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Dielectronic recombination has been investigatedXor=1 resonances of ground-state'l(iLs?) and for
An=0 resonances of metastable'l(ils2s 3S). The ground-state spectrum shows three prominent transitions
between 53 and 64 eV, while the metastable spectrum exhibits many transitions with ereBgegV.
Reasonably good agreement Rfmatrix, LS coupling calculations with the measured recombination rate
coefficient is obtained. The time dependence of the recombination rate yields a radiative lifetime of 52.2
+5.0 s for the 3S level of Li*. [S1050-294799)50411-3

PACS numbe(s): 34.80.Lx, 32.70.Cs, 32.80.Dz

In collisions between ions and electrons, recombinatiorLi *(1s?!S) ions, where DR occurs viAn=1 resonances
[1] can occur either by radiative recombinati®R) (inverse  (1s®>+e—1s2In’l’) at relative electron-ion energies of
of the photoelectric effegtor by dielectronic recombination 53-64 eV, as well as for metastable *I(ils2s3S) ions
(DR). This process starts by the resonant capture of a freehich give rise to An=0 resonances @ERs+e
electron, mediated by its interaction with a bound electron—1s2In’l’) below 3.2 eV. The metastable spectrum is
(inverse of an Auger transitionand then proceeds by a ra- found to be particularly rich with many closely spaced tran-
diative transition to a stable recombined system. Dielectronisitions. The time dependence of DR from metastable ions
recombination is of fundamental interest because it gives inwas also used to determine the radiative lifetime of tH&2
sight into electron correlation, and of applied interest for thelevel. Moreover, RR has been observed for relative electron-
understanding of astrophysical and laboratory plasmas. Exen energies close to zero.
tensive experimental studies providing significant tests of the At the Heidelberg ion-storage ring and electron cooler
theory[1] have been conducted for H-like, He-like, and Li- facility (TSR) a beam of 13.3-MeV'Li * ions was produced
like ions heavier than carbon. For such systems, perturbativiea a tandem accelerator and injected into the ring. Using
techniques can be successfully used in theoretical calculanultiturn stacking injection, which lasted about 0.1 ms, a
tions because the electron-electron interaction is relativelyypical circulating ion current of A was obtained. While
weak compared to the electron-nucleus interaction. In constored, the ions passed through the collinear electron beam of
trast, for lighter ions perturbative techniques cease to prothe electron cooler. First, by matching the electron and ion
duce results at the same level of accuracy. Hence, highrelocities at a laboratory electron energy of 1.04 K&sbol-
quality data for light systems are required to test theing energy’) the ion beam was phase-space cooled to low
reliability of theoretical predictions. (~0.3 mrad divergence and~10"* relative longitudinal

For the lightest H-like ion, HE, DR was studied previ- momentum spread within about 10 s. Recombination of the
ously by three group2—4] with successively higher energy Li " ions was then measured as a function of the en&gy
resolution, and through a consequent feedback between egerresponding to the average relative velocity between the
periment and theory good mutual agreement could be obelectrons and the iongeferred to as relative energigy de-
tained. For the lightest He-like ion, Li the two-electron tuning the laboratory electron energy from the cooling en-
configuration places additional constraints on the theory oérgy by a variable amount. In the measurements, the relative
RR and DR. Moreover, the existence of relatively long-livedenergy was alternately sé&in a time scale of millisecongis
metastable 42s'S and 1s2s3S states with natural lifetimes first to E~140 eV to determine the background recombina-
of about 0.5 ms and 50 s, respectively, requires recombingion rate, then to a desired value in the energy ranges of
tion for both the ground state and the metastable sespe- ground- or metastable-state recombination, and then back to
cially the long-lived triplet stateto be understood. To date, the cooling energy.
only low-resolution DR measurements for "Lihave been Those ions that recombined to form neutral Li are no
carried out[5]; the integrated ground-state and metastabldonger deflected by the storage ring dipole magnet following
recombination rates could be extracted, but more detailethe electron cooler, and can thus be counted with a surface-
comparisons between experiment and theory for specifibarrier detector behind this magnet. Field ionization in the
excited-state configurations were not possible. motional electric field experienced by the fast Li atoms in the

Here we report a high-resolution investigation of DR in dipole magnet introduces a principal quantum number cutoff
Li . Individual intermediate-excited-state configurations[6] of n,=7 so that atoms reaching the magnet in states with
contributing to DR could be resolved for ground-staten>n. are not detected.
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The energy resolution was determined by the electron 012
temperatures ofT, =18 meV anckT;=0.2 meV[7], which 0.10
resulted in a full width at half maximumFWHM) energy ~ 008
spread of ~0.02 eV in the electron-ion center-of-mass = oos
(c.m) frame atE<0.2 eV, increasing to~0.4 eV atE < 004
=60 eV. The electron current was 35 mA in the lower and 0.02
_60 mA in the upper energy range, respectively, correspond- 0.00 . . . .
ing to electron densities, of 5 and 8<10° cm™ 3. 000 oot 0o (- ;""3 004 0.05
1

Recombination was measured in a time interval of 12—70
s after each injection, the total cycle time being close to the £ 1. pecay constants representing the total decay Kate$
1/e storage lifetime of-60 s determined by the ground-state ground-state and, of metastable Li ions, as measured for five
stripping rate in the rest ga&,;. Measurements were re- residual gas pressures. Extrapolation\tp=0 (corresponding to
peated for successive injections over several hours. FroWanishing pressujeyields \},,+\f,=0.0221+0.0015 s *.
earlier experimentg8] employing laser cooling ofLi ™ ions
on the 2°S-23P transition, a substantial initial fractioff,  sumption (justified below that collisional refeeding of the
~0.1-0.3 of metastable %5 ions is known to exist in the metastable state by rest-gas collisions can be neglected, the
TSR under these running conditions. The unknown initialtwo resulting time constants ave =\g and \,=A\5+ A,
fraction of metastable singlet (&) ions was expected to +\2,HNE, where )\%9 denotes the collisional quenching
have decayed by the time the data were recorded. The decgyte and\®, is the electron-impact ionization rafa2] of
constant of the t”p|et1(95_) metastable Li ions stored i metastable ions in the electron cooler occuring while the
the ring was~(19s) -, given mainly by the sum of the relative energy is above the 3 ionization thresholdthe
rest-gas stripping ratey, and the radiative decay raig,, of  same effect for ground-state ions is negligibldeasure-
the metastable ions. Stripping of’8 ions is expected®] to  ments of the time variation at five residual gas pressures
occur faster than that 0f13_5 ions because of the lower ion- (differing by factors of up to~3 yielded for\ , the results
ization potential of the triplet state. The energy region ofshown in Fig. 1. AS\§, N5, andAd,; all vary proportional to
metastable DRE=0-3.5 eV was scanned in the two time yhe rest-gas pressure§+1%)/\; can be deduced from
intervals of 12-42 and 54-70 s after injection, while theyhe gjope of the straight line through these data, while the

ground-state DR spectrunE(=52-64 ey was measured st-gas independent decay ratg,+ Ay, of the metastable
between 42 and 54 s. Details concerning the determination %}teate follows from linear extrapolation to,=0. After sub-
the relative energy and the c.m. electron-energy distributior? . : : S

. . raction of the estimatefll2] electron-impact ionization rate
can be found in Ref[10]. The accuracy of the relative- 2] P

. . of A& =0.003-0.001 s ! the radiative decay rate of g
Ztn%:)g)é\icale Is estimated to be).02 eV at 1 eV and-0.09 =0.0191+0.0018 s ! is obtained, which corresponds to a

. . _ 3
With the recombination rate coefficients,(E) and natural lifetime ofry;=52.2+5.0 s(1o erron for the 2°S

a(E) for ground and metastable ions, respectively, and th(laevel. This result matches well the existing theoretical pre-
m ’ 1 H H _ i
metastable fon fractiorf, (1), the measured, background- dictions[13,14] of 49.04—49.14 s as well as the only previ

subtracted recombination rate is given b ous experimental result ofy,;=58.6+12.9 s (20 error
9 y [15]. The fact that the slope of, vs \; lies close to the

R(E.t)= 7y 2N (t 1—f(t EV+f (t E) expeqted ratio of the.mgtastable and groyr)d—state rest-gas
(B.0=2y NN~ (V) Jag(B) + Fim(1) crm( )}(1) stripping rates € 2 [9]) indicates that the collisional quench-
ing rate was small.

where y=1.002 is the Lorentz factor due to the relativistic After normalization to the ion numbeki(t) the time-
transformation between the ion rest frame and the laborator§feépendent rate in the 54-eV peak is proportional to 1
frame, andy the ratio between the interaction lengths m  — fm(t) [see Eq(1)], while the rates in the 0.14- and 1.2-eV
and the ring circumferencés5.4 m. The number of stored Pe&aks dominantly vary afs,(t) with a small additional con-
ionsN;(t) was determined from the circulating beam currenttribution from. ground—stfate RR that could pe estimated. Fits
measured by a nondestructive current probe as well as bip the normalized rates in the 54-eV peak yielded only rather
counting events at a beam profile monifad]. inaccurate results for the initial metastable fractigf(0)

In addition to the energy scans, the time dependence of fm. Scattering between 0.1 and 0.4, because the change of
the recombination rate on selected DR peaks was measuréfie ground-state fraction-1f (t) during the measuring time
performing a sequence of fast scans over resonanc&s atWwas only slightly larger than the statistical counting errors.
=0.14 and 1.2 e\(representing mainly metastable-ion DR Corresponding fits to the lo\&-peaks(focusing on the signal
and 54 eV (representing only ground-state QRsimulta- decay at longer storage timeslowed the rate of collisional
neously the beam current signals from the current probe ankgfeeding of the 2S state to be estimated to b€0.02 of the
the beam profile monitor as well as the count rateEat0  ground-state stripping ratag, justifying the assumption
and atE=140 eV were recorded. The scan sequence wagiade above within the statistical error limits.
repeated 25 times after each injection, covering storage times The ratesR(E,t) were converted to the experimental rate
of 12—-75 s. The integrated count rates were fitted jointly asoefficientsay(E) anday,(E) using Eq.(1); appropriate rate
functions of time by two-component exponential decayequations together with the measured time constants
curves, varying the two decay constants common to alyielded the functional dependenég(t). In the low-energy
curves and appropriate separate amplitudes. Under the asnge(0—3.5 eVJ the measured rates contain contributions to
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FIG. 3. Dielectronic recombination rate coefficiem(E) for
ground-state Lt (1s?) ions. Dots experimental data; line, theory
for ng=7. Excitation thresholds from theB state are indicated.

oo o1 oz 03 o4 05 To obtain the theoretical rate coefficients shown in Figs. 2
Relative energy (eV) e . . .
and 3, unified photorecombination cross sections represent-

FIG. 2. Recombination rate coefficient,(E) for metastable NG both DR and RR were computed lir§ coupling using a
Li * (1s2s39) ions. Dots experimental data, obtained assuming afadiation damped?r-matrix approach16,17. In fact, this

initial metastable fraction of%=0.19. Full line theory fon,=7;  Case is one of the few where damping is neglig[d/é], and
labels refer to configurationss2p(>3P)n’l’ and to excitaton We obtained the same results by applying detailed balance to

thresholds from the 2S state. Dashed line theory omitting all states UndampecdR-matrix photoionization cross sections. To com-
with |'=3. pare the calculations with experiment, contributions to DR
where one of the electrons occupies a configuration with
>n.=7 were excluded from the calculations. TA@=0

DR and to RR from metastable iopsn,(E)] and to RR from DR spectrum of metastable Liions (Fig. 2) is dominated

ground-state ion$ay(E)]. They were extracted separately by n’ manifolds converging to the 3-2P excitation

comblnlng the data f(om the two storage time |n.tervals N Areshold at 3.2 e\fconfigurations $2p(*P)n’I"]. At low
which this energy region was scanned. The experimental re-

. . . 3 ’ _
combination rate coefficient,,(E) for metastable Li ions egg;gl_lgﬁértee}rir:s gg(ghz ?gg;%l:wrtagce)rts\;/vzsénF)thgeloraIZﬁ dagx eri-
is shown in Fig. 2. Also shown is the theoretical rate coeffi-PEa'" 9 g Y P

cient (see below for both DR and RR convoluted with the Srgeer:; ?opb?tgéehie\é’big]ggggvtgﬁ dt?r?eoziec;{hct?lle I'STEJC?S:%?S
experimental electron velocity distribution. The intrinsic de- 9 '

.Ehe peak at 0.14 eV is not reproduced. At higher energies the

termination of the metastable fraction being too inaccurate, i ; . L

was set tof® = 0.19, which yields the best agreement of the heory appears to overestimate the DR cross section signifi-

data betw m 0. 25’ d 0.35 @¥ee bott t of f cantly, but still yields a resonable representation of the gen-
ata between 0.25 and 0.35 €%ee bottom part of figuje eral spectral shape.

with the theoretical prediction. Thus,, is adjusted to fit the It appears that witm,=7 we do not account for the re-

calculatemonr%sonan(RR) rate of metastable Li. Differ-  combination rate observed above 3 eV. This is probably due
ent values off,, would Oessentlally scaleO the expenmental to Li atoms formed witt>n,, cascading to lowen states
result for a(E) aso1/fy,. The value off;,=0.19 is com-  during the time-of-fligh{0.3 ws) prior to the dipole magnets.
patlble with the observed time dependences, as well as Witlﬂurthermore, the Sharp Cuto‘if: represents Only an approxi_
the values estimated from earlier laser cooling experimentgate description of the field ionization procd$€3. Particu-

[8]. The systematic error in the normalization to the ion andrly large discrepancies between theory and experiment oc-
electron beam intensity is estimated 120%; however, in  cur above the 3S-2 3P excitation threshold2.28 eV). Here,
view of the uncertainty in‘om we attribute an overall system- states with high angular momenturte3 strongly contrib-

atic error of=50% toa,(E). The resulting smooth ground- ute to the calculated DR rate, as demonstrated by eliminating
state RR rate coefficienty; reaches a value of (21) these states from the calculatiiower, dashed curve in Fig.

x 10" cm®s~! at near-zero relative energy and drops t02). Using this| cutoff brings the calculated DR rate much
(2£1)x10 Bcmis tatE=0.3 eV. closer in magnitude to the experiment. The possibility that Li
In the high-energy rang&2-65 eV only An=1 DR of  atoms in high- states(formed by radiative stabilization of

ground-state ions occurs, the contribution from the RR othigh4 resonancessuffer field ionization even below the cut-
metastable and ground-state ions being negligildn<£1  off n, can probably be ruled out. A possible experimental
DR of metastable Li ions, leading to triply excited Li, lies explanation for these discrepancies could arise from stray
in different energy regions not scanned in this experiment.electric fields in the interaction region, estimated to=b8

The DR rate coefficienty(E) for ground-state Lf ions is  V/cm; the DR rate above-1.9 eV is reduced by autoioniz-
shown in Fig. 3. The uncertainty iﬁ?n here yields only a ation into additional open continua$2s'S, 1s2p 3P) and,
small contribution to the systematic error since the metaas remains to be verified in detail, highresonances may
stable fraction at the time of measurement is already down tassume larger autoionization rates than calculated thrbugh
=0.04. Hence, a systematic error 1f20% is estimated for mixing in the stray electric fields.

ay(E). Regarding the ground-state DRig. 3) experiment and
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theory are in good agreement for the212|’ configurations  from the 23S ions shows a rich spectrum of lines from dou-
near 54 and 56 eV. These terms are well known from ion-bly excited, higher-angular-momenta configurations of Li
atom collision[19,2Q and photoionization studig®1,22.  that cannot be reached by photoionization from the Li
Along the 1s2p(*P)n’l’ series, one higher resonance, prob-ground state and have not been observed before; their de-
ably from 1s2p(*P)3l’, is observed near 60 eV, but higher scription presents a significant and important challenge to the
series members apparently are reduced by autoionization int§€ory of this fundamental two-electron system. Rimatrix

the 1s2| continua. Near 60 eV the energy-integrated theoretcalculation reproduces the spectral shape reasonably well.
ical rate coefficient, representing several unresolved DR N ground-state DR spectrum shows three prominent and

resonances, exceeds the experimental vaamparently a several weaker lines at energies of 54—62 eV, and there is
single resor;an()eby about a factor of 3. Also. the calcula- reasonable agreement with theoretical calculations, except

tions predict a higher peak near 62 eV due to Rydberg statefgr lines near the 421 excitation thresholds$ 60 eV).

with n=4-7. This work was supported by the Human Capital and Mo-

In summary, Li" ions with a strong population of the bility Program of the European Community, and by the Ger-
long-lived 23S state were stored for times on the order of theman Ministry of Education, Science, Research, and Technol-
natural lifetime of the metastable level. This lifetime wasogy (BMBF) under Contract Nos. 06 HD 8541 and 06 G| 848.
determined with an error of 10%, confirming the theoret- J.A.T. was supported in part by the Division of Chemical
ical predictions. Experimental DR rate coefficients were ob-Sciences, Office of Basic Energy Sciences, Office of Energy
tained separately for the metastable and the ground state. DResearch, U.S. Department of Energy.
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