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ABSTRACT

The even-even isotopes of palladium as well as ruthe-
nium are considered in the framework of the model
developed in the previous paper. Detail comparison of
the spectroscopic data with the model calculations is
carried oul. The model has six phenomenological para-
meters fitted for each nuclid independently. Results
show an overall agreement with experiment. About ten
E2 matrix elementis and from twelve to [ifteen energy
levels for each nucleus were included in the analysis.
Predictions are made concerning quantities to be mea-

sured. Comparison with diiferent IBM versions is also

performed. The agreement of IBM results with experi-

ment is nol better and in many cases even worse than

that achieved in the present model. Perspectives of the

model concerning its further developments as well as

applications to other regions of the periodical table are
briefly discussed.
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1. INTRODUCTION

In the previous paper [50]" has considered the model of nonli-
near vibrations having be applied to description of the low-lying qu-
adrupole collective excitations in soft spherical nuclei. The model is
a straightforward generalization of the QAAM (quartic anharmoni-
city + angular momentum) model discussed earlier (Ref. [16]). In
Ref. I an alhorithm was developed of calculating eigenvalues as
well as eigenfunctions of the collective Hamiltonian
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where the dimensionless collective variables a, and n, are connected

with the quadrupole boson creation d; and destruction d, operators
by means of relations

%=%{d“+ [—l}“dfﬁz%d&“, (2a)
u,l=vf2* [d“—dj]zﬁdj_}, (2b)
gty o 1 (2¢)

Here the symbol ( ),, as usual means the coupling to the corres-

D It would be below referred as I.
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ponding angular momentum. The quadrupole operator for a calcula-
tion of E2 matrix elements is chosen in the form

TLEF.:?}:dl}r+l+x{{d{+!2]ﬂd{+]}2“+ g [d[+}ﬂ}ﬂp+

4@t (1,47 1), 3)

in accordance with the microscopic consideration (see I.)

There are many nuclei in the periodical table which could be at-
tributed to soft spherical ones. One usually uses geometrical proper-
ties of spectra as a critherion for such an attribution (see, for
example, [I, 2, 4]). Actually, all nuclei which have a low-lying col-
lective excitations but not manifest pronounced rotational-like spec-
tra should be regarded as soft spherical ones. In such nuclei the
members of «two-phonon» triplet 2% and 4% are slightly splitted
and higher phonon multiplets are visible. Following the IBM-langu-
age, the regions of periodical table ascribing to SU(5) and O(5)
symmetries have been included in consideration (i.e. isotopes of Se,
Ge, Zn, Kr,. Mo, Sr, Ru, Pd, Cd, Te, Xe, Ba, Ce, Pt). As typical
representatives, ruthenium and palladium isotopes were choosen for
analysis in present paper because of abundance of experimental da-
ta [5, 11—14, 17—20, 28—34, 38—42]. On the other hand, these
nuclei used to be a test for various collective models I12,:10, 17, 18,
26, 27], particularly, the different versions of the IBM [26, 32, 32,
52]. It provides us an opportunity to compare the results of the an-
harmonic vibration model (AVM) with those obtained in previous
models. As for the data on other nuclei, the author hopes to discuss
them in subsequent papers [46] .

In I the analytical expressions for energies and E2 matrix ele-
ments as the functions of model parameters &2/2*3, y, o, x, ¢, ¢’
are derived (see I) but one should use the simple computer code to
fit the parameters and perform the comparison with experiment be-
cause corresponding formulas are rather complicated.

2. THE PROCEDURE OF THE CALCULATION

As it could be seen from the formulas (1), (3) one has six pa-
rameters to be fitted, three of those (&2/A*?, y, o) being of dynami-
cal nature influence wave functions and all matrix elements, and
another three (x, g, ¢’) are essential to the E2-values only.

4

Since the experimental uncertainties for the energy values are
negligibly small being compared to those for E2-matrix elements it
seems reasonable to adopt the following routine of fitting.

a) Energy values for all known collective levels aré fitted- accor-
ding to the standard band classification (as in Ref. [2]) by using
three dynamical parameters which would be thus optimized. The op-
timization procedure is based on the standard least square method,

b) The values of parameters deduced at the first stage as well
as the additional three parameters which would be fitted at this se-
cond stage are used in a procedure of calculating E2 matrix ele-
ments. The usage of the least square method is complicated at this
stage because of experimental errors bars for transition probabilities
and difference of results of various experimentalists. Therefore one
has to be satisfied in many cases by a visual comparison with the
complex set of data.

It should be pointed out that all the six parameters used are fit-
ted for each isotope independently so the set of adopted values
along the chain of isotopes contains some important information on
collective nuclear motion. These values are to be calculated in the
selfconsistent microscopic theory. |

As it has already been mentioned in I. the parameters ¢ and ¢’
in operator T* are small being essential especially for the calcula-
tion of the weak transition probabilities and quadrupole moments.
As for the parameter it is specific for our model and modifies sig-
nificantly all enhanced transition probabilities. Therefore, in a sim-
plified version of the model one has three parameters of dynamical
type and one more , %, for 7™ matrix elements. Such an approxi-
mation has been adopted in calculations for selenium isotopes

» giving a good agreement with experiment. Nevertheless, the full set

of parameters is used in the present paper to investigate all the
possibilities of the model in its unrestricted form.

3. ENERGY SPECTRA

a) Yrast bands.

We show in Figs 1 and 2 the experimental spectra of the
Yrast-bands in Ru and Pd isotopes and compare them with the re-
sults of calculations in the AVM and with those of the [BM-]
(Ref. [31]) and for IBM-2 (Ref. [26]). One can see that in spite of
a general good agreement, the description of high-spin states, i. e.
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8" and 107, in the IBM is not satisiactory. This feature is typical
for all the IBM-calculations (see, for example, Reis [6, 7, 25, 29]).
One usually ascribes this to the non-collective components of these
states [25, 29, 31, 53] being probably mixed essentially with
two-quasiparticle ones. Such a viewpoint based on the shortcomings
of description of high-spin states in IBM is now frequently found,
preventing the attempts to interpret the high-lying exciting states in
the framework of collective boson models. The striking agreement
obtained in the present model makes the hypothesis concerning the
noncollective nature of those states unlikely. We shall show later
that the description of other data (i. e. side-band states energies
and transition probabilities) is also very good.

b) Side-bands.

In Figs 3 and 4 the energies of side X- and Z-bands are plotted
being compared to the results of model calculations. One can see a
good overall agreement for the AVM case, while an essential discre-
pancies are found for the IBM-results oversetimating the experimen-
tal Es+ and Eg+ values. The only perceptible disagreement with the
AVM prediction is observed for the quantity £,y in '®Pd.

The «three-phonon» level 3% treated as a head of the Z-band
consisting of states with the odd angular momentum seems to be of
great interest [33]. In fact, all the collective boson models predict
the only 3% state placed at about <<2 MeV. The description of these
states is crucial for testing the purity of collective quadrupole exci-
tations and the validity of the whole approach. The results presen-
ted at Figs 5, 6a evidently show that the AVM is able to describe
the placement of 3% states with a high accuracy. The predictions of
the IBM-2 overestimates systematically the experimental values
(this is due to the special choise of parameters destined to push up
the unobserved states of mixed symmetry predicted by the model,
see Ref. [26]). The same is valid for the IBM-1 (see [31], [29]
and References therein).

Note that description of 3*-states in the framework of the mic-
roscopical BET (Boson Expansion Technique) appears to be reaso-
nably good (Ref. [33]). This approach is close physically to the
AVM, but unfortunately cannot considered, at its current status, as
completely selfconsistent theory.

An additional test of validity of the collective boson model is
provided by the excited 0" states discussed below in detail. The first
excited 0%-states in this nuclear region, in contrast to the platinum
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isotopes, appear to be «two-phonon»-like ones beloning to the
p-band and having quantum numbers v=0, n=1 (see I). The se-
cond excited 0% state is proposed to have quantum numbers v =3
n=0 thus being placed at about 3E,+ . The Figs 5 and 6,6 as well
as corresponding parts of Figs 7 and 8 convince one that the AVM
gives a reasonably good description of the «fine-structure» of
0*-states while the IBM-versions hardly do.

c) B-band.

The excited 0-states which give rise to the B-band are of great
importance being a most difficult feature to explain (see refs, [9,
10, 26, 30, 31, 33, 43, 54]). For example, there are extremely
low-lying 0O-excitations in some isotopes of Se, Ge and Mo. The
high-lying 0% states in xenon, platinum and osmium isotopes were
interpreted in the O(6) limit of the IBM. In the present model, the
universal description of the excited 0T -states is achieved on the ba-
sis of anharmonicity concept. In such a framework, the high-lying
0% states are considered as a result of the strong quartic anharmo-
nicity in the hamiltonian (1) especially for the parameter &2/2* be-
ing of negative sign. Particularly, it is shown in Ref. [46] that one
can describe all the features of excited 0%-states in isotopes '*~'% Pt
by means of smooth variation of the parameter &2/ from one
nucleus to another.

As for the palladium and ruthenium isotopes, one could see from
Figs 7 and 8 that the AVM gives an excellent description of E valu-
es meanwhile the IBM-2 fail to reproduce the E,; dependence on the
neutron number . The decay properties of 01 states also have been
described in AVM very good (see sec. 4).

The third excited 27 states are the only well pronounced mem-
bers of the beta-band in the experimental pattern (except the 0+
states). In the AVM framework, these states have quantum num-
bers v=1, n=1 being of «three-phonon» nature. The energy of the
2;_'" state is rather sensitive to the strentgh of the quartic and cubic
interaction (see I, sec. 5), providing, as a consequence, an additio-
nal possibility to determine the anharmonicity scale from the compa-
rison with experiment. The remarkably good description of p-band
members by the AVM was found as distinct from the IBM-1 or the
IBM-2 (see Figs 7 and 8)?

2 It was the discrepancy between theory and experiment for those quantities that

inclined the authors of Ref. [26] to appeal to the probable non-collective nature of
0% states.
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As a whole, basing on the comparison performed in this section,
ne can conclude that the AVM provides a good description of
nergy spectra of palladium and ruthenium isotopes succeeding to
eproduce the fine features of experimental patterns.

It should be stressed that the agreement obtained in the present
nodel being better than that for the IBM is achieved by use of
three fitted parameters only. The parameter number is essentially
less than in the case of the IBM (especially IBM-2, where this num-
ber is too large forsing to fix some of them in rather arbitrary man-
ner). One shouldn’t be surprised that the agreement for the IBM-1
might be for some states better than for the IBM-2 (as it could be
seen from Figs 1—8). It could be easily understood since the aut-
hors of Refs [31, 32] havn't fitted all the set of data so some of qu-
antities (for example, quadrupole moment expectation values) are in
disagreement with the experiment being calculated by use of para-
meters adopted by the authors.

d) For some individual cases the unusual abundance of experi-
mental data is available, namely, for '“Ru and "*Pd. Strikingly
enough, the locationt of all the levels identified experimentaily up to
energy about 3.5—4. MeV (i. e. 16—18 levels) is reproduced with a
high precision by the AVM-calculations.

The spectra of Yrast-band and side-bands in '“Ru are presented
respectively, in Figs 9 and 10 being compared with the results of
AVM-calculations as well as those of IBM-2 and IBM+g (the sop-
histicated version of the IBM including the g-boson with [=4 )
from Refs [17] and [18]. Going along the columns a-d one can to
trace a gradual improvement of the AVM results following from the
pure vibrator to the QAAM and then to the version with fitting of

the quartic anharmonicity strength and, to this end, to a full three-
-parameter fit with the cubic anharmonicity being included. Note
that for the Yrast-band, the QAAM is certainly enough to describe
the whole information with high accuracy. As for the IBM-versions,
IBM-1 and IBM-2 do provide the description of less quality for the
number of parameters fitted being la-ger (about 4+5) than in the
AVM.

The second remarkable nucleus, '""Pd, is presented in Fig. 11
where both the energy levels and E2 transition probabilities are
shown. The agreement in the level pattern looks quite impressive,
especially for the higher members of side-bands. Note that the main
E2-properties of these nuclei are reproduced by the model remark-

ably good too (see Figs 23—25).
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To compare the accuracy of description of energy spectra of
AVM and IBM, for the latter the three]?parametm fugsnu]ge of the
[BM-SU (5) limit from Ref.[2] was used by the author to fit the va-
lues E;+ /E,+ for all the parameters being optimized independently.
The results for the averaged squared deviations from the experiment
are plotted in Fig. 12 and compared with those for the QAAM and
AVM calculations.

4. ELECTROMAGNETIC QUADRUPOLE TRANSITIONS

a) Enhanced transitions (AN=1).

The results of calculations for relative E2 transition probabilities
with AN=1 are presented at Figs 13—16 in comparison with experi-
mental ones and with IBM-2 (Ref. 26]) and IBM-i1 (Ref. i’f32‘]}
predictions.

One sees a general good agreement with experimental data for
bo?h the chains of isotopes, the quality of description is roughly spe-
aking equivalent for models used. Nevertheless, the AVM reprodu-
ces the behaviour of B(E2; 02} —values versus neutron number
noticeably better than IBM versions, as it can be seen from Figs 15
and 16 (see next sec.).

Unfortunately, the experimental information concerning the
Yrast-band transitions in Ru—Pd region is still incomplete. The ex-
tensive investigation of palladium isotopes has just been begun by
D. Cline and collaborators (Refs [28] and [41]). The isotope Ru
hgs been studied in detail by J. Stachel et al. [17, 18] where a gre-
at deal of importart information concerning the E2 matrix elements
has been obtained.

The predictions for B(E2) values along the Yrast-bands basing
on the values of parameters optimized by fitting the known transiti-
on probabilities are given in Figs 26 and 27. The predictions of ot-
her models are also presented where they were made. For the
[BM-1 case, the author made calculations using the IBM-parame-
ters adopted in Ref. [32].

The ratio B(E2; 37—>4})/B(E2; 3{~2]) provides a simple test of
O(5) symmetry breaking (see I). In the case of O(5), it should be
equal to 2/5 as well as in pure vibrational limit, deviations are due
to the symmetry violation. It is the cubic interaction H® in present
case that breaks the O(5)-invariance. One sees from Figs 19 and 20

9




that the deviations aren’t essential for palladium isotopes where one
has allmost a pure O(5) symmetry. The cubic corrections are sub-
stantial for ruthenium isotopes, especially for '“Ru (see Table 2)
for which the deviation appears to be maximum.

Another test of O(5)-conservation concerns with the crossover
transitions (those for which AN=2), see below.

b) Cross-over transitions.

The strongly hindered E2-transitions with the selection rule
AN =2 have been observed in all typical soft nuclei corresponding
B(E2) values being reduced by factor 10™* as compared with those
for enhanced transitions. As mentioned in I, these are caused in the
AVM picture by incorporation of cubic anharmonicity as well as by
the third and fourth terms in the T'** -operator (3). Figs 17, 18
(upper part) and 21, 22 (lower part) illustrate the description of
those quantities in terms of boson models. Ignoring the conflicting
character of some experimental results, one sees as a whole satis-
factory agreement for all the versions (especially keeping in mind
the smallness of values considered). The AVM, with the E2-operator
in form (3), predicts also very hindered transitions

with AN=3 caused by the second term in (3). Those quantities are
of order 107*—10~"' compared to B(E2; 2{+07), being very sensiti-
ve to many minor effects, for example, to additional terms in the
T'E? operator in the next adiabatic order. So the quantitative predic-
tions for B(E2; 25~07) presented in Figs 19, 20,c should be consi-
dered as preliminary. Where the empirical information exists, cor-
responding values are small correlating in some cases with those
predicted, at least in order of magnitude. Apparently, one should
wait for more experimental data which would give basis for detailed
conclusions concerning the fine structure of the E2-operator.

d) Intramultiplet transition probabilities with AN=0 appear to
be of a special interest since they are connected with the same
physical origin as the cross-over transitions. One could expect all
those probabilities being small, however, a geometrical enhancement
exists for some of E2-matrix elements linking the members of the
same multiplet. One can easy obtain the following simple relations-
hip between the matrix elements of the cross-over 2;3—0f-transition,
the first excited state quadrupole moment, Q,+ , the 425 transition
and the 0,—2F transition supposing all those to be due to the cubic
anharmonicity only:
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_Aflen 8 ]
70- " 18 (4)

It is evident from eq. (4), that the value of B(0§~2#) must be
the_samte ﬂrdert of rgagnitude as @+ . Since the latter is known ex-
perimentally to be of order of unit compared to
B(E2; 2{~0})) for many nuclei, the former ?s of( the [:;ame order E::
in spite of the values B(4{+2}) and B(27>0}) being small (typi-
cally 107%). The same is approximately valid for the corrections to
E2-operators (eq. (3)) being accounted too.

Figs 19 and 20a, b) illustrate that such predictions are in reaso-
.nable agreement with the empirical quantities known for palladium
isotopes though the predicted B(E2; 41>2}) value for N—=62 goes
over the empirical one. Since there was not any predictions presen-
ted in Ref. [32] for the IBM-1 version the author has carried out
IBM-calculation using the same values of fitted parameters as in
Ref [32]. The results are 0.304, 0.253, 0.107, 0.459 and 0.033
(e’bn®) for the chain of Pd isotopes respectively being in rather bad

agreement with experiment for their magnitudes leap from one nuc-
leus to another.

e) Quadrupole moment expectation values.

Only quadrupole moments of the first excited 2+ states are mea-
SF:]I‘Ed systematically for both the chains of isotopes. The correspon-
dl_ng values as well as model calculations are presented in
Figs 17, 18,b. It is evident that experimental values are generally of

order VB(E2; 27 —0) . Taking into account the anharmonic cof-
rections one can reproduce these large values consistently. One see
that for some nuclei IBM-2 calculations correlate with the experi-
mental data better than those of the AVM, in latter case the agree-
ment might be improved by inclusion of additional fitted parame-
ters. The IBM-1 calculations performed with the values adopted by
the authors of Ref. [32] failed to reproduce the behaviour of Q,+ as
a function of neutron number. 5

It should be mentioned that the experimental uncertainties as

:wel] as discrepancies between the results by different authors rema-
in to be rather substantial.
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5. DECAY PROPERTIES OF EXCITED 0+-STATES

It is well known [26, 32, 47] that the transitions in which the
largest discrepancy is encountered between theory and experiment
are those connected with the 0; states. In fact, the pure vibrational
model [l] fail to reproduce the values of ratios
B5(E2; 0,~2,)/B(E2; 2,—0,) and B(E2; 0,~2,) /B(E2: 2,—~+0,). Ex-
perimentally, the former usually is essentially less than harmonic
oscillator value 2. The latter is about 2—2.5 for the observed transi-
tions meanwhile the vibrational model predicts zeroth value for this
ratio. [t makes someone to conclude that these 0 states are of non-
collective nature [9, 18, 48, 52]. IBM-predictions as well as results
of boson expansion technique are for many cases in better agree-
ment with experiment [26, 32|, nevertheless, some discrepancies are
conserved.

The AVM with the strong quartic anharmonicity predicts the 0t
states to exhibit the features distinguishing from those of other
terms of the two-phonon triplet (2 47), for the latter belong to the
representation of O(5) with v=2, while the former belongs to the
representation with v=0 (the same as ground state) giving rise of
f-band and being spaced from vacuum state by the frequency of be-
ta-vibrations, Wy

I w2

as it can be seen from I, formula (10). This quantity is not equal to
doubled w,, the one-boson excitation energy exceeding the latter for
the strong quartic anharmonicity. In fact, one-boson excitation beco-
mes more and more soft comparing to the «beta-vibrations» with
the quantity decreasing.

The peculiar nature of the 0j-states as a member of a B-band
might be understood in another manner reasoning by analogy with
the IBM . The hamiltonian H may be written in another form by
use of the canonical scale transformation

1
n=4/|oln’, a= '+ g
L
'\/!ml

then
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+ X7 (@) + 2™ (rf”l.;,{,} +ol(J+1), (6)

where the notations are equivalent to those used in Ref, [43] and
connected to parameters X x® by the following relations

— 1 Say4)
3 /5 10! 3)
ijzg 2 |{%‘5,|'"2fo1 = [?bj

Cpnsidering the variables a’, n’, d’ to be related to initial bosons
f’”fﬂ' the energy equal to unity, one can find the expectation value of
Initial boson number operator N’ in the true eigenstates | v, n). One
iinds in the first approximation (see I) : : .

]

(v,n|N'|v, n) =_;_(_“ﬂ_’l_+ E"L) (v42n) + _EL(..‘FE_.,_ f_“”___QJ :

| o] Wy 2 \ |0 @,

Thus even the ground state of the system contains d-boson pair
condensate. The condensate power increases with the ®2/A*3 depres-
sing, and becomes especially substantional in the vicinity of &?=0
This situation is similar to that in O(6) limit of IBM where the va:
cuum q-boson pair condensate also exists affecting all the observed
quantities. Actually, the AVM with the only quartic anharmonicity
dQes cover both SU(5) and O(6) limits as well as intermediate re-
g;ﬂ&n%;};;mcuum.d~boson condensate being regulated by the value

One can see from Figs 15, 16, 19 and 20,a that the AVM provi-
des the best description of the decay properties of 0,-states. In fact
th_e 0,-states should be qualified as «two-phonon» states (i. e. {)HES‘
with quantum numbers v=0, n=1). This assignment is strongly
supported by the E2-transition properties and by the energy place-
ment. The good agreement with calculated values for the energies
of the {_]B-states confirms the assumption on their «three-phonon» na-
ture with quantum numbers v=3, n=0. This is supported also by
the relative smallness of B (E2: 0321 values [52]. As for the nuc-
leus "™ Pd, the situation is not so clear [41]. The states 0F and 0+
occur at approximately same energy with the gap 34 keV.EIt is ir?
c_onfllct with the assumption for both them to be of the same collec-
tive structure since for that case anharmonicity will push them one
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from another. On the other hand, the experimental value of
B(E2; 0,—2,)/B(E2; 2,—0,) =0.39(10) for this nucleus [41] exce-
eds essentially the predicted by the AVM crossover-type value_ 0.04.
[t implies the strong mixing of states which can be the case in the
AVM-framework if &2/ =—6 (see 1) when the excited 0F and
Oj-states are closely placed at E=3.56 E, . In this case, the more re-
fined technique to calculate the properties of these states is required
as well as an additional experimental information (especially on the
quantities B(E2; 0;—2;) and E,,). .

Removing this case, one could say that experimental systematics
on 0t-states in ruthenium and palladium isotopes is successiully
described in the AVM.

6. PARAMETER VALUES AND PREDICTIONS

As already mentioned in sec. 2, all the six parameters X x®
o, %, ¢ and E,':’ have been optimized for each nuclei independently.
The values thus obtained are summarized in the Tables 1 and 2
where their reparametrization according to egs. (7) _is adopted (the
sign of the quadratic term in the potential energy is noted). As a
whole, one sees a smooth dependence of all values on the neutron
shell occupation for both the isotopic chains.

Table 2

n 54 56 58 60 62 64 i13]
a 0.253 0.675 0.125 0.007 0.084 0.084 0.095
{] (=} (+) (+) (+) (+) 1=
* 0.428 0.339 0.237 0.063 0.000 0.000 0.000
¢ —0.003 | 001! 0.018 0.024 0.019 0.026 0.019
X —0.299 | —0.314 | —0511 | —0.191 —0..2?9'
Q —0.045 | —0.043 | —0.152 | —0.159 | —0.141"
Q’ 0.027 0.008 0.007 0.027 0.022'

Table 1
n o2 L) B 58 &0 62
x5 0.105 0.008 0.341 0.868 0.125 0.083
() (+) (+) k=) L) (—)
i 0.078 0.132 0.589 1.319 0.076 0.000
a —0.018 | 0.011 0.017 0.013 0.021 0.034
X —0220 | —0529 | —0.180 | —0.152 | —0.157
Q 0.040 0.034 0.082 0.053 0.055
Q' | —0.002 | 0.000 0.018 0.004 0.023
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" These values are choosen by the extrapolation rather than the fitting procedure.

One can also trace the tendency for the values of x® to depress
with the softness increasing (the quantity ®? becoming negative)
going to the middle of the neutron shell. Such a behaviour agrees
with the microscopic evaluations (see ). As for the quasirotational
parameter o, its behaviour appears to be in the exact agreement
with the regularities established in Refs [8, 16] for corresponding
values going through the zero at about two or four neutrons beyond
the closed shell. One should remember that in spite of respectively
large values of parameter x® for some isotopes, the actual order of
corrections induced by the cubic interaction is determined by y, the
latter being small due to the renormalization discussed in I. Those
values are plotted in Fig. 28.

Speaking about the T'™ -parameters, one also have to note the
smooth variation of their values from one nucleus to another. The
hierarchy relations |%| >|g| >|g’| based on the microscopical esti-
mates (see I) are found to be the case, at any rate, in the region of
nuclei considered.

Some irregularities occuring in the Tables 1 and 2 might be re-
garded to artefact of the fitting procedure, or they may indicate the
real cases of sharp dependence on the shell occupation.

Basing on the parameters extracted, one can predict the value
of quantities which should be measured but still aren’t. In addition
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to Figs 26 and 27 in the table 3 the predictions are summarized and
various models are compared, namely, the IBM-1 and boson expan-
sion technique (Refs [22, 23, 33]).

As it can be seen from the table 3, some energy levels belonging
to the lowest multiplets are still unobserved, especially, the excited

0t -levels.

7. SUMMARY AND CONCLUSION

In part I of this paper we have presented the theoretical scheme
for the description of collective effects in even-even spherical and
soft nuclei in the framework of the anharmonic vibration model. We
have restricted ourselves by the softest quadrupole mode being of
greatest interest. The model considered is constructed as a straight-
forward extension of the QAAM (quartic anharmonicity + angular
momentum effects) having been successfully applied |[16] to the
description of even-even palladium isotopes. Besides the main nonli-
nearities, we also consider a cubic anharmonicity important for the
detailed description of the experimental pattern. A general form of
the E2-operator was used including, besides the main terms, the ad-
ditional ones rising from the non-collective and non-adiabatic effects
to be accounted. The simple closed-form analytical expressions are
derived by means of perturbation theory for both the energies and
E2 transition probabilities.

In the present part, II, the model is applied to the description of
even-even ruthenium and palladium isotopes. The chains *~'Ru
and ' '"Pd are studied systematically, for about ten E2-matrix
elements and twelve or fifteen energy values for each nucleus inclu-
ded in the analysis. Thus the almost complete set of experimental
data known up to now have been used. A great deal of predictions
is made concerning quantities having not yet been measured.

Comparison with the IBM-1 as well as IBM-2 results is also
performed whereever it is available.

Particular attention was paid to the properties of those states
which commonly appear the source of difficulties when described in
collective models (such as excited 0" -states). For these cases a rea-
sonably good correspondence between experimental and theoretical

quantities was obtained.
The main results of the study can be summarized as follows.
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Table 3
Nucleus Quantity AVM IBM-1 BET [33]
i 2 3 4 b
*Ru Eot 2.656 3.687
Esp 3.713 3.332
Eet 3.531 2.942
Eyr 2.778 3.296
By 3.144
Ey 3.369 3.170
B(0j—~2H 3
B (207 9
B(0}~2 1135
B(4}~>2H 5
B (20} 21 0.
B(3f=4} 281
B (32} 643
B(3—~2Hh 24
% 9.5
qu —9
*Ru Es+ 2.911 2.878
Ess 2.965 2.949
Eyt 2.083 1.970
B(0F2} 294 1004 990
B(0~2}) 260 1205
B(4~2) 2 109
B (2§07} 44 0 7
B(3E+4}h 401 260 380
B(3/~2) 904 1064
B(372}) 44 33 46
Qs 17 = 23
Qs —17 58 —50
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{Continue)

(Continue)

| 9 4 4 5
Pl Eyf 9.757 3.218
Ess 2.831 3.153
Eyy 1.872 2.336
B(47—2]) 61 198
B(3;=47) 315 641 200
B (32} 916 498
B(3{—2} 96 0 94
Qs 19 57 36
Q, -5 ~97 —1i
g Eed 9.842 3.125
B (02} 878 2530
B (412} 25 165
B (3}+47 447 584 340
B(3{=2} 1226 814
B (32} 16
Qs 19 59 37
Qs —46 —89 —71
"% pd Es 2.609 2.815
B (2{~0h 54 0 7
B (34 538 274 780
B(3{—29 1606 1378
B (312H 40 68
B(42>2}) 120 ET
Qs 23 48 40
Qs, —76 —hH8 -
“Pd Eyo 3.289 3.691
Ly 2.457 2.660
E;; 2.109 2.342
Egg 2.208 2.433

| 2 3 4 3]

" Ru Es 2.697 3.130

Ess 2.801 3.100

B (032} 2384 2403

B (4729 93 156

B (2501 3 0 12

B(3=47) 481 556

B (312} 1462 838 4

B(3;—2} 95 20

@y 24 59 31

Qi ~79 —87 —62
102 ooy Ejo;t 3.494 3.856

B(0j~2)H 3868 1425

B (4/—23) 54 04

B (20 3 0 13

B(3}—~4}H 687 357

B(3]—2) 1839 741

B(3{=2}H 60 44

Qo 31 49 38

Qs =71 —67 —69
104 py B(03>23) - 5606 745

B(4>2h 122 47

B(3{—4) 684 212

B(3;—=2}H 2072 655

B (32} 66 99

Q2 27 46 60

Qi B —49 —90
Wpd - Ez+ 2.356 2.113

Es 3.260 2.866

Ees 3.226 2.904

Eot 2.721 2.050

Eyy 1.148 1.367

Eps 2.167 2.096
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(Continue)

1 2 3 4 5

"% pd B (314} 952 1037 520

B (32} 2379 1876

B (32} 50 0.2

B (412 182 358

Qg 17 41 57

Qs —80 418 —83
"pd E. 1.898 2.059

B (412} 180 31

B(3F>4}) 940 55 510

B(3F>23) 2351 2181

B (32} 33 45

Q2o 20 9 62

Qs —79 —30 —95
" pd Ey+ 2.218 2.341

Ejoft 3.020 3.300

E. 1.360 1.318

Est 1.936 1.933

Eg; 2.017 2.050

Ept 1.226 1.124

Ey 1.625 1.533

a) The level energies in the Yrast-region of both chains of isoto-
pes are excellently reproduced by the AVM up to spin 10 {and even
higher for some cases) thus confirming the assumption for their col-
lective nature, while IBM-versions are unable to reproduce exactly
the energies of states higher then 6 in several isotopes.

b) For the side-bands, the level energy are well reproduced by
the AVM. Except the rare cases, where the discrepancies achieve
0.2—0.3 MeV, they are generally of order 0.1 MeV or even smaller.
Note that the energies of «three-phonon» states with spin 0 and 3
are described remarkable good in contrary to the IBM-versions.

c) The B-band levels, 0; and 27 are suprisingly good described
by the AVM, while both the IBM-1 and IBM-2 fail to reproduce the-
ir energies.it might be considered also as «rehabilitation» of the col-
lective status of those levels.
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d) Concerning the energies, the most interesting results are ob-
tained for 'Ru and '"Pd, where the complete correspondence could
be established between all the known experimental levels of positive
parity and the theoretical ones up to energy E=3.5—4. MeV. The
main E2-properties of these nuclei are described by the model re-
markably good too.

e) The enhanced E2-transition probabilities, (AN=1), are suc-
cessfully described by the AVM as well as the IBM, for the experi-
mental errors being still relatively big. Note the extremely good
AVM-description of the data set on quantities B(E2; 0,—~2,) which
it is commonly difficult to reproduce.

f) The AVM appears able to describe the enhanced transition
probabilities inside the two-phonon triplet, namely, B(E2; 0,—>2,),
whereever such information is available.

g) The probabilities of hindered E2-transitions (crossover) are
described satisiactorily by the AVM as well as IBM.

i) For the inside Yrast-band transitions, the dependence of their
probabilities on the spin is reproduced by the AVM remarkable good
for the cases where experimental information exists.

Thus, we have succeeded in reproducing systematically the col-
lective features of typical soft spherical nuclei, Pd and Ru, which
was achieved by using a very limited number of parameters.

One should note the improving quality of AVM-results going up
in the energy scale (see Figs I, 2, 9—11) in contrast to the various
IBM-versions. One could interpret it as follows. The nuclei under
consideration are soft enough to manifest large-amplitude quadru-
pole mean field osrillations to which the single-particle level scheme
is very sensitive. Thus the resulting collective potential energy U (B)
versus the collective deformation parameter p feels fluctuations near
the zero point and its approximation by the formula (1) isn’t very
good. Going to the higher energy (and angular momentum), one
has a deep potential well, for which the approximation (1) is well
enough to compute the level energies determined by the large-p asy-
mptotic only and slightly influenced by the potential energy fluctua-
tions at small B.

From the results of the work the following conclusions might be
drawn.

(i) The model considered in present paper proves to be very
successful in describing collective quadrupole excitations in soft
spherical nuclei providing the agreement with the experiment not
worse then the famous IBM, while the number of parameters fitted
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being not greater than that of IBM-versions. Thus an extension of
such AVM-calculations to other regions of periodical table seems to
be of interest.

(ii) The values of parameters optimized to fit the physical quan-
tities are in accordance with the initial microscopic estimations thus
making the whole approach to seem selfconsistent and stimulating
the work to construct the collective Hamiltonian and calculate its
coefficients by means of the straightforward microscopic computati-
ons basing on the underlying fermionic dynamics.
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Fig. I. Energy levels of the Yrast-band in even Ru isotopes empirical (circles) and

calculated in the AVM (solid line), IBM-2 (dashed line) and IBM-1 (dotted line)

versus the neutron number. The experimental values are taken mostly from the last
version of Sakai Tables [37].
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Fig. 2. The same as in Fig. 1, but for even Pd isotopes. Experimental data are ta-
ken mostly from [37].
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Fig. 3. Energies of the X-band levels and of the level 5] (Z-band) —empirical (circles) 2 Fig- 4. The sawe as in_tig. S hut for Pu.jsotopes.
and calculated in the AVM (solid line), IBM-2 (dashed line) and IBM-1 (dotted line). '
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Fig. 6. Same as in Fig. 5, but for Pd isotopes.
Fig. 5. The energies of three-phonon states 3F (upper part) and 0; (lower one) for

Ru isotopes. AVM-results are given by the solid line, those for IBM-2 and IBM-1 are :
given by the dashed line and dotted one respectively.
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Fig. 7. The experimental values ol energies of levels 0 and 27 belonging to the Fig. 8. Same as in Fig. 7., but for Pd isotopes.
B-band in Ru isotopes as compared with model predictions of AVM (solid line),
IBM-2 (dashed line) and IBM-1 (dotted line).
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Fig. 9. Level energies of the Yrast-band in Ru isotepes (Ref. [17, 18], middle part) X
as compared with those calculated in AVM (on the right). Labels a, b, ¢, d corres-
pond to the following approximations:

a—pure harmonic vibrator, b «quarti{é asirygtﬂticsm, (for ®*=0 and one more parameter o>0 ~ Fig.10. Same as in Fig. 9., but for side bands in Ru.

being used), ¢—results for parameter mz,"'.l being fitted, d—the full calculational scheme (for

three parameters Eja,r"f'm, %, o being fitted). The IBM-2 calculations and those for IBM+4+g [I7,
18, 49] are also given for comparison on the left).
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Fig.f2. a—The averaged squared deviations of experimental level energies (normali-
zed to Ey¢) in Ru isotopes from calculated in IBM-1 (SU(5) limit), dashed line,
and in the AVM for only one fitted parameter, o, (dotted line) and for all three

dynamical parameter being fitted. The number of litted parameter is shown in brac-
kets for each case. b—The same as in Fig. 12,a but for Pd isotopes.
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Fig.14. a—Same as in Fig. 1la but for the chain of Pd isotopes. Experiml_anta_l data

are taken: opened circles from [35], closed circles from [33]. b— Same as in Fig. 11,

part a but for Pd isotopes. Experimental data are taken: circles from [33], squares
from [41].

Fig.13. a—The absolute values of B(E2; 2{~0} for the chain of Ru isotopes Ru as

compared with AVM-results (solid line) and those for IBM-2 (dashed line) and

IBM-1  (dotted line). Experimental data are taken from Ref. [33]. b—Same as in

part a but for B(E2; 4]~2})-values. Experimental data are taken: circles from [33],
squares from [34].
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Fig. 15. a—Absolute values of B(E2; 0}—~2/) in Ru isotopes and results of calculati-

ons in IBM-2 (Ref.[26], dashed line), IBM-1 (Ref.[32], dotted line), and in the

AVM (solid line). Experimental values are taken from Ref. [33]. b—The same as in

the part a but for B(E2; 2§~2). Experimental values are taken: circles from [33],
squares and triangles from [34].
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Fig. 16. a— Absolute values of B(E2; 07—2}) for Pd isotopes and results of calculati-

ons in IBM-2 (Ref. [26], dashed line), IBM-1 (Ref. [32]"), dotted line), and in the

AVM (solid line). Experimental values are taken: circles from [33], triangles

from [41]. b—The same as in part a but for B(E2; 2/+2). The experimental data

are taken: circles from [33], opened triangles from [43], closed triangles from [40],
closed squares from [44],opened squares from [41].

“'Since the numerical values for this quantity obtained in Ref. [32] are wrong tho-
se are corrected by the present author.
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Fig. I7. a—Absolute values of the crossover transition probabilities, B(E2; 203 in

Ru isotopes compared with those callculated in IBM-2 (Ref. [26], dashed line),

[BM-1 (Ref. [32], dotted line), and AVM (solid line). Experimental data are taken:

circles from [33], triangles from [35]. b—Expectation values of the quadrupole mo-

ment in the first excited states for Ru isotopes. Experimental data are taken
from [33] except the triangles being taken from Ref [35].
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Fig. 18. a—The same as in Fig. 19,a but for Pd isotopes. Experimental data are ta-
ken: circles from [33], squares from [41]. b—The same as in fig. 19,6 but fo’r Pd
isotopes. Experimental data are taken: closed circles from [2], others from [33].
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52 54 56 58 60 Fig. 20. a—The same as in Fig. 17,a but for Pd isotopes. Experimental data are ta-

ken: opened circles from [42]", squares from [41], and closed circles from [28].

b—The same as in Fig. 17,6 but for Pd isotopes. experimental estimates are taken

from Ref. [42]. c—The same as in Fig. 17,c but for Pd isotopes. Exsperimental valu-

es are taken from [41] and [24], for the '"™Pd, the upper limit was taken [rom
Ref. [45].

Fig. 19.

a—Absolute values of B(E2; 0j/~2}in Ru isotopes as predicted by the AVM.

IBM-1—results (Ref. 32) are also presenfed.

E:-—Rat_ios B(E2; 4{=2J) /B(E2; 4/+2%) in Ru isotopes as predicted by the AVM.

¢—Ratios B(E2; 2{~0/)/B(E2; 2{~0",) in Ru isotopes as predicted by the AVM.

Experimental dots for " Ru are taken from Ref. [16]. "} The ratios B(E2; 0/~2}/B(E2; 0;~2]), measured in Ref. [42], have been used
by the author to calculate values of B(E2; 03—+2;).
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Fig. 21. a —Ratios B(E2; 3*~4}) /B(E2; 3;~2}) in Ru isotopes and results of calcu-

lations in the IBM-2 (Ref. [26], dashed line) IBM-1 (Ref. [32], dotted line) and in

AVM (solid line). Experimental data are taken from Ref. [26]. b—The same as in

part a, but for the ratio B(E2; 372/)/B(E2; 3;~2]). Experimental data are taken
* circles from [26], triangles from [36].

Fig. 22. a—The same as in Fig. 19,a but for Pd isotopes. b—The same as in Fig.
19,b, but for Pd isotopes. Experimental values are taken: circles from [26], triangles
irom [33].
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Fig. 23. E2-transition probabilities inside the Yrast-band of '""Pd—experimental valu-
es (Ref. [28]) and theoretical ones calculated in the AVM (solid line) and in IBM
(dashed line). Experimental bars marked with dashed lines correspond to levels of
the Yrast- but not ground-state band. Fig. 24.
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The same as in Fig. 21, but for the "% Ru, in units of B(EZ2; 2101,
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Fig. 25. Quadrupecle moment expectation values in the states of the Yrast-band (left
part) and the X-band (right part) in '’Pd being compared with the results of the
IBM (dashed line) and the AVM (solid line).
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Fig. 26. Yrast-band E2-transition probabilities in Ru isotopes (normalized to
B(2}~0})) as predicted by the AVM (solid line), IBM-1 (Ref. [32], dotted line), and
BET (Rel. [33], dashed line). Experimental values are marked by circles.
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Fig. 28. Values oi the parameter y adopted to calculation for Ru- and Pd-chains ver-
% sus the neutron number.
2'..

Fig. 27. The same as in Fig. 26 but for Pd isotopes.
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