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The dynamic deformation theory with the pairing plus quadrupole interaction is applied to study the mul-
tiphonon band structure if*%Er. ThreeK™=0", two K™=2", andK™=4" bands have been analyzed. The
lower four bands are also analyzed in the interacting boson model. The nature ¥f th@, and 0; and
K™=4" bands is discussed.
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I. INTRODUCTION mation theory in the pairing plus quadrupole approximation
[15] for analyzing the soft nucleil®Gd, °4Gd, and more
Recently there has been renewed interest in the muldeformed *°Gd in a multiband analysif16-1§ and
tiphonon collectives- and y-vibrational states in deformed *****Dy [19], **®1Dy [20]. Thus it would be useful to
nuclei. Two K™=2" phonons can be combined to form analyze the band structure S¥€Er in the DPPQ model. For
K™=0" and 4" yy bands. Also one can haw€™=0%23, comparison we also carried out IBM-1 calculations, as in
K™=0; band in rare-earth nuclei has been under discussioffite! @ brief introduction of the DPPQ and IBM-1 models in
[1—4], whether it is-vibrational or 2y phonon band. Also, Secs. Il and Ill, we discuss the role of the parametrization in
the nature of th& ™= 4" state in*%r has been reexamined obtaining the final results in Sec. IV. In Sec. V we present
: ) : o the detailed results from our calculations and discuss our
experimentally in multiple Coulomb excitatigs] and from : .
I . ) conclusions in Sec. VI.
decay lifetime datd6] on its preferential decay to the one
y-phonon band.
This is also linked to the predictions of the interacting

boson model-11BM-1) in the SU3) limit wherein the and Briefly, in this model one starts from the single particle
y bands in the (R—4,2) representation are degenerfifé  Nilsson energies in the spherical limit for the two major
With slightly broken SW3) symmetry, the pairing term in shells, one each for neutron and protoAs-@0, N= 70 inert
the IBM-1 Hamiltonian raises or lowers th@ band above core and adds a quadrupole term to obtain deformed single-
(below) the y band. Also, they-g E2 transition is predicted particle orbitals(Nilsson orbital$ and wave functions. Then
to be stronger than thg-g transition by a factor of 10. There the pairing term is added to obtain the deformed quasiparti-
has been considerable emphds$ on the strongy-8 E2  cle energies and wave functions. This constitutes the
transition prediction of IBM-1, which was assumed to beHartree-Fock-Bogoliubo\HFB) method. This is done for
weak in the second-order band-mixing approach of the Bohreach point of g3-y mesh and by using the cranking model
Mottelson mode([9]. expressions, the parameters of the collective Hamiltonian
The deformed nucleus®®Er was studied extensively in
the (n,y) reaction by Davidsoet al.[10] and its band struc- 1 1 . . 1 B
ture was analyzed by Warnet al. [11] using the slightly Hcon=(§) C,32+§B(,32+ B>y + > 2 ow® (1)
broken SU3) symmetry. McGowanet al. measured the K=t
B(E2) excitation strengths to various" 2stateg[12]. Later,
Davidson and Dixori13] repeated the experimental analysis
of &r in which many more positive and negative parity 1
tbhznodrf/ were deduced, presenting a great challenge for nuclear j__ =/, y)+ 5Bgﬁ(ﬁy7)(Bz)+25ﬁ,y(ﬁ,7)[355’
On the basis of the stronger decay’fi{16¢16Er, Kumar L3
from the dynamic deformation theofyl4] suggested that 2.2, 2
suchK™=0, bands may be callegly bands. More recently, TBABYEY kgl O B.7) i @
Casten and von Brentari@] cited %%r as one of the cases
where theK™=0, band decays preferentially to theband, are determined. Th&0, E2, and M1 operators are also
thus supporting its 2 phonon character. However, the band- derived microscopically. In a second step the Bohr collective
mixing analysis of interban@&?2 transitions in[1] excludes Hamiltonian is constructed and solved for each spin. The
the 2y phonon interpretation. summation over thgy mesh allows the nucleus to find its
Thus there is a need for a detailed reinvestigation of thiswn dynamic shape. This constitutes the time-dependent dy-
deformed nucleus in a microscopic theory to seek the aboveamic deformation method. For further details see Refs.
anomalies. Earlier we successfully used the dynamic defoi-14,15.

Il. THE PAIRING PLUS QUADRUPOLE MODEL

or its more general form
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In the DPPQ mode]15], in order to correct for the inert data and demonstrated that basically the geometric and alge-
core the effective quadrupole force parameXgrand the braic models yield the same features of the collective aspects
kinetic coefficients renormalization factdfg are varied of the low-energy part of the nuclear structure. They also
slightly to fit approximately to thé€e(2;) and E(4,) ener-  discussed the question of weighting of data and the number
gies. In this respect it differs from the fully microscopic ver- of parameters. Too many parameters lead to a problem as in
sion called DDM[14] where no varying parameters are used.GCM [21]. This is also evident from the study df%r in
The values of the quadrupole force consta8.5A **and  IBM-2 [22].

inertial renormalization constafitzg=1.8 were adopted for In the DPPQ model, also because of the limitations on the
constructing theH ppq for ®%Er. However, see further com- choice of single-particle levels that are inptiwo different
ments on the problem of parametrization below. sets were used for the beginning and the end of Zhe
=50-82 major shell§14,15), the use of an inert coreZ(
Il. THE INTERACTING BOSON MODEL-1 =40, N=70), the use of a crude quadrupole interaction, and

the use of BCS theory for the pairing interaction, etc., one

The interacting boson model-1 accounts for the CO”ectiV%”OWS a small variation of a few percent in the quadrup0|e
deformation in terms of the valence nucleon or hole-pairstrength constarX, (aroundX,=70). The inertial factoF g
bosons (with no distinction between proton and neutron myitiplies the kinetic coefficienB’s and the moments of
bosons$. In sd-IBM only the L=0,2 bosons are considered, jnertia 6y linearly. The charge parametey (e,=1+e,) for
and in the multversion thel gy is given by neutron is almost constant at 0.6—0.7.

Some of the structural observables like energy scale,
quadrupole deformatioB,, the quadrupole moments, and

t';e intrabanB(E2) values are affected only marginally by

neglecting the hexa and octa terms. The four parameters é’_‘e variation in these two parameters. However. several other
the Hamiltonian are determined empirically through a leas inth Wo p €IS, FTOWever, Sev
Interband transition rates, especially if the absolute values

square fit(to level energiesprogram. In the computer code are small, can vary by a factor of 10 or more, andB(&2)

PHINT, these four parameters are named as EPS, QQ, EL ratios may vary by a factor of 100 or more for slight varia-
and PAIR, respectively. The quadrupole operaarsed for tion of the input parameters. This is much more true for the

Ei(\q/'e(r?)b?nd also for theE2 transition operatiori (E2) is higher-lying bands where the levels from several bands over-
lap. This is also because of the complexity of the underlying
Q=¢,[(std+d*s)+ y(dd)?]. (4)  Nilsson orbitals and the quantum rules leading8t@nd y
vibrations. Thus we studied the effect of variationgffrom
The coefficients of the terms in Eq4) are related to 70 to 63 andFg=1.8 to 2.4. At largeX,, the 2" level and
the FBEM code variables E2SD and E2DD, their ratio the ratio €,/E,)=R, are low. At smallX, the prolate-
E2DD/E2SD being equal tg in Eq. (4). We sete=0in Eq.  minimum shifts toward a lower deformation valyy. We
(3) and the values of QQ, ELL, and PAIR used arel6.5, chose a value oXy=68.5 andFg= 1.8 corresponding to the
19.5, and 16.8 keV, respectively, corresponding tk  correct B,. Large departures from experiment or between
=8.25, k’=19.5, andk”"=32.6 keV. For FBEM E2SD two models must be seen in this context when looking at
= 0.132 and E2DD= -0.10 yield y=—0.76. For the numerous data. Only an overall predicted trend is useful.
Hamiltonian we used the SB) y value. The code space A similar ambiguity about the input parameter set and the
limitation allowed the detailed analysis of only four bands,resulting predictions exists in the phenomenological IBM-1,

Higw=eng+kQQ+k'LL+K'PP 3)

viz., g, v, B, andB’ (K=03) bands. in spite of the facility of a least square fit to input data for
determining the parameters. The amount of data or the start-
IV. PARAMETRIZATION OF THE HAMILTONIAN AND ing values of the parameters can affect the final values of the
OPERATORS parameters. The optional use of the boson enerdpas its

_ _ _ _ o effect on the predicted values. For example, reductioa to
Since any given nuclear model is only an idealization of=0 also reduced thg-g interaction strength by a factor of
some aspects of the nucleus, some parametrization is usually), while they-g strength was unaffected. This affects the
done. In IBM-1 all the energy data are input to freely adjust(g-g/y) or (8-g)/(y-g) B(E2) ratios. They-B strength

the three(or four) parameters of thel gy and the two coef-  was affected only 20%. The reduction gffrom the SU3)
ficients of theQ operator are determined in E@) through  value inH gy also has similar effects.

two B(E2) values. In a more versatile version, called the

consistentQ method[8], severalB(E2) values andB(E2)

ratios also are input for a simultaneous fitHeand Q. More V. RESULTS

specifically, the coefficients andk fix the band spacing&/’

fixes the level structure, ard affects the band order of the ~~ The DPPQ model calculation reproduces the energy or-

B and y bands. The coefficient in Eq. (4) affects they-3 dering of theK-band structure for the five bands studied,

coupling. viz., g, v, K™=0, =0’, also denote¢B here;K™=0, =0",
Seiwert et al. [21] used the eight-parameter Gneuss-denotedB’; and K™=2; B8y bands. TheK™=4" band is

Greiner mode[GGM) and the 12-parameter generalized col-predicted to be lower below th@gy band. At a lower

lective model(GCM) for a fit to the 1%Er levels andB(E2)  X-parameter value, the band order gets affected for the close-
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TABLE I. The level energies and components int%%r.
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TABLE lIl. Absolute moments(in €?b?) in %Er. The states
23,24, are indicated by 2and 2, respectively, and2=24, here.

Band Level energykeV) K™=0"* 2" 4+
K | Expt2 DPPQ
01 2 80 79 99.94 0.06
4 264 187 99.86 0.10 0.04
6 549 370 99.77 0.18 0.02
2, 2 821 1547 0.03 99.97
3 896 1580 100
4 995 1709 0.47 99.44 0.09
5 1118 1763 99.88 0.12
6 1264 1930 1.14 98.65 0.17
0, 0 1217 1779 100
2 1276 1876 99.87 0.13
4 1411 2024 99.43 0.56 0.01
6 1617 2277 98.75 1.24 0.01
053 0 1422 2883 100
2 1493 2966 99.68 0.32
4 1656 3058 96.45 0.62 2.93
6 1903 3220 94.02 4.41 1.48
2, 2 1848 3069 0.41 99.59
3 1915 3103 100
4 2002 3249 2.12 96.06 1.79
5 2109 3356 98.03 1.97
4, 4 2056 3038 2.60 1.58 95.82
5 2170 3143 1.84 98.16
6 2307 3300 2.35 2.22 95.33

%Reference$13,23.

lying bands. Our notation of 8= 8, 0;=8' agrees with the
use of other authors cited here excghti4]. The latter called

them yy and B, respectively. As previously, in general, our

calculation yields somewhat compressgédand energies 1€ - ¢ - !
and raised excited-band energies by up to a factor of 1.5—2.@nharmonicity required for higher-lying multiphonon bands

TABLE II. Absolute moments int®%€r.

Quantity Expt® DPPQ DDM IBM-1°
Q(2;) (eb) -2.182) -218 -217 -2.19
Q(4g) —2.2(10 -2.75 =275 =277
Q(2y) 2.2523) 2.16 2.12 2.05
Q(2p) 2.1414)° -214 -221 -1.94
Q(247) —-2.14 ~1.90
Q(247) 1.97

Zero point energy 2.64

Bo atVoin 0.33

(29) (n.m,) 0.64212) 0.80 0.63

©(2,) 072 (14 0.97

aReferencd23].

bReferencg 14].

‘Present work.

dReferencd 27].

Quantity Expt? DPPQ DDM  IBM-1¢
B(E2;04-2,) 5.90(6) 5.80 5.73 5.90
B(E2;04-2,) 0.132(4) 0.159 0.141 0.130
B(E2;04-2) <0.0% 0.043 0.032  0.0035
B(E2;04-2¢1) 0.005 <0.002% 2x10°%¢ 2x10°*
B(E2;04-24,) 1.2x10°°
B(E2;2-0) 1.18 1.16 1.15 1.18
B(E2;4-2) 1.60 1.66 1.66 1.67
B(E2;6-4) 1.84 1.83 1.81
B(E2;04-2,) 0.002 0.073 0.004
B(E2;04-2,) 0.017f 0.032 0.29 0.095
B(E2;2,-2,)  0.03315'  0.003 0.053 0.025
B(E2;2,-2,) 0.051) 0.053 0.040
B(E2;25-2,) 0.003 0.016 0.001
B(E2;24-4,) 0.012 0.020 0.0023
B(E2;25-0p) 1.14 0.93
aReferencd23].
bReferencd 14].

‘Present work.
dReferencd1].

®In [14] these refer to 2=24, and 2,y=2,, respectively.
Referencd 27].

9Referencq 24].

PThe values calculated in SCCMdgIBM, and (MPM) are 0.032,
0.047, and 0.003, respectivelyee[27)).

iReferencd28].

But the orders of the spins are correctly given in Table I. The

is not achieved with our prolate minimum and the dynamics
involved. The calculatetk components given in percent al-
low band grouping of these collective levels. Since tF&r
nucleus is well deformed4,=0.33), K mixing is rather
small in all six bands here, althoudd mixing increases to-
ward the higher-lying bands. A€,= 65, theK mixing in the

B' and By bands increases up to 30% compared to only a
few percent at the highex, adopted here. A further confir-
mation of the levels of the same band is available in the large
intraband transitions. This criterion can also be used for band
identification in IBM besides the energy considerations. In
our IBM-1 calculation, a close fit to level energies is ob-
tained here but th&™=4" band lies low as also ifiL1]. In

fact, our IBM parameters are close to those of R&t].

The calculate®B, s, ¥ims Values(not shown are in close
agreement with the DDM valuegisl4]. But DDM predicts
greaterK admixtures in some states, more specifically Ifor
=4 states. This trend is obtained in the DPPQ model for
smaller values of the quadrupole strength param¥tgras
stated above. This in fact may be the situation in DDM],
where no parameter adjustment was done, and which was
considered the weak point of DDM (2]. Bohr and Mottel-
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TABLE IV. Comparison of experimental and theoreti@&{E2) TABLE V. B(E2) branching ratios for transitions fro{™
branching ratios from the states Kf'=2; y band in *%%r. =0, B band in*%r.
Transition RelativeB(E2;l;—1;) I l¢/1; Expt® DPPQ IBM BMP IBM®
i I¢/ls Expt? DPPQ IBM IBMP IBM® 0, 2,12, <51 0.44 18 24
2+ 042, 054100 060 0.66 054 0.66
442, 0.06810) 0.063 0.060 0.076 0.058 1217 keV 569)¢ 125°
040, 012" 0.0 0.73
24 0424 0.7213) 0.54 0.64
3* 24/4, 153200 1.82 2.08 144 212 1276 keV Q/4, 0.252) 0.42 0.31 0.2 0.30
242, 0.026100 0.028 0.027 0.026 0.022 2,04,  2.907) 0.12 7.5 2.7 10.8
442, 0.0175 0.016 0.013 0.018 0.010 2,3, 08332 0.13 0.53 2.25 2.65

040 5x107° 0.007 0.001 0.0002 0.001
4* 244, 0204 019 030 018 0.30
644, 0143 008 012 014 012 4, 242, 06719 33 22 02 156
242, 00163) 0019 0.025 0015 0023 1411keV §/2, 0.00112) 0.011 0.0023 0.0011 0.002
642, 3610 36 46 11 403

5* 446, 08016 11 139 080 137 2)3, 008127 061 0063 015 025

44, 00245 004 0043 0037 03 2)4, 005317 13 0018 0048 0019

25, 0136) 0.03 016 029

6° 446, 0126) 013 023 009 0.25 3/5, 168 005 115
4,4, 00042) 0006 0010 0.0044 0.009

6 644, 6811 043 1.2

‘Referencq 11]. 1517kev 4/4, 5614 001 12 127 16

bUsing consisten® parametrizatior8,32).
‘Present work.
UIReference$1,2'3ﬂ, derived fromB(E2;04-2,)/B(E2;04-2,).

4,/4, 0.001%3) 0.0001 0.0009 0.005 0.0009
44045 0.00021) 0.007 0.0007 0.0004 0.0006

4,5, 0.348) 0.003 036 1.4
: : . 4/6, 0123) 01 0045 27  0.045
son [25] in a macroscopic analysis demonstrated through 506, 0.348) 3 0.36 75 0.03

Mikhailov plots the small band mixing with M,
=(0.021 and 0.013Y1, indicating smallK admixtures iy  2Reference$11,23.
and B bands. bReferece 11]: relative values.

Next we report the static electric quadrupole and magneti€Present work.
dipole moments in Table Il and compare with IBM-1 and 9Referencd 2], in Ref.[27] remeasured value is G19).
DDM values. The negative quadrupole moments of the 2 °Referencd?2] (read from their graph
state ing, B, andK"=0;=B' bands and the positive ones
for the K™=2" bands are given correctly in sign and mag-1BM-1 values of 0.005 to 0.02 for the inverse ratio
nitude. The static moment®lectric quadrupole and mag- B(E2;04-24/2,) are in fact smaller than the empirical values
netic dipolg of various states obtained in the DPPQ modelin this region. In DPPQ model the weak@-g strength
compare well with DDM values. Similar values are alsocomes from the3-y space structure of the mak=0 and
noted in IBM-1, where the charge parametgrand y of the  two vectors wherein th& =0, vector has a node near the
quadrupole operator are freely adjusted. As stated earlier, th@iddle of the B=0-0.5 space(illustrated for °6Gd in
input parameters in the DPPQ model have a minor effecf17(b)]).
here. The same is true for IBM. The small variation(fl The intrabandB(E2) values in the ground band increase
=K) is consistent with rotational structure analysis of thesewith spin that are reproduced in the three models. The
bands in[25] and near-constancy of coefficien\” in the  B(E2;04-2,) DPPQ value is almost equal 8(E2;04-2,)
first term of the BM expansion for level energies. and larger than the IBM-1 value. The recently measured

Some important absolut(E2) values are given in Table value in Coulomb excitation work by the COULEX tech-
lll. The E2 excitation probabilities from the ground states nique[27] is only 0.002, while the value from the lifetime
0; to the various excited 2 states decrease progressively measured by the GRID technique is 0.0tange 0.002—
from 2, to 2s. Our values compare well with experiment and 0.030 e?b? [28]. The absolute8(E2;04-2,) was derived by
DDM [14]. The larger 2-04 E2 transition strength com- Guntheret al. [1] that agrees with the recent value [@7].
pared to the weakefby a factor of 3 from 2, to ground The DPPQ value agrees with this within a factor of 2. The
state is well given in the DPPQ model and DDM. The latterDDM value of 0.29 forB(E2,0,,-2,) does not match with
value is, however, somewhat larger than experiment. Irhis but comes closer to o&(E2;05-2,) value of 0.15. The
IBM-1, the 2,,—04 value is ten times weakéfor the e=0 IBM-1 value is 4-5 times larger. Note that in both IBM-1
sed. This is alsoy-parameter-value-dependent in IBM-1 as and DPPQ models, thg-y strength is affected only slightly
pointed out in Sec. IV. Castest al. [26] noted that the by parametrization. The value calculated in the self-

044308-4



MICROSCOPIC STUDY OF THE'*%r MULTIPHONON . . . PHYSICAL REVIEW C 63 044308

consistent collective coordinate meth@@CCM) [29], and TABLE VI. The relative B(E2) values for transitions from
sdgIBM [30] are consistent with our value. But the MPM K7=4" band in***€r. The absolut@(E2) values are ire’b’.
(multi-phonon method[31] value is rather low by a factor of

5 (Table Ill). This value also affects thB(E2;2,-04/2;) i L lls Expt? DPPQ  Others
ratio (see below and Table IV 4 3,02, 0.6418) 0.66 0.58
TheB(E2;2,-2,)/B(E2;25-2,) ratio of 36 insd-IBM is 2056 keV 2/2, <0.005 0.001
rather large compared to 3.3 in DPPQ and 7.3 in G[24. 2,14, 2.0472) 1.86
The absolutd(E2;25-2) value from lifetime dat§28] lies 6,14, 1.2(7) 0.015
in between the DPPQ and IBM values. TB§E2;25-4,) 4404, <0.01 0.001
agrees better with DPPQ, the IBM value is smaller by a 4. /4" 0.2
factor of 5.
To get a more elegant view of the behavior of absolutes+ 3,/4, 1.39) 0.63
values, following[25], we did the Mikhailov plot analysis 2169 keVv 3/5, 2.8(50) 1.0
for vy-g, B-g, and B-y transitions in which one plots 4./6, 5.0(10) 8.3
B(E2)Y4CGC versusA =1(l¢+1)-l,(1;+1). For y-g, the
intrinsic matrix elemenM ; and band-mixing coefficieril, 4+ 2, 0.02814)¢ 0.08
from DPPQB(E2) values agree with experimef5], but 0.0399)¢
for B-g the M, value is larger by a factor of 4-5. In the 5* 3, 0.05337°  0.047
phenomenologicasdgIBM, Yoshinagaet al. [30] varied
four coefficients in thée2 transition operatofbesides the six  (47-2.)/(2,-0,) 1.1(5)° 25 1.3f
in Higy) to fit to M, values in the three plots. TheM, 1.4736)°

values fory-g and B-g are larger by a factor of 2 and 3, _ _
respectively. Thesd-IBM M, values[11] are smaller. Note ZUS'”Q E,, I, in Refs.[13,23. o
that we make no fits té1, values in theE2 operator. Also, rom DDM, MPM, sdgIBM, SCCM, and harmonic limit(see

B-g values are sensitive to parametrization. This explains the)- o
“Value from lifetime datg6].

deviations in the three models in the table for the absolut
%Value from Coulomb excitatiof5]. Recent absolutB(E2) value

values. _ . .
In Tables IV-VIIl we compare the intraband and inter- IS 0-06011) and relativeB(E2) value is 1.94) [27].
®Referencd 14].

bandB(E2) branching ratios from the five excited bands in,
1681, |n Table IV for they band, the DPPQ model yields QPNM, MPM, s.dg-IBM, and SCCM values are 0.73, 0.53, 1.4,
several values that give improved agreement over the IBM-£nd 1.9, respectively.

values[11]. In consistentQ formalism, one uses the same

value ofy of the quadrupole operat@ [see Eq(4)] both in  value exceeds thB(E2;04-2,) value by a factor of 3. Thus

the HamiltonianH gy, and theE2 transition operatof (E2) both in IBM and DPPQ, this predicted ratio is somewhat
and thus fits to the level energies aB@E2) values simul- parameter dependent.

taneously. Warner and Cast€82] obtained improvedy-g For other intraband or interbar®(E2) ratios, the DPPQ
B(E2) ratios that are closer to experiment and to the DPPQ@nodel values are consistent with those of IBM-1, though
values. The B(E2;2,-04/0,) ratio derived from these are not in as good agreement with experiment as for the
B(E2;2,-04) in [1] is only 0.12 which is better reproduced ¥ band. In some transitions, the slight change in the im,u_t

in DPPQ calculation. The IBM value is 5-6 times larger, or Fg value changes thB(E2) value by a large factor. This
independent of parametrization, and lies within the range oMmay be related to strong band-mixing effects here. Some of
IBM-1 values quoted ifj26] for this region. our IBM-1 values(last column differ from [11].

For theK™=0, 8 band our calculation gives weakEe Thel7=4" state at 2.030 MeV previously assigned to a
transitions to they band than to they band for X,>68 K7=4" band[11] is now listed as a member ofk@”=0"
(Table V). This is different from the DDM and IBM-1 re- band in[23] and in[13], hence is ignored here. For tie"
sults. The experimental value fd@(E2;05-2,/2,) is also =4" band at 2.056 MeV, the dominant decay is to K&
uncertain. The value used [11] is about 5, but the value =2" band. The interband relativB(E2) ratios were de-
derived fromE2 transitions from higher spin members of the duced by using y-ray data [23]. Five of the six
B band in[2] using Alaga rules is rather large. Guntle¢ral.  B(E2;1,,-17/1") ratios agree with experiment within a fac-
[1] have pointed out the inadequacy of this process. In recerior of 2. Hartlein et al. [27] deduced B(E2;4,,-3,/4,
work [27], this ratio is 6.914). Also in the latter work of2], =0.55(10), which is reproduced within the error limits by
the IBM-1 value plotted graphicallgsee Fig. 2 of Refl2]) is  our calculation as also in other calculations. For the hindered
much larger. Our IBM value is 24, but fer# O fitit reduces direct decay to theg band, the smallB(E2;l,,-2,/2,)
to 2.5. Using the Gneuss-Greiner model with a fit to input<0.007[27] is supported in our calculation, which is indica-
B(E2) data, Seiweret al. [21] obtained this ratio equal to tive of the K purity of the 4" band[27] as also predicted
three. Since DPPQ value @&(E2;04-2,) of 0.032e%b? is  in DPPQ model(Table ). Our absoluteB(E2;4,,-2,) of
consistent with the dat&Table ), our B(E2;05-2,5) is  0.08 is close to the recently determined value of
rather large. For loweX, value, say, 65.0, thB(E2;04-2,) 0.060 (11) &2.2 s.p.u.) in the Coulomb excitation work.
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TABLE VII. Relative B(E2) values for transitions fromK™ TABLE VIII. Relative B(E2) values for states of th& =05
=2" By band in**%r. band in *5%r.
I, L/l Expt?2 DPPQ I, Kl Expt® DPPQ  IBM  IBMP
2+ 04/24 0.88 0.3 ot 02 53.8 4.4 0.43 0.45
1848 keV 22, 0.36 1.0x10°4 1422 keV 22 100 100 100 100
3,12, 2.77 0.9 0'2 7375 0.48 0.46 0.9
2412, 5.0 4.6
24/2, 23.7 0.6 2" 00 0.002 0.044 0.006 0.005
1493 keV 2 0.114 0.008
3* 4412, <0.20 0.25 4 0.025 0.054 0.02 0.02
1915 keV 22, 0.36 0.003 22 0.035 3.36 2.3 1.9
2,14, 0.35 0.9 3 0.05 6.47 4.3 2.4
4 0.05 2.70 2.0 1.7
4+ 24/44 0.43 1.2 0’0 0.175 0.003 0.004 0.009
2002 keV 3/4, 0.58 3.6 2 0.175 0.014 0.01 0.02
2,12, 0.02 4 75 0.83 0.03 0.04
24025, <0.002 0.02 00 0 100 100 100
45140 0.25 3.0
4,14, 0.26 0.01 4+ 02 0.01 0.17 0.005
4,/4q 0.064 0.03 1656 keV 6 0.34 0.01 0.01
45125, 0.014 0.15 22 0.08 0.03 0.04
3 0.08 1.52 0.58
ZReferepce{lS]. 4 270
Assuming part placement of 726.6-keyray at 45,-2,. 5 0.48 4.46 24
So is theB(E2;5,,-3,) value. Also, the deduced value of 0(,52 2'3 é'ig 01(')%)2
1.94) in [27] for the much studied ratio R 4 3'0 0'15 0'01
=B(E2;4,,-2,)/B(E2;2,-04) that supports the/y charac- 02 160 1'00 1'00

ter of the band is consistent with our calculated value. This is

also close to the DDM14] andsdg-IBM [30] values. From  ageferencd11].
the theoretical work dealing with the anharmonicity of  bpresent work.
vibration explicitly, e.g., in SCCM29], the value of the ratio

Ralso agrees with the above, but the MPM velB&] is low.  ggrength to the 0 band but much smaller than experiment.
This is in spite of the fact that theB(E2;2,-0,) value is  pecay to they band is stronger in DPPQ model, yet less than
also lower than the experimeriwith effective chargee,  experiment. For other states, both models predict weaker de-
=0.2), so that their absolute value f@&(E2;4,,2,) iS  cays to theg band, relatively stronger decay to theband,
much lower. In the quasiparticle-phonon mod@PNM) of  ang much weaker decay to theband, as in experiment but
Solovievet al. [33], where the % strength is strongly frag- not to the same order. While theory predicts greater strength
mented, the recalculated value of the ratio is only 0.73. {5 the y band, experiment indicates more strength to ghe

In Table VII the relativeB(E2) values for transitions pand. This discrepancy does not allow a clg# or a yy
from theK ,=2; By band are compared with more recent characterization.

experiment[13]. The calculatedB(E2;lz,-1,) values of
the order of 10%e?b? are rather low and sensitive to the
two input parameters, but th@(E2;lg,-14/15) ratios
agree with experiment within a factor of 3. The same is true |n the present semimicroscopic calculatittwo param-
for B(E2;l4,-1)/17) ratios. The calculate®(E2;25,-25)  eters varied in a narrow range of a few pergente obtain
and B(E2;45,-45) are about 3 s.p.u. and the largestsome features of%%r that are the same as in the fully mi-
B(E2;Bvy-v) is about 1 s.p.u. thus predicting some couplingcroscopic DDM obtained earlier by Kum#t4]. But there
of the By band with 8 and y bands. The calculated are differences as well, especially regarding khmixing or
B(E2;25y-24/2,) ratio agrees with experiment. But some band mixing that was much greater in DDM. Considering the
B(E2) ratios involving two different bands for final states fact that much less band mixing is generally expected in
deviate by large factors. well-deformed nucle[25], our present results may be con-
In Table VIII following [11] we express the relative sidered relevant. The reversing of the spin order obtained in
B(E2) values for the states of thé=05 or 0" band relative  a few cases ifl4], and cited as a deficiency of DDM in Ref.
to the intraband transition. For the Btate itself the relative [2] is corrected here. However, it is to be noted that in the
values are expressed with respect to the transition toythe microscopic calculation where one diagonalizes the Hamil-
band. For the 0 state, both models yield the same decaytonian built from regional parameters for each individual

VI. DISCUSSION
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spin and in the well-deformed nucleus where the level spacthat theK™=2" band lies low. TheK"=0", 4% 2y bands
ing is rather small, the accuracy of the scale needed is naire expected below the two quasiparticle states and the an-
achieved, as is possible in a phenomenological model calctharmonicity ofy vibration pushes the 2bands to more than
lation where all level energies and even transition rates arghe harmonic value of 2, because of the phonon-phonon in-
used as input data as [B2]. teraction[25]. This anharmonicity was reproduced in macro-
The energy scale of the band heads remains expanded aggopic calculatioi34] and more recently in the microscopic
in the existing DPPQ method there is no anharmonicity patreatment ofy vibration [35]. In MPM [31] where the two-
rameter to adjust to the band head energy explicitly, as iphonon interaction was treated in TDA by using an eight-
possible in the phonon-phonon interaction based SCZ  phonon basis, and in SCCRI] by using RPA phonons
and MPM([31] calculations or in quasiparticle-phonon inter- with mode-mode phonon interaction, the anharmonicity of
action based QPNNB3]. The problem of the energy scale is the y vibration was obtained through variation of interaction
partly solved in DDM to yield better one-phonon band-headstrengths. Th& "=0" 2y phonon band is predicted to lie
energies, where the Nilsson approach with shell correction istill higher in general for well-deformed nuclei including
used. We make no attempt to vary the spherical singlei6%r [29-31]. But as illustrated in Table VI, the rati®
particle energies, which may affect the band head energies: B(E2;4,,-2,)/B(E2;2,-0,) is low in MPM and the
However, the dynamic treatment in thé-fy) space allows a B(E2;2 -0,) value is much lower. In QPNM where the
more generalized treatment of band mixing in both versions,.yipration strength is fragmented over several states, the
of this model a.nd thus the 'methOd is applicable to a Wid%round state to ;and to 25 E2 strengths are well repro-
range of nuclei and for multiband analy$5—-20. duced by treating the former as collective and latter as non-
The smallerk-band mixing also explains the major dif- cojlective, but the value oR is low. TheB(E2) ratio R is
ference in the prediction of thB(E2;0,-2,) value in DDM  reasonably reproduced in SCCI29], and DDM[14], as in
and DPPQ models here, a result that earlier led Kumar tpppQ method. Note the upward revision of Revalue in
suggest @ asK7™=0" yy band[14]. The location of the the recent Coulomb excitation wofR7].
K7=0" 2y phonon bandoften not @) is linked with the Our analysis of the relative interband transition rates from
location of K™=4" 2y excitation and the suggestion [B]  the K™=4" band, itsK purity and absolut8(E2,4,,-2,)
of 0, as a 2y phonon state led to increased interest. First, thesupports the 3 phonon character of the band in agreement
B-soft nuclei in whichl "—=0*" and 25, lie below 2, have to  with the above-cited experimental and theoretical works. The
be treated differently than in well-deformed nuclei, whereabsolute transition probability of the)2 state to they band
K™=0"" lies above theK"=2" band. In the formerk™  @as deduced by Lehmaret al.[28] is supported in our work,
—0*'is one -phonon band as discussed[#]. In 5%Gd but this may be related to band mixing effects as pointed out

using DPPQ model, we analyzed seven multiphonon banojg' [1]. For the U band the decay patternsgoy, and$ band

and obtained results that are consistent with experiment:ﬂre not well repro_duc_ed in e|the_r model_as dlscuss_ed above,
data[17]. ence no conclusion is drawn either on its collectivity or the

T - honon character. Thus, in spite of some structural deficien-

The motivation in Ref[2] for calling the 0 band as a phon T X -
phonon band was from the IBM gegeral prediction ofarela—Cles in the DPPQ method, its wide application has been ex-
tively strongerB-y coupling than thes-g coupling and al- hibited here. We have also given more detailed results from
mos)t/ equalgto théf—g ch))ungling Here itgmay %e %oted;ee IBM-1 and discussed its common points with DPPQ and the

Sec. V), that in the consister® formalism, the relative differences.

B-vI B-g strength is larger than isd-IBM-1 when using the

SU(3) value of y in the Q operator mainly because of the

change in smalB-g strength. Thus the prediction of the ratio

is parameter dependent. The largg(E2;2,-04) versus This research was partially supported by University

B(E2;24-04) is supported in DPPQ and other models. Thusgrants Commission, Government of India. Facilities at Ram-

the larger 3-y/-g) transition ratio is generally supported jas College are gratefully acknowledged by J.B.G. Research

by theory. at Vanderbilt was partially supported by the U.S. Department
In well-deformed nuclei, because of increagedigidity,  of Energy under Grant No. DE05-88ER40487. The hospital-

K™=0"" lies higher and the nucleus prefeyssoftness so ity at Vanderbilt is gratefully acknowledged by J.B.G.
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