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Abstract. The neutron-rich nuclei °™33 Sec, **759Ti,

60—63

53V, 52758Cr have been produced at Ganil via in-

teractions of a 61.8 A MeV "5Ge beam with a °®Ni target. Beta-decay studies have been performed using
combined (- and y-ray spectroscopy. Half-lives have been determined and (-decay schemes are proposed
for 58T, 1V and %2Cr. From these studies, new hints for the existence of S-decaying isomers in ®°°V and
in 2Mn are provided. These results are compared to shell model calculations. The role of the T f7/2-V f5/2
proton-neutron interaction is examined through its influence on the lifetime values.

PACS. 27.50.4+¢ 59 < A < 89 — 23.40.-s [ decay; double 8 decay; electron and muon capture — 21.60.Cs

Shell model

1 Introduction

The study of nuclei below the semi-magic nucleus %®Ni
is interesting for several reasons. Among these, new
shell/subshell closures are foreseen at N = 32/34 and
N =40. However, their emergence depends strongly
on competing effects which are hitherto very model-
dependent. On the one hand, a weakening of the spin-orbit
surface term is predicted for very neutron-rich nuclei as
their surface is expected to be more diffuse [1]. Conse-
quently, the gg/o orbital would move closer to the next
upper orbital, increasing the size of the N = 40 gap be-
tween the f5/2, p1/2 and gg /o orbitals. This would make the
$0Cayg a doubly magic nucleus. On the other hand, the en-
ergy difference between the f5,, and gg/o neutron orbitals
would be reduced as compared to $§Nizg due to the missing
proton-neutron spin-flip interaction between the protons
in the f7/5 shell and the neutrons in the f5/, shell; the
f7/2 proton orbital being empty in 80Cayq0. Recent shell
model calculations predict that this effect would drasti-
cally change the ordering of the neutron orbitals, creating
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new magic numbers at N = 32 [2] and N = 34 [3]. Exper-
imental evidences of the strenghtening of the N = 32 sub-
shell closure have been provided by refs. [4-9]. However,
neither the strength of the proton-neutron interaction nor
the weakening of the spin-orbit force could be accurately
determined. Therefore, the determination of the variation
of the energy of the f5,5 neutron orbital through an iso-
tonic chain ranging from Z = 28 down to Z = 20 is of
basic importance to disentangle these two effects. This
goal may be partially reachable from the g-decay studies
which demand only moderate beam intensity as compared
to other experimental methods and whose selection rules
could favor the study of certain orbitals.

The nuclei in the vicinity of 35 Tizg comprise neutrons
mainly in the fp orbitals and to a minor extent in the
gos2 orbital due to the pairing interaction between the
Jp and g orbitals [10]. The protons lie in the f7,o shell.
Consequently, the 8-decay schemes are dominated by the
strong Gamow-Teller transition v f5 /5 —  f7 2. Therefore,
access to the vf5/o orbital is naturally favored through
[-decay studies.

This paper focuses on the (-decay studies of the
. . 57,58 60 —
neutron-rich isotopes °"%5]Sc, °®89Ti, $iv, 6278¢Cr,
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aiming to deduce nuclear-structure information from their
half-lives and ~v-spectroscopy after [-decay. Results are
discussed in the framework of shell model calculations.
This work is a continuation of ref. [11] in which S-decays
of 60763V were studied.

2 Experimental procedure
The neutron-rich isotopes >7?8S¢, 58760Tj, 60763y 62766Cy
have been produced at GANIL by the fragmentation of a
61.8 A MeV "6Ge3%* beam, of mean intensity 1 euA, onto a
58Ni target of 118 um thickness. The nuclei of interest were
separated by the LISE3 achromatic spectrometer whose
magnetic rigity was tuned to optimize the transmission
of 2V and %4Cr fragments. The large number of species
transmitted after the first magnet was reduced by employ-
ing a wedge-shaped Be foil of 221 ym thickness placed in
the intermediate focal plane. Analyzed by a second mag-
net, the unwanted nuclei were stopped in the thick jaws of
the slits mounted in the focal plane. It provides an energy
loss selection, roughly proportional to A3/Z2 reducing
the rate of nuclei close to stability. The nuclei transmitted
through the spectrometer were identified by means of 3
consecutive 300, 300, 1500 um silicon detectors. The first
two served for the energy loss and time-of-flight measure-
ments. The last one, into which the nuclei were implanted,
determines their residual energies. It is segmented into six-
teen 3mm wide, 46 mm height vertical strips. The rate of
nuclei implanted was about ten per minute in each strip.
Figure 1 shows an energy loss versus time-of-flight spec-
trum obtained for the main setting of the spectrometer
in the experiment. The total number of implanted Sc-Cr
isotopes is given in table 1. Four Ge detectors were placed
around the Si telescope to detect the ~v-rays originating
from the decay of an isomeric state in the us range life-
time and the y-rays emitted up to 1 second after the (-
decay. The known delayed ~-rays from isomeric states in
60V (99 and 103keV) [12], %*Mn (135keV) [13] and ®"Fe
(367keV) [14] have been used to confirm the identification
of the transmitted nuclei. In addition to this, a new isomer
of 590(130) ns lifetime has been found in **Ti through the
observation of delayed ~-rays with energy of 117(2) keV.

The thick Si detector was used to collect the (-rays
following the implantation of a radioactive nucleus. Due
to the electronics dead time, [-rays could be detected
100 pus after the implantation of the heavy ion. Each time
a nucleus was detected in one of the strips #i, the pri-
mary beam was switched off during 1 second to collect the
[O-particles. These beta-rays were attributed to a precur-
sor nucleus when detected in the same #¢ or an adjacent
#i £ 1 strip. About 75% of the B-rays were detected in
the same strip as the precursor nucleus. Additional 20%
were detected in the adjacent ones. They correspond to
cases where the precursor nucleus was implanted at the
border of two strips. With an energy threshold of individ-
ual strips of 50keV, the (-efficiency is found to be very
similar for all nuclei (eg ~ 90(5)%).

The fitting procedure to determine the half-lives in-
cludes five parameters: the half-lives of the mother, the
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Fig. 1. Identification of the nuclei produced in the experiment
by their energy loss (DE) and time of flight (t.o.f), given in
arbitrary units.

Table 1. Measured half-lives T,, in ms for the Sc, Ti, Cr
isotopes. The number N of implanted nuclei is indicated in
the second column. The half-lives of the daughter nuclei taken
into account in the fitting procedure are indicated in the last
column.

Isotope N Tz T, /2 (daughter)
57Sc 26 13(4) 67(25) [15]
8¢ 7 12(5) 59(9)®
584 128 59(9) 205(20) [16]
59y 424 30(3) 75(7) [15)
60y 150 22(2) 40(15)®
52Cr 4838  209(12) 92(13) [11]
63Cr 10800 129( ) 275(4) [17]
64Cr 4166 43(1) (4) [17]
85Cr 242 27(3) 92(1) [18]
56Cr 9 10(6) 64(2) [18]

(a) Obtained from the present experiment.

(b) Taken as a free parameter.

daughter and grand-daughter nuclei, the [-efficiency and
the background rate over the 1 second collecting time.
The daughter and grand-daughter half-lives were known
in most of the cases. The 8 background is due to the de-
cay of long-lived nuclei produced by filiations. Its contri-
bution has been determined over the whole experiment by
taking the (-rays anti-correlated in position with the im-
plantation of a nuclei in strip #t, e.g. detected in all strips
but the #i, i + 1 ones (procedure described in detail in
ref. [16]). Beta-decay time spectra correlated with the im-
plantation of neutron-rich Sc, Ti and Cr nuclei are shown
in fig. 3. The results of the V chain have been published
in [11]. In the cases where the spectra contain low statistics
(less than 200 £’s), the maximum-likelihood minimization
procedure is applied for the determination of the half-lives.
For all other cases, a x2-fit is used.
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Table 2. Gamma-lines observed in the B-decay of *5Ti, ¢V,
and %27%5Cr.

Isotope ~-rays energies (keV)

58T 114

6ly 71, 97, 127, 213, 329, 353,

450, 717, 930, 1027, 1144

62Cy 156, 285, 355, 640, 1215

53Cr 250, 879, 1248, 1323, 1670, 1748,
1752, 1890, 2426, 2876, 3175, 3454

64Cr 188

65Cy 272, 1368

Table 2 summarizes the observed 7-lines detected dur-
ing this experiment. The ~-efficiency €s,, gated on the
O-rays, has been determined using an additional set-
ting of the spectrometer optimized for the production of
65Fe, 67Co and %°Ni which were implanted in a contin-
uous beam-mode. The known ~-branchings following the
B-decay of %9Ni (refs. [19,20]) were used to determine the
present eg., (E) efficiency over a wide range of energy. How-
ever, its absolute magnitude scales with the (unknown)
isomeric content of the 1/2~ beta-decaying state in 5°Ni,
which decays in 74(9)% of cases through the 1298keV
y-ray [21,22]. We therefore have determined the eg., value
at 695keV from the decay of 57Co (ref. [23]) —which
mainly occurs through this y-ray— to constrain the ab-
solute values of eg,(F). Henceafter, we determined the
beam content of **™Ni to be of about 9%. The €g, value

was found to be 6.5+ 1.3% at 695 keV. The determination
of the ~y-efficiency has been obtained independently using
a 2Eu source located at the Si-strip detector position. A
value of €, similar to that of €z, has been found, which
confirms that the S-efficiency was close to 100%.

3 Results and discussions

The experimental results from the J-delayed = spec-
troscopy are presented below. They are compared to shell
model calculations. Except when explicitly mentioned,
we have calculated the [-decay Gamow-Teller strength
functions Sgt with the ANTOINE code of Caurier and
Nowacki [24,25]. The half-lives have been subsequently
deduced using the calculated Sgr and the Qg values of
Audi et al. [26]. Two sets of interactions, KB3 and KB3G
have been used. The KB3 interaction allows to explain
the structure of fp nuclei by the use of reaction matrix el-
ements (G-matrix) deduced from a potential determined
by fitting the free nucleon-nucleon scattering data [27].
KB3G extends the KB3 interaction and allows to treat
properly the gap N = Z = 28. [28]. For both interactions
a 30Cagq inert core has been used. The full fp space was
available for protons and neutrons. In this mass region,
the (B-decay pattern is dominated by the vf5,5 — mf7/2
Gamow-Teller transition. The first-forbidden transition
Vgg/2 — T fr/2 would start to operatate as the vgg/o or-
bital is getting filled. However, its intensity is expected
to be by far weaker than the GT ones. Therefore, the

vgg /2 shell has not been included to calculate the S-decay
scheme. It would in addition render the calculations hardly
tractable. When this orbital is empty —in principle below
N = 40— the limitation to the fp valence space is sound.
We made calculations in the fpg valence space to deter-
mine the occupation probability of the gg /o orbital in the
mother nucleus when approaching N = 40 in the Ti, V and
Cr isotopic chains. It is found that pairing correlations al-
ready shift up few nucleons into the gg/o shell from the
fp orbitals at N = 38. For instance, the mean number of
neutrons in the gg/5 shell in §5Crss is 1.7, that in §9Tigs is
1.5. This amount is enhanced as the spacing between the
neutron f5,5 and gg /o orbitals is reduced. This is found to
be the case from the release of the 7 f75-v f5 /o interaction
as the protons are removed from Ni to Ti, which eventu-
ally provokes the crossing of the f5/o and gg,o orbitals as
shown in fig. 6 of ref. [11].

The consequences of the limitation to the fp space on
the calculated [-decay strength Sgr and on the S-decay
half-life could be qualitatively estimated as follows: the
go/2 meutrons contribute weakly to the (-decay strength
and not through Gamow-Teller transitions, except at high
excitation energy through vgg/o — mgg/2. The gg/2 neu-
trons could be considered as “spectators” in the present
(-decay process. By using a restricted valence space, we
assume that the neutrons are confined in the fp orbits and
that the initial wave functions have pure fp content. Con-
sequently the overlap of the initial and final wave functions
(mainly 7f7/5) is larger than in reality. Then, we over-
estimate the Sgr values and calculate shorter half-lives
Ty /o when restricting the calculations in the fp space. We
remind that T}/, can be expressed as an integral of the
[-decay strength Sgr over the excited states E* in the
daughter nucleus as follows:

Qg
1/Ty ) =~ / Set(E*)(Qp — E*)° dE*
0

To some extent, the discrepancy between the calcu-
lated lifetime in the fp space and the experimental value
should reflect the amount of gg /5 in the wave function and
subsequently the occupation of the gg/2 orbital'! By com-
paring experimental and calculated 77/, in the Sc to Cr
nuclei (table 3), it seems that the calculated values become
gradually shorter than experiment as one approaches the
N = 40 subshell closure. However, other parameters like
the —not well known— @) value have dramatic influence
on the lifetime value as shown in table 3.

As mentioned above, the strength of the 7 f7 /-1 f5/2
interaction influences the half-life values from the fact
that the spacing between the neutron f5,, and gg/o or-
bitals —and hereafter the occupation of the neutron gg /o
orbital— changes. To estimate this effect, we have made
a parameter study for the ®8Ti isotope using the Ragnars-
son and Sheline [29] mean field in which the energy of the
f5/2 orbital has been varied. The Qg values are taken from

! This method could be applied in the N = 20 region to
infer the amount of the intruder f;,o orbital when reaching
the so-called island of inversion.
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Table 3. Calculated half-lives T /2 in ms are given in the third
and fourth column using KB3 and KB3G interactions, respec-
tively. These half-lives vary as a function of the Qg values,
taken within the experimental uncertainties. The fifth column
shows the experimental values, for comparison.

| Isotope | Qs (MeV) | T1K/1233 | TSISSG 75 |
12.03 22 27

57Scss | 12.86 16 18 13(4)
13.69 11 13
14.53 16 13

53Scsr | 15.59 10 8 12(5)
16.65 7 5
8.70 84 60

S5Tise | 9.44 54 39 59(9)
10.18 36 26
11.09 29 29

59Tizr | 11.85 21 21 30(3)
12.61 15 15
10.00 20 19

89Tiss | 10.93 13 12 22(2)
11.86 8 8
12.34 17 16

53 Vs 12.82 14 13 41(1)
13.30 11 10
7.22 102 132

$2Crss | 7.62 794 100 | 209(12)
8.02 62 76

300 —
Ty
200 §
£
=100

g9/2_f5/2 (MeV)

Fig. 2. Evolution of calculated half-life of *®Ti as a func-
tion of the energy difference between the neutron fs,o and
go/2 orbitals assuming a Qs value of 9.44 MeV (full line) and
10.18 MeV (dashed line). These Qg values correspond to the
mean and upper limits of Audi et al. [26], respectively. The cor-
responding mean occupation values of the neutron gg/, orbital
(g9/2) are written on top of the solid curve. The experimental
half-life of *®Ti is 59(9) ms.

Audi et al. [26]. This study has been made for >®Ti which is
predicted to be spherical both in the FRDM [30] and HFB-
D1S [31] calculations. The spherical wave functions have
been deduced for various single-particle energy differences
between the neutron fs5/» and gg/o orbitals. The Lipkin-
Nogami approximation is applied to calculate the pairing
correlations. The QRPA of Méller and Randrup has been

used to calculate SgT and §-decay half-lives, which are re-
ported in fig. 2. This model is much less time-consuming
than shell model calculations and allows to make a pa-
rameter study in a large model space but the quadrupole
deformation has to be fixed a priori. The °®Ti nucleus
[-decays mainly through a single transition at low energy,
as will be confirmed by the experiment in the following.
When the spacing between the neutron f5/, and gg /o or-
bitals is reduced, the half-life is increased, as shown in
fig. 2. This arises from the fact that neutrons are shifted
up in the go/o orbital (due to the pairing interaction)
which lowers the amount of GT strength. From the com-
parison between the calculated and measured lifetime of
59(9) ms (presented in the text below), we could infer that
the f5/2-g9/2 neutron single-particle energy spacing could
be as low as 1 MeV in 35Tizg considering the presently
large uncertainty on its (Jg value. The experimental re-
sults for all studied Sc-Cr isotopes are presented below.

Sc isotopes

57.58Gc: In spite of the very weak statistics, half-lives can
be deduced for the first time for these two isotopes (fig. 3)
but no ~-ray has been detected.

Ti isotopes

58Ti: A total of 128 nuclei have been implanted. The
present half-life value of 59(9)ms is in accordance with
the one of 47(10) ms measured in ref. [15]. We see two
«v lines at 114(2) keV and 880(1) keV in the S-gated ~y spec-
trum of °Ti. The 880(1) keV one was observed by Man-
tica et al. [7] in the (-decay of the daughter nucleus
58V. It was attributed to the 2% energy of *8Cr. We find
that 80(10)% of the decay of ®®Ti occurs through the
114(2) keV transition. This transition could either be a
member of a y-cascade from a high-lying excited state in
%8V, or correspond to the direct decay of a 114(2)keV
level to the ground state. We rather favor the second hy-
pothesis, since we do not see any other v-line in the spec-
trum. Given the evolution of eg, value as a function of the
~-ray energy, a y-ray of up to 2MeV with a B-branching of
Is = 50% would have been seen, if present. However, this
value of 80(10)% is an upper limit of the direct feeding
to the 114(2) keV level. Taking the experimentally mea-
sured half-life of 59 = 9ms and Qg of 9440(740) keV from
Audi et al. [26], a log(ft) value of 3.9(3) is deduced for
the 114(2) keV level, which is of the order of the typical
allowed GT-transition. The ground-state spin value of the
even-even °8Ti nucleus is 0F. Therefore, the S-decay se-
lection rules imply that the 114(2) keV level in ®V has a
17 spin value. This 114(2) keV ~-ray is emitted promptly
after the B-decay of °®Ti. This implies a spin difference of
AJ < 1 between the corresponding level and the ground
state of °8V of which the spin is therefore 0, 1 or 2. In case
of a larger spin difference as AJ = 2, the 114keV state
in °8V would have been an E2 or M2 isomer, as the one
observed in %V [11].
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Fig. 3. Beta-decay curves of >7%8Sc, 587%0Tj and %% %Cr. T

Shell model calculations give a 2 ground state and
a 17 first excited state in V. The energy of the 1%
is 179keV with the KB3 interaction, and 46 keV with
the KB3G ones. The experimental value lies in the mid-
dle. The calculations of 3 GT-strength function and the
(-feedings I in the decay of *®Ti points towards an im-
portant feeding of the first 17 state: 70% with the KB3
interaction and 60% with KB3G, which is in good agree-
ment with the experimental value of 80(10)%. The cal-
culated half-life value (see table 3) also agrees with the
experiment.

59.60Ti: The present half-life value of **Ti, Ty, =
30(3) ms, is more accurate than the value of 58(17) ms de-
termined in ref. [15]. As mentioned above, we have found
a v-isomer at 117(2) keV of 590(130) ns in 5°Ti. The half-
life value of ®°Ti is determined for the first time. That of
the daughter nucleus was found to be 40(15)ms as dis-
cussed in ref. [11]. Mean values of the calculated half-lives
of #9607 are somewhat shorter than the experimental val-
ues (table 3), but agree within the uncertainties provided
by the Q3 limits. We estimate from shell model calcula-
tions that in ®®Tisg, the occupation of the go/2 orbital is
0.5. It rises to 1.5 in %0Tisg.

These T} /5 values agree with those of ref. [32] obtained
at GANIL, after the present experiment, from the frag-

he corresponding half-lives T} /5 are included for each isotope.

mentation of a 8Kr beam. In this reference two ~-isomers
of E2 and M2 multipolarities have been reported in *Ti,
with energies of 117(2) keV (which agrees with ours) and
699(1) keV (which originates from the decay of a positive
parity state), respectively. The same experiment also re-
ports an E2 isomer in 61 Ti. The presence of E2 isomers in
59,617 points towards a sequence of levels with spin values
of 5/27-1/2~ which could arise from the neutron f5/, and
p1/2 orbitals. Moreover, Mantica et al. [9] reported that
the 3-decay strength of ®Ti was shared among five states
in ®*V, which was interpreted as resulting from a mixed
configuration between f5/o and p; o orbitals in the **Ti
ground state. However, shell model calculations using the
GXPF1 interaction did not reproduce the decay scheme
of ®*Ti. The calculated g.s. spin value was 1/27, whereas
the experiment rather points to a 5/2~ configuration.
We have performed shell model calculations with the
KB3 and KB3G interactions to see the evolution of struc-
ture in the titanium chain. There, the ordering of the neu-
tron orbitals above N = 28 is p3/2, p1/2 and f5/2, leading
to two subshell closures at N = 32 and N = 34. Even
though a 5/27-1/27 doublet is present at low energy along
the Ti chain, its composition varies as the neutron number
increases. In ®°Ti, both the KB3 and KB3G interactions
find a mixture of f5,5 and p; /o configurations in the 5/27
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and 1/27 states, whereas they become almost pure f5/;
in ®*Ti. The KB3 and KB3G calculations for °Ti lead to
g.s. spins of 1/27 and 5/27, respectively. However none
of these interactions fully reproduce the observed (-decay
pattern in 55Ti [9].

V isotopes

61V: Results from the $-decay studies of the neutron-rich
60763V isotopes have been reported in ref. [11]. However
the detailed B7y-spectroscopy of 61V was not exploited.
A total of 5858 nuclei 'V were implanted. The sum of
all the detected y-transitions amounts to 35(10)% of the
0B strength. The missing strength could occur to the g.s.
or/and to high-energy states. Given the present (- ef-
ficiency as a function of the energy of the photon and
the number of implanted nuclei, we estimate that 2.5 MeV
~-rays originated from levels fed by Iz < 10% would have
not been seen. This limit would increase if the high-energy
excited states decay through several vy-transitions with
weak intensities for each. Shell model calculations pre-
dict that the [-strength is fragmented over 10 levels in
61Cr with about 10% intensity each. These levels are al-
most regularly spaced between 500 keV and 3 MeV. About
30% of the decay occurs below 1.5 MeV, which might cor-
respond to the part we see in our analysis. These decay
branch would correspond to the decay of the calculated
3/27 state in 51V to the three components 1/27, 3/2~
and 5/27 corresponding to single-particle configurations
of a neutron in f5/, in ®*Cr. In addition to this, some
states corresponding to the recoupling to the 2% energy of
the %9Cr core are also present at low energy. This is part
of the reason why the G-decay strength is fragmented over
several states. Given our present statistics, no v~ coinci-
dence has been found. A tentative (partial) 8-decay sheme
of 61V, based on the energy of the «-rays and their inten-
sities, is presented in fig. 4.

The expected configuration of S$iVsg is fr /2
7[321]3/2~ for a wide range of quadrupole deformation
parameter (see, for instance, fig. 7 in [16]). For $iCrsr,
the ground-state configuration could either be fs5/5
v[303]5/27 or py/p : v[301]1/27. The GT selection rules
strongly favor vf5/,, — mf7/2 transitions. From the fact
that we probably find a feeding of the ®1Cr ground state,
its configuration is likely to be v[303)5/2~. Furthermore,
the observed excited levels of %1Cr should have J™ values
of 1/27,3/27, or 5/27 from the S-decay selection rules.

Cr isotopes

62Cr: The present half-life of %Cr value, Ti, =
209(12) ms, is in accordance with T}/, = 187(15) ms mea-
sured in ref. [15]. We confirm that the fit of the decay
curve can be achieved only when attributing a short half-
life (T2 = 92(13)ms) to the daughter nucleus ®2Mn.
This value differs significantly from the measured half-
life of Ty = 671(5) ms [17] obtained from the (3-decay

_ 47(1)ms
3/
61
23 V38
T -
NS~
<14% 5/2_,3/271/2_ S8R 1027
S N
<17%_ 527327 12" ¥ 450
f— 9 9 o
<1% < 310
5 97
.............. . (2 v 0
IB 61
24 €T3,

Fig. 4. Tentative decay scheme of 53 Vasg.

of ©2Mn at CERN/ISOLDE. A long half-life value was
also found in the work of Runte et al. [33] who sug-
gested a 37 spin for the ground state of 2Mn. The com-
bination of these experimental results points to the ex-
istence of two beta-decaying states in %2Mn, a long-lived
one with T}, = 671(5)ms [17] and a shorter one with
T/ = 84(10) ms [15] populated in the 3-decay of ®2Cr. As
discussed in ref. [11], the short component probably cor-
responds to a low spin value since it is fed in the decaying
state of the ®2Cr whose spin is 0. We cannot determine
which of these 8-decaying states is the ground state. The
energy of the short-lived state will be denoted as y in the
following; y being of order of hundreds of keV and positive
if this level corresponds to the excited state.

In the (B-decay of %2Cr, two 4-lines at 355(2) and
285(2) keV are found to be in coincidence. The cross over
transition at 640(2) keV is also observed. We, therefore,
deduce the existence of a 17 state at 640 + y keV which
is fed with Iz ~ 25%. The intensity of the 355(2)keV
line (written in parentheses after the energy of the transi-
tion in fig. 5) is found to be 15% smaller than that of the
285(2) keV line. This indicates that an additional S-decay
branch decays to the 285(2)keV state. The observed
1215(2) keV ~-line, of I, = 15%, could account for this
missing intensity. It is therefore tentatively placed above
the 285(2) keV state, providing a level at 1500 + ykeV
with Ig = 3%. It is found that the y-lines mentioned above
are followed by a short S-decay component. We therefore
connect these «y-rays to this short-lived state, as shown in
fig. 5.

Since we do not see any other y-line in the 2Cr decay,
we deduce that the short-lived (-decaying state is fed by
about 73(5)%. This feeding corresponds to a log(ft) value
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Fig. 5. The experimental S-decay scheme of 53Cras (left) is compared to the ones calculated with the shell model using the KB3G
and KB3 interactions. Beta-feeding intensities Ig and log(ft) values are indicated for each transitions. Values in parentheses
following the energy of the -ray transitions correspond to the y-intensities relative to that of the 285keV transition (which has

been taken to 100).

of 4.2(2), in accordance with an allowed GT transition.
The short-lived 3-decaying state has therefore probably a
1" spin-parity value. We observe a ~-line at 815(2) keV,
which has been attributed to the decay of 2Mn from its
time-evolution pattern. Since it was not observed by Runte
et al. [33], we deduce that it is selectively fed from decay
of the 17 state of 2Mn.

In order to explain the existence of a 3-isomer in $2Mn,
an important spin and/or a small energy differences with
the lower energy states is required. Runte et al. [33] sug-
gested a 3% spin for 2Mn to account for the feeding of 2+
and 41 excited states in 52Fe. This provides a small spin
value difference (AJ = 2) with respect to the 17 state
mentioned above. It is therefore hardly conceivable to ob-
tain a [-isomer between these two states, even for very
small energy differences. The situation is rather puzzling,
and further experimental investigations should be done to
clarify the low-energy part of the 52Mn level scheme. We
also note that intruder configurations, originating from
the filling of the v gg /o orbital could also account for the
presence of a (3-isomer.

We have performed SM calculations for comparison to
the experimental decay scheme of fig. 5. As mentioned
above, the measured lifetime of %2Cr is longer than cal-
culated within the fp valence space. This difference could
be traced back from the fact that about 1.7 among 6 neu-
trons are predicted to be shifted from the f5/, orbital to
the intruder gg/5 orbital. This would reduce the amount

of the GT strength vf5,5 — 7f7/2, henceafter enhancing
the lifetime value by a factor 6/4.3. Energies and spins of
the 52Mn levels were calculated using the KB3 and KB3G
interactions and the fp valence space, as for °8Ti. With
the KB3 interaction, the calculated g.s. of 2Mn is 17,
and states 37, 47 are present about 400keV above. The
[G-strength almost exclusively occurs to the ground state.
The calculation with the KB3G interaction provides an in-
version between the 17 and 3%, 4T levels but none of these
two is the ground state. The §-strength is shared equally
between two levels. The experimental 3-decay scheme is
almost intermediate between the two calculated ones.

In addition to what is found in the present work, the
existence of an F2 y-isomer of 101(10) ns lifetime which
decays through a 113keV ~-ray was observed by Daugas
et al. [12]. Since this y-ray is not observed in the §-decay
experiment, its spin value is not 1. However, we cannot
place this state in the present level scheme unambiguously.

63Cr: The present half-life value, T2 = 129(2) ms,
agrees with 77 /5 = 113(16) ms obtained in ref. [15]. Many
~-rays above 1.5 MeV are seen in the [-gated -delayed
spectrum of ®3Cr (see table 2). This indicates a large feed-
ing of the high-energy states in the decay of %3Cr. Due to
weak statistics, no -y coincidence could be made. We
observe only half of the intensity of the 3-decay through
~v-rays and therefore cannot establish a decay scheme for
this nucleus. This could be due to a lack of statistics, but
also to a high direct 3-feeding to the ground state of 63Mn.
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When reaching N = 40 and above, the use of the
KB3 and KB3G interactions become inappropriate. We
therefore use the deformation-dependent QRPA calcula-
tions to calculate the S-decay pattern of 3Crsg. At a fairly
large quadrupole deformation parameter €5 ~ 0.28, QRPA
calculations provide good agreement with the experimen-
tal G-strength and half-life. About 45% of the 3-strength
feed the g.s. of 3Mn and ~ 25% feed an exited state at
3.9MeV, with respective log(ft) values of 4.95 and 4.33.
The calculated half-life is Ty, = 129 ms.

64Cr: The present half-life value, T2 = 43(1) ms is
more accurate than T/, = 44(12) ms obtained in ref. [15].
In the decay of §{Cry, we observe only one ~-line at
188(2) keV which accounts for 17% of the [(-strength.
Given the presently weak statistics, it is possible to miss
part of the 5-decay strength which would proceed through
high-energy states and y-decay via various branchings.

65,66 Cr: Half-life values of 27(3) ms and 10(6) ms are
found for %°Cr and %6Cr, respectively. In the 3-decay of
65Cr, two v-lines are tentatively assigned at 272(2) and
1368(2) keV. In addition to this, the 364(2) keV line which
belongs to the decay of the daughter nucleus °Mn is ob-
served in about 50% of the cases. This value is very similar
to the feeding of 54(2)% deduced for this line from the di-
rect B-decay of %Mn. This shows that the B-decay of %°Cr
stays in the A = 65 chain and scarcely occurs through
[-delayed neutron emission to 54Mn. Otherwise the inten-
sity of the 364(2) keV line in the °Cr decay would have
been much weaker. QRPA calculations find -delayed neu-
tron emission probablilities P, lower than 10% for a large
set of deformation parameters ranging from es = 0.0 to
€2 = 0.26. Moreover the experimental half-life of 27(3) ms
is shorter than the calculated values for a large range of
deformation parameters; T,, = 67ms for e = 0 and
Ty = 98ms for €3 = 0.26. This could be accounted for
by an effect of Qg value and/or by a shift in energy of
the GT strength. Also, we estimate that the first forbid-
den transitions could shorten the half-lives values above
N = 40 by about 20%.

4 Conclusion

Beta-decay studies of mneutron-rich 57-%8Sc, ®8760Tj
61V and 627%6Cr have been achieved using combined
(- and y-ray spectroscopy. Half-lives of °7%8Sc, 69Ti
and 9%96Cr are determined for the first time, whereas
half-lives of the remaining nuclei are measured with
better accuracy as compared to previous studies. Decay
schemes are proposed for °8Ti, 62Cr and partly for
61V, They are compared to shell model predictions
in the fp valence space using the KB3 and KB3G
interactions. Both calculated (-intensities and half-lives
are in relatively good agreement with experiment. It
is found that the vfs, — mf7p GT transition dom-
inates the [-decay pattern. However, the calculated
lifetimes in the restricted fp space become gradually
shorter than experimental values when approaching a

neutron number N = 40. This is inferred from the fact
that the pairing effect already shifts up neutrons from the
vfs5/2 to the vgg o shell already before reaching N = 40.
This reduces (increases) the Gamow-Teller strength (life-
time) accordingly in the %2Cr where about 1.7 neutrons
lie in the vgg/o shell. The occupation of the vgg/, shell
by pair scattering depends strongly on the energy differ-
ence between the single particle v f5/5 and vgg /o orbitals.
This spacing is very sensitive to the mf7/5-vf5/2 inter-
action which shifts downward the v f5,5 orbital by some
MeV when going from the NV = 40 Ca to the Ni isotones.
The present study does not permit to draw quantitative
conclusion about the strength of this proton neutron in-
teraction and the occupation of the vgg/, shell since the
results are strongly ()3 dependent. However, the descrip-
tion of the role of this interaction in the (-decay process
has been described. Better measurements of the atomic
masses —and herafter determination of the Qg values—
in this mass region would enable to deduce more quanti-
tive insights.
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