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What are nuclear level densities (NLD) and γ-ray strength functions (γSF)?

Nuclear astrophysics

How can we measure these (the Oslo Method)?

Experiment at ISOLDE

Results
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Statistical properties of nuclei
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Energy

Ground state

Discrete, Γ ≪ 𝐷

Quasi-continuum, Γ < D

Continuum, Γ ≫ 𝐷

𝐷: Average level spacing
Γ: Decay width, Γ = ℏ
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Nuclear level density
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γ-ray strength function
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Γ#!" (𝐸# , 𝐸$ , 𝐽$ , 𝜋$): Average decay width with γ-ray 
energy Eγ from excitation bin with energy Ei, spin Ji and 
parity 𝜋$
𝜌(𝐸$ , 𝐽$ , 𝜋$): Level density
X=Electric or Magnetic
Multipole L=1,2,3,etc.
L=1, dipole will be dominating



γ-ray strength function
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What does NLDs and γSFs tell us?

The NLD and γSF provides 
important information on 
the nuclear structure

Input parameters for 
Hauser-Feshbach model 
(reaction cross sections)
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Impact of the low energy enhancement
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Reaction cross sections
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Isotope production
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How are elements made?



How are the elements made?

Elements up to Fe/Ni – fusion reactions in stars
Elements heavier than Fe/Ni – neutron capture
processes
Ø Slow neutron capture process (s-process) ≈ 50%
Ø Rapid neutron capture process (r-process) ≈ 50%
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i-process

Elemental abundances in certain metal-
poor stars cannot be explained by either 
s-process, r-process or a combination1

An intermediate neutron capture
process (i-process) can explain the 
discrepancy1

Sensitivity study of the weak i-process 
suggests 66Ni(n, γ) capture reaction as a 
major bottleneck affecting all 
abundances2

66Ni(n, γ) rate is constrained by 
measuring the NLD and γSF of 67Ni
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1I. U. Roederer et al., ApJ 821, 37 (2016)
2J. E. McKay et al., MNRAS 491, 5179 (2020)

the elements lighter than Te. Using the un-modified r-process
residuals over-predicts the [Ge/Fe] and [As/Fe] ratios but has
no substantial impact on Se or the Sr–Ru region. The i-process
contribution is still required regardless of whether we use the
modified or un-modified r-process pattern. The heaviest
elements ( Z 56) owe their origin only to the rprocess and
sprocess. The rprocess dominates the production of elements
near the rare-Earth and third peaks, while the sprocess
dominates the production of the light rare-Earth elements
and Pb.

Is HD94028 a single star, or does it have an unseen white
dwarf companion? HD94028 shows no compelling evidence
of radial velocity variations; measurements by Latham et al.
(2002) span more than 5100days and have an rms of only
0.64kms-1. If, however, there is a companion and the system
is observed face-on, it would also show no radial velocity
variations.
Is the presence of s-process material evidence that

HD94028 must be in a binary system with a white dwarf
companion? Casagrande et al. (2011) derived an age
of HD94028 of 12.35Gyr (7.5 to 13.8 Gyr at 95% confidence
intervals) from comparison with Padova and BASTI iso-
chrones. The longest-lived AGB star considered in Sections 5.1
and 5.2 has a lifetime of 1.4Gyr. Such stars could have
formed, evolved through the TP-AGB phase, and polluted the
ISM before HD94028 was born. In other words, the presence
of s-process material does not require a more-evolved
companion star for HD94028.
We are unable to exclude either the single-star or binary

system scenarios. We expect that HD94028 acquired its r-
process material from its natal cloud. The s-process and i-
process material may have also been present in the natal cloud
or added later by a companion.

5.7. The i-process in Other Stars in the Early Galaxy

Evidence for the iprocess has been observed in the post-
AGB star known as Sakurai’s object (V4334 Sgr; Herwig
et al. 2011) and in pre-solar grains found in pristine meteorites
(Fujiya et al. 2013; Jadhav et al. 2013; Liu et al. 2014). There
are hints that the iprocess may also be responsible for some of
the abundance patterns observed in young open clusters
(Mishenina et al. 2015), the CEMP-r/s stars (Dardelet
et al. 2015; Jones et al. 2016), and low-mass post-AGB stars
in the Magellanic Clouds (Lugaro et al. 2015).
Our observations may be generalized to suggest that super-

solar [As/Ge] and solar or sub-solar [Se/As] ratios could
signal the operation of the iprocess in the early Galaxy. These
are a common feature in the nine metal-poor stars analyzed by
Roederer (2012) and Roederer et al. (2012b, 2014c). The
[As/Ge] ratios range from +0.65 to +1.00 in five stars with
−2.5<[Fe/H] <−0.5. [As/Ge] is constrained to be
>+0.75 in two other stars, and only upper limits (<+1.34)
are available for two more. The [Se/As] ratios in these stars
range from −0.53 to +0.54, with a mean of −0.10. The
observational uncertainties on these ratios are typically
0.3–0.4 dex for [As/Ge] and 0.3–0.7 dex for [Se/As], which
reflects the challenge of measuring absorption lines in the
crowded regions of the NUV spectrum.
No non-LTE calculations exist for Ge I, As I, or Se I lines in

late-type stars. Ge has a lower first ionization potential
(7.90 eV) than As (9.79 eV) or Se (9.75 eV). If overionization
occurs, it is more likely to preferentially affect Ge I lines. This
would reduce the [As/Ge] ratios. Non-LTE corrections for
other species with low first ionization potentials are typically
0.1–0.2 dex and rarely exceed 0.5 dex (e.g., Takeda et al. 2005;
Bergemann et al. 2012; Yan et al. 2015) in late-type stars,
however. We conclude that it is unlikely that non-LTE effects
can produce solar or sub-solar [As/Ge] ratios in these stars.
Peterson (2011) pointed out that the enhanced [Mo/Fe]

ratios found in HD94028 and HD160617 were uncommon.
Subsequent data support this assertion. Mo was detected in
30 of the 311 metal-poor stars examined by Roederer et al.

Figure 7. Comparison of the observed abundance pattern in HD94028 and
contributions from the s-process (blue), r-process (red), and i-process (gold)
models. The s-process component is taken from the 1.7Me TP-AGB model
discussed in Section 5.2. The r-process component is based on the solar r-
process residuals and modified as described in Section 5.2. The i-process
component is based on the trajectory from Bertolli et al. (2013) and tuned to
maximize production in the As–Mo region as described in Section 5.4. The
solid black line marks the sum of the three processes for each element. The
overall normalization for each process has been adjusted by-eye. The
distribution is expressed as log and [X/Fe] in the top and middle panels,
and the bottom panel illustrates the residuals between the observed abundance
pattern and the sum of the models.
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i-process
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The Oslo Method
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Inverse kinematics
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ISOLDE
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≈ 1300 isotopes/isomers available
Ø Largest selection of any ISOL facility 

in the world
Post-acceleration with REX/HIE-
ISOLDE (2.8 – 9.4 MeV/u)



ISOLDE
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ISOLDE/Miniball experiment

Beam: 66Ni@4.47(1) MeV/u
Target: 670 ug/cm2 deuterated 
polyethylene (C2D4)
≈ 140 hours of beam time
≈ 3.5×10( pps
6 MINIBALL clusters + 6 large volume 
LaBr3:Ce detector from OSCAR
C-REX particle array
Approx. 320,000 particle- γ
coincidences

17



The Oslo Method
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Extraction of NLD and γSF

𝑃 𝐸) , 𝐸# ∝ 𝐸#*𝑓 𝐸# 𝜌(𝐸) − 𝐸#)

NLD and gSF extracted by fitting theoretical FG:

𝑃+, 𝐸)𝐸# =
𝐸#*𝑓 𝐸# 𝜌(𝐸) − 𝐸#)

∑
-".-"#$%
-& 𝐸#*𝑓 𝐸# 𝜌(𝐸) − 𝐸#)

𝑓 𝐸# & 𝜌(𝐸) − 𝐸#) : Free parameters for each 𝐸# and 
E/ = E0 − 𝐸#

Need to normalize extracted NLD and gSF since Pth is 
invariant under transformation

6𝜌 𝐸1 = 𝐴𝜌 𝐸1 𝑒2-'
9𝑓 𝐸# = 𝐵𝑓 𝐸# 𝑒2-"
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Normalization of NLD

Typically normalize to auxiliary 
nuclear data
NLD from known levels
NLD at neutron separation 
energy

Level scheme of 67Ni is (very) 
incomplete
NLD of 67Ni at neutron 
separation is unknown
Solution: Normalize to large 
scale shell model calculations

20V. W. Ingeberg et al. (in preparation)
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FIG. 2. NLD of 67Ni. Black circles are the normalized 67Ni
NLD while the black line shows the NLD from large scale
SM calculations of [29]. The black dash-dotted line shows the
NLD from known discrete levels [51, 52]. The red, blue and
green shows the average for the CT, BSFG and HFB models,
respectively. The red shaded area indicates the ±1�, ±2� and
±3� credibility intervals. The black triangle shows the NLD
at the neutron separation energy.

combinations of NLD and �SF models as implemented
in TALYS. Fig. 5 also includes results from the TENDL
[54], JENDL-5 [55] and JEFF-3.3 [56] evaluations.

V. DISCUSSION

The Oslo method relies on external nuclear data for
the normalization. In the absence of those additional
uncertainties may be induced and model dependencies
may become significant. This is apparent through the
relatively large uncertainties toward Sn on the measured
NLD for 67Ni.

The challenge specific to inverse kinematic reactions
is the Lorentz boost which causes a strong angular de-
pendence in the kinematic reconstruction of the residual
excitation energy. This leads to an excitation-energy res-
olution which is limited by the angular opening of the
particle telescope’s active areas. In this experiment the
situation was somewhat further complicated by the chal-
lenges to calibrate the particle spectra which somewhat
worsened the the excitation energy resolution. The con-
sequences are most apparent in the NLD where very little
structures are visible.

In contrast, the measured �SF still retains noticeable
features and clearly exhibits a well established enhance-
ment for Ex < 4 MeV similar to those found in other
Ni isotopes [10, 57–61]. Its observation indicates that
the upbend is a structure which exists also away from
stability. The upbend in 67Ni is predicted to be due to
M1 strength, based on large-scale shell model calcula-
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FIG. 3. The measured �-ray strength function of 67Ni is
shown by the black circles while the black line shows the M1-
strength found in large scale SM calculations from [29]. The
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FIG. 4. Comparison of the various �SF normalizations in-
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tions [29], and shown by the black solid line in fig. 3.
The significant strength in the enhancement and the si-
multaneous absence of a measurable scissor’s resonance
may be supportive of the suggested connection of the
two structures [44, 62], although results on the �SF in
142,144�151Nd seems to contradict this [63].

The extracted 66Ni(n, �) capture cross section features
an uncertainty of ⇡ 40%, constraining the cross section
considerably. It is interesting to note that our cross sec-



Normalization of γSF
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Neutron capture cross section
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vals. The black dashed line are the capture cross section with
TALYS default values. The red shaded area shows the upper
and lower limit based on all NLD and �SF models available
in TALYS. The blue, green and orange dashed line shows the
JENDL-5 evaluated library [55], the JEFF-3.3 library [56] and
the TENDL library [54], respectively.

tion, lies consistently higher than the recommended val-
ues as provided in TALYS, JENDEL-5, and TENDL but
is smaller than the JEFF 3.3 for En > 100 keV. These
differences highlight the necessity for measurements of
NLDs and �SFs, especially for nuclei away from stability.

Transition here to the i-process stuff.....
In ref. [15] the capture rate of 66Ni was allowed to vary

within a factor of about 10. Our results suggest a rather
high capture rate compared to the lower bounds, which
should result in a rather quick i-process.

VI. SUMMARY

In this paper we have presented experimental NLD and
�SF of the unstable 67Ni nucleus. It is the first time
the Oslo method has been applied to an inverse kine-
matics experiment with a radioactive beam. Due to the
lack of reliable nuclear data for 67Ni the normalized NLD
and �SF are normalized to model predictions resulting in
large uncertainties. Hauser-Feshbach calculations were
performed with the extracted NLD and �SF to find the
neutron capture cross section of 66Ni.
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Appendix: Shell model level density in Ni isotopes

Fig. 6 and 7 compares the experimental NLD of 60,64Ni
[57, 58] and 59,63,65,69Ni [57, 59–61], respectively, with the
NLD found in large-scale SM calculations of [29].



Summary

We have measured the γSF and NLD of 67Ni
First time the Oslo Method has been applied to an inverse 
kinematics experiment with radioactive beam
Expect a rather quick i-process
Soon to be submitted
Paves the way for new Oslo Method experiments at ISOLDE
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Future plans at ISOLDE
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Proposal to the ISOLDE and Neutron Time-of-Flight Committee

Neutron single-particle states and neutron-capture cross
sections towards 78Ni: 79Zn(d, p)80Zn

January 6, 2021

E. Sahin1, G. de Angelis2 K.S. Beckmann1, F. Bello1, H.C. Berg3 T.K. Eriksen1,
D. Gjestvang1, A. Görgen1, M. Guttormsen1, K. Hadyńska-Klȩk4, V. W. Ingeberg1, P.

Jones5, A.C.Larsen1, K.L.Malatji5, M. Markova1, W. Paulsen1, L.G. Pedersen1,
L.Pellegri5, S. Siem1, M. Wiedeking5, F.Zeiser1 and TREX and MINIBALL

collaborations.

1University of Oslo, Oslo, Norway
2INFN Laboratori Nazionali di Legnaro, Italy
3Michigan State University, East Lansing, Michigan, USA
4Heavy Ion Laboratory, University of Warsaw, Poland
5iThemba LABS, South Africa

Spokesperson: E. Sahin eda.sahin@fys.uio.no
Contact person: Karl Johnston karl.johnston@cern.ch

Abstract: The aim of the present proposal is to study neutron single-particle energies
of the neutron-rich 80Zn nucleus via one-neutron pickup reaction in inverse kinematics,
79Zn(d, p) 80Zn. 80Zn is the most exotic N = 50 isotone towards Z = 28. The high-lying
neutron core excited states will be populated and identified by spin and parity for the
first time through the proposed one-step direct reaction process. The 79Zn beam at an
energy of 5.5 MeV/A will be impinging on a deuterated-polyethylene target. Emitted
protons as well as � rays de-exciting the states in the residual nucleus will be detected
using the MINIBALL + T-REX setup. 80Zn is also an important nucleus for the weak
r-process and the present reaction and the setup will allow us to study the statistical

properties of the quasi-continuum states and to constrain the (n,�) cross section for the
first time in the proposed experiment. In order to increase the statistics of the � rays at

higher energies, 6 LaBr3 detectors from the University of Oslo will be installed.

Requested shifts: 18 shifts for the 79Zn beam plus 3 shifts to optimize the production
and purification of the beam.
Installation: MINIBALL + T-REX + 6 LaBr3 detectors from Oslo
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EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

Letter of Intent to the ISOLDE and Neutron Time-of-Flight Committee

Neutron-capture cross section for i process bottleneck 75Ga:
75Ga(d,p�)76Ga

December 20, 2021

F. Pogliano1, R. Gernhaeuser2, A. C. Larsen1, K. S. Beckmann1, F. Bello1, H. C. Berg4,
T. K. Eriksen1, D. Gjestvang1, S. Golenev2, A. Görgen1, M. Guttormsen1, A. Spyrou4,
S. Liddick4, D. Mücher7, K. Hadyńska-Klȩk5, V. W. Ingeberg1, P. Jones6, K. L. Malatji6,

M. Markova1, W. Paulsen1, L. G. Pedersen1, L. Pellegri6, E. Sahin1, S. Siem1,
M. Wiedeking6, F. Zeiser1, P. Rieter8, K. Arnswald8, M. Droste8, H. Hess8, P.H. Kleis8

1University of Oslo, Oslo, Norway
2Physics Department, Technical University of Munich, D-85748 Garching, Germany
3INFN Laboratori Nazionali di Legnaro, Italy
4Michigan State University, East Lansing, Michigan, USA
5Heavy Ion Laboratory, University of Warsaw, Poland
6iThemba LABS, South Africa
7 University of Guelph, Guelph, Canada
8 Institut für Kernphysik, Universität zu Köln, Köln, Germany

Spokesperson: Francesco Pogliano francesco.pogliano@fys.uio.no
Contact person: Karl Johnston karl.johnston@cern.ch

Abstract: The aim of this proposal is to clarify the role of 75Ga as a bottleneck for the i
process as simulated in McKay et al. [16] by constraining its (n,�) cross section. This will be
achieved by utilizing the 75Ga(d,p�)76Ga reaction and extract the nuclear level density and the

gamma strength function of 76Ga using the Oslo Method in inverse kinematics. The 75Ga
beam at an energy of 4.6 MeV/A will be impinging on a deuterated-polyethylene target.

Emitted protons as well as �-rays de-exciting the states in the residual nucleus will be detected
using the MINIBALL + T-REX setup. In order to increase the statistics of the � rays at

higher energies, 6 LaBr3 detectors from the University of Oslo will be used as well.

Requested shifts: 18 shifts for the 75Ga beam plus 3 shifts to optimize the production and
purification of the beam.
Installation: MINIBALL + T-REX + 6 LaBr3 detectors from Oslo
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