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a-cluster structure of #“Ti in core-excited a+*°Ca model
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It is shown that all the rotational bands Ti at low and high excitation energies can be well explained in
an a-cluster model in which thex-like excitation of the core*°Ca, is incorporated by employing density-
dependent M3Y(DDM3Y) double folding potentiald.S0556-281@8)03105-7

PACS numbdps): 21.60.Gx, 27.40tz

« clustering is one of the important correlations in nuclei(4.85 MeV) state, which had been ever interpreted as the
[1]. Recently it has been shown that ancluster model ~N=14 a-cluster state in Ref24], is too low to be the case.
works well even in thef p-shell region[2—13) where it had [N the beginning of thefp-shell region systematic appear-
been believed that the strong spin-orbit force may break th@nce of the low-lying intruder states in the shell model sug-

« correlationg 14]. The observation of the theoretically pre- 98Sts the importance of the excitation of the core. By using a
dicted parity-doubleN=13 K=0; a-cluster band in*Ti schematica-cluster model Yamada and one of the present

[5,6] and “°Ca [7,8] has confirmed the validity of the authors(S.0) discussed pr(j(l)iminarily that these bands can
a-cluster model. Also in thép-shell region the coexistence be interpreted to have an+™Ca" structure with core exci-

of cluster and shell structure is clearly seen as was shown iFf‘“O” [25]. . .
42Ca[9] and “°Ca[10] The purpose of this paper is to show that all the above-

However, there still remain unsolved problems about th entioned low-lying rotational bands and high-lying bands
a-cluster structure in the typical nucledéTi at highly ex- elow 20 MeV can be understood in a unified way in the

cited energies abov&, =10 MeV. The states 0 (11.19 _a-cluster model in Which the-like excitati_on of the core is
MeV), 1 (11.69 MeVj, 2 (12.18 MeM, 3~ (12.78 MeV}, incorporated by employing a doubl_e folding moijoel. _

and 4" (13.18 Me\j seen in a high-resolution+ *°Ca scat- We take the mpdel wave function for the+™Ca( ")
tering [15,16 were once interpreted as members of theSyStem as follows:

N=12 andN=13 “mixed-parity” a-cluster band16-18§.

This interpretation was questioned theoretically from the Wiu=> [e(a)e(*Ca®itY (R ymxiL(R) (1)
viewpoint of unified description of bound and scattering L

states of then+ “°Ca systeni2,3]. However, recently this _ o _ _
“mixed-parity” a-cluster theory has been emphasized agaiﬁ"’h%e‘fc’(,“) is the intrinsic wave function of tJha-pqmcIe,
based on the coincidence experimentefransfer reactions ¢1(" Cd is that of the core with SDT(')' and x; (R) is the
[19], which observed the 1 (11.80 MeVj, 2+ (12.28 MeVj, relqtlve wave function betweeam and Qa WIthL' being the
3~ (12.88 MeV), 4% (13.42 Me\}, and 5 (14.7 MeV) orbltal_angular momentum of the re_latlv_e motlon. The form
states and the authors have questioned the theory of Ref@ctor in the coupled channel equation is given by

[2—4]. Independently another '0 state with large ; 20 Ly e

a-spectroscopic factor has been observed at 10.86 MeV in ~ FiLir (R =([¢(a)o(*Ca®i-Y (R) Jjul V|

the a-transfer reactionf20]. Also the 0" (11.08 Me\}, 1~ 0 L A

(11.73 MeV), 2% (12.12 MeV}, 3~ (12.57 MeV}, and 4" X[e(a)e (*CaI- YL (R jm) (2
(12.86 Me\j states have been reported from the analysis of .

elastica scattering[21]. It is important to understand these with
states comprehensively in arcluster model.

On the other hand, in the low-energy region below 10 V= > onn(ri+R=Tj). (3
MeV the rotationaK =0, band[0, (1.90 MeV), 25 (2.52 tea

je*%ca

MeV), and 4, (3.35 MeV)] and theK=2" band[2; (2.88
MeV), 37 (3.44 MeV), and 4; (3.98 MeV)] [22,23 have We take the DDM3Y[26] for a two-body effective inter-
not been understood yet in a frozercluster model. A soft  actionuvyy which was also useful in the heavier °Zr and
asymmetric rotor model was successfully applied to the ena+2%%Pb system$27]. For ¢,(*°Ca), we take the wave func-
ergy levels and the stronB(E2) values[23], however, it tions calculated in the orthogonality condition mo@@ICM)
cannot explain the low-lying P (4.85 Me\) state. The §  of “%Ca[10], which reproduce the energy levels of cluster
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gies correspond well with the experimenii=12 K=0],
N=13 K=0; , K=0, , andK=2" bands. Although it is
difficult to get the § state as low as 1.90 MeV in the con-
ventional shell model, the present model gives theséate at
such a low energy because @fclustering. The inspection of
the wave functions shows that the=0, band has domi-
nantly [ «+4°Ca*(0%:3.35 MeV)];_, structure, while the

5= K=0iN=13)— o g K=2" band has dominantlya+*%Ca*(2%:3.90 MeV)],
L - —— F 1T? = ; T structure. The mixing of the two structures is rather strong

N —_— TE O T = for the 4" states in contrast to the cases of the @&nd 2"
EK=0:(;=12) K=0: states. As we see in Table I, this different mixing character

FIG. 1. Theoretical energy levelthin solid lines and labeled)
of “*Ti are compared with the experimental datihick solid lines
and labeledE). The fragmented experimental energy levé3 are

displayed by the dashed lines and their centroid is indicated by th@o,;r ,17,23,3] ,45 in Fig. 1). In Table | calculated(E2)

thick solid lines with labeE(C).

states and shell-like states. As for the excited state¢ @4,
we take the 0(3.35 Me\) and 2" (3.90 MeV) states, which
are the members of the rotational band with the well-adjusted by multiplying a factor of 10 to reproduce the ex-
developeda-cluster structure. The form fact(ﬁffL,,L,(R),
whose diagonal parts are the folding potentials, is multipliedransitions of**Ti are hardly effected by this, the intraband
by a normalization factok. The form factors for the Cou-
lomb interaction are also calculated in the same way.

By using the folding potentials, we investigate the struc-perimental intraband transitions are well reproduced by the

gives good agreement of the calculated intraband transitions
from each 4 state with experiment. The Ostate and the
unobserved 1 (3.44 MeV) state are members of thHe
=2Q1=2]; weak coupling quintet states

values are compared with the experimental data. In the cal-
culations the theoretical electric transition amplitudeé'iga
from the 2" (3.90 Me\) state to the ground state in Ref.
[10], which is too small compared with experimdd], is

perimental B(E2) value of °Ca. Although the intraband

transitions are greatly enhanced about factor 10 improving
the agreement with experiment. We see that the strong ex-

ture of #*Ti. The renormalization factors are kept at 1.2, present calculations without effective charges. The large
which is consistent with the values widely used in thetransitions are brought about by the collectivity due to the

DDM3Y folding model calculation§27], except finely tuned
A=1.185 is used for the g.s. channel so that the ground sta@so reproduced giving weak transitions to be weak.

As for the highly excited energy region our model gives
experiment. In the bound state calculations the harmonic oghe higher nodaN=14 K=0" band starting at 11.7 MeV.
Yamayaet al. [20] claimed that the 10.86 MeV Ostate is

energy with respect to the-threshold corresponds to the

cillator basis functions withN=12 (size parametery

relative motion ofa clustering. The interband transitions are

=0.14 fm ?) are spanned in order to take into account thethe N=14 higher nodal state because it has a very large

Wildermuth condition due to the Pauli principle. To take into @-spectroscopic factor S=1.06) deduced

from

the

account the Pauli principle in the coupling interactions phe-a-transfer reactions. Guazzoei al. [6] claimed that the 0
nomenologically, the tensor coupling interactions, which arestate at 9.32 MeV is the higher nodal state, however, it has
too strong in the double folding calculations, are weakenedhot been observed in the sanfti( d) transfer reactions at
so that the calculated energy levels correspond to experkE, =37 MeV and 50 MeV[5,20]. On the other hand, the
11.19 MeV 0" state was claimed by Frekees al. [15-1§

to be the band head state of tNe=12 andN=13 “mixed-

ment.

Calculated energy levels d¥Ti are shown in Fig. 1 in
comparison with the experimental dafts,6,15,16,19-213

parity” band whose negative parity partner 11.69 MeV 1
The calculated four rotational bands at low excitation enerstate is , as was discussed by Mickehl. [2], difficult to be

TABLE |. Theoretical and experiment&(E2) values[22,23 for the J”—J{ transitions(in W.u.) of

“4Ti are compared.

JT—=J7 Exp. Theor. NHENE Exp. Theor.
27(1.08 MeV)—0;(0.00 MeV) 13 18  43(3.98 MeV)—25(2.88 MeV) 19 16
47 (2.44 MeV)—2;(1.08 MeV) 30 25  25(2.52 MeV)—0;(0.00 MeV) 0.17 0.033
67 (4.02 MeV)—4;(2.44 MeV) 17 23 27(2.52 MeV)—2;(1.08 MeV) 6.7  0.29
87(6.51 MeV)—6; (4.02 MeV) >15 20 4;(3.35 MeV)—2;(1.08MeV) 26  0.31
105 (7.67 MeV)—8; (6.51 MeV) 15 15 25(2.88 MeV)—0;(0.00 MeV) 0.71  0.15
127(8.04 MeV)—10](7.67 MeV) <6.5 7.9 27(2.88 MeV)—2;(1.08 MeV) <3.2 0.093
25(2.52 MeV)—0;(1.90 MeV) 24 17 25(2.88 MeV)—0;(1.90 MeV) 14  0.33
43(3.35 MeV)—2;(2.52 MeV) 29 29  37(3.44 MeV)—27(1.08 Me\V) 0.24 0.48
37 (3.44 MeV)—25(2.88 MeV) <64 20 4;(3.98 MeV)—2;(1.08 MeV) 0.24 0.048
43(3.98 MeV)—3;(3.44 MeV) <85 12 4;(3.98 MeV)-4](2.44 MeV) <1.8 0.44
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a state with thex+4°Ca(g.s) configuration because its ex- a width might not contradict thex-cluster picture, although
citation energy of 11.69 MeV and its very small width, 40 we have to wait for more detailed experimental results.

keV, are incompatible. Recent experimefits20] and theo- Our calculation also locates the band hedd fate with
retical calculations in“’Ca [10] have shown that ther  the core-excited higher nodad+*Ca*(07:3.35 MeV)
widths are fragmented over states nearby, therefore it seengfucture at 14 MeWFig. 1). It is interesting to observe the
reasonable that the fragmentation occurs alstfTi. In Fig. ~ band members in experiment. _ _

1 the centroidgshown by thick solid lines and label&{C)] To summarize, by taking account of thelike core exci-

of the 0" states(10.86 MeV, 11.08 MeV, 11.19 Mey' 2" f[atlgp we could reproduce all the rotational bands observed
states(12.12 MeV, 12.18 MeV, 12.28 Meland 4" states " Ti in the a-cluster model. The strong intraband and

(12.86 MeV, 13.18 MeV, 13.42 MeN(shown by dashed weak interband electric transitions of the low-lying bands
lines and labelecE) which have been observed either in V'€ also well reproduced. The fragmentation of ke 14

a-transfer reactions or elastia scattering[15,16,19-21 andN =15 higher nodal parity-doublet-cluster bands was

(some of the states may happen to be the same state Withﬂiscussed. As a next step, to get more detailed understanding
of the a-cluster structure of“Ti, a microscopic three cluster

the energy resolutignare displayed. In Fig. 1 the high spin 36 ) " L
members(6*~8") of the N=14 higher nodal states de- rc1(e+eg;rd Ar orthogonality condition model calculation is

duced from the peak position of the fusion excitation func-
tions are also showf28]. The position of the & state is This work was done as a part of research project “Mo-
consistent with the recent result of the coincidenetansfer  |ecular structure and structure-change in tH&i region”
reaction[19]. The present calculations nicely reproduce theorganized by the Yukawa Institute for Fundamental Physics,
centroid of the experimental states which may be fragmenteglyoto University. Numerical calculations were supported in
from theN= 14 higher nodal band. part by the Research Center for Nuclear Physics, Osaka Uni-

As for the negative parity states, in Fig. 1 the centroidsversity. One of the authoréS.0) has been supported by a
[thick solid lines and labele&(C)] of the 1™ states(11.69  Grant-in-aid for Scientific Research of the Ministry of Edu-
MeV, 11.73 MeV, 11.80 MeY, 3~ states(12.57 MeV, cation, Science and Cultuf®o. 0864038Y. This work was
12.78 MeV, 12.88 MeY, and the 5 state at 14.7 MeV done partly when one of the autho(S.0) stayed at the
(dashed lines and labeled) [15,16,19,2] are displayed. University of Oxford. S.O. is very grateful to the members of
The centroids correspond to the calculafder15K=0" the Nuclear Physics Laboratory for the warm hospitality ex-
a+%Ca (g.s) band. If thea widths of theN=15K=0" tended to him. We thank Peter Hodgson for a careful reading
band are fragmented, the fact that eachstate has a small of the manuscript.
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