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The nuclear structure of the 76Ni nucleus was investigated by (p,2p) reaction using a NaI(Tl) array
to detect the deexciting prompt γ rays. A new transition with an energy of 2227 keV was identified
by γγ and γγγ coincidences. According to these coincidence spectra the observed transition connects
a new state at 4147 keV and the previously known 4+1 state at 1920 keV. Two weaker transitions were
also obtained at 2441 keV and 2838 keV, which could be tentatively placed to feed the known 2+1
state at 990 keV. Our shell model calculations using the LNPS interaction produced good candidates
for the experimental proton hole states in the observed energy region, and the theoretical cross
sections showed good agreement with the experimental values. Although we could not assign all
the experimental states to the theoretical ones unambiguously, the results are consistent with a
reasonably large Z=28 shell gap for nickel isotopes in accordance with previous studies.

I. INTRODUCTION

Since the discovery of magic neutron and proton num-
bers in stable nuclei and the seminal works by Maria
Göppert-Mayer on the interpretation of this structural
property by the nuclear shell model [1, 2], scientists were
interested in whether the location of single particle states
and the magic numbers change away from stability. In
the past thirty years, by the widespread use of beams
of ions with nuclei of exotic neutron-to-proton ratios it
has become evident that the magic numbers among ex-
tremely neutron rich and proton rich isotopes may in-

deed differ from those close to the stability. Extraor-
dinary experimental effort was devoted to uncover this
phenomenon especially for the neutron number (N) 20
(see e.g., [3–7]). For larger neutron numbers the magic-
ity of N=28 was also proved to be soft for example in
the 42Si nucleus [8, 9]. Regarding the protons, there are
accumulating pieces of evidence for a new magic number
at 6 in addition to 8 for neutron rich carbon isotopes [10].
On the proton rich side of the nuclear chart there were
indications for a new magic number at 16 instead of 20
in 28S nucleus [11], as well.

For these structural changes, mainly the Tokyo theo-
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retical group developed an explanation that is connected
to the monopole part of the neutron-proton interaction
(see, e.g., [12, 13]). This concept was applied for the
larger magic numbers, especially for neutron number 50
and proton number (Z) 28 (see, e.g., [14–17]), which in-
spired many spectroscopic experiments when this region
became available by the radioactive ion beam facilities
(see e.g., [18–24]) to approach the possibly doubly-magic
nucleus 78Ni.

Just two neutrons away from78Ni, the even-even nu-
cleus 76Ni is an ideal candidate to investigate the shell
evolution. Especially the Z=28 shell gap can be surveyed
by proton knock-out reactions, therefore we carried out
a γ spectroscopy experiment via the 77Cu(p,2p)76Ni re-
action to explore proton hole states in 76Ni and to inves-
tigate the proton shell gap 28. The yrast band of 76Ni
up to the 8+ level is relatively well-known from previous
studies [18]. In addition to this yrast band, another γ
ray was detected in the β decay of the assumed ground
state of76Co [25], tentatively placed to feed the 2+1 state.
Beyond this we step into terra incognita regarding the
low-energy level structure of 76Ni.

II. EXPERIMENT

The experiment was carried out at the Radioactive Iso-
tope Beam Factory (RIBF) maintained by the RIKEN
Nishina Center and the Center for Nuclear Study of the
University of Tokyo. As a first step to get the radioactive
beam, 238U ions were produced by an Electron Cyclotron
Resonance Ion Source and were fed into the linear accel-
erator RILAC of RIBF. The ions were then further ac-
celerated by the four coupled cyclotrons of RIBF, RRC,
fRC, IRC and SRC ending up with a beam energy of
345 MeV/nucleon and a beam intensity of 12 pnA. The
238U beam was transported to a 9Be primary target with
a thickness of 3 mm placed at the entrance of the Bi-
gRIPS separator [26] in order to induce in-flight fission.
From the produced radioactive isotopes of many different
kinds, the constituents of the secondary beam were se-
lected by the Bρ−∆E−Bρ method (Bρ: magnetic rigid-
ity, ∆E: energy loss) using slits and an aluminum wedged
degrader at the first focal plane F1, located between the
two dipole magnets D1 and D2 of BigRIPS. The different
radioactive ions of the resulting cocktail beam were then
tagged between focal planes F3 and F7 by time-of-flight
(TOF ), energy loss and magnetic rigidity measurements.
TOF was determined by plastic scintillators at F3 and F7
providing a time resolution of about 40 ps [27], while ∆E
was yielded by a tilted electrode gas ionization chamber
at F7 [28]. The trajectory of the particles was moni-
tored by several sets of parallel plate avalanche counters
(PPAC) at F3, F5 and F7 [29, 30].

The 76Ni isotopes to be studied were produced through
nucleon removal reactions by using the MINOS de-
vice [31], which consisted of a liquid hydrogen target sur-
rounded by a cylindrical time-projection chamber (TPC).

The liquid hydrogen with a temperature of 20 K was
placed inside a polyethylene terephthalate cell, which had
an entrance window diameter and thickness of 38 mm and
110 µm, respectively. The ions left the target through
an exit window of 52 mm diameter and 150 µm thick-
ness. The effective target length was measured to be
102(1) mm. The length, the inner diameter and the outer
diameter of the TPC were 300 mm, 80 mm and 178.8 mm,
respectively. The TPC chamber was filled with a gas
mixture of argon, CF4 and isobutane at room tempera-
ture and atmospheric pressure. The vertex position was
reconstructed either by using the scattered and the re-
moved protons or one of the protons and the projected
trajectory of the radioactive ions (the former method was
preferred when both data were available). An overall ef-
ficiency of 95% and a resolution of 5 mm (FWHM) along
the beam axis was achieved for the events when at least
one proton was recorded by the TPC.

For the detection of prompt γ rays 186 NaI(Tl) crys-
tals of DALI2 [9] were built around the MINOS device.
The arrangement of the scintillators was optimized for to-
tal photopeak efficiency and resolution. Therefore, they
were packed in 10 cylindrical layers with 10-14 units,
while in the forward direction a wall of 64 detectors
served to observe the γ rays. The beginning of the liquid
hydrogen target was just 8 mm upstream of the edge of
the first layer of the DALI2 array. The beam-like heavy
ions leaving the target were identified by the ZeroDegree
spectrometer [26] operated in large acceptance mode us-
ing the same principles applied at BigRIPS [27]. The
elements of the ZeroDegree spectrometer were similar to
the BigRIPS separator while its length was 36.5 m and
included four focal planes (F8, F9, F10, F11) where the
beamline detectors were placed to measure the proper-
ties of the ions. The TOF was taken between F8 and
F11 by plastic scintillators and the ∆E was measured
by an ionization chamber at F11. PPACs were applied
at F8, F9 and F11 to provide information of the tra-
jectory of the ions. In total 5.5×103 particles hit the
liquid hydrogen target every second while the intensity
of 77Cu ions was only 10 pps. In Figure 1 the particle
identification plot of the incoming ions can be seen inco-
incidence with outgoing 76Ni ions tagged by the ZeroDe-
gree spectrometer. This shows that the 76Ni ions mainly
originated from nucleon removal reactions on 81Ga, 79Zn,
80Zn, 77Cu, 78Cu, 79Cu nuclei, and many unreacted nu-
clei passed through the target. Figure 2 is also a par-
ticle identification plot but with an additional coinci-
dence on protons detected by the MINOS device. The
77Cu(p,2p)76Ni reaction amounted to about 7% of the
76Ni producing events and occurred at a mean energy of
229 MeV/nucleon.

III. RESULTS AND DISCUSSION

The energy calibration of the DALI2 detectors was
done several times during the collection of the data by
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Figure 1. Particle identification of the incoming cocktail beam
in coincidence with outgoing 76Ni ions tagged in the ZeroDe-
gree spectrometer.
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Figure 2. Particle identification of the incoming cocktail beam
in coincidence with outgoing 76Ni ions tagged in the ZeroDe-
gree spectrometer and protons detected in the MINOS device.

60Co, 137Cs and 88Y radioactive sources. The Doppler
correction was performed by using the vertex informa-
tion from the MINOS TPC. In order to extract this po-
sition information, a tracking algorithm [32] was applied,
and the change in the drift velocity during the time of
the experiment was also taken into account. The effi-
ciency of the DALI2 array was increased by the add back
method, which reconstructs the total energy of the γ rays
hitting the neighboring NaI(Tl) units, putting the events
of Compton scattering and pair production to the pho-
topeak in the γ ray spectrum.

Figure 3 demonstrates the results for 76Ni. The up-
per panel shows the singles spectrum. The experimental
data are represented by dots with error bars and shaded
area. The known transitions with energies of 930 keV
and 990 keV [25] appear in the spectrum as an unre-

solved peak. However, a small peak around 2.8 MeV
is also present as well as a peak-like structure around
2.0-2.5 MeV not observed previously. In order to inves-
tigate the origin of the new peaks, γγ and γγγ matrices
were generated. The middle panel shows a one dimen-
sional projection of the γγ coincidences with an energy
cut that corresponds to the peak of 930+990 keV. This
clearly shows that the transitions with energies of 930 keV
and 990 keV form a cascade, which is expected from pre-
vious studies [18, 25, 33, 34]. The spectrum also provides
an even more pronounced high energy peak structure at
around 2.0-2.5 MeV as well as a peak at 2.8 MeV. From
the known energy resolution of the setup we can con-
clude that there must be at least two γ rays involved in
the structure around 2.0-2.5 MeV. A high-energy fit with
three peaks provides the energy of the transitions to be
2227(35) keV, 2441(50) keV and 2838(69) keV. The en-
ergy uncertainties are mainly coming from statistics since
the uncertainty due to the calibration is just 5 keV. The
statistical confidence of the three peaks is 5.5σ, 3.3σ and
2.3σ, respectively. These transitions are in coincidence
with either the transition with an energy of 990 keV or
with both the 930 keV and the 990 keV ones. The lower
panel in Figure 3 clarifies the situation because it shows a
one dimensional projection of the γγγ coincidences with
two energy cuts on the unresolved 930+990 keV peak. A
peak at around 2.3 MeV also appears in this spectrum,
which proves that the transition of 2227 keV forms a cas-
cade with the transitions of 930 keV and 990 keV, and
this new γ ray most probably feeds the known state at
1920 keV (4+1 ). It cannot populate the known state at
2275 keV (6+1 ) because we did not observe a γ ray of
355 keV connecting 6+1 and 4+1 states (see the discussion
on the partial half life for the 355 keV photon later). The
two other new γ rays (2441 keV, 2838 keV) can be ten-
tatively placed to connect new states at 3431 keV and
3828 keV and the known 2+1 state. Probably, they do not
populate the 4+1 and the 6+1 states strongly because we do
not observe them in the spectrum of γγγ coincidences.
The relative intensities of the detected γ rays were de-
duced to be 100(12)%, 70(15)%, 62(22)%, 35(17)% and
20(9)% for 990 keV, 930 keV, 2227 keV, 2441 keV and
2838 keV, respectively.

In order to check whether the experimental spectra can
be matched to the expected response of the DALI2 array
using such a γ ray cascade (right part of Figure 4), a sim-
ulation was performed with the Geant4 code [35]. The
resolution of the DALI2 detectors were adjusted in the
simulation to equal the values in the experimental spec-
tra taken with the radioactive sources. The simulation
results are represented as red lines in the figures. The
blue line in Figure 3 is an exponential function added to
the simulated response in order to mimic the background
(originating from unresolved transitions, particles hitting
the detectors and other materials followed by γ emission)
present in the experimental spectrum. Magenta color is
used to show the experimental background spectrum for
the coincidence events produced using energy cuts near



4

the peaks. The inclusive cross section was determined
to be 8.4(4) mb, while the exclusive cross sections could
be extracted to be 0.65(33) mb for the 3431 keV state,
0.38(16) mb for the 3828 keV state and 1.17(25) mb for
the 4147 keV state. Finally, it could be concluded that
the exclusive cross section is 56.9 mb for the ground
state, 50.57 mb for the first excited state and 50.68 mb
for the second excited state. In a simple approach, we
can suppose that the observed excited states correspond
to the multiplet of 1+-6+levels created by elevating a pro-
ton from f 7/2 to f 5/2 orbital across the Z=28 shell gap.

In order to see how the observed level and decay
scheme compares with theory as well as to shed light on
the fate of the shell closure Z=28, large scale shell model
calculations were performed in the valence space compris-
ing neutron (f 5/2p1/2g9/2d5/2) and proton fp orbitals.
The Hamiltonian employed here was the one based on
the LNPS interaction [36], which was used recently to
study the copper isotopes from 69Cu to 77Cu [37–39].
Due to the large size of the configuration space, the calcu-
lations were truncated to 8p-8h excitations across Z=28
and N=40 gaps, which assured, however, a good con-
vergence of the calculated spectra for 76Ni. The diago-
nalization of the Hamiltonian matrices was achieved us-
ing the Strasbourg shell model code ANTOINE [40, 41].
To get theoretical branching ratios, the E2/M1 reduced
transitions rates were obtained using effective charges
ep=1.31, en=0.46 for B(E2)’s and gnl =-0.1, gns=-2.87,
gpl =1.1, gps=4.19 for the B(M1)’s.

The output of the shell model calculations regarding
the level and decay scheme can be seen in the left part
of Figure 4. The three lowest excited states (2+1 , 4+1 , 6+1 )
are known from previous studies and can be unambigu-
ously connected to the experimental levels. The calcula-
tion also provides four states (2+2 , 4+2 , 5+2 , 6+2 ) associated
with mainly neutron excitations not populated by (p,2p)
reaction in the experiment. However, the wave func-
tion of the colored (green-4+3 , brown-5

+
1 , cyan-6

+
3 ) states

shows dominance of proton excitations in Table I (mainly
f 7/2→f 5/2) which are generally accessible by our experi-
mental probe. This means that the shell model provides
good candidates for our experimental proton hole states
in the energy range of 3.5-4.1 MeV. According to the cal-
culations the 6+3 state essentially decays to the 6+1 state.
The 6+1 state decays to the 4+1 state by emitting a γ ray
of 355 keV. Considering the calculated B(E2), the par-
tial half life for the 355 keV photon emission is 1.8 ns,
which would imply a smeared but visible peak around
300-350 keV in the experimental spectrum. Also, in this
case the 4+1 → 2+1 and the 2+1 → 0+1 transitions would
include a long lived component, which can be excluded
from their lineshape. Therefore, probably none of our
experimental states should correspond to the 6+3 state.
Both of the 5+1 and 4+3 states decay to the 4+1 state. Thus,
they are good candidates for the experimental 4147 keV
level. However, the calculation suggests significant de-
cay to the 6+1 state from the 5+1 state and to the 2+1 state
from the 4+3 state, which would results in strong γ rays of
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Figure 3. Doppler corrected γ ray spectra of 76Ni using ver-
tex reconstruction (requiring only a single proton in the TPC)
and add back procedure (upper panel: singles, middle panel:
projection of γγ coincidences, lower panel: projection of γγγ
coincidences). The data with error bars and shaded area rep-
resent the experimental spectrum, the red line is the simula-
tion plus an exponential background, and the latter function
(exponential background) is also plotted separately as a blue
line. Magenta color stands for spectra of coincidence events
(γγ and γγγ) with cuts on the background close to the peaks.

355 keV and 1872 keV for the first case and a significant
γ ray of 3157 keV for the second case. Our simulations
show that the upper limits on the number of counts for
either the 5+1 → 6+1 or the 4+3 → 2+1 transitions would
make them at most 20% branches not as significant as in
the theoretical calculations.

In order to compare the deduced exclusive cross sec-
tions for the proton hole states, we calculated the sin-
gle particle cross sections for the (p,2p) reaction by in-
tegrating the differential cross section of the distorted
wave impulse approximation (DWIA) framework given



5

Eth Jπ Proton orbits
(MeV) f7/2 f5/2 p3/2 p1/2

0 0+1 7.48 0.30 0.19 0.02
0.846 2+1 7.48 0.29 0.20 0.02
2.038 4+1 7.52 0.28 0.18 0.02
3.550 4+3 6.65 0.92 0.32 0.11
3.603 5+1 6.63 1.00 0.30 0.07
4.164 6+3 6.68 0.97 0.30 0.06

Table I. Occupation numbers of proton orbits for the lowest
three theoretical states (Eth) and for the strongest proton
hole states from our shell model calculations

in Eq. (3.52) of Ref. [42] over EL
1 , ΩL

1 , ΩL
2 , and divided by

2. The single-particle wave function and the nuclear den-
sity were obtained by the Bohr-Mottelson single particle
potential [43]. The optical potentials for the distorted
waves in the initial and final channels were constructed
by the microscopic folding model [44] with the Melbourne
g-matrix interaction [45] and the calculated nuclear den-
sity. The spin-orbit part of each distorting potential was
disregarded. As for the pp interaction, the Franey-Love
effective interaction [46] was adopted. These theoreti-
cal cross sections were combined with the spectroscopic
factors of our shell model calculations and averaged over
the beam energy covered by our target similar to the
experimental exclusive cross sections. The resulting the-
oretical cross sections for the relevant states are listed in
Table II. If we add the cross sections up to the estimated
neutron separation energy of 5.4 MeV for 76Ni [47] taking
into account knock-out from f 7/2 and f 5/2 single particle
states, we end up with 7.4 mb. This value is very close
to our experimental inclusive cross section of 8.4(4) mb.
Furthermore, the calculated exclusive cross sections for
the 2+1 , the 4+1 and the 6+1 states are consistent with the
experimental findings. The theoretical cross sections for
the 4+3 , the 5+1 and the 6+3 states are 1.08 mb, 1.02 mb
and 0.86 mb, respectively. These values are comparable
to our experimental cross sections for the proton hole
states (3431 keV, 3828 keV, 4147 keV) indicated in Fig-
ure 4. All in all, a good agreement was achieved between
the experimental and the theoretical cross sections tak-
ing into account the uncertainties. It must be noted,
however, that a small value of 0.74 mb was calculated
for the ground state while we could give a much higher
experimental upper limit. This indicates that some ex-
cited states may remained unobserved due to the modest
resolution of the DALI2 array.

Although further theoretical efforts are needed to fully
understand the experimental data, our results shows con-
sistency with a strong proton shell closure for nickel iso-
topes since the employed shell model interaction assumes
a proton gap of 5.2 MeV, a value compatible with the
most recent theoretical and experimental studies in the
region [22, 48].

Eth Jπ Spectroscopic factor σth Eexp σexp
(MeV) (mb) (MeV) (mb)

0 0+1 0.60 f5/2 0.74 0 ≤6.9

0.846 2+1
<0.01 f7/2 0.28 0.990 ≤0.570.23 f5/2

2.038 4+1
<0.01 f7/2 <0.10 1.920 ≤0.68<0.01 f5/2

2.913 6+1 <0.01 f7/2 <0.10 2.275
3.431 0.65(33)
3.828 0.38(16)

3.550 4+3
0.77 f7/2 1.08 4.147 1.17(25)<0.01 f5/2

3.603 5+1
0.72 f7/2 1.02<0.01 f5/2

4.164 6+3 0.62 f7/2 0.86

3.046 2+2
<0.01 f7/2 <0.10<0.01 f5/2

3.393 4+2
0.11 f7/2 0.15<0.01 f5/2

3.727 5+2
0.03 f7/2 <0.10<0.01 f5/2

4.007 6+2 0.23 f7/2 0.31

4.468 4+5
0.09 f7/2 0.13<0.01 f5/2

4.862 6+4 0.09 f7/2 0.12

4.900 4+8
0.08 f7/2 0.11<0.01 f5/2

4.970 2+7
<0.01 f7/2 0.510.37 f5/2

5.106 6+5 0.28 f7/2 0.38
5.243 6+6 0.08 f7/2 0.10

5.352 5+7
0.14 f7/2 0.18<0.01 f5/2

5.409 2+9
<0.01 f7/2 0.140.10 f5/2

Table II. Theoretical level energies (Eth), spectroscopic fac-
tors, (p,2p) exclusive cross sections (σth) together with exper-
imental level energies (Eexp) and cross sections (σexp). The
level energies and the spectroscopic factors originate from our
shell model calculations while the cross sections were derived
by combining DWIA cross sections and the spectroscopic fac-
tors. The uncertainty in the DWIA framework and its input
is about 20% as discussed in Ref. [42]. Above 4 MeV, only
those excited states are shown for which the theoretical cross
section exceeds 0.1 mb. Regarding the experimental data,
only the first four states could be unambiguously assigned to
theoretical levels. The experimental 4147 keV state and the
corresponding experimental (p,2p) cross section is shown to-
gether with the theoretical 4+3 level, however the 4147 keV
state may also belong to the theoretical 5+1 level.

IV. SUMMARY

The low-energy level structure of 76Ni nucleus was in-
vestigated by proton knock-out reactions. The γ spec-
troscopy study in the 77Cu(p,2p)76Ni channel revealed
three new transitions with energies of 2227 keV, 2441 keV
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990 keV. The newly established proton hole state at 4147 keV (magenta) decaying with a γ ray of 2227 keV to the second excited
state (4+1 ) is also drawn. The observed two other γ rays are tentatively placed to feed the 2+1 state, resulting in excited proton
hole states at 3431 keV (red) and 3828 keV (blue). The numbers on the right hand side of the levels indicate the extracted
exclusive cross section of the states in the 77Cu(p,2p)76Ni reaction. The experimental data are compared with our shell model
calculations. The three lowest excited levels can be unambiguously matched with the experimental states. The calculation
provides four states (2+2 , 4

+
2 , 5

+
2 , 6

+
2 ) associated with mainly neutron excitations in the energy region of the observed states

not populated in the (p,2p) reaction. The colored (green, brown, cyan) theoretical levels are proton hole states that are good
candidates for the experimental states.

and 2838 keV. The γγ and γγγ coincidence spectra
showed that the first γ ray was in coincidence with
both the known 930 keV and 990 keV transitions of the
4+1 → 2+1 → 0+1 cascade. This established a new excited
state at 4147 keV. The two other new transitions could be
tentatively placed feeding the 2+1 state, which implied two
possible new states at 3431 keV and 3828 keV. Compar-
ing the experimental results to shell model calculations
the experimental state at 4147 keV could be assigned to
either the 5+1 or the 4+3 theoretical proton hole states. Be-
sides, the calculated cross sections agree quite well with
the experimental ones, and our results suggest a substan-
tial Z=28 shell closure in the region.
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