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Abstract. The doubly magic N = Z nucleus °°Ni has been investigated with two fusion-evaporation
reactions; *°Ca(?®Si, 3a)*®Ni at a beam energy of 122 MeV and 28Si(*2S, 2p2n)"°Ni at 130 MeV. To detect -
rays in coincidence with evaporated particles the Ge-detector array Gammasphere was used in conjunction
with the charged-particle detector system, Microball and a 17 neutron detector array. Results include a
significantly extended level scheme of %6Ni, which is compared to large-scale shell model calculations in
the fp shell. The experimental and theoretical results agree to a large extent, with one notable exception;
the theoretical model fails to predict the proper sequence of the yrast and yrare 8" states.

PACS. 21.60.Cs Shell model — 23.20.En Angular distribution and correlation measurements — 23.20.Lv
~ transitions and level energies — 27.40.4z 39 < A < 58

1 Introduction

Fundamental building blocks within nuclear structure are
the experimentally observed shell gaps associated with
the magic numbers, which are very well reproduced by
the nuclear shell model. In this model the N = Z = 28
nucleus °°Ni is the first doubly magic nucleus to be de-
scribed by the inclusion of the spin-orbit force in the nu-
clear mean-field potential. The spin-orbit force causes a
splitting within the fp shell: the energetically favoured
J =L+ s orbit 1f7/, separates from the 2p3,s, 1f5/2, and
2py /2 orbitals, also called the upper fp shell, thus, cre-
ating the shell gap at particle number 28. Consequently,
the expected leading ground-state configuration of ®6Ni
has all orbitals filled up to and including the 1f7/5 orbit.
However, the probability for this ground-state configura-
tion was found to range from some 50-70% in contempo-
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rary shell model approaches, depending on the interaction
used [1]. These values are substantially lower than the cor-
responding numbers for the nearby doubly magic nucleus
48Ca (94%), which has been taken as a sign of °Ni repre-
senting a rather soft doubly magic core [1].

Other signatures of a double shell closure include a
high excitation energy of the first 27 state and a low
quadrupole excitation strength to that state. The energy
of the first 2+ state in 56Ni is established at 2.7 MeV.
Though this energy is reasonable for single-particle ex-
citations, it is relatively low compared to other doubly
magic nuclei. For example, the first 2 state in *Ca is
located at 3.8 MeV. The reduced transition strength has
been measured to be B(E2;0T — 27) ~ 560 e?fm* via
proton scattering [2] and intermediate-energy Coulomb
excitation [3,4]. Contemporary shell model calculations [1]
predict B(E2;07 — 2%) = 550 2 fm?, i.e., perfect agree-
ment between theory and experiment. With respect to the
much lower value of B(E2;07 — 2%) =84 €% fm* in *Ca
this is yet another hint for the softness of the %5Ni core.

The question to be addressed in this study is whether
or not this degree of consensus remains for the complete
set of experimentally known states in °SNi. Early exper-
imental work on °6Ni includes an in-beam ~v-ray spectro-
scopic study [5], establishing the yrast sequence up to
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a tentative spin and parity of I™ = 107. A subsequent
high-spin study of °®Ni led to the discovery of two super-
deformed rotational structures [6]. While one band can
readily be explained by Hartree-Fock—based mean-field
models and fp shell model calculations, the second band
requires the excitation of one particle into the 1gg/5 in-
truder orbital [6-8].

In this paper results from two data sets are combined.
This more than doubles the number of known ~-ray tran-
sitions and excited states in ®’Ni. The experimental data
are compared with the results of a large scale, state-of-the-
art shell model calculation. In particular, electromagnetic
decay properties are investigated in detail, revealing defi-
ciencies in the theory to properly describe all yrast states
in %°Ni.

2 Experiment and data analysis

Excited states in °°Ni were studied with two different
heavy-ion fusion-evaporation reactions initiated at the 88"
cyclotron at Lawrence Berkeley National Laboratory and
at the ATLAS facility at Argonne National Laboratory.

Experiment 1 utilized a 2®Si beam with an energy of
122 MeV impinging on a 0.5 mg/cm? thin °Ca target, cre-
ating a compound nucleus of 8Se. Through emission of 3a
particles, 6Ni is obtained. The 99.98% enriched target foil
was sandwiched between two thin layers of gold to prevent
oxidation. The 7-rays were detected in the Gammasphere
array [9], which comprised 101 Compton-suppressed Ge-
detectors with the Heavimet collimators removed. This al-
lows for «-ray multiplicity and sum-energy measurements.
Evaporated light charged particles were detected with the
4 Csl-array Microball [10]. Events were collected if four
or more Compton-suppressed 7-rays were detected. For
further information on the experiment see ref. [11].

In experiment 2, a beam of 32S collided with a 28Si
target foil at a beam energy of 130 MeV. This reaction
produced the compound nucleus %°Zn, which generates
56Ni by emission of two protons and two neutrons. The
0.5mg/cm? thin ®Si target was enriched to 99.90% and
supported either with 1.0mg/cm? Au or 1.0 mg/cm? Ta
facing the 130 MeV 32S beam. The energy loss in the
foil amounts to 5MeV, thus the effective beam energy
was 125 MeV. Here the Gammasphere comprised 78 Ge-
detectors with the Heavimet collimators removed as well.
Microball was used to measure and identify light charged
particles. The five most forward rings of Gammasphere
were replaced by the Neutron Shell [12], consisting of 30
liquid scintillator detectors to enable neutron detection.
The trigger used was either four or more v-rays in coin-
cidence, or three or more ~-rays in coincidence with one
or more pre-discriminated neutrons. More details can be
found in ref. [13].

In the analysis of both experiments, discrimination be-
tween protons and « particles is crucial in creating clean
particle gated spectra with sufficient statistics. Therefore,
each Microball event was associated with time, energy,
and charge-ratio signals [10] obtained through pulse shape
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techniques. These signals were plotted in three two-dimen-
sional spectra, and particles were identified only after ful-
filling gate conditions in all three maps. Subsequently,
the ~-ray energy resolution was optimized by an event-
by-event kinematic reconstruction method to reduce the
effect of the Doppler broadening due to the evaporated
particles.

To distinguish between neutron- and 7-ray signals from
the neutron detectors, pulse shape discrimination tech-
niques were utilized. Four signals from each neutron de-
tector were digitized: time of flight (TOF), zero-cross-over
time (ZCO), energy, and the tail of the energy signal [12].
Two-dimensional gates on several combinations of these
signals provided a clean distinction between neutrons and
~-rays [9,12].

In both experiments, the events were sorted off-line
into E,-E, correlation matrices. These were subject to ap-
propriate evaporated particle conditions, i.e., the v-rays
had to be in coincidence with three « particles (3«) for ex-
periment 1, and with two protons and two neutrons (2p2n)
for experiment 2.

The main contaminating reaction channels in the y-ray
spectra are those for which one proton escaped detection,
namely, the 3p2n and 3alp channels, respectively, leading
to the well-known isotope ®°Co in both cases. Some con-
taminations from the 2pIn and 3pln channels (°"Ni and
%6Co) were also present in the 2p2n selected 7-ray spec-
tra from experiment 2. This is due to the remaining one-
neutron scattering events, which can mimic two-neutron
events, but unfortunately passed the two-neutron selection
criteria [13]. In experiment 1, possible misidentification of
two protons as one « particle results in the inclusion of
58Nj created in the 2a2p evaporation channel, as can be
seen in fig. 3. Nevertheless, all these contaminations can
easily be handled or eliminated by studying y-ray matri-
ces and spectra in coincidence with the respective number
and type of evaporated light particles. The analysis em-
ployed the Radware software package [14] and the Cologne
spectrum analysis code Tv [15].

The spins and parities of the states were determined by
utilizing yields measured by Ge detectors placed at differ-
ent angles with respect to the beam axis. In experiment 1,
15 detectors at forward and 15 detectors at backward an-
gles were combined to create a “pseudo” ring at an effec-
tive angle of 30°. Similarly, 28 detectors between 80° and
100° make up a “pseudo” ring placed at an average angle
of 83°. This is based on the fact that the angular distri-
bution of «-rays is symmetric with respect to the reaction
plane. Particle-gated vy matrices with y-rays detected at
30° (alteratively 83°) wvs. y-rays detected anywhere in the
array were generated. From these matrices the intensity
ratios
1,(30%)
1,(83°)

R3p—s3 = (1)
can be obtained [16]. These allow the deduction of spin
and parity for the excited states, as y-rays of different
multipolarities have different angular distributions and,
hence R3p—g3 values. Stretched quadrupole transitions are
predicted to have R3p-g3 ~ 1.3, whereas an R3g-g3 ~ 0.8
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Fig. 1. The proposed experimental level scheme of °Ni from the present work, featuring some 20 new transitions. The energy
labels are given in keV. The widths of the arrows are proportional to the relative intensities of the «-rays. Dashed lines indicate

tentative transitions and states.

indicates a stretched dipole transition. Significant devia-
tions from the latter values indicate £2/M1 mixing, which
in some cases allows parity to be assigned.

3 Results

The level scheme resulting from the present analysis is dis-
played in fig. 1. The number of observed ~-rays and excited
states have roughly doubled the experimental knowledge
of ®Ni with respect to ref. [6]. The transitions and their
placement in the level scheme have been determined by
~7 coincidences, sum-energy relations of transitions, and
their relative intensities. Spins and parities of the states
have been determined from the Rsg g3 ratios and yrast
state considerations. They are summarized in table 1.
All four -ray spectra shown in figs. 2, 3, 4, and 5 origi-
nate from the 3a-gated yy-matrix from experiment 1. The
spectrum in fig. 2 is obtained by gating on the 2700, 1224,
and 1392keV transitions in the yy-matrix, and summing
their contributions. The established [16] irregular yrast se-
quence of 2700, 1224, 1392, 2638, 1463, 2940, and 2377 keV
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Fig. 2. Spectrum of %°Ni created by gating on the intense
transitions in the 67 — 47 — 27 — 07 yrast cascade, in a
3a-gated v coincidence matrix.

transitions is clearly seen. A new odd-spin structure starts
from the 97 state at 9009 keV. It decays by two transitions
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Table 1. The energies of the excited states in °Ni, as well as the energies and relative intensities of the y-rays placed in the
level scheme, their angular distribution ratios and multipole assignments, and to the very right the spins and parities of initial
and final states.

Eexc E, Lt Iet® Rso-s3" Rso-83" Mult. IT I7
(keV) (keV) (%) (%) ass. () (R)
2700(1) 2700(1) 100(4) 100(4) 1.3(1) 1.2(1) E2 2t 0t
3924(1) 1224(1) 83(3) 100(3) 1.3(1) 1.3(1) E2 47" 2t
4932(2) 1008(1) — 4.7(5) 0.4(2) E2/M1 3*t,5t 4+t
5316(1) 1392(1) 81(4) 69(3) 1.4(1) 1.4(1) E2 6" 4t
5350(1) 2650(1) 3.3(8) — — — Al =0 2te 2t
5351(2) 5.3(4) — 1.6(1) — E2 2+t ot
5665(1) 1741(1) — 7.9(8) — 0.6(2) Al =1 5 47
6326(1) 976(1) 7.4(18) — — — (E2) (4™)° 2+t
2402(1) 4.3(21) — — — (AI =0) (4%) 4t
3626(1) 10(2) — — — (E2) (4™) 2t
6522(2) 857(1) — 3.8(4) — — — — 5
6650(1) 2726(1) 4.1(7) 5.8(12) 1.4(4) 1.2(4) E2 6" 4t
7601(2) 2285(1) 10(2) 7.3(13) >1 >1 (E2/M1) (7 6"
7652(1) 1326(1) 9.5(34) — — — (E2) (6%)° (4h)
3729(2) 0.8(4) — — — (E2) (6%) (4h)
7954(1) 1304(1) 3.5(5) 2.6(4) 1.3(3) — E2 8t 61
2638(1) 65(3) 31(2) 1.3(1) 1.4(2) E2 gt 6
8224(2) 2908(1) 13(1) 12(1) 1.3(1) 1.0(2) E2 8t 6"
8778(2) 3114(2) — <1 — — — (7) 5
3462(1) <1 2.1(4) — — — (7) 6%
9009(2) 787(1) 4.5(6) 5.9(5) 0.6(1) — E2/M1 9t gt
1055(1) 8.8(8) 7.2(6) 0.5(1) 0.7(2) E2/M1 9t 8t
9240(2) 3924(2) — 1.5(4) — (E2) (8% 6"
9307(2) 1655(1) 8.4(34) — — — — (8%)° (6™)
9418(2) 1463(1) 48(3) 17(1) 1.4(1) 1.4(2) E2 107" 8t
9477(2) 1254(2) 1.2(7) — — — — (91) 8t
1523(1) 2.1(5) 2.1(4) 1.6(3) 1.4(4) (E2/M1) (9h) gt
1876(2) <1 1.4(4) — — — (9h) ()
10469(2) 2515(1) 4.4(7) 2.1(8) 0.6(2) 1.0(3) Al =1 9 8t
10677(2) 2453(1) 8.0(9) 4.1(6) 1.1(2) 1.5(4) E2 107" gt
10933(2) 1626(1) 4.6(9) — — — — (9)° (8%)
11001(2) 3047(1) 2.0(5) — — — (E2) (10™) 8t
11294(2) 1987(1) 4.6(22) — — — — (10™)° (81)
11420(2) 2002(1) 7.6(10) 3.7(16) 1.6(5) >1 E2/M1 11+ 10t
2412(1) 5.8(11) 3.2(6) 0.9(1) — E2 11+ 9t
11866(2) 2626(2) <1 — — — — (10™) (8%)
3912(2) 2.8(6) <1 1.0(3) — (E2) (10™) gt
12359(2) 1681(1) 5.4(6) 2.6(5) 1.2(2) — E2 12+ 10"
2940(1) 19(2) 5.1(7) 1.5(1) 1.2(3) E2 127 10t
12504(2) 1571(1) 4.2(9) — — — — (11)° (9)
12758(2) 2801(1) 1.7(7) — — — — (12%) 10"
3340(1) 8.4(9) — 1.6(3) — (E2) (12%) 10"
13505(2) 1146(1) 2.8(5) — 0.8(2) — Al =0 (12) 12t
2086(1) 4.6(7) 2.6(5) 0.8(3) — Al =1 (12) 11+
13576(2) 2282(1) 2.8(14) — — — — (121)° (10M)
13644(3) 4226(2) 1.2(5) — — — — (121) 10t
14449(2) 1945(1) 3.7(8) — — — (13)¢ (11)
14736(2) 2377(1) 11(3) — 1.1(1) — (E2) (147%) 12+
16353(3) 2777(2) <1 — — — — (147 (121)
16767(3) 2318(2) <1 — — — — (15)° (13)

® Data from experiment 1; *°Ca(?®Si, 3a)°°Ni.
b Data from experiment 2; 28Si(32S, 2p2n)°®Ni.
¢ Data taken from ref. [16].
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of 787 and 1055 keV, which are also clearly visible in fig. 2.
The level at 9009keV is determined to be a 97 state due
to the R3g-g3 ratios of the 787 and 1055keV transitions,
which feed into 8T states and both R3(—g3 indicate a mixed
E2/M1 character.

Figure 3 displays the spectrum in coincidence with the
new 97 — 8%71055keV transition. The yrast sequence
from the 8 level towards the ground state is clearly
seen. The new 117 — 9% transition of 2412keV and the
2086 keV transition feeding into the 11420keV 117 state
are also visible in fig. 3. The R3p—g3 ratio of the 2086 keV
transition indicates that it originates from a state with
spin 12, while no parity can be assigned.

A difficulty in assigning spin and parity to states of
high excitation energy exists if the state decays very
rapidly, i.e., for states having very short effective lifetimes.
If the °5Ni nuclei decay while still inside the target, the
Doppler corrections will not work properly. This affects
the spectra from the Ge pseudo ring at 30° more than the
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Fig. 5. Spectrum in coincidence with the 5351keV ground-
state transition. The known rotational band is clearly seen,
together with a tentative 2777 keV transition. The 2318 keV
transition belongs to a deformed rotational band [6].

spectra obtained from the ring at 83°, potentially leading
to a reduced Rgg—g3 ratio. This may, for instance, explain
the relatively low R3g—g3 values of the 2412keV 11+ — 9T
and the 2086keV (12) — 117 transitions. Note that a
possible 107 assignment to the 11420 keV level is rejected
based on yrast arguments, while a 127 assignment is im-
possible due to the 2412keV connection to the 9009 keV
9T state. The yrast argument takes into consideration the
relative intensities of the transitions. If the 11420 keV state
were the fifth 107 state, it would have been populated less
in the course of the fusion-evaporation process, i.e., the
intensities of the depopulating 2002 and 2412 keV transi-
tions should have been much lower.

Several high-energy transitions attributed to 5°Ni are
displayed in fig. 4, which represents a close up of the high-
energy fraction of the spectrum shown in fig. 2. Two of the
marked transitions with an energy of 3114 and 3462 keV
decay from the same 8778keV level. Due to their low
statistics a tentative spin of 7 is assigned based on yrast
arguments and the fact that the two transitions feed lev-
els with spin I = 5 and I = 6, respectively. Also seen in
fig. 4 is the new 3912keV transition which decays from a
tentative 107 state, with a level energy of 11866 keV. This
state may also connect to the 9240keV (871) level via the
possible 2626 keV transition, which is difficult to establish
because of the intense 2638 keV 8+ — 6T transition being
so close in energy. In turn the 9240 keV level decays with
an 3924 keV E2 transition to the yrast 67 state.

By gating on the 5351 keV ground-state transition the
spectrum shown in fig. 5 was obtained. Although the
statistics in fig. 5 are very low, the spectrum is extremely
clean, and the known rotational bands [6] can be seen
as well as a small indication of a tentative 14T — 127
transition at 2777keV. The two bands are basically not
seen in experiment 2, producing °°Ni in the 2p2n chan-
nel. This is because here °°Ni is populated on average
at somewhat lower excitation energies and spin than in
experiment 1, which is reflected in the different relative
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intensities given in table 1. This can be illustrated by the
new low-lying 1741keV transition. In experiment 2, this
transition is quite strong with an intensity of 7.9(8)% rela-
tive to the ground-state transition. However, no indication
of its presence could be found in experiment 1, as higher-
lying states are preferably populated, and the decay feeds
into the yrast states, which implies that this level is by-
passed.

The experimentally found level at 4932keV decays
with a 1008keV ~-ray, whose angular-distribution ratio
corresponds to a mixed E2/M1 transition. This gives the
4932keV level a spin of either 3 or 5, with positive parity
(see table 1), while it has an I™ = 3~ assignment in a
current nuclear data base [17]. A recent S-decay study on
56Cu, however, is consistent with the present result, pro-
viding I™ = (3") for the 4932keV state [18]. Note that
in our data there are only indications of the 2234 keV
(3%) — 2% branch observed in parallel to the 1008 keV
decay in ref. [18] due to limited statistics.

4 Shell model interpretation

To discuss the results from the present experiments a
large-scale shell model calculation was performed using
the shell model code ANTOINE [19,20]. The calculation
was performed using the GXPF1 interaction, which has
recently been developed for the Ni region [1,21]. Small
effects from single-particle energies and two-body matrix
elements arising from the Coulomb interaction have not
been considered. The full fp space was utilized, including
the 1f7/ orbital below the N = Z = 28 shell gap, and the
2p3/2, 1f5/2, and 2p; /o above it. The configuration space
allowed up to 6p-6h excitations from the 1f7 /5 shell into
the upper fp shell. The choice of 6p-6h excitations is nec-
essary and sufficient to describe the rotational band and
the softness of the *Ni core including the B(E2; 0" — 27)
value [6,8,22]. Electromagnetic decay properties were de-
rived using bare g-factors and effective charges of 0.5e for
the neutrons and 1.5¢ for the protons. Since Coulomb
effects were neglected, the calculated wave functions for
states in °9Ni are fully symmetric in terms of proton and
neutron partitions. Therefore, the use of standard effec-
tive charges is in line with recent more elaborate results
on effective charges in the mass region [23].

Figure 6 compares the experimental level energies with
the calculated energy eigenvalues. On the left-hand side
even- and odd-spin yrast states are shown, followed by
a selection of yrare states. On the very right some third
and fourth states for a given spin-parity combination are
presented. The overall agreement is good: the mean level
deviation (MLD) amounts to 317keV and the binding en-
ergy shift (BES) is 247keV. The latter has been added to
all calculated energy levels in fig. 6. The BES and MLD
were calculated by including all levels except those in the
rotational band.

If the yrast levels were exclusively considered, a MLD
value of 254keV and a BES of 236 keV are obtained. This
implies that yrare and yrast energies are almost equally
well described within the model.
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Fig. 6. The experimental and calculated excitation energies
for the states observed in 5SNi. From left to right: the even-
spin yrast states, the odd-spin yrast states, the yrare even-
and odd-spin states, to the very right higher-order even- and
odd-spin states. A binding energy shift of 247 keV is added to
all calculated levels. Note that the yrast experimental 87 is
associated with the second calculated 8" state and vice versa.

To go beyond the standard comparison between exper-
imental results and shell model predictions, electromag-
netic decay properties were investigated. We used the ef-
fective operators mentioned earlier and the experimental
~-ray energies to infer reduced B(M1) and B(E2) tran-
sition rates and subsequently mixing ratios, §(E2/M1),
branching ratios, b, as well as state lifetimes, 7. The ex-
perimentally known B(E2;0% — 2%) ~ 560 e? fm* makes
it possible to calculate the lifetime for the 2% state to
7 = 0.05(1) ps. Comparing this number with the calcu-
lated value in table 2 a good agreement is found.

From our experimental data, relative strengths can be
studied by means of branching ratios. The experimental
and theoretical values are presented in table 2. In the cal-
culation all possible decay branches were studied, even if
the final state is experimentally unknown or not observed
in the present study. For instance, the calculated 21 state,
which corresponds to the yrare 2% experimental level at
5350 keV [6], can decay into the ground state 07, to the
known but non-observed 03 and 0 states [17], and the
calculated but unknown 23 and 23 states. Table 2 in-
cludes only the most significant subset of possible final
states. The evaluation is from top to bottom of the level
scheme, alike the experimental de-excitation, i.e. the yrast
experimental 14T was connected with the calculated 14;r
level, and if the theoretical and experimental branching
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Table 2. Comparison of the experimental and theoretical
branching ratios, b, of y-rays in **Ni. The ~-ray energies given
in italic style indicate transitions not observed (n.o0.) in this
study. See text for further details.

Fere L:n I}r Ey bezp btheo Ttheo
(keV) (n) () (keV) (ps)
2700 27 0f 2700 1.0 1.0 0.04
3924 47 27 1224 1.0 1.0 3.1
4932 3 2f 2232 n.o. 0.26 6.9

4+ 1008 1.0 0.74
4936 37 27 2235*  0.37(11) 0.26

47 1010 0.63(11) 0.74
5316 67 47 1392 1.0 1.0 24
5350  2f  0f 5351 0.62(6) 0.50 0.04

0 1393 n.o. 0.29

25 2650 0.38(6) 0.21
5665 57  3f 733 n.o. 0.01 0.81

47 1741 1.0 0.99

67 349 n.o. 0.00
6650 65 47 2726 1.0 0.99 0.05
7601 77 57 1936 n.o. 030 25

67 2285 1.0 0.69
7954  8F 6] 2638  0.94(1) 092 0.17

64 1304  0.07(1) 0.08
8224  8F 67 2908 1.0 052 5.0

65 1574 n.o. 0.37

7f 623 n.o. 0.11
8778 75 57 3114 021(9) 039 0.02

67 3462  0.79(9) 0.61
9009 97 8F 1055  0.41(3) 042 8.2

8 787  0.59(3)  0.57
9240 85 67 3924 1.0 0.88  0.03

65 2590 n.o. 0.07
9418 107 87 1194 n.o. 0.00 1.7

8 1463 1.0 0.99
9477 9f 7F 1876 0.10(5) 017 2.0

8F 1254  0.25(15) 0.07

8F 1523 0.65(15) 0.74
10469 93 75 2868 n.o. 0.15  0.24

8 2245 n.o. 0.05

85 2515 1.0 0.70
10677 105 87 2453 1.0 0.73 0.16

8 2723 n.o. 0.15
11001 105 8 2777 n.o. 0.06  0.09

8 3047 1.0 0.23

9f 1992 n.o. 0.70
11420 117 9F 2412 044(7) 0.24 0.10

107 2002  0.56(7)  0.76
11866 105 87 2626  0.20(7)  0.17  0.08

85 3912  0.80(7) 0.35

9f 2857 n.o. 0.12

95 2389 n.o. 0.17
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Table 2. Continued.
Eeze Ir Iy E, bexp btheo  Ttheo
(keV) — (n)  (h)  (keV) (ps)
12359 121 107 2940  0.75(3) 0.86  0.17
105 1681  0.25(3) 0.12
12758 127 107 3340 0.83(7) 0.64 027
105 2081  0.17(7)  0.20
17 1838 n.o. 0.08
13505 12§  10f 4087 n.o. 020  0.10
117 2086  0.62(8)  0.56
124 1146 0.38(8)  0.00
13505 137 11F 2086  0.62(8) 0.65 0.7
1y 1801 n.o. 0.24
127 1146 0.38(8)  0.11
13644 127 10 4226 1.0 0.66  0.12
105 2967 n.o. 0.05
105 2643 n.o. 0.15
14736 147 12§ 2377 1.0 0.63  0.16
125 1978 n.o. 0.24
137 1231 n.o. 0.12

# Taken from ref. [18].

ratios match, the experimental and theoretical levels were
associated with each other. This procedure was repeated
towards the ground state.

The general agreement between the experimental and
theoretical branching ratios is very good, and the theoreti-
cal predictions may even give confidence in some tentative
spin-parity assignments of experimental levels. For exam-
ple, the predicted yrast 3% state yields the best agree-
ment with the experimentally observed I™ = 37,57 level
at 4932 keV, in particular considering the experimental
branching ratio taken from ref. [18]. This is noteworthy be-
cause of the negative-parity assignment given in ref. [17],
and because doubly magic nuclei usually have a low-lying
3~ yrast state with an excitation energy less than or simi-
lar to the yrast 4T state. With the present results taken in
conjunction with ref. [18] there is no relatively low-lying
3~ candidate left in *°Ni.

The experimental 5665 keV level is assigned a spin of
I =5 based on its R3p g3 ratio and yrast arguments. The
calculated 5f level has an energy of 5463 keV (includ-
ing the BES shift), making it very likely that the experi-
mental 5665 keV level indeed has a spin and parity of 5.
In table 2 a perfect agreement between the experimental
and theoretical branching ratios can be seen, i.e., the two
states are associated with each other. The weakly popu-
lated experimental level at 6522 keV has no spin or parity
assigned. Furthermore, the calculation does not provide an
adequate level. Possibly it has a negative parity and thus
lies outside the model space of the calculation. Therefore,
it is not included in table 2.

Another level to discuss explicitly is the 13505keV
state, which has a tentative I = 12 assignment, with
unidentified parity. In table 2 it is compared to the pre-
dicted 127 state which correctly predicts the main branch
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Fig. 7. Panel (a) displays the relevant part of the experimental
level scheme and panel (b) shows the decay pattern as given by
the shell model calculation. To the very right, panel (c) illus-
trates the level scheme obtained when the yrast experimental
8% state is associated with the second calculated 87, and vice
versa. See text for details.

of the 2086 keV ~v-ray, but fails for the observed 1146 keV
line and predicts instead a high-energy transition into the
yrast 10T state. Given the fact that the yrast band in gen-
eral is well reproduced, one notes that the 13505 keV level
is close in energy to the calculated 131+ state. Interestingly,
its predicted decay pattern fits the observation somewhat
better (see table 2). As was discussed previously, the spin-
parity assignments of rapidly decaying states can be trou-
blesome. Indeed, the calculation indicates that this state
should decay quite fast (7 < 0.1 ps), which may bring into
question the tentative I = 12 assignment of the 13505 keV
state. The experimental yrare 27 and 41 states belong to
a deformed rotational band, found to be based upon a
4p-4h configuration [6]. For a detailed discussion of the
band the reader is referred to ref. [6].

The most interesting feature of the calculation is its
inability to reproduce the feeding and decay patterns of
the experimental yrast 8f state at 7954 keV and the yrare
8; state at 8224keV. On the left-hand side in fig. 7, the
relevant part of the experimental level scheme is shown. In
the middle of fig. 7, the level scheme predicted by the shell
model calculation is displayed. Clearly a big difference ex-
ists between the branching ratios from the experimental
101 and the calculated 107 state. A review of the leading
configurations of the states in question unveils the likely
reason. They are presented in table 3 together with all
configurations which contribute more than 5%. All of the
configurations have one proton hole and one neutron hole
in the 1f7/5 orbit. In the 10 state both the excited pro-

ton and neutron are in the 1f5,/5 orbit, while the 8f state
has both nucleons in the 2p3/, orbit. Surprisingly, the 101+
state has only 4% of that partition. The 85 has a highly
mixed wave function, but mainly one nucleon is in the
1f5/2 and the other in the 2p3/5 orbit. Intrinsically, an E2
transition from the main 10 configuration into the main
81 configuration is forbidden, because it requires A¢ = 2
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Table 3. The fractions of the dominating configurations for
some prominent levels in 5SNi.

State Fraction Configuration

I %

87 26%  v(1fr)2) t@m(1f72)  ®@U(2p32)@T(2p3)2)

83 %  v(1fzp2) T @m(1f/2) T @v(1f5/2) T (2ps2)
% V(1f7/2)71®7T(1f7/2)71®l/(2p3/2)®7f(1f5/2)

107 25%  v(1f7s0) ' @m(1fzs2) ' @v(1fs0)@m(1fs5)2)
%  v(1fr2) T @n(1fr/2)  @uU(1fs/2) @(2p3)2)
%  v(1f72) T @m(1f7/2) " @U(2ps/2) @m(1fs5)2)

for both the neutron and proton partition. This creates
the decay pattern shown in fig. 7(b). However, such a hin-
drance is not present for the 10f — 83 decay. Thus, if
the experimental 8] state is connected with the second
calculated 8; state, and vice versa, a nice agreement be-
tween the experimental and the theoretical level schemes
is obtained: this is illustrated in fig. 7(c). To conclude, it
appears that the shell model calculation places the exper-
imental yrast 8] state as the second calculated 87 state
and vice versa.

In principle the inversion of states is nothing unusual,
at least if the calculated energy difference is less than the
MLD value. For example, it has been observed for these
states in °YNi earlier, but within a much more simplistic
shell model approach [16], and thus considered less inter-
esting. However, with the present large-scale shell model
calculation the need for exchanging the two 81 states
comes as a surprise, because the remaining part of the
level scheme, even including the rotational band [6], is very
well described. Moreover, the predicted energy difference
between the two 8T states amounts to some ~ 500keV
which is about twice the MLD value.

To check whether this peculiar discrepency is specific
to the GXPF1 interaction, the calculations were repeated
with the KB3G interaction [24], which represents the com-
monly used realistic interaction in the mass region. Inter-
estingly, this calculation reveals the same demand for in-
version of the 8T states, while the remaining parts of the
decay scheme are again well described. Hence it seems
some generic deficiency prevails in the parameter sets,
caused by either single-particle energies or specific two-
body matrix elements. Considering that the nuclear shell
model is supposed to work at its best for doubly magic
nuclei, this problem requires further theoretical investiga-
tions.

5 Summary and outlook

Through the present analysis, the number of known ~-ray
transitions in ®Ni have been more than doubled, provid-
ing a fairly “complete” excitation scheme up to 12 MeV
excitation energy and spin 12h. A state-of-the-art shell
model calculation has been performed, showing an over-
all very good agreement between theoretical and exper-
imental level energies and decay patterns. However, by
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studying the electromagnetic decay properties in detail an
unexpected and peculiar inversion of the yrast and yrare
8T states is revealed. An understanding of this feature
requires future theoretical efforts.

To further increase the knowledge of excited levels in
56Ni, a low-spin investigation to find the 3~ state is es-
sential, as it will give an opportunity to study the com-
petition between single-particle excitations and collective
modes. The high-spin rotational bands also merit further
investigations, particularly considering the prompt parti-
cle decays [6,25] present in this mass region.
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