Vol. 32 (2001) ACTA PHYSICA POLONICA B No 3

EVOLUTION OF NUCLEAR SHAPES AND EXOTIC
DECAYS NEAR 56Ni*

D. RuporprH, C. ANDREOIU, J. EKMAN, C. FAHLANDER

Department of Physics, Lund University, S-22100 Lund, Sweden

A. GADEA

Laboratori Nazionali di Legnaro, I-35020 Legnaro, Italy

AND D.G. SARANTITES
Chemistry Department, Washington University, St. Louis, MO 63130, USA

(Received November 2, 2000)

An overview of recent high-spin nuclear structure studies in proton-rich
nuclides near the doubly-magic isotope *°Ni is presented.

PACS numbers: 21.10.-k, 23.20.—g, 23.50.+z, 27.40.+z

1. Introduction

The recent advent of efficient 47 Germanium detector arrays such as
EUROBALL [1] and GAMMASPHERE |[2] is providing a wealth of exciting and
unexpected results in nuclear structure physics [3]. At many occasions the
Germanium arrays are coupled to modern ancillary detector systems. These
aim, for example, at the detection of the light particles, which are emitted in
the course of fusion-evaporation reactions, and/or employ recoil separators
to detect the prompt 7-radiation in coincidence with one of the recoiling
nuclei.

Such powerful combinations significantly boosted the studies of light to
medium mass N ~ Z nuclei [4] — previously, such investigations were mainly
hampared by:

(i) the large number of different residual nuclei produced in the reactions
(up to ~ 30),
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(ii) relatively large «-ray energies (where detection efficiencies were low),
and

(#ii) considerable Doppler broadening caused by the large angle spread of
recoils induced by charged-particle emission (see also, e.g., Ref. [5]).

Here, recent advances in high-spin nuclear structure studies in the vicin-
ity of 56Ni shall be presented. 9SNi is generally accepted to represent a
doubly-magic spherical nucleus due to the shell gap at particle number 28,
which separates the 1f7/o shell from the so-called upper fp shell consisting of
the 2p3/9, 1f5/2, and 2py /5 orbits. The magicity reveals itself by a relatively
large excitation energy of the first 27 state, and the rather irregular exci-
tation scheme, which is shown on the left hand side of Fig. 1 [6]. It should
be stressed that doubly-magic nuclei are important bench marks within the
nuclidic chart, a point raised in several contributions to this school (see,
e.g., Ref. [7]), in particular related to the discussion of the regime of su-
perheavy nuclei (see, e.g., Ref. [?,8]). The main issue is that these nuclei
and their closeby neighbours serve as sources and act as constraints for the
shell-model parameter sets, namely single-particle energies and two-body
matrix-elements. A brief summary of the physics of the spherical minimum
in A ~ 60 nuclei is given is Sec. 3.

Next to the spherical states the level scheme of 6Ni contains also two
regular sequences of y-ray transitions, which begin at about 5 and 9 MeV
excitation energy, respectively. They are interpreted as well-deformed rota-
tional bands in the second minimum of the nuclear potential [6]. Such bands
will be discussed more extensively in Sec. 4. The important point here is that
their observation allows for a comparison of predictions of microscopic (large-
scale) shell-model calculations and microscopic (e.g., cranked Hartree-Fock)
or macro-microscopic (e.g., cranked Nilsson-Strutinsky) mean-field models,
i.e., it is possible to investigate the origin of nuclear deformation on a fun-
damental level.

One of the unexpected results mentioned in the beginning is the so-
called prompt discrete particle emission, which connects high-spin states in
the deformed second well with spherical states in the daughter nucleus. Up
to now, this new exotic decay mode has only been found in nuclei near the
N = Z = 28 doubly-magic isotope %°Ni. Following the first case observed in
%Cu [9] it was established in the excited rotational band in 56Ni as well. Tt
is illustrated on the right hand side of Fig. 1. Later-on, a 3.9(3)% a-decay
branch was identified in the decay-out of a band in ®®Ni, while in Sec. 6
two new proton decays from bands in ®*Cu and new experimental results of
combined 7-ray and particle spectroscopy in **Cu will be presented.
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Fig. 1. Partial level scheme of *Ni.

2. Experiments

The nuclei in the mass A ~ 60 region were investigated in a series of
experiments at GAMMASPHERE and EUROBALL. Table I summarizes the
most recent ones, including the institutions involved. In all experiments 47
charged-particle detector arrays (MICROBALL [10] at GAMMASPHERE and
Isis [11] at EUROBALL) were coupled to the y-detector arrays. Typical par-
ticle detection efficiencies amount to €, ~ 80% and ¢, ~ 65% in the case
of MICROBALL, following restrictive discrimination procedures (see, e.g.,
Refs. [10,12]). The respective numbers for ISIS turned out to be lower for
the present EUROBALL experiment. For most of the experiments neutron
detectors (e, ~ 5-10%) or dedicated neutron arrays (e, ~ 30%) (NEUTRON-
SHELL [13] at GAMMASPHERE and NEUTRONWALL [14] at EUROBALL) were
used to identify evaporated neutrons, and thereby discriminating isotopes
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TABLE 1
Parameters of our recent experiments in the mass A ~ 60 region.
No. Reaction Beam Label Date  Target  Ancillary
energy detectors®

1 3254 28Gj 130 MeV  GSFMA73 9/99 thin MB+NS
(WashU, Lund, LBNL, ANL)

2 36Ar+28Si 148 MeV  GSFMA42 12/98 thin MB+SS+n
(Lund, WashU, Cologne, UPenn, ORNL, ANL)

3  2Mg+%Ca 96 MeV  EB98.02  9/98 backed ISIS+NW
(Lund, LNL, Cologne, TSL, Surrey, Warsaw, Bogota)

4 2Gi+10Ca 122 MeV GSFMA66 7/99  thin  MB+BGO
(LBNL, Lund, WashU, McMaster, Cologne, ANL)

#MB: MI1crROBALL [10]; NS: NeutronShell [13]; SS: Four AE-FE Si-strip telescopes; n: 20
neutron detectors; Isis [11]; NW: NeutronWall [14]; BGO: full BGO information taken.

at or beyond the N = Z line. The relatively low ~-ray multiplicities of the
present experiments allow for a removal of the Heavimet absorbers in front
of the BGO shields at GAMMASPHERE [15]. This enables event-by-event
~-ray multiplicity and sum-energy measurements, which provides additional
reaction channel selectivity [16]. Experiment 2 aimed at high-resolution par-
ticle spectroscopy. Therefore, the three most-forward rings of MICROBALL
(28 Csl-detector elements) were replaced by four AE-FE Si-strip telescopes
with a total of 4 x 16 x 16 = 1024 pixels (see Sec. 6.3).

3. Spherical minimum

Figure 2 illustrates the shell structure for spherical and deformed nuclear
shapes in the vicinity of ®*Ni. Different from 1 f7/2 mid-shell nuclei (see
Ref. [17] and references therein) unrestricted full fp shell-model calculations
are not possible at present. For example, the shell-model study of °Ni [6],
performed by Poves and co-workers, was ’limited’ to six-particle six-hole
(6p — 6h) excitations across the shell gap at particle number 28.

Looking at the left hand side of Fig. 2 it is tempting to think that the full
fp model space should be sufficient to describe the high-spin states in the
%Ni region — there are several orbits available above the gap, and the high-
J orbit 1gg/5 seems too far away. In fact, it is possible to describe the main
features of the experimental decay schemes by simple shell-model calcula-
tions restricted to 2p-2h excitations [18]. Nevertheless, there are sequences
in, e.g., %*Fe or ®'Ni, which are clearly outside the fp model space [18]. In
57Ni such a sequence is located on top of a level at 3.7 MeV excitation energy,
which was unambigously identified as representing the neutron 1gg /5 single-
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particle state by means of two linear polarization measurements [19]. This
implies that a proper description of spherical shell-model states near ®Ni
needs to include both 1f7/5 holes and 1gg/5 particles. Such a model space
is clearly beyond the scope of contemporary large-scale shell-model calcu-
lations with a full diagonalization of the Hamiltonian, but with quantum
Monte-Carlo techniques the problem has already been tackled [20].
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Fig.2. Shell structure near 56Ni.

4. Deformed minimum

Next to the spherical shell gap at particle number 28 there is also a gap
of similar size for a prolate deformed (B ~ 0.4) 5Ni nucleus (c¢f. Fig. 2),
which is due to a 4p—4h excitation — the [303|7/2 Nilsson orbit is emptied
and the [321]1/2 orbit occupied for neutrons and protons. At the same time
the N' = 4 high-j low-£2 [440]1/2 intruder orbit reaches the Fermi surface.
It is readily occupied in the yrast deformed and superdeformed bands in
8Cu [9] and 5Zn [21], which may be called the 'doubly-magic deformed’
(4'4') and ‘doubly-magic superdeformed’ (4242) nuclei of the mass region,
because large and very stable shell gaps appear for N = Z =29 at §y ~ 0.4
and N = Z = 30 at B = 0.5 in the rotating frame.

Figure 3 provides an overview of rotational bands currently known in the
A ~ 60 region. Next to a number of straight £2 cascades, the first of which
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was discovered by Svensson et al. in 42Zn [22], also coupled bands with more
or less intense AI = 1 cross over transitions were identified in the Ni, Cu,
and Zn isotopes, which may arise from single nucleons in (relatively) high- K
Nilsson orbits of the 1f7/o shell. The first such rotational band below Ni was
recently found in ®”Co [23]. It should be noted that different from other mass
regimes almost all of the bands known are linked to the states in the spher-
ical minimum, which fixes their excitation energies and allows for at least
tentative spin and parity assignments. Some of the coupled bands have been
observed up to terminating spins as well [24]. Comparisons of predictions
of several microscopic and macro-microscopic models to the experimental
observations have usually a very high level of agreement. Last but not least
there are a few candidates for magnetic rotation in **Fe, 5°Co, and °Ni.
They await, however, confirmation in terms of lifetime measurements. Such
investigations are ongoing.

424
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-

Fig. 4. Partial level scheme of *®Ni.

The evolution of shapes in the mass region may be followed most beau-
tifully in the case of 58Ni [25]. Figure 4 provides an extensive (preliminary)
excitation scheme of ®®Ni studied with three different reactions. From ex-
periment 4 (¢f. Table I) an extremely rich level scheme in the spherical
minimum was established reaching states up to about 20 MeV excitation en-
ergy. “8Ni represented the 2a2p channel, and was populated with a relative
cross section of about 6%. The results from experiments 2 and 3 (and an
earlier GAMMASPHERE experiment) allowed for an extension to 30 MeV ex-
citation energy, and the level scheme becomes much more simple, since only
rotational bands appear above 20 MeV. The relative cross section increases
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to some 30% for the 1a2p channel, which allows for extensive spectroscopy
even for very weak transitions. Most importantly, an unprecedented discrete
a decay from one of the bands could be established [26]. Last but not least,
experiment 1 populated extremly high-spin states up to 40 MeV excitation
energy in °®Ni via 2p evaporation. The cross section becomes very small.
In essence only the bands on the left hand side of Fig. 4 and their decay
are observed. Finally, the topmost transition of 4285 keV in the 424! band
probably marks the current world record in terms of rotational frequency in
high-spin nuclear structure.

5. N = Z issues
5.1. T = 0 pairing

The fact that some of the nuclei of interest are N = Z nuclei immediately
raises the question whether some influence of isoscalar or isovector neutron-
proton pairing or neutron-proton pair correlations are visible in the presum-
ably clean configurations in the second minimum. The superdeformed band
in 80Zn reveals a band crossing at a rotational frequency of Aiw 1.0 MeV [21],
which can be explained in terms of a band crossing due to the simultane-
ous alignment of pairs of g9/ neutrons and protons. However, the expected
proton alignment in §Zn [27] and the neutron alignment in 59Cuso [28],
are not observed at this frequency. The expected alignments in the odd-A
neighbours of %°Zn are either absent, or they occur at considerably lower
frequencies, which may be taken, along with other arguments [29], as a sign
of neutron-proton pairing effects. However, the deformations of the three
bands are rather different, and the subject is under discussion (see, e.g.,
Ref. [30]).

5.2. Mairror nucles

Another topic related to the N = Z line is the study of mirror symme-
try. Different from earlier studies of mirror nuclei in the 17/, shell (see, e.g.,
Ref. [31] and references therein) such investigations may nowadays invoke
more detailed spectroscopic quantitites such as branching ratios, b, multi-
pole mixing ratios, d, or transition probabilities, B(E2), to obtain limits
for effective operators such as effective charges and effective g-factors. The
idea is illustrated in Fig. 5 (see Ref. [32] for more details). The solid lines
in parts (a) and (b) show the predicted ratios of the B(E2;27/2 — 23/27)
(a) and B(F2;17/2 — 13/27) (b) values of the two A = 51 mirror nu-
clei 5{Feys and 5:Mn,g, respectively, as a function of the effective proton
charge e, (the sum of effective proton and neutron charges is kept constant
at 2.0). For a given shell-model parametrization a precise measurement of
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Fig. 5. Electromagnetic decay properties of A = 51 nuclei. See text for details.

the first ratio could clearly limit the effective charges, while the second ratio
is rather insensitive to these parameters. Unfortunately, only for the latter
we know the experimental values for both nuclei [33]. However, it is possi-
ble to use this weak dependence, since one can select a reasonable value for
the effective proton charge (e, = 1.3), and investigate how the branchings
of the 17/27 — 13/2" transitions depend on effective g-factors, geg. This
is shown in Fig. 5(c). A denotes the fraction of the free g-factor. There
is an agreement between the theoretical value and the experimental value
for 5'Mn at A ~ 0.7. There is no such agreement for *'Fe, which can be
associated with the problems in describing the decays of the 17/27 states
properly [32,33]. How the multipole mixing ratio d(£2/M1) depends on geg
is shown in Fig. 5(d). The shell-model calculations reproduce the opposite
signs measured for 6(E2/M1) and A = 0.85 would be consistent with both
measured values.

6. Proton decays

6.1. Two prompt proton decays in 5 Cu

The isotope %?Cu has only one neutron added to the N = Z nuclide
%8Cu, in which the new exotic decay mode of prompt proton emission had
been observed for the first time [9]. By looking at energy and spin relations
between the excitation energies of rotational bands in **Cu and possible
spherical daughter states in *®Ni it becomes clear that *’Cu is an excellent
candidate to search for this new decay mode. In fact, greatly improved
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statistics for ®*Cu in experiment 4 (¢f. Table I) as compared to earlier runs
(see, e.g., Ref. [28]) allowed for the discrimination of “two prompt proton de-
cays from two different bands with two different intruder configurations with
two different energies with two different branching ratios into two different
spherical states of ®Ni” [35].

TABLE 1II
Summary of prompt particle decays in the mass A ~ 60 region
(as of September 2000).

Nuclide Particle @-value Branching Spin Reference
(MeV) (%) difference
S6Ni proton 2.57 49(14) (7/2%) 6]
8Ni  alpha 745 3.9(3) (97) [26]
Cu  proton 2.34 > 97 (9/2)* [9]
®Cu  proton 1.92 ~4 9/2+ [35]
proton 2.50 ~ 16 9/2% [35]
@ ®
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Fig. 6. Proton center-of-mass energy spectra for two prompt proton decays in 59Cu.
See Ref. [35] for more details.

Figure 6 shows proton center-of-mass energy spectra (c¢f. Sec. 6.3) in
coincidence with the yrast superdeformed band (424!) [Fig. 6(a)] [28] and
an excited rotational band (4'4!) in 5°Cu [Fig. 6(b)] [35]. The spectra are
also subject to an overall 2a2p particle gate, since 59Cu represents the 2alp
evaporation channel of the experiment, and the second proton of the gate
shall be the decay proton. Only protons detected in the first four rings of
MICROBALL are used to increment the spectra in Fig. 6 (¢f. Ref. [12]),
and the “background” of evaporation protons has been subtracted [35]. The
peak energies of 2.0(1) and 2.5(1) MeV are in agreement with the Q-values
between the superdeformed 11921 keV 25/2% state in ®?Cu and the spherical
8T yrast state in ®Ni, and the well-deformed 11984 keV 23/2~ level in
Cu and the 7~ yrast state in °®Ni, respectively. The decay paths are
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fixed also due to y-ray coincidences between transitions in the parent and
daughter nucleus, and the branching ratios were determined to ~ 4% and
~ 16%, respectively [35]. In both cases the decaying proton appears to be
the single 1gg/o proton in the band configuration. Table IT summarizes the
main quantities for the presently (September 2000) known prompt particle
decays.

6.2. The lifetime of the proton-decaying state in 58 Cu

Experiment 3 was aiming mainly at electromagnetic decay properties of
mass A ~ 60 nuclei. Applying the Doppler Shift Attenuation Method to
levels in %8Cu, lifetimes of individual states at the bottom of the rotational
band could be determined [36]. The 830 keV line, which depopulates the
9745 keV state and feeds the proton-decaying level at 8915 keV, reveals
both a stopped and a shifted component in its lineshape observed in the
backward-angle CLUSTER section [¢f. Fig. 7(a) and (e)]. Since the 3701 keV
9/2% daughter state in 5TNi has a lifetime in excess of two picoseconds,
energy correlations between the 830 keV v ray measured in the CLUSTER
detectors and the 2.3 MeV proton peak [9] in the most forward detector
elements of IsiS were studied. The result is shown in Fig. 7. The upper row
shows spectra obtained from a channel-selected E.-Ej, 4, matrix, while for
the lower row a second v ray corresponding to one of the transitions in the
%Cu band had to be detected.
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Fig. 7. Proton-v energy correlations. See text for details.

Figures 7(a) and (e) present the total projections of the two matrices near
the 830 keV line. Three regions are indicated, which correspond to stopped,
slightly shifted, and shifted components of that transition. Figures 7(b)-
(d) and 7(f)-(h) are the corresponding background-subtracted coincident
proton-energy spectra. The solid lines are Monte-Carlo simulations [37] of
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the most forward ring of Isis. The basic result is that the shifted component
of the vy-ray is in essence in coincidence with a shifted component of the
proton line (region 3), while the gate on the stopped component of the -
ray brings back the stopped component of the proton peak (region 1). Hence,
the lifetime of the particle decay out of the 8915 keV state is governed by the
v decay of the 9745 keV state, i.e., considerably shorter than the previous
upper limit of 3 ns [9].

6.3. Particle spectroscopy

A detailed study of the prompt particle decays is hampered by the rela-
tively large widths of the peaks in the particle center-of-mass energy spectra
(see Fig. 6). It turns out that the main contribution to the widths is not the
intrinsic energy resolution of the Csl elements of MICROBALL, but the size of
the solid angle. The center-of-mass energy is determined from the measured
energy in the laboratory system and the kinetic energy of the particle at the
time of emission resulting from the motion of the emitting system (recoil),
according to

Ecm = Eiap + Exin — 24/ Ejap Fxincos® (1)

with @ being the angle between the recoil direction and the detector. If
one for a moment neglects the angle spread of the recoils after the evap-
oration process and plugs reasonable numbers for Ej,, = 6.25 MeV and
Fiin = 1.25 MeV into this equation for a detector element in ring 2 of Mi-
CROBALL (6 = 21° £ 7°) one obtains center-of-mass energies which spread
between Ecy = 2.08 MeV (O = 14°) and 2.56 MeV (@ = 28°), i.e., almost
500 keV. To overcome this handicap we decided to replace the 28 most for-
ward elements of MICROBALL with an array of four AE-F Si-strip telescopes
providing some 800 active pixels instead (see, e.g., Ref. [38] for details). This
reduces the geometric opening angle to A® ~ 2.5° for a single pixel and the
corresponding energy spread down to AFEcn ~ 80 keV. It is not reasonable
to further tighten the angle coverage, because a beam spot of only 2 mm al-
most doubles the effective angle coverage of a pixel, i.e., it will be diffcult to
maintain this geometrical contribution to the energy resolution below some
150 keV throughout a presumed seven-day experiment.

The second (and in the case of experiment 2 largest) contribution to
the peak width is the target thickness. A reaction can take place at the
beginning or the end of the target, and it is impossible to determine the
precise spot of an individual reaction on an event-by-event basis. Therefore,
the kinematic energies for recoiling nuclei are different depending on their
travel paths, hence energy loss, in the target foil. The particles of interest
are emitted most likely after having passed through the remaining path of
the thin target foil. The uncertainty in the walue of the recoil velocity (the
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direction can be rather well determined from the energies and directions of
evaporated particles) does lead to a kinematical contribution to the energy
resolution of 200-250 keV for a target thickness of 0.5 mg/cm?.

Finally, the combination of intrinsic resolutions of AE and E strips (~
50-60 keV each at 12 MeV) and the energy spread induced by ~ 30 mg/cm?
thick Pb absorber foils, which are necessary to protect the array from direct
heavy-ion hits, yields an intrinsic contribution of about 130 keV. The sum of
the three contributions amounts to an expected resolution of about 300 keV
for 2.0-2.5 MeV protons, and a preliminary analysis of actual data on ¥Cu
yields some 350 keV, which should be compared to 700-800 keV obtained for
the earlier experiments (c¢f. Sec. 6.1). It is hoped that a detailed and full
analysis of experiment 2 will reveal possible weak decay branches from states
known to particle decay, and to simplify the search for new cases. In addi-
tion, more detailed spectroscopic information such as angular distributions
or correlations shall be investigated to, e.g., determine the particle angular
momentum directly.

7. Summary

The mass A ~ 60 region reveals many exciting aspects of nuclear struc-
ture: (i) shell-model states near a doubly-magic isotope; (i7) deformed and
superdeformed rotational bands in the second minimum; (4i7) issues related
to the self-conjugate nature of some nuclides; (iv) the unprecedented exotic
decay of several of the bands through discrete prompt particle emission in
competition to conventional v decay out mechanisms. The new experiments
aiming at combined in-beam 7 and particle spectroscopy are clearly chal-
lenging the present combinations of the 47 Ge-detector arrays and ancillary
detector systems.
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