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Absolute measurement of radiative and Auger rates of K -shell-vacancy states
in highly charged Fe ions
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We present absolute measurements of radiative and Auger decay rates of K-shell vacancies in highly charged
iron ions. The ions were resonantly excited with monochromatic x rays from the PETRA III synchrotron source.
By measuring x-ray fluorescence and Auger decay simultaneously, absolute transition rates could be determined
independently of most experimental parameters. The results confirm theoretical calculations, which are essential
to model the photoexcited plasmas in x-ray binary stars and active galactic nuclei.
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I. INTRODUCTION

The Kα lines of highly charged iron ions are among the
most prominent features in the x-ray spectra of laboratory and
astrophysical plasmas. Due to their high transition rates and
the relatively large abundance of iron, they have been observed
in a plethora of celestial sources. They provide insight into the
dynamics of accretion disks of x-ray binaries [1–3] and active
galactic nuclei [4–10] and have been used recently to discover
highly charged irons in relativistic jets [11]. Often x-ray
observatories cannot resolve single lines or different charge
states. Only a few observations show hints of Kα transitions
in charge states other than Fe XXVI or Fe XXV [12–14], which
were seen in solar flares [15]. As these transitions contribute
to the intensity and width of the unresolved Kα line, they
are necessary constituents of spectral modeling. For iron ions
with a K-shell vacancy, the Auger decay rates are of the same
order as the radiative rates, thus knowledge of the fluorescence
yield is important for the determination of ion abundances.
Therefore, many theoretical calculations of transition energies
and decay rates have been performed (see Refs. [16–20] and
references therein). Laboratory measurements were performed
with plasmas produced in tokamaks [21,22] and electron
beam ion traps (EBITs) [23]. The emission line energies were
measured with high precision using Bragg crystal spectrom-
eters, but determining absolute decay rates was not possible
because of the complexity of the excitation processes, namely,
electron-impact ionization, inner-shell ionization, or dielec-
tronic recombination (DR). Only one measurement reported
absolute dielectronic recombination resonance strengths, by
comparing DR intensities to those of radiative recombination
[24]. With the advent of ultrabrilliant x-ray sources, recently it
became possible to excite the transitions radiatively, allowing
one to measure their natural linewidths [25].
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Studies of the photoionization of ions have been tradition-
ally carried out using so-called merged-beam methods [26],
where an ion beam is superimposed onto a photon beam from
a suitable source, in general, a synchrotron. By this method,
K-shell photoionization has been measured for several low
charge states of light ions, as listed in Table I. However, the
achievable ion-beam densities limit the application of these
methods for higher charge states. The use of ions trapped in an
EBIT as a target allows one to investigate these charge states,
as demonstrated for Ar8+ [27] and Fe14+ [28].

II. EXPERIMENTAL METHOD

Here we present an extension of this technique, in which
a simultaneous fluorescence measurement allows the determi-
nation of Auger and radiative decay rates for several excited
states in Li-, Be-, and C-like iron ions (see Fig. 2). This was
achieved by combining the natural linewidth measurements
of Rudolph et al. [25] with a photoion detection system to
determine the relative branching ratio between radiative and
Auger decay. Together with a measurement of the relative
oscillator strength of the fluorescence, this allows us to obtain
absolute values for the decay rates. We employ the now well-
established combination of the transportable FLASH-EBIT
with an intense x-ray source [25,27–31] and monitor the
charge-state distribution to detect photoionization.

The experimental setup is shown in Fig. 1. An electron
beam emitted by a cathode is accelerated towards the trap
center, where it is compressed to 50 μm by a 6-T magnetic
field and afterwards dumped on a cylindrical collector. The
injected atoms are ionized by electron-impact ionization and
radially trapped by the space charge of the electron beam.
Axial trapping is achieved via an electrostatic potential well
created by drift tubes along the beam. Lowering the collector
side of this well enables the ions to escape from the trap
through the collector. They are then 90◦ deflected by an
energy-selective electrostatic bender and guided to a velocity
filter. There the ions are separated by their charge-to-mass
ratio and afterwards recorded on a position-sensitive detector.
The ion cloud in the trap is illuminated with x rays from the
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TABLE I. List of K-shell photoionization measurements per-
formed in merged-beam experiments. For a comparison with the
presented experiment, the accuracy of the measured linewidth is
given, which in these low-Z systems is solely determined by the
Auger decay rate.

Resonance Accuracy
Ion energy (eV) ��/� Reference

Li+ 150 5% [32]
B+ 194 4% [33]
B2+ 199 8% [34]
C2+ 294 18% [35]
C3+ 303 19% [36]
N+ 401 12% [37]
N2+ 405 52% [38]
N3+ 414 14% [39]
N4+ 421 72% [39]
Fe23+ 6653 7% This experiment

PETRA III synchrotron. At the Dynamics beamline P01 two
5-m undulators produce a high-flux linearly polarized photon
beam, which is monochromized with a double-crystal high
heat load monochromator (HHLM) [40]. The resolution of
the HHLM can reach 300 meV full width at half maximum
at 6.6 keV, which allows one to selectively excite single
K-shell transitions in the trapped ions. The Auger decay of
an excited ion corresponds to resonant photoionization, so it
was detected by the increased charge state of the photoion. To
minimize the background due to electron-impact ionization,
the electron-beam energy of the EBIT was set to a value below
the ionization threshold of the investigated ion. Simultaneously
to the photoions, fluorescence photons are detected by three
germanium detectors mounted at angles of 0◦, 45◦, and 90◦
with respect to the polarization of the photon beam.

III. MEASUREMENTS AND DATA ANALYSIS

With this setup we excited and measured various K-shell
transitions of highly charged iron ions, as shown in Fig. 2.
An overview of the detected fluorescence and photoionization

FIG. 1. (Color online) Scheme of the experimental setup. An
electron beam accelerated toward the trap center and compressed
by a coaxial 6-T magnetic field produces highly charged iron ions.
The ions are continuously extracted from the trap and guided through
a velocity filter, which separates the different charge states, to a
position-sensitive detector. A monochromatic x-ray beam resonantly
excites the ion cloud in the trap and fluorescence is registered by
germanium photon detectors.

spectra is shown in Fig. 3. The photoion count rates are much
lower than the fluorescence rates because technical reasons
limited the efficiency of the process of extracting, charge
separating, and detecting the photoions. Therefore we did not
analyze the photoionization data with respect to transition
energies, as they can be determined more accurately with
the fluorescence signal [25]. For the transitions q and u

no photoionization was detected, because they do not have
significant Auger decay channels.

Our measurement scheme for absolute decay-rate determi-
nation employs taking data of at least two transitions for each
charge state and comparing them to suppress setup-dependent
uncertainties. These transitions are r , q, t for Li-like, E1, E2
for Be-like, and C1, C2 for C-like iron (see Fig. 2), or indexed
1,2 when no specific charge state is considered. Besides the
total radiative (Aγ ) and total Auger rates (AA), the measured
yields (Y ) also depend on the number of ions in the trap (Nion),
the total photon flux (Nγ ), the excitation cross section (σ ), and
the detection efficiency of the ion extraction beamline (Pion)
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FIG. 2. (Color online) Grotrian diagrams of the measured iron ions: (a) Li-like, (b) Be-like, (c) C-like. Only levels with importance to the
measurement are shown. The red (solid) transitions are directly excited by the PETRA III photon beam. Radiative transitions to other states are
green (dashed), and the blue (dotted) transitions are Auger decays. In (b) and (c) the thickness of the arrows indicates the relative probabilities
for a decay to that level, taken from Ref. [17]. For simplicity, only the main Auger decay channel is shown, as the measurement does not
distinguish different Auger channels.
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FIG. 3. (Color online) Overview of the measurement results of the scans for the different iron charge states. The top panel shows the ion
yields of the photoions, while the fluorescence photon yield is plotted in the bottom panel. The colors represent different measurements for
C-like (red circles), B-like (yellow triangles), Be-like (green diamonds), and Li-like (blue squares) iron. Note that most data are scaled up by a
factor indicated below the line label. The intensities of the fluorescence yield are comparable only within each charge state.

and the germanium detectors (Pγ ):

Yion = AA

Aγ + AA
σNionNγ Pion, (1)

Yγ = Aγ

Aγ + AA
σNionNγ Pγ . (2)

As the ion and photon yield are measured at the same
time, their ratio is independent of cross section, ion number,
photon flux, and photon energy. We measured this ratio for
the two transitions. As only the photon beam energy is
changed, the detection efficiencies are essentially the same
for both measurements. This allows one to calculate the ratio
of branching ratios (called parameter c in the following), which
solely depends on the transition rates:

c := Yγ,1/Yion,1

Yγ,2/Yion,2
= Aγ,1

AA,1

AA,2

Aγ,2
. (3)

To maximize the ion yield, the measurements of this parameter
were carried out with the photon beam energy fixed at the
resonance maximum.

In a second set of measurements, we scanned the energy
of the photon beam by stepwise changing the angle of the
monochromator crystal. Parts of this data set are common to
Ref. [25]. To minimize the systematic errors, we choose the
scan range so that at least two resonances of a charge state
are covered. For further analysis we only use the fluorescence
data, as their count rates are higher than the rates of detected
ions. By fitting the obtained resonances to a Voigt profile, we
obtain the area Sγ of the peaks. This area is proportional to the
line strength S of the transition,

Sγ =
∫

Yγ dE ∝ Aγ

Aγ + AA
S. (4)

The line strength S is proportional to g
Aγ

ν2 , where g is the
degeneracy of the excited state and ν the photon frequency of
the resonance, which was measured precisely in Ref. [25]. In
the ratio of the areas of the two transitions (parameter d in the
following), the proportionality constants cancel, and we get a
value only depending on the transition rates,

d := Sγ,1

Sγ,2
= A2

γ,1

A2
γ,2

(Aγ,2 + AA,2)

(Aγ,1 + AA,1)

ν2
2

ν2
1

g1

g2
. (5)

The parameters c and d, together with the total transition rates
Atot,1 = Aγ,1 + AA,1 = �1/� and likewise Atot,2 obtained by
our own linewidth measurements for Li-like ions and from
Ref. [25], form a set of four independent parameters, allowing
one to calculate the four transition rates from them.

In Li-like ions, the calculated Auger rate of the line q

is three orders of magnitude smaller than the radiative rate,
and we did not measure any photoionization signal for this
transition. Thus we set AA,q = 0 when comparing r or t with
q, so the parameter c vanishes independently of the ion yield
of r,t . This allows one to extract the transition rates of r and
t just from fluorescence measurements, where the statistics
are much better than for the photoion measurement. Due
to the fully polarized photon beam, the angular distribution
of the line q, which is a J = 3/2 → J = 1/2 transition, is
nonisotropic. Thus its apparent strength, when detected under
90◦, is 1.25 times stronger. Furthermore, the linearly polarized
light can only excite the m = ± 1

2 sublevels, so the degeneracy
of the excited level is gq = 2 instead of the usual g = 2J + 1.
We calculated the rates using fluorescence and ion yields
from r and t , and by using only fluorescence data of the
lines r , q, and t . Apart from the total rates Atot of r and t ,
these methods are independent from each other, so we further
reduced uncertainties by combining both methods.
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TABLE II. Radiative branching ratios for transitions from the excited states to states with different total angular momentum J . All values
are given in percent. “Expt.” denotes the value measured in this experiment, while the values under “Theory” are based on calculations from
Palmeri et al. [17].

E1 E2 C1 C2

J Expt. Theory Expt. Theory Expt. Theory Expt. Theory

0 96.0(0.5) 96.5 85.9(2.8) 86.2 81.4(1.8) 74.8 5.9(3.8) 2.6
1 1.6(1.0) 0.1 5.4(3.4) 5.1 5.3(4.0) 1.7 71.3(8.5) 61.7
2 2.4(1.4) 3.4 8.8(5.1) 8.7 13.3(5.7) 23.5 22.8(12) 35.7

As depicted in Fig. 2, in the Be- and C-like ions the
excited states do not only decay back to the ground state, but
also have non-negligible transition rates to some metastable
states. The resolution of our germanium detectors is too low to
distinguish between these channels. Branching ratios between
the ground state and metastable states differ for each transition.
This affects our calculations in two ways. First, as the signal
strength is only proportional to the excitation rate, we have to
take into account the ground-state branching ratio B = Aground

Aγ

when calculating d:

d = B2

B1
dmeasured. (6)

Second, these metastable states have different angular mo-
menta (J = 0,1,2). Hence, the angular distribution of the
fluorescence photons is also different, as we excite with a
fully polarized photon beam. As our detectors just cover
a small solid angle, this changes their detection efficiency.
However, the angular distribution of the decay channels can
be calculated within the electric-dipole approximation for the
electron-photon interaction [41], solely depending on the final
angular momentum. We use this to determine the branching
ratios between states with different J , by comparing the ratios
of the 0◦, 45◦, and 90◦ detectors for these transitions. To
calibrate solid-angle differences between the detectors, we
use the isotropic distribution of the Li-like transitions r and
t . The thus obtained radiative branching ratios are shown in
Table II. We used them to correct for the different detection
efficiencies when calculating the parameter c. Furthermore, for
the transitions E1, C1, and C2 the ground state is the only state
with J = 0 in which the excited states decay, therefore we also
obtain their respective branching ratio B. Unfortunately, the
excited state of the E2 transition can decay to two states with
J = 0. Thus we cannot separate them in our experiment, so
we rely on the calculated values of 77.1% to the 1S0 ground
state and 9.1% in the 3P0 metastable state [17].

IV. RESULTS AND DISCUSSION

The resulting radiative and Auger rates of the measured
transitions are listed in Table III. For the Li-like transitions
the pure fluorescence data method is much more precise,
giving a ≈10% uncertainty for the radiative rates. In general,
the ion-fluorescence branching ratio (parameter c) yields a
larger error, because, due to limited measurement time, the
photoion statistics are rather poor. The large errors in the
C-like transitions mostly derive from uncertainties in the C2
transition. Its total linewidth was measured to 385(207) meV

[25] and the small branching ratio for decay to the ground
state could only be determined to 5.9(3.8)% (see Table II),
which leads to large errors for both the C1 and C2 transitions.
Except for the parameter c, all other parameters can be
measured without the need for photoion detection. Thus, these
results may be improved by future pure resonant fluorescence
spectroscopy measurements. Uncertainties due to the different
decay channels for Be- and C-like ions could be reduced
significantly by observing the fluorescence with a crystal
spectrometer or a microcalorimeter, which would allow one
to resolve the different channels. The data-taking duration of
the measurement was only 4.5 h for the Li-like, 2.5 h for the
Be-like, and 8.5 h for the C-like system, so the overall accuracy
could be easily further improved by longer measurement
times, as the current uncertainties arise mostly from statistics.

In Table IV our experimental results are compared with
several theoretical calculations. Our values generally agree
with theory, though the uncertainties are too large to distin-
guish between different theories, which also have estimated
uncertainties of 10%–25%. However, it is noteworthy that
all measured radiative rates tend to be slightly smaller

TABLE III. Radiative and Auger rates of x-ray excited states
in Li-, Be-, and C-like iron, and corresponding 1-σ uncertainties.
The total error consists of uncertainties in the linewidths (LW), the
measured line strength ratios (LS), the measured ion-fluorescence
branching ratio (BR), and the uncertainty in the branching ratio of
the fluorescence decay channels (DC). In Li-like transitions only the
combined contribution of LS and BR can be given (∗). The total
uncertainty is also listed as a percentage of the measured rate. All
absolute values are in 1012 s−1.

Total error Error composition

Transition Rate Abs. Rel. LW LS BR DC

r rad. 246.1 18.2 7% 18.1 2.2∗ ∗

r Auger 86.6 27.3 32% 27.2 2.5∗ ∗

t rad. 142.8 15.2 11% 15.1 1.6∗ ∗

t Auger 118.5 39.5 33% 39.5 1.8∗ ∗

q rad. 480.1 31.9 7% 31.9
E1 rad. 440.6 88.1 20% 19.7 9.1 84.5 12.0
E1 Auger 223.3 86.6 39% 15.0 9.1 84.0 12.0
E2 rad. 42.5 9.1 21% 3.2 2.2 7.8 2.8
E2 Auger 235.5 50.1 21% 48.6 3.1 11.1 4.1
C1 rad. 273.5 171.7 63% 72.0 61.6 76.7 120.9
C1 Auger 531.7 173.2 33% 72.7 62.1 77.4 121.9
C2 rad. 577.3 255.2 44% 167.4 37.7 141.2 125.5
C2 Auger 325.1 220.3 68% 4.8 43.0 161.4 143.5
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TABLE IV. Comparison of measured rates with theory. Theoretical values are obtained from calculations using AUTOSTRUCTURE [17],
multiconfiguration Dirac-Fock (MCDF) [25], the MZ code [20](a), and the AUTOLSJ code [20](b).

Radiative rate (1013 s−1) Auger rate (1013 s−1)

This
Theory

This
Theory

Line experiment [17] [25] [20](a) [20](b) experiment [17] [25] [20](a) [20](b)

r 24.6(1.8) 30.1 31.6 31.9 28.9 8.7(2.7) 4.2 4.9 3.2 3.8
t 14.3(1.5) 18.6 17.0 17.9 20.3 11.9(4.0) 6.8 7.9 9.0 7.4
q 48.0(3.2) 47.1 47.4 48.7 0.01 0.01 0.03
E1 44.1(8.8) 45.3 44.4 45.5 45.3 22.3(8.7) 12.8 14.4 8.6 13.3
E2 4.3(0.9) 4.1 4.7 4.5 4.2 23.5(5.0) 18.6 20.7 14.7 17.5
C1 27.3(17.2) 36.3 33.1 35.2 32.1 53.2(17.3) 39.5 50.7 51.9 38.4
C2 57.7(25.5) 68.8 62.6 68.5 60.8 32.5(22.0) 24.1 20.5 32.4 25.6

than the theoretical values, while all the Auger rates are
larger.

V. SUMMARY

In this experiment, radiative and Auger decay rates of
K-shell-vacancy states of highly charged iron have been simul-
taneously measured, benchmarking theoretical calculations.
Because of the lack of experimental data, these calculated data
are exclusively used in spectral models such as XSTAR [42]
and Cloudy [43]. Although the measured transitions are not yet
resolved in celestial sources, this may change with the launch
of the X-ray Calorimeter Spectrometer [44] on ASTRO-H [45]
in 2015. It will be able to resolve the Kα lines, thus providing

rich information about x-ray binary stars and active galactic
nuclei, as most of their properties can be derived from x-ray
absorption and emittance of their accretion disks. Furthermore,
our method can be easily transferred to other charge states
and elements, e.g., for testing the claimed nonmonotonic Z

dependence of transition rates in C-like ions [46].
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Beilmann, G. V. Brown, S. Eberle, A. Graf, Z. Harman, N. Hell
et al., X-ray resonant photoexcitation: Linewidths and energies
of Kα transitions in highly charged Fe ions, Phys. Rev. Lett.
111, 103002 (2013).

[26] H. Kjeldsen, Photoionization cross sections of atomic ions from
merged-beam experiments, J. Phys. B: At. Mol. Opt. Phys. 39,
R325 (2006).

[27] M. C. Simon, M. Schwarz, S. W. Epp, C. Beilmann, B. L.
Schmitt, Z. Harman, T. M. Baumann, P. H. Mokler, S. Bernitt,
R. Ginzel et al., Photoionization of N3+ and Ar8+ in an electron
beam ion trap by synchrotron radiation, J. Phys. B: At. Mol.
Opt. Phys. 43, 065003 (2010).

[28] M. C. Simon, J. R. Crespo López-Urrutia, C. Beilmann, M.
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