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Inclusion of light nuclei reaction rates matters 

• Ye~0.4

• S/k~100-300

• Expansion timescale ~ 5ms

• accessible to RIB facilities

• test grounds for theory?

Include all Z<10 radioactive nuclei

Using Woosley et al (1994) rates

Terasawa et al 2001
Sasaqui et al 2005



16N(d,p)17N - one neutron transfer

direct neutron capture 

decay of resonances
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The neutrino-p process

3 Background

3.1 The ⌫p process

Neutrino-driven winds in core-collapse supernovae are an interesting site for the production of
elements heavier than iron. These neutrino-driven winds are a result of the interaction of neutrinos
from the cooling proto-neutron star and the outer layers of the star. Traditionally, these neutrino-
driven winds have been proposed as the site of the main r process. However, recent simulations fail
to reproduce the conditions required for the main r process (e.g [17]). Nevertheless, the neutrino-
driven winds are a promising site for the production of the lightest elements beyond iron, e.g. Sr,
Y, and Zr.

Long-term hydrodynamical simulations with sophisticated neutrino transport indicate that the
neutrino-driven wind is proton-rich during some phase of the wind evolution after the explosion
[18, 19, 14, 20, 21]. In these proton-rich conditions, elements heavier than iron can be synthesized
through the ⌫p process [6]. The importance of the ⌫p process lies in the fact that it is a primary
process (i.e. it does not require any other nucleosynthesis process to occur prior to provide seed
nuclei) and that it contributes to the synthesis of elements heavier than iron.

Matter in the neutrino-driven winds is initially hot and fully dissociated. As the matter expands
and cools, freeze-out from nuclear statistical equilibrium occurs and proton- and ↵-captures drive
the synthesis of nuclei up to 64Ge. Nuclei, such as 64Ge, with low proton-capture Q-values and
long �+-decay half-lives (compared to the timescale of the expansion) hinder the nucleosynthesis
flow towards heavier nuclei. However, the strong neutrino and anti-neutrino fluxes from the proto-
neutron star allow for electron anti-neutrino absorption on protons (⌫e + p ! n + e+) to produces
a small residual neutron density. These neutrons allow for (n,p) reactions which are faster than the
�-decays, leading to sequences of p-capture reactions and (n,p) reactions for temperatures between
3 GK and 1.5 GK. This allows for the synthesis of heavier elements beyond iron through the ⌫p
process [6, 22, 23, 24, 15].

The e�ciency of the ⌫p process depends on the hydrodynamical conditions, the electron fraction
(which is related to the neutrino properties), and the nuclear reactions on nuclei heavier than iron.
Many of the involved nuclei are short-lived and have only limited (if at all) experimental information.
The reaction rates on these nuclei are based on theoretical predictions using the Hauser Feshbach
model. Recent reaction rate sensitivity studies have pointed out the importance of neutron-induced
reactions on these unstable neutron-deficient nuclei along the ⌫p process path and in particular of
the reaction 56Ni(n,p)56Co [24, 16].

In addition, [16] have the ⌫p process path in detail and found that the location of the path is de-
termined by nuclear structure. (The hydrodynamical trajectory only determines how long suitable
conditions for the ⌫p process prevail.) Hence, constraints of the critical, neutron-induced reactions
along the ⌫p process will directly reduced the uncertainties in the ⌫p process nucleosynthesis and
advance our understanding of the role of the ⌫p process in the synthesis of elements heavier than
iron.

3.2 Experimental constraints to the reaction rates.

To determine the reaction rates for the ⌫p process, cross sections of neutron-induced reactions with
short lived nuclei have to be measured. This is a very challenging problem for nuclear physics.
While the radioactive species, especially in the case of the ⌫p process may be easily produced
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EFFECT OF NUCLEAR PHYSICS INPUT ON NUCLEOSYNTHESIS

Wanajo et al 2011

• 0 < En <1 MeV    1.5GK < T < 3GK

• compound nucleus process

• (most) important reaction rate: 56Ni(n,p)

• proton rich, unstable nuclei

• no experimental data

How can we constrain the key reaction rates?



Indirect way: If we cannot do (n,p) then perhaps (p,n)?

G. Perdikakis et al, Proposal 14061 to NSCL PAC 38, April 2014 (approved)

“Investigation of the role of the νp process in the synthesis of heavy elements 
through the reaction 56Co(p,n)56Ni in inverse kinematics at ReA3” 

Can we constrain the relevant p, n widths for 56Ni(n,p)56Co?
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SENSITIVITY OF INVERSE 
REACTION

Are we constraining the same 
p, n widths?

Is our sensitivity to each width 
the same in the lab?



G. Perdikakis et al., Nucl. Instr. Meth. A 686, (2012), 117 
G. Perdikakis et al., IEEE Trans. Nucl. Science 56, (2009), 1174

• Ebeam~ 5MeV/u
• En = 0 - 1 MeV
• Inverse kinematics
• Low beam intensity 
• Thick target

• 24 plastic scintillator bars
• timing resolution ~ 400ps
• Angle resolution 2° @ 1m
• Coverage: 45° lab angle
• Efficiency > 20% below 4 MeV
• En ≥ 130 keV

LENDA

ReA 3



Challenging! 
Spectroscopy of neutrons with 

energies between 0-1 MeV

Low beam energies 2 - 6 MeV/u
Compound nucleus mechanism

(p,n) reactions to study νp-process in core-collapse supernovae

(p,n0)

(p,n1)

gammas from 
target

gammas from 
beam stop

 61Ni(p,n)61Cu

n0

n1

p

62Cu

61Ni+p

61Cu+n

Ec~9MeV

First test at University of Notre Dame
(Regular Kinematics)

• Neutron energy by TOF @ 50cm
• Bunched beam (spacing 200ns)
• 2-3 ns FWHM timing resolution
• En≥130 keV
• No particle tagging



40% rate variation between rate calculations
Factor ~10 variation in vp-process yield for A>120



SUMMARY

• Reaction studies of core collapse supernovae nucleosynthesis 
scenarios under way or in preparation

• Experiment to constrain experimentally the main nuclear 
uncertainty of vp-process nucleosynthesis approved and in 
preparation (collaboration with C. Frohlich)

• New project to study the effect of nuclear uncertainties to the r-
process path (collaboration with R. Surman)



SUMMARY

• parity distribution

• spin distribution

• pairing effects 

• code implementation

Things commonly overlooked
 in HF calculations:

M. Beard et al,  PRC 90, 034619, (2014)
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