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Energy Levels of One-Eleciron Atoms
Glen W. Erickson

Physics Department, University of California, Davis, California 95616

The table of precise one-electron atomic energy levels given by Garcia and Mack in 1965 is expanded
to include all atomic numbers and more energy levels, updated by using more recent values of funda-
mental constants and radiative corrections, and extended to the maximum precision allowed by quantum
electrodynamics (QED) calculations. All levels with n ;:‘711 are given for Z = 15, with n = 5 for Z = 39,
and with n=3 for Z=105. In addition, the Syz and Py and j=n—1/2 lévels with n = 20 are given
for Z =15, and with n =13 for Z = 39. The uncertainty in the QED calculations is given for each
level. and the level is given to that precision. Conversions to different units and corrections for changing
the Rydberg or nuclear mass values are pointed out. The paper includes a comprehensive hsting and
brief discussions of all effects considered and of the uncertainties for the calculated and neglected
terms. The Fine Structure Interval (difference between the j=1=1/2 levels for given n and I) and its
reduced mass and QED contributions are discussed in detail. All known measurements of Lamb
shifts and other fine structure differences are compared with calculated values..

Key words: Atomic structure; electron structure; energy levels; fine structure; hydrogenic atoms;
Lamb shift; level shifts; quantum electrodynamics; radiative corrections; relativistic corrections.
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1. lntroduction 4 without going into details given elsewhere in the

paper.

The calcialations are discussed in section 2, starting
in section 2.1 with the important nonrelativistic nuclear
motion effects and relativistic corrections, adding the
small but fundamentally important QED effects in
section 2.2 and the small nuclear size and structure
effects in section 2.3. Section 3 continues with the dis-
cussion of the estimated uncertainties in the calculations
and fundamental constants and their effect on the un-
certainties in the energy levels and their differences.
Scetion 4 cxplains the entries in the table and their
uncertainties and gives instructions on how they may
be modified to change units or change the Rydberg
constant or the electron-nucleus mass ratio.

The isotopes used (all stable isotopes plus tritium for
Z =5, the single most abundant or longest-lived for
Z Z6) and their masses and sizes are given in table A
and briefly discussed in Appendix A. Bethe logarithms

! Figures in brackets indicate literature references at the end of this paper. (IOgarithmic average excitation energies occurring in

the lowest order Lamb shift and related QED terms) are
Copyright © 1977 by the U.S. Secretary of Commerce on behalf of the United States. This given in table B and the extrapolations used for un-

copyright will be assigned to the American Institute of Physics and the American Chemjcal . . .
Society, 10 whom all requests regarding reproduction should be addressed. calculated states explamed in Appendlx B. Electron

Garcia and Mack published a table [1]! of one-electron
atomic energy levels in 1965, using the best values of
masses and other constants [2] and quantum electro-
dynamics (QED) level shifts [3) known at the time.
Since then, the constants have been better determined
[4, 5], a discrepancy in the Lamb shift has been elimi-
nated [6], and the precision of the QED level shifts has
been improved [7] by an order of magnitude. The present
table is intended to update the calculated energy levels,
to extend them to more decimal places and larger values
of n and Z, and to include the uncertainties in each
level. The paper and other tables are intended to
provide a complete summary of all of the terms included
or considered in the calculations, including comparisons
with all known Lamb shift and other fine structure
measurements. Use of the table is explained in section

831 J. Phys. Chem. Ref. Data, Vol. 6, No. 3, 1977



832 GLEN W. ERICKSON

_structure corrections (Lamb shift remainders after the
Bethe logarithm) are discussed in Appendix C and their
small Za expansion coefficients are tabulated for
n =4 states in table C. Table D compares theory and
experiment for all known Lamb shift and other fine
structure measurements, including both microwave
and optical measurements.

The Fine Structure Interval (difference AE,; between
states having the same n and [, but different j=1%1/2)
is distinguished from general fine structure separa-
tions ' throughout the paper, and its calculation is
discussed in detail in section 2.4. Because the two.
states are nonrelativistically identical, most QED and
nuclear corrections (and their uncertainties) cancel in
AE, leaving a result which is more precisely known
than either energy level alone or, in most cases, than
their other fine structure separations. The calculated
AE has been used in the past as the basis for the
determination of the fine structure constant [2] and is
still often (many times incorrectly) treated as “exact”
compared to other fine structure separations. (The most
common misuse is subtracting a measured Pz»—Sip
separation from a calculated AE,p in an attempt to
obtain a Lamb shift §=S8,-Pis t6 compare with
theory. What is usually overlooked here is that the Dy
uncertainty, which is larger by eq (2.45) than the
P3e uncertainty, enters both the calculated and
“measured” §, but would not enter either the calculated
or measured Pj3»—S;. separation. Of course, except
in principle, this distinction is unimportant for measure-
ments having much larger uncertainties than the P
state uncertainties.) Because the energy level table is
not precise enough to yield the most accurate possible
AE’s, we have given complete details for their calcula-
lion in section 2.4 and have referred to these in sectivns
3 and 4 and Appendix C. ,

The nuclear recoil effects (“‘reduced mass factors™)
can be written in many nearly-equivalent ways (differing
only in unimportant higher order terms) and easily lend
themselves to accidental double-counting or seductive
assumptions about their exact form. Therefore, we have
discussed them at length (to specify what is done in the
present calculation) in section 2.1 and again (with
comments on general rules) in section 2.4, using the
Fine Structure Interval as an example since it appears
in the literature with many different forms of recoil
corrections.

Because of the inherent interest and fundamental
importance of QED and its. importance in determining
precise energy levels, we have given a complete set of
comparisons with experiment in table D and have given
more than minimal discussion of the calculations in
section 2.2 and Appendix C. These are intended to be
descriptive, explanatory, and complete rather than
critical evaluations since the primary purpose of this
paper is the presentation of the energy level table, not

J. Phys. Chem. Ref. Data, Vol. 6, No. 3, 1977

a review of the status of QED. The QED electren struc-
ture calculations are especially important in the table
because their uncertainties are dominant both for large
n (the uncalculated Bethe logarithms in Appendix B)
and for large Z (the approximate higher order remainders
discussed in Appendix C).

2. Contributing Terms

In this section, we will discuss the various effects
contributing to one-electron atomic energy levels,
neglecting the hyperfine structure (which does not
affect their centroids). Not all of the effects discussed
are included in the calculated energy levels, but we
will point out which terms are used (and what form is
used), which are not, and which are included in the
uncertainties treated in further detail in section 3. The:
discussion is roughly arranged according to the effects
considered so that it may be used as a framework for
further work. .

The recoil (“reduced mass’) corrections to different
terms are the most confusing, since they overlap when
mixed with relativistic -effects, so we consider them at
some length in section 2.1, refer to them briefly in
section 2.2, and return w a discussion of (ithe lack of)
general rules governing reduced mass factors in section
2.4, where the Fine Structure Interval is discussed in
detail. Our resnlts are not intended for atoms like
positronium or muonium so, if forced to choose, we will
assume that the electron-nuclear mass ratio m/M is a
very small number rather than assuming the electron-
nuclear coupling Za= Ze?/fic is small.

Quantum Electrodynamics effects are considered in
section 2.2, concentrating on two or three types of
effects (self-energy and magnetic moment are electron
structure, vacuum polarization is photon structure) and
their dependence on m/M, on the basic QED expansion

. parameter «, and on the strength of the electron-nucleus

electromagnetic coupling Za. The m{M corrections are
the smallest and are discussed first. Higher order
corrections in o/ are also small and are listed with few
comments. The Za dependence, although it relates as
much to relativistic quantum mechanics as to QED, is
presented in more length because it is more important
for the results, its calculation presents most of the
uncertainties in the QED contributions, and the reasons
for the nature of the Za dependence are not summarized
elsewhere. The calculated Z a dependence used cannot
be given exactly in closed form, but some closed-form .
terms are given as examples, and the coefficients in the
small Z &« expansion of the results used are given in
Appendix C, with discussion of the calculations and
comparison with other calculations. .
Section 2.3 discusses effects of the finite nuclear
sizes (given in Appendix A) and the much smaller
effects of nuclear structure. Their contribution to the
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tabulated energy levels is almost negligible compared
to other uncertainties, so we treat them very simply.
The secondary effects at very large Z are only briefly
discussed, mostly in relation to the Za dependerice of
the QED contributions, and their importance in muonic
atoms is not even mentioned.

2.1. Mass Dependence and Relativistic Effects

The energy levels of an electron in the electrostatic
potential of a fixed point charge Ze are given by

(2.1)

according to the nonrelativistic Schrédinger equation.
There are two correction factors (for recoil and relativity)
which are well-understood only if treated separately.
Nuclear motion can be exacily accounted for non-
relativistically by replacing the electron mass m by the
reduced mass w=mM/(M+m)y which multiplies the
energy levels by an overall reduced mass factor

k__M _Ru
m_ M+m R. (2:2)

‘where Ry is the Rydberg for a nucleus of finite mass M.
Spin and other relativistic effects given by the Dirac
equation yield an exact correction factor

-EE'I\?—R - (1 B [1 + (nZ—aer]‘W) (22:)2

(with € =j+1/2— [(j+1/2)2~ (Za)2]2)

(2.3)

(Za)* __n____§ a)?
=1t (J—|-l/2 4)+0(Z)

which gives (fine. structure) separation of levels with
different values of total angular momentum j=1[+1/2,
but does not produce any (Lamb shift) splitting of levels
with the same value of j but different values of orbital
angular momentum /. The combination of these recoil
and relativistic correction factors yields

2 N-1/2
ED,L=—Z~:thwﬁ(1—[1+( Za ) ] ) Zn*
n m

n—e (Za)?

2 —1/2
oo ()] e

corresponding to a fictitious Dirac particle of reduced
mass & moving in the field of a fixed point nucleus.
This is not the result of any correct treatment of the
relativistic two-body problem, but is often (as here)
arbitrarily taken as a convenient starting point for any
such considerations. Subsequent corrections for the

(2.4)

relativistic effects of nuclear motion usually utilize
expansions, either in powers of m/M or in powers of Za.

To illustrate that the relativistic two-body problem
does not have an exact “reduced-mass” reduction to an
equivalent one-body equation, consider the simple
formula proposed by Brezin, Iizykson, and Zinn-
Justin [8],

' 2 J-1/2
(M+m+~-[iz)2=M2+m2+2mM[1+( Zf ) ]
c : n—e

= (M+m)>+2(M + m) £z,

c2

(2.5)

~ which seems to be correct (¢xcept for uncalculated spin

effects only partially approximated by the term e).
This clearly cannot be written in terms of a single
effective mass, but can be written as an energy-
dependent correction to the reduced-mass Dirac energy
levels Ep,,

E_ 2

Ep. 1+ [1+2Ep,/(M + m)c?]2

ED“ l’:/C2 \ %
(M+m)c2+0(M+m)’ (2.6)

and reduces to that result in the limit of the binding
energy E being negligibly smaller than the total rest
energy Mc? + mc?; this limit is given either by small

_, 1
- 2

- m{M or by small Za. The leading correction (to lowest

order in Za) is an energy shift

1 ESr, _ (Za)*u2c?
2M+m)ez 8nt (M+m)
2 Z4
=— Mﬁ m%-ﬁ; heRu,  (2.7)

previously obtained by others [9, 10], which (in this
nonrelativistic or small Za limit) is independent of j
or [ and thus does not contribute to fine structure or
Lamb shift splitting.

A relativistic two-body Breit equation has been re-
duced to approximate forms corresponding to an ex-
pansion in powers of Za by Barker and Glover {10],
who obtained results to order (Za)*mc? which are exact
in their mass and angular momentum dcpendences.
Besides the terms discussed in the previous paragraph
(the Dirac energies (2.4) and the energy shift (2.7)),
they obtain an additional correction factor of 1 — (u/M)2
for the spin-orbit term; this shifts energy levels for non-S-
states by

_w (Za)pe Cy_ _<o-L>
M o gl WhereCy= I(I+1)
(Y a+D) j=1+1)2
(—~1/1 i=1—12) @9

J. Phys. Chem. Ref. Data, Vol. 6, No. 3, 1977



834 GLEN W. ERICKSON

and thus not only contributes to fine structure but
also to the Lamb shift splitting, although very slightly.
This splitting shows that the simple formula (2.5)
proposed by Brezin, Itzykson, and Zinn-Justin [8]
is not correct to order (m/M)? (Za)* mc? even though
it is exact in Za to lowest order in m/M and exact in
m/M to order (Za)?. Barker and Glover also obtain
reduced mass factors of (u/m)? for S-states and (u/m)?
for non-S-states for intrinsic (anomalous) magnetic
moment terms, but these will be discussed with other
radiative corrections.

Besides the Breit equation contributions already
considered, the fully covariant relativistic two-body
Bethe-Salpeter equation contains
contributions of order (m/M)(Za)®mc® originally
derived for small m/M by Salpeter [11], slightly cor-

rected- and extended to arbitrary m/M by Fulton and

Martin [12], and reconfirmed by an effective potential
approach by Grotch and Yennie [13]. By combining
"the general m/M results of Fulton and Martin with the
Z dependence discussed by Salpeter and the state-
dependence given by Erickson [3, 14], we can write
these in the form

1 4(Za)sc? (2 [ (ln 1

11
mM  3wnd (Za )2 >8l0 +La }

7 1

n L |
"5[(“%“22*?‘

212 My ey M15,) 2
m? " 73

810
1 )8’°+2l(l+ (20 +1) }

*‘510+M

where L, in the first bracket 2 here is defined with eq
(2.10), and we see that this is a recoil correction for
the QED self-energy contribution to be discussed
early in the next section.

2.2. Quantum Electrodynamics Effects

Turning our attention from the minor mass depend-
ences of the energy levels to the important radiative
shifts and splittings of these levels, we find three
different lowest order effects of quantum electro-
dynamics. The largest is the eleciron self-energy or
vacoum fluctnation contribution, mostly for S-states,

da(Zo) *mc? (E )3 [ (ln 1

3mn3 m (Za)?
+1In 11 Sw+L 2.10
24 ) 10 n ’ ( . )
where L, is the (Za- and m/M-independent part of the)

2The small In(m/u) = m/M term from (2.10) was inadvertently included in the computer
calculation of (2.9), but this is so much smaller than the uncertainties that none of the results
given in the energy level table were affected.

J. Phys. Chem. Ref. Data, Vol. 6, No. 3, 1977

additional recoil |

Bethe logarithm discussed in Appendix B. The elec-
tron’s anomalous magnetic moment interaction increases
the 11/24 in (2.10) by 3/8 for S-states and contributes
the largest non-S-state shift, a spin-orbit term

o (Za)*me® ( pu \* _Cy

20  nd ( m ) 20+ 17 (2.11)
the magnetic moment reduced mass factors, (ufm)3
for =0 and (u/m)2 for [ + 0, are given by Barker and
Glover [10]. The remaining lowest order radiative
level shift arises from wvacuum polarization (due to

" virtual electron-positron pairs) modifying the Coulomb

potential and shifts S-states downwards by an amount
given by adding —1/5 to the 11/24 in (2.10).

These radiative level shifts have three different types
of higher order corrections, corresponding to expan-

~ sions in powers of m/M, «, and Za. The smallest of

these corrections, two-body cffects obtained by Fulton
and Martin [12] by interchanging the roles of the
electron and the nucleus, are important and simple for
positronium, but are only of relative order (m/M)? and
will not be included here for the following reasons.
The vacuum polarization effect of virtual nucleon-
antinucleon pairs will not be included since it is smaller
than the effect of less massive pairs; we will include
only the muon pair, vacuum polarization effect. The
magnetic moment of the nucleus contributes to hyper-
fine splitting (via both a spin-orbit term and a spin-spin
term) but each of these cancels in the weighted average
over the hyperfine levels. The self-energy of the nucleus
is actually a nuclear structure correction since it would
require consideration of wheéther vacuum fluctuations
in the electromagnetic field affect the nuclear constit-
uents separately or as a whole. In obtaining the Z
dependence of equation (2.9), Salpeter [11] treated
the nucleus approximately as a structureless particle
of charge Ze and mass M when it exchanges photons
with the electron. Nuclear structure corrections to that
approximation are probably of the same order of
magnitude, (m/M)*(Za)3mc?, as the nuclear self-
energy effect and we will not include either, except as
uncalculated terms contributing to the uncertainties.

Simple reduced mass correction factors are already
included in the lowest order radiative level shifts (2.10)
and (2.11) but will not be included in the higher order
terms to be discussed, even though they may be known .
to be (u/m)3. These reduced mass corrections are not
included because they are the same order of magnitude,
(mIM) a(Za)3me?, as the unknown a or Za corrections
to eq (2.9) and are expected to cancel to some extent,
just as (2.9) partially cancels the reduced mass cor-
rection in (2.10).

Higher order radiative corrections yield terms of
relative order a/m which only need to be evaluated to
the lowest order in Za (corresponding to the static
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limit of long wavelengths or zero momentum transfer).
The vacuum polarization contribution [15] is simply

82 o (Zo) “mcz6

a1 -2 .3 Ol

TR — (2.12)

The self-energy or vacuum fluctuation contribution

4(Z ) *mc?
- nd

S0 (2.13)

T4

has had a more difficult history [16], but is now reliably
given by

d

-—‘zd (é) )
0'4=m‘71§F1 (g®)

qz2=0
{2 2 _@lg.,_}ig_ 2 f __é ]
‘“(7) [ 584 a2 4B)

o 2
= ( s ) [0.470-].  (2.14)
T
The higher order magnetic moment éontn'hution

(Za)*me? Cy

(astao) === 1’

(2.15)

like (2.11), shifts all states and contributes to fine-
structure splitting;, so we include both the fourth-order
.coefficient

2 9 2 2 <
as= (%) [1 ! +7—'——"—1n2+%§(3)]

44712 2
o 2
- (—-) [—0.328+]  (2.16)
T
and the sixth-order coefficient [17, 5]
o 3
as= (;) [1.285+0.057]. (2.17)

Somewhat better values are available [18], but the effect
on the energy levels is negligible, so we will use the
value (2.17) for uniformity with reference [5). Although
a¢ gives a nearly negligible energy shift, it is.the highest
order term calculated in quantum electrodynamics and
is directly tested by the measurement [19] of the
electron’s magnetic moment anomaly "

g—2

5 =a= (1,159,656.7+3.5) x 10~9

(3.0 ppm)

o 3
=& tar (;9;.) [1.62+0.30]. (2.18)

where

a~1=137.036120.00015 (1.1 ppm) (2.19)

is the “WQED” value [5] given by experiments that
do not require quantum electrodynamics for their anal-
yses. For a more recent comparison, see reference [18].

The most important corrections to the radiative
level shifts (2.10) and (2.11), those of relative order wZa,
are due to electron structure of the order of its Compton
wavelength, corresponding to quantum electrodynamics
interactions in which the electron’s momentum is of
the order of mc rather than Zame. For the magnetic
moment form factor

m2du

& =% [ mar
o 12(0) 2wfo mre-wme 20

we find the ground state contribution for a nonrelativistic
wave function is

K3 (Za)*mc?

20 nd

1 du
,[) M+ZaV 1—uz ]2

_a (Za)4mcz(

27 nd

1— Za cos™ Za ) 1
V1= (Za)? /1= (Za)?

(2.21)

whose static (¢2=0) or small Z« limit is the lowest
order contribution previously considered (the 3/8
already included with the 11/24 in eq (2.10)). The
higher order remainder,

05

a (Za)*me? —~cos Za Za
( Vi Zar ) =z
(2.22),

29 n3

is found to be a well-behaved function of Za (even for
Z o= 1) whose leading term for small Z «,

(2.23)

a (Za)4mcz< —r
2

20 nd 2 ) Z ot B,

is oxactly thc same as obtained for an arbitrary state
by a complete relativistic calculation [20] up to terms of
order a(Za)®mc? Although (2.22) is not exactly correct,
we will use it since it is a hetter approximation for all
Za than is the small Za leading term (2.23) alone. The
error is of order a(Za)®mc? for small Za and probably
smaller than (2.22) itself for large Z . Similarly, for the
vacuum polarization (photon structure) modification

U gtut(1—u2f3)

o 4m*+q%(1—u?) du (2.24)

n(q2)~m0):§

J. Phys. Chem. Ref. Data, Vol. 6, No. 3, 1977



836 GLEN W. ERICKSON

of the Coulomb interaction, we use its contribution for
the nonrelativistic ground state wave function,

o (Za)*mc? f‘ u?(1—u?/3) du (2.25)
™ n®. “Jo [1+ZaV 1~u2_]2’ .
whose small Z« behavior,
ad(Za)ime? (—1  Sm , 3 5 5,
o (15+192Z"‘ 35 (£9)
+ 17 (Zayrr. ) (2.26)
256

(where m*1l’ (U)=—a/l57 gives the —1/5 already
included with the 11/24 in eq (2.10)), agrees with the
correct calculation through order a(Za)3mc? Here,
however, the relativistic wavelunction yields a small
additional contribution of lower order than a(Za)®mc?,

2 a(Za)®me?

15 T n3 ln (Za)_zslo,

(2.27)

which we will arbitrarily represent by

2 a(Za)bme? 5 J’l dz(1+22)(1—2)
157 n3 “)o 2+ (Za):(1—2)

__12 (Za)Smc? S0 (ln (Zo)~2 [1—-3(Za)?]

T 154 n3 1—(Za)?

+2(Za)2)

1
—Zap &%

in order to have the same small Za behavior without
the unrealistic large Za behavior of (2.27).

The magnetic moment and vacuum polarization
calculation details in the previous paragraph were
given not because of their numerical importance, but
because they are relatively simple examples of the
electron and photon structure effects involved and of
the nature of the Za approximations used. The self-
energy contribution is by far the largest part of the
radiative level shift, due to the high probability of
emission and re-absorption of long-wavelength virtual
radiation (“infra-red divergence”). Its calculation is
especially complicated by the corresponding importance
of the binding of the electron in its intermediate state,
which yields the large ‘“infra-red Bethe logarithm”,
In (Za) ~2+ L, in eq (2.10). In the total electron structure
contribution,

J. Phys. Chem. Ref. Data, Vol. 6, No. 3, 1977

do(Za)*me? ([ 1 1u
py— In (Za)2+24] S0+ L,
3 _Gy
b s +H(Za)>, (2.29)

H(Za) is defined to be the exact remainder after the
lowest order self-energy (2.10) and magnetic moment
contributions. The approximation we use for the higher
order electron structure correction H(Za) is similar to
its magnetic moment part (2.22) and the vacuum polari-
zation terms (2.25) and (2.28) in that it results mostly
from exact calculations with nonrelativistic wave func-
tions, is well-behaved for large Za, and agrees with
known small Za behavior up to order a(Za)Smc2 The
uncertainty in this approximation, 8H (Za), is estimated
to be of the order uf 220.5(Za)® for small Za and =0.25
for large Zo for S-states, and various fractions of this
for non-S-states. The approximation and uncertainty
used are discussed further in Appendix C, where it is
pointed out that the expansion coefficients given in
table C and cited in section 2.4 are correct only for
Cs, Ce2, and Cg,, while those for Cg and C- are correct
coefhcients only for our approximation for H(Za).

To summarize, we use the reduced-mass-corrected
lowest order self-energy contribution (2.10), including
an additional 3/8 and —1/5 for S-state magnetic moment
and vacuum polarization contributions and (2.11) for
non-S-state magnetic moment contributions. For the
higher order corrections in Za, we use H(Za) in (2.20),
as discussed in Appendix C, for the electron structure
correction and (2:28) plus the higher order remainder of
(2.25) plus (m/m,)? times (2.25) (with the internal Za
replaced by (m/m,)Za) for the photon structure cor-
rection including vacuum polarization due to virtual
muon pairs. The photon structure (vacuum polarization)
corrections could be done better than this, but they are
so small for our atoms that even the higher order cor-
rections included are almost negligible. The photon
structure uncertainty is included with the electron
structure uncertainty in 8H(Za). For the higher order
corrections in «, we use (2.12) and (2.13) and (2.15).
The contribution of (2.9) is used, but whether it is con-
sidered a relativistic (sec. 2.1) or QED (sec. 2.2) correc-
tion is a matter of semantics or taste, as it has no powers
of a (only Z « factors) but arises from the Bethe-Salpeter
equation.

2.3. Nuclear Size Effects

Finally, let us consider the effects of the finite size of
the nucleus. The only contribution we will explicitly
include is the lowest order shift of the nonrelativistic
energy levels,

<rt> 2(Zo)*mc?
{(#/mc)? 3ns

[1+Cq.] for [=0,

(2.30)
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where the RMS radius of the nucleus,

<rt>=6G;(0), (2.31)
is obtained primarily from low-momentum-transfer
electron-scattering measurements of the nuclear
electric form factor Gg(g?), as noted in Appendix A,
and the nuclear structure correction Cgy,, is —0.004 =%
0.002 for Hydrogen and —0.0147 = 0.0055 for other
nuclei [21]. For ¢ # 0, the 1+ C in (2.30) is replaced by

5 /<> V¥

_ 5+2[< a? ) ’

where a = nfi/Zamc is the Bohr radius; this assumes a

uniform spherical charge distribution, but the contri-

bution is not appreciable in any event. No other cor-

rections of relative order (Za)2.or <r2>/a? have been
included. ’ .

The finite nuclear size changes the electron’s wave

functions (and energy levels and potential energy

operator) and thus affects the QED shifts, but only by

a negligible amount

_8Za<r’>4a(Za)*mc?
3 (fifmc)* 3mn®

S (2.33)

for small Z «; the order of fnagnitude of this effect has

been double-checked, but not the numerical coefficient,
so we will include it as a small uncertainty rather than
as a contribution.

For large Za, the important effect of nuclear size is
not its shift of nonrelativistic energies but its removal of
spurious singularities at Zee = 1 in relativistic energies
and wave functions. These singularities are related to
the singularity at small distances of the term P?=
(Za) */r? arising from the use of a pure Coulomb poten-
tial in the Dirac wave equation, and take the form of
ensp factors like (2.3),

Byl 2 |
Exgin=1 1+ [1— (Za)2]V2 (2.34)
(where Ep-+mect=[1=(Za)*]¥2met), which yield

nearly negligible effects except for large Zo, where they
are finite but have infinite derivatives at Za=1. A
finite nucleus prevents these sirigularities and allows
the ground state energy, as a function of atomic number,
to go smoothly past Za =1 (where E + mc? = 0) down
to join'the negative energy continuum (E + mc? < — mc?)

at [22, 23] about Z = 168. We account for this finite »

nucleus effect only by freely using nonrelativistic
Coulomb wave functions (which do not have any such
singularities) for all Za in QED terms such as (2.22)
and (2.25), and by approximating effects of relativistic
correction wave functions, such as (2.27), by functions,

(2.32)

837

such as (2.28), which smoothly extrapolate the known
behavior at small Za to finite values at Za=1 and
Za->, An improved approximation would determine
the Za =1 values directly rather than merely let them
follow arbitrarily, as they do now, from simplicity
requirements on the approximating function. This
improvement was not attempted for the present calcu-
lation because the only atoms affected would be those
(Z > 70) for which better results [24-27] already exist.

2.4. Reduced Mass Factors and the Fine Structure Interval

Let us discuss the following observation on the
nuclear mass dependence of higher order terms and the
“correct” number of reduced mass factors: There seems
to be no single proven rule, merely conjectures or pref-
erences. The form of mass dependence used for a term
of a given order depends both on the amount of reduced
mass dependence contained in lower order terms (which
determines how many powers of m/M must be present)
and on the amount left to still higher order terms (which
depends on how many powers of u/m are arbitrarily used
in this term). A single reduced mass factor like (2.2) is
appropriale for the lowest order term (2.1) and might be

* arbitrarily chosen as an overall factor in any or all other

terms, such as the Dirac energy (2.4). On the other hand,
three reduced mass factors are appropriate for small
distance perturbations of the nonrelativistic two-body
problem, like (2.10), which are proportional to the
square of the wave function at the origin (and thus has
the dimensions of inverse volume) and contains 3 powers
of the reduced mass u, (uc/h)3; this assumes that the
small distance perturbation (which has dimensions of
energy times volume and provides 2 inverse powers of
some mass, mc?(fi/mc)3=Hh3/m?2c) has been arbitrarily
chosen to scale like electron mass m rather than, say,
reduced mass . There is also the possibility of using two
reduced mass factors for non-S-state contributions of
intrinsic magnetic moment terms, as given by Barker
and Glaver [10].

Consider now the Fine Structure Interval AE between
the 2Py, and 2P;;, states, which is given by

= ([1-(5 )}

[
: ,

_ZWRep (|5, . 5
= m(1+8(za)+128

X Za)t+. . )

(2.35)
when we use the common starting point of the Dirac
equation for a particle of mass u, as in (2.4). If we follow

Barker and Glover [10], who start with such a Dirac
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equation and include the anomalous magnetic moment
contribution (2.11)

Z*%’R,,

6 (5) -2, (2.36)
then we find an additional spin-orbit term (2.8),
Z%*R., pd
6 e L1 (2.37)

which they cite as “arising as a result of writing the
Dirac equation in terms of the reduced mass”. Let
us note that, by using

&_z(ﬂ)zw_ﬁ.zﬁ(&)“
m m mM? m/’

we can rewrite the sum of (2:35), (2.36), and (2.37) as

(2.38)

g Za)?

2R | (1 \* (), 5
16 [<m>g (m)+

+0 (1% (Za2))+ 0 (Za)‘*]-. (2.39)

Because this contains no corrections of order m/M or
(m/M)?, it might be interpreted as a proof to lowest
order in Za that all magnetic moment terms (both
anomalous and Dirac) have 2 reduced mass factors and
all other terms have 3 reduced mass factors, and leads
to the conjecture that this might be true to all orders
in Za. Note that the mass dependence of 5/8(Za)?
must be considered as unknown. or arbitrary since
Barker and Glover did not calculate the contributions
of order (m/M) (Za)2.

Before returning to the Fine Structure Interval, let
ns consider the lowest order (in a or Za) contributions
of the Bethe-Salpeter equation to the Lamb shift —(2.10),
{2.9), and a nuclear self-energy term obtained from
(2.10) by interchanging m and M (ireating the nucleus
as a Dirac particle of charge +Ze and mass M). The
terms containing the Bethe logarithm L, have the sum

4o (Za)rc? (
3mn?

+27 ‘”’M+22 )Ln

_da(Za)te® (1 Z\?
T 3mnd ® (m+M) La.

We may interpret this result as showing that the mass
scaling for this perturbation is u’, where

+ (2.41)

=
Bl
SN

For Z=1, we have p'=pu and obtain only ‘a single
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reduced mass factor

ud (1 Z\?

m (m + M )
just as in the nonrelativistic two-body problem (2.2)!
The point of considering the results in this and the pre-
ceding paragraph is to note that terms with “obvious”
u/m dependence, like (2.35), can (or should) be com-
bined with related terms to yield a (u/m)?® dependence
like (2.38), and that terms with “obvious” (u/m)3
dependences, like (2.10), combine with related terms to
yield a simple u/m dependence (2.42). This should
constitute a strong warning that mass dependences can
be rearranged into a number of useful forms and the
success or utility of one form should not be taken as
denying the possibility of another form also being
successful or useful.

For consistency in this and future calculations, we
have arbitrarily taken the Dirac energy levels and wave
functions for a particle of reduced mass u, (2.4), as
our starting point, and then must add on the necessary
recoil corrections (2.7), (2.8), etc. Then, in the lowest
order QED terms (2.10), (2.11), and (2.9), the reduced
mass is used for the wave functions, but not the opera-
tors, and we treat (2.9) as a separate correction distinct
from (2.10) and drop the related nuclear self-energy
as an unknown term of higher order (m/M)2. For the
higher-order QED contributions, we sidestep the alter-
natives of using 1 or 3 factors of u/m by taking the.
simpler option of using none.

Our resulting Fine Structure Interval is then

= £ (2.42)

Z=1 m

24 R,
at (m[1+ (Za)?+ 8(Za)‘*+

—~ ’]‘W+2 ( £ )2 [—297‘—7 ]+2_[a4+a6]

16 o )

+—--—[AH(Za)+ 8AH (Zw)] (2.43)

where AH(Za) = Hapy;~Hop,;, is the contribution of
the higher order QED approximation whose series
expansion for small Za is?

3
AH(Zo) =— 6 (Za)?In(Za) 2

+ ACGo(ZOt)2 + AC7(ZO£)3

==3(1-3) 8o | e

(2.44a)

9 7w(Za)?

BIlTD (24D

11
+§Z—7476Za ]—

3The underlined numbers are approximations, as noted in Appendix C.
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and where S8AH is the uncertainty in this Fine Structure
contribution, estimated to be

3

- 3AH (Za) =+ 35 ( 1——-) (Za):  (2.45)

for small Za. The terms

1(1———) (Za)? [ (Z];Y)z-kéji'g]

(2.46)

account for the leading small Za QED contributions
(calculated and uncalculated) due to the Py. Dirac
wave functions having an S-state small component.
For [ > 1, there are no S-state components in the Dirac
wave functions, and we use a smaller uncertaiuty,

3 (Za)® «
+8AH(Za) ~ = I+ 1) (2.47)
corresponding to the QED contributions
o 2Z%a*R, [, (Za)? 3w 3]
2 L(l+1)n3 [1 p) __A_(_Zfi (2.48)

of the lowest order anomalous magnetic moment term
(2.11). Since the uncertainty is smaller than the combina-
tion of the individual uncertainiies in the energy level
table (because of cancellation of many uncertainties
common to both j=141/2 and j=1-1/2), the table may
not provide sufficient accuracy, and (2.45) and (2.47)
may be used to find the uncertainty, and a modification
of (2.43) used for precise values of AE for {> 1. The
first term in (2.43) is the exact difference of the Diraé
energy levels, but its small Z« expansion

Z*o*R., p (1+ (Za)? [z+1 l

I+ D)n*m 4 Iz (I+1)2
3 2+1 6
TR 7{2‘]) (2.49)

should be sufficient for most cases. The next three
terms in (2.43) are spin-orbit terms and therefore are
simply ultiplied by 16/{({-+1)n® o oblain general
results. The higher order term

(2.50)

8: 2R | AH (Za) =50H (Za) 1,

using (2.44b) for AH and (2.45) or (2.47) for 8AH. is a
correct small Za expansion of the approximation used.

839
3. Uncertainties

All uncertainties discussed in this paper, as in
[4, 5, 7], correspond to one standard deviation or
roughly a 68 percent confidence level uncertainty,
rather than a limit of error used in [3]. They are not
simply added, but in quadrature, with the combined
uncertainty given by the square root of the sum of the
squares (RSS) of the independent uncertainties.

Each of the entries in the energy level table is un-
certain by +0.075 ppm due to the value used for the
Rydberg constant [5},

R,=109737.3177 +0.0083 cm—!; (3.1)
this uncertainty could be eliminated by dividing out
exactly this value of R, to get energy levels expressed
in units of Rydbergs. Additional uncertainties introduced
by converting to units of MHz or eV are discussed in
section 4 along with other details of obtaining un-
certainties. The energy levels are also uncertain due to
the various reduced mass factors

(3.2)

using an clcetron mass m (given in Appendix A) that is
uncertain by +0.38 ppm and nuclear masses (given in
table A) that are uncertain by various amounts; the re-
duced mass factor may be known to an accuracy of
better than a part per billion, but applications depending -
critically on mass values should consider the mass
dependence of their application directly, whether it is
a transition energy or an isotope shift.

When energy levels having the same n are subtracted
to obtain differences of the order of magnitude of
Z*a?R ufm, the uncertainties in the Rydberg or
overall reduced mass factor become negligible compared
to the =1.6 ppm uncertainty in o® due to the fine
structure constant used [5],

a~1=137.03604 = 0.00011. (3.3)

(See (4.8) for a different value of @=1.) This 1.6 ppm
uncertainty is associated with the fine structure

. differences themselves (such as (2.49)) rather than the

individual level shifts. On the other hand, when energy
levels having the same n and j are subtracted to obtain
differences (Lamb shifts) of the order of magnitude of
Z%u*Ry,, the uncentainties due o a are usually small
compared to the uncertainties due to various incom-
pletely or approximately calculated terms.

The uncertainty given with each level is the combined
uncertainty due to « and the various uncalculated terms
to be discussed here (but ignores the uncertainties due
to the Rvdberg constant or the electron/nuclear mass
ratio). It is the purpose of this section to note these
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uncertainties, giving the Z- and state-dependence
expected for each, so their relative importance may be
assessed. For ease in making these comparisons, the
contribution of each uncertainty to the 2S/y~2P2 Lamb
shift in Hydrogen ( 8 i) will be given (in units of kHz),
where the combined uncertainty is == 10 kHz.

For all except the lowest values of Z (or larger values
of n), the dominant uncertainty is in the approximation
used for the electron structure correction H(Za) in
(2.29). This is discussed in Appendix C, and the un-
certainty 8H (Za) is given in eq (C. 2). For small Za,
this is of the order of

4 2a (Za)®mc?

3mnd

(4.4 kHz for $ ). 3.4)

For large n (roughly n = 4), however, the dominant
uncertainty is in the lowest order electron structure
calculation, the Bethe logarithm discussed in Appendix
B. The extrapolation used to estimate uncalculated
values has an uncertainty of the order of

da(Za)*mc?

s (3.5)

+0.001

but these are negligible compared to present experi-
mental uncertainties. For small Z and small n, where
the precision tests of quantum electradynamics have
been done, there are a number of sources of uncertainty
comparable in size to (3.4) and we will consider them
here.

The overall factors

da(Za)*me® _ 824
3mnd 3mn3

3R he (3.6)

in most of the QED contributions are uncertain by

3(x0.8 ppm) =+2.4 ppm (=23kHzin 8) (3.7)

due to the o? factor, by =0.075 ppm due to R, and
+0.004 ppm due to ¢. The =5.4 ppm uncertainty in
h does not occur unless we use units of Joules (or
+2.6 ppm for units of eV). These may be completely
neglected compared to (3.4) for values of Z larger
than 2.

. The nuclear size uncertainties listed in table A
produce energy level uncertainties primarily through
eq (2.30); this is =6 kHz for §y. The nuclear structure
uncertainties given for Cg, in eq (2.30) are small (£0.25
kHz for $y). These effects for non-S-states are essen-
tially negligible in our calculation, as noted, and their
negligible uncertainties, taken as = 10 percent for the
size effect and = 1 percent (of the S-state Cg, contri-
bution) for the structure, are included only for complete-
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ness. Similarly, the effect (2.33) of nuclear size on the
QED shifts is negligible, but is included, as an uncer-
tainty (* 0.01 kHz for § ), for completeness. It should
again be noted that our comments about the unimpor-
tance of these nuclear size effects should only be taken
in the context of our calculations, which do not attempt
to be accurate at large Za.

The uncalculated terms of order a and Za relative
to the contributions (2,12), (2.13), and (2.15) are estimated
to be of the order of magnitude of

a)[1 Cy
i(21rZa+Tr)[2 (a4+as)2l+1
1 2 4
+3 %5 310 ] LZ% (5.7 kHz for 55). (3.8)

The uncalculated terms of order Za relative to (2.9)
and order m/M relative to (2.22) and the higher order
parts of (2.25) and (2.29) are estimated to be of the order
of magnitude of

m 4(Za)’mc?.
T for I =0

wZo times (2.9) forls=0 (*x3.4kHzforsy).

2
+2
*3 and

(3.9)

The square root of the sum of the squares of the un-
certainties listed here from (3.3) through (3.9) is the QED
uncertainty given in parentheses after each tabulated
energy level. The QED uncertainty for the difference
between energy levels is the similar quadrature (RSS)
combination of the uncertainties of the two levels if
they are independent. Let us briefly consider the few
cases in which a “blind” RSS combination of tabulated
uncertainties (and the Rydberg (3.1) and reduced mass
(3.2) and fine structure (3.3) uncertainties) might
yield overestimates, especially the two situations
(Fine Structure Interval and isotope comparisons)
in which differences. may be known better than the tab-
ulated values. The QED uncertainties are sufficiently
independent (or sufficiently different in magnitude
that their dependence is immaterial) except for states
having the same n and [ values. These are either the
same levels for different isntnpés or the Fine Structure
Interval for one isotope. As noted in section 2.4, the
Fine Structure Intervals AE are known to higher pre-
cision than given in the table, but can be calculated as
discussed with eqs (2.43-50) if higher precision is re-
quired. In comparing different isotopes, the QED un-
certainties are usually irrelevent if they are smaller
than the *=0.075 ppm Rydberg uncertainty (3.1) or the
uncertainty in the difference in reduced mass factors
(3.2), which is usually the case for energy level differ-
ences between states with different n. This leaves isotope
comparisons of fine structure (same n, but not neces-
sarily the same 1), such as a Lamb shift difference



ENERGY LEVELS OF ONE-ELECTRON ATOMS 841

Su-Sp or a comparison (Ps—Si2)ene+~(Pa—S12)me+s
as the only cases in which the table (or paper) might
not yield the most precise calculated difference. So
far, however, no measurements of such isotope compari-
sons even come close to the tabulated uncertainties. If

more precise values than tabulated are needed, the.

author can provide results for researchers requiring
them.

4. Use of the Table

For both theoretical and practical reasons, the zero
of energy is taken to be the ionized atom (i.e., the nucleus
with one electron infinitely far away, and no other elec-
trons nearby), so all bound state energy levels are neg-
ative. The ground state energy (the negative of the
ionization energy) is by far both the largest and most
uncertain energy level calculated for each atom; so we
rejected the alternative of taking it as zero and subtract-
ing it from each entry, which would have yielded a table
with positive, but much longer, entries. We keep the
minus sign in each entry to maintain algebraic consist-
ency with energies increasing from the ground state to
excited and ionized states. For ease in locating levels,
we have not arranged them in the order of their energies,
but in the order of increasing r, I, and j. Hyperfinc
splitting is not included, so the energy levels given are
the centroids of the hyperfine structure.

In order that the differences between most levels
will be as accurate as their QED shifts can be calculated,
each eniry is extended to the decimal place left uncertain
by the QED calculations (with the QED un_cekrtainty in
that place given in parentheses) by treating the mass
values (Appendix A) and Rydberg value (3.1) as exact
constants. Therefore, every entry has an absolute un-
certainty of +0.075 ppm (due to the uncertain Rydberg
constant), its difference with the same level for another
isotope of the same atomic number has an uncertainty
of ==0.38 ppm (due to the uncertain electron mass),
and only its differences with other levels of the same
isotope having the same value of n and j have uncertain-
ties as small as the QED uncertainties given in the table.
Other fine structure differences have an additional +1.6
ppm uncertainty due to the fine structure constant
used (3.2). The QED uncertainty gives a limiting
value of the usefulness of this table in the sense that

improvements in our knowledge of the masses or of the-

Rydberg can be used to find correction factors, and
other improvements might yield additive corrections, but
changes by amounts much smaller than the QED un-
certainties, even improvements substantially reducing
the QED uncertainties, cannot be satisfactorily ac-
counted for without a complete calculation including
more decimal places.

T.et us consider how changes in the units or in the
value of the Rydberg constant can be carried out and

how this would affect the *=0.075 ppm uncertainty
presently associated with each entry. We pointed out
in section 3 how we could remove this uncertainty by
dividing each entry by 109 737.3177 cm™! to get units
of Rydbergs. We could then multiply by an improved
value of the Rydberg constant and use the uncertainty
associated -with that value. For example, if we wish to
use the Rydberg recently determined by Hinsch et al.
[28]

R..= 109 737.3143 = 0.0010 cm~!,  (4.1)

we may multiply every entry>we need by the ratio

Roew 109 737.3143
R 109 7373177

(4.2)

(i.e., decrease the entries by 0.030983 079 ppm) and
decrease the overall uncertainty from =+ 0.075 ppm to
+0.009 ppm. On the other hand, if we wish to convert
units from cm~! to MHz, we may multiply by the speed
of light,

¢ =29 979.2458 + 0.00012 MHz/cm™*,  (4.3)
and combine its = 0.004 ppm unceﬁainty with the over-

all uncertainty due to the Rydberg. To convert further
from MHz to eV, we divide by

%—_— 241 796.96 = 0.63 X 10> MHz/eV  (4.4)

(or, equivalently, convert from cm™! to eV by dividing by

8065.479 = 0.021 em~1/eV -(4.5)
or from iRy to eV by multiplying by
13.605 804 + 0.000 036 eV/Ry) (4.6)

and include an overall uncertainty of 2.6 ppm. For
consistency, all fundamental constants given in this
paper (except for eqs (4.1) and (4.8)) are those of the
1973 adjustment of Cohen and Taylor [5]. We might
note that we have used their final recommended values,
including :

a1t =137.03604 = 0.00011 (0.82 ppm), (4.7)
rather than their “WQED” values, (2.19), since we wish
to present the best results rather than a QED test not
using QED theory, and in any event the results are
rather insensitive to changes in a or its uncertainty.
Even the improved value [29]

a~1=137.035 987 = 0.000 029  (0.21 ppm) (4.8)
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would not appreciably change any results given in the
tables; its primary effect would be to reduce the.addi-
tional = 1.6 ppm fine structure uncertainty (noted with
eq (3.3) and earlier in this section) to* 0.4 ppm.

If we wish to account for a change in the electron-
uut_:lcus ass ratio

8= (4.9)

mo
M,’

Rz

we primarily need to correct for the change in the
(nearly) overall reduced mass factor (1 -+ m/M) * by
adding the fraction '

Q+mM)t L m\
A F maMo ! 6(”71'4'/

of the table entry or difference being corrected. Since
miM < 0.5 X 1072, and small changes in m or M will
be of the order of 0.2 X 10~*% or less, then § < 10
is a small correction and its effect on QED terms may
be completely ignored. However, for precise. work with
the energy levels themselves (or transitions between
levels of different n), we may need to account for the
lowest order change in the term (2.7) by adding an
amount

(Za)®
4n?

-8 | En | (4.11)

- to each energy level E,. In that case, the total cor-
rection to be added to each table entry is a fraction

—a[(1+—%)_1~%ﬁﬁ:’,

of that entry. » '
Differences between the same level for different
isotopes are roughly proportional to

(4.12)
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and thus have an uncertainty of = 0.38 ppm due to the
uncertainty in thé electron mass (A.l1) and possibly
more due to an uncertainty in the nuclear masses.
Corrections for changes in these mass values may be
made for each isotope as described in the preceding
paragraph. For isotopes not given in the table, an ap-
proximate result may be obtained by adding the fraction
(4.12) to each entry; this leaves only terms of order
(m/M)a3Z%5)n(Ze)~2E,, such as (2.9) or the recoil
corrections in (2.10) and (2.11), improperly accounted
for.

The QED uncertainties for most levels are inde-
pendent, so the combined QED uncertainty for the
difference between two levels is nusually given by adding
the squares of the individual uncertainties. This can be
similarly combined with a *=1.6 ppm uncertainty to
approximately account for the fine structure constant
used (3.3). The resulting over-estimate due to non-
independence of these uncertainties is serious only for
Fine Structure Intervals and certain isotope compari-
sons, as briefly discussed at the end of section 3. These
differences may be known more precisely than given by
the table. For example, the Fine Structure Intervals
have uncertainties as small as (2.47),

Lo (Za)?

o
I

==+0.062 Z2 ppm, (4.14)

for I > 1 (excluding the 1.6 ppm «? uncertainty). If
such precision is required, section 2.4 gives the appro-
priate Fine Structure formulas. If a desired Lamb shift
or fine structure separation has been measured, its
calculated value (and correct uncertainty) may be found
in table D.

The energy level table was produced by modifying a-
computer program normally used to print out calcula-
tion details {tabulations of the various contributing terms
and uncertainties in desired units and dimensionlessly)
for Lamb shifts and. splittings and fine structure separa-
tions of an atomic state being studied. These have been
calculated on request to suit the needs of various
researchers, and may continue to be provided whenever
possible. Those print-outs headed ‘“using terms most
recently revised by G.W.E. on 21 Jan 74" use the terms
listed in this paper, but the (printed-out) atomic con-

‘stants (Rydberg, m/M, nuclear size, etc.) are not

necessarily those used here.
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Appendix A. Nuclear Masses and Sizes

The nuclear masses used are exactly those listed in
table A, and the electron mass is taken as exactly

m.=0.000 548 580 26 u (A1)
although this value [5] has an uncertainty of 21 X 10~ tu.
These nuclear masses are derived from a tabulation of
atomic masses [30] by subtiactiug Z clectron masses.
For Z=1 and Z=2, we also add the electron binding
energies [5], 15X 10-%u and 85 X 10-%u, respectively.
The uncertainties (generally larger than the 11X 10-°
u for Hydrogen) are ignored since any use of the energy
level table requiring such precision should consult the
latest mass adjustment and take account of the uncer-
tainty and the difference between that nuclear mass (or
electron mass) and the value used here. The isotopes
chosen are the most abundant or the most long-lived. For
atoms for which no particular isotope is chosen (Z > 83),
we use a relation (with M =A4u)

A=27(2+0.015423) (A.2)

given by Elton [31]. However, for Z > 100, we use a
relation

A=0.00733Z2+1.307 +63.6, (A.3)

given by Pieper and Greiner [22].
The RMS nuclear radii used are those given by Hof-
stadter and Collard [31], mostly using their result

V(rz) =[0.82 413+0.58+0.1] fm. (A.4)
The individually determined values used for certain
isotopes with low Z are given in wable A. For the protou,
the size used [31}, 0.80%0.02 fm, is from measurements
at Orsay [32] and is in good agreement with Hand, Miller,
and Wilson’s analysis [33] of earlier measurements,
0.805+0.011 fm, and with recent measurements at
Saskatchewan [34], 0.81 0.04 fm, but not with recent
measurements at Mainz [35], 0.87+0.02 fm. For the
deuteron, the size given is determined as in ref. [7],
slightly modified [36]. For Z > 100, we use the relation

Vi = \PL2 A m x10%),  45)

used by Pieper and Greiner [22]. It should be noted that
the nuclear size effect (2.30) and its related experimental
uncertainty vary roughly like Z23(Za)%, which is
negligible compared to the (Za«)® electron structure
uncertainty (C.4) except for the smallest values of Z,
where most sources of uncertainty are of the same order
of magnitude.

TaBLE A. Nuclear masses and sizes

ZElement4 Nuclear mass (using RMS radius (using
(units of u) eq A.2) (units of fm) eq A.4)
H! 1.007 276 472 74 | ( 2.02) 0.800 2 0.020 (1.400 L 0.1)
'D? 2.013 553 234 74 | ( 2.02) 2.096 = 0.014 | (1.613 = 0.1)
T3 3.015 007 743 74 | ( 2.02) 1.700 £ 0.050 | (1.763 + 0.1)
*He? 3.014 932 238 48 | ( 4.08) 1.870 £ 0.050 | (1.763 = 0.1)
He* 4.001 506 204 48 | ( 4.08) 1.630 = 0.040 | (1.882 = 0.1)
*Li® 6.013 477 159 22 | ( 6.15) 2.500 = 0.100 | (2.070 = 0.1)
i’ 7.014 358 559 22 | ( 6.15) 2.358 = 0.100 | (2.149 = 0.1) -
‘Be’ 9.009 988 178 96 | ( 8.24) 2.286 + 0.100 | (2.286 = 0.1)
B 10.010 195 598 70 | ( 10.36) 2.347 £ 0.100 | (2.347 = 0.1)
*g! 11.006 562 478 70 | ( 10.36) 2.404 = 0.100 | (2.404 = 0.1)
oky 11.996 708 518 44 | ( 12.48) 2.420'+ 0.040 | (2.457 £ 0.1)
™" 13.999 233 935 18 | ( 14.63) 2.556 = 0.100 | (2.556 = 0.1)
3o 15.990 525 837 92 | ( 16.79) 2.646 = 0.100 (2.646 = 0.1)
°F 1 18.993 466 577 66 | (18.96) 2.768 + 0.100 | (2.768 = 0.1)
"Ne® 19.986 953 247 40 | ( 21.15) 2.806 + 0.100 | (2.806 = 0.1).
Na 2 92.983 734 217 14 | (23.35) 2.912 +0.100 | (2.912 +0.1)
Mg 93.978 460 636 88 | ( 25.56) 2.945 + 0.100 | (2.945 = 0.1)
BALF 26.974 408 856 62 | (27.79) 3.040 £ 0.100 | (3.040 = 0.1)
1si2 27.969 248 476 36 | (30.03) 3.070 = 0.100 | (3.070 = 0.1)
wp 30.965 534 896 10 | (32.28) 3.156 £ 0.100 | (3.156 + 0.1)
16g 32 31.963 295 115 84 | ( 34.55) 3.183 = 0.100 | (3.183 =+ 0.1)
ar® 34.959 526 859 58 | (36.82) 3.262 = 0.100 | (3.262 + 0.1)
PAr® 39.952 507 955 32 | (39.11) 3.384 £ 0.100 | (3.384 £ 0.1)
S 38.953 284 575 06 | (41.41) 3.361 £0.100 | (3.361 = 0.1)
®Ca® - 39.951 618 794 80 | (43.72) 3.384+0.100 | (3.384 +0.1)
gt 44.944 392 714 54 | (46.05) 3.497 + 0.100 | (3.497 =0.1)
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TasLE A. Nuclear masses and sizes

RMS radius

ZElement4 Nuclear mass (using (using
: (units of u) eq A.2) (units of fm) eq A.4)
27i% '47.935 878 434 28 | (48.38) 3.560 = 0.100 | (3.560 = 0.1)
Byt 50.931 346 754 02 | (50.73) 3.621 £ 0.100 | (3.621 = 0.1)
#er®? 51.927 343 173 76 | ( 53.08) 3.641 £ 0.100 | (3.641 = 0.1)
*Mn* 54.924 328 293 50 | ( 55.45) 3.698 + 0.100 | (3.698 = 0.1)
#pe s 55.920 670 813 24 | (57.83) 3.717 £ 0.100 | (3.717 £ 0.1)
Co® 58.918 379 132 98 | (60.22) 3.772+0.100 | (3.772 = 0.1)
2Ni* 57.919 979 052 72 | ( 62.62) 3.754 £ 0.100 | (3.754 = 0.1)
BCu® 62.913 686 272 46 | ( 65.03) 3.843 £ 0.100 | (3.843 £ 0.1)
0Zn® 63.912 683 892 20 | (67.46) 3.860 £ 0.100 | (3.860 x 0.1)
Ga® 68.908 576 011 94. | ( 69.89) 3.943 £ 0.100 { (3.943 + 0.1)
2Ge™ 73.903 625 031 68 | (72.33) 4.023 = 0.100 | (4.023 £ 0.1)
Bpg™ 74.903 496 551 42 | (74.79) 4.038 £ 0.100 | (4.038 = 0.1)
Mge® 79.897 871 271 16 | (77.25) 4.113 £ 0.100 | (4.113 £0.1)
5B ™ 78.899 128 690 90 | ( 79.72) 4.098 + 0.100 | (4.098 x0.1)
PR ¥ 83.891 756 110 64 | (82.21) 4.171 £ 0.100 | (4.171 =0.})
“Rp ™ 84.801 500 530 38 | ( 84.70) 4.185 £ 0.100 | (4.185 = 0.1)
8g, 87.884 781 550 12 | ( 87.21) 4.227 £ 0.100 | (4.227 £0.1)
My 88.884 481 369 86 | (89.72) 4.241 + 0.100 | (4.241 £0.1)
O™ 89.882 767 289 60 | (92.25) 4.255 + 0.100 | (4.255 +0.1)
“NDp*? 92.883 888 509 34 | (94.79) 4.295 +0.100 | (4.295 +0.1)
Mo *® 97.882 369 629 08 | (97.33) 4.361 + 0.100 | (4.361 = 0.1)
b - 98.882 661 048 82 | (99.89) 4,373 £ 0.100 | (4.373 £ 0.1)
“Ru '™ 101.880 210 568 56 | (102.45) 4411 £0.100 | (4.411%0.1)
SRp'® 102.880 825 888 30 | (105.03) 4.424 £0.100 | (4.424 £ 0.1)
wpg o 105.878 252 308 04 | (107.61) 4.461 £ 0.100 | (4.461 = 0.1)
A" 106.879 307 727 718 | (110.21) 4.473 £0.100 | (4.473 £0.1)
ot 113.877 034 947 52 | (112.81) 4.556 = 0.100 | (4.556 = 0.1)
OYn 1 114.876 994 567 26 | (115.42) 4.568 + 0.100 | (4.568 + 0.1)
#gp 120 119.874 778 287 00' | (118.05) 4.625 = 0.100 | (4.625 = 0.1)
“Sp '™ 120.875 844 706 74 | (120.68) 4.636 + 0.100 | (4.636 +0.1)
B 129.877 705 726 48 | (123.33) 4.734 £ 0.100 | (4.734 +0.1)
sy 126.875 400 746 22 | (125.98) 4702 £ 0.100 | (4.702 + 0.1)
Xe 2 131.874 533 465 96 | (128.64) 4.755 + 0.100 | (4.755 +0.1)
o' 132.875 264 085 70 | (131.31) 4.766 + 0.100 (4.766 = 0.1)
S6ga 198 137.874 514 505 44 | {134.00) 4.817 £0.100 | (4.817 x 0.1)
La' 138.875 133 925 18 ) (136.69) 4,828 £ 0.100 | (4.828 +0.1)
e 139.873 666 344 92 | (139.39) 4.838 +0.100 | (4.838 +0.1)
S9p, 141 110.875 331 764 66 | (142.10) 4.218 = 0.100 (4.848 = 0.1)
NG 141.874 851 184 40 | (144.82) 4.858 + 0.100 | (4.858 = 0.1)
Spm 'Y 146.881 702 604 14 | (147.53) 4.908 +0.000 | (4.908 = 0.1)
“Sm 151.885 743 023 88 | (150.29) 4.956 £ 0.100 | (4.956 £ 0.1)
Sy 1 152.886 600 143 62 | (153.04) 4.966 + 0.100 (4.966 =+ 0.1)
“Gd'*® 157.889 013 863 36 | (155.80) 5.013 £ 0.100 | (5.013 £ 0.1)
STh ' 158.889 728 283 10 | (158.56) 5.022 £0.100 | (5.022 +0.1)
“py ' 163.893 011 702 84 | (161.34) 5.068 + 0.100 | (5.068 = 0.1)
THa 6 164.803 602 122 58 | (164.13) SOTR+0.100 | (5078 +0.1)
Ppe ' 165.893 020 542 32 | (166.92) 5.087 £ 0.100 | (5.087 +0.1)
“Tm'® 168.896 392 962 06 | (169.73) 5.114 £ 0.100 | (5.114 £0.1)
*yp '™ 173.900 480 381 80 | (172.54) 5.158 £ 0.100 | (5.158 + 0.1)
My '™ 174.901 846.80) 54 | (175.3D 5.167 £ 0.100 | (5.167 = 0.1
6 i (e 179.907 077 221 28 | (178.20) 5.210 £ 0.100 | (5.210 = 0.1)
e Py 180.907 981 641 02 | (181.04) 5.218 + 0.100 | (5.218 = 0.1)
Ty 1o 183.910 380 060 76 | (183.90) 5.244 £ 0.100 | (5.244 = 0.1)
“Re'™’ 186.914 647 480 50 | (186.76) 5.269 + 0.100 | (5.269 = 0.1)
%0s' 191.919 821 900 24 | (189.63) 5311 £0.100 | (5.311 £0.1)
'™ 1192920 723 319 98 | (192.51) 5.319+0.100 | (5.319 £ 0.1)
Bpy % 194.922 014 739 72 | (195.40) 5.335 = 0.100 | (5.335 = 0.1)
Au'”’ 196.923 210 159 46 | (198.30) 5.351 £ 0.100 | (5.351 = 0.1)
OHg™ 201.926 756 579 20 | (201.20) 5.391 £0.100 | (5.391 = 0.1)
sl 2% 204,930 002 998 94 | (204.12) 5.415 + 0.100 | (5.415 = 0.1)
Bp), 208 207.931 674 418 68 | (207.05) 5.438 £ 0.100 | (5.438 + 0.1)
b e 208.934 868 838 42 | (209.98) 5.446 = 0.100 | (5.446 = 0.1)
#py 212.926 453 704 95 | (212.93) 54770100 | (5.477 £0.1)
By 215.880 753 270 35 (215.88) 5.499 + 0.100 (5.499 £ 0.1)
%Rn 218.844 307 837-08 | (218.85) (5.522 + 0.1)
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zFlement4 Nuclear mass (using RMS radius (using
(units of ) eq A.2) (units of fm) eq A4)
¥Fr 221.817 112 344 32 | (221.82) 5.544 + 0.100 | (5.544 = 0.1)
BRa®® 225.977 160 937 12 | (224.80) 5.575 = 0.100 | (5.575 = 0.1)
®Ac 227.790 452 372 28 | (227.79) 5.588 + 0.100 | (5.588 = 0.1)
NTh*? 231.988 701 776 60 | (230.79) 5.619 = 0.100 | (5.619 = 0.1)
*Pa 233.800 738 532 10 | (233.80) 5.632 = 0.100 | (5.632 = 0.1)
b U 238.000 346 616 08 | (236.82) 5.662 + 0.100 | (5.662 + 0.1)
*“Np 239.847 940 310 84 | (239.85) 5.675 +0.100 | (5.675 =0.1)
*Pu 242.885 376 138 61 | (242.89) 5.696 + 0.100 | (5.696 = 0.1)
“Am 245.932 031 256 15 | (245.94) 5.718 = 0.100 " | (5.718 £ 0.1)
*Cm 248.987 902 960 74 *| (248.99) 5.739 £ 0.100 | (5.739 +0.1)
Bk 252.052 988 775 07 | (252.06) 5.760 = 0.100 | (5.760 = 0.1)
®Ct 955.127 286 447 21 | (255.13) 5.781 = 0.100 | (5.781 = 0.1)
“Es 258.210 793 939 42 | (258.22) 5.802 = 0.100 | (5.802 =0.1)
°Fm -| 261.303 509 427 23 | (261.31) 5.822 +0.100 | (5.822 = 0.1)
'Md 269.673 330 000 00 | (264.41) 6.005 = 0.601 | (5.878 = 0.1)
'*No 2(2.461 320 000 00 | (267.52) 6.026 =+ 0.603 (5.896 = 0.1)
"SLr 275.263 970 000 00 | (270.64) 6.047 = 0.605 | (5.914 +0.1)
Rf 278.081 280 000 00 | (273.77) 6.067 + 0.607 | (5.932 +0.1)
%Ha 280.913 250 000 00 | (276.91) 6.088 + 0.609 | (5.950 = 0.1)

Appendix B. Bethe Logarithms

The infrared logarithm, originally defined and
calculated by Bethe [37], is a nonrelativistic logarithmic
average of excitation energies,

2 2
Pl , —EN) I
4,02
52(20;)3 uc [5", In (Z;n)z +L, ], B.1)

in which the Za and reduced mass dependences may be
exactly separated (because the Coulomb wave functions
and energies are nonrelativistic) to leave a Zo- and
p-independent constant L, depending only on the quan-
tum numbers n and [ of the state |n); "This is the leading
term in the self-energy contribution (2.10) and also
occurs in the Bethe-Salpeter recoil correction (2.9). It
has been calculated most precisely (or the 1S, 25, and
2P states by Huff [38] and for the greatest number of
states (1S, 2S, 2P, 3S, 3P, 3D, 4S, and 4P) by Harri-
man [39]. Instead of attempting a similar calculation,
we have simply assumed extrapolations of the form

L,= (—2.71631 = 0.00075)

5 3/2
— (0.02402 = 0.00020) ( > )

for =0 (n=5) (B.2)

L,= (+0.0525+0.0025)

5 \3/2
— (0.00838 + 0.00248) ( T )

forl=1 (n=5) (B.3)
9 \3/2
Ln=0.01148224-[1——(;) ]
4 3/2
i[0.002—0.001(-) ]
n
fori=2 (n=4) (B.4)
L _0.1623834[ ( 1y 1y
"T@l+1) l> (n) ]
‘ oo oe (L1032
[1_<Oa 0.2.)( . ) )]
fori=3 (nz4) (B.5)

These extrapolations turn out to yield the largest un-
certainty in the calculations for these states. They could
probably be improved by calculations similar to those
of Huff or Harriman, but as yet (see table D) no measure-
ments seem to warrant any such precision. Table B
lists the values and uncertainties used for all states con-
sidered in the energy level tabulations.
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Added note: Afier preparation of the tables, we found
Bethe logarithms for n =8 were accurately calculated
by S. Klarsfeld and A. Maquet (Phys. Lett. 43B, 201-
203 (1973)), differing from Harriman’s by several times
his estimated errors. Our extrapolations turn out to be
essentially correct (within the estimated uncertainties
for roughly 68% of the cases), with errors largest for
S-states (up to three times the uncertainties) but less
than twice the uncertainties for all other states (and
averaging only half the uncertainty for I = 2). However,
-"as noted above and by Klarsfeld and Maquet, even the
largest differences are “hardly significant from the

GLEN W. ERICKSON

experimental point of view”. The improved Bethe loga-
rithms would change no calculated value in table D by
more than the given uncertainty (although a few would
change by about the size of the uncertainty). The effect
is primarily to reduce the calculated uncertainties. For
example, the calculated 4F;;5»—4Dj» interval in 4He+

increases by 0.23 MHz, the calculated uncertainty
changes from +0.29 MHz to #0.01 MHz, and the

measurement comparison changes from +1.50 to
-+1.70; this is the only case in which the measurement

comparison change is larger than 0.10.

TABLE B. Bethe logarithms

State Bethe logarithm L, State Bethe logarithm Z,
1S —2.984 128 555 9=0.000 000 000 3 9G 0.001 587 080 60.000 629 243 1
9H 0.000 773 619 32-0.000 281 533 4
28 +2.811 768 893 2=0.000 000 000 3 91 0.000 387 276 2=+0.000 127 226 5
2P 0.030 016 708 9==0.000 000 000 3 9K 0.000 183 578 6=0.000 053 327 2
9L 0.000 068 364 7=0.000 017 091 2
38 —2.767 699 000 0==0.000 008 000 0 .
3p 0.038 188 520 0+0.000 000 010 O 108 —2.724 802 352 5=+0.000 679 289 3
3D 0.005 232 100 0=0.000 000 200 O 10P 0.049 537 222 6=+0.001 623 187 6
10D 0.010 455 237 2+0.001 747 017 8
48 —2.749 859 000 0=0.000 006 000 0 10F 0.003 730 812 3=0.001 629 448 9
4P 0.041 954 000 0==0.000 000 300 O 10G 0.001 684 767 9+0.000 693 470 1
4D 0.007 422 655 1+0.001 000 000 O 11H 0.000 853 545 4=0.000 327 599 7
4F 0.001 564 682 12-0.000 391 170 5 10I 0.000 454 905 9-+0.000 160 847 7
10K 0.000 242 191 0=+0.000 077 771 1
58 —2.740 330 000 0=0.000 550 000 O 10L 0.000 120 081 5=:0.000 034 408 9
5P 0.044 120 000 0==0.000 020 000 0 10M 0.000 046 272 9:0.000 011 568 2
sD 0.008 577 437 5+0.001 284 458 2 .
SF 0.002 389 526 7=:0.000 767 311 8 118 —2.723 671 036 7x0.000 688 709 1
5G 0.000 641 545 8+0.000 160 386 4 11P 0.049 931 911 40.001 739 992 9
11D 0.010 592 050 3-:0.001 780 719 O
6S —2.734 582 633 1::0.000 597 854 8 11F 0.003 828 535 9:0.001 704 386 7
6P 0.046 125 118 0+0.000 613 400 1 11G 0.001 760 775 10.000 745 488 2
6D 0.009 272 481 9£0.001 455 668 9 11H 0.000 915 733 10.000 365 641 9
oF 0.002 885 987 0£0.001 050 260 4 111 0.000 507 526 30,000 189 352 7
6G 0.001 027 681 60000 318 394 8 11K 0.000 287 795 4+0.000 099 273 6
6H 0.000 315 929 3:0.000 078 932 3 11L 0.000 160 320 70.000 050 498 1
11M 0.000 082 276 '40.000 023 309 2
8 —~2.730 810 432 3:0.000 629 263 7 1IN 0.000 032 574 5:0.000 008 143 6
P 0.047 441 148 10.001 002 869 6
K] 0.009 728 664 2+0.001 568 040 6 128 —2.722 770 351 4::0.000 696 208 6
F 0.003 211 831 50.001 259 070 5 12P 0.050 246 138 9::0.001 832 986 2
G 0.001 281 116 2=0.000 447 211 5 120 0.000 023 678 8=+0.000 005 919 7
TH 0.000 523 284 9+-0.000 157 827 9
71 0.000 175 454 7:0.000 043 863 7 138 —2.722 039 450 6-:0.000 702 294 3
13P 0.050 501 132 5=0.001 908 449 7
88 —2.728 178 423 4+0.000 651.178 8 13Q 0.000 017 678 0=-0.000 004 419 5
‘gp 0.048 359 2392 70.001 274 617 4
8D 0.010 046 960 0::0.001 646 446 6 148 —2.721 436 677 00.000 707 313 3
8F 0.003 439 185 7=+0.001 415 608 9 14P 0.050 711 425 8+0.001 970 684 5
8G 0.001 457 947 20.000 548 878 5 14R 0.000 013 499 1:£0.000 003 374 8
ol1 0.000 667 964 8:10.000 225 518 4 .
8l 0.000 297 876 20.000 087 986 1 158 —2.720 932 651 20.000 711 510 0
8K 0.000 106 098 60,000 026 524 7 15P 0.050 887 268 2+0.002 022 723 8
15T 0.000 010 509 2=0.000 002 627 3
98 —2.726 256 361 60.000 667 182 7
9P 0.049 029 953 8£0.001 473 065 1 168 —2.720 506 121 3+0.000 715 061 4
9D 0.010 279 400 0==0.001 703 703 7 6P 0.051 036 074 20,002 066 761 8
9F 0.003 605 214 3:x0.001 535 554 2. 16U 0.000 008 319 6+0.000 002 079 9
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TABLE B. Bethe logarithms— Continued
State Bethe logarithm L, . State Bethe logarithm L,
178 —2.720 141 374 7+0.000 718 098 5 198 —2.719 552 631 6+0.000 723 000 6
17P 0.051 163 325 6:+0.002 104 420 9 19pP 0.051 368 723 9+0.002 165 207 1
17V 0.000 006 683 3=+0.000 001 670 8 19X 0.000 004 476 8+0.000 001 119 2
188 —2.719 826 569 9+0.000 720 719 7 208 —2.719 312 500 0=0.000 725 000 O
18P 0.051 273 153 4+0.002 136 923 7 20P 0.051 452 500 00.002 190 000 O
18W 0.000 005 438 6=+0.000 001 359 6 20Y 0.000 003 723 0=0.000 000 930 8

Appendix C. Electron Structure Corrections

The purpose of this appendix is to present the results
used in calculating the energy levels in sufficient detail
that any future developments may be placed in context.
The notation is defined, and the small Za coefficients
are tabulated for the states for which the electron struc-
ture uncertainties are not dominated by the lowest

“order terms (the Bethe logarithms in Appendix B).
The results are briefly compared with previous and inde-
pendent calculations.

The terms (such as the Bethe logarithm L. in Appen-
dix B) in the lowest order electron structure have not
only been calculated, but have been clearly separated
[3] from the higher order correction terms, H(Zq) in eq
(2.29). The leading small Za contributions in

H(Za)=CsZa+ (Za)?[Celn® (Za)?

+Ceiln(Za) 2+G(Za) ] (C.I)
have been calculated exactly [20], but have not been
separated from the sixth order remainder G(Za). How-
ever, this calculation of H(Za) has been redone [7] so
as to yield an approximation valid for all Za while
accounting for all terms contributing to the known co-
efficients Cs, Cg, and Cq;. As a simple example, the
magnetic moment correction (2.22) is briefly discussed
in section 2.2. The original calculation [7] was only
for n=1 (with only ad hoc modifications for n > 1) but
has now been extended to all states; this is discussed
in detail in an article in preparation. The estimated
uncertainty, representing roughly a 68 percent con-
fidence level,

SH(Za) = (Za) 26 (Za)

_ , 1 ”ZZ(IMZ)(I—HY)
(Za)z(scmﬁ) dz mﬁ:’;’j N (C.20)
with ' :
— 2 .
2 (1—2)(Za) (C.95)

Y ¥ Za)*(1—2)

uses an integral similar to others used in H(Za).
The coefficients in the small Za expansions

G(Z(x)=Cso+C7Za+‘. .. (C.S)

and

5H(Za)=(Za)28C50[ l+§8EZa+. . ] (C.4a)

=8Ceo(Za)2+8C(Za)3+ . . . (C4.b)
are given in table C for n = 4 and their Fine Structure
Interval differences are given in section 2.4. It should
be noted that these coefficients are exact only for the
approximation used for H(Za). For example, ACs=
—11/128 (given in (2.44) and [5)) is the exact coeflicient
for our approximation for the Fine Structure difference

AH(Za) = Hop,,, — Hop,, but is not expected to be the

correct coeflicient difference (in fact, the estimated
uncertainty 8ACq=::9/32 is larger than the approxi-
mation). We might also note that there are known to be

small C7; coefficients (of Zaln(Za)=2 in G(Za)) and
that our approximation has none. Finally, we might
repeat that neither our calculations nor the numerical
calculations referred to below are direct determinations
of G(Za); they are all some form of remainder calcula-
tion. The numerical calculations of G(Za) suffer from
the usual uncertainty magnification encountered in
numerical calculations of remainders. Our calculation
of G(Za) suffers from not using complete exact forms
for H(Za).

The validity of our H(Za) approximation for large
Za has been confirmed by independent numerical
calculations [24, 27, 26] which agree with our results
within the estimated uncertainties. Those calculations
are more accurate than ours for large Za but are
difficult for small Za and have only been done for a
few states. AL small Ze the calculations confirm the
general validity of the unique methods used (our
'H(Z &) approximation method and the numerical methods
ot Mohr [27]) and agree very well for the 2Py, statc
but differ by a few or many times the estimated un-
certainties for S-states. For example, for the 1S
state at Z = 10, we get G(Za) = — 17.5 + 0.5 and
Mohr gets — 20.0 = 0.4. The source of this small dis-
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crepancy is not yet known, and present experiments
do not distinguish between them. (For the Z =1 Lamb
shift, with Gag,,~G2p,,=—17.1 0.6 (ours) vs. —23.4=*
1.2 (Mohr’s), the 6.3+ 1.3 discrepancy-is only 0.046 =+
0.009 MHz for hydrogen, where the other uncertainties
are =0.009 MHz and the most precise measurement [40]
has +=0.020 MHz uncertainty and lies between the two
calculated results, slightly closer to the larger (ours) but
not much more than one standard deviation above the
other (Mohr’s). The hydrogen comparison is also clouded
by questions of the proton size [32-35], as noted in
Appendix A.) (Added note: Another very recent pre-
cision measurement [42] is below Mohr’s calculation
by only 0.1, of 1.10 if a large proton size is used, is
2.1c below ours, and is 1.1 below the other measure-
ment; obviously, more work is needed before these
differences are clearly resolved.) In any event, the cited
uncertainties do indeed represent the order of magnitude
of the uncertainties, and any users of the energy level
tables that require more precise results or details should
consult the author directly.

‘GLEN W. ERICKSON

TasLE C. Electron structure correction coefficients

Known coefficients

Coeff. for approx. H(Za) +8H

State Cs Cs2 Csl Cso C7 SCW
1S;2  6.968 —0.75 4.065 —19.343 30.04- +0.5
2Sy2  6.968 —0.75  4.448 —17.598 18.48 +0.5
2Py 0 0 0.429 ~—0.352 —1.28 +0.33
2Py, O 0 0.242 —0.438 —0.32 +0.18
3Sy: 6.968 —0.75 4.409 —17.339 17.18 10.5'
3Py 0 0 0.496 —0.396 = —1.58 +0.39
3Py, 0 0 0.274 —0.497 —0.36 +0.20
3D3: 0O 0 0.00741  —0.020 0.09 +0.010
3Ds O 0 0.00741  —0.020 —0.06 +0.010
454, 6968 —0.75  4.359 —17.268 17.00 +0.5
4Py O 0 0.520 -0.412 ~1.68 +0.41
4Py 0 0 0.285 —0.519 -0.37 *0.21
4Dy O 0 0.00833 —0.024 0.088 +0.012
4Dspp O 0 0.00833 —0.024 =0.059  *0.01Z
4Fs. O 0 0.00119  -0.0039 0.042 =+0.0020
4Fq7, 0 0 0.00119 —0.0039 —0.031 =+0.0020

Appendix D. Lamb Shift and Fine Structure Measurements

Table D is a complete list of measurements of Lamb
shift differences (between the two states having the
same value of n and j but different = J-’q: 1/2) and other
fine structure ditferences {between states having the
same value of n) and Lamb shifts of single states
(difference from their non-QED values). The calculated
. value (and the associated uncertainty in the calculation)
is also included, as well as a comparison expressed as a
multiple of a “standard deviation”. The uncertainties in
the calculations and in most of the measurements are
intended to be 68 percent confidence level estimates,
so they are combined in quadrature and we might expect
32 percent of the measurements to differ from the cal-
culations by more than the combined uncertainties.
The references are only to the most recent published
article when there were a series of related measure-

ments or reports. Changes from the published values
are noted, and reference is sometimes made to a de-
tailed discussion by Taylor, Parker, and Langenberg [4]
of the measurements or to a summary and discussion by
G. W. Series [41] of older optical measurements. Table
D is meant to include all measurements known as of
September, 1976 and the author would appreciate

" knowing of any omissions or additions. The units indi-

cate the type of measurement, being frequency units
of MHz or GHz except for optical measurements given
in units of cm~'. The calculated values correspond to
the tabulated energy levels except that more decimal
places are sometimes given in table D, leading to slight
differences (smaller than the uncertainties) with the
rounded-off entries in the energy level table.

TaBLE D. Lamb shift and fine structure measurements

: Calc-meas Ref
Atom  Interval Calculated values (£10) Measured value (x1o) — ”
notes
H 1S12-1S5p 8149.43 +0.080 MH:z 8600 =+ 800 MHz ' —0.6 c
2542-2P yp0 1057910 +0.010 MHz 10567.893 = 0.020 MHz -+0.8 d
1057.862 = 0.020 MHz +2.1 iii
1057.90 =+ 0.10 MH:z +0.1 e
1057.859 + 0.063 MHz +0.8 f
1057.758 = 0.089 MHz +1.7 g, a
1057.960 + 0.095 MH:z ~0.5 g a
1058.05 = 0.26 MHz -0.5 il
1058.3- = 0.5 MHz -0.8 kkk
1057.3 x 0.9 %1892 +0.7 In
2P 30~251s2 9911.122 +0.018 MHz 9911.173 = 0.042 MHz -1.1 i
i 9911.250 + 0.063 MH:z -2.0 j
9911.377 = 0.026 MHz -8.0 k
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‘TABLE D. Lamb shift and fine structure measurements — Continued

Calc-meas Ref
Atom  Interval Calculated values (=1a) Measured value (+10) —_— noteg
2P32-2Py,  10969.032 +0.018 MHz 10969.127 += 0.095 MHz —1.0 1,a
10969.6 =+ 0.7 MH:z —0.8 m, a
3S1/2=3P 12 314.896 +0.003 MHz 314.819 = 0.048 MH:z +1.6 n
315.11 = 0.89 MHz —0.2 o
313.6 = 29 MHz +0.4 p,a
3Pg/e~3Sy2  2935.190 +0.005 MHz 2933.5 =+ 1.2 MHz +1.4 o
3D32~3S12  2929.859 +0.005 MHz ' 129299 =+ 08 MH:z —0.1 q
3D3-3Pye  3244.755 =0.005 MHz 3255.6 = 84 MHz —1.3 o
3D5.-3Sy.  4013.195 +0.007 MHz 4013.8 =+ 08 MHz —0.8 q
3D;;-3P3, 1078.0051+0.0018 MHz 1080.3 =+ 29 MHz —-0.8 o
4S112-4P o 133.0849 +0.0013 MHz 132.53 + §38. MHz +1.0 r
) 133.18 = 0.59 MH:z -0.2 o
4P44S,,  1238.044 +0.002 MHz 123779 + 33 MHz +0.9 r
12359 =+ 1.3 MH:z +1.6 o
4Dy-4Py; 1368.853 +0.017 MHz 13711 * 12 MHz -1y 0
4D 570-4P 312 454.757 +0.017 MHz 455.7 =+ 16 MHz —0.6 o
4F 5/,~-4D 35 456.209 +0.018 MHz 456.8 =+ 16 MHz —0.4 0
AF 7/0~4D 52 227.692 +0.018 MHz 22796 = 0.41 MHz —0.7 0
58 12-5P 2 68.203 +=0.005 MHz 64.6 = 50 MHz +0.7 0
5P32~5S 112 633.814 . =0.005 MHz 622.4 = 10.1 MHz +1.1 0
5D 30-5P 2 700.843 +=0.011 MHz 704.3 + 7.1 MHz -0.5 o
5D5/2=5P 312 232.827 +£0.011 . MHz 2322 *= 29 MHz +0.2 [
5F7/2—5D5/2 116.575 *+0.013 MH:z . 117.2 + 1.5 MHz —0.4 o
D 1S:2—1Sy2 8172.22 *=0.12 MHz 8300 +300 MHz —0.4 c
0.27260 cm-! 0.262 = 0.038 cm™! +0.3 s
2S:/2—2S1p2 0.03488 cm-1! 0.0369 = 0.0016 cm—* —1.3 t,b
2S:—-2Py»  1059.272 +£0.015 MHz 1059.282 = 0.064 MHz —-0.2 u, a
1058.996 = 0.064 MHz +4.2 g,a
1059.6 =+ 1.1 MHz —0.3 h
2P3—2Syz  9912.754 +0.021 MHz 9912.607 = 0.056 MHz +2.5 v,a
: 9912.803 = 0.094 MH:z —0.5 v, a
3S1/2—3S12 0.01040 cm—? "0.0083 3% cm? +1.0 w,b
3S12—3Pip 315.300 +0.004 MHz 3153 = 04 MH:z —0.0 X, a
3P32—-3Py2 3250973 =+0.005 MHz 3250.7 =+ 1.0 MHz +0.3 X, a
3P3/2—3Dsp 5.3369 +0.0005 MHz 50 =+ 50 MHz +0.1 X, aa
4S15—4P2 133.2550 *=0.0019 MHz 133.0 =*= 5.0 MH:z +0.1  x,a
T 2S12—2812 0.03489 cm~1 0.037 +80% cm! —0.5 ¥, b
3Het 3S12—3Py.  (139.593 +0.007) X10-3 cm~! (140.0 = 1.0)X10-3 cm—! —0.4 z, bb
4S;/2~4P )2 (59.017 =+0.003) X10-3 cm~* (60.3 = 2.0)X10-3 cm-! —0.6 z, bb
(374 = 49)X107° cm™* +0.3 ee, cC
. (574 =+ 4.1)X10-2 cm™! +0.4 ee, dd
5812—5Py2 (30.251 *0.003) X 10-3 cm~? (377 = 9.5)X10-3 cm-! —0.8 ee, cC
6S1/2:—6Py2 (17.516 +0.002) X 10-3 cm~1! (31.5 = 8.3)x10-3 cm™! -1.7 ee, dd
tHet 29y2-2Fyp 14044.6 +0.5 MHz 14046.2 = 1.2 MHz —-1.2 ff
14040.2 = 1.8 MHz +2.4 gg, a
(468.48  +0.02) X 10-3cm-! (480 +  20) X 10-3%c¢m ! —0.6 hh, b
3S.2—3Py, 4184.39 +0.16 MHz 4183.17 =+ 0.54 MHz +2.2 it
4184.2 £ 2.4 MHz +0.1 wwW
(139.576 +0.005) X 10-3 cm ! (1385 = 1.6)X10-3cm-! +0.7 i, kk
(139.1 =+ 2.0)X10-3cm-! +0.2 z, bb
3P3,—3Sy2. 4784341 *+0.17 MHz 47844.05 = 0.48 MHz —-1.3 it
3Dsp—3Py,  17255.36  +0.04 MHz 17259 + 5 MHz —0.7 ww
4S,2—4Py,  1769.08 +0.07 MH:z 1769 * 2 MHz +0.0 1l
1768 * 5 MHz - +0.2 1
1766 + 7.5 MHz +0.4 mm
1751 + 13 MHz +1.4 nn, a
1755, + 44 MHz +0.3 0o
(59.010 =:0.002) X10-3 cm ! (60.0 = 4.0)X10-3cm-! —0.2 ]
(571 £ 2.0)X10-3cm~! +1.0 z, bb
(60.3 = 29)X10-3cm-!? —0.4 ee, cC
(58.9 = 3.3)X103cm™! +0.0 ee, dd

J. Phys. Chem. Ref. Data, Vol. 6, No. 3, 1977



850 GLEN W. ERICKSON

TaBLE D. Lamb shift and fine structure measurements — Continued

Calc-meas Ref.
Atom  Interval Calculated values (=1o) Measured value (+10) %" ot e;
4P 3545, 20180.05 +£0.07 MHz 200179.7 =+ 1.2 MHz +0.3 1l
) 20180.6 — 0.8 MHz -~0.7 w
4Dyg;p—4S,2 2014351 +0.28 MH:z 20145.3 = 39 MHz —0.5 PP, aa
4D;5,-48y, 27459.25 +0.28 MHz 27455.4 = 3.7 MHz +1.0 pp, aa
4Ds2-4Dg  7315.745 +0.012 MHz . 73101 = 7.6 MHz +0.7 PP, aa, gq
4F52-4Sy,  27446.06 +0.13 MHz 27435.7 = 6.9 MHz +1.5 IT, aa
4F52-4Dye  7302.55 +0.29  MHz 7300.2 =+ 1.5 MHgz +15 s
4F 72—4Sy. 31103.84 £0.13 MHz 31098.8 =+ 52 - MHz +1.0 IT, aa
4F 7p—4F5,  3657.783 +0.006 MHz 3663.1 + 12.1 MHz —04 T, aa, qq
5812—5Py,  906.78  +0.08 MH:z 902 + 15 MHz +0.3 00
(30.247 =+0.003) X10-% cm™* (36.6 = 4.9)X10%cm ! ~1.3 ee, ce, kk
5Py2~58y2 . 1033112 =0.09 MH:z 10332.9 =+ 1.4 MHz -1.3 - u
5Dae—5Sy. 10312.27 =020 MHz 10309.8 =+ 14.6 MH:z +0.2 uu
5Ds55—5Sy, 1405793 +0.20 MHz 140554 =+ 126 MHz +0.2 uu
5Fs2—5S8y2 14051.13 =*=0.14 MH: 14058.2 =+ 13.6 MHz —0.5 uu
5F7—5S:2 1592392 =*=0.14 = MH: 15924.5 = 10.7 MHz —0.1 uu
S86Ge—58,. 1592038 -+0.09 MH2 15924.4 + 59 MHz —0.7 vv
5Ge2—5S12 1704404  +0.09 MHz 17040.5 =+ 80 MH:z +0.4 vy
5Go2—5G7e  1123.663 =+0.002 MHz 1116.1 = 140 MHz +0.5 vV, gq
6S1/:— 6Py 525.05 +=0.07 MHz 530 + 10 MHz —0.5 00
524 + 13 MIiz +0.1 00
. (17.514 +0.002) X10-3 cm~* (207 =+ 7.7)X10"%em™t —0.4 ee, dd
6P3,—~6S,;  5978.33  +0.07 MHz 5979.1 * 12 MHz . =06 it
6Go—6Dse  1728.05 +0.12 MHz 17286 =+ ‘1.4 MHz -0.4 XX, YY
G6Gyr2—OF 772 G48.21 £.0.09 Ml 640.5 + 5.0 MIlz —0.1 vu
6Hg,—6Fs,  1730.73  +0.08 MHz 17286 =+ 14 MH:z -+1.5 XX, YY
6Ho—6G7,  649.00 +0.03 MHz 648.5 = 50 MHz +0.1 00
6Huyr6Ds:  2160.29 . 012 MHz - 2161.2° =+ 3.0 MHz -0.3 XX
6H,1/5-6Gyy2 432.24  *=0.03 MHz 437 = 10 MHz —0.5 00
TSiy2—TPy: 33077 £=0.06 MHz 333 + 8 MHz ~0.3 00
TGoa~TPa2 -~ 2446.26 £0.06 MHz 2452.8 =+ 3.6 MHz —1.8 XX, ZZ
THoa—TDyz 245244 +0.08 MHz 2452.8 = 3.6 MHz —0.1 XX, ZZ
9He2-9Py, 307749 =0.04 MHz 3097.2 = 160 MHz ~1.2 XX
SLit+  25,,-2P;, 62762 +9 MHz 62765 += 21 MHz -~0.1 aaa
62790 + 70 MHz —0.4 bbb
63031 +327 MHz -~0.8 cee
Cs+  25,5-2Pype 783.64 +0.23 GHz 780.1 = 8.0 GHz +0.4 ddd
07+ - 28542~2Py2  2204.6 +1.3 GHz 2202.7 + 11.0 GHz +0.2 eee
22156 == 1.5 GHz —1.4 fff
F&+  9Pyy—2Si. 688339 24  GHz 68853.9 = 35 GHz —06 g
Ar7+ 28,5-9P 3901 +0.16 THz 383 =+ 1.1 THz +0.6 hhh
aSee reference [4]. i Cosens, B. L., and Vorburger, T. V., Phys. Rev. A2, 16 (1970).
bSee also reference [41], which includes references to earlier iShyn, T. W., Rebane, T., Robiscoe, R. T., and Williams, W. L.,
optical measurements. Phys. Rev. A 3,116 (1971). .
*Hansch, T. W., Lec, 5. A., Wallenstein, R., and Wicman, C., Phys. k Kaufman, S. L., Lamb, W. E., Jr., Lea, K. R., and Leventhal, M_,
Rev. Lett. 34,307 (1975). Phys. Rev. A 4,2128 (1971).
4 Lundeen, S. R., and Pipkin, F. M., Phys. Rev. Lett. 34, 1368 1 Baird, J. C., Brandenberger, J., Gondaira, K.-I., and Metcalf, H.,
(1975). Phys. Rev, A 5, 564 (1972).
¢ Robiscoe, R. T., and Shyn, T. W., Phys. Rev. Lett. 24,559 (1970). ™ Wing, W., University of Michigan Ph.D. thesis (1968).
f Average of the two following values from different transitions " Fabjan, C. W., and Pipkin, F. M., Phys. Rev. A 6,556 (1972).
measured in reference g and corrected in reference a. - °Fabjan, C. W., Pipkin, F. M., and Silverman, M., Phys. Rev. Lett.
® Triebwasser, S., Dayhoff, E. S., and Lamb, W. E., Jr., Phys. Rev. 26, 347(1971). i
89, 98 (1953). ’ ® Kleinpoppen, H., Z. Phys. 164,174 (1961).
"Drake, G. W. F., Farago, P.S., and van Wijngaarden, A., Phys. % Glass-Maujean, M., Opt. Commun. 8,260 (1973).
Rev. A 11, 1621 (1975); Drake, G. W. F., and Lin, C.-P., Phys. Rev. "Brown, R. A., and Pipkin, F. M., Ann. Phys. (N.Y.) 80, 479 (1973).
A 14,1296 (1976). s Herzberg, G., Proc. R. Soc. A 234,516 (1956).
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tKuhn, H., and Series, G. W., Proc. R. Soc. A 202, 127 (1950).
u Cosens, B. L., Phys. Rev. 173,49 (1968).
v Dayhoff, E. S., Triebwasser, S., and Lamb, W. E., Jr., Phys. Rev.
89,106 (1953)-
w Series, G. W., Proc. R. Soc. A 208,277 (1951).
* Wilcox, L. R., and Lamb, W. E., Jr., Phys. Rev. 119, 1915 (1960).
¥ Kireyev, P. S., Dokl. Akad. Nauk SSSR 112, 41 (1957); Sov.
Phys.-Dokl. 2,8 (1957).
zBerry, H. G., and Roesler, F. L., Phys. Rev. A 1, 1504 (1970).
aa Uncertainty used here is one-half the published limit of error.
bb From analysis of the 4 — 3 optical transitions.
¢ From analysis of the 5 — 4 optical transitions.
4d From analysis of the 6 — 4 optical transitions.
ee Kessler, E. G., Jr., and Roesler, F. L., J. Opt. Soc. Am. 62, 440
(1972).
) “Narasxmham, M. A., and Strombotne R. L., Phys. Rev. A 4, 14
1971).
#¢ Lipworth, E., and Novick, R., Phys. Rev. 108,1434(1957).
s Herzberg, G., Z. Phys. 146,269 (1956).
#iMader, D. L., Leventhal, M., and Lamb, W. E., jr., Phys. Rev. A
3,1832(1971).
iiLarson, H. P., and Stanley, R. W., J. Opt. Soc. Am. 57, 1439
(1967). They find all thirteen 4 —3 transition measurements agree
with theory and give references to earlier optical measurements.
k Berry, H. G., J. Opt. Soc. Am. 61,123 (1971) finds the 5 — 3 fine
structure components (to +0.02 cm~!) agree with QED predictions.
I Jacobs, R. R., Lea, K. R., and Lamb, W. E., Jr., Phys. Rev. A 3,
884 (1971).
mm Hatfield, L. L., and Hughes, R. H., Phys. Rev. 156,102 (1967).
m Beyer, H.-J., and Kleinpoppen, H., Z. Phys. 206,177 (1967).
% Churassy, S., Gaillard, M. L., and Silver, J. D., Phys. Rev. Lett.
33,185 (1974). )
®» Beyer, H.-J., and Kleinpoppen, H., J. Phys. B 5, L12 (1972).
99 This Fine Structure Interval is simply the difference of two
preceding measurements.
 Beyer, H.-J., and Kleinpoppen, H., J. Phys. B 4,1.129 (1971).
ss Eibofner, A., Phys. Lett. 49 A, 335 (1974). o
“Eibofner, A., Z. Phys. A277, 225 (1976).
" Beyes, IL-J., and Klcinpoppen, H., J. Phys. B 8, 2419 (1975).
v Beyer, H.-J., Kleinpoppen, H., and Woolsey, J. M., Phys. Rev.
Lett. 28,263 (1972).
#w A. Eibofner, Z. Phys. 249, 58 (19_71). ‘
*Lundeen, S. R., Brandeuberger, J. R., and Pipkin, I'. M., Fifth
International Conference on Atomic Physics, Berkeley, 1976; first
observations of multi-photon resonances in “He*; uncertainty is
statistical only and does not include =1 MHz estimated systematic
uncertainty.
¥¥ Measurement is combination of 6Ggp—6Dsz and 6Hgp—6F5,
transitions. :
ZMeasurement is combination of 7Gye~7Pse and 7Hq/2—7D3[2
transitions.
aaa | eventhal, M., Phys. Rev. A 11,427 (1975).
vob Djetrich, D., Lebow, P., deZafra, R., and Metcalf, H., Bull.
Am. Phys. Soc. 21, 625 (1976).
cc¢Fan, C. Y., Garcia-Munoz, M., and Sellin, L. A., Phys. Rev. 161,
6(1967).
94d Kugel, H. W., Leventhal, M., and Murnick, D. E., Phys. Rev. A
6, 1306 (1972).
eee | eventhal, M., Murnick, D. E., and Kugel, H. W., Phys. Rev. Lett.
28,1609 (1972).
f Lawrence, G. P., Fan, C. Y., and Bashkin, S., Phys. Rev. Lett.
28,1612, 29,320 (1972). ‘
8 Kugel, H, W., Leventhal, M., Patel, C. K. N., and Wood, O. R.,
11, Phys. Rev. Lett. 35, 647 (1975).
WhGould, H. A., Fifth International Conference on Atomic Physics,
Beikeley, 1976. »
. iii Andrews and Newton, reference [42].
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i Newton, G., Unsworth, P. J., and Andrews, D. A., J. Phys. B 8,
2928 (1975).

kkk Sokolov, Yu. L., Sov. Phys. JETP 36, 243 (1973).

W Eibofner, A., Phys. Lett. 584,219 (1976).
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ENERGY LEVELS OF ONE-ELECTRON ATOMS 853
Hydrogenic levels (QED uncertainties)
IH| 1D2 lTB ZHe-'S 2He4
Units: em™ em™ em™ em™ em™
1S, ~109678.773704(3) —109708.616541(4) -109718.545884(9) —438889.2004(2) —438908.8853(1)
25 - ~27419.8178352(3) —27427.2786891(5) ~27429.761055(1) -109724.19675(2) -109729.11842(2)
2P, —27419.85312328(9) -27427.31402261(8) —27429.79638632(8) ~109724.665283(5) | ~—109729.586898(5)
2P, ~27419.48723576(5) —27426.94803523(5)- ~27429.43036572(5) ~109718.808389(3) ~109723.729740(3)
35S —12186.5502372(1) —-12189.8661741(1) ~12190.9694460(3) —48765.727780(7) —48767.915169(5)
3P —12186.56074102(3) —12189.87669137(3) —12190.97996250(3) —48765.867373(2) —48768.054745(2)
3Py, —12186.45232982(2) —-12189.76825057(2) ~12190.87151186(2) ~48764.131991(1) ~48766.319284(1)
3D, ~12186.452507652(2) —12189.768428589(2) ~12190.871689936(2) ~48764.13484515(8) —48766.32213927(8)
3D, ~12186.416371435(2) ~12189.732282508(2) —12190.835540575(2) ~48763.55643940(7) | —48765.74370750(6)
484 ~6854.91884539(4) ~6856.78405833(6) | —6857.4046475(1) —27430.467164(3) —~27431.697559(2)
4P, ~6854.92328462(1) ~6856.78850324(1) ~6857.40909211(1) —27430.5261817(8) —27431.7565691(8)
4P, ~6854.877548700(7) | —6856.742754836(7) ~6857.363339547(7) ~27429.7940706(4) ~27431.0244251(4)
4D, —6854.8776246(6) —6856.7428308(6) —6857.3634156(6) ~27429.795289(9) ~27431.025644(9)
4Dy, —6854.8623796(6) —6856.7275817(6) —0857.3481650(6) —27429.551273(9) ~27430.781617(9)
4F ~6854.8624071(2) ~6856.7276092(2) ~6857.3481925(2) ~27429.551713(4) | —27430.782057(4),
4F,, —6854.8547847(2) ~6856.7199847(2) ~6857.3405673(2) —21429.429708(4) ~27430.660047(4)
55 112 —4387.1408809(2) ~4388.3346162(2) -4388.7317927(2) —17555.382518(3) ~17556.169965(3)
5P - —4387.143155962(9) ~4388.336894130(9) —4388.734070421(9) —17555.4127688(4) —17556.2002122(4)
5P,y -4387.119739197(7) —4388.313470974(7) —4388.710645139(7) ~17555.0379298(2) —17555.8253563(2)
5D ~4387.1197784(4) —4388.3135102(4) ~4388.7106844(4) -17555.038558(6) ~17555.825985(6)
5D ~4387.1119729(4) -4388.3057026(4) —4388.702876 1(4) —17554:913622(6) . —17555.701043(6)
5F g ~4387.1119871(2) —4388.3057168(2) —4388.7028903(2) —17554.913849(4) —~17555.701270(4)
5F 0 ~4387.1080844(2) -4388.3018130(2) ~4388.6989861(2) ~17554.851382(4) ~17555.638801(4)
5G -4387.10809178(5) ~4388.30182041(5) —4388.69899353(5) —17554.8515005(7) ~17555.6389187(7)
5G 15 ~4387. 1U5T5016(5) ~4388.29947816(5) ~4388.69665107(5) —17554.8140208(7) ~17555.6014374(7)
651, ~3046.6219504(1) ~3047.4509326(1) - ~3047.7267492(1) —12191.178541(2) ~12191.725376(2)
6P, ~3046.6232675(1) ~3047.4522514(1) —3047.7280680(1) ~12191.196057(2) —12191.742890(2)
6P, —3046.6097162(1) ~3047.4386964(1) —3047.7145117(1) —~12190.979137(2) —12191.525960(2)
6D, ~3046.6097391(2) ~3047.4387193(2) ~3047.7145346(2) ~12190.979504(4) ~12191.526328(4)
6D, ~3046.6052220(2) ~3047.4342010(2) ~3047.7100160(2) ~12190.907203(4) ~12191.454023(4)
6F 5, —3046.6052303(2) ~3047.4342093(2) —3047.7100242(2) —12190.907335(3) - —12191.454155(3)
64 —3046.6029718(2) ~3047.4319501(2) ~3047.7077649(2) -12190.871185(3) ~12191.418004(3)
6G ~3046.60297605(5) ~3047.43195444(5) ~3047.70776916(5) -12190.8712538(9) ~12191.4180725(9)
6G gy, ~3046.60162095(5) ~3047.43059897(5) —3047.70641357(5) —12190.8495641(9) —12191.3963818(9)
6H,, —3046.60162360(1) ~3047.43060162(1) ~3047.70641622(1) —12190.8496066(2) ~12191.3964243(2)
6H —3046.60072020(1) ~3047.42969798(1) —3047.:70551250(1) —12190.8351469(2) ~12191.3819639(2)
7S —2238.33245130(7) ~2238.94149911(7) ~2239.14413973(7) . ~8956.751161(1) ~8957.152916(1)
P, ~2238.3332810(1) ~2238.9423299(1) —2239.1449705(1) —8956.762196(2) —8957.163949(2)
TPy —2238.3247472(1) ~2238.9337938(1) ~2239.1364336(1) —8956.625593(2) —8957.027341(2)
Dy, —2238.3247617(2) —2238.9338083(2) —2239.1364481(2) —8956.625826(3) ~8957.027574(3)
D -2238.3219172(2) ~2238.9309630(2) —2239.1336025(2) —8956.580296(3) —8956.982041(3)
TFsp, —2238.3219224(1) —2238.9309682(1) ~2239.1336077(1) —8956.580379(2) -8956.982124(2)
TF 1, ~2238.3205001(1) —2238.9295455(1) —2239.1321849(1) ~8956.557614(2) —8956.959358(2)
7G 1 ~2238.32050284(5) ~2938.92954824(5) —2239.13218764(5) ~8956.5576573(8) -8956.9594018(8)
7G gy —2238.31964948(5) —2238.92869465(5) —2239.13133397(5) ~8956.5439985(8) ~8956.9457424(8)
TH,p —2238.31965116(2) —2238.92869632(2) —~2239.13133565(2) —8956.5440253(3) —8956.9457692(3)
TH —2238.31908225(2) ~2238.92812726(2) —2239.13076654(2) ~8956.5349195(3) —8956.9366629(3)
Mp —2238.319083395(5) -2938.928128403(3) ~2239.130767679(5) —8956.53493776(7) -8956.93668121(7)
i ~2238.318677035(5) ~2238.927721932(5) —2239.130361171(5) —8956.52843362(7) ~8956.93017677(7)
85, —1713.72205915(5) -1714.18836116(5) —1714.34350777(5) —6857.4928029(8) —6857.8003955(8)
8P, ~1713.72261513(9) -1714.18891785(9) ~1714.34406442(9) -6857.500197(1) ~6857.807789(1)
8Py, —1713.71689816(9) -1714.18319932(9) -1714.33834537(9) —6857.408685(1) —6857.716272(1)
8D, ~1713.7169079(1) ~1714.1832091(1) ~1714.3383551(1) -6857.408841(2) -6857.716429(2)
8D, —1713.7150023(1) ~1714.1812029(1) ~1714.3364488(1) —6857.378330(2) —6857 AR5094(2)
8F ¢, -1713.7150058(1) ~1714.1813064(1) -1714.3364523(1) —6857.378395(2) ~6857.685981(2)
8F ., ~1713.7140530(1) ~1714.1803534(1) —~1714.3354992(1) -6857.363144(2) ~6857.670730(2)
8G,, ~1713.71405480(4) ~1714.18035519(4) —~1714.33550098(4) ~6857.3631735(6) —6857.6707591(6)
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lHl lD2 lTa zHez ZHe"
Units: cm™! em™! em™! cm™! em™!
8G,p, —1713.71348312(4) —1714.17978335(4) ~1714.33492909(4) ~6857.3540232(6) ~6857.6616084(6)
8H,, —1713.71348424(2) —1714.17978447(2) —1714.33493022(2) ~6857.3540412(3) —6857.6616264(3)
8H —1713.71310312(2) ~1714.17940325(2) —1714.33454896(2) -6857.3479410(3) —6857.6555259(3)
81, ~-1713.713103884(6) ~1714.179404014(6) —1714.334549724(6) ~6857.3479532(1) —6857.6555382(1)
81y, —1713.712831655(6) ~1714.179131710(6) | —1714.334277396(6) —6857.3435960(1) —6857.6511807(1)
8K, —1713.712832211(2) —1714.179132266(2) —1714.334277952(2) ~6857.34360488(3) —6857.65118962(3)
8K 5, —1713.712628039(2) —1714.178928039(2) —1714.334073706(2) ~6857.34033693(3) —6857.64792153(3)
9S —1354.05122143(3) —1354.41965744(3) —1354.54224234(4) - —5418.2533664(6) —5418.4964020(6)
9P, —1354.05161198(7) —1354.42004848(7) —1354.54263336(7) —5418.258561(1) —5418.501595(1)
9P, ~1354.04759677(7) ~1354.41603218(7) —1354.53861669(7) —5418.194289(1) —5418.437321(1)
9D,, ~—1354.04760364(8) .~1354.41603906(8) —1354.53862357(8) —5418.194399(1) —5418.437431(1)
9D, ~1354.04626527(8). —1354.41470032(8) —1354.53728471(8) ~5418.172976(1) —5418.416008(1)
] —1354.04626772(8) —1354.41470277(8) ~1354.53728716(8) —5418.173016(1) ~5418.416047(1)
oF ;5 —1354.04559853(8) —1354.41403340(8) —1354.53661773(8) —~5418.162305(1) —-5418.405335(1)
9G,;, —1354.04559981(3) ~1354.41403468(3) —1354.53661901(3) ~5418.1623252(5) ~5418.4053558(5)
9G,, ~1354.04519830(3) —~1354.41363306(3) ~1354.53621736(3) ~5418.1558986(5) ~5418.3989289(5)
9H,, —1354.04519909(1) —1354.41363385(1) ~1354.53621815(1) —5418.1559113(2) —5418.3989416(2)
9H —1354.04493142(1) ~1354.41336611(1) —1354.53595038(1) ~5418.1516269(2) ~5418.3946570(2)
L) . ~1354.044931955(6) ~1354.413366644(6) ~1354.535950915(6) —5418.1516355(1) —5418.3946656(1)
1] B —1354.044740759(6) —~1354.413175396(6) ~1354.535759650(6) —5418.1485753(1) ~5418.3916053(1)
9K 0 —1354.044741150(3) ~1354.413175788(3) —1354.535760042(3) ~5418.14858152(4) | —5418.39161151(4)
) —1354.044597754(3) ~1354.413032352(3) —1354.535616593(3) —5418.14628634(4) '—5418.38931622(4)
9L 1 —1354.0445980509(8) ~1354.4130326492(9) —1354.5356168903(8) —5418.14629109(1) —5418.38932098(1)
9L —1354.0444865204(8) ~1354.4129210881(9) —1354.5355053192(8) —~5418.14450595(1) —5418.38753576(1)
10S —1096.78097442(2) ~1097.07940748(2) —1097.17870121(3) —4388.7768987(4) —4388.9737571(4)
10P —1096.78125916(6) ~1097.07969259(6) —1097.17898629(6) —4388.7806858(9) —4388.9775437(9)
10P,, ~1096.77833207(6) ~1097.07676470(6) —1097.17605814(6) ~4388.7338316(9) --4388.9306874(9)
10D,, —~1096.77833709(6) ~1097.07676973(6) ~1097.17606317(6) -4388.733912(1) -4388.930768(1)
10D, —1096.77736142(6) ~1097.07579379(6) ~1097.17508714(6) —4388.718295(1) ~-4388.915150(1)
10F 5, —1096.77736321(6) ~1097.07579558(6) —1097.17508893(6) - —4388.7183239(9) —4388.9151790(9)
10F,;, —1096.77687537(6) ~1097.07530761(6) ~1097.17460091(6) —4388.7105156(9) —4388.9073703(9)
10G,;, - ~1096.77687630(3) ~1097.07530854(3) —~1097.17460185(3) ~4388.7105305(4) —4388.9073853(4)
10G,, —1096.77658360(3) ~1097.07501576(3) -1097.17430904(3) ~4388.7058456(4) -4388.9027001(4)
10H,, ~1096.77658418(1) ~1097.07501634(1) . —1097.17430962(1) —4388.7058548(2) —-4388.9027094(2)
10H,, ~1096.77638904(1) ~1097.07482115(1) ~1097.17411441(1) -4388.7027315(2) . | -—4388.8995859(2)
101, —1096.776389437(6) ~1097.074821543(6) —1097.174114805(6) ~4388.70273779(9) —4388.89959221(9)
101y, -1096.776250055(6) ~1097.074682123(6) -1097.173975373(6) ~4388.70050686(9) ~4388.89736118(9)
10K 5, —-1096.776250341(3) ~1097.074682409(3) —1097.173975659(3) —4388.70051143(5) ~4388.89736575(5)
10K ;5 —1096.776145805(3) —1097.074577844(3) —1097.173871085(3) —4388.69883824(5) —4388.89569249(5)
10L 15 —1096.776146021(1) ~1097.074578061(1) —1097.173871302(1) —4388.69884171(2) —4388.89569596(2)
10L —1096.776064716(1) ~1097.074496733(1) ~1097.173789966(1) —4388.69754034(2) —4388.89439453(2)
10M 4, —1096.7760648859(4) ~1097.0744969035(4) ' | —1097.1737901366(4) —4388.697543071(7) |  —4388.894397261(7)
10M g —1096.7759998413(4) ~1097.0744318412(4) -1097.1737250683(4) -4388.696501977(7) -4388.893356120(7)
118,, ~906.43020253(2) —906.67684136(2) ~906.75890226(2) ~3627.0826085(3) —3627.2453011(3)
11P,, —~906.43041648(5) ~906.67705558(5) ~906.75911646(5) -~3627.0854541(8) —3627.2481463(8)
11P 5, —006.42821722(5) 906.67485582(5) —006.75691650(5) —2627.0502519(8) —3627.2120425(8)
11Dy, -906.42822110(5) ~906.67485961(5) ~906.75692029(5) —3627.0503126(8) ~3627.2130032(8)
11Dy, ~906.42748806(5) ~906.67412637(5) ~906.75618698(5) ~3627.0385793(8) —3627.2012695(8)
11F;, ~906.42748941(5) ~906.67412771(5) ~906.75618833(5) —3627.0386000(7) —3627.2012910(7)
11F,, —006.42712289(5) —006.67376109(5) —006.758821A7(5) ~3627.0327344(7) —3627.1954242(7)
111G, ~906.42712359(2) —906.67376180(2) —906.75582238(2) -3627.0327456(3) ~3627.1954355(3)
11G,, —906.42690368(2) ~906.67354182(2) ~906.75560239%(2) ~3627.0292257(3) ~3627.1919154(3)
11H,, ~906.42690411(1) ~906.67354226(1) —906.75560282(1) _ —3627.0202327(2) ~3627.1919224(2)
114, —906.42675750(1) ~906.67339561(1) -906.75545616(1) ~3627.0268861(2) —3627.1895757(2)
111, ~906.426757800(5) —906.673395907(5) —906.755456455(5) ~3627.02689080(8) —3627.18958042(8)
110, —906.426653080(5) ~906.673291159(5) —906.755351698(5) —3627.02521468(8) —3627.18790422(8)
11Ky, —906.426653295(3) —906.673291373(3) ~906.755351912(3) —3627.02521811(4) —3627.18790765(4)
11K g ~906.426574755(3) —906.673212813(3) ~906.755273344(3) - —3627.02396102(4) —-3627.18665050(4)
1L 5 —906.426574918(1) -906.673212976(1) —906.755273508(1) ~3627.02396363(2) —-3627.18665311(2)
1L, —906.426513832(1) —906.673151873(1) . —906.755212399(1) —3627.02298589(2) ~3627.18567533(2)
1IM ~906.4265139602(6) | -~906.6731520009(6) —906.7552125272(6) ~3627.02298794(1) ~3627.18567738(1)
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Hydrogenic levels (QED uncertainties) — Continued

855

312

—61723.92321(5)

—61724.72660(5)

—109737.9460(1).

- —171473.0092(4)

|H| lDz »lT“ zHe.'s zHeq.
" Units: cm™ em™ em™ om’™ em™
1M —906.4264650912(6) —906.6731031186(6) ~906.7551636405(6) ~3627.02220576(1) —3627.18489516(1)
11N —906.4264651946(2) —906.6731032219(2) ~906.7551637438(2) ~3627.022207409(4) —-3627.184896812(4)
11N,y ~906.4264252108(2) —906.6730632273(2) ~906.7551237456(2) - —3627.021567437(4) —3627.184256811(4)
128, —761.65290399(1) ~761.86014907(1) —761.92910299(2) —3047.7528351(3) —3047.8895418(2)
12P ), —1761.65306880(4) —761.86031409(4) ~761.92926800(4) ~3047.7550271(6) —3047.8917336(6)
1205, —761.6499689122(1) —761.8572133566(1) ' —761.9261669865(1) —3047.705408509(2) —3047.842112775(2)
13S —648.98217184(1) -649.15875932(1) —649.21751294(1) —2596.8988459(2) —2597.0153296(2)
13P —648.98230147(3) —649.15888912(3) —649.21764273(3) —2596.9005701(5) —~2597.0170536(5)
13Q 45 ~648.97984629280(7) —649.15643327500(7) —649.21518666384(7) —2596.861271168(1) —~2596.977752909(1)
148, —559.581428918(9) -559.733690547(9) ~559.78435054(1) ~2239.1605561(2) —2239.2609934(2)
4P, —559.58153271(3) ~559.73379448(3) ~559.78445447(3) —2239.1619366(4) —2239.2623738(4)
14K 57 —559.57955527207(4) —559.73181649652(5) —559.78247630628(5) —2239.1302846163(7) ~2239.2307204034(7)
158, —487.457495457(8) -487.590132233(8) -487 ‘634262709(8) ~1950.5559455(1) -1950.6434375(1)
15P ), —487.45757985(2) -487.59021674(2) —487.63434720(2) —1950.5570680(3) —1950.6445599(3)
15T o0 -487.45596388056(3) ~487.58860032497(3) -487.63273064814(3) -1950.5312018737(5) -1950.6186926039(5)
16S ~428.429358101(6) —428.545933376(6) —428.584719919(7) —1714.3544981(1) —1714.4313954(1)
16P —428.42942764(2) —428.54600301(2) ~428.58478954(2) —1714.3554231(3) -1714.4323202(3)
16U 5, ~428.42809018455(2) —428.54466518452(2) —428.58345160137(2) ~1714.3340150293(3) —1714.4109111788(3)
17S 4y —379.508294780(5) —379.611558678(5) —379.645916301(6) ~-1518.59672266(9) —1518.66483917(9)
17P ~379.50835276(2) —379.61161673(2) —379.64597435(2) -1518.5974938(2) —1518.6656102(2)
17V 3300 —379.50723334224(1) —379.61049701003(1) —379.64485452807(1) —1518.5795758688(2) —1518.6476914891(2)
185, —338.511977355(5) —338.604086192(5) —338.634732339(5) —1354.54995608(8) —1354.61071429(8)
18P, —338.51202620(1) —338.60413510(1) —338.63478124(1) -1354.5506057(2) —1354.6113639(2)
18W ., - —338.511079907608(8) -338.60318854956(1) —338.633834607315(9) —1354.5354589277(2) —1354.5962163792(1)
19S5, —303.816802757(4) —303.899471068(4) -303.926976193(4) -1215.71730066(7) —1215.77183154(6)
9P, ~303.81684429(1) —303.89951265(1) —303.92701777(1) -1215.7178531(2) -1215.7723839(2)
19X 57,0 —303.816037196971(6) ~303.898705340992(8) -303.926210390061(7) —1215.7049343525(1) -1215.7594645860(1)
208, -274.194630876(3) ~274.269239020(3) -274.294062392(3) —1097.18432077(6) -1097.23353486(6)
20P,, ~274.19466648(1) —-274.26927467(1) ~274.29409804(1) —1097.1847944(2) —1097.2340084(2)
20Y 5 -274.193972584215(4) ~-274.268580584194(6) —274.293403890979(5) -1097.17368747628(9) —1097.22290101200(8)
Hydragenic lavels (QED uncertainties)
5146 37 Be? 5B 10 sg
Units: em™ em™ em™ em™! em™!
1S, —987648.171(2) ~987661.027(2) ~1756018.824(8) —2744094.27(2) ~2744107.87(2)
25 —246921.5693(3) 177246924-.5035(3) --439033.573( l)' ~686092.918(3) ~686096.321(3)
2P, —246923.46283(6) —246926.67667(6) —439039.5736(3) ~686106.432(1) -686109.835(1)
2P, —246893.80481(3) —246897.01826(3) —438945.8156(2) ~685877.4621(7) —685880.8643(7)
38, —109739.84303(9) 109741.27149(8) ~195116.4956(3) -3049006.7258(8) - —304908.2380(9)
3P, ~109740.46721(2) -109741.89556(2) —195118.2857(1) ~304910.7594(5) —304912.2719(5)
3Py, -109731.67957(1) —109733.10781(1) -195090.50514(6) —304842.9149(2) —304844.4271(2)
3D, —109731.6940667(7) —109733.1223076(7) —195090.551103(4) —304843.02753(1) —304844.53971(1)
3D, —109728.7654863(6) —109730.1936889(6) —195081.294464(3) —304820.42631(1) —304821.93837(1) .
4S,, —61727.36031(4) —61728.16379(3) —109748.8889(1) —171499.8756(4) -171500.7263(4)
4P ), —~61727.624263(9) ~61728.427699(9) ~109749.64613(5) —171501.5821(2) -171502.4329(2)
4P, —61723.917019(5) 61724.720407(5) 102737.92641(3) -171472.9610(1) —171473.8117(1)

—171473.8598(4)
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Hydrogenic levels (QED uncertainties)— Continued
3[i6 s 47 4Be? sB10 sgu

Units em~! cm~! cm-! em~! cm~!

4Dy, —61722.68770(5) —61723.49107(5) —109734.0408(1) —171463.4740(4) —171464.3246(4)
4F ), —61722.68993(2) -61723.49330(2) ~109734.04787(6) ~171463.4912(1) —171464.3418(1)
4F —61722.07221(2) —61722.87557(2) —109732.09545(6) —171458.7243(1) —171459.5749(1)
58 )2 —39504.91639(2) —39505.43060(2) —70237.40060(7) —109755.2908(2) —109755.8352(2)
5P —39505.051702(5) ~39505.565894(5) -70237.78882(3) —109756.1658(1) ~109756.7102(1)
5Py, —39503.153614(3) —39503.667781(3) ~70231.78844(1) -109741.51221(6) —109742.05660(6)
5Dy, —39503.15681(3) —39503.67097(3) —70231.7986(1) —109741.5370(2) ~109742.0814(2)
5Dy, ~39502.52423(3) —39503.03839(3) —70229.7991(1) —109736.6550(2) —109737.1994(2)
5Fy, ~39502.52537(2) —39503.03953(2) ~70229.80272(6) ~109736.6639(1) —109737.2082(1)
5Fqp —39502.20910(2) —39502.72326(2) —70228.80307(6) —109734.2232(1) —109734.7676(1)
5G -39502.209699(4) —39502.723854(4) —70228.80497(1) —109734.22783(3) ~109734.77218(3)
5Ggp -39502.019938(4) —39502.534091(4) —70228.20520(1) —109732.76352(3) -109733.30786(3)
65,5 —27433.66728(1) ~27434.02437(1) —48775.01201(4) ~76216.5976(1) ~76216.9757(1)
6P ~27433.745635(9) —27434.102709(9) ~48775.23683(3) ~76217.10433(9) ~76217.48242(9)
6P 3, —27432.647214(8) —27433.004274(8) —48771.76444(3) - ~76208.62449(7) ~76209.00253(7)
6D, —27432.64908(2) -27433.00614(2) —48771.77036(6) ~76208.6390(2) ~76209.0170(2)
6D, —27432.28300(2) —27432.64006(2) ~48770.61326(6) —76205.8138(2) ~76206.1918(2)
6F o0 ~27432.28367(1) —27432.64073(1) —48770.61537(5) ~76205.8189(1) —76206.1969(1)
6F —27432.10064(1) —-27432.45769(1) —48770.03687(5) —76204.4065(1) —176204.7845(1)
6G ., —27432.100989(4) —27432.458042(4) —48770.03797(1) —~176204.40917(3) —76204.78719(3)
6Ggpp —27431.991174(4) —27432.348226(4) —48769.69088(1) ~76203.56176(3) —~76203.93978(3)
6H,, —27431.991389(1) ~27432.348441(1) —48769.691560(3) —76203.563414(8) ~76203.941434(8)
6H —27431.918179(1) —27432.275230(1) —48769.460173(3) ~76202.998492(8) —76203.376509(8)
7S —20155.178837(9) —20155.441184(8) —35834.16749(3) —55994.55623(8) -55994.83398(8)
P, —20155.228201(9) —20155.490540(9) - ~35834.30913(3) —~55994.87547(8) ~55995.15324(8)
7P, —20154.536490(9) —20154.798819(9) ~35832.12247(3) —55989.53551(7) —55989.81325(7)
Dy, —20154.53767(1) —20154.80000(1) —35832.12622(4) —55989.5447(1) —~55989.8224(1)
D¢, —20154.30714(1) —20154.56947(1) —35831.39755(4) ~55987.7656(1) —55988.0433(1)
TFyp —20154.30756(1) —20154.56989(1) —35831.39888(3) —55987.76880(8) —55988.04654(8)
TF 4 —20154.19230(1) —20154.45463(1) —35831.03458(3) —55986.87934(8) —55987.15708(8)
1G4 —20154.192521(4) ~20154.454846(4) —~35831.03527(1) -55986.88104(3) -55987.15877(3)
Gy —20154.123366(4) —20154.385690(4) -35830.81670(1) —55986.34739(3) —55986.62512(3)
TH,, —20154.123502(1) —20154.385826(1) —35830.817125(4) —55086.34844(1) —55986.62617(1)
TH —20154.077399(1) —20154.339723(1) —-35830.671411(4) —55985.99268(1) ~55986.27041(1)
e —20154.0774916(4) —-20154.3398151(4) —35830.671703(1) ~55985.993396(3) —55986.271125(3)
i I —20154.0445612(4) ~20154.3068842(4) —35830.567623(1) —~55985.739290(3) —55986.017017(3)
8S,, —15431.207893(6) —15431.408750(6) ~27435.21414(2) —42870.04729(5) —42870.25994(5)
8P, —15431.240972(7) ~15431.441824(7) —27435.30905(2) —42870.26123(6) ~42870.47389(6)
8P, —15430.777582(7) ~15430.978428(7) —-27433.84417(2) —42866.68393(6) —42866.89658(6)
8D, —15430.778378(9) —15430.979223(9) —27433.84670(3) —42866.69011(7) —42866.90276(7)
8D, -15430.623940(9) —15430.824783(9) —27433.35855(3) —42865.49823(7) ~42865.71087(7)
8F;, ~15430.624223(8) —15430.825066(8) ~27433.35944(3) ~42865.50041(6) —42865.71306(6)
8F ., ~15430.547007(8) —15430.747850(8) ~27433.11539(3) ~42864.90454(6) ~42865.11718(6)
8G., —15430.547155(3) —15430.747997(3) —27433.11585(1) ~42864.90568(2) —42865.11832(2)
8G,, - ~15430.500826(3) —15430.701668(3) —27432.96943(1) -42864.54818(2) -42864.76082(2)
8H,, —15430.500917(1) —15430.701759(1) -27432.969714(4) —42864.54888(1) —42864.76152(1)
8H,), —15430.470032(1) —15430.670874(1) —~27432.872096(4) —42864.31055(1) —42864.52319(1)
8L,y —15430.4700941(5) —15430.6709357(5) —27432.872293(2) —42864.311033(4) —42864.523669(4)
81, —15430.4480333(5) ~15430.6488745(5) —27432.802567(2) —42864.140801(4) —42864.353436(4)
8K 13 —15430.4480784(2) —15430.6489196(2) —27432.8027092(5) —42864.141149(1) —42864.353784(1)
8K 5, —-15430.4315328(2) ~15430.6323738(2) —27432.7504152(5) —42864.013476(1) —42864.226111(1)
9S —12192.495383(4) —12192.654084(4) —21677.00327(1) —33872.13277(4) —33872.30079(4)
9P, ~12192.518621(6) -12192.677318(6) ~21677.06994(2) —33872.28306(5) —33872.45109(5)
9Py, —12192.193169%(6) ~12192.351862(6) ~21676.04112(2) ~33869.77065(5) —33869.93866(5)
9Dy, ~12192.193730(7) —12192.352422(7) ~21676.04290(2) —33869.77500(5) —33869.94302(5)
9D, —12192.085263(7) —12192.243954(7) —21675.70006(2) —33868.93791(5) —33869.10592(5)
9F,, —12192.085462(6) —~12192.244153(6) —21675.70069(2) —33868.93944(5) —33869.10746(5)
9F 7 —12192.031231(6) —12192.189922(6) —21675.52928(2) —33868.52095(5) —33868.68896(5)
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enekGY LEVELS OF ONE-ELECTRON ATOMS

Hydrogenic levels (QED uncertainties)— Continued

857

4Be?® sB1o sBu
sLit :
SLiG .
cm-1 cm=! cm
P— cm~?
Units: 75(2) —33868.68976(2)
_ @ ~33868.521
~12192.190025(3) 21675.529609(8) —33868.27066(2) ~33868.43867(2)
9G4, —12192.031335(3) 12192.157487(3) —21675.426767(8) 39068.2711579) ~33868.439167(9)
9Gy, ~12191.998797(3) _12192.157551(1) —21675.426970(4) 33568, 1037700) —33868.271780(9)
9H9/2 —12191‘998861(].') -‘12192' 135859(1) —21675.358410(4) _93868' 104107(8) —33868.272116(4)
OH ‘12191'9771»69(1)5) ~12192.1359027(5) 21675.358548(2) —33867.984548() ~33868.152556(4)
~12191.9772130( ot ~21675.309577(2) ~33867. 1526012)
Ly 121 —12192.1204084(5) _ 7.984792(2) —33868.
- 17189(5) ' ~21675.3096776(7) 33867. 2
9 12191.96 _ 204401(2) 21675. 2102 —33868.063132(2)
91(112'2 ~12191.96175062) gigg‘iosswszz) ~21675.2729498(7) ‘3'222-71'232;091()5) —33868.0633174(5)
K ~12191.9501301(2) T2 7 ~21675.2730259(2) ~33867. —33867.9935752(5)
Koz 3(7) ~12192.10884356(7) ~33867.8255675(5)
L Evivperipne 12192.09980532(7) —21675.2444600(2) :
9L 112 ~12191.94111610(7) - : $7436.097716) —27436.23387(3)
5 ~17558.23801(1) ~27436. _27436.34385(%)
3 —9876.007390(3) —27436.20735(4)
108, —9875.878844(3) —0876.024330(5) —17558.28663(2) 274343758204 —27434.51192(4)
10P ~9875.895786(5) 0875.787074(5) ~17557.53663(2) —27434,37901(4) ~27434.51510(4)
10P 5, —9875.658533(5) :9875.787483(5) -17557.53792(2) ..,27433, 16877(8) *-27433.90486(4)
10D, ~9875.658943(0) ~9875.708410(5) ~17557.28799(2) 7433 7608908, —27433.90598(4)
10D, ~9875.579871(5) —9875.708556(5) ~17557.28845(2) Ctass.461810) —27433.60090(4)
10F, ~9BT5.580016(6) 0875.669021(5) —17557.16350(2) :37433'46539(2) ~27433.60148(2)
10F ., ~9875.540482(5) —9875.669096(2) ~17557.163736(6) ooy 28va0 _27433.418440%)
10G . —9875.540557(2) __9875‘64,5376(2) ~17557.088765(6) - 7433'282710(7) —27433.418798(7)
10G,, ~OBTS.5168372) 9875.645423(1) ~17557.088913(3) ~§7433'160686(7) ~27433.296773(7)
10H,, _OBTS. 516831 -9875‘629609(1) s :27433.150932(4) —27433.297019(4)
10H,,, ~9875.501071(1) ~9875.6296411(5) Jiveakpretopad 27433.073772(4) ~27433.200859(4)
108 osTe 4508072 ~9875.61834576) Ciree ool 27433.073951) —~27433.210038(2)
1015, ~9875.4898072(5) 9875.6183689(2) ~17557.0034067(7) 2743300858202 ~27433.144669(2)
10K ,,,, ~9875.48983042) —9875.6098974(2) ~17556.9766320(7) —27433.0087179(8) —27433.1448046(8)
10K ., © —9875.4813590(2) _9875.6099150(1) —17556.9766876(3) —27432-9578760(8) ~27433.0939624(8)
1085 o o 9875.6033261(1) ~17556.9558630(3) 2132.9579826(3) | ~27433.0940690(3)
L ~9875.4747878(1) ~9875. ) T 17556.9559066(1) 27432, | e
10L 7, 3 —~9875.60333993(3) ~27432.9173092(3)
1Mz otiapivervio 9875.59806884(3) —17556.9392470(1)
10M , ~9875.46953057(3) o ~22674.23383(2) ~22674.34631(2)
2 ~14510.847772(7) ' ~22674.42865(3)
9 —~8161.960358(2) ~22674.31617(3)
118, ~8161.854122(2) ~8161.973087(4) s 922672.94013(3) ~22673.05261(3)
1P, ~8161.866853(4) _3161'794834(4) ~14510.52082(1) - 2672'94253(3) —22673.05500(3)
11P,, ~8161.688602(4) 8161. 795142(4) —14510.32179(1) _22672‘43405(3) ~292672.59652(3)
11D,, ~8161.688910(4) —8161.735733(4) a0 s —22672.48489G3) —922672.59736(3)
nn. ~8161.629502(4) s ~14510.13436(D) 22673 454090) e
11F, “8161.629611(% ~8161.706139(4) ~14510.04048(1) 926122561201 —22672.36850(1)
e 161 2090660 ~8161.706196(2) 1109 St 29672.11860(1) ~22672.23107())
G, ~8161.599966(2) —8161.688375(2) 1450008401000 —-22672.118869(6) ~22672.231338(6)
11G,, “8161.5821442) ~8161.6884099(8) —14509.984406(3) ~22672.027190(6) —~22672.139659(6)
NH,, -8161.5821795(8) —~8161.6765290(8) —~14509.946895(3) 2220211900 Tt Taoran
1H vy —8161.57029%:2; 8161.6765530(4) —14509.94.6971(3 207202075 Tt 03500
-8161.57032 Cater ~14509.920149( ~22671. 0744942)
o o ~8161.6680666(4) ~22671.962025(2) ~22672.
~8161.5618364(4) : —14509.9202043(7 -
1l oplpisiyssiei ~8161.6680840(2) 14509.9202043(7) —22671.012012) | -22672.025381(2)
11K 5, ~8161.5618538(2) 8161.6617193(2) —14509.9000882(7) 22671.913014409) —22672.0254828(9)
1K, -8161'55;33%% ~8161.6617325(1) - 14509.900129?22 ~22671.87481610) | ~22671.98728430)
1L ~8161.55 ~8161.6567822(1) —14500.534484 99671 4 ~22671.9873644(4)
11L o -8161.5505521(1) poLe ( —14509.8845169(2) ~22671.8748962(4) 2267195630578
e 25 ~8161.65679258(5) —22671.843377(4)
M ~8161.55056252(5) ~14509.8720003(2) ~29671.9568704(1)
g 5 ~8161.65283233(5) 6 —22671.8444023(1)
~B161.51660231C) : 2 ~14509.87202674(6) ~22671.9318679(1)
Mo 9(2 —8161.65284070(2) ! —22671.8194000(1)
1IN, ~8161.54661069(2) 161.64960050(2) ~14509.86178589(6)
1IN, ~8161.54337052@) ek 19052.49337(2) ~19052.58788(2)
_ . 01(6) - y 132(3)
_ 1412 12193.0770 - 1o032.68
128 ~6858.203873(2) 6858.293141(2) 12193, 1051401) 19052.55680(3) ot st
12 —6858.302946(3) —19050.61765911(8)
12P,, ~6858.213680(3) 05170528(1) ~12192.31099123(3)
120, ~6857.96244259(1) ~6858. 1233 059550 162340398701
- ~10389.319265(5) ' ~16234.08977(2)
661509(1) ~5843.737571(1) ~16234.00924(2)
138 oo 5 5 —10389.341400(8) ~16232.55392962(5)
139, ~5843.669223(3) o5 1099601 ~10388.71241875(2) —16232.47340524(5)
130.0s ~o8BAT0233121(6) TORAIeTO ' 4 13997.56061(1) ~13997.63004(1)
_ 92 ~13997.
655996(1) ~5038.721580(1) 8958.101592(1) ~13997.60056(2) ~13997.67000(2)
148 oo 2 ~8958.119315(7) ~13996.43301149(3)
" 32 ~5038.727756(2) ~13996.36357975(3)
1P, gy 38.567488097(4) —8957.61272493(1)
14R I P —5038.501907349(4) —5038.
27
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3L i6 3] 37 1Be? 5B 10 sBu
Units: cm™1! cm~—! cm—1! cm™! cm—t
158, —4389.2205962(9) —4389.2777269(9) —7803.474456(3) —12193.363536(8) ~12193.424022(8)
15P,), —4389.225618(2) —4389.282748(2) _ —7803.488867(6) —12193.39602(1) —12193.45651(1)
15T 5 —4389.094649174(3) —4389.151777292(3) —7803.074881220(8) —12192.38516224(2) ~12192.44564500(2)
16S —3857.7067285(8) —3857.7569408(7) - . —6858.501256(2) ~10716.771468(7) —~10716.824629(7)
16P —3857.710867(1) —3857.761078(1) -6858.513130(5) —10716.79823(1) ~10716.85140(1)
16Uy —3857.602470343(2) —3857.652680603(2) —6858.170496440(5) —10715.96160283(1) ~10716.01476151(1)
178, —3417.2020830(6) —3417.2465616(6) —6075.333900(2) —9493.016200(6) —9493.063290(6)
17P —3417.205533(1) —3417.250011(1) —6075.343800(4) —9493.03852(1) —9493.08561(1)
17V g —3417.114808475(1) —3417.159285383(1) —6075.057025416(4) —9492.338281097(9) —9492.38536975(1)
185, —3048.0556863(5) —3048.0953601(5) © ~5419.034516(2) ~8467.503452(5) —8467.545455(5)
18P, —3048.058593(1) —3048.098266(1) —5419.042856(3) —8467.522251(9) —8467.564256(9)
18W —3047.981899494(1) - —3048.0215717977(9) —5418.800433979(3) —8466.930315074(7) —8466.972316988(7)
195, ~21735.6476993(5) ~2735.6833068(4) —4863.610258(1) ~7599.616668(4) —~7599.654367(4)
9P, ~2735.6501708(9) ~2135.6857779(9) —4863.617350(3) ~7599.632654(7) —7599.670353(7)
19X 37, —2735.5847590506(7) —2735.6203652183(7) —4863.410588221(2) —7599.127793238(5) —7599.165490247(5)
20S —2468.9192841(4) —2468.9514198(4) —~4389.399487(1) ~6858.632566(4) —6858.666589(4)
20P ;. —2468.9214032(8) —2468.9535385(8) —4389.405567(3) —6858.646272(6) —6858.680296(6)
20Y 590 —2468.8651651729(6) ~2468.8972997393(6) ~4389.227803439(2) —6858.212217113(4) —6858.246238664(4)
Hydrogenic levels (QED uncertainties)
ac 19 7N 1 xo 16 DF 19 lONcZD
Units: .em™ em™ em™ em™ em™
1S, —3952061.52(5) —5380089.3(1) —7028393.6(3) —8897240.3(6) —10986873.(1)
2S 15 —988157.335(6) ~1345282.50(2) —1757538.21(4) —2225009.09(7) —2747776.5(1)
2P, —988183.474(4) —1345328.05(1) ~1757611.75(2) —2225121.13(5) - —2747939.56(9)
ap 32 -087708.508(2) ~1344447.735(6) —1756109.23(1) —2222713.04(3) —2744266.95(5) .
3S —439132.090(2) —~597812.178(5) —~780971.88(1) —988641.68(2) —1220849.61(4)
‘3P, ~439139.896(1) —597825.786(4) —~780993.858(8) —988675.18(2) —1220898.39(3)
3P, —438999.1607(7) —597564.941(2) —780548.640(4) —987961.614(8) -1219810.11(2)
3Dy, —438999.39532(4) ~597565.3771(1) ~780549.3878(2) ~987962.8182(4) —1219811.9517(8)
3D, —438952.52424(4) —597478.53167(9) —780401.2121(2). —987725.4309(4) ~1219450.0722(8)
48, —246990.6513(8) —336230.030(2) ~439229.394(5) —556002.859(9) ~686562.74(2)
4P, —246993.9543(6) —336235.789(2) —439238.697(4) ~556017.040(7) . —686583.3%(1)
4P, ~246934.5839(3) —336125.7510(8) -439050.884(2) —555716.032(4) —686124.320(7)
4Dy, —246934.6841(7) —336125.937(1) —439051.204(2) ~555716.547(4) —686125.109(6)
4Dy, —2416011.9006(7) —336080.208(1) —438088.688(2) —555616.300(4) —685072.424(6)
4F g, ~246914.9453(3) —336089.3637(5) —438988.8008(9) ~555616.571(1) -685972.699(2)
4F —246905.0602(3) —336071.0492(5) —438957.5550(9) —555566.517(1) —685896.403(2)
58 —158064.3833(5) -215169.319(1) —281076.193(2) —355792.666(5) -439325.051(9)
5P, —158066.0770(3) —215172.2718(8) ~281080.964(2) —355799.938(4) ~439335.642(7)
5P, —~158035.6807(2) —215115.9356(4) —280984.812(1) ~355645.837(2) —439100.627(4)
5Dy —158035.7324(5) -215116.0319(9) ~280984.976(2) ~355646.103(2) —439101.034(4)
5Dy —158025.6070(5) —215097.2721(9) —280952.968(2) 355594.822(2) —A30022.858(1)
5F;, —~158025.6262(3) —215097.3062(5) —280953.0261(9) -355594.915(1) —439023.000(2)
5F —158020.5649(3) —215087.9289(5) —280937.0276(9) —355569.287(1) ~438983.934(2)
5G 1, —158020.57448(6) —215087.9466(1) —280937.0579(2) —355569.3351(3) ~438984.0084(5)
5Go ~158017.53798(6) ~215082.3209(1) ~280927.4603(2) ~355553.9609(3) ~438960.5745(5)
6S . -109762.0354(3) —149414.0401(7)" ~195176.243(1) —247053.264(3) ~305048.696(5)
6P ~109763.0163(2) —149415.7504(5) —195179.006(1) ~247057.476(2) —305054.829(4)
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sC12 TN 8016 9F19 10N 20
Units: cm~! em~1 cm~! cm~! cm~!
6P, —109745.4265(2) —149383.1501(4) —195123.3656(7) —246968.305(1) —304918.840(2)
6D, —109745.4567(3) —149383.2063(6) —195123.462(1) ~246968.460(2) -304919.077(2)
6Dy —109739.5976(3) —149372.3500(6) -195104.939(1) —246938.784(2) —304873.837(2)
6F —109739.6083(2) —~149372.3698(4) - —195104.9725(7) —246938.838(1) ~304873.920(2)
6F 1 —109736.6793(2) ~149366.9431(4) —195095.7139(7) —246924.006(1) —304851.312(2)
6Gop —109736.68484(7) —149366.9534(1) —195095.7315(2) —246924..0344(4) —304851.3548(5)
6G o2 ~109734.92758(7) - —149363.6977(1) ~195090.1772(2) —246915.1370(4) . —304837.7930(5)
6H,, -109734.93102(2) -149363.70412(3) —-195090.18810(5) —246915.15440(9) —304837.8195(1)
6H ), —-109733.75956(2) —149361.53380(3) ~195086.48553(5) —246909.22341(9) —304828.7795(1)
7S, —80638.7679(2) ~109768.5145(4) —143386.1286(9) —181494.617(2) —224096.177(3)
7P, ~80639.3859(2) ~109769.5920(4) —143387.8694(8) —-181497.271(2) -224100.041(3)
TPy, —80698 3003(2) ~109749.0633(3) —143352.8326(6) —181441.120(1) -224014.411(2)
D, —~80628.3284(2) ~109749.0989(4) —143352.8936(7) —181441.218(1) ~224014.561(2)
7Dy, ~80624.6388(2) ~109742.2624(4) ~143341.2290(7) -181422.530(1) ~223986.073(2)
TF s —80624.6455(2) —109742.2749(3) —143341.2503(5) —181422.5646(9) -223986.125(1)
F,, —80692_8010(2) -109738.8574(3) ~143335.4199(5) -181413.2245(9) -223971.888(1)
G —80622.80451(6) —109738.8640(1) ~143335.4310(2) —181413.2423(3) —223971.9148(5)
TGy —80621.69790(6) ~109736.8137(1) -143331.9332(2) —181407.6392(3) —223963.3743(5)
THyp ~80621.70007(2) —109736.81774(4) —143331.94005(7) —181407.6502(1) ~223963.3911(2)
TH e ~80620.96235(2) —109735.45099(4) —143329.60836(7) —181403.9151(1) —223957.6981(2)
T ~80620.963833(6) - ~109735.45373(1) —143329.61304(2) —181403.92260(3) ~223957.70948(5)
Ty —80620.436907(6) —109734.47752(1) —143327.94762(2) —181401.25487(3) ~923953.64334(5)
8S,, —-61737.4246(1) —84038.4879(3) —109774.8226(6) —138948.499(1) —171560.936(2)
) —61737.8388(1) ~84039.2100(3) —109775.9891(6) -138950.277(1) -171563.525(2)
8P, —61730.4185(1) ~84025.4578(2) -109752.5183(4) —138912.6627(8) —171506.163(1)
8D, —61730.4314(2) —84025.4817(3) —109752.5594(5) —138912.7289(8) —171506.265(1)
8D, —61727.9596(2) ~84020.9018(3) —109744.7451(5) —138900.2097(8) . =171487.180(1)
8F,, —61727.9641(1) —84020.9102(2) —109744.7594(4) —138900.2327(7) —171487.215(1)
8F ;;, —61726.7284(1) ~84018.6208(2) —109740.8534(4) —138893.9755(7) ~171477.677(1)
8G —61726.73079(5) ~84018.62520(9) -109740.8609(2) —138893.9875(3) -171477.6953(4)
8G,, —61725.98944(5) —84017.25169(9) —109738.5176(2) —138890.2338(3) —171471.9738(4)
8H,, -61725.99090(2) —84017.25439(4) —109738.52225(7) —138890.2412(1) —171471.9851(2)
8H ) —61725.49669(2) —84016.33877(4) ~109736.96019(7) -138887.7390(1) —171468.1712(2)
8L, —61725.497679(8) —84016.34061(1) -109736.96333(3) —138887.74402(4) —171468.17883(6)
8L, —61725.144678(8) —84015.68662(1) -109735.84762(3) —138885.95682(4) ~171465.45479(6)
8K 13 —61725.145399(2) —84015.687956(5) —109735.849895(8) —~138885.96047(1) —171465.46035(2)
8K 5y —61724.880653(2) —84015.197472(5) -109735.013137(8) —138884.62012(1) —171463.41742(2)
9S,, —48779.15353(8) ~66398.8607(2) ~86732.3802(4) ~109781.2008(8) —135546.277(2)
9P, P —48179.44495(1) —~66399.3680(2) —86733.1997(4) -109782.4501(8) —135548.096(1)
9P, —48774.2331(1) ~66389.7096(2) —86716.7159(3) ~109756.0335(6) ~135507.811(1)
9D,, ~48774.2421(1) ~66389.7265(2) —86716.7449(3) —109756.0801(6) -135507.8828(8)
9D, ~48772.5061(1) ~66386.5099(2) —86711.2567(3) —109747.2877(6) . ~135494.4792(8)
oK si2 —48112.5U093(1) ~66386.5158(2) —80711.2668(3) —~109741.3038(5) —135494.5038(8)
9F ., ~48771.6415(1) ~66384.9079(2) —86708.5236(3) -109742.9093(5) ~135487.8052(8)
9G ., —48771.64313(4) ~66384.91098(8) -86708.5288(1) —109742.9177(2) ~135487.8180(3)
9G,, —48771.12246(4) ~66383.94633(8) ~86706.8831(1) -109740.2813(2) ~135483.7996(3)
9H.,,2 —48771.12348(2) —66383.94823(3) —867006.88629(6) —109740.28653(9) —135483.8075(1)
9H,,, —48770.77638(2) —66383.30516(3) . —86705.78921(6) ~109738.52914(9) —135481,1288(1)
91, —48770.777080(8) —66383.30645(2) —86705.79141(3) —109738.53267(4) —135481.13423(6)
91, —48770.529155(8) —66382.84713(2) —86705.00781(3) ~109737.27746(4) —135479.22104(6)
9K i3 —48770.529663(3) —66382.848067(6)  —86705.00941(1) —109737.28002(2) —135479.22495(3)
9K 1512 -48770.343722(3) —66382.503583(6) —86704.42173(1) —109736.33865(2) —135477.79011(3)
9L 5 —48770.344107(1) ~66382.504296(2) ~86704.422945(3) —109736.340595(6) —135477.793084(9)
9L,y —48770.199488(1) —-66382.236368(2) —86703.965864(3) —109735.608429(6) —135476.677133(9)
108, —39510.42869(6) -53781.8039(2) ~70251.0514(3) —88919.2798(6) -109787.151(1)
10P —39510.64082(9) —53782.1738(2) ~70251.648%3) —88920.1907(6) —109788.478(1)
10P,, —39506.84178(8) —53775.1330(2) ~70239.6327(3) ~88900.9337(5) -109759.1117(8)
10D, —39506.84840(8) ~53775.1454(2) —~70239.6538(3) —88200.9678(4) ~109759.1639(6)
10D, —39505.58287(8) —53772.8005(2) —70235.6530(3) —88894.5582(4) —109749.3928(6)
10F ), —39505.58520(8) —53772.8048(1) —~706235.6603(2) —88894.5700(4) —109749.4108(6)
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GCIZ 7Nl4 8015 9F19 lONe2O
Units: em-1 cm~! em~1 cm~t em~!
10F 75 39504.95253(8) ~53771.6326(1) ~70233.6605(2) 88891.3663(4) ~109744.5275(6)
10G 1, —39504.95375(3) ~53771.63488(6) ~70233.6643(1) —88891.3725(2) —109744..5368(3)
10G ~39504.57417(3) —53770.93165(6) ~70282.4646(1) ~88889.4506(2) —~109741.6074(3)
10H,, —39504.57492(2) ~53770.93304(3) —70232.46696(5) -88889.45439(8). —109741.6132(1)
10H,,, —39504.32188(2) —53770.46424(3) ~70231.66718(5) . ~88888.17324(8) —109739.6605(1)
101, —39504.322394(8) —53770.46518(1) ~70231.66879(2) —88888.17582(4) ~109739.66441(6)
111) —39504.141657(8) —53770.13033(1) —70231.09755(2) —88887.26077(4) ~109738.26968(6)
10K 550 —39504.142027(4) —53770.131020(7) —70231.09872(1) —88887.26264(2) —109738.27254(3)
10K 52 —39504.006476(4) ~53769.879890(7) ~70230.67029(1) —88886.57637(2) ~109737.22653(3)
0L 5 ~39504.006757(2) ~53769.880411(3) —70230.671179(5) —~88886.577796(8) —109737.22870(1)
10L ;7 ~39503.901330(2) ~53769.685090(3) —70230.337966(5) —88886.044044(8) ~109736.41517(1)
10M ., ~39503.9015505(5) ~53769.685500(1) —70230.338664(2) ~88886.045162(3) ~109736.416869(4)
10M 5, —39503.8172090(5) —53769.529245(1) —70230.072097(2) —88885.618167(3) —109735.766055(4)
118, ~32652.77461(5) —44446.8950(1) ~58057.2213(2) —73484.6028(5) ~90729.5107(9)
1P, -32652.93401(7) ~44447.1729(1) ~58057.6703(3) ~73485.2872(5) ~90730.5074(8)
1P —32650.07977(G) —44441.8832(1) ~58048.6425(2) —73470.8197(4) —90708.4451(G)
11D, —32650.08476(6) —44441.8925(1) ~58048.6584(2) —73470.8453(3) ~90708.4843(5)
11D, ~32649.13396(6) ~44440.1307(1) ~58045.6526(2) ~73466.0297(3) -90701.1433(5)
11F, —32649.13570(6) ~44440.1340(1) ~58045.6581(2) ~73466.0386(3) —90701.1568(5)
11F 45, ~32648.66038(6) ~44439.2533(1) —~58044..1556(2) ~73463.6317(3) ~90697.4880(5)
116, —32648.66129(3) —~44439.25500(5) —58044.15847(8) © ~73463.6363(1) ~90697.4950(2)
11G,, —32648.37611(3) —44438.72665(5) —58043.25709(8) ~73462.1923(1) ~90695.2941(2)
11H,, —32648.37667(1) —44438.72769(2) —58043.25887(4) —73462.19519(7) ~90605.2984(1).
11H —32648.18656(1) . —44438.37548(2) ~58042.65798(4) —73461.23265(7) —90693.8313(1)
11l ~32648.186945(7) . ~44438.37619(1) —58042.65919(2) —73461.23459(3) ~90693.83427(5)
1 g ~32648.051154(7) —44438.12461(1) ~58042.23000(2) ~73460.54709(3) ~90692.78639(5)
11K 3, —32648.051432(4) ~44438.125126(6) —58042.23088(1) —73460.54850(2) —90692.78854(3)
11K 52 —32647.040501(4) ~A1137.936148(6) —58041.00000(1) —73460.03200(2) ~00692.00266(3)
11L g ~32647.949802(2) —44437.93683%(3) ~58041.909668(6) —~173460.033967(9) ~00692.00429(1)
1L o —32647.870593(2) —44437.790092(3) ~58041.659319(6) ~73459.632949(9) ~90691.39306(1)
1IM 172 --32647.8707586(8) ~44437.790399(2) ~58041.659844(3) ~73459.633789(4) ~00691.394344(6)
11M g —32647.8073916(8) —44437.673002(2) —58041.459567(3) —173459.312980(4) ~90690.905375(6)
11N, ~32647.8075256(3) —44437.6732507(5) —58041.4599906(9) —73459.313659(1) ~00690.906408(2)
11Ny, ~32647.7556800(3) —44437.5771994(5) —58041.2961295(9) ~73459.051182(1) ~90690.506349(2)
198, —27437.06525(4) —R7247.114019) —48783.1276(2) —~61745.7602(4) —76935 2810(7)
12P ~21437.18803(6) —37347.3290(1) ~48783.4735(2) ~61746.2965(4) ~76236.1497(7)
120, —21433.1662476(2) —37339.8764856(3) —48770.7565127(5) —61725.9204757(8) —76205.083304(1)
188, —23378.08278(3) —31821 Q3R87(7) —41565.9111(1) —59610.5221(3) —RA056 OR32(5)
18P ~23378.17936(5) —31822.10728(9) ~41566.1831(2) ~52610.9468(3) ~64956.6577(5)
13Q.5 —23374.9940580(1) —31816.2048088(2) —41556.1112085(3) —52594.8089207(5) —64932.0532344(8)
145, —20157.44964(2) —27437.96474(6) ~35839.4141(1) -45362.2312(2) ~56006.6037(4)
14P —20157.52697(4) —27438.09958(7) ~35839.6319(1) ~45362.5633(2) ~56007.0873(4)
14R 7 ~20154.96149663(6) —27433.3456892(1) —35831.5199962(2) —45349.5658101(3) ~55987.2708912(5)
158, -17559.23899(2) —~23001 .25721(5) —~31210.66960(9) ~30514._8340(2) —48786 _8015(3)
15P ~17559.30187(3) ~23901.36685(6) ~31219.8467(1) ~39515.1040(2) ~48787.2847(3)
15Ty ~17557.20537293(4) —23897.48199826(8) ~31213.2177165(1) ~39504.4826613(2) ~48771.0910775(3)
168, —15432.81600(1) —21006.76383(4) 27428.82004(8) —31720.2847(2) ~42878.2645(3)
16P ~15432.86871(3) -21006.85418(5) ~27438.96599(9) ~34729.5072(2) —42878.5884(3)
16U, ~15431.13355625(3) ~21003.63891676(5) —97433.47955940(9) ~34720.7165724(2) ~42865.1860682(2)
178 —13670.50715(1) —18607.90985(3) ~24305.39793(7) ~-30763.2244(1) ~37981.4700(2)
17P, —13670.55035(2) —18607.98518(4) ~24305.51962(8) ~30763.4099(1) —37981.7401(2)
A7V g -13669.09808394(2) ~18605.29411353(4) ~24300.92767921(7) ~30756.0524830(1) —37970.5229064(2)
185, ~12193.68706(1) —16597.67031(3) —21679.5998(3) - 27439.6915(1) 33878.0067(2)
18P, —12193.72346(2) ~16597.73377(4) —21679.70229(7) —27439.8478(1) —33878.2343(2)
18W g5 —12192.49579890(1) ~16595.45891429(3)- ~21675.82056634(5) ~27433.62835710(9) —33868.7520414(1)
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ENERGY LEVELS OF ONE-ELECTRON ATOMS

Hydrogenic levels (QED uncertainties)— Continued

.
6C12 TN 14 8Q16 919 10N a20
Units: cm~1 cm—1 cm~! cm~! cm—!
19S —10943.863876(9) —14896.42249(2) -19457.41736(5) —-24627.03467(9) —30405.3205(2)
19P,, —10943.89482(2) —14896.47644(3) —19457.50452(6) —24627.1675(1) —30405.5140(2)
19X 57 —10942.84775663(1) —14894.53623009(2) —19454.19382630(4) —24621.86303811(7) —30397.4267085(1)
9208 s —9876.792504(8) —13443.93841(2) ~17560.17752(4) —22225.67153(8) ~27440.4549(1)
20P , ~9876.81904(1) —13443.98468(3) —17560.25225(5) —~22225.78545(9) —27440.6207(2)
20Y 4 —~9875.918822427(9) —13442.31658013(2) —17557.40588933(3) —22221.22492233(6) ~27433.66774377(9)
Hydrogenic levels (QED uncertainties)
lINaZS |2Mg24 lsAl27 msize lﬁPSI
Units: cm™' cm™ em™! cm ™ 10*em *
1S, -13297672.(2) —-15829938.(3) —18584123.(5) —21560601.(8) —24759.90(1)
2S,, —3325958.0(2) —3959654.1(4) —4649005.1(7) —5394134.(1) —6195.206(2)
2P —3326186.9(2) —3959965.6(3) —4649418.6(4) —5394671.5(7) —6195.891(1)
2P, —3320806.08(9) ~3952339.0(1) —4638905.4(2) —5380518.1(4) —6177.2212(6)
38, 1477638.86(7) 1759043.9(1) 2065115.9(2) —2395897.5(3) —2751.4482(5)
3P, —1477707.34(5) —-1759137.11(9) —2065239.7(1) —2396058.4(2) ~2751.6535(4)
3P, —1476112.84(3) —1756877.06(5) —2062124.16(8) —2391864.0(1) -—2746.1205(2)
3D, —1476115.555(1) -1756880.927(2) —2062129.511(4) —2391871.195(6) —2746.130108(9)
3D, —1475585.623(1) -1756130.227(2) —2061095.283(4) —2390479.758(6) —2744.295965(9)
45, —830929.45(3) —989118.04(5) —1161152.64(8) —1347052.0(1) —1546.8439(2)
4P —830958.44(2) —989157.52(4) —1161205.06(7) —1347120.1(}) ~1546.9308(2)
4P, ~830285.85(1) —988204.22(2) —1159890.94(3) -1345350.96(5) —1544.59721(8)
4Dy, —830287.009(8) —988205.87(1) —1159893.22(2) —1345354.05(2) -1544.60131(3)
4b,, —830063.414(8) —987889.12(1) =1159456.83(2) —1344766.91(2) —1543.82734(3)
4F —830063.818(3) —987889.689(5) -1159457.613(6) —1344767.971(9) —1543.82873(1)
4F —820052.103(3) —9087731.452(5) —1159239.640(6) 1344474.752(9) —1543.44227(1)
55, —531684.66(2) -632879.17(3) —742921.88(4) -861822.44(7) —989.5961(1)
5P, —531699.52(1) -632899.42(2) —742948.77(3) —861857.38(5) —989.64072(8)
5P 32 —531355.212(7) —632411.42(1) —742276.()8(2) —860951.80(3) —988.44623(4)
5D, ~531355.810(5) —632412.268(8) —742277.26(1) —860953.40(1) —988.44835(2)
5D, -531241.328(5) —-632250.088(8) —742053.82(1) -860652.77(1) —988.05207(2)
5F g, —531241.536(3) —632250.382(5) —742054.224(6) —860653.320(9) ~988.05278(1)
5F., —531184.333(3) 632169.357(5) —741942.610(6) —860503.173(9) —987.85489(1)
5G ~531184.4415(7) ~632169.510(1) —741942.821(1) —860503.457(2) —987.855265(2)
5G4, —531150. 1301(7) -632120.913(1) —741875.880(1) —860413.412(2) —987.736594(2)
65, —369169.500(9) —439420.03(2) ~515808.42(2) —598340.20(4) —687.02469(6)
6P, —369178.111(8) ~439431.75(1) —515823.99(2) —-598360.43(3) ~687.05050(5)
6P, -368978.880(4) —439149.387(7) —515434.77(1) —597836.48(2) ~686.35041(3)
6Dy, ~368979.230(4) —439149.885(5) —515435.462(7) —597837.408(9) —686.36065(1)
6D ) —368912.980(4) —439056.033(5) —515306.15%7) —597663.441(9) ~6806. 13132(1)
6F, —368913.101(3) —439056.204(4) ~515306.395(5) —597663.758(7) -686.131742(9)
6F 5 —368879.997(3) —439009.313(4) —515241.801(5) —597576.864(7) —686.017215(9)
6G 1 —368880.0595(8) —435009.402(1) ~515241.924(2) —597577.029(2) —-686.017432(3)
6G,y, —368860.2025(8) -438981.277(1) —-515203.182(2) —597524.916(2) —685.948751(3)
6H,, —368860.2414(2) —438981.3319(3) -515203.2579(4) —597525.0174(5) —685.9488856(7)
6H —368847.0054(2) ~438962.5851(3) ~515177.4356(4) —597490.2837(5) —685.9031111(7)
75, —271195.430(6) —322795.02(1) ~378900.33(2) —439514.76(2) —504.63444(4)
P, ~271200.855(5) —322802.410(8) ~378910.14(1) ~439527.50(2) ~504.66070(3)
Py, —9271075.404(3) ~322624.614(5) ~378665.070(7) ~439197.60(1) —504.22558(2)
D, -271075.626(2) —322624.930(3) ~378665.508(5) —439198.194(6) ~504.226359(8)
D, —271033.907(2) —322565.829(3) ~378584.084(5) —439088.645(6) —-504.081951(8)
TF, ~271033.983(2) —322565.937(3) —378584.232(4) ~439088.845(5) ~504.082215(7)
7F 112 -271013.136(2) —322536.408(3) —378543.555(4) ~439034.124(5) ~504.010092(7)
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862 GLEN W. ERICKSON
Hydrogenic levels (QED uncertainties) — Continued
11Ng23 12 g24 13 A]27 14528 15P31

Units:. cm~t cm~} cm~1 cm-1 103 cm—2
G, —271013 1759(7) —322536.464(1) -378543.632(1) —439034.228(2) ~504.010229(2)
Gy ~271000.6709%7) -322518.752(1) ~378519.235(1) ~439001.410(2) —503.966977(2)
THy, ~271000.6954(2) —322518.7869(3) —378519.2827(5) ~439001.4739(6) —~503.9670616(8)
TH ~270992.3600(2) ~322506.9809(3) -378503.0208(5) ~438979.5997(6) -503.9382341(8)
i TP ~270992.37669(7) —322507.0046(1) ~378503.0533(1) —438979.6435(2) —~503.9382918(2)
3 -270986.42330(7) —322498.5726(1) . -378491.4391(1) —438964.0213(2) —503.9177040(2)
8S . —207615.375(4) —247113.516(6) —290059.12(1) —336454.38(2) —386.30359(2)
8P, —207619.010(3) —247118.466(6) —290065.688(9) —336462.92(1) —386.31448(2)
8P, —207534.975(2) —246999.368(3) ~289901.528(5) ~336241.942(8) ~386.02303(1)
8D, —207535.125(2) —246999.581(2) —289901.822(3) -336242.340(4) ~386.023555(6)
8D, —207507.177(2) —246959.989(2) ~289847.277(3) —336_168,954(4) —385.926818(6)
8F ., ~207507.228(1) ~246960.062(2) —289847.376(3) —336169.088(4) —385.926995(5)
8F ., —207493.262(1) ~246940.280(2) -~289820.126(3) —336132.430(4) —-385.878679(5)
8G ., ~207493.2886(6) -246940.3173(8) -289820.178(1) ~336132.500(1) —385.878771(2)
8G,, ~207484.9112(6) —246928.4516(8) ) ~289803.833(1) ~336110.513(1) ~385.849795(2)
8H,, ~207484.9277(2) —246928.4749(3) —289803.8652(5) -336110.5565(6) —385.8498515(8)
8H,,, ~207479.3435(2) -246920.5657(3) ~289792.9708(5) —336095.9022(6) ~385.8305388(8)
8Ly, - ~207479.35469(9) ~246920.5815(1) ~289792.9927(2) —336095.9316(2) —385.8305776(3)
81,5, ~207475.36631(9) —-246914.9326(1) ~289785.2118(2) - —336085.4656(2) -385.8167849(3)
8K 5 —207475.37445(3) —246914.94416(4) ~289785.22771(5) —336085.48695(7) —385.8168130(1)
8K 50 ~207472.38332(3) ~24~6910.70776(4) —289779.39252(5) —336077.63815(7) —385.8064695(1)
98, —164029.983(3) -195233.454(5) ~229159.430(7) ~265809.41(1) -305.18649(2)
9P, -164032.537(2) -195236.931(4) ~229164.048(6) —265815.41(1) —-305.19415(1)
9P, —163973.521(2) ~19Y5153.292(2) ~229048.764(4) —265660.224(6) . —304.989476(8)
9D,, —-163973.626(1) ~195153.442(2) ~229048.971(2) —265660.504(3) —304.989847(4)
9D, ~163953.997(1) —195125.636(2) —229010.663(2) —265608.964(3) —304.921909(4)
9F ~163954.033(1) —195125.687(2) --229010.734(2) -265609.059(3) ~-304.922033(4)
o] —163944.225(1) —195111.794(2) —228991.595(2) —265583.313(3) —304.888100(4)
9G ~163944.2435(5) —195111.8203(6) ~228991.6314(9) '—265583.362(1) —304.888164(2)
9G —-163938.3598(5) —195103.4866(6) —228980.1520(9) —265567.920(1) —304.867813(2)
9H,, —163938.3714(2) ~195103.5030(3) —228980.1745(4) —265567.9507(5) —304.8678534(7)
9H ), —163934.4494(2) ~195097.9480(3) ~228972.5230(4) —265557.6584(5) —304.8542893(7)
] IS ~163934.45728(9) -195097.9592(1) —~228972.5383(2) ~265557.6791(2) ~304.8543165(3)
91,3 ~163931.65608(9) ~195093.9917(1) ~228967.0735(2) —265550.3283(2) —304.8446293(3)
9K 12 —163931.66181(4) ~195093.99986(5) * ~228967.08469(8) -265550.3433(1) —304.8446491(1)
9K 15 —163929.56102(4) ~195091.02445(5) ~228962.98637(8) —265544.8308(1) —-304.8373843(1)
9L s -163929.56537(1) —195091.03061(2) ~228962.99485(2) —265544.84216(3) —304.83739934(4)
9L 2 -163927.93148(1) ~195088.71650(2) ~228959.80743(2) —265540.55485(3) —304.83174936(4)
108, 2 —132856.466(2) -~158128.004(3) -185603.836(5) —215285.007(8) —247.17386(1)
0P, -132858.328(2) -158130.540(3) . ~-185607.203(5) —215289.381(7) —247.17944(1)
10P,, -132815.307(1) -158069.571(2) ~185523.168(3) ~-215176.264(4) —2477.030249(6)
10D,, —132815.3841(9) -158069.680(1) ~185523.319(2) -215176.469(2) —247.030521(3)
10D, —132801.0754(9) —158049.411(1) —185495.394(2) —215138.898(2) —246.980995(3)
10F -132801.1017(9) —158049.448(1) —185495.445(2) —215138.967(2) —246.981086(3)
10F,, —132793.9513(9) -158039.320(1) —185481.493(2) —-215120.198(2) —246.956349(3)
10G,,, -132793.9650(4) ~158039.3390(5) —-185481.5197(7) -215120.234(1) —246.956396(1)
0G ), —132789.6758(4) ~158033.2638(5) ~185473.1512(7) —215108.977(1) —246.941561(1)
10H,,, —132789.6842(2) —158033.2757(2) ~185473.167%(3) ~215108.9994(5) —246.9415898(6)
10H,,, -132786.8251(2) ~158029.2262(2) —185467.5897(3) —215101.4963(5) -246.9317015(6)
101,,,, -132786.83086(9) ~158029.2343(1) —185467.6009(2) —215101.5113(2) ~246.9317214(3)
1015, ~132784.78878(9) . —158026.3420(1) —185463.6170(2) —215096.1526(2) ~246,9246593(3)
10K 5 ~132784.79296(4) -158026.34793(6) —185463.62516(8) —215096.1636(1) —246.9246737(1)
10K 5 —132783.26147(4) -158024.17884(6) -185460.63745(8) —215092.1448(1) . —246.9193776(1)
10L. g, ~132783.26464(2) ~158024.18333(3) ~185460.64364(4) ~215092.15316(5) ~246.91938860(6)
10L ~132782.07352(2) ~158022.49633(3) ~185458.31998(4) - ~215089.02766(5) ~246.91526970(6)
10M 5, ~132782.076018(6) ~158022.499861(9) —185458.32484(1) —215089.03420(2) ~246.91527831(2)
10M g —132781.123148(6) ~158021.150299(9) —185456.46598(1) —215086.53390(2) ~246.91198334(2)
118, -109793.347(1) ~130676.663(2) -153381.064(4) ~177907.302(6) —204.257188(9)
117, -109794.746(1) -130678.568(2) ~153383.594(4) ~177910.589(6) ~204.261381(8)
1Py, ~109762.4257(9) ~130632.764(3) —153320.461(2) —177825.609(3) ~204.149303(5)
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ENERGY LEVELS OF ONE-ELECTRON ATOMS

Hydrogenic levels (QED uncertainties)~— Continued

863

11N 23 12Mg24 ‘13A127 145528 15P31
Units: cm~1 cm™! cm~! cm~1! 103cm-1
11D, —109762.4836(7) —130632.846(1) ~153320.575(1) —177825.763(2) —204.149508(2)
11D, —109751.7334(7) -130617.617(1) —153299.595(1) ~177797.536(2) ~204.112300(2)
11Fg, -109751.7532(7) —130617.645(1) —153299.634(1) —177797.588(2) ~204.112368(2)
11F 7, -109746.3811(7) —130610.036(1) —153289.151(1) —~177783.487(2) —204.093783(2)
11G 4, —109746.3913(3) —130610.0506(4) —153289.1714(6) —177783.5141(8) —204.093819(1)
11G,, —109743.1688(3) —130605.4862(4) —153282.8841(6) —177775.0566(8) —204.082672(1)
11H,, -109743.1751(1) —~130605.4952(2) —153282.8965(3) ~177775.0733(4) —~204.0826943(5)
11H,,, -109741.0270(1) —~130602.4527(2) —153278.7056(3) —~177769.4360(4) ~204.0752650(5)
110, -109741.03135(8) —130602.4589(1) —153278.7141(1) —-177769.4474(2) —204.0752800(3)
11 g —109739.49710(8) —~130600.2858(1) —153275.7209(1) —177765.4213(2) ~204.0699741(3)
11K 13 —109739.50024(4) —130600.29028(6) -153275.72705(8) -177765.4295(1) —204.0609850(1)
11K 5 -109738.34961(4) ~130598.66060(6) —153273.48232(8) ~177762.4102(1) —204.0660059(1)
11L -109738.35199(2) —-130598.66398(3) —153273.48697(4) —177762.41641(5) —204.06601415(7)
11L 5 -109737.45708(2) ~130597.39650(3) ~153271.74116(4) —177760.06815(5) ~204.06291952(7)
11IM 72 —100737.452058(9) —130597.39916(1) —153271.74481(2) —177760.07307(2) —204.06202500(3)
11M 5 ~109736.743047(9) ~130596.38520(1) —153270.34821(2) ~177758.19454(2) ~204.06045040(3)
11N g, ~109736.744560(3) ~130596.387343(5) -153270.351157(7) ~177758:198503(9) ~204.06045563(1)
1INy —109736.158826(3) ~130595.557762(5) —153269.208509(7) ~177756.661568(9) ~204.05843021(1)
128, —92253.083(1) -109799.268(2) ~128875.213(3) —149481.468(5) —~171.619469(7)
2P, -92254.160(1) ~109800.735(2) ~128877.161(3) —149484..000(4) ~171.62269%6)
120 4 ~92208.659730(2) —109736.267537(3) —-128788.327669(4) ~149364.458403(5) —171.465086696(7)
138, —78603.3840(9) —93552.811(2) ~109805.368(2) —127361.466(4) ~146.222263(6)
13P —78604.2317(9) —93553.965(1) —109806.901(2) —127363.457(3) —146.224803(5)
13Q.5p2 —78568.195506(1) —93502.907825(2) ~109736.546414(2) —127268.783356(3) ~146.099979571(4)
1485, —677173.2813(7) -80662.476(1) —94675.039(2) -109811.279(3) —126.072150(5)
4P, —67773.9601(7) ~80663.400(1) -94676.266(2) —109812.874(3) ~126.074183(4)
14R 7 —67744.9368105(7) —80622.279297(1) —94619.603828(1) —109736.625834(2) —~125.973654549(3)
158, —59036.4700(6) —70263.727(1) —82469.371(2) ~95653.641(2) —109.817329(4)
15P —59037.0219(6) —70264.4780(9) —82470.369(1) ~95654.937(2) -109.818982(3)
15T 52 —59013.3046940(5) —70230.874803%(7) —82424.066332(1) —95592.630109(1) —109.736834128(2)
168, —51886.2917(5) —61753.4828(8) —72480.438(1) ~84067.340(2) ~96.514858(3'
16P —51886.7464(5) —61754.1020(8) —72481.261(1) —84068.409(2) —96.516221(3,
16U, —51867.1173819(4) —61726.2911497(5) —72442.9393687(7) —84016.842120(1) —96.448233951(1)
178, —45960.5911(4) —54700.6737(T) —64202.231(1) ~74465.405(2) —85.490765(3)
17P —45960.9702(4) ~54701.1899(6) —64202.917(1) —74466.295(2) ~85.491900(2)
17V 33 —45944.5415685(3) —54677.9135910(4) —64170.8438577(5) —74423.1368858(7) —85.434999709(1)
185, ~40994.9401(3) ~48790.5550(6) ~57265.2945(9) ~66419.268(1) ~76.252967(2)
18P, ~40995.2595(3) ~48790.9900(5) ~57265.8719(9) ~66420.018(1) ~76.253924(2)
18W —40981.3719797(2) —48771.3139164(3) —57238.7601376(4) —-66383.5357721(6) —76.2058249432(8)
195, —36792.6193(3) ~43788.9770(5) —51394.7792(8) -59610.111(1) —68.435399(2)
9P, —36792.8909(3) ~43789.3468(5) , ~51395.2701(7) ~59610.749(1) ~68.436213(2)
19X 4, ~36781.0464204(2) ~43772.5654557(2) ~51372.1470644(3) —59579.6339142(5) ~68.3951908425(6)
208, —33204.8303(2) —39518.8304(4) —46382.7933(7) —53796.785(1) —61.761180(2)
20P,, —33205.0632(3) -39519.1474(4) —46383.2143(6) —53797.332(1) —61.761878(1)
20Y —33194.8799574(1) —39504.7198766(2) —46363.3345623(3) —53770.5817264(4)
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864 GLEN W. ERICKSON
Hydrogenic levels (QED uncertainties) — Continved
lﬁs 32 I7C135 lsArQO l‘)K 39 20Cad() 21 Sc45
Units: 10_3 cm™' 10* cm ™ 10°cm™ 10°cm ™! 10%cm™ 10°cm™!
1S, --28182.46(2) —31828.90(3) ~35699.78(4) ~39795.63(5) —44117.21(7) —48665.24(9)
28 | —7052.365(2) —7965.801(3) —8935.697(5) —9962.225(6) ~11045.621(9) -12186.11(1)
2P —7053.225(2) —7966.866(2) —8936.998(3) —9963.798(4) 1 —11047.504(6) —12188.348(8)
2P, ~7029.0320(8) —7935.999(1) —8898.158(2) -9915.521(2) —10988.154(3) —12116.110(4)
3S,, -3131.8188(7) —3537.077(}) —3967.289(1) -4422.512(2) —4902.832(3) ~5408.333(3)
3P, ~3132.0765(5) —3537.3962(7) —3967.679(1) —4422.983(1) —4903.397(2) —5409.003(3)
3P, —3124.9063(3) —3528.2480(4) —3956.1667(6) —4408.6737(8) —4885.805(1) —5387.589(1)
3Dy, —3124.91875(1) —3528.26394(2) —3956.18686(3) —4408.69891(4) —4885.83601(5) —5387.62741(7)
3Dy, ~3122.5437K1) ~3525.23619(2) —3952.38009(3) —~4403.97144(4) —4880.02983(5) —5380.56728(7)
45 —1760.551U(3) —1988.2048(4) —2229.8351(6) —2485.4673(8) ~2755.142(1) —3038.897(1)
4P —1760.6601(2) ~1988.3398(3) —2230.0002(5) —2485.6670(6) —2755.3810(9) -3039.180(1)
4P, —1757.6360(1) —1984.4817(2) —2225.1454(2) —2479.6327(3) ~2747.9628(5) —3030.1512(6)
4D, —1757.64135(4) ~1984.48854(5) —2225.15403(6) —2479.64343(8) —2747.97607(9) ~3030.1675(1)
4D, ~1756.63909(4) -1983.21080(5) —2223.54748(6) —2477.64823(8) —2745.52550(9) —3027.1875(1)
4F, —1756.64090(1) ~1983.21310(2) —2223.55037(2) —2477.65182(3) —2745.52990(4) —3027.19289(4)
4F —1756.14055(1) —1982.57535(2) —2222.74868(2) —2476.65641(3) —2744.30760(4) —3025.70692(4)
58, —1126.2550(1) —1271.8153(2) -1426.2938(3) ~1589.7034(4) —1762.0660(6) —1943.4023(7)
5Py —1126.3106(1) —1271.8845(2) —1426.3786(2) —1589.8058(3) -1762.1886(5) —1943.5478(6)
5P, —1124.76277(6) —1269.90986(9) —1423.8939(1) —1586.7175(2) -1758.3923(2) —1938.9274(3)
5Dy, —1124.76552(2) —1269.91339(3) —1423.89831(4) —1586.72308(5) —1758.39921(6) —1938.93575(7)
5Dy, ~1124.25235(2) ~1269.25916(3) —1423.07572(4) —1585.70149(5) —~1757.14446(6) —1937.40992(7)
5Fy, —1124.25328(1) -1269.26034(2) —1423.07721(2) —1585.70334(3) —1757.14673(4) —1937.41268(4)
5F 2 —1123.99706(1) —1268.93376(2) —1422.66666(2) —1585.19358(3) —1756.52075(4) —~1936.65165(4)
5G 41, —1123.997543(3) —1268.934371(4) —1422.667435(5) —1585.194540(6) —~1756.521931(7) —1936.653084(9)
5Gy, | —1123.843908(3) | —1268.738558(4) —1422.421300(5) —1584.888953(6) —1756.146715(7) ~1936.196961(9)
6S ), —781.86861(8) ~882.8825(1) ~990.0757(2) ~1103.4557(2) -1223.0359(3) ~1348.8287(4)
6P, —781.90101(7) —882.9226(1) —990.1248(1) —1103.5150(2) —1223.1069(3) —1348.9130(4)
6H,,, —780.4146901(9) -881.027062(1) —987.740556(1) ~1100.552752(2) —1219.467041(2) —1344.484840(3)
7S, —574.29353(5) —648.46896(8) —-727.1767(1) ~810.4213(1) —-898.2117(2) ~990.5558(3)
TP, —-574.31394(5) -648.49422(7) —727.20764(9) —810.4587(1) —898.2564(2) —990.6089(2)
T4y ~573.3515090(3) —647.2668542(4) —725.6638937(5) —808.5407581(6) —895.8998408(7) —987.7420795(9)
8S —439.60946(4) —496.37680(5) —556.60969(7) —-620.3110(1) —687.4869(1) —758.1430(2)
8P, —-439.62313(3) —496.39372(4) —556.63040(6) ~620.33599(9) —687.5169(1) —~758.1786(2)
8K s ~—438.9650995(1) —495.5545734(2) —555.5749657(2) —619.0247993(2) —685.9058583(3) ~756.2188093(4)
9S —347.29255(2) —392.13106(4) —439.70492(5) —490.01601(7) —543.06892(9) —598.8676(1)
9P, - —347.30216(2) —392.14295(3) —439.71946(4) —490.03358(6) —543.08996(8) -598.8926(1)
9L —346.83274855(6) —391.54435622(7) | ~—438.96660781(9) —489.0983115(1) —541.9408505(1) —597.4947239(2)
108, —281.27170(2) -317.58116(3) —356.10435(4) —396.84255(5) —439.79925(7) ~484.97736(9)
10P —281.27871(2) -317.58983(2) —356.11495(3) —396.85536(4) ~439.81459(6) —484.99557(8)
10M 4y —280.93228202(3) —317.14806826(4) | —355.55935722(5) —396.16516910(6) —438.96660912(7) | —483.96406548(8)
118,, -232.43168(1) -262.43278(2) ~294.26212(3) —327.92058(4) —363.41087(5) —400.73521(7)
1P, —~232.43694(1) —262.43930(2)' " —294.27009(2) —327.93020(3) —363.42239(5) ~400.74888(6)
1IN, —232.17406725(2) —262.10409245(2) | -—293.84851001(2) —327.40650139(3) —362.77897069(4) | —399.96622893(5)
128, —195.28992(1) —220.49443(2) —247.23422(2) —275.50994(3) —305.32374(4) ~336.67736(5)
12P,, -195.293976(9) —220.49944(1) —247.24035(2) —275.51735(3) —305.33261(3) —336.68789(5)
12045 —195.089832127(9) | —220.23912645(1) —246.91296791(1) —2175.11066307(2) —304.83296568(2) | —336.08013082(3)
13S,,, —166.388293(8) -187.86084(1) ~210.64089(2) —234.72890(2) —260.12661(3) —286.83542(4)
13P ), —166.391481(7) —187.86479(1) -210.64572(1) —234.73473(2) —260.13359(3) —286.84370(4)
13Q 45 —166.229807824(5) | —187.658632697(7) | —210.386449177(9) | —234.41266268(1) -259.73791151(1) —286.36240885(2)
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ENERGY LEVELS OF ONE-ELECTRON ATOMS 865

Hydrogenic levels (QED uncertainties)— Continued

22Ti48 23V51 24Cr52 25Ml'l55 ZGFesﬁ 27C059
Units: 103¢m ™! 10%cm™ 103cm™ 10°em™ 10%cm™ 10‘3 em™!
1S, —53440.4(1) —58443.5(2) —63675.3(2) -69136.8(3) —174828.7(3) ~80752.2(4)
252 -13383.92(2) —~14639.29(2) —15952.48(3) —17323.79(3) ~18753.48(4) ~20241.87(5)
2P —13386.55(1) —14642.36(1) ~15956.05(2) —17327.91(2) { —18758.20(3) ~20247.26(3)
2P, ~13299.411(5) -14538.112(7) ~15832.258(9) ~17181.9(1) —18587.12(1) —20047.94(2)
35, —5939.087(4) ~6495.185(6) ~7076.719(8) ~7683.79(1) —8316.49(1) ~8974.94(2)
3P, ~5939.876(3) -6496.108(5) —~7077,790(6) ~7685.026(7) - —8317.913(9) -8976.56(1)
3Py ~5914.045(2) ~6465.202(2) ~7041.088(3) —7641.741(4) —8267.185(5) —8917.462(6)
3Dy, ~5914.09058(9) ~6465.2571(1) —7041.1541(2)  —7641.8182(2) —8267.2764(2) -8917.5683(3)
3Dy, ~5905.58313(9) ~6455.0900(1) ~7029.0948(2) ~7627.6135(2) —8250.6510(2) —8898.2242(3)
43 —3336.764(2) —3648.706(2) ~3975.004(3) ~4315.4644) —4070.209(5) ~5039.292(6)
4P, —3337.098(2) —3649.177(2) —3975.457(3) ~4315.987(3) —4670.810(4) —5039.978(5)
4P, -3326.2069(8) —3636.146(1) —3959.984(1) —4297.739(2) ~4649.426(2) ~5015.065(3)
4D, ~3326.2266(1) —3636.1701(2) ~3960.0122(2) —4297.7724(2) ~4649.4648(3) ~5015.1103(3)
4D gy, —3322.6356( 1) —3631.8783(2) —3954.9214(2) —4291.7756(2) ~4642.4457(3) —5006.9429(3)
4F 5 ~3322.64201(5) —3631.88598(6) ~3954.93052(7) ~4291.78634(9) —4642.4582(1) -5006.9575(1)
4F ~3320.85181(5) —3629.74701(6) —3952.39408(7) -4288.79938(9) ~4638.9631(1) -5002.8920(1)
55 12 —2133.729(1) ) —2333.069(1) —2541.443(2) —2758.877(2) —2985.394(3) —3221.022(3)
5P, —2133.9004(8) ~2333.269(1) —2541.675(1) ~2759.145(2) —2085.702(2) —-3221.373(3)
5P, —2128.3272(4) ~2326.6017(5) ~2533.7587(7) —2749.8097(9) —2074.762(1) —3208.629(1)
5D, —2128.33740(9) —2326.6139(1) —2533.7733(1) —2749.8269(2) —2974.7826(2) —~3208.6527(2)
5Dy, —2126.49869(9) ~2324.4164(1) —2531.1666(1) ~2746.7563(2) —~2971.1885(2) —3204.4706(2)
5F g —2126.50201(5) ~2324.42032(6) ~-2531.17130(7) ~2746.76183(9) —2971.1950(1) -3204.4781(1)
5F 1, ~2125.58514(5) ~2323.32480(6) —2529.87217(7) —2745.23190(9) —2969.4047(1) ~3202.3956(1)
5G 1 ~2125.58687(1) ~2323.32686(1) —2529.87460(2) ~2745.23477(2) —2969.40809(2) —3202.39948(3)
Gop —2125.03740(1) ~2322.67040(1) ~2529.09622(2) ~2744.31822(2) —2968.33572(2) ~3201.15221(3)
65, —1480.8438(6) ~1619.0947(7) ~1763.5939(9) —1914.357(1) | —2071.397(2) ~2234.731(2)
6P, —1480.9430(5) ~1619.2106(6) —1763.7285(8) -1914.512(1) —2071.575(1) ~2234.935(2)
6H —1475.604313(3) —1612.826845(4) —1756.152357(4) —1905.582884(5) —2061.117680(6) —2222.758855(7)
7Sy, ~1087.4597(4) -1188.9320(5) —1294.9809(6) -1405.6163(8) —1520.847(1) ~1640.683(1)
P s ~1087.5221(3) —1189.0050(4) —1295.0656(5) —1405.7141(6) ~1520.9588(8) -1640.811(1)
(i ~1084.066018(1) —1184.872559(1) —~1290.161526(2) ~1399.934290(2) —1514.190175(2) —1632.930593(2)
8S ., —832.2832(2) -909.9134(3) —991.0391(4) ~1075.6671(5) —1163.8031(6) - —1255.4544(8)
8P, —832.3250(2) ~909.9623(3) —991.0958(3) ~1075.7326(4) ~1163.8782(6) —1255.5402(7)
8K 15/2 —829.9624834(4) --907.1375160(5) —987.74317130(6) —1071.7820612(7) - 119Y.2519791(9) ~1250. 154482(1)
95, —-657.4147(2) ~718.7144(2) =782.7707(3) ~849.5885(4) ~919.1716(4) ~991.5254(6)
9P, -657.4441(1) —718.7488(2) ~782.8106(2) ~849.6345(3) —919.2243(4) ~991.5856(5)
9L e —655.7589790(2) —116.7340874(2) —780.4198636(3) —846.8 1 1U6AK3) —015.9251643(4) —987.7449604(5)
108 —532.3788(1) —582.0066(2) —633.8637(2) ~687.9538(3) —744.2795(3) —802.8451(4)
107, ~532.4002(1) —582.0317(1) ~633.8928(2) ~687.9873(2) ~744.3180(3) —802.8889(4)
LOM 4/ —531.1567497(1) —580.5450259(1) —632.1287254(1) —685.9084336(2) —741.8837297(2) —800.0552132(2)
1S, —430.89496(9) —480.8926(1) ~523.7301(2) ~568.4103(2) —614.9354(2) —663.3084(3)
1P, —439.91106(8) -480.9114(1) | -523.7519(1) —568.4355(2) —-614.9643(2) -663.3413(3)
11N, ~438.96761415(6) | —479.78341648(7) | ~522.41348523(8) | —566.85829222(9) | —613.1174775(1) —-661.1915237(1)
128, —369.57181(7) —404.00898(9) ~439.9905(1) ~477.5185(2) ~516.5946(2) —557.2213(2)
12P,, —369.58421(6) —404.02346(8) -440.0073(1) —477.5379(1) ~516.6169(2) —557.2467(2)
12044 ~368.85159565(3)|  —403.14759707(4) |  -438.96800122(5) | —476.31319700(5) | —515.18287410(6) | —555.57742978(8)
138, —314.85608(6) . —344.19009(7) —374.83872(9) -406.8037(1) ~440.0864(1) ~474.6885(2)
13P —314.86583(5) ~344.20149(6) —374.85194(8) —406.8190(1) ~440.1038(1) ~474.7085(2)
13Q 45, —314.28567078(2)| —343.50789453(2) |  -374.02896127(3) | —405.84919736(3) ~438.96833316(4) —473.38670173(5)
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Hydrogenic levels (QED uncertainties)— Continued
ZﬂNiSB 29Cu63 ﬂﬂan‘ BKGaG‘) | ﬂGe'M 33A575

Units: 10°cm™ 10°em™! 10%cm ™ 10°cm™ 10°cm™ 10 em™
1S, —86908.2(5) —93297.7(6) ~99921.8(8) —106781.8(9) —113879.(1) -121214.(1)

25, —21789.26(6) —23396.02(8) —25062.5(1) —26789.0(1) ~28575.9(1) —30423.6(2)
2P, —~21795.39(4) —23402,95(5) —25070.26(6) —26797.71(8) —28585.68(9) —30434.5(1)

2p 32 —21564.43(2) —23136.66(3) —24764.69(3) —26448.59(4) —28188.42(5) —29984.24(6)
38, —9659.25(2) ~10369.53(2) —11105.90(3) —11868.49(3) —12657.45(4) —-13472.89(5)
3P, -9661.09(1) —10371.61(2) —-11108.24(2) —-11871.13(3) —-12660.39(3) —13476.17(4)
3P, —0592.596(8) -10292.641(9) ~-11017.62(1) —-11767.58(1) —-12542.56(2) —-13342.60(2)
3D, —9592.7203(4) —10292.7842(5) -11017.7831(6) —-11767.7682(7) —12542.7746(8) —13342.840(1)
3Dy, —9570.3359(4) —10267.0130(5) —10988.2530(6) -11734.08047) —-12504.5027(8) -13299.529(1)
48, —5422.759(8) ~5820.67(1) -6233.07(1) ~6660.03(1) —7101.60(2) ~7557.85(2)
4P, -5423.537(6) —5821.550(8) -6234.06(1) —6661.14(1) ~7102.85(1) —7559.23(2)
4P, —5394.670(3) —5788.268(4) -6195.873(5) . —6617.509(6) —7053.197(7) ~7502.955(9)
4D, ~5394.7227(4) -5788.3297(5) —6195.9430(5) —6617.5900(6) ~7053.2889(7) ~7503.0592(8)
4D, —5385.2711(4) -5777.4473(5) —-6183.4725(5) —6603.3628(6) ~7037.1245(7) —7484.7653(8)
4F 5, —5385.2879(1) - —5777.4667(2) —6183.4947(2) —6603.3880(2) —7037.1532(2) ~7484.7977(3)
4F —5380.5847(1) —5772.0534(2) —6177.2937(2) —6596.3162(2) —7029.1216(2) —7475.7116(3)
55, —3465.784(4) —3719.714(5) -3982.837(6) ~4255.187(7) —-4536.794(9) -4827.69(1)

5P —3466.183(3) —3720.166(4) ~3983.346(5) —4255.758(6) ~4537.4327) -~4828.400(9)
5P, -3451.417(2) —3703.143(2) —3963.813(3) -4233.443(3) -4512.043(4) ~4799.624(5)
5D, —3451.4446(3) ~3703.1748(3) —3963.8494(3) —4233.4846(4) ~4512.0906(5) -~4799.6783(5)
5Dy, —3446.6049(3) ~3697.6024(3) —3957.4638(3) ~4226.1994(4) ~4503.8133(5) ~4790.3105(5)
S5Fg, —3446.6135(1) —3697.6124(2) —-3957.4752(2) —4226.2124(2) —4503.8281(2) ~4790.3271(3)
SFy, —3444.2043(1) —3694.8393(2) —3954.2985(2) —4222.5894(2) —4499.7132(2) —4785.6719%(3)
5G —3444.20881(3) —3694.84449(3) —3954..30443(4) —4222.59612(4) —4499.72087(5) —4785.68049(6)
5Gop —3442.76605(3) -3693.18409(3) —3952.40261(4) —4220.42745(4) —4497.25817(5) ~4782.89479(6)
6S -2404.373(2) —2580.343(3) —2762.655(4) —2051.331(4) —3146.386(5) —3347.841(6)

6P ), ~2404.604(2) —2580.605(2) ~2762.950(3) —2951.661(4) ~3146.755(4) —3348.252(5)

6H —2390.504946(8) —2564.36040(1) —-2744.32227(1) ~2930.39427(1) —3122.57573(1) —-3320.86628(2)
8 —1765.133(1) —1894.212(2) —2027.927(2) —-2166.292(3) —2309.318(3) —2457.018(4)
P -1765.279(1) —1894.376(2) —2028.112(2) —2166.500(2) —2309.551(3) —2457.277(3)
T3 ~1756.154332(3) ~1883.864508(3) —2016.058819(4) —2152.739823(4) —2293.906869(5) —2439. 559521(6)
8S,, —1350.627(1) - 1449.330(1) —1551.569(1) —1657.354(2) —1766.692(2) —1879.590(3)
8P, —1350.7244(9) —1449.440(1) —1551.693(1) —1657.493(2) —-1766.847(2) -1879.763(2)
8K, —1344.488571(1) —-1442.256561(1) —-1543.456612(2) —1648.090608(2) —1756.157968(2) —1867.658278(2)
9S ;s ~1066.6540(7) —1144.5641(9) —1225.259(1) —1308.747(1) —1395.032(2) —1484.119(2)
9P, —1066.7224(6) —1144.6414(7) —1225.3465(9) —1308.845(1) -1395.141(1) —1484.241(2)

9L 11 -1062.2756155(5) —1139.5189190(6) -1219.4733778(7) -1302.1404374(8) -1387.5195954(9) ~1475.610480(1)
108, ~863.6532(5) ~926.7090(6) ~992.0151(8) ~1059.5767(9) ~1129.398(1) ~1201.482(1)
0P, —863.7030(4) —926.7653(5) © ~992.0786(7) ~1059.6479(8) -1129.477(1) ~1201.570(1)
1o0M 1912 —860.4221926(3) ~922.9860945(3) —~9817.7456863(4) ~1054.7021143(4) ~1123.8549465(5) ~1195.2038955(5)
118, 2 —713.5313(4) ~765.6083(5) -819.5410(6) ~875.3336(7) -932.9887(8) -992.509(1)
1P, —713.5688(3) —765.6506(4) ~819.5887(5) —875.3870(6) —933.0485(7) ~992.5760(9)
1IN, -1 11U (98459(1) ~{62.7836093(2Z) —816.3017809(2) ~871.6352931(2) ~928.7837736(3) ~987.7469361(3)
128, —599.4001(3) —643.1340(4) —688.4247(4) —735.2751(5) —783.6873(6) —833.6638(8)
2P, —599.4289(3) —643.1666(3) -688.4614(4) —-735.3162(5) —783.7333(6) -833.7150(7)
120 a2 —597.49636411(9) —640.9406473(1) —685.9094021(1) ~732.4034027(1) —780.4223262(2) —829.9659220(2)
138, —510.6114(2) —547.8576(3) -586.4281(3) ~626.3255(4) —667.5513(5) ~710.1074(6)
13P,, —510.6341(2) —547.8832(2) —586.4570(3) ~626.3578(4) —667.5875(4) —710.1477(5)
13Q 350 —509.10387144(6) ~546.12066314(6) ~624.05150507(9) —604.9659271(1) ~707.1793690(1)
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Units:
15y,

2512
2P i)
2P,

35S,
3P
3Py,
3D 32
3Dy,

45
4P uz
4Py,
4Dy,
4D 12
4F5I2
4F 3

55,
5Py,
5Py
5Dy
5Dy
SF 5i2
5F
5G4,
5Gqp

65,
6P,
6H ),

78 12

P
71 132

8s 12
8P 2

8K 1542

98,

12

SL 17/2

108,

0P, -

10M

118,
1P,

IN,y,

128,
12P,,

120,y

138,
3Py,
130‘25/2

-14119.183(1)

~-8028.83(2)
~8030.37(2)
~7966.81(1)
~7966.930(1)
—7946.301(1)
—7946.3378(3)
~7936.0964(3)

-5127.91(1)
—5128.70(1)
—5096.204(6)
—5096.2647(6)
~5085.7013(6)
-5085.7201(3)
~5080.4726(3)
—5080.48234(6)
-5077.34281(6)

~3555.718(7)
~3556.175(6)
~3525.26936(2)

~2609.405(5)
—2609.693(4)
—2589.700132(6)

-1996.060(3)
—1996.252(3)
—1982.593251(3)

-1576.017(2)
-1576.152(2)
—1566.414398(1)

~1275.834(2)
~1275.933(1)
~1268.7498742(6)

-1053.900(1)
~1053.974(1)
—1048.5256175(3)

-885.2077(9)
—885.2646(8)
—881.0348830(2)

—753.9965(7)
~754.0412(6)
—1750.6924142(1)

—14963.468(1)

~8514.62(3)
—8516.33(2)
~8444.78(1)
~8444.918(1)
—8421.737(1)
-8421.7775(4)
~8410.2736(4)

~5437.49(2)
-5438.37(1)
~5401.790(7)
~5401.8590(7)
~5389.9883(7)
~5390.0093(3)
~5384.1148(3)
~5384.12568(7)
~5380.59959(7)

~3770.035(9)
—3770.541(7)
~3735.78273(2)

~2766.492(5)
~2766.810(5)
—2744.326381(7)

—2116.108(4)
-2116.321(3)
~2100.961405(3)

—-1670.730(3)
—1670.880(2)
—1659.930133(1)

—1352.460(2)
~1352.569(2)
~1344.4919877(7)

~1117.163(1)
~1117.245(1)
~1111.1189624(4)

~938.321(1)
—938.3842(9)
—933.6284794(2)

~799.2201(9)
~799.2696(7)
—795.5044339(1)

—15832.413(2)

~9015.30(3)
—9017.18(3)
~8936.91(1)
~8937.056(1)
—8911.091(1)
—8911.1363(4)
—8898.2564(4)

~5756.47(2)
~5757.44(1)
~5716.403(8)
~5716.4807(8)
~5703.1841(8)
~5703.2076(4)
—5696.6077(4)
~5696.61989(8)
~5692.67254(8)

~3990.82(1)
—3991.377(9)
~3952.41111(2)

—2928.294(6)
~2928.646(6)
—~2903.443053(8)

--2239.746(4)
—2239.982(4)
—2222.765166(3)

~1768.267(3)
~1768.432(3)
—1756.159550(2)

~1431.364(2)
~1431.484(2)
~1422.4316796(8)

~1182.304(2)
—1182.394(1)
—1175.5281794(4)

—993.008(1)
-993.078(1)
~087.7477159(3)

~845.781(1)
~845.8359(9)
~841.6162765(2)

~16726.022(2)

~9530.92(4)
-9533.00(3)
~9443.20(2)
-9443.363(1)
~9414.368(1)
-9414.4189(4)
~9400.0427(4)

~6084.89(2)
—~6085.95(2)
~6040.053(9)
~6040.1397(9)
—6025.2916(9)
—-6025.3178(4)
—-6017.9508(4)
—6017.96442(9)
~6013.55910(9)

~4218.09(1)
~4218.70(1)
~4175.15231(3)

~3094.825(8)
~3095.21(7)
—3067.046844(9)

© —2366.983(5)

—2367.242(4)
—2348.003060(4)

—1868.634(4)
-1868.815(3)
—1855.101434(2)

~1512.550(3)
~1512.683(2)
~1502.5679361(9)

—1249.325(2)
~1249.424(2)
~1241.7524130(5)

~1049.270(2)
~1049.347(1)
-1043.3918619(3)

—893.682(1)
—893.742(1)
—889.0273122(2)

~17644.318(2)

-10061.57(5)

-10063.85(4)
—9963.68(2)
—9963.869(2)
—9931.585(2)
~9931.6413(5)
~9915.6417(5)

—~6422.78(2)
—6423.95(2)
~6372.76(1)
~6372.854(1)
-6356.321(1)
—6356.3503(5)
—6348.1511(5)
-6348.1662(1)
~6343.2640(1)

~4451.87(1)
~4452.54(1)
~4404.00920(3)

~3266.101(9)
—3266.526(8)
~3235.14018(1)

—2497.830(6)
—2498.114(5)
—2476.676460(4)

~1971.838(4)
-1972.037(4)
—1956.756819(2)

—1596.026(3)
~1596.171(3)
~1584.901565(1)

—1318.230(2)
~1318.339(2)

—-1309.7923125(5) |

-1107.112(2)
~1107.196(2)
-1100.5614515(3)

—942.924(1)
—942.990(1)

~037.7379881(2)

g 80 £ ] ol "37Rb35 8G9 S 39y 89
10°cm™ 10°ecm™ 10°cm™ 10°cm™ 10°cm™ 10°cm ™
—128788.(2) -136604..(2) ~144661.(2) -152963.(3) - 161509;(3) ~170303.(4)
—32332.6(2) ~34303.2(2) -36336.0(3) ~38431.3(3) —40589.7(4) ~42811.6(4)
—32344.7(1) ~34316.7(2) -36350.8(2) ~38447.7(2) —40607.6(3) ~42831.3(3)
—31836.16(7) ~33744.20(9) -35708.5(1) ~37729.1(1) -39806.1(1) ~41939.6(2)
—-14314.97(6) ~15183.83(7) —16079.64(8) ~17002.6(1) - -17952.7(1) --18930.4(1)
—14318.61(5) ~15187.87(5) —16084.10(6) ~17007.46(8) —17958.13(9) -18936.3(1)
-14167.74(2) ~15018.03(3) —15893.52(3) ~-16794.26(4) —17720.29(5) —18671.66(5)
—14168.018(1) ~15018.341(1) —15893.872(2) ~16794.646(2) —-17720.721(2) ~18672.143(3)

~18587.313(3)

~ ~10607.33(6)

~10609.83(5)
~10498.39(2) -
~10498.598(2)
~10462.750(2)
~10462.8130(6)
~10445.0559(6)

~6770.20(3)
—6771.48(2)
—6714.53(1)
—6714.637(1)
—6696.279(1)
~6696.3113(5)
—6687.2108(5)
—6687.2276(1)
-6681.787%(1)

—4692.18(2)
—4692.92(1)
~4638.98155(3)

—3442.14(1)
—3442.603(9)
~3407.72268(1)

~2632.296(7)
~2632.608(6)
—2608.784984(5)

-2077.836(5)
~2078.105(4y
—2061.125349(2)

~1681.795(4)
~1681.955(3)
~1669.432247(1y

—1389.025(3)
~1389.144(2)
—1379.6475940(6)

—1166.536(2)
~1166.628(2)
~1159.2562340(4)

~993.511(2)
—993.584(1)
—987.7480827(2)
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Hydrogenic levels (QED uncertainties)
40Zr90 41Nh93 » 42M09B 43T099 MRu 102 45Rh 103 %Pd 106 47Ag 107
Units: 10*em™ 10°em™ 10* em™ 10°cm™ 10°em™ 10°cm™ 10° cm ™! 10°em™
1S, ~179345.(4) —188636.(5) —~198180.(5) —207978.(6) —218031.(7) —228341.(8) —238912.(9) ~249.74(1)
28 ~-45097.6(5) —A47448.2(6) —49863.9(7) ~52345.4(8) —54893.2(9) -57508.(1) -60190.(1) ~62.941(1)
2P, -45119.1(3) —47471.6(4) —49889.5(5) ~52373.2(5) ' —54923.4(6) —57540.7(7) —60225.7(8) -62.9792(9)
2P, —44129.6(2) -46376.3(2) —48679.8(2) ~51040.1(3) ~53457.3(3) -55931.6(4) -58463.1(4) —61.0518(5)
38, -19935.6(2) | ~20968.7(2) | -22029.82) | -23119.1(2) | -24236.8(3) | —25383.1(3) | —26558.33) | —27.7626(4)
3P, —19942.1(1) —20975.8(1) —22037.5(2) —23127.4(2) —24245.8(2) —25392.9(2) —26569.0(3) . —27.7741(3)
3Py, -19648.43(6) ~20650.65(7) |- —21678.39(8) —22731.68(9) —23810.6(1) —24915.2(1) —26045.6(1) -27.2017(2)
3Dy, —19648.966(3) | —20651.248(4) | —21679.045(4) | —22732.407(5)| —23811.399(5)| —24916.078(6) | —26046.511(7) | —27.202756(8)
3D, —19555.027(3) | —20547.478(4) | —21564.686(4) | —22606.662(5)| —23673.430(5)] -24765.006(6) | —25881.416(7) | —27.022672(8)
BogH Y s, 120 sigy 121 52,130 sy Sty o 132 557 133
Units: 10°cm ™! 10%cm™ 10°em™ 10°cm ™ 10°em™ 10 em ™! 10°cm™ 10°cm™
1S, |-260.84(1) ~272.20(1) —283.83(1) —9295.73(2) -307.91(2) —320.36(2) ~333.092) —346.103)
28 —-65.761(1) —‘68.650(2) —71.610(2) -74.641(2) ~77.744(2) ~80.920(3) —84.170(3) ~87.494(3)
2P, -65.802(1) ~68.694(1) -7l .658(1) ~74.692(1) =77.799(2) —-80.979(2) —84.232(2) ~87.561(2)
2P, —63.6978(5) —66.4014(6) —-69.1625(7) ~71.9814(8) ~74.8581(8) -77.792709) ' ~80.785(1) ~83.836(1)
3S,, —28.9963(4) ~30.2505(5) | -31.5525(5) | -32.8757(6) | —34.2293(7) | -35.6135(8) | -37.0287(9) | —38.4751(9)
3p 2 20.0086(3) 30.2728(4) 31.5668(4) —32.8910(5) —34.2487(5) —35.6311(6) —37.0475(7) 1 -38.4952(7)
3Py, -28.3838(2) ~29.5917(2) —30.8257(2) . ~32.0858(3) -33.3720(3) ~34.6844(3) ~36.0232(3) ~37.3883(4)
3Dy, ~28.384889(9) | —29.59296(1) | —30.82705(1) | --32.08723(1) ~33.37357(1) ~34.68613(2) —-36.02501(2) -37.39026(2)
3D, ~28.188808(9) | —29.37983(1) -30.59577(1) -31.83664(1) —33.10248(1) —34.39328(2) -35.70911(2) —37.04995(2)
SGBa 138 57Lﬂ 13‘)‘ 58Ce 140 59Pr 141 ﬂ)Nd 142 Gle 147 62Sm 152 &Eu 153
Units 10°cm™ 10°cm ™ 10° cm ™ 10%cm™ 10°em™ 10°ecm™’ 10°cm™ 10°cm™
1S,, -359.39(3) ~372.98(3) ~386.85(3) —401.02(4) —415.48(4) ~430.25(5) ~445.32(5) ~460.70(5)
28, 2 ~90.894(4) ~94.370(4) —97.924(4) -101.557(5) —105.269(5) -109.062(6) -112.937(6) ~116.894(T)
2P —90.965(2) —94.446(3) —98.005(3) —101.643(3) —105.360(3) -109.159(4) —113.039(4) —117.003(5)
2P, —86.946(1) -90.113(1) —93.340(2) —96.625(2) —99.969(2) —103.372(2) —106.834(2) —110.355(2)
38z -39.953(1) —41.463(1) —43.005(1) -44.580(1) ~46.188(2) —47.829(2) —49.504(2) -51.213(2)
3P,, —39.9746(8) —41.4860(9)- -43.030(1) ~44.606(1) —46.215(1) ~47.858(1) —49.535(1) ~51.246(2)
3P, —38.7799(4) —40.1980(5) —41.6427(5) —43.1141(6) —44.6123(6) ~46.1374(7) —47.6895(8) —49.2686(8)
3D 32 —38.78199(2) —40.20025(2) —41.64514(3) ~43.11674(3) —~44.61514(3) —~46.14042(3) —47.69269(4) —49.27201(4)
3D 52 ~38.41586(2) —39.80684(2) —41.22293(3) —42.66415(3) —44.13052(3) ~45.62209(3) -47.13887(4) —48.68088(4)
MGd 158 BSTb 159 MDY 164 67HO 165 mEr 166 EQTm 169 70Yb 174 71Lu 175
Units 10°cm™! 10°cm™ 10°em™ 10%cm ™’ 10%cm™ 10°em™ 10° cm ™ 10 em™
1S, —476.39(6) —492.39(7) —508.72(7) —525.37(8) —542.35(8) -559.66(9) -577.3(1) -595.3(1)
25, ~120.937(7) -125.065(8) -129.280(9) ~133.58(1) -137.98(1) —142.46(1) ~147.04(1) -151.71(3)
2P —-121.052(5) -125.187(5) -129.408(6) -133.719(6) -138.120(7) ~142.612(8) —147.198(8) ~151.879(9)
2P, -113.937(3) ~117.577(3)" -121.278(3) -125.038(4) —128.859(4) —132.740(4) ~136.681(4) —140.684(5)
35, —52.957(2) ~54.736(2) —56.550(3) —58.400(3) —60.286(3) —62.210(3) ~-64.171(4) —66.170(4)
3P, -52.992(2) —54.772(2) —-56.588(2) -58.441(2) —60.329(2) -62.255(3) —64.219(3) —66.220(3)
3P, -50.8748(9) -52.508(1) —54.169(1) —55.857(1) -57.573(1) ~59.317(1) —-61.088(1) -62.887(2)
3D, —50.87850(4) | —52.51224(5) —54.17333(5)| —55.86188(6) | —57.57798(6) —59.32174(7) -61.09327(7); —62.89267(8)
3D, -50.24817(4)| —51.84075(5) | —53.45866(5)| —55.10193(6)| —56.77059(6)| —58.46467(T) —60.18420(7)| ~61.92922(8)
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T2Hf 180 T:KTa 181 :“W 184 - TSRe 187 7"05,'02 T7Ir 143 THPVt 195 T‘)Au 7 mng 202
Units:| 10%em ™ 10°cm ™ 10°em ™' 10°cm ™ 10°cm ™' 10°cm ™ 10°cm ™' 10°cm 10°cm ™!
1S, -613.7(1) -632.4(1) —651.4(1) ~670.8(1) -690.6(2) ~710.8(2) ~731.4(2) -752.3(2) -773.7(2)
281 —156.48(1) -161.35(2) —-166.31(2) -171.38(2) -176.56(2) -181.83(2) —187.22(2) -192.72(2) —198.33(3)
P ,- -156.66(1) -161.53(1) -166.51(1) —171.59%(1) -176.77(1) -182.06(1) ~187.46(2) -192.97(2) -198.59(2)
2Py, |- 144.747(5) -148.871(6) | —153.056(6) —157.303(7) -161.611(7) | —165.981(8) —170.413(8) —174.908(9) ~179.465(9)
3S,, -68.207(4) —70.284(5) —72.400(5) ~74.557(5) ~76.755(6) —78.995(6) —81.277(7) —83.603(7) —85.973(8)
3P, —68.260(3) -70.340(4) —-72.459(4) | —74.619(4) —76.820(5) —79.063(5) ~-81.348(5) ~83.677(6) —86.050(6)
3Py -64.714(2) —66.569(2) —68.453(2) —70.364(2) —72.304(2) ~74.273(3) —-76.270(3) —78.296(3) -80.351(3)
3D, —64.72005(9) | —66.57552(9)] —68.4592(1) -70.3712(1) —-72.3117(1) | -74.2807(1) —76.2784(1) —78.3049(1) —80.3604(2)
3D —63.69976(9) | —65.49584(9) —-67.3175(1) -69.1648(1) -71.0377(1) —72.9364(1) -74.8607(1) —~76.8108(1) +78.7868(2)
8KT]21\5 ﬁZPb‘Zﬂa HﬂBi2lW MPO “SA[ %Rn H’lFr XﬂRaZZﬁ R‘)Ac
Units: | 10%°em™ 10°em™ [ 10°em™ 10°cm™ 10°cm ™ 10°em™ 10°em™ 10°cm™ 10°cm ™!
18, | —795.5(2) ~817.6(2) -840.2(3) -863.3(3) -886.8(3) -910.7(3) -935.1(3) ~960.0(3) -985.3(4)
28, | —204.06(3) —209.90(3) =215.87(3) -221.96(3) —228.17(4) —234.52(4) —241.00(4) -247.61(4) —254.37(5)
2P, | —204.33(2) —210.18(2) -216.16(2) —222.26(2) —228.49(2) —234.85(3) —241.35(3) —247.98(3) —254.75(3)
2P, | —184.08(1) —-188.77(1) -193.51(1) ~198.32(1) =203.19(1) ~208.13(1) -213.13(1) ~218.20(2) —223.32(2)
3S,, | —88.387(8) | -90.847(9) | -93.35409) | -95.91(1) -98.51(1) | -101.16(1) |-103.87()) | —106.62(1) ~109.43(1)
3P, —88.468(6) ) -90.932(7) —93.443(7) —96.001(8) —98.608(8) —101.265(9) —103.97209) —106.73(1) —109.54(1)
3P312 —82.435(3) —84.549(4) —-86.691(4) —88.863(4) ~91.065(4) —93.296(5) —95.558(5) —97.849(5) —100.171(6)
3D, ~82.4449(2). | —84.5587(2) | —86.7017(2) | —88.8743(2) | —91.0765(2) | —93.3085(2) | —95.5703(2) | —97.8623(3) | —100.1844(3)
3D, —80.7885(2) —-82.8162(2) | —84.8697(2) —-86.9492(2) -89.0547(2). | —91.1862(2) —93.3438(2) —95.5276(3) —97.7374(3)
‘)OThZ-'l’l 9lPa ’ ‘)2U238 93Np 94Pu ‘)5Am ')ﬁcm ‘)7Bk
Units: 10%em ™ 10°cm ™! 10°cm™ 10°cm™ 10°em ™ 10°em™ 10°cem ™! 10°cm ™
15;,2 | —1011.2¢4) -1037.54) -1064.4(4) —1091.8(5) —1119.8(5) —1148.3(5) —1177.5(6) ~1207.2(6)
25 2 -261.27(5) —268.33(5) —275.53(6) —282.89(6) —290.42(6) —298.11(7) —305.98(7) —-314.02(7)
2P 12 —-261.67(3) —268.74(3) —275.96(4) —283.34(4) —290.88(4) —298.59(4) ~306.48(5) —-314.54(5)
2P,, —228.52(2) —233.78(2) —239.10(2) —244.49(2) —249.95(2) —255.47(2) —261.06(3) —266.71(3)
3S,, —112.29(1) ~115:21(2) -118.18(2) ~121.22(2) ~124.31(2) ~127.46(2) ~130.68(2) ~133.96(2)
3P, ~112.412) ~115.33(1) ~118.31(1) —121.35Q1) —124.45(1) ~127.61®2) 130.83(2) ~134.12(2)
3P,, | -102.523(6) | -104.905(6) | -107.318(7) | —-100.762(7) | —112.23%7) | —-114.7438) | ~117.2808) | -119.849(9)
3D,, | -102.53693) | -104.91993) | -107.3336(3) | -109.7782(3) | —112.2537(4) | -114.7605(¢) | -117.2986(4) | ~—119.8682(4)
. 3D, -99.9735(3) | -102.23593) | -104.5245(3){ —106.8395(3) | -109.1808(4) | —111.5486(4) | -113.9428(4) | -—116.3636(4)
QXC‘. WES IlKIFm lolMd |02N0 ]l)ﬁLr 104R[ l()SHa
Units: 10°cm ™" 10°cm ™' 10°cm ' 10°cm ' 10°cm ' 10°cm ™" 10°¢m ™ 10°cm ™"
18 2 —1237.5(6) —-1268.5(7) -1300.2(7) ~1332.5(7) -1365.5(8) —1399.3(8) —1433.8(8) —-1469.2(9)
2S —-322.25(8) -330.67(8) —-339.3009) —348.12(9) -357.2(1) —366.4(1) ) -375.9(1) —-385.7(1)
2P 2 -322.79(5) —331.23(5) -339.88(6) —348.73(6) —357.79(6) -367.08(7) -376.61(7) -386.37(7)
2P,, -272.44(3) —278.22(3) —284.08(3) —290.01(3) —296.00(3) —302.06(4) —308.19(4) —314.39(4)
38, -137.31(2) -140.73(2) —144.22(3) —147.78(3) —151.42(3) ~155.14(3) —158.94(3) -162.82(3)
3P,, —137.47(2) -140.90(2) —144.39(2) ~147.96(2) -151.61(2) ~155.33(2) -159.14(2) —~163.03(3)
3P, —122:450(9) -125.08(1) —127.75(1) —130.44(1) —-133.17(1) -135.93(1) —-138.73(1) -141.56(1)
3D a2 —122.4696(5) -125.1028(5) —-127.7681(5) —130.4657(5) —133.1957(6) —-135.9583(6) ~138.7539(6) —-141.5824(7)
3D, -118.8110(5) | —-121.2849(5) —123.7856(5) —126.3129(5) —128.8670(6) —131.4480(6) —134..0558(6) -136.6905(7)
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