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Motivation: 68Ni (Z=28, N=40)

Tsunoda et al., JPhys Conf Ser 445 (2013) 
012028
Flavigny et al., Phys Rev C 91 (2015) 034310
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Prior to IS590 proposal

L.M.	Fraile	– GFN-UCM

ü Identified 0+ and 2+ states
→ R. Broda et al., Phys. Rev. C 86, 064312 (2012).
→ W.F. Mueller et al., Phys. Rev. C 61, 054308 (2000). 

üPosition of the 0+
2 state in 68Ni fixed: 1604 keV

→ F. Recchia et al., Phys. Rev. C 88, 041302(R) (2013). 
→ S. Suchyta et al., Phys. Rev. C 89, 021301(R) (2014). 
→ F. Flavigny et al., IS467, Phys. Rev. C 91 034310 (2015).

ü Investigation of 0+ states via 2n transfer reaction
→ 66Ni(t,p)68Ni in inverse kinematics (2013)

• Now published: F. Flavigny, J. Elseviers et al., Phys. Rev. C 99, 
054322 (2019)

üApproach to via 68Ni multiple experimental tools
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plastic(b)-plastic(e-) time

β-γ -E0 delayed coincidences 

F. Flavigny et al., Phys. Rev. C 91 034310 (2015).



6	November	2019

66Ni(t,p)68Ni (IS504 - Elseviers 2013)
F. FLAVIGNY et al. PHYSICAL REVIEW C 99, 054332 (2019)
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FIG. 4. Top: Average orbital occupancies of (a) neutrons and
(b) protons for 0+

1,2,3 and 2+
1 states in 68Ni calculated using the

A3DA-m interaction [15] (see text for details). Bottom: Two-nucleon
amplitudes between the 66Ni ground state and the 0+

1,2 states of 68Ni
[(c) and (d)] calculated using two different shell-model interactions
(A3DA-m [15] and JJ44pna [31]). All of the TNA contributions in
panel (c) add coherently to the two-neutron transfer cross section.

effective interaction as described in Ref. [15]. These MCSM
calculations reproduce well energies of low-lying states and
predict a triple-shape coexistence situation originating from
strong changes of shell structure within the same nucleus
driven largely by proton-neutron tensor interaction [15].
Dashed-blue lines on Fig. 3 result from the same cross-section
calculations but using TNAs obtained from a shell-model
calculation in the restricted neutron 0 f5/2, 1p3/2, 1p1/2, 0g9/2

model space (taking 56Ni as a core) with the JJ44pna effective
interaction [31] and the NUSHELLX code [33].

In line with our main experimental observations for the
0+

1,2 states, all the calculations predict a transfer cross section
to the 0+

2 state significantly smaller compared to the ground
state (21% and 9% using the A3DA-m or JJ44pna interaction,
respectively). The origin of this reduced 0+

2 population can
be interpreted starting from the calculated average nucleon
occupancies displayed in Figs. 4(a) and 4(b) together with the
detailed components of the TNAs between the 66Ni ground
state and the 0+

1,2 states of 68Ni [Figs. 4(c) and 4(d)]. In-
deed, the average neutron occupancies displayed in Fig. 4(a)
indicate that the 0+

2 contains a strong contribution from
configurations where neutrons are excited from the p f shell
to the g9/2 above the N = 40 gap (resulting in an average
occupancy of 2.3 neutrons), whereas the 0+

1 ground state is
dominated by neutrons in the p f shell with a much lower
weight of configurations with neutrons in the g9/2 orbital (0.9
neutrons in average). With respect to the 66Ni ground state,
the additional neutrons in 68Ni are thus mainly occupying the
p f orbitals (+1.8 neutrons in average) for the ground state
and the g9/2 orbital (+1.5) for the 0+

2 state. This structural
difference between the two states, reflected in their TNAs, is

enhanced in the two-neutron transfer cross sections due to the
rather different matching between the pair transfer on the g9/2
and the p3/2, p1/2, f5/2 orbitals.

This is illustrated in Figs. 3(a) and 3(b), where we show
with dotted lines the calculations assuming a pure (p1/2)2

and (g9/2)2 two-neutron transfer to the 0+
1 and 0+

2 (TNA =
1), respectively. Quantitatively, the pure (g9/2)2 pair transfer
above N = 40 is unfavored compared to the (p1/2)2 by a factor
of about 2 in the [4◦–16]◦ angular range (12 µb/21 µb) and
by a factor of about 16 in the full angular range (64 µb/1
mb). Due to this mismatch and the canceling of most of the
TNA components for the 0+

2 state apart from the (g9/2)2 one,
an overall hindrance of the cross section to the 0+

2 is predicted
and compatible with experiment.

Although this selective population mechanism seems de-
scribable schematically considering these two states as simple
0p-0h and 2p-2h configurations above the N = 40 gap, our
study shows that the spread of TNAs over multiple compo-
nents resulting from large-scale shell-model calculations is
important to reach a more quantitative description of the cross
section in general. This is especially clear for the ground
state in Fig. 3(a) where the coherent combination of the
full p f g TNA components from the shell model allows us
to describe about 70% of the measured differential cross
section while considering a pure (p1/2)2 two-neutron transfer
to the 0+

1 (TNA = 1) leads only to 11%. It is true that
a simpler two-state mixing approach, between the (p1/2)2

and the (p1/2)− 2(g9/2)2 configurations (somewhat similar to
the one followed in Ref. [34]), yields two sets of mixing
amplitudes, reproducing the ratio of integrated cross section
between the 0+

2 and 0+
1 state in the covered angular range,

but neither of these solutions simultaneously reproduce the
absolute amplitude and shape of both angular distributions.
Finally, differential cross sections calculated using the TNAs
obtained with the JJ44pna interaction in a restricted model
space reach a similar level of agreement with experiment
than the one calculated with the A3DA-m interaction for the
0+

1,2 confirming that proton excitations above the Z = 28 and
neutron excitation above N = 50 in the νd5/2 orbital seem
to play a reasonably minor role in the structure of these two
states.

For the 2+
1 state, different shell-model calculations with the

A3DA-m [15], JJ44pna [31], and the LNPS [14] interaction
link it with the 0+

2 state and thus predict its configuration as
based on neutron excitations in the g9/2 orbital. As a result,
the calculated angular distributions shown in Fig. 3(c) are
similarly dominated by the (g9/2)2 TNA component but are
about an order of magnitude smaller than the experimental
one. Within the current calculation framework, only a major
increase of the (p3/2)2, (p1/2 ⊗ p3/2), or (g9/2 ⊗ d5/2) TNA
components could enhance the cross section enough to re-
produce the magnitude of the measured cross section to the
2+

1 state. This is illustrated in Fig. 3(c), where we plotted
the calculations assuming pure configurations of this kind
using dashed black lines. This result seems somewhat dis-
crepant with the fact that measured B(E2, 2+

1 → 0+
2 ) transi-

tion strengths are well reproduced by these calculations using
the same interactions [19]. On the reaction mechanism side,
one could think of a coupling with another reaction channel,

054332-4

F. Flavigny, J. Elseviers et al.,
Phys. Rev. C 99, 054322 (2019)
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Aim of the experiment

L.M.	Fraile	– GFN-UCM

ü “Obtain precise gamma- and electron transition intensities 
between the 0+ and 2+ states”

ü Lifetime measurement of the 0+ at 2511 keV
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After the proposal

L.M.	Fraile	– GFN-UCM

ü b-decay to 68Fe (RIKEN), 68Ni level lifetime (NSCL)
110 G. Benzoni et al. / Physics Letters B 751 (2015) 107–112

Fig. 3. Partial level schemes following the β decays 68Mn → 68Fe (left) and 70Mn →
70Fe (right). Qβ values are taken from Ref. [40].

Table 1
γ -ray energies and relative intensities for the decay 68Mn → 68Fe (columns 1 
and 2) and 69Mn → 69Fe (columns 4 and 5). Column 3 reports transitions found 
in coincidence in the decay of 68Fe.

68Mn → 68Fe 69Mn → 69Fe

Eγ [keV] Irel [%] Coincidences Eγ [keV] Irel [%]

228.5* 3(2) 521, 1514 135.0 58 (15)
521 100(10) 865, 1250, 162.4 16 (12)

1514 325.1 100 (24)
865 38(7) 521 355.3 28 (18)
1250 16(6) 228.5, 521 393.3 22 (4)
1514 46(8) 521, 1250 521**

3500* 11(3) 631.5 7 (4)
1207.8 54 (11)
1514**

2037 44(13)

* Transitions not placed in the level scheme in Fig. 3.
** β-n channel.

each decay are labelled, while diamonds and asterisks mark tran-
sitions in the β-n channel and daughter decay, respectively.

We confirm the β-decay spectrum of 68Mn reported previously 
in Refs. [12,37], even if we see a different relative population of the 
transitions at 1250 keV and 1514 keV, with the latter being more 
intense than the first, while Liddick et al. [12] reported similar in-
tensity for those lines. The statistics for this decay allow to perform 
γ −γ coincidence studies, which support the level ordering shown 
in Fig. 3. Relative intensities and coincidence γ transitions are re-
ported in columns 2 and 3 of Table 1.

Decay transitions are reported for the first time for 69Mn →
69Fe. In addition to the limited statistics collected for this channel, 
the decay of 69Mn is expected to be fragmented over a number 
of states, thus preventing the observation of γ −γ coincidences. 
Table 1 reports the energy and relative intensity of the γ transi-
tions populated in 69Mn → 69Fe (columns 4 and 5). The intensities 
have been normalized to that of the 325-keV line, which, by anal-
ogy to the spectra of the neighbouring odd-mass isotopes [38,39], 
is expected to feed the ground state.

The strong population of the 521-keV and 1514-keV transitions 
seen in the decay spectrum of 69Mn points to a large neutron-
emission branch, in line with the value of 40(20)% extracted by 
the fit discussed previously. Following the β and β-n decay to 

the grand-daughter, in order to account for ground-state feed-
ing, we obtain a Pn value of 50(20)%, for the full chain 69Mn →
69Fe → 69Co.

It is to note that the delayed-neutron branch seems to be 
mainly decaying to the states at 521 keV and at 2035 keV in 
68Fe, and not to the state at 1386 keV: the 865-keV line, which 
is strongly populated in the direct decay, is not seen in the β-n 
branch of 69Mn. This might indicate a preferential population of 
specific states in the β-delayed neutron emission process.

In the bottom panel of Fig. 2, we show, for the first time, γ -ray 
transitions following the decay 70Mn → 70Fe. 70Mn is a hard-to-
reach nucleus, and it has to be stressed that this spectrum follows 
the implantation of 400 ions only, proving the efficiency and se-
lectivity achievable with the EURICA setup. From systematics we 
associate the 483-keV line to the 2+ → 0+ transition and the 
855-keV line to the 4+ → 2+ transition.

The proposed level schemes following the β decay of even-
mass isotopes are shown in Fig. 3. At variance with the previous 
study [12], which reported a value < 6%, the state at 2035 keV has 
an apparent β feeding of 18(6)%, and we also attribute a lower 
feeding to the ground state, < 29(6)%. The comparison of the de-
cay patterns of 68Mn → 68Fe and 70Mn → 70Fe shows a sudden 
change: in the case of 70Mn → 70Fe the feeding seems to prefer-
ably go to the proposed 4+ state, while the 2+ state is mainly 
fed by internal decay coming from higher-lying states. The sudden 
change of the spin population in the daughter nuclei indicates dif-
ferent spin of the ground state of the mother nuclei.

The experimental results have been compared to a shell-model 
calculation performed with the CD-Bonn NN potential in the Vlow-k
approach, described thoroughly in Refs. [41,42], including, in the 
model space, the proton 0f7/2 and 1p3/2 orbitals and the neutron 
1p3/2, 1p1/2, 0f5/2, 0g9/2 and 1d5/2 orbitals. The recent calculations 
reported in Ref. [21] have been extended, in the current work, to 
the 68,70Fe isotopes.

The shell-model calculation gives, for 68Fe, the 2+
1 state at 

545 keV and a 4+
1 state at 1434 keV, in good agreement with the 

experimental values of 521 and 1386 keV. The state at 1386 keV 
has been proposed as the yrare 2+

2 state in Ref. [12]. This assign-
ment has been made according to shell-model calculations exclud-
ing the 1d5/2 orbital from the neutron model space. In order to 
confirm that the removal of this orbital leads to an inversion of the 
4+

1 and 2+
2 states, we have performed shell-model calculations in a 

reduced neutron-model space consisting of only four orbitals: our 
calculations provide the 2+

2 level as second excited state, and the 
energy of the 4+ state increases to 1777 keV, which is in agree-
ment with the value of 1752 keV proposed in Ref. [12].

We propose the level ordering and tentative spin-parity assign-
ments shown in the left part of Fig. 3: the first excited state, at 
521 keV, is proposed to be the first 2+ state, and the level at 
1386 keV is tentatively assigned as Jπ = 4+ . The state at 2035 keV 
is interpreted as a low-J state, showing a branching ratio similar 
to that of the 2+ state: this can be either the second 2+ state or 
a second 0+ state. No direct ground-state decay from this state is 
observed.

Our shell model calculations predict, in the mother nucleus 
68Mn, a large number of states within few tens of keV, the ground 
state having Jπ = 0− and the first excited state, at 19 keV, Jπ = 2+ . 
The observed decay pattern, mainly feeding low-J states, points to 
a J< 3 assignment for the ground state of 68Mn, consistent with 
shell-model calculations. The present data are, most likely, affected 
by the pandemonium effect [43], and therefore, the assignment 
proposed is tentative.

In the case of 70Fe, we propose the level scheme shown on the 
right of Fig. 3: the first excited state, at 483 keV, is interpreted 
as the first 2+ state, while the second, at 1338 keV is interpreted 

G. Benzoni et al.,
Physics Letters B 751 (2015) 107–112 

B. Crider et al., 
Physics Letters B 763 (2016) 108–113 
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Fig. 1. (a) Time difference between the LaBr3(Ce) array and the implantation scin-
tillator, arbitrarily offset by 1000 ns, illustrating the prompt response for the 
1.61(2)-ps, 1077-keV, 2+

1 → 0+
1 , 68Zn transition. (b) Time difference gated on the 

448-keV, 6+ → 4+ transition in 70Ni. The curve was fit with a background sampled 
at an energy just less than the peak and a weighted linear combination of Gaus-
sian detector responses convoluted with an exponential decay. (c) Time difference 
gated on the 478-keV, 0+

3 → 2+
1 , 68Ni transition. The background shown was sam-

pled at an energy just less than the peak. (d) Time difference gated on the 307-keV 
(0+

2 ) → 2+
1

70Ni transition. The background shown was sampled at an energy just 
greater than the region of interest.

An upper limit was placed on the intensity of the 907-keV, 
0+

3 → 0+
2 E0 transition based on non-observation of the 1515-keV, 

(2+
3 ) → 0+

3 transition in the spectrum of γ rays populating the 0+
2

isomer [Fig. 2(c)]. An upper limit on the intensity of the 2511-keV, 
0+

3 → 0+
1 , E0 decay was based on the lack of a 1515-511-keV coin-

cidence, where a 511-keV signal would originate from the internal 
pair-production decay of the 2511-keV, 0+

3 → 0+
1 transition. The 

intensity limits result in branching ratio limits of B R907 < 0.0018
and B R2511 < 0.0173. Limits on monopole transition strengths 
were determined using the level lifetimes and electronic factors 
from the BrIcc code [34]. The summed E0 branch out of the 0+

3
state is consistent with the limit found in Ref. [16]. The branching 
ratios and half-life results are given in Table 1 and the low-energy 
level scheme summarizing the new experimental information is 
provided in Fig. 3.

Using a simple, two level mixing model with spherical and de-
formed unmixed states and assuming significant mixing only for 

Fig. 2. γ -ray spectrum recorded in SeGA coincident with the 68Ni 0+
2 → 0+

1 tran-
sition, (a) from 100 to 2500 keV, (b) around the 430-keV 2+

1 → 0+
2 transition, and 

(c) around 1515 keV, the location expected for the (2+
3 ) → 0+

3 feeding transition.

the 0+ states, information on the mixing and deformation dif-
ference between the 0+

1 and 0+
2 states in 68Ni can be obtained 

using the relation B(E2 : 2+
1 → 0+

1 )/B(E2 : 2+
1 → 0+

2 ) ∼tan2 θ [36], 
where θ is the mixing angle. A previous experiment placed a limit 
of cos2 θ > 0.7 from complementary data on relative cross sections 
populating the 0+

1 and 0+
2 states in the 66Ni(t,p)68Ni reaction [37,

38]. From the B(E2) values of Fig. 3 and Table 1, a mixing ampli-
tude of cos2 θ = 0.74(7) is determined (for reference, in the case 
of maximal mixing cos2 θ = 0.5). While the work in Ref. [37] was 
unable to distinguish between values representing a strong mixing 
between the p1/2 and g9/2 orbits and those for a nearly closed-
shell configuration, the present results clearly favor the mixed 
wave functions.

The magnitude of the electric monopole matrix element can 
be written using the relationship ρ2(E0) = (Z 2/R4

0)cos2θ(1 −
cos2θ)[$⟨r2⟩]2, where $⟨r2⟩ is the difference in mean-square 
charge radii between states involved in the decay [42]. Using the 
known value ρ2(E0 : 0+

2 → 0+
1 ) = 0.0076(4) [10] and the mix-

ing angle calculated from this work, a difference in mean-square 
charge radii of 0.17(2) fm2 was determined. Under the assump-
tions of a spherical 0+

1 state and an axially symmetric deforma-
tion, an absolute value of the intrinsic quadrupole moment of 
93(5) efm2 is obtained for the 0+

2 state. This value is consistent 
with the prediction of −95 efm2 made earlier [10].

To appropriately describe the results in Fig. 3 and Table 1, the-
oretical calculations must simultaneously reproduce a large B(E2 :
2+

1 → 0+
2 ) value, a low 0+

3 energy, and the measured 0+
3 half-life in 

68Ni combined with the new 0+
2 lifetime in 70Ni. Numerous the-

oretical studies have been performed to understand structure in 
the vicinity of 68Ni [19,21,22,43–45]. A significant dividing line be-
tween theoretical treatments is whether proton excitations across 
the Z = 28 gap are included. The JUN45 interaction (among others; 
see e.g. Ref. [10]) explicitly prohibits proton excitations and consid-
ers a model space containing the f5/2, p3/2, p1/2, and g9/2 neutron 
single-particle orbitals. The interaction is able to reproduce the 
energy of the 0+

2 state in 68Ni, as can calculations that use interac-
tions developed in the larger f pg9/2d5/2 model space for protons 
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1 and 0+
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unable to distinguish between values representing a strong mixing 
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shell configuration, the present results clearly favor the mixed 
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The magnitude of the electric monopole matrix element can 
be written using the relationship ρ2(E0) = (Z 2/R4

0)cos2θ(1 −
cos2θ)[$⟨r2⟩]2, where $⟨r2⟩ is the difference in mean-square 
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known value ρ2(E0 : 0+

2 → 0+
1 ) = 0.0076(4) [10] and the mix-

ing angle calculated from this work, a difference in mean-square 
charge radii of 0.17(2) fm2 was determined. Under the assump-
tions of a spherical 0+

1 state and an axially symmetric deforma-
tion, an absolute value of the intrinsic quadrupole moment of 
93(5) efm2 is obtained for the 0+

2 state. This value is consistent 
with the prediction of −95 efm2 made earlier [10].

To appropriately describe the results in Fig. 3 and Table 1, the-
oretical calculations must simultaneously reproduce a large B(E2 :
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2 ) value, a low 0+

3 energy, and the measured 0+
3 half-life in 

68Ni combined with the new 0+
2 lifetime in 70Ni. Numerous the-

oretical studies have been performed to understand structure in 
the vicinity of 68Ni [19,21,22,43–45]. A significant dividing line be-
tween theoretical treatments is whether proton excitations across 
the Z = 28 gap are included. The JUN45 interaction (among others; 
see e.g. Ref. [10]) explicitly prohibits proton excitations and consid-
ers a model space containing the f5/2, p3/2, p1/2, and g9/2 neutron 
single-particle orbitals. The interaction is able to reproduce the 
energy of the 0+

2 state in 68Ni, as can calculations that use interac-
tions developed in the larger f pg9/2d5/2 model space for protons 
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Experiment, part 1

L.M.	Fraile	– GFN-UCM

68Mn
28 ms

68Fe
132 ms

68Com

1.6 s

68Ni
29 s

Life timing measurement 
of the 0+

3 state

12 shifts granted by INTCEstimates: 
b-g(LaBr3(Ce)): 2663 counts/14 shifts
b-g(Ge)-g(LaBr3(Ce)): 40 counts/14 shifts
g(LaBr3(Ce)) - g(LaBr3(Ce))
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Experiment, part 2

L.M.	Fraile	– GFN-UCM

Gamma- and electron 
spectroscopy (Si box - Ge 
clover array)

Si
Tape

Si box + 4 Ge clovers

• Ge eff. for 2033 keV detection: 3.4 %
• b/electron efficiency: 60%
b - g(2033): 26600 counts/experiment 
→ Ig (limit) < 0.1%
b - (e+-e-2.5 MeV pair) - g(511): 43 counts

14 shifts requested

12 shifts granted by INTC
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Beamtime details (for part 1)

L.M.	Fraile	– GFN-UCM

ü A beam test + 2 (3) unsuccessful beamtimes (2014, 2015)

ü Experiment done in September 2015

→ 10 shifts of effective beam time, 2 shifts several problems

→ about 1.5 shifts on beam optimization, Ga to Mn ratio

→ Total of ~8.5 68Mn shifts with real data

ü Yields and 68Mn activity 

→ Database (updated): 4.0 / µC

→ Proposal: 5.5 /s assuming ~1.9 uA and 70% transmission

→ Average yield down by a factor of ~ 4-5  (1.51 /s)

→ Peak yields: 7.5 /s, 3.8 /s for data

• Transmission not optimal ~75%

• Beta detector efficiency
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Analysis
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Amount of counts in the 1514-keV –
478-keV (Clover): 41(7)

Efficiency corrected ~ 47k
Amount of counts in the 2033-keV –
478-keV (Clover): 62(8)

Efficiency corrected ~ 84k

FIG. 3. (Color online) β-gated γ -ray spectrum in the time window [350, 2200] ms after the proton pulse
impinged on the target when (blue) lasers are tuned to resonantly ionize Mn and (red) lasers are off. The 
laser-off spectrum was scaled to the laser-on one using the 1313-keV peak from 136I for comparison. 
Symbols indicate lines associated with: 68Co decay (stars), 68Fe decay (squares), 67Fe and 67Co decay
after β-delayed neutron emission (triangles), laser off 68Ga and 136I contaminants decay (circles).

F. Flavigny et al. 
PHYSICAL REVIEW C 91, 034310 
(2015)

478
511
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Walk corrections b response

Gate on ”high” energy
gamma at 1009 keV

138Cs source

Fast timing calibrations

Walk corrections FEPs for LaBr3(Ce)
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y = -75.84ln(x) + 4096.8

y = 74.051ln(x) + 3221.7
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Analysis

L.M.	Fraile	– GFN-UCM

ü Background subtraction (68Ga)
ü Timing calibrations
ü Gate selection

→ Beta-gamma-gamma(t) 
• Optimized beta, clean Ge-bckg, LaBr3(Ce) selection… 

→ Gamma-gamma(t) 2033 – 478 keV LaBr3(Ce)
• One start – stop combination
• Order  of 10 counts in both
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Analysis: 68Fe

L.M.	Fraile	– GFN-UCM
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ü Analysis ongoing for 68Fe
→ G.s. lifetime
→ Relative intensities
→ Level scheme
→ Pn value + g.s. feeding
→ Level lifetimes


