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Nonyrast high-spin states inNÄZ 44Ti
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High-spin states have been investigated in theN5Z522 nucleus44Ti. A newly observed set of states with
Jp561, 81, 101, and 121 are assigned to be members of a band built upon an excited 01 state. This band
displays rotational-like level spacings, with a near-linearJ(J11) dependence. A third set ofJp581, 101, and
121 states have also been tentatively assigned and a negative-parity intruder band has been extended toJp

5132. Comparisons withd f-shell model calculations show a good agreement for both energy levels and
branching ratios. These calculations indicate that the excited 01 band is dominated by a mixture of 8p–4h and
6p–2h configurations relative to40Ca.

PACS number~s!: 23.20.Lv, 27.40.1z, 21.60.Cs, 21.60.Gx
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I. INTRODUCTION
There has been much contemporary interest in neut

deficient nuclei within the f 7/2 shell, particularly those
around theN5Z line and near the center of the shell. The
nuclei exemplify the interplay between different phenome
@1# as they have a sufficient number of valence quasiparti
to demonstrate collective effects, while also being defici
enough to exhibit properties associated with single-part
behavior.

Work by Simpsonet al. @2# on 44Ti suggested that in
addition to the yrast nonrotational ground-state band th
exist three rotational bands based upon excited 01, 21, and
32 states. These authors suggested@3# that 44Ti can behave
as a soft asymmetric rotor, but that further work was requi
to see if these bands extend to high spins. In-beam gam
ray spectroscopy along theN5Z line has advanced signifi
cantly in recent times due to the implementation of lar
arrays of hyperpure Germanium detectors. The use of th
arrays in conjunction with devices for detecting particle re
dues has further enriched the search for high-spin phen
ena in medium-mass self-conjugate systems. The prim
aim of this work was therefore to re-examine44Ti at high
spin in order to extend the above mentioned bands an
compare any new structures with shell-model calculation

Titanium-44 has two protons and two neutrons outside
doubly magic nucleus40Ca. One approach to modeling th
nucleus uses a standard spherical-shell basis with four nu
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ons in af 7/2 or f 7/2,p3/2, f 5/2,p1/2 model space; these will be
abbreviated byf and f p, respectively. To take into accoun
excitations out of thesd closed shell, thed3/2, f 7/2 (d f)
model space has been used. This approach assumes
nucleons outside of a32S core. We compare our results
shell-model calculations in all these model spaces. In ad
tion a more macroscopic approach is mentioned, where44Ti
is treated as a doubly magic40Ca core plus one alpha pa
ticle. The motivation for this is provided by the considerab
success of a cluster model description of the analogous a
particle plus doubly closed shell core nucleus20Ne. There, a
good description was given of the spectra, enhancedE2 tran-
sition rates and alpha decay widths, as well as the ela
scattering of alpha particles@4,5#. The application of such a
model to 44Ti ~see, for example, Merchantet al. @6# and
references therein! is much less conclusive since the pr
posed alpha cluster states have erratic energy spacings, r
poorly known electromagnetic properties, and there are
data at all on alpha emission widths. It must be noted, ho
ever, that these calculations have been compared with re
from experimental work utilizing light-ion reactions such
(a,g) @2# with low cross sections for the population of high
spin states. Here we use a compound-nucleus, heavy-ion
sion evaporation reaction in conjunction with high-efficien
gamma-ray detectors and ancillary detectors to test for c
ter states at high spin in44Ti.

II. EXPERIMENT

The reaction24Mg(28Si,2a )44Ti, at a beam energy of 87
MeV upon a 0.5 mg/cm2 enriched24Mg target, was studied
using the PEX detector apparatus at the Niels Bohr Insti
Tandem Accelerator Laboratory. Gamma rays were dete
in four EUROBALL cluster detectors@7#, with one pair of
Germanium clusters mounted at an angle of 104.6° rela
to the beam direction and the other pair at 145.8°. A 4p
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silicon-wafer array with 31 detector elements@8# surround-
ing the target was used to detect charged particles, with
crimination between protons and alphas achieved throug
comparison of the energy loss of incident particles with
each detector element. An array of neutron detectors w
mounted at the front of the apparatus.

A software gate was used to select events in which
alpha particles~no protons and no neutrons! were detected,
and these were used to build onegg-coincidence matrix and
two angular correlation matrices. These two angular matr
provided information on the gamma-ray multipolarities, as
these matrices events from either detector angle were in
mented on thex axes while angle-specific events were inc
mented on they axes. The ratio of peak areas from the to
projection of they axis of one matrix to that of the other ar
an indication of the angular distribution of different mult
poles. Hence it was possible to discriminate betweenJ→J
22 ~stretched quadrupole! and J→J21 ~stretched dipole!
though not betweenJ→J ~nonstretched dipoles! and J→J
22 transitions. Identical procedures were performed on tr
sitions of known multipolarity in nuclei populated via oth
reaction channels to test this method.

A gold stopper foil was mounted on the inner surface
the front-most face of the silicon array, 11.5 mm from t
target. The recoiling44Ti nucleus had a velocity of aroun
13 mm/ns such that any states that decay after a few n
seconds had a probability of decaying either when
nucleus was in flight or when the nucleus had come to res
the gold foil. As the gamma-ray spectra were Doppler c
rected assuming that the states decay in flight, peaks f
gamma transitions from such states had three componen
one at the correct energy corresponding to decays in fl
and two other components with higher energies correspo
ing to decays which had occurred after the nucleus
stopped~one component from each cluster-detector angle!.

III. RESULTS

Spectra in coincidence with combinations of gamma-
transitions in44Ti are shown in Fig. 1. Coincidence relation
ships and intensity measurements were used together
angular distribution information to construct a level sche
for 44Ti as shown in Fig. 2.

Simpsonet al. @2,3# and Kolataet al. @9# had established
the ground-state band of44Ti up to 121 at 8 MeV, with
states at 1082 (21), 2453 (41), 4014 (61), 6509 (81),
7671 (101), and 8039 (121) keV. These states were ob
served in this work too. The state at 11 085 keV which fee
directly into the state at 121 is tentatively assigned as (141).

New gamma ray transitions of energy 2046, 2072, 24
and 2513 keV have been observed in this work. They ar
coincidence with one another, and feed into the ground-s
band at the 41, 2453 keV state. Angular distribution ratio
indicate that these are all stretchedE2 transitions. It is there-
fore suggested that a second set of 61, 81, 101, and 121

states have been observed at 4499, 6571, 8984, and 1
keV, respectively. The possibility of the 2046- and 2072-k
gamma rays being unstretched dipoles is not allowed thro
the existence of the 1100- and 2010-keV gamma rays wh
06431
is-
a

re

o

s

e-
-
l

n-

f

o-
e
in
-
m
—
ht
d-
d

y

ith
e

s

,
in
te

96

h
h

would both have to beE4 transitions in this case.
It was possible to observe stopped components of

gamma decays below theJp5121 state at 8039 keV, which
has a~previously measured@10#! lifetime of 2.160.4 ns. The
newly observed 1100-, 2010-, 2046-, and 2072-keV peaks
have stopped components, confirming their position in
level scheme of Fig. 2. Also, stopped events represente
greater portion of the 1100- and 2010-keV gamma rays t
the 2072- and 2046-keV, indicating that these latter two p
ceed mainly via fast components.

The second set of 01, 21, and 41 states were placed b
Simpsonet al. @2# at 1905, 2531, and 3365 keV, respe
tively. In this work we observe a very weak 1134-keV tra
sition in coincidence with the 2072-, 2413-, and 2513-k
gamma rays~but not with the 2046-keV transition! and pro-
pose this 1134-keV gamma ray connects the second 61 state
to the second 41, 3365-keV state. This 1134-keV gamma ra
has also been observed in a parallel study@11#. In previous
work @2# the 3365-keV state is shown to be linked to t
second 21 and 01 states by a cascade of 834- and 626-k
E2 gamma rays. Combining this information, we propo
that the newly observed states extend a structure built u
an excited 01 state at 1905 keV to 121 at 11 496 keV.

The statistics of the present experiment were too wea
obtain convincing angular distribution ratios for the deca

FIG. 1. ~a! A sum of spectra gated on the 1561- and 2495-k
gamma rays, the inset shows an expanded region between 2.9
3.65 MeV at 8 keV per channel.~b! A spectrum gated on the 2046
keV gamma ray with the inset showing an expanded region betw
1.8 and 3.2 MeV, both at 4 keV per channel.~c! A gate on the
2090-keV gamma ray with inset showing an expanded region
tween 1.4 and 2.1 MeV, both at 4 keV per channel.
4-2
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NONYRAST HIGH-SPIN STATES INN5Z 44Ti PHYSICAL REVIEW C 61 064314
from the states at 7458, 9503, and 11 835 keV, but the s
gestion is that they are a third set of 81, 101, and 121 states.
There is no experimental evidence to link these states w
the other rotational-like band observed by Simpsonet al. @2#
with energies~spins! of 2886 keV (21), 3415 keV (31), and
3980 keV (41), which were not observed in this work.

The band built upon the 32 state at 3174 keV was ob
served in the present work and has been extended toJp

5132. The 884-, 1602-, 1736-, 2314-, and 1827-keV tran
tions are seen to be in coincidence and all display stretch
quadrupole characteristics. It is believed that they are o
half of a signature-split structure, withE2 transitions of
1506, 1771, 1935, and 1600 keV forming the other half. T
type of signature-split intruder band is a common feature
nuclei in the lower half of thef 7/2 shell ~e.g., 46V @12#!.

IV. DISCUSSION

The new level scheme of Fig. 2 is compared with thr
sets of calculations in different model spaces, carried
with the shell-model code OXBASH. Figure 3~a! represents
results@13# using af 7/2 only space. The second set of resu
in Fig. 3~b! are an extension into a full-f p model space using

FIG. 2. Energy level scheme deduced from this experiment
44Ti. The levels are labeled with the assigned spin and parity
well as the excitation energy in keV, with widths of arrows propo
tional to relative gamma-ray intensity. Bracketed spin assignm
are tentative. The states at 1905, 2531, 2886, 3415, and 3980
observed by Simpsonet al. @2#, have not been observed in this wo
and are shown here as an aid.
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the FPD6 two-body interaction of Richteret al. @14#.
In Fig. 3~a! the predicted energies for the nonyrast 01,

21, and 41 states are much too high; increasing the valen
space to include the fullf p shell @Fig. 3~b!# results in a
moderate improvement in the energies. Also the nony
states are calculated to decay primarily to the yrast ba
which does not agree with the band structure observed in
experiment. Due to the lack of success in reproducing
excited bands using the above model spaces, we have
performed calculations in ad f valence space. Figure
shows level schemes developed from the results of a s
model calculation in ad f model space using the two-bod
interaction of Hsiehet al. @15#. A small adjustment was
made to thed f Hamiltonian by lowering thed3/2–f 7/2 gap by
0.5 MeV and multiplying the Hamiltonian matrix elemen
by 0.9. Figure 4~a! indicates the relative magnitude of th
B(E2)s between states. In Fig. 4~b! information on the en-
ergy of the gamma rays is included such that the arr
widths represent the fraction of the total (E2) decay prob-
ability of a particular transition from each state. This resu
in a predicted level scheme that has high similarity to
experimental scheme of Fig. 2; note in particular the rep
duction of feeding patterns in and around the excited2

1

band and the strong decay out of the band at 62
1 to the

ground-state band.
Thed f wave functions for44Ti can be expanded in term

of the partitions (d3/2)
(82k2p)( f 7/2)

(nv1k1p), where nv54,
p50 for positive parity andp51 for negative parity. When
the Hamiltonian is restricted to its spherical single-parti
part, the positive-parity ground-state band and the low
negative-parity band are purelyk50. The two-body interac-
tion connects partitions which differ ink value by two units
and the resulting states are mixtures of thek partitions. The
mixed d f wave functions for44Ti are shown in Table I~the
k>6 components are small for all of these!. One finds that
the lowest states of each spin are indeed dominated bk
50 (4p20h relative to 40Ca), except for the (141) state
whosek50 configuration is not allowed. The mixing with
the k52 values is large and uniform for all of these state
This type of mixing within thed f space has been discuss
previously for 40Ca @15,16# and 39Ca @17#. The collectivity
of the positive-parity ground-state band is better descri
by the full (f p)4 configurations, and one might regard th
higherk admixtures as part of what influences the effect
Hamiltonian in thef p model space.

For the nonyrast states we have to take into account
plicitly the excitations out of thesd shell. Thed f model
space gives a ‘‘skeleton’’ picture of what these wave fun
tions are like, but the complete model must eventually a
take into account the fullsd and f p shells. The nonyras
positive-parity states are dominated by thek54 (8p24h)
configuration for low-spin and then change over to ak
52 (6p– 2h) dominance at high spin.

We note that the one-body electromagnetic operator
only connect components of the wave functions with t
samek value. The second 61 state has an unusually larg
k50 component related to the mixing with the relative
low-lying second (f 7/2)

4 61 state@13#, and this mixing is

r
s

ts
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4-3



al

re
al
e-

C. D. O’LEARY et al. PHYSICAL REVIEW C 61 064314
FIG. 3. Comparison between experiment
level energies and~a! f-shell model calculations
@13#, ~b! f p-shell model calculations.~c! d f-shell
model calculations. In all cases the levels a
grouped by band as in Fig. 2, with experiment
energies on the left of each pair, theoretical pr
dictions on the right.
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the reason why the nonyrast 02
1 band decays to the yras

band at this point. It is also the reason for the sharp incre
in rotational frequency atJ'6 in Fig. 5~a!, which compares
the variation of angular frequencyv with spinJ for the new
band with thed f-shell model results and the alpha-clus
calculations of Michelet al. @5#. This jump is exhibited by
the d f-shell model results, and probably corresponds to
sudden large overlap between the excited band wave f
tion and that of the ground-state band, the two presuma
corresponding to different shapes, as discussed in more d
below.

Titanium-44 is anN5Z nucleus, such that isovectorM1
transitions are isospin forbidden between itsT50 states. As
the isoscalarM1 components are relatively weak, transitio
throughout the nucleus are dominated by theirE2 compo-
nents. As in the neighboringN5Z case of46V @12#, this is
most readily demonstrated in the negative-parity band wh
only very weak transitions are observed experimentally
tween the two signature-split structures.

Figure 5~b! shows the variation of excitation energy wi
spin of the yrast band, the nonyrast 02

1 band and the alpha
cluster calculations. This plot shows that this band h
06431
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energy-level systematics more similar to the alpha-clus
model calculations than the ground-state band. However,
d f shell model calculations show that the ground-state b
of 44Ti is similar in structure to the40Ca ground state (nv
50) with 68.0%k50, 26.2%k52, and 4.9%k54. The
ground-state band in44Ti has a large overlap with40Ca plus
a four nucleon cluster configuration, while that of the no
yrast states is very small. It seems that the strong simila
between the energy-level structure of the 02

1 band and the
alpha cluster calculations is mere coincidence—though
note that in the work of Hindiet al. @18#, evidence is shown
for 8p24h states in20Ne with 12C18Be cluster character
istics.

Recent work on the odd-oddN5Z nucleus46V @12# in-
dicated the coexistence of prolate-deformed and sphe
shapes. Bands exhibiting rotational-like level spacings co
sponding to a prolate shape withb'0.3 andg'15° were
found to coexist with a spherical structure, the latter of the
being yrast. Zhenget al. @19# have searched for highly de
formed many-particle–many-hole states in44Ti using a fixed
configuration deformed Hartree-Fock approach with
Skyrme interaction. They predict a low-lying~6.0 MeV!
4-4
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FIG. 4. Energy level schemes for44Ti deduced fromd f shell model calculations. The levels are labeled with the assigned spin and p
as well as the excitation energy in keV. Dashed states and transitions have not been confirmed in this experiment.~a! Indicates the relative
magnitude of theB(E2)s between states, the widths of the arrows being proportional toB(E2) values. Only major transitions@B(E2)
.10 e2 fm4# are shown.~b! Indicates where theE2 transition strength from a given state is divided, the widths of the arrows
proportional to the branching ratio of each transition. Only major transitions~branching ratio.%5) are shown.
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6p– 2h state withb50.29 and~5.6 MeV! 8p24h with b
50.41. We have taken a simplistic approach to estima
the deformation of the 02

1 band by using these deformation
for k52 andk54 and assuming that of thek50 configura-
tion is 0, then weighted them with the partition values fro
Table I and plotted these as a function of spin in Fig. 5~c!.
The features of this plot and Fig. 5~d!, where we have plotted
the dynamic moment of inertia of the 02

1 band against spin
are qualitatively similar. A rise at low spins is followed by
06431
g
sharp drop at around 61 where strong mixing with the~low
deformation! yrast ground-state band occurs, then a rise
to 121. Hence a drop in deformation at aroundJp561 gives
rise to the jump in rotational frequency shown in Fig. 5~a! as
nuclear angular momentum is conserved.

V. SUMMARY

Nonyrast bands have been established up to high spi
44Ti. One of these, built upon an excited 01 state, displays
4-5
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C. D. O’LEARY et al. PHYSICAL REVIEW C 61 064314
rotational-like energy-level spacings. Shell model calcu
tions in a d f-valence space reproduce the energy-le
scheme including feeding patterns very well for all the str
tures observed. Furthermore, they show the rotational-
02

1 band to be a mixture of 8p24h and 6p– 2h configura-
tions at low spins, with the latter dominant at high spins.
a matter for future interest, Zhenget al. @19# have also pre-
dicted configurations of 12p28h ~at 12 MeV! in 44Ti with
b50.813 and 16p212h ~at 20 MeV! with b50.985. It

TABLE I. Wave function partitions~%! of the d f states in44Ti.

Jn
p k50 k52 k54

01
1 55.3 36.1 8.1

21
1 61.8 32.4 5.6

41
1 64.8 30.3 4.8

61
1 65.6 30.7 3.5

81
1 75.1 22.3 2.5

101
1 76.2 21.8 1.9

121
1 78.6 19.8 1.6

141
1 0.0 81.2 18.5

02
1 27.8 21.6 47.3

22
1 18.7 36.4 42.6

42
1 12.1 47.1 39.2

62
1 43.9 40.9 14.8

82
1 0.6 71.4 27.0

102
1 2.3 85.5 4.8

122
1 14.9 84.7 14.9

63
1 2.5 88.3 9.0

83
1 2.9 87.8 9.2

103
1 1.1 84.1 14.3

123
1 5.7 65.9 28.0

31
2 65.5 32.9 1.6

41
2 64.9 32.0 2.4

51
2 64.5 32.7 2.8

61
2 72.6 25.9 1.5

71
2 69.1 28.9 2.0

81
2 74.5 24.3 1.1

91
2 74.6 24.0 1.4

101
2 84.5 14.8 0.6

111
2 81.3 17.8 0.9

121
2 76.4 23.0 0.6

131
2 77.5 21.6 0.9
.

et

. A

06431
-
l
-
e

s

would be intriguing to test this nucleus for such hyperd
formed shapes.
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FIG. 5. ~a! J versusv plot, where Javg5(Ji1Jf)/2 and v
5(Ei2Ef)/2 for the 02

1 1.905 MeV band, the predictions of th
d f-shell model calculations~see Fig. 4! and the alpha-cluster mode
of Michel et al. @5#. ~b! A plot of excitation energy of the ground
state band~circles!, the 02

1 band~diamonds! and the alpha cluste
calculations against spin.~c! A plot of the predicted deformationb
for the 01

1 and 02
1 bands using deformations of 0 fork50, 0.29 for

k52, and 0.41 fork54 ~from Zhenget al. @18#! weighted with the
partition values from Table I.~d! A plot of dynamic moment of
inertia I(1) versus spin for the 02

1 band.
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