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Abstract: We present our latest results on recombin

ation of electrons with ions at very low energies

obtained at the CRYRING heavy-ion storage ring. New data on the enhanced rate coefficient are

shown, Then we concentrate on recent measurerments of dielectronic recombination resonances

with Li-like, Na-like, and Cu-like ions, where from the spectra of resonances very accurate values

for energy splittings are derived for crucial tests of relativistic, correlation, and QED effects,
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Cooler storage rings are excellent tools to
study recombination of electrons with ions, This
process has several important applications, besides
being of fundamental interest. Astrophysical ob-
jects are studied through their radiation spectra
emitted from electron-ion recombination; plasma
modeling and diagnostics are based on the knowl-
edge of recombination cross sections. It is the pro-
posed mechanism for antihydrogen production in a
trap filled with antiprotons and positrons. The
most fundamental process is radiative recombina-
tion (RR): Z¢* + e—>Z“" V% + h,

Recombination can also proceed via exciting an
initially bound electron to form a doubly excited
state in the Z9 V% intermediate system, in so-

Then the

called dielectronic recombination (DR).
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cross sections show strong resonant-like structure.
Accurate measurements of these resonances in
scattering of electrons at ions can be used for criti-
cal tests of calculations. The experiments presen-
ted here have both aspects in their motivations,

We will present measurements of the recombi-
nation rate coefficients in absolute scale both in en-
ergy and height. The experiments are done with
the electron cooler of the CRYRING storage ring at
the Manne Siegbahn Laboratory (MSL) in Stock-
holm. This electron cooler has an adiabatically ex-
panded electron beam that gives electrons with
mean transversal velocity component of 1 meV and
longitudinal velocity component of 0.1 meV.

The highly charged ions are created in an elec-

tron-beam ion source, injected into the ring, and
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accelerated to several MeV/u After electron cool-
ing of the ion beam for a few (1—3) seconds, the
recombination rates as function of relative energy
between electrons and ions are measured (Fig. 1).
Here we show the example of the count rate for
Ni'** (Ref. [7]). This is achieved by ramping the
electron energy up and down from cooling to a
maximum energy in the center-of-mass frame so
that recombination spectra are obtained both with
the electrons being slower and faster than the ions
(see Fig. 1). With these scans, as displayed in
Fig. 1, we can check the correction for dragging
the ions when detuning the electron beam energy as
well as for the space charge of the electron beam.
These corrections are important in order to get ac-
curate energy scales in the spectrat. For the low
relative velocities scanned in these experiments
(energies around 0—1 eV) it is possible to take full
advantage of the low energy spread of the adiabati-
cally expanded electron beam and a resolution in
the order of meV is obtained. But data is also
taken for an extended energy range of up to 100
eV. From fits to the resonances we confirm the
longitudinal and transversal temperatures of the
expanded electron beam to be less than 0.1 and 1—
3 meV, respectively.

In measurements using bare ions, where only
RR can occur, there is a consistent disagreement
between the measured rates and the theoretical RR
descriptions at very low relative energy™™J, It
could be shown that this deviation depends on the
weak magnetic field in the interaction regiont%,
This effect will be elucidated by a new experiment
where the transverse velocity component is varied
instead of the longitudinal one.

Recently, highly accurate measurements of
atomic energy levels in few-electron ions, such as
Cu-like Pb¥*F1, Na-like Ni7*, and Li-like
K+ and Be*!'), have been done by recombina-
tion at CRYRING. The key points of the method
are i, that the inner-shell energy splitting is bal-

anced to a large part by the recombination energy

in a Rydberg state, and ii, with a good calculation,
the R}'Idberg state can be calculated to almost any
given accuracy, plus iii. that we developed a meth-
od to calibrate the experimental energies to a high
absolute accuracy. The energy calibration is done
by measuring with the Schottky frequency the ve-
locities of electrons and ions, and by a determina-

tion of the ring circumf{erencet™.
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Fig.1 (a)Time spectrum of the recombination count rate for
Ni'®* obtained by the zig-zag energy scan of the elee-
trons as shown in (b). The spectrum consists of
complete data sets. Note that the high peak at the cen-
ter, which i1s from the non-resonant rccombinations,
defines precisely the time and clectron energy at which
the electron velocity equals the ion velocity., For refer-
ence, the approximate interaction cnergy is show in

(o).

All the ions considered here have one valence
electron in an s state. The lowest energy reso-
nances are thus most likely formed by exciting the
ns electron to np; and bind the free electron to high
n, for the example of Pb**tit is a 45/, 10 4p,,, exci-
tation and simultaneous capture in a 18;-state,
with j=21/2. Quantum Electrodynamical (QED)
effects, such as self energy and vacuum polariza-
tion, are substantial in this highly charged ion and

contribute to the 4p/,-45,,, splitting with 2 eV, In
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Fig. 2 we show the rate coefficient for the case of

Pb¥* and Pb**, Thus adding one electron in 4s

makes the recombination rate around a factor 100
higher. A quantitative analysis of this experiment
shows, that the DR-resonances can be determined
with a precision of 1 meV and one is thus sensitive
to the 4s,,; to 4p,, splitting with the same preci-
sion'™. This splitting is around 120 eV, which
gives a relative accuracy in the 10~¢ regime. It is
clear that in cases where resonances are only a few
meV above threshold, their position is determined
by QED; and, the present-day ability to calculate

the QED contribution to such a resonance energy is

2512 Lamb shift was determined to within 0.1%,
which is so far its most precise determination®, In
Li-like Kr, having just three electrons, correlation
and QED effects can indeed be treated ab initio and
they are also substantial due to the high nuclear
charge; the self-energy exceeds correlation effects

by one order of magnitude in the Zp12-25,, split-
ting.

much larger than the experimental uncertainty
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Fig. 2 The recombination rate coefficient for the cases of

Pb®* and Pb™*, The coefficient for Pb¥+ are multi-

plied by 10,

An accurate method to calculate the resonance
energies is based on relativistic many-body theory
and is capable of meV accuracy for few electron
systems (except for the QED effects)*~1!, This
method uses complex rotation to handle autoion-
izing states,

Another prominent example is our determina-

tion of the 2p,,,-25,,, splitting in Kr®®* where the
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Fig. 3 Comparison of the experimental recombination rate
coetficient for Be* with a calculation™™? in relativistic

many-body perturbation theory.

With the present level of accuracy, the DR
spectra can only be reproduced by the most refined
calculations; fully relativistic, highly correlated
and accounting for QED corrections. The accuracy
is even high enough that the results call for a de-
velopment of improved methods to treat QED in a

many-electron environment. Surprisingly even very

light ions, as Be™'?, can be dominated b relativ-
g y

istic effects although the ions in other respects are
well described non-relativistically. Fig. 3 shows the

example of the lightest Li-like ion Be*. In this case

we see a 2s1,t0 2py, excitation and simultaneous
capture into 2/, and 3l;-states. QED effects are
small in the 2s,,, of this light ion, and are easily
corrected for. But, some of the resonances only
appear when relativistic effects are included.

With the resolution and accuracy reached we
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were recently able to resolve and measure the hy-
perfine splitting in a very highly-charged ion by di-
Although it would hardly

have been anticipated a few years ago, resonances

electronic resonances.

in collision cross sections provide today an alterna-
tive to photon spectroscopy to obtain highly accu-
rate information on atomic energy levels and now
even on nuclear effects.

The measured rate coefficients are also of in-
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