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Spectroscopic information has been extracted on the hole-states of 55Ni, the least known of the quartet 
of nuclei (55Ni, 57Ni, 55Co and 57Cu), one nucleon away from 56Ni, the N = Z = 28 double magic nucleus. 
Using the 1H(56Ni, d)55Ni transfer reaction in inverse kinematics, neutron spectroscopic factors, spins and 
parities have been extracted for the f7/2, p3/2 and the s1/2 hole-states of 55Ni. These new data provide a 
benchmark for large basis calculations that include nucleonic orbits in both the sd and pf shells. State of 
the art calculations have been performed to describe the excitation energies and spectroscopic factors of 
the s1/2 hole-state below Fermi energy.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
Doubly-magic nuclei, with both the proton number (Z ) and the 
neutron number (N) corresponding to closed shells, have played a 
simplifying role in nuclear structure. Low lying states in somewhat 
heavier nuclei are often approximated by ignoring the closed shell 
single particle orbits and considering only the occupied nucleon 
orbits in higher lying “particle” states in the next major shell. Sim-
ilarly, low-lying states in lighter nuclei are often approximated by 
considering only unoccupied nucleon orbits (“holes”) within the 
doubly closed shell. In this approximation, effective operators on 
the particle- or hole-states provide a means to model the nucle-
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onic wavefunctions in the closed shell “core”. This simplification 
works extremely well in the vicinity of the doubly-magic closed sd 
shell nucleus 40Ca.

56Ni is the first doubly-magic N = Z nucleus, beyond 40Ca. Pro-
duced abundantly in stellar reactions, it plays important roles in 
many astrophysical processes [1,2]. Despite its importance, its six-
day half-life hindered key investigations of 56Ni and its neighbors 
until radioactive beams became available. Consequently, there are 
very little data for 55Ni with one neutron less than 56Ni. Only six 
out of 22 known states below 7 MeV in this nucleus have tentative 
spins and parities [3]. The only firmly established spin and parity 
in 55Ni is the ground state with spin and parity of 7/2− [3,4]. To 
clarify the extent to which 56Ni in calculations can be treated as 
a closed 1f7/2 core, measurements of hole-states in 55Ni provide 
 under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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Fig. 1. (Color online.) Left panel: 2D plot of angle vs. energy for the deuterons detected in the HiRA. Right panel: same as left panel after correcting the beam position and 
angle using micro-channel plate tracking detectors.
the excitation energies of filled 1d3/2 and 2s1/2 levels below the 
Fermi energy. The properties and locations of these positive parity 
excited “hole-” states in 55Ni give the energy separations between 
major shells, which may be linked to saturation properties and to 
the possible role of three-body forces [5–8].

In this paper, we report the first evaluation of the spectroscopic 
factors from differential cross-section measurements of neutron 
hole-states in 55Ni. We find that their successful interpretation re-
quires very large basis state-of-the-art calculations involving orbits 
in both the fp and sd shells. The result may bridge our knowl-
edge gap between the successful interactions used in the sd shells 
and the less successful interactions used to describe the pf orbits. 
Comparing to ab-initio calculations we further find that the current 
two-nucleon chiral interactions overestimate the inter-shell gaps.

The experiment was performed at the Coupled Cyclotron Facil-
ity of Michigan State University. There, a 140 MeV/nucleon pri-
mary beam of 58Ni bombarded a 1269 mg/cm2 beryllium pro-
duction target. The A1900 fragment separator filtered 56Ni nuclei 
from the resulting fragmentation products to a purity of 72% and 
degraded their energies to 37 MeV/nucleon. Details on the identi-
fication of the resulting 56Ni beam can be found in Refs. [9,10].

This secondary 56Ni beam impinged upon a 9.6 mg/cm2

polyethylene (CH2)n target. To correct for large size (11 mm ×
17 mm FWHM) and angular divergence (∼1.4◦) of this secondary 
beam, two microchannel plate (MCP) detection systems, 10 cm and 
60 cm upstream of target, determined the positions and angles of 
the incoming projectile on the target [9,10]. This tracking system 
can achieve a position resolution of ∼1 mm for beam intensities 
up to 5 × 105 pps [9]. The MCP closest to the target monitored the 
absolute beam intensity throughout the experiment.

Sixteen telescopes of the High Resolution Array, (HiRA) [11], 
measured the energies and angles of the deuterons and thereby 
identified the 55Ni states populated by the 1H(56Ni, d)55Ni reac-
tion. These telescopes were located 35 cm from the target where 
they covered polar angles of 4◦–45◦ in the laboratory frame. Each 
telescope contained one 65 μm thick �E and one 1500 μm thick E
silicon strip detector that were backed by four 3.9 cm thick CsI(Tl) 
crystals. The 32 horizontal and 32 vertical strips in the E detec-
tor effectively subdivided each telescope into 1024 2 mm × 2 mm
pixels, each with an angular resolution of about ±0.16◦ . Each �E
detector has 32 strips in the front which are aligned with the ver-
tical strips of the E detector. The Laser Based Alignment System 
(LBAS) [12] provided the locations of each pixel relative to the tar-
get to an accuracy of 0.3 mm.

The HiRA, MCP and reaction targets were placed in a scat-
tering chamber in front of the S800 spectrometer [13,14], which 
detected the 55Ni residues. This kinematically complete measure-
ment of deuterons and 55Ni ensures that both particles originate 
from the 1H(56Ni, d)55Ni reaction. Measurements with a 12C target 
verified that the 12C nuclei in the polyethylene target contributed 
negligibly to the deuteron cross-sections investigated in this paper.

The left panel of Fig. 1 shows the 2D spectrum of the laboratory 
angle vs. laboratory energy of the emitted deuteron in coincidence 
with 55Ni detected in the S800 focal plane, obtained without ben-
efit of the MCP beam tracking detectors. Two bands corresponding 
to the ground state of 55Ni and an excited state around 3.18 MeV 
can be identified. Deuterons with ELab < 22 MeV stop in the sil-
icon E detector and deuterons with 22 MeV < ELab < 155 MeV
stop in the CsI(Tl) crystals. The maximum laboratory angle of the 
deuterons in this reaction is approximately 32◦; there the energy 
for ground state band increases rapidly with center of mass scat-
tering angle.

The right panel of Fig. 1, shows the improved resolution ob-
tained by correcting the deuteron scattering angle for the position 
and angle of each beam particle at the target using the MCP beam 
trackers [9]. At forward angles around 15◦ , the first excited state 
of 55Ni at 2.09 MeV can be clearly seen between the stronger 
bands corresponding to the ground state and the 3.18 MeV ex-
cited state. Near the maximum deuteron emission angle of ∼30◦
in the laboratory (which corresponds to roughly 40◦ in the center 
of mass), the excitation energy resolution worsens due to a num-
ber of factors, including target thickness. As cross sections at these 
larger angles are more sensitive to ambiguities in optical model 
potentials, we focus on data taken at angles up to 30 deg in the 
laboratory frame.

Fig. 2 shows the reconstructed excitation energy of 55Ni at six 
angles in the center of mass frame. For best resolution, we choose 
forward angles where the deuteron stops in the silicon E detec-
tors. Three peaks, corresponding to the ground state, first-excited 
state at 2.09 MeV, and 3.18 MeV state, can be clearly identified 
in each angular range in the figure. The energy resolutions of the 
ground and 3.18 MeV peaks are both about 550 keV FWHM. This 
energy resolution agrees with GEANT4 simulations taking into ac-
count the energy and angular straggling in the target and detector 
resolutions [15]. There is additional yield at excitation energies of 
approximately 3.75 MeV, but the background at this excitation en-
ergy is uncertain. The worsening energy resolution at large angles, 
θLAB > 17◦ does not allow the extraction of precise differential 
cross sections for the 3.75 MeV state, and if it exists, its yield is 
partly included in the yield for the 3.18 MeV state at θCM ≥ 13◦ .

At the most forward angles, (top left panel), the background 
is higher due to forward peaking of most emitted particles. The 
total coincident deuteron counts detected are lower because of the 
low geometrical coverage of the HiRA array at these angles. (Both 
Figs. 1 and 2 were not corrected for experimental efficiencies.) By 
using Gaussian fits, we are able to extract the counts for all three 
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Fig. 2. (Color online.) Excitation energy of 55Ni constructed from the emitted 
deuterons in the 1H(56Ni, d)55Ni reaction. Dashed curves are Gaussian fits for in-
dividual states and the solid curve is the sum of all the fits.

states identified here in these six angular bins. At larger angles, 
contributions from the 2.09 MeV state become insignificant.

The orbital angular momentum of the states is extracted from 
the measured angular distributions shown in Fig. 3. Definitive 
spins and parities of states can be obtained using polarized beam, 
which is difficult to do in inverse kinematics. However, with the 
help of the systematics of the N = 27 isotones, we can confirm 
the tentative assignment of the spins and parities for the f7/2, p3/2
and s1/2 hole-states of 55Ni. The left panel shows the differential 
cross-sections for the ground state (solid points) and the first-
excited state (open circles). The large separation of the ground-
state from the excited-states allows unambiguous extraction of the 
ground-state peak at all angles. The ground-state angular distribu-
tion peaks around 22◦ with a characteristic shape of l = 3 transfer. 
Using the algorithm developed in Ref. [16], we extract the neu-
tron ground state spectroscopic factor of 56Ni(g.s.) to be 6.7 ± 0.7, 
somewhat less than the independent particle model value of 8 for 
removing one neutron from a closed f7/2 shell. The solid curve 
is a calculation with the Adiabatic Distorted Wave Approximation 
(ADWA) [17] using the TWOFNR code [18] with the calculated 
cross section multiplied by 6.7. The calculation describes the shape 
of the angular distribution reasonably well.

The angular distribution of the weak peak at 2.09 MeV is shown 
as the open circles in the left panel of Fig. 3. Unlike the ground 
state, the angular distribution of the 2.09 MeV state peaks around 
10◦ and can be described very well by the angular distribution of 
a 2p3/2 state. Taking the one-step direct reaction mechanism of 
the ADWA formalism to be correct implies that the ground state of 
56Ni contains a small admixture of a valence neutron in the 2p3/2
orbit, which lies above the N = 28 shell gap. The extracted small 
spectroscopic factor of 0.14 ±0.03 for this state, reproduced by the 
theoretical calculations below, indicates a two-hole one-particle 
neutron configuration ν(1f7/2)−22p3/2 and implies non-negligible 
2p3/2 components in the 56Ni ground state.

The angular distribution of the third state at 3.18 MeV is plot-
ted in the right panel of Fig. 3. The differential cross-sections of 
the first six points are extracted from the Gaussian fits shown 
as dashed curves in Fig. 2. Beyond 19◦ , the cross-sections of the 
2.09 MeV state drop to negligible levels and single Gaussian fits 
to the 3.18 MeV peak are used to extract its differential cross-
sections. The forward peaking of the angular distribution is con-
sistent with l = 0 orbit suggesting that this is the 2s1/2 hole-state 
below the Fermi-energy in the 1d2s major shell which lies be-
Fig. 3. (Color online.) Deuteron angular distributions for different states of 55Ni. 
Curves are calculations from ADWA reaction model for individual states as indi-
cated on the figure. Except for the d3/2 state which assumes a normalization value 
of 1, the normalization constants of the other curves yield the spectroscopic values 
as described in the text.

low the 1f7/2 major shell. The dominance of the 2s1/2 state at 
forward angles is evident in Fig. 2 and the existence of such 
a state is consistent with the systematic of the N = 27 iso-
tones [19]. The solid curve is the ADWA calculation assuming 
1H(56Ni(g.s.), d)55Ni(3.18, 2s1/2) transition to be consistent with re-
moving a valence neutron from the 2s1/2 orbit in 56Ni with unity 
spectroscopic factor. At θCM < 10◦ , the predicted contribution of a 
1d3/2 state at 3.75 MeV (as discussed below) to the extracted 2s1/2
yield is practically negligible allowing us to cleanly obtain the spin 
and spectroscopic factor for this state. Accordingly, we obtain a 
spectroscopic factor for the 2s1/2 state at 3.18 MeV of 1.0 ± 0.2 by 
comparing data and theory at θCM < 10◦ , exhausting roughly 50% 
of the total strength expected in the independent particle model.

At larger angles, one observes a shallow valley around 15◦ in 
the angular distribution, but not the deep diffractive minimum 
generated by the global optical potentials of Ref. [20] used in this 
ADWA calculation. Correcting for the finite angular resolutions of 
the detector, beam tracking system and angular smearing cannot 
explain the deep minimum. We attribute this discrepancy between 
the measured and calculated values for the cross section at 15◦
to the sensitivity of the predicted cross section at large angles to 
ambiguities in the global optical potential.

Beyond 9◦ , we observe some excess strength in Fig. 2 at E∗ >

3.5 MeV. The background does not allow an independent confir-
mation of a peak at 3.75 MeV, however. The compilation of levels 
for the 55Ni nucleus by the National Nuclear Data Center (NNDC) 
[3,4,21] assigns a tentative spin of (3/2+) for the 3.75 MeV excited 
state. The dotted curve inside the right panel of Fig. 3 represents 
the ADWA calculations for the d3/2 state assuming a spectroscopic 
factor of 1. From Fig. 3, we estimate that the d3/2 hole-state cross 
section would be a factor of 2.5–7 times smaller than that of 
the s1/2 state at θLAB < 15◦ , roughly consistent with the observed 
strength. Unfortunately, at θLAB > 15◦ where the d3/2 state should 
have a larger cross section, the deuterons punch into the CsI(Tl) 
detectors and both the energy and kinematic angular resolution 
are not good enough to make definitive claims about the location 
of this state.

Systematic studies of transfer reactions sd-shell nuclei using 
the algorithm of Ref. [16] and the global optical potential of 
Ref. [20] provide neutron spectroscopic factors consistent with 
large basis shell model calculations, without the “quenching” 
observed in (e, e′p) measurements [22]. Somewhat more self-
consistent calculations involving Hartree–Fock wavefunctions for 
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Table 1
Experimental and calculated information on the f7/2, p3/2 and s1/2 states. The notation of “SFSM1”, “SFSM2”, and “SFSCGF” refers to the shell-model calculations using a 
modified SDPFM interaction, those with the SDPF-MU interaction, and those with self-consistent Green’s functions theory respectively.

State E∗
expt

(MeV)
E∗

SM1
(MeV)

E∗
SM2

(MeV)
E∗

SCGF
(MeV)

SFexpt SFSM1 SFSM2 SFSCGF

f7/2 0 0 0 0 6.7 ± 0.7 6.75 6.94 5.78
p3/2 2.09 1.895 2.281 4.34 0.19 ± 0.03 0.189 0.13 0.06
s1/2 3.18 3.039 3.755 11.48 1.0 ± 0.2 1.57 1.21 1.10
d3/2 (3.752) 3.309 4.453 12.47 NA 2.88 1.68 2.16
the transferred neutron and JLM [23] global optical models, have 
displayed “quenching”, e.g. ∼30% reductions, for ground state spec-
troscopic factors of 40Ca–49Ca, essentially independent of the N–Z
asymmetry of the nuclei [24]. The latter approach was not em-
ployed in this paper in the interest of simplicity and to enable a 
more direct comparison to shell model calculations.

The shell-model excitation energies of low-lying f7/2 and p3/2
states can be calculated relatively accurately in the pf valence 
space (PF) using the G-matrix (GX) based effective interaction 
GXPF1A of Refs. [25,26]. To describe the s1/2 states, however, re-
quires a valence space that mixes relevant sd (SD) with pf orbitals. 
Results in Table 1 are obtained from the SDPFM interaction of 
Refs. [27,28], which has been modified here by freezing the d5/2
orbital in the core and adjusting the single particle energies and 
the sd–pf monopoles to describe the low-lying states in 55Ni. The 
results are shown by the columns labeled “SFSM1” in Table 1 and 
predict the properties of deep-hole states in the sd orbitals below 
the Fermi surface reasonably well. Note that absolute spectroscopic 
factors are in general overestimated in small valence spaces [6,29]. 
However it is still possible to provide sensible predictions about 
their relative values from shell model calculations [6,30]. This is 
important to identify dominant single particle states. To better test 
our conclusions, we also activate all the sd and pf orbits as valence 
shells but truncate many-body states appropriately. Specifically, we 
assume 1/2+

1 and 3/2+
1 to be dominantly one-hole states, limit the 

number of nucleons excited from the sd shell to the pf shell to 
one, and restrict the number of nucleons in the upper pf orbits 
(p3/2, f5/2 and p1/2) to be equal to or less than six. We use this 
truncation with the SDPF-MU interaction of Ref. [30], which was 
obtained similarly to SDPFM but adding universal monopole-based 
corrections for the interaction between the sd and pf orbits [31]. 
This approach provided reasonable agreement with experimental 
energy levels and the spectroscopic factors, as shown by columns 
labeled “SFSM2” in Table 1.

Calculations were also performed with ab-initio self-consistent 
Green’s function (SCGF) theory [32], which can estimate separation 
energies and spectroscopic factors of quasi-hole states away from 
the major valence shell. The results, based on the two-body chiral 
next-to-next-to-next-to-leading order (N3LO) interaction [33], puts 
the p3/2 state at 4.3 MeV with a weak spectroscopic factor [32]. 
However, the dominant 2s1/2 and 1d3/2 hole-states are predicted 
being bound too deeply, with excitation energies around 12 MeV 
rather than the observed values. Together with the dominant peaks 
shown in Table 1, other satellite states are predicted to spread 
between 11 and 18 MeV. Nonetheless, the spectroscopic factors 
predicted by SCGF appear in rather good agreement with the ob-
servation, though smaller than SM1 and SM2, probably reflecting 
more explicit calculation of short- and long-ranged correlations in 
the SCGF calculations.

Overall, the results of Table 1 confirm the interpretation of the 
3.18 MeV excited state as the dominant 2s1/2 quasi-hole peak, and 
support the theoretical predictions that the 1d3/2 orbit is about 
1 MeV higher in excitation energy and inverted with respect to 
the 2s1/2. The too high excitation energies of all the sd states ob-
tained by SCGF theory indicate that the current two-body N3LO 
interaction tends to overestimate gaps between major shells and 
the latest SCGF calculations that include three-nucleon forces in fi-
nite nuclei lead to similar findings [34].

Summary and conclusion

In the present work, the deuteron cross-sections are extracted 
from a kinematically-complete experiment 1H(56Ni, d)55Ni using a 
high resolution array, micro channel plate tracking detectors and 
the S800 spectrometer. The good angular and energy resolution 
of the data allow us to extract the spectroscopic information for 
three low-lying states of 55Ni. In addition, we also extract the neu-
tron spectroscopic factors of these states. In general, the measured 
spectroscopic factor is less than 7/8 of the value expected for a 
closed f7/2 shell in the independent particle model, a reduction 
due to correlations consistent with the predictions of the theoreti-
cal models for this “doubly magic” nucleus. The data also indicate 
that the separation between sd and pf shells is of 3–4 MeV. The 
description of the low lying structure of 55Ni requires a model 
space that spans both the sd and fp major shells. To reproduce 
the excitation energies and spectroscopic factors, the state-of-the-
art shell model calculations and improved effective interactions are 
needed. Microscopic ab-initio calculations show that current chiral 
Hamiltonians cannot explain the correct gaps between sd and pf 
orbits. It might be important for future studies to compare the-
ory and data for isotone and isotope chains [35,36], moving from 
stability to instability.
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