used with confidence in our case. First, we have only two channels
of electron capture, which allowed us to treat the upper levels according to the way in which
they were prepared. Thus, we can calculate the polarization of lines arising from S or D levels.
Second, in all cases we have only one main term for each P level; this allowed us to use the
quantum numbers of the main term for the calculation of the polarization of lines arising from
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Figure 1. Theoretical polarization-dependent spectrum of B-like Fe calculated for four different
energies of the electron beana) £, = 4.770 keV, b) E;, = 4.800 keV, €) E;, = 4.820 keV, @)

E, = 4.840 keV. (- —-): intensity associated with parallel polarization state; {-): intensity
associated with perpendicular polarization state, (—): total intensity. Spectral features are labelled
according to the notation of table 1.

P levels. Third, these results agree well with the values of polarization degrees calculated in
j—j coupling in the non-relativistic approximation [17].

2.3. Polarization-dependent spectra

Theoretical results for polarization-dependent spectra of dielectronic satellite lines in B-like
Fe are presented in figuresal{(d), and figures 2)—(c). In figure 1, spectra are displayed

for four different energies of the electron beam) £, = 4.770 keV, b) E, = 4.800 keV,

(c) E, = 4.820 keV, andd) E, = 4.840 keV. In figure 2, spectra are shown for three
different energies of the electron beana) €, = 4.780 keV, b) E, = 4.792 keV, and ¢)

E, = 4.828 keV, these three energies were selected to illustrate the details of the theoretical
spectra used to interpret the experimental spectra in figures 3-5. All these energies are in the
range of the auto-ionization energies listed in table 1. Since we compare synthetic polarization-
dependent spectra with experimental spectra recorded at the Livermore EBIT (see section 3),
theoretical results were calculated assuming electron beam characteristics, and line profiles
suitable for the experimental conditions and instruments used at that facility. The distribution
of energies in the electron beam was modelled with a Gaussian function of 47 eV FWHM.
Lineshapes were experimentally determined, approximated by numerical fits and used to model
line transitions. In particular, for the results presented here we used Voigt lineshapes of Voigt
parameter: = 0.7 and FWHM= 0.5 mA. The spectral features (peaks) are labelled according

to the notation used in table 1.
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Figure 2. Theoretical polarization-dependent spectrum
of B-like Fe calculated for three different energies of the
electron beam:&) E, = 4.780 keV, b) E, = 4.792 keV,

(c) E, = 4.828 keV. (——-): intensity associated with
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The spectra displayed in figures 1 and 2 illustrate the main properties of the theoretical
results: (1) the dependence of the spectra on the electron beam dngrgyd (2) the
polarization properties of the spectra. First, as the value of the electron beam energy
E, increases, different electron capture resonances are excited, and the spectrum changes
significantly. ForE, = 4.770 keV (the lowest value considered here), two peaks, 1 and 2, are
intense. The intensity of peak 1 is a little larger than the intensity of peak 2. Both peaks are
predominantly positively polarized, i.e. parallel to the electron beam. Peak 1 consists of three
lines, of which lines 2 and 3 are the strongest and have different valugsaofd polarization.

Line 2 hask, = 4.802 keV and is negatively polarized, i.e. perpendicular to the electron
beam, while line 3 ha%, = 4.785 keV and is positively polarized. Line 4 is weak and
unpolarized. Thus, foE, = 4.770 keV, only line 3 contributes significantly to peak 1, and
peak 1 is positively polarized. Peak 2 consists of two lines, lines 5 and 6, of which line 5 is the
stronger and dominates this peak at all energies. Line 5 is positively polarized, and hence peak
2 is positively polarized at all energies considered. Hysincreases, the relative intensities

of these two peaks, peaks 1 and 2, change.Hz0r 4.780 keV peak 2 is more intense than
peak 1. Moreover, since peak 3 consists of one unpolarized line (line 1), it is unpolarized at
all energies. Peak 2 shows the same positive polarization, but peak 1 starts to show negative
polarization on its short-wavelength side. This is caused by the rise of the negatively polarized
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Figure 3. Comparison of experimental spectrum (—)
and theoretical spectrum of B-like Fe (— — —) calculated

0 ‘ ‘ ‘ atthe electron beam energy = 4.780 keV associated
1.87 1.88 1.89 with: (a) almost pure, parallel polarization staté) (
Q mixture of polarization states. The Be-like spectral
ngelength <A> features were studied in [10].

line 2. As the energy of the beam continues to increase, the relative contribution of line 2
increases, and the shape of peak 1 changes. As a resul, fer 4.840 keV (the highest

value considered here) peak 1 is predominantly negatively polarized, peak 2 continues to be
positively polarized, and peak 3 is unpolarized.

Three traces are shown in figures 1 and 2 which represent the intensity distributions
associated with the parallel polarization state, perpendicular polarization state, and their
sum, i.e. the total intensity observed at°96alculated according to equations (2) and (3).
This way of presenting the results clearly shows the relative contributions of parallel and
perpendicular polarization states to the total intensity distribution, and it highlights those peaks
(i.e. spectral features) which have significant polarization. The larger the difference between
the intensity distributions associated with parallel and perpendicular polarization states, the
larger the polarization of the peak. Peaks, where the two traces are identical, are unpolarized.
Also, it is interesting to note the differences in relative intensity distributions associated with
each polarization-dependent spectrum. This can be illustrated by considering peak 1 whose
polarization changes considerably as the energy of the beam increases. The factthat the spectral
intensity distributions for the parallel and perpendicular components are different is important,
and it can be used to develop polarization spectroscopy diagnostics of electron beams.

3. Experimental details and measurements

The experimental spectra were collected at the Lawrence Livermore National Laboratory
(LLNL) EBIT. The operation of EBIT has been described in detail in previous articles and
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Table 2. The characteristics of the crystals used in the spectral measurements.

LiF(220)  LiF(200)

Resolving powerX/AX) 2200 1500
Spacing (2D) 2.848A  4.027A
Bragg angle 41 27.5°
Relative reflectivity @, /R ) 0.12 0.56

reviews [6, 18]. Details of the experimental set-up employed to observe the polarization
sensitive spectra can be found in the literature [7—10]. Only the pertinent details specific to
this work will be discussed here.

Spectra were accumulated for three electron beam energies, 4.780 keV, 4.792 keV and
4.828 keV. The electron beam energies quoted were calibrated to account for space charge
effects [18]. The electron beam energy width (47 eV) was determined experimentally by
sweeping over an isolated dielectronic resonance, as described in [19]. At each of the
three energies, spectra were accumulated simultaneously by two von Hamos-type crystal
spectrometers. The characteristics of the LiF(220) and LiF(200) crystals used in the
spectrometers have been discussed previously [10, 20], and are listed in table 2. Here,
the R, and R are the integrated reflectivities for photons polarized perpendicular and
parallel, respectively, to the electron beam axis. These also relate to orientations parallel
and perpendicular, respectively, to the spectrometers-dispersion planes. The different relative
reflectivities of the crystals provided the experimental polarization sensitivity. The intensity
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observed by each spectrometer is given by
LIops = R+ R 1. 8)

SinceR, /R;=0.12 for the LiF(220) crystal, the parallel polarization componentis strongly
favoured over the perpendicular component, and a nearly pure parallel polarization state is
observed. By contrast, the LiF(200) crystal observes a spectrum comprised of a more even
mix of polarization states.

4. Comparison of theoretical and experimental results

Figures 3-5 show the comparison between theoretical and experimental spectra. The three
electron beam energies indicated, i.e. 4.780 keV, 4.792 keV, and 4.828 keV, corresponding to
the energies used to model the experimental data. The top panel shows the spectrum obtained
with the LiF(220) crystal, representing emission from an almost pure parallel polarization
state. The bottom panel shows the spectrum obtained with the LiF(200) crystal, representing
emission from a mixture of both polarization states. As the electron beam energy increases,
the observed spectra change significantly. The energy range was chosen to include maximum
emission from B-like Fe. As the value @&, increases, different electron capture resonances
can be excited and the spectral line emission changes. At the lowest energy, there are some
features due to Be-like ions but they are smaller in comparison with lines from the B-like ion
(figure 3). To aid the comparison, the individual line profiles were modelled using a single
\oigt profile (Voigt parameter: = 0.7 and FWHM= 0.5 mA) for the data recorded with
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the LiF(220) crystal, and a double Voigt profile (both with parametets 0.7 and FWHM

= 0.832 mA but with a relative offset of 0.2 mA) for the LiF(200) crystal data. The values of

the electron beam energies used for computing the theoretical spectra were selected to produce
the best agreement with the measurements. The values used were never mdré Han

from the experimental value. This was justified considering comparable uncertainties in the
experimental electron beam energy and in the magnitude of the calculated resonance energies.
The value of the electron beah), = 4.780 keV selected to describe B-like spectral features

of the experimental spectra in figuresaB@nd () is larger than the value of the electron
beamE, = 4.775 keV selected to describe Be-like spectral features of the same experimental
spectra shown in figures&(and @) from [10]. The disagreement of 5 eV can be explained

by the fact that the most prominent features in these experimental spectra are B-like ones.
They are approximately three times as intense as the Be-like spectral features. The accuracy
of the determination of the electron beam energy is obviously higher for more intense spectral
lines. Thus, the valu&, = 4.780 keV for this spectrum seems to be more accurate than the
previously selected valug, = 4.775 keV.

Overall, the agreement between theoretical and experimental spectra is very good. The
agreement includes good reproduction of the energy dependence of the line emission, the
line position, the relative line intensities and the polarization-induced differences between the
spectra from the two crystal spectrometers. This good agreement demonstrates that modelling
of beam-excited, polarization-dependent spectra can be accomplished with confidence. Some
disagreements can be noted. The most notable is for line 7 (figure 3). But line 7 is among the
two weakest lines.

The development of sensitive polarization diagnostic tools requires good agreement
between theoretical predictions and experimental data for lines that are sensitive markers for
polarized line emission. These include the pair of features labelled 1 and 2. The polarization
sensitivity arises from the fact that these pairs are made up of lines with nearly opposite
polarization properties. Peak 2 is comprised of two lines with close values of auto-ionization
energies and different signs of polarization; one of these lines (line 5) dominates this peak for
all energies of the electron beam. Peak 1 contains three lines of which two are dominant and
have different auto-ionization energies and signs of polarization. As we discussed above, peak
1 changes its polarization with the increase of the energy of the beam, while the polarization
of peak 2 does not change. From figures 3-5, a clear difference in the observed intensity ratio
of peaks 1 and 2 is seen when comparing the LiF(220) and LiF(200) spectra. This behaviour
is reproduced very well by our model calculations. The ratio of the two features can be used
as a clear marker for polarization.

5. Summary and conclusions

We have extended our previous study of polarization properties of dielectronic satellites in
Be-like ions to the case of B-like Fe. We have studied theoretically and experimentally
the polarization properties of dielectronic satellite lines of B-like Fe ions excited by an
electron beam. Using the photon density matrix formalism, we have calculated the degree
of polarization of each dielectronic satellite line. Specifically, from a total of seven lines
we found that two of them were unpolarized, while the other ones had different degrees of
polarization either predominantly parallel or perpendicular to the electron beam axis. Based
on the calculated atomic and polarization characteristics of the satellite lines, the measured
line profiles, and the use of a Gaussian distribution function for the electron beam, we have
computed the line intensity distributions associated with states of polarization parallel and
perpendicular to the electron beam axis. With these spectral distributions we have modelled the
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polarization properties of complex dielectronic satellite line spectra of B-like Fe ions excited
by an electron beam. We have compared our theoretical spectra with experimental spectra
collected at the Livermore EBIT using two crystal spectrometers with different polarization
sensitivity. One spectrometer recorded an almost-pure polarization state spectrum, while the
other one recorded a mixture of both components. The agreement between theoretical and
experimental spectra is good at each electron beam energy. This agreement confirms the good
reproduction of the energy dependence of line emission and polarization sensitivity of the
satellite spectra. Polarization markers of B-like Fe ion lines as a ratio of differently polarized
peaks and the existence of an unpolarized peak have been identified, which can be used to infer
the presence of electron beams in low-density plasmas. In conclusion, this paper represents
a new test of the theoretical capability to model the polarization-dependence of complicated
X-ray spectra excited by a low-density electron beam.
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