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Abstract

®

CrossMark

Non-thermal electron distributions, such as beams of electrons, are found in many laboratory
and astrophysical plasma sources and can produce anisotropic and polarized emission.
Theories used to model the emission require sublevel specific analysis, which can be difficult
to verify experimentally. Using two polarization-sensitive Johann-type crystal spectrometers at
the National Institute of Standards and Technology (NIST) electron beam ion trap facility, we
measured the linear polarization of well-known dielectronic recombination satellite transitions
from Li-like Ar ions and two blended features from Be-like ions. The spectrometers observed
the plasma at 90° relative to the electron beam propagation direction, and the crystal
dispersion planes were oriented perpendicular relative to each other to allow for differing
polarization sensitivities. Measurements were taken near the resonance energies of each line
and compared with theoretical predictions based on relativistic magnetic sublevel atomic
kinetics using the density-matrix theory. Most of the predictions are in excellent agreement

with measured values.

Keywords: polarization, spectroscopy, highly-charged ions, electron beam ion trap, magnetic

sublevels, x-rays

(Some figures may appear in colour only in the online journal)

1. Introduction

Physical properties of astrophysical and laboratory plasmas
are often determined from spectral observations aided by the-
oretical models. Inferring accurate information from spectra
requires a reliable knowledge of the ionization balance and
a detailed understanding of the atomic processes occurring.
One such process, dielectronic recombination (DR), can be
the dominant recombination process that plays a vital role
in determining the equilibrium conditions of hot collisional

0953-4075/20/145004+9$33.00

plasmas. The radiationless first step of DR occurs when a
continuum electron is captured by a recombining ion, while
a bound atomic electron is simultaneously excited. As the
ion relaxes from the doubly excited state to the ground state
of the recombined ion through a single or multiple radia-
tive decays, the DR process is complete. The required match-
ing of the kinetic energy (KE) of the initial continuum elec-
tron plus the binding energy of the captured electron with
the excitation energy of the core electron makes DR a res-
onant process occurring only with electrons of selected KE

© 2020 IOP Publishing Ltd  Printed in the UK


https://doi.org/10.1088/1361-6455/ab8eff
https://orcid.org/0000-0002-8260-2229
https://orcid.org/0000-0001-6675-8509
https://orcid.org/0000-0002-6125-7948
https://orcid.org/0000-0003-0083-9554
https://orcid.org/0000-0002-8704-4473
https://orcid.org/0000-0002-2427-5362
mailto:amy.gall@cfa.harvard.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-6455/ab8eff&domain=pdf&date_stamp=2020-6-18

J. Phys. B: At. Mol. Opt. Phys. 53 (2020) 145004

A C Gall et al

in the plasma. Since DR occurs at electron energies below
the direct excitation (DE) threshold of the parent line, the
ratio of unblended satellite lines to strong DE lines sam-
ples different regions of the electron energy distribution
and can be a powerful diagnostic of plasma temperature
(see e.g. [1-4]).

An electron beam ion trap (EBIT), well suited for sys-
tematic atomic studies due to the variety of accessible ele-
ments and the tuneable quasi mono-energetic electron beam
that allows for a degree of charge state and excitation selectiv-
ity, is an ideal device for studying DR and producing atomic
data such as DR cross sections [5—7]. The emission produced
in an EBIT originates from ions excited by a uni-directional
electron beam, rather than an isotropic electron distribution.
Therefore, the emitted radiation can be anisotropic and lin-
early polarized [8]. Anisotropic and polarized emission is also
observed in astrophysical sources such as solar flares (see
e.g. [9-12]), where beams of electrons travel along magnetic
field lines. The polarization of discrete line emission originates
from non-statistically populated magnetic sublevels created by
processes such as electron impact excitation (EIE) or recom-
bination (radiative or dielectronic). Therefore, to accurately
diagnose non-thermal plasmas it is important to use reliable,
sublevel specific, theories verified by experiment. The con-
trolled and relatively simple plasma environment created by
EBITs is ideal for polarization measurements needed to bench-
mark various theoretical approaches used to calculate sublevel
specific cross sections (see e.g. [13—15]).

While the majority of EBIT polarization studies have
focused on emission following EIE, there have also been a few
measurements of polarized emission from states populated by
dielectronic capture. For example, Shlyaptseva et al [16, 17]
calculated the polarization-dependent spectra of DR satellite
lines from the B and Be-like charge states of Fe and com-
pared with experimental EBIT spectra measured with two von
Hamos spectrometers. Jorg et al [18] used an EBIT and the
Compton polarimetry technique to measure the linear polar-
ization of Li- and Be-like satellite transitions in Xe ions and
showed that some of the transitions are sensitive to the Breit
interaction [19]. Using a similar setup, Shah et al [20] reported
the linear polarization of x-ray emission following the DR pro-
cess in He- through O-like charge states of Kr and further
demonstrated sensitivity of the polarization to the Breit inter-
action. Later, Shah et al [21] used two identical solid-state Ge
detectors located at 0° and 90° relative to the electron beam
propagation direction to observe emission asymmetries from
K-shell satellite lines of He- through O-like charge states of
Fe.

Adding to this collection of studies, we report measure-
ments and a theoretical analysis of linear polarizations of
strong Li-like Ar satellites including the j, k, a, r, g, and
blended ¢ + s line (in the notation of [4]). We also report the
polarizations from two measured blended features resulting
from Be-like Ar transitions. In the sections that follow, the
details of our experimental procedure are discussed, and our
experimental results are presented. Theoretical polarization
values calculated with the flexible atomic code (FAC) [22] are
also explained and compared with experimental results.

2. Experimental procedure

2.1. Experimental setup

Measurements were taken at the EBIT facility at the National
Institute of Standards and Technology (NIST). The verti-
cally oriented NIST EBIT has been described extensively in
previous works (see, e.g. [23]), but relevant details are dis-
cussed here. In short, the EBIT is a cylindrically symmetric
system used to create and trap ions for spectroscopic study.
The main components of the device include the electron gun
(e-gun), drift tube (trap), and collector assemblies. A quasi
mono-energetic electron beam emanates from a barium-doped,
3 mm diameter, curved cathode in the e-gun with currents up
to 150 mA. As the beam travels vertically upwards towards
the trap, it is compressed to approximately a 35 pm radius
and 10''cm ™3 density by a superconducting magnet capable
of producing an up to 2.7 T field.

The trap consists of three cylindrical drift tube electrodes
capable of floating up to 30 kV voltage with up to 500 V differ-
ence between the electrodes. Neutral atoms or low charge state
ions are injected into the trapping region, where they interact
with the electron beam and become ionized through electron
impact ionization. Ions are electrostatically trapped in the axial
direction by the relative voltages placed on the three drift tube
electrodes. For our measurements the upper drift tube was set
to +250 V above the middle drift tube (MDT) voltage and the
lower drift tube was set to +-500 V above the MDT. Every 5 s
the middle drift tube voltage is raised to +400 V for 10 ms to
dump the ions. The space charge of the electron beam and the
shape of the electrodes provide additional radial trapping of
the ions. The space charge offset (e.g. [24, 25]), estimated by
comparing experimental and theoretical DR resonance beam
energies, was found to be about 90 eV for the energies and
currents used in this work.

Defining the direction of the electron beam as the quan-
tization axis, observations were made at 90° with respect to
this axis. Measurements were taken simultaneously with two
crystal spectrometers with CCD detectors capable of resolv-
ing features less than 2 eV apart at 3 keV x-ray energy. Both
crystal spectrometers housed a Si(111) crystal with 6.271 A
interplanar spacing (2d value from [26]). One of the crystal
spectrometers was oriented with the crystal’s plane of dis-
persion perpendicular to the electron beam, while the second
spectrometer was rotated so that the plane of dispersion was
oriented parallel with the electron beam. These are henceforth
referred to as horizontal and vertical spectrometer orientations,
respectively (see figure 1).

Measurements were taken in a steady-state mode, where the
electron beam energy and current remain constant during mea-
surements. In addition to improving the signal to noise ratio,
this mode allows the charge state balance to reach the steady-
state equilibrium. Since it takes a fraction of a second to reach
steady-state equilibrium, and given our trapping and collection
times are 5 s and minutes long, respectively, the steady state
approximation is justified. The two crystal spectrometers were
set to reflect 3114 eV x-ray photons at the center of the spec-
trum. With a bandwidth of roughly 120 eV, the spectrometers
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Figure 1. Schematic showing the orientation of the cylindrically bent crystal, electron beam, and Rowland circle for the horizontal
spectrometer orientation. In the vertical orientation the crystal, Rowland circle, and CCD are rotated 90° in the counterclockwise direction.

measured photon energies ranging from 3054 eV to 3174 eV
and covered the KLL (in inverse Auger notation) DR satellite
transitions of interest.

Measurements were first taken at an off-resonance electron
beam energy of 3.87 keV and an electron beam current of
128.5 mA for calibration purposes. Emission from the He-like
resonance 1s>!'S—1s2p 'P, intercombination 1s?'S—1s2p 3P,
and forbidden 1s?!S—1s2s3S transitions were measured in 3
min intervals for a total collection time of about 40 min.

KLL satellite transitions were measured by finely scanning
the electron beam energy from 2.16 keV to 2.29 keV in 10 eV
increments to cover the resonance energies of all of the strong
Li-like satellite transitions of our interest. The electron beam
current was kept constant at 74 mA while measurements were
taken for 12—18 min at each beam energy setting.

2.2. Polarization of the emission from the EBIT plasma

For our experimental setup, the linear polarization of the
observed emission is defined as:

— Ik M)

I |+ n
where /) and I, are the polarization components of the inten-
sity defined by the electric field direction parallel and per-
pendicular to the quantization axis, respectively. Both of the
crystal spectrometers preferentially reflect x-rays polarized
perpendicular to the crystal’s plane of dispersion. Therefore,
the two crystal orientations provide different polarization sen-
sitivities that allow us to determine both polarization com-
ponents. The measured intensity for the vertical (/y¢) and
horizontal (/) orientations can be expressed as:

Ivert - QV"7V [RIH +IL] 5 (2)

Ihor = S [ + RLL] (3)
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Figure 2. Calculated ratio of integrated crystal reflectivities at
photon energies near DR lines of interest. Values calculated with
XOP shown as markers. Third order polynomial fit shown as solid
line.

where 7}, is the detection efficiency and €y, is a factor that
includes the geometry with solid angle of acceptance for the
vertical and horizontal spectrometers, respectively [3]. R and
R, are the integrated crystal reflectives for x-rays polarized
parallel and perpendicular to the plane of dispersion, and the
ratio (R) is defined as R = 115_‘1'

Values for R may be estimated by R = |cos™(20)|, where
1 <m <2 and @ is the Bragg angle. The limits of m corre-
spond to perfect (m = 1) and mosaic (m = 2) crystals, while
real crystals typically have R values between the two limits.
The R values used for our work were calculated using the x-
ray oriented program (XOP) software [27] for arange of Bragg
angles, including angles corresponding to 3000 eV, 3100 eV,
3124 eV, 3140 eV, and 3200 eV photon energies. A third order
polynomial was fit to these data points to extract the R value
for each measured line (shown in figure 2).

Given the vertical slit-like shape of the EBIT source, the
effective source size is different for the two spectrometer ori-
entations [28]. To account for differences in geometry and
efficiency, the spectrometers were normalized to one another
using an unpolarized line (the Li-like m line, see section 2.3) as
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a reference. By using the same crystal in both spectrometers,
the normalization factor (V) reduces to the ratio of the geomet-
rical factors and efficiencies, allowing I, to be expressed in
terms of {2,7,. The measured polarization may then be defined
in terms of the measured intensities, the normalization factor,
and the ratio of the crystal reflectives:

o (1 + R) (Ihnr - vaerl)
(1 - R) (Ihor + vaerl).

“)

2.3. Experimental analysis and results

The data collected by the CCDs included contributions from
diffracted x-rays, electronic readout noise, cosmic rays, and
thermal noise. Energy and spatial discrimination techniques
outlined in [29] were used to filter the data and improve the sig-
nal to noise ratio. Additional procedures were used to process
the data from the vertical spectrometer, as the crystal/source
geometry at this orientation produces shape alterations of the
diffracted lines. The line curvatures produced were system-
atically fit and straightened to reduce the broadening. We
describe the details of this procedure in our recent work [30].

All spectral peaks and background were simultaneously fit
using weighted fitting tools of a multi-peak fitting software
package. In agreement with previous works [13], we found
that spectral peaks were primarily Gaussian in shape. As such,
Gaussians were fit to each peak and a polynomial function
to the background by weighing each data point by its statis-
tical uncertainty, set by the number of counts. The total uncer-
tainties in the line intensities therefore include the statistical
uncertainties and uncertainties from the fit.

To reduce the uncertainties in the line positions, particu-
larly for very weak features, spectra were summed to increase
the signal to noise ratio. Peak locations obtained by fitting the
summed spectra were later used as constraints when fitting the
spectra recorded at each electron beam energy. The widths of
individual non-blended lines were constrained to be equal in
each spectrum. Lower energy peaks resulting from a blend of
lines from Be-like ions (see table 2) were left unconstrained
due to the uncertainty and variability in the peak location and
width.

While a number of unpolarized lines exist in the spectra
(see section 3), the Li-like m line [4] was the strongest, well
resolved feature suitable for normalization. The normalization
factor (V) was determined by taking the ratio of intensities of
the m line in the summed (2.25 keV and 2.26 keV) horizontal
and vertical spectra. The normalization factor (2.42 + 0.38)
as described above was used to correct the vertical spectra for
differences in efficiencies and geometry.

Results from the electron beam energy scan over the KLL
resonances are shown in figure 3, where spectra have been
corrected for any difference in collection time. The He-like
direct excitation features (energies from [31, 32]) measured at
3.87 keV beam energy were used to calibrate the x-ray spectra.
The strong Li-like features have been identified and labeled
using the notation of [4]. Weak features appearing at lower
photon energies and at electron beam energies above 2.22 keV
are from blended satellite transitions in Be-like ions.
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Figure 3. Scan of electron beam energies over KLL resonances.
(a) Measured spectra from the horizontally oriented spectrometer.
(b) Measured spectra from the vertically oriented spectrometer.
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Figure 4. Electron beam energy profile fit with a weighted Gaussian
function. X-axis represents the experimental middle drift tube
voltage setting, not corrected for space charge effects. Fit FWHM =
0.04 kV, xo = 2.314 kV.

To quantify the electron beam energy profile and width,
the intensity of the j line was measured at each electron beam
energy. The line intensity vs. electron beam energy measured
with the horizontally oriented spectrometer, shown in figure 4,
was fit with a Gaussian function weighted with the statistical
uncertainty. The full width at half maximum (FWHM) of the
electron beam energy profile was found to be approximately
40 eV in agreement with previous estimates.
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Figure 5. Top panel: experimental spectra from horizontally and vertically oriented spectrometers measured at an electron beam energy near
the maximum intensity of the j line. Bottom panel: synthetic spectra with an electron beam energy of 2.22 keV. Top right insert shows

a,r,q,t+ s, and m lines enhanced.

Table 1. Measured and theoretical polarization values. Theoretical polarization values are given for the case of an

observation angle of 90° and for observation angles of 90° £ v, where + is the pitch angle (see discussion in
section 4). Li-like satellite energies from [33] in the notation of [4].

Line Eline(CV) Transition EAI(kCV) Pexp PFAC PFAC(900 + "/)
u 3088.02  1s2s2p(PP°)*P; 2 157258, P 2.17 — 0.60 —
f 3088.21  1s2p*CP)*P3jn — 1572p;y ), 2P 12 2.21 — —0.75 —
e 3089.75  1s2p*CP)*Psjy — 15°2py )5 2P5 12 2.21 — 0.50 —
g 3091.38  1s2p*CP)*Ps;; — 15°2p; ), *P) n o 220 — 0.60 —

l 3104.19  1s2p*('D)*D3jy — 15*2p5), °P5 n o 222 — —0.75 —
j 310429 1s2p*('D)’*Dsjy — 15*2p;), °P5 n 222 0.46 £0.08  0.50 0.47
k 3107.37  1s2p*('D)* D3y — 1522p; ) 2P} n 222 0.55+0.08  0.60 0.57
a 311071 1s2p*CP)*P3jp — 1572p;y 5 2P 12 223  —053+028 —0.74 —0.63
r 311247 1s252pCP°)P;, — 1s7257S,,,  2.19 0.05+0.13  0.00 0.00
b 3113.88  1s2p*CP)*P3)p — 1572p, ), 2P} P 2.23 — 0.60 —
q 311414 1s252pCP°)°P5,, — 1522578, P 2.20 047 +£027  0.60 0.57
t+sblend 312413t 1s252p('P°)’P],, — 152252S1/2 221 025+0.11 0.5 0.21

3124.80 s: 13252p(1P°)2P§/2 — 152252S1/2 2.21
m 312635 1s2p*('S)*S1p — 15%2p5), 2P n 224 0.00+0.17  0.00 0.00

The spectra measured at 2.22 keV electron beam energy,
where the j line is close to its maximum measured value, are
shown in figure 5 (top panel). The j and k lines measured with
the horizontal spectrometer are much stronger than those mea-
sured with vertical, indicating a large, positive polarization.
The spectra show that the 7 + s blended line also has a posi-
tive polarization, while the a line has a negative polarization.
As a verification of our normalization, the r line, which is fun-
damentally unpolarized, has roughly equal intensities in both
spectra.

The polarization values for the j, k, r, g, a, m, and t 4 s blend
are given in table 1 (Pe,) along with their calculated autoion-
ization energies (E4;). The polarization values were measured
at the electron beam energy corresponding to the maximum
intensity of each line or, in the case of blended lines, where
each line was best resolved.

The blended Be-like satellite lines, measured around
2.26 keV beam energy, are seen at energies between
3074-3090 eV in figure 6 (top panel). The measured polar-
ization values for the two blends are given in table 2. The
low counts measured by the vertical spectrometer and highly
blended features made fitting difficult and limited the num-
ber of usable peaks. As a result, the experimental polarization
values listed in table 2 may not include some unaccounted
systematic uncertainties.

3. Theoretical approach

The total intensity of lines produced by a beam of electrons
observed at 90° relative to the beam direction is given by:

[(900)21” +1. 5)
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Figure 6. Top panel: experimental spectra from horizontally and vertically oriented spectrometers taken at an electron beam energy near the
maximum intensity of the strongest Be-like features. Bottom panel: synthetic spectra with an electron beam energy of 2.26 keV.

Using the formula describing the angular dependence of
dipole radiation given in [8], 1(90°) is related to the 4n-
averaged intensity (I) by:

3

1090°) = (1) ——.

3P (6)

By combining equations (1), (5) and (6), the polarization
components of the intensity can be expressed in terms of the
4m-averaged intensity:

3 (1-P)
L=30G—p )
3 1+P
Iy =) E3 —P;' ®)

Following the procedure of [16], (I) can be written in terms
of the intensity factor Q, ([35]), the electron energy distribu-
tion function f(E), and the autoionization energy Ex;. For this
experiment, as previously discussed, the electron energy dis-
tribution is characterized by a Gaussian function centered at
the beam energy Ej, with a FWHM of AE = 40 eV.

30; [4ln2 E,—Exn\’| 1=P)
IL—EE T oXp [—4ln2< AL ) G_P)
)

30, [4m2 o Bo En a+p
=328\ % | n2< AE ) G-P)
(10)
The theoretical polarization (P) values used in equations (9)
and (10) were calculated within the photon density matrix
formalism (see e.g. [16, 36—39]). Within the electric dipole
approximation, the degree of polarization of the DR lines,

observed at an angle 6 relative to the electron beam, can be
expressed as follows [38, 39]:

—3 420G (aigdias ayJ y)sin® 6

_ 11
1 4+ A20Gao(igJia, opd p)Po(cos 6)

where Ay and G, are the alignment parameter and the struc-
ture function, respectively. P,(cosf) is the second order Leg-
endre polynomial. The normalized alignment parameter Ay
describes the non-statistical population distribution among
magnetic sublevels of the upper level and is given as

VQJa+1) M
Ay = ézmd(*l)f"’ Mia (JiaMiaJia — M;4|20) o (cigiaMia)

o(igJia)

12)
where J, M, and « denote the total angular momentum, its
corresponding magnetic component, and all other quantum
numbers required to describe the state, respectively. For the
dielectronic recombination process, the initial state of the ion
(prior to e~ capture), the intermediate doubly excited state,
and the final state (after photon emission) are characterized
by subscripts i, id, and f, respectively. (JiuM;qJiq — M;4|20)
in equation (12) represents the Clebsch—Gordan coefficient,
o(aiqJiaM;q) 1s the cross section for dielectronic capture of the
substate with magnetic quantum number M, and o(;4Ji4) 18
the total dielectronic capture cross section.

The structure function G,, which reflects the angular
momentum coupling between the intermediate doubly excited
and the final states, can be expressed as

) 1 1 2 32Jia+ 1)
7. N — (— 1)+ +Tr)
Gy(igJia, cpJ ) = (—1) {Ji J. Jf} VT

(13)
where the quantity in curly brackets denotes the Wigner 6j-
symbol.

As an example, from table 1, the &, ¢, and s lines all have J;4
= 3/2 and J; = 1/2 values. Solving for the alignment parameter
and structure function, the final expression for the degree of
polarization at an observation angle of 90° for this transition
reduces to a combination of the cross sections for dielectronic
capture of the substate with magnetic quantum number M;;:

o(1/2) — 0(3/2)
50(1/2) +30(3/2)

P(90°) = 3 (14)
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Table 2. Measured and theoretical polarization values of strong satellite transitions from Be-like
ions. Theoretical polarization values are given for the case of an observation angle of 90° and for
observation angles of 90° & ~, where ~ is the pitch angle (see discussion in section 4). Transitions

and energies from [34].

Line E\ine(eV) Transition Ear(keV) Peyp Prac Prac(90° £ )
3076.27  1s2s2p® 'Dy — 1s22s2p 'P; 2.28 — 0.60 —
3076.53  1s2s22p Py — 1s22s21S, 222 — —1.00 —
3078.90  1s2s2p? 3P, — 1s22s2p 'y 2.28 — 0.60 —
Blend I  3082.41 1s2s2p>3D, — 1s?2s2p3P, 226 056 +£0.13  0.39 0.38
308243  1s2s2p? 3P — 1s22s2p 3P,  2.26
3082.60  1s2s2p?3D3; — 1s22s2p 3P, 226
3083.87  1s2s2p? 3Dy — 1s22s2p 3P,  2.26
Blend2 3084.50  1s2s2p?3D, — 1s?2s2p°P; 226 058 +£0.11  0.25 0.22
3085.40  1s2s2p? °P; — 1s22s2p 3Py 2.26
3085.58  1s2s2p? 3P, — 1s22s2p 3P,  2.26
3085.96  1s2s2p® 3Dy — 1s22s2p 3P, 2.26
3088.65  1s2s2p? 'P; — 1s22s2p 'P; 2.29 — —0.25 —
3091.54  1s2s2p® 'Sy — 1s22s2p 'P; 230 — 0.00 —
3091.75  1s2s22p'Py — 1s22s%'S,  2.24 — 0.42 —
3101.02  1s2s2p® 'Dy — 1s22s2p 3P, 2.28 — —1.00 —

Due to axial symmetry, states having J;,; = 1/2 will have a
polarization of zero (see e.g. [11]), therefore the measured m
and r lines have zero polarization.

The flexible atomic code (cfac 1.6.1) [22] was used to
generate the required atomic data for equations (9)—(11).
These data included the energy levels, radiative and autoion-
ization probabilities, and dielectronic capture rates. Unlike
Maxwellian plasmas, the quasi mono-energetic electron beam
cannot excite any of KLL satellites at their respective reso-
nance energies which are well below the excitation thresh-
olds. Therefore, only dielectronic capture from the ground
state of He- and Li-like Ar was considered to populate the
doubly excited states of Li- and Be-like ions, respectively.
This assumption is generally valid for low density EBIT plas-
mas, where most of the population is in the ground states of
the respective ion stages. Since the measurements were taken
at electron beam energies close to the resonance energy of
each line, cascades were also not expected to contribute to
the populations and were therefore not included in our anal-
ysis. The calculated polarization values are listed in tables 1
and 2 (Pgac) along with the experimental values. Non-zero
theoretical polarization values for lines that are too weak to
experimentally measure are also included in tables 1 and 2.

4. Discussion

From the polarization calculations, the intensities in the par-
allel and perpendicular polarization modes were calculated
using equations (9), and (10). In figures 5 and 6, the theoretical
spectra, calculated with an electron beam energy of 2.22 keV
and 2.26 keV, respectively, are shown with experimental spec-
tra for comparison. The calculated crystal reflectivites were
applied to the theoretical intensity components to produce the
synthetic EBIT spectra according to equations (2) and (3). The
theoretical spectra, convolved with a Gaussian with FWHM
of 1.4 eV and 1.8 eV for the horizontal and vertical spec-
tra, respectively, show strong agreement with our experiment.

The j, k, and ¢ + s lines show a positive polarization in both
the experimental and synthetic spectra with comparable rel-
ative intensities between the horizontal and vertical spectra.
Similarly, the a line shows negative polarization in both spec-
tra, while the m and r lines appear unpolarized in both the
theoretical and experimental spectra, as expected.

The equations used in our analysis assume that the electrons
travel in a single direction along the axis of the EBIT. While a
good approximation, this is not physically exact, as electrons
follow a spiral path as they interact with the magnetic field.
Typically, EBITs are designed to minimize the magnetic field
in the electron gun region. This means that as electrons travel
from the electron gun (near zero magnetic field) to the trap
(2.7 T field), they travel along a converging helical path. As a
result, the quantization axis may be rotated from the z-axis (this
rotation angle is called the pitch angle), and the observation
angle may be off from the assumed 90°. These effects may
lead to some depolarization of the observed spectral lines.

To estimate the maximum amount of depolarization, we
follow the optical approach developed by Herrmann [40] and
verified by Beiersdorfer & Slater [41]. The Herrmann theory
shows that the product of the beam area and the transverse
temperature is constant. Using this to equate the area and trans-
verse energy (E ) at the cathode to the area and transverse
energy in the trap, we may calculate £, at the trap as:

2
E, = kT (2)
Tt

where k is the Boltzmann constant, T is the temperature of the
cathode, and r. and r; are the beam radius at the cathode and
trap, respectively. From the transverse energy, the pitch angle
(7y) is calculated as

s)

E,

Ebeam

sin? y = (16)

where Epeanm 1S the electron beam energy.
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Using T = 1400 K (estimated from the filament current and
voltage), r. = 1.5 mm (the radius of the cathode), and r; =
35 pum (calculated as in [24]), we find E; = 222 eV and v =
18.4° for an electron beam energy of 2.22 ke V. We note that the
beam radius at the cathode may be as low as 1.0 mm [41], and
the beam radius at the trap as low as 25 pm, as the magnetic
field at the e-gun is not exactly known. This gives a lower limit
estimate of £, of about 100 eV.

From the estimated transverse velocity, the ‘true’ polariza-
tion for dipole transitions may be calculated as [42]:

2P

Pp=—
2—%(3—P)

A7)

where Py is the polarization for the case when E; = 0 (obser-
vation angle of 90°), and P is the measured polarization.

Using equation (11), we calculated the theoretical polar-
ization at an observation angle of 90° &+ « (using the maxi-
mum v of 18.4°) for direct comparison to our measurements.
These results are listed in tables 1 and 2 as Pgrac (90° + )
and show excellent agreement with the measured values, giv-
ing us confidence in our estimated value for . All of the Li-like
transitions fall within our experimental uncertainties, with the
largest deviations for the a and ¢ lines. Figure 3 and table 1
show that the resonance energies of the r and ¢ lines are less
than 2 eV apart, making it difficult to clearly separate the two.
Similarly, the a line has very weak contributions from the d
line. Without contributions from the d line, the a line has a
polarization of Ppac = —0.75. In both cases (with and with-
out inclusion of the d line) however Prac(90° + v) = —0.63,
demonstrating that the pitch angle () causes a reduction in the
theoretical polarization which must be accounted for.

The theoretical Be-like spectra generally reproduce the
measured spectra. As previously mentioned, some minor dis-
agreements seen between our measured and theoretical polar-
ization values for Be-like transitions are likely due to the low
counts and large number of blended features.

5. Conclusions

Using the two-crystal method, we report the measured linear
polarization of satellite transitions from Li-like and Be-like Ar.
The comparison between experimental and theoretical spectra
in figures 5 and 6 shows an overall agreement. This is further
seen in table 1, where all theoretical predictions fall within
the experimental uncertainties. Taking experimental depolar-
ization effects into account shifts the theoretical values slightly
lower, where an even better agreement is found.
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