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Article history: Single-neutron states in the Z = 30, N = 49 isotope 7°Zn have been populated using the 78Zn(d, p)’°Zn
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excited states populated in the reaction lie at approximately 1 MeV of excitation, and involve neutron
orbits above the N =50 shell gap. From the analysis of y-ray data and of proton angular distributions,
characteristic of the amount of angular momentum transferred, a 5/2% configuration was assigned to a

Keywords: state at 983 keV. Comparison with large-scale-shell-model calculations supports a robust neutron N = 50
Nuclear structure shell-closure for 78Ni. These data constitute an important step towards the understanding of the magicity
y-Ray transitions of 78Ni and of the structure of nuclei in the region.
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Shell structure characterizes several many-body systems of
fermions moving in a common potential, such as atomic elec-
trons, metal clusters and nuclei. Angular momentum quantization
induces a bunching of the single-particle states, resulting in shells
separated by energy gaps. In the nuclear medium, such shell gaps
are revealed by nuclei with neutron and proton numbers corre-
sponding to closed-shell configurations. The properties of these
so-called magic nuclei and of their neighbors, which were cardi-
nal to the development of the nuclear shell model, could only be
reproduced when the role played by the nuclear spin-orbit inter-
action was recognized [1].

In recent years, experiments with radioactive ion beams have
shown that in some neutron-rich nuclei well-established shell clo-
sures can vanish, and new magic numbers appear [2,3]. The chal-
lenge to explain and predict the size of shell gaps away from beta
stability has led to considerable progress in nuclear physics, both
experimentally and theoretically. Despite some remarkable steps
forward in describing the evolution of shell structure, e.g. the in-
clusion of the tensor interaction [4] and three-body forces [5,6],
rare-isotope data are still essential to test and guide theoretical
advances. Nuclei away from the valley of beta stability with magic
numbers of neutrons and protons, and isotopes in their vicinity,
have become new cornerstones for the development of a reliable
theoretical picture of all nuclei.

The region of isotopes near 78Ni is the focus of intense exper-
imental and theoretical research (cf., for example, [7-12] and ref-
erences therein). Whether 7Ni can be considered a doubly-magic
spherical nucleus depends ultimately on the size of the Z =28 and
N =50 shell gaps. To date, however, scarce information is available
on “8Ni and on its immediate neighbors, and contrasting predic-
tions have been made [12,13] about its magicity.

The properties of nuclei lying close to 78Ni also impact strongly
on astrophysical models of stellar nucleosynthesis and evolution.
A recent example is related to the measurement of the 82Zn bind-
ing energy and its implications on the composition of neutron-
star crust [14]. Furthermore, a sensitivity study on the effect of
neutron-capture rates on the A~ 80 and A ~ 130 r-process peaks
[15] revealed that 78Zn and 7°Zn are among the few isotopes
which can cause the largest change (>15%) in the overall abun-
dance pattern, affecting the abundances of masses as high as
A~ 195.

Single-nucleon transfer reactions are a very sensitive technique
to populate single-particle states and to investigate the structure of
the isotopes produced [16-19]. Performing such reactions on 78Ni
will reveal the energies of the single-particle orbits governing the
properties of 7Ni and its neighbors. The necessary experiments
however still require years of developments in radioactive-ion-
beam production. Revealing insights about the structure of 78Ni
can nonetheless be gained by studying close-lying isotopes. More-
over, an accurate description of the evolution of nuclear structure
across neighboring nuclei is an implicit test for theoretical predic-
tions of the properties of 7®Ni.

In this Letter, the first spectroscopic study of the Z = 30,
N = 49 isotope 7°Zn is presented. In this nucleus, neutrons can oc-
cupy orbits which lie both below and above the N =50 shell gap.
Prior to this work, the available information about 7°Zn was lim-
ited to its ground-state half life, 0.995(19) s [20]. The beta decay of
797n [8] supports a J7 =9/2% ground-state configuration, in line
with the shell-model expectation that the odd neutron (hole) oc-
cupies the gg» orbit, and with N =49 systematics. In the present
work, the 9/2% assignment for the ground state has been adopted.

In this work, excited states in 72Zn have been populated using
the 78Zn(d, p)’°Zn reaction in inverse kinematics at REX-ISOLDE,
CERN (Q value = 1.796 MeV [21]). 78Zn (T2 = 1.47(15) s) was
produced in collisions of 1.4 GeV protons from the CERN PS Booster
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Fig. 1. (Color online.) a) 79Zn excitation energy deduced from proton kinematics
for all the transfer protons (black solid line) and from the protons in coincidence
with any y ray (green, solid fill). b) 7Zn excitation energy in coincidence with the
983-keV y ray, corrected for y-ray efficiency. ¢) Same as b), but in coincidence
either with the 236-keV (blue) or the 1859-keV y transitions (red).

with a UGy target. 78Zn atoms were laser ionized using the RILIS
set up [22], mass separated, and post-accelerated by the REX-
LINAC to 2.83 MeV per nucleon. The 78Zn beam impinged on a
thin (105(10) pg/cm?) deuterated polyethylene (DPE) target. In ad-
dition to 78Zn, which made up ~75% of the total intensity, the
beam also contained 78Rb (~20%) and 78Ga (~5%). Exploiting the
fact that without laser ionization only 78Zn disappeared from the
beam cocktail, the contribution from the contaminants could be
identified and subtracted offline by collecting data with the laser
periodically turned on and off (in total, approximately 100 hours
with and 35 hours without laser ionization). From the analysis of
elastically scattered deuterons, the estimated average ’8Zn beam
intensity was 7.8(7) - 10° particles per second. Additional data (ap-
proximately 20 hours), collected using a thick (~1.7 mg/cm?) DPE
target, permitted to confirm weak coincidences observed in the
thin-target data.

The reaction was studied using the segmented T-REX array of Si
telescopes [23], and eight triple-cluster HPGe detectors of Miniball
[24], which surrounded the T-REX scattering chamber. The coin-
cident detection of light charged particles and y rays led to the
identification of states which could not be resolved using only the
proton data. Furthermore, the charged-particle data constrained
the placement of states in the level scheme which would have
been ambiguous from the y-ray data alone.

In Fig. 1 (a), the 7°Zn excitation energy deduced from reaction
kinematics is shown for proton singles and protons in coincidence
with all detected y rays. Three main peaks can be seen, cen-
tered respectively around 1.2, 2.5 and 3.3 MeV. Due to kinematic
compression and to the detection threshold, only transfer protons
corresponding to the lowest-energy peak could be detected both
at forward and backward angles, and meaningfully compared to
DWBA calculations. At this beam energy, the transferred neutrons
should populate mainly states or groups of states corresponding to
low-£ orbits, mostly above the N =50 gap, namely ds/2, s1/2 and
d3/2. The g7,» orbit above the gap (£ =4) and the neutron-hole
states based on p or f configuration are likely to be populated
very weakly. As an illustration, the 72Zn case can be compared to
the study of the N = 81 isotone 3'Sn via the 13%Sn(d, p)'3!Sn re-
action [17], in which only neutron orbits above the N = 82 gap
were populated.

Fig. 1 (a) reveals that the lowest-lying states which are strongly
populated via transfer are found near 1 MeV. This observation
is important, since the position of the excited states based on
neutron orbits above the N = 50 shell reflects the gap size. As
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Fig. 2. a) Doppler-corrected 79Zn y-ray spectrum, gated by all transfer protons. The
strongest peaks are labeled by their energy. The peak labeled “c” is due to a small
amount of 78Ga in the beam, due to in-flight 78Zn B decay. b) Same spectrum
gated on 7°Zn excitation energy in the 0.8-1.7 MeV range, where only the 441-
and 983-keV transitions can be seen. See text for details.
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Fig. 3. Coincidence y-ray spectra gated, respectively, on the 983-keV (a) or the
1859-keV (b) transitions, obtained using thick-target data.

discussed below, the analysis of proton angular distributions are
indeed consistent with transfer of neutrons to the ds,; and s, or-
bits. The green curve in the same figure shows that, in coincidence
with y-rays, the intensity of the first peak decreases significantly
more than that of the two higher-lying peaks. This observation
suggests the presence, in the excitation-energy range of the first
peak, of one or more states which are too long lived (more than
few nanoseconds) for their decay(s) to be detected in flight.

The y rays emitted by 7°Zn were identified by requiring a
coincidence with the protons ejected in the neutron-transfer re-
actions. The Doppler-corrected y-ray energy spectrum is shown in
Fig. 2 (a). Fig. 1 (b) and (c) are examples of excitation-energy spec-
tra of 7°Zn gated by individual y rays. Similarly, Fig. 2 (b) shows
that only the 441- and 983-keV lines are still clearly visible if the
797n excitation energy is restricted to the lowest peak of Fig. 1 (a)
(from 0.8 to 1.7 MeV). Such spectra, together with observed y
coincidences, such as those presented in Fig. 3, proved essen-
tial to place the main transitions in the level scheme. No other
y ray was observed below 0.8-MeV excitation energy. It should
also be noted that the y-ray detection efficiency drops drastically
below 120 keV. Fig. 3 shows that both the 441-983-keV and the
236-1859-keV pairs were each found to be coincident.

The partial level scheme of 7°Zn deduced in this work is pre-
sented in Fig. 4. According to measured intensities and coincidence
relations, the 983-keV state decays directly to the ground state,
and it is fed by the 441-keV transition. Since the 983-keV tran-
sition is prompt, despite a low energy tail, its multipolarity can
only be dipole or quadrupole. If the tail is due to the lifetime
of the 983-keV state, and not to unobserved feeding, it suggests
a lifetime of the order of few hundred picoseconds, with mul-
tipolarity E2 or M2. A slow E2 (0.05 < B(E2) < 0.2 W.u.) seems
much more likely. An M2 character would in fact require this low-
lying and strongly populated state to be a 5/2~ state, correspond-
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Fig. 4. Partial level scheme of 7°Zn deduced in this work. The width of the arrows is
proportional to the relative transition intensities. With the exception of the isomeric
state ‘X’ at 1.10(15) MeV, all energies are in keV, with the error given in brackets.
See text for details.

ing to a neutron-hole in the fs,; orbit. Interestingly, comparable
B(E2;5/2% — 9/2%) strengths have been measured in neighbor-
ing N = 49 isotones 81Ge and #3Se (respectively, 0.0383(20) and
~0.13 W.u. [25]).

The direct and indirect feeding to the 983-keV state, which
makes its ground-state decay the most intense transition in the
spectrum, supports a 5/2% assignment. The DWBA analysis dis-
cussed below confirms the 5/2% assignment deduced from the
y-ray analysis.

In the case of the 1424-keV state, the prompt character of the
441-keV transition, the coincidence between the 983- and 441-keV
y rays and the unobserved crossover ground-state transition favor
a spin 3/27 or 5/2*. Few additional weak transitions, of 888, 1774
and 2321 keV, were tentatively placed in the level scheme: their
y -ray-gated excitation energy spectra in fact exhibit a peak respec-
tively at 2.35(15), 3.30(15) and 3.45(15) MeV, compatible with a
direct feeding to either the 1424- or the 983-keV states. For the
888-keV transition, this placement is also supported by the ob-
served coincidence with the 441-keV transition.

The analysis of the 236- and 1859-keV single-y -ray-gated exci-
tation energy spectra, shown in Fig. 1 (c), is key to positioning the
236-keV transition in the level scheme. A peak at ~3.20(15) MeV
can be seen in both spectra (blue and red in the figure), but only
the 236-keV gate shows also a peak at 2.65(15) MeV, where the
large uncertainty is due to the Si-detector resolution (the thin
red peak appearing at 2.6 MeV in the 1859-keV gated spectrum
is not statistically significant). Their observed coincidence implies
that the 236-keV lies below the 1859-keV y ray (otherwise no
peak could appear also at 2.65 MeV excitation energy). Hence,
the 236-keV transition must be the decay of a state with energy
at least as low as the difference between the 3.2 MeV excitation
energy and the 1859-keV y ray, i.e. 1.34(15) MeV. In Fig. 1 (c),
however, no peak appears around or below 1.3 MeV, which means
that the state at ~1.34 MeV is not (or too weakly) populated in the
direct reaction and only fed from higher-lying states. The prompt
character of the 236-keV transition implies that it has E1 or M1
multipolarity. The position of the 1185-keV transition was deduced
from its y-gated excitation energy and the coincidence with the
236-keV y ray.

From the unobserved coincidence with the 983-keV transition
it follows that the 236-keV y ray feeds an isomeric state lying
approximately at 1.10(15) MeV. Proton angular distributions, which
are characteristic of the angular momentum transfer, A¢, provide
a strong argument to identify this 1.10(15)-keV state with a 1/2%
state.

The measured proton angular distributions were compared
to DWBA calculations performed with the codes FRESCO [26]
and TWOFNR [27] using global optical model potentials from
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Fig. 5. (Color online.) a) Proton angular distributions for the 79Zn excitation energy
range 0.85-1.55 MeV and scaled DWBA calculations for A¢ =0,2 and a sum of
the two. b) Same proton data, gated also on the 983-keV y-ray line, and DWBA
calculations for A¢ =0 or 2.

Refs. [28,29]. For the neutron bound-state potential, the radius and
diffuseness parameters were 1.25 and 0.65 fm, respectively. Exper-
imental spectroscopic factors (SF) were determined from the ratio
of experimental and DWBA cross sections, which were calculated
for SF = 1. The low beam energy leads to appreciable differences in
the DWBA distributions calculated using different optical-model-
potential parameterizations. Additional fits were therefore also per-
formed using different parameters from Refs. [30-33], and varying
the bound-state radius parameter from 1.20 to 1.30. The system-
atic uncertainties amount to approximately 20-25% variation in the
calculated SFs. It should be remarked however that the arguments
based on the analysis of angular distributions do not depend on
the chosen parameterization.

[llustrative angular distributions are shown in Fig. 5 (a) and (b).
In both cases, the excitation energy of 72Zn was restricted to the
lowest peak of Fig. 1 (a). The data in Fig. 5 (a) were not gated
on any y-ray line, and are poorly fitted by any single A{ trans-
fer. These data are instead well described by a sum of A¢ =0
and A¢ = 2 distributions. The simultaneous fit of two distribu-
tions yields a significantly smaller reduced x?2 (2.1) than obtained
by fitting a single A¢ (% =17.8 and 18, respectively). The scal-
ing factors were left as free parameters in the fit and found to
be, respectively, 0.41(3)(10) and 0.51(4)(12) (where the first error
is statistical, and the second systematic). If, in addition to A¢ =10
and 2, also a third, A¢ =1 distribution is added to the simultane-
ous fit, the latter has a scaling factor compatible with zero while
the former are substantially unchanged, indicating that mostly d
and s orbits were populated in this energy range.

The angular distribution changes instead considerably by requir-
ing the coincident detection of the 983-keV y ray. This is shown
in Fig. 5 (b), together with DWBA calculations for transfer to, re-
spectively, pure £ =0 or £ =2 states. A pure A¢ =2 distribution
(transfer to a ds;» or ds3;; neutron state) yields a better fit and
confirms the 5/2% assignment of the 983-keV state deduced from
y-ray data. J” =3/2% can in fact be excluded since it would lead
to an isomeric M3 ground-state transition.

A similar distribution is observed when gating the same excita-
tion energy region by the 441-keV transition: the data, not shown
here, are best fitted by A¢ =2, and yield SF = 0.05(1)(2). The
comparison between Fig. 1 (b) and the intensity strength of the
441-keV transition suggests that the 983-keV state is also fed by
additional low-energy undetected y-ray transition(s) from one or
more states between 1.0 and 1.4 MeV. The measured angular dis-
tributions imply however that these states have ¢ = 2 character
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Fig. 6. (Color online.) Experimental and calculated N = 50 gap sizes (filled and open
diamonds) and first-excited 5/2%-state energies (filled and open circles) for N = 49
isotones. The measurement from this work is highlighted in blue. The gap sizes
were determined from two-neutron separation energies calculated from mass ex-
cesses from [21] (and [14] for 82Zn).

and feed the 983-keV state. In summary, approximately 75% of the
measured ¢ = 2 strength in this energy range results in the direct
or indirect feeding of the state at 983 keV, again consistent with a
5/2% assignment.

The A¢ =0 strength revealed by the proton data (not gated by
any y ray) of Fig. 5 (a) testifies the presence of an isomeric 1/2%
state near 1 MeV, with SF = 0.41(3)(10). The proton-singles data
were also split in three smaller ranges in excitation energy and
compared to DWBA calculations similar to those in Fig. 5 (a). The
weighted average of the ¢ = 0 strengths measured in the sub-sets
indicates that the 1/2% state lies at approximately 1.05(15) MeV.
It seems likely that this s1,, neutron state corresponds in fact to
the 1.10(15)-MeV state deduced from gamma-ray gated excitation
energy spectra (labeled X in Fig. 4). If the strongly populated 1/2+
state coincides indeed with the level at 1.1 MeV, then the prompt
observation of the 236-keV y-ray limits the possible spin of the
1.34(15)-MeV state to (1/2) or (3/2) (X +236 in Fig. 4). The large
amount of feeding from higher lying states favors a positive parity,
but a negative parity cannot be excluded.

It is instructive to compare the 5/2%-state energy, 983 keV,
with state-of-the-art shell-model calculations [12]. The large shell-
model space includes the proton orbits pq,2, p3s2, f7, and fs2,
and the neutron orbits pq,2, p3;2. fs/2, &9, and ds;;, which lies
above the N = 50 shell gap. Details about the interaction can be
found in Refs. [12,34]. As it can be seen in Fig. 6, these calcu-
lations reproduce very well the measured energies of the lowest
lying 5/2F-state N = 49 isotones. For 7°Zn they predict an energy
of 1029 keV, strikingly close to the measured 983 keV. This lowest
calculated 5/2% state (SF=0.53) is formed by the promotion of
one neutron from the gg/; to the ds/; orbit. The calculated B(E2)
transition strength to the ground state is only 4 e fm* (0.2 W.u.).
The equivalent lifetime, 240 ps, is compatible with the observed
tail of the 983-keV transition.

Fig. 6 shows that the calculations also reproduce reasonably
well the evolution of the N =50 gap deduced from 2-neutron sep-
aration energies [14,21], with a minimum at Z =32 and a larger
gap in zinc than in germanium, although the experimental gap size
in these two isotones is 450 keV smaller. The calculations predict
a doubly-magic 7Ni with shell gaps of 4.7 MeV for neutrons and
5.0 MeV for protons, and a first 2*-state lying at nearly 4 MeV. If
at least the relative increase in gap size between zinc and nickel is
correct, the N =50 gap in 78Ni can be expected to be at least as
large as 4.2 MeV.

In conclusion, this spectroscopic study of 7°Zn has permitted
the identification of key states near 1 MeV of excitation energy,
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based on the occupancy of single-particle states above the N =50
shell gap. The agreement between the current measurement and
recent large-scale shell-model calculations supports the picture of
a robust N =50 shell closure for 78Ni. This newly acquired knowl-
edge about neutron single-particle states in 7Zn will also be im-
portant to constraining neutron-capture rates on ’8Zn, which have
been shown to impact the final r-process abundance pattern dur-
ing freeze-out periods.
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