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(l = 0) neutron into the 3s1/2 orbit., i.e. the ⌫1g�1
9/2⌦⌫3s11/2 configuration. In the case of

80Zn, the energy di↵erence of the two orbitals 2d5/2 and 3s1/2 is expected to be less than
88Sr (Z = 38) primarily due to the lowering of the 3s1/2 state towards 80Zn (Z = 30). In
fact, the energy di↵erence between 1/2+ g.s. and 5/2+ state in the neutron-rich N=51
isotones was experimentally shown to decrease from 1.2 MeV in 91Zr to 0.28 MeV in
83Ge [31, 32]. Therefore, in order to estimate the reaction cross sections, the states of
the ⌫1g�1

9/2⌦⌫2d15/2 are considered to lie 200 keV above the ⌫1g�1
9/2⌦⌫2d15/2 multiplets. The

cross sections of 130 and 100 mb are calculated for the 3s1/2 states at 3.9 and 4 MeV,
respectively, for the same range of the scattered protons mentioned above.

Figure 3: (a):Level scheme of 80Zn (b):SM calculations of the 5+, 6+ states along the N = 50 isotones, taken from [7]
(c):Angular distribution of protons emitted in the reaction populating the 2d5/2 states at 3.7 and 3.8 MeV(blue) and the
3s1/2 hypothetical states at 3.9 and 4 MeV (red).

With the given beam intensity and a target thickness of 0.5 mg/cm2 the rates of about 1
and 1.4 events/sec are estimated for the states at 3.7 and 3.8 MeV, respectively. Proton
detection e�ciency in the barrel detector for both 2d5/2-character states is taken as 50%
in a good approximation. The � rays showing successive decays from 2d5/2 multiplets
range from 250 keV to over 1.3 MeV for the other members of the isotonic chain. The
absolute photo-peak e�ciency of MINIBALL varies from 13% at 250 keV to 5% at 1.3
MeV.

For an average photopeak e�ciency of 8%, final rates of:

• 3500 counts/day particle-� and 290 counts/day particle-�� coincidence events on
average for each 2d5/2 state from 2+ to 7+

• 10000 counts/day particle-� and 950 counts/day particle-�� coincidence events for
each 3s1/2 state (i.e. 4+ and 5+) are expected.

Note that particle-�� coincidence data are particularly important in the present case in
order to build a complete level scheme of 80Zn. Therefore, in order to obtain a clear
identification of the states of interest and the level scheme construction, we foresee a 6-
day of data taking. Regarding the analysis of the statistical � rays using the Oslo method,
experience from the previous IS559 experiment shows that the expected level of statistics
will be su�cient to extract the NLD and gSF, and use these quantities to constrain the
(n,�) cross section.
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Table 2
Nuclear magnetic dipole moments, µ, and spectroscopic quadrupole moments, Qs , calculated from experimental data are compared to JUN45, LNPS-m and A3DA-m shell–
model calculations.

A Iπ µexpt (µN ) µJUN45 (µN ) µLNPS−m (µN ) µA3DA−m (µN ) Q s,expt (b) Q s,JUN45 (b) Q s,LNPS−m (b) Q s,A3DA−m (b)

63 3/2− −0.282(1) −0.256 −0.18 +0.110 +0.20(2) +0.240 +0.19 +0.209
65 5/2− +0.7695(16) +0.938 +0.77 +1.027 −0.024(15) −0.049 −0.036 +0.013
67 5/2− +0.875479(9)a +1.008 +1.31 +1.309 +0.122(10)a +0.128 +0.10 +0.219
69 1/2− +0.557(2) +0.463 +0.47 +0.404 – – – –
69m 9/2+ −1.1613(7) −1.156 −1.27 −1.306 −0.39(3) −0.410 −0.40 −0.435
71 1/2− +0.551(1) +0.456 +0.48 +0.482 – – – –
71m 9/2+ −1.049(1) −1.159 −1.10 −1.434 −0.26(3) −0.284 −0.22 −0.264
73 1/2− +0.5585(5) +0.451 +0.50 +0.521 – – – –
73m 5/2+ −0.8527(14) −0.984 −0.81 −0.543 +0.43(4) +0.281 +0.48 +0.420
75 7/2+ −0.7887(9) −0.915 −0.88 −0.614 +0.16(2) +0.070 +0.20 +0.055
75m 1/2− +0.5580(9) +0.445 +0.51 +0.509 – – – –
77 7/2+ −0.9074(1) −0.876 −1.04 −0.964 +0.48(4) +0.421 +0.60 +0.487
77m 1/2− +0.562(2) +0.450 +0.50 +0.537 – – – –
79 9/2+ −1.1866(10) −1.185 −1.49 −1.508 +0.40(4) +0.356 +0.546 +0.367
79m 1/2+ −1.018(1) – −0.741 −0.603 – – – –

a To calibrate across the isotope chain the nuclear moments of 67Zn are used as references, with µ and Qs taken from [28] and this work respectively, with details given 
in [32]. Precise hyperfine constants A(3 P2) and B(3 P2) [27] are used.

(A3DA-m and LNPS-m) the agreement becomes better for 77Zn. 
However, for the less exotic isotopes the level ordering is still 
not well reproduced. These interactions predict a positive-parity 
1/2+ level in 79Zn, although it appears at 1.8 and 1.5 MeV respec-
tively, well above the experimental energy of 1.10(15) MeV [14]. 
The magnetic moment of this level motivated a further extension 
of the model space, as realized in the PFSDG-U interaction. In this 
extended model space an isomeric 1/2+ level is found at the ex-
perimental energy.

5. Ground and isomeric state g-factors and wave functions

In the f5pg9 model space used for JUN45 and jj44b, we use 
geff

s = 0.7gfree
s for magnetic moment calculations, and effective 

charges eeff
p = 1.5e, eeff

n = 1.1e [35]. These interactions were used 
in our previous work on the nuclear moments and spins of the Cu 
and Ga ground states [40,3], reproducing these observables rather 
well. The LNPS-m and A3DA-m interactions start from a 40Ca core 
and include also the d5/2 orbital, thus using a fpg9d5 model space. 
The neutron f7/2 orbit is blocked for the LNPS-m calculations, 
but this has no influence on the spectroscopy of the neutron-rich 
(N > 38) isotopes. Free g-factors can be applied in this extended 
model space. Furthermore, the effective neutron charge can be re-
duced to eeff

n = 0.46e because of the inclusion of the νd5/2 orbital, 
while the proton charge is taken as eeff

p = 1.31e [38]. The nuclear 
moments have been calculated for the lowest lying energy level 
with the confirmed spin assignment.

The nuclear magnetic moment provides a sensitive probe of 
the wave function of the state. By comparing the measured mag-
netic moments, and more specifically the corresponding g-factor 
(g = µ/I) to the effective SP values of nearby orbitals, the lead-
ing contributions to the wave functions can be deduced (Fig. 3). 
These values are also compared to the predictions of the shell–
model interactions, from which we can extract the calculated main 
contribution in the wave function.

The experimental g-factors for the 1/2− ground states of 
69,71,73Zn and the isomeric states in 75,77Zn are in good agreement 
with the effective SP value for the νp1/2 orbit. The (νp1/2)

1 led 
wave function configuration for these states is confirmed by the 
calculations in the f5pg9 model space that predict a >50% contri-
bution from a νp1/2 hole configuration for the ground states and 
>60% for the isomers. The calculated magnetic moments appear 
to systematically underestimate the measured values of the 1/2−

states. Further theoretical investigations are needed to understand 
this.

Fig. 3. Measured g-factors of the ground and isomeric states of 65–79Zn. The ob-
served results are compared to the effective SP values (parity in brackets) and 
predictions of shell–model interactions (see text for details).

The ground states of 65,67Zn (N = 35, 37) both have spin 5/2+

and their g-factor is in good agreement with that for an unpaired 
neutron configuration in the ν f5/2 orbital. The high-spin states in 
the 69–79Zn isotopes, having spins 9/2+ , 5/2+ and 7/2+ , all have 
a g-factor that is very close to that for an unpaired neutron con-
figuration in the νg9/2 orbital, suggesting this is the leading term 
in their wave function.

For the isomeric 9/2+ states in 69,71Zn and the 9/2+ g.s. in 
79Zn, a single unpaired g9/2 neutron configuration is expected to 
dominate the wave function. That is confirmed by the large-scale 
shell–model calculations from JUN45 and jj44b, which predict this 
configuration to have the largest contribution indeed: about 50% 
in 69Zn (N = 39), 40% in 71Zn (N = 41) and nearly 100% in 79Zn 
(N = 49). The excellent agreement of the calculated magnetic mo-
ments with the observed value for the 79Zn g.s. with all interac-
tions (Table 2), illustrates the persistence of N = 50 as a shell gap. 
Also the values for the 7/2+ ground states in 75,77Zn are well re-
produced by all large scale shell–model calculations. The leading 
term in their wave function is a seniority-3 ν(g9/2)3

7/2 configura-

tion, which makes up roughly half of the wave function in 75Zn 
and 77Zn.

The 5/2+ isomeric state in 73Zn also has a g-factor that agrees 
well with the value for an unpaired g9/2 neutron configuration. 
Note that this 5/2+ g-factor does not agree with that of a νd5/2

ISOLDE: R.Orlandi et al., Phys. Le^s. B 740, 298 (2015). 

ISOLDE: X. F. Yang et al., PRL 116, 182502 (2016). 
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model calculations.
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in [32]. Precise hyperfine constants A(3 P2) and B(3 P2) [27] are used.

(A3DA-m and LNPS-m) the agreement becomes better for 77Zn. 
However, for the less exotic isotopes the level ordering is still 
not well reproduced. These interactions predict a positive-parity 
1/2+ level in 79Zn, although it appears at 1.8 and 1.5 MeV respec-
tively, well above the experimental energy of 1.10(15) MeV [14]. 
The magnetic moment of this level motivated a further extension 
of the model space, as realized in the PFSDG-U interaction. In this 
extended model space an isomeric 1/2+ level is found at the ex-
perimental energy.

5. Ground and isomeric state g-factors and wave functions

In the f5pg9 model space used for JUN45 and jj44b, we use 
geff

s = 0.7gfree
s for magnetic moment calculations, and effective 

charges eeff
p = 1.5e, eeff

n = 1.1e [35]. These interactions were used 
in our previous work on the nuclear moments and spins of the Cu 
and Ga ground states [40,3], reproducing these observables rather 
well. The LNPS-m and A3DA-m interactions start from a 40Ca core 
and include also the d5/2 orbital, thus using a fpg9d5 model space. 
The neutron f7/2 orbit is blocked for the LNPS-m calculations, 
but this has no influence on the spectroscopy of the neutron-rich 
(N > 38) isotopes. Free g-factors can be applied in this extended 
model space. Furthermore, the effective neutron charge can be re-
duced to eeff

n = 0.46e because of the inclusion of the νd5/2 orbital, 
while the proton charge is taken as eeff

p = 1.31e [38]. The nuclear 
moments have been calculated for the lowest lying energy level 
with the confirmed spin assignment.

The nuclear magnetic moment provides a sensitive probe of 
the wave function of the state. By comparing the measured mag-
netic moments, and more specifically the corresponding g-factor 
(g = µ/I) to the effective SP values of nearby orbitals, the lead-
ing contributions to the wave functions can be deduced (Fig. 3). 
These values are also compared to the predictions of the shell–
model interactions, from which we can extract the calculated main 
contribution in the wave function.

The experimental g-factors for the 1/2− ground states of 
69,71,73Zn and the isomeric states in 75,77Zn are in good agreement 
with the effective SP value for the νp1/2 orbit. The (νp1/2)

1 led 
wave function configuration for these states is confirmed by the 
calculations in the f5pg9 model space that predict a >50% contri-
bution from a νp1/2 hole configuration for the ground states and 
>60% for the isomers. The calculated magnetic moments appear 
to systematically underestimate the measured values of the 1/2−

states. Further theoretical investigations are needed to understand 
this.

Fig. 3. Measured g-factors of the ground and isomeric states of 65–79Zn. The ob-
served results are compared to the effective SP values (parity in brackets) and 
predictions of shell–model interactions (see text for details).

The ground states of 65,67Zn (N = 35, 37) both have spin 5/2+

and their g-factor is in good agreement with that for an unpaired 
neutron configuration in the ν f5/2 orbital. The high-spin states in 
the 69–79Zn isotopes, having spins 9/2+ , 5/2+ and 7/2+ , all have 
a g-factor that is very close to that for an unpaired neutron con-
figuration in the νg9/2 orbital, suggesting this is the leading term 
in their wave function.

For the isomeric 9/2+ states in 69,71Zn and the 9/2+ g.s. in 
79Zn, a single unpaired g9/2 neutron configuration is expected to 
dominate the wave function. That is confirmed by the large-scale 
shell–model calculations from JUN45 and jj44b, which predict this 
configuration to have the largest contribution indeed: about 50% 
in 69Zn (N = 39), 40% in 71Zn (N = 41) and nearly 100% in 79Zn 
(N = 49). The excellent agreement of the calculated magnetic mo-
ments with the observed value for the 79Zn g.s. with all interac-
tions (Table 2), illustrates the persistence of N = 50 as a shell gap. 
Also the values for the 7/2+ ground states in 75,77Zn are well re-
produced by all large scale shell–model calculations. The leading 
term in their wave function is a seniority-3 ν(g9/2)3

7/2 configura-

tion, which makes up roughly half of the wave function in 75Zn 
and 77Zn.

The 5/2+ isomeric state in 73Zn also has a g-factor that agrees 
well with the value for an unpaired g9/2 neutron configuration. 
Note that this 5/2+ g-factor does not agree with that of a νd5/2

ISOLDE: R.Orlandi et al., Phys. Le^s. B 740, 298 (2015). 

ISOLDE: X. F. Yang et al., PRL 116, 182502 (2016). 
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2+ state at ISOLDE Coulomb excitacon : J. Van de Walle et al., PRL 
99, 142501 (2007).  

RIKEN inelascc sca^ering and proton removal: 9Be(80Zn,80Zn) and 
9Be( 81Ga,80Zn) : 
Y. Shiga et al., PRC 93 024320 (2016).

5+,6+ : K. Sieja and F. Nowacki , PRC85  051301(R) (2012)

1 Motivation

1.1 Evolution of the N = 50 shell gap

The main objective of the proposal is to explore the evolution of the neutron N = 50
shell gap towards 78Ni. The evolution of the N = 50 shell closure comprises the nuclei
from Z = 40 (90Zr) to Z = 28 (78Ni) along the N = 50 isotonic chain. The present study
proposes to determine the size of the gap and changes in the e↵ective single-particle
energies via neutron excitations above the N = 50 shell gap, which is between ⌫2d5/2
and ⌫1g9/2 orbitals. Identification of the excited states due to these 1p � 1h intruder
configurations in N = 50 isotones gives direct knowledge of the evolution of the N = 50
gap and the single-particle orbitals [1].
The calculated wave functions for the particle-hole (np�nh, n=1,2,3,4 at most) excitations
above the N = 50 shell gap show the presence of a significant component of 1p � 1h
excitation with the (⌫1g�1

9/2⌦⌫2d15/2) configuration [2]. Similarly, large scale shell-model
(LSSM) calculations using pf -shell orbitals for protons and f5/2, p, g9/2, and d5/2 orbitals
for neutrons concluded that neutron excitations above the N = 50 gap are important
in order to understand changes in the neutron e↵ective single-particle energies [3]. The
calculations predicted the shell gap to reach a minimum at Z = 32 and increase towards
Z = 28 as expected. The resulting states arising from the (⌫1g�1

9/2⌦⌫2d15/2) configuration

form a multiplet with J⇡=2+, 3+, 4+, 5+, 6+, 7+.

Figure 1: (a) Evolution of the 1p � 1h excited states in the even-even N = 50 isotones. (b) Experimental level scheme of
80Zn from [9] (green). States at 3.7 and 3.8 MeV (blue) are predictions from the SM calculations [3]. The estimated 3s1/2
states at 3.9 and 4 MeV (red) are also given See the text for the details.

Figure 1a shows the experimentally identified 1p � 1h states in the even N = 50 iso-
tones. A complete identification of these multiplets along the N = 50 isotonic chain has
been done for 90

40Zr and
88
38Sr so far via one-neutron pickup reactions, 91Zr(3He,↵)90Zr and

87Sr(d,p)88Sr, respectively [4, 5]. Starting from 86
36Kr, the multiplet was only partially

identified [6]. The 82
32Ge nucleus is the last member of the chain where only the 5+ and

2

0+



to ⇠30 mb with increasing spin while from ⇠25 to ⇠35 mb for the l = 0 states, shown in
Fig. 2b. Figure 2c shows the calculated di↵erential cross sections as a function of proton
scattering angle in the center of mass for both multiplets. The obtained single-particle
and di↵erential cross sections as well as gamma-decay patterns given in Fig.1b are used
as input in the Geant4 simulations in the next section. A spectroscopic factor of 1 is
assumed in the DWBA calculations.
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Figure 2: (a) Excitation energies and (b) single-particle cross sections for the 2d5/2 (blue) and 3s1/2 states (red). (c)
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2 Experiment

We propose to measure the neutron particle-hole states of 80Zn via single-neutron transfer
reaction 79Zn (d, p) 80Zn in inverse kinematics. The 79Zn beam will be post-accelerated to
an energy of 395 MeV (5 MeV/A), impinging on a 1 mg/cm2 deuterated-polyethylene CD2

target. The target thickness is chosen to provide su�cient statistics for the population of
the states of interest and results in 1 MeV of an energy resolution for the proton detection
which is rather poor. Nevertheless, a thinner target would not provide a significant
improvement as the excited states are expected to lie rather close in energy in the present
case. The particle-� (p�) coincidence technique will be used for the identification of the
excited states whether they are d (l = 2) or s (l = 0) type. It has been already employed
successfully by previous studies at REX-ISOLDE [15]. Furthermore, p�� coincidence
analysis will help build the level scheme. A production yield of 5⇥105 ions/µA for 79Zn
has been previously achieved using a UCx target and laser ionized using RILIS [16] at the
target position. Assuming an average 1.6µA of proton beam current and a 5% transmission
e�ciency to the MINIBALL beam line, the beam intensity on the MINIBALL target has
been estimated to be about 4⇥104 pps. The experimental setup will consist of the T-REX
silicon-detector array [17] coupled to the MINIBALL �-ray spectrometer [18]. This setup
permits the detection of the emitted protons in coincidence with the � rays de-excited
from the residual nucleus.

Geant4 simulations have been performed using the nptool simulation package [19]. In
addition to the detector geometries, the single-particle and di↵erential cross sections given
in Fig.2b and c are implemented in the simulations. Figure 3a shows the energy versus
laboratory angle, ✓lab, for the scattered protons detected in the T-REX particle array
resulting in an acceptance of 60% for the particle detection. With a 1 mg/cm2 target
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DWBA Calculations via FRESCO 
to ⇠30 mb with increasing spin while from ⇠25 to ⇠35 mb for the l = 0 states, shown in
Fig. 2b. Figure 2c shows the calculated di↵erential cross sections as a function of proton
scattering angle in the center of mass for both multiplets. The obtained single-particle
and di↵erential cross sections as well as gamma-decay patterns given in Fig.1b are used
as input in the Geant4 simulations in the next section. A spectroscopic factor of 1 is
assumed in the DWBA calculations.
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2 Experiment

We propose to measure the neutron particle-hole states of 80Zn via single-neutron transfer
reaction 79Zn (d, p) 80Zn in inverse kinematics. The 79Zn beam will be post-accelerated to
an energy of 395 MeV (5 MeV/A), impinging on a 1 mg/cm2 deuterated-polyethylene CD2

target. The target thickness is chosen to provide su�cient statistics for the population of
the states of interest and results in 1 MeV of an energy resolution for the proton detection
which is rather poor. Nevertheless, a thinner target would not provide a significant
improvement as the excited states are expected to lie rather close in energy in the present
case. The particle-� (p�) coincidence technique will be used for the identification of the
excited states whether they are d (l = 2) or s (l = 0) type. It has been already employed
successfully by previous studies at REX-ISOLDE [15]. Furthermore, p�� coincidence
analysis will help build the level scheme. A production yield of 5⇥105 ions/µA for 79Zn
has been previously achieved using a UCx target and laser ionized using RILIS [16] at the
target position. Assuming an average 1.6µA of proton beam current and a 5% transmission
e�ciency to the MINIBALL beam line, the beam intensity on the MINIBALL target has
been estimated to be about 4⇥104 pps. The experimental setup will consist of the T-REX
silicon-detector array [17] coupled to the MINIBALL �-ray spectrometer [18]. This setup
permits the detection of the emitted protons in coincidence with the � rays de-excited
from the residual nucleus.

Geant4 simulations have been performed using the nptool simulation package [19]. In
addition to the detector geometries, the single-particle and di↵erential cross sections given
in Fig.2b and c are implemented in the simulations. Figure 3a shows the energy versus
laboratory angle, ✓lab, for the scattered protons detected in the T-REX particle array
resulting in an acceptance of 60% for the particle detection. With a 1 mg/cm2 target

4

s.p. cross sections Differential cross sections

Parabola similar to 90Zr & 88Sr

7

LLSM

Next critical masses: 
 82Zn,77,79,81Cu, 76,78,80Ni

75-79Cu: Mass measurement at ISOLDE  
A. Welker et al., PRL 119, 192502 (2017).

N=50 gap

J. Hakala et al., Phys. Rev. LeF. 101, 052502 

Mass measurement at JYFLTRAP 
J. Hakala et al., Phys. Rev. LeF. 101, 052502 (2008)

Shell gap from mass measurements Shell gap from !-ray spectroscopy: 
1p-1h excitations across N=50

 1g7/2

 2d5/2

 3s1/2

N=50

 1g9/2

 2p1/2

Spin multiplets 
J"=2+,3+,4+, +,6+,7+

90Zr
88Sr

O. Sorlin and M.-G. Porquet, Prog. Part. Nucl. Phys. 61, 602 (2008). 



79Zn

Setup and Experiment 

Beam energy  (79Zn)                                         395 MeV  (5 MeV/nuc)     
Beam intensity on MINIBALL                          4x104  pps    —> 4x103 pps                     
Target thickness (CD2)                                      1 mg/cm2     —>  2 mg/cm2   
Cross seccons                                                    DWBA via FRESCO

79Zn(d,p𝛾)80Zn inverse kinematics

8

Isolde Database:  106 pps/𝛍C UCx

Suggested value from the earlier records: ~5.105 pps/𝛍C UCx

1.6 𝛍C total proton intensity + 5% transmission eff. ==> 4x104 pps at MINIBALL
Rb/Ga contamination: 4x103 pps recommended by TAC .
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thickness and 4⇥104 pps of a beam intensity, an absolute photo-peak e�ciency of 6% at
1 MeV for MINIBALL, and an average cross section of 20 mb for the 2d5/2 and 28 mb for
the 3s1/2 states:

• 1400 particle-� rays and 150 particle-�� coincidence events on average for the 2d5/2

states from 2+ to 7+

• 1750 particle-� rays and 250 particle-�� coincidence events for each 3s1/2 state (i.e.
4+ and 5+) are expected after 7 days of beam time.

The requested beam time is necessary in order to obtain su�cient �� coincidence data
(for level scheme construction) and both proton and �-ray angular distributions for a clear
identification.
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Figure 3: (a) Simulated energy of the scattered protons as a function of theta angle in the laboratory reference frame. (b)
Simulated gamma-gated di↵erential cross sections for the states at 3.7 (l = 2) and 3.9 MeV (l = 0). The DWBA calculations
for l = 2 and l = 0 are included for comparison in both cases. Simulations take into account both T-REX and MINIBALL
e�ciencies. Number of events are obtained for 7 days of beam time.

The simulated �-gated di↵erential cross sections after 7 days of beam time are shown in
Figure 3b for the 5+ (⌫1g�1

9/2⌦⌫2d15/2) and 4+ states (⌫1g�1
9/2⌦⌫3s11/2). The sum of the �

gates at 526, 880, and 1721 keV is used for the 3700-keV state while the � gates of 726,
1080, and 1921 keV are summed for the 3900-keV state given in Fig. 1b. The comparison
of these distributions to the DWBA estimations indicates that the l = 2 and l = 0 angular
momentum transfers as well as the spin of the expected states can be identified once the
proton scattering distributions are selected via proper �-ray tagging.

2.0.1 79Zn(n,�) cross section and r-process around A = 80 mass region

The 79Zn(d,p�) reaction will populate the excited states up to the neutron-separation
energy (Sn= 6.2 MeV) thus, suitable for measuring the (n,�) cross section of the 79Zn
seed nucleus as will be explained below. This is particularly important for the sensitivity
studies of the neutron capture reaction in the context of the weak r-process that forms
primarily the A ⇠ 80 r-process peak [20]. At high excitation energy in the region of the
neutron binding energy, where the excited states form a quasi-continuum, the nucleus is
described by statistical properties such as the nuclear level density (NLD) and gamma-ray
strength function (gSF). Here, the NLD is the total number of states accessible in a given
excitation energy and the gSF is the probability that a � ray of a certain energy will be
emitted from an excited nucleus. The Oslo Method [21] will be used to extract these

5

dtarget=1mg/cm2dtarget=2mg/cm2

Ibeam=4x104 ppsIbeam=4x103 pps

•TREX angular coverage: 60% 
•MINIBALL efficiency on average 6% at 1MeV 
•Average cross section for    states : 20 mb   
•Average cross section for    states : 28 mb

ν1g−1
9/2 ⊗ ν2d1

5/2

ν1g−1
9/2 ⊗ ν3s1

1/2

(particle-𝛄) (particle-𝛄𝛄)

300 30

400 40

TOTAL: 21 shifts for physical runs + 3 shifts for beam preparationBeam time request
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to ⇠30 mb with increasing spin while from ⇠25 to ⇠35 mb for the l = 0 states, shown in
Fig. 2b. Figure 2c shows the calculated di↵erential cross sections as a function of proton
scattering angle in the center of mass for both multiplets. The obtained single-particle
and di↵erential cross sections as well as gamma-decay patterns given in Fig.1b are used
as input in the Geant4 simulations in the next section. A spectroscopic factor of 1 is
assumed in the DWBA calculations.
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Figure 2: (a) Excitation energies and (b) single-particle cross sections for the 2d5/2 (blue) and 3s1/2 states (red). (c)
Di↵erential cross sections for the 2d5/2 states (solid lines) and for the two 3s1/2 states (dashed lines)

2 Experiment

We propose to measure the neutron particle-hole states of 80Zn via single-neutron transfer
reaction 79Zn (d, p) 80Zn in inverse kinematics. The 79Zn beam will be post-accelerated to
an energy of 395 MeV (5 MeV/A), impinging on a 1 mg/cm2 deuterated-polyethylene CD2

target. The target thickness is chosen to provide su�cient statistics for the population of
the states of interest and results in 1 MeV of an energy resolution for the proton detection
which is rather poor. Nevertheless, a thinner target would not provide a significant
improvement as the excited states are expected to lie rather close in energy in the present
case. The particle-� (p�) coincidence technique will be used for the identification of the
excited states whether they are d (l = 2) or s (l = 0) type. It has been already employed
successfully by previous studies at REX-ISOLDE [15]. Furthermore, p�� coincidence
analysis will help build the level scheme. A production yield of 5⇥105 ions/µA for 79Zn
has been previously achieved using a UCx target and laser ionized using RILIS [16] at the
target position. Assuming an average 1.6µA of proton beam current and a 5% transmission
e�ciency to the MINIBALL beam line, the beam intensity on the MINIBALL target has
been estimated to be about 4⇥104 pps. The experimental setup will consist of the T-REX
silicon-detector array [17] coupled to the MINIBALL �-ray spectrometer [18]. This setup
permits the detection of the emitted protons in coincidence with the � rays de-excited
from the residual nucleus.

Geant4 simulations have been performed using the nptool simulation package [19]. In
addition to the detector geometries, the single-particle and di↵erential cross sections given
in Fig.2b and c are implemented in the simulations. Figure 3a shows the energy versus
laboratory angle, ✓lab, for the scattered protons detected in the T-REX particle array
resulting in an acceptance of 60% for the particle detection. With a 1 mg/cm2 target

4

Identification of states in the 
worst scenario: 

Low-spin states have lower cross 
section and energy behaviour also 
follows a certain trend (parabola) . 

One can use gamma-tagged proton 
angular distributions and see how 
this compares with the expected 
trends of the excitation energy and 
the s.p. cross sections. 

Plus shell model calculations might 
be helpful. 
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79Zn(d,pγ)80Zn 80Zn(d,pγ)81Zn

This proposal Accepted proposal Spokesperson: R. Orlandi 

Beam intensity

Target thickness

Expected yield

4x103 pps at MINIBALL 2.3x103 pps at MINIBALL

2 mg/cm2 2 mg/cm2

Required beam time 7 days 7 days

300 p𝛄 / 30 p𝛄𝛄 events for one l=2 state

400 p𝛄 /40 p𝛄𝛄 events for one l=0 state
350 p𝛄 events for the l=0 state, 1/2+

5x104 pps/𝛍C at UCx 3x104 pps/𝛍C at UCx

Special thanks to Sebastian Rothe

Future perspective: New neutron converter will increase expected yield as indicated in  IS556.   
Test has been done Ref: J.P. Ramos et al., NIMB 463, 357 (2020).

Alternative solution could be dropping the neutron converter 
(UCx + neutron converter + quartz line + RILIS)

IS556



Thank you
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Additional slides
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d5/2

g9/2

p1/2f5/2

(1p-1h ) states
neutron ESPEs at N=50

14

Evolution of the N = 50 shell gap  

proton neutron

Z=28

N=50

90Zr

1g9/2

 2d5/2

 1g7/2

 3s1/2

 1f7/2 

 1f
5/2

 2p
3/2

 2p
1/2

75-79Cu: Mass measurement at ISOLDE  
A. Welker et al., PRL 119, 192502 (2017).

N=50 gap

Figure: J. Hakala et al., Phys. Rev. LeR. 101, 052502 (2008)

Proton number

82Zn: R. N. Wolf et al., PRL 110, 041101 (2013)

ISOLTRAP

Interplay between monopole and 
quadrupole correlations are related to 
he N=50 shell gap:If the gap is 
reduced because of the pn monopole 
interaction, the correlations will be 
favoured.  

“correlated” gap 

N=50 gap from mass measurements

“Uncorrelated” gap 

Shell gap from mass is correlated.  
SM approach:  
K. Sieja and F. Nowacki , PRC85  051301(R) (2012) 
F. Nowacki et al., PRL 117, 272501 (2016) 
A. Welker et al., PRL 119, 192502 (2017). 

Mean-field approach: 
M. Bender et al. PRC78, 054312 (2008) 

Correlation effects can be explored and help theory



79Zn(d,p)80Zn 

Qg.s.=4.064 MeV
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1934 SETH, BUZ ARD, PICARD, AND BASSANI

as sy/Q transitions to states in "Sr are in remark-
able agreement with the strengths of the corre-
sponding single transitions to the g.s. and the first
excited state of "Sr. The values are about 5%
smaller than the sum rule limits. This is of
course well within the limits of experimental un-
certainties and those associated with the DWBA
analy sl s.
In Table V we list the results of Cosman and

Slater besides our own. A comparison reveals
that our G,~ values for d», transitions are about
25% larger than theirs and the values for s», tran-
sitions are approximately 10% larger. The two
DWBA analyses are so different that differences
of this magnitude are not surprising. We have al-
ready discussed the various components of these
differences in the preceding sections.

5. DISCUSSION AND SPECULATIONS

Without knowledge of the 8 values for individual
states we can examine the summed strengths and

energy centroids for the 2d», and 3sy/g transfers.
We define

G, q= QG,q,

E»=PE,*, G» QG„,
where l and j refer to those of the transferred par-
ticle and J refers to the final state spin. These
quantities are tabulated in Table VI for "Sr and
Sr.
The average particle(fj)-hole(l'j'} interaction

may be defined as

V(lj, 1'j') =&(lj, l'j') —[E(ssSr)—E("Sr)]„,
where h(lj, l'j') =S„(~Sr)—S„("Sr)=4.753 MeV is
the difference of the last neutron separation ener-
gies in "Sr (g», } and "Sr (d», }. We then get
V(d,q„g9,2 ') =4.753 —(4.539 —0.0) =0.214 MeV,
V(s»„g», ') =4.753 —(5.528 —1.031) =0.256 MeV.

IO

(d, p) sr
E(«%

One can attempt to do a more detailed analysis
of the particle-hole interaction provided one knows
the J value of the states in question. We shall now

40M
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FIG. 8. Measured differential cross sections and
DWBA fits for / = 2 transitions. A11. fits are based on
NLFR calculations using L/B parameters.

FIG. 9. Measured differential cross sections and
DWBA fits for / = 0 transitions. Al.l fits are based on
NLFR calculations using L/B parameters.

"Sr(d, P}"Sr REACTION 1935

TABLE V. Summary of (d,p) results for levels in Sr.

Level
No. ~ E* (keV)

Cosman and Slater ~

l G)~c G88lf

This experiment b

J fl'

G89 (assumed) d F88lf

5
6
7
8
10
12
13
17

(1836)
4032
4294
4413
(4450)
4514
4633
4744
5094

2 0.126
2 0.279
2 0.376
2 0.875
2 0.083
2 1.080
2 0,564
2 0.805
2 1.040

5.228

2 (0.13)
2 0.35
2 0.53
2 1.18
(2) (-0.10)
2 1.31
2 0,68
2 0.14
2 1.33

5.75

5.86

5.86

2'
2+
4+
[5]'
[4]+
[6]'
[3]'
[4]'
[7]'

0.25
0.71
0.59
1.07
(0.11)
1.00
0.97
0.28(0.16)
0, 89

15
21
22
23
25
26
32

4873'
5416
5466
(5506)
5729
(5780)
(6214)

0 0.230
0 0.105
0 0.563
0 0.027
0 0.789
0 0.405
0 0.031

2.150

0 0.24 ~
0 0.13
0 0.61
(0) (0.01
0 0.94
0 0(+0.03) 1.92
(0) (-0.03)

1.95 1.92

[4]+
[5]'
4+

[5]'

0.26'
0.12
0.67

0.85

' Cosrnan and Slater (Ref. 6).
NLZR analysis with spin-orbit potential for transferred neutron. Normalization constant

=1.65. G&& for 1836 keV state is from the data of Cosman and Slater (Ref. 6). Transitions to
the 4450, 5506, and 6214 keV state could be observed at a few angles only, and E* or l value
could not be determined with confidence. The G&~ values quoted for these transitions are
based on the l assignment of Ref. 6, and on the partial data available from our experiment.

LZR analysis with no spin-orbit potential for transferred neutron. Normalization constant
=1.48.
For discussion of assumed spin values, see text.

e The filled in appearance of the 20' minimum in the predominantly l = 0 angular distribution
for this state allows us to also analyze it as a mixed l =0+2 transition. Such analysis leads
to S(l =0) =0.20 and S(l =2) =0.18. This may very well account for the missing 4' (l =2)
strength above.

attempt to do such analysis on the basis of some
"reasonable speculations" about J values of the
states observed by us.
The "Sr ground state is expected to be (P,I2), '

to a very good approximation. The low lying states
are supposed to be states produced primarily by
rearrangement of these two proton holes in the
lf-2P orbits. " This gives rise to positive parity
states with J" ranging from 0' to O'. Indeed up to
4 MeV excitation these states dominate the spec-
trum and, as expected, they are strongly populat-
ed in proton pickup reaction "Y(d, 'He), "but not in
neutron transfer reaction Sr(d, P). Above 4 MeV
excitation positive parity states with J" from 2'
to 7' can arise via neutron 1p-1h excitations, with
a g», neutron hole and a d5/Q si/g or d3/2 neutron
particle. These states are only very weakly popu-
lated in the "Y(d, 'He) reaction, but must indeed
be the states strongly excited in our "Sr(d, P} ex-
periment. These states can of course mix with the
proton-hole states but our experimental results

TABLE VI. Summed strengths and energy centroids.

88Sr
89Sr

2 dr/2
G,f E„.(MeV)
5.75 4.539
5.86 0

3 Sg/2
G) Eif (MeV)

1.95 5,528
1.92 1.031

suggest that except for the 1836 keV 2' collective
state no appreciable strength is shared with the
low lying proton-hole states. This is borne out by
the fact that essentially all the strength of both the
(g„,'d„,) and (g», 's„,) configurations ()95%) is
observed in the few states between 4 and 6 MeV.
Further, we find that there is no noticeable mix-
ing of l =0 and 1=2, which indicates that even the
4' and 5' states of (g„,'d», ) and (g», 's», ) re-
main unmixed. Under these circumstances one
expects that the members of a multiplet will be
essentially unfragmented and can be expected each
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E(νd5/2 – νg9/2) = parameter 

SM Calculations:
A.F. Lisetskiy, B.A. Brown, M. Horoi, H. Grawe, 
Phys. Rev. C 70 (2004) 044314. 
Interaction: JJ4B + SDI
Model spaces: pfg9+sdg
Inert Core nucleus: 56Ni
Tensor interactions are included

The SPEs relative to the 56Ni core have been derived 
from the SPEs with respect to the doubly-magic 78Ni 
core.

Equivalent of 5+,6+ states in 82Ge 
is found to be 13/2-, 15/2- in 83As

ES et al.,Nucl. Phys. A 893, 1-12 (2012) 

.
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Weak r-process

R. Surman et al., AIP Advances 4, 041008 (2014) 

Sensicvity study to the n-capture process in 
the context of neutron-rich supernova and 
collapsar accrecon disk winds.

Nuclear data relevant to r-process calculacons are (pin-
parity assignments, excitacon energies, spectroscopic 
factors and can be extracted from transfer reaccons, 
such as (d, p). 

weak r process—a rapid neutron capture process that 
forms a solar-type A ∼ 80 r-process peak and potencally 
nuclei up to the A ∼ 130 peak. 

79Zn(n,𝛄)

81Ge(n,𝛄)
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+ 6 LaBr3

79Zn

67Ni

Experiment at ISOLDE (IS559): 66Ni(d,p)67Ni 

86Kr(d,p)87Kr iThemba 
V. W. Ingeberg, Master thesis 2016 
V.W.Ingeberg et al. Eur. Phys. J. A (2020) 56:68.

Oslo method in inverse kinematics

Preliminary

V. Ingeberg, to be submitted to PRC, Feb 2022. 
V. Ingeberg, PhD thesis to be submitted, Feb 2022
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72000 p-𝛄 coincidences 
in the raw Ex-Eg matrix
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