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High Rydberg Resonances in Dielectronic Recombination of Pb7+
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Dielectronic recombination resonances of Pb’®* associated with 2s, /2= 2pyyp excitations were
measured at the heavy-ion storage ring ESR at GSI. The fine structure of the energetically lowest
resonance manifold Pb’8* (1s22p, /2201;) at around 18 eV could partially be resolved, and rate coefficients
on an absolute scale were obtained. A comparison of the experimental data with results of a fully
relativistic theoretical approach shows that high-angular-momentum components up to j = 31/2 signifi-
cantly contribute to the total resonance strength demonstrating the necessity to revise the widespread
notion of negligible high-angular-momentum contributions at least for very highly charged ions.
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During the last decade dielectronic recombination (DR)
experiments at storage rings have proved to be a versatile
alternative to conventional optical spectroscopy [1].
Besides the information on resonance energies DR mea-
surements on an absolute scale also provide a sensitive tool
for the investigation of radiative transition rates and auto-
ionization rates, and hence the transition probabilities and
amplitudes (e.g., [2,3]). The high energy resolution avail-
able in these experiments particularly at low electron-ion
collision energies allows for the state-selective preparation
and observation of autoionizing high Rydberg ions. With
the present work we demonstrate a level of experimental
energy resolution and accuracy that opens up new possi-
bilities for precision spectroscopy of very highly charged
ions allowing information to be obtained that can challenge
state-of-the-art calculations of QED effects in strong fields
[4] and is even promising to probe the nuclear size of
isotopes including radioactive species with lifetimes as
low as only minutes.

DR is the resonant two-step channel of photorecombi-
nation (PR), an electron-ion collision process in which a
free electron is captured and the excess energy is carried
away by one or more photons. In dielectronic capture (DC)
which is the first step of DR, a bound electron is excited by
the simultaneous radiationless capture of a free electron
(time-reversed autoionization). DR is completed if the
doubly excited intermediate state decays radiatively to a
state below the autoionization threshold. For the 2s, ,, —
2p,, core excitation of lithiumlike ions DR can be de-
scribed by:
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As a consequence of energy conservation, DC is possible
only for sufficiently large n = n,,;,. For DR associated
with the 2s,/, — 2p;/, transition in Pb”* ions ny, =
20. Alternatively, PR can proceed via the nonresonant
direct pathway of radiative recombination (RR).

In this Letter the focus is on the Pb7®*(15%2p,,201))
doubly excited resonance manifold. In highly charged few-
electron ions even very high Rydberg states, like the n =
20 resonance under investigation, exhibit a fine-structure
splitting of a few eV, more than 7 orders of magnitude
larger than in hydrogen. The DR cross section is mainly
determined by the slowest of either the radiative or auto-
ionizing decay of the doubly excited intermediate state. For
a given isoelectronic sequence of ions the radiative rates
scale strongly with the nuclear charge Z, whereas the
autoionization rates are roughly independent of Z. In con-
trast to doubly excited states of light ions, in heavy ions the
radiative rates exceed the autoionization decay rates, there-
fore heavy ions provide a particular sensitivity to the auto-
ionization probabilities, and hence to the electron-electron
interaction. Furthermore, very high angular momenta are
potentially involved within each Rydberg manifold. With
increasing orbital angular momentum quantum number j
the mutual influence between the highly excited Rydberg
electron and the lithiumlike core configuration becomes
weaker. The resulting reduction of the autoionization rate
is partially counterbalanced, however, by the increasing
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statistical weight 2j + 1. The assessment of the distribu-
tion of resonance strengths within a Rydberg manifold of
resonances as well as the fine structure of the high Rydberg
states are the subject of the present work.

Much of the motivation for a detailed investigation of
high Rydberg states stems from an attempt to precisely
determine the 25, , — 2p, , excitation energy (Lamb shift)
of very heavy lithiumlike ions by utilizing DR. By mea-
suring the individual resonance positions of a multitude of
1s22p, ,onl; resonances formed by DR it is possible to
extrapolate the energies to the series limit (n — 00), and,
hence, to obtain the excitation energy of the lithiumlike
parent ion [5,6]. For that analysis the distribution of reso-
nance strengths within each Rydberg manifold has to be
known.

Here we present results from a combined experimental
and theoretical study of high Rydberg resonances in the
DR of lithiumlike lead (Pb”*). In particular, detailed
information about the fine structure and the contributions
of individual 1s?2p, /2201; sublevels to the total resonance
strength is provided. In the experiment surprisingly large
contributions from states with high angular momenta were
found with the peak in the distribution of resonance
strengths at about j = 17/2. This finding contrasts the
general notion of negligible high-angular-momentum con-
tributions and particularly contradicts previous theoretical
calculations [7].

In order to clarify this discrepancy we performed new
calculations that included Auger and radiative rates of
states with high angular momenta. The calculations are
based on a fully relativistic treatment within the isolated
resonances (IRA) and independent processes approxima-
tion (IPA). In the IPA the cross section 0'11.3_136 for DR can be
written as a product of the cross section difd for DC and
the fluorescence yield w,., of the intermediate doubly
excited state d. DC is related to autoionization by the
principle of detailed balance, and hence

2
o8 (E) = %L(Er, ETOT 0., (2

T
E
Here E is the energy of the free electron, E, the resonance
energy, g; and g, are the statistical weights of initial and
intermediate states, I’ ?ﬂi is the partial Auger width with
respect to the initial state i, and I'{" is the total width of
level d. The Lorentzian L(E,, E, I'{") describes the shape
of the cross section in the vicinity of the resonance. Auger
rates were obtained using correlated relativistic wave func-
tions including usual Coulomb and the generalized Breit
interaction. Resonance energies and radiative transition
rates were calculated with the multi configuration Dirac-
Fock (MCDF) code GRASP [8,9] which takes into account
the extended size of the atomic nucleus, Breit interaction,
and QED contributions. The charge distribution of the
nucleus was modeled with a Fermi distribution with a
rms radius of 5.51 fm. The fully relativistic calculations
directly include angular momenta up to j < 21/2. Higher
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angular momenta, which contribute on a level of 10% were
obtained by extrapolation of the values from j = 21/2.
Further details of the theoretical method can be found
elsewhere [10-12].

The experiments were performed at the heavy-ion stor-
age ring ESR at GSI in Darmstadt. Lithiumlike Pb’®" ions
with an energy of 97.5 MeV/u were injected into the ESR
and cooled such that the ion beam acquired a diameter of
approximately 1 mm and a longitudinal momentum spread
of §p/p <5 1073, In addition to electron cooling the
ESR cooler also served as a target of free electrons. Typical
ion currents of up to 600 wA corresponding to 4 X 107
stored ions at the beginning of a measurement cycle were
accumulated in the ring. At a ring vacuum of a few 10~° Pa
the lifetime of the ion beam is mainly determined by
electron-ion recombination in the cooler. At an electron
current of I, = 80 mA the lifetime T/, of the ion beam
was about 1000 s. Nonzero relative energies between
electrons and ions were introduced by applying voltages
to cylindrical drift tubes (1.94 m length) surrounding the
straight overlap region (2.5 m) of the two beams. With the
aid of fast power supplies the potential of these drift tubes
can be switched within 2 ms to any desired value between
—5kV and +5 kV. With zero drift tube potential and a
cooling voltage of U, = 53.51 kV a center-of-mass energy
range between 0 and about 100 eV could be covered. After
the injection of the ions into the ring the beam was cooled
for about 20-30 s before the data acquisition was started.
Every 4 ms the data acquisition was read out and all
relevant experimental parameters were stored on tape. A
measurement cycle consisted of 7 subcycles with 236 non-
zero voltage steps of 40 ms duration and a cooling interval
of 20 ms after each step. An additional extended cooling
period of 1 s was applied after each subcycle. The inter-
mittent cooling preserves identical experimental condi-
tions for every measurement, minimizes drag effects by
the friction force exerted on the ion beam by the electron
beam, defines zero relative energy, and can be used as an
additional check for normalization. The complete cycle of
1652 steps was repeated 4 to 10 times before the ring was
refilled. Recombined ions were counted with nearly 100%
efficiency by a fast plastic scintillation counter located
behind the next dipole bending magnet downstream from
the electron cooler. Further details of the measurement
procedure at the electron cooler of the ESR can be found
in [13,14]. Normalization of the number of recombined
ions R to the electron density n, and the number of stored
ions N; yields the experimental rate coefficient a., on an
absolute scale

Cy’R
= vt 3)

aexp - >
neNiLeff

where C = 108.36 m is the circumference of the ESR, y
the relativistic Lorentz factor of the ions, and L. is the
effective beam overlap length which depends on the chosen
measurement potential [13,14]. In the energy region of the
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Pb’8* (15*2p;,201;) resonances (13-19 eV) we obtained
Ls = 1.45 m. The systematical uncertainty of the mea-
sured rate coefficient is estimated to be =15%. The main
contributions to this uncertainty arise from the determina-
tion of the electron density (=10%), the ion current
(£5%), and the effective length L. (+5%). A first order
energy calibration accurate to about =2% can be obtained
by calculating the relative energy scale from the ion energy
and the applied drifttube voltages. An improved energy
calibration has been performed by using the extrapolation
method mentioned above and is the subject of a forth-
coming publication [15]. After application of this method
the remaining uncertainties in the present resonance posi-
tions are below 0.2 eV.

Experimental and theoretical DR rate coefficients o =
(vo) in the energy range of the Pb’**(1s?2p;/,201;)
Rydberg resonance are displayed in Fig. 1 together
with the previous theoretical results of Mitnik et al. [7].
In order to account for the experimental response function
our theoretical cross sections have been energy averaged
with an anisotropic Maxwell-Boltzmann distribution [16]
with parameters kg7|| = 0.2 meV and kzT; = 120 meV.
For the comparison with the present rate coefficients the
cross sections calculated by Mitnik ef al. [7] were multi-
plied with the relative velocity wv,.;. This is justified
since the previous calculations already included an
experimental energy spread of 0.3 eV (FWHM). The
Pb’8* (15*2p;,201;) resonance manifold is split into
groups of resonances with an identical angular momentum
quantum number j of the Rydberg electron. Each of these
groups consists of four individual configurations which
result from the coupling of the two [ = j * 1/2 compo-
nents of the Rydberg electron with the angular momentum
of the 2p, , core electron to the total angular momentum J
of the doubly excited state. The Rydberg resonance
group covers an energy range of about 4 eV. This energy
splitting is well reproduced by both calculations. In order
to investigate the mutual influence of core electrons and the
Rydberg electron on the splitting, the resonance ener-
gies have also been calculated in a relativistic hydrogenic
approximation (Dirac binding energies) of the Rydberg
electron, assuming a series limit of E(2s,,—
2p12) = 230.68 eV [17]. The results of this calculation
are shown in Fig. 1(b). The strongest influence of the core
is expected for j = 1/2 and hence it is interesting to see
that even in this extreme case the electron-core interaction
results in an additional shift of only about 0.5 eV.
Furthermore, the size of radiative (QED) contributions to
the binding energy of the Rydberg electron has been esti-
mated from the self-energy of a n = 20 electron. The self-
energy which is about 90% of the total QED contribution is
Egp(20s,,) =34 meV and rapidly decreases to
Egr(20g9/5) =~ 0.2 meV for higher angular momenta
[18-20].

Besides the energy splitting also the shape and the
absolute value of the rate coefficient—experiment and
theory are both on independently absolute scales—are
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FIG. 1. Measured and calculated DR rate coefficients « for the
Pb™8* (152p;,201;) resonance group. The experimental error
bars denote statistical errors only. In (a) the experimental data
(full circles) are compared to our fully relativistic calculations
including states up to j =< 31/2 (full line) and states up to j <
11/2 only (dashed line). The theoretical cross sections have been
convoluted with an anisotropic Maxwell-Boltzmann velocity
distribution of the electrons (kg7 = 0.2 meV and kgT; =
120 meV). The dotted line is the calculation of Mitnik et al
(assumed resolution in their paper is 0.3 eV FWHM). Our theory
has been shifted by —0.65 eV and the theory of Mitnik et al. by
—0.3 eV to match the experimental peak positions. Both theories
are known to have uncertainties of = 1 eV in absolute peak
positions mainly due to the approximations used to calculate the
QED contributions. Panel (b) of the figure shows experimental
and theoretical data, but with the theoretical resonance energies
calculated in a relativistic hydrogenic approximation (Dirac
binding energies) of the n = 20 electron.

well ex-plained by our calculations. The main part of the
total resonance strength § = [ o(E) dE stems from high
angular momentum components and is accumulated in the
experimentally not resolved sum peak with j > 5/2. For
low angular momenta the calculations of Mitnik et al. are
in good agreement with our theoretical and experimental
data, which is no surprise; as for j = 11/2 both calcula-
tions are based on a similar approach. For higher angular
momentum components, however, Mitnik et al. used a
different calculational procedure [7]: Auger rates were
obtained in a semirelativistic approach and the radiative
rates were approximated by nonrelativistic hydrogenlike
dipole transitions. The resulting DR rate coefficients of
Mitnik ef al. show a rapid decrease for j > 11/2 yielding

053201-3



VOLUME 89, NUMBER 5

PHYSICAL REVIEW LETTERS

29 JuLy 2002

In conclusion, DR of a very heavy lithiumlike ion with
the captured electron in a high Rydberg state has been
investigated experimentally and theoretically. Contri-
butions from very high angular momenta must be included
and considered in a fully relativistic framework in order to
understand the dynamics involved in the DR process. The
data presented here could only be obtained due to the vast
progress that has been accomplished in cooling efficiency,
counting statistics, and energy resolution since the first DR
measurements of very heavy few electron ions at the ESR
[22]. Our results demonstrate experimental capability to
perform precision spectroscopy of very highly charged
ions without a photon in sight. The energy resolution
obtained here paves the road to the determination of the
Lamb shift of lithiumlike ions with a precision that will
challenge state-of-the-art theory for QED in strong fields.
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FIG. 2. Details of the DR calculations. (a) Auger widths
rAue = g, /2¢,T4", (b) fluorescence yields w4y, and (c) reso-
nance strengths S = [ o(E) dE in dependence of the relativistic
quantum number K = |k| = j + 1/2 of the Rydberg electron.
For each j four couplings of the 1s?2p, , core and the Rydberg
electron are possible: J =1[= j— 1/2 (squares), J =1+ 1=
j+1/2 (circles), J =1 = j+ 1/2 (triangle up), and J = [ —
1 =j— 1/2 (triangle down). Values for j > 21/2 have been
extrapolated from j =< 21/2 and are indicated by open symbols.

at least a factor of 5 less resonance strength in the high-;
accumulation peak compared to our results.

Details of our calculation show (see Fig. 2) that the
maximum contribution is from states with angular momen-
tum j = 17/2 and that even higher j have to be taken into
account. This situation drastically differs from circumstan-
ces in lighter lithiumlike ions such as, e.g., Ar'>* where for
n = 20 the highest contributions are from / = 2 and de-
crease for higher angular momenta [21]. For high values of
Jj our calculated resonance strengths of the two states with
J = j — 1/2 are more than an order of magnitude smaller
than those with J = j + 1/2. The doubly excited inter-
mediate state decays mainly via the radiative deexcitation
of the Rydberg electron while the radiative transition
2pi/2 — 25y, is typically 2 orders of magnitude slower.
In contrast to low-Z ions the Auger rate is smaller than or
close to the radiative rate and hence the fluorescence yield
w4 ¢ 18 typically 0.5 to 1.0.
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