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Rate enhancement in the recombination of B ions with electrons
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Recombination of B ions with electrons at low relative energies has been investigated employing the
electron cooler at the experimental storage ring of the GesellschraBiclwverionenforschung in Darmstadit.
Absolute recombination rate coefficients have been determined for relative erggglestween X 10 ° and
10 eV. Simulations of cooling-force effects were carried out to assure the validity of these energies. In the
range 10 meV=E,,=< 10 eV the measured rate coefficients agree well with the theory for radiative recom-
bination (RR). Towards lower relative energie€ =10 meV) the measured rate coefficients increasingly
exceed the prediction of the RR theory. At the lowest accessible relative energy the ratio of measured and
calculated rates reaches a factor of 3.5. The enhancement is found insensitive to a variation of the electron
density from 1.6<10° to 4.8x 10° cm 2.
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I. INTRODUCTION and U?* ions[9,10] has been investigated in the context of
rate enhancement by our collaboration using the ion-storage
Rate enhancement in the recombination of ions with elecring ESR at GSI in Darmstadt. The enhancement factor at
trons at low relative energies has been an intensively invesooling condition E,,=0 eV) for these two ions is about 5,
tigated topic since its first observation i) by Miller  which is much smaller than the huge factors found in the
et al.[1] in 1991. The interest in the rate-enhancement phemultielectron systems mentioned abdve-8]. Therefore, it
nomenon is largely due to the importance of understandings interesting to investigate how the presence of bound elec-
electron-ion recombination—one of the most fundamentatrons in the target ion influences the enhancement. In a first
atomic collision processes—and to the potential applicatiorattempt employing lithiumlike BP* and U*°* ions, surpris-
in the production of antihydrogen by recombination of anti-ingly, no enhancement was observdd]. Yet, no decisive
protons with positrongsee review$2,3]). The main feature conclusion could be drawn for 8" and U*®* then, because
of rate enhancement is that, at very low relative energiesignificant nonzero angles between the electron and ion tra-
between electrons and iongypically E,=10 meV), the jectories might have been involved in the experiment as a
measured recombination rate coefficientg,f) significantly  consequence of imperfections in the magnetic guiding field
exceed the predictionazg) of the theory for radiative re- of the cooler. Such angles can prevent the access of relative
combination(RR), while at higher energiesH=10 meV)  energies lower than 10 meV, where the rate enhancement is
the measured rates can be well understood by the RR theonsually observed.
together with the consideration of contributions of dielec- After a modification of the ESR electron cooler in late
tronic recombination(DR). The enhancement factoe 1996, a second experiment could be conducted f8P'Bi
= explarr @t E(=0 €V ranges from-1 to ~400, depend- This time, with much improved conditions, a rate enhance-
ing on individual recombination processes. ment has been observed also in the recombination &f Bi
While surprisingly high rate coefficients in the recombi- In this paper we present the result of this experiment. Addi-
nation of some multicharged complex ions such ag°Au tionally, a detailed account of the correction of electron-ion
[4,5], Au®®* [6], and PB*" [7,8] at low relative energies can relative energies due to the electron friction force is given.
be partly traced back to DR, the enhancement phenomenon The main process involved in the present work is RR, in
which also exists in the recombination of bare ions, wheravhich a free electron is captured by an ion and the excess
DR cannot occur, remains unexplained. Most of the previougnergy and momentum are carried away by a photon:
experimental investigations for the enhancement have been 8044 2 204 4 o .
devoted to light and medium-heavy few-electron or bare € +Bi”" (157251, —Bi™" (1s°2s,, nl)* + photon.
ions. Experiments for few-electron or bare very heavy ions D
(atomic numbeZ=80) are rare due to limited availability of

. L ' The second possible process is three-body recombination
suitable facilities. Recently, the recombination of bar&*Bi P P y

(TBR), in which the excess energy and momentum are car-
ried away by a second electron instead:
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FIG. 1. Schematic view of the experimental setup. The cold
electron beam produced in the gun is guided by the magnetic field
and merged with the ion beam over a length of 2.5 m. The electron
beam is then separated from the ion beam by the magnetic guiding
field and transferred to the collector. Recombined and parent ions
are separated from each other in the first dipole magnet downstream
of the cooler. A scintillation detector is used to detect the recom-
bined ions. 5th VA

7th VA
"Sequential mode"

Drift tube voltage

6th VA

For Bi#%*, the main DR channels open up at relative energies 4th VA

greater than 14 eV, with the+ 1s?2s,,,—15?2p,,,n| Ryd-
berg resonances being energetically the lowest series. Hence,
they are not involved in the energy range of the present in-
vestigation. The DR process associated with the hyperfine
excitation of the core electron, though, is possible. However,
as discussed in detail below it is not measurable on top of the 2nd VA
much stronger RR process. 1st VA

The present paper is arranged as follows. Experimental
details are given in Sec. Il. The correction of electron-ion Global time
relative energies with respect to the electron friction force is  FIG. 2. Scheme of a drift-tube-voltage scan. A complete voltage
described in Sec. Ill. In Sec. IV experimental results arescan is covered by seven virtual accelerais). Each VA con-
presented together with theoretical predictions. In Sec. V theains a total of 472instead of four shown heyealternating mea-
main results are summarized and conclusions are drawn faurement and intermittent-cooling voltage steps. Between two adja-

cooling

3rd VA

the present investigation. cent VAs there is a longer cooling peri¢elg., 1.5 & The sequence
of desired voltage points in a scan is arbitrary, in princigé.A
Il. EXPERIMENT meander mode which contains alternating positive and negative

voltage steps whose height decreases from step to @iep. se-

The main features of the experimental technique havejuential mode in which the scanning of the drift-tube voltages is in
been described in detail previoug,10]. The measurement a descending or ascending sequence. Drag effects on the ion beam
utilized the GSI accelerator complex. 97-MeV/BBi ions by electron-cooling forces depend on the specific scanning scheme.
supplied by the combination of the linear accelerator
UNILAC and the heavy-ion synchrotron SIS were injectedorder to maintain a good ion-beam quality. A schematic rep-
into the ESR storage rinflL2]. One injection pulse of ions resentation of the timing of a complete measurement cycle is
from the SIS into the ESR was sufficient to provide an ionshown in Fig. 2.
current of typically 400-80@«A (corresponding to 2.7 Data recorded in the experiment include counts df Bi
X 10'-5.3x 10’ ions stored in the ringat the beginning of a ions on the scintillation detectérecombination detectpbe-
measurement cycle. In one of the straight sections of théind the first dipole magnet downstream the electron cooler,
ESR storage ring the ion beam was merged with the mageounts of BI®" ions on a second detect@ackground de-
netically confined electron beam of the coolsee Fig. L tecton positioned half a turn around the ring downstream the

Before starting a measurement, the ion beam was coolefitst detector(monitoring the background due to electron
for several seconds until the beam profiles reached theirapture by the parent ions from the residual)g#ise pulse
equilibrium widths. For a change of the electron energy, volt-heights of the recombination and the background detectors,
ages between-5 kV and +5 kV were applied to two drift the ion current, the cooler cathode voltage, the electron cur-
tubes surrounding the electron and ion beams in the interacent, the digital and analog readouts of the drift-tube voltage,
tion region. During a measurement cycle the electron energthe counts of various timers and triggers, and vacuum pres-
was stepped through a preset range of values different frorsures at the electron gun and at the electron collector of the
the cooling energy thus introducing nonzero mean relativeooler. The readout of the parameters was mainly triggered
velocities between the ions and the electrons. In between twby a 1-kHz clock.
measurement intervals of 40 ms duration each, the electron The space charge of the dense electron beam in the cooler
energy was set to the cooling enerdy,{=0) for 20 ms in  reduces the energy of the electrons as nominally defined by
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the cooler cathode voltage and the drift-tube voltage. Theoid and amount t®, ~(1X 10*4)BH in the merging region.
magnitude of the space-charge potential is about 80 V afs a result of the drift-tube voltage and interaction-angle
cooling energy for an electron current of 300 mA. The spacedistribution, the desired relative energy can only be realized
charge corrected electron enerBy and ion energyE; are  over a certain energy-dependent fraction of the interaction
used to calculate the relative eneiigy, between the electron length(see Refs[9,10] for detaily. Thus, the measured rate
and the ion: coefficient at a given nominal relative energy,.,scontains
contributions from other relative energies; i.e., it results from

Ere=1C yive— V(¥ —1)(y2—1)cosd—1], (3)  the convolution

with w=mgm;/(Mg+m),ye=1+Es/mg?, y,=1+E;/ 1(L

m;c?, wherem, andm; denote the mass of the electron and @(Emead = Efo dz a(Erw(2)), ®)

the ion, respectivelye is the speed of light, and is the

angle between the electron and the ion beams. Equédlon ith E,.(z) being the relative energy at the positipmside
has been derived under the assumption @& the cooler. Accordingly, the rate coefficient(E,,) can
<y2m;c“mgc?, which is satisfied in the present storage-ringtherefore be obtained by a deconvolution performed itera-
experiments[13]. For “normal” recombination measure- tively (see Ref[9]).

ments the alignment of the beams is optimizedte0 mrad The systematic uncertainty of the experimental rate coef-
with an uncertainty of 0.1 mrad by minimizing the width of ficient is estimated to be- 16%. It originates from possible
the ion beam. This width was observed by a beam-prOﬁl%rrors in the ion-current measuremeﬁ{:(:s%)' in the de-
monitor based on the detection of secondary ions producegrmination of the electron density-(+10%), in the detec-
by the Circulating beam in the residual gaS. In some eXperition efficiency (~ _5%’_’_ O%)’ andfrom the uncertainty of
ments the angl® was purposely chosen different from zero the deconvolution procedure correcting for the drift-tube po-
in order to control the beam alignment and to check for postential and interaction-angle distributions- ¢-10%). The

sible effects on the rate enhancemggit uncertainty of the electron density was estimated on the basis
The recombination rate coefficiesEne.d measured at  of a measuremerjti4] in which the density of the electron
the scanning energlfneasis determined by beam in a cooling device was really measured and found to
) vary within 10%.
Cy°R(Emead
@(Epead = LNnAE_ N’ (4)
7LNe(Emead Ni lIl. FRICTION-FORCE CORRECTIONS

with R(Eea9 denoting the electron-ion recombination count  The friction force imposed on the ions by the cooling
rate, » is the detection efficiency of the recombination de-electron beam tends to drag the ions to a velocity which
tector, which is very close to unity,=2.5 m is the nominal equals that of the electrons. Consequently, in a measurement
length of the interaction zonag(E) is the electron density at  step it shifts the relative energy between electrons and ions to
energyE,N; is the number of stored ion§=108.36 m is a value lower than the set value. Hence, the influence of the
the ring circumference, angl is the relativistic Lorentz fac- friction force on the relative energy needs to be considered.
tor for the transformation between the c.m. and the laboraFor this purpose the evolution of the ion velocity during a
tory frames. measurement scan is simulated based on step-by(sitipa
Electron and ion beams were merged and demerged byme increment ofAt) evaluation of the ion velocity change
bending the electron beam in and out of the ion-beam direcAv(t) due to the longitudinal friction forcé:
tion using toroidal magnetic fields with a bending radius of
120 cm. The electron beam of 2.54 cm radius is still over-
lapping the ion beam for 25 cm before and after the straight
overlap section of 250 cm. The merging and demerging sec-
tions therefore contribute to the measured counting ratewhereé is the fractional flight time of the ion in the cooler
However, the influence of the voltage applied to the driftrelative to the ion circulation period in the ring.
tubes is restricted to the straight overlap section of the cooler The longitudinal cooling force at the ESR cooler was
(see Ref[9] for detaily and thus, the electron energy in the measured previously for a number of idis$]. For the pur-
toroidal sections is always the same, independent of the drifipose of the present work the measured cooling force was
tube potential. Therefore the contribution of the merging andepresented by an appropriate continuous function of the
demerging sections can be treated as an electron-energselative velocity between the electrons and the ions. Employ-
independent background. ing Eq. (6) the ion velocity was tracked in 1-ms time steps
The electrons strictly follow the magnetic-field lines. and the real electron-ion relative energy at each step with a
Nonzero angles between the electron trajectory and the iorknown nominal(se) relative energy was then found accord-
beam direction along the cooler geometrical axis are introingly. The time resolution in the tracking of the ion velocity
duced by transverse componeBts of the magnetic guiding was varied to check for convergence of the method.
field B~By in the merging section, whose default strength is  Figures 3 and 4 show the results of a simulation of the
B=110 mT. Such transverse components result from meinfluence of the electron friction force on the recombination
chanical imperfections of the guiding-field-generating sole-of Bi®%*. As seen from Fig. 4, for a scan of drift-tube volt-

Ammzéaﬁmn (6)
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FIG. 3. Evolution of the deviatiotsolid line) of the BE®* ion FIG. 4. Simulation of the influence of the electron friction force

velocity from the value at cooling simulated for a drift-tube-voltage on the rgcomblnatlon of BY" for the same voltage-gcannlng
scan fromUp= — 2150 V toUp = +2190 V in a sequential scheme §cheme[I:_|g. 2(b)] th_at was used to c_alculate the evolution of the
as sketched in Fig.(B). The dashed line marks zero deviation as ion velocity shovyn in Fig. 3. Ope.n .C'rdes represent the measured
defined by the electron energy at cooling, which is nominally 53310a_1pparent recom_blnatlon _rate coefficients. They are plotted as a func-
eV. The big features in the middle of the scan correspond to thdon of the nomlngl _relatlve energy. But, as a _re_sult of drag eﬁ?CtS
crossing ovetl =0 V. The sharp dips and bumysix time spans by the el_ectro'n fr|0t|0_n force, these rate cgefﬂuents were ot_)tal_ned
of about 1.5 s eaghwhere the ion velocity resumes the initial 2t €Nergies slightly different from the nominal ones. The solid line
velocity are due to the extended cooling between two adjacent vir's the resglt O_f the S|mul_at|on th'?lt is based on the velocity shifts
tual acceleratorésee Fig. 2 The duration of a measurement step is dlspla_lyeq in Fig. 3. Negatlve_ relative energy means that the electron
40 ms, and that of an intermittent cooling step is 20 ms. 472 voltagé{eIOCIty is smaller than the ion velocity, and vice versa.
steps are applied during each virtual accelerator and the step sizes o . . . .
are equidistant in the logarithmic scale of electron-ion relative enffonrelativistic quantum-mechanical dipole approximation of
ergies. The electron current is 300 mA. Stobbd 16]. According to Stobbe’s approach, the hydrogenic
cross section for radiative recombination into a bourid
ages from negative to positive in an ascending ofsequen-  level is given as
tial mode, see Fig. (®)], the measured recombination spec-
trum is distorted by the friction force. However, the 1
simulated spectrum reproduces the measured one quite well. onrie)=2m’a’ag(2l+ D
This indicates that by tracking the development of the ion

velocity we can recover the recombination spectrum withyhereq is the fine-structure constart, is the Bohr radius,
very good accuracy. It has to be pointed out that the influencgnq t_ (¢) denotes the dipole oscillator strength of a transi-
of the friction force depends very much on the scan modeijon from the bound statel to a continuum state with the
By using a scan consisting of alternating positive and negascgjed energy = E/(Z2R) calculated from the energg of

tive voltage steps whose .heig_ht decreases from.st_ep to stRe free electron, the nuclear chaigeand the Rydberg con-
[‘meander mode” shown in Fig. @] or that consisting of  gantR The oscillator strengthi,, () is evaluated, in gen-

random sampling of the voltage steeandom mode”), the o151 hy calculating the bound-continuum hydrogenic dipole
influence of the friction force can be minimized to insignifi- ¢ elementgn, l|r|e,l = 1), ie.

cance(see Fig. 5 and compare with Fig). 3'herefore, the
meander and random scan modes were used in most of the

1 2
8+¥) fa(e), (@)

1 1
measurements. fm(g):3 i e+ — |[[(+D)Kn,I[r[e, 1 + 1))
The present analysis shows that the effects of the cooling (2l+1) n
forces are well understood and can be accounted for in a 1,1, — D] 8

guantitative manner. The necessity of corrections of the
prgsent energy scale for.effects .Of the friction force; WaSyith the continuum wave functionig,l +1) being normal-
minimized by an appropriate choice of scan modes in th(?zed to energy. For B?* the total RR cross section is calcu-
present data taking scheme. 9y

lated by

IV. RESULTS AND DISCUSSIONS

RR — RR
. - =>t , 9
The drag-force corrected experimental rate coefficients o e) nl ioni () ©

and theoretical RR rate coefficients ofBi as a function of
relative energy are shown in Fig. 6. where the summatioX runs over all possible’s andl’s,
The calculation of the RR rate coefficients is based on th@nd the quantitiet,; are the weighting factors accounting for
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FIG. 6. Recombination rate coefficients ofBi as a function of

FIG. 5. Evolution of the deviation of the B ion velocity from relative energy. Open circles represent the experiment; the solid line
the cooling value for a voltage scan using a modified meander mode gy. ©p P P ’

[see Fig. 2a)]. In the scan virtual accelerators 2—6 cover the lower_represents the RR theofyee Eq(11)]. The theoretical rate coeffi-

. . - . cients were obtained by convoluting the theoretical cross sections
energy region approaching 0 eV, where the friction force is stronger,

and there the sequence of the drift-tube-voltage steps is organizedw'th a flattened velocity distribution of longitudinal temperature

the meander mode. Virtual accelerators 1 and 7 cover the highe£<-r1r|‘:()'4 meV and transverse temperatkie =150 meV. The ef-

; o . ect of field ionization on the theoretical rates was taken into ac-
energy region, where the friction force is weaker, and there the

voltage steps are negative and positive voltages, respectively, in thcount by considering the survival probability of individual Rydberg

sequence of descendng ampiude o skeched n . The 112 OBl e celold o o el onizaton e
unresolved dots represent the simulated ion velocity deviations; thf - o P .

) - ) .5X 10" eV. The scatter of the data points in the experimental
dashed line marks zero deviation as defined by the electron ener ¢ iqinates f the d luti duee Eq(5)]
at cooling, which is nominally 53 310 eV. The gaps in between two ectrum originates from the deconvolution proceds q

adjacent virtual accelerators are due to extended cooling periodgl.S well as from the counting statistics particularly in the higher-

The duration for a measurement step is 40 ms, and that for a nergy reglon. Features in the rate co_efﬂuent at relative energies
. . . ; . o elow 10" eV cannot be resolved nor inferred from the measured
intermittent cooling step is 20 ms. The simulation is for an electron

current of 300 mA. The inset is an enlargement of the ion velocitydata by deconvolution.

evolution in the time window of 69—70 s. The maximum relative . . L
excursion of the ion velocity from its initial magnitude at cooling is WhereF:Uinip IS the motional gleqtrlc field seen _by the
about 8<10°° as compared to 10" for the scan mode analyzed 10N With velocityu; in the magnetic field;, of the dipole
in Figs. 3 and 4. magnet. For the present experimemi=140. In reality,
highern Rydberg states can radiatively decay to states below
already partially filled levels, i.et;o=0,,,=0.5t,,=1, and ng before arriving at the charge-analyzing magnet where
t,=1 forn=3. Furthermore, in the calculation of the scaledthey can be field ionized. These Rydberg ions thus can sur-
energy, Z is replaced by the charge of the iap i.e., ¢ vive field ionization and be detected. In a detailed model for
:E/(qZR) According to our experience, in the calculation field ionization taklng into account the effects of the radia-
of RR cross sections of Li-like ions} is a good representa- tive decay[19], the survival probability of the Rydberg ions
tion of the effective charge of the parent ion as seen by thé determined individually for eachl state populated by
recombining electron. This is in agreement with previousrécombination on the basis of hydrogenic radiative decay
observation on RR of &i" [17]. For ions with more com- rates and field-ionization rates. In the present work this de-
plex electronic structure, in particular, for those with par-tailed model has been applied to the calculation of the RR
tially filled shells, the effective charge can be somewhereross sections with the experimental field-ionization effect
betweeng andZ as shown, e.g., for the radiative recombina-being accounted for.
tion of SP* [17]. For the comparison with the merged-beam rate coeffi-
The contribution of Rydberg states to the measured crosgients, the theoretical cross sections were convoluted with
section is limited by field ionization in storage-ring dipole the experimental electron-velocity distribution function
magnets. In the simplest approach a critical quantum numbdi(vrei,V) characterized by the temperatuk€g andk T, par-
Nmax C@N be defined above which field ionization sets inallel and perpendicular to the electron-beam direction, re-
abruptly. A useful estimate of this cutoff quantum numberspectively, resulting in the theoretical rate coefficients
has been determined on the basis of calculated lifetimes o™ (Ere):
Stark states in electric fields by Mer et al.[18]. It is given
by aRR(EreI):E Ynltnlj O'EIR(U)Uf(UrerV)dsvv (11
g 4 nl
Nmax=Ng= | 7.3X 101° V/mx — (10)

F) whereY,, is the survival probability of the Rydberg state
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characterized by quantum numbersandl, andv g is the ~ 10° [ & — ]
difference of mean longitudinal velocities between the elec- o E ox10” U
trons and the ions or, in other words, the detuning velocity, E .t B{®*
which is related toE by Eje=puv%/2. The longitudinal ~ @ 10 Faxo”
temperaturk T was inferred from the analysis of 8 DR i

peaks at resonance energies above 200 eV measured durir® 10° 5-2“°'7 8 64 88
this experiment at the ESR. The observed peak shapes can := ;
reproduced assumingsT;=(0.4+0.1) meV [20] for the < .00 [
present measurement. On the basis of a comparison of theorS
and experimentsee Fig. 6 at energies above 16 eV, the ,'} o F
transverse temperatureT, is estimated to be 150 mev, <10 ¢
which is not much different from the lower lim{.20 me\ 2 i

q%® scaling
for bare ions

determined by the cooler cathode temperature. 10" . !

We point out that fully relativistic calculations of radiative 10 100
recombination are available for bare ions witk 3 [21]. As lon charge, q
explained in more detail in Ref$9,10] relativistic effects FIG. 7. Scaled excess ratas:(kT,)"4(kT))"? at 0 eV in the

can be as large as about 10% for cross sections of recomigcombination of Bi° and of bare ions. The filled circle represents
80+ : -

nation into an individual shell. However, they largely cancelB! - and the full squares are for bare ions measured previously

out even for U2* ions when total cross sections are consig-USind storage ring9,10,22-26 The error bar indicated for &

S includes contributions from the uncertainty of the excess rate and
ered. Therefore, the relativistic effects are neglected here. that of kT, and kT, . The solid line is theq?® scaling of scaled

th Aslc(:)an b\? fﬁen from Flg' 6{ for r(;l:’:ltllve energies great%%(cess rates for the recombination of bare ions found previously
an meV, the measured rate coefiicients agree very w 0,24. The inset is an enlargement of the heaviest ions.

with the RR theory. For relative energies below 10 meV

(Ere=10 meV) the measured rate coefficients exceed theesponding recombination spectra were measured. In Fig. 8
RR theory. As the relative energy decreases, the differencge recombination rate at the minimum accessible energy
becomes larger and finally levels off. At the lowest acces{E, =0 eV) has been plotted as a function of the electron
sible energy the measured rate coefficient amounts to 7.density. Obviously, the rate coefficients at the three different
X107% cn® 7!, exceeding the theoretical one of 2.2 electron densities are the same within the error bars. In fact,
%10 8 cm® s™* by a factor of 3.5. even the detailed recombination spectra for different electron

To quantify the rate enhancement, one often uses the etensities are essentially identical in the energy range
cess ratel @, which is defined as the difference of rate co- 107° eV<E=<10 eV. The independence of the enhance-
efficients from experiment and RR theory, i.da=ae,  ment of the electron density, which was also observed previ-
—agg- The excess rate was found by Gwinmgral. [22] o ously in the recombination of ions such a$®Bi[9] and F*
scale with the transverse electron temperaturé’j:tjé2 and [22], rules out TBR as a possible explanation for the en-
with the longitudinal electron temperature'aﬁllz. In order hancement. The TBR process would show a strong depen-
to compare the rate enhancement of the few-electron iodence on the electron density.
Bi%* with that of bare B*" and U?" ions more quantita- In the recombination of Bf* [9] and W?" [10], which
tively, we look at electron-temperature-scaled excess ratesere carried out also at the ESR but with a much higher ion
Aa (KT, )Y¥(kT))*. In Fig. 7 the scaled excess rateFt,  energy of~300 MeV/u, the measured recombination rates
=0 eV for the recombination of BY" together with those at very low relative energies were observed to oscillate with
for bare ions including Bf* and U2 measured previously the magnetic guiding field strength, which has never been
is displayed. Also shown in the figure is the ion-charge scalobserved in recombination experiments carried out at other
ing of scaled excess ratesq?® found first by Gacet al.[24] ~ storage rings. Here, for B}" in an additional measurement
for light bare ions and then extended by 8hal.[10] to the  the magnetic guiding field strength was also varied, however,
heaviest bare ions. The figure shows that the scaled excess such oscillations have been observed. While the oscilla-
rate for BFY* fits well to the ion-charge scaling found for tory behavior observed in Bi* and U?* has not been fully
bare ions. This seems to indicate that the bound electrons efderstood so far, we speculate that the different behavior in
Bi%* are not critical to the enhancement besides occupyinghe dependence of low-energy recombination rates on the
possible capture states and opening up DR channels abowagnetic guiding field strength betweerfBi and BFf** and
certain thresholds. For nonbare ions one might also plot th&)®?" might be due to the substantial difference in the experi-
scaled excess rate as a function of the effective charge of thaental ion energies. This speculation is based on the addi-
ion. Then the data point for Bf* would move towards a tional transverse cyclotron motion of electrons in the ESR
higher charge state and would then fit better to the scaling fogooler due to nonadiabatic relaxation of the electron beam
bare ions. The uncertainty of the present scaled excess ratiiring fast acceleration to some 100 keV in a short gap of 15
for Bi®", however, does not permit a more detailed conclu<m length and its strong dependence on the electron energy.
sion. The additional transverse velocity. introduced by the ac-

In order to investigate mechanisms possibly causing theeleration is proportional tcEg'B [15]. At an ion energy of
enhancement, the electron density has been varied and cd@0 MeV/u(thusE.~50 keV) the transverse velocity of the
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10 T T T T The lowest energetically allowed resonance in the series cor-
responds tm~ 330. However, all states in the series are field
ionized in the dipole magnet behind the electron cooler,
which sets in at a field-ionization cutoff quantum number
Nmax=Ne~140. At most, when the radiative stabilization of
61 1 higher Rydberg states on the way between the cooler and the
magnetic dipole field that causes field ionization is taken into
account, one might expect a detection limit of higheRy-
dberg states at,5, =320 as indicated by the detailed model
calculation for the survival probability of the Rydberg states.
2F b Also, the cross section for the DR associated with Ehe
=4—F=5 hyperfine excitation has to be expected to be
0 . . , . . , orders of magnitude smaller than that of the radiative recom-
1 2 3 4 5 6 7 8 bination, as is the case for Bf ions [29]. Therefore, we
Eleciron density (10° cm™) conclude that DR associated with the hyperfine excitation of
the core electron did not produce a significant contribution to
FIG. 8. Dependence of the rate coefficienEa=0 eV onthe  the enhanced rates measured in this experiment at very low
electron density for the recombination of*Bi. Full squares repre- energies. This does not preclude the possibility to study that

sent the experiment; the solid line is the RR theory of@4). The * mechanism in a separate dedicated experiment with suitably
theoretical rate coefficient was calculated with=0.4 meV and chosen conditions

kT, =150 meV. The effect of field ionization on the theoretical rate
was taken into account by considering the survival probability of
individual Rydberg states calculated with the detailed model for
field ionization. As indicated by the error bars, an uncertainty of V. SUMMARY AND CONCLUSIONS
+13% is quoted for the experimental rate coefficients.

Rate coefficient (10 cm%s)

In conclusion, absolute rate coefficients for the recombi-
. . . nation of BF®" with electrons have been measured for rela-
additional cyclotron motion is about an order of magnitude,

ler than th th |t lodi tive energies between X110 ° and 10 eV. A very good
smaller than the mean thermal transverse ve oGty ), agreement of the measured rate coefficients with the predic-
while at an ion energy of 300 MeV/uE¢~160 keV) the

._tions of the RR theory is obtained at energies higher than 10

transthrse V?rlloc'“{h(’f the a?hdltlon?lt cyclotron mtl)tlo_rt1 'S meV. A model simulation of drag-force effects on the ion
much farger than the mean hermal ransverse Velocity, SBaay jg presented. In conjunction with the experiment the

that at the ion energy of 300 MeV/u the transverse elewo%imulation shows that drag-force effects can be minimized

motion is dominated by the additional cyclotron motion, by choosing appropriate energy-scan schemes. The simula-

which is not the case at the onver lon energy and at e|e<:troﬂons were used to assure the validity of the energy scale of
coolers of other ion-storage rings operating at much IowetEhe measured recombination rates

energies. The additional cyclotron motion might be the cause

ment itself.

As the ground statesf2s,,, of the 2°Bi®" ion is split
into two hyperfine components with a total angular momen
tum of F=4 andF =5, respectively, the DR process associ-
ated with the hyperfine excitation of the core electrén (
=4—F=5),

fits well to the ion-charge scaling found for bare ions includ-
ing Bi®" and UW?". This indicates that the bound electrons
‘of Bi®%* are not critical to the enhancement besides occupy-
ing possible states and opening up DR channels above cer-
tain thresholds. The lack of a dependence of the enhance-
ment on the electron density excludes TBR as the
enhancement mechanism. Dielectronic recombination associ-
ated with the hyperfine excitation of the core electron of
—BiP" (15225, 5(F =5)nl)** Bi%* should not play any significant role in the observed
enhancement.

e +Bi¥ (15225,5(F=4))

L, Bi”*(1522s%) + photons,

is energetically possible in the present energy region, and
hence, its role in the observed rate enhancement needs to be
discussed. The Giessen group gratefully acknowledges support for
The hyperfine splitting of the ground state is about 0.8 eMthis work through Contract Nos. GI-MUS and GI-MUW A
as was measurefP7] and predictedsee, e.g., Ref[28])  with the Gesellschaft “fu SchwerionenforschungGSl),
previously. The resulting DR resonances associated with thBarmstadt, and by research grafi#os. 06 Gl 848 and 06
hyperfine excitation should exhibit a resonance series of th&l 947) from the Bundesministerium fuBildung und Fors-
type 1s?2s,,,(F=5)nl with a series limit at about 0.8 eV. chung(BMBF), Bonn.
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