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Abstract

An introduction to electron}ion recombination processes is given and recent measurements are described as examples,
focusing on low collision energies. Discussed in particular are "ne-structure-mediated dielectronic recombination of
#uorine-like ions, the moderate recombination enhancement by factors of typically 1.5}4 found for most ion species at
relative electron}ion energies below about 10 meV, and the much larger enhancement occurring for speci"c highly
charged ions of complex electronic structure, apparently caused by low-energy dielectronic recombination resonances.
Recent experiments revealing dielectronic resonances with very large natural width are also described. ( 2000 Elsevier
Science B.V. All rights reserved.

PACS: 29.20.Dh; 34.80.Lx

Keywords: Radioactive recombination; Dielectronic recombination; Electron cooling

1. Introduction

Electron}ion recombination leads to loss of
stored positive ions during electron cooling, in par-
ticular at high ion charge and high beam velocity
when rest gas processes become less important. On
the other hand, ion storage rings with electron
coolers are powerful tools for the experimental
study of electron}ion collision processes at well-
controlled relative energy.

Spontaneous recombination of electrons and
protons was already observed in the "rst tests of

electron cooling [1] and in several electron cooling
experiments the shape of the emerging fast atomic
hydrogen beam was used as a diagnostic for the
angular divergence of the stored proton beam. Also
theoretical predictions for radiative recombination
of cooling electrons with cooled protons were de-
veloped [2] in the context of early electron cooling
activities. This happened widely unnoticed by the
atomic and molecular physics community; in fact,
low-energy single-pass merged beams experiments
at the same time just started to measure the much
higher rates due to dissociative recombination of
molecules [3], while radiative recombination of
atomic ions was considered almost undetectable. In
the 1980s a small number of single-pass crossed or
merged beams experiments succeeded in detecting
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dielectronic recombination, a resonant type of radi-
ative recombination, occurring for incompletely
stripped atomic ions and having large importance
for plasma-physical applications (see reviews by
Dunn et al. [4]). These experiments faced large
problems from a low signal to background ratio
and an often very limited energy resolution. Much
improved single-pass arrangements for low-energy
recombination measurements could "nally be real-
ized by using an electron beam similar to that in
electron coolers in Aarhus [5] and a specially de-
signed cold dense electron target at the GSI [6].

However, it was only after heavy-ion storage
rings went in operation that recombination pro-
cesses of atomic ions became accessible for pre-
cision experiments. High-resolution measurements
on dielectronic recombination began with a study
of hydrogenlike ions, in particular O7` [7], at the
TSR in Heidelberg, taking particular advantage of
the high-current stored ion beam. Many experi-
ments followed at several storage rings on a num-
ber of atomic systems; a useful summary of results
until 1995 is given in Ref. [8] and more recent
results are summarized in Refs. [9,10].

In most of the detailed measurements performed
so far, the recombination rates during electron
cooling were found to exceed signi"cantly the pre-
dictions for radiative recombination. Except for
some ions with complex electronic structure, where
dielectronic recombination additionally compli-
cates the situation, the enhancement was shown to
occur only at very low relative energy and to re-
main limited to moderate factors of up to &5.
Low-energy dielectronic resonances, on the other
hand, can much more strongly enhance the recom-
bination rate in particular cases. The present know-
ledge about the enhanced recombination rates will
be discussed below after a short summary of the
basic recombination processes and the methods for
their experimental study.

2. Recombination processes and experimental pro-
cedures

At low electron densities, as encountered in the
electron cooling arrangement, recombination be-
tween electrons and atomic ions largely proceeds

through the capture of a single electron on an ion
under emission of a photon. Usually, the non-res-
onant direct process

Aq`#e~PA(q~1)`#hl (1)

is called radiative recombination (RR). The same
net e!ect also results from a resonant reaction via
an intermediate doubly excited state [A(q~1)`]HH,

Aq`#e~%[A(q~1)`]HHPA(q~1)`#hl (2)

this two-step process is called dielectronic recombi-
nation (DR).

In RR, the incident electron is captured into
a Rydberg level n with a cross-section given as
a function of the electron energy E in the elec-
tron}ion center-of-mass (c.m.) frame by [11,12]
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where R
=
+13.6 eV is the Rydberg energy, a

B
the

Bohr radius, q the initial ion charge and a the
"ne structure constant. For small energies
E;q2R

=
/n2 the cross-section varies as J(nE)~1;

this implies for recombination during electron cool-
ing (i.e. low E) that the contributions from capture
into highly excited Rydberg states decrease quite
slowly as n increases. Eq. (3) represents in fact the
semiclassical result for recombination into hydro-
genic (single-electron) states; the obtained cross-sec-
tions p

n
(E), however, lie close to the exact quantum

mechanical results, which at near-zero energy are
lower by 20% for n"1 and by much smaller rela-
tive amounts for high Rydberg states (see, e.g. Ref.
[13]). Since the Rydberg states, taken together, give
a large relative contribution to the total rate, the
semiclassical formula yields a reasonable approxi-
mation even for recombination on ions with elec-
trons already bound, provided the occupied shells
are not counted in the sum over the "nal states.

The recombination rate during electron cooling
is obtained as

R"c~2g
L
N

*
n
%
a
3

(4)

where N
*
is the ion number in the circulating beam,

n
%

the electron density, g
L

the ring fraction occu-
pied by the electron beam, and c the relativistic
factor (n

%
and R being de"ned in the laboratory
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Fig. 1. Schematic drawing of the electron cooling section of the heavy ion storage ring TSR, showing the path of the stored ion beam, the
cooling device, and the detectors for recombined ions (or neutrals in the case of singly charged stored ions). On an additional detector
electron impact ionization rates can be measured.

frame). The rate coe$cient a
3
represents the quanti-

ty Svp(E)T, where v is the velocity in the c.m. frame
and p the cross-section summed over all "nal states;
an average denoted by S T is performed over the
velocity distribution in the c.m. frame. Bell and Bell
[2] have calculated rate coe$cients a

RR
for radi-

ative recombination in the case of velocity matched
beams (during electron cooling), assuming a &&#at-
tened'' velocity distribution of the electrons charac-
terized by the transverse temperature ¹

M
and

a much smaller longitudinal temperature ¹
@@
;¹

M
;

they obtained

a
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The "rst term in the large brackets can be inter-
preted as the sum over Rydberg-state capture rates
scaling as J1/n (cf. Eq. (3)). The value of this sum
logarithmically increases with the maximum quan-
tum number n

.!9
of the included "nal states. From

Eq. (3), the Rydberg-state contributions for increas-
ing n are expected to decrease faster than J1/n as
soon as the binding energies of the "nal states
n become [k¹

M
; accordingly, the result of Eq. (5)

implies that the sum extends up to
n
.!9

"9.53q (k¹
M
/eV)~1@2!1, which indicates the

highest quantum number of Rydberg states that
signi"cantly contribute to the recombination rate.
For the typical conditions of electron cooling with
k¹

M
[0.1 eV, n

.!9
becomes rather large (Z30q);

moreover, the second term in the large brackets
then can be neglected.

As shown in Fig. 1 recombined ions, after leaving
the electron cooler, are separated from the circula-
ting beam in the next ring dipole and can be
counted on a detector. Ions recombining into high
Rydberg states may be "eld ionized in this ring
dipole by motional electric "elds, provided they do
not decay radiatively to lower states before reach-
ing the dipole. For an approximate description,
a cuto! quantum number n

#
is introduced, giving

the highest "nal state n for which recombination
can be detected. It turns out that n

#
(n

.!9
in most

cases; hence, the sum over Rydberg-state cross-sec-
tions scaling as J1/n has to be cut o! already at
n
#

in order to obtain the measured recombination
rate. The "rst term in the large brackets of Eq. (5)
then should be replaced by 0.17#ln(n

#
#1) [14].

From considerations of "eld ionization it follows
that the cuto! quantum number at "xed electric
"eld strength scales approximately as n

#
Jq3@4.

During electron cooling there is no average rela-
tive motion between electrons and ions; however,
by detuning the electron energy and keeping the
ion energy "xed, a longitudinal average relative
velocity between the beams can be generated.
Scanning the electron acceleration voltage, energy-
dependent recombination cross-sections of stored
ions are measured. The energy corresponding to
the velocity detuning is denoted as &&relative energy''
EK ; if it becomes large compared to the electron
temperature (EK <k¹

M
) it essentially determines the

c.m. energy and the observed recombination rate
coe$cient represents the recombination cross-sec-
tion folded with the c.m. electron energy spread and
multiplied by the relative velocity: a

3
(EK )+v( Sp(EK )T.

The rate coe$cient for RR will then scale roughly
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Fig. 2. Recombination rate coe$cient of Fe17` ions stored in
the TSR at 5.6 MeV/u, measured [21,22] as a function of the
relative energy EK . On top of the continuous RR signal the series
of DR resonances 2s2p6 nl for n*6 (with resolved "ne structure
for n"6}8) is seen; levels with up to n

#
+124 are estimated to

contribute to the Rydberg peak with a series limit at 132 eV. At
lower energies (see also the inset) "ne-structure-mediated DR
causes additional recombination via 2s2(2p5)

1@2
nl resonances.

as JEK ~1@2, corresponding to the E~1 dependence
of the cross-section; any DR resonances will appear
on top of this continuous recombination signal.
Experimental aspects of DR measurements at dif-
ferent storage rings are explained in more detail in
Refs. [15,16] for the TSR, in Ref. [17] for TARN,
and in Ref. [18] for CRYRING; measurements for
the heaviest few-electron systems (U89` at GSI) are
reported in Ref. [19]. Further methods of atomic
physics experiments at heavy-ion storage rings are
summarized in Ref. [20].

3. Dielectronic recombination spectra

As an example for a typical dielectronic recombi-
nation spectrum recently investigated [21,22], we
will consider the #uorine-like ion Fe17`. Starting
with the given ground-state con"guration of Fe17`,
an intermediate doubly excited state [A(q~1)`]HH is
formed when a free electron excites a 2s electron
to 2p and is simultaneously captured into an nl
Rydberg state,

Fe17`[2s2(2p5)
3@2

]#e~ % Fe16`(2s2p6 nl)

(n"6,2,R). (6)

The capture is reversible since the doubly excited
state can autoionize again; however, it can also
decay radiatively,

Fe16`(2s2p6 nl)PFe16`(2s22p5nl)#hl (7)

which completes DR. In addition to this conven-
tional DR process, also a more exotic excitation
mechanism can occur in #uorine-like systems (as
"rst observed on the isoelectronic ion Se25` [16]).
Here, spin recoupling in the 2p shell is induced by
the colliding electron which is also captured in
a Rydberg state:

Fe17`[2s2(2p5)
3@2

]#e~ % Fe16`[2s2(2p5)
1@2

nl ]

(n"18,2,R) (8)

thus, a "ne-structure excitation of the one-hole
con"guration 2p5 occurs, changing its total angular
momentum from 3

2
to 1

2
. A radiative transition of the

Rydberg electron to a level below the ionization

threshold (n@(18) completes this DR:

Fe16`[2s2(2p5)
1@2

nl ]P

Fe16`[2s2(2p5)
1@2

n@l@]#hl (9)

the other possibility, a radiative decay of the "ne-
structure excited (2p5)

1@2
con"guration back to

(2p5)
3@2

, is much less probable as it is electric dipole
forbidden. Rydberg series originating from both
types of DR processes can be seen in the measured
spectrum (Fig. 2). The channel of "ne-structure-
mediated DR, as represented by the series of low-
energy resonances up to &13 eV, has been ignored
in the past by modelers of cosmic plasmas for
Fe17` and similar ions. Its inclusion considerably
changes the DR rates needed to understand the
structure of X-ray photoionized cosmic plasmas
[21,22].

4. Recombination at low relative energies

Recombination rates at low relative energies
were studied both in single-pass arrangements and
in storage rings. In the early electron cooling
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Fig. 3. Recombination rate coe$cient of highly charged Au ions
with the given charge states and con"gurations stored in the
TSR at 3.6 MeV/u, measured [35] as a function of the relative
energy EK . No detailed assignment of the DR resonances for
Au49` and Au50` has been obtained. The theoretical RR rate
coe$cients (shaded areas) were calculated from the cross-section
of Eq. (3), summing over the electron shells open for recombina-
tion (Rydberg-state detection limit n

#
"360).

experiments with protons, no deviations from
theoretical predictions were found with regard to
the RR rates. However, a measurement [6,23] on
the complex heavy ion U28` at the GSI single-pass
electron target, "rst performed in 1989, showed
extremely high recombination rates at matched
beam velocities, which exceeded predictions for RR
by a factor of &200. Such recombination rates
during electron cooling would lead to beam life-
times of only a few seconds for U28` ions in a stor-
age ring. On the other hand, at about the same time
electron cooling of heavy ions ("rst on C6`) was
realized in ion storage rings [24,25], yielding beam
lifetimes as long as predicted and thus con"rming
the RR theory within a factor of &2. Moreover, in
measurements [13,26] at the Aarhus single-pass
electron target, radiative recombination rates for
ions such as C6` were measured with &20% accu-
racy at energies up to 1 eV, yielding agreement with
the RR theory. Thus, the excess rates found for
U28` could appear as an exception, possibly
caused by the complicated electronic structure of
this ion.

Nevertheless, discrepancies between theory and
experiment were found also for ions with much
simpler structure (and later even for bare ions) when
recombination rates were directly measured in
merged beams at relative energies below &10 meV,
which could not be well controlled at the Aarhus
single-pass target. First, observations of such dis-
crepancies were made at GSI, using the cold dense
single-pass electron target, in measurements on
Ar15` ions [27]; they showed agreement with the
predicted RR rate at energies of Z10 meV, but at
lower energies an unexpected rise of the measured
rate by a factor of &4 occurred, forming a sharp
&&cusp'' peak around zero relative beam velocity. An
example of the characteristic energy dependence
of this enhancement phenomenon can be seen in
Fig. 3(c). A remarkable property of the sharp cusp
peak is that it rises at relative energies considerably
below the transverse thermal electron energy (k¹

M
);

hence, the matching of the longitudinal velocities of
electrons and ions (limited by k¹

@@
which is much

smaller than k¹
M
) seems to be important for ob-

taining the recombination enhancement.
Directly measured recombination rates of highly

charged ions during electron cooling at the TSR

since &1990 also indicated an enhancement of the
low-energy recombination rate. First, for C6` and
Cl17` ions, recombination rates too high to be
reconciled with the RR cross-section and the ex-
pected "eld ionization of high Rydberg states were
found [28]; in the following, enhancement factors
of 1.3}1.7 were observed for a number of bare and
few-electron ions up to q"26 [15,16,29,30]. An
energy dependence equivalent to the one seen at the
GSI single-pass target was established for the en-
hanced recombination rates at storage rings by
measurements at CRYRING [31]. As a general
trend, the recombination rates in the magnetized
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electron beams used for electron cooling are fairly
well reproduced by the theoretical predictions for
RR at relative energies above a few meV, but the
additional rise of the rate at even lower energies
}with an increase of the total rate by typical factors
of 1.5}4 } has not been explained theoretically so
far. This moderate low-energy enhancement does
not appear to depend on details of the electronic
structure of the recombining ions. It might be re-
lated to general properties of the interaction of cold
magnetized electrons with ions at small relative
velocities, as it occurs in the magnetically guided
electron beam of the electron cooler and was con-
sidered for example in Ref. [32]. Investigations
regarding the dependence of the enhancement on
experimental parameters such as the electron den-
sity, the ion charge, and external "elds in the elec-
tron cooler are underway. A more detailed
discussion is given in Ref. [33].

5. Low-energy dielectronic resonances

A number of other cases with very large low-
energy recombination enhancement have been dis-
covered among more complex atomic ions. At
LEAR, operating with lead ions Pbq`, q"52}54,
an anomalously short beam lifetime of only &8 s
was observed [34] during electron cooling of
Pb53`, while the lifetimes for Pb52` and Pb54`

(&40}50 s) were close to the predictions. The
strong dependence of the Pb53` lifetime on the
electron beam current indicated that the loss was
caused by recombination. Direct measurements of
the recombination rate were performed at the TSR
for ions isoelectronic to these systems with similar
nuclear charge (Auq`, q"49}51) [35]. The ion
energy was close to 3.6 MeV/u, the electron density
amounted to &1]107 cm~3, and the electron
temperatures were k¹

M
"16 meV and k¹

@@
+0.1

meV. The scans of the relative energy EK were ex-
tended up to &1 eV, yielding the results shown in
Fig. 3. For all charge states, a signi"cant rise of the
recombination rate, starting when EK becomes lower
than &5}8 meV, is found. Moderate enhancement
factors of &5 as compared to the calculated RR
are found for Au49` and Au51`, while the recombi-
nation rate coe$cient for Au50` is extremely high

(up to &2]10~6 cm3 s~1 at EK "0) and the en-
hancement factor with respect to RR theory
amounts to &60. Note that the respective isoelec-
tronic pairs of Auq` and Pbq` ions investigated at
the TSR and at LEAR seem to behave very similar
to each other as concerns the recombination rate.
The recombination spectra for the three Auq` ions
(Fig. 3) suggest a strong in#uence of low-energy DR
resonances on the zero-energy recombination rate
of Au50`; many such resonances are observed for
this ion, whereas only a few resonances are seen for
Au49` and none for Au51`. For Au50` the recom-
bination rate is considerably larger than predicted
for RR at all energies in the scan range, while for
the other ions it is reasonably well reproduced by
the calculated RR rate. A detailed assignment of the
observed resonances would require highly accurate
atomic structure calculations which presently are
not available for this system. More general theoret-
ical work regarding electron recombination with
complex ions [36] has been motivated by the ob-
servations of large enhancement factors but, at least
at its present state, cannot be used to obtain predic-
tions for the detailed in#uences of the electronic
structure, as found in the experiments.

A recent recombination experiment on atomic
ions with another complex electron con"guration
sheds additional light on the mechanism by which
low-energy DR resonances can enhance the recom-
bination rate during electron cooling. In particular,
low-energy resonances can contribute signi"cantly
to the total recombination cross-section near E"0
when their natural width is larger than or of the
order of the resonance energy. Large natural widths
can result from rapid autoionization. In the Ar-like
ion Ti4` studied at the TSR [37], dielectronic cap-
ture can proceed via

Ti4`(3p6)#e~ % Ti3`(3p53dnl ) (10)

terms of the con"guration Ti3`(3p53d2) are ex-
pected to autoionize back to Ti4`(3p6)#e~ very
rapidly, since for this decay the two electrons in the
initial state and the bound electron in the "nal state
all reside in the same electronic shell. Ab initio
calculations using a standard atomic structure code
predict the 2F term of this con"guration to have
a particularly large natural width of &1.3 eV. In
the experimental recombination spectrum (Fig. 4)
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Fig. 4. Recombination rate coe$cient of Ti4` ions stored in the
TSR at 0.6 MeV/u, measured [37] as a function of the relative
energy EK (experimental energy spread (FWHM) &0.06 at 4 eV
and [0.03 at )1 eV). Narrow DR resonances (presumably
with con"gurations 3p53d4l ) and a strong wide resonance at
near-zero energy (identi"ed as 3p53d2 2F) are observed. Dashed
line: calculated RR rate coe$cient (Rydberg-state detection limit
n
#
"30), yielding only &5% of the total rate at EK "0; dash-

dotted lines: DR signals from the strong near-threshold reson-
ance with a "tted width of 1.2 eV and a position of 0.45 eV
(uppermost line) and from further small resonances (peak posi-
tions 0.2 and 0.36 eV, natural widths 0.2 and 0.1 eV). The lower
panel also shows the enhancement at EK [1 meV as discussed in
Section 4.

a strong and wide resonance can in fact be indenti-
"ed by "tting the spectral shape. The "t parameters
result in a centroid of 0.45 eV and a width of 1.2 eV,
and the resonance is attributed to the 3p53d2 2F
term based on a comparison with the ab initio
calculation, which provides some guidance in spite
of its limited accuracy for such complex con"gura-
tions.

The observed recombination rate at EK "0 ex-
ceeds the predicted RR rate by a factor of &20. At
very low relative energy (here when EK becomes
lower than &1 meV), again the typical rise of the
total rate by a moderate factor occurs; however,
even at higher energies the observed rate exceeds
the RR calculation by a factor of &10. As shown
in Fig. 4, the rate coe$cients for three DR reson-
ances were added to the calculated RR rate coe$c-
ient and the total rate was "tted to the experimental
signal above 2 meV, varying the DR resonance
parameters. In fact, the broad resonance at 0.45 eV
accounts for most of the observed signal; the two
weaker resonances only improve the "t around
0.2 eV.

In summary, all experimental evidence indicates
that the strong enhancement of recombination
rates during electron cooling found for certain
complex highly charged ions is caused by low-
energy dielectronic resonances. A recent experi-
ment in particular shows that such resonances can
have a very large natural width, which can bring
a considerable part of their strength to zero colli-
sion energy without sharp requirements on the
exact resonance position. The existence or absence
of DR resonances that would boost the low-energy
recombination rate cannot safely be predicted for
each and every ion by theoretical means and there-
fore can be established only by experimental tests
or direct recombination measurements.
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