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We have measured the 1525 3S; - 152p 3P, and 1525 35, —1s2p *P, fine-structure transition wavelengths
in the heliumlike Ar!®* jon using the beam-foil spectroscopy technique with position-sensitive photon
detection. The wavelength results are 559.944(16) A for the J =1-2 transition and 661.533(18) A for the
J =1-0 transition, which correspond to measurement precisions of about 2X 10~ a.u. in the transition
energies. These values are sensitive to the relativistic contributions in the transition energies to <500
ppm and to the total QED corrections to <0.5%. The measurements confirm the significance of (Za)*-
dependent relativistic corrections to the n =2 state fine structures suggested by recent calculations. The
small remaining discrepancies between these measurements and the accurate theoretical values suggest
that the magnitude of uncalculated higher-order QED terms is about 0.15(Za)* a.u. Our experimental
results disagree with an earlier recoil-ion measurement for the 3S, — *P, transition wavelength.

PACS number(s): 31.30.Jv, 32.30.Jc, 34.50.Fa, 29.40.Gx

I. INTRODUCTION

Heliumlike atomic systems represent a fundamental
testing ground for ab initio calculations of the fully rela-
tivistic electromagnetic interaction between charged par-
ticles in a many-body system. Two-electron ions are
among the simplest systems in which the understanding
of the quantum field theoretical treatment of a bound sys-
tem of many particles still poses interesting unsolved
problems. The energies of the low-lying states of helium-
like ions have been the focus of extensive calculations and
measurements over the past two decades. In particular,
the 1s2p 3P, and 3P, states and the 1s2s 3S, state possess
relatively long lifetimes even in the highly charged ions
(see Fig. 1). The resulting narrow linewidths allow accu-
rate spectroscopic wavelength measurements to be per-
formed for the 1s2s3S,-1s2p 3P0’2 fine-structure transi-
tions, which provide strong tests of the heliumlike atomic
structure calculations.

Precise variational calculations of the energies of low-
lying S and P states in heliumlike ions with Z <10, in-
cluding the dominant relativistic corrections, were car-
ried out by Accad, Pekeris, and Schiff in 1971 [1]. An ex-
tension of these calculations for the n=1 and 2 states for
Z =2-100 was formulated by Drake [2], whose bench-
mark unified method combines variational techniques
and the relativistic 1/Z expansion. A similar
perturbation-expansion technique was applied by DeSerio
et al. [3] for the 23S-23P transitions for Z <26.
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Multiconfiguration Dirac-Fock (MCDF) calculations
have been reported by Hata and Grant [4] and by Indeli-
cato et al. [5] for selected ions up to Z=54. The unified
method of Drake omitted some terms of order (Za)* a.u.
and higher in both the relativistic and the QED correc-
tions to the energies. The estimated uncertainty due to
these uncalculated terms was +0.2(Za)* au. or
+1.2(Z/10)* em ™! [2].

We have recently presented [6] a comparison of experi-
ment with theory for the 1s2s3S;-1s2p *P, , transition
energies in all heliumlike ions for which accurate experi-
ments exist from Z =2-92. We concluded that although
no significant discrepancy appears between experiment
and the unified calculations for the 3§, -3P, transition, a
systematic deviation from the calculations of approxi-
mately ~2.3(Z/10)* cm™! exists for the 3S,->P, transi-
tion. This conclusion is consistent with the results of a
new generation of accurate relativistic calculations of the
heliumlike n=2 state structure. These theoretical ap-
proaches include the many-body perturbation theory
(MBPT) technique of Johnson and Sapirstein [7] for
Z =10-36, the configuration interaction (CI) method of
Chen, Cheng, and Johnson [8] for Z =5-100, and the
many-body all order (MBAQO) procedure of Plante,
Johnson, and Sapirstein [9] for Z =3-100. An indication
of this stronger sensitivity of the 1s2p 3P, state energy to
higher-order relativistic contributions was suggested by
the relative magnitudes of terms in the perturbation-
expansion calculations of DeSerio et al. [3].

In the present work, we have chosen to measure the
1s2s 38, -1s2p 3P0,2 transition energies in the heliumlike
ion Ar'®* in order to provide a test of the new calcula-
tions at the level of <0.5(Z/10)* em™!, or <0.1(Za)*
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a.u., as well as to resolve a discrepancy between the cal-
culations and a previous measurement. The two previous
measurements of the 3S—3P transition wavelengths in
heliumlike argon are an early beam-foil spectroscopy
study by Davis and Marrus [10] and a recoil-ion spectros-
copy study by Beyer, Folkmann, and Schartner [11]. The
beam-foil measurement was a pioneering investigation of
the 2s-2p transitions at high Z, but with modest in-
strumentation and low precision. The recoil-ion study
was based upon identification of weak features in a com-
plex spectrum produced using collisional excitation of ar-
gon gas by energetic heavy ions. The recoil-ion result for
the 3S,-°P, transition wavelength disagrees by several
standard deviations with the value expected from the re-
cent calculations and from our isoelectronic predictions
[6].

The present study utilized the beam-foil fluorescence
technique with position-sensitive photoelectric detection
to provide the first unambiguous high resolution spectro-

1.5 ns ISZP:PZ
0.55 ps 1s2p ;P
5.1 ns 1s2p P
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FIG. 1. Energy levels for the n=1 and n=2
states of heliumlike argon. The lifetimes of ex-
cited states are indicated, as are the
1525 3S,—1s2p *P, , transitions studied in this
experiment.

1
0o —

scopic observation of the 1s2s3S,-1s2p 3Po,2 fine-
structure transition wavelengths in the heliumlike Ar'¢*
ion. Our experimental results determine the 3S, —3P0’2
fine-structure transition energies to <30 ppm, and they
are sensitive to the total QED contributions to <0.5%.
We confirm the importance of new (Za)*-dependent rela-
tivistic corrections to the n=2 state fine structure provid-
ed by recent calculations, and our results establish a limit
to the size of uncalculated higher-order QED corrections
for Z=18.

II. EXPERIMENT

The emission spectrum of highly ionized argon was
produced using excitation of a fast beam of argon ions by
passage through a thin solid target. The electron-
cyclotron-resonance ion-source injector at Argonne Na
tional Laboratory provided a beam of Ar’* ions, which
were accelerated to 160-MeV energy in the ATLAS linear
accelerator system. The collimated beam was directed
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through a 100-ug/cm? carbon foil target and was stopped
in a remote shielded Faraday cup (see Fig. 2). Typical
beam currents on target were 50 particle nA.

The foil-excited fluorescence spectrum of highly ion-
ized argon was observed perpendicular to the beam direc-
tion using a 1-m, normal incidence, vacuum ultraviolet
(vuv) grating spectrometer located immediately down-
beam of the target. The spectrometer was refocused [12]
to compensate for the ~5-A spread of Doppler-shifted
wavelengths accepted from the fast beam (B8=0.093)
source by the f/10 spectrometer. This required an in-
crease in the optical path length within the spectrometer,
which was accomplished by repositioning the grating a
(wavelength-dependent) distance of about 2 cm behind its
standard location. The achievable linewidth was reduced
in this way to <1 A in first order. The 1200-lines/mm
grating provided a wavelength dispersion of 8.3 A/mm in
the first order of diffraction. The grating was blazed for
maximum efficiency near 2500 A, and was overcoated
with osmium to enhance the reflectivity for wavelengths
below 1000 A appearing in multiple orders of diffraction.
This enabled us to observe transitions in Ar'** to Ar!”*
ions possessing first-order wavelengths between 350 and
1100 A that appeared in the second through eighth or-
ders of diffraction at wavelengths between 1900 and 2900
A. The corresponding higher-order linewidths ranged
from about 0.5 to <0.2 A.

The vuv spectrum was collected on a microchannel-
plate (MCP) position-sensitive photoelectric detector
(PSD) located in the exit plane of the spectrometer. The
PSD enabled us to collect spectroscopxc data simultane-
ously over a range of about 300 A in first order. This not
only enhanced the data collection efficiency, but also pro-
vided uniform sensitivity to time-dependent variations in
the source or detector systems. The PSD assembly con-
sisted of a pair of 40-mm-diameter MCP’s with a resistive
anode position encoder, operated as a one-dimensional
device. The two position-sensing output voltage pulses
from the anode were accumulated by computer in event
mode to allow subsequent replay of the data. A timing
pulse was taken from the output of the second MCP to
enable signal gating. The 12.5-MHz time structure of the
ATLAS beam provides the capability for eliminating a
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large fraction of the background signals with appropriate
timing electronics and sufficient timing resolution in the
detector. Our timing resolution of about 2 ns in the PSD
signals coupled with the 500-ps width of the beam pulse
allowed us to gate out more than 90% of the random
background signals, such as detector dark counts. A
more significant background effect arose from beam-
induced energetic gamma rays that penetrated the
chamber walls and shielding to trigger the detector with a
well-defined time structure. In Fig. 3 the time spectrum
of detected signals is displayed over the 80-ns time inter-
val between beam pulses. The earlier of the two main
peaks represents “prompt” gamma rays produced by the
beam pulse at the target foil, which reach the detector lo-
cated 30-cm away in about 1 ns. The later peak contains
predominantly the vuv photon signals, delayed by nearly
6 ns with respect to the prompt gammas due to the 2-m
distance the vuv photons travel through the spectrome-
ter. The timing resolution was sufficient to eliminate the
prompt gammas from our data by setting a timing accep-
tance window that excluded the prompt peak. However,
nearly one-half of the structure of the ‘“vuv peak” con-
sisted of delayed gamma rays produced by beam scatter-
ing after the target, and this broader feature partially
overlapped the vuv signals in time. We were able to ex-
clude more than half of this background with our present
timing resolution.

For our spectroscopy measurements, the spectrometer
was positioned to view the vuv spectrum emitted from
the region of the beam located immediately after the tar-
get foil. A typical set of data is shown in Fig. 4 as a two-
dimensional plot of time-resolved spectra versus position
on the PSD. The ridge corresponding to the vuv spec-
trum clearly displays the wavelength structure of highly
ionized argon transitions, whereas the time-resolved ridge
representing the prompt gammas has no position-
dependent structure.

Argon spectra that were extracted from the data using
appropriate time-window cuts are shown in Figs. 5 and 6.
A total of eight such spectra were obtained, centered at
three different wavelength settmgs for the PSD. In Fig. 5
the 1525 >S; - 1s2p *P, transition in heliumlike Ar'®* ap-
pears in the third order of diffraction at 1985 A. Prom-

FIG. 3. Spectrum of the arrival times of
detected signals. The signals are delayed in
time for convenient display with respect to the
12.5-MHz reference pulse of the ion beam time
structure. (Intensity is in arbitrary units.)

=1



1908 K. W. KUKLA et al. s1

inent Rydberg transitions and 2s-2p transitions in the
Ar** to Ar'®* jons account for all the observed lines.
Several of these transitions are suitable as reference wave-

lengths, as discussed below. In Fig. 6, the
1s2s 38, - 1s2p 3P, transition appears in the fourth order
of diffraction. The long lifetime of the 1s2p 3P, state
(5.08 ns) is emphasized by the spectrum shown in Fig. 7.
The target foil was displaced up-beam a distance of 2.4
cm from its position for the prompt spectra, resulting in a
spectrum of the highly ionized argon emission that is de-
layed by 900 ps after excitation. Comparison with Fig. 5
reveals that all the shorter-lived transitions have decayed
to below the S, —3P,, intensity, which itself has decreased
by only 15%.

III. WAVELENGTH DETERMINATION

The determination of an accurate wavelength scale for
the heliumlike 235 -23P transitions required two pro-

FIG. 4. Time-resolved spectra obtained us-
ing the position-sensitive detector. The spec-
trum of highly ionized argon is isolated in the
ridge corresponding to the “vuv photon” peak
in the projection displayed in Fig. 3. (Intensity
is in arbitrary units.)

cedures: the establishment of the wavelength dispersion
across the PSD, and the determination of sufficiently ac-
curate reference transition wavelengths in the beam spec-
tra. The wavelength dispersion was established by
recording a series of spectra of ArI and ArII transitions
produced in a gas discharge lamp. The in-beam reference
lines were determined primarily by accurate calculation
of the structures of Rydberg transitions excited in the
ion-foil interaction.

A. Wavelength dispersion

The wavelength dispersion function across the PSD
was mapped in detail for each of the three wavelength re-
gions used in the experiment. This was accomplished by
tracking of relative separations of the resonance transi-
tions of Ar1I at 1048.2020 and 1066.660 A, and of ArII at
919.781 and 932.054 A in the second and third orders of
diffraction as they were shifted stepwise across the detec-
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tor. About 140 separate spectra of the ArI and II lines
were recorded for each of the three wavelength regions
by incrementally changing the centroid wavelength on
the fixed detector for each spectrum. The localized
dispersion at all positions on the PSD could then be
determined by fitting the sets of slowly varying observed
separations between the closely spaced pairs of resonance
lines with a polynomial form. These dispersion functions
for each of the three wavelength regions were corrected
for time dilation effects for the fast-beam source
(y=1.0043) and then applied to the beam spectra to es-
tablish accurate separations between the reference lines
and the heliumlike 35-°P lines. For the
1s2s 3§, -1s2p 3P, transition at 661.5 A, the primary
reference line was the heliumlike n =7-8 Rydberg transi-
tion at 659.1 A, both being observed in third order (see
Fig. 5) and in fourth order (not shown). For the
1s2s 35, -1s2p *P, transition at 559.9 A (observed in
fourth order) the primary reference line was the lithium-

P
2350

like n =7-8 Rydberg transition at 744.1 A (observed in
third order, see Fig. 6). Other Rydberg transitions in
heliumlike and lithiumlike argon and the lithiumlike
2sy,2-2p1,2,3,2 Tesonance transitions that appeared in
the spectra at larger wavelength separations from the
35 3P transitions were also included in the fits.

B. Rydberg transitions

Accurate determination of reference wavelength values
in the beam spectrum requires careful analysis of Ryd-
berg transition structures [3,10,13]. The heliumlike and
lithiumlike n =7-8 Rydberg transitions served as our
primary reference hnes, s1nce they appeared within a few
A of the respective 35, - Po , transitions in the spectra.
The Rydberg structure analysis involves calculation of
the wavelengths and intensities of the fine-structure com-
ponents that comprise the unresolved Rydberg line in the
fast-beam spectrum, as described in detail below. These

FIG. 7. Delayed spectrum of the same
_ wavelength region as in Fig. 5, displayed 900
ps after the time of excitation. The long-lived
1s2s S, -1s2p 3P, transition is now the
strongest feature in the spectrum. (Intensity is
in arbitrary units.)
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calculated components are modeled as Gaussian line
shapes with instrumental linewidths, and then summed to
provide the calculated Rydberg transition profile. The
modeled profile is fit using the same function as that for
the background-corrected Rydberg line in the observed
spectrum, which provides an accurate calculated wave-
length for that reference transition.

The wavelength structure of the Rydberg transition is
accurately approximated using a core-polarization-
corrected, hydrogenlike description. In the traditional
approach [14], the associated Dirac fine-structure transi-
tion wavelengths are corrected by angular-momentum-
dependent terms based upon an atomic core polarization
model. The core polarization formulation represents a
simple modeling of the long range electron-ion interac-
tion for an unperturbed, nonpenetrating, high-angular-
momentum Rydberg state [15-17]. In this model, the
inner electrons in the ion core are treated as a deformable
core of charge that adjusts the Rydberg state energy
through parametrized core polarizability contributions.
These contributions are customarily represented by a per-
turbative polarization correction to the hydrogenlike
state term energy (magnitude of the binding energy) of
the form

Ap=A{r~*)+B(r %),

where the (r~*) are radial expectation values for the
corresponding hydrogenlike ion, and A4 and B are the
atomic core parameters. Usually the associations 4 =a
and B =(aq —6pB) are adopted, where a; and a, are the
dipole and quadrupole polarizabilities of the core, and B
is a nonadiabatic (or dynamical) correction. Thus, the
polarizability contributions reflect attractive interactions,
whereas the dynamical correction is repulsive. Exten-
sions of such models to account for penetration effects,
higher-order multipole polarizabilities, or higher-order
relativistic corrections do not produce significant effects
for the present analyses of heliumlike and lithiumlike
Rydberg states. Conversely, applications of polarization
model descriptions to more complicated atomic systems
such as berylliumlike Rydberg state structures are known
to be incomplete and less reliable [18].

An alternative description of the Rydberg transition
structure [19] is provided by solving the Dirac equation
using a screened central potential [20]. This nonpertur-
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bative approach directly incorporates the core-
polarization contributions into the solution of the Ryd-
berg state fine-structure energies. We have found no
significant differences between the perturbative and non-
perturbative methods for calculating our Rydberg transi-
tion structures. A semiempirical determination of the
core-polarization parameters for heliumlike ions, de-
scribed by Edlén [21], shows reasonable agreement with
the above formulations based upon polarizabilities.

Relativistic calculations of dipole polarizabilities for
hydrogenlike ions (the atomic cores for heliumlike Ryd-
berg states) have been performed by Drake and Goldman
[22] and quadrupole polarizabilities have been reported
by Kaneko [23]. A nonrelativistic dynamical correction
has been calculated by Drachman [16]. Relativistic cal-
culations of heliumlike dipole and quadrupole polariza-
bilities have been performed by Johnson, Kolb, and
Huang [24]. The resulting total polarization corrections
to the Dirac transition wavelengths for the heliumlike
and lithiumlike »n =7-8 transitions are very small
(<0.01 A) for all the more intense higher-angular-
momentum components excited in the beam-foil interac-
tion, and they are always small with respect to the Dirac
structure itself. The resulting estimated polarization
model contributions to the uncertainties in the Rydberg
transition wavelengths are negligible for this work (see
Table I).

The intensities of the polarization-corrected, Dirac
fine-structure transition wavelengths used for the model-
ing of the Rydberg transition structures depend upon a
number of experimental parameters (see Table I). The
most important of these is the initial state populations re-
sulting from the ion-foil interaction. We have considered
several different population schemes, ranging from the
(2J+1) statistical model, which may underpopulate the
high-L states, to the L? model, which probably overpopu-
lates the high-L states [3]. We have used the (2J+1)
model in our final analysis, and have adopted the wave-
length shifts of 0.0130 and 0.0104 A between the results
for the above two models as a conservative estimate of
the population contributions to the two Rydberg wave-
length uncertainties in Table I.

The fine-structure dependence of the Rydberg state
lifetimes is reflected in the fine-structure intensities
through considerations of cascade repopulation, transi-

TABLE 1. Contributions to the uncertainties of the Rydberg transition reference wavelengths.

He-like n =7-8 (A)

Li-like n =7-8 (A)

Beam energy 0.0002 0.0003
Cascades 0.0006 0.0013
Population 0.0130 0.0104
Polarization model 0.0004 0.0004
Transition probabilities 0.0013 0.0016
Gaussian fit 0.0011 0.0011
Linewidths 0.0013 0.0012
Beam length viewed 0.0010 0.0010
Foil position 0.0107 0.0098
Sum in quadrature 0.0170 A 0.0145 A




tion probabilities, beam velocity, target foil position, and
observed beam length. Cascade contributions into the
n=8 Rydberg states were modeled for all direct and in-
direct El-allowed transitions from n=9 through n=12
states. Rapid convergence was found as higher states
were included, and the size of the effect due to the n=12
state was adopted as the uncertainty contribution in
Table I. The hydrogenic transition probabilities used in
the decay scheme were varied by a conservative 10% to
obtain their uncertainty contributions. The beam veloci-
ty uncertainty of <1% was not critical for these mea-
surements and was based upon the spread of beam energy
values during the experiment.

The relative intensity contributions from the shapes of
the fine-structure decay profiles depend upon the in-
tegrated length of the detected beam fluorescence “win-
dow” and the position of this window with respect to the
target foil. The foil position was the more important con-
toribution, with the associated uncertainties of about 0.01
A representing a conservative estimate of 250 um for the
foil position uncertainty. Adopting the same uncertainty
for the length of beam viewed yielded a contribution of
0.001 A.

The instrumental linewidths applied to the modeled
fine-structure transition components were varied from 1.0
to 1.2 A to produce the linewidth uncertainties in Table
1. The statistical uncertainty in the fitted Gaussian cen-
troid of the final modeled Rydberg structure was similar-
ly about 0.001 A.

The population and foil position contributions account
for all but 2% of the sum in quadrature of the contribut-
ing uncertainties in the Rydberg transition wavelengths
shown in Table I.

C. Final wavelength uncertainties

The contributions to the wavelength uncertainties for
the 152535, -1s2p 3P0’2 transitions in Ar'®" are listed in
Table II. The wavelength determinations are dominated
by the uncertainties in the Rydberg transition reference
wavelength values obtained from Table 1. The wave-
lengths and fitted centroids of the ArI and ArII lines
represent the uncertainty contributions from the wave-
length dispersion determinations. Possible small
doppler-shift corrections to the dispersion arise due to
uncertainty in the detection angle of 90.0+0.3° between
the optic axis of the spectrometer and the beam axis. The
fit reproducibility in Table II is the standard deviation of
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the mean of the six measurements of the 35, —3P,, transi-
tion and the four measurements of the 3S;-3P, transi-
tion. The sums in quadrature yield final uncertainties of
0.0182 and 0.0157 A for the 3§, 3P, and S, 3P, transi-
tion wavelengths, respectively.

IV. RESULTS

The final results for our measured transition wave-
lengths in heliumlike Ar'®™ are 559.944(16) A for
1s2s38,-1s2p 3P, and  661.533(18) A  for
1s2s 38, -1s2p 3P,. These represent measurements at the
27 and 29 ppm levels, respectively. We compare our re-
sults with calculations and with previous measurements
for Ar'®t in Table III and in Figs. 8 and 9. Our result
for the 3S,-3P, transition disagrees substantially with
that for the recoil-ion measurement [11]. Our result for
the 3S,-3P, transition improves upon the previous pre-
cision [11] by a factor of 6. The measured values are sen-
sitive to the relativistic contributions to 140 and 450 ppm
for the 3P, and P, transitions, respectively, and they test
the total QED corrections to 0.45 and 0.35%, using the
designations of Drake [2]. The *P,-3P, fine structure in-
terval is determined to 230 ppm.

Our experimental results show best agreement with the
new many-body and CI calculations [7-9] for both of the
fine-structure transitions in Ar'". Note that all three re-
cent calculations include corrections for QED and mass-
polarization effects taken from Drake [2]. For the *P,
transition, the variational-perturbation calculations [2,3]
agree with these newer theoretical results to within a few
cm™ !, whereas the two MCDF values [4,5] disagree by
20-30 cm ™ !. For the *P, transition, all the earlier calcu-
lations disagree with the newer theoretical results by
more than 20 cm™!. In particular, our measured
discrepancy of —22+4 cm ™! from the unified value of
Drake [2] represents a measurement of the relativistic
and QED terms of order (Za)* a.u. and higher that were
not included in that calculation.

V. DISCUSSION

The new generation of relativistic calculations of n=2
state energies in heliumlike ions that has appeared over
the past two years [7-9] has established significantly im-
proved benchmarks of theoretical accuracy in our under-
standing of the two-electron atomic system. The most
dramatic aspect of these calculations is the removal of

TABLE II. Contributions to the uncertainties of the 1s2s 35, —1s2p 3&_2 transitions wavelengths.

38,-Py A) ’s,-P, (A)
Centroid of ArI and Ar1I lines 0.0037 0.0037
Wavelengths of Arl and ArlII lines 0.0003 0.0003
Wavelength of Rydberg transition 0.0170 0.0145
Beam energy 0.0005 0.0005
Detection angle 0.0020 0.0020
Fit reproducibility 0.0051 0.0044
Sum in quadrature 0.0182 A 0.0157 A
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TABLE III. Calculated and measured energies (cm™') for the 1s2s 3§, —1s2p *P,, transitions and
the 2p 3P, _,, fine structure interval in heliumlike argon.

Ref. 38,-3P, 38,-3P, 3p, 3P,
Theory
DeSerio et al. [3] 151189 178 574 27385
Hata and Grant [4] 151179 178 558 27379
Indelicato [5] 151130 178 546 27416
Drake [2] 151186 178 577 27391
Johnson and Sapirstein 7 151155 178 576 27421
Chen, Cheng, and Johnson (8] 151156 178578 27422
Plante, Johnson, and Sapirstein [9] 151155 178 576 27421
Experiment
Davis and Marrus [10] 151 350(250) 178 510(290) 27160
Beyer, Folkmann, and Schartner [11] 151203.6(9.1) 178 591(32) 27 387
This work 151164.0(4.1) 178 589.3(5.1) 27425.3(6.5)
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FIG. 10. Comparison of experiment and
theory with respect to the MBAO calculations
of Plante, Johnson, and Sapirstein [9] for the
scaled 1s2s3S,~1s2p 3P, transition energy in
heliumlike ions. The unified calculations of
Drake [2] are shown as diamonds.

FIG. 11. Comparison of experiment and
theory with respect to the MBAO calculations
of Plante, Johnson, and Sapirstein [9] for the
scaled 152s3S;—1s2p >P, transition energy in
heliumlike ions. The unified calculations of
Drake [2] are shown as diamonds.

FIG. 12. Comparison of experiment and
theory with respect to the MBAO calculations
of Plante, Johnson, and Sapirstein [9] for the
scaled 1s2s3S;—1s2p 3P, transition energy in
heliumlike ions. The unified calculations of
Drake [2] are shown as diamonds.
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TABLE IV. Experimental transition energies (in cm™') for the 1s2s3S,~1s2p P, , transitions in
heliumlike ions. New measurements by Riis et al. [Phys. Rev. A 49, 207 (1994)] have recently been re-
ported for Z =3: 18231.30197(2), 18226.108 24(2), and 18228.198 96(2) cm ™! for the J=0, 1, and 2

transitions, respectively.

z 152538, -1s2p 3P, 1s2s 38, -1s2p °P, 1s2s 38, -1s2p °P, Ref.
3 18231.302 8(8) 18226.109 3(7) 18228.1999(3) [25]
18231.3030(12) 18226.108 2(12) 18228.1979(12) [26]

18231.301 88(19) 18226.11206(21) 18 228.199 35(25) [27]

4 26867.29(72) 26 856.03(72) 26 871.26(72) [28]
26 864.40(22) 26 852.85(22) 26 867.72(22) [29]

26852.35 26867.21 (30]

26 864.6120(4) 26 853.0534(3) 26 867.9484(3) [31]

5 35393.26 [32]
35393.39(38) 35376.98(38) 35429.76(38) [33]

35377.23 35429.51 (30]

35393.627(13) 35377.424(13) 35430.084(9) [34]

6 43 899.77(96) 43 886.86(96) 44022.33(97) [32]
44022.52 [35]

7 52414.47 52429.04 52719.82 [36]
52413.9(1.4) 52 429.04(55) 52719.54(56) [37]
52420.0(1.1) 52428.2(1.1) 52 720.23(69) [38]

8 60991.2(3.0) 61051.6(3.0) 61603.3(3.0) [39]
60980.4(3.0) 61038.9(3.0) 61590.4(3.0) [40]
60979.3(3.0) 61 040.74(75) 61595.32(76) [37]
60983.8(1.1) 61593.8(1.5) [35]
60978.2(1.5) 61036.6(1.1) 61588.1(1.5) [41]

60 978.44(52) 61037.62(93) 61 589.70(53) [38]

9 69 586.0(2.9) 69 743.8(2.9) 70700.4(3.0) [40]
69 589.4(4.8) 70705.9(3.0) [41]

69 590.9(3.4) 69 739.9(3.4) 70697.9(3.5) [42]

10 78266.9(2.5) 78 566.3(2.5) 80120.5(1.3) [40]
78265.6(2.5) 80118.6(2.6) [43]
78260.1(4.9) 80117.3(1.9) [44]
80126.3(5.8) [44]

78265.0(1.2) 78565.7(1.9) 80123.33(83) [38]
80118.6(1.3) 45]

80123.7(1.3) [11]

78262.6(3.1) 80121.1(1.9) [46]
78263.2(2.5) 80121.53(64) [47]

12 95 850.6(7.4) 96 682.8(5.6) 100262.7(6.0) [42]
13 104 930(110) 111110(120) [48]
104 778(11) 106 023.2(6.7) 111 156.8(6.2) [42]

14 113 856(78) 122 775(60) [49]
113817(13) 122 730(15) [50]
113790(25) 122 745(15) [51]
113814.9(3.9) 122 746.1(3.0) 3]

113 807.1(3.9) 122743.1(3.0) [52]

15 122 941(30) 135153(18) 53]
16 132200(40) 148 480(20) [51]
132 198(10) 148 493.5(4.4) [3]
132222(5) 148 496(5) [54]
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TABLE IV. (Continued).

z 1s2s 38, -1s2p 3P, 1s2s 38, -1s2p 3P, 1s2s 38, -1s2p °P, Ref.
17 141 672(15) 162912.9(3.5) [13]
141707(30) 162912.9(5.8) [55]
162 920(25) [51]
141 643(40) 162922.2(5.3) [3]
141 621(5) 162929(5) [54]
18 151 350(250) 178 510(290) [10]
151203.6(9.1) 178 591(32) [11]

151 164.0(4.1) 178 589.3(5.1) This work
20 214225(46) [56]
22 256 746(46) [57]
24 307 350(470) [58]
26 368 730(820) [59]
368 980(120) [60]
368 950(140) [61]
28 441950(78) [62]
29 267 950(360) 483910(190) [63]
36 899 690(650) [64]
357400(260) 900 010(240) [65]
900 740(650) [66]
54 3751 000(14000) [67]

the previously dominant energy uncertainty [2] that was
due to uncalculated relativistic corrections of order
(Za)* a.u., and the identification of the strong fine-
structure dependence of these corrections. These nonra-
diative contributions to the n=2 triplet state energies are
now calculated for low Z and intermediate Z ions to an
accuracy of 1077 to 1073 a.u., or <1 cm™!, and for high
Z ions to 107° to 10~ * a.u. [9]. Our experimental results
for the 1525 35, - 1s2p 3P, transition energy in Ar!®* re-
veals a discrepancy of (—1.0£0.2)X 10™* a.u. from the
earlier unified calculations [2] that accounts for about
70% of the new order-(Za)* relativistic corrections for
Z=18 in the recent calculations [7-9]. The remaining
differences in transition energies between our measure-
ments and the three new calculations are 9t+4 cm™! for
38,-3P, and 12+5 cm ™! for 3§, -3P,. These differences
are significant at the level of a little better than 20, and
they are of equal magnitude and sign. Thus, our mea-
surements suggest the existence of uncalculated QED
contributions for Z=18 of magnitude about 10 cm ™! (or
4.5X107° a.u.) in the 1s2s 3S, energy, which is the com-
mon lower state in the transitions. Such determinations
of uncalculated QED terms of order (Za)* a.u. represent
the most interesting theoretical problem remaining for
the helium isoelectronic sequence [9].

We compare our results for the 1s2s3S,-1s2p 3P0)2
fine-structure transition energies in Ar'®* with previous
measurements and with calculations for the isoelectronic
sequence of heliumlike ions in Figs. 10-12. The
1s2s 3§, ~1s2p 3P, transition is included for complete-
ness. The data are plotted with respect to the most re-
cent of the accurate calculations, the MBAO results of
Plante, Johnson, and Sapirstein [9]. These calculations

show excellent agreement with the recent MBPT [7]
(Z=10) and CI [8] (Z =5) calculations. The earlier
unified results of Drake [2] are included in Figs. 10-12 to
emphasize the strong fine-structure dependence of the
newly calculated relativistic contributions in Refs. [7-9].
The Z* scaling of the plots is chosen to reveal the nearly
constant Z *-dependent magnitudes of these new relativis-
tic corrections in each transition energy for Z =10-36.
The largest such contribution appears in the 3S;—3P,
transition as a decrease in the energy of the P state by
about 3(Z/10)* cm™!. A similar contribution of about
one-third this magnitude appears for the 3P, state, and
there is an order of magnitude smaller correction for the
3p, state. The relativistic contributions grow somewhat
more strongly for Z> 36, as discussed in Ref. [8]. For
Z <6, the Z-dependent scatter that appears in the high-
precision laser fluorescence data points in Figs. 10—12
probably reflects numerical inaccuracy in the low-Z
MBAO results [9], chosen as our reference calculation for
the plots. The estimated theoretical uncertainties for
Z =3-5 for all the accurate low-Z calculations (taken
from Ref. [9], including updated values from Drake)
range from about +(1-4)X(Z/10)* cm™!, and they
overlap all the precision laser fluorescence measurements
for these low-Z ions.

We list in Table IV all direct experimental measure-
ments of the 1s2s3S—1s2p P transition energies for
Z =4-54, as well as laser-based measurements for Z=3.
Recent high-precision theoretical and experimental stud-
ies of these transitions in the neutral helium atom have
been discussed in Refs. [68] and [69], and are omitted
here. For clarity we have excluded from Figs. 10-12
those experimental results for which the magnitude of ei-
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ther the plotted value or the uncertainty would exceed
10(Z /10)* cm ™!, as well as early less precise values for
Z <6. We have also excluded several indirect measure-
ments of 2s—2p energy structures at higher Z that have
been obtained from 2p 3P state lifetime measurements,
which were discussed in Ref. [6]. We note that all pub-
lished measurements of heliumlike atomic structure for
Z > 10, with the exception of the recoil-ion study [11] dis-
cussed above, are beam-foil spectroscopy measurements.

Most of the recent precise measurements for the
38, - Po , transition energies for Z>5 show reasonable
agreement with the new many-body and CI calculations.
However, the measurements do not exclude the existence
of uncalculated energy contributions of order 0.1(Za)*
a.u. in magnitude. Since the new calculations are expect-
ed to account for nonradiative contributions to an accu-
racy of <0.01(Z a)* a.u. for Z> 10, the remaining uncal-
culated corrections must reside in the higher-order QED
terms. Our measurements for Z =18 display a small sys-
tematic discrepancy from the new calculations that is
consistent with a reduction in the QED contribution to
the 1s2s 3Sl state energy by about 0.15(Za)* a.u., a 1%
correction to the QED effects.

VI. CONCLUSION

We have measured the wavelengths of the
152538, -1s2p Po , fine-structure transitions in the heli-
umlike Ar'®* jon with a precision of <30 ppm. The ex-
perimental results are sensitive to recently calculated
(Za)*-dependent relativistic corrections to the n=2 state
energies that represent a new benchmark in our
knowledge of the atomic structure of heliumlike ions.
Our measurements of the fine-structure transition ener-
gies, coupled with the accurate new calculations of non-
radiative contributions and the existing lower-order QED
calculations, establish an upper limit to the magnitude of
uncalculated higher-order QED corrections for Z=18.
Our results suggest that the inclusion of such higher-
order terms will reduce the calculated QED contributions
to the 1525 3, energy for Ar'®* by about 4.5X 1075 a.u,,
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or 0.15(Za)* a.u. This modification of the QED correc-
tion for the 1s2s 3§, state is consistent with the results of
new QED calculations [70] for the n=1 and n=2 singlet
states in heliumlike ions.

Our spectroscopic measurements establish the need for
explicit calculations of higher-order QED terms for the
n=2 triplet states of heliumlike ions as the next
refinement in the new generation of accurate understand-
ing of two-electron atomic systems. Further experimen-
tal confirmation of the size of the uncalculated QED con-
tributions suggested by our measurements will require
additional measurements of 23S -2 3P transition energies
with precisions of <0.1(Za)*a.u.

Note added. Following submission of this paper, a
study of recoil-ion spectra of argon was published [Hal-
lett, Howie, Silver, and Dietrich, Phys. Lett. A 192, 43
(1994)] in which wavelength values of 559.95(2) A and
661.582) A have been suggested for the
152538, -1s2p® P, transition energies, respectively, in
Ar'®". The identifications of the weak Ar'®" lines amid
many unidentified lines in the recoil-ion spectra were
based upon approximate agreements with theoretical
wavelengths. The 3P,- 3P, fine structure interval of
27434(7) cm ™! determined by the new studies disagrees
by 20 with the accurately established theoretical interval
of 27421 cm™! [Refs. 7-9] (see Table III), which is ex-
pected to be only weakly sensitive to uncalculated QED
contributions for n =2 triplet states.
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