PHYSICAL REVIEW A VOLUME 56, NUMBER 6 DECEMBER 1997

Vacuum-polarization corrections to the hyperfine-structure splitting of highly charged 3%Bi ions
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The vacuum-polarization corrections to the hyperfine structure intervals forsthestate of28°398i 80* jon

and the g, state of Li-like, B-like, and N-like33%Bi ions are calculated. The “dynamical” model of the
hyperfine interaction is used, in which the electron is assumed to interact with the valence pr@%‘?&i in
nucleus via exchange of a photon. In this model, the magnetic dipole moment and the electric quadrupole
moment distributions inside the nucleus are automatically taken into account. The contributions of the vacuum
polarization to the hyperfine structure intervals are evaluated in the Uehling approximation. To calculate the
hyperfine splittings, the Dirac-Hartree-Fock wave functions for an extended nucleus are used.
[S1050-294{@7)01312-1

PACS numbsgs): 31.30.Gs, 31.30.Jv, 31.15.Ar

[. INTRODUCTION treated as a Dirac particle. The “dynamical” model takes
into account explicitly the outer proton motion inside the
Recently the hyperfine structutifs) for the ground state nucleus, i.e., magnetic moment distribution and in particular
1s,, of H-like 23Bi®" ion was measured with high accu- the angular part of this di;tributic[rl&f]. Since the outer pro-
racy[1]. Due to the highz value the frequency of the tran- ton is described by the Dirac equation, this model also takes
sition between th&=5 andF =4 hyperfine sublevels is in into account relat|V|st|.c effects in the magnetic moment dis-
the optical region. This allowed for the use of the opticalmbunon' The “dyngm|cal" model was applied furtherto the
laser pumping of thé%Bi ions in the ground state circulat- 2pg, state of the highly charge@zBi ions[14]. In this case,

ing in the large storage ring at GSI, Darmstadt, and the opaPart from the magnetic _d|poIeN(1) one, the electric quad-_
rHPoIe (E2) contribution is also essential. The small contri-

servation of the subsequent fluorescence. This measurement. - = magnetic octupoleM3) was also considered in

was a challenge for the theoreticians, since usually the thaef [14]. The “dynamical” model includes automaticall
calculations in heavy neutral atoms require, apart from th?he EZ m.oment d?/stribution inside the nucleus y

fully relativistic approach, mainly the proper treatment of the The compilation of the results of all the works mentioned
correlation effect$2]. In contrast to neutral atoms, in highly 1,,e is given in Table I. As can be seen from this table, the
charged ions the correlation plays only a minor role, butygect of electron relativity is the most significant. Particu-
quantum electrodynamicdQED) and nuclear structure ef- |5y iy the case of states, the electron relativistic correc-
fects become increasingly important. g4  tions turn out to be the same order of magnitude as the cor-
~In a series of theoretical studies of the hfs fifBi**" responding values for the nonrelativistic hfs splittings.
ion in the ground state the Bohr-Weisskofar magnetic  corrections due to the nuclear charge distribution and inter-
dipole) distribution [3-5], the vacuum polarizatioVP)  glectron interaction lead to less essential contributions to hfs.
[6,7], and electron self-enerdy—9] QED corr_ec_tlons_\é\(/)(ire From Table | we can also draw the conclusion that for cal-
calculated. The calculations of the hfs for Li-likg3'Bi culating the hfs of few-electroA%Bi ions with an accuracy
ions were also performed without QED corrections but withys 3pout 1% it would be sufficient to perform the “dynami-
the inclusion of the interelectron interactiph0] and corre- -5 model” calculation using Dirac-Hartree-FodlDHF)
lation correctiong11]. In Ref.[12] the “dynamical” model  \aye functions. The Breit interelectron interaction could be
for the ground state hfs if3Bi ions was proposed. In this included in the DHF scheme in the simplified form

model the%3Bi nucleus(with nuclear spin 9/2) is considered

to be composed of 45Pb nucleugwith zero nuclear spin 1 o a, . (ay-T1) (a1

plus a valence proton in the groundhg), state; the latter is Ver=— 2 r1o r?z

which is obtained in the low-frequency limit. Hete are the
*Electronic address: anef@thd.pnpi.spb.ru Dirac matrices for two electrons and,=|r5 =|x;—X,|.
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TABLE I. Relative importance of different effects contributing to the hfs of the highly cha@%j ions

(in %).
Effect Electron state

1syp 2syp 2p3p
Electron relativity +112[17] +179[10,17] +12[17]
Nuclear charge distribution
(finite nucleus versus point nucleus —-12[6,13 —12[10,13 0[13]
Magnetic dipole distribution —-1.5[4] —1.5[10] 0 [This work]?
Electric quadrupole distribution Orhis work]?
QED effects(total) 0.8[6-9]
Interelectron Coulomb interaction —4[10,1] —6 [This work]
Interelectron Breit interaction 0[R0]
Electron correlation <0.5[11]
Proton relativity 3[12] 1[14]

&The corresponding values in R¢lL4] were overestimated.

The next step is the inclusion of QED corrections. The first We should emphasize that the measurement ofEBe
type of these corrections, vacuum polarization, is treated imontribution to the hfs ofi3Bi ions would be of great im-
this paper in the Uehling approximation. The use of the “dy-portance because of the lack of reliable experimental values
namical” model simplifies this treatment and allows for the for the electric quadrupole mome@tfor %3Bi nucleus. The
inclusion of the VP correction also in tH2 hfs contribu-  known experimental and theoretical values@are listed in
tion. Table Il. The deviations between the atongvalues are
The “dynamical” model description for th&3Bi nucleus  entirely due to inaccuracies of the electric-field gradient. It
is essentially a single-particle one. It is well known that theshould be also noted that the two values@fhave been
core polarization correction for the magnetic moment of thepbtained in Ref[23]. However, they are not consistent with
%5Bi nucleus is as large as about 40%. In the “dynamical” the Q values deduced in different works. From the compari-
model, the valence proton is described as a Dirac particlgon of the two theoretical values given in Table Il we can see
without the anomalous magnetic moment. However, both ofhat theQ value depends on the nuclear radius, and the in-
these corrections nearly cancel, giving in the dynamic modefluence of the core polarization effects taken into account in
the relativistic gyromagnetic ratio (gj{e'= 0.8852[12], close  Ref. [5] seems to be as strong as for the magnetic dipole
to the experimental ong™'=0.9134[15,16. moment.
The nuclear model that takes into account the nuclear core Atomic units 2=e=1 with the fine-structure constant
polarization by the valence proton was developed in fgf. a=1/c and the electron mass, are used.
The excited-core configurations were included in the nuclear
wave function. The single-particle excitati_on energies as ngl IIl. DYNAMICAL MODEL FOR THE hfs IN  2%Bi IONS
as the parameters of the phenomenological model potentials
necessary for the calculation of the nucleon-nucleon interac- The main features of the “dynamical” model for the hy-
tions were taken from existing experimental data. This calperfine interaction in%oggBi ions are as followg12,14. We
culation gives a very accurate value fgy. However, the treat the valence proton and the electronsiiiBi ion as a
agreement with the experimental value for tﬁg’BiBH system of few interacting particles. All the particles move in
ground-state hfs appeared to be too close, not leaving roomhe field of the nuclear core and interact with one another by
for QED correctiong0.2% instead of 0.8% in Table.| exchange of photons. We use the Furry picture in QED and

TABLE II. Experimental and theoretical values for the electric quadrupole mor@enf the 33Bi
nucleus(in barns.

Experiment Theory
Muonic Atomic Pionic Nuclear
—0.37(3)[18] —0.379(15)19] —0.50(8) [24] —0.35[5]
—0.383(40)20] —0.50(21)25] —0.277[This work]?
—0.46 [21]

~0.41(1) [22]
—0.55(1) [23]
—-0.711) [23]

3Note that this value has been obtained within the single-particle model, assuming the nuclear multipole
moments arise from thehy,, proton alone. The corresponding value in H&#] was overestimated.
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AE™(F)=— X > Cly (M],m)Cly_(M,,m)
le'm/ M|,m

ay- oy

><<LIM,’,anm’ LIM,,anm>.

BV
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The term with thea matrices in Eq(3) is responsible for the

magnetic multipole interactiongl2] and the term without

the e matrices is responsible for the electric multipole inter-

actions[14]. It is important to mention that in the multipole

expansion of the term without the matrices the monopole

contribution should be omitted, since it corresponds to the

Coulomb interaction of the electron with the electric charge

of the outer proton and thus is included in the electron wave
FIG. 1. Feynman graph describing the hfs interaction betweerfunctions. Then we should consider higher-order ladder

the proton in the ground statelM,) and the valence electron in graphs that contain the interaction

the statelnljm). The thick line designates the proton, the double

line designates the electron in the field of the core, and the wavy

line designates the photon.

describe the proton as a Dirac particle moving in a central V= — — — =+ — (4)
potential U(r) determined by the strong interactions.
The electrons are also described as Dirac particles but mov- _
ing in the potential V(r)=VZ Y(r)+Vpu(r) where Once and many times the termVc= — 1/, that represents
V(Cz’l)(r)z(z—l)qo(r)/r is the Coulomb potential of the the Coulomb interaction between the proton and the electron.
nuclear core, corrected by the functigiir) for an extended As demqn;trated in Ref12], the summation of these terms
nucleus, and/pye is the Dirac-Hartree-Fock potential. up to |nf|n|t.e order leads to Fhe(zr?rl))lace'ment of the electron
The hfs interaction is then described by the FeynmarfV@ve function for the potentialc ™(r) in Eq. (3) by the
graph of Fig. 1. This contribution to the hfs term energy Canwazve function for the electron in the_ corresp_on(_jmg potential
be evaluated in the Furry picture to yield V&(r). Below, we assume that this substitution has been
accomplished.
The angular integration in E¢3) was performed for the
general case in Ref§12,14. The magnetic contribution to

. . hfs, H
AEMSF)=— 3 Mzm C::JMF(MI/ ’mr)C::JMF(MI m) AE™(F) according to Ref[12] reads
M/ m’ M.

xfdxdx:,_y /(X)) Yt (X2) -
1 2 L|MI 1 nljm 2 AEHS(F):)\Z].AEH?\(F)

XYL vatim, (X)) Pnijm(X2) D 10 (X1, X2 0). - oiopan ) TIF _
=2, (-1 [“JNA(LDQA(K,K),

1
@ 5

Here the first variable of integration refers to the proton inwhere

the state with quantum numbeltdM,, and second one re-

fers to the electron in the state described byrthen set. In o 4Kk .

Eq.(1), D, (X1, %;@)=0,,D(X1,X;; w) denotes the photon Nyl ) =(=1) NMA+1) (DG, 6)
propagator, wher®(x;,X,; ) is given by

dk exdik-(x;—X5)]
(2m)® (wlc)?—K?+i0

2 : j A j
@ cx(j>=<—1>1“’2<21+1>(1’,2 0 _‘1,2) (x odd),

(7)

D(Xq,Xp;w)= —47rf

After integrating ovek in Eq. (2) and substituting the result
in Eq. (1) we arrive at the expression used for the evaluation
of the hfs in Refs[12,14: C,(j)=0 (X even. (8)
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HereK=(L—1)(21+1) andx=(I—j)(2j+1) are the rela-

=T X[29ne(r" ) fne(r')],
tivistic quantum numbers for the proton and electron, respec-
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tively.
The radial integral, (K, «) is determined by

rt

QX(K,K)=f:er:dr’ rHl[2@JK(r)fK(r)]

wheregg(r) andfg(r) are the large and small components
of the proton wave function, respectively, wheregs(r)
andf,(r) represent the upper and lower components of the
electron wave function.

The electric contribution taAE"S(F) according to Ref.
[14] looks like

AEIF) = AEDE) =3, (—1F N DI DR(K ), 10
=2 =2 JIA
where
L e A= DIP2EA N+ DI(2) + X+ D)1 (2= M) (2] =\ ]H2
T == NE } 2I=A=D)1 (2] =A=D)!1 (21 + N1 (2 +\)!! (D

for even\, andT,(l,j)=0 for odd\. The radial integral reads

Ry (K= [ ar [ Car LG+ R+ (e )] 12

N ’ o 0 r);+l K K N« Nk :

The magnetic dipole contribution follows from E¢p) for
A=1:

AENS(F)=1aC, (13

where the cosine factoC=F(F+21)—-1(1+1)—j(j+1)
and the hyperfine constaatis given by

kK

AT DD A

14

The electric quadrupole contribution follows from EG0)
for A\=2:

AEMS(F)=A+bC(C+1), (15)

whereA=—41(1+1)j(j+1)b/3 and the hyperfine structure

constantb is defined as

3
B AT ES IS

(@) (b) ()

(K, k). (16)

IIl. VACUUM-POLARIZATION CORRECTIONS
TO THE hfs IN THE UEHLING APPROXIMATION

The evaluation of radiative corrections to the hfs in the
framework of the “dynamical” model looks straightforward
due to the direct applicability of the standard bound state
QED methods. The lowest-order electron self-energy radia-
tive corrections correspond to the Feynman graphs of Fig. 2.
The lowest-order vacuum-polarization corrections corre-
spond to the Feynman graphs of Fig. 3.

The graphs of Figs. 2 and 3 are analogous to the graphs
that describe the radiative corrections to the interelectron in-
teraction in highly charged ions. The contributions of all
these graphs to the ground-state Lamb shift in two-electron
highly charged ions were calculated receniB6,27]. The
analogous calculation could be pursued for the graphs Figs. 2
and 3 as well. In this paper we will, however, restrict our-
selves to the calculation of the VP radiative correction. In
this case very accurate results can be obtained in the so-
called Uehling approximation. This approximation was used
for calculating the VP radiative correction to the ground-

(@) (b) (c)

FIG. 2. Feynman graphs corresponding to the radiative electron FIG. 3. Feynman graphs corresponding to the radiative vacuum

self-energy corrections to the hfs in the “dynamical” model.

polarization corrections to the hfs in the “dynamical” model.
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potential directly to the DHF equations for the wave func-

tions. The Uehling potential can be expressedses, for
X example[28])
20 Z (= 1\VeE-1
N vUeH(r)=—a—f d¢| 1+ — g—e—ZmeC'ﬁ.
-- 3mr ), 202 2
17
(b) (c)

The net contribution can be obtained by subtracting from
these results the corresponding results withouthg, term.
FIG. 4. Feynman graphs corresponding to the vacuum polariza- The evaluation of the contribution in Fig(e} looks more
tion corrections in the Uehling approximation. The ordinary solid complicated. In Ref[6] this problem was solved for thd 1
line denotes the free. electro.n anq the dashed line with the cross ffs interaction in the “external field” limit. In this paper we
the end denotes_, the interaction with the n_uclear Coulomb potentiakqjye this problem for all magnetic and electric hfs interac-
The other notations are the same as in Figs. 1, 2, and 3. tions within the “dynamical” model. We will use an ap-
proach developed in Ref29], replacing the photon propa-
state hfs ofzs‘?3 i8* jon in Ref.[6] and its inaccuracy was gator (2) by the renormalized second-order photon
proven to be about 2%]. propagator, which in the Feynman gauge can be written as
In the Uehling approximation the vacuum electron loop is[30]
expanded in powers of the nuclear potenfbint-nucleus
Coulomb potential Z/r or extended nucleus potential = ) a dk
V(Z)(r)]. We will use the potentiakZ/r since the total inac- D(Xl’xz'w):‘W;f 3
¢ (2m)
curacy induced by this choice in the hfs calculations will be
less than 0.1%see Table)l The expansion in powers of the " ld v3(1—v23)
nuclear potential is equivalent to the expansion in powers of f vV 2 > 1 o1°
aZ, but for the closed electron loops the expansion param- 0 Amee™— (1-v)[(w/C)" k7]
eter is actually &Z/ ). (18
In the Uehling approximation the Feynman graphs in Fig. . ) ) ]
3 should be replaced by the graphs in Fig. 4. Let us consideFhe integration ovek in Eg. (18) can be performed explic-
first the graphs in Figs.(d) and 4b). As proposed in Ref. itly. We present here the result for the propagator
[6], these graphs can be calculated by adding the Uehlin® (x;,X5;0) that enters in Eq1):

(@)

eik-(xlfxz)

102012 » 2_
B(Xl XZ-O):i zf dee*(ZmeC/ V1-v9)rp— i 2_(1 dg 1+ i g—lefzmecévrlz (19)
R ST N (1-v?) rip3mJy 2 G

For the integration over angles we can employ the exparSib32

etz 4g i é .
=2 | ro)K r Y ( QDY m(Q2), 20
I’12 r1r2 =0 A+ 1/2(§ <) )‘+1/2(§ >)m:_)\ )\m( 1) )\m( 2) ( )

wherel, . 1o andK, , 1,» are modified Bessel and Hankel functions, respectively.

Note that we actually have to use the Coulomb gauge for the photon propagator to be able to separate out magnetic and
electric contributions to the hyperfine interaction. However, the diagonal matrix elements of the pdtnties gauge
invariant[33] and in lowest order this separation is not necessary. The same is valid for the interaction modified by the vacuum
polarization. Then all the formulas in Sec. Il but E¢8) and (12) remain unchanged. The radial integr&s and R, for
magnetic and electric contributions now become

~ 200 (> RN °° 1
Qx(|<,f<)=(2>\+1)£fl d§(1+ 2—£2) iz fo dffo dr,\/?l)\+1/2(2meC§r<)K)\+l/2(2meC§r>)[29K(r)fK(r)]

X[20n(r)fne(r], (21)

~ 2a (> 1\NP=1(= (= 1
Fh(K,f<)=(2>\+1)3—::fl dé( 1+ 2_3)7]0 dr dr’ﬁlA+1/z(2me<:§r<)KA+1/2(2meC§r>)[gﬁ(r)+fﬁ(r)]

X[Q2,(r")+f2(r)]. (22)
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With the derivation of these formulas the scheme for §§®i ions is completed.

IV. EXTERNAL FIELD LIMIT

In the external field limit we assume tha&r’ in the radial integral$21) and(22), and retain only the leading terms in the
expansion over/r’. Note that the integral®1) and(22) factorize in this limit. Then we obtain the following expressions for
these integrals:

(1+2mgcr'{)e~2meer’¢,

[ #2
QT (K, k)= —f drr[2gx(r)fi(r) ]f r —[29n,<(f )En(r )]f dj1 i

(23
_ 2a [~ Tar 2
RS0 =g | areiobon + ifoe | ar tarn+ | dg( 20’ ) a
’ 2
% 1+2mecr/€+(2me+§))e_2mecr’{ (29

in the case of the magnetic dipole and electric quadrupole contributions, respectively. Using the deffidiiorsthe nuclear
magnetic dipole moment

K )

and for the nuclear electric quadrupole moment

21-1) (=
Q=—EZI+Z; L Arrgi(n) +f(n)], (26)

we can rewrite Eqs(23) and (24) in the form

B )= o L2 ] ar 129001001 [ a1 +—>V§_ (1+2mere e, (27)
202 2
~ex 3 2a (21+2) = 1, V-1 (2mgcr{)? Comeer
RZ‘(K,K)——?)—Tr(ZI_l)Qf0 drr—s[gnK(r)+f (r)]f dg( g) 2 1+2mgcr §+T @ 2mecr{
(28)

Equation(27) slightly differs from the corresponding expres- E,=3.7977 MeV[34] for the valence proton in the ground
sion given in Ref[6] for the vacuum polarization correction 1hg, state and to givéR,,s=6.177 fm. This latter value is

to the hyperfine-structure splitting. There is an extra factor Z2he root-mean-square radius of the magnetization distribution
in the first bracket of the Eq12) in Ref. [6], which should from a nuclear mean-field calculation obtained in Rdf.

be absent. However, we should note that the numerical reéFhe electron Dirac and DHF wave functions are evaluated in
sults listed in Ref]{6] are in agreement with our calculations. the field of a finite charge distribution defined by the charge
The correction given by EJ28) has never been discussed. density function,

V. NUMERICAL RESULTS AND DISCUSSION Po
_ _ _ p(r)= = (30
For the numerical calculations we use solutions of the exd(r—cp)/ay]+1
Dirac equation for the proton with the Saxon-Woods poten-
tial with ¢,=6.75 fm anda,=0.468 fm[35].
Within the DHF approacli36] and the dynamical proton
Vo model, we have caIcuIated the hfs splitting of the ground
U=~ exd(r—cqy)/a;]+1 (29 state of the Ilthlumllke 9B| ion. Without taking into ac-

count the one- electron radlative corrections, our value of
with ¢;=r,AY® fm and a;=0.5 fm [34]. The parameters \=1.553um agrees quite well with =1.543(11)xm ob-
V,=33.8797 MeV and ,=1.2065 fm were chosen, as in tained in Ref[10] and experimental valuk®®=1.54457)
Ref. [12], to yield the experimental binding energy um reported in Ref[37]. It should be noted that we scaled
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TABLE lll. Different contributions of the vacuum polarization TABLE V. Contribution of various effects to the hfs splittings

correction to theM1 hfs splitting of the ground states in H- and AE"S(F)—AE"S(F’) of the 2p), state in%3Bi 8" ions (in meV).

Li-like bismuth ions(in eV).

Effect F,F’

Effect 1sypp 254, 6,5 54 4,3
Uehling correction of the 0.0260[6] 0.0041 M1 First order 30.760 25.633 20.506
wave function Interelectron Coulomb
Uehling-like loop correction 0.009] 0.0015 interaction —2.431 —2.025 —1.620
Wichmann-Kroll correction of —0.0007[7] Vacuum polarization 0.002 0.002 0.002
the wave function Total 28.331 23.610 18.888
Total vacuum polarization contribution 0.034p 0.0056 E2 First order —-3.813 1.192 3813

Interelectron Coulomb interaction  0.3140.098 —0.314

Vacuum polarization —0.001 O. 0.001

our result by the ratio of the observed magnetic moment to Total —3.500 1.094 3.500
the calculated moment. In addition, here we took into ac- Total 0.001 —0.001 0.001

count the small Breit interaction contribution, which was
taken from Ref[10]. We also calculated the vacuum polar- Total splitting 24.832 24.703 22.389
ization contribution to the hfs splitting of the ground state in
2Bi & ions (see Table Il. The first line in Table 1l cor-
responds to a calculation of the graphs in Figs) 4nd 4b), between the calculations with DHF and pure Dirac wave
and the second line corresponds to the contribution from th&unctions. The third line is the net contribution of the
graph in Fig. 4c). We have not calculated the Wichmann- vacuum polarization correction calculated in the Uehling ap-
Kroll corrections, which are estimated to be quite stha]l  proximation. Since thé 3 contribution is quite small, only
The more important electron self-energy correction remainghe total value without the VP correction is given. The values
still to be compiled. of M1 contributions were normalized to the known experi-
The dynamical proton model in combination with the mental value of the magnetic nuclear momghs,16, and
DHF method has also been applied for the calculation of thehe values o2 contributions were normalized to the pionic
hyperfine splittings of Pg, States in lithium-, boron-, and Q value of —0.500(80) b selected for the “1992" set of
nitrogen-like bismuth ions. The binding energies for themomentq38]. As seen from the tables, the VP contributions
outer 2, electron for 53Bi 0+, 29878 and 3%Bi’®"  to the hfs splittings of P, states turn out to be very small.
ions are found to bé&.=22.8879 keV,E,=22.1664 keV, The remaining part of the QED correctiofslectron self-
andE,=21.3296 keV, respectively. The Breit interaction asenergy correctionrequires special treatment. A further im-
well as correlation corrections were not included in the calfprovement of the theory should incorporate the inclusion of
culations. The results of our evaluations for Li-like, B-like, the “dynamical” model in the multiconfigurational Dirac-
and N-like ions are summarized in Tables IV, V, and VI, Fock scheme for taking into account the electron correlation.
respectively. The first line in Tables IV, V, and VI for both Correlation corrections could be more essential for N-like
M1 andE2 contributions corresponds to calculations withions. This inclusion seems to be relatively straightforward.
pure Dirac wave functions. Effects connected with the magThe other improvement concerns the nuclear core polariza-
netic dipole and electric quadrupole distributions turn out totion effect. This work can be performed along the lines indi-
be negligible. The second line corresponds to the difference

TABLE VI. Contribution of various effects to the hfs splittings
TABLE IV. Contribution of various effects to the hfs splittings AE™(F)—AE™S(F") of the 2p,, state in3%Bi "®" ions (in meV).
AE"S(F)— AE"S(F') of the 2pg, state in3%Bi %" ions (in meV).

Effect F,F’
Effect F.F’ 6,5 5 4 4,3
6,5 54 4,3 .
M1 First order 30.760 25.633 20.506
M1 First order 30.760 25.633 20.506 Interelectron Coulomb
Interelectron Coulomb interaction-1.816 —1.513 —1.210 interaction —3.233 —2.694 —2.155
Vacuum polarization 0.002 0.002 0.002 Vacuum polarization 0.002 0.002 0.002
Total 28.946 24.122 19.298 Total 27.529 22941 18.353
E2 First order —-3.813 1.192 3.813 E2 First order -3.813 1.192 3.813
Interelectron Coulomb interaction  0.2350.075 —0.235 Interelectron Coulomb interaction  0.4160.131 —0.416
Vacuum polarization —-0.001 O 0.001 Vacuum polarization —-0.001 O. 0.001
Total —-3.579 1.117 3.579 Total —3.398 1.061 3.398
M3 Total 0.001 —0.001 0.001 M3 Total 0.001 —0.001 0.001

Total splitting 25.368 25.238 22.878 Total splitting 24.132 24.001 21.752
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cated in Ref[39] for the nuclear polarization by the elec- B-like %3Bi’®" ion, where (k)2(2s)?2pg, is the first ex-

trons. cited state with the linewidth of the order 1beV. It looks
Concerning the possible experimental perspectives in thigiso promising to induce the hfs transitions of the,2 state
direction we must admit that probably the best opportunityat the far infrared and to observe thpsg— 2p,, transitions
would be given by theN-like 33Bi’®" ion, where the in the x-ray domain.
(15)2(25)2(2p10)%2p3), State is the ground stafd4]. The
frequency of the transitionH{=6—F =5) from the highest
hfs sublevel is about 24.132 md¥ar infrared and the life-
time of theF=6 state is of the order of 1 h. Assuming that
in the GSI storage ring £0ons can circulate during 1 ] This work was finally accomplished during a visit of A.N.
and that for achieving the accuracy F0the statistics would to the Technische Universttaf Dresden. This visit was sup-
require 18 events, the efficiency of the detector not less tharported by DFG. L.L. wishes to thank the University of Hel-
10" % would be required for the emission measurement. Thesinki for hospitality and the ESF/REHE program for support.
other problem is that suitable lasers are absent in the fdr.L. and A.N. also acknowledge support by RFFI, Grant No.
infrared; the alternative source for the excitation 0f96-02-17167. G.P. and G.S. acknowledge support by the
F=5—F=6 transitions could be the synchrotron radiation.DFG, the BMBF, and by GS(Darmstadt P.P. acknowl-
Another opportunity also mentioned in Réfl4] was the edges the financial support of The Academy of Finland.
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