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Polarization measurement of dielectronic recombination transitions in highly charged krypton ions
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We report linear polarization measurements of x rays emitted due to dielectronic recombination into highly
charged krypton ions. The ions in the He-like through O-like charge states were populated in an electron-beam
ion trap with the electron-beam energy adjusted to recombination resonances in order to produce Kα x rays.
The x rays were detected with a newly developed Compton polarimeter using a beryllium scattering target
and 12 silicon x-ray detector diodes sampling the azimuthal distribution of the scattered x rays. The extracted
degrees of linear polarization of several dielectronic recombination transitions agree with results of relativistic
distorted-wave calculations. We also demonstrate a high sensitivity of the polarization to the Breit interaction,
which is remarkable for a medium-Z element like krypton. The experimental results can be used for polarization
diagnostics of hot astrophysical and laboratory fusion plasmas.
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I. INTRODUCTION

Collisions of energetic electrons with highly charged ions
(HCIs), abundant in hot plasmas, may lead to emission of
anisotropic and polarized characteristic x rays due to an
anisotropy of the electron momentum distribution. Measure-
ment of polarization of x-ray lines can provide information on
the directionality of the electron currents and the orientation
of the magnetic-field lines in both hot astrophysical and
laboratory plasmas [1,2]. Such diagnostics requires detailed
knowledge of polarization properties of atomic processes
leading to the x-ray emission.

Dielectronic recombination (DR) [3] is a resonant process
in which a free electron is captured into an ion under the si-
multaneous excitation of a bound electron and the intermediate
excited state is stabilized by emitting an x ray. DR is one of the
dominant recombination mechanisms in hot plasmas: its cross
section at the resonance energy is often orders of magnitude
larger than that of competing recombination processes [4]. It
strongly affects both the charge-state distribution and the x-ray
spectrum [5–7]. Therefore, an accurate knowledge of DR cross
sections, and likewise of the polarization of the DR x rays, is
needed for modeling of astrophysical and fusion plasmas [8,9].

Apart from applications in plasma diagnostics, DR was
found to be sensitive to fine details of the electron-electron
interaction. Namely, magnetic interactions and a retardation
in the exchange of virtual photons between the electrons,
commonly referred to as the Breit interaction [10], affect the
resonance strengths of DR transitions [11], as well as the angu-
lar distribution and polarization of the emitted x rays [12–15].
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Experimental studies of DR resonances with collision ener-
gies of several keV can now be carried out using electron-beam
ion traps (EBITs). Such devices can produce HCIs in a broad
range of charge states. Their interactions with a monoenergetic
and unidirectional electron beam were in general studied by
observing x rays emitted perpendicular to the electron-beam
axis. The interpretation of those experimental results requires
accurate knowledge of the x-ray angular distribution and
polarization [16–20]. Recently, the angular distribution of DR
x rays was measured for one electronic transition in Li-like
praseodymium, holmium, and gold ions [21,22]. Polarization
properties of dielectronic satellite lines of Li-, Be-, and B-like
iron ions were also studied [23–25]. Furthermore, polarization
measurements of x-ray lines produced by electron impact
excitation were performed for a wide range of elements
[26–32]. In those experiments, the polarization sensitivity of a
Bragg crystal spectrometer was used to obtain the polarization-
dependent spectra. Although these spectrometers have excel-
lent energy resolutions, their efficiencies are typically small.
Another x-ray polarimetry technique uses Compton scattering
and position sensitive solid-state detectors. This technique has
a high efficiency and it is applicable to a wide range of x-ray
energies. Furthermore, Compton polarimeters can measure
both the degree and the angle of polarization. They were used
in studying the bremsstrahlung [33–35] and radiative electron
capture [36,37].

Recently, Compton polarimetry was applied at an EBIT for
studying the DR into highly charged xenon ions [38]. In this
paper, we extend these investigations to a medium-Z element
krypton and present a detailed data analysis and theoretical
calculations of the degree of linear polarization of DR x
rays. We have chosen krypton because it was proposed as
a promising candidate for x-ray diagnostic measurements in
order to determine the central ion temperature in the ITER
plasma [39,40]. The highly charged krypton ions in the He-like
through O-like charge states were produced in an EBIT. In this
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trap, the electron-beam energy was tuned to the centroids of
the well-resolved K-shell DR resonances. For monitoring the
x-ray spectrum and adjusting the electron-beam energy, the
x rays were registered by a germanium detector. The linear
polarization of x rays emitted during radiative stabilization
of an excited state was measured by a recently developed
Compton polarimeter, which consists of a scattering target
and an array of silicon p-doped–intrinsic–n-doped (SiPIN)
semiconductor junction diodes [41] to sample the azimuthal
distribution of the scattered x rays. We have measured the
polarization of x rays following the formation of five DR
resonances as well as due to radiative recombination (RR) of
electrons into the n = 2 shell of highly charged krypton ions.
The measured degree of linear polarization of K-shell x-ray
lines agrees well with the theoretical calculations carried out
using the relativistic configuration interaction based flexible
atomic code (FAC) [42].

II. EXPERIMENT

The FLASH-EBIT [43,44] developed at Max-Planck-
Institute for Nuclear Physics was used for the present ex-
periment (see Fig. 1). In this experiment, an electron beam is
emitted from a thermionic cathode with an intensity of 100 mA
and it is guided by a 6-T magnetic field through a set of
drift tubes. According to Herrmann’s theory [45] the beam is
compressed by the magnetic field to a diameter of ∼50 μm.
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 space-charge potential of the
highly compressed electron beam traps the ions in the radial
direction. The energy of the electrons passing through the
trap region is defined by the potential difference between the
cathode and the central drift tube.

Krypton gas was continuously injected into the trap by
means of an atomic beam using a two-stage collimation and
differential pumping system. Highly charged krypton ions
in the He-like through O-like charge states were produced
through successive electron impact ionization. The trapped
ions are dumped periodically from the trap to reduce the
accumulation of unwanted heavy ionic species emitted from
the electron gun, such as barium and tungsten.

We swept the electron-beam energy 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. The electron-beam energy varied from 8.7 to 9.8 keV
with a slow slew rate of 1.8 eV/s to ensure an equilibrium
charge-state distribution [46]. The experimental parameters
were optimized to get 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 an
axial trap depth of about 100 V, we achieved a collision energy
resolution of 21-eV full width at half maximum (FWHM)
at 9 keV.

A high-purity germanium detector with an energy reso-
lution of 750-eV FWHM at 13 keV was used to detect the x
rays emitted perpendicularly to the electron-beam propagation
direction. Figure 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 weak feature
at 10 keV is produced by RR into the n = 3 shell of Kr HCI. At
13 keV, the x rays are produced by RR into the n = 2 shell and
by the KLL DR processes. The intensity of x rays as a function
of the x-ray and electron-beam energies is shown in Fig. 3(a),
where the diagonal window outlines the region of RR into the
n = 2 shell and KLL DR resonances. Several bright spots at
well-defined electron-beam energies correspond to the x-ray
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FIG. 1. (Color online) Schematic diagram of the EBIT and the layout of the Compton polarimeter. The electrons are emitted from the
cathode and accelerated toward 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 sampled by an array of
SiPIN diodes. An additional germanium detector is used to observe unscattered x rays.
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FIG. 2. (Color online) (a) An x-ray spectrum I (�ω) obtained
with the germanium detector (solid line). The dash-dotted line is the
energy dependent x-ray transmission probability T (�ω) through the
10-mm-thick beryllium scattering target. The dashed line is the prod-
uct of both the previous functions and the response function G(�ω) of
the SiPIN diode to 13-keV x rays: G(�ω) = exp[−4 ln 2( �ω−13keV

3.2keV )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(�ω) and the
background is shown as the dashed line.

intensity enhancements due to DR resonances in different ionic
states of krypton.

The linear polarization of x rays emitted perpendicular to
the electron-beam axis in RR and DR processes is measured
by the dedicated Compton polarimeter optimized for x-ray
energies of 10–30 keV (see Fig. 1). The detailed design and
the operation principles of this polarimeter will be published
elsewhere [47]. Briefly, the beam of polarized x rays is
collimated by a round aperture with a diameter of 15 mm
and scattered by a 10-mm-thick beryllium target. Beryllium is
chosen for its low-photo-absorption cross section. The energy
dependent x-ray transmission of the beryllium scatterer is
shown in Fig. 2(a). Collimated x rays are scattered at a polar
angle of θ ≈ 50◦ and registered by 12 SiPIN diodes with
dimensions of 7 × 7 × 0.38 mm, providing the azimuthal
scattering intensity distribution. The SiPIN diodes are operated
at room temperature; their signals are amplified with charge
sensitive preamplifiers and read out using 100-MHz sampling
14-bit analog-to-digital converters. The moving window de-
convolution algorithm [48] is used to extract x-ray energies.
This setup provided the energy resolution of 3.2-keV FWHM

at 13 keV. Figure 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 emitted by RR into the n = 2 shell and KLL DR processes.
Since SiPIN diodes have a lower-energy resolution compared
to the germanium detector, the x rays due to RR into the n = 3
shell and some bremsstrahlung x rays also contribute to the
observed intensity. The feature below 6 keV is due to electronic
noise.

III. DATA ANALYSIS

The total number of x rays detected within the outlined
window in the upper panel of Fig. 3 is shown in the lower panel
of the same figure as a function of the electron-beam energy.
The 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 resonances were identified
with the help of theoretical calculations performed with FAC.
They are then labeled according to the initial charge state
of the ion (before the capture of the electron) followed by a
number. The electron-beam energy was calibrated using He1

([1s2s2]1/2) and C1 ([1s2s2(2p1/2)2(2p3/2)2]5/2) resonances,
identified by the intermediate excited states, having theoretical
resonance energies of 8820.6 and 9430.5 eV, respectively. An
overall good agreement is obtained between the measured
and the calculated resonance energies. We measured the
polarization of x rays produced by the well-resolved He2, Li1,
Be2, Be3, and B1 DR resonances as well as by the RR process.
The x rays produced by the He1 resonance are expected to
be unpolarized; we used this resonance to control possible
systematic effects.

For the incoming x rays with the energy �ω the Compton
scattering differential cross section is given by the Klein-
Nishina formula [36]:

dσ

d�
∝ �ω

�ω′ + �ω′

�ω
− sin2 θ − P sin2 θ cos 2(ϕ − ϕ0), (1)

where �ω′ is the energy of the scattered x rays, P and ϕ0 are the
degree and the angle of linear polarization, and θ and ϕ are the
polar and the azimuthal scattering angles. Here ϕ and ϕ0 are
measured relative to the reaction plane defined by the electron-
beam and the x-ray propagation directions. Since the geometry
of the radiative collision process is symmetric with respect to
the reaction plane, the angle of linear polarization ϕ0 vanishes.
In this 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 observed by
different SiPIN diodes are extracted by fitting the corre-
sponding x-ray spectra with Gaussian functions together
with the background approximated by a linear function [see
Fig. 2(b)]. The line intensity, width, and centroid as well as
the offset and the slope of the background were treated as
free parameters. The intensities of the scattered DR x rays
observed by each individual SiPIN diode are shown in Fig. 4
forming a function of the azimuthal scattering angle ϕ. The
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FIG. 3. (Color online) (a) Intensity of x rays registered by the germanium detector as a function of the x-ray and the electron-beam energies.
The dashed lines indicate a region of the KLL DR resonances. (b) Intensity of the x rays within the outlined energy window as a function of
the electron-beam energy. The blue dashed line represents the RR background, the thin green solid lines correspond to the fits of the individual
KLL DR resonances, and the thick red solid line represents the fit of the complete spectrum. The resonances are labeled by their initial charge
state followed by a number. The x-ray polarization was measured for the resonances marked by circles.
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FIG. 4. (Color online) Measured azimuthal distributions of the Compton scattered x rays produced by RR of free electrons into the n = 2
shell and due to the KLL DR resonances in krypton ions. The solid lines represent the fits of Eq. (2) to these distributions.
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TABLE I. The measured degrees of polarization of x-ray transitions following five DR resonances. These DR resonances with the centroid
energies Ee are labeled by the initial charge states of the recombining ion followed by a number and identified by the intermediate excited
states. The resonances are given in j-j coupling notation, where the subscripts after the parentheses stand for the angular momentum of the
coupled subshells and those after the square brackets denote the total angular momentum of the state. The factors fRR denote the amount of the
RR background admixed to the DR x rays. Experimental uncertainties are given as 1σ . The alignment parameters A2, the intrinsic anisotropy
parameters ᾱ

df

2 , and the degrees of x-ray polarization PDR(theory) are calculated with FAC. The theoretical results are given for the case of the
Coulomb-only electron-electron interaction (C) and for the case of the full interelectronic interaction with the Breit term included (C+B).

A2 PDR (theory)

Label Excited state Ee (eV) fRR PDR (exp) ᾱ
df

2 C C+B C C+B

He2 [(1s2s)02p1/2]1/2 8899.5 0.22 ± 0.01 0.02 ± 0.05 0.00 0.00 0.00 0.00 0.00

Li1 [1s2s22p1/2]1 8954.0 0.18 ± 0.01 − 0.84 ± 0.05 0.68 0.70 0.64 − 0.95 − 0.84

Be2 [(1s2s22p1/2)12p3/2]3/2 9197.8 0.04 ± 0.002 0.45 ± 0.04 0.32 − 1.00 − 1.00 0.42 0.42

Be3 [1s2s2(2p2
3/2)2]5/2 9239.2 0.06 ± 0.003 0.46 ± 0.04 0.36 − 1.07 − 1.07 0.48 0.48

B1 [1s2s22p2
1/22p3/2]1 9296.8 0.10 ± 0.005 0.33 ± 0.06 0.46 − 0.69 − 0.68 0.41 0.40

intensity modulation indicates the linear polarization of the
incoming x rays. According to Eq. (1), it was fitted with the
function

I (ϕ) ∝ 1 − P M cos 2(ϕ − ϕ0). (2)

Although the angle ϕ0 should vanish, here it takes a possible
misalignment of the EBIT and the polarimeter axes into
account. The factor M represents the modulation produced by a
beam of 100% polarized x rays. It was obtained by Monte Carlo
simulations using the GEANT4 toolkit [49,50] together with the
Livermore low-energy electromagnetic model for the scatter-
ing processes [51]. The simulations take Compton scattering,
Rayleigh scattering, photoelectric effect, and bremsstrahlung
into account along with the dimensions of the collimator, the
scatterer, and the SiPIN diodes [47]. They confirm that the
azimuthal scattering distribution of 13-keV x rays has a form
of Eq. (2) with M = 0.374.

Due to the low-energy resolution of the SiPIN diodes, the
degree of polarization, extracted from the azimuthal scattering
distribution, arises from contributions from KLL DR, RR,
and bremsstrahlung. To quantify these effects, 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 (�ω) recorded by the germanium detector where these
contributions are clearly separated from the main x-ray line. By
multiplying the germanium x-ray spectrum by the beryllium
scatterer transmission probability T (�ω) we have obtained
the spectrum of the x rays impinging on the SiPIN diodes.
A further multiplication by the response function G(�ω) of
the SiPIN diode took the energy resolution of the diode into
account [see the dashed line in Fig. 2(a)]. The contributions of
bremsstrahlung and RR into n � 3 shells to the main x-ray line
are visible as a faint feature at lower energies. They modify
the x-ray intensity by 1–5% and thus they were neglected.

The contribution of RR into the n = 2 shell to the x-ray
intensity measured by the SiPIN diodes cannot be separated
from that of KLL DR, even using the x-ray spectrum obtained
by the germanium detector. This contribution fRR, however,
was 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. 3).

The contributions of RR to the DR resonances He2, Li1, Be2,
Be3, and B1 were found to be, respectively, 22, 18, 4, 6, and
10% (see Table I).

From Eqs. (1) and (2) it follows that 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). (3)

We measured the RR polarization at a fixed electron-beam
energy of 8760 eV, which is far from known DR resonances,
and found 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 recom-
bining into 2p1/2 and 2p3/2 subshells of initially He-like
through N-like krypton ions. The theoretical result PRR ≈
0.59 deviates from the experimental value. We have no
explanation for this discrepancy and plan to address it in future
experiments.

The degree of polarization of DR x rays PDR is extracted by
deconvoluting the polarization of RR x rays PRR according to
Eq. (3). The experimental results are summarized in Table I.
The uncertainties in the degrees of KLL DR polarization
PDR are caused by the fits of Eq. (2) and the errors of fRR

and PRR. Moreover, the depolarization effect introduced by
the cyclotron motion of the electrons inside the EBIT was
estimated [52,53] and found to be negligibly small compared
to the experimental errors.

Using the He2 resonance having the total angular momen-
tum of the intermediate excited state Jd = 1/2 and producing
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 is due to the admixture of the polarized
RR x rays.

IV. THEORETICAL CALCULATIONS

Since the theoretical analysis of the dielectronic recom-
bination of few-electron ions has been discussed in detail
previously [14,15,54–56], here we restrict ourselves to a rather
short account of the basic formulas and ideas. In particular, we
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consider the DR as a two-step process:

e−(Eelj ) + An+(αiJi)

→ A(n−1)+∗(αdJd ) → A(n−1)+(αf Jf ) + γ. (4)

Here, the first step is the resonant capture of a free electron
with energy Ee and total angular momentum j by an initial ion
An+ in the charge state n. This capture leads to the formation
of the excited ion A(n−1)+∗, whose charge state is reduced by
one and which decays—in a second step—under the emission
of characteristic x rays. In Eq. (4), moreover, Ji , Jd , and Jf are
the total angular momenta of the initial, intermediate (excited),
and final ionic states, and we used αi , αd , and αf to denote all
the additional quantum numbers.

The resonant capture of an electron by a target ion usually
leads to the nonstatistical population of excited ionic sublevels
|αdJdMd〉 with Md = −Jd, . . . Jd . Moreover, if the incident
electron beam is unidirectional and unpolarized, the residual
(excited) ions appear to be aligned, which means that their
sublevels with the same modulus of the magnetic quantum
number |Md | are equally populated, while this is not true in
general for levels with different moduli. Usually, the alignment
is described by the set of parameters Ak that are related to the
cross sections σMd

for the capture into the various magnetic
sublevels:

Ak =
√

2Jd + 1
Jd∑

Md=−Jd

(−1)Jd−Md 〈JdMd, Jd − Md |k0〉σMd
.

(5)

As seen from this expression and from the properties of the
Clebsch-Gordan coefficients 〈. . . .|. .〉, the alignment param-
eters Ak do not vanish only if k is even and if k � 2Jd .
This restriction implies, in particular, that only excited states
with Jd > 1/2 can be aligned. For example, there is just one
nonvanishing parameter A2 for the recombination of a free
electron into the intermediate excited state with Jd = 1 or 3/2
and two nonvanishing parameters A2 and A4 for Jd = 5/2:

A2(αdJd = 1) =
√

2
σ1 − σ0

σ0 + 2σ1
, (6)

A2(αdJd = 3/2) = σ3/2 − σ1/2

σ1/2 + σ3/2
, (7)

A2(αdJd = 5/2) =
√

1

14

5σ5/2 − σ3/2 − 4σ1/2

σ1/2 + σ3/2 + σ5/2
, (8)

A4(αdJd = 5/2) =
√

3

14

σ5/2 − 3σ3/2 + 2σ1/2

σ1/2 + σ3/2 + σ5/2
. (9)

In order to calculate the partial cross sections σMd
and,

hence, the alignment parameters (5) we have used the
FAC program which treats the resonant capture process
within the distorted-wave approximation [42,57]. In this
approach, the evaluation of the capture cross sections is traced
back to the matrix element 〈αdJd ||V̂ ||(αiJi, Eelj )J 〉. This
matrix element describes the formation of the excited state
|αdJd〉 due to the electron-electron interaction V̂ between
the bound electrons in the initial state |αiJi〉 and the free
electron. To better understand the influence of the relativistic
Breit interaction on the resonant capture process, we have
performed calculations for both the full interaction operator

V̂ = V̂ Coulomb + V̂ Breit as well as only the Coulomb repulsion,
V̂ = V̂ Coulomb.

The alignment of excited ionic states |αdJd〉 can strongly
affect the angular distribution and polarization of the charac-
teristic x rays emitted in the second step of the DR process [cf.
Eq. (4)]. For example, the linear polarization of the decay x
rays is expressed as

P (θ ) =

∑
k=2,4,...

Ak gk P
(2)
k (cos θ )

1 + ∑
k=2,4,...

Ak fk Pk(cos θ )
, (10)

where the emission angle θ is defined with respect to the
incident electron beam, and where Pk and P

(2)
k denote the

Legendre and associated Legendre polynomials, correspond-
ingly. Apart from the alignment Ak , the polarization P (θ )
depends also on the so-called structure functions gk ≡
gk(αdJd, αf Jf ) and fk ≡ fk(αdJd, αf Jf ) that reflect the
electronic structure of the ion. The explicit expressions for
these functions are quite elaborate since they contain a
summation over the different multipole channels allowed for a
particular decay |αdJd〉 → |αf Jf 〉 + γ (cf. [55,58]). For low-
and medium-Z few-electron ions, however, the electric dipole
E1 channel dominates (if allowed) the radiative decay. In this
dipole approximation the structure functions are significantly
simplified to

f
(E1)
k = −

√
2

3
g

(E1)
k = δk, 2(−1)1+Jd+Jf

√
3(2Jd + 1)

2

×
{

1 1 2
Jd Jd Jf

}
, (11)

and f
(E1)
k coincides with the anisotropy parameter α

df

2 intro-
duced earlier in [59]: f

(E1)
k = α

df

2 . Equation (11) implies that
only the second-rank alignment parameter A2 can affect the
polarization of E1 photons. Inserting the f

(E1)
k and g

(E1)
k into

Eq. (10) one obtains

P (E1) = − 3A2 α
df

2

2 − A2 α
df

2

, (12)

where we have assumed also that characteristic photons are
detected perpendicular to the incident electron-beam direction,
θ = 90◦.

Equation (12) describes the linear polarization of E1
photons emitted if the ions undergo a transition between two
levels with well-defined total angular momenta and parity.
In the present experiment, however, an excited resonance
state |αdJd〉 usually decays into several close-lying different
final states |αf Jf 〉. Since the energy splitting between these
final states is smaller than the energy resolution of our x-ray
polarimeter, only the superposition of individual transitions
|αdJd〉 → |αf Jf 〉 + γ was observed. For the linear polariza-
tion, such a superposition is given by

PDR = − 3A2 ᾱ
df

2

2 − A2 ᾱ
df

2

, (13)

where the “effective” anisotropy parameter ᾱ
df

2 = ∑
f α

df

2

A
df
r /

∑
f A

df
r is obtained upon summation over the unresolved

final states and A
df
r is the rate of the corresponding transition.
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V. RESULTS AND DISCUSSION

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. 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 intermediate 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. (6) and (7), the alignment parameter A2 is negative.
Hence, for the x-ray transitions with ᾱ

df

2 > 0 following the
Be2, Be3, and B1 resonances, the degree of linear polarization is
positive. For the contrary case of the Li1 resonance, according
to [14], the population of the magnetic sublevel with Md =
0 is forbidden in the nonrelativistic limit. Thus, the magnetic
sublevels with Md = ±1 are predominantly populated leading
to the positive alignment Ad

2 . Consequently, the degree of
linear polarization of x rays following Li1 resonance is
negative.

It was shown recently that the Breit interaction between
the incident and the target electrons may strongly affect the
alignment of the populated states and the polarization of
the emitted DR x rays [12,14,60]. As the Breit interaction
occurs as a relativistic correction to the instantaneous Coulomb
repulsion, a large contribution is expected especially for
high-Z elements. In the present work, we here found a quite
strong contribution of the Breit interaction to the degree of
linear polarization of DR x rays already in krypton, which is
significantly lighter than previously studied elements [21,22].
We see an effect of the Breit interaction in the case of Li1
and B1 resonances, while no effect was noticed in the case of
the Be2 and Be3 resonances. The latter case can be explained
by the fact that the electron-electron interaction operator V̂

is scalar, and hence it 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. This
is the case for the initially Be-like ions (e− + [1s22s2]0 →
[(1s2s22p1/2)2p3/2]3/2,5/2), where the total angular momen-
tum of the initial state is Ji = 0. Thus, only single partial
waves d3/2 and d5/2 are allowed in the formation of Be2 and
Be3 resonances, respectively. On the other hand, for Li- and
B-like initial ions (e− + [1s22s]1/2 → [1s2s22p1/2]1; e− +
[1s22s22p1/2]1/2 → [1s2s22p2

1/22p3/2]1), where the total an-
gular momentum of the initial state is Ji = 1/2, two partial
waves of the free electron can contribute to the resonant capture
process. The p1/2 and p3/2 partial waves are allowed in case
of Li1 resonance, while s1/2 and d3/2 partial waves are allowed
in the case of B1 resonance. In such instances, the interference
between the different allowed partial waves of a free electron
governs both the alignment parameters and the polarization
of the characteristic radiation. This interference depends on
the free-bound transition matrix elements and, hence, on
the details of the electron-electron interaction [15,61]. 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 sublevel is increased due to the Breit interaction by a
factor of 30, which is remarkable for a middle-Z element.
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 [22,38], this experiment is nonetheless sensitive
enough to validate theoretical calculations including the
Breit interaction, and to rule out by 2σ calculations that
treat the electron-electron interaction purely by the Coulomb
force.

The external magnetic and electric fields present in the in-
teraction region of an EBIT could modify the DR cross section
and magnetic sublevel population [62]. Since in the present ex-
periment the direction of the external magnetic field is the same
as that of the electron beam, the magnetic sublevel populations
should not be redistributed [22]. Moreover, small shifts in bind-
ing 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.

VI. CONCLUSIONS

A good agreement between theoretical predictions and ex-
perimental results of polarization of x rays due to KLL DR reso-
nances is important for developing reliable plasma polarization
diagnostics. Such diagnostics may provide information about
the momentum distribution of plasma electrons of specific
energies [63–65]. Since several dominant KLL resonant recom-
bination transitions in krypton ions were studied in the present
work, the results are relevant for fusion plasmas [17,40].
The present work also demonstrates the application of the
Compton polarimetry technique, which provides advantages
over Bragg polarimetry, previously used for DR polarization
measurements at EBITs [23–25], by measuring both the degree
and the angle of polarization and by being applicable in a
broad range of energies. This technique can also be applied
to investigate polarization properties of other electron-ion
collision processes such as resonant recombination [38,66]
and excitation, radiative recombination [36,67,68], electron
impact excitation [26–32,69], nuclear-field-induced excitation
[70], and higher-order resonant recombination processes
[71,72]. Due to its high sensitivity, Compton polarimetry
can also be used for studies of weak radiative transitions,
or, alternatively, for high accuracy studies of stronger tran-
sitions, in particular of those sensitive to effects of quantum
electrodynamics [73].
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J. R. Schneider, M. Wellhöfer, M. Martins, W. Wurth, and J.
Ullrich, Soft X-Ray Laser Spectroscopy on Trapped Highly
Charged Ions at FLASH, Phys. Rev. Lett. 98, 183001 (2007).

[44] S. W. Epp, J. R. Crespo López-Urrutia, M. C. Simon, T.
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