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We have measured the wavelengths of the 2s 35,~2p °P, and 2s %5,~2p %P transitions in
Cl XvI to be 613.825+0.013 A and 705.854+0.076 A. Our precision is sufficient to provide
measurements of the 2s;,,-2p,,, and 2s,/,-2p 3/, Lamb shifts to an accuracy of + 0.3% and
to test quantum electrodynamics (QED) theory in the strong-field region. We compare
our results with the one-electron QED theories of Mohr and Erickson and discuss the ac-
curacy of calculations of electron correlation in two-electron atoms.

We wish to emphasize in this paper that Lamb-
shift measurements in high-Z atoms need not be
confined to the one-electron hydrogenic ions, but
higher precision may be attainable in ions with a
few (two or three) electrons. We present a meas-
urement in two-electron chlorine to justify this
suggestion and discuss briefly the limitations in
the precision of such measurements due to the ac-
curacy of calculations of relativistic energies in
many-electron atoms.

In two-electron ions of low Z (Z < 10), there
have been several experimental tests' of quantum
electrodynamics, but of lower precision than
measurements in the corresponding one-electron
atoms, Electron correlation effects have been
calculated approximately to first order in the
Lamb-shift terms? and less accurately than the
experimental values.® However, such effects be-
come less important at high Z since the correla-
tions can be expressed as part of a 1/Z expansion.

Tests of quantum electrodynamics by 2s -2p
Lamb-shift measurements in one-electron atoms
have been reviewed recently by Kugel and Mur-
nick* and by Mohr.® They point out that although
the highest-precision measurements are in hy-
drogen (20 ppm),® the higher-order terms of the
Lamb shift, which is usually expressed as a pow-
er series expansion in Za, are more easily test-
ed in higher-Z ions. The present most precise
measurements are those in *F®* (Z=9)7 and
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“0Ar'™ (Z=18)° of + 2% and + 4% accuracy, re-
spectively, both of which test the higher-order
terms of the Lamb shift to approximately the
same accuracy as the work in hydrogen.® The
higher-order terms in Za probe quantum electro-
dynamic (QED) theory in strong fields where the
perturbative theory must eventually break down.
Comparable tests occur only in the comparisons
between theory and experiment of the binding en-
ergy of K -shell electrons in high-Z atoms,”®
where an accuracy of about 10% has been achieved.
Davis and Marrus!® measured the two-electron
Lamb shift in ArxvIi, but only with low precision
¢+ 30%).

We accelerated chlorine ions in the Argonne
FN tandem accelerator to an energy of 80 MeV
and further stripped and excited the ion beam in
a thin 20-pg-cm™2 carbon foil. The observation
angle (close to 90°) was deduced from the relative
Doppler shifts at beam energies between 56 and
88 MeV. Thus, the first- and second-order Dop-
pler shifts are ~3 A/deg and ~ 3 A, respectively,
at 1200 A for 80 MeV ion beam energy. As we
were able to use internal calibration lines in the
beam-foil spectra, such Doppler shifts had very
little effect on the values of our measured wave-
lengths. The monochromator was refocused for
the fast-moving light source (v/c =8~ 0.07) by ad-
justment of both the entrance slit and the grating.!*

In Fig. 1, we show wavelength scans including
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FIG. 1. Wavelength scans including the Cl xVI 2s 35—
2p 3P, transition near 2x614 A (upper) and the C1 xvI
25 %8,—2p P, transition near 2x706 A (lower). The
wavelength was stepped in increments of 0.12 A (second
order), and the profiles are nonlinear least-squares
Gaussian fits (solid line).

the 2s 35,-2p 3P, and 2s 35,-2p 3P transitions in
second order., Our precision depends primarily
on the relative and absolute wavelength measure-
ments. The relative wavelength measurement
consists of an accurate determination of the sepa-
ration between the two wavelengths shown in each
part of Fig. 1. The reproducibility of this meas-
urement presently limits our precision to + 0,012
A for the line from 3P,. Improved statistics
would allow determination of line centers to bet-
ter than the present 1/50 of the linewidth and a
study of possible profile asymmetries. Hyper-
fine structure of the two-electron transitions is
small and produces a symmetric broadening of
the lines. The absolute wavelengths of the cali-
bration lines n =8-9 in C1xvI and C1XV have been
calculated directly from Dirac theory for the 8k -
9l, 8;-9%, and 8r-9i transitions. A small core
polarization is included in the C1XIV transition
from direct measurement of the fine structure of
the n =5-6 transition. The mean wavelength X

was then found using hydrogenic transition proba-
bilities and assuming statistical (2! + 1) population
distributions. Such distributions have been ob-
served in high-(z,!) state excitation'?; however,
A is not very sensitive to distribution. Thus, an
1% distribution'® would increase X by 0.008 A for
both transitions. This possible error has been
included in our result. The small 0.1-A separa-
tion of the fine structure does not lead to meas-
urably asymmetric profiles.

Assuming wavelengths of 1234.848 and 1417,133
A for the C1XV and CIXIV n =8-9 transitions,
respectively, we deduce wavelengths of 613,825
+ 0,013 A for the 2s %5, -2p 3P, transition, and
705.854+ 0,076 A for the 2s %5,~2p 3P transition.

The error limits represent 1 standard devia-:
tion in the fits of profiles to eight different sets
of data similar to those of Fig. 1 for the first
transition and in the fitting uncertainty of the one
set of data for the second weaker transition, plus
half the shift due to core polarizability., Improved
statistics in future work will require a more de-
tailed analysis of the above systematic errors.

In Table I we compare our results with theory.
The transition energy consists of three main
parts: the nonrelativistic, the relativistic, and
the QED contributions. The nonrelativistic ener-
gy has been calculated using Z-dependent varia-
tional perturbation theory™ and is expressible as
a power series in 1/Z. The series rapidly con-
verges for Z =17 with the Z™* term giving a con-
tribution of 0,52 em™!. Relativistic energy cor-
rections can be developed as a power-series ex-
pansion in (aZ)? with further electron-correla-
tion corrections providing similar terms to pow-
ers of 1/Z. Thus, the Dirac equation gives the
2s,,,-2p,,, fine-structure contribution of the 35, -
2p, transition with no structure for the transition
from 3P, The first electron-correlation terms
are the relativistic part of the terms for one-
photon exchange plus the Breit interaction terms
given by Doyle," while Mohr® and Cheng'’ have
extrapolated the two next higher terms as given
in Table I. The mass polarization is calculated
by Ermolaev and Jones.'®

The QED corrections are taken from Mohr® for
the 2p,,, state (°P,), while the j-dependent cor-
rections for the 2p,, state (°P,) are taken from
Erickson and Yennie.'® It should be noted that
our results are insensitive at our level of ac-
curacy to the fourth-order self-energy term 555(4)
and the relativistic mass and recoil terms, Sy
and Syr, and scarcely sensitive to the nuclear
structure shift Sys. However, our measurements
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TABLE L. Transition energy of 2s-2p in Cl xvi (em™1).
See text for explanation of each contribution.

2s 35 3

Contribution 2:%, -2 %, -2 %,
Non-relativistic £Z " 135,256.3 135,256.3
Dirac Fine Structure I (a Z)" 30,800.2 0.0
Breit plus photon exchange Z_l(a Z)4 -2084.0 8201.1
Extrapolated Breit 2wzt 1.0 -892.
plus photon exchange } Z-‘(c( Z)6 -27.0° 90.9
Mass Polarization -69.4 -69.4
Total 163,877.1 142,586.9
(610,213 3) (701.327 })
QED Terms
sg) a2} £ (@2)" -1040.7 -1106.9
s\ff,) alez)* £ 62)" 69.2 69.2
sg‘E‘) & w2t -0.28 -0.28
Sam a2yt m/M 0.03 0.03
Ser ©2°  m/M -0.71 -0.71
S [e2)*+«2)®] -6.93 -6.93
Total QED -979.4 -1045.6
Total Transition Energy
From above 162,897.7 141,541.3
This experiment 162,913+ 3 141,672 + 13
Johnson - rel. RPA 164,186 143,212

2P, Mohr had not calculated this number in Ref. 16.

test the second-order self-energy Sg:® at the
(aZ)® term (21.5 cm™* for °P,, 26.1 cm™ for °P,)
and the residuals (@Z)® Gg (- 106.6 cm™!) and the
second-order vacuum polarization at the (aZ)°
term (11,5 cm™!), None of these terms has been
previously tested by Lamb-shift measurements.
In addition, the one-electron QED correction of
Erickson and Yennie!® is 19,4 cm™ greater than
that of Mohr® and thus our measurement provides
the first possibility to distinguish between these
two calculations.

Table I shows that our experimental result for
the %S,-°P, energy is close to the “one-electron”
theory which is 5 standard deviations (15.3
cm™') away, while the 35,-°P, experimental ener-
gy differs considerably from theory (by 107 cm™?),
We also compare our results with a less accurate
relativistic random-phase approximation (RRPA)
of Johnson?° to which we have added the mass-
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TABLE II. Fine structure 2p *P—2p 3P, in C1 xv1,

Method Separation (cm™1)
This experiment 21241+13
One-electron theory (Table 1) 21356.4
Johnson—RRPA? 20 974
Two-electron theory b 21198
3Ref. 20. PRef. 21.

polarization and QED corrections,

In Table II we compare the fine-structure sepa-
ration 3P -3P, with the one-electron Dirac theory
of Table I, Johnson’s RRPA calculation,?® and the
two-electron calculation of Ermolaev and Jones.?*
These comparisons suggest that electron-correla-
tion effects must be small, and that their evalu-
ation by 1/Z expansion techniques should be ac-
curate,

The nonrelativistic interaction between the two
electrons (1/7,,) has been evaluated “exactly” by
the variational perturbation technique. However,
the relativistic part, which is represented ap-
proximately by the Breit operator, is given as a
double expansion in 1/Z and («Z)?, and only its
leading terms have been calculated. It can be
seen from Table I that to our experimental ac-
curacy, only the leading term is significant for
the %,-°P, transition, while for the %S,-°P, transi-
tion the first three terms are significant, and that
further uncalculated terms may also contribute,
Hence, we conclude that uncertainties in electron-
correlation effects are important in C1XVI only
for the %S,-3P, transition, and that our measure-
ment of the 35,-%P, transition can be used to
check the quantum electrodynamic terms.

Thus, we obtain the following Lamb-shift val-
ues (E-Y denotes Erickson-Yennie):

Sexpr(25 1/3-2Py5) = 9642 3 em ™1, @)
Stotr (25 1/3-2D5) =979.4 cm L, @)
St-v(28 15-2D55) =998.8 cm™, (3)

A two-electron Lamb-shift calculation by Ermo-
laev? gives 832 em™* for n =2 CIXVI and is in
clear disagreement. His calculations show bet-
ter agreement at low Z, where the one-electron
theories disagree with experiment (e.g., in lithi-
um, Ref. 3). Further experiments and calcula-
tions are necessary to study the reduction of
electron-correlation effects in the Lamb shifts
as a function of increasing nuclear charge Z.

We summarize our results by drawing the fol-
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lowing conclusions: For the two-electron sys-
tem, with a nuclear charge of Z =17, the rela-
tivistic part of the electron-electron interaction
is known accurately for the 3P, state, but not for
the 3P, state; the 2s-2p Lamb-shift measure-
ment favors the calculations of Mohr over those
of Erickson and Yennie,

We conclude that the level of accuracy of our
measurements of two-electron-atom excitation
energies is sufficient to allow accurate tests of
QED at Z =17 and that similar measurements
can be expected to become more accurate for
higher Z. Thus, we are able to differentiate for
the first time between the Mohr and Erickson-
Yennie one-electron Lamb-shift theories. We
note the lack of agreement between our fine-
structure measurements and the calculations of
Ermolaev, and suggest that the discrepancy is
due to the higher-order relativistic corrections
of the photon exchange and relativistic interac-
tions, Our results emphasize the need for a con-
sistent and complete relativistic theory of atomic
structure. The discrepancy between experiment
and theory may lie in the perturbative treatment
of either the Lamb shift or the relativistic cor-
rection to the transition energy. Preliminary
analysis of the resonance transitions 2s 25-2p 2P
of the three-electron system suggests that equiva-
lent accuracy may be feasible for similar Lamb-
shift measurements, particularly for Z>17
where Z-expansion techniques can accurately ac-
count for non-QED effects.

We acknowledge with thanks the help of Dr.
Yntema and the Argonne tandem accelerator staff
in these experiments, and discussions of the the-
ory with Dr. K, T. Cheng. This work was sup-
ported in part by the U, S. Department of Energy
and the National Science Foundation,

@present address: Department of Physics, Univer-
sity of Notre Dame, Notre Dame, Ind. 46556,

H. G. Berry and R. M. Schectman [Phys. Rev. A 9,
2345 (1974)] analyze results fro Z < 10.

2A. M. Ermolaev, Phys. Rev. A 8, 1651 (1973).

3A. M. Ermolaev, Phys. Rev. Lett. 23, 380 (1975).

‘H. W. Kugel and D. E. Murnick, Rep. Prog. Phys. 40,
297 (1977).

5p. J. Mohr, in Beam Foil Spectroscopy, edited by
I. A. Sellin and D. J. Pegg (Plenum, New York, 1976),
Vol. 1, p. 89.

%3, R. Lundeen and F. M. Pipkin, Phys. Rev. Lett.
34, 1368 (1975); D. A. Andrews and G. Newton, Phys.
Rev. Lett. 37, 1254 (1976).

M. Leventhal, D. E. Murnick, C. K. N. Patel, and
0. R. Wood, I, Phys, Rev. Lett. 35, 647 (1975).

8H. Gould and R. Marrus, quoted by P. Mohr, in
Atomic Physics 5, edited by R. Marrus, M. Prior, and
H. Shugart (Plenum, New York, 1977), p. 53.

K. T. Cheng and W. R. Johnson, Phys. Rev. A 14,
1943 (1976).

0w, A. Davis and R. Marrus, Phys. Rev. A 15, 1963
(1977).

113, O, Stoner, Jr., and J. A. Leavitt, Appl. Phys.
Lett. 18, 368 (1971).

125, N. Bhardwaj, H. G. Berry, and T. Mossberg,
Phys. Scri. 9, 331 (1974), and unpublished work.

13w, N. Lemnard and C. L. Cocke, Nucl. Instrum,
Methods 110, 137 (1973).

14p, Blanchard [Phys. Rev. A 13, 1698 (1976)] has
combined the calculations of K. Aashamar et al. [J. Chem.
Phys. 60, 3403 (1974)] for the % state and those of
F. C. Sanders and C. W. Scherr [Phys. Rev. 181, 84
(1969)1 for the ’P state to provide a transition energy
which supersedes that of the latter authors. The result
is 4.7 cm™! lower than that of Sanders and Scherr.

15y, T. Doyle, in Advances in Atomic and Molecular
Phrysics, edited by D. R. Bates and I. Estermann (Aca-
demic, 'New York, 1969), Vol. 5, p. 337.

16p, Mohr, quoted as private communication in Ref. 10.
We have scaled the results from Z =18 to Z =17.

1K, T. Cheng, private communication.

8A, M. Ermolaev and M. Jones, J. Phys. B 7, 199
(1974).

G, W. Erickson and D, R. Yennie, Ann. Phys. (N.Y.)
35, 271, 447 (1965).

'W. R. Johnson, private communication. The Lamb-
shift and mass-polarization terms have been added to
the RRPA values,

A, M. Ermolaev and M. Jones, J. Phys. B 5, 1225
(1972).

1655



