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Nuclear Level Density
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V. W. Ingeberg et al., Phys Rev. C 106, 054315 (2022)
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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/magnetic

• L: Multipolarity, L=1,2,3,...

• In general: L=1 will dominate

• Upwards strength or downwards strength 

(excitation/de-excitation)
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γ-ray strength function
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Hauser-Feshbach calculations
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Nucleosynthesis

Figure credit: F. Timmes, http://cococubed.asu.edu/images/nuclide_chart/table_nuclei04.pdf
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Nucleosynthesis

Figure credit: A. C. Larsen and S. Goriely, Phys. Rev. C 82, 014318 (2010)
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Oslo Method Experiment

• Typical reactions
• (p,p’), (d,p), (p,d), (α, p), (α, 

α’), (3He, α), etc.

• Particle–γ coincidences

• Excitation energy found from 
kinematic reconstruction

40 – 54o

NaI(Tl) or LaBr3(Ce)

Si DE-E 
telescope

p

Target nucleus, 57Fe

p'
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Oslo Method Experiment
Absorber (Aluminum foil) 10 um

to shield from electrons

DE silicon detector 130 um 
(eight segments)

E silicon detector 1.55 mm 
(single segments)

M. Guttormsen et al., Nucl. Instr. 
Methods A 648,168 (2011) 

We know:
1) Beam particle and energy
2) Target nucleus
3) Scattered particle, scattering angle 

and energy
Can determine initial energy of excited 
nucleus!
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The Oslo Method
•To extract NLD and γSF: Need the first-
generation matrix

• Each excitation energy bin contains the 
distribution of the first gamma-ray emitted 
in cascades de-populating the bin

•Starting point for the Oslo Method: Raw 
excitation energy versus gamma-ray 
energy matrix

•4 steps to get to the NLD and γSF:
1. Unfolding Method
2. First Generation Method
3. Extraction of NLD and γSF from first-

generation matrix
4. Normalization 57Fe(p,p’g)57Fe

Raw excitation energy versus γ-ray energy matrix

57Fe data from Oslo Method Workshop 2016
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Unfolding Method - Example 57Fe(p,p’g)57Fe
Raw Matrix Unfolded Matrix

57Fe data from Oslo Method Workshop 2016
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First Generation Method
•Why: Each excitation bin in unfolded 
spectra contains all gamma-rays 
emitted in the cascades de-populating 
the bin. We only want the first transition 
in the cascades

•Solution: All excitation bins below a 
certain excitation bin will contain all 
transitions except those depopulating 
the bin.

•How: Iteratively subtract a weighted 
sum of all underlying bins
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Extraction of NLD and gSF
First-generation Matrix (57Fe(p,p’g)57Fe)

§𝑃 𝐸), 𝐸* ∝ 𝒯(𝐸*) ( 𝜌(𝐸+ = 𝐸) − 𝐸*)

§𝒯(𝐸*): γ-ray transmission coefficient

§𝜌(𝐸+ = 𝐸) − 𝐸*): Level density at final 

excitation energy 𝐸+

𝑃,- 𝐸.𝐸* =
𝒯 𝐸* 𝜌(𝐸. − 𝐸*)

∑
/!0/!"#$
/% 𝒯 𝐸* 𝜌(𝐸. − 𝐸*)

𝑓102 𝐸* = 𝑓/2 𝐸* + 𝑓32 𝐸* ≈
𝒯(𝐸*)
2𝜋𝐸*4
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Normalization of NLD and gSF
§ Why: Theoretical FG matrix is 
invariant under transformation of NLD 
and transmission coefficient
2𝜌 𝐸. − 𝐸* = 𝐴𝜌 𝐸. − 𝐸* 𝑒5 /%6/!

5𝒯 𝐸. − 𝐸* = 𝐵𝒯 𝐸* 𝑒5/!

§ Solution: Compare with external data 
to find 𝐴, 𝐵, 𝛼 coefficients that gives the 
physical transformation

§ How: Comparison with neutron 
resonance spacing, average radiative 
width and level density from discrete 
levels
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Oslo Method in Inverse Kinematics
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Oslo Method in Inverse Kinematics
“Normal” kinematics Inverse kinematics
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IS559: Oslo Method with d(66Ni, p)67Ni
• MINIBALL array at HIE-ISOLDE

• C-REX particle array

• 6 large volume LaBr3:Ce detectors

• 4.5 MeV/u 66Ni beam 

• About 11 pA for 140 hours
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66Ni(n,g) – i-process bottleneck

High 66Ni(n, g) cross section5184 J. E. McKay et al.

Figure 9. Correlation coefficients for the abundances of Ga (upper left),
Ge (upper right), As (lower left), and Se (lower right) with reaction rate
variations as functions of reaction index. Reaction indices with a sign of
correlation and corresponding neutron capture target isotopes are given in
the legends for the largest correlations.

isotopes whose (n,γ ) reaction rates were varied. Fig. 9 shows
the resulting correlations of the predicted Ga, Ge, As, and Se
abundances with the (n,γ ) rate multiplication factor for 66Ni and
some other unstable isotopes. When examining all the i-process
elements up to Mo (Z = 42), we find that f(66Ni) positively correlates
with the abundances of every element heavier than Ga (Table 1).
This confirms that 66Ni is also a major bottleneck isotope.

To investigate the impact of the 66Ni neutron capture rate on
the i-process reaction path band, we performed two additional
calculations, where we only varied f(66Ni) setting it to its maximum
(9.4) and minimum (0.11) value, respectively. The results are shown
in Fig. 10. The maximum f(66Ni) case shows very high isotopic
abundances far along the i-process path band, while in the minimum
case the (n,γ ) reaction flux appears to be stuck at 66Ni, resulting
in a much enhanced accumulation of its abundance. Many isotopic
abundances that had values of log10Xk ≥ −6 in the benchmark
simulation have dropped by ∼1–2 orders of magnitude. This result
is consistent with our correlation analysis and emphasizes the
role of 66Ni as a major bottleneck isotope. Replacing the default
value of f(66Ni) = 1 by f(66Ni)max and f(66Ni)min requires shifts of
the best-fitting time-step from the 973rd to the 972nd and 976th,
respectively. These changes have an almost unnoticeable effect on
Fig. 10 therefore they do not affect our conclusion about 66Ni(n,γ )
being the major bottleneck reaction.

To show that it is the bifurcation of the (n,γ ) reaction flux at
the 75Ga isotope and not at 66Ni that is responsible for the double-
peaked distribution of the As abundance, we have divided our MC
simulation runs into two groups, one with f(75Ga) > 1 and the
other with f(75Ga) < 1. Indeed this resulted in a separation of the As
abundance distribution into two distinct peaks (top panel in Fig. 11).
On the other hand, a similar test for 66Ni neutron capture rate only
resulted in a shift of the double-peaked As abundance distribution
to the higher abundance values (bottom panel in Fig. 11). These
tests show that although 66Ni(n,γ ) is the most important reaction
for regulating the i-process nucleosynthesis paths in the A = 75
region of the chart of nuclides, the anomalously high abundance
ratio [As/Ge] in the star HD94028 is much more strongly affected
by the uncertainty of the 75Ga(n,γ ) reaction rate that has to be
reduced to increase [As/Ge].

Figure 10. Isotopic abundances from the two additional PPN runs in which
only the multiplication factor f(66Ni) was switched between its maximum
(top panel) and minimum (bottom panel) values constrained by the Hauser–
Feshbach model computations.

Figure 11. Top panel: the double-peaked distribution of the As elemental
abundance in our MC simulation (grey) is decomposed into two isolated
peaks (blue and yellow) when we divide the As abundances into two groups
with f(75Ga) > 1 and f(75Ga) < 1. Bottom panel: a similar test with f(66Ni)
only shifts the distribution to the higher As abundances.

MNRAS 491, 5179–5187 (2020)
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Figure 9. Correlation coefficients for the abundances of Ga (upper left),
Ge (upper right), As (lower left), and Se (lower right) with reaction rate
variations as functions of reaction index. Reaction indices with a sign of
correlation and corresponding neutron capture target isotopes are given in
the legends for the largest correlations.

isotopes whose (n,γ ) reaction rates were varied. Fig. 9 shows
the resulting correlations of the predicted Ga, Ge, As, and Se
abundances with the (n,γ ) rate multiplication factor for 66Ni and
some other unstable isotopes. When examining all the i-process
elements up to Mo (Z = 42), we find that f(66Ni) positively correlates
with the abundances of every element heavier than Ga (Table 1).
This confirms that 66Ni is also a major bottleneck isotope.

To investigate the impact of the 66Ni neutron capture rate on
the i-process reaction path band, we performed two additional
calculations, where we only varied f(66Ni) setting it to its maximum
(9.4) and minimum (0.11) value, respectively. The results are shown
in Fig. 10. The maximum f(66Ni) case shows very high isotopic
abundances far along the i-process path band, while in the minimum
case the (n,γ ) reaction flux appears to be stuck at 66Ni, resulting
in a much enhanced accumulation of its abundance. Many isotopic
abundances that had values of log10Xk ≥ −6 in the benchmark
simulation have dropped by ∼1–2 orders of magnitude. This result
is consistent with our correlation analysis and emphasizes the
role of 66Ni as a major bottleneck isotope. Replacing the default
value of f(66Ni) = 1 by f(66Ni)max and f(66Ni)min requires shifts of
the best-fitting time-step from the 973rd to the 972nd and 976th,
respectively. These changes have an almost unnoticeable effect on
Fig. 10 therefore they do not affect our conclusion about 66Ni(n,γ )
being the major bottleneck reaction.

To show that it is the bifurcation of the (n,γ ) reaction flux at
the 75Ga isotope and not at 66Ni that is responsible for the double-
peaked distribution of the As abundance, we have divided our MC
simulation runs into two groups, one with f(75Ga) > 1 and the
other with f(75Ga) < 1. Indeed this resulted in a separation of the As
abundance distribution into two distinct peaks (top panel in Fig. 11).
On the other hand, a similar test for 66Ni neutron capture rate only
resulted in a shift of the double-peaked As abundance distribution
to the higher abundance values (bottom panel in Fig. 11). These
tests show that although 66Ni(n,γ ) is the most important reaction
for regulating the i-process nucleosynthesis paths in the A = 75
region of the chart of nuclides, the anomalously high abundance
ratio [As/Ge] in the star HD94028 is much more strongly affected
by the uncertainty of the 75Ga(n,γ ) reaction rate that has to be
reduced to increase [As/Ge].

Figure 10. Isotopic abundances from the two additional PPN runs in which
only the multiplication factor f(66Ni) was switched between its maximum
(top panel) and minimum (bottom panel) values constrained by the Hauser–
Feshbach model computations.

Figure 11. Top panel: the double-peaked distribution of the As elemental
abundance in our MC simulation (grey) is decomposed into two isolated
peaks (blue and yellow) when we divide the As abundances into two groups
with f(75Ga) > 1 and f(75Ga) < 1. Bottom panel: a similar test with f(66Ni)
only shifts the distribution to the higher As abundances.
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Normalization of the NLD: 67Ni

• No neutron resonance data
• No NLD at neutron separation energy

• Incomplete level scheme
• Few known levels

• Solution: Normalize to the NLD from large scale 
shell model calculation

• Use normalized NLD to estimate NLD at 
neutron separation energy
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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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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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models excluding the PDR, respectively. The black diamonds
are the �SF data of 68Ni measured by Rossi et al. [47].
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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-

V. W. Ingeberg et al., In preparation
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Normalization of gSF: 67Ni

•No neutron resonance data
• No average radiative width

•Luckily: E1 strength measurements 
from Coulomb excitation of 68Ni

• Can perform a model dependent 
extrapolation of the gSF
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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 [? ]. The black dash-dotted line shows the
NLD from known discrete levels [? ? ]. 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.

with all combinations of NLD and �SF models as im-
plemented in TALYS. Fig. ?? also includes results from
the TENDL [? ], JENDL-5 [? ] and JEFF-3.3 [? ]
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 [? ? ? ? ? ? ]. Its observation indi-
cates that the upbend is a structure which exists also
away from stability. The upbend in 67Ni is predicted to
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be due to M1 strength, based on large-scale shell model
calculations [? ], and shown by the black solid line in
fig. ??. The significant strength in the enhancement and
the simultaneous absence of a measurable scissor’s reso-
nance may be supportive of the suggested connection of
the two structures [? ? ], although results on the �SF in
142,144�151Nd seems to contradict this [? ].

The extracted 66Ni(n, �) capture cross section features
an uncertainty of ⇡ 40%, constraining the cross section

V. W. Ingeberg et al., In preparation
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Neutron capture rate: 66Ni 8
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FIG. 5. The mean Calculated capture cross section from the
sampled NLD and �SF are given by the black line. The gray
filled area shows the ±1�, ±2� and ±3� credibility inter-
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 [? ], the JEFF-3.3 library [? ]
and the TENDL library [? ], respectively.

considerably. It is interesting to note that our cross sec-
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
di↵erences highlight the necessity for measurements of
NLDs and �SFs, especially for nuclei away from stabil-
ity.

Transition here to the i-process stu↵.....

In ref. [? ] 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. ?? and ?? compares the experimental NLD of
60,64Ni [? ? ] and 59,63,65,69Ni [? ? ? ? ], respectively,
with the NLD found in large-scale SM calculations of [?
].

V. W. Ingeberg et al., In preparation
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New experiments at ISOLDE with Oslo Method

EUROPEAN ORGANIZATION FOR NUCLEAR RESEARCH

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

Evolution of N = 50 shell and neutron single-particle states
towards 78Ni: 79Zn(d, p)80Zn

January 5, 2022
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A. Illana8, V. W. Ingeberg1, P. Jones9, A.C.Larsen1,K.C.W. Li1, K.L. Malatji9,

M. Markova1, A. Matta10, J. Pakarinen8, W. Paulsen1, L.G. Pedersen1, L.Pellegri9,
F. Pogliano1, S. Siem1, T. Tornyi1, M. Yalcinkaya11, M. Wiedeking9, P. Reiter12,

K. Arnswald12, M. Droste12, H. Hess12, H. Kleis12,A. Spyrou3, S. Liddick3

1University of Oslo, Oslo, Norway
2INFN Laboratori Nazionali di Legnaro, Italy
3Michigan State University, East Lansing, Michigan, USA
4Department of Physics, University of Guelph, Guelph, Ontario, Canada
5Sabahattin Zaim University, Istanbul, Turkey
6Physics Department, Technical University of Munich, D-85748 Garching, Germany
7Heavy Ion Laboratory, University of Warsaw, Poland
8Accelerator Laboratory, University of Jyävaskylä, Jyävaskylä, Finland. Helsinki Institute of
Physics, Helsinki, Finland.
9iThemba LABS, South Africa
10Laboratoire de Physique Corpusculaire de Caen, 14050 CAEN CEDEX 4, France
11 University of Istanbul, Department of Physics, Istanbul, Turkey
12 Institut für Kernphysik, Universität zu Köln, Köln, Germany

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

Abstract: The aim of the present proposal is to explore neutron single-particle states
in the neutron-rich 80Zn nucleus via the one-neutron pickup reaction in inverse

kinematics, 79Zn(d, p)80Zn. The high-lying neutron core excited states are not known so
far and will be populated and identified through measurements of the angular

distribution of proton recoils of this direct one-step reaction. The 79Zn beam at an
energy of 5 MeV/A will be impinging on a deuterated-polyethylene target. Emitted

protons and � rays de-exciting the states in the residual nucleus will be detected using
the T-REX + MINIBALL setup, respectively. If the statistics allow, the same reaction
and setup will be used to study the statistical properties of the quasi-continuum states

and to constrain the 79Zn(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: 21 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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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. [17] and to provide valuable experimental input to i
process simulations and theoretical models by constraining the 75Ga(n,�) cross section
uncertainty. This will be achieved by utilizing the 75Ga(d, p�)76Ga reaction in inverse
kinematics and the Oslo method to extract the nuclear level density and the �-strength
function of 76Ga. 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 included in the experimental setup.

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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Bring OSCAR to ISOLDE?
•Oslo Scintillator ARray

•World largest LaBr3:Ce gamma detector 
array

•30 large volume (3.5x8-inch) LaBr3:Ce

•Superior efficiency at high energy
•Propose experiments at ISOLDE with
OSCAR

•Still at the idea phase

•Lots of questions still needs to be 
answered (finance, logistics, etc.)

•Please let me know if you are interested 
in such a project

HIE-ISOLDE Physics Workshop 
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IS558 – Coulex of 140Sm
“Shape Transition and Coexistence in Neutron-Deficient 
Rare Earth Isotopes”

Currently analyzed by PhD student Wanja PaulsenHIE-ISOLDE Physics Workshop 
24.05.2023 Page 25

Experiment IS558

Target 208Pb

Particles/s ≈2x105

Beam energy 4.1A MeV

Separate angle ranges 23

Total angle coverage in COM 36.6°-136°

DSSD distance from target 27 mm
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Summary
First ever Oslo Method analysis with ISOLDE data

Constrained the 66Ni(n, g) cross section highly relevant for the i-process

Plan to propose new experiments where we may bring OSCAR to HIE-ISOLDE
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Fig. 3. Full-energy peak efficiency of OSCAR from calibration sources (blue) and simu-
lation (orange). The bottom panel shows the residuals from the fits. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version
of this article.)

Fig. 4. Experimental in-beam �-ray spectra (blue) compared to simulations (orange) of
mono-energetic incident � ray of 1779 (top) and 4440 keV (bottom), respectively. The
lower panels show the relative difference between experiment and simulation. The area
used to scale the simulations to the experiment is highlighted in gray. The discrepancies
are explained in the text. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)

energy resolution was not good enough to clearly distinguish the differ-
ent states (and separate them from states of 29Si and 16O contaminating
the target).

For the in-beam spectra random coincidences with particles from
previous beam bursts of the cyclotron are subtracted using two di-
mensional graphical time-energy cuts. The total number of incident �
rays is not known for the experimental spectra. Therefore, we use the
number of detected � rays that fulfill the coincidence requirements and
normalize the simulated and experimental spectra to the same number
of counts in the full-energy peak. Naturally, the spectra agree within
the close vicinity of the full-energy peak, but from Fig. 4 we can see
that they also match well for the single- and double-escape peaks, the
annihilation peak and the Compton-spectrum above E� ˘ 200 keV.

There are several noteworthy discrepancies. Below E� ˘ 200, the
simulations seemingly overestimate the experimental spectra signif-
icantly. We attribute this to an over-subtraction of the background
for low energies in connection with inaccurate graphical time-energy
gates. On the contrary, the simulations apparently underestimate the
Compton-background for the 4440 keV �-ray spectrum from 12C. This
is however linked to the contamination of � rays from the aluminum
frame of the 12C target, which contaminate the experimental 12C spec-
trum. This can be identified from the position of the additional alu-
minum peaks, where the 1014, 1720, and 2212 keV lines are easily
visible in Fig. 4. Finally, we observe that the full-energy peak in the
experimental spectra is not perfectly Gaussian shaped, but has a tail to-
wards higher energies. Note that this is not visible in the source spectra
of Fig. 2. It is beyond the scope of this article to verify whether the tail
is due to suboptimal settings during the data acquisition (e.g. different
impedances causing a slight ringing in the cables) such that it can be
removed in future experiments, or whether it is of permanent nature
(e.g. pileup with � rays or X-rays created from the cyclotron operation,
etc.). In the latter case, one could use a non-Gaussian kernel for the
smoothing of the simulated spectra, which is described in Section 3.3.

4.3. Response matrix

For the previously used CACTUS �-ray detectors, the response ma-
trix was obtained from an interpolation and extrapolation of a small
number of measured experimental spectra [1]. Given the simulations
presented here and their successful verification in Sections 4.1 and 4.2,
we now calculate the response of OSCAR for a large grid of incident �-
ray energies Ein between 50 keV and 20 MeV. A simulation of 106 single
incident �-rays of 5 MeV in the standard setup with the new spherical
target chamber takes about 8 cpu-hours on a single Intel E5-2683v4
2.1 GHz core. As most experiments only require the response below
10 MeV, we split the calculations in two parts. Below 10 MeV we use
a step-size of 10 keV, removing the need for interpolations; in addition
we simulate the response for 12, 15 and 20 MeV. As an additional
measure to balance runtime against the accuracy of the results, we
increase the number of events from 0.5 ù 106 for the low energies to
3ù 106 for the highest incident energies. The total computation time of
the response was ˘ 17000 cpu-hours and it is available online on github
and as dataset Ref. [12] in the matrix format R(Ein,Eout ), where Eout
is the simulated response. Note that we use an isotropic source with
multiplicity 1 for all events here, but the source definition can easily
be adopted for higher multiplicities and other angular distributions
through the GPS macro commands if this is desirable.

In Fig. 5 the total efficiency is plotted, which is given by the ratio
of counts detected above a threshold over the number of simulated
events. As the most common unfolding technique that is used in the
Oslo method [1] requires the full energy, single and double escape,
and annihilation probabilities for the so called Compton subtraction
method, these probabilities are extracted as well.

5. Lessons learnt

A first version of the OSCAR simulation was developed in 2018 [16],
but we encountered several challenges in the model development and
the comparison to experiments [17]. In the following, we try to sum-
marize the main lessons learnt which lead to the very good agreement
between simulation and experiment.

1. As mentioned in Section 4.1, the full-energy peak efficiency
is rather sensitive to the fit function and procedure. In the
simulations, it is possible to select only photoeffect interactions
and base the full-energy peak efficiency on these. However, this
induced a systematic discrepancy and lead to an apparently
poorer reproduction of the experimental fits.
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Fig. 5. Simulated efficiencies (see legend), where the total efficiency is given for
different lower thresholds. The geometric efficiency of 57% is highlighted (black dashed
line), but can be exceeded due e.g. cross-talk between detectors for one and the same
gamma event. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

2. Several studies have shown that the LaBr3(Ce) detectors have
a non-linear energy response, especially at low energies, see
e.g. Refs. [18] and references therein. However, during the first
benchmarking phase for the simulations, only a subset of the
calibration sources was used, which only allowed for a linear en-
ergy calibration. This induced an error which was misattributed
to the accuracy of the geometry implementation. Ideally, even
more calibration sources should be available if one wants to
improve the response below E� = 200 keV.

3. Initially, we experienced large problems importing the CAD
geometry, with particle tracks getting stuck. This was easily
resolved with GUIMesh and the parallel world geometry. Prob-
lems with the material definition in GUIMesh v1 were cir-
cumvented by grouping the elements of a drawing by mate-
rial, exporting each group individually, and editing the material
through a search and replace.

6. Summary

Response functions of the new �-ray detector array OSCAR at the
OCL have been simulated with the Geant4 toolkit up to 20 MeV.
The simulations are compared to experimental spectra from calibra-
tion sources and in-beam �-rays, where a good agreement has been
achieved. The deviations are below ˘ 5% for �-ray energies E� larger
than 200 keV. Additionally, we obtained the total and partial effi-
ciencies for the various components of the �-ray interaction with the
detectors. Finally, we summarized several of the main challenges of the
analysis.
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Table A.1
Labeling of the detectors and the position of the detectors determined by the geometry
of the frame. This labeling is used both in the Geant4 simulations and on the actual
detector frame of OSCAR. The angles ✓ and � specify the detector location in spherical
coordinates, the distance can be varied by spacers.
Ring Det. number ✓ [deg] � [deg]

1 1 142.6 0.0
2 142.6 72.0
3 142.6 144.0
4 142.6 216.0
5 142.6 288.0

2 6 116.6 324.0
8 116.6 36.0
10 116.6 108.0
12 116.6 180.0
14 116.6 252.0

3 7 100.8 0.0
9 100.8 72.0
11 100.8 144.0
13 100.8 216.0
15 100.8 288.0

4 16 79.2 324.0
18 79.2 36.0
20 79.2 108.0
22 79.2 180.0
24 79.2 252.0

5 17 63.4 0.0
19 63.4 72.0
21 63.4 144.0
23 63.4 216.0
25 63.4 288.0

6 26 37.4 324.0
27 37.4 36.0
28 37.4 108.0
29 37.4 180.0
30 37.4 252.0
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Appendix. Tables

See Tables A.1 and A.2.
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Closest configuration: ≈ 16.4 cm
Angular coverage: 57% of 4π 


