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a-cluster states in Ti have been investigated in the Ca( Li,d ) Ti reaction at E=50 MeV. The
angular distributions of 34 levels at excitation energies for E„=O—13 MeV allow us to analyze the
data. The angular distributions of positive-parity members of the ground-state band (the K =0+
band) in Ti were well reproduced by the finite-range distorted-wave Born approximation calcula-
tions up to the transferred angular momentum of L= 8. For the members of the negative-parity
band (the E =0 band) with the primary quantum number N=13, three levels at 6.22, 7.34, and
9.43 MeV were identified as the 1,3, and 5 states, respectively. The existence of a negative-

parity band in Ti has been investigated for a long time and persistently gives considerable support
to a-cluster models for nuclei heavier than A =40.

I. INTRODUCTION

In most nuclei lighter than A =40, e clustering is a
highly prominent feature in a large number of states. A
typical example of a clustering in light nuclei is found in

Ne, where the ' O+a structure is particularly stable.
For nuclei heavier than A =40, which have a strong
effect of the spin-orbit coupling force on nuclear struc-
ture, many theoretical and experimental studies have
been devoted to the investigation of a clustering. In fp-
shell nuclei, ' in particular the nucleus Ti, a Ca+a
structure is predicted to be especially stable. However, a
clustering in Ti is not as clear as it is in Ne where the
viewpoint of moleculelike structure has been unambigu-
ously established. ' A key to the establishment of the
a-cluster model of Ti is to identify clearly which of the
negative-parity members of the parity doublet band is a
partner of the positive-parity band. These states have
been inevitably predicted by the a-cluster theories,
but have never been experimentally observed in the fp
shell nuclei. Therefore, it is of signi6cance to investigate
the members of the negative-partity band in order to
firmly establish the a-cluster viewpoint in Ti.

Direct experimental evidence for a clustering in Ti
can be provided by n-transfer reactions on Ca. Many
experiments of four-nucleon transfer on Ca have been
done using different reactions" ' (' 0, ' C),"
( 0, C), ( Ne, 0) and ( Li,d). The ( Li,d} re-
action is, in particular, a powerful tool for a-clustering
study. Experimental studies of the reaction (6Li,d) on

Ca have been done at incident energies near 30
MeV ' however the members of the negative-parity
band in Ti are not evident in these data. The sharp rise
in the observed cross sections at backward angles in the
elastic Ca(ct, ao) scattering experiments ' ' suggested
the presence of a-cluster structure at excitation energies
above the a threshold in Ti. The Ca(a, y ) capture re-
action and the heavy-ion-induced reactions (HI, X )

(Ref. 25) have identified the levels of a band of positive-
parity states which begins with the 0+ ground state and
apparently terminates at the 8.04-MeV 12+ state in Ti.

In the present work, the ( Li,d} reaction on Ca has
been used to investigate the members of the negative-
parity band in Ti. These members are expected at exci-
tation energies above the n-threshold energy, which is
not a well-known energy region. In addition, the
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positive-parity band is investigated in the present experi-
ment.

II. EXPERIMENTAL PROCEDURES
AND RESULTS

A 50-MeV Li + beam was provided by the isochro-
nous cyclotron at the Research Center for Nuclear Phys-
ics (RCNP) of Osaka University. The beam current on
the target was between 20 and 40 e nA. Deuterons emit-
ted from the reaction ( Li,d) were analyzed with the spec-
trograph RAIDEN. The spectrograph acceptance an-

gle of 0.5' in the scattering plane was used with the resul-
tant solid angle of 1.7 msr. The observed overall resolu-
tion for the system was bout 50 keV full width at half
maximum. Deuteron particles were detected and
identified by the foca1 plane counter system consisting of
a position-sensitive proportional counter of 1.5 m in

length, two hE gas proportional counters, and an E plas-
tic scintillation counter. An enriched (99.8%) Ca tar-
get, with thickness of 200 pg/cm, was prepared by eva-
poration onto a gold foil backing and was fixed in a
scattering chamber without exposure to air. Data were
taken with three or four separate settings of the spectro-
graph magnetic field in order to cover the entire excita-
tion energy region of E =0—13 MeU. Angular distribu-

tions for 34 levels were obtained at intervals of 2.5' for
0&,b=5' —20' and 5' for 0»b=20 —35'. The upper and
lower parts in Fig. 1 show the energy spectra of deute-
rons emitted from the reaction Ca( Li,d) Ti at Hhb=6'
for levels below and above the a-threshold energy, re-
spectively. Contaminant peaks from the reaction ( Li,d)
on the light impurities of C and 0 were identified from
the kinematic shift of the spectra line with the angle of
observation. The observed excitation energies of the lev-
els in Ti were in agreement within 30 keU of the results
obtained from the data at E=32 MeV by Strohbusch
et al. ' The excitation energies labeled in Fig. 1 were in
accordance with Ref. 18. Furthermore, additional levels
were identified in the present experiment (see Table II).
As reported in a previous paper, the 11.7-MeV 1 state
which has been identified by Frekers et al. * ' was not
clearly excited in the present experiment.

Figures 2 and 3 display angular distributions obtained
at E=50 MeV. These angular distributions exhibit
shapes which are characteristic of the transferred orbital
angular momentum. The curves present the results of a-
transfer distorted-wave Born approximation (DWBA)
calculations normalized to the experimental data to
deduce the a-spectroscopic factors S .
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III. ANALYSES

The angular distributions were analyzed using the
finite-range DWBA code TWOFNR and TWOFNREX (Ref.
29) to determine the transferred angular momentum L.
According to the DWBA calculations, the a-particle
transfer in the ( Li,d) and (d, Li) (Refs. 30 and 31) reac-
tions occur at a local radius of the nuclear surface where
amplitudes of the overlap integral in the reactions show a
sharp maximum related to only a few partial distorted
waves. This feature suggests that the DWBA analysis is
a good approximation for a-transfer reactions. Further-
more, as seen in Fig. 2, the characteristic shapes of the
angular distributions indicate the dominance of a direct-

reaction process, which describes an a-particle-transfer
mechanism for each allowed angular momentum transfer.
Considering that the DWBA analysis is a good approxi-
mation for the ( Li,d) reaction, optical-model potential
parameters obtained from the analyses of the elastic-
scattering data are nearly expected as the appropriate pa-
rameters for the DWBA calculations.

The wave function of relative motion between the d
and a clusters in the ground state of Li has been well in-
vestigated. Kubo and Hirata looked for an analyt-
ic representation of the Wood-Saxon potential shape
which was expressed in the effective interaction Vd ob-
tained from the phase shift of the d +a scattering. They
found Vd =72 MeV as the depth of a potential with the
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radius parameter ro =1.2 fm and the diffuseness parame-
ter a =0.65 fm, where R =ro A,'„,. In the present analy-
ses, the potential depth V& was determined so as to give
the separation energy SE(d+a)=1.47 MeV, the node
n =1, and the orbital angular momentum l =0 for the
relative motion of two clusters in the ground state of Li.
The subsequent value obtained was V& =78 MeV with
ro=1.2 fm and a =0.65 fm.

In the reaction channel, a role of the distorted waves
inside the target nucleus is not exactly the same as one in
the elastic scattering channe1. Thus the distorted waves
obtained from the elastic-scattering data are not invari-
ably correct inside the nucleus for the reactions. The
optical-model potential parameters obtained from the
analyses of elastic-scattering data were used as a first
guess in the DWBA calculations. The deuteron optical-
model parameters were obtained from an analysis of
deuteron elastic scattering at E=52 MeV by Hinter-
berger et al. For the Li optical-model potential, we
adopted the potential parameters obtained from the anal-
yses of Li elastic scattering at E=50.6 MeV by Chua
et al. In the present DWBA calculations, the radius
parameters of the deuteron and Li real potentials were
varied to obtain a good fit to the angular distributions of
the fixed spin-parity states in Ti. The deuteron spin-
orbit potential plays a certain role in reproducing the an-
gular distributions of the (d, Li) (Ref. 31) and ( Li,d) re-
actions. In the ( Li,d) reaction, the smaller spin-orbit po-
tential depth than those for the elastic scattering and
(d, Li) reaction was necessary to get better fits to the
data. The spin-orbit potential of Li was derived from
the empirical deuteron spin-orbit potential using a fold-
ing model. However, this part of the Li optical poten-
tial has a minor effect on reproducing the experimental
angular distributions. The optical-model parameters
used in the present analysis are shown in Table I in corn-
parison with those obtained from the elastic scatterings
together with those used in the (d, Li) reaction. '

The bound-state wave functions for the transferred a
cluster in Ti were calculated using a Woods-Saxon well.
The radius of the potential well was set equal to
R =1.0(40' +4' ') fm with a diffuseness parameters of
0.65 fm in the primary quantum number N=2n, +L = 12
and 13 states, where n„and L denote the number of radi-
al nodes and orbital angular momentum, respectively, of
the a-particle wave functions. In the case of the Ca+a
system, the states with N = 12 correspond to the

TABLE I. Optical-potential parameters. The radii are defined as R„=rAT ' frn, where AT is the target mass number, and the
Coulomb radius is taken to be R& = 1.40A z-

' fm for d and Li channels.

d channel
elastic
(d, 'Li)
( Li,d)
Li channel

elastic
(d, Li)
( Li,d)

(MeV)

88.9
88.9
88.9

244
244
244

7R

(fm)

1.05
1.35
1.35

1.30
1.30
1.05

(fm)

0.85
0.85
0.85

0.7
0.7
0.7

Wq

(MeV)

23.5
23.0
23.5

Wi
(MeV)

11.7
11.7
11.7

r
(fm)

1.3
1.3
1.3

1.70
1.70
1.70

a
(fm)

0.779
0.779
0.779

0.9
0.9
0.9

V„
(MeV)

7.0
5.0
3.5

2.0
2.0

(fm)

1.05
1.05
1.05

1.0
1.0

aso

(fm)

0.85
0.85
0.85

0.9
0.9
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positive-parity band states and the states with N =13
correspond to the negative-parity band states. Potential
depths were adjusted to reproduce the o.-separation ener-

gy. For the unbound states, the wave functions are those
which correspond to weak binding energy E~= —0. 1

MeV.
At first, the calculations of the cross sections up to

L = 10 for the N = 12 and 13 states were performed. The
angular distributions obtained using these calculations
are indicated by the solid curves in Fig. 2. It is evident
that the results of the DWBA calculations for the known
spin states with J =0+—8+ well reproduce the data.
The J =8+ state at E„=6.47 MeV corresponds to the
state at E =6.508 MeV by Simpson et al. The angular
distributions of the strongly excited states at 8.54 and
10.86 MeV as well as the more weakly populated state at
9.58 MeV were not reproduced by the calculations for
any transfer angular momentum L allowed for N = 12 or
13 states. These angular distributions are shown in Fig. 3
together with the calculated curves. Considering higher
nodal states, the calculations with N = 14 were performed
with a radius R =1.23(40' +4' ) fm for these levels.
In general, a single-particle orbit in the harmonic-
oscillator potential expands its radius with increasing pri-
mary quantum number N. Such a property of the
single-particle wave function may be not lost in the
Woods-Saxon potential. In the present case, the bound-
state wave functions for the transferred a cluster were
calculated using a potential with a Woods-Saxon shape,
and it may be reasonable to assume that the radius pa-
rameters of the wave functions with N=14 should be
larger than those with N =12. The angular distributions
calculated with L =6 and 8 as N = 14 states reproduced
the data of the 8.54- and 9.58-MeV states, respectively.
For the state at 10.86 MeV, either results of the calcula-
tions for L =0 (N=14) or L =1 (N=15) reproduced
the data (see Fig. 3). However, a unique angular momen-
tum transfer for this state could not be determined.

IV. DISCUSSION

A. Positive-parity band states

In Table II we present a summary of the results of the
present analyses compared with the known lev-
els' ' ' ' ' in Ti. The spin parities obtained from
the present analysis are in good agreement with those of
the known levels. It is suggested that the characteristic
angular distributions in the present experiment indicate
dominance of a direct-reaction process, which enables an
identification of the spin parity of states assuming an o.-

particle-transfer reaction. As seen in Fig. 2, the calculat-
ed curve for the 8+ state at 6.47 MeV (corresponding to
the 6.508-MeV state in Ref. 25) also well reproduces the
data. This state is unbound in the Ca+ca system, and
this fact supports the use of an unbound wave function
approximated in the ( Li,d) reaction by a wave function
corresponding to a weak binding energy. The Coulomb
barrier height in the system Ca+a is about 11 MeV,
which corresponds to 16 MeV of excitation energy in

Ti. A state with an internal wave function at a few

MeV above the o.-threshold energy may drop steeply at
the nuclear surface due to the Coulomb barrier and
behave like a bound-state wave function with a weak
binding energy. Angular distributions of some levels near
4 MeV above o.-threshold energy are also in agreement
with the DWBA calculations for the appropriate angular
momentum transfer L of the N = 12 and 13 states.

For the strongly excited level at 8.54 MeV, which was
tentatively assigned as J =0+ by the study at E=32
MeV, ' there was no DWBA calculation for the range of
L allowed with N =12 and 13 that reproduced the fall of
cross sections at large backward angles. The calculation
for L=6 of the N=14 state, however, reproduces the
data, if a radius parameter of the a-wave function in Ti
is taken as R =1.23(40' +4' ) fm (see Fig. 3). The
cross sections of an N =14 state with such a large angu-
lar momentum transfer falls at backward angles, and in

spite of very small o;-cluster amplitudes in Ti, these
states are sometimes strongly excited. In fact, since the
wave functions of these states extend to outer side of the
nuclear surface, the amplitudes of the overlap integral for
the a transfer are large. The 9.58-MeV level, which is
not so strongly excited, may also be a state with N =14.
The 10.86-MeV level is strongly excited. The results of
the DWBA calculations for either L =0 or 1 well repro-
duce the angular distribution of this level, with spectro-
scopic factors of 0.25 and 0.10 for L =0 and 1, respec-
tively. These values are much larger than those of the
N =12 and 13 states. According to the theoretical calcu-
lation based on an o;-cluster model, this level corre-
sponds to a band head of higher nodal states of either an
N = 14 positive-parity or N = 15 negative-parity band.

Angular distributions of the members of the positive-
parity band (N =12), which is terminated at 8.04 MeV,
are shown in Fig. 4. The results of the DWBA calcula-
tions for the states of J =0+, 2+, 4+, 6+, and 8+ are in
good agreement with the data. The spectroscopic factors
range from 0.03 to 0.04 for these states. For the 7.67-
MeV 10+ state, however, there is a large discrepancy be-
tween the experimental and theoretical cross sections at
the backward angles (the DWBA calculation for L = 12
transfer is impossible in the present codes). The shape of
angular distributions of the 7.67-MeV 10+ and 8.04-MeV
12+ states are similar to that of the 8.54-MeV state. For
the 7.67- and 8.04-MeV states, the DWBA calculations
were performed as N =14 states using the weak-bound
wave functions with ro = 1.23 fm for the 7.67-MeV
state and 1.35 fm for the 8.04-MeV state, where
R =ro(4' +40' ). The results are the dotted curves
compared with the data in Fig. 4. The curves of L =6
and 8 for these states at 7.67 and 8.04 MeV seem to agree
well with the data, and the deduced spectroscopic factors
are less than 0.01. However, the present assignment for
these two states are tentative. Considering the above re-
sults and the fact that the excitation energies of the states
at 7.67 and 8.04 MeV are much too low as the J =10+
and 12+ states of the ground-state band with N = 12, it is
suggested that the wave functions of these states are
somewhat different than those of the other states of the
ground-state band.



T. YAMAYA et al.

L

K=0+ BAND STATES

iol

B. Negative-parity band states

On the basis of the results of the DWBA analyses, the
levels at 6.22, 7.34, and 9.43 MeV were assigned as L, = 1,
3, and 5 transition states, respectively. We can consider
these three states as candidates for members of the
negative-parity band with N = 13 by comparing with the
results of the theoretical calculations. These angular dis-
tributions are compared with the DWBA calculations in
Fig. 5. Determination of the transferred angular momen-
turn I. for the 6.22-MeV state is difficult because the

iol

lol

N~ LsP

~ ca{6L~.d)

EI b~50MIV

Ex *6.22 MeV
L*I

lO'—

iol

6.47 MeV, 8+

10
L~2

Ex 7 54 MeV

iol
lo'

7.67 MeV, tO+

N*l 2

IO'— L=6, N=I4

lO-l

8.04 Mev, l2+

0 1-~-y-p gl
L=e, N=I4

Ex 9.43 MeV

L 5

Ioo-
I I I a

0 10 20 30 40
e, ~ (deq)

FIG. 4. Angular distributions of the members of the ground-
state band (the positive-parity band, K =0+). The solid and
dashed curves indicate the results calculated as N = 12 and 14
states, respectively.

0
I

lO 20
s I

30
ec.m. («g )

I

40

FIG. 5. Angular distributions of the 6.22-, 7.34-, and 9.43-
MeV states at E( Li) =50 MeV. The solid curves indicate the
best fit to the data by the DWBA calculations.



EXISTENCE OF a-CLUSTER STRUCTURE IN Ti VIA THE. . . 1941

Ca(a, y) s(' N,any)
'Si(' F,p2ny)

TABLE II. Levels in Ti.

'Ti(p, t) "Ca('I i,d)
E =32 MeV

Ca( Ls,d)
E =50 MeV

(Refs. 22, 23, and 24)
JVi

(Ref. 25)
JTF

(Ref. 39)
J 'lT

(Refs. 18, 19, and 21)
JK

Present work
J'iT

g.s.
1.083
1.904
2.454
2.530
2.886
3.175
3.364
3.415
3.645
3.775
3.942
3.980
4.015
4.061
4.116
4.227
4.792

5.305

5.423

6.508

0+
2+
Q+

4+
2+
2+

(3 )

4+
3+

(4 )

(2+)
(3 )
4+
6+

(5 , 3 )
2+

(8+)

g.s.
1.083

2.454

3.176

3.645

4.015
4.060

6.508

o+
2+

4+

(3 )

(4 )

6+

(5 )

(8+)

g.s.
1.82
1.903
2.450
2.535
2.885
3.175
3.365

3.942
3.980
4.015
4.060

4.605
4.792

5.055
5.315

5.415
6.030

0+
2+
0+

(4+ )

(2+)
2+

(2+ )
4+

3
4+

(5,6+ )
4+

0+
(2+)

(4+ )

(2+ )
(4+ )

g.s.
1.08
1.90
2.44
2.52

3.35

(3.74)
3.92

4.00

4.10

4.84
5.08
5.23
5.33
5.41
6.03
6.22
6.47

0+
2+
o+
4+
2+

)4

0+

(4+)

g.s.
1.08
1.90
2.45
2.53
2.89
3.18
3.37

(3.64)
3.76
3.96

4.02

4.10

4.85

5.31
5.41
6.03
6.22
6.47

o+
2+
o+
4+
2+
2+

3
4+

(1 )

3

Q+

5
3
2+

1

8+

0.04
0.03

(0.01
0.03
0.02
0.002
0.002
0.03

0.005
0.005

0.03

0.007

0.02

0.009
0.01
0.04
0.04
0.04

7.216

7.671
8.039

9.338
9.427

9.698
9.713
9.908

10.129
10.209
10.386

1+,T=1

(10+ )

(12+ )

0+ T=2
(4+ )

2+
(4+ )

2+, 3
4+ 5

(1,2)
~2

(2+,3-)

7.671
8.039

(1o+)
(12+ )

6.965 4+, T= 1

7.670 (4)

9.330 O', T=2

6.535
6.600 2+, T= 1

7.21
7.34
7.56
7.67
8.04

8.38

8.54

(8.96)
(9.03)

9.43
9.58

(0+ )

6.8
6.96

7.34
7.56
7.67
8.04
8.17
8.38
8.45
8.54
8.7
8.8
8.96
9.0
9.19

9.43
9.58

2+

3
(3 )
(6+ )

(8+ )

(1 )
2+

3
(6+ )

(2+ )
4+
6+

0.02

0.03
0.02
0.006
0.002
0.015
0.03
0.002
0.003

0.06
0.02
0.02

0.03
0.003
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TABLE II. (Continued).

Ca(a, y )

(Refs. 22, 23, and 24)
E J jr

"S(' N,pny)
Si(' F,p2ny)
(Ref. 25)

J jr

4'Ti(p, t)

(Ref. 39)
J jr

Ca( Li,d)
E =32 MeV

(Refs. 18, 19, and 21)
J jr E„

Ca( Li,d)
E =50 MeV
Present work

J jr S

10.44
10.86

11.69
12.2

10 86 (0+ ) 0.25

0.10

difference between the shape of the angular distribution
for L =0 and 1 is not definitive at E =50 MeV. Howev-
er, the calculated angular distributions for any
transferred L larger than 1 does not reproduce the
present data. Fortunately, the angular distribution of
this state measured at E =28 MeV has been reported by
Fulbright et aI. ' over the angular range =10'—70. An
angular distribution at such a lower incident energy is
more sensitive in identifying 1ower angu1ar momentum
transfers. In Fig. 6 the results of the present analysis for
the angular distributions of the 6.22-MeV and ground
states obtained from Ref. 19 are shown. The calculated
curves were obtained by using the same optical potential
parameters as those presented in Table I. The present
analysis shows that the DWBA curve for an L =0
transfer well reproduces the angular distribution of the
0+ ground state. The curve for the L =1 transfer is in

good agreement with the data of the 6.22-MeV state.
The spectroscopic factor deduced from the data at E =28
MeV is 0.04 and is in agreement with the result obtained
from the present data at E =50 MeV. Consequently, it is
evident that the DWBA curve for L = 1 is most suitable
to fit the angular distribution of the 6.22-MeV state. For
the 7.34-MeV state, the calculated angular distribution
for the L =3 transfer (shown in the middle of Fig. 5) fits
the data very well. The data points of the 9.43-MeV state
include some ambiguity at angles smaller than 10' be-
cause of an ' 0 contaminant peak in the spectra. Never-
theless, the calculated curve for the L =5 transfer well
reproduces the data at the angles larger than 15', while
neither the L =4 nor 6 curve reproduces the data as
shown in the bottom of Fig. 5. On the basis of this
DWBA analysis, it is indicated that the spin and parity of
the 6.22-, 7.34-, and 9.43-MeV states are 1,3, and 5
respectively.

V. SUMMARY AND CONCLUSIONS

~ Ca(6~i. d)~~Ti

Eiob =28 MeV

b

I

6.22-Mev state

L~O

ground state

IO0

I

t

y I

il
LNO

tions have shown that o.-cluster structure persists in
the Ti nucleus, including the ground-state band. In Fig.
7, the parity doublet energy levels observed in the present
experiment are compared with those predicted by a-
cluster model calculations. The predicted energy lev-

els of the a-cluster negative-parity band, starting just
above the a threshold, correspond weil to those of the ob-
served levels (indicated by thick lines in Fig. 7).

It is interesting to compare the o.-cluster strength of
the negative-parity states with those of the positive-parity
states. It should be noted that the spectroscopic factors
deduced from the present data are for unbound states.
Thus the cx-wave function used in the DWBA calcula-

The general advantages and disadvantages of the
( Li,d) and {d, Li) reactions have been described in Ref.
41. In the present experiment, spin assignment charac-
teristics of a favorable L transfer in the reaction ( Li,d)
on Ca were determined for the N =12 and 13 states of40

44Ti. For unbound wave functions at excitation energies
above the a threshold, which is suSciently below the
Coulomb barrier in the system Ca+a, weak binding en-
ergy is a useful assumption.

Recently, the results of several theoretical calcula-

30 90
I I I I I I I

0 60
ac.m. (deg )

FIG. 6. Angular distributions of the ground state and 6.22-
MeV state at E( Li) =28 MeV by Fulbright et al. (Ref. 19). The
dashed and solid curves indicate the L =0 and 1 transfer, re-

spectively. For the 6.22-MeV state, the L =1 curve well repro-
duces the data.



42 EXISTENCE OF a-CLUSTER STRUCTURE IN Ti VIA THE. . . 1943

E„{MeV)
(p+ )

—
)

IO—

l2+

io+

(12 )

(Io )

(8+)
I

lo+

8 8

8

12

lp

6+ 6+

4+

2+

p+0—

4+

2+

o+

2+
p+

p+

OhkuboExperiment

(Present work) (Ref. 6)

Nichel
et al.

(Ref�.

5)

Ne rchan t
et al.
(Ref. 7)

Wada
et al.

(Ref. 8)

tions are those for which weak binding energy Ez = —0. 1

MeV was assumed. In the present reaction, the change in
shape of the angular distribution with change in the bind-
ing energy for the wave functions is minor, but the
change in the magnitude of the cross sections may not be
negligible. For these wave functions, the relative spectro-
scopic factors S /S (g.s.) of 1.0, 0.75, and 0.75 were de-
duced from the present data for the 1, 3, and 5
states, respectively. In this case, the value of the spectro-

FIG. 7. Observed parity doublet band in comparison with
the theoretical predictions of a-cluster states in Ti. The
negative-parity states observed in the present experiment are in-
dicated by thick lines. The 10.86-MeV state is a candidate of
the bandhead of the higher nodal state of N = 14 or 15.

scopic factor for the ground state was S (g.s.)=0.04,
where the S& was assumed to be 1.0 for the 2s relative
state in the d+a system of Li.

Furthermore, the strongly excited level at 10.86 MeV
is assigned to be either a J"=0+ or 1 state with %=14
or 15. This state has a large spectroscopic factor, and is a
candidate of the bandhead of the higher nodal state for
X =14 or 15.

In conclusion, using the ( Li,d) transfer reaction at 50
MeV, we have shown the presence of a negative-parity
band starting just above the a-threshold energy. These
negative-parity members excited at such a low-lying ener-

gy region cannot be described by a single-particle shell
model. The observations of the parity doublet band pre-
dicted from a a-cluster picture in Ti supports the ex-
istence of moleculelike structure in the fp-shell nuclei.
The energy gap between the ground 0+ state as the band-
head of the E"=0+ band and the 6.22-MeV 1 states as
that of the K =0 band is well explained by the +-
cluster model. It is suggested that the ground-state band
of Ti has a considerable a-cluster component. On the
basis of these results, it was found that nucleons in the

Ti nucleus heavier than A =40 form an a-particle
structure in spite of the strong effects of the spin-orbit
coupling force. It is, furthermore, expected to observe
the negative-parity band predicted by the e-cluster
theory for 4oCa, ' which is an analog of &60.
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