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Abstract

The angular distribution and polarization of x rays emitted due to resonant recom-

bination into highly charged ions were studied experimentally using an electron beam

ion trap. In the first experiment, the linear polarization of x rays produced by dielec-

tronic recombination into highly charged krypton ions was measured using the Compton

polarimetry technique. In the second experiment, the electron-ion collision energy was

scanned over the K -shell dielectronic, trielectronic and quadruelectronic recombination

resonances in highly charged iron and krypton ions. The angular distribution of x rays

following resonant recombination was measured by observing x rays in the direction along

and perpendicular to the electron beam propagation direction. Both the x-ray angular

distribution and polarization reveal the alignment of the populated excited states.

The experiments revealed a high sensitivity of the x-ray angular distribution and

polarization to the relativistic effects such as the Breit interaction. Measurements show

that most of the transitions lead to polarization, including hitherto neglected trielec-

tronic and quadruelectronic recombination channels. Moreover, these channels domi-

nate the ionization balance and the polarization of the prominent Kα x rays emitted

by hot anisotropic plasmas. The experimental results benchmark relativistic atomic

calculations and are expected to play an important role in accurate diagnostics of hot

astrophysical plasmas of solar flares and active galactic nuclei, and laboratory fusion

plasmas of tokamaks.





Zusammenfassung

Die Winkelverteilung und Polarisation von Röntgenquanten, die in resonanter Rekom-

bination in hochgeladene Ionen erzeugt werden, wurden mithilfe einer Elektronenstrahl-

Ionenfalle experimentell untersucht. Im ersten Experiment wurde die lineare Polarisation

von Röntgenquanten, die durch dielektronische Rekombination in hochgeladene Ionen

erzeugt wurden, durch Compton Polarimetrie gemessen. Im zweiten Experiment wurde

die Elektronen-Ionen Kollisionsenergie über die K-Schalen dielektronische, trielektron-

ische und quatroelektronische Rekombination Resonanzen in hochgeladene Eisen und

Krypton Ionen gescannt. Die Winkelverteilung der Röntgenquanten, die auf die reso-

nante Rekombination folgen, wurde gemessen, indem die Röntgenstrahlung in der Rich-

tung entlang und im rechten Winkel zur Elektronenstrahlrichtung gemessen wurde. Die

Winkelverteilung und die Polarisation der Röntgenquanten geben jeweils Auskunft über

das Alignment der bevölkerten angeregten Zustände.

Die Experimente zeigen eine hohe Empfindlichkeit der Winkelverteilung und Polar-

isation der Röntgenquanten auf relativistische Effekte wie die Breit-Wechselwirkung.

Die Messungen zeigen, dass die meisten Übergänge zu Polarisation führen, auch bei

den bisher nicht beachteten trielektronischen und quatroelektronischen Rekombination-

skanälen. Des weiteren dominieren diese Kanäle das Ionisationsgleichgewicht und die

Polarisation von wichtigen Kα Röntgenquanten, die in heißen Plasmen emittiert werden.

Die experimentellen Befunde überprüfen relativistische atomare Rechnungen und man

erwartet, dass sie eine wichtige Rolle in der genauen Diagnostik von heißen astrophysis-

che Plasmen von Sonneneruptionen und aktiven galaktischen Kernen und laboratorische

Fusionsplasmen von Tokamaks spielen.





को अद्धा वेद क इह प्र वोचत्कुत आजाता कुत इयं ववसषृ्टिः । 
अवााग्देवा अस्य ववसजानेनाथा को वेद यत आबभूव ॥ 

 

इयं ववसषृ्टयात आबभूव यदद वा दधे यदद वा न । 
यो अस्याध्यक्षिः परमे व्योमन्तत्सो अङ्ग वेद यदद वा न वेद ॥ 

Who really knows? Who will here proclaim it?

Whence was it produced? Whence is this creation?

The gods came afterwards, with the creation of this universe.

Who then knows whence it has arisen?

Whence this creation has arisen

- perhaps it formed itself, or perhaps it did not -

the One who looks down on it,

in the highest heaven, only He knows

or perhaps even He does not know.

The Creation Hymn of Rig Veda, 10:129 (1700–1100 BC)

–Translation by Wendy Doniger O’Flaherty





to my mother
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Chapter 1

Introduction

1.1 Polarimetry in x-ray astronomy

A significant fraction of the matter in the Universe is in a highly ionized state emanating

a broad range of electromagnetic spectra, including x rays [1, 2]. Astronomers could not

have envisioned the Universe as such a violent place without the rapid developments

of x-ray observations. Since the Earth’s atmosphere is optically thick to the x rays,

observations became only possible with the development of space technology. In fact,

shortly after the Sun was observed to be a powerful source of x rays [3], it was predicted

that the detection of x-ray sources outside the solar system would be nearly impossible,

as the Sun appears to be x-ray bright solely due to its proximity to the Earth. However,

it turned out that there exist much more powerful x-ray sources in the Universe. Beside

the Sun, Scorpius X-1 became the first x-ray source discovered outside the solar system,

with a remarkable launch of sounding rocket carrying a highly sensitive x-ray detector

in 1962 [4].

Since 1962, x-ray observations have been used to increase our knowledge of many

cosmic phenomena, including black holes, supernovas, and neutron stars. The imaging

and spectroscopic information from missions such as the Einstein observatory in the late

1970s and the ongoing missions of the Chandra and XMM-Newton x-ray observatories

have unraveled detailed physical conditions of the most violent environments in the

Universe. They have shown us the flow of gases, when galaxies collide, given us the

estimates of the size of neutron stars and revealing conditions at the center of our

galaxy [5]. When combined with measurements from other parts of the spectrum, x-
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Figure 1.1: X-ray imaging, spectroscopy and polarimetry: (a) Multi-wavelength view of
the Crab nebula: The optical image in red and yellow (by Hubble Space Telescope), the x-
ray image in blue (by Chandra observatory), and the infrared image in purple (by Spitzer
Space Telescope). Image courtesy: ESA. (b) Measurements of the Crab Nebula x-ray
flux spectrum (crosshairs) are shown, along with a model that incorporates interstellar
medium absorption by several elements (reproduced from [6]). (c) Modulation curve
obtained at 2.6 keV during observation of the Crab nebula with the OSO-8 polarimeter
(modified from [7]).

ray observation can also help to determine the underlying physical phenomena. For

example, the Chandra x-ray image of the Crab Nebula shows the synchrotron radiation

emitted by highly energetic electrons, which are concentrated close to the central pulsar,

a powerhouse of the entire nebula. The size of the x-ray image is smaller than the optical

image because the high energy electrons radiate away their energy more quickly in the

region close to the neutron star where magnetic fields are stronger, see Fig. 1.1 (a).

X-ray spectroscopic measurements are used to determine the temperatures, densities,

ionization states, and elemental compositions of hot cosmic plasmas1. As an example,

the spectroscopic observations of Crab Nebula by the Einstein satellite have shown the

elemental composition, including N, O, Fe, Ne, Mg and Si (see Fig. 1.1 (b)).

In addition to imaging and spectroscopy, polarimetry is the third pillar of the x-ray

astronomy. Polarimetry adds two more observables to the conventional astronomical

parameter space (energy and time): the degree and angle of polarization [8]. They

give direct insight to the geometry and orientation of the x-ray source with respect

to the observer. Polarization radiation from cosmic sources carries information over

the dynamical processes that generated it in the first place: the presence of directed

1The plasma often called the fourth state of matter – an ionized gas consisting of electrons, atoms,
positive and negative ions and molecules. It is believed to be the most abundant and common form of
matter in the universe.
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1.1. Polarimetry in x-ray astronomy

relativistic jets, of magnetic fields in the solar flare, or the signature of synchrotron

radiation in hot halos are the prime examples. Distance degrades this information less

than that of the imaging data. Thus, x-ray polarimetry is a powerful tool to investigate

the geometries of cosmic sources and is opening a view to the inner workings of these

cosmic sites.

The importance of x-ray polarization observations has been expressed in a number

of theoretical studies on various types of cosmic sources such as accreting pulsars or

supernova remnants [9–14]. In spite of such significance, to this date, x-ray polarization

measurements of only one cosmic object, the Crab nebula, has been taken at a significant

level [7, 15]. The degree of polarization (∼19%) was measured at 2.6 keV and 5.2 keV by

the polarimeter on board the OSO-8 satellite, see Fig. 1.1 (c). The results had proved

the synchrotron origin of the Crab nebula’s x-ray emission. After this initial effort,

no experiments have been carried out in order to measure x-ray polarization from the

cosmic x-ray sources. Few attempts were made to design and build x-ray polarimeters

for space mission XPE [16] and PLEXAS [17], but, unfortunately, these missions were

not materialized. The need for developing reliable methods for x-ray polarimetry can

be understood from the fact that, in the absence of dedicated x-ray polarimeters, there

were many efforts to recover polarimetry information from the existing spectroscopic

instruments on board of INTEGRAL-IBIS/SPI missions [18–21]. However, since the

detectors have not been designed or optimized for polarization observation, such data

remain inconclusive.

The scientific harvest of space and balloon-borne x-ray polarimetry missions has been

outlined by Krawczynski (see [22] and references therein), and by Soffitta in relation to

the XIPE (X-ray Imaging Polarimetry Explorer) mission [23]. Recently, XIPE has been

announced as one of three candidates selected for the next medium-sized space mission

led by the European Space Agency (ESA) [24]. XIPE aims to study anisotropies of

astrophysical plasmas which are found in the most extreme yet inadequately understood

sites of the Universe. For instance, unknown mechanisms generating relativistic plasma

jets from active galactic nuclei can be at the focus of this mission or tests of fundamental

physics related to General Relativity, measurements of black hole spin or the detection

of vacuum polarization in extreme magnetic fields [23]. Besides XIPE, the Cadmium

Zinc Telluride Imager (CZTI) detector on board the ASTROSAT, the Indian multi-

wavelength space observatory, would be able to do sensitive polarization measurements

for bright cosmic x-ray sources [25].

19



CHAPTER 1: Introduction

1.2 Atomic processes in x-ray spectroscopy

Sufficient understanding of the atomic physics underlying x-ray emission is essential for

any reliable spectroscopic interpretation. Emergent spectra can be modeled by detailed

calculations of level populations, accounting for all relevant atomic processes. Similarly,

the interpretation of x-ray polarimetry data requires comprehensive knowledge about

the polarization mechanisms in atomic collision processes. In this section, we briefly

introduce the atomic processes that control level population in the plasmas. They consist

of ionization, recombination, collisional excitation and deexcitation. These processes

usually lead to the emission of polarized radiation.

• The dominant process leading to continuum x-ray emission in the plasmas is

bremsstrahlung. It is caused by deceleration of an electron in the Coulomb field of an

ion:

Xq+ + e−(E0) → Xq+ + e−(E1) + ~ω,

where q refers to the charge state of the ion X, and E0,1 denote the kinetic energies of

the electron before and after the collision. The x-ray polarization of the continuum due

to bremsstrahlung is reasonably well understood [26].

• Electron-impact ionization and its time–reverse process three-body recombination:

Xq+ + e− 
 X(q+1)+ + e− + e−.

• Photoemission and its time–reverse process photoexcitation:

[Xq+]∗ 
 Xq+ + ~ω.

• Photoionization: an inner-shell electron is ejected leaving the ion in the excited

state, and it time–reverse process radiative recombination: emission of a photon under

recombination of an electron into an ion

Xq+ + ~ω 
 [X(q+1)+]∗ + e−,

where the asterisk refers the excited ionic state.

• Dielectronic recombination is a resonant two-step process involving the capture

of a free electron into an ion with simultaneous excitation of a bound electron forming

excited ion core. This is the first step (dielectronic capture) and, in the second step

(radiative stabilization), the excited state radiatively decays to the ground state:

Xq+ + e− 
 [X(q−1)+]∗∗ → [X(q−1)+] + ~ω.

20



1.2. Atomic processes in x-ray spectroscopy

The time–reverse to the first step of the dielectronic recombination is autoionization.

Here, it leads to the emission of an electron instead of a photon.

The probability of these level populating processes is measured by the cross sections

σ. It is defined as the ratio of the event rate per target particle to the incident projec-

tile flux. For plasma diagnostics, it is convenient to describe cross sections with rate

coefficients, expressed as,

α =

∫
vσ(E)f(E)dE, (1.1)

where v is the collision velocity and f(E) is the electron energy distribution. Usually

for the plasmas, the latter is taken to be Maxwellian.

The x-ray polarization due to radiative recombination has been studied and it is

well understood [27, 28]. In contrast to that, polarization is not well understood for

bound–bound processes: the emission of characteristic x rays following dielectronic re-

combination. This thesis focuses on these two processes. They are described in details

in the following Chapter 2.

Mechanisms yielding polarized x rays in the plasmas:

A polarization occurs when the radiation component polarized with the electric field

vector parallel and perpendicular to the electron beam direction has different intensities,

I‖ and I⊥, respectively. The degree of linear polarization P (θ) for the radiation emitted

at an angle θ to the beam direction is given by

P (θ) =
I‖(θ)− I⊥(θ)

I‖(θ) + I⊥(θ)
. (1.2)

The degree, direction, and energy dependence of the polarization provide an insight

to the properties of the non-thermal electron velocity distribution, and possible magnetic

field configurations [29]. Since electrons follow the magnetic field lines, polarization could

thus reveal the presence and orientation of currents and magnetic fields in the plasmas.

The following are examples of processes yielding polarized x rays in the cosmic sources;

• Synchrotron radiation, where relativistic charged particles are accelerated in a

magnetic field.

• Thermal emission from a hot dense gas in a strong magnetic field.

• Bremsstrahlung, which occurs whenever electrons collide with ions.

Similar processes have been found in solar flares [30–33], in cosmic x-ray sources such as

active galactic nuclei (AGN) [34–36], clusters of galaxies [37–39], gamma-ray bursts [18–

20], pulsars, and neutron stars [12, 40]. Source mechanism generating polarized x rays

in these cosmic objects are reviewed by Kallman [41].
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CHAPTER 1: Introduction

The above situation is not only relevant in astrophysical objects, it can also appear

in laboratory plasmas. Plasma, produced within high current discharges in Z -pinches,

plasma focus or tokamak machines, compressed by its own magnetic field is essentially

anisotropic and emit polarized x rays. In such machines, this phenomenon is appar-

ently connected with the direction of the current flow. Likewise, hot atomic plasmas

produced in the electron beam ion traps and storage rings usually emit polarized x

rays, because of the direction of electrons or ions involved in the collision processes [42–

47]. Anisotropic plasmas emitting polarized x rays can appear in magnetic cusps [48],

Z -pinches [49, 50], fusion devices such as tokamaks [51, 52] and stellarators, and laser-

produced plasmas [53–55]. Polarization can diagnose the presence and orientation of

currents and magnetic fields, yielding information on the plasma heating and confine-

ment mechanisms [56]. Therefore, a study of anisotropy in laboratory plasmas could

also pave the way to understand future celestial plasma observations.

1.3 Need of laboratory atomic data

X-ray line and continuum observations can determine the electron temperature, estimate

the radiation field or electron density and reveal charge state balance of the plasmas.

Polarimetric observation can determine the presence and direction of the electron beams

and the magnetic field in the plasmas. However, such interpretations require adequate

understanding of all electron-ion collision processes mentioned in the previous section 1.2.

Their accurate atomic data including the transition energies, cross sections, oscillator

strengths, rate coefficients and polarization are required. For example, the recombina-

tion and scattering of electrons from ions are important in low-temperature photoionized

plasmas2 such as those appearing in the vicinity and the jets of active galactic nuclei and

x-ray binaries [57, 58]. In high-temperature collisionally ionized plasmas, the ions are

mostly ionized by electron impact, while recombination is dominated by resonant and

radiative recombination. Experimental data of such atomic processes are rarely avail-

able, thus complex plasma models are largely derived from theoretical calculations. To

achieve a reliable scientific interpretation of the spectroscopic or polarimetric observa-

tions, theoretical calculations must be verified by the results obtained from spectroscopic

measurements in the laboratory. The need of laboratory data has been reviewed by many

authors in the past years [59–62]. This section focuses on some recent observations which

clearly indicate the need of laboratory data for electron-ion recombination processes and

2The electron temperature kBTe is much smaller than the typical ionization energy Ip of ions in
photoionized plasmas, while kBTe is of the same scale as Ip in case of collisionally ionized plasmas.
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Wavelength (Å)

In
te

ns
ity

 (
ar

b
. u

ni
ts

)

Electron temperature (eV)

M
ea

n 
ch

a
rg

e 
of

 tu
ng

st
en

 io
ns

a) b)

Figure 1.2: (a) Chandra x-ray spectrum of the active galaxy NGC 3783 together with
theoretical calculations. The data were published by Netzer et al. [63]. The measured
absorption spectrum (light gray) is well described by the calculations (solid thick line)
with enhanced recombination rates of Fe8+..14+ ions. The thin solid line refers to the
calculations based on the available limited atomic data sets (modified from [61]). (b) The
mean charge state of the tungsten ions observed as a function of electron temperature
from ASDEX tokamak (orange squares) [64]. The solid blue lines refer to the different
ionization balance calculations presented in NLTE-7 workshop [65] (modified from [66]).

their polarization.

The ionization and recombination rates determine the charge state balance of the

plasmas. They are necessary to understand observations and modeling of astrophysical

plasmas. For example, Fig. 1.2 (a) shows the Chandra x-ray spectrum of the active

galaxy NGC 3783. The spectrum agrees well with the ad-hoc calculation which assumes

recombination rates for iron ions are greater than the predicted theoretical rates [61, 63].

The agreement between the model and the observations is greatly improved by this

enhancement in the recombination rates of iron, that clearly indicate that the theoretical

recombination cross sections used in the original model might be too small. Clearly, this

indicates that further developments of the theory and experiment are necessary.

It was recently observed that the newly found additional ionization and recombina-

tion channels can remarkably modify the ionization balance (or charge state balance)

of the plasmas. Hahn et al. [67] observed that the process of electron-impact multi-

ple ionization can affect the charge balance of the collisionally ionized plasmas [67, 68].

Similarly, newly found recombination channels such as trielectronic and quadruelectronic

recombination processes can affect the charge balance of the plasmas. These processes

involve two and three bound electrons that are excited to a higher shell while capturing

a free electron (explained later in Sec. 2.1.3). The correlated excitation of two or more

bound electrons appears to be unlikely, therefore, it was neglected in the earlier plasma

models. However, direct evidence of dominant intra-shell trielectronic recombination
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CHAPTER 1: Introduction

was obtained in several experiments [69–72]. The inter-shell trielectronic recombination

was also experimentally observed for ions relevant to astrophysics [73–76]. In those ex-

periments, the trielectronic recombination rates are found comparable to or higher than

that of dielectronic recombination.

The intra/inter-shell higher-order resonant recombination processes provide new

electron–recombining–channels in the plasmas. Since their rate coefficients are compa-

rable to the dielectronic recombination, they cannot be neglected and must be included

in the ionization balance calculations. Unfortunately, so far, none of the plasma mod-

els calculating the ionization balance have included these processes. Omitting such

recombination channels means that the mean ion charge will be predicted higher than

it actually is. For example, Putterich et al. [64] had measured the ionization balance

of tungsten in plasmas produced in the ASDEX Upgrade tokamak and compared with

dozens of ionization balance calculations performed by different teams and codes. All

calculations predict the mean charge of the tungsten below 4 keV temperature to be

consistently higher than the measurements performed (see Fig. 1.2 (b)). This system-

atic discrepancy between the calculations and measurement is striking. Beiersdorfer et

al. [66] recently suggested that this discrepancy is due to the large contribution of higher-

order resonant recombination. The contribution can be large and increases as the mean

ion charge tends towards ions with open-shell electronic configurations. The inclusion

of these processes may further modify the opacity of plasmas and by this the transport

of energy through them [77]. We will discuss the importance of higher-order resonant

processes in particular to plasma diagnostics in Chapter 6.

Need of atomic polarization data:

The x-ray polarization as a new observable has a high discovery potential in astro-

physics. It can address fundamental questions concerning high density, high tempera-

ture, non-thermal electron distribution, strong electric and magnetic fields and strong

gravity effects in the plasmas. The physics behind the magnetars, pulsars, neutron stars

and spin of the black hole can be discovered with it [23, 40]. Despite of this promising

potential, the required level of understanding of polarization properties of many ele-

mentary atomic processes is missing. This would compromise the interpretation of the

astrophysical observations. Moreover, the intended use of gas polarimeter [78] for an up-

coming x-ray polarimetry mission XIPE [23] suffers from low energy resolution. Hence,

the observed polarization from such polarimeter will contain contributions from many

x-ray lines as well as from continuum radiation. Interpretation of their data requires

a systematic understanding of the polarization mechanisms of both of x-ray discrete
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transitions and the continuum. A similar situation will likely arise in the polarization

diagnostics of magnetically confined fusion plasmas [52, 56].

The laboratory experiments measuring recombination cross sections or rate coef-

ficients require the knowledge of polarization to interpret their measurements. This

requirement arises from the fact that polarized radiation also exhibits strong emission

anisotropy. In experiments, the radiation is nearly always observed at an angle. Nearly

all of those experiments rely on the theoretical calculations of x-ray polarization and

anisotropy [79–81]. The theory based on photon-polarization density-matrix formal-

ism for the polarization of photons emitted by ions is well established since last four

decades [82, 83]. However, most predictions based on this theory have not been ex-

perimentally verified. To date, x-ray polarization and angular distributions have been

measured for only few selected transitions in a few elements using electron beam ion

traps [47, 84–93] and a heavy ion storage ring [45, 94, 95]. Some of those experiments

also showed the discrepancy with the theoretical calculations [90, 92].

Disagreements of theories with laboratory data have shown that the models and the

calculations are incomplete, i. e., it is likely that the theoretical predictions are missing

crucial physics as a part of their approximations. Laboratory data are required to

benchmark the calculations and plasma diagnostics codes. They can provide a standard

to check the accuracy of these codes. A better approach, therefore, is to use the atomic

data validated by the experiments in the plasma models, not to rely on most recent

calculations which are often equated with the best.

1.4 Current experimental knowledge of resonant re-

combination processes

Resonant recombination processes can occur in both collisional and photoionized plas-

mas. This makes them the necessary focus of experimental studies. In this section, we

give a brief review about the current experimental knowledge of resonant recombination

processes. These experiments have measured the cross sections, rates of resonant recom-

bination, and angular distribution and polarization of x rays emitted in this process.

Resonant recombination processes are often divided into two classes. The first class is

where the excited ion core does not change the principal quantum number n of the active

electron (∆n = 0). Such recombination channels usually occur at low temperatures and

dominate radiative rates for many low- and high-Z highly charged ions in photoionized

plasmas. In the second class, the excited ion core changes the principle quantum number
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of the active electron (∆n ≥ 1). Such recombination channels usually occur at high

temperatures and dominate the recombination rates in collisionally ionized plasmas.

Cross sections and recombination rate coefficients:

Burgess (1964) was the first to realize the importance of dielectronic recombination

(DR) [96] in highly charged ions of the hot solar corona plasma and derived the gener-

alized formula for evaluating the DR rate coefficients [97]. Since then there have been

many detailed investigation of DR rate coefficients for the K -shell and L-shell ions. Low-

energy DR rate coefficients (∆n = 0) for the photoionized plasmas were measured at

the ion storage ring for ions relevant in astrophysics (see [61] and references therein).

The high-energy DR rate coefficients (∆n ≥ 1) were measured for a number of ions

at the electron beam ion traps [79, 80, 98–101]. The accurate DR resonance energies

and resonance strengths were also measured [80, 100, 102–112]. Accurate values of such

quantities are crucial for modeling high-temperature plasmas.

The role of DR extends beyond the processes governing the ionization balance inside

the plasmas [113]. DR also provides resolved spectral lines that are used for tempera-

ture diagnostics [98, 114]. Studies of impurities in tokamaks have greatly contributed

to understanding K -shell DR spectra [115–118] and the density dependence of L-shell

emission lines [119, 120].

In addition to DR and radiative recombination (RR), trielectronic recombination

was recently emphasized to be very important. In low-temperature photoionized plas-

mas, the recombination rates were shown to be dominated by intra-shell trielectronic

recombination [69, 70, 72, 121]. Whereas in high-temperature collisionally ionized plas-

mas, inter-shell trielectronic recombination plays very important role in plasma cooling

since this additional recombination channel produces high energy photons.

e-
e-

Figure 1.3: The Breit interaction: Ex-
change of a virtual photon between the
free and bound electron of an ion.

Recently, trielectronic recombination process

was measured to have sizable and even ma-

jor strengths, compared to first-order dielec-

tronic recombination for low-Z elements such

as silicon [76], argon and iron [74, 75].

Apart from application relevance of DR

in plasmas diagnostics, the interest in DR

also arises from the point of view of un-

derstanding electron–electron interaction in

the strong Coulomb field of highly charged

ions. Quantum interference effects between
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Figure 1.4: (a) Strength ratio of DR resonances [1s2s22p1/2]1 and [1s2s2p2
1/2]1 (modi-

fied from [134]). (b) Degree of linear polarization of x rays followed by DR resonance
[1s2s22p1/2]1 (modified from [136]). In both figures, the blue dashed lines represent the
calculations with only the Coulomb repulsion, while black solid lines represent the full
Coulomb+Breit interaction calculations.

RR and DR was studied [122–125]. DR also gives an insight of multichannel effects

[126, 127]. Furthermore, it is also a suitable tool to probe isotope shifts and hyperfine

effects [128–130]. Earlier, it was predicted that the relativistic effects may modify the

DR cross sections [131] and the rates [132, 133]. Recently, the influence of generalized

Breit interaction on the DR resonance strength was measured for heavy ions at an elec-

tron beam ion trap as well as at the storage ring [134, 135], giving access to the lowest

order QED effect. The retardation in the exchange of a single virtual photon between

the free and bound electron of an ion and magnetic corrections to the electron–electron

Coulomb repulsion are known as the generalized Breit interaction [134], see Fig. 1.3

(a). The first experimental evidence of the generalized Breit interaction effect on DR

resonance strengths is shown in Fig. 1.4 (a) for heavy Li-like holmium and bismuth ions.

Angular distribution and polarization of x rays:

Many DR experiments measured energies, cross sections and rates, yet, less attention

has been paid to the angular distribution and polarization of the emitted x rays. An

additional qualitative information about the plasma state can be inferred from the linear

polarization of the DR satellites, which is highly sensitive to the directionality of the re-

combining electrons [137, 138]. In fact, the directionality of anisotropic plasma electrons
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not only results in polarized DR lines but also in anisotropic x-ray emission [139]. Thus,

the polarization of x rays can strongly influence the temperature diagnostics based on

DR satellite lines since the observed intensities of lines are affected [98]. Due to this fact,

polarization measurements of the DR satellites lines are in fact necessary for the diagnos-

tics of anisotropies and temperatures of hot plasmas. Earlier, Shlyptseva and coworkers

have studied polarization properties of dielectronic satellite lines of astrophysical relevant

Li-, Be- and B-like iron ions, both theoretically and experimentally [87, 88, 140]. Un-

fortunately, no information on degree or angle of polarization of DR transition has been

extracted from those experiments. Moreover, a number of experiments that measured

DR cross sections or resonance strengths using electron beam ion traps had observed x

rays emitted perpendicular to the electron beam axis. As discussed earlier, the interpre-

tation of those experiments requires accurate knowledge of the x-ray angular distribution

and polarization [80, 100, 110–112]. Recently, the angular distribution of DR x rays was

measured for just one electronic transition in Li-like heavy praseodymium, holmium and

gold ions [93, 141].

The influence of generalized Breit interaction on DR resonance strengths was already

experimentally shown by the Tokyo-EBIT group [134]. Recently, Fritzsche et al. [136]

predicted that the angular distribution and polarization of x rays produced in DR process

are strongly modified by Breit interaction (see Ref. [142] and Fig. 1.4 (b)), which was

later confirmed experimentally for heavy ions [93, 141]. This makes measurements of

linear polarization of DR x rays, one of the most sensitive probes of the electron–electron

interaction in strong Coulomb fields. Furthermore, measurements of the x-ray emission

anisotropy and polarization can complement each other to access effects beyond the

electric-dipole approximation [46, 94].

1.5 Motivation and organization of the thesis

As mentioned in previous sections, having fundamental and plasma diagnostic impor-

tance, a number of experiments have been performed to measure the DR cross sections

and rate coefficients. However, just a few experiments have measured the angular distri-

bution or polarization of DR x rays. The effect of relativity and multipole radiation have

been shown to be contributed for only high-Z ions. These effects are still unexplored in

low- and medium-Z ions related to the astrophysical and laboratory plasmas. Moreover,

neither angular distribution nor polarization of x rays emitted in higher-order resonant

recombination processes were measured so far. These facts made resonant recombination

the focus of our experimental studies.
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In this work, we address the present lack of data by measuring the strongest Kα

x-ray lines of resonant recombination into highly charged ions of iron and krypton. Iron

and krypton ions are chosen since they are crucial in the complex intermediate coupling

regime with a strong role in astrophysical and tokamak plasmas [143–147]. We inves-

tigate angular distribution and polarization of x rays following resonant recombination

into highly charged iron and krypton ions using novel experimental techniques. The sys-

tematic study was performed measuring the polarization of more than a hundred x-ray

transitions. In addition to that, the contributions of Breit interaction and higher-order

resonant recombination on the angular distribution and polarization of x rays were also

investigated.

This thesis is organized as follows:

• Chapter 2 introduces the theoretical background of resonant recombination pro-

cesses and describes theoretical formalism to treat the linear polarization and angular

distribution of x rays emitted in these processes.

• Chapter 3 introduces the experimental facility used in this work, the electron

beam ion trap (EBIT). The main components, operational principle, and electron beam

dynamics are briefly reviewed.

• Chapter 4 describes the first measurement of the linear polarization of x rays

emitted due to dielectronic recombination into highly charged krypton ions by means

of the Compton polarimetry technique. A brief description of the newly built Compton

polarimeter used in the measurement is given. The influence of Breit interaction on the

degree of linear polarization is investigated for five dielectronic recombination resonances.

• Chapter 5 introduces a new fast method (in comparison to the direct polariza-

tion measurement) to determine the degree of linear polarization. The polarization is

accessed by measuring the angular distribution of x rays. More than one hundred transi-

tions involving dielectronic, trielectronic and quadruelectronic recombination resonances

in highly charged iron and krypton ions were studied. The experimental results compre-

hensively benchmark relativistic atomic calculations by the FAC and RATIP computer

codes.

• Chapter 6 describes the importance of resonant recombination processes in the

plasma modeling and diagnostics. The collisional-radiative model is applied in order to

determine the recombination rates and ionization balance inside optically thin plasmas.

Theoretical data on polarization and angular distribution of x rays are further imple-

mented in our model to determine the total polarization of Kα lines. The influence

of higher-order resonant recombination processes on plasma conditions are thoroughly

investigated. Further, the potential of polarization measurements is demonstrated to
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investigate directionality of electron beams inside the hot anisotropic plasmas.

• Chapter 7 summarizes the work presented in the thesis and gives an outlook of

the present investigations.

In Appendices A, B and C, theoretical data are presented. The FAC calculations are

presented including resonance energies and strengths, and the degree of polarization of

K -shell x rays emitted by resonant recombination into highly charged iron and krypton

ions. Moreover, the theoretical RR cross sections and polarization of x rays emitted by

RR into highly charged krypton ions is presented.
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Chapter 2

Theoretical description

2.1 Electron-ion-recombination

Electron-ion recombination is one of the most fundamental processes largely determining

the state of the matter, both in astrophysical and laboratory plasmas. The most common

processes are radiative recombination (RR) – time reverse to the photoionization process

- and dielectronic recombination (DR) – time reverse to the Auger process. The top path

of the Fig. 2.1 shows a scheme of the direct process RR and the bottom path shows the

resonant process DR. Both processes start with the same initial state and end with the

same final state of the recombined ion, except DR reaches the final state via intermediate

excited states. As described in Sec. 1.4, both processes have been thoroughly investigated

up to the heaviest highly charged ions [61, 71, 99, 148]. Beyond the well-known DR,

the higher-order resonant recombination channels, involving excitation of more than one

electron under the capture of a free electron, also play an important role [69, 70, 73].

The present section deals with the basic theory of non-resonant RR process and resonant

DR and higher-order recombination processes. Subsequently, in the section 2.2, the

theoretical framework is outlined to calculate the angular distribution and polarization

of x rays emitted due to resonant recombination processes.
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Figure 2.1: Scheme of radiative recombination (RR) and dielectronic recombination
(DR) into carbon-like initial ions: RR and DR both start on the left side with the same
initial state. RR finishes in a single step to reach final state while the DR reach to the
same final state via an intermediate excited state. Thus, DR is a two step process. Both
processes reduce the charge state of an ion by a unit.
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2.1.1 Radiative recombination and its cross sections

Radiative recombination is a non-resonant one-step process, which can be symbolically

written as:

Xq+ + e− → [X(q−1)+] + ~ωRR. (2.1)

Here, an electron is captured into a bound state of an ion, emitting a photon with an

energy equal to the sum of the electron’s kinetic energy Ee and the binding energy Eb

of the bound level into which an electron is captured: Ee + Eb = ~ωRR.

RR is the time–reverse process of photoionization (PI), and the relevant cross sections

and rates are usually obtained from photoionization calculations through the principle

of detailed balance. The RR cross sections are related to the PI cross sections through

the well–known Milne’s formula:

σRR(Ee)gq+1 =
(~ω)2

2mec2Ep
gqσPI, (2.2)

where me denotes the electron mass, Ep is the energy of ejected photo-electron and

gq and gq+1 are the statistical weights of the initial and final states, respectively. For a

recombination into certain n level, a semi–classical description of the process was applied

in 1923 by Kramers [149]. The σRR(Ee) cross section of RR can be parameterized in

terms of n, z and EH as:

σRR(Ee) = 2.10× 10−22 [cm2]
z4E2

H

nEe(z2EH + n2Ee)
, (2.3)

where z is the residual charge of the ion, EH is the Rydberg energy and n is the prin-

cipal quantum number of the recombined electron. The total RR cross section is given

by the sum over all possible n states. This formula gives accurate cross sections for

recombination into high n states (n > 10) [150, 151]. For the recombination into low

n states, equation (2.3) needs to be corrected by the Gaunt factor gn [152]. In plasma

modeling, a simple analytical fit formula is used to calculate the Maxwellian-averaged

RR rate coefficients.

2.1.2 Dielectronic recombination

The DR is a resonant two–step process, in which a free electron is captured into an ionic

state Xq+, while a bound electron is simultaneously excited. Thereby, an intermediate

excited state [X(q−1)+]∗, or resonance, is formed. In the second step, DR process is

completed by radiative emission. The DR process is schematically illustrated in the
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Fig. 2.1 following the bottom path. The radiative transition probabilities are very high

in highly charged ions, and the competition of radiative emission and Auger decay of the

intermediate state is biased towards the first step. DR can be schematically represented

as

Xq+ + e− → [X(q−1)+]∗ → [X(q−1)+] + ~ωDR. (2.4)

Since it is a resonant process, it can only happen when the sum of the kinetic energy of

the electron Ee and the binding energy Eb of the recombined state is equal to the energy

difference ∆Ecore between the core electron state and the state in which the second

electron is excited. This condition can be written as: Ee + Eb = ∆Ecore.

Dielectronic recombination is the time–reversed Auger process, thus the correspond-

ing DR pathways are labeled according to standard Auger notations. For example, as

shown in Fig. 2.1, in a KLL DR resonance for a carbon-like initial state, the free elec-

tron is captured into the L-shell of the ion, while a bound electron is promoted from

the K -shell to the L-shell to form an intermediate excited state. Whereas in the case of

the KLM resonance, a free electron is captured into the M -shell, while the K -shell elec-

tron is promoted to the L-shell. Since the electrons are indistinguishable, this process is

equivalent to capture into the L-shell and excitation into the M -shell.

DR is of a paramount importance for the physics of outer planetary atmospheres [96]

and interstellar clouds. It is an important mechanism of radiative cooling in hot astro-

physical and laboratory plasmas. Hence, the precise knowledge of the DR process, its

cross sections and rates is very important for plasma modeling (see Sec. 1.3 and 1.4).

From a more fundamental point of view, the selectivity of DR allows stringent testing

of sophisticated atomic structure and dynamics calculations, in particular relativistic

and quantum electrodynamics (QED) effects in heavy highly charged ions [123, 141]. It

should be noted that the RR occurs at any electron energy, thus also at the DR resonance

energy (Eres), therefore, the two processes may interfere quantum mechanically [124].

DR cross sections and resonance strengths

In the isolated resonance approximation, the DR cross sections can be expressed as [153]

σDR
i→d→f (Ee) =

2π2~3

p2
e

Wa(i→ d) Ld(Ee) ωd, (2.5)

where pe denotes the electron momentum, which can be nonrelativistically approximated

as p2
e/2me = Ee. The quantity Wa(i → d) represents the total probability per second

for the dielectronic capture, and Ld(Ee) is the Lorentzian profile of the resonance. ωd

denotes the fluorescence yield of the intermediate excited state, defined as the radiative
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decay width of the state divided by the total decay width that contains both radiative

and Auger decays.

The dielectronic capture rate Wa(i → d) is related to the rate of its time–reversed

(Auger) process by principle of detailed balance. According to Fermi’s golden rule, it

can be expressed as [75]

Wa(d→ i) =
gd
2gi

Aa(d→ i)

=
2π

2gi

∑
Md

∑
Mims

∫
sin θdθdφ|〈Ψd; JdMd‖V ‖ΨiEe; JiMi, ~pems〉|2

= 2π
∑
κ

|〈Ψd; Jd‖V ‖ΨiEe; Jij, Jd〉|2.

(2.6)

where Ji and Jd are the total angular momentum numbers of the initial and intermediate

states, respectively. gi and gd are statistical weights of states |i〉 and |d〉, given by

(2Ji + 1) and (2Jd + 1), respectively. The factor 2 reflects the two possible spin states

of an electron in the continuum state. The last line of equation (2.6) is the partial

wave expansion of the reduced matrix elements, obtained by averaging over the initial

magnetic quantum number Mi, ms and the direction (θ, φ) of the incoming continuum

electron and then performing summation over the magnetic quantum number Md of the

autoionizing state. κ is the relativistic angular quantum number in the partial wave

expansion of the continuum electron. The operator V is the frequency-dependent two–

electron interaction operator, which is taken to be the sum of the Coulomb and Breit

interaction operator (R = |ri − rj| with ri being the position of the ith electron) [131]:

V = V C + V B

=
∑
i< j

[
1

R
+

(
−(αi · αj)

cos(ωR)

R
+ (αi · 5i)(αj · 5j)

cos(ωR)− 1

ω2R

)]
,

(2.7)

where ω denotes the frequency of the exchanged virtual photon and αi is the vector

of Dirac matrices associated with the ith particle. The last two terms in Eq. (2.7),

commonly referred to Breit interaction [142], account for the magnetic interaction and

the retardation between the two electrons.

The function Ld(Ee) is defined as

Ld(Ee) =
Γd/2π

(Ee − Eres)2 + Γ2
d/4

, (2.8)

with the normalization
∫
Ld(Ee) dEe = 1. Eres is the resonance energy: Eres = Ed−Ei.
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The fluorescence yield can be given by

ωd =
Γr

Γa + Γr
=

Γr
Γd
, (2.9)

where Γr and Γa are the radiative and Auger widths, respectively and Γd is the total

natural width of the intermediate state |d〉, given as the sum of the radiative and au-

toionization widths: Γd = Γr + Γa. Note that the rates and the associated line widths

are related by: Γa = ~Aa(d→ i).

Using equations (2.5), (2.6), (2.8) and (2.9), we obtain the following expression for

the DR cross section:

σDR
i→d→f (Ee) =

π~2

p2
e

gd
2gi

Γa(d→ i)Γr(d→ f)

(Ee − Eres)2 + Γ2
d/4

. (2.10)

The natural width Γd is usually much smaller than the experimental line widths. In

such cases, the theoretical line profile can be approximated by a delta function, resulting

into the following cross section:

σDR
i→d→f (Ee) =

2π2~2

p2
e

gd
2gi

Γa(d→ i)Γr(d→ f)

Γd
δ(Ee − Eres). (2.11)

This suggests that the resonance strength can be calculated from the cross section

σDR(E) integrated over the kinetic energy of the electron Ee,

SDR
i→d→f =

∫
σDR
i→d→f (Ee)dEe =

2π2~2

p2
e

2Jd + 1

2(2Ji + 1)

ΓaΓr
Γd

. (2.12)

For plasma diagnostics, the DR rate coefficient is a more convenient quantity. It can

be obtained by integrating over the Maxwellian velocity distribution of the electrons:

αDR(Te) =

(
2π~2

mekBTe

)3/2
2Jd + 1

2(2Ji + 1)

ΓaΓr
Γd

exp

(
−Eres
kBTe

)
, (2.13)

where kB is the Boltzmann constant and Te is the electron temperature.

2.1.3 Higher-order resonant recombination processes

Beyond the DR process, higher-order (HO) resonant recombination can also be relevant.

As shown in Fig. 2.2, under the HO resonant capture of a free electron, two or even three

bound electrons can be simultaneously excited, leading to trielectronic recombination

(TR) or quadruelectronic recombination (QR), respectively. In Fig. 2.2, we employed
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DR TR QR

2p3/2

2p1/2

2s1/2

1s1/2

Figure 2.2: Scheme of resonant recombination processes: In DR (blue diagram) one
bound electron is excited by the captured electron; In TR (red diagram) and QR (green
diagram) two and three electrons are excited by the captured electron. DR, TR, and
QR can be represented as K-LL, KL-LLL, and KLL-LLLL, respectively, where the final
and initial shells of the bound and active electrons are specified.

standard Auger notations and the natural extension to HO processes.

In general, these resonant recombination processes can be summarized by the equa-

tion,

Xq+ + e− → [X(q−1)+](n+1)∗ → [X(q−1)+] +
∑
i

~ωi, (2.14)

where n is the order of the recombination process nR with n = 1, 2 and 3 for DR,

TR and QR, respectively. In calculating these interactions usually independent-particle

models are used where normally only the most relevant two electrons interact and the

rest of electrons in atomic system are considered as pure spectators. Therefore, these

HO processes, nR with n > 1 can only occur through configuration mixing of the bound

electrons [75], i. e., via correlation between electrons in the intermediate excited state,

|nR〉 =
∑

k Ck |αkJP 〉, where Ck is the mixing coefficient for the configuration state

function |αkJP 〉 and αk contains all quantum numbers to define the configuration state

function. Therefore, the higher-order recombination processes appear only if electron

correlation effects are taken into account and their measurement can benchmark more

thoroughly their theoretical description both in terms of structure and dynamics. More-

over, as described in Sec. 1.3, TR and QR offer new recombination channels in hot

plasmas. Therefore, their contribution to the radiative cooling and opacities of plasmas

has to be considered in the corresponding simulations codes. Exact quantitative descrip-
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tion of such correlation-induced processes and their scaling with the number of involved

electrons can be very useful for the plasma modeling.

2.2 Angular distribution and polarization of x rays

In the plasma, when the electron distribution is anisotropic, the radiation emitted fol-

lowing electron collisional excitation, ionization, or resonant dielectronic capture can be

anisotropic and polarized [139]. This occurs in some hot astrophysical plasmas, e. g.,

solar flare [30, 31, 143] as well as in laboratory plasmas where the ions are excited by a

directed electron beam [47, 154]. Under this circumstance, the magnetic sublevels of the

excited states may have uneven populations. The degree of polarization depends on the

extent of deviation from the statistical population of the excited magnetic sublevels of

the ions. Relativistic effects have been found to have a strong influence on the polariza-

tion of radiation emitted from the ions excited by the directed electron beam [136, 139].

In this section, we first derive theoretical expressions to describe the alignment of an ion

in the resonant capture process and, second, the angular distribution and polarization

of x rays following resonant capture process.

2.2.1 Alignment of the excited state following resonant capture

Here, DR is treated as a two-step process: dielectronic capture followed by radiative

stabilization (see Sec. 2.1.2). The effect of overlapping resonances and the interference

between the non-resonant RR and resonant DR are neglected. In DR, the resonant

capture of an electron by an ion usually leads to the non-statistical population of mag-

netic sublevels. Thus, the x rays following resonant capture process are anisotropic and

polarized. To describe this process quantum mechanically, we follow the density matrix

theory described in Refs. [83, 155]. The distribution of nonstatistical magnetic sublevel

population of an intermediate excited state is described most naturally in terms of align-

ment parameter Aλ. For the resonant capture of an unpolarized electron, the alignment

parameter can be expressed in the form of [131]:

Aλ =
P

(λ)
JiJd

P
(0)
JiJd

, (2.15)
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where

P
(λ)
JiJd

=
(−1)Ji+λ+Jd−1/2

2(2Ji + 1)

∑
ljl′j′

il−l
′[
j, j

′
, l, l

′
, λ
]1/2

(
l l

′
λ

0 0 0

)

×

{
j
′
j λ

l l
′

1/2

}{
Jd Jd λ

j j
′
Ji

}
〈ΨJd‖V ‖ΨJi , φlj〉〈ΨJd‖V ‖ΨJi , φl′j′ 〉

∗.

(2.16)

Here, [a, b, ...] = (2a+1)(2b+1)..., the quantity in large parentheses is a Wigner 3-j sym-

bol and, the quantities in large curly braces denote the Wigner 6-j symbol. The reduced

matrix element 〈ΨJd‖V ‖ΨJi , φlj〉 refers to the electron–electron interaction that leads to

the formation of the intermediate excited state in the course of the collision, starting with

an ion in the initial state and a free continuum electron with orbital and total angular

momentum, l and j, respectively. The operator V is the frequent-dependent electron–

electron interaction operator, containing both the Coulomb and Breit interaction terms

(see Eq. (2.7)).

The alignment parameter Aλ can also be represented in terms of the partial cross

sections σMd
for the population of the magnetic substates with the different magnetic

quantum number Md:

Aλ = (−1)Jd+Md

∑
Md

√
(2Jd + 1)(2λ+ 1)

(
Jd Jd λ

−Md Md 0

)
σMd∑
M ′d
σM ′d

. (2.17)

Here, Jd and Md are the total angular and magnetic quantum numbers of the excited

intermediate state |d〉 of DR process, and σMd
are the partial magnetic sublevel cross

sections. The magnetic quantum number of Md can have values from −Jd to Jd. λ is a

multipole order of emitted radiation: λ = 2L, where L=1 for the electric dipole E1 and

magnetic dipole M1 transitions, and L=2 for the electric quadrupole E2 and magnetic

quadrupole M2 transitions and so on.

If the incident electron beam is unidirectional and unpolarized, the excited ions

appeared to be aligned which means that their sublevels with the same modulus of the

magnetic quantum number are equally populated, i. e., σMd
= σ−Md

. It should be

noted from the Eq. (2.17) and from the properties of Clebsch–Gordan coefficients, the

alignment parameter Aλ do not vanish only if λ is even and if λ ≤ 2Jd. This restriction

implies that the intermediate excited states with Jd = 0 or Jd = 1/2 cannot be aligned.

For example, there is only one non-vanishing parameter A2 for the recombination of

a free electron into the intermediate excited state with Jd = 1 or 3/2. There are two

non-vanishing parameters A2, A4 for Jd = 2 or 5/2; and three non-vanishing parameters
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A2, A4, and A6 for Jd = 3:

For Jd = 1:

AJd=1
2 =

√
2 (σ1 − σ0)

σ0 + 2σ1

. (2.18)

For Jd = 3/2:

AJd=3/2
2 =

σ 3
2
− σ 1

2

σ 1
2

+ σ 3
2

. (2.19)

For Jd = 2:

AJd=2
2 = −

√
10
7

(σ0 + σ1 − 2σ2)

σ0 + 2 (σ1 + σ2)
,

AJd=2
4 =

√
2
7

(3σ0 − 4σ1 + σ2)

σ0 + 2 (σ1 + σ2)
.

(2.20)

For Jd = 5/2:

AJd=5/2
2 = −

4σ 1
2

+ σ 3
2
− 5σ 5

2√
14
(
σ 1

2
+ σ 3

2
+ σ 5

2

) ,
AJd=5/2

4 =

√
3
14

(
2σ 1

2
− 3σ 3

2
+ σ 5

2

)
σ 1

2
+ σ 3

2
+ σ 5

2

.

(2.21)

For Jd = 3:

AJd=3
2 =

−2σ0 − 3σ1 + 5σ3√
3 (σ0 + 2 (σ1 + σ2 + σ3))

,

AJd=3
4 =

√
2
11

(3σ0 + σ1 − 7σ2 + 3σ3)

σ0 + 2 (σ1 + σ2 + σ3)
,

AJd=3
6 =

−10σ0 + 15σ1 − 6σ2 + σ3√
33 (σ0 + 2 (σ1 + σ2 + σ3))

.

(2.22)
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2.2. Angular distribution and polarization of x rays

2.2.2 Angular distribution and polarization of the subsequent

radiative decay

Equations (2.15), (2.16) and (2.17) collectively describe the alignment of the exited

ion following the resonant capture of an electron. The subsequent decay of these ions

then leads to the emission of one or several x rays, until their ground state is reached.

Knowing the alignment of intermediate excited state of an ion, the linear polarization

P (θ) and angular distribution coefficient W (θ) of the subsequent x rays are given by:

P (θ) = Λ(π)

∑
λ=even

fλα
df
λ AλP

(2)
λ (cos θ)∑

λ=even

αdfλ AλPλ(cos θ)
, (2.23)

W (θ) =
dΩ

4π

∑
λ=even

αdfλ AλPλ(cos θ), (2.24)

where θ is the angle between x-ray emission direction and the electron beam propagation

direction. αdfλ is the intrinsic anisotropy parameter. The function Λ(π) determines the

sign, Λ(E) = 1 for electric multipole transitions and Λ(M) = −1 for magnetic multipole

transitions. Pλ(cos θ) and P
(2)
λ (cos θ) represent the Legendre and associated Legendre

polynomials, respectively1.

The coefficient fλ is given by

fλ = −
[

(λ− 2)!

(λ+ 2)!

]1/2

(
L L λ

1 1 −2

)
(
L L λ

1 −1 0

) , (2.25)

where L called by Stefan and Alder is the order of pure 2L decay2 [83].

If the emitted x rays are described by a single multipole operator, the intrinsic

anisotropy parameter αdfλ for transition from a doubly excited state to the final state is

1P0(cos θ) = 1 and P
(2)
0 (cos θ) = 0;

P2(cos θ) =
1
2 (3 cos

2 θ − 1) and P
(2)
2 (cos θ) = −3(cos2 θ − 1);

P4(cos θ) =
1
8 (35 cos

4 θ − 30 cos2 θ + 3) and P
(2)
4 (cos θ) = − 15

2 (cos2 θ − 1)(7 cos2 θ − 1).

2f0(1) = 0; f0(2) = 0
f2(1) = − 1

2 ; f2(2) =
1
2 ; f4(2) = −(

1
12 )

1/2.
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Figure 2.3: The intrinsic anisotropy parameter αdfλ (λ = 1, 2) for transition from a doubly
excited state to the final state, see Eq. (2.26) (modified from Ref. [155]).

given by

αdfλ (Jd, Jf ) = (−1)Jf+Jd−1[(2Jd + 1)(2λ+ 1)]1/2

×(2L+ 1)

(
L L λ

1 −1 0

){
L L λ

Jd Jd Jf

}
,

(2.26)

where the quantity in large parentheses denotes the Wigner 6-j symbol. The figure 2.3

represents the calculated values of αdfλ=1,2 for different transitions Jd → Jf .

Electric dipole (E1) approximation

Equations (2.23) and (2.24) represent the most general form of the angular distribution

and polarization of the characteristic radiation following resonant capture of an electron

into excited ionic state. They include the summation over all different multipoles of radi-

ation owing to the allowed parity and angular momentum selection rules. Often, there is

42



2.2. Angular distribution and polarization of x rays

only one allowed multipole term which dominates the radiative decay for a given pair of

intermediate excited and final states. For low- and mid-Z few–electron ions, the electric

dipole E1 channel usually dominates the radiative decay. In such case, the contributions

from non-dipole component of the radiation are negligible compared to E1 component.

Therefore, in dipole approximation (L = 1 & λ = 2), the equations (2.17), (2.25), and

(2.26) are simplified to:

A2 =
∑
Md

(−1)Jd+Md [5(2Jd + 1)]1/2

(
Jd Jd 2

−Md Md 0

)
σMd∑
M ′d
σM ′d

, (2.27)

f2(L = 1) = −1

2
, (2.28)

and

αdf2 (Jd, Jf ) = (−1)Jd+Jf−1

[
3(2Jd + 1)

2

]1/2
{

1 1 2

Jd Jd Jf

}
. (2.29)

Using the above equations, the degree of linear polarization and angular distribution

coefficient can be expressed as:

PE1(θ) = − 3A2α
df
2 sin2 θ

2−A2α
df
2 (1− 3 cos2 θ)

, (2.30)

and

WE1(θ) ∝ 1 +
1

2
A2α

df
2 (3 cos2 θ − 1). (2.31)

Equations (2.30) and (2.31) describe the linear polarization and angular distribution

of E1 photons emitted if the ions undergo a transition between two levels with well-

defined total angular momenta and parity. However, in resonant recombination, an

excited intermediate resonance state |d〉 usually decays into several close–lying different

final states |f〉 with different values of degree of linear polarization (see Fig. 2.4). Since

the energy resolution of a silicon- or germanium-based x-ray detector is insufficient to

resolve the energy splitting between these final states (few electron volts), only the

superposition of individual |d〉 → |f〉 transitions can be observed. Therefore, the linear

polarization of DR x rays detected perpendicular to the incident electron beam direction

(θ = 90◦) is given by:

PE1
DR = − 3A2ᾱ

df
2

2−A2ᾱ
df
2

, (2.32)
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Figure 2.4: Radiative decay scheme of an intermediate excited state |d〉 to several
close–lying different final states |f〉 with different values of degree of linear polariza-
tion. The “effective” observed degree of linear polarization can be calculated according
to Eq. (2.32). The x-ray transition energy, the radiative rates (Adfr ) and degree of linear
polarization (P ) of the corresponding x-ray transition are shown. Values in the round
bracket represent powers of 10.

Figure 2.5: Measured polarization of the Ly-
α1 transition following the radiative electron
capture into U92+ ions is compared to the
theory with (solid line) and without (dashed
line) taking E1 −M2 interference into ac-
count. The figure is taken from Ref. [94].

where ᾱdf2 =
∑

f α
df
2 A

df
r /
∑

f A
df
r is the

new “effective” anisotropy parameter, ob-

tained upon summation over the unre-

solved final states, and Adfr is the rate of

the corresponding transition. For exam-

ple, Fig. 2.4 shows the calculated “effec-

tive” degree of linear polarization of E1 x

rays following the resonant recombination

of a free electron into carbon-like iron ions.

It should also be noted that, for high-

Z ions, a significant change in x-ray po-

larization and angular distribution may

arise due to the contribution of higher-

order multipoles and may lead to sizable

deviation when compared to the electric

dipole approximation [156]. For example, for U91+ ions, it has been shown that the mul-

tipole mixing between the leading electric dipole E1 and weaker magnetic quadrupole

M2 amplitudes modifies the degree of linear polarization of Lyman α1 (2p3/2 → 1s1/2)

transition significantly [46, 94] (see Fig. 2.5). Moreover, as shown in Fig. 1.4 (b), the

angular distribution and polarization of x rays produced in DR process are strongly
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2.3. Computation

affected by relativistic effects, e. g., by the Breit interaction [136].

2.3 Computation

The atomic data including the energy levels, radiative transition rates, autoionization

rates and resonant capture rates are needed to be computed in order to describe the

resonant recombination processes. The Flexible Atomic Code (FAC v1.1.1) developed

by M. F. Gu (2004) [157, 158] is used to generate the required atomic data. FAC is a

free-to-use software package3. It is distributed with a manual and several unpublished

papers to describe the theoretical background and numerical techniques and to compare

a few example calculations with other codes.

The atomic structure calculation in FAC is based on the relativistic configuration

interaction method with independent-particle basis wave-functions. These basis wave-

functions are derived from a local central potential, which is self-consistently deter-

mined to represent electronic screening of the nuclear potential. Relativistic effects are

taken into account using the Dirac Coulomb Hamiltonian. Relativistic corrections to

the electron–electron interaction are included with the Breit interaction in the zero en-

ergy limit for the exchanged photon (ω → 0 in equation (2.7)). QED corrections are

treated as hydrogenic approximations for self-energy and vacuum polarization effects.

Autoionization processes are treated in first-order perturbation theory using a distorted-

wave approximation for the continuum electron. Such a treatment ignores the coupling

between the resonances and continuum background and assumes no overlap between

different resonances. The radiative transition amplitudes are calculated in the single

multipole approximation. This means that the interference between the different mul-

tipoles is not taken into account, although rates corresponding to arbitrary multipoles

can be calculated.

Testing of the FAC code was done by its author M. F. Gu who carried out calculations

with his code and other available codes each with the same set of configurations. The

comparisons of results with the few experimental results and with different codes led him

to conclude that, the ions other than H-like, the computed energy levels are accurate

up to a few eV or 10− 30 mÅ at ∼ 10 Å. Radiative transitions rates and cross sections

are accurate to ∼ 10− 20%. Near-neutral ions or atoms may have even larger errors (cf.

FAC manual and Ref. [158]).

The resonance energies and resonance strengths of KLL DR resonances in He- through

O-like Fe and Kr ions are calculated with the help of FAC code. For KLL DR calculation,

3http://sprg.ssl.berkeley.edu/~mfgu/fac/
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Figure 2.6: The KLL DR resonance strength (bottom panel) and the degree of linear po-
larization (top panel) of dominant E1 x rays emitted due to DR are calculated according
to Eqs. (2.12) and (2.30) for lithium-like krypton ions using FAC code.

46



2.3. Computation

1s2(2l)e configurations were included in the initial states, and 1s(2l)e+2 configurations

were included in the intermediate states. 1s2(2l)e+1 configurations were included in the

final states. Here, e is the number of electrons in the L-shell, from zero to six, for He-like

to O-like charge states, respectively.

In the calculations, beyond DR, HO resonant processes like trielectronic recombi-

nation (TR) and quadruelectronic recombination (QR) are also taken into account.

However, as more than two electrons are actively involved in HO, independent-particle

models such as the (Dirac-) Hartree-Fock method cannot adequately describe it. These

processes can only be mediated by configuration mixing [75]. Therefore, to treat HO

recombination processes, extended sets of configurations [159] with full–order relativistic

configuration interaction and configuration mixing between the states are taken into ac-

count in FAC calculations. The FAC code gives the approximate atomic state function

by mixing the basis states |Φk〉 with same symmetries

Ψ =
∑
k

Ck |Φk〉 , (2.33)

where Ck are the mixing coefficients obtained from diagonalizing the total Hamilto-

nian [158].

The cross section of magnetic sublevels excited by a unidirectional electron beam can

also be calculated to determine the degree of linear polarization and angular distribution

of the emitted photons (Sec. 3.4. of Ref. [158]). The Breit interaction can be switched on

and off anytime in the code in order to evaluate the influence of the Breit interaction on

the resonance strengths and polarization of the x rays. For example, the FAC computed

quantities like DR resonance energies, its resonance strengths and the polarization of

emitted x rays are shown with and without consideration of the Breit interaction effect

in the Fig. 2.6. These computed values are also compared with the calculations done

with MCDF [125] and RATIP [160] computer codes. A good agreement is observed

between these different computer codes.

Within the theoretical framework outlined in the present chapter, the full set of

calculated data for resonant recombination processes are presented. It includes the res-

onance energy, resonance strength, alignment parameter, intrinsic anisotropy parameter

and degree of linear polarization of x rays emitted due to resonant recombination into

highly charged iron and krypton ions. They are presented in appendix A and B. More-

over, the total cross sections and the degree of linear polarization of x rays emitted due

to radiative recombination into highly charged krypton are presented in appendix C.
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Chapter 3

Experimental setup

The experimental study of resonant recombination into highly charged ions requires

sources of ions and electrons. An electron beam ion trap is a device that produces and

traps very highly charged ions at rest. It also allows observing the photons emitted

by the trapped ions. A monoenergetic electron beam focused with a strong magnetic

field is utilized for the production of ions via electron impact ionization and at the same

time for scanning the recombination resonances. Electron-ion recombination processes

are observed by detecting the emitted x rays. This chapter introduces the experimental

facility used in this work, the electron beam ion trap (EBIT). The main components of

the EBIT, its operational principle and electron beam dynamics, and x-ray spectroscopy

setup are briefly reviewed in the present chapter.

3.1 The electron beam ion trap (EBIT)

A schematic of the working principle of the EBIT is shown in figure 3.1. The device

consists of three main assemblies: the electron gun assembly, the drift tube assembly,

and the collector assembly. Electrons emitted from a thermionic cathode are acceler-

ated towards the trap region, which is biased positively with respect to the laboratory

ground. As the electron beam is accelerated towards the trap area, it is simultaneously

compressed by a high axial magnetic field generated by two superconducting Helmholtz

coils. After passing through the trap region, the electrons are decelerated as they ap-

proach the collector region, which is biased positively with respect to the cathode. At

the collector, the magnetic field reduces, resulting in re-expansion of the electron beam

and dump inside the collector.
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Figure 3.1: The principle of an electron beam ion trap. The electron beam is accelerated
towards the trap center, passes the drift tube assembly (three out of nine drift tubes
are shown here) almost at a constant velocity, and is then decelerated as it approaches
the collector. The highly charged ions are trapped radially by the electron beam’s space
charge potential and axially by electrostatic potential given to the set of drift tubes
(modified from [161]).

The highly charged ions are produced by successive electron impact ionization from

neutral or lowly charged ions introduced into the trap region. The combination of the

high axial magnetic field and the space charge potential of the electron beam results in

the trapping of highly charged ions in the radial direction, while axial trapping results

from the appropriate voltages given to the set of cylindrically shaped electrodes called

drift tubes. The central drift tube is usually biased negatively with respect to the two

neighboring drift tubes. Figure 3.1 shows the trapping potential in the radial and axial

(longitudinal) direction.

3.1.1 History

The use of an electron beam to ionize and trap ions was first employed in the electron

beam ion source (EBIS), invented by Donets and coworkers in 1965 in Dubna, Russia.

They exhibited the production of bare nitrogen and Au19+ [162]. Further changes were
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3.1. The electron beam ion trap (EBIT)

made to include a superconducting solenoid and drift tubes at cryogenic temperatures.

KRYON-II became the first EBIS to produce bare Ne, Ar, Kr, and Xe ions [163]. From

that point forward the EBIS development continued around the world, to provide a

source of ions and as an injector into heavy-ion accelerators and colliders.

In the meantime, atomic physics experiments began constructing and using EBIS

devices in laboratories around the world. Litwin (1982) [164] concluded based on his

extensive experience with the EBIS that the typical long electron beam path tends to

generate plasma instabilities heating up the trapped ions and reduce the interaction time

between electrons and ions, therefore, shorter electron beam would be ideal. Moreover,

the EBIS design did not offer observation ports for spectroscopic measurements. A few

years later, both problems were overcome with the invention of the EBIT by Morton

Levine and Ross Marrs [165] at Lawrence Livermore National Laboratory (LLNL) in

1988. Their changes in electron beam design and reduction in total length of the device

led to a more stable electron beam. Moreover, superconducting coils in Helmholtz

configuration were introduced in order to compress the electron beam and allowed optical

access to the center of the trap. After the construction of the first EBIT at Livermore, a

second advance was made – a high energy version of the first machine –known as Super

EBIT– was built in order to reach electron beam currents up to 200 mA and electron

beam energies up to 200 keV [166]. The Super EBIT even demonstrated production

of fully stripped (bare) uranium (U92+) in 1994 [167]. Soon after the demonstration of

EBITs effectiveness, other EBITs were also constructed at Oxford [168] and NIST [169]

laboratories using the Livermore low energy EBIT design. This design was further

modified to make the Berlin EBIT [81].

Later on, the EBIT in Tokyo (1997) [170], in Heidelberg [171] (originally built at

Freiburg (1998)) and in Shanghai (2004) [172, 173] were built based on the same prin-

ciple as Super-EBIT. The EBIT in Heidelberg has a worldwide unique design which

provides a horizontal electron beam, in contrast to the vertical design of all other EBITs

around the world. In addition to this, two more specific EBITs were built in Heidelberg:

A high current (5 A) EBIT (TITAN-EBIT) for the charge breeding facility at TRI-

UMF, Canada [174] and another EBIT (FLASH-EBIT) for experiments at the VUV

free electron laser (FEL) at Hamburg [175]. A similar EBIT with horizontal configura-

tion was developed at Stockholm university in 2007 for spectroscopic and precision mass

measurement studies [176]. Recently small EBITs are also being built, e. g., the com-

mercially available Dresden EBIT [177], the Tokyo CoBIT [178] and various Mini-EBITs

in Heidelberg [179].
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Figure 3.2: Cross-sectional view of the FLASH-EBIT: (1) electron gun, (2) the trap
with nine drift tubes and superconducting Helmholtz coils and, (3) collector (modified
from [180]).

3.1.2 FLASH-EBIT design

The FLASH-EBIT built at the Max-Planck-Institute for Nuclear Physics, Heidelberg,

was designed for photonic studies of highly charged ions and has been used in several

experiments at brilliant x-ray sources like synchrotrons and x-ray free electron lasers [175,

181, 182]. The entire apparatus was designed to be as compact as possible without

compromising the performance and was built to exploit radiation facilities worldwide.

It fits with its periphery, additional equipment and electronics in a modified shipping

container.

At its most basic, FLASH-EBIT is essentially composed of an electron gun, a set

of drift tubes, superconducting magnetic coils and an electron collector as illustrated

in Fig. 3.2. It uses a focused electron beam of several hundred milliamperes to ionize

and trap the highly charged ions. The electron beam is compressed to a diameter below

50 µm by 6 T magnetic fields at the trap center. To avoid unwanted charge exchange

with residual gas atoms inside the chamber, the whole EBIT setup is kept under an

ultra-high vacuum condition. A typical pressure at the center of the trap is of the order

of 10−11 mbar. The main components of the FLASH-EBIT are described in detail in the

following subsections.
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Bucking coil

Trimming coil

Cathode

Anode Focus electrode

electron gun insulator

Figure 3.3: A cross-sectional view of the electron gun assembly in the FLASH-EBIT. The
cathode (in purple) emits the electrons, which are then pulled by the focus electrode
(in green) and accelerated towards the anode (in dark green). The large blue piece
surrounding the cathode is the holder, and the large yellow area surrounding the electron
gun electrodes are the bucking coils (modified from [161]).

Electron gun

The electron gun is located at the forefront of the EBIT. The essential part of the electron

gun is a cathode, which is surrounded by electric field shaping electrodes to guide the

electrons towards the trap. A cathode used in FLASH-EBIT consist of a tungsten

heating filament coated with barium oxide. The surface emitting layer comprised of a

mixed matrix of these elements, yielding work function of ΦW,BaO=2 eV. This low work

function leads to lower operating temperatures (≈ 1300-1500 K) necessary to produce

electrons, which is also good for a longer lifetime of the cathode.

As illustrated in figure 3.3, the cathode is enclosed by a focus electrode, which as-

sists in pulling electrons away from the cathode surface. The cathode voltage is typically

around −2 kV and the beam energy is determined by the potential difference between

cathode and central drift tubes. The electron beam current can be adjusted by chang-

ing the voltage of the focus electrode. An anode provides the extraction field for the

electrons. The potential difference between the cathode and anode provides an acceler-

ation of roughly 2 kV, at this point the electron beam is further accelerated towards the

positively biased trap electrodes (see Fig. 3.4).

Two magnetic coils, the trimming and bucking coils, are in place around the cathode

and shaping electrodes. They serve to compensate the residual magnetic field resulting
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Figure 3.4: Typical power supply scheme of the FLASH-EBIT to perform DR exper-
iments. The series of power supplies and its maximum voltage capacities (in red) are
shown.
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from the trap region, which would otherwise hinder the emission of the electron beam.

It is crucially important to compensate and set the rest magnetic field at the cathode

surface roughly to zero, as it can increase the electron beam radius in the trap (explained

in 3.2.1). A larger beam radius in the trap can lead to lower ionization rate, which is

undesirable to create enough ion density inside the trap. Excess heat from both the coils

and the cathode are dissipated by a water cooling system.

Ion trap

As illustrated in figure 3.5, there are nine electrodes (drift tubes) made of highly pure

copper in the FLASH-EBIT. These electrodes have a cylindrical shape, with a central

bore whose radius diminishes towards the trap. The first four drift tubes are on the

side of the electron gun, hence the labeling G1-G4. The last four (C1-C4) are on the

collector side. This series of drift tube allows adjusting the trap length. The drift tubes

form an axial potential, trapping the highly charged ions in the central drift tube. The

central drift tube is particular important because it has eight slits, which enables the

observation of the trap region for various spectroscopic techniques.

The voltage offset of all nine drift tubes can reach up to 30 kV with respect to

the ground. This is known as drift tube platform voltage. It facilitates a systematic

and stable offset in electron beam energy when performing measurements in the steps of

energy. Moreover, the potential of each individual drift tube can also be varied up to 4 kV

individually (see Fig. 3.4). The trapping potential can thereby be adjusted depending

on the peculiarity of the measurement. Ion dumping can also be implemented by raising

the central drift tube to a high relative voltage. The ions are thereby dumped from the

trap, and one can avoid unwanted heavy ionic species inside the trap, e. g., barium and

tungsten from the cathode.

Two superconducting magnet coils in Helmholtz configuration are located around

the drift tubes as shown by Fig. 3.2. It squeezes the electron beam to a radius below

50 µm at the trap center. The coils are cryogenic and composed of Niobium-tin (Nb3Sn),

which is superconducting below 18 K temperature. A very high current of 114 A running

through the coils produces a constant magnetic field of 6 T in the trap. In FLASH-EBIT,

the magnet coils are cooled to 4 K by a helium compressor running in a closed cycle

in contrast to other EBITs which use a helium cryostat. This setup rewards longer

experimental stability, low maintenance and reduce the cost of running. Furthermore,

this setup also helps to decrease the pressure in the EBIT even further by freezing any

remaining oxygen or nitrogen in the trap.
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Figure 3.5: A cross-sectional view of the drift tubes in the FLASH-EBIT. The direction
of the electron beam is indicated by the red arrow. Drift tubes G1-G4 and C1-C4 are
the drift tubes on the gun and collector sides respectively (modified from [183]).

Electron collector

Once the electron beam passed through the trap region, it is transported to the collec-

tor assembly. The collector magnetic coil compensates the magnetic field from the trap

region and the beam widens before entering the collector, as can be seen from Fig. 3.6.

Inside the collector assembly, the electron beam begins to expand as the strength of

magnetic field decreases and the electrons repel each other. The electron beam is de-

posited on the inner wall of the collector, where the associated heat is transported away

by a water cooling system.

During the electron beam dumping process, ions are sputtered off the collector elec-

trode surface, and secondary electrons are produced. The suppressor electrode at the

entrance of the collector, biased negatively with respect to the collector, prevents the es-

cape of the secondary electrons from the collector. The collector current and suppressor

current are regularly monitored to check the beam condition. The extractor electrode is

located at the exit of the collector, operated at a high negative voltage compared to the

cathode, to ensure that no electrons can pass the collector. In addition, the extractor

electrode is also used to separate the incoming ions from the trap along the electron

beam axis, hence its name.
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Back-Shield

Front-Shield
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electrode Collector magnet coil

Suppressor
electrode

electrons

collector cooling circuit

Figure 3.6: A cross-sectional view of the electron collector (modified from [161]).

Injection system

The injection system is connected to the side of the EBIT overlooking the trap region.

FLASH-EBIT has a gas injector system which delivers a collimated atomic beam to the

trap region through two-step differential pumping stages (see in figure 3.7). Elements

or molecules which can be brought into the gas phase can be injected by this system,

e. g., Ne, Ar, Kr, Xe, Fe(CO)5, W(CO)5 and more. A needle valve is installed at the

end of the source, to adjust the size of the opening to the injection system, and hence

the density of source gas in the setup. Two slits of 5 mm in width enable differential

pumping between the injection system and the trap region. The pressure in the first

stage of the injection system is usually of the order of 10−6–10−7 mbar, whereas the

overall pressure in the EBIT is 10−10 mbar. Figure 3.7 shows the atomic or molecular

beam formed by slits at various differential pumping stages, that finally overlap with the

electron beam at the trap center. The final density of the atomic beam in the ionization

region is assumed to be reduced through collimation and cryogenic pumping by a few

orders of magnitude (≈ 10−13 mbar). The density of neutral atoms injected into the

trap is proportional to the pressure measured in the second stage of the injector.

3.2 Electron beam dynamics

The electron beam is of the center of the EBIT as it performs several functions si-

multaneously such as ionization, excitation, and radial trapping. The electron beam
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Figure 3.7: The two-stage differentially pumped gas injection system. This system is
used to inject a collimated beam of neutral gas to the trapping region (located on the
right in purple color), which then becomes ionized and trapped (modified from [184]).

properties directly play an important role in the production and trapping of ions. Stud-

ies of electron beam dynamics help to determine precise electron-ion interaction energies

in the DR experiment and to estimate the radial energy component of the electron beam.

There are three parameters charactering the beam condition: current, energy and radial

distribution in the trap region.

The current output of the electron gun is expressed as

Ie = p V
3/2
cathode, (3.1)

where p is the perveance (characteristic parameter for the electron gun) and Vcathode is the

voltage applied between cathode and anode. The electron gun used in the FLASH-EBIT

has a perveance of 0.6 µperv.

3.2.1 Electron beam Radius and current density

The first model to determine electron beam radii was given by Brillion [185]. It describes

a uniformly distributed electron beam propagating under the presence of a uniform axial

magnetic field B. This theory is based on the assumption of laminar flow, which means

that electron trajectories do not cross each other and the electrons are launched from

58



3.2. Electron beam dynamics

a region of zero magnetic field. It also neglects the temperature of the electrons at the

cathode. The radius of the electron beam at the trap region according to this model is

given as

rB[µm] =
150

B[T ]

√
Ie[A]

Ee[keV ]
, (3.2)

where Ie is the electron current in the beam, B the magnetic field at the trap, and Ee

is the beam energy at the trap.

However, the flow of the electrons in an actual beam is quite non-laminar [186]

and it has a finite temperature at the cathode. Herrmann [187] presented the more

realistic theory based on a non-laminar optical model which treats thermal velocities as

an integral part of the motion of the electrons. In this theory, the beam profile has a

Gaussian distribution in radial direction and 80% of the electrons are enclosed within a

cylinder of radius

rH = rB

√√√√1

2
+

1

2

√
1 + 4

(
8mekBTcr2

c

e2B2r4
B

+
B2
c r

4
c

B2r4
B

)
, (3.3)

where me is the electron mass, Bc is the rest magnetic field at the cathode, rc is the

cathode radius, and kBTc is the characteristic electron temperature at the cathode.

As shown in Figure 3.8, the electron beam radius is smallest when the residual field

at the cathode surface (Bc) is close to zero. This is ideal, as the smaller the radius,

the higher the electron current density and thereby the ionization rate. This term is

typically minimized in the experiments through bucking coil tuning. Assuming that the

second term in Eq. (3.3) is minimized during the beam tuning, the Herrmann radius

reduces to,

rH ≈ rB

√√√√1

2
+

1

2

√
1 +

32mekBTcr2
c

e2B2r4
B

. (3.4)

The current density j of the electron beam is also an important parameter. For an

electron beam with a current of Ie and radius rH , the current density j in the trapping

region can be given by

j =
Ie
π r2

H

. (3.5)

The dependence of the Herrmann radius on other experimental parameters is shown

in Fig. 3.9. The subsets (a) & (b) show calculated Herrmann radii and resulting current

densities in the trap as a function of the electron beam current and energy. It shows a

smooth decrease of beam radius with decreasing electron beam current and increasing
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Figure 3.8: Calculated Herrmann radius (in black) and current density (in red) is plotted
against the residual magnetic field Bc at the cathode. The following beam conditions
were used for this calculation: Ee = 10 keV, B = 6 T, Tc = 1400 K, Ie = 100 mA. This
graph demonstrates that optimum beam compression occurs when rest magnetic field
at cathode Bc is minimized.

energy. The current density which determines the rate of ionization also increases rapidly

with the beam current. It also demonstrates that, even using the modest electron beam

energy of 10 keV, FLASH-EBIT can reach the current density of about 25,000 A/cm2,

as it is capable of reaching a maximum beam current of 550 mA. The subset (c) demon-

strates the advantage of using larger magnetic fields for optimal beam compression and

the subset (d) shows that electrons created with less thermal energy result in a more

confined beam. It should be noted here that the calculated current density at the trap

is for an effective electron beam radius which contains only about 80% of the electrons.

3.2.2 Electron beam energy

The electrons passing through the trap region experience a voltage difference

Ebeam ≈ |Vcathode|+ |Vplatform|+ |Vtrap| − |Vspace|, (3.6)

where Vcathode is the bias voltage given to the cathode, Vtrap is the voltage given to the

central drift tube, Vplatform is the additional bias added to the drift tubes, and Vspace

is the potential generated by the space charge due to the beam electrons, scattered
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CHAPTER 3: Experimental setup

electrons, and trapped electrons and ions. The space charge potential effectively reduces

the interaction energy when compared to the applied acceleration potential between the

cathode and trap electrodes. Space charge potential provides the radial trapping for the

ions. Electrons at different radii see slightly different values of Vspace. For a typical beam

radius of 35 µm, the variation in Vspace across the beam is ∼ 20 – 50 volts.

3.2.3 Transversal energy component and pitch angle of electron

beam energy

As discussed in Sec. 3.2.1, the electron beam in an EBIT is produced at the cathode

with a finite non-vanishing thermal component. This component causes electrons to

gyrate perpendicular to the magnetic field direction. Thus, electrons follow helical path

instead of following magnetic field lines along the beam direction. This situation is not

only relevant in laboratory environments, but it may also exist in astrophysical plasma,

e. g., solar flares where electrons are spiraling around the strongly directed magnetic

field lines with a certain pitch angle [30, 31, 143]. Therefore, it is important to estimate

the amount of energy perpendicular to the beam direction since it has a systematic effect

on the ion alignment and polarization measurements [188].

The properties of the electron beam in an EBIT can be described using the optical

model developed by Herrmann (1958) [187]. According to this model, the motion of

a given electron has a finite velocity component perpendicular to the z -axis, which is

related to the electron’s radial position and velocity at birth on the cathode of the elec-

tron gun. Herrmann showed that the magnitude of the transverse velocity is inversely

proportional to the radii of the cathode images formed at various locations along the

electron beam propagation direction. It means that the product of beam area and trans-

verse electron energy E⊥ are constant along the electron beam propagation direction, i.

e., E⊥ · 2πr2 = constant [84, 189]. Therefore, the transversal energy component of the

electron beam E⊥ can be estimated from the temperature of the cathode of the electron

gun and the areal compression ratio of the beam from a radius at the cathode to a radius

at the trap. It can be expressed as

E
(t)
⊥

E
(c)
⊥

=

(
rc
rt

)2

. (3.7)

Because of the existence of the transverse component of the electron velocity, the velocity

vector of a given electron is no longer aligned with the magnetic field or z-axis of the

EBIT. It deviates from the z-axis by an angle γ (shown in Figure below),
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Τν 
eν

γ

ν||
Bz ||

tan γ =
ν⊥
ν‖
,

cos γ =
ν‖√

ν‖2 + ν⊥2
,

sin2γ =
E⊥
Ee

, Ee =
1

2
mν2

e ,

(3.8)

where Ee is the electron beam energy and E⊥ is the transversal component of the electron

beam energy.

According to the Eq. (3.7), we can estimate E⊥ of the FLASH-EBIT for certain

operating conditions. For example, for given FLASH-EBIT parameters:

E
(c)
⊥ ≈ 0.121 eV (from cathode temperature Tc = 1400 K),

rc = 1.5 mm,

rt ≈ 24.35 µm (Herrmann radius for following beam conditions: Bc = 0 T, B = 6 T, Ee

= 8954 eV),

Therefore, using equations (3.7) & (3.8), we can estimate,

E
(t)
⊥ ≈ 457.856 eV and γ = 12.965◦.

However, the above values are only an estimate; they are not well known. Moreover,

these estimated values are not experimentally measured for the FLASH-EBIT. Beiers-

dorfer et al.(2001) [189] inferred the transversal energy component in the Livermore

EBIT-II electron beam ion trap from linear polarization measurement of K-shell x-ray

lines produced by Mg10+ ions. The measured value was found to be 190 ± 30 eV of total

electron beam energy, which was in good agreement with the theoretical prediction of

the optical theory of Herrmann (≈ 194 eV). We also estimate our value of E
(t)
⊥ by using

the same optical model. However, the design of the FLASH-EBIT is quite different

from the Livermore EBIT [165, 175]. In FLASH-EBIT, the temperature of the filament

may vary between 1000 to 1600 K, depending on the given filament heating current.

Similarly, the radius of the electron beam may vary between 20 to 35 µm, depending on

the various operating parameters of FLASH-EBIT such as beam current and bucking

coil setting. As a result of this, the value of E
(t)
⊥ may vary between 200 to 600 eV for

various operating parameters. Figure 3.10 shows the variation in the value of E
(t)
⊥ as a

function of the Herrmann radius and the cathode temperature.

In the second approach, we can consider the principle of adiabatic invariant for a

charged particle traveling through a fixed magnetic field, i. e., ν2
⊥/B ≈ constant.
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Figure 3.10: Calculated transversal electron energy plotted against (a) the Herrmann
radius and (b) the cathode temperature. Unless varied, the following electron beam
conditions were used: rc = 1.5 mm, Tc = 1400 K (0.121 eV), B = 6 T, Ie = 100 mA,
Ee = 10 keV.

Thus, we can make a second estimate as follows. We consider ν2
⊥ at the cathode is of

order 2kTc/me, where Tc = 1400 K. The cathode magnetic field Bc is not well known,

but it’s believed to be of order a few hundred microteslas, depending on the bucking

coil setting. From this approach we estimate the value of E
(t)
⊥ is about 1578 eV (for Ee

= 8954 eV, Bc = 300 µm), which is quite higher than the prediction of optical theory

of Herrmann. In reality, the fast moving electrons travel across the strong magnetic

field gradient, from approximately a few microteslas field at the gun to the 6 Tesla at

the trap, which invalidates the applicability of the principle of adiabatic magnetic flux

invariance [189].

The large deviation in the estimation of the transversal energy component of the

electron beam clearly makes the measurement highly desirable in order to discriminate

amongst the models. We shall discuss experimental determination of transversal energy

later in Sec. 6.2.1

3.3 X-ray spectroscopy

The energies and intensities of the photons emitted from the trap as well as the elec-

tron beam energy have to be measured in the present experiment. The semiconductor

detectors are used which provides the large solid angle and covers a broad spectral

range. Given that good energy resolution for x rays can be provided by detectors with
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Figure 3.11: Scheme of x-ray spectroscopy and data acquisition system.

germanium or silicon crystals, an ORTEC high-purity Ge detector (see Table 3.1 for

specifications) was selected.

Semiconductor detectors work as solid state ionization chambers. The passage of

ionizing radiation creates electron-hole pairs which are then collected by an electric field.

The advantage of using semiconductor detectors is that the average energy required to

create an electron-hole pair (2.96 eV at 77 K for germanium) is 10 times smaller than in

traditional gas chamber detectors [190]. Therefore, the amount of ionization produced for

a given energy is an order of magnitude greater resulting in better resolution. Moreover,

they are compact and can have a very fast response time. An electric field applied to

the crystal results in the collection of the electrons, and hence a signal. The integrated

charge of this signal corresponds to the number of electrons collected, and therefore,

to the energy of the x rays deposited. This charge is then converted into a voltage

by a preamplifier, before being shaped and amplified by a spectroscopy amplifier, see

Fig. 3.11. The amplified detector pulse was feed to Pulse Height Analyzer (PHA) card

and then to analog to digital converter (ADC) of MPA-3 data acquisition system to

record the spectra.

The recorded pulse height spectra were then calibrated with known sources (241Am)

to translate the axis to energy units. The dominant x-ray lines of 241Am are listed in

Table 3.2. The known peak energies and their corresponding channel numbers were then

plotted, and a linear fit was performed yielding the energy axis transformation.
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Table 3.1: Some properties of the solid-state high purity germanium detector (Model:
GLP-36360/13) used at the FLASH-EBIT.

Geometry Coaxial
Energy range 3 to ≈ 300 keV
Active diameter 36 mm
Crystal dimension Area: 1000 mm2, Depth: 13 mm
Maximum Bias voltage −2 kV
Be-window thickness 0.25 mm
Transmission ∼ 82% at 6.5 keV
Resolution 700 eV FWHM at 13 keV

Table 3.2: Calibration Lines

Source Dominant x-ray line energies (keV)
241Am 13.946 17.751 26.345 59.541

Figure 3.12: A typical x-ray spectrum detected by an high-purity germanium detector
(ORTEC GLP36360/13). Krypton was injected during the measurement.
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The produced spectra were then compared with the preliminary measurement of the

KLL DR of carbon-like krypton and other ion species believed to be present in the trap,

and matched with their respective characteristic x-ray emission lines. These lines are

from the processes such as direct excitation, radiative recombination, and dielectronic

recombination. Background ions such as barium and tungsten are also found in the

EBIT trap, as these ionic species evaporate off the cathode and become ionized, thereby

providing characteristic emission lines at charge states governed by the electron beam

energy. Figure 3.12 shows a typical x-ray energy spectrum obtained from one of the

germanium detectors. The lower energy x-ray spectrum is dominated by bremsstrahlung

as well as distinct emission lines of background ions. On the higher energy side, an

intense peak of Kα emission of krypton ions at 13 keV can be seen, which is emitted

due to resonant recombination processes.
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Chapter 4

Polarization measurement of

dielectronic recombination

transitions

This chapter describes the first results of an experiment dedicated to measurements

of linear polarization of x rays produced by dielectronic recombination (DR) into highly

charged ions. As discussed in the section 1.4, to this date, little attention has been paid

to the polarization measurements in the resonant recombination processes. Previously,

Shlyptseva and coworkers had measured polarization properties of x rays in dielectronic

satellite transitions using Bragg crystal spectrometer at Livermore EBIT [87, 88, 140].

Although Bragg crystal spectrometers have excellent energy resolutions, their efficiencies

are typically small and also they have limited x-ray energy bandwidth. Moreover, the

analysis of polarization-dependent spectra is difficult since they have to be corrected for

the crystal’s reflectivity and its polarization sensitivity. Therefore, no information on

degree or angle of polarization was extracted in those experiments. These shortcom-

ings of previously performed measurements calls for a new technique and a dedicated

polarimeter which can be applicable to a wide range of x-ray energies.

For the present experiment, we have developed a dedicated polarimeter to measure

the degree and angle of linear polarization of x rays following dielectronic recombination

into highly charged krypton ions. This polarimeter applies the principle of Compton

scattering. The Compton polarimeter consists of a scattering target and an array of

silicon p-doped–intrinsic–n-doped (SiPIN) semiconductor junction diodes to sample the

azimuthal distribution of the Compton scattered x rays. The x-ray polarization mea-
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surements are carried out for five DR resonances and radiative recombination (RR) of

electrons into the n = 2 shell of highly charged krypton ions. The degree of linear polar-

ization of K -shell x rays is extracted and then compared with the theoretical calculations

carried out using the relativistic configuration interaction based Flexible Atomic Code

(FAC) [158]. Furthermore, the effects of Breit interaction on the polarization is also

investigated in the present measurements.

In the Sec. 4.1, we describe our experimental setup and present the Compton po-

larimeter. The data analysis method used to extract the degree of linear polarization is

described in Sec. 4.2. In Sec. 4.3, we compared experimental results with the theoretical

predictions and discuss the final results. Finally, a summary is given in Sec. 4.4.

4.1 Experiment

4.1.1 DR measurement setup

The experimental setup used in the present measurement is shown in Fig. 4.1. The

FLASH-EBIT [175, 181] developed at Max-Planck-Institute for Nuclear Physics was

used. The details about the FLASH-EBIT device are discussed in chapter 3. Here,

an electron beam of 100 mA of current emitted from a cathode is guided by a 6 T

magnetic field through a set of drift tubes. The magnetic field of 6 T is achieved by

superconducting Helmholtz coils with the current of 114 A. The beam is compressed by

a strong magnetic field, and is reduced to a diameter below ∼ 50 µm at the center of

the trap. The beam diameter is calculated according to the operational parameter of

the EBIT using Herrmann’s optical theory of electron beam (see Sec. 3.2.1). The space

charge potential of the highly compressed electron beam radially traps the ions. An

electrostatic trap in the axial direction is created by biasing the middle drift tube to a

lower potential, as compared to the neighboring drift tubes. The axial trap depth was

set to roughly 100 V with the space charge potential correction (see Sec. 3.2.2).

In the present experiment, krypton gas was continuously injected into the trap by

means of an atomic beam. Such a beam was created using a two-stage collimation and

a differential pumping system. The details of differential pumping system are described

in Sec. 3.1.2. The pressure at the injection and the trap was 4.16×10−7 mbar and

5×10−10 mbar, respectively. Highly charged krypton ions in the charge state from Kr18+

to Kr34+ were produced through successive electron impact ionization. The trapped

ions are dumped every 300 sec from the trap with a period of 3 sec. This prevented

accumulation of unwanted heavy ionic species emitted from the electron gun, such as
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Figure 4.1: Schematic diagram of the EBIT and the layout of the Compton polarimeter.
The electrons are emitted from the cathode and accelerated towards the trap center
where they collide with trapped highly charged krypton ions. The x rays, emitted in the
collision processes, are collimated and Compton-scattered in a block of beryllium and
their azimuthal scattering distribution is recorded by 12 SiPIN diodes. Unscattered x
rays are recorded by an additional germanium detector.
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CHAPTER 4: Polarization measurement of dielectronic recombination transitions

Table 4.1: Operational parameters of the FLASH-EBIT in the present experiment.

Parameter Value
Electron beam current 100 mA
Magnetic field 6 T (Current: 114 A)
Trap voltage offset 100 V
Scan energy 8.6 – 9.7 keV
Sweep rate 1.8 eV/s
Beam radius ≈ 24.42 µm
Dump cycle 300 sec
Dump time 3 sec
Pressure of gas injector 4.16×10−7 mbar

barium and tungsten. The ions are dumped by lowering the first collector side (C1)

drift tube potential to zero (relative to the central drift tube potential). The consecutive

collector side drift tubes C2, C3 and Trumpet C was also set to zero potential relative

to central drift tube potential.

The electron beam energy was swept across the range of KLL DR resonances, where

a free electron is captured into the L-shell while exciting a bound electron from the K -

to the L-shell of the ion. For this, the drift tube platform voltages are varied from 6.6 to

7.7 kV with a slow slew rate of 1.8 V/s with a triangular wave function. In addition to

that, cathode was set at 2 kV. The slow variation of electron beam energy is necessary to

ensure an equilibrium charge state distribution [99, 191] of krypton ions inside the trap.

The experimental parameters were optimized to obtain a high x-ray count rate while

allowing for the electron beam energy resolution sufficient to resolve the DR resonances.

For a moderate beam current of 100 mA and the trap depth of 100 V, we achieved a

collision energy resolution of 21 eV full width at half maximum (FWHM) at 9 keV. The

details of operational parameter of FLASH-EBIT for the present experiment are given

in the Table 4.1.

X rays emitted by the ions in the trap as the signature of RR and DR were detected

with a high-purity germanium detector having the energy resolution of about 750 eV

FWHM at 13 keV. The detector observed x rays emitted in a direction perpendicular to

the electron beam propagation direction. The solid angle covered by this detector was

0.0087 sr. The characteristics of germanium detector used in the present experiment are

discussed in the previous section 3.3. Fig. 4.2 (a) shows a typical x-ray energy spectrum

observed by the germanium detector. At lower energies, the spectrum is dominated by

bremsstrahlung and x-ray lines produced by the trapped impurity ion species. The faint

feature at 10 keV is produced by RR into the n = 3 shell of highly charged krypton.

72



4.1. Experiment

The x rays at 13 keV are produced by RR into the n = 2 shell and by the KLL DR

processes. The intensity of the x rays as a function of the electron beam and x-ray

energies is shown in Fig. 4.4 (a), where the diagonal window outlines the region of RR

into the n = 2 shell and KLL DR resonances. The visible bright spots at well-defined

electron and x-ray energies in Fig. 4.4 (a) correspond to the x-ray intensity enhancement

due to DR resonances in different ionic charge states of krypton.

4.1.2 Polarization measurement setup

The linear polarization of 13 keV x rays emitted in RR and DR processes is measured

perpendicular to the electron beam axis by the Compton polarimeter, see Fig. 4.1 and

Fig. 4.3. The polarimeter was developed by our research group for x-ray energy regime

from 10–30 keV to study various radiative atomic processes in low- and mid-Z ions.

The detailed design and the operation principles of this polarimeter are discussed in

Ref. [192].

In brief, polarized x rays from the EBIT is collimated by a round aperture with a

diameter of 15 mm. Collimated x rays are scattered in 10 mm thick beryllium target with

dimensions of 50 × 50 × 10 mm. Beryllium was chosen for its low photo-absorption

cross section. The energy-dependent x-ray transmission of the beryllium scatterer is

shown in Fig. 4.2 (a). Collimated x rays are scattered at a polar angle of θ ≈ 50◦.

The scattered x rays are recorded by 12 SiPIN diodes, giving the azimuthal scattering

intensity distribution. SiPIN diodes with the dimensions of 7× 7× 0.38 mm are glued on

small printed circuit board (PCB). The latter are arranged equidistantly on flat surface

of PCB with their centroids forming a circle with a diameter of 49 mm (see Fig. 4.3 (a)).

These diodes were operated at room temperature.

The signals from the SiPIN diodes are amplified with charge sensitive preamplifier,

which were placed on the opposite side of the PCB (see Fig. 4.3 (b)). This minimize

the path connecting the diodes and the preamplifiers. The preamplified signals from the

SiPIN diodes were processed using 100 MHz sampling 14-bit analog-to-digital convert-

ers. The x-ray energies are extracted with the help of moving window deconvolution

algorithm [193] implemented in a firmware of digitizer cards. This setup provided the

x-ray energy resolution of 3.2 keV FWHM at 13 keV.

Fig. 4.2 (b) shows a typical x-ray spectrum observed by a SiPIN diode when the

electron beam energy is tuned to the DR resonance. The peak at 13 keV corresponds

to the x rays produced by RR into the n = 2 shell and KLL DR processes. Since

SiPIN diodes have poor energy resolution compared to germanium detectors, the x
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Figure 4.2: (a) An x-ray spectrum I(E) recorded with the germanium detector (solid
line). The dash-dotted line is the energy dependent x-ray transmission probability T(E)
through the 10 mm thick beryllium scattering target. The dashed line is the product of
the both previous functions and the response function G(E) of the SiPIN diode to 13 keV

x rays: G(E) = exp
(
−4 ln 2

(
E−13 keV

3.2 keV

)2
)

. (b) A typical x-ray energy spectrum observed

by a SiPIN diode when the electron beam energy is tuned to a DR resonance. The solid
curve represents the fitted DR peak having the profile of G(E) and the background is
shown as the dashed line.
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Figure 4.3: (a) Top side: SiPIN diodes mounted on printed circuit board (PCB). Thin
aluminized Mylar foil is used to protect SiPIN diodes from the stray radiation. (b)
Bottom side: Mounted preamplifiers on the back side of the PCB. (c) Cross-section of
the polarimeter (from [192]). (d) Assembled polarimeter with mounted x-y table and
the collimator. The x-y table helps to align the collimator in the center of the scattering
target.
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CHAPTER 4: Polarization measurement of dielectronic recombination transitions

rays due to RR into the n = 3 shell and bremsstrahlung x rays also contribute to the

observed intensity. Very high count rate feature below 6 keV is due to electronic noise.

Furthermore, the detector housing protect SiPIN diodes from the unwanted ambient

x rays. In addition, the diodes are also protected from stray light by thin aluminized

Mylar foils.

4.2 Data analysis

The total number of x rays detected within the outlined window in the upper panel (a)

of Fig. 4.4 is shown in the lower panel (b) of the same figure as a function of the electron

beam energy. Since the energy spread of the electrons follow normal distribution and

natural width of excited state is much smaller than the energy spread, each DR resonance

can be described by a Gaussian centered around the resonant energy [99, 194]. Thus,

all observed KLL DR resonances are fitted with a set of Gaussian functions. In the

fitting procedure, the centroids and the amplitudes of the resonances are treated as

free parameters while their widths are fixed to the experimental electron beam energy

resolution of 21 eV.

The observed resonances were identified with the help of theoretical calculations per-

formed with FAC code [158]. The details of calculations are described in Sec. 2.3. The

resonances are labeled according to the initial charge state of the ion (before the cap-

ture of the electron) followed by a number. Similar nomenclature was used in earlier

studies [110, 124, 141, 195]. The configurations of initial states responsible in forma-

tion of intermediate excited state (DR resonances) and radiative decay of these excited

states to the many final states are given in standard atomic notations, see Table 4.2.

The electron beam energy was calibrated using He1 and C1 resonances, having the-

oretical resonance energies of 8820.6 eV and 9430.5 eV, respectively. An overall very

good quantitative agreement between the resonance energies obtained with FAC and the

measured spectrum allows for identification of other DR resonances. We measured the

linear polarization of x rays produced by the well-resolved He2, Li1, Be2, Be3, and B1

– DR resonances as well as by the RR process. It is known from the theory that the x

rays produced by the He2 resonance are unpolarized; we used this resonance to control

possible systematic effects in our experiment.

In the Compton polarimetry technique, the linear polarization of the x rays is deter-

mined by the angular distribution of the Compton-scattered x rays. This distribution
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Figure 4.5: Geometry of Compton scattering. The scattered x-ray direction is defined by
the polar angle θ and the azimuthal scattering angle ϕ. The polarization plane contain
incident electric field vector of the polarized x-ray. The reaction plane is defined by the
electron beam and the x-ray propagation direction.

can be described by the well known Klein-Nishina formula [45]:

dσ

dΩ
∝ ~ω

~ω′
+

~ω′

~ω
− sin2 θ − P sin2 θ cos 2(ϕ− ϕ0), (4.1)

where ~ω and ~ω′ are the energies of the incoming and the scattered x rays, respectively,

and θ and ϕ are the polar and the azimuthal scattering angles, respectively (see Fig. 4.5).

Both the degree of linear polarization P and the angle of linear polarization ϕ0 can be

determined from this angular distribution.

Here, ϕ and ϕ0 are measured relative to the reaction plane defined by the electron

beam and the x-ray propagation directions, see Fig. 4.5. The angle of linear polarization

ϕ0 vanishes, since the geometry of the radiative collision process is symmetric with

respect to the reaction plane. In such case, the degree of linear polarization P is identical

to the first Stokes parameter P = (I‖−I⊥)/(I‖+I⊥), where I‖ and I⊥ are the intensities

of x rays polarized within the reaction plane and perpendicular to it.

The intensities of the scattered DR x rays recorded by different SiPIN diodes are

extracted by fitting the corresponding x-ray spectra with Gaussian functions together

with the background approximated by a linear function, see Fig. 4.2 (b). In the fitting

procedure, all parameters including the line intensity, width and centroid as well as the

offset and the slope of the background are set as free. The intensities of the scattered DR

x rays are extracted from the fits. Fig. 4.6 shows intensities of the scattered DR x rays
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4.2. Data analysis

as a function of the azimuthal scattering angle ϕ. The intensity modulation is clearly

observable, which indicates the linear polarization of the incoming x rays. According to

Eq. (4.1), the intensity modulation was fitted with the function:

I(ϕ) ∝ 1− P M cos 2(ϕ− ϕ0). (4.2)

Due to symmetry arguments, the angle ϕ0 should vanish. However, we use it in the

fitting procedure to account for a possible misalignment of the EBIT and polarimeter

axes. The factor M represents the intensity modulation produced by a beam of 100 %

polarized x rays. It was obtained by Monte-Carlo simulations using the GEANT4

toolkit [196, 197] together with the Livermore low-energy electromagnetic model for

the scattering processes [198]. The GEANT4 simulations take Compton scattering,

Rayleigh scattering, photoelectric effect, electron scattering, and bremsstrahlung into

account. The dimensions of the collimator, the scatterer and the SiPIN diodes are also

taken into account. The simulation results confirm the azimuthal scattering distribution

of 13 keV x rays with a form of Eq. (4.2). The modulation factor found to be M =

0.374. The GEANT4 simulations are discussed in details, follow Ref. [192].

As previously discussed, SiPIN diode has a low energy resolution compared to ger-

manium detector. Therefore, the contribution of bremsstrahlung and RR into n = 2, 3

shells cannot be separated from the x-ray line intensity observed by SiPIN diodes. Con-

sequently, bremsstrahlung contributes to the extracted degree of linear polarization.

In order to quantify these contributions, first we have estimated the contributions of

bremsstrahlung and RR into n = 3 shells to the intensity of the x-ray line observed

by the SiPIN diodes. For this, we have used the x-ray spectrum I(E) recorded by the

germanium detector where these contributions are clearly separated from the main x-ray

line. The germanium x-ray spectrum is multiplied to the beryllium scatterer transmis-

sion probability T(E) in order to obtain the spectrum of the x rays impinging on the

SiPIN diodes. This I(E) × T (E) x-ray spectrum is further multiplied by the response

function G(E) of the SiPIN diode, which takes the energy resolution of the diode into

account. The final I(E)×T (E)×G(E) spectrum is shown in Fig. 4.2 (a) by the dashed

line. The contributions of bremsstrahlung and RR into n = 3 shells to the main x-ray

line are visible as a faint feature at energies lower than 11 keV. Both processes together

contribute to the x-ray intensity by 1–5 % and hence they were neglected in the analysis.

Since the x rays produced by RR into n = 2 shell and by DR process has identical

energies, the contribution of RR into n = 2 shell to the x-ray line intensity measured

by the SiPIN diodes cannot be separated from that of DR. However, the contributions
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can be determined by fitting the observed x-ray intensity as a function of the electron

beam energy using Gaussian functions for the DR transitions and a linear baseline for

RR, see Fig. 4.4. The x-ray energy produced by RR is equal to the sum of the electron

beam energy and binding energy of the recombined state, thus, it can be approximated

by a linear function. The contributions of RR (fRR) to the DR resonances He2, Li1,

Be2, Be3, and B1 were found to be 22 %, 18 %, 4 %, 6 % and 10 %, respectively. Their

values and respective statistical errors corresponding to 1σ are given in Table 4.3.

It follows from Eq. (4.1) and (4.2) the measured degree of polarization P is formed

by the polarization of the RR x rays (PRR) and DR x rays (PDR):

P = PRR fRR + PDR (1− fRR). (4.3)

In order to determine the degree of linear polarization of RR x rays, we measured

the RR polarization at a fixed electron beam energy of 8760 eV. The degree of linear

polarization of RR x rays is extracted from the intensity modulation observed by the

SiPIN diodes, and it is found to be PRR = 0.41 ± 0.1. This experimental value was

compared with the results of the relativistic distorted–wave calculations performed with

FAC for the electrons recombining into 2s1/2, 2p1/2, and 2p3/2 subshells of initially He-

like through N-like krypton ions. The calculated RR cross sections and the polarization

is presented in appendix C. The theoretical result PRR ≈ 0.59 does not agree with the

experimental value. Since statistics for RR in the present experiment is very low, we

have not concluded on any specific reason for such a discrepancy. This discrepancy will

be addressed in future experiments.

Using the He2 resonance having the total angular momentum Jd = 1/2 and pro-

ducing unpolarized x rays, we have verified that our experimental setup does not have

instrumental asymmetries affecting the polarization measurement. The modulation of

the azimuthal angular distribution of the scattered x rays following He2 resonance seen

in Fig. 4.6 is due to the admixture of the polarized RR x rays.

Following the data analysis method, the degree of polarization of DR x rays PDR is

extracted by deconvoluting the polarization of RR x rays PRR according to Eq. (4.3).

The experimental findings are summarized in Table 4.3. The uncertainties in the degrees

of KLL DR polarization PDR are caused by the fits of Eq. (4.2) and the errors of fRR and

PRR. Moreover, the depolarization effect introduced by the thermal velocity component

of the electron beam in the EBIT was estimated [188, 189] and found to be negligibly

small compared to the experimental errors. Therefore, no corrections are made.
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CHAPTER 4: Polarization measurement of dielectronic recombination transitions

Table 4.2: Initial, intermediate (excited) and final states are represented in standard
atomic configuration notations. Each configuration in the table are in j–j coupling
notation, where the round brackets stand for the angular momentum of coupled subshells
and subscripts after the square brackets denote the total angular momentum of the
given state. The radiative decay rates Adfr (in s−1) are calculated within electric dipole
approximation using FAC code. In the last column, values in round bracket refer to the
power of 10.

Label Initial state Excited state Final states Adfr
He2 [1s2]0 [(1s2s)02p1/2]1/2 [1s22s]1/2 8.18(14)
Li1 [1s22s]1/2 [1s2s22p1/2]1 [1s22s2]0 3.62(14)

[1s22p2
1/2]0 1.31(13)

[(1s22p1/2)1/22p3/2]1 3.83(12)
[(1s22p1/2)1/22p3/2]2 9.99(12)

Be2 [1s22s2]0 [(1s2s22p1/2)12p3/2]3/2 [1s22s22p1/2]1/2 1.24(15)
[1s22s22p3/2]3/2 2.95(14)
[1s22p2

1/22p3/2]3/2 3.87(12)

[(1s22p1/2)1/2(2p2
3/2)2]3/2 3.29(12)

[(1s22p1/2)1/2(2p2
3/2)2]5/2 9.73(12)

[(1s22p1/2)1/2(2p2
3/2)0]1/2 3.37(12)

Be3 [1s22s2]0 [1s2s2(2p2
3/2)2]5/2 [1s22s22p3/2]3/2 5.40(14)

[1s22p2
1/22p3/2]3/2 3.39(11)

[(1s22p1/2)1/2(2p2
3/2)2]3/2 8.71(12)

[(1s22p1/2)1/2(2p2
3/2)2]5/2 1.19(13)

[1s2(2p3
3/2)3/2]3/2 1.20(12)

B1 [1s22s22p1/2]1/2 [1s2s22p2
1/22p3/2]1 [1s22s2(2p2

1/2)0]0 1.21(15)

[1s22s22p1/22p3/2]1 1.20(14)
[1s22s22p1/22p3/2]2 5.30(14)
[1s22s2(2p2

3/2)2]2 4.49(12)

[1s22p2
1/2(2p2

3/2)2]2 8.43(12)

[1s22p2
1/2(2p2

3/2)0]0 2.14(12)
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4.3 Results and Discussion

To compare experimental results, the theoretical values of the degree of linear polar-

ization of DR x rays are computed with the FAC code. As described previously in the

theory section 2.2.2, the degree of linear polarization of x rays emitted in DR process

depends on the alignment parameter A2 and the intrinsic anisotropy parameter αdf2 . The

magnetic sublevel cross sections σMd
were calculated with the distorted–wave approxi-

mation, in order to evaluate the alignment parameter A2. Besides fully accounting for

the Breit interaction in our calculations, we likewise limit our calculation of alignment

parameter A2 to pure Coulomb terms. The calculated values of alignment parameter

A2 is given in Table 4.3. The DR resonance (intermediate excited state) can decay

to the final state by several possible close–lying radiative channels (see Fig. 2.4). The

dominant E1 radiative channels and their decay rates are computed in order to get the

“effective” intrinsic anisotropy parameter ᾱdf2 . The radiative decay rates Adfr are given

in Table 4.2 as well as the “effective” intrinsic anisotropy parameter ᾱdf2 in Tab. 4.3. It

should be noted that the radiative decay through higher-order multipole channels are

found to be a few orders of magnitude less than the dominant E1 channels, therefore,

their contributions are neglected in the present calculations.

Using the calculated values of A2 and ᾱdf2 , according to Eq. 2.30, we give the final

value of degree of linear polarization of x rays emitted in DR process. The comparison

experimental and theoretical polarizations of DR x-ray lines are presented in Table 4.3.

The experimental values agree very well with the theoretical values within statistical

confidence limits.

The measured degree of linear polarization ranges from -0.84 to 0.46. We have

observed that the x rays following the Be2, Be3, and B1 resonances have positive degrees

of linear polarization, indicating that they are polarized within the reaction plane. The

negative degree of polarization in the case of the Li1 resonance indicates that its x rays

are polarized perpendicular to the reaction plane, see Fig. 4.5.

A positive degree of polarization can be expected since the angular momentum of

the incoming electron in the target frame is perpendicular to the electron collision axis.

This momentum is transferred into the total angular momentum Jd of the intermedi-

ate state predominantly populating magnetic sublevels with the least projection Md.

These are the sublevels with Md = 0 for integer Jd and Md = ± 1/2 for half-integer

Jd. In such cases, according to Eqs. (2.18) and (2.19), the alignment parameter A2 is

negative. Hence, the degree of linear polarization is positive for the x-ray transitions

with ᾱdf2 > 0 following the Be2, Be3 and B1 resonances. On the other hand, in case
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CHAPTER 4: Polarization measurement of dielectronic recombination transitions

of Li1 resonance, the population of the magnetic sublevel with Md = 0 is forbidden in

the non-relativistic limit (see Ref. [136]). Therefore, the magnetic sublevels with Md

= ±1 are predominantly populated. This leads to the positive alignment Ad2 according

to Eqs. (2.18). Consequently, the degree of linear polarization of x rays following Li1

resonance is negative.

It was previously discussed that the Breit interaction between the incident and the

target electrons may strongly affect the anisotropy and the polarization of the emitted

DR x rays [136, 139, 199]. A large contribution is expected for high-Z, since the Breit

interaction occurs as a relativistic correction to the Coulomb repulsion. We found a

rather strong contribution of the Breit interaction to the degree of linear polarization of

DR x rays in krypton, which is significantly lighter than previously studied elements [93,

141, 195].

We found that the Breit interaction changes the value of polarization in the case of

the Li1 and B1 resonances, while no change was noticed in the case of the Be2 and Be3

resonances. In brief, the latter case of Be2 and Be3 resonance can be explained by the fact

that the electron–electron interaction operator V is scalar. Since it is a scalar, according

to Eqs. (2.7), (2.15) and (2.16), V cannot affect the magnetic sublevel population of the

excited ion if only one partial wave of the free electron is allowed in the resonant capture

process. On the other hand, two partial waves are allowed in the resonant capture process

forming Li1 and B1 resonances. In such cases, both the alignment parameters and the

polarization of the characteristic radiation is governed by the interference between the

different allowed partial waves of a free electron. This interference depends on the free–

bound transition matrix elements. Hence, it also depends on the details of the electron–

electron interaction [200, 201]. The influence of the Breit interaction on resonant capture

process is discussed more in details in the following Chapter 5.3.3.

The Breit interaction decreases the alignment parameter A2 of B1 resonance by 1 %

and of Li1 resonance by 9 %. The latter means that in the case of the Li1 resonance

the population of the Md=0 sublevels is increased due to the Breit interaction by a

factor of 30, which is remarkable for a middle-Z element like krypton. This noticeable

change in the population of the magnetic sublevels leads to a 13 % decrease in the degree

of linear polarization of x rays produced by Li1 resonance. Although, this represents

a small contribution of the Breit interaction as compared to the previously measured

contributions in heavy elements [93, 195], this experiment is nonetheless precise enough

to validate full-order theoretical calculations including the Breit interaction, and to rule

out by 2σ calculations that treat the electron–electron interaction purely by the Coulomb

repulsion. This precision is certainly a consequence of our experimental technique to
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CHAPTER 4: Polarization measurement of dielectronic recombination transitions

measure the polarization of DR x rays with the help of novel Compton polarimeter.

4.4 Summary

In this work, we have studied theoretically and experimentally the polarization proper-

ties of dielectronic recombination lines in K -shell x-ray spectra of highly charge krypton

ions. The degree of linear polarization of KLL DR x rays was measured with the Comp-

ton polarimetry technique. The experimental results are in excellent agreement with

the theoretical calculations of FAC code. The contribution of the Breit interaction was

precisely examined for mid -Z krypton. The Breit interaction contribution to electron–

electron interaction was demonstrated to change the degree of linear polarization for

the resonance state of Li-like krypton. The obtained data also benchmark the flexible

atomic code for the x-ray polarization calculations for the mid -Z element. This experi-

mental technique opens a window to look into the angular distribution and polarization

properties of x rays emitted in atomic collisions, which are important for diagnostics of

hot astrophysical and laboratory plasmas, such as those of International Thermonuclear

Experimental Reactor (ITER).

86



Chapter 5

X-ray emission asymmetries in

resonant recombination transitions

The polarization of dielectronic recombination transitions was measured at the elec-

tron beam ion trap with the help of a novel Compton polarimeter, discussed in the

Chapter 4. The degree of linear polarization of x rays due to five DR resonance as well

as due to RR of electrons into the n = 2 shell of highly charged krypton was measured

in the experiment. This experiment had few limitations. Namely, the optimization

for higher photon count rates led to a poor electron beam energy resolution, thereby,

restricting the measurement only to “well-resolved” resonances. Even due to that the

higher-order recombination resonances were not seen in the experiment. Furthermore,

for each resonance, the data accumulation time for polarization was quite long. The

need of laboratory data was clearly expressed in Sec. 1.3, which demands a fast and

effective technique allowing the systematic investigation of polarization of dominant res-

onant recombination channels. This is necessary to develop reliable models for plasma

polarization diagnostics. We know that the polarization and anisotropy, both properties

of the emitted radiation are equivalent, within the electric dipole approximation [136]

since they both are caused by a nonstatistical population of the magnetic sublevels in

collisionally excited states. Therefore, the polarization properties of x rays produced in

resonant recombination processes can be probed by measuring the angular distribution

of these x rays.

In this chapter, we present the first systematic measurement of the x-ray angular dis-

tribution in the inter-shell dielectronic recombination (DR), trielectronic recombination

(TR) and quadroelectronic recombination (QR) into highly charged iron and krypton
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CHAPTER 5: X-ray emission asymmetries in resonant recombination transitions

superconducting
Helmholtz-coils

ion cloud

electron collectordrift tubes

Ge detector 0o

cathode

x-rays

electron beam

Ge detector 90o

Figure 5.1: The experimental setup: the highly charged iron and krypton ions were pro-
duced and trapped within the intense monoenergetic and unidirectional electron beam.
The energy of the electrons was tuned into the recombination resonances and the emit-
ted x rays were observed by two identical germanium detectors placed at 0◦ and 90◦

with respect to electron beam propagation axis.

ions. An excellent electron energy resolution was achieved compared to the previous

experiment. This allowed us to resolve a large number of DR, TR, and QR resonances.

The x rays emitted in the decay of intermediate excited states were simultaneously ob-

served by two germanium detectors aligned along and perpendicular to the electron

beam propagation direction. The intensities of K -shell x-ray transitions from both de-

tectors were recorded as a function of the electron beam energy. The degree of linear

polarization was extracted from the measured x-ray emission asymmetries. Moreover,

the polarization properties of hitherto neglected weaker processes such as TR and QR

were measured for the first time.

The first section 5.1 describes the experimental technique, data analysis method and

results of the experimental investigation involved highly charged iron ions. The second

section 5.2 describes the same for the experiment with highly charged krypton ions.

Finally, in section 5.3, the results of both experiments are discussed in details.

88



5.1. X-ray emission asymmetries: Resonant recombination of Fe18+...24+

5.1 X-ray emission asymmetries: Resonant recom-

bination of Fe18+...24+

5.1.1 Experiment

The experiment was performed at the FLASH-EBIT [181] with trapped ions in the He-

like through O-like iron ions produced by successive electron impact ionization. The

experimental arrangement is shown in Fig. 5.1. The high magnetic field of 6 T at the

trap center compresses the monoenergetic electron beam to a radius of ≈ 24.4 µm. Ions

are trapped radially by its negative space charge, and axially by electrostatic potentials

applied to the drift tubes. In the present experiment, iron was continuously being

injected into the trap as a molecular compound (Fe(CO)5 – iron pentacarbonyl), via

the differential pumping system. The pressure at the injection and the trap was 1.1 ×
10−7 mbar and 1.5 × 10−10 mbar, respectively. Overall, FLASH-EBIT was operated

under ultrahigh vacuum conditions (P ≤ 5 × 10−10 mbar) during the experiment.

For steady-state conditions [191], electron-ion collision energy was swept over the

range of DR, TR, and QR resonance exciting K -shell electrons for iron ions. The electron

beam energy was continuously scanned from 4.5 keV to 5.2 keV with the rate of 1.16 eV/s

in a triangular shape wave function. The experimental parameters were optimized for

two criteria as following:

(a) A deeper trap with a higher density of ions in highly charged state ions (He-, Li-

like ions): For this purpose, the deeper axial trap was used with 100 mA of the electron

beam current. The ion trap was dumped repeatedly for a second in every 20 seconds,

therefore, greater density of higher charge states can be achieved by storing ions for a

longer time. Considering the higher beam current with deeper trap setting, we bring

about electron-ion collision energy resolution of 11 keV FWHM at 5 keV.

(b) For observation of the weak and blended higher-order resonances, high collision

energy resolution is required. Therefore, in this case, we improved energy resolution

by evaporative cooling technique [202] in combination with a moderate electron beam

current (70 mA here) sufficient for an efficient ionization and recombination yield. This

was comprehended by lowering the axial potential well applied to the drift tubes. Ad-

ditionally, the ion dump frequency was increased (every 5 sec) to reduce accumulation

of higher charge state ions as well as unwanted heavy ionic species like tungsten and

barium from the electron gun. The intensity of x rays was recorded as a function of the

time after the ion dump. The Fig. 5.3 shows that the higher charge states take more

time to breed compared to lower charge states. With this method, the finest collision

89



CHAPTER 5: X-ray emission asymmetries in resonant recombination transitions

Table 5.1: Operational parameters of the FLASH-EBIT in the present experiment. (a)
and (b) corresponds to two different measurements.

Parameter Value
Electron beam current (a) 100 mA (b) 70 mA
Magnetic field 6 T
Trap offset potential (a) 110 V (b) 20 V
Scan energy 4.2keV - 5.2 keV
Sweep rate 1.16 eV/s
Beam radius ≈ 24.4 µm
Trap length 50 mm
Dump cycle (a) 20 s (b) 5 s
Pressure of gas injector (a) 1.2× 10−6 mbar

(b) 1.1× 10−7 mbar

energy resolution of 6 keV FWHM at 5 keV was achieved. We note that the resolution

in this energy range was higher than any previously reported and allowed to distinguish

a well-resolved TR and QR along with DR resonances. A list of operational parameters

of the FLASH-EBIT is summarized in Table 5.1.

To observe the angular distribution, the radiative decay of intermediate excited states

have been simultaneously observed by two identical germanium detectors aligned parallel

(0◦) and perpendicular (90◦) to the electron beam propagation axis, see Fig. 5.1. Both

detectors have an intrinsic x-ray energy resolution of approximately 550 eV FWHM at 13

keV. The x-ray detection at EBIT is typically done perpendicular to the electron beam

propagation axis. For this experiment, a beryllium window was installed at the electron

beam collector chamber to observe x rays along the electron beam propagation axis.

However, at this observation point, the solid angle and the x-ray flux are significantly

reduced compared to detector perpendicular to the electron beam propagation axis. The

solid angle was 0.0087 sr for detector at 90◦, whereas the solid angle for x-ray detection

along the electron beam was 0.00073 sr. Hence, the detector at 0◦ covered 11.9 times

smaller solid angle compared to the detector at 90◦.

A typical two-dimensional histogram of the electron-ion recombination processes ob-

served in the KLL region is shown in Fig. 5.2. The x-ray energy was calibrated using

radioisotopes, whereas the electron beam energy was calibrated using theoretical reso-

nance energies. The visible bright spots are KLL resonances in He-like to O-like iron

ions. Each resonance is identified by the initial charge state of iron in which resonant

recombination occurred. The radiative recombination (RR) into the n = 2 shell is visible

in the background of Fig. 5.2. It has a diagonal shape since it is the sum of the electron

energy and the binding energy of the L-shell. The lower background is due to radiative
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Figure 5.2: Scatter plot of x-ray intensity as functions of x-ray and electron beam energy.
The solid lines delimit the region of interest for the horizontal projection. The dashed
lines delimit the constant background of RR. Each bright spot is KLL DR resonance
identified by the charge state of the initial ion. The x-ray intensity shown here is from
the detector at 90◦.

Figure 5.3: Evolution of the iron KLL recombination resonances in dependence of the
dump cycle time.
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recombination into other heavy elements present in the trap, like barium or tungsten.

The observed x rays from the detector at 90◦ is shown in Fig. 5.2, a similar histogram

was obtained for the detector at 0◦.

5.1.2 Data analysis

The x-ray intensity as a function of electron beam energy was obtained by setting a cut in

the data (illustrated by black solid lines in Fig. 5.2), which selects the events in the region

of interest, shown in the middle panel of Fig. 5.4. Several x-ray resonance transitions

were observed in this region of interest (See Fig. 5.4). The x-ray resonant transitions were

identified by extensive and detailed calculations using the FAC code [158]. Full–order

configuration interaction and mixing between the states are taken into account in order

to identify TR and QR resonances. The corresponding theoretical resonant strength is

also calculated to quantify the relative weight that each excited state contributes to the

x-ray line. Several DR, TR and QR transitions were well resolved.

The electron beam energy is described by the sum of all accelerating potentials, in-

cluding the scanning voltage, together with the space charge potential of the electron

beam. The energy dependent part of the space charge potential was calculated at max-

imum and minimum acceleration potentials and can be considered to be constant along

the energy scan [191]. Thus, the electron beam energy scale is calibrated using theoreti-

cal resonance energy. The electron beam energy scale of measurement (a) in Fig. 5.4 was

calibrated using x-ray lines 1 and 8, corresponding to energies of 4554.4 eV and 4697.8

eV, respectively. Similarly, for measurement (b), the x-ray lines 20 (4858.9 eV) and 31

(4952.2 eV) were employed.

The observed spectra were corrected for the detector’s solid angles and the back-

ground arising from radiative recombination. The background dominated by RR was

fitted with a linear function and subtracted from the DR intensity. The detector’s

solid angle factor can be corrected using theoretically known isotropic DR transition.

For the measurement (a), we selected the DR resonance [1s2s2]1/2 (line 1) formed by

initial He-like ions to obtain the solid angle correction factor. It was found to be

Ω0◦/Ω90◦ = 0.09 ± 0.02. Whereas in measurement (B), the observed isotropic tran-

sitions have very low statistics. Hence, we corrected detector solid angle using the TR

resonance [(1s2s22p1/2)02p3
3/2]3/2 (line 31) formed by initial C-like ions. This resonance

has the theoretical resonance strength ratio of S(0◦)/S(90◦) = 1.55. We selected this

transition for its relative high resonance strength and null influence of the Breit interac-

tion on its angular distribution [131]. For this case, the measured solid angle correction
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CHAPTER 5: X-ray emission asymmetries in resonant recombination transitions

factor was found to be Ω0◦/Ω90◦ = 0.08 ± 0.003. In both cases, the used normalization

resonances were well separated from the neighboring transitions.

Each resonance in the spectrum can be described by a Gaussian centered around the

resonant energy Eres. The amplitude of each resonance is obtained by fitting them with

Gaussian functions. This can be done because the energy spread of the electron follows

a normal distribution [99, 194] and the natural width of the excited state is much lower

than energy spread. Since the fine-structure splitting scales with Z 4, resonances in lower-

Z elements are less isolated. Thus, the selected energy region in the iron spectra contain

high density of the excited states. For this reason, we make the following criteria, to avoid

possible interference effects between two excited states in the fitting procedure. (1) We

consider only excited states in the fitting procedure where the resonance energy difference

between them is more than half the collision energy resolution – for measurement (a)

5 eV and (b) 3 eV. Otherwise, blended lines were fitted with a single Gaussian function.

(2) The excited states with relative resonance strengths less than ≈ 5% were not taken

into the fit.

Applying these criteria, the amplitudes and centroids corresponding to each reso-

nance were fitted to the spectrum observed by the detector placed perpendicular to the

electron beam propagation direction. Referring to the higher solid angle covered by this

detector, the spectrum at 90◦ had significantly higher statistics. In the first step of the

fitting procedure, the widths of all resonances were fixed to the measured electron energy

resolution and their corresponding energy distributions were taken to be Gaussians. In

the second step, the similar procedure was performed for the spectrum observed along

the electron beam propagation direction. Here, the line centroids were fixed to the

ones received in the previous step, then extracted intensities were corrected for detec-

tor’s solid angle factor. It should be noted that very large level of statistics allowed to

reliably extract the centroids and the intensities of even blended strong resonance lines.

5.1.3 Results

The number of DR, TR, and QR resonances are prominent in the spectra. The line

centroids extracted from the fitting procedure are in an excellent agreement with the

resonance energies obtained with the FAC code. From Fig. 5.4, it is apparent that the

intensities of most of the observed resonant transitions differ when it is observed along

and perpendicular to the electron beam axis. This indicates that the x-ray emission from

resonant transitions is anisotropic. We quantify the emission asymmetries by taking the
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5.1. X-ray emission asymmetries: Resonant recombination of Fe18+...24+

ratios:

R ≡ I(90◦)− I(0◦)

I(90◦)
. (5.1)

Following the data analysis method, the emission asymmetries R is extracted for

each fitted recombination transition. The experimental values of R are summarized in

the Table 5.2 as well as in the top panels of Fig. 5.4. The uncertainties in the emission

asymmetries are taken as a quadrature sum of the errors arose from the fitting procedure

and errors due to solid angle corrections.

Comparison with the theory:

As described in the theoretical section 2.2, the x-ray emission asymmetries and polar-

ization result from the nonstatistical population of magnetic sublevels in the intermediate

excited states. The angular distribution of x rays following aligned excited state of the

ion is given by Eq. (2.24). Since all the radiative transitions observed at 90◦ and 0◦

with respect to the electron beam propagation axis and they are of electric dipole (E1)

character, the angular distribution coefficients can be given as:

W (90◦) = 1− 1

2
ᾱdf2 A2, (5.2)

and

W (0◦) = 1 + ᾱdf2 A2. (5.3)

where A2 is the alignment parameter and ᾱ2 is the “effective” intrinsic anisotropy pa-

rameter, see Eq. (2.30).

Using Eqs. (5.2) and (5.3) into Eq. (5.1), the product αdf2 A2 (sometime it is referred

as the anisotropy parameter β [46, 94, 139, 203]) is given by:

αdf2 A2 = − 2R
3−R

. (5.4)

The same product of parameters A2ᾱ
df
2 also defines the x-ray polarization. Within

the leading E1 approximation the degree of linear polarization of x rays, emitted at the

angle θ with respect to the incoming electron propagation direction can be expressed as:

P (θ) ≡
I‖ − I⊥
I‖ + I⊥

=
3A2ᾱ

df
2 sin2 θ

A2ᾱ
df
2 (1− 3 cos2 θ)− 2

=
R sin2 θ

1 +R cos2 θ
, (5.5)

where I‖ and I⊥ are the intensities of the x rays polarized along and perpendicular to the

plane defined by the collision and x-ray emission axes. This equation indicates that the
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CHAPTER 5: X-ray emission asymmetries in resonant recombination transitions

linear polarization of characteristic radiation measured in the direction perpendicular

to the collision axis coincides — within the electric dipole approximation — with the

emission asymmetry: P (90◦) = R. Therefore, our angular resolved measurements can

provide the degree of linear polarization of the decay x rays.

The experimental emission asymmetries R, i. e., degree of linear polarization is

compared with the theoretical calculations of FAC code [158] and RATIP code [160].

The comparison with FAC results is outlined in Table 5.2 as well as in the top panel of

Fig. 5.4. The theoretical calculation takes resonance strengths and unresolved radiative

decay transitions into account. In the case of the unresolved intermediate excited state

(blended resonance), the “weighted” emission asymmetry R is given to compare with

experimental value. It is calculated according to the following formula:

R =

∑
i S

DR
i Ri∑

i S
DR
i

. (5.6)

where SDR is the resonance strengths calculated according to Eq. 2.12. The emission

asymmetry of line no. 7, 9, and the other in the Table 5.2 are calculated according to

this equation.

Synthetic spectra:

Synthetic spectra are calculated with the help of FAC code in order to account

all unresolved and weak transitions. For this purpose, all possible DR, TR and QR

resonances and their resonance energies and strengths are computed with FAC code

for KLL–configuration complex (see Sec. 2.3). Moreover, the parameters A2 and ᾱ2s
df

are also calculated in order to get the angular correction factors (or degree of linear

polarization). The calculated parameters are presented in Appendix A.

The differential resonance strength for each resonance is obtained by multiplying

the ionic abundance and the angular correction factors at respective angle 90◦ and 0◦.

The normalized ion abundance of each charge state nCS is obtained by taking the ratio

between the observed intensity of “well–separated” resonance formed by particular initial

ionic state ICS to the theoretical strength of that resonance SCS. For example, in case

of He-like initial ions, the normalized ionic abundance can be expressed by:

nHe =

[
IHe(90◦)
SHe(90◦)

]
∑[

ICS(90◦)
SCS(90◦)

] , (5.7)

where CS refers to charge states from He-like to O-like iron ions. Finally, the charge
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5.1. X-ray emission asymmetries: Resonant recombination of Fe18+...24+

state normalized differential resonance strengths are obtained for each resonance.

This charge state normalized differential resonance strength dS/dΩ as line amplitude

and the resonance energies Eres as line centroids are convoluted with the experimental

electron beam energy width to form theoretical Gaussian spectra. The bottom panel of

figure 5.4 shows the differential resonance strength dS/dΩ obtained at both 90◦ and 0◦

as a function of electron beam energy. The qualitative agreement is obtained between

the experimental and simulated spectra of FAC code.
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Table 5.2: Measured emission asymmetry R between perpendicular and parallel obser-
vation of x rays emitted in the resonant recombination process. The label in the first
column identifies the resonances in Fig. 5.4 made of a single excited state or an ensem-
ble of unresolved excited states. The capital letter P stands for the resonant process
in a given charge state CS of the initial ions from He-like to O-like Fe. The excited
states configurations are given in standard atomic notations. The measured resonance
energies Eres from the fits (except calibrated lines) are presented. Theoretical emission
asymmetry R with only the Coulomb repulsion (C) are compared with a full treatment
of the electron–electron interaction (C+BI).

Label CS P Excited State |d〉 Eres (exp) R (th) R (exp)

C C+BI value error

1 He DR [1s2s2]1/2 cal. 0.000 0.000 norm. -

2 He DR [(1s2s)02p1/2]1/2 4604.16 0.000 0.000 -0.047 0.150

3 He DR [(1s2s)12p3/2]1/2 4626.78 0.000 0.000 -0.125 0.159

4 He DR [(1s2p1/2)12p3/2]5/2 4636.94 0.500 0.500 0.508 0.072

5 He DR [(1s2p1/2)12p3/2]3/2 4650.91 0.500 0.500 0.425 0.081

6 He DR [1s(2p2
3/2)2]5/2 4660.44 0.445 0.446 0.315 0.095

7 He DR [1s(2p2
3/2)2]3/2 4674.46 -0.617 -0.608 -0.467 0.204

Li DR [(1s2s2p1/2)3/22p3/2]3

8 He DR [1s(2p2
3/2)0]1/2 cal. 0.000 0.000 0.123 0.124

9 Li DR [((1s2s)12p1/2)1/22p3/2]1 4712.69 0.320 0.319 0.114 0.123

Li DR [((1s2s)12p1/2)3/22p3/2]2

10 Li DR [(1s2s)1(2p2
3/2)2]1 4722.76 -0.372 -0.377 -0.216 0.169

Li DR [(1s2s)1(2p2
3/2)2]2

11 Li DR [((1s2s)02p1/2)1/22p3/2]2 4741.58 0.198 0.197 0.144 0.119

Li DR [(1s2s)1(2p2
3/2)0]1

12 Li DR [(1s2s)0(2p2
3/2)2]2 4752.35 0.565 0.568 0.490 0.075

Be DR [1s2s22p2
1/2]1/2

13 Li DR [(1s2s)1(2p2
3/2)2]1 4769.89 0.251 0.284 0.291 0.112

Be DR [(1s2s22p1/2)12p3/2]5/2

14 Li DR [1s2p2
1/22p3/2]1 4783.96 0.405 0.402 0.275 0.106

Li DR [(1s2p1/2)0(2p2
3/2)2]2

15 Be DR [(1s2s22p1/2)12p3/2]1/2 4790.54 0.468 0.466 0.324 0.094

Be DR [(1s2s22p1/2)12p3/2]3/2

Be DR [1s2s2(2p2
3/2)2]5/2

16 Be DR [1s2s2(2p2
3/2)2]3/2 4805.16 -0.384 -0.364 -0.317 0.189

Be DR [1s2s2(2p2
3/2)0]1/2
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17 Be DR [1s2s2(2p2
3/2)0]1/2 4812.28 0.000 0.000 0.075 0.152

18 Be DR [(1s2s)12p2
1/22p3/2]3/2 4829.72 0.539 0.539 0.581 0.144

19 B DR [1s2s22p2
1/22p3/2]1 4849.86 0.505 0.503 0.412 0.062

20 B DR [(1s2s22p1/2)0(2p2
3/2)2]2 cal. 0.421 0.423 0.392 0.053

21 B DR [(1s2s22p1/2)1(2p2
3/2)2]3 4861.44 0.438 0.438 0.416 0.057

22 B DR [(1s2s22p1/2)1(2p2
3/2)2]1 4869.28 -0.207 -0.201 -0.168 0.242

23 B DR [(1s2s22p1/2)0(2p2
3/2)0]0 4875.45 -0.238 -0.227 -0.163 0.021

B DR [(1s2s22p1/2)1(2p2
3/2)2]2

B DR [(1s2s22p1/2)1(2p2
3/2)0]1

24 B TR [1s2s22p3
3/2]2 4887.31 -0.451 -0.446 -0.431 0.050

25 B TR [1s2s22p3
3/2]1 4897.63 0.230 0.231 0.151 0.035

26 Be TR [(1s2s)02p3
3/2]3/2 4906.87 -0.680 -0.680 -0.350 0.663

27 Be TR [1s2s2(2p2
3/2)2]5/2 4919.52 0.435 0.435 0.412 0.123

28 C DR [1s2s22p2
1/2(2p2

3/2)2]5/2 4925.57 0.432 0.432 0.366 0.045

29 C DR [1s2s22p2
1/2(2p2

3/2)2]3/2 4933.96 -0.696 -0.696 -0.290 0.520

30 C DR [1s2s22p2
1/2(2p2

3/2)0]1/2 4937.10 0.000 0.000 -0.057 0.435

31 C TR [(1s2s22p1
1/2)02p3

3/2]3/2 cal. -0.548 -0.548 norm. -

32 C TR [(1s2s22p1/2)12p3
3/2]1/2,3/2 4962.92 0.129 0.129 0.184 0.026

33 B TR [(1s2s12p2
1/2)1(2p2

3/2)0]1 4971.73 -0.026 -0.026 0.242 0.174

34 B QR [((1s2s)02p1/2)1/22p3
3/2]2 4984.02 -0.110 -0.110 0.026 0.211

35 N DR [1s2s22p2
1/22p3

3/2]2 5010.22 -0.017 -0.032 -0.028 0.130

36 N DR [1s2s22p2
1/22p3

3/2]1 5017.66 -0.046 -0.038 -0.007 0.179

37 N TR [(1s2s22p1/2)12p4
3/2]1 5036.03 0.123 0.124 0.199 0.213

38 C QR [1s2s2p1/22p4
3/2]1/2 5075.40 0.000 0.000 -0.103 0.526

39 O TR [1s2s22p2
1/22p4

3/2]1/2 5081.11 0.000 0.000 0.006 0.123

The emission asymmetry of individual resonances, as well as the differential x-ray

intensity spectra, are in excellent agreement with the theoretical calculations. Such com-

prehensive comparison confirms the accuracy of FAC predictions. With few exceptions,

the agreement is excellent, even for inter-shell TR and QR KLL resonances, known since

a few years only [74, 75, 159]. The obtained results will be discussed and summarized

later in Sec. 5.3.
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Table 5.3: Operational parameters of the FLASH-EBIT. (a) and (b) corresponds to two
different measurements.

Parameter Value
Electron beam current 70 mA
Magnetic field 6 T
Trap offset potential (a) 130 V (b) 100 V
Scan energy 8.7 – 9.8 keV
Sweep rate 1.8 eV/s
Beam radius ≈ 24.34 µm
Trap length 50 mm
Dump cycle 107 s
Pressure of gas injector 3× 10−7 mbar

5.2 X-ray emission asymmetries: Resonant recom-

bination of Kr28+...34+

In addition to the experiment with highly charged iron ions, we performed a similar

experiment with highly charged krypton ions. This study helps to gain insight in the

atomic number Z -dependency of the degree of linear polarization. The polarization of

a few KLL DR resonances of highly charged Kr ions was already investigated in our

previous experiment using the Compton polarimetry technique. Here, we make the

complete measurement of the x-ray emission asymmetries in the KLL DR, TR, and QR

transitions of highly charge Kr ions.

5.2.1 Experiment

In the present experiment, krypton gas with a natural isotopic abundance was injected

into the trap. The pressure at the injection and trap was 3× 10−7 mbar and 1.2× 10−9

mbar, respectively. The electron beam energy was continuously scanned over the K -shell

recombination resonances, namely from 8.7 keV to 9.8 keV. The trapped ions are dumped

periodically every 107 seconds. The electron beam current was set to the moderate value

of 70 mA in order to limit the energy spread of the electron-ion collision energy.

As in the previous case of iron, here, the trap settings were optimized for two criteria:

(a) a deeper trap with a higher concentration of high charge states ions (e. g. He- and

Li-like ions), with the resolution of 19 eV (FWMH). (b) a shallow trap with a lower

concentration of high charge states and a better resolution of 12 eV. The operating

parameters of the FLASH-EBIT for the present experiment is given in Table 5.3.

A typical 2D plot of x-ray energy as a function of scanned electron beam energy
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Figure 5.5: Scatter plot of x-ray intensity as functions of x-ray and electron beam energy.
The solid lines delimit the region of interest for the horizontal projection. The dashed
lines delimit the constant background of RR. Each bright spot corresponds to KLL DR
resonance identified by an initial charge state of the ion. The x-ray intensity shown here
is from the detector at 90◦.

over K -shell Kr resonances is shown in Fig. 5.5. Here, the x-ray energy was calibrated

using the radiation from the radioisotopes, whereas the electron beam energy was cali-

brated using theoretical resonance energies. The visible bright spots in Fig. 5.5 are KLL

resonances produced by initial He-like to O-like krypton ions.

5.2.2 Data analysis

The total number of x rays detected within the outlined window in Fig. 5.5 is shown

in the middle panel of the Fig. 5.6. The data analysis method used for the present

experiment is rather similar to the previous section 5.1.2, except two points:

[1] The energy scale of measurement (a) in Fig. 5.6 was calibrated using two lines 3

and 24, corresponding to energies of 8899 eV and 9427 eV, respectively. Similarly, the

energy scale of measurement (b) was calibrated with line no. 17 (9238 eV) and 24.

[2] The detector’s solid angle for both measurements (a) and (b) is corrected with the

same isotropic line. Here, we select the line 33, which corresponds to the excited state

[1s2s22p2
1/22p4

3/2]1/2 formed by initial O-like ions. It is the most intense line among the

isotropic lines. The solid angle factor is found to be Ω0◦/Ω90◦ = 0.1068 ± 0.0007. This

factor is different from the one measured in the first experiment due to modifications in

the setup.
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5.2.3 Results

The experimental resonance energies and the emission asymmetries R are extracted for

each observed resonance following the fitting procedure. The experimental values of Eres

and R are summarized in the Table 5.2 as well as in the top panels of Fig. 5.4. The

uncertainties in the emission asymmetries are taken as quadrature sums of the errors

arises from the fitting procedure and errors due to solid angle correction to the intensity

observed along the electron beam propagation axis. The synthetic (or simulated) spectra

are also obtained following the procedure described in the previous section 5.1.3. The

bottom panel of Fig. 5.6 shows the synthetic spectra. We found qualitative agreement

between the experimental spectra and the simulated spectra produced with the help of

FAC code.

In addition to the previous experiment with iron, here, we took a series of independent

spectra with acquired time of four days were recorded during the time of measurement

that spanned over three months. This helped us to study possible time drifts of voltages

during the experiment. The obtained values of the emission asymmetry ratio for few

lines are shown in Fig. 5.7. The error bar in each measurement contains the combined

error of the statistical error obtained from fitting the perpendicular and parallel spectra.

It corresponds to one standard deviation. No clear dependence on the time of acquisition

was observed.
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Figure 5.7: Values of extracted R corresponds to lines 4, 17 and 24 as a function of
several independent measurements. The black solid line corresponds to the weighted
average and the blue dashed line stands for the weighted average plus or minus σ.
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Table 5.4: Measured emission asymmetry R between perpendicular and parallel obser-
vation of x rays emitted in the resonant recombination process. The label in the first
column identifies the resonances in Fig. 5.6 made of a single excited state or an ensemble
of unresolved excited states. The capital letter P stands for the resonant process in a
given charge state CS of the initial ions from He-like to O-like krypton. The excited
states configurations are given in standard atomic notations. The measured resonance
energies Eres from the fits (except calibrated lines) are presented. Theoretical emission
asymmetry R with only the Coulomb repulsion (C) are compared with a full treatment
of the electron–electron interaction (C+BI).

Label CS P Excited State |d〉 Eres (exp) R (th) R (exp)

C C+BI value error

1 He DR [(1s(2s2)0]1/2 8818.32 0.000 0.000 0.008 0.103

2 He DR [(1s2s)12p1/2]3/2 8849.00 0.600 0.600 0.791 0.376

3 He DR [(1s2s)02p1/2]1/2 cal. 0.000 0.000 -0.013 0.071

4 Li DR [1s2s22p1/2]1 8958.26 -0.946 -0.842 -0.780 0.116

5 He DR [(1s2s)12p3/2]1/2 8976.90 0.325 0.359 0.427 0.129

He DR [(1s2s)02p3/2]3/2

6 He DR [(1s2p1/2)12p3/2]5/2 8994.55 0.500 0.500 0.431 0.139

7 He DR [(1s2p1/2)02p3/2]3/2 9018.11 0.391 0.391 0.176 0.104

Li DR [1s2s22p1/2]2

8 Li DR [((1s2s)12p1/2)3/22p3/2]3 9049.00 0.438 0.438 0.183 0.160

9 He DR [1s(2p2
3/2)2]5/2 9060.69 0.500 0.500 0.485 0.120

10 Li DR [((1s2s)12p1/2)3/22p3/2]2 9095.44 0.269 0.269 0.118 0.105

11 Li DR [((1s2s)12p1/2)3/22p3/2]1 9104.70 -0.289 -0.289 -0.062 0.166

12 Li DR [((1s2s)02p1/2)1/22p3/2]2 9124.94 0.222 0.230 0.176 0.132

Li DR [(1s2s)1(2p3/2)2
2]3

13 Li DR [1s2s22p3/2]2 9162.80 0.095 0.095 0.219 0.184

14 Be DR [(1s2s22p1/2)12p3/2]5/2 9175.55 0.492 0.492 0.420 0.090

15 Be DR [(1s2s22p1/2)12p3/2]3/2 9196.67 0.416 0.416 0.380 0.035

16 Li DR [(1s2p1/2)0(2p2
3/2)2]2 9219.30 0.220 0.221 0.479 0.148

17 Be DR [1s2s2(2p2
3/2)2]5/2 cal. 0.481 0.481 0.381 0.053

18 Be DR [1s2s2(2p2
3/2)2]3/2 9266.56 0.079 0.081 -0.045 0.034

B DR [1s2s2(2p1/2)22p3/2]2

Be DR [1s2s2(2p2
3/2)0]1/2

19 B DR [1s2s2(2p1/2)22p3/2]1 9294.00 0.409 0.409 0.394 0.032

20 B DR [(1s2s22p1/2)1(2p2
3/2)2]2 9324.40 0.234 0.236 0.222 0.074

21 B DR [(1s2s22p1/2)1(2p2
3/2)2]3 9338.90 0.228 0.256 0.227 0.042
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B DR [(1s2s22p1/2)1(2p2
3/2)2]1

22 B DR [(1s2s22p1/2)0(2p2
3/2)2]2 9359.62 -0.298 -0.274 -0.149 0.055

B DR [(1s2s22p1/2)1(2p2
3/2)0]1

23 B TR [1s2s22p3
3/2]2 9408.00 -0.447 -0.438 -0.363 0.159

24 C DR [1s2s22p2
1/2(2p2

3/2)2]5/2 cal. 0.308 0.308 0.276 0.002

25 C DR [1s2s22p2
1/2(2p2

3/2)2]3/2 9448.28 -0.366 -0.344 -0.216 0.016

C DR [1s2s22p2
1/2(2p2

3/2)0]1/2

26 C TR [(1s2s22p1/2)02p3
3/2]3/2 9490.00 -0.555 -0.555 -0.540 0.082

27 C TR [(1s2s22p1/2)12p3
3/2]1/2 9508.00 0.000 0.000 -0.054 0.306

28 C TR [(1s2s22p1/2)12p3
3/2]3/2 9520.00 0.133 0.133 0.104 0.155

29 Be QR [(1s2p1/2)12p3
3/2]3/2 9529.00 0.135 0.135 -0.080 0.220

30 N DR [1s2s2(2p1/2)22p3
3/2]2 9541.92 -0.018 -0.029 -0.029 0.009

31 N DR [1s2s2(2p1/2)22p3
3/2]1 9558.00 0.012 0.025 0.021 0.009

32 N TR [(1s2s22p1/2)12p4
3/2]1 9620.04 0.051 0.062 0.132 0.091

33 B QR [1s2s12p4
3/2]0 9636.04 0.000 0.000 0.058 0.084

34 O DR [1s2s22p2
1/22p4

3/2]1/2 9660.56 0.000 0.000 norm. -

The emission asymmetry R of individual resonances as well as the full experimen-

tal spectra are compared with the calculations of FAC code. With a few exceptions,

we found an excellent agreement between them and benchmark FAC predictions. Few

predictions of FAC code, such as, resonance energies are compared with the multiconfigu-

ration Dirac-Fock (MCDF) calculations, and degrees of polarization are compared with

RATIP computer code. We found good agreement between these different computer

codes.
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5.3 Discussion

5.3.1 Emission asymmetry and magnetic sublevel population

From all lines listed in the Tables 5.2 and 5.4, we observe that most of them have R > 0,

i. e., the photons are emitted predominately perpendicular to the electron beam axis.

For the cases of initial He-, Be-, and C-like ions, the ground state having Ji = 0 restricts

the population of magnetic sublevels to Md = ±1/2. Therefore, the orientation of Jd is

perpendicular to the electron trajectory, leading to a negative value of A2 and thus, to

a perpendicular photon emission for |Jd − Jf | = 1.

For initial Li-like and B-like ions with the ground state of Ji = 1/2, the photon

emission being mostly perpendicular to the electron beam axis indicates that transverse

magnetic sublevels are predominantly populated. For resonant states with Jd > 1 the

respective magnetic sublevels are restricted to |Md| ≤ 1, therefore even if σ±1 >> σ0

the alignment will be mostly perpendicular to the electron beam axis. Some observed

lines have R < 0, it is due to a negative value of ᾱdf2 for transitions where Jd = Jf ,

e. g., lines of Kr: 22, 25, 26, 29 and 30. Therefore, the general rule is that transverse

magnetic sublevels with |Md| ≤ 1 and Md = ±1/2 are mostly populated. This can be

expected since the orbital angular momentum of the electron, which is perpendicular

to the trajectory, is transferred perpendicular during the collision. Thus leading to an

orientation of Jd that is mostly perpendicular to the electron beam axis, see case (a) of

the Fig. 5.8.

However, resonant states with Jd = 1 can be aligned longitudinally if σ±1 > σ0. The

observed line 4 (of Kr) corresponding to the term 3P1 is such an example, where the

angular distribution indicates that sublevels withMd = ±1 are predominately populated.

According to Ref. [136, 199], this is a consequence of the population of sublevel Md = 0

being forbidden in a non-relativistic limit due to angular selection rules associated with

the term symbol 3P1. Thus, Md = 0 is forbidden and photon emission is predominately

oriented along the electron beam axis, see case (b) of Fig. 5.8.

The case (c) of Fig. 5.8 describes the isotropic angular distribution of emitted photons

when the magnetic sublevels are statistically populated.

5.3.2 Influence of other physical processes

In this section, we discuss the influence of other physical processes such as initial align-

ment, metastable states and radiative cascade on the observed emission asymmetries.

Highly charged states are produced by collisions of ions with directional electrons

107



CHAPTER 5: X-ray emission asymmetries in resonant recombination transitions

ion

e-

z||ke

ke

M-1 M0
M+1

z

J

hv

M-1 M0 M+1

z

J

M-1 M0 M+1

J||z

hv

[1s2s2(2p3/2)3]Jd = 1

(TR in B-like ion)

2p3/2

2p1/2

2s

1s

a)

b)

c)

Figure 5.8: Relative magnetic sublevels Md population of a resonant state with Jd = 1
after resonant capture process. The quantization axis z is defined by the direction of the
wave-vector ~ke of the incoming electron toward the ion in the initial state (in blue). The
scenario (a) stands for the magnetic sublevel Md = 0 being mostly populated, the pho-
tons are predominantly emitted perpendicular to the quantization axis. (b) corresponds
to the reverse case of (a). In the case of (c), the magnetic sublevels are statistically pop-
ulated and the photon angular distribution is isotropic. For each scenario, one possible
orientation of the total angular momentum Jd and photon angular distribution is shown
dipole |Jd − Jf | = 1 transitions.
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which result in ionized ions with aligned states in the EBIT. These ions are produced

by electron impact ionization. They are assumed to be in the ground states since the

electron density is very low (< 3× 1012 cm−3) so that the interaction time between the

electrons and ions is longer than the lifetime of any metastable state of the ion [166, 204].

Therefore, even if ions are produced in excited states, they immediately decay to the

ground state. However, there may exist few metastable states, such as [1s2(2s2p1/2)0]0

or [1s22s2(2p2
3/2)0]0 in Be-like and C-like ions with relatively longer lifetimes, that can

be considered as alternative ground states. Moreover, for initial He-like to C-like ions,

ground states contain Ji = 0 and Ji = 1/2, which cannot be aligned according to the

definition of the alignment parameter. Whereas for N-like initial ions, ground states can

be aligned with Ji = 3/2 resulted after impact ionization and deexcitation. Such ions

with initial aligned state can transfer this initial alignment to the intermediate excited

state during the resonant capture process. In principle, both the initial alignment of

the ion and metastable excited states can influence the degree of linear polarization.

However, in the present experiment, we cannot distinguish these small individual effects

on the emission asymmetry, thereby, we neglect them.

The formed intermediate excited state after resonant capture process can decay either

by single electronic transition or by several possible cascade channels to the ground state.

The radiative cascade effects has previously shown to modify DR cross sections [205, 206]

and the angular distribution of the emitted photons [207]. Considering the radiative cas-

cade, the most likely channel first to occur is an inter-shell transition emitting keV x

rays, followed by possible intra-shell transitions with few eV photon emission. In such

cases, the latter channels are not observed by typical x-ray detectors. However, in prin-

ciple, the inverse channel, i. e., intra-shell transition followed by inter-shell transition

can affect the x-ray anisotropy and polarization. Here, the intermediate aligned excited

state may decay with the intra-shell transition (unobserved photon) and create another

aligned state with non-statistical magnetic sublevel populations. Such aligned state sta-

bilizes by emitting an inter-shell transition x-ray with a different degree of polarization.

However, this inverse decay channel is less likely to occur compared to the direct channel

by at least a factor of 103 and can thus be neglected. In case of DR occurring in initial

H-like Kr ions, recently studied in Ref. [111], both the singly |s〉 and doubly |d〉 excited

states decay by the inter-shell transitions. In such cases, the alignment of the single

excited state has also to be taken into account to describe angular distribution of the

emitted photons. As discussed in Ref. [83], the effect of cascades can be described by
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the deorientation parameter Uλ:

Uλ(Jd, Js) = (−1)Jd+Js+λ+L
√

(2Jd + 1)(2Js + 1)

{
Jd Jd λ

Js Js L

}
, (5.8)

and the angular distribution of x rays emitted from singly excited states to the final

states can be expressed as:

W (θ) =
dΩ

4π

∑
λ=even

Aλ(Jd)Uλ(Jd, Js)αλ(Js, Jf )Pλ(cos θ), (5.9)

where, Jd, Js, and Jf are the total angular momentum of the doubly excited, singly

excited and final state, respectively. The effect of radiative cascades is included in our

calculations, we observed a negligible change in the degree of linear polarization.

The presence of external magnetic and electric fields is shown to modify the DR

cross section and magnetic sublevel population [208]. Since in the present experiment

the direction of the external magnetic field is the same as that of the electron beam,

the magnetic sublevel populations should not be redistributed [93]. Furthermore, the

electron radial velocity component arising from cyclotron motion of the electrons shown

to change the degree of linear polarization. We have estimated this radial velocity

component according to Herman’s optical theory of electron beam and found to reduce

the measured emission asymmetries only within statistical error bars. The finite angle

of acceptance of each detector is very small (3◦ and 1◦), thus, it can be neglected. The

degree of linear polarization of x rays following TR and QR resonances will be discussed

in the next Chapter 6.

5.3.3 State selective influence of the Breit interaction

In the previous experiment, we measured the degree of linear polarization of x rays

following 5 DR resonances and studied the Breit interaction effect on two of them. Here,

we have measured total 73 KLL DR, TR and QR resonances in krypton and iron, that

allows us to make a systematic study of Breit interaction effect for low-Z and medium-Z

ions. We restrict our discussion to a selective set of lines that are well-separated from

each other, thus, we avoid possible mixing of A2 between two excited states having

energy differences less than the line width.

The list of selected lines of krypton measurements sorted by Jd is given in Table 5.5

together with theoretical values of A2 and ᾱdf2 . Theoretical values of A2 are calculated,

according to Eq. (2.17), with and without inclusion of the Breit interaction in the FAC
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Table 5.5: Each excited state is identified by the label in the first column and sorted
according to the total angular momentum Jd. The allowed partial waves of the free
electron that contribute to the process of autoionization of the excited state are displayed
in the third column. The “effective” anisotropy parameter ᾱdf2 is given in the fifth
column. Theoretical values of A2 are displayed for the case of including the Breit
interaction (C+BI) and only Coulomb interaction (C).

Label Jd Partial waves Final state Adfr (s−1) ᾱdf2 A2(C) A2(C+BI)
4 1 εp1/2, εp3/2 [1s22s2]0 3.591(14) 0.682 0.704 0.64

[1s2(2p2
1/2)0]0 1.235(13)

[1s2(2p1/22p3/2)1]1 3.452(12)
[1s2(2p1/22p3/2)2]2 8.865(12)

19 1 εs1/2, εd3/2 [1s22s22p2
1/2]0 1.138(15) 0.453 -0.694 -0.681

[1s22s2(2p1/22p3/2)1]1 1.142(14)
[1s22s2(2p1/22p3/2)2]2 5.145(14)
[1s22s2(2p2

3/2)2]2 2.771(12)

15 3/2 εd3/2 [1s22s22p1/2]1/2 1.163(15) 0.318 -1.000 -1.000
[1s22s22p1/2]3/2 2.861(14)
[1s22p3

3/2]3/2 3.599(12)

[1s22p1/2(2p2
3/2)2]3/2 2.978(12)

[1s22p1/2(2p2
3/2)2]5/2 8.662(12)

26 3/2 εd3/2 [1s22s22p1/2(2p2
3/2)2]3/2 1.080(15) -0.314 -1.000 -1.000

[1s22s22p1/2(2p2
3/2)2]5/2 2.563(14)

[1s22s22p3
3/2]3/2 1.317(14)

10 2 εd3/2, εd5/2 [1s2(2s2p1/2)1]1 1.192(15) 0.27 -0.604 -0.604
[1s2(2s2p3/2)2]2 1.646(14)
[1s2(2s2p3/2)1]1 9.222(13)

20 2 εd3/2, εd5/2 [1s22s2(2p1/22p3/2)1]1 5.114(14) 0.179 -0.929 -0.939
[1s22s2(2p1/22p3/2)2]2 7.714(13)
[1s22s2(2p2

3/2)2]2 1.272(14)

6 5/2 εd5/2 [1s22p3/2]3/2 4.076(14) 0.374 -1.069 -1.069
9 5/2 εd5/2 [1s22p3/2]3/2 5.372(14) 0.374 -1.069 -1.069
14 5/2 εd5/2 [1s22p3

3/2]3/2 3.737(14) 0.354 -1.069 -1.069

[1s22p1/2(2p2
3/2)2]5/2 3.012(12)

17 5/2 εd5/2 [1s22p3
3/2]3/2 5.128(14) 0.357 -1.069 -1.069

[1s22p1/2(2p2
3/2)2]5/2 1.122(13)

24 5/2 εd5/2 [1s22s22p2
1/22p3/2]3/2 4.667(14) 0.21 -1.069 -1.069

[1s22s22p1/2(2p2
3/2)2]3/2 3.190(14)

[1s22s22p1/2(2p2
3/2)2]5/2 2.023(14)
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code.

Table 5.5 outlines the allowed partial waves of a free electron which contribute in

the formation of respective resonances. The allowed partial waves are restricted by the

triangular rule contained in the Wigner 6-j symbols of Eq. (2.16) and parity selection

rules. For example, if the total angular momentum of the ground state is Ji = 0, then

the allowed j of the partial wave εlj must be j = Jd. The orbital momentum l of

these partial waves is defined by parity selection rules. Thus, the angular momentum of

ground state Ji = 0 allows only a single partial wave in the formation of resonance state

with Jd. This is exactly the case for the resonance formed by He-, Be-, or C-like initial

ions with Ji = 0. For examples:

Line6 : e−(εd5/2) + [1s2]0 → [(1s2p1/2)12p3/2]5/2,

Line15 : e−(εd3/2) + [1s22s2]0 → [(1s2s22p1/2)12p3/2]3/2.

Here, the population density P
(L)
JiJd

(or σMd
) does not depend on reduce matrix element

〈ΨJd‖V ‖ΨJi , φlj〉 for the resonant capture of a free electron, see Eq. (2.16). Thus, the

alignment parameter A2 of these resonances reduces to the constant factor, which can

be determined by the angular momenta of the states involved in the resonant capture

process. Moreover, the alignment parameter become independent of atomic number Z in

the nonrelativistic limit, since the reduced matrix elements in P
(2)
JiJd

/P
(0)
JiJd

cancel with the

respective one in the denominator. This implies, in general, that the Breit interaction

cannot affect the angular distribution or degree of linear polarization of x rays produced

by resonances formed with a single partial wave. Line no. 15, 26, 6, 9, 14, 17 and 24

shown in the Table 5.5 are the prime examples of such resonances.

On the other hand, if the total angular momentum of the ground state is Ji > 0,

then the number of partial waves are not restricted to just one. The initial (ground)

states of Li-, B-, and N-like ions can have total angular momentum Ji > 0. For such

ions, two or more partial waves plays a role in the formation of intermediate resonance

state. Examples:

Line4 : e−(εp1/2, εp3/2) + [1s22s]1/2 → [1s2s22p1/2]1,

Line19 : e−(εs1/2, εd3/2) + [1s22s22p1/2]1/2 → [1s2s22p2
1/22p3/2]1.

Here, the population density P
(L)
JiJd

and the alignment parameter A2 can be affected by
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the interference between the possible allowed partial waves of the free electron involved

in the formation of resonant state. This interference depends on the reduced matrix

element 〈ΨJd‖V ‖ΨJi , φlj〉 of resonant capture process, hence, on the electron–electron

interaction operator (purely Coulomb or Breit interaction) that mediates it. Moreover,

the reduced matrix elements in Eq. (2.16) does not cancel with the respective one in the

denominator of the Eq. (2.16). Therefore, the alignment parameter can show the strong

Z - dependency.

As can be observed in Table 5.5, line no. 4, 10, 19 and 20 have two partial waves

contributing to the formation of respective resonances with an integer Jd. For these lines,

the Breit interaction changes the value of the alignment parameter A2, respectively,

11%, 2% and 1% for line 4, 19 and 20. The change in alignment parameter of line

10 by the Breit interaction is less than the precision quoted in the Table 5.5. For a

heavier element like uranium (Z = 92), the contributions of the Breit interaction to A2

considerably increases, and changes A2 by 173%, 2%, 25% and 16% for lines 4, 10, 19 and

20, respectively. Among these four lines, it can be observed that line 4 has the strongest

influence of the Breit interaction over A2, thereby, over the angular distribution and the

degree of linear polarization of x rays. With this exception of line 4, the influence of

Breit interaction on the degree of linear polarization of K -shell x rays can be regarded

as a negligible correction and was not observed in the present experiments.

The resonances formed by initial N-like ions are not considered here in the discussion

due to the possibility of the initial states being aligned. However, in the cases of line

no. 30, 31, 32 in the Tab. 5.4, it must be noted that the Breit interaction can modify

the degree of polarization. One of the examples is shown the bottom right panel of the

Fig. 5.9.

The state–selective influence of the Breit interaction over the degree of polarization

becomes even more pronounced with higher atomic numbers [131, 139, 200]. The few

examples are given here in order to see the influence of Breit interaction on the degree

of polarization. The calculated degree of linear polarization with and without Breit

interaction of few resonances is shown in Fig. 5.9. However, the influence of the Breit

interaction for these resonances is smaller at iron and krypton, but Breit interaction

influence becomes stronger at higher-Z.

A pronounced influence of Breit interaction was predicted for a resonance [1s2s22p1/2]1 [136]

and was experimentally demonstrated for the heavy elements [93, 195]. Here in case of

significant lighter element krypton (Z = 36), we found better agreement between the

experimental and theoretical value of the degree of polarization of line 4, when the Breit

interaction is included, see Fig. 5.11. Moreover, this result of Line 4 also coincides with
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Figure 5.10: Calculated resonant capture strength for magnetic sublevel (Md = 0,±1)
of a DR resonance [1s2s22p1/2]1.
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the results of Li1 line of the previous experiment based on the Compton polarimetry

technique. Both experiments validate the theoretical calculations including Breit inter-

action and ruled out the calculations based on purely Coulomb interaction.

The relation between the magnetic sublevel population of intermediate excited states

and the degree of linear polarization is already explained in Sec. 5.3.1. In order to explain

why the Breit interaction is dominant for this particular Line 4, the magnetic sublevel

cross sections of a resonance [1s2s22p1/2]1 are calculated. Figure 5.10 shows the resonant

capture strengths for the magnetic sublevels Md = 0 and Md = ±1. When only the

Coulomb interaction is considered, the resonant capture strengths for Md = ±1 sublevel

decreases with the higher-Z, whereas Md = 0 sublevel population have an insignificant

Z -dependence. This can be understood in the nonrelativistic limit, since the magnetic

sublevels with Md = ±1 are allowed to be populated in resonant capture process [136].

On the other hand, both Md = ±1 and Md = 0 are modified due to the Breit interaction.

The population of Md = 0 sublevels are only allowed under the Breit interaction, thereby,

the value of resonant capture strength of Md = 0 sublevels rapidly increases with the

atomic number Z. The substantial modification due to the Breit interaction can be seen

in both the absolute value of Md = 0 and the Z–dependent tendency, see Fig. 5.10. Thus,

we can say that the strong Z–dependent tendency of the degree of linear polarization

of x rays produced by a DR resonance shown in Fig. 5.11 is due to the substantial

modification to Md = 0 sublevel population by the Breit interaction.

The theoretical calculations of anisotropy parameter β = A2ᾱ
df
2 for the similar reso-

nance was presented by Tong and his coworkers [203]. The generalized Breit interaction

(GBI) in nonzero–frequency limit was included in their calculations and found that the

generalized Breit interaction modifies the anisotropy parameter not only qualitatively

but quantitatively as well over the Breit interaction. Their results are shown in Fig. 5.11.

Note that, our present calculations with the Breit interaction does not include the fre-

quency of virtual photons (cf. FAC manual). Thus, we cannot establish the similar

calculations.

It should also be noted here that the small shifts in binding energies due to the

Breit interaction do not affect magnetic sublevel populations because the experimental

electron–ion collision energy spread is large compared to these shifts.

5.4 Summary

In summary, we note that the systematic study of the x-ray emission asymmetries of all

dominant KLL resonant recombination transitions into highly charged iron and krypton
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Figure 5.11: Degree of linear polarization of x rays following DR resonance [1s2s22p1/2]1.
The present FAC calculations of the degree of polarization with Coulomb only (C-only)
and with Breit interaction (C+BI) is shown by red and blue solid lines, respectively.
The theoretical calculations of Fritzsche et. al. [136] is shown by blue (C-only) and
red (C+BI) open circles. Other calculations of Tong et. al. [203] is shown by blue
dashed line (C-only), red dashed line (C+BI) and green dotted line (C+GBI). GBI
refers to Generalized Breit interaction (see text). The experimental data of Pr (Z=59),
Ho (Z=67) and Au (Z=79) are from [93] and the datum of Xe (Z=54) is from [195]. The
present experiment–A refers to polarization measurement with the Compton polarimetry
technique (previous Ch. 4), whereas the present experiment–B refers to the measurement
presented in this chapter.
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ions was performed for the first time. These asymmetries were measured for a number

of DR, as well as hitherto neglected and generally considered to be weaker TR and

QR transitions. The method developed for this measurement uses an EBIT and two

conventional solid state x-ray detectors and it is simple enough to be used at nearly

every EBIT. Thus, it allows covering a wide range of recombination resonances in highly

charged ions of elements from a significant portion of the periodic table. With this

technique, the contribution of the Breit interaction was precisely examined for mid -Z

elements which confirms the results of the previous experiment. Only one resonance

state formed by initial Li-like ions manifest a strong dependency of the degree of linear

polarization on the Breit interaction. Alignment properties of other collision processes,

such as radiative recombination, electron-impact excitation, and ionization, can also be

accessed. Due to its high sensitivity it can also be applied for studies of weak radiative

transitions, or, alternatively for high accuracy studies of the stronger transitions, in

particular to those sensitive to relativistic interactions such as Breit interaction. The

obtained data benchmark the established atomic code such as FAC. It may also find

applications for the polarization diagnostics of hot astrophysical and fusion plasmas,

such as those of ITER. We shall discuss this in the next Chapter 6. In particular, it will

play an important role for interpreting the x-ray polarization measurements from the

planned astrophysical x-ray polarimetry missions, e. g., XIPE [23] and ASTROSAT [25].
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Chapter 6

Importance of resonant

recombination in the plasma

diagnostics

Resonant recombination of highly charged ions is known to be the dominant recombi-

nation mechanism and is decisive in determining the charge balance in hot, low-density

plasmas, such as those found in the sun or in magnetic fusion devices. Many of such

examples are given in the Chapter 1. In the first section of this chapter, we discuss

the importance of higher-order resonant recombination processes in the plasma diag-

nostics and modeling. For this purpose, the total recombination rates were calculated

including trielectronic (TR) and quadruelectronic (QR) recombination channels. Under

the coronal approximation (as described later), newly calculated total recombination

rates are added in the calculation of the charge state distribution for collisionally ion-

ized iron plasmas. Furthermore, considering the future polarization diagnostics of hot

anisotropic plasmas using polarization measurements, theoretical data of angular dis-

tribution and polarization of x rays following resonant recombination are implemented

in the collisional-radiative model. The total degree of polarization is calculated for –

dominant– Kα x-ray line emitted due to resonant recombination into highly charged iron

and krypton ions. The higher-order resonant recombination channels, as well as the rel-

ativistic effects, are systematically investigated. In the second section, we demonstrate

the potential of resonant recombination polarization measurement for accurate diag-

nostics of the directionality of electron beam inside the hot anisotropic plasmas. The

cyclotron motion within an electron beam propagating inside an electron beam ion trap
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(EBIT) is investigated from the experimental data available from our measurements.

6.1 Higher-order (HO) resonant recombination: Plasma

diagnostics

As mentioned in the previous sections 5.1 and 5.2, we have observed a large number of x-

ray transitions involving dielectronic, trielectronic, and quadruelectronic recombination.

The upper panel (a) of the Fig. 6.1 highlight the observed KLL TR and QR resonance

in highly charged iron and krypton. Particularly, the experiments show the intensity of

TR resonances is prominent as well as they emit highly anisotropic and polarized x rays.

The TR and QR resonances can only be evaluated properly if the triple- or quadruple-

excited states are given as a linear combination of different configurations since the

Coulomb or the Breit interaction is a two-body operator (see Eq. (2.7)). As a conse-

quence, these TR and QR processes were assumed to be weaker in comparison with usual

DR process. However, we found very strong TR resonances with comparable resonance

strength to DR resonance of C-like Fe ions. For those ions, the configuration interaction

(CI) and configuration mixing (CM) is particularly stronger and electron–electron corre-

lation decides the strengths of these resonances. In order to check how much CI and CM

could affect the intensity of these resonance lines, we first theoretically evaluated the

spectrum of B-like initial ions with and without the inclusion of relativistic configura-

tion interaction (R-CI), see middle panel (b) of the Fig. 6.1. To simulate the theoretical

spectrum, the resonance energies and strengths of B-like Fe ions are convoluted with the

experimental electron beam energy resolution. The experimental and theoretical spec-

tra are compared and found to be in good agreement when the R-CI is included in the

calculations. In contrast, when the R-CI is neglected in our calculations, the resonance

energies and strengths are not in the agreement with the experiment. Moreover, it also

shows that the TR resonances cannot be evaluated without the relativistic configuration

interaction between the states. Similar results were obtained when the configuration

mixing is neglected in our calculations, see bottom panel (c) of the Fig. 6.1. Therefore,

the proper sets of configurations with R-CI and CM “On-mode” in the calculations are

required to evaluate TR and QR resonances.

Recently, it was demonstrated that an extended set of configurations is necessary for

the initial (ground) state for an improved evaluation of TR in Be-like ions [159]. For

example, a triply excited state of Be-like ions such as 1s2s2p3 cannot have configuration

mixing with the doubly excited state of type 1s2s22p2 due to the opposite parity. This
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a)

b)

c)

Figure 6.1: Top panel (a): X-ray asymmetries produced by resonant recombination into
highly charged Fe and Kr ions are shown as a function of electron beam energy. Vertical
lines identify each resonance formed by DR, TR, and QR processes. The middle panel
(b) shows the part of the x-ray spectrum simulated with the theoretical data of Fe
ions. The experimental spectrum is compared with the theoretical one calculated with
relativistic configuration interaction (R-CI) (right) and without R-CI (left). A similar
comparison is shown in the bottom panel (c) where the configuration mixing (CM) is
neglected (left) and is included (right) in the calculation.
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Figure 6.2: Total recombination rate coefficients of C-like ions of Fe are calculated as a
function of electron temperature using the FAC code [158]. The solid black line refers
to the present calculations. The dashed blue line and dotted magenta lines correspond
to the results of Ref. [209] and of Ref. [210], respectively.

means that trielectronic state cannot mix due to parity violation. It may lead to the

false conclusion that TR states cannot form by Be-like initial ions [74]. However, if the

Be-like initial state 1s22s2 is allowed to mix with excited states like 1s22s2p and 1s22p2,

then a single Coulomb interaction or the Breit interaction gives rise to a sizable TR. In

this work, we have included an extended set of configurations in the initial state of other

charge states in order to identify otherwise-unexplained lines, such as line 33 (of Kr)

and 26, 27 and 38 (of Fe). It shows that the high-resolution experiment like ours can

benchmark such resonances which may claim to be forbidden in minimal configuration

space.

6.1.1 Influence of HO on the ionization balance

The TR resonances with overwhelming density and the resonance strengths have ap-

peared in our experiment with Fe and Kr ions. Similar results were previously obtained
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6.1. Higher-order (HO) resonant recombination: Plasma diagnostics

in the experimental investigation of highly charged Si and Ar ions [75, 76]. As discussed

in Sec. 1.3, the interpretation of observations from collisionally ionized plasmas, such as

those formed in laboratory or in astrophysical objects, require deep knowledge of under-

lying charge state distribution of plasmas containing such ions. The sizable contribution

of TR and QR resonances can in principle influence the charge state distribution and

the cooling of collisionally ionized plasmas.

The simplest and most widely used model for collisionally ionized plasmas is the

coronal model which was first applied to the solar corona. For this model, following

conditions must be satisfied to be valid:

[1] The plasma is optically thin to its own radiation.

[2] The electron density is low so that the excited state populations are negligible

compared to the ground state population.

[3] Electrons and ions are in thermal balance, and the steady-state equilibrium is

reached both for bound atomic states and the ionization balance.

Under these assumptions, the equilibrium of collisionally ionized plasmas is deter-

mined by the balance of electron collisional ionization and high-temperature recombi-

nation rates. Therefore, the ionization balance under the coronal limit can be given by

N(q)

N(q−1)

=
αioniz(q−1)

αrecomb(q)

, (6.1)

where N(q) is the number of ions with charge state q, αioniz(q−1) is the ionization rate coeffi-

cient and αrecomb(q) is the recombination rate coefficient for Xq+ ion.

According to the Eq. (6.1), the charge state distribution, in general, is determined

by the rates of ionization αioniz(q−1) and recombination αrecomb(q) . The significance of DR rates

in the charge state distribution calculation is already established and experimentally

verified by Foord et al. (2000) [113]. Since the TR and QR can also act as new recom-

bination channels in the plasmas, it is necessary to include them into the charge state

distribution calculations. This also means that omitting these additional recombination

channels can lead to the prediction of mean ion charge state higher than it actually is.

In order to include TR and QR rates along with the RR and DR rates, the proper

sets of electronic configurations with R-CI and CM are implemented in the calculation

of the total recombination rate coefficients. Following the Refs. [151, 211], the radiative

and resonant recombination rate coefficients are calculated for C-like iron ions according

to the Eq. (2.2) and Eq. (2.13) using the FAC code. The investigation on C-like iron

ions were chosen since they produce DR and TR resonances with almost comparable

resonance strengths. The new total recombination rate coefficients of Fe20+ are shown
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Figure 6.3: Fractional abundance of iron ions at electron temperature of Te ≈ 970
eV. The present calculation (green diamonds) is compared with the different ioniza-
tion balance calculations: Arnaud and Rothenflug [209] (black squares), Verner and
Mazzotta [210, 213] (red circles), CHIANTI code [214] (blue triangles) and FLYCHK
code [215] (pink triangles).

in the Fig. 6.2 as a function of electron temperature (Te) in the range of 100 to 10000

eV. Present calculations are then compared with the former calculations of Arnaud and

Raymond (1992) [209, 212] and of Mazzotta (1998) [210]. The present calculations

predict higher total recombination rates than the previous calculations. One of the

reasons of this difference between the present and the former calculations could be the

inclusion of TR and QR with the proper configuration mixing between the states.

The newly calculated total recombination rates were implemented into the calculation

of charge state distribution of Fe ions, according to Eq. (6.1). The total ionization rates

including direct ionization and the excitation autoionization rates are taken from D.

A. Verner’s online atomic database1. The fractional abundance of iron ions are then

calculated at a fix electron temperature of Te ≈ 970 eV (or 107 K), shown in the Fig. 6.3.

1http://www.pa.uky.edu/~verner/atom.html
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Figure 6.4: Mean charge state of iron ions as a function of electron temperature in the
range of 100 to 10000 eV. The present calculation is compared with various ionization
balance calculations, Refs. [65, 209, 210, 213, 215]

We see Fe19+ as maximally abundant ion at 970 eV temperature from our calculations,

whereas the prediction of different databases of Arnaud and Rothenflug [209], and Verner

and Mazzotta [210, 213] shows Fe20+ as most abundant ions at this temperature. This

implies that the recombination rates predicted from the older databases are significantly

lower than the present calculation. Even the most updated and widely used code in

the astrophysical community CHIANTI [214] predicts the similar ion abundance. The

strong inter-shell KLL TR resonances of C-like ions can be the one of the reasons behind

this discrepancy since the inclusion of them reduces the number density of Fe20+ ions by

recombining with the free electrons. Nonetheless, we cannot prove that the discrepancy

is purely due to C-like TR resonances since we do not know the sets of configurations

included in those calculations. Moreover, the FLYCHK code [215] of Nation Institute of

Science and Technology (NIST) predicts even higher recombination rates, and conclude

Fe18+ as a most abundant ion at a temperature of 970 eV in the collisionally ionized

plasmas. The comparison between the different calculations is shown in Fig. 6.3.
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In addition, not only TR and QR channels of C-like ions, but rather all inter-shell

KLL TR QR resonances are included in the charge state distribution calculation in order

to find the maximal abundant charge state of iron ions in the electron temperature range

of 0.1–10 keV. Fig. 6.4 shows the predicted mean charge state of iron as a function of

electron temperature. The predicted mean charge of iron significantly deviates from

the other calculations in the region of temperature where iron ions are responsible in

forming TR and QR resonances. This large divergence between the present and other

calculations shows the importance of TR and QR resonances. It can be now interpreted

that, neglecting sizable TR and QR resonances in the calculations can predict false

mean charge state of the ion. However, it is not clear to us yet how much TR and QR

resonances can contribute to the ionization balance of the plasmas, but we are inclined to

believe that the importance of TR resonances is large and increases towards the ions with

open-shell electronic configurations. Thus, the experiments measuring high-temperature

recombination rates or the charge state distribution of iron ions are of interest in order

to solve inconsistencies between these theoretical models.

6.1.2 Influence of HO on the polarization of Kα x-ray line

The Compton polarimeter based on SiPIN diodes used in our experiment has limited

energy resolution of ∼ 3 keV FWHM at 13 keV [192]. Thus, it cannot separate the indi-

vidual x-ray satellite lines of Kα complex. The similar situation arises for the photoelec-

tric polarimeter (micro-pattern gas detector) to be used in XIPE satellite mission [23]

has energy resolution of ∼ 1 keV FWHM at 5.4 keV [78]. Therefore, the polarization

of Kα x rays observed from these detectors include the contributions of all resonant

recombination transitions as well as from continuum sources such as bremsstrahlung.

Since the contribution of latter will depend on the energy resolution of the detector,

here we calculate the cumulative effect of all resonant recombination transitions on the

degree of linear polarization of Kα x rays. For simplicity, we limited our analysis of x

rays of the highest polarization which are emitted perpendicular to the collision axis,

which would correspond to anisotropic electron distribution. In contrast, lower observed

polarization values would be interpreted as the result of a less pronounced anisotropy or

an observation at an acute angle to the beam axis.

For the calculation of total polarization of Kα x rays, we assume optically thin plas-

mas (coronal limit), a good approximation for solar flares, (some) active galactic nuclei

and tokamak plasmas. The charge state distribution Ci(Te) of both iron and krypton

ions are calculated as a function of electron temperature by following the Ref. [151, 211].
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Figure 6.5: The total polarization of iron Kα x-ray line as a function of electron tem-
perature is calculated with the FAC code. The present calculation (black solid line) is
compared with the calculations done with Ci(Te) available from Arnaud and Rothen-
flug [209] (blue dotted line), Verner and Mazzotta [210, 213] (red dashed line) and
FLYCHK code [215] (magenta dot-dashed line).

The charge state distribution Ci(Te) together with the calculated resonance strength Sin

and emission asymmetry Ri
n of individual resonant recombination transitions is used to

calculate the total degree of linear polarization of x rays emitted by all KLL resonances.

It can be expressed as:

P (Te) =

∑
i,n

Ci(Te)S
i
nRi

n/(1−Ri
n/3)∑

i,n

Ci(Te)Sin/(1−Ri
n/3)

, (6.2)

where n being the resonance number. The factor 1/(1−Ri
n/3), according to Eq. (5.2),

accounts for the anisotropy of x rays when they are observed perpendicular to the beam

axis.

Fig. 6.5 shows the cumulative degree of linear polarization of Kα x rays emitted

by iron ions as a function of the electron temperature. The degree of polarization is

found to be positive and increases as the temperature increases. The maximum value of
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Figure 6.6: Top panel: Charge state distribution Ci(Te) in optically thin iron plasma
as a function of temperature. Middle panel: Total polarization of iron Kα x-ray line
P (Te) calculated with the FAC code (black solid line). Hitherto neglected TR and QR
resonances, as well as the Breit interaction, are taken into account. Bottom panel: The
contributions of the TR and QR resonances (dotted blue line) and Breit interaction (red
dashed line) to the degree of polarization are shown. They have a dominant effect at
intermediate plasma temperatures, and strongly reduce the degree of polarization.
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polarization is 35%. It corresponds to the x rays emitted by highly ionized states such

as H-like or He-like ions. Similarly, using Eq. (6.2), the degree of polarization of Kα x

rays is calculated with Ci(Te) available from the various databases, see Fig. 6.5. They

are compared with the present calculations and found a significant change in the degree

of linear polarization in the temperature range from 500 to 2000 eV.

As can be understood from the Fig. 6.4, this discrepancy between the present and

former calculations could be traced back once again to the inter-shell KLL TR and QR

resonances of the highly charged iron. These TR and QR resonances are active in this

range of electron temperatures where the discrepancy lies. Now the question is how

much TR and QR resonance contributes to the total degree of linear polarization of Fe

Kα x rays. Hence, we again calculate the P (Te) as a function of electron temperature

by neglecting TR and QR resonances from the calculations. Surprisingly, we found

out that the hitherto neglected TR and QR have a dominant effect on the polarization

in the range of temperatures found in many astrophysical sources. As shown for iron

ions in the lower panels of Fig. 6.6, the contributions of TR and QR reduce the degree

of polarization by approximately 50% at temperatures around Te = 600 eV. At this

temperature, the C-, N-, O-, F-, and Ne-like Fe ions are most abundant species in the

plasmas. As can be viewed from Fig. 5.4, amongst these ions, the C- and N-like Fe

ions exhibit strong KLL TR and QR transitions. Since the N-like ions populating TR

transition (line 37) is nearly unpolarized, the C-like ions populating strong KLL TR

transition (line 31) is responsible for this reduction in the degree of polarization of Fe

Kα x rays. To confirm that this observation was not accidental and specific only for iron

ions, we made a similar study with krypton ions. Surprisingly, an analogous reduction in

the degree of polarization of Kr Kα x rays was observed for krypton ions at temperatures

around Te = 2200 eV commonly occurring in the tokamaks, see Fig. 6.7. Moreover, we

also found out that the relativistic effect such as Breit interaction can affect the degree

of linear polarization observed from the hot anisotropic iron plasmas. Fig. 6.6 shows the

enhancement about 10% in the degree of linear polarization when the Breit interaction

is considered in the calculations.

The present results show that, too simplified approach, i. e., neglecting higher-

order resonances and relativistic effects in the calculations, can lead to the prediction

of plasma polarization higher than it actually is. It also emphasizes our current lack of

systematic understanding of atomic sources of polarization: as recently discovered TR

and QR processes and the well-known relativistic effects have demonstrated to play a

dominant role in the measurable x-ray polarization of a common type of astrophysical

and laboratory plasmas.
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Figure 6.7: (Left Y-axis) The total polarization of krypton Kα x-ray line (black solid
line) calculated with FAC code. Magenta dash-dotted line corresponds to the calculation
which neglect the TR and QR resonances. (Right Y-axis) The blue dotted line shows
the reduction in the degree of linear polarization when TR and QR resonances are not
considered in calculations.
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6.2 Application of the plasma polarization diagnos-

tics techniques at the EBIT

The ions excited by interactions with a directional beam of electrons may produce

anisotropic and polarized line radiation. Due to this fact, the existence of directional

electrons in the laboratory and astrophysical plasmas can be confirmed by measuring the

polarization of the line radiation. This technique of plasma polarization spectroscopy [56]

is already applied in several studies: tokamak [52], solar flares [30, 31, 143] and laser pro-

duced plasmas [53–55, 216]. Here, we diagnose the electron cyclotron motion within an

electron beam propagating through a strong magnetic field of the EBIT by using the

measurements of angular distribution and polarization of x rays.

The transversal energy component (E⊥) and the pitch angle (γ) of an electron beam

propagating inside the FLASH-EBIT is already discussed in the Sec. 3.2.3. Theoretical

values of E⊥ and γ were estimated by using optical theory of Herrmann and by using

the principle of adiabatic magnetic flux invariance. Since we found a large difference in

the estimated values from these two theories, the experimental determination of E⊥ and

γ is required in order to solve disparity between the models.

6.2.1 Experimental determination of the pitch angle and transver-

sal energy of the electron beam

Theoretical treatment:

As mentioned earlier, electrons in an EBIT do not simply travel in the direction

of beam propagation. Their path instead traces out a helix, as they spiral around

the magnetic field lines aligned with the electron beam propagation axis. Thus, ions

interaction with electrons, with velocity vectors that deviate from that of the beam

propagation direction (as shown in Fig. 6.8).

An amount of change in emission asymmetry (or degree of polarization) depends on

the pitch angle of the electron motion, which is the angle between the magnetic field

lines ~B and electron velocity vector ~νe.

A simple expression can be derived to describe the change in the emission asymmetry

R of the emitted radiation as a function of the pitch angle. As shown in Figure 6.8,

the pitch angle γ introduce a new quantization axis of the electron-ion collision system.

Therefore, the x-ray detector system sees either increase or decrease in the total intensity

of the emitted photons. Following theoretical section, the new emission asymmetry R
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γ new quantization axes

Figure 6.8: Emission asymmetry of the emitted photons with the introduction of the
pitch angle γ, which is the angle between the magnetic field lines ~B and electron velocity
vector ~νe.

of E1 x rays when the pitch angle γ is not zero (γ 6= 0) can be expressed as:

R =
W (90 ◦ + γ)−W (0 ◦ + γ)

W (90 ◦ + γ)
,

=
[1 +A2ᾱ

df
2 P2(cos(90◦ + γ))]− [1 +A2ᾱ

df
2 P2(cos(0◦ + γ))]

1 +A2ᾱ
df
2 P2(cos(90◦ + γ))

,

=
[1 +A2ᾱ

df
2 P2(sin γ)]− [1 +A2ᾱ

df
2 P2(cos γ)]

1 +A2ᾱ
df
2 P2(sin γ)

,

=
[1 +A2ᾱ

df
2 (3

2
sin2 γ − 1

2
)]− [1 +A2ᾱ

df
2 (1− 3

2
sin2 γ)]

1 +A2ᾱ
df
2 (3

2
sin2 γ − 1

2
)

,

=
3A2ᾱ

df
2 (2 sin2 γ − 1)

2 +A2ᾱ
df
2 (3 sin2 γ − 1)

.

(6.3)

Relationship to the unidirectional case:

In ideal conditions, electron beam propagating inside an EBIT is perfectly unidirec-

tional. In such cases, we assume that the pitch angle γ is zero (γ = 0). Therefore, the

emission asymmetry R0 can be expressed as:

R0 =
W (90 ◦)−W (0 ◦)

W (90 ◦)
= − 3A2ᾱ

df
2

2−A2ᾱ
df
2

. (6.4)
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By combining the equations (6.4) and (6.3), the new intensity ratio R takes the form of

R =
R0(2 sin2 γ − 1)

R0 sin2 γ − 1
. (6.5)

By comparing the emission asymmetry R inferred from the experiment (γ 6= 0) to

those predicted by theory R0 (γ = 0), we can determine the experimental value of the

pitch angle and transversal energy component of the electron beam:

E⊥ =
R0 −R
R0(2−R)

Ee, (6.6)

γ = sin−1

√
R0 −R
R0(2−R)

. (6.7)

where Ee is the electron beam energy and sin2 γ = E⊥/Ee from the Fig. 3.2.3.

Experimental data and its analysis:

The emission asymmetries of x rays produced by resonant recombination into Fe24+...18+

and Kr34+...28+ ions were measured in our experiments, see chapter 5. The emission asym-

metries indicate the alignment of the resonance state with respect to the quantization

axis. An electron beam propagation direction acts as quantization axis in an EBIT. Fol-

lowing the theoretical description, we compare the experimental emission asymmetries

R of “well-resolved” (not blended) transitions with the theoretical FAC calculated values

R0. Therefore, according to the Eq. (6.6) and (6.7), we can determine the experimental

values of pitch angle and transversal energy of the electron beam.

6.2.2 Results

The inferred values of E⊥ and γ are given in the Tables 6.1 and 6.2, likewise they are

shown graphically in Fig. 6.9.

The experimental uncertainties are determined as a quadrature sum of errors asso-

ciated with Eqs. (6.6) and (6.7). They can be expressed as:

∆E⊥ =
R0 − 2

R0(R− 2)2
∆R Ee, (6.8)

∆γ =
R0 − 2

2(R− 2)
√

(R−R0)(R(R0 − 1)−R0)
∆R. (6.9)
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Figure 6.9: Experimental Transversal electron energy and pitch angle plotted against
the electron beam energy. The red shaded area represents weighted average value and
containing uncertainty. Blue dotted line represents the theoretical estimate that depends
on experimental electron beam conditions: Bc ≈ 0, B = 6 T, rc = 1.5 mm and Tc =
1400 K.
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Table 6.1: The value of E⊥ inferred from the observed emission asymmetry R in the
experiment. The label follows the element and the line numbers from Tables 5.2 and 5.4.
The value of R0 calculated by using FAC code. Theoretical values of E⊥ are estimated
from the calculation of Herrmann radius rH for following electron beam conditions, Bc ≈
0, B = 6 T, rc = 1.5 mm and Tc = 1400 K. The weighted average µ and its error ∆µ is
given at the end of the table.

Label Ee (eV) R0 R E⊥ (eV) E⊥ (eV)
th th exp error th exp error

Fe-4 4638.5 0.500 0.508 0.072 455.57 48.38 452.78
Fe-24 4888.3 -0.446 -0.431 0.050 455.77 69.13 227.65
Fe-25 4898.9 0.231 0.151 0.035 455.81 923.19 380.30
Fe-28 4925.7 0.432 0.366 0.045 455.80 462.57 301.28
Fe-32 4964.0 0.129 0.184 0.026 455.83 1167.98 566.38
Kr-4 8954.0 -0.842 -0.780 0.116 457.70 237.17 453.63
Kr-6 8989.6 0.500 0.431 0.136 457.72 790.67 1489.89
Kr-14 9175.3 0.492 0.420 0.050 457.77 849.83 563.26
Kr-15 9197.8 0.416 0.380 0.035 457.78 491.34 467.07
Kr-17 9239.2 0.481 0.381 0.043 457.79 1186.43 478.65
Kr-19 9296.8 0.404 0.394 0.032 457.81 143.29 455.66
Kr-24 9430.5 0.308 0.273 0.009 457.84 620.53 156.33
Kr-26 9496.2 -0.555 -0.533 0.074 457.86 148.61 504.21

µ = 489.5 ∆µ = 94.4

Table 6.2: Experimental values and theoretical estimates of the pitch angle γ.

Label Ee (eV) γ (degree) γ (degree)
th th exp error

Fe-4 4638.5 18.26 5.86 27.53
Fe-24 4888.3 17.78 6.83 11.30
Fe-25 4898.9 17.76 25.73 5.69
Fe-28 4925.7 17.71 17.85 6.01
Fe-32 4964.0 17.64 29.02 7.71

µ = 21.74 ∆µ = 3.44
Kr-4 8954.0 13.07 9.37 9.04
Kr-6 8989.6 13.04 17.25 16.76
Kr-14 9175.3 12.91 17.72 6.07
Kr-15 9197.8 12.89 13.36 6.47
Kr-17 9239.2 12.86 21.00 4.44
Kr-19 9296.8 12.82 7.13 11.40
Kr-24 9430.5 12.73 14.86 1.92
Kr-26 9496.2 12.68 7.19 12.26

µ = 15.32 ∆µ = 1.58
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The emission asymmetry of a large number of transitions were measured as a function of

the electron beam energy, thereby, we can determine values of pitch angle and transversal

energy component from each transition. We give the weighted average value and the

mean error of E⊥ and γ by using following standard statistical formulas. Weighted

average of the data points:

µ =

∑(
Xi

∆X2
i

)
∑(

1
∆X2

i

) ,
and the uncertainty:

∆µ =

√√√√ 1∑(
1

∆X2
i

) .
The theoretical values of E⊥ and γ are estimated according to the Eqs. (3.7) and (3.8)

with the following electron beam conditions: Bc ≈ 0, B = 6 T, rc = 1.5 mm and Tc =

1400 K. The theoretical estimated values are shown in the Fig. 6.9 as blue dotted line.

The experimental E⊥ values range from 50 to 1200 eV. These large inconsistencies arise

from the poor Gaussian fit for the relatively weak transitions. The weighted average of

E⊥ is found to be 490.5±94.4 eV. Similarly, we inferred the pitch angle γ of the electron

beam, listed in Table 6.2. In case of iron we get the average value of γ = 21.7◦ ± 3.5◦,

while in case of krypton we get the average value of γ = 15.3◦±1.6◦. The experimentally

inferred average values of E⊥ and γ are in good agreement with the theoretical estimates

of Herrmann’s optical theory. Moreover, the electron beam radius at the trap was also

deduced from the experimental value of E⊥ according to Eq. 3.7. The experimental value

of the electron beam radius was found to be 23.6 ± 4.2 µm which is also in agreement

with Herrmann’s optical theory.

6.2.3 Conclusion

The electron cyclotron motion within an electron beam propagating through a strong

magnetic field was studied at the electron beam ion trap FLASH-EBIT at the Max

Planck Institute for Nuclear Physics in Heidelberg. It was probed by measuring the

angular distribution of the x rays produced by resonant electron recombination into

highly charged iron and krypton ions. From the emission asymmetries of x rays, it was

inferred that the electron cyclotron motion accounted for 490± 94 eV of total electron

beam energy. The experimental values of E⊥, γ, and rH are in good agreement with the

prediction of the optical theory of electron beam by Herrmann [187]. This is reassuring

our measurements since the optical theory of Herrmann was used as one of the primitive
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6.2. Application of the plasma polarization diagnostics techniques at the EBIT

principles in the design of the electron beam ion trap [165]. The measured value does not

agree with the estimates derived from the principle of adiabatic magnetic flux invariance.

Since the fast moving electrons travel across the strong magnetic field gradient, from

approximately few microteslas magnetic field at the gun to the 6 tesla at the trap, which

invalidate the applicability of the principle of adiabatic magnetic flux invariance [189].
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Chapter 7

Conclusions and Future work

The thesis deals with the experimental and theoretical study of the angular distri-

bution and polarization of x rays emitted by highly charged iron and krypton ions in

the process of resonant recombination. The aim of this work was to provide benchmark

polarization measurements of x rays emitted by hot plasmas. The particular relevance of

this work is for astrophysical plasmas in the framework of a XIPE space mission [23, 78]

of ESA and for fusion plasmas in the framework of the ITER project [100, 145].

In the first experiment, the linear polarization of K -shell x rays emitted in dielec-

tronic and radiative recombination of highly charged krypton ions was measured. The

measurements were carried out at the electron beam ion trap (EBIT) using the Compton

polarimetry technique. For this purpose, a simple and versatile Compton polarimeter for

10–30 keV x rays was developed using SiPIN diode detectors. Theoretical polarization

calculations were performed using the Flexible Atomic Code (FAC), and they are in

excellent agreement with the experimental results. Before this work, the contribution of

the Breit interaction to the degree of linear polarization was assumed to be strong and

relevant only for heavy elements. In the present experiment, for the first time, this con-

tribution was precisely examined for the mid -Z element krypton. The Breit interaction

contribution to electron–electron interaction was demonstrated to change the degree of

linear polarization by 13% for a resonance state of Li-like krypton. The present work

also demonstrates the application of the Compton polarimetry technique at the EBIT.

It provides significant advantages over the Bragg polarimetry technique, previously used

for DR polarization measurements at EBITs, by measuring both the degree and the

angle of polarization and being applicable in a broad energy range.

In the second experiment, the polarization of K -shell x rays emitted in the resonant
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recombination of highly charged iron and krypton was accessed by measuring the angular

distribution of the emitted x rays. Here, the x-ray emission from highly charged ions

excited by a unidirectional electron beam was observed with two x-ray detectors; one

at 90◦ and another at 0◦ with respect to the electron beam axis. An excellent collision

energy resolution was achieved by using an evaporative cooling technique. We note that

this resolution was higher than in any previously reported measurement. It allowed

resolving many DR, TR, and QR resonances. The x-ray emission asymmetry (or degree

of polarization) was measured for 73 KLL resonances in iron and krypton. This is a

significant progress compared to the direct polarization measurements (first experiment)

where just 5 dielectronic recombination resonances could be accessed in a reasonable

time. The experimental results are compared with the theoretical calculations of FAC

and RATIP codes. With a few exceptions, the agreement is excellent, even for inter-

shell TR and QR resonances. Furthermore, the contribution of the Breit interaction

is systematically investigated for all resonances. We observed that the degree of linear

polarization of x rays following only one resonance state in Li-like ions ([1s2s22p1/2]1)

manifests a strong sensitivity towards the Breit interaction.

The results of both experiments comprehensively benchmark relativistic distorted-

wave calculations and confirm the accuracy of FAC and RATIP computer codes. A

good agreement between theoretical predictions and experimental results of polarization

of x rays due to K -shell DR, TR, and QR resonances is essential for developing reliable

plasma polarization diagnostics. Such diagnostics may provide information about the

momentum distribution of plasma electrons at specific energies [50, 52, 100, 138, 145].

Both experimental techniques are straightforward and sensitive. Moreover, they are

applicable to all elements of astrophysical and fusion research interest. They allow cov-

ering a wide range of recombination resonances in highly charged ions of elements from

a significant portion of the periodic table. Alignment resulting from many collisional

processes, such as radiative recombination, as well as electron-impact excitation and ion-

ization, can also be studied with the present techniques. Due to their high sensitivities,

our techniques can also be used for studies of weak radiative transitions, or, alterna-

tively, for high accuracy studies of stronger transitions, in particular of those sensitive

to the effects of quantum electrodynamics.

The polarization of DR x rays is currently one of the most sensitive probes for the

details of electron–electron interaction. For example, the degree of linear polarization of

x rays produced by Li-like DR resonance is not only changed by the Breit interaction,

but also by the generalized Breit interaction (GBI). The quantitative change in the

degree of linear polarization due to the GBI at high-Z atomic ions was recently shown
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by Tong and coworkers [203], see Fig. 5.11. The absolute change in the degree of linear

polarization due to the virtual photon frequency dependence of the GBI is very small,

∼8% for Li-like Hg and Bi ions. In principle, it is possible to produce Li-like Hg and

Bi ions at the Heidelberg EBIT, and it is possible to measure the GBI effect with our

experimental techniques. To achieve this, a Compton polarimeter based on the annular

segmented germanium detector is being built by our research group. This polarimeter

should achieve the energy resolution of 2 keV and work in the x-ray energy range from

30 keV to 2 MeV. With this polarimeter, it will be possible to access GBI effects to the

degree of linear polarization. We plan to make such measurements in the near future.

The application of polarimetry techniques at lower energies was so far limited by the

energy resolution of the detectors. For instance, the SiPIN diodes used in the present

polarimeter have x-ray energy resolution of 3 keV FWHM at 13 keV [192]. A better

resolution polarimeter is required to measure the polarization of x-ray lines in densely-

populated spectra. For this purpose, another polarimeter was built by our research

group. It is based on the segmented silicon drift detectors. These detectors have the

energy resolution of 140 eV at 6 keV and they are optimized for the energies from 6 to

30 keV. Both polarimeters can be applied for polarization diagnostics of hot laboratory

plasmas such as those of tokamaks [51, 217], Z -pinches [49, 218, 219], electron cyclotron

resonance (ECR) traps [220] and high-intensity lasers [55].

A further central point of this thesis has been the plasma diagnostics and modeling.

A coronal model was developed in order to determine the recombination rate coefficients

and ionization balance of optically thin iron plasma. Hitherto neglected inter-shell TR

and QR channels of iron were included in the calculation for the first time. It was

observed that the TR and QR processes strongly affect the recombination rate coeffi-

cients and ionization balance of the plasmas. The similar model has also been used to

estimate the total polarization of Kα x-ray line emitted by hot anisotropic iron and

krypton plasmas. Once again the TR and QR was observed to play a dominant role in

the x-ray polarization. Both findings pinpoint the urgent need of systematic inclusion

of high-order effects in the corresponding plasma models, otherwise the interpretation

of ionization balance and the polarization of x rays emitted by hot anisotropic plasmas

can be misunderstood.

Recently, the importance of TR and QR was also recognized by Beiersdorfer [66] with

regard to the reported discrepancy in the ionization balance measurement of tungsten

in plasmas produced in the ASDEX Upgrade tokamak [64]. Since tungsten and iron

data (cf. Fig. 6.3) are important in ITER tokamak and in astrophysically relevant

plasmas, the experimental studies of ionization balance are highly desirable to resolve
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such discrepancies. Such experiments can be made at the electron beam ion traps by

creating a plasma with a certain energy distribution, e. g., Maxwellian distributions

of given temperature [221–223]. We plan to produce such Maxwellian plasmas at the

Heidelberg electron beam ion trap in order to measure the ionization balance of the

collisionally ionized iron plasmas. At the same time, we plan to use the segmented

silicon drift detector to measure the polarization of iron K -shell x-ray lines that are

highly important in astrophysics.

The experimental data of polarization measurements were used to investigate the

electron cyclotron motion within an electron beam propagating through a strong mag-

netic field of an electron beam ion trap. The transversal energy component and the pitch

angle of the electron beam were extracted, and the results are in a good agreement with

the optical theory of Herrmann [187]. It is important to determine the transverse energy

of the electron beam since they have systematic effects on the polarization as well as

the cross section measurements. This technique demonstrates the suitability of resonant

recombination polarization measurements for directional diagnostics of electron beams

inside the hot anisotropic plasmas. Such application of polarization measurements in

plasma diagnostics was also recently demonstrated by our research group. A test mea-

surement was conducted using the Compton polarimeter at superconducting ECR source

in Laboratoire Kastler Brossel in Paris. In the preliminary data analysis, a high degree

of polarization (P ≈ 70%) of x rays emitted by xenon plasma with 15 keV electron

temperature was observed [224]. The results indicate the localization of hot electrons

in a certain region of the magnetic field rather than being distributed across the whole

ECR plasma volume.

To sum up, the present comprehensive experimental and theoretical studies opens

numerous possibilities for diagnostics of anisotropies of hot laboratory and astrophysical

plasmas.

142



Appendix A

KLL DR calculation of He-like to

O-like iron (Z=26)

As described in section 2.2.2; the resonance energy Eres, resonance strength SDR, align-

ment parameter A2, “effective” intrinsic anisotropy parameter ᾱdf2 and the degree of

linear polarization of x rays PL are calculated by the use of Flexible atomic code (FAC),

given in the following tables. Theoretical calculations with only the Coulomb repulsion

(C) are compared with a full treatment of the electron–electron interaction (C+BI).
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CHAPTER A: KLL DR calculation of He-like to O-like iron (Z=26)

EXPLANATION OF THE TABLES:
FAC level The index of the energy levels in FAC.

Process Order of the recombination process; DR: Dielectronic

Recombination, TR: Trielectronic Recombination, QR:

Quadruelectronic Recombination.

Jd Total angular momentum of the intermediate excited

state |d〉.
Configuration The intermediate excited state configuration of the res-

onances are given in the j-j coupling notation, where

subscript following the round brackets denotes angular

momentum of the coupled subshells and another sub-

script following the square bracket denotes the total an-

gular momentum of the state.

Eres Resonance Energy in eV.

SDR Resonance Strength in units of (×10−21cm2eV ) calcu-

lated using equations (2.12).

ᾱdf2 The “effective” intrinsic anisotropy parameter weighted

by the E1 radiative rates Adfr , i. e., ᾱd2 =∑
f A

df
r α

df
2 /
∑

f A
df
r .

A2 Alignment parameter is calculated using equa-

tion (2.27).

PL Degree of linear polarization (or emission asymmetryR)

calculated using equation (2.32).

C Coloumb potential only.

C+BI Coloumb+Breit interaction (fully relativistic calcula-

tion).
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CHAPTER A: KLL DR calculation of He-like to O-like iron (Z=26)
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ᾱ
df 2

A
2

P
L

C
C

+
B

I
C

C
+

B
I

C
C

+
B

I

25
D

R
1/

2
[1
s2
s2

2p
2 1
/
2
] 1
/
2

47
55

.8
1.

03
0

0.
93

2
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

26
D

R
3/

2
[(

1s
2s

2
2p

1
/
2
) 0

2p
3
/
2
] 3
/
2

47
64

.7
0.

06
3

0.
03

2
-0

.3
96

-1
.0

00
-1

.0
00

-0
.7

40
-0

.7
40

27
D

R
5/

2
[(

1s
2s

2
2p

1
/
2
) 1

2p
3
/
2
] 5
/
2

47
70

.3
5.

79
2

5.
38

2
0.

36
4

-1
.0

69
-1

.0
69

0.
48

9
0.

48
9

28
D

R
5/

2
[(

1s
2s

) 1
2p

2 1
/
2
2p

3
/
2
] 5
/
2

47
80

.9
-

0.
00

0
-0

.0
43

-1
.0

69
-1

.0
69

-0
.0

71
-0

.0
71

29
D

R
1/

2
[(

1s
2s

2
2p

1
/
2
) 1

2p
3
/
2
] 1
/
2

47
89

.1
9.

43
7

10
.7

57
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

30
D

R
3/

2
[(

1s
2s

2
2p

1
/
2
) 1

2p
3
/
2
] 3
/
2

47
89

.4
12

4.
41

7
12

1.
45

3
0.

39
2

-1
.0

00
-1

.0
00

0.
49

2
0.

49
2

31
D

R
5/

2
[1
s2
s2

(2
p2 3
/
2
) 2

] 5
/
2

47
94

.4
14

7.
48

5
14

5.
72

2
0.

35
5

-1
.0

69
-1

.0
69

0.
47

8
0.

47
8

32
D

R
3/

2
[1
s2
s2

(2
p2 3
/
2
) 2

] 3
/
2

48
06

.9
48

.5
90

43
.2

51
-0

.3
82

-1
.0

00
-1

.0
00

-0
.7

09
-0

.7
09

33
D

R
1/

2
[1
s2
s2

(2
p2 3
/
2
) 0

] 1
/
2

48
12

.5
40

.9
95

40
.8

52
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

34
T

R
3/

2
[(

1s
2s

) 1
2p

2 1
/
2
2p

3
/
2
] 3
/
2

48
29

.0
0.

01
9

0.
02

2
0.

43
8

-1
.0

00
-1

.0
00

0.
53

9
0.

53
9

35
T

R
5/

2
[(

1s
2s

2p
1
/
2
) 1
/
2
(2
p2 3
/
2
) 2

] 5
/
2

48
30

.1
0.

00
0

0.
00

0
0.

34
1

-1
.0

69
-1

.0
69

0.
46

3
0.

46
3

36
T

R
1/

2
[(

1s
2s

) 1
2p

2 1
/
2
2p

3
/
2
] 1
/
2

48
31

.2
0.

02
8

0.
02

5
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

38
T

R
3/

2
[(

1s
2s

2p
1
/
2
) 3
/
2
(2
p2 3
/
2
) 2

] 3
/
2

48
37

.1
0.

09
0

0.
09

3
-0

.1
52

-1
.0

00
-1

.0
00

-0
.2

47
-0

.2
47

39
T

R
1/

2
[(

1s
2s

2p
1
/
2
) 1
/
2
(2
p2 3
/
2
) 0

] 1
/
2

48
49

.3
0.

00
0

0.
00

2
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

40
T

R
5/

2
[(

1s
2s

) 1
(2
p3 3
/
2
) 3
/
2
] 5
/
2

48
50

.3
0.

00
0

0.
00

0
-0

.4
05

-1
.0

69
-1

.0
69

-0
.8

29
-0

.8
29

41
T

R
3/

2
[(

1s
2s

2p
1
/
2
) 3
/
2
(2
p2 3
/
2
) 0

] 3
/
2

48
50

.6
0.

03
5

0.
05

9
0.

07
0

-1
.0

00
-1

.0
00

0.
10

1
0.

10
1

42
T

R
3/

2
[(

1s
2s

) 0
2p

2 1
/
2
2p

3
/
2
] 3
/
2

48
67

.5
0.

55
3

0.
55

5
-0

.2
06

-1
.0

00
-1

.0
00

-0
.3

45
-0

.3
45

43
T

R
5/

2
[(

1s
2s

2p
1
/
2
) 1
/
2
(2
p2 3
/
2
) 2

] 5
/
2

48
72

.3
0.

00
0

0.
00

0
-0

.3
43

-1
.0

69
-1

.0
69

-0
.6

74
-0

.6
74

44
T

R
3/

2
[(

1s
2s

2p
1
/
2
) 3
/
2
(2
p2 3
/
2
) 2

] 3
/
2

48
76

.1
0.

19
4

0.
19

2
-0

.2
49

-1
.0

00
-1

.0
00

-0
.4

26
-0

.4
26

45
T

R
3/

2
[(

1s
2s

2p
1
/
2
) 1
/
2
(2
p2 3
/
2
) 2

] 3
/
2

48
81

.3
0.

01
7

0.
03

4
0.

08
9

-1
.0

00
-1

.0
00

0.
12

8
0.

12
8

46
T

R
1/

2
[(

1s
2s

2p
1
/
2
) 1
/
2
(2
p2 3
/
2
) 0

] 1
/
2

48
83

.2
0.

01
2

0.
04

6
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

47
T

R
5/

2
[(

1s
2s

2p
1
/
2
) 1
/
2
(2
p2 3
/
2
) 2

] 5
/
2

48
88

.4
0.

00
0

0.
00

0
0.

20
2

-1
.0

69
-1

.0
69

0.
29

3
0.

29
3

48
T

R
3/

2
[(

1s
2s

) 1
2p

3 3
/
2
] 3
/
2

48
95

.5
0.

07
6

0.
05

5
0.

29
5

-1
.0

00
-1

.0
00

0.
38

6
0.

38
6

49
T

R
1/

2
[(

1s
2s

2p
1
/
2
) 1
/
2
(2
p2 3
/
2
) 0

] 1
/
2

48
97

.9
1.

14
2

1.
17

1
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

50
T

R
3/

2
[(

1s
2s

) 0
2p

3 3
/
2
] 3
/
2

49
08

.6
1.

60
1

1.
58

9
-0

.3
70

-1
.0

00
-1

.0
00

-0
.6

80
-0

.6
80

51
T

R
1/

2
[(

1s
2s

) 1
2p

3 3
/
2
] 1
/
2

49
12

.4
0.

68
1

0.
64

6
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

52
D

R
5/

2
[1
s2
s2

(2
p2 3
/
2
) 2

] 5
/
2

49
23

.2
0.

00
1

0.
00

1
0.

31
7

-1
.0

69
-1

.0
69

0.
43

5
0.

43
5

53
Q

R
3/

2
[(

1s
2p

1
/
2
) 0

2p
3 3
/
2
] 3
/
2

49
33

.4
0.

00
0

0.
00

0
-0

.3
79

-1
.0

00
-1

.0
00

-0
.7

01
-0

.7
01

54
D

R
1/

2
[1
s2
s2

(2
p2 3
/
2
) 0

] 1
/
2

49
36

.7
0.

01
4

0.
01

4
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

55
D

R
3/

2
[1
s2
s2

(2
p2 3
/
2
) 2

] 3
/
2

49
51

.0
0.

00
2

0.
00

2
-0

.3
11

-1
.0

00
-1

.0
00

-0
.5

53
-0

.5
53

56
Q

R
5/

2
[(

1s
2p

1
/
2
) 1

2p
3 3
/
2
] 5
/
2

49
55

.4
0.

00
6

0.
00

6
-0

.1
72

-1
.0

69
-1

.0
69

-0
.3

03
-0

.3
03

57
Q

R
3/

2
[(

1s
2p

1
/
2
) 1

2p
3 3
/
2
] 3
/
2

49
63

.1
0.

00
5

0.
00

5
0.

09
0

-1
.0

00
-1

.0
00

0.
12

9
0.

12
9

58
Q

R
1/

2
[(

1s
2p

1
/
2
) 1

2p
3 3
/
2
] 1
/
2

49
63

.9
0.

02
6

0.
02

8
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

59
Q

R
1/

2
[(

1s
2p

4 3
/
2
] 1
/
2

49
89

.9
0.

10
2

0.
10

9
0.

00
0

0.
00

0
0.

00
0

0.
00

0
0.

00
0

147



CHAPTER A: KLL DR calculation of He-like to O-like iron (Z=26)
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Appendix B

KLL DR calculation of He-like to

O-like krypton (Z=36)

As described in section 2.2.2; the resonance energy Eres, resonance strength SDR, align-

ment parameter A2, “effective” intrinsic anisotropy parameter ᾱdf2 and the degree of

linear polarization of x rays PL are calculated by the use of Flexible atomic code (FAC),

given in the following tables. Theoretical calculations with only the Coulomb repulsion

(C) are compared with a full treatment of the electron–electron interaction (C+BI).

EXPLANATION OF THE TABLE: same as appendix A
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CHAPTER B: KLL DR calculation of He-like to O-like krypton (Z=36)
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CHAPTER B: KLL DR calculation of He-like to O-like krypton (Z=36)
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ᾱ
df2

A
2

P
L

C
C

+
B

I
C

C
+

B
I

C
C

+
B

I

13
D

R
1/2

[1s2s
22p

21
/
2 2p

43
/
2 ]1

/
2

9654.2
9.459

9.221
0.000

0.000
0.000

0.000
0.000

160



Appendix C

RR (n=2) calculation of He-like to

N-like krypton (Z=36)

Table C.1: The total cross section σRR and linear polarization PL of radiative recombina-
tion (RR) into n=2 states of He-like to N-like krypton ions. σ⊥ is the RR cross sections
at 90◦ for x rays polarized in the direction perpendicular to the electron direction, and
σ‖ is the RR cross sections at 90◦ for x rays polarized in the direction parallel to the
electron direction.

|i〉 subshell Ee ~ωRR σRR σ⊥/σ‖ PL

(eV) (eV) (10−20cm2)

He-like 2s1/2 8700 12997 1.79E-03 4.53E-04 0.999

[1s2]0 8800 13097 1.77E-03 4.59E-04 0.999

8900 13197 1.74E-03 4.57E-04 0.999

9000 13297 1.71E-03 4.61E-04 0.999

9100 13397 1.69E-03 4.65E-04 0.999

9200 13497 1.67E-03 4.65E-04 0.999

9300 13597 1.64E-03 4.69E-04 0.999

9400 13697 1.62E-03 4.73E-04 0.999

9500 13797 1.60E-03 4.75E-04 0.999

9600 13897 1.57E-03 4.85E-04 0.999

9700 13997 1.55E-03 4.78E-04 0.999

2p1/2 8700 12963 5.97E-04 2.58E-01 0.590

8800 13063 5.84E-04 2.59E-01 0.589

161



CHAPTER C: RR (n=2) calculation of He-like to N-like krypton (Z=36)

8900 13163 5.71E-04 2.61E-01 0.587

9000 13263 5.59E-04 2.62E-01 0.585

9100 13363 5.47E-04 2.64E-01 0.583

9200 13463 5.36E-04 2.65E-01 0.581

9300 13563 5.24E-04 2.66E-01 0.579

9400 13663 5.14E-04 2.68E-01 0.578

9500 13763 5.03E-04 2.69E-01 0.576

9600 13863 4.93E-04 2.71E-01 0.574

9700 13963 4.83E-04 2.72E-01 0.572

2p3/2 8700 12890 5.32E-04 2.57E-01 0.591

8800 12990 5.20E-04 2.58E-01 0.589

8900 13090 5.09E-04 2.60E-01 0.587

9000 13190 4.98E-04 2.62E-01 0.585

9100 13290 4.87E-04 2.63E-01 0.583

9200 13390 4.76E-04 2.65E-01 0.581

9300 13490 4.66E-04 2.66E-01 0.579

9400 13590 4.56E-04 2.68E-01 0.577

9500 13690 4.47E-04 2.70E-01 0.575

9600 13790 4.37E-04 2.71E-01 0.573

9700 13890 4.28E-04 2.73E-01 0.571

Li-like 2s1/2 8700 12827 1.74E-03 4.47E-04 0.999

[1s22s1/2]1/2 8800 12927 1.71E-03 4.53E-04 0.999

8900 13027 1.69E-03 4.51E-04 0.999

9000 13127 1.66E-03 4.55E-04 0.999

9100 13227 1.64E-03 4.48E-04 0.999

9200 13327 1.61E-03 4.62E-04 0.999

9300 13427 1.59E-03 4.63E-04 0.999

9400 13527 1.57E-03 4.60E-04 0.999

9500 13627 1.55E-03 4.66E-04 0.999

9600 13727 1.53E-03 4.71E-04 0.999

9700 13827 1.50E-03 4.71E-04 0.999

2p1/2 8700 12779 5.99E-04 2.55E-01 0.594

8800 12879 5.86E-04 2.57E-01 0.592

8900 12979 5.73E-04 2.58E-01 0.590
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9000 13079 5.61E-04 2.59E-01 0.588

9100 13179 5.49E-04 2.61E-01 0.586

9200 13279 5.37E-04 2.62E-01 0.585

9300 13379 5.26E-04 2.64E-01 0.583

9400 13479 5.15E-04 2.65E-01 0.581

9500 13579 5.04E-04 2.66E-01 0.579

9600 13679 4.94E-04 2.68E-01 0.578

9700 13779 4.84E-04 2.69E-01 0.576

2p3/2 8700 12708 5.33E-04 2.54E-01 0.595

8800 12808 5.21E-04 2.55E-01 0.593

8900 12908 5.10E-04 2.57E-01 0.591

9000 13008 4.99E-04 2.59E-01 0.589

9100 13108 4.88E-04 2.60E-01 0.587

9200 13208 4.77E-04 2.62E-01 0.585

9300 13308 4.67E-04 2.63E-01 0.583

9400 13408 4.57E-04 2.65E-01 0.581

9500 13508 4.47E-04 2.66E-01 0.579

9600 13608 4.38E-04 2.68E-01 0.577

9700 13708 4.29E-04 2.69E-01 0.576

Be-like 2p1/2 8700 12442 5.79E-04 2.52E-01 0.597

[1s22s2
1/2]0 8800 12542 5.66E-04 2.53E-01 0.596

8900 12642 5.54E-04 2.55E-01 0.594

9000 12742 5.42E-04 2.56E-01 0.592

9100 12842 5.30E-04 2.58E-01 0.590

9200 12942 5.19E-04 2.59E-01 0.589

9300 13042 5.08E-04 2.60E-01 0.587

9400 13142 4.98E-04 2.62E-01 0.585

9500 13242 4.87E-04 2.63E-01 0.583

9600 13342 4.77E-04 2.65E-01 0.581

9700 13442 4.67E-04 2.66E-01 0.580

2p3/2 8700 12375 5.15E-04 2.50E-01 0.599

8800 12475 5.04E-04 2.52E-01 0.597

8900 12575 4.92E-04 2.54E-01 0.595

9000 12675 4.81E-04 2.55E-01 0.593
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9100 12775 4.71E-04 2.57E-01 0.591

9200 12875 4.61E-04 2.58E-01 0.589

9300 12975 4.51E-04 2.60E-01 0.588

9400 13075 4.41E-04 2.62E-01 0.585

9500 13175 4.32E-04 2.63E-01 0.583

9600 13275 4.23E-04 2.65E-01 0.582

9700 13375 4.14E-04 2.66E-01 0.580

B-like 2p1/2 8700 12271 5.66E-04 2.50E-01 0.600

[1s22s2
1/22p1/2]1/2 8800 12371 5.54E-04 2.52E-01 0.598

8900 12471 5.42E-04 2.53E-01 0.596

9000 12571 5.30E-04 2.55E-01 0.594

9100 12671 5.19E-04 2.56E-01 0.592

9200 12771 5.08E-04 2.57E-01 0.591

9300 12871 4.97E-04 2.59E-01 0.589

9400 12971 4.86E-04 2.60E-01 0.587

9500 13071 4.76E-04 2.62E-01 0.585

9600 13171 4.66E-04 2.63E-01 0.583

9700 13271 4.57E-04 2.65E-01 0.582

2p3/2 8700 12207 5.03E-04 2.49E-01 0.602

8800 12307 4.92E-04 2.50E-01 0.600

8900 12407 4.81E-04 2.52E-01 0.598

9000 12507 4.70E-04 2.53E-01 0.596

9100 12607 4.60E-04 2.55E-01 0.594

9200 12707 4.50E-04 2.57E-01 0.592

9300 12807 4.40E-04 2.58E-01 0.590

9400 12907 4.31E-04 2.60E-01 0.588

9500 13007 4.22E-04 2.61E-01 0.586

9600 13107 4.13E-04 2.63E-01 0.584

9700 13207 4.04E-04 2.64E-01 0.582

C-like 2p3/2 8700 12044 4.94E-04 2.47E-01 0.604

[1s22s2
1/22p2

1/2]0 8800 12144 4.83E-04 2.48E-01 0.602

8900 12244 4.72E-04 2.50E-01 0.600

9000 12344 4.61E-04 2.52E-01 0.598

9100 12444 4.51E-04 2.53E-01 0.596

9200 12544 4.41E-04 2.55E-01 0.594
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9300 12644 4.32E-04 2.56E-01 0.592

9400 12744 4.22E-04 2.58E-01 0.590

9500 12844 4.13E-04 2.60E-01 0.588

9600 12944 4.05E-04 2.61E-01 0.586

9700 13044 3.96E-04 2.63E-01 0.584

N-like 2p3/2 8700 11885 4.85E-04 2.45E-01 0.607

[1s22s2
1/22p2

1/22p3/2]3/2 8800 11985 4.74E-04 2.46E-01 0.605

8900 12085 4.63E-04 2.48E-01 0.603

9000 12185 4.53E-04 2.50E-01 0.601

9100 12285 4.43E-04 2.51E-01 0.598

9200 12385 4.33E-04 2.53E-01 0.596

9300 12485 4.24E-04 2.55E-01 0.594

9400 12585 4.15E-04 2.56E-01 0.592

9500 12685 4.06E-04 2.58E-01 0.590

9600 12785 3.97E-04 2.59E-01 0.588

9700 12885 3.89E-04 2.61E-01 0.586

165



CHAPTER C: RR (n=2) calculation of He-like to N-like krypton (Z=36)

166



Bibliography

[1] C. Day, Physics Today 61, 12 (2008).

[2] N. Werner, A. Finoguenov, J. S. Kaastra, A. Simionescu, J. P. Dietrich, J. Vink,
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R. Ginzel, N. Guerassimova, V. Mäckel, P. H. Mokler, B. L. Schmitt, et al., J.

Phys. B 43, 194008 (2010).
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