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  12C(α,γ)16O:   “of Paramount Importance”
                       C/O = ???



)PZMF�4UBUF� G

� G

��C(A�G)16O



2 Turatto

light curveIIb IIL
IIP

IIn

ejecta−CSM
interaction

core collapsethermonuclear

yes

yesno

no

noSiII
HeI yes

hypernovae

strong

shape

Ia Ic
Ib

Ib/c pec

III H

Fig. 1. The current classification scheme of supernovae. Type Ia SNe are associated
with the thermonuclear explosion of accreting white dwarfs. Other SN types are as-
sociated with the core collapse of massive stars. Some type Ib/c and IIn SNe with
explosion energies E > 1052 erg are often called hypernovae.

Only in recent years have late time observations contributed to differentiating
various subtypes.

The first two main classes of SNe were identified [88] on the basis of the
presence or absence of hydrogen lines in their spectra: SNe of type I (SNI) did
not show H lines, while those with the obvious presence of H lines were called
type II (SNII). Type I SNe were also characterized by a deep absorption at 6150
Å which was not present in the spectra of some objects, therefore considered
peculiar [16,17]. In 1965, Zwicky [143] introduced a schema of five classes but
in recent years the scarcely populated types III, IV and V have been generally
included among type II SNe.

In the mid-1980s, evidence began to accumulate that the peculiar SNI formed
a class physically distinct from the others. The objects of the new class, charac-
terized by the presence of HeI [58,63], were called type Ib (SNIb), and “classical”
SNI were renamed as type Ia (SNIa). The new class further branched into another
variety, SNIc, based on the absence of He I lines. Whether these are physically
distinct types of objects has been long debated [62,135]. In several contexts they
are referred to as SNIb/c.
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                 The physics of type Ia supernovae
F.-K. Thielemann et al.; New Astronomy Reviews 48(2004)605
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Helium Burning:   
3αααα        →→→→  12C Known

αααα    ++++    12C        →→→→        16O     ???
C/O = ?

12C(αααα,,,,γγγγ))))16O (Ecm = 300 keV)

σσσσ((((αααα,,,,γγγγ))))    ====    S/E X  e-2ππππηηηη
 (η = e2Z1Z2/ υ = Z1Z2α/β)

Astrophysical Cross Section
Factor (P  and  D waves)

SE1(300)
SE2(300)

±±±±15%
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         φ12 = δ2 − δ1 + arctan (η/2)
(Unitarity!)

K. M. Watson; Phys. Rev. 95(1954)228
L. D. Knutson; Phys. Rev. C 59(1999)2152
C. R. Brune; Phys. Rev. C 64(2001)055803
M. Gai; Phys. Rev. C 88(2013)062801(R)

Courtesy  of Wolfgand Hammer
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E1 AND E2 S-FACTORS OF 12C(α, γ 0)16O FROM γ -RAY ANGULAR . . . PHYSICAL REVIEW C 73, 055801 (2006)

TABLE I. Final results of the present 12C(α, γ )16O experiment for the E1 and E2 capture γ -ray cross sections and their relative phase φ12.
Eα,lab is the uncorrected α-particle energy; Ec.m. eff. is the effective c.m. energy calculated as explained in the text for the two considered cases:
(I) using constant S factors for E1 and E2 contributions to calculate the tabulated value and constant cross sections to calculate a limiting value
contribution to the uncertainty; (II) a limiting value of Ec.m. eff. calculated using a pure Breit-Wigner E2 resonance for the E2 contribution and
a constant S factor for the E1. For the two-parameter fit, the phase φ12 was fixed according to Eq. (4.7) with the phases taken from elastic
scattering [31,32]. The corresponding χ2 values are reduced values for seven degrees of freedom (nine angles and two free parameters for the
fit). For the three-parameter fit, the phase was determined according to Eq. (4.1) solely from the data of this experiment. The χ2 is the reduced
value for six degrees of freedom (nine angles and three free parameters for the fit).

Eα,lab Ec.m. eff. (MeV) 2-parameter fit, phase fixed 3-parameter fit, phase free
(MeV) (I) (II) σE1 σE2 φ12 χ 2 σE1 σE2 φ12 χ 2

(nb) (nb) (deg) (nb) (nb) (deg)

1.850 (2) 1.310(40) 0.19(5) 0.039(34) 54.4(20) 2.4 0.12(4) 0.14(4) 81(6) 1.1
1.900 (2) 1.340(40) 0.16(6) 0.15(6) 54.0(20) 2.0 0.16(4) 0.17(4) 68(5) 1.3
2.300 (2) 1.666(14) 1.39(22) 0.36(9) 49.9(20) 6.4 1.13(19) 0.73(14) 69(3) 3.2
2.700 (2) 1.965(9) 5.4(8) 0.80(14) 40.4(20) 2.8 5.0(7) 1.24(24) 53(3) 1.5
2.800 (2) 2.040(8) 7.8(11) 1.09(21) 35.9(20) 1.4 7.3(11) 1.6(4) 47(5) 1.1
2.900 (2) 2.116(7) 13.4(19) 0.90(18) 29.9(20) 2.3 12.3(18) 2.1(5) 54(4) 1.3
3.000 (2) 2.192(7) 22.7(33) 0.90(17) 20.5(20) 3.1 20.5(30) 3.1(8) 59(4) 1.4
3.050 (2) 2.230(7) 26.7(38) 1.07(20) 13.8(20) 3.7 24.5(36) 3.3(9) 55(5) 2.9
3.100 (2) 2.267(6) 38 (6) 1.59(29) 6.0(20) 1.4 37 (5) 3.1(11) 43(10) 1.3
3.200 (2) 2.343(6) 42 (6) 1.00(21) 13.0(20) 5.2 41 (6) 1.5(12) 38(28) 6.2
3.300 (2) 2.455(3) 35.5(25) 1.88(29) 43.3(20) 2.9 36.6(26) 1.01(15) 0(36) 2.8
3.450 (2) 2.578(2) 20.7(24) 2.2(7) 69.1(20) 2.8 19.8(24) 3.1(10) 75(4) 3.0
3.500 (2) 2.607(3) 19.0(17) 2.2(5) 73.4(20) 5.4 18.2(17) 3.0(6) 79(2) 5.6
3.550 (2) 2.645(3) 2.651(3) 13.0(15) 9.6(12) 78.0(20) 1.6 13.0(15) 9.6(12) 78(2) 1.9
3.560 (2) 2.652(3) 2.659(3) 12.1(13) 11.6(13) 78.7(20) 1.2 12.1(13) 11.6(13) 80(2) 1.4
3.565 (2) 2.656(3) 2.665(3) 12.4(19) 16.2(20) 79.1(20) 2.6 12.4(19) 16.2(20) 80(3) 3.1
3.570 (2) 2.660(3) 2.671(3) 11.1(16) 44 (4) 79.5(20) 1.2 11.2(16) 44 (4) 80(2) 1.4
3.575 (2) 2.663(3) 2.676(3) 10 (4) 192 (18) 79.8(20) 1.4 10 (5) 192 (18) 80(6) 1.7
3.580 (2) 2.667(3) 12 (4) 283 (26) 80.2(20) 2.1 12 (5) 283 (26) 80(5) 2.4
3.600 (2) 2.682(3) 9.8(31) 455 (40) 81.6(20) 7.4 7.8(35) 457 (40) 74(7) 8.3
3.630 (2) 2.705(3) 9.0(19) 76 (7) 83.4(20) 3.2 10.0(20) 75 (7) 90(3) 3.1
3.650 (2) 2.720(3) 6.2(13) 26.7(28) 84.4(20) 4.8 6.4(13) 27.0(28) 90(4) 5.1
3.670 (2) 2.735(3) 6.6(13) 10.8(15) 85.4(20) 1.9 6.6(13) 10.8(15) 86(4) 2.2
3.700 (2) 2.757(3) 5.9(8) 4.1(7) 86.6(20) 1.8 5.8(8) 4.4(7) 93(3) 1.3
3.730 (2) 2.780(3) 6.3(9) 3.3(7) 87.6(20) 1.8 6.2(9) 3.4(7) 90(3) 1.9

φ12 and the other using two parameters, where the phase
was fixed by the use of the phase shifts obtained by elastic
α-scattering measurement [31,32]. The work of Tischauser
et al. [25] could not be used directly because the phase shifts
δ1 and δ2 are not listed in that paper. However, the parameters
obtained in their R-matrix analysis could be compared, and
the agreement with the former results of Plaga et al. [31] is
quite good. Hence, the phase shifts of Plaga were used, as
well as those of D’Agostino Bruno et al. [32] for the higher
energies.

Fixing the phase, one can obtain good fits to the angular
distribution data for energies above Eα,lab = 2.700 MeV.
Figure 10 shows six typical angular distributions with the fits
obtained for both cases: fixed (solid line) and free (dashed
line) phase. The characteristics of E1 and E2 capture and
their interferences can be seen clearly. At most energies, the
differences between the two fitting cases are rather small.
Simulations of the angular distributions have shown that the

criteria for fitting the phase are less sharp than for the E1
and E2 amplitudes. As mentioned above, it is difficult to tell
whether the differences between the fitted- and the fixed-phase
results are due to the fitted phases corresponding to effective
phases insofar as they include various uncorrected physical
effects, e.g., the variation in phase throughout the whole
target thickness and neglect of the effect of any resonance
interferences, for example, or are due to the unwanted
coupling between the E1 and E2 components in the fitting
process.

The E1 and E2 phase differences φ12 from the three-
parameter fits are presented in Fig. 11 for comparison with
results obtained by Redder et al. [17] and Ouellet et al. [20],
and with the fixed phase obtained from the elastic scattering
phase shifts [31,32]. While the fixed phase values show a
cusplike behavior at about Ec.m. = 2.3 MeV, one observes
that the values of φ12 obtained from all the three-parameter
fits are lying systematically higher, and the sharp dip near
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- Beam parameters:
- Intensity:  ~108 γ / sec

(resolution of ~3%)
- Nominal energies: 9.08, 9.38, 9.58, 9.78, 10.1, 10.4 MeV

R. Smith, M. Gai, S.R. Stern, D.K. Schweitzer, M.W. Ahmed, 2021.
Nature Preprint DOI: 10.21203/RS.3.RS-291379/V1
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a b s t r a c t

This article aims at covering various low energy nuclear physics themes that can benefit
from taking advantage of active targets and time projection chambers. They are naturally
oriented towards the study of short-lived radioactive nuclei, for which high efficiency
and thick targets are necessary to boost the luminosity of the experiments due to the
weak intensity of the available beams. The use of active targets is particularly crucial
when the recoil energy of the kinematically important particle is small and looses too
much energy or does not emerge from a solid target.

© 2020 Elsevier B.V. All rights reserved.
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M. Gai et al., JINST 5, 12004 (2010)
O-TPC: UConn-TUNL-Weizmann-PTB-ULB

O-TPC
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Assunção et al. (2006)
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