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Asymmetric profiles have been observed in the recombination cross section of Be-like Bi obtained by
measuring the electron energy dependence of the ion abundance ratio in an electron-beam ion trap. In contrast
to the previous x-ray measurements, the present measurement gives the integrated recombination cross section
with higher statistical quality, which provides a benchmark to test the relativistic theory involving the interference between the resonant and continuum states. The comparison with our theoretical study shows that the
Breit interaction plays an important role in this case.
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Interference between different paths is a general phenomenon in quantum physics. A typical example is that a resonant state embedded into continuum states results in an
asymmetric line profile in the photoabsorption spectra 关1兴.
The observed spectra have been well explained by the Fano
line profile 关2兴 expressed as
f共E兲 =

共q + 兲2
,
共q + 1兲共1 + 2兲
2

=

E − Er
.
⌫/2

共1兲

Here Er is the resonant energy and ⌫ is the natural width of
the resonant state, and q is the shape parameter, which is
proportional to the ratio between the transition matrix element to the resonant state and the one to the continuum state.
A significant asymmetric profile should be observed when
the q value is on the order of one. If the q value is very large,
the line profile becomes symmetric. The asymmetric structures associated with photoabsorption or its inverse process
radiative recombination 共RR兲 have been studied extensively
during the past several decades especially for light atoms.
For highly charged heavy ions, an asymmetric line profile
was first observed with the high-energy electron-beam ion
trap 共super EBIT兲 at Lawrence Livermore National Laboratory 关3兴 by measuring emitted x rays due to recombination.
When the incident electron is at the correct energy 共a resonant energy兲, it is captured by the HCI nonradiatively and
excites another electron in the HCI. The autoionization state
thus formed will decay to stable states by emitting one or
more x rays, which enhances the observed x-ray intensity.
This is a typical dielectric recombination 共DR兲 process. An
asymmetric profile of the x-ray emission was observed due
to KLL DR resonance of He- to B-like U 共Z = 92兲 ions. KLL
means that the incident electron is captured into the L shell
accompanying the excitation of another electron from K shell
to L shell. In their measurements, the contributions from dif1050-2947/2009/80共1兲/014503共4兲

ferent charge states could not be resolved because they were
mixed in the EBIT. The interference was also observed for
Hg 共Z = 80兲 ions with the Heidelberg EBIT 关4兴 and for Bi
共Z = 83兲 ions with the Tokyo EBIT 关5兴. Although the contributions from the different charge states were not clearly resolved, these measurements were used to determine the
shape parameters q for each resonant state by only including
a narrow part of the RR line chosen to include predominantly
the contribution from only one or two charge states. The
observed asymmetric profile can be explained as a Fano line
profile due to a bound state, formed by the DR process, and
embedded into the continuum states.
We have studied the DR resonant feature by measuring
the electron energy dependence of the ion abundance at equilibrium 关6兴. The abundance was obtained by measuring the
intensity of ions extracted from the EBIT. Since the total
共extraction, transport, and detection兲 efficiency of the ion
measurement is about 10%, the present method is more efficient than the previous x-ray measurements, where only a
fraction 共typically less than 0.1%兲 of the radiation emitted
into 4 solid angle is collected so that many hours would be
required to get enough statistics. For example, around 100 h
were needed for the Hg measurement with the Heidelberg
EBIT. Apart from improving the statistical quality of the experiment, we have also performed a theoretical study by the
Green’s function method and our theoretical simulations successfully reproduced the experimental line shape. Furthermore, comparing the simulation with the experiment, we find
that the Breit interaction plays a very important role in the
creation of the line profile observed in the experiment. We
will detail our experiment procedure and present the results
followed by a brief discussion.
The principle of the present experimental method is similar to that used by Ali et al. 关7兴 and described in detail in our
previous paper 关6兴. The experiment was performed for highly

014503-1

©2009 The American Physical Society

PHYSICAL REVIEW A 80, 014503 共2009兲

BRIEF REPORTS
7

DR
RR
CX
+ Be
+ 具Be
典
nB Be
=
,
ion
nBe
B

共2兲

DR
RR
where Be
and Be
are the dielectronic and radiative recombination cross sections for Be-like Bi, Bion is the electronCX
典 is the
impact ionization cross section for B-like Bi, and 具Be
effective charge-exchange cross section 关10兴 for collisions
with the residual gas.
DR
= 0, the ratio nB / nBe
If there is no resonant state, i.e., Be
varies smoothly with the electron energy. However, when the
electron incident energy 共within the beam energy width兲 is
close to the DR resonant energy, the abundance ratio in the
DR
/ Bion. Thus, the
trap changes drastically by an amount Be
enhancement in the abundance ratio is proportional to the
DR cross section of Be-like Bi over a narrow electron energy
range, in which Bion can be regarded as a constant.
In this study, the abundance ratio was obtained by measuring the intensity of ions extracted from the EBIT. Ions
escaping from the trap were extracted into a beam line 关11兴.
After charge separation with an analyzing magnet, the extracted Be-like and B-like Bi were detected simultaneously
with a position sensitive detector placed just after the magnet. It was assumed that the total efficiency 共escape, transport, and detection兲 was the same for the adjacent charge
state ions. This assumption was confirmed experimentally by
comparing the charge state abundance obtained from the
x-ray observation of trapped ions with that obtained from the
extracted-ion observation 关6兴. The electron energy was stepwise scanned and counting of the ions was started 2 s after
the electron energy was changed to ensure the charge equilibrium condition had been established and continued for 8 s.
The electron energy was calibrated through x-ray observation performed separately from the ion abundance measurements. In the calibration experiments, emitted x rays
were observed with a Ge detector by injecting Kr from an
ordinary gas injector at the same time as Bi was injected
from the effusion cell. The electron energy was thus calibrated by observing RR x rays to n = 1 levels of bare and
H-like Kr ions similarly to the technique used in Ref. 关12兴.
The error in the electron energy scale is considered to be
about 30 eV, arising from the error in the x-ray energy calibration.
Figure 1 shows the result of a survey scan performed to
obtain the electron energy dependence of the ratio between
B-like and Be-like Bi in the KLL DR resonance region. As
seen in the figure, enhancements due to DR of Be-like Bi are
found around 51, 53.5, and 56 keV, which correspond to
KL12L12, KL12L3, and KL3L3, respectively 共L12 denotes the
2s1/2 and 2p1/2 levels and L3 denotes the 2p3/2 level兲. As

ratio (B-like / Be-like Bi)

charged Bi at the Tokyo EBIT 关8兴. Bi was continuously introduced into the EBIT using an effusion cell 关9兴. In the trap
region of the EBIT, highly charged ions are produced
through successive ionization by the energetic electron-beam
impact. At equilibrium, the charge abundance of trapped ions
is determined by the rates for ionization and recombination
processes. Thus, the ion abundance ratio between Be-like
and B-like Bi ions can be expressed in terms of cross sections of the relevant collision processes,
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FIG. 1. 共Color online兲 Abundance ratio between B-like and Belike Bi at equilibrium in the EBIT with an electron-beam current of
80 mA. The enhancements around 51, 53.5, and 56 keV correspond
to the KLL DR resonances of Be-like Bi.

shown in the figure, the KL12L3 resonances show a clear
Fano profile, which can be confirmed by the fact that the
peaks have an asymmetric shape and also that the background level is different on the lower- and higher-energy
sides of the resonance.
In order to investigate the line shape in detail, the KL12L3
resonance was measured with a longer accumulation time to
obtain higher statistical quality and a lower electron-beam
current 共50 mA兲 to get a better electron energy resolution.
Figure 2共b兲 shows the result, for which acquisition took 12 h.
Since the ionization cross section of the B-like ion is considered to be almost flat across this narrow energy range, the
structures in Fig. 2共b兲 correspond to the relative DR cross
sections for Be-like Bi. The right axis of Fig. 2共b兲 is the
cross-section scale calibrated using the theoretical ionization
cross section of B-like Bi 共9.4⫻ 10−23 cm2兲.
Our previous x-ray observation 关5兴 is also plotted in Fig.
2共a兲 for comparison. The x-ray measurement has the merit
that the resonant state can be quasiresolved by selecting the
integration area for x-ray energy. For example, by selecting
one of the two final states 共J = 1 / 2 and 3/2兲 for RR x rays,
two peaks observed in the ion abundance measurement 关Fig.
2共b兲兴 can be separated as shown in Fig. 2共a兲. By narrowing
the integration area further, the contribution from other
charge states can be made smaller 关4兴 as shown by the line
“slice” in Fig. 2共a兲. However, the separation of the charge
state is not perfect due to the limited x-ray energy resolution
of a Ge detector. Hence, with x-ray observation it is difficult
to assign the charge state, especially for small peaks, such as
the one observed at around 53.6 keV in the J = 1 / 2 cut. On
the other hand, the ion abundance measurement can be compared straightforwardly with theory because the contribution
from different charge states can be completely removed. In
addition, the ion abundance measurement can give the integrated cross section; whereas the x-ray measurement gives a
differential cross section for which the magnetic sublevel
distribution should be taken into account. Thus, the present
measurement provides another benchmark to test relativistic
theories involving this interference.
To investigate the physical origin of the observed asymmetric resonant line profiles, we developed a theoretical
method to calculate the recombination cross sections directly.
The complete scattering state can be expressed as
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FIG. 2. 共Color online兲 共a兲 Electron energy dependence of the
x-ray intensity due to radiative recombination into the J = 3 / 2 vacancies 共“J = 3 / 2 cut”兲 and the J = 1 / 2 vacancies 共“J = 1 / 2 cut”兲. The
result obtained with a narrower integrated x-ray energy width is
indicated as “slice” 共see text and Ref. 关5兴 for the detail兲. 共b兲 Abundance ratio between B-like and Be-like Bi ions at the equilibrium
for the KL12L3 DR region 共similar to Fig. 1 but the data in this
figure were independently obtained with a longer accumulation time
and a lower electron-beam current兲. 共c兲 Theoretical result for the
recombination cross section involving the resonant states. The data
are convoluted with the experimental width 共60 eV兲.

⌿+c = G+共E兲关Vres共N兲 − Vres共N − 1兲兴⌿0 + ⌿0
= G+共E兲Ṽres⌿0 + ⌿0 ,
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FIG. 3. 共Color online兲 The total recombination cross section for
Be-like Bi 共solid line兲 and its partial contributions 共long-dashed
curve for the intermediate states with J = 5 / 2; dashed curve for J
= 3 / 2 and dotted curve for J = 1 / 2兲. 共a兲 Results with the generalized
Briet interaction 关the solid line is the same as Fig. 2共c兲兴; 共b兲 results
considering only the Coulomb interaction. All results are convoluted with the experimental width 共60 eV兲.
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with ⌿0 = ⌿g共N − 1兲c共rN兲, the initial state which is the product of the ground-state wave function for the 共N − 1兲-electron
system and the incident electron wave function c共r兲.
Vres共N兲, the difference between the total N-electron Hamiltonian and the N-independent-particle approximated singleelectron Hamiltonians, is the residual interaction for the
N-electron system. The independent-particle Hamiltonian is
obtained from the relativistic density-functional theory with
the self-interaction correction 关13兴. The configuration wave
functions are constructed using the single-electron wave
functions obtained from the single-electron Hamiltonian. The
Green’s function G+共E兲 is calculated in the inner region with
the time-propagation technique similar to the one used in
antiproton atom collisions 关14,15兴 with only one electron in
continuum. The coupling coefficients of the spin-angular momentum and the multipole transition matrix used later on are
calculated by the ANCO package of Gaigalas and Fritzsche
关16兴. The detailed theoretical procedure will be published
elsewhere 关17兴. With the complete scattering wave function

⌿+c , we calculated the radiative recombination cross sections
involving the DR resonant states as shown in Fig. 2共c兲. As
seen in Fig. 2, the peak position of the theoretical result
differs from that of the experiment by about 150 eV, which is
larger than the error in the experimental energy scale 共about
30 eV兲. This difference may come from the contribution of
the self-energy which is on the same order 关18兴 and not included in the present calculation. Other than the peak position, however, the theory reproduced the experimental asymmetric line profile very well. Although two clear peaks are
found in both the theory and the experiment, according to the
calculated partial cross sections shown in Fig. 3共a兲, the
lower-energy peak is considered to be composed of the contributions from the DR states with J = 5 / 2 and 3/2; whereas
the higher-energy peak is considered to arise from the DR
state with J = 3 / 2 predominantly. The contributions from the
DR state with J = 1 / 2 are small for both the peaks.
The DR process is the inverse process of the photoabsorption followed by an Auger decay. The resonant state created
by photoabsorption may also decay through radiative process
共radiative damping兲, which is not directly related to the DR
process. But the radiative damping affects the lifetime and
the line profile of the DR state. We took into account this
radiative damping effect in the present theoretical method.
It is also important to consider the contribution from the
Breit interaction 关19兴 since we are dealing with a very high-Z
ion. Figure 3 shows theoretical cross sections calculated in
two different ways; the calculation shown in Fig. 3共b兲 was
obtained by considering only the Coulomb interaction,
whereas that of Fig. 3共a兲 was obtained by taking the generalized Breit interaction. As seen in the figure, the Breit interaction affects the relative position of the resonances very
strongly. The result with only the Coulomb interaction 关Fig.
3共b兲兴 completely failed to reproduce the experiment, whereas
the calculations which included the Breit interaction 关Fig.
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3共a兲兴 agree with the experiment shown in Fig. 2共b兲 very well.
Thus, we can conclude that the Breit interaction also plays a
crucial role in producing the line profile.
In conclusion, we have clearly demonstrated how the ion
abundance measurement with extracted ions from an EBIT is
effective to study the collision processes of electrons with
highly charged heavy ions. Fano profiles arising from the
interference between dielectronic recombination and radiative recombination have been observed for Be-like Bi with
sufficiently high statistical quality to show that the Breit in-

teraction plays an important role for the asymmetrical line
profile in comparison with our theoretical studies.
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