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Low-lying collective states in®®~°Ru isotopes studied using a microscopic anharmonic
vibrator approach
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Anharmonic features of the low-lying collective states in #%e'°Ru isotopes have been investigated
systematically by using the microscopic anharmonic vibrator appr@d£WA ). MAVA is based on a realistic
microscopicG-matrix Hamiltonian, only slightly renormalized in the adopted large realistic single-particle
spaces. This Hamiltonian is used to derive equations of motion for the mixing of one- and two-phonon degrees
of freedom starting from collective phonons of the quasiparticle random-phase approximation. Analysis of the
level energies and the electric quadrupole decays of the two-phonon type of states indicdf®Rthean be
interpreted as being a transitional nucleus between the spherical anharmonic VitRatand the quasirota-
tional heavier'%2-1°Ru isotopes.
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I. INTRODUCTION two-phonon triplet is broken, partly by thés; operator and
. . . partly by the metric matrix containing the overlaps between
It is well known that spherical and nearly spherical nuclelthe two-particle states. It is worth pointing out that the

exhibit low-energy collective spectra with vibrational-like MAVA is a completely microscopic scheme derived by using

states below the pairing gap. The pairing gap is produced b%e equations-of-motion approach of Roj@ The inclusion

the short-range nucleon correlations whereas the collective S . . I,
: . . of the Pauli principle is taken care of by diagonalizing the

features emerge from the long-range residual interaction. In-_ . . . )
metric matrix thus creating a complete orthonormal basis and

vestigation of these collective states as collective phonon : - . Lo :
. . L en diagonalizing the residual Hamiltonian in this basis.
and their multiples has been of extensive interest both ex- .
In recent years, several calculations of spectra of even-

perimentally and theoretically. In quasiparticle description Ofeven ruthenium nuclel have been performed within the

described as coherent combinations of two-quasiparticl%1r amework of the interacting boson modéBA) and its ex-

states. the residual interaction causin ﬁnsions. In the original version of the IBA, IBA-1, no dis-
' g these phonons to fat‘mction is made between neutron and proton bosons. The
far below other two-quasiparticle states, which remain above : . P '
the pairing gap. Collectivganharmonic vibrational states proton-_neutron mteractmg_bospn model IBA-2, one of the
built of two or even three of these phonaso-phonon and extensions of the IBA, dlstm.gwshes prqton and nt_autron de-
three-phonon statehave been the subject of systematic phe-9r€€s of freedom. The consiste@tiormalism (CQP is an-
nomenological analysis, e.g., in Réfl]. Microscopic de- other_ developmeqt of the IBA as also is the extended
scription of these multiphonon states involves configuratiorFOnsisten® formalism(ECQB [10]. _
mixing of two-quasiparticle, four-quasiparticle, six- N experimental paper by Hirakt al. [11] a comparison
quasiparticle, etc., degrees of freedom. between their determination of ti®E2) values and the re-
From the microscopic point of view the low-energy col- sults of IBA-1 and IBA-2 calculations was made. TBEE2)
lective phonons of the medium-heavy and heavy open-sheWalues calculated in the framework of the IBA-12,13 are
nuclei are conveniently described within the framework ofsignificantly lower than the experimental values. B&?2)
the quasiparticle random-phase approximaticQRPA),  values obtained from IBA-2 calculations by Van Isaclkegr
which in our case describes harmonic small-amplitude vibraal. [14] are systematically higher than the experimental mean
tions around a spherical nuclear shg@e4]. These collec- Vvalues, whereas thB(E2) values obtained from IBA-2 cal-
tive low-energy solutions of the QRPA equations can beculations by Giannatiempet al. [15] are systematically
combined to multiphonon states, e.g., in the multistep shellower.
model[5,6], in the quasiparticle phonon model of Soloviev  In their paper, Van Isackest al. [14] have also paid spe-
[7], and in the extended QRPA approa@j. In our recent Ccial attention to the occurrence of @tates which are not
theoretical frameworK9], the microscopic anharmonic vi- reproduced by their calculation. H°Ru and*°®Ru the §
brator approackiMAVA ), the one-phonon states are based orstates are suspected to be intruder states of some kind. For
the QRPA phonons, and the one-phonon and two-phonothe heavier isotopes the, Gtates are considered to be rota-
states are allowed to interact among each other through tH®nal collective states. Contrary to that, in the study of Gi-
Hs;, part of the quasiparticle representation of the residuahnnatiempcet al. [15] the excitation energy of the,Gtate is
two-body Hamiltonian. In this way the degeneracy of thewell reproduced all along the isotopic chain. They also sug-
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TABLE |. Basic data for the discussed ruthenium nuclei. The pairing gapsand the corresponding
pairing strengthggp,;) for protons and neutrons are given in columns 2-5. In columns 6 and 7 the particle-
hole parameters of the QRPA are given for the @hd 4 multipoles. In column 8 the experimental
B(E2;2; —07) are given in Weisskopf unit8/.u.), and finally, in column 9 we list the values of the corre-
sponding polarization parameter for the effective proton and neutron charges.

A Ap A, 9 o O(2) G4 BEegdW.u)  x

98 1.2006 1.5715 1.1354 1.1673 0.992 1.000 @58 0.28
100 1.2701 1.5976 1.0638 1.1750 0.898 1.000 (3!5?8 0.37
102 1.3512 1.6119 1.0265 1.1845 0.828 1.000 (4130.9 0.47
104 1.4164 1.5465 1.0543 1.1547 0.791 1.000 (3}3’0 0.58
106 1.3375 1.3910 1.0295 1.0911 0.765 1.000 0.67

¥Data from Ref[38].
®Data from Ref[39].
‘Data from Ref[42].
dData from Ref.[40].

gest that the Dstate shows a rather pure full symmetry struc-Ref.[24]. The single-particle wave functions are taken, how-
ture, without any mixed symmetry contributions, all along ever, to be eigenstates of a spherical harmonic oscillator with
the chain. a suitable oscillator constant which is a good approximation
In the CQF proposed by Warner and Casfas], the  for boun_d states in nuc_lei. We have chosen for the st_udied
original IBA-1 Hamiltonian is specified to contain exactly °°*Ru isotopes a basis of ten proton and neutron single-
the operator used for the electric transitions. Use of this nevparticle levels around the proton and neutron Fermi surfaces,
Hamiltonian leads to a description of the transitional nucleiSPanning the following valence spacgf-sdghy,, shells.
between the axially deformed $&) limit and they-unstable  1he BCS occupation amplitudes and the QRPA eigenstates
O(6) limit in terms of essentially only one free parameter Were c_alculated using as residual two-body mteract!on the
[17]. However, in the study of Stachet al. [18] the struc- C_;-matrlx el_ements of the Bonn o_ne_-boson-_exchange interac-
ture of even ruthenium isotopes was suggested, based on HAn [25]. Different channels of this interaction are scaled by
analysis limited to the full symmetry stat@BA-1), to per- ~ constants as described in Reff26,27.
tain to the U5)-O(6) side of the Casten triang[@9]. There- 1€ pairing strength for protons and neutrons was ad-
fore, Bucuresciet al. [17] have applied in their study a for- Justed by requiring the calculated pairing gaps to reproduce
malism similar to the CQF to a more general Hamiltonian,tn€ empirical ones obtained from the proton and neutron
which can also describe the(E)-O(6) transition. This ap- separanlon energleSZ8]: .The resulting pairing para.meters,
proach, called ECQF, gives an overall fit comparable to thaf!ong with the used pairing gaps, have been listed in Table .
of the IBA-2. Very recently, thé®1'Ru nuclei were ana- In this case the value$p22ir:1.0 andgi,”a)fl.o correspond to
lyzed in search of th&(5) critical symmetry[20]. This sym-  pairing matrix elements coming from the bare monopole part
metry should be found midway between the spherical vibraof the G matrix.

tor and the y-unstable rotor[21]. Another critical point The G-matrix elements for thg”=2", 4" multipoles in the
symmetryX(5) should be found midway between a spherical QRPA calculations have been parametrized by two param-
vibrator and an axially symmetric rot¢22]. eters[27], namely, the particle-hole parametgy, and the

In the present paper we perform a systematic analysis ddarticle-particle parametey,,. Here the particle-particle part
the electric decay properties of t8&1%Ru nuclei by using has practically no effect on the physical observables so that
the MAVA. A comparison of the calculated level energiesits value has been set¢g,=1.0, corresponding to the ba@
with the IBA-1 results of Ref[23] has been done. In this matrix. The value of the particle-hole parameter controls the
way we hope to learn about the systematic evolution of anenergy of the lowest2and 4 states in the QRPA calcula-
harmonic effects and deformation along the ruthenium chaifion. Thus this parameter can be used to control the position
of isotopes. Our paper is organized as follows. In Sec. Il weof the first Z and second 4states in the final theoretical
outline the necessary theoretical aspects and their numericaPectrum. The adopted values of thg parameters are listed
app"ca’[ion to Ru isotopes_ In Sec. Ill we review the resu|t5in Table I. The available experimental data about the energies
and discuss them. The conclusions are drawn in Sec. IV. ©f the second #Astates are quite poor. Therefore, the param-
eter is chosen to bg,,(4")=1.0 for all considered nuclei.

In our effective many-body framework the two-phonon
states are built in terms of the QRPA degrees of freedom
using the equations-of-motion technique of Ro\8&

We start our microscopic approach from a single-particle oot _ t
. . . . [leaa ]_gaaraa 1 (21)
basis of a suitable size. In the present work we use eigenval- adalla 494" Sa%akta
ues of the spherical Woods-Saxon nuclear mean field witlvhere the ansatz wave function has been chosen to be of
the Coulomb terms included using the parametrization othe form

II. NUMERICAL APPLICATION TO
RUTHENIUM ISOTOPES
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TABLE II. Experimental and theoretical ratid®(E2) of Eq. (3.1) for the %-10Ru isotopes.

BRI 100R, 102R
Transition Theor Expt. Theor Expt. Theor Expt.
2;—0] 1 1 1 1 1 1
Og_ph—> 2; 1.736 1.603 1@ 1.432 0.809)
2;_ph_> 2; 1.650 1.67) 1.438 0.6413) 1.433 0.628)
4§_ph—> 2; 1.499 1.%3) 1.338 1.518) 1.231 1.%3)
Zg_phﬁ 0; 0.034 0.03615) 0.061 0.0416) 0.050 0.025(8)

®Data from Ref[38].
PData from Ref[39].
°Data from Ref[42].

reproduce the experimentB(E2). However, for the nucleus

T = Zi(ay; i 2.2 _ .
B4ata ;2 1(@ a4a4)QaZ“4"4 2.2 A=106 there are no experimental data available so that the
value had to be extrapolated.
+ > Zz(azazbzﬁz;a4a4)(Q;2a2Qg2/32)a4M4, lll. RESULTS AND DISCUSSION
ar=<b. .
B2t =af2 We present our results for the energies andBtE2) val-
(2.3 ues in Tables Il and Ill, and Figs. 1-8. Figures 1-5 show the

theoretical and experimental energies of thestate and the

containing a one-phonon part with quantum numberdWO-pPhonon triplet of*®"1%Ru. For comparison, Figs. 1-4

a and a two-phonon part coupled to a total an uIarShOW also the result_s.of the IBA_—l calculations of Kemal.
nfg?#e‘lntum(and pparity a4pWith Z-Brojection ta. Thge [23]. The decomposition of the five lowest states obtained by

quantum numbera, anda, indicate the eigenvalue index using our theory in terms of the QRPA phonons and their

of a QRPA phonon and the final diagonalized MAVA two-phonon combinations can be seen in Figs. 6 and 7. Fig-
wave function, respectively. ure 8 presents the evolution, as functions of the mass num-

Equation(2.1) together with ansat2.2) lead to a system P, Of the energies for the QRRAoty 2;,41,2;,4; phonons
of equations given explicitly in Ref[9]. These equations and the cgrr?seondlng MAVA statgstarg containing the
contain, as a relevant part, the metric matrix consisting oRRPA 2,41,2;,4; phonons as main components. For com-
overlaps between all the two-phonon combinations include®'eteness, we plot also the evolution of the two-phonon
in the calculations. This metric matrix is angular-momentumStates of the MAVA. _ _
dependent and hence contributes to the splitting of the two- 1he ruthenium isotopes have been a subject of a variety
phonon-like MAVA states. Diagonalization of the metric ma- Of ~ theoretical model —analyses along the ~years
trix preserves the Pauli principle as described in detail if14,15,17,18,23,29-37The key in the many discussions is
Ref. [9]. It has to be mentioned that the results for the fivetN® phenomena of shape transitions and shape coexistence
lowest calculated MAVA states2;, 05, 2. 45pn and along the isotopic chain of ruthenium isotopes. FrgB4]
4%) depend on the number of the QRPA&nd 4 phonons suggests atrans!tlon from sphe_rlcal twnstable_ struc_tur_e,
included into the ansatz wave functi¢2.2) and the subse- whereas Trolteniert al. [32] discuss a spherical-triaxial
quent diagonalization of the eigenvalue problem. Accordingransition. In papers by Zajaet al. and Bucuresciet al.
to our calculations it is enough to take five lowest QRPAL29:17 the conclusion is that the heavier ruthenium nuclei
phonons of both of these angular momenta to achieve stabfd® In 9eneral triaxial buy soft or very y soft. Because of

energies and wave functions for the above mentioned MAVAN® Postulated - shape  transition, the Ru nuclei with

states. All the results presented in the following section havg®<A<102 are thought to be soft vibrators and those with
been calculated using this number of the QRPA phonons.

In the MAVA, the metric matrix plays an important role in
the theoretical expressions for the electric decay amplitudes

TABLE Ill. The same as Table Il for th&**~1°Ru isotopes.

[9]. These amplitudes can be used to produce the reduced R 1%%Ru
electric quadrupole decay probabilitieB(E2), to be com-  Transition Theor Expt. Theor Expt.
pared with the experimental data. For this comparison wer o 1 1 1

adopted proton and neutron effective charggsinde,, and of ot 1297 0.427) 1.296

used the experimentdB(E2;2, —0;) value, also listed in zf'ph_Qi 1317 0.6811) 1.330

Table |, to fix their value, by using the relatiores=(1 43"’“_)21 111 '123) 1174
+x)e,e,=xe (see, e.g., Ref24]). The polarization parameter 2" 01 0.068 0 63 0.086

x is listed in the last column of Table I. As the mass-number2ph_ "1 ' -0389) :

Aincreases, larger and larger effective charges are needed Aata from Ref[40].
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A>104 quasirotors, where#ds=104 is a transitional nucleus hand, our calculations give better correspondence with the
forming a zone between soft vibrators on one side and nearlgxperimental data when comparing the ordering of the states.
deformed rotors on the other sif#0,31. Among these stud- Especially satisfying are thezﬂh states forA=98,102 and
ies the Ru isotopes have been investigated extensively withi@; ,, states forA=102,104. In our calculations the two-
the IBA-1 model because its versatile symmetry structure Isphonon like 4 state is always below the tate coinciding
considered to be particularly appropriate for treating transiwith the interpretation of Ref$38—41] for the °8:100.104.10%,
tional nuclei. nuclei. For the'®Ru nuclei our theoretical result contradicts
Survey of Figs. 1-4 shows that the IBA{23] calcula- the view of Ref.[42] where the two-phonon-like*2and 4
tions give better numerical values for energies. On the othestates are separated only by 10 keV.
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FIG. 3. Theoretical and experi-
mental[40] low-energy spectra of

102Ru.
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IBM-1

However, our model does not reproduce the correct ordephonon states and the deformed intruder degrees of freedom,
ing of all the measured two-phonon members in the disit contains anharmonicities in any wanted amount, so that we
cussed ruthenium chain. The simple energetics of our modelre in a position to analyze the effects of such anharmonici-
calculation can be interpreted as missing intruder degrees dies in a consistent way for the energies andBfe2) values.

freedom which could perturb our calculated wave functions.

The anharmonicities can be clearly seen in Figs. 6 and 7

Also the presence of three-phonon states could affect thehere we have decomposed the five lowest theoretical
energies of the two-phonon states as happens in the case MRAVA levels into their one- and two-phonon components.
the Cd isotope$43]. Nevertheless, one has to bear in mind From Fig. 6 one can see that the members of the two-phonon
that although our calculation does not contain the threetriplet 05, 25, 4; have a large(2;27); component, thus sup-
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FIG. 5. Theoretical and experi-

4 0.89 mental[42] low-energy spectra of
0.79 o 079 106Ry.
0.71
0.27 2* 0.27
0.00 o+ 0.00
E JT E
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porting the picture of a two-phonon vibrational state withthe two one-phonon-like states, and 4, have as the major
anharmonicities showing up as other nonzero components @omponent the corresponding QRPA phonon. Anharmonici-
one-phonon and two-phonon types. Particularly interesting isies show up as mixing of two-QRPA-phonon components
the decomposition of the;4,, state which reveals a promi- into these states, the compone(@$2;); and (2;4;); being
nently large 4 component. From Fig. 7 it can be seen thatthe largest ones of these anharmonicities.
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0.4-
0.2
0.0

FIG. 6. Decomposition of the calculated wave function into one-
and two-QRPA-phonon amplitudes for th ) state(panel g, 2;.,
state(panel b, and 4., state(panel 9 for the discussed®'°Ru

nuclei.
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A

In Fig. 8 we show the relation between the QRPA and
MAVA energies. As one can see, the MAVA energies follow
quite smoothly the corresponding QRPA energies. However,
the MAVA energies are lowered by few hundred keV com-
pared to the QRPA energies. Notable exception is the 4
state: forA=98 the MAVA energy is almost the same as the
corresponding QRPA energy. F&=100 energies are sepa-
rated by about 200 keV and f@k>100 the separation be-

a) Decomposition of the 2] state
1.0- "
0.8 2
0.6
% 0:0_ (212:)2
= b) Decomposition of the 4; state
Q10
% 08{ T — .4
0.6 oyt
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FIG. 7. Decomposition of the calculated wave function into one-
and two-QRPA-phonon amplitudes for the fate(panel a and 4
state(panel b for the discusse@®-1°Ru nuclei.
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3.0- :::m of the QRPA into the 2 ,, state of the MAVA. The square of

. R 4 this mixing amplitude determines the theoretiB&E2) value

25| Fmrgmme .2 for this transition.

T e—y It is instructive to look at the evolution of the vibrational
> 201 e, z excitations to rotational ones within the Sheline-Sakai
§ 15. *\,\’\: -------------- o4 scheme[44]. In this scheme the two-phonori,®*, and 4
5 *——*N\* 4 states of thganharmonic sphericajor nearly sphericalvi-

2 1.0 \*E: iew brator evolve to the corresponding rotational states of a well-
w :\; ----------- L o . zf"" deformed rotator nucleus. These states are thes-band
0.51 T head, 2 y-band head, and the fnember of the ground-state
0.0 & rotational band. On the rotational regime ther@ember of
% 100 102 104 106 the ground-state band would correspond to the fitstiira-
A tional state of the(an)harmonic vibrator, and the-decay

feeding of this statécalled 2 state below from the above
FIG. 8. Evolution of the energies for the QRP@loty  mentioned O, 2*, and 4 states can be classified into inter-
21, 41, 25, 45 phonons, for the corresponding MAVA statetary ~ band and intraband transitions. The intraband transition from
containing the mentioned QRPA phonons as main component, anthe 4 to the Z state is typically strong, the corresponding
for the two-phonon states of the MAVA for the discusS€d®Ru  B(E2) being 1.43 times th&(E2) of the Z to ground state
nuclei. transition in the limit of very large deformations, reproduc-
ing the Alaga rulg45]:
comes larger, being about 300 keV. The MAVA and 4

two-phonon states seem to follow the trend of the QRPA 2 B(E2;4; — 2)) _ (4 2>2= 143, (3.2

state as one would expect. B(E2;2; — 0p) 00O o '
In Tables Il and Il we summarize the experimental infor-

mation about the values of the ratio On the other hand, the interband-2 2] and 0 — 2 tran-

sitions are very weak, even vanishing at the limit of large
deformations.

In the IBA-1 model the above described transition from
the harmonic vibrator to the deformed rotor through anhar-
monic vibrator regime corresponds to transition from the
) , , ) U(5) symmetry to the S(B) symmetry along the base of the
for the ruthenium isotopes under discussion. The reIevar‘tt;;S)tez trianglye. The an(ﬁ;rr%onicitieys of tge MAVA can also
theoretical results concerning the five lowest calculated,q \jeed as deviations from the base of the triangle towards
states have also been given. Choosing the expenm_eg]tal Othe y-unstable @6) top of the triangle. In any case, the an-
2;, and 4 states to correspond to our calculated triplet ofharmonicities contained in the MAVA are able to cover a
anharmonic two-phonon-like states leads to the numberggnsiderable part of the Casten triangle, missing only the
of Tables Il and Ill. For the ruthenium isotope=106 N0 geformed regions towards the @) corner of the triangle.
experimental data are available and no conclusions about Considering they decays of the two-phonon-like states in
the correspondence can be drawn. the 1°0-10Ry nuclei from the point of view of the interband

Let us look closer at the correspondence of the calculatedyq intraband transitions, one can say that the experimental
and experimentaB(E2) values of Tables Il and Ill. From gata would point to increasing rotational character of these
Table Il one can see that for the isotope98 all the calcu- pyclej as function of the mass number. This observation is
lated B(E2) values correspond extremely well to the experi-pased on the weakening of the interband type of transitions
mental data. Even the very weak transitidj,2-0; is very  and the persistence of the strong intraband type of transitions
well reproduced. This means th&Ru can be considered to gjong the isotopic chain. This behavior cannot be reproduced
be a good anharmonic vibrator afiearly spherical shape. py the MAVA for the 192-1°Ru nuclei, since MAVA tends to
For the other rutheniums the situation is worse. From Tableﬁroduce rather Strong interband type of transitions. It seems,
Il 'and 11l one can see that judging by the transitions from thenowever, that the nucledé’Ru is described moderately well
two-phonon-type states to the; Ztate one can say that by the MAVA, and thus®Ru would be at a “phase-transition
109-19Ru seem to be less pure vibrators than the theory prepoint” between the anharmonic vibrator region and the de-
dicts. First we note that for the transition§ )—27 and  formed rotor region. Thus, according to our calculations,
ZZ_thZJ{ in these nuclei the theoretical value is always®Ru seems to be an anharmonic vibrator &%d'°Ru (qua-
much larger than the experimental one. For the transitiosirotors, °®Ru being a “transitional” nucleus between these
4; .n— 2 the theoretical value is slightly too large in the casetwo regimes. Related to this, an interesting discussion about
of 190.19Ry, whereas in the case &#Ru it is slightly too  the possible phase-transition point in t#e’'Ru chain has
small. For the very weaks2,—0j transition the theoretical been carried out in Ref20], based on the work of lachello
B(E2) values are somewhat too large but still quite acceptin Ref. [21]. In Ref. [20] the critical point symmetnE(5),
able. From the theoretical point of view this transition cansupposed to lie midway between the spherical vibrator limit
proceed mainly through the mixing of the lowestghonon  U(5) and the y-unstable limit @6), was sought for. The

_B(E2;% —J)

Ri(E2)= B(E2;2) — 0F) 8.1
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1%Ru nucleus was proposed to lie at this phase-transitioto introduce anharmonicities into the description of the low-
point. Similarly, the nucleus®®Pd was proposed to be an lying excited states leading to dynamical splitting of the en-
E(5) nucleus in Ref[46]. ergies of the two-phonon vibrational states. At the same time
All these observations are interesting from the point ofthe Hamiltonian is also allowed to mix the one-phonon and
view of the 8-decay and doublg-decay feeding of th&’'Ru  two-phonon collective degrees of freedom.
nucleus, since in Ref$47-49 it was verified that it is im- There were mainly two reasons for studying the Ru iso-
possible to describe thg and doubles feeding of 1°Ru  topes: First there are several papers available about ruthe-
within a simple spherical QRPA approach using simple harnium isotopes, both theoretical and experimental, and second
monic wave functions for the two-phonons-like states. Thesevithin the isotopic chain of rutheniums there are experimen-
matters will be discussed within the MAVA in future publi- tal indications of shape transitions. According to our calcu-
cations. lations®®Ru seems to be an anharmonic vibrator &éd°Ru
more or less well defined quasirotof8°Ru being a transi-
IV. CONCLUSIONS tional nucleus between these two regimes. This view was
) ~ supported by the comparison of the calculaBtf2) values
We have presented results of calculations of the propertiegith the experimental data. One can say that the MAVA tech-
of the even-eve?®**°Ru isotopes, in particular the feasibil- pique is able to bring a new viewpoint to the study of this
ity of certain states to be interpreted as two-phonon states gf555 region and could further be used for studying the prop-

vibrational origin, and found in many cases good agreemendties of other isotopic mass chains in this or other mass
between our calculations and experiment. The simple microgegions.

scopic formalism, which we have applied, is based on a large
single-particle valence space and a realistic nuclear Hamil-
tonian using phenomenologically renormalized two-body in-

teraction based on the Bonn one-boson-exchaageatrix. This work was supported by the Academy of Finland un-

The used theoretical formalism naturally embraces vibrader the Finnish Center of Excellence Program 2000-2005
tional degrees of freedom starting from the QRPA collective(Project No. 44875, Nuclear and Condensed Matter Program
phonons. The above mentioned nuclear Hamiltonian is usedt JYFL).
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