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a-cluster structure of the yrast bands of *Ti
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The Bloch-Brink microscopier-cluster model is used to investigate the structure of the positive and nega-
tive parity yrast bands of*Ti. Unlike the resonating group method or the local potential model, we approxi-
mate the wave function of*Ti by an intrinsic configuration which is obtained from a variational principle.
States with good angular momenta are constructed using angular momentum projection techniques. The wave
function is completely antisymmetrized and the center of mass motion is treated properly. The calelated
transition strengths reproduce experiment very well, but the energy spectra are in a poor agreement with the
data.

PACS numbds): 21.60.Gx, 23.20.Js, 23.20.Lv, 27.4&

[. INTRODUCTION initially proposed by Buclet al.[11], assumes that the inter-
action between two clusters is described by a local potential
It has been well established that the positive and negativand the clusters retain their free space properties.
parity yrast bands in**Ti can be described using-*°Ca In the calculations presented here the wave function of
cluster models. Numerous calculatioiis-7] reproduce the #*Ti is specified microscopically using the Bloch-Brink
experimentally observed positive parity band terminated by ar-cluster mode[12] . No intercluster potential is introduced
J7™=12" level at 8.04 MeV. All the models predict a nega- but rather an effective two-body nucleon-nucleon interaction,
tive parity band, often termed anversion doubletindeed, the Brink-BoekeB1 force[13], is used throughout the cal-
the first few states of a negative parity yrast band have beeculation. The Coulomb force is also included. We compare
found recently{8,9] and fit nicely into the theories. our results with those of Friedrich and Langarjté
The peculiar and intriguing feature of the yrast bands of
44Tj is that the energy spectra, and the intrab&®l transi-
tion strengths in the positive parity band, deviate substan- Il. a-CLUSTER WAVE FUNCTIONS FOR “Ti
tially from the prediction of an axial rigid rotor model. This
nucleus appears to be a rotor with a changing moment of The Bloch-Brink (BB) «a-cluster model is well docu-
inertia but the puzzle is that the decreasing energy gap asrented; we refer the interested reader to the original paper
function of angular momentum indicates a stretching rotolhy Brink [12].

while the diminishingB(E2) values would imply a shrink- The cluster geometry df°Ca has been recently computed
!ngzgotor. Th|§ abnormality, very similar to what is observed[1,14] and it can be accurately represented by a regular tet-
in ““Ne [10], is not yet fully understood. rahedron with threex-clusters on each edge. Minimization

Calculations concerning the-cluster structure of*“Ti of the total binding energy of°Ca yields a distance between
can all be classified into two groups: microscopic models angqo adjacent clusters of 1.25 fm and the oscillator frequency

phenomenological local-potential models. In a miCroscopiGommon to alla clusters in the configuration is such that
calculation one usually uses either the shell model or th%w0=11 2 MeV.

resonating group methodRGM). The shell model assumes
that four nucleons occupy the,, subshell. This is basically
a truncated configuration-interaction calculation and it ha
been shown to give corre@&(E2) values only when large

A recent completely unconstrained variational calculation
élS] shows that the intrinsic configuration of the ground state
of *Ti is reminiscent of anx-%°Ca structure. In the same

effective chargesde=0.5) are used2]. The RGM[1,3] is paper the energy spectrum of the positive parity band has

more flexible in that the wave functions for the constituentbeen also computed using the cranking approximation

clusters are specified microscopically and the relative motiohL6:17 and familiar results such as centrifugal antistretching
can in principle be solved variationally. To simplify the effects on the cluster geometry and deviation of the energy

calculation, one usually takes the wave functions for spectrum from that of a rigid rotor model are obtained. Ide-
and “°Ca to be, respectively, the configuratiof®* and  @lly, the model should be subject to more stringent tests, for
(0)*(1)'4(2)%* where the numbers in parentheses are the tot#xample, by comparing theoretical intrabaB(E2) values
quanta of a single particle harmonic oscillator wave functionWith the experimental results, but the cranking approxima-
A numerically less difficult yet physically more intuitive ap- tion on its own does not allow such calculations. To calculate
proach is the binary local potential modé&lPM) which, as  B(E2)’s one has no choice but to perform angular momen-
tum projection. In the context of angular momentum projec-
tion variation after projection is always preferable. Unfortu-
“Permanent address: Shanghai Institute of Nuclear Research, P.Gately, such a calculation for a nucleus as heavy"ds is
Box 800-204, Shanghai, China. too time consuming; the reason is that there are in this case
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28 coordinate parameters to vary, far too many even for a
modern workstation.

To make the problem tractable we approximate the cluster —— Positive parity
geometry by ana plus “°Ca structure. We shall as usual — Negative parly
impose the condition that eaehcluster has the same, so -230.0 | -7 —~ .
that spurious center of mass motion is not a problem. We _ -
construct the wave function of*Ti by putting an extrax
cluster on a continuation of one of the lines joining an apex
to the center of the opposite face of theCa tetrahedron.
The reason that we choose this arrangement is because of all
possible orientations of the tetrahedron at a certsif’Ca
distance, which we calD, the above-mentioned geometry is = ,
found invariably to give the maximum binding energy. We
do not constrain the tetrahedron size«gy to have the same \_}_’Z
values as in thé’Ca case; instead, we calculate the binding -260.0 r v 1
energy of the intrinsic configuration as specified above for
variousD'’s, wg’s, and the sizes of the tetrahedron. It is found
that for a givenD there are certain values @y and the 2700 T 0 a0 40 50 60 70 80
tetrahedron size that maximize the binding energy. For all
values ofD the optimized tetrahedron size is very close to
that of “%Ca and the optimizedw, corresponds to
hwy=11.6 MeV, exactly in agreement with the well-known
formula[18]

-220.0 T T T T T T
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FIG. 1. The binding energies of projected states with good an-
gular momenta; see text for details.

different J7. In the positive parity case all levels up to
hwo(A)= 21 (MeV). oy 7=14" have minima at som®’s. The calculated mini-
mum forJ"=14" becomes very tenuous and this is not in-

For this reason, and also to further facilitate our calculationConsistent with the ff‘Ct that the observed positive parity band
: e ’ ;
we therefore fix theo, and the tetrahedron size to the abovet€rminates al”=12". In the negative parity case there are

values, leavingd the only variational parameter. mini_m_a for levels up to J=11". Higher levels do not have
a minimum at all. It is seen that the values Df at the

minima monotonically decrease with angular momentum for

both parities. It is also obvious that the negative parity band
We then perform exact angular momentum projecfibsi has a much larger intercluster separation, especially for the

along with parity projection at various valuesBf Because lower angular momentum members. The optimiZ2dfor

the assumed intrinsic configuration possesses a threefogpth 1~ and 3" is 5.5 fm while the sum of the experimen-

I1l. VARIATION AFTER PROJECTION

symmetry C3), the allowedK ™ values satisfyi10] tally determined radii ofe and *°Ca is 5.16 fm[20]. This
probably means that a@-“°Ca cluster model is more appro-
K™=0%,3%,6%, ... . (2)  priate for the negative parity band.

We associate each™ with a value ofD that maximizes
We check theK-mixing matrix elements at alD’s. They are  the binding energy of thal™ value and then compute intra-
found to be negligibly small so that we may igndtemix-  bandB(E2)'s using the angular-momentum-projected wave
ing. fuctions. In Table | we have listed the calculatBdE2)
Figure 1 shows the projected binding energiesDvéor ~ values and the optimized-“°Ca distances. We also make a

TABLE . Calculated intraband3(E2;J+2—J) values and optimized-*°Ca distances. BEbinding
energy, RM=rotor model.

K™=0" band K™=0" band
D(J) BE B(E2;J+2—J) (e*fm?%) D(J) BE B(E2;J+2—J) (e? fm?)
J fm MeV Expt. Theor. RM J fm MeV  Calc®  Theor. RM

0 43 264.76 12637 1455 1200 1 55 25841 264.7 376.6 376.6
2 42 26411 2755 1909 1714 3 55 25722 279.1 442.3 443.7
4 40 26258 15728 185.6 1888 5 53 255.08 243.6 365.2 473.1
6 3.8 260.17 >14 1642 197.7 7 5.1 252.03 1845 277.1 489.7
8 35 256.73 13828 1274 2030 9 45 24826 1181 116.4 500.3
10 3.0 25205 <60 63.5 2066 11 29 24488 54.9 507.7

12 1.8 245.16 209.2

#Prediction of a rotor model foB(E2;J+2—J); see text for details.
bTaken from the calculation of Michelt al. [4].
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comparison foiB(E2) values with the calculation of Michel situation by introducing a novel parametrization of the local
et al. [4] and with experimental data in the case of the posipotential consisting of a linear combination of Woods-Saxon
tive parity band. The normal free space charges are used @&nd cubed Woods-Saxon terms. The microscopic reason why
our calculation; no renormalization is required. The calcu-such a potential reproduces the data has yet to be investi-
lated E2 transitions reproduce the experimental result verygated. _ o o

well in the positive parity case. We also have calculated in- Our calculations are similar to those of Friedrich and Lan-
trabandB(E2) values for the negative parity band but so farganke[1]. The main difference is that in Rdfl] they essen-
there is no experimental data to compare with. In passing wi@lly used an exactly spher ic4fCa by taking a very small
note that the BB model predicts identically vanishieg  intercluster spacing for thé Ca tetrahedron. We have taken
transition strengths which would otherwise link the positive@ different approach and fixed the tetrahedron size by mini-
and negative parity yrast levels. Experimentally, no sucHnizing the total energy before projection. Our calculation
transitions are observed. The reason Vit is always zero ~reproduces the parity spliting and tBE2) values quite

is that theE1 transition matrix element is actually the expec- Well at the expense of the energy spectrum which is repro-

tation value of the center of charge which is identical to theduced better by the calculations of Friedrich and Langanke
center of mass in the BBe-cluster model as applied to [1]- We attempted to take the same shell model limit as Ref.

A=4N self-conjugate nuclei. [1], but since we include the Coulomb force exactly, our
Assuming pureK”=0* bands, we also calculate rotor calculatlon becomes numerlca_lly unst_able. For this reason
model prediction forB(E2)’s (see Table )l of both parity W€ switched off the Coulomb interaction and repeated our
bands according tf21] calculations using the sgrrﬂQCa tetrahedral arrangement of
Ref.[1]. The result obtained was very similar to that in Ref.
5 ) [1], and we found a strongly reduced parity splitting of typi-
B(E2;1 +2—1)= 72— Qo(20IK I +2K)*. (3 cally less than 0.5 MeV. To understand the origin of the
parity splitting, the calculation was repeated using our previ-
The intrinsic quadrupole momeRQ, is chosen to give the ous finite “°Ca tetrahedral dimension, but without the Cou-
correct value for the observeBKEZ;Zf - ol+) in the posi- lomb interaction. The parity splitting then shows up strongly

tive band case or the calculatBE2;3; — 1;) in the nega- once mordtypically 5-6 Me\). It appears that the finite size
tive band case. of the “%Ca tetrahedron has played a significant role. We

emphasize that this is the chief difference between the
present calculation and that in Reff§,5]. As already noticed
[1,5], the calculated O energy using the Brink-Boeker
Using the BB model we have calculated properties of thg B1) force is above ther+ “°Ca threshold by some 7 MeV.
lowest positive and negative parity bands*fTi. Our calcu-  The calculationg5] using the Hasegawa-Nagata-Yamamoto
lated intrabandB(E2) values for the positive parity band are force and the Volkow'1 force gave energies in much better
in good agreement with the observed results, but the calcuagreement with experiment. This defect of i force does
lated energy levels, although deviating from a rigid rotor in anot affect the conclusion of the present study. We conclude
direction required by the data, still exhibit a large discrep-that to obtain all the features of the data it may be necessary
ancy with experiment. As a matter of fact, all but one calcu-to vary all parameters after angular momentum projection.
lation from those that have been done to date predict muchowever, it will immediately become a far more complicated
too large energy gaps for the highdf levels. The recent calculation than the one presented here and it will still be
calculation by Bucket al. [7] improves somewhat on this difficult to include the Coulomb interaction exactly.

IV. SUMMARY
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