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Dielectronic recombination of lithiumlike beryllium: A theoretical and experimental investigation
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Recombination spectra of lithiumlike Be ions, taken at the ion storage ring CRYRING, have been investi-
gated with high-energy resolution. The absolute recombination rate coefficient is measured in the center-of-
mass energy range 0-5 eV that coversAall=0 core excitations. The results are compared \aibhinitio
calculations and show very good agreement in the resonance energy positions. They also agree in the resonance
strengths, except close to the;2— 2p,, 3/, core excitation limit and at the zero center-of-mass energy limit.

In the first case the calculated rate coefficient exceeds that of the experiment by up to a factor of 1.7 and in the
second it undervalues the experiment by 3.1. Interference effects of direct radiative recombination and recom-
bination via doubly excited states are discussed.
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[. INTRODUCTION and autoionization rates can be studied. Li-like ions have
been studied extensively during recent years® €1], N**
In the description of ionized matter, electron-ion colli- [2], F°* [3], Ne'* [4], Sit** [5], C*4* [6], Ar'S* [7], Ni2®*
sions play an important role. Recombination is a particularly{8], C/?®" [9], Kr®3" [10], Au’®" [11], and U®* [12]. The
interesting outcome of such a collision, both from an appliedeason is that Li-like ions are relatively simple and their
point of view and for testing our understanding of basictreatment is within the reach @b initio calculations. Still,
atomic collision phenomena. Recombination data are directlyhey provide enough complexity for studying intriguing
relevant to plasma modeling in fusion and astrophysical remany-body effects. With the resolution available in storage
search. Here we present results on the recombination of lithiings equipped with electron coolers, they often show well-
umlike Be. Two fundamental recombination processes areesolved spectra for low center-of-magsm.,) collision en-
possible when a single ion collides with a single electronergies. These spectra are determined by intershell excitations,
Radiative recombinatioiRR) is the time inverse of direct i.e., 2s,,—2p; core excitations and the initially free electron
photoionization: is, generally, captured into a Rydberg state. Since the
. . 2sy/,-2p; splitting scales with the nuclear chargé)( but the
Be'+te —Be tho, (1) binding energy of the captured electron scaleZAsit is
i.e., nonresonant electron capture directly into a vacan?XpeCtEd that the principal quantum number for the PaP‘““?d
electron decreases when lighter systems are studied. With

bound state. The cross section for RR is inversely PrOPOTG o+ being the lightest Li-like positive ion, the lowest-energy

tional to the relative electron-ion energy. It diverges conse- {v of the tvor2i3S and all th
guently at zero energy, where the recombination probabilityregs?:)gn,anCeS a;e consequently of the typp*j2S and all the
approaches unity, and decreases smoothly with increasi h statt)esh orm reséonances. bl bri he ion f
energy. Dielectronic recombinatiddR) is the time inverse . W en ot RR.an DR are a € to bring the ion from a
{fiven initial state into the same final state, they cannot be

of Auger decay, i.e., resonant radiationless capture of a co N stnaui : . ) .
tinuum electron by a Be ion into an intermediate doubly . istinguished and their quantum mechgnl_cal ampllt_udes W.'”
excited autoionizing state B&, which, with a small but !nterfere. When the amplitudes are .Of similar '.””a‘?!”'t“de this
finite probability, decays by photon emission. If the decay!nterference shoqld be obser_\/ablg n recomb!nat_lon spectra,
occurs to a bound state, recombination is completed, in accordance vvllth' observations in photoionization spectra
where asymmetric line shapes are well known and was put in
Be' +e —Be** »Be* +hw. (2)  atheoretical framework several decades ago by Hagp
Interference has been reported in a recombination experi-
Besides the above-described recombination scenarios, moneent with trapped uranium iongl4], but there is still no
than one electron can be involved in the collision and theheoretical confirmation of the effect in this system. A clear
excess energy can then be carried away by another initiallgxample of RR-DR interference is therefore still missing. As
free electron. This process is irrelevant in the present studin Be the lowest-energy resonances arp3)2S and ¢3¢’
since only high quantum states can be populated, from whemoubly excited states, it is a candidate for detection of asym-
the electron is removed by external fields before detection.metry as will be discussed below. The experiment is de-
Through measurements of DR resonances, properties stribed in Sec. Il and the theoretical framework in Sec. Il A.
doubly excited states, such as energies, radiative decay ratdg)e results are analyzed and discussed in Secs. IV and V.

. . . . . Il. EXPERIMENT
*Permanent address: Institute of Physics, University of Novi Sad,

21000 Novi Sad, Yugoslavia. The experiment was carried out with the ion storage ring
TCorresponding author. Email address: schuch@physto.se CRYRING at the Manne Siegbahn Laborat¢ty] in Stock-
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T = 1 excitations(approximately 5 eV in the c.m. frameThe volt-
c:::;’;eci':f:;ion ,  age scan started after cooling the ion beam for 3 and had a
12x10 zig-zag pattern, i.e., the cathode voltage first went up for 1 s,
then down from its maximum, crossing the cooling voltage
@ to reach the minimum afte8 s and back to the cooling volt-
§ age agairfFig. 1(a@]. In Fig. 1(a) the dashed line represents
O the cathode voltage scan before space-charge potential cor-
rection that will be discussed in details in Sec. IV. The solid
line represents the cathode voltage scan after correction for
space-charge potential.
0-30 : 1' : é : é : "1 : é : E'; : ;X?OS The interesting region of 0-5 eV c.m. energy was thus
scanned four times. Four data sets of spectra were recorded
in one measuring cycle with different conditioffsig. 1(a)].
—— T The electron velocity is higher than the ions in the first two
a5r T spectra and lower than the ion velocity in the latter two spec-
I (b) 1 tra. In the middle of the scan there is a point where the
1 electron velocity equals the ion velocity, thus its energy is
. zero in the c.m. frame. After each cycle a new ion beam was
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FIG. 1. (a) The gray histogram line represents the number of the Accuratg predictions of energy pos_ltlons and W'dths. O.f
recombined ions as a function of the measurement time in eacHOUbIy excited states can be accomplished with relativistic

cycle. The dashed line represents the cathode voltage as a functigﬂany'bc’dy perturbation theotRMBPT), see, e.g., Ref2]

of time before space-charge potential correction. The solid line rep‘:jmd references therein. Here we use RMBPT in an all-order

resents the space-charge-corrected cathode voltageThe gray ~ formulation, the so-called coupled-cluster single- and
line shows the spectrum before space-charge potential correctidiouble-excitation schem@CSD) [17], where the full prob-

and the black line represents the spectrum after space-charge cé@m is _reduced to a coupled two-particle pr0b|_em- D_U"ing the
rection. formation of DR resonances thesy, electron is excited to

2p; where the excitation energy is provided by the binding
holm. The B€ beam was produced in a plasmatron ionof a continuum electron. An accurate determination of the
source and injected into the ring after preacceleration by &p;-2s,, splittings in the Bé ion is therefore the first step
radio-frequency quadrupole accelerator to an injection enef the calculation of DR resonances. In a second step we
ergy of 300 keV/amu. Final acceleration of the ions to ancalculate the doubly excited states in Be accounting for the
energy of 1.2 MeV/amu was accomplished by a radio-interaction between the captured electron and sfecbre as
frequency acceleration system while the ions were circulatwell as for the interaction with the excited target electron.
ing in the ring. The number of stored ions was estimated tdhis latter interaction is decisive for the properties of the
be ~ 10 from the ion beam current that was measured by amloubly excited state and determines not only the position but
inductive current transformer. Recombined atoms formed iralso the lifetime of the state. Doubly excited states are gen-
the electron cooler were separated from the circulating bearerally very fragile and decay predominantly by autoioniza-
in the first bendingmain dipole¢ magnet downstream from tion, i.e., they are embedded in the continuum. To be able to
the cooler, and were detected by a surface barrier detectdiandle this situation, we use the complex rotation method
(SBD) with an efficiency of 100%. The electron cooler was that makes a treatment of decaying states without explicit
set to provide an electron beam with a transverse temperatusentinuum functions possible. The method directly gives the
(kT,) of 1 meV. Once the ion beam is cooled, a scanning ofautoionization width of a resonance as the imaginary part of
the cathode voltage and data acquisition took place. For eachcomplex energy. The many-body perturbation theory com-
recombination event detected, the cathode voltage and tH@ned with complex rotation has been successfully applied in
time related to the scan trigger were recorded. Figue 1 both nonrelativistic [18,19 and relativistic calculations
shows typical raw data for Beas a histogram representing [1,2,7,20. The third step in the calculation is to calculate the
the number of recombined ions as a function of time. Thecross section for recombination, which after folding with the
interaction energy of the electrons with the ions in the coolerelevant electron velocity distribution can be directly com-
was controlled by scanning the cathode voltage of the elegrared to experimental recombination spectra. This third step
tron cooler over a certain range that coversli=0 core is described in more detail below.
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B. Calculation of recombination cross section Eg. (4) has a vanishingly small imaginary part, the contribu-

To calculate the recombination cross section we use thion 'from that ste}te takes'the form of a Lorentz profile. Inte-
method previously described in RR21], which has been 9ration overe, will then give
applied to DR of lithiumlike E* [21] and copperlike PG* 432
[22]. The RR process, Edl), and DR process, E¢2), both Shzf o(8e)de = T Inpr
start with Be in its ground state plus an incoming electron 2me Re{E—Eion} g
and end with Be in a bound, but possibly excited, state plus P o . . )
a photon. Recombination into this bound statis the time ~ WhereA;_s is the radiative transition rate in the dipole ap-
inverse of photoionization frons, and methods developed Proximation, which is in the usual noncomplex rotated way
for this latter proces$23] can be used. For recombination Writtén as
calculations it is natural to write the cross section as a func- 1 2 3
tion of electron energy instead of as a function of photon ,r _ e (‘*’) Re{<wisMs|r|\PinMn>2}.

®

energy. These two quantities are, of course, locked to each "% g, m<, 4meq 34 | ©
other via (6)

hw=getEjgn—Es, (3 The sum in Eq(6) goes over all magnetic substates of the
two levelsn ands, and is averaged over the magnetic sub-
and the cross section for recombination can be written as states of the initial stata by division with the multiplicity
gn - An implicit assumption in Eq), and thus in Eq(5), is
1 € 4rowlhow\? 1 that the radiative ratd" is much smaller than the autoioniz-
T g 4me, 3 C (—) ation rateA?. In Eq. (5) one can easily correct for this as-
. . sumption by multiplication with the ratio between the cap-
(VU re'|w )y -(W |re'?|vy) ture rate and the total decay rate. Since all doubly excited
X Im[ > “E._— ] : states studied here can only autoionize to the ground state of
n En—Eion—¢e . D y 9
the B€" ion, the autoionization rate equals the capture rate. If
(4)  we also sum over all possible final recombined statese
find the frequently used formula
Equation(4) thus gives the cross section for recombination
into a specific bound state and it is the basis for the calcu- a ;
lated recombination spectra presented here. The total cross 9 7372 AnZS An-s
section for field-free conditions can be obtained after sum- S,=—
mation over all bound states In storage ring experiments gi 2me Re{E;— Ejon}
the motional electric fields in the magnets will result in field
ionization of weakly bound statgsee Sec. VD and thus
not all recombined ions are detected. To describe this, the
sum overs has to be truncated appropriately. Evéwy) in .
Eq. (4) represents a correlated many-particle state with com- 1he acceleration of the electrons to an energy of around
plex energy. The sum oven goes over all statesidis- /00 €V reduces thglr longitudinal velocity spread. Th'e trans-
cretized continuum states as well as doubly excited statesVerse spread remains unaffected. The electron velocity distri-
The presence of the continuum states enables the inclusion Bpition is described by the so-called “flattened” Maxwellian
direct radiative recombination. For the doubly excited statelistribution[25],
the complex energy can be written &S,=Ep,s—il'/2. m o M2
Where E, .= Re[E,} determines the resonance position in f(Ve,Ave) =2——1 [ exp( e
the cross-section spectra, while= —2 X Im{E,} is the reso- 2mkT, N 27kT) 2kT,
nance full half-width. The statistical weight of the initial ion 2
ground state is denoted lgy, and hereg;=2. — w)
Equation(4) allows for interference between RR and DR 2kT, ’
since the wave functiongV,) implicitly include both the ) . ) )
so-called bound parts and the open channels. This is a propdth ve, andvg, respectively, being the perpendicular and
erty of the complex rotation method and through the operparallel components of the electron velocity veatqrwith
channels the matrix elements obtain imaginary parts. Theespect to the ion beam direction. The detuning of the longi-
real part of such a complex matrix element squared is retudinal velocity component of the electrons with respect to
sponsible for the symmetric part of the cross section, whilghe ions is expressed liyv .. The velocity spread of the ions
the imaginary part directly introduces an asymmetric behavis generally negligible due to electron cooling and their
ior. A more detailed discussion can be found in R&#]. heavy mass. The relative motion between the electrons and
The strength of a resonance is a useful concept and i®ns is thus governed only by the velocity spread of the
closely related to Eq4). It is defined as the integrated cross electrons.
section due to a particular doubly excited statén the case The shapes of DR resonances are strongly affected by the
when, for a specific doubly excited statethe numerator in  electron beam transverse temperature at low energies, while

C | 2mMgee

)

n—s

A2+ Al
S

C. Conversion to rate coefficients

®
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at high energies the experimental energy resolutieny is  velocity and ion velocity differ, the interaction between them
determined by the electron velocity and longitudinal tem-tends to drag the ions. The change of the ion energy during
peraturek T as[26] the cathode voltage scan was found to correspond to a
change in the electron energin laboratory framgof 1 eV,

Aee=+(KT, IN2)?+16kTjeeIn2~3.33/kTjee. (9)  which corresponds to approximately 0.4 meV in the c.m.

) _ _system.

In order to compare thg t_heoretlcal results with the experi-~ For transformation of the energy from the laboratory
mental rate coefficient, it is necessary to fold the calculatedrame to the c.m. frame, the space-charge-corrected electron
cross section with the electron velocity distribution, energyE,, and the drag-force-corrected ion eneigy for
each data point are inserted in the relativistic formula,

a’theor(AUe):j d35eve0(ve)f(lje1Ave)a (10 go=—(mM+m )C2+[{E-+E +(m;+m )02}2
e i e iTEe i e

which can also be expressed in the relative electron energy — (VE?+2mc%E; + VE2+2m,c?E.)2]Y2  (13)

scale axipeol€e)-
In the following paragraph we are going to discuss different

IV. DATA ANALYSIS contributions to the uncertainty in c.m. energy. First, as
seen above, the overall changes in the ion energy do not
The aim of the data analysis is to obtain the energy posicontribute to the uncertainty in the c.m. energy. There are
tions and the rate coefficients of the DR resonances from thgvo contributions to the uncertainty which are important: the
recorded data. As the cathode voltage is recorded by agominant one is due to the conversion of the voltage channel
analog-to-digital converter as channel numbers, a voltage the cathode voltage and the second one is due to the
calibration is needed for conversion of the voltage Channe|§pace-charge correction. The uncertainty in the conversion
back to the cathode voltage. In this calibration, randomfrom the voltage channel to the cathode voltage gives a
events are recorded with the cooler cathode voltage being sgiaximum error of=13 meV at 5 eV in the c.m. system.
to several discrete values throughout the scan range used s error propagates over the entire c.m. energy scale with a
the measurements. As the channel number corresponding gglative error of 0.26%. As said earlier, the calculation of the
each voltage is well defined by the respective peak, the catfspace-charge correction depends critically on the well-
ode voltage as a function of the channel number is obtainegdefined velocity of the electrons and ions at the cooling con-
by a fit. Due to the existence of the space charge potentiglitions and on the approximate calculation of the compensa-
Usp, the real electron energl, is related to the cathode tion parameter. In the first case the uncertainty in the
voltageU cqth by length of the ion beam orbit, which is 3 cm, produces an
uncertainty of=7 meV in the c.m. energy. Thé parameter
Ee=e€(Ucati~Usp), (D) was found to be rather small, 0.045. The potential raised by
the electron beam is calculated to be approximately 50 V,

whereUspis modeling by the following formul27]: which means that the potential from the trapped positive ions

Ir m.c2 b r\2 is approximately 2 V or 1 meV in the c.m. system. Thus the
Ugfvd=(1-)———|1+21In —) - (-) . (12  uncertainty in gives a negligible contribution to the overall
ve€® a a error in the c.m. system. We should point out that the

) o changes in the ion energy during the cathode voltage scan
Herev . is the laboratory frame electron velocityis electron  couid be disregarded. Finally, we arrive at the maximum er-
current,r . the classical electron radius,the distance from (or in the c.m. energy of 18 meV or a relative error of 0.4%
the electron beam axis, aral and b are the radii of the gyer the entire energy scale.
electron beam and the cooler tube, respectively. The condi- |4 order to determine the resonance strengths from the

tion r=0 is assumed throughout the experiment because thgyectra, the numbers of detected ions were converted to the
ion beam is only 1 mm in size after cooling and is aligned torate coefficients by

the axis of the electron beam. The paramétezpresents the

contribution of the trapped ions, created by electron impact Riy?

ionization of residual gas molecules, to the space charge po- Aexp 8e) = Ningl/C’ (14
tential. The compensation parametectan be determined by

inserting the values of the cathode voltdgg,and the elec-  whereR;=N/(At N is the background-subtracted count
tron energyE, at cooling into Eqs(11) and (12). The real rate,N is the number of counts in thgh time channelAt
electron velocity can be derived from the ion velocity atis the time interval per channe\.. is the number of data
cooling from the Schottky frequency and the length of thetaking cycles,y=[1—(v;/c)?] 2 s the Lorentz factor\,

ion orbit C in the ring. Besides the corrections for the space-is the number of ions stored in the ring, amgdis the electron
charge potential, another correction needs to be made. Figudensity. The main contributions to the background in the
1(b) shows the spectrum that results from the cathode voltmeasured rate coefficient come from electron capture from
age scan beforgray line and after(black line the space- the residual gas. The background was treated as a constant. It
charge potential correction, that produces a shit=@®9 eV can be derived by simply averaging the rate over c.m. energy
in the c.m. frame. During the scan, when the average electrorange(0.5-1 eV} where there are no DR contributions and
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TABLE I. The contributions to the &,, 2py,, and D5, energiegrelative to Bé*) and to the D-2sy, splittings in the Bé ion. The
numbers in the first three columns are given in atomic unitSBe, i.e., 1 a.u=27.211383M/(M+m,) eV=27.209 727 1 eV. Uncer-
tainties in shown numbers are enclosed in parentheses.

28y 2pyp 2p3p 2pyr2sy2 2pP3/22Syp2
(a.u) (a.u) (a.u) (eV) (eV)
Dirac-Fock —0.666183 —0.519447 —0.519406 3.9927 3.9938
ADirac-Fock-Breit 0.000024 0.000023 0.000009 0.0000 —0.0004
Mass polarization 0.000000 —0.000016 —0.000016 —0.0004 —0.0004
Coulomb-Coulomb correlation
Second-order core-valence
a4 —0.003905 —0.004120 —0.004117
€ max=5 —0.003915 —0.004144 —0.004141
€ max=6 —0.003920 —0.004155 —0.004152
Cna=T —0.003923 —0.004160 —0.004158
€ max=8 —0.003925 —0.004164 —0.004161
Extrapolated —0.003929(2) —0.004170(3) —0.004168(3) —0.0066 —0.0065
Second-order core-core 0.000996 0.000253 0.000253 —0.0202 —0.0202
Higher order —0.000186 —0.000422 —0.000421 —0.0064 —0.0064
Coulomb-Breit correlation
Second-order core-valence —0.000008 —0.000003 —0.000002 0.0001 0.0002
Second-order core-core 0.000002 0.000001 0.000001 0.0000 0.0000
Total RMBPT? (CCSD) —0.669284(10) —0.523780(20) —0.523751(20) 3.9596) 3.95996)
Ref.[28]° CCSD —0.669304 —0.523804 —0.523774
Ref.[28]° + some effects
beyond CCSD —0.669293(3) —0.523786(6) —0.523756(6) 3.9592) 3.960@2)
Experiment —0.6692883(2) —0.523801(1) —0.523771(1) 3.95868) 3.959483)

&The uncertainty is dominated by a rough estimate of uncalculated effects beyond GE&S®x\

®The values for the binding energies reported in 28] (given in a.u. for infinite nuclear masare here divided by a factdRg./R..
=0.999939 132, in order to compare with the present result.

°Hollow-cathode discharge emission spectroscopy. Refer¢B6k gives the binding energies of BE2s,,)=146882.86(5) cm?,
Be'(2py,)=114954.10 cm?, and Bé (2p,,) =114 947.52 cm®. The values presented in the table are obtained from division by twice
the Rydberg constant for berylliunRg.= 109 730.63 cm?).

the RR rate is negligible. The uncertainty in the measuredhas been divided into second-order contribution, and the all-
rate coefficient was conservatively estimated to be 21%oprder CCSD result. The partial-wave expansion is carried on
mainly due to the uncertainty in the ion current measurementintil ¢,,,,=8 and extrapolated from there. In the second or-

and in the length of interaction region.

V. RESULTS AND DISCUSSION
A. Calculation of energy levels in the B& ion

The contributions to the binding energies of the;2,
2py1s, and 24, States in B&, together with the Rj-2s1,

der only the core-valence correlation is affected by the infi-
nite sum over partial waves. We estimate the uncertainty in
this part as half the extrapolation contribution. The
Coulomb-Breit correlation, resulting from one order in the
Coulomb and one in the Breit interaction correlation, is in
this light system three orders of magnitude smaller than the
pure Coulomb correlation and is just calculated in second

splittings are given in Table I. The first row gives the Dirac- order[27].

Fock contribution, while the second shows the effects due to Blundell et al. [28] have earlier performed an all-order
the Breit interaction when it is added to the Dirac-Fockrelativistic calculation on the & energies in Bé&. This cal-
Hamiltonian. The retardation beyond the Breit interaction isculation is also using the CCSD approximation, but is adding
in the lowest order less thanx10™® a.u. and is thus of no some extra effects, see below. The calculation is in fact very
significance for the number of figures shown in Table I. Thesimilar in spirit to our calculation. The agreement is also
nuclear size effect is also too small to be seen with the preclose, but not perfect. One difference is that the R28§]
cision displayed in Table I. The third row shows the lowest-starts from a Dirac-Fock basis set, instead of a Dirac-Fock-
order mass polarization. It contributes to the, 3tates only ~ Breit basis set, but this is rather unimportant in such a light
since the ground state, containing ordyelectrons, is not system as Be. In fact the sum of all contributions involving
affected in first order. To underline the importance of corre-the Breit interaction agrees to within1x 10 ® a.u. Another
lation, to high orders, the Coulomb correlation contributiondifference is in the partial-wave expansion which stops at
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TABLE II. A breakdown of the contributions which determines
the positions of some of the low-energy Bg(2¢;/) resonances

(eV).

2pP1/23S172 2pP3123P312 2p323dsy;
J=0 J=3 J=4

(2pj—2s1) +
Dirac-Fock-Breit 1.3867 1.9765 2.4401
description of 3},
Coulomb correlation —0.0036 —0.0033 —0.0004
of 1s? with 3¢},
Full 2p;3¢;, —0.0994 —0.1290 —-0.1216
correlation
Total 1.2837 1.8442 2.3182

€ max=06 in Ref.[28] and at{,,,=8 here. In both cases the
result is, however, extrapolated to infimum and the uncer
tainty in this procedure should definitely be within a few
parts in 10° a.u. The CCSD result from Ref28] is still
~20x 10 © lower than the present result and the reason o

similar for all the Z; energies and affects thep22s energy
splittings much less. In Ref28] also some effects beyond
the CCSD result were considerg¢dalled E(3)-extrd. The
result including theE(3)-extra contributions is listed sepa-
rately in Table | and agrees much better with our calculation
but that can only be a coincidence. TBE3)-extra contribu-

A

this is not clear to us. The difference is, however, rather

PHYSICAL REVIEW A 66, 022719 (2002

We have calculated in total 250 doubly excited states in
the Be atom which are placed above the first and below the
second ionization limit. Table Ill gives resonance positions,
widths, A%, A", and DR strengths of the first 26 resonances
of the (2p1/2,3:3¢ ;) ; doubly excited states. But all results for
resonances up to (#,, 3,/ ¢;), are used in Fig. 2. All cal-
culations, being fully relativistic, are naturally performed in
thejj coupling scheme. In order to understand the character
of the resonances they are projected ontd Srcoupled ba-
sis. The second column of Table Il displays the dominant
LS term with its weight and it is clear that most resonances,
as expected, are well described in th8-coupling scheme.
However, in a nonrelativistic calculation eight of the reso-
nances would not exist, since th@2p 3P and 23d*°D
symmetries cannot autoionize in pur8 coupling. The spin-
orbit-induced admixture of othér symmetriesSor D andP
or F, respectively, causes these states to be weakly autoion-
izing, with up to six orders of magnitude slower rates com-
pared to those that can autoionize nonrelativistically. The
ranching ratiosA?/(A?+A"), see Eq.(7), for these non-
lativistically forbidden resonances range from 0.52 to 0.95,
and consequently reduce the corresponding recombination
strengths by at most 48%n the case of the 23d °D, reso-
nancg. Several of these nonrelativistically forbidden reso-
nances also give substantial contributions to the rate coeffi-
cient, see, e.g., thegdd 3D resonances in Table Ill and Fig.

3. The 203p P (forbidden resonance is quite isolated in the

tions can be obtained with results available at the ccspPectrum and can be clearly identified in Figs. 2 and 3.

level, but belongs formally to the triply excitation scheme.

The calculated resonance positions in the recombination

Salomonson and Ynnerman have shown that there are impdEIOSS section are dlsplayed in the third column of Table Il

tant cancellations at this levgR9] and the size of the

and are in good agreement with the availalslee Ref[31])

E(3)-extra contributions has been used here as a rough es@xperimental data, given in the fourth column. The agree-
mate of the uncertainty due to uncalculated effects. The unment is usually far better than 5 meV. The only exception is

certainty then equals 5% of the higher-order correlation con
tributions.

the broad'P, resonance at 1.59 eV where the disagreement
in position is 16 meV. This is, however, a very broad reso-

Very accurate emission spectroscopy measurements exisance, with an autoionization width of nearly 0.5 eV, and

for Be* [30]. The uncertainties for the energy positions of
the 2p; states and of the [2-2s energy splittings given in
Table | are obtained as recommended in R&L]. The cal-

where thus the experimental energy positiéa] should be
taken with less confidence, as has been noticed also in Ref.
[31].

culated results agree with the measurements within the error

bars discussed above.

B. Resonances in the Be atom

C. Overview of the spectra

The experimental recombination rate coefficient of lithi-
umlike Be" is shown in Fig. 2. Besides the strong rise of the

In order to determine the positions of the resonances imate coefficient near zero c.m. energy, the spectrum contains
the recombination rate coefficient the interaction between ththe An=0 DR resonances due to the occurrence sf2
captured electron and the excited target ion has to be calcu-2p;n{ excitations. The lowest-energy resonance is due to
lated, as discussed in Sec. lll A. Table Il shows the contrithe (2p?) 1S, doubly excited stat¢33]. The shapes of DR

butions that determine the position for some of the low-

resonances are strongly affected by the electron beam trans-

energy resonances. For simplicity, only the states that, due teerse temperature at low relative energies. At high energies

symmetry reasons, are dominated by pneonfiguration are

the width of the resonances is related to the longitudinal

shown. The first line gives the resonance position when théemperature by Eq(9), which we use to obtain the initial

outer, ¥;., electron interacts with thes? core through a

value KT))in;=0.17 meV for the longitudinal temperature

Dirac-Fock-Breit potential. The second line contains the corby Gaussian fit of the experimental rate coefficient at

rections coming from the correlation between thg, 3elec-
tron and the $? core. The fully correlated description of the
2p;3¢; interaction(third line) accounts for both Coulomb
and Breit correlation, but the latter is insignificant.

1.28 eV energy. The optimal values &fT, =1 meV and
kT,=0.22 meV were found after fitting the experimental rate
coefficient at the same energy range around 1.28 eV, but
using the proper model for the rate coefficient given by Eq.
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TABLE Ill. Positions, widths, and strength for the lowest Bp{# ¢;,); resonances in the recombination cross section. The dominating
jj andLS terms along with the extends to which they describe the state are given in the first and second column, respectively. The
autoionization rate is denoted #? and the radiative rate witA". The resonance strengths are calculated according t¢7EdNumbers
enclosed in brackets are powers of 10.

Configuration(to %) Position:EesEion (€V) This work: calculation only
Width: T’ A? A Strength:S,
jj term LS term This calc. Ref[31] (ev) (ns}) (ns}) (10”22 eV cn?)
(2p?) 15,2 0.1241 0.123 9.251 3] 14055.94 0.220 21.92
(2p1/23S1/2) 0 97% 3P, 99% 1.2837 1.2847 1.793 4] 272.44 0.193 1.85
(2p1/23s1/2)1 65% %p, 88% 1.2840 1.2849 1.8Dp2 4] 273.76 0.192 5.54
(2p3/23S1/2) 2 97% %P, 99% 1.2845 1.2854 1.799 4] 273.27 0.194 9.32
(2p323s1/2)1 78% p, 88% 1.5931 1.577 4.890—1] 742980.45 1.038 24.18
(2p323p32) 1 55% 1p,°53% 1.7323 1.7269 2+7] 0.32 0.096 1.58
(2p123p12)1 73% 3D1d 40% 1.8435 1.202- 3] 1825.87 0.166 3.34
(2p123P30) 2 49% 3D,% 100% 1.8438 1.2Q0- 3] 1823.05 0.164 5.49
(2p323pP32)3 98% 3D3d 100% 1.8442 1.197 3] 1818.23 0.169 7.92
(2p323p12)1 29% 381d 63% 2.0208 2.0189 1.119-2] 17002.71 0.285 5.24
(2p1/23p1/2)0 67% 3P,¢ 99% 2.0857 2.0857 1.0+ 6] 1.54 0.133 0.72
(2p1/23p312)1 50% 3P, 99% 2.0858 2.0858 6.6-7] 1.00 0.138 2.16
(2p323p312)2 67% 3pP,° 89% 2.0861 2.0861 1.646] 2.49 0.138 3.87
(2p323p1s2) 2 33% D, 89% 2.1126 1.032-1] 156817.99 0.217 6.36
(2p323ds)y) , 46% 1D,* 57% 2.2526 2.2567 1.2p6 6] 1.85 0.114 2.95
(2p123ds0) 2 75% 3F, 32% 2.3176 1.578-1] 232120.70 0.248 6.61
(2p323ds0) 3 53% 3F3 92% 2.3178 1.528-1] 232115.66 0.233 8.69
(2p3/23dsy0) 4 100% F, 100% 2.3182 1.528-1] 232110.28 0.251 12.05
(2p1/23d30)1 50% 3D,° 85% 2.3543 2.3552 1.13 7] 0.17 0.154 1.28
(2p3/3d3p0), 53% 3D,° 61% 2.3544 2.3553 1.1+ 6] 1.68 0.159 3.83
(2p3/23ds0) 3 71% 3D;° 76% 2.3545 2.3554 1.58 6] 2.40 0.168 5.79
(2p3/23pP312) 0 59% s, 100% 2.4486 8.979- 3] 13642.53 0.339 1.71
(2p123dsy0), 45% %P, 58% 2.4796 1.296- 2] 19689.34 0.310 7.74
(2p323ds0), 50% 3P, 94% 2.4799 1.296-2] 19686.58 0.296 4.43
(2p323d30) ¢ 93% 3P, 100% 2.4800 1.295-2] 19677.18 0.312 1.55
(2p123ds)0) 3 33% IF, 72% 2.5076 8.719-2] 132466.32 0.299 10.32
(2p3/23dsy0) 1 56% p, 75% 2.5375 2.536 1.8814] 278.17 0.298 4.36

®Resonance position, width, and autoionization rate are extracted from nonrelativistic calculations[88Ref.

®Nonrelativistically forbidden.

‘Resonance with interference effects.

9The autoionization width of this resonance is very broad, which affects the reliability of the experimentally determined energy position.
®Originally (Ref.[50]) assigned to &2p 3P°-2p3p 3D*® transition, and reassigned in RE51] to 2s2p 3P°-2p3p 3S° transition.

(10). On the other hand, the expected value of the longitudi{34], just one Rydberg series of DR resonances correspond-

nal temperature is 0.1 meV which is given [85] ing to an excitation of a  electron to 2 is visible (see Fig.
2).
2 2 113
T KTcan [ 2meCere (47T”e) (15 As shown in Figs. 2 and 3 the theory achieves good agree-
I 4E ;0 k 3 ' ment with the experimental data with respect to resonance

positions(for details see Tables Il and )VIn Table IV we

whereT,is the cathode temperature (1173 K, is the  compare some of the lowest experimental and calculated
electron cooling energy;. is the classical electron radius, resonance positions. An agreement to within 4 meV is ob-
andn, is electron density. The difference between the extained for the groups of resonances shown here, but the ex-
pected longitudinal temperature and the optimal value obperimental resolution is insufficient to uncover the fine struc-
tained by fitting may be due to a slight displacement of theture. In order to make this comparison, the energy positions
ion beam from the center of the electron beam. were obtained by the same fit to the experimental and calcu-

Since the energy splitting between th@s;2 and 24,  lated resonance groups. If one compares the calculated posi-
states is very small for this light elemefit8.16x10 % eV) tions of the same resonances in the cross section with the rate
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20 TABLE IV. A breakdown of the positions of the lowest promi-

~ qgl = nent resonances in the recombination rate coefficient observed in
oo | o ) th!s c_axperlm_ent and compared with the present calculations. Uncer-
®c 16 @p36), @p40), & | |Theory tainties are in parentheses.

© [T TR TN
5

° 1ol Resonances ExpteV) Calc. (eV)

= 10 (2p?) s, 0.1197) 0.1208

2 Expt. (2p 3s)°Pg12 1.2879) 1.2835

£ (2p3p)°D12s 1.8429) 1.8432

8

L

©

o

the weakly bound Rydberg electron due to field ionization in
the bendingimain dipole¢ magnet. A rough estimate for the

o N A O ©
T T T T
m&
o

00 05 10 15 20 25 30 35 40 principal quantum numben,,.s above which the Rydberg
Energy (eV) electrons are no longer bound is given [13p]
FIG. 2. The white area shows the spectrum obtained by com- q® 4
bining the four spectra from the measurement with the electron Neutofi= | 6.2X 1010_—B , (16)
current | =31 mA. The calculated cross section with =7, vi

convoluted withkT, =1 meV andkT;=0.22 meV(for details see whered is the charge state of the ion aBds the magnetic
text), is shown by the thin solid line. ThéPi state at 1.7 eV q 9 9

[labeled with (b)] is an example of nonrelativistically forbidden flux density in the dipole magnet. For. the.IOI’I velqcuy
resonance that is quite isolated and therefore clearly visible. =0.04985(3)<c and B=1.16 T used in this experiment,
one arrives at amg,.~7. Therefore, it is expected that

coefficient(see Table IJ, one can see a small shift towards contributions to resonances will be greatly reduced for states

lower energies which is due to the folding procedigee Eq. With n=8. Since the reionized recombined systems cannot

(10)]. contribute to the measured rate, “hard cutoffg =7 is
Concerning the size of the rate coefficient, one noticedntroduced in the theoretical calculations, see Ej. The

that the theory is a factor of up to 1.7 h|gher than the experiiheor-e-tical rate coefficient in Flg 2 was obtained for this

mental one in the high-energy region >3 eV). Whereas condition.

at energiess.<3 eV, theory and experiment are in good

agreement also in absolute heigbee Fig. 3. This mismatch D. Effects due to external fields

is thus not due to a systematic error in the normalization for A preliminary investigation of field ionization features of

obtaining absolute rate coefficients. ) . A .
Very close to the second ionization threshold of Be, theBe Rydberg states is summarized in Fig. 4. In Figy 4ve

observed DR rate coefficient is influenced by the removal Opresent our calculations of the Stark structure of the Be en-
y ergy levels. The energies were calculated by direct diagonal-

ization (with manifolds up ton= 12 included for increasing
field strengths (200 V/cm incremgnand the energy level
plot was generated by connecting the eigenvalues, using
third-order spline interpolation between the field points. To
compute the matrix elements of the dipole moment, we used
the nonhydrogenic formulas given by Ryf&6]. By exami-
nation of the zero field binding energies for the Be a{@l,
one can find a strong perturbation of the Rydberg series,
where the (8 nd) 'D levels are above all (@nF,G,H,I)
levels due to influence of ap? perturber on thes d series
[37-40. This effect causes the $hd) D levels to have
appreciable negative quantum defé@8] and to shift qua-
dratically (along with 2 n*3S,%3P, and 3D serie$ at low
field strengths. In this regime 6nF,G,H,l) the levels of
each manifold suffer linear energy shifts that form a
pseudohydrogenic Stark fan. The field strength in the correc-
FIG. 3. A detailed view of the low-energy region in the DR tion dipole magnet is capable Ofl mixing the highsubsets
spectrum showing the resonances listed in Table IIl. The experiWith the lower¢ (particularly with D) members within the
mental data is shown as dots while the calculation is given by thé=6 manifolds. Moreover, the field strength in the main
white area under the thick solid line. Resonances labeled (bjth ~ dipole magnet is responsible for overlapping the adjacent
are nonrelativistically forbidden, and their exclusion from the cross2S =6 Stark manifolds. To calculate the survival probabil-
section will result in somewhat lower rate coefficients shown as dty for each Rydberg state, we used a method introduced in
dashed line. Ref.[35]. The results are summarized in Figb# In obtain-

@
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cantly reduce the disagreemdsee Fig. 2 between theoret-
9 ical and experimental rate coefficients fop(2¢), (2p 6¢),
5 and (20 7¢) resonances. Also, the experimental spectrum
m“i_w displayed in Fig. 2, shows substantial resonance strengths
° beyond the B; ngyr limit. This “shoulder” in the experi-
St mental rate coefficient can be explained as follows. The dis-
2 tance between the center of the cooler and the dipole magnet
& is about 1.6 m and the ions have a flight time~e107 ns.
8"12' , > Before the recombined ions reach the main dipole magnet,
= 735“ = they pass through toroid and correction magnets where the
@-13r 715‘ <":‘ maximum values of the magnetic flux density aB
o /’ —_—— =0.03 T andB=0.09 T, respectively. The correspondin
o ——— . =0.09 T, resp ly esp g
"0 |05 10 15 20 25 55 fas 40 motional elect_rlc field in the correction magnet is thus ca-
©0)  Field strength (10°a.u.) ™D pable, according to Eq16), of field ionizing the Rydberg
states in Bé(152251,2n’€j',) with n’=16. Therefore some
1ormm s v of the singly excited states B&1s*2s;,n’¢],) with Neyof
a8 (0) g % <n’=15 may decay radiatively into the states with principal
3,0'8_' / E 2: guantum numbes=n o« before reaching the dipole magnet.
Zo07f 0.67, 2 2] Evidence of this kind of decay has been observed in Refs.
Soef %27 ”_,-'f g [4,19,43, and is known as “delayed cutoff.” This conclusion
Sosk \ 044 , a jygo; is also supported by Ref44], where calculated field-free
T4l 1167 5 21 radiative lifetimes for selected excited states of Be are given.
s %72z 1 According to those results, 6nd) 13D (n<8) states have
=l & 7 radiative lifetimes less than 100 ns. Due to intramanifold
027 'c_) z 21 field-induced level mixing in the correction dipole magnet,
0.1 { 0.06 7 '_ o we can expect considerable reduction in radiative lifetimes of
0.0 -- the majority of high€¢ states within each of thestn<15

4SPDF5SPDFG6SP DF GH7SPDF GH I8P DFGH I K manifolds. A more elaborate investigation on this subject is
(2s nL) Terms in progress.

FIG. 4. (a) Stark map oM ;=0 Rydberg levels for the manifold
2s7L in Be. The dashed curve is the classical ionization limit.
Vertical arrows on the field strength axis mark the maximum field There are no DR resonances below 0.1 eV, and the high
strength in the correction dipole and main dipole magnets. Anfate coefficient close to zero relative energy is due to non-
atomic unit for the motional electric field strength is resonant recombination. The measured rate coefficients are
~5.142 17 10 V/m. (b) Survival probability of Be excited states in good agreement with theory for relative energies larger
after passing through the main dipole magnet. The bars represetttan 10 3 eV. This again indicates that our systematic error
statistically averagetbver all possible values dfl ; andJ quantum  in the absolute height of the measured rate coefficient is
numbers survival probabilities; variation in the field strength along smaller than the estimated 21%. At energies below316V
the ion beam axis is included as in RES5]. The solid line gives a  the measured recombination rate is clearly enhanced and
description ofL-averaged survival probabilities for each of the regches an enhancement factor of 3.1, as seen in Fig. 5.
manifolds considered. Enhancements in this energy regime have been found pre-

viously in many other measurements using a broad range of
ing statistically averaged survival probabilities we assumedare ions D, HE", N’*, Net®", and St** [45]. There the
that states whose absolute values of the quantum defect asahancement factors were ranging from 1.6 to 3 and the
less than 0.01 will follow diabatic paths having field- excess in the rate was found to scale with the nuclear charge
dependent lifetimes calculated by Damburg and Kolosowasz?8. Li-like ions follow the same trend as has been shown
[41,42. All other Stark levels of the sambl; value will  in several experiments, e.g., in Ne[4], C** [46], and ar-
mutually repel(e.g., all the avoided crossings are traversedgonlike Ti** [47].
adiabatically and will be completely ionized if they reach  There is evidence that this enhancement of the rate coef-
the classical ionization limit. Within such a simplified model, ficient is caused by the magnetic fields present in the electron
the solid line in Fig. 4b) described -averaged survival prob- cooler[48,49, but the reason for the enhancement is still a
abilities for each manifold. This confirms the result of Eq. subject of ongoing research. We will not discuss this ques-
(16) that the states with=8 cannot contribute to the recom- tion further here, but note that the excess in the rate found
bination rate. In addition, all (26G,H) and (37F,G,H,I)  here iSAa= aeyy— aieo= 20.5< 10 cnPs™ 1. By deter-
states will be also destroyed during the flight through themining an effective nuclear charge value and using the
main dipole magnet with a dwell time 6£30 ns. Taking scaling behavior of the rate coefficient with the electron
into account the results shown in Figh4 we can signifi- beam temperature, we observe that the size of the excess in

E. Recombination at low energy
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w
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ference effects should exist for (2p) D¢ and (2p3p) 3S°
states. Beryllium is therefore an interesting candidate for a
search for interference effects in recombination.

When examining the calculated cross sections we find a
few asymmetric resonance. As illustrated in Figa)6there
is a clear difference between the full asymmetric cross sec-
tion and the symmetric part. The full asymmetric cross sec-
tion is calculated directly from Ed4), while the symmetric
part is calculated from the real part of its numerator as dis-
cussed in Sec. Il B.

Interference effects exist unambiguously for the three
(2p;3pj/) 3D, resonances around 1.84 eV and less obvious
oo'01 0'1 1'0 160 for the (2p;3p;/) 33, resonance around 2.02 eV. Unfortu-

’ : ‘ ' nately, the asymmetric resonances sit on the wings of some

Eneray’ (mav.) quite broad resonancesP§ and 'D$, which somewhat

FIG. 5. Comparison of measured and calculated rate coefficientd1aSks the effect. Figure(ls), shows the cross section for the
for recombination of B& below 10 meV relative energy. The rate three overlaping fine-structure components ab@;:) °D
coefficients in this region are determined by nonresonant recombs€parately, and Fig.(6) shows the cross section for three
nation (RR). different final states for the (&3p;/) 3S, state. The domi-
nating recombination pathway is in all cases to the

the rate coefficient found here is in accordance with tha£253pj')3PJ states which is low enough in energy to be

n
a

Experiment

N
[=]

—_
o
T

10

-~
—
~
~<
~

Rate coefficient ( 10" em®™ )

found earlier with bare ions. populated, to some extent, by radiative recombination. We
would like to point out that the photostabilization channel to
E Search for the interference effects (2s2p) 3P, which is the lowest-energy state with odd par-

ity in Be, would demonstrate very strong interference fea-

As discussed in Sec. Il B above, EG}) accounts for tyres[see curve 3 on Fig.(6)], but the strength of this chan-
interference between DR, E@2), and RR, Eq.(1). The nel is several orders of magnitude weaker and it is indeed
phySica| baCkgl’OLlnd iS that the two pathWayS to recombinaeffective|y masked by the channels |eading t(saaj,) 3PJ
tion may have the same initial and final state. They are thegiates.
indistingUiShable and their amplitudes will interfere quantum In order to compare the theoretical results with experi_
mechanically. Such interference leads to asymmetric lingnents, it is necessary to fold the calculated recombination
shapes of the resonances in the recombination cross sectititoss sections with the velocity distribution of the electrons,
For this effect to be observable, the two processes must havge Eq(10). Here we used velocity distributions correspond-
comparable recombination amplitudes at a given energy. It iﬁ1g to kT, =1 meV andkT;=0.22 meV. The results for
not trivial to find a System where this is the case. First theasymmetric and Symmetric rate Coefﬁcient spectra are pre_
RR rate drops rapidly with increasing relative energy, whilesented in Fig. @), showing that the interference effects are
DR is usually large only near specific resonance energiesmeared out due to the folding procedure. Figui® Tepre-
Second, the RR rate is dominated by recombination to thgents the relative differenceq{ym— @asym/ @sym, in the rate
ground state, the rate scales as, Iwhile most DR reso-  coefficient showing that the significance level of the interfer-
nances recombine predominantly into excited state, reachsnce effects is at most 10%. The experimental recombination
able by a one electron transition from the doubly excitedspectrum reported here does not exhibit evidence for asym-
state. Third, the natural width of the doubly excited state hagnetric line shapes. Our statistical error, particularly due to
to be broad enough that its envelope can be followed, i.e., ibackground corrections, is too high. A higher resolution

should be substantially broader than the energy spread of thgoyld help, but also a measurement with lower statistical
electron beam. An important additional obstacle is that in theyror could reveal the effect.

type of experiments reported here, all channels leading to
recombination are summed up. Even when asymmetric line
profiles do exist, they are often masked by other overlapping
resonances. We report experimental and theoretical recombination rate
In Be the lowest-energy resonances have similar principatoefficients for B& ions, in both absolute energy and height

guantum numbers. The electrons can then interact stronglgcales. The calculated rate coefficients for Ave=0 dielec-
leading to several broad resonances, where it might be posronic resonances show good agreement with experiment for
sible to observe the natural shape of the resonance. Furthiew energies, i.e., well below the series limit. It is noted that
photostabilization of these resonances is only possible tthe theoretical resonance’s strengths at high energies are up

VI. CONCLUSION

rather modestly excited states, of the type82; or 2s2¢, to a factor of 1.7 higher than the measured strengths, and we
to which the amplitude for direct recombination should still discuss external field effects on the DR rate as the most
be of nonvanishing size. Early observati¢B8,50 of beryl-  probable cause. The nonresonant, direct radiative recombina-

lium’s ultraviolet photoabsorption spectra, and calculationgion rate is well described by the theory for energies
of its photoionization cross sectigB1], indicated that inter- >10"2eV. At a very low electron-ion relative energy,
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3 cient showing the significance level of the interference effects.

iy 18 1I9 2!0 2I1 2.2
or % I —— <10 2% eV, the experimental rate increasingly exceeds the
- E . . 3.e RR calculations by up to a factor of 3.1. This rate enhance-

ull asymmetric profile S L . . .
Ak , i . il i — el ment is similar in magnitude to the previously observed en-
1.6 1.8 2.0 2.2 2.4 2.6 hancement, but is surprisingly large considering that we are
Energy (eV) dealing with a singly charged ion. The possibility for inter-

FIG. 6. The calculated recombination cross section with inter-f€rence between RR and DR channels has been considered in
ference effects(a) The solid line shows the full asymmetric spec- the calculations. Although this effect could not be observed
trum obtained with Eq(4) while the dashed line shows the sym- in the presented experiment, due to the achieved statistical
metrical part from the same expressigb) Shows an enlargement €rror and resolution, it does not rule out an observation in the
of the resonant part of DR cross section formed by the three asynfuture.
metric and mutually overlapping resonancep3p) 3D§,2,3-(C) En-

larged resonant part of the DR cross section coming from asymmet- ACKNOWLEDGMENTS
ric resonance (@3p) 3S; showing its two dominant stabilization .
channels Separate|m_ (253p) 3Pg and 2. (gSp) 3pg]; insert: The authors would like to thank the CRYRING crew for

channel 3. (82p) 3P leads to a quite weak and masked resonancéheir efforts in providing the Be beam, and the Swedish Sci-
with impressive Beutler-Fano shape. In pan@sand(c) the non-  ence Research CoundV/R) for financial support. T. M. is
resonant background is left out in order to make interference morgrateful for support from the Egyptian Government. We have
obvious, i.e., the negative values should be interpreted as “belovenefited from discussions with Dr. K. B. MacAdam regard-
the background.” ing field ionization features.
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