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Multi-Messenger Astrophsyics (WoU-MMA) Neutron Star

SN1987A: First MMA, Type II Supernova

Observed Neutrinos & 4 HR Later Light Curve (EM)/ MMA object
Progenitor: Sanduleak —69 202 (Sk -69 202) Blue Supergiant ~20Mo
SN1987A (JWST 2024): Neutron Star, Not Black Hole

Type II SN: Neutron Star or Black Hole, Determined by C/O

Helium Burning: 3a — 2C (~11%) “Hoyle State” "YOU KNOV IT BY THIS...
2C(a,y)1°0 @300 keV 22?
2C(a,y) = C/O="?
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Two partial waves:
p-wave  Sg7(300)
d-wave  Sp»(300)

i bl e A L) W.A. Fowler: Rev. Mod. Phys. 56, 149 (1984)
“The >C(a,y) reaction is of paramount importance”




@, = 0,— 0+ arctan (n/2)
F.C. Barker and T. Kajino, Aust. J. Phys. 44, 369 (1991), R-Matrix Theory.

| Courtesy of Wolfgang Hammer (2006)
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i) R g e T A gpasi 1 M. Gai, Phys. Rev. C 88, 062801(R) (2013).
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L.D. Knutson, Phys. Rev. C 59, 2152 (1999).

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

Required by Unitarity
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counts/channel

The (heroic) Stuttgart Effort: 1) 450 uA 2) 700 HRs 3) Four x 100% HPGe

R. Kunz et al., PRL, 86, 3244 (2002)
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4) EUROGAM 5) 0.01% 3C [x100 Reduced *C(c,n)]

M. Gai, PRC, 88, 062801(R) (2013)
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M. Assuncao et al.. PRC 73, 055801 (2006)
Ecm =1.3875 MeV

2 E,,, = 1.850 MeV

30(l

Counts (mC'l)

0 Al 1T PAL RS R AR | T AT i
7.8 8 8.2 8.4 8.6 8.8 9 9.2 9.4
Energy (MeV)



Ph.D. Thesis, Michael Fey, Stuttgart

March 2004, Unpublished, 12C(a.,Y)
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Abbildung C.35: Im Rahmen des Drehtisch-Experiments gemessene 7-Roh-

Spektren bei E. . = 2.209 MeV. E;=2.945 MeV
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Abbildung C.34: Im Rahmen des Drehtisch-Experiments gemessene ~-Roh-
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Abbildung C.33: Im Rahmen des Drehtisch-Experiments gemessene 7y-Roh-
Spektren bei B, = 1.452MeV. E1=1.936 MeV
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Abbildung C.32: Im Rahmen des Drehtisch-Experiments gemessene y-Roh-
Spektren bei E¢ . = 1.308 MeV. E;=1.744 MeV Abbildung C.31: Im Rahmen des Drehtisch-Experiments gemessene ~-Roh-
Spektren bei E. . = 1.305 MeV. E;=1.740 MeV

Abbildung C.30: Im Rahmen des Drehtisch-Experiments gemessene ~-Roh-
Spektren bei E. . = 1.103MeV. E;=1.470 MeV
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Abbildung C.29: Im Rahmen des Drehtisch-Experiments gemessene ~-Roh-

Spektren bei E¢ .

=1.102MeV. Ei=1.469 MeV
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Abbildung C.28: Im Rahmen des Drehtisch-Experiments gemessene ~-Roh-
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Abbildung C.27: Im Rahmen des Drehtisch-Experiments gemessene ~-Roh-
Spektren bei E., = 0.903MeV. E;=1.204 MeV



Differential Cross Section (b/sr)

Richard deBoer et al., RMP 89, 03500742 (2017)
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deBoer et al. rely on the ANC
The S-factor is derived from
Alpha-transfer, e.g. ("Li,t)
Not from capture gamma-ray
Indirect Method ala 1980°s

51 years after Dyer & Barnes
We still do not have the needed
Capture Gamma-Ray Data

This is the status of our field
(NOT a personal criticism)



Z axis

Detailed Balance: 12C + >0 +y  (in Stars)

160 +y - 2C + oo (at HIYS)

(O-TPC: COz)
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M. Gai et al,
JINST 5, 12004 (2010)

UConn-TUNL-Weizmann-PTB (2012)

R. Smith, M. Gai, D.K. Schweitzer, S.R. Stern and M.W. Ahmed,
Nature Communications, 12, 5920 (2021).
https://www.nature.com/articles/s41467-021-26179-x

SHU-UConn-TUNL (2021)



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

Detailed Balance:
(Inverse, Time Reversed Reaction)

2
o[12C(a,y)1%0] = =% {190 (y, @) 12C] *

o[*°0(y, a)**C] ~~50x a[**C(a,y)**0]
* For Real Photons 2S+1 =2 (not 3)

Not a “Surrogate Reaction”
Not an Indirect Measurement



Line Shape Analysis
(CO, Gas)
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Yield per 12°
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- O-TPC Data N,O gas
Angular distributions
measured at 17 angles
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O (nb)

O-TPC (Nature + N,0O) Data Benchmarked against World Data
First Agreement of data on ¢,, with Quantum Mechanics
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UConn O-TPC @ HIyS (2012) Warsaw eTPC @ HIyS (2022)
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Looking forward to ELI-NP, Bucharest/ M. Gai Fulbright US Scholar, 2025



Sneak peek, 2022 Measurement with the Warsaw eTPC:

Mateusz Fila, Ph.D. Thesis, Warsaw 2023
https://repozytorium.uw.edu.pl/bitstreams/5049fd46-45eb-4b32-9edb-fal21cba7812/download

Complete Angular Distributions, 20 Angular Bins down to ~1.3 MeV

We measured at the shown 15 Energies
(Curve E1&E2 from deBoer et al.)

S factor (MeV b)

[

b [y
U

2 3 4 5
Center of Mass Energy (MeV)

C kinetic energy in CMS [MeV]

Exploratory Measurement:

Mikolaj Cwiok, Ey = 8.66 MeV
Ecm =1.5 MeV

=8.66 MeV : 2-prong (0+C) (with o, C ECM cut)
E, KIN

2

1.8
1.6
1.4
1.2
1
0.8
0.6
0.4

.
. o
.........

0.2

I\I|III|III|III|]II|III|III|III|III|III

0 TR |

Loose + Cut #2

ena,, 362

160*

Entries 362

| PRI R R

1 PR R R T B!
0.5 1

o

No energy scale corrections yet...

L | L
145 2 25

o kinetic energy in CMS [MeV]

1.5

0.5

0

Event count/ bin

Entries /bin

100 A

50 1

200

100 1

50 1

25 1

Ee = 5.996(54) MeV

B =5.904(91) MeV

: 100 1
] Entries: 563 Entries: 2474
X2 /Mot = 1.253 flﬁ X2 /Mot = 1.258
. . ; 0 T ,
-1 0 1 -1 0 1
B =5.249(70) MeV Ef = 4.805(57) MeV
40 1
£ Entries: 2153 20 1 Entries: 489
X2 /Mot = 1.082 x%/naot = 0.703
T T T 0 T T T
-1 0 1 -1 0 1
Bl = 4.583(59) MeV ESl = 4.448(29) MeV
Entries: 653 Entries: 680
X2 /Mot = 1.189 X2 /ot = 0.937
50 1
. . ' 0 - : .
-1 0 1 -1 0 1
Eef = 4.375(40) MeV Eeft = 4.238(57) MeV
Entries: 2495 100 1 . Entries: 951
X2/nd0( =0.700 Y XZ/ndO( =1.327 ¢
\jf N
. . ' 0+ : .
-1 0 1 -1 0 1
B = 2.678(57) MeV Bt =2.38(10) MeV
Entries: 500 Entries: 365
¥ /naof = 0.983 4071 \%/nqor = 2.234
0~ T

-1 0 1

-1 0 1

« track cos fppam


https://repozytorium.uw.edu.pl/bitstreams/5049fd46-45eb-4b32-9edb-fa121cba7812/downloa

4.
S.

6.

University of Connecticut
Laboratory for Nuclear Science

at Avery Point
(AKA Laboratory for Astrophysics)

Conclusions
TPC data of unprecedented quality:

. Low background, if any

Measurement in one detector (response, simple Monte Carlo)
Complete angular distribution (0° — 180°)

(Measured at 17-20 bin-angles)

First Physics Result, First Agreement with Unitarity

New Criteria for Judging Data (Agreement with QM)
Further data measured at HIyS, Warsaw TPC, 2022

(Please do not publish or analyze data that disagree with QM)



