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Chapter 1

Introduction

The 12C(α, γ)16O radiative capture reaction is one of the most impor-
tant nuclear reactions in astrophysics. The rate of this fusion reaction
in red-giant stars determines the relative abundance of most elements
and consequently the stellar evolution and the termination as a neutron
star or a black hole [Rol88]. The reaction occurs at low energy and the
corresponding low cross section makes it extremely difficult, and maybe
impossible, to measure directly in the laboratory. A highly promising al-
ternative to a direct measurement is the Coulomb-dissociation method.
It is an indirect technique that consists of measuring the cross section
of the inverse reaction. In this reaction an 16O nucleus absorbs a virtual
photon when passing through the Coulomb field of a heavy nucleus. The
16O nucleus then breaks up in an α fragment and a 12C fragment. The
cross section of the 12C(α, γ)16O direct reaction can be calculated from
the cross section of the breakup reaction making use of the detailed-
balance theorem. In this work an 16O beam on a 208Pb target was used.
The trajectories of the 12C and α fragments are measured through a spec-
trometer and this allows one to reconstruct the energies and angles in the
centre of mass of the breakup system. Although various technical diffi-
culties did not permit to measure the cross section of the 12C(α, γ)16O
reaction in the continuum, we could demonstrate the effectiveness of the
Coulomb-dissociation method with the study of the breakup of resonant
states. In this thesis the theory, the experimental techniques, and the
analysis and results of this experiment will be described step by step.
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8 Introduction

1.1 12C(α, γ)16O at astrophysical energies

Since the 1920’s when Eddington, Gamow and Atkinson [Edd20, Gam28,
Atk29] discovered that nuclear reactions could fuel the stars, nuclear as-
trophysics has been progressively capable of clearing up the “mysteries
of stars” to the point where a main-sequence star like the Sun is almost
perfectly understood (see e.g. [Rol88] for a review). The first compilation
of nuclear reaction rates relevant for nuclear-astrophysics has been pub-
lished in 1957 by Burbidge et al. in their famous article ‘B2FH’ [Bur57]
(for a recent update, see Wallerstein et al. [Wal97]). Stellar phases away
from the main sequence are not as well understood and in certain cases
stellar evolution is still obscure, in particular the supernova process and
processes leading to that stage. The work in this thesis is motivated by
the fact that the 12C/16O ratio, which plays a role in the burning of stars
prior to collapse, is not well known during this stage. The reason is the
absence of a reliable value for the reaction rate of 12C(α, γ)16O.

In the red-giant stage, helium burning takes place. First, carbon is
produced via the triple-α process and from carbon, oxygen is produced
by fusing with an α particle. The rate of this reaction destroying carbon
and creating oxygen is poorly known, therefore the ratio 12C/16O at the
end of this stage is impossible to estimate precisely. This ratio indirectly
determines abundances of heavier elements in the Universe, as well as the
ultimate evolution of massive stars. More directly and more connected
to us as living beings, this reaction determines the relative abundance
of oxygen and carbon, the main elements necessary to life. Despite
this importance, and despite many efforts, this reaction has never been
measured with sufficient precision because of its complexity, related to
nuclear structure, and because of its very low cross section.

The work of this thesis originated as an attempt to measure the
12C(α, γ)16O cross section by an indirect technique: the Coulomb-dissoci-
ation method. This means that by shooting an oxygen beam on a heavy
target the oxygen particle can absorb a photon from the rapidly chang-
ing electromagnetic field when the oxygen passes by the target. If the
photon energy is sufficiently high 16O can break up in an α particle
and a 12C particle. This time-reversed process of the radiative capture
12C(α, γ)16O reaction has a much higher cross section. The experimen-
tal detection technique exploits the fact that the relative energy of the
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α and 12C particles in the moving 16O frame is very small, thus in the
laboratory frame their velocities are approximately equal to the beam
velocity. The magnetic rigidities of the particles are also close because of
the same mass-to-charge ratio A/q = 2 for both α and 12C. Both parti-
cles can then be detected in a magnetic spectrometer where their relative
momentum can be measured accurately. The strongest excitations of 16O
above the α-decay threshold will not be in the astrophysically relevant
energy region but to known states in 16O at higher energy. In most
spectrometers these contributions would be strongly suppressed because
the momentum bite or the angular opening is not large enough to see
the complete decay pattern at these higher energies. However, the KVI
Big-Bite Spectrometer (BBS) has large angular opening and momentum
bite. Consequently, the population and decay of these resonances can
be studied too, and as will be discussed this allows one to study the va-
lidity of the Coulomb-dissociation method. This work concerns mainly
this aspect.

The outline of this thesis is as follows. This first chapter contains first
a short explanation of the influence of the 12C(α, γ)16O rate on the abun-
dance of the other elements and thus on the star evolution. An overview
of the 12C(α, γ)16O reaction measurement technique is given with a spe-
cial focus on the associated difficulties, in particular the low cross sec-
tion and the theoretical complexity. The latter is due to the comparable
strength of the dipole and quadrupole transitions in the 12C(α, γ)16O ra-
diative capture reaction and the unknown contributions of subthreshold
resonances. The advantages and challenges of the Coulomb-dissociation
method are also presented. Finally, this chapter surveys the previous
work that has been carried out and the current state of knowledge of the
12C(α, γ)16O reaction rate.

Chapter 2 describes the radiative-capture formalism and the Coulomb-
dissociation formalism in semi-classical form and through the optical
model and DWBA calculations. The semi-classical model describes the
projectile as a classical object moving in the target’s Coulomb field.
The changing Coulomb field seen by the projectile as an electromag-
netic pulse can be interpreted as a virtual photon. In the quantum-
mechanical approach, one has to solve the Schrödinger equation in a
Coulomb-nuclear potential via DWBA calculations. The former model
permits to know the characteristics of the virtual-photon present in the
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Coulomb field while the latter takes into account the nuclear interaction
and the Coulomb-nuclear interference. It appears that the interference
between Coulomb and nuclear contributions is important and allows
a measurement of the relative strength of both contributions. In this
chapter, the importance of measuring this nuclear-Coulomb interference
in the 16O∗ angular distribution is shown. This aspect is crucial for the
validation of the Coulomb-dissociation method in the presence of the nu-
clear contribution. It is also shown that the angular correlations of the
fragments in the breakup centre of mass are determined by the multipo-
larity of the excitation process. Consequently, the interference between
the multipolarities (dipole and quadrupole) allows one to disentangle
both contributions through a measurement of the angular correlations
of the fragments.

In chapter 3, the experimental methods and their requirements will
be detailed. The two fragments from the breakup, 12C and α, have to be
detected in coincidence. The fragments are detected through a magnetic
spectrometer, where a pair of scintillators identify the coincidence events.
The trajectories of the fragments are determined from measurements of
their positions, and consequently angles of incidence at the BBS focal
plane, with position-sensitive detectors set at the focal plane. Therefore,
the angular distribution of 16O∗ (i.e. the excited oxygen particle prior to
breakup) and the angular correlations of the fragments in the breakup
centre of mass can be reconstructed. This requires one to obtain the
transfer matrices, for which Monte-Carlo simulations were made. For
such a coincidence experiment large momentum and angular acceptances
are necessary in order to detect both fragments and to reconstruct their
angular correlations.

The analysis is detailed in chapter 4. First, the technical difficulties
we experienced caused by damaged detectors are explained. These diffi-
culties prevented us from reaching the initial goal of the experiment, i.e.
to measure the cross section of 12C(α, γ)16O at the low energy relevant
for stellar burning. The various steps of the analysis are detailed: separa-
tion of the events of interest from other fragmentation events, fragments’
trajectories and energy measurements in the focal-plane detectors, iden-
tification of the elastic-breakup events among target-excitation events,
reconstruction of the fragments’ trajectories and of their angular corre-
lations in the breakup centre of mass, and the reconstruction of the 16O∗
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angular distribution.
Finally, in chapter 5, the results obtained from the analysis are dis-

cussed and compared to the theoretical calculations detailed in chapter 2.
The angular distributions of 16O∗ could be reconstructed for the two 2+

states within the detection range of our setup. They show a reasonable
agreement with the theoretical calculations and notably the Coulomb-
nuclear interference pattern can be identified for both states. The angu-
lar correlations of the fragments are also shown to be measurable with
good precision.

The results we obtained appear to demonstrate the reliability of the
breakup method. We clearly show that this experiment is feasible with
a setup that is optimised for breakup measurements. Recommendations
are given for an improved future experiment, especially regarding the
optimal spectrometer settings, and arguments are given for further mea-
surements needed for a full validation of the DWBA calculations.

We conclude that a new attempt to measure the 12C(α, γ)16O cross-
section with the Coulomb-dissociation method at energies relevant for
astrophysics is worthwhile.

1.2 Stellar evolution

Galaxies are filled with tenuous hydrogen-helium clouds of the dimen-
sions of tens of light-years, either coming from former stars or made of
original Big-Bang matter. When a local instability makes part of a cloud
contract, the central density and temperature of what is a new proto-
star increase by transforming gravitational potential energy into thermal
energy. After a few hundreds of thousand years, when this process pro-
vides enough energy (at T=107 K), protons can effectively tunnel the
Coulomb barrier to commence hydrogen burning, producing primarily
4He nuclei via the so-called proton-proton chain. The hot cloud has
become a star. The release of thermal kinetic energy due to hydrogen
burning balances the gravitational force and maintains the new-born star
at an equilibrium state. Some tens of million years more are needed to
stabilise the radiative and convective processes. Such young, hydrogen-
burning stars define the Main-Sequence group. The temperature and
luminosity of a star are functions of the mass and can be plotted on the
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Figure 1.1: Stellar evolution summarised on the Hertzsprung-Russell
diagram [Wal97]. The light circle is the Sun position in this diagram
and the bold circle is a 5-M¯ (5-solar-mass) star. The path followed by
evolved stars is shown for both masses with indications of the important
phases.

Hertzsprung-Russell (HR) diagram (fig. 1.1). While the heaviest stars
burn their hydrogen in a few tens of thousand years, the lightest can
shine as long as several times the age of the Universe (e.g. 56 billion
years for a 0.5 solar-mass star). As for the Sun, it can burn during nine
billion years and is nowadays in the middle of its life.

After a certain fraction of hydrogen in the star’s core has been con-
verted into helium, the energy produced is not sufficient to prevent its
gravitational collapse and the burning hydrogen moves outward build-
ing a thin, growing shell of hydrogen and producing new helium. As
the core collapses slowly, the thermal energy provides shell burning that
pushes away the external layers to tens of times the initial radius so
that the star leaves the Main Sequence. The energy coming up from the
central region is spread out over the larger outer surface. As a result the
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energy per unit area decreases and the surface cools as the star slowly
proceeds along the ‘Horizontal Branch’ of the HR diagram towards the
‘Asymptotic Giant Branch’ (AGB). The life time of this stage is of the
order of one tenth of that of the hydrogen burning stage. The core be-
comes unable to transfer heat fast enough, and as the temperature and
the density of the core increase, the star experiences ‘helium flashes’, or
quick helium-burning processes. With the increasing thermal pressure,
the core starts expanding, which leads to a cooling and subsequently
to a reduction of hydrogen burning in the surrounding shell. There-
fore, the outer shells contract rapidly as the core expands. A quiescent
helium-burning hydrostatic stage follows.

At 1.5×108 K, the thermal energy is sufficient to allow helium nuclei
to tunnel through their Coulomb barrier. The binding energy of two 4He
nuclei is negative and the resulting unstable 8Be nucleus releases the two
α particles in a very short time (10−16 s). However, the decay time is
long when compared to the transit time of two α particles (10−19 s)
in the stellar environment. Therefore, there is an equilibrium between
production and destruction of 8Be so that this element is actually present
in the star and can form 12C by radiative capture of an α particle through
the 0+ state in carbon at 7.65 MeV. This two-step reaction is known as
the triple-alpha process [Opi51, Sal52]:

4He + 4He + 4He ←→ 8Be + 4He −→ 12C + γ . (1.1)

A temperature of 2×108 K allows 12C nuclei to capture an α particle,
producing 16O by the reaction

12C + 4He −→ 16O + γ . (1.2)

The above-described stages are responsible for the fact that oxygen
and carbon are, respectively, the third and fourth most abundant ele-
ments in the Universe (after hydrogen and helium), the observed ratio
being 12C/16O=0.4 [And89]. Most of the heavier elements stem from
either of the two nuclei, for example 23Na, 24Mg, 27Al from 12C and 28Si,
32S, 36Ar from 16O. Therefore, all heavier-element abundance in stars is
strongly dependent on the 12C/16O ratio and a good knowledge of the
12C(α, γ)16O reaction would lead to a better understanding of massive-
star evolution. For instance, a relatively large 12C(α, γ)16O cross section
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would lead to a relatively large amount of all the elements stemming from
16O and a lower amount of those stemming from 12C, while a smaller
cross section would lead to the inverse situation.

Near the end of the helium-burning stage the star has built a carbon-
oxygen core, surrounded by helium-burning and hydrogen-burning shells
and a vast hydrogen mantle. The star now evolves on the Asymptotic
Giant Branch (AGB).

During the star evolution on the AGB, the C-O core is collapsing
until the temperature is sufficient (7 × 108 K) for carbon burning to
start producing new elements: 12C(12C,p)23Na, 12C(12C,α)20Ne, etc..

The temperature reached in the stars heavier than 9 M¯ (> 109 K)
permits nucleosynthesis processes to occur with heavier elements: the
neon-, oxygen- and silicon-burning stages produce elements up to the
most stable ones, nickel and iron.

Note that the photodisintegration reaction 20Ne(γ,α)16O produces
oxygen nuclei, but the amount is much less than that produced by the
12C(α, γ)16O fusion reaction.

The star is now at a presupernova stage showing approximately a
shell structure composed of a nickel-iron core surrounded by layers of
silicon, neon, oxygen, carbon, and helium, and a vast mantle of hydro-
gen (fig. 1.2). Due to convection, these shells tend to mix up.

The ultimate stage takes place when the iron-nickel core is built.

16

H mantle

56Si        Ni28

28O        Si16

20 16Ne        O

12 20C        Ne

1 4H       He

4 12He        C,   O

Fe Ni

Figure 1.2: A presupernova is roughly shell-structured from iron-nickel
to hydrogen-helium. In reality, frontiers are not that sharp due to con-
vection processes. [Rol88]
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Those elements, being the most stable of all isotopes, can not burn any
further. During the last collapse the external layers rebound on the
central core when the thermal pressure reaches the nucleon degeneracy
level. This blows away all outer shells in a supernova explosion.

The gas continues expanding in space and the core leftover becomes
a neutron star or a black hole, depending on its mass, which is deter-
mined by the sequence of reactions, i.e. the initial 12C/16O ratio. The
abundance of such objects in the Universe is thus also depending on this
ratio.

This introduction shows the importance of the 12C(α, γ)16O reaction
for stellar evolution and for the abundance of the elements up to nickel.
For this reason, many attempts have been made to measure the cross
section by various means.

1.3 Overview of the 12C+α system

Because of the importance of the 12C(α, γ)16O stellar rate in astro-
physics, experimental and theoretical efforts have been sustained over
the last decades to determine the cross section at stellar energies. In
spite of this it is still poorly known. The difficulties are of various na-
tures.

The Q-value for 12C+α capture is 7.16 MeV and the reaction en-
ergy at helium-burning temperature is about 300 keV (see section 2.1.1),
i.e. the total excitation energy of the formed oxygen nucleus peaks at
about 7.5 MeV (Gamow peak). The level scheme of 16O, shown in fig. 1.3,
has no resonance at this energy. Therefore, the oxygen nucleus has to be
formed by direct capture into the continuum. Moreover, in the contin-
uum, the tunneling probability of two particles through their Coulomb
barrier falls off exponentially with decreasing energy (see section 2.1.1).
This means an extremely low cross section at the astrophysically rele-
vant energies (estimated to be about 10−17 b, comparable to those of
weak-interaction processes), which makes a direct measurement impos-
sible with present-day technology.

Moreover, the reaction is theoretically complex. The continuum cap-
ture at the considered energies is a mixture of interfering contributions:
A quadrupole non-resonant process, the tail of a broad dipole resonance
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at +2.42 MeV above the Q-value, and the tails of two subthreshold
states with α-particle widths that are not known. The latter states
are a quadrupole ‘resonance’ at −240 keV and a presumably dominant
dipole ‘resonance’ at −40 keV. There are broad dipole resonances at
higher energy (+5.25 and +5.93 MeV) but they were shown to inter-
fere destructively in such a fashion that the contribution is negligible
below +3.5 MeV [Heb60].

In general, p-wave (E1) capture is much stronger than d-wave (E2)
capture. However, in a self-conjugate nucleus dipole transitions between
states with the same isospin are isospin-forbidden in the long-wavelength
limit. The ground state and relevant excited states of 16O are all mainly
isospin zero so any transition must be isoscalar (∆T = 0, see fig. 1.4.
Therefore, γ-decay from the 1− (T = 0) levels to the 0+ (T = 0) ground
state of 16O is isospin-forbidden in first order (long-wavelength limit)
but is allowed and weak in second order, i.e. of the same order of an
octupole γ-decay. However, isovector (T = 1) impurities in the ground
or excited states make the transition possible. Consequently, the E1
transition rates between T = 0 states is reduced to be of the same order
as those of E2. Moreover, the cascade transitions have to be estimated.
The E2 direct capture may occur to the 0+ state at 6.05 MeV and to the
2+ state at 6.92 MeV. However, E1 capture from the l = 2 continuum
to the 1− state at 7.12 MeV is again very weak because it is isospin
forbidden.

Because of the small cross section at low energies, only measurements
down to about 1 MeV have been carried out so far. The cross section has
to be extrapolated to 300 keV, for both E1 and E2 components, via R- or
K-matrix theories. Since the capture experiments seem to have reached
a limit, indirect techniques have been developed in the last years. In
particular the E1 contribution has been measured with an appreciable
accuracy via 16N decay [Azu94] (see section 1.4). For the E2 contribu-
tion, a new indirect technique, the Coulomb-dissociation method, that
consists in measuring the time-reversed reaction 16O(γ, α)12C has been
proposed by Baur et al. [Bau86, Bau89, Bau94].

The principle is to break up 16O projectiles by means of a virtual
photon picked up in a target Coulomb field (see section 2.2). Not only
has this photodissociation reaction a cross section tens of times higher
than the radiative capture reaction, but also this method highly favours
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Isoscalar quadrupoleIsovector dipole

n p

Figure 1.4: Collective picture of isovector dipole and isoscalar
quadrupole vibrations relevant for the present study. In isovector vi-
brations (T = 1) protons and neutrons are vibrating in opposite phase
while in isoscalar vibrations (T = 0) all nucleons vibrate in phase. The
isoscalar dipole mode does not exist in first order, since isoscalar dipole
vibration in this case corresponds to a spurious centre-of-mass motion.

quadrupole transitions at low and intermediate energies [Sho92]. Fur-
thermore, it has the advantage of a high yield because of the large virtual-
photon density seen by the projectile when passing through the Coulomb
field of a heavy nucleus.

The measurement of this photodissociation cross section demands in
particular a large-acceptance setup in order to detect in coincidence the
16O breakup fragments and to reconstruct their trajectories.

In the present experiment, the fragments 12C and α are detected in
coincidence in the large-acceptance Big-Bite Spectrometer (BBS, see sec-
tion 3). The time of flight and the energy loss of each fragment measured
in scintillators identify every isotope and especially discriminate 12C–α
coincidences from other fragmentation products. The precise measure-
ment of the positions and angles of the fragments in the spectrometer
focal-plane detectors (Cathode-Strip Chambers) allows one to calculate
their trajectories. The reconstruction of the angular correlation of the
fragments in the ejectile (breakup) centre of mass and of the angular dis-
tribution of the ejectile in the laboratory is carried out via a ray-tracing
matrix containing the empirical BBS magneto-optical parameters. The
angular distribution of the ejectile allows one to estimate the Coulomb
and nuclear excitation cross sections of 208Pb(16O,16O∗)208Pb. The ac-
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tual photoabsorption cross section for 16O can be determined from the
latter and from the number of virtual photons involved in the reaction.
Eventually, the 12C(α, γ)16O cross section is calculated from the inverse
reaction by use of the detailed-balance theorem.

As we see, this is a complex and challenging method, both from the
theoretical and the experimental points of view. This method has al-
ready been proven effective for the d(α,γ)6Li reaction [Kie91a, Kie91b]
with a very small nuclear-excitation process, for the 13N(p,γ)14O reac-
tion [Mot91], and lately for the 7Be(p,γ)8B reaction [Dav01a, Dav01b]
and the 11C(p,γ)12N reaction.

We will show that the results described in this thesis, in spite of the
technical difficulties we encountered, prove that the Coulomb-dissociation
method indeed allows a clear measurement of the E2 Coulomb contri-
bution of the 12C(α, γ)16O cross section.

1.4 Current status

Extensive efforts have been made to measure the 12C(α, γ)16O reaction
by different means. This section will briefly review the experiments
that have been done over the last decades. The first subsection covers
most of the attempts, which are direct radiative-capture cross-section
measurements by colliding 12C and α particles. This has been done with
increasing accuracy in the last decades, but this technique is eventually
showing its limitation. The next subsection reviews the theoretical and
experimental works on the Coulomb dissociation. The last part reviews
other methods. Fig. 1.5 displays the former experimental results for
both E1 and E2 contributions.

1.4.1 Capture experiments

The usual method to measure the 12C+α radiative-capture cross section
consists of sending an α beam onto a 12C target at various energies and
measuring the emitted γ-ray angular distribution. The measurement
generally begins near 2.68 MeV (in the centre of mass), corresponding
to the 2+ resonance at 9.84 MeV in the 16O nucleus. Measurements are
carried out down to the point where the background becomes too high.
A very clean setup is necessary and notably the use of an ultra-pure
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12C target, to avoid in particular the background from the high-cross-
section 13C(α,n)16O reaction, is imperative. The angular distribution
allows one to separate the E1 and E2 contributions. The specifics of
each experiment are described in the following.

Pioneer attempts showed the actual difficulties of such a measure-
ment and the results did not go low enough in energy [Lar64, Ada68] (to
2.1 and 2.60 MeV) or presented too large statistical error bars [Jas70].

Hebbard studied the 1− broad resonances of 16O at 12.44 and 13.09
MeV by means of the 15N(p,α)12C and 15N(p,γ)16O reactions [Heb60].
It was shown that these two resonances interfere destructively at low
energies. Therefore, they do not play any role at astrophysical energies.

Loebenstein et al. made a first estimation of the reduced α width of
the subthreshold 1− resonance at 7.12 MeV, by α transfer in the reaction
6Li(12C,d)16O∗ [Loe67].

The E2 contribution was believed to be small in the region of in-
terest. Dyer and Barnes measured the E1 contribution from 2.94 to
1.41 MeV by positioning NaI(Tl) detectors at 90◦ with respect to the
beam axis [Dye74]. The neutrons produced by the 13C(α,n)16O reaction
were separated from γ-rays by means of time of flight. For correction,
the E2 contribution was estimated by separate angular-distribution mea-
surements and assuming it only arises from direct capture.

Kettner et al. [Ket82] preferred using a 12C beam eliminating the 13C
contribution. They used two large-volume NaI(Tl) detectors positioned
such as to subtend angles from 30◦ to 160◦. They carried out measure-
ments of the total E1+E2 cross section from 3.38 to 1.34 MeV, assuming
a relatively small E2 contribution. The results showed a strong discrep-
ancy with Dyer’s E1 measurement, which was suggested to be due to the
E2 contribution. Later, Langanke and Koonin [Lan83] applied a differ-
ent fit procedure to Kettner’s data and found an S-factor in agreement
with Dyer’s.

Redder et al. [Red85] measured the σE2/σE1 cross-section ratio by
direct-capture measurements with six germanium detectors. They used
an α beam on a high-purity 12C target. The purity was achieved by
implantation of 12C in a gold plate through a mass-separator. They
measured the angular distribution from 15◦ to 150◦. This experiment
confirmed Kettner’s conclusion that there is a non-negligible E2 contri-
bution. Later, they carried out three similar experiments [Red87] with
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eight NaI(Tl) crystals and nine Ge detectors. The energy range cov-
ered the region of 2.84 to 0.94 MeV for E1 and to 1.75 MeV for E2.
This experiment showed again a non-negligible E2 contribution, which
is now thought to be about half the cross section. The results of the E1
measurements were in good agreement with Dyer and Barnes’ work.

Kremer et al. [Kre88] made a new attempt to measure the E1 com-
ponent from 3.00 to 1.29 MeV. They used a 12C beam on a 4He target
and measured with a large NaI(Tl) detector coincidences between γ-rays
and recoiling 16O nuclei in order to reduce the background. The 16O de-
tection setup was most sensitive to the E1 component because of the
smallest velocity dispersion of the recoil as the γ-ray angular distribu-
tion is peaked at 90◦.

Ouelet et al. [Oue92, Oue96] used six germanium detectors positioned
from 28◦ to 143◦ and an isotopically-pure 12C target to measure the two
contributions. The energies from 2.98 to 1.37 MeV were covered. The
results seemed to show a very low SE1 value compared to the previous
work.

Buchmann et al. analysed all available data in order to estimate the
S factors from all experiments [Buc96].

Trautvetter et al. [Tra97] used two BGO crystals, one with a small-
angle opening at 90◦ for separating E1 and one large-angle integrat-
ing the two contributions. The measurements were done from 3.4 to
0.9 MeV with the large detector, and with the E1 discrimination only
above 1.7 MeV.

Recently, Lefebvre et al. [Lef99] carried out a preliminary ultra-clean
experiment with high-purity 12C targets implanted in gold through a
mass separator, and nine germanium detectors covering angles from 30◦

to 130◦. The measurements were done from 2.7 to 1.4 MeV. A special
attention was given to target deterioration due to sputtering.

1.4.2 Coulomb-dissociation experiments

A theoretical description of the semiclassical Coulomb-excitation process
was initially developed by Alder et al. [Ald56, Ald75].

Later, Bertulani and Baur [Ber85, Ber88], wrote a complete review
on the relativistic Coulomb breakup.

The idea to use Coulomb dissociation for low-energy astrophysical
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reactions was proposed by Baur, Bertulani and Rebel [Bau86, Bau89].
Hesselbarth et al. [Hes88] applied the method for the 4He(d,γ)6Li

reaction by scattering 10 MeV/u 6Li ions on 208Pb at angles ranging
from 15◦ to 25◦. They found a forward-backward fragment asymmetry,
which could hardly be explained by the Coulomb-breakup theory.

The same year, the method was also experimentally explored by
Kiener et al. [Kie89] with 6Li breakup at a bombarding energy of 26
MeV/u. They did not find the asymmetry observed earlier by Hessel-
barth et al. and concluded this had probably been due to nuclear effects
and not to the Coulomb-excitation mechanism.

Baur and Weber [Bau89] discussed from a semiclassical viewpoint
the interest of an angular-correlation measurement of the Coulomb-
dissociation process in order to disentangle the various multipolarities
and use this technique for astrophysical cross sections.

Kiener et al. [Kie91a, Kie91b] investigated the Coulomb-dissociation
method for measurement of astrophysically-relevant radiative captures.
They applied it to 6Li breakup at a bombarding energy of 26 MeV/u
and measured the energies and angles of the fragments in drift chambers
placed at the focal plane of a magnetic spectrometer. They success-
fully measured the 4He(d,γ)6Li cross section at low relative energies and
showed that the cross section at small scattering angles is dominantly
governed by Coulomb excitation.

Motobayashi et al. [Mot91] carried out measurements of the cross
section for the 13N(p,γ)14O reaction in breakup of 14O at a bombarding
energy of 87.5 MeV/u. The fragments were detected in an array of
∆E − E telescopes consisting of position-sensitive silicon detectors and
CsI(Tl) crystals.

Shoppa and Koonin [Sho92] demonstrated that the Coulomb-dis-
sociation method strongly favours the quadrupole contribution.

Bertulani [Ber94] investigated the characteristics of the Coulomb dis-
sociation applied in the 12C(α, γ)16O and 7Be(p,γ)8B astrophysical re-
actions.

Tatischeff et al. [Tat95, Tat96] studied the feasibility of this method
for 12C(α, γ)16O and carried out a preliminary 16O breakup experiment
with a 100 MeV/u beam, making use of a spectrometer and drift cham-
bers. They could measure in coincidence the fragments from the 2− state
at 12.53 MeV in 16O that decays to the first-excited state of 12C. The
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angular correlation of the fragments could be reconstructed.
O’Kelly et al. [Oke97] carried out a 16O breakup experiment at 30

MeV/u on 208Pb and 120Sn with a split-pole spectrometer equipped with
proportional counters at angles ranging from 3◦ to 11◦. They detected
coincident fragments in collinear geometry and saw the various 2+ and
4+ states up to a relative energy of 6 MeV. They could reconstruct the
angular distribution of 16O∗ and a comparison with theoretical calcu-
lations showed the necessity of a coupled-channel approach taking into
account the nuclear contribution.

Lately, Davids et al. [Dav01a, Dav01b] measured the 7Be(p,γ)8B re-
action at low energy making use of the Coulomb-dissociation method.
A 83 MeV/u 8B beam was used on a Pb target. The 7Be fragments
were detected through a magnetic spectrometer in drift chambers and
scintillators. A forward-backward asymmetry showed the presence of an
E2 component and the S factor at Solar energy could be measured.

1.4.3 Other methods

Plaga et al. [Pla87] attempted to estimate the α widths of the subthresh-
old resonances at 6.92 and 7.12 MeV by means of α-particle elastic scat-
tering on enriched 12C targets.

Buchmann, Azuma, Barnes and collaborators [Buc93, Azu94, Bar95]
measured the α-particle spectrum following the β decay of 16N in coinci-
dence with 12C. The results obtained provide a relatively good-precision
estimation of the S factor for the E1 contribution, although this method
is still under discussion [Fra98].

Recently, Bateman et al. [Bat98] used β-delayed proton decay of
17Ne to populate 16O levels but could not observe decay relevant to
astrophysical region due to counting statistics.

Brune’s group [Bru99] used a sub-Coulomb α transfer by bombard-
ing 6Li and 7Li on 12C to determine the reduced α widths of the bound
1− and 2+ states in 16O.

1.4.4 Present status

While this is under discussion the most accurate measurement for E1
seems to have been so far carried out via 16N decay [Buc93, Azu94,
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Figure 1.5: S-factor measurements for the E1 and E2 contributions
carried out by Dyer et al., Redder et al., Kremer et al., Ouellet et al.,
via direct-capture measurements. The results of Tatischeff et al. ob-
tained with Coulomb-dissociation are also included. The black points at
300 keV are the values calculated by R-matrix extrapolation (from the
16N-decay experiment for E1). The SE2 data from [Dye74] and [Red87]
are deduced from SE1 by an SE2/SE1 measurement. The S factor is
defined in section 2.1.2
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Bar95] for an adopted value of SE1 = 79 ± 21 keV·b. The E2 contri-
bution is estimated by Buchman et al. as SE2 = 70 ± 70 keV·b from
their compilation work [Buc96]. The same authors recommend that the
cascade contribution should be Sc = 16 ± 16 keV·b. This gives a total
astrophysical factor at 300 keV of S = 165± 75 keV·b.
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