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Recombination of bare Bi83¿ ions with electrons
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Electron-ion recombination of completely stripped Bi831 has been investigated at the Experimental Storage
Ring ~ESR! of the GSI in Darmstadt. Absolute recombination-rate coefficients have been measured for relative
energies between ions and electrons from 0 up to about 125 eV. In the energy range from 15 meV to 125 eV,
the experimental result is well described by the theory for radiative recombination~RR!. However, below 15
meV the experimental rate increasingly exceeds the RR calculation by up to a factor of 5.2. This puzzling
enhancement phenomenon, which has already been observed at other storage rings and single-pass merged-
beams setups, is reported here from the ESR and for a bare ion heavier than argon. The enhancement is
insensitive to changes of the electron density, which in subsequent measurements was set to 1.63106, 3.2
3106, and 4.73106 cm23. An additional variation of the magnetic guiding field of the electrons from 70 mT
to 150 mT in steps of 1 mT resulted in oscillations with a period of 7.6 mT of the rate that are accompanied
by considerable changes of the transverse electron temperature.
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I. INTRODUCTION

Recombination between electrons and highly charged
plays an important role in different areas of modern phys
The basic two- and three-body recombination processes
of very fundamental nature and thus provide an excel
testing ground for collision theory and atomic structure c
culations. Cross sections and rate coefficients as a functio
the relative energy of these processes are needed for th
derstanding of astrophysical and fusion plasmas. Additi
ally, they provide useful information for applications in a
celerator physics@1#, since beam losses in ion storage rin
by electron-ion recombination during electron cooling p
harsh limits to the handling and the availability of ions f
further experiments.

Low-energy electron-ion recombination with its larg
cross sections and rates provides a very promising sch
for the production of antihydrogen by recombination of co
positrons with antiprotons@2#. At very low temperatures and
in the presence of magnetic fields of the ion traps, the
pected recombination rates are uncertain by an order of m
nitude. Recombination rates as enhanced as those obs
in storage rings and single-pass merged-beams experim
would facilitate the production of antihydrogen in quantiti
needed for the envisaged spectroscopy experiments.
question to what extent electromagnetic fields can enla
recombination rates especially at the low temperatures en
aged for antihydrogen production is currently pursued@3#. In
this context, storage-ring electron coolers provide an ex
lent environment for a further exploration of low-energ
electron-ion recombination in the presence of external m
netic fields.

During the past decade, electron-ion recombination
been extensively investigated in merged-beam experim
1050-2947/2000/63~1!/012702~11!/$15.00 63 0127
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using storage-ring coolers and single-pass electron targe
accelerators. In these experiments, an incident ion bea
merged with a cold magnetically guided beam of electro
over a distance of typically 50–250 cm depending on
specific electron-beam device. By choosing the appropr
accelerator facility, ions of most elements in all possib
charge states can be investigated nowadays.

Free electrons can be captured by ions via several dif
ent mechanisms. The main recombination channel for a b
ion is radiative recombination~RR!,

e21Aq1→A(q21)11hn. ~1!

RR is the direct capture of a free electron by an ion Aq1

where the excess energy and momentum are carried awa
a photon. After the capture, which is inverse to photoioni
tion, the electron can be in an excited state and there wil
further radiative transitions within the ion until the electro
has reached the lowest accessible energy level. RR is a
resonant process with a diverging cross section at z
center-of-mass~c.m.! energy that continuously decreases
wards higher c.m. energies.

Another recombination mechanism possible for a bare
is three-body recombination~TBR!,

Aq11e21e2→A(q21)11e8, ~2!

where the excess energy and momentum are carried awa
a second electron. This process is important at high elec
densities and low c.m. energies between electrons and i

The pioneering experiment on radiative recombination
bare ions was performed by Andersenet al. @4# in 1990.
Absolute rate coefficients were measured for C61 with a
merged-beam technique finding a reasonably good ag
©2000 The American Physical Society02-1
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A. HOFFKNECHTet al. PHYSICAL REVIEW A 63 012702
ment between experiment and theory in the investigated
ergy range fromErel50 to 1 eV, whereErel is the relative
energy between the ensembles of electrons and ions in
interaction region~for the definition ofErel , see Sec. III!.

In a number of consecutive measurements, different b
ions (D1,He21,C61,N71,Ne101,Si141,Ar181) @5–8# have
been investigated at several facilities. The measured rate
efficients have been in accordance with RR theory for re
tive energiesErel>0.01 eV. Except for a dedicated stud
with Cl171 ions @9#, the experiments were limited by coun
ing statistics to an energy range of only a few eV. Nevert
less, in all of these measurements, strong deviations of
experimental findings from the theoretical predictions w
found at very low electron-ion relative energies (Erel<0.01
meV!. Toward lower energies, the measured rate coeffic
aexp @the velocity averaged product of velocity and cro
section, see Eq.~12!# typically shows an increaseDa
5aexp2aRR on top of the theoretical rate coefficientaRR for
RR. The resulting rate enhancement factore5aexp/aRR at
Erel50 eV was observed to take values of 1.6 (He21) to 10
(Ar181) for bare ions~no enhancement observed with D1)
and up to 365 for a multicharged multielectron system s
as Au251 @10#. It should be noted that in contrast to the R
cross section that diverges atErel50 eV, the measured rat
coefficient attains a finite value due to the experimental e
tron and ion velocity spreads~see Sec. III!.

Since the first observation of the enhancement phen
enon in an experiment with U281 ions at the GSI in Darm-
stadt in 1989@11# and a later experimental confirmation
that same result@12#, this effect has been observed repe
edly in different experiments at different facilities. Where
the very high rate enhancement factors of multicharged c
plex ions such as Au251, Au501, Pb531, and U281 could be
partly traced back to the presence of additional recomb
tion channels, i.e., mainly due to dielectronic recombinat
~DR! @10,13–15#, the origin of the remaining discrepancie
between experiment and theory especially for bare io
where DR cannot occur, is still unknown. Among the mec
nisms that have been further discussed are polarization
combination@16#, TBR @17#, and a momentum coherenc
effect in time-varying fields@18#. Also, plasma-physical as
pects such as the transient behavior of the nonequilibr
plasma formed by merged beams@19# and the screening dy
namics of the magnetized electron gas in an electron co
@20,21# have been explored. However, none of these effo
has been successful in explaining the enhancement phe
enon so far.

For the further experimental exploration of the enhan
ment phenomenon, its dependences on external experim
parameters have been studied at different storage ri
Variations of the electron density@8,9,22# within a total
range from about 106 cm23 up to almost 1010cm23 showed
almost no effect on the enhancement. The dependence o
total recombination rate followed theT'

21/2 dependence on
the mean transverse electron energy spreadT' @22# as ex-
pected for RR alone. Moreover, Gwinneret al. @22# discov-
ered an extraTi

21/2 scaling of the excess rateDa, which is
not expected@23# on the basis of the sheer convolution
01270
n-

he

re

o-
-

-
he
e

nt

h

c-

-

-

-

a-
n

s,
-
e-

m

er
ts
m-

-
tal
s.

the

any given 1/Ex-dependent cross section (x.0) with the ex-
perimental velocity distribution describing merged-beam
nematics @see Eq. ~13!#. A systematic study of the ion
charge-state dependence of the excess rate coefficientDa for
a number of bare ions@5# yielded roughly aZ2.8 scaling for
atomic numbers 1<Z<14. Another external parameter ob
served to influence the enhancement has been the magn
field strengthB in the interaction region of electrons an
ions. A clear increase of the recombination-rate maximum
Erel50 with increasing magnetic-field strength has be
found in an experiment using Au251 ions @10#. Recently,
such a behavior has also been observed in a thorough s
with lithiumlike F61 and bare C61 ions at the TSR heavy-ion
storage ring in Heidelberg@22,24#. In these experiments, a
approximateBx scaling (0.5<x<1) of Da has been found.

At the present stage of the game where numerous theo
ical approaches and model treatments of the enhancem
phenomenon have failed to provide a consistent picture
appears necessary to provide experimental information
the dependence of the rate enhancement on the widest
sible range of parameters such as to narrow down the ra
of possible explanations and to search for hints to the or
of a disturbing experimental observation that has puzz
experimentalists and theorists for a decade already. Un
standing this phenomenon will not only help in avoidin
intensity losses of stored ions during cooling and taking
vantage of enhanced rates for antihydrogen production
will most likely shed new light on the understanding
electron-ion cooling. Last but not least, the observed
lemma of a very fundamental atomic collision process
very low energies certainly has to be resolved.

In the present measurement with Bi831 ions, which was
carried out at the Experimental Storage Ring of the GSI
Darmstadt, we extended the investigations of bare ions to
range of highest possible charge states. To our knowledg
was the first experiment of this kind with such a bare i
heavier than argon providing information on RR at low e
ergies. It should be noted that at higher electron-ion c
energies, experimental information about RR cross sect
has already been obtained from studies of radiative elec
capture~REC! in high-energy ion-atom collisions@25,26#.
Here we present a comparison of measured absolute rate
efficients with calculated RR rates for relative energies fr
Erel50 eV to 125 eV. This constitutes a test of the validi
of the most advanced theoretical approaches to recomb
tion in the regime where relativistic and QED effects a
important. In addition, the dependence of the recombina
rate on the electron density of the electron beam in the co
was investigated in order to study the enhancement phen
enon and to check whether our experimental approach yi
consistent results under different experimental conditio
The present paper is organized as follows. After a short
scription of the theoretical approaches, the experime
setup is described with a focus on the details of the mer
beam arrangement inside the ESR electron cooler. After
presentation of the experimental results, a comparison w
RR calculations is made that features the rate enhancem
phenomenon at very low energies. Dependences of the m
2-2
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RECOMBINATION OF BARE Bi831 IONS WITH ELECTRONS PHYSICAL REVIEW A 63 012702
sured rate at zero relative energy on beam alignment, e
tron density, and magnetic guiding field are explored a
discussed in detail.

II. THEORY

In order to describe RR theoretically, Kramers develop
a semiclassical theory already in 1923@27#. A full quantum-
mechanical treatment within the nonrelativistic dipole a
proximation was performed by Stobbe seven years later@28#.
In 1957, Bethe and Salpeter@29# derived an approximate
semiclassical formula for the RR cross section that is ide
cal to Kramers’ result,

sRR~n,Ecm!5s0

E0
2

nEcm~E01n2Ecm!
~3!

with s0'2.1310222cm2. The capture of an electron by
bare ion produces a hydrogenic state with principal quan
numbern. In this case,E05Z2R is the binding energy of the
ground-state electron in the hydrogenic ion~atom! with
nuclear chargeZ, R'13.6 eV is the ground-state energy
the hydrogen atom, andEcm is the kinetic energy in the
electron-ion c.m. frame. The total cross section for this p
cess is obtained by summing up the contributions of all
cessible Rydberg states:

sRR~Ecm!5 (
n51

nmax

sRR~n,Ecm!, ~4!

wherenmax is the maximum principal quantum number th
can contribute. This number is generally limited by expe
mental conditions. Since the contributions by high-n states to
the total RR cross sections become smaller with increasinn,
a very precise knowledge ofnmax is not required for a mean
ingful comparison of experiment with RR theory. The a
proach of Bethe and Salpeter clearly shows the typical
tures of RR cross sections: the divergence at zero elec
energy and a monotonic decrease for increasing electron
ergy. However, as a semiclassical approximation, Eq.~3! is
only valid in the limit of high quantum numbers and lo
electron energies, i.e., forn@1 and Ecm!R(Z/n)2. Since
the quantum-mechanical treatment of Stobbe involves
rather tedious evaluation of hydrogenic dipole matrix e
ments, one often applies correction factorsGn(Ecm), the so-
called Gaunt factors, to Eq.~3! to account for deviations
from the correct quantum result at lown and highEcm. The
use of Gaunt factors is convenient because they are e
tabulated@30# or given in an easy parametrization@31,32#.
We apply here tabulated@33# valueskn5Gn(0) and use

sRR~Ecm!5s0(
n51

nmax

kn

~Z2R!2

nEcm~Z2R1n2Ecm!
. ~5!

This equation is exact for bare ions at zero relative ene
and does not deviate by more than about 0.8% forZ583 and
nmax5116 from the quantum mechanically correct res
within the nonrelativistic dipole approximation at the highe
energies considered in this paper. In contrast, the appro
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without Gaunt factors used by Bethe and Salpeter@cf. Eq.
~4!# differs by as much as;11% @see Fig. 1~a!# from the
quantum mechanically correct result.

For heavy ions with high nuclear charge and for hi
energies, the validity of the nonrelativistic dipole approxim
tion is questionable. This is already evident when one co
pares the binding energy of the Bi831(1s1/2) ground state
calculated with the Rydberg formula@entering Eq.~5!# to
E05Z2R'93 keV with the value of E05mec

2@1
2A12(aZ)2#'104.4 keV from Dirac theory@29# (c de-
notes the speed of light anda51/137.036). In general, an
exact relativistic calculation within the framework of Dira
theory and with the inclusion of higher multipoles is in orde
Results of such calculations for bare ions with 1<Z<120
and n<3 have recently been presented by Ichihara a
Eichler @34#. When comparing their result for Bi831 with the
outcome of Eq.~5! with Z583 andnmax53, we find that
over the experimental energy range, the maximum differe
is only less than 2%@cf. Fig. 1~a!#. This is due to cancella-
tion effects as shown in Fig. 1~b!, where the contributions by
each individualn are plotted separately. The differences b
tween the relativistic and nonrelativistic calculations chan
sign when going fromn51 to n52. The absolute difference
is largest forn51 ~up to ;7%). In general, relativistic ef-
fects become weaker with increasingn. Therefore, we do not
expect that the difference increases when extending the s
mation to higher principal quantum numbers. Since the
maximum deviation of then-summed nonrelativistic dipole
approximation from the fully relativistic calculation i
smaller than the experimental uncertainty, we use Eq.~5! for
all calculations presented in this paper. It is noted that at h
c.m. energies~100 keV*Ecm*mec

2), a good agreement be

FIG. 1. Theoretical cross sections for radiative recombination
bare Bi831 ions as a function of c.m. energy.~a! Comparison be-
tweenn-summed (nmax53) fully relativistic @34# ~full line!, semi-
classical Gaunt-factor-corrected@cf. Eq. ~5!# ~dashed line! and
-uncorrected@cf. Eq. ~4!# ~dash-dotted line! calculations. In order to
remove the divergence atEcm50, the cross sections have bee
multiplied by Ecm. ~b! n-selective comparison between fully rela
tivistic ~full lines! and Gaunt-factor-corrected semiclassical@cf. Eq.
~5!# ~dashed lines! calculations forn51,2,3. Differences between
results of Eq.~5! and the quantum mechanically exact nonrelativ
tic dipole approximation are not visible in the energy range of
figure.
2-3
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tween results of the nonrelativistic dipole approximation a
experimental REC cross sections has already been foun
Stöhlker et al. @35#. Finally, we mention that calculations o
QED corrections to the RR cross section into then51 shell
have recently been performed by Shabaevet al. @36#. They
find that QED corrections increase in magnitude with
creasing electron energy. Since for bare uranium ions
calculated QED corrections amount to only 0.12% at
lowest c.m. energy of;54.5 keV considered in Ref.@36#,
QED corrections can safely be neglected in the present st

III. EXPERIMENT

The measurements have been performed at the Ex
mental Storage Ring~ESR! of the Gesellschaft fu¨r Schweri-
onenforschung~GSI! in Darmstadt@37#. 295.3 MeV/u Bi831

ions supplied by the GSI linear accelerator UNILAC in com
bination with the heavy-ion synchrotron SIS were inject
into the ESR. Only one injection pulse of ions from the S
into the ESR was sufficient to provide an ion current
typically 400–800mA at the beginning of a measurement.
the storage ring, the circulating Bi831 ions were merged with
the magnetically guided electron beam of the electron co
with an electron energy of 162 keV~Fig. 2!. An optimum
beam alignment is achieved by using steering coils for c
tering the electron beam onto the ion beam. The beam al
ment can be monitored by observation of the cooling fo
and the ion-beam profiles. Before starting a measurem
the ion beam was cooled for several seconds until the b
profiles reached their equilibrium widths. For a change of
electron energy, voltages between25 and 5 kV were ap-
plied to two drift tubes surrounding the electron and the
beam in the interaction region. During a measurement cy
the electron energy was stepped through a preset rang
values different from the cooling energy, thus introduci
nonzero mean relative velocitiesv rel between ions and elec
trons. In between two measurement steps a cooling inte
was inserted such that during one energy scan the drift
voltages were meandering from the lowest to the high

FIG. 2. Schematic view of the ESR electron cooler and
experimental setup for recombination measurements. The cold
tron beam produced in the gun is guided by the magnetic field
merged with the ion beam over a distance of 2.5 m. The elec
beam is then separated from the ion beam by the magnetic gu
field and transferred to the collector. Recombined and parent
that leave the cooler together are separated from each other i
first dipole magnet after the cooler. A scintillator detector is used
count the recombined particles.
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preset values. The voltages were supplied by a system o
individual power supplies controlled by fast high-voltag
switches. This instrument has been constructed specially
recombination experiments@38#. Only 2 ms are needed b
this device to switch to and set a certain voltage with a re
tive precision of 1024. The repetition rate of voltage setting
with this precision is limited to 40 per second.

Recombined Bi821 ions were counted as a function of th
electron energy on a scintillator detector located behind
first dipole magnet downstream of the electron cooler. T
dipole magnet bends the circulating Bi831 ion beam onto a
closed orbit and separates the recombined Bi821 ions from
that orbit. In between two measurement steps of 40-ms
ration each, the electron energy was always set to the coo
energy (Erel50) for 20 ms in order to maintain good ion
beam quality. The experimental data stream was cont
ously collected and stored after each ms. The time-reso
measurements allowed us to observe and eliminate d
force effects from the data in a detailed off-line analys
Such effects are a result of the cooling force exerted by
electrons on the ion beam, which can lead to a tim
dependent shift of the ion velocity towards the electron
locity. The friction forces are particularly effective at relativ
energies close to zero. It is therefore expected that for l
times at off-cooling energies, the relative energy betwe
electrons and ions changes to lower values than nomin
set. If this were the case, spectra recorded at later time in
vals would exhibit features at higher nominal energies co
pared to spectra taken at earlier time intervals where
same features appear at lower energies. Such shifts hav
been observed in our time-dependent data analysis. Th
fore, we conclude that drag forces are not effective dur
the 40-ms measurement time intervals.

The kinetic energyEe of the electrons is defined by th
cathode voltageUgun (52162 kV in this experiment!, the
drift tube voltageUdrift , and the space-charge potentialUsp
in the interaction region. Assuming coaxial beams, it is c
culated as

Ee52eUgun1eUdrift2eUsp

52eUgun1eUdrift2
I er emec

2

eve
@112 ln~b/a!#, ~6!

where r e is the classical electron radius. The quantitiesb
510 cm anda52.54 cm are the radii of the drift tube an
the electron beam, respectively. The ion-beam diamete
only of the order of a millimeter and, hence, the electr
energy distribution probed by the ions is rather flat across
ion beam. In the present experiment, we performed meas
ments with different electron currentsI e that produced
space-charge potentials ranging from117.2 V to 151.7 V.

The space-charge corrected electron energyEe and the
ion energyEi are used to calculate the relative energy
electrons and ions in the c.m. frame. A relativistic transf
mation yields

Erel5@A1
212~EiEe1Eimec

21Eemic
22A2!#1/22A1 ,

e
c-
d
n
ng
ns
the
o
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A15mic
21mec

2, ~7!

A25@EiEe~Ei12mic
2!~Ee12mec

2!#1/2cos~u!,

whereu is the angle between the electron- and the ion-be
directions. According to Eq.~7!, the minimum relative en-
ergy Erel50 eV cannot be reached if an angleuÞ0 is
present. Therefore, the alignment of the beams was o
mized before the recombination experiments in order
achieveu50 mrad with an uncertainty of 0.1 mrad.

The counting rate measured at the scanning energyEmeas
is given by

R~Emeas!5
a~Emeas!hLne~Emeas!Ni

Cg2
1Rback ~8!

with a denoting the electron-ion recombination rate coe
cient, h the detection efficiency of the scintillator detecto
which is very close to unity,L52.5 m the nominal length o
the interaction zone,ne(E) the electron density at energyE,
Ni the number of stored ions,C5108.36 m the ring circum-
ference, andg the relativistic Lorentz factor for the transfo
mation between the c.m. and the laboratory frames.Rback
denotes the measured background rate due to collisions
residual gas molecules. In order to extract an absolute
coefficient from the experimental data, the background ha
be subtracted by taking into account the counting rate

R~Eref!5
a~Eref!hLne~Eref!Ni

Cg2
1Rback, ~9!

at a reference energyEref . Combining Eqs.~8! and~9!, a at
Emeasis calculated from

a~Emeas!5
@R~Emeas!2R~Eref!#Cg2

hLne~Emeas!Ni
1a~Eref!

ne~Eref!

ne~Emeas!
.

~10!

Because of RR, one always has a nonzero recombination
coefficienta(Eref) at the reference point. UsuallyEref is cho-
sen such thata(Eref) practically equals zero, but in gener
one has to re-add the rate that has been neglected by
tractingR(Eref) from R(Emeas) @second term in Eq.~10!#. In
the present experiment, the reference rate has been mea
at the maximum accessible scan energy, i.e., atEref5125 eV.
According to RR theory, the rate coefficient at this energy
a(Eref)53.6310210cm3 s21 ~see below! leading to a modi-
fication of the measured rate coefficient atErel50 eV by
only 0.2%.

Electron and ion beams are merged and demerged
bending the electron beam in a toroidal magnetic field wit
bending radius of 120 cm. An electron beam of 2.54-
radius is still overlapping the ion beam for 25 cm before a
after the straight overlap section of 250 cm. The merging
demerging sections therefore contribute to the measu
counting rate. As one can see in the left panel of Fig.
where the calculated potential distribution of the drift tub
for an applied voltage of 1 V is plotted against the position
inside the cooler~measured from the entrance of the io
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beam into the straight section of the cooler along the cen
axis of the ion and electron beam!, the influence of the volt-
age applied to the drift tubes is restricted to the straight ov
lap section of the cooler. Thus, the electron energy in
toroidal sections is always the same independent of the
tube potential. This results in a constant contribution to
measured counting rate, which is considered by the ba
ground subtraction procedure described above.

The electrons strictly follow the magnetic-field line
Nonzero anglesu between electron trajectories and the io
beam direction along the geometrical cooler axis result fr
the measured transverse magnetic guiding field compon
in the merging section. TheB-field measurement was re
stricted to a length of 2.26 m~90% of the straight overlap
section!, which fully covered the drift tube region. Thes
measuredB-field inhomogeneities are on the 1024 level. At
the experimental ion energy, they give rise to motional el
tric fields of up to 20 V/cm. The right panel of Fig. 3 show
the resulting distribution of anglesu. As one can see,u in-
creases rapidly at the edges of the measured range. Bot
distributions of the electric potential and angle~Fig. 3! can
be combined via Eq.~7! into a distribution of relative ener
gies along the ion-beam axis. Figure 4 shows the rela
energies along the straight overlap section for different v
ages applied to the drift tubes. Obviously the desired rela
energies are only realized over a certain energy-depen
fraction of the whole interaction length. Consequently, t
measured rate coefficient at a given relative energyEmeas
contains contributions from other relative energies; i.e.
results from the convolution

a~Emeas!5
1

LE0

L

dl a„Erel~ l !… ~11!

FIG. 3. Electric potential and angleu between electron and ion
trajectories along the cooler axis. The dependences are displ
along the 2.5-m-long straight section between the toroids. The
sition of the drift tubes covering 2 m of theinteraction region is also
indicated. The left panel shows the calculated electric poten
along the cooler axis if a voltage of 1 V is applied to the drift tubes.
In the right panel, the angleu is shown corresponding to a mea
surement of the magnetic guiding field. Here, perfect alignmen
the ion beam with the geometrical cooler axis is assumed, whic
attainable by using the steerer magnets.
2-5
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with Erel( l ) being the relative energy at the positionl inside
the cooler. According to Eq.~11!, the correct rate coefficien
can be obtained by a deconvolution that is performed ite
tively. In a first iteration step, the measured rate coeffici
a(Emeas)5a (0) is inserted asa„Erel( l )… into Eq. ~11!. Then
the differenceDa (0) between the obtained result and t
measured rate is subtracted froma (0). In a next step, the new
a (1)5a (0)2Da (0) is likewise inserted into Eq.~11! and the
differenceDa (1) is calculated. The procedure is carried
until in a step k the relative difference
Da (k)(Emeas)/a(Emeas) is below 1023 at all measured ener
gies. This is the case after only a few iteration steps.

Although the relative statistical errors of the results p
sented below amount to less than 1% in the rate coeffic
maximum, the systematic uncertainty in the absolute rec
bination rate coefficient has been estimated to be623%.
This is mainly due to uncertainties in the~nondestructive!
ion-current measurement and uncertainties in the deconv
tion procedure described above.

For the comparison of the experimental results with R
theory, a theoretical rate coefficientaRR is derived by a con-
volution of the theoretical RR cross sectionsRR @cf. Eq. ~5!#
with the experimental velocity distribution functio
f (v rel ,vW ),

aRR~v rel!5E sRR„Ecm~v !…v f ~v rel ,vW !d3v. ~12!

The average longitudinal c.m. velocityv rel can be calculated
from g rel511Erel /(mec

2) with g rel5@12(v rel /c)2#21/2.
In our experiment, the ion velocity distribution is neglig

bly narrow compared to that of the electrons due to the co
ing of the ion beam to a relative momentum spread be
1024 and due to the large mass difference between elect

FIG. 4. Relative energies between electrons and ions along
straight overlap section inside the cooler. The energies have
calculated according to Eq.~7! taking into account the distribution
of the electric potential and the angleu ~from Fig. 3!. The voltages
of 10, 50, 100, 500, 1000, and 5000 V applied to the drift tub
correspond toErel51.731024, 0.003, 0.013, 0.33, 1.3, and 32
eV. Position 0 indicates the entrance of the ion beam into
straight section of the cooler.
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and ions. Therefore, the distribution functionf (v rel ,vW ) is
dominated by the electron velocity distribution. Consideri
the axial symmetry of the merged-beams experiment,
velocity coordinates are sufficient to describe the distrib
tion: v i the velocity component in beam direction andv' the
velocity component perpendicular to the beam. The app
priate velocity~or energy! spreads are characterized by tw
corresponding temperaturesTi andT' . Due to the accelera
tion of the electrons, these temperatures are quite diffe
(Ti!T') resulting in a highly anisotropic velocity distribu
tion f (vW ), which is therefore often called ‘‘flattened.’’ Its
mathematical form is given by

f ~v rel ,vW !5
me

2pkT'

expS 2
mev'

2

2kT'
D

3A me

2pkTi
expS 2

me~v i2v rel!
2

2kTi
D . ~13!

For the temperatureT' characterizing the transverse motio
of the electrons, one has to assumekT'5120 meV, which
corresponds to the cathode temperature. For the longitud
electron motion,kTi50.1 meV is inferred from the analysi
of resonance shapes in dielectronic-recombination~DR!
measurements with lithiumlike Bi801 ions.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Comparison with theory

In Fig. 5, the measured absolute rate coefficient of Bi831

with free electrons is plotted versus the relative energy fr
0 eV to 125 eV. The spectrum shows the typical shape o

he
en

s

e

FIG. 5. Measured absolute recombination-rate coefficient
Bi831 ~circles! with free electrons plotted against the relative ener
between electrons and ions. For the calculation of the theore
curves in panel~a!, the same electron-beam temperatures but
ferent cutoff quantum numbers were used. In~b!, the cutoff quan-
tum number was kept fixed and the transverse temperature
changed. In detail, the parameters used werekTi50.1 meV for all
curves andkT'5120 meV andnmax5nF5116 ~full line!, kT'

5120 meV andnmax5ng5442 ~dashed line!, andkT'5250 meV
andnmax5ng5442 ~dash-dotted line!.
2-6
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RR rate coefficient with a maximum atErel50 eV and a
continuous decrease for increasing relative energies. Fo
comparison of the measured rates with RR theory, bes
the temperaturesTi andT' one has to know the maximum
principal quantum numbernmax ~see Sec. II!. In our experi-
ment, nmax is determined by field ionization in the dipol
magnet that separates the parent beam and the recom
ions. A first approximation of this value is the field ioniz
tion limit nF , which is obtained@39# from

nF5S 7.331010
V

m
3

q3

F D 1/4

, ~14!

where q is the charge state of the ion andF5v i ,i B' the
motional electric field seen by the ions with velocityv i ,i in
the transverse magnetic fieldB' of the charge-analyzing
magnet. In this context, one also has to account for the p
sibility that high Rydberg states can decay to states be
nF , provided the ions have some time between the recom
nation process and the arrival at the ionizing electric fieldF.
Therefore, a more realistic estimate for the cutoff is given

nmax5max~ng ,nF!, ~15!

whereng denotes the maximum principal quantum numb
of Rydberg states that decay before the recombined ions
rive at the analyzing magnet and thus are saved from fi
ionization. A formula that provides a crude estimate ofng
based on a number of assumptions on the population and
decay of excited states can be found in Ref.@40#. A prob-
lematic underlying assumption is that the fields seen by
ions during their flight time are considered not to change
nl distribution of states as it results from the initial popu
tion by radiative recombination. Changes of decay rates
Stark mixing in the fields are not accounted for but proba
deserve further attention.

In the present experiment,nF andng have been calculate
to be 116 and 442, respectively. A comparison of both
rate curves resulting from Eqs.~5! and~12! is shown in Fig.
5~a!. While the curve calculated withnmax5nF5116 shows
a very good agreement with the experimental data for r
tive energies fromErel515 meV to 125 eV, the curve calcu
lated with nmax5ng5442 is somewhat higher than the e
perimental data especially in the energy range 0.015–1
However, one can also obtain a good agreement fornmax
5442 if one assumes a higher transverse electron temp
turekT'5250 meV as shown in Fig. 5~b!. Since it is impos-
sible to accurately obtain both parameters from a fit of
theoretical RR curve to the experimental spectrum for
transverse temperature, we assumekT'5120 meV, which is
in accordance with the cathode temperature. The same
perature is also suggested by accompanying DR meas
ments with lithiumlike Bi831 ions. The choice for the trans
verse temperature then impliesnmax5nF5116, which we
will use throughout the rest of this paper. In view of th
rather crude estimations ofnmax, this value may be justified
although it appears to be rather low. A more thorough m
eling of the population and deexcitation dynamics of hi
Rydberg states in our experimental setup is beyond the s
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of this paper and left to a future study@9#. It should be noted
that the longitudinal electron temperatureTi has only a very
little influence on the RR rate coefficient and can theref
not be inferred from a comparison with theory. This has be
discussed previously by, e.g., Pajek and Schuch@23# and is
just a consequence of the kinematics in electron-ion merg
beam experiments.

The shape of the experimental spectrum with an ad
tional increase towards low energies<15 meV is typical for
all low-energy recombination measurements in merged-be
arrangements. AtErel50 eV, we obtained a maximum rat
coefficient of 1.531027 cm3 s21 exceeding the theoretica
one of 2.931028 cm3 s21 by a factor of 5.2. This rate en
hancement phenomenon has already been observed at
facilities with lighter ions~see Sec. I!. The present Bi831

experiment provides the first quantitative determination
the rate enhancement factore for a bare ion withZ.18. For
the light ions He21, N71, Ne101, and Si141, a Z2.8 depen-
dence ofDa5aexp2a theo was found in an experiment car
ried out at the CRYRING in Stockholm@5#. This scaling
cannot be directly confirmed for Bi831 where Da51.2
31027 cm3/s has been determined, whereas from theZ2.8

scaling of the CRYRING data one obtainsDa55.8
31027 cm3/s, i.e., almost a factor of 5 more. However, o
has to be careful with comparing results from different
cilities since the experimental conditions vary drastical
Apart from the extremely high electron energy of 162 ke
and the extremely high nuclear charge in the present c
the influence of the experimental parameterskT' , kTi and
the magnetic guiding fieldB has to be considered. Previou
experiments with F61 and C61 ions@22# have shown that the
excess rateDa scales as (kTi)

21/2 and as (kT')21/2. Using
the present temperatures in comparison with the Stockh
conditions, the excess rate found in the present experim
has to be multiplied by a factor of approximate
A120 meV/10 meV3A0.1 meV/0.12 meV'3.2 in order
to normalize it to the Stockholm conditions. This estimati
shows that in principle the scalings could be able to ess
tially remove the discrepancy mentioned above. Uncerta
ties in theB scaling and the temperature determination p
vent us from performing a more quantitative comparison

B. Variation of the beam alignment

As mentioned already in Sec. III, the alignment of t
beams has been carefully optimized before starting the
combination experiment. During the measurement, we ar
cially introduced an angleu between the beams in order t
check the obtained settings. This was implemented by su
imposing in the interaction region a defined transverse~hori-
zontal! magnetic fieldBx in addition to the unchanged lon
gitudinal field Bz along the ion-beam direction. Figure
shows the maximum recombination rate atErel50 eV for
different anglesu from 20.6 mrad to 0.6 mrad in the hori
zontal plane. Atu50 mrad, the maximum recombinatio
rate is obtained. The open circles in Fig. 6 denote the
pected rates for the selected angles. They have been d
mined by taking recombination rates from the (u50 mrad!
spectrum at the minimum relative energies possible at
2-7
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corresponding angle@see Eq.~7!#. The squares in Fig. 6 rep
resent the measured rate coefficients at the minimum rela
energiesErel accessible at the selected angles. All of the
are lying above the expected values. Such a behavior is
ready known from other experiments at the ESR. Most pr
ably it is to be attributed to the cooling forces that steer
ion beam towards smaller angles than nominally set. T
important point of our observation is that the experimen
rate coefficient varies symmetrically about the maximum
u50 mrad. This confirms the accurate adjustment of
beams to within 0.1 mrad.

C. Variation of the electron density

In order to test our experimental procedure and to inv
tigate the influence of the electron density on the recomb
tion rate, we performed recombination measurements
three different densities 1.63106 cm23, 3.23106 cm23, and
4.73106 cm23. In Fig. 7, the rate coefficient atErel50 eV is
plotted against the electron densityne . The solid line repre-
sents the theoretical rate coefficient calculated withkTi
50.1 meV andkT'5120 meV atErel50 eV. There is a
small difference between the maximum rate coeffici
amax51.431027 cm3 s21 for ne51.63106 cm23 and amax
51.531027 cm3 s21 for the two higher densities but thi
deviation is within the experimental uncertainty. In additio
we find that the shapes of the spectra are identical for
densities as expected for single collision conditions. Ap
from a consistency check of our measurement of the RR
coefficient, this indicates constant temperatures in the m
surements with different electron densities. Therefore, it
be concluded that there is no significant influence of
electron density on the recombination rate at zero ene
This observation is in accordance with findings at t
CRYRING @8#, the TSR@9#, and the GSI single pass electro
target@10#. The lack of any density dependence of the rate

FIG. 6. Maximum recombination-rate coefficients at the low
accessible average c.m. energy for different anglesu set between
electron and ion beam. The open circles denote the values exp
on the basis of the (u50 mrad! spectrum. The measured rate coe
ficients are represented by the squares. The differences at a
larger than 0 mrad are most probably due to the cooling forces
steer the ion beam towards smaller angles than nominally set.
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zero energy rules out TBR@Eq. ~2!# as a possible mechanism
leading to enhanced recombination rates at low energ
With a significant contribution of TBR to the observed rate
one would expect an increase of the recombination rate w
increasing electron density in contrast to all experimen
observations. In the context of storage rings, TBR has b
discussed in some detail by Pajek und Schuch@17#. They
found theoretically that TBR effectively populates high R
dberg states of the ion where the electrons are very we
bound. As mentioned above, such ions are reionized in
dipole magnet and therefore do not contribute to the m
sured recombination rate.

D. Variation of the magnetic field

In a next stage of our experiment, we also varied
magnetic guiding field of the electron beam between 70
and 150 mT in steps of 1 mT. The standard field stren
used for the previous measurements was 110 mT. In con
to the more careful adjustments of the magnetic field at
TSR @22,24#, which were accompanied by measurements
the cooling force and the beam profiles in order to prese
the beam quality, no other cooler setting beside the magn
field was changed at the ESR. This procedure was motiva
by an earlier experiment of the ESR cooler group with 3
MeV/u U921 ions @41# that revealed a rapid oscillation of th
measured recombination rate as a function of the magn
field. The new results obtained for 295.3 MeV/u Bi831 are
shown in Fig. 8~open circles!, where the maximum recom
bination rate atErel50 eV is plotted versus the magnetic
field strengthBi . Since the measurement of a complete
combination spectrum is very time-consuming, only t
recombination rate atErel50 eV could be recorded for an
extended range of magnetic-field settings. For these d
points, a background subtraction and corrections due to
potential and angle distributions inside the cooler were
possible. Therefore, these uncorrected measured recom

t

ted

les
at

FIG. 7. Influence of the electron density on the recombination
Bi831. The full circles represent the measured rate coefficient
Erel50 eV plotted against the electron density. The solid line sho
the theoretical RR rate coefficient atErel50 eV calculated with
kTi50.1 meV,kT'5120 meV, andnmax5116.
2-8



w
gy
th

d
ta

te

a
e

e
in

io
on

b

ne
o

n
g
fi
e
g

er

th
te

a
m

at

RR
ra-
tion
de

the
uely

0.1
re-
tion

.
ar

ed
d

nce
axi-

the
s in

to
era-
are
ure

of

for

ow
om
tra
in
d
th
d

s
ent
of

dent
era-
full
les

the

RECOMBINATION OF BARE Bi831 IONS WITH ELECTRONS PHYSICAL REVIEW A 63 012702
tion rates represented by the open circles in Fig. 8 are lo
than the ones obtained from the evaluation of ener
dependent recombination measurements. Nevertheless,
qualitatively display the dependence on the magnetic fiel
zero relative energy. A Fourier analysis of the experimen
data yields an ‘‘oscillation period’’ of the recombination ra
of 7.6 mT.

A complementary method of determining the recombin
tion rate at cooling can be applied by analyzing the lifetim
of the Bi831 beam in the ring. Fitting an exponential curv
I (t)5I 03exp(2t/t) to the decay of the ion current stored
the ring, one can extract the storage lifetimet of the Bi831

beam in the ring. Assuming that electron-ion recombinat
in the cooler is the only loss mechanism for stored ions,
can calculate the corresponding recombination rate to
at5(tneff)

21 with the effective electron densityneff
5neL/C. The full triangles in Fig. 8 representat as a func-
tion of Bi . The good agreement between the data obtai
with the two different methods underlines the consistency
our observation.

For a closer look at the oscillatory magnetic-field depe
dence of the recombination rate, we performed ener
dependent recombination measurements for 10 selected
strengths. We find that forErel>1 eV, the measured rat
coefficients are practically identical irrespective of the ma
netic field. At lower energies, however, pronounced diff
ences occur. After the application of all corrections~cf. Sec.
III !, the open squares in Fig. 9 are obtained as
recombination-rate coefficient at zero energy. The correc
values are higher than the ones obtained above~open circles!
but exhibit qualitatively the same dependence on the m
netic field. Apart from the fact that the values derived fro
the energy-dependent measurements are more appropri

FIG. 8. Comparison of recombination-rate coefficients atErel

50 eV obtained via two different methods. The open circles sh
the recombination rate calculated from the counting rate of rec
bined particles. These data do not include the background sub
tion and corrections due to the potential and angle distribution
side the cooler. Therefore, they are lower than the rates displaye
Fig. 7. The full triangles represent rate coefficients obtained via
storage lifetime of the Bi831 beam in the ring. There is a goo
overall agreement between the different approaches.
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comparison of the measured recombination spectra with
theory facilitates the extraction of electron-beam tempe
tures. As discussed above, the shape of the recombina
spectrum is rather insensitive to even order-of-magnitu
variations of the longitudinal temperature. In contrast,
transverse temperatures can be determined rather uniq
~with an estimated error of620%) from the comparison
between experiment and theory over the energy interval
eV*Erel*1 eV, which leaves out the rate enhancement
gion. The transverse temperature exhibits a strong varia
with the magnetic field. When, e.g., going fromBi5109 mT
to Bi5114 mT, it changes from 170 meV to 450 meV
Across the lower magnetic-field range in Fig. 9, simil
variations ofkT' are found.

It is obvious that the recombination rate atErel50 and
kT' are interrelated. In order to remove the establish
(kT')21/2 scaling ofa(Erel50), we have also plotted scale
rate coefficientsa(Erel50)(kT')1/2 in Fig. 9 ~full squares!.
The scaled rate coefficients exhibit a smoother depende
on Bi than the unscaled ones. The ratio between the m
mum ~at Bi5109 mT! and minimum~at Bi576 mT! scaled
rate coefficient is 2.3 only, whereas for the unscaled one
ratio amounts to 3.8., i.e., part of the observed oscillation
the recombination rate at zero energy can be attributed
accompanying variations of the transverse electron temp
ture. It can be speculated that the remaining differences
due to undetected variations of the longitudinal temperat
via the recently established@22# (kTi)

21/2 scaling of the ex-
cess rateDa. In order to explain the remaining differences
the excess rate by variations ofkTi , these would have to
amount to a factor of;8. In any case, the origin of the
rather large temperature variations of already a factor of 3

-
c-
-
in
e

FIG. 9. Recombination rates atErel50 eV. The open square
~left scale! represent results from energy-dependent measurem
with subsequent corrections for background and the distribution
relative energies along the axis of the cooler. The full squares~right
scale! are the same results multiplied by (kT')1/2, wherekT' has
been determined individually by comparing each energy-depen
recombination spectrum with RR theory. If the transverse temp
ture alone were responsible for the observed variations, the
squares would line up on a horizontal straight line. The open circ
~left scale! are recombination-rate coefficients calculated from
counting rate of recombined Bi821 ions taken from Fig. 8.
2-9



id

n
n
e
s-
en

-

en
in
th
. O
n

in
R
ta
ro
or
un
re
5.

w
a

s

ns

n
s

ns
-

he
ar-

T
e at
s of

ng
cted
ri-
be

nifi-
gs

ion
ver
n-
ap-
of

be
ent
at-

for

-

A. HOFFKNECHTet al. PHYSICAL REVIEW A 63 012702
kT' when applying only a 5% change to the magnetic gu
ing field is unclear.

It should be pointed out that the temperature depende
of the recombination rate at zero relative energy does
explain the observed general enhancement of the rate co
cient atErel50 eV. A further theoretical analysis should e
pecially focus on the possible influence of the electron
ergy since in experiments with lithiumlike 97.2 MeV/u
Bi801 ions ~corresponding to 53.31 kV cooling voltage in
stead of 162 kV for 295.3 MeV/u) during the same beam
time the oscillations did not appear. This is in agreem
with the results obtained at the ESR and other storage r
in experiments at low ion energies. There, oscillations of
recombination rate at cooling have never been observed
the other hand, smooth dependences of the excess rate o
magnetic field have been reported elsewhere@10,22#.

V. CONCLUSIONS

The recombination of bare Bi831 ions with free electrons
has been studied at the GSI Experimental Storage R
~ESR! in Darmstadt. A critical comparison of available R
theories for Bi831 has been made. Within the experimen
uncertainty, the measured rate coefficient at energies f
Erel515 meV to 125 eV agrees with the semiclassical the
corrected by multiplication with energy-independent Ga
factors. At very low c.m. energies, however, the measu
rate exceeds the theoretical predictions by a factor of
Such a rate enhancement has been measured previously
lower-Z ions at other storage rings and merged-beam
rangements. Our present observation at the ESR extend
range of recombination results for bare ions to higherZ and
confirms that the rate enhancement phenomenon is co
tently observed in all experiments of this type.

After applying previously established scalings@22# to the
measured excess rate, the present first rate enhanceme
sult for a bare ion withZ very much greater than 18 fit
ic
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roughly ~with a large error bar! into aZ2.8 dependence of the
enhancement found in an experiment with the light io
He21, N71, Ne101, and Si141 @5#. The increase of the elec
tron density in the interaction area fromne51.63106 cm23

to 4.73106 cm23 appears to have no significant effect on t
recombination rate. This observation is consistent with e
lier results@8–10#.

A variation of the magnetic field from 70 mT to 150 m
revealed a strong dependence of the recombination rat
low energies on this parameter. The observed oscillation
the maximum recombination rate atErel50 eV confirmed
previous observations with bare U921 ions @41#. Comparing
the recombination spectra with RR theory, one finds stro
variations of the transverse electron temperature conne
to the oscillations of the recombination rate. In future expe
mental and theoretical studies, this relationship has to
investigated in more detail.

The observed recombination-rate enhancement sig
cantly reduces the lifetime of ion beams in storage rin
during the electron cooling procedure. At the present
energies, recombination in the cooler by far dominates o
all factors influencing the beam lifetime. The recombinatio
rate enhancement hence reduces the beam lifetime by
proximately a factor 5 as compared with the assumption
pure RR. Finally, we want to emphasize that it might
interesting to explore the potential of the rate enhancem
phenomenon for the efficient production of neutral antim
ter.
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