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Relativistic many-body calculations of the energies oh=2 states
for the berylliumlike isoelectronic sequence

M. S. Safronova, W. R. Johnson, and U. | Safronova
Department of Physics, University of Notre Dame, Notre Dame, Indiana 46556
(Received 4 December 1995; revised manuscript received 6 February 1996

Energies of the ten (2I1') states of ions of the beryllium isoelectronic sequence are determined to second
order in relativistic many-body perturbation theory. Both the second-order Coulomb interaction and the
second-order Breit-Coulomb interaction are included. Corrections for the frequency-dependent Breit interac-
tion are taken into account in lowest order only. The effect of the Lamb shift is also estimated and included.
Comparison with experiment and other theoretical data is nj&1€050-294{06)08106-1

PACS numbds): 31.15.Ar, 31.25-v, 31.30.Jv

I. INTRODUCTION those papers, accurate data for ions with= 6-54 were
obtained by introducing screening constants and including
Berylliumlike ions are the simplest examples of atomicradiative and higher-order relativistic effects. Th& gkpan-
systems for which both intrashell and intershell interactionsion used in that work is referred to as the MZ method. The
are important. Heliumlike ions and lithiumlike ions provide MOSt precise theoretical studies ofs(#) states of berylii-

examples for which intrashel{heliumlike) and intershell umlike ions are those of Chung and Zf26,3(f who deter-

(lithiumlike) interactions are separately important. These Iat-mlned the energies of such states in neutral beryllium to an

i ini ithZ = 5— .
ter two isoelectronic sequences have been studied in mofccuracy of1 Cm,land.m |0n§‘ WithZ = 5-14 to an a.Cle,
detail than the beryllium sequence. Moreover, all of the dif—racy of a few cm - using a “full core plus correlation
A Pery q ' N . method including relativistic and QED corrections perturba-
ficulties of heliumlike systemgtwo-electron interactions

d lithiumlik | . . f tively.
and lithiuml gsystemgcore—va ence interactiohsccur for The multiconfiguration Dirac-FockMCDF) method was
berylliumlike ions.

. ) o o used to calculate energies for the first excited states of Li-,
One of the first to identify lines of berylliumlike systems Be-, B-, C-, N-, O-, and F-like ions witd = 6—92 in Ref.
in observed spectra was Edlén his 1933 thesi$1]. A de-  [31]. This method was improved later by adding the second-
tailed comparison of theoretical and experimental data foprder correlation energy for the above mentioned ions and
energies of berylliumlike ions was given 50 years later byfor 7=26[32]. Systematic multiconfiguration Hartree-Fock
Edlen in Ref.[2]. On the basis of this comparison, he sug-(MCHF) results in the Breit-Pauli approximation were ob-
gested a simple formula for predicting energy levels as functained recently for the (21") states of berylliumlike carbon
tions of Z in high-Z ions. This formula was used by in Ref. [33]. We also note that multiconfiguration Dirac-
Denne and Hinno(3] to identify spectra obtained from Fock (MCDF) calculations of the (8)'S,-(2s2p)*°P;
high-temperature Tokamak plasmas. Thes?2(2s2p)!P  transitions for ions wittZ = 6,8,14,26 were reported recently
and  (%?)-(2s2p)®P  lines for ions  with in Ref.[34]. Relativistic many-body calculations similar in
7=22,24,26,28,29,32,34,36 were observed. Recently, highlgpirit to those presented here were carried out previously by
charged uranium and thorium ions were produced in a hightiu and Kelly [35] for the ground state of beryllium and by
energy electron beam ion trgBuperEBIT at the Lawrence Lindroth and Hvarfner{36] for the ground state and the
Livermore National Laboratory{4]. Thirteen Z.-2p3»  (2s2p) J=1 excited states of berylliumlike iron and molyb-
transitions(lithiumlike through neonlikewere identified and denum,Z=26 and 42.
measured with high accuracy. Nearly all experimental results In the present paper, we use relativistic many-body per-
obtained by different authors were gathered and criticallyturbation theoryMBPT) to determine the energies of=2
evaluated for reliability by a group at the National Institute states of berylliumlike ions with nuclear charges ranging
of Standards and TechnologMIST). We have used the re- from Z=4 to 100. Energies are calculated for thes{p
sulting data[5—23] for comparison. We will return to this ground state, the four odd-parity §2p) excited states, and
comparison later. the five even-parity (A2p’) excited states. Our calculations
Nonrelativistic perturbation theory was previously used toare carried out to second order in perturbation theory and
calculate energy levels of (21") terms for berylliumlike include both the second-order Coulomb interaction and the
ions in Refs[24—26. Contributions of Breit operators, cal- second-order Breit-Coulomb interaction. Corrections for the
culated with exact nonrelativistic functions and representedrequency-dependent Breit interaction are included in lowest
as a power series in 4/ were given in Refs[27,28. In  order only. The effect of the Lamb shift is also estimated and
included.
Two distinct starting points are used for the perturbation
"Permanent address: Institute for Spectroscopy, Russian Acadengxpansion. First, we start our calculations using relativistic
of Sciences, Troitsk, 142092, Russia. Coulomb wave functions and obtain the first three terms in a

1050-2947/96/5®)/403618)/$10.00 53 4036 © 1996 The American Physical Society



53 RELATIVISTIC MANY-BODY CALCULATIONS OF THE ... 4037

relativistic version of the Z expansion. The resulting per- 2pq, and 205, single-particle states. To obtain orthonormal
turbation expansion can be compared with its nonrelativistionodel states, we consider the coupled statgg(vw) de-
counterpart to obtai®(a?Z?) corrections to the expansion fined by

coefficients. Second, we use one-electron orbitals calculated vme
in the Hartree-FockHF) potential of the %2 ionic core to M
start the perturbation expansion. Two-particle perturbation D, (vW)= 1y > - al, al,. 10y, (2.3
theory takes its simplest form in this potential. Furthermore, oM L
the dominant third-order corrections occurring in the Cou- W
lomb case are accounted for automatically in the HF case.

We make detailed comparisons of the values obtainegyhere 7,w iS @ normalization factor
from the present calculations with experiment. For the HF
case, we obtain agreement with experiment for intermediate
Z at the level of 50 cmi* for triplet states and 500 cnt for 1 forw#v,
singlet states. Mow 13 forw=o,

Il. METHOD

We use MBPT starting from the “no-pair” Hamiltonian and where the graph represents a Clebsch-Gordan coefficient
[37] of QED, H=Hy+V,, with in the notation of Ref[38]. Combining then=2 orbitals in
beryllium, we obtain four odd-parity states consisting of one
J=0 state, twal=1 states, and ongé=2 state. These states
Ho= 2 cala have a total of X1+2X3+1X5=12 magnetic substates.
0 i e . . . L.
Additionally, there are six even-parity states consisting of
threeJ=0 states, ond=1 state, and twd=2 states, with a
total of 3X1+1X3+2X5=16 magnetic substates. The
distribution of the 28 magnetic substates in the model space

1
=3 Ek |]k|a a Qa, is summarized in the following table.
where the quantitieg; are eigenvalues of the one-electron Parity (vw) J=0 J=1 J=2
Dirac equatlon and where the creation and annihilation op- odd 26,2 1 3
eratorsa/ anda; , are restricted to positive-energsiectron 1/2-P12
states only. The two-particle matrix elemeng;j odd 25122312 3 >
=0jju T bijk is the sum of the two-particle Coulomb matrix €ven 2512312 1
elementg;;; and the two-particle matrix element of the in- even 2p1/52P 1) 1
stantaneous Breit interactiobyy . even 20012 3 5
An effective Hamiltonian for the two-valence-electron P1/2P3s2
atom is found in terms of a correlation operafofollowing ~ €VEN 2D3/22P312 1 S

the procedure outlined in Chap. 9 of RE38]. Specifically,
the Bloch equation

The projection operator® and Q used in Eqgs(2.1) and
[x,Ho]P=QVOP- yPVQP~QVP (2.1 (2.2 are defined in terms of the model-space functions by

is solved to obtain the first-order correlation operatét,
and the first-order correlation operator is then used to obtain
a second-order effective Hamiltonian. The effective Hamil-

— T
tonian is given in terms of the correlation operator by P= % P ym(ow) P jy(vw), (2.4
VsSW
He"=PHP+PVyP. (2.2
with Q=1-P.
The eigenvalues ofi®" are the exact energies. The effective Hamiltonian matrix is block diagonal n

and independent oM. There are X1+2X2+1X1=6
distinct odd-parity matrix elements and X3+1X1

+2X2=14 distinct even-parity matrix elements. As dis-

For atoms with two electrons beyond closed shells, theyssed ir{38], the effective Hamiltonian is non-Hermitian.
model space is formed from two-particle states of the type

Tal|0), where|0) is the ground state of the closed-shell,
(N—2)-e|ectron, ionic core. The single-particle indices B. Correlation operator — effective Hamiltonian
andw range over states in the valence shell. For our study of
low-lying states of berylliumlike ionsy andw are Z;,, From the Bloch equation, we obtain in first order

A. Model space
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Here, Ajj=(Vur—U)ij, Vie=2a(Viaja—Viaaj), @andU is the potential(Coulomb or HF used to obtain the basic single-

particle orbitals.
The first-order contribution to the effective Hamiltonian matrix is

v'm ymy
1 _ JM JM Pt
(CDJM(U'W')IH( )lq)JM(vw)>_77v'W'771)W 2 — o~ e X (0" W [H|ow)
myrmy,
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The second-order contribution is found to be
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FIG. 1. Diagrams for the contributions &? to the second-
order two-particle energy/, represents double sumé; represents
single sums,V; gives one-potential terms, and, gives two-
potential terms.

Here, €,p,= €51 €, NV 3pcd=Vapcd Vabdc-

C. Angular reduction

We carry out the sum over magnetic substates to find

(@ (0" W) HD|D 3y (0W)) = 8, Sy (EM+EL)

(1)
Ve (2.9
where
EV=¢,+4,,, (2.9
VO o= Torwr TowYa(0 W oW). (2.10
Here, we have introduced the notation
intjetk+d Ja o I
Yy(abcd =2, (—1)ltle o X (abcd)
K Ja Jc Kk
- ja ip J
+E(—1)'b“c+"[."’1 P ]xk(abdc),
3 jo Ja K
(2.11
where
X (abed)=(—1)%al|Cy[[c)(b]|C\[|d)R¢(abcd).  (2.12

The quantitiesC, are normalized spherical harmonics and

Ry(abcd) are Slater integrals. The functioXg(abcd) have
several interesting symmetry properties:

X (cdab)=(—1)latibTictiaX (abcd),
X(bado=X,(abcd).

From these properties, it follows that

v w w
m n
v w w
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Y,(cdab)=Y; (abcd),
Y (bado)=(—1)latlbtictiay,(abcd),
Y;(bacd)=(—1)a lb*JY (abcd).
The second-order Hamiltonian can be written
<(I)JM(U,WI)|H(2)|(DJM(UW)>
=8,/ S (EWt EP+ERZ)+VE
(2.13
For the second-order core energ{f), we have
1 —1)Im*in~ib~le X, (mnbgZ(bcmn
2 kmn [K] €bc™ €mn
bc
. AbmAmb
+ 0 . 2.1
2 10, oo (2.14
Here,
jb jm
Z(bemn =X (bcmn+ >, [k] i Xy (becnm)
K’ c n
(2.15

Labelsb andc are used for core states andandm for all
other states. In the above equationi&]=2k+1. The
second-order energy for the valence electrda found to be

(_l)jerjn*jv*jC Xk(Ucmn)Zk(anC)

£2- 3

Kcmn [i,1[K] €yc” €mn
S (—2)letInlo7le Z, (bcon) X (vnbc)
kbcn i, 1[K] €yn~ €bc

Lip] ApmZo(mubu)
+ \ e
22 %N e en

AA;
+2 5 vi=lv

K; K :
i#v UV €, €

(2.1

Diagrams representing the four terms in E2}16) are given

in Fig. 1. The second-order energy for the valence electron
w is found by replacing by w in the above expression. The
second-order interaction energy is

v FIG. 2. Diagrams for the second-order inter-
-9 action energyvﬁ,‘,,vw. R; represents double
m#w sums, R, represents single sumsR; gives
---- random-phase approximatiofRPA) terms, and
R, gives one-potential terms.
v w

(Rq)
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where
Cl(a,ﬁ,aﬁ) = ( - 1)J[ 5a’u’5ﬁ’w’ 5av5ﬁw
+ 5alwl 5B!U! 5CVW5BU] + 6(1’1}’ 5ﬁ/w/ 5aW5'3U
+5aIW/5BIUI(SaU5BW, (218)
CZ(a,ﬁ,aB): 5a’v’5ﬁ’w’5avgﬁw
(=) B IANBE i Byt SOy
(2.19

Diagrams representing the four classes of terms in(E47)

- 1)jw’+jv+jn+jb{ Jor g J] Z(a'ban)Z(B'nBb)

Epc™ Ew’y’

[jv jw J]Xk(vaW)YJ(v’W’bc)

+ 2, Cyla'B'ap)
a/ﬁ’

+ 2 Sy

ig Ja K €sb— €p'n
aB
Agin Y (a' ma ApgYi(a' B ab
prmYa( ,3)+25KK baYa(a' B'ab)
EQ'B_Ema/ b b*p Ea’ﬁ'_eﬁb

(2.17

E@+E®, defined in Eq(2.16, for the special case of the
berylliumlike iron, Z=26. Contributions from each of the
four distinct types of diagrams in Fig. 1 are given in this
table. These contributions are calculated using both HF and
Coulomb basis orbitals. In panel&) and Kc), HF orbitals
and Coulomb orbitals, respectively, are used to evaluate
second-order Coulomb contributions; and, in pan@g and

I(d), HF and Coulomb orbitals, respectively, are used to
evaluate second-order BrgiCoulomb corrections. The first
diagram contributing in each of the four cases is the one
corresponding to two-particle sums. We see that this diagram
gives similar contributions using either HF or Coulomb or-
bitals. (CompareVi" to V$' and VB to VEC') A similar

are given in Fig. 2. When starting calculations from the HFcomment can also be made regarding diagndm Only

orbitals, we must sel;; =0 in the above formulas, and when these two diagrams contribute when we use HF orbitals. The
Star“ng from the relativistic Coulomb Ol‘bltals, we must Setresu|t of the present Calcu'ation, given in the last column of

Ajj=(Vup)ij - Specifically,

Aijzg 5jijj\/%zo(iaja)

for the Coulomb case.

Ill. RESULTS AND DISCUSSION

We calculated energies of tenl@') [J] states for all
ions up toZ=30, and for 17 representative highions with

Table |, is in complete agreement wif89], which is de-
voted to energy levels along the lithium isoelectronic se-
quence. The contributions of diagrawy, when evaluated
using Breit-Coulomb operators, are sensitive to the type of
basis function used. It should be noted that, when evaluating
contributions of diagranv; to the second-order Breit matrix
elements, terms of the typk;; Z,(kImn) do not automati-
cally vanish in the HF case. Th&, diagram contributes only
when using Coulomb basis orbitals and gives the largest con-
tribution among the four valence diagraifsee panels(t)

and (d)]. Finally, let us note that the suB®", given in the

Z = 32,36,40,42,47,50,54,60,63,70,74,79,80,83,90,92,100ast column of (b), agrees completely with data given in
Two different potentials were used to obtain the basis orbitTable | of Ref.[39].

als for our calculation, the frozen-core HF potential and the Tables Il and Il give the second-order interaction energy,
nuclear Coulomb potential. To obtain the energies of interdefined in Eq(2.17 and shown in Fig. 2, for the special case
est, it was necessary to evaluate first- and second-order cod=26. These diagrams contribute for systems with teo
tributions from the Coulomb and Breit operators to the sixmore electrons above a closed core. There are ten diagonal

independent matrix elements &f®" for odd-parity states,

and to the 14 independent matrix element#6f for even-
parity states.

and ten nondiagonal matrix elements fol2R) [J] states
in jj coupling. We calculated contributions for the 20 matrix
elements using both sets of basis orbitals. Matrix elements

In Tables I-1ll and Figs. 3-7, we give details of the obtained using HF orbitals are given in Tableg)land li(b),
second-order contributions to the energies. In Table I, wand those obtained using Coulomb orbitals are given in
show the second-order contributions to the valence energyables 1la) and lli(b). These tables include data for



53 RELATIVISTIC MANY-BODY CALCULATIONS OF THE ... 4041

TABLE I. Contributions to the valence-electron enerﬁy) for v=2s, 2p*, and 2 for ions with a
1s® core from the four diagram¥,—V, evaluated for the case of iroZ=26. Notation:y[x] represents
yX10%, 2p=2pg;, 2p* =2pyy,.

(a) Hartree-Fock basis—Coulomb interaction

VTF VSF V?F Vz{F SHF
2s -0.896014-2] 0.23513{-2] -0.660888-2]
2p* -0.144291-1] 0.116405-2] -0.13265(-1]
2p -0.136570¢-1] 0.117396-2] -0.12483f-1]
(b) Hartree-Fock basis—Breit correction

V?HF VEHF VgHF VEHF EBHF
2s -0.848539-3] 0.229586-3] -0.252280-3] -0.871228-3]
2p* -0.869567-3] 0.279718-3] -0.757397-3] -0.134725-2]
2p -0.555487-3] 0.12419%-3] -0.72115¢-3] -0.115245-2]
(c) Relativistic Coulomb basis—Coulomb interaction

Vg_:l Vgl V§| Vgl ECl
2s -0.99228%-2] 0.259418-2] -0.81891%-2] -0.243995-0] -0.259518-0]
2p* -0.163688-1] 0.137531-2] -0.269447-1] -0.348615-0] -0.390558-0]
2p -0.154426-1] 0.138589-2] -0.256858-1] -0.337010-0] -0.376758-0]
(d) Relativistic Coulomb basis—Breit correction

V?CI VECI V;B’CI VECl EBCI
2s -0.969508-3] 0.26083(-3] -0.746188-3] -0.2601299-2] -0.40561%-2]
2p* -0.106555-2] 0.340669-3] -0.984698-3] -0.843035-2] -0.101399-1]
2p -0.679906-3] 0.150897-3] -0.936836-3] -0.366439-2] -0.513028-2]

three X1 matrices: (22pq,) [0], (2p122p30) [1], and  The labels in Figs. 3 and 4 are the same as those used in
(2s2p3p) [2]; for two 2X2 matrices: Tables I-IIl. We can see from Figs(é8 and 3b) (HF func-
(252pq0) +(282p3) [1] and (20122P3) +(2P302P312) tiong) that the contributions of thR, diagram are larger than
[2]; and for one X3 matrix: (252s)+(2p122P1/2) those of theV,; diagram. By contrast, we see from Fig$ay
+(2p322p3) [0]. There are no large differences in the and 4b) that, in the Coulomb case, contributions from dia-
values obtained using different basis orbitals as can be segtamV, dominate.

by comparingRiF with RS andRE"F with REC! for k = 1-3. For each of the second-order matrix elements, it is seen
The R, diagrams, which contribute in the Coulomb case, aréhat the Z dependence of each contributing diagram is
the dominant contributions to the suB$' and3BC as can  smooth. Moreover, the leading term in a power serie¥ in
be seen from Tables (&) and Ill(b), respectively. Let us for the second-order Coulomb-Coulomb energy is a constant.
note that in the HF casdpanels I(a) and ll(b)], the total ~We may write

values of nondiagonal matrix elements are smaller by a fac-

tor of 2—3 than the values of the diagonal ones. On the other Egp: Esot Eof @Z)?+ Ep@Z)?+ - - -, (3.)
hand, in the Coulomb cases shown in Table&lland 1li(b),

the total values of nondiagonal matrix elements are 5-10

times smaller than the total values of diagonal ones. E2)=E o+ Exl @Z)?+ Epf@Z)*+ - - - + %
The orbitals used in the present calculation were obtained
as linear combinations oB splines. TheseB-spline basis X[Ezgt Eg@Z)’+EgfaZ)*+---1+---
orbitals were determined using precisely the method de-
scribed in Ref[39]. We used 50 splines of order 9 for (3.2

each single-particle angular momentum state and we in- ] ) o

cluded all orbitals with orbital angular momenturs9 in ~ The 1Z terms in Eq.(3.2) describe the deviation from con-

our single-particle basis. stancy in the HF case which is obvious @+ 10 from Fig.
In Figs. 3 and 4, we illustrate th& dependence of the 3(a). The leading term inZ for the second-order Breit-

second-order contributions for the special case of théoulomb contributions is¢Z)®. The corresponding expan-

(2P31p)%-(2p3p)? [J=0] diagonal matrix element in four Sion in powers ofZ is

cases: 8) Coulomb-Coulomb with HF basis, (3 Breit-

Coulomb with HF basis, @) Coulomb-Coulomb with Cou- BZ) =(aZ)?[ Byt Boy @Z)?+Byy(aZ)*+ - - -],

lomb basis, and @) Breit-Coulomb with Coulomb basis. 3.3
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TABLE Il. Diagonal and nondiagonal contributions to the second-order interaction term in the effective
Hamiltonian matrix from diagramR;—R, calculated using HF orbitals. These contributions are given for a
two-electron ion with a (4?) core, and evaluated numerically for the case of iB®,26. Notation:y[x]
representy X 10%, 2p=2pgp, 2p* =2p1)2.

(a) Coulomb interaction

R?F RI2—|F RgF RZ!F S HF
2s2p*  2s2p* 0 -0.30048f1] 0.379127-2] -0.262571]-1]
2p*2p  2p*2p 1 -0.40967f1] -0.257787-2] -0.4354549-1]
2s2p 2s2p 2 -0.2974691] 0.368892-2] -0.2605796-1]
2s2p*  2s2p* 1 -0.5266351] 0.101648-2] -0.5164708-1]
2s2p 2s2p 1 -0.7539881] -0.173706-2] -0.771353p-1]
2s2p*  2s2p 1 0.3228581] 0.388400-2] 0.3616929-1]
2s2p 2s2p* 1 0.31977f1] 0.387639-2] 0.3585404-1]
2p*2p  2p*2p 2 -0.74303#1] -0.140298-2] -0.757062F-1]
2p2p  2p2p 2 -0.57162B1] -0.189198%-2] -0.590542(-1]
2p*2p  2p2p 2 -0.23802[-1] 0.830084-3] -0.2297198-1]
2p2p  2p*2p 2 -0.2356981] 0.828127-3] -0.22741681]
2s2s 2s2s 0 -0.38347f-1] -0.573671-3] 0.167006-2] -0.3725136-1]
2p*2p* 2p*2p* 0 -0.6730701] -0.294730-3] -0.84533%-3] -0.684470p-1]
2p2p  2p2p 0 -0.9214191] -0.5741953] 0.110378-2] -0.9161237-1]
2s2s 2p*2p* 0 0.191990-1] 0.41266%3] 0.341608-2] 0.230277¢-1]
2p*2p*  2s2s 0 0.18401p1] 0.409728-3] 0.337404-2] 0.22184781]
2s2s 2p2p 0 0.2793901] 0.576684-3] 0.47035%-2] 0.332192p-1]
2p2p  2s2s 0 0.26365p1] 0.571195-3] 0.462659-2] 0.3156348-1]
2p*2p*  2p2p 0 -0.36768F-1] -0.4118753] 0.257004-2] -0.3461058-1]
2p2p  2p*2p* O -0.36186f1] -0.410888-3] 0.256067-2] -0.3403657-1]
(b) Breit corrections
R?HF RgHF RgHF REHF > BHF
2s2p* 2s2p* 0 -0.30391p-3] 0.158618-3] -0.16644%-2] -0.18097%-2]
2p*2p 2p*2p 1 -0.68253§3] 0.473267-5] -0.206845-2] -0.274626-2]
2s2p 2s2p 2 -0.11369F-3] 0.209144-4] -0.91627¢-3] -0.100905-2]
2s2p*  2s2p* 1 -0.2514483] -0.281699-4] -0.170956-2] -0.19891F-2]
2s2p 2s2p 1 -0.70589p-3] -0.574215-4] -0.121276-2] -0.197607-2]
2s2p*  2s2p 1 0.36108}[-3] 0.967786-4] 0.13645(-3] 0.59431(-3]
2s2p 2s2p* 1  0.359397-3] 0.965846-4] 0.135166-3] 0.591148-3]
2p*2p  2p*2p 2 -0.2658983] 0.49039%-4] -0.219864-2] -0.241550-2]
2p2p  2p2p 2  -0.5418983] 0.756508-5] -0.131449-2] -0.18487%5-2]
2p*2p  2p2p 2 -0.3839083] 0.244986-5] -0.765268-4] -0.457984-3]
2p2p  2p*2p 2 -0.381689-3] 0.243536-5] -0.753269-4] -0.454581-3]
2s2s 2s2s 0 -0.52441p3] -0.439629-4] 0.109601-3] -0.983188-3] -0.144196-2]
2p*2p* 2p*2p* 0 -0.13722F-2] -0.617539-4] 0.158027-3] -0.312137-2] -0.439737-2]
2p2p  2p2p 0 -0.23557p2] -0.55467(-4] 0.96760f-4] -0.148479-2] -0.379926-2]
2s2s 2p*2p* 0  0.59322p-3] 0.590448-4] -0.15390§-4] 0.810567-4] 0.71794(-3]
2p*2p*  2s2s 0 0.57600p-3] 0.586234-4] -0.155557-4] 0.727000-4] 0.691768-3]
2s2s 2p2p 0 0.1007852] 0.499507-4] -0.94926P2-4] 0.340018-3] 0.13028¢-2]
2p2p 2s2s 0 0.96055p-3] 0.49475P-4] -0.93643P2-4] 0.316212-3] 0.123260-2]
2p*2p* 2p2p 0 -0.11951p2] -0.630430-4] 0.128100-3] -0.235179-3] -0.136524-2]
2p2p  2p*2p* 0 -0.11811#2] -0.628919-4] 0.12767(-3] -0.227808-3] -0.134416-2]
2 ) ) . 1 change by less than a factor of 2 over the range
Bir=(aZ)”) Baot BofaZ)"+ Bay(@Z)"+- -+ 5 Z=10-100. The same is true B{2) andB{2, provided we
divide out the factor &Z)2.
, , 2 o 4 These analytical formulas represent the second-order con-
X[Bagt B3l @Z2)"+ Bay(aZ)™+ - - ]+ tributions before diagonalization. To determine the first-
3.4 order energies of the states under consideration, we diago-

nalize the symmetric first-order effective Hamiltonian,

The curves forE) and E®) shown in Figs. &) and 4a)  including both the Coulomb and Breit interactions. The
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TABLE lIl. Diagonal and nondiagonal contributions to the second-order interaction term in the effective
Hamiltonian matrix from diagramR;—R, calculated using Coulomb orbitals. These contributions are given
for a two-electron ion with a (4%) core, and evaluated numerically for the case of itBr,26. Notation:

y[x] representy X 10%, 2p=2p3s,, 2p* =2p;;.

(a) Coulomb interaction

Rf' Rgl Rgl R4C| scl
2s2p*  2s2p* 0 -0.3030541] 0.425494-2] -0.21535¢-0] -0.241407-0]
2p*2p  2p*2p 1 -0.4040641] -0.325839-2] -0.282265-0] -0.32593¢-0]
2s2p 2s2p 2 -0.299687-1] 0.413166-2] -0.211690-0] -0.237527-0]
2s2p* 2s2p* 1 -0.52391(1] 0.110355-2] -0.228171-0] -0.279458-0]
2s2p 2s2p 1 -0.746387-1] -0.20243%-2] -0.238717-0] -0.31538(-0]
2s2p*  2s2p 1 0.315840-1] 0.441000-2] 0.187514-1] 0.547454-1]
2s2p 2s2p* 1 0.312356-1] 0.439908-2] 0.184629-1] 0.540969-1]
2p*2p  2p*2p 2 -0.7244741] -0.187811-2] -0.306864-0] -0.38119(-0]
2p2p  2p2p 2 -0.55906p-1] -0.243449-2] -0.289827-0] -0.348167-0]
2p*2p  2p2p 2 -0.2289881] 0.975874-3] -0.176180-1] -0.395408-1]
2p2p  2p*2p 2 -0.22657F-1] 0.973002-3] -0.173508-1] -0.390355-1]
2s2s 2s2s 0 -0.38717p1] -0.684262-3] 0.202434-2] -0.193231-0] -0.230609-0]
2p*2p* 2p*2p* 0 -0.6653251] -0.38934[-3] -0.11706§-2] -0.3177450] -0.385838-0]
2p2p 2p2p 0 -0.910576-1] -0.757244-3] 0.121964-2] -0.339544-0] -0.430140-0]
2s2s 2p*2p* 0  0.17159f-1] 0.51615(0-3] 0.380596-2] 0.19221%1] 0.407028-1]
2p*2p* 2s2s 0 0.171592-1] 0.516150-3] 0.380597-2] 0.192217-1] 0.407030-1]
2s2s 2p2p 0 0.251190-1] 0.7209283] 0.523094-2] 0.299267-1] 0.60997%-1]
2p2p  2s2s 0 0.24736-1] 0.71873¢-3] 0.52030f-2] 0.289728-1] 0.59630]-1]
2p*2p*  2p2p 0 -0.3643281] -0.543804-3] 0.3118782] -0.441467-1] -0.780042-1]
2p2p  2p*2p* 0O -0.35802p1] -0.542154-3] 0.31047{-2] -0.42818¢-1] -0.76059%-1]
(b) Breit correction
R?CI RzBC| Rga RECI >.BCl

2s2p* 2s2p* 0 -0.36344p-3] 0.20803(0-3] -0.30413%-2] -0.319678-2]
2p*2p 2p*2p 1 -0.77060p-3] -0.232698-5] -0.42757%-2] -0.50486%-2]
2s2p 2s2p 2 -0.140076-3] 0.247088-4] -0.142879-2] -0.154416-2]
2s2p*  2s2p* 1 -0.26923F-3] -0.402839-4] -0.175340-2] -0.20629%-2]
2s2p 2s2p 1 -0.7618443] -0.740767-4] -0.198786-2] -0.282378-2]
2s2p*  2s2p 1 0.37155p3] 0.126648-3] 0.143511-4] 0.512555-3]
2s2p 2s2p* 1  0.3696043] 0.126327-3] 0.144713-4] 0.510402-3]
2p*2p  2p*2p 2 -0.3168353] 0.60377¢-4] -0.177148-2] -0.202789-2]
2p2p  2p2p 2 -0.615100-3] 0.60545¢-5] -0.220717-2] -0.28162%-2]
2p*2p  2p2p 2 -0.4395483] 0.584691-5] -0.520448-3] -0.954149-3]
2p2p 2p*2p 2 -0.436704-3] 0.581594-5] -0.513579-3] -0.944467-3]
2s2s 2s2s 0 -0.57552f-3] -0.543409-4] 0.137718-3] -0.187169-2] -0.236377-2]
2p*2p* 2p*2p* 0 -0.15550p-2] -0.84696]-4] 0.200276-3] -0.54517{-2] -0.68911%-2]
2p2p  2p2p 0 -0.26595(-2] -0.756558-4] 0.126224-3] -0.552676-2] -0.813569-2]
2s2s 2p*2p* 0  0.6602493] 0.766358-4] -0.3442284] 0.579394-3] 0.128186-2]
2p*2p* 2s2s 0 0.66025[-3] 0.766359-4] -0.344228-4] 0.579399-3] 0.128186-2]
2s2s 2p2p 0 0.1111192] 0.6463984] -0.12757%-3] 0.192358-2] 0.29718%-2]
2p2p  2s2s 0 0.10960p-2] 0.64443p-4] -0.12702{-3] 0.18783f-2] 0.291175-2]
2p*2p* 2p2p 0 -0.135218-2] -0.863144-4] 0.173051-3] -0.131950-2] -0.25849%-2]
2p2p 2p* 2p* 0 -0.133487-2] -0.86052¢-4] 0.172328-3] -0.128448-2] -0.25330%-2]

second-order Coulomb corrections were determined by solwigenvectors are used to determine the second-order Breit
ing the nonsymmetric eigenvalue equation correction and the QED correction. The difference between
the energies obtained using the first- plus second-order
Hamiltonian and those determined using only the first-order
Hamiltonian give the second-order energies.

with the first- plus second-order effective Hamiltonian. The In the HF case, QED contributions fd= 15 were deter-
first- and second-order Coulomb interactions and the firstmined using one-electron Lamb shift data calculated in a
order Breit interaction are included iH®™. The resulting (1s?) potential following the method described in RE40].

HefC=EC,
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FIG. 3. Absolute values of contributions to the second-order
(2p3,)-(2p3),) [J=0] diagonal matrix element in the HF casa)

Coulomb interactiorE(? ; (b) Breit interactionB(Z .

For smaller values o, the QED corrections in the HF case
were taken from Ref[41] with Z—Z—1. In the Coulomb
case, the QED corrections frofd1], with Z replaced by

Z—2, were used for all values &.

The first- and second-order energies are shown graph
cally in Figs. 5-8 and listed in Table IV. In Figs(a& and
5(b), we show theZ dependence of the second-order
Coulomb-Coulomb contributions for ten states. We can se
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FIG. 4. Absolute values of contributions to the second-order
(2p3,)-(2p3,) [J=0] diagonal matrix element in the Coulomb

case:(a) Coulomb interactiorE?) ; (b) Breit InteractionB2) .
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FIG. 5. Second-order Coulomb energies after diagonalization
are shown as functions of nuclear cha#for each of the ten states
considered(a) E{Z; (b) EZ).

from Figs. %a) and 5b) that diagonalization essentially

changes th& dependence of the energies, especially in the
Coulomb case.

The variation withZ of the second-order Coulomb energy
E®), the first- and second-order Breit energiBS) and
B(?), and the QED contributior&, ., are illustrated in Figs.

6 and 7. Data for (p%)'S, and (%?)1S, states, respectively,
bre given in Figs. @ and 7a) for the HF case, and in Figs.
6(b) and 7b) for the Coulomb case. We can see that, in the
HF case,E®® is dominant up toZ=33 for the (?)'S,

State, and up t@=25 for the (22)1S, state. For the Cou-

lomb case,E® is the most important contribution up to

B/ (a.u.)

2)
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B(z)

10 b ] 2By
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FIG. 6. Contributions to the energy of the 'S, state ob-

tained usinga HF basis set anth) Coulomb basis set.
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FIG. 7. Contributions to the energy of the }'S, state ob-
tained using@) HF basis set an¢b) Coulomb basis set.

Z=70 and 65 for the (B%)'S, and (&°)!S, states, respec-
tively. The QED contributiorE, ,,, is smaller than all other
contributions to the (B%)'S, energy forz<43 in the HF
case as shown in Fig(®, and up taZ= 65 for the Coulomb
case shown in Fig.(6). The situation is somewhat different
for the (25%)'S, state where the curve, ., crossesB(?)
first, then crosses thE® curve, and finallyB™®), for the
highest values oF.

first-order energyE®" V=g +E®+BM)  the second-
order Coulomb energ§®, the second-order Breit correc-
tion B, the QED correctiorE, ., the total theoretical
energyE,,;, available experimental dat,,,, and the dif-
ferences between theoretical and experimental values
OE=E;— Eexpr- The tabulation is made only for the HF
case. It should be noted that for very high90, 92, the HF
and Coulomb cases give essentially identical results. For the
experimentally observeds?,,-2p5, transition[4], we obtain
in the Coulomb case 4070.138 e¥ = 90) and 4502.759
eV (Z = 92). These values differ from the corresponding
values obtained in the HF ca&hown in Table IV by about
1 eV. We emphasize that both the HF and Coulomb values
obtained here agree better with the measured energies than
do the values from the MCDF calculations reported4h
The differencesSE are shown in Figs. @) and 8b) for
the HF and Coulomb cases, respectively. These differences
are seen to be more or less smooth functiong.oT he fact
that experimental data given by different authors are of dif-
ferent accuracy explains the variatiofespecially at high
Z) seen in Figs. & and 8b). The accuracy of the experi-
mental data at higl is estimated to be 100—300 ¢rh. The
peaks seen in Fig. 8 disappear if we use the data recom-
mended by Edle[2]. Here, we compare owb initio calcu-
lations directly with experiment to illustrate the utility of
these calculations as reference data for future measurements.
In Table V, we compare the present calculations of the
21P,-215, and 23P;-21S, energy intervals for the ion&
= 26 andZ = 42 with the many-body calculations of Ref.
[36]. The differences seen in this table arise partly from cor-
relation corrections and partly from QED corrections. In our
treatment of correlation, we ignored third- and higher-order
MBPT graphs which are expected to contribute at the level

The final summary of our calculations is given in Table of 1/Z of the second-order graphs. These higher-order corre-

IV and in Figs. 8a) and 8b). In Table IV, we list energies of
berylliumlike ions relative to the (&)*S, ground state. We

lation corrections are partially included in the calculations of
Ref.[36]. A further difference is in the treatment of partial-

tabulate the following separate contributions: zeroth- plusvave sums. In Refl36], the sums over intermediate states
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were truncated at five or six partial waves; in the present
calculations, the sums were carried out to ten partial waves.
In both cases, the remainder of the partial-wave sums were
estimated. Differences in higher-order correlation corrections
and higher partial waves contribute to the differences seen in
Table V. To help analyze the resulting differences, we com-
pare the X2 effective Hamiltonian matrices forR2 states

in the two calculationgconsidering only Coulomb and Breit
correction$ for the caseZ=26:

—144.856 16 —0.669 18
el _0.66950 —143.8110

—144.85507 —0.67017
| —0.67047 —143.8092

l present,

l, Ref.[36].

The corresponding eigenvalues are

EcouLsmar=(— 145.182 76 —143.484 42 present,
—(—145.182 32 —143.482 03 Ref.[36].

FIG. 8. Differences between theoretical and experimental en-

ergy levels(cm™1) obtained usinga) HF basis set andb) Cou-
lomb basis set.

For the first and second eigenvalues’PZ and 2P, states,
we see that the sum of Coulomb and Breit energies from the
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TABLE IV. Energies of berylliumlike ions given relative to the ground state. UnitsT &for ions with Z=4-42 and eV for ions with
Z=47-100. Notation: p* =2p,,, 2p=2ps,, EC"V=EQO+E® +BM, and SE=E;— Eexp.

2s2p 3P, 2s2p®P; 2s2p 3P, 2s2plP; 2p? %P, 2p? %P, 2p? °p, 2p? D, 2p? 1s,
2s2p*(0)  2s2p*(1)  2s2p(2)  2s2p(l)  2p*2p*(0) 2p*2p(l) 2p*2p(2) 2p2p(2)  2p2p(0)
Z=4
[SCa) 23607.9 23607.4 23608.2 60057.5 64791.0 64791.6 64790.9 74393.8 100022.4
E®@ —2994.6  —2993.8 —2993.3 -217355 —6648.6 —-6648.1  —6646.6 —22723.7 —30275.9
B®@ -1.6 -0.5 0.5 -3.9 -21 -1.8 0.3 -1.4 -8.3
ELamb -1.7 -1.7 -1.6 -1.6 -3.7 -3.7 -3.6 -3.7 -35
Eot 20610 20611 20614 38316 58137 58138 58141 51665 69735
Eexpt [5] 21979 21980 21982 42565 59694 59696 59698 56432 71499
SE —1369 —1369 —1368 —4249 —1557 —1558 —1557 —4767 —1764
Z=5
E(@+D 39116.7 39120.2 39132.6 90407.8 104573.9 104580.4 104587.0  118978.2  154611.7
E@ —2484.1  —2482.6 —2480.9 —20349.3 —6514.3 -6512.9 —-6509.3 —20354.4 -—28589.1
B® -35 -15 0.7 -7.8 -6.5 -5.7 -0.9 -5.0 -19.2
ELamb -5.0 -5.0 -4.8 -49 —-10.9 -10.8 -10.7 -10.7 -10.0
Eot 36624 36631 36648 70046 98042 98051 98066 98608 125993
Eexpt [5] 37334 37340 37356 73397 98910 98919 98933 102362 127662
SE —-710 —709 —708 —3351 —868 —868 —867 —3754 —1669
Z=6
G 54204.6 54223.4 54272.9 119482.0 143404.3 143429.2 143464.6  162582.0 207994.8
E@ —2271.0 —2268.8 —2265.3 —19748.1 —6523.8 —6521.0 —6514.6 —19400.8 —27797.7
B® -6.4 -3.1 0.6 —-13.0 -12.9 -11.6 -3.2 —-10.6 -34.1
ELamb -11.6 -11.4 -11.0 -11.2 —24.7 —24.5 —24.2 —24.3 -22.6
Eot 51916 51940 51997 99710 136843 136872 136923 143146 180140
Eexpt [6] 52367 52391 52447 102352 137426 137454 137502 145876 182520
SE —451 —451 —450 —2642 —583 —582 -579 —2730 —2380
=7
E(@+D) 69072.2 69127.7 69260.7 147983.0 181733.3 181800.1 181904.9  205695.2  260789.0
E®@ —2141.0 —2137.6 —2132.0 —19407.7 —6547.4 —6542.7  —6533.3 —18866.1 —27299.6
B(® -10.2 -5.3 0.2 -195 -21.3 -19.3 -6.5 -17.9 -52.9
ELamb —22.6 —22.2 -215 -21.8 —47.9 —475 —46.8 —47.2 —43.9
Eiot 66898 66962 67107 128534 175117 175191 175318 186764 233393
Eexpt [7] 67209 67272 67416 130694 175535 175608 175733 188882 235369
SE —311 —-310 —309 —2160 —418 —417 —415 —2118 —1976
Z=8
E(@+D) 83824.3 83950.5 84240.5 176233.8 219837.7 219983.6 220223.8  248633.1 313355.4
E®@ —2052.0 —2047.5 —2039.1 —19189.1 —6573.6 —-6566.3  —6553.5 —18521.3 —26953.7
B®@ —14.9 -8.1 -0.4 —27.4 —-31.8 —-28.8 -10.7 -27.0 —75.7
ELamb —39.6 —-38.9 -37.6 —-38.2 —83.6 -82.9 —-81.6 -82.2 -76.7
Eot 81718 81856 82164 156979 213149 213306 213578 230003 286249
Eexpt [8] 81942 82079 82385 158798 213462 213618 213887 231721 287910
SE —224 —223 —221 —1819 —313 —312 —309 —1718 —1661
Z=9
E(@+D 98519.0 98765.4 99318.8 204414.5 257895.4 258175.2 258646.7  291614.8  365932.5
E®? -1987.4 —1981.5 —1969.7 -—19036.8 —6599.8 —-6589.1  —6573.0 —18279.7 —26698.4
B® —20.5 -11.6 -1.2 -36.5 —44.3 —40.2 —~16.0 -37.8 -102.3
ELamb —64.2 -63.1 —-60.8 -61.9 —135.0 —133.8 —131.6 —132.6 —124.0
Eot 96447 96709 97287 185279 251116 251412 251926 273165 339008
Eexpt [5] 96601 96861 97437 186841 251341 251635 252145 274597 340424
SE —154 —152 —150 —1562 —225 -223 -219 —1432 —1416
Z=10
E(O+D 113191.2 113625.5  114588.3  232646.9 296034.4 296525.0 297358.7 334815.4  418703.9
E®@ -19385  —1931.2 —19153 —18924.3 —6625.9 -6610.4  —6591.9 —18099.8 —26500.9
B® -27.0 —-15.6 -23 —47.0 -59.0 —53.5 -22.3 —50.4 -132.8
ElLamb -98.1 -96.3 -92.6 -94.4 —205.7 —203.7 —200.2 —201.8 —189.0
Eot 111128 111582 112578 213581 289144 289657 290544 316463 391881
Eexpt [5] 111251 111705 112700 214952 289328 289839 290722
SE —123 —123 —122 —1371 —184 —182 -178
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TABLE IV. (Continued.
2s2p 3P, 2s2p3P; 2s2p 3P, 2s2p P, 2p? %P, 2p? 3p, 2p? %P, 2p? D, 2p? 1s,
2s2p*(0)  2s2p*(1)  2s2p(2)  2s2p(l)  2p*2p*(0)  2p*2p(l) 2p*2p(2)  2p2p(2)  2p2p(0)
Z=11
E©C+D 127863.3  128573.4  130137.5  261026.3 334355.3 335160.8 336526.4  378391.3  471829.6
E® —-1900.4 -1891.8 —1871.0 -—18837.2 —6652.1 -6629.9 —6610.9 —17958.5 —26341.8
B® —-34.5 -20.3 -3.6 —58.8 —-75.8 —68.7 -29.6 -64.7 -167.1
ELamb —143.0 —-140.3 —134.6 -137.3 —299.2 —296.1 —290.8 —293.0 —274.9
Eot 125785 126521 128128 241993 327328 328166 329595 360075 445046
Eexpt [9] 125880 126612 128218 243208 327476 328310 329729 361145 446136
SE -95 -91 -90 —1215 —148 —144 —134 —-1070 —1090
Z=12
(@D 142551.0  143647.4  146057.8  289638.7 372946.2 374203.8 376313.0  422497.7  525465.5
E®? —-1869.8 —1860.4 —1833.5 -—18767.1 —6679.4 —6647.8 —-6631.7 —17841.5 —26208.5
B® —-42.9 —-25.7 -51 -71.9 —-95.0 —-85.8 -38.1 —-80.6 —205.2
ELamb —200.9 -197.0 —-188.8 -192.7 —419.6 —-415.0 —407.5 -410.4 —385.5
Eqot 140437 141564 144030 270607 365752 367055 369236 404165 498666
Eexpt [10] 140504 141631 144091 271687 365856 367199 369330 405100 499633
SE —67 —-67 —-61 —1080 —104 —144 -94 —-935 —-967
Z=13
E©C+D 157265.5  158882.8 1624451  318567.2 411885.3 413773.0 416880.9  467294.2  579770.5
E® —-1844.8 —-18352 —1800.8 —18708.3 —6709.1 -6664.1  —6656.6 —17738.2 —26091.9
B® -52.2 -317 -6.9 -86.3 -116.6 -104.8 —47.7 -98.2 —246.9
ELamb —-273.8 —268.4 —256.7 -262.1 -570.8 —564.1 —553.8 —557.4 —524.3
Eot 155095 156748 160381 299511 404489 406440 409623 448900 552908
Eexpt [11] 155148 156798 160429 300490 404574 406517 409690 449732 553783
SE -53 -50 —48 -979 -85 -77 —67 —-832 -875
Z=14
SIS 172015.2 1743135 1794015  347896.5 451244.3 453989.9 458395.0  512952.2  634913.7
E®@ —-18239 -18151 —1771.4 —18657.1 —67425 -6678.9  —6688.6 —17640.5 —25985.3
B® —-62.5 —38.6 -9.0 -102.0 —-140.8 -125.8 —58.7 -117.4 —292.0
ELamb —363.7 —356.3 —340.2 —347.5 —756.9 —747.4 —~733.6 -737.7 -694.8
Eiot 169765 172104 177281 328790 443604 446438 450914 494457 607942
Eexpt [12] 169802 172144 177318 329679 443670 446494 450965 495201 608758
SE -37 —40 -37 —889 —66 —-56 —-51 —744 -816
Z=15
g+ 186807.0  189972.3  197037.1 3777165 491089.1 494981.2 501022.7 559659.8  691079.5
E® —-1806.1  —1799.7 —1744.4 —18610.6 —6781.6 -6692.4  —6731.9 —17540.6 —25883.2
B® -73.8 -46.1 -11.2 -118.9 -167.7 —-148.8 -71.0 —138.0 —340.6
ELamb —471.5 —462.1 —440.7 —450.1 —-980.3 —-967.5 —-950.1 —954.1 —899.8
Eot 184456 187664 194841 358537 483159 487173 493270 541027 663956
Eexpt [13] 184478 187690 194856 359343 483195 487203 493285 541709 664685
SE -22 —-26 -15 —806 -36 -30 -15 —682 -729
Z=16
[SCa) 201646.6  205891.3  215470.4  408123.8 531480.1 536880.7 544933.0 607626.8  748471.3
E®? —-1790.7 -—-1788.8 —1719.0 -—18566.4 —6828.6 —-67045  —6791.6 —17430.7 —25780.8
B(® —86.2 —54.5 -13.7 —137.0 -197.6 -173.7 —84.9 -159.8 -392.3
ELamb —624.4 -611.2 —580.5 —593.6 —1295.3 -1276.2  —12525 —1256.0 —1186.3
Eot 199145 203437 213157 388827 523159 528726 536804 588780 721112
Eexpt [14] 199181 203474 213182 389583 523237 528796 536850 589449 721825
SE —-36 -37 -25 —~756 -78 -70 —46 —669 -713
Z=17
[SCa) 216539.1  222101.0 234828.3  439223.6 572469.6 579829.2 590293.6  657088.2  807314.7
E® -1776.9  —17825 —1694.5 —18522.7 —6885.6 —6715.5 —6874.2 —17302.5 —25673.6
B® -99.5 —-63.7 -16.4 -156.3 —230.6 —200.6 —100.6 —-182.8 —447.0
ELamb —785.8 ~769.1 —728.7 —745.4 -1628.1 -1602.3  —1573.1  —1574.3 —1489.2
Eot 213877 219486 232389 419799 563725 571311 581746 638029 779705
Eexpt [2] 420493 638648
SE —694 -619
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TABLE IV. (Continued.

2s2p %P, 2s2p®P; 2s2p %P, 2s2plP, 2p? %P, 2p? %P, 2p? 3p, 2p? D, 2p? is,
2s2p*(0)  2s2p*(1)  2s2p(2)  2s2p(l)  2p*2p*(0) 2p*2p(l) 2p*2p(2)  2p2p(2)  2p2p(0)
Z=18
g+ 231489.4  238630.5  255247.6  471131.3 614102.3 623976.4  637268.4  708310.3  867860.9
E® -1764.5 —1781.3 —1670.6 —18477.6 —6955.2 —-6725.2  —6987.0 —17147.4 —25557.7
B(® -113.8 -73.8 -19.4 -176.7 —267.0 —229.5 -118.2 —206.5 —504.5
ELamb -961.9 -941.3 —889.4 —-910.0 —1990.3 -1956.1  —1921.5 -1918.2 —1817.6
Eot 228649 235834 252668 451567 604890 615066 628242 689038 839981
Eexpt [2] 228664 235860 252675 452223 605019 615098 628294 840690
SE -15 —-26 -7 —656 -129 -32 -52 —709
Z=19
(@D 246502.9  255507.2  276875.3  503974.4 656414.3 669482.7 686015.4  761595.7  930390.4
E®@ -1753.0 —1785.7 —1646.8 —184295 —7039.9 —-6733.8  —71375 —16956.6 —25429.3
B® -129.2 —-84.8 -22.5 —-198.2 —307.0 —260.5 -138.2 —230.7 —564.3
ELamb -1160.5 —1136.3 —1072.7 —1096.8 —2399.8 —-2356.6 —23180 -2307.4 —2190.5
Eqot 243460 252500 274133 484250 646668 660132 676422 742101 902206
Eexpt [22] 243520 252520 274090 484856 646720 660170 676480 742650 902760
SE -60 -20 43 —606 -52 -38 —-58 —549 —554
Z=20
EQ+D 261583.7 2727545  299867.0 537891.6 699428.3 716515.1  736680.3 8172829  995211.3
E®? -1742.2  —1796.5 —1622.9 -—18376.7 —7142.0 -6741.3  —7332.8 —16722.4 —25285.1
B® —145.6 -96.9 -25.8 —220.6 -351.1 —293.4 —-160.9 —255.1 -626.4
ELamb —-1391.7 -1363.8 —1286.4 —1314.3 —2876.5 —2822.7  —2780.7 —-2759.4 —2625.0
Eot 258304 269497 296932 517980 689059 706658 726406 797546 966675
Eexpt [22] 258290 269505 296950 518524 689080 706680 726450 798130 967170
SE 14 -8 -18 —544 -21 -22 —44 —584 —495
z=21
@D 276737.8  290393.5  324390.2 573037.1 743158.6 765253.4  789400.9  875754.2  1062666.1
E®? -1731.8 —1814.6 —1598.5 —18317.7 —7263.5 —6747.7  —7577.4 —16439.4 —25122.5
B® -163.1 —-110.0 -29.2 —244.0 —399.3 —328.4 —-186.4 —279.4 -690.3
ELamb —1658.0 —1626.2 —1532.9 —1564.7 —3424.9 —-3358.9 —3314.3 —3278.3 —-31255
Eiot 273185 286843 321230 552911 732071 754818 778323 855757 1033728
Eexpt [22] 273200 286860 321240 553440 732070 754860 778400 856160 1034250
SE -15 -17 -10 —529 1 —42 -77 —403 —522
Z=22
EQC+D 291971.2 3084415 350622.9 609579.5 787607.6 815887.6 8443059  937431.0 1133129.7
E®? —1721.6  —1840.9 —1573.6 —18251.1 —7405.8 —-6753.0 —7871.9 —16106.7 —24939.3
B® -181.6 -124.3 -32.8 —-268.3 —452.2 —365.4 -215.1 —303.2 —755.8
ELamb -1965.4  —1929.7 —1818.3 —1854.0 —4057.8 —3978.0 —3932.0 -—3876.8 —3704.5
Eot 288103 304547 347198 589206 775692 804791 832287 917144 1103730
Eexpt [22] 288190 304600 347240 589692 775810 804890 832410 917580 1104170
SE -87 -53 —42 —486 -118 -99 -123 —436 —440
Z=23
[SC) 307291.2  326911.7 378754.6  647704.1 832768.8 868619.6  901521.6  1002772.2 1207011.0
E®? -17115 -1876.4 —1548.0 —181754 —7569.5 —-6757.4  —82115 —15728.5 —24734.6
B® —201.2 —139.8 —-36.5 —293.2 —509.9 —404.5 —247.1 —326.5 -8225
ELamb —-2316.5 —2275.9 —2140.9 —2181.4 —4778.2 —4680.2  —4632.9 —-4551.9  —4360.0
Eot 303062 322620 375029 627054 819911 856778 888430 982165 1177094
Eexpt [15] 303100 322600 375000 627500 820100 856900 888600 982600 1177600
SE -38 20 29 —446 —-189 -122 —-170 —435 —506
Z=24
S S 322704.8  345811.7  408985.3  687611.6 878624.6 923660.7 961176.6  1072263.3 1284749.2
E® -1701.4  —19219 —-1521.5 -18089.6 —7754.3 —6760.7 —-8586.3 —15314.6 —24508.3
B® -221.9 —156.7 —-40.3 -318.9 —572.6 —445.5 —-282.3 —349.2 —890.3
ELamb —2705.2 —2660.6 —2501.1 —2545.6 —5575.9 —5459.6  —5412.9  —-5302.1  —5090.8
Eot 318076 341073 404922 666658 864722 910995 946895 1051297 1254260
Eexpt [16] 318030 341120 405020 667150 864730 911080 947080 1051850 1254830
SE 46 —-47 -98 —492 -8 -85 -185 —553 —570




53 RELATIVISTIC MANY-BODY CALCULATIONS OF THE ... 4049
TABLE IV. (Continued.

2s2p °P, 2s2p %P, 2s2p %P, 2s2plP; 2p? %P, 2p? 3P, 2p? °p, 2p? D, 2p? 1s,

2s2p*(0)  2s2p*(1) 2s2p(2)  2s2p(l)  2p*2p*(0) 2p*2p(l) 2p*2p(2) 2p2p(2)  2p2p(0)
Z=25
E©+D 338218.7 365143.7 4415258  729519.1 925148.6 981231.9  1023410.8 1146408.6 1366812.3
E®@ -1691.3 —1978.2 —14941 —179925 —7959.1 —-6763.1  —8982.1 —14878.7 —24261.2
B® —243.7 -174.9 —44.2 —345.0 —640.6 —488.7 —320.5 -371.5 —958.9
ELamb —3140.2 —3091.0 —2901.0 —2950.1 —6465.7 -6327.0 —6281.2 —6133.5 —5903.2
Eot 333144 359900 437087 708231 910083 967653 1007827 1125025 1335689
Eexpt [17] 333350 359970 437300 708770 910360 967950 1008140 1125660 1336400
SE —206 -70 -213 —539 -277 —-297 —-313 —635 -711
Z=26
gD 353844.6  384908.8 476602.4  773664.9 972318.2  1041574.0 1088394.4 1225733.5 1453705.1
E®@ —-1681.0 —20458 —1465.7 —17883.5 —8181.8 —6764.6  —9383.8 —14436.0 —23995.2
B® —266.6 -194.6 —-48.1 -371.7 —-714.0 —-533.8 —361.6 —393.7 —-1028.2
ELamb -3619.6 —3565.9 —3340.8 —3394.5 —7444.5 —-7280.4 —7236.2 —70458 —6797.2
Eot 348277 379102 471748 752015 955978 1026995 1071413 1203858 1421885
Eexpt [18] 348180 379130 471780 752502 956100 1027200 1071700 1204200 1423000
S5E 97 -28 -32 —487 -122 —-205 —-287 —342 -1115
7=27
@+ 369591.1  405100.1 514450.1 820300.8  1020101.2  1104932.4 1156316.7 1310764.2 1545952.2
E®? -1670.6 —2125.1 —1436.2 —17762.1 —8419.8 -6765.3 —9777.1 —14000.6 —23713.0
B® —290.6 —-215.8 —52.0 —398.7 —793.0 —581.0 —405.1 —415.9 —1098.1
ELamb —4147.6  —4089.7 —3825.0 —3882.9 —8520.6 -8328.6 —8286.6 —8048.0 —7781.6
Eot 363482 398669 509137 798257 1002368 1089257 1137848 1288300 1513360
Eexpt [17] 363130 398720 509210 799040 1002040 1089190 1138140 1289000 1514350
SE 352 -51 -73 —-783 328 67 —292 —700 —990
Z=28
E©C+D 385471.2  425710.3 555319.7 869699.3  1068473.5  1171572.1 1227403.5 1402041.7 1644109.9
E®? -1660.0 —2216.0 —1405.7 -—17628.3 —8669.6 —6765.2 —10151.0 —13583.4 —23417.9
B® -315.7 —-238.7 —55.9 —425.9 —-877.4 -630.3 —450.9 —438.4 —-1168.5
ELamb —4726.9 —4664.4 —4351.6 —4414.0 —9697.6 —9471.9 —9431.9 -9136.5 —8853.6
Eot 378769 418591 549506 847231 1049229 1154705 1207370 1378883 1610670
Eexpt [3.22] 378190 418720 549500 847494 1048300 1154300 1207800 1379600 1611500
SE 579 -129 6 —-263 929 405 —430 -717 —-830
Z=29
@D 401490.5  446720.9 5994665  922141.2  1117397.2 12417540 1301891.5 1500099.2 1748741.2
E® -1649.3 —2318.3 —1374.2 —174825 —8927.9 —6764.5 —10498.1 —13191.8 -—23113.4
B® —341.9 —263.2 -59.8 —453.4 —967.4 —-681.6 —498.6 —461.4 —1239.5
ELamb -5363.3 —5296.9 —4931.0 —4997.3 —10989.1 —10727.3 —10689.7 -10332.4 -—10033.4
Eqot 394136 438842 593102 899208 1096513 1223581 1280205 1476114 1714355
Eexpt [20] 393900 438970 593290 899390 1095600 1223400 1279600 1477200 1716100
SE 236 -128 —-188 -182 913 181 605 —-1086 —1745
Z=30
@+ 417668.2  468123.7 647171.3 977935.8  1166864.9 1315778.0 1380068.9 1605508.9 1860456.7
E® —1638.5 —2431.2 —1341.7 -—173253 —9191.1 —6763.2 —10814.5 —12829.8 —22803.1
B® —369.3 —289.5 —63.6 —481.0 —-1062.8 —734.9 —548.0 —485.0 —-1311.0
ELamb —-6055.4 —59854 —5559.4 —5629.2 —12390.6 —12088.7 -—12053.5 -—11627.8 —11313.8
Eot 409605 459418 640207 954500 1144220 1296191 1356653 1580566 1825029
Z=32
(@D 450545.6  512034.7 754411.0 1100863.4 1267365.1 1476550.8 1548685.0 1840693.5 2107623.2
E® -1617.0 —2685.0 —1273.7 -—16981.0 —9719.3 —6759.3 —11353.0 —12196.9 —22179.0
B® —427.6 -3475 —-70.9 —536.4 —1269.7 -847.7 -651.8 —534.6 —1456.1
ELamb -7629.5 —7553.4 —6982.0 —7057.9 —15569.9 —15172.8 —15142.1 -—14556.0 -—14215.4
Eot 440871 501449 746084 1076288 1240806 1453771 1521538 1813406 2069773
Eexpt [21] 501600 746280 1076400
SE -151 —-196 -112
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TABLE IV. (Continued.
2s2p 3P, 2s2p3P; 2s2p %P, 2s2plP, 2p? 3P, 2p? °p, 2p? °p, 2p? D, 2p? is,
2s2p*(0)  2s2p*(1)  2s2p(2) 2s2p(1)  2p*2p*(0) 2p*2p(l) 2p*2p(2) 2p2p(2)  2p2p(0)
Z2=36
SO 518815.3  603869.7 1025134.6 1401867.2  1474646.1  1858292.3 1944426.5 2426118.1 2715626.9
E®@ —-1576.4  —3266.2 —1128.0 —162151 —10717.7 —6749.7 —12107.7 -—112449 —20988.1
B —-558.9 —485.3 -83.3 —647.5 —1745.8 —1097.9 -877.2 —642.7 —1757.0
ELamb -11616.6 —11534.3 —10561.0 —10643.3 —23589.0 —229350 -22911.5 -—21902.6 —21524.8
Eiot 505063 588584 1013362 1374361 1438594 1827510 1908530 2392328 2671357
Eexpt [3] 588750 1374000
SE —-166 361
Z=40
E©C+D 591315.8  700568.8 1389955.6 1796942.6  1691140.2  2340137.8 2438434.1 3202559.6 3514386.8
E® —1544.4  —3869.2  —973.3  —15431.3 115825 —6743.9 125719 —10580.1 —199454
B® -711.1 —-652.3 -91.3 —759.2 —2302.5 -1381.3  —1125.9 —~760.5 —2075.9
ELamb —-16874.8 —16794.0 —15259.5 —15340.2 —34126.4 —33118.1 —33100.2 —31520.7 -—31127.4
Eot 572186 679253 1373632 1765412 1643129 2298895 2391636 3159698 3461238
Z=42
E©@+D 629460.6  750684.1 1615697.1 2038194.1  1803312.2  2626895.1 2730704.6 3678306.7 4001562.8
E® —-1533.7 —4156.7 —894.1  —15058.5 —11964.3 —6744.7 —12737.8 —10316.1 —19486.3
B® —795.7 —~746.5 -93.0 —-815.7 -2611.3 —1535.7  —1259.3 —-821.9 —2242.7
ELamb —20045.0 —19967.2 —18091.6 —18169.3 —40469.6 —39246.8 —39231.0 —37309.2 —36915.2
Eot 607086 725814 1596618 2004151 1748267 2579368 2677477 3629860 3942919
Eexpt [23] 725758 2003847
SE 56 304
Z=47
EQ+D) 90.708 109.326 289.694 347.110 260.081 435.024 449.426 642.583 686.374
E® —-0.189 —0.595 —0.086 —-1.763 —1.588 —-0.839 -1.617 —1.212 —2.294
B® —-0.128 —-0.126 —-0.011 -0.119 -0.431 —0.243 —-0.201 -0.121 -0.332
ELamb —-3.692 —-3.684 —-3.318 -3.326 —7.430 -7.192 —-7.191 —6.820 —6.773
Eot 86.698 104.921 286.279 341.901 250.632 426.750 440.417 634.429 676.975
Z=50
E©C+D) 98.966 119.632 359.258 419.876 283.341 517.353 532.561 786.546 832.706
E® —-0.191 —-0.637 —-0.071 —-1.710 —1.644 —-0.842 —-1.635 -1.179 —2.232
B® —-0.149 —-0.148 —-0.010 —-0.130 —0.504 —-0.278 —-0.230 -0.133 —0.366
ELamb —4.588 —4.580 -4.115 —4.122 —-9.220 -8.915 -8.914 —8.443 —8.398
Eot 94.038 114.267 355.062 413.913 271.973 507.318 521.782 776.791 821.709
Z=54
E©C+D 110.868 134.139 474.827 539.943 316.219 650.985 667.139 1024.317  1073.815
E® —-0.197 —0.686 —0.051 —1.649 -1.717 —-0.848 —~1.656 —1.140 —2.159
B® —-0.180 -0.182 —-0.007 —-0.145 -0.613 -0.328 -0.272 —-0.148 -0.413
ELamb —6.010 —6.004 —-5.383 —5.389 —-12.061 -11.652 —11.651 —11.025 —10.984
Eot 104.482 127.267 469.386 532.759 301.829 638.157 653.561 1012.004  1060.258
Z=60
EQ+D) 130.983 157.894 708.737 781.108 370.304 914.572 931.869 1502.498  1557.416
E® —-0.211 —-0.750 -0.021 —-1.575 -1.826 —-0.864 —-1.686 —-1.087 —2.066
B® —-0.235 —-0.242 0.001 —-0.168 —-0.802 —-0.413 -0.341 -0.167 —0.486
ELamb -8.702 —-8.697 —7.790 —-7.795 —-17.441 -16.830 —16.829 —15918 —15.882
Eqot 121.834 148.205 700.926 771.569 350.236 896.465 913.013 1485.327  1538.982
Z=63
EQ+D 142.164 170.781 858.991 935.225 399.747 1080.939  1098.678  1808.398  1866.216
E® —-0.222 —-0.780 —0.006 —1.544 -1.885 -0.874 -1.701 —-1.061 —2.024
B® —-0.267 -0.276 0.007 -0.180 -0.911 —0.459 -0.378 -0.175 -0.522
ELamb -10.334 -10.329  —9.256 —-9.260 —20.700 -19.972 -19.971  -18.895 —18.861
Eqot 131.341 159.396 849.736 924.241 376.251 1059.634  1076.628  1788.267  1844.809
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TABLE IV. (Continued.
2s2p %P, 2s2p°P; 2s2p 3P, 2s2p'P, 2p? 3P, 2p? 3P, 2p? %P, 2p? D, 2p? s,
2s2p*(0)  2s2p*(1)  2s2p(2)  2s2p(l)  2p*2p*(0) 2p*2p(l) 2p*2p(2) 2p2p(2)  2p2p(0)
Z=70
g+ 171.715 204.018 1319.595  1405.487 475.896 1583.005 1601.416  2742.835  2807.938
E® —0.258 —-0.849 0.033 —1.482 —2.039 —0.906 -1.742 —-1.001 -1.931
B® —0.357 —0.369 0.027 —0.205 —1.208 —-0.579 -0.473 -0.184 —0.604
ELamb —-15.001 —-14.997 -13.499 —13.503 —30.029 —28.996  —28.996 —27.495  —27.467
Eiot 156.100 187.802 1306.155  1390.298 442.620 1552.525 1570.206  2714.155  2777.937
Z=74
EQ+D) 190.984 225.201 1667.727  1759.571 524.594 1957.472 1976.023  3447.154  3516.753
E®@ -0.285 -0.892 0.057 —1.450 -2.143 -0.929 —1.769 —-0.964 —-1.878
B(® -0.418 —-0.432 0.044 -0.218 —1.408 —0.653 —-0.531 -0.182 —0.647
ELamb -18.281  —-18278 —16.530 —16.532 —36.587 -35.378  —35.378  —33.627 —33.602
Eiot 171.999 205.598 1651.298  1741.371 484.456 1920.511 1938.346  3412.380  3480.627
Z=79
E©+D) 217.861 254.255 2212.380  2312.153 591.597 2538.101 2556.556  4547.169  4622.744
E® -0.329 -0.951 0.091 —1.412 —2.296 —0.964 —-1.807 -0.915 —-1.810
B —-0.509 -0.524 0.073 -0.231 —-1.699 -0.755 —-0.608 -0.169 -0.693
ELamb —-23.100 —23.098 —21.067 —21.069 —46.222 —44.828  —44.828  —42.795  —42.774
Eqot 193.923 229.682 2191.477  2289.441 541.380 2491.555 2509.313  4503.290  4577.468
Z=80
EQ+D) 223.560 260.356 2338.083  2439.512 605.727 2671.355 2689.752  4800.814  4877.633
E® —-0.339 —0.964 0.098 —1.405 —2.330 -0.971 —-1.816 —0.904 -1.796
B -0.529 —-0.545 0.080 -0.233 -1.763 -0.776 —-0.624 —-0.165 -0.701
ELamb —24.167 —24.165 —22.084 —22.086 —48.356 —46.932  —46.932  —44.849  —44.828
Eqot 198.524 234.683 2316.178  2415.788 553.279 2622.676 2640.380  4754.896  4830.308
Z=83
E©@+D) 241,511 279.446 2753.611  2860.154 650.022 3110.455 3128598  5638.813  5719.464
E® -0.373 —1.005 0.121 —-1.382 —2.441 —0.996 —-1.843 -0.871 -1.752
B —-0.595 -0.610 0.104 —-0.238 —-1.970 -0.842 —-0.673 -0.147 -0.722
ELamb -27.590 —-27.589 —-25.378 —25.379 —55.200 -53.710  —-53.710  —51.497 -51.478
Eqot 212.953 250.242 2728.459  2833.154 590.411 3054.907 3072.373  5586.298  5665.512
Z=90
EQ+D 286.289 326.388 3985.255  4104.672 760.474 4400.249  4417.300  8119.826  8210.027
E® —0.475 -1.123 0.186 -1.326 —2.764 —-1.067 —-1.918 —-0.780 —-1.637
B -0.781 —-0.794 0.180 —-0.239 —2.548 —-1.009 —-0.795 -0.076 —-0.747
ELamb -36.961 —36.960 —34.746 —34.747 —73.939 —-72.610 -72.610 —70.395 —70.378
Eot 248.072 287.511 3950.874  4068.360 681.22 4325564  4341.978  8048.575  8137.265
Eexpt [4] 4068.47
SE 0.11
Z=92
E©@+D 299.640 340.204 4417.669  4541.032 793.550 4849.872  4866.473  8990.196  9083.288
E® —-0.511 —-1.165 0.207 —1.308 —2.877 —-1.091 -1.943 —0.750 —1.599
B® —-0.845 —-0.856 0.208 —0.236 —2.744 —1.060 -0.831 —0.046 —0.746
ELamb —40.007 —40.006 —37.886 —37.887 —80.030 -78.847  —78.847 —76.726  —76.710
Eot 258.276 298.177 4380.198  4501.602 707.899 4768.873  4784.852  8912.674  9004.232
Eexpt [4] 4501.72
5E -0.12
Z=100
g(@+D 352.776 394.270 6612.724  6753.248 927.688 7113.313 7127.444  13405.319 13510.744
E®? —-0.706 —-1.378 0.315 -1.225 —3.466 -1.212 —2.066 —-0.603 —1.421
B® -1.164 -1.162 0.360 -0.196 —3.709 -1.278 -0.981 0.139 —-0.687
ELamb -54.010 -54.010 -53.141 -53.141 -108.034 —108.360 —108.360 —107.491 —107.478
Eot 296.896 337.719 6560.257  6698.686 812.479 7002.462 7016.036  13297.364  13401.158
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TABLE V. Comparison of the present calculations with the  TABLE VI. Comparison of the (82p)3P; intervals with the
many-body calculations of Reff36] “full core plus correlation” calculations of Ref30]. See Table IV
for references to experimental data.

=26 =42
3Pl_1so 1P1-1SO 3P1-1SO 1P1-1So 3|:>2.3p1 3p2_3p0
Present ~ 379102 752015 725814 2004151 £ =15
Ref.[36] 379118 752459 725751 2004464 Ref.[30] 16.1 222
Expt. 37913¢ 752502* 725758158 ° 20038471200°  Present 16.5 23.5
Expt. 16.4 22.8
%Referencd18]. _
PReference 23]. z=6
Ref. [30] 56.22 79.72
Present 57.0 81.7
Expt. 56.36 80.05
present calculation are lower than those from [R&6] by 98 z=17
and 526 cnm!, respectively. Similarly, for the 23, state, Ref[30] 143.7 206.5
we find that the energy from the present calculation isPresent 145.0 209.1
smaller than that from Ref.36] by 55 cm ?, leading to  Expt. 144.0 207.1
differences of about 43 and 471 crhfor the 2'P,- 21S, z =38
and 2%P;-2S; intervals, respectively, before consideration Ref. [30] 305.3 442.5
of the QED corrections. 1f36], “screening corrections” t0  present 307.6 445.8
the Coulomb-field QED energy shiffgtl] are taken from Expt. 306 443

Ref. [42], while in the present work, QED corrections are

evaluated using the methods described in [R&8]. In both z=9

calculations, “correlation corrections” to the Lamb shift are Ref. [30] 5758 836.2
taken into account using the occupation numbers for singlePresent 578.0 840.4
particle orbitals predicted from eigenvectors idt;. Al-  EXpt. 576 836
though the treatment of QED in the two calculations differs,Z = 10

the numerical values of the QED corrections found here aref. [30] 093 1446
in fairly good agreement with those found in RE36]. Spe-  present 996 1450
cn‘l_cally, for Z_=26, the combined _“screenlnlg” anld “corre- Expt. 995 1449
lation” corrections to the Lamb shift for the -2 *S; and 7 — 12

23p,-21s, intervals found in[36] are less than the corre-

sponding values found here by 26 ¢h Combining the Ref. [30] 2462 3586
correlation and QED differences, we obtain the total differ-Present 2466 3593
ences 43 26=17 and 47+ 26=445 cm !, in close agree- Expt. 2460 3587
ment with the differences 16 and 444 cifor the 2'P,- Z = 14

215, and 2°P;-21S; intervals in Table V. The correspond- Ref.[30] 5172 7507
ing differences for th& = 42 case in Table V are distributed present 5177 7516
in a similar way between correlation and QED corrections. Expt. 5174 7516

It is also informative to compare the results of the present
calculations with the high-precision calculations of Refs.
[29,3Q for Z = 4-14. The accuracy of the present calcula-
tions for these lowZ ions is limited by the approximate
treatment of correlation. The theoretical error for tripletdata for intermediat& at the level of 50 cm? for triplet
states decreases rapidly from about 800 ¢nfor Z = 5t0  states and 500 cm' for singlet states. They provide a
about 50 cm'* for Z = 14. As mentioned previously, the smooth theoretical reference database for line identification.
theoretical error for lowZ is dominated by the omitted Moreover, matrix elements from the present calculations

higher-order correlation corrections, which decrease &s 1/provide basic theoretical input for calculations of energies of
of the second-order correlation energy. By contrast, the calhree-electron boronlike ions.

culations of Ref[29] for neutral beryllium predict levels to
an accuracy of about 1 cit, while Ref.[30] gives energies
accurate to a few cm! for Z = 5-14. Although the preci-
sion of the present calculations is lower, the fine structure
separation of the (&p)3P; levels, predicted in the present ~ The work of M.S.S. and W.R.J. was supported in part by
calculation, is found to be in good agreement with the preNational Science Foundation Grant No. PHY-92-04089.
dictions of[30] and with experiment, as shown in Table VI. U.l.S. acknowledges partial support from the University of

In summary, we have presented a systematic second-ordbiotre Dame, Department of Physics. The authors owe a debt
MBPT study of then=2 states of berylliumlike ions. These of gratitude to J. Sapirstein for supplying values for the QED
calculations are found to differ from existing experimental corrections in the HF case.
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