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The X-ray spectra emitted from highly charged Fe ions impacted by an electron beam with an energy
ranging from 4.3 to 8.5 keV were measured in the Tokyo Electron Beam Ion Trap (EBIT). To analyze the
observed spectra, cross sections for dielectronic recombination of KLn states were calculated for the range
4.3 ∼ 6.6 keV by the use of the distorted wave method. By comparing the convoluted cross sections with the
experimental spectra, close agreement was obtained, and we identified He-like Fe as a dominant component
(74%) in a mixture also containing Li-like ions (18%) and Be-like ions (8%). The ion density was estimated
to be 6.5 ∼ 8.5 × 108 cm−3.
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The study of iron ions is of interest to astro-
physics, due to the high abundance of iron in a wide
variety of astrophysical objects. Furthermore, iron is
commonly used in the construction of various ion con-
finement devices such as the TOKAMAK. Recently,
using the Tokyo Electron Beam Ion Trap (EBIT) [1-3],
X-ray spectra of highly charged Fe ions were observed
[4] for electron beam energies ranging from 4.3 keV
to 8.5 keV. In this energy range, radiative recombina-
tion (RR), dielectronic recombination (DR), resonance
excitation (RE), resonance recombination (RER), di-
rect excitation (DE), and radiative transition processes
may take place. The energy range passes across the
joining point of DR and DE, which corresponds to the
ionization limit of doubly excited high Rydberg states
that are formed by electron capture. Since the beam
density is approximately 1010 → 1012 cm−3, the RR
spectrum is very weak and will not be discussed in
this paper, with our interest focused only on the en-
ergy range of 4.3 → 6.6 keV.

The excitation energy of 1s → 2l is approxi-
mately 6.6 keV. For the beam energy below this, DR
transitions take place. For the purpose of analyzing
the experiment, cross sections of the processes con-
cerned were calculated in the isolated resonance ap-
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proximation. In the calculation, the Auger decay rates
and radiative decay rates were obtained by using the
multi-configuration Hartree-Fock method with rela-
tivistic corrections [5, 6]. The continuum states were
described by distorted waves with the potential chosen
to be the same as that for the bound states.

Since the emitted photons were detected at 90o

to the direction of the electron beam, for DR tran-
sitions of He-like, Li-like and Be-like ions, we cal-
culated the polarization degree for each radiative de-
cay from doubly excited eigen states. The expres-
sion of polarization degree is given in [7] for pure LS-
coupling states. For intermediate states, the expression
should be weighted by the square of the transition ma-
trix elements in the calculation. From the calculation
we noticed that for strong transitions, the polarization
degrees were approximately the same as those calcu-
lated from pure LS-coupling basis sets states. In the
case where the detector system is not sensitive to the
polarization direction, photon numbers at 90o observa-
tion, N (90o), may have a relation with cross sections
as follows:

N (90o) = 4π I0(90o)σConv(90o)

= 4π I0(90o)
∑
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Fig. 1 Simulated DR spectra fitting to the experiment
result for 90o observation

Here Pj is the polarization degree for radiative de-
cay j [7], I0(90o) represents photon number densities
(cm−2), and σConv

j stands for convoluted space inte-

grated cross sections (cm2) for radiative decay j . We
fit to the observation with 4π I0(90o)(cHeσ

Conv
He (90o)+

cLiσ
Conv
Li (90o) + (1 − cHe − cLi)σ

Conv
Be (90o)), then

cHe, cLi, and (1 − cHe − cLi) are the abundance of
ions. Based on the experimental condition, we can as-
sume that the charge balance was kept constant during
the observation. By using the nonlinear least-square
method shown in [8], we got cHe = 0.740 ± 0.001,
cLi = 0.177 ± 0.008. Then cBe can be obtained from
cBe = 1 − cHe − cLi = 0.082 ± 0.009. The FWHM of
the beam energy is 57.4 ± 1.5 eV. Then, we obtained
I0(90o) = (1.59 ± 0.02) × 1023 cm−2. The fitting for
90o observation is shown in Figure 1. When compar-
ing Figure 1 with the figure fitted with space integrated
cross sections we find, the relative amplitudes of KLL,
KLM, and KLN are almost the same. This means that
average polarization degrees are very close for KLL,
KLM, and KLN, which verifies the discussion in [4].

Since N (90o) is the count for the detection of
emitted photons by collision, it is equal to the number
of ions which have reacted. Considering ∂ni

∂t τ � ni,
we have

I0(90o) = p
∫

V
nineυτdr

d�

4π

= pniLτ
Ie

e
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4π
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Here ne and ni are the densities of electrons and
ions, respectively, in the interaction region. Ie is the
electron beam current, τ is the observation time, υ is

the averaged velocity of the electron beam during the
observation time, L is the reaction length in the trap
visible to the detector, and p is the efficiency of the
detector system.

In the experiment, the electric current intensity
was 100 mA, the observable electron-ion interaction
length was 1 cm, the observation time was 1.9 s for
each electron energy channel, and the solid angle for
the observation is d� = 4.01 × 10−3. Taking account
of the total efficiency of the detector system, which
is estimated to be p = 0.5 ∼ 0.6 for hν � 6 keV
from the transparency [9] of the window in the front
of the detector and the quantum efficiency of detector
(EURISYS MESURES, EGP500-15), the average ion
density is estimated to be 6.5 ∼ 8.5 × 108 cm−3.

A detailed description of the present calculation
and comparison will be published elsewhere in future.
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