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The energies and lifetimes of doubly excited sextet states of boron-like v, and Nevi are calculated
with the multiconfiguration Hartree-Fock approach, including QED and higher-order corrections, and also with
the multiconfiguration Dirac-FockrAspcode. The wavelengths and transition rates of electric-dipole transi-
tions from the inner-shell excited terms2s2p?3s *P—1s2p®3s6S° are investigated by beam-foil spectros-
copy in the XUV spectral region. The predicted transition wavelengths agree with the experiment. The higher-
order corrections, fine structures, and spectrum with high wavelength resolution are found to be critically
important in these comparisons. Nine new lines have been identified. The ground sextet states of boronlike
atoms are metastable and well above several ionization levels. These are possible candidates for XUV and soft

x-ray lasers.
DOI: 10.1103/PhysRevA.67.062507 PACS nunter32.70—n, 39.30:+w
[. INTRODUCTION which can provide rapid x-ray emissiganergies of the or-

der of 0.8 keV in oxygeh The x-ray emission will compete
All the atomic energy levels where only a single electronwith auger-electron processes, but will tend to dominate
is excited from the ground state are below the first ionizationmore for the more highly charged ions of the isoelectronic
limit of the atomic ion being studied. In the early 1970s, theSequence.
technique of fast beam spectroscopy enabled the efficient The recent work of Lapierre and Knystauf@§ on pos-
study of atomic states with more than one electron excitecSible sextet transitions in Ne highlights the significance

These multiexcited states typically have energies well abov&nd difficulties in this sequence. They obtained the very best
the first ionization limit, and most such states decay ven/€Solution ever achieved in a beam-foil spectrum in the graz-
rapidly (in about 1024 ) by emitting an electron, and leav- ing incidence region, but their tentative identifications of the

ing the atom ionizedin the case of an ion, with a charge one two transitions at 12.0 and 10.6 nm show rather weak lines

unit highed. However, the doubly excited sextet states ofand over.vvhelmmg. blending problems. The work of.I.SIank.e

boronlike atoms are metastable against dipole-radiation d et al.[1] in searching for the same two sextet transitions in
. . . 9 P . . ﬁ\llll, Olv and Fv indicates blending problems in all six

cay to singly excited five-electron states and against autoion-

ization decay to singly excited four-electron stafg The

lifetimes for the lowest sextet states of boronlikevOare

about 10°%s, and the higher-lying states have typically E=1064¢V OVIlIgs °S,

10"+ s lifetimes. Such highly excited and relatively long eV OVII 12551

lived states are of interest in the production of XUV- and soft o 1 s

x-ray lasers. — = 12p'3s ', OIV
In Fig. 1, we show an overview of excitation energies of —

several ionization stages above the ground state of the five = 656.24A

electron oxygen ion. The level structures of other isoelec- J 1y

tronic ions (such as & and Nevi) are similar, and their | 3 electron sextet states Q IV 712

energies scale according to their nuclear charges. The sext 5/2‘ 122p°3s °P

levels of OIv have very high energies, principally due to the 32° ov

1s and X electron vacanciesuch atoms have been termed

“hollow atoms”). These five-electron high-spin states have E326eV OVII g5 Is” S,

energies typically just below the two-electronv® 1s2s and _ E=I88¢VOVI g5 I§2s 7§
1s2p states, about 0.8 keV above thevOground state. The ”
same configurations also yield quartet and doublet stateg o E=77¢V OV g5 Is25 s,

E=0eV OIV g Is%2p P,

*Electronic address: blin@nd.edu;

URL: http://www.nd.eduf blin/ FIG. 1. Term diagram of the doubly excited sextet states nf.O
"Electronic address: Berry.20@nd.edu; The mean wavelength for thes2s2p?3s®P;-1s2p33s® ° tran-
URL: http://www.science.nd.edu/physics/Faculty/berry.html sitions in Qv is shown.
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cases. Hence, all these identifications depend sensitively amherewi=0,1, ...,2,—1 for i=1,2,...,5 andXwi=5,
the accuracy of the various calculations. Given this uncerthe wave function is
tainty in the identification of all sextet transitions in the iso-

electronic sequence, it is desirable to find unambiguous ex- N2

perimental verification of the calculations. W(B.LS= 5/23)221 Mzd Ci¢(Bi,LS=5/2IM,),
Most of the recent theoretical work on boronlike atoms ’ (1)
has used configuration interactiq€l) methods, i.e., the
multiconfiguration Hartree-Fock methoMCHF) [1,3,4],
multiconfiguration Dirac-Fock methodCDF) [1,2,5,4, or
superposition of configurations Hartree-Fock relativistic
method with the complex membe€r2]. For the sextet states
in O1v, Fv, and Nevi, the Cl method is still quite effective

1,3]. Hence, we can use the Cl method to obtain accurat . . .
[1.3] In the SCHF calculations, only the configurations corre-

energies for the sextet states inNQ Fv, and Nevi. The . _ .
results will show the origins and sizes of the correlation enSPONding to the desired levels were considered. After updat-

ergies. The Cl values and energies of the sextet states depetd the MCHF codes, we performed the relativistic calcula-
on the configurations considered in the calculations. Geneflons with an initial expansion of up to 4000 CSF's and a full
a_”y, more Configurations are better for good preciﬂ]é:h Pauli-Breit Hamiltonian matri¥d. For a five-electron System

In this work, we obtain the theoretical energy and wave-the Cl expansion generated by the active set leads to a large
length data for the doubly excited sextet states iv GV, number of expansions. In order to reduce the number of the
and Nevi with the MCHF [4] and MCDF[5,6] methods. configurations, we chose those with the électron singly
Experimentally, we rely on new results using the fast-ionoccupied, i.e., $nil1n,l,nslsngl,, wheren;=2,3,4, and 5,
beam-foil technique for @, and previous unpublished re- 1;,=0, ... min(4n;—1). We also included $ and & elec-
sults for the Fv and Nevi spectra. The information from the trons. We did not include thg electrons fom=5 shell. For
experiments and theoretical studies greatly improves the unhe MCHF calculations of the ground state252p® 6s°, we
derstanding of which configurations are the most importanghose %, 2s, 2p, 3s, 3p, 3d, 4s, 4p, 4d, 4f, 5s, 5p, 5d,

and the origin of the correlation energies for the doubly exs5¢ and 6 electrons to compose the configurations. For the
cited sextet states in @, Fv, and Nevi. The results illus- 152s2p23s°P state in Qv we chose & through 5 elec-

trate the different observation of fine structures in thesetrons For the $2s2p23s°P state in Fv and Nevi

states. 326 ;
. - . chose & through 5 electrons. For the $2p°3s°S° state in

We are able to clarify the origin of the differences be- "\ 0 cpoce % through & electrons. For the 2p33s6°
tween our theoretical transition energies and the experimen-

tal data: to obtain accurate energies for the doubly excite tate4:jn 'Z/f agd Nsa/' ;\(/je (E:Sk;ose z 2s, |2 P, 38, 32\,ﬂ3d, d4s,
sextet states in @, Fv, and Nevi, the QED effect and P, 4d, 41, 39S, 9p, >4, of, an ® e_ectrons. er e_te_r-_
higher-order relativistic corrections cannot be neglectedMining the radial wave functions, we included the relativistic
These contributions from the QED and higher-order relativ-CPerators of mass correction, one- and two-body Darwin

istic effects to the energy of the sextet states are calculatd§'™ms, and the spin-spin contact term. The fine-structure
using the methods described below. splitting is strongly involved in the experiments and identi-

fications. So we included th&dependent fine-structure op-
erators, orbit-orbit term, spin-orbit term, and spin-other-orbit
Il. THEORY term in both SCHFT) and MCHRT) calculations, which

For the calculations we use two different methods, theVere not included by Miecznikt al. [3].

multiconfiguration Hartree-Fock methdd] with the QED In addition, we used the screened hydrogenic formula
effect and higher-order relativistic corrections, and the mul{fom Refs.[7-9] to estimate QED effect and also higher-
ticonfiguration Dirac-FocksrAsP code[5,6)]. order relativistic contributions for the sextet states in five-

electron oxygen, fluorine, and neon. For raselectron, the
QED effect is

wherec; is a configuration interaction coefficiery is the
total number of configurations with the sarh&JM; and
parity, and ¢ (B;,LS=5/2IJM;) is the configuration state
gunction (CSh.

we

A. The multiconfiguration Hartree-Fock method
with the QED effect and higher-order
relativistic corrections

47%a%(19
The energies, lifetimes and the relevant E1 transition rates AEqen(n.0)= 37nd 30 2 IN(Zefr) =INK(n,0)

of the three doubly excited sextet states242p3®s°,

152s2p23s°P, and 1s2p>3s°S° of boronlike O, Fv, and —7.2140Z ot1— (aZes)*[3 I (aZess)

Nevi were calculated with the single-configuration Hartree-

Fock (SCHP method as well as with the multiconfiguration +8.695 I aZy(() +19.081 ©
. e . .

Hartree-Fock method. We also added calculations of the hy-
drogenlike QED effect and higher-order corrections.
For any sextet state in a five-electron systgis,
LS=5/2IM;)=(ny13* nol%% ngl %> ngl%* ngl®®, 6L;,My), For othernl electrons,
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AEqep(n,)= Zewe®| Sa, K(nl) o [T
QEONT 33 [ 8(21+1) 2 3
2 -2 5 400 «
+(aZer)? IN(aZery) 1Y 3*41
1_ > 10 451 1/2 5j,| 650 655 660 665 670 675
Wavelength (A)
n 8[3_ I (| + 1)/n2] 350 kb) —--O:+1.7MeV 40/40 |k | 50 © — Emo.zsheV
(21—1)(21(21+ 1)(21+2)(21 + 3) - e k %0 —
£ %0 ] ¢+ Iy a0
£ 200 2 F
3 0.3285¢, /(2 gy g2
+ 7 -(=0.3283¢;/(21+ 1), 3 100 10 : -
2N Je
50 + r + 0 -
wh ere 652 654 656 658 660 652 654 656 658 660
Wavelength (A) Wavelength (A)
[/(I+1) for j=1+1/2, 80 7 ~ - Bl 25y ¥ 120 1 o | e $
_ [| ———-—Tine structures " I e - == fine structures
RN for j=1-1/2. 60 p—= + T —
s 0 R oge
The values of IrK(nl) are taken from Drake and Swainson 2 | I,‘ § 60 -
[9]. The effective nuclear chargg,; values are estimated as S, ; T
below. The energy eigenvalue of the one-electron DiraCc g fu... 0% 20

equation for a Coulomb potential is 560 562 564 566 568 570 572 492 494 436 498 500
Wavelength (A) Wavelength (A)

2y —12
] . @ FIG. 2. The beam-foil spectra of the elements oxygen, fluorine,

1 aZ
EDirac(Z)z_2 1+ > 5=>2 . . .

a n—k+ k= a“Z and neon recorded at different energies. The beam energies and
spectrometer slit widthén uwm) are indicated.

wherek=j+1 for a hydrogenic electron. To the order of

a®Z*, Epjrac reduces to sextet states in boronlike oxygen, fluorine, and neon. The
total energy of a sextet state inNQ Fv, and Nevi is then
£ 7)— z? L a’z’[1 3 5
( )_ﬁ Tk anll 5 s

EtcHE= EMCHF(IB!LSJ)_"E [AEqep(niliji,LSJ)
Since we have calculated the energy of th5e5 valence =1
electron in the sextet state n{Y nzl n3IW3 +AELo(nilij;,LSI]. (8
na 44 ngle®, 6L,) to the order of@?Z* with the MCHF
method, we can define 2 by B. The multiconfiguration Dirac-Fock method
Emcnr(na 10,1 52ngl5n 1 3 ngl 2%, 5L ) We also used the MCDIF5,6] program to calculate the
Wl (W2 |W3.. w4 5 energies, lifetimes and relevant E1 transition rates of the
—Emcnr(nil 1 nal 5 ngl5™nal 3% 5L ;) three doubly excited sextet states s2%2pS63°,
E 252 1s2s2p?3s 6P, and 1s2p33s°S° of boronlike Ov, Fv, and
eff[ 1+ @ Leff ] (6) Nevi. First, we used the single-configuration Dirac-Fock ap-
2n5 Ns proach(SCDB. A basis ofjj -coupled states with all possible
total angular momentd from two nonrelativistic configura-
where °L}, is determined by the transition being studied, tions, such as 2s2p* and 1s2s2p?3s or 1s2s2p?3s and
where the energy of the valence electron changes. Using tHes2p®3s, was considered. After calculating all possible lev-
Zett an apprommatéEQED(nS, 5) in the sextet statengly*  els for allJ, the elgen\{ectors were regrpuped in the baS|§ of
o192 Nl %3 gl W ngll®, BLy) is estimated with Eqs(2) ~ theLS terms. To obtain better evaluation of the correlation
and (3). W|th the sameZeff, the higher-order relativistic SNr9'es of the tzhreGe doubly gxc%ec(i). sextet  states
correction of the electrong|s is estimated from 1s252p°*S°, 1s252p“3s°P, and 1s2p=3s°S° in C%'V'ZFV'
and Nevi, the improved calculations includeds®s°2p,
ABuo(Nsls)=Epirac(Zet) ~EX(Zer). (1) 1s728%2p',  1s2s2p%  1s2s2p?3s,  1s2s2p”3p,
1s2s2p?3d, 1s2p33s, 1s2p3p, 1s2p3d, and 1s2p34s
In the same way, we can obtain the QED effects andnixing nonrelativistic configurations.
higher-order relativistic correctiond,Eqep(niliji,LSJ) and In the GRASP code([5,6] the QED effect, the self-energy,
AEyo(nilij; LS for all five electrons=1,2,...,5inthe and the vacuum polarization correction are taken into ac-

1 3

ks 4ng
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TABLE I. The energiegin cm 1) and wavelength§in A) for the 1s2s2p23s8P,;-1s2p®3s 8 S° transitions in Qv, Fv, and Nevi by
this work. Here we also list the QED and higher-order corrections for #2s2p?3s °P,—1s2p33s 6S° transitions in Qv, Fv, and Nevi.
The errors for calculations are explained in the text.

z J Experiment Eschr ESchr Emchr Evchr Escor Emcor Units
+188 +107 +549 +531 +4172 +629 cmt
8 Av  152519-23 1521754  152280.7 1518858 152034.3 1495387 152091.9 “lem
655.66+0.10 657.14 656.68 658.39 657.75 668.72 657.50 A
-22.9 —23.8 Egep cm!
128.2 172.3 Eno cm?
7/2 15230219  152036.2 152153.3 151746.9 151788.7 149547.1  151879.1 “lem
656.58+0.08 657.74 657.23 658.99 658.81 668.69 658.42 A
-229 —238 Eoep cm!
139.9 65.7 Euo cm !t
5/2 15250523  152196.8 152410.6 151907.4 152034.1 149770.8  152147.0 “lem
655.50-0.10 657.04 656.12 658.30 657.75 669.47 657.26 A
-22.9 —23.8 Egep cm!
236.6 150.5 Eno cm !
3/2  15190%23  152421.7 152753.5 152131.4  152280.4 149770.8 1524349 “lem
654.02-0.10 656.07 654.65 657.33 656.68 667.69 656.02 A
22.9 —23.8 Eoep cm!
354.6 172.8 Eno cm !
9 Av 17674747  176543.0 1765955 176399.8 176336.7 173947.1 1761522 “lem
565.78-0.15 566.43 566.27 566.89 567.10 574.89 567.69 A
—40.3 —426 Egep cm!
92.8 —20.5 Eno cm !
712 1764647  176327.9 1763747 1761327 176091.0 1739135 175941.3 “lem
566.70-0.15 567.13 566.97 567.75 567.89 575.00 568.37 A
—40.3 —42.6 Eoep cm?!
87.1 0.9 Eno cm !
5/2 17683247  176651.4 176860.5 1764553 176223.2 1739164  176190.7 “lem
565.510.15 566.09 565.42 566.72 567.46 574.99 567.57 A
—40.3 —84.5 Egep cm!
249.4 —147.6 Eno cm !
3/2 17719847  177049.1 1772684  176851.3 176736.0 174060.3 176516.4 “lem
564.34-0.15 564.82 564.12 565.45 565.82 574.51 566.52 A
40.3 —845 Egep com!
259.6 -30.8 Eno cm?
10 Av  201054-20 201081.3 200878.0 200922.6 2011179 199161.2  201401.3 “lem
497.38-0.05 497.31 497.81 497.70 497.22 502.11 496.52 A
—65.7 -71.6 Eoep cm!
—137.7 267.0 Eno cm!
7/2 200586 20 200 613 200522.8 2004559 200627.2 198572.6  200793.0 “lem
498.54+0.05 498.47 498.70 498.86 498.44 503.59 498.03 A
—65.6 -71.6 Egep cm!
—24.6 242.9 Eno cm?
5/2 20117520 2011941 201127.4 2010351 201371.0 1993260 201575.3 “lem
497.08+0.05 497.03 497.20 497.43 496.60 501.69 496.09 A
—65.6 —142.0 Eoep cm!
-11 477.9 Evo cm !
3/2 20182620 201848.8 201887.7 201688.1 201838.2 200091.1  202357.0 “lem
495.49+ 0.05 495.42 495.32 495.82 495.45 499.77 494.18 A
—65.6 —142.0 Egep cm!
104.6 292.2 Eno cm !
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TABLE II. Fine structuregin cm™ 1) of the 1s2s2p23s6 P, state in Qv, Fv, and Nevi.

Z Experiment SCHE MCHF' SCDF MCDF Experiment SCHF MCHF' SCDF MCDF

J=7/2-5/2 J=5/2-3/2

8 254+ 19 257 245 224 268 34519 343 246 174 288
163 211

9 371+38 486 132 144 246 36738 408 513 3 325
367 410

10 589+ 15 605 744 765 1161 64615 760 467 753 841
655 687

count by using the effective nuclear chafg; in the for- A. 152s2p?3s °P-1s2p°3s °S° transitions in O Iv

mulas of QED, which come from an analogous hydrogenic \ye gptained spectra at several different ion beam energies
o:g::a: .W'th th?. Sr?gng] expectation value obs the MCDF in the wavelength region where the sextet transitions
orbrtal in question>,5}. 152s2p?3s6P-1s2p33s6S° in OIv were expected. Three
typical spectra at different energies are shown in Figa), 2
2(b), and Zc). A promising candidate for the transition at
The experiments were performed with the standard fas$56.58-0.08 A remains in the spectra at 1.7 and 2.5 MeV
beam-foil excitation system on a 2-MeV Van de Graaff ac-O" ion-beam energies, which is blended with a strong O
celerator beam line at the University of Lieg0—-13. To  2s?2p3p 3P-2s2p?4f 3D line in the spectrum at 1.2 MeV
produce the spectra of oxygen in the wavelength region neap; ion-beam energy. Thed3-4f and 3—4d transitions of
500-1500 A, the beam current of about 1.8 of *°0" and  perylliumlike Ov are seen at 654.72 A and 659.60 A in Fig.
%0, ions at beam energies between 1.2 and 1.7 Me\(c). The two wavelengths have been semiempirically fitted
crossed a thin €10 u g/cnT) exciter carbon foil. Light with an accuracy-0.004 A by[14—16 and provide a good
emitted at about 90° to the ion-beam direction was analyzegalibration for our measurements. The standard error for
by a 1-m Seya-Namioka spectrometer, equipped with a lowgavelength calibration is 0.01 A in the region of 650—670 A.
noise channeltron detector; 25 spectra were recorded in th@onlinear least square fits of Gaussian profiles gave the val-
wavelength range around 500-1500 A at slit widths of 100{,e5 for the wavelengths, intensities, and FWHM of lines. The
100 and 40/4Qum. Through the use of optical refocusing ncertainties of the wavelengths are related to the intensities

spectroscopy, a full width at half maximuRWHM) of 0.7 of the lines. The precision of the profile-fitting program was

A was achieved. Spectra in which the sextet lines in OXY8€Ma1s0 checked through several known transition wavelengths.

fluorine, and neon were expected are available from SOM@y 4 fitted curves are shown in the Figébpand 2c)
previous measurements. These yield information on wave- For the 15252p?3s °P,~152p33s® S° transitions .We ex-

lengths, in_tensitie_s, and line shapes, and are very helpful foEected to see the fine structures in our experiments. The
a comparison with our present calculations of the sextelyngest transition related to fine-structure components is
states and the oxygen measurements. The spectra'od® 0" 7_7/5_5/2 transition at the wavelength of 656.58
F** were recorded from beams 80" and *(FH)" ionsat .5 58 &~ e also obtained the wavelength for the
an energy of 2.5 MeV with similar experimental proceduresJ_z '5/2_5'/2 transition at 655.500.10 A. The J=3/2—5/2
at the University of Lyon. Linewidths in the spectra are 0.4 Atransition at 654.02 A is weak and blended with the strong
andd Ode A. Thg Spe‘;t%%‘l\ﬁ“ﬁf Ne \;V‘?r? |1X0duced ,\?”9' re; 3d-4f transitions of Ov at the ion energy of 1.7 MeV in
EOL eD rom'ta ezm | ? |0nts atthe rgonfnzel Mat\llon_?h Fig. 2(b), where it is hard to deconvolute the line out of the
ab bynamitron Accelerator, at an energy o ev. estrong 31-4f transitions and the relative intensities are dif-
spectrum was taken in the second grating order to help Beult to compare. We obtained the wavelength of the
identify and resolve the sextet spectrum. Linewidths aréy_ 3/5_5/2 transition of 655.500.10 A by fitting the spec-

about 0.4 A. trum at the energy of 2.5 MeV in Fig.(®. The transition
rate is proportional to the area of the pdttie fitted intensity
X FWHM of the experiments). The ratio of th&=7/2-5/2
andJ=>5/2-5/2 transition rates at the ion energy of 1.7 MeV
The sextet transitions appear as weak lines among a ricn  Fig. 2b) is found to be about 1670.7:124x0.7
collection of other unidentified lines of highly excited oxy- =4.06:3, and is consistent with the theoretical value 8:6 if
gen, fluorine and neon. Figure 2 shows five spectra recordede ignore other small differences. The ratio of the
in the wavelength regions of interest. Initial peak locationsd=7/2-5/2,J=5/2-5/2, and)=3/2—-5/2 transition rates at
were found using nonlinear least squared fits to Gaussiathe energy of 2.5 MeV in Fig. (8) is about 7.7:5.9:4.0.
profiles. The wavelength measurement procedures and r&ithin an experimental error, these ratios are consistent with
sults for each set of transitions are described below in moréhe theoretical values of 8:6:4. In Table | we present our
detail. measured fine-structure wavelength values and compare

I1l. EXPERIMENT

IV. RESULTS
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3800 1500 -
~ i g J=7/2-5/2 x
< @ s ®® _ 1000 -
£ 3400 = 5 £ : B
o) [ ® © & 500 - 2
g . & E ag O
¢ 3000 S, 0-
; - m g ‘% '500 F (=] @D
B 2600 [z 29 g X
© e ic 1000 -
) [ - : J=3/2-5/2

2200 1 1 I 1 1 1 1 1 1 _1500 | 1 1

45 6 7 8 9 10 11 12 13 14 7 8 9 10 11

Nuclear charge Z Nuclear charge Z

FIG. 4. Comparison of theexperimeniaircles with errorbars

800 F = inside ®) and theoretical fine structures for the2s2p?3s°®P,

] N (b) states in Qv, Fv, and Nevi. The calculated points are denoted by
,g = 400 N 1 the following: A for SCHFT, box for MCHFT,$ for SCDF, and *
c § - i _ Jt for MCDF.
Qo - -
..(_“. E 0 - I I- %
'S °E> - ) tl:i For the 1s2s2p?3s°P;-1s2p33s6S° transitions, we
3 = -400 $ T hoped to see the fine structures in our experiments. However,
; §_ - 1 as shown in Fig. @), the count rates of the expected lines in
o o -800 [ T 1T the wavelength region near 562-575 A are slightly low. The
| i wavelengths for thel=7/2, 5/2, 3/2-5/2 transitions are

-1200 . = : 566.70-0.15 A, 565.51-0.15 A, and 564.340.15 A, re-

7 8 9 10 11 spectively, with slightly large errorbars. The ratio of the three

transition rates is found to be about 7.8:5.9:4.0. It is consis-
tent with the theoretical values of 8:6:4 within an precision.
FIG. 3. (a) Scaled isoelectronic plot of the center of gravity of In Table I, we present our measured fine-structure wave-
the wavelengtha.(Z-3) and(b) transition energy deviations from length values and compare these with our theoretical values
experiment for the 82s2p?3s®P-1s2p®3s®S° multiplet transi-  for Fv. The associated fine structures of the lower state
tions for the boron sequence. The measured and calculated poimss2s2p?3s6P; for J=7/2-5/2 andJ=5/2-3/2 are 371

are denoted by the following: circles with errorbars inside for +38 cn !, and 36738 cmi %, respectively, listed in Table
experiments,+ for SCHF, O for SCHFT, box for MCHF, * for || These are consistent with our calculations.
MCHFT, A for SCDF, and¢ for MCDF.

Nuclear charge Z

them with our different theoretical values fori@ The as- 300 -
sociated fine structures of the lower stag242p?3s°P,; for & : =
J=7/2-5/2 and J=5/2-3/2 are 25419cm ' and 345 T ~ 200 -
+19 cm 1, respectively, listed in Table Il, and are consistent © = r
with our calculations. g & 100 -
: b
25 0-
B. The 1s2s2p?3s8P—-1s2p®3s 6S° Transitions in F v g ® :
Figure 2d) shows the spectrum of%(FH)* at a beam 5§ &£ -100 E
energy of 2.5 MeV recorded at Lyon, France. Many uniden-a 8 -200 -
tified lines are located in the wavelength region where the"'eJ ;
sextet lines were expected. In addition, the?4f—1s26g -300
transition of lithiumlike Fvi at 53552 A and the 4 5 6 7 8 9 10 11 12 13 14

2s%2p?—2s2p? transitions of carbonlike & at 572.66 A are
observed. These wavelengths have previously been dete:-
mined with an accuracy-0.026 A and+0.003 A[17,1§ FIG. 5. Isoelectronic comparison of the QED effect and higher-
and help to provide a good calibration for our measurementsyder corrections of the ses2p23s 6P—1s2p33s6S° transitions

The same experimental procedures and programs describest the boron sequence. The calculated points are denoted by the
above were applied to analyze the spectrum far. Fhe  following: ¢ for QED effects from SCHFA for higher-order cor-
standard error for wavelength calibration is 0.03 A in therections from SCHFD for QED effects from MCHF, and box for
region of 562-575 A. The spectroscopic linewidths werehigher-order corrections from MCHF. The fitted QED effect from
about<0.8 A. The fitted curve is shown in the Fig(d2. both SCHF and MCHF are denoted by solid line.

Nuclear charge Z
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TABLE Ill. Lifetimes (in p9 of the 1s2s2p23s°P; states and 42p33s°S° in O v, Fv, and Nevi.

This work Others
z SCHF MCHF  SCDF MCDF  Experimefii] MCDF[1] MCHF[3]
1s2s2p?3s P
8 221.13 118.76  306.39  182.81 992 125 144
9 118.46 61.44  159.93  85.93 735 64 71.22
10 70.09 42.48 92.07 47.70
1s2p®3s6s°
8 217.05 231.13  405.00 325.90
9 185.05 312.29 33048  269.97
10 160.90 250.17  278.28  228.17
C. The 1s2s52p?3s 5P -152p®3s ®3° transitions in Nevi V. COMPARISONS OF THE 152s2p?3s ®P-152p®3s63°
TRANSITIONS WITH THEORY ALONG ISOELECTRONIC

The same experimental procedures and programs were
applied to analyze the spectrum for Me Figure Ze) shows
the second order spectrum of neon from a bearf®’NE™ at In Fig. 3(@), we show a plot of the center of gravity of the
an energy of 4 MeV. In the wavelength region where thels2s2p?3s6P-1s2p33s6s° transition wavelengths\(Z
sextet lines were expected, many unidentified lines are lo-3) for boronlike ions. The experimental results show a
cated as well as the nearbg4d-1s5f transition of helium-  good consistency with the trend of the various calculations
like Neix at 499.37 A. The wavelength is known with an for Z=5-13. Detailed comparisons of the deviations of cal-
accuracy+0.004 A[19,20 and provides a good calibration culated transition energy from experimental values fov O
for our measurements. The standard error for wavelengtiv, and Nevi are shown in Fig. ®). The errorbars of the
calibration is 0.02 A in the region of 490-500 A. The spec-experiments are small and inside the circles. The errors
troscopic linewidths were about0.4 A. The fitted curve is  shown in the first line of the Table | are the root mean square
shown in Fig. 2e). differences of the calculated and experimental values for the

For the 1s2s2p23s®P;-1s2p3s°S° transitions, we transition energies as given below in the table. The errors of
hoped to see the fine structures in our experiments. Ththe SCHF, SCHFT, MCHF, MCHFT, SCDF and MCDF
wavelengths for theJ=7/2, 5/2, 3/2-5/2 transitions are energy calculations are +188 cm!, +107 cm'?,
498.54+0.05 A, 497.08:0.05 A, and 495.490.05 A. The  +549 cmi'!, +531 cm'?, =4172 cm%, and+629 cm 2,
ratio of the three transition rates is found to be aboutrespectively. Thus, by comparing the results in Fig) Z&nd
7.7:5.9:4.0, and is consistent with the theoretical value ofn Table | we can seé) the single configuration interaction
8:6:4 within experimental error. From the transition rates, weis the most important part of the all configuration interac-
verify our identifications of the three transitions. In Table I, tions, (ii) the interactions between the configurations that we
we present our measured fine-structure wavelength valuahose are effective to get more accurate results,(#@#indhe
and compare these with our theoretical values fovN&he  sextet transition energies are sensitive to relativistic, electron
associated fine structures of the lower sta$@sPp23s°pP; correlation, and even QED effects, especially for heavy ions.

SEQUENCE

for J=7/2-5/2 andJ=5/2-3/2 are 58215 cm !, and In Table I, we summarize the detailed results of the fine
646+ 15 cm 1, respectively, as listed in Table Il, and are structures of the 42s2p?3s®P; state for Qv, Fv, and
consistent with our calculations. Nevi. The comparison of the measured fine structures of the

TABLE IV. Electron screeningo for the 2 and sp valance electrons of thes2s2p?3s®P; and
1s2p®3s°SY, states in Qv, Fv, and Nev!.

1s2s2p?3s°P, 1s2p33s°s2,
z SCHF MCHF SCHF MCHF
J=7/2 J=5/2 J=3/2 Av Av J=5/2 J=5/2
8 2.1577 2.1572 2.1565 2.1578 2.1362 2.6520 2.6290
9 2.1554 2.1545 2.1534 2.1535 2.1354 2.6380 2.6197
10 2.1524 2.1524 2.1496 2.1492 2.1357 2.6272 2.6145
Av 2.1552 2.1559 2.1549 2.1535 2.1357 2.6391 2.6211
Er 0.0026 0.0031 0.0035 0.0025 0.0002 0.0718 0.0425

062507-7



LIN et al. PHYSICAL REVIEW A 67, 062507 (2003

300 r or some missing configurations, which are important for
C MCHF and MCDF calculations. Although we do not have
250 experimental values to compare, in Table Il we also list our
B z calculated lifetime results for thes2p®3s6S° states for
o 200 F O1v, Fv, and Nevi for future experiments.
S '-'E 2 Figure 6a) shows a plot of the gravity center of the
§ 6150 ¢ i 1s2s2p?3s P—-1s2p33s °S° transition energy for boronlike
= o C ions versus nuclear char@e The diamonds are the weighted
2 100 | values of our different calculations. The solid line is a fit to
,a“_-’ s the theoretical values. The circles are for experiments with
50 1 — errorbars inside. The fit expression is
4 5 6 7 8 9 10 11 12 13 14
Nuclear charge Z ) B
AE(in 10® cm YHY=A,+A,Z, (9)
1000 [
o - (b)
S 500 | I whereA,= — 43.5635- 0.6125 andA, = 24.5097 0.0654.
o g r Our measured transition energies fonMQFv, and Nevi
0 ~= r are consistent with the trend of our different calculations
S S 0 r shown in Fig. 6a). The sextet states in boronlike ions are
:‘% T i highly doubly excitedsee Fig. 1, and the fine structures of
S 2 500 | ©Theory| | the sextet states of the boronlike isoelectronic sequence are
= © . O Fit very similar. So the screened hydrogenlike calculation is a
O Expt good approximation. For the same type of sextet states, the
-1000 ' i electron screening almost does not change with the nuclear
7 8 9 10 11 chargeZ (see Table IV. With Z.;s=Z-0, the transition en-

ergy can be written as
Nuclear charge Z 9y

FIG. 6. Isoelectronic comparison of the theoretical and experi-
mental mean wavelengths of the2s2p?3s ®P-1s2p®3s 63° tran- AE=~— 1[(2 12— (Z,0)?]
sitions for the boron sequence. ) up lo

15252p?3s°P; state with theoretical values shows reason-
able agreemenfsee Fig. 4 Here, the errorbars of experi- 21(%:)_ 010)[2Z=(ypt a10)].
ments are also small and inside the circles.

The QED effects and higher-order corrections for the
15252p?3s°P—-152p>3s°®s° transitions in Qv, Fv, and
Nevi are up to the 1.1-400 cm level (see Table )l and

(10

We can see the linear relation. For more detail, Fitp) 6
shows the deviations of the calculat@darked as diamondgls
and the fitted(marked as squargsransition energies from

cannot be ignored in careful comparisons with the experi:[he expj91r|ments for @, Fv, and Nevi. These_are less than
ments. Here the QED effects and higher-order corrections ars00 ¢M ~- Hence, the Eqs(10) and (211) 6pI’OVIde gcc%racl)te
calculated based on thB, values from the SCHF and €N€rgy approximations of thes2s2p®3s°P-1s2p“3s°S
MCHF results. We plot the QED effects and higher-ordertransitions in boronlike ions fof =5-13.
corrections to the means2s2p?3s ®P—1s2p®3s6S° transi-
tion energies in Fig. 5. The QED effects increase with
rapidly. The results show that the mean transition wave- VI. CONCLUSIONS
lengths are sensitive to the QED effects of 0.099 A, 0.129 A,
and 0.17 A for the $2s2p?3s°P—1s2p>3s5S° transitions oe T b o
in OIv, Fv, and Nevi. These are at the same level or larger 15252P"3s°P;~1s2p“3s"S” transitions in Qv, F V, and
than our estimated experimental precision 80.10 A, Nevi have been _mvesugated b_y the beam-fon_spectrc_)scopy
+0.15 A, and=+0.05 A. and compared with the theoretical values obtained using the
Our MCHF calculated lifetime results for the upper MCHF plus higher-order contributions and QED effect nu-
1s2s2p23s°®P states for Qv, Fv, and Nevi agree with the ~merical calculations, and with the MCDF method. We have
measurement$l] and the calculation§1,3] within 20%, carefully studied the effect of configuration interaction,
which is close to the experimental errgsee Table Ill. The  higher-order corrections, and QED effects on the energies,
MCDF and SCHF results are in fair agreement, which areand relevang1l transition energies and wavelengths. Agree-
two to three times of the experiments. The discrepancy bement for the energies of the doubly excited sextet states
tween theory and experiments is most probably due to thés2s2p?3s®P; and 1s2p®3s°S° and their fine structures is
additional decay modes dfi2 and radiative autoionization satisfactory. We have also studied the effect of the configu-

The wavelengths and fine structures for the
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ration interaction on the transition probabilities and lifetimes.[1]. The quantum electrodynamic and higher-order relativis-
For the lifetimes for the 82s2p?3s°P states in Qv and Fv  tic corrections are significant. Thus, the system provides a
there remain large discrepancies of about 20% between owstringent test ofb initio theory, and allows differentiations
MCHF and MCDF calculations and experiments from Ref.to be made among various theoretical approaches.
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