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␤ decay of the neutron-rich nuclides 55,56Ti has been used to populate low-energy levels of 55,56V, respectively. A half-life of 1.3±0.1 s was deduced for 55Ti, significantly longer than that determined from previous
measurements. The ␤ decay of 56Ti is characterized by a short half-life of 200±5 ms, with nearly all of the
decay directly populating the 1+ ground state of 56V. The role of the spin-flip process  f 5/2 →  f 7/2 in defining
the ␤-decay properties of nuclei near N=32, including 55,56Ti, is discussed.
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I. INTRODUCTION

The energy level systematics of the even-even 20Ca, 22Ti,
and 24Cr nuclides have revealed a substantial subshell closure at N=32, corresponding to the filling of the p3/2 singleparticle orbital [1–4]. The presence of this spherical subshell
gap is the result of a diminished  f 5/2- f 7/2 monopole interaction as protons are removed from the f 7/2 orbital. In general, the strongly attractive (proton j=ᐉ+1/2)-(neutron j=ᐉ
−1/2) monopole term in the nucleon-nucleon interaction
should play an important role in defining the magic numbers
in exotic nuclei [5]. Furthermore, the spin-orbit coupling
partners help define the ␤-decay properties of exotic nuclei.
As an example, the ␤-decay half-lives of neutron-rich  f 7/2
nuclides with N=33 are markedly shorter than those of their
N=32 counterparts. The next available neutron orbital above
N=32 is expected to be  f 5/2, the spin-orbit partner of the
occupied proton orbital  f 7/2.
Table I includes the measured half-lives for N=32 and
N=33 nuclides from 19K to 25Mn, where the data are taken
from Refs. [2,6–9]. The K nuclides with N=32 and N=33 are
expected to have a single hole in the proton sd shell, therefore, a fast  f 5/2 →  f 7/2 spin-flip transition would not be expected with a crossing of the N=32 subshell closure. Indeed,
a difference of only a factor of 3 is observed between the
␤-decay half-lives of the K isotopes with N=32 and those
with N=33. Starting at Z=20, the proton sd shell is filled, and
the next available proton orbital is 1f 7/2. For the elements
20Ca to 25Mn, there is at least one order-of-magnitude difference between the half-lives of the N=32 and N=33 isotopes,
except for 22Ti. The greatest difference between the N=32
and N=33 half-lives is observed for Ca, where the short halflife of 53Ca [10] has been attributed by Sorlin et al. [7] to the
spin-flip process  f 5/2 →  f 7/2.
We report new results for the ␤-decay properties of the
neutron-rich 55,56Ti isotopes. A first study of the ␤-decay
properties of 55,56Ti was completed by Dörfler et al. [8] and
included the measurement of ␤-delayed ␥ rays using a highly
efficient, but low-resolution bismuth germanate array.
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␤-decay half-lives for 55,56Ti have also been measured by
Ameil et al. [9], and their results suggested a faster ␤ decay
for the N=33 isotone 55Ti: T1/2 =320±60 ms compared to
T1/2 =600±40 ms as measured by Dörfler et al. The faster
decay rate reported by Ameil et al. is in better agreement
with the observed decay rates for other N=33 isotones,
which may indicate a spin-flip  f 5/2 →  f 7/2 decay. The goals
of the current ␤-decay studies were to resolve the discrepancy in the half-life of 55Ti33 and to measure ␤-delayed ␥
rays using a high-resolution Ge array to deduce the lowenergy level structure of the daughter 55,56V nuclides.
II. EXPERIMENTAL TECHNIQUE
55,56

The
Ti parent nuclides were produced using the experimental facilities at the National Superconducting CycloTABLE I. Experimental half-lives for neutron-rich nuclides with
N=32 and N=33. Half-lives are taken from Ref. [6] unless noted
otherwise. Decay of the neutron-rich K isotopes, with a hole in the
proton sd shell, will result in production of Ca daughters that have
a filled proton sd shell in the ground state, while decay of the other
parents listed will produce daughter nuclides having a partially
filled proton f 7/2 orbital.
T1/2 (s)
Element

N=32

N=33

N=33
TN=32
1/2 /T1/2

19K

0.365
4.6
⬎3a
1.5b
6.54
356
85.4

0.105
0.090
0.225a
0.60b, 0.32c
0.216d
21.1
3.0

3.5
51
⬎13
2.5b, 5.0c
30
16
28

20Ca
21Sc
22Ti
23V
24Cr
25Mn
a

Reference [7].
Reference [8].
c
Reference [9].
d
Reference [2].
b

68 044311-1

©2003 The American Physical Society

PHYSICAL REVIEW C 68, 044311 (2003)

P. F. MANTICA et al.

FIG. 1. ␤-delayed ␥-ray spectrum for 55Ti in
the range 0−2 MeV. This spectrum includes
events within the first second after a 55Ti implant.
The peaks labeled by energy have been assigned
as transitions following the decay of 55Ti unless
otherwise noted.

tron Laboratory (NSCL) at Michigan State University as part
of a larger study of the ␤-decay properties of neutron-rich
nuclides near the N=32 subshell closure. Results have previously been published for the neutron-rich isotopes 56−58V [2]
and 54Sc [3]. A summary of the experimental techniques employed follows, while a detailed account of these techniques
is available in the previous publications.
A 140-MeV/nucleon 86Kr34+ beam was produced at an
average beam current of 3 pnA using the coupled cyclotrons
at the NSCL. The 86Kr beam was fragmented in a
376-mg/cm2-thick Be target located at the object position of
the A1900 fragment separator [11]. The secondary fragments
of interest were selected in the A1900 using a 330-mg/cm2
Al degrader and 1% momentum slits; both were located at
the intermediate image of the device. The fully stripped fragments were implanted in a 985-m-thick double-sided Si
microstrip detector (DSSD) that is part of the NSCL ␤ counting system [12]. Fragments were unambiguously identified
by a combination of multiple energy loss signals and time of
flight. The desired Ti fragments were produced at two different values of the A1900 magnetic rigidities. A total of 3.3
⫻105 55Ti implants were collected with the A1900 set to
B1 =4.0417 Tm and B2 =3.7554 Tm, and 7.3⫻104 56Ti implants with B1 =4.1261 Tm and B2 =3.8417 Tm.
Fragment-␤ correlations were established in software by
requiring a high-energy implant event in a single pixel of the
DSSD followed by a low-energy ␤ event in the same pixel.
The differences between the absolute time stamps of correlated ␤ and implant events were histogrammed to generate a
decay curve. To suppress background, implants were rejected
if they were not followed by a ␤ event within 10 s in the
same pixel or if they were followed by a second implantation
within 10 s, also within the same pixel. The measured
fragment-␤ correlation efficiencies were 30% and 40% for
the A1900 magnetic rigidity settings leading to production of
55
Ti and 56Ti, respectively.
Delayed ␥ rays were measured using six Ge detectors
from the MSU Segmented Germanium Array [13] arranged
around the ␤ counting system. The energy resolution for
each of the Ge detectors was measured to be ⬃3.5 keV for
the 1.3-MeV ␥-ray transition in 60Co. The peak efficiency for
␥-ray detection with this array was 3.3% at 1 MeV.

III. RESULTS
A.

55

Ti

The ␤-delayed ␥-ray spectrum for 55Ti in the range 0
−2 MeV, shown in Fig. 1, contains ␤␥ events that occurred
within the first second after a 55Ti implant. Nine transitions
have been assigned to the ␤ decay of 55Ti, and are listed in
Table II. The peak at 518 keV in Fig. 1 corresponds to a
transition in the daughter 55V decay. The peak at 846 keV is
assigned to long-lived 56Mn 共T1/2 =2.56 h兲, which is the
granddaughter of 56V, the primary component of the secondary beam. The intense transitions at 323 and 673 keV are
most likely the transitions observed at 300±100 keV and
700±100 keV in the low-resolution study by Dörfler et al.
[8].
The decay curve derived from 55Ti-correlated ␤ decays is
shown in Fig. 2(a). The curve was fitted with a single exponential decay with an exponential background component.
The decay constant for the exponential background of
0.144 s−1 was deduced by fitting the decay curves for all
nuclides implanted along with 55Ti in the first A1900 tune as
described in Ref. [2]. The activity of the daughter 55V decay,
with T1/2 =6.5 s, was investigated and not found to contribute
significantly to the decay curve. Decay curves were also obtained from ␤␥ coincidence data. The decay curves for ␤
particles in coincidence with the 323- and 673-keV ␥ rays
are also shown in Fig. 2. We have adopted a value of
1.3±0.1 s for the half-life of 55Ti. This half-life does not
TABLE II. ␥ rays observed following the decay of

55

Ti.

E␥ 共keV兲

I␥abs (%)

Initial state (keV)

Final state (keV)

323.4±0.4
349.3±0.6
651.6±0.7
672.5±0.4
828.1±0.5
1262.5±0.6
1330.1±0.5
1480.0±0.8
1830.0±0.8

20±2
3±1
5±1
44±4
10±2
5±1
12±2
6±1
5±1

323
673
2153
673
1501

0
323
1501
0
673

1330
2153
2153

0
673
323
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FIG. 2. Decay curves for 55Ti, showing (a)
fragment-␤ correlations only, where the data
were fitted with a single-exponential decay with
exponential background; (b) fragment-␤ correlations with an additional requirement of a
323-keV ␥ ray; and (c) fragment-␤ correlations
with an additional requirement of a 673-keV ␥
ray. The curves shown in (b) and (c) were fitted
with a single exponential with constant background.

agree with results of previous half-life measurements for
55
Ti, 600±40 ms [8], and 320±60 ms [9], listed in Table I.
The proposed decay scheme for levels in 55V populated
following the ␤ decay of 55Ti is shown in Fig. 3. The
␤-decay Q value was derived from the measured mass excess
of both parent and daughter as compiled in Ref. [14]. Absolute ␥-ray intensities were deduced from the number of observed 55Ti ␥ rays, the simulated ␥-ray efficiency curve [2],
and the number of 55Ti implants correlated with ␤ decays.
The last term was derived from the fit of the decay curve in
Fig. 2(a). Placement of the 828- and 1480-keV ␥ rays feeding the 673-keV state in 55V was confirmed by ␥␥ coincidences (see Fig. 4). The 652- and 1803-keV transitions were
placed in the low-energy level scheme based on energy-sum
relationships. No evidence for a 323-673 coincidence, suggested in Ref. [8], was found in our ␥␥ correlation matrix.
␤ feedings to levels in 55V were deduced from the absolute ␥-ray intensities, and are summarized in Table III. The
log ft values were interpolated using the tabulation in Ref.
[15]. The 24±5% branching ratio to the 55V ground state is
smaller than the 60±10% branching ratio deduced by Dörfler
et al. [8]. The observed ␤ branches all have log ft values
between 4 and 6, suggesting the transitions are allowed. The

log ft values should be considered lower limits based on the
sizable ␤-decay Q-value window and the possible existence
of unobserved decays. A ground-state spin and parity of 3/2−
was adopted by Dörfler et al. [8] for 55Ti based on J systematics of the odd-A N=33 isotones. One would expect 7/2−
spin and parity for the ground state of the 55V daughter, and
Nathan et al. [16] have suggested 3/2− 艋J 艋7/2− based on
characteristics of the ␤ decay of the 55V ground state to
levels in 55Cr.
B.

56

Ti

The decay curve derived from 56Ti-correlated ␤ decays is
shown in Fig. 5(a). The curve was fitted with a single exponential decay and exponential growth and decay of the shortlived daughter 56V, whose half-life was taken as 216±4 ms
[2]. An exponential background with a decay constant
0.0815 s−1 [2] was also included in the fit. We have deduced
a value of 200±5 ms for the half-life of 56Ti. This half-life is
in good agreement with the results of previous half-life measurements for 56Ti, 150±30 ms [8] and 190±40 ms [9].
The ␤-delayed ␥-ray spectrum for the decay of 56Ti in the
range 0−1.5 MeV is shown in Fig. 5(b). The two prominent
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decay of 56V discussed above is attributed to a ␤-delayed
neutron branch for the 56Ti decay. This does not take into
account possible unobserved transitions with intensities less
than 2% that are likely present due to the large Q value for
the 56Ti ␤ decay. The log ft value of 3.95±0.12 determined
for direct ground-state ␤ branch suggests an allowed transition and is consistent with the 1+ spin and parity assignment
proposed for the ground state of 56V [2,7].
IV. DISCUSSION
55

FIG. 3. Proposed level scheme for 55V populated following the
␤ decay of 55Ti. The number in brackets following the ␥-ray decay
energy is the absolute ␥ intensity in percent. The Q␤ value was
deduced from data in Ref. [14]. Identified coincidence relationships
are shown by the filled circles.

transitions at 668 and 1006 keV correspond to ␥ rays in 56Cr
emitted following decay of the daughter 56V [2]. No evidence was found for 56Ti delayed ␥ rays with absolute intensity greater than 2%. The “peak” appearing at 162 keV with
13 counts in only a single channel [see Fig. 5(b) inset] was
considered to be a spectrum artifact. The absence of
␤-delayed ␥ rays following the decay of 56Ti is in contrast to
the findings of Dörfler et al. [8], who reported unresolved
␥-ray intensity in the range 0.2−0.8 MeV accounting for
40% of the overall ␤ feeding. The data reported here suggest
little ␤ branching to excited states in 56V.
The absolute intensities of the 668- and 1006-keV ␥ rays
were deduced to be 20±3% and 24±4%, respectively, using
the extracted peak areas, the simulated ␥-ray efficiency curve
[2], and the number of 56Ti implants correlated with ␤ decays. The ␥-ray intensities deduced here, where 56V was produced as a daughter radioactivity, compared to those from a
study of the direct production and decay of 56V [2], were
found to be systematically low by 6±3%. One explanation
that could account for the missing intensity is the presence of
a ␤-delayed neutron branch following the decay of 56Ti. A
delayed-neutron branch is plausible; the ␤-decay Q value for
56
Ti is 7.1±0.4 MeV [14], while the one-neutron separation
energy in 56V is 5.16±0.26 MeV. We found no evidence for
the known ␥-ray transitions in 55V [2] in Fig. 5(b) that would
also be suggestive of a delayed-neutron branch, however,
this would require that such delayed-neutron emission populates excited states in 55V.
The deduced ␤ branching to the daughter 56V ground state
is 94±3% if all the missing ␥-ray intensity following the

The half-life of Ti reported here is significantly longer
than that measured in Refs. [8,9]. An incorrect particle identification of 55Ti is unlikely as other isotopes in the beam
cocktail were correctly correlated with both delayed and isomeric 共54Scm兲 ␥ rays. The delayed ␥ rays assigned to 55Ti ␤
decay in this work were also observed by Dörfler et al. [8].
However, the half-life determined for 55Ti in Ref. [8] based
on ␤␥ coincidences was 0.58±0.05 s, about a factor of 2
shorter than the present value of 1.3±0.1 s. Furthermore, our
new result for the 55Ti half-life and that of Dörfler et al. both
disagree with the value of 0.32±0.06 s obtained by Ameil et
al. [9]. On the other hand, the half-life of 56Ti was also
measured in each of the three experiments, and reasonable
agreement was realized between our measured half-life value
of 200±5 ms and those of Dörfler et al. 共150±30 ms兲 and
Ameil et al. 共190±40 ms兲.
It is possible that a ␤-decaying isomer in 55Ti has been
populated, since all three experiments utilized different
beam-target combinations. Such an isomer would not be resolved in the fragment particle identification spectrum. One
method to differentiate possible isomeric states would be detailed ␥-ray spectroscopy, since the presence of the isomer
would suggest very different spin values for the ␤-decaying
states and therefore different branchings to states in the
daughter. We did not observe a statistically significant difference in the half-life values deduced from ␤␥ coincidences
with individual gates on the 323-, 673-, and 1330-keV transitions.
The half-life value adopted here for 55Ti33, 1.3±0.1 s, is
nearly identical to that previously measured for 54Ti32 [8],
1.5±0.4 s. The rapid decrease in half-life values observed for
Ca and other  f 7/2 isotopes across N=32 (Table I) is not
reproduced in the Ti isotopes.
Sorlin et al. attributed the short half-life of 53Ca33 to the
spin-flip process  f 5/2 →  f 7/2 [7]. However, transfer data for
49
Ca suggest that the p1/2 single-particle strength is about
1.8 MeV lower in energy than that for  f 5/2, all relative to the
p3/2 ground state [17]. The reordering of the  f 5/2 and p1/2
single-particle orbitals, along with the large spin-orbit splitting between the p3/2 and p1/2 orbitals, is believed to be
responsible for the appearance of a subshell gap at N=32 [1]
and a potential shell gap at N=34 [5]. In addition, the decay
of 53Ca, with Q␤ =10.0±0.6 MeV [14], is observed to populate states in 53Sc that are above the one-neutron separation
energy [10] estimated to be 5.7±0.4 MeV [14].
An alternative explanation for the fast ␤ decay of 53Ca33
(compared with that of 52Ca32) is a p1/2 to p3/2 spin-flip
decay, where the excited states in the daughter 53Ca32 that
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FIG. 4. ␥ rays in coincidence with the (a)
323-keV, (b) 673-keV, and (c) 828-keV ␥-ray
transitions following 55Ti ␤ decay.

have significant p3/2 components in the state wave function
lie above the neutron separation energy. This scenario can
account for both the fast decay and the large delayed-neutron
branching observed for 53Ca.
The nucleus 55Ti33 differs from 53Ca33 by the addition of
two protons, presumably in the  f 7/2 orbital. As noted earlier,
the half-life values of the Ti isotopes do not show a precipitous drop across N=32. To better understand the near constancy of the half-lives for the Ti isotopes across N=32, we
TABLE III. ␤ intensities and log共ft兲 values for the 55Ti decay to
bound levels in 55V.

a

E 共keV兲

I␤ (%)

log共ft兲a

0
323.4±0.4
672.6±0.4
1330.1±0.5
1500.7±0.7
2152.8±0.6

24±5
12±3
31±5
12±2
5±3
16±2

5.41±0.23
5.61±0.28
5.20±0.20
5.31±0.20
5.63±0.61
4.87±0.20

Based on Q␤ =7.3±0.3 MeV [14] and T1/2 =1.3±0.1 s.

have performed shell model calculations using the new
pf-shell interaction GXPF1 [18] in the full pf-shell model
space using the codes OXBASH [19] and CMICHSM [20].
The ground state of 55Ti was calculated to have spin 1/2,
and a doublet of states with spins 3/2 and 5/2 lies ⬇1 MeV
above the ground state. The ␤-decay branching from the calculated 1/2− ground state of 55Ti to levels in 55V below
2 MeV is shown in Fig. 6. The experimentally observed energy levels in 55V are also shown in Fig. 6 for direct comparison with the shell model results. Without specific knowledge of the spins and parities of the 55Ti parent and daughter
states in 55V, it is difficult to make detailed quantitative comparisons between experiment and theory. However, some
qualitative distinctions can be made.
The relative positions of the p1/2 and  f 5/2 orbitals are
critical to understanding the experimental ␤-decay properties. From the GXPF1 interaction [18], the appearance of an
N=34 shell gap for the Ti and Ca isotopes is based on a
considerable monopole shift in the  f 5/2 orbital, relative to
the p1/2 and p3/2 orbitals. For 55Ti33, a 1/2− ground state
results from the shell model calculations using GXPF1,
where the effective single-particle energy for the  f 5/2 orbital
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FIG. 5. (a) Decay curve for 56Ti. Data were
fitted with a single-exponential decay and exponential growth and decay of the short-lived
daughter 56V. An exponential background is also
considered in the fit. (b) ␤-delayed ␥-ray spectrum for 56Ti in the range 0−1.5 MeV. A gate
was placed on the decay curve to include only
events within the first second of a 56Ti implant.
The 668- and 1006-keV ␥ rays from decay of the
daughter 56V dominate the spectrum. One inset
shows an expanded view of the ␥-ray spectrum in
the region around 160 keV. The 13 counts in a
single channel at 162 keV are proposed to be a
spectrum artifact. For comparison, an expansion
of the region around 1006 keV is shown in a second inset.

has risen above that for p1/2. Allowed decay from a 1/2−
parent will selectively populate levels with J =1/2− ,3/2−.
The shell model results for 55V predict only four levels having J =1/2− ,3/2− below 2 MeV, and nearly 70% of the calculated ␤ decay proceeds directly to these levels. The experimental ␤ branching is distributed between six levels below

2 MeV. Due to the high-energy Q value for the decay of
55
Ti, the reported ␤-decay branching ratios should be considered upper limits, as unobserved higher-energy ␥-ray transitions may result in a shift of ␤ strength to higher-energy
levels in 55V. However, the spread in the experimentally observed ␤-branching ratios, along with the direct feeding to
the ground state of 55V, suggests a spin value greater than
1/2 for the ground state of 55Ti. The ground-state spin and
parity of 55V is suggested to be 7/2− based on systematics,
but experimentally it has been limited only to values of
3/2− , 5/2−, or 7/2− based on the observables for the ␤ decay
of 55V [16]. A 7/2− spin and parity for the ground state of
55
V would rule out both spins 1/2 and 3/2 for the ground
TABLE IV. Calculated ␤-decay branching ratios for the groundstate decay of even-even 54,56Ti to calculated 1+ states in the daughter 54,56V nuclides. Details regarding the shell model calculations
using the GXPF1 interaction are given in the text.
54

Ti→ 54V

56

Ti→ 56V

E 共keV兲

I␤ (%)

log共ft兲

E 共keV兲

I␤ (%)

log共ft兲

460
729
1562
1936
2108
2361
Sum

0.4
64.3
27.7
4.6
0.1
0.3
97.4

6.61
4.26
4.12
4.63
6.10
5.40

160
933
1215
1761
1901
2212
Sum

81.4
2.7
0.1
8.8
2.3
0.2
95.5

3.87
5.10
7.04
4.31
4.84
5.88

FIG. 6. Shell model results for the ␤ decay of 55Ti. Details of
the shell model calculations are given in the text. The 55V experimental levels and ␤-decay branching ratios derived in the present
work are shown to the right.
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TABLE V. Summary of the ␤-decay properties derived in this work compared to shell model results using the GXPF1 interaction.
Ground-state ␤ branch (%)

T1/2共s兲
Isotope
54

Ti
Ti
56
Ti
55


Jg.s.
+

0
1/2−
0+

Q␤ 共MeV兲

a

4.28±0.16
7.3±0.3
7.1±0.4

b

Theory

Expt.

Ref. [9]

Ref. [8]

Theory

Expt.

Ref. [7]

12±3
2.5±0.5
0.33±0.09

1.3±0.1
0.200±0.005

0.32±0.06
0.19±0.04

1.5±0.4
0.60±0.04
0.15±0.03

0.4
0
81

24±5
94±3

⬍10
60±10
⬃60

a

Taken from Ref. [14].
The calculated half-lives were multiplied by a factor of 2 to account for the known reduction in calculated Gamow-Teller strength in the full
space when compared to experiment [21]. The error in the theoretical half-life comes from the error in the reported Q value.

b

state of 55Ti, based on the direct ␤ feeding of the 55V ground
state observed experimentally.
Since the shell model calculations using the GXPF1 interaction predict a significant gap in effective single-particle
energies between the p1/2 and  f 5/2 orbitals for the Ti isotopes, the calculated 1/2− ground-state of 55Ti has a dominant p1/2 component. Inspection of the ground-state configurations of the N=33 isotones can provide qualitative
insight on the extent of the monopole shift of the  f 5/2 orbital
with the removal of protons from the  f 7/2 single-particle
state. The ground-state spin and parity of 56V33 is 1+ [2,7],
3
1
 f 5/2
configuration. This
which can be attributed to a  f 7/2
suggests that the  f 5/2 orbital, while well separated from the
p3/2 orbital that results in the appearance of an N=32 subshell gap, has not crossed the p1/2 orbital. The ground-state
spin and parity of 54Sc33, which has two fewer protons in the
f 7/2 orbital, is most likely 3+ [3]. The change in ground-state
spin may mark the crossing of the p1/2 and  f 5/2 singleparticle orbitals. Although effects of a significant energy gap
in the effective single-particle energies for the p1/2 and  f 5/2
orbitals are already expected in the Ti isotopes based on the
shell model results using the GXPF1 interaction, it appears
from the ␤-decay results that the ground state of 55Ti is not
dominated by a simple one-neutron configuration involving
either the 2p1/2 or 1f 5/2 single-particle neutron orbitals.
The ␤-decay properties of the even-even nuclide 56Ti
were calculated in the same manner as 55Ti. Since the ground
state of 56Ti is 0+, allowed ␤ decay will populate mainly 1+
states in the 56V daughter. The calculated spectrum of 1+
states in 56V is dense, but significant ␤ branching is predicted
to only a few states. The calculated ␤-branching ratios for
both 54,56Ti are listed in Table IV. The largest ␤ branch in the
56
Ti decay, with relative intensity 81%, is to the lowestenergy 1+ state in 56V. The shell model results predict a 3+

[1] J. I. Prisciandaro, P. F. Mantica, B. A. Brown, D. W. Anthony,
M. W. Cooper, A. Garcia, D. E. Groh, A. Komives, W. Kumarasiri, P. A. Lofy, A. M. Oros-Peusquens, S. L. Tabor, and W.
Wiedeking, Phys. Lett. B 510, 17 (2001).
[2] P. F. Mantica, A. C. Morton, B. A. Brown, A. D. Davies, T.
Glasmacher, D. E. Groh, S. N. Liddick, D. J. Morrissey, W. F.
Mueller, H. Schatz, A. Stolz, S. L. Tabor, M. Honma, M.
Horoi, and T. Otsuka, Phys. Rev. C 67, 014311 (2003).

ground state for 56V, with the first excited state at only
160-keV excitation energy. In contrast, the ground-state spin
and parity of 56V is 1+ [2,7], and the major portion of the ␤
decay observed experimentally directly populates the 1+
ground state. The experimental log ft value of 3.95±0.12 to
the ground state is well reproduced by the shell model results. Evidence for a small 共⬍6%兲 ␤-delayed neutron branch
has been found experimentally, but the shell model results
show that 99.9% of the ␤-decay Gamow-Teller strength
populates 1+ states below the one-neutron separation energy.
V. SUMMARY

The ␤ decay of the neutron-rich nuclides 55,56Ti has been
studied, and a summary of the ␤-decay properties of 54,55,56Ti
is given in Table V. A half-life of 1.3±0.1 s has been determined for 55Ti, which differs significantly from previous
measurements. A sharp transition in half-lives across N=32,
observed for many of the  f 7/2 neutron-rich nuclides, is not
observed in Ti isotopes. The ␤-decay properties of 55Ti,
when compared to full pf-shell model calculations using the
GXPF1 interaction, suggest that the ground state of 55Ti is
dominated by neither a p1/2 nor a  f 5/2 single-neutron configuration. The Ti isotopes are still in a transition region
where the monopole shift in the  f 5/2 orbital due to the removal of protons from the  f 7/2 orbital has not yet produced
complete separation of pf-shell orbitals. This separation, as
predicted by the shell model calculations using the GXPF1
interaction, may not fully develop until the Ca isotopes.
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