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Transition energy and lifetime for the ground-state hyperfine splitting of high-Z lithiumlike ions

V. M. ShabaeV, M. B. Shabaeva,|. I. Tupitsyn! V. A. Yerokhin? A. N. Artemyev! T. Kihl,* M. Tomaselli® and
O. M. ZherebtsoV
!Department of Physics, St. Petersburg State University, Oulianovskaya Street 1, Petrodvorets, St. Petersburg 198904, Russia
Department of Calculation Mathematics, North-Western Extra-Mural Polytechnical Institute, Millionnaya Street 5,
St. Petersburg 191065, Russia
3Institute for High Performance Computing and Data Bases, Fontanka 118, St. Petersburg 198005, Russia
4Gesellschaft fuSchwerionenforschung (GSI), Postfach 11 05 52, D-64223 Darmstadt, Germany
SInstitute fir Kernphysik, Technische Hochschule Darmstadt, Schlossgartenstrasse 9, D-64289 Darmstadt, Germany
(Received 31 March 1997; revised manuscript received 27 May)1997

The ground-state hyperfine splitting values and the transition probabilities between the hyperfine structure
components of higfz lithiumlike ions are calculated in the ran@e=49-83. The relativistic, nuclear, QED,
and interelectronic interaction corrections are taken into account. It is found that the Bohr-Weisskopf effect can
be eliminated in a combination of the hyperfine splitting values of the hydrogenlike and lithiumlike ions of an
isotope. This gives a possibility for testing the QED effects in a combination of the strong electric and
magnetic fields of the heavy nucleus. Using the experimental result forsthggderfine splitting in?%Bi®?" |,
the 2s hyperfine splitting in?*Bi®%" is calculated to bAE=0.7976(2) eV[S1050-294{@7)05412-1

PACS numbe(s): 31.30.Gs, 31.30.Jv

I. INTRODUCTION m u 21+1
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Recently, laser spectroscopic measurements of the ground
state hyperfine splitting in high-hydrogenlike ions became X1 [A(@Z)(1— 8)(1— &)+ Xad
possible at the electron storage rifj and at the electron
beam ion traj2]. The present status of theory of the hyper-
fine splitting in highZ hydrogenlike ions was discussed in
Ref[3]. One of the possible directions of further experiments
is an extension of the investigations to highlithiumlike
ions. Recently, the hyperfine structure values of lithiumlike

ions were calculated in the range=7—-30[4] in connection is the nuclear magnetic momept,, is the nuclear magneton,

with astrophysical search, and f&Bi*®* (withoutthe QED ;1 is the proton massA(aZ) is the one-electron rela-
correction [5] in connection with experiments in Darmstadt tivisticpfactor

[1]. In Sec. Il of the present paper, we refine the calculation
of Ref. [5] for 2°°Bi®%" considering a more accurate treat-

1 1
+ZB(aZ)+?C(a{Z)+-~- . (1)

Here « is the fine-structure constaritjs the nuclear sping

ment of the nuclear effects and taking into account the QED 2[2(1+ )+ 2(1+ )]

corrections, and extend it to lithiumlike ions in the range A(aZ)= > >

Z=49-83, which are likely candidates for the experiments. (1+9)%v(4y"-1)

In addition, a method based on using the experimental values =1+%Y(a2)%+3(a2)*+ - - -, 2)

of the 1s hyperfine splitting for determination of the Bohr-

Weisskopf effect in the lithiumlike ions is proposed. This

method is used to reduce the uncertainty of the ground sta@nd y=\/1—(aZ)?2. § ande denote the nuclear charge and
hyperfine splitting in°Bi®%" and ®Ho%". It gives a pos- magnetization distribution correctionsx,,q is the one-
sibility for testing the magnetic sector of QED. In Sec. Il the electron radiative correction. The ternB(aZ)/Z and
transition probabilities between the hyperfine structure comC(aZ)/Z? correspond to interelectronic interaction contribu-
ponents are calculated. tions.

A. One-electron contribution
Il. HYPERFINE SPLITTING VALUES
The one-electron contribution is enclosed in the square

The energy difference between the ground-state hyperfin%raCthS of Bq(1). We denote it byays:

splitting components of a lithiumlike ion is conveniently
written in the form[5] = A (aZ)(1-6%)(1- )+ X173 . )
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To calculate the nuclear charge distribution correcfomve
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lations to the 3 state. The uncertainty due to deviation from

used the two-parameter Fermi model with the parameterthe single-particle nuclear model was estimated in the same

taken from Ref[6].

1. Bohr-Wesskopf effect

The Bohr-Weisskopf correction is given by the equa-
tions

(IM|AQE+AQE+AQ5]IM))

= ) (4)
’ (IM[Q2IM,)
A o\ 12
Ast:;1 Osi SziKs(fi)+(E [Yi®ail]
X[Ks(ri)_KL(ri)]} 5
A
AQf:Zl il K (i), (6)
7\ 12
AQEo= 2 Oz St 3| [Ya®oil|@(rorfKu(r),
(7)
A
Qi:; [93|SZ|+9I| zi
2mp |\ 12 1 2
+g|i§ S,it E) [Ya®ailz|d(rrir, (8)
where
rfg dr’
0
Kg(r)=— ,
f fg dr’
0

Ku(r)=

J fg dr’
0

andg andf are the radial parts of the Dirac wave function of

the electron defined by
Ini(1)Q () )
(MO m(n))

A is the number of nucleons. The tethQ% and the related
term in Eq.(8) are caused by the spin-orbit interaction

Vsdr)=a(r)(s1).

‘/’nkm(r)z(

way as in[3]. This uncertainty gives a dominant contribution
to the error bars of the hyperfine splitting values. So more
accurate calculations of the Bohr-Weisskopf effect, including
a consequent procedure for determination of the uncertainty,
are necessary. Such calculations, based on a dynamic-
correlation mode]8,9], are under way, and will be published
elsewhere. However, the uncertainty of the Bohr-Weisskopf
effect can be considerably reduced if the Hyperfine split-
ting value is known from experiment with sufficient preci-
sion. To explain this point, let us consider E¢$)—(8). As

one can see from these equations, the Bohr-Weisskopf effect
depends on the electronic structure only through the func-
tionsKg(r) andK(r). Simple approximate expressions for
these functions were derived in R¢L0]. As follows from
these expressions and is confirmed by more accurate calcu-
lations, with high precision{ 0.1% for Z=83) the func-
tions Kg(r) and K (r) for the 2s state are different from
those for the & state only by an overall factor denoted in
Ref.[10] by b. (This fact can be easily understood if we take
into account that the binding energy of the electron
(W=E—mc?) is small in comparison with the nuclear po-
tential [V(r)] in the nuclear region. So, the binding energy
gives only a small correction to behavior of the functions
g(r) andf(r) within the nucleus. It follows that the Bohr-
Weisskopf effect for the & state can be found by usirgfor

the 1s state and the values of the overall factors tabulated in
Ref.[10] [while the relative precision df in [10] is of order
aZR/(h/mc), whereR is the nuclear radius, the precision of
the ratiob(®»/b(9) is higher by orders of magnituglef the

1s hyperfine splitting is known from experiment, the Bohr-
Weisskopf effect for the 4 state is derived from the equation

AE(1S

1 1
AERS +AEGSL- o

AERS

1s)

: €)

gl

WhereAE(ls) is the theoretical hyperfine splitting value in-
cluding the relativistic and nuclear charge distribution ef-
fects, AEGZ), is the theoretical QED contribution, andE(,>)
is the experlmental value of thesthyperfine splitting. The

Bohr-Weisskopf effect for the 2state is calculated by

b(2s)
(29 = (19

it (10

High precision experimental values of the lyperfine split-
ting were found for?®Bi®2* [\ =243.87(4) nnh[1] and for
165056+ [\ =572.79(15) nmh[2]. Using these experimental
values and the related theoretical values from R&f[with
w=4.1106(2uy for 2°Bi [11] and u=4.132(5)uy for
16%40 [12,13,9], Egs. (9) and (10) give £(19=0.0152(2)
and £(29=0.0164(3) for 2°Bi®", and ¢(1¥=0.0095(13)

Neglecting these terms gives the equations derived in Refinde(?®=0.0101(14) for!%®*Ho%¢*. For comparison, the di-
[7]. In the case of the single particle nuclear model Egsrect calculation, based on the single particle nuclear model,

(4)—(8) were used in Ref[3] for calculations of the Bohr-

givese(1¥=0.0118(49) and (> =0.0127(53) for?*Bi®*",

Weisskopf effect for the 4 state. We extended these calcu- and & (*¥=0.0089(27) and: (> =0.0094(28) for*6®Ho%¢" .
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TABLE I. The self-energy contribution to thesland & hyper- TABLE II. The one-electron contributions to thes hyperfine
fine splitting expressed in terms of the functiBfaZ) defined by  splitting. A(aZ) is the relativistic factor,$ is the nuclear charge
the equation(11). (r?)2 is the root-mean-square charge radius of distribution correctiong is the Bohr-Weisskopf correction calcu-

the nucleug6]. lated within the single particle nuclear mode|,, and xge are the
vacuum polarization and self-energy corrections, respectively, and
Z (r2y12 F9(aZz) F®9(aZz) Xraq IS the total QED correctiofisee Eq(1)].
49 4.598 —2.6295) —2.581) lon A s . Xyp Xer Xeag
59 4.892 —3.2937) -3.282)
67 5.190 —3.8548) -3.892) M3n  1.3425 0.0174 0.0048 0.0034-0.0079 —0.0045
75 5351 —4.47Q9) —4.572) 1215h  1.3791 0.0195 0.0053 0.0037-0.0085 —0.0048
83 5533 —5.14110) ~5.323) 12%5p  1.3791 0.0195 0.0014 0.0037-0.0085 —0.0048

127 1.4188 0.0218 0.0054 0.0040—0.0092 -—0.0052
13Cs  1.4620 0.0243 0.0018 0.0044-0.0099 —0.0055
2. QED corrections 39a 15089 0.0271 0.0026 0.0048-0.0107 —0.0059

The radiative correction is the sum of the vacuum polar-;11Pr 1.5601 0.0302 0.0078 0.0052-0.0115 —0.0063
ization (VP) and self-energySE) contributions. The VP con- - Eu  1.6770 0.0379 0.0084 0.0063-0.0134 —0.0071
tribution is largely made up of the Uehling term. Calculation *>Tb  1.7440 0.0424 0.0073 0.0069-0.0145 —0.0076
of this term was done in the same way as for thestate  '°Ho 1.8175 0.0477 0.0094 0.0075-0.0156 —0.0081
[3,14). As for the Wichman-Kroll term, we calculated only "“L.u  1.9879 0.0603 0.0006 0.0091-0.0183 —0.0092
the electric loop correction to the electron wave function'®Ta 2.0871 0.0679 0.0018 0.0100-0.0199 —0.0098
expecting that, like the VP screening contribution for two- *®*Re  2.1973 0.0745 0.0130 0.0111-0.0216 —0.0104
electron iong 15], the magnetic loop term is too small. 2037 26141 0.1048 0.0193 0.0152-0.0278 —0.0126

To calculate the SE contribution we used a covariant way°°Tl  2.6141 0.1049 0.0193 0.0152-0.0278 —0.0126
based on expansion of the electron propagator in terms of th®Ph  2.6994 0.1114 0.0451 0.0161-0.0291 —0.0130
external field[16,17). The formal expression for this contri- 20%j 27904 0.1181 0.0127 0.0169-0.0304 —0.0134
bution can easily be derived using the Green’s function
method(see, e.g., Ref5]). The contribution of the diagram ) ) ) ) _
with the hyperfine interaction outside the self-energy loop isSPurious term which appears in the noncovariant regulariza-
divided into irreducible and reducible parts. The reducibletion procedure used in Re{20]. A comparison of the
part is the part in which the intermediate-state endilgg ~ Present calculation for an extended nucleus with Refs.
tween the self-energy loop and the hyperfine interagtion  [17,19 also shows some discrepancy. So, Zor 83 our re-
incides with the initial-state energy. The irreducible part issult isF=—5.141), while in Refs.[17,19 it was obtained
the remaining one. The irreducible part is calculated in thédhatF=—5.098. This discrepancy results from a small term
same way as the first-order self-energy contribution. The reln the vertex contribution omitted in Refs7,19. For the 1s
ducible part is grouped with the vertex diagram. Accordingstate our results are in good agreement with a recent calcu-
to the Ward identity the counterterms for the vertex and thdation of Ref. [21], where for Z=83 it was found that
reducible parts cancel each other and, so, the sum of the§e= —5.1432.
terms regularized in the same covariant way is ultraviolet In addition to the nuclear charge distribution correction,
finite. To cancel the ultraviolet divergences we separate frethere is also a nuclear magnetization distribution correction
propagators from the bound electron lines, and calculatéo the QED effect(a combined QED-Bohr-Weisskopf ef-
them in the momentum representation. The remainder is ufect. This correction is expected to be negligible compared
traviolet finite but contains infrared divergences, which arewith the uncertainty of the first-order Bohr-Weisskopf effect.
explicitly separated and canceled. The results of our calcula- Comparing the VP and SE contributions fos and %
tion for a finite nuclear charge distribution for the and 25 states we found that, within a few percent, they are related by
states, expressed in terms of the functiofwZ) defined by

2 1
X&/PS,)SE X&/F’S.)SE
~ ) (12)
A29) A(ls)

o
AESE:;F(QZ)AENs, (ll)
This means that, like the nuclear correctiodsande) [10],

are given in Table I. A more detailed analysis of the caleu dominant contribution to the QED corrections to the hyper-

lation is given in Ref[18], which also contains the results fine splitting arises from distances V\_/here the binding energy
. . of the electron is small compared with the nuclear potential.
for a point nucleus. In the case of the &tate the calculation

o ' o L The values of the one-electron corrections to tisehg-
of the SE contribution to the hyperfine splitting for a finite . o : .
nuclear charge distribution wasygone firstpin Rglsz,lq in perfine splitting, with the Bohr-Weisskopf effect calculated

a wide interval ofZ. In the case ofZ=83 and a point within the single-particle nuclear model, are listed in Table

nucleus, such a calculation was done in R&b] where it .
was found thatxgg=—3.8a. The present calculation for
Z=283 and a point nucleus givege= —3.94x (in the case

of an extended nucleugge= —3.09). The discrepancy of To find the functionB(aZ), we have to calculate the
the present result with the one of R¢R0] is caused by a Feynman diagrams containing, in addition to the hyperfine

B. Interelectronic interaction corrections
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TABLE lll. The function B(aZ) defined by Eq(1). By(aZ) is

the point nucleus valuejg is the nuclear charge distribution cor-

rection, Buns(aZ) =Bg(aZ)(1— 6g), and Bnsaw(@Z)
=Bo(aZ)(1-6p)(1—¢).
lon Bo(aZ) Sg Bns(@Z) Bns.aw(aZ)

1146+ -3.677 0.019 -3.607 —3.590
121gpytst -3.788  0.021 —3.708 —3.688
1235yt —3.788  0.021  —3.708 —3.703
127 50+ —-3.909 0.024 —-3.817 —3.796
135cso2t —4.042 0.026 —3.935 —-3.928
139 g5+ —4.186 0.029 —4.063 —4.052
141pySet —4.344 0.033 —4.201 —4.168
15160+ —4.707 0.041 —4.513 —4.475
159162+ —4.916 0.046  —4.690 —4.655
165084+ -5.147 0.052 —4.881 —4.835
178 y 88+ -5.687 0.066 —5.314 —-5.310
1811570+ —-6.003  0.074 —5.560 —5.550
18%Re™2t -6.357 0.081 —5.841 —5.765
2037 78+ -7.711 0.114 -6.829 —6.697
2057 78+ -7.711 0.114 -6.829 —6.697
207ppy7ot —7.992 0.122  -7.020 —6.703
209 80+ —8.292 0.129 -7.223 -7.131

used. Like the one-electron contribution, it is convenient to
represent the functioB(aZ) in the form

B(aZ)=Bo(aZ)(1-6g)(1-¢p), (13

whereBg(aZ) is the point nucleus approximation Bf a«Z),
dg Is the nuclear charge distribution correction to this func-
tion, andeg is the nuclear magnetization distribution correc-
tion. The valuesB, and g are given in the second and third
columns of Table Ill. As one can see from Tables Il and IlI,
in agreement with an approximate evaluation of the nuclear
size effect forB(aZ) given in Ref.[5], the valuesdy are
very close to the related one-electron valde#t is natural to
assume that the nuclear magnetization correctigns also
close to the related one-electron vakuéhis assumption can
be argued in the same way as the corresponding assumption
for & in Ref.[5]). So, in the last column of Table Ill we give
the valuesB(«aZ) corrected by the factor (1¢).

The termC(aZ)/Z? in Eq. (1) is small enough, and was
estimated in the nonrelativistic approximation

C(az) C(0)

z2 z2

(14)

The coefficientC(0) was found from the configuration in-
teraction Hartree-FockCI-HF) calculation of Ref[4] to be

interaction line, a photon line corresponding to the interelecc(o)zo_gh 0.05.
tronic interaction. Such a calculation for a point nucleus with

an approximate evaluation of the finite nuclear size effect
was done in Ref[5]. In the present paper we calculate this

C. Complete theoretical values

function with an accurate treatment of the nuclear charge In Table IV we give theoretical values of the energies and

distribution effect. For that, formulas from Ré¢b] and the

finite basis set method for the Dirac equati@2—24 are

wavelengths of the transition between the ground-state hy-
perfine splitting components of high- lithiumlike ions,

TABLE IV. The energies AE) and the wavelengths\{ of the transition between the hyperfine structure
components of the ground state of lithiumlike ions, with the Bohr-Weisskopf effect calculated within the
single-particle nuclear moded, is the total one-electron contribution defined by E8). B(aZ)/Z and
C(0)/z? are the interelectronic interaction contributions defined by @j. »= 8AE(152s/AE;s. The
nuclear magnetic moments are taken from REf§—-13.

I3 B(aZ) C(0)
lon MN ays Z z? AE (eV) A(um) 7
11346+ 5.52892) 1.3083 —0.0733 0.0004 0.1174148) 10.562) 1.027G2)
121gpyst 3.36343) 1.3402 —0.0723 0.0003 0.089815 13.842)  1.03682)
1235yt 2.54982) 1.3455 —0.0726 0.0003  0.06479) 19.153)  1.03692)
127 50+ 2.813278) 1.3752 —0.0716 0.0003  0.086205) 14.382) 1.04682)
13352t 2.58202 1.4183 —0.0714 0.0003 0.0870D4) 14.252)  1.05732)
139 54+ 2.78305 14583 —0.0711 0.0003 0.107420) 11.532)  1.06812)
141pyS6+ 4.27545) 1.4949 —0.0707 0.0002 0.1978) 6.28016) 1.07892)
15160+ 3.47176) 15928 —0.0710 0.0002 0.2086) 5.94616) 1.10262)
159162+ 2.0144) 1.6502 —0.0716 0.0002 0.153%) 8.103) 1.115@2)
165964+ 4.1325) 1.7064 —0.0722  0.0002 0.30%30)  4.06113)  1.12783)
179 y o8t 2.232711) 1.8577 —0.0748  0.0002 0.2142) 5.792) 1.15623)
1811570t 2.370%7) 1.9320 —0.0760  0.0002 0.2579) 4.822) 1.17093)
185Re2t 3.18713) 1.9968 —0.0769  0.0002 0.4G2) 3.04313) 1.18574)
203 78+ 1.62226 2.2823 —0.0829  0.0001 0.499) 2.48915  1.236(6)
2057 78+ 1.63821 2.2821 —0.0829  0.0001 0.5@3) 2.461(15  1.23596)
207py7ot 0.5925889) 2.2775 —0.0817  0.0001 0.1889) 6.573) 1.24275)
209 80+ 4.11062) 2.4162 —0.0859  0.0001 0.8@0) 1.5499) 1.25535)
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TABLE V. The individual contributions to the ground-state hyperfine splitting #%Bi%" for
AE(:)=5.0840(8) eV[1] and u=4.1106(2uy [11], and in ***Ho%* for AE(.Y)=2.1645(6) eV[2] and

un=4.132(5)uy [12,13,3. The Bohr-Weisskopf effect is found by using the experimental values of she 1
hyperfine splitting(see the tejt

Contribution 20980+ 165 gb4+
Nonrelativistic one-electron value 0.3432peV 0.18682) eV
Relativistic one-electron value 0.958(5p eV 0.339%4) eV
Nuclear size —0.11322) eV —0.01621) eV
Bohr-Weisskopf —0.01392) eV —0.00325) eV
One-electron QED —0.0046 eV —0.0015 eV
Interelectronic interaction —0.029364) eV —0.0134 eV
Interelectronic interaction QED 0.000 (B3 eV 0.000063) eV
Total value 0.797@) eV 0.30521) eV

based on using the single-particle nuclear model in the calnteraction of the 2 electron with the spherically symmetric
culation of the Bohr-Wesskopf effect. The error bars given inpotential of the closed 4 shell almost does not change the
the table are mainly defined by the uncertainty of the Bohrrelative value of the QED correctiafit mainly changes the
Weisskopf effect discussed in Rdf3]. As is known(see normalization factor of the wave function for small dis-
Tables | and Il in Ref[10]), the nuclear correctionsands  tance$. The precision of estimatél6) is taken to be 50%.
are weakly dependent functions of the the principal quantun€Combining these corrections with the other contributions
numbern for the s states and, so, cancel considerably in thefrom Tables I1-1V givesAE= 0.79762) eV [\ = 1.55443)

the ratio of the 2 and Is hyperfine splitting values. This um] for 2°Bi®" and AE= 0.30521) eV [\= 4.0621)
means that, if the value is calculated in the same nuclear um] for *®*Ho%*. The values of the individual contributions
model for the 5 and X states, the ratio has a higher preci- are given in Table V. It should be stressed here that the
sion than the individual hyperfine splitting values. In this uncertainty of the total hyperfine splitting values is not equal
connection, in the last column of Table IV we give the val- to the sum of the uncertainties of the individual contributions

ues i defined by given in Table V. This is caused by the fact that the total
hyperfine splitting value found in this way is stable enough
_ 8AE(15)225 in respect to possible changes of the nuclear charge radius
AE; and the magnetic moment. For explanation, let us represent
the 25 hyperfine splitting value in the form
B(azZ) C(0)
2
AP (1= 82 (1) +xig +——+ 22 AE@9=AEQ +AERS o+ v(AELS— AE(S) + AEZS)
- A19(1— 519)(1—g(19) _|_X(r;3) ) +AEi(nZt,S)QED_ yAESéI)D, 17
(15  where
These values can be useful for comparing experimental val- b2 AEZS +AE(2 s
ues of the hyperfine splitting in the hydrogenlike and lithi- =1 s — (18
umlike ions of an isotope. According to E¢L2), the one- b AENs

electron QED corrections are also considerably canceled in

ratio (15) and, so, the value is mainly defined by the func- AEi(nzt’S,)“S is the interelectronic interaction contribution for a
tions A(aZ2) a{ndé(aZ). finite nuclear charge distributiofiWe note here that the the-

More accurate calculations can be done #8Bi%" ang  oretical value of the Bohr-Weisskopf effect is eliminated
165084 by using the values of the Bohr-Weisskopf effect c_ompletely in Eq.(1_7).] Taking, for example, a small varia-
found above from the € hyperfine splitting experiments. In 10N of the magnetic momerdy, we obtain
addition, a combined interelectronic interaction QED correc-

. . , ) b(2s)
hi min s
tion can roughly be estimated, assuming S(AE®?S) = 7 (AEF\IZSS)"_AEi(nZtS)) 1— e +AEE)2ES)D
2 _ BlaZ) AEZE,
ABjnqep™ T Z Ae2) (16) (2s) (1s)
« +AEjsoep— YAEQeD|- (19

This formula can be understood if we take into account that

the interelectronic interaction correction is mainly defined byBecause the factdrl — (b?/b™))] is small (it constitutes

the direct Coulomb interaction of as2lectron with a closed —0.078 forz=83), the ratios(AE?%)/AE®® is smaller, at

1s shell[5]. Since a dominant contribution to the QED cor- least, by orders of magnitude tha@w/w. Considering in the
rection arises from distances where the Coulomb potential gsame way a small variation of the nuclear charge radius, and
the nucleus is to be alorfsee the text after Eq12)], the  taking into account tha'®, 529, and &g are considerably
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canceled in Eqg. (18 [e.g., in the caseZ=83, Here € is the one-electron Dirac-Coulomb energy,
(69— 519)/(5(19)=0.063 and §g— 519)/(619)=0.16], «k=(—1)"""Y4j+1/2), andl is the orbital electron mo-
we obtain a similar result. As to the small variation of ttee 1 ment. For thes states we obtain
experimental hyperfine  splitting value, we find

S(AE®)/AE@)= S(AEGI/AELS). So the uncertainty , 2 4]
of the total hyperfine splitting value is mainly defined by Weop = aw 2t 2721+1
(A Eéf;m), and the combined interelectronic interaction QED

term estimated by Eq16). Because the integrand in E(RO) is a strongly decreasing
function of r at r—0, the finite nuclear size corrections to
D. Testing QED effects Egs. (21) and (22) can be neglected. To calculate theZ 1/
) ) ) o interelectronic interaction correction to the transition prob-
One of the main objects of the investigations of the hy'ability, we used the technique developed29,5]. We found
perfine splitting of highly charged ions consists in testingyat this correction is small enough. It increaseby 0.23%
QED effects in the strong electric and magnetic fields ofz,, 2098i80+ " and by 0.17% fort®®Ho%*. We also note that
heavy nuclei. As one can see from Table V, the QED cony c4jculation of the transition probability for a many-electron
tributions for the 3 state are larger than the uncertainties Ofatom, including an approximate treatment of th& 1érm,
the hyperfine splitting values with the Bohr-Weisskopf effecton pe done by the formula
found from the ¥ hyperfine splitting. However, since the
calculation of the Bohr-Weisskopf effect includes the QED w3 JE') 2
correction of the % state, it is natural to consider, as avalue wg ,=a—(2F'+1)J(J+ 1)(2\]+1){ ’ Y
derived from QED, the sum of the last three terms in Eq. 3c? FJ1
(17). (Strictly speaking, division of the contributions into (23
QED and non-QED parts is not uniquely defined. So, a part
of the interelectronic interaction contributidthe function ~Where
B(aZ)] can be considered as a two-electron QED effgt)
We find that the value derived from QED is 0.00D2eV for Y(J)= (IM|Zi[r; X @], IM)
209880+ and 0.0001 eV fort®*Ho®**. Comparing these val- M; '
ues with the uncertainty of the complete theoretical values
discussed in the preceding subsectisee also Table Mwe J andM; are the total electronic moment and its projection,
conclude that high-precision measurements of the groundespectively. Such a calculation, based on the CI-HF method
state hyperfine splitting in hydrogenlike and lithiumlike ions [4], confirms the exadtin 1/Z) results.
of an isotope would give a possibility for testing QED effects  The results of the calculation of the transition probabili-
in a combination of the strong electric and magnetic fields. ties and the lifetimes#=1/iv), based on using the transition
energies from Table IV, are presented in Table VI. Accord-
. TRANSITION PROBABILITIES ing to Egs.(20)—(22), the uncertainty of the transition prob-
ability is three times larger than the uncertainty of the tran-
As is well known[25-27, the transition between the hy- sition energy.
perfine splitting components of an atomic level isd tran- More accurate calculation of the transition probability for
sition. In the hydrogenlike approximation, which corre- 2098i80+ gnd163H%* pased on the transition energies from
sponds to the zeroth order inZl/in the case of one electron Taple V, givesw= 12.072) s~ ! (7=0.0829(1) $ for
over a closed shell the transition probability is given by the2098j80+ = ang w= 0.6751) s~ ! [r= 1.481(2) § for
formula 1694054+ The errors bars are chosen to include the uncalcu-
lated terms.

2€
—+1

22
2 (22)

0 (2F +1)(2j+1)°
WE_pr=a— — IV. CONCLUSION
PR 3j(j+1)

o In the present paper we calculated the ground-state hyper-
JF" 1 * ¢ 3 2 20 fine splitting values and the transition probabilities between
Fj1l fo g(nf(rradr| . (20 the hyperfine structure components of highlithiumlike
ions. We proposed a method which allows one to eliminate
completely the Bohr-Weisskopf effect in a combination of
where w is the transition frequency, is the electron mo-  the hyperfine splitting values of thesand % states and, so,
ment,F andF’ are the total atomic moments in the initial gives a possibility for testing the QED effects.
and final states, respectively, agf) andf(r) are the upper Recently [30,31], the first experimental result for the
and lower radial components of the hydrogenlike Dirac waveyround state hyperfine splitting in lithiumlike bismuth was
function. For a point nucleus, using formulas from ReB],  reported to beAE,,,~=0.820(26) eV. This agrees with the
one simply finds theoretical value found within the single particle nuclear
model [AE=0.800(4) e\l, as well as with the value ob-
2 tained by using the experimental result for the Hyperfine
ﬂﬁ (21) splitting [AE=0.7976(2) eV}, although it is close to the
4mc¢z mc limit of the error bar.

J:g(r)f(r)r3dr=
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TABLE VI. The transition probabilitiesw) and the lifetimes £=1/w) for the ground-state hyperfine
splitting of highZ lithiumlike ions calculated with the transition energies from the Table IV.

lon w(s™Y) 7 (9)
1ypa6t 0.04042) 24.7911)
L2igpfe+ 0.016 428) 60.93)
123gp8+ 0.006 573) 152.36)
12750+ 0.014738) 67.94)
132t 0.015878) 63.03)
139 g54* 0.0298716) 33.52)
141p 56+ 0.175813) 5.694)
151 S0+ 0.2062) 4.854)
15952+ 0.07337) 13.6413)
165 gb4+ 0.6767) 1.47914)
178 o8t 0.2322) 4.31(4)
18I 470+ 0.401(4) 2.493)
18Re?* 1.51(2) 0.6628)
203778+ 1.653) 0.60711)
205778+ 1.7013) 0.59011)
207ppy ot 0.089G13) 11.2417)
20980+ 12.22) 0.082@14)
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