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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



1.4 Current status 23

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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Chapter 2

Elements of theory

In this chapter, the theoretical framework describing the processes we are
studying will be summarised. In the first section, the radiative-capture
model will be explained. The second section describes the excitation
process of a projectile in a target Coulomb field. First, the semiclas-
sical Coulomb-dissociation theory is detailed to justify the use of the
virtual-photon method. It is shown how to extract the photonuclear
cross section from the Coulomb-excitation cross section and subsequently
the radiative-capture cross section. Second, a pure quantum-mechanical
model is discussed, which takes account of the nuclear and Coulomb
interactions as well as the resulting interferences in the angular distribu-
tion of the excited oxygen nucleus. It will be shown that the interference
pattern between nuclear and Coulomb processes can be used to measure
the pure Coulomb contribution. In a second phase, we will show the sen-
sitivity of the fragment angular correlation to the multipolarity of the
excitation process and thus the necessity of the correlation measurement
to separate the various multipole contributions.

2.1 Radiative capture

2.1.1 Coulomb-barrier penetration

The relative energy is referred to as the sum of the centre-of-mass ki-
netic energies of two colliding particles, given in the non-relativistic
case by ε = µv2/2, where µ is the reduced mass and v is the rela-

27
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Figure 2.1: The Coulomb barrier classically prevents low-energy parti-
cles to approach each other. The nuclear potential is here described as
a square well. The relative energy of about 300 keV corresponds to the
Gamow-peak energy (see also fig. 2.2).

tive velocity, i.e. the sum of the velocities in the centre of mass. The
distribution of the relative energy in a stellar medium is described by
the Maxwell-Boltzmann distribution, and thus the mean relative-energy
value is 3kT/2, i.e. 26 keV at 2 × 108 K. The Coulomb barrier of the
12C+α system is approximately VC = ZCZαe2/RN ' 3.43 MeV (see
fig. 2.1), where RN ' 5.0 fm is the the sum of the nuclear radii. There-
fore, the Coulomb barrier between 12C and α is far higher than the
average thermal energy. Particles in a 26-keV thermalised system would
not approach one another closer than RT = 665 fm (the classical turning
point). The normalised abundance of particles above VC at this temper-
ature is calculated by integration of the Maxwell-Boltzmann distribution
from VC up to infinity, which gives approximately 10−85. Therefore, it
is classically excluded to cross the barrier and it is essential to consider
the quantum-mechanical tunnelling.

The probability to find a particle at a position r is given by |ψ(r)|2.
Therefore, the probability that an incoming particle be found inside the
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nucleus at RN relative to finding it at the turning point RT is given by

T =
|ψ(RN)|2
|ψ(RT )|2 . (2.1)

The solution of the Schrödinger equation for a particle of energy ε in
a broad and high potential V (r), calculated by the Wentzel-Kramers-
Brillouin (WKB) approximation [Mer61], gives a penetration factor of
[Bet47]

T ' exp

(
−2

~

∫ RN

RT

√
2µ(V (r)− ε) dr

)
, (2.2)

where µ is the reduced mass. This is equal to [Rol88]

T ' exp

[
−2KRT

(
arctan

√
RT /RN − 1√

RT /RN − 1
− RN

RT

)]
, (2.3)

where K =
√

2µ(VC − ε)/~.
The multiplication of the penetration factor with the Maxwell-Boltz-

mann distribution shows a maximum at approximately 300 keV called
the Gamow peak, with a FWHM of about 170 keV (fig. 2.2). By inte-
grating the Gamow peak over the energy, the fraction of particle pairs
passing through their Coulomb barrier at 2×108 K is found to be about
10−16, which is sufficient to induce the reaction in the star [Rol88]. This
abundance is extremely sensitive to the temperature, for instance, re-
ducing the temperature by a factor of two would decrease the reaction
yield by a factor of one million.

2.1.2 The S factor

The radiative-capture cross section σcap of 12C and α is proportional to
the interacting area of the involved nuclei, given quantum-mechanically
by πλ−2, where λ− = ~/

√
2µε is the reduced wavelength of the system.

This is multiplied with the transition probability TΠl of the given chan-
nel l (Π symbolising E or M, i.e. electric or magnetic multipolarity) and
with the number of corresponding available substates. Thus, the cross
section for spinless, non-identical particles is written

σcap
Πl (ε) =

π~2

2µε
(2l + 1)TΠl . (2.4)
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Figure 2.2: The Gamow peak at approximately 300 keV is the prod-
uct of the Maxwell-Boltzmann distribution with the tunnelling prob-
ability for a radiative-capture reaction 12C+α in a thermal system
at T = 2 × 108 K. This is the energy region where the reaction is
more likely to take place. At higher energies the number of particles
becomes insignificant while at lower energies the tunnelling through the
Coulomb barrier makes the reaction improbable. The dimension of the
Maxwell-Boltzmann distribution and of the Gamow peak is keV−1, while
the tunnelling probability is dimensionless.
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The total capture cross section for a given transition is thus

σcap(ε) =
∑

l

σcap
El (ε) + σcap

Ml (ε) . (2.5)

Traditionally, the total cross section is written in the form

σcap(ε) = S(ε)
1

ε
exp(−2πη) , (2.6)

where 1/ε represents the energy dependence of the de Broglie wavelength
and e−2πη is a parameter containing the exponential dependence of the
transition probabilities (originally a tunnelling probability approxima-
tion valid for light particles, following eq. 2.3), and

η =
ZCZαe2

~

√
µ

2ε
(2.7)

is the Sommerfeld (or Coulomb) parameter. S(ε) is referred to as the
‘astrophysical factor’ (or sometimes ‘nuclear factor’). It is a more con-
venient, smoothly-varying function containing the nuclear information
and the normalisation of the cross section.

2.1.3 Decomposition of the capture probabilities

Once the geometrical cross section has been defined, it is necessary to
calculate the matrix elements that determine the reaction probabilities
via the radiative-capture model, which is presented here following Blatt
and Weisskopf [Bla79].

In this approach, the fusion of 12C and α can be seen as a radia-
tive transition of a system from an unbound state |ψCα〉 to a bound
state |ψO∗〉. This system is characterised by charge and current densi-
ties, the matrix elements of which are given by, respectively,

ρ(~r) = e ψ∗Cα(~r) ψO∗(~r) , (2.8)

~(~r) =
e

2µ

[
ψ∗Cα ( ~P ψO∗) + ( ~P ψCα)∗ ψO∗

]
, (2.9)

where ~P = −i~~∇ is the momentum operator. These generate the out-
going varying electromagnetic fields ~E(~r) e−iωt and ~H(~r) e−iωt for the
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energy component ~ω. These fields can be expressed in the form of
multipole elements in order to integrate over space the time-averaged
energy carried away by the wave. The photon emission probability per
unit time, i.e. the radiative transition probability per unit time, is then
extracted by calculating the ratio of this energy to that of one pho-
ton Eγ = ~ω. The corresponding transition amplitudes (approximated
for a wavelength large compared to the dimension of the source) are then
given by

acap
Elm '

(
8π

~
l + 1

l

) 1
2 k

l+ 1
2

γ

(2l + 1)!!

∫

τ

ρ(~r)rl Y∗lm(θ, φ) dτ , (2.10)

acap
Mlm ' − i

c(l + 1)

(
8π

~
l + 1

l

) 1
2 k

l+ 1
2

γ

(2l + 1)!!
×

∫

τ

~(~r) · ~L rl Y∗lm(θ, φ) dτ, (2.11)

where τ is the volume of the system, kγ is the wave number of the photon,

Ylm is a spherical harmonics and ~L = −i~r× ~∇ is the angular-momentum
operator. The notation ‘double factorial’ is defined as (2l + 1)!! = 1 ×
3× ...× (2l + 1).

In the long-wavelength approximation, the matrix elements of the
electric and magnetic multipole moments are defined for a given multi-
polarity, respectively, as [Boh69]

〈ψO∗ |MElm |ψCα〉 '
∫

τ

ρ(~r) rl Ylm(θ, φ) dτ , (2.12)

〈ψO∗ |MMlm |ψCα〉 ' − i

c(l + 1)

∫

τ

~(~r) · ~L rl Ylm(θ, φ) dτ. (2.13)

They depend on the structure of the system and thus on the collision
dynamical parameters. These contain the isoscalar and isovector contri-
butions [Bay83]. In isospin formalism (i.e. writing the nucleon charge
ek = (1/2− tzk)e, where tzk is the third component of the isospin vector
of the kth nucleon) it is trivial to show that the isoscalar term is zero for
a dipole electric transition.

Inserting eqs. 2.8, 2.9, 2.12 and 2.13 into eqs. 2.10 and 2.11, and
making use of the property Y∗lm = (−1)m Yl −m, the transition amplitudes
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from state |ψCα〉 to state |ψO∗〉 can be rewritten in the general form

acap
Πlm = (−1)m

(
8π

~
l + 1

l

) 1
2 k

l+ 1
2

γ

(2l + 1)!!
〈ψO∗ |MΠl −m |ψCα〉 . (2.14)

The radiative capture probability per unit time P cap
Πlm = |acap

Πlm|2 is then
given by

P cap
Πlm =

8π(l + 1)

l(2l + 1)!!2
1

~

(
Eγ

~c

)2l+1

|〈ψO∗|MΠl −m |ψCα〉|2 . (2.15)

The orientation of the substates being not relevant for the transition
probabilities, only the average probability over the substates m is con-
sidered. The total capture probability is given for spinless particles by
P cap

Πl =
∑

m P cap
Πlm. Note that this is only valid for spinless particles, for a

more general reaction a(b,γ)c the probability must be averaged over the
initial substates and summed over the final states such that the statis-
tical factor becomes (2Ic + 1)/(2Ia + 1)(2Ib + 1), where Ia, Ib and Ic are
the spins of the particles.

The cross section of two colliding nuclei is defined by the ratio of the
transition probability per unit time to the incident flux, summed over
the final substates and averaged over the initial substates. For spinless
particles, and defined for a unit-flux scattering wave function, this is
given by [Bay83]

σcap
Πl (ε) = (2l + 1)

8π(l + 1)

l(2l + 1)!!2
1

~

(
Eγ

~c

)2l+1

Bcap
Πl (ε) , (2.16)

where Bcap
Πl is the ‘reduced transition probability’ between an unbound

state and a bound state, containing the nuclear information and the
dynamical parameters of the collision. It is strongly model-dependent
and defined as

Bcap
Πl =

∑
m

|〈ψO∗|MΠl −m |ψCα〉|2 . (2.17)

For an isolated narrow resonance (and as an approximation for a
broad resonance) the radiative-capture cross section of spinless particles
is described by the Breit-Wigner formula [Val89b]:

σcap
Πl (ε) =

π~2

2µε
(2l + 1)

ΓαΓγ

(ε− ε∗)2 + (Γ/2)2
, (2.18)
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where ε∗ is the energy of the resonance in the centre of mass, and Γ, Γγ

and Γα are the total, radiative and α widths, respectively. Comparing
eq. 2.18 and eq. 2.16, the reduced capture probability is written

Bcap
Πl (ε) =

π~3

2µε

l(2l + 1)!!2

8π(l + 1)

(
~c
Eγ

)2l+1
ΓαΓγ

(ε− ε∗)2 + (Γ/2)2
. (2.19)

2.2 Coulomb dissociation

2.2.1 Principle

The Coulomb-dissociation method consists in using the fact that a pro-
jectile passing by a target nucleus sees the differential Coulomb field
as an electromagnetic pulse (fig. 2.3), which is in QED interpreted as
a virtual photon according to the Weizsäcker-Williams virtual-quanta
method [Jac75]. The target nucleus is chosen to be 208Pb because of
a strong Coulomb field and the relatively low density of the low-lying
excited states, i.e. a low probability for target excitation. The pulse
time (or collision time) can be approximated by τc ' b/2γV , where b
is the impact parameter, V is the beam velocity and γ is the Lorentz
factor. An excitation from the ground state to a state at energy E∗ is
only possible when the collision time is shorter than the transition time
τt = ~/E∗, otherwise the nucleus reacts adiabatically. This is described
by the adiabaticity parameter [Tat96]

ξ =
τc

τt

=
bE∗

2γV ~
. 1 . (2.20)

Because of the condition of adiabaticity the Coulomb-dissociation pro-
cess favours low excitation energies, thus low relative energies between
fragments after breakup, which makes it useful for astrophysical pur-
poses. The resonant breakup is referred to as a sequential process since
the life time of a resonance τ = ~/Γ (3×105 and 2×103 fm/c for the levels
at 9.58 and 9.84 MeV in 16O), where Γ is the width, is much larger than
the collision time (18 fm/c for Erel = 80 MeV/u relative energy between
16O and 208Pb at a 15-fm impact parameter). In case of a direct breakup,
the process is assumed to be instantaneous, nevertheless the time needed
for the fragments to separate is estimated to be (Rα + RC)/v [Bau94],
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Figure 2.3: Field components of the electromagnetic pulse in the 16O
projectile passing by a 208Pb nucleus, for an energy of 80 MeV/u and an
impact parameter of 15 fm.
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where RC and Rα are the 12C and α radii, respectively, and v is the
fragments’ relative velocity. This time is still relatively long for low en-
ergies (115 to 340 fm/c for 2.7 MeV to 300 keV) and the direct breakup
process can be described as a ‘quasi-sequential’ process. Therefore, both
resonant and non-resonant reactions are written [Sri88]

16O + 208Pb −→ 16O∗ + 208Pb −→ 12C + α + 208Pb . (2.21)

Scattering can be described by the classical Rutherford law or by
a DWBA (Distorted-Wave Born Approximation) calculation. In both
cases, the excitation process is calculated in first-order perturbation the-
ory. In the first section, the semiclassical approach will be used to extract
the virtual photons from the Coulomb field and estimate the photonu-
clear cross section, and consequently the radiative-capture cross section
making use of the detailed-balance theorem. The second section will
explain how to take into account the nuclear interaction effects.

2.2.2 Semiclassical model

The semiclassical model of the Coulomb dissociation describes the 16O
and 208Pb nuclei as classical objects moving on a hyperbolic trajectory
with respect to each other. The excitation probablities of a nucleus are
calculated with the first-order perturbation theory in order to extract the
number of virtual photons that can participate to the excitation process.
Such an assumption is valid if three conditions are fulfilled [Kie99]:

1– The de Broglie wavelength of the system ~/mV , where m is the
reduced mass, must be small enough when compared to the distance of
closest approach on the hyperbolic trajectory, given by 2ZOZPb e2/EO.
This leads to the condition

η =
ZOZPb e2

~V
À 1

4
, (2.22)

where η is the Sommerfeld parameter, and ZO and ZPb are the charge
numbers of 16O and 208Pb, respectively. In the case EO = 80 MeV/u
(V ' 0.390 c) one has η ' 12.3.

2– The excitation process must not appreciably modify the trajec-
tory, i.e. E∗ ¿ EO, where E∗ is the excitation energy (equal to Eγ, the
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energy of the virtual photon). In practice, E∗ is a few MeV while EO is
of the order of GeV.

3– The nuclei must not touch or interpenetrate in order to avoid
nuclear-interaction effects. Thus, for a relative energy higher than the
Coulomb-potential barrier, the distance of approach a must be greater
than the sum of the nuclear radii, with a = D+

√
D2 + b2, where b is the

impact parameter and D = ZOZPb e2/mV 2 is half the distance of closest
approach when b = 0. Therefore, b > (RO +RPb)

√
1− 2D/(RO + RPb);

for high energies, this can be approximated to b > RO + RPb −D.
After scattering, the projectiles are distributed on a cone, the opening

of which depends on the impact parameter. The differential cross section
is given by the Rutherford law [Val89a]:

dσR

dΩ
=

D2

4

1

sin4 Θ
2

, (2.23)

where Θ = 2 arctan(D/b) is the scattering angle.
The impact parameter is thus strictly limited by the interpenetration

and adiabaticity conditions: RO + RPb − D . b . 2γV ~/E∗, which
corresponds, for E∗ = 9.84 MeV and EO = 80 MeV/u to a scattering
angular range of

3.0◦ . Θ . 4.9◦ . (2.24)

The lower limit decreases at lower energy and the higher limit increases
with a smaller reduced radius (this was here chosen 1.3 fm; it will be
shown in section 2.2.3 that this is actually smaller for this reaction).

Transition probabilities

Since the trajectory is not appreciably modified by the excitation process
(condition 2), the excitation cross section of 16O from an initial state |ψO〉
of eigen energy E0 (E0 = 0 for ground state) to a final state |ψO∗〉 of
eigen energy E0 + E∗ can be expressed in the double-differential form

d2σexc

dΩdE
(E∗, Θ) =

dσR

dΩ
(Θ)

dP exc

dE
(E∗, Θ) , (2.25)
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where dP exc/dE is the probability per unit energy to find the system in
the state |ψO∗〉 for a given angle Θ (or equivalently an impact parame-
ter b) and defined as

dP exc

dE
= |a1|2 , (2.26)

with the system described by the wave function

|ψ〉 = a0(t) e−i
E0~ t |ψO〉+ a1(t) e−i E∗

~ t |ψO∗〉 , (2.27)

and with a1 ¿ a0, which allows to apply first-order perturbation theory.
Let H = H(0) +H(1) be the total Hamiltonian of the perturbed system,
where H(0) is the non-perturbative Hamiltonian and H(1) is the first-
order transition Hamiltonian. The time-dependent Schrödinger equation

(H(0) +H(1)
) |ψ〉 = i~

d

dt
|ψ〉 (2.28)

is solved by inserting eq. 2.27 and multiplying by 〈ψO∗|. One finds

a1 =
1

i~

∫ +∞

−∞
〈ψO∗|H(1) |ψO〉 eiωtdt , (2.29)

where ω = E∗/~.
A second-order process would have to take into account multiple-

photon excitation but this has been shown to be negligible [Tat96] in
most transitions.

Each Hamiltonian and transition amplitude is now split into electric
and magnetic components. If the relative velocity is small compared
to the speed of light and if a point-charge distribution is assumed for
the constituents of the projectile and target clusters, the total-electric
interaction Hamiltonian is written as a local scalar field coupling [Boh69,
Ald75] integrated over the nuclear volumes:

HE(t) =

∫

τPb

∫

τO

ρPb(~r2) ρO(~r1)∣∣∣~R(t) + ~r1 − ~r2

∣∣∣
dτO dτPb , (2.30)

where ~r1(r1, θ1, φ1) defines a position in the 16O centre-of-mass frame
and ~r2(r2, θ2, φ2), a position in the 208Pb centre-of-mass frame. τO and
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τPb refer to the 16O and 208Pb nuclear volumes, respectively. ~R(R, θ, φ, t)
is the vector between the centres of mass of lead and oxygen. ρO(~r1) is
the charge density in the projectile and ρPb(~r2) is the charge density
in the target, each of them being described by a point-charge nucleon
distribution, given by ρ(~r) =

∑A
k=1 ek δ(~r − ~rk), where δ is the Dirac

delta-function and ek and ~rk are the charge and position of the kth nu-
cleon (see fig. 2.4).

Assuming that the nuclei do not interpenetrate (which implies the
condition r1 + r2 < R), the denominator in eq. 2.30 is expanded into

multipole components. The monopole-monopole (~R) and multipole-

monopole (~R − ~r2) terms do not give rise to excitation in the projec-
tile but only influence the relative motion since they do not depend

208Pb

16O
r 1

R

r
1

+
R

+
R

-
r

1
r

2

r 2

Figure 2.4: The electric interaction can be described as a scalar field
coupling between each point-charge constituent of the target and of the
projectile (~R + ~r1 − ~r2). The monopole-multipole interaction in 16O is
the coupling between the monopole term of the target distribution and
the multipole terms of the projectile (~R + ~r1).
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on the projectile nuclear internal degrees of freedom. Therefore, they
are responsible for the non-perturbative electric Hamiltonian H(0)

E (elas-
tic scattering). Moreover, consistently with the first-order perturbation

theory, the high-order multipole-multipole terms (~R+~r1−~r2) can be ne-

glected [Ald75]. Therefore, only the monopole-multipole (~R + ~r1) terms
are considered [Boh69] and the first-order electric-transition Hamiltonian
can be expanded into spherical-tensor components as follows:

H(1)
E (t) = 4πZPb e

∞∑

l=1

+l∑

m=−l

1

2l + 1

Ylm(r̂(t))

R(t)l+1

∫

τO

ρ(~r1) rl
1 Y∗lm(r̂1) dτO, (2.31)

where Ylm are the normalised spherical harmonics.
Inserting the electric multipole moment defined by eq. 2.12 with

eq. 2.31 into eq. 2.29 and making use of the property Y∗lm = (−1)m Yl −m,
the electric transition amplitude can be expressed in the form

aexc
E =

4πZPb e

i~
∑

l>0 m

(−1)m

2l + 1
〈ψO∗|MEl −m |ψO〉 SElm(ω) , (2.32)

where the Coulomb-orbital integrals containing the dynamical informa-
tion are defined as

SElm(ω) =

∫ +∞

−∞

eiωt

R(t)l+1
Ylm(r̂(t)) dt . (2.33)

The moment includes the structure information, i.e. position, velocity
and spin of the nucleons and contains the isoscalar and isovector contri-
butions.

Analogous to the electric interaction, the total magnetic-interaction
Hamiltonian can be described by vector-field coupling [Ald56]:

HM(t) = − 1

c2

∫

τPb

∫

τO

~O(~r1) · ~Pb(~r2)∣∣∣~R(t) + ~r1 − ~r2

∣∣∣
dτO dτPb , (2.34)

where ~O and ~Pb are the projectile and target current densities, re-
spectively. Expanding the monopole-multipole elements, the first-order
magnetic-transition Hamiltonian is written [Ald56]
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H(1)
M (t) = −4πZPb e

c2

∞∑

l=1

+l∑

m=−l

1

l(2l + 1)(l + 1)
×

Ylm(r̂(t))

R(t)l+1

∫

τO

~L · ~V ~L1 · ~O(~r1) rl
1 Y∗lm(r̂1) dτO , (2.35)

where ~L = −i(−~R)×~∇ is the angular-momentum operator acting on the

target and ~L1 = −i ~r1 × ~∇ is that acting on the projectile constituents.
Inserting the magnetic multipole moment as defined in eq. 2.13, the
magnetic transition amplitude has a form analogous to the electric one:

aexc
M =

4πZPb e

i~
∑

l>0 m

(−1)m

2l + 1
〈ψO∗|MMl −m |ψO〉 SMlm(ω) , (2.36)

with

SMlm(ω) =
i

c

∫ +∞

−∞
~L · ~V 1

l

eiωt

R(t)l+1
Ylm(r̂(t)) dt . (2.37)

Therefore, the transition amplitude can be split such that a1 =∑
lm aexc

Elm + aexc
Mlm. Thus, the transition probabilities can be expressed

according to the various l channels:

dP exc
Πl

dE
=

∑
m

|aexc
Πlm|2 . (2.38)

Note that the 16O ground state is spinless thus the spin of the final
state equals l. In a more general case the probability is summed over
all initial and final magnetic substates rather than over subchannels m,
and averaged over the number of initial substates.

The differential cross section for a given multipolarity can now be
written

d2σexc
Πl

dΩdE
(E∗, Θ) =

dσR

dΩ
(Θ)

dP exc
Πl

dE
(E∗, Θ) . (2.39)
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Relativistic treatment

For relativistic collisions (v ' c), the straight-line approximation, which
consists in neglecting the deviation of the projectile (see fig. 2.5), can
be applied. The treatment is parallel to that of the non-relativistic case
and has been described in detail by Winther and Alder [Win78] and is
summarised below.

In the coordinate system centred on 208Pb nucleus, and having ~R +
~r1 = ~x+~y+~z, the Lienard-Wiechert relativistic Coulomb field produced
by 208Pb is given by [Jac75]

ϕ(~R + ~r1, t) =
γZPb e√

(b− x)2 + y2 + γ2(z − V t)2
, (2.40)

and the vector potential is

~A(~R + ~r1, t) =
~V

c
ϕ(~R + ~r1, t) . (2.41)

The Fourier transform of ϕ gives the frequency spectrum at the posi-
tion ~R + ~r1:

ϕ(~R + ~r1, ω) =
2ZPb e

V
ei ω

V
z K0

(
ω

γV

√
(x− b)2 + y2

)
, (2.42)

where K0 is the modified Bessel function. This can be written in spher-
ical tensor elements as follows:

ϕ(~R + ~r1, ω) =
∑

lm

Wlm(~R + ~r1, ω) Y∗lm(R̂ + r̂1) , (2.43)

where

Wlm(~R + ~r1, ω) =

∫

4π

ϕ(~R + ~r1, ω) Ylm(R̂ + r̂1) dΩ . (2.44)

This quantity can be analytically calculated and permits to find the elec-
tric and magnetic Hamiltonians from eqs. 2.30 and 2.34. Once inserted
in eq. 2.29, the transition amplitudes can be written [Win78, Ber88]

aexc
Πlm = −i (−1)m ZPb e

~γV

√
2l + 1

(ω

c

)l

×

GΠlm

( c

V

)
Km

(
ωb

γV

)
〈ψO∗|MΠl −m |ψO〉 , (2.45)
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Pb208

O16
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R
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Figure 2.5: For relativistic energies, the straight-line approximation
neglects the projectile trajectory deflection when passing by the target.
For intermediate energies, this approximation must take into account a
field overestimation by replacing the impact parameter b by a corrected
larger value b′.

where GΠlm is a Gegenbauer integral (or Winther-Alder relativistic func-
tion, given in [Win78]) and Km is a modified Bessel function. For inter-
mediate energies, the projectile slightly deviates from the straight-line
trajectory description and is on the average further away from the target.
The field overestimation is then compensated by replacing the impact
parameter by the corrected value b′ = b + πD/2γ.

Excitation probabilities

The excitation differential cross section is given in eq. 2.39, by inserting
eq. 2.45 into eq. 2.38:

dP exc
Πl

dE
=

(
ZPb e

~γV

)2

(2l + 1)
(ω

c

)2l

×
∣∣∣∣∣
∑
m

(−1)m GΠlm

( c

V

)
Km(χ) 〈ψO∗ |MΠl −m |ψO〉

∣∣∣∣∣

2

, (2.46)

where χ = ωb′/γV .
It is now practical to introduce the reduced transition probability,

which contains all nuclear information, defined for a spinless ground
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state as

Bexc
Πl =

∑
m

|〈ψO∗|MΠlm |ψO〉|2 . (2.47)

This value is strongly model-dependent and, in practice, this is the un-
known that must be measured experimentally. Once Bexc

Πl has been in-
serted in eq. 2.46, the final expression of the transition probabilities is
written:

dP exc
Πl

dE
(E∗, Θ) =

(
ZPb e

~γV

)2

(2l + 1)
(ω

c

)2l

Bexc
Πl (E∗)×
∑
m

∣∣∣GΠlm

( c

V

)
Km(χ)

∣∣∣
2

. (2.48)

The explicit results of this expression are detailed in appendix A.1 for
each relevant multipolarity.

Detailed-balance theorem and photonuclear cross section

The 208Pb(16O,16O∗)208Pb cross section has been evaluated with respect
to the multipolarity, it is now necessary to express the cross section for
the interaction of the photon with the projectile.

The absorption probability of a photon by a nucleus can be estab-
lished in a symmetric way as the emission described in section 2.1.3,
focusing at incoming waves instead of outgoing ones. The photonuclear
cross section is then given by [Bla79]

σγ
Πl =

8π3(l + 1)

l(2l + 1)!!2

(
Eγ

~c

)2l−1

Bexc
Πl (Eγ) . (2.49)

Independently, this can be expressed very generally as follows:

σγ
Πl(Eγ) = πλ−2

γ

2l + 1

2
|〈ψO∗ |H2 |ψOγ〉 〈ψCα|H1 |ψO∗〉|2 , (2.50)

where λ−γ is the photon reduced wavelength and 1/2 is a statistical factor
due to the photon’s spin. The radiative-capture cross section described
in eq. 2.4 can be written in the form [Rol88]

σcap
Πl = πλ−2

Cα(2l + 1) |〈ψO∗|H1 |ψCα〉 〈ψOγ|H2 |ψO∗〉|2 , (2.51)
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where H1 and H2 are the capture and dissociation Hamiltonians, respec-
tively.

From eqs. 2.50 and 2.51, the time-reversal invariance principle per-
mits to write the photonuclear cross section σγ

Πl with respect to the
radiative-capture cross section σcap

Πl in the form of the detailed-balance
theorem:

σγ
Πl =

1

2

(
kCα

kγ

)2

σcap
Πl , (2.52)

where kCα =
√

2µε/~ and kγ are the wave numbers of the 12C+α system
and of the photon, respectively. For a general reaction a(b,γ)c, this
expression is multiplied by a statistical factor (2Ia+1)(2Ib+1)/(2Ic+1),
where Ia, Ib and Ic are the spins of the particles.

Eqs. 2.16 and 2.49 are introduced in the latter in order to write the
following relationship [Sri88]:

Bexc
Πl (Eγ) =

µε

π2~3
(2l + 1)Bcap

Πl (ε) , (2.53)

which gives the possibility to calculate the capture cross section from the
Coulomb-breakup measurements for reactions involving spin-0 particles.

Finally, for a resonant state of energy E∗, the integration of this
value over the total width Γ of the resonance gives the reduced transition
probability of excitation for this level:

BE∗
Πl = (2l + 1)

l(2l + 1)!!2

8π(l + 1)

(
~c
E∗

)2l+1

Γγ . (2.54)

Virtual-photon spectrum

The number of virtual photons present in the Coulomb field is, in prin-
ciple, given by the Fourier transform of the time-dependent electromag-
netic Hamiltonians [Jac75, Gol84], but it is easier to calculate it as fol-
lows. The differential excitation cross section can be written [Ber85]

dσexc
Πl

dΩ
(E∗, Θ) =

dNΠl

dΩ
(Eγ, Θ) σγ

Πl(Eγ)
1

Eγ

. (2.55)

Introducing eqs. 2.25, 2.48 and 2.49, one can write

dNΠl

dΩ
(Eγ, Θ)=

dσR

dΩ

Z2
Pb e2

b′2~c
l(2l + 1)!!2

8π3(l + 1)
χ2

∑
m

∣∣∣GΠlm

( c

V

)
Km(χ)

∣∣∣
2

. (2.56)
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The results of this formula are given in appendix A.2 for each relevant
multipolarity. The number of photons is plotted for each multipolarity
as a function of the projectile velocity V and of the photon energy Eγ

in fig. 2.6. This shows that the Coulomb excitation highly favours the
quadrupole contribution [Sho92], by a factor of about 50 compared to
that of the dipole at 80 MeV/u.

Angular correlation of the fragments

The previous calculation permits to find the double-differential cross
section for a given multipolarity, scattering angle, and excitation energy.
An angular correlation study requires to include the expansion of the
magnetic substates by modifying the expression of the cross section as

d3σexc
Πl

dE dΩ dΩcm

(E, Θ) =
dσR

dΩ

d2P exc
Πl

dE dΩcm

, (2.57)

where Ωcm is the solid angle where one of the fragments is emitted (see
fig. 2.7). The angles of the other fragment are given by θαcm = π−θCcm,
φαcm ≡ π +φCcm [2π]. For spinless particles, the dissociation probability
can be expressed as [Bau89]

d2P dis
Πl

dE dΩcm

=

∣∣∣∣∣
∑
m

aexc
Πlm Ylm(θcm, φcm)

∣∣∣∣∣

2

. (2.58)

The actual fragment angular correlation has to take account of the in-
terferences between the various multipolarities. This is described by a co-
herent sum of the probabilities with a mixing angle. It was shown [Red87,
Bau89, Tat95, Tat96] that, despite a low dipole strength, an important
interference effect appears in the continuum, which can be used to mea-
sure precisely the relative multipole contributions.

2.2.3 Nuclear effects and the optical model

Description of the model

It was already mentioned that the semiclassical description breaks down
when the 16O and 208Pb nuclei interpenetrate. In practice, the scatter-
ing angle range that allows the use of the semiclassical approximation
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Figure 2.6: The top figure displays 7.16 MeV-photon intensities per
unit solid angle at 15 fm impact parameter for E2, M2, E1 and M1
multipolarities (from top to bottom, respectively) as functions of the
relative energy between the projectile and target nuclei. The bottom
figure is the virtual-photon spectrum for each of these multipolarities at
80 MeV/u relative energy. The region of interest is shown by the double
arrow, between 7.16 and 11.52 MeV.



48 Elements of theory
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Figure 2.7: Definition of the angles used for the triple-differential cross
section. For clarity, the nuclei are shown in the plane φ ≡ 0 [π].

is narrow (a few degrees) [Ber85]. Therefore, it is necessary to use a
quantum-mechanical approach where the system is described by a wave
function in a Coulomb plus nuclear potential. In the optical model, the
Schrödinger equation is solved by expanding the wave function in par-
tial waves. The Hamiltonian has a spherical average potential, which
includes the Coulomb field as well as a nuclear field, the latter being
composed of a real part and an imaginary part. This method has been
shown to describe elastic scattering very accurately.

Excited nuclear systems are known to be well represented by a col-
lective model [Tam65] that describes the excitation process by inducing
a collective surface vibration of an incompressible (at low excitation
energy) liquid drop, or a rotation. The vibration or the rotation is
time-averaged so that the nucleus is described by a deformed potential.
In spite of certain ambiguities, the deformed optical-potential model is
known to provide a good description of the phenomenological inelastic
scattering process [Jac70, Sat83].

The surface of the spherical drop satisfies the equations of hydrody-
namics, the solution of which gives the sum of the waves in the form

R(θ, φ, t) = R0

(
1 +

+∞∑

l=2

+l∑

m=−l

αlm Y∗lm(θ, φ)

)
, (2.59)

where R0 = RPb + RO is the radius of the static potential, Ylm is a
spherical harmonic and αlm is the dynamical amplitude operator of the
corresponding phonon characterising the displacement of the drop sur-
face for the given multipolarity. Note that the sum begins with l = 2
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because a monopole vibration would correspond to a density oscillation
(which is possible only at high excitation energies because of the large
nuclear incompressibility), while a dipole vibration is unphysical since
this would correspond to a spurious centre-of-mass motion.

The 16O and 208Pb nuclei interact via a complex Coulomb-nuclear
potential U = V + W + iW ′, where V is the mean Coulomb potential
and W and W ′ are the real and imaginary parts of the mean nuclear
potential. The nucleon density is written in the form

ρ(r, θ, φ) =
ρ0

1 + e
r−R(θ,φ)

a

, (2.60)

where R is the nuclear radius given by eq. 2.59, a is the diffuseness and ρ0

is a normalisation factor. Therefore, the Coulomb potential is given by

V (r, θ, φ) =
1

r

∫

τ

ρ(r′, θ, φ) e2 dτ , (2.61)

where τ is the nuclear volume. The nuclear potential is assumed to have
a Woods-Saxon form:

W (r, θ, φ) = − W0

1 + e
r−RW (θ,φ)

aW

, (2.62)

where RW is the potential radius given by eq. 2.59, aW is the diffuse-
ness and W0 is the well depth. These are experimentally determined
by fitting the measured elastic scattering cross section to optical-model
calculations with the given nuclear optical potential. W ′ has a similar
form with parameters RW ′ , aW ′ and W ′

0. For a small deformation, each
potential can be expanded in Taylor series near the static radius R0U

such that

U(r, RU) = U(r,R0U) + (RU −R0U)
dU(r,R0U)

dRU

+ ... , (2.63)

where U can be V , W or W ′. The first term is the static (spherical)
optical interaction potential that scatters particles elastically while the
second is the first-order transition potential.

Inserting eq. 2.59 in the latter, the first-order transition potential
from the ground state to the state |l〉 can then be written in the form

〈l|Ul(r, RU) |0〉 =
βlUR0U√

2l + 1

dU(r,R0U)

dRU

, (2.64)
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Table 2.1: Parameters of the optical potential determined by
Roussel-Chomaz et al. [Rou88] from fitting elastic scattering data of
208Pb(16O,16O)208Pbat 94 MeV/u. Note that R0W = R0W ′ and aW =
aW ′ .

W0 (MeV) R0W (fm) aW (fm) W ′
0 (MeV) R0W ′ (fm) aW ′ (fm)

80 9.053 0.718 51.6 9.053 0.718

where βlU is the deformation parameter, i.e. the amplitude of the time-
averaged global oscillation for the multipolarity l. If this equation ac-
tually generates one deformation parameter for each potential, in prac-
tice the deformation lengths are assumed to be equal [Sat83] so that
βlVR0V = βlWR0W = βlW ′R0W ′ . The complex Coulomb-nuclear transi-
tion potential from the ground state to the state |l〉 can thus be written

〈l| Ul(r, RV , RW , RW ′) |0〉 =

βlR0√
2l + 1

(
dV (r,R0V )

dRV

+
dW (r, R0W )

dRW

+
dW ′(r, R0W ′)

dRW ′

)
. (2.65)

The parameters of the optical potential have been determined from fit-
ting elastic scattering data of 16O on 208Pb obtained at 94 MeV/u by
Roussel-Chomaz et al. [Rou88]. These are listed in table 2.1. It can be
reasonably assumed that the neutron and proton nuclear distributions
are similar. Thus, the same radius R0 is used for the Coulomb potential,
and hence also the same βl.

Angular distribution of 16O∗

Given the transition potential of eq. 2.65, the solution of the Schrödinger
equation is obtained in the framework of coupled equations [Tam65]. The
wave function |ψ〉 is expanded in l + 1 partial waves, and the resulting
system of equations is solved for the radial wave-function components of
each of them.

This calculation is performed by sequential iterations with the ECIS
code [Ray71]. If the calculation is stopped after one iteration, this would
correspond to a DWBA calculation. For a given transition from a state
|Ii〉 to a state |If〉, where Ii and If are the spins of these states, ECIS
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computes every possible lm channel with the usual parity restrictions.
This is performed for all entrance angular momenta from L = 0 to a
‘sufficiently’ large value. This leads to the exit channels L′M ′ such that
~L′ = ~L−~l, with ~l = ~If − ~Ii is the transferred angular momentum. The
output file contains the scattering-matrix (or S-matrix) elements as well
as the differential cross sections given for the corresponding scattering-
angle range.

The total multipole moment for a vibrational phonon state |l〉 with
vibrational deformation parameter βl is given by [Sat83]

∑
m

MΠlm =
βl√

2l + 1

∫
R0

dρ(r, RO)

dR0

rl+2 dr . (2.66)

The reduced transition probability BE∗
Πl , from the ground state to an ex-

cited state of energy E∗, defined in eq. 2.47, can now be expressed making
use of eq. 2.66 as a function of the deformation parameter as [Sat83]

BE∗
Πl =

∣∣∣∣
1

4π
(l + 2)βlZOR0

〈
rl−1

〉∣∣∣∣
2

e2 . (2.67)

The calculations were done for the 2+ states at 9.84 and 11.52 MeV
with the input files given in appendix B. The reduced transition prob-
abilities BE∗

E2 are computed from eq. 2.54 with the resonance widths
tabulated in [Ajz86]. Consequently, the deformation parameters β2 are
calculated from eq. 2.67. The result of the DWBA calculation for the
state at 11.52 MeV, with the transition potential and deformation pa-
rameter determined as described above, is plotted in fig. 2.8. The differ-
ential cross section displays a pattern that is sensitive to the interference
between the Coulomb and nuclear amplitudes. The comparison with the
semiclassical model calculations show that the latter is consistent with
the Coulomb part of the DWBA calculation in terms of the integrated
cross section. These agree with each other within 2%.

The 2+ state at 9.84 MeV is known to be populated via a coupling
with the 2+ state at 6.92 MeV [Har76]. Therefore, coupled-channel cal-
culations involving these states are necessary to calculate the differential
cross section for the state at 9.84 MeV. This shows a typical offset when
compared to the calculation with a one-step direct excitation from the
ground state.
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Figure 2.8: DWBA calculation performed with ECIS [Ray71]. The
figure displays for the scattering of an 16O projectile from a 208Pb target
at 80 MeV/u the total nuclear-Coulomb (solid line) differential cross
section in comparison with those of pure nuclear (dotted line) and pure
Coulomb (dashed line) excitation of the 2+ resonance at 11.52 MeV.
A destructive interference between Coulomb and nuclear amplitudes is
clearly visible in the angular range 2.4◦–3.2◦. For comparison, the dash-
dotted line is the semiclassical calculation with a cut at the grazing
angle. The integrated semiclassical cross section is the same as that of
the Coulomb part of the optical model within 2%. Calculations for the
same multipolarity at other energies show nearly an identical shape for
the differential cross section.
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Both states show an important destructive interference of the nuclear
and Coulomb interactions visible between 2◦ and 3◦. This is precious
information to test the validity of the model and the accuracy of the
description of both contributions and of their relative strength.

The folded-potential model approach

In comparison with the deformed-potential model, which is of a phe-
nomenological nature, the folded-potential model is a theoretically more
descriptive approach. While in the former, the potential is determined
by fitting elastic-scattering data, the folded potential is built by explic-
itly folding the nucleon-nucleon interaction over the target and projectile
density distributions. The transition potential analogous to that given
by eq. 2.64 is written in the form [Bee96]

〈l|Gl(r) |0〉 =

∫
gl(r

′)v̄l(r, r
′)r′2dr′ , (2.68)

where gl is the transition density and v̄l is the 2l component of the
nucleon-nucleon interaction averaged over the ground-state density dis-
tribution. gl is given, like for the deformed potential, by

gl(r) =
βlUR0U√

2l + 1

dρ(r)

dr
. (2.69)

An ECIS calculation was performed with the folded potential for the
2+ resonance at 11.52 MeV [Kie02]. The result is plotted in fig. 2.9 com-
pared to the result of the deformed-potential model calculation presented
in the previous section. The general shape is similar for both models, but
the cross section from the folded-potential model is lower by roughly 50
to 80% compared to the one from the deformed-potential model. There
is also a phase shift of the order of 0.2◦, and the interference pattern is
clearly identifiable.

Angular correlation of the fragments

The 16O∗ m-substate population directly determines the angular correla-
tion of the fragments in their centre of mass. It has been shown [Bau89,
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Figure 2.9: Comparison of ECIS calculations with a deformed poten-
tial (solid line) and a folded potential (dashed line) for the 2+ state
at 11.52 MeV. They include both nuclear and Coulomb interfering con-
tributions. They show an important cross-section discrepancy, and a
small phase shift.

Tat95, Tat96] that the angular correlation of the fragments is very sen-
sitive to the interferences between the contributions of the various mul-
tipolarities involved in the excitation process. Therefore, this observable
is a powerful tool to separate the contributions of the different multipoles
from one another.

ECIS solves the Schrödinger equation for each m substate for the
given transferred angular momentum l, and computes every scattering-
matrix element Slm. It is then straightforward to calculate the integrated
m-substate population of 16O and thus the fragment angular-correlation
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Figure 2.10: Angular correlations of the fragments in the centre of
mass, calculated from the S-matrix elements computed with ECIS. The
left figure displays the two-dimensional correlation calculated for the 2+

state at 11.52-MeV. The solid lines in the right figures are the normalised
projections of the left one on the θcm and φcm axes. For comparison, the
right figures also show the angular correlation for a 1− state (dashed
lines).

function that can be written in the form [Sat83]

Wl(θ, φ) =
∑
m

Alm(k̂C , k̂α)

(
4π

2l + 1

) 1
2

Ylm(θ, φ) , (2.70)

where the factor before the harmonics is a normalisation factor.
Fig. 2.10 shows the results of a calculation for the typical E2 angular

correlation of the state at 11.52 MeV, and compares it to an E1 corre-
lation. It appears clearly that the correlation of the fragments strongly
characterises the multipolarity of the excitation.
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Chapter 3

Experiments

In 1998 a test experiment was carried out in order to gain experience
for a technical optimisation of the final experiment. As a result of a
combination of problems with the accelerator, the detectors and the
scheduling of experiments with conflicting requirements, the latter took
only place in the beginning of 2001. Various difficulties occurred with the
consequence that the complete setup could not be operated as foreseen
after analysis of the test experiment. The anode-planes of the detectors
(see section 3.1.2) were damaged and could not operate with a high-
intensity beam. Consequently, it was not possible to obtain enough
statistics to measure the cross section in the continuum as planned.
Moreover, the first plane could not be used, which forced us to run with
only three of the four planes at the cost of resolution. Nevertheless
these experiments permitted to measure differential cross sections for
the excitation of the 2+ resonances at 9.84 MeV and 11.52 MeV in 16O
as well as the angular correlations of the fragments resulting from the
decay of these resonances. In any future measurement, these resonances
may provide a valuable tool to optimise the experimental setups and test
the theoretical analysis. In the following we will detail the intended aim
of the experiment as well as what were the final conditions. We will also
point out important findings we learned from these experiments. This
will be valuable information for any further attempt.

During the first experiment, the superconducting cyclotron AGOR at
KVI provided a 7 nA (electrical), 60 MeV/u 16O beam, and for the final
experiment it could produce an 80 MeV/u beam. At these energies there
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is a sufficiently high yield of virtual photons (see fig. 2.6). In addition,
the angular opening between the fragments in the laboratory frame is
small enough to capture a large fraction in the BBS. However, the highest
beam energy is preferred in view of the acceptance (see section 3.2.1).

A 7.8 mg/cm2 thick 208Pb target was used for the test. In the final
experiment, this was 4 mg/cm2. In the latter case the energy and angular
straggling is then still 3 times below what is required for the optimum
resolution of the setup. As mentioned earlier, the isotope 208Pb was
chosen because of its high atomic number, which results in an intense
spectrum of virtual photons. In addition, there is a large separation of
2.6 MeV between the ground state and the first-excited state. Moreover,
the low-lying states have high multipolarities (3−, 4−, 5−) and therefore
have a relatively small excitation probability.

An important aspect of the experiment is the measurement of the
fragment angular distribution in the oxygen centre-of-mass frame. A
large acceptance allows to measure the distribution following the breakup
via the 2+ resonances at 2.68 MeV and 4.36 MeV above the breakup Q
value. These resonances are particulary useful for calibration of the
fragment angular-correlation measurement and the normalisation using
the Coulomb-dissociation method. The Big-Bite Spectrometer (BBS) at
KVI with its large acceptance in both angular opening and momentum
bite is therefore exceptionally suited for this type of measurement.

3.1 Experimental setup

3.1.1 The Big-Bite Spectrometer

The BBS has a QQD (Quadrupole, Quadrupole, Dipole) magnet config-
uration (fig. 3.1). The bending angle is 60◦; the bending radius is 2.2 m.
It can be set to three configurations by moving the quadrupole magnets.
There are the large-opening-angle mode A, the intermediate mode B
(used in this experiment), and the large-momentum-bite mode C. The
focal plane has an angle of 52◦ with respect to the plane orthogonal
to the optical axis. It is equipped with moveable Faraday cups, one of
which is located between the second quadrupole and the dipole to stop
the beam and measure the current when the BBS is set at small angles.

The fragments entering the angular acceptance are focused by the
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  Q
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Figure 3.1: Technical drawing showing the major components of
the BBS. Nine representative particle trajectories are displayed for three
horizontal angles and three rigidities.

two magnetic quadrupole lenses. The field B of the main dipole mag-
net bends the particles on trajectories corresponding to their magnetic
rigidity ρ = p/q, where p and q are the momentum and the charge state
of the particles, respectively. To first order, particles are dispersed along
the spectrometer horizontal focal plane according to their rigidity. The
BBS dipole has a bending radius of R0 = 2.2 m and thus a nominal
rigidity of ρ0 = BR0, i.e. a particle with this rigidity would arrive in the
centre of the focal plane. The position and angles of particles at the focal
plane are related to the position and angles at the target and the rigidity
via an optical transfer matrix. It is often assumed that the beam spot
on the target is small compared to the optical-system dimensions, thus
the position of the particle at the target and the corresponding matrix
elements are taken to be zero. The transfer matrix can then be written
to first order as [Wol87]




xFP

θFP

φFP


 '




(x|δ) 0 0
(θ|δ) (θ|θ) 0

0 0 (φ|φ)







δ
θT

φT


 (3.1)

and links the observables at the target position to those at the focal
plane. Thus, δ, the deviation from the central rigidity, and the horizontal
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Table 3.1: Acceptances and first-order magnifications of the different
modes of the BBS [Ber95].

Mode A B C

Momentum bite 13 19 25 %
Horizontal angle span 72 66 60 mrad
Vertical angle span 180 140 112 mrad
Solid angle 13.0 9.2 6.7 msr
Horizontal magnification Mx -0.46 -0.45 -0.44
Vertical magnification My -14.3 -10.1 -6.7

Table 3.2: First-order dispersions and resolutions of BBS [Ber95]. The
dispersions are identical for all modes, but the angular resolutions have
only been measured for mode B [Zeg99]. The resolutions are FWHM.

Position dispersion (x|δ) 25.7 mm/%
Angular dispersion (θ|δ) 7.3 mrad/%
Momentum optimum resolution dρ/ρ 2× 10−4

Horizontal angle resolution dθ in mode B 3.7 mrad
Vertical angle resolution dφ in mode B 4.6 mrad

and vertical angles (θT , φT ) are linked to the position and angles at the
focal plane (xFP , θFP , φFP ). The rigidity deviation is defined as

δ =
ρ

ρ0

− 1 . (3.2)

The four matrix elements characterise the dispersive features of a spec-
trometer. The BBS parameters are listed in tables 3.1 and 3.2 (where
Mx = (θ|θ)−1 and My = (φ|φ)−1). The large vertical angular acceptance
requires My to be large compared with most spectrometers, so φFP is
small and can not be directly measured with a good resolution to recon-
struct φT accurately. On the other hand, it is possible to use the yFP

second-order dependence on φT to calculate the latter. The first-order
term (y|φ) is very small. Therefore, the second-order term (y|δφ) has to
be used. Note that this means that the focal planes for θ and φ differ
strongly. The transfer matrix can be written in a hybrid notation
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Figure 3.2: Position in the orthogonal plane. The top figure is from
data of the test experiment, the particles are spread over a ‘bow-tie’-
like figure. The high-momentum side (left) shows a higher density on
top and bottom borders due to high-order aberrations that ‘fold up’
the vertical distribution. The lines represent the cuts we processed to
remove the events with a bad vertical resolution: in the top figure, to
the left of the vertical line at X = 0 and above and below the oblique
lines (the events between these lines are accepted); and in the bottom
figure, to the left side of the line. The bottom picture is from the final
experiment: the quadrupoles have been set in order to displace the knot
to the left so that the aberrations are avoided. As a consequence, some
of the low-momentum events fall outside the detectors. The vertical gap
in the centre is the blocker’s shadow (described in section 3.2.4).
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xFP

θFP

φFP

yFP


 '




(x|δ) 0 0 0
(θ|δ) (θ|θ) 0 0

0 0 (φ|φ) 0
0 0 0 (φ|δφ)







δ
θT

φT

δ φT


 . (3.3)

This gives a characteristic ‘bow-tie’ shape in the focal plane (see fig. 3.2).
At the knot, yFP has no dispersion, therefore φT has no resolution. This
part of the focal plane can thus not be used if φT has to be measured.
Another feature of the BBS optics to be considered is that on the high-
momentum side (left side downstream), higher-order effects make the
yFP − φT correlation ambiguous for large yFP (‘curling up’ of the edges
of the bow-tie). For good φT measurement, these parts can not be used
either. Since our experiment requires a good vertical resolution, the knot
of the bow-tie was moved to the left side of the focal plane. In this way,
the relevant part of the spectrum can be measured unambiguously. In
doing this, events are lost on the right side since the vertical dimension
of the image increases beyond the acceptance.

Any optical system has higher-order aberrations which can not be
neglected when precision is required. The transfer-matrix elements are
given by the Taylor expansion to order (i + j + k + l + m) as

rFP =
∑

i,j,k,l,m

(r|xiθjykφlδm)xi
T θj

T yk
T φl

T δm
T , (3.4)

where rFP can be xFP , θFP , yFP , φFP or δ. These are respectively
the horizontal position, the horizontal angle, the vertical position, the
vertical angle, and the rigidity deviation of the particle at the focal plane.

The BBS ion-detection system consisted of two Cathode-Strip Cham-
bers (CSC’s) for position and angle measurements. These were placed in
a vacuum chamber. Outside the vacuum chamber, two layers of scintil-
lators are placed downstream for measurement of the time of flight and
energy loss of light ions [Pla99]. Our experiment only needs the light-
ion system, which includes the CSC’s and the first layer of scintillators
(see fig. 3.3). The second layer is used for particles with low stopping
power (such as protons). In addition, there is an ionisation chamber
and a parallel-plate avalanche counter (PPAC) available for heavy-ion
measurements. These are indicated in fig. 3.3 but were not used.
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Figure 3.3: The BBS ion detection system. The two CSC’s are parallel
to the BBS focal plane, i.e. at 38◦ with respect to the optical axis. There
are four scintillators in the first layer and two in the second one. The
ionisation chamber, the PPAC and the rear scintillators were not used
in the present oxygen-breakup experiment.
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Figure 3.4: Open view of a CSC electrode planes.

3.1.2 The Cathode-Strip Chambers

The CSC’s are gas-filled position-sensitive detectors. The first is posi-
tioned in the BBS focal plane, the second 30 cm further downstream.
Each CSC contains five electrode planes (fig. 3.4) inserted between two
190-µm-thick mylar pressure-windows, 97.4 cm wide by 25 cm high. Two
cathode gold-coated mylar planes are divided in diagonal (45◦) strips,
the so-called U and V cathode-strip planes. Each contains 128 6-mm-
wide strips separated by 0.4 mm and connected to 64 preamplifiers. In
between the two strip planes are two gold-coated tungsten anode-wire
planes. The wires have a 20 µm diameter and are 3.2 mm apart. Finally,
in the centre is a graphite-covered Kapton cathode plane. A distance
of 6 mm separates the strip-cathode planes from the corresponding an-
ode planes. The central cathode is at 8 mm from each anode plane.
In the working conditions described below, the chambers operate with
the anodes at 2000 to 2100 V (the cathodes being at zero potential), in
order to be able to detect efficiently α particles while 12C particles do
not saturate the preamplifiers.
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Gas ionisation and avalanche

The CSC’s are filled with a 500-mbar argon-ethane gas mixture (80/20%).
Argon is chosen for its high atomic number, i.e. a high electronic stop-
ping power. Because as a noble gas it is chemically inert, interactions
with electrons predominantly lead to ionisation, the avalanche thus oc-
curs at much lower fields. Ethane (C2H6), as a molecular gas, has many
possible excited states and acts as a quencher suppressing secondary
avalanches and increases the sparking threshold and decreases space-
charge effects.

A particle traversing a medium loses energy and slows down, mainly
because of electromagnetic interactions with electrons. The stopping
power, or energy deposit, per unit path length is given by the Bethe-
Bloch formula [Bet53]. For particles of 60 MeV/u and the given gas
mixture, the α and 12C particles deposit approximately 20 keV/cm and
150 keV/cm in the detectors, respectively. The ionisation potential of the
gas is I ' 26.4 eV [Zoj97], thus leading to about 720 and 5700 electrons
per centimetre path, respectively. When a charged particle has ionised
argon atoms along its track, the created electrons drift to the anode-
wires following the field lines while the ions drift more slowly to the
cathodes. The use of thin wires causes an avalanche of electrons nearby
the anode-wires (fig. 3.5). In a proportional counter, it is necessary to
limit the multiplication gain in order to stay in the proportional range.

Signal formation

The electrons resulting from the avalanche are collected very quickly (a
fraction of a nanosecond) on the anode wires while ions drift all the
way from the anodes to the cathodes with a velocity about 1000 times
lower than that of the electrons. Since the path of the secondary elec-
trons is very short, they influence very little (a few percent) the volt-
age on the cathodes, and can be neglected in first approximation. The
charge deposit on the cathode plane is shared between several neigh-
bouring strips. This is measured with preamplifiers, consisting of an
amplifier circuit with an integration capacitor Cp and a discharge resis-
tor Rp coupled in parallel. The preamplifiers are directly mounted on
the cathode strips to avoid long connections. The conversion gain is
approximately −1/Cp [Zoj97]. In order to have a gain of 2 V/pC, the
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capacitor is chosen to be Cp = 0.5 pF. A large resistor value limits the
thermal noise; it is chosen to be Rp = 20 MΩ.

The signals from the cathodes permit to locate accurately the particle
in the detector as explained below. Nearly the same charge is deposited
on the central cathode plane, although this is not read out. The mirror
charge on the anode wires is read out, it has no position information and
is used for triggering purposes.

Position and trajectory reconstruction

The charge deposited in the CSC’s is distributed over a few strips and
read out via preamplifiers. The readout electronics [Zoj97] uses a capac-
itive charge division method [Smi88], i.e. there is one preamplifier for
two cathode strips, separated by a capacitor (see fig. 3.6). The charge
integrated on a strip directly connected to a preamplifier is fully read
by this preamplifier. The charge on intermediate strips are shared be-
tween the two nearest preamplifiers. This method decreases the number

Cathode strips

Central cathodeParticle trajectory

Anode wires

Charge distribution

Electrons

Ions

Electrons

Ions

Avalanche

6 mm

8 mm

Figure 3.5: A particle ionises the gas and induces an avalanche near
the anodes where there is a high electric field gradient. The produced
ions drift to the cathode-strips inducing a rise of potential.
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Particle
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i2   -1 i2 2   +1i

Anode wires

Cathode-strips

Particle
reconstructed position

Figure 3.6: The charge distribution from the avalanche is integrated
over a few strips, which are read out by preamplifiers. The preamplifier
reads the full charge from the strip directly connected and half the charge
of each of the two neighbouring strips. A preamplifier i gives an amount
of charge Qi and the association of a few responses permit to reconstruct
the position of the particle.

of preamplifiers and reduces the differential non-linearity (see below).
Various methods of position reconstruction have been investigated, in
particular with the aim to minimise the differential non-linearity, or sys-
tematic error, and the effect of electronic noise, they are detailed in
appendix C.1. The method we retained is a ‘Centre-of-Gravity’ (CoG)
calculation over 3 amplifiers. This gives the calculated position X by a
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regular centre-of-gravity calculation over 3 preamplifiers:

X = X0 + w

∑i+1
k=i−1 k ×Qk∑i+1

k=i−1 Qk

. (3.5)

where X0 depends on the chosen reference frame, here the centre of the
cathode plane. w is the distance between strips directly connected to a
preamplifier. In the system of chamber n, the corrected position Xn is
obtained from the coordinates Un in the first plane and Vn in the second
plane.

Once the position of the particle is determined for each plane of both
chambers, the trajectory is determined in the two coordinate systems
by U1, V1, U2, V2 (see appendix, fig. C.4). If the first CSC is correctly
positioned in the focal plane and the second is well aligned, these co-
ordinates define the real position (xFP , yFP ) of the particle in the focal
plane and the horizontal and vertical angles θFP and φFP of the trajec-
tory (see fig. C.5). The exact formulae and the calculational method are
described in appendix C. In practice, the first detector and the focal
plane do not coincide perfectly and the centre of the cathode planes are
not aligned with the optical axis, thus offsets must be introduced in this
calculation. We preferred using an empirical correction method which is
applied during the ray-tracing to the target, using an empirical transfer
matrix. This procedure is described in section 4.3.

3.1.3 The Scintillators

Behind the CSC’s, two layers of plastic scintillators measure the time of
flight and energy loss of traversing particles. The rear-layer scintillators,
5 mm thick, are not used for our experiment. The front layer is sufficient
to identify all isotopes. The front layer is 2 mm thick and made of four
25×25 cm2 scintillators, for further reference numbered 1 to 4 from left
to right (fig. 3.7). There are two PhotoMultipliers (PM’s) for viewing
the top and bottom ends of each scintillator. The light is led to the PM’s
by perspex light guides. The energy is measured with the sum of both
PM signals. The time measurement is averaged from the two PM’s in
order to cancel the time dependence due to the time difference in light
paths. Also note that the response of a scintillator is not proportional to
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1 2 43

Figure 3.7: The first scintillator layer contains four scintillators for a
total active area of 100× 25 cm2.

the energy loss because of saturation effects [Kno79] for highly-ionising
particles.

3.2 Detection of elastic breakup

3.2.1 Acceptances

Detecting the fragments in coincidence in the spectrometer requires that
these have approximately the same rigidity. Because the mass-over-
charge ratios of 12C and α particles are identical, both must have ap-
proximately the same velocity in the laboratory frame to fit in the mo-
mentum acceptance. In addition, the angle between the particles must
be small to fit in the angular acceptance. Thus, the relative velocity
between 12C and α must remain small (see fig. 3.8). This condition
demands a high beam energy compared to the relative energy.

The angle between the fragments in the laboratory is calculated
from (see fig. 3.9)

tan ζ =
√

(tan θC − tan θα)2 + (tan φC − tan φα)2 . (3.6)
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The maximum angle is found when θcm = 90◦, then ζ ' (vC + vα)/VO.
For a 2.7-MeV relative energy and an 80 MeV/u beam energy, ζ ' 6.5◦.
Similarly, the maximum rigidity deviation is reached when θcm is 0◦

or 180◦. Then, at the same energies, (vC + vα)/VO = 11.3%.
In nearly all cases of elastic breakup, the rigidity of one fragment

is slightly above the magnetic rigidity of elastically scattered 16O, while
the other is slightly below. When the nominal rigidity of the BBS, ρ0,
is set at the rigidity of the elastically scattered 16O, the fragments can
simultaneously be detected in the left and right scintillator sets. This
is used as the trigger condition for the experiment, i.e. requiring the
logical condition (S1 ⊕ S2)⊗ (S3 ⊕ S4), where SN = 1 when scintillator
N fires.

3.2.2 Relative-energy resolution

The measurement of a continuum that falls off rapidly at low energy
necessitates good resolution. The events of a given energy that appear
at lower energy due to resolution might be more numerous than the
actual events at this energy. Because of the exponential fall-off it does
not suffice to set error bars according to the resolution.

Let us first estimate the relative-energy resolution. As described
earlier, the positions measured in the focal plane permit to calculate the
momenta pC and pα and the angle ζ between the fragments. Therefore,
in non-relativistic kinematics, the fragments’ relative energy is given by

ε =
1

2
µ

(
p2

C

m2
C

+
p2

α

m2
α

− 2
~pC · ~pα

mCmα

)
, (3.7)

where mC and mα are the masses of 12C and α particles, respectively.
µ is the reduced mass. The resolution is estimated by the quadratic
sum of the partial derivatives. Inserting the values determined by the
detection system dθ, dφ, and dρ/ρ = dpC/pC = dpα/pα, the relative-
energy resolution is written

dε = µ

[((
p2

C

m2
C

− pCpα

mCmα

cos ζ

)2

+

(
p2

α

m2
α

− pCpα

mCmα

cos ζ

)2
)(

dρ

ρ

)2

+

(
pCpα

mCmα

sin ζ

)2

dζ2

] 1
2

, (3.8)
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Figure 3.8: For a given oxygen scattering angle, the limiting factors
are the spectrometer angular and momentum (or equivalently velocity)
acceptances. The BBS is set so that the elastically-scattered particles
arrive in the middle of the focal plane, i.e. in the middle of the momen-
tum acceptance. The picture shows the particular case when 16O arrives
in the centre of the angular acceptance. ~vC and ~vα are the velocities in
the centre of mass, ~VC and ~Vα are the velocities in the laboratory frame,
ζ is the angle between ~VC and ~Vα, ~VO is the velocity of 16O in the labo-
ratory, i.e. the velocity of the centre of mass if the excitation energy is
neglected, and θCcm and θαcm are the breakup angles of the fragments
in the 16O∗ centre of mass (for clarity, φCcm and φαcm are out of plane).
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Figure 3.9: Definition of angle ζ between α and 12C. The rectangle
outline represents the angular acceptances, θT is the horizontal angle
and φT the vertical angle measured in the spectrometer entrance system.
The quantisation axis ~z is shown for further reference.

with

dζ2 = 2
(θC − θα)2dθ2 + (φC − φα)2dφ2

(θC − θα)2 + (φC − φα)2
. (3.9)

Since the error dζ is usually more than 10 times larger than dρ/ρ, this
is the limiting factor and the resolution can be approximated by

dε ' pCpα

mC + mα

|sin ζ| dζ ' 2
µ

mO

EO ζ dζ , (3.10)

where EO is the beam energy. This approximation does not work when
ζ → 0, i.e. for the polar angles very near 0◦ and 180◦ (which present a
low yield and are in practice cut by the acceptance for the energy range



3.2 Detection of elastic breakup 73

Figure 3.10: Angle between the fragments measured in the laboratory
versus their relative energy.

of the states we are studying). For mean values of θC , θα, φC and φα and
referring to table 3.2, we can expect under good conditions an average
angular resolution of dζ ' 4.2 mrad. Therefore, the average relative-
energy resolution is estimated to be from 65 to 150 keV between 1 and
2.7 MeV, i.e. a standard deviation s(ε) of 30 to 65 keV.

The probability to measure at the relative energy ε an event with
energy E, is given by a Gaussian function with σ = 30 to 60 keV standard
deviation.

It is of importance to estimate the ratio of the number of counts
coming from a higher energy to that of counts coming from the actual
measured energy. Two cases have to be considered: far from the 2+

state that lies at ε = 2.68 MeV, where the continuum dominates the
Gaussian tail from the resonance, and nearby it where the continuum
becomes relatively small. From eq. 3.10 one sees that the resolution
mainly depends on the angle between the fragments, and the former
depends on the energy. Fig. 3.10 shows the actual dependence measured
from the final experiment. The maximum angle at a given energy can
be fitted by ζ =

√
ε× 3.7◦, with ε in MeV, and this will be used for this

following calculation.
Using dζ = 5 mrad, a simulation was run in order to compare the

actual differential cross section given in eq. 2.55 with the one obtained by
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Figure 3.11: The top figure displays the assumed excitation cross sec-
tion of the 16O continuum (dashed smooth line) compared with its con-
volution with the worst (i.e. with the largest ζ) resolution (solid smooth
line). The angular resolution was set at dζ = 5 mrad. The integration
over 200-keV bins is also shown. The bottom figure is the ratio of true
to convoluted cross sections.

convoluting this cross section with the resolution. The result is plotted
in fig. 3.11. This shows that, with this resolution, the measurements can
be carried out down to 1 MeV with less than 10% systematic error bar.

In order to measure accurately the continuum cross section near the
narrow 2+ state lying at ER = +2.68 MeV, the ratio of the number of
counts from the measured energy over that originating from the reso-
nance can be estimated in a similar way. Fig. 3.12 displays the ratio
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Figure 3.12: The top figure displays the cross section of the continuum
(solid line) and the sum of the latter with that of the resonance folded
with the resolution (dashed line). The bottom figure shows the ratio of
these.

of the number of counts from the continuum over that from the reso-
nance folded with the resolution, as a function of the relative energy.
It appears that for the above-mentioned resolution, it is reasonable to
measure the continuum up to 2.2 MeV. Above this energy, the ratio of
counts originating from the resonant state to those from the continuum
becomes greater than 10%.



76 Experiments

O16

αC+12

1.37 MeVε=
0.93 MeVε=

2.68 MeVε= 9.84
9.58

+4.44

7.16

12.97

6.05
6.92
7.12

12.53
12.05

Figure 3.13: The 2− states of 16O at 12.53 MeV and 12.97 MeV decay
to the first-excited state of 12C at 4.44 MeV, and to the ground-state of α.
The relative energy is then equal to 930 keV and 1.37 MeV, respectively,
so that the peak of this resonance is in the region of interest of the
continuum .

3.2.3 Decay to excited carbon

The excited 16O nucleus decays to α and 12C in its 0+ ground state,
thus the sum energy is Esum = EC + Eα ' EO − Q. However, at
E∗

1 = 12.53 MeV and E∗
2 = 12.97 MeV, the 2− states can only de-

cay to the first-excited state of 12C (2+, E∗
C = 4.44 MeV) because a

transition to the ground state requires an l = 2 transition, which is
parity-forbidden. In this case, the relative energy of the fragments is
ε = Ei − E∗

C − Q = 0.93 or 1.37 MeV (i = 1 or 2), i.e. in the region of
interest (fig. 3.13). When the reaction occurs via the first-excited state
of carbon, Esum is 4.44 MeV lower than for elastic breakup. Thus, this
reaction channel can, in principle, be discriminated. For this, we need
a sum-energy resolution better than 4.44 MeV. The energy resolution
during the experiment was measured to be 3× 10−3, i.e about 2.16 and
0.72 MeV for 12C and α, respectively, so the sum-energy resolution is
about 2.3 MeV. Note that the recoil produced by the γ-decay of the ex-
cited 12C modifies the momentum of the particle by Er/c ' 4.44 MeV/c.
For a 60 MeV/u beam, the 12C momentum is 4012 MeV·c−1 and hence
the maximum momentum dispersion is about 1.1 × 10−3. Therefore,
the total sum-energy resolution can be estimated to be 2.5 MeV for
populating 12C(4.44 MeV). The resolution has to be improved in order
to measure the continuum ground-state breakup in the energy region
around 1 MeV.
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3.2.4 Elastically-scattered particles

The fragments’ momenta are nearly symmetrically distributed around
the beam momentum. Setting the nominal field of the spectrometer to
the beam rigidity, we obtain one fragment in the left pair of scintillators
and the other in the right one. The elastically-scattered particles all hit
the centre of the focal plane. At the small scattering angle where this
experiment is performed, the elastic-scattering cross section is very high
since it varies roughly with 1/Θ4. Therefore, it is necessary to stop the
elastically scattered particles. This was done by using a metal blocker
before the CSC’s.

The blocker needs to be perfectly aligned in the middle in between
scintillators 2 and 3. This is essential, otherwise fragments with small δ
(i.e. near the blocker) still trigger the same scintillator paddle, thus es-
caping detection. In the test experiment, there was indeed such a mis-
alignment. The blocker was too much to the right (low-momentum) side
so most of the 12C that arrived left (high momentum) close to the blocker
ended up in the right scintillator set, i.e. the same as the correlated α
particle, and the coincidence was lost.

The final experiment used a remote-controlled finger that could be
empirically positioned with precision. In order to align the system, the
spectrometer was set so that the elastically scattered particles were in
between the two sets of scintillators. The blocker was moved to the
position where the count rate in both scintillators became minimal. This
method is not perfect because Rutherford scattering has much more yield
at small angles and the system tends to be slightly misaligned in favour
of stopping small-angle particles. Thus, there is an asymmetry that
must be included in the Monte-Carlo simulation in order to reproduce
accurately the setup efficiency. This brass-made blocker was 15 mm
wide in the test experiment, which was enough to stop most of the
elastically-scattered particles. Therefore, the count rate was far below
the maximum tolerated by the CSC’s (several kHz). A small fraction
of elastically-scattered particles could pass near the blocker and reach
the CSC’s. In the final experiment, the detectors could not stand a high
count rate and these particles had to be stopped. It was not possible to
translate the focal plane closer to the blocker, thus we installed a 40 mm
wide blocker.
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Chapter 4

Analysis and results

4.1 Detection efficiency and cross-section

normalisation

Cross-section measurements require the evaluation of the detection effi-
ciency. In particular in the case of breakup, not every event of interest
will be detected with both particles in the focal plane. The actual ef-
ficiency can not be evaluated analytically, it must be obtained through
Monte-Carlo simulations.

It is important to note that the efficiency is very sensitive to various
aspects. The position of the blocker has to be known with especially
good precision because most of the 12C nuclei hit the detector in this
region. Because the BBS opening geometry is larger in the vertical di-
rection than in the horizontal direction, fragments emitted vertically
are more likely to be accepted than those emitted horizontally. Many
fragments stemming from m = ±2 substates (emitted mainly in the hor-
izontal plane; the z-quantisation axis is given in fig. 3.9) do not enter the
acceptance, while fragments from m = 0 substates (mainly in the ver-
tical plane) are more efficiently detected through the vertically-shaped
acceptance. Moreover, the production of 16O∗ is mainly at small scatter-
ing angles (see fig. 2.8), and the fragment emitted to even smaller angles
is likely not to enter the spectrometer opening, which leads to a large
reduction in the yield. This is more probable if this fragment is the α
particle since this has a 3-times larger angular deviation from the initial
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16O∗ direction.
The tests made in Orsay showed the CSC intrinsic efficiency to

be relatively flat with variations between 95 and 100% over the whole
plane [Pla99]. Before the experiment we estimated the global efficiency
of each CSC plane. This is done by measuring the single-event count
rate with various voltages. First, only the scintillators and next, the
whole system in coincidence (scintillators and CSC’s) were tested. Scin-
tillators trigger on every charged particle. The maximum count-rate
ratio of events seen by CSC’s to all scintillator triggers was about 90%
at voltages above 1900 to 2000 V. The 5-to-10% difference was expected
because of background not seen by the CSC’s. Taking this into account,
the efficiency of the system is estimated to be indeed the value measured
during the tests in Orsay, i.e. better than 95%.

The cross-section normalisation requires to know the number of beam
particles impinging on the target. This is normally done by measuring
the integrated beam current in the Faraday cup that stops the beam. Be-
cause of a fault in the electronics this information was not registered for
most runs. This requires an additional normalisation step. We use runs
for which the Faraday-cup data were recorded, and measure the ratio of
the total number of detected coincidence events to the integrated charge.
The comparison between the various runs shows a systematic error of
about ±7% using this method. We observe 2.4×104 coincidences per µC.
This was obtained with a 208Pb target thickness of 4 mg/cm2 when the
spectrometer was set at 4◦ with a solid angle opening of about 10 msr.
The total number of coincidence events in the experiment was 414566
thus the corresponding integrated charge is 17.3 µC, or 1.35×1013 16O8+

nuclei impinging on target. This is also used to normalise the number of
incident particles used in the input file of the Monte-Carlo simulations
discussed is section 5.1.

4.2 Missing anode plane

As mentioned earlier, the first anode plane was sparking with the beam
on. Therefore, the U1 coordinate (see section 3.1.2) could not be used. To
reconstruct this coordinate nonetheless, we made use of the fact that, in
the BBS, the horizontal magnification My is very large (see section 3.1.1).
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Thus, φFP is small (less than ±0.4◦). Therefore, the particle trajectories
are almost horizontal in the focal plane. In the following, we assumed
that they actually were horizontal so that the vertical position in the first
detector was taken equal to the vertical position in the second detector.
In this way U1 could be calculated and so xFP . This deteriorated the δ
resolution to about 10−3 and the θFP resolution to about 0.8◦.

4.3 Backtracking

In principle, the calculation of the angles and rigidity of a particle at the
target position are carried out with the inverse transfer matrix given in
eq. 3.4 and written, in order (i + j + k + l + m):

rT =
∑

i,j,k,l,m

(r|xiθjykφlδm)xi
FP θj

FP yk
FP φl

FP δm
FP . (4.1)

Because of distortion present in any optical system, higher-order pa-
rameters can not be neglected for achieving resolution. The first-order
calculations given in section 3.1.1 are usually not sufficient for precisely
tracking the particle back to the target. In general the first CSC does
not coincide exactly with the focal plane (here it was positioned behind
the first CSC). Calculations are made to third order assuming that δ
is practically not altered by the optical system and does not depend
appreciably on φFP or yFP .

In this method, the detectors are first scanned using the peak from
elastic scattering by setting the BBS to different nominal rigidities. In
fig. 4.1 top, an untreated two-dimensional spectrum is displayed from
such a scan. It shows optical distortion with a residual dependence
between xm and θm, the position and the horizontal angle measured in
the detectors, respectively. Ideally, these should be independent of each
other in the focal plane. The transfer relation can be written in third
order

δ = (δ|x0θ0) + (δ|x1θ0)xm + (δ|x0θ1)θm +

(δ|x2θ0)x2
m + (δ|x1θ1)xmθm + (δ|x0θ2)θ2

m +

(δ|x3θ0)x3
m + (δ|x2θ1)x2

mθm + (δ|x1θ2)xmθ2
m + (δ|x0θ3)θ3

m . (4.2)
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Figure 4.1: The top figure shows θm plotted versus xm for various
rigidities. The bottom figure shows the rigidities reconstructed from the
top figure via the third-order polynomial of eq. 4.2. The resolution is
better than 10−3. The background has been removed. The height of the
peaks is arbitrary.
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Since δ is known for elastic scattering, the ten matrix coefficients can be
determined by using the least-square method. The final rigidity spec-
trum is shown in fig. 4.1 bottom with parameters optimised to obtain
minimal width. The momentum resolution read off from the widths is
about 10−3.

Similarly, the scattering angles at the target, θT and φT , can be
reconstructed from xm, ym and θm by using a ‘sieve slit’, i.e. a slit
pierced with holes for which the angular positions are known, located
in front of the first quadrupole. Fig. 4.2 top displays the images of the
holes, in the θm-versus-xm space. Fig. 4.2 bottom shows their images in
the ym-versus-xm space. It appears in the latter that the φT resolution
is not sufficient nearby the bow-tie centre, at the high-momentum side
of the focal plane. We carried out a second-order reconstruction for θT :

θT = (θ|x0θ0) + (θ|x1θ0)xm + (θ|x0θ1)θm +

(θ|x2θ0)x2
m + (θ|x1θ1)xmθm + (θ|x0θ2)θ2

m (4.3)

and a third-order one for φT :

φT = (φ|x0y0) + (φ|x1y0)xm + (φ|x0y1)ym +

(φ|x2y0)x2
m + (φ|x1y1)xmym + (φ|x0y2)y2

m +

(φ|x3y0)x3
m + (φ|x2y1)x2

mym + (φ|x1y2)xmy2
m + (φ|x0y3)y3

m . (4.4)

The result of the calculation is displayed in fig. 4.3. The right side
of the figure contains few data points but it is known that a second-
or third-order polynomial reconstruction is efficient so that it is possi-
ble to extrapolate to this location. Therefore, the initial characteristics
(p, θT , φT ) of the motion of a particle coming out of the target can be
completely reconstructed from focal-plane measurements.

4.4 Isotope discrimination

The breakup of oxygen nuclei leads to many different coincident frag-
ments. We see especially a large contribution of α–α events. In order
to identify 12C–α coincidences in the scintillators, a time-of-flight ver-
sus energy-loss spectrum is plotted for each of the left and right sets
of scintillators (see fig. 4.4). Particles passing through the acceptances
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Figure 4.2: The top figure displays θm versus xm. The spots are the
images of the vertical lines of holes (θT constant) in the sieve slit for
various magnet settings (similarly to fig. 4.1). The bottom figure is ym

versus xm. The spots are the images of the horizontal lines of holes
(φT constant) for the various magnet settings. The images of some holes
are not visible because of missing strips in the CSC’s.
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Figure 4.3: Image of the ‘sieve slit’ reconstructed from fig. 4.2 and
eqs. 4.3 and 4.4. The spectrometer opening-angle shape and the real
position of the holes have been plotted. The missing holes in the slit are
used as orientation marks. The measured resolution FWHM in about
0.35◦ for θT and 0.5◦ for φT .

have nearly the same rigidity. Therefore, for any species detected, the
time of flight (∝ 1/V ) is a measure for the mass-to-charge ratio. The
energy loss in the scintillators depends on Z. Thus, in a time-of-flight
versus energy-loss spectrum, it is possible to identify the different nuclei.
The A/Z = 2 line, containing 12C and α, is easily recognisable due to
the ‘8Be gap’ (this nucleus is unstable and decays into two α particles)
and to the large amount of α–α coincidences. A cut around the regions
logically determined by (12C left ⊗ α right) ⊕ (α left ⊗ 12C right) un-
ambiguously determines the relevant coincidences. The final experiment
did not present such nice separation of isolated isotopes because of dete-



86 Analysis and results

Figure 4.4: Coincidence run from the test experiment: Relative time of
flight versus energy loss in the scintillators. The left picture compiles the
data from scintillators 1 and 2, and the right one, from 3 and 4. Particles
with the same A/Z ratio are distributed on the same horizontal line. The
main A/Z = 2 line shows the ‘8Be gap’ and all other isotopes from 4He
to 12C. The contours isolate 12C–α coincidence events. At the bottom
of the figure, there are weak identical images of the isotope ‘islands’,
corresponding to random coincidences with the next cyclotron burst as
explained in section 4.5.

rioration in the scintillator energy resolution. It was necessary to make
large cuts in this spectra, i.e. including some of the closest isotopes
(notably 6Li and 10B). The energy selections, discussed below, removed
very efficiently these additional isotopes.
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Figure 4.5: Time-of-flight difference between the right and the left
scintillator sets. It shows a random-to-prompt ratio of about 0.25%.
Overlaps have been avoided by projecting only for A/Z = 2 lines (see
fig. 4.4). The cyclotron cycle is 25 ns.

4.5 Random coincidences

It may happen that two particles stemming from two independent re-
actions trigger the scintillators in coincidence. The importance of such
an accidental coincidence event can be estimated for the worst case by
choosing a high-rate run with a single-event detection rate of 3.5 kHz
with the elastically-scattered particles blocked.

It is possible to discriminate those random coincidences if the parti-
cles stem from different cyclotron bursts. The differential time of flight
plotted in fig. 4.5 shows random coincidences between different bursts.
The figure shows a ratio of random-to-prompt events between two neigh-
bouring bursts of 0.25%, which implies that random coincidences can be
neglected.

Because of the large velocity acceptance, a particle impinging at the
far low-momentum side can be about 15 ns late compared to a particle
ending up at the extreme high-momentum side. Nonetheless, each scin-
tillator covers only one quarter of the active area and the time-of-flight
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spread in one of those is only about 4 ns. Therefore, the times of flight
from all the scintillators have been calibrated relatively to each other
before substraction.

4.6 Efficiency loss

It appeared during the analysis that there was an efficiency loss in the
data. Fig. 4.6 top is an inclusive θm-versus-xm spectrum where an almost
discontinuous cut is clearly visible. It seems to correspond to a loss of
efficiency on the left part of the left scintillator. This cut is not so
clear in all inclusive spectra. Fig. 4.6 middle displays the analogous
exclusive spectrum, which includes all 12C–α coincidences for all states
with or without target excitation. Fig. 4.6 bottom displays only the two
2+ resonances, isolated as described in section 4.8. These two exclusive
spectra contain the positions and angles of the particles identified as 12C.
The cut is nearly at the same position as in the inclusive spectrum. The
loss is clearer than in the α spectra, which contain less particles on this
side of the detectors (most α particles are on the low-momentum side).
To reproduce this efficiency loss in the Monte-Carlo simulation discussed
in section 5.1, a linear cut has been imposed at the position indicated
by the arrow in the figures.

4.7 Elastic-breakup determination

The cuts in the scintillator data already provide a relatively clean set
of events. However, there are non-elastic events among the 12C–α coin-
cidences, for example, events involving target excitation or breakup to
excited 12C (see section 3.2.3).

We can already validate the events chosen in the scintillator by the
following technique. From fig. 3.8 it follows that the velocity of the
fragments’ centre of mass in the laboratory can be expressed classically
(V ¿ c) as

V =
(
V 2

O + v2 + 2 VO v cos θcm

) 1
2 ' VO

(
1 +

v

VO

cos θcm

)
, (4.5)
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Figure 4.6: Efficiency loss in the scintillators for inclusive and exclusive
spectra. The top figure includes every coincidence event, the middle
one displays all 12C–α coincidences, the bottom figure only displays the
2+ states. The arrows point in the direction of the cut used in the
simulation.
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with VO À v, where (V, v) can be (VC , vC) or (Vα, vα). Since mαvα =
mCvC and θαcm = π−θCcm, the ratio of the rigidity deviations is written
δα/δC ' −mC/mα ' −3. Therefore, we expect to see the fragments
distributed along lines of slope −1/3 in a two-dimensional (δC , δα) spec-
trum. Such a spectrum is shown in fig. 4.7 and displays these lines
unambiguously. Actually, VO decreases with the energy spent in the ex-
citation process. Also, v decreases if decay occurs to the excited state
in 12C. This results in different lines for events with different excitation
energies and/or involving excitation of 12C. The strongest line in the re-
gion of interest contains the elastic-breakup events. The second weaker
line corresponds to a 4.44 MeV loss, i.e. a 2− state decaying to the first-
excited level of 12C. The cloud includes mutual excitation of projectile
and target. The asymmetry of the cloud is due to the energy loss in
target excitation that shifts the fragments to the low-momentum side in
the focal plane such that most of them do not trigger both scintillator
sets in coincidence.

The sum of the kinetic energies of the fragments is given by

Esum = KC + Kα = Ebeam − Eloss − E∗
Pb − E∗

C −Q , (4.6)

where E∗
Pb and E∗

C are the excitation energies of 208Pb and 12C, and Q
is the reaction Q-value for 16O breakup into α and 12C in their ground
states. Eloss is the energy lost in the target mainly due to the electronic
stopping power. In a 208Pb target 4 mg/cm2 thick, this is estimated
to be approximately 750 keV with the Bethe-Bloch formula [Bet53].
Therefore, the sum energy allows to discriminate the elastic breakup
where E∗

Pb = E∗
C = 0 from the other events. A cut in the Esum spectrum

isolates in principle the region of interest, as shown in fig. 4.8. The right
peak corresponds to the beam energy minus the reaction Q-value and
includes all elastic-breakup events, while the left one has a 4.44 MeV
shift and contains events from a 2− resonance excitation decaying to
the 2+

1 level in 12C. The continuum below this peak is mainly due to
target excitation. With a good resolution, a cut around the elastic-
breakup peak removes nearly all non-elastic 12C–α events. Because of
the low resolution of both setups, the peaks overlap so that some events
from M2 decay pollute the events from E2 decay, especially in the final
experiment. We will see in the next section that we need to use a two-
dimensional spectrum to have a clean separation of the two types of
events.
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4.8 Relative-energy spectrum

The relative energy between the fragments is calculated as explained in
section 3.2.2. In the relativistic case, the relative-energy is calculated
with the centre-of-mass velocities given by the Lorentz transformation.

In the previous section it was stated that a cut around the elastic-
breakup peak in the sum-energy spectrum would remove most of the
background. This is done for the test experiment and the result is plot-
ted in fig. 4.9. Due to the spectrometer optical aberrations described in
section 3.1.1, the data from the test experiment underwent an impor-
tant cut in vertical angle for α particles (about 40% of the events, see
fig. 3.2) such that large relative-energy events, and notably the 4.36 MeV

Figure 4.7: Rigidity deviation of α and 12C particles with respect to
each other. The strong line of slope −1/3 is unambiguously associated
with the elastic breakup of the 2+ resonances. The weak parallel line is
due to the 2− resonances decaying to the 2+

1 state in 12C, and the cloud
corresponds to mutual projectile and target excitation. Data are from
the test experiment.
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Figure 4.8: Sum of the fragment kinetic energies from the test experi-
ment. The right peak is the region of interest containing elastic breakups,
i.e. due to 2+ resonances. The left peak, 4.44 MeV further, stems from
excitation of 2− resonances that decay to the first-excited level of 12C.
The left bump is due to target excitation. In the final experiment, the
resolution is such that the separation between the peaks is less clear.

resonance, do not appear. Nonetheless, the first 2+ resonance is clearly
visible.

For the final experiment, the achieved resolution does not allow a
clean cut. Nonetheless, a provisional cut is made, as previously, only in
the energy-sum spectrum, to determine whether it is possible to identify
the two resonances in this way. The resulting relative-energy spectrum
is plotted in fig. 4.10 and shows a clear separation of the two states,
despite a relatively large background. The background at low energy
mainly comes from the decay of the 2− resonances in 16O via the excited
state of 12C.

A second cut in the sum-energy spectrum is made around the peak
of events stemming from the inelastic breakups. Fig. 4.11 displays the
resulting relative-energy spectrum. A clear separation appears between
the low-energy events, coming from the 2− resonances decaying to 0.93
and 1.37 MeV relative energy and the higher-energy events. The latter
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Figure 4.9: Relative-energy spectrum of the test experiment showing
unambiguously the first 2+ resonance. The peak shows a resolution
better than 750 keV, centred at 2.90 MeV in good agreement with the
expected 2.68 MeV.

come partially from the tails of the 2+ states and partially from the
inelastic-breakup events from the 2− states at 13.98 and 15.22 MeV in
16O, decaying to 2.38 and 3.62 MeV relative energy, respectively. It
is assumed that events near 2.68 and 4.36 MeV relative energy come
mainly from the tails of the 2+ resonances. There are also counts from

Fig. 4.12 shows a two-dimensional relative-energy versus sum-energy
spectrum that allows to identify ‘islands’ of events corresponding to ex-
citation of the various states. Since it is clear that the two 2+ states
are unambiguously identifiable, more accurate two-dimensional ellipti-
cal cuts are made to isolate them from the background. This is shown
in fig. 4.12. The result of these cuts is displayed in fig. 4.13 and shows
two peaks that essentially contain events from the 2+ resonances. There-
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Figure 4.10: Relative-energy spectrum of the final experiment obtained
with cuts in only the sum-energy spectrum. Two peaks are clearly identi-
fiable. They are located at about 2.65 and 4.40 MeV, in good agreement
with the 2+ resonances at 2.68 and 4.36 MeV.

fore, this spectrum permits to isolate the events of interest. The relative
energy is now plotted for both experiments in figs. 4.9 and 4.13. The
final experiment shows clearly the two first 2+ resonances at 9.84 and
11.52 MeV, corresponding to the relative energies 2.68 and 4.36 MeV.

4.9 Trajectory reconstruction

The angular distribution of the 16O∗ ejectile contains fundamentally im-
portant information since it depends on the contributing multipolarities
to the excitation as well as on the nature of the interaction: Coulomb
or nuclear excitation. A DWBA calculation can thus show the relative
strength of the various channels present in the reaction. Section 2.2.3
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Figure 4.11: Relative-energy spectrum of the final experiment. The
cuts have been made around the sum energy corresponding to the 2−

resonances. The peak below 2 MeV contains events from the two 2−

resonances lying at 0.93 and 1.37 MeV relative energy. The high energy
events near 2.68 and 4.36 MeV belong to the tails of the 2+ resonances
spread by the resolution in the sum-energy spectrum. Events from the
decay of higher 2− states are also present at 2.38 and 3.62 MeV.

shows the sensitivity of the distribution of 16O to the relative strength
of the nuclear and Coulomb contributions.

A fit of the data requires first an estimation of the optical param-
eters used in the model. Measurements of the angular distribution of
elastically-scattered 80 MeV/u 16O were done during the experiment.

The vertical slits located at the opening of the spectrometer were
then partially closed to reduce the vertical acceptance to 0.4◦. Because of
the large vertical magnification My, the particle trajectories in the focal
plane were nearly horizontal. The approximation described in section 4.2
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Figure 4.12: Relative energy versus sum energy for the final experi-
ment. The ‘islands’ of events are due to the excitation of the various
resonances at 0.93 and 1.37 MeV for 2− and 2.68 and 4.36 MeV for 2+.
A part of the target-excitation cloud is visible on the left. The right
dashed line is the expected (from eq. 4.6) elastic breakup position, the
left one is due to breakup of 2− resonances leaving 12C in its first-excited
state. The solid lines are the cuts in the sum-energy spectrum to isolate
the resonances shown in fig. 4.10. The ellipses are more accurate cuts to
isolate each resonance cleanly.

was then very good. The angular resolution of the setup improved to
about 0.35◦ and the momentum resolution to about 8× 10−4.

This measurement allows to evaluate the optical parameters of the
reaction at the present beam energy. The fit was actually done with
potentials formerly determined at 94 MeV/u [Rou88] (see table 2.1) and
found to match closely our data. This was expected because the optical-
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Figure 4.13: Relative-energy spectrum of the final experiment. Two
peaks are located at 2.7 and 4.4 MeV, corresponding to the 2+ resonances
at 2.68 and 4.36 MeV. The low resolution due to the broken detector is
approximately 750 keV.

model parameters are known to vary slowly with energy (see figs. 4.14
and 4.15.). For the coincidence runs, the angular position of each
fragment in the spectrometer opening can be reconstructed as shown in
fig. 4.16. The angular distribution of the centres of mass of the fragments
is reconstructed independently for each resonance. The angular position
of 16O∗ is reconstructed from the angles of the fragments at the target
by the centre-of-gravity relations: θO = (mCθC +mαθα)/(mC +mα) and
φO = (mCφC + mαφα)/(mC + mα), from which the oxygen scattering
angle Θ is given by tan2 Θ = tan2(Θ0 + θO) + tan2 φO, where Θ0 is the
angular position of the spectrometer (6◦ for the test and 4◦ for the final
experiment). The measured 16O distribution is plotted in fig. 4.17 for
both resonances.
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Figure 4.14: Elastically-scattered 16O on 208Pb at 80 MeV/u. The
data were measured during the final experiment. The line is an ECIS
calculation with optical parameters from [Rou88]. The ECIS calculation
is sampled with a simulation of the setup and convoluted with an esti-
mated resolution of 0.35◦. The reconstructed cross section is shown in
fig. 4.15.
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Figure 4.15: Measured elastic cross section over Rutherford cross sec-
tion, reconstructed from the data shown in fig. 4.14. The line is the ratio
of the elastic cross section over the Rutherford cross section calculated
by ECIS.
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Figure 4.16: Reconstruction of the positions of the fragments in the
spectrometer opening for each fragment: 12C are on the left and α are
on the right. A gate on the 2+ resonances is made. Data are from the
final experiment.

It is of great importance to measure accurately the angular correla-
tions of the fragments in their centre of mass. Since they are determined
by the multipolarities of the transitions and their interferences, they al-
low an accurate identification of the contributions. The sensitivity of
the angular correlations to the relative strength of the contributions is
discussed in ref. [Bau89] for the semiclassical case. It was shown in the
former section how the angular coordinates at the target are calculated
for the fragments. The centre-of-mass angles for a fragment are given
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Figure 4.17: Angular distributions of 16O∗ measured for the 2+ states
at 9.84 and 11.52 MeV. Data are from the final experiment.
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classically by

cos(θCcm) =
V 2

C − V 2
O − v2

C

2 VO vC

, (4.7)

cos(θαcm) =
V 2

α − V 2
O − v2

α

2 VO vα

, (4.8)

tan(φCcm) =
φCT − φαT

θCT − θαT

, (4.9)

φαcm ≡ φCcm + π[2π] , (4.10)

or relativistically via the Lorentz transformations. In theory θαcm =
π− θCcm, but in practice these are measured independently and in order
to reduce the statistical uncertainty, we construct one of the polar angles
(arbitrarily θCcm) by averaging the two measurements: θ′Ccm = [θCcm +
(π − θαcm)]/2.



Chapter 5

Conclusion and outlook

5.1 Discussion

The measurement of the angular distribution of 16O∗ was undertaken
to determine the reduced transition probability for excited states in 16O
on basis of comparison to ECIS calculations. The free parameter is the
deformation length as described in section 2.2.3. This method assumes
that the usual assumption of the deformed-potential model, i.e. the
equality of the deformation lengths of the potentials, is accepted.

It is of high importance for the astrophysical aim of a Coulomb-
dissociation experiment to prove that what is measured is fully under-
stood, i.e. correctly described by the model calculations. Only this can
allow to disentangle the Coulomb and nuclear contributions. This is
why the verification of the method with a measurement for well-known
states is important. For these cases, the deformation parameters are
known from the resonance strengths and allow to check the procedures
and methods of measurement.

In order to obtain a comparison between experimental data and cal-
culations, the experimental efficiencies and acceptances need to be deter-
mined. The only practical way is by means of Monte-Carlo simulations.
The main inputs are the cross section and the angular correlations of the
fragments, described in section 2.2.3. The trajectories of the scattered
16O∗ and of the fragments are sampled according to the DWBA and
coupled-channel calculations. These are used to determine whether they
match the angular and momentum acceptances of the BBS. Next, the
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horizontal position and the angles of each fragment in the focal plane are
calculated with the first-order transfer parameters of the spectrometer
(see eq. 3.3). The element (φ|δφ) is empirically estimated from the data,
while the other transfer-matrix elements are given in tables 3.1 and 3.2.
It is then verified if neither of the fragments hits the blocker or arrives
outside the sensitive area of the CSC’s or of the scintillators. Each frag-
ment must end up in a different scintillator set. Finally, cuts are applied
as described in fig. 3.2 and in section 4.2. The specific efficiency of the
setup is then given by the ratio of the number of the accepted events
to that of the input events. The specificity requires that the efficiency
needs to be determined for each resonance independently.

The ECIS calculations sampled with the specific efficiency of the
setup described in the previous section are plotted for both 2+ resonances
in fig. 5.1, to allow comparison with the data. To elucidate the role of
the nuclear and Coulomb processes and their interference, calculations
for either contribution were made. Neither of the processes separately
would describe the data. The interference is essential for the description.
The combined results appear to describe the data satisfactorily.

The calculations using the folded-potential model as described in
section 2.2.3 were also sampled with the setup efficiency. The result is
plotted in fig. 5.2 in comparison with the data. The model shows a yield
more than 50% below the experimental value.

The angular distribution of 16O∗ is quite well reproduced by the phe-
nomenological deformed-potential model for most of the data points. Es-
pecially the destructive interference pattern seems to be well described.
Moreover, the integrated cross section over the measured region is shown
to be very well measured. For the state at 11.52 MeV, the minimum χ2

was found for a deformation length only about 5% lower than that cal-
culated from the literature data ([Ajz86]), as explained in section 2.2.3.
Such a measurement would lead to only a 10% error in the reduced
transition probability and thus in the cross section. This is actually
comparable to the systematic error in the normalisation of the data,
which was estimated earlier to be 7%. This supports strongly that the
DWBA calculations describe relatively well the excitation process in-
cluding both Coulomb and nuclear interactions and their interferences.
Therefore, this implies that the method can be used to measure the de-
formation parameters via a fit. The discussion point is the nuclear com-
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Figure 5.1: Differential cross section of 16O∗ for both states. The
black dots are data from the final experiment, the lines are the ECIS
calculations described in section 2.2.3 (fig. 2.8), sampled with a transfer
matrix estimated from a Monte-Carlo simulation. The dotted line is a
pure nuclear calculation, the dashed line is pure Coulomb, and the solid
line includes both interfering interactions. The destructive interference
near 3◦ is clearly identifiable in both cases.
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Figure 5.2: Angular distributions of 16O∗ for the 2+ state at 11.52 MeV.
The black points are data from the final experiment, the lines are the
folded-model calculations, sampled with the setup transfer matrix esti-
mated from a Monte-Carlo simulation. This model shows a large dis-
crepancy with the data.

ponent amplitude that shows a large cross-section discrepancy between
the deformed-potential and the folding-potential models. The data im-
ply that the phenomenological deformed-potential model as implemented
in ECIS is more accurate in our case than the folding-potential model.
In the future, this issue should be resolved by an independent test of the
models on the 2+

1 state in 16O, under the same experimental conditions
as for the unbound 2+

2 and 2+
3 states. This should be done by the mea-

surement of the differential cross section of the inelastically-scattered
16O nuclei excited to the 2+

1 bound state at 6.92 MeV.
The simulations also provide predictions for the angular correlations

of the fragments in the 16O∗ centre of mass. The results are plotted
separately for both states in figs. 5.3 and 5.4. The figures show that
the angular correlations as a function of the polar angle are globally
well reproduced if not very accurately for the points at 55◦ and 65◦ in
both cases. Both angular correlations as a function of the azimuthal
angle display the typical quadrupole distribution pattern. The state
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at 11.52 MeV is nearly perfectly reproduced. The state at 9.84 MeV
shows a yield twice too strong for three points around 180◦, while it is
relatively good at other angles. The fact that this state has a complex
excitation process might be the reason why this is not reproduced by
the calculations. There is no model that predicts a strong coupling
between continuum and other excited states [Har02]. Thus, the low-
energy continuum of 16O is excited directly from the ground state, and
this should not be an issue for future experiments aiming to measure at
excitations energies of relevance for stellar burning.

The current procedure assumes that the strength of the E1 excitation
is low enough, which is obviously the case for 2+ states. For a continuum
measurement, the Coulomb excitation process and the fact that 16O, 12C
and α are self-conjugate nuclei favour the quadrupole contribution. Nev-
ertheless, the dipole part is present and must be measured and extracted.
This can be done by a measurement of the fragment angular correlation.
We showed that we could indeed measure this correlation for a 2+ state.
In principle, the E1–E2 interference pattern should also be measurable
in the continuum, and thus permit a separation of both contributions.
A better test could be done by measuring the two-dimensional correla-
tion of the fragments instead of its projections on the θcm and φcm axes,
but this requires high statistics.

5.2 Concluding remarks

For more than 25 years, physicists have been trying to improve the
knowledge of the 12C(α, γ)16O reaction rate at stellar energies. Imag-
inative efforts have been developed in various directions, but despite
progress, the current situation remains unsatisfactory, leaving an impor-
tant parameter largely undetermined in stellar evolution models. The
direct-capture methods are technically limited and the progress that
can be expected with these in the near future will probably not solve
the problem in a clear-cut way.

Indirect methods seem now to be the best approach for the very
low cross-section measurements of reactions, that are common in astro-
physics. The Coulomb-dissociation method is arguably one of the best
ways to measure the E2 component of the carbon-helium cross section at
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Figure 5.3: Fragment angular correlations for the 9.84-MeV resonance.
The choice of the carbon data shown is arbitrary.
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Figure 5.4: Same as fig. 5.3 but for the 11.52-MeV resonance. In the
top figure, the data point at 75◦ has a value 14.3± 10.1.



110 Conclusion and outlook

low energies. In this way it is comparable in importance to the β-delayed
α decay of 16N for the E1 contribution.

Critical remarks have been made regarding the difficulties of the in-
direct methods [Fra98], experimental as well as theoretical. We hope
this work has answered at least some of them. We especially demon-
strated that technical difficulties, even as large as in the present case,
can be handled and allow to produce satisfying results. Furthermore,
a clear verification of this method is imperative. This work shows that
it is possible to test the Coulomb-dissociation method with the mea-
surement of resonant states. This and previous works by Tatischeff and
Kiener [Tat95, Tat96] may prove that one can indeed extract the various
contributions involved in this reaction and hence to use this method to
estimate the capture cross section.

It is highly encouraging that in spite of the difficulties we had to
face, we could produce precise energy and angular measurements with
an accuracy of the order of the systematic error. We show that even in
difficult circumstances, the angular distribution of 16O∗ in the laboratory
can be measured and the deformation parameter can be estimated with
a good accuracy by a fit with the ECIS code. Therefore, the reduced
transition probability and eventually the photonuclear cross section can
be determined. Also essential is that the fragment angular correlations
can be accurately measured and should allow to separate the various
multipole contributions at lower energies.

It is now likely that the Coulomb-dissociation method developed by
Baur et al. is in a good shape, and that it can be applied to such a dif-
ficult reaction as 12C(α, γ)16O. Actually, the crucial points have always
been the verification of the method and the importance of nuclear ef-
fects compared to Coulomb excitation. It is well-known that DWBA and
coupled-channel calculations, where both nuclear and Coulomb interac-
tions are properly included, are well suited to reproduce with precision
observables like cross sections and angular distributions (see for exam-
ple [Har76]). In this work, we have shown that this can also simulate
correctly the fragment angular correlations.

The ultimate test of the method applied to 12C(α, γ)16O is the com-
parison of the Coulomb-dissociation measurements in the continuum
with the direct-capture measurements already published. The extraction
of the Coulomb amplitude and the separation of E1 and E2 contributions
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should allow this comparison. A good correlation between the capture
rate at high energy and those determined via the Coulomb-dissociation
method should definitely remove any left ambiguity.

5.3 Summary

The goal of this work was to test the validity of the Coulomb-dissociation
method applied to 16O breakup with the study of known 2+ states
in 16O. This experiment requires a large-acceptance setup in order to
detect in coincidence the α and 12C fragments from the breakup and to
be able reconstruct their angular correlations in the centre of mass of
the breakup. In this purpose the large-acceptance Big-Bite Spectrome-
ter (BBS) at KVI was equipped with light-ion detectors that consist of
position-sensitive Cathode-Strip Chambers (CSC) and two sets of scin-
tillators. This setup allowed us to determine the particles of interest
and to measure the energies and trajectories of the fragments in the
BBS focal plane. A Monte-Carlo simulation was necessary to build the
transfer matrices of the setup in order to reconstruct the energies and
angular correlations of the fragments, as well as the 16O∗ angular dis-
tribution. We showed that these observables are possible to measure
and are well reproduced by DWBA calculations. Therefore, a further
experiment could be carried out in order to measure the cross section at
astrophysical energies.

5.4 Outlook

Eventually, a future experiment performed under better conditions should
provide an accurate measurement of the scattering angle and of the cor-
relations of the fragments at low energies. This will allow to estimate
the astrophysical S factor for the E2 contribution with a relatively high
precision.

In ideal circumstances, a 5 day measurement with a 20 nA beam,
and all other parameters as in the final experiment described in this
thesis, would produce about 500 times as many events. For instance, the
excitation cross section in the continuum between +1.35 and +1.45 MeV
above the threshold is estimated to be approximately 1/1000th of that
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of the resonance at +2.68 MeV (9.84 MeV) [Tat96]. Moreover, a Monte-
Carlo simulation shows an efficiency of the setup at this lower energy
twice higher than for the resonance. Thus, eventually, the number of
events at this energy is of the same order of magnitude as observed for
this resonance. Comparing to the data of previous works (see fig. 1.5)
one can roughly expect 25 times more counts at this energy than any
former experiment.

Our results show that another experiment is worthwhile. The Big-
Bite Spectrometer has been shown to be well suited for this type of
measurement, as a large-acceptance setup is necessary to reconstruct
the correlation of the fragments. However, it should be possible to con-
centrate on the φcm correlation, which is the most sensitive to the mul-
tipolarity of the excitation process. This can be achieved by using the
spectrometer in mode A, which has a larger opening angle (13 msr).
This mode has a smaller momentum bite, which will cause an efficiency
loss for high relative-energy events. The resonances have anyway a high
cross section.

The measurement should be carried out in the region where the
Coulomb and nuclear contributions are interfering. A measurement at
smaller and larger angles, where the nuclear contribution is dominant,
would also be of interest to test the validity of the DWBA approach, and
of the optical potential and deformation parameters. Since the nuclear
interaction is supposed to be known poorly, a correct interpretation of
the observable nuclear effect by ECIS would be a strong argument in
favour of the DWBA calculation. As mentioned in section 5.1, the ECIS
calculations for the 2+ differential cross section, including the nuclear
and Coulomb interfering components, should be checked independently
with the measurement of inelastically-scattered 16O∗ nuclei excited to
the 2+

1 bound state at 6.92 MeV.
It was shown that shifting the ‘bow-tie’ knot to the high-momentum

side of the focal plane gives good results (see section 3.1). It would
be highly advantageous to set the BBS such that the focal plane be
situated before the position-sensitive detectors, exactly at the position
of the blocker. This would greatly minimise the count rate and the
random coincidences due to the elastically-scattered particles. Moreover,
it would allow a relatively narrow blocker, and thus a measurement of
very low relative-energy events.
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It is clear that measurements of the continuum cross section at low
energies can be carried out only if the detection setup is optimal. It
was shown in section 3.2.2 that with the ideal BBS resolution, one could
safely measure the continuum cross section down to 1 MeV with less than
10% systematic uncertainty. Since this uncertainty is understood and
results from an overestimation due to the exponential part of the cross
section, an algorithm should be built in order to deconvolute it. The
deconvolution requires a precise knowledge of the resolution dependence
on relative energy. The resolution at low energies can be determined
with the 2− states that decay to 930 keV and 1.37 MeV relative energy.

The next decisive experiment should measure the continuum cross
section and separate the E1 and E2 components as described in this
thesis. A comparison with the direct-measurement data that exist at this
energy would be an ultimate verification of the Coulomb-dissociation
method. The measurement at very low energy, below 1 MeV where
almost no data exist would be accepted with more confidence. If the E1
component is sufficiently strong at low energy, it would be interesting to
verify the matching with the 16N decay data.

Such an experiment has to be carried out at nearly ideal conditions.
The horizontal and vertical resolutions of the position measurement in
the focal-plane detectors is the crucial point. The BBS is now equipped
with the EuroSuperNova (ESN) detector system [Han01]. This detector
has been designed for protons and α particles. Nonetheless, we already
showed during a test run that the two Vertical Drift Chambers (VDC),
which are the first components of ESN, are able to measure accurately
the position of 12C ions in the focal plane. The achieved angular res-
olution was 2.7 mrad for θT and 7.8 mrad for φT . These values are
highly encouraging and a new experiment is considered [Wor01] with
these detectors and the BBS at KVI.
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Appendix A

Mathematical expressions

A.1 Excitation probabilities

The excitation probabilities per unit energy are given in eq. 2.48, the
results are given here for the relevant multipolarities. Replacing the
Gegenbauer integrals by their expressions tabulated in ref. [Win78], these
can be expressed as
• electric dipole:
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=
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• electric quadrupole:
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• magnetic dipole:
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• magnetic quadrupole:
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A.2 Number of virtual photons

The number of virtual photons per unit solid angle is given by eq. 2.56.
The following formulae are given specifically for the the relevant multi-
polarities:
• electric dipole:
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• electric quadrupole:
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• magnetic dipole:
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• magnetic quadrupole:
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The results are plotted in fig. 2.6.
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ECIS input files

The files below were used for the calculations performed with ECIS 97
[Ray71], as described in section 2.2.3. The first file includes the state
at 6.92 MeV in order to couple it to that at 9.84 MeV, the mixing
angle of the two phonons is 77.4◦ [Har76]. The second file is a simple
DWBA calculation for a direct excitation of the state at 11.52 MeV. The
deformation parameters β2 are obtained as explained in section 2.2.3.
Note that the input parameters demanded by ECIS are not the usual
βl calculated for the system, but the physical deformation parameter of
the excited nucleus. This is given for the nuclear contribution by

β′lW = βlW × A
1/3
Pb + A

1/3
O

A
1/3
O

, (B.1)

and, for the Coulomb part, by

β′lV = βlV ×
(

A
1/3
Pb + A

1/3
O

A
1/3
O

)l

. (B.2)

The angles are entered in the centre of mass and correspond to the range
1◦ to 8◦ in the laboratory frame.

For a calculation involving only the Coulomb interaction, βlW (line
10, second number) and βlW ′ (line 11, first number) should be set to
zero.
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FTFFTFFTFFTTFFFTFFFFTFFFFFFFFFFFFFFFFFFFFTFTFFFFFF
FTFFFTFFFFTFFFFFTFTFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
    3 2000    0                                     550

0.       + 16640.      0.       208.      16.      656.
    0
2.       + 6.92
    1    1

16O+208PB ECIS INPUT FILE STATE 2+ AT 9.84 MeV COUPLED TO 6.92 MeV

2.       + 9.84
    3    1    2    1
77.4
    2     0.4418
0.4418    0.0000    0.0000    0.0000    0.0000    0.4418    0.0000

80.0       1.072    0.718
51.6       1.072    0.718

1.072     0.718

1.08      0.0764    8.64
FIN

0.0130    0.0000    0.0000    0.0000    0.0000    0.0130    0.0000
    2     0.0130

16O+208PB ECIS INPUT FILE STATE 2+ AT 11.52 MeV
FFFFTFFTFFTTFFFTFFFFTFFFFFFFFFFFFFFFFFFFFTFTFFFFFF
FTFFFFFFFFTFFFFFTTTFFFFFFFFFFFFFFFFFFFFFFFFFFFFFFF
    2 2000                                          550

0.       + 16640.      0.       208.      16.      656.
    0
2.       + 11.52
    1    1

0.29400   0.0000    0.0000    0.0000    0.0000    0.29400   0.0000
80.0       1.072    0.718
51.6       1.072    0.718

1.072     0.718

1.08      0.0764    8.64
FIN

    2     0.29400



Appendix C

Information on the position
determination

To determine the position of a particle traversing the Cathode-Strip
Chambers (CSC’s) from the charge measured on the strips (see sec-
tion 3.1.2), requires an algorithmic approach. The various methods
studied are presented here.

C.1 Centroid-calculation methods

Typically, a charge is shared over three to five preamplifiers and gives a
discrete distribution which can be used to reconstruct the actual distri-
bution of the avalanche, and thus the position of the particle. Various
methods of position reconstruction have been investigated, in particular
with the aim to minimise the differential non-linearity, or systematic er-
ror, and the effect of electronic noise. The usual method to deduce the
position is a ‘Centre-of-Gravity’ (CoG) calculation over 3 to 5 pream-
plifiers or a hyperbolic-secant fit (SECHS) [Lau95]. Other fit methods
(Lorentzian, Gaussian) will not be discussed since it has been shown
that the shape of these curves is not as close to the real distribution
as the hyperbolic secant’s, and they are more sensitive to electronic
noise [Lau95, Zoj97]. Our own attempts to fit a real three-preamplifier
distribution by a Gaussian curve were also not satisfying.

We have tested various methods by simulating the charge distribution
and comparing the calculated position to the true particle position. The
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charge distribution at position x is described by

q(x) =
a1

cosh2 π x−a2

a3

, (C.1)

where a1 is a normalisation factor, a2 is the true position of the particle
and a3 is a parameter related to the true width of the distribution by

a3 =
π

2 acosh
√

2
× FWHM ' 1.782× FWHM . (C.2)

It has been found [Lau95] that eq. C.1 gives an accurate description of the
actual distribution. A Mathieson distribution could also be used [Zoj97]
and shows very similar results. From the test experiment (see fig. C.1)
it was found that the event-averaged width parameter is a3 = 2.35 (cor-
responding to a FWHM of 1.30) with an event-wise fluctuation of ±0.2
(the values are in units of the distance related to the readout of a single
preamplifier, i.e. two strips or 12.8 mm).

The charge deposit qj on the strip j of width w = 6.4 mm (see
fig. 3.6), at which the central position, xj, is located, is given by

qj =

∫ xj+
w
2

xj−w
2

q(x) dx , (C.3)

and the charge Qi read by the preamplifier i is given by

Qi = q2i +
F

2
(q2i−1 + q2i+1) , (C.4)

where F = 0.85 is a factor taking into account the fraction of charge on
intermediary strips which is lost to ground (i.e. here 15%) [Zoj97]. Some
examples of charge integration for various positions of the distribution
are shown in fig. C.2.

The CoG method gives the position X by a regular centre-of-gravity
calculation for 3 or 5 preamplifiers:

X = X0 + 2w

∑i+n
k=i−n k ×Qk∑i+n

k=i−n Qk

, (C.5)

where n = 1 or 2 for an integration over 3 or 5 preamplifiers, respectively,
and X0 depends on the chosen frame, in practice the reference is the
centre of the cathode plane.
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a  (number of preamplifiers)
3

Figure C.1: Data from the test experiment. The width parameter a3 of
the charge distributions for 12C (solid line) and α (dashed line) particles
are estimated from eq. C.7. They show to be centred at a3 ' 2.35± 0.2
in unit of 2w = 12.8 mm.

The SECHS method assumes that the strips are narrow enough so
that the inverse formula of eq. C.1 directly gives the position X:

X = xi +
a

π
atanh

√
Qi

Qi+1
−

√
Qi

Qi−1

2 sinh πw
a

, (C.6)

where xi is the position of the centre of the strip 2i corresponding to the
preamplifier i, and where

a3 =
πw

acosh1
2

(√
Qi

Qi+1
+

√
Qi

Qi−1

) (C.7)

is the width parameter.
For a given distribution width, the CoG and SECHS methods induce

a systematic error X−a2 in position measurement depending on the true
position of the particle on the hit strip. Fig. C.3 shows the difference
between the calculated and the actual positions for each method. The
CoG methods are usually corrected with a polynomial, which amelio-
rates the systematic error. In our case, a linear correction is sufficient.
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Figure C.2: Simulation of the preamplifier response for a 2.35-wide dis-
tribution centred at various positions. The x axis is the relative pream-
plifier number. The y axis is arbitrary.
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Figure C.3: Systematic error simulation with respect to the particle
position on a group of strips related to one preamplifier. The systematic
errors (X − a2) of the SECHS and the 3- and 5-strip CoG methods are
plotted. For the mean a3 = 2.35 width, the upper left picture shows
the uncorrected methods. In the upper right one, the CoG method are
linearly corrected by a function of the form X → X + C × (X − xi),
where C is the correction factor. The lower pictures show the corrected
methods for extreme width a3 = 2.2 and a3 = 2.5.
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The systematic error is ±0.05 mm at worst, which corresponds in the
BBS focal plane to an accuracy in rigidity of dρ/ρ0 ' ±2 × 10−5, ten
times better that the optimum system resolution. The SECHS method is
very efficient without correction in absence of capacitive charge-division
electronics, but it can demand a long computing time which could be
unacceptable for online analysis. On the other hand, the CoG correc-
tion is calculated for a given mean width of 2.35, and can go wrong for a
wider or narrower distribution. Although, it was shown that the width
dispersion is quite small (±0.2), the correction is still efficient since the
systematic error is at maximum about ±4 × 10−5 in rigidity resolution
for a width of 2.2 or 2.5 as shown in fig. C.3.

The electronic noise in each preamplifier has been estimated from
experimental tests at IN2P3 to be about 5% of the charge deposited by
an α–particle [Wil99]. Inserting the noise effect in the form of a random
parameter in the simulation, the event-averaged resulting error could be
estimated for each method to be, in term of rigidity, ±5×10−5 for 3-strip
CoG and ±10−4 for 5-strip CoG and SECHS. The noise effect appears
to be always larger than the systematic error, and should be considered
as the limiting factor.

The corrected CoG methods generally have a better systematic error
than the SECHS one, except for very wide or very narrow widths where
the SECHS shows a slight advantage. Moreover, the 3-strip CoG method
is twice less sensitive to noise than the others. Therefore, we chose this
method for the oxygen breakup experiment.

In the system of chamber i, the corrected position X corresponds to
coordinate Ui in the first plane and Vi in the second plane.

C.2 Trajectory reconstruction

Let U1, V1, U2, V2 be the position coordinates in the frame defined in
fig. C.4) and ZUi and ZV i be the position coordinates along the z axis
of the first and second cathode planes of chamber i, respectively. If α is
the angle of the detector with respect to the orthogonal plane (52◦), the
coordinates are given by the formulae [Wil99] (see fig. C.5):

Ui =
1√
2

[
xFP

cos α
+

1

cos α

(
ZUi tan θFP

1 + tan θFP tan α

)
−yFP−ZUi tan φFP

]
, (C.8)
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Ui

V i

Figure C.4: Coordinate system of the CSC’s.

Vi =
1√
2

[
xFP

cos α
+

1

cos α

(
ZV i tan θFP

1 + tan θFP tan α

)
+yFP +ZUi tan φFP

]
,(C.9)

2
X

1
X

1
X

zV1

zU1

θ

α

L

Cham
ber 2

Cham
ber 1

Ideal focal plane positionCathode U

Cathode V

FP

θFP

Figure C.5: Schematic top view of a particle trajectory through the
CSC’s. The left picture shows a general view, the circle is magnified in
the right picture, which shows the two cathode planes of the first CSC
and the ideal position of the focal plane.
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which can be written Ui = AZUi + B and Vi = CZV i + D, where

A =
U1 − U2

ZU1 − ZU2

=
1√
2

[
1

cos α

(
tan θFP

1 + tan θFP tan α

)
− tan φFP

]
, (C.10)

B = U1 − AZU1 =
1√
2

[ xFP

cos α
− yFP

]
, (C.11)

C =
V1 − V2

ZV 1 − ZV 2

=
1√
2

[
1

cos α

(
tan θFP

1 + tan θFP tan α

)
+ tan φFP

]
, (C.12)

D = V1 − CZV 1 =
1√
2

[ xFP

cos α
+ yFP

]
. (C.13)

It is now possible to extract the trajectory characteristics by the follow-
ing formulae

tan θFP =
(A + C) cos α√

2− (A + C) sin α
, (C.14)

tan φFP =
C − A√

2
, (C.15)

xFP =
B + D√

2
cos α , (C.16)

yFP =
D −B√

2
. (C.17)

In practice, the first detector and the focal plane do not perfectly coin-
cide, and the chambers are not centred on the nominal field, thus offsets
could be introduced in this calculation. Nevertheless, we prefer using
an empirical correction method which is applied during the backtrack-
ing reconstruction to the target by using an empirical transformation
matrix. This is described in section 4.3.
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Samenvatting

Aan het begin van de twintigste eeuw begreep men dat de energie die
sterren uitzenden, geleverd wordt door kernreacties in het inwendige van
die sterren. Kernreacties die waterstof omzetten in helium vormen het
belangrijkste verbrandingsproces gedurende het grootste deel van een
sterrenleven, zoals dat van de zon. Later in hun levensloop, als ze vol-
doende massa hebben, zullen opéénvolgend andere reacties plaatsvinden
die het geproduceerde helium omzetten in koolstof en zuurstof, die ver-
volgens verbranden tot nog weer zwaardere elementen tot dat ijzer en
nikkel worden geproduceerd. Ijzer en nikkel hebben de hoogste nucle-
aire bindingsenergie zodat een ster niet verder kan branden. Als gevolg
daarvan stort een ster in onder zijn eigen zwaartekracht waardoor een
supernova explosie kan plaatsvinden. De evolutie van de ster, die uitein-
delijk explodeert, bepaalt in hoge mate de relatieve hoeveelheid van de
verschillende elementen zoals we die nu kennen. Een belangrijke schakel
in de verbrandingsketen is de vorming van koolstof en zuurstof. De
relatieve hoeveelheid van deze twee elementen wordt bepaald door de
mate waarin koolstof verbrandt door te reageren met helium waarbij het
element zuurstof wordt gevormd in de fusie reactie 12C+α →16O+γ-ray.

Tot nu toe is de snelheid waarmee deze reactie plaats vindt niet goed
bekend. Hiervoor dient men de werkzame doorsnede van de kernreactie
te kennen bij een effectieve energie die gerelateerd is aan de temperatuur
van een ster die helium brandt (de energie van de zgn. Gamow-piek, ca.
300 keV voor helium brandende sterren). Bij deze energie is de werkzame
doorsnede zo klein dat hij niet goed te meten is in een laboratorium ex-
periment. Ook theoretisch is de reactie moeilijk te voorspellen omdat
een groot aantal verschillende kernfysische aspecten een rol speelt. Hi-
erdoor is zelfs na dertig jaar onderzoek nog steeds grote onzekerheid in
de grootte van de werkzame doorsnede.
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De rechtstreekse manier om de reactie 12C+α →16O+γ-ray te meten,
is door middel van γ-ray metingen in botsingen tussen α and 12C deeltjes.
Om de experimentele problemen t.g.v. de kleine werkzame doorsnede
te omzeilen is er gezocht naar alternatieve indirecte metingen met een
hogere opbrengst. In dit proefschrift wordt de techniek van de Coulomb
dissociatie onderzocht. Coulomb dissociatie is het tijd-omgekeerde van
de fusie oftewel vangstreactie. Dat wil zeggen dat men 16O bombardeert
met fotonen (γ-ray’s) met dezelfde energie als die uitgezonden zouden
worden in de vangstreactie (iets meer dan 7.16 MeV) en meet hoeveel
het 16O opbreekt in 12C+α. Omdat een bron van meer dan 7 MeV met
voldoende intensiteit ook problematisch is, is het nodig ook deze indirect
te maken. Men doet dit door het zuurstofdeeltje met hoge snelheid
langs een hoog geladen atoomkern (Z) te schieten. Het snel veranderend
elektrischveld kan worden opgevat als een intense bron van fotonen. In
dit werk werd gebruik gemaakt van een 16O bundel en een lood (Z = 82)
target. Nadeel van de methode is dat men niet kan voorkomen dat het
zuurstofdeeltje ook de loodkern kan raken waardoor zowel Coulomb als
nucleair dissociatie kan optreden. Dit stelt extra eisen aan de metingen
omdat beide processen onderscheiden dienen te worden.

Het experiment werd uitgevoerd met de magnetische spectrometer
BBS van het KVI. Omdat de α- en 12C-deeltjes dezelfde lading:massa
verhouding (1:2) hebben, worden hun banen in de dipool van de BBS
afgebogen in verhouding tot hun snelheid. Omdat de bewegingsenergie
van het α en 12C deeltje in het coördinatie systeem van 16O zeer gering
is, is hun snelheid en richting in het laboratoriumsysteem vrijwel gelijk.
Daardoor kunnen beide deeltjes, tegelijkertijd, in de spectrometer geme-
ten worden (zie figuur 3.8) . Een belangrijk voordeel daarbij is de relatief
grote openingshoek en impulsgebied van de spectrograaf, een eigenschap
waaraan het zijn naam ontleent: ‘Big-Bite Spectrometer’ (zie figuur 3.1).
Twee plaatsgevoelige gas detectoren meten richting en afbuiging van de
deeltjes. Een gesegmenteerde scintillatiedetector meet de vluchttijd en
het karakteristieke energieverlies, waardoor de deeltjes gëıdentificeerd
kunnen worden. Door een cöıncidentie te eisen tussen twee segmenten
worden de gebeurtenissen waar slechts een deeltje wordt gezien (de over-
grote meerderheid) weg gefilterd. Met de magneto-optische parameters
van de spectrograaf is het dan mogelijk om de richtingen en snelheden
van de fragmenten in het bewegend coördinatensysteem te bepalen.
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Het virtuele photon spectrum is zodanig breed in energie dat allerlei
toestanden in 16O worden aangeslagen. In het bijzonder leidt het gebruik
van de BBS ertoe dat ook toestanden die astrofysisch niet belangrijk zijn
worden aangeslagen, vooral de resonante toestanden met spin-pariteit 1−

(de toestanden bij 7.12 and 9.58 MeV, zie 1.3.), die via dipool excitaties
worden bevolkt. In het algemeen hebben deze een veel hogere opbrengst
dan het astrofysisch relevante gebied (7.5 MeV). Dit heeft als specifiek
voordeel dat deze ‘eenvoudige’ excitaties als ijkpunt kunnen dienen voor
de meer complexe processen in het astrofysisch gebied. In feite bleek
door problemen met het detectiesysteem een studie van het laatste ge-
bied niet haalbaar. De studie van de hoger gelegen 1− toestanden was
wel mogelijk, zodat de methode van Coulomb excitatie als zodanig wel
kon worden onderzocht. Dit is bij de huidige stand van de ontwikkeling
van de Coulomb excitatie methode ook het belangrijkste aspect. De 1−

toestanden zijn duidelijk zichtbaar in het excitatiespectrum.
Om de theoretische modelberekeningen te testen zijn Monte Carlo

simulaties gedaan, waarbij de transmissie door de spectrometer en de
detectoren in rekening wordt gebracht alsmede de defecte gedeelten van
het detectiesysteem. In het bijzonder is gekeken of het mogelijk was
om de hoekcorrelatie te beschrijven in het coördinaten systeem van het
16O deeltje. Het karakteristieke gedrag van 1− excitaties wordt goed
beschreven. Ook de gevoeligheid voor de aannames betreffende interfer-
entie tussen nucleaire en Coulomb excitatie kon worden aangetoond door
twee verschillende beschrijvingen te gebruiken en beide na simulatie te
confronteren met de data. De conclusie van dit onderzoek is daarom
vooral dat de Coulomb excitatie methode op een controleerbare manier
kan worden ontwikkeld door gebruik te maken van de hoger gelegen reso-
nanties in 16O. Een spectrograaf met hoge acceptantie zoals de BBS van
het KVI is daarbij van groot belang. De potentile mogelijkheden van de
Coulomb methode zijn daarbij nog onvoldoende benut. Als methode om
de reactiesnelheid voor de verbranding van helium te bepalen is het nog
steeds een veelbelovende weg.
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