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The dynamic-correlation modéDCM) has been used to calculate the ground-state hyperfine splitting in
hydrogenlike ions characterized by core nuclei with one valence neutron or proton hole. For such nuclei the
DCM nonperturbatively couples the single hole to the collective states of the reference closed-shell core.
Within this nuclear model the magnetic moments, the nuclear radii, and the quadrupole moments of the ground
states are well reproduced. The hyperfine splittingd®efio®®, 18Re’, 18R’ and 2Pl are calcu-
lated from the derived configuration-mixing amplitudes. In all cases a very good agreement with measured
values is obtained.S0556-28138)02709-3

PACS numbegps): 21.60—n, 21.10-k, 27.70+q, 32.10.Fn

I. INTRODUCTION (i) two bodyLSforce, (iii ) meson exchange current, afid)
higher-order configuration mixing in the the nuclear wave
functions. The results reported in REB] show that pertur-
bation calculations with the quenching of the gyromagnetic

_ factor g, and the introduction 0§, reproduce the magnetic
has already been successfully appligd to describe the moment of the neutron-hole ground staté?¥Pb reasonably

ground-state hyperfine splitting of the one-valence-particI(;Ne”' but they fail for the proton-hole ground state 6fHo.

20 . .
nucleus *%Bi. With the DCM model we calculate the N calculations were performed in Ré8] for the rhenium
ground-state amplitudes of the valence hole strongly m'Xeq’sotopes.

with dynamic correlated states. These result from vector cou- | this paper we apply the nonperturbative DCM of Ref.
pllng the valence hole with the collective excitations of thE[6] to calculate the nuclear ground-state properties of the one
reference core. Using these amplitudes we evaluate the magple nuclei‘®®Ho, *Re, '®Re, and?*’Pb. This approach
netic moments, the quadrupole moments, and the nuclegrovides a consistent treatment of the core polarization and
radii of the ground states of the nuclei under investigationof the “quenching factor” in a dynamic approximation. In
The magnetic moments of such nuclei deviate from thevarious numerical applicationf7,8] good agreement has
Schmidt values predicted by the single-hole shell model. Théeen achieved between the calculated and the measured mag-
deviation is small for thé®’Pb ground state and much larger netic properties of light and heavy nuclei. The theoretical
in the other cases. Therefore the DCM has the challengingalculations were performed using exact factorization meth-
task of reproducing extremely different magnitudes of cor-ods which simplify the computation of the many-body ma-
rections to the shell model. trix elements of the model operators in the dynamic corre-

For the sake of comparison it is useful to summarize soméated basis.
of the other models used to calculate the distribution of mag- The correlated dynamics are generated in this case by the
netization in nuclei. residual interaction between the valence proton or neutron

A first modification of the single-hole description of a hole and the particles of the model vacuum, which leads to to
hole nucleus A—1) is to allow the single hole to interact as the formation of the model configuration mixing wave func-
a small perturbation with the residual core. Perturbation caltions (CMWFs). In this paper the CMWFs are obtained by
culations which introduce the core-polarization diagramsallowing the valence &s,,, 2 f;, proton hole, and the (3,»
within spin-flip excitations were performed as early as inneutron hole to polarize the core via proton and neutron
Ref.[2]. particle-hole excitation§2fw). This structure of the closed-

In Ref. [3] the core-polarization calculations were ex- shell vacuum state modifies the valence-hole configuration
tended to include the effects of the nuclear medium. Withspace and introduces into the model spé&eclosed-shell
this approximation there is still a small discrepancy betweerpolarization of normal parity an¢b) closed-shell polariza-
the theoretical and measured magnetic moments. This ion of hon-normal-parity. These states have the same quan-
thought to be due to the need to correct the gyromagnetimum numbers as the low-energy mesdnsp, . . .) and are
ratios for the effect of “quenching” arising from the appear- characterized, in this nonperturbative approximation, by
ance of the meson degrees of freedom in the nucleamany particle-hole pairs mixed via the two-body interaction
structure calculatiof4]. with the valence state.

Referencg5] presents first- and second-order polarization As we discuss in Sec. IV, the amplitudes of these modes,
calculations performed for nuclei in the Pb region with acalculated with a specific choice of the single-particle ener-
guenched gyromagnetic factor. The analysis is in terms oflies and the two-body potential, contribute coherently as in
i, Us, andg, and takes into accourt) core polarization, Ref. [1] to the formation of the magnetic distributions of

The hyperfine splitting of hydrogenlike ions with nuclei
possessing one valence neutfpnoton hole is investigated
by using the dynamic correlation mod@&CM). The DCM
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1650, 18Re, 18%Re, and?®’Pb. If we associate this coherent [14]. The central question is therefore how to compare these
effect with the degree of collectivity of the model, these additional terms and the radiative corrections of Réb].
non-normal-parity polarizations are very well represented ifFrom the results achieved in the present calculations, we
the present calculations by collective states that bear theonclude that these terms have the same physical interpreta-
quantum numbers of the low-energy mesons. On this agion as the QED corrections if we consider the possible decay
sumption, we include in the calculation of the magneticof the virtual mesons included in the nuclear structure calcu-
structure of nuclei both the core polarizations and théations. In the following sections we modify the DCM of
quenching(meson effects within the same formalism. The Ref.[1]in order to treat theA—1) nuclei.
nonlinear terms modify the structure of the single-particle
operators and generate effective operators that, via the two-
body current, descrik_)e the exchange of virtual mesons be- Il. MIXING OF ONE HOLE
tween two nucleons in the nucilear system. TO THE DYNAMIC CORRELATIONS (CMWFs)

The model has been applied to calculate ground-state
wave functions which describe the magnetic and the electric The electromagnetic properties of the ground state of nu-
properties of'%*Ho, ¥Re, 1Re, and®®’Pb. The calculated clei characterized by open shells are investigated within the
rms radii and the nuclear charge distributi¢g@$are in very DCM of Ref.[6]. The model describes the strong coupling of
good agreement with the experimental values. the single hole to the intrinsic-core statgalence coupled to

Our calculations can be further tested by using the modethe collective excitations of the reference gonéthin a dy-
nuclear magnetization distribution to calculate the hyperfinenamic approximation. The coupling is implemented by the
structure splitting of a hydrogenlike ions in the Pb region andresidual interaction between the valence hole and the core
to compare the theoretical results with the recently measureplarticles which causes the deformation of the nuclear core
experimental value§10-13. As we will show in Sec. Ill, and introduces meson effects into the structure calculations.
almost perfect agreement with the experimental values hakhe effect of the extended nuclear core is included in the
been obtained for the ground-state hyperfine splittings of th@resent calculation with the help of the nonlinear equation-
four nuclei if no radiative corrections are made. In order toof-motion method, which properly linearized allows us to
understand this surprising result, already noted in REf.  calculate the eigenvalue equations of the model. In this paper
we present a direct comparison between the DCM calculathe hierarchy of the configuration-mixing wave functions is
tion and the single-particle calculation of Bohr and Weis-truncated within a dynamic-linearization approximatid
skopf[14], and we analyze the three terms generated by theo as to include in the calculation only the CMWFs of the
DCM which contribute to the formation of the hyperfine first (2h—1p) active states which result from the vector cou-
splitting. The results presented in Table | show that thepling of the valence hole with thept-1h core excitations.
single-particle contribution of the DCM has to be associatedrhe higher order CMWFs (8—2p) have been linearized
with the term{e} as described in Ref.14], which in the [16] to generate the dynamic eigenvalue equations of the
literature is referred to as the Bohr-Weisskopf effect. Themodel. According to this linearization approximation, the
other two terms in the DCM model that characterize theground-state wave functiofyy;_} of the|A—1) nucleus is
magnetic splitting do not appear in the calculations of Refgiven by

1

|pj—m) = X?jaj—m+j JEJ:J lejzjsalejlljzj3ale1(j1(]2]3)3121_m)ho)
1121371
:[Xgojajm+ 2;4 XilJle}ulJlel(al‘]l;j_m)}lo% (2.)
aydg

where the operataa; _,, creates a single valence hole with quantum numbgers, —m} and where the operator

Ar(ardsii—m)=Aqlji(iziz) I —m]=2 [ajl®(airz®aj3)Jl]Lm

m’'s

creates the B-1p states, obtained, as indicated by the notaﬁan@(asz@aja)Jl]j,m, by coupling the valence hole with

quantum numbefj; '} to the particle-hole pair with quantum numbéjs} and{j, '}, respectively. To simplify the notation
we have introduced the short notatiohs,} for the {j} quantum number anfle;} for the {j,j,js} quantum numbers. The
symbol |0) defines the model vacuurfiN} specifies the norm, and tHg}'s denote the mode amplitudes. The supersddpt
in the N's and{x}'s, as well as the subscrigl} of the A’'s, characterize the excitation of one particle-hole pair.
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If the quantum numbers of the valence-hgje} are not equal to the quantum numbers of the core-fplg the set of
stated Eq. (2.1)] is orthonormal, otherwise not. In the latter case the states are normalized via the orthogonalization procedure
of Schmidt[17], which consists in evaluating the overlap integrals between the two nonortho§gnalj,j;)J;;j] and
Aq[j1(j2j1)J1;:]] states. With these integrals we define the orthogonal states as linear combination of the form

1
O @131)|0)= T [Pl @2dy) —(Al(a1d))|Ay(1d1) b}l @231)]]0).

The amplitudes of the different modeéxgoj and Xiljlj) are calculated in the dynamic approximation of Ré]. This
approximation consists in evaluating the chain of commutators

[H,Ao(ao;)]1=2 8jAo(ag;i)+ EJ (Ao DIIVIAL (@131 ))) AL (agdis]), (2.2
a! aydy

0
[H,A(@131;)]1= 2 (Al(aydi;DIVIAG(ad; i) Ao(ag;i)+ 2 (Allaydr;DIHIA (@) 31 A (e d]s))
o a}d}

+ 2 (Al(adnDIVIA apdi 3y ;i) AN asd735:5) 2.3

UBUEU
azdyd;

and linearizing théA,(a5J7J5 ;) (3p-2p) terms in order to  have been approximated by harmonic oscillator wave func-
obtain, in the first-order linearization approximation, the ei-tions and the two-body potential has been assumed to have
genvalue equation for thig} amplitudes of the mixed model the form

space 1h-(2h-1p)]

_ 2
X0 =(Do(A)|al,| Ph(A-1)), V=e """ VerPsr,

1 Toooo 1
S ={(Do(A) A J)|P A—1)).
Xiiaigi = {PolA AL 1(T2)5)I0)| Pangp( 2 wherePgare the projection operators of the two-body states

with quantum number$& and T and where the parameters
Vgt are discussed in Sec. IV. To calculate the matrix ele-
ments of the two-body interaction in Eq2.2) and(2.3) we
use the recoupling algebra of R¢L8].
1 We obtain the following terms(i) Single-hole energy,
H= za: €allRat 2 a325 Vapystuapast,=Ho+V, which can be calculated in the HF approximation or, as done
7 in this work, taken from the spectrum of neighboring closed-
shell nuclei,(ii) off-diagonal terms

whereV 4, s are the matrix elements of the two-body poten-
tial V

In Egs.(2.2) and(2.3) the nuclear Hamiltonian is

2J,+1
2j+1

i s Ji]
j2 1 9

(2.9

Vapys=(aBIV]yd), =; (=12t 23+ 1)

and e, are the single-particle energies. These can be calcu- X(iialVljai 2>§i '
lated either in the HF approximation or, as assumed in this

work, taken from the low-lying spectrum of neighboring

closed-shell nuclei. The single-particle wave functions used

to calculate the matrix elements of the two-body potentialdiii) diagonal terms
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. is iz %,
:; (—1)Ji+13+12(2\]i+1)[j, i Jl]<1312|V|1213>i5J131
i 3

i s
+S (2Ji+1)\/(2J1+1)(2J1+1){J_2 = l]
N Ji ) ‘]i

!

J2 ]3 Jl Y] s oso\a j1+iatdi+J] 7
i VI + 3 (- D20+ 120+ 1) (23 D231 1)
1 rYi

Ji 1 J]
j2 1

X[]s I2 jl]{j?, iz leJl is JéJ<, VIRRE
L G P 12J1lViI2) 37,
P B UE PR R S TN I Dt

Irdi

. ! 1 j
+D (= 1)t 20+ 1) V(23,1 1) (204 + 1)[1_3
3 1

In Egs. (2.4 and (2.5 {32 denotes the 6-symbols as
defined in Ref[18] and the(j jp|V|j ] d)ﬁ‘i are the antisym-
metrized two-body matrix elements

<jajb|v|jcj d>?i:<[jaj b]Ji|V|[jcj d]Ji_[jdj c]Ji>'

Taking the expectation value of Eq&.2) and(2.3) between
the vacuum and the statE|sa;sz,m(1h+2h1p)>]T we obtain
the eigenvalue equations that define the amplitt)gﬂ%§ and

Xa,a,; Of the nuclear modes:

Lo Jiodo ds| iz i1 il [Jd1 ]
+E(—1)11+lz+13+1(2Ji+1)(2Jr+1)\/(2J1+1)(2Ji+1)[_1 2 SH_Z 1 'H Lo
2

i, 33 i J}<12J1|V|11]2>31i
1 r r

2 JlHj i1 JiJ
y . sl V]iai)3 - (2.5
i allis i % (i2JalVIia2in)s,

2

states of the oddA—1) hole nuclei. The generalization of
Eq. (2.6) to the isospin quantum numbers needed to describe
the spectrum of light medium-mass nuclei has been de-
scribed in Ref[19]. For the ground state of°’Pb with a
j=3py, neutron hole, for the ground state 6f°*Ho, Eq.
(2.6), with aj=2 4, proton hole, and for the ground state of
the two Re isotopes with p=2ds;, proton hole, the cutoff
parameter is fixed at 24 MeV, so that the matrices we diag-
onalize are of the order of 146801400. The cutoff parameter
has been introduced to limit the dimension of the eigenvalue
matrix (2.6). Diagonalizing Eq.(2.6) we calculate the dy-
namic amplitudes of the ground-state modes. With these am-
plitudes we evaluate the reduced matrix elements of the op-
eratorsO™ that characterize the electromagnetic moments of
order A. Three terms contribute to the reduced transition-

E—¢ Viisigiy XS«OJ matrix elements in the DCM() single-particle term
1 =
i120s | Vigisiis BT €T €, €11 Viiiailigis] [ Xaydyi
11303 _ 0 0 i
(26) XaOJXa(’)Jr(J“O ”J )1 (27)
Equation (2.6) is suitable to describe ground and excited(ii) off-diagonal terms
o 21+
.0 1 _ + 1 s TR
_Xaoj)(ai‘]lj/|:( 1)12 I3 IA+1 (JS”O ||12)5)\J1511]
P p— S A
YRR D@D, 130 6y, 2.8
1

(iii) diagonal terms
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2 J2 N
=xi1mxip;j,J<21+1><21'+1><2J1+1><2J1+1>{<—1>"5“l“i“' i 910 a0

1!

Ji s ]

!

J2 31 MNJL] J1 A

!

i
](jélO”Iljz)+(—1)'1+'2“3“ ”1”1’ s 2}
Ji s A

!

Uit , (_1)J1+ji+j+>\ TR . .
X[ ' (1503 + , o (i1 OMj1) + (= 1)lario

I J1 A VI+1)(23+1) i § N

j5 2 Ji”al j 11]. , DU P PR 70 N L L A
i, o (GalOMlig) (=1l o CrdeoMin |- @9
[13 NI 1[0Mjs T AT 30Nz

In Egs.(2.7), (2.8), and (2.9) the operatoiO* successively perturbative approximation these terms are proportional to
represents the magnetic moment, the quadrupole momerihe second-order diagrams of the theory if we neglect the
the hyperfine splittingdetailed structure of this operator is Pauli-antisymmetrization principle. This comparison be-
given in the next section and the magnetic- and electric- tween our calculation and the perturbative calculation is to
distribution operators: be considered formal, because, due to diagonalization
method and to the large humber of components introduced,
c the CMW functions of the DCM describes the collective
f modes of the nucleus, an effect that cannot be found in per-

a b
d e
. turbative calculations.
g h i
is the 9 symbol, and the reduced matrix elements are de-
fined according to Ref18]. If the operatolO* represents the
magnetic-moment operatct , 5( |9l .+ gss,|B)alas, the
reduced matrix element on the right-hand side of q) is Exotic atoms, i.e., atoms with configurations deviating
the single-particle magnetic mome(chmidt valug Al- strongly from conditions typically realized in nature, offer
though the corrections to the magnetic moments given by théascinating possibilities for testing nuclear models. Such ex-
right-hand side of Eq(2.8) were already considered without
the antisymmetrization effect in Ref2], the terms of the TABLE I. List of the three terms that in the DCM contribute to
right-hand side of E(2.9) represent something new, typical the hypefine splitting. The single particles have to be associated to
of nonperturbative dynamic-correlation theories. Unlike thefg of Ref. [14]. The termsAE . siag have been introduced accord-

calculations done in the perturbation theories, the right-hanghgly Ref. [22]. AE siag h@s been not considered by the other theo-
side of Eq.(2.8) takes the antisymmetrization effect properly ries.

into account. Furthermore, the terms of E&.9) have been

IIl. INTERACTION WITH
THE ATOMIC MAGNETIC FIELD

included exactly in the present calculations. They contributé®Ho®* AEg= 2.16910
coherently to the distribution of magnetization in nuclei. In a AE oft-diag= 0.01667
i AEdiag: _002137
0.3050F ' " T . | Total 2.16490
0.3045 | 0.5861_ 185Re74+ AEsp: 2.7591
% 0..5821 9 ] AE oft-diag= 0.0189
=2 030401 AEgag= —0.0580
< 0.3035F 1 Total 2.7192
<
™ 0.3030f 1 187Re* AEg= 2.7839
AE ot diag= 0.0349
0.3025 F 1 off-diag
AEgiag= -0.0730
0.3020 " ® 0'5768. . . E Total 2.7449
1.0 1.5 2.0 2.5 3.0 207p 181+ _
<LS> MeV P AEg= 1.20021
AEoff-diag: 0.03578
FIG. 1. Dependence of the hyperfine splitting on i) AE giag= —0.01879
strength parameter fd°Pb. The dots give the respective magnetic Total 1.21660

moments.
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TABLE Il. The different contributions to the hyperfine splitting.

2098i82+ 207Pb81+ 165HO(36+ 185R674+ 187Re74+
rms radius 5.519 fm 5.497 fm 5.21 fm 5.37 fm 5.37 fm
Magnetic moment
(correctedl [29] 4.1106(5uy 0.58219(un 4.132(3)uy 3.1871(3uy 3.2197(3uy
Point nucleus
(Dirac) [10,15 212.320 nm 885.76 nm 538.90 nm 411.87 nm 407.70 nm
+ Breit-schawlow 238.7950) nm 989.661) nm 564.67 nm 443.18 nm 438.68 nm
+ DCM contribution 243.9(38) nm 1019.11.6) nm 572.6 nm 455.78 nm 451.53 nm
Vacuum
Polarization[10] —1.64 nm —6.83 nm —2.46 nm —2.44 nm —2.40 nm
Self-energy[15] 2.86 nm 11.9 nm 5.20 nm 4.76 nm 4.66 nm
Total QED[15] 1.22 nm 5.08 nm 2.72 nm 2.31 nm 2.26 nm
Theory incl. QED 245.1%8) nm 1024.22.0) nm 575.32 nm 458.11 nm 453.79 nm
Experiment 243.82) nm(1) 1019.712) nm 572.7915 nm 456.0%30) nm 451.6930) nm

otic atoms exhibit the interplay of nuclear and atomic quan-experimental values. In order to calculate the hyperfine split-
tities. They permit one to test specific parts of the electroting in the DCM we need precise information about both the
magnetic interaction by selectively changing or observingnuclear and the electron wave functions.
the effect of just a single parameter much as precise studies The nuclear wave functions are calculated as in Sec. Il.
have been made in the past using muonic atfi@% With these wave functions the calculated basic properties of
It is now possible to produce a wide variety of exotic the ground states of the nuclei under investigation are in
atoms from energetic heavy-ion collisions. For example, hygood agreement with the experimentally determined values.
drogenlike highZz atoms such as the ones considered in the The electron is described as a Dirac particle moving in the
present investigation have recently become available for excoulomb potential generated by a charge distribution of a
periments at Darmstadtll] and Livermore[12,13. In  Fermi type. To solve the Dirac equation we have approxi-
Darmstadt at GSP°Pb has been produced from heavy ionsmated the nuclear density distribution with a two-parameter
accelerated to several hundred MeV/nucleon at the SIS adermi distribution as de Vriest al. [21] did. The magnetic
celerator. Because they are then stored and cooled in thieteraction of the electron with charge of the nucleus is given
ESR storage ring, they can be studied without the usual corby
straints of unsatisfactory accelerator-beam quality and short
observation time. Where previously only the ground-state
hyperfine structur¢HFS) splitting in muonic?°°Bi could be
studied, it is now possible to investigate the corresponding

veN_g f 37 o3 (Fo) G ATo) Pl o),

electronic effects in the hydrogenlike Pb ions. where
Because the HFS splitting is proportionalZd, the wave
length of theM1 transition between the ground-state com- > 3s o LD 1
o ) S I . A(fg)=—| d°IiM(F) X Ve =—=
ponents of hydrogenlike ions with high is in the optical ] I |re_rJ|

regime. This is dramatically different from the case of hy-
drogen where the 21-cm radiation of the HFS splitting is inwith
the microwave regime. As a result it was possible to measure
the ground-state HFS splitting of hydrogenlik&’Pb by
laser-induced fluorescence spectroscopy]|. The experi-
ment yielded a ground-state energy splitting AE®
=1.216(1) eV and achieved a relative accuracy=efl0™*.
This high accuracy has made possible the first test of QED i
the strong magnetic field of the highly charged heavy ion.
At Livermore hydrogenlike'®*Ho, ®Re, and'®'Re have
been produced and stored in a high-energy electron-beam ion
trap (Super EBIT [12,13 by a variable-energy electron with
beam axially compressed by a high magnetic field. The Liv-
ermore experiments yielded ground-state-energy splittings of _ i Fy
2.16463) eV for 1%Ho, 2.718718) eV for ®Re, and czF(FH) '@ Tl) 1 +1)’
2.744918) eV for 1#Re. 2lj e,
The aim of the present calculations is to compare the the-
oretical hyperfine splittings obtained in the DCM to the oneswhereF designates the totalangula=momentum quantum
obtained in the single-particle approximatifkb] and to the  number of the electron-nucleus systdnis the angular mo-

rﬁ(r*j)woZ (giri+9§§i)5(Fj—ri)-

From these expressions, making a multipole-expansion of
5&()?) and using some recoupling, we obtain

AE=C(A_+Ag) (3.1
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1850 18R
Protons Neutrons Protons Neutrons
fsrn O_‘_‘ ds2 _‘O—_ P
0.0136% 00128%
---98 i f—-—-- - 74 “ -
N N N N
— A fn o o 6(/d5/2 — P32
$7Re
Protons
Protons Neutrons
h9/2
O—-d}/z _O—— pPin
- 82 0.0142% 001279
ooo124 —t ;—Prr T~ =74 .
N (/\r—--(/\ d —"‘(f Ve
—( J——h;p - /7 s P2

64.8%
FIG. 2. The square of the amplitude of the single-particle and of the terms corresponding to the first-order contributions calculated for the
ground states of the four nuclei from the diagonalization of the eigenvalu€2m).

mentum quantum number of the nucleus aiglthe angular-
momentum guantum number of the electron, so {fka]

The A, and Ag are the orbital-angular-momentum part and
the spin-angular-momentum part, respectively. In the second

<F<F,. gquantization formulation these operators are given by
For 2°Pb we haveCz—C1=4_, for 165!42092—@1:2.8, .
;n?hgo;;)lﬂ? Re isotopeS,— C,=2.4. For“"'Pb this leads AL:§ e,LLN< bi—m % (aIOL|,8)a£a,3 ¢jm>, (3.2
AE=4(A_+Ay), and
or %o to the value As=g e,uN< bi-m aEB (a|OdB)alag ¢>j_m>, (3.3
AE=2.28A, +Ay), where

and for both Re isotopes to the value

o0 R/ 3
OL=@J|IZURf(r)g(r)dr+f0 (ﬁ) f(r)g(r)dr

TABLE Ill. Calculated rms radii, nuclear magnetic moments and
(mm), and nuclear quadrupole momer(®M) of 1%*Ho, ¥Re,
187 207 * r

Re, and™‘Pb ground states. Og= gSsZJ'R f(r)g(r)dr— \/; [Y,®0]

(r3? MM QM
R(r)\3
16586+ xf ﬁ) f(r)g(r)dr. (3.5
th. 5.210 fm 4.132 nm ~0.35 0
exp. 52107 fm [30]  4.1323) nm[31] In Egs.(3.9—(3.5) u, is the nuclear magnetog, andgs are
185174+ the orbital and spirg factors, the notatiofY,® o]* means
th. 5.389 fm 31870 nm 015 the cgupling ofY, with the nucleon spin operatar to a
exp. 5.3911) fm [12] 3.18713) nm[31] spherical tensor of rank onéandg are the Dirac spinors,
and{¢;_n} is the ground-state wave functigsee Eq(2.1)].

18Re/ The latter term witH Y,® o]* is the asymmetry term of Bohr
th. 5.395 fm 3.2196 nm 0.17  [14]. Using the ground-state wave function of E8.1) we
exp. 5.391) fm [12] 3.219713) nm [31] obtain the following contributions to the hyperfine splitting;
20Tpitr AE=C(AEg+ AEoft giag™ AEgiag)- (3.6
th. 5.496 fm 0.5820 nm 0 o
exp.  5.4946) fm [30]  0.582192) nm[29] The termAEg, is given by Eq.(2.7), the termAE y_giag Y

Eqg. (2.9, and the termAEg,q by the Eq.(2.9). The single-
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particle term includes implicitly the Bohr-asymmetry term of (@) Perturbation approximations given by E.7) as-
Ref. [14]. The off-diagonal term is proportional to the term sume that the global contributions to the hyperfine splitting
obtained by a nonperturbative calculation as described iare attributed to a point nucleus approximation. In this ap-
Ref.[22]. The DCM terms have not until now been analyzed.proximation the nuclear magnetic moment is a well defined
The results of the calculation of the hyperfine structure splitinput. The nuclear effects are included as a small perturba-
ting are presented in Table | where the different contribution {€}. The radiative correctiong,,4 are then calculated
tions of Eq. (3.6 are given without the QED corrections. according to QED perturbation theory.
Note that in the DCM two additional terms appear to con- (b) The nonperturbative calculation does not modify the
tribute to the hyperfine splitting. These terms have not beestructure of the single-particlgole) operators but calculates
considered in the Bohr-Weisskofd} of Ref.[14]. In Fig. 1 the effective operators directly from the configuration space.
we give for 2°/Pb the dependence of the hyperfine splitting The termsA Eofr.diag @Nd AE 4jaq are typical of a dynamic
on the spin-orbit force. theory and are very important to give a good theoretical de-
The hyperfine splitting as derived in the present nonlineascription of the magnetic structure of the nucleus. Since we
formulation Eg.(3.6) can be compared with the results of have included in the theory meson effects, we would expect
Refs. [14,15, where the hyperfine splitting is calculated that DCM contributions to the hyperfine splitting are propor-

from the formula tional to the diagrams of the QED perturbation theory. The
advantages of DCM calculations relative to perturbative

4 u m2l+1 theories are that we do not need to modify the gyromagnetic

AB(w)=3 a(aZ)® 2 mc? factors of the magnetic operators and that the three terms

which contribute to the hyperfine splitting arise from the
X{A(aZ)(1-8)(1—&)+X;ad- (3.7  same model.

Here a is the fine structure constarat,is the nuclear charge, IV. NUCLEAR PARAMETERS

m s the electron massyy is the proton(neutron) mass,u is

the nuclear magnetic moment,, is the nuclear magneton, To calculate the electromagnetic properties of the ground

andl is the nuclear spin. The relativistic correctidgaz) is  States of thé®Ho, *Re, *Re, and®’Pb nuclei, we have

obtained from exact solution of the Dirac equation with ato make, as in the case &°Bi, some assumptions about the

Coulomb potential. The factor (16) corrects for the finite input parameters of the theory, i.e., single-particle wave

spatial distribution of the nuclear chargBreit-Schawlow functions, single-particle energy, and two-body potentials.

correction, (1— €) corrects for the finite spatial distribution The following single-particle configuration space has been

of the nuclear magnetization and for the asymmetry terniised.

which results from coupling the valence particle with the ~Proton hole: D3, 1fsp, 2p1p, 109, 2dsp, 1977,

core degrees of freedolBohr-Weisskopf correctiofil4]).  3Siz, 2d3, 1hyyp.

X;aq Stands for the QED corrections. The radiative corrections Proton particle: by, 27, 332, 3Pz, litge, 3dsp,

to ordera have been calculated in the RE15]. Since this 207/, 4512, 3d3, 2hyy),.

effect yieldsAEYP or A\, the importance of determining the ~ Neutron hole: Bs;, 1972, 3S1/2, 2d3, 1hyyp, 1hgp,

self-energy part of the radiative corrections in order to ex-2 f72, 3Psp, 2fs2, 3P12, ligap.

plain theoretically the experimental value is evident. In the Neutron particle: 8s,, 297, 4S12, 3dspn, 2higp,

extreme single-particle model QED and nuclear-1jsp, 1i11/2, 20gp.

magnetization corrections for highatoms are of the same The single-particle energies are those of K@2d]. The

order of magnitude. Therefore the feasibility of testing thesingle-particle wave functions are assumed to be harmonic-

QED corrections depends strongly on the accuracy of thescillator wave functions with size parameters chosen to re-

model used to evaluate the effects of nuclear magnetizatiogproduce Wood-Saxon wave functions as proposed in Ref.

The results of this perturbation calculations are presented if25].

Table Il where we have attributed, as in REf], the Bohr- In Egs. (2.5 two types of two-body matrix elements oc-

Weisskopf effect to the three terms of Table I. The theoretcur: (1) particle-hole matrix elements ard) hole-hole ma-

ical calculations reproduce the experimental HFS splitting iftrix elements. The two-body model potential used to calcu-

the QED corrections are neglected. However, from the analylate the particle-hole matrix elemer() is taken from Ref.

sis done in this work, the Bohr-Weisskopf effect has to bg25] (Vg7 of COP type while the two-body model potential

attributed only with the single-particle term of the DCM. A used to calculate the hole-hole matrix elemei@sis taken

numerical comparison of the single-particle contributionfrom Ref. [26]. The matrix elements of Eq2.4) are of

with the results of Ref[15] is in favor of this assumption. mixed type and are calculated from hole-hole potential. The

The new analysis presented in RE23], which assumes for strength of this force is weakened in comparison with the

20’ph a larger magnetic moment, is giving, to our opinion, aone used for theA+ 1) nuclei. The particle-hole potential

too large Bohr-Weiskopf contribution, by overestimating thealready has been successfully applied in the theoretical de-

asymmetry terms. The other two terms of Table | contributescription of the septuplet states3?Bi (see Ref[27]), while

to the HFS splitting proportionally to the QED corrections the Vg1 parameters of the particle-particle potential have

(the values given in Table Il for'®Ho%*", 18Re4"  been derived by fitting the two-body matrix elements calcu-

B8R, 2P and 2°Bi®?" were obtained from Ref. lated with the Bethe-Goldstone formalism as described in

[15]). Ref.[26]. The depth of the particle-hole potential is chosen
To conclude we note the following. to reproduce the energy of the first tate in2°%b. The
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particle-particle potential has been adjusted to reproduce tharther out than the charge distribution. In its consequence on
level scheme of1%Bi [28] and to calculate the spectrum of the hyperfine splitting this is similar to the model proposed

the excited states iR°Bi as preliminarily shown in Ref. by Bohr and Weisskopf14|. There the single-particle de-
[27]. scription of the nucleus has been refined by the addition of

With these parameters, diagonalizing H@.6) for {j”  an asymmetry term which represents the interaction with the
=7/275/27,1/27} we obtain the wave functions of the rotational flow of the reference nucleus. Compared to a
DCM. In Fig. 2 we give the spin-flip 1 amplitudes calcu- Single particle treatment, however, the results of DCM show
lated for the different nuclei. The remainingi2Lp) ampli- a smaller variation between the nuclei studied here than the

tudes, not given explicitly, are small compared to the 1 application of Bohr's prescriptiofil4,19. Three terms con-

amplitudes but counteract the deviation produced in the mag(tj—r:]bemt% ttc;] Et}hgirt]gleeorr? (t)llzal tﬁgesrgz inzjlt;[:)n%sié;g?nzr?; ;te rlrrr: tﬁ e

netic structure by the first-order approximatiqn. In Table Il erturbative calculation are proportional to the term intro-
we compare the calculated nuclear magnetic moments;: Muced by Le Bella¢22], and the third term characterizes the
Tg‘c'earlgq“ad';;‘?o'e mog},?nts’ and the nucl_ear rms radil fo(’iynamics of the model. With these three terms the DCM
. .5H°’ Re, "¥Re, and*”Pb with the exp_erlmental quan- - caiculations and experimental observations of HFS splitting
tities. The agreement bgtween the experimefi2a|29-32 ._of hydrogenlike Ho, Re, Pb, and Bi agree quite exactly as
and theoretical values is remarkably good. '_rhe small d'slong as no QED corrections are added to the DCM calcula-
crepancy between the cqmputed nuclear radius and the &ons. This seems to be very significant in view of the differ-
penmentallquuoted one 1S probably d.ue to the-&p com- o4 clear structure of these nuclei. Independent calcula-
ponen_ts nqt mcIuded in the caIcuIanotn:e.,.the CMWFs .Of tions of the size of the QED contributions result in values
the+ third kind which allow for the formation of low lying .close to 0.5% for all these candidates. Inclusion of the QED
107} states. On the other hand, the calculated nuclear radilgfe ot jntroduces a discrepancy of that magnitude. This has
agree remarkably well with the results obtained in calcula1ed us to examine the DCM more closely again to see if it
tions done within the framework of a relativistic mean-field already includes the equivalent of the QED corrections. One
theory. In Fig. 3 we have plotted the normalized ground-state, |4 speculate that these corrections may be part of the
magnetization distribut_ion_s. Ir_l Fig. 4 we give the normalizednon-normal parity states of core polarization that can be
ground-state charge distributions. identified with low-energy mesons. Presently only the simi-
lar size of these contributions is in favor of such an argu-
V. DISCUSSION ment. Another possible explanation for a deviation with slow
This paper has used the DCM to analyze the structure ofariation along the table of isotopes might be an underrepre-
the hyperfine splittings of°’Pb, 18%Ho, and!85!8Re. These sentation of specific contributions in the dynamic mixing

nuclei are characterized by one hole in the closed shell. |Prescripti0n. A study of the sensitivity to details of the mix-

models these nuclei with nonperturbative equations of mol"d Procedure is under way using an RPA approach for the

tion which introduce into the structure calculations of thePCM-
(A—1) nuclei and the B-1p and 3h-2p configurations. The

model reproduces very well the magnetic moments of these
(A—1) isotopes. The distribution of magnetization calcu- We are very grateful to Professor B. Fricke, Professor W.
lated in this way differs from the normally assumed shape. IrGreiner, Professor G. Huber, Professor H.-J. Kluge, and Pro-
particular the distribution of the magnetic moment extendsessor G. Soff for fruitful discussions.
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