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Measurement of two-electron contributions to the ground-state energy of heliumlike ions
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We report direct measurements of two-electron contributions to the ground-state energy of high-Z heliumlike
ions. The difference in radiative-recombination x-ray energy (i.e. , ionization potential of the recombined ion)
was measured for bare and hydrogenlike target ions trapped in an electron-beam ion trap for six elements
ranging from Z = 32 to Z= 83. The achieved uncertainties (as small as 1.6 eV) test the second-order many-body
contributions to the energy and approach the size of the two-electron (screened) Lamb shift. We also report a
measurement of the ground-state ionization potential of heliumlike bismuth relative to heliumlike xenon. All
results are in agreement with available theories.

PACS number(s): 32.10.—f, 34.80.Kw, 32.30.Rj

I. INTRODUCTION

Spectroscopic studies of the energy levels of few-electron
high-Z ions can be used to understand the effects of quantum
electrodynamics (QED) and multielectron contributions in
strong Coulomb fields. These effects appear as a difference
between the physical energy and the Dirac-Coulomb energy
of an atomic state. For one-electron systems this difference is
the Lamb shift and is commonly expressed as

n (Zn)L= —
3 F(Zn)moc,

where a is the fine-structure constant, n is the principal
quantum number, moc is the electron rest mass (in energy
units), and F(Zn) is a slowly varying function of Z that
contains all the necessary (mostly QED) corrections [1].At
high Z, F(Zn) is dominated by higher-order terms in

(Zn) that are not important at low Z.
Experimental studies of hydrogenlike low-Z ions provide

a measurement of the lower-order self-energy corrections
with extraordinary precision. For high-Z ions, the higher-
order self-energy corrections and the vacuum polarization
are the most important QED contributions that cannot be
tested with low-Z ions. In addition, a correction for finite
nuclear size becomes important at very high Z. Precision
x-ray spectroscopy measurements are required to test these
high-Z corrections.

The one-electron (hydrogenlike) ions are the easiest to
treat theoretically and calculations of their energy levels are
thought to be highly accurate even for very high Z [1].The
accuracy of the measured ground-state Lamb shift in hydro-
genlike high-Z ions has recently been improved by an order
of magnitude with experiments performed at the ESR heavy
ion storage ring in Darmstadt. In this case, Lyman-n transi-
tions were measured with uncertainties of 8 eV for gold [2,3]
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and 16 eV for uranium [4,3], as compared with a total one-
electron Lamb shift of 458 eV [5] for the hydrogenlike ura-
nium ground state.

The heliumlike ions are the simplest multielectron system.
However, in contrast to the hydrogenlike ions, there is no
exact solution for the structure of high-Z heliumlike ions.
Although substantial progress in the theory of two-electron
ions has been achieved, there are still important QED contri-
butions that have not yet been calculated [6—9]. The two-
electron contribution to the energy of a heliumlike ion in-
cludes, in addition to the dominant Coulomb term, effects
from electron correlation, the Breit interaction, screening of
the Lamb shift, and higher-order radiative corrections.

Although precision spectroscopy measurements of Ku
transitions in heliumlike ions are available for Z~36, theory
has not been well tested at higher Z. At high Z, the indi-
vidual Kn transitions are incompletely resolved in present
experiments [10—13], which precludes a measurement at the
level of precision available for hydrogenlike ions. This rela-
tively low precision of the available high-Z heliumlike mea-
surements does not allow a sensitive test of the theoretical
predictions for the ground-state energies.

Here we report the results of an experimental approach
that exploits radiative recombination (RR) transitions into
the vacant 1s orbitals of bare and hydrogenlike ions for a
direct measurement of the two-electron part of the ground-
state energy in heliumlike ions. We measure the difference in
the energy of RR x rays emitted in electron capture by sta-
tionary bare and hydrogenlike target ions. This difference is
equal to the difference in the ionization potential between the
hydrogenlike and heliumlike ion, which is exactly the two-
electron contribution to the ground-state energy of the heli-
umlike ion. It should be noted that the one-electron contri-
butions to the energy, such as the finite-nuclear-size
correction and the one-electron self-energy, cancel out in this
type of experiment, which makes such measurements unique.

We have obtained data for Ge (Z= 32), Xe (Z=54), Dy
(Z=66), W (Z=74), Os (Z=76), and Bi (Z= 83). We also
report a measurement of the difference in the heliumlike ion-
ization potentials of bismuth and xenon. This comparison
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FIG. l. Experimental arrangement used for the ionization potential measurements. The ' Yb source consists of several removable pieces
attached to an annular holder. The detector was located 46 cm from the trapped ions.

tests theory in a different way because it is most sensitive to
corrections that have the strongest Z dependence and the
one-electron contributions do not cancel out. In contrast to
accelerator measurements, where Doppler shift corrections
make a large contribution to the experimental uncertainty,
the accuracy of our results is essentially limited only by
counting statistics.

II. EXPERIMENTAL METHOD

Our measurements were performed with the super
electron-beam ion trap (Super EBIT) at the Lawrence Liver-
more National Laboratory. This device can produce bare and
hydrogenlike target ions of any element trapped in an elec-
tron beam of arbitrary energy up to 200 keV [14].The x-ray
spectrum from the trapped ions contains a series of RR lines
at energies above the electron-beam energy, corresponding to
electron capture into the open shells of the target ions. Nor-
mally, several charge states of a selected element are present
simultaneously in the trap.

The energy of each RR x ray is equal to the sum of the
incident electron energy and the ionization potential of the
recombined ion. The RR x-ray lines from capture into the K
shell of bare and hydrogenlike high-Z ions can be resolved in
a germanium detector, allowing a measurement of the
ground-state ionization potential difference between the hy-
drogenlike and heliumlike ions. If a high-Z and a low-Z
element are present in the trap simultaneously, then the ion-
ization potential difference between the high-Z and low-Z
ions can be obtained. An absolute measurement of a single
ionization potential is not possible at an interesting level of
precision because the uncertainty in the electron beam en-

ergy is too great.

A. Apparatus

The Super EBIT is described in detail elsewhere [15].
Briefly, ions are confined radially by the negative space-
charge potential of an electron beam. Axial confinement is
achieved by voltages applied to three drift tubes (i.e., trap
electrodes); typically the end electrodes are on the order of
100 V more positive than the center electrode and the ions
are confined to a length of roughly 2 cm along the beam. The
electron beam is compressed to a diameter of 70 p, m by a
3-T magnetic field. The trapped ions, injected in low charge
states or as neutral vapors, are ionized to high charge states
by successive collisions with beam electrons. X rays from

electron-ion collisions are observed through a slot in the cen-
ter trap electrode and through a beryllium vacuum window.

Three different hyperpure-germanium x-ray detectors
were used in the present experiments. One was a 1.0-cm-
thick planar detector and the other two were coaxial detec-
tors with thicknesses of 1.9 and 3.1 cm. The detectors were
located in a lead shield as shown in Fig. 1. Although the RR
lines of interest are in a clean spectral region above the end
point of bremsstrahlung from the electron beam, the lead
shield restricts the field of view of the detector to the ion
trapping region and protects the detector from a high rate of
bremsstrahlung occasionally produced elsewhere in the ap-
paratus. To ensure an accurate energy calibration, radiaoac-
tive calibration sources were located as shown in Fig. 1 and
counted simultaneously with the trapped-ion x rays. Doppler
shifts are completely absent for trapped EBIT ions and Dop-
pler broadening is negligible.

Six different elements were studied at several different
electron beam energies as summarized in Table I. Germa-
nium, dysprosium, and bismuth were injected into the trap as
low-charge ions from a vacuum-spark ion source [16].There
was a delay of several seconds between ion injection and the
start of data acquisition to allow for stripping to the bare and
hydrogenlike charge states. Data acquisition times were ei-
ther 14 or 35 s, depending on conditions, after which the trap
was dumped and the cycle repeated.

Xenon was injected as a collimated beam of neutral gas
atoms directed at a 90 angle to the electron beam. Roughly
0.2% of the xenon atoms that intercept the electron beam are
ionized and captured. Even though the injection (and loss) of
xenon is a steady-state process, the trap was dumped peri-
odically to avoid the accumulation of contaminant elements.

Two of the elements studied (tungsten and osmium) and a
third that was not studied (barium) are available fortuitously
without injection. They originate from the cathode of the
electron gun, probably by ion sputtering, and slowly accu-
mulate in the trap with a filling time on the order of 100 s or
more. Tungsten and osmium were studied by turning off the
periodic dumping of the trap and running in a steady-state
mode.

B. X-ray measurements

An x-ray spectrum for tungsten and osmium is shown in
Fig. 2. This spectrum is the sum of several individual runs
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TABLE I. Energies (in keV), calibration sources, and detectors used for the measurements of RR energies.

Element (Z)

Ge (32)

Xe (54)

Dy (66)
W (74)
Os (76)
Bi (83)

H-like

ionization potential

14.1

41.3

63.1

80.8
85.6
104.1

Beam
energy

31.4
38.6
85.6
139.8
140.8
141.0
141.8
168.3
182.6
183.6
168.4
184.9
184.9
182.6
183.6
191.6

Bare~ H-like

RR energy

45.5
52.7
126.9
181.1
182.1
182.3
183.1
209.6
223.9
224.9
231.5
265.7
270.5
286.7
287.7
295.7

22. 1 (Ag Ka),
22. 1 (Ag En),

110 (' 9Yb),

»7 ('"»)
177 (' Yb),
177 (' Yb),
179 (' Ta),
198 (' Yb),
198 (' Yb),
198 (' Yb),
198 ( Yb),
177 (' Yb),
177 ('"Yb),
198 ( Yb)
198 (' Yb),
198 (' Yb),

595 (' 'Am)

59 5 (' 'Am)

130 (' Yb)
198 (' Yb)
198 (' Yb)
198 (' Yb)
198 ('"Ta)
3Q8 (~69Yb)

308 ('"Yb)
3Q8 (~69Yb)

308 (' Yb)
308 (' Yb)
308 (' Yb)
308 (' Yb)
308 (' Yb)
3o8 ('"»)

Calibration lines

(source)
Detector type

(thickness)

planar (1.0 cm)
planar (1.0 cm)
planar (1.0 cm)
coaxial (1.9 cm)
coaxial (3.1 cm)
planar (1.0 cm)
coaxial (1.9 cm)
coaxial (3.1 cm)
coaxial (1.9 cm)
coaxial (1.9 cm)
coaxial (1.9 cm)
coaxial (1.9 cm)
coaxial (1.9 cm)
coaxial (1.9 cm)
coaxial (1.9 cm)
coaxial (1.9 cm)

obtained during a total counting time of 16 h with beam
currents of 195—210 mA at 185 keV, which is representative
of the conditions used for the other elements. The spectrum
shows RR lines from tungsten, osmium, and barium, as well
as lines from the ' Yb radioactive source used for calibra-
tion. At an x-ray energy equal to the electron-beam energy,
RR into high Rydberg levels joins smoothly with bremsstrah-
lung from the target ions, which dominates the spectrum at
lower energies. Although K-shell x rays appear in our spec-
tra, they are not useful for energy measurements because
they contain unresolved contributions from several charge
states.

The 900 eV full width at half maximum (FWHM) of the
tungsten and osmium RR (n = I) lines is dominated by the

resolution of the 1.9-cm-thick coaxial detector used to obtain
the spectrum of Fig. 2; the energy spread of the electron
beam is roughly 100 eV. X-ray spectra were saved at inter-
vals of 2 h or less and examined for drifts in beam energy or
in the electronic gain. Observed drifts were on the order of
200 eV or less in a 24-h period, so spectra were summed in
groups of similar runs and analyzed. The observed RR line
energies are insensitive to electronic gain drift because the
calibration lines are accumulated simultaneously. Our mea-
sured difference in RR line energies is also insensitive to any
drift in the incident electron energy because an energy drift
affects all RR lines equally.

Several calibration sources were used to span the range of
x-ray energy used in the present work. They are listed in
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FIG. 2. X-ray spectrum used to determine the hydrogenlike and heliumlike ionization potential differences for tungsten and osmium. The
Yb lines are from the calibration source; all other x rays come from electron-ion collisions in the trap at an electron energy of

E,= 185 keV. The expanded inset shows the tungsten and osmium RR (n = 1) features on a logarithmic scale. The doublet for each element

corresponds to capture on both bare and hydrogenlike target ions.
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TABLE II. Calibration energies (in eV) used in the present work.

Source

Ag Kn& 2
241A

169Yb

182T

Line energy

22 105.3 '
59 537

109 779.87~ 0.29 '
130 523.68+ 0.34 '
177 214.02~ 0.46 '
197 957.88~ 0.52 '
307 737.57+ 0.80 '

100 106.5~ 0.3 '
152 430.8~ 0.5 '
156 387.4~ 0.5 '
179 394.8~ 0.5
198 353.0~ 0.6
222 109.9~0.6
229 322.0~ 0.9
264 075.5~ 0.8

'Weighted average of Ka, and Kn2, Ref. [27].
Reference [27].

'Reference [28].
Reference [29].

Table II along with adopted values for the calibration ener-
gies. The ' Yb (32-day half-life) and ' Ta (115-day half-
life) sources were made by placing pieces of ytterbium and
tantalum metal next to a Cf neutron source for several
weeks. These sources were used in the geometry of Fig. 1

and their activity level was chosen so that the count rate in
the source lines was of the same order as that in the RR lines
of interest. The 'Am and Ag K-shell x-ray-fluorescence
sources, used only for the germanium RR (n = 1) splitting,
were commercial sources. They were counted in separate
runs interleaved with the RR x-ray runs. Relatively short
counting periods minimized any gain drift.

Line centroid positions were determined from least-
squares fits using a peak shape consisting of a Gaussian plus

a shelf on the low-energy side of the peak. This fitting func-
tion has been found previously to be a good representation of
the peak shape from solid-state x-ray detectors [17].A linear
background was subtracted. None of our fits showed a sta-
tistically significant deviation from this shape, including sev-
eral fits to intense lines from radioactive sources. The widths
of the barely resolved RR (n = 1) lines from bare and hydro-
genlike target ions were constrained to be the same in the
fitting procedure. Calibration lines from the radioactive
sources were fitted separately with an independent width.

Sample RR (n= 1) lines from typical data runs for ger-
manium, dysprosium, and bismuth are shown in Fig. 3, The
large change in the relative intensity of the peak from bare
target ions between germanium and bismuth is due to the
rapidly decreasing 1s ionization cross sections for very
heavy elements. At present, this prevents us from extending
these measurements to elements beyond Z= 83. Spectra from
individual data runs were summed together in similar groups,
examined for consistency, and analyzed as above. To check
for the possible presence of an undetected background fea-
ture that could shift one of the peak centroids, germanium
data were obtained at two different electron-beam energies
(i.e., different RR energies) and bismuth data were obtained
at three different energies as listed in Table I. In addition,
background runs were taken with the injection of these ele-
ments turned off in order to ensure that no other lines inter-
fered with the RR transitions.

Xenon data were obtained at a large number of different
conditions as listed in Table I. These included the use of
three different detectors, several different electron energies,
and four different pairs of calibration lines. Sample spectra at
three different energies are shown in Fig. 4, where it is pos-
sible to see the different position of the xenon RR lines with
respect to the calibration lines and the changing relative in-
tensity of the RR (n = 1) lines from bare and hydrogenlike
target ions. All of the different conditions gave consistent
values for the RR (n = 1) line splitting, so the individual runs
were combined to obtain a final xenon value.
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energy and detector used for the xenon measurements. Top and
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tector. Electron energies are as labeled.

Since most of the elements studied have isotopes with
nonzero nuclear spin, there is a hyperfine splitting of the
ground-state energy in the hydrogenlike ion. RR of bare tar-
get ions populates the two hydrogenlike hyperfine states sta-
tistically, so there is no hyperfine shift of the "bare RR" peak
centroid. However, hydrogenlike target ions are always in the
lower hyperfine level, so there is a hyperfine shift of the
"hydrogenlike RR" peak to lower x-ray energy, correspond-
ing to the energy radiated away in previous decays of the
upper hyperfine level in the target ions. This shift is less than

C. Bismuth-xenon separation

We have also obtained data for the ionization potential
difference between heliumlike bismuth (Z=83) and xenon
(Z=54). Since most contributions to the energy are much
larger at Z= 83 than at Z= 54, this measurement mainly pro-
vides information about bismuth.

Hydrogenlike bismuth and xenon target ions were trapped
simultaneously by leaving the xenon gas injection on con-
tinuously during the normal bismuth run cycle described
above. Two different electron-beam energies (142 and 184
keV) and two different calibration sources (' Yb and

Ta) were used in order to place the RR lines in different
locations with respect to the calibration lines as a consistency
check. Sample spectra from the different conditions are
shown in Fig. 5. Since only the heliumlike-bismuth ioniza-
tion potential is of interest in these data, the results of our
separate heliumlike-hydrogenlike splitting measurements
were used to constrain the separation of the two RR
(n = 1) components during the bismuth-xenon difference fits.
A hyperfine correction of +2.79 eV was applied to the bis-
muth line energy as described above.

III. SOURCES OF ERROR

The results reported in Table III required a determination
of the centroids of x-ray lines to an accuracy on the order of
1% of the FWHM of the peak and 2 && 10 of the total x-ray
energy. Several sources of systematic error were considered
and dealt with using consistency checks and data collection
procedures as described below. In the end, the overall uncer-
tainties in our results are dominated by the statistical uncer-
tainty in the line centroid positions and the contribution of
systematic errors is minor. Runs at different beam energies
and with different detectors, as described above, were per-
formed to reveal unrecognized sources of error such as struc-
ture in the spectral background. Here we describe our inves-
tigation of several known sources of error.

The possible sources of error in the present work can be
divided into two general categories: effects common to any
x-ray and y-ray energy measurement with solid-state detec-
tors and effects specific to the EBIT environment. The
present technique is closely related to the "mixed source"
technique used to measure absolute y-ray energies to 1-eV
accuracy in the same energy range [19]. Many sources of
error have been addressed more carefully in that context.
Effects unique to the EBIT environment consist of space-
charge shifts in the electron energy, possible spectator elec-
trons on the target ions, and time-dependent spectral
changes.
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FIG. 5. Sample spectra used to determine the difference in the
ionization potentials of heliumlike bismuth and xenon. Top:
E,= 142 keV with a ' Ta calibration source. Bottom: E,= 184 keV
with a ' Yb calibration source. Both spectra were obtained with
the 2-cm-thick coaxial detector.

A. Energy calibration

The energies of the ' Yb and ' Ta calibration lines are
known to 0.8 eV or better (see Table II), but a nonlinearity in
the electronics or detector response could result in a much

B.Peak shape and fitting function

As mentioned above, the fitting function consists of a
Gaussian peak shape with a shelf on the low-energy side.
The bare and hydrogenlike RR (n = 1) peaks partially over-
lap and their apparent centroid separation could be affected
by a deviation of the actual peak shape from the fitting func-
tion due to "pileup tails. "This was monitored by including a
pulser peak in the spectra at a count rate more than ten times
faster than the RR lines. No tails were observed on the pulser
peak, implying that there were none on the RR (n= 1)
peaks. Aluminum absorber sheets with a total thickness vary-
ing from 0.25 to 1.75 mm were used to attenuate low-energy
x rays and maintain a total full-spectrum count rate on the
order of 200 counts/s.

Although the fitting function was tested with fits to high-
statistics source lines, the approximately 100-eV energy
spread of the electron beam only affects the RR lines. We
assumed that the beam energy spread, as well as any small
peak-broadening contributions from noise or gain drift, could
be accounted for by allowing the Gaussian width of the x-ray
peak to be a free parameter during the fitting procedure. This
choice is supported by the fact that residuals from all of the
RR fits showed no deviation from the chosen peak shape,
including data sets with very different ratios of the bare and
hydrogenlike components of the RR (n = 1) feature.

TABLE III. Two-electron contributions to the ground-state energy of heliumlike ions (in eV). The last row is the difference in the
ionization potentials of heliumlike bismuth and xenon.

Element (Z)

Ge (32)
Xe (54)
Dy (66)
W (74)
Os (76)
Bi (83)
Bi-Xe

Experiment

562.5 ~ 1.6
1 027.2~ 3.5
1 341.6~ 4.3

1 568+ 15
1 608+20
1 876~ 14

61 984.0~ 8.2

Relativistic '
MBPT

561.9
1028.1
1336.6
1574.6

1882.7

Theory
Relativistic

all order

562.1

1028.4
1337.2
1574.8
1639.2

MCDF '

562.1

1 028.2
1 336.5
1 573.6
1 637.8
1 880.8

61 980.5

Unified

562.1

1 028.8
1 338.2
1 576.6
1 641.2
1 886.3

61 975.6

Expt. —Theor. '

0.4~ 1.6
—1.0~ 3.5

5.1~4.3
—6+ 15

—30~ 20
—5~ 14
3.5~ 8.2

'Reference [6].
Reference [9], using hydrogenlike energies from Ref. [5].

'References [30,7].
Reference [22], using hydrogenlike energies from Ref. [5].
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C. Electronic stability

Large changes in the RR (n= 1) count rate during the
data acquisition period (compared to the constant rate in the
calibration lines) could lead to a systematic error if there
were a time-dependent gain shift. This was checked by di-

viding the data acquisition into seven separate time bins and

comparing centroid positions in the first time bin with the
average of the other six. No statistically significant differ-
ences were found. The first time bin was selected because
that is where the RR (n= 1) rate is most different (lower)
due to the still-evolving ionization balance. A successive-
approximation analog-to-digital converter (ADC) was used
to achieve the time routing. A second (Wilkinson-type) ADC
was used simultaneously for roughly half the data runs, but it
could not be time routed. A cross-check demonstrated con-
sistency between results from the two ADC's.

D. Detector geometry

Previous studies have shown that the centroid positions of
y-ray peaks in germanium detectors can depend on the inci-
dent photon direction [20]. Our detector directly faced the
trapped ions, but the calibration sources were placed in an
annulus that subtended a half angle of approximately 3.5'
with respect to the detector axis. Although we do not expect
a significant centroid shift at our x-ray energies with this
geometry, we performed a test with a comparison source
moved between angles of 0 and 40 . No shift was found to
a precision of 4 eV, suggesting that any shift at 3.5 is neg-
ligible. Note that this type of error could affect the bismuth-
xenon energy difference, but would not contribute to the
measured splitting of the closely spaced RR (n = 1) lines.

E. Space-charge potential

The bismuth-xenon energy-difference measurement raises
an additional concern that is not present for the RR (n = 1)
splitting measurements. If the bismuth and xenon ions were
located at different beam radii, they would experience
slightly different electron-beam energies due to the space-
charge potential of the beam. As a result, the measured dif-
ference between their RR x rays would be shifted. The
space-charge voltage difference between the center and edge
of the electron beam is typically 7 V for the conditions used.
The difference in the average electron energy experienced by
the bismuth and xenon ions is much less than this because
both kinds of ions are smoothly distributed across the beam
profile. A similar argument applies to the change in electron
energy at the axial trap barriers. Uncertainty in the ion tem-
peratures prevents an exact calculation of this effect, but the
overall contribution to the bismuth-xenon energy difference
is estimated at no more than 1 eV and has been neglected. A
related error could occur if there were a change in the total
space-charge potential during the data acquisition period due
to a change in the number of trapped ions, thus causing a
change in the incident electron energy. (The total electron
space-charge potential at the axis of the trap is typically 75
V.) If the relative RR (n = 1) count rates from bismuth and
xenon changed as well, then the different weightings could
produce a change in the apparent bismuth-xenon energy dif-
ference. This effect was avoided by operating the trap in a
manner that minimized count rate changes. Centroid separa-

tions were compared for early and late time bins and no
differences were found.

F. Spectator electrons

The ionization potentials are deduced from radiative re-
combination peak energies assuming that electrons are cap-
tured onto the ground states of bare and hydrogenlike ions.
The centroid energy of these peaks could be shifted by the
presence of additional electrons in high Rydberg levels, an
effect observed for Kn transitions in hot plasmas [21]. It is
easy to show that this effect is insignificant for bare and
hydrogenlike EBIT ions. The population rate of Rydberg
states by RR, charge exchange with neutral atoms, and elec-
tron impact excitation is on the order of 1 Hz per ion based
on estimated RR and excitation cross sections and a charge-
exchange recombination rate estimated from its effect on the
ionization balance. The resonant process of dielectronic re-
combination does not occur at our electron energies. The
time scale for the cascade decay of a high-n state (n-400)
is of the order of 10—100 ns; thus the probability of RR
(n = 1) on an ion with an electron in such a high Rydberg
state is less than 10

We conclude that the systematic uncertainty from all
sources of error is small compared to the statistical uncer-
tainty of the peak centroid determination. Therefore our
quoted uncertainties are entirely statistical.

IV. RESULTS AND DISCUSSION

All of the individual data sets for each element have been
combined to obtain a final value for the difference in ioniza-
tion potential between the heliumlike and hydrogenlike ion-
ization stages. The results are presented in Table III, where
they are compared with theoretical calculations. The mea-
sured difference between the heliumlike ionization potential
of bismuth and xenon is also listed in Table III.

A. Theoretical predictions

Several different theoretical approaches have been applied
to heliumlike ions. The "unified" method of Drake uses a
relativistic 1/Z expansion [22]. This approach is known to be
incomplete at the level of (Zn), so it is expected to be most
accurate at low Z with an uncertainty that grows like Z . The
multiconfiguration Dirac-Fock (MCDF) [7,23] and relativis-
tic many-body perturbation theory (MBPT) [6,24] ap-
proaches are more appropriate for high-Z systems. Recently
an all-order technique for relativistic MBPT has been applied
to heliumlike ions [9]. Results from these four theoretical
approaches are compared to our measured two-electron con-
tributions to the heliumlike ground-state energies in Table
III. The results from the all-order and unified theories are
available as total ionization energies for the heliumlike
ground state, so it is necessary to subtract the (more accu-
rate) hydrogenlike energy to obtain the two-electron contri-
bution. We used the hydrogenlike energies of Johnson and
Soff for this purpose [5].

As can be seen in Table III, there is a general agreement
between our experimental results and the predictions of all
four theories. The experimental uncertainties prevent a clear
distinction among the different theories. However, at higher
Z, our results favor the MBPT, all-order, and MCDF theories
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TABLE IV. Comparison between the relativistic MBPT calculations of Lindgren et al. [6] and the present
measurements (in eV).

Element (Z)

Ge (32)
Xe (54)
Dy (66)
W (74)
Bi (83)

Second-order

many body

—5.2
—6.9
—8.6
—9.4
—11.0

Two-electron

Lamb shift

—0.5
—1.6
—2.5
—3.4
—4.5

Total

theory

561.9
1028.1
1336.6
1574.6
1882.7

Experiment

562.5 ~ 1.6
1027.2 ~ 3.5
1341.6~ 4.3

1568~ 15
1876+ 14

over the unified theory. A recently developed relativistic
configuration-interaction theory has been very successful in
calculating n =2 to n =2 transitions in heliumlike ions [8].
This theory is not included in Table III because results are
not available for most of the ions we studied; however, it is
in agreement with the other theories. We note that, although
our result for the bismuth-xenon ionization potential differ-
ence is not a direct measurement of the two-electron contri-
butions, its uncertainty is smaller than that of the bismuth-
only result.

The individual two-electron contributions to the ground-
state energy of heliumlike ions in relativistic MBPT have
recently been calculated by Lindgren et al. [6]; we list them
in Table IV along with our experimental results. Our experi-
mental uncertainties are smaller than the second-order many-
body contribution (except at higher Z), so our results mostly
test this part of the theory. Our uncertainties are only slightly
larger than the two-electron (screened) Lamb shift, particu-
larly for dysprosium and xenon.

B. Other experiments

Until now, the only available technique for the study of
the ground-state energies of heliumlike ions has been the
spectroscopy of Ku transitions. Due to the strong 1/n scal-
ing of the leading QED effects [see Eq. (1)], this method
tests the total ground-state QED contributions by assuming
that the energies of the excited levels can be calculated pre-
cisely. For heliumlike Ge + a Bragg crystal spectrometer
was used in a previous EBIT measurement to obtain an ac-
curacy of 0.2 eV for the Is2p('Pt)-Is ('So) transition, en-
abling a distinction between different theories [25). This
transition has also been measured in heliumlike Kr + with
an accuracy of 0.3 eV [26].

At higher Z, all available heliumlike transition energy
measurements have been done using high-velocity accelera-
tor beams capturing electrons from neutral target atoms.

These experiments must deal with large Doppler shifts and
the fact that the observed Ku& and Eu2 lines both contain
two transitions that are unresolved in existing experiments.
In spite of these problems, uncertainties as low as 60 eV
have been obtained for heliumlike bismuth [11]and uranium
[12] and 3.5 eV for xenon [10].

It should be noted that heliumlike Ku energies are domi-
nated by the one-electron (hydrogenlike) energy. In contrast,
the energy differences measured in the present work isolate
the true two-electron contributions. This will become even
more important as the experimental precision improves and
smaller contributions can be tested.

V. SUMMARY

We have used a recently developed experimental ap-
proach to obtain the first direct measurements of the two-
electron contributions to the ground-state energy of high-Z
heliumlike ions. Our results support theoretical calculations
within the experimental uncertainties. The technique used in
the present work is limited by the x-ray intensity and charge
states available from the Super EBIT device and it is possible
that the uncertainties for the heaviest elements could be re-
duced by an order of magnitude if more x-ray intensity were
available. In this case, the smaller and uncalculated two-
electron contributions to heliumlike energies could be
measured.
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