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Fig. 2 An average, but very special, main
sequence star of spectral class G2 that
fuses hydrogen to helium in its core via the
pp chains. Its mean distance from the cen-
ter of our Galaxy, which hosts more than
100 million similar stars, is 27 000 light
years. The surface temperature amounts
to ≈5800 K and its diameter is about 1.4
million kilometer. The Sun goes through an
11-year activity cycle, which is caused by
variations of its magnetic field. The above
image was taken in 1997 in the ultraviolet

light emitted by a specific type of ionized he-
lium. Particularly hot areas appear in white,
while cooler areas are displayed in red. The
material in the eruptive prominence visi-
ble on the lower left side is at temperatures
of ≈70 000 K and is much cooler than the
surrounding corona which has a tempera-
ture typically in excess of one million kelvin.
Courtesy of SOHO/EIT consortium. SOHO
(SOlar and Heliospheric Observatory) is a
project of international cooperation between
ESA and NASA.
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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. 9 Tycho’s supernova remnant in the
constellation Cassiopeia, located at a dis-
tance of 7500 light years from Earth. The
supernova was recorded by the Danish as-
tronomer Tycho Brahe on November 11,
1572. The false color X-ray image was
obtained with the Chandra X-ray Obser-
vatory. The colors represent different X-
ray energies (red: 0.95–1.26 keV; green:
1.63–2.26 keV; blue: 4.1–6.1 keV). The
remnant glows at X-ray energies because
of the strong interaction between the high-

velocity expanding matter and the inter-
stellar gas that was swept up by the ex-
plosion. No hot compact object has been
found in the remnant, supporting the the-
ory that the supernova was of type Ia. The
cloud is nearly spherical with a diameter
of about 20 light years, indicating both a
spherical ejection of matter and a rather ho-
mogeneous environment in the explosion.
Credit: NASA/CXC/Rutgers/J. Warren and
J. Hughes et al.
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Stellar explosions and radioactive ion beams
Understanding stellar explosions:

• Observations
• Astrophysical modelling
• Nuclear theory and reaction 

modelling
• Nuclear experiments with 

radioactive ion beams

Core-Collapse Supernovae:
• Weak interactions in supernovae
• Critical for driving the explosion

and for nucleosynthesis

Novae and X-ray bursts 
• Nuclear reactions driving explosions 

and nucleosynthesis

• Experiments, direct and indirect 
measurements of reaction rates with 
radioactive ion beams 

Crab Nebula image:  NASA, ESA, and J. Hester (Arizona State U.)
Nova / X-ray burst illustration:  David Hardy/PPARC

C. Iliadis, Nuclear Physics of Stars (2007)
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Core-collapse supernovae

• Gravity-driven collapse of the 
core of massive star

• 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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Weak interactions in supernovae

Cowan & Thielemann, Phys. Today, 10 (2004) 47
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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
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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
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reactions can proceed rather fast giving rise to explosive nucleosynthesis which is particularly
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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

• 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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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)
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capture neutrinos on the time-scale 
of seconds
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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 for rapid neutron-
capture (r-process) nucleosynthesis 
(outer ejecta).
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Novae and X-ray bursts
• Thermo-nuclear

run-away
• Surface of

white dwarf or
neutron star

• Fuelled by
material from red-giant companion

• Recurrent in time scales of hours-
days (X-ray bursts) up to 104-105 
years (classical novae)

Observed light curves from 
radio to X-rays(here: X-rays 
from Nova Herculis 1991)

• Gamma-ray telescopes:
• COMPTEL/INTEGRAL: 26Al (7e5 y) 

decay spectroscopy survey, ESA

• Fermi: high angular resolution and 
coverage, NASA

O’Brien, et al., Nature, 442:279 (2006); Lloyd et al., Nature, 356:222 
(1992); Clayton & Hoyle., APJ, 187:L101 (1974); S. Plüschke, et al., in 

Exploring the Gamma-Ray Universe, 459:55 (2001); NASA/DOE/Fermi/LAT Coll.
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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).

©!2006!Nature Publishing Group!
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An asymmetric shock wave in the 2006 outburst of
the recurrent nova RS Ophiuchi
T. J. O’Brien1, M. F. Bode2, R. W. Porcas3, T. W. B. Muxlow1, S. P. S. Eyres4, R. J. Beswick1, S. T. Garrington1,
R. J. Davis1 & A. Evans5

Nova outbursts1 take place in binary star systems comprising a
white dwarf and either a low-mass Sun-like star or, as in the case of
the recurrent nova RS Ophiuchi2, a red giant. Although the cause
of these outbursts is known to be thermonuclear explosion of
matter transferred from the companion onto the surface of the
white dwarf3, models of the previous (1985) outburst of RS
Ophiuchi failed to adequately fit the X-ray evolution4 and there
was controversy over a single-epoch high-resolution radio image,
which suggested that the remnant was bipolar5,6 rather than
spherical as modelled. Here we report the detection of spatially
resolved structure in RS Ophiuchi from two weeks after its 12
February 2006 outburst. We track an expanding shock wave as it
sweeps through the red giant wind, producing a remnant similar
to that of a type II supernova but evolving overmonths rather than
millennia7. As in supernova remnants, the radio emission is non-
thermal (synchrotron emission), but asymmetries and multiple
emission components clearly demonstrate that contrary to the
assumptions of spherical symmetry in models of the 1985
explosion, the ejection is jet-like, collimated by the central binary
whose orientation on the sky can be determined from these
observations.
During the previous outburst of RS Ophiuchi (RS Oph) in 1985 a

campaign was organized incorporating observations ranging from
radio to X-ray wavelengths. The results included the detection of
bright, evolving X-ray emission from hot gas suggested to arise from
the expanding shock wave8. This time we have monitored RS Oph
from much earlier in the outburst, both in X-rays9–13, and at radio
wavelengths with the Multi-Element Radio-Linked Interferometer
Network (MERLIN), the Very Large Array (VLA), the Very Long
Baseline Array (VLBA) and the European VLBI Network (EVN)14–16.
Here we concentrate on the early Very Long Baseline Interfero-

metry (VLBI) and MERLIN imaging observations that resolve the
expanding radio source (Fig. 1). In the first epoch (13.8 d after
outburst, taking day 0 as 2006 February 12.83; ref. 17) the radio
emission takes the form of an approximately circular structure,
which is significantly brighter on its eastern side. This one-sided
ring initially expands at a speed of about 0.62mas d21 (Fig. 2),
equivalent to 1,730 km s21 in the plane of the sky at our assumed
distance of 1,600 pc. However, the structure quickly grows more
complex with the appearance of a second component to the east of
the ring. Subsequent 5-cm MERLIN imaging also shows the appear-
ance of a third component to the west (Fig. 3). In 1985, RS Oph was
followed at radio wavelengths from 18 d to a year after outburst18,19.
Only one attempt was made (77 d after outburst) to obtain a VLBI
image5,6, interpreted as a three-component radio source extending
east–west to,200mas. As only three telescopes of the early EVN had

LETTERS

Figure 1 | High-resolution radio images of RS Oph. Images of RS Oph at
wavelengths of 6 cm (left column) and 18 cm (right column) made with the
VLBA on 2006 February 26 (day 13.8) and March 13 (day 28.7), and the
EVN on March 5/6 (day 20.5/21.5). In each case, north is up and east is to
the left, and the images are restored with the circular beams shown at lower
left. The first 6-cm VLBA image has a resolution of 3.3mas (5 AU at a
distance of 1,600 pc) and a peak flux density of 4.7mJy beam21

corresponding to a brightness temperature of around 4 £ 107 K. The
contour levels are (21, 1, 2, 4, 8, 16, 32) times a base level given by 227, 105
and 220mJy beam21 for the 6-cm images (in increasing time order), and 500,
900 and 900mJy beam21 for the 18-cm images.

1Jodrell Bank Observatory, School of Physics & Astronomy, The University of Manchester, Macclesfield, Cheshire, SK11 9DL, UK. 2Astrophysics Research Institute, Liverpool John
Moores University, Twelve Quays House, Birkenhead, CH41 1LD, UK. 3Max-Planck-Institut für Radioastronomie, Auf dem Hügel 69, D-53121 Bonn, Germany. 4Centre for
Astrophysics, University of Central Lancashire, Preston, PR1 2HE, UK. 5Astrophysics Group, School of Physical & Geographical Sciences, Keele University, Staffordshire, ST5 5BG,
UK.

Vol 442|20 July 2006|doi:10.1038/nature04949
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Hot-CNO breakout in X-ray bursts
• The CNO and Hot-CNO cycles

• Build-up of waiting-point nuclei in 
novae and X-ray bursts:
14O, 15O, and 18Ne

• Breakout from Hot-CNO cycles:

• 15O(α,γ)19Ne
• 18Ne(α,p)21Na
• 14O(α,p)17F

• Followed by rp- and (α,p) processes:

•

Wiescher, et al. JPG, 25:R133 (1999)
J.L. Fisker, et al., APJ, 665(2007)637

H.  Schatz, NSCL-MSU

Topical review R143

Figure 6. The figure shows the characteristic hot (or β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.

comparison between the luminosity as a function of time for the
previous lower limit and the present experimental lower limit for
a constant accretion rate. The results show that the new rate within
its experimental uncertainties is sufficient to trigger the observed
sequences of bursts for a constant accretion rate.

By doing a parameter study covering the previous experimen-
tal uncertainty range for the 15O(!; ") 19Ne reaction it was shown
in x 3 and in Fisker et al. (2006) that past X-ray burst models have
been subject to a very large uncertainty due to the uncertainty of
the 15O(!; ") 19Ne reaction rate. Fortunately, the widely used rate
of Caughlan&Fowler (1988; viz., log f ! 0) is very close to the
newly measured rate of Tan et al. (2007). This means that the con-
clusions of earlier calculations (Fushiki & Lamb 1987; Bildsten
1998; Fisker et al. 2003; Woosley et al. 2004; Heger et al. 2007;
Cooper & Narayan 2006a) hold.

Since the 15O(!; ") 19Ne reaction rate now has experimentally
determined upper as well as lower limits, we can determine the
accuracy of the theoretical estimate of the critical transition ac-
cretion rate between the steady state burning phase and the burst
phase in accreting neutron star binary systems.

We already noted from Figure 1 (see x 3.1) that log Icrit ¼
0:2–0.4. This corroborates the majority of previous simulations
(Rembges 1999; Fisker et al. 2003; Heger et al. 2007) and cal-
culations (Fujimoto et al. 1981; Bildsten 1998), which have de-
termined the transition point to be around Ṁ # 2:1 ; 1018 g s$1

for a fiducial neutron star with R ¼ 10 km andM ¼ 1:4M% and
adopting a solar composition for the accreted matter.

Several simulations were run using the rate of Tan et al. (2007)
for different accretion rates in the log Icrit ¼ 0:2–0.4 range while
tracking the luminosity resulting from the nuclear burning. The
results shown in Figure 5 show that the burning becomes stable
for Ṁ & 1:9 ; 1018 g s$1.

Identical simulations were performed using the 1 # upper and
lower limits of the newly measured reaction rate as shown in
Figure 3. While the upper limit yields the same transition accre-
tion rate, the lower limit increases the transition point to Ṁ '
2:1 ; 1018 g s$1. The astrophysical uncertainty in the determi-
nation of the accretion rate at the transition point has thus been
reduced to less than 10% compared to previous rate-induced un-

certainties of 1 order of magnitude in the accretion rate (cf. Fisker
et al. 2006; also see Fig. 1).

5. CONCLUSION

We make three important points:

1. We corroborate the stability analysis of Cooper & Narayan
(2006a) showing that the atmosphere is stable toward runaways
if the 15O(!; ")19Ne reaction rate is low. However, we also show
that this instability does not lead to observable bursts if the
15O(!; ") 19Ne reaction rate is low.
2. The new measurement is close to the previous and widely

used rate of Caughlan & Fowler (1988), so the conclusions of
previous X-ray burst simulations (e.g., Fushiki & Lamb 1987;
Bildsten 1998; Fisker et al. 2003, 2007; Woosley et al. 2004;
Heger et al. 2007) do not change.
3. The new measurement of the 15O(!; ")19Ne reaction rate

significantly reduces the model uncertainty but does not result in
a value that is in accord with astronomical observations. There-
fore, further studies of the other determinants (mass, radius, ac-
cretion composition, neutron star core, sedimentation, andpossibly
the accretion geometry) are needed. Such studies are currently
underway.

The simulations in this paper demonstrate why it is important
to consider the uncertainty associated with the input parameters
of an X-ray burst simulation, as it can significantly influence the
predicted observables. Furthermore, they show how experimental
nuclear data can complement observational results for a better
understanding of the complex interplay between the fuel supply
and burning processes on the surface of accreting neutron stars.

We would like to thank Anthony L. Piro for discussions and
the referee for helpful suggestions that improved the clarity of
the paper. This work is supported by the National Science Foun-
dation under grant PHY 01-40324 and the Joint Institute for Nu-
clearAstrophysics,4NSF-PFCunder grant PHY02-16783. R. L.C.
is supported in part by the National Science Foundation under
grant PHY 99-07949.

Fig. 4.—Luminosity as a function of time for a simulation with an accretion
rate of Ṁ ¼ 1017 g s$1 comparing the lower limit of the 15O(!; ") 19Ne rate for this
work vs. the lower limit of the 15O(!; ")19Ne rate used by Fisker et al. (2006). We
note that the reduced uncertainty of the rate presented in this work corroborates
observations and thus constitutes a major improvement of the rate.

Fig. 5.—Newly measured rate used to calculate the luminosity originat-
ing from the nuclear burning as a function of time for different accretion rates.
As seen from the constant luminosity on the graph, the burning is stable for
Ṁ & 1:9 ; 1018 g s$1.

4 See http://www.jinaweb.org.
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Nuclear Astrophysics
C.Aa. Diget

Interdisciplinary nature of the field
Interplay between:

Astronomical observations
Astrophysical modelling
Nuclear reaction models
Nuclear experiment

1)Assuming that oxygen and 
carbon is produced in stars

2)Constraints on reaction rate 
from observed abundances 
and astrophysical modelling 

3)Constraints on nuclear 
resonances

4)Measurement of nuclear 
resonance and key properties

5)Precise determination of 
reaction rate

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

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

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.”
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Nuclear synthesis in stellar explosions

• Big-Bang nucleosynthesis
• Stellar burning and Hot-CNO in novae
• Hot-CNO breakout in X-ray bursts (novae?)

• Rapid neutron-capture (r-
process): Core-collapse 
supernovae?

• Electron-capture (e-,νe) and 
neutrino scattering (ν,ν’)

• Rapid proton-capture (rp-
process): X-ray bursts (novae?)

• Neutrino-absorption νe(p,n)e- 
and the νp-process (bypassing 
the slow beta-decays
in supernova
nucleosynthesis)
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Taking nuclear astrophysics down-to-earth 

• Measurement of key 
nuclear reactions using 
radioactive ion beams 
(RIBs):

• Intense
• Pure
• Accelerated
• Setup for reaction studies
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Radioactive ion beams for nuclear astrophysics
• Example: TRIUMF facility, 

Vancouver:
• Cyclotron 500-MeV 100-μA 

continuous proton beam

• Radioactive isotope 
separation with subsequent 
acceleration:
• Radioactive-ion production 

targets (e.g. SiC and UCx)
• Chemical selectivity in ion 

source (e.g. laser).
• Magnetic separation of beams 

(A/q)
• Secondary acceleration of 

radioactive ions (10.0 MeV/u)

• Nuclear-reaction studies for 
reactions in stellar 
explosions 

Bricault et al. NIMB, 126:231 (1997)
Laxdal, et al., proc. of LINAC08, p. 97 (2008)
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Fig. 6. Comparison of the center values of Ye (left), the iron core sizes (middle) and the central entropy
(right) for 11–40 M! stars between the WWmodels and the ones using the shell model weak interaction
rates (LMP) [45]. The lower parts define the changes in the 3 quantities between the LMP and WW
models.

3.2 Weak-interaction rates and presupernova evolution

Up to densities of a few 1010 g/cm3, electron capture is still dominated by capture on nuclei in
the A ∼ 45–65 mass range, for which capture rates have been derived on the basis of large-scale
shell model diagonalization studies. Importantly, the shell model rates are noticeably smaller
than those derived previously on the basis of the independent particle model [47]. To study the
influence of these slower shell model rates on presupernova models, Heger et al. [44,45] have
repeated the calculations of Weaver and Woosley [43] keeping the stellar physics, except for the
weak rates, as close to the original studies as possible. Figure 6 examplifies the consequences of
the shell model weak interaction rates for presupernova models in terms of the three decisive
quantities: the central Ye value and entropy and the iron core mass. The central values of Ye
at the onset of core collapse increased by 0.01–0.015 for the new rates. The effect is significant.
We note that the new models also result in lower core entropies for stars with M ≤ 20M!,
while for M ≥ 20M!, the new models actually have a slightly larger entropy. The iron core
masses are generally smaller in the new models where the effect is larger for more massive stars

Nuclear Astrophysics
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Electron capture in core-collapse supernovae
• GT electron capture blocked 

for neutron-g9/2 nuclei
• Unblocked if proton-g9/2 

states are partly filled or 
neutron-fp shell partly 
emptied

• Potentially lifted by T>0 or 
configuration mixing

Dzhioev et al., PRC 81 (2010) 015804
Langanke & Martínez-Pinedo, RMP 75 (2003) 819
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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
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3.2 Weak-interaction rates and presupernova evolution

Up to densities of a few 1010 g/cm3, electron capture is still dominated by capture on nuclei in
the A ∼ 45–65 mass range, for which capture rates have been derived on the basis of large-scale
shell model diagonalization studies. Importantly, the shell model rates are noticeably smaller
than those derived previously on the basis of the independent particle model [47]. To study the
influence of these slower shell model rates on presupernova models, Heger et al. [44,45] have
repeated the calculations of Weaver and Woosley [43] keeping the stellar physics, except for the
weak rates, as close to the original studies as possible. Figure 6 examplifies the consequences of
the shell model weak interaction rates for presupernova models in terms of the three decisive
quantities: the central Ye value and entropy and the iron core mass. The central values of Ye
at the onset of core collapse increased by 0.01–0.015 for the new rates. The effect is significant.
We note that the new models also result in lower core entropies for stars with M ≤ 20M!,
while for M ≥ 20M!, the new models actually have a slightly larger entropy. The iron core
masses are generally smaller in the new models where the effect is larger for more massive stars
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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
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Charged particle reaction rates (Novae / X-ray bursts)
Rate is σv weighed by Maxwell-Boltzmann distribution, P(E):

where S(E) changes slowly except where
resonances dominate the cross section
Peak in exp(-E/kT)·exp(2πη) defines the
resonance window of interest (Gamow-window)

Nuclear astrophysics with radioactive ion beams
Direct measurements

Indirect measurements

Astronomy, Astrophysics and Nuclear physics
Nuclear reactions
Experimental approach

The Gamow-peak for astrophysical reaction rates
Rate is σv weighed by Maxwell-Boltzmann distribution:

�σv� =

� ∞

0
vσ(E)P(E)dE =

�
8

πm

�1/2 �
1

kT

�3/2 � ∞

0
Eσ(E)e−E/kT dE

σ(E) ≡ 1
E

e−2πηS(E)

defines the astrophysical S-factor, which
accounts for:

s-wave Gamow factor

1/E dependency in cross section
Iliadis (2007)

3.2 Nonresonant and Resonant Thermonuclear Reaction Rates 175

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
�

m01
2

1
E3/2

0

− 1
kT

= 0 (3.73)

C. Aa. Diget Nuclear astrophysics with radioactive ion beams

3.2 Nonresonant and Resonant Thermonuclear Reaction Rates 175

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
√

m01
2

1
E3/2

0

− 1
kT

= 0 (3.73)

C. Iliadis, Nuclear Physics of Stars (2007)
 Rauscher, Phys. Rev. C, 81:045807 (2010)

A.M. Laird, et al. (experiment proposal 2007)
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FIG. 3. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
at T9 = 1.0 but shifts become large at T9 = 5.0.

no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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FIG. 4. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target
neutron number N for (p,γ ) reactions at two temperatures. Almost
no shift is observed at T9 = 1.0, except for proton-rich nuclei with
a negative reaction Q value. Shifts remain smaller than for (α,γ ) at
T9 = 5.0.

that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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Figure 6. The figure shows the characteristic hot (or β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.
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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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FIG. 3. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
at T9 = 1.0 but shifts become large at T9 = 5.0.

no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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FIG. 4. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target
neutron number N for (p,γ ) reactions at two temperatures. Almost
no shift is observed at T9 = 1.0, except for proton-rich nuclei with
a negative reaction Q value. Shifts remain smaller than for (α,γ ) at
T9 = 5.0.

that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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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.
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no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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no shift is observed at T9 = 1.0, except for proton-rich nuclei with
a negative reaction Q value. Shifts remain smaller than for (α,γ ) at
T9 = 5.0.

that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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Figure 6. The figure shows the characteristic hot (or β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.
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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 β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.
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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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FIG. 3. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
at T9 = 1.0 but shifts become large at T9 = 5.0.

no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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FIG. 4. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target
neutron number N for (p,γ ) reactions at two temperatures. Almost
no shift is observed at T9 = 1.0, except for proton-rich nuclei with
a negative reaction Q value. Shifts remain smaller than for (α,γ ) at
T9 = 5.0.

that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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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
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no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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Figure 6. The figure shows the characteristic hot (or β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.
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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 β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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
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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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.
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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.
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FIG. 3. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
at T9 = 1.0 but shifts become large at T9 = 5.0.

no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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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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to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
at T9 = 1.0 but shifts become large at T9 = 5.0.

no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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Figure 6. The figure shows the characteristic hot (or β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.
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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 β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.
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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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FIG. 3. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
at T9 = 1.0 but shifts become large at T9 = 5.0.

no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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FIG. 4. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target
neutron number N for (p,γ ) reactions at two temperatures. Almost
no shift is observed at T9 = 1.0, except for proton-rich nuclei with
a negative reaction Q value. Shifts remain smaller than for (α,γ ) at
T9 = 5.0.

that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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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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FIG. 3. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
at T9 = 1.0 but shifts become large at T9 = 5.0.

no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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Figure 6. The figure shows the characteristic hot (or β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.
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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
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Figure 6. The figure shows the characteristic hot (or β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.
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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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FIG. 3. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target charge
Z for (α,γ ) reactions at two temperatures. Almost no shift is observed
at T9 = 1.0 but shifts become large at T9 = 5.0.

no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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FIG. 4. Shifts δ (MeV) of the maximum of the integrand relative
to E0 of the Gaussian approximation as a function of the target
neutron number N for (p,γ ) reactions at two temperatures. Almost
no shift is observed at T9 = 1.0, except for proton-rich nuclei with
a negative reaction Q value. Shifts remain smaller than for (α,γ ) at
T9 = 5.0.

that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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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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to E0 of the Gaussian approximation as a function of the target charge
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no Gamow window, as the energy dependence of the γ width
does not show as strong an increase with increasing energy as
a charged-particle width [1]. However, effectively the Gamow
window is shifted only to a much lower energy. This can be
understood by the fact that the integration limit in Eq. (2) starts
at zero energy and thus will always include either a region
where XJ

in ! XJ
γ and the Coulomb penetration is competing

with the decay of the MB distribution at larger energies or
the low-energy region of the MB distribution suppressing a
weakly energy-dependent radiation width. Both cases lead
to a peak in the integrand F , although the “peak” may be
located so that it closely approaches zero energy. Figure 3
shows a similar temperature dependence of the shifts for α
captures as for (α, n), although the magnitude of the shifts is
larger. These shifts are caused by the fact that at a higher T
energy, regions with XJ

α " XJ
γ receive a larger weight by the

MB distribution. Positive shifts appear for cases with Q < 0,
simply because the Gamow energy E0 derived from Eq. (8) is
below the (α,γ ) threshold and the actual energy window opens
at higher energy. The situation is similar for (p,γ ) reactions but
the temperature dependence is not as pronounced. The positive
shifts occur for proton-rich targets at the proton dripline,
as shown in Fig. 4, plotting the shifts versus the neutron
number N .

The astrophysical importance of capture reactions warrants
study for a few cases in more detail. As already pointed
out [1,3], it was experimentally found that resonances below
the Gamow window, as defined by the standard approximation
formulas, significantly contribute to the reaction rate for
certain capture reactions, for example, 24Mg(α,γ )28Si and
27Al(p,γ )28Si. The results for these reactions are reported in
Table I. Figure 5 shows a comparison of the actual integrandsF
and the Gaussian functions obtained by application of Eqs. (8)
and (9). This can be directly compared to Fig. 3.24 of Ref. [1],
where the relative contributions of resonances are compared to
the Gamow window derived from the standard approximation
(for a brief discussion of the relevance of the Gamow window
for narrow resonances, see Sec. IV). The present results show
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that the approximation is not valid and the actual Gamow
window is shifted to a lower energy, in agreement with what
was found in Ref. [1] but quantifying the relevant energy
window. A similar case is 40Ca(α,γ )44Ti, where the effective
energy window is also considerably shifted to a lower energy.
A plot comparing the actual integrand of the reaction rate with
the Gaussian approximation is given in Ref. [11]. A further
example is the reaction 169Tm(α,γ )173Lu, shown in Fig. 6.
Again, the shift is considerable at a temperature reached in
explosive nucleosynthesis. It is larger than the shifts for lighter
targets because of the larger Coulomb barrier. The increasing
asymmetry of the peak with increasing temperature can also
clearly be seen.
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Figure 6. The figure shows the characteristic hot (or β-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, γ )15N) exceeds the β-decay rates for 14O and 15O. These β-decay limitations fix

the energy production rate adopting a cycle time of τ ≈ 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 β-decay rate and the second hot cycle emerges,
16O(p, γ )17F(p, γ )18Ne(β+ν) 18F(p, α)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 β-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 β-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 β-decay of the highly enriched 14O and 15O isotopes.

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

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

Resonant reaction rate:

(2J + 1)
ΓαΓp

Γtot
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

Nuclear astrophysics with radioactive ion beams
Direct measurements

Indirect measurements

Astronomy, Astrophysics and Nuclear physics
Nuclear reactions
Experimental approach

The Gamow-peak for astrophysical reaction rates
Rate is σv weighed by Maxwell-Boltzmann distribution:

�σv� =

� ∞

0
vσ(E)P(E)dE =

�
8

πm

�1/2 �
1

kT

�3/2 � ∞

0
Eσ(E)e−E/kT dE

σ(E) ≡ 1
E

e−2πηS(E)

defines the astrophysical S-factor, which
accounts for:

s-wave Gamow factor

1/E dependency in cross section
Iliadis (2007)
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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
�

m01
2

1
E3/2

0

− 1
kT

= 0 (3.73)
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Indirect measurement: 15O(7Li,tγ)19Ne to 
probe α-spectroscopic factor for 19Ne states:

• TIGRESS: TRIUMF-ISAC Gamma-Ray Escape-
Suppressed Spectrometer:
• Array of 12 HPGe γ-ray detectors
• Segmented contacts, interaction point 

determined from pulse-shape analysis
• Doppler corrected γ-ray energies

FWHM < 1% for 10 MeV/u radioactive
ion beam; 5% efficiency at 4 MeV

• SHARC: Silicon Highly-segmented Array for 
Reactions and Coulex:
• Reaction target at centre of silicon array, 

surrounded by HPGe array
• Identification of reaction channel (PID), 

angular distributions, and cross sections
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Indirect measurement: 15O(7Li,tγ)19Ne to 
probe α-spectroscopic factor for 19Ne states:

• TIGRESS: TRIUMF-ISAC Gamma-Ray Escape-
Suppressed Spectrometer:
• Array of 12 HPGe γ-ray detectors
• Segmented contacts, interaction point 

determined from pulse-shape analysis
• Doppler corrected γ-ray energies

FWHM < 1% for 10 MeV/u radioactive
ion beam; 5% efficiency at 4 MeV

• SHARC: Silicon Highly-segmented Array for 
Reactions and Coulex:
• Reaction target at centre of silicon array, 

surrounded by HPGe array
• Identification of reaction channel (PID), 

angular distributions, and cross sections

15O(α,γ)19Ne
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Indirect measurement: 15O(7Li,tγ)19Ne to 
probe α-spectroscopic factor for 19Ne states:

• TIGRESS: TRIUMF-ISAC Gamma-Ray Escape-
Suppressed Spectrometer:
• Array of 12 HPGe γ-ray detectors
• Segmented contacts, interaction point 

determined from pulse-shape analysis
• Doppler corrected γ-ray energies

FWHM < 1% for 10 MeV/u radioactive
ion beam; 5% efficiency at 4 MeV

• SHARC: Silicon Highly-segmented Array for 
Reactions and Coulex:
• Reaction target at centre of silicon array, 

surrounded by HPGe array
• Identification of reaction channel (PID), 

angular distributions, and cross sections

Astrophysically important 19Ne states ...... A. S. Adekola
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Figure 4: The angular distribution for (d,n) transfer to the 6.09- (left) and 6.29-MeV (right) levels in 19Ne
with shaded circles from this work. The curves show the DWBA calculations.

will make it relevant for the 18F(p,!)15O process. We have started to study the contribution of its
high energy tail to the 18F(p,!)15O astrophysical S-factor. In addition, we are investigating how
this contribution interferes with the 3/2+ resonances. We will utilize the new information from this
experiment as well as other recent measurements to calculate an improved 18F(p,!)15O reaction
rate.
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