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a-cluster structure of 44Ti in core-excited a140Ca model
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It is shown that all the rotational bands in44Ti at low and high excitation energies can be well explained in
an a-cluster model in which thea-like excitation of the core,40Ca, is incorporated by employing density-
dependent M3Y~DDM3Y! double folding potentials.@S0556-2813~98!03105-7#

PACS number~s!: 21.60.Gx, 27.40.1z
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a clustering is one of the important correlations in nuc
@1#. Recently it has been shown that ana-cluster model
works well even in thef p-shell region@2–13# where it had
been believed that the strong spin-orbit force may break
a correlations@14#. The observation of the theoretically pre
dicted parity-doubletN513 K501

2 a-cluster band in44Ti
@5,6# and 40Ca @7,8# has confirmed the validity of the
a-cluster model. Also in thef p-shell region the coexistenc
of cluster and shell structure is clearly seen as was show
42Ca @9# and 40Ca @10#.

However, there still remain unsolved problems about
a-cluster structure in the typical nucleus44Ti at highly ex-
cited energies aboveEx510 MeV. The states 01 ~11.19
MeV!, 12 ~11.69 MeV!, 21 ~12.18 MeV!, 32 ~12.78 MeV!,
and 41 ~13.18 MeV! seen in a high-resolutiona140Ca scat-
tering @15,16# were once interpreted as members of t
N512 andN513 ‘‘mixed-parity’’ a-cluster band@16–18#.
This interpretation was questioned theoretically from
viewpoint of unified description of bound and scatteri
states of thea1 40Ca system@2,3#. However, recently this
‘‘mixed-parity’’ a-cluster theory has been emphasized ag
based on the coincidence experiment ofa-transfer reactions
@19#, which observed the 12 ~11.80 MeV!, 21 ~12.28 MeV!,
32 ~12.88 MeV!, 41 ~13.42 MeV!, and 52 ~14.7 MeV!
states and the authors have questioned the theory of R
@2–4#. Independently another 01 state with large
a-spectroscopic factor has been observed at 10.86 MeV
the a-transfer reactions@20#. Also the 01 ~11.08 MeV!, 12

~11.73 MeV!, 21 ~12.12 MeV!, 32 ~12.57 MeV!, and 41

~12.86 MeV! states have been reported from the analysis
elastica scattering@21#. It is important to understand thes
states comprehensively in ana-cluster model.

On the other hand, in the low-energy region below
MeV the rotationalK502

1 band@02
1 ~1.90 MeV!, 22

1 ~2.52
MeV!, and 42

1 ~3.35 MeV!# and theK521 band@23
1 ~2.88

MeV!, 31
1 ~3.44 MeV!, and 43

1 ~3.98 MeV!# @22,23# have
not been understood yet in a frozena-cluster model. A soft
asymmetric rotor model was successfully applied to the
ergy levels and the strongB(E2) values@23#, however, it
cannot explain the low-lying 03

1 ~4.85 MeV! state. The 03
1
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~4.85 MeV! state, which had been ever interpreted as
N514 a-cluster state in Ref.@24#, is too low to be the case
In the beginning of thef p-shell region systematic appea
ance of the low-lying intruder states in the shell model su
gests the importance of the excitation of the core. By usin
schematica-cluster model Yamada and one of the pres
authors~S.O.! discussed preliminarily that these bands c
be interpreted to have ana140Ca* structure with core exci-
tation @25#.

The purpose of this paper is to show that all the abo
mentioned low-lying rotational bands and high-lying ban
below 20 MeV can be understood in a unified way in t
a-cluster model in which thea-like excitation of the core is
incorporated by employing a double folding model.

We take the model wave function for thea140Ca(I p)
system as follows:

CJM5(
I ,L

@w~a!w I~
40Ca! ^ i LYL~R̂!#JMx IL

J ~R! ~1!

wherew(a) is the intrinsic wave function of thea-particle,
w I(

40Ca! is that of the core with spinI , and x IL
J (R) is the

relative wave function betweena and 40Ca withL being the
orbital angular momentum of the relative motion. The for
factor in the coupled channel equation is given by

FILI 8L8
J

~R!5^@w~a!w I~
40Ca! ^ i LYL~R̂!#JMuVu

3@w~a!w I 8~
40Ca! ^ i L8YL8~R̂!#JM& ~2!

with

V5 (
i Pa

j P40Ca

vNN~r i1R2r j !. ~3!

We take the DDM3Y@26# for a two-body effective inter-
actionvNN which was also useful in the heaviera190Zr and
a1208Pb systems@27#. Forw I(

40Ca), we take the wave func
tions calculated in the orthogonality condition model~OCM!
of 40Ca @10#, which reproduce the energy levels of clust
2760 © 1998 The American Physical Society
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states and shell-like states. As for the excited states of40Ca,
we take the 01~3.35 MeV! and 21~3.90 MeV! states, which
are the members of the rotational band with the we
developeda-cluster structure. The form factorFILI 8L8

J (R),
whose diagonal parts are the folding potentials, is multipl
by a normalization factorl. The form factors for the Cou
lomb interaction are also calculated in the same way.

By using the folding potentials, we investigate the stru
ture of 44Ti. The renormalization factors are kept at 1.
which is consistent with the values widely used in t
DDM3Y folding model calculations@27#, except finely tuned
l51.185 is used for the g.s. channel so that the ground s
energy with respect to thea-threshold corresponds to th
experiment. In the bound state calculations the harmonic
cillator basis functions withN>12 ~size parametern
50.14 fm22) are spanned in order to take into account
Wildermuth condition due to the Pauli principle. To take in
account the Pauli principle in the coupling interactions p
nomenologically, the tensor coupling interactions, which
too strong in the double folding calculations, are weaken
so that the calculated energy levels correspond to exp
ment.

Calculated energy levels of44Ti are shown in Fig. 1 in
comparison with the experimental data@5,6,15,16,19–23#.
The calculated four rotational bands at low excitation en

FIG. 1. Theoretical energy levels~thin solid lines and labeledT)
of 44Ti are compared with the experimental data~thick solid lines
and labeledE). The fragmented experimental energy levels (E) are
displayed by the dashed lines and their centroid is indicated by
thick solid lines with labelE(C).
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1 ,

N513 K501
2 , K502

1 , andK521 bands. Although it is
difficult to get the 02

1 state as low as 1.90 MeV in the con
ventional shell model, the present model gives the 02

1 state at
such a low energy because ofa clustering. The inspection o
the wave functions shows that theK502

1 band has domi-
nantly @a140Ca* (01:3.35 MeV)#J5L structure, while the
K521 band has dominantly@a140Ca* (21:3.90 MeV)#J

structure. The mixing of the two structures is rather stro
for the 41 states in contrast to the cases of the 01 and 21

states. As we see in Table I, this different mixing charac
gives good agreement of the calculated intraband transit
from each 41 state with experiment. The 03

1 state and the
unobserved 11 ~3.44 MeV! state are members of the@L
52^ I 52#J weak coupling quintet state
(03

1 ,11
1 ,23

1 ,31
1 ,43

1 in Fig. 1!. In Table I calculatedB(E2)
values are compared with the experimental data. In the
culations the theoretical electric transition amplitude in40Ca
from the 21 ~3.90 MeV! state to the ground state in Re
@10#, which is too small compared with experiment@10#, is
adjusted by multiplying a factor of 10 to reproduce the e
perimentalB(E2) value of 40Ca. Although the intraband
transitions of44Ti are hardly effected by this, the intraban
transitions are greatly enhanced about factor 10 improv
the agreement with experiment. We see that the strong
perimental intraband transitions are well reproduced by
present calculations without effective charges. The la
transitions are brought about by the collectivity due to t
relative motion ofa clustering. The interband transitions a
also reproduced giving weak transitions to be weak.

As for the highly excited energy region our model giv
the higher nodalN514 K501 band starting at 11.7 MeV
Yamayaet al. @20# claimed that the 10.86 MeV 01 state is
the N514 higher nodal state because it has a very la
a-spectroscopic factor (S51.06) deduced from the
a-transfer reactions. Guazzoniet al. @6# claimed that the 01

state at 9.32 MeV is the higher nodal state, however, it
not been observed in the same (6Li, d) transfer reactions a
EL537 MeV and 50 MeV@5,20#. On the other hand, the
11.19 MeV 01 state was claimed by Frekerset al. @15–18#
to be the band head state of theN512 andN513 ‘‘mixed-
parity’’ band whose negative parity partner 11.69 MeV 12

state is , as was discussed by Michelet al. @2#, difficult to be

e

TABLE I. Theoretical and experimentalB(E2) values@22,23# for the Ji
p→Jf

p transitions~in W.u.! of
44Ti are compared.

Ji
p→Jf

p Exp. Theor. Ji
p→Jf

p Exp. Theor.

21
1(1.08 MeV)→01

1~0.00 MeV! 13 18 43
1(3.98 MeV)→23

1~2.88 MeV! 19 16
41

1(2.44 MeV)→21
1~1.08 MeV! 30 25 22

1(2.52 MeV)→01
1~0.00 MeV! 0.17 0.033

61
1(4.02 MeV)→41

1~2.44 MeV! 17 23 22
1(2.52 MeV)→21

1~1.08 MeV! 6.7 0.29
81

1(6.51 MeV)→61
1~4.02 MeV! .1.5 20 42

1(3.35 MeV)→21
1~1.08 MeV! 2.6 0.31

101
1(7.67 MeV)→81

1~6.51 MeV! 15 15 23
1(2.88 MeV)→01

1~0.00 MeV! 0.71 0.15
121

1(8.04 MeV)→101
1~7.67 MeV! ,6.5 7.9 23

1(2.88 MeV)→21
1~1.08 MeV! ,3.2 0.093

22
1(2.52 MeV)→02

1~1.90 MeV! 24 17 23
1(2.88 MeV)→02

1~1.90 MeV! 14 0.33
42

1(3.35 MeV)→22
1~2.52 MeV! 29 29 31

1(3.44 MeV)→21
1~1.08 MeV! 0.24 0.48

31
1(3.44 MeV)→23

1~2.88 MeV! ,64 20 43
1(3.98 MeV)→21

1~1.08 MeV! 0.24 0.048
43

1(3.98 MeV)→31
1~3.44 MeV! ,85 1.2 43

1(3.98 MeV)→41
1~2.44 MeV! ,1.8 0.44
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a state with thea140Ca ~g.s.! configuration because its ex
citation energy of 11.69 MeV and its very small width, 4
keV, are incompatible. Recent experiments@7,20# and theo-
retical calculations in40Ca @10# have shown that thea
widths are fragmented over states nearby, therefore it se
reasonable that the fragmentation occurs also in44Ti. In Fig.
1 the centroids@shown by thick solid lines and labeledE(C)#
of the 01 states~10.86 MeV, 11.08 MeV, 11.19 MeV!, 21

states~12.12 MeV, 12.18 MeV, 12.28 MeV!, and 41 states
~12.86 MeV, 13.18 MeV, 13.42 MeV! ~shown by dashed
lines and labeledE) which have been observed either
a-transfer reactions or elastica scattering@15,16,19–21#
~some of the states may happen to be the same state w
the energy resolution! are displayed. In Fig. 1 the high spi
members~61;81) of the N514 higher nodal states de
duced from the peak position of the fusion excitation fun
tions are also shown@28#. The position of the 61 state is
consistent with the recent result of the coincidencea-transfer
reaction@19#. The present calculations nicely reproduce t
centroid of the experimental states which may be fragmen
from theN514 higher nodal band.

As for the negative parity states, in Fig. 1 the centro
@thick solid lines and labeledE(C)# of the 12 states~11.69
MeV, 11.73 MeV, 11.80 MeV!, 32 states ~12.57 MeV,
12.78 MeV, 12.88 MeV!, and the 52 state at 14.7 MeV
~dashed lines and labeledE) @15,16,19,21# are displayed.
The centroids correspond to the calculatedN515 K502

a140Ca ~g.s.! band. If thea widths of theN515 K502

band are fragmented, the fact that each 12 state has a smal
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a width might not contradict thea-cluster picture, although
we have to wait for more detailed experimental results.

Our calculation also locates the band head 01 state with
the core-excited higher nodala140Ca* (01:3.35 MeV)
structure at 14 MeV~Fig. 1!. It is interesting to observe the
band members in experiment.

To summarize, by taking account of thea-like core exci-
tation we could reproduce all the rotational bands obser
in 44Ti in the a-cluster model. The strong intraband an
weak interband electric transitions of the low-lying ban
were also well reproduced. The fragmentation of theN514
andN515 higher nodal parity-doubleta-cluster bands was
discussed. As a next step, to get more detailed understan
of thea-cluster structure of44Ti, a microscopic three cluste
a1a136Ar orthogonality condition model calculation i
needed.
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University of Oxford. S.O. is very grateful to the members
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of the manuscript.
.

.

.
s,

,

ett.

-

r,
@1# D. A. Bromley,Proceedings of the Fourth International Con
ference on Clustering Aspects of Nuclear Structure a
Nuclear Reactions, Chester, U.K., edited by J. S. Lilley and M
A. Nagarajan~Reidel, Dordrecht, 1985!, p. 1.

@2# F. Michel, G. Reidemeister, and S. Ohkubo, Phys. Rev. L
57, 1215~1986!; Phys. Rev. C37, 292 ~1988!.

@3# S. Ohkubo, Phys. Rev. C38, 2377~1988!.
@4# A. C. Merchant, K. F. Pal, and P. E. Hodgson, J. Phys. G15,

601 ~1989!.
@5# T. Yamaya, S. Oh-ami, M. Fujiwara, T. Itahashi, K. Katori, M

Tosaki, S. Kato, S. Hatori, and S. Ohkubo, Phys. Rev. C42,
1935 ~1990!.

@6# P. Guazzoni, M. Jaskola, L. Zetta, C. Y. Kim, T. Udagaw
and G. Bohlen, Nucl. Phys.A564, 425 ~1993!.

@7# T. Yamaya, M. Saito, M. Fujiwara, T. Itahashi, K. Katori, T
Suehiro, S. Kato, S. Hatori, and S. Ohkubo, Phys. Lett. B306,
1 ~1993!.

@8# T. Yamaya, M. Saitoh, M. Fujiwara, T. Itahashi, K. Katori, T
Suehiro, S. Kato, S. Hatori, and S. Ohkubo, Nucl. Phys.A573,
154 ~1994!.

@9# T. Sakuda and S. Ohkubo, Phys. Rev. C51, 586 ~1995!.
@10# T. Sakuda and S. Ohkubo, Phys. Rev. C49, 149 ~1994!.
@11# K. F. Pal and R. G. Lovas, Phys. Lett.96B, 19 ~1980!.
@12# T. Wada and H. Horiuchi, Phys. Rev. C38, 2063~1988!.
@13# B. Buck, J. C. Johnston, A. C. Merchant, and S. M. Per

Phys. Rev. C52, 1840~1995!.
d

t.

,

,

@14# H. Horiuchi, Prog. Theor. Phys.73, 1172~1985!.
@15# D. Frekers, D. Eickhoff, H. Lo¨hner, K. Poppensieker, R

Santo, and C. Wiezorek, Z. Phys. A276, 317 ~1976!.
@16# D. Frekers, R. Santo, and K. Langanke, Nucl. Phys.A394, 189

~1983!.
@17# H. Friedrich and K. Langanke, Nucl. Phys.A252, 47 ~1975!.
@18# K. Langanke, Nucl. Phys.A377, 53 ~1982!.
@19# K. P. Artemov, M. S. Golovkov, V. V. Pankratov, and V. P

Rudakov, Phys. At. Nucl.58, 177 ~1995!.
@20# T. Yamaya, K. Ishigaki, H. Ishiyama, T. Suehiro, S. Kato, M

Fujiwara, K. Katori, M. H. Tanaka, S. Kubono, V. Guimarae
and S. Ohkubo, Phys. Rev. C53, 131 ~1996!.

@21# J. P. F. Sellschop, A. Zucchiatti, L. Mirman, M. Z. I. Gering
and E. Di Salvo, J. Phys. G13, 1129~1987!.

@22# J. J. Simpson, W. R. Dixon, and R. S. Storey, Phys. Rev. L
31, 946 ~1973!.

@23# J. J. Simpson, W. R. Dixon, and R. S. Storey, Phys. Rev. C11,
1828 ~1975!.

@24# C. Y. Kim and T. Udagawa, Phys. Rev. C46, 532 ~1992!.
@25# T. Yamada and S. Ohkubo,Proceedings of the 2nd Interna

tional Conference on Atomic and Nuclear Clusters, Santorini,
Greece, 1993@Z. Phys. A349, 363 ~1994!#.

@26# A. M. Kobos, B. A. Brown, R. Lindsay, and G. R. Satchle
Nucl. Phys.A425, 205 ~1984!.

@27# S. Ohkubo, Phys. Rev. Lett.74, 2176~1995!.
@28# F. Michel, G. Reidemeister, and S. Ohkubo, Phys. Rev. C38,

1248 ~1986!.


