Eur. Phys. J. A 36, 131-138 (2008)
DOT 10.1140/epja,/i2008-10587-4

THE EUROPEAN
PHYSICAL JOURNAL A

Regular Article — Experimental Physics

Evidence for an isomeric 3/2~ state in °3Co

D. Rudolph’?, R. Hoischen!2, M. Hellstrém®, S. Pietri®, Zs. Podolysk®, P.H. Regan®, A.B. Garnsworthy>*,

S.J. Steer?, F. Becker?:®, P. Bednarczyk?®®, L. Caceres®%, P. Doornenbal>7:¢, J. Gerl?, M. Gérska?, J. Grebosz®2,
I. Kojouharov?, N. Kurz?, W. Prokopowicz?®, H. Schaffner?, H.J. Wollersheim?, L.-L. Andersson', L. Atanasova®,
D.L. Balabanski®?, M.A. Bentley'?, A. Blazhev’, C. Brandau??, J.R. Brown'?, C. Fahlander!, E.K. Johansson®, and

A. Jungclaus®

© 00 N O Uk W N

=
o

Received: 4 March 2008 / Revised: 28 April 2008

Department of Physics, Lund University, S-221 00 Lund, Sweden

Gesellschaft fiir Schwerionenforschung mbH, D-64291 Darmstadt, Germany

Department of Physics, University of Surrey, Guildford, GU2 7XH, United Kingdom

Wright Nuclear Structure Laboratory, Yale University, New Haven, CT 06520-8124, USA

The Henryk Niewodniczanski Institute of Nuclear Physics (IFJ PAN), PL-31342 Krakéw, Poland
Departamento de Fisica Tedrica, Universidad Auténoma de Madrid, E-28049 Madrid, Spain

Institut fiir Kernphysik, Universitat zu Koéln, D-50937 Koln, Germany

Faculty of Physics, University of Sofia, BG-1164 Sofia, Bulgaria

Institute for Nuclear Research and Nuclear Energy, Bulgarian Academy of Sciences, BG-1784 Sofia, Bulgaria
Department of Physics, University of York, York, YO10 5DD, UK

Published online: 21 May 2008 — (© Societa Italiana di Fisica / Springer-Verlag 2008

Communicated by R. Kriicken

Abstract. The fragmentation of a 550 MeV/u primary beam of **Ni on a “Be target has been used
to measure time- and energy-correlated v decays following the implantation of event-by-event discrimi-
nated secondary fragments into a °Be stopper plate. A new isomeric v decay with Ty2 = 14(%) ns and
E., = 646.2(2) keV is observed and attributed to the decay of the yrast 3/27 state in 37Cogs. This short-
lived isomeric state has been populated by means of nuclear reactions during the stopping process of the
secondary fragments. The experimental findings are discussed in the framework of large-scale spherical shell
model calculations in conjunction with isospin symmetry-breaking residual interactions for the A = 53,

T. = +1/2 mirror nuclei 53Co and *Fe.

PACS. 21.60.Cs Shell model — 23.20.-g Electromagnetic transitions — 25.70.Mn Projectile and target

fragmentation — 27.40.+z 39 < A < 58

1 Introduction

Metastable or isomeric states have a long-standing history
in nuclear-structure research [1]. In fact, recent experimen-
tal developments have reached a level of detection sensi-
tivity to radiation associated with the decay from such
quantum levels which requires the production of less than
thousand nuclei of a certain isotope. Thereby, often the
first valuable fingerprints become visible for exotic nuclei
far from the line of B-stability [2-6].

Of particular interest are isomeric states near doubly
magic nuclei, because they efficiently probe the nuclear in-
teraction active at these cornerstones of the spherical shell
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model —not only by means of precise excitation energies
of specific states but more importantly via dynamic and
static electromagnetic moments. The situation becomes
even more substantial when it is possible to compare and
relate the decay characteristics of isobaric analogue states
near self-conjugate doubly magic nuclei such as *°Ca or
°6Ni. In this mass region, isospin symmetry-breaking ef-
fects can be investigated in great detail [7]. This is largely
owing to the confinement of the NV = 3, “fp shell”, com-
bined with the option of reliable large-scale shell model
calculations in a spherical harmonic-oscillator basis in-
cluding well-established residual interactions [8-13].

First steps beyond basic studies of so-called mirror en-
ergy differences (MED), which refer to the difference of
excitation energies of isobaric analogue states as a func-
tion of the angular momentum, have been undertaken. For
example, lifetime measurements of specific I™ = 27/2~
states in the A = 51, T, = +1/2 nuclei géFe% and g;Mn%
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established on an experimental basis isoscalar and isovec-
tor polarization charges near ®’Ni by means of absolute
and relative E2 transition strenghts [14]. These results
have recently been confirmed in a study of 10T “mirror
isomers” in the 7, = +1 system 53Niss —5¢ Feog [15], while
an attempt using the more complex 27 states of these two
nuclei proved less significant [16].

In the present study we show another test case, namely
3/2~ states in the A = 53, T, = +1/2 system comprising
53Cog6 and 33Fesr [17]. While the less exotic nuclide **Fe
has been studied rather extensively by light ion transfer
and heavy-ion fusion-evaporation reactions [17,18], infor-
mation on *3Co is rather scarce. The mainly 3-decaying
19/27 spin-gap isomer at E, = 3190 keV excitation energy
marks the first reported state with a direct proton decay
branch [19], but it took more than 30 years for an in-beam
~-ray study to follow. And even so, only the yrast cascade
between the 7/2~ ground state and an excited 17/2~ state
at 4.1 MeV could be established. Nevertheless, this allowed
for a profound MED study of the A = 53, T, = £1/2 mir-
ror pair [20].

The experimental approach is outlined in the next sec-
tion, followed by a presentation of the experimental results
in sect. 3. The shell model calculations and the comparison
with the experimental data are the subject of sect. 4.

2 Experimental method

Rare isotopes can be efficiently produced by nuclear frag-
mentation of a stable heavy-ion beam at relativistic en-
ergies on relatively thick targets. Within the Rare Iso-
tope Spectroscopic INvestigations at GSI (RISING) cam-
paign [5,6], the nuclei of interest were produced by frag-
mentation of a °®Ni primary beam at 550 MeV/u on
a lg/cm? Be target. The beam was provided by the
UNILAC-SIS accelerator complex at the Gesellschaft fiir
Schwerionenforschung mbH (GSI), Darmstadt, Germany.
Due to the high kinetic energy all atomic electrons are
fully stripped off the primary beam ions, i.e. the charge
state Q = Z = 28 is being used. The reaction products
then enter the approximately 70 m long FRagment Separa-
tor (FRS) [21] with energies of some 515 MeV /u. A sketch
of the FRS and its detector set-up is provided in fig. 1. The
fragments, alike the beam particles, start with the charge
state Q = Z. Because of the relatively low proton num-
ber of the fragments in the present case, this maximum
charge state is held throughout the passage through the
FRS with a probability of essentially 100%.

The fragments pass a first magnetic dipole separation
stage of magnetic rigidity Bp, and arrive dispersed in mo-
mentum at the intermediate focus in an achromatic set-
ting of the FRS. The momentum spread is compensated
for by inducing differently matched energy losses, AF, in
the wedge degrader (cf. fig. 1). In addition, scintillator
SC1 provides energy loss signals and position information
in the dispersive plane, as well as a timing signal for a
time-of-flight measurement for all ions reaching the final
focal plane. In the second Bps stage of the FRS the frag-
ments have kinetic energies of 300 to 320 MeV /u, and the
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Fig. 1. Schematic drawing of the experimental set-up includ-
ing the various materials and detectors placed along the beam-
line. See text and refs. [21,23,24] for details.

typical flight time through the second half of the FRS is
approximately 190 ns. Scintillator SC2 provides not only
the second signal for the time-of-flight measurement and
energy loss and position information, but it also gives the
start signal for the RISING Ge-detector array to await
prompt and delayed v radiation coming from those frag-
ments, which are implanted in a 4 mm thick Be plate in
the center of the array.

Before finally coming to rest, the fragments i) have
passed through multiwire tracking detectors, MW1 and
MW?2; ii) have given rise to a total of sixteen energy loss
signals in two multi-sampling ionisation chambers, MU-
SIC1 and MUSIC2; iii) have been slowed-down to some
70 MeV /u in an aluminum degrader (to reduce disturbing
Bremsstrahlung produced in the stopper); and iv) have
been cross-checked for non-destruction via an energy loss
measurement in scintillator SC3. The last scintillator SC4
serves as implantation veto.

Invoking the complete and thus unequivocal identifi-
cation scheme of the FRS and its associated detector sys-
tems, a total of 8.2 million implanted A ~ 50 nuclei have
been clearly discriminated by mass, A, and proton num-
ber, Z, during about 60 hours of beam time. The im-
planted beam cocktail comprised ®!**?Fe (together 0.4%),
52.53Co (15.5 and 21.3%), and ®354%5Ni (1.4, 58.6, and
2.8%).

The RISING germanium array itself consists of fifteen
high-efficiency CLUSTER germanium detectors [22], pro-
viding up front 105 germanium crystals for v-ray detec-
tion, while four crystals were malfunctioning during the
experiment. Additionally, on average less than four of the
crystals were blinded for delayed nuclear radiation due
to the prompt Bremsstrahlung caused by the incoming
fragments. The 105 Ge-detector electronics channels were
split into two branches, one of which was read out by dig-
ital electronics. This branch provided ~-ray energy and
~-ray time in steps of 25 ns with respect to the SC2 trig-
ger signal. The second branch saw a conventional tim-
ing sequence of fast signal amplification, constant fraction
discrimination, and time-to-digital converters. Here, the
timing resolution was down to less than 1ns per digitized
spectrum channel. The data acquisition system was set
to wait for about 20 us after the SC2 trigger signal, then
reset itself in waiting position for the next incoming ion.
The events were stored in listmode type on computer hard
disks, comprising the encoded information of the FRS de-
tectors and time and energy of the correlated, prompt and
delayed v rays. More information on the experiment and
the respective RISING set-up can be found in refs. [23-25].
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3 Experimental results

The present experimental setting was in principle sensi-
tive only to isomeric states in one of the seven implanted
N < Z nuclides mentioned in the previous section and
half-lives in the range of ~ 100ns < T/, < 50 us. The
upper half-life limit was chosen by the experimenters for
optimizing the set-up towards the main goal, namely spec-
troscopy of the 10* isomer in 54Ni [15]. The lower limit,
however, is an estimate and depends on the number of nu-
clei produced in the isomeric state of interest with respect
to the flight time and, hence, the time period for isomeric
decay already inside the FRS. Another important quan-
tity, which can reduce the lower limit even further, is the
ratio with which the isomer decays by internal conversion
—since the fragments are bare nuclei, this decay mode is
turned off during the passage through the separator. Good
examples for this effect are isomeric states in 7Kr [05 at
671(2) keV, T /5 = 26(2) ns] [26], “Kr [03 at 509(1) keV,
T/ = 13(7) ns] [27,28,26], and 2°°Pt [7~ and 12% states,
Ty /2 < 151s] [29].

There is yet another possibility for the study of (short-
lived) isomeric states, namely via the production by nu-
clear reactions of the incoming primary fragments along
the slowing-down path in the stopper material. For the
present experiment this implies a secondary ?Be stopper
“target” being subject to mainly °253Co and °*Ni sec-
ondary beams of some 50 MeV /u down to essentially zero
energy, which is reached at some 2-3 mm depth depend-
ing on the ion species. Assuming a generic nuclear-reaction
cross-section of 1barn, this gives rise to some

0 0.25cm - 1.85g/cm?®  6-10%

8.2-1
9g/mol

- 1 barn ~ 250000
(1)

potential nuclear reactions and, consequently, nuclear-
reaction products. Compared with as little as about a
thousand implanted ions being necessary for isomeric -y
decay detection at RISING (see, e.g., refs. [2,4]), 250000
is clearly a substantial number. However, the observation
of such in situ populated isomeric states should likely be
limited to i) less exotic nuclides (since nuclear-reaction
channels with relatively large cross-sections take the nu-
clear system towards the line of stability), and ii) prod-
ucts close to the incoming fragments, because too violent
nuclear processes including the emission of possibly sev-
eral light particles or fragments could easily trigger the
SC4 veto detector and, hence, be disregarded in the of-
fline analysis.

Figure 2 provides three delayed ~-ray spectra corre-
lated with heavy ions implanted in the “Be stopper. Note
the logarithmic scale. The top spectrum and the mid-
dle spectrum were taken in the time range from 0.1 us
to 1.0 us after implantation of ®*Ni and combined 52-°3Co
fragments, respectively. For reference, the bottom spec-
trum represents the radiation from long-lived background
sources. The latter is dominated by the positron annihi-
lation peak at 511keV, the 4K peak at 1461 keV, and
shows several weaker peaks originating from natural tho-
rium and uranium decay chains. In addition, there is one
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Fig. 2. (Color online) Gamma-ray spectra correlated with im-
planted **Ni (top and bottom) and *?*3*Co ions (middle). The
top and middle spectra were taken between 0.1 and 1.0 us after
implantation, the bottom spectrum between 15 and 16 us after
implantation. The latter is downscaled by a factor of ten for
better visibility. Several peaks are marked with their energy
in keV, others with their source. Filled circles represent peaks
associated with the decay of the 107 isomer in **Ni [15] and
open circles denote pile-up of two of the **Ni transitions in the
same or neighbouring Ge crystals. Plus signs label experiment
specific long-lived background activity, namely the decay of the
19/27 spin gap isomer in "*Fe [17)].

experiment specific long-lived background source, namely
the 19/2~ spin-gap isomer in *Fe, which signs responsi-
ble for the peaks at 701, 1010, and 1328 keV, marked with
“+7 in fig. 2. These peaks are also visible in the other two
spectra, unless they are covered by lines of different origin
with about the same ~-ray energy.

Next to the radiation due to neutron capture reactions
in the Ge crystals of the RISING spectrometer, the top
spectrum is, of course, dominated by the peaks associated
with the decay of the 10" isomer in ®*Ni [15] —these have
energies of 146, 451, 1227, 1327, and 1392keV, and they
are marked with filled circles. The peaks marked with open
circles are also related to the °*Ni isomer; they refer to
the pile-up of two y-rays hitting the same or neighbouring
Ge crystals, the signals of which were added together if
occuring within 50 ns.

Disregarding all peaks in fig. 2 related to (natural)
background or the °*Ni isomer, there are several peaks
left in both the ®*Ni and the 52°3Co correlated spectrum,
namely at 136, (146), 411, 741, 1130, 1158, 1408, and
1830keV. (Another peak at 3432keV is out of the range
of fig. 2.) Interestingly, all these peaks relate to known
isomers in the mass region: the peaks at 136, 1158, and
1830 keV originate from the 19/2~ isomer at 3123 keV ex-
citation energy in **Sc [T} o = 470(4) ns] [30], the peaks
at 146 (doublet with 54Ni), 411, 1130, 1408, and 3432 keV
originate from the 107 isomer at 6527 keV in **Fe [Tl/g =
364(7) ns] [31], and the peak at 741 keV originates from the
3/27 state at 741keV in *3Fe [T, = 63.5(14)ns] [17].
Note that the three *3Sc related peaks have compara-
ble yields in the two spectra. On the contrary, the peaks
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Fig. 3. (Color online) Decay curve of the 741keV y-ray (**Fe)
following the implantation of ®*Ni fragments in the stopper.
The data is histogrammed in bins of 12ns per channel with
the grey area providing the experimental uncertainties. The
straight line represents a least-squares fit to the data.

from the °*Fe transitions are somewhat less intense and
the ®3Fe 741keV peak is much less intense in the middle,
cobalt-correlated spectrum compared with the top, nickel-
correlated spectrum. This points towards different nuclear
production types in the beryllium stopper for the Sc and
Fe isomers, respectively.

The above association of peaks in fig. 2 with isomers
in 43Sc and °3°*Fe can, of course, be cross-checked with
the time behaviour of the respective decay. As an exam-
ple, the decay curve of the 741keV transition is shown
in fig. 3. It invokes the conventional RISING time branch
(cf. sect. 2), and the data is binned to 12ns per channel.
A least-squares fitting procedure gives T}/, = 61(8)ns
for this sample, which is in agreement with the above-
mentioned literature value. The peaks suggested to arise
from #3Sc and °*Fe can be proven to belong to these two
isotopes in a corresponding fashion.

It is also clear that the ®3Fe isomer must have been
populated in the beryllium stopper, because neither can
missing atomic electrons prolong the lifetime, nor can any
significant amount of °3Fe produced in the primary tar-
get reach the stopper with such a short isomeric half-life
—mnot to mention that the setting of the FRS prohibited
transmission of ®3Fe (and *Fe as well as 43Sc) in the first
place, and that energy loss correlations in the MUSICs
and SC2 and SC3 (cf. fig. 1) ensure implantation of nickel
ions.

Figure 4 focuses on short-lived decays by providing -
ray spectra correlated with 2:53Co (panel (a)) and 5*Ni
(panels (b) and (c)). While the spectra in figs. 4(a) and (b)
were taken between 40ns and 120ns after implantation,
panel (c¢) shows a spectrum measured during a some-
what later time window. The broad structures between
~y-ray energies of 550 to 630keV and at about 700keV
again relate to radiation from neutron capture reactions
in the Ge crystals. All spectra also reveal once more the
positron annihilation peak, and panels (b) and (¢) com-
prise the 451 keV peak from the 6+ — 41 decay in ®*Ni.
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Fig. 4. Gamma-ray spectra correlated with implanted ®*Ni
(panels (b) and (c)) and ®?**Co ions (panel (a)). The top and
middle spectra were taken between 40 and 120ns after im-
plantation, the bottom spectrum between 280 and 400ns af-
ter implantation. Severeal peaks are marked with their energy
in keV. The peak at 511keV relates to positron annihilation
(e*e™), and the broad structures between 550 and 630 keV and
at about 700 keV are due to radiation from neutron capture re-
actions in the Ge crystals.

The 411keV peak from the 67 — 47 decay in **Fe be-
comes more apparent at later times (fig. 4(c)), while the
741keV 3/2~ — 7/27 decay in ®®Fe is very pronounced
in fig. 4(b), simply because of the earlier time period com-
pared with the top spectrum in fig. 2. Some late remain-
ders of the 741keV peak are present in fig. 4(c), while it
becomes obvious that the 3/2~ isomer in %3Fe is produced
significantly less efficient with the cobalt ions than with
the 54Ni fragments by comparing figs. 4(a) and (b).

Most interestingly, however, there is one additional
peak visible at 646keV in fig. 4(b). It has a similar yield
as the 741 keV line, and it is completely absent in both the
spectrum correlated with cobalt fragments as well as in the
one taken at slightly later times. The latter is an indication
for a rather short-lived isomer, while the former observa-
tion limits the isotopic origin to either Ni or Co isotopes
with N ~ Z, i.e. most likely to ®>°°Ni or *3*455Co. Any
lighter residue with Z < 26 would have left a significant
signal at 646 keV in fig. 4(a), too. The massive production
of exotic N < Z isotopes with Z > 27 is highly unlikely
because of the small reaction cross-sections involved. A
data base search [32] for a delayed y-ray of 646(1)keV in
isotopes with 20 < N, Z < 32 turned out negative.

55Co has been studied extensively by means of several
different experimental approaches [33,34]. So far, no iso-
meric state has been observed in that nuclide, and due
to the shell gap at particle number N = Z = 28, ex-
cited states in 53Co are expected and observed first be-
yond 2MeV excitation energy. No signs of the respec-
tive ground-state transitions are seen in the present data.
Therefore, we exclude *°Co from the list of candidates.
Likewise, its mirror nucleus °°Ni is disregarded based on
isospin symmetry considerations. The low- to medium-

spin regimes of 54Co [31,34,35] and 5Ni [34,36-38] are
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Fig. 5. (Color online) Background-subtracted decay curve of
the previously unobserved 646 keV ~-ray following the implan-
tation of **Ni fragments in the °Be stopper. The data is his-
togrammed in bins of 1.5ns per channel with the grey area
providing the experimental uncertainties. The straight line rep-
resents a least-squares fit to the data starting some 30 ns after
the nominal position of the prompt timing distribution.

also well known, and for reasons similar to the above,
also these two nuclei can be disregarded. Thus, the only
obvious candidate left is an isomeric state in 53Cogg. In-
deed, the mirror nucleus 53Fes7 does have an isomeric state
at comparable excitation energy and half-life, namely the
3/27 state at 741 keV, which is readily observed in figs. 2
and 4, and which has been discussed above.

The decay curve of the 646 keV v-ray is shown in fig. 5.
Due to its short half-life and hence close proximity to the
prompt timing peak, the half-life result contains a rather
large uncertainty (the least-squares fitting procedure dis-
played in fig. 5 starts some 30 ns beyond the position of the
prompt timing distribution). In conclusion, we attribute
the peak at 646.2(2) keV in fig. 4(b) to the decay of an iso-
meric I™ = 3/27 state in 2Co, situated at 646.2(2) keV
excitation energy and with a half-life of T3 /o = 14(§) ns.
These experimental characteristics are close to the ones of
the isobaric analogue state in *3Fe [17].

4 Shell model calculations and discussion

Spherical large-scale shell model calculations were perfor-
med with the code ANTOINE [39]. The full fp space is
considered including the 1f7/, shell below and the 2p3 /s,
1f5/2, and 2p; 5 shells above the N = Z = 28 shell clo-
sure. Nevertheless, the model space has to be truncated
allowing a certain number, ¢, of particles (protons or neu-
trons) to be excited across the shell closure. Here, a max-
imum t = 7 is chosen to compromise between available
computing power and sufficient convergence of the calcu-
lated numbers. Both the KB3G [11] and GXPF1A [12,
13] effective interactions have been employed, the predic-
tions of which are generally very reliable for mass A ~ 50
nuclei [8-10,40].

The evolution of the predicted excitation energies of
a number of A = 53, T, = £1/2 low- to medium-spin
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Fig. 6. Results of shell-model calculations for low-spin states
in the mass A = 53 nuclei "*Co and **Fe. The left-hand side
of panel (a) illustrates the evolution of excitation energies as
a function of the number of particles allowed in the upper
fp shell, t, for the KB3G [11] fp shell effective interaction.
The ¢t = 7 predictions using the alternative GXPF1A interac-
tion [13] are included on the right-hand side, surrounded by the
respective experimentally known states of the two isobars [17,
20]. Panel (b) illustrates the occupation numbers of the 3/2~
yrast state. The plot for the f7,5 shell concerns the number of
particles missing with respect to the originally thirteen parti-
cles relative to °Ca. The plot denoted by ps/2 (m,v) represents
the occupation number of only the respective unpaired proton
(%3Co) or unpaired neutron (**Fe).
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Fig. 7. Comparison of the excitation energies of experimen-
tal low-spin states in the mass A = 53 nuclei **Co and *3Fe
with predictions from isospin-dependent shell model calcula-
tions (¢t = 7) based on the KB3G effective interaction.

states as a function of ¢ is illustrated on the left-hand
side of fig. 6(a). An increased ¢ induces in general more
correlation energy, but the strongly downsloping excita-
tion energies of the predicted 1/27 and 3/2~ low-spin
states are apparently much more affected compared with
the 9/2~ — 7/27 yrast cascade, because the relative en-
ergy between these two states remains essentially con-
stant. The 9/27 state, which has been discussed in earlier
mass A = 53 investigations [18,20], is included in figs. 6
and 7 as reference.

The enhanced correlations as a function of ¢ find their
counterpart in the reduced single-particle character of the
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predicted wave functions of the yrast 3/27 (2p3/2) state:
the 2p3 /9 single-particle partition to the wave function of
the 3/27 state drops from 54% (¢t = 3) to 34% (t = 7)
using KB3G. Figure 6(b) provides the average occupation
numbers of the 3/2~ state. In line with the above, increas-
ing t increases the average number of proton and neutron
holes in the 1f7 /5 shell as well as the average number of
protons and neutrons in the 2ps/; and 1f5,5 shells —the
latter even more pronounced. The 2p; /o shell occupancy
does not see any significant change. It is worth mentioning
that the occupation number of the unpaired proton (°3Co)
or unpaired neutron (°3Fe), which is denoted ps /2(m,v) in
fig. 6(b), remains essentially constant at about unity. This
implies that the correlations are inferred by excitations
across the shell gap at N,Z = 28 into the 1f5/5 shell or
excitations of the respective other nuclear fluid into the
2p3/o shell, i.e., the neutrons in case of 3Co and the pro-
tons in case of %3Fe.

Towards the right-hand side of fig. 6 the predictions
of a t = 7 calculation using the GXPF1A interaction
are shown, and in general the results are similar to the
predictions based on the KB3G interaction, in particular
the calculated energies of the low-spin states. One pecu-
liarity, however, is that the wave function of the yrast
3/27 state predicted by GXPF1A has only about half
the 1f5,2 occupation of the prediction using the KB3G
interaction, which is balanced by an on average increased
2p3 /2 occupancy and a slightly reduced number of holes in
the 1f7/5 shell. Moreover, the predicted excitation energy
of the yrare 3/2; state (E, = 1852keV) differs signifi-
cantly from the ¢t = 7 prediction of the KB3G interaction
(B, = 2446keV), while the experimentally known state
in 53Fe is situated roughly in between (E, = 2043keV).
Such details appear interesting, but they are difficult to
trace back to individual two-body matrix-elements or the
slightly different single-particle energies of the two effec-
tive interactions. Hence, a more thorough theoretical in-
vestigation is required.

To study the mirror symmetry of isobaric analogue
states in ®*Fe and °3Co in more detail, isospin-breaking
terms have been incorporated along the notations of
refs. [7,9,10]. Multipole harmonic-oscillator Coulomb ma-
trix elements, Vs, the monopole electromagnetic spin-
orbit interaction, Vs, and monopole radial effects have
been added to both the bare GXPF1A and KB3G inter-
actions following the prescription of ref. [10]. The ma-
trix element of the effective interaction for two protons
in the 1f7/, orbital coupled to J = 2 has been increased
by 100keV. This isospin-breaking term, usually denoted
Vi, has been deduced by Zuker et al. [7] from the MED
in mass A = 42. It showed to be essential to success-
fully reproduce the MED of several mirror pairs in the
mass region [7,9,15,20,41]. To describe the electromag-
netic decay properties, effective charges of ecrf,), = 1.15
and ecsrn, = 0.80 taken from ref. [14] are used and re-
lated to predictions with the standard plain isoscalar val-
ues ecrpp = 1.5 and eqry,, = 0.5 [8]. Magnetic properties
are described with free gyromagnetic factors.
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Table 1. Mirror energy differences, E,(**Co) — E,(**Fe), for
the excited yrast 3/27 and 9/27 states. The calculated num-
bers are based on the given interactions but involve isospin-
breaking components. See text for details.

Level, I™ 3/27 9/2~

Experiment present [20] | —95keV ~ —1keV
Theory KB3G [11] | —147keV ~ 8keV
GXPF1A [13] | —130keV  1keV

The results of the isospin-dependent ¢ = 7 calculations
based on the KB3G interaction are illustrated in fig. 7.
Tables 1 and 2 provide a summary for both the KB3G and
GXPF1A interactions. The left-hand side of fig. 7 depicts
the comparison of observed and predicted energy levels for
3Fe, while the right-hand side shows the results for 53Co.
For reference, the results based on the bare interaction (cf.
fig. 6) are repeated in the central part of the figure.

In the case of the yrast 9/27 state the net effect
of including isospin-breaking components in the inter-
action is close to zero; the predicted excitation ener-
gies change very little, and the related MED values, i.e.,
E,(°3Co)—E,(%3Fe), are small and in nearly perfect agree-
ment with experiment and in line with the discussions in
ref. [20]. The actual numbers are summarized in the right-
most column of table 1, and the fact that the MED are
small points towards a similar overall structure of the 7/2~
ground state and the excited 9/2 state. A closer look at
the calculated wave functions of these two states reveals
that on average about the same number of protons and
neutrons are predicted to be excited across the shell gap
for both A = 53 nuclei.

The situation is at variance for the 3/2~ low-spin yrast
state. Here, the wave functions are predicted to comprise
distinctively different amounts of protons and neutrons in
the ¢ = 1 p-orbits of the upper fp shell (cf. fig. 6(b)). These
protons are less bound and thus easier to excite, and the
related energy differences of these excitations lead to large
negative MED values for in particular the 3/27 states.
The large negative MED prediction is in good agreement
with the rather large experimental MED = —95keV for
the 3/27 yrast states. However, including the isospin-
breaking components in the shell model calculations, the
agreement between experiment and theory on the abso-
lute excitation energy scale is worsened for the presumed
single-particle-like 3/2~ yrast states (cf. fig. 7). For ex-
ample, the predicted energy of the 3/27 yrast state for
the isospin-symmetric calculation, £, = 718keV is in
line with both the 3/2~ state in *Fe (E, = T41keV,
AE = |Eyth—Ey exp| = 23keV) and 53Co (E, = 646 keV,
AE = T72keV). However, including the isospin-breaking
terms as described above, the predicted excitation ener-
gies drop to E, = 640keV (AE = 101keV) for **Fe and
E, = 493keV for **Co (AE = 153keV), respectively.

The predicted and measured half-lives of some ob-
served low- to medium-spin states in the A = 53 nuclei
are summarized in table 2. A very good quantitative agree-
ment is achieved for the 11/2~ — 9/2~ — 7/2~ yrast cas-
cades, and the half-life predictions turn out to be rather
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Table 2. Experimental half-lives of experimentally observed

137

states compared to predictions from isospin-dependent fp shell

model calculations and using the experimental transition energies for the A = 53, T, = £1/2 mirror pair.

53 Fe 5300
Exp [17] KB3G GXPF1A Exp KB3G GXPF1A

State c1e  c2 C1 2 C1 C2 C1 C2

1/2~ 2.0(2)ns | 1.8ns 1.8ns | 4.3ns 4.3ns

3/27 | 63.5(14)ns | 7.8ns  13ns | 1lns 25ns | 14($)ns | 7.6ns 5.1ns | 7.9ns  5.0ns

5/27 2.8(7)ps | 6.0ps 6.1ps | 4.7ps 4.8ps

7/25 1.4(%) 1.6ps 1.6ps | 1.7ps 1.6ps

9/27 17(7) fs 24 fs 23 fs 28 fs 27 fs 22fs 23 fs 25 fs 25fs

11/2~ 53(12) fs 29 fs 28 fs 40 1s 391s 27 fs 27 fs 30fs 31fs

% C1 uses effective charges of eeffp = 1.15 and ecff n =

0.80 [14].

b €2 uses effective charges of ecyfp = 1.5 and ecsy, = 0.5 [8].

independent of the effective charges and effective interac-
tion used. For the yrast 1/27 and 5/2 as well as the yrare
7/25 states in *3Fe the agreement is still good.

The crux, however, lies in the predicted half-lives of
the yrast 3/2~ states. Despite their presumed simplicity
of being dominated by 2ps /2 single-particle components,
their half-lives are predicted a factor of 3-8 (*3Fe) and 2-3
(°3Co) too short, i.e., the calculated transition rates are
too fast. Typically, transition rates are calculated too low
because of the lack of the correlations across shell gaps,
but in the present case the opposite holds true. There-
fore, going to larger values of ¢ > 7 or a full fp calcu-
lation will not solve the problem. Moreover, the predic-
tions using the effective charges of ref. [14] are worse than
the ones neglecting isovector contributions, at variance to
other mirror systems in the mass region. This discrepancy
becomes most apparent when looking at the comparison
of the ratio of the experimental half-lives, which ranges
from R[T} 5(°*Fe) /Ty /2(°*Co)] ~ 3.1-6.5, to the ratio of
predicted half-lives, which is close to unity for the calcu-
lations with ecrrp, = 1.15 and eqfrr,, = 0.80. It is only
the calculation using the GXPF1A interaction and plain
isoscalar effective charges, for which the ratio R = 5.0
falls into the experimental ballpark —mnevertheless, it is
off by almost a factor of three on the absolute scale for
both mirror partners. Therefore, a local adjustment of ef-
fective charges does not seem to solve the puzzle either,
and the answer is considered to rather lie in the nature of
the predicted wave functions.

For example, both proton and neutron single-particle
energies may be lowered to potentially achieve purer 3/2~
states, or a detailed modification of the interaction may
be necessary on some decisive two-body matrix elements.
While this is considered a purely theoretical prescription
beyond the scope of the present work, it should be pointed
out that this discrepancy of the decay properties of both
3/27 yrast states in the A = 53, T, = +1/2 mirror pair is
highly unusual considering the overall excellent agreement
of large-scale shell model calculations achieved in this
mass regime —with or without invoking isospin-breaking
terms.

5 Summary

To summarize, short-lived isomeric states have been ob-
served following secondary nuclear reactions of neutron-
deficient radioactive A 50 fragment beams in a
9Be stopper plate positioned inside the RISING ~-ray
spectrometer. A previously unreported delayed ~-ray
of 646.2(2)keV with an associated half-life of T/,
14(%) ns was observed and attributed to the decay of the
3/2~ yrast state of 53Co. Isospin-dependent large-scale
shell model calculations agree well with the relative en-
ergies of the reported and new isobaric analogue states
of the A = 53, T, = +1/2 mirror pair. While this type
of predictions is commonly in excellent agreement with
experimental observations in the upper half of the 1f7/,
shell, both the calculated absolute energies and, more im-
portantly, the decay strengths of the yrast 3/2~ states in
53Co and ®>Fe deviate considerably from the experimental
values. Given the presumed simplicity of this state, this
comes as a surprise. On the theoretical side, this calls for
a more detailed tracing of the residual interactions and
single-particle energies, while experiment may aim at a
better definition of the 3/2~ states in both the A = 53
and A = 55 mirror pairs.
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