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Basic Science
• Nuclear astrophysics
• Fundamental symmetries
• Search for dark matter

Nuclear data
• Energy levels, masses
• Half-lives, decay rates
• Reaction rates (cross sections)

Technology
• Nuclear medicine
• Energy
• National security

Nuclear theory is necessary to provide “missing data” for evaluated libraries

Nuclear data connects basic science and technology
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Hauser-Feshbach formalism: 
optical model + statistical decay

Optical model

Statistical decay

𝑬𝒆𝒙, 𝑱𝒊, 𝝅𝒊

𝑛 + 	
%𝑋 %&'𝑋∗ %)'𝑋 	 + 2𝑛

HF Codes
TALYS
EMPIRE

CoH
YAHFC
STAPRE

0.1 – 100 MeV
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The decay of the compound state is a complicated 
many-body process

𝑃 𝑛, 2𝑛 ∝ +
*! +,-"

𝜌*! Ψ. R /𝑇 Φ/ 𝐶𝑁
0𝑃(𝐶𝑁)	“ab initio” physics:

We are still years away from an ab initio description of reactions chart-wide
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Gamma strength functions and nuclear level 
densities are still the evaluator’s choice

𝜌(𝐸12 , 𝐽, 𝜋)

𝑓34(𝐸5 , 𝐸12)
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Nuclear level densities (NLD) approximate the 
availability of states

Constant temperature model

Nuclear excitation 𝐸12
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)

3 - 5 parameters per nucleus

𝜌(𝐸12 , 𝐽, 𝜋)
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Gamma-ray strength functions (GSF) approximate 
transition probabilities between (internal) states

3 - 6 parameters per multipole type:
 E1, E2, M1 transitions dominate

Kopecky-Uhl model

𝑓34(𝐸5 , 𝐸12)

Photon energy 𝐸5
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NLD, GSF are required for many nuclei at once. 
We want the best models available.

Claim: the shell model is the “closest-to-ab-initio” we can reasonably expect to meet these needs
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Nuclear shell model as mean field theory

Single-particle energies should reproduce magic numbers, i.e. shell gaps. 
(Requires modifications to HO potential, spin-orbit coupling, etc.)

# of particles in these orbits:
Mean-field energy
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Matrix elements:
Residual 2-body interaction

Get these from effective field theory

Nuclear shell model beyond mean field 

Harmonic WS L•S
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Phenomenological 
nuclear shell model (with core) 

All empty

All full

Renormalized “effective interaction”

sd-space
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Example: USDB interaction for the sd-shell
Data: 608 energy levels

• 77 binding energies
• 531 excitation energies

B. A. Brown et al., PRC 74, 034315 (2006)

We gain significant accuracy, but we lose perturbation theory. 
How do we assess uncertainty?

sd-space Hamiltonian:
• 3 single particle energies
• 63 residual TBMEs

Adjust to fit
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Markov Chain Monte Carlo (MCMC) for more robust 
statistics

Parameterized 
model:
y = m x + b m

b

Result: probability distribution for the underlying parameters



Oliver Gorton
LLNL-CFPRES-2007174 14

USDBUQ-500: a new UQ shell model interaction
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USDBUQ500 Exp.

Density

USDBUQ500 (0.134) Exp. (0.134) USDBUQ500 stats sheet
Standard error of a
random prediction:
• 190 keV (USDB is 130 keV)

Standard error of an
averaged prediction:
• 134 keV

Average reported error bar:
• 134 keV
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The result is a probability distribution for the 
Hamiltonian matrix elements
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We can turn UQ shell model into UQ LDs and GSFs

Advantages:
• Microscopic and high fidelity
• Self-consist LD and GSF

(OMP?) across entire region
• Full covariance information

Disadvantages:
• Limited to low energies
• E1 GSF needs large model space
• Availability of interactions
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Example: neutron capture on !"Al

07Al(𝑛, 𝛾) 	
08Al
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Level densities from shell model
07Al	(t'

0
= STABLE) 08Al	(t'

0
= 2	min)
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M1 gamma strength functions from shell model
07Al	(t'

0
= STABLE) 08Al	(t'

0
= 2	min)
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10°2 10°1 100

Neutron energy (MeV)

10°4

10°3

10°2
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ss
se
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)

Systematic models
ENDF/B-VIII.0
1968,J.Colditz
1953,R.L.Henkel
1962,G.Calvi
1967,G.Peto
1958,A.I.Leipunskiy

Neutron capture cross section computed with 
UQ level densities and M1 strength functions

07Al(n, 𝛾) 	
08Al	

(Incomplete model)

𝑁 = 560
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Shell model for future astrophysics and nuclear 
technologies

r-process

pf

sd-space
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Impact on neutron capture cross sections

Ti58 (Ti59 cn and gsf)

Sn(Ti59)=3.034 MeV

Lorentzian E1 Simple modified Lorentzian E1
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We can better understand the composition of GSFs



Oliver Gorton
LLNL-CFPRES-2007174 27

Valence space is eventually exhausted

Sn(Al-27)=13.058

First negative parity (1/2-): 4.055 MeV

Level density “mirage” can compensate


