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Anharmonic double-y vibrations in nuclei and their description in the interacting boson model
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Double-y vibrations in deformed nuclei are studied in the context of the interacting boson model with
special reference to their anharmonic character. It is shown that large anharmonicities can be obtained with
interactions that aréat leas} of three-body nature between the bosons. As an examplg thigrations of the
nucleusSeEryg are studied in detail.

PACS numbe(s): 21.60.Fw, 21.10.Re, 21.60.Ev, 27.7@

Nuclear quadrupole shape oscillations can be of twdosons. In the usual formulation of the model only up to
types: B or vy vibrations[1]. The 8 vibration preserves axial two-body interactions between the bosons are taken.
symmetry and a one-quantum excitation gives rise %6 a ~ What are the predictions of IBM with regard to two-
=0 band wheré is the projection of the angular momentum phonon states in deformed nuclei and theimharmonic na-
on the axis of symmetry of the nucleus.jAvibration breaks ture? It was pointed out some time ago by Bohr and Mottel-
axial symmetry and leads to le=2 band. Although their SOn [13] that the IBM-1 is unable to accommodate large
existence has been conjectured a long time [@othe ob- anharmonicities, as observed for instance ?ﬁEr. Subse-
servation and interpretation ¢-vibrational K™=0" bands quently, it was shown that these can be described but require

is still fraught with questions and difficulties. In contrast, g bosons with|=4 in addition to thes and d bosons
y-vibrational K™=2" bands are systematically observed in (sdgBM) [16]. More recently, we reported a study of two-

deformed nuclei and their properties are correspondingly bet[?honon states in IBM-1 trefited in ihe _intrinsic f_rarﬁieg]_ .
ter understood and showed that the IBM-1 is a harmonic model in the limit

. . I . .. of large boson number. Anharmonicities can only exist for
Since singley vibrations are so well established, it is fihite hoson number and they are always small if only up to
natural to search for double-vibrations and to examine 4 pody interactions are considered. It was also suggested
their harmonic naturéi.e., whether they occur at twice the hat anharmonicity in the model is linked to triaxiality. Since
energy of the single vibrationTwo intrinsic K=2 quanta it js known that IBM-1 with only up to two-body interactions
can be combined parallel or antiparallel and hence lead teannot give rise to a stable triaxial minimum, the model’s
two bands: one wittK=0 and another wittK=4. The ex-  capability for describing anharmonicities depends on the in-
perimental identification of doublg-vibrations in deformed clusion in the Hamiltonian of higher-order interactions, some
nuclei is difficult since they are expected to lie above theof which are known to induce triaxial shapgz0,21].
pairing gap and to mix with two-quasiparticle excitations, In this article the relation between three-body interactions
resulting in fragmentation and a corresponding reduction irin IBM-1 and the anharmonicity of vibrations in deformed
the collectivity of the states. During the past few years, hownuclei is investigated. Although the analysis presented is not
ever, a steady improvement of experimental techniques haxhaustive, it is shown that anharmonic behavior can be ob-
allowed the measurement of low-spin states in the energiained with reasonable three-body interactions. As an ex-
region of interesf3—5]. This possibility has reopened the old ample, the energy anB2 transition properties of the vi-
debate on the existence of two-phong® ¢r y) vibrational ~ brations of the nucleus'®Er are studied in detail. In
states and their properties. Experiments have been reporteddition, the nature of the ;0 state in the same nucleus,
recently pointing out the existence of doublesibrations in  which has been the subject of an intense debate in the past
several deformed nuclei with a wide range of anharmonicifew years[22—23, is briefly discussed.
ties[6—11]. In particular, in Refs[7,8] the first observation The Hamiltonian adopted in the following includes a
of the K"=0" and K"=4" doubley states in one quadrupole-quadrupole term, a rotatiohlterm, and three-
nucleus,**Er, is reported. They are observed at 1.949 MeVpody interactions between thiebosons,
and 2.029 MeV, respectively. This information is of great
interest since it provides a stringent test of nuclear models;
for instance, the quasiphonon nuclear mo@@PNM) pre-
dicts noK™=0" two-phonon state below 2.5 MeV itP%Er
[12]. Several calculations of two-phonon states, using either
phenomenological or microscopic models, are available, par- X ((dxd)®xd)", (1)
ticularly for %¢Er and %%r [12—17. One of the models
employed is the interacting boson mod#M) [18]. In the - R
simplest version of this model, referred to as IBM-1, anWhere- denotes scalar produd,,=(-1)*d_,, Q is the
even-even nucleus with valence nucleons is treated as aboson quadrupole operator, ahds the angular momentum
system ofN=n/2 bosons with=0 (s bosong$orl=2 (d operator:

A=—xQ-Q+«'L-L+2 6,((dxdH®xdh®
ki

0556-2813/2000/62)/04730%4)/$15.00 61 047305-1 ©2000 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW C61 047305

3.5 T , T
| .
——- K=0" I’
— K=4 |
/
1
3r !
/
/
I/
// 15 - l=6 i
=25 | / .
m / Il Il ]
// T T T
/ =
, 1=0
/
//
2;_________::::; - _ 4
1.5 ! ‘
-1 -0.5
X
. . . . 0 1 2 3 4
FIG. 1. The ratioR} (as defined in the texas a function ofy. 0/x
The Hamiltonian(1) is used with8,=0; the boson number ibl !
=15. FIG. 2. The ratiosR} (as defined in the textas a function of

0,/  for differentl. The Hamiltonian(1) is used withy= —0.5; the
O=s"d+d s+ y(dTxd)@, L[= \/R)(d'fxa)(l)_ 2) boson number iN=15. The dashed lines give the experimental
values for the corresponding ratios ffEr.
Five independent three-bodg-boson interactions exist

which havel =0, 2, 3, 4, and 6. Interactions with the same posong as a function of the quadrupole paramegdrarying
but differentk are not independent but differ by a normaliza- panveen its S@®) and Q6) values — 17 and  in the
tion factor only[20]. The combinationsk1)=(2,0),(0,2,  gpsence of three-body interactions. The re& remains
23, 2.4, and(4,6) are chosen here, about constant and of the order 1R shoots up for small
The Hamiltonian(1) is certainly not the most general that Ix]. Close to the 6) limit the concept of ay vibration is not
can be considered. Notably, a vibrational teegmy which  \yall defined and so nothing is plotted fbg|<0.15. The

dominates in spherical nuclei is omitted since it is thought of 5 e of y is constrained b2 transition probabilities and

lesser importance in the deformed nuclei considered here. |t jeformed rare-earth nuclei it ranges typically between
is clear that the inclusion of such additional terms might_q 4 and—0.7[26]. From Fig. 1 it is clear that no substan-

improve the quality of detailed fits to particular nuclei suchja| anharmonicity occurs in the vibration for these values
as the one for®Er presented below. Finally, of all possible ¢

three-body interactions only those between drigosons are In Fig. 2 the influence of the various three-body interac-

retained here since these are most crucial for obtaining 8,5 is shown for a typical value of (y=—0.5) and for

stable triaxial minimunj 20]. L .. N=15 bosons. It is seen thatvibrational anharmonic be-
For the discussion of anharmonicities plvibrations itis  ovior is obtained which can be different for the=0"
convenient to define the following ratios of excitation ener-nqK =4+ bands(e.g., positive for the former while nega-

gies. tive for the lattey. Care has been taken to plot results only up
E(0) E(4t)—E(47) to va_\lues ofé, that do not drastically alter the character of
= R=—r =~ (3 rotational spectrum; beyond these values, the three-body in-
Ex(2,)—Ex(21) Ex(2,)—Ex(21) teraction, being of highest order in the Hamiltonidn, be-
I comes dominant. Also shown in Fig. 2 are the rafRjsas
wDereJrQ/*y and 4, are the band heads of the”=0" and  ,psaryed int®Er [7,g], R}=2.76 andR}=2.50. This simple
K7=4" doubley bands, respectively. It should be noted 45\ysis shows that, on purely phenomenological grounds,
that the quantitie®) do not depend upon tHe? term in the  the appropriate three-body interaction with the correct anhar-
Hamiltonian; if a single three-body term is included they monic character for thK”=0" andK"=4" bands in'%%t,
depend on two parameterg, and the ratio6,/«. In the  has|=4.
present work the identification of the state$ Gand 4, is Figure 3 shows the experimental spectrum¥Er [7,8]
based on th&(E2) values for decaying to the single gammaand compares it to the eigenspectrum of Hamiltonian
state. In Fig. 1 the quantitieR} are plotted(for N=15  with an|=4 three-body interaction. The parameters are

047305-2



BRIEF REPORTS PHYSICAL REVIEW C61 047305

3 — i -
(a) (b) 8 o
¢ Uy
6 —
4 5
4;_
2 | 4 2_ 1 2;_ " |
o—207 Y k=4 PRI 032— ,Yz FIG. 3. Experimentala) and
—_ X ¥ k=0 . Yo X4 calculated(b) spectrum for*6er,
> 0 * The theoretical results are ob-
é’ . p | tained with the Hamiltonian(1)
= r— with x=23.8 keV, y=—0.55,
= 5' k'=—1.9 keV, and 6,=93.9
o keV. The boson number isN
.| 5 1 a— | =15.
81 -_— 420_ 31‘—
3 — 81’
2, — -
Y o Y
S — Exp. — Theo.
41’
4— 166 — 166
Er Er
20 2
0ol or— L g J

=23.8 keV, x=-0.55 «'=-1.9 keV, and 6, nians quickly yield the correct result with respect to both

=93.9 keV, with boson numbeX=15. With these values band-head energies and moments of inertia.

the calculated excitation energies of the doupleand heads For the calculation ofE2 transition probabilities the
are 1926 keV and 1972 keV for tie"=0" andK™=4"  consistent-Q formalismiCQF) [27] is adopted by using the
levels, respectively, leading to the rati®§=2.82 andrR]  EZ2 transition operator

=2.45, in excellent agreement with observation. Note, how- . .

ever, that although alj-band heads are well reproduced by T(E2)=eQ, 4

the calculation, problems arise for the moments of inertia, in ~

particular of they band. An extensive survey of combina- WhereQ is the boson quadrupole operator used in the Hamil-
tions of cubicd-boson interactions has shown that it is diffi- tonian (1) and e is a boson effective charge, determined
cult to substantially improve upon this fit although it is of from the observe®(E2;2; —0;) value. It should be noted
course near-impossible to do an exhaustive search of thihat the inclusion of three-body terms in the Hamiltonian
complex parameter space of all three-body interactions. Imvould allow the use of a two-bodi2 operator. However,
contrast, exploratory searches with simple quartic Hamiltowe have not tried to do that in order to keep the calculation

TABLE I. Observed and calculateB(E2) values and ratios fot®®Er. TheE2 operator(4) is used with
e2=(1.83¢ W.u. andy=—0.55.

B(E2) value or ratio

Observed Calculated
B(E2;2; —07) (W.u.) 214+ 10° 214
B(E2;47 —2]) (W.u.) 311+107 304
B(E2;2,—0;) (W.u) 5.5+0.4 5.3
B(E2;0, —27)/B(E2;2;,—0;) 0.49+0.19 0.21
B(E2;0, —2,)/B(E2;2,—0;) 0.44+0.12 6.2
B(E2;0,,—2)/B(E2;2;—0;) 3.8+1.F (2274 9 3.2
B(E2;4,,—2,)/B(E2;2,—0;) 1.3+0.4 (0.9+0.3) 25

3 rom Ref.[28].
From Ref.[22].
°From Ref.[8].
dFrom Ref.[7].
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on the anharmonicity of the double-gamma excitation asccount for a wide variety of-vibrational anharmonicities
simple as possible. In Table | the obsenB(d&E?2) values and in nuclei such as for instance those observed®fEr but not
ratios concerning the vibrational band heads if®Er are  without substantially changing the moments of inertia of
summarized and compared to the theoretical results obtainadrious bands. The knowledge of tiwo double+y vibra-
with e%=(1.83F Weisskopf units(W.u). A good overall tional bands K™=0" andK™=4") in a single nucleus pro-
agreement is found but for the decay of th§ Btate: the vides a stringent test of nuclear models and, specifically, of
B(E2;0; —27) value is overpredicted by more than an or- the type and strength of three-body interactions in IBM-1.
der of magnitude while th(E2;0; —27) value is too More experiments on doublg-vibrations are thus called for

small by a factor two. This casts doubt on the interpretatiorsince they should provide essential information concerning

of the O observed at 1460 keV as ti&band head. Previ- the systematic behavior of these states and hence the inter-

ous interpretations of this state are contradictory: it is con@Ctions involved. From the theoretical side, a systematic

sidered as thgg-band head if1] but as a two-quasiparticle analysis ofall three-body interactions and not just those be-
state in[22] while Casten and von Brentafia3] claim it is tween thed bosons seems in order. Once a fuller knowledge

a collective phonon excitation built on theband. Other 0 is acquired of the systematic behavior of the in_te_tr_actions nec-

states are found if®Er at slightly higher energy22] but essary to reproduce the ob;erved anh.armomc!tles, one may

none has the decay pattern in agreement with the presemen attempt an understanding on a microscopic level.

calculation. A possible explanation is that collective strength We are grateful to F. lachello, A. Vitturi, and C. Volpe for

is fragmented through mixing with two-quasiparticle statesvaluable comments. This work has been supported in part by

which are absent from the IBM-1 model space. the Spanish DGICYT under Contract No. PB98-1111 and by
In summary, three-body interactions in the IBM-1 canone IN2P3(France-CICYT (Spain agreement.
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