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Recombination of bare BF** ions with electrons
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Electron-ion recombination of completely strippedBi 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 recombin@i®n 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.@®, B&
x 10, and 4.% 10° cm™ 2. 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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[. INTRODUCTION using storage-ring coolers and single-pass electron targets at

Recombination between electrons and highly charged iongccelerators. In these experiments, an incident ion beam is
plays an important role in different areas of modern physicsmerged with a cold magnetically guided beam of electrons
The basic two- and three-body recombination processes a@ver a distance of typically 50-250 cm depending on the
of very fundamental nature and thus provide an excellenspecific electron-beam device. By choosing the appropriate
testing ground for collision theory and atomic structure cal-accelerator facility, ions of most elements in all possible
culations. Cross sections and rate coefficients as a function §harge states can be investigated nowadays. _
the relative energy of these processes are needed for the un-Free electrons can be captured by ions via several differ-
derstanding of astrophysical and fusion plasmas. Addition€Nt mechanisms. The main recombination channel for a bare
ally, they provide useful information for applications in ac- I0n is radiative recombinatio(RR),
celerator physic§l], since beam losses in ion storage rings _ _
by electropn—i):)n fe]combination during electron cool?ng pgst e +AT =AY 4 hy. @)
harsh limits to the handling and the availability of ions for o is the direct capture of a free electron by an ioh" A

further expenmer;ts. , L i its large "VNETe the excess energy and momentum are carried away by
Low-energy electron-ion recombination with its large 5 hpoton After the capture, which is inverse to photoioniza-

cross sections and rates provides a very promising schemg, the electron can be in an excited state and there will be
for the production of antihydrogen by recombination of cold,ther radiative transitions within the ion until the electron

positrons with antiprotong2]. At very low temperatures and |55 reached the lowest accessible energy level. RR is a non-
in the presence of magnetic fields of the ion traps, the €Xtesonant process with a diverging cross section at zero

pected recombination rates are uncertain by an order of Mage ver_of-masg¢c.m) energy that continuously decreases to-
nitude. Recombination rates as enhanced as those observ\;aV rds higher c.m. energies

in storage rings and single-pass merged-beams experiments nother recombination mechanism possible for a bare ion

would facilitate the producuon of antihydrogen in quantities ;g three-body recombinatiofTBR),

needed for the envisaged spectroscopy experiments. The

guestion to what extent electromagnetic fields can enlarge Al re +e SAE@DF o 2

recombination rates especially at the low temperatures envis-

aged for antihydrogen production is currently pursf@din  where the excess energy and momentum are carried away by

this context, storage-ring electron coolers provide an excela second electron. This process is important at high electron

lent environment for a further exploration of low-energy densities and low c.m. energies between electrons and ions.

electron-ion recombination in the presence of external mag- The pioneering experiment on radiative recombination of

netic fields. bare ions was performed by Andersenal. [4] in 1990.
During the past decade, electron-ion recombination haébsolute rate coefficients were measured fdf" Guith a

been extensively investigated in merged-beam experimentaerged-beam technique finding a reasonably good agree-

1050-2947/2000/63)/01270211)/$15.00 63012702-1 ©2000 The American Physical Society



A. HOFFKNECHT et al. PHYSICAL REVIEW A 63 012702

ment between experiment and theory in the investigated erany given 1E*-dependent cross sectior>*0) with the ex-
ergy range fromg=0 to 1 eV, whereE, is the relative  perimental velocity distribution describing merged-beam ki-
energy between the ensembles of electrons and ions in theematics[see Eq.(13)]. A systematic study of the ion
interaction regior(for the definition ofE,, see Sec. Il charge-state dependence of the excess rate coefficiefr

In a number of consecutive measurements, different bara number of bare ion5] yielded roughly az?® scaling for
ions (D",He*",C8" N7* Ne'%* Sit*" Ar'®") [5-8] have atomic numbers Z=<14. Another external parameter ob-
been investigated at several facilities. The measured rate cgserved to influence the enhancement has been the magnetic-
efficients have been in accordance with RR theory for relafield strengthB in the interaction region of electrons and
tive energiesk,,=0.01 eV. Except for a dedicated study ions. A clear increase of the recombination-rate maximum at
with CI*"* ions[9], the experiments were limited by count- E,=0 with increasing magnetic-field strength has been
ing statistics to an energy range of only a few eV. Neverthefound in an experiment using A% ions [10]. Recently,
less, in all of these measurements, strong deviations of theuch a behavior has also been observed in a thorough study
experimental findings from the theoretical predictions werewith lithiumlike F®* and bare €' ions at the TSR heavy-ion
found at very low electron-ion relative energids,{<0.01  storage ring in Heidelberf22,24. In these experiments, an
meV). Toward lower energies, the measured rate coefficienapproximateB* scaling (0.5x<1) of A« has been found.
aexp [the velocity averaged product of velocity and cross At the present stage of the game where numerous theoret-
section, see E(Q(12)] typically shows an increasé « ical approaches and model treatments of the enhancement
= aeyp— agg ON top of the theoretical rate coefficiemkg for ~ phenomenon have failed to provide a consistent picture, it
RR. The resulting rate enhancement facter o,/ agg at  appears necessary to provide experimental information on

E,=0 eV was observed to take values of 1.6 {Heto 10  the dependence of the rate enhancement on the widest pos-
(Ar'®") for bare ions(no enhancement observed with" D sible range of parameters such as to narrow down the range
and up to 365 for a multicharged multielectron system suclof possible explanations and to search for hints to the origin
as AU [10]. It should be noted that in contrast to the RR of a disturbing experimental observation that has puzzled
cross section that diverges Bf,=0 eV, the measured rate experimentalists and theorists for a decade already. Under-
coefficient attains a finite value due to the experimental elecstanding this phenomenon will not only help in avoiding
tron and ion velocity spreadsee Sec. I\ intensity losses of stored ions during cooling and taking ad-
Since the first observation of the enhancement phenomyantage of enhanced rates for antihydrogen production, it
enon in an experiment with " ions at the GSI in Darm-  will most likely shed new light on the understanding of
stadt in 1989 11] and a later experimental confirmation of electron-ion cooling. Last but not least, the observed di-
that same resulft12], this effect has been observed repeat-lemma of a very fundamental atomic collision process at
edly in different experiments at different facilities. Whereasyery low energies certainly has to be resolved.
the very high rate enhancement factors of multicharged com- |n the present measurement with®Bi ions, which was
plex ions such as A", Au®®", PB*", and U®" could be  carried out at the Experimental Storage Ring of the GSI in
partly traced back to the presence of additional recombinaparmstadt, we extended the investigations of bare ions to the
tion channels, i.e., mainly due to dielectronic recombinatiorrange of highest possible charge states. To our knowledge, it
(DR) [10,13-19, the origin of the remaining discrepancies was the first experiment of this kind with such a bare ion
between experiment and theory especially for bare ionsheavier than argon providing information on RR at low en-
where DR cannot occur, is still unknown. Among the mechaergies. It should be noted that at higher electron-ion c.m.
nisms that have been further discussed are polarization renergies, experimental information about RR cross sections
combination[16], TBR [17], and a momentum coherence has already been obtained from studies of radiative electron
effect in time-varying field418]. Also, plasma-physical as- capture(REC) in high-energy ion-atom collisionf25,26.
pects such as the transient behavior of the nonequilibriunpiere we present a comparison of measured absolute rate co-
plasma formed by merged beaiii®] and the screening dy- efficients with calculated RR rates for relative energies from
namics of the magnetized electron gas in an electron coolgr, =0 eV to 125 eV. This constitutes a test of the validity
[20,21 have been explored. However, none of these effortsf the most advanced theoretical approaches to recombina-
has been successful in explaining the enhancement phenofion in the regime where relativistic and QED effects are
enon so far. important. In addition, the dependence of the recombination
For the further experimental exploration of the enhancerate on the electron density of the electron beam in the cooler
ment phenomenon, its dependences on external experimen{gs investigated in order to study the enhancement phenom-
parameters have been studied at different storage ringgnon and to check whether our experimental approach yields
Variations of the electron densit},9,22 within a total  consistent results under different experimental conditions.
range from about fm™2 up to almost 1&cm™2 showed  The present paper is organized as follows. After a short de-
almost no effect on the enhancement. The dependence of theription of the theoretical approaches, the experimental
total recombination rate followed tHg, ¥ dependence on setup is described with a focus on the details of the merged
the mean transverse electron energy spfead22] as ex- beam arrangement inside the ESR electron cooler. After the
pected for RR alone. Moreover, Gwinneral. [22] discov-  presentation of the experimental results, a comparison with
ered an extrei’H‘”2 scaling of the excess ratee, which is  RR calculations is made that features the rate enhancement
not expected 23] on the basis of the sheer convolution of phenomenon at very low energies. Dependences of the mea-
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sured rate at zero relative energy on beam alignment, elec @) [ )
tron density, and magnetic guiding field are explored and I

discussed in detail. Iy ]
15

Il. THEORY
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In order to describe RR theoretically, Kramers developedo 10
a semiclassical theory already in 192%]. A full quantum- ~. 20F F==7777T O
mechanical treatment within the nonrelativistic dipole ap- Lg’ e
proximation was performed by Stobbe seven years [2&r 5r n=3 7
In 1957, Bethe and Salpeté29] derived an approximate

semiclassical formula for the RR cross section that is identi-

1 0 V] I 0 [ I 1
cal to Kramers' result, 1 10 100 1000 1 10 100 1000
E2 Center-of-mass energy (eV)
TrR(N, Eem) = 00 5 2 ®) FIG. 1. Theoretical cross sections for radiative recombination of
n Ecm( EO+ n Ecm) .

bare Bf*" ions as a function of c.m. energgg) Comparison be-
with 0p=~2.1x 10 ??cn?. The capture of an electron by a tweenn-summed (1,.=3) fully relativistic [34] (full line), semi-
bare ion produces a hydrogenic state with principal quanturglassical Gaunt-factor-correctelgf. Eq. (5)] (dashed ling and
numbem. In this caseE,=Z?R is the binding energy of the -uncorrectedcf. Eq. (4)] (dash-dotted linecalculations. In order to
ground-state electron in the hydrogenic igatom with remove the divergence &en=0, the cross sections have been
nuclear charg€, R~13.6 eV is the ground-state energy of n_n_JItl_leed by E.n- (b) n-selective comparison bet_ween fully rela-
the hydrogen atom, an&., is the kinetic energy in the tivistic (full lines) and Gaunt-factor-corrected semiclassicdl Eq.

electron-ion c.m. frame. The total cross section for this pro{®] (dashed linescalculations fom=1,2,3. Differences between
cess is obtained by summing up the contributions of all ac_results of Eq(5) and the quantum mechanically exact nonrelativis-
cessible Rydberg states: tic dipole approximation are not visible in the energy range of the

figure.

Nmax

-~ without Gaunt factors used by Bethe and Salpétér Eq.
URR(Ecm)_z‘l TRR(N: Eem), @ (4)] differs by as much as-11% [see Fig. 1a)] from the
quantum mechanically correct result.
where Ny, is the maximum principal quantum number that  For heavy ions with high nuclear charge and for high
can contribute. This number is generally limited by experi-energies, the validity of the nonrelativistic dipole approxima-
mental conditions. Since the contributions by higlktates to  tion is questionable. This is already evident when one com-
the total RR cross sections become smaller with increasing pares the binding energy of the ®8i(1s,,,) ground state
a very precise knowledge of,, is not required for a mean- calculated with the Rydberg formul@ntering Eq.(5)] to
ingful comparison of experiment with RR theory. The ap-E,=Z?R~93 keV with the value of Eo=m?1
proach of Bethe and Salpeter clearly shows the typical fea-- \/1—(«Z)?]~104.4 keV from Dirac theorj29] (c de-
tures of RR cross sections: the divergence at zero electrofotes the speed of light ané=1/137.036). In general, an
energy and a monotonic decrease for increasing electron eaxact relativistic calculation within the framework of Dirac
ergy. However, as a semiclassical approximation, Bgis  theory and with the inclusion of higher multipoles is in order.
only valid in the limit of high quantum numbers and low Results of such calculations for bare ions witkeZ<120
electron energies, i.e., for>1 and E.<R(Z/n)> Since and n<3 have recently been presented by Ichihara and
the quantum-mechanical treatment of Stobbe involves thegichler[34]. When comparing their result for &i" with the
rather tedious evaluation of hydrogenic dipole matrix ele-gutcome of Eq.(5) with Z=83 andn,,=3, we find that
ments, one often applies correction fact@Ecy), the so-  over the experimental energy range, the maximum difference
called Gaunt factors, to Eq3) to account for deviations s only less than 2%cf. Fig. 1(a)]. This is due to cancella-
from the correct quantum result at lanand highE.,. The  tjon effects as shown in Fig(ll), where the contributions by
use of Gaunt factors is convenient because they are eith@ach individuain are plotted separately. The differences be-
tabulated[30] or given in an easy parametrizati¢81,32.  tween the relativistic and nonrelativistic calculations change

We apply here tabulate83] valuesk,=G(0) and use sign when going fronm=1 ton= 2. The absolute difference
N 22 is largest forn=1 (up to_ ~_7%). In_ general, relativistic ef-
ory(Ear) =0 2 K (Z7R) (5) fects become weaker with increasingTherefore, we do not

R e O " e (Z2R+n%E,,) expect that the difference increases when extending the sum-

mation to higher principal quantum numbers. Since the 2%
This equation is exact for bare ions at zero relative energynaximum deviation of the--summed nonrelativistic dipole
and does not deviate by more than about 0.8%Zfel83 and  approximation from the fully relativistic calculation is
Nmax=116 from the quantum mechanically correct resultsmaller than the experimental uncertainty, we use(&gfor
within the nonrelativistic dipole approximation at the highestall calculations presented in this paper. It is noted that at high
energies considered in this paper. In contrast, the approaghm. energie$100 ke\=E=m?), a good agreement be-
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cathode collector preset values. The voltages were supplied by a system of 16
j;E: o individual power supplies controlled by fast high-voltage
! switches. This instrument has been constructed specially for
1 recombination experimen{88]. Only 2 ms are needed by

. drift tubes dipels magnet g this device to switch to and set a certain voltage with a rela-
;;Jenam — = o tive precision of 104, The repetition rate of voltage settings
o
=

with this precision is limited to 40 per second.

> Recombined BY" ions were counted as a function of the
a3 electron energy on a scintillator detector located behind the
Bi~ Bi first dipole magnet downstream of the electron cooler. The

dipole magnet bends the circulating®Bi ion beam onto a

FIG. 2. Schematic view of the ESR electron cooler and the losed orbit and tes th binct'Bi f
experimental setup for recombination measurements. The cold elef20S€d oOrbit and separates the recombin€d bions from

tron beam produced in the gun is guided by the magnetic field angqat orbit. In between two measurement steps of 40-ms d_u'
merged with the ion beam over a distance of 2.5 m. The electrofi@tion €ach, the electron energy was always set to the cooling
beam is then separated from the ion beam by the magnetic guiding"€'9Y Ere=0) for 20 ms in order to maintain good ion-
field and transferred to the collector. Recombined and parent ionB€am quality. The experimental data stream was continu-
that leave the cooler together are separated from each other in tisly collected and stored after each ms. The time-resolved
first dipole magnet after the cooler. A scintillator detector is used toneasurements allowed us to observe and eliminate drag
count the recombined particles. force effects from the data in a detailed off-line analysis.
Such effects are a result of the cooling force exerted by the
tween results of the nonrelativistic dipole approximation andelectrons on the ion beam, which can lead to a time-
experimental REC cross sections has already been found Isiependent shift of the ion velocity towards the electron ve-
Stahlker et al. [35]. Finally, we mention that calculations of locity. The friction forces are particularly effective at relative
QED corrections to the RR cross section into thel shell  energies close to zero. It is therefore expected that for long
have recently been performed by Shabaewal. [36]. They times at off-cooling energies, the relative energy between
find that QED corrections increase in magnitude with in-€lectrons and ions changes to lower values than nominally
creasing electron energy. Since for bare uranium ions th&et. If this were the case, spectra recorded at later time inter-
calculated QED corrections amount to only 0.12% at thevals would exhibit features at higher nominal energies com-
lowest c.m. energy of-54.5 keV considered in Ref36], pared to spectra taken at earlier time intervals where the

QED corrections can safely be neglected in the present stud§ame features appear at lower energies. Such shifts have not
een observed in our time-dependent data analysis. There-

fore, we conclude that drag forces are not effective during
the 40-ms measurement time intervals.

The measurements have been performed at the Experi- The kinetic energyE, of the electrons is defined by the
mental Storage RINGESR of the Gesellschaft fuSchweri- ~ cathode voltage) g, (= —162 kV in this experimen} the
onenforschungGS|) in Darmstad{37]. 295.3 MeV4 Bi®"  drift tube voltageU 4, and the space-charge potentiay,
ions supplied by the GSlI linear accelerator UNILAC in com- in the interaction region. Assuming coaxial beams, it is cal-
bination with the heavy-ion synchrotron SIS were injectedculated as
into the ESR. Only one injection pulse of ions from the SIS
into the ESR was sufficient to provide an ion current of Ee=—eUgunteUgir—eUsgp
typically 400—800uA at the beginning of a measurement. In
the storage ring, the circulating8i ions were merged with
the magnetically guided electron beam of the electron cooler
with an electron energy of 162 keWig. 2. An optimum

beam alignment is achieved by using steering coils for cenghere r s the classical electron radius. The quantities
tering the electron beam onto the ion beam. The beam align- 15 «m anda=2.54 cm are the radii of the drift tube and

ment can be monitored_ by observation Pf the cooling forcethe electron beam, respectively. The ion-beam diameter is
and the ion-beam profiles. Before starting a measuremenfy,y of the order of a millimeter and, hence, the electron
the ion beam was cooled for several seconds until the beawy, oo distribution probed by the ions is rather flat across the
profiles reached their equilibrium widths. For a change of th%n beam. In the present experiment, we performed measure-
electron energy, voltages betweerb and 5 kV were ap-  nants with different electron currents, that produced

plied to two drift tubes surrounding the electron and the ionspace—charge potentials ranging fropl7.2 V to +51.7 V
beam in the interaction region. During a measurement cycle, . space-charge corrected electron endj‘sg)ﬂn.d the

the electron energy was stepped through a preset range Q)fn energyE; are used to calculate the relative energy of

values different from the co.o_llng energy, t_hus IntrOdUCIngelectrons and ions in the c.m. frame. A relativistic transfor-
nonzero mean relative velocities, between ions and elec- ti ield
gpa ion yields

trons. In between two measurement steps a cooling interv
was inserted such that during one energy scan the drift tube ) ) 5 12
voltages were meandering from the lowest to the highest Ere=[A1+2(EiEe+Eimec”+Eemic™—Az)]" Ay,

toroid toroid
e

magnetic field

uoljejjpuios

IIl. EXPERIMENT

|l

emecz
=—eUgt eUdrm—T[lJr 2In(b/a)], (6)
e
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A;=m;,c?+m.c?, (7 L L B B B Il LI LA BRI L)
Ar=[EEe(E;+2m;c?)(Ee+2mec?) ] 2cog 6),

where# is the angle between the electron- and the ion-bean= %8 [ T 1ol
directions. According to Eq(7), the minimum relative en- —
ergy E,=0 eV cannot be reached if an anglke#0 is 06k 4 ™07 ]
present. Therefore, the alignment of the beams was opti2 I ] %o,s L 4
2
<

tential

mized before the recombination experiments in order toe
achievef=0 mrad with an uncertainty of 0.1 mrad.
The counting rate measured at the scanning enErgys

is given by 0.2 | :) 1 0.2 L ]
@(Emead 7L Ne(Emead N .,J \ ,\,. 0'0_. e

+R (8) O_O.I.I.I.
Cyz back

0.4 -

Drift Tu
[=3
iy
T
1

R(Emead =

0 50 100 150 200 250 0 50 100 150 200 250
Position inside the Cooler (cm)

with « denoting the electron-ion recombination rate coeffi-

cient, » the detection efficiency of the scintillator detector,

which is very close to unityl.=2.5 m the nominal length of

the interaction zone).(E) the electron density at enerdy

FIG. 3. Electric potential and angk between electron and ion
trajectories along the cooler axis. The dependences are displayed
along the 2.5-m-long straight section between the toroids. The po-
. . . sition of the drift tubes coverm2 m of theinteraction region is also
N; the number of Store.d. |0.n§:108'36 m the ring circum- indicated. The left panel shows the calculated electric potential
fere_nce, andy the relativistic Lorentz factor for the transfor- along the cooler axis if a voltagé @ V is applied to the drift tubes.
mation between the c.m. and the laboratory franf%ck | the right panel, the anglé is shown corresponding to a mea-
denotes the measured background rate due to collisions will},rement of the magnetic guiding field. Here, perfect alignment of

residual gas molecules. In order to extract an absolute raf@e jon beam with the geometrical cooler axis is assumed, which is
coefficient from the experimental data, the background has tattainable by using the steerer magnets.

be subtracted by taking into account the counting rate ) ) )
beam into the straight section of the cooler along the central

a(E o) 7L Ne(E o) N axis of the ion and electron beanthe influence of the volt-
R(Ee) = 5 aut Rpacks 9 age applied to the drift tubes is restricted to the straight over-
Cy lap section of the cooler. Thus, the electron energy in the

o toroidal sections is always the same independent of the drift
at a reference enerdy,;. Combining Eqs(8) and(9), @ at  ype potential. This results in a constant contribution to the

Emeasis calculated from measured counting rate, which is considered by the back-
2 ground subtraction procedure described above.
a(E QZ[R(EmeaQ_R(Eref)]CV +a(E )”e(Eref) The electrons strictly follow the magnetic-field lines.
mea 7LNe(EmeadNi " ne(Emead Nonzero angle® between electron trajectories and the ion-

(10 beam direction along the geometrical cooler axis result from
the measured transverse magnetic guiding field components
Because of RR, one always has a nonzero recombination-ragg the merging section. Th8-field measurement was re-
coefficienta(E,) at the reference point. UsualBeris cho-  stricted to a length of 2.26 0% of the straight overlap
sen such thatv(E) practically equals zero, but in general section, which fully covered the drift tube region. These
one has to re-add the rate that has been neglected by suleasured-field inhomogeneities are on the 1Dlevel. At
tractingR(E,er) from R(Ecad [Second term in Eq10)]. In the experimental ion energy, they give rise to motional elec-
the present experiment, the reference rate has been measuted fields of up to 20 V/cm. The right panel of Fig. 3 shows
at the maximum accessible scan energy, i.e5,gt=125 eV. the resulting distribution of angle. As one can see} in-
According to RR theory, the rate coefficient at this energy iscreases rapidly at the edges of the measured range. Both the
a(Ee)=3.6x10"%cm*s™! (see belowleading to a modi- distributions of the electric potential and angkig. 3 can
fication of the measured rate coefficient B, =0 eV by  be combined via Eq(7) into a distribution of relative ener-
only 0.2%. gies along the ion-beam axis. Figure 4 shows the relative
Electron and ion beams are merged and demerged bsnergies along the straight overlap section for different volt-
bending the electron beam in a toroidal magnetic field with aages applied to the drift tubes. Obviously the desired relative
bending radius of 120 cm. An electron beam of 2.54-cmenergies are only realized over a certain energy-dependent
radius is still overlapping the ion beam for 25 cm before andfraction of the whole interaction length. Consequently, the
after the straight overlap section of 250 cm. The merging an@neasured rate coefficient at a given relative eneEgy,.
demerging sections therefore contribute to the measurecbntains contributions from other relative energies; i.e., it
counting rate. As one can see in the left panel of Fig. 3results from the convolution
where the calculated potential distribution of the drift tubes 1L
for an applied voltagefol V is plotted against the position _ -
inside the coolefmeasured from the entrance of the ion @(Emead Lfo dl aEel)) D
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(b)

Relative Energy (eV)

ul
Rate coefficient (10° cm®/s)

PRI R TP RPN N
6-5-4-3-2-101 2 38

o 6-5-4-32-101 2 3
0 50 100 150 200 250

Position inside the ESR cooler (cm) log, (Relative energy / eV)

FIG. 4. Relative energies between electrons and ions along the_g';'G-_ 5. Measured absolute recombination-rate coefficient of
straight overlap section inside the cooler. The energies have beddi  (circles with free electrons plotted against the relative energy
calculated according to E€7) taking into account the distributions betweer_1 electrons and ions. For the calculation of the theoretlgal
of the electric potential and the angle(from Fig. 3. The voltages ~ CUrves in panela), the same electron-beam temperatures but dif-
of 10, 50, 100, 500, 1000, and 5000 V applied to the drift tubedferent cutoff quantum nu_mbers were used (i the cutoff quan-
correspond toE,q=1.7x10 4, 0.003, 0.013, 0.33, 1.3, and 32.7 tum number was kept fixed and the transverse temperature was

eV. Position 0 indicates the entrance of the ion beam into th¢hanged. In detail, the parameters used weiie=0.1 meV for all
straight section of the cooler. curves andkT, =120 meV andng,=ng=116 (full line), kT,

=120 meV andhp,=n, =442 (dashed ling andkT, =250 meV

with E,.(1) being the relative energy at the positibimside 2" Nma=Ny=442 (dash-dotted line

the cooler. According to Eq11), the correct rate coefficient .
can be obtained by a deconvolution that is performed iteraand ions. Therefore, the distribution functidif ¢j,v) is
tively. In a first iteration step, the measured rate coefficiendominated by the electron velocity distribution. Considering
@(Emead = @@ is inserted asv(E(1)) into Eq.(11). Then the axial symmetry of the merged-beams experiment, two
the differenceA «(® between the obtained result and the velocity coordinates are sufficient to describe the distribu-
measured rate is subtracted frarff). In a next step, the new tion: v the velocity component in beam direction andthe
a®=a®—-Aa js likewise inserted into Eq11) and the Vvelocity component perpendicular to the beam. The appro-
differenceA«® is calculated. The procedure is carried onPpriate velocity(or energy spreads are characterized by two
unti in a step k the relative difference corresponding temperaturésandT, . Due to the accelera-
Aa®(Eead/ @(Emead is below 102 at all measured ener- tion of the electrons, these temperatures are quite different
gies. This is the case after only a few iteration steps. (Ty<<T.) resulting in a highly anisotropic velocity distribu-

Although the relative statistical errors of the results pre-tion f(v), which is therefore often called “flattened.” Its
sented below amount to less than 1% in the rate coefficienhathematical form is given by
maximum, the systematic uncertainty in the absolute recom-
bination rate coefficient has been estimated to+23%. - Me Mev |
This is mainly due to uncertainties in tieondestructive fvrev) =55 exp( -
ion-current measurement and uncertainties in the deconvolu- B
tion procedure described above.

For the comparison of the experimental results with RR
theory, a theoretical rate coefficienkg is derived by a con-

volution of the theoretical RR cross sectiofg [cf. EQ.(5)]  For the temperatur@, characterizing the transverse motion
with Ehe experimental velocity distribution function ¢ e electrons, one has to assukig =120 meV, which
f(vrer,v), corresponds to the cathode temperature. For the longitudinal
electron motionkT;=0.1 meV is inferred from the analysis

of resonance shapes in dielectronic-recombinati@R)
measurements with lithiumlike BY" ions.

arr(Vre) = J O'RR(Ecm(U))Uf(UreIaJ)dgv- (12

The average longitudinal c.m. velocity, can be calculated
from yye= 1+ Erel/ (MeC?) With y,=[1—(v1ei/C)?] e

In our experiment, the ion velocity distribution is negligi-
bly narrow compared to that of the electrons due to the cool- In Fig. 5, the measured absolute rate coefficient &fBi
ing of the ion beam to a relative momentum spread belovwwith free electrons is plotted versus the relative energy from
10~ * and due to the large mass difference between electror@eV to 125 eV. The spectrum shows the typical shape of an

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Comparison with theory
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RR rate coefficient with a maximum d&,=0 eV and a of this paper and left to a future stu@®]. It should be noted
continuous decrease for increasing relative energies. For tifBat the longitudinal electron temperaturghas only a very
comparison of the measured rates with RR theory, besidditle influence on the RR rate coefficient and can therefore
the temperature¥; and T, one has to know the maximum not be inferred from a comparison with theory. This has been
principal quantum numbet,,,, (see Sec. )l In our experi- discussed previously by, e.g., Pajek and Schad) and is
ment, N,. is determined by field ionization in the dipole justa consequence of the kinematics in electron-ion merged-
magnet that separates the parent beam and the recombin@@am experiments.
ions. A first approximation of this value is the field ioniza- The shape of the experimental spectrum with an addi-
tion limit ng, which is obtained39] from tional increase towards low energiesl5 meV is typical for
all low-energy recombination measurements in merged-beam
arrangements. AE,=0 eV, we obtained a maximum rate
coefficient of 1.5¢10 “cm®s ! exceeding the theoretical
one of 2.<10 8cm’s™ ! by a factor of 5.2. This rate en-
where g is the charge state of the ion afd=v; B, the han_cgmen'g phgnomepon has already been observeq at other
motional electric field seen by the ions with velocity; in ~ facilities with lighter ions(see Sec.)l The present Bf*
the transverse magnetic fiel, of the charge-analyzing experiment provides the first quantitative determination of
magnet. In this context, one also has to account for the poghe rate enhancement factefor a bare ion withz>18. For
sibility that high Rydberg states can decay to states belowhe light ions H&", N'*, Ne'**, and St**, a z?8 depen-
ng, provided the ions have some time between the recombidence ofA a= aex,— aneo Was found in an experiment car-
nation process and the arrival at the ionizing electric fileld ried out at the CRYRING in Stockholrf6]. This scaling
Therefore, a more realistic estimate for the cutoff is given bycannot be directly confirmed for B where Aa=1.2
X 10" 7 cmP/s has been determined, whereas from Z8é&
Nmax=Max(n, ,Ng), (15  scaling of the CRYRING data one obtainAa=5.8
x 10" " cm’/s, i.e., almost a factor of 5 more. However, one
wheren, denotes the maximum principal quantum numberhas to be careful with comparing results from different fa-
of Rydberg states that decay before the recombined ions acilities since the experimental conditions vary drastically.
rive at the analyzing magnet and thus are saved from field\part from the extremely high electron energy of 162 keV
ionization. A formula that provides a crude estimatengf  and the extremely high nuclear charge in the present case,
based on a number of assumptions on the population and thke influence of the experimental parametefs , kT, and
decay of excited states can be found in RdD]. A prob-  the magnetic guiding fiel® has to be considered. Previous
lematic underlying assumption is that the fields seen by thexperiments with £ and ¢* ions[22] have shown that the
ions during their flight time are considered not to change thexcess rate\ « scales askT;) " *? and as kT,)“2 Using
nl distribution of states as it results from the initial popula-the present temperatures in comparison with the Stockholm
tion by radiative recombination. Changes of decay rates byonditions, the excess rate found in the present experiment
Stark mixing in the fields are not accounted for but probablyhas to be multiplied by a factor of approximately
deserve further attention. V120 meV/10 mew /0.1 meV/0.12 me¥3.2 in order
In the present experimentx andn,, have been calculated to normalize it to the Stockholm conditions. This estimation
to be 116 and 442, respectively. A comparison of both RRshows that in principle the scalings could be able to essen-
rate curves resulting from Eq) and(12) is shown in Fig. tially remove the discrepancy mentioned above. Uncertain-
5(a). While the curve calculated withy,,=ng=116 shows ties in theB scaling and the temperature determination pre-
a very good agreement with the experimental data for relavent us from performing a more quantitative comparison.
tive energies fronk, =15 meV to 125 eV, the curve calcu-
lated with n,,=n, =442 is somewhat higher than the ex-
perimental data especially in the energy range 0.015-1 eV.
However, one can also obtain a good agreementnfgy, As mentioned already in Sec. lll, the alignment of the
=442 if one assumes a higher transverse electron temperheams has been carefully optimized before starting the re-
turekT, =250 meV as shown in Fig.(b). Since it is impos- combination experiment. During the measurement, we artifi-
sible to accurately obtain both parameters from a fit of thecially introduced an angl® between the beams in order to
theoretical RR curve to the experimental spectrum for thecheck the obtained settings. This was implemented by super-
transverse temperature, we assikite =120 meV, which is  imposing in the interaction region a defined transvéhsei-
in accordance with the cathode temperature. The same termonta) magnetic fieldB, in addition to the unchanged lon-
perature is also suggested by accompanying DR measurgitudinal field B, along the ion-beam direction. Figure 6
ments with lithiumlike B#* ions. The choice for the trans- shows the maximum recombination rate Bt,=0 eV for
verse temperature then implies,,,=ng=116, which we different anglesd from —0.6 mrad to 0.6 mrad in the hori-
will use throughout the rest of this paper. In view of the zontal plane. Atd=0 mrad, the maximum recombination
rather crude estimations of,,,, this value may be justified, rate is obtained. The open circles in Fig. 6 denote the ex-
although it appears to be rather low. A more thorough modpected rates for the selected angles. They have been deter-
eling of the population and deexcitation dynamics of highmined by taking recombination rates from thé=0 mrad
Rydberg states in our experimental setup is beyond the scompectrum at the minimum relative energies possible at the

3\ 14
q

\Y;
nge=|7.3x 10105 = | (14)

B. Variation of the beam alignment

012702-7



A. HOFFKNECHT et al. PHYSICAL REVIEW A 63 012702

16 T T T T T T T T T T T T T

o _
2 1wt i ~
€ @
)
o 12} . g 15 | ® o
=] ® ®
- o
~ 10} - -
9 S—
= — L

[
E N o T o 10
o S [
£ 3
o . r
c 4F - E O 5t
8 . = o 0. o L
o o T o

0 1 " 1 " 1 " 1 " 1 " 1 " 1 0 | L L
-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6
1 2 3 4 5

angle 8 (mrad) "
Electron density (1060m 3)

FIG. 6. Maximum recombination-rate coefficients at the lowest
accessib|e average c.m. energy for dif—ferent an@laet between FIG. 7. |nﬂuence Of the electron density on the I’ecombination Of
electron and ion beam. The open circles denote the values expect8 - The full circles represent the measured rate coefficients at
on the basis of theazo mrad Spectrum. The measured rate coef- Ere|:0 eV p|0tted against the electron density. The solid line shows
ficients are represented by the squares. The differences at angl theoretical RR rate coefficient &=0 eV calculated with
larger than 0 mrad are most probably due to the cooling forces thdfTj=0.1 meV,kT, =120 meV, anchya,=116.
steer the ion beam towards smaller angles than nominally set.

zero energy rules out TBREQ. (2)] as a possible mechanism

corresponding anglesee Eq(7)]. The squares in Fig. 6 rep- leading to enhanced recombination rates at low energies.
resent the measured rate coefficients at the minimum relativé/ith a significant contribution of TBR to the observed rates,
energiesE, accessible at the selected angles. All of themone would expect an increase of the recombination rate with
are lying above the expected values. Such a behavior is aincreasing electron density in contrast to all experimental
ready known from other experiments at the ESR. Most probeobservations. In the context of storage rings, TBR has been
ably it is to be attributed to the cooling forces that steer thediscussed in some detail by Pajek und Sch[EF. They

ion beam towards smaller angles than nominally set. Théound theoretically that TBR effectively populates high Ry-
important point of our observation is that the experimentaldberg states of the ion where the electrons are very weakly
rate coefficient varies symmetrically about the maximum atound. As mentioned above, such ions are reionized in the
#=0 mrad. This confirms the accurate adjustment of thelipole magnet and therefore do not contribute to the mea-
beams to within 0.1 mrad. sured recombination rate.

C. Variation of the electron density D. Variation of the magnetic field

In order to test our experimental procedure and to inves- In a next stage of our experiment, we also varied the
tigate the influence of the electron density on the recombinamagnetic guiding field of the electron beam between 70 mT
tion rate, we performed recombination measurements foand 150 mT in steps of 1 mT. The standard field strength
three different densities 1610° cm™3, 3.2x10°cm™ 2, and  used for the previous measurements was 110 mT. In contrast
4.7x10° cm™3. In Fig. 7, the rate coefficient &,,=0 eV is to the more careful adjustments of the magnetic field at the
plotted against the electron density. The solid line repre- TSR[22,24], which were accompanied by measurements of
sents the theoretical rate coefficient calculated wkfF the cooling force and the beam profiles in order to preserve
=0.1 meV andkT, =120 meV atE,=0 eV. There is a the beam quality, no other cooler setting beside the magnetic
small difference between the maximum rate coefficienffield was changed at the ESR. This procedure was motivated
Amax=1.4x10""cm’s ™! for ng=1.6x1Pcm 2 and a,,, Py an earlier experiment of the ESR cooler group with 310
—=1.5x10 “cmPs ! for the two higher densities but this MeV/uU%" ions[41] that revealed a rapid oscillation of the
deviation is within the experimental uncertainty. In addition, measured recombination rate as a function of the magnetic
we find that the shapes of the spectra are identical for afield. The new results obtained for 295.3 MeMgi®®" are
densities as expected for single collision conditions. Aparshown in Fig. 8(open circleg where the maximum recom-
from a consistency check of our measurement of the RR ratgination rate atE,=0 eV is plotted versus the magnetic-
coefficient, this indicates constant temperatures in the medield strengthB. Since the measurement of a complete re-
surements with different electron densities. Therefore, it catombination spectrum is very time-consuming, only the
be concluded that there is no significant influence of thgecombination rate aE.=0 eV could be recorded for an
electron density on the recombination rate at zero energyextended range of magnetic-field settings. For these data
This observation is in accordance with findings at thepoints, a background subtraction and corrections due to the
CRYRING[8], the TSR[9], and the GSI single pass electron potential and angle distributions inside the cooler were not
target[10]. The lack of any density dependence of the rate apossible. Therefore, these uncorrected measured recombina-
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_OFK\B/' 8{’) (_Zorgpe_trlson (;fﬁrecomblna;:lodn-raTtﬁ coefﬁme_nt;sEag h with subsequent corrections for background and the distribution of
=0 eV obtained via two different methods. The open circles show 44y e energies along the axis of the cooler. The full squaigist

the recombination rate calculated from the counting rate of recomécale are the same results multiplied biT,)¥2 wherekT, has

bined particles. These data do not include the background SUbtraB'een determined individually by comparing each energy-dependent

tion and corrections due to the potential and angle distribution iNtecombination spectrum with RR theory. If the transverse tempera-

side the cooler. Therefore, they are lower than the rates displayed iﬁhre alone were responsible for the observed variations, the full

Fig. 7. The full triangles represent rate coefficients obtained via th%quares would line up on a horizontal straight line. The open circles

o - . . .
storag"e lifetime ofbthe B? t;]eacrpﬁln the ring. T?]ere Is @ good et scalg are recombination-rate coefficients calculated from the
overall agreement between the different approaches. counting rate of recombined Bi" ions taken from Fig. 8.

tion rates represented by the open circles in Fig. 8 are lower
than the ones obtained from the evaluation of energycomparison of the measured recombination spectra with RR
dependent recombination measurements. Nevertheless, thégory facilitates the extraction of electron-beam tempera-
qualitatively display the dependence on the magnetic field dtires. As discussed above, the shape of the recombination
zero relative energy. A Fourier analysis of the experimentafpectrum is rather insensitive to even order-of-magnitude
data yields an “oscillation period” of the recombination rate variations of the longitudinal temperature. In contrast, the
of 7.6 mT. transverse temperatures can be determined rather uniquely
A complementary method of determining the recombina<(with an estimated error of-20%) from the comparison
tion rate at cooling can be applied by analyzing the lifetimebetween experiment and theory over the energy interval 0.1
of the B beam in the ring. Fitting an exponential curve €V=E=1 eV, which leaves out the rate enhancement re-
I (t)=1,X exp(—t/7) to the decay of the ion current stored in gion. The transverse temperature exhibits a strong variation
the ring, one can extract the storage lifetimef the BE3*  with the magnetic field. When, e.g., going frdsp=109 mT
beam in the ring. Assuming that electron-ion recombinatiorfo Bj=114 mT, it changes from 170 meV to 450 meV.
in the cooler is the only loss mechanism for stored ions, oné\cross the lower magnetic-field range in Fig. 9, similar
can calculate the corresponding recombination rate to bgariations ofkT, are found.
a,=(mey) 1 with the effective electron densityngg It is obvious that the recombination rate Bf,=0 and
=n,L/C. The full triangles in Fig. 8 represent, as a func- kT, are interrelated. In order to remove the established
tion of B|. The good agreement between the data obtainetkT,) " scaling ofa(E,q=0), we have also plotted scaled
with the two different methods underlines the consistency ofate coefficientsy(E,q=0)(kT,)"?in Fig. 9 (full squares.
our observation. The scaled rate coefficients exhibit a smoother dependence
For a closer look at the oscillatory magnetic-field depen-on B than the unscaled ones. The ratio between the maxi-
dence of the recombination rate, we performed energymum (at Bj=109 mT) and minimum(at Bj=76 mT) scaled
dependent recombination measurements for 10 selected fietdte coefficient is 2.3 only, whereas for the unscaled one the
strengths. We find that foE,=1 eV, the measured rate ratio amounts to 3.8,, i.e., part of the observed oscillations in
coefficients are practically identical irrespective of the magthe recombination rate at zero energy can be attributed to
netic field. At lower energies, however, pronounced differ-accompanying variations of the transverse electron tempera-
ences occur. After the application of all correctidng Sec.  ture. It can be speculated that the remaining differences are
ll1), the open squares in Fig. 9 are obtained as the&lue to undetected variations of the longitudinal temperature
recombination-rate coefficient at zero energy. The correcteulia the recently establish¢@2] (kTH)*l’2 scaling of the ex-
values are higher than the ones obtained alfopen circley  cess ratél a. In order to explain the remaining differences of
but exhibit qualitatively the same dependence on the magthe excess rate by variations ki, these would have to
netic field. Apart from the fact that the values derived fromamount to a factor o~8. In any case, the origin of the
the energy-dependent measurements are more appropriateragher large temperature variations of already a factor of 3 for
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kT, when applying only a 5% change to the magnetic guidtoughly (with a large error barinto aZ?® dependence of the

ing field is unclear. enhancement found in an experiment with the light ions
It should be pointed out that the temperature dependendde?™, N’*, Ne'®", and St** [5]. The increase of the elec-

of the recombination rate at zero relative energy does natron density in the interaction area from=1.6x 10f cm™3

explain the observed general enhancement of the rate coeffis 4.7x 10° cm™2 appears to have no significant effect on the

cient atE,=0 eV. A further theoretical analysis should es- recombination rate. This observation is consistent with ear-

pecially focus on the possible influence of the electron entier results[8—10].

ergy since in experiments with lithiumlike 97.2 May/ A variation of the magnetic field from 70 mT to 150 mT

Bi®%" ions (corresponding to 53.31 kV cooling voltage in- revealed a strong dependence of the recombination rate at

stead of 162 kV for 295.3 MeW) during the same beam low energies on this parameter. The observed oscillations of

time the oscillations did not appear. This is in agreementhe maximum recombination rate B,=0 eV confirmed

with the results obtained at the ESR and other storage ringsrevious observations with bare’t) ions [41]. Comparing

in experiments at low ion energies. There, oscillations of thehe recombination spectra with RR theory, one finds strong

recombination rate at cooling have never been observed. Ovariations of the transverse electron temperature connected

the other hand, smooth dependences of the excess rate on teethe oscillations of the recombination rate. In future experi-

magnetic field have been reported elsewHéf:22. mental and theoretical studies, this relationship has to be
investigated in more detalil.
V. CONCLUSIONS The observed recombination-rate enhancement signifi-

o _ ) cantly reduces the lifetime of ion beams in storage rings

The recombination of bare Bi" ions with free electrons  qyring the electron cooling procedure. At the present ion
has been studied at the GSI Experimental Storage Ringnergies, recombination in the cooler by far dominates over

(ESR in Darmstadt. A critical comparison of available RR g factors influencing the beam lifetime. The recombination-
theories for Bf** has been made. Within the experimental rate enhancement hence reduces the beam lifetime by ap-
uncertainty, the measured rate coefficient at energies frorBroximater a factor 5 as compared with the assumption of

Ere=15 meV to 125 eV agrees with the semiclassical theoryhyre RR. Finally, we want to emphasize that it might be
corrected by multiplication with energy-independent Gauniinteresting to explore the potential of the rate enhancement

factors. At very low c.m. energies, however, the measureghenomenon for the efficient production of neutral antimat-
rate exceeds the theoretical predictions by a factor of 5.2y,

Such a rate enhancement has been measured previously with

lower-Z ions at other storage rings and merged-beam ar-

rangements. Our present observation at the ESR extends the ACKNOWLEDGMENTS
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