
New Experimental Methods  
Determining Reaction Rates  

Stellar Evolution 
 

Moshe Gai 
Yale and UConn 

moshe.gai@yale.edu, http://astro.uconn.edu 
 

 
 

1. The 12C(α ,γ )16O Reaction: 
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SE1 = ? 16N spectra 
SE2/SE1 = ? 
12C(α ,γ )16O Conflict With Unitarity! 
16O(γ ,α ) at HIγS With Optical TPC 
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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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The 12C(α ,γ )16O Reaction: 

 
A Critical Review! 

 
Opinions Confronted With (Conflicting) Data 



25 
+16

 keVb
      

-15

Cascade: 12C(α,γ)16O*(6.05 MeV)
               TRIUMF(2006)

Cascade: 12C(α,γ)16O*(6.05 MeV)
               Bochum(2011)

1 keVb

TRIUMF: C. Matei et al.; Phys. Rev. Lett. 97(2006)242503.

Bochum: D. Schurmann et al.; Phy. Lett. B703(2011)557.
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12C(α,γ)16O
Caltech- PRL60(1988)1475

Smallest (Flat) χ2!
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Aps President, Burt Richter, April, 1994
Zhiping Zhao, Ph.D.’93, Yale University
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FIG. 4. Summed spectrum obtained in this experiment in
comparison with an R -matrix fit. The insert shows the low-
energy part of spectrum together with the previous results (solid
[14] and dashed lines [5]). See text for details.

Yale-UConn [14]

TRIUMF [5]

Argonne Data

X.D. Tang et al.; Phys. Rev. Lett. 99(2007)

“The  low-energy  part of the  spectrum was  found to  be in better 
agreement with earlier data measured at Mainz [16] and Yale [14] 
than with the data from the TRIUMF [5] group”.



TRIUMF- R.E. Azuma et al.; PRC50(1994)1194
12C(α,γ) Data:
Same as Caltech(1988) with minimum χ2 = 10 keVb
Plus Ouellett(1992) that claimed SE1 = 1 +6-1 keVb
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Ouellet et al.; PRL 13(1992)1896



Argonne- X.D. Tang et al.; PRC 81(2010)045809
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Abstract. An excitation function of the ground-state γ0-ray capture transition in 12C(α, γ)16O at θγ =
90◦ was obtained in far geometry using six Ge detectors, where the study of the reaction was initiated
in inverse kinematics involving a windowless gas target. The detectors observed predominantly the E1
capture amplitude. The data at E = 1.32 to 2.99 MeV lead to an extrapolated astrophysical S factor
SE1(E0) = 90 ± 15 keV b at E0 = 0.3 MeV (for the case of constructive interference between the two
lowest E1 sources), in good agreement with previous works. However, a novel Monte Carlo approach in
the data extrapolation reveals systematic differences between the various data sets such that a combined
analysis of all available data sets could produce a biased estimate of the SE1(E0) value. As a consequence,
the case of destructive interference between the two lowest E1 sources with SE1(E0) = 8± 3 keV b cannot
be ruled out rigorously.

PACS. 24.10.-i Nuclear-reaction models and methods – 25.40.-h Nucleon-induced reactions

1 Introduction

The capture reaction 12C(α, γ)16O (Q = 7.16 MeV) takes
place in the helium burning of Red Giants [1] and rep-
resents a key reaction of nuclear astrophysics. The cross-
section at the relevant Gamow energy, E0 = 0.3 MeV (all
energies are given in the center-of-mass system, except
where quoted differently), determines not only the nucle-
osynthesis of elements up to the iron region but also the
subsequent evolution of massive stars, the dynamics of a
supernova, and the kind of remnant after a supernova ex-
plosion. For definitive calculations, the cross-section σ(E0)
must be known with a precision of at least 10% . In spite of
tremendous experimental efforts over nearly 30 years [2–
10], one is still far from this goal. Since σ(E0) ≈ 10−17

b is far too small for direct measurement using available
techniques, the measured cross-sections at higher energies
must be extrapolated to E0.

The available data indicate that σ(E0) is dominated
by the E1 and E2 capture processes into the 16O ground
state (= γ0-ray capture transition), where the two multi-
poles appear to be of similar importance. The E1 ampli-

a Alexander von Humboldt fellow
b e-mail: rolfs@ep3.ruhr-uni-bochum.de

tude arises from the low-energy tail of a broad Jπ = 1−
resonance at ER = 2.42 MeV (ΓR = 400 keV), the
high-energy tail of a Jπ = 1− subthreshold resonance at
ER = −45 keV, and the low-energy tail of an unidenti-
fied background amplitude due to broad Jπ = 1− reso-
nances at high energies; interference effects between these
E1 sources must also be included. The E2 amplitude arises
predominantly from the high-energy tail of a Jπ = 2+

subthreshold resonance at ER = −245 keV and the direct
capture process E2(d → s), or equivalently the low-energy
tails of broad Jπ = 2+ resonances at high energies. Since
the capture cross-sections of the E1 and E2 multipoles
have different energy dependencies, one must have an in-
dependent and precise information on the energy depen-
dence of each multipole cross-section for a reliable extrap-
olation to E0.

The E1 angular distribution for the γ0-ray capture
transition, WE1(θγ) ∝ sin2 θγ , has a maximum at θγ =
90◦, while the E2 angular distribution, WE2(θγ) ∝
sin2 θγ cos2 θγ , is zero at θγ = 90◦. Thus, if a detector
is placed in far geometry (nearly a point-like detector) at
θγ = 90◦, it will observe only the yield of the E1 mul-
tipole. Of course, the price is a low detection efficiency
limiting the exploitable energy range. A close inspection

gai2
Highlight

gai2
Highlight



a) + – +
χ2 = 13.1

b) + ––
χ2 =9.0

c) + + –
χ2 = 25.4

d) + + +
χ2 =9.6
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Figure 5. S-factors for E1 capture in 12C(α,γ)16O. The experimental data are taken from the
EUROGAM [10] and the GANDI experiment [3,23] and from Kunz et al. [16]. The solid curves
in diagram a – d represent the three-level-R-matrix fit to the data with four possible interference
combinations. The sign combination + – – (diagram b) yields the best fit to the experimental
data with the smallest χ2. This combination was used for the calculation of the reaction rate.
Not shown here is the simultaneous fit to the α-spectrum of the 16N-decay [17] and to the data of
elastic α-scattering from 12C [12,13],([14]). The extrapolation values of the S-factors at 300 keV
are given in Tab. 1.

The capture data of the present experiments (EUROGAM, GANDI) cover the energy
range Ec.m. = 0.89 – 2.8 MeV. Because of the lack of experimental data at higher energies
the resonance parameters for the R-matrix description have been taken from Tilley et
al. [22]. The S-factor for contributions by cascade transitions S300

casc = 4 (4) keVb has been
taken from Kunz et al. [16]. The contributions of resonances with other multipolarities
were calculated using data from Tilley et al. [22] and assuming Breit-Wigner curves with
energy dependent widths but without making assumptions on their unknown interference
terms.

Table 1
Extrapolation values S300

E1 and S300
E2 for the different combination of data sets A, B, and

C (A = EUROGAM, B = GANDI, C = Kunz et al.). For all cases also data of elastic
scattering [12–14] and 16N decay [20,21] were considered. The result of case A + B + C
yields the lowest uncertainty and is used for the calculation of the reaction rate.

Data from : A B C A + B B + C A + B + C

S300
E1 (keVb) 81 (20) 77 (19) 76 (20) 77 (19) 76 (18) 77 (17)

S300
E2 (keVb) 80 (27) 78 (26) 85 (30) 80 (25) 81 (23) 81 (22)

S300
tot (keVb) — — 165 (50) — — 162 (39)

J.W. Hammer et al. / Nuclear Physics A 752 (2005) 514c–521c 519c
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The 12C(α ,γ )16O Reaction: 

 
SE2/SE1 = ? 

 
 



R. Kunz et al.; PRL 86(2001)3244
       SE2 = 86 ±30 keVb

12C(α,γ)16O
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Michael Fey, Ph.D., Stuttgart, 2004
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Figure 4. Typical γ angular distributions measured at the following effective c.m. energies:
a) 891 keV, b) 903 keV, c) 1102 keV, d) 1342 keV, e) 1452 keV, f) 1965 keV, g) 2209 keV, h)
2221 keV, i) 2267 keV, j) 2645 keV, k) 2660 keV, l) 2667 keV. The solid curves represent the
relevant Legendre fits. The error bars shown here include also systematic uncertainties. The
E1, E2 characteristics and interferent mixing of both can be seen clearly. From these angular
distributions σE1 and σE2 were separated and deduced.

subthreshold levels; so γ-widths and energies from literature [22] could be used. A five-
level-fit could not improve the description of SE1 because of the lack of data at energies
above 4 MeV. The E2-data have been described with a five-level-R-matrix fit (− 245, 2680,
4320, 5650 keV and the ‘background’-level) using again the elastic scattering data from
literature for l = 2 [12,13], γ-widths [22] and the resonance parameters for the 2+ resonance
[22]. This fit is consistent with the more recent elastic scattering data of Tischhauser et
al. [14]. Using a five-level-R-matrix fit yields in total 16 interference sign combinations
and a sufficient number of parameters to describe all details of the experimental and the
literature data. In Fig. 6 the graphs of four sign combinations out of 16 and the obtained
excitation functions are shown (A – D). The fit of graph D with the lowest χ2 was taken
to calculate the reaction rate.

In order to obtain a better assessment of the relevance of the different capture data
sets, the R-matrix calculations were carried out for six cases: the EUROGAM (A) and
the GANDI (B) experiment alone, and additionally the 20 data points (C) of Kunz et
al. [16] were included; further for the combinations of data sets (A + B), (B + C), and
(A + B + C). Table 1 shows the 300 keV extrapolated values for the different data sets and
their combinations. The agreement between the fits is very good, the combination of the
three data sets from the recent DYNAMITRON experiments (A+B+C) gives the lowest
uncertainty and is our final result [3,23].

J.W. Hammer et al. / Nuclear Physics A 752 (2005) 514c–521c518c
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M. ASSUNÇÃO et al. PHYSICAL REVIEW C 73, 055801 (2006)

FIG. 5. γ -ray spectra of the 12C(α, γ )16O reaction for E α, lab =
3.500 MeV (E c.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
E p = 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 theα-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
E α, 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 E α, lab =
1.850 MeV (E c.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

055801-8

EUROGAM:
Ecm = 1.310(40) MeV
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         φ12 = δ2 − δ1 + arctan (η/2)
                    (Unitarity!)
K. M. Watson; Phys. Rev. 95(1954)228
L. D. Knutson; Phys. Rev. C59(1999)2152
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The 12C(α ,γ )16O Reaction: 
 

1. Data: 
Cascade 
16N spectra 

 Need Good W(θ) for E < 1.5 MeV 
 SE2/SE1 = ? 
 

2. Cannot Rule Out Small SE1(300) 
 12C(α ,γ ) NOT 
 16N χ2  NOT 
 16N In Principle NOT 
 16N R-Matrix NOT 
 

3. Conflict With Unitarity! 
      (φ12 ⇔  SE2/SE1) 

 

⇒  Confusion! 
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The 12C(α ,γ )16O Reaction 40 Years Later: 
 

1. Data: 
12C(α ,γ ) 
Cascade 
16N spectra 

 Need Good W(θ) for E < 1.5 MeV 
 

2. Cannot Rule Out Small SE1(300) 
 12C(α ,γ ) NOT 
 16N χ2  NOT 
 16N In Principle NOT 
 16N R-Matrix NOT 
 

3. Cannot Rule Out E2 Dominance  
SE2/SE1 = ? 
 

4. Conflict With Unitarity! 
      (φ12 ⇔  SE2/SE1) 

 

⇒  Conflicting! 




