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The hyperfine constants for the ground states of Bed FF*, and for the two lowest excited states of Be
are calculated in a multiconfiguration Dirac-Fock model. Convergence of the calculated magnetic dipole
constants is studied as the active set of orbitals is systematically increased. The final results are compared with
experimental data and theoretical values obtained from other mefl&Hi350-294{®9)03910-4

PACS numbgs): 31.30.Gs, 31.30.Jv, 31.25v, 31.15.Ar

[. INTRODUCTION structures in the vicinity of the neutral end of the lithium
isoelectronic sequence, where electron correlation effects
The lithiumlike systems are the simplest species in whicrdominate the corrections to the single-particle model.

the Pauli exclusion principle forces the electronic wave func- The hyperfine constark for the 25 2S,, state of ;Be"

tion to form two (or more space-separated electronic shells.has been measured very accurately with the use of laser-

This feature makes lithium and its isoelectronic ions a natufluorescence spectroscopy by Wineland, Bolinger, and Itano

ral testbed for atomic many-body theories, since in very acf24] with the relative accuracy of better than 3 ppm. The

curate calculations the electron correlation effects have to bexperimental value for the diagonal hyperfine coupling con-

evaluated both for the outdwalencé electron as well as stantA for the 2p 2P, state of jBe’ has been measured

within the inner(core) shell itself. Recently, the hyperfine [25] much less accurately, to about 3%, while for the

constants of several states of neutral lithium and singly ion2p 2p,, state there existg26] only an upper limit.

ized beryllium have been calculated very accurately both

variationally [1-4], as well as perturbativel{5]. There is

also a growing interest in studying hyperfine structures of Il. THEORY

heavy lithiumlike ions, which is partially fueled by the de-  t¢ theoretical approach employed is sketched briefly be-

low. Details can be found elsewhef27—-3Q in the litera-

Lo o . Hire. Except where noted, atomic units are used throughout
any ionization stagg8]. The principal aims of the study of g paper.

the hyperfine structures of highly ionized heavy elements are
to probe QED effects in strong magnetic fieldd and to
investigate the charge and magnetization distribution inside A. MCDF

the nucleug10-13. The insight into the structure of nuclei In the MCDF method28], the relativistic atomic state

is also important in the search for the nuclear anapole Mognciion W for a state labeledPJM is represented as a sum

Enentém] and for the permanent electric dipole moment symmetry-adapted configuration state functiéB@SP
13,15.

Calculations involving highg species must account prop-
erly for the direct and indirect effects of relativiig6] and a W(I'PIM)= Zr ¢ ®(y PIM). @
four-component description becomes necessary, particularly
for calculations of those atomic properties, which depend
strongly on the behavior of the wave function in the proxim- Configuration mixing coefficientg, are obtained through
ity of the nucleus. If inner-shell electrons are involved di- diagonalization of the Dirac Coulomb Hamiltonian
rectly in the atomic process, the nuclear structure effects be-
come important, and eventually, with the increase of the
atomic numberZ, self-energy, vacuum polarization, and HDCZE Cai'pi+(,8i—1)cz—Z/ri+Z Ui (2
higher-order QED effectgl2] come into play[17]. ! =]

The objective of the present paper is to extend the tests of
the new version18—-2@ of the multiconfiguration Dirac- Configuration state functiord®, which are eigenfunctions of
Fock (MCDF) packagesRAsP[21-23 to all experimentally J?, J,, and parity P, are constructed as linear combinations
known hyperfine constants of lod-lithiumlike species, as of Slater determinants. In the restricted Dirac-Fock model a
well as to complement Dirac-Fock calculations of hyperfineSlater determinant is a product of one-electron Dirac orbitals
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|nKmy:% TSWS;X”*?)» 3 =73 (2100 2+ g S mair)si)
1Qnk (M) X = km(r =
—gsV10 CA(i)x V(i) ]Dr; 3}, (7)

wheren is the principal quantum number, ardand m are

the relativistic angular quantum number andzitomponent, The three terms in Ed7) are usually callearbital, Fermi-
respectivelyx= = (j +1/2) forl =j=1/2, with| andj being  contact and spin-dipoleterms, respectively. The magnetic
the orbital and total angular momenta of the elect®.(r)  dipole operatort™™ in the relativistic framework takes the
andQ,,(r) are the large and small component one-electrorform [36]

radial wave functions, anq/Km(F) is the spinor spherical

N

harmonic in thdsj coupling scheme tW=—iaS ai)-1() O (i), )
i=1

Xum(1) = Xl 0, ¢,07) while the electric quadrupole term has the form

= —m.t 1: N
=2 (Im=mg3m1im)Yim-n,(6.0)ém (@) (4) (== 3, o). ©

The radial function,,(r) andQ,,(r) are obtained as a | the formulas abover is the fine-structure constard, is
self-consistent-field solution of the one-electron Dirac-Fockhe vector of the three Dirac matrices, 2@t is a spherical

equation[28]. tensor with the components related to the spherical harmon-
ics as
B. Hyperfine interaction 4 12
o
The hyperfine structure of atomic energy levéisreafter quk): 2k+1 Ykq- (10

abbreviated as hfds caused by the interaction between the
electrons and the electromagnetic multipole moments of the The reader is referred to our previous pafd@®,23 for

nucleus. In accurate calculations of hyperfine structures it ighe evaluation of the matrix elements of the hyperfine inter-

necessary to take relativistic effects into account even fogction in the framework of symmetry-adapted configuration
relatively light elementd33,34. The effects of relativity gtate functions.

scale as the square of the atomic numbeand can usually

be treated as perturbations for light elements. These effects
become important with increasing atomic number, and, at
some point, it becomes necessary to employ a fully relativ- The configuration expansions were obtained with the ac-
istic approach if accurate results are to be expel@6H This  tive space method in which configuration state functions of a

necessity is more pronounced in calculations of hyperfingarticular parity and symmetry are generated by substitutions
structures than other atomic properties, because the hyperfifileém a reference configuration to an active set of orbitals.

interaction is sensitive to the form of the calculated elec-The active set is then increased systematically until the con-
tronic wave functions close to the nucleus, where direct anstergence of the hyperfine constant is obtained. The genera-
indirect effects of relativity{ 16] are difficult to account for tion of the wave functions followed essentially the scheme

C. Method of calculation

by quasirelativistic methods. described in our previous papdi3l,32. First, the spectro-
The hyperfine contribution to the Hamiltonian can be rep-scopic orbitals required to form a reference wave function
resented by a multipole expansion were obtained in a single configuration calculation, with full

relaxation. All virtual orbitals were generated in several con-
Him S T M® ) secutive steps. At each step the virtual space has been ex-
hfs™ <4 ' tended by one layer of virtual orbitals, corresponding to one
line in Tables I, Ill, V, and VIII, with all previous configu-

. ration expansions included, with all previously generated or-
yvhereT(k) andl_\/l(k) are spherical tensor operqtors of raak bitals incllouded, and all new orbitals Fr)nade ort)rllc?gonal to oth-
in the electronic and nuclear space, respectn[é@ﬂ. The ers of the same symmetry. The starting shapes of all radial
k=1 term represents the magnetic dipole interaction and thgypias have been obtained in the Thomas-Fermi potential,
k=2 term the electric quadrupole interaction. __and then optimized to the accuracy of the order o8 @vith

The electronic tensor operators are sums of one-particlg, rejaxation. The optimal level form of the variational ex-
tensor operators pression[22] has been applied in all variational calculations.
For smaller orbital sets employed in this study, the complete
N active space method was employed, in which all electrons
TO=2> 1)), k=1.2. (6)  are subject to substitutions within a particular active set. For
=1 larger orbital sets the complete active space becomes pro-
hibitively expensive and certain limitations were needed to
The magnetic dipole operata'’ in the nonrelativistic keep the number of configuration state functions below the
framework takes the forri36] limit acceptable by the computer memory constraints. This
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TABLE |. Diagonal magnetic dipole hyperfine structure paramétéin MHz) for the 1s?2s 2S,,, state
of 9Be", as the function of orbital set. SDT means single, double, and triple substitutions from the reference
1s22s configuration. Column 2 gives the number of configurations. Notatis2pad in the third column
means expansions formed by substitutions from reference configurations to virtual space constructed from
three orbitals of thes symmetry, two orbitals of the symmetry, and one orbital of thetsymmetry.

Type NCF Orbital set A
(DF) 1 2s -507.782
SDT 8 lp -505.293
SDT 79 F2pld -623.215
SDT 410 4&3p2d1f -615.034
SDT 1463 54p3d2flg -626.173
SDT 3710 &5p4d3f2g -622.044
SD 3975 B6p5d4f3g -625.159
SD 3227 &7p6d5f3g -624.038
SD 3588 %8p7d6f3g -624.805
SD 4585 1811p9d6f3g -624.487
SD 4288 1312p9d6f3g -624.605
SD 4488 1412p9d6f3g -624.496
SD 4716 1512p9d6f3g -624.757
SD 4974 1612p9d6f3g -624.569
SD 5264 1812p9d6f3g -624.603
SD 5588 1812p9d6f3g -624.600
Cl 7017 1812p9d6f3g 0.03232
Bohr-Weisskopf 0.25Z6)
Nuclear recoil 0.114
Breit -0.0697)
042 -0.7243
Neglected high-I orbitals -0.046)
Total -625.048)
MBPT? -625.639)
Hylleraad -625.02260)
FCPC -624.51
Experiment -625.0088370480)

aReferencd5].

bReferencd 4].

‘Referencd53].

dNot corrected for nuclear size and relativistic effects.

*Referencd 24].

was accomplished bfl) restricting the electron substitutions . RESULTS

to single and double for the orbitals with high values of L -
rincipal quantum number and kig) excluding CSF’s with The value of the nuclear magnetic dipole momenﬁé
P as been adopted from the paper by It48@] and that of

weights smaller than a certain threshold value. The effects o 9F from the tables of Raghavd8]. The nuclear electric

these restrictions were later evaluated by separate configura?
y sep 9 uadrupole moment 038e has been taken from the paper by

tion interaction calculations. The actual sets employed ar . . !
presented in Tables I, Ill, V, and VIII. All single, double, and %Lﬁnfzgl:; ?hn:fg(ljgr[%?]iiog\éeg'g%;g)rgogtol\;mg units to

triple substitutions have been allowed to all orbitals with
principal quantum numberx=2,3,4,5. Forn=6 only
s,p,d,f,g symmetries have been permitted; thand higher A. 2s %Sy, state of Be'

symmetries have been excluded. Starting with 7 only Table | presents the magnetic dipole constarfor the
single and double substitutions have been permitted and t@round state of Bé as a function of configuration space
set of orbital symmetries has been systematically decreasegpansion. It shows that 18 energy-optimized layers of orbit-
until there were onlys orbitals (14,15s, .. .) added to the als were required to converge tevalue. As discussed in
list. The single, double, and tripléSDT) substitutions to  Sec. Il C, the computational resources at our disposal did not
6s5p4d3f2g orbital sets were carried over to all subsequentallow us to include all configuration state functions arising
larger orbital sets. from the orbital sets and substitutions presented in Table I.
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TABLE Il. The effect of the Breit interaction on the calculated diagonal magnetic dipole hyperfine
structure parametek (in MHz) for the 1s?2s 2S,, state onBe+. Column 2 gives the number of configu-
rations which survived the condensing procedure for five different values of threshold.

Threshold NCF MCDF MCDF-Breit Correction Factor

0.01 1 -371.903 -371.903 0.0 1.0

0.001 32 -604.560 -604.758 -0.20 1.000 33

0.0001 197 -593.932 -594.134 -0.20 1.000 34

0.00001 793 -624.324 -624.411 -0.09 1.000 14

0.000 001 1887 -624.579 -624.653 -0.07 1.00012
extrapolated 1.00011

To overcome this limitation, we have employed a condensnetic moments are aligndd0]. The effect increases with
ing procedure, similar to that described in our previous papeapproximately ag** and certainly would have to be consid-
[3]. It eliminates those configuration state functions, whoseered for heavy nucldi9,10,44.
contribution to the wave function was less than a specified We employed the modified approach of Zemdet],
threshold value. As the next step, the configuration-who evaluated the multiplicative correction factor arising
interaction(Cl) calculation has been performed, to evaluatefrom the magnetization distribution. The correction depends
the effect of the configurations, which had been excludedn the model chosen for a particular nucleus, particularly for
from the CSF lists due to condensing or restrictions imposeéheavy nuclei. For one-electron systems the correction reads
on the allowed substitutions. The CI entry in Table | has
been obtained by a configuration interaction calculation, Cew=1-2Z(r)n/ay, (1)
where(1) all single, double, and triple substitutions to the set
1s,2s,2p, . .. ,65,6p,6d,75,8s, ...,1%,18 were allowed where(r),, is the effective radius of the magnetization dis-
and (2) all single and double substitutions to the full active tribution within the nucleus. The valu@),=2.67 fm has
set were allowedno condensing A reliable assessment of been taken as an average of several results quoted in the
the uncertainty of the calculate#l value arising from all ~tables of de Jager, de Vries, and de Vii¢g]. Shabaey11]
limitations imposed on the configuration lists within the vir- argues, that for the single-particle model of the nucleus, the
tual orbital set employed in this study, would constitute aabove formula can change as much as 30%, depending on
very expensive task. An attempt in this direction has beerthe shape of the radial part of the probability density of the
made in the case of neutral lithiuf]. For the purpose of 0dd nucleon. If the asymmetry of the nucleus is taken into
the present study we employed the conservative estimagccount, the change ofgG; can be considerably larger, by a
taken as the difference between the Cl value and the value é&ctor of 3[11]; but it is normally a property of heavy nuclei,
A calculated with the largest configuration state (b line SO the above-mentioned 30% deviation should constitute a
above Cl entry in Table)l By comparison with the calcula- reasonable estimate of the uncertainty associated with the
tions for neutral lithium[3], it can be argued that this esti- Bohr-Weisskopf correction. Several other approaches to this
mate certainly exceeds the errors arising from the aboveProblem have been proposkidl-13,17,40,43-45but all of
mentioned limitations, as well as from the numericalthem require the knowledge of the magnetization distribution
precision of the Dirac-Fock code, convergence criteria, andvithin the nucleus, which not only is generally unknown, but
other numerical properties associated with the selfcan differ from the electric charge distributi¢t3], which
consistent-field procedure. The contributions from the orbitrenders all calculations based on phenomenological models
als beyond this set can be estimated by an extrapolation prgrone to large uncertainties.
cedure, which will be discussed in Sec. Ill A 4. After the
above two corrections have been included, we arrive at the 2. Breit interaction correction
level of approximation, which might be called MCDF limit,  The Breit contribution is very difficult to evaluate in the
bearing in mind, that this concept is somewhat more fuzzyjirect calculation, even as a perturbation, due to the ex-
than its nonrelativistic counterpart, and perhaps a “no-pair”yremely high CPU cost. The effect of the Breit interaction on
MCDF limit would be a better description. There are severakne cajculated hfs constants has been estimated from a series
small effects beyond the so defined MCDF model, whichof ¢ calculations performed with the full orbital set but
have to be accounted for before a comparison with experigondensed down to a small number of CSF’s. The Breit in-
ment can be made. These effects include finite nuclear sizggraction has been treated as a perturbation to the Coulomb
finite nuclear mass, Breit interaction, and QED corrections. yamiltonian. The effect on the calculated hfs value is pre-
sented in Table Il as a function of the size of the Cl expan-
sion. It has to be mentioned here that the condensing proce-
The magnetization distribution inside the nucleus due tadure is based on Coulomb-only Hamiltonian matrix. Since
nuclear structuregBohr-Weisskopf correctiorj10]) is the  angular properties of the Breit operator are different than
dominant source of uncertainty in the present calculationsthose of the Coulomb energy operator, it is important that the
Bohr and Weisskopf estimated that this effect would lowerCl expansion arising from the condensing described above is
the A value of the hfs of the & S, state by about 0.01% in sufficiently large to include all important contributions. As
the extreme situation where spin and orbital nuclear magean be seen in Table Il the MCDF hfs value is almost fully

1. Bohr-Weisskopf correction
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TABLE lIl. Diagonal magnetic dipole hyperfine structure parametefin MHz) for the 1s?2p 2Py,
state ofB*, as the function of the orbital set. SDT means single, double, and triple substitutions from the
reference $°2p configuration. Column 2 gives the number of configurations. Notat&#pad in the third
column means expansions formed by substitutions from reference configurations to virtual space constructed
from three orbitals of the symmetry, two orbitals of the symmetry, and one orbital of th&d symmetry.

Type NCF Orbital set A
(DF) 1 1slp -93.582
SDT 6 21p -113.125
SDT 76 F2pld -115.852
SDT 403 &3p2d1f -118.831
SDT 1454 54p3d2flg -117.932
SDT 3697 &5p4d3f2g -118.064
SD 4171 B6p5d4f3g -117.862
SD 4662 &7p6d5f3g -117.825
SD 5237 %$8p7d6f3g -117.918
SD 5716 189p8d6f3g -117.846
SD 6223 1%10p9d6f3g -117.888
SD 6549 1211p9d6f3g -117.935
SD 4196 1312p9d6f3g -117.906
SD 4305 1412p9d6f3g -117.911
SD 4417 1512p9d6f3g -117.906
Cl 7148 1512p9d6f3g -0.0066)
Bohr-Weisskopf 0.0480)
Nuclear recoill 0.022
Breit 0.0084)
942 -0.080
Total -117.913)
MBPT? -117.941)
FCcPe -117.25%
Experiment -118.636)

%Referencd5].

bReferencd53].

°Not corrected for nuclear size and relativistic effects.

dReferencd 25].

recovered in the largest CI calculation and the Breit contrifor the Breit correction. The effect can also be evaluated by
bution has saturated. The resulting Breit correction has beeemploying the mass scaling correctipt7,48, i.e., by mul-
obtained by employing the factor extrapolated from Table Il.tiplying the A value by a factor

3. Nuclear recoil correction
_ _ _ (1+me/Mpge) 3=0.9998 174. (12)
The nuclear motion correction can be determined by add-

ing the normal mass shift and specific mass shift operators

[46] to the Hamiltonian(2), evaluating the wave function in Within the precision of the calculated valueAfeven for

a a configuration-interaction calculation, and computing thea system as light as beryllium, both above-mentioned ap-
hyperfine constants again, in a manner similar to that usegroaches yield identical results.

TABLE 1IV. The effect of the Breit interaction on the calculated diagonal magnetic dipole hyperfine
structure parametek (in MHz) for the 1s?2p 2P, state ofﬁBe+. Column 2 gives the number of configu-
rations which survived the condensing procedure for five different values of threshold.

Threshold NCF MCDF MCDF-Breit Correction Factor
0.01 5 -94.579 -94.579 0.0 1.0

0.001 62 -125.468 -125.463 0.0059 0.999 953
0.0001 416 -116.718 -116.714 0.0039 0.999 967
0.00001 1414 -117.966 -117.962 0.0042 0.999 964

0.000 005 1946 -117.948 -117.939 0.0082 0.999 930
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TABLE V. Diagonal magnetic dipole hyperfine structure paramétand electric quadrupole parameter
B (in MHz) for the 1s?2p 2Py, state ofJBe" as a function of the increasing active set of orbitals. SDT
means single, double, and triple substitutions from the referest@plconfiguration. Notation &pid in
the first column means expansions formed by substitutions from reference configurations to virtual space
constructed from three orbitals of tlsesymmetry, two orbitals of the symmetry, and one orbital of tha
symmetry. Column 3 gives the number of configurations.

Orbital set Type NCF Az B
2s (DF) 1 -1.870 167 2.46115
2slp SDT 8 0.770225 2.466 79
3s2pld SDT 110 -0.532 098 2.27942
4s3p2d1f SDT 645 0.655401 2.340 26
5s4p3d2flg SDT 2478 -1.142 384 2.51767
6s5p4d3f2g SDT 6439 -0.522 170 2.30947
7s6p5d4f3g SDT 4033 -1.105021 2.49594
8s7p6d5f3g SD 4813 -0.903526 2.35673
9s8p7d6f3g SD 4475 -1.065 163 2.44119
10s9p8d6f3g SD 4591 -0.993 753 2.39096
11s10p9d6f3g SD 4194 -0.973 272 2.43231
12s11p9d6f3g SD 4668 -0.962516 2.43229
13s12p9d6f3g SD 4300 -0.973616 2.43232
14s12p9d6f3g SD 4445 -0.963 934 2.43232
15s12p9d6f3g SD 4593 -0.969 628 2.43232
16s12p9d6f3g SD 4434 -0.967 444 2.43232
17s12p9d6f3g SD 4588 -0.968 772 2.43232
Cl 12047 -0.0044) 0.00044)
Bohr-Weisskopf 0.0002)
Nuclear recoil 0.00018 -0.00040
Breit 0.000%7) -0.00041)
g4/2 -0.0068
Total -0.9784) 2.43194)
MBPT? -1.041)
FCPC 2.2896
Experiment |A|<0.6

aReferencd5].

bReferencd53].

°Not corrected for nuclear size and relativistic effects.

YReferencd 26].

4. Neglected virtual orbitals 6. Summary of small corrections

The effect of omitted orbitals on the calculated hfs con- The three largest corrections to the Cl value arise from the
stant was evaluated for neutral lithium by Toegal.[1] by = QED effects, Bohr-Weisskopf correction, and the nuclear
performing anl extrapolation. Since the correction arising motion effects. The effects of the Breit interaction and of the
from the extrapolation is very small and its dependence omeglected orbitals in the virtual space are about an order of
relativistic effects is negligible, we assume that tieatrapo-  magnitude smaller than the three leading corrections. The
lation in the relatiyistic framework would yield a similar gominant source of uncertainty comes from the nuclear mag-
value. The correction for Be has been based on, another petization distribution. The final accuracy of the calculated
assumption, which holds that the correction scalegasear )¢ js comparable to that achieved for neutral lithiih

the nel#trﬁl end of the ]is?]galectroni(:_ seque[ﬁ&]. Sn_esg-f as can be expected, and the agreement with experiment indi-
mate of the accuracy of this correction can be obtaine oM ates, likewise, that further progress depends primarily on

the observation, that the ratio of the calculated hyperfin . . )
constants A+ /Aj=625.04/401.75 deviates from the Scal_eﬁgzli?nnc]ifngnngodehng the structure of nuclear electromag

ing factor Z/Z7 =16/9 by about 15%. We have taken this
viation n uncertain i with rapola-
ﬂgn.ato as an uncertainty associated with ltrextrapola B. 2p 2P, state of B
Table Il presents the calculated value of the hyperfine
constantA for the 2p 2P, state, compared with other the-
The only non-negligible QED correction arises from theoretical, as well as with the experimental results. The calcu-
anomalous magnetic moment of the electron, for which théations for this level were done in a similar way as those for
factorgs/2=1.001 159 652 193 has been ugéd]. 23,,,. The configuration expansions were generated with the

5. QED
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TABLE VI. The effect of the Breit interaction on the calculated diagonal magnetic dipole hyperfine
structure parametek (in MHz) for the 1s?2p 2P, state ofﬁBe+. Column 2 gives the number of configu-
rations which survived the condensing procedure for six different values of threshold.

Threshold NCF MCDF MCDF-Breit Correction Factor

0.1 1 -18.701 667 -18.701 667 0.0 1.0

0.01 4 -19.083 849 -19.083 849 0.0 1.0

0.001 76 0.498 694 0.502 256 0.003562 1.007 14
0.0001 524 -1.0940310 -1.093 932 0.000 099 0.999909 8
0.00001 1844 -1.049 600 -1.049 781 -0.000 181 1.0001724
0.000 003 3285 -0.909 699 -0.909 231 0.000 468 0.9994855

use of exactly the same scheme as described in Sec. Ill As worth noting that our computed value #fis in good
The Breit correction for the hyperfine constahthas been agreement with the result of the many-body perturbation
evaluated by scaling the mass-correcfedalue by a Breit theory (MBPT), and both are well withir(relatively large
factor obtained in a procedure similar to that for tH®,,,  experimental uncertaintisee Table IJ.

state. The Breit factor for théP,, state was equal to

0.999930. It had not converged very wedee Table 1V, so C. 2p 2Py, state of Be'

we have not extrapolated it, but instead we have taken the '
difference between the last two values of the correction fac- Table V presents the calculated values of hyperfine con-

2 .
tor as the estimate of the error associated with the Breit c0r§ta”tSA andB for the 2p “P, state, compared with other

. . : . .~ theoretical, as well as with the experimental result. The
rection. The nuclear motion corrections were estimated in th CDE calculations for the?Pa» level were carried out in
same way as before. The only QED correction employed for sactly the Same manner as tgr/1205e for tRa,,. The nuclear
the °Py, state was the electron anomalous magnetic momenﬁeco" 3timd Breit corrections were estimate/é.in the same wa
correction. The procedure for this correction differs from thatas before. and the multiolicative Breit factor for the ma neticy
used in the case of théS,,, state, because the hyperfine 7 - P 9

L ) o dipole hyperfine constarmd was equal to 0.999 485 tsee
Hamiltonian for thep symmetry involves therbital interac-

. . . Table VI), while that for the electric quadrupole constaht
tion between the magnetic moment generated byothéal

. . was equal to 0.999 828 able VII). In both cases the proce-
motion of the electronic cloud and the nucleus. In the non- o ) . .

I . . : dure for obtaining the Breit correction factor did not con-
relativistic framework this corresponds to tbebital term in

the hyperfine Hamiltonian(7). For these states for which verge very \.Ne"’ particularly in the case éfconstant, for
g . Lo which it oscillated around zero. Therefore, as in the case of
there is a nonzerorbital term the QED correction is ob-

5 )
taned by mliying hespin-diplar and Ferm-contact 112 71515 e haue aken he difereice etuesn e o
terms with a factog/2, but not theorbital term. The rela- error associated with the Breit correction. The QED correc-
tivistic hyperfine Hamiltoniar(8) does not separate out the tion for the h f' tadk for the 2P : tate has b

orbital term. Following the arguments employed for lithium on for the hypertine constam for the %’2 state has been
[3], we have applied thg¢/2 correction calculated in the gvaltjhated n th,? samel mlauzngr_as that | %(2’. ?y ?mplo)ll_-
nonrelativistic framework. The nuclear magnetization distri—gﬁ'ﬁn”a‘fI Cotrrzgcrﬁrc];IeC:rCLr%g enetlir;art]igrr:recirlr\:alcs:t:gn orr]r;Sa Iszén
bution correction due to Zemag¢h1] has been derived fo& | tya b lovi tr? 2 11 fact ith th
states and in the case of other orbital symmetries the Bohre-vstu?te y epro%/.lngt et ;ma@h ] a:c_o:, WOI el
Weisskopf effect for therbital term in the hyperfine inter- Iort IdaA errln contribution trea f)l as ﬁncﬁaa{w Y- ulrt C? tckl:
action Hamiltonian is obtained by replacing 44n Eq. (8) I\a/IIBePT t\éa ue agr?ebs trﬁasona ty_(\j/vethm € resut IO €
by r/R? inside the nucleu$40]. An exact determination of limit eory, but both are outside the experimental Upper
this effect depends on the radial shape of magnetization dis-

tribution of the nucleus, which is unknown. Therefore, we ) 5

have neglected the spherical asymmetry of dhigital term D. 2s *S,, state of F*

but instead we have taken the entimbital term contribution Table VIII presents the calculated value of the hyperfine
as uncertainty associated with the Bohr-Weisskopf effect. ItonstantA for the 2s 2S,,, state of F'®, compared with the

TABLE VII. The effect of the Breit interaction on the calculated diagonal electric quadrupole hyperfine
structure parametes (in MHz) for the 1s?2p 2Py, state ofiBe+. Column 2 gives the number of configu-
rations which survived the condensing procedure for four different values of threshold.

Threshold NCF MCDF MCDF-Breit Correction Factor
0.01 4 2.374 66 2.374 66 0.0 1.0

0.001 76 2.090 86 2.09052 -0.000330175 0.999 833
0.0001 524 2.344 26 2.343 94 -0.000298 213 0.999 865

0.00001 1844 2.28065 2.280 26 -0.000 370117 0.999 828
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TABLE VIII. Diagonal magnetic dipole hyperfine structure parameteiin MHz) for the 1s°2s 2S,,,
state of '3F%*, as the function of orbital set. SDT means single, double, and triple substitutions from the
reference $?2s configuration. Column 2 gives the number of configurations. Notat&p2d in the third
column means expansions formed by substitutions from reference configurations to virtual space constructed
from three orbitals of the symmetry, two orbitals of the symmetry, and one orbital of th&d symmetry.

Type NCF Orbital set A
(DF) 1 2s 81914
SDT 8 21p 81847
SDT 79 >2pld 88 483
SDT 410 4&3p2d1f 87 546
SDT 1463 54p3d2flg 88017
SDT 3710 &5p4d3f2g 87 863
SD 3989 B6p5d4f3g 87 964
SD 2631 &7p6d5f3g 87912
SD 2992 %8p7d6f3g 87 939
SD 3323 189p8d6f3g 87 931
SD 3701 1%10p9d6f3g 87 937
SD 3989 1811p9d6f3g 87 931
SD 4313 1312p9d6f3g 87 936
SD 4513 1412p9d6f3g 87933
SD 4741 1512p9d6f3g 87 936
Cl 7017 1512p9d6f3g 0
Bohr-Weisskopf -3013)
Nuclear recoil -8
Breit 18
g4/2 102
Total 88 00913
Hylleraa$ 87 307
FCPC 89 550
Experiment 888901800

aReferencd51].

bReferencd53].

°Not corrected for nuclear size and relativistic effects.

dReferencd52].

variational result by Kind51], as well as with the experi- lated among the values for neighboring nuclei from the
mental value by Randolpét al. [52], obtained with nuclear tables of de Jager, de Vries, and de V(i4g], and arrived at
quantum beats technique. The corrections have been evalir), =2.9 fm, as the effective radius of the magnetization
ated in a manner similar to that used for the'Bien. As  distribution within the nucleugsee Eq.(11)]. The effect of
indicated in Table IX, the multiplicative Breit factor for the neglected high-I orbitals is expected to be relatively much
magnetic dipole hyperfine constafitwas equal to 1.00021. gmaller than in the case of neutral or singly ionized species,
The Bohr-Weisskopf effect has been estimated even morgecause electron correlation effects on hyperfine interaction

crudely than in the case of Bebecause there are no data on pecome strongly dominated Isyorbitals with the increase of
magnetization distribution fotgF nucleus. We have interpo-

TABLE IX. The effect of the Breit interaction on the calculated diagonal magnetic dipole hyperfine
structure parameteXk (in MHz) for the 1s?2s 2S,, state of '3F®*. Column 2 gives the number of configu-
rations which survived the condensing procedure for five different values of threshold.

Threshold NCF MCDF MCDF-Breit Correction Factor
0.01 1 81555 81555 0 1.0

0.001 32 88681 88760 79 1.000 89
0.0001 197 87933 88012 80 1.00091
0.00001 793 87937 87962 26 1.000 29
0.000 001 1887 87936 87957 21 1.000 24

extrapolated 1.000 21
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TABLE X. Diagonal magnetic dipole hyperfine structure constants MHz) for the 1s?2s 2S,, state
i 9pat 196+
of sLi, ;Be", and gF°™.

Method ILi JBe" ke

MCDF? 401.765
MCHP° 401.71
MCHF® 401.76
FE-MCHF 401.60
ccsr 400.903
RMBPT 402.47
Hylleraad 401.79
Hylleraas 401.89
Hylleraa 401.71
Fcpd 401.3%"
Experiment 401.752043®)
Experiment 401.8125)

MCDF? -625.048)

RMBPT? -625.639)
Hylleraas -625.02260)

FCPC -624.51
Experiment -625.00883704@.0)

MCDF' 88 00913
Hylleraag’ 87 307
FCPC 89 550
Experiment 88 802

%Referencd3].

PReference 29].

‘Referencd1].

dReferencd54].

®Referencd55].

Referencd5].

9Referencd51].

PNot corrected for relativistic effects.

iReferencd56].

INot corrected for nuclear size and relativistic effects.
KReferencd 4].

IReferencd53].

™Not corrected for nuclear size and relativistic effects.
"Referencd57].

%Referencq58].

PThis work.

9Referencd5].

'Referencd4].

SReferencd53].

Not corrected for nuclear size and relativistic effects.
YReferencd 24].

YThis work.

“Referencd51].

*Referencd53].

YNot corrected for nuclear size and relativistic effects.
“Referencd52].

the atomic numbeZ. Boucard and Indelicatpl7] have de- The variational result by Kindg51], when corrected for
termined that the relative contribution of thes2s3s con-  relativistic effects, yields 87 976 MHz, which is in very good
figuration to the total electron correlation increased from les@agreement with our value of 88 009 MHthe relative dis-
than 60% near the neutral end, to 90% n&ar10, to 98% crepancy is of the order of 0.04%and both are within the
for Z=92. error bars of the experimental value by Randodplal. [52].
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TABLE XI. Diagonal magnetic dipole hyperfine structure constahtén MHz) for the 1s?2p 2P,,,
2p,, states and electric quadrupole constartirBMHz) for the 1s?2p 2S,, state ofJBe".

Method Afor 2p,, 3Be’ A for 2py, 3Be’ B for 2ps;, 5Be"
MCDF? -117.913) -0.9784) 2.43194)
MBPT® -117.941) -1.041)
FCPC -117.24 2.2890
Experiment -118.636)
Experiment |A|<0.6

&This work.

bReferencd5].

‘Referencd53].

dNot corrected for nuclear size and relativistic effects.

®Referencd 25].

'Referencd 26].

IV. CONCLUSIONS The hyperfine constants for excited stategBé", as well as

We have calculated the magnetic dipole hyperfine confor the ground state O;ngf, are less accurately measured,
stantsA for the three lowest states of Beon, the electric  though, and do not permit a meaningful comparison with
quadrupole constai for the 2p 2P, state of B&, and the ~ theory.
magnetic dipole constark for the 2s 2S,,, state of F°.

Tables X and Xl present a survey of theoretical and experi- ACKNOWLEDGMENTS
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