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Abstract

In electron interactions with highly charged Fe ions, the X-ray spectra were theoretically analysed
and compared with the experimental results at the Tokyo EBIT. In the present analysis, cross sections for
dielectronic recombination, resonance excitation, resonance recombination, and direct excitation were
calculated by use of the distorted wave method. Simulated spectra were obtained by convoluting the
calculated cross sections with the experimental beam energy resolution and X-ray detector resolution,
which are in close agreement with the experimental observations. Based on our calculations including
polarization effects, we estimate the charge state balance: He-like Fe?** (74%), Li-like Fe®** (18%), and
Be-like Fe??* (8%), and the ion density in the trap to be 6.5 — 8.5 x 10% cm3. The present calculations
were also compared with the previous high-resolution measurements of the KLL resonances in He-like
Feions.
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1. Introduction incident electron. These open channels can interact

In electron interactions with highly charged ions, strongly with closed channels of the discrete doubly
electrons in a bound state of a highly charged ion form excited states in the continuum, especially in the case
many-fold electronic open channels combined with an that the energies of the open and closed channels are
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nearly equal. As aresult, this interaction would lead to a
specific final state, which is called the resonance
transition. The resonance processes may contribute
remarkably to the cross sections [1]. The Electron Beam
lon Trap (EBIT) is an effective device for investigating
such processes at high energy interaction regions, since
this device uses a high energy mono-energetic electron
beam to generate, trap, and probe highly charged ions
[2,3].

Observations of electron-ion interactions for very
highly charged Fe ions are especially important for
applications to solar and TOKAMAK plasmas due to its
high abundance. For He-like Fe?** ions, the electron
impact excitation cross sections have been measured
using the EBIT at the Lawrence Livermore National
Laboratory [4]. Beiersdorfer et al. [5] have also
investigated dielectronic recombination resonances
through 1s2I 2I" states by high-resolution X-ray
spectroscopy.

Recently, at the Tokyo EBIT facility [6-8] X-ray
spectra from highly charged Fe ions have been observed
at electron beam energies ranging from 4.3 keV to 7.86
keV [9]. In this energy region, the dominant ionic
species produced in the trap is considered to be He-like
ions, while H-like ions cannot be produced since the
ionization potential of He-like Fe ion (8.825 keV) is
larger than the present maximum beam energy. In the
present paper, theoretical calculations which may be
compared with the experimental results have been
performed for several contributions in the electron-ion
interaction due to dielectronic recombination (DR),
resonant excitation (RE), resonance recombination
(RER) and direct excitation (DE). However, radiative
recombination (RR) processes are not discussed in this
paper since these contributions to the spectra are
considered to be negligible for the present electron
energies and densities in the interaction.

In the present analysis, cross sections of the
processes concerned were calculated using the isolated
resonance approximation. Auger decay rates and
radiative decay rates were obtained by using the multi-
configuration Hartree-Fock method with relativistic
corrections [10,11]. The continuum states were
described by distorted waves in the potential chosen to
be the same as that for the bound states. The DE cross
sections were calculated by using a fully relativistic
distorted wave approximation method based on the
GRASP code [12] similar to that described in the work
of Zhang and Sampson [13].
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2. Basic Theory

In the DR process, an incident free electron is
captured in an excited state and one of the bound
electrons in the target ion is simultaneously excited to
another excited orbital to resonantly form a doubly-
excited state. In the second step, this state decays to a
singly excited state through photon emission. In the case
of the target ions having more than two electrons, the
DR process is represented schematically as

1s?’B+e - 1s2pnl’ - 1s?pnl’ + hv

for the inner 2| electron decay and

1s?B+e - 1s2Pnl’ - 1s?21B+ hv'

for the outer nl' electron decay, where is considered to
be one or more spectator electrons in this process. For
Li- and Be-like ions, the 3 corresponds to one or two
electrons in the 2s shell, while in He-like ions there is
no 3 electron.

The first step in the above expressions (the resonant
electron capture) is the inverse of auto-ionization
(Auger) process. Using an isolated resonance
approximation to investigate the DR resonance
processes, the electron capture cross section from the
initial ionic target state a to the intermediate doubly-
excited state i can be expressed by the product of the
Auger decay rate and the Lorentzian-shaped profile
function multiplied by the statistical weight factor. Since
there are two possible decays from the intermediate i
state, that is, radiative and Auger decays, the DR cross
section to form the final singly-excited state k through
photon emission must involve the fluorescence yield.
Consequently, the DR cross section for a —» i — k can
be written in atomic units as

I_i
T G ja omn A
JQE(EQ =L 2 Aia 2 AT E (1)
Ee 2ga (Ee_Eia)Z + /_i Ai + Ai

4

Here E;, is the energy difference between i and a, E, the
incident electron energy, A% the Auger decay rate from i
to a, Al the radiative decay rate fromi to k, and A?and
Al are the total Auger and radiative decay rates from i,
respectively. g; and g, are the statistical weights of i and
a, respectively. I, = Al + A% is the width of the
resonance. The middle term in Eq. (1) indicates the so-
called Lorentzian-shaped profile function with width I
and centroid energy E;,. Since the width of the
resonance is usualy very narrow compared to that of the
electron beam energy, the profile function approximates
a delta function. The cross section then becomes
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og - L b 5 -k,
Ee Zga Ai + Ai
= Sajk5(Ee_Eia)' (2)

Here, S, is the resonance strength for the aik DR
process which is given as the integral of the cross
section over electron energies.

When the incident electron energy increases, the
direct excitation (DE) transitions can occur to upper nl
bound states. According to multiconfiguration Dirac-
Fock (MCDF) calculations for He-like Fe ions, the first
excitation energies to 1s2| and 1s3| states are 6633.99
eV and 7860.63 eV, respectively. For the electron
energies from 6.6 keV to 7.8 keV, X-ray signals are
observed through the following processes,

1B+e - 1s2B+¢€
1213 - 1B + hv. 3

Therefore, the X-ray spectra are analyzed by the
calculations for the DE cross sections. In the calculation,
the distorted-wave approximation (DWA) method was
used and the potential was chosen to be the same as that
for the bound state.

The energy region 6.6 keV — 7.8 keV aso includes
the process to form 1sB3Inl’ (n = 3) doubly-excited
states. The decay process from 1sB3Inl' states is
relatively complicated. Besides direct radiative decays to
singly-excited states, which are too weak to observe,
there are two other decay routes. One way is an
autoionizing decay to form the excited state followed by
radiative stabilization, shown as,

1s?B+e - 1sB3Inl" - 1s21"B+¢€
1s2"B — 1B + hv. (4)

The upper process is called Resonance Excitation (RE),
whose cross section can be calculated by

o= 4 AA se By (5
aik Ee Zga Alr + A;:-; ( e |a) ( )

where b shows one of 121" 3 states.
Another way to achieve the 2|" - 1stransition is
the following successive radiative decays,

1s?B+e - 1sB3Inl" — 1s21"Bnl’ + hv'
121"Bnl" = 1Bnl’ +hv,  (6)

which is called Resonance Recombination (RER). Since
1s2|" Bnl' states are still doubly-excited states and can

decay through radiative or autoionizing transitions, an
additional branching ratio should be multiplied in the
calculation of RER cross sections as follows,
o= 9 A,
E 20, A+ A
r r

S ALeeEE)
where i and i’ are the states of 1sB3Inl' and 1s2I"Bnl’
configurations, respectively. In the present calculations
for RE and RER, the principal quantum number sum
was truncated at N, = 5.

Generally, incident electrons have an energy
distribution and the cross sections should be convoluted
using the energy distribution of the electron beam for
comparison with experiment. In this paper, the electron
beam energy distribution is approximated by means of a
normalized Gaussian function:

QEWE) = ﬁ e-EeB)2/22 6)

where A = w/2V/In2, w is the full-width-at-half-
maximum (FWHM) of the electron beam energy
distribution. The convoluted cross sections for various
processes were calculated by means of the form:

JCOW(EQ:qZﬁ J e_(Ee_E)Z/AZUq(E)dE. (9)

In preceding discussions, all the photon-emission
cross sections are given in 4rrintegrated form. In the
EBIT, however, the electron beam is almost
unidirectional, and the photon-emissions are detected at
a direction perpendicular to the electron beam. The
following relations are obtained for dipole transitions
[5,14-17],

_ _ 3
N (90°) = N+ Ny = INI
OO =N+ No=5"

— -3 0o

o(90°) = g+ 0, = 3P an (10)
Here N(90°) represents the photon numbers observed
perpendicular to the beam, N; and Ny the number of
photons polarized parallel and perpendicular to the
beam, respectively. INOand o are the 4rraveraged
photon numbers and the 4rrintegrated cross sections,
respectively, and P the polarization degree. We
calculated the polarization degrees for the intermediate-
coupling eigen-states taking into account the relativistic
spin-orbit interaction.
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3. Comparison with Experiments and

Discussion

For the experiment, the FWHM of the beam energy
distribution, 24/In2, is in the range 20 eV — 90 eV.
This value is greater than the energy differences
between levels in a doubly excited configuration so the
contribution to the total cross sections from individual
levels can no longer be distinguished. Figure 1 shows
the convoluted cross sections with a FWHM of 57.68
eV (4% = 1,200) for various processes of He-like ions.
As shown in the figure, the DR processes are specified
by labels KLL, KLM, and so on. For example, KLM
means that an incident electron is captured into the M
shell (or L shell) while the K bound electron is
simultaneously excited to the L shell (or M shell).

The emitted photon numbers are proportional to the
convoluted cross sections

IN[CE D]O m—Conv

N(90°) = 4711 o(90°) g™(90°), (12)

where y0and o™ correspond to the 4rraveraged
photon number densities per unit area and the 47+
integrated cross sections, respectively. 1,(90°) and
g©™(90°) correspond to 90° observation photon number
densities and cross sections, respectively. They have
relations as described in Eg. (10). The polarization
degree P in Eg. (10) is a number between -1 to 1 for
each specified state depending on the angular
momentum gquantum numbers. The factor 4rris for the
purpose of keeping y0and 14(90°) comparable (these
have units of ag? in our calculation). 1,(90°) will be

35x10™
<, 3.0x10™ DR of KLL
Ce e @ DR of KLM
~ - <1
g 20x10 4 DR of KLN
S  15x10*] n =10
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3 0.0 ] o R —
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Fig. 1 a: Convoluted cross sections for various pro-
cesses of He-like ions resulting in emission of 2p
- 1s radiation. b: Convoluted DR cross sections
of He-like ions due to outer electron decay.
(FWHM = 57.68 eV)
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discussed in detail in the following subsection 3.2. In
subsequent discussions, we will compare the two kinds
of results, i.e., 4rraveraged and at 90°, with the
experimental spectra.

3.1 4rraveraged X-ray spectra

When we compare the total convoluted cross
sections of He-like ions with the experimental result,
using a roughly estimated A and [, there appear two
obvious differences. One of the differencesis near 6,600
eV which corresponds to the energy absorption of high
Rydberg states that were not included in our calculation.
The other is in the high-energy tail of the KLL DR peak
which shows evidence of the existence of other charge
states.

For doubly excited configurations 1s2I8nl’', as n
increases, the energy differences between neighboring
configurations become smaller and, actually, for the
Gaussian distribution function with approximately A? =
1,200, the contribution to DR from n = 6 configurations
can no longer be distinguished, as shown in Figure 1(a).
A comparison of the results for n,,, = 8 and n,,, = 10in
the figure shows that the convoluted DR cross sections
for high Rydberg states may form a plateau that can join
with the DE cross sections smoothly. This can be proved
as follows: For high Rydberg states, the radiation
probabilities of inner shell electron decay for doubly
excited configurations become constants and the outer
electron decay can be ignored, while the Auger decay
rates decrease with n as n3. Thus, the branching ratio
tends to unity, and the convoluted cross sectionsis given

by

CDR _ ef(Ee*Eia)zm2 m? g a
o (Ee) |z AT Eia zga ia* (12)
The high Rydberg states may be regarded as pseudo
continuum states in the rather wide electron beam
energy width, since their energy separation is too narrow
to resolve. If bound-state radial wavefunctions are
renormalized such that their norm becomes inversely
proportional to their energy separation at large principal
quantum number n, the renormalized wavefunctions for
a given angular momentum quantum number | converge
to a zero-energy energy-normalized regular Coulomb
function in the limit n - . The renormalization
constant is given by \/de,/dn, where &y =—(Z— N + 1)%
(2n*2) for the high Rydberg electrons. N denotes a
number of bound electrons, and n* = n — g the effective
principal quantum number. The quantum defect
depends weakly on n for the high Rydberg states.
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Auger decay is the inverse process of dielectronic
electron capture and has the same transition matrix
elements. The matrix elements for the dielectronic
electron capture, in which an incident electron denoted
by E.Jl'j' is captured into a Rydberg state denoted by nlj
forming a doubly-excited autoionizing state i denoted by
[bnljJT] may be expressed as

gi ia _271(2‘] +1)

Z 1Bl 12 Jlag, 15905 (19)
where a and b represent the initial ionic target state and
the excited ionic target states, respectively, and E;, = E;
— E, the resonance energy. ry, is the inter-electronic
distance between the incident electron and an active
electron of the target ion. J is the total angular
momentum quantum number for the ionic target +
electron system. The partial DE cross section, in which
an incident electron denoted by EJ'j' is scattered into a
continuum state denoted by E, — E,,lj exciting the ionic
target state from ato b, is given by,

IJJ (EP)
Z (ZJ +

1) o 2 2
E|J 9. E]]aEljJH ||bE —E,1j307,

(14)

where E,, = E, — E, is the excitation threshold energy.

Thus, we obtain

F(Ela) - EL 29g| A; (C:jsgl ) n - = I]J (Eba) (15)

The convoluted DR cross sections for high Rydberg
states of Eq. (12) can be written as,

- (Eg—Ejg)242
oRE)=Z E L FE, )(dﬁ;“ )
- (Eg—Ejq)?/ 42
= I% [em F (E.)dE.. (16)

The last equation is obtained using an approximate
relation E, = By, + €. F(E;o) is afunction that varies
slowly with E;, and coincides with the DE cross sections
at the threshold. As mentioned before, in our
calculations, the potential used in the DWA calculation
of the wave function is the same as that used for the
bound states. Thus, the convoluted cross sections should
be connected smoothly with that of the DE at the
threshold.

Besides He-like ions, the DR of Li-like and Be-like
ions may also contribute to photon emission of 2p - 1s
+ hv. The DR energies for those ions should shift alittle
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to the higher side from those for the He-like ions.
Hence, the obvious difference between the convoluted
KLL DR cross sections of He-like ions and
experimental results can be attributed to missing
contributions from the DR of the Li-like and Be-like
ions.

The calculated cross sections for He-like ions, Li-
like ions, and Be-like ions are given in Figure 2. One
can see in the figure that the DR cross sections of
different charge states merge as the principal quantum
number of the outer electrons increases. Thus the mixing
of Li-like and Be-like ions may cause little difference to
the profile of the convoluted DR cross sections for high
Rydberg states.

For the KLL DR cross sections, we fitted the linear
combination g0 (CheOpe + CLiOLi + CgeOge) tO the
experiment spectra by using the least-square method. A
set of fitting parameters, Cye, Cpi, Cge and y[] was
determined self-consistently under the condition of ¢y +
C.; *+ Cge = 1. The parameters from the calculation are
Che = 0.75, ¢ ; = 0.17, Cge = 0.07, and [y[= 5.1 x 1081/
ad). The c coefficients give the relative abundances of
the ions. In a rapid scan of the electron energy, the
ionization balance is considered to be constant for all
energies. The effect of ion mixing is only obvious for
KLL states. For very high Rydberg states, the difference
between the cross section of He-like ions and mixed
ions should be ¢;; X (Owe — O1i) + Oge X (Ope — Oge) ~
0.01 - 0.0204e. This is much smaller than the
experiment resolution. Furthermore, the statistical
experimental errors increase for higher beam energy
where the signals are smaller, thus we will not discuss
the effect of ion mixing for the range E. > 6.6 keV.

DR of KLM - Li-like

/ DR of KLN

Cross Sections (a %)

T T T T T LI
5000 5500 6000 6500 7000 7500 __ 8000 8500

DR for mixed ions

Cross Sections (a )
R
<o
X
(=]
1

T T T T
4500 4550 4600 4650 4700 4750 4800 4850 4900 4950 5000
Beam Energy (eV)

Fig. 2 (a): Convoluted inner shell decay DR cross sections
for He-like, Li-like and Be-like ions. (b): Fitting with
DR cross sections of He-like, Li-like and Be-like
ions to the experiment for KLL states.
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Cross Sections (a )
g

T T T
4500 5000 5500 8000 8500 7000 7500

27x10* ()

Cross Sections (a )
£

T v T T T v T
4000 4500 5000 5500 8000 8500 7000 7500
Beam Energy (eV)

Fig. 3 (a): Total cross sections compared with experiment
for the processes with 2p - 1s decay. The
contribution from very high Rydberg states is
obtained from interpolation. The DR cross
sections are for mixed ions. The total cross
sections above 6,634 eV are for He-like ions alone.
(b): The comparison of convoluted DR cross
sections of mixed ions with experiment for the
processes with outer electron decay.

In Figure 3, the simulated photo-emission cross
sections are compared with the experimental spectra. In
the simulated cross sections, the mixing of Li-like and
Be-like ions are taken into account using the mixing
coefficients obtained from the least-square fitting of the
KLL line profile. In the energy range above the first
excitation threshold, the total cross sections of RE, RER,
and DE processes were calculated for He-like ions
alone. The DR cross sections for high Rydberg states
1s2Inl’', n= 11 - oo are obtained by interpolation. Close
agreement is obtained for all energiesin the figure.

Figure 4 shows the three-dimensional plot of the
simulated X-ray spectra of 4r-averaged as functions of
beam energy and photon energy. The relative amplitude
for al the transitions agrees approximately with the
experiment as plotted in Figure 1 of Ref. [9].

3.2 90° observation and polarization effect
Since actually emitted photons were detected at 90°
to the direction of the electron beam, for DR transitions
of He-like, Li-like, and Be-like ions, we calculated the
polarization degree for each radiative decay from doubly
excited eigen states. The convoluted cross sections at
90° were obtained using Eqg. (10) employing the
calculated polarization degree. We fitted the expression
16(90°)(CHeT 8™(90°%) + CLiTP™(90°) + CaeO ™ (90%))
to the experimental spectrum. In the fitting procedure,
all unknown parameters, i.e., 4, c's and 14(90°), were
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4500 5000 5500 6000 6500

Beam Energy (eV)

7000 7500

Fig. 4 A 3D-plot of the simulated spectrum using FWHM
=200 eV for photon energy.

Experimental
......... Theoretical

1200 <

1000 ~

800 -

600 ~f

Counts

400

T T T T T T T T T
4600 4800 5000 5200 5400 5600 5800 6000 6200
Beam Energy (eV)

Fig. 5 Simulated DR spectra fitting to the experiment
result for 90° observation.

determined simultaneously by using a non-linear least-
square method [19] under the normalization condition:
Che *+ CL + Cge = 1. Then we obtained A? of 1188.9 +
60.9 that corresponds to a FWHM of 57.4 + 1.5 eV for
the electron beam energy, cye = 0.740 = 0.001, c; =
0.177 £ 0.008, and then cgc = 1 —cye—C; = 0.082 £
0.009 which were consistent with those for the space
averaged cross sections. The result for 14(90°) was (4.45
+ 0.06) x 105(1/ad). The simulated spectrum with the
obtained fitting parameters is given in Figure 5.
Comparing Figure 5 with Figure 3, we find that the
relative amplitudes of KLL, KLM, and KLN based on
calculations are aimost the same. The difference of
16(90°) and ,Cfrom the fitting calculation is 13%. This
means the average polarization degrees are very close
for KLL, KLM, and KLN, which verifies the discussion
in Ref. [9]. Since the ionized states may be regarded as
the even higher Rydberg states that have the same
angular quantum numbers for the dominant component
in basis set expansion which determine the polarization
degrees, the DE transitions may have approximately the
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same average polarization degrees as KLM and KLN.
Thus for the whole energy range, the average
polarization degree is amost the same.

N(90°) of Eg. (11): the counts of photon-emissions
detected at 90° in a solid angle dQ are proportional to
the number of ions which have reacted in a volume V,
multiplied by some detection efficiency p. Thus,

N(90°) = pn;nver VdQo ©™(90°), (17)

where n;, n,, V. are ion and electron densities and an
averaged electron velocity of the electron beam,
respectively, which are virtually constant for an
observation time 1. The photon number density 1,(90°)
of Eq. (11) is written as,

|0(90°):pniLrg%T, (18)
where | is the electron beam current intensity, and L is
the reaction length in the trap visible to the detector.

In the experiment, the electron beam current 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 approximately dQ = 4.01 x 1073, Taking
into account of the total efficiency of the detector
system, which is estimated tobep = 0.5-0.6 for hv=6
keV based on the transparency [18] of the window in
the front of the detector and the quantum efficiency of
the detector (EURISYS MESURES EGP500-15), the

average ion density is estimated to be approximately 6.5
-85 x 108 cm=.

3.3 KLL spectra of high resolution

Each KLn (n =L, M, N,...) resonance consists of
several lines. In Table 1, calculated polarization degrees
are listed for some KLL DR lines, and wavelengths and
resonance strengths of those DR lines are compared
[20-25]. As can be seen in the table, the polarization
degrees depend on each transition. Thus, if we could
observe the individual lines, strong polarization effects
could be investigated in the spectrum. However, due to
rather low spectral resolution, the measurement at the
Tokyo-EBIT could not resolve each resonance into
individual lines. It is inferred from the present
calculations that the averaged polarization degree in
each resonance is almost the same for all the KLn
resonances. The relative amplitudes of the resonance
peaks are therefore ailmost unchanged by taking into
account the polarization effect. The individual KLL
resonance lines were measured at 90° to the electron
beam by Beiersdorfer et al. [5] using high-resolution X-
ray spectroscopy. Using the calculated resonance
strengths, polarization degrees, and ratio of reflection
for different polarization direction listed in Ref. [18], we
simulated the spectra. Figure 6 shows the simulation
result and the measurements taken from [5].

In the calculation, both beam energy and photon
energy distribution were regarded as Gaussian functions.
However, since their actual energy resolutions were not

Table 1: Polarization degrees P and comparison of wavelengths A (A), photon energy hv (eV) and resonance
strengths RS (102°cm? eV) for He-like KLL DR radiation from Fe ions. Symbols are the same as those used

in Ref. [5].

sym. R decay Pl (a | G | G | B || RS | R& | R& | RS | Ry

o: 1s25? (29) 28y, — 1s?2p 3/2 1.8930 | 1.8946 | 1.8973 | 1.8963 || 0.850 | 0.91 0.82 094 | 0.84
0.0 | 6549.77 | 6544.14 | 6534.82 | 6538.27

p: 1s25? (29) 28y, — 1s?2p 1/2 1.8882 | 1.8894 | 1.8927 | 1.8918 || 0.829 | 0.92 0.80 0.91 0.85
0.0 | 6566.42 | 6562.15 | 6550.7 | 6553.8

e 1s2p? (3P) “Ps, — 1s?2p 3/2 18678 | 1.8724 | 1.8730 | 1.8721 404 | 428 | 412 | 432 | 480
0.5 | 6637.89 | 6621.73 | 6619.6 | 6622.79

j: 1s2p? (*D) 2Dy, — 15?2p 3/2 1.8608 | 1.8594 | 1.8660 | 1.8654 || 27.04 | 29.15 | 27.22 | 26.27 | 26.90
0.5 | 6662.97 | 6668.02 | 6644.43 | 6646.57

r 1s2s2p (1S) 2Py, — 15?25 1/2 1.8590 | 1.8611 | 1.8640 | 1.8630 324 | 313 3.62 | 4.45 3.68
0.0 | 6669.53 | 6661.93 | 6651.57 | 6655.14

k: 1s2p? (*D) 2Dy, — 15?2p 1/2 1.8583 | 1.8601 | 1.8631 | 1.8625 || 18.14 | 19.6 18.6 | 17.27 | 17.53
0.6 | 6671.97 | 6665.51 | 6654.78 | 6656.92

t: 1s2s2p (39) 2Py, — 1?25 1/2 1.8523 | 1.8535 | 1.8571 | 1.8565 5.50 6.35 5.83 5.28 5.77
0.0 | 6693.69 | 6689.25 | 6676.28 | 6678.44

a This paper, b: Cornille [20], c: Chen [21], d: Vainshtein [22], e: Bely-Dubau [23], f: Nilsen [24]
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Fig. 6 (A), (B), (C): Experiment observation. (a), (b), (c): The simulated spectrum. Solid line, total intensity; dashed line,
intensity associated with the parallel polarization; dotted line, intensity associated with the perpendicular
polarization. A photon-energy resolution of A/AA = 1,850 is used for all the simulated spectra.

known, those values were treated as fitting parameters.
There are also discrepancies for the position of spectra
peaks. The main possible reason should be that, in the
calculation of eigen energies of doubly excited states,
configuration interactions with continuum states were
not included. As well, strong interactions exist between
bound configurations which means that the basis set
states constructed from single electron wave functions
are no longer accurate approximations. Thus the
incompleteness of basis sets in the calculation may also
increase the discrepancy. The X-ray energy differences
from different calculations can be found in Table 1.
Several hundred sets of parameters such as peak values
and the widths of the electron beams, and the resolution
of the photon detectors were before we found a close fit
of each simulated spectrum to the measurement. From
our calculation, the peak at an X-ray energy of 6637.5
eV in Figure 6(c) or (C) is due to the DR transition of
He-like ions. The smaller peak at ~6620 €V seen in the
measurement could not be identified as any He-like line.
It might be from Li-like ions, but the calculated energy
value is 13 eV smaller than the corresponding experi-
mental value. In Figure 6, the peak from Li-like ions
was obtained by assuming that the density is the same as
that of He-like ions.

The beam energies obtained by the fitting are
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Fig. 7 Relative intensities of the KLL lines as functions of
beam energy and photon energy.

different from those of the measurements. There might
remain some uncertainty in the determination of the
electron beam energy in the experiment. In this respect,
it may be noteworthy that the relative intensities of the
KLL lines have a potential importance for investigating
the beam energy profile, i.e., peak energy and energy
width, since they depend strongly on the beam energy
profile. Since in our simulation the FWHM of the beam
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energy increases with the beam energy as can be seen in
Figure 6(a), (b), and (c), we approximate A? by a
parabolic function of the beam energy. The parameters
of the parabolic function were determined based on
simulation of (A), (B), and (C) in Figure 6. Together
with the other parameters obtained from simulation and
the reflection ratios of the two different polarizations
plotted in Ref. [18] which were also approximated by
parabolic functions of the beam energy, the dependence
of the relative intensities of the KLL lines on the beam
energy and the photon energy is shown in Figure 7.

4, Summary

The X-ray spectra from highly charged Fe ions
interacting with electrons were calculated in the electron
beam energy range from 4.3 keV to 7.86 keV, and
compared with the experimental observations using the
Tokyo-EBIT. For all the important processes in this
energy range, cross sections were calculated using the
DWA method in the isolated resonance approximation.
The spectral simulation was made by convoluting the
calculated cross sections with the Gaussian distribution
having the given energy spreads for the electron beam
and the X-ray detector resolution. In the simulation, the
abundance and the density of lower charged ions mixed
with the main component of He-like ions was
determined. The simulated X-ray spectra well
reproduced the experimental observations.

For KLL DR lines, we compared the calculation
results with the high resolution measurements by
Beiersdorfer et al. [5], taking into account the
polarization effect for each line. The agreement between
the present simulation and the measurements was also
quite close.
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