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Relativistic many-body calculations of excitation energies and transition rates from core-excited
states in copperlike ions
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Energies of (323p®3d%414l1"), (3s?3p°3dt%l4l’), and (33p®3di%l4l’) states for Cu-like ions with
Z=30-100 are evaluated to second order in relativistic many-body perturbation {RMBPT) starting from
a Ni-like Dirac-Fock potential. Second-order Coulomb and Breit-Coulomb interactions are included. Correc-
tion for the frequency dependence of the Breit interaction is taken into account in lowest order. The Lamb shift
correction to energies is also included in lowest order. Intrinsic particle-particle-hole contributions to energies
are found to be 20—30 % of the sum of one- and two-body contributions. Transition rates and line strengths are
calculated for the B-4l" electric-dipole E1) transitions in Cu-like ions with nuclear charge= 30—100.
RMBPT including the Breit interaction is used to evaluate retaféigdnatrix elements in length and velocity
forms. First-order RMBPT is used to obtain intermediate coupling coefficients, and second-order RMBPT is
used to calculate transition matrix elements. A detailed discussion of the various contributions to the dipole-
matrix elements and energy levels is given for copperlike tunggtenr@). The transition energies used in the
calculation of oscillator strengths and transition rates are from second-order RMBPT. Trends of the transition
rates as functions d are illustrated graphically for selected transitions. Comparisons are made with available
experimental data. These atomic data are important in the modeliMgsbiell radiation spectra of heavy ions
generated in electron-beam ion trap experiments ard-8hell diagnostics of plasmas.
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. INTRODUCTION 6-9 A. It was shown that most of the Cu-liked3lp line
radiation came from (§3p°®3di%s-3s?3p®3d°4s4p),
This work further develops the application of the relativ- (3s?3p63d'%p-3s?3p®3d°4p?), (3s°3p®3d%d-3s?3p°®
istic many-body perturbation theofRMBPT) to the studies  349%4p4d), and (323p°®3d1%f-3s23p®3d94p4f) transi-
of atomic characteristics of particle-particle-hole excitationsijons. Wavelengths and transition probabilities were calcu-
of closed-shell ions. Recently, RMBPT calculations of enerqaiedq in Ref. [3] by the relativistic parametric potential

gies[1] and transition rate§2] in Na-like ions have been noiaq74]. The same method was extended by Mandelbaum
pe.rformed. The_present paper focuses.on the. RMBPT CalCLEt al.[5] to study x-ray spectra from laser produced plasmas
lations of energies and transition rates in Cu-like ions. Thes

transitions form satellite lines to the brightest Ni-like ions ©f atoms from Tm £=69) up to Pt g=78). An extended

and are of a great importance fdf-shell diagnostics of analysis of x-ray spectra of laser produp ed ggld plasmas has
heavy ions. been performed by BL_ls_queﬁt_ al. [6] including 3d-4f,

The second-order RMBPT calculations for Cu-like ions3d-4P. and 3-4s transitions in Ni-, Co-, Cu-, Zn-, and
start from a $22s22p®3s23p®3d1° [Ni] Dirac-Fock poten- Qa—hke Au.. The Ni-, Co-, Cu-, Zn-, Ga—,_Ge—, and As-like
tial. All possible 3 holes and 441" particles leading to 563 iSoelectronic sequences have been considered in[Reefo
odd-parity and 571 even-parityl 3'41’41"(J) states are investigate the x-ray spectra of Iaser—lrradlgted elements
considered. The energies of the 1134 states and trandfom tantalum Z=73) to lead £=82). In addition to the
tion probabilities of the 2294 electric-dipole lines are above-mentioned isoelectronic sequences, the Fe- and Mn-
calculated for Cu-like ions withiz=30-100. Transitions like states have been included by Zigedral. [8] to analyze
from the (?3p%3d°4l4l’), (3s?3p®3d'%4l4l’), and X-ray spectra emitted by laser-produced plasmas of lantha-
(3s3p®3d*414l1") states to the ground €33p®3d'%s) or  num (Z=57) and praseodymiunZ(=59). The wavelengths
singly excited (323p®3d'%l) states(with |=p,d,f) form  and transition probabilities have been calculated in Refs.
satellite lines to the bright electric-dipol&l) lines in Ni-  [6—8] by the relativistic parametric potential methd. In-
like ions. These core-excited staté® often called doubly vestigation of the x-ray spectrum emitted by laser produced
excited statesin copperlike ions have been studied exten-barium plasmas has been recently described by Deta.
sively both experimentally and theoretically in the past[9,10]. TheRELAC relativistic atomic cod¢4] has been used
15-20 years. to identify 3d-nl (n=4-8), 3p-4s, and J-4d transitions

Experimentally, these configurations have been studied bgf Ni-like Ba?®" and corresponding satellite transitions in
photon and electron emission spectroscopy. To our knowlneighboring ionization states: Fe-, Co-, Cu-, Zn-, Ga-, and
edge, the first measurements af-8p transitions in Cu-like  Ge-like ions. The x-ray spectrum emitted by a laser-produced
W and Tm were done by Klapisat al.[3] by classification  cerium plasma in the range 7.5-12 A has been recently in-
of x-ray spectra from laser produced plasmas in the rangeestigated in detail by Doroet al.[11,12. TheRELAC com-
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puter code[4] has been used to study x-ray spectra fromand hole-particle matrix elements were used previously to
highly charged tungsten ions in tokamak plasmas in thevaluate energies of thd4l' levels in Zn-like iond 15] and
range 7—10 A13]. energies of the B 141" levels in Ni-like ions[16]. Finally,

In the present paper, RMBPT is implemented to detersecond-order particle-particle-hole matrix elements are
mine energies of (§3p®3d°4l141"), (3s?3p®3d'%l4l’), evaluated1]. Combining these data using the method de-
and (33p®3di%414l") states for Cu-like ions with nuclear scribed below, we calculate one-, two-, and three-body con-
charges in the range df=30-100. The calculations are tributions to the energies of Cu-like ions.
carried out to second order in perturbation theory, and in- The calculations are carried out using sets of basis Dirac-
clude second-order Coulomb and Breit interactions. CorrecHartree-Fock orbitals. The orbitals used in the present calcu-
tions for the frequency-dependent Breit interaction are takefation are obtained as linear combination8dplines. These
into account in the lowest order. Screened self-energy anB-spline basis orbitals are determined using the method de-
vacuum polarization data given by Kiet al.[14] are used scribed in Ref[17]; 40 B splines of order of eight for each
to determine the QED correction. single-particle angular momentum state are used, and all or-

RMBPT is used to evaluate matrix elements, linebitals with orbital angular-momentum=7 are included in
strengths, and transition rates for 2294 allowed and forbidthe basis set.
den electric-dipole transitions between the 1332 even-parity
core-excited states

A. Model space
[Ni](3d™ 1+ 3s 1) (45?+4s4d+4p%+ 4d2+ 4p4af + 4F2)

The model space for core-excited44'3l ! states of

+[Ni](3p~ 1) (4s4p+ 4s4f +4pad+4d4f), copperlike ions includes 563 odd-parity states consisting of
_ . _ 78 J=1/2 states, 130=23/2 states, 143 =5/2 states, 125
and the singly excitefiNi](4p+4f) states and the 962 odd- J=7/2 states, and 86=9/2 states. Additionally, there are
parity core-excited states 571 even-parity states consisting of 7& 1/2 states, 131
=3/2 states, 148=5/2 states, 129=7/2 states, and 89
; -1 2 2 2 2 , , ,
[Ni](3p™")(4s"+4s4d+4p~+4d”+ 4p4f + 4% =9/2 states. The distribution of some of the 1134 states in

+[Ni](3d~1+3s 1) (4s4p+ 4s4f + 4pad+ 4d4f) the model space is summarized in Table | of R&8].

and the ground statieNi](4s) together with the singly ex- B. Energy-matrix elements
cited [Ni](4d) states in Cu-like ions with nuclear charges

ranging fromZ= 30 to 100. RetardeB1 matrix elements are The “evaluation of the second-order energies for the

evaluated in both length and velocity forms. These calculad 4!’ (J1)31"(J) states in Cu-like ions follows the pattern of
the corresponding calculation for Zn-like and Ni-like ions

tions start from gNi] Dirac-Fock potential. First-order per- . . .
turbation theory is used to obtain intermediate coupling codivenin Refs[15,18. In particular, we use the second-order

efficients, and second-order RMBPT is used to determin&"€- @nd two-particle matrix elements for Zn-like ions cal-
transition matrix elements. The transition energies employe ulated in Ref.[15] and hole-particle matrix elements for

in the calculations of line strengths and transition rates ar |-I_|ke lons calculated_ in Ref[16], but recoup!ed as d(_a-
derived from second-order RMBPT. scribed below, to obtain the one- and two-particle contribu-

tions for Cu-like ions. We will discuss how these matrix
elements are combined to obtain the one- and two-particle
contributions to energies of Cu-like ions. We refer the reader
Details of the RMBPT method were presented in R&f. 10 Refs.[15,16 for a discussion of the how the basic one-
for calculation of energies of particle-particle-hole states andnd two-particle matrix elements were evaluated. An intrin-
in Ref.[2] for calculation of radiative transition rates from a SiC particle-particle-hole diagram also contributes to the
particle-particle-hole state to a one-particle state. Difference§econd-order energy for Cu-like ions. It should be noted that
between calculations for Na-like and Cu-like ions are due tdghe angular part of the expression for the particle-particle-
the increased size of the model spack 4”31 ~* instead of hole diagram differs from the corresponding expression for
3131”21~ 1) and differences in the Dirac-Fock potential the three-particle matrix elements given in Rif9]. A de-
(1s22522p°3s23p°3d™° instead of 522s22p®), leading to tailed discussion of this difference is given in REL]. .
1134 states instead of 106, and more laborious numerical Table I(see also Table Il of Ref18]) provides an illus-
calculations. tration of various contributions to the second-order energies
As a first step, we determine and store the single-particléor the special case of Cu-like tungstets=74. In this table,
contributions to the energies for five=3 hole states (§  We show the one-body, two-body, and three-body second-
3P12, 3P3j2, 3dsp, and 3sy) and the sevem=4 valence orgier Coulomb contributions to the energy matrix labeled as
states (&, 4pyyp, 4Paj, 4dap, 4dsy, 4fcy, and 4-,) in  E*), i=1, 2, 3. The one-body second-order enef§ is
lowest, first, and second orders. Next, we evaluate and stoptained as the sum of the two valence and one Efé
the 664 two-particlé4l 41’ J|He41741”J) matrix elements ~ energies. The values &?) are nonzero only for diagonal
and the 1127 hole-partick8| 41’ J|H®"| 31741 J) matrix el-  matrix elements. Even for odd-parity states witk 1/2,
ements of the effective Hamiltonian in first and second orthere are 78 diagonal and 6006 nondiagonal matrix elements
ders. It should be noted that these one-particle, two-particldor 4141'(J,)31” (J) core-excited states. We list data only

IIl. METHOD
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TABLE I. Second-order contributions to the energy matri@s) for odd-parity states wit=1/2 in the
case of Cu-like tungsterz=74. One-body, two-body, and three-body second-order Coulomb contributions
are given in columns labele8{® , E{?, andE, respectively.

41j1415),[d11315  4l4j1415),[ 315315 EP ESY S ES

45,,Ap1(1)3d3), 45,,Ap1(1)3d,  —0.247886  0.104563 0.025088 —0.118235
43,,Ap3(2)3ds), 45, Ap3(2)3ds;,  —0.226244  0.113517 0.020801 —0.091926
45,,4P3(1)3d3), 45,,AP3(1)3dg,  —0.237415  0.076978 0.029703 —0.130734
45,,4P3(2)3d3) 45,AP3(2)3dg,  —0.237415  0.124305 0.021436 —0.091674
4pyAds(2)3ds), 4pyAdy(2)3ds,  —0.240289  0.122424 0.028030 —0.089836
4pyAds(2)3ds), 4pyAds(2)3ds,  —0.236161  0.031594 0.009588 —0.194980
4pyAds(3)3ds), 4pyAde(3)3ds,  —0.236161  0.001311 —0.002282 —0.237132
4py,Adas(1)3ds), 4pyAdys(1)3dy,  —0.251460  0.040039 0.036490 —0.174931
4p,,Ada(2)3ds), 4p,Adyn(2)3dy,  —0.251460  0.060163 0.026395 —0.164902
4s,,AF55(2)3ds), 45, Afe(2)3ds,  —0.229530  0.067699 0.039638 —0.122194

for the first ten diagonal matrix elements of odd-parity stategolarization data for one-electron ions for Cu-like ions given
with J=1/2 in Table I(a more complete set of data is given by Kim et al. [14], which are in close agreement with
in Table 1l of Ref.[18]). It can be seen from the table that screened self-energy calculations by Blund2D], are used
two-body and three-body second-order contributions argo determine the QED correctioB, yg . The total QED
positive, when the one-body contributions are negative. Theorrection is then given by the sum of the one-electron QED
three-body contributions give about 20% in the total secondcorrections, weighted by the eigenvectors obtained from
order contributions. The values of & and ES® nondi-  MBPT calculations. A similar treatment of Lamb-shift cor-
agongl contributions are smaller than values of diagonal conyections was used previously for Mg-like ions in configura-
tributions by a factor of 3-5. _ _ tion interaction(Cl) calculations by Chen and Chefigl]
After evaluating the energy matrices, eigenvalues andnq in MBPT calculations by Safronow al. [22].
eigenvectors are calculated for states with given values of  Aq can pe seen, the second order correction contributes to
and parity. There are two possible methods to carry out thg, o (ot energy from 0.4% for lowest levels up to 8% for
diagonalization{(a) diagonalize the sum of zeroth- and first- high excited levels. The levels in this talfkee also Table IlI

order matrices, then calculate the second-order contributionér Ref. [18]) could be divided into groups corresponding to
using the resulting eigenvectors; @) diagonalize the sum Fxcited 44]" states and Bhole states

of the zeroth-, first-, and second-order matrices together. Fo
lowing Ref.[19], we choose the second method here.
Table Il lists the energies of ten excited states dPW
from Table | including the total energids,;. The latter is
the sum of the following contribution€®*=Eg© + @)

C. Dipole-matrix element

We designate the first-order dipole-matrix element by
ZM, the Coulomb correction to the second-order matrix el-
+B®, the second-order Coulomb and Breit enefg{?),  ementZ(®, and the second-order Breit correctiBf?). The
and the QED correctiof ayg - evaluation oz, 2?2 andB(® for Cu-like ions follows the

The QED correction is approximated as the sum of thepattern of the corresponding calculation for Na-like ions in
one-electron self-energy and the first-order vacuum®Ref.[2]. These matrix elements are calculated in both length
polarization energy. Screened self-energy and vacuumand velocity gauges.

TABLE Il. Energies of selected odd-parity levels with=1/2 of Cu-like tungstenZ=74, in a.u,;
EC*V=E,+E,;+B;.

ji Coupling E©*+D Bi E; ELave Etot
45 Apy(1)3ds,  —25.954298  —0.013561 —0.112483 0.069035 —26.011307
45, Apa2)3ds,  —24.879634 —0.005093  —0.090398 0.065104 —24.910021
45y APa1)3ds, — —22.639268  —0.054704  —0.090313 0.073682 —22.710603
451,4p35(2)3d3p —21.914637 —0.057899  —0.125159 0.073518 —22.024177
4pyAday(2)3dsy, —16.127594 0.032360 —0.088446  —0.001127 —16.184807
4p,Ads(2)3ds), —14.892864 —0.001171  —0.108506 0.001320 —15.001221
4pyAdsy(3)3dsy, —14.149853 0.000699 —0.136464 0.003373 —14.282246
4pyAday(1)3day, —13.066261  —0.033638  —0.123168 0.007346  —13.215720
4pyAdy(2)3ds, — —12.799288  —0.034773  —0.108188 0.050678 —12.891570
4syAfe(2)3ds,  —12.654131  —0.048963  —0.119286 0.050671 —12.771709
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TABLE lIl. Uncoupled reduced matrix elements in lendth) and velocity(V) forms for transitions between the selected odd-parity
core-excited states with=1/2, and the ground () and singly excited (d,) states in V§°' ion.

aljarj @3z z(p 2 2@ B B p(eery) per)
[41j41"]"(3,)31"]"(1/2)-4s,,,] Transitions

4s514P11)3d3); 0.047738 0.044870 0.002168 —0.000123 —0.000050 0.001693 0.047424 0.000014
4s,,4P32(2)3ds)n 0.052275 0.049040 0.003284 0.000010-0.000034 0.002425 0.051930 —0.000079
45, A155(2)3ds), 0.041125 0.038959 —0.001778 0.000268 0.000087 —0.000826 0.041123 0.000270
45,4 5(3)3ds) 0.034757  0.032927 —0.001517  0.000227  0.000074—0.000842  0.034756  0.000225
4s,,Ad5(1)3py,  —0.067725 —0.064364  0.000594  0.000439 —0.000594  0.000216 —0.066887 —0.000685
4s,,4pa(1)3sy,  —0.043751 —0.041541 —0.017203  0.000579 —0.000761 —0.015917 —0.042845 —0.000890
[41j41")"(3,)31"j"(1/2)-4d5,] Transitions
4p4Adz(2)3ds), 0.046223 0.043446 0.002084 —0.000119 —0.000054 0.001629 0.045918 0.000010
4p3Adsa(3)3ds), 0.048898 0.045873 0.002691 0.000010-0.000028 0.002093 0.048576 —0.000065
4s,,4d3(2)3pap 0.062272 0.058739 0.001399 —0.000036 0.000201 0.001391 0.061840 0.000223
4d3Af7(2)3ds)n 0.189383 0.179458 —0.008551 —0.001590 0.000298 —0.003992 0.187961 0.000470
4d3Af7(3)3ds,  —0.146695 —0.139008 0.006235 0.001231 —0.000236 0.003225 —0.145594 —0.000376
Ad A 5(1)3d3, 0.146008  0.138475 —0.007222 —0.000623  0.000324 —0.003488  0.145197  0.000535

Table IlI lists values of uncoupled first and second-orderCy-like ions with Z=30—-100. Reduced matrix elements,
H H 1 2 2 H H . . .
d_|pole-matra<e§ll)ementz(. ), 2, B®, together with deriva-  |ine strengths, oscillator strengths, and transition rates are
tive termspP™™"™ for Cu-like tungstenZ=74. For simplicity,  aiso determined for electric-dipole transitions between the

only the values for the selected dipole transitions betweeny,, e mentioned core-excited and singly excited states in
odd-parity states witll=1/2 and the ground (& and ex- Cu-like ions for the same range &f

ggfgf((ﬁig) i SS t;tveesna}ge_r;;rbelzeweg. I;- gﬁiSTO'IEE ecgg]r?vrggfg SV€ Table V lists theoretical data for selected tran;itions from
terms shown in Table IIl arise because transition amplitude§Cre-excited levels to the ground leves 4nd a singly ex-
depend on energy, and the transition energy changes order ifed level 44, with largest values of transition rates in
order in RMBPT calculations. Both length) and velocity ~W***. Also, the comparison of theoretical data produced by
(V) forms are given for the matrix elements. We find that thethe different methods and codes is included. Specifically,
first-order matrix eIemenTZ(,_l) andZﬁ,l) differ by 10%; theL three values for wavelength&ycpe, MrmepT, @nNd N cowan
—V differences between second-order matrix elements arare compared. The first valuesycpr, Were obtained as the
much larger for some transitions. The teRK'*™ in length first-order RMBPT values. It can be seen from Table V that
form almost equlali(l) in length form but in velocity form  the results obtained bgowan code [23], Aeouan better

is smaller tharz(®) in length form by three to four orders of agree with the multiconfiguration Dirac-FOdKCDF) re-

magnitude. ults than with the RMBPT results \
Values of line strengths calculated as a square of coupled THEOEZ%?IIVD:?\J code[23] gives results which ;r(QeMngI,)era”y in

reduced matrix elemeng] in length and velocity forms are d t with i tal ies b ling th
given in Table IV for the selected dipole transitions betweerd00C¢ agreement with experimental energies by scaling the

odd-parity states witd=1/2 and the ground (&) and ex- electrostatic Slater parameters to ir}clude the correlation ef-
cited (4ds,) states. A more complete set of data is given infects (Ref. [24]), and here the scaling factor of 0.85 was
Table V of Ref.[18]. Although we use an intermediate- uUsed. Also, icOWAN code thel. S coupling scheme is imple-
coupling scheme, it is, nevertheless, convenient to label thexented and correspondihg designations were added jtp
physical states using thg scheme. We see thatandV  designations in all tables that include comparisons with the-
forms of the coupled matrix elements in Table IV differ only oretical data produced byowan code.

in the third or fourth digits. These —V differences arise A comprehensive set of theoretical data and comparisons
because our RMBPT calculations start with a nonlocal Diracto; transitions with largest values of transition rates iAW
Fock (DF) potential. If we were to replace the DF potential gjjar 1o that presented in Table V is given in Table VI of
by a local potential, the differences would disappear COMRef. [18]. It includes transitions from core-excited levels not

pletely. The first two columns in Table IV sholw and V v 1o th d level d.and t indl ited level
values of line strengths calculated in the first-order approxi®"" 10 the ground level &and 10 one singly excited leve

mation, which differ by a factor of 10. The last two columns 4P1/2 (s in Table  but to all singly excited 4 levels.
indicate that including of the second-order contribution al- The similar comprehensive set of theoretical data and

most removes thé —V differences. comparisons for transitions between core-excited states
41j41'j"(3,)31"J to the ground (4) and singly excited
Ill. RESULTS AND COMPARISONS WITH OTHER (41;) states is presented for €& ion in Table VII of Ref.
THEORY AND EXPERIMENT [18] and for AP°" ion in Table VIII of Ref.[18]. Compari-

We calculate energies of core-excited even-paritysons with theoretical data obtained by using RMBPT,
41j417j'(3,)31"j” as well as the singly excited states in  MCDF, andcowaN codes show that the difference in results
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TABLE IV. Line strengths(a.u) calculated in lengthiL) and velocity(V) forms for transitions between
the selected odd-parity core-excited states Withl/2, and the ground & and singly excited (d3/,) states

in W** jon.
First order RMBPT
Upper level L \% L \%
[41j41"}"(31)31"j"(1/2)-4s,),] Transitions
451,4p1(1)3d3) 0.002056 0.001818 0.002152 0.002151
4p4Ads(2)3ds), 0.019622 0.017609 0.017775 0.017794
4sy,AF55(2)3d3), 0.004205 0.003780 0.003862 0.003865
4paAds(2)3ds), 0.071111 0.063933 0.065253 0.065476
4s,,Ad5(2)3P3); 0.009202 0.008321 0.009124 0.009165
4P APaA2)3P3 0.001041 0.000942 0.001092 0.001093
[41j41"}"(31)31"j"(1/2)-4d3,] Transitions
451,4d35(2)3p3) 0.003858 0.003437 0.004065 0.004078
4dgAf5(3)3ds), 0.006774 0.006079 0.006224 0.006230
4dgAf5(3)3ds), 0.014631 0.013129 0.013505 0.013423
4p1Ap1A0)3p1s 0.003732 0.003355 0.003401 0.003407
4dsAf55(1)3d5)0 0.057817 0.051983 0.052786 0.052932
4ds AT 5(2)3d3), 0.006813 0.006127 0.006215 0.006210

can be explained by the second-order corrections to enerdyig. 2. More transition rate figures are given in R€fg].

and dipole-matrix elements included in RMBPT. We see from the graphs that transitions with smoath
The trends of th& dependence of transition rates for the dependence are rarer than transitions with sharp features.

transitions from core-excited odd-parity states with1/2to ~ SmoothZ dependence occurs for transitions from doublet

the ground state &S, states are presented in Fig. 1. The and quartet core-excited states. Usually, singularities happen

trends for the transitions from core-excited even-parity statem the intermediate interval o =40-60 when neithet. S

with J=1/2 to the singly excited statep4P,,, are shown in  nor jj coupling schemes describe the states of these ions

TABLE V. Wavelengthsk (in A) and transition rated, (in s~ 1) for transitions from core-excited states
QJQ=4Ij4l"j'(3;)31"j"] to the the ground (¢) and singly excited (g, states in #*" ion. Compari-
son with theoretical data are obtained by using tmwan code from Ref.[23]. Numbers in brackets
represent powers of 10.

AFMBPT

ji coupling AMcoF ARmBPT A cowan Azovan LS coupling

[4lj41"j"(3,)31"}j"-4s,,,] Transitions
4pgAda(1)3ds,  5.919 5.9248  2.7634] 5.9110  3.02M4]  4s4f3d(°D)*Dg,
4pgAda(2)3ds,  5.912 59200  1.73%4] 5.9069  1.78Bl4]  4s4f3d(°D)*Dy;,
45,4 75(3)3dg), 5.752 57589  1.8434] 5.7578  1.83p14]  4p4d3d(®P)*Fg,
4p3Ada(0)3ds,  5.744 57512  2.8244] 5.7501  3.29Bl4]  4p4d3d(°P)*F3;,
4pgAdy(2)3dy,  5.718 5.7291  7.0284] 5.7274  7.95M4]  4s4f3d(°D)?Py,
4pgAdy(2)3dy,  5.715 5.7239  8.1984] 5.7243  9.73Bl4]  4s4f3d(°D)?Py,
4pyAP1A(0)3ps,  5.615 5.6347  9.9183] 5.6419  1.00R4]  4p4d3d(®P)%Pg,
4s5,,,4d55(2)3ps,  5.230 52409  3.29124] 5.2322  3.02R4]  4s4d3p(*P)%Pg;
45,,4d5(2)3pz,  5.222 52328  1.2894] 5.2252  1.28Rl14]  4s4d3p(3P)?Py,
[41j41"]"(3,)31"}"-4p,,] Transitions
45,,4P3(1)3pz,  5.912 59175  4.2484] 5.9093  5.40pl4]  4p4f3d(°F)*Fap,
45, Ap3(1)3ps,  5.910 59179  2.3144] 5.9074  2.85R4]  4p4f3d(°F)*D,;,
4pyAfoA(3)3ds, 5752 57544  57143] 5.7407  1.49714]  4d4d3d(*G)%Dsy;
4dyAdg(1)3ds,  5.732 5.7349  1.6804] 5.7206  6.05(14]  4d4d3d(°P)?Dyp,
4d34ds(2)3ds,  5.723 57325  1.2385] 5.7256  8.29M14]  4p4f3d(‘D)’Ds,
4dyAdg(2)3ds,  5.722 5.7267  4.284] 5.7210  7.57(4]  4p4f3d(°F)%Py,
4dyAdg(3)3ds,  5.719 57268  2.0744] 5.7130  4.05[13]  4p4f3d(*D)%Py,
4pyAds(2)3ps,  5.233 52431  1.0484] 5.2354  7.30Bl3]  4p4d3p(3S)?Dgj,
4p1Ads(3)3ps,  5.230 5.2400  2.3234] 5.2548  2.84pl4]  4p4d3p(®D)?Dg,
4p1Ads(2)3ps,  5.229 52395  1.8294] 5.2546  1.6804]  4p4d3p(°D)?Py,
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" TABLE VI. Wavelengths\ (in A) and transition rated\, (in
0y e ; s!) for transitons from core-excited statesQJ[Q
10" 4 =41j41"j"(J3,)31"j"] to the the ground (&) and singly excited

i8 6 (41;) states in Cu-like Ce, W, and Au ions.

10
~ 10" 5 Transition Arveer  ATYEPT Nt
(2
g1, Cu-like Ce,Z=58
® 10° 6 ! 1=4s4p(*P)3d ‘D, ,- 4s °S , 45, AT5(3)3p12(5/2)  4py, 9.4558 4.1R13]  9.452°
5 10° 1 2=4s4p('P)3d *P, - 4s°S , 451 AP3A(2)3s1(5/2)  4dz,  9.9569 8.3P12]  9.940%
"Z; 107 5 3 3=4S4p(3P)3d 4P1/2 -4s 231/2 4d5/24d5/2(2)3p3/2(5/2) 4d5/2 10.0518 15&3] 10051a
© 4=4s4p(P)3d %P - 45°S 4Py Ady(2)3ps(1/2)  4py, 10.1114  1.9A13] 10.111°
F 100 - 12 12 4d44ds(4)3p3(5/2)  4dg, 10.1435 3.5p13] 10.141°

5=4p4d(*P)3d P, - 4s °S TPy ¥
10° =P 1" 2 ApyAfs2)3dax(3/2)  4py, 11.3223 8.6R11] 11.3212

4 6=4pad(P)3d P, , - 458, 45 4n (0)3p(5/2) ddy, 114202 7.7M2] 11.412°
O o 2 5 8 70 8 % 100 110 AdgAdgA1)3dy(1/2)  dpy, 114912 1.2/4] 11.491°
4ds AT (3)3ds(3/2)  4ds, 11.8120 1.6M3] 11.8167
Cu-like W, Z2=74
FIG. 1. Weightedmultiplied by initial-state degeneracyransi- ~ 4P3Ads(3)3d3(5/2)  4ds,  6.8197 2.8Bl2]  6.816°
tion rates between core-excited odd-parity states Withl/2 and ~ 4pgAf7(3)3dsA(5/2)  4f,, 6.8269 4.2p12]  6.827°
4s?S,, states as a function & in Cu-like ions. 4pyApyA2)3dax(1/2)  4py, 6.8577 2.3p12]  6.858°
45,,Ap3(1)3d5(3/2)  4s,, 6.8885 3.9812] 6.884°
properly. One general conclusion that can be derived fromd,Ads(4)3ds(5/2)  4f;, 6.8947 1.8p12] 6.896"
these graphs is that the smodfhdependence occurs more 4p,.Ady(3)3ds(7/2) 4ds, 7.0724 3.413]  7.075°
frequently for transitions from low-lying core-excited states.4p, 4f,(3)3ds(5/2)  4f;, 7.1095 1.3[12]  7.108°
Singularities in the transition-rate curves have two distinCtyp, Af,.,(3)3ds(9/2)  4f,, 7.1117 6.7812]  7.113°
origins: avoided level crossings and zeros in dipole-matrixyp_ f, (3)3ds(5/2)  4f,, 7.1302 1.9p13] 7.131°
elements. Avoided level crossings result in changes of thg, 44, .(1)3d,(7/2) 4dg, 7.1354 1.5@m3] 7.137°
dominant configuration of a state at a particular valueZ of 45, A (4)3de(5/2)  4dep, 72396 16[12]  7.242°
and lead to abrupt changes in the transition-rate curves Whe&l,ﬁd5,2(2)3d5,2(3/2) Apy, 7.2479 2.0B13]  7.248P
the partial rates associated with the dominant configuration suAT(3)3de(3/2)  4d 7.2608 15813 7.262°
below and above the crossing point are significantly differ-, Y 24d7/2(1)3d5/2(5/2) 4d5/2 72016 163 72080
ent. Zeros in transition matrix elements lead to cusplike H12*%? 3/2Cu-like AU 3’22_79' ' '
minima in the transition-rate curves. Examples of each of '
these two singularity types can be seen in Figs. 1 and 2, allsiAd52(4)3pa(7/2) - Adg, 43974 1.6614] 4'392
well as in Figs. 1-10 presented in EPAPS docunjéBt. 4dsiAf7A2)3dyA5/2) - 4dy,  4.7690  1.6014] 4'760
In Table VI, wavelengths and electric-dipole transition AfAl7(4)3dy(7/2) - Afy, 47997  45R15]  4.80

rates along with comparison with experimental data are pre4f5/24f7/2(4)3d3/2(7/2) 4fsp 48214 19B15]  4.82°
4dsAds(4)3ds(5/2)  dps, 4.9373  2.5014] 4.93°¢

4dgAfs(3)3dsx(3/2)  4dy, 4.9610 2.5B14]  4.96°

Nuclear charge Z

10"
451,4P3A2)3p3(1/2)  4ps,  5.2208  1.1B13] 5.22°¢
10” 4d3Ads(3)3ds(7/2)  4fg,  5.7207 2.0812] 5.72°¢
4s1,4p32(2)3d5(3/2)  4sy,  5.9029 3.9B13] 5.90°¢
—~ ApyAds(1)3ds(7/2)  4dg,  5.9427  2.1(13] 5.94°¢
£ 10 q 4pyAde(2)3dg(7/2)  4ds, 6.0107 1.2812]  6.01°
;ﬁ 4s,,A4d5(3)3ds(1/2)  4dps, 6.0801 1.6[13] 6.08°¢
C 40" 3
s 21 2 2 dComparison of theoretical data obtained by using RMBPT code
"é - 1=4p"(D)3d°S,, - 4p Py, 5 with experimental measurements,,) from Ref.[12].
g 2=4p°(°’P)3d ‘D, , - 4p °P,, Same, but from Ref5].
c .
1o 3-4p%('D)3d 2P1/2 _4p sz ] 1Soame, but from Ref6]. Numbers in brackets represent powers of

4=4p*CP)3d °P,,- 4p °P,,

20 30 40 50 60 70 8 90 100 110 sented for transitions in Cu-like Ce, W, and Au. The table is
Nuclear charge Z limited to identification of experimentally measured transi-
tions given in Refs[5,6,13. A more comprehensive set
FIG. 2. Weightedmultiplied by initial-state degeneracyransi-  Of theoretical data assigned to each experimental transi-
tion rates between core-excited even-parity states /2 and  tion is presented in Table IX of EPAPS documdis].
4p?Py, states as a function & in Cu-like ions. We  mentioned previously  that  all possible
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plasmas. For example, x-rayi-shell spectra of W ions col-
lected at the different energies of the electron beam at the
LLNL electron-beam ion trap indicate the existence of strong
I A R S S A A Cu-like spectral featuref25]. Also,the distinct features of
R e e | R x-ray M-shell spectra of W ions in a spectral region from 5 to
S e 6 A produced by laboratory plasmas are the brightest Ni-like
lines and Co- and Cu-like spectral features. In particular,
Cu-like satellite lines constitute most of the Cu-like spectral
features, and Cu-like autoionization levels make an impor-
tant contribution in ionization balance calculatid@$]. Syn-
thetic x-ray spectra of Cu-like W computed with different
S TS N N N T D N resolution of 0.02 A and 0.002 A are presented in the upper
44 46 48 5 52 54 56 58 6 62 64 and lower panels, respectively, of Fig. 3. It was assumed that
Wavelength (A) spectral lines have the intensities proportional to the
weighted transition probabilities and are fitted with the
Gaussian profile. Specifically, the spectrum in the upper
panel of Fig. 3 includes 341’ transitions and covers the
spectral region frm 4 A to 6.4 A. Themost intense peaks at
about 5.72 A and 5.9 A are formed byl3}f transitions and
are shown with better resolution in the lower panel of Fig. 3.

w
o
o

n
a
=]

n
o
o

a
=]

o
2

153
arnd

Transition rate (arb. units)

o

300

IV. CONCLUSION

-
o
o

In summary, a systematic second-order RMBPT study
of the energies and transition rates  for
[411)1415j5(31)3l3j3(3)-41j] electric-dipole transitions in

; ; ; ; ; ; ; Cu-like ions with the nuclear charg@ranging from 30 to
56 565 57 575 58 58 59 595 6 100 has been presented. The retarédd matrix elements
Wavelength (A) included correlation corrections from Coulomb and Breit in-

FIG. 3. Synthetic spectra of Cu-like W calculated using RMBPT teractions. Both length and velocity forms of the matrix ele-
atomic data and Gaussian profiles with=0.02 A in the upper ments were evaluated and small differend@s4—1%),
panel andAXx=0.002 A in the lower panel. caused by the nonlocality of the starting DF potential were
found between the two forms. Second-order RMBPT transi-
tion energies were used in the evaluation of transition rates.
These calculations were compared with other calculations
and with the available experimental data. =40, we

Transition rate (arb. units)

ol

4111415 2(31)3l3)3(J)-4l; transitions produce 2294 spec-
trum lines. These lines in &, W*", and A®" cover the
fgscérci! :eelg'(Xlﬁ ?I]t?e?;fziiéra?lg)n_egs% éoﬂfszrﬁiﬁglkbelieve that the present theoretical data are more accurate
facf:) . olfvloy. heg o cons'ger tran:ls't'ons ith largest val 3{3 an other theoretical or experimental data for transitions be-
of transitionwratesW A Tlhe numblelr of chrlansitigns \\//vitrl: Tween the 41 141,(31)315j5(J) core-excited states and the
gA>108 s Lis ab,gutrz.oo for C&  and a number of tran 41j singly excited states in Cu-like ions. The results could be
sitions withgA, =104 s is about 130 for " and about further improved by including third-order correlation correc

o ) tions. These calculations are presented as a theoretical
0+
190 for A", Those transitions with the largest values of benchmark for comparison with experiment and theory. In

gA, cover the_spectral regions smaller by a factor of 3_4addition, the application of generated atomic data to model-
than that mentioned for all lines. We can see that the numb

of predicted spectral lines even with the largest valuapf %g and interpreting of x-rajl-shell spectra of heavy ions is

R . . discussed.

is still much larger than the number of experimental lines

shown in Table VI. Also, the interval between these lines is

about 0.01 A or less which is comparable with the accuracy

of experimental measurements. In this case, it could be rea- The work of W.R.J. was supported in part by the National

sonable to assign not a single transition as in Table VI, buBcience Foundation Grant No. PHY-01-39928. U.l.S. ac-

three to five transitions to identify the experimental peak, aknowledges partial support by Grant No. B516165 from the

it is demonstrated in Table IX of EPAPS documégh8]. Lawrence Livermore National Laboratory. The work of A.S.
These atomic data are important in the modeling ofwas supported by the DOE-NNSA/NV cooperative agree-

M-shell radiation spectra of heavy ions generated in electrorment(Grant No. DE-FC08-01NV1405@nd the Sandia Na-

beam ion trap experiments and M-shell diagnostics of tional Laboratories.
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