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The y decay of *Ni has been studied from particle-y coincidence data on the **Ni(d, py)*Ni reaction. y-ray
spectra at excitation energies below E, ~ 2 MeV have been studied and compared with previous measurements.
Coincidences corresponding to E, &~ 4.4-6.1 MeV have been used to constrain the shape of the nuclear level
density and y-strength function of ®Ni by means of the Oslo method. The experimental y-strength function
presents an enhancement at y energies below E, ~ 3 MeV. In addition, a resonance-like structure centered at
E, ~ 4.6 MeV is seen together with accumulated strength at E,, ~ 2.6-3.6 MeV. The obtained results contribute
to the systematic study of y decay in the Ni isotopes, which is of great interest for the understanding of both
single-particle and collective nuclear structure phenomena.
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I. INTRODUCTION

In recent years much effort has been directed to the study
of the Ni isotopes. Both experimental and theoretical works
have given insight into complex nuclear structure phenomena,
involving single-particle [1] and collective [2] excitations. The
Ni isotopic chain extends from A =48 to A =79, covering
a wide range of neutron separation energies and including the
Z =28 and N = 28,50 shell closures [3]. The proton shell
closure at Z = 28 tends to stabilize the spherical shape of
the ground state between *°Ni and "®Ni. As a result, their
level structure at low spins is reasonably well described with
shell-model calculations, in which low-energy excitations are
mostly determined by the neutrons filling the p3/2, f5/2, p1/2,
and go/» orbitals [4,5]. At higher spins, rotational bands have
been measured in **%Ni [6-11], including highly deformed
and even superdeformed bands in 36.57Ni [7,12].

Further, the experimental results for %Ni indicate the
presence of a subshell closure at N = 40 [13-16], although
shell model calculations estimate a rather small (=2 MeV)
gap allowing for cross-shell excitations at low and moderate
spins [17]. In addition, recent measurements supported by
Monte Carlo shell model calculations suggest a triple-shape
coexistence [18,19], also expected for ONi [20,21].

The experimental study of y decay in the Ni isotopes has
been a fundamental tool for the understanding of both single-
particle and collective excitations [6—12]. Measurements of
the y -strength function (y SF), or average reduced y -transition
probability [22], have increased our knowledge on statistical
y decay and y resonances [23], present in various Ni isotopes.
The results for ®Ni indicate accumulations of M1 excited
spin-1 states near £, = 8 MeV and E, = 9 MeV, identified as
isoscalar and isovector M1 resonances dominated by proton
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and neutron f7,, — f5,2 spin-flip excitations [24]. In addition,
results from Ref. [25] also indicate the presence of resonances
with a significant M1 component at E, ~ 9-14 MeV in
38.60.62Nj. Moreover, a strong E1 pygmy resonance, often
described as being due to the oscillation of the neutron skin
with respect to an N & Z core [26,27], has been seen in 8N
at 9.6 MeV [28,29].

One of the least explored features observed in the ySF
is the low-energy enhancement, or increased probability of
y decay with energies below ~2—4 MeV. This low-energy
enhancement or upbend has been seen in a wide mass range of
nuclei, including *%Ni [30—41]. The physical mechanisms
underlying this upbend are still not well understood, and
theoretical investigations propose different interpretations.
While calculations within the quasiparticle random phase
approximation predict an E1 character of the upbend in
94.96.98Mo [42], shell model calculations for ****Mo and *°Zr
indicate a strong enhancement for low y-energy M 1 transitions
due to the recoupling of high-j nucleon orbits [43]. The
results are supported by large-basis shell-model calculations
on %*37Fe [44], indicating a large increase in the M1 strength
for low y-ray energies, dominated by 0 w transitions within
the f7/> shell. In addition, two-step cascade measurements
have confirmed the M1 character of the upbend in ONi [40].

A large amount of the experimental information on this
upbend has been obtained from particle-y coincidence mea-
surements analyzed with the Oslo method [45-48]. This
technique, developed by the nuclear physics group at the
University of Oslo, allows for the simultaneous extraction of
the nuclear level density (NLD) and ySF. The application
of the Oslo method led to the experimental discovery of the
upbend, first seen in 56.57Re [30]. Later, it was used to prove the
presence of an upbend in nuclei such as B-44gc [34,35], 50,51y
[36], and **Ni [37], among others. Recently, variations of the
Oslo method have allowed for the study of the NLD and y SF in
more neutron-rich nuclei via the analysis of experimental data

©2017 American Physical Society


https://doi.org/10.1103/PhysRevC.96.014312

L. CRESPO CAMPO et al.

PHYSICAL REVIEW C 96, 014312 (2017)

N W H O O N @

Excitation energy (MeV)

4 5 6 7 8 2 3 4
v-ray energy (MeV)

g l_102

10

Nq. gf_t_:p_unts. 1l

5 6

FIG. 1. Original (a), unfolded (b), and first-generation (c) coincidence matrices for %Ni from the %Ni(d, py)®Ni reaction. The x axis
represents the y energy while the y axis gives the excitation energy of  Ni. The number of counts is represented by the color scale.

from nuclear 8 decay [49] and reactions on inverse kinematics
[50]. As a result, the ySF of nuclei such as "ONi have been
obtained, also displaying a low-energy enhancement [51]. The
study of progressively more neutron-rich Ni isotopes in this
mass region is therefore of great importance to understand
the systematic evolution of the upbend with features such as
nuclear mass, N/Z ratio, or nuclear deformation.

In this work, the y decay of ®*Ni has been studied from
particle-y coincidence data on the ®Ni(d, py)*Ni reaction.
y-ray spectra have been obtained at excitation energies below
E, ~ 4 MeV, allowing for the identification of a transition
not tabulated in Ref. [52]. Data at E, =~ 4.4-6.1 MeV have
been analyzed with the Oslo method to constrain the shape
of the NLD and ySF of ®Ni. The presence of an upbend
and resonance-like structures in the y SF is presented and their
possible origin discussed. Finally, the results will be compared
to experimental data on neighboring nuclei.

This article is organized as follows: in Sec. II the ex-
perimental details and data analysis are summarized, and
the performance of the Oslo method in the present case is
discussed. In Sec. III the normalization procedure of the NLD
and y SF is described. A deeper study of the y decay of ®Ni
is given in Sec. IV. Further, in Sec. V the obtained results are
discussed and compared with other experimental data. Finally,
a summary and outlook are given in Sec. VI.

II. EXPERIMENTAL DETAILS AND THE OSLO METHOD

The experiment was performed at the Oslo Cyclotron
Laboratory (OCL) using a 12.5 MeV deuteron beam with
typical currents of 0.2-0.3 nA. A 99% enriched ®Ni self-
supporting target of 1 mg/cm? thickness was used and particle-
y coincidences were measured during 3 days in order to study
the ®*Ni(d, py )% Ni reaction.

The emitted charged particles were measured with the
Silicon Ring (SiRi) particle-detector array [53]. The SiRi
array is formed by eight telescope AE-E silicon detectors,
each of them consisting on a 130-pum thin layer positioned
in front of a 1550-um thick back detector. Since each of

the thin detectors are segmented in eight strips, the angles of
the emitted charged particles can be detected with an angular
resolution of A6 = 2°, with a solid angle coverage of ~6%.
For this experiment, the SiRi detector system was placed in
backward angles with respect to the beam direction, covering
scattering angles from 126° to 140° in the laboratory frame.
The emitted y rays were measured with the CACTUS array
[54], consisting of 26 collimated 5” x 5” Nal(Tl) detectors
with a 14.1(1)% efficiency at E,, = 1332.5 keV. The ejected
charged particles and emitted y rays were then measured in
coincidence with a time resolution (FWHM) of ~15 ns. The
energy resolution for SiRi is ~130 keV at 692 keV and the
resolution for CACTUS is ~70 keV at 1017 keV.

Using the SiRi array, the energy loss of the ejected charged
particles in the thin (AE) and thick (E) detectors was
measured. From the A E-E curves, the various charged particle
species were identified, i.e, the different reaction channels
distinguished. By setting a gate on the ejected protons, the
(d,p) reaction channel was selected. From the measured
energies of the emitted charged particles and the kinematics
of the reaction, the corresponding excitation energies of the
final nucleus Ni could be obtained. As a result, the y rays
emitted by ®Ni from a given excitation energy could be
measured and a coincidence matrix was obtained, as shown
in Fig. 1(a). This coincidence matrix displays the number of
counts registered for a given excitation energy E, and y energy
E, and it is therefore directly connected to the probability of
nuclear y decay P(Ey,E,). The coincidence matrix shown in
Fig. 1(a) is the starting of point for the Oslo method, which
consists on three main steps: (i) unfolding, (ii) extraction of
first-generation (primary) y rays,! and (iii) extraction and
normalization of the NLD and y SF.

Applying an iterative procedure [45], the y-ray spectra
were corrected for the response of the detectors in CACTUS
(unfolded). The applied response functions and detector

I'The first y rays emitted in the decay cascades.

014312-2



INVESTIGATING THE y DECAY OF ®Ni ...

4000

—raw

— unfolded

Number of counts

\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘

JMﬁJ

02 04 06 038 1
y-ray energy (MeV)

1.2

FIG. 2. Comparison between raw and unfolded y-ray spectra
from E, = 1.017 MeV.

efficiencies were obtained in 2012 from in-beam y lines
listed in Ref. [37]. The resulting unfolded matrix is shown
in Fig. 1(b). To demonstrate the quality of the unfolding
technique, a comparison between the raw and the unfolded
y-ray spectra at E, >~ 1.0 MeV is shown in Fig. 2. A single
peak at E,, = 1.017 MeV is seen in the unfolded spectra,
corresponding to the only transition seen from the fourth
excited state of ®Ni at E, = 1.017 MeV. The component from
Compton scattering, seen in the raw spectra, has been suc-
cessfully removed through the unfolding procedure. It should
be noted that no artificial fluctuations are introduced with
this unfolding technique, which preserves the experimental
statistical uncertainties.

From the unfolded y -ray spectra, the distribution of primary
y rays was obtained for each excitation energy bin by means of
an iterative subtraction technique described in Ref. [46]. The
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main assumption of this procedure is that the y-decay routes
from a given excitation energy are independent of whether it
was directly populated in the reaction, or through y decay
from above-lying states (see Ref. [48] for a discussion of
the uncertainties regarding this subtraction technique). The
resulting matrix (primary y-ray matrix) is shown in Fig. 1(c).
In addition, the effect of the extraction of primary spectra
is illustrated in Fig. 3, in which a section of the unfolded and
first-generation coincidence matrices are compared. The peaks
marked with a x correspond to secondary transitions, success-
fully removed in the extraction of first-generation y rays.

From the primary y-ray coincidence matrix, the functional
form of the NLD and the y-transmission coefficient was
obtained by means of the iterative procedure described in
Ref. [47]. The main underlying assumption of this method
is that the considered y-decay process is statistical; i.e, the
studied reaction has populated a compound state which decays
independently on how it was formed [1]. Then, the following
relation holds:

P(EysEx) (0.8 p(Ef)y(Ey)v (1)
where P(E,,E,) is the experimental primary coincidence
matrix, po(E ) is the NLD at the final excitation energy E,
with E; = E, — E,, and J is the y-transmission coefficient.
Note that .7 (E, ) is a function that depends solely on E,, . This
is based on the generalized Brink hypothesis [55], which is
expected to hold in this case since the studied reaction does
not involve high temperatures or spins [30,56,57].

A section of the primary coincidence matrix was then
selected for the extraction of the NLD and ySF. To ensure
that the experimental data truly correspond to statistical y
decay from compound-nucleus states, a minimum excitation
energy E.jow =4.4 MeV was chosen. In order to exclude
data corresponding to the y decay of *Ni, an upper limit
E, = 6.08 MeV was set, close to the neutron separation energy
for ®Ni §, = 6.098 MeV. Finally, a lower limit in the y energy
of Ey jow = 1.6 MeV was employed.
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FIG. 3. Section of the unfolded coincidence matrix for ®Ni (a) compared to the first-generation matrix (b). The peaks marked with a x
correspond to removed secondary transitions: for instance, part (a) shows the decay cascade E, = 1609 — 310 — 0 keV, while in part (b) the
secondary transition 310 — 0 keV has been removed and only the peak for the £, = 1609 — 310 keV transition is seen.
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FIG. 4. Comparison between the first-generation matrix for Ni projected for a given E,, and the corresponding product p(E, — E T (E).

As described in detail by Ref. [47], the least-x? fit of
pJ was calculated, with every point of the functions p and
7 as an independent variable. A minimum for the x? was
reached within 30 iterations, without making any additional
assumptions about the functional forms of p and .7". The result
of this fit is a family of functions p(E, — E,) and f(E},)
characterized by

P(Ex — E)) = o expla(Ex — E))] p(Ex — Ey), (2)

J(E,) = Bexp(aE,)T (E,), A3)

where, if p(E, — E,) and 7 (E,) are the solutions of a fit
to a given set of experimental data, p(E; — E, ) and g (E,)
would give identical fits, as proven in Ref. [47]. Figure 4 shows
a comparison between the first-generation matrix projected for
a given excitation energy bin and the corresponding product
p(E. — E,)7(E,). The agreement expected from Eq. (1)
is clearly seen in all cases, indicating that the functional
dependence of the NLD and the y -transmission coefficient has
been successfully extracted over the whole excitation energy
range considered.

Once the functional form of p and .7 was obtained, the
physical solution, given by a particular set of transformation
parameters <, «, and %, was determined by normalization
to additional experimental data. From the normalized 7 (E, ),
the y-strength function f7 (E, ) was obtained with the relation
[58,59]

T (Ey)

REIT @
14

fL(E]/) =

where L is the multipolarity of the transition, here taken as
L = 1 since dipole radiation represents the main contribution
to the ySF, as supported by experimental data [32,59]. The
normalization procedures for the NLD and y SF are described
in the following section.

III. NORMALIZATION OF THE NUCLEAR LEVEL
DENSITY AND THE y-STRENGTH FUNCTION

A. Nuclear level density

For the normalization of the NLD, discrete energy levels
from Ref. [52] were used together with an estimated value of
the NLD at the neutron separation energy, p(S,). At excitation
energies below E, &~ 3 MeV, where the level scheme of %Niis
regarded to be complete [60], the normalization was performed
by requiring a good agreement (within the error bars) between
the cumulative number of levels in the experimental NLD
and the tabulated values from Ref. [52]. In addition, a good
agreement between the experimental NLD at £, ~ 3 MeV
and the value of p(S,) was required. Assuming that both
positive and negative parity states contribute equally to the
NLD (parity symmetry) and considering the standard spin
distribution [61,62]

21 +1
g(Ex D)~ ——

exp[—(I + 1/2)*/207] S

for a specific excitation energy E,, spin I, and a spin cutoff
parameter o, the value of p(S,) was obtained through the
relation [47]

202 1
Do (I+Dexp[—(I; + 1)2/2021+1, exp[

p(Sn) = 12/207]

(6)

where Dy is the level spacing of s-wave resonances and I; is
the ground-state spin of the target nucleus in the (n,y) reaction,
i.e, 0" for ®Ni.

The o parameter was determined within the backshifted
Fermi gas (BSFG) model with parameters from Ref. [63]:

o E,) = 0.391A%75(E. — 0.5Ep, )32, 7

where A is the mass number of the nucleus and Ep, is the
deuteron pairing energy. The resulting ¢ = 3.37 was used
together with a parameter Dy = 21200 £ 2000 eV [64]. The
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FIG. 5. Normalized NLD for ®Ni using the CT model and
the BSFG model for interpolation between the experimental data
obtained in this work and the estimated value of p(S,). The bin width
is 124 keV.

obtained NLD at S, assuming parity symmetry, is po(S,) =
1124(106) MeV~".

With the Oslo method described in Sec. II, the functional
form of the NLD is extracted up to Ey ~ S, — E, jow-
Therefore, an interpolation between the experimental data
from this work and the value of p(S,,) obtained from Eq. (6) was
required. For this purpose, two different models for the NLD
have been considered: the constant temperature (CT) model
[61,65] and the BSFG model [65]. The CT model describes
the NLD as

Ex_EO
T

where E| is the energy backshift and T is the nuclear temper-
ature parameter. By requiring agreement between the NLD at
E, ~ 3 MeV and p(S,), the values £y = —0.44 £+ 0.08 MeV
and T = 0.94 4 0.02 MeV were obtained, in accordance with
the values suggested by Ref. [63], EE® = —0.67 £ 0.47 MeV
and TE8 = 0.96 4 0.07 MeV.

In a similar manner, the interpolation was performed using
the BSFG model, which describes the NLD as [65]

1 2VAEED)
12420 a'/*(E, — E()3/*’

where a is the level density parameter and E; is the
energy backshift parameter, here a = 7.77 MeV~! and E, =
—0.17 MeV, as proposed by Ref. [63].

1
p(Ey) = - exp ; @®)

P(Ey) = ©)
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The normalized level density for ®*Ni is depicted in
Fig. 5 as obtained with the CT model and the BSFG model
interpolations. The results with both interpolations are very
similar. All the parameters used for the normalization of the
level density are given in Table 1.

In Eq. (6) parity symmetry of the NLD is assumed; i.e, the
level densities at S, for positive and negative parity states are
considered to contribute equally to p(S,) [47]. However, as
detailed in Ref. [48], this is not necessarily the case. For this
reason, the effect of parity asymmetry has been tested here.
Defining the parity asymmetry coefficient ¢ [66],

P+ — P-
= — 1
¢ et (10)
with p; and p_ the positive and negative parity level densities,
the NLD at S, including parity asymmetry p;(S,) can be
expressed as

202 1
Do(1 —=¢) (1, + 1)exp[— (I'H) S X )+ 1 exp[ (AL ]
(1D

Using microscopic calculations from Ref. [67], a value
¢ >~ —0.07 at E, = S, was obtained, resulting in p,(S,) =
1210(120) MeV~!. The effect of parity asymmetry in the NLD
at S, is therefore small for the present case, p,(S,) being less
than 8% higher than the value for which parity asymmetry
is neglected and within its estimated error bar. This is in
agreement with the results for other Ni isotopes such as *Ni
[68] and **Ni [37].

Pe (Sn) =

B. y-strength function

Once the slope of the NLD was obtained (parameter «), the
absolute normalization of the ySF was determined (parame-
ter ). This was done using known values of the average, total
radiative width at S, (I',0), extracted from s-wave neutron
resonances [69]:

Ty (Su, Iy £ 1/2,7,))

DO Sn

E E
= Ey:od L BT (E,)

1
X p(Sy = Ey) Y 8(S,

I=—1

—E, L +12+1), (12)

where I, and 7, are the ground state spin and parity of the target
nucleus in the (n,y) reaction, p(S, — E, ) is the experimental
level density and, g is the spin distribution given by Eq. (5).
Only two resonances were available in Ref. [64] for %SNi, with
(I'y0) = 1010 £ 70 MeV and (', o) = 1160 & 80 MeV, for
incident neutron energies of 14.3 and 33.8 keV, respectively. A

TABLE 1. Parameters used to normalize the level density of %5Ni (see text).

a(Sy) Dy T Eqy a E, p(Sn) P (Sy)
(10° eV) (MeV) (MeV) MeV™) (MeV) (10° MeV™h) (10° MeV ™)
3.52 21.10 £ 2.00 0.94(0.02) —0.44(0.08) 7.77 —0.17 1.12(11) 1.21(12)
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FIG. 6. The ySF of Ni together with its upper and lower limits.
The error bars include statistical uncertainties plus systematic errors
from the unfolding and extraction of the primary y rays.

value (I'y, o) = 1085 MeV was used, obtained as the average
of the two resonances. The normalized y SF of “Ni obtained
in this work is shown in Fig. 6. The upper and lower limits
for the ySF were also determined, taking into account the
uncertainties in both the o and % parameters. For this purpose,
the effect of parity and the unknown E1/M1 composition
of the ySF were also considered and estimated using the
program TALYS [70]. As a result, an global uncertainty of
~50% was obtained for the absolute normalization of the y SF,
corresponding to (I'y o) = 1085 4= 550 MeV. The shape of the
ySF is obtained from the normalization of the NLD and it
is therefore not dependent on the chosen value of (I') o). A
different choice of (I, o) would result in a different absolute
normalization of the ySF, but would not affect its overall
shape.

IV. REGIMES OF y DECAY

A. y decay at low excitation energies

The particle-y coincidences analyzed in this work have
also been used to study the y decay of ®Ni from low
excitation energies (below ~4 MeV). Several y -ray transitions
tabulated in Ref. [52] can be identified in the coincidence
matrices displayed in Figs. 1 and 3. Further, other y-ray
lines not listed in Ref. [52] have been observed in this
work. In particular, a peak at (E,,E,) ~ (1920,1210) keV
has been seen, corresponding to the primary transition E, =
1920 — 693 keV, of tentative E1 character according to the
spin-parity assignments given in Ref. [52]. The subsequent
secondary decay from E, = 693 keV is seen as a peak at
(Ex,E,) ~ (1920,630) keV in the unfolded matrix.

In addition, the primary coincidence matrix displays
peaks at (E.,E,)~(2320,1290) keV and (E,,E,)=~
(2320,1150) keV, which could correspond to the decay of the
tabulated levels at E, = 2302,2324.7,2336 keV into the states
at £, = 1017.01 keV and E, = 1141.7 keV, respectively. A

PHYSICAL REVIEW C 96, 014312 (2017)

TABLEII. Some of the primary y-ray transitions observed in this
work. The resolution is given as FWHM.

E; (keV) E; (keV) E, (keV)
1920 693 1210 (90)
2300 1141 1150 (80)
2300 1017 1290 (100)
2480 1017 1460 (100)
2790 0-63 2740 (180)
2790 310 2490 (160)
2790 693 2100 (150)
3340 310 3020 (200)
3530 310 3220 (210)

clear peak at (E,,E,) ~ (2480,1460) keV is also observed,
corresponding to a primary transition to the fourth excited
state at £, = 1017.01 keV. Further, strong primary transitions
are measured from E, &~ 2790 keV to the levels at E, =
63,310 and 693 keV. Above E, ~ 3 MeV, the presence of
two strong, broad peaks at (E,, E,) ~ (3340,3020) keV and
(Ey,E,) ~ (3530,3220) keV indicates a strong feeding of the
E, = 310 keV state from several energy levels in the interval
E, =~ 3.2-3.5 MeV. The results presented in this section are
summarized in Table II and displayed in Fig. 7.

B. Compound versus direct nuclear y decay

As detailed in Sec. II, the Oslo method is based on the
hypothesis of statistical ¥ decay. For this reason, only a
region of the particle-y coincidence matrix was selected by
choosing the limits E, jow, Exup, and E, joy, as shown in
Fig. 8. Even though the selected region contains a large, smooth
area of coincidences, a strong diagonal at E, ~ E, can be

=~ 4100 keV

=~ 3530 keV
= 3340 keV

= 2790 keV

x =] ~2480 keV
=~ 2300 keV

=7 1920 keV 5/2+

v 1141 keV (7/2-, 9/2-)
A 4 1017 keV 9/2+

693 keV 3/2-

310 keV 3/2-

63 keV 1/2-
0 keV 5/2-

FIG. 7. Partial level scheme with some of the primary y-ray
transitions observed in this work. The E, = 1920 — 693 keV
primary transition, of tentative E'1 character according to the spin-
parity assignments from Ref. [52], is marked in red. Note that the
width of the arrows is not related to the decay intensities.
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FIG. 8. ySF as obtained from different regions in the first-generation coincidence matrix. Part (a) shows the considered regions in the
coincidence matrix while part (b) shows the resulting y SF. The total region corresponds to the standard y SF as detailed in Sec. III B.

clearly seen, indicating the presence of strong, direct y-ray
transitions feeding both the ground state, /™ = 5/27, and the
first excited state at 63.37 keV, I™ = 1/27. Since the S, for
%Ni is considerably lower than for its neighboring nuclei,
these direct, nonstatistical y-decay transitions are strong even
at excitation energies very close to S,,.

In order to study the impact of these transitions in the
ySF, the Oslo method has been applied to smaller and
smoother regions of the first-generation coincidence matrix,
as depicted in Fig. 8. The strong diagonal at E, ~ E, has
been excluded in region 1. The resulting y SF is displayed
in Fig. 8 and compared with the results from Sec. III B
(standard). Further, a smaller section of the matrix (region
2) has been selected and the corresponding ySF has been
included in Fig. 8. It should be noted that region 2 does not
present any strong peaks: it is a very homogeneous section in
which the statistical y decay from compound nuclear states
clearly dominates. The resulting y SFs from the three selected
regions are in reasonable agreement and well within their error
bars. Therefore, despite the presence of direct y -ray transitions
corresponding to the strong diagonal, the obtained total y SF
can be considered a reasonable estimate of the y strength from
compound nuclear states, at least for £, <5 MeV. Above
E, =5 MeV no data can be obtained without including the
diagonal, and the strong transitions feeding the ground and first
excited states of ®*Ni are the ones contributing to the observed
strength.

V. DISCUSSION OF THE RESULTS

A. The nuclear level density

As seen in Fig. 5, the structures present in the NLD
of ®Ni nicely reproduce the discrete energy levels below
E, =~ 1.4 MeV [52]. However, a discrepancy between the ex-
perimental NLD and the discrete levels at E, =~ 1.6—-1.8 MeV
is observed: while Ref. [52] includes levels at E, = 1594 keV
and E, = 1772 keV, the experimental NLD obtained in this
work drops at these energies, increasing again at £, =~ 2 MeV.
In other words, the NLD does not show evidence of these

levels, neither does the single-particle spectrum shown in
Fig. 9. Further, no presence of these levels is seen in the
coincidence matrix displayed in Fig. 1. This indicates that the
levels were not populated in this experiment, either directly
in the reaction or through y decay from the quasicontinuum
of %Ni. The considered levels are not observed in Ref. [71]
or [72] and the spin-parity assignment for the level at E, =
1772 keV shown in Ref. [52] is only tentative. Therefore,
further experiments would be desirable in order to confirm
or disprove the presence of the levels at E, = 1594 keV and
E, = 1772 keV.

At E, =~ 3.4-3.6 MeV, a step-like structure is seen, which
could be related to the breaking of nucleon pairs and/or shell
effects. It should be noted that the proton and neutron pairing
energies are A, = 1854keV and A, = 1595keV for 64Ni, and
A, = 1322 keV for ®*Ni [1]. In addition, the single-particle
energies considered in Ref. [73] for the Ni core are 8.624,
5679, 1383, and 4.137 MeV for the f7/2, P3/2, f5/2, and P12
orbits, respectively. This results in an energy gap of ~2.8 MeV
between the py/, and the f5,, orbits and ~3.0 MeV between
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FIG. 9. Experimental excitation energies of ®Ni obtained from
single-particle spectra (emitted protons). The x indicates the excita-
tion energy where the E, = 1594 keV and E, = 1772 keV levels
should appear according to Ref. [52]. No evidence for these levels
was found in the present work.
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FIG. 10. The NLD of ®Ni compared to the results for *Ni [37]
and the NLD of *-%Ni given by Ref. [74].

the f7, and the p3,, orbits. Since these values are not far
off from the estimates of twice the nucleon pairing energy, it
is difficult to determine the contributions from nucleon pair
breaking and shell effects to the observed step-like structure.

A comparison of the results from this work and the NLD of
other Ni isotopes is shown in Fig. 10. The step-like structure
seen in ®Ni at E, ~ 3.4-3.6 MeV is observed at the same
energy in the NLD for ®Ni [37]. The results for >%6%Ni
[74] also show a similar structure at £, ~ 3.4-3.7 MeV. The
NLD of %Ni is very similar to the results for >*¢"*3Ni up to
E. ~ 4 MeV. Above this energy, the NLD of ®Ni is higher
than for the other Ni isotopes displayed in Fig. 10. This is
consistent with the available Dy values for the Ni isotopes
[60,64] as well as with the NLD parameters suggested by
Ref. [63]: within the CT model, the T parameter for %Ni is
considerably lower than for >-*Ni, suggesting a steeper slope
for the NLD of the former.

Finally, the overall difference between the experimental
data for even- and odd-A Ni isotopes is clearly seen in Fig. 10:
the NLD is higher for the odd-A Ni isotopes all over the
displayed excitation energy range, being a factor of 3—4 times
higher than for the even-A isotopes at E, ~ 4 MeV. This
effect is now generally well understood [75,76], being very
likely related to the valence hole for the case of ®*Ni.

B. The y-strength function

The y'SF of ®Ni displays additional strength with respect
to the low-energy tail of the GDR.> Whether this additional
strength is E'1l, M1, or a mixture of both has not been
determined in this work. Below E, ~ 3 MeV, a low-energy
enhancement is observed in agreement with the experimental

2See Ref. [37] for an estimation of the GDR strength in %Ni within
a Generalized Lorentzian model [60].
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FIG. 11. The ySF of ®Ni obtained in this work compared to the
results for ®*Ni [37] and *8Ni [29].

results for other Ni isotopes such as %ONi [40] and ®Ni [37].
Figure 11 shows a comparison between the ySF of ®Ni
obtained in this work and the results for **Ni [37] and *®Ni [29].
The upbend in the y SF of ®Ni is comparable to the observa-
tions for ®Ni, despite the differences in the absolute values for
both cases. As commented in Sec. III B, the shape of the y SF
does not depend on its absolute normalization and therefore the
presence of the low-energy enhancement in the results from
this work is independent of the chosen value of (I, o).

In addition, a resonance-like structure is seen at £, >~ 4.6
MeV. If found to be of E1 character, it could correspond
to a pygmy resonance (see Sec. I). However, this type of
resonance is most often seen closer to the neutron separation
energy, as is the case for O8N [29]. On the other hand, the
measured structure could also correspond to accumulation of
M1 strength, seen at higher energies is other Ni isotopes: as
shown in Ref. [24], a spin-flip resonance has been measured at
E, ~ 8-9 MeV in ®Ni [24], while the results from Ref. [25],
indicate the presence of resonances with a significant M1
component at E, ~ 9-14 MeV in *%6%-02Nj,

In addition to the structure seen at E, ~ 4.6 MeV, an
accumulation of strength at £, >~ 2.6-3.6 MeV is observed,
possibly also a resonance. If the presence of this resonance was
confirmed and found to be of M1 character, it would likely
contain contributions from a scissors mode, expected to be
at £, ~ 2-3 MeV, based on the deformation for neighboring
Ni isotopes [52]. Finally, the experimental y SF suggests the
presence of additional strength with respect to the GDR close
to S,, as also seen for ®**Ni [37]. However, as explained in
Sec. IV B, whether this strength represents a resonance or is
just the result of strong direct y decay feeding the ground and
first excited states could not be determined in the present work.

VI. SUMMARY AND OUTLOOK

The y decay of ®Ni has been studied from particle-y
coincidence data on the **Ni(d, py )% Ni reaction. At excitation
energies < 4 MeV, several y-ray transitions tabulated in
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Ref. [52] have been observed, in addition to a primary
1920 — 693 keV transition not included in Ref. [52].

The particle-y coincidences have been analyzed through the
Oslo method. The shapes of the NLD and y SF of ®Ni have
been constrained and the robustness of the Oslo method has
been illustrated. The level density of ®*Ni is in good agreement
with known levels at low excitation energy except for those
at E, ~ 1.6-1.8 MeV, for which no experimental evidence
has been found in the present work. As previously seen for
%Ni, a step-like structure in the NLD is measured at E, =
3.4-3.6 MeV, most likely related to the breaking of nucleon
pairs and/or shell effects.

The y SF suggests an enhancement or upbend below E, ~
3 MeV, comparable with the results for %ONj and **Ni obtained
in other works. A resonance-like structure is seen at 4.6 MeV
as well as some additional strength at E, =~ 2.6-3.6 MeV. Fur-
ther experiments to determine the electromagnetic character of
this strength would be of great value.

PHYSICAL REVIEW C 96, 014312 (2017)

The obtained results contribute to the systematic study of
the upbend and y resonances in the Ni isotopes, manifestations
of complex nuclear structure phenomena that remain to be fully
understood.
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