EXT-2004-079

01/04/2004

)

)

Electron-Electron Interaction in Strong Electromagnetic Fields:
The Two-Electron Contribution to the Ground-State Energy in

He-Like Uranium

A. Gumberidze'®3, Th. Stohlker!?, D. Banas?, K. Beckert!, P. Beller!,
H.F. Beyer!, F. Bosch!, X. Cai®, S. Hagmann'?, C. Kozhuharov',
D. Liesen!, F. Nolden!, X. Ma® P.H. Mokler!, A. Orsié-Muthig!?,
M. Steck!, D. Sierpowski®, S. Tashenov!?, A. Warczak® and Y.Zou"
LGesellschaft fiir Schwerionenforschung 64291 Darmstadt Germany

2Institut fir Kernphysik University of Frankfurt 60486 Frankfurt Germany
3 Thilisi State University Thilisi Georgia
4Institute of Physics Swietokrzyska Academy 25-406 Kielce Poland
3 Institute of Modern Physics 730000 Lanzhou China
S Institute of Physics Jagiellonian University 30-059 Cracow Poland
"Fudan University, Shanghai, China

Abstract
Radiative recombination transitions into the ground state of cooled bare and hydrogen-like ura-
nium ions were measured at the storage ring ESR. By comparing the corresponding x-ray centroid
energies, this technique allows for a direct measurement of the electron-electron contribution to the
ionization potential in the heaviest He-like ions. For the two-electron contribution to the ionization
potential of He-like uranium we obtain a value of 2248 + 9 eV. This represents the most accurate
determination of two-electron effects in the domain of high-Z He-like ions and the accuracy reaches

already the size of the specific two-electron radiative QED corrections.



Helium-like ions are the simplest and most fundamental atomic multi-body systems.
Structure investigations of these systems along the isoelectronic sequence up to the heaviest
species uniquely probe our understanding of correlation, relativistic, and quantum electro-
dynamical effects. Compared to low-Z ions where binding energies are affected most sig-
nificantly by the non-QED contributions to the electron-electron interaction, the situation
is distinctively different for He-like ions at high Z. At such conditions the bound electrons
are exposed to extreme nuclear Coulomb fields of about 10'®V/cm which are close to the
critical field strength where spontaneous electron-positron production is expected to occur
[1]. These strong external fields significantly alter the electron-electron interaction of the
two strongly bound electrons via relativistic and quantum electrodynamical effects [2, 3].
As a consequence it is expected that correlation and the specific QED corrections for the
electron-electron interaction are of the same order of magnitude providing a challenge for
theoretical description.

Recently, a significant progress took place in theory, where a new generation of relativistic
many-body calculations has established improved benchmarks for the non-QED part of the
electron-electron interaction [4-7]. For the groundstate the progress achieved is particularly
impressive since even the specific two-electron radiative QED corrections can nowadays be
calculated without any approximations and all the two-photon exchange diagrams for the
electron-electron interaction are considered in a complete fashion [2, 3]. As a consequence,
the theoretical accuracy for the electron-electron contribution to the ground-state ionization
potential of He-like ions at high-Z is claimed to be comparable or even better than the
one currently available for the one-electron part. Therefore the ground state of high-Z He-
like ions is of particular relevance for probing bound-state QED in strong fields since to
date, the two-electron contribution to the ionization potential in He-like systems is the only
measurable value which has been calculated completely to second order in « [8].

In this letter we report a first measurement of the two-electron contribution to the ion-
ization potential for the heaviest ion available to experiments, i.e. He-like uranium. The
experiment, conducted at the ESR ( Experimental Storage Ring) at GSI-Darmstadt, is based
on a novel experimental technique introduced at the Super-EBIT device which exploits ra-
diative recombination (RR) transitions into the vacant K-shell of H- and He-like high-Z ions
(Fig. 1)[9]. This allowed us to measure the ionization potential of the He-like species with

respect to the H-like ions and to determine the two-electron contribution to the ground state
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FIG. 1: Schematic presentation of the RR process of free electrons into the initially bare and H-like
ions. The energy difference AE = hwy — hwpe gives exactly the two-electron contribution to the

ionization potential in He-like ions.

binding energy in the He-like system. The measurement represents the most accurate de-
termination of two-electron effects in the domain of high-Z He-like ions and reaches the size
of the specific two-electron radiative QED corrections. In particular, since the two-electron
contributions are experimentally isolated, all one-electron contributions such as the effects
of the finite nuclear size cancel out almost completely in this type of experiment. Note, this
is an additional distinctive feature of this particular kind of QED test. In contrast, all other
atomic-structure experiments at high Z such as 1s Lamb shift[10-13], bound state g-factor
[14], hyperfine splitting in hydrogen-like ions [15-18] or 2s-2p transitions in heavy Li-like
systems [19-21] encounter the issue of large nuclear effects which may mask the physics at
strong fields.

In a series of experiments devoted to the 1s Lamb shift in H-like uranium, the ESR storage
ring has proven to provide unique experimental conditions for high-Z ions. Here intense
beams of cooled bare and H-like uranium are routinely available allowing the extension of
former studies at the Super-EBIT to He-like uranium. In contrast to experiments dealing
with stationary ions, experiments using stored high-energy beams must deal with large

corrections due to the Doppler shift given by Epap(0) = Epros/v(1 — Bcosf), where Epap
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FIG. 2: Scheme of the experimental setup used at the electron-cooler device of the ESR storage

ring.

and Epros denote the photon energy in the laboratory and in the emission frame, 6 is the
observation angle in the laboratory, (3 is the projectile velocity in units of the speed of light,
and 7 is the Lorentz factor. The accuracy in the Doppler shift corrections of AE/E < 1074
typically achieved at the ESR is determined by the uncertainty of the absolute velocity.
However, for our present study where an energy difference of about 2.2 keV (emitter frame)
has to be determined this would introduce an uncertainty of less than +0.1 eV only.

For the experiment, bare and H-like uranium ions were injected, in alternate order, at
the initial energy of close to 360 MeV /u into the ring and cooled by an electron beam of
300 mA. After the initial accumulation and cooling, the ions were decelerated to the final
beam energy of 43.6 MeV /u using a technique which is routinely available at the ESR. At
the final stage of beam handling the electron cooler was switched on again at the energy
which corresponds to the energy of the decelerated ions. Here an electron beam current of
100 mA was used. Applying this procedure typically 2x 107 ions were decelerated. Moreover,
because the key feature of the experiment is a relative measurement of RR into the K-shell
of initially bare and H-like uranium, we changed three times between the two charge states
during the experiment. Compared to a simultaneous storage of both species, also possible at
the ESR, the method used had the advantage of allowing us to measure the x-ray emission
in coincidence with the down-charged ions.

For the experiment, the 0° x-ray detection apparatus at the ESR cooler section was used,



an enviroment which was already exploited in great detail in first Lamb-Shift experiments at
high-Z by Beyer et al. [12] (a sketch of the experimental setup is displayed in Fig. 2). Here,
the recombination photons are produced via radiative recombination of electrons along the
two-meter-long straight section of the electron cooler . Since electron cooling results in a
constant ion beam energy locked to a value determined by the acceleration voltage of the
electron cooler, the merged co-propagating beams of electrons and ions exhibit identical
velocities. The longitudinal and transverse temperature amount to ~ 10~4eV and ~ 0.1 eV,
respectively. The absolute beam velocity § was derived using the relation (y — 1)mc? = eU,
where e and mc? are the charge and the rest energy of the electron, respectively. U, is derived
from the applied cooler voltage U and corrected for the potential depression due to the space
charge of the electron beam. It is given by the formula [22] U, = U — 375+ I.[A]. The second
term represents the space charge correction and was determined by a measurement of the
Schottky revolution frequency of the circulating beam as function of the cooler current I..

X-ray detection was accomplished using three independent strips of a segmented germa-
nium detector, each furnished with an individual readout. The horizontal and vertical size of
each segment is 13 mm and 25 mm, respectively with an effective crystal thickness of 12 mm.
The detector was mounted on a movable support, 4100 mm down-stream the center of the
electron cooler. Periodically, after the accumulation procedure was finished, the detector
was positioned at a perpendicular distance of just (10 £ 1) mm from the circulating beam.
For the three strips used in the experiment this position corresponds to a mean observation
angle of 0.35°, 0.53°, and 0.71° respectively with an angular acceptance of £0.17° (all values
given refer to the center of the electron cooler). The resulting accuracy of the observation
angle Af amounts to A#=0.02°.

A very important aspect of the present experiment was an accurate determination of the
x-ray energies. Although the intrinsic linewidth of the Ge(i) detector for the energy range of
relevance is about 700 eV, the small energy difference between two closely spaced lines can be
determined with high accuracy [23]. In order to take advantage of this property, a projectile
energy of 43.59 MeV /u was chosen. At this particular beam energy the Doppler shift close
to 0° allowed us to park the 177.214 keV ~-ray line of 9Yb, used for calibration, just in
between the K-RR lines for H- and He-like uranium. This is shown in Fig. 3, where the
observed X-ray spectra for capture into bare and H-like uranium ions are shown together

with the calibration spectrum. Here, we have to add that in order to gain control over
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FIG. 3: Top part: X-ray spectra for capture into bare and H-like uranium (forming H-, and He-like
uranium respectively) as measured at ESR electron cooler; Bottom part: Spectrum of the '%Yh
source used for energy calibration. The two peaks shown are the «-ray lines with energies of 130.524

and 177.214 keV, respectively.

possible electronic drifts the detector was regularly calibrated, in two to four hour intervals.

The x-ray spectra for each detector segment were recorded event-by-event in coincidence
with the events derived from the particle detector. For this purpose Tennelec TC244 NIM
amplifiers and 8k ORTEC AD413A CAMAC ADC modules were used. The data analysis
closely followed the one discussed in Ref. [9]. The data were divided into individual groups
and were analyzed separately. The RR line centroid positions were determined from least-
squares fits using a Gaussian peak shape with a shelf on the low energy side [23]. Since, the
RR lines for the bare and the H-like ions were measured in individual runs, the RR centroid
energies were always determined relative to the closely spaced 177.214 keV ~-ray line of
169¥h. Using the 177.214 keV calibration line as a reference, the relative energy separation

for RR into the bare and H-like ions were determined for each detector segment separately,



to 3059 + 22 eV, 3029 + 17 eV, 3098 + 36 eV [24]. This corresponds to a weighted
mean value of 3047.91 £ 12.6 eV. Finally, from the cooler-voltage reading of 23.924 kV
and from the space-charge correction at 100 mA, an effective cooler voltage of 23.913 kV is
derived (compare Eq. [2]). This acceleration voltage implies a value of §=0.29565 with an
uncertainty of 5.8 - 1075AU, where AU, refers to the accuracy achieved in the calibration
of the cooler voltage [22, 24]. In our experiment (U.,=23.913 kV) AU, is given by + 5 V
and we obtain A3 = £2.9-107°.
is determined to 0.737309 for the first strip, 0.737317 for the second and 0.737327 for the
third strip, with an uncertainty introduced by AB of less than + 3.2 - 107°. The latter is

Accordingly (see Eq. 1) the Doppler correction factor

the same for all the three different strips and corresponds to an uncertainty of £0.071 eV
on an absolute scale. The uncertainty caused by A# is more than one order of magnitude
smaller. Here we like to emphasize, that because of the combination of the 0° geometry
and the deceleration technique the systematic uncertainties introduced by Af and AS do
not affect the final accuracy achieved. In contrast, the result is entirely limited by counting
statistics. Therefore, from a Lorentz transformation into the emitter frame, we obtain a value
of 2248 £+ 9 eV for the two-electron contribution to the ground state ionization potential in

He-like uranium.

Nuclear| 1-photon |2-photon exchange|2-photon exchange|2eSE|2eVP|> 3-photon| Total Exp.
Charge | exchange non-QED QED exchange | theory
83 |1897.56(1) -10.64(1) -0.30(1) -6.73| 1.55 | 0.06(7) |1881.50(7)|1876 + 14
92 12265.88(1) -12.09 -0.79 -9.78( 2.63 | 0.06(9) |2245.92(9)|2248 £9

TABLE I: Comparison of our experimental result for Z = 92 with the calculations of Yerokhin et.

al. [3] and the result from the Super-EBIT [9] at Z = 83. All energies are given in eV.

The experimental result obtained for the two-electron contribution is given in table 1 in
comparison with the theoretical calculations of Yerokhin et al. [3]. In addition we compare
with the experimental result obtained for Bi (Z=83) in a former experiment at Super-EBIT
[9]. From the table an excellent agreement between our experimental result and the theoreti-
cal prediction can be stated. This theory takes into account the electron-electron interaction
complete to second order in « [3]. Beyond the first-order one-photon-exchange contribution

it also comprises the non-QED contribution of the two-photon exchange as well as the QED
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two-photon exchange part also called the box and the ladder diagram. Most important,
the radiative two-electron QED contributions are considered to second order in « in a com-
plete fashion. This two-electron Lamb shift comprises both the two-electron self energy (self
energy screening diagrams) and the two-electron vacuum polarization (vacuum polarization
screening diagrams) [3]. Note, that compared to the QED calculations for high-Z H-like
systems, where some higher-order QED effects are still uncalculated, the claimed theoretical
uncertainty for the two-electron QED contribution is very small and, for the particular case
of He-like uranium, estimated to be of the order of 0.1 eV only. Also, we have to add that
the theoretical treatment of Yerokhin et al. [3] is in excellent agreement with a further
theoretical approach by Persson et al. [2], based on relativistic many-body perturbation
calculations, which also comprises all specific two-electron QED effects to second order in
a. Most importantly, as has been shown by Persson et al. [2] and Yerokhin et. al. [3], these
specific two-electron QED effects are almost completely unaffected by the uncertainties of
the nuclear-charge radius, one of the most serious limitations for the QED tests in high-
Z one-electron systems. As can be deduced from the experimental and theoretical results
presented in the table the experimental data provide a meaningful test of the many-body
non-QED part of the electron-electron interaction. In particular, the accuracy of the present
experiment has reached the size of the two-electron self energy contribution, i.e. of an o?
radiative correction.

In summary, radiative recombination transitions into the ground state of cooled bare
and hydrogenlike uranium ions were studied at the storage ring ESR, allowing for a di-
rect measurement of the electron-electron contribution to the ionization-potential in He-like
uranium. Compared to former experiments at Super-EBIT, this experiment allowed us to
extend our knowledge about the electron-electron interaction in the ground state of He-like
ions up to the heaviest stable element, i.e. 23U%% whereby the sensitivity to the specific
two-electron QED effects of o could be improved by a factor of two. The experiment yields
the most accurate determination of two-electron effects in the domain of high-7Z He-like ions
and reaches already the size of the calculated specific two-electron self-energy correction. In
contrast to the H-like ions at high Z, only a moderate improvement of the already achieved

accuracy is required to provide a measurement of higher-order QED effects in the absence



of nuclear size corrections.
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