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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)/ MMA object
       Progenitor: Sanduleak −69 202 (Sk -69 202) Blue Supergiant ~20M⊙

            SN1987A (JWST 2024):    Neutron Star, Not Black Hole
Type II SN: Neutron Star or Black Hole, Determined by C/O

Helium Burning: 3a ® 12C  (~11%)     “Hoyle State”
  12C(a,g)16O   @300 keV ???
 12C(a,g) → C/O = ?

 Two partial waves:
 p-wave      SE1(300)
 d-wave      SE2(300)

  W.A. Fowler: Nobel Prize Speech (1984)
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E1-E2 Mixing Phase Angle (f12)

JWST, February 2024 
SN1987A (~20M⊙)  
argon + sulfur 
Neutron Star

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



j12 =  d2 – d1 +  arctan (h/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 (f12)Courtesy of Wolfgang Hammer (2006)
 12C(α,γ)



The (heroic) Stuttgart Effort: 1) 450 µA  2) 700 HRs  3) Four x 100% HPGe 
      4) EUROGAM  5) 0.01% 13C [x100 Reduced 13C(a,n)]
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beam

FIG. 1. Top view of the present experimental setup. The de-
tector array used consisted of four high efficient (e ! 100%)
HPGe detectors with active BGO shielding in close geometry
around the target chamber. The array was placed on a motor
driven revolving table.

with the high detection efficiency and the high background
suppression factor of the present setup, have raised the sen-
sitivity of the present measurements by about 1 to 2 orders
of magnitude [14] compared to former experiments [6–9].
Some typical g spectra measured in the present work at
Ecm ! 1.254 MeV are shown in Fig. 2, exhibiting a clear
signature of the lines and showing that the runs could well
be extended below 1 MeV.

The targets used were produced by implanting 12C atoms
into gold. The gold layered backing used for this pur-
pose was especially developed for long term experiments
and high beam power of up to 10 kW!cm2 [15]. The tar-
get implantation was carried out at a facility of the DTL,
Bochum. Hereby, the depletion in respect to the detrimen-
tal 13C was improved by a factor of 1000. The optimal
target thickness was "2 3# 3 1018 atoms!cm2. In order
to avoid any carbon buildup on the target surface, three
cryotraps and a turbomolecular pump were installed near
the target position. In this way a very clean vacuum of
about "2 5# 3 1028 mbar could be achieved. The target
composition and purity was checked by looking for the
13C"a, n#16O as well as for the 12C"p, g#13N reactions, the
latter serving also for the daily target thickness controls.
The target was replaced when a deterioration of about 20%
was found.

The collected beam charge was measured by means of
a calibrated electronic beam integrator. The angular distri-
butions with 9(8) data points were obtained by using 3(4)
detectors in 3(2) table positions. It has to be emphasized
that the table position was changed every 1–2 h in order
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FIG. 2. High energy part of the g spectra measured at Ecm !
1.254 MeV and angular positions between Q ! 15± 135±. The
relevant peak (g0) is located at about 8.4 MeV and is marked by
the dark area. The corresponding background is marked as grey
area. The He1 currents were about 400 mA and the measuring
time was altogether 150 h.

to equalize target effects. In addition, the targets were
frequently turned to 180± to perform also yield contribu-
tion measurements from the backings. To measure the g-
angular distributions 420 h and 220 h for the background
runs have been spent; 60 h were necessary to check the
target deterioration. In our analysis, the g0- as well as
any other possible cascade transitions arising in the spec-
tra have been carefully evaluated by using the appropriate
fitting procedures for line shapes and background. Fig-
ure 3 shows the angular distribution of g0 for Ecm !
1.254 MeV as an example. The data have been properly
corrected for target deterioration due to sputtering and for
any effects due to finite geometry. The extension of the
target spot with a diameter of about 10 mm and the size
and position of the Ge detectors was taken into account by
simulating the setup with the Monte Carlo code GEANT.
The numerical results are presented in Table I. The large
error bar at Ecm ! 945 keV is due to shorter measuring
time at this energy.

The values for sE1, sE2!sE1, and sE2 have been ob-
tained by using the formula for the interference of E1 and
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FIG. 5. γ -ray spectra of the 12C(α, γ )16O reaction for Eα,lab =
3.500 MeV (Ec.m. eff. = 2.607 MeV) as a function of angle. To
the left of the full energy peak, the single escape peak is clearly
visible, but the double escape peak is almost completely suppressed
by the active shielding. The spectra have been normalized to the
accumulated charge (counts per millicoulomb of α-particle beam)
and to the efficiency of each Ge detector. The Doppler shift in
the γ energy is clearly visible.

the DYNAMITRON runs, the 12C content was repeatedly
determined by scans over the 12C(p, γ )13N resonance at
Ep = 1.699 MeV. The results of these measurements agreed
generally within the error bars with the RBS determinations.
However, there were some exceptions when the two methods
gave significantly different results. RBS analysis over the
whole surface of the target (see below) showed that in these
cases the proton and the α-particle beams probably hit different
areas of the target. For the analysis, we decided therefore to
use exclusively the results of the RBS scans which covered the
whole target areas and which were also more precise.

III. ANALYSIS OF THE TARGETS BY RBS; EFFECTIVE
REACTION ENERGIES

For RBS, α-particle backscattering at an energy of
Eα,lab = 1.20 MeV was chosen. The α-particle beam was
provided by the ARAMIS accelerator of the CSNSM Orsay.
The backscattered particles were detected with a surface
barrier detector at θ = 165◦ with respect to the beam. The
target was scanned in a device with full automatic positioning
under computer control, considerably reducing the required

FIG. 6. γ -ray spectra of the 12C(α, γ )16O reaction for Eα,lab =
1.850 MeV (Ec.m. eff. = 1.305 MeV), the lowest beam energy of
this experiment in the angular range 30◦−130◦ measured with the
nine EUROGAM detectors. Full energy γ peak is around 8.56 MeV.
Spectra have been normalized to the accumulated beam charge and
to the efficiency of each Ge detector.

measuring time. For each target, a 12C depth profile was
obtained at typically 30 different points with about half of
the points inside the region of the beam impact zone and
the other half outside that region. The points were selected
using digitized images of the targets, which took into account
the appearance of the target in and out of the beam impact
zone. The target appearance clearly identified the interface
between the regions as well as the unbombarded border of the
target. The beam time for measuring one target to determine
the average depth profile and homogeneity was approximately
6 h. Figure 7 shows typical RBS spectra observed for a target
having 1.3 × 1018 12C atoms/cm2 implanted in gold. The two
spectra correspond to a central point of the target region where
the DYNAMITRON beam produced the highest wear and to
a region that had not been touched by the beam. The erosion
of the 12C layer at the surface and the diffusion of carbon into
the deeper gold layers are clearly visible. Each experimental
RBS spectrum obtained was analyzed using the RBS analysis
program RUMP [45]. The empirical fit to the experimental
spectra gave the carbon depth profile in the gold layer. This
information was later used to calculate the 12C concentrations
and to determine the effective α-particle energies for all runs of
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FIG. 1. (Color online) (a) The measured angular distribution of
the 12C(α, γ ) reaction [8] together with the E1 + E2 fits for three
values of the E2/E1 ratio as discussed in the text. (b) The reduced
χ 2/ν obtained for different E2/E1 ratios.

measurements of the total reaction cross section to 300 keV
(see, for example, Ref. [15]).

I analyzed all the published angular distributions
measured at low energy (Ec.m. < 1.5 MeV) with the
GANDI/EUROGAM array at Stuttgart [6,8] and employed
the standard Legendre polynomial expansion as shown, for
example, in Eq. (4.3) of Ref. [8] and the published angular
attenuation coefficients. The angular distributions measured
at 891 and 903 keV, shown in Fig. 4 of Ref. [6], were not
included in this analysis since the data points were measured
with error bars of nearly 100% (or larger). In order to simplify
the analysis I fixed the relative angle (φ12) at the value predicted
by Eq. (1), discussed below, and varied only one parameter
(SE2/SE1) apart from an overall normalization.

As shown in Fig. 1 the E2/E1 ratio at 1.342 MeV can be
varied by a factor as large as 6 and still yield a similar quality of
fit, with only a slight increase in χ2/ν from 1.8 to 2.4. The same
figure demonstrates that the data points measured at backward
angles (larger than 90◦) provide the largest sensitivity to the
E2/E1 ratio, but these few (three) data points are measured
with poor precision, considerably worst than 10%. It is clear
from Fig. 1 that precise data (5–10% statistics) measured with
small angular bins (10◦ or smaller) at large backward angles
(90–160◦) are essential for an accurate determination of the
E1 and E2 cross-section factors.

The obtained χ2 values shown in Fig. 1(b) yield
SE2
SE1

(1.342) = 1.4+1.6
−0.6 for a fixed value of the relative angle

of φ12 = 54◦ predicted by Eq. (1) and discussed below.
The SE2/SE1 ratios obtained for all other published angular

FIG. 2. (Color online) The E2/E1 ratios deduced in the current
analysis of the data obtained using the EUROGAM/GANDI
arrays [6,8].

distributions measured at Ec.m. < 1.5 MeV [6,8] are shown
in Fig. 2. The large and asymmetric error bars deduced in
this analysis are considerably different than those published
in Refs. [6–8]. I conclude that the SE2/SE1 ratios measured
with the EUROGAM/GANDI arrays are not determined with
sufficient accuracy, less than 50%, to define the cross-section
factors at energies below 1.5 MeV. Thus I do not include these
data in the sample of current “world data.”

Excluding the results of the Stuttgart Collaboration [6,8]
from the sample of “world data” is in agreement with the
finding of Brune and Sayre [16] but is in conflict with
Schuermann et al. [17] that included the data of the Stuttgart
Collaboration [6,8] in their sample of the “world data”. In
contrast, Schuermann et al. [17] removed the data of Redder
et al. [18] and Ouellet et al. [19] from their sample of the
“world data”. Their selection criteria together with the critical
review discussed here and in Ref. [16] would leave only the
recent data of Kunz et al. [5] and Plag et al. [9] in the current
sample of “world data” of measured angular distributions at
energies below 1.7 MeV. This is a less than a satisfactory
situation for such an important cross section.

In Fig. 3 I show the published “world data” of SE2 values
deduced from angular distributions measured at low energies
(Ec.m. < 1.7 MeV). I show the new measurements [5,9]

FIG. 3. (Color online) The measured SE2 values [5,9,18,19] and
the corresponding R-matrix fits. The two distinct groups of data
extrapolate to 60 ± 12 and 154 ± 31 keVb. The SE2 values measured
using the GANDI [6] and EUROGAM [8] arrays are excluded, as
discussed in the text.
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Ph.D. Thesis, Michael Fey, Stuttgart 
March 2004, Unpublished, 12C(a,g)
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Abbildung C.35: Im Rahmen des Drehtisch-Experiments gemessene γ-Roh-
Spektren bei Ec.m. = 2.209MeV. EL=2.945 MeV
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Abbildung C.34: Im Rahmen des Drehtisch-Experiments gemessene γ-Roh-
Spektren bei Ec.m. = 1.696MeV. EL=2.261 MeV 
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Abbildung C.33: Im Rahmen des Drehtisch-Experiments gemessene γ-Roh-
Spektren bei Ec.m. = 1.452MeV. EL=1.936 MeV 
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Abbildung C.32: Im Rahmen des Drehtisch-Experiments gemessene γ-Roh-
Spektren bei Ec.m. = 1.308MeV. EL=1.744 MeV 
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Abbildung C.31: Im Rahmen des Drehtisch-Experiments gemessene γ-Roh-
Spektren bei Ec.m. = 1.305MeV. EL=1.740 MeV 
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Abbildung C.30: Im Rahmen des Drehtisch-Experiments gemessene γ-Roh-
Spektren bei Ec.m. = 1.103MeV. EL=1.470 MeV 
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Abbildung C.29: Im Rahmen des Drehtisch-Experiments gemessene γ-Roh-
Spektren bei Ec.m. = 1.102MeV. EL=1.469 MeV 
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Abbildung C.28: Im Rahmen des Drehtisch-Experiments gemessene γ-Roh-
Spektren bei Ec.m. = 1.099MeV. EL=1.465 MeV 
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Abbildung C.27: Im Rahmen des Drehtisch-Experiments gemessene γ-Roh-
Spektren bei Ec.m. = 0.903MeV. EL=1.204 MeV
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deBoer et al. rely on the ANC
The S-factor is derived from 
Alpha-transfer, e.g. (7Li,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)

Richard deBoer et al., RMP 89, 03500742 (2017) 48
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FIG. 10 (Color online) Comparison of the R-matrix fit to the angular distribution data of Dyer and Barnes (1974) (green
diamonds), (Redder et al., 1987) (brown stars), (Assunção et al., 2006) (black circles), and (Fey, 2004) (blue squares). Note that
the data at E↵ = 2.28 and 3.677 MeV have been scaled for plotting convenience. The data from Fey (2004) show a systematic
deviation from the R-matrix fit and other data sets at backward angles. This is most clearly visible at E↵ = 1.740 MeV where
the data from Assunção et al. (2006) and Fey (2004) were measured at the same energy.

improved with the energy dependence of the R-matrix fit
if subjected to this same normalization factor.

Summarizing the situation for the Ex = 6.05 MeV
transition, the data of Matei et al. (2006) and Schürmann
et al. (2011) are in generally good agreement if the sys-
tematic uncertainties are considered. There are a few
points in the data of Matei et al. (2006) that appear to
have some unconsidered systematic shift in their absolute
scale compared to the rest of the data set. Attempts were
made to re-examine the log books of the experiment but
no correlation between these data points could be estab-
lished. It was found that no significant E1 contribution
was necessary to fit the data and that the low energy
cross section is dominated by E2 external capture
(see Fig. 8) in contradiction to the recent reassertion in

An et al. (2015) that this cross section is E1 dominated.
Finally, the ANCs measured in Avila et al. (2015) are
found to be in good agreement with the capture data.

The R-matrix fit and the cascade data included in the
global fit are shown in Fig. 15. It was found that the
cascade data of Kunz (2002) (Ex = 6.92 and 7.12 MeV
transitions) require normalization factors of ⇡0.5 while
those of Redder et al. (1987) require values of ⇡0.25 (see
Table VII). The normalization is somewhat unexpected
since this was not required in the fit of Schürmann et al.
(2012). This may be the result of the di↵erent ANCs
used in this analysis. In addition, the value of the abso-
lute normalization for the cascade data is highly sensitive
to the normalization factor of the total cross section data.
If the normalization of the total cross section data are in-
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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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UConn-TUNL-Weizmann-PTB (2012)

Active Target TPC
M. Gai et al,
JINST 5, 12004 (2010) 

→Time

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


Detailed Balance:
(Inverse, Time Reversed Reaction)

𝜎 12𝐶 𝛼, 𝛾 16𝑂 = !	#!"

##"
	𝜎 16𝑂 𝛾, 𝛼 12𝐶  * 

𝜎 16𝑂 𝛾, 𝛼 12𝐶   ≈	~50 x 𝜎 12𝐶 𝛼, 𝛾 16𝑂

*  For Real Photons 2S+1 = 2 (not 3)

 
Not a “Surrogate Reaction”

Not an Indirect Measurement
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4.1 Angular Distribution Fitting Steps 4 ANGULAR DISTRIBUTIONS

Figure 4: OTPC angular distribution fits.The shaded areas show the 1 sigma error bands of our fits.
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O-TPC Data N2O gas
Angular distributions 
measured at 17 angles

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

16O(g,a)12C



2 CROSS SECTION IN SMALL ENERGY STEPS

F =
�(Eeff )

< � >
(3)

F =
�(Eeff )R

�(E)g(E)dE
(4)

�(Eeff ) = F < � > (5)

This method relies on knowing the shape of �(E) already. In this analysis, the �(E) profile was provided
by the two resonance fit to the world data shown in figure 8, shown by the black line. That approximate
phenomenological fit to the total cross section has been discussed numerous times in the past so we will
no go into that again here. This is equivalent to what was done for the 2021 Nature paper where an
interpolation of the total cross section world data was used for �(E).

Figure 8: Cross section correction values were obtained using my approximate phenomenological fit to the
world total cross section data.

In the 2021 analysis, g(E) was simply the energy profile of the beam, since the effective cross section
was being measured across the whole beam. However, that is no longer the case here. Now, g(E) should
account for the energy binning of the cross section and the 69 keV OTPC Ecm resolution. The method of
obtaining g(E) here is depicted in figure 9. To obtain g(E), the beam energy profile was separated into the
energy bins, then the beam yield in that energy bin was smeared by the OTPC resolution. The dotted lines
in figure 9 show the g(E) corresponding to each energy bin. Once the g(E) were calculated, equation 5 was
used to correct the measured total cross sections. These corrected cross sections are shown in figure 10.
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12C(a,g)16O

12C(a,g)16O

O-TPC (Nature + N2O) Data Benchmarked against World Data
First Agreement of data on f12 with Quantum Mechanics



UConn-TUNL O-TPC, 2009
UConn O-TPC @ HIgS (2012)               Warsaw eTPC @ HIgS (2022)

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-fa121cba7812/download
Complete Angular Distributions, 20 Angular Bins down to ~1.3 MeV
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fitted to energy selected data.

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

EKIN correlations
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Loose	+	Cut	#2
362

No energy scale corrections yet...

Exploratory Measurement:
Mikołaj Ćwiok,  Eg = 8.66 MeV
                 Ecm = 1.5 MeV

16O*
12C*

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


Conclusions
                       TPC data of unprecedented quality:

1. Low background, if any
2. Measurement in one detector (response, simple Monte Carlo)
3. Complete angular distribution (0° – 180°) 
     (Measured at 17-20 bin-angles)  
4.  First Physics Result, First Agreement with Unitarity
5.  New Criteria for Judging Data (Agreement with QM)
6.  Further data measured at HIgS, Warsaw TPC, 2022
(Please do not publish or analyze data that disagree with QM)


