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Precision Measurement of the 3s it 2-3py2 Transition Energy in Na-like Platinum Ions
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We report a measurement of the 3s&l2-3py2 transition energy in Na-like 78Pt + ions of 653.44
~0.02(stat) + 0.05(syst) eV. The x rays were observed from ions in an e1ectron-beam ion trap. The
uncertainty in our result corresponds to 1% of the total estimated quantum electrodynamic radiative con-
tribution to this transition energy. This value difrers significantly from extrapolations based on previous
lower-Z data, and establishes a benchmark for calculations of high-Z multielectron radiative and relativ-
istic eff'ects.

PACS numbers: 31.30.Jv, 12.20.Fv, 32.30.Rj

There is a great deal of interest in the atomic energy
levels of highly charged ions in the Na-like isoelectronic
sequence. The relative calculational simplicity of treat-
ing a single electron outside of a closed shell enables ac-
curate theoretical calculations of all contributions to the
energy except the quantum electrodynamic (QED) radi-
ative corrections. QED corrections have only been cal-
culated for hydrogenic ions for the ls, 2s, and 2p states. '

For n=3 the theoretical treatment is incomplete, al-
though it is believed that, apart from an overall I/n
scaling, the n =2 and 3 radiative corrections are approxi-
mately the same. For the more complex Na-like ions the
residual differences between measured energies and the
energies calculated without radiative corrections exhibit
the same approximate Z scaling as the hydrogenic
Lamb shifts but are somewhat smaller. Accounting for
this "screening" of the Lamb shift is one of the outstand-
ing unsolved problems in the atomic physics of highly
charged ions.

The multiconfiguration Dirac-Fock (MCDF) code of
Grant et aI. includes a phenomenological estimate of
the radiative corrections, and has been compared to a
variety of measurements. When differences between ex-
periment and calculation arise, it is difficult to determine
whether they are due to an inadequate treatment of the
relativistic many-body eAects or of the QED effects. Re-
cent many-body perturbation theory (MBPT) calcula-
tions by Johnson, Blundell, and Sapirstein are fully
relativistic but do not contain radiative corrections. The
accuracy reported for these calculations is sufficiently
high that residual differences between theory and mea-
surements are dominated by QED eFects.

Extension of experimental measurements to high Z is
particularly important because of the Z scaling of rela-
tivistic and radiative corrections. Previous observations
of the Na-like sequence extended to 64Gd

+ for the
3sly2-3p3g2 transition, and to 54Xe + for the 3sl~2-3p~g2
transition. In this work, we extend the range of pre-
cision measurements for the 3s ~g2-3p3g2 transition to
78Pt +. Na-like Pt was chosen because the near degen-

cracy of this transition with the Ly-a transitions in hy-
drogenic oxygen provides an excellent absolute-energy
calibration.

The Na-like platinum ions were produced in the elec-
tron-beam ion trap (EBIT) at the Lawrence Livermore
National Laboratory. EBIT has been described in detail
elsewhere. BrieAy, low-charge Pt ions were injected
into a cylindrical electrostatic well where they were fur-
ther ionized and collisionally excited by an 18.5-keV
electron beam. The deexcitation x rays were observed at
90 with respect to the beam direction using a Bragg-
crystal spectrometer. The kinetic-energy spread of the
trapped Pt + ions was less than 1.0 keV, resulting in a
negligible Doppler shift or broadening of the observed
x-ray lines.

The x-ray spectrometer consisted of a cylindrically
curved rubidium acid phthalate (RAP) crystal (2x2
ctn area) in a Johann geometry, with a position-sensi-
tive detector on the Rowland focal circle oriented normal
to the incident x rays, as indicated in Fig. 1. The 70-
pm-diam, 2-cm-high column of trapped Pt ions in EBIT
was located on the Rowland circle (to (0.5 mm accura-
cy) and oriented perpendicular to the diffraction plane.
Data were taken over a broad x-ray energy range by con-
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FIG. 1. Schematic diagram of the Johann spectrometer,
showing the RAP crystal, MCP detector, and fluorescence
source which rotate as a unit about the center of the Rowland
circle.
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tinuously rotating the spectrometer assembly back and
forth about the center of the Rowland circle for Bragg
angles near 46', which corresponds to the -650-eV en-
ergy of the Pt 3s ig2 to 3p3g2 transition. The detector con-
sisted of three stacked microchannel plates (MCP) coat-
ed with a CsI photocathode and backed by a wedge and
strip anode plane which gave X and Y positions on an
event-by-event basis for each detected x ray. The instru-
mental line shape, dominated by the resolving power of
the RAP crystal (E/hE —700), was well described by a
Voigt profile approximately 1 eV wide.

The wavelength scale of the spectrometer was calibrat-
ed in two steps. First, the dispersion was determined
from characteristic fluorescence x rays of Mn in ninth
and tenth orders, and F in first order. Foils of Mn and
KF were positioned in the line of sight between the
Bragg crystal and the ion source, and were fluoresced by
an intense x-ray source located out of the focal plane.
The measured dispersion agreed to better than 0.2% with
that determined from the crystal geometry (58 cm radius
of curvature, 26.121 A. 2d spacing ) and spatial disper-
sion of the detector (0.037 mm/channel), which was
verified mechanically by rotating the detector assembly
about the center of the Rowland circle by known
amounts and measuring the shift of a given calibration
line along the detector face.

Second, the absolute-energy scale was accurately
determined by measuring the Ly-a transition of H-like 0
produced in EBIT. The near degeneracy (within 0.18
eV) between this transition and the 3sii2-3p3p transition
in Na-like Pt provided an excellent calibration. H-like
1s-2p transitions have been previously used as high-
accuracy calibration lines' and can be calculated with
very little uncertainty. Throughout all the calibrations,
the EBIT magnetic fields remained at the Pt run settings
and the spectrometer was continuously scanned in Bragg
angle. Thus, any possible shifts in the detected line posi-
tion resulting from the spatially varying magnetic field or
mechanical stresses on the spectrometer were treated in

a consistent fashion for both the calibration and Pt
data "

In order to obtain a precise measurement of the Na-
like Pt 3si/2-3p3/2 line position, to guard against shifts in
the detector image, and to minimize other time-varying
sources of systematic error, we alternated Pt data-taking
runs (typically —2 h) with H-like 0 calibration runs
(typically 30 min). For the 0 runs, the Pt-ion source
was switched off; the electron-beam energy was reduced
to 3.6 keV, and oxygen gas was injected into EBIT. In
Fig. 2 the centroids of the measured Na-like Pt lines and
Ly-a 0 lines are plotted versus the corresponding run
number. The data exhibit a six-channel shift (—0.3 eV)
after run 1241. Similar shifts were observed in the flu-
orescence-source calibration lines from F and Mn before
and after run 1242. The shift appears to be correlated
with a mechanical adjustment of the spectrometer and a
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change in the EBIT magnetic fields. 0nly data taken
after run 1242 are used in the following analysis. During
this time, the scatter in the oxygen and platinum peaks
was consistent with statistical variations about a constant
value; no systematic deviation of the line centroids is ap-
parent.

The total spectra obtained from summing the data for
the Pt and 0 runs are shown in Fig. 3. Also shown is a
spectrum from the Mn fluorescence calibration source.
The 0 line is actually an unresolved doublet, correspond-
ing to the 1s i/2-2pi/2 and 1s ii2-2p3/2 transitions, with cal-
culated' energies of 653.494 and 653.680 eV, respec-
tively. Since the Bragg angle is near 45, the crystal
reflectivity is very small for x rays polarized in the
diAraction plane, and the centroid of the observed dou-
blet depends on the polarization of each line. While the
1s iy2-2p i12 decay is unpolarized, the 1s i/2-2p3g2 emission
has a theoretical polarization of 0.116.' Given a 1:2 ad-
mixture of the 2pi/2 and 2p3i2 intensities, and including
adjustments for (1) the angular distribution of the polar-
ized radiation, (2) the crystal rellectivity for longitudinal
and transverse polarizations, and (3) the depolarizing
eA'ects of the 340-eV electron temperature, ' the mean
energy of the doublet is 653.623+'0.004 eV. (The un-

certainty reflects uncertainties in the electron tempera-
ture and crystal rellectivity. )

Fitting Voigt line shapes to the data of Figs. 3(a) and
3(b) yields a 0.18+ 0.02-eV diA'erence between the 3s-
3p Na-like Pt line centroid and the 0 Ly-a line centroid.
Using this value, we obtain a Pt 3si/2-3p3/2 transition en-
ergy of 653.44+'0.02(stat) eV. Because of the proximi-
ty of the Pt and 0 lines, errors from uncertainties in the
spectrometer dispersion are negligible.

Apart from the 0 Ly-a polarization uncertainty dis-
cussed above, the only other possible sources of signifi-
cant systematic error would be a shift of the observed Pt
line position from unresolved underlying transitions or
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FIG. 2. Line centroids for the Pt 3-3 transition (triangles)
and oxygen Ly-a (circles) in channel numbers plotted vs run
number. One channel corresponds to approximately 0.05 eV.
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FIG. 3. Summed spectrum of (a) Pt 3sl/2-3p3/2, transitions
taken with 18.5-keV electron-beam energy; (b) 0 Ly-a taken
with 3.6-keV electron-beam energy; and (c) calibration lines,
Mn Ka in ninth order and Mn KP in tenth order, produced by
x-ray fluorescence of a solid target.

700

from nearly complete polarization of the Pt radiation in
the dispersion plane. We have investigated the first pos-
sibility by operating the EBIT trap under the Pt run con-
ditions with (1) no injected ions, in which case Ba and
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Hg contaminant ions slowly fill the trap, and (2) while
injecting Au ions, which closely imitates the conditions
obtained with Pt ions. In both cases, no statistically
significant deviations from a smooth background were
observed at the Pt line position. In particular, there was
no evidence for trace contributions of the oxygen Ly-a
transition. From broader energy scans' no other known
Pt transitions, from any diffraction order or ionization
state, are expected in the 1-eV energy interval spanned
by this peak. For the second possibility, if the Pt radia-
tion were almost entirely polarized in the diffraction
plane, the line shape might be skewed by the energy
dependence of the reflectivity of the RAP crystal near
45' Bragg scattering. However, the symmetric shape of
the Na-like Pt line, its intensity, and its width are all
consistent with the instrumental response to mostly un-

polarized radiation. Considering the uncertainty in the
theoretical values for the 0 line polarization, we estimate
that a conservative upper limit of the systematic error in
our measurement is 0.05 eV.

The MBPT calculations are expected to accurately in-
clude all important contributions to the Na-like transi-
tion energies except the QED eÃects. Subtracting the
MBPT calculation from the experimental result there-
fore provides a determination of the radiative contribu-
tions in n=3 (the Na-like analog of the hydrogenic
Lamb shift). The hydrogenic Lamb shift in platinum,
scaled from n =2, is 6.44 eV. ' Grant's phenomenologi-
cal estimate of the screening correction to the self-
energy reduces the predicted Lamb-shift contribution to
this transition to 4.84 or 4.93 eV depending upon wheth-
er one performs the calculation in the extended average
level or optimized level mode. Subtracting the MBPT
result from our experimental value, we obtain 5.32
~0.05 eV for the radiative correction to the 3s&/2-3p3/2
transition energy in Na-like platinum.

In Fig. 4 we compare our present measurement to pre-
vious lower-Z measurements of the Na-like 3s~/2-3p3/2
transition and to theoretical and semiempirical calcula-
tions. Throughout the range of Z so far explored, the
phenomenological estimate of the screened Lamb shift
employed in the MCDF code of Grant et al. (solid line)
systematically underestimates the magnitude of the mea-
sured radiative corrections. The semiempirical extrapo-
lation of the transition energy by Seely and Wagner,
based on lower-Z data obtained in tokamak and laser-
produced-plasma measurements (dashed curve), signifi-
cantly disagrees with our experimental result at Z =78,
and in particular shows that the radiative corrections do
not converge to the Grant code estimate for high Z as
previously suggested. Additional data from high-Z mea-
surements should enable a considerably more accurate
empirical fit of the radiative corrections.

In summary, we report a precision measurement of the
3s~/2-3p3/2 transition energy in Na-like platinum ions.
Our overall uncertainty corresponds to a 77-ppm mea-
surement of the transition energy, and a 1% measure-
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FIG. 4. Comparison of theoretical and measured energies
for the Na-like 3s~p-3p3p transition. The total QED contribu-

tion (transition energy minus calculated MBPT value) is

shown divided by the expected Z scaling of the radiative
correction. The solid and dotted curves are the screened QED
corrections and hydrogenic Lamb shift, respectively. The
dashed line is an empirical fit to the low-Z experimental values

(open circles) taken from Ref. 8 (Table II, columns 8 and 9,
respectively). The solid circle is the present result.

ment of the n=3 Lamb shift in Na-like Pt. Our work
extends precise measurements of the Na-like isoelectron-
ic sequence to Z =78 from the previous high-Z limit of
Z =64, and we find a significant disagreement with
semiempirical extrapolations from lower-Z data of the
screened radiative corrections.
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