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● 70Ni level density and gamma strength function measured with the β-Oslo 
method

● The nuclear shell model
○ Previous studies of statistical properties
○ The key concepts of the shell model
○ How we get the level density and gamma strength
○ Interactions and model spaces 

● Calculation results for different models and truncations 
● Tests of sensitivity 
● Spin and parity distributions



Experimental 70Ni ρ and γSF from β-Oslo measurement

Level density ρ(Ex) γ strength function f(Eγ)
Liddick et al., PRL 116, 242502 (2016) 10.1103/PhysRevLett.116.242502



What is the character of and reason for upbend?

● Has been seen in many nuclei. This is the first neutron-rich observation.
● Known to be dipole, but M1 or E1? 
● The shell model has been used to explain upbend in other nuclei as M1 

radiation:



What is the character of and reason for upbend?

● Has been seen in many nuclei. This is the first very neutron-rich observation.
● Known to be dipole, but M1 or E1? 
● The shell model has been used to explain upbend in other nuclei as M1 

radiation. Examples:

56,57Fe
Brown and Larsen,
PRL 113, 252502 (2014)
10.1103/PhysRevLett.113.25
2502

94,95,96Mo
Schwengner, Frauendorf and Larsen,
PRL 111, 232504 (2013) 10.1103/PhysRevLett.111.232504



The shell-model picture: Key points

● Assume a hard core with valence nucleons on top.
● Nucleons in the core are completely inert – only serve to modify the mean field 

felt by the valence nucleons.
● Doubly magic nuclei are good candidates for cores
● The effective interaction between valence nucleons can be

○ calculated from theory,
○ fitted to experiment, 
○ or (usually) both



The nucleus 70Ni

● Semi-magic (in protons) with respect to 56Ni.
● But the Z=28 shell gap is known to be soft, so we might expect proton 

excitations from the core. A better closed core is 48Ca.
● We test different model spaces:

○ 70Ni = 56Ni + 14ν
○ 70Ni = 48Ca + 8π + 14ν.

● Model space dimensions scale very hard:
○ dim(0π, 14ν) = 1.22 x 104

○ dim(8π, 14ν) = 1.22 x 109

● To enable calculations we have to truncate.
● How much can we truncate without losing important physics?



Interactions and model spaces

● jj44pna. 56Ni core. π(p3/2,f5/2,p1/2,g9/2), ν(p3/2,f5/2,p1/2,g9/2). Tuned to data.
A. F. Lisetskiy et al. 10.1103/PhysRevC.70.044314. 

● jun45. Same as above. Tuned to data.
M. Honma et al. 10.1063/1.3442627. 

● ca48mh1. 48Ca core. π(f7/2,p3/2,f5/2,p1/2), ν(p3/2,f5/2,p1/2,g9/2). Generated from 
many-body perturbation theory.
M. Hjorth-Jensen (unpublished). 



Technicalities: Calculations and extractions

● We employ the shell model code KSHELL, diagonalizing the Hamiltonian in 
m-scheme with a thick-restart Lanczos algorithm.
N. Shimizu, 2013. arXiv:1310.5431

● Find first 200-500 levels for each parity. Calculate all allowed B(M1) transitions 
between levels. (M1 selection rule is πi = πf)

● The level density is taken by histogramming the excitation energy levels and 
normalizing: 

ρπ(Ex) = histogram(Ex,i) / (0.2 MeV).
● The gamma strength is taken as the density-weighted mean of B(M1) over each 

Eγ bin:
γSF(Eγ) = ∑Ei,πB(Ei,Eγ,π) × ρπ(Ei) / NB(M1,Eγ,



56Ni core calculations

● Reproduces data well for 2 < Eγ < 3 
MeV

● We generally expect the E1 GDR to 
contribute significantly for high Eγ. 
QTBA calculations support this. 
O. I. Achakovskiy et al.,  JETP Letters 104, No. 6 (2016) 
10.1134/S0021364016180053

● Recently demonstrated within the f7/2 
orbital that proton-neutron coupling is 
essential to produce the upbend. 
S. Karampagia et. al., PRC 95, 024322 (2017) 
10.1103/PhysRevC.95.024322
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48Ca core

● Try letting one proton loose from f7/2 into 
(p3/2,f5/2,p1/2).

● Effective gs factors for ca48mh1 have been 
tuned to match jj44 and jun45

● See a clear increase in strength for Eγ < 0.5 
MeV.

● Level densities are very similar.
● Try other truncations as well Pr
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MeV.

● Level densities are very similar.
● Try other truncations as well:

○ 2 protons and all 14 neutrons
○ 2 protons and 1 or 2 neutrons
○ 1 proton and 2 neutrons



48Ca core

● Try letting one proton loose from f7/2 into 
(p3/2,f5/2,p1/2).

● Effective gs factors for ca48mh1 have been 
tuned to match jj44 and jun45.

● See a clear increase in strength for Eγ < 0.5 
MeV.

● Level densities are very similar.
● Try other truncations as well:

○ 2 protons and all 14 neutrons
○ 2 protons and 1 or 2 neutrons
○ 1 proton and 2 neutrons

● Massive differences between truncations
● A truncation implies a renormalization of 

the effective interaction, so direct 
comparisons are risky.
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48Ca core

Things to note:

● The shape of the upbend is invariant to 
truncation for p > 0.

● For Eγ≳2 MeV there is massive variability.
● The appearance of a bump for 2≲Eγ≲4 MeV 

is consistent with calculations for 60,64,68Fe 
using the same interaction. Schwengner et. al., 

PRL 118, 092502 10.1103/PhysRevLett.118.092502

● The bump is absent for 0π 14ν and 1π 14ν. 
Could be a 2π effect? However, small 
bump present for 1π 2ν
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How sensitive is this to the interaction?

● A shell-model interaction is specified by two ingredients: Single-particle energy 
levels (= orbital spacings) and two-nucleon interactions (TBMEs).

● We perturb these randomly to gauge the sensitivity on ρ(Ex) and γSF(Eγ).



Single-particle energies, σ = 0.1 perturbations.

70Ni 1π 14ν truncation.
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Single-particle energies, σ = 0.5 perturbations.

70Ni 1π 14ν truncation.
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TBME monopole <ki ki | V | ki ki> terms 
70Ni 1π 14ν truncation.
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σ = 0.1 σ = 0.5



Spin- and parity-decomposed level density
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Conclusions

● We have studied the level density and M1 strength function of 70Ni with the 
shell model.

● We observe a significant model space dependence on the results
● The low-energy γSF upbend is persistent when at least one proton is excited
● Within one truncation (1π14ν), the shape and slope is quite robust against 

varying the interaction, but not the absolute value
● The spin distribution is in agreement between truncations and interactions, 

with a close-to normal form centered on J∼5ħ
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