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Measurements of the 1s2p1P1→1s2 1S0 , 1s2p3P2→1s2 1S0 , 1s2p3P1→1s2 1S0 , and
1s2s3S1→1s2 1S0 transitions in heliumlike krypton~Kr 341) have been made on the Electron Beam Ion Trap
~EBIT! facility at the Lawrence Livermore National Laboratory. The measurements were performed using a
high-resolution crystal spectrometer and an accuracy of about 30 ppm was achieved. Unlike earlier measure-
ments, our results are in good agreement with recent theoretical predictions.

PACS number~s!: 32.30.Rj, 31.30.Jv, 12.20.Fv

I. INTRODUCTION

Spectra of heliumlike ions have been a subject of intense
research interest, since these ions are the simplest of all mul-
tielectron systems and therefore provide an ideal setting for
testing approaches to solve the many-body problem. Al-
though the predictions for theKa transitions of two-electron
systems have become very accurate during recent years,
there are still significant differences among the theoretical
values, depending on the approaches used to account for the
many-body quantum-electrodynamical and relativistic cor-
rections as well as electron-electron correlations. Thus
experimental results are necessary in order to guide the de-
velopment of accurate theoretical approximations. This is es-
pecially important for high-Z heliumlike ions, as differences
among predictions tend to increase strongly with atomic
number@1–3#. In the case of krypton, for example, Drake@1#
calculates 13 114.33 eV for the 1s2p1P1→1s2 1S0 transition
using the unified method, which combines high-precision
nonrelativistic variational calculations with relativistic and
quantum electrodynamic~QED! corrections. However,
Plante, Johnson, and Sapirstein@2# predict 13 114.41 eV for
the samen52→1 transition in heliumlike krypton using an
iterative method for determining the eigenvalues of the no-
pair Hamiltonian, treating the instantaneous Breit interaction
as a perturbation, and taking the corrections for mass polar-
ization and QED from Drake@1#. Another prediction made
by Cheng, Chen, Johnson, and Sapirstein@3# gives 13 114.70
eV for the 1s2p1P1→1s2 1S0 transition in Kr341. Cheng
et al. are using a large-scale relativistic configuration inter-
action calculation obtaining results that are very close to the
Dirac energies computed by Planteet al.The main difference
between the two theoretical values is due to the different
ways to account for the QED contributions.

Heliumlike Ka radiation has been studied for ions as
heavy as Xe521 @4# and U901 @5#, but only up to Kr341 with
high-resolution crystal spectrometers@6,7#. The experimental
results of Briandet al. @6# for the kryptonKa transitions

obtained at the UNILAC accelerator facility are not accurate
enough~90–170 ppm! to distinguish between any of the re-
cent theoretical predictions. The values for krypton obtained
at the GANIL accelerator facility by Indelicatoet al. @7# with
an accuracy of 0.30 eV~24 ppm! differ significantly from all
recent calculations. For the 1s2p1P1→1s2 1S0 transition the
difference is (0.7560.30) eV, comparing with the results of
the calculations of Chenget al. @3#, and (1.1260.30) eV,
comparing with the values calculated by Drake@1#. Thus
there is a strong interest in remeasuring the energies of the
kryptonKa transitions. Our measurement was performed at
the Electron Beam Ion Trap~EBIT! facility @8# also using
high-resolution crystal spectroscopy@9#, and achieving a pre-
cision of 28–31 ppm. Unlike earlier measurements at the
GANIL accelerator facility@7#, the results of our measure-
ment are in agreement with most recent calculations, agree-
ing best with the values predicted by Cheng, Chen, Johnson,
and Sapirstein@3#.

II. EXPERIMENT

In EBIT, electron-ion interactions take place along a
2-cm-long region within the 60-mm-diam electron beam
@10#, making EBIT a perfect line source, which can be im-
aged by a spectrometer without applying an additional en-
trance slit. An aperture in the liquid helium shield constrains
the accessible height of the EBIT source to 1.2 cm. The
measurements were made with a von Ha´mos–type@11# high-
resolution crystal spectrometer using a cylindrically bent
200-LiF crystal (2d54.027 Å! with a radius of curvature
R575 cm. Figure 1 shows an outline of this setup. The spec-
trometer is set to a nominal Bragg angleu528°. This setup
measures the krypton Ka radiation in second order and
the Ly-a1,2 lines of manganese as well as the transitions
1s2s3S1→1s2 1S0 and 1s2s22p1P1→1s22s2 1S0 in heli-
umlike and berylliumlike iron used for calibration in first-
order Bragg reflection. The detector, a position sensitive pro-
portional counter, was optimized for the energy range of the
He-like kryptonK-shell x rays@12#. Aiming for a high quan-
tum efficiency while maintaining good spatial resolution led
to the following operating parameters for the detector: gas
mixture 70% Xe, 30% CH4; gas pressure 78 psi~gauge!
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~5.38 bar!; active volume 9.533.030.4cm3; thickness of Be
window 1 mm; applied voltage 4.2 kV. We obtained an effi-
ciency of about 70% for first-order x-ray photons~6.5 keV!
and about 55% for the second-order kryptonK-shell x rays
~13 keV!, taking into account the absorption due to the Be
windows in EBIT and the detector, respectively. The differ-
ence in the efficiency is mainly due to the different mean
ionization depths for these photon energies in the detector.
The influence of this difference on the determination of the
transition energies will be discussed in Sec. III. A spatial
resolution ofDxdetector5802100mm was achieved along the
whole detector area. This was measured with an55Fe x-ray
source (Ex rays'6 keV!, and a RbKa source (Ex rays'14
keV!, respectively.

The spatial resolution is only one of several factors which
limit the resolving power of the spectrometer. Further de-
crease of the resolving power of this setup is caused by the
finite size of the source, the imaging properties of the von
Hámos geometry, the resolving power of the LiF crystal, and
thermal line broadening. The size of the source is given by
the diameter of the electron beam, which isDxbeam560
mm @10#. Calculating the imaging properties of the von Ha´-
mos geometry @11# gives a line spread of less than
Dximage530 mm. Accounting only for geometrical effects,
i.e., spatial resolution of the detector, beamwidth, and imag-
ing properties, the highest achievable resolving power of our
setup would be (E/DE)geom514 000–16 500. The difference
to the measured resolution ofE/DE'2600 for Fe241 and
Mn241 in first, andE/DE'4300 for Kr341 in second, order
shows that thermal line broadening and the resolving power
of the crystal are the main contributions to the limitation of
the resolving power. For the lines emitted by the highly
charged ions in EBIT, Doppler broadening is the dominant
broadening process. The linewidth@full width at half maxi-
mum ~FWHM!# due to the Doppler broadening can be cal-
culated using the equation

DE5EA8 ln~2!Tion
mionc

2 . ~1!

Tion is the temperature andmion the mass of the ion,E the
energy of the spectral line, andDE the full width of the line
at half maximum. At run conditions of EBIT optimized to-

wards the highest intensity of x-ray emission, such as those
used in the present measurement where a deep trap
(Vaxial5205 V! and a high beam current (I beam51802200
mA! have been applied, the temperature of the trapped ions
is on the order of 700 eV, as shown earlier in the case of
heliumlike Ti201 ions @13,14#. The corresponding Doppler
broadening~FWHM! is aboutDETion

51.8 eV for the heli-

umlike Fe241 and the hydrogenlike Mn241 lines, and about
DET ion

52.9 eV for the heliumlike Kr341 lines. The line-

widths in the recorded spectra areDEexpt5(2.560.1) eV for
the hydrogenlike Mn241 and the heliumlike Fe241 lines and
DEexpt5(3.0560.05) eV for the heliumlike Kr341 lines. The
width of the krypton lines is thus in good agreement with the
expected ion temperature. This indicates that in second-order
Bragg reflection the resolving power is limited by the Dop-
pler broadening, and the line profile is dominated by the
thermal Doppler effect. In first-order Bragg reflection, by
contrast, the factor limiting the resolving power appears to
be the resolving power of the crystal. In other words, the
shape of the spectral lines recorded in first order is domi-
nated by the rocking curve of the crystal@15#. The impact of
the different line shapes in first and second order on the
measured transition energies will be discussed in Sec. III.

For the observation of the krypton spectra neutral krypton
atoms are injected into EBIT by means of a gas injector. The
pressure in the gas injector is in the 1028-Torr range, which
is more than three orders of magnitude higher than in the trap
itself. Precise adjustment of the gas injector ensures that the
krypton atoms hit the electron beam, where they get ionized
and trapped. The ionization balance is optimized by choosing
an appropriate electron beam energy, trap depth, cooling gas
pressure, and the time during which the ions are kept in the
trap before they are dumped and the trap is filled up with
‘‘new’’ ions @16#. Without the process of dumping and refill-
ing, the background, due to high-Z elements~such as barium
and tungsten from the electron filament! getting into the trap,
would increase in time.

Introduction of manganese and iron into EBIT for calibra-
tion was accomplished by using a metal vapor vacuum arc
~MEVVA ! @17#. In particular, a MEVVA was constructed
with a cathode made from manganese and an iron trigger
wire. In normal operation the MEVVA plasma contains
mostly atoms and ions from the cathode material, which is
Mn. Interchanging the electrical leads between cathode and
trigger allows us to inject Fe. Using this MEVVA calibration,
measurements of iron and manganese x rays were made suc-
cessively. By contrast, the trap can be filled with krypton and
iron or manganese simultaneously. Thus a krypton spectrum
could be recorded simultaneously with a calibration spec-
trum.

III. MEASUREMENTS

The EBIT facility uses a monoenergetic electron beam for
the excitation of the ions. Unlike in plasma observations, this
enables us to record spectra produced solely by direct exci-
tation ~DE! and without the presence of satellite lines pro-
duced by dielectronic recombination. Therefore none of the
heliumlike or hydrogenlike lines discussed overlap or blend
with satellite transitions from lower charge states. For col-
lecting the krypton data we used an electron beam energy of

FIG. 1. Layout of the von Ha´mos spectrometer in the horizontal
plane of EBIT. The electron beam is out of the page.
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about 19.5 keV, well above the excitation threshold for the
heliumlike kryptonKa transitions, which is around 13 keV.
For the manganese calibration the beam energy was set to
about 12 keV, which is much higher than the ionization en-
ergy of heliumlike manganese (Eion58.14 keV!, and yielded
the highest count rate for the Ly-a emission. The iron data
were collected at a 9-keV electron beam energy, which again
is more than necessary for the production of heliumlike iron,
i.e., ionization of lithiumlike iron ions (Eion52.05 keV!.

Figure 2 shows the heliumlike kryptonK-shell spectrum
together with the two calibration spectra featuring the man-
ganese Ly-a1,2 lines and the 1s2s 3S1→1s2 1S0 , labeled
z, and 1s2s22p1P1→1s22s2 1S0 , labeledb, transitions in
heliumlike and berylliumlike iron, respectively. The labeling
is according to the notation of Gabriel@18#. Additionally,
several collisional satellite lines of lower charge states are
seen in the spectra of both Kr and Fe. Some of the lithium-
like and berylliumlike satellites are labeled (r ,q,t, andb).
The analyzed spectra represent data taken in about 44 h, i.e.,
overall, 9 h manganese, 5 h iron, 26 h krypton, and 4 h where
krypton and iron were collected simultaneously. Taking the
complete data set, shown in Fig. 2, a count rate of about 100
counts per hour for the 1s2p1P1→1s2 1S0 transition and 45
counts per hour for the 1s2s 3S1→1s2 1S0 transition in
Kr 341 can be derived. For the calibration lines the count rate
was about 230 counts per hour for the Mn Ly-a1 line, and
315 counts per hour for the heliumlike iron transition, re-
spectively. For calibration we set the value of the Mn
Ly-a1 line equal to 6441.665 eV, as calculated by Mohr@19#
and Johnson and Soff@20#, the iron 1s2s3S1→1s2 1S0
transition equal to ~6636.8460.39! eV, and the
1s2s22p1P1→1s22s2 1S0 transition equal to~6628.936
0.29! eV as measured by Beiersdorferet al. @21#. These three
lines determine both the absolute energy scale and the spec-
tral dispersion. The iron transitionsb andz have been cho-
sen for the calibration because there is no published energy
or wavelength measurement ofr with sufficient accuracy~in
plasma observationsr blends with dielectronic satellite tran-
sitions!. The linesq and y are too close to the edge of the
illuminated area of the detector. Using these lines as refer-
ences would add an unknown systematic uncertainty to the
determination of their line centroids. For the same reason we
abstained from using the Mn Ly-a2 line for our calibration.

For the conversion from first- to second-order energies it
is necessary to account for parallax effects in the position
sensitive detector due to the different mean ionization depth,
for the differences in the diffraction images due to the
crystal, and for differences in the index of refraction of
the crystal. Taking the mass attenuation for Xe, C, and
H @22# ~detector gas filling: 70% Xe, 30% CH4; gas pres-
sure 5.38 bar; thickness: 4 mm! a mean ionization depth
of zion50.697(2) mm for the 6.5-keV x rays and
zion51.711(1) mm for the 13-keV x rays can be derived.
Despite this difference the line shift relative to the krypton
lines due to parallax effects is less than 8mm for the Mn
Ly-a1 lines and less than 7mm for the FeKa transitions.
For both the manganese and the iron spectra, parallax shifts
the lines away from the center of the detector. This spatial
shift of the calibration lines changes the energy of the kryp-
ton 1s2p1P1→1s2 1S0 transition by20.02 eV and the kryp-
ton 1s2s3S1→1s2 1S0 transition by10.03 eV. The parallax

effects, thus, are small especially when compared to the un-
certainties of our measurements discussed below. Adjust-
ments for these effects, however, have been made. The rea-
son for such small effects is the large distance between the
source and the detector. Another important issue when using
different orders of diffraction is the inter–order comparison
of the diffraction images. In our measurements, as already

FIG. 2. ~a! Spectrum of hydrogenlike manganese showing the
Ly-a1 and Ly-a2 lines. The electron beam energy was set to 12
keV. ~b! Spectrum of the 1s2s3S1→1s2 1S0 transition in heliumlike
iron, labeledz, recorded at a beam energy of 9 keV. Both the
manganese and the iron spectra were taken in first-order Bragg
reflection.~c! Krypton Ka spectrum measured in second order, set-
ting the electron beam energy to 19.5 keV. In addition to the four
He-like transitions (w, x, y, z) both the krypton and iron spectra
show collisional satellite lines of lower charge states. Only a few
lithiumlike and one berylliumlike satellites of these are labeled
(r , q, t, andb).
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mentioned in Sec. II, the line shape for the spectra taken in
second-order Bragg reflection is dominated by the Doppler
broadening. In contrast, the width of the spectral lines dif-
fracted in first order is limited by the resolving power of the
crystal. In fact, the line profile of the spectral lines measured
in first-order Bragg reflection is slightly asymmetric. There-
fore applying a symmetrical fit function does not give the
center of gravity of the spectral line. For example, for the Mn
Ly-a1 line this difference between the center of gravity and
the centroid, obtained by using a symmetric fit function, is
0.01 eV. Accounting for this asymmetry of the spectral lines
in first order shifts the measured transition energies of the
krypton lines on average by 0.02 eV towards lower energies.
Conservatively, we assign a 100% uncertainty to this shift.
Again, the line shape effects are small compared to the over-
all uncertainties of our measurements. By contrast, the im-
pact of the difference in the index of refraction on the
transition-energy determination is significant. Including the
dependence of the index of refraction from the x-ray energy
modifies the Bragg equation in the following way@23#:

l5
2d`

n F12
d

l2 S 2d`

n D 2Gsinu, ~2!

whered` is the lattice spacing at x-ray energies far above
any resonance line of the crystal,n is the order of diffraction,
d the refractivity, i.e., unit decrement of the index of refrac-
tion m, with d512m, l the wavelength of the x rays in air,
andu the Bragg angle. By comparing Eq.~2! with the Bragg
formula,

l5
2dn
n
sinu, ~3!

an expression for 2dn can be derived, which includes the
dependence on the order of diffraction and the wavelength:

2dn52d`F12
d

l2S 2d`

n D 2G . ~4!

The refractivityd was calculated using an approximation of
the dispersion formula for photon energies much higher than
the resonance transitions of the medium@24#. Comparison of
the inner-shell resonances of lithium, less than 55 eV, and
fluorine, less than 686 eV@25#, with the x-ray energies being
measured~around 6.5 keV in first and 13 keV in second
order! justifies this assumption. In this case, the expression
for d, using SI units, is

d5
Ne e

2l2

8p2e0mec
2 . ~5!

Ne is the electron density in the crystal,e the elementary
charge,e0 the permittivity of vacuum, andme the electron
rest mass. Thus the expressiond/l2 is a constant factor.
Taking a lattice spacing of 2d`54.027 Å for the LiF~200!
crystal @15# Eq. ~4! leads to 2d54.026 78 Å for first order
and 2d54.026 95 Å for second order. The difference of the
index of refraction for the two orders, consequently, has a
significant effect on the determination of the energy of
second-order lines that are calibrated by lines measured in
first order. If neglected, the energies of the second-order lines
are 0.54 eV higher than if taken into account. Uncertainties
in the determination of 2d1 and 2d2 arise from the assumed
values of 2d` andd/l2. An estimate for the uncertainty of
the former can be given based on the 0.1-mÅ spread of val-
ues cited by different authors@15,26#. A 0.1% change~0.4
mÅ! affects the measured krypton line energies by no more
than 0.02 eV. A 10% change in the value ofd/l2, which is
much higher than expected from basic theoretical consider-
ations @24#, affects the measured krypton line energies by
only 0.04 eV.

Table I presents the results of the energy determination of
the He-like DE lines. The uncertainty in the determination of
the transition energies results from the uncertainty of the
calibration lines, the uncertainty of the dispersion along the
detector, the uncertainty in the determination of the centroid
of each line, which includes the uncertainty due to the dif-
ferent line profiles in the first- and second-order spectra, as
well as the uncertainty in the assumed values for 2d1 and
2d2 . The uncertainty in the energy of the calibration lines is

TABLE I. Experimental and theoretical values for the energies of the 1s2s,1s2p→1s2 transitions in
heliumlike krypton and average difference between experimental results and the calculated values.

Eexpt
a Eexpt

b Etheor
c Etheor

d Etheor
e

Key Transition ~eV! ~eV! ~eV! ~eV! ~eV!

w 1s2p1P1→1s2 1S0 13114.68~36! 13115.45~30! 13114.33 13114.41 13114.70
x 1s2p3P2→1s2 1S0 13091.17~37! 13090.72 13090.79 13091.10f

y 1s2p3P1→1s2 1S0 13026.29~36! 13026.80~30! 13025.99 13026.05 13026.32
z 1s2s3S1→1s2 1S0 12979.63~41! 12979.13 12979.20 12979.51f

Average difference: ^Eexpt
b 2Etheor& ~eV! 0.97~30! 0.90~30! 0.60~30!

^Eexpt
a 2Etheor& ~eV! 0.40~38! 0.33~38! 0.03~38!

aPresent measurement.
bIndelicatoet al., Ref. @7#.
cDrake, Ref.@1#.
dPlanteet al., Ref. @2#.
eChenget al., Ref. @3#.
fChenget al., Ref. @3# and Chenet al., Ref. @28#.
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0.4 ppm for the Mn Ly-a1 line @19,20#, 59 ppm for the Fe
1s2s 3S1→1s2 1S0 transition, and 43 ppm for the Fe
1s2s22p1P1→1s22s2 1S0 transition@21#. Including the un-
certainty of the determination of the centroid of these cali-
bration lines which depends mainly on counting statistics, we
get 7 ppm for the Mn Ly-a1, 59 ppm for the Fe
1s2s 3S1→1s2 1S0 transition, and 44 ppm for the Fe
1s2s22p1P1→1s22s2 1S0 transition. As a result, the overall
uncertainty of the krypton lines, which includes the uncer-
tainties of the calibration lines, of the dispersion, and of the
position of the centroid of the measured lines, ranges from
28 to 31 ppm.

We find ~13 114.69 6 0.36! eV for the
1s2p1P1→1s2 1S0 transition. This value is 0.76 eV smaller
than the~13 115.456 0.30!-eV value measured by Indeli-
cato et al. @7#. It remains, however, larger than the
13 114.33-eV value predicted by Drake, in line with the sys-
tematic differences noted between Drake and measurements
of the 1s2p1P1→1s2 1S0 transition in various heliumlike
ions with 16<Z<36 @27#. Nevertheless, within uncertain-
ties, our value is in agreement with all recent calculations
@1–3#, including Drake’s, and in best agreement with the
calculation of Cheng, Chen, Johnson, and Sapirstein@3#, who
predicted 13 114.70 eV. Similarly, our value for the
1s2p3P1→1s2 1S0 transition of ~13 026.29 6 0.36! eV
agrees within uncertainties with all recent calculations and
agrees best with the 13 026.36-eV transition energy calcu-
lated by Chenget al. @3#. Again, our value is smaller than the
~13 026.806 0.30!-eV value determined by Indelicatoet al.
@7#.

In addition, we observed the transitions
1s2p3P2→1s2 1S0 , ~13 091.17 6 0.37! eV, and
1s2s3S1→1s2 1S0 , ~12 979.636 0.41! eV, in heliumlike
krypton. These dipole-forbidden transitions were not ob-
served in the earlier accelerator measurements by Indelicato
et al. @7#. For both transitions, labeled x and z, the values
calculated by Drake, 13 090.72 eV for the
1s2p3P2→1s2 1S0 , and 12 979.13 eV for the
1s2s3S1→1s2 1S0 transition, are significantly smaller than
our measured values. The transition energies predicted by
Plante for these lines are 0.01 eV below the 1–s uncertainty
interval of our measurements. For these two lines there are
no values given by Chenget al. @3#. However, by combining
earlier results of Chen, Cheng, and Johnson@28# from con-
figuration interaction~CI! calculations ofn52 triplet states

in heliumlike krypton with the work of Chenget al. @3#, the
values of 13 091.10 eV for the 1s2p3P2→1s2 1S0 transition
and 12 979.51 eV for the 1s2s3S1→1s2 1S0 transition can
be derived. These values are in excellent agreement with our
measurements.

The main difference between the predicted values for the
transition energies is due to the different ways of accounting
for the QED contributions. Comparing the non-QED part of
the calculated values between Drake, Planteet al., Cheng
et al., and Chenet al. @1–3,28#, agreement within 4–6 ppm
is found for then52→1 transitions in heliumlike krypton.
For the 1s2p1P1→1s2 1S0 transition, for example, the pre-
dictions for the transition energy without QED contribution
are between 13 125.43 eV~Chenget al.! and 13 125.49 eV
~Drake!. Thus we find a QED contribution of210.78(39)
eV for the 1s2p1P1→1s2 1S0 transition by subtracting the
non-QED energy of 13 125.46~3! eV from our measured
transition energy@13 114.68~36! eV#. Our result agrees best
with the210.73 eV calculated by Chenget al. for the QED
contribution to this transition. A comparison between our re-
sults of the determination of the QED contribution and the
values predicted by theory is presented in Table II. In gen-
eral, the QED contributions calculated by Drake are larger
than measured. The difference is most significant for the
1s2s3S1→1s2 1S0 transition.

IV. CONCLUSION

The earlier measurement of the heliumlike krypton lines
by Indelicatoet al. @7# was in significant disagreement with
the predictions of Drake@1#, Planteet al. @2#, and Cheng
et al. @3#. The average difference between the values mea-
sured by Indelicatoet al. @7# and the values calculated by
Drake@1# is ~0.976 0.30! eV, ~0.906 0.30! eV comparing
with Planteet al. @2#, and~0.606 0.30! eV comparing with
Cheng et al. @3#. By contrast, our measurements are in
much better agreement with theoretical predictions, as
our measurements for the 1s2p1P1→1s2 1S0 and
1s2p3P1→1s2 1S0 transition energies are 0.64 eV lower
than those measured by Indelicatoet al. @7#. Like the mea-
surements by Indelicatoet al., our measurements differ on
average most from those of Drake. Taking the average dif-
ference for all four heliumlike transitions we get
(0.4060.38) eV. Comparison with the calculations by Plante
et al. @2# gives an average difference of (0.3360.38) eV,

TABLE II. Experimental and theoretical values for the QED contributions to the energies of the
1s2s,1s2p→1s2 transitions in heliumlike krypton.

Eexpt
a Enon-QED

b EQED
c EQED

d EQED
a

Key Transition ~eV! ~eV! ~eV! ~eV! ~eV!

w 1s2p1P1→1s2 1S0 13114.68~36! 13125.46~3! 211.06 210.73 210.78(39)
x 1s2p3P2→1s2 1S0 13091.17~37! 13101.82~2! 211.08 210.65(39)
y 1s2p3P1→1s2 1S0 13026.29~36! 13037.19~4! 211.21 210.87 210.90(40)
z 1s2s3S1→1s2 1S0 12979.63~41! 12988.74~2! 29.59 29.11(43)

aPresent measurement.
bTransition energies without QED contribution, Drake, Chenget al., and Chenet al., Refs.@1,3,28#.
cDrake, Ref.@1#.
dChenget al., Ref. @3#.
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which agrees better with our measurements than the average
difference with Drake’s calculations. The better agreement
appears to reflect the higher accuracy of the calculation by
Planteet al., who included new terms in (Za) for the rela-
tivistic energies beyond those included by Drake. Best agree-
ment is found with the theory of Chenget al. @3#, where the
average difference between our measured values and their
predictions is (0.0360.38) eV. Their calculations match the
accuracy of the relativistic energies of Planteet al. @2#, while
including a new approach for estimating the QED contribu-
tions. Chenget al. @3# predict 10.68 eV for the QED contri-
bution to the 1s2 1S0 ground state energy and20.19 eV for
the QED contribution of the 1s2p3P1 state. Therefore the
total QED contribution to the 1s2p3P1→1s2 1S0 transition
should be 10.87 eV. Our result ofEQED510.90(40) eV~see
Table II! tests this value to within 4%. Moreover, our mea-
surements are sensitive enough to test the 1.4-eV QED con-
tribution to the energy of the 1s2s levels.

The uncertainty of our measurements is too large to be

able to distinguish definitively between the predictions made
by Planteet al. @2# and Chenget al. @3#. For that purpose the
uncertainty has to be less than 0.15 eV or 12 ppm. The ac-
curacy of our measurements was limited mainly by the un-
certainty of the Fe241 and Fe221 calibration lines~59 and 43
ppm, respectively!. As more accurate values for the iron lines
become available, the accuracy of our technique will im-
prove and be limited by statistical considerations. Such con-
siderations limit the accuracy of the present measurements to
10–15 ppm.
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