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Effects of electron correlation, relativity, and nuclear structure on
hyperfine constants of Be1 and F61
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The hyperfine constants for the ground states of Be1 and F61, and for the two lowest excited states of Be1,
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 methods.@S1050-2947~99!03910-4#
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I. INTRODUCTION

The lithiumlike systems are the simplest species in wh
the Pauli exclusion principle forces the electronic wave fu
tion to form two~or more! space-separated electronic she
This feature makes lithium and its isoelectronic ions a na
ral testbed for atomic many-body theories, since in very
curate calculations the electron correlation effects have to
evaluated both for the outer~valence! electron as well as
within the inner~core! shell itself. Recently, the hyperfin
constants of several states of neutral lithium and singly i
ized beryllium have been calculated very accurately b
variationally @1–4#, as well as perturbatively@5#. There is
also a growing interest in studying hyperfine structures
heavy lithiumlike ions, which is partially fueled by the de
velopment of atomic traps@6# and storage rings@7#, where
even the heaviest elements can be stripped down to virtu
any ionization stage@8#. The principal aims of the study o
the hyperfine structures of highly ionized heavy elements
to probe QED effects in strong magnetic fields@9# and to
investigate the charge and magnetization distribution ins
the nucleus@10–13#. The insight into the structure of nucle
is also important in the search for the nuclear anapole
ment @14# and for the permanent electric dipole mome
@13,15#.

Calculations involving high-Z species must account prop
erly for the direct and indirect effects of relativity@16# and a
four-component description becomes necessary, particu
for calculations of those atomic properties, which depe
strongly on the behavior of the wave function in the proxi
ity of the nucleus. If inner-shell electrons are involved d
rectly in the atomic process, the nuclear structure effects
come important, and eventually, with the increase of
atomic numberZ, self-energy, vacuum polarization, an
higher-order QED effects@12# come into play@17#.

The objective of the present paper is to extend the test
the new version@18–20# of the multiconfiguration Dirac-
Fock ~MCDF! packageGRASP@21–23# to all experimentally
known hyperfine constants of low-Z lithiumlike species, as
well as to complement Dirac-Fock calculations of hyperfi
PRA 601050-2947/99/60~5!/3547~11!/$15.00
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structures in the vicinity of the neutral end of the lithiu
isoelectronic sequence, where electron correlation effe
dominate the corrections to the single-particle model.

The hyperfine constantA for the 2s 2S1/2 state of 4
9Be1

has been measured very accurately with the use of la
fluorescence spectroscopy by Wineland, Bolinger, and It
@24# with the relative accuracy of better than 3 ppm. T
experimental value for the diagonal hyperfine coupling co
stantA for the 2p 2P1/2 state of 4

9Be1 has been measure
@25# much less accurately, to about 3%, while for t
2p 2P3/2 state there exists@26# only an upper limit.

II. THEORY

The theoretical approach employed is sketched briefly
low. Details can be found elsewhere@27–30# in the litera-
ture. Except where noted, atomic units are used through
this paper.

A. MCDF

In the MCDF method@28#, the relativistic atomic state
functionC for a state labeledΓPJM is represented as a sum
of symmetry-adapted configuration state functions~CSF!

C~ΓPJM!5(
r

crF~g r PJM!. ~1!

Configuration mixing coefficientscr are obtained through
diagonalization of the Dirac Coulomb Hamiltonian

HDC5(
i

cai•pi1~b i21!c22Z/r i1(
i . j

1/r i j . ~2!

Configuration state functionsF, which are eigenfunctions o
J2, Jz , and parity P, are constructed as linear combinati
of Slater determinants. In the restricted Dirac-Fock mode
Slater determinant is a product of one-electron Dirac orbi
3547 ©1999 The American Physical Society
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unkm&5
1

r S Pnk~r !xkm~ r̂ !

iQnk~r !x2km~ r̂ !
D , ~3!

wheren is the principal quantum number, andk andm are
the relativistic angular quantum number and itsz component,
respectively;k56( j 11/2) for l 5 j 61/2, with l andj being
the orbital and total angular momenta of the electron.Pnk(r )
andQnk(r ) are the large and small component one-elect
radial wave functions, andxkm( r̂ ) is the spinor spherica
harmonic in thels j coupling scheme

xkm~ r̂ !5xkm~u,w,s!

5(
ms

^ lm2ms
1
2 msu l

1
2 jm&Ylm2ms

~u,w!jms
~s!. ~4!

The radial functionsPnk(r ) andQnk(r ) are obtained as a
self-consistent-field solution of the one-electron Dirac-Fo
equation@28#.

B. Hyperfine interaction

The hyperfine structure of atomic energy levels~hereafter
abbreviated as hfs! is caused by the interaction between t
electrons and the electromagnetic multipole moments of
nucleus. In accurate calculations of hyperfine structures
necessary to take relativistic effects into account even
relatively light elements@33,34#. The effects of relativity
scale as the square of the atomic numberZ and can usually
be treated as perturbations for light elements. These eff
become important with increasing atomic number, and
some point, it becomes necessary to employ a fully rela
istic approach if accurate results are to be expected@35#. This
necessity is more pronounced in calculations of hyper
structures than other atomic properties, because the hype
interaction is sensitive to the form of the calculated el
tronic wave functions close to the nucleus, where direct
indirect effects of relativity@16# are difficult to account for
by quasirelativistic methods.

The hyperfine contribution to the Hamiltonian can be re
resented by a multipole expansion

Hhfs5 (
k>1

T(k)
•M (k), ~5!

whereT(k) andM (k) are spherical tensor operators of rankk
in the electronic and nuclear space, respectively@36#. The
k51 term represents the magnetic dipole interaction and
k52 term the electric quadrupole interaction.

The electronic tensor operators are sums of one-par
tensor operators

T(k)5(
j 51

N

t(k)~ j !, k51,2. ~6!

The magnetic dipole operatort(1) in the nonrelativistic
framework takes the form@36#
n

k

e
is
r

ts
t
-

e
ne
-
d

-

e

le

t(1)5
a2

2 (
i 51

N

$2l(1)~ i !r i
231gs

8
3 pd~r i !s

(1)~ i !

2gsA10@C(2)~ i !3s(1)~ i !# (1)r i
23%. ~7!

The three terms in Eq.~7! are usually calledorbital, Fermi-
contact, and spin-dipole terms, respectively. The magnet
dipole operatort(1) in the relativistic framework takes th
form @36#

t(1)52 ia(
i 51

N

a~ i !• l~ i ! C(1)~ i !r 22~ i !, ~8!

while the electric quadrupole term has the form

t(2)52(
i 51

N

C(2)~ i !r 23~ i !. ~9!

In the formulas abovea is the fine-structure constant,a is
the vector of the three Dirac matrices, andC(k) is a spherical
tensor with the components related to the spherical harm
ics as

Cq
(k)5S 4p

2k11D 1/2

Ykq . ~10!

The reader is referred to our previous papers@30,23# for
the evaluation of the matrix elements of the hyperfine int
action in the framework of symmetry-adapted configurat
state functions.

C. Method of calculation

The configuration expansions were obtained with the
tive space method in which configuration state functions o
particular parity and symmetry are generated by substituti
from a reference configuration to an active set of orbita
The active set is then increased systematically until the c
vergence of the hyperfine constant is obtained. The gen
tion of the wave functions followed essentially the sche
described in our previous papers@31,32#. First, the spectro-
scopic orbitals required to form a reference wave funct
were obtained in a single configuration calculation, with f
relaxation. All virtual orbitals were generated in several co
secutive steps. At each step the virtual space has been
tended by one layer of virtual orbitals, corresponding to o
line in Tables I, III, V, and VIII, with all previous configu-
ration expansions included, with all previously generated
bitals included, and all new orbitals made orthogonal to o
ers of the same symmetry. The starting shapes of all ra
orbitals have been obtained in the Thomas-Fermi poten
and then optimized to the accuracy of the order of 1028, with
full relaxation. The optimal level form of the variational ex
pression@22# has been applied in all variational calculation
For smaller orbital sets employed in this study, the compl
active space method was employed, in which all electr
are subject to substitutions within a particular active set.
larger orbital sets the complete active space becomes
hibitively expensive and certain limitations were needed
keep the number of configuration state functions below
limit acceptable by the computer memory constraints. T
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TABLE I. Diagonal magnetic dipole hyperfine structure parameterA ~in MHz! for the 1s22s 2S1/2 state
of 4

9Be1, as the function of orbital set. SDT means single, double, and triple substitutions from the refe
1s22s configuration. Column 2 gives the number of configurations. Notation 3s2p1d in the third column
means expansions formed by substitutions from reference configurations to virtual space construct
three orbitals of thes symmetry, two orbitals of thep symmetry, and one orbital of thed symmetry.

Type NCF Orbital set A

~DF! 1 2s -507.782
SDT 8 2s1p -505.293
SDT 79 3s2p1d -623.215
SDT 410 4s3p2d1 f -615.034
SDT 1463 5s4p3d2 f 1g -626.173
SDT 3710 6s5p4d3 f 2g -622.044
SD 3975 7s6p5d4 f 3g -625.159
SD 3227 8s7p6d5 f 3g -624.038
SD 3588 9s8p7d6 f 3g -624.805
SD 4585 12s11p9d6 f 3g -624.487
SD 4288 13s12p9d6 f 3g -624.605
SD 4488 14s12p9d6 f 3g -624.496
SD 4716 15s12p9d6 f 3g -624.757
SD 4974 16s12p9d6 f 3g -624.569
SD 5264 17s12p9d6 f 3g -624.603
SD 5588 18s12p9d6 f 3g -624.600
CI 7017 18s12p9d6 f 3g 0.032~32!

Bohr-Weisskopf 0.252~76!

Nuclear recoil 0.114
Breit -0.069~7!

gs/2 -0.7243
Neglected high-l orbitals -0.045~6!

Total -625.04~8!

MBPTa -625.63~9!

Hylleraasb -625.022~60!

FCPCc -624.51d

Experimente -625.008837048~10!

aReference@5#.
bReference@4#.
cReference@53#.
dNot corrected for nuclear size and relativistic effects.
eReference@24#.
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was accomplished by~1! restricting the electron substitution
to single and double for the orbitals with high values
principal quantum number and by~2! excluding CSF’s with
weights smaller than a certain threshold value. The effect
these restrictions were later evaluated by separate config
tion interaction calculations. The actual sets employed
presented in Tables I, III, V, and VIII. All single, double, an
triple substitutions have been allowed to all orbitals w
principal quantum numbersn52,3,4,5. For n56 only
s,p,d, f ,g symmetries have been permitted; theh and higher
symmetries have been excluded. Starting withn57 only
single and double substitutions have been permitted and
set of orbital symmetries has been systematically decre
until there were onlys orbitals (14s,15s, . . . ) added to the
list. The single, double, and triple~SDT! substitutions to
6s5p4d3f 2g orbital sets were carried over to all subsequ
larger orbital sets.
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III. RESULTS

The value of the nuclear magnetic dipole moment of4
9Be

has been adopted from the paper by Itano@37# and that of

9
19F from the tables of Raghavan@38#. The nuclear electric
quadrupole moment of4

9Be has been taken from the paper
Sundholm and Olsen@39#. Conversion from atomic units to
MHz used the factor of 1 a.u.56 579 683 900 MHz.

A. 2s 2S1/2 state of Be1

Table I presents the magnetic dipole constantA for the
ground state of Be1 as a function of configuration spac
expansion. It shows that 18 energy-optimized layers of or
als were required to converge theA value. As discussed in
Sec. II C, the computational resources at our disposal did
allow us to include all configuration state functions arisi
from the orbital sets and substitutions presented in Tabl
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TABLE II. The effect of the Breit interaction on the calculated diagonal magnetic dipole hype
structure parameterA ~in MHz! for the 1s22s 2S1/2 state of4

9Be1. Column 2 gives the number of configu
rations which survived the condensing procedure for five different values of threshold.

Threshold NCF MCDF MCDF1Breit 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
0.000 01 793 -624.324 -624.411 -0.09 1.000 14
0.000 001 1887 -624.579 -624.653 -0.07 1.000 12

extrapolated 1.000 11
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To overcome this limitation, we have employed a conde
ing procedure, similar to that described in our previous pa
@3#. It eliminates those configuration state functions, who
contribution to the wave function was less than a speci
threshold value. As the next step, the configuratio
interaction~CI! calculation has been performed, to evalua
the effect of the configurations, which had been exclud
from the CSF lists due to condensing or restrictions impo
on the allowed substitutions. The CI entry in Table I h
been obtained by a configuration interaction calculati
where~1! all single, double, and triple substitutions to the s
1s,2s,2p, . . . ,6s,6p,6d,7s,8s, . . . ,17s,18s were allowed
and ~2! all single and double substitutions to the full acti
set were allowed~no condensing!. A reliable assessment o
the uncertainty of the calculatedA value arising from all
limitations imposed on the configuration lists within the v
tual orbital set employed in this study, would constitute
very expensive task. An attempt in this direction has be
made in the case of neutral lithium@3#. For the purpose of
the present study we employed the conservative estim
taken as the difference between the CI value and the valu
A calculated with the largest configuration state list~the line
above CI entry in Table I!. By comparison with the calcula
tions for neutral lithium@3#, it can be argued that this est
mate certainly exceeds the errors arising from the abo
mentioned limitations, as well as from the numeric
precision of the Dirac-Fock code, convergence criteria,
other numerical properties associated with the s
consistent-field procedure. The contributions from the or
als beyond this set can be estimated by an extrapolation
cedure, which will be discussed in Sec. III A 4. After th
above two corrections have been included, we arrive at
level of approximation, which might be called MCDF limi
bearing in mind, that this concept is somewhat more fu
than its nonrelativistic counterpart, and perhaps a ‘‘no-pa
MCDF limit would be a better description. There are seve
small effects beyond the so defined MCDF model, wh
have to be accounted for before a comparison with exp
ment can be made. These effects include finite nuclear s
finite nuclear mass, Breit interaction, and QED correction

1. Bohr-Weisskopf correction

The magnetization distribution inside the nucleus due
nuclear structure~Bohr-Weisskopf correction@10#! is the
dominant source of uncertainty in the present calculatio
Bohr and Weisskopf estimated that this effect would low
theA value of the hfs of the 2s 2S1/2 state by about 0.01% in
the extreme situation where spin and orbital nuclear m
-
er
e
d
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netic moments are aligned@10#. The effect increases withZ
approximately asZ4/3 and certainly would have to be consid
ered for heavy nuclei@9,10,40#.

We employed the modified approach of Zemach@41#,
who evaluated the multiplicative correction factor arisi
from the magnetization distribution. The correction depen
on the model chosen for a particular nucleus, particularly
heavy nuclei. For one-electron systems the correction re

CBW5122Z^r &m /a0 , ~11!

where^r &m is the effective radius of the magnetization di
tribution within the nucleus. The valuêr &m52.67 fm has
been taken as an average of several results quoted in
tables of de Jager, de Vries, and de Vries@42#. Shabaev@11#
argues, that for the single-particle model of the nucleus,
above formula can change as much as 30%, dependin
the shape of the radial part of the probability density of t
odd nucleon. If the asymmetry of the nucleus is taken i
account, the change of CBW can be considerably larger, by
factor of 3@11#; but it is normally a property of heavy nucle
so the above-mentioned 30% deviation should constitut
reasonable estimate of the uncertainty associated with
Bohr-Weisskopf correction. Several other approaches to
problem have been proposed@11–13,17,40,43–45#, but all of
them require the knowledge of the magnetization distribut
within the nucleus, which not only is generally unknown, b
can differ from the electric charge distribution@13#, which
renders all calculations based on phenomenological mo
prone to large uncertainties.

2. Breit interaction correction

The Breit contribution is very difficult to evaluate in th
direct calculation, even as a perturbation, due to the
tremely high CPU cost. The effect of the Breit interaction
the calculated hfs constants has been estimated from a s
of CI calculations performed with the full orbital set bu
condensed down to a small number of CSF’s. The Breit
teraction has been treated as a perturbation to the Coul
Hamiltonian. The effect on the calculated hfs value is p
sented in Table II as a function of the size of the CI expa
sion. It has to be mentioned here that the condensing pr
dure is based on Coulomb-only Hamiltonian matrix. Sin
angular properties of the Breit operator are different th
those of the Coulomb energy operator, it is important that
CI expansion arising from the condensing described abov
sufficiently large to include all important contributions. A
can be seen in Table II the MCDF hfs value is almost fu
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TABLE III. Diagonal magnetic dipole hyperfine structure parameterA ~in MHz! for the 1s22p 2P1/2

state of4
9B1, as the function of the orbital set. SDT means single, double, and triple substitutions fro

reference 1s22p configuration. Column 2 gives the number of configurations. Notation 3s2p1d in the third
column means expansions formed by substitutions from reference configurations to virtual space con
from three orbitals of thes symmetry, two orbitals of thep symmetry, and one orbital of thed symmetry.

Type NCF Orbital set A

~DF! 1 1s1p -93.582
SDT 6 2s1p -113.125
SDT 76 3s2p1d -115.852
SDT 403 4s3p2d1 f -118.831
SDT 1454 5s4p3d2 f 1g -117.932
SDT 3697 6s5p4d3 f 2g -118.064
SD 4171 7s6p5d4 f 3g -117.862
SD 4662 8s7p6d5 f 3g -117.825
SD 5237 9s8p7d6 f 3g -117.918
SD 5716 10s9p8d6 f 3g -117.846
SD 6223 11s10p9d6 f 3g -117.888
SD 6549 12s11p9d6 f 3g -117.935
SD 4196 13s12p9d6 f 3g -117.906
SD 4305 14s12p9d6 f 3g -117.911
SD 4417 15s12p9d6 f 3g -117.906
CI 7148 15s12p9d6 f 3g -0.006~6!

Bohr-Weisskopf 0.048~30!

Nuclear recoil 0.022
Breit 0.008~4!

gs/2 -0.080
Total -117.91~3!

MBPTa -117.94~1!

FCPCb -117.25c

Experimentd -118.6~36!

aReference@5#.
bReference@53#.
cNot corrected for nuclear size and relativistic effects.
dReference@25#.
tr
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ap-
recovered in the largest CI calculation and the Breit con
bution has saturated. The resulting Breit correction has b
obtained by employing the factor extrapolated from Table

3. Nuclear recoil correction

The nuclear motion correction can be determined by a
ing the normal mass shift and specific mass shift opera
@46# to the Hamiltonian~2!, evaluating the wave function in
a a configuration-interaction calculation, and computing
hyperfine constants again, in a manner similar to that u
i-
en
.

-
rs

e
d

for the Breit correction. The effect can also be evaluated
employing the mass scaling correction@47,48#, i.e., by mul-
tiplying the A value by a factor

~11me /MBe!
2350.9 998 174. ~12!

Within the precision of the calculated value ofA, even for
a system as light as beryllium, both above-mentioned
proaches yield identical results.
rfine
-

TABLE IV. The effect of the Breit interaction on the calculated diagonal magnetic dipole hype
structure parameterA ~in MHz! for the 1s22p 2P1/2 state of4

9Be1. Column 2 gives the number of configu
rations which survived the condensing procedure for five different values of threshold.

Threshold NCF MCDF MCDF1Breit 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
0.000 1 416 -116.718 -116.714 0.0039 0.999 967
0.000 01 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 parameterA and electric quadrupole paramet
B ~in MHz! for the 1s22p 2P3/2 state of 4

9Be1 as a function of the increasing active set of orbitals. S
means single, double, and triple substitutions from the reference 1s22p configuration. Notation 3s2p1d in
the first column means expansions formed by substitutions from reference configurations to virtua
constructed from three orbitals of thes symmetry, two orbitals of thep symmetry, and one orbital of thed
symmetry. Column 3 gives the number of configurations.

Orbital set Type NCF A3/2 B3/2

2s ~DF! 1 -1.870 167 2.461 15
2s1p SDT 8 0.770 225 2.466 79
3s2p1d SDT 110 -0.532 098 2.279 42
4s3p2d1 f SDT 645 0.655 401 2.340 26
5s4p3d2 f 1g SDT 2478 -1.142 384 2.517 67
6s5p4d3 f 2g SDT 6439 -0.522 170 2.309 47
7s6p5d4 f 3g SDT 4033 -1.105 021 2.495 94
8s7p6d5 f 3g SD 4813 -0.903 526 2.356 73
9s8p7d6 f 3g SD 4475 -1.065 163 2.441 19
10s9p8d6 f 3g SD 4591 -0.993 753 2.390 96
11s10p9d6 f 3g SD 4194 -0.973 272 2.432 31
12s11p9d6 f 3g SD 4668 -0.962 516 2.432 29
13s12p9d6 f 3g SD 4300 -0.973 616 2.432 32
14s12p9d6 f 3g SD 4445 -0.963 934 2.432 32
15s12p9d6 f 3g SD 4593 -0.969 628 2.432 32
16s12p9d6 f 3g SD 4434 -0.967 444 2.432 32
17s12p9d6 f 3g SD 4588 -0.968 772 2.432 32
CI 12047 -0.004~4! 0.0004~4!

Bohr-Weisskopf 0.0004~2!

Nuclear recoil 0.000 18 -0.000 40
Breit 0.0005~7! -0.0004~1!

gs/2 -0.0068
Total -0.978~4! 2.4319~4!

MBPTa -1.04~1!

FCPCb 2.2890c

Experimentd uAu,0.6

aReference@5#.
bReference@53#.
cNot corrected for nuclear size and relativistic effects.
dReference@26#.
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4. Neglected virtual orbitals

The effect of omitted orbitals on the calculated hfs co
stant was evaluated for neutral lithium by Tonget al. @1# by
performing anl extrapolation. Since the correction arisin
from the extrapolation is very small and its dependence
relativistic effects is negligible, we assume that thel extrapo-
lation in the relativistic framework would yield a simila
value. The correction for Be1 has been based on anoth
assumption, which holds that the correction scales asZ2 near
the neutral end of the isoelectronic sequence@49#. An esti-
mate of the accuracy of this correction can be obtained fr
the observation, that the ratio of the calculated hyperfi
constants ABe1 /ALi5625.04/401.75 deviates from the sca
ing factor ZBe

2 /ZLi
2 516/9 by about 15%. We have taken th

deviation as an uncertainty associated with thel extrapola-
tion.

5. QED

The only non-negligible QED correction arises from t
anomalous magnetic moment of the electron, for which
factor gs/251.001 159 652 193 has been used@50#.
-

n

m
e

e

6. Summary of small corrections

The three largest corrections to the CI value arise from
QED effects, Bohr-Weisskopf correction, and the nucle
motion effects. The effects of the Breit interaction and of t
neglected orbitals in the virtual space are about an orde
magnitude smaller than the three leading corrections.
dominant source of uncertainty comes from the nuclear m
netization distribution. The final accuracy of the calculatedA
value is comparable to that achieved for neutral lithium@3#,
as can be expected, and the agreement with experiment
cates, likewise, that further progress depends primarily
advances in modeling the structure of nuclear electrom
netic moments.

B. 2p 2P1/2 state of Be1

Table III presents the calculated value of the hyperfi
constantA for the 2p 2P1/2 state, compared with other the
oretical, as well as with the experimental results. The cal
lations for this level were done in a similar way as those
2S1/2. The configuration expansions were generated with
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TABLE VI. The effect of the Breit interaction on the calculated diagonal magnetic dipole hype
structure parameterA ~in MHz! for the 1s22p 2P3/2 state of4

9Be1. Column 2 gives the number of configu
rations which survived the condensing procedure for six different values of threshold.

Threshold NCF MCDF MCDF1Breit 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 0.003 562 1.007 14
0.0001 524 -1.094 031 0 -1.093 932 0.000 099 0.999 909
0.000 01 1844 -1.049 600 -1.049 781 -0.000 181 1.000 172
0.000 003 3285 -0.909 699 -0.909 231 0.000 468 0.999 485
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use of exactly the same scheme as described in Sec. I
The Breit correction for the hyperfine constantA has been
evaluated by scaling the mass-correctedA value by a Breit
factor obtained in a procedure similar to that for the2S1/2
state. The Breit factor for the2P1/2 state was equal to
0.999 930. It had not converged very well~see Table IV!, so
we have not extrapolated it, but instead we have taken
difference between the last two values of the correction f
tor as the estimate of the error associated with the Breit
rection. The nuclear motion corrections were estimated in
same way as before. The only QED correction employed
the 2P1/2 state was the electron anomalous magnetic mom
correction. The procedure for this correction differs from th
used in the case of the2S1/2 state, because the hyperfin
Hamiltonian for thep symmetry involves theorbital interac-
tion between the magnetic moment generated by theorbital
motion of the electronic cloud and the nucleus. In the n
relativistic framework this corresponds to theorbital term in
the hyperfine Hamiltonian~7!. For these states for whic
there is a nonzeroorbital term the QED correction is ob
tained by multiplying thespin-dipolar and Fermi-contact
terms with a factorgs/2, but not theorbital term. The rela-
tivistic hyperfine Hamiltonian~8! does not separate out th
orbital term. Following the arguments employed for lithiu
@3#, we have applied thegs/2 correction calculated in the
nonrelativistic framework. The nuclear magnetization dis
bution correction due to Zemach@41# has been derived fors
states and in the case of other orbital symmetries the B
Weisskopf effect for theorbital term in the hyperfine inter-
action Hamiltonian is obtained by replacing 1/r 2 in Eq. ~8!
by r /R3 inside the nucleus@40#. An exact determination o
this effect depends on the radial shape of magnetization
tribution of the nucleus, which is unknown. Therefore, w
have neglected the spherical asymmetry of theorbital term
but instead we have taken the entireorbital term contribution
as uncertainty associated with the Bohr-Weisskopf effec
A.
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is-

It

is worth noting that our computed value ofA is in good
agreement with the result of the many-body perturbat
theory ~MBPT!, and both are well within~relatively large!
experimental uncertainty~see Table III!.

C. 2p 2P3/2 state of Be1

Table V presents the calculated values of hyperfine c
stantsA andB for the 2p 2P3/2 state, compared with othe
theoretical, as well as with the experimental result. T
MCDF calculations for the2P3/2 level were carried out in
exactly the same manner as those for the2P1/2. The nuclear
recoil and Breit corrections were estimated in the same w
as before, and the multiplicative Breit factor for the magne
dipole hyperfine constantA was equal to 0.999 485 5~see
Table VI!, while that for the electric quadrupole constantB
was equal to 0.999 828~Table VII!. In both cases the proce
dure for obtaining the Breit correction factor did not co
verge very well, particularly in the case ofA constant, for
which it oscillated around zero. Therefore, as in the case
the 2P1/2 state, we have taken the difference between the
two values of the correction factor as the estimate of
error associated with the Breit correction. The QED corr
tion for the hyperfine constantA for the 2P3/2 state has been
evaluated in the same manner as that for2P1/2, by employ-
ing the correction calculated in nonrelativistic formalism
Similarly, the nuclear magnetization correction has be
evaluated by employing the Zemach@41# factor, with the
orbital term contribution treated as uncertainty. Our calc
lated A value agrees reasonably well with the result of t
MBPT theory, but both are outside the experimental up
limit.

D. 2s 2S1/2 state of F16

Table VIII presents the calculated value of the hyperfi
constantA for the 2s 2S1/2 state of F16, compared with the
rfine
-

8

TABLE VII. The effect of the Breit interaction on the calculated diagonal electric quadrupole hype
structure parameterB ~in MHz! for the 1s22p 2P3/2 state of4

9Be1. Column 2 gives the number of configu
rations which survived the condensing procedure for four different values of threshold.

Threshold NCF MCDF MCDF1Breit Correction Factor

0.01 4 2.374 66 2.374 66 0.0 1.0
0.001 76 2.090 86 2.090 52 -0.000 330 175 0.999 833
0.0001 524 2.344 26 2.343 94 -0.000 298 213 0.999 865
0.000 01 1844 2.280 65 2.280 26 -0.000 370 117 0.999 82
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TABLE VIII. Diagonal magnetic dipole hyperfine structure parameterA ~in MHz! for the 1s22s 2S1/2

state of 9
19F61, as the function of orbital set. SDT means single, double, and triple substitutions from

reference 1s22s configuration. Column 2 gives the number of configurations. Notation 3s2p1d in the third
column means expansions formed by substitutions from reference configurations to virtual space con
from three orbitals of thes symmetry, two orbitals of thep symmetry, and one orbital of thed symmetry.

Type NCF Orbital set A

~DF! 1 2s 81 914
SDT 8 2s1p 81 847
SDT 79 3s2p1d 88 483
SDT 410 4s3p2d1 f 87 546
SDT 1463 5s4p3d2 f 1g 88 017
SDT 3710 6s5p4d3 f 2g 87 863
SD 3989 7s6p5d4 f 3g 87 964
SD 2631 8s7p6d5 f 3g 87 912
SD 2992 9s8p7d6 f 3g 87 939
SD 3323 10s9p8d6 f 3g 87 931
SD 3701 11s10p9d6 f 3g 87 937
SD 3989 12s11p9d6 f 3g 87 931
SD 4313 13s12p9d6 f 3g 87 936
SD 4513 14s12p9d6 f 3g 87 933
SD 4741 15s12p9d6 f 3g 87 936
CI 7017 15s12p9d6 f 3g 0
Bohr-Weisskopf -39~13!

Nuclear recoil -8
Breit 18
gs/2 102
Total 88 009~13!

Hylleraasa 87 307
FCPCb 89 550c

Experimentd 88890~1800!

aReference@51#.
bReference@53#.
cNot corrected for nuclear size and relativistic effects.
dReference@52#.
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variational result by King@51#, as well as with the experi
mental value by Randolphet al. @52#, obtained with nuclear
quantum beats technique. The corrections have been e
ated in a manner similar to that used for the Be1 ion. As
indicated in Table IX, the multiplicative Breit factor for th
magnetic dipole hyperfine constantA was equal to 1.000 21
The Bohr-Weisskopf effect has been estimated even m
crudely than in the case of Be1, because there are no data
magnetization distribution for9

19F nucleus. We have interpo
lu-

re

lated among the values for neighboring nuclei from t
tables of de Jager, de Vries, and de Vries@42#, and arrived at
^r &m52.9 fm, as the effective radius of the magnetizati
distribution within the nucleus@see Eq.~11!#. The effect of
neglected high-l orbitals is expected to be relatively mu
smaller than in the case of neutral or singly ionized spec
because electron correlation effects on hyperfine interac
become strongly dominated bys orbitals with the increase o
rfine
-

TABLE IX. The effect of the Breit interaction on the calculated diagonal magnetic dipole hype
structure parameterA ~in MHz! for the 1s22s 2S1/2 state of 9

19F61. Column 2 gives the number of configu
rations which survived the condensing procedure for five different values of threshold.

Threshold NCF MCDF MCDF1Breit 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 1.000 91
0.000 01 793 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 constantsA ~in MHz! for the 1s22s 2S1/2 state
of 3

7Li, 4
9Be1, and 9

19F61.

Method 3
7Li 4

9Be1
9
19F16

MCDFa 401.765

MCHFb 401.71

MCHFc 401.76

FE-MCHFd 401.60

CCSDe 400.903

RMBPTf 402.47

Hylleraasg 401.79h

Hylleraas
i

401.89j

Hylleraask 401.71

FCPCl 401.35m

Experimentn 401.7520433~5!

Experimento 401.81~25!

MCDFp -625.04~8!

RMBPTq -625.63~9!

Hylleraasr -625.022~60!

FCPCs -624.51t

Experimentu -625.008837048~10!

MCDFv 88 009~13!

Hylleraasw 87 307

FCPCx 89 550y

Experimentz 88 802

aReference@3#.
bReference@29#.
cReference@1#.
dReference@54#.
eReference@55#.
fReference@5#.
gReference@51#.
hNot corrected for relativistic effects.
iReference@56#.
jNot corrected for nuclear size and relativistic effects.
kReference@4#.
lReference@53#.
mNot corrected for nuclear size and relativistic effects.
nReference@57#.
oReference@58#.
pThis work.
qReference@5#.
rReference@4#.
sReference@53#.
tNot corrected for nuclear size and relativistic effects.
uReference@24#.
vThis work.
wReference@51#.
xReference@53#.
yNot corrected for nuclear size and relativistic effects.
zReference@52#.
es
d

the atomic numberZ. Boucard and Indelicato@17# have de-
termined that the relative contribution of the 1s2s3s con-
figuration to the total electron correlation increased from l
than 60% near the neutral end, to 90% nearZ510, to 98%
for Z592.
s

The variational result by King@51#, when corrected for
relativistic effects, yields 87 976 MHz, which is in very goo
agreement with our value of 88 009 MHz~the relative dis-
crepancy is of the order of 0.04%!, and both are within the
error bars of the experimental value by Randolphet al. @52#.
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TABLE XI. Diagonal magnetic dipole hyperfine structure constantsA ~in MHz! for the 1s22p 2P1/2,
2P3/2 states and electric quadrupole constant B~in MHz! for the 1s22p 2S3/2 state of4

9Be1.

Method A for 2p1/2 4
9Be1 A for 2p3/2 4

9Be1 B for 2p3/2 4
9Be1

MCDFa -117.91~3! -0.978~4! 2.4319~4!

MBPTb -117.94~1! -1.04~1!

FCPCc -117.25d 2.2890d

Experimente -118.6~36!

Experimentf uAu,0.6

aThis work.
bReference@5#.
cReference@53#.
dNot corrected for nuclear size and relativistic effects.
eReference@25#.
fReference@26#.
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IV. CONCLUSIONS

We have calculated the magnetic dipole hyperfine c
stantsA for the three lowest states of Be1 ion, the electric
quadrupole constantB for the 2p 2P3/2 state of Be1, and the
magnetic dipole constantA for the 2s 2S1/2 state of F16.
Tables X and XI present a survey of theoretical and exp
mental magnetic dipole hyperfine constants for the gro
1s22s 2S1/2 state of 3

7Li, 4
9Be1, and 9

19F61, for the excited
1s22p 2P1/2 and 2P3/2 states of4

9Be1, as well as the electric
quadrupole constantB for the 1s22p 2P3/2 state of 4

9Be1.
The agreement between our calculation and experimen
the hyperfine constantA of the ground state of Be1 is of the
order of 0.005%, and indicates that the algorithm used in
present paper yields results close to what might be terme
the MCDF ‘‘no-pair’’ limit. The accuracy of the present ca
culation is essentially limited by the knowledge~or lack
thereof! of the magnetization distribution inside the nucle
ys
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The hyperfine constants for excited states of4
9Be1, as well as

for the ground state of9
19F61, are less accurately measure

though, and do not permit a meaningful comparison w
theory.
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