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Relativistic energy, fine structure, and hyperfine structure of the high-lying core-excited states
SP(n) (n=1-7) and®S°(m) (m=1-5) for Be-like boron and carbon
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The variational method with multiconfiguration interaction wave function is used to obtain the energies of
high-lying core-excited staté®(n) (n=1-7) and®S’(m) (m=1-5) in Be-like boron and carbon, including the
mass polarization and relativistic corrections. Restricted variational method is carried out to extrapolate a better
energy. The oscillator strengths, transition rates, and wavelengths are also calculated. The results are compared
with other theoretical and experimental data in the literature. The fine structure and hyperfine structure of
core-excited states for this system are also investigated.
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|. INTRODUCTION 132.392+0.007 nm and 0.65+0.01 ns are more than five
In the past few decades, the core-excited states q mes more accurate than previous experimental results. The

beryllium-like ions have attracted considerable attention tot eoretical results 131.16 nm and 0.601 ns of Manneetik

. . . al. [5] are in good agreement with previous theoretical pre-
both theoretica]1-12 and experimentdl13—-18. The high- Sk ) ;
lying core-excited quintet state of beryllium-like ions is a dictions of Beck and Nicolaidei#], but not very close to the

complex four-electron atomic system with high orbital, spin,?(pi”mimal valuc;es dOfﬁheméﬂY:es' ?utl)sgquenltlly, Bragfe and
and angular momentum quantum numbers, which can be ¢ ert4l extended the M calculation allowing for

: C more correlation and including relativistic effects, thus ob-
stable ‘against Coulomb autoionization because of WeIIEaining a value of 132.31 nm for the transition wavelength in
known angular-momentum and parity-selection rules. The da reement.with the experimental results. So far. to
progress in beam-foil and beam-gas electron spectroscop}(/}fa rykgoo | dg ite f | Ip i f the hi h: '
offers the possibility to study excitation mechanisms for this ur knowledge, quite few calculations of the highsore-
system by creating such quintet states with very large cros xcited s'ta.tes for Be-llkg system have peen reported due to
sections. The studies of the core-excited states of beryllium- © _resltrlcn?n él)'f resqlutlr?n fr?_m Iex;)lerllrr1?nts ano(lj :Ee _gu-
like ions play an important role in developing the excited-r.r;.e”c.a unfs ﬁa INESS In l_eore Ica cahcur? lons, and t edl en-
state theory of multielectron atoms and better understandin ication of the transition line among the higheore-excite

the complicated correlation effects between electrons. U|Irr11t3t_]§ta;i? t(\)/\]: oBgt-el(I:l;ed(Iac;nsécl)smveeme%fel(t:ilcj:gl metiees0
Bruchet al. [1] were the first to discuss the possibility of P '

observing optical transitions between quintet states of Behave been useo! to explore fine structure and hy_perfme struc-
re of core-excited states for Be-like isoelectronic sequence.

who suggested that transitions among the quintet states of henget al. [6] reported the fine and hyperfine structure of

could be responsible for some of the unidentified lines in th . = . ;
Be beam-foil spectrum. Later, Bruch, Schneider, and colt?[he doubly excited states of théi~ spectrum using multi-

laborators [13—15 extended their electron-spectroscopic configuration D|rac-FocI§ method. Yang and Chl.[ﬁ@ first

studies to Be-like boron and carbon. In the calculation Otreported the results of fine structure and hyperfine structure
energies and transition rates for sorﬁe high-lying states 0?f the lowest core-excited states of Be-like isoelectronic se-
high multiplicities in light atoms and ions, Beck and Nico- quence. To our knowledge, few calc;ulanqns of fine structure
laides [2] found the wavelength of ,the 25202 5P and hyperfine structure have been investigated for the corre-

-1s2p? °S° transition in B should lie close to 131.0 nm by sponding core-excited states of Be-like system. .
using the first-order theory of oscillator strengths. Their re- n th[s paper, varlatl_ona[ methqd with multlconflguratllon
sults were consistent with beam-foil dqte32.45+0.05 nm, Interaction Waveeg;nctlon IS carr|ed50ut on the high-lying
lifetime 0.75+0.08 ngreported in 1970 by Martinsoet al. core-excited statesP(n) (n=1-7) and>S(m) (m=1-5 for

[16] and 0.65+0.04 ns subsequently obtained by Kernaihan the Be-like boron and car_bon. The relativistic energies, t_he
al. [17]. Schneideet al.[3] presented a Grotrian diagram for fine structure, the hyperfine parameters, and the cou_plmg
the quintet states in T obtained from calculated energies. constants  are _reported and discussed. The osc_:|||ator
Later, the £2s2p? 5P-1s2p° 5%° transition in B was im- strengths, transition rates, and_wavelengths are aIsp given to
proved in beam-foil spectroscopy and multiconﬁgurationcornpare with gxperlments. It IS our hope to prowdg more
Hartree-Fock MCHF) calculations by Mannerviket al. [5]. reliable theoretical data to stimulate further experimental

Their experimental wavelength and lifetime[5] measurements.
IIl. THEORY
*Email address: goubing@sina.com The nonrelativistic Hamiltonian for the Be-like ions is
"Email address: fwang@bit.edu.cn given in atomic units by
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TABLE |. Relativistic energiega.u) of the core-excited staté®(n) (n=1-7) and®S°(m) (m=1-5) for Be-like boron and carbom; is
the number of the angular-spin components in the wave function.

AERV . Enonrel Erel . Etotal

Resonances N, Ep This work Others This work Others
B+
1s2s2p? 5P(1) 44 -17.2200671 -0.0000829 -17.2201500 -17.2135407.220131% -0.0050160 -17.2251660 -17.218808
1s2s2p3p °P(2) 43 -16.5548652 -0.0000812 -16.5549464 —0.0050479 -16.5599943
1s2s2p4p 5P(3) 39 -16.4171265 -0.0000846 -16.4172111 —0.0050492 -16.4222603
1s2s2p5p 5P(4) 43 -16.3594842 -0.0000738 -16.3595580 —-0.0050470 -16.3646050
1s2p2p5s °P(5) 40 -16.3448892 -0.0000842 -16.3449734 —0.0046936 -16.3496670
1s2s2p6p °P(6) 40 -16.3294026 -0.0000740 -16.3294766 —0.0050490 -16.3345257
1s2s2p7p 5P(7) 41 -16.3119175 -0.0000850 -16.3120025 —-0.0050394 -16.3170419
1s2p® 55°(1) 30 -16.8764307 -0.0000578 -16.8764885 -16.86861416.8764238 —-0.0044869 -16.8809754 -16.870761
1s2p?3p 5°(2) 35 -16.2747458 -0.0000571 -16.2748029 —0.0044720 -16.2792749
1s2p?4p °°(3) 33 -16.1453463 -0.0000575 -16.1454038 —-0.0044801 -16.1498839
1s2p%5p 5°(4) 29 -16.0900374 -0.0000756 -16.0901130 —-0.0044698 -16.0945828
152p26p 53°(5) 29 -16.0611478 -0.0000829 -16.0612307 —-0.0044648 -16.0656955
C2+
15252p2 5P(1) 44 -25.7706181 -0.0000851 -25.7707032 -25.7706170.0107440 —25.7814472
1s2s2p3p SP(2) 49 -24.5764092 -0.0000835 -24.5764927 —-0.0107209 -24.5872136
1s2p2p3s °P(3) 45 -24.3245807 -0.0000884 -24.3246691 —-0.0097160 -24.3343850
1s2s2p4p SP(4) 45 -24.2919942 -0.0000832 -24.2920774 —-0.0107170 -24.3027945
1s2s2p5p 5P(5) 39 -24.1704162 -0.0000863 -24.1705025 -0.0106778 -24.1811803
lsZp3 53°(1) 29 -25.3234479 -0.0000575 -25.3235054 -25.323%390.0095387 -25.3330442
152p23p 53°(2) 32 -24.2161488 -0.0000570 -24.2162058 —0.0094612 -24.2256670
1s2p?4p 5S°(3) 30 -23.9465602 -0.0000658 -23.9466260 —0.0094468 -23.9560728
1s2p?5p 5S°(4) 32 -23.8283594 -0.0000542 -23.8284136 —0.0094472 -23.8378608
1s2p?6p 5°(5) 31 -23.7659362 -0.0000726 -23.7660088 —0.0094423 -23.7754511
“Referencd5].
bReference[?].
4 4
- 1, Z 1 oy = s$8lHolv)
Ho—z[ 2Vi ri]+i§1 - (1) OB, = &Hp) =8 AT (4)
i< In the variational calculation, thes2lectron of these quintet

states could be stable against equivalengléctrons because
of the Pauli exclusion principle.
Restricted variational method is used to further improve
¥(1,2,3,4 = A2 Cidhniyi(RYiif(Qxss, (2 energyEy,. The basic wave functiony, is used as a single
i term in an improved wave functiofl9] that is given by

The basic wave functiogfy, can be written as

where A is the antisymmetrization operator and the radial ®(1,2,3,4 =Doy(1,2,3,9 + #5(1,2,3,9, (5)
basis function are Slater orbitals:
where
4 |
bniyii(R) = Hl i exp(- qyr). 3) ¥5(1,2,3,4 =AY, Di®yy)(1,2,3,4. (6)
1= i=1

A different set of nonlinear parametess is used for each To saturate the functional spaag, takes the same form as
angular-spin component. The linear parame@rsand the  #¥,(1,2,3,4, but the nonlinear parameters are much differ-
nonlinear parameters, are determined in the energy optimi- ent from those of/y,(1,2,3,4. Each of nonlinear parameters

zation process. in the basis function ofi, is optimized in the restricted
The upper boundg,, of the core-excited quintet states are variational calculation. The total nonrelativistic energy is ob-
calculated using the Rayleigh-Ritz variation method, tained by adding improvement from restricted variation

042513-2
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TABLE II. Wavelengths\ (nm), oscillator strengtfif,,f,,,), transition rategs™), and lifetimer (ns) of some core-excited quintet states

for Be-like Boron and Carbon. The numbers in brackets indicates the powers of 10.

PHYSICAL REVIEW A 69, 042513(2004)

Transitions Source fi f, fa A A, A, T N
B+
1s2p3 55°(1) This work  0.1405 0.1405 0.1416 1.599 1.59§9] 1.6119] 0.625 132.386
— 1s2s2p? 5P(1)
Otherg 0.143 0.142 0.65+0.01  132.392+0.607
Other§ 0.143 0.149 0.65+0.04  132.45+0%05
1s2s2p3p 5P(2)  This work 0.107-4] 0.117-4] 0.257-4] 1.1814] 1.2414] 2.8474] 84674.01 141.959
Other§ 141.3
1s2s2pdp °P(3)  This work 0.879-4] 0.853-4] 0.137-4] 1.9735] 1.92§5] 2.9875] 5070.99 99.334
p4p °P(3) hi k 2-4] 3-4] 2-4]
1s2s2p5p 5P(4)  This work  0.0003 0.0003 0.0002 8.5 8.1065] 6.1095] 1247.66 88.243
1s2p2p5s °P(5)  This work  0.1891 0.1870 0.1927 5783 5.6598] 5.8378]  1.747 85.762
Otheré 85.91,85.77+0.02
1s2s2p6p 5P(6)  This work  0.0023 0.0023 0.0024 7.368 7.3496] 7.6466] 136.09 83.386
1s2s2p7p 5P(7)  This work  0.0008 0.0008 0.0007 2.7B% 2.6006] 2.2596] 366.84 80.800
1s2p?3p 55°(2)  This work  0.0738 0.0730 0.0888 558 55298 6.7198]  1.791 162.319
—1s2s2p3p 5P(2)
Otherd 162.4
1s2p?4p 5°(3)  This work  0.0679 0.0679 0.0960 4.8 4.8338] 6.8378]  2.068 167.291
—1s2s2p4p 5P(3)
1s2p?5p 55°(4)  This work ~ 0.0603 0.0609 0.0756  4.085 4.5498] 5.2948]  2.448 168.749
—1s82s2p5p 5P(4)
1s2p?6p 55°(5)  This work ~ 0.0002 0.0002 0.0003 1.163 1.4516] 2.2676] 874.89 160.460
—1s2p2p5s °P(5)
c2
1s2p3 55°(1) This work  0.1150 0.1150 0.1254 2.797 2.219] 2.4769]  0.451 101.618
—1s2s2p? 5P(1)
Other§ 0.49+0.03 101.4+0.5
Others 0.49+0.03  101.606+0.085
1s2s2p3p °P(2)  This work  0.0003 0.0003 0.0002 1.6 1.5496] 1.0006] 620.35 61.094
Other§ 61.3
1s2p2p3s 5P(3)  This work  0.1774 0.1770 0.1814 1.95 1.8919] 1.9399] 0.528 45.627
Other§ 46.6
1s2s2p4p 5P(4)  This work  0.0109 0.0109 0.0108 1.785 1.2398] 1.2258]  8.097 44.228
1s2s2p5p 5P(5)  This work  0.0488 0.0485 0.0480 6.983 6.9108] 6.8378]  1.438 39.558
1s2p?3p 5°(2)  This work  0.0610 0.0610 0.0830 7.87 7.6178] 1.0399]  1.309 126.030
—1s2s2p3p °P(2)
1s2p?4p 55°(3)  This work  0.0030 0.0032 0.0012  4.171 4.4737] 1.6217] 24.15 120.445
—1s2p2p3s °P(3)
1s2p?5p 55°(4)  This work  0.0004 0.0004 0.0003 8.06]1 8.0176] 7.6336] 124.05 98.005
—1s2s2p4p 5P(4)
1s2p26p 55°(5)  This work  0.0004 0.0004 0.0002 6.38) 6.156] 2.9196] 156.49 112.306

—1s2s2p5p 5P(5)

“Referencd5].
bExperimental.
‘Referencq16].
dReference{Z:-}].
*Referencq3].
fReference[18].
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TABLE lll. Center-of-gravity total energieEcg (in a.u), fine-structure correctionAE; (in a.u), and fine-structure splittings;_;, (in
m1) of the core-excited staté¥(n) (n=1-5) for Be-like boron and carbon.

°Pe(1) °P4(2) °P4(3) °Pe(4) °Pe(5)
B+
Eco -17.2251660 -16.5599943 -16.4222603 -16.364605 -16.3495483
AE; J=1 -0.0000861 —-0.0000683 -0.0000670 -0.0000814 -0.0001070
J=2 0.0000151 0.0000046 0.0000030 0.0000172 0.0000098
J=3 -0.0000261 —-0.0000260 0.0000266 0.0000226 0.0000389
Vo1 22.20 15.99 15.36 21.63 25.62
Others 22.98
V3o 2.42 4.71 5.18 1.20 6.38
Others 6.13
C2+
Eco -25.7814472 -24.5872136 -24.3343850 -24.3027945 -24.1811803
AE;, J=1 -0.0002647 -0.0001944 -0.0003109 -0.0001884 -0.0001914
J=2 0.0000010 -0.0000116 -0.0000114 -0.0000129 0.0000057
J=3 0.0001127 0.0000916 0.0001414 0.0000899 0.0000779
Vo1 58.33 40.13 65.72 38.53 43.25
Others 59.63
57
63.5
U3-2 24.51 22.64 33.52 22.56 15.85
Others 30.21
21°
21.3
*Referencq9].
bReference[lO].

‘Referencg18] (Expt.).

AEgy. Then the nonrelativistic energy is given b, interaction. The mass polarization perturbation and the rela-

+AERy. tivistic corrections are calculated using first-order perturba-
In addition to theAEg,, the total energy is further im- tion theory. The perturbation operators are given 29

proved by including the mass polarization effect and relativ-

istic corrections. The relativistic perturbation operators con-

sidered in this work are correction to the kinetic ene(g$), H" =Hy+Hp + Hee+ Hmnp+ Hoo, (7)
Darwin term, electron-electron contact term, and orbit-orbit
70 - me By where
] . OB Ves
604 *—C* YV 4
K 2+ ~
~’E‘ 50 O C vy, H,=- 8C22 P4 (correction to kinetic energy (8)
O
g .
£ 40 L] .
-C} ] o \/
g 30 4 / \
E zol\/o N o Hp = 2C22 s(r)) (Darwin term, 9)
; . ................... R \o
i
10
.............. T = R 4 8
04— T T e ? """ T — A = -
' T A T T Hee Cz., = <1 +-5S - SJ>5(I'”) (electron

FIG. 1. Fine-structure splittings;_;,(in cm™ 1) of core-excited <]

states’P&(n) (n=1-5 for Be-like boron and carbon. -electron interaction (10
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TABLE IV. Hyperfine parametergin a.u) of the core-excited 131 3(s -1i)(s 1)
states®P(n) (n=1-3 and>3°(m) (m=1-3 for Be-like boron and Hss= 5 > =|ssi- —'JZ—J—'J— ) (18)
carbon. C%ij=1 Njj Fij

i<j
Resonances ac asp q by
To calculate the fine-structure splitting, theSJ coupling
B scheme is used:

1s2s2p? P%(1) 525.7025  0.43858 2.16935 0.87717
1s2s2p3p °P(2) 531.9075 0.30142  1.47869  0.60285 Wisyy= 2 (LSLS|I)1(1,2,3,4. (19
1s2s2p4p 5P8(3) 532.6763 0.28120 1.40294  0.56241 Sylz

1s2p® °°(1)  487.6366
1s2p%3p °°(2)  489.4645
1s2p%4p °°(3)  489.9915

The fine-structure energy levels are calculated by first-order
perturbation theory:

2+
c (AErs)y = (Visig/Hso+ Hsoot HsdWisy).  (20)
1s2s2p® 5Pe(1) 916.1866 0.9023243 4.471033 1. 804649

1s2s2p3p 5P8(2) 925.2372 0.6058896 2.997254 1211779  For an N-electron system, the hyperfine interaction
1s2p2p3s 5P4(3) 860.6288 1.0280430 5.073973 2.056086 Hamiltonian can be represented as folloj@s,232:

1s2p® 5°(1)  843.2432
152p?3p 5°(2)  846.8645 Hits= k% T . MW, (21)
1s2p?4p 5S°(3)  847.4492 -

whereT® andM® are spherical tensor operators of rdk

the electronic and nuclear space, respectively. KFhe term
represents the magnetic-dipole interaction between the mag-
netic field generated by the electrons and nuclear magnetic-
dipole moments, th&=2 term the electric quadrupole inter-
action between the electric-field gradient from the electrons
-orbit interaction, (11)  and the nonspherical charge distribution of the nucleus. The
contributions from higher-order terms are much smaller and
can often be neglected.

4
- 1 1 ri(rii - Py) - P,
Flooz s > L[ py.pys PPy (orbit
0o 2c2 ! J 2

ij=1 ij

i<j

ij

4
~ 1 S .
Hypp=—— >V, -V; (mass polarization term In the nonrelativistic framework, the electronic tensor op-
Mij=1 erators, in atomic units, can be written as
i<j
(12) o =31 _ 1004V @1 @), -3
T =—2>" | 2gr; 3 - y10g4s P C®}Vr;
whereM is the nuclear mass, tte andP; are the spin and 253
the linear momentum of thigh electron, respectively. 8
The relativistic and mass polarization corrections are + —g§§1>5(ri)} (22
given by 3

AErel = <(/fb|ﬁk + |:|D + I:Iee+ |:|oo+ |:|mp|‘/’b>- (13) and

The total energy becomes 4
T@=-2>r°c?, (23
Eiota = Ep + ABgy+ AE . (14 i=1

The fine-structure perturbation operatf8 are given by whereg,=(1-m,/M) is the orbital electrory factor, andg,

Hes=Hso+ Hsoo* Hss (15) =2.002 3193 is theg)ec_:tron spirg factor.M is the n_uclear
. _ _ _ _ _ mass. The tenso€;” is connected to the spherical har-
where the spin-orbit, spin-other-orbit, and spin-spin OPeramonics Y, (i) by 021):\’/477/2""1Ylm-

tors are The hyperfine interaction couples the electronic angular

4 momentaJ and the nuclear angular momernitao a total
Heo= iz 1'_Si (16) angular momentunt=I+J. The uncoupling and coupling
225 r? hyperfine constants are defined in atomic unit$24522

1 o1 _ ; , ,
Hsoo=— 2—(:2%1 [r_ﬁ(r‘ -1 X Pi} (s+2s), (17 ac= <7LSL$§1 8m3%(ri)so(i)|yLSLS  (Fermi contadt,

i#] (29

042513-5
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TABLE V. Hyperfine coupling constani@ GHz) of the core-excited staté®(n) (n=1-23 and®S’(m) (m=1-3) for Be-like boron and
carbon. The numbers in brackets indicate the powers of 10.

| Bi
Resonances J=3 J=2 J=1 J=3 J=2 J=1
B+
1s2s2p? 5PS(1) 3.39871 4.17961 7.49181 -1.74612] 1.74611-2] -1.74611-3]
1s2s2p3p 5P¢(2) 3.42243 4.23095 7.59463 -1.20062] 1.20004-2] -1.20004-3]
Is2s2p4p °P&(3) 3.42550 4.23760 7.60695 -1.11952] 1.11954-2] -1.11954-3]
1s2p® 53°(1) 4.65964
1s2p?3p 55°(2) 4.67710
1s2p?4p 55°(3) 4.68214
C2+
1s2s2p? 5Pe(1) -6.35909 -7.79724 -13.9653 -1.45972] 1.45272-2] -1.45273-3]
1s2s2p3p 5P&(2) -6.38463 —7.87906 -14.1357 -9.75469] 9.75469-3] -9.75469-4]
1s2p2p3s 5P&(3) -5.99503 -7.32134 -13.0999 -1.65513] 1.65513-2] -1.65513-3]
1s2p® 53°(1) -8.62755
1s2p%3p °3°(2) -8.66460
1s2p%4p 53°(3) -8.67059
N ergy. For each set of orbital angular momelntd,, I3, and |,,
asp={(YLSLSY, 2CP (1)so(i)r3[yLSLS (spin dipola¥, there could be several ways to couple this set into the desired
i=1 total orbital angular momentum. In this work, for tRe
(25) state, even parity, the important angular sefigsl,,3,14]
are[0,0,1], [0,11,(+1)], [1,1,,1], [0,2,(0+1),(1+1)],
N [1,1)],(0+2)],[0,2,(1+1),(1+3)], etc. For the’S° state, odd
_ -3 ; arity, the available angular serids,|,,l3,14] are[0,1,1],
3= OLSLEX ()P SLS  (ombita), (26 PROR I8 R D) +2§j¢f ’ [3i,3],(| +1[),(| +1)%,
[1,2,(0+2),(1+3)], [2,2,(1+1),(I+2)], etc. In both cases,
N the value ofl is from 1 to 9, as the energy contribution from
- ) (iyr-3 i set withl >9 is small and negligible. In order to get the high
bq_wLSLE;i}:‘I 2Cy (Iri7IALSLS - (electric quadrupole quality wave function, the ngur%ber of angular-gpin comgo—
27) nents in the_ wave functions ranges from 29 to 49, and the
number of linear parameters ranges from 662 to 1290. To
and improve the energ¥, obtained fromy,, the restricted varia-
tional method is used to compute energy contributions from
A= H 1 (43| TD]yd), (28) each chosen angular-spin series. The relativistic corrections
I [I(I+1)(23+1)]V2 and the mass polarization are also included using first-order

perturbation theory. The relativistic perturbation operators
i 1 considered in this work are correction to the kinetic energy

Ay1g= T D@~ D@r 1)]1/2<3’J ~1[TP|1%d), (29 (P, Darwin term, electron-electron contact term, and orbit-
orbit interaction. Table | presents the relativistic energies of
12 the core-excited stateSP(n) (n=1-7) and °S(m) (m
B;=2Q 2)(2)-1) (|| T3, =1-5 in B* and the core-excited stateB(n) (n=1-5 and
(23+1)(23+2)(23+3) 5°(m) (m=1-5) in C%*. For those high core-excited quin-

(30) tet states of this system, it is difficult to carry out high quality
theoretical calculations due to the numerical unsteadiness.
The variational wave functions are carefully chosen in this
work to avoid the variational breakdown from the high-
states to the lowr states due to the very strong correlation
IIl. RESULT AND DISCUSSION effects between electrons. As Table | shows, for all cases, the
relativistic energies in this work are lower and better than
The core-excited states of berylliumlike ions are a com-those of Mannervik MCHF) [5], the improvement ranging
plex four-electron atomic system in which the correlationfrom 0.007 a.u. to 0.01 a.u.
effects between electrons are very complicated. Many rel- In Table I, the states for this system are numbered accord-
evant angular and spin couplings are important for the ening to their position in the series; the lowest is denoted by

where y, is the nuclear magnetic momei@. is the nuclear
electric quadrupole moment.
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(1). Each core-excited quintet state is approximately identispin-other-orbit, and spin-spin interactions, we obtain the en-
fied by the following three factors: the energy, the relativeergies of the fine-structure resolvédevels. Table Il gives
contribution to normalization of the angular-spin compo-the shifts of the various levels from the center-of-gravity
nents, and a check of the relativistic perturbation correctionenergy and the fine-structure splittings of the core-excited
In this case, we note that the relativistic effect ofs@2pnl states’P(n) (n=1-5) in Be-like boron and carbon. The fine-
state is smaller than that ofs2s2pnl’ state. As Table | strycture splittings in this work are in good agreement with
shows, for C*, the relativistic effect of $2p2p3s °P state qiher theoretical and experimental d4€310,1§. Figure 1

-9716.0pa.u. is apparently smaller than that of _; ; ; .
g B 5 gives the systematical change of the fine-structure splittings
1s2s2p3p °P state -10 720.%a.u. and $2s2p4p °P state of the core-excited state¥(n) (n=1-5 along with then

- . e o .

mjé)?g :rLe7 agﬁﬁ;bl esg];c:g;lzfyllng Ilszigzcr)()gr?sfig{eni)(vs\/)itr\:v It|r|1:?e— increasing for Be-like boron and carbon. In Fig. 1, we noted

sults in G+ of Schneideret%lpfS] For the same reason. for that the mutation of the fine-structure splittings at
ey ’ 1s2p2p5s °P(5) in B* and at 52p2p3s °P(3) in C** is rea-

B*, the relativistic effect of $2p2p5s °P state —4693.6.a.u. . . : :
is apparently smaller than that ofsZ2p5p °P state sonable according to the assignment of configuration struc-

~5047.0pa.u. and $2s2p6p 5P state -5049.Qua.u., so ture for this higha system as mentioned above. _
identifying 1s2p2p5s for 5P(5) will be more reasonable than Table IV gives the hyperfine structure of the core—excned
1s2s2p6p. It is different from the assignment in‘Beported ~ States’P(n) (n=1-3 and°s°(m) (m=1-3). We studied the
by Mannerviket al. [5]. hyperfine structure parameters: Fermi contagtthe spin
The results of oscillator strengths and optical transitiondipolaragp, the orbitala;, and the electric quadrupolg. The
rates from the dipole lengttf,,A,), dipole velocity(f,,A,),  hyperfine coupling constants, andB; are listed in Table V
and dipole acceleratioff,,A,) formulas, lifetimes and the also. In this work,Q=0.0847 b,u,=1.800 645 nm) =3 for
transition wavelengths have been given in Table II. In thisB* and Q=0.034 26 b,u,=-0.964 000 nm)=3/2 for C**
work, the f|,f,, and f, are in good agreement with each are taken from Ref{24].
other. For example, thef,,f,, and f, of 1s2s2p? 5P
-1s2p® 53° in B* are 0.1405, 0.1405, and 0.1416, respec-

tively. The good agreement between the length, velocity, and IV. CONCLUSION
acceleration results could be used as the indication of the . L ) )
accuracy of the wave function. For those higlere-excited In this work, the relativistic energies, fine structure and

states, because these oscillator strengths are calculated witiperfine structure for the core-excited quintet states are
¥, only, and the open-channel part of the wave function isstudied for berylliumlike boron and carbon. The relativistic
not included, the three results agree reasonably well. Ag€nergies obtained in this work are much lower and better
Table Il shows, the transition wavelengths in this work are inthan those of the other theoretical data. The identifications of
good agreement with the experimental vallié,5 and other the energy levels for the high-core-excited series are dis-
theoretical datd3,23]. According to our theoretical energy cussed. The 85.77 nm line in"Bs suggested to assign to the
levels in this work, the 85.77 nm line is suggested to assigns2p® 53°-1s2p2p5s °P(5) transition according to the accu-
to the 12p® °S*-1s2p2p5s °P(5) transition of B. The tran-  rate calculations of the energy levels and the wavelengths in
sitions Is2p® °S°-1s2s2p3p °P(2), 1s2p® °S°  this work. These available theoretical data should be useful
-1s2s2p4p °P(3), and ®2p® °S*-1s2s2p5p °P(4) in B*  for studying the observed spectra in future experiments.
could not be observed easily in experiment owing to the

surprisingly large lifetimes and corresponding small oscilla-
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