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Measurement of the 3,,,-3p5, resonance line in Na-like J**
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The wavelength of the §,,-3pg, transition of Na-like 3" was determined to be 9.4998%.000 15 A
(1305.12:0.02 eV), using the EBIT-I electron beam ion trap. The measurement is many times more sensitive
to the radiative contributions from quantum electrodynamics than earlier measuremenf foariet PB*.

Our result strongly deviates from various predictions employing scaled hydrogenic quantum electrodynamic
corrections and establishes a benchmark for multielectron QED calculations that agrees well with the trend
established byb initio calculations.
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[. INTRODUCTION a factor of 5 over that of the earlier platinum measurement.
This improvement is sufficient to establish discrepancies
Tests of quantum electrodynami€¢®ED) increasingly — with theory that could not be resolved with the platinum
have shifted from one-electron to multielectron systems, aseasurement. As is the case for the Cu-lik8'U4s, ,-4ps,
the theoretical tools to perform many-body QED calculationgransition, the measured Na-like®tJ 3s,,,-3ps, transition
are advancingl,2]. Of special interest have been those mul-energy deviates markedly from the energy predicted by
tielectron ions with a closed shell and a single valence electheory that relies on scaled hydrogenic QED corrections. Our
tron: Li-like, Na-like, and Cu-like ions. These systems at firstresult thus establishes a benchmark for the calculation of
glance mimic the one-electron ion. As a result, many of theanany-body QED in higlZ multielectron ions.
results developed for hydrogenlike ions can be carried over
to these systems by simple scaling techniques to provide
approximate transition energies, while more sophisticated
approaches or trulab initio many-body QED calculations The present measurements were carried out using the
are being developed. EBIT-I electron beam ion trapl2]. This device was put into
Experimental results have provided highly accurate dataervice in 1986 at the University of California Lawrence Liv-
for comparison with calculations. For example, theermore National Laboratory. It had been converted to the
2s4/5-2P3y» transition of Li-like ions has been measured asSuperEBIT electron beam ion trap, but it was reconfigured to
high as J°" [3—6]. The accuracy achieved in these mea-the original design after an internal move in 2001. Its utility
surements combined with recent theoretical development®r making accurate QED measurements was first demon-
was sufficient to isolate the contributions from second-ordestrated in 199013].
Feynman diagrams, notably the two-loop self-energy term We employed two vacuum crystal spectrometers with dif-
[7]. fering spectral resolving powers to perform the measurement
Recently, we have reported data for the 44ps, tran-  of the 3s,,-3pg, transition in B1*. A survey spectrum of
sitions of Cu-like ions up to uranium that greatly improved the 3s,,-3ps» €mission in various ions of uranium is shown
upon earlier measuremen{8]. These measurements re- in Fig. 1. The spectrum was obtained with the very same
vealed notable discrepancies with theory that relied on scalefiat-crystal spectrometer that was used earlier to obtain a
hydrogenic QED corrections for the two highé&stens stud-  spectrum of Na-like PB" [11] and has been described there.
ied, TH* and U3, For the present measurements, the spectrometer used a ce-
The most accurate datum for &;3-3ps, transition in a  sium acid phtalat¢CsAP crystal with a 21 spacing of 25.68
high-Z ion was reported for Bt" [9]. A value of 5.32 A. The measurements were carried out in second-order
+0.05 eV was inferred for the radiative contributions from Bragg reflection at a Bragg angle of about 48°.
this measurement. Two subsequent measurements focused onThe survey spectrum is dominated bg;3-3ps, transi-
the 3s,,-3pa, transition in Na-like PB'™ [10,11]. The best tions in Mg-like U*®" and Si-like U%". Transitions from
of these measurements, performed at the Unilac heavy-ioAl-like U’ and P-like U’" as well as a few lower-charge
accelerator at GSI Darmstadt, achieved a four times worsstates are also seen. The emissions from different charge
accuracy than the platinum measurement. states were identified by varying the ionization balance and
In this study, we extend the measurements for Na-likeobserving which features increase or decrease and in what
ions to the heaviest naturally occurring element and repomnproportion. Moreover, we were guided by calculations of the
data for the 3;,,-3p3, transition in 1. Our measurement relative intensities for electron beam excited 3-3 emission
improves the experimental sensitivity to radiative effects bylines performed with the Hebrew University Lawrence Liv-
ermore atomic codeHULLAC) set of computer codd44].
These calculations were originally performed to identify the
*Electronic address: beiersdorfer@Iinl.gov Na-like transition of PY'* among the 3-3 transitions mea-
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140 prrrrrrr T T TABLE |. Measured 3-3p transitions energie$in eV) from
120k @ | different experiments. The quadrature sum average is given in the
yso+ ys1.78+ last row. The crystals used in the measurements are cesium hydro-
3 100 ™~ / - gen phthalate(CsAP and ammonium dihydrogen phosphate
g 80 u79+ uTeTTe UTTF (ADP).
~
*g 60 Experiment Result
S a0 CsAP 1305.180.21
20 CsAP 1304.950.34
IIIIIIIIIII ADP 1305.110.04
O e ADP 1305.12-0.03
o Average 1305.120.02
200~ / .
g 150 sured within an accuracy of 0.2 eV, where much of the un-
£ certainty is due to the difficulty of resolving the Na-like line
2 100 from the Si-like line. This, unfortunately, is not much better
§ than the accuracy of our earlier proof-of-principle measure-
© s ment of the 3,,,-3pg, transition of Na-like PB* [11],
which was measured with an uncertainty of 0.26 eV.
To determine the §;,,-3pg, transition of Na-like §'*

90 92 94 96 98 100 with higher accuracy, we employed the higher-resolution
vacuum crystal spectrometer described 19]. Unlike the
survey spectrometer, this spectrometer is able to record spec-
FIG. 1. Spectra obtained with a CSAP crystal in second-ordeff@ at Bragg angles exceeding 50°. Moreover, the path be-
Bragg reflection.(a) Spectrum of the Ba,—3s,, transitions in  tween EBIT-, crystal, and detector is nearly twice as long.
highly charged uranium ions. The transitions are labeled by the For the present measurements, the high-resolution spec-
emitting charge state. The spectrum was obtained at an electrdfometer utilized an ammonium dihydrogen phosphate
beam energy of about 20 keV and a current of about 200 (nA.  (ADP) crystal with lattice spacing@®=10.64 A. It measured
Spectrum of the §-np Lyman series of N& used for calibration.  the lines of interest in first-order Bragg reflection at a Bragg
angle of about 63°. The observed resolving powek\ was
sured[9] on the EBIT-II electron beam ion trap at the Uni- about 2600. The linewidtA\ of about 3.6 mA represents a
versity of California Lawrence Livermore National Labora- convolution of the resolving power of the crystal, ion tem-
tory. We also made use of the energy values of the variouperature, and detector resolution. It is about four times better
3-3 transitions given by the multiconfiguration Dirac-Fock than the resolution achieved with the survey instrument.
(MCDF) code of Grantet al. [15,16. The MCDF energies A spectrum of the 8,,,-3pg, transition of Na-like §'*
differed by several eV from the measured values, but toobserved with the high-resolution vacuum spectrometer is
gether with the intensity predictions from the HULLAC code presented in Fig. (). The line is now resolved from the
they provided reasonable guidance for identification. neighboring Si-like U" transition. In the(nea) absence of
Identification of the 31,-3pa, transition of Na-like 3*  plending, the line’s centroid could now be determined within
is not readily achieved. We found that the line is nearly co-one part in 12—17 of the linewidth, where the low counting
incident with the 37,,3p3,, 1Sy—3s1,3p2,3p3 1P, transi-  statistics was the main limitation.
tion in Si-like U8, As a result, it cannot be resolved with-  As in the lower-resolution measurement, the Lyman lines
out the aid of line-fitting procedures. Fortunately, the Si-likeof Ne®* were used for calibration, as shown in FighR
uranium line emanates from an ion three charge states low@&ecause of the trade-off between higher resolution and
than the Na-like ion. Experimental variations of the ioniza-broader spectral coverage, only the-51s Lyman-§ and
tion balance, therefore, can unequivocally determine whichhe 6p— 1s Lyman- transitions were available for calibra-
line in the blend results from which charge state. tion. As illustrated in Fig. 2, the Na-like uranium line is close
Calibration of the uranium spectrum was accomplished byto the N&" Lyman-é line; the difference is about 19 mA
recording the %-np (n=4) transitions in hydrogenlike (2.6 eV). Therefore, the accuracy of the present measurement
Ne’*. A spectrum of the N& Lyman series is shown in Fig. depends strongly on the quality of the reference wavelength
1(b). The wavelengths of these lines are well knddid, 1§, assigned to the Lyma#- line. The two components
and they may readily serve as calibration references. Calibrats,,-5py,, 3, of the Lymans line could not be resolved.
tion spectra were recorded interspersed in time with meaTheir energies differ by only 0.03 eV. Using the 2:1 statisti-
surements of the uranium lines. cal weight for the Lyman$; and Lymans, component, the
Two detector and crystal settings were employed to checkiverage energy is 1307.748 ¢Y¥7]. Weights of 3:1 or 1:1
for systematic deviations. Spectra from each setting werehange this value by no more than 0.005 eV. The systematic
added and analyzed separately. The results are given in Tabderor associated with the choice of the reference line is thus
l. The 3s1,,-3ps), transition of Na-like 3" could be mea- negligible.

Wavelength (A)
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8 FIG. 3. Comparison of experimental and theoreticsy,33p3/»
§ transition energies of sodiumlike ions. Plotted are the differences
o from the calculations of Kinet al. [20] (solid line). Open circles

represent calculations of Sealyal.[23] using a MCDF code; open

sqguares represent semiempirical predictions of Seelsl. [23].

0 The dashed line represents the differences from the calculations of
9.45 9.47 9.49 9.51 L .
A Blundell [25]. Solid circles represent the best experimental results

Wavelength (A) for each element. Tokamak data are frf@d]; laser data are from
[21-23; the EBIT-II electron beam ion trap datum is frd®y; the
beam-foil datum from the Unilac accelerator is frdrh0]. The
EBIT-I electron beam ion trap measurement &fUrepresents the
8resent result.

FIG. 2. Spectra obtained with an ADP crystal in first-order
Bragg reflection.(a) Close-up of the Bs,— 35, emission from
Na-like UP** and Si-like U®". The spectrum was obtained at an
electron beam energy of about 24 keV and current of about 16
mA. (b) Close-up of the Lymar# line of H-like N&*. The spec- .
trum was recorded at a beam energy of 2.5 keV and a current dqtaree with the trend set by low&rtokamak megsurements
120 MA. and the EBIT-Il measurement of ®t, but they differ from

the laser data.
Kim et al. calculated QED effects by the Welton method

As for the survey measurements, wo detector and CrySt"j‘almd combined them with non-QED calculations that were

T et ey based on MCDF and parly on many body perurte
- . ) .7 ~1ion theory calculations. As seen in Fig. 3, these calculations,
separately. The results are given in Table I. With the hlgh—h disaaree markedlv with our result B 92. The
resolution spectrometer, thesg3,-3pg, transition of Na-like d_owever, g Y . )
U8 could be measured within aslaccuracy of 0.03 eV. Isagreement b_etween_ our uranium measurement _and the
predictions by Kimet al. is similar to that found for thorium
and uranium in the Cu | isoelectronic sequef@k Because
IIl. DISCUSSION Kim et al. utilized scaled, screened hydrogenic QED correc-
tions for their predictions, the disagreement suggests a break-
A weighted average of all four measurements results idown of the accuracy of such corrections at the higiest
the final value of 1305.120.02 eV for the Na-like uranium Seely et al. [23] used the Grant codgl5,16 for their
3s,/,-3P3y, transition energy. This precision corresponds to aMCDF calculations. In its default mode, this code employs a
0.2% measurement of the 9.93 eV radiative contribution esmethod for obtaining the QED corrections that Kighal.
timated by Kimet al. [20] using the Welton method. This identified as possibly insufficient at high Indeed, Seely
represents a five times higher sensitivity to these contribuet al. added a semiempirical correction to the Grant code
tions than the best previous measurement &fPtitis more  results that was intended to yield better predictions. This
than an order of magnitude higher than reached in the meajdelded better agreement with the tokamak and laser data,
surements of the highegt-Na-like ion measured to date, reproducing these data up Zo=64, i.e., up to the highes-
PL/L*. datum available at the time. It is evident from Fig. 3 that this
In Fig. 3 we compare the best available measurements afttempt to improve the predictions does not agree with the
the Na-like 3,,,-3ps, transition energies for each element electron beam ion trap or Unilac data.
with the calculations presented j20]. Up to Z=42, mea- Blundell undertook anab initio calculation of the
surements had been performed using the TEXT tokamakcreened self-energy and vacuum polarization effects as an
[21]. Measurements of the mid-elements up t& =64 were  extension of the relativistic many-body perturbation theory
performed using various laser facilities including the Omegecalculations by Johnsoet al.[24], and combined the results
and Nova laser$21-23. The calculations by Kimetal.  with earlier results on correlation and nuclear effects. This
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calculation matches not only the experimentedkamak  scaled hydrogenic QED and indicates the needafoiinitio

data at loweiZ but also the EBIT-Il and Unilac data at high many-body QED calculations.

Z. Unfortunately, Blundell made no prediction foft) so

that a direct comparison with our measurement cannot be ACKNOWLEDGMENT
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