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Abstract. We report measurements of resonant processes in electron collisions with very
highly charged heavy ions made using an electron beam ion trap. By measuring the ion
abundance ratio in the trap at the equilibrium condition as a function of electron energy, we
have observed resonant processes such as dielectronic recombination and resonant excitation
double autoionization very clearly. Remarkable relativistic effects due to the generalized Breit
interaction have been clearly shown in dielectronic recombination for highly charged heavy ions.

1. Introduction

Resonant processes in electron-ion collisions are very important because they often have very
large cross sections compared to non-resonant processes and thus can significantly affect the rates
of the fundamental reactions in hot plasmas. In the interactions with highly charged ions (HCIs),
a free electron can be captured with a large probability and simultaneously a bound electron
can be excited to form a doubly excited state resonantly. This unstable intermediate state may
decay by photon emission: Dielectronic Recombination (DR), or by emission of two electrons
due to successive autoionization: Resonant Excitation/ Double Autoionization (REDA). For
example, for Li-like ions, those reactions are represented as follows.

e” +1s%2s —  1s2snin'l’
152252 + hv + hv' + - - (DR)
152521" + e~ — 15?2 + e~ + e (REDA).

In this paper, we present observations of these resonant processes using the Tokyo-EBIT
(electron beam ion trap) [1]). An EBIT [2] is suitable for studying such collision processes of
HClIs with electrons because it has a mono-energetic and unidirectional electron beam interacting
with trapped HCIs. In previous studies, resonant processes have usually been observed by
measuring enhancement of X-ray emission due to the resonant processes. On the other hand in
the present study, the resonant processes have been observed by measuring the charge abundance
ratio at the equilibrium condition, which changes drastically with the resonant processes, as a
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function of electron energy. The abundance ratio was obtained by measuring the intensity of
ions extracted from the EBIT. Compared to the X-ray measurements where the observation
solid angle is typically of the order of 1073, the ion measurements have much higher efficiency
since the total efficiency (extraction, transport, and detection) of the order of 1071

In the next section the principle and procedure of the present experimental method are
described. The results for DR of highly charged iodine and bismuth ions and for REDA of
Li-like iodine are given in Sec. 3, which is followed by a brief summary.

2. Experimental method

The present experimental method is similar to that used by Ali et al. [3], in which they used
an electron beam ion source in Kansas to study DR processes for He-like argon. In the present
study, a high-energy EBIT in Tokyo [4, 1] was used to study the resonant processes of very
highly charged heavy ions. The element of interest was introduced into the EBIT through a gas
injector [5] or an effusion cell [6]. The injection was done continuously. Elements whose natural
abundance is dominated by one single stable isotope, e.g. iodine (atomic number Z = 53) and
bismuth (Z = 83) were used so that the charge state of extracted ions can be clearly resolved
with an analyzing magnet.

In the trap region of the EBIT, the charge state of trapped ions increases through electron
impact ionization. On the other hand, recombination of a free electron and charge exchange
collision with residual gas can reduce the charge state. Thus, when the rates for ion escape
from the trap and multiple charge change processes (such as double ionization, multiple charge
exchange) are negligibly small, the ionization balance at the equilibrium condition is determined
by the rates for ionization, recombination and charge exchange. As a result, the ion abundance
ratio for ions with adjacent charge-states ¢ and ¢ — 1 can be expressed in terms of cross sections
for relevant collision processes [7]:

ng_1  oPR+ ol + (e/j)noc X v

— q v (1)
- ion ’
Ng o
where an R and afR are the dielectronic and radiative recombination (RR) cross sections for the

on

lon with a charge state of g, o, the electron impact ionization cross section for the ion with

q—1, anX the charge exchange cross section for the collision with a residual gas molecule or
atom whose density is ng, v; the mean velocity of the ions, e the unit charge, and j the electron
current density.

When there is no resonant process, i.e. when o = 0, the ratio ng—1/nq varies slowly with
electron energy. However, when the electron energy coincides (within a beam energy width of
about 50 eV) with a DR resonance, the abundance ratio changes drastically, by an amount
05) R/ 0'20_"1. Thus in the electron energy dependence of the ion abundance ratio nq—1/ng, sharp
structures due to DR processes for the ion with charge ¢ should appear on a smooth background.

It has to be noted that the assumption used to derive Eq.(1) is not always valid. For example,
the rate for ion escape is generally small but not negligible for some cases. In addition, for very
highly charged ions, cross sections for multiple charge exchange become comparable to that for
single charge exchange. By taking the effects of ion escape and multiple charge exchange into
account, Eq.(1) is modified as follows,

D

. mas CX(i—q+1) -
ng1 oL+ oRR 4 (e/5) S8 (ni/ng) (nooy " b + 6) @)
ng aé@l ’

where X is the total cross section for more than i — 1 electron capture from neutrals, €

the ion escape rate, and ¢4, the maximum charge state in the trap. Through the third term
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Figure 1. Diagram for the experimental
setup and procedure. Figure 2. Typical charge spectrum for
highly charged bismuth ions extracted from
the Tokyo-EBIT.

in Eq.(2), additional structures can appear on the background because the factor (n;/n,) can
rapidly change with energy through DR for the ion with a charge state of ¢, which is not of
interest. For example, at the DR resonant energy for the charge state i, the population of
the ion with the charge state i decreases and thus (n;/ng) also decreases. As a result, the
smooth background may show dips due to the strong population variation of higher charge state
ions. This additional dip structure does not appear for the highest charge state in the trap
and becomes larger for lower charge state ions because, as seen in Eq.( 2), the effect is summed
for the charge state ¢ to ¢maz- This additional dip structure can be corrected by the method
discribed in Ref. [7]; however, no correction was needed for the data presented in this paper
because it was confirmed that the effect was negligibly small.

Not only the resonant process in recombination, i.e. DR, but also that in ionization, i.e.
REDA, can also make a sharp structure on the smooth background. By taking REDA into
account, Eq.(1) is modified as follows,

ng-1 PR+ ol + (e/j)noo Xy
- wn _|_ O.REDA ) (3)

Nq
where JREDA the REDA cross section whereas 0310"1 is the non-resonant contribution to the
10nlzat10n cross section, i.e. direct ionization and excitation autoionization. Here the term
arising from multiple charge exchange and ion escape is excluded since we discuss REDA only
for the highest charge state in the trap in the present paper. As understood from Eq.(3), REDA
can make a dip on the smooth background while DR can make a peak. Since the resonance
energy of REDA for the ion with ¢ — 1 and that of DR for the ion with ¢ are different, the
dip and the peak can be resolved if the electron energy resolution is smaller than the energy
separation between those resonances.

In the present study, the ion abundance ratio was obtained by measuring the intensity of
ions extracted from the EBIT. Figure 1 shows the diagram for the present experimental setup
and procedure. The ions escaping from the trap were extracted into an HCI beam line [§],
and detected after the charge separation with an analysing magnet. Several charge states were
detected at the same time by using a position sensitive detector. The intensity ratio of the
extracted ions would be different from the ion abundance ratio in the trap. However, we assumed
that the total efficiency (extraction, transport, and detection) should be practically the same for
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Figure 3. Intensity ratio of Li-like to He-like
iodine extracted from the EBIT. Structures
correspond to the Knn' DR resonances of He-
like iodine. Inset is a closeup view for the
KLL DR resonance region.
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Figure 4. (a) Intensity ratio of Be-
like to Li-like bismuth extracted from the
EBIT. Structures correspond to the KLL DR
resonances of Li-like bismuth. (b) Theoretical
DR cross section calculated with inclusion of

the GBI, and (c) without the GBI.

the ions with adjacent charge states. Actually we compared the charge abundance obtained from
x-ray observation of trapped ions to that obtained from the observed ion intensity, and found
that there was no significant difference between them [7]. Thus, the intensity ratio between
adjacent charge states is considered to give the ion density ratio inside the trap.

In order to measure the ratio as a function of electron energy, the voltage at the electron
gun was scanned in a stepwise fashion. For each step, ion counting was started 2 sec after the
electron energy was changed to ensure that the equilibrium condition had been established, and
continued for 8 sec. The voltage of the ion trap region was fixed (typically +3 kV) throughout
the experiment. Both the ion signal and the electron-energy value when the ion signal was
detected were recorded to a PC in list mode.

Figure 2 shows the typical charge state spectrum obtained for bismuth. As seen in the figure,
ions with very high charge state can be efficiently extracted from the Tokyo-EBIT, which enables
us to study resonant processes for very highly charged heavy ions.

3. Results

3.1. resonance in recombination: dielectronic recombination

Figure 3 shows the intensity ratio of extracted Li-like to He-like iodine obtained as a
function of electron beam energy. A background has been subtracted, corresponding to
(o8B +(e/j)nooS*v;) /o in Bq.( 1). This background was obtained by fitting a second-order
polynomial function to the non-resonance region. Thus the structures in the figure correspond
to a(? R/ aé"fl, the DR cross section for He-like iodine scaled with the ionization cross section of
Li-like iodine. As seen in the figure, the Knn’ DR series has been clearly observed.

The present method is useful for a wide range of Z and for various charge states including both
open- and closed shell systems. For example, Fig. 4 (a) shows the intensity ratio of extracted
Be-like to Li-like bismuth as a function of electron beam energy. Again a smooth background
was subtracted. Similarly to the iodine data (Fig. 3), the structures in Fig. 4 (a) correspond

to the DR cross section for Li-like bismuth scaled with the ionization cross section of Be-like
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Figure 5. Clear asymmetric profiles
appeared in the intensity ratio between B-like
and Be-like bismuth. Fano profiles fitted to
the data are also shown with inclusion of the
experimental width.

bismuth, which is considered to be almost constant in this narrow electron energy range. On the
other hand, Fig. 4 (b) and (c) show the theoretical DR cross sections; the former was obtained
by the fully relativistic calculation including the generalized Breit interaction (GBI) while the
latter was obtained by the fully relativistic calculation but without including the GBI. It is found
that the peak at the lowest energy is strongly affected by the GBI and that the calculated cross
section without the GBI fails to reproduce the experimental result whereas that with the GBI
reproduces the experiment well. The present result clearly shows the importance of the GBI,
which is the lowest order of the quantum electrodynamics effects in electron - ion collisions, in
DR processes of highly charged heavy ions.

The theoretical cross section with the GBI still differs from the experiment. For example,
the higher energy side of the K Li5L3 resonances seems to have a tail for the experimental
data whereas the theoretical result seems to have no tail. This is considered to be due to the
interference between RR and DR. Their interference is generally weak for light and mid-Z ions
because the cross section of RR is much smaller than that of DR. However, for highly charged
heavy ions, since the RR cross section, which increases rapidly with Z, becomes comparable to
the DR cross section, which decreases as Z increases, the interference can be so significant that
the resonant feature shows the Fano-type profile [9]. However since several peaks overlap with
each other, the Fano profile can not be recognised clearly in Fig. 4 (a).

Fig. 5 shows the intensity ratio of extracted B-like to Be-like bismuth, which corresponds
to the DR cross section for Be-like bismuth scaled with the ionization cross section of B-like
bismuth. As seen in the figure, Fano-type asymmetric profiles are clearly confirmed. In the figure,
the preliminary results of fitting to Fano profiles are also shown. Interference between RR and
DR was also observed through X-ray measurements for Hg (Z = 80) [10], Bi (Z = 83) [11], and
U (Z = 92) [12]. Compared to those X-ray measurements, the present method has the advantage
that the contribution from different charge states can be completely removed and that higher



XXV International Conference on Photonic, Electronic and Atomic Collisions IOP Publishing
Journal of Physics: Conference Series 88 (2007) 012066 doi:10.1088/1742-6596/88/1/012066

statistical quality data can be obtained because the present method has much higher efficiency.
The X-ray measurements are usually done at an observation angle of 90 degree with respect to
the electron beam so that it gives differential cross sections while the present method gives the
integrated cross sections. The comparison between the X-ray and extracted ion measurements
is thus important to investigate the dependence of the degree of interference on the angle of
photon emission. This effect will be further investigated and published elsewhere.

3.2. resonance in ionization: resonant excitation double autoionization

Figure 6 (a) shows the intensity ratio of extracted He-like to Li-like iodine for the KMM resonance
region. A smooth background was subtracted. It should be noted that the ratio of higher charge
state with respect to the lower charge state, i.e. the reciprocal of Eq.( 3), is plotted in order
to emphasize the ionization here; thus DR should make a dip while REDA should make a peak
in this plot. Accordingly, the peaks at around 30.2 and 30.35 keV are considered to be the
contributions from REDA of Li-like iodine, whereas the dip structures are the DR resonances of
He-like iodine. The present experiment is similar to our previous study [13], but the present data
was obtained with a higher resolution by reducing the electron beam current. The resolution,
which was determined by the electron beam energy width, was about 27 eV for the present
study while it was about 50 eV for the previous study. Owing to the higher resolution, we could
confirm the peak around 30.35 keV, which had been hidden in the tails of the DR structures on
both sides in our previous study. REDA cross sections are generally small for highly charged
heavy ions due to the large fluorescence yield of the resonant states. However the high efficiency
of the present method enabled us to observe it very clearly.

Figure 6 (b) shows the theoretical results obtained from the calculated values for JEFD 4 olon
and oREPA. The background corresponding to UfR + (e/ j)noanX v; in Eq.( 3) was estimated
by comparison with the experiment and subtracted. As seen in the figure, overall agreement is
found between the experiment and the calculation.

4. Summary

By measuring the charge abundance ratio at the equilibrium condition in an electron beam ion
trap, we have observed resonant processes such as dielectronic recombination (DR) and resonant
excitation double autoionization (REDA). The present method has been confirmed to have much
higher efficiency compared to previous X-ray measurements. Accordingly we have successfully
observed;-

e charge-state resolved DR resonant features,
e clear Fano profiles arising from the interference between DR and radiative recombination,
e clear evidence for the strong effect of the generalized Breit interaction on DR resonances,

e resonant processes in ionization processes (resonant excitation double autoionization).

The present method in combination with the injection method using an effusion cell has been
proven to be very useful to study resonant processes of high charge states of various elements.
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