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Fig. 8 The spiral galaxy NGC 4526 in the constellation Virgo, about
100 million light years away from Earth. The bright spot at the lower
left is Supernova 1994D. (The designation means that it was the fourth
supernova discovered in 1994). The light emitted during the weeks
after the stellar explosion showed that the supernova was of type Ia.
Credit: NASA, ESA, The Hubble Key Project Team, and The High-Z
Supernova Search Team.
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Fig. 11 All-sky image of 26Al γ-ray emis-
sion at 1809 keV as derived from a 9-year
survey of the COMPTEL instrument on-
board the Compton Gamma Ray Obser-
vatory (CGRO). The entire sky is seen
projected on a coordinate system that is
centered on our Galaxy with the galactic
plane running horizontally across the mid-

dle of the image. Gamma-ray intensity is
represented by a false color map - green
(low) to yellow (high). It has been estimated
that the Galaxy produces 26Al at a rate of
about two solar masses per million years.
Reprinted with permission from S. Plüschke,
R. Diehl, V. Schönfelder, et al., ESA SP 459,
55 (2001).
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Stellar explosions and hydrostatic burning
• Novae and X-ray bursts

• Thermo-nuclear run-away on 
surface of white dwarf / neutron 
star

• Fuelled by material from red-
giant companion

• Type-1a supernova: subsequent 
to novae in binary systems

• Core-collapse supernova: 
precursor to neutron stars (XRB)

• Light curve: X-rays from 
Nova Herculis 1991

• COMPTEL/INTEGRAL: 26Al decay 
spectroscopy survey, ESA

• Stellar fusion
reactions in
Asymptotic Giant
Branch (AGB) stars
[to the right a
He-shell flash]

• Big Bang Nucleosynthesis

Lloyd et al., Nature, 356:222 (1992)
ESA, COMPTEL/INTEGRAL collaboration

Herwig, Pignatari, et al., APJ 727(2011)89
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The Astrophysical Journal, 727:89 (15pp), 2011 February 1 Herwig et al.

Figure 3. Hydrodynamic picture of H-entrainment into He-shell flash convection near the luminosity peak of the flash. The setup is based on a stellar evolution model
corresponding to the situation shortly after time t0 shown in Figure 2, when the top of the convection zone is just making contact with the H-rich stable layer. Colors
indicate abundance of proton-rich material that is originally only in the stable layer above the convection zone that is entrained into the convection zone. Volume
fractions of about ∼1% are shown as blue, while concentrations that are close to one are transparent. The lowest concentration yellow blobs that are mixed deep into
the convection zone correspond to ∼0.01%. Abundance levels below approximately 5 × 10−5 have been made transparent as well. The left panel shows a snapshot
from a 3843 grid while the right panel image is from a run on a 5763 grid. Slightly different times are shown and similar but not identical color maps have been used.
The PPM simulation is described in more detail in Section 4.1, and the simulation code is described in Appendix A.2.
(A color version of this figure is available in the online journal.)

and the pressure is 1.696 × 1020 g cm−1 s−2. At the bottom
of the convection zone a luminosity of 4.2 × 107 L$ is artifi-
cially added in a shell of 1000 km. This heating corresponds to
the He burning that drives the flash, and compares as follows
to the He-shell flash luminosity in the stellar evolution mod-
els shown in Figure 2. In the model at time t0 the He-burning
luminosity is at its peak of LHe,0 = 4.75 × 107 L$, whereas
it drops somewhat once the H-burning flash ignites at t1 when
LHe,1 = 4.27 × 107 L$. Thus, the three-dimensional hydrody-
namic simulations are driven at the nominal heating rate.

The top of the convection zone is at a radius of 30,000 km
and surrounded by a radiative shell of thickness 4500 km. The
three layers are each polytropes. The adiabatic polytrope that
represents the convection zone spans ∼9Hp. The setup contains
two materials. The lighter material represents the H/He mixture
in the stable layer above the convection zone. The heavier fluid
represents the 12C-rich mixture that occupies the convection
zone. We have assumed here that the material in the stable
layer below the convection zone has the same molecular weight.
The ratio of the molecular weights of the two components is
µC,O,He/µH,He = 2.26.

The higher resolution run (Figure 3, right panel) is shown
at time 21, 653 s. For convective transport the typical radial
velocities are of interest. In the shown snapshot the largest radi-
ally rms-velocities are found about 4500 km above the bottom
of the convection zone around < vrad,ave >=

√
2 < Ekin > ∼

12.5 km s−1. The velocity of individual convective gusts can be
significantly higher. Toward the upper boundary of the convec-
tion zone the radial velocities decrease to a few km s−1. This is
compensated by large tangential velocities > 12 km s−1 which
stay this high all the way to the convection boundary (Figure 4).
The resulting strong radial gradient of the tangential velocities
at the top convection boundary is, via Kelvin–Helmholtz in-
stabilities, likely the main mechanism of the entrainment and
convective boundary mixing that we observe in these simula-
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Figure 4. Radial and tangential radially averaged rms-velocities of the 5763

simulation at the same time as shown (in the right panel) of Figure 3.
(A color version of this figure is available in the online journal.)

tions. The information on typical convective velocities together
with the radial scale of the convection zone implies a convec-
tive turnover timescale of the order ∼3000 s (cf. Appendix B).
Therefore, Figure 3 shows the entrainment after ∼7 convective
turnovers.14 When estimating the timescale for H-rich mate-
rial to enter the convection zone it must be considered that
the entrained material is dominantly transported in downflow
lanes that are gravitationally compressed as the material de-
scends. This mechanism is reflected in the radial velocities of the
H-rich material that has entered the convection zone, which in
the snapshot shown exceed 20 km s−1. We note that for this

14 We have continued this run for another 14 convective turnovers. However,
as will become clear from the following discussion, the omission of proton
burning limits the scientific use of that later part of the run to our application.
Note that the time step of the three-dimensional simulations is limited to
∆t = 5.9 × 10−2 s which implies that 300,000 cycles had to be computed to
reach the state shown.

6



Key Nuclear Uncertainties
C.Aa. Diget

Key Nuclear Uncertainties for Origins and Impact

• Direct measurement uncertainties:
• Hot-CNO breakout, current uncertainties for the 15O(α,γ)19Ne reaction
• Helium burning (I): the triple-alpha reaction rate

• Extrapolation of experimental cross sections:
• Helium burning (II): 12C(α,γ)16O
• The 3He(4He,γ)7Be in

hydrostatic burning and BBN

• Theoretical modelling of reaction rates
• Extrapolated masses, decay rates and 

neutrino interactions for supernovae
• Stellar enhancement factors from

non-ground-state contributions
• Rates for high level density cases - 

experimental and theoretical challenges
Gelbke et al., MSUCL-1345 (2006)

Langanke & Martínez-Pinedo, RMP 75:819 (2003)
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Fig. 3.12 (a) Maxwell–Boltzmann factor
(e−E/kT ; dashed line) and Gamow factor
(e−2πη ; dashed-dotted line) versus energy
for the 12C(α,γ)16O reaction at a temperature
of T = 0.2 GK. The product e−E/kTe−2πη ,
referred to as the Gamow peak, is shown
as solid line. (b) The same Gamow factor

shown on a linear scale (solid line). The
maximum occurs at E0 = 0.32 MeV while
the maximum of the Maxwell–Boltzmann
distribution is located at kT = 0.017 MeV
(arrow). The dotted line shows the Gaussian
approximation of the Gamow peak.

The location E0 of the maximum of the Gamow peak can be found from the
first derivative of the integrand in Eq. (3.72) with respect to E,
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Figure 6. The figure shows the characteristic hot (or ⇧-limited) CNO cycles which contribute to
the energy generation in explosive hydrogen burning scenarios like novae and x-ray bursts.

cycle). The timescale for the fusion of four hydrogen nuclei to helium and subsequently the

associated energy generation is determined by the lifetimes of 14O (t1/2 = 70.59 s) and 15O

(t1/2 = 122 s) and is therefore temperature independent. These isotopes represent waiting

points along the nucleosynthesis path. Figure 5 indicates that the energy generation by the

CNO cycles turns flat at the temperature and conditions where the slowest proton capture

rate (14N(p, � )15N) exceeds the ⇧-decay rates for 14O and 15O. These ⇧-decay limitations fix

the energy production rate adopting a cycle time of ⌃ ⇥ 200 s and a total energy release of

QCNO = 26.7 MeV to

⌅HCNO = 4.6⌅ 1015ZCNO (erg g�1 s�1) (8)

whereZCNO is the mass fraction of the CNOmaterial and⇥50% of the CNOmaterial is stored
in 14O and 15O (see also [6]). The timescale for the consumption of the hydrogen in the hot

CNO cycles is given by

tCNO = ECNO

⌅HCNO

⇥ 1000

ZCNO

(s) (9)

withECNO = 4.51⌅1018 erg g�1 (forXH = 0.7). This corresponds to a timescale of about one

day for hydrogen consumption in solar metalicity material (Z⇤ = 0.02, ZCNO = 0.72 · Z⇤).
Similarily, for the second CNO cycle (see figure 6) at higher temperatures the

proton capture rate on 17F exceeds its ⇧-decay rate and the second hot cycle emerges,
16O(p, � )17F(p, � )18Ne(⇧+⇤) 18F(p, ⇥)15O. This cycle is again limited by the drip line because
19Na is proton unbound. The conversion time in the cycle and the energy generation is again

temperature independent and is determined by the ⇧-decay lifetime of the waiting point isotope
18Ne (t1/2 = 1.67 s).

The thermonuclear runaway in novae is driven by the energy release of the hot CNOcycles.

The abundance distribution in the ejecta depends on the associated nucleosynthesis [23–25].

Figure 7 shows as an example the variation with time of temperature and density in the deepest

hydrogen rich zone of the accreted envelope during the thermonuclear runaway [32]. The

corresponding nucleosynthesis of CNO material is shown in figure 8. One can easily observe

the rapid depletion of the initial 16O and the build up of the waiting point nuclei. After a

relatively short time the initial abundances have changed to 14O, 15O and 18Ne which are

enriched due to their slow ⇧-decay. Because the peak temperatures in the thermonuclear

runaway are typically below 3.5⌅108 K [32], break-out is inhibited due to the limited reaction
rates for the break-out processes to be discussed in later sections. Indeed, observation of the

abundance distribution in nova ejecta indicate large overabundances of nitrogen [36] produced

by the slow ⇧-decay of the highly enriched 14O and 15O isotopes.

Stellar explosions
Taking astrophysics down to earth

TIGRESS/SHARC setup
Summary

Radioactive ion beams
Hot-CNO breakout reactions
The 18Ne(�,p)21Na reaction

Nuclear measurements of astrophysical processes

The CNO and Hot-CNO
cycles.

Build-up of waiting-point
nuclei in novae and X-ray
bursts:

14O
15O
18Ne

Topical review R143

Figure 6. The figure shows the characteristic hot (or ⇧-limited) CNO cycles which contribute to
the energy generation in explosive hydrogen burning scenarios like novae and x-ray bursts.
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Wiescher, et al. JPG, 25:R133 (1999)

Breakout from CNO-cycles:
14O(�, p)17F
15O(�, ⇥)19Ne
18Ne(�, p)21Na

Resonant reaction rate:

(2J + 1)
���p

�tot
exp(� Er

kBT
)

Gamow-window: 0.7–2.0 MeV
resonance energy for
temperatures of 0.5–1.5 GK.

C. Aa. Diget From nuclear reactions to astrophysics
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Nuclear measurements of Hot-CNO breakout

• The CNO and Hot-CNO cycles
• Build-up of waiting-point nuclei 

in novae and X-ray bursts:
• 14O
• 15O
• 18Ne

• Breakout from Hot-CNO cycles:
• 14O(α,p)17F
• 15O(α,γ)19Ne
• 18Ne(α,p)21Na

• Resonant reaction rate: velocity-
weighted cross section.

• Resonant:

• Gamow-window: 0.7–2.0 MeV 
resonance energy for 
temperatures of 0.5–1.5 GK

• For 15O(α,γ)19Ne:
Dominated by 4033 keV 3/2+ 
state in 19Ne: Γα=17±13 μeV

Wiescher, et al. JPG, 25:R133 (1999)
C. Iliadis, Nuclear Physics of Stars (2007)

 Rauscher, Phys. Rev. C, 81:045807 (2010)
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Possible methods for reaction rate studies
• Direct measurement of resonant 

reaction cross section using a 
high-selectivity recoil separator

• Indirect: Bα and τ (presently 
most direct measurement of Γα)

• Indirect (mirror alpha transfer):
15N(6Li,dγ)19F and 15N(7Li,tγ)19F
Measure Sα and Γα for 19F states, 
Γα (19Ne) inferred from mirror 
symmetry

• Indirect (alpha transfer): 
15O(6Li,dγ)19Ne and/or 
15O(7Li,tγ)19Ne to measure Sα 
and Γα for 19Ne states without 
assumption of detailed mirror 
symmetry
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Studies of the 19Ne states (life time and alpha branch)
4033 keV (L=1) state:

with Γα = Bα Γtot

• Bα = 2.9±2.1·10-4 from:
• 19F(3He,t)19Ne*(,α)15O
• Difficult: 8 t-α events on 

background of 35

• Γtot = Γγ ∝ 1/τ with

• τ = 11(+4)(-3) fs from:
• γ-ray Doppler-shift lineshape [2]

• Γα = 17±13 μeV
4140, 4197 keV (L=4) doublet:
• Combined (unresolved) 

measurement of alpha branch [1]
• Disputed ordering [1,3]

[1] Tan et al., Phys. Rev. C, 79:055805 (2009)
[2] Kanungo et al., Phys. Rev. C, 74:045803 (2006) 

[3] B. Davids, et al., APJ, 735:40 (2011)
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The 12C Hoyle state and α clustering in the continuum
A State in C12 Predicted from 

Astrophysical Evidence

F. Hoyle, D.N.F. Dunbar, W.A. Wenzel, 

and W. Whaling,
Phys. Rev. 92:1095c (1953)

“It is assumed that oxygen and carbon 

are produced in stars … by the 

reactions 2He4 → Be8; Be8+He4 → C12; 

C12+He4 → O16. The observed cosmic 

abundance ratio of He:C:O can be 

made to fit the yields calculated

for these reactions if the reaction:

Be8(α,γ)C12 has a resonance near

0.31 MeV, corresponding to a

level at 7.68 MeV in C12.”

• Nuclear structure deduced from 
triple-alpha reaction rate 
constraints

• Prediction and subsequent 
measurement of 12C Hoyle
state at 7.65 MeV

Hoyle, Astrophys. J. Suppl. Ser. 1:121 (1954)
Maddox, Nature 413:270 (2001)

H. Kragh, Archive for History of Exact Sciences, 64:721, (2010)
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CHAPTER 9

The stellar triple alpha process

This chapter is first and foremost intended to give a thorough documentation
of the triple alpha reaction rate calculations presented recently in (Fynbo et al.,
2005). This paper deals primarily with the extreme temperature ranges, relevant
primarily in explosive helium burning scenarios. The results and method for
calculating the reaction rate is presented in section 9.2.

Another aspect of the triple alpha reaction rate however is so important that
it should not be disregarded here, namely the work presently being done on im-
proving the triple alpha reaction rate at the temperatures relevant for hydrostatic
helium burning as it takes place in Asymptotic Giant Branch (AGB) stars. Sec-
tion 9.1 will therefore present the current status of the reaction rate calculations
and the measurements necessary for these calculations, even though the actual
work being done in this field is done by other groups and is thus not part of the
work otherwise presented in this dissertation.

9.1 Hydrostatic helium burning

Before Hoyle et al. (1953) identified a 7.65MeV 0+ state in 12C just above the
triple alpha threshold, the reaction

3 ×4 He →12 C + γ (9.1.1)

was thought to take place through a two step reaction

4He + 4He ⇀↽ 8Be(gs)
8Be(gs) + 4He → 12C + γ



• Stellar helium fusion in 
Asymptotic Giant Branch (AGB) 
stars and supernova precursors

• Equilibrium population of the 
8Be(0+,gs) and the 12C (0+) Hoyle 
state:

• 8Be(gs) at 92 keV above threshold, 
Hoyle state at 379 keV above 
threshold.

• Subsequent gamma decay to the 
ground state through the 
intermediate 4.44 MeV (2+) state

• Resonant reaction rate depends 
on radiative width and Q-value:

Key Nuclear Uncertainties
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Stellar helium fusion (the triple-alpha process)

1 Emphasis

(a) Pure basic research: 100 %

(b) Directed basic research: 0 %

(c) Applied research: 0 %

(d) Experimental development, services: 0%

2 Scientific Motivation

Stellar helium fusion through the triple-alpha reaction is among the most important reactions for deter-
mining the overall energetics and nucleosynthesis in both AGB stars and massive stars. It is a determining
factor not only for the production of carbon in low-mass AGB stars [1] but also for massive stars, where
the foundations and impact of core-collapse supernovae is strongly influenced by the triple-alpha reaction
rate. Together with the 12C(↵, �)16O reaction it determines the size of the pre-supernova iron core and
through this determines the available energy in the rebounding shock-wave of the supernova [2] and the
production of 26Al and 60Fe [3]. The current uncertainty in the pre-supernova core-size from the triple-
alpha reaction is currently 0.2 solar masses and should be reduced to 0.1 to su�ciently constrain the
energetics of the explosion [2]. With the recent improvement of the 12C(↵, �)16O reaction rate [4] and
a recognized pathway towards further improvement of the rate [5], the uncertainty in the triple-alpha
reaction rate is likely to go from being an equal contributor to become the dominant uncertainty for these
cases.

In the temperature range from T9 = 0.1 up to T9 = 2, the reaction proceeds through the two alpha-
cluster resonances: The 8Be ground state and the 12C 7.65 MeV Hoyle state, both of them 0+ states such
that with their natural parity they are available in collisions of alpha particles.

At these temperatures and with the available pressure the two reactions

4He + 4He *) 8Be(gs)
8Be(gs) + 4He *) 12C(Hoyle)

are in complete thermal equilibrium. This means that at any time a certain part of the available 4He
are actually not in the form of free helium nuclei, but they have combined to form either 8Be or the
Hoyle state. At any time it is the population of the latter state that determines the reaction rate, since
a small fraction of the populated Hoyle state nuclei does not break up into three alpha particles again,
but decay electro-magnetically to the bound states in 12C. This means the resonant reaction rate in this
temperature region is determined completely by the energy of the Hoyle state relative to the triple-↵
threshold (the Q-value of the reaction) and the partial width in the decay channel, the radiative width
[6]:

N2
A

h↵↵↵i / �rad exp(�Q/k
B

T ). (1)

2.1 Present status and experiment aims

The radiative width is not directly observable and is in practice found from the indirect measurement
of the partial width for pair decay (e+e�) to the ground state, derived from measurement of (e, e0)
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Triple-α reaction rate: status and resonances
• The Hoyle state

resonant reaction rate:
• Dominant rate at T9=0.1-2
• Combined uncertainty of

10% dominated by
pair-branch

• Other resonances,
important above T9=2:
• 2+ state at 9.1-11 MeV
• 3- state at 9.6 MeV

H.O.U. Fynbo, C.Aa. Diget

Fig. 6 Four triple-α reaction rates are shown relative to the rate from the NACRE compilation
[23], T9 is the temperature in 109 K. Shown are: uncertainty band for the NACRE compilation, not
including the uncertainty in the position of the assumed 2+

2 state (grey band) [23]; the FD-05 rate,
including only the Hoyle state contribution (solid line) [30]; the CF-85 rate (dashed line) [59]; the CF-
88 rate, with updated calculation method, inclusion of the 3− state, and extended below T9 = 0.03
(dotted line) [22]; and the Hoyle-state resonant reaction rate as calculated by B2FH [46], but with
updated parameter values (dot-dashed line)

iron-core size prior to core-collapse supernovae and the following production of ele-
ments up to the iron peak [89–91]. To pin down the reaction rate in this temperature
region, a new and very challenging measurement of the pair branch ("π/") is under-
way, with a first attempt at this presented in ref. [92]. Furthermore, a measurement
of the radiative width is under development [93]. This will be performed through the
measurement of the ratio between the E0 and E2 pair branches ("π [E2]/"π [E0]),
which would yield a measurement of the radiative width that is independent of both
the pair branch as well as the radiative branch measurements.

The second type of experimental programmes focuses on the rate outside the
temperature regime dominated by the resonant reaction, in particular the contri-
bution from the suggested 2+

2 state in the 9–11 MeV region. These are spurred
by recent indications of the presence of this state described in Section 5.2, and
primarily influence the high-temperature reaction rate. Presently, at least two such
programmes are underway: For the mentioned γ -induced breakup, 12C(γ , 3α), data
analysis is presently ongoing [74, 75]. Furthermore, the programme of β-delayed-
breakup studies at IGISOL is beeing intensified with the present JYFL upgrades.
These are, in combination with detector developments [94], expected to yield at least
a factor 100 improved statistics for triple-α breakup channels. The high statistics data
with simultaneous detection of the emitted β-particles will allow a, for the β-decay
measurements, unprecedented discrimination between 0+ and 2+ strength in 12C.
Through this, the upcoming β-decay IGISOL programme, will be sensitive to the
low 2+

2 β-decay feeding. In the following analysis of the 2+ strength in the 9–11 MeV
region it will, for both the γ -induced and β-delayed breakup programmes, be critical
to describe the shape of the 2+

2 state in a full multi-channel R-Matrix formalism [40].
This is because of the strongly energy-dependent α-width as well as the significant
interference with the higher-lying 2+

3 state as described in the preceding.
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FIG. 6. Angular distributions of the double-differential cross
section at Ex = 8–12 MeV for various excitation-energy bins in
12C. The thick solid lines show the fits to the data from multipole
decomposition. In each panel, the contributions from L = 0 (thin
solid), L = 1 (dot-dashed), L = 2 (dashed) and L = 3 (dotted) are
also displayed. Contributions from other multipoles are not displayed.

In the calculations with the 3α RGM model and the α-
condensate model, we assumed that there were no excitation-
energy dependences of the transition densities. The well-
known 3−

1 state at Ex = 9.64 MeV and the 1−
1 state at Ex =

10.84 MeV are clearly seen in Figs. 8(d) and 8(b), respectively.
In addition to these, one sees the broad 0+ strength at Ex =
9.93 ± 0.03 MeV with a width of 2.71 ± 0.08 MeV, and
the 2+ strength at Ex = 9.84 ± 0.06 MeV with a width of
1.01 ± 0.15 MeV, even though the MDA uncertainties in the
L = 0 and L = 2 strengths are large at Ex = 9.64 MeV
because of the strong 3−

1 state at about the same energy.
Following conventional procedures, the positions and widths
of these states were obtained by fitting each with a single
Gaussian function. The 2+ state, predicted by several theories
[2,3,6,9], has been confirmed. The B(E2) value obtained by
integrating the L = 2 strength distribution from 9 to 11 MeV
and multiplying a factor of e2/4 is 1.6 ± 0.2 e2 fm4. This
value is consistent with the result of the peak-fitting analysis
reported earlier in the paper.
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FIG. 7. Excitation-energy spectra from 12C(α,α′) at θlab = 0 ◦,
3.7 ◦. The hatched regions were constructed from the results of the
MDA. The cross-hatched region is L = 0, the right-hatched is L = 2,
the left-hatched is L = 3, and the vertical-hatched regions represent
contributions from other multipoles.

VI. DISCUSSION

The newly found 2+
2 state is located at Ex =

9.84 ± 0.06 MeV with a width of 1.01 ± 0.15 MeV, both values
close to those predicted by many α-cluster model calculations
[2,3,6,9], using 2+ wave functions strongly coupled to the
Hoyle state. This correspondence strongly suggests that the
2+

2 state has a highly developed 3α structure, and is inferred
to be an excited state of the Hoyle state. It is noted that
the existence of the 2+

2 state at 9.6 MeV in 12C has been
discussed by Zimmerman et al. [32]. This 2+

2 state at 9.6 MeV
would correspond to the 9.84 MeV 2+

2 state in 12C, which
is reported in this paper. The astrophysical NACRE [12]
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FIG. 7. (Color online) Fit to Model 8 in Table I (two 0+ and two
2+ states). See Fig. 6 caption for explanation.

The r0 parameters used in the fits are shown in Table I.
For the simple models the value r0 = 1.71 fm has been used
and is generally not the optimized value, as the models are
easily rejected. Larger values were tested in the fit to Model 1
(Hoyle state only), but this gave a worse χ2. For the more
complex models different r0 values have been tested, and for
Models 7–9 the optimum value is r0 = 2.47 fm (out of the
discrete set: 1.71, 2.09, 2.47, and 2.85 fm). For Models 7
and 8 the level energies in fits to three different r0 values are
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FIG. 8. (Color online) Example fit to Model 9 in Table I (three
0+ and two 2+ states). See Fig. 6 caption for explanation.

shown in Fig. 9. For the three lowest-energy states the results
are largely independent of the channel radius, lending further
support to these resonances being physical. The energy of the
upper 0+ state in Model 7 decreases with increasing r0. This
effect is known in the literature [36] and indicates that this is
not a physical resonance. The physical effect responsible for
this component might be the sum of contributions from several
high-energy resonances or decay directly via the continuum.
This is discussed in Sec. VII. The upper 0+ state of Model 8
does not show the same monotonous decrease in energy, but
this is probably because an additional 0+ state is needed in the
10- to 11-MeV energy region and the fit is trying to compensate
for this.

Properties of the resonances found in the fits are described
in the following. The observables that are interesting for
comparison to other work are resonance energies, Eλ; observed
widths,

(
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∑
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and BGT,λ values,
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E=E

ja
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The expressions for the observed width and BGT values are
derived from the single-level approximation of Eq. (4) and

TABLE II. Comparison of fits using alternative (alt.) and standard
(stand.) R-matrix parametrizations. Differences are caused by our
approximate description of three-body breakup and provide a measure
of the systematic uncertainty.

Model 9 Model 7

Alt. Stand. Alt. Stand.

0+
2 E (MeV) 7.65 7.65 7.65 7.65

$o (eV) 7.65 7.65 7.65 7.65
BGT(12N) 0.090 0.090 0.090 0.090
BGT(12B) 0.108 0.108 0.108 0.108

0+
3 E (MeV) 11.01 11.00 11.58 11.08

$o (MeV) 1.31 1.33 2.68 1.61
BGT(12N) 0.075 0.078 0.026 0.051
BGT(12B) 0.093 0.099 0.023 0.066

2+
2 E (MeV) 11.3 11.4 10.8 11.4

$o (MeV) 0.87 1.44 1.77 2.06
BGT(12N) 0.024 0.045 0.051 0.089
BGT(12B) 0.027 0.046 0.071 0.097

0+
4 E (MeV) 61.0 65.8 24.1 26.2

$o (MeV) 1109 200 154 13.2
BGT(12N) 53 19 53 112
BGT(12B) 64 22 64 127

2+
3 E (MeV) 16.5 16.7

$o (MeV) 0.58 0.97
BGT(12N) 4.9 4.0
BGT(12B) 3.7 5.6

χ 2/df 1.21 1.22 1.24 1.24
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identified as 12Cð!;"Þ8Be events. The efficiency of the cut
and leakage of 16Oð!;"Þ12C events were estimated by
fitting the distribution to the sum (shown by solid black
line) of two log-normal functions (shown by dashed blue
lines). The cut was placed such that fewer than 0.5% of the
events to the left of the cut were 16Oð!;"Þ12C events.

Complete angular distributions of 12Cð!;"0Þ8Be events
were measured at seven energies between 9.1 and
10.7 MeV. The events recorded in the O-TPC are trans-
formed to the (#, $) coordinate system [12] with an
accuracy in # varying between 2.5# and 6.0#, depending
on the out-of-plane angle of the track. The angular distri-
butions were fit in terms of E1þ E2 amplitudes and their
relative phase$12 as discussed in Sec. 4.1 of Ref. [27]. Since
angular information was available for each 12Cð!;"0Þ8Be
event individually, unbinned maximum likelihood fits were
used to avoid losing information through binning. Angular
distributions measured at gamma-ray beam energies of
9.6 and 10.7 MeV are shown in Fig. 3 along with the fit
yielding the cross section ratio of %ðE2Þ=% ¼ 0:97þ0:01

&0:02

and 0:71þ0:04
&0:05, as well as phase angles $12 ¼ 80' 6# and

132' 5#, respectively. The angular distributionswere domi-
nated by theE2 component at all but the highest beamenergy
(at 10.7 MeV) where a non-negligible contribution of the
1& state at 10.84 MeV leads to a very asymmetric angular
distribution, as shown in Fig. 3.

The total E1 and E2 cross sections and the relative
E1-E2 phase ($12) extracted using the angular distribution
data (as shown in Fig. 3) are shown in Fig. 4 as a function
of energy with error bars that include both statistical and
systematic uncertainties. The systematic uncertainties
associated with each measured cross section are dominated
by a 5% uncertainty in the gamma-ray beam intensity. In
Fig. 4(a) we show the E1 and E2 cross section components
measured at these energies together with fits to Breit-Wigner
resonances with energy-dependent level shifts and widths
[28], convoluted with the measured gamma-ray beam

energy distribution. Coulomb wave functions were calcu-
lated using the continued-fraction expansion technique [29]
with r0 ¼ 1:4 fm. The fit to the E1 cross section data uses
the previously determined energy and width of the 1& state
at 10.84MeVin 12C [30], with the strength adjusted to fit the
data. The fit to the E2 data includes three free parameters:
the partial widths (!", !!) and the resonance energy.
The E2 cross section data allow us to identify a 2þ

resonance at 10.03(11) MeV with a total (alpha-particle)
width of 800(130) keV [that exhausts 65(9)% of the

C O C O

FIG. 2 (color online). Event identification function (E! ¼
9:8 MeV) derived from the goodness-of-fit parameters (&2

C and
&2
O for 12C and 16O dissociation events, respectively) as dis-

cussed in the text.

FIG. 3 (color online). Angular distribution for 12Cð!;"0Þ8Be
events measured at a beam energy of 9.6 and 10.7 MeV. The solid
curve is the fit that included E1 and E2 amplitudes as discussed
in the text. The error bars are statistical only.

FIG. 4 (color online). (a) The measured E1 and E2 cross
sections of the 12Cð!;"0Þ8Be reaction. (b) The measured
E1-E2 relative phase angle ($12) together with the phase angle
calculated from a two-resonance model.
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• Dedicated beta-decay study of SE1

• Combined fit to all reactions that proceed
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12C(α,γ), 15N(p,p), 15N(p,α), 16N(βα) and
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events can be eliminated by using the angle information
from the twin-ionization chambers. An ! particle, emitted
downstream and hitting the target frame with only a frac-
tion of the ! energy detected in the ionization chamber,
gives rise to the group seen near the origin.

Here, we only discuss events where the ! particle is
emitted downstream and the full 12C energy is recorded,
represented by the events in the lower part of Fig. 2(a). A
discussion of all events will be given in the future.

Selecting events below channel 800, and requiring the
correct pulse height ratio of !=12C events (as done in [5]),
results in the ! spectrum given in Fig. 3(a). The additional
requirement that all particles are in the correct Frisch-grid

anode region (see [18] for details) of the upstream (12C)
and downstream (!) ionization chambers changes the
number of counts in the region of the satellite peak by
less than 1%. While the pressure of 150 Torr (equivalent to
a Si detector thickness of 7 "m) minimizes the interfer-
ence from the low-energy ! particles stopped in the target
frame (giving rise to the group next to the origin in Fig. 2),
it also leads to a distortion of the ! spectrum at channel
numbers above !2000 (corresponding to energies above
1.9 MeV) due to incomplete stopping of higher energy !
particles. To verify this, some of the measurements were
performed at a pressure of 195 Torr [Fig. 3(b)]. At this
pressure, particles up to 2.4 MeV are stopped in the ion-
ization chamber. The solid line in Fig. 3(b) represents the
normalized spectrum obtained at 150 Torr and illustrates
the effects of incomplete stopping. These effects were also
reproduced in Monte Carlo simulations. Correcting the
150 Torr data at energies above an ! energy of 1.9 MeV,
we obtain a summed spectrum shown in Fig. 4 containing
2:2" 105 events. This number will be doubled in the final
analysis. Due to the insensitivity of ionization chambers to
the copious #’s, the low-energy satellite peak in the
#-delayed ! spectrum of 16N can now be followed, practi-
cally background-free and without correcting for pileup
events from electrons or contributions from 17;18N decays,
down to a c.m.-energy of !600 keV. The solid line is the
result of an R-matrix fit, which is discussed below.

The insert in Fig. 4 shows a comparison of our !
spectrum with the results from earlier experiments. The
lines correspond to the spectra from [5] (dashed line) and
[14] (solid line), normalized in height to the present ex-
periment. While these previous experiments agree on the
high-energy side of the spectrum, they show disagreements
for the low-energy part of the main peak, with [14] exhib-
iting a shallower slope, when compared to [5]. In this
energy region, our spectrum is in better agreement with
the data of [14]. The height of the interference peak at

FIG. 3. (a) The ! spectrum measured in one of the twin-
ionization chambers filled with 150 Torr of isobutane.
(b) Same as (a), but at a pressure of 195 Torr. The solid line is
the spectrum obtained at 150 Torr, scaled in height.

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.
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FIG. 2 (color). (Left) coincident energy spectrum, measured
with one of the twin-ionization detectors for a foil with im-
planted 16N particles. (Right) same as above, but for a non-
implanted foil.
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Extrapolation of 12C(α,γ)16O: SE1 and SE2 at 300 keV
• Extrapolation of E1 and E2 S-factors from

the measured S(1 MeV) to S(300 keV)
• Detailed study of interference in SE2

• Dedicated beta-decay study of SE1

• Combined fit to all reactions that proceed
through the 16O states: 12C(α,α), 12C(α,p),
12C(α,γ), 15N(p,p), 15N(p,α), 16N(βα) and
15N(p,γ)

positive value of a corresponded to constructive E2-E2
interference below the 2.68-MeV resonance.

Our experimental result was then used to constrain
an R-matrix [19,25] fit with the global SE2 data and the
d-wave elastic-scattering phase shifts of Ref. [6]. This
analysis utilized the alternative parametrization of the
R-matrix [26] so that experimental quantities could be
directly included in the analysis. R-matrix parameters
were determined from the minimization of

!2 ¼
XNe

i¼1

2
4X

Ni

j¼1

 
N iyj " tj
N i"j

!
2

þ
 
N i " 1

si

!
2
3
5; (2)

with Minuit [27]. Eq. (2) is summed over all experiments
Ne, each having a number Ni of data points. Here, yj and tj
are the experimental and theoretical values at data point j,
and "j is the statistical uncertainty associated with yj. An
adjustable normalization N i is determined for each SE2
data set (the phase shifts are not rescaled) by minimizing
the second term !2

N . Normalization uncertainties si are
taken as si ! 1 for experiments that have normalized their
data to other measurements, allowing their N i to float
freely. Otherwise, si is taken to be its reported value (see
Table II). The only exception being the 6% normaliza
tion uncertainty of Ref. [20], which was determined in
part by using a derived quantity from another analysis.
Instead, the 13% value determined independently by that
experiment, from a measurement of the cross section
around the 2.42-MeV resonance, was used. Following
Refs. [4,8–11,14], the acceptable SE2ð300Þ range from
the fit was determined by !2 & !2

minð1þ 9=#Þ, with #
being the number of degrees of freedom in the fit.

Five 2þ levels were considered in the R-matrix: a back-
ground pole and physical resonances at"0:245, 2.68, 4.34,
and 5.86 MeV. Of these levels there were 7 adjustable
parameters: the energy and widths of the background
pole, the energy and $-particle width of the 4.34-MeV
resonance, and the asymptotic normalization coeffi-
cients (ANC) of the subthreshold resonance and final state
(" 7:162 MeV). All other decay properties were fixed with
experimental values. Resonance energies and $-particle
widths were taken from Refs. [4,6], except for the
$-particle width of 2.68-MeV resonance [22]. Radiative
widths for the "0:245, 2.68, 4.34, and 5.86 MeV reso-
nances were obtained from Refs. [32–35], respectively.
The interference signs of the 2.68-MeV and subthreshold
resonances were fixed in every fit; signs for other radiative
width parameters were investigated individually.

Fits of two types were considered to the global SE2 data:
(a) only the SE2 data & 2:5 MeV and (b) all data that
followed the determined 2.68-MeV interference scenario
(in addition to the data & 2:5 MeV). Eleven data points
[36] within the 2:5 & E & 3:0 MeV region that did not
follow the interference scenario were eliminated according
to Chauvanet’s criterion [37].

The fits outlined above represent two approaches to deal
with the systematic errors around the 2.68-MeV resonance,
with the second signifying a new way to include the data
around the 2.68-MeV resonance. For reference, both fits
are shown in Fig. 2. Note: The only difference between the
fits of (a) and (b) was that 15 additional SE2 data points
were included in the latter.
The best fit of type (a), which gave a !2

min ¼ 202 for 381
data points, occurred when the 4.34-MeVand subthreshold
resonances had opposite interference signs. Although the
case having identical signs only raised the total !2 by 2,
and also fell within the acceptable range from the !2

min,
!!2 ¼ 5. The best fit of type (b) resulted in a !2

min of 218
for 396 data points. Again, the best fit occurred when
4.34-MeVand subthreshold resonances had opposite signs.
In Fit (b), however, the other interference scenario could be
excluded since it increased the total !2 by 10. Fit (a) in
Fig. 2 illustrates that the destructive scenario below the
4.34-MeV resonance (identical signs) favors smaller values
of SE2 above the 2.68-MeV resonance than the constructive
one. The additional data of Fit (b) require larger SE2 values
above the 2.68-MeV resonance, and this leads to an in-
creased background strength for the destructive interfer-
ence fit. A poorer quality fit to the data below the resonance
results from the larger background pole.
We also find the 4.34-MeV interference scenario from

our analysis confirmed in recently reported SE2 measure-
ments [31]. To further constrain our final analysis, we have
included this new data set. Table I lists R-matrix parame-
ters from the best fit, which gave a !2

min ¼ 226 for 399 data
points and resulted in a value of SE2ð300Þ ¼ 62þ9

"6 keV b. A
channel radius of 5.5 fm was used in all fits [4] because
larger channel radii were found to require additional back-
ground levels. In the Table, radiative widths for the ground-
state transition "%0 are accompanied by their interference
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FIG. 2 (color online). Fits (a) (top panel) and (b) (bottom
panel) to the global SE2 data. The solid (dashed) line represents
the fit assuming the opposite (same) interference signs for the
4.34-MeV and subthreshold resonances.
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events can be eliminated by using the angle information
from the twin-ionization chambers. An ! particle, emitted
downstream and hitting the target frame with only a frac-
tion of the ! energy detected in the ionization chamber,
gives rise to the group seen near the origin.

Here, we only discuss events where the ! particle is
emitted downstream and the full 12C energy is recorded,
represented by the events in the lower part of Fig. 2(a). A
discussion of all events will be given in the future.

Selecting events below channel 800, and requiring the
correct pulse height ratio of !=12C events (as done in [5]),
results in the ! spectrum given in Fig. 3(a). The additional
requirement that all particles are in the correct Frisch-grid

anode region (see [18] for details) of the upstream (12C)
and downstream (!) ionization chambers changes the
number of counts in the region of the satellite peak by
less than 1%. While the pressure of 150 Torr (equivalent to
a Si detector thickness of 7 "m) minimizes the interfer-
ence from the low-energy ! particles stopped in the target
frame (giving rise to the group next to the origin in Fig. 2),
it also leads to a distortion of the ! spectrum at channel
numbers above !2000 (corresponding to energies above
1.9 MeV) due to incomplete stopping of higher energy !
particles. To verify this, some of the measurements were
performed at a pressure of 195 Torr [Fig. 3(b)]. At this
pressure, particles up to 2.4 MeV are stopped in the ion-
ization chamber. The solid line in Fig. 3(b) represents the
normalized spectrum obtained at 150 Torr and illustrates
the effects of incomplete stopping. These effects were also
reproduced in Monte Carlo simulations. Correcting the
150 Torr data at energies above an ! energy of 1.9 MeV,
we obtain a summed spectrum shown in Fig. 4 containing
2:2" 105 events. This number will be doubled in the final
analysis. Due to the insensitivity of ionization chambers to
the copious #’s, the low-energy satellite peak in the
#-delayed ! spectrum of 16N can now be followed, practi-
cally background-free and without correcting for pileup
events from electrons or contributions from 17;18N decays,
down to a c.m.-energy of !600 keV. The solid line is the
result of an R-matrix fit, which is discussed below.

The insert in Fig. 4 shows a comparison of our !
spectrum with the results from earlier experiments. The
lines correspond to the spectra from [5] (dashed line) and
[14] (solid line), normalized in height to the present ex-
periment. While these previous experiments agree on the
high-energy side of the spectrum, they show disagreements
for the low-energy part of the main peak, with [14] exhib-
iting a shallower slope, when compared to [5]. In this
energy region, our spectrum is in better agreement with
the data of [14]. The height of the interference peak at

FIG. 3. (a) The ! spectrum measured in one of the twin-
ionization chambers filled with 150 Torr of isobutane.
(b) Same as (a), but at a pressure of 195 Torr. The solid line is
the spectrum obtained at 150 Torr, scaled in height.

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.
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FIG. 2 (color). (Left) coincident energy spectrum, measured
with one of the twin-ionization detectors for a foil with im-
planted 16N particles. (Right) same as above, but for a non-
implanted foil.
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Extrapolation of 12C(α,γ)16O: SE1 and SE2 at 300 keV
• Extrapolation of E1 and E2 S-factors from

the measured S(1 MeV) to S(300 keV)
• Detailed study of interference in SE2

• Dedicated beta-decay study of SE1

• Combined fit to all reactions that proceed
through the 16O states: 12C(α,α), 12C(α,p),
12C(α,γ), 15N(p,p), 15N(p,α), 16N(βα) and
15N(p,γ)R. J. DEBOER et al. PHYSICAL REVIEW C 87, 015802 (2013)
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FIG. 43. (Color online) Fits to the 12C(α,α0)12C yield data of
Ref. [39] at θlab = 95.8◦, 99.0◦, 100.8◦, 103.9◦, 105.8◦, 110.8◦,
115.8◦, and 120.8◦ [labeled (a) through (h) respectively]. Laboratory
α-particle energy is given on the top horizontal axis and excitation
energy on the bottom horizontal axis of each plot.

has a total width of #total ≈ 25 keV, very close to the target
thickness for many of the experiments considered. Because
the experimental measurements are performed with a variety
of targets with different thicknesses, inconsistencies appear
in the R-matrix fit in the regions of these resonances. These
inconsistencies manifest as both apparent shifts in resonance
energy and resonance shape. Target integration tests, i.e., the
integration of the cross section over effective energy thickness
of the target, showed that these deviations are consistent with
target thickness effects. The global fit does not include these
corrections at this time as target integration calculations are
too demanding in computing time to be practical. The energy
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FIG. 44. (Color online) Fits to the 12C(α,α0)12C yield data of
Ref. [39] at θlab = 125.8◦, 130.8◦, 140.8◦, 150.8◦, 160.8◦, and 165.9◦

[labeled (a) through (f), respectively]. Laboratory α-particle energy is
given on the top horizontal axis and excitation energy on the bottom
horizontal axis of each plot.
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FIG. 45. (Color online) Fits to the angle-integrated cross section
12C(α,γ )16O of Refs. [16,37] for the ground state and 6.049-,
6.130-, 6.917-, and 7.117-MeV transitions and for the total capture
cross section [labeled (a) through (f), respectively]. At energies
above the proton separation energy, the cross section is determined
by other available reaction-channel measurements. Laboratory α-
particle energy is given on the top horizontal axis and excitation
energy on the bottom horizontal axis of each plot.

for the 3− level at Ex = 13.26 MeV is fixed at the central value
determined from the 15N(p,α1γ )12C data where the resonance
is most clearly defined. The partial widths of the level are
allowed to vary freely in the fit, and despite the neglect of
target effects, the fit results in values which are in reasonable
agreement with those previously reported.
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respectively]. Laboratory α-particle energy is given on the top
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of each plot.
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positive value of a corresponded to constructive E2-E2
interference below the 2.68-MeV resonance.

Our experimental result was then used to constrain
an R-matrix [19,25] fit with the global SE2 data and the
d-wave elastic-scattering phase shifts of Ref. [6]. This
analysis utilized the alternative parametrization of the
R-matrix [26] so that experimental quantities could be
directly included in the analysis. R-matrix parameters
were determined from the minimization of

!2 ¼
XNe

i¼1

2
4X

Ni

j¼1

 
N iyj " tj
N i"j

!
2

þ
 
N i " 1

si

!
2
3
5; (2)

with Minuit [27]. Eq. (2) is summed over all experiments
Ne, each having a number Ni of data points. Here, yj and tj
are the experimental and theoretical values at data point j,
and "j is the statistical uncertainty associated with yj. An
adjustable normalization N i is determined for each SE2
data set (the phase shifts are not rescaled) by minimizing
the second term !2

N . Normalization uncertainties si are
taken as si ! 1 for experiments that have normalized their
data to other measurements, allowing their N i to float
freely. Otherwise, si is taken to be its reported value (see
Table II). The only exception being the 6% normaliza
tion uncertainty of Ref. [20], which was determined in
part by using a derived quantity from another analysis.
Instead, the 13% value determined independently by that
experiment, from a measurement of the cross section
around the 2.42-MeV resonance, was used. Following
Refs. [4,8–11,14], the acceptable SE2ð300Þ range from
the fit was determined by !2 & !2

minð1þ 9=#Þ, with #
being the number of degrees of freedom in the fit.

Five 2þ levels were considered in the R-matrix: a back-
ground pole and physical resonances at"0:245, 2.68, 4.34,
and 5.86 MeV. Of these levels there were 7 adjustable
parameters: the energy and widths of the background
pole, the energy and $-particle width of the 4.34-MeV
resonance, and the asymptotic normalization coeffi-
cients (ANC) of the subthreshold resonance and final state
(" 7:162 MeV). All other decay properties were fixed with
experimental values. Resonance energies and $-particle
widths were taken from Refs. [4,6], except for the
$-particle width of 2.68-MeV resonance [22]. Radiative
widths for the "0:245, 2.68, 4.34, and 5.86 MeV reso-
nances were obtained from Refs. [32–35], respectively.
The interference signs of the 2.68-MeV and subthreshold
resonances were fixed in every fit; signs for other radiative
width parameters were investigated individually.

Fits of two types were considered to the global SE2 data:
(a) only the SE2 data & 2:5 MeV and (b) all data that
followed the determined 2.68-MeV interference scenario
(in addition to the data & 2:5 MeV). Eleven data points
[36] within the 2:5 & E & 3:0 MeV region that did not
follow the interference scenario were eliminated according
to Chauvanet’s criterion [37].

The fits outlined above represent two approaches to deal
with the systematic errors around the 2.68-MeV resonance,
with the second signifying a new way to include the data
around the 2.68-MeV resonance. For reference, both fits
are shown in Fig. 2. Note: The only difference between the
fits of (a) and (b) was that 15 additional SE2 data points
were included in the latter.
The best fit of type (a), which gave a !2

min ¼ 202 for 381
data points, occurred when the 4.34-MeVand subthreshold
resonances had opposite interference signs. Although the
case having identical signs only raised the total !2 by 2,
and also fell within the acceptable range from the !2

min,
!!2 ¼ 5. The best fit of type (b) resulted in a !2

min of 218
for 396 data points. Again, the best fit occurred when
4.34-MeVand subthreshold resonances had opposite signs.
In Fit (b), however, the other interference scenario could be
excluded since it increased the total !2 by 10. Fit (a) in
Fig. 2 illustrates that the destructive scenario below the
4.34-MeV resonance (identical signs) favors smaller values
of SE2 above the 2.68-MeV resonance than the constructive
one. The additional data of Fit (b) require larger SE2 values
above the 2.68-MeV resonance, and this leads to an in-
creased background strength for the destructive interfer-
ence fit. A poorer quality fit to the data below the resonance
results from the larger background pole.
We also find the 4.34-MeV interference scenario from

our analysis confirmed in recently reported SE2 measure-
ments [31]. To further constrain our final analysis, we have
included this new data set. Table I lists R-matrix parame-
ters from the best fit, which gave a !2

min ¼ 226 for 399 data
points and resulted in a value of SE2ð300Þ ¼ 62þ9

"6 keV b. A
channel radius of 5.5 fm was used in all fits [4] because
larger channel radii were found to require additional back-
ground levels. In the Table, radiative widths for the ground-
state transition "%0 are accompanied by their interference
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FIG. 2 (color online). Fits (a) (top panel) and (b) (bottom
panel) to the global SE2 data. The solid (dashed) line represents
the fit assuming the opposite (same) interference signs for the
4.34-MeV and subthreshold resonances.
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• Stable burning in stars (cross
section uncertainty produces
largest uncertainty in solar
neutrino yield)

• Big Bang Nucleosynthesis (cross
section critical for interpreting
the Li problem)

Key Nuclear Uncertainties
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Uncertainties in S34, the 3He(4He,γ)7Be reaction rateNo. 1, 2005 NEW SOLAR OPACITIES L87

Fig. 2.—Solar neutrino energy spectrum for the solar model BS05(OP). The
uncertainties are taken from Table 8 of Bahcall & Serenelli (2004).

the corresponding fluxes obtained from the BS04 solar model.
The CNO contribution to the solar luminosity is also reduced
compared to BS04, BP04(Garching), and BP04(Yale). The lat-
ter models have a CNO contribution of 1.55% to the solar
luminosity, while for BS05(14N) the CNO contribution is only
0.8%.
The next two solar models are the first in the series to use

OP opacities. BS05(OP) and BS05(AGS, OP) differ in that
BS05(AGS, OP) uses the heavy-element abundance taken
from Asplund et al. (2005). Like all the preceeding models,
BS05(OP) uses Grevesse & Sauval (1998) abundances.
Comparing BS05(OP) with BS05(14N), we see that the new OP
opacities do not change significantly the neutrino fluxes nor do
they change the other principal model characteristics.
The lower heavy-element abundances used in BS05(AGS,

OP) cause the computed depth of the convective zone to be
too shallow and the surface helium abundance to be unac-
ceptably low, as compared with the helioseismologically mea-
sured values. The depth of the solar convective zone and the
helium surface abundance have recently been redetermined by
Basu & Antia (2004) using the best-available helioseismolog-
ical data. Comparing the values calculated using BS05(AGS,
OP) with the measured values (given in parentheses), we have

RCZ p 0.728(0.713! 0.001, exp.); (1)
R,

Y p 0.229(0.249! 0.003, exp.). (2)surf

For BS05(AGS, OP), the disagreements between helioseis-
mological measurements and the computed values of andRCZ

are many times the quoted errors. By contrast, all of theYsurf
models in Table 1 that use the Grevesse & Sauval (1998)
abundances [BP04(Yale), BP04(Garching), and BS04 and
BS05(14N) and BS05(OP)] have values for these parameters,

and , that are in much better agree-R ∼ 0.715 Y ∼ 0.244CZ surf
ment with helioseismological measurements.
Similar results are obtained with models that use OPAL opac-

ities [see the row labeled BS05(AGS, OPAL) in Table 1]. Solar
models constructed with the AGS05 composition disagree with
the helioseismological measurements of and , inde-R YCZ surf
pendent of whether one uses OPAL or OP radiative opacities.
Figure 1 shows that, for four representative models, the sound

speeds and densities inferred from solar models that use the
Grevesse & Sauval (1998) solar abundances are in excellent
agreement with the helioseismological measurements (Schou et
al. 1998) of sound speeds and densities. Solar models that use
the new Asplund et al. (2005) abundances are in disagreement
with the helioseismological measurements. For models that use
the Grevesse & Sauval (1998) abundances and OPAL, the rms
differences between the solar model predictions for sound speeds
and densities are, respectively, and0.0015! 0.0001 0.015!

, where we quote the range that spans the values for the0.002
first four models that appear in Table 1. The results with OP
opacities are even better: 0.00097 and 0.012, respectively. By
contrast, the rms differences for models that use the AGS05
abundances are larger by more than a factor of 3, 0.0053!

and , respectively.0.0005 0.047! 0.003
How do the adopted element abundances and the radiative

opacity affect the predicted solar neutrino fluxes? Figure 2
shows the solar neutrino energy spectrum that is calculated
using the BS05(OP) solar model, which may be taken as the
currently preferred solar model. The fractional uncertainties for

the neutrino fluxes are given in Table 8 of Bahcall & Serenelli
(2004).
Using OP opacity, the ratio of the 8B neutrino flux calculated

with the older (larger) heavy-element abundances [or with the
newer (lower) heavy-element abundances] to the total 8B neu-
trino flux measured by the Sudbury Neutrino Observatory (Ah-
med et al. 2004) is (see Table 2)

8solar model B n f lux
p 1.09 (0.87), (3)8measured B n f lux

with a 9% experimental error (Ahmed et al. 2004) and a 16%
theoretical uncertainty (Bahcall & Serenelli 2004), with 1 j
uncertainties. If we adopt OPAL opacities, the coefficients on
the right-hand side of equation (3) become 1.12 (0.88), very
similar to the values for OP opacities. Turck-Chièze et al.
(2004) found a 9% lower 8B neutrino flux for a model similar
to BS05(AGS, OPAL). Their lower flux is accounted for by
the fact that Turck-Chièze et al. did not use the recent and more
accurate pp cross section calculated by Park et al. (2003) and
that Turck-Chièze et al. did use intermediate screening for fu-
sion reactions instead of the more accurate approximation of
weak screening (see Bahcall et al. 2002).
Comparing the calculated to the measured (Bahcall et al.

2004) p-p neutrino flux, assuming OP opacities, we have

solar model p-p n f lux
p 0.99 (1.00), (4)

measured p-p n f lux

with a 2% experimental uncertainty (Bahcall et al. 2004) and
a 1% theoretical uncertainty (Bahcall & Serenelli 2004). The
agreement is similarly good if we adopt OPAL opacities. The
CNO contribution to the solar luminosity is only 0.5% for the
models BS05(AGS, OP) and BS05(AGS, OPAL).
We conclude that the agreement between solar model pre-

dictions and solar neutrino measurements is excellent and is
not significantly affected by the choice of heavy-element abun-
dances or the radiative opacity.

J. N. B. and A. M. S. are supported in part by NSF grant
PHY-0070928.

• Choices for measurement of 
3He(4He,γ)7Be:
• Detect gamma rays from reaction
• Detect recoiling 7Be in separator
• Collect recoiling 7Be and later 

count β-decays to 7Li

Primordial Lithium Problem 24

Figure 2: BBN theory predictions for light nuclide abundances vs baryon-
to-photon ratio η. Curve widths: 1σ theoretical uncertainties. Vertical band:
WMAP determination of η.

Primordial Lithium Problem 27

Figure 5: Comparison of BBN+WMAP predictions and observations, from (30).
Plotted are likelihood distributions for light nuclide abundances. Blue curves:
theory likelihoods predicted for standard BBN using the cosmic baryon density
determined by WMAP(63). Yellow curves: observational likelihoods based on
primordial abundances as in §2.2. Dotted curves: observational likelihoods for
different analyses of abundance data; the difference between these and the yellow
curves gives a sense of the systematic errors. Note the spectacular agreement of
D/H, and in contrast the strong mismatch between 7Li theory and data, which
constitutes the lithium problem.

Primordial Lithium Problem 27

Figure 5: Comparison of BBN+WMAP predictions and observations, from (30).
Plotted are likelihood distributions for light nuclide abundances. Blue curves:
theory likelihoods predicted for standard BBN using the cosmic baryon density
determined by WMAP(63). Yellow curves: observational likelihoods based on
primordial abundances as in §2.2. Dotted curves: observational likelihoods for
different analyses of abundance data; the difference between these and the yellow
curves gives a sense of the systematic errors. Note the spectacular agreement of
D/H, and in contrast the strong mismatch between 7Li theory and data, which
constitutes the lithium problem.

Bahcall, Serenelli, & Basu, APJL 621(2005)L85
Fields, Annu. Rev. Nucl. Part. Sci., 61(2011)47



and quadrupole moments test the tail of the wave functions
and agree reasonably well with experiment.

In Fig. 2, we show the phase shifts for scattering in the
S- and D-wave channels. As for the bound states, the
addition of polarized configurations to the model space
significantly changes the results and leads to a good agree-
ment with the available data [32,33].

The capture cross section for the 3Heð!;"Þ7Be reaction
is calculated by using the many-body scattering and bound
eigenstates of the Hamiltonian. In the energy range up to
2.5 MeV, it has been shown [18] that only dipole transitions
from the S- and D-wave scattering states have to be con-
sidered. The obtained S factor is shown in Fig. 3 together
with the experimental data. Our results are in good agree-
ment with the recent measurements regarding both the
absolute normalization and the energy dependence. The
extrapolated zero-energy S factor is S34ð0Þ ¼ 0:593 keVb.

As our model successfully describes the 3Heð!;"Þ7Be
reaction, it should also do well for the isospin mirror
reaction 3Hð!;"Þ7Li. As shown in Fig. 4, we observe a
good agreement for the energy dependence of the S factor
but find that the absolute normalization is about 15% larger
than the data by Brune, Kavanagh, and Rolfs [34].
In summary, our calculations are able to describe con-

sistently the bound state properties and the scattering phase
shifts as well as the normalization and energy dependence
of the 3Heð!;"Þ7Be capture cross section. Our results
deviate from the correlation between the ground state
quadrupole moment and zero-energy S factor found in
cluster models using phenomenological interactions
[14,15]. Our approach differs in two main aspects from
those earlier studies. First, we use a well defined effective
interaction that describes the nucleon-nucleon scattering
data. In contrast to phenomenological effective interac-
tions, the UCOM interaction has a pronounced momentum
dependence and a longer range due to the explicitly in-
cluded pion exchange, a feature that turns out to be im-
portant for the low energy scattering solutions. Second, our
model space is larger than in the cluster model. Additional
FMD basis states in the interaction region describe polar-
ized clusters and shell-model-like configurations.
Although they are only a small admixture in the full
wave functions, they are essential to describe the bound
state properties as well as the scattering phase shifts.
The results can also be studied in terms of overlap

functions that are obtained by mapping the microscopic
many-body wave functions onto the relative wave function
of two pointlike nuclei in the resonating group formalism.
In Fig. 5, we show the overlap functions for the 1=2þ

scattering state at Ecm ¼ 50 keV and the 3=2% bound state.
The nodes in the overlap functions reflect the antisymmet-
rization between the clusters. We also show the dipole
strength calculated with these overlap functions. It repro-
duces the dipole matrix element calculated with the micro-
scopic wave functions within 2%. Comparing with the
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FIG. 3 (color online). The astrophysical S factor for the
3Heð!;"Þ7Be reaction. The FMD result is given by the solid
line. Recent experimental data [3–7] are shown as dark colored
symbols and older data [1] as light symbols.
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lines show results using only frozen configurations; solid lines
are obtained with the full FMD model space. The calculated
D-wave phase shifts lie on top of each other. Experimental
results are from Refs. [32,33].

0 0.5 1

Ecm [MeV]

0.05

0.10

0.15

S
 fa

ct
or

 [k
eV

 b
]

Caltech [34]
FMD

FIG. 4 (color online). The astrophysical S factor for the
3Hð!;"Þ7Li reaction. The FMD result is given by the solid
line. Most recent experimental data are shown as dark symbols
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PRL 106, 042502 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

28 JANUARY 2011

042502-3

Key Nuclear Uncertainties
C.Aa. Diget

Uncertainties in S34, the 3He(4He,γ)7Be reaction rate

[TRIUMF] Sjue, Nara Singh, et al., NIMA 700(2013)179
[Madrid] Carmona-Gallardo, Nara Singh, et al., PRC-R, 86(2012)032801
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and quadrupole moments test the tail of the wave functions
and agree reasonably well with experiment.

In Fig. 2, we show the phase shifts for scattering in the
S- and D-wave channels. As for the bound states, the
addition of polarized configurations to the model space
significantly changes the results and leads to a good agree-
ment with the available data [32,33].

The capture cross section for the 3Heð!;"Þ7Be reaction
is calculated by using the many-body scattering and bound
eigenstates of the Hamiltonian. In the energy range up to
2.5 MeV, it has been shown [18] that only dipole transitions
from the S- and D-wave scattering states have to be con-
sidered. The obtained S factor is shown in Fig. 3 together
with the experimental data. Our results are in good agree-
ment with the recent measurements regarding both the
absolute normalization and the energy dependence. The
extrapolated zero-energy S factor is S34ð0Þ ¼ 0:593 keVb.

As our model successfully describes the 3Heð!;"Þ7Be
reaction, it should also do well for the isospin mirror
reaction 3Hð!;"Þ7Li. As shown in Fig. 4, we observe a
good agreement for the energy dependence of the S factor
but find that the absolute normalization is about 15% larger
than the data by Brune, Kavanagh, and Rolfs [34].
In summary, our calculations are able to describe con-

sistently the bound state properties and the scattering phase
shifts as well as the normalization and energy dependence
of the 3Heð!;"Þ7Be capture cross section. Our results
deviate from the correlation between the ground state
quadrupole moment and zero-energy S factor found in
cluster models using phenomenological interactions
[14,15]. Our approach differs in two main aspects from
those earlier studies. First, we use a well defined effective
interaction that describes the nucleon-nucleon scattering
data. In contrast to phenomenological effective interac-
tions, the UCOM interaction has a pronounced momentum
dependence and a longer range due to the explicitly in-
cluded pion exchange, a feature that turns out to be im-
portant for the low energy scattering solutions. Second, our
model space is larger than in the cluster model. Additional
FMD basis states in the interaction region describe polar-
ized clusters and shell-model-like configurations.
Although they are only a small admixture in the full
wave functions, they are essential to describe the bound
state properties as well as the scattering phase shifts.
The results can also be studied in terms of overlap

functions that are obtained by mapping the microscopic
many-body wave functions onto the relative wave function
of two pointlike nuclei in the resonating group formalism.
In Fig. 5, we show the overlap functions for the 1=2þ

scattering state at Ecm ¼ 50 keV and the 3=2% bound state.
The nodes in the overlap functions reflect the antisymmet-
rization between the clusters. We also show the dipole
strength calculated with these overlap functions. It repro-
duces the dipole matrix element calculated with the micro-
scopic wave functions within 2%. Comparing with the
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interaction that describes the nucleon-nucleon scattering
data. In contrast to phenomenological effective interac-
tions, the UCOM interaction has a pronounced momentum
dependence and a longer range due to the explicitly in-
cluded pion exchange, a feature that turns out to be im-
portant for the low energy scattering solutions. Second, our
model space is larger than in the cluster model. Additional
FMD basis states in the interaction region describe polar-
ized clusters and shell-model-like configurations.
Although they are only a small admixture in the full
wave functions, they are essential to describe the bound
state properties as well as the scattering phase shifts.
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Theoretical evauations for CC-SN nuclear reactions

• Core-Collapse SN: gravity-driven 
massive-star core collapse

• Rebounding shock wave driving 
an (often) asymmetric explosion

• Radiation emitted - material 
ejected

• Crab Nebula: Remnant of a Type-
II (core-collapse) supernova (1054 
AD)

Cowan & Thielemann, Phys. Today, 10 (2004) 47
Langanke & Martínez-Pinedo, RMP 75 (2003) 819

Fryer and Warren , APJ, 601 (2004) 391
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Fig. 1. Abundances of nuclei for two sets of conditions during the core-collapse of a massive star. The
upper panel represents typical conditions during the early collapse while the lower panel shows condi-
tions near to neutrino trapping. A NSE code has been used in the calculation of the abundances [29]
(Adapted from [30]).

decisively important and neutrinos have to be treated by Boltzmann transport. Nevertheless the
collapse proceeds until the core composition is transformed into neutron-rich nuclear matter.
Its finite compressibility brings the collapse to a halt, a shock wave is created which traverses
outwards through the infalling matter of the core’s envelope. This matter is strongly heated and
dissociated into free nucleons. In current models, the shock has not sufficient energy to explode
the star directly. It stalls, but is shortly after revived by energy transfer from the neutrinos
which are produced by the cooling of the neutron star born in the center of the core. The
neutrinos carry away most of the energy generated by the gravitational collapse and a fraction
of the neutrinos are absorbed by the free nucleons behind the stalled shock. The revived shock
can then explode the star and the stellar matter outside of a certain mass cut is ejected into the
Interstellar Medium. Due to the high temperatures associated with the shock passage, nuclear
reactions can proceed rather fast giving rise to explosive nucleosynthesis which is particularly
important in the deepest layers of the ejected matter. Reviews on core-collapse supernovae can
be found in [34–36].
Nevertheless, the most sophisticated spherical supernova simulations, including detailed

neutrino transport [37–39], currently fail to explode indicating that improved input and/or

• Weak interactions in supernovae:
• gravitational collapse boosted by 

electron-capture on protons and 
iron-group nuclei: p(e-,νe)n

• Groß properties (masses and 
lifetimes) for exotic nuclei
• Next-generation radioactive ion 

beam facilities: r-process nuclei up 
to around mass 130 
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• Weak interactions in supernovae:
• gravitational collapse boosted by 

electron-capture on protons and 
iron-group nuclei: p(e-,νe)n

• neutrinos from the neutron star are 
trapped and revives the stalled 
shock-wave: n(νe,e-)p and p(ν̅e,e+)n
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• Weak interactions in supernovae:
• gravitational collapse boosted by 

electron-capture on protons and 
iron-group nuclei: p(e-,νe)n

• neutrinos from the neutron star are 
trapped and revives the stalled 
shock-wave: n(νe,e-)p and p(ν̅e,e+)n

• proton and alpha-rich freeze-out 
produces neutron-deficient nuclei in 
the inner ejecta but terminates 
around 64Ge (T1/2 = 64s)

• νp-process: in the strong neutrino-
wind these neutron-deficient nuclei 
capture neutrinos on the time-scale 
of seconds

• Prime-candidate site for rapid 
neutron-capture (r-process) 
nucleosynthesis (outer ejecta).
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Stellar Enhancement Factors
• Stellar Enhancement Factor (SEF) 

defined as:

• Assuming a similar level structure 
in all involved nuclei, it is expected 
that the SEF of a given reaction will 
be smaller for the exothermic 
direction fforw than for the 
endothermic frev. [Forward direction here 
defined as positive Q value, Rauscher 2009]

Kiss, et al., PRL, 101(2008)191101
Rauscher et al., PRC 80(2009)035801

Rauscher, PRC, 88(2013)035803

T. RAUSCHER et al. PHYSICAL REVIEW C 80, 035801 (2009)

rate rg.s. [8]

f = r∗

rg.s.
= r∗

r lab
. (1)

The rate r lab derived from cross sections σ lab measured in the
laboratory is the same as rg.s. because so far all experiments
use target nuclei in their ground states. The SEF is a measure
of the influence of the thermally excited target states in the hot
plasma.

Astrophysical reaction rates are usually defined as giving
the number of a specific reaction occurring per time. Here,
we constrain ourselves to two-body reactions of nuclei
and nucleons. The concept of the stellar rates suppression
introduced below is easily extended to other reaction types.
Reaction cross sections are folded with the energy distribution
of the interacting nuclei to obtain the reaction rate. The energy
distributions of nuclei and nucleons in an astrophysical plasma
follow Maxwell-Boltzmann distributions in most applications,
thus yielding [8]
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for reactions proceeding from target state i with reaction
cross section σi , where n1, n2 are the number densities of
the interacting nuclei, T is the plasma temperature, k denotes
the Boltzmann constant, and F is a renormalization factor
F =
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8/(πµ) with µ = A1A2/(A1 + A2) being the reduced

mass number A.
When nuclei are in thermal equilibrium with their envi-

ronment, their excited states are populated according to a
Boltzmann factor [8]

Pi = (2Ji + 1)e− Ei
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∑
n (2Jn + 1)e− En

kT

, (3)

with Pi, Ji, Ei denoting the relative population, spin, and
excitation energy of state i, respectively. Each of the states
is bombarded with Maxwell-Boltzmann distributed projectiles
that would require to have a separate rate for each target state
weighted by the population factor of the state i from which the
reaction proceeds. It was shown in Ref. [9] (see also Ref. [10])
that by making use of the reciprocity theorem for nuclear
reactions and detailed balance (assuming thermalization of
both initial and final states of a reaction), for compound
reactions the rate equation can be simplified to
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R∗. (5)

To avoid additional computations caused by the population
coefficients and also to avoid having a temperature-dependent
stellar cross section, the effective cross section σ eff was
introduced above, which sums over all bound states in the
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FIG. 1. Schematic view of the transitions (full arrows denote
particle transitions, dashed arrows are γ transitions) in a compound
reaction involving the nuclei A and F and proceeding via a compound
state (horizontal dashed line) with spin J k

C and parity π k
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compound nucleus C. The reaction Q values for the capture reaction
(Qcap) and the reaction A → F (QF ) are given by the mass differences
of the involved nuclei. The effective cross section σ eff [Eqs. (4)
and (7)] for a reaction type is a sum over all energetically possible
transitions to bound states (capture: in nuclei A and C; otherwise: in
nuclei A and F) from the compound level as shown here (see text for
details). In each nucleus, a number of low-lying states with given spin
J and parity π is explicitely specified. Above the last state, transitions
can be computed by integrating over nuclear level densities (shaded
areas). In stellar cross sections σ ∗ all transitions are additionally
weighted by a Boltzmann distribution factor depending on the stellar
temperature, spin, and the excitation energy of the involved state [see
Eq. (3)].

initial and final system (denoted by i and j , respectively; the
energetics of the transitions is shown in Fig. 1) [10]:

σ eff =
∑

i

∑

j

σij . (6)

This is a theoretical construct (as any measurement would
always proceed on a certain initial state and thus neglect
the sum over target states) but it is useful in two respects.
First, it simplifies the computation of the rate and therefore is
used in all astrophysical compound reaction codes. Second, it
allows us to easily find a reciprocity relation between forward
and inverse rate by remembering that Eσ eff obeys reciprocity
between forward and inverse reaction due to detailed balance.
It should be noted that only stellar reactivities R∗ (and thus
stellar rates r∗) obey reciprocity (as long as detailed balance
is applicable), whereas rates derived from ground-state cross
sections σ lab =

∑
j σ0j do not, unless the SEF is equal to unity

in the given direction.
For reactions 1 + 2 → 3 + 4 with target nucleus 1, pro-

jectile 2, final nucleus 3, and ejectile 4, the relation between
backward and forward stellar reactivity is given by [8,11]
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reaction proceeds. It was shown in Ref. [9] (see also Ref. [10])
that by making use of the reciprocity theorem for nuclear
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compound nucleus C. The reaction Q values for the capture reaction
(Qcap) and the reaction A → F (QF ) are given by the mass differences
of the involved nuclei. The effective cross section σ eff [Eqs. (4)
and (7)] for a reaction type is a sum over all energetically possible
transitions to bound states (capture: in nuclei A and C; otherwise: in
nuclei A and F) from the compound level as shown here (see text for
details). In each nucleus, a number of low-lying states with given spin
J and parity π is explicitely specified. Above the last state, transitions
can be computed by integrating over nuclear level densities (shaded
areas). In stellar cross sections σ ∗ all transitions are additionally
weighted by a Boltzmann distribution factor depending on the stellar
temperature, spin, and the excitation energy of the involved state [see
Eq. (3)].

initial and final system (denoted by i and j , respectively; the
energetics of the transitions is shown in Fig. 1) [10]:
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This is a theoretical construct (as any measurement would
always proceed on a certain initial state and thus neglect
the sum over target states) but it is useful in two respects.
First, it simplifies the computation of the rate and therefore is
used in all astrophysical compound reaction codes. Second, it
allows us to easily find a reciprocity relation between forward
and inverse rate by remembering that Eσ eff obeys reciprocity
between forward and inverse reaction due to detailed balance.
It should be noted that only stellar reactivities R∗ (and thus
stellar rates r∗) obey reciprocity (as long as detailed balance
is applicable), whereas rates derived from ground-state cross
sections σ lab =

∑
j σ0j do not, unless the SEF is equal to unity

in the given direction.
For reactions 1 + 2 → 3 + 4 with target nucleus 1, pro-

jectile 2, final nucleus 3, and ejectile 4, the relation between
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• However: Coulomb suppression of 
the SEF found for charged-particle 
reactions with Q < 0 but low |Q|

• 1200 reactions: including (α,γ) for 
the p process and (p,γ) for the rp 
process; as well as (p,n) reactions

• Strong suppression for charged 
particles due to Coulomb barrier:
• A(n,p)F or A(p,α)F reactions with Q>0

• Suppress transitions to/from final 
state nucleus (higher Coulomb barrier)

• SEF suppressed the most for the 
reverse reaction (Q<0) with a larger 
SEF in the forward direction (Q>0).
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Stellar Enhancement Factors
• Stellar Enhancement Factor (SEF) 

defined as:

• Assuming a similar level structure 
in all involved nuclei, it is expected 
that the SEF of a given reaction will 
be smaller for the exothermic 
direction fforw than for the 
endothermic frev. [Forward direction here 
defined as positive Q value, Rauscher 2009]

Kiss, et al., PRL, 101(2008)191101
Rauscher et al., PRC 80(2009)035801

Rauscher, PRC, 88(2013)035803
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the number of a specific reaction occurring per time. Here,
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introduced below is easily extended to other reaction types.
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with Pi, Ji, Ei denoting the relative population, spin, and
excitation energy of state i, respectively. Each of the states
is bombarded with Maxwell-Boltzmann distributed projectiles
that would require to have a separate rate for each target state
weighted by the population factor of the state i from which the
reaction proceeds. It was shown in Ref. [9] (see also Ref. [10])
that by making use of the reciprocity theorem for nuclear
reactions and detailed balance (assuming thermalization of
both initial and final states of a reaction), for compound
reactions the rate equation can be simplified to
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To avoid additional computations caused by the population
coefficients and also to avoid having a temperature-dependent
stellar cross section, the effective cross section σ eff was
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compound nucleus C. The reaction Q values for the capture reaction
(Qcap) and the reaction A → F (QF ) are given by the mass differences
of the involved nuclei. The effective cross section σ eff [Eqs. (4)
and (7)] for a reaction type is a sum over all energetically possible
transitions to bound states (capture: in nuclei A and C; otherwise: in
nuclei A and F) from the compound level as shown here (see text for
details). In each nucleus, a number of low-lying states with given spin
J and parity π is explicitely specified. Above the last state, transitions
can be computed by integrating over nuclear level densities (shaded
areas). In stellar cross sections σ ∗ all transitions are additionally
weighted by a Boltzmann distribution factor depending on the stellar
temperature, spin, and the excitation energy of the involved state [see
Eq. (3)].

initial and final system (denoted by i and j , respectively; the
energetics of the transitions is shown in Fig. 1) [10]:

σ eff =
∑

i

∑

j

σij . (6)

This is a theoretical construct (as any measurement would
always proceed on a certain initial state and thus neglect
the sum over target states) but it is useful in two respects.
First, it simplifies the computation of the rate and therefore is
used in all astrophysical compound reaction codes. Second, it
allows us to easily find a reciprocity relation between forward
and inverse rate by remembering that Eσ eff obeys reciprocity
between forward and inverse reaction due to detailed balance.
It should be noted that only stellar reactivities R∗ (and thus
stellar rates r∗) obey reciprocity (as long as detailed balance
is applicable), whereas rates derived from ground-state cross
sections σ lab =

∑
j σ0j do not, unless the SEF is equal to unity

in the given direction.
For reactions 1 + 2 → 3 + 4 with target nucleus 1, pro-
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with Pi, Ji, Ei denoting the relative population, spin, and
excitation energy of state i, respectively. Each of the states
is bombarded with Maxwell-Boltzmann distributed projectiles
that would require to have a separate rate for each target state
weighted by the population factor of the state i from which the
reaction proceeds. It was shown in Ref. [9] (see also Ref. [10])
that by making use of the reciprocity theorem for nuclear
reactions and detailed balance (assuming thermalization of
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compound nucleus C. The reaction Q values for the capture reaction
(Qcap) and the reaction A → F (QF ) are given by the mass differences
of the involved nuclei. The effective cross section σ eff [Eqs. (4)
and (7)] for a reaction type is a sum over all energetically possible
transitions to bound states (capture: in nuclei A and C; otherwise: in
nuclei A and F) from the compound level as shown here (see text for
details). In each nucleus, a number of low-lying states with given spin
J and parity π is explicitely specified. Above the last state, transitions
can be computed by integrating over nuclear level densities (shaded
areas). In stellar cross sections σ ∗ all transitions are additionally
weighted by a Boltzmann distribution factor depending on the stellar
temperature, spin, and the excitation energy of the involved state [see
Eq. (3)].

initial and final system (denoted by i and j , respectively; the
energetics of the transitions is shown in Fig. 1) [10]:

σ eff =
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This is a theoretical construct (as any measurement would
always proceed on a certain initial state and thus neglect
the sum over target states) but it is useful in two respects.
First, it simplifies the computation of the rate and therefore is
used in all astrophysical compound reaction codes. Second, it
allows us to easily find a reciprocity relation between forward
and inverse rate by remembering that Eσ eff obeys reciprocity
between forward and inverse reaction due to detailed balance.
It should be noted that only stellar reactivities R∗ (and thus
stellar rates r∗) obey reciprocity (as long as detailed balance
is applicable), whereas rates derived from ground-state cross
sections σ lab =
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j σ0j do not, unless the SEF is equal to unity

in the given direction.
For reactions 1 + 2 → 3 + 4 with target nucleus 1, pro-
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• However: Coulomb suppression of 
the SEF found for charged-particle 
reactions with Q < 0 but low |Q|

• 1200 reactions: including (α,γ) for 
the p process and (p,γ) for the rp 
process; as well as (p,n) reactions

• Strong suppression for charged 
particles due to Coulomb barrier:
• A(n,p)F or A(p,α)F reactions with Q>0

• Suppress transitions to/from final 
state nucleus (higher Coulomb barrier)

• SEF suppressed the most for the 
reverse reaction (Q<0) with a larger 
SEF in the forward direction (Q>0).
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Fig. 3.12 (a) Maxwell–Boltzmann factor
(e−E/kT ; dashed line) and Gamow factor
(e−2πη ; dashed-dotted line) versus energy
for the 12C(α,γ)16O reaction at a temperature
of T = 0.2 GK. The product e−E/kTe−2πη ,
referred to as the Gamow peak, is shown
as solid line. (b) The same Gamow factor

shown on a linear scale (solid line). The
maximum occurs at E0 = 0.32 MeV while
the maximum of the Maxwell–Boltzmann
distribution is located at kT = 0.017 MeV
(arrow). The dotted line shows the Gaussian
approximation of the Gamow peak.

The location E0 of the maximum of the Gamow peak can be found from the
first derivative of the integrand in Eq. (3.72) with respect to E,

d
dE

(
−2π

!

√
m01
2E

Z0Z1 e2 − E
kT

)

E=E0

=
π

! Z0Z1 e2
√
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2
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E3/2
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− 1
kT

= 0 (3.73)

Stellar explosions
Taking astrophysics down to earth

TIGRESS/SHARC setup
Summary

Radioactive ion beams
Hot-CNO breakout reactions
The 18Ne(�,p)21Na reaction

Nuclear measurements of astrophysical processes

The CNO and Hot-CNO
cycles.

Build-up of waiting-point
nuclei in novae and X-ray
bursts:

14O
15O
18Ne

Topical review R143

Figure 6. The figure shows the characteristic hot (or ⇧-limited) CNO cycles which contribute to
the energy generation in explosive hydrogen burning scenarios like novae and x-ray bursts.

cycle). The timescale for the fusion of four hydrogen nuclei to helium and subsequently the

associated energy generation is determined by the lifetimes of 14O (t1/2 = 70.59 s) and 15O

(t1/2 = 122 s) and is therefore temperature independent. These isotopes represent waiting

points along the nucleosynthesis path. Figure 5 indicates that the energy generation by the

CNO cycles turns flat at the temperature and conditions where the slowest proton capture

rate (14N(p, � )15N) exceeds the ⇧-decay rates for 14O and 15O. These ⇧-decay limitations fix

the energy production rate adopting a cycle time of ⌃ ⇥ 200 s and a total energy release of

QCNO = 26.7 MeV to

⌅HCNO = 4.6⌅ 1015ZCNO (erg g�1 s�1) (8)

whereZCNO is the mass fraction of the CNOmaterial and⇥50% of the CNOmaterial is stored
in 14O and 15O (see also [6]). The timescale for the consumption of the hydrogen in the hot

CNO cycles is given by

tCNO = ECNO

⌅HCNO

⇥ 1000

ZCNO

(s) (9)

withECNO = 4.51⌅1018 erg g�1 (forXH = 0.7). This corresponds to a timescale of about one

day for hydrogen consumption in solar metalicity material (Z⇤ = 0.02, ZCNO = 0.72 · Z⇤).
Similarily, for the second CNO cycle (see figure 6) at higher temperatures the

proton capture rate on 17F exceeds its ⇧-decay rate and the second hot cycle emerges,
16O(p, � )17F(p, � )18Ne(⇧+⇤) 18F(p, ⇥)15O. This cycle is again limited by the drip line because
19Na is proton unbound. The conversion time in the cycle and the energy generation is again

temperature independent and is determined by the ⇧-decay lifetime of the waiting point isotope
18Ne (t1/2 = 1.67 s).

The thermonuclear runaway in novae is driven by the energy release of the hot CNOcycles.

The abundance distribution in the ejecta depends on the associated nucleosynthesis [23–25].

Figure 7 shows as an example the variation with time of temperature and density in the deepest

hydrogen rich zone of the accreted envelope during the thermonuclear runaway [32]. The

corresponding nucleosynthesis of CNO material is shown in figure 8. One can easily observe

the rapid depletion of the initial 16O and the build up of the waiting point nuclei. After a

relatively short time the initial abundances have changed to 14O, 15O and 18Ne which are

enriched due to their slow ⇧-decay. Because the peak temperatures in the thermonuclear

runaway are typically below 3.5⌅108 K [32], break-out is inhibited due to the limited reaction
rates for the break-out processes to be discussed in later sections. Indeed, observation of the

abundance distribution in nova ejecta indicate large overabundances of nitrogen [36] produced

by the slow ⇧-decay of the highly enriched 14O and 15O isotopes.

Wiescher, et al. JPG, 25:R133 (1999)

Breakout from CNO-cycles:
14O(�, p)17F
15O(�, ⇥)19Ne
18Ne(�, p)21Na

Resonant reaction rate:

(2J + 1)
���p

�tot
exp(� Er

kBT
)

Gamow-window: 0.7–2.0 MeV
resonance energy for
temperatures of 0.5–1.5 GK.

C. Aa. Diget From nuclear reactions to astrophysics
Key Nuclear Uncertainties
C.Aa. Diget

Rates at high level density: 26Al destruction
• COMPTEL/INTEGRAL: 26Al decay 

spectroscopy survey, ESA

• Next-generation satellite 
missions: observation of 26Al 
from individual stellar 
explosions

• 26Al creation via proton capture: 
25Mg(p,γ)26Al

• 26Al destruction via β-decay and 
neutron induced reactions:
26Al(n,p)26Mg, 26Al(n,α)26Mg

• Resonant reaction rate: velocity-
weighted cross section:

• Gamow-window: 0.7–2.0 MeV 
resonance energy for alpha-
induced reactions at temperatures 
of 0.5–1.5 GK

• Significant corrections for neutron 
induced reactions but still 
dependent on spin-parity and  
partial widths

Iliadis, Nuclear Physics of Stars (2007)
Iliadis et al., APJSS 193:23 (2011) 

 Rauscher, Phys. Rev. C, 81:045807 (2010)
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Fig. 11 All-sky image of 26Al γ-ray emis-
sion at 1809 keV as derived from a 9-year
survey of the COMPTEL instrument on-
board the Compton Gamma Ray Obser-
vatory (CGRO). The entire sky is seen
projected on a coordinate system that is
centered on our Galaxy with the galactic
plane running horizontally across the mid-

dle of the image. Gamma-ray intensity is
represented by a false color map - green
(low) to yellow (high). It has been estimated
that the Galaxy produces 26Al at a rate of
about two solar masses per million years.
Reprinted with permission from S. Plüschke,
R. Diehl, V. Schönfelder, et al., ESA SP 459,
55 (2001).
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Indirect measurement of 26Al destruction
• 26Al destruction via β-decay and 

neutron induced reactions:
26Al(n,p)26Mg, 26Al(n,α)26Mg

• Observables for 26Al destruction:
• States in the region immediately 

above the 13.06MeV n-threshold
• High level density (~ one per 

10keV observed, more predicted)
• Spin-parities
• Proton- alpha- and neutron 

widths
• Measurements of the states in 

question using the Orsay Enge 
spectrometer and the Munich 
Q3D (spin parities from angular 
distributions).

• Coincident silicon array for proton  
and alpha branching ratios

Figure 9.3: A schematic of an Enge spectrometer [95]. The shaping of the first pole piece
and the gap between the poles are both clearly visible.
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• Branching ratios 
from secondary 
channel 
coincidences:

• Γα/Γtot and Γα/Γtot

• Separation of 
decays to 
individual 
(excited) states, 
e.g. 26Mg first 
excited:

• 27Al(,p0)26Mg(gs)
• 27Al(,p1)26Mg(1st)
• 27Al(,α0)23Na(gs)
• Compare to high-

resolution 
spectroscopy

Figure 9.8: Focal plane spectra for gates on the kinematic loci in fig. 9.7. The top plot
shows the singles focal plane spectrum, the lower two plots show the focal plane spectra
gated on the p

0

, p
1

and ↵
0

loci. There are a series of clear peaks below the neutron
threshold which are caused by proton and ↵-particle decays of excited but neutron-bound
states.
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Table 9.1: Fit parameters for the various resonances in 27Al.

f(B⇢) =
X

i

A
i

e�
(B⇢�µi)

2

2�2 + b(B⇢). (9.1)

In the case where the coincidence focal plane plot is fitted, the background is low

enough that it may be omitted.

The focal plane singles spectrum is fitted in order to extract centroid positions. These

centroid positions are then used in the fit function for the p
0

, p
1

and ↵
0

spectra. The fit

parameters for the various peaks are given in table 9.1.

Until a complete simulation package is realised which includes the e↵ects of the angular

distribution of products in the decay channel, extraction of true yields cannot be made.

9.5 Summary and applicability to 19F(3He,t)19Ne (↵)15O

While further analysis is required to extract proton and ↵ branching ratios of these states

in 27Al, the coincidence plot in fig. 9.7 shows clear kinematic loci for proton and ↵-particle
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Indirect measurement of 26Al destruction
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Key Nuclear Uncertainties for Origins and Impact

• Direct measurement uncertainties:
• Hot-CNO breakout, current uncertainties for the 15O(α,γ)19Ne reaction
• Helium burning (I): the triple-alpha reaction rate

• Extrapolation of experimental cross sections:
• Helium burning (II): 12C(α,γ)16O
• The 3He(4He,γ)7Be in

hydrostatic burning and BBN

• Theoretical modelling of reaction rates
• Extrapolated masses, decay rates and 

neutrino interactions for supernovae
• Stellar enhancement factors from

non-ground-state contributions
• Rates for high level density cases - 

experimental and theoretical challenges
Gelbke et al., MSUCL-1345 (2006)

Langanke & Martínez-Pinedo, RMP 75:819 (2003)


