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Band terminations in the nucleus 46Ti
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High-spin states in46Ti have been investigated with the reaction28Si(24Mg,a2p) at 100 MeV, using the
GASPg-ray array and the charged-particle detector ISIS. The positive parity yrast sequence has been observed
up to the 141 terminating state and several high-energy transitions have been established above the termination
state. Both the signatures of a negative parity band have been observed up to the 162 and 172 terminating
states, plus one more transition from an 182 state at 19.086 MeV excitation. The observed states are interpreted
within the frame of large scale shell model calculations in the fullp f space~positive parity! and as particle-
hole excitations from thed3/2 shell ~negative parity!.
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I. INTRODUCTION

The nuclei in the 1f 7/2 shell have become a recognize
laboratory source in which our understanding of the interp
between collective behavior and shell model effects can
studied in great detail. Theoretically, this has become p
sible due to large scale shell model calculations performe
the full p f shell @1#. Experimentally, the highly efficien
g-ray detector arrays made it possible to study these nucl
relatively high spins, up to configuration terminating sta
or even higher, where the structure is dominated by the al
ment of all the valence nucleons, as well as excitations of
core. Many band terminations have been observed in th
nuclei for the natural parity states@2#, while for the non-
natural bands, they have been observed only in a few ca
44Ti @3#, 45Sc @4#, 46V @5#, 47V @6#.

This paper presents new experimental results on high-
states for the46Ti nucleus. This nucleus is close to48Cr,
which is the f 7/2-shell nucleus with the largest valence pa
ticle number and therefore the most collective. Low-sp
states in46Ti have been studied by means ofb-decay and
different light particle induced reactions@7,8#. High-spin
states have been observed through heavy-ion fus
evaporation reactions up to the termination of the posit
parity yrast sequence@9–11#.

In the present work, we follow both the positive~natural!
parity and negative~non-natural! parity state sequence
above their terminations. In total, 20 new levels with sp
above 10\ and excitation energy higher than 8 MeV ha
been established in this nucleus. These experimental re
are compared with fullp f shell model calculations, as we
as calculations which allow for particle-hole excitations
volving the 1d3/2 orbital.

II. EXPERIMENTS AND RESULTS

A. Experimental details

The data containing information on the high-spin states
46Ti have been obtained from an experiment where the ta
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was a self-supported 0.4 mg/cm2 foil of 99.99% enriched
28Si and the beam was24Mg at 100 MeV @12#, with 46Ti
being populated by thea2p channel.

The beam was delivered by the XTU Tandem accelera
of the National Laboratories of Legnaro. Theg rays were
detected with the GASP array@12# that consists of 40 HP Ge
detectors of high efficiency, with anti-Compton shields, a
an inner ball~multiplicity filter! of 80 BGO elements. Detec
tion and identification of light charged particles from th
reactions were made with the ISIS silicon ball@13# that con-
sists of 40DE-E Si telescopes with a geometry similar
that of the GASP Ge detectors. Events were collected on
if at least two Ge detectors and two BGO elements of
inner ball fired in coincidence. A total of 7.03108 twofold
and 7.33107 threefold events were collected. Theg rays
were recorded up to an energy of 6.5 MeV.

B. Data analysis and the level scheme

The average recoil velocity of the46Ti nuclei was about
0.044c and a simple Doppler correction with this value led
rather broad peaks~e.g., about 12 keV full width at half
maximum at 1.5 MeV!, an effect mainly due to the evapora
tion of high-energya particles. By using the information
from the ISIS detector on the geometry of the evapora
particles, one could apply an event-by-event kinematic c
rection @14#, thus improving by 25% the resolution of th
g-ray spectra~i.e., about 9 keV at 1.5 MeV!.

The data were sorted in symmetrizedg-g andg-g-g co-
incidence matrices, both with or without conditions on t
ISIS data. By observing the coincidence relationships a
relative intensities of the transitions, we have built the le
scheme shown in Fig. 1. Several examples of double-ga
spectra related to this level scheme are shown in Fig. 2.

Table I contains information concerning the intensiti
and multipolarities of all the transitions in Fig. 1. The tra
sition multipolarities have been deduced on the basis of
©2003 The American Physical Society06-1
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FIG. 1. The level scheme of the46Ti nucleus as resulted from the present experiments. The widths of the arrows are proportiona
relative intensities of theg-ray transitions~Table I!.
034306-2
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BAND TERMINATIONS IN THE NUCLEUS 46Ti PHYSICAL REVIEW C 67, 034306 ~2003!
rectional correlation from oriented states~DCO! ratios @15#
and on the angular distributions of theg rays@16#. The DCO
ratios were calculated as

RDCO5
I g1

~u1 ; gated by g2 at u2!

I g1
~u2 ; gated by g2 at u1!

,

gate is set on theg2 transition. They have been determine
from asymmetricg-g matrices which had on one axis theg
rays from the 90° ring of detectors and on the other o
those from the 35° and 145° rings of detectors. Such ma
ces have been obtained in coincidence either with one
ton, or with onea particle. In our case, foru1590° and
u2535° and 145°, gating on a stretched quadrupole tra
tion g2, one gets forRDCO a value of;1.0 if theg1 transi-

FIG. 2. Double-gatedg-ray coincidence spectra cut from
g-g-g coincidence cube. The two gates~or sum of gates! are indi-
cated in each case. Spectrum~a! illustrates one of the negativ
parity bands;~b! highlights one of the connections of the negati
parity band with the yrast positive parity band;~c! shows the cas-
cade of three transitions feeding the 101 level; ~d! the feeding of
the yrast positive parity band above the 141 state by the highest
energy transitions observed, of about 5.5 MeV.
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tion is a stretched quadrupole, or;0.5 if it is a stretched
pure dipole one. By gating on a stretched pure dipole tra
tion, one should get;2.0 for a quadrupole and;1.0 for a
pure dipole transition. For mixed dipole/quadrupoleg2 tran-
sitions,RDCO depends on thed value.

We have built also seven asymmetricg-g matrices corre-
ponding to the coincidence of the detectors from each ring
GASP (35°, 60°, 72°, 90°, 108°, 120°, and 145°) with t
rest of all the other detectors; these matrices were also c
cident with charged particles. Cleang-ray spectra were ob
tained from these matrices by gating on the all-detector a
on a number of46Ti transitions, and they were corrected fo
the efficiency of the corresponding ring of detectors. Sin
the GASP array has many detectors, placed at many diffe
angles, the angular correlation effects between any twg
rays are washed out, so that the intensity of anyg ray in the
seven rings does not depend on the character of the ga
transition~s!, but follows the regular angular distribution ofg
rays from oriented nuclei@16#.

The experimental valuesA2 /A0 andA4 /A0 resulting from
a Legendre polynomial analysis of the angular distributio
and/or theRDCO value are given in Table I for most of th
observed transitions. These two sets of data are rather
sistent with each other and support the assignments show
Fig. 1 and on the last column of Table I. In some cases,
transitions consistent with a dipole or quadrupole type h
been assumed as ofM1 or E2 mutipolarity, respectively, as
suggested by the observed decay patterns, while in s
others no parity assignment was made.

As in a recent heavy-ion in-beam investigation@11#, we
assign to the 1820 keVg ray in the positive parity yras
sequence a quadrupole character, and therefore assume
is a 141→121 transition. The 141 state is actually the ter
minating state having the maximum spin available to46Ti in
a puref 7/2-shell configuration. The yrast sequence continu
above the 141 terminating state with one transition of hig
energy~3.6 MeV!, which is of dipole type~Table I!, and it is
therefore assigned to the decay of a 151 state. Above the
121 state atEx58.214 MeV @7,8,11#, the observed leve
scheme is rather complex and presents many levels w
deexcite mainly by high-energy transitions. Most of the tra
sitions feeding the 121 and 141 yrast states are of dipole
character. Exception are two very high-energy transitio
~5.36 and 5.54 MeV! which feed the 141 state and appear to
be of quadrupole character~Table I!, therefore likely to de-
excite 161 states.

The states with excitation energies of 10.320 MeV a
13.081 MeV have been assigned positive parity on the b
of their connections with the positive parity yrast band. F
the states at 9.146, 10.473, 11.547, 12.077, and 12.488 M
tentative spin assignments have been made~see Fig. 1!, but
since they also have connections with negative parity st
~see below!, no definite parity assignment is proposed.

Two regular band structures built on the states 32 ~3.058
MeV! and 42 ~3.441 MeV! and interpreted as the signatu
partners of a rotational negative parity band were previo
lyknown up to the spins 92 and 82, respectively@7,8#. Such
6-3
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TABLE I. g-ray intensities, DCO ratios, Legendre polynomial coefficients of the angular distribut
and the tentative spin-parity assignments for46Ti levels and transitions.

Eg ~keV! Intensities DCO ratiosa A2 /A0
b A4 /A0

b Assignment

275.2 13.5~1! 0.70~5! 20.38(13) 20.57(21) 121
1→101

1

279.3 0.40~5! 131
2→(12)

286.2 0.30~6! 0.60~15! 131
1→141

1

382.9 8.5~1! 1.38~4! 0.22~4! 20.18(10) 41
2→31

2

407.2 ;0.6 151
2→(14)

410.9 1.1~2! 0.94~13! 20.18(7) 20.32(12) 51
2→41

2

535.9 0.8~1! 0.9~2! 71
2→61

2

553.6 0.6~1! 51
2→61

1

560.5 0.30~5! 0.57~20! 20.43(10) 20.09(16) 151
1→(142

1)
678.5 1.0~1! 91

2→81
1

753.0 0.5~1! 111
2→101

2

793.8 1.9~2! 0.95~17! 0.24~13! 20.09(23) 51
2→31

2

809.8 2.9~1! 1.3~2! 0.63~8! 0.20~15! 61
2→51

2

889.2 100.0~10! 0.09~10! 20.15(14) 21
1→01

1

940.0 1.6~1! 0.76~12! 20.54(9) 0.06~19! (14)→(13)
952.1 0.4~1! 81

2→71
2

998.0 0.13~4! 131
2→121

2

1040.7 0.10~5! 121
2→111

2

1048.7 10.0~4! 0.97~4! 20.08(8) 20.05(13) 31
2→41

1

1120.4 97.3~25! 0.97~3! 41
1→21

1

1220.6 9.2~2! 0.91~5! 0.18~8! 20.11(12) 61
2→41

2

~1254! 81
2→81

1

1289.0 68.9~12! 1.03~4! 0.19~12! 20.15(15) 61
1→41

1

1327.0 1.2~1! 0.30~8! 20.48(11) 20.20(24) (12)→(11)
1345.0 57.1~5! 0.97~4! 0.22~7! 20.16(14) 101

1→81
1

1345.5 8.6~2! 1.03~4! 0.17~15! 20.21(25) 71
2→51

2

1363.1 1.6~1! 1.1~2! 61
2→61

1

1431.7 4.5~3! 0.90~9! 20.08(6) 20.02(13) 41
2→41

1

1487.5 10.5~3! 0.98~8! 0.19~8! 20.18(16) 81
2→61

2

1512.7 1.6~1! 0.38~12! 20.28(8) 20.07(10) (13)→141
1

1596.5 68.4~15! 0.98~2! 0.19~8! 20.15(13) 81
1→61

1

1630.6 8.0~4! 1.19~4! 0.12~7! 20.15(14) 91
2→71

2

1699.5 20.3~8! 0.50~2! 20.40(5) 20.06(12) 111
1→101

1

1719.0 2.8~2! 0.50~6! 20.05(11) 0.02~20! 141
2→131

1

1794.0 3.8~4! 0.87~11! 0.28~11! 20.06(19) 121
2→101

2

1811.2 7.7~4! 0.95~9! 0.26~9! 20.14(15) 101
2→81

2

1820.1 25.2~6! 0.95~4! 0.21~8! 20.14(13) 141
1→121

1

1842.6 15.4~2! 0.7~5! 20.27(7) 20.04(11) 51
2→41

1

1885.6 5.7~3! 1.06~6! 0.17~7! 20.16(13) 111
2→91

2

1974.2 23.5~5! 1.04~4! 0.22~9! 20.12(14) 121
1→101

1

2014.7 1.10~6! 0.97~15! 0.39~15! 20.14(32) (14)→(12)
2038.4 4.3~1! 1.04~5! 0.23~12! 20.25(22) 131

2→111
2

2106.2 7.1~2! 0.60~15! 20.26(6) 20.07(12) 131
1→121

1

2142.7 2.9~1! 0.98~6! 0.22~5! 20.12(9) 151
2→131

2

2169.0 0.26~4! 31
2→21

1

2285.0 1.0~1! 0.77~16! 0.38~16! 20.31(26) 141
2→121

2

2452.3 1.4~1! 1.24~23! 0.34~9! 20.36(9) (14)→141
1

2474.0 1.8~2! 0.31~10! 111
2→101

1

2490.2 1.9~1! 0.82~23! 0.18~13! 20.37(21) 161
2→141

2

2537.7 4.0~8! 0.42~7! 20.36(9) 0.03~14! 131
2→121

1

2654.5 1.6~1! 0.83~12! 0.09~9! 20.17(15) 171
2→151

2

034306-4
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FIG. 3. Comparison between the experimental level scheme of46Ti and the one calculated with the shell model~codeANTOINE!, in the
full p f shell. For the experimental levels without parity assignment, no possible theoretical counterparts are shown.

TABLE I. ~Continued!.

Egg ~keV! Intensities DCO ratiosa A2/A0
b A4/A0

b Assignment

2760.5 1.1~2! 0.60~12! 0.14~16! 0.26~39! (142
1)→131

1

2906.2 1.9~1! 0.55~9! 20.49(9) 20.28(16) (11)→101
1

~3046! (142
1)→141

1

3321 1.0~2! 1.4~4! 151
1→(131

1)
3537 0.24~5! 20.83(13) 0.09~20! 181

2→171
2

3607 2.2~1! 0.28~7! 20.67(14) 0.53~22! 151
1→141

1

3863 0.6~1! 20.14(19) 20.42(30) (13,14)→121
1

4044 ;0.8 0.31~15! 20.17(18) 0.05~32! (14,15)→141
1

4866 0.4~1! 1.9~5!c (142
1)→121

1

5360 ;0.5 0.91~36! (16)→141
1

5542 ;0.5 1.12~33! (16)→141
1

aFrom gate set on a quadrupole transition.
bAngular distribution Legendre polynomial coefficients.
cFrom gate set on the dipole transitions 275 and 1700 keV.
034306-5
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D. BUCURESCUet al. PHYSICAL REVIEW C 67, 034306 ~2003!
a non-natural parity band can be described within the s
model, as a particle-hole excitation from the closedd3/2
shell. The terminating states of thea50 anda51 signature
bands are, in this picture, 162 and 172, respectively. We
have observed for the first time, in the present experime
the two signature bands up to their termination. In addition
higher transition of 3.54 MeV, which feeds the terminati
state of thea51 band is reported.

TABLE II. Comparison between experimental and shell mo
values for branching ratios in46Ti. The calculated values take i
account the predictedM11E2 admixture for theDJ51 transi-
tions.

Ex Assign- Ey Branch
~keV! ment Transition ~keV! Expt. Calc.

Positive parity levels
8214 121

1 121
1→111

1 275 57.4~12! 51.49
121

1→101
1 1974 100~2! 100.00

10320 131
1 131

1→141
1 286 4.2~8! 8.03

131
1→121

1 2106 100~3! 100.00
13081 142

1 142
1→141

1 3046 30.76
142

1→131
1 2761 100~18! 100.00

142
1→121

1 4866 36~11! 30.95
13641 151

1 151
1→141

1 3607 100~5! 100.00
151

1→131
1 3321 46~9! 25.73

Negative parity levels
3852 52 52→42 411 58~8! 100.00

52→32 794 100~10! 79.28
4662 62 62→52 810 31.5~13! 90.25

62→42 1221 100~2! 100.00
5198 72 72→62 536 9.3~12! 13.20

72→52 1346 100~2! 100.00
6149 82 82→72 952 3.8~10! 44.50

82→62 1488 100~3! 100.00
6828 92 92→82 679 12.5~14! 9.39

92→72 1631 100~5! 100.00
7960 102 102→92 1132 12.48

102→82 1811 100 100.00
8714 112 112→102 753 8.8~18! 2.03

112→92 1886 100~5! 100.00
9754 122 122→112 1041 2.6~13! 4.77

122→102 1794 100~11! 100.00
10752 132 132→122 998 3.0~9! 11.49

132→112 2038 100~2! 100.00
12039 142 142→132 1287 100.00

142→122 2285 100 29.16
12895 152 152→142 856 100.00

152→132 2143 100 43.49
14530 162 162→152 1635 10.25

162→142 2490 100 100.00
15549 172 172→162 1019 0.39

172→152 2655 100 100.00
19086 182 182→172 3537 100 100.00

182→162 4556 17.08
03430
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III. COMPARISON WITH SHELL MODEL:
CALCULATIONS AND DISCUSSION

As stated in the Introduction, shell model calculations
the full p f space give a very good description of the structu
of f 7/2-shell nuclei. We have therefore compared the pres
experimental data to predictions of such calculations. To
count for negative parity states, a particle-hole excitat
from the d3/2 shell has been considered. These calculati
have been performed with the codeANTOINE @17#, using the
KB3 interaction and experimental single-particle energ
from 41Ca @1#. The results for46Ti are shown in Fig. 3.

The positions of the positive parity yrast states up to
151 state~above the band termination! are well reproduced.
Table II shows the calculated and experimental branch
ratios for the higher-lying positive parity states. It is seen t
the decay of the 121

1 , 131
1 , 142

1 , and 151
1 states is predicted

reasonably well. The position of the calculated 161
1 state fits

well with that of the observed states with possible spin 1
For the negative parity bands, the calculations are, in g

eral, in good agreement with the observed features. Both
signature splitting and in-band and interband decay of th
states are well described~Fig. 3 and Table II!. Calculations
predict the first and second 142 states with excitation ener
gies that differ by less than 100 keV. The resulting wa

l

FIG. 4. Comparison of the positive parity yrast band and
negative parity bands with a rotor formulaE(J)532.32A25/3J(J
11).
6-6
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BAND TERMINATIONS IN THE NUCLEUS 46Ti PHYSICAL REVIEW C 67, 034306 ~2003!
functions are thus mixed and this can explain the lack
agreement for the decay of the 141

2 and 151
2 states in Table

II. The calculations also show that theJp5182 state, above
the band terminations, which fits well the position of t
observed one, decays preferentially towards the termina
state of thea51 band, as observed experimentally.

For the experimental states without parity assignm
from Fig. 1, also shown separately in the middle of Fig. 3
was not possible to establish unambiguous corresponde
with calculated levels.

Figure 4 gives a comparison of both the positive a
negative parity bands of46Ti with the rotor formulaE(J)
50.05473J(J11). In the positive yrast band, the nucleus
seen to be a reasonably good rotor up to the spinJ58;
above that, the sudden change of the slope indicates a dr
change of configuration, which leads to gradually less c
lectivity. The negative parity bands have a much more re
lar rotational aspect~Fig. 1!: the rotational character is rela
tively good up to spinJ510, after that there is again
change of slope indicating a different regime. Both chan
of regime show up experimentally in a back bending. Abo
the maximum aligned spin, the smooth behavior is brok
indicating an abrupt change of configuration.

These changes of configuration can be also followed
the structure of the wave functions. Figure 5 shows the w
function compositions~fractional shell occupations! of the

FIG. 5. Wave function components for the positive parity yr
states.
03430
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yrast positive parity states. The wave functions are do
nated, as expected, by thef 7/2 orbital, but thep3/2, f 5/2, and
p1/2 orbitals play also some role. It is seen that these hig
orbitals have a significant contribution in the structure of t
states up to spin 8. This indicates a stronger collectivity
these states. As proved in previous calculations@18#, it is the
mixing between thef 7/2 andp3/2 orbitals which enhances th
quadrupole coherence and gives rise to rotational states
ter spin 8, the contribution of all these orbitals falls prac
cally to zero, which means that the spin is built only b
aligning f 7/2 particles. This process continues up to spin
~fully aligned, or terminating state!. At Jp5151, one sees
that, essentially, onef 7/2 neutron is excited into thep3/2
orbital.

Figure 6 shows the occupation numbers for the nega
parity band states~both signatures!. One observes the sam
trend as discussed above for the positive parity states, ex
that here the decrease~with increasing spin! of the compo-
nents due to the higherp f orbitals is more gradual up to th
terminating states. This is the reason why the loss of col
tivity ~Fig. 4! is more gradual in this band than in the pos
tive parity band. The 182 state observed above the termin
tion is again realized by promoting onef 7/2 neutron into the
p3/2 orbit.

In conclusion, in the present work, the level scheme
46Ti has been greatly expanded at high spins. We have
served for the first timeg-ray transitions above the termina

t FIG. 6. Same as Fig. 5, but for the negative parity states.
6-7
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D. BUCURESCUet al. PHYSICAL REVIEW C 67, 034306 ~2003!
tion of both the natural and unnatural parity bands. Sh
model calculations have been performed for the fullp f space
allowing also particle-hole excitations from thed3/2 orbital.
These calculations describe well the experimental featu
and offer an insight into the microscopic origin of the o
served behavior with spin. The observed bands are ra
collective up to spin;8 –10, where the alignment off 7/2
particles sets in, inducing a gradual loss of collectivity up
the terminating states. The alignment is more gradual for
do

an

p

i,
ar
d

.
.
A
y

.F
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unnatural parity bands giving rise to a smoother terminat
in this case. After the terminating states, excitation of o
f 7/2 neutron into thep3/2 orbital induces an abrupt change
the smooth behavior.
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