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Neutron-capture reactions on very neutron-rich nuclei are essential for heavy-element nucleosynthesis
through the rapid neutron-capture process, now shown to take place in neutron-star merger events. For these
exotic nuclei, radiative neutron capture is extremely sensitive to their γ-emission probability at very low γ ener-
gies. In this work, we present measurements of the γ-decay strength of 70Ni over the wide range 1.3≤ Eγ ≤ 8
MeV. A significant enhancement is found in the γ-decay strength for transitions with Eγ < 3 MeV. At present,
this is the most neutron-rich nucleus displaying this feature, proving that this phenomenon is not restricted to
stable nuclei. We have performed E1-strength calculations within the quasiparticle time-blocking approxima-
tion, which describe our data above Eγ ' 5 MeV very well. Moreover, large-scale shell-model calculations
indicate an M1 nature of the low-energy γ strength. This turns out to be remarkably robust with respect to the
choice of interaction, truncation and model space, and we predict its presence in the whole isotopic chain, in
particular the neutron-rich 72,74,76Ni.

I. INTRODUCTION

One of the most intriguing and long-standing scientific
quests is the understanding of the fundamental building blocks
in nature. Indeed, new paradigms have been established
as new and improved measurements have been made avail-
able. A striking example is the standard model of particle
physics [1], proven to be extremely robust and predictive. On
the nuclear scale, significant progress has been made as well,
but a unified theory describing all facets of nuclear structure
and dynamics for all nuclei is still lacking (see, e.g., Ref. [2]).

A particularly challenging task is to properly describe nu-
clear properties in the energy regime where the average spac-
ing, D, between the available quantum states is still larger than
the width Γ of the state, but so small that conventional spec-
troscopy is impractical or nearly impossible. This region, gen-
erally known as the quasi-continuum, is of particular interest
for studying nuclear dynamics such as breaking of nucleon-
Cooper pairs [3], as well as γ-decay resonances (see, e.g.,
Refs. [4–7] and references therein).

In addition to the pure nuclear-structure motivation, the
quasi-continuum is of vital importance to properly describe
and understand the creation of elements heavier than iron [8,
9], which has been identified as one of the “Eleven Science
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Questions for the New Century” [10]. A clear signature of the
rapid neutron-capture process (r-process) has finally been ob-
served: Gravitational waves from a neutron-star merger event
were observed with the Advanced LIGO and Advanced Virgo
detectors [11], and electromagnetic counterparts show that the
r-process has indeed taken place in this event [12]. Our de-
tailed understanding of the r-process is, however, still largely
hampered by the lack of crucial nuclear-physics input, such as
masses, β -decay probabilities, and radiative neutron-capture,
(n,γ), rates [9].

Two of the needed nuclear properties for understanding nu-
clear dynamics in the quasi-continuum as well as calculating
astrophysical (n,γ) reaction rates are the nuclear level den-
sity (NLD) and the γ-strength function (γSF). The former is
simply the average number of quantum levels per energy bin
as a function of excitation energy, while the latter is a mea-
sure of the average, reduced γ-decay probability. The γSF
is dominated by the E1 Giant Dipole Resonance (GDR, e.g,
Refs. [13, 14]).

In recent years, an unexpected enhancement in the γSF at
low γ energies (Eγ < 3−4 MeV) has been observed in many
f p-shell and medium-mass nuclei (e.g., Refs. [15–19]), with
138−140La [20, 21] and 151,153Sm [22] being the heaviest so
far. The multipolarity of this low-energy enhancement, re-
ferred to as the upbend in the following, has been experi-
mentally verified to be of dipole type [16, 22, 23]. However,
theoretical attempts to describe the upbend differ on the un-
derlying mechanism and electromagnetic character. The au-
thors of Ref. [24] find an enhancement in the theoretical E1
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FIG. 1: (Color online) (a) 70Ni raw γ spectra versus Ex; (b) unfolded γ spectra corrected for the SuN response functions for both Eγ and Ex;
(c) distribution of primary γ rays for each Ex bin. The dashed lines show the region used for the analysis. The pixels are 200 keV wide.

strength, while shell-model approaches [25–27] demonstrate a
large low-energy M1 enhancement at high excitation energies.
Shell model calculations including both E1 and M1 compo-
nents confirm the M1 upbend, but also predict the E1 γSF to
be constant for low energies [28]. A recent experiment on
56Fe, although hampered by limited statistics, indicates that
the low-energy enhancement could be a mix of both compo-
nents, with a small magnetic bias between 1.5 and 2 MeV
[29].

Turning to the r-process, the presence of an upbend could
increase the astrophysical (n,γ) reaction rates up to ∼ 2 or-
ders of magnitude for very neutron-rich nuclei [30]. Prompt
neutron-star merger ejecta correspond to a cold and neutron-
rich r-process where an (n,γ)− (γ,n) equilibrium will never
be established [9, 31]. Hence, (n,γ) rates will have a signifi-
cant impact on the r-process reaction flow and final abundance
distribution. It is therefore crucial to understand the nature of
this upbend and search for its presence in nuclei far from sta-
bility.

In this article, we present NLD and γSF measurements of
the neutron-rich nucleus 70Ni, using the newly developed β -
Oslo method [32, 33]. Furthermore, we have calculated the
E1 strength within the quasiparticle time-blocking approxi-
mation (QTBA), and performed large-scale shell-model (SM)
calculations for a wide range of effective interactions and
model spaces, exploring the M1 strength within this frame-
work. We find that the upbend is indeed explained by the
shell-model calculations, and we predict its presence in the
whole isotopic chain, in particular the neutron-rich 72,74,76Ni.

II. EXPERIMENTAL DETAILS AND DATA ANALYSIS

The experiment has already been described in Refs. [33–
35]; a brief summary is given in the following. The exper-
iment was conducted at the National Superconducting Cy-
clotron Laboratory, Michigan State University, where 70Co

fragments were produced from a primary beam of 86Kr with
energy 140 MeV/A impinging on a ≈ 400 mg/cm2 Be target
and selected with the A1900 fragment separator [36]. The
fragments were implanted in a double-sided silicon strip de-
tector (DSSD) of 1-mm thickness mounted in the center of the
Summing NaI (SuN) total absorption spectrometer [37]. SuN
is a large-volume barrel consisting of eight optically isolated
segments, providing information on the individual γ rays,
while the sum of all detected γ rays gives the initial excitation
energy of the daughter nucleus. Coincidences between β−

particles and the fragment were determined by the DSSD us-
ing the implantation and β -decay pixel positions in the DSSD
and absolute times of the signals. The γ rays measured with
SuN were gated on the implantation-β -decay events to obtain
the γ-ray spectra of the daughter nuclei. The summing effi-
ciency of SuN varies with γ multiplicity and initial excitation
energy, and is, on average, ≈ 25−30%.

The individual γ-ray spectra versus the summed γ-ray en-
ergies (i.e., initial excitation energy Ex) of 70Ni are shown in
Fig. 1a; the total number of counts are about 72,000. The γ

spectra were unfolded along the Eγ axis with the technique
described in Ref. [38] using SuN response functions gener-
ated with GEANT4 [39, 40] simulations of the full setup.
Furthermore, due to the possibility of incomplete summing
and a high-energy tail induced by electrons from the β -decay
(Qβ = 12.3 MeV), we have also developed an unfolding tech-
nique for the summed γ-rays. This technique is based on the
one in Ref. [38] and will be presented thoroughly in a forth-
coming article [41]. The resulting unfolded matrix is shown
in Fig. 1b.

After unfolding, the distribution of primary γ rays for each
200-keV Ex bin was extracted by an iterative subtraction tech-
nique described in detail in Refs. [42, 43]. The basic principle
behind this technique is that, for a given excitation-energy bin
E j, the distribution of the first-emitted γ rays (i.e. branchings)
is determined by subtracting the γ-ray spectra from the lower
excitation-energy bins Ei< j. This is true if, for a given Ex bin,
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FIG. 2: (Color online) Matrix of primary γ rays as a function of exci-
tation energy. The dashed lines show the direct decay to the low-
energy levels marked with their spin/parity assignment (see text).
The bin width is 100 keV both on the γ-ray and Ex axis.

approximately the same spin distribution is populated directly
from the β -decay and by the γ decay into this bin from above.

Previous experiments have shown that the ground-state
spin/parity of 70Co is (6−,7−) [44, 45]. Assuming a
spin/parity of 6−, the β -decay will mainly populate lev-
els with spin/parity 5−,6−,7− in the initial Ex bins through
Gamow-Teller transitions. With one dipole γ transition either
of electric or magnetic type, the spins populated in the under-
lying bins are J = 4− 8 (both parities). On the other hand,
if the 70Co ground state has spin/parity 7−, the initial levels
of 70Ni will have spin/parity 6−,7−,8−, and the final levels
following one dipole transition will be J = 5−9. Further, al-
though the timing requirements in the data analysis strongly
favors population in 70Ni from the short-lived ≈ 100-ms
(6−,7−) level in 70Co, a small contribution from the longer-
lived ≈ 500-ms (3+) level could be present. We also note
that in a recent study of the decay chain 70Fe→70Co→70Ni
by Morales et al. [46], it is suggested that the spin/parity of
the longer-lived level could be (1+,2+).

In Fig. 2, we display the matrix of primary γ rays for each
excitation-energy bin, where the decay to some of the low-
energy levels are indicated with the dashed lines. It is obvious
that there is no direct decay to the ground state or to the (0+)
state at 1567 keV [50], as can be expected from an initial spin
population of J > 1. Thus, it is doubtful that the long-lived
level in 70Co is (1+) as indicated as a possibility in Ref. [46].
However, our data are fully consistent with both the suggested
(2+) [46] and the (3+) [44, 50] assignments. We will in the
following use (2+,3+) for the spin/parity assignment of this
level. Further, we observe some direct γ decay to the sec-
ond 2+ level at 1866 keV, as well as a much weaker direct
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FIG. 3: Projections of the unfolded Ex−Eγ matrix onto (a) the Ex
axis, and (b) the Eγ axis for a gate on Ex = 3.4− 3.8 MeV (dashed
lines in the upper panel). Transitions are labeled with their γ-ray
energies in keV.

γ decay to the first 2+ level at 1259 keV. This indicates that
even though the β decay from the 70Co (6−,7−) level is the
dominant component, there is also a weaker contribution from
the (2+,3+) long-lived state in our data. By inspection of the
decay curve, we find that the (2+,3+) contribution is indeed
small, of the order of 5−10%.

Moreover, we observe direct γ-decay to the 4+ level at
Ex = 2229 keV, which could be reached through E1 transi-
tions from 5− levels, or by M1 transitions from 3+ and 4+

levels populated from the long-lived (2+,3+) state in 70Co.
As the strongest decay to the 4+ level is seen at Ex ≈ 5.4 and
6.0 MeV, one would expect E1 dominance at such high exci-
tation energies, which is further supported by our calculations
presented in Sec. IV. Hence, we find that 70Co most likely has
spin/parity 6− in its ground state, although the 7− assignment
cannot be completely ruled out.

In Fig. 3a we show the projection of the unfolded γ-ray ma-
trix onto the excitation-energy axis. This spectrum represents
the distribution of level population in 70Ni through β decay of
70Co, and effectively demonstrates that there is no direct pop-
ulation of levels below Ex ≈ 2.5 MeV. This proves that there is
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no direct feeding from the (2+,3+) level to the low-lying lev-
els. Further, in Fig. 3b, we have projected the unfolded γ-ray
matrix onto the γ-energy axis, showing all transitions in the γ-
decay cascades for an excitation-energy gate of Ex = 3.4−3.8
MeV. This gate includes the cascades from the strongly popu-
lated (6−) level at 3592 keV stemming from the (6−,7−) 70Co
ground state, as well as a contribution from the 3510-keV level
populated via the (2+,3+) long-lived state. We clearly see
strong lines that can be identified (within their uncertainties)
to known decay cascades of the (6−) level [50], but in addition
we see weaker transitions of higher γ-ray energies, which are
likely originating from the level at 3510 keV populated from
the (2+,3+) level.

For the following analysis and comparison with the theo-
retical calculations, we would like to stress that there is no
major change in the conclusions drawn if the (7−) spin/parity
assignment turns out to be the correct one. Further, the contri-
bution from the (2+,3+) level in 70Co is quite small compared
to the (6−,7−) one, as demonstrated by the dominance of de-
cay to higher-spin levels in Figs. 2 and 3b. However, the very
strong direct population of the (6−) level at 3592 keV and the
non-population of lower-lying levels could cause problems in
the subtraction technique to obtain the primary γ-ray spectra.
Further, considering that the initial levels are dominantly pop-
ulated from the (6−,7−) level we will expect, on average, to
subtract somewhat too much of γ rays below ≈ 3 MeV, as the
underlying Ex bins will contain γ rays from a broader spin
range than what is populated directly through the β -decay.
Indeed, this is also what we observe in Figs. 1c and 2: the
higher-energy primary γ rays are not much affected as they are
dominantly primary transitions, but we clearly see that there is
a region for Ex ≈ 7−9 MeV where there are few low-energy
γ rays. This will lead to a poor estimate of the NLD at high
excitation energies, but will not hamper the extraction of the
γSF.

III. RESULTS

Having the distributions of primary γ spectra on hand for
each excitation-energy bin, we extracted the NLD and γ-
transmission coefficient for 70Ni using the least χ2 method
described in Ref. [47]. The main principle of this method is to
fit all data points in the selected region of the two-dimensional
landscape of primary γ rays with two functions; i.e., the ma-
trix of primary γ rays P(Eγ ,Ex), normalized for each Ex so
that ∑

Ex
Eγ=0 P(Eγ ,Ex) = 1, can be described with the product

ρ(E f ) ·T (Eγ) for the final excitation energy E f = Ex−Eγ .
Here, ρ(E f ) is the NLD and T is the γ transmission coef-
ficient; the γSF for dipole strength, f (Eγ), is derived from
T through f (Eγ) = T (Eγ)/2πE3

γ . Note that there are many
more data points in the selected region than fit parameters;
the simultaneous fit is thus providing a unique solution of the
functional form of the NLD and γSF.

The extracted NLD and γSF functions are normalized as
described in Ref. [33]; for the NLD, we make use of known,
discrete levels of 70Ni taken from Refs. [48–50]. and Hartree-
Fock-Bogoliubov plus combinatorial (HFB-c) calculations

taken from Ref. [51] using an Ex shift δ = −0.6,−0.8,−1.0
MeV. With these shifts we reproduce the appearance of the
first negative-parity level within ≈ 300 keV. The normalized
NLD is displayed in the left panel of Fig. 4. The γSF is nor-
malized to the recently measured E1 strength above the neu-
tron threshold of 68Ni by Rossi et al. [52] and shown in the
right panel of Fig. 4.

We observe that the present NLD displays a steeper slope at
Ex ≈ 1.5−2 MeV than previously due to the unfolding of the
Ex axis, thus achieving an excellent agreement with the dis-
crete levels for Ex ≈ 2−3 MeV. Also, the γSF clearly displays
an upbend consistent with the findings in iron isotopes [15, 16]
and 60,64,65,69Ni [35, 53–55]. This gives support to the hypoth-
esis that the upbend is a general feature, and is not restricted to
(near-)stable nuclei. Moreover, although rather scarce statis-
tics at the very highest γ energies, our data indicate an increase
in strength in the Eγ ≈ 8−9 MeV region. This feature is con-
sistent with the pygmy dipole strength found in 68Ni [52, 56].
Hence, our data prove the existence of the upbend in 70Ni, and
give a hint to the presence of a pygmy dipole resonance.

IV. THEORETICAL CALCULATIONS AND
COMPARISON WITH DATA

The high-energy part of the γSF (Eγ > 4 MeV) is expected
to be dominated by the E1 tail of the GDR. To describe the
GDR part, we have performed E1-strength calculations based
on the self-consistent extended version of the theory of fi-
nite Fermi systems (ETFFS) within the quasiparticle time-
blocking approximation (QTBA) [57–60] using the BSk17
Skyrme force [61]. The advantage of this approach is that it
includes self-consistently the quasiparticle random phase ap-
proximation (one-particle-one-hole excitations on the ground
state), phonon-coupling effects, and a discretized form of the
single-particle continuum spectrum. The Skyrme force is used
to calculate the mean field, effective nucleon-nucleon interac-
tion and phonon properties [59]. We emphasize that phonon-
coupling effects are crucial to obtain good agreement with
data.[59, 60]

The resulting E1 strength is shown in Fig. 7. The agree-
ment with the present data for Eγ ≈ 5− 9 MeV is excellent,
within the experimental error bars. As the QTBA calcula-
tion is built on the ground state, this indicates that the average
E1 strength between excited levels of Jinitial = 5−,6−,7− and
Jfinal = 4+−8+ is very similar to that of the 1− levels decay-
ing to the 0+ ground state, in accordance with the Brink-Axel
hypothesis [62–64].

To investigate the M1 radiation of 70Ni theoretically, we
employ shell model calculations using the codes KSHELL
[65] and NUSHELLX@MSU [66]. To probe the robustness of
the results, we use several different effective interactions. For
the KSHELL calculations we use JUN45 [67], which contains
the orbitals π(p3/2 p1/2 f5/2g9/2), ν(p3/2 p1/2 f5/2g9/2); and
two interactions called CA48MH1 and CA48MH2, which in-
clude the π f7/2 but exclude πg9/2. The CA48MH1 interaction
is solely based on many-body perturbation theory (MBPT),
i.e., the two-body matrix elements (TBMEs) are not tuned to
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Exp. CA48MH1G CA48MH2 JUN45 CA40FPG

B(E2;2+1 → 0+1 ) 172(28) 154.8 161.4 15.6 35.2
B(E2;6+1 → 4+1 ) 43(1) 120.0 230.7 5.7 24.5
B(E2;8+1 → 6+1 ) 19(4) 21.7 139.7 2.2 9.5

TABLE I: Comparisons of yrast B(E2) strengths (in units of e2 fm4)
between experiment [72] and SM calculations.

experimental data [68]. This is the same interaction that was
used in a recent study of Fe isotopes [27]. Further, CA48MH2
is derived from CA48MH1 by replacing the neutron-neutron
TBMEs with those of JJ44PNA [69], and modifying the diago-
nal π f7/2 matrix elements based on the experimental spectrum
of 54Fe.

For the NUSHELLX@MSU calculations we use an interac-
tion based on the GXPF1A p f shell interaction [70], extended
by MBPT-generated TBMEs to encompass the full f pg model
space for both protons and neutrons. This interaction was also
used to predict 70Co β -decay intensities for the present exper-
iment [34]. In the following we will refer to this interaction as
CA40FPG.

With the CA48MH model space, the full M-scheme basis
size of 70Ni is 1.2× 109 for each parity, and for CA40FPG it
is even larger. For calculations in the CA48MH model space,
we therefore restrict the maximum number of excited protons
from the f7/2 orbital to 2, as has been done in previous studies
[25–27], but with no truncations on neutrons. This reduces the
basis size to 2×107. In the CA40FPG calculations we restrict
the model space to the configurations π

(
f 8−tp
7/2 ( f5/2 pg)tp

)
,

ν

(
( f p)20−tng2+tn

9/2 g0
7/2

)
for tp, tn = 0,1. For JUN45, no trun-

cation is applied.
70Ni exhibits a complex low-energy structure. The second

excited state is Jπ = 0+ at E(0+2 ) = 1567 keV [50], and cal-

culations indicate it has a very different structure from the
ground state [49]. For the CA48MH1 interaction we find good
agreement with experiment by increasing the single-particle
energy of the νg9/2 orbital to 1.7 MeV. We will refer to the
interaction with this modification as CA48MH1G. This in-
teraction reproduces the low-lying spectrum to within a few
hundred keV, including features such as the excited 0+2 state
and the onset of negative-parity states at Ex ∼ 3 MeV. As
shown in Table I, B(E2) transitions strengths of the yrast
band are also excellently reproduced, with the exception of
the B(E2;6+1 → 4+1 ) which is a factor of 3 too high. The dras-
tic reduction in the experimental B(E2) strength of the yrast
band from (2+→ 0+) to (8+→ 6+) is discussed in [72], and
is attributed there to core polarization by the tensor interaction
that come into play for the lowest-lying states. The fact that
we reproduce this transitional behaviour of the B(E2) value
supports the applicability of the CA48MH1G interaction to
this nucleus, at least for the low-lying levels. Predicted level
schemes of the various interactions are shown in Fig. 5.

The CA48MH2 interaction is complementary to
CA48MH1G in that it overestimates the 0+2 energy. It
correctly predicts the B(E2;2+1 → 0+1 ) value, but fails to catch
the transitional behaviour along the yrast line. The JUN45
calculation systematically overestimates level energies, and
underestimates the B(E2) strengths by an order of magnitude.
Both calculations correctly reproduce the onset of negative
parity states. The CA40FPG calculation does not reproduce
the 0+2 band, but this is to be expected due to the significant
truncations applied to the model space.

The fact that we have such a diverse ensemble of interac-
tions that capture different features of 70Ni enables us to study
the robustness of shell model calculations up to the quasi-
continuum. We also probe the effects of model space trun-
cations, using 0, 1 and 2 proton excitations from f7/2 as well
as varying neutron truncations.
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FIG. 5: (Color online) Comparison of the experimental low-energy structure of 70Ni to calculations with ca48mh1g and jun45. The experi-
mental data is from [49] except the 0+2 state which is revised according to [50].

For each of the interactions, we calculate all states with
J ∈ [0,8] (J ∈ [0,14]), in the case of NUSHELLX (KSHELL)
for both parities up to Sn = 7.3 MeV or above, and B(M1)
strengths of all allowed transitions between states. For the cal-
culation of B(M1) values, effective gs factors of gs = 0.9gfree

s
have been used. We note that the recommended quenching
factor for JUN45 is gs = 0.9gfree

s , because the core closure
goes between spin-orbit partners ( f7/2 − f5/2). One could
therefore argue that a somewhat larger quenching should be
applied also for the 48Ca core interactions. This would serve
to reduce the M1 strength function somewhat.

We extract the γSF using the relation

fM1(Eγ ,Ei,Ji,πi) = a〈B(M1)〉(Eγ ,Ei,Ji,πi)ρ(Ei,Ji,πi),

where a = 11.5473× 10−9 µ
−2
N MeV−2, and ρ(Ei,Ji,πi) and

〈B(M1)〉 is the partial level density and the average reduced
transition strength, respectively, of states with the given exci-
tation energy, spin and parity [71]. By the generalized Brink-
Axel hypothesis, fXL(Eγ ,Ei,Ji,πi) ≈ fXL(Eγ). Hence we ob-
tain fM1(Eγ) by averaging over Ei,J and π . Only Ei,J,π pix-
els where fM1 is non-zero are included in the average.

We find that all SM calculations excellently match the ex-
perimental NLD up to Ex ∼ 6 MeV, where they start to fall off
because of the limited number of calculated states – see Fig. 6.

Considering transitions from initial states in the region
4.0≤Ex≤ 6.5 MeV, we obtain the results shown in panel a) of
Fig. 7. In panel b) we show the M1 γSF for transitions orig-
inating from 5−, 6− or 7− levels only, corresponding to the
70Co β decay. The trend of the data for 1.5 ≤ Eγ ≤ 4.0 MeV
is well reproduced by all calculations, which all display an
upbend peaking at Eγ = 0 MeV. The absolute value of the M1
strength is lower than the experimental total strength, although

0 2 4 6 8 10
Ex (MeV)

10−1

100

101

102

103

104

105

ρ
(M

eV
−

1 )

ca48mh1g
ca48mh2
jun45
ca48mh1g 8π0ν

ca40fpg
Experiment

FIG. 6: (Color online) Calculated shell-model level densities com-
pared to the 70Ni data. The grey band indicates the total experimental
uncertainty, systematic and statistical.

for CA40FPG and CA48MH1G it is within the error band.
The QTBA calculations predict a drop of E1 strength towards
Eγ = 0. However, the QTBA is not a realistic model for the
low-energy E1 strength because it is built on the ground state,
so there are no low-Eγ transitions available. A recent E1 shell
model study for 44Sc predicts a flat behavior of the γSF for
low Eγ [28]. If we assume a similar behavior for 70Ni, this
brings the total strength into agreement with experiment, as
sketched in Fig. 8.

There is also a discrepancy in the absolute strength between
the different calculations, with CA40FPG and CA48MH1G
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Eγ (MeV)

10−11

10−10
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M1 ca48mh2
M1 jun45
M1 ca48mh1g 8π0ν
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E1 QTBA
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FIG. 7: (Color online) Calculated γSFs within the shell model (for 4.0≤ Ex ≤ 6.5 MeV) and the QTBA (for all Ex) compared with data. The
blue shaded band indicates the total experimental uncertainty. In panel (a) all SM M1 transitions in the extraction region are included, while in
(b) only transitions originating from levels with Jπ = 5−,6− or 7− are shown (see text).

0 2 4 6 8
Eγ (MeV)

10−9

10−8

10−7

f(
M

eV
−

3 )

(a)

0 2 4 6 8 10
Eγ (MeV)

(b) E1 + M1 ca48mh1g
E1 + M1 ca48mh2
E1 + M1 jun45
E1 + M1 ca48mh1g 8π0ν

E1 + M1 ca40fpg

E1 QTBA (mod)

Experiment

FIG. 8: (Color online) Sketch of a summed γSF, ftot(Eγ ) = f QTBA(mod)
E1 (Eγ )+ f SM

M1 (Eγ ) for the different shell model calculations. The QTBA
calculation has been replaced by a flat E1 strength for Eγ < 3.5 MeV, as suggested by recent shell model E1 calculations [28].

having higher strength than CA48MH2 and JUN45. The high-
est strength functions seem to be in best agreement with the
experimental total strength. The slope is however remarkably
similar between all interactions, and consistent with an ex-
ponential function Ae−Eγ/T . For CA48MH1G and CA40FPG
we find T ∼ 1 MeV, while T is somewhat lower (higher) for
CA48MH2 (JUN45), respectively.

Considering the β -decay selected M1 strength functions,
the shape of the γSFs do not change much, indicating that the
selectivity of the β decay does not introduce any significant
bias in the experimental results. The reason for the abrupt
drop in strength at∼ 4 MeV is the absence of direct transitions
to low-lying states because of the M1 selection rules.

We do see an upbend of equal slope even with the JUN45
interaction, i.e. without any excited protons, in contrast to pre-
vious findings [25]. To investigate this further, we ran the
CA48MH1G calculations with a different truncation, locking
all neutrons and allowing all protons to excite (labeled 8π0ν

in Fig. 7). The upbend is present here as well, with approx-

imately the same slope, but disappears when applying the β -
decay spin selection, because the protons-only truncation does
not allow for any negative-parity states below Sn. We find
that the upbend is a remarkably robust feature for 70Ni within
the shell model. During this work, we have explored a large
parameter space of shell model interactions, of which only a
subset is shown here. Try as we might, we did not find a single
case where the upbend was not present.

Finally, we expanded our theoretical scope and applied the
CA48MH1G interaction, with the same proton truncation, to
the whole isotopic chain, calculating γ strength functions for
56−69,72,74,76Ni. We find an almost identical low-energy be-
haviour of the γ strength across all isotopes, as shown in
Fig. 9. The calculations agree with the low-energy behaviour
of the experimental γ strength for 64,65Ni [54, 55], as well as
69Ni [35], the other neutron-rich isotope measured so far with
the β -Oslo method. This is an intriguing indication that high
intensities for low-energy M1 transitions could be a general
feature of nuclei at high excitation energy, and could be ex-
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FIG. 9: (Color online) Calculated M1 γ strengths for a wide range of Ni isotopes with the shell model, using the CA48MH1G interaction.

pected all over the nuclear chart.

V. SUMMARY AND OUTLOOK

In this work, we have presented level-density and γSF data
on 70Ni extracted with the β -Oslo method. The experimental
level density is found to be fully compatible with shell-model
calculations including both positive and negative parity levels.

Our γSF data are well reproduced by QTBA calculations
for transition energies above ≈ 5 MeV. On the other hand, at
low transition energies, we find that the γSF displays an up-
bend; thus 70Ni is the most neutron-rich isotope measured so
far showing this feature. The upbend is described within the
SM framework as an M1 component in the γSF. SM calcula-
tions of the M1 γSF are also performed for 56−69,70,72,74,76Ni.
The results indicate that the upbend is a general trend for nu-
cleon excitations in the quasi-continuum. Theoretical calcula-
tions for an even broader range of model spaces and heavier
nuclei are ongoing and new computational methods are in de-
velopment to investigate this further.

The experimental data will be available at http://www.
ocl.uio.no/compilation.
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