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Nuclear Astrophysics in the Era of Windows on the Universe

Multi-Messenger Astrophsyics (WoU-MMA) 
   

SN1987A: First MMA, Type II Supernova

       Observed Neutrinos 4 HR Later Light Curve (EM)

       Progenitor: Sanduleak −69 202 (Sk -69 202) Blue Supergiant ~17M⊙

            Is SN1987A:    Black Hole or Neutron Star?

Determined by C/O, But = ??? 

       Fusion Reaction:  The 12C+4He → 16O+ 12C()16O]

Helium Burning: 3 → 12C  (~11%)     “Hoyle State”

  12C()16O   @300 keV

  C/O = ?

Two partial waves:

p-wave      SE1(300)

d-wave      SE2(300)

W.A. Fowler: Rev. Mod. Phys. 56, 149 (1984) 
               “The 12C() reaction is of paramount importance”

E1-E2 Mixing Phase Angle (12)



Type II (Core Collapse) Supernova

C/O = ?

C/O  > 1 Neutron Star

C/O  < 1 Black Hole



JWST, February 2024 

SN1987A (17M⊙)  

argon + sulfur 

Neutron Star

→

Stellar upper bound on the 

rate of Oxygen Formation 

The 12C() reaction 



12 =  2 – 1 +  arctan (/2) 
F.C. Barker and T. Kajino, Aust. J. Phys. 44, 369 (1991),  R-Matrix Theory.

M. Gai, Phys. Rev. C 88, 062801(R) (2013).

C. R. Brune, Phys. Rev. C 64, 055803 (2001).

L.D. Knutson, Phys. Rev.  C 59, 2152 (1999).

K.M. Watson, Phys. Rev. 95, 228 (1954).

     Required by Unitarity

E1-E2 Mixing Phase Angle (12)





R. Smith, M. Gai, D.K. Schweitzer, S.R. Stern and M.W. Ahmed,           SHU-UConn-TUNL (2021) 
Nature Communications, 12, 5920 (2021). 

https://www.nature.com/articles/s41467-021-26179-x
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(in Stars)

(at HIS)

UConn-TUNL-Weizmann-PTB (2012)

Active Target TPC

(AT-TPC)

→Time

https://www.nature.com/articles/s41467-021-26179-x




Line Shape Analysis
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Total cross section
(Measure Beam Intensity @ HIS (Stat ~2% Syst ~11%)
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R. Smith, M. Gai, D.K. Schweitzer, S.R. Stern and M.W. Ahmed, Nature Communications, 12, 5920 (2021). 



First measurement of the E1-E2 mixing phase (12) that agrees with Unitarity

O-TPC data measured with N2O gas, UConn-TUNL (2012)

Analyses by Kristian C.Z. Haverson @ SHU, UConn-SHU (2024)

(Complete angular distributions measured at 17 angles)

Prelim
inary



O-TPC data World data

12C()

A new criteria for judging data:

Do not use data that disagree with Quantum Mechanics

             Desperately need New Data



The Warsaw Electronic Readout TPC at HIS, 2022



Conclusions

                       TPC data of unprecedented quality:

1. Low background, if any

2. Measurement in one detector

3. Complete angular distribution measured in detail

     (angular distributions measured at 15-25 bin-angles)  

1. First Physics Result, Agreement with Unitarity

2. New Criteria for Judging Data (Agreement with QM)

3. Further data measured at HIS, Warsaw TPC, 2022
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