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Cluster interpretation of enhanced electric dipole transitions in nuclei with strong collective
multipole correlations
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Experimental data on strorigl transitions from the ground state in collective nuclei are analyzed. A model
based on the idea of cluster-type correlations is suggested to interpret these experimental data. The calculated
results show that a cluster mode is responsible for stEhgransitions in spherical and near deformed nuclei.
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[. INTRODUCTION transitions.(See also Ref.19], where the moleculdEl sum
rule was obtainedl.
In systematic investigations of tHel transitions[1-5] The recent compilation of the experimental dgg&dshow

low-lying 1~ states, which are characterized by strongthat by moving away from the semimagic nuclei, the
B(El;ngS_—>1*), have been observed in spherical nuclei. ItB(E1;0; —1;) value decreases first with a minimum Nt
was demonstrated on the basis of experimental data that86 and 78 and then increases again approaching to de-
these low-lying I states arise by coupling the collective formed nuclei. This minimum probably indicates the pres-
quadrupole 2 and collective octupole 3 states: |2; ence of two sources of strorigfl transition matrix elements;
®37 ;17 M). The energy of these;1states is very close to the contribution of one of them decreases and of the other
the summed energ¥(27)+E(3;) [4,6,7. Similar 1,  one increases when moving away from closed shell. Strong
states have been observed in Cd, Sn, Ba, Ce, Nd, and Sgerrelations between the values B(E1;0; —1;) and the
isotopes. Their two—phonon character has been proved byroduct of the average squares of the quadrupsf and
the observed strong2 andE3 transitions to the correspond- octupole(33) deformation parameters in nonmagic nuclei
ing one-phonon statd$,8,9. [20] definitely show that away from the closed shells the
These two-phonon states exhibit relatively stronglargeB(E1) value has a collective nature connected with the
B(E1;0;.—1") transitions of the order of several units motion of the nuclear shape. The raBE1)/(( B3)(B3)) is
x 10" 3e? fm2. However, the nature of these stroB@ tran-  amazingly constant, although tlB{E1) strength varies by
sitions is not finally clarified. The following explanations can one order of magnitude in the considered nuclei. For
be found in literature: semimagic nuclei this ratio is typically about a factor of 10
(1) The two-phonon nature of the states and the one-bodiigher, indicating that in this case the mechanism producing
character of the standard shell model transition operator strongB(E1) values is not related to the collective quadru-
suggest a two-body form of the effectidl transition op- pole and octupole vibrations. It is possible that in semimagic
erator. The fact that the observed4:0; transitions are of nuclei this mechanism is connected with the-1h admix-
the same order of magnitude as trBa(E1;31’—>21*), ture as it is suggested in R¢fL3], where it is shown that a
strongly supports the two-body structure of the effectile  1p-1h admixture to the two-phonof2; ®3; ;1; M) state
operator. Such an operator has been constructed if1BA  can account foB(E1) values of a magnitude of (0.5-1.0)
12] and in the shell modgl13]. X 10 2e?fm?. The aim of the present paper is to show that
(2) The possible important or even decisive role of thethe possible mechanism of strong E1 transitions from the
1p-1h admixture to the two-phonon,1states in semimagic ground state to the two-phonon state in nuclei away from
nuclei has been stressed in REE3] for the explanation of closed shells can be connected to clusterization.
the strength of the p—1; .
(3) In microscopical calculations based on the
quasiparticle-phonon modgl4—17 two important sources Il. MODEL
of the strongg1 transition matrix elements have been noted:
1p-1h admixture to the two-phonon;1state and the ground When a nucleus clusterizes into two fragments a lighter
state correlations of the RPA type, i.e., the presence of thagment has a larger charge-to-mass ratio than a heavier
2p-2h components in the ground state wave function. Theone. Our calculations performed for heavy nuclei have
first one was mentioned in the preceding paragraph. The seshown that the probability of the formation of ancluster
ond one indicates the important role of the collective effectcan be quite significant already near the ground diaté
since the ground state correlations increase with increasinghe a-cluster charge-to-mass ratio is equal to 0.5, i.e., larger
collectivity. than the one of a mononucleus.
(4) In Ref. [18] it was suggested that a clusterization of In the cluster model th&l transition operator has the
nuclei can be responsible for the large magnitude ofEfie  form
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where A; and A, are the mass numbers of the heavy and~or the wave function of the ground state and the two-
light cluster, respectivelyZ; /A is the charge to mass ratio in phonon 1 state we have taken the harmonic oscillator ex-
the clusteii, andRy, is the intercluster distance which can be pressions. Of course, such an approximation is unsatisfactory
well approximated bygm:ro(A%/% A§’3)+0.5 fm. Taking a  if we approach a region of a permanent deforr_nation.
coupling of the cluster mode to the giant dipole vibrations ~The results of such calculations show that in the case of
into account, we set = e(1+ y), wherey~—0.7[22]. In uncorrelateq_quadrgpole and oc;upole vibrations the pro-
order to have a contribution of the clusterization effects intoduced transitional dipole moment is too small. However, it is
E1 transitions it is not needed that a geometrical cluster id1atural to assume that if anclusterization exists, it does not
connected by a thin neck to the rest of the nucleus. It can benly produce a contribution to tHl transition operator but
an « particle formed with some probability due to an en- also mtroduce_s some correlation terms in the Hamllton_lan.
hanceda particle correlation in the low densif23] surface ~ Such correlations between quadrupole and octupole vibra-
region which fluctuates with multipole collective surface vi- tions, are preferably responsible for the formation of a cluster
brations. structure and increase the value of the transitional dipole
To be able to calculate the matrix elements of the operatof?oment. However, they can simultaneously destroy the har-
(1) between the ground state and the quadrupole-octupof@onic picture of the multipole shape vibrations, which is
two-phonon state we have to express this operator, i.e., tHéflected in relations between the energies of the 3; ,
mass number of the light clustéy,, in terms of the quadru- and 1; states and in relations between the electric multipole
pole and octupole collective variables. The idea is the foltransition probabilities.
lowing. Due to multipole shape vibrations a part of the To keep the picture of harmonic vibrations we assume the
nucleons spend some time outside of the sphere of thtellowing collective ground state wave function:
equivalent radiuR,=r,A%. The octupole mode introduces 5
a mirror asymmetry in the nucleon distribution, showing a W(0;)=UW(0y). 4
tendency to a formation of a dinuclear-type shape. Also, the
higher multipole vibrations being connected to the quadrufiere
pole and octupole vibrational modes may contribute to the
dinuclez_ir shape_ formation. Beca_use of anaarticlg-type \If(Of)~exp( Vb2 2 (—1) a0y
correlations, which are enhanced in the surface region, where P poeT
the density is lower, the numbers of protons and neutrons
coincide in this small part of the nucleus volume. We esti- _ VBsCs S (1) ®)
mate the size of the nuclear volume, where clusterization is 2h ( Y3uA3—u
possible , in the following way: we consider only those quad-
rupole and octupole vibrational amplitudes in the intrinsicis the harmonic oscillator ground state wave function of the
frame which conserve axial symmetry, i.@;, and ag,.  System with quadrupole and octupole modes. In (&jthe
Then we calculate the part of the nuclear volume locateg¢oordinatese, , (A =2,3) are the collective multipole vari-
outside of the plane orthogonal to the axial symmetry axisables, and3, andC, are the inertia and stiffness parameters
and touching the sphere with the equivalent radiys We  of the corresponding modes. The unitary operator
take a mirror asymmetric part of it since axially symmetri-

cally located matter will not contribute to the dipole moment 5 1 d
d b U=exp( - \/;E S(@R)g— ) ®)
o @3

%‘
O
N

o

compensating each other. In the lowest order the correspond-
ing number of nucleons is quadratic in the vibrational ampli-

tudes and we obtain the following expression Ao introduces correlations between the quadrupole and octupole
vibrations corresponding to a formation of a small cluster.
15 \ﬁ The operatoid can also be taken in a more general form
2—Ag 5320330- 2
U:exp(— \ﬁZ E(a R) 7
Depending on the values @k, andasy, A, can be smaller IV3 TR gag,
or larger than 4. Wher\, is equal or larger than 4 we as-
sume tha#,/A,=0.5 because the formation of ancluster -3 \ﬁz E(a R) J @)
is energetically more favorable than a fragmentation in a 3% R 3 2u day,

cluster with any other four nucleons. For smaller values of

A, we note thatZ,/A,=Z,/A,. Thus, only a part of the with two parameters. But we use the simpler faiéh below
collective wave function distributed in theg,,a5, plane con-  since the amplitude of the quadrupole vibrations is usually
tributes to theE1 transition. With this assumption we have larger than those of the octupole ones. The fixed veBtor
calculated the intrinsic dipole transition moment related torepresents the direction of preferable correlations of quadru-
the B(E1;0; —17) value through the relation pole and octupole vibrations, i.e., the direction from the cen-
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ter of mass to the small cluster. This vector can be consideregjith the new phonon creation operatfﬁrgz Ub2+MU *+ and

as a static limit of the dipole boson operator in the extende

version of the interacting boson modé#,25|.

The new ground state wave function takes the following

form with U of Eq. (6):

VB,C
22 E (_1)#(12#(127#

2h 4

@(Of)~exp( —

VB3Cs

- 2% % (_1)”(13;46!37#

\/33(:3\F1
t0 V3R 2 (CD*(@R)as,

JBsCs5 , 1
2n 39 Rre

X2, (—1>#<a2R>3u<a2R>3u>. (8)
o

At the same time the unitary operatdrconserves the har-

monic picture of the shape vibrations. As in the case of th

harmonic oscillator, the ground state wave functib0;)

represents the vacuum with respect to the phonon annihil

tion operators

N [ LA
= — A s
2n 2h 27n 2\B,C,/ Jdaz,
9
. ( /—3303)1/2( " N 5 v,
= — Ha_ s
3u 2% 3-m 2\B3Cz) s,

(10

the new ground state wave functiﬁr(of) is the vacuum of
the new phonon operators

VB2C;
2h

12
J
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L P ( \/B3C3> V2
2\BsCz) dag, 2h

12

51
xg \gﬁ(_ 1)*(a2R)s,

%§M=Ub§MU+ we construct the wave functions of the ex-
cited states

Tu(2{)=03,¥(07]), (13
Tu(3;)=03,¥(07), (14)
T (1) =(03b3) 1T (07). (15)

Using expressioril) with Eq. (2) for the electric dipole
transition operator and the wave functions given by Egs.
(13)—(15) we have calculated the values of the electric dipole
transition moment. We found it convenient to present the
parameteqg as

Clem 5 1
3 VIABY)

g g’ (16)
where the value of the paramegt is found to be approxi-
mately equal to 0.2 from the fit of the experimental data for

all nuclei considered. The quantit3) is expressed through

B(E2;0; —2]). The experimental values oB(E2;0;

—27) andB(E3;0; —3;), which are needed to determine

at_h/\/BZCZ Y2 and (/\B3C3)Y2 have been taken from

Refs.[26] and[27], respectively.

The results of our calculations are presented in Table |
together with the experimental data. The indicated errors of
the calculated values are connected with the experimental
uncertainties in the values ofB(E2;0; —2;) and
B(E3;0; —3;). We notice in Table | for semimagic nuclei
(Sn isotopes antll=82 nucle) and also in near lying nuclei
with N=280 and 84 that the calculated valuesDpaire small
compared to the experimental data, whereas the agreement
with the experimental data is good in other nuclei. The re-
sults presented in Table | show that the mechanism respon-
sible for the stronggl transitions in nuclei away from the
closed shells can be related to the shape oscillations leading
to the formation of a cluster state in the lower density surface
region.

Let us consider well deformed nuclei. In this case a pic-
ture of harmonic quadrupole vibrations cannot be applied.
The intrinsic ground state wave function has its maximum at
a nonzero value of,q, corresponding to the equilibrium
deformation. For the electric dipole operator we should use
the same expressiofl) with Eq. (2) as for nondeformed
nuclei, substituting, however, the expression

a0= B2+ a0, (17)
instead ofa,y, whereaj, describes oscillations around the
equilibrium valueB,. The amplitude of these oscillations is
taken to be equal td(ajy)?)Y?=0.128, [22]. We should
consider this number as an average value. At the same time
our calculations have shown that the results are sensitive to
the accepted value of the amplitude of vibrations. So, we
obtain only an averaged description of deformed nuclei.
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TABLE I. Calculated and experimental values of the electric dipole transition moment for collective
spherical nucleileft part of the tablg and semimagic and near lying nuclgight part of the tablg The
experimental data are taken from Rdb6], where they are accumulated for most of the consid-
ered nuclei, Refd.29,30 for Cd isotopes, and Ref31] for Sn isotopes. The values of dipole moment are

given inefm.

Nucleus D1 expt D1 calc Nucleus D1 expt D1 calc
26 Cdo 0.10+0.002 0.08-0.01 50 ST 0.17+0.01 0.06-0.01
18Clz 0.10+0.01 0.08-0.01 50 STss 0.17+0.01 0.06-0.01
15°Cley 0.08+0.002 0.09-0.01 $2%ny, 0.18+0.01 0.06-0.01
15°Cdge 0.09+0.004 0.12-0.02 %Sy, 0.17+0.01 0.06-0.01
13%Cdsg 0.07+0.01 0.11-0.02 sy, 0.16+0.01 0.05-0.01
%Bag 0.10+0.005 0.09%0.015 $3%Bag, 0.14+0.02 0.08-0.02
3N dge 0.145+0.02 0.125-0.015 s B2, 0.23+0.03 0.06-0.01
SoeNdgg 0.24+0.06 0.210.01 sa%Ceg, 0.26+0.01 0.070.01
£5Ndgo 0.26+0.06 0.23-0.02 3 Cegy 0.22+0.04 0.09:0.01
35S Mg 0.11+x0.01 0.12-0.02 S92Ndg, 0.26+0.02 0.06-0.01
S'Smyg 0.20+0.01 0.170.02 56'Nds, 0.20+0.01 0.16:0.01

iSm, 0.29+0.02 0.06-0.01

We consider below only transitions from the ground to thestate in 1%%Gd is rather smal(170 ke\) and the Coriolis
17, K=0 states. If we want to calculate the probability of mixing can be important. Only th&=0 octupole band in
the 0f —1~, K=1 transition, we have to extend our model *°21%5m is well separated from the octupole states With
by introducing angular oscillations of the position of the #0. The corresponding energy interval is equal to 538 keV
cluster with respect to the symmetry axis of the axially sym-in ®2m and 573 keV in*>*Sm. So, we can expect an ap-
metric quadrupole deformation. In other words, we have tgroximateK purity of the low angular momentum negative
consider dynamics of the vect®, introduced abovdsee ~ Parity states in these two isotopes. Using relaiip) with
Eq. (6)], which was treated in a static limit. This dynamics 9. =0.2 we obtaing=0.20 for ‘Sm andg=0.16 for
means the introduction of additional parameters into the ~Sm. Then the calculated values of the dipole transition
Hamiltonian and, therefore, leads to additional uncertaintie§homent areD ;= 0.309efm (Deyp=0.311+0.015e fm)
which we prefer to avoid here. for  Sm and Dgy=0.320efm  (Dgy=0.334

The results of calculations for deformed nuclei of the +0.024efm) for ***Sm. _ _

B(E1;0; —1; ,K=0) are sensitve to the value of N conp_lusmn we suggest an interpretation pf the strong
B(E3;0; —3; ,K=0). However, in deformed nuclei the E1 transitions between the ground and first excitedsiates
Coriolis interaction, which is not included in our consider- IN collective spherical nuclei which is based on the idea of

ation, is very important for the description of the octupole¢lusterization. The model contains the paramegéronly
states[22,2§ and leads to a concentration of the octupole'WNose value was taken to be the same for all considered
strength into the octupole transitions with lowest energyUclei in Table I:g"=0.2. The results of the model calcula-
[22]. The K quantum number is in many cases not eventions, especially the variation of the dipole transition moment
approximately a good quantum number of the StdR8]. from npcleus to 'nucleus, agree with the (_axpenmental data for
Among the nuclei with knowrB(E1;0; —1; ,K=0) we collective spherical and deformed nuclei.

find only the ®21%6m and!®%Gd nuclei which haveé< =0 ACKNOWLEDGMENT

octupole bands as the lowest ones. However, the energy in-
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