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§  The capabilities of REX-ISOLDE are well matched to the 
needs of nuclear astrophysics 

§  Stars generally have long lifetimes 
à Nuclear reactions are slow, energies are below the Coulomb 
barrier, cross sections are very small, the nuclei involved are stable  

§  Occasionally, stars undergo rapid transitions 
à Nuclear reactions are faster, energies approach the Coulomb 

barrier, cross sections are not quite so small, radioactive nuclei 
are involved 

Nuclear Astrophysics experiments often require 
intense stable and radioactive ~MeV/u beams 

ISOLDE:  
A Facility for Nuclear Astrophysics 
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§  About ½ of all stars are in binary 
systems 

§  For certain separations and mass 
ranges, this configuration leads to 
(inevitable) thermonuclear nuclear 
runaway scenarios  
§  Novae: Accretion on to CO or ONe WD 
§  X-Ray burster: Accretion on to a neutron star 

§  Novae produce significant contributions of 
some isotopes to the ISM 

§  Possibilities for gamma ray observations. 
§  Specific nuclear reactions can affect 

explosion onset, ejecta abundances, etc   

Novae & X-Ray bursters 

HST: Nova Cygni 
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14O(α,p)17F 
§  May trigger break out from the 

hot CNO cycles  
§  Direct measurement difficult 
§  Expected to be dominated by a 

single 1− resonance 
§  Γtot= 50 keV via 17F(p,p)  

§  Γα=3.2 eV via 17F(p,α) 
§  But this only give the 17Fgs 

production contribution 

§  Hence a study of  
17F(p,p’)17F  : He et al. Phys. Rev. C 
80  042801R (2009)  

4417
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14O(α,p)17F 
§  CD system + MINIBALL array 
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14O(α,p)17F 
§  CD system + MINIBALL array 

CD
All protons

MINIBALL
gammas

CD
Protons 

gated in 495 keV γ-rays

Analysis found Γp0~ Γp’

à 1− resonance enhances
the reaction rate, contributing approximately as 
much as the ground-state component.

However, still unlikely the 14O(α, p)17F reaction 
bypasses the β+ decay of 14O in the hCNO 
cycles at novae temperatures and densities
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gated in 495 keV γ-rays

Analysis found Γp0~ Γp’

à 1− resonance enhances
the reaction rate, contributing approximately as 
much as the ground-state component.

However, still unlikely the 14O(α, p)17F reaction 
bypasses the β+ decay of 14O in the hCNO 
cycles at novae temperatures and densities

495 keV
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Found Γp0~ Γp’

à 1− resonance enhances
the reaction rate, contributing 
approximately equally to the ground-
state component.

However, it’s unlikely the 14O(α, p)17F 
reaction bypasses the β+ decay of 14O in 
the hCNO cycles an novae temperatures 
and densities

Further ongoing discussions, see e.g. 
D. W. Bardayan, et al. PRC 85 065805 
(2012)
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Core Collapse Supernovae 
§  Core Collapse Supernovae… are just exciting! 
§  There remains fundamental uncertainty in the explosion 

mechanism 
§  Gamma-rays from 44Ti decay are one of the few ways in 

which data could improve models 
§  Major recent investment in gamma-ray observing satellites 

is producing new high-quality observational data 
§  The main nuclear uncertainty is the 44Ti(α,p)47V reaction 
§  44Ti reclaimed from irradiated parts at PSI is now available 
§  So… perform a direct measurement of 44Ti(α,p)47V  
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Motivation - stronger than ever! 
•  First NuSTAR observation of 

Cas-A 1.5±0.3 x10-4 M⊙ of 44Ti 

•  Detailed mapping of turbulence.  

•  Unexpected separation of 44Ti 

and Fe (in models, they are 

produced in the same zones) 

Blue - measured 44Ti

Green - known jet structure

Orange - measured Fe x-rays

NuSTAR
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Observations x10-4 M⊙ 

Cas-A NuSTAR  
Nature 506 (2014) 339-342 

1.25(0.3) 

SN1987A NuSTAR  
Science 348 (2015) 670-671 

1.5(0.3) 

Cas-A COMPTEL, BeppoSAX PDS and ISGRI  

ApJ 647 (2006)  L41-L44 

1.6(+0.6-0.3) 

Models 

Maximum e.g. Tur et al. 

ApJ 718 (2010) 357-367 
1.0 

Typical e.g. Tur et al. 

ApJ 718 (2010) 357-367 
0.2-0.4 

Observed 44Ti yield consistently greater than predicted by model

Yields of 44Ti in CCSN 

INTEGRAL
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 44Ti production at PSI 
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Delivering the beam 



ENSAR-2 NUSPRASEN WORKSHOP 
CERN 6 December 2016 

14 

Experiment design 

  2cm 60 Torr 4He gas cell 
  ~6µm Al entrance window; 15 µm exit window 
  MSL S2-type DSSD, inner diameter 18 mm, outer diameter 100 mm 
  48 circular strips, 16 azimuthal sectors 
  127 & 137 mm downstream: ΔE 65 µm; E 10000 µm 
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Results 

If typical, rate reduced by ~ factor of 2

Gas in

Gas out
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Publications 

Assuming reduced cross 
section is typical… 

The model is now very 
 close to the observation!
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Planned future nuclear astrophysics 
studies at HIE-ISOLDE 
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A Direct study of 44Ti(α,p)47V 
§  Core Collapse Supernovae are exciting 
§  There remains fundamental uncertainty in the explosion 

mechanism 
§  Gamma-rays from 44Ti decay are one of the few ways in 

which data could improve models 
§  Major recent space investment is producing new high-

quality observational data 
§  The main nuclear uncertainty is the 44Ti(α,p)47V reaction 
§  44Ti reclaimed from irradiated parts at PSI is now available 
§  Perform a direct measurement of 44Ti(α,p)47V  
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A Direct study of 44Ti(α,p)47V 
§  Core Collapse Supernovae are exciting 
§  There remains fundamental uncertainty in the explosion 

mechanism 
§  Gamma-rays from 44Ti decay are one of the few ways in 

which data could improve models 
§  Major recent space investment is producing new high-

quality observational data 
§  The main nuclear uncertainty is the 44Ti(α,p)47V reaction 
§  44Ti reclaimed from irradiated parts at PSI is now available 
§  Perform a direct measurement of 44Ti(α,p)47V  

IS543: Spokesperson A. Murphy
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Plan for a run 2 

Essentially identical to run 1

•  100 MBq of 44Ti is available & reserved at PSI
•  Good reason to expect significantly more beam
•  Aim for 3 – 4 measurements (not upper limits)
•  An option for thinner cell windows, resulting in better resolution, is still being explored.
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The νp process and 59Cu(p,α) 
§  How are the ‘p-nuclei’ made? 
§  Photo-dissociation of heavy seeds fails to 

reproduce some nuclei (e.g. 92,94Mo and 
96,98Ru) 

§  A νp-process: antineutrino absorptions in 
proton-rich environment à neutrons to be 
captured by neutron-deficient nuclei. 

§  Speeds up the reaction flow, permitting 
element formation up to A~100. 

§  Arcones et al. have identified an end point nuclear 
cycle that could limit processing A>64. 

§  At high temperatures 59Cu(p,α)56Ni dominates over 
59Cu(p,γ), ending the process 

§  However, 59Cu(p,α) is presently unmeasured… 
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The νp process and 59Cu(p,α) 
§  How are the ‘p-nuclei’ made? 
§  Photo-dissociation of heavy seeds fails to 

reproduce some nuclei (e.g. 92,94Mo and 
96,98Ru) 

§  A νp-process: antineutrino absorptions in 
proton-rich environment à neutrons to be 
captured by neutron-deficient nuclei. 

§  Speeds up the reaction flow, permitting 
element formation up to A~100. 

§  Arcones et al. have identified an end point nuclear 
cycle that could limit processing A>64. 

§  At high temperatures 59Cu(p,α)56Ni dominates over 
59Cu(p,γ), ending the process 

§  However, 59Cu(p,α) is presently unmeasured… 

T=2.2GK
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The νp process and 59Cu(p,α) 
§  How are the ‘p-nuclei’ made? 
§  Photo-dissociation of heavy seeds fails to 

reproduce some nuclei (e.g. 92,94Mo and 
96,98Ru) 

§  A νp-process: antineutrino absorptions in 
proton-rich environment à neutrons to be 
captured by neutron-deficient nuclei. 

§  Speeds up the reaction flow, permitting 
element formation up to A~100. 

§  Arcones et al. have identified an end point nuclear 
cycle that could limit processing A>64. 

§  At high temperatures 59Cu(p,α)56Ni dominates over 
59Cu(p,γ), ending the process 

§  However, 59Cu(p,α) is presently unmeasured… 

T=3.3GK
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§  59Cu beam impinging CH2 target 
§  Highly segmented silicon strip detectors, 

covering lab angles of 2.8 – 40 degrees 
§  Coincident detection of both ejectile and 

recoil
§  5 energy steps, Ebeam: 3.8 – 5 MeV/u
§  Anticipating high level density

The νp process and 59Cu(p,α): IS607 

Spokesperson: C. Lederer
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§  Big Bang Nucleosynthesis is well established  
§  But there is a problem: predicted abundance of 

7Li does not match observation 
§  Could the solution be nuclear?

A possible solution to the 
cosmological lithium problem: IS-554 

Coc, Alain et al. Phys.Rev. D87 (2013) no.12, 123530
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§  Big Bang Nucleosynthesis is well established  
§  But there is a problem: predicted abundance of 

7Li does not match observation 

A possible solution to the 
cosmological lithium problem: IS-554 

§  Could the solution be nuclear?
§  Additional early universe destruction of 

7Be could work (and not affect the existing 
agreements for H, D, He)

§  Resonant enhancement of 
7Be(d,p)8Be*(2α) 

§  Excitation energies in 8Be up to 20 MeV 
§  35 MeV 7Be beam; double sided silicon 

strip detectors, laboratory angles 8-150o, 
detecting protons and alpha particles in 
coincidence.
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§  Big Bang Nucleosynthesis is well established  
§  But there is a problem: predicted abundance of 

7Li does not match observation 
§  Could the solution be nuclear? 

A possible solution to the 
cosmological lithium problem: IS-554 

§  Additional early universe destruction of 
7Be could work (and not affect the existing 
agreements for H, D, He)

§  Resonant enhancement of 
7Be(d,p)8Be*(2α) 

§  Excitation energies in 8Be up to 20 MeV 
§  35 MeV 7Be beam; double sided silicon 

strip detectors, laboratory angles 8-150o, 
detecting protons and alpha particles in 
coincidence. IS-554: Spokesperson D. Gupta
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Summary 
§  The capabilities of REX-ISOLDE are well matched to the 

needs of nuclear astrophysics 
§  Note the (disproportionate) number of talks here on nuclear 

astrophysics! 

§  The work is quite diverse   
§  Experimental and theoretical nuclear physics, several different 

techniques,  
§  Astrophysics & astronomy 
§  Modeling & computational physics 
§  Nuclear chemistry 
§  … 

REX-ISOLDE work fits well within the 
wider ENSAR2 activities.  


