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Nuclear Data
The need to count with a list of measured and calculated nuclear properties carefully compiled (compilation and evaluation)
for the use of other researchers and industry (dissemination).

§ Nuclear Data Evaluations:

www.protominternational.com

Good knowledge of cross sections help
to reduce damage on healthy tissues

Cross sections as indirect way to provide
important information for astrophysics

§ Nucleosynthesis:

Wiki: star formation

A. Arcones et al. / Progress in Particle and Nuclear Physics 94 (2017) 1–67 9

Fig. 2. Schematic outline of the various nuclear reaction sequences in astrophysical environments (colored lines) on the chart of nuclides. Stable isotopes
are marked as black squares. A broad range of nuclei are produced in astrophysical environments. The FRIB radioactive beam facility will provide access
to the unstable nuclei that participate in many astrophysical processes, most of which have never been observed in a laboratory. Stable, gamma, and
neutron beam facilities are needed to measure reactions with stable nuclei in stellar burning and the s-process. Note that many of these processes such
as the ⌫p-process, supernova core processes, and neutron star processes have only been identified in the last decade and are not well understood. The
recently discovered i-process operates parallel to the s-process a few mass units towards the neutron rich side and is not yet included in this figure. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
Source: Figure from Frank Timmes.

s-process nuclei serve as seeds for the p-process, the nucleosynthetic outcome of the p-process. Of similar importance are
the neutron capture rates on abundant nuclides that absorb neutrons, so called neutron poisons. During advanced burning
stages and during explosive nuclear burning triggered by the shock wave passing through the star when it explodes as a
supernova, proton, neutron, and ↵ induced reactions on heavier stable and unstable nuclei become important.

Masses, �-decay properties, and neutron capture rates on hundreds of unstable nuclei are critical for modeling various
r-processes and the i-process. In the case of the r-process, the nuclei are very far from stability (see Fig. 4) and many have
not yet been produced in laboratories to date. Nevertheless, progress has been made. A wide range of mass measurements
for increasingly unstable nuclei have been successfully carried out using time-of-flight and Penning trap techniques. �-
decay measurements now reach beyond the N = 50 shell in the Ga–Ge region covering the beginning of the r-process, and
similarmeasurements at RIKEN are now verging on the r-processwaiting points in the Rb–Zr region. FRIBwill be essential in
expanding the reach of r-process experiments to cover a significant portion of the r-process path (see Section 3.2). Neutrino
interactions play an important role in the r-process and can also produce some rare isotopes in the so called ⌫-process.

For the recently discovered i-process, a neutron capture process with time scales intermediate to the s- and r-process,
the critical nuclei are close to stability. However, accurate neutron capture rates are needed, which are very difficult to
determine experimentally for unstable nuclei. Techniques to carry out such measurements, such as the surrogate approach
using (d, p) and other transfer reactions, are critical. Pioneering measurements have been carried out, for example in the
132Sn region. Promising progress has also been made in utilizing inverse photodissociation or Coulomb breakup processes
as in the case of 60Fe, but all these techniques need to be developed further through experimental and theoretical work.
�-decay, proton capture, (p, ↵), and (n, p) reactions on unstable neutron-deficient nuclei need to be understood for models
of the ⌫p-process as well as nucleosynthesis in nova explosions.

p-process models require reliable (� , n), (� , p), and (� , ↵) reactions on 100s of stable and unstable neutron-deficient
nuclei. The need for experimental data is underlined by findings of large discrepancies between statistical model predictions
and measurements of reactions that involve ↵-particles. Measurements can be performed with � -beams (see Section 3.1)
or, taking advantage of quasi-virtual photons, via Coulomb breakup. However, in many cases, a measurement of the inverse
particle induced capture reaction, and the application of time-reversal invariance, is preferable and is currently a standard
tool for p-process studies. Currently the community worldwide is developing techniques to measure the relevant capture
reactions using radioactive targets or beams. The ReA3 facility at the NSCL and later at FRIB is ideal for such measurements
at astrophysical energies.

Nuclear theory is critical to complement experimental information (see Section 3.6). Even with new facilities expected
to fill in much of the missing information in the coming decade or two, theory is needed to reliably predict properties

Taken from an presentation by R.W. Schulte
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Need for Improvements
Past/present

p’p

• Structureless target
• Collective vibrations & 

rotations
• 1-step mechanism
• Schematic interaction

p’p

Integrated structure & 
reaction framework:

• Deformed targets with 
protons & neutrons

• Low-Eex and high-Eex
excitations

• 1-step + 2-step mechanism

Our Work 

• Underestimate backward angular 
distributions;

• Fast but limited to simplified 
reaction pictures;

• No Interference effects (quantum in 
nature);

Quantum Mechanical

• Fully microscopic theory;
• Bound and unbound state distinction 

and/or pairing components;
• Collective effects (interference);
• Realistic Interactions;

We need a state-of-the-art nuclear structure model
Hartree-Fock-Bogoliubov + Quasi-Particle Random Phase App.

Transition Density
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HFB + QRPA Description of Deformed Nuclei
K

J

Projection Formalism

Projected QRPA transitions

Ground State
Overlap

Angular Momentum 
Contribution

Ground state: HFB

Self-Consistent 
Approach

with D1M Gogny Force 

Excited state: QRPA

Axial Symmetry and Angular Momentum Restoration

Oblate Prolate

Sp
he

ric
al

Energy Surface

Quadrupole Deformation

Intrinsic frameLaboratory frame
~
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Zirconium Isotopes: HFB Ground State properties 
with D1M Gogny Force

• HFB isotopic charge radius shifts

• Shape Evolution of ground state Zr isotopes:  

HFB provides good description of ground state properties for Zr isotopes: Binding energy, shape, charge radii and S2n 

* In prep to be sub
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Zirconium Isotopes: QRPA Excitations with D1M 
Gogny Force

• Collective States are well reproduced;
• GR mean energies: Monopole, Dipole and Quadrupole are also well reproduced;
• BE2 transitions in good agreement to recommended values;

QRPA describes very well the collective vibrations of the nucleus!
www.nndc.bnl.gov/nudat3
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QRPA Transition Densities and Electromagnetic 
Response Coupling in the K=0 States

l Possible small J = 4, 6, 8 … contributions
l Isoscalar
l Surface-like 

*In prep.

Intrinsic Frame Transition Density

Transition Density

Monopole – Quadrupole Coupling
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QRPA Transition Densities and Electromagnetic 
Response Coupling in the K=0 States

*In prep.

l Isovector
l Complicated shape

J = 1,3,5,… 
components

Transition Density
Intrinsic Frame Transition Density

Dipole – Octupole Coupling
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Summary & Outlook
Evaluations and Predictability Power

è HFB + QRPA with Gogny Force for Structure 
and Reaction calculations; 

è Zirconium Isotopes: 
Systematically described from ground state 
to the excitations;

è Perform n- and p- inelastic scattering calc;

è Ready for Surrogate Applications;

è Exploring other important Isotopes;

Mo - Eunjin, In (@ LLNL);
è Large scale calculations and cross section 

predictions for unstable nuclei;

è One- and muti-step amplitudes;

Overall goal: Complete description for selected cases + Insights for simplified models

Food for Thought 
v What is the impact of dipole/octupole coupling  ?
v QRPA transitions between two states;
v What is the effect of pairing in the reaction 

mechanisms, .e.g., leading particle + ph
excitations (MSD) ?;

v Nature of QRPA states: Can we simplify and 
approximate ?

è Coupled Channels

è Coupling transition potentials


