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Wavelengths of the fine structure transitions?8,,,-2p 2P, and 22S;,,-2p 2Py, in lithiumlike Ag***
have been measured using beam-foil excitation and grazing incidence spectroscopy. The respective transition
wavelengths of 40.8290.004 A and of 124.6850.009 A were not measured before for this ion. The achieved
precision of 70 ppm for the 1/2-1/2 transition allows for a 0.2% QED test which sets a new benchmark in the
mediumZ range. Our experimental uncertainty is smaller than calculated two-photon exchange contributions to
the transition energy. A summary of all published experimental data along the isoelectronic sequehce for
=24, including our recent results for N and zZrf"*, is presented and compared with the best available
calculations[S1050-29479)02703-1

PACS numbgs): 31.30.Jv, 32.30.Jc, 34.50.Fa, 29.40.Gx

I. INTRODUCTION report the results for the fine-structure transitions in lithium-
like Ag***. Then a compilation of all published experimental
The study of the two fine-structure transitions transition energies faZ=24 is given for the lithiumlike iso-
252S,,,-2p 2P, (1/2-1/2)and 22S;,,2p 2P,, (1/2-3/2)  electronic sequence. It includes our results fofAgas well
of lithiumlike ions is of high interest for testing atomic struc- as our recent values for fi" and Zrf™* published in paper
ture theories. Abundant accurate experimental spectroscoplc[11]. All these experimental data are then compared to
measurements for lithiumlike ions with atomic numb@s calculations by Cheret al. [12], Blundell [13], and Kim
<36 are available. The most precise results with a relativét al-[14].
accuracy of 30 ppm were obtained f@r=24, 26, and 28
using grazing incidence spectroscopy at tokamak generated Il. EXPERIMENT
plasmag 1-3]. These experiments are sensitive to 0.3% of
the quantum electrodynami{QED) contribution to the tran-
sition energy of the 1/2-1/2 transition. For the high&stal-
ues, accurate data are available only Zo+83, 90, and 92

We report only briefly on the experimental setup and the
measurement procedure. For details we refer to pafkt]l
The experiment was carried out at the heavy ion accelerator

of ions produced at an electron beam ion tBBIT) [4—6.  (yyy) light emitted from the excited highly charged silver
For the 1/2-1/2 transition, a single result for uranium hasgns was analyzed using the G&Bm grazing incidence spec-
been reported utilizing Doppler tuned spectroscopy of fasfrometer. We use a Rowland circle geometry with a 270
ions[7]. This measurement gives a QED sensitivity of 0.2%.|ines/mm spherical grating to disperse the light onto a mov-
In the range of intermediate atomic numbers £36<83)  able two-dimensional microchannel-plate detector. A Pen-
only one significant measurement existsZat42 [8]. The  ning discharge lamp, which is periodically blocked by a
only two other experiments in the mediuih range were chopper wheel synchronized with the ion beam pulse, serves
performed with Xe ions using beam foil spectrosc¢®yL], as anin situ wavelength scale calibration standard. It is op-
but they suffer from large error bars and provide only poorerated with a He-Ne gas mixture and Al cathodes to produce
QED sensitivity. We have recently reported accurate bearaccurately known intense calibration lingss5—17.
foil measurements oPs-2ptransitions in lithiumlike N§>* Figure 1 shows a spectrum in the vicinity of the 1/2-1/2
and Zrt’" (paper ) [11]. The present paper presents the onlytransition in the second order of diffraction, recorded within
measurement so far, to our knowledge, of @e2pfine- 4 h. A calibration spectrum recorded in first order, synchro-
structure transition energies in Af. Our results provide nously and simultaneously with the projectile spectrum, is
the highest QED sensitivity for intermediate lithiumlike ions. also shown. A total of 17 runs was carried out for this tran-
Below we will describe the measurement procedure andition. The line to the left of the assigned transition is not yet
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FIG. 1. Beam foil spectrum of thes?S, ;- 2p 2Py, transition of FIG. 2. Beam foil spectrum of thes®S,,-2p %P5, transition of

lithiumlike Ag*** accumulated fo4 h together with a simultaneous  ithjumlike Ag*** accumulated fol h together with a simultaneous
calibration spectrum. The assigned kend Nein lines from the  calibration spectrum. The assigned iland Al iv lines from the
static plasma of the Penning source were used to calibrate the Doptatic plasma of the Penning source were used to calibrate the Dop-
pler shifted projectile line observed in second order of diffraction. pler shifted projectile line observed in fourth order of diffraction.

identified. Figure 2 shows one of seven 1/2-3/2 transition
spectra each recorded within 1 h. This line was observed igarefully aligned to (90.080.01)° with respect to the ion
the fourth order. Also depicted is the corresponding calibrabeam axis by an elaborate optical adjustment procedure de-
tion spectrum in first order. The average ion current wagcribed in paper I. The actual direction of the ion beam as
about 2xX 10 ions/s. well as the velocity of the projectiles are measured during
A precise wavelength scale was established by a quadratRach of the 24 runs. The projectile velocity is measured ap-
regression using three calibration lines. For the 1/2-1/2 tranPlying a time-of-flight method with two pickup coils sepa-
sition the 245.59@) A Ne 11 line [15,16 and the two Her  rated by 13 m.
lines at 243.02@) A and 256.3171) A [17,18 were uti- We performed a series of additional runs dedicated to
lized. For the 1/2-3/2 transition the Al line at 169.07010)  checking the spectrometer performance and to confirming
A and two Alv lines at 160.07&) A and 161.6884) A [19] that the correct and undisturbed transition lines were ob-
were used. The calibration uncertainty was determined byerved. Most importantly we made use of the possibility to
systematically shifting the centroid of the calibration linesturn the spectrometer around the optical axis by 180°. Thus
within their statistical and wavelength uncertainties and takWe were able to consider shifts of the Doppler broadened
ing the standard deviation of the resulting lithiumlike transi-Projectile lines with respect to the static calibration lines.
tion wavelength. An uncertainty of 0.007 A was determinedThese shifts can occur due to lifetime effects or if the effi-
for the 1/2-1/2 transition and 0.008 A for the 1/2-3/2 transi-ciency of the grating varies locally. A negligible grating ef-
tion. fect has previously been observed at 160 A and at 230 A
In our previous experiments it was necessary to corredi20]. The lifetime of the 1/2-1/2 transition at 125 A amounts
the spectra for a deviation of the detector response from linto 240 ps. This is long with respect to the observed decay
earity (see paper)l By using a new wedge and strip anode length of 2 ps. Consequently, for the two grating orienta-
and a refined adjustment technique for the detector, we wer#ons, no wavelength shift outside the statistical errors was
able to reduce the nonlinearity below the statistical error ofobserved for the 1/2-1/2 transition. The situation is different
the line position. for the 1/2-3/2 transition at 41 A. Here we did observe a
Due to the high velocity of the iong3=0.17) the projec- wavelength difference of 0.02 A between the two rotation
tile lines appear Doppler shifted. To correct for this shift, thepositions, which can be partly attributed to the short lifetime
angle of observation as well as the projectile velocity musof the 2Py, state of 8 p§21]: The intensity variation due to
be known accurately. The angle of observation is thereforghe lifetime amounts to 25% over the observed decay length,
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TABLE |. Experimental results for the wavelengths of the 1/2-1/2 transition our experimental value lies halfway be-
252S,,,-2p 2Py 3 transitions in lithiumlike AG*" ions (in ang-  tween the calculations of Kiret al. and Chenet al. on the

stromg compared with calculations. one side and Blundell on the other side. Agreement with all
” three calculations is only within two experimental standard

Ag 1/2-172 1/2-312 deviations. The different contributions to the experimental

This work 124.6860) 40.8294) uncertainty are given in Table Il. For a detailed discussion of

Theoretical these uncertainties we refer to papgdl].

Kim et al. (Ref.[14]) 124.698 40.832

BlundelP (Refs.[13,32) 124.670 40.826 IV. THE LITHIUMLIKE SEQUENCE: COMPARISON

Cher? (Refs.[12,30) 124.695 40.829 OF EXPERIMENTAL RESULTS WITH THEORY

Zlnterpolati_on carried out by Blundell. In the following we discuss the present status2st2p

Interpolation carried out by Cheng. transition experiments of lithiumlike heavy ions f@r=24

and their significance for testing atomic structure theory. The

and the resulting wavelength difference of 0.01 A explainsiotal transition energies &s-2ptransitions are considerably
half of the shift. But little is known about the local grating smaller than thels-2p transitions in hydrogenlike ions
efficiency at 41 A. An assumed variation of the grating re-thereby increasing the relative amount of QED contributions
flectivity of 25% could explain the remaining 0.01 A shift. (e.g., in lithiumlike " the relative2s electron QED con-
The possibility of turning the spectrometer around the opticatribution is as large as 15% whereas the relatigesléctron
axis allows us to average the values obtained for the tw@amb shift in hydrogenlike 8" is only 0.3%. In the theo-
different spectrometer positions, making it unnecessary teetical description of hydrogenlike ions, relativistic and QED
model the grating behavior in detail. Therefore, we regarcontributions as well as nuclear effects have to be evaluated.
this turning and averaging procedure as crucial for a highSince lithiumlike ions are three-electron systems, additional
precision measurement. terms must be considered. These are electron correlation
terms and QED screening effects involving an additional
photon exchange between valence and core electrons. The
additional energy corrections are of the order. At inter-

The spectra were fitted, calibrated, and Doppler correctechediateZ they amount to 10% of the first-order terms—the
for each run separately. The result for the 1/2-1/2 transitiorone electron self-energy and vacuum polarization.
was obtained by determination of the weighted average over At present, the experimental uncertainties of experiments
all 17 runs. The weight of each individual run containsare of the order of the differences of the different theories.
mainly the statistical uncertainty, but also contributions of Therefore, a careful study of the transition energies along the
beam position and energy uncertainty. The result for thésoelectronic sequence is needed to increase the significance
seven runs of the 1/2-3/2 transition was obtained in a differof all experiments together by supplying precise experimen-
ent way. First the weighted average was calculated for théal values for many differenZ values. That way not only
two turning positions separately, then the final transitionirregularities in the experimental data can be identified, but
wavelength was determined by averaging the two valuesalso theZ scaling of as yet uncalculated terms can be esti-
Results for the2s-2pfine-structure transitions are given in mated.
Table | together with theoretical predictioft2—14. For the The following discussion of experimental results is car-
1/2-3/2 transition, agreement within one experimental stanried out in three steps for each transition separately. First the
dard deviation is found for all three calculations. For thepredictions of the different relative contributions to the total

ll. RESULTS FOR Ag **

TABLE Il. Summary of individual contributions to the experimental uncertainties of 26&p fine-
structure transition wavelengths in lithiumlike &g. The 2S,,,-2P,, transition was measured in second
order and theé’S,,,-2P5, transition in fourth order of diffraction.

Error source Contributionx (1073 A)
Ag*Ht 1/2-1/2 1/2-3/2
Statistics in beam spectrum 6 9
Statistics in calibration spectrum 7 3
Uncertainty of calibration line wavelengths 2 7
Total for Doppler shifted wavelength 9 12
Adjustment of the angle of observati§d.26 mrad 11 7
Reproducibility of the angle of observati¢d.05 mrad 2 1
Determination and stability of the center of the ion be@ri0 mrad 4 3
lon beam velocity behind the excitation foil 9 6
Total for Doppler correction 15 10

Total 17 15
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transition energy are given for the two most advanced calcutribution and the Breit interaction. Both are of almost equal
lations of Blundell[13] and Chenet al. [12] along the Li- magnitude for allZ values. The smallest contribution is the
isoelectronic series. The relative uncertainties of experimentgass polarization(MP) term. The QED contribution in-
are included in the figures to demonstrate the sensitivity otreases roughly a&* from 1% atZ=25 to 15% atZ=92.

the measurements to the magnitudes of calculated termghe Breit term, which describes electron-electron interac-
Then the differences between experiment and theory argons, contains frequency-dependent retarded Breit energies
shown normalized to the QED contribution. Finally QED of higher orders, which are not included in the other two
and non-QED contributionéas grouped together by the au- ~5iculations.

thors of the three calculatiopare compared for the different g, re 4 shows the relative contributions to the total 1/2-
caIpuIapons in qrder to decide whether the r)on-QED Ccf‘m”'1/2 transition energy included in the calculation of Blundell
bution is established accurately enough to identify an ex-[13]. The dominant part in the calculation is the RMBPT

perimental QED contribution.” All2s-2pexperimental data term, which includes also some higher-order Breit-

that are used in the discussion are summarized in Table Ill. . o .
Before we continue the discussion of the lithiumlike se-nteraction terms. The QED contribution is dominated by the

fies, we comment briefly on the situation for heliumlike Valence self-energySE) term. Contributions from two-
2s-2ptransitions. Two studies which compare experimentaPoton €xchange Feynman diagrams are of the order of
and theoretical results were carried out along the isoeled?-1%—2% of the QED contribution. In these terms one addi-
tronic sequence. Berrgt al. [22] revealed a systematic dif- tional photon is exchanged between core and valence elec-
ference between experiment and the results of the most a#fons. The terms labeledX;” * C,” and “Other” are Blun-
vanced calculation up to then by DraK@3] for the dell's notation for subsets of all screening correction terms of
1s2s3S,—1s2p 3P, transition. With respect to QED sensi- the order ofa?, but there remain uncalculated terr¢fer
tivity, this transition resembles the 1/2-1/2 transition of thedetails refer to Ref[13]).
lithiumlike sequence. The experimental result =47 by The relative accuracies of all experiments wifk=24
Marruset al.[24] has a relative uncertainty which is a factor known to us are also depicted in Figs. 3 and 4, in order to
of 10 larger than our result for the lithiumlike 1/2-1/2 tran- compare them with the magnitudes of the calculated contri-
sition with the QED contribution being of comparable mag-butions. Different symbols denote different experimental
nitude. Kuklaet al. [25] were recently summarizing experi- techniques. A detailed discussion of lovdata is given in
ments at 3Z<36 and were comparing them with the Ref.[29]. Spectroscopic measurements on solar flares, with
calculations of Plantet al[26] In their measurement of the uncertainties greater than 100 ppm, were the first measure-
1s2s3%S,-1s2p °P, transition in heliumlike argon they ments abov=20[29]. In the region of 24Z<36, accu-
achieved a QED sensitivity of better than 0.5%. rate tokamak datfl—3,8,39 as well as our beam foil mea-
surements foiZ=28 and 30 provide a sound basis to test
. theoretical predictions. AbovZ=36 only three significant
A. The 1/2-1/2 transition measurements fa =42 [8] and Z=47 andZ=92 [7] exist
The most successful methods to calculate transition enewvith relative accuracies of 140 ppm, 70 ppm, and 360 ppm,
gies for lithiumlike ions so far have been the multiconfigu- respectively. The molybdenum measurement is the highest
ration Dirac-Fock(MCDF) method applied by Kimetal.  result from a tokamak plasma, since the plasma temperatures
[14], the relativistic many body perturbation theory do not allow an efficient production of heavier lithiumlike
(RMBPT) applied by Blundell[13], and a relativistic con- ions. Our new beam foil measurement on Ag ions has the
figuration interaction(Cl) calculation by Cheret al. [12]. ~ smallest relative uncertainty to date in mediuinl/2-1/2
Kim et al. calculated transition energies for &l whereas Mmeasurements. The measurement in lithiumlike uranium was
Blundell and Cheret al. performed their calculations only performed with the Doppler tuned technique. In the medium
for selected” values. Several publications have concentrated range, two other beam foil experiments with Xe exist
on Z=92, where in a recent paper by Perssdral. some [9,10], but their experimental uncertainty is an order of mag-
two-loop contributions are includd@7]. The QED contribu-  hitude larger than for the most precise measurements. We
tions calculated by Kinet al. are primarily based on a scal- note that the screening-correction effects shown in Fig. 3 are
ing of Mohr's hydrogenic self-energig€8]. Blundell and larger than the uncertainties of the best transition energy
Chenet al. evaluated their QED contributions usiag initio ~ measurements, including this experiment Zor47.
calculations of the screening corrections. In the following It is evident that without any further assumption, the ex-
comparisons we will not use interpolatioqmless explicitty ~ perimental transition energies can only be compared to the
stated and performed by the authors of the original paperscalculated total transition energies. This comparison is
since we have observed irregularities in our own interpolashown in Fig. 5 for the 1/2-1/2 transition and the three dis-
tions. cussed calculationd2—-14. In contrast to Figs. 3 and 4, we
The different contributions to the transition energy of considered only experiments with a precision of better than
lithiumlike ions for the 1/2-1/2 transition are plotted in Fig. 3 2% of the QED contribution. We normalized the difference
for the CI calculation of Cheret al. and in Fig. 4 for the in transition energies\ =E®¥'~E" to the absolute value
RMBPT calculation of Blundell. Chest al. list four differ-  of the QED energy contributio¢E8§%’|. The experimental
ent contributions to the total transition energy: The dominanerror bars are also scaled this way. As a consequence, this
term is the Coulomb interaction containing a no-pair Hamil-comparison of experiments for differeAtleads to a reduc-
tonian with a Fermi charge distribution as nuclear potentialtion of the size of the error bars of the experiment with
The two second strongest terms represent the total QED coimcreasingZ.
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TABLE Ill. Summary of experimentaPs-2p fine-structure transition energies for lithiumlike iotis

cm b,
1/2-1/2 1/2-3/2
z Energy Uncertainty Energy Uncertainty Author
24 357525 38 448461 60 Deet al. (Ref. [29])
357537 38 448441 60 Widinet al. (Ref.[29])
357537 38 448461 60 Sandlet al. (Ref.[29])
357539 26 448430 40 Dawt al. (Ref. [35])
357489 25 448410 40 Hinnost al. (Ref. [8])
448392 12 Knizeet al. (Ref.[1])
357484 6 448396 10 Sugat al. (Ref.[2])
25 374734 42 483393 70 Dee al. (Ref. [29])
374706 42 483323 70 Widingt al. (Ref.[29])
374706 42 483346 70 Sandlét al. (Ref. [29])
374700 50 483320 50 Sugat al. (Ref.[14])
26 391988 46 520760 81 Deet al. (Ref. [29])
391988 46 520733 81 Widingt al. (Ref. [29])
392003 46 520760 81 Sandlet al. (Ref. [29])
392049 31 520806 54 Daw al. (Ref.[35])
392012 15 520800 55 Hinnaoat al. (Ref. [8])
391986 15 520708 24 Knizet al. (Ref.[1])
391983 8 520757 14 Reader al. (Ref. [3])
28 427150 109 Zachariat al. (Ref.[36])
427068 18 604610 36 Hinnaoat al. (Ref. [8])
427071 9 604595 18 Suget al. (Ref.[2])
604928 80 Bttner et al. (Ref. [37])
427044 31 604573 55 Stauee al. (Ref. [11])
29 444850 20 651436 85 Hinnat al. (Ref.[8])
444891 22 651440 25 Knizet al. (Ref.[1])
30 462832 24 701946 30 Staudeal. (Ref. [11])
32 814744 100 Behringt al. (Ref.[38])
499276 25 814963 130 Hinneet al. (Ref. [8])
499264 15 814963 40 Knizet al. (Ref.[1])
34 536552 45 946199 180 Hinnet al. (Ref.[8])
536596 20 Knizeet al. (Ref.[1])
36 574218 857 1097936 1205 Dietrieh al. (Ref. [39))
574594 85 1098310 300 Hinnaat al. (Ref. [8])
574944 132 1098901 362 Martet al. (Ref. [40])
1099022 966 Btiner et al. (Ref.[41])
1098479 833 Btiner et al. (Ref. [37])
42 694454 96 1709431 585 Hinnet al. (Ref. [8])
47 802021 58 2449240 240 this work
54 967586 749 3971406 4732 Martt al. (Ref. [9])
967118 1871 3969829 7880 “Buoer et al. (Ref. [10])
83 22487849 315 Beiersdorfet al. (Ref.[6])
90 32465657 1129 Beiersdorfet al. (Ref. [5])
92 2263110 807 Schwepe al. (Ref. [7])
35967231 1694 Beiersdorfet al. (Ref. [4])

The basic idea of normalizing to |E8§%’[ is to show the  much higher precision than the QED terE@E‘,’Dr (we discuss

QED sensitivity of experiments, sinak can be written as this in Fig. 6 below, one can identify an experimental QED
A=E*-Erotes EGEp- Assuming that the non-QED contribution ES®h=E®®-E*_ . Then A can be inter-

part of the transition energ&ﬁhoen"éED can be calculated with preted as the difference between experimental and calculated
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the authorqd30]. Nuclear polarization energies are omitted ’s,,-'P,, Chenetal.
from the calculated values, since they had been overesti

10° < D——o——n- D—.

2 -
mated by a factor of 2 [31] making this contribution insig- § Theary: A Tokamak
nificant. Blundell's valueg13] at intermediateZ tend to be £ pJf 2750 pEnil B
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elat
S
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Blundell [32].
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ure 6 shows a comparison of the QED contributions, the " 3 7 & » @ % 2 % w0
non-QED parts, and the sum of both for the three different atomic number

calculations. The differences of the theoretical predictions ) _ o

are normalized to the absolute value of the QED contribution, FIS- 7. Comparison of relative contributions to the total
and plotted along the isoelectronic sequence, wherever twgovz Faiz ransition energy as a function @fcalculated by Chen

calculations have provided energies for the sameé\bove et al. (Ref. [12]). The relatlve.uncertalntles of all avalla.ble experi-
ments are included, where different symbols denote different spec-

z;;o, the non-QED pqrts of the three calculations agre&oscopic techniques. Tokamak=24 (Refs. [35,8,1,3), Z=25
within 0.2%. Only the interpolated value of Blundell at (Ref. [14]), Z=26 (Refs.[35,8,1,3), Z=28 (Refs. [8,2]), Z=29
Z=28 shows a greater deviation. Especially from the agree(refs.[8,1]), Z=32 (Refs.[8, 1]), Z=34 (Ref. [8]), Z=36 (Ref.
ment with the non-QED contributions of Chetal, it fol- [8]), Z=42 (Ref. [8]); solar flares:iZz=24,25,26(Ref. [29)); laser
lows that higher-order Breit term&ontained only in the plasmaZ=32 (Ref.[38]); beam foil:Z=28 (Refs.[37,11), Z=30
calculation of Cheret al) do not contribute significantly to (Ref. [11]), Z=36 (Refs.[39-41,37), Z=47 (this work, Z=54

the 1/2-1/2 transition energy. Due to the very good agree(Refs.[9,10)); EBIT: Z=83,90,92(Refs.[4-6]).

ment, we consider the non-QED part to be known with suf- .

ficient accuracy to assign the differences between calculatdgf?0ton exchange terms roughly scale with the total QED
and experimentally determined 1/2-1/2 transition energieSOntribution and thus remain on the T0level.

depicted in Fig. 5 primarily to the QED terms. We note that h As ‘F‘ Flig. 5,d_vv§ show idn I;ig. 9 the diffgrence bet.ween
the more systematic QED calculation of Blundell deviatestheoretical predictions and the most precise experiments.
gain, this difference is normalized to the absolute value of

significantly more from experimental results than does th S ; ;
calculation of Chen. Here one could even deduceZade- he QED energy contnbutmn and only experiments with un-
expt_ =theon j=theor . 1 certainties smaller than 2% in “QED units” are shown. Our
pendesnce of E¥¥—E"*%)/Eqep, which could result from 1 0oq,rement for A4 is in agreement with all three calcu-
the Z° dependence of uncalculated screening correctiofytions. The only other experiments at higrare the EBIT
terms normalized to th&*-dependent QED contributions.  measurements of Beiersdorfet al. for Z=83, 90, and 92
with accuracies of 14 ppm, 35 ppm, and 47 ppm, respec-
B. The 1/2-3/2 transition tively [4—6]. All the other experiments suffer from the in-
crease of the transition energy and the corresponding larger
error bars. TheZ=83 data point is clearly not in agreement
with the calculation of Kimet al. Unfortunately, neither
Blundell nor Cheret al. have given a value for this ion. In

In Figs. 7 and 8 the different contributions to the transi-
tion energy of lithiumlike ions for the 1/2-3/2 transition are
plotted for the ClI calculation by Chest al.[12] and for the
RMBPT calculations by Blundell. The major difference be-
tween the 1/2-3/2 transition and the 1/2-1/2 transition in Fig.

2, 2

3 is that the relative QED contribution remains at the 1% Theory: Syz - Py, Blundell
level for all Z>25. Even though the absolute value of the § 10| %o oo —o———s—=| pmamc |10
QED contribution still increases witd* as for the 1/2-1/2 3 T ehing v Sor
transition, it is compensated by the fine-structure splitting of § 10"§| ——x o R
the 2p levels which also scales with*, increasing the total o o mmm
1/2-3/2 transition energy. As a consequence, a much higheg =4 B W 3107

experimental accuracy has to be achieved to reach the QE[.§
sensitivity of highZ measurements of the 1/2-1/2 transition.
The Breit contribution given by Cheet al. (Fig. 7) amounts

to only 20%—-40% of the QED energy. The mass polarization
term is for lowZ on the 100 ppm level, but becomes insig-
nificant for the highest values. Also depicted in Figs. 7 and 0
8 is the relative accuracy of all experiments known to us,
where different symbols again denote different experimental
techniques. In Fig. 8 the single QED contributions to the FIG. 8. Comparison of relative contributions to the total
1/2-3/2 transition energy are shown as calculated by Blundelts, ,-2p,, transition energy calculated by BlundéRef.[13]) as a
[13]. A comparison with Fig. 4, where the same contribu-function of Z. The relative uncertainties of the experiments are
tions are given for the 1/2-1/2 transition, shows that the two-included.(For references, see the caption of Fig. 7.

relative experimental uncertainty

calculated relati
-
(=1

atomic number
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FIG. 9. Normalized difference between experimentally deter- FIG. 10. Normalized differences of the theoretical predictions
mined and calculated S, - 2p 2P, transition energies along for the QED contribution, the non-QED part, and the total energy
the Li isoelectronic sequence. Data points are shown only whergor the 252S,,,-2p 2P, transition along the lithiumlike sequence.
theoretical and experimental values exist for the same atomic nunfhe calculations were performed by Chenal. (Ref. [12]), Blun-
ber. (For references of experiments, see the caption of FjgCal- dell (Ref.[13]), and Kimet al. (Ref. [14]).
culations are from Kinet al. (Ref. [14]), Chenet al. (Ref. [12]),

d Blundell(Ref. [13]). . . .
and Blundell(Ref. [13] In Fig. 10 the differences between the three theoretical

predictions of QED, non-QED, and the total transition en-
ergy are presented for the 1/2-3/2 transition. These differ-
c&nces are normalized to the absolute value of the QED con-
tribution. For the definition of an “experimental QED
energy” it is most important to have a reliable non-QED
value, but for the 1/2-3/2 transition energy calculations the

and the lower two are from a calculation by Johnstral agreement among calculations is worse than in the 1/2-1/2

[34], where two different model potentials as a starting pointc@S€: Even though in the non-QED terms excellent agree-
for their self-consistent calculation were used. The differencén€nt between Blundell and Kiret al. is found, the non-
between these two values is quoted to give a measure of tHeED value of Cheret al. deviates from both of the others
convergence of the calculation, since the starting valudor all Z by constantly 1.0% QED units. The situation is
should not make a difference to the final outcome. In addi€specially difficult to judge, since the Chetal. non-QED
tion to the published calculated valugk2—14, interpola-  calculation is quoted to be more reliable, due to the inclusion
tions by Blundell forz=28 and 47 and the QED value for of higher-order Breit terms not considered by the other two
Z=92 [32] and one interpolation by Cheng f@=47 [30]  authors. Also a small dip at the interpolated non-QED value
were used. Nuclear polarization contributions are again omitfor Z=47 from Blundell[32] is present, suggesting that this
ted from the calculated values, since they are now known tinterpolated value may be less reliable. A comparison of the
be less than 0.1% of the QED contribution for even the hightotal transition energies calculated by Blundell and Chen
estZ [31]. et al. shows good agreement, except Bx92. On the other
One result of Fig. 9 is that for al the transition energy hand, differences of 1% in “QED units” exist for both the
values of Kimet al. are about 0.6% in QED units smaller non-QED and the QED terms, which nearly cancel each
than experimental values. Due to the larger error bars and th&her in the total transition energy. A discussion of the rea-
small number of precise data, no distinction between theon for this cancellation is not within the scope of this paper.
other two calculations can be made at intermediateAt v conclude that the calculated 1/2-3/2 non-QED terms are
high Z, tgxetEBlT qgﬂd'_@ could indicate a difference be- ot g fficiently accurate for an extraction of QED informa-
tween E®" and E™*' calculated by Cheretal. of about o, ot of the measured total transition energies. The need

0.8% 't?]QﬂI]ED unitst.)” The EBIT resutlts IEZBIZQ% a”r]d 92| for more precise medium- and highexperimental data and
are within the error bars in agreement wi undell’'s calcu- .., 1ations is evident.

lation.

the Blundell plot the single uranium measurement is repre

give a value forZ=92 in Ref.[13], and we have used an
interpolated QED value by BlunddlB2] together with three
different RMBPT values. The RMBPT value corresponding
to the upper data point was also calculated by Blun&3]
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V. SUMMARY AND CONCLUSIONS relative QED contribution. This demands higher-precision

We have performed precise beam foil spectrosco eX(_axperiments in order to achieve the QED sensitivity of the
; pertor P - ! SPECLrOSCOPY €X3/5 1/2 transition energy measurements. The experimental
periments measurings-2ptransition energies in lithiumlike

Ag™* ions. An improvement in experimental uncertainty by uncertainties are at present of the order as the residual dif-

more than one order of magnitude has been achieved Ové?rences between the most advanced calculations.
9 We conclude that our measurement for the lithiumlike

previous beam foil measurements for intermediatighium- 2c  _opn2 . . n

like ions. The experiment is sensitive to two-photon QED25 S&’Z 2p “Pypp transition er;erg)r/] in AY", thePOF;%e[J
rocesses. For thes2S,,-2p 2P, transition, the non-QED tuned energy measurement for the same transitionn Y

P ' 12 112 ’ and the EBIT measurement for the 1/2-3/2 transition P Bi

terms are well establish¢d2—14). Thus we can attribute the . .
i . | are at present the only measurements which are sensitive to
differences between experiment and calculations to the un-. Lo
igher-order QED contributions.

certainty of the calculated QED contributions. Even though
in the medium and higtZ range few precise experiments
exist, we find that the QED terms calculated by Cle¢rml.
show the best agreement with our experiment and other pre-
cise data[7,8]. The QED terms evaluated by Blundell in-  We gratefully acknowledge the expert support by Dr. J.
clude two-photon exchange screening corrections, but do nétlabunde and L. Dahl, as well as the skillful work of the
contain all second-order terms. Therefore deviations fronoperators running the UNILAC. We appreciate the technical
experiment, which show up in the intermedi&@eange, are assistance of A. Bardonng&SI) in maintaining and improv-
not unexpected. ing the spectrometer. A.E.L. acknowledges partial support
For the &2S,,,-2p %P3, transition, disagreements among from the U.S. Department of Energy, Office of Basic Energy
the non-QED values from different calculations do not allowScience, Division of Chemical Sciences. The experiment was
an unambiguous derivation of an experimental QED contrisupported by the German Ministry for Research and Tech-
bution. Furthermore, the QED sensitivity of measurements ohology under Contract No. 06 Gl 846, by the GSI Collabo-
this transition energy is usually smaller due to the smallerative Research Program, and by a NATO travel grant.
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