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The strength functions of the 7 fs2, wp3,2 and 7 f7,; orbitals in neutron-rich 71Cu were obtained in
a 727Zn(d,*He)”'Cu proton pick-up reaction in inverse kinematics using a radioactive beam of 72Zn at
38 MeV/u. A dedicated set-up was developed to overcome the experimental challenges posed by the
low cross section of the reaction and the low energy of the outgoing 3He particles. The excitation-
energy spectrum was reconstructed and spectroscopic factors were obtained after analysis of the angular
distributions with the finite-range Distorted-Wave Born Approximation (DWBA). The results show that

unlike for the 7 f5/, orbital and contrary to earlier interpretation, the m f7/, single-particle strength
distribution is not appreciably affected by the addition of neutrons beyond N = 40.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

1. Introduction

With a long and fruitful history to its credit, the shell model
still accounts for much of our understanding of nuclear structure
at low excitation energy [1]. The bulk of the interaction within
the nuclear many-body system is well represented by a mean field
that gives rise to a shell structure characterized by the well-known
magic numbers 8, 20, 28, 50, ... which originally defined either
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proton or neutron closed shells. These magic numbers, however,
are not absolute and universal but are subject to evolution as one
moves away from the valley of stability into the realm of exotic
isotopes, where the numbers of protons and neutrons are out of
their ordinary balance.

The fate of a presumed doubly magic nucleus like 78Ni there-
fore carries much interest, as its closed-shell character comes un-
der scrutiny. While the 78Ni isotope was observed for the first time
two decades ago [2], only its half-life is known so far [3], which
was measured more precisely recently [4] and direct spectroscopic
information is not yet available. In this article, we investigate the
Z = 28 gap that corresponds to the energy splitting between the
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7 f7,2 orbital and the 7 p3/, or 7 f5,, orbital. This is the first shell
gap that originates from the spin-orbit interaction and its evolu-
tion away from stability gives insight into the isospin dependence
of the spin-orbit force. The neutron-rich copper isotopes with one
proton outside a nickel core present an ideal opportunity to probe
the movement of a single-proton orbit in the field of a closed-shell
nucleus. Proceeding along the copper isotopic chain, while filling
of the vgg/, orbital (40 < N <50), one is able to explore the in-
fluence of the occupation of the neutron orbitals on the nuclear
structure.

Of particular interest is the transition at N = 40. Because
the first excited state in 8Ni is located at a rather high en-
ergy and shows a spin and parity of 0T, the existence of a
subshell gap at N =40 was rapidly acknowledged [5]. Neverthe-
less the small experimental B(E2;07 — 2) value [6] was ar-
gued not to be a strong evidence for a magic ®8Ni nucleus [7].
Much experimental work has been done since, revealing a third
0T state at 2511 keV [8] and readjusting the second 0 energy to
1604 keV [9], which is consistent with a more recent study [10].
This has in turn spurred new theoretical activity, leading to a
richer interpretation that advances the coexistence of spherical and
deformed shapes in 88Ni [11,12].

The first excited state of spin and parity 5/27 is situated in
a stable manner at an energy between 1 and 1.2 MeV in the
63,656769Cy isotopes. In the B-decay of 7'Ni, it was observed that
it suddenly comes down to 534 keV in “!Cu [13]. This distinctive
feature coincides with the addition of neutrons beyond N = 40.
Because of the large spectroscopic factor of C2S = 1.5 deduced in
the 7°Zn(d,>He)®Cu proton pick-up reaction [14], the level can be
interpreted as mainly corresponding to the 7 fs/; single-particle
state in %9Cu. For the level at 1190 keV in 7!Cu, seen in the E2
cascade that deexcites a 19/2~ microsecond isomer, a 7/2~ as-
signment was made [15,16]. Based on a lower limit for the log ft
value of 5.9 in the B-decay of 7INi, the ground state of which
is conjectured to consist of a 9/2% configuration, and the simi-
larity of the y branching pattern between %°Cu and 7!Cu, a spin
and parity of 7/2~ was suggested for the level at 981 keV. This
was corroborated by calculations within the particle-core coupling
model (PCM) that linked the state to the f7_/; proton hole, onto
which a 2p-1h quasiband would dwell in the same manner as for
69Cu [17]. The Coulomb excitation of “1Cu accordingly revealed a
value of 10.7(12) Weisskopf units for the 1190-keV level, while
the 981-keV state was not observed and suggested to be of single-
particle nature [18]. Finally the lifetime of the 981-keV state was
measured in a recent study, which corresponds to B(E2) = 44(20)
e2 fm? [19]. In this article, since the theoretical value of the B(E2)
is much higher compared to the experimental one the authors ex-
clude a particle-hole character for this state. Nevertheless one has
to obtain spectroscopic factor for this state to confirm it.

The 7!Cu nucleus is an essential test for shell-model calcula-
tions because of the sudden change in the energy of the 7 fs5/,
orbital. The position of its spin-orbit partner, the 7 f7,, orbital, is
important to measure the energy gap of the Z = 28 shell closure.
In the present work, we set off to extract the spectroscopic factors
of the 7/27, 3/27 and 5/2~ levels with the aim of obtaining the
strength function of the single-particle states. We chose to do so
in the 72Zn(d,3He)”'Cu proton pick-up reaction, as it should selec-
tively populate the hole states in 7!Cu. Several papers have ques-
tioned the interpretation of spectroscopic factors as observables of
single-particle components in nuclear wave-functions [20,21]. Nev-
ertheless, it was shown that within a coherent parametrization of
potential parameters, spectroscopic factors provide self-consistent
information and are good indicators of orbital structures [22,23].

2. Experimental setup

The experiment took place at the Ganil laboratory in Caen,
France. A radioactive beam of 72Zn at 38 MeV/u and a rate of 1.5
10° particles per second was obtained from the fragmentation of a
primary 76Ge beam on a Be target of 733 um thickness. The reac-
tion products were selected with the Lise spectrometer, resulting
in a beam purity of 55% with 74Ga as main contaminant (30%).
Thanks to their time-of-flight difference, one is able to separate
727n from 7#Ga and get a relative purity of 90.6%. After passing
through two Cats beam-tracking detectors [24], the beam impinged
on a deuterated polypropylene target of 0.26 mg/cm?2.

The target was surrounded by four Must2 telescopes [25], cov-
ering forward angles from 8 to 50° in the laboratory. The energy
range of >He reaction product was below 21 MeV for laboratory
angles lower than 46°. Since they would have been stopped al-
ready in the first stage of Must2, a double-sided silicon strip de-
tector (DSSSD) of 300 um, four silicon strip detectors with nominal
thickness of 20 pm were added in front of the Must2 array. From
transmission measurements with an «-source it appeared that the
actual non-uniformity of the thickness varies up to 25%. Only after
a pixel-by-pixel mapping on a 1-mm? grid was carried out to cor-
rect for the variation in energy loss (AE), the necessary resolution
for particle identification could be achieved. Two Must2 telescopes
covering the angles from 6y, = 69° to 6 = 90° were installed
in order to measure the elastic scattering, check the normaliza-
tion and validate the optical potential in the incoming channel.
Downstream from the experiment an ionization chamber was in-
stalled for detecting the outgoing heavy particles. The electronic
dead time was kept at 15% throughout the experiment.

3. Data analysis and results
3.1. Excitation-energy spectrum and angular distributions

The 3He particles of interest were identified by combination of
their time-of-flight, AE signal in the 20-um strip detectors and E
deposit in the Must2 DSSSD. For each selected event, the excitation
energy was reconstructed by the missing-mass method. The spec-
trum was further purified by requiring the presence of a heavy
recoil in the ionization chamber. After the subtraction of back-
ground stemming from reactions on the carbon nuclei in the target
(obtained in a separate run with a carbon target and shown in blue
in Fig. 1), five peaks with an average resolution of o = 290 keV
(680 keV in FWHM) could be distinguished in the spectrum, as
can be seen in Fig. 1 (a). The remaining events at negative energy,
observed with low statistics, can be understood as stemming from
the 9.4% beam contamination of 7#Ga. When comparing Figs. 1 (a)
and 1 (b) one sees that the condition on the ionization chamber
indeed reduces the 7Ga counts.

Because of the limited angular coverage of the ionization cham-
ber, its efficiency for our case amounted to 43% and its inclu-
sion in the analysis reduces the statistics. Once the peaks in the
excitation-energy spectrum are identified, we therefore remove the
condition on the ionization chamber. The resulting spectrum is
shown in Fig. 1 (b). The width of the first peak is larger than
the expected experimental resolution of 0 =306 keV (720 keV in
FWHM) indicating the presence of a doublet. From the known level
scheme [13,18], the doublet can include two or more states among
the 3/2~ ground state, the 1/2~ state at 454 keV and the 5/2~
state at 534 keV. For the latter a single-particle interpretation of
7 f5,2 has been put forward and we should populate it in a similar
manner as in 59Cu [14]. The spectroscopic factor of the 1/2~ ex-
cited state in 59Cu is three times weaker than for the 3/2~ ground
state and its B(E2) value is two times smaller than in 7!Cu, where
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Table 1

Position in energy of the different populated states in 7!Cu with their width FWHM,
the transferred angular momentum L, the proposed spin-parity J* and the spec-
troscopic factor C2S.
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Fig. 1. Excitation-energy spectrum of 7' Cu (a) with and (b) without condition on the
ionization chamber. The red part corresponds to the identified states in 7!Cu. The
blue dotted line shows the neutron threshold. The normalized carbon background
(c) has been subtracted in the excitation-energy spectrum. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
this article.)

it is known to be of a strongly collective nature [18]. We do not
expect to see it in our pick-up reaction, therefore its possible con-
tribution was not taken into account. The peak was fitted with a
sum of two Gaussians, fixed at Eg and Eg + 0.534 MeV. The re-
sult is Eg = 0.18(19) MeV and is consistent with zero within the
statistical uncertainty. If the mean energy of the first peak is cor-
rected for this offset, we find 0.11(19) MeV. In Table 1 we list the
energies of the five identified peaks, corrected for the offset.

The angular distributions of the emitted >He particles were
fitted with functions calculated within the finite-range Distorted-
Wave Born Approximation (DWBA) using the DWUCK5 code. For
the incoming channel, the relativistic Daehnick-F optical potential
was taken [26] since it reproduces very well the angular distribu-
tion of the elastic scattering measured with the two Must2 detec-

State E (MeV) FWHM (MeV) L(J™) s

1 0.11(19) 0.95 1(3/27) 0.8(2)
3 (5/27) 1.4(6)

2 1.86(15) 0.61 3(7/27) 1.4(2)

3 3.24(20) 0.61 3(7/27) 1.5(3)

4 4.36(17) 0.94 3(7/27) 3.7(6)

5 5.92(18) 0.94 0 (1/2%) 0.4(1)
2 (3/2%) 3.0(5)

tors at 90°. For the outgoing channel, where the elastic scattering
was not measured, we used the Perey and Perey parametriza-
tion [27]. The Pang potential [28] was also tested and a lower vari-
ation of 20% was observed for the spectroscopic factors. Nonethe-
less, after minimization, the Xz is worse since the shape of the
calculated distribution using the Pang potential does not reproduce
the experimental one as well as the Perey and Perey distribution
does. For the overlap between the deuteron and the >He we chose
the Brida potential [29]. Finally for the form factor the standard
values of rg =1.25 fm and ap = 0.65 fm were chosen. In our case,
the use of different potentials affects the absolute normalization as
expected but it does not affect the position of the centroid of the
energy distribution.

After a x2 minimization, we found that the differential cross
section of the first peak could be fitted with a combination of
L =1 and L = 3 distributions (Fig. 2 (a)) assuming that it is a dou-
blet, which is also consistent with the width of the peak. The L =1
component shows a spectroscopic factor of C2S = 0.8(2) (see Ta-
ble 1), which we attribute to the 3/2~ ground state. The L =3
contribution yields C2S = 1.4(6) and we attribute it to the 5/2~
state at 534 keV, for which we infer a dominant 7 f5,, configu-
ration. We note that the large spectroscopic factor exhausts the
available fs/; proton strength as it was seen for the other lighter
copper isotopes [14]. From the integrated cross sections of the
L =1 and L =3 components taking into consideration their spec-
troscopic factors C2S, we can determine the mean energy of the
ground-state doublet. This gives 0.13 MeV, which agrees with the
mean energy of the first peak of 0.11(19) MeV. The sum in the
mp3s2 and the 7 fs,, orbitals gives 2.2(6), which is compatible
with the expected value of 2 protons in the zinc isotopes above
Z =28 and with former literature [14,30].

The next three peaks were best fitted with L =3 functions. The
fourth peak is also wider and might contain at least two states but
its angular distribution is well fitted with only L = 3. The weighted
centroid for all the peaks gives 3.8 MeV. Since the shape of the
L =3 angular distribution does not change between 1.5 and 5 MeV
excitation energy in the present reaction, the angular distribution
of the three peaks together was fitted with a state at 3.8 MeV in
the DWBA calculations. The result of the fit gives a spectroscopic
strength of C2S =6.9(8) (Fig. 2 (b)), which is compatible with the
sum of the respective spectroscopic factors (> C257/27 =6.6(7)).
This corresponds to 86 & 12% of the 7 f7,, strength with an ex-
perimental centroid at 3.8 MeV, which represents a lower limit as
far as part of the strength stays undetected. One can see that the
sum of the spectroscopic factors in the pf orbitals gives 9.1 + 1.0,
which is close to the expected value of 10 protons [31]. The fifth
peak in the excitation-energy spectrum was fitted with a superpo-
sition of L =0 and L = 2 distributions even though in this case the
x2 value is quite high (x2/NDF =6.2/2). One can infer that these
states likely originate from hole excitations in the deeper sd shell.
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Fig. 2. (a) Angular distribution of the first peak where a L =1 and L =3 angular
distribution are needed. The black line corresponds to the minimization where both
contributions are taken into account. (b) Summed angular distribution for the sec-
ond, third and fourth peak in the excitation-energy spectrum of 7'Cu showing a
L =3 angular distribution.

3.2. Shell-model calculations

Shell-model calculations within a fpgd valence space and orig-
inating from a Hamiltonian from earlier published work [32,33]
with minor modifications [19] were carried out. This valence space
includes Al =2 valence orbitals for neutrons (0gg,21ds/2) and pro-
tons (0f7,21p3/2), which naturally favor quadrupole correlations
and generate collectivity through the Elliott’s SU(3) symmetry [34].
One can see in Fig. 3 the comparison between the theoretical levels
(C2Sy) and the experimental ones (C2Seyp). We can see in blue the
strength function of the 7 f5,; levels. The experimental state situ-
ated at 534 keV is reproduced by the calculations at 310 keV. Con-
cerning the strength function of the f7,, proton orbital, it appears
more fragmented than the measurement could establish. Neverthe-
less, most of the distribution spreads around 2 and 4 MeV. The
other smaller splinters remain below the experimental sensitivity.
One can evaluate the evolution of the cumulative 7 f7,, strength
by step of 2 MeV both experimentally and theoretically and note
that the shapes of both curves are in fair agreement (cf. Fig. 3 (c)),
giving confidence in the calculated trend even though the cumu-
lative theoretical strength is larger than its experimental counter-
part. This can be understood from the role of short and long-range
correlations in the quenching of spectroscopic factors [35,36].

In addition to the strength functions, calculations to determine
the composition of the first low-lying states were performed (see
Table 2). We clearly see that the 3/2~ ground state mainly cor-
responds to a single proton in the 7 ps/, orbital. The 5/27 is
reasonably located and its dominant part corresponds to a single
proton in the 7 f5/; orbital. It has to be noted that the energy gap

s 5p
o E Shell Model
0 45
© 4 é (a) - p3/2
3.5 ; f
3 ; Friz
255 —=
25 =
15E- —
157 =
05 —
ol [l E i 0 B E
g ° E
0 45 - —
D . (b) Experimental
35 7 i Py,
3 f5/2
” fuz
2
1.5
[
=
05 |
0 i
P OBE 3
O 7 (c) - o
W e 3
° " [~e— Theoretical |
4 --e-- Experimental
3 . .o —
25 7 =
L E
&5 A —
o el =
0 1 2 3 4 5 6 7 8
E (MeV)

Fig. 3. States from shell-model calculations with C2S, > 0.3 (a) compared to exper-
imental data (b). The larger area for the experimental data stands for the experi-
mental uncertainties for the 7/27 states. Figure (c) corresponds to the accumulated
strength both experimentally and theoretically.

Table 2

Dominating components of the wave functions for the lowest calculated states
0 71

in 7' Cu.

E (MeV) JT Percentage Composition
0 3/2° 60% 10 ® 7T p3/2)
14% 12§ ® 7 p3)2)

0.31 5/2~ 36% 10 ® 7 fs5/2)
22% [4F ® 71 fs5/2)
1.09 7/2- 47% 12§ ® wp3j2)
11% 145 ® T p3/2)

o -1
10% Uy @7 f7,)

141 7/2- 42% 12§ @7 f5/2)
12% |4} ® 7t f5/2)

o -1
13% T ®mf;5)

between the effective single-particle energy (ESPE) from the shell-
model calculations is decreasing between 7 f5,; and wp3/,; due
to the more attractive vgg/2 — 7 fs,2 neutron-proton interaction.
The high extracted spectroscopic factor combined with the calcu-
lations confirm the single-particle character of the 5/2~ state and
the gradual weakening of the gap between the 7 p3,2 and 7 f5)2
orbitals.

We now come back to the nature of the two first 7/2~ states
at 981 and 1190 keV respectively that are part of two y cas-
cades in 7!Cu. The one including the 1190-keV state shows an E2
sequence built on the 3/2~ ground state [15,16]. The one includ-
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ing the 981-keV state forms a AL =1 pattern on top of the first
5/27 level at 534 keV [37]. In our experiment, no pick-up strength
was detected below 1.3 MeV except for the L =3, 5/27 state at
534 keV. Therefore, our data do not support the presence of a
strong L =3 component in the wave function of the 7/2~ state
at 981 nor 1190 keV. As a matter of fact, the first calculated 7/2~
state at 1.09 MeV is dominated by the coupling |2 ® 7 p3s2) and
is associated with a strong calculated B(E2) value to the ground
state (179 e? fm* or 10.25 W.u). It can be associated to the col-
lective state at 1189 keV, which was observed in Coulomb excita-
tion [18] with a measured value of B(E2) = 10.7 W.u. The wave
function of the second calculated 7/2~ state has a large contri-
bution coming from the coupling 2] ® 7 f5/3). It decays to the
5/2~ state and has a small calculated B(E2) value (14.4 e2 fm* or
0.82 W.u) to the ground state. On the contrary, it has a strong cal-
culated B(M1) value to the 5/2~ state (0.168;1%,). This state would
correspond to the experimental level at 981 keV. We interpret the
experimental results combined with the shell-model calculations
as a dominant M1 character and it explains why this 7/27 level
at 981 keV was not seen in Coulomb excitation. Indeed it would
involve a structurally different configuration, which would not be
as favorable as the excitation to the 7/2~ level at 1190 keV. Tak-
ing together the preceding arguments, the non-observation of the
level at 981 keV in our work excludes a w f{é interpretation of
the level at 981 keV. The calculated spectroscopic factors of these
two 7/2~ states are 0.43 and 0.007 respectively, which is below
our experimental sensitivity and which can now be understood
from the fact that these two states arise mainly from proton-core
couplings. The 7/2~ states with a high spectroscopic factor are
situated above 1.9 MeV both experimentally and theoretically. It in-
dicates that the gap between 7 f7,2 and 7 p3/2 is not significantly
reduced. The neutron-proton interaction is almost the same be-
tween vgo/2 — 7 f7/2 and vgg 2 — 7T p3/2 leading to the fact that the
Z =28 gap defined as the energy difference between the 7 f7,,
and 7 p3/> ESPEs remains unchanged while the 7 fs,, orbital is
getting closer to the 7 p3/, orbital.

From different experimental works [15,16,19,37| and from this
work, we see that three 7/2~ structures exist. In transfer we
see that the 7 f7,, centroid does not come down therefore the
7/2~ levels at 981 and 1190 keV are not proton-hole states but
from shell model calculations we identify them as 2] ® 7 fs5/2)
and |2} ® wp3yo) respectively. The last one was indeed seen in
Coulomb excitation [18] while the first one was not observed be-
cause of its very low B(E2) value. In this way, the results from
B-decay, Coulomb excitation, deep-inelastic and transfer reaction
are consistent with the present shell-model calculations.

The experimental data as well as the shell-model calculations
show that the f7,, proton single-particle strength remains at sev-
eral MeV of excitation energy in 7'Cu. It does not come down
appreciably and does not follow the sharp decline of the 7 fs/;
state, preventing a rapid reduction of the Z =28 gap. It should be
kept in mind, however, that the 7 f7,, orbital resides farther away
from the Fermi surface and its influence on the nuclear structure
at low energy is less immediate. Instead it appears more suscep-
tible to fragmentation and therefore any change in its centroid is
less visible than it is for its 7 f5, spin-orbit partner. This is similar
to observations of orbital energies in the Z = 20 region, where the
experimental data [1,38,39] and the theoretical calculations [40]
indicate a reduction of the wds;, — s> gap in the potassium iso-
topes correlated with filling the v f7/, orbital, but the weakening
of the gap between the wds/; — sy, orbitals is much less pro-
nounced. From our findings, one can point to a parallel behavior
in the copper isotopes where the 7 fs,, — 7w p3/2 gap is quenched
with the filling of the vgg,, orbital, while we do not see any re-
duction of the 7 f7,2 — 7w p3/2 gap.

4. Conclusion

Notwithstanding the low cross section of the order of 10 mb
and the low energy of the outgoing light particles that did not
exceed 7 MeV/u for the angles of interest leading to a challeng-
ing experimental setup, it has been possible for the first time to
extract the spectroscopic factors for the (d,>He) proton pick-up
reaction with a 72Zn radioactive beam in the neutron-rich cop-
per region beyond N = 40. We confirm the weakening of the gap
between the mp3,, and 7 fs,, orbitals and three levels carrying
7 f7,2 strength were found in 7ICu. Their spectroscopic factors
were determined from the comparison of the experimental an-
gular distributions with finite-range DWBA calculations. We found
86+ 12% of the f7,, proton strength and the centroid of the  f7,,
force remains situated at several MeV of excitation energy contrary
to earlier interpretation [17,18], showing that there is no collapse
of the Z = 28 shell gap in the neutron-rich copper isotopes.
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