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Relativistic many-body calculations of excitation energies and oscillator strengths in Ni-like ions
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Excitation energies for 341" particle-hole states of Ni-like ions are determined to second order in relativ-
istic many body perturbation theory. The calculations start from a closed-shell Dirac-Fock potential, and
include second-order Coulomb and Breit-Coulomb interactions. Retarded electric-dipole matrix eléments
length and velocity form)sare calculated in second order for transitions from excitedl3 states to the
closed-shell ground state. Wavelengths for 3-4 and 4-4 transitions are compared with experimental data, and
with other high-precision calculations. Trends of oscillator strengths as functions of nuclear gharge
shown graphically for selected transitions.

PACS numbses): 32.30.Rj, 32.70.Cs, 31.25.Jf, 31.15.Md

[. INTRODUCTION these ions as well as predicted values for ions f@m36 to
54. The predictions in Ref9] were made by fiting the dif-

This is the second in a series of relativistic many-bodyferences between energies calculated with the multiconfigu-
perturbation theoryMBPT) studies of atomic characteristics ration Dirac-Fock(MCDF) code, and experimentally deter-
of particle-hole excitations of closed-shell ions. In the first ofmined energies foZ=37-42 to a straight line. A similar
these studies, energi¢$—3] and oscillator strengthigt] in method was used for predicting lasing lines in Refs]
Ne-like ions were considered by Avgoustoglou and co-and [7]. Accurate theoretical values for two lasing
workers. lines: 313/24d3/2(0)'3d5/24p3/2(1) and 313/24(13/2(0)'

The second-order MBPT calculations for Ni-like ions 3ds4p45(1) in selected Ni-like ions witlZ from 60 to 73
start from a 5%2s?2p®3s?3p®3d!° Dirac-Fock potential. were presented in Ref8], where it was shown that good
We consider all possibleldoles and 4 particles leading to agreement between theoretical and experimental wave-
56 odd-parity and 50 even-parity 341’ (J) states. We cal- lengths could be obtained by taking into account the
culate energies of the 106 states for 18 representative iorgscorrelation.
with nuclear charg& ranging from 47 to 82. For odd-parity A detailed analysis of 3-4 transitions in the x-ray spec-
states withJ=1, we extend our calculations of energieZto trum by laser produced plasmas of BZ=56), La
from 47 to 92, and line strengths Bfrom 32 to 100. =57), and Pr Z=59) was reported recently by Doren al.

The Ni-isoelectronic sequence has been studied extei0] and Zigleret al. [11]. Ab-initio calculations were per-
sively, especially in recent years, in connection with x-rayformed in Ref.[10] using theRELAC relativistic computer
lasers. The lasing action occurs because ttie'dd levels  code to identify 8-nf (n=4—8), 3p-4s, and 3-4d tran-
are metastable to radiative decay to the Ni-like ground statesitions of Ni-like Ba. The same computer code was used by
the transitions to the ground state from the lower 34p Busquetet al.[12] to identify x-ray spectral lines emitted by
levels are of course radiatively allowed. Ni-like x-ray lasersa target of Au £=79). In Ref.[12], a detailed description of
were first demonstrated in 1987 in a laser produced plasmihe RELAC code, which is based on a relativistic model po-
of Eu, and later in laser-produced plasmas of Ta, W, and Atential, was given. TheiuLLAC package is also based on a
(see Refs|5,6], and references thergirAccurate knowledge relativistic model potentigl13]. Then=3-4 transitions ob-
of the lasing wavelengths is essential for applications taserved in x-ray spectra of Ni-like ions (AY -Pb**") were
laboratory x-ray lasers. Wavelength o ®1d*S,-3d°4p*P, investigated theoretically by Quinet and Bient[14], where
x-ray lines in several lowZz Ni-like ions ranging from the MCDF approaciGrant’'s codg¢ was used to calculate
Y (Z=39) to Cd ¢=48) were measured recently by wavelengths and oscillator strengths for thé4&p, 3d-4f,

Li etal. [7]. Measurements for two lasing 3p-4s, and J-4d electric-dipole transitions. The theoretical
lines:  3d34d3(0)-3ds4p3(1) and  33.4d3,(0)-  results in Ref[14] were compared with all previous pub-
3ds54p15(1) in ions ranging from Nd £Z=60) to Ta ¢ lished experimental data obtained from x-ray spectra emitted
=73) were reported by Daidet al.in Ref.[8]. It should be by strongly ionized atoms, and generated by vacuum sparks,
noted that neithet. S- nor jj-coupling schemes described Tokamaks or high power lasers and the difference between
these states properly; this is why different designations artheoretical and experimental values for the 3-4 transition
used for these states in Refg] and[8]. Lasing on the Ni- were found to be about 0.5%.

like 3d%°4f1P,—3d%4dP; x-ray line in Zr (Z=40), Nb There are fewer papers concerned with the analysis of the
=41), and Mo Z=42) was reported recently by Nilsen 4s-4p and 4p-4d transitions in Ni-like ions. Spectra of 4-4
et al. in Ref.[9]. Measured wavelengths were presented fortransitions in a laser-produced plasma of Ni-like ions
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(RU®"-Srf?*) were observed and analyzed by Churilov .
et al.in Ref.[15]. The analysis of these spectra was based on Oyy(av)=V(23+1) X (=)™

the theoretical prediction by Wyafi6]. The prediction of

4s-4p and 4p-4d transitions in Ni-like ions (M&*"-Srf2*) v I a

in Ref.[16] was based on Slater-Condon-type calculations of X\ _ m M m,

3d%s, 3d%p, and 3°4d configurations. The radial param-

eters involved in the three configurations were determined by o ) ]

a generalized least-squares fit using all known levels in th&0mbining then=3 hole orbitals and the=4 particle or-

sequence. pltals in nickel, we obtain 56 odd-parity states consisting of
In the present paper, a relativistic MBPT is used to deterfive J=0 states, 13J=1 states, 15=2 states, 12J=3

mine energies of B 141"(3) states of Nike ions. Energies 32375 *SREL L U 0 8o, B ot
are calculated for the 56 odd-paritg3'4p(J), 3d~14f(J), ' Y panty 9

3p-l4s(J), 3p 14d(J), 3s 4p(J), and B 14f(J) ex- of five J=0 states, 12=1 states, 14=2 states, 10=3

. y _ states, sixJ=4 states, ond=5 state, and ond=6 state.
C'te_dl states and_tlhe S0 eve?lparlly§4s(J),_31d t4d(J), The distribution of the 116 states in the model space is sum-
3p 4p(J), 3p "4f(J), 3s "4s(J), and I 4d(J) ex-  marized in Table I.
cited states for 18 representative Ni-like ions with
=47-82. The energies of the 13 odd-parity states with
=1 are calculated for Ni-like ions witd =47-92.

Relativistic MBPT is also used to determine reduced ma- The first-order energy-matrix element for a particle-hole
trix elements and oscillator strengths for electric dipole tranSystemva(J) is
sitions from the 3 141'(1) states to théS, ground state in
Ni-like ions with nuclear charge® ranging from 32 to 100. 1
RetardedE1 matrix elements are evaluated in both length E[a'v’(3),a0(3)]= 8, aar(€,— €a) + 231D
and velocity forms. The MBPT calculations start from a non- o
local 1s?25?2p®3s?3p®3d'° Dirac-Fock potential, and con- X(=DleHla™ iz, @ va'),
sequently give gauge-dependent transition matrix elements. 2.2
Second-order correlation corrections compensate almost ex-
actly for the gauge dependence of the first-order matrix elewheree; is the eigenvalue of the Dirac-Hartree-FA@HF)
ments, leading to corrected matrix elements that differ byequation for staté, and where
less than 1% in length and velocity forms throughout the
periodic system.

mym,

al agm [0). (2.1

Umv

B. Energy matrix

ZJ(ade)=XJ(abcd)+; (23+1)X(abdc)

Il. METHOD
| -

ja Jo J
Details of the MBPT method were presented in Réf. X ib id k]’
for a calculation of energies of particle-hole states, in Ref.
[17] for calculation of energies of particle-particle states, andwith
in Ref. [18] for calculation of radiative transition rates in
two-particle states. Here we will present only the model
space for Ni-like ions and the first- and second-order dia- Xi(abcd)=(al|Cyl|c)(b[|Cyl|d)Re(abcd). (2.4
gram contributions for particle-hole systems without repeat-

ing the detailed discussions given in Réfs], [17], and[18]. The quantitiesC, are _normalized spherical harmonics and
Ry(abcd are Slater integrals. The corresponding second-

order energy matrix is
A. Model space

ror _ 2 2
For atoms with one hole in closed shells and one electron  E2[8'v(),80(3)]= 8, 8aa (EP+ER)
above closed shells, the model space is formed from particle-

hole states of the typa, a,|0), where|0) is the closed- +_Z ER[a’v'(J),av(J)].
shell 153/,257/,2p3/,2P3,357,3p7/,3P3,3d3,3d3, ground 1T
state. The single-particle indicesrange over states in the (2.5

valence shell and the single-hole indicesange over the

closed core. For our study of low-lying statels 341" states The second-order one-partid&?) and one-hol&!? contri-

of Ni-like ions, values ofa are 35, 3p12, 3P3p, 3d3p, butions are defined by three terms: double sums, single sums,
and 35, while values ofv are 4s),, 4p1jn, 4P3j2, 4ds)p, and a one-potential term. This later term contributes only to
4dsy,, 4f5p, and 44,. To obtain orthonormal model states, the Breit-Coulomb correction. The second-order contribution
we consider the coupled statés,(av) defined by for hole statea (ng)) is
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TABLE I. Possible hole-particle states in th&3l’j’

complex;jj-coupling scheme.

Odd-parity states

3=0 =1 3=2 =3 I=4-6
3d34P3(0) 3dsAPaA(1) 3dsAP1A2) 3dsAPA3) 3ds/APsA(4)
3dsAf55(0) 3dzAPA1) 3ds/APsA(2) 3dsAPaA3) 3dsAfs5(4)
3p1As1(0) 3dzAPaA(1) 3dzAP1A2) 3d3AP3A(3) 3ds;Af7(4)
3p3Ads(0) 3dsAf5(1) 3d3APsA(2) 3dsAf5A(3) 3d3Afs5A(4)
351A4P12(0) 3dgAf7(1) 3dgAf5(2) 3dsAf7(3) 3dgAf7(4)
3d3Af55(1) 3dsAf7(2) 3d3Af5(3) 3pgAds(4)
3pgAsya(1) 3dzAfs5(2) 3d3Af7(3) 3s1Af7(4)
3pyAsys(1) 3dzAf7A(2) 3pzAds(3) 3dsAfs5(5)
3p3Adas(1) 3p3ASyA2) 3pzAds3) 3dsAf7/(5)
3Pz Ads(1) 3paAds(2) 3pyAds3) 3dzAf7(5)
3pyAdas(1) 3p3Ads(2) 3s1/A4F5(3) 3dsAf7(6)
3syAP1A1) 3pyAds(2) 3s1/AF723)
3syAP3A(1) 3pyAdsA(2)
381 AP3A2)
3syAf5(2)
Even-parity states
J=0 J=1 J=2 J=3 J=4-5
3dsAds(0) 3d3A4S1/2(1) 3dsAS1/A(2) 3dsA4S1/2(3) 3ds;Ad3(4)
3d3A4d3(0) 3ds/Adz(1) 3dzAS1/A2) 3ds;Ad3(3) 3ds;Ads/(4)
3P3AP3(0) 3ds;Ads(1) 3dsAd3A(2) 3ds;Ads/(3) 3dzAds(4)
3p1AP1A(0) 3dzAds(1) 3ds;AdsA(2) 3d3A4d3(3) 3paAfs(4)
381451%(0) 3dgAds(1) 3dgAd3A(2) 3d3A4d5(3) 3paAfzA(4)
3p3APaAl) 3d3AdsA(2) 3p3ApPsA3) 3pyAfA4)
3p3APaa(l) 3p3APA2) 3pgAfsi3) 3ds;Ads(5)
3pyAP1a1) 3p3APaA2) 3pyAfsi3) 3paAf7A5)
3pyAPaa(1) 3pyAPsA2) 3pzAf3)
3paAfsa(1) 3paAfsA(2) 3pyAf73)
3syAs1(1) 3paAf7A2) 3s1/A4d5/(3)
3syA4d3(1) 3pyAfsA(2)
3syA4d3(2)
3syAds(2)
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(_1)ja+jn_jb_jc Zk(bcan)Xk(aan)

(_1)jm+jn_ja_jc Xk(acmn)Zk(mnaC) 2
ben k (2j3+1)(2k+1)

@) _ _
EP=-2 2 (2j,+1)(2k+1)

cmn Kk €ac™ €mn €pc™ €an
2jp,+1A(bn)Zy(naba)
—22, 9, T R — (2.6)
where
2j+1
A(bn)—g 8. Zjb—+120(bcnc). 2.7

Labelsb andc designate core states, amdandn designate virtual states. The second-order energy for the valence electron
(Eﬁz)) is found by replacin@ by v in the above expression and changing the sign of each term. The second-order particle-hole
interaction energieENi([a’v’(J),av(J)] are

[k ‘ JHK K J]Xk@a’mn)zk/(”m“'a), 2.8

ER[a’v’(J),av(3)]=2, 2 (—1)IHalei T
mn- gk’ J o Im) U Jar In €ya’ ~ €nm
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k k' J|(k k' J|X(bcav')Z(a'veh
ERfa’v’(J),av(J)]= 2 > (—1)tta- Jv[. o H o ] d 2w ), (2.9
bc gy’ Jo Ja Ib Jar Jvr Je Ephc T Eyra
1 Zs(a’bv’'n)Z;(vnab) Zj(vban)Zi(a'nv’'b
ER3[a’v’(J),av(J)]= E( 1)Ja'+1b iy —in 3 v'N)Z,(v ) (v ) Z,( v'b)
(2J+1)2 nb Epa’ —Eyn Eyb~™ €na
Y 1 (—1)lorFiar+ip*intksd J:U J:a J|| Z(vbv'n)Z(a'nab)
nb k 2k+1 Ja’ Jv’ k Ehy " €u'n
Z(a'ban)Z, (vnv'b
k( )Z(vnv'b) (2.10
€a'b™ €na
A(vn)Zy(na'av') A(a’'n)Zs(vnav’)
ER(a’v'd,a00) = 533y (D ) 3 6 ( J( +2 8liarin) S
<2J+1) ca—tn
] ZJ(va ac)A(cv’) .. Zsva'cv )A(c a) Zi(va'nv')A(na)
+Z 5(]1;’ c} 2 5(JaJc) E 5( a n)
&, &¢ c#+a a €ra’ " Eny’
. Zy(va'an)A(nv') . A@'c)Zy(vcan’)
+ 2 iyin) + X a0
n(na#va’) €pa’ " €na c(cv#v'a) Evra” €y

A(vc)Zy(ca'av’)

+2 3o 219

Eyra” €ca’

All of the above expressions were defined for the Cou{2.8)—(2.11) for odd-parity states witld=1. Coulomb con-
lomb interaction. When we include the Breit interaction in tributions are given in the upper panels, and the Breit-
the calculation, the Coulomb matrix elemeXt(ab,cd) is  Coulomb corrections are given in the lower ones. The largest

modified according to the rule contribution is from the ternR; for the Coulomb interaction
and from the ternR, for the second-order Breit correction.
X(ab,cd)=X(ab,cd) +M(ab,cd)+N,(ab,cd). The orbitals used in the present calculation were obtained

(212 as linear combinations oB splines. TheseB-spline basis
The magnetic radial integrald and N are defined by Egs. orbitals were determi_ned using the method de;cribed iq Ref.
(A4) and (A5) in Ref. [19]. [20]. We used 4@ splines of order 8.for each smgle—.partlck.e
angular momentum state, and we included all orbitals with
orbital angular momenturh<7 in our single-particle basis.
In Sec. 1IB, we gave analytical formulas for the first-
In Tables Il and Ill, we give details of the second-orderand second-order contributionsE®™[a’v’(J),av(J)],
energies for the special case of Ni-like bariuf%56. The E@[a’'v’(J),av(J)], and B®[a’v’(J),av(J)] to the en-
headings used in these tables are the same as those useaigy matrix. To determine the first-order energies of the
Ref.[17]. In Table Il, we show the second-order contribu- states under consideration, we diagonalize the symmetric
tions to the valenc&'? and holeE{? energies, defined in first-order effective Hamiltonian, including both the Cou-
Eq. (2.6). Contributions from each of the three distinct lomb and Breit interactions. The first-order expansion coef-
terms—double sunV,, single sumV,, and one-potential ficient CT[av(J)] is the Nth eigenvector of the first-order
termV;—are given in this table. In the upper panels, secondeffective Hamiltonian, and&")[N] is the corresponding ei-
order Coulomb contributions are presented fo3 hole  genvalue. The resulting eigenvectors are used to determine
states andn=4 particle states and, in the lower panel, the second-order Coulomb correcti@?[N], the second-
second-order Breit-Coulomb corrections are listed. Theorder Breit correctionB®?N], and the QED correction
single sum contribution to hole states dominates the Couk, .,/ N]. Usually, eitheiLS or jj designations are used to
lomb corrections shown in the upper panel. The oned{abel the resulting eigenvectors rather than simply enunerat-
potential termV; contributes only to the Coulomb-Breit cor- ing with an indexN. Here we usgj designations, since they
rection; where it is the dominant contribution. In Table Il are more suitable in Ni-like ions.
we give diagonal matrix elements of the second-order inter- In Table IV, we list the following contributions to the
action energy for the particle-hole system defined in Eqsenergies of odd-parity=1 states in B¥*: E©*D=E(©)

C. Example: Energy matrix for Ba?®*
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TABLE II. Contributions to the one-electro&®) and one-hole 20 f »
energyE? for ions with a 1?2s?2p®3s?3p°®3d*° core from the ) - Z(Z)ZZ
three diagram¥/,—V; evaluated for the case of bariu@i=56. 15 | ."\\ T E(zfo,, 1

) - 10 | ;' “. velocity form
(a) Coulomb interaction: @ P
VHF VHF VAF SHF € 5| \
E [}
3s,,  0.078365 -0.312162 -0.233798 2
3py,  0.096743  -0.308099 -0.211356 g 0
3py,  0.094550  -0.278281 -0.183730 g 20 ¢ Oz
3dy,  0.147751  -0.250838 -0.103087 35l N - 22
3ds,  0.146695  -0.242938 -0.096243 5 B length form T B0
4s,,  -0.080184  0.017005 -0.063179 S0 / b
4py,  -0.082620  0.017788 -0.064831 > "
4py,  -0.076963  0.017584 -0.059379 57 //
4dy,  -0.081181  0.017376 -0.063805 o LA T
4ds,  -0.078257  0.017296 -0.060960 25 35 45 55 65 75 85 95
4f,  -0.067856  0.012001 -0.055855 Nuclear charge Z
A7 -0.066848  0.012194 -0.054655 FIG. 1. Uncoupled matrix element for the transition between the
3dsAf55(1) state and the ground state calculated in length and
(b) Breit correction: velocity forms in Ni-like ions.
VJB_HF VgHF VEHF EBHF

3sy 0.002252  -0.001469  0.032447  0.033230 The multipole matrixZx(av) element, which includes retar-
3p12 0.003539  -0.001733  0.034512  0.036319 dation, can be expressed in terms of the opettitbgiven in

3pPa2 0.003093  -0.001512  0.033207  0.034788 length and velocity forms by Eq€38) and (39), respec-
3dy,  0.003933  -0.002244  0.037250  0.038939 ftively, of Ref.[23] by

3ds), 0.003370  -0.001463  0.036691 0.038598
4sy), -0.000596  0.000166  -0.007427 -0.007856
4Py -0.000817  0.000201  -0.007766  -0.008381
4p3pp -0.000738  0.000167 -0.007514 -0.008084
4dy, -0.000820  0.000325  -0.008110 -0.008605
4ds), -0.000822  0.000256  -0.008057 -0.008623
4f g -0.000607  0.000364  -0.004863 -0.005107

2K+ 1)1
Z(av)= (kK)<a||t<Kl>||v>.

4f,, -0.000508 0.000250 -0.004668 -0.004926  The second-order reduced matrix elemé&[0—av(J)]

+EM+BM, the second-order Coulomb enerds?), the
second-order Breit correctioB(?), the QED correction
ELamp, @nd the total theoretical ener@f®. The QED cor-
rection is approximated as the sum of the one-electron self-
energy and the first-order vacuum-polarization energy. The
vacuum-polarization contribution is calculated from the Ue-
hling potential using the results of Fullerton and Rinkt].

The self-energy contribution is estimated &mp4,,, andps,
orbitals by interpolating among the values obtained by Mohr
[22] using Coulomb wave functions. For this purpose, an
effective nuclear charg@.; is obtained by finding the value

of Zq4 required to give a Coulomb orbital with the same
average(r) as the DHF orbital.

D. Radiative transitions to the ground state

The first-order reduced multipole matrix eleméty) for
a transition between the ground st and the uncoupled
particle-hole stateb ;,(av) of Eq. (2.1) is

zZH0-av(Jd)]= Zs(av)dy.  (2.13
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FIG. 2. Oscillator strengths for transitions between the ground
V2J+1 state and 8;4p;-(1) and 31;4f;,(1) states as functions &
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TABLE Ill. Diagonal contributions to the second-order interaction term in the effective Hamiltonian
matrix from diagram$R;—R, calculated using HF orbitals. These contributions are given for a hole-particle
ion with a 1s?2s?2p®3s23p®3d*° core, and evaluated numerically for the odd-parity states dvith. in the
case of bariunZ=56.

(a) Coulomb interaction:

RTF RgF RgF RI:F SHF
3d34P 1 0.004141 0.002838 0.043857 0.050836
3ds,4Pap 0.004393 0.001551 0.038373 0.044317
3d34P3 0.006225 0.006121 0.035867 0.048214
3dsAfs), 0.005785 -0.000332 0.016577 0.022030
3dg At 0.005985 -0.000745 -0.016659 -0.011419
3dy A5, 0.005051 -0.001003 -0.004367 -0.000318
3paAS1 0.002132 0.001742 0.034175 0.038050
3pyASy, 0.002421 0.003474 0.031964 0.037859
3p3Ads 0.003810 0.005657 -0.028107 -0.018640
3p3Ads, 0.003907 0.006070 0.032414 0.042391
3pyAds, 0.002710 0.005221 0.034010 0.041942
35,41 0.002057 0.003950 0.031657 0.037666
35,4P3 0.001395 0.002152 0.030924 0.034470

(b) Breit corrections:
R?HF R?HF REHF RE’HF EBHF
3d34P1 -0.000029 -0.000008 0.000130 0.002129 0.002222
3ds4p3) -0.000018 -0.000022 0.000174 0.001556 0.001632
3d34p3 0.000012 -0.000023 0.000224 0.001654 0.001865
3dgAfs), 0.000003 0.000006 0.000272 0.001054 0.001335
3ds AT -0.000058 -0.000005 0.000237 0.001019 0.001194
3dgAfs, -0.000027 -0.000013 0.000217 0.001248 0.001424
3p3ASiy, -0.000003 -0.000007 0.000013 0.001364 0.001395
3pyASiy, 0.000017 0.000023 -0.000038 0.001553 0.001555
3p3A4ds, 0.000001 -0.000016 -0.000261 0.001561 0.001285
3paAds), 0.000006 -0.000006 0.000060 0.001172 0.001234
3pyAdy, -0.000007 -0.000028 0.000076 0.001566 0.001707
3S1AP1 0.000015 0.000011 0.000072 0.002074 0.002173
35,,4Pap 0.000001 0.000002 0.000049 0.001410 0.001553
ZE™0—-av()] (2

K+ 1)l
Z(Kderv)(av):kK—l)(aHdt(Kl)/d Klo)

1

Syk(—1)lbTIntK

2J+1 2K+1 is just the derivative of the first-order matrix element with
respect to the transition energy. It is introduced to account

Zx(bmZg(anub) + Z(abun)Zy(nb) for the first-order change in transition energy. An auxillary

X L
bn Eby " €na Eba~ Env quantity P is defined by
(2.149
PO (a0)J] = ———Z ™ av) . (2.16
: J23+1°7° ’
(HF) 1 Z(an)A(nv)
ZEN0—av (D))= === |— - g o
V2J+1 "n 8y~ &n The derivative ternz{%")Y(av) is given in length and veloc-
ity forms by Eqgs.(10) and(11) of Ref.[18] for the special
+M i (2.15  caseK=1.
€a7 &n The coupled dipole transition matrix element between the
ground state and thidth excited state in Ni-like ions is given
The derivative term by
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TABLE IV. Energies of Ni-like barium for odd-parity states with=1 relative to the ground state.
EO+) =)+ (1)1 g(1),

Level [SICRR E® B(? ELave Eiot
3d34p1(1) 27.4350 -0.117082 0.032780 -0.0002 27.3505
3dsApa(1) 27.6842 -0.111305 0.032146 0.0006 27.6056
3dyApaA1) 28.2491 -0.119704 0.032423 0.0006 28.1624
3dsAf55(1) 34.6318 -0.130068 0.034826 0.0000 34.5366
3dgAf7(1) 35.0194 -0.162317 0.034866 0.0000 34.8919
3dgAT55(1) 35.9762 -0.159260 0.035256 0.0000 35.8522
3paASy(1) 34.8388 -0.208859 0.028327 0.0065 34.6648
3pyAsy1) 37.6643 -0.236676 0.030018 0.0101 37.4677
3paAda(1) 41.0718 -0.266175 0.027468 -0.0031 40.8300
3paAds(1) 41.3278 -0.202299 0.027399 -0.0030 41.1499
3pyAds(1) 44.0106 -0.233219 0.029421 -0.0003 43.8065
3s,,4p1A1) 45.4540 -0.260963 0.027022 -0.0376 45.1825
38, A4P3A1) 46.3204 -0.258707 0.026699 -0.0377 46.0507
1 length and velocity forms are illustrated for the uncoupled
QU*A(0-N)=—- ——— >, CNav(J)] 0-3ds4f5,(1) matrix element in Fig. 1. It should be noted
EMIN] @ that the first-order matrix eleme@®) is proportional 12,

X{[ €a— €,1[ZH2[0—-av(J)]
+B@[0—av(J)]]+[-EM[N]
— et e, PV 0—av(d)]}. (217

Herez1+2=7{N+7(RPA " (Note thatz{"" vanishes since
we start from a HF basis.In Eq. (2.17, we let B(®
=B{RPAY+B{"P represent second-order corrections arisinglarger in length form(compare the upper and lower panels in
from the Breit interaction. Using the above formulas and theFig. 1). The differences between results in length and veloc-
results for uncoupled reduced matrix elements, we transforrity forms shown in Fig. 1 are compensated for by “deriva-
from uncoupled reduced matrix elements to intermediatgive terms” P(“™) as shown below. It should be noted that
coupled matrix elements between physical states.

The uncoupled reduced matrix elements are calculated imhereasP(%®™ in velocity form is smaller tharz™® in ve-
both length and velocity gauges. The differences betweetocity form by 3—4 orders of magnitude.

Oscillator Strengths

10

10~

o—e 3p,,45,,,(1)
o 3,48, (1)

25 35 45 55 65 75

Nuclear charge 2

85 95

the second-order Coulomb matrix elemétit) is propor-
tional 1/Z?, and the second-order Breit matrix elemBfit) is
almost independent & (see Ref[18]). Taking into account
this dependencez®xz, z®xZ7? and B@x10* are
shown in the figure. Thesé dependencies apply to the first-
order matrix element&(?, the second-order matrix elements
B®), and the length form oZ(® for high-Z ions. The con-
tribution of the second-order matrix eleme@s) is much

P(de™) in the length form almost equa&® in length form,

o

1072 | ik

Oscillator Strengths

>
L

-5

25 35 45 55 65 75 85 95
Nuclear charge 2

FIG. 3. Oscillator strengths for transitions between the ground FIG. 4. Oscillator strengths for transitions between the ground
state and the [3;4s,,,(1) state as functions d.

state and the 8;4d;,(1) state as functions .
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TABLE V. Uncoupled reduced matrix elements in lengthnd velocityV forms for odd-parity transitions into the ground state ifBa

av(J) z® zZ® z® z® B(® B® p(dery) p(der)

3d3Apya(1) 0.087181 0.079272 0.005138 0.005673 -0.000038 0.000008 0.086926 -0.000095
3ds4p3(1) -0.105881 -0.096128 -0.007742 -0.007772 0.000020 0.000082 -0.105616 -0.000034
3d34p3(1) 0.033251 0.030293 0.002660 0.002629 0.000039 0.000083 0.033096 -0.000125
3dsAf50(1) -0.089282 -0.082514 0.005098 0.001230 -0.000167 -0.000413 -0.089265 -0.000262
3dsAT75(1) 0.398233 0.368124 -0.022676 -0.005350 0.000595 0.000771 0.396790 -0.001555
3dgAT5(1) -0.327081 -0.302570 0.019714 0.005423 -0.000652 -0.000891 -0.326200 0.000650
3pgAsyA1) 0.104004  0.095354  0.006651 0.007440  0.000296  0.000261  0.103625  -0.000037
3p1A4S1(1) 0.059547 0.054720 0.006430 0.006460 0.000338 0.000346 0.059176 -0.000231
3p3Adsn(l) 0.061075 0.056603 -0.047905 -0.042744 0.000015 0.000116 0.060873 0.000052
3p3Ads(1) 0.176578 0.163864 0.009530 0.011907 0.000725 0.000955 0.175458 -0.000874
3pyAdsn(1) -0.115357 -0.107008 -0.004076 -0.005727 -0.003080 -0.002986 -0.114678 0.000345
3s1AP1(1) 0.070764 0.065459 -0.003999 -0.002890 -0.000492 -0.000343 0.070340 -0.000099
3s1A4P3(1) -0.082047 -0.075991 0.000546 0.000096 0.000138 -0.000083 -0.081292 0.000477

E. Example: Dipole matrix elements in B&®* coupling scheme, it is nevertheless convenient to label the

In Table V, we list values ofincoupledirst- and second- Physical states using thg scheme. We see that and V
order dipole matrix elementg®), @, andB®), together forms of the coupled matrix elements in Table VI differ only

with derivative termsP(@™) for Ni-like barium,Z=56. For  in the fourth or fifth digits. Thes&-V differences arise be-

simplicity, we only list values for the 13 dipole transitions cause we start our MBPT calculations using a non-local
between odd-parity states with=1 and the ground state. Dirac-Fock (DF) potential. If we were to replace the DF
The derivative terms shown in Table Il arise because transipotential by a local potential, the differences would disap-
tion amplitudes depend on energy, and the transition energgear completely. The last two columns in Table VI show
changes order-by-order in MBPT calculations. Both lengthandV values ofcoupledreduced matrix elements calculated
(L) and velocity(V) forms are given for the matrix elements. without the second-order contribution. As can be seen from
We can see that the first-order matrix elemeszé andz{}) this table, removing the second-order contribution increases
differ by 10—20%; theL-V differences between second- theL-V differences.

order matrix elements are much larger for some transitions as It should be emphasized that we include negative-energy-

V that P(®" in length form almost equalZ® in length  'gnoring the NES contributions leads to small changes in the
form but thatP®®™) in velocity form is smaller thaz® in ~ L-form matrix elements, but substantial changes in some of
velocity form by 3—4 orders of magnitude. the V-form matrix elements, with a consequent loss of gauge

Values ofcoupledreduced matrix elements in length and independence.
velocity forms are given in Table VI for the transitions con-
sidered in Table V. Although we use an intermediate- TABLE VI. Coupled reduced matrix elements in lendthand
velocity V forms for odd-parity transitions into the ground state in

o Ba?®".
107
MBPT First order
:é: 10‘1 L av(J) L V L \Y
2 3daApy(1) -0.068287 -0.067912 -0.064126 -0.058401
% 102 | 3dsAps(1) -0.140705 -0.140013 -0.132503 -0.120496
_ 3dyApa(l)  0.050965 0.050680 0.047335  0.043148
g . 3dgAfs(1)  -0.011981 -0.011825 -0.011005 -0.010230
5 10 ¢ 3dgAfo (1)  -0.145601 -0.145668 -0.154598 -0.142856
8 3dyAfe(1)  0.467167  0.467484 0.496550  0.459288
107 - 3pyAsy(l)  0.148537 0.148052 0.144775 0.133128
3pyAsy(1) -0.051011 -0.050367 -0.041079 -0.037665
5 3psAds(1)  0.046451  0.042222 -0.003995 -0.003625
25 35 45 55 65 75 85 95 3psAds(1)  0.170504 0.170879 0.176448  0.163761

Nuclear charge Z 3pyAdsp(1)  0.124708  0.123974  0.115723  0.107345

3syApy(1l) -0.040535 -0.040678 -0.043162 -0.039890

FIG. 5. Oscillator strengths for transitions between the grounds,4p5,(1) -0.062830 -0.063085 -0.065063 -0.060257
state and the &5f;,(1) state as functions .
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TABLE VII. Wavelengths & in A) for Ni-like ions for odd-parity states witi=1 given relative to the ground state. Comparison with

experimental results presented in Réf0], [11], and[14].

3d3 APy, 3dsAPsn 3d3APsp 3dsAfs, 3dsAfr, 3daAfs, 3pyASyy 3pyASy, 3P3Adsn 3P3Ads, 3pyAdss,

z=47
Nexpt [14]
7=148
Nexpt [14]
Z=49
Nexpt [14]
Z=50
Nexpt [14]
Z=51
Z=52
Z=53
Z=54
Nexpt [14]
Z=55
Z=56
Nexpt [10]
Z=57
Nexpe [11]
Z=58
Z=59
)\expt [11]
Z=60
Z=61
7=62
Nexpt [14]
Z=63
Z=64
Nexpt [14]
Z=65
Z=66
Nexpt [14]
=67
Z-68
Z=69
Nexpt [14]
Z=170
Nexpt [14]
z=71
z=72
Nexpt [14]
z=173
Nexpt [14]
z=74
Nexpt[14]
Z=175
Nexpt[14]
Z=176
z=77
z=178
Nexpt[14]

31.491
31.427
28.986
28.934
26.777
26.735
24.820
24.785
23.076
21.516
20.113
18.847
18.826
17.701
16.659

15.709

14.841
14.045

13.313
12.639
12.016
11.950
11.440
10.905
10.900
10.409
9.947
9.960
9.516
9.113
8.737
8.734
8.384
8.377
8.053
7.743
7.739
7.450
7.447
7.175
7.172
6.916
6.914
6.671
6.440
6.221
6.214

31.242
31.189
28.760
28.716
26.570
26.533
24.627
24.596
22.894
21.342
19.946
18.686
18.667
17.544
16.505

15.558

14.692
13.897

13.167
12.493
11.871
11.830
11.295
10.761
10.750
10.265
9.803
9.810
9.372
8.969
8.592
8.591
8.239
8.235
7.908
7.596
7.594
7.303
7.301
7.027
7.024
6.767
6.765
6.521
6.289
6.069
6.062

30.812
30.757
28.345
28.301
26.169
26.131
24.238
24.211
22.522
20.981
19.595
18.339
18.326
17.210
16.179

15.239

14.379
13.591

12.866
12.199
11.580
11.530
11.011
10.479
10.470
9.989
9.529
9.540
9.103
8.704
8.329
8.326
7.979
7.978
7.652
7.342
7.339
7.052
7.051
6.779
6.775
6.521
6.518
6.278
6.048
5.829
5.824

23.601
23.571
21.897
21.970
20.379

19.020
19.027
17.798
16.694
15.694
14.784

13.953
13.193

12.495

11.856
11.257
11.256
10.709
10.201
9.729
9.785
9.289
8.880

8.497
8.139

7.804
7.489
7.193
7.184
6.915
6.914
6.653
6.406
6.419
6.172
6.176
5.951
5.956
5.742
5.740
5.544
5.356
5.178
5.179

23.397
23.333
21.704
21.450
20.196
20.040
18.846
18.811
17.633
16.537
15.543
14.639
14.618
13.813
13.058
13.046
12.365
12.335
11.727
11.138
11.129
10.594
10.089
9.620
9.620
9.184
8.777
8.770
8.398
8.043
8.020
7.710
7.398
7.104
7.099
6.829
6.822
6.569
6.323
6.317
6.092
6.092
5.873
5.871
5.666
5.663
5.470
5.284
5.107
5.098

22.852
22.821
21.187
21.160
19.727
19.710
18.359
18.356
17.176
16.106
15.135
14.252

13.446
12.709
12.721
12.032
12.020
11.409
10.834
10.842
10.303
9.810
9.352

8.926
8.529
8.530
8.158
7.811
7.820
7.486
7.181
6.894
6.890
6.624
6.620
6.369
6.129
6.125
5.902
5.907
5.687
5.689
5.484
5.484
5.292
5.109
4.936
4.932

22.561

21.069

19.702

18.527

17.414
16.403
15.480
14.634

13.859
13.144
13.136
12.484
12.458
11.870
11.310
11.310
10.785
10.296
9.841
9.850
9.417
9.020
9.010
8.648
8.299
8.280
7.972
7.665
7.375
7.370
7.103
7.099
6.845
6.603
6.596
6.373
6.370
6.156
6.154
5.950
5.943
5.755
5.570
5.394

21.329

19.914

18.593

17.402

16.321
15.337
14.438
13.614

12.857
12.161

11.518

10.923
10.372

9.861
9.385
8.941

8.527
8.140

7.778
7.438

7.119
6.819
6.537
6.528
6.270
6.270
6.019
5.782
5.780
5.558

5.345

5.144

4.953

4.773
4.588

18.814

17.612

16.516

15.541

14.640

13.818

13.064

12.371

11.727
11.159

11.072

10.600

10.512

10.093
9.622

9.184
8.775
8.393

8.036
7.701

7.387
7.091

6.813
6.551
6.304
6.296
6.071
6.061
5.850
5.641
5.640
5.443
5.43
5.255
5.247
5.077

4.907
4.745
4.604

18.706

17.512

16.428

15.450

14.554
13.736
12.985
12.295

11.659
11.072
10.388
10.503
9.841
10.027
9.557
9.559
9.121
8.713
8.333

7.976
7.642
7.638
7.329
7.034

6.757
6.495
6.249
6.245
6.016
6.01
5.795
5.587
5.586
5.389
5.382
5.202
5.200
5.024
5.025
4.854
4.693
4.540
4.539

17.888

16.713

15.657

14.692

13.814
13.011
12.275
11.600

10.977
10.401

9.868

9.374
8.915
8.915
8.487
8.088
7.716

7.367
7.040

6.734
6.446

6.175
5.920
5.678
5.655
5.459
5.44

5.205
5.006

4.816
4.818
4.635
4.638
4.463
4.464
4.298
4.142
3.992
3.993
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TABLE VII. (Continued.

3d3 APy 3dsAPsn 3d3APsp 3dsAfs, 3dsAfr, 3dyAfs, 3paASy, 3PuAS 3P3Ads, 3P3Ads, 3pyAds,

Z=79 6.014 5.860 5.623 5.009 4.939 4.771 5.227 4.430 4.452 4.394 3.850
Nexpt [14] 6.010 5.850 5.620 4.930 4.760 5.222 3.851
Z=80 5.818 5.663 5.427 4.847 4.780 4.614 5.068 4.277 4.309 4.254 3.714
Nexpt [14] 5.816 5.657 5.417 4,771 4.609 5.055 4.252 3.714
Z=81 5.632 5.475 5.243 4.694 4.628 4.464 4,916 4,131 4,176 4,119 3.584
Z2=82 5.455 5.297 5.065 4.548 4.483 4.322 4772 3.984 4.049 3.998 3.461
Nexpt[14]  5.454 5.291 5.055 4.475 4.318 4.759 3.998
Z=83 5.287 5.128 4.898 4.409 4.345 4.186 4.635 3.849 3.927 3.875 3.342
Z=84 5.128 4.967 4.739 4.276 4.214 4.056 4.504 3.720 3.811 3.759 3.230
Z=85 4.976 4.813 4.587 4.149 4.088 3.933 4.379 3.597 3.700 3.648 3.119
Z=286 4.832 4.667 4.442 4.027 3.968 3.814 4.260 3.479 3.594 3.542 3.015
=87 4.694 4.527 4.304 3.911 3.853 3.701 4.145 3.365 3.492 3.440 2.916
Z=88 4.563 4.394 4,172 3.800 3.743 3.593 4.036 3.257 3.394 3.342 2.820
Z=89 4.438 4.266 4.046 3.694 3.638 3.489 3.932 3.153 3.300 3.249 2.728
Z=90 4.319 4.145 3.925 3.592 3.537 3.389 3.832 3.053 3.210 3.159 2.640
Z=91 4.205 4.028 3.810 3.494 3.441 3.294 3.737 2.957 3.124 3.073 2.555
=92 4.096 3.917 3.700 3.401 3.348 3.202 3.645 2.865 3.041 2.990 2.474
. X-RAY WAVELENGTHS FOR NI-LIKE IONS since they were included by Quinet and Bient in Ref.
Z2=47-92 [14]. Then=3-4 transitions observed in x-ray spectra of the

e Ni-like ions Ag'®"-Pb**" were investigated theoretically in
The n=3-4 transitions in Ni-like ions have been thor- pat 14] ysing the multiconfigurational Dirac-Fock ap-

oughly investigated, theoretically and experimental]y. INproach. Our MBPT method starts from the Dirac-Fock ap-
Table VII, our MBPT results of wavelengths for transitions roximation, and includes correlation corrections for

from 11 excited)=1 states to the ground state are comparedcoulomb-Coulomb E(?)) and Coulomb-BreiB(?) interac-

with experimental data given in Refgl0], [11], and[14].  tions. The correlation corrections are in the range
Other references to experimental measurements were omitt@$00—10 000 cm?, as seen in Table IV. Consequently, our
) , MBPT data in Table VIl are in closer agreement with experi-

TABLE VIIl. Wavelengths ¢ in A) for 3d4p(J)-3d4d(J')  mental data than the uncorrelated values from Ref], and

transitions in Ni-like ions. Comparison with eXperimental datacan be used to predlct Wavelengths in future expe”ments
(Mexp) @nd predicted datang,) from Scofield and MacGowan in

Ref.[5]. IV. WAVELENGTHS OF TRANSITIONS BETWEEN
EXCITED STATES

3d 1)-3ds,4ds (2 3d 1)-3ds,A4ds (1
5P 1)-305Adsr(2) 54PaiA1)-3d5Ads{ 1) Transitions between excited states were studied

£ Mwepr M et Mweer M Nexor mostly for purpose of obtaining accurate data for lasing
47 188.49  189.06 195.54  195.83

48 179.26  179.73 186.05  186.26 10° L

49 170.84 171.23 177.39  177.56

50 163.15 163.49 169.47 169.58 4

54 137.85 138.04 143.39  143.47 210 1 1

62 103.68 103.72 108.01 108.01 2 ,\/" .

64 9724  97.26 101.31  101.30 S402 | \?l,' 'Hﬁf ¥ eotenteccece [SOSTOO

66 91.38  91.38 9521  95.19 © I v

69 8351  83.50 87.00  86.97 g . 4ol

70 8139  81.08 81.07 8448 8445  84.41 5100 ¢ |’ 1

72 7681 7653 7973 79.69 3 o adbuall)

73 7463 7438 7442 7748 7745  77.47 107 - — a3 dsfzefmz& |

74 7254 7231 7240 7532 7528  75.35 e

75 7049  70.32 7323 73.19 10°

78  64.83 64.73 67.38 67.34 25 35 45 55 65 75 85 95

79 6308  62.99 6556  65.51 Nuclear charge Z

80 61.39  61.30 63.79  63.74

82 58.18 58.09 60.43 60.38 FIG. 6. Oscillator strengths for transitions between the ground

state and the &6f;,(1) state as functions d&.
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TABLE IX. Wavelengths & in A) for 3d4s(J)-3d4p(J’) transitions in Ni-like ions. Comparison with experimental results from
Churilov et al. in Ref.[15].

3dj4s(J) 3dj4pj’'(J") z Z= Z=49 Z=50

)\MBPT Aexpt )\MBPT >\expt )\MBPT )\expt }\MBPT )\expt
3dg4s(3) 3dyApPs(2)  221.856 207.389 194.109 181.878
3ds,45(2) 3dyApsp(2)  225.089 210.357 196.817 184.358
3ds,45(3) 3dyApsp(3)  227.142 212.179 198.446 185.809
3dsA5(2) 3dyApy(l)  229.072 214.124 200.348 187.676
3ds45(2) 3dyAps(3)  230.532 215.287 201.277 188.398
3ds45(3) 3dgAps(3)  248.581  248.745  233.874  234.043  220.335 220593  207.828  207.988
3da4s(1) 3dyApap(2)  250.082  250.292 235299 235536  221.697  221.977  209.115  209.288
3dg4s(2) 3dsApap(3)  252.647  252.820  237.656  237.859  223.831  224.106  211.072
3d45(2) 3dyApap(2) 253505  253.685  238.402  238.614 224515  224.745  211.689  211.845
3dg4s(3) 3dsApsp(2)  253.505 238.601 224.859 212.143
3ds4s(1) 3dyApsp(l)  255.008  254.992  240.022  240.074  226.187  226.242  213.395
3ds,45(2) 3dgApsp(l) 255165  240.258  240.288  226.430  226.524  213.631  213.765
3dsA5(2) 3dgApy(2)  257.735  258.045 242539 242817 228501  228.802 215525  215.745
3d445(2) 3dyApap(l)  258.568 243.251 229.122 216.077
3dsA5(2) 3dyApyA(3)  260.430  260.485  244.754  244.850  230.338  230.478  217.034  217.135
3dg4s(3) 3dsApap(4)  260.759  260.875  245.096 245222  230.687  230.895  217.386  217.493
3d4s(1) 3dyApap(0)  270.031  270.010  253.609  253.677 238513  238.777 224575
3dg4s(3) 3dyApy(2) 272258 272133  256.999 242.951 229.995
3dg4s(2) 3dyApy(l) 272795 272133  257.028  256.410 242577 229.299
3ds45(2) 3dyApyp(2)  277.143 261.573 247.209 233.975
3da4s(1) 3dgApsp(l)  287.767 273.391 260.122 247.779  247.920
3ds,45(2) 3dgApsp(3)  289.009 274.081 260.360 247.685
3ds4s(1) 3dgAps(2)  291.039  291.713  276.309 262.732 250.146  250.780
3d345(2) 3dsApPap(l) 292309 292568  277.588  277.851  264.011  264.206  251.402  251.524
3d45(2) 3dsApap(2)  295.686 280.597 266.700 253.839
3d4s(1) 3dyApyp(1)  310.390 295.272 281.514 268.895
3dg4s(3) 3dg5Apy(3)  310.856  311.039  296.443  296.622  283.247  283.448  271.071  271.264
3d45(2) 3dyApy(1)  315.680  315.041  300.174  299.660  286.075  285.667  273.167
3ds4s(1) 3dyApi(2)  316.031 315952  301.285  301.276  287.772  287.791 275346  275.368
3ds45(2) 3dgApy(3)  317.241  317.408 302545  302.800  289.051  289.298  276.617  276.809
3ds4s(3) 3ds4p1A2) 318.105 317.932 303.089 302.972 289.363 289.298 276.735 276.651
3ds45(2) 3dyApyA(2)  321.517 306.390  306.315  292.540 279.828
3ds45(2) 3dgApyA(2)  324.793 309.471  309.390  295.423 282517
3d45(2) 3dsApyp(3)  376.763 364.157 353.010 343.080
3d4s(1) 3dsApyp(2)  379.524 366.648 355.266 345.133
3d45(2) 3dgApy(2)  387.463 374.237 362.561 352.203

lines. In Table VIII, our MBPT wavelengths for the two z=70-73. We have no explanation for this disagreement.
lasing lines &5 4p3(1)-3ds4ds(2) and s A4pax(1)- In Table IX, our MBPT results of wavelengths for
3ds;4ds(1) are compared with predicted and experimentalyd, 4s,,,(J)-3d; 4p;(J’) transitions are compared with ex-
values given by Scofield and MacGowan in R&f for ions l1 Jg A e .
perimental data given in Refl15]. The identification given

in the rangeZ=47-82. The prediction in Ref5] was ob- in Ref. [15] for An=0 transitions in the spectra of four

tained by a semiempirical fit to the experimental measure- . .~ oo
ment given in Table VIII. Ni-like ions with Z=47-50 was based on the Slater-Condon

Our MBPT calculations are in a good agreement with thd"€thod with generalized least-squa@LS) fits of energy
three experimental values and with predicted data in intervaparameters. This method was described by Wyal. As
Z=62-82 for the 8l5;APa(1)-3dsAds(1) line. There is  Can be seen f_rom Tablg IX, our MBPT data_ are in a gooz_j
also a good agreement with predicted data for thedgreement with experimental data: the disagreement in

3ds/4P3(1) —3dsAds(2) line in intervalsZ=62-69 and  3dj,451(J)-3dj 4p;(J') wavelengths is about 0.07%,
78-82. However our MBPT calculations for this line dis- except for three lines[3ds4S15(2)-3d3A4p1(1) in
agrees with experimental and predicted data in the range @d®",  3d345:%(2)-3d3Ap1(1) in  IPY",  and
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TABLE X. Wavelengths X in A) for 3d4p(J)-3d4d(J’) transitions in Ni-like ions. Comparison with experimental data.g) from
Churilov et al. in Ref.[15] and predicted data\i g) from Wyart in Ref.[16].

3dj4pj’(J) 3dj4pj'(J") Z=47 Z=48 Z=49 Z=50

AmBpPT NGLs AmvBpPT AoLs AmBpPT AaLs AmBpPT AgLs
3dsApaA3) 3ds4ds5(4) 164.228 154.962 146.459 138.630
3d3ApyA2) 3d3A4dsH(2) 164.631 155.406 146.931 139.112
3dsAp1A3) 3ds4dsH(2) 164.685 155.400 146.879 139.036
3d3A4p1A(2) 3d3Ads(2) 165.318 165.336 156.323 156.303 148.082 148.010 140.480 140.360
3ds4p1A(3) 3ds54ds5(3) 165.878 165.635 156.521 156.217 147.938 147.567 140.031 139.588
3dsApyaA2) 3ds4d30(3) 166.752 166.845 157.675 157.717 149.354 149.333 141.677 141.600
3d3Ap(1) 3d34dsn(2) 166.905 157.992 149.796 142.221
3dsA4p1A2) 3ds4dsH(1) 167.951 158.597 149.998 142.061
3d34p1A2) 3d3Ads(1) 168.304 158.907 150.280 142.305
3dsAp1aA(3) 3ds4d30(3) 168.816 168.796 159.536 159.481 151.037 150.933 143.209 143.056
3dsApA2) 3ds4ds0(2) 168.991 168.862 159.782 159.610 151.328 151.111 143.538 143.269
3d3Ap(1) 3d34ds;H(1) 169.949 160.632 152.045 144.092
3d3A4p1A(2) 3d3A4d3(3) 170.502 170.677 161.223 161.346 152.703 152.771 144.848 144.855
3ds4p1A(3) 3ds4d3(2) 171.111 161.693 153.056 145.111
3d3ApyA2) 3d3A4dsH(1) 171.911 162.471 153.816 145.831
3dsApPA3) 3ds4ds0(4) 171.963 171.798 162.529 162.323 153.873 153.624 145.906 145.602
Nexpt 171.987
3d34p1(1) 3d3Ada(1) 173.627 164.275 155.666 147.708
3dsApyaA2) 3ds4ds (1) 176.856 176.901 167.088 167.049 158.124 157.999 149.855 149.651
3dsAp3(2) 3d34dsH(3) 178.785 178.710 169.418 169.318 160.837 160.710 152.954 152.784
3d3ApyA2) 3ds54ds0(3) 179.454 179.363 170.324 170.145 161.969 161.683 154.264 153.878
3d34p1(1) 3dsA4ds(2) 179.900 179.848 170.950 170.771 162.720 162.415 155.125 154.688
3ds4p3(4) 3ds4ds(4) 182.780 182.397 174.019 173.560 166.017 165.475 158.669 158.042
3dsAp3a(4) 3ds4dsH(3) 184.826 175.988 167.920 160.508
3d3A4p3(0) 3d3A4ds;H(1) 185.096 184.774 176.397 176.006 168.447 167.969 161.132 160.567
3d3A4P3(3) 3d34dsH(3) 184.977 184.743 176.117 175.810 168.025 187.633 160.598 160.114
3d34p3(3) 3d3A4ds(2) 187.103 178.163 169.987 162.482
3dsAp3(2) 3ds4d5(2) 187.111 186.658 178.024 177.495 169.734 169.120 162.136 161.430
3d3AP3(3) 3d3A4dsH(2) 187.991 179.369 171.530 164.352
3d3A4P3(1) 3d34dsH(2) 188.076 187.645 178.968 178.480 170.655 170.096 163.023 162.391
3ds4p3(4) 3dsA4d3A(3) 188.481 179.808 171.924 164.697
3dsAp3(1) 3ds4d5(2) 188.489 179.256 170.841 163.146
3dsAp3(2) 3ds4dsH(3) 188.653 188.255 179.496 179.034 171.149 170.603 163.491 162.857
Nexpt 188.590
3d34p3(2) 3d34d55(3) 188.637 188.329 179.560 179.180 171.265 170.809 163.656 163.112
3d34p3(1) 3d3A4da(2) 188.973 188.872 180.185 180.060 172.210 172.027 164.905 164.669
3d3A4P3(3) 3d34ds5(4) 189.224 188.817 180.164 179.687 171.892 171.328 164.299 163.638
Nexpt 189.092 180.218
3deApsn(4)  3deAdes(5)  189.319  188.901 180263  179.768  171.989  171.407  164.388  163.716
Nexr 189.315 180.218 172.055
3dsA4P3(3) 3ds4ds5(4) 189.279 188.858 180.156 179.665 171.827 171.254 164.180 163.524
Nexpt 189.230 180.218
3d34p3(0) 3d3A4dss(1) 189.468 180.800 172.903 165.667
3ds54pP3(3) 3ds5,4d50(2) 189.887 180.750 172.406 164.750
3d34p3(2) 3d3A4ds(2) 190.849 190.426 181.687 181.196 173.304 172.745 165.613 164.791
3dsA4p3(3) 3ds54dsH(3) 191.475 191.082 182.268 181.804 173.866 173.312 166.150 165.504
3d3AP3(2) 3d34dsH(2) 191.773 182.941 174.907 167.556
3dsA4p3(4) 3ds4d50(4) 192.413 183.619 175.609 168.273
3ds54p3(2) 3dsA4d3A(3) 192.462 183.472 175.311 167.839
3d3Ap3(1) 3d34ds5(1) 192.885 183.627 175.190 167.426
3dsAp3(2) 3ds4ds;H(1) 194.060 184.721 176.199 168.379
3d3A4P3(3) 3d34dsH(3) 194.724 185.851 177.760 170.362
3ds54p3(3) 3dsA4d3(3) 195.400 195.302 186.369 186.240 178.163 177.973 170.643 170.401
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3d3451(1)-3d54p35(2) in SrF?7], where the disagree- term with these small denominators becomes much larger
ment is about 0.2%. Since the relativistic MBPT calculationsthan other contributions, leading to new singularities inZhe
are more accurate for high-ions, we conclude that the dependence of the oscillator strengths. We removed some of
MBPT method provides accurate wavelengths forthese singularities by increasing our model space to include
3djl451/2(3)'3dj24pj(~]') for ions with Z>50. 3d;np;, and 3i_jnfj, states withn=5 and 6, ar)d simulta-
Only several lines for 8; 4p; (J)-3d; 4d; (3') transi- neously removing the states from the sum oneén the ex-

; (RPA)
tions were observed and identified by Churiletval. [15] in preASsSI(ggnf%ZKseenl?rcl)Er% I(:2|154)3 and 4. some small sinaulari-
Ni-like ions with Z=47-50. These data, together with our ties still remain for 3}459 ('1) state,s in theZ=29—??5
MBPT data and predicted theoretical dgt8], are presented 17102

: . range, and B;4d;.(1) in the Z=29-45 range. These
in Table X. The GLS label is used for data from REt6] 17 oS
; : : : . e3Ppi4syy(1) and P,4d;.(1) states are autoionizing for the
- jo12 I
since they were determined in generalized least-squares ﬂ%g"mle threshold in theZ = 29-35 and 2940 ranges. In
t

using all known levels in the Ni sequence. As can be see i]s case, the singularity is in the positive part of the spectra
from Table X, our MBPT data \gpt are in better agreement . ' 9 y P P P

; (RPA) ;
with experimental data ., than with predicted datag, s. in the sum ovemn in Eq. (2.14) for Z’? - our conchsmn
concerning the importance of autoionizing states in bw-

Ni-like ions for calculations of the oscillator strengths can be

V. OSCILLATOR STRENGTHS, FOR DIPOLE extended to other atomic data.

TRANSITIONS TO THE GROUND STATE

As mentioned previously, line strengths, oscillator
strengths, and transition rates for dipole transitions between

odd-parity states witd=1 and the ground state are calcu-  |n summary, a systematic second-order MBPT study of
lated in Ni-like ions with nuclear charges ranging fran  excitation energies of the 106 -8’ hole-particle states of
=29 to 100. Results are obtained in both length and velocityi-like ions was presented. Theoretical wavelengths in the
forms, but only length-form results are tabulated, sincex-ray spectra of Ni-like ions Af™—PB*" differ from ex-
length-velocity differences are less than 1% for most casesisting experimental wavelength data at the level 0.01-0.1%.
In Figs. 2—6, we present theé dependence of oscillator \wavelengths of B 4l,(J)—3l34l,(J) transitions differ from
strengths of transitions frond=1 excited states to the existing experimental wavelengths for intermediate values of
ground states. The sharp features in the curves shown inat the level 0.07%. These data provide a smooth theoretical
these figures can be explained in many cases by the stroRgference for line identification.
mixing of states inside the odd-parity complex witi 1. In Also presented is a systematic second-order relativistic
Fig. 2, the double cusp in the intervak=57-59 is due 10 \MBPT study of reduced matrix elements and oscillator
mixing of the HgAfs;(1) and JsAfy (1) states. The  gyongins for dipole transitions into the ground state in Ni-

mixing of the HAf7,(1) and JsAfs (1) states in the | o ions, with nuclear charges ranging fraf=29 to 100.
Z£=55-56 range gives a singularity in the curve with theThe retarded dipole matrix elements include correlation cor-
3dsAf7(1) label. The mixing of the ByAfs(1) and P X incld :

3pAS,,(1) states in th&€=49—50 range gives a singular- rections fr_om Coulomb and Br_eit interactions. Both length

ity in the curve with the 8s,4f5,(1) label. The deep mini- and velocny forms of the matrix elements were evaluated,

mum in the curve with the @;4p, (1) label in thez ~ and small differences, caused by the nonlocality of the start-

=43-44 range can be explained by mixing of theing HF potential, were found between the two forms.

3d34p1x(1) and 3s4ps (1) states. Most of the remain- Second-order MBPT transition energies were used to evalu-

ing singularities in Figs. 2—6 can be explained in a similarate oscillator strengths. The importance of autoionizing

way. states for calculations of the oscillator strengths in OWH
These singularities are a consequence of coupling baens was found and discussed. We believe that our results

tween states governed by the first-order mixing coefficientsill be useful in analyzing existing experimental data and in

CT[av(J)] in Eq.(2.17. Comparison with the MCDF oscil- planning new experiments.

lator strengths given in Refl14] confirms this conclusion.

However, some of the singularities are caused by second- ACKNOWLEDGMENTS
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