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A low-energy storage ring with an ultracold electron cooler has been coupled with a heavy-ion
accelerator facilitating high-resolution electron-ion collision spectroscopy of the heaviest few-electron
ions. In the present Letter resonant electron-ion recombination of berylliumlike Pb78þ ions was measured in
the collision-energy range 9.3–16.5 eV and a value of 244.937(30) eV is derived for the Pb78þð2s2 1S0 −
2s2p 3P1Þ excitation energy. This result agrees with the most recent (less accurate) theoretical value of
244.942(52) eV [Malyshev et al., Phys. Rev. A 110, 062824 (2024)], which has been calculated by
applying strong-field QED rigorously up to the second order. The present investigation suggests that further
technical improvements can potentially increase the experimental accuracy by an order of magnitude.
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The experimental technique of electron-ion collision
spectroscopy of dielectronic recombination (DR) reso-
nances is a very successful approach for studying the
properties of highly charged ions. The range of topics
that has been addressed by collision spectroscopy com-
prises QED tests in strong fields [1–3], investigations of
nuclear properties via isotope shift or hyperfine splitting
[3–5], and lifetime studies [6,7]. Recently, a major

technological leap was achieved by moving the low-
energy heavy-ion storage ring CRYRING [8] with its
ultracold electron cooler [9] from its original location at
Stockholm, Sweden, to the international Facility for
Antiprotron and Ion Research (FAIR) on the premises
of the GSI Helmholtzzentrum für Schwerionenforschung
in Darmstadt, Germany. This world-unique arrangement
facilitates the storage heavy highly charged ions at low
ion energies and their cooling with a very cold electron
beam such that spectroscopic techniques can be applied
with highest precision [10–14].
The present Letter focuses on the collision spectroscopy

of a very heavy berylliumlike ion, 208Pb78þ. In particular,
we have accurately measured the positions of
2s2pð3P1Þ19lj DR resonances that are associated with
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the 2s2 1S0 − 2s2p 3P1 excitation of the berylliumlike core
and the capture of the initially free electron into the n ¼ 19
shell. As we will demonstrate, the binding energy EbðnljÞ
of the n ¼ 19 Rydberg electron can be calculated to very
high precision, such that the 2s2 1S0 − 2s2p 3P1 excitation
energy Eexci can be obtained from the measured DR
resonance energies,

EDR ¼ Eexci − EbðnljÞ; ð1Þ

with an uncertainty of only 30 meV in the present case.
From a fundamental point of view, Be-like ions are of

particular interest for atomic physics because correlation
effects play a relatively strong role in these four-electron
systems. On the one hand, this greatly complicates ab initio
QED calculations beyond the first-order approximation
[15]. On the other hand, Be-like ions still have a com-
paratively simple electronic structure and, thus, provide
ideal test cases to benchmark theory.
Experimental results for Be-like ions heavier than xenon

(Z ≥ 54) are scarce because very heavy few-electron ions
are not easily accessible. The U88þð2s2 1S0 − 2s2p 1P1Þ
and U88þð2s2 1S0 − 2s2p 3P1Þ excitation energies have
been measured using x-ray spectroscopy at the
Livermore SuperEBIT [16,17] with uncertainties of about
210 and 12 meV, respectively. The U88þð2s2 1S0 −
2s2p 1P1Þ transition energy was also measured at the
Darmstadt high-energy storage ring ESR [18] with an
uncertainty of 160 meV. For xenon, the 2s2 1S0 −
2s2p 3P1 intercombination line was studied by using
beam-foil spectroscopy [19–21] and by observing x-ray
lines from Xe50þ ions confined in an electron beam ion trap
(EBIT) [22]. More recently, energies for several fine-
structure components of the 2s2 − 2s2p transition in
Xe50þ were derived with high accuracy from a collision-
spectroscopy experiment at the ESR [23].
In the past four decades, calculations of energy levels of

Be-like ions have been performed with different theoretical
approaches [e.g., [24–27] ]. More recent studies have taken
higher-order QED effects, nuclear mass, nuclear size, and
nuclear polarization effects, as well as the frequency-
dependent Breit interaction into account [28–30]. The
latest theoretical efforts include rigorously all second-order
QED contributions, i.e., two-photon exchange and two-
loop and QED screening diagrams [15,31,32]. For Be-like
Xe50þ, the resulting excitation energies deviate from the
beam-foil spectroscopy and EBIT values [21,22], but agree
within the experimental uncertainties with our earlier
results from electron-ion collision spectroscopy at the
ESR [23]. As explained in much detail below, the corre-
sponding value from the present study with much more
highly charged Pb78þ is 30 meV, i.e., even lower than the
52-meV uncertainty quoted for the most recent theoretical
value of the Pb78þð2s2 1S0 − 2s2p 3P1Þ transition energy

[32]. The present Letter, thus, represents a stringent
experimental test of the presently still untested high-order
QED contributions for a highly correlated atomic system.
The present experiment was the first CRYRING experi-

ment that made use of the full GSI accelerator chain—
comprising the linear accelerator UNILAC, the heavy-
ion synchrotron SIS-18, and the high-energy storage ring
ESR—for producing and injecting ions into the CRYRING,
where the electron-ion spectroscopy measurements were
performed (see [14] for a general description of the
experimental setup and procedures). In SIS-18, on the
average 109 lead ions per pulse were accelerated to an
energy of 54 MeV=nucleon. The desired charge state q ¼
78 was obtained by passing the ions through a stripper foil
located in the extraction beam line of SIS-18, which was
used to transfer the ions to the ESR. There, the ions were
cooled and decelerated to the final ion energy of
11.3 MeV=nucleon by operating ESR in synchrotron
mode. Eventually, up to 6 × 106 208Pb78þ ions were injected
into CRYRING, where they were stored and further cooled
to reduce size and momentum spread of the ion beam
before the start of a measurement.
In the CRYRING electron cooler [9,33], the electrons are

magnetically guided. In the electron-ion interaction section
the electrons move coaxially with the ions in the same
direction. The diameters of the electron and ion beams were
23 mm and about 2 mm, respectively. With the electron and
ion velocities relative to the vacuum speed of light, c, being
βe ¼ ve=c and βi ¼ vi=c, respectively, the electron-ion
collision energy in the center-of-mass frame can be
expressed as [34]

Ecm ¼ mic2ð1þ μÞ
" ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1þ 2μðγrel − 1Þ
ð1þ μÞ2

s
− 1

#
; ð2Þ

where μ ¼ me=mi ≪ 1 is the ratio of the electron rest mass
me and the ion rest mass mi, and

γrel ¼ γeγið1 − βeβi cos θÞ; ð3Þ

with γe ¼ ð1 − β2eÞ−1=2, γi ¼ ð1 − β2i Þ−1=2, and the angle θ
between the two interacting beams.
At the electron-cooling condition, i.e., for θ ¼ 0 and

βi ¼ βe, Eqs. (3) and (2) yield γrel ¼ 1 and Ecm ¼ 0 eV,
respectively, as expected. The associated laboratory-frame
electron energy is the cooling energy Ecool, which is related
to βi via γi ¼ ð1 − β2i Þ−1=2 ¼ 1þ Ecool=ðmec2Þ. When
the electron energy is detuned from the cooling energy
by an amount Ed this results in γe ¼ ð1 − β2eÞ−1=2 ¼
1þ ðEcool þ EdÞ=ðmec2Þ. In the experiment, the cooling
energy was adjusted by choosing the cooler cathode voltage
Uc accordingly, and the detuning energy was realized by
setting a fast high-voltage amplifier, which is connected in
series with the cathode voltage supply [ [14], Fig. 1], to the
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appropriate detuning voltage Ud. Only Ud was varied
during electron-energy scans.
Merged-beam recombination rate coefficients

αmbðEcmðEd; Ecool; θÞÞ were measured with a �14% uncer-
tainty by recording the number of recombined ions as a
function of Ed (Ecool and θ ¼ 0 were kept fixed) and by
appropriately normalizing the background-subtracted count
rate on electron density (∼107 cm−3), number of stored
ions (∼5 × 106), and geometric beam overlap (for details
see [14,34]). In order to preserve the ion-beam quality, Ed
was set to zero in between two measurement steps with
Ed ≠ 0. The duration of each cooling and each measure-
ment step was 10 ms, and one energy scan comprised up to
1000 cooling and 1000 measurement steps such that the
20-s duration of the scan was shorter than the 30-s storage
lifetime of the ion beam. The scan was started 2 s after an
injection of an ion pulse into the CRYRING allowing for
the cooling of the ion beam. Each predefined injection-
cooling-and-scanning sequence was repeated for a number
of times until acceptable counting statistics were reached.
The cooling energy, Ecool, was determined by exploiting

a unique feature of the merged-beams arrangement, i.e.,
that the same electron-ion collision energy can be realized
in two ways, first with the electrons being slower and
second with the electrons being faster than the ions [11].
These different conditions resulted in the two DR spectra
that are shown in Fig. 1. For the transformation of the
laboratory electron energies to the center-of-mass frame
[Eq. (2)], Ecool has to be chosen such that identical
resonance features appear at the same Ecm. For finding
the correct Ecool value for the present experiment, the mean
of the squared point-by-point differences was used as a

figure of merit (FOM) for the agreement. As can be seen
from the inset of Fig. 1, it reaches its optimum at
Ecool ¼ 6197.90 eV. The same plot suggests that a
conservative estimate for the associated uncertainty
is ΔEcool ¼ �0.2 eV.
The uncertainty of the detuning energy Ed ¼ −e½Ud −

δUsc� depends on the uncertainties of the detuning voltage
Ud and of the electron beam’s space charge potential δUsc.
The latter is of minor importance. It is discussed in the End
Matter. In the experiment Uc þUd is measured online with
a home-built high-voltage divider capable of following
voltage changes on a submillisecond timescale [14]. This
device has been calibrated offline against a more precise but
slower high-voltage (HV) divider, which is a copy of the
divider described in Ref. [35] and which has a relative
systematic uncertainty of maximally 8.4 × 10−6 [36]. This
value includes the uncertainty of the 8.5-digit voltmeter
(Keysight 3458A DVM) that was used for readout. It is an
order of magnitude lower than what must be attributed to
the long-term stability of the fast HV divider, for which
repeated calibration measurements yielded a relative uncer-
tainty of 10−4. Accounting also for the 10% uncertainty of
δUsc ¼ −1.7 eV (see End Matter) we arrive at ΔEd ¼
f½10−4eðUc þUdÞ�2 þ ½0.1eδUsc�2g1=2.
The uncertainty of the angle θ in Eq. (2) amounts to

Δθ ¼ 0.5 mrad. This was inferred from the beam-adjust-
ment procedure, where the electron beam is magnetically
steered such that the ion beammoves in the minimum of the
electron beam’s space-charge trough [37]. When the
electron beam is tilted from this configuration, the ion
beam is subject to a different mean electron space-charge
potential, which changes its velocity. A variation of the
angle by�0.5 mrad did not produce a visible change of the
ions’ frequency distribution as monitored by the Schottky
ion-beam analysis. Changes became noticeable only at
larger angles.
Figure 2 summarizes the error budget. Accordingly, the

uncertainty of our collision-energy scale amounts to 24 <
ΔEcm < 31 meV for the present range of electron-ion
collision energies. In principle, uncertainties of the particle
masses could also contribute to the error budget. However,
these are below the parts-per-million level and can thus
safely be neglected. The partial derivatives required for
error propagation have been straightforwardly computed
from Eq. (2) and the individual contributions to ΔEcm by
ΔEd, ΔEcool, and Δθ have been added in quadrature. The
largest contribution comes from the uncertainty in Ed,
which is related to the long-term stability of the fast HV
divider. In the future, we will use a newly built, more stable
device that has the potential to reduce the uncertainty of the
voltage measurement by up to an order of magnitude.
Figure 3 shows our measured merged-beam rate coef-

ficient for the recombination of Be-like Pb78þ ions in the
experimental energy range 9.3–16.5 eV. In addition to the
data from Fig. 1, which were obtained with electrons both
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FIG. 1. Two DR spectra measured with the electrons having
been slower (blue squares) and faster (orange circles) than the
ions. The gray shading marks the energy interval that was used
for computing the FOM (see text). The inset shows the variation
of the FOM as a function of Ecool. The optimum value is at
Ecool ¼ 6197.90 eV (marked by the vertical arrow) as determined
by a fit of a parabola (full line) to the data points.
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slower and faster than the ions, further experimental data-
sets contribute to Fig. 3, which were measured with the
electrons always being slower than the ions. The resonance
features in the measured rate coefficient are associated with
the 1s2 2s2pð3P1Þ19lj DR resonance levels, i.e., all belong
to the n ¼ 19 manifold of Rydberg levels. Resonances
associated with higher n values would occur at higher
energies beyond the current experimental energy range. In
the experimental spectrum, the j ¼ 1=2 and j ¼ 3=2
resonances exhibit splittings into at least two components,
which are due to the interaction between the excited Be-like
core and the Rydberg electron. The spacings between
adjacent j values become smaller for increasing j. At
the given experimental resolving power, the resonance
features associated with 7=2 ≤ j ≤ 37=2 could not be
individually resolved.
An already quite reasonable estimate for DR resonance

energies [Eq. (1), vertical bars in Fig. 3] can be obtained by
applying the Dirac formula for the j-dependent binding
energies Ebð19ljÞ of the n ¼ 19 Rydberg electron in a
hydrogenlike ion with an effective charge of 78 and using
Eexci ¼ 244.937 eV for the 1s2 2s2 1S0 − 1s2 2s2p 3P1 tran-
sition. The latter value has been derived from the present
experiment (see below). The approach with the Dirac
formula becomes increasingly better as l (and, hence, j)
increases. The reason for this is that the lj orbital becomes
increasingly more hydrogenlike. The hydrogenic approxi-
mation also allows one to estimate the shifts of the Rydberg
resonance energies in a plasma [39]. At the experimental

electron density of 107 cm−3 this “continuum lowering” is
practically negligible (see End Matter).
In order to obtain theoretical results also for the

resonance strengths, which together with the resonance
positions determine the shapes of the observed resonance
features, we have performed DR calculations using the
AUTOSTRUCTURE [38] atomic code. Also in these calcu-
lations, we have adjusted the 2s2 1S0 − 2s2p 3P1 excitation
energy to 244.937 eV, which ensures that the theoretical
result for the most prominent peak lines up with its
experimental counterpart.
In Fig. 3, the theoretical results are compared with the

experimental merged-beam rate coefficients. The theoretical
calculations describe the experimental DR spectrum very
well except for mismatches of the j ¼ 1=2; 3=2, and 5=2
resonance groups due to deficiencies in handling correlation
by AUTOSTRUCTURE. In particular, the strongest resonance
feature, which is a blend of all ð2s2p 3P1Þ19lj resonances
with j ≥ 7=2, agreeswith the experimental peak position and
height as was already previously achieved for DR of Li-like
Pb79þ [40]. The AUTOSTRUCTURE binding energiesEbð19ljÞ
for j ≥ 7=2 agree within 2 meV with the corresponding
hydrogenic Dirac values. From this finding and from the fact
that QED does not affect high-j Rydberg resonance energies
[41] we conclude that the uncertainty ofEbðnljÞ in Eq. (1) is
practically negligible.

FIG. 2. Total uncertainty ΔEcm (full line) of the electron-ion
collision energy Ecm [Eq. (2)] and the individual contributions by
ΔEcool ¼ �0.2 eV (long-dashed line), ΔEd ¼ f½10−4eðUc þ
UdÞ�2 þ ½0.1eδUsc�2g1=2 (short-dashed line), and Δθ ¼
�0.5 mrad (dash-dotted line). Since ∂Ecm=∂θ ∝ sin θ vanishes
for θ ¼ 0 the second-order term of the Taylor expansion is used
for accounting for Δθ. The gray shaded area marks the energy
range of the present experiment and the corresponding ΔEcm
range of 24–31 meV.
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FIG. 3. Comparison of the present experimental merged-beam
rate coefficient for electron-ion recombination of Pb78þ (symbols
with statistical error bars) with the results of our theoretical
calculations with the AUTOSTRUCTURE code [38] (shaded full
curve), where the 2s2 1S0 − 2s2p 3P1 excitation energy was
adjusted to Eexci ¼ 244.937 eV (see text). The vertical bars
denote the 2s2pð3P1Þ19lj DR resonance positions [Eq. (1)] using
again Eexci ¼ 244.937 eV and for EbðnljÞ the Dirac formula for
hydrogenlike ions with an effective nuclear charge of 78 for all 19
possible j values ranging from j ¼ 1=2 to j ¼ 19 − 1=2 ¼ 37=2
(see Ref. [23] for details).
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Another potential contribution to the uncertainty of the
peak positions arises from the comparison with the theo-
retical DR results. For the comparison the theoretical cross
sections were convolved with the experimental collision-
energy distribution. The latter was obtained from a
Monte Carlo approach similar to the one used previously
for the ESR electron cooler [34]. The Monte Carlo con-
volution accounts for the longitudinal and transverse
electron temperatures kTk and kT⊥, for the almost negli-
gible ion temperature, and for the effects caused by the
toroidal merging and demerging sections of the electron
cooler [14]. In order to determine uncertainties resulting
from the choices for the various parameters we performed
systematic variations of kTk, kT⊥, and Eexci. From these we
find that kTk ¼ 0.23 meV, kT⊥ ¼ 3.3 meV, and Eexci ¼
244.937 eV lead to the best match of theory and experi-
ment in the energy range 14–16 eV of the j ≥ 5=2
resonances (Fig. 3).
The quoted temperature values correspond roughly to

what is expected from the operation of the electron cooler
with a beam expansion factor ζ ¼ 33 [9]. In particular, the
transverse temperature is significantly lower than the one of
the electron beamof the ESR electron cooler, where typically
kT⊥ ¼ 120 meV [23,34,42], leading to a much reduced
related uncertainty as compared to the experimental results
from the ESR. From the above mentioned systematic
variations we obtained a “fit” uncertainty of �3 meV for
Eexci, which is negligible when added in quadrature to the
�30 systematic energy uncertainty. Thus, our experimental
value for the Pb78þð1s22s2 1S0 − 1s2 2s2p 3P1Þ excitation

energy is EðexpÞ
exci ¼ 244.937ð30Þ eV.

Our experimental value agrees excellently with the
theoretical value EðtheoÞ

exci ¼ 244.942ð52Þ eV of Malyshev
et al. [32]. However, it significantly deviates from the
earlier value 244.734 eV (no uncertainty estimate provided)
by Cheng et al. [27]. The largest contribution to the 210-
meV difference between both theoretical values comes
from the additional inclusion of all second-order QED
contributions to the atomic binding energies by Malyshev
et al.With our present experimental uncertainty we test the
second-order strong-field QED calculations, which due to
the near degeneracy of the atomic levels are much more
challenging for a highly correlated berylliumlike ion as
compared to atomic systems with fewer electrons, on the
15% level.
In conclusion, we have successfully coupled a low-

energy heavy-ion storage ring with a high-energy accel-
erator and storage-ring complex that is capable of providing
few-electron ions of the heaviest elements at relatively low
energies for precision electron-ion collision spectroscopy
of a highly correlated atomic system with an ultracold
electron beam. Already the current uncertainty of the
experimental energy scale challenges state-of-the-art
atomic theory, since our �30-meV experimental uncer-
tainty is lower than the �52-meV theoretical one.

The future use of a recently developed high-voltage
probe promises a significant increase of the experimental
accuracy by up to an order of magnitude [14]. Our
experimental accuracy will then be comparable to the
presently most accurate results from x-ray spectroscopy
[17]. The statistical quality of the present experimental data
was limited by unfavorable storage-ring vacuum conditions
that led to a high recombination background due to charge
capture in collisions of the stored ions with residual gas
particles. The resulting low signal-to-background ratio
forced us to operate the electron cooler with a relatively
high electron density, by which the transverse electron
temperature was compromised. In the future, we expect the
residual-gas pressure in CRYRING to be lower by an order
of magnitude and, thus, less background, enhanced stat-
istical data quality and higher experimental resolving
power (using the maximum electron-beam expansion factor
ζ ¼ 100) than in the present pilot study. Our error analysis
(Fig. 2) suggests that, in general, higher experimental
precision can be achieved for resonances that occur at
lower electron-ion collision energies. According to the
above mentioned estimates of DR resonance positions U88þ
is among the heavy Be-like ions that feature DR resonances
at energies below 10 eV. In future electron-ion collision
experiments, we will use this heaviest ion to provide even
more stringent constraints for theoretical predictions that
involve the treatment of few-particle correlations and
higher-order strong-field QED effects.
The results presented here are based on the experiment

E131, which was performed at the heavy-ion storage ring
CRYRING@ESR at the GSI Helmholtzzentrum für
Schwerionenforschung, Darmstadt (Germany) in the frame
of FAIR Phase-0.
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End Matter

Uncertainties due to electron-beam space charge,
cooling force, and continuum lowering—The space
charge of the electron beam influences the electron
energy and, therefore, needs to be considered in the
discussion of the uncertainty of the experimental energy
scale. The cooling energy Ecool ¼ −e½Uc −Uscð0Þ� is
determined by the (negative) electron-cooler cathode
voltage Uc at cooling and the negative space-charge
potential UscðUdÞ on the axis of the electron beam,
which (via βe) depends on the detuning voltage Ud. For
Ud ≠ 0 V, the laboratory electron energy is Ee ¼
Ecool þ Ed ¼ −e½Uc þ Ud −UscðUdÞ� and, thus, Ed ¼
−e½Ud − δUscðUdÞ� with δUscðUdÞ ¼ UscðUdÞ − Uscð0Þ.
The space-charge potential can be computed [14,37]

from βe, the electron current Ie ¼ 39.3 mA, and the ratio
rt=re, where rt ¼ 5 cm is the radius of the conducting
vacuum tube that surrounds the electron beam with radius
re ¼ rc

ffiffiffi
ζ

p ¼ 1.15 cm. The latter was calculated from
the cooler cathode radius rc ¼ 0.2 cm and the electron-

beam expansion factor ζ ¼ 33 [9]. These values result
in Usc ≈ −30.0 V and Usc ≈ −31.7 V at Ud ¼ 0 V and
Ud ¼ þ650 V, respectively, corresponding to δUsc ≈
−1.7 V at Ecm ≈ 17.9 eV.
In order to assess the uncertainty of the space-charge

potential we experimentally determinedUscð0Þ by stepwise
reducing the electron density and readjusting Uc such that
the velocity of the cooled ion beam stayed constant. By
extrapolating these readjustments to zero electron density
we arrived at a value of −27 V for Uscð0Þ, which deviates
from our calculated value of −30 eV by 10%. We therefore
assign a 10% uncertainty to δUsc.
The cooling force accelerates or decelerates the ions

toward the electron velocity. Thus, in principle, it can
change the ion energy during the periods when the electron
energy is detuned from the cooling energy. This effect
can become considerable for small detunings [11,43] when
the ion beam is uncooled in between two successive
measurement steps. In the present Letter, where Ecm is
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comparatively large and where we have used intermittent
cooling, the drag effect is very small. Using a similar
procedure as in [11,43] we estimate that it leads to a change
of Ecool by less than 50 meV, which is well within its
uncertainty. This conclusion is also supported by the
Schottky ion-beam analysis, where the revolution frequen-
cies of the stored ions are monitored with a pickup
electrode [44]. The Schottky spectra did not indicate any
deviation of the mean ion-beam velocity from its cooling
value during the voltage scanning.
The influence of continuum lowering on the DR reso-

nance positions can be estimated by accounting for the
Debye-Hückel screening length in a plasma,

D ¼
ffiffiffiffiffiffiffiffiffiffi
ε0kT
nee2

s
; ðA1Þ

which depends on the electron temperature kT and the
electron density ne. ε0 and e denote the vacuum electric

permittivity and the elementary charge, respectively. In our
experiment kT ≈ 10−3 eV and ne ¼ 107 cm−3. These val-
ues yield D ¼ 7.433 × 10−5 m.
The hydrogenic atomic level energies in a screened

Coulomb potential (Yukawa potential) can be calculated
perturbatively [39], where the expansion parameter is
ϵ ¼ a0=D and a0 ≈ 5.292 × 10−11 m is the Bohr radius.
Accordingly, the energy En;l of a hydrogenic level up to
order ϵ2 is

En;l

Eh
¼ −

q2

2n2
þ qϵ −

1

4
½3n2 − lðlþ 1Þ�ϵ2; ðA2Þ

with the Hartree energy Eh ≈ 27.211 eV. Inserting ϵ ¼
a0=D ≈ 7.116 × 10−7 and q ¼ 78, the first order correction
amounts to qϵEh ≈ 0.0015 meV. We conclude that the
influence of continuum lowering is negligible compared to
our �30-meV total systematic uncertainty.
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