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Further application of a semimicroscopic core-particle coupling method to the properties
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In a previous paper a semimicroscopic core-particle coupling method that includes the conventional strong
coupling core-particle model as a limiting case was applied to spectra and electromagnetic properties of several
well-deformed odd nuclei. This work coupled a large single particle space to the ground-state bands of the
neighboring even cores. In this paper, we generalize the theory to include excited bands of the cores, such as
B and y bands, and thereby show that the resulting theory can account for the location and structure of all
bands up to about 1.5 MeV.

PACS numbsds): 21.60.Ev, 21.10.Re

[. INTRODUCTION considered here. We found that these interactions have a
small effect on our results if we restrict their strength to be
In a previous papefl,2] we have applied the Kerman- reasonably smaller than the leading interacti@ueadrupole-
Klein approach[3-5] in the adaptation of Dmau and quadrupole and monopole-pairinghe strength of the quad-
Frauendorf(KKDF) [6—8] to study rotational bands of odd rupole pairing was treated as a free parameter with upper
deformed nuclei, specifically for the nucléf”1%Gd and bound set by theoretical arguments summarized9hat
159Dy, This was done by coupling a phenomenological rigidabout 1% of the strength .of the monopole pairitite latter,
rotor, which was described by the Bohr-Mottelson model, ta°f course, fixed by experimentFor the hexadecapole case

a single particle. In these applications, only the ground-statéh,e strength of.th.e interaction was treated as a free parameter
band of the cores was included. The systems were describdgth @n upper limit of 10% of the strength of the quadrupole-

h nventional monopol irin I rupol Quadrupole force. . . . .
zﬁagrﬁpglc; e?fet:gv: Ha;ilfopnci);n pairing plus  quadrupole We return to the main thesis of this paper. Looking at the

Though the model explored by us is technically more Olif_experlmentally observed spectra of the even cores for the

) X . nuclei under consideration we can see tBaty, and other
ficult to implement than the standard particle-rotor modelshiglher bands occur at low energy @ MeV). The aim of our

the results we found were sufficiently satisfactory that W& aatment will be to include those excited bar@ highly
have been encouraged to develop a more elaborate version llective as far as intraband transitions are concertteat

our work in order to account for remaining discrepanciesare ohserved to have non-negligible transition rates to the

Most striking of the successes is that without including anyground-state band.

ad hoc Coriolis attenuation factors we were able to repro-~ The general formalism has been described fully in our

duce the experimentally observed energy levels and electr@yevious work, where it was specialized afterwards to the

magnetic transitions of the lowest bands. Nevertheless, theigase that the core was represented only by the ground-state

was a shortcoming for all the applications tried in the previ-band. Therefore, in the following, we shall consider in detail

ous work in that for every nucleus one or more observednly those formulas which require generalization compared

bands at about 1 MeV or higher than the ground-state bant the previous application.

was missing from the theoretical results. It is apparent that In the following, Sec. Il will be devoted to the phenom-

these discrepancies, which we attempt to correct in thenology of the even cores and to the phenomenological

present paper, arise from the failure to include appropriaténodel used to fit the experimental results. In Sec. 11l we shall

excited bands of the even core. develop the extension of the KKDF model needed for the
Another source of concern about our previous work, thenclusion of the excited bands and describe the results of the

simplified nature of the Hamiltonian, will not be investigated calculations for*>>15Gd, >Dy. Finally the last section, IV,

in the present work. We remark in passing, however, thaivill contain our concluding remarks.

some preliminary studies including quadrupole pairing and

hexadecapole interactions have been carried out for the cases Il. PHENOMENOLOGY OF THE EVEN CORES

In the previous work we ignored all excited bands and

*pavlos@walet.physics.upenn.edu thus interband transitions were absent from the model.
Taklein@walet.physics.upenn.edu Experimental results justify this assumption to lowest order,
*mcesnrw@afs.mec.ac.uk since interbandE(2) values, in the nuclei in which we are
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FIG. 3. Energy levels and son&E(2) values in[ 10 2(eb)?]
FIG. 1. Energy levels and soni@E(2) values for'®Gd. The  for 1®Dy. Experimental values oBE(2)’s aretaken from Ref.
BE(2) values are given ifil0”?(eb)?]. Experimental values for [11].
the BE(2)'s aretaken from Ref[10].

MeV and the interband transitions are small but not zero. For
interested, are two orders of magnitude smaller than the inexample, in the case of°%Gd we include thes, y, and a
traband transitions, i.e., quadrupole transitions matrix elethird excited band at about 1 MeV above than the ground-
ments are an order of magnitude smaller. This assumptiogtate band. As previously stated the values of the interband
worked well for the low-lying levelgless than 1 MeV exci- BE(2) transitions are of the order of 100 smaller than the
tation). Nevertheless, the presence of bands not described hjalues of the corresponding intraband transitions. This is a
the previous work impel us to include the effects of excitedpattern we see in all the neighboring nuclei. The facts that
bands. these transitions are not zero and the fact that these bands
In Figs. 1, 2, and 3 we display energy spectra togetheoccur at relatively low energies justify their inclusion in the
with observedBE(2) values for intra and interband transi- calculations.
tions of cores used in the present study. As can be seen from To perform the calculations for the odd nuclei the excita-
the figures all even nuclei have excited bands at about fion energies and the quadrupole operator matrix elements
between any two states of the even neighbors that belong to
the ground-state band or to one of the excited bands have to
be either known from experiment or calculated from a phe-
nomenological model. Since there are not enough experi-
mental values to cover all our needs, we have to use a phe-
nomenological description to calculate the transition matrix
o - elements and the excitation energies not available experi-
2.0 _— mentally, i.e., we use the phenomenology only to augment
B experimental information.
& For the excitation energies we found it sufficient to use
the simple formula,

{A) ground-gtate (B)K=0 B -vibrational(C)K=2 Y ~vibrational(D)K=0 band
rotational band band band

3

ﬁ2
w'K:EK+T7|<[I(I+1)]’ 1

1.0 —

Energy (MeV)

whereEy is the bandhead energy and is the moment of
inertia of the given band. In Fig. 4 we show the results of
fitting to this formula. We see that this simple formula is
sufficient for the reproduction of the experimental results,
provided we adjustk , the individual values differing from
o each other by up to 20%.
For the transitional matrix elements we again use the phe-

FIG. 2. Energy levels and son2E(2) values in[10"2(eb)?] ~ nomenological description given by the geometrical model
for 15%Gd. Experimental values for tH2E(2)'s aretaken from Ref.  of Bohr and Mottelson, applicable either to intra or interband
[10]. transitions,
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whereoy takes the value 1 iK'=0 and J2 if K'#0. In Fig. 5 we show results of fitting using the above equation to the
experimentaBE(2) values for'>®Gd. Similar fits were performed for all neighboring nuclei. It is clear that the agreement is
far from ideal. We emphasize however that experimental values, whether for energy or matrix elements were used whenever

available, and the phenomenological values were utilized only in the absence of the fe@ithesome smoothing enforced at
the boundary between known and unknown values

Ill. CALCULATIONS

Here we present the method and results for energy statés®@d, *°’Gd, and **®Dy, obtained by coupling a large
single-particle spacésingle-particle states from five major shells were inclydedthe ground and excited bands of the
appropriate neighboring even nuclei, using the average description of the latter implied in the number nonconserving approxi-
mation. As stated above, the underlying theory, equations of motion, etc., are the same as that described in detail in our
previous work, and therefore will not be repeated here. As also noted, all required excitation energies or trésitirnpole
transitiong of the even cores were either calculated or taken from experiment. The matrix elements of the even cores were
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expanded to include transitions outside the ground-state band according to the formula for the core-particle quadrupole
interaction,I,

[ 1 2 I’

. ja Jec 2
FaIK,CI’K’:_O-K’quandbbandz(_)Jc+l+J|I? IC J]\/(2|+1)(2|/+1)kK _(KiK) K

! qac’ (3)

where k is the strength of the quadrupole-quadrupole inter-scribed abovethe projection operator methpavorks, we
action and the core excitations take the form of E).to  have to make the steps extremely small; as a result the nu-
accommodate the excited bands. The values ofnerical procedure becomes extremely slow. To avoid this
qoandi-band2 £ - and.7 were calculated as described in the slowdown, we have developed a special stratagem. At two
previous section. successive steps, the program checks if there was any kind of
The Hamiltonian matrix for the odd nuclei, to which the crossing by inspecting the differences of eigenvalues of any
theory gives rise, and which now includes the excited bandgwo eigenstates, identified as physical or unphysical accord-
is decomposed into two par(® the same fashion as in the ing to the standard method. If the sign of the difference
previous work one of which is antisymmetric with respect to changes between two steps, then a crossing has occdrred.
particle hole conjugatiokfor which physical and unphysical the case that a crossing is detected, the projection operator
solutions clearly separate into solutions with positive andwould identify a physical state as unphysical since, as ex-
negative energies, respectivelgnd the other of which is plained above, their wave functions have been interchapged.
symmetric. First we diagonalize the antisymmetric part andSince we know that every time there is a crossing it is an
identify the physical solutiongthose with positive energy  avoided crossing, when a crossing is detected we classify a
Then the symmetric part is turned on “slowly” and at every state as physical which otherwise would have been identified
step the physical solutions were identified by checking theas unphysical from the projection operator method. Finally
eigenvalues of a projection operator which is built from al-the new projection operator will be built from the new physi-
ready identified physical wave functions of the previous stepcal wave functions. Therefore in the subsequent steps, we
As soon as the steps of the iteration are small enough tean continue with the projection operator method.
guarantee that the wave functions do not change rapidly be- Another technical problem is the classification of states
tween two steps, this procedure works very well, as it did ininto different bands. This was done the same way as in our
our previous work. This is because the physical solutiongrevious work, but we include a brief and hopefully clear
have expectation values close to unity and the unphysicaxplanation of the procedure.
ones values close to zero. Recalling that our formalism remains rotationally invari-
Nevertheless, it is known that for the case that two stategnt even after omitting the excitation spectrum of the even
with the same angular momentum come close to each othengighbors, we start in this limit with 4= 3 submatrix cal-
they repel and never really crogthus the name “avoided culation. The distinct solutions are identified s 3 bands.
crossing’) (see Fig. 6. Furthermore it is known from suffi- These levels reappear for all higher J calculations asémee
ciently general model studies that the wave function for eactenergy. Thus fod=3, additional solutions are identified as
of the bands changes rapidly in the neighborhood of thé&=3 bands, etc.
crossing and the two end up interchanging their character In Figs. 7, 8, and 9 we show results of the calculations for
after the crossing. For example in Fig. 6 before the crossinghree odd nuclei'®Gd, °'Gd, and ®Dy. In the case of
the states are almost equal to the uncoupled st&t6s and
|0,2). After the crossing the state that corresponded to

|1,0) is now|0,1), and the state that correspondedQ) is . Gdwithout phonons

Gd with phonons
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FIG. 8. Energy levels fof®'Gd. FIG. 9. Energy levels fof*Dy.

When only the ground-state band is allowed, two experimen-
155Gd aK=1/2 band at about 0.6 MeV was not reproducedtally observed bands were not reproduckd: 3/2 at about
in the calculations without excited bands, referred to a®.7 MeV andK=5/2 at about 1 MeV. When # and vy
phonons here. When phonons were included in the calculaexcited bands were included in the calculations both bands
tions the missing band was reproduced at the right bandheagere calculated at almost the right bandhead energies and
energy and almost right band structure. The structure of alhave the right band structure.
other bands and their relative bandhead energies have not
changed more than one percent. This is because the off- IV. CONCLUSION

diagonal elements of the Hamiltonian are very sneadllue Even though the inclusion of the vibration excitation of
of the interband transitionscompared to the diagonal ele- the even cores makes the calculations more complicated and
ments. The strength of the quadrupole force was treated asrumerical solution longer and more tedious the results sup-
free parameter and was fitted to experimental bandhead eply the previously missing bands. It thus seems necessary to
ergies. The best fit was achieved far=0.380 MeV/inf  include the low-lying excited bands of the neighboring cores
which is almost equal to the strength found in the case of nén order achieve a good fit to experimental values. The in-
phonons(0.377 MeV/fn?). In the case of'®'Gd aK=3/2  clusion of the vibrational bands of the even cores does not
band at about 0.7 MeV was not reproduced when phononaffect the one quasiparticle plus ground-state bands of the
were not included. With the addition of phonons the bandodd nucleus, but some of the low-lying bands are apparently
was found at the right bandhead energy, and it has the rigine quasiparticle plus excited core bands.

band structure. As in the case 6°Gd the strength of the

qguadrupole force is almost the same as for the nonphonon ACKNOWLEDGMENT
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