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Zusammenfassung

Halo-Kerne sind ein besonderes Phänomen der Kernstruktur, das seit ein
paar Jahren mit großem Interesse untersucht wird. Unter den vielen teil-
chengebundenen aber instabilen Kernen fallen die Halo-Kerne durch ihre
ungewöhnlich große räumliche Ausdehnung auf. Halo-Kerne sind aus ver-
schiedenen Gründen interessante Studienobjekte. Zum einen spielen sie
eine wichtige Rolle bei der Erforschung der Grenzen der Teilchenstabilität,
auf der anderen Seite sind sie die einzigen experimentell verfügbaren Sy-
steme, an denen sich die Frage, wie sich Kernmaterie bei geringen Dichten
verhält, untersuchen läßt.

Die Entdeckung dieser neuartigen Kernstruktur war erst durch die in
den letzten Jahren entwickelten Anlagen zur Produktion und Separation
von Strahlen exotischer, d.h. instabiler Kerne möglich [29,27].

Die Nukleonen im Kern sind durch die Kernkraft gebunden, welche eine
Reichweite hat, die etwa dem Durchmesser der Nukleonen entspricht. Aus
diesem Grund sollten die Atomkerne recht kompakt oder aber ungebunden
sein. Der Kern läßt sich in erster Ordnung durch freie Nukleonen in einem
Potentialtopf beschreiben. Betrachtet man nun Kerne nahe der Protonen-
oder Neutronen-Abbruchkante, die sehr schwach gebunden sind, so befinden
sich Nukleonen an der oberen Grenze des Potentialtopfes. Hier treten be-
sondere Phänomene auf, die der herkömmlichen Idee der Kernmaterie als
inkompressible Flüssigkeit mit nahezu gleichbleibender Dichte widerspre-
chen. Aufgrund der geringen Bindungsenergie können die Valenznukleonen
nämlich in einen Bereich tunneln, der stark gebundenen Nukleonen nicht
zugänglich ist. Dieses Phänomen wurde erstmals im 11Li entdeckt und ist
seit Ende der achtziger Jahre unter dem Begriff

”
Halo“ bekannt [36,33,66].

In diesem Sinn ist der Halo ein rein quantenmechanischer Effekt, der nur
durch die Wahrscheinlichkeitsverteilung der Valenznukleonen im Ortsraum
verstanden werden kann.

Ein Halo-Kern besitzt ein oder mehrere schwach gebundene Nukleonen,
die einen Kern normaler Dichte (Core-Nukleus) mit einer räumlich ausge-
dehnten Wolke geringerer Dichte umgeben. Die Grundvoraussetzung für
die Ausbildung eines Halos ist eine kleine Bindungsenergie der Valenznu-
kleonen. Nur dann besteht eine Wahrscheinlichkeit, daß diese Teilchen
zu großen Radien hinaus tunneln können. Darüberhinaus ist ein klei-
ner Bahndrehimpuls für die Schale, in der sich das Valenznukleon befin-
det, eine weitere Bedingung. Eine Zentrifugal-Barriere würde die Tunnel-
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Wahrscheinlichkeit verringern. In gleichem Maße wirkt eine zusätzliche
Coulomb-Barriere auf den Halo, weshalb Protonen-Halos weniger ausge-
prägt sind.

Ausgeprägte Halo-Strukturen existieren jedoch in der Nähe der Neu-
tronen-Abbruchkante. Zu den experimentell und theoretisch am besten un-
tersuchten Halo-Kernen zählen der Zwei-Neutronen-Halo 11Li und der Ein-
Neutronen-Halo 11Be. Diese Halo-Systeme lassen sich theoretisch sehr gut
als Drei- bzw. Zwei-Teilchen-Cluster beschreiben, in denen 9Li bzw. 10Be
den jeweiligen Core-Nukleus bilden. Bei den schwereren Kernen enfernt
sich die Neutronen-Abbruchkante immer weiter von den stabilen Kernen,
so daß hier mögliche Halo-Kerne bereits einen Core mit großem Neutronen-
Überschuß haben. Der schwerste Halo-Kern, der bis jetzt experimentell
nachgewiesen wurde, ist 19C [14,50,13,10].

Der Fall eines Protonen-Halos wurde erstmals im protonenreichen 8B
experimentell nachgewiesen [52, 70]. Dieser Kern liegt an der Protonen-
Abbruchkante, und auch das nächst-schwerere Bor-Isotop, 9B, ist ungebun-
den. Die Bindungsenergie des Valenzprotons im 8B beträgt nur 137 keV –
dies ist eine bemerkenswert schwache Bindung, selbst im Vergleich mit eta-
blierten Neutronen-Halos wie 11Be und 11Li. Allerdings wurde der Protonen-
Halo in 8B kontrovers diskutiert, weil nicht alle nachfolgenden Experimente
zwingend auf eine Halo-Struktur schließen ließen [55,60].

Die schwach gebundenen Systeme 8B und 19C, die beide Ein-Teilchen-
Halos sind, wurden anhand der experimentellen Bestimmung der longitudi-
nalen Impulsverteilungen nach der Abspaltung des Halo-Nukleons bei rela-
tivistischen Energien untersucht. Diese Impulsverteilungen spiegeln die int-
rinsische Impulsverteilung des entfernten Nukleons wider. Über die Heisen-
bergsche Unschärferelation läßt sich von einer schmalen Impulsverteilung,
wie sie für die Fragmente aus dem Aufbruch von Halo-Kernen gemessen
wird, auf eine ausgedehnte räumliche Verteilung schließen.

Die Experimente wurden am Fragmentseparator der Gesellschaft für
Schwerionenforschung durchgeführt [28]. Vom Schwerionen-Synchrotron
SIS auf 1.0–1.5 GeV/u beschleunigte Primärstrahlen erzeugten durch Frag-
mentation in Beryllium-Produktionstargets die radioaktiven Sekundärstrah-
len von 8B und 19C. Der Fragmentseparator wurde als zweistufiges Ener-
gieverlust-Spektrometer betrieben, in dessen dispersiver Mittelebene das
Aufbruchtarget installiert war. Durch die Verwendung des Energieverlust-
Modus kann die Impulsänderung, die durch die Aufbruchreaktion verur-
sacht wird, trotz der um mehrere Größenordnungen größeren Impulsun-
schärfe des Sekundärstrahls gemessen werden.

Der Bestimmung der longitudinalen Impulsverteilung des 7Be Core-
Fragments aus dem Aufbruch von 8B liegt, verglichen mit der ersten Un-
tersuchung der Impulsverteilungen von Aufbruch-Fragmenten des 8B [70],
ein in mehreren Punkten verbessertes Experiment zugrunde. Es wurden im
Rahmen dieser Doktorarbeit entwickelte ortsempfindliche Detektoren erst-
mals am FRS eingesetzt, die zu einer besseren Auflösung beitrugen. Der
durch die Messung abgedeckte Impulsbereich wurde ausgedehnt, was die
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Aussagekraft der Impulsverteilungen im Vergleich mit theoretischen Rech-
nungen entscheidend verbessert. Desweiteren konnte eine um ein Vielfaches
verbesserte Statistik erziehlt werden. Zugleich wurden die alten Ergebnisse
in den wesentlichen Punkten durch die neue Messung bestätigt.

Die longitudinale Impulsverteilung der 7Be Fragmente aus dem Auf-
bruch von 8B in einem Kohlenstoff-Target zeigt eine Breite (FWHM) von
95 ± 5 MeV/c. Die Form der Verteilung weicht sowohl von einem reinen
Gauss-Profil als auch von einer Lorentz-Kurve ab. Im vorgestellten Experi-
ment wurde parallel zu den Messungen der Impulsverteilung auch der par-
tielle Wirkungsquerschnitt für den Ein-Protonen-Verlustkanal zu 98±6 mb
bestimmt. Dieser Wert ist mehr als fünfmal größer als der entsprechende
Querschnitt für den stabilen Kern 10B.

Theoretische Rechnungen, die von komplementären Ansätzen ausgehen,
kommen für den 8B-Kern zu einem übereinstimmenden Ergebnis: Um die
experimentellen Impulsverteilungen zu reproduzieren, muß eine räumlich
ausgedehnte Wellenfunktion für das schwach gebundene Proton im 8B an-
genommen werden.

Für den Kern 19C, der als schwerster Ein-Neutronen-Halo großes In-
teresse hervorgerufen hat, waren die experimentellen Ergebnisse bislang zu
dürftig um endgültige Aussagen über dessen Kernstruktur zu treffen. Die
hier vorgestellte Messung der longitudinalen Impulsverteilung nach dem
19C-Aufbruch bei relativistischen Energien wurde kontrovers diskutiert, da
sie mit den Ergebnissen, die bei einer ähnlichen Untersuchung mit sehr viel
niedrigeren Strahlenergien gefunden wurden, nicht übereinstimmt [14, 10].
Die Diskrepanz könnte verschiedene Ursachen haben. Zum einem sind der
abgedeckte Impulsbereich und die Statistik der hier vorgestellten Messung
viel größer als in Ref. 14, zum anderen wird aber auch die Möglichkeit einer
Energieabhängigkeit der Impulsbreite diskutiert [74].

Für die Breite der longitudinalen Impulsverteilung von 18C-Fragmenten
nach dem Aufbruch von 19C in einem Kohlenstoff-Target wurde ein Wert
von 69± 3 MeV/c (FWHM) ermittelt, wobei die Verteilung einer Lorentz-
Kurve entspricht. Die gemessene Impulsverteilung wird durch verschiede-
ne Theorien gut beschrieben. Die theoretischen Rechnungen zeigen, daß
Effekte wie die dynamische Core-Polarisierung des 18C-Cores durch das
zusätzliche Neutron in diesem Kern bereits eine wichtige Rolle spielen.

Die im Rahmen dieser Arbeit untersuchten Kerne, 8B und 19C, stel-
len im Moment zwei wesentliche Grenzpunkte auf dem Gebiet der Halo-
Kerne dar: 8B ist derzeit der einzige experimentell nachgewiesene Fall
eines Grundzustands-Protonen-Halos, und 19C ist der bis jetzt schwerste
Neutronen-Halo, der experimentell untersucht wurde. Die experimentel-
len und theoretischen Ergebnisse, die mit dieser Arbeit präsentiert werden,
zeigen, daß sich in den beiden genannten Kernen ein Übergangsbereich
von einer einfachen, separablen Struktur zwischen Core-Nukleus und Halo-
Nuleon zu komplexeren Formen andeutet.
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“Haloes, it seems, are not just for saints and angels but for
some species of atomic nuclei as well.”

W. Gelletly [30]



Chapter 1

Introduction

1.1 Halo nuclei

Halo nuclei are still quite a young phenomenon of nuclear structure. Among
the large number of particle-bound but unstable nuclei, halo nuclei stand
out with their unusually large spatial expansion.

The classical, or trivial case of a nuclear halo, although it was not
called a halo at the time when it was first investigated in nuclear breakup
reactions, is the loosely bound deuteron, a system of one proton and one
neutron bound by only 2.225 MeV. To give a comparison, the protons
and neutrons of an α particle (two protons and two neutrons), are bound
roughly ten times stronger. The weak binding of the deuteron leads to a
rather large proton–neutron distance of about 4 fm, compared to the range
of the nuclear force of 1.2–1.4 fm.

The peculiar properties of many-body systems with weak binding are
not limited to nuclei consisting of protons and neutrons, and they may
include exotic particles, as the hypertriton does, which has a Λ halo [35].

Weakly bound systems of larger scale are, for instance, Rydberg atoms,
atoms with an electron in a highly excited state. These systems, however,
are bound by the long-ranging Coulomb force, and therefore are not directly
comparable to the nuclear halo systems. On the other hand, in deeply bound
pionic states in heavy nuclei, which have been discovered recently [84], the
pion is bound by the interplay between the Coulomb force and the nuclear
force of the core nucleus, which causes a halo-like state.

Other halo analogues can be found in systems with potentials that de-
crease faster than the Coulomb potential, as is the case for an electron
bound in the weak dipole field of a neutral molecule [49] or for noble gas
molecules that are bound by the short ranging van der Waals force. An
overview of nuclear halos and their atomic and molecular counterparts can
be found in review articles by P. G. Hansen [33] and K. Riisager [66].

Before we take a closer look at special cases of nuclear halos, it is nec-
essary to point out what actually is called a halo state and what the pre-
conditions for its formation are.
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Introduction

1.1.1 What is a nuclear halo state?

The nucleons of a nucleus are bound together by the nuclear force, which
has only a range of a few femtometer. Therefore a nucleus should be rather
compact – or unbound. The dependence of the charge radii on the nucleon
number deduced from electron scattering data supports the idea that the
nucleus is made of some sort of incompressible fluid with the volume pro-
portional to the number of nucleons. This led to the well-known relation
for the charge radius R = r0A

1/3 with r0 = 1.21 fm, that also gives a good
estimate on the nuclear matter radius for spherical nuclei, because protons
and neutrons should be equally distributed in the nuclear core.

Not all nuclei, however, fit into this picture. If the nucleons fill the
nuclear potential-well up to the limit, as is the case for nuclei close to the
drip lines, threshold effects can appear. For a bound state close to the
continuum, the nuclear binding energy can be so small that it allows the
nucleon to tunnel into the surrounding space, leading to a probability to
find a nucleon outside the nuclear core. Such a state is generally called a
nuclear state with a large spatial expansion, or, for the more prominent
cases, a halo state. In this case, the nuclear radius will be significantly
increased and the density distributions for protons and neutrons will differ
considerably.

The term “halo” refers to the weakly bound nucleon or nucleons forming
a cloud of low density around a core of normal density. This term was
borrowed from the luminous rings surrounding the moon or the sun, which
one can see under certain conditions, because it pictures quite well the
situation of the peculiar nuclear state. It appeared first in a paper by P. G.
Hansen and B. Jonson in 1987 [36]. Since then it has become the label for
a few light exotic nuclei with weakly bound nucleons in spatially extended
states where the radius of the halo system is significantly larger than the
normal nuclear radius.

Because nuclear halos are of genuine quantum mechanical origin, they
can only be understood by considering the probability distributions of the
least bound nucleons either in coordinate or momentum space. The most
important, but not the only precondition for a nucleus to form a halo state
is a small nuclear binding energy. A small orbital angular momentum of
the state is also necessary, as an additional centrifugal barrier lowers the
probability of tunneling to larger radii. Therefore, halo states are expected
to appear most likely in s- and p-states. In the same way, a Coulomb barrier
would hinder the formation of a halo state. For this reason, proton halos
should be less pronounced than neutron halos.

Although the term “halo state” has been around for some time now,
there is no precise definition of exactly when a nuclear state should be
called a halo state. The main points are that the matter radius should
be significantly larger than the standard nuclear radius, and that the halo
system divides into clusters that have a larger distance from each other than
in usual nuclei. This formation of clusters makes it possible to describe the
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Figure 1.1: Chart of nuclei up to element 10. The ground state halo nuclei that
have beed observed so far are indicated according to the symbols defined in the
box.

halo nucleus as a two- or few-body system.

Halo nuclei that have been observed so far include a variety of config-
urations. The most basic one is the one-neutron halo. This is a two-body
system consisting of the core and one neutron. But a halo can also con-
sist of more than one nucleon, as is the case for a two-neutron halo. This
three-body system benefits from the pairing of the two neutrons, while each
subsystem, core plus one neutron or the di-neutron, is unbound. Even a
four-neutron halo has been observed, but this also could be called a neutron
skin, as the neutrons form an outer layer around the α-core. A skin merely
indicates a difference of proton and neutron radius, like for an excess of
neutrons with a normal density at the nuclear surface [78]. Although one-
proton halos are not very probable, there is evidence for their existence.
The halo nuclei observed so far are marked in Fig. 1.1.

Besides the different configurations of valence nucleons and core there
are other characteristics to be distinguished. Halo structures can also de-
velop in excited states, where the separation energy becomes small enough,
e.g. in 17F [54]. Furthermore, it is possible that the core of a halo system
is in an excited state, or that there is an interaction between the halo nu-
cleons and core degrees of freedom, like the dynamical core polarization of
the 18C core in 19C [10]. These effects become important in heavier halo
nuclei where the core nucleus is already far from stability.

The variety of characteristics makes clear that there is no simple defini-
tion for a halo nucleus. The experiments presented here and also theoretical
calculations indeed indicate a transitional behaviour characterized by ad-

3



Introduction

mixtures of of nuclear many-body effects, as for example in the case of core
polarization, into the few-body dynamics of a pure halo configuration.

1.1.2 The Motivation to investigate halo nuclei

One of the main topics in experimental nuclear physics since the 1930s
is to explore the chart of nuclei towards the driplines to find out where
the limits of nuclear binding are. With the modern technologies of heavy-
ion accelerators and radioactive beam facilities the aim is to gain detailed
information on these exotic nuclei far from the valley of stability. This
information is a crucial test of the available nuclear structure theories,
and the discovery of the novel structures of halo nuclei is one of the best
examples for this.

But there are also other reasons besides searching the limits of particle
stability and looking for special cases of nuclear structure. The question
how nuclear matter behaves at very high densities, something that is inves-
tigated for example in heavy-ion collisions at high energies, prompts also
the question how it behaves at low densities. The halo surrounding a core
is the only example of dilute nuclear matter available to experiments at
this time.

The nucleus 8B, so far the only ground state proton halo, takes part in
the PPIII chain during the process of hydrogen burning in the sun with the
reaction 7Be(p,γ)8B. The halo structure of this nucleus has an important
influence on the proton capture cross section. Due to the large spatial
expansion of the proton wave function in 7Be, the capture can take place
already at quite large distances, yielding an enhanced cross section for this
reaction. In the following β+ decay of 8B, a high-energy neutrino is emitted,
which is important for testing the standard solar model that describes how
the sun works, because this neutrino is most efficiently detected.

Unstable nuclei, and among them some halo nuclei, play a key role in
the nucleosynthesis, the process that is held responsible for the existence
of us and the universe around us. An example is the nucleus 17F, that has
a proton halo in its first excited state. The reaction 16O(p,γ)17F links dif-
ferent parts of the CNO-cycle and gives a link to heavier elements through
further (p,γ)-reactions.

Astrophysics relies on nuclear structure data and nuclear theory to ex-
plain processes in stars, where nuclear matter exists under conditions which
are very different from those found in stable nuclei.

If one compares a nuclear chart that lists all isotopes that had been ob-
served and investigated thirty years ago with the chart of nuclei of today,
it is evident that much progress has been made. In these unstable nuclei,
novel structures like halo states were observed for the first time. However,
the neutron drip line has only been reached experimentally for the light-
est elements, and many isotopes at the proton drip line still need to be
investigated.

The investigations that are presented in this work focus on the one-
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nucleon halos 8B and 19C, both of which set new limits to the field of
halo nuclei: 8B as the only ground state proton halo observed so far and
19C as the heaviest halo nucleus up to now. Both nuclei also indicate a
transition between the halo structure and normal nuclear structure since
simple cluster models can not properly describe the experimental findings
of this work.

1.2 The history of halo nuclei

Given here is a brief list of some key-events in the history of halo nuclei,
following a presentation by Björn Jonson at the “Joint Study Weekend on
Drip-Line Nuclei” in Lisbon, 1998.

1936 • Discovery of 6He [16]

1951 • The first on-line mass separation [43]

1966 • 11Li was shown to be bound [62]

1969 • First spectroscopic study of 11Li [41]

1979 • First fragmentation experiments at Berkeley [75,82]

1983 • Measurement of a very large E1 transition in 11Be [51]

1985 • Measurements of the total reaction cross-section for 11Li disclose
a remarkably large matter radius [77,76]

1988 • Narrow transverse momentum width of 9Li after dissociation
reactions of 11Li [42]

1990 • Narrow transverse momentum width of neutrons after dissoci-
ation reactions of 11Li [4]

• Beta-delayed deuteron emission from 6He [67]

1992 • Quadrupole moment of 11Li [7]

• Charge changing cross-sections of 8,9,11Li [17]

• Interplay between structure and reaction mechanisms in the dis-
sociation of 11Be [3]

• Proton halo of 8B disclosed by its large quadrupole moment [52]

1993 • Beta-decay to the proton halo state in 17F [19]

• Neutron decay of the unbound nucleus 10Li [45]

1994 • Investigation of the unbound nucleus 10He

• Density distributions of 6,8He from proton elastic scattering in
inverse kinematics
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1995 • The proton halo in 8B is observed by a narrow longitudinal
momentum distribution [70]

• One-neutron halo of 19C [14]

• Structure of 10Li from stripping reactions of 11Li and 11Be [86]

1996 • Coulomb excitation of 11Be [56]

• Investigation of the unbound nucleus 11N [9]

• Spectroscopy of 11Li with 11Li + p reactions [44]

1997 • Invariant-mass spectroscopy of 10Li and 11Li [85]

• Spin alignment of unbound 5He fragments [21]

• α–n correlations in fragmentation of 6He [2]

1998 • The 19C case [13,10, and this work]
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Chapter 2

The momentum of a halo
nucleon

The questions of how matter and motion is distributed inside the nucleus
have been experimentally investigated for a long time. Both questions
are rooted in the quest for the nucleons’ wave functions inside a nucleus.
The measurement of the momentum of the remaining fragment after a one-
nucleon removal reaction yields the momentum of the removed nucleon and
was already used to study momentum distributions in stable nuclei [37]. For
the investigation of halo nuclei this type of measurement provides a method
to gain information on the wave function of the halo nucleon.

2.1 Nuclear structure information from experi-
ments with secondary nuclear beams

There are different quantities that can be measured in order to investigate
the halo structure of nuclei. From the measurement of total interaction
cross sections, the nuclear radius can be deduced and a halo structure
should be detectable. This type of measurement led to the discovery of the
remarkably large radius of 11Li by I. Tanihata et al. [77], which started the
large interest in halo nuclei that continues today.

The measurements of magnetic dipole and electric quadrupole moments
give information on nuclear deformations and on the proton distribution in
the nucleus [6]. With this information, a large interaction cross section can
be linked to either a deformation or a long tail in the matter distribution.

Measurements of the charge-changing and one-neutron removal cross
sections also can resolve the difference between a deformation and a halo
state [17]. In the case of a neutron halo, only the neutron-removal cross
section is increased, whereas the charge-changing cross section of the halo
nucleus and the corresponding core should be comparable.

For a proton halo, a measurement of the total interaction and one-
proton removal cross sections of the halo nucleus and the corresponding
core should contain a clear signature. The one-proton removal cross section
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Momentum of a halo nucleon

should be significantly increased, compared to the core nucleus, and this
increase should roughly equal the difference of the total interaction cross
sections of these two nuclei [78,18].

Another approach is the measurement of the momentum distribution
of the core fragments after a breakup of the halo nucleus, which gives
information about the halo wave function in the system before the breakup.

2.2 Measurement of the halo wave function

The intrinsic momentum distribution of a nucleon inside a nucleus is di-
rectly connected to its wave function. The momentum distribution can be
obtained by a Fourier transform of the squared wave function. A large spa-
tial distribution results in a narrow distribution in momentum coordinates,
as described by Heisenberg’s uncertainty principle.

Therefore, the measurement of the halo nucleon’s momentum distri-
bution is a unique tool to directly obtain nuclear structure information.
Experimentally, however, it is simpler to measure the momentum distribu-
tion of the core fragment. The advantages are a higher detection efficiency
and a better definition of the reaction channels. This method was already
used to study the momentum distribution on the surface of stable nuclei,
as described in, e.g., Ref. 37.

The first experiment in which a surprisingly narrow distribution was
observed studied the transverse momentum distribution of 9Li fragments
from the breakup of 11Li [42], which gave further evidence for the neutron
halo in 11Li.

For a one-nucleon halo the link between the momentum of the halo
nucleon and the core momentum is, as illustrated in Fig. 2.1, rather simple:
regarding the core and the halo nucleon in the rest frame of the halo system,
the momenta phalo and pcore add up to zero and consequently

phalo = −pcore . (2.1)

nucleus

halo
system

target
phalo

pcore

Figure 2.1: This drawing gives a schematic view of the breakup of a halo system in
the reference frame of the halo system (projectile co-moving frame). In an idealized
nuclear reaction the halo nucleon is removed by the target nucleus leaving the core
nucleus undisturbed.
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After removing the halo nucleon in a nuclear reaction, the momentum of
the core can be measured.

Measuring the momentum distribution of the core, we obtain the mo-
mentum distribution of the halo nucleon and from this we can deduce the
wave function – but there are limitations to this conclusion!

The identification of the measured momentum distribution as the ground
state momentum distribution of the removed halo nucleon is only valid if
the removal reaction was nuclear stripping and if the target nucleus ba-
sically is transparent to the core-fragment. This assumption is called the
transparent limit of the Serber model and was applied to the theoretical
description of the neutron production by deuteron stripping reactions [71].

Since there are other breakup mechanisms and since the approximation
of a transparent target nucleus is not always valid, refinements to the Serber
model are necessary in most cases.

2.2.1 The breakup mechanism

There are different reasons for the disturbance of the direct link between
the core momentum in the center-of-mass frame of the halo system after
the breakup and the momentum of the halo nucleon:

• the interactions between the three particles involved, which are target
nucleus, projectile core, and halo nucleon;

• possible excitations of the target and/or the projectile core;

• the fact that the projectile core has to survive in order to measure its
momentum and, as a consequence of this, the shadowing of the halo
wave function.

First, one needs to understand how the halo nucleon is removed in the
breakup reaction. In a simplified picture, this reaction can be divided into
two different cases. In the case of small impact parameters, the halo nucleon
can be removed in a stripping reaction, where the target either absorbs or
scatters away the halo nucleon [71]. In the other case, inelastic scattering
of the projectile or Coulomb interaction with the target can lead to an
excitation into an unbound state and the subsequent breakup of the halo
nucleus. This is called diffraction dissociation or Coulomb dissociation. The
Coulomb dissociation is caused by high energy photons that are created in
the quickly changing electric field of the target nucleus which is seen by the
projectile. Coulomb dissociation is especially important for targets with a
large number of protons, as the reaction probability is proportional to the
square of the target charge [15].

Each of these mechanisms will have a different impact on the core mo-
mentum that can be measured after the breakup. In addition, one has to
take final state interactions, i.e. interactions between the particles after the
breakup reaction, into account, as for instance the Coulomb deflection of
the core fragment by the target nucleus.
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nucleus

halo
system

wave function
halo

core

target
nucleus

b

Figure 2.2: This schematic picture shows the area of the wave function that is
mapped by a halo-nucleon removal (shaded area) in a simplified way. For impact
parameters b smaller than the sum of core and target radius, the core nucleus can
not be detected in the exit channel. In experiments that rely on the detection of
the core fragment, no information of the halo wave function can be obtained for
these reactions.

The second point of the above list depends on the system that is in-
vestigated. If the projectile core has no excited states that are bound, its
excitation is irrelevant as the core fragment will not be detected. In gen-
eral, energy that is used to excite either the projectile core or the target
nucleus will be missing in the exit channels.

The last point of the list addresses the problem that the halo nucleon
can be removed only from the surface of the projectile since the core has
to stay intact in order to measure its momentum. In a simple picture, one
could argue that all reactions with an impact parameter smaller than the
sum of core and target radius will most probably destroy the core (core
breakup), therefore the cylindrical area of the wave function that overlaps
with the core is not sampled. This simple picture, also called the black-disk
model [25], can be used if projectile energies are high and scattering terms
are negligible. Figure 2.2 illustrates the black disk model.

2.2.2 Consequences for the measurement

The perturbing effects of the breakup mechanism on the core fragment’s
momentum can be partly avoided or minimized by choosing optimum con-
ditions for the measurement.

In experiments it has been shown that the transverse components of
the core momentum are more affected by the breakup mechanism through
diffraction dissociation and final state Coulomb deflection. These effects
cause a broadening of the tranverse momentum distribution of the core
fragments.

The longitudinal momentum distribution, which is measured in the ex-
periments described in this work, is less disturbed by the breakup reaction
and therefore a better tool for the investigation of the halo [34]. Further-
more, at energies in the range of 1.0–1.5 GeV/u, projectile velocities are
much larger than the intrinsic velocities in the halo system and the sudden
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core

halo

fragment

target
system nucleus

vhalo

vcore
vi

vf

∆v

Figure 2.3: The kinematics of the halo breakup. Shown here, in contrast to Fig. 2.1,
are the velocity vectors before and after a breakup reaction by nuclear stripping.
Measuring the velocity change parallel to the projectile axis, ∆v, the longitudinal
core momentum can be deduced.

approximation can be used.
For light targets, nuclear stripping plays a dominant role in the one

nucleon removal, while targets with a large number of protons mainly con-
tribute to the Coulomb dissociation cross section. The measurement of
breakup reactions in different target materials can give further insight into
this question and is therefore an interesting topic of investigation.

2.2.3 The kinematics

The momentum of the halo core becomes available, as was described in the
beginning of Sec. 2.2, in a breakup reaction at high beam energies. The
next question that has to be answered is how to measure this momentum.
The momentum vector pcore can be split into two components, one parallel
to the path of the incident projectile and one perpendicular to it. There
should be no difference in the longitudinal and transverse momentum dis-
tributions, however the transverse momentum is more likely to be affected
by the breakup reaction and by Coulomb deflection than the longitudinal
component, as discussed above. The longitudinal momentum can be ob-
tained from the difference of the velocities of the incident projectile and the
outgoing core fragment, projected onto the projectile axis. The difference
in velocities is not affected by the mass-loss in the breakup reaction. In
a momentum measurement, the different masses of the projectile and the
breakup fragment have to be taken into account.

Because exotic projectiles at high energy are only available as a sec-
ondary beam, one faces the problem that the momentum spread of the
projectiles is orders of magnitude larger than the intrinsic momentum that
needs to be measured. The solution for this problem, the use of a magnetic
spectrometer in energy-loss mode, will be described in the next chapter.
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Chapter 3

The magnetic spectrometer
FRS

In this chapter I will discuss the ion-optical aspects of the measurements of
longitudinal momentum distributions. A detailed derivation of the equa-
tions needed for the transformation of the measured positions into the lon-
gitudinal momentum is given in Appendix A. Here, I will focus on the
application of the energy loss mode for the measurement of longitudinal
momentum distributions.

But first, I need to describe the tool that was used, the projectile frag-
ment separator (FRS).

3.1 The fragment separator

The fragment separator FRS is a high-resolution forward spectrometer de-
signed for research studies with relativistic heavy ions [28]. As part of
the high-energy, heavy-ion research facility at GSI, it started operation in
1990. Providing the possibility of the production of secondary radioactive
beams via projectile fragmentation and their efficient separation, it is now
the key-instrument for the radioactive beam program at GSI.

F0

F2
F3

F4
10 m

F1

Figure 3.1: This plot schematically shows the dipole and quadrupole magnets of
the FRS. F0 denotes the entrance of the spectrometer, F1 through F4 mark the
four focal planes.
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The magnetic spectrometer FRS

The FRS comprises four independent stages. Each stage consists of a
30◦ dipole magnet and sets of quadrupole magnets in front of and behind
the dipoles. The quadrupoles provide first-order focussing and the proper
illumination of the dipoles’ field volume. To correct second order aberra-
tions, sextupole magnets are placed directly in front of and behind each
dipole. There are four focal planes, as indicated in Fig. 3.1. In the achro-
matic mode of the FRS, we have point-to-point imaging in x-direction, i.e.
in the direction of the dispersion, at each focal plane.

The momentum resolving power p/∆p of the FRS is 1500 at an emit-
tance of 20 πmmmrad and a transmission of ±1% in ∆p/p. Heavy-ion
beams with magnetic rigidities ranging from 3 Tm to 18 Tm can be ana-
lyzed.

3.2 The energy-loss mode

The energy loss mode is a special ion optical setting of a two-stage spec-
trometer where the combination of both stages is an achromatic system,
while each stage by itself is dispersive. This is also called dispersion matched
mode because the dispersion of the first stage is compensated by the dis-
persion of the second stage. The energy loss in a target that is inserted
before the second stage, however, can be measured with the dispersion of
the second stage. In this way the energy loss measurement is independent

F2

F4

achromatic focusproduction target

dispersive mid-plane

breakup target

Figure 3.2: These ion optical plots of the FRS display the function of the energy
loss mode. The upper plot shows the achromatic system with a dispersive mid-
plane F2. Beams of three angles and two energies enter the spectrometer from
the left. The two energies are separated at the mid-plane and focussed back at
the final focal plane F4. In the lower plot, a reaction target is inserted at the
dispersive mid-plane F2. The additional energy spread due to the reactions in the
target is indicated by the grey beams, which are dispersed at F4.
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of the energy spread of the incoming beam.

The energy loss spectrometer was first proposed by C. Schaerf and R.
Scrimaglio in 1964 as a new magnetic analyzer for scattering experiments
[68]. With the use of secondary beams produced in nuclear fragmentation,
the energy loss spectrometer became an ideal tool for measurements with
exotic beams.

With a secondary beam of exotic nuclei that have small production
cross sections, it is desirable to make use of the full acceptance of the
spectrometer. For the FRS this means a momentum spread of 2%. The
effect that we want to study, the additional momentum induced by the
breakup reaction, is at relativistic energies two orders of magnitude smaller
and therefore requires the use of the energy-loss mode. Using the energy-
loss mode, the momentum change in the breakup reaction can be measured
independently of the initial momentum spread of the secondary beam.

3.3 Determination of the longitudinal momentum

The energy-loss mode enables us to translate the momentum change in
the breakup target into a position distribution that can be measured by
position sensitive detectors. The momentum change, however, has three
origins. The first is the change of the particle mass in the one-nucleon
removal reaction, and the second is the addition of the intrinsic momentum
of the removed nucleon. One also has to take into account that there is an
atomic energy loss in the breakup target. If the acceptance of the second
spectrometer stage would be large enough, one could detect the particles
that undergo a breakup reaction and those which do not suffer a nucleon
removal in one measurement. But the change in magnetic rigidity for, e.g., a
one-neutron removal from 19C is with more than 5% already far outside the
acceptance of the FRS. Therefore the change of the particle mass and the
atomic energy loss in the breakup target is taken into account by adjusting
the magnetic rigidity of the second spectrometer stage to the emerging core
fragment.

In the following, I will describe how the longitudinal momentum after
the breakup reaction can be calculated for a single particle that moves
through the spectrometer. The following description refers to an idealized
case of breakup reaction, since the target is assumed to be infinitely thin.
The atomic slowing down and angular straggling of the projectile before
the breakup and of the core fragment after the breakup reaction, which
can not be avoided in a realistic measurement, is not considered at first. A
second method, that was actually used for the momentum analysis, takes
the energy loss in the breakup target into account. The question of the
absolute value of the momentum will be discussed in Sec. 4.6.2.

The longitudinal momentum of the core fragment after the breakup
reaction, pF2, can be calculated from the velocity of the incident projectile,
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Table 3.1: This table lists ion optics variables and gives their definitions

xF2 particle x-position at the
mid-plane

xF4 particle x-position at the final
focus

vF0 particle velocity in front of the
breakup target

vF2 particle velocity behind the
breakup target

γF0 Lorentz factor of particle in
front of the breakup target

γF2 Lorentz factor of particle behind
the breakup target

pF0 total longitudinal momentum in
front of the breakup target

pF2 total longitudinal momentum
behind the breakup target

pA momentum of the reference
particle in the first spectrometer
stage A

pB momentum of the reference
particle in the second
spectrometer stage B

qA particle charge in front of the
breakup target

qB particle charge behind the
breakup target

mA particle rest mass before the
breakup target

mB particle rest mass behind the
breakup target

χA reference magnetic rigidity of
the first spectrometer stage A

χB reference magnetic rigidity of
the second spectrometer stage B

DA dispersion of the first
spectrometer stage A

DB dispersion of the second
spectrometer stage B

vF0, and the velocity change in the breakup reaction, ∆v (see Fig. 2.3):

pF2 = γF2mBvF2

= γF2mB(vF0 +∆v) , (3.1)

Here, γF2mB is the relativistic mass of the core fragment. The velocity
change ∆v is given in reference to the laboratory frame. In order to extract
the information about the intrinsic momentum of the core fragment before
the breakup reaction, this velocity change needs to be transformed into the
momentum of the core fragment in the halo-system’s rest frame. To obtain
this, we can later transform the total momentum pF2 into the projectile
co-moving frame that moves with the velocity vF0.

Employing the condition for the dispersion matched mode,

DB = −(x|x)BDA , (3.2)

the momentum pF2 can be expressed in a first order approximation using
the momentum of the reference particle in the second spectrometer stage,
γF2mB vB (see Appendix A.4).

pF2 = γF2mB vB

(
1 +

xF2
DA

+
xF4
DB

)
, (3.3)

whereDA andDB are the dispersion of the first and the second spectrometer
stage. A complete list of the variables used here is given in Table 3.1. Please
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note that in the case of the energy-loss mode the dispersion DA is negative.
With the definition of the magnetic rigidity, χB = γF2mB vF2/qB, we obtain

pF2 = qBχB

(
1 +

xF2
DA

+
xF4
DB

)
. (3.4)

To get the longitudinal momentum transformed into the rest frame of
the halo system, p‖, which moves with the velocity vF0, we have to do a
Lorentz transformation of the momentum pF2.

Using the total energy in the laboratory frame of reference,

EF2 =
√
p2F2c

2 +m2Bc
4 , (3.5)

and with βF0 = vF0/c and γF0 = (1− β2F0)
−1/2, one can use the equation

p‖ = γF0

(
pF2 − βF0

EF2
c

)
(3.6)

to calculate the corresponding momentum p‖ in the projectile co-moving
reference frame.

In Appendix A it is pointed out that the momenta and velocities in the
ion optical equations refer to the components in the direction of the beam
axis. So the longitudinal momentum p‖ calculated in Eq. 3.6 in principle
needs to be corrected for the incident angle of the projectile. However, the
angles of the incoming projectiles are very small and this correction would
be much smaller than the other uncertainties in this measurement.

In practice, it is advantageous to use a slightly simplified method for
calculating the momentum distribution, and there are good reasons to do
so. To get the proper momentum distribution with the method described
above, it is essential to do a Lorentz transformation according to the veloc-
ity vF0 of each single particle. The velocities and positions of the particles
at the breakup target have to be known precisely in addition to the infor-
mation collected at the final focal plane.

Since the energy-loss mode already yields a distribution that corre-
sponds to the change in momentum caused by the breakup reaction, which
is in fact what we want to measure, we do not need to calculate the actual
total momentum of the breakup fragments.

This way the momentum determination does not depend on the position
information at the breakup target, thereby minimizing uncertainties. And
we can use a simpler Lorentz tranformation as will be seen later.

Using the dispersion of the second spectrometer stage, DB, the mea-
sured position xF4 corresponds to a change in momentum

∆pF2 = qBχB

(
xF4
DB

)
. (3.7)

However, this is the momentum change in the laboratory reference frame.
To do the Lorentz transformation into the co-moving system, one can add
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the momentum pB of the reference particle in the second spectrometer stage.
In short, this method corresponds to the ideal case where the incoming
projectiles have no momentum distribution, i.e. the position xF2 is zero
for all projectiles. Due to the energy-loss mode, there is no difference
in the position distributions at the final focus, since they do not depend
on the momentum distribution of the projectile. Therefore the position
information at F2 is not needed in this case.

The momentum

pidealF2 = pB +∆pF2

= qBχB

(
1 +

xF4
DB

)
(3.8)

can then be transformed into the projectile co-moving frame. For an in-
finetely thin target one would transform to the projectile velocity vF0, as
mentioned before. In the experiment, a relatively thick breakup target is
used. To account for the slowing down of the projectile (and also of the
breakup fragment, see Sec. 4.6.2) in the breakup target, the velocity of non-
reacting projectiles behind the breakup target, let us call it βproF2 = v

pro
F2 /c

is usually used. This velocity is measured in a separate setting, where the
non-reacting projectiles are transmitted to the final focal plane. The ad-
vantage of this method is that only position information at the final focal
plane is required.

The Lorentz transformation to the system moving with vproF2 looks like
this:

pideal‖ = γproF2

(
pidealF2 − β

pro
F2

EidealF2

c

)
, (3.9)

with

EidealF2 =
√
(pidealF2 )2c2 +m2Bc

4 .

One should keep in mind, however, that the spread in velocities at the
breakup target causes differences in the energy loss. How big this effect is,
depends on the projectile energy. For the energies used in the measurements
described here, this is a small effect (see Eq. 4.1).

Employing Eq. 3.6 or Eq. 3.9, the longitudinal momentum of each single
breakup fragment can be calculated in the projectile co-moving frame. The
prerequisite for this is the determination or measurement of the unknown
variables, which will be described in the following chapter.
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Chapter 4

Measuring the longitudinal
momentum distribution

Having described the fragment separator and the energy loss mode in Chap-
ter 3, I will focus on the process of measuring longitudinal momentum
distributions at the FRS in this chapter.

4.1 The necessary information

From Eqs. 3.6 & 3.9, that were introduced in the previous chapter, we
can see which variables have to be determined or measured in order to ob-
tain the longitudinal momentum for each particle and finally a momentum
distribution.

First of all we have to be sure which nuclei are measured, which means
that we have to have a particle identification. Details about the way the
particles were identified are given in Sec. 4.4. With the particle identifica-
tion, mA, qA,mB, and qB are fixed. The magnet setting of the spectrometer
will give us the magnetic rigidities χA and χB. The dispersions DA and DB
have to be known as well as the absolute x-positions of the particles at F2
and F4. Here, the variable xF4 and the dispersion of the second spectrom-
eter stage, DB, play a key role because they have the largest contribution
in determining the longitudinal momentum distribution. If all the above
mentioned variables are known, the longitudinal momentum change of the
core fragment p‖ in the breakup target can be calculated.

Because the measured momentum change ∆p is, as pointed out in Ap-
pendix A.1, the projection of the momentum change onto the central beam
axis of the spectrometer, it is not equal to the longitudinal momentum
change for projectiles that enter the breakup target at an angle to the ref-
erence axis. These angles are very small due to the high forward velocities
of the beam particles. But to check this, the angles of the incoming projec-
tiles should be measured. It was found that the angular deviation from the
central beam axis has no noticeable effect on the longitudinal momentum
distribution and can therefore be neglected.
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The measurement of angles has yet another application. The momen-
tum range transmitted through the spectrometer is not constant over the
complete interval of angles with which the breakup fragments emerge from
the target. For the larger angles, the transmission is reduced to a smaller
momentum range. If the angles are known, they can be limited to values
that give a full transmission of momenta. A detailed description of this
possibility will be given in Sec. 5.2.

4.2 The detectors

Before going into the details of the measurement, I will briefly describe the
detectors that were employed and the kind of information they give.

4.2.1 Time projection chamber

For the determination of the particle positions in x- and y-direction, newly
developed time projection chambers (TPC) [12] were employed. These de-
tectors have a resolution better than 0.5 mm in x- and y-direction. They
also have a very small amount of matter in the active area. This is impor-
tant because these detectors are mounted at the dispersive mid-plane, and
every layer of matter at this position worsens the achievable resolution of
the spectrometer and acts as a breakup target.

Technical layout

The TPC is a gas filled detector. When an ionizing particle penetrates the
detector, electrons that are created along the track drift in a vertical elec-
tric field into the proportional chambers that surround each anode wire.

delay line

anodes

proportional chamber

Frisch grid

field electrodes

drift volume

cathode

Figure 4.1: Schematic layout of the time projection chamber (TPC). A perspective
view (left) and a cross-sectional side view (right) are shown.
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Through the measurement of the electron drift time the vertical (y-) posi-
tion of the particle beam can be deduced. The horizontal (x-) coordinate
is recorded by a delay line placed below the anodes. The induced pulse
is transmitted to the left and the right end of the delay line and the time
difference of these two signals gives the x-position of the particle.

The schematic layout of this detector is depicted in Fig. 4.1. The di-
mensions are as follows: 240 mm delay line width, corresponding to 1500 ns
delay time; 65 mm vertical drift length with a maximum vertical electron
drift time of about 1150 ns; field electrodes are mylar strips of 25 µm with
0.5 µm aluminum coating on both sides, the strips are 3 mm wide and
have a 5 mm pitch. Because the field electrodes are aligned horizontally,
their matter is distributed homogeneously along the dispersive x-axis of the
magnetic spectrometer. The delay line consists of a copper wire of 0.13 mm
diameter wound with a pitch of 0.18 mm. The detector is operating in a
90% Ar + 10% CH4 atmosphere (P10 gas) at room temperature and normal
pressure.

Position determination

An additional reference timing signal is needed to measure the drift time
and delay times that are used for the determination of the beam position.
For this, plastic scintillators are used. Figure 4.2 illustrates the way the
drift time and delay times are measured: A common start signal is created
in the plastic scintillator (position A). The beam particle then moves on
towards the TPC. In the TPC (position B), electrons are released through
the ionisation of the detector gas. The electrons drift to the anode and
create the stop signal in the anode (C). The induced signal in the delay
line travels to the left (D) and the right (E) and gives the stop signals of
the delay line. There are six times measured for each TPC: two delay line
times, tdl (left) and tdr (right), and four anode times, ta1, ta2, ta3, and ta4.

A

D
B

C

E

scintillator

TPC

Figure 4.2: This figure illustrates the way of determining the x- and y-position of
a charged particle beam passing through the TPC. A description is given in the
text
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The anode time directly yields the electron drift time plus an offset from
the time it takes the particle to travel the distance A–B, which is constant
for all particles if the beam angles are small. From the difference of tdl and
tdr, the x-position can be deduced. The total delay line length is a constant
that can be used to check the time signals. The control sum

tcsi = tdl + tdr − 2tai = const.

should equal the total delay line length and can be computed for each of
the four anode times tai (i = 1, 4) separately. Noise signals very unlikely
fulfill this condition and can be discarded by its application.

4.2.2 Multiple sampling ionisation chamber

The multiple sampling ionization chamber (MUSIC) is designed for the
charge determination of heavy ions [61] by measuring the energy deposi-
tion in the detector gas. The MUSIC is a parallel-plate ionization chamber
filled with P10 gas (90% Ar, 10% CH4) at normal pressure and room tem-
perature. The active area of the detector has a cross section of 276 mm by
280 mm, the 4 signal anodes have a length of 100 mm each, corresponding
to 17.11 mg/cm2 P10 gas. A schematic view of the detector is given in
Fig. 4.3. An ionizing particle that penetrates the detector gas generates a
cloud of gas ions and free electrons. The number of released electrons in the
gas is to first order proportional to the square of the charge of the penetrat-
ing particle. In the electric field, the electrons drift towards the segmented
anode. Charge sensitive preamplifiers convert the charge of the collected
electrons into a signal amplitude which is proportional to the number of
collected electrons.

The specific energy loss −dE/ds (s is in the path length the particle
travels in the absorber) of charged particles in a material is, in first order
Born approximation, described by the Bethe formula

−
dE

ds
=
4πZ2p
mev2

(
e2

4πε0

)2
ZtNtL (4.1)

with the stopping number

L = ln
2mev

2

I
− ln(1− β2)− β2 .

Here, Zp and v are the proton number and velocity of the particle, Zt and
Nt are the proton number and particle density of the penetrated material,
me is the electron rest mass, and e is the electronic charge. The parameter
I denotes the mean excitation energy of the material, in this case that of
the detector gas. From this formula one derives that the energy loss (and
therefore the number of released electrons) depends on the charge and on
the velocity of the particle. For velocities with 0.03 < β < 0.95, dE/ds
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Frisch grid

cathode

detector chamber

signal anodes

field anodes

Figure 4.3: Schematic view of the multiple sampling ionization chamber MUSIC.

decreases with roughly 1/β2, but for relativistic particles with β � 0.95,
dE/ds increases again.

It should be noted that the MUSIC of course does not measure the
energy loss, but the ionization in the detector gas, which is related to
the energy deposition. The energy loss and the energy deposited inside
the detector can differ from each other due to the fact that at very close
encounters of the beam particle with the gas atom δ rays are created.
These δ rays are energetic electrons that can create further ions – or leave
the active volume of the detector. In the latter case, the deposited energy
is smaller than the energy loss of the beam particle. This reduction of
deposited energy depends on the geometry of the detector volume. A simple
approximation to account for this effect was described by M. Pfützner et
al. [61]. In addition to the maximum energy which can be imparted to an
electron in a collision,

EM =
2mec

2β2

1− β2
, (4.2)

they employ the restricted energy loss Ed. The result is the truncated
Bethe-Bohr model, which I present here in a slightly rewritten form:

∆ = s
4πZ2p
mec2β2

(
e2

4πε0

)2
NtZt

[
1

2
ln
EMEd
I2

− β2
]
, (4.3)

where ∆ is the mean energy deposition in the detector gas and s the ac-
tive length (thickness) of the gas volume. For Ed = EM, this equation
is equivalent to Eq. 4.1. The parameter Ed is empirical and depends on
the dimensions of the absorber. The measured velocity dependence of the
energy loss of a 12C beam at around 1.5 GeV/u is plotted in Fig. 4.8.

4.2.3 Plastic scintillator

Plastic scintillators are mainly used as timing detectors at the FRS. In
scintillation detectors, a fraction of the kinetic energy that a charged par-
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ticle loses in the scintillator is converted into fluorescent energy. Besides a
fast rise time of the light pulse, the light-output is also proportional to the
energy loss of the particle. This makes scintillation detectors also suited
for the identification of the particle charge. Photomultiplier tubes convert
the light pulse into an electric pulse. The scintillation detectors mounted
at the FRS employ BC420 plastic scintillator of 5 mm thickness and are
fitted with at least two photomultipliers, one on the left and one on the
right side, to improve the time resolution and to give position information
as well.

4.3 Experimental setup

The standard setup at the FRS had to be extended in order to measure all
quantities necessary for the determination of the longitudinal momentum
distribution, as listed in Sec. 4.1. Modifications at the central focal plane
(F2) were necessary to achieve a complete tracking of the beam particles
because the beam position at the focus as well as the angles of the incoming
and outgoing particles were needed. At the final focus (F4), an additional
reaction target was installed to investigate charge changing cross sections.

4.3.1 Setup at the dispersive mid-plane

Three time projection chambers were mounted at the dispersive mid-plane
F2. The detectors and the breakup target at F2 were not mounted in
vacuum. The beam line was fitted with vacuum windows at the entrance
and exit of the F2 area. Not mounting the TPC detectors in vacuum is
technically a much simpler solution, besides this, vacuum windows for each
detector were avoided. The total of air, in mass per cross section, roughly
equals four additional vacuum windows that would have been necessary for
an installation of the TPCs in vacuum. The setup at F2 is schematically

TPC1

vacuum

TPC3TPC2SCI21

windowwindow
vacuum breakup

target

1 m

Figure 4.4: Schematic picture showing the detector setup at the dispersive mid-
plane F2.
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depicted in Fig. 4.4.

The secondary beam entered the F2-area through a 0.1 mm steel vac-
uum window (78.7 mg/cm2). The first detector was TPC1 for the determi-
nation of the particle position before the breakup target. The timing de-
tector SCI21 at F2, a 5 mm plastic scintillator (516 mg/cm2), was mounted
behind TPC1. This plastic scintillator also allowed a charge identification
of the incoming beam particles. The breakup targets were mounted in a
target ladder following the scintillator. Targets of carbon, lead, and poly-
ethylene with thicknesses of 4–8 g/cm2 were used in these experiments.
Behind the breakup target, the combination of TPC2 and TPC3 measured
the position and the angle of the emerging particles. Through tracking
back from TPC2 and TPC3 onto the target plane and using TPC1, the
angle of the incoming particles was determined. With a spatial resolution
of 0.5 mm in the TPCs, the angular resolution is limited to approximately
0.5 mrad. The vacuum window at the exit of the F2-area was a 0.2 mm
titanium foil (90.8 mg/cm2).

4.3.2 The setup at the final focus

The detector setup at the final focus, see Fig. 4.5, was mounted behind a
0.2 mm titanium vacuum window. Two TPCs, TPC4 and TPC5, measure
position and angle of the beam particles. With the information of the
position and the angle, the x-distributions can be projected onto the image
plane at F4, as in most cases the image plane does not fall onto a detector.
An ionization chamber (MUSIC1) furnishes charge determination. The stop
detector, SCI41, was placed behind TPC5 and provided the common time
signal for the TPCs at F4. With the detectors SCI21 and SCI41, the time
of flight of the particles in the second spectrometer stage was measured.
The time of flight is used for the full particle identification and for the
velocity correction of the MUSIC signals.

Additional to the setup necessary for the measurement of the momen-
tum distribution, a reaction target ladder and a second ionization chamber

1 m

vacuum
window

reaction
target

MUSIC1 MUSIC2TPC4 TPC5 SCI41

Figure 4.5: Detector setup at the final focal plane F4.
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(MUSIC2) were placed at the end of the detector setup. With the MUSIC1
and MUSIC2, we could measure the nuclear charge changing cross sections
for the inserted reaction target.

4.4 Particle identification

The identification of the particles plays an important role in determining
the momentum distribution. Each stage of the magnetic spectrometer,
taken separately, can only provide a selection of the magnetic rigidity, so
a variety of different nuclei arrives at the breakup target and at the final
focus. These nuclei have to be identified to obtain clean conditions for the
momentum distributions.

4.4.1 Partial identification at F2

The energy signal of the plastic scintillator SCI21 in front of the breakup
target was used to put a condition gate on the proton number of the incom-
ing projectile. The measurement of the energy deposition in the scintillator
depends on the position at which the particle penetrates the scintillator (see
Fig. 4.6). A correction of this dependence with the position measured by
the scintillator considerably improved the energy resolution. A measured
spectrum of the energy loss in the scintillator SC21 can be found in Fig. 5.2.

4.4.2 Complete identification at F4

At the final focus, a determination of proton number and neutron number
of the fragments was necessary. The resolution had to be sufficient for
a clean in-flight identification. A look at the definition of the magnetic
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Figure 4.6: Raw energy signal of 40Ar particles in scintillator SCI21 in dependence
of the x-position of the beam. For particles penetrating the scintillator close to
the edges, the light attenuation is smaller and the energy signal larger. The solid
line shows a 2nd order fit that is used for a position correction.
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rigidity,

γm0v

q
= χ ,

shows which variables have to be known in order to gain the charge q and
the mass m0 of the particle. At the relativistic energies that were employed
in these measurements the fragments are completely ionized. In this case,
the nuclear charge Ze with the proton number Z and the electron charge
e equals the ion charge q.

The particle charge, or proton number, was determined with the MU-
SIC. The factor γ was deduced from the particle velocity v that needed to
be measured. A position measurement together with the knowledge of the
magnetic rigidity yielded the rigidity χ of each particle, complementing the
complete identification.

Particle velocity

The particle velocity was obtained from a time-of-flight measurement be-
tween the scintillators SC21 and SC41, which were located at the mid-plane
F2 and at the final focal plane F4.

Instead of the velocity, we use the ratio β = v/c, which can be calculated
from the time of flight t if the time of flight in units of the speed of light,
t0, is known:

β =
t0
t
.

The velocity of the particles also had to be known for the correction of
the MUSIC energy signal.

Determination of the proton number

The energy signal of a particle penetrating an ionization chamber is roughly
proportional to the square of the particle charge (see Sec. 4.2.2). For fully
ionized heavy ions, the square root of the energy signal is therefore nearly
proportional to the proton number. The MUSIC gives four energy sig-
nals, one for each anode. After subtracting an individual offset, which was
deduced from the raw energy spectra, the geometric average of the four
raw signals was calculated. Because the charge collection of the anodes
decreases with the distance of the particle track to the anode, the energy
signal is not constant over the x-range of the detector. The x-dependence
of the averaged energy signal is plotted in Fig. 4.7. From this plot, we
obtained a third order fit that was used to correct for the signal shift in
dependence of the particle position.

We used the primary beam to calibrate the energy signal of the MUSIC.
There are no contributions from different charge states at the energies where
we performed these measurements, i.e. all ions we had to identify were
fully stripped [69]. From the offset-corrected energy signal and the proton
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Figure 4.7: Energy signal of 40Ar primary projectiles in MUSIC1 in dependence
of the x-position of the beam. The solid line shows a third order fit that is used
for a position correction.

number of the primary beam particle, we directly gained the calibration
constant. But as pointed out in Sec. 4.2.2, the energy loss of the beam
particles is velocity-dependent. We had to take this into account for the
identification of the secondary beam particles.

For the velocity correction we used the primary beam with three differ-
ent velocities that were achieved by changing the beam energy with different
combinations of production and breakup targets. The three measurements
gave the energy signal of the MUSIC for the primary beam particle in
dependence of the velocity, as plotted in Fig. 4.8.

We employed the truncated Bethe-Bohr model (Eq. 4.3) for the extrap-
olation to other velocities. All the parameters that determine the shape of
this curve were known, so it only had to be scaled to the measured data.
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Figure 4.8: Energy signal of 12C ions measured at three different velocities. The
energy deposition according to the truncated Bethe-Bohr model (see Eq. 4.3) is
fitted to the data points and plotted as a solid line.
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Using a scale factor k, Eq. 4.3 can be abbreviated to

∆ = kβ−2
[
ln
2mec

2Ed
I2

+ 2 lnβ − ln(1− β2)− 2β2
]
.

Inserting the electron mass, mec
2 = 0.511 MeV/c2, the ionization potential

for argon (main constituent of the detector gas P10), I = 188 eV [1], and
the empirical parameter Ed = 180 keV [61] into Eq. 4.3, we can calculate
the energy signal in dependence of β,

∆ = kβ−2
[
15.46510 + 2 ln β − ln(1− β2)− 2β2

]
. (4.4)

With k determined by the measurements with the primary beam, Eq. 4.4
was used to correct the energy signal for slower particles.

Measurement of the mass-to-charge ratio

The mass-to-charge ratio is determined using the Lorentz equation, which
describes the motion of charged particles in magnetic dipole fields,

F = qvB =
mv2

ρ
=
γm0v

2

ρ
,

where ρ is the radius of the circular path of the particle in the magnetic
field with the flux density B perpendicular to the direction of the particle
motion. Solving for the mass-to-charge ratio m0/q, we obtain

m0
q
=
Bρ

γβc
, (4.5)

where the magnetic rigidity χ = Bρ needs to be measured. To obtain values
for the effective radii of the dipole magnets, a centered primary beam with
its well defined energy and charge state was used. The magnetic fields of
each dipole were measured with Hall probes and also could be deduced from
the electric current of the power supplies using known field maps. With
the effective radii and the magnetic field values, the magnetic rigidity χB
of the particles on the central trajectory in the second spectrometer stage
was calculated. Using the dispersion of the second spectrometer stage,
DB = (x|δ)B, and the measured particle positions at F2 and F4, xF2 and
xF4, the fractional momentum deviation δF2, as defined in Eq. A.3, was
determined for all particles that arrived at F4 (see Eq. A.8):

δF2 =
1

DB
[xF4 − (x|x)BxF2] . (4.6)

It should be noted that at this stage of the analysis only theoretical values
for the dispersion and the location of the image plane at F4 were available.
For the particle identification, this was sufficient.

Solving

δF2 =
p− pB
pB

=
χ− χB
χB

(with q = qB)
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Figure 4.9: Two dimensional particle identification spectrum on a logarithmic
scale. This spectrum was recorded with a setting for 19C fragments from an 40Ar
primary beam. In order to facilitate the identification of the nuclei, the axes are
labeled with A/Z and Z.

for the magnetic rigidity, we obtain

χ = (1 + δF2)χB . (4.7)

Inserting into Eq. 4.5 finally yields

m0
q
=
χB
γβc

(1 + δF2) . (4.8)

Knowing the proton number and the mass-to-charge ratio, the particles
are fully identified. A two-dimensional spectrum where the proton number
Z is plotted versus the ratio of mass number and proton number, A/Z, was
used in the analysis to apply a software-condition and separate the desired
fragment (see Fig. 4.9).

Having described the selection of a specific fragment, we can move on
to the next step of the analysis, the measurement of the x-distribution of
the secondary beam particles and their breakup fragments.

4.5 Measurement of the position distribution

The measurement of the position distribution is the crucial step towards
obtaining a momentum distribution as the latter is a mere transformation
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Figure 4.10: The three phase-space plots show the correlation between aF2 and xF4
for three different locations, 1 m before the image plane (a), at the image plane
(b), and 1 m behind the image plane (c). The ellipse should be upright at the
image plane, indicating that the x-position is not depending on the incident angle
aF2. This plot also shows aberrations of higher order that bend the ellipse and
reduce the resolution. These spectra were recorded with a 19C secondary beam.

of the position distribution. In order to measure xF4, the particle positions
recorded in TPC4 and TPC5 had to be projected onto the image plane.
The image plane usually was not located at either one of the two detectors.
For the identification of the magnetic rigidity described in the last section,
the theoretical value for the location of the image plane was sufficient.
But in order to yield the highest possible resolution for the momentum
measurement, the image plane had to be determined from the experimental
data.

4.5.1 Location of the image plane

To find the proper image plane, we should look for a definition that can be
verified by our measurement. In Sec. A.4 it is pointed out that for a system
with point-to-point imaging the matrix element (x|a) has to be zero. This
is the condition for the image plane. It means that the x-position at the
image plane is independent from the incident angle of the beam, in this case
the beam angle behind the breakup target. In order to investigate this, we
plotted aF2 versus xF4 at different locations z at the F4-area. This plot
showed a narrow ellipse, which was upright where the condition (x|a) = 0
was fulfilled. Consequently, the x-distribution was narrowest at this z-
position. To look for the narrowest x-distribution of the beam is much
simpler than an analysis of the ellipses. Figures 4.10 and 4.11 illustrate
this.

4.6 Determination of the particle momentum

When the x-position of the breakup fragments at the image plane is known,
the dispersion of the second spectrometer stage is, in principle, the missing
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Figure 4.11: This plot shows the FWHM of the x-distribution at different locations
z, measured from the last quadrupole magnet. The hyperbolic fit (solid line) is
used to determine the position of the waist, which was found at around 4 m, in
correspondence to the location of the image plane that is shown in Fig. 4.10.

link to the momentum. Due to the fact that the momentum p‖ is deter-
mined to a large extent by the term xF4/DB (see Eq. 3.6), xF4 and the
dispersion DB have to be known with a high precision. For this reason, the
dispersion DB was determined in a separate measurement.

4.6.1 Measuring the dispersion

The dispersion of the second spectrometer stage, i.e. from the mid-plane
F2 to the image plane at F4, was measured with the secondary beam trans-
mitted to the final focal plane. Two settings for the magnetic rigidity, χB
and χ̃B, were used. Measuring the resulting positions of the beam, xF4 and
x̃F4, the dispersion can be calculated applying Eq. 4.6:

δF2 − δ̃F2 =
1

DB
(xF4 − x̃F4) , (4.9)

DB = (xF4 − x̃F4)
χBχ̃B

χ(χ̃B − χB)
.

The variable χ denotes the mean value of the magnetic rigidity of the
secondary beam particles.

This becomes much simpler if the beam is centered for one of the set-
tings, the magnetic rigidity of the beam particles has to be measured any-
way. So in the case where χB = χ, xF4 is zero and we get

DB = −x̃F4
χ̃B

χ̃B − χB
. (4.10)

Because the dispersion has to be measured at the image plane, and
because it is not trivial to find the image plane for a beam with a broad
distribution (as we did have for the breakup fragments), the dispersion was
determined at various z-positions behind the spectrometer. Then, using the
offset and the slope of the dispersion line, the actual value of the dispersion
could be calculated at any position z.
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4.6.2 Transformation into momentum space

Using the Eq. 3.9, the position of each particle that arrived at the final focal
plane and that was properly identified was transformed to the longtudinal
momentum of the breakup fragment in the projectile co-moving frame.

The momentum scale

It should be stated clearly that in the analysis performed here, the goal
was to obtain the shapes and the widths of the momentum distributions.
For this, the accurate determination of the relative momenta is sufficient.
To obtain the momentum distributions on an absolute momentum scale is
only possible if the velocity of the projectile at the position of the breakup
is known. But with the atomic slowing down of the projectile in the rel-
atively thick target, this can not be determined directly. Therefore, the
experimental momentum distributions presented in this work are given on
a momentum scale relative to the velocity of the emerging projectile that
did not suffer a breakup reaction. In consequence, distributions that stem
from a one-neutron removal are slightly shifted to negative momenta, due
to the energy loss in the breakup reaction, while distributions from a one-
proton removal are shifted to positive momenta because of the difference
in slowing down for the projectile and the breakup fragment.

To finally obtain a momentum distribution, special care had to be taken
to make sure that the transmission was constant within the covered range
of momentum. The maximum momenta that are transmitted are smaller
for fragments with large angles in the dispersive direction. This problem
will be discussed in Sec. 5.2.

4.7 Limits of the momentum resolution

The momentum resolution that can be achieved in these measurements is
defined by various factors, which are the resolution of the spectrometer it-
self, the quality of the primary beam (spot size and angular alignment), the
amount of matter at the mid-plane that causes angular energy straggling,
and the resolution of the position sensitive detectors.

Altogether, these influences vary the x-position of the particles at the
image plane and limit the momentum resolution that can be achieved. Most
of these contributions were quantified by a simple method: by transmitting
the beam of those particles that do not react in the breakup target up to
the final focal plane, the x-distribution measured reflects the system reso-
lution, including the effects of the primary beam spot size, the ion-optical
abberations, and the atomic straggling in the vacuum windows, detectors,
and the breakup target itself. Also, the broadening due to differences in
energy loss for particles of different energies is included. Such a measure-
ment is presented in Fig. 4.12. The only effect which is not included is the
location straggling that occurs in the breakup reaction.
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Figure 4.12: Measured x-position distributions of 18,19C nuclei at the image plane
F4. The top panel shows the position distribution of 19C nuclei that passed through
the breakup target without breakup reaction and reflects the system resolution.
The bottom panel shows the distribution that was measured with the second
spectrometer stage set for the 18C breakup fragments.

Location straggling

Location straggling is the broadening of the energy distribution of the
breakup fragments in thick targets. Because the stopping power dE/ds
per nucleon is different for the projectile and the breakup fragment, the
energy of the emerging fragment depends on where on the path through
the target the breakup occured. Since the measurement of the system res-
olution described above did not include the breakup reaction, the effect
of location straggling had to be calculated and added to the width of the
measured resolution.

Figure 4.13 illustrates the effect of the location straggling for the case
of a one-neutron removal from 19C and also for the case of a one-proton
removal from 8B. It is clear that in cases where the measured resolution
width is much larger than the width caused by location straggling, as is
for the one-neutron removal, the effect of the location straggling can be
neglected.
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Figure 4.13: The two panels show the measured resolutions, transferred to a co-
moving momentum scale, for the case of 19C (a) and 8B (b). A Gaussian fit to
the data is plotted as dashed line. The calculated location straggling in a carbon
target of about 4.4 g/cm2 thickness is represented by the dashed step-function.
The convolution of this step function and the Gaussian curve yields the total
resolution and is plotted with a solid line.
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Chapter 5

Analysis of the measured
momentum distributions

While the last chapter described how the longitudinal momentum of each
particle was obtained, this chapter will focus on the details of combining the
information from many breakup reactions in order to produce a momentum
distribution.

5.1 Definition of the reaction channel

In order to obtain a momentum distribution that has its origin in a spe-
cific breakup reaction, the reaction channel needs to be uniquely defined.
In principle, this would demand a full particle identification in front of
and behind the breakup target. Because of the limited acceptance of the
spectrometer, and because we restrict ourselves to one-nucleon removal re-
actions, a full identification in front of the target is not necessary. A full
particle identification is however needed at the final focus. The technical
aspects of this are described in Sec. 4.3.2. I will further illustrate the def-
inition of the reaction channel using the one-neutron removal from 19C as
an example.

In the case of 19C, an 40Ar primary beam was used and fragmented in a
beryllium production target. In the fragmentation of 40Ar, a considerable
number of various nuclei is created. Because of the similar mass-to-charge
ratio of some fragments, like 19C and 22N, and because of their broad
velocity spread they are transmitted together with 19C through the first
spectrometer stage.

Because all particles arriving at the final focus can be fully identified,
we only need to consider those secondary nuclei that can produce 18C in
the breakup target. In Fig. 5.1, panel (a), all isotopes that can fragment
to 18C are plotted versus their magnetic rigidity as they are emitted from
the production target. These distributions were obtained in a Monte-Carlo
simulation using the ion optical code mocadi [38].

The carbon isotopes 18,19,20C are plotted with solid lines, 19C with a
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Figure 5.1: A mocadi simulation illustrates how the reaction channel of the
breakup reaction is defined. The distributions of those secondary nuclei which
can fragment to 18C in the breakup target are plotted on identical scales of mag-
netic rigidity at different positions: directly behind the production target (a), in
front of the breakup target (b), and at the final focal plane (c). Solid lines denote
the carbon isotopes 18,19,20C, while dashed lines represent 19–22N and 22–24O. The
thick solid line in panel (c) refers to the 18C breakup fragments of 19C.
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Figure 5.2: Spectrum of the energy loss in the scintillator before the breakup target
(SCI21). The shaded spectrum represents those particles that are identified as 18C
at the final focus. There is only a small contribution from the fragmentation of
nitrogen in the right tail of the carbon peak.

thick solid line, whereas the dashed lines represent 19–22N and 22–24O. Other
isotopes that possibly could fragment to 18C were found to have a negligible
contribution. Panel (b) shows the situation in front of the breakup target.
The dotted lines mark the limits of acceptance in the first spectrometer
stage, corresponding to a setting for 19C. Here, the major contaminant is
18C (thin solid line) arriving from the production target.

In a one-neutron removal, however, the mass-to-charge ratio of 19C is
changed by more than 5%. Therefore, the 18C nuclei from the production
target that pass through the breakup target with no nuclear reaction lie
well outside the magnetic rigidity window for the 18C breakup fragments.
Consequently, no 18C fragments that arrive at the breakup target together
with 19C can reach the final focal plane. In the same way, 18C reaction
products from carbon isotopes other than 19C are not transmitted through
the second spectrometer stage.

However, this is not true for 18C that stems from the fragmentation of
22N. Because the production cross section of 22N is much lower than that
of 19C, this caused only a contribution of few per cent in the measured 18C
momentum distribution (see Fig. 5.2). Using the Z-identification of the
scintillator in front of the breakup target as described in Sec. 4.3.1, this
contamination could be completely suppressed.

An equivalent investigation was necessary for the other breakup reac-
tions that were studied, to make sure that the measured momentum distri-
bution is not affected by contaminants.

39



Analysis of momentum distributions

5.2 Phase space acceptance considerations

In order to measure a momentum distribution, it is important that the
transmission of particles is constant over the complete range of momentum
that is covered, otherwise the shape of the distribution does not correspond
to the momentum distribution of the fragments emerging the breakup tar-
get.

5.2.1 Limiting the phase space

Due to the limited apertures, the transmitted momentum range is reduced
for particles with large angles. This becomes clearly visible in a plot of
the angles aF2 (in x-direction) and bF2 (in y-direction) behind the breakup
target versus the longitudinal momentum measured at the final focal plane,
as shown in Fig. 5.3 for the transmission of 7Be breakup fragments from 8B.
The transmitted areas display the shape of a polygon, or of a parallelogram
with cut corners.

To preserve the shape of the momentum distribution, the angular range
over which was integrated and the momentum range had to be limited.
Two-dimensional plots of the kind presented in Fig. 5.3 provided a clear
picture how the limits in angle and momentum had to be set. Figure 5.3
shows besides the complete area that was transmitted (filled grey boxes)
also the areas that were accepted for the projection onto the momentum
axis (filled and open black boxes). To extend the range of momentum
that was covered by the measurement, the measurements with different
settings of the magnetic rigidity were combined. This will be described in
the following section.

5.2.2 Extending the momentum range

By scaling the magnetic rigidity of the second spectrometer stage, the ac-
ceptance window can be shifted along the momentum axis. Combining
two (or more) measurements with different settings of the magnetic rigid-
ity yields a momentum distribution with an extended momentum range.
There are two aspects that have to be observed, the matching of the sepa-
rate distributions in momentum space and the normalization of the count
rates.

Matching the momentum scale

The formula that was used to compute the momentum (Eq. 3.6) takes the
magnetic rigidity settings of the two spectrometer stages into account since
it transforms the measured momentum into the projectile co-moving frame,
which does not change with the different settings of the second spectrometer
stage. Distributions that were taken at different settings “automatically”
have matching momentum scales. This is shown in Fig. 5.4, where measured
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Figure 5.3: Shown here are two-dimensional spectra that visualize the acceptance
windows of the second spectrometer stage. Plotted are the angles aF2 (left panels)
and bF2 (right panels) vs. the longitudinal momentum of 7Be fragments steming
from the breakup of 8B. Spectra (a) and (b) were recorded at a centered spec-
trometer setting, while the magnetic rigidity of the second spectrometer stage
was scaled by 0.6% for spectra (c) and (d). The accepted area for the combined
momentum distribution consists of three parts: the left wing, marked with filled
black boxes in (a) and (b); the central part, which contains the overlap of the two
settings and plotted with open boxes; and the right wing, represented by the filled
black boxes in (c) and (d).
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Figure 5.4: Momentum distributions of 7Be fragments after 8B-breakup from mea-
surements at two spectrometer settings. The open symbols represent the distribu-
tion that was recorded at a centered setting; for the distribution marked by filled
symbols, the magnetic rigidity of the second spectrometer stage was increased by
0.6%. The double-arrows indicate the corresponding acceptance windows. The
data of the low-momentum setting (open symbols) and the high-momentum set-
ting (filled symbols) were scaled to match in number of incoming projectiles.

momentum distributions from two different settings are plotted on top of
each other.

Because the acceptance window was shifted only by small amounts,
there is a large overlap between the two measurements. The boundary
between the low-momentum setting and the high-momentum setting could
be set anywhere within the overlap. To find the optimal position of this
cut, the statistics in each setting should be considered.

In the described case, one would take the low-momentum distribution
up to a certain momentum value, and the high-momentum distribution for
the momentum intervall above this value. This method was applied in the
case of the measurement of 18C fragments from the 19C breakup (please see
Fig. 6.2).

Looking at the one-dimensional momentum distributions that have to
be combined (as plotted in Fig. 5.4), a better solution is obvious, namely
adding the statistics of the overlap region and thus making use of the full
statistics accumulated in both spectrometer settings.

In this approach, the total distribution is a combination of three parts:
the low-momentum wing from the first setting, the central part which is the
sum of the distributions from both settings, and the high-momentum wing
from the second setting. This is illustrated in Fig. 5.3, where the distri-
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butions are shown in two-dimensional histograms that make the accepted
area in the angle-versus-momentum planes visible.

Using a certain momentum value as a boundary yields a straight ver-
tical cut in the angle–momentum planes, as can be seen in Fig. 5.3. But
the two-dimensional spectra offer more advanced possibilities by employing
graphical cuts.

A more complicated case

For one of the measurements of the longitudinal momentum distribution of
7Be fragments from the breakup of 8B, a modified ion-optics was used that
is characterized by a smaller dispersion at the image plane. This produced a
smaller image of the momentum distribution and as a result the acceptance
area was not cut by the detector size.

On the other hand, the momentum-acceptance was strongly dependent
on the angle and it was difficult to find a momentum range with a good
transmission for a reasonable range of angles. For this reason, the method
using certain momentum values as boundaries of the different distributions,
like in Fig. 5.3, would have been inefficient. Employing graphical cuts which
follow the acceptance windows was in this case advantageous.

Figure 5.5 shows how the boundaries were matched to the acceptance
area in the aF2-vs.-p‖ plane (left column). Here it should be noted that
the statistics in the tails of the distribution, i.e. distributions displayed
in panels (c) & (e), are better than in the central region. This was taken
into account by maximizing the contribution of the spectra (c) and (e).
However, the statistics in the overlapping regions were not added.

Another specialty of this measurement is the fact that three settings
were used, with the magnetic rigidity of the second spectrometer stage
incremented in steps of 1%, each extending the momentum range by about
65 MeV/c in the projectile reference frame. These three distributions were
combined to a momentum distribution with an unequaled momentum range
(see Fig. 5.6).

Normalizing the distributions

It is clear that the different spectra had to be normalized before combining
them to one momentum distribution. The fact that the first spectrometer
stage, i.e. the elements from the production target up to the breakup target,
were not changed and had an identical setting for each of the measurements
that needed to be combined, provided a rather simple way of determining
a normalization factor.

This factor was obtained by just taking the total number of particles
that arrived at the mid-plane, as counted by the scintillator SCI21 in front
of the production target, as a norm. Because the ratio of different nuclei
transmitted through the first spectrometer stage was constant, no particle
identification was needed to obtain the normalization factor, and thus the
scaler values from the free trigger of SCI21 could be used. They needed,
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Figure 5.5: Acceptance windows in the angle-vs.-momentum planes for a measure-
ment of 7Be fragments from the 8B breakup that was done in three steps. The
left column shows plots of the x-angle aF2 behind the breakup target vs. the lon-
gitudinal momentum, while in the right column plots of the y-angle bF2 vs. p‖ are
shown. The three settings are displayed in the 1st, 2nd, and 3rd row. The panels
(g) & (h) in the fourth row show the areas that are covered by the combination of
all three settings.
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Figure 5.6: The histograms show the gated momentum distributions of 7Be
breakup fragments from 8B, measured at three different settings of the magnetic
rigidity in the second spectrometer stage. The sum of these histograms yields the
complete distribution, as is demonstrated in Fig. 5.5, and is marked with open
circles.

however, to be corrected for the dead time of the data acquisition system,
as this varied with the beam intensity. Two distributions from different
spectrometer settings that were normalized to the SCI21 free scaler are
shown in direct comparison in Fig. 5.4.

5.3 System resolution

In Sec. 4.7, it was discussed how to determine the resolution of the system,
including the measured effects and the calculated location straggling. The
obtained function can be regarded as a response function of the system,
meaning that all measured momentum distributions are broadened by the
convolution with this response function.

The question now is how to deal with this response function in the
analysis. The straight-forward method would be, of course, to unfold the
measured spectra. Then one would obtain the “true” momentum distri-
bution of the breakup fragment, which would be very nice. However, in
this case the straight-forward method is quite complicated, and one should
reconsider if it is advantageous to correct the measured data points. A de-
convolution of a discrete set of data, including the statistical errors, is not
trivial, and the result is not always satisfying. Therefore, from my point of
view, it is much better to leave the measured distribution untouched and
fold the theoretical distribution before comparing with the experimental
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Figure 5.7: The plotted curve (solid line) is a calculated momentum distribution for
the core fragments of a 8B one-proton removal. The narrow dashed curve gives the
measured system resolution convoluted with the location straggling contribution.
To obtain a momentum distribution that can be compared with the measured one,
the calculated curve needs to be folded with the system resolution. The result is the
dashed distribution which is slightly broader than the pure theoretical distribution.

data. In any case, the effect of the response function is small, as a look at
Fig. 5.7 proves.

In cases where not the complete distribution, but only the value of
its width is needed, a simple correction for the resolution by quadratic
subtraction of the variances can be done.
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Chapter 6

Results on 19C

The methods described in this work in the Chapters 2 to 5 were applied to
investigate the nucleus 19C, which has been reported to be a one-neutron
halo nucleus [14,13]. Together with 19C, the heaviest bound carbon isotope
with odd neutron number, we also investigated 17C, the next neighbor with
odd neutron number, and the tightly-bound 12C.

This chapter will present the results that were collected on longitudinal
momentum distributions and compare them with other measurements as
well as theoretical calculations [10,11].

6.1 19C – a special case

The nucleus 19C has attracted much attention since narrow momentum
distributions, that were measured for the 18C breakup fragments [14] as
well as for the neutrons [50], were taken as evidence for a one-neutron halo
structure.

Before these findings, only one case of a one-neutron halo had been
confirmed experimentally, namely 11Be [3]. The nucleus 11Be has also been
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Figure 6.1: One neutron separation energies Sn for the neutron-rich carbon iso-
topes [8].
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subject to extensive theoretical studies [5,26,80,34,59] and has provided a
theoretical testing ground for one-neutron halo states.

In this context, 19C is indeed a very interesting case to study. Its one-
neutron separation energy of 162±112 keV is one order of magnitude smaller
than that of the core, 18C, which is 4184 ± 35 keV (values are from the
Nubase evaluation [8]). It is the smallest one-neutron separation energy
of all carbon isotopes and, even though it is not known very accurately, it
appears to be smaller than the 503± 6 keV of 11Be.

So far the theoretical investigations have been hampered by the sparse
experimental data that is available and could not reach final conclusions
for the structure of 19C [63,64].

6.2 The experiment

We produced secondary beams of 17C and 19C by fragmentation of an 40Ar
primary beam at 1.0 GeV/u. The primary beam was delivered by the heavy-
ion synchrotron SIS with an intensity of about 8 × 109 particles per spill.
The production target used was beryllium with a thickness of 6.33 g/cm2.
The experimental setup is shown in Figs. 3.1, 4.4, and 4.5.

The secondary beam of 19C had an energy of 911 ± 10 MeV/u at the
breakup target, while 17C arrived there with 903± 10 MeV/u. The energy
spread at the breakup target is limited to about 4% (full width) by the
acceptance of the first spectrometer stage. Both nuclei impinged on a
carbon breakup target of 4.45 g/cm2 thickness.

6.2.1 Longitudinal momentum distribution from the breakup
of 19C

The longitudinal momentum distribution of 18C fragments from the breakup
of 19C was measured with two different settings of the spectrometer stage
behind the breakup target. Besides the centered setting, we scaled the
magnetic rigidity by 0.5% in order to extend the measurement to higher
momenta. The data obtained at the second setting were scaled and added
to form the complete momentum distribution, as described in Sec. 5.2.2.
The complete longitudinal momentum distribution is shown in Fig. 6.2.

The measured momenta are transformed into the projectile co-moving
frame. The distribution can be described well by a Lorentzian curve with
a full width at half maximum (FWHM) of 71 ± 3 MeV/c. The measured
system resolution folded with the location straggling in the relatively thick
breakup target results in a FWHM of 19.9 MeV/c. In this case, the con-
tribution of location straggling is actually negligible. A correction of the
measured width for the determined resolution (by quadratic subtraction of
the variances) yields a FWHM of 69± 3 MeV/c.
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Figure 6.2: Longitudinal momentum distribution of 18C fragments from the
breakup of 19C on a carbon target. The distribution is transformed into the
projectile frame. Filled circles mark those data that were added to the distribu-
tion by the second spectrometer setting. A Lorentzian fit to the distribution is
plotted as a solid line. The FWHM of the fit is 71± 3 MeV/c. The dashed profile
represents the measured system resolution with a FWHM of 19.9 MeV/c.

6.2.2 Longitudinal momentum distribution for 17C

For the measurement of the longitudinal momentum of 16C fragments af-
ter a one-neutron removal from 17C nuclei, only one setting was used.
The observed momentum distribution follows neither a Lorentzian nor a
Gaussian curve. However, fitting with the sum of two Gaussian compo-
nents, the experimental data can be described satisfactorily and a FWHM
value of 145 ± 6 MeV/c is extracted. Taking the resolution of 18.5 MeV/c
(FWHM) into account, a corrected width of the 16C momentum distribu-
tion of 143±6 MeV/c can be stated. The plot of the measured distribution
together with the fit is presented in Fig. 6.3.

6.2.3 Comparison of the results

The measured longitudinal momentum distribution for the 19C breakup is
narrow compared to the 17C case – in fact, it is about half as wide. This
directly reflects the difference in binding energy for the last neutron, which
is 728± 17 keV in the case of 17C, but only 162± 112 keV for 19C.

A comparison with the tightly-bound nucleus 12C, which is well-described
by simple theories, is very interesting as it shows the validity of the ex-
tracted momentum distributions and the special character of the loosely
bound systems 17C and 19C. We measured the breakup of 12C nuclei at
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Figure 6.3: Longitudinal momentum distribution of 16C measured after the one-
neutron removal from 17C in a carbon target. The momentum distribution is
transformed into the projectile frame. The solid line is a double-Gaussian fit to
the data that has a FWHM of 145± 6 MeV/c. As a dashed curve, the profile of
the system resolution with a FWHM of 18.5 MeV/c is shown.
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Figure 6.4: Longitudinal momentum distributions of breakup fragments from the
one-neutron removal reactions in 17C (open symbols) and 19C (filled symbols),
both measured on a carbon target. The crosses mark the measured momentum
distribution for the breakup of 12C in a CH2 target that agrees nicely with Gold-
haber systematics (dashed line). All distributions are normalized at the maxima
and centered for the comparison of shapes.
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1460 MeV/u in a CH2 target (polyethylene) using the same setup. The lon-
gitudinal momentum distribution was analyzed in the same manner as for
the 17,19C nuclei. The obtained momentum distribution has a FWHM of
220± 12 MeV/c and agrees nicely with the 233 MeV/c that the Goldhaber
model predicts [31], using a Fermi-momentum of pF = 221 MeV/c from
Ref. 53. The three measured distributions, normalized to the maxima, are
plotted together with the Gaussian momentum distribution given by the
Goldhaber model (dashed curve) in Fig. 6.4.

Figure 6.5 shows a comparison of the momentum distributions for the
case of 12C and 19C, this time on an absolute scale. The integrals of the
analytic functions that describe the measured data were scaled to the cor-
responding one-neutron removal cross sections in order to quantitatively
compare the distributions. For this rough comparison, I took the one-
neutron removal cross section for 12C on a carbon target of 44.7 ± 2.8 mb
that was measured at 1.05 GeV/u [40]. The one-neutron removal cross
sections of 17C and 19C were measured together with the longitudinal mo-
mentum distributions. For 17C and 19C, values of σn = 129 ± 22 mb and
233 ± 51 mb, respectively, were deduced [22].

This plot shows nicely how the increased cross section and the small
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Figure 6.5: Momentum distributions from the 17,19C and 12C breakup reactions
on carbon targets on an absolute scale of the one-neutron removal cross section.
The curves are the fits to the measured data, scaled with measured cross sections.
For the one-neutron removal cross section of 12C (dot-dashed line), a value of
44.7± 2.8 mb was taken from Ref. 40. The one-neutron removal cross sections of
approximately 130 mb for 17C (dashed line) and 230 mb for 19C (solid line) were
deduced in this measurement. For information on the cross section measurement,
see Appendix B.
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width that is observed in breakup reactions of loosely bound systems form
a prominent momentum distribution compared to tightly bound nuclei.

6.3 Comparison with other measurements

Although the amount of experimental data on 19C is small, at least two
measurements of momentum distributions exist momentarily that our data
can be compared with.

6.3.1 Breakup at lower energies: the MSU results

The first measurement of the longitudinal momentum distribution of 18C
fragments from the breakup of 19C was undertaken at Michigan State Uni-
versity (MSU) in 1995 and started the large interest in this nucleus, because
a very narrow momentum width of only 44.3± 5.9 MeV/c was stated [14].
The data was later re-analyzed and the value that should be quoted is
42±4 MeV/c in the center-of-mass frame [13]. This measurement was done
with a projectile energy of 77.2 MeV/u and a beryllium breakup target,
using the magnetic spectrometer A1200 of the National Superconducting
Cyclotron Laboratory.

The nucleus 17C was investigated at MSU as well, at a beam energy
of 84 MeV/u [13]. For the 16C fragments from the breakup of 17C in a
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Figure 6.6: Data from the breakup of 19C on a beryllium target at 77.2 MeV/u
measured at MSU (filled symbols) [14, 13] in comparison with the distribution
obtained in this work (open symbols). Both distributions were centered and our
data is scaled to the MSU data. A pure Lorentzian with a FWHM of 41 MeV/c is
plotted as a dashed line.
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beryllium target, a FWHM of the parallel momentum distribution of 145±
5 MeV/c (c.m. system) was measured.1 This result is in perfect agreement
with our measurement.

The 18C distribution in Ref. 13 is given on an absolute momentum
scale. In order to compare it with our distribution measured at much higher
energies, it was transformed into the co-moving frame. Figure 6.6 shows a
direct comparison of the low-energy data with the distribution obtained in
this work.

It should be noted, however, that a direct comparison faces some prob-
lems. First, to deduce the width from the MSU data, a modified Lorentzian
line shape was used that takes effects of the limited angular acceptance of
the spectrometer into account. As a result of this, the stated FWHM is
slightly larger. Second, the statistics and the momentum range covered are
very different and one should take this into account when comparing the
two distributions.

Nevertheless, the discrepancy between the two 19C measurements is
apparent. In earlier measurements of longitudinal momentum distributions
for the halo nuclei 11Be and 11Li, no significant dependence of the width
on beam energy or target material was observed [27]. This is in accordance
with the results for the 17C breakup, that are within the errors identical at
84 MeV/u and 903 MeV/u projectile energy.

Both, theoreticians and experimentalists are working on the solution of
this puzzle. The possibility of a low-lying resonant state in 19C is considered
(see Ref. 72 and Sec. 6.4.1), while at the NSCL a second generation of
breakup measurements using the S800 spectrometer together with a γ-ray
detection is being analyzed.

6.3.2 Neutron momentum distributions

The second measurement of momentum distributions where 19C was inves-
tigated did not measure the momentum of the core-fragments but that of
neutrons after a “core-breakup” reaction [50]. The 19C energy was in this
case 36.3 MeV/u and a tantalum breakup target was used. Core breakup
means that in the breakup reaction the 18C core is destroyed, freeing the
valence neutron. A neutron-detector array was employed to measure the an-
gles of the outgoing neutrons, from which the transverse momentum could
be deduced. In principle, the transverse momentum distribution should be
comparable to that of the longitudinal component. The momentum width
that was found for neutrons from the 19C breakup is 64± 17 MeV/c. This
value is in accordance with our result.

However, it is evident that in this measurement the reaction channel is
not well-defined as it is impossible to discriminate neutrons that come from
any core breakup. Therefore, the measured momentum distribution should

1A longitudinal momentum distribution for 17C was already published in Ref. 14, but
due to a poor particle identification this result was revised in Ref. 13 and is therefore not
mentioned here.
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consist of two components, a broad component from neutrons steming from
the 18C core and a narrow component from the loosely bound halo neutrons.

With this in mind, the authors were able to fit the experimental data
with a broad component of 165 ± 17 MeV/c and a narrow component of
42 ± 12 MeV/c, which agrees with the result of Ref. 14. The problem
with this interpretation, from my understanding, lies in the relative cross
sections for the one-neutron removal that had to be assigned to the two
components. The values stated in Ref. 50 are 0.24± 0.11 b for the narrow
and 2.2 ± 0.3 b for the broad component, while for a one-neutron removal
from the relatively tightly-bound 18C a much smaller cross section should
be expected, compared to the loosely bound 19C.

In this case, the influence of the broad momentum distribution from core
neutrons would be smaller and consequently a larger width would have to
be assigned to the distribution of the valence neutrons. Considering the
statistics, it is very difficult to determine the widths of two components
and the ratio of their contribution from this data.

6.4 Theoretical calculations for 19C

After the one-neutron halo in 11Be could be described rather well by theories
[26, 80, 59, 65, 47], similar models were applied to describe the structure

Table 6.1: This table lists the momentum widths that were obtained for the one-
neutron removal from 17,19C in different experiments. To compare with, the value
for the 12C one-neutron removal from this work is listed as well. Please note that
the FWHM-value alone does not completely determine the distribution. Remarks
on the shapes of the distributions are given in the footnote.

Projectile Energy Target FWHM Ref.

(MeV/u) (MeV/c)

12C 1460 CH2 220± 12a this work

17C 84 Be 145± 5b [13]
17C 903 C 143± 6c this work

19C 36 Ta 64± 17d [50]
19C 77 Be 42± 4b [13]
19C 88 Ta 41± 3b [13]
19C 911 C 69± 3e this work

aGaussian
bmodified Lorentzian [13]
cdouble Gaussian
dtwo Gaussian components [50]
eLorentzian
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of 19C [63]. However, due to the limited data available the theoretical
investigations could not resolve the ground state configuration of 19C.

The structure of 19C seems to be more complicated than a simple
particle-plus-core model suggests, as the core itself, 18C, is already far from
stability. There is a low-lying 2+ state at 1.62 MeV, which indicates that
core-polarization might play an important role. The last neutron of 19C is
expected to be bound mainly in a 1s1/2, 0d5/2 or 0d3/2 state, coupled to

the 0+ ground state or the 2+1 first excited state of the
18C core. Because

the spin and parity of the 19C ground state are still unknown, a number of
different combinations is possible.

If the valence neutron was bound in a d-state, the angular momentum
would confine the neutron closer to the core, leading to a wide momentum
distribution with a width of the order of 200 MeV/c. Only an s-state
could produce a narrow distribution, but this would have a width of about
30 MeV/c if coupled to the 0+ ground state of 18C. This would be too
narrow to reproduce the recent results for the momentum distribution. The
solution could be a dominant contribution of valence neutron states coupled
to the first excited state of 18C. The additional binding of the valence
neutron causes a smaller spatial distribution and consequently results in a
broadened momentum width.

But here the reaction part needs to be considered as well. The core-
shadowing will have a larger effect on broad momentum distributions from
d-states, while momentum distributions connected to an s-state are almost
unchanged.

6.4.1 Coupled channels calculation

M. H. Smedberg et al. used Hankel radial wave functions, which are the
exact solutions of the Schrödinger equation outside the range of the nuclear
potential, to calculate the momentum distribution of the core fragment
after the 19C breakup [10, 72]. In the transformation of the wave function
into the momentum coordinates, a cylindrical segment was cut out of the
wave function to account for the core shadowing. The cut-off radius was

Table 6.2: Two possible configurations for the 19C ground state are listed in this
table. The resulting spin and parity of the 19C g.s. are given in the right column.

18C neutron 19C
Jπ n-j Jπ

2+ 1s1/2
2+ 0d5/2

}
3/2+, 5/2+

0+ 1s1/2
2+ 0d5/2

}
1/2+

2+ 0d3/2
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estimated from the sum of the core and target radius.

The measured momentum distribution could be reproduced with a 2s1/2
neutron coupled to the 2+1 excited state of

18C as the dominating contribu-
tion (with about 65%), yielding a Jπ of 3/2+ or 5/2+ for the 19C ground
state.

The most recent calculations, where a low lying resonance state in 19C
is assumed at about 0.2 MeV, seem to be able to explain an energy de-
pendence of the measured momentum width [72, 74]. In this picture, the
breakup reaction will go partly through this resonant state, in which case
the momentum distribution of the core fragments is narrower. At lower
beam energies, a larger part of the breakup reactions will involve this reso-
nance, while at higher beam energies nuclear stripping plays the dominant
role.

This assumption could be experimentally tested with improved detector
setups that record the γ rays from the de-excitation of core fragments at
the breakup target, enabling the discrimination of certain reaction channels
that involve excited states.

6.4.2 Dynamical core polarization

H. Lenske described the coupling of single particle configurations to ex-
citations of the core nucleus by dynamical core polarization (DCP) in a
mean-field and quasi-particle random phase approximation (QRPA) the-
ory [47].

In this calculation, the core–particle interactions were obtained micro-
scopically from random phase approximations (RPA) [48]. This leads to
non-static and non-local self-energies which extend the nuclear mean-field
description beyond the static Hartree-Fock approach. Dynamical core po-
larization is well understood for stable nuclei, where it is found to describe
rather accurately single particle strength distributions of odd mass nuclei
as for example in Refs. 20,24,23,58.

In the DCP approach, the calculations predict a 1/2+ ground state ob-
tained at a separation energy Sn = 183 keV for

19C [48]. The first 5/2+ state
is found about 300 keV above the ground state and is located just beyond
the continuum threshold. The 18C(0+) ⊗ 1s1/2 leading particle configura-

tion accounts for only 40% of the wave function, while the 18C(2+1 )⊗ 0d5/2
core excited configuration accounts for the major part of the 19C ground
state.

The calculation of the longitudinal momentum distribution takes the
dynamics of high-energy breakup reactions into account. The breakup re-
actions are described in an eikonal distorted wave approach. Figure 6.8
shows two calculated momentum distributions that would result from the
removal of an s- or d-neutron. The dashed lines represent the momentum
distributions in the transparent limit, when no final state interaction or
core shadowing is taken into account. The final state interaction tends to
broaden especially the momentum distributions from s-states, while the
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Figure 6.7: The result of the DCP-calculation by H. Lenske as compared to the
experimental longitudinal momentum distribution of 18C from the breakup of 19C
in a carbon target [47,10]. The solid line shows the distribution obtained from the
calculation that takes the reaction mechanism with a carbon target (core shadow-
ing and final state interaction) into account. The dashed line is the distribution
in the transparent limit, i.e. without the effects of the reaction mechanism.
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Figure 6.8: The two plots show calculated momentum distributions for the 18C
core after 19C breakup in a carbon target in case of a removed 1s1/2 neutron (a)
and a 0d5/2 neutron (b). The dashed curves give the momentum distributions in
the transparent limit, while the solid curves include final state interactions and
core-shadowing [47,46].
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core shadowing narrows primarily the distributions from states with larger
angular momenta. In total, the reaction mechanism slightly broadens the
momentum distributions for s-states, and significantly narrows those for
d-states.

The theoretical density distributions plotted in Fig. 6.9 picture 19C not
as a very pronounced halo nucleus. Viewed on a linear scale (upper panel),
the neutron skin of the core nucleus, 18C, is dominating even though only
the 18C(0+)⊗1s1/2 configuration is included in this plot. A look at this plot
might give the idea that the core knockout, i.e. the removal of a neutron
from the core nucleus, could play an important role in the one-neutron
removal reactions. However, one has to consider that the halo nucleon is
only loosely bound, and therefore it is very unprobable that the remaining
18C after the core knockout of a neutron from 19C survives.
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Figure 6.9: This plot shows the particle density distributions obtained from DCP-
calculations by H. Lenske [46]. The solid curves represent neutron densities, while
the proton densities are shown by dashed lines. The density distributions for the
18C core are plotted with thin lines, the thick line gives the density of a valence
neutron in the 1s1/2 state only. The integrals of the curves are normalized to the
corresponding particle number. The bottom panel (b) shows the same curves as
plotted in (a), only on a logarithmic scale.
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6.4.3 Comparison of the 19C theories

The two theoretical approaches presented here come to different conclusions
concerning the ground state configuration. The problem is the proximity of
the s- and d-states in 19C, which makes it difficult to discriminate a certain
ground state configuration based on the measured momentum distribution
alone.

But both theories lead to the common conclusion that the first excited
2+ state of the 18C core plays an important role in the nuclear configuration
of 19C. In consequence, the spatial extension of the valence neutron would
be less than indicated by the ground state separation energy alone and the
one-neutron halo of 19C would be less pronounced as in the case of 11Be –
a statement that is supported by the measured momentum widths of the
longitudinal momentum distributions.
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Chapter 7

Results on 8B

The nucleus 8B initiated a large interest as the first one-proton halo nucleus
when a very large quadrupole moment was disclosed in NMR measurements
[52]. However, this case was discussed with much controversy, as some
following investigations could not support the picture of a proton halo [55,
60].

The first measurement of the longitudinal momentum distribution of
7Be core-fragments from the breakup of 8B was undertaken at the FRS in
1994 [70]. The observation of a narrow distribution was another hint at a
halo structure.

Here, I present the results of an refined measurement of longitudinal
momentum distributions from the breakup of 8B [11, 73]. The results dis-
cussed in this work were obtained using the same technique as in the 1994
measurement, but with an improved detection system, an extended experi-
mental setup, and a better stability of the magnetic fields of the spectrom-
eter. We also were able to improve considerably in terms of statistics and
momentum range that was covered.

7.1 8B – some details

The dripline nucleus 8B has an exposed position on the chart of nuclei
since both its neighbors, 7B and 9B, are proton-unbound. The valence
proton of 8B is bound by only 137 keV, which is a remarkably low value
and even smaller than the separation energies for well established neutron
halos such as 11Be and 11Li. This is the reason why 8B is regarded as a
good proton-halo candidate.

The constraints are the Coulomb barrier that hinders the valence proton
to tunnel into the exterior region, and the fact that the last proton in 8B is
bound in a p3/2-state, so an additional angular momentum barrier is added.

The interaction cross section for 8B has already been measured at a
projectile energy of 790 MeV/u by I. Tanihata et al. in 1988 [79], but
no unusual increase compared to the other boron isotopes was observed.
A later measurement of interaction cross sections at much lower energies
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between 20 and 60 MeV/u, however, strongly indicated a halo structure [81].

The first momentum distributions of the breakup fragments from 8B
were measured at 1471 MeV/u [70] and 41 MeV/u [39]. In principle, both
measurements observed a narrow momentum distribution, whereas the in-
terpretations concerning the halo structure of 8B came to contradicting
conclusions. While in the measurement at high energy no dependence of
the momentum width on the target material was seen, the low energy data
showed such a dependence, indicating that at low energies the momentum
distribution is significantly influenced by the breakup mechanism.

7.2 The experiment

For the production of the radioactive beam of 8B nuclei, a 12C primary
beam from the heavy-ion synchrotron SIS with 1.5 GeV/u was directed
onto a 8.0 g/cm2 beryllium target. The experimental setup for this mea-
surement is identical to the setup used for the measurements of carbon
isotopes described in Chapter 6 and depicted in Figs. 3.1, 4.4, and 4.5.

The separated 8B nuclei had a mean energy of 1440 MeV/u at the
breakup target with about 4% energy spread (full width). We employed
breakup targets of 4.41 g/cm2 carbon and 8.00 g/cm2 lead, which were
mounted at the dispersive mid-plane of the FRS.

7.2.1 Longitudinal momentum distributions for 8B

For the measurement of the longitudinal momentum distributions of the
7Be reaction products of the proton removal from 8B, two different ion
optical settings were used.

With the first ion-optical setting, we intended to determine the full
shape of the momentum distribution by including the high-momentum tail.
This was done by increasing the magnetic rigidity of the second spectrom-
eter stage in two steps of 1% each. How the three resulting distributions
were combined is explained in Sec. 5.2.2. This method was applied only to
the measurement of the breakup in a carbon target.

The final distribution from the breakup of 8B in carbon is shown in
Fig. 7.1, panel (a). With a double-Gaussian curve I could satisfactorily
reproduce the shape of this distribution in a fit, from which a FWHM of
96± 6 MeV/c was deduced. It should be noted that two centered Gaussian
components were only used in order to achieve a good fit to the data, and
not to differentiate between different components of the momentum dis-
tribution. The system resolution, including the contribution of location
straggling in the breakup target, has a FWHM of 20.2 MeV/c. The correc-
tion for the resolution reduces the width to a value of 94± 6 MeV/c.

With the second ion-optical setting, we focused on the central region
and combined data sets from two settings of the magnetic rigidity. The
combination of the two data sets is described in Sec. 5.2.2. This method was
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Figure 7.1: Longitudinal momentum distribution of 7Be fragments from the
breakup of 8B on a carbon target. The distributions are transformed into the
projectile frame. The distribution in panel (a) is a combination of three separate
measurements in order to cover the high-momentum tail. The distribution in panel
(b) focuses on the central region and provides better statistics. The width para-
meters of the two independent measurements of 94± 6 MeV/c and 95± 5 MeV/c
(resolution corrected values) agree with each other. Double-Gaussian fits to the
data are plotted as solid lines. The dashed curves represent the profile of the
respective resolution function.
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Figure 7.2: Measured longitudinal momentum distribution of 7Be fragments from
the breakup of 8B on a lead target. The momentum is given in the projectile
co-moving frame. A double-Gaussian fit to the data is plotted as a solid line. The
deduced FWHM of this distribution is 92±5 MeV/c, leading to 88±5 MeV/c after
the correction for the system resolution. The dashed profile reflects the system
resolution with a FWHM of 25.6 MeV/c.
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Figure 7.3: The measured longitudinal momentum distribution from the breakup
of 8B on a lead target (filled symbols, thick line) are only slightly narrower than the
distribution from the measurement with a carbon breakup target (open symbols,
thin line). These distribution were normalized at their maxima.
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applied to the measurement of momentum distributions from the breakup
on carbon and lead targets.

The resulting longitudinal momentum distribution from the breakup on
a carbon target, transformed into the projectile co-moving frame, is plotted
in Fig. 7.1, panel (b). From a double-Gaussian fit to this distribution, a
FWHM of 97± 5 MeV/c was obtained, which gives a resolution-corrected
value of 95± 5 MeV/c. This value is in agreement with the distribution in
panel (a).

The one proton removal from 8B was also studied with a lead breakup
target. The obtained longitudinal momentum distribution is presented in
Figs. 7.2 & 7.3. This distribution is only slightly narrower than the dis-
tribution obtained for a breakup on a carbon target. This supports the
findings in the earlier measurement of the 8B breakup at relativistic ener-
gies, where no difference in momentum widths for light and heavy breakup
targets was observed [70]. The value for the FWHM of the momentum
distribution that results from this measurement is 92± 5 MeV/c, with the
resolution of 25.6 MeV/c (FWHM) taken into account, this gives a value of
88± 5 MeV/c.

Including the absolute cross section information

With the extended setup at the final focal plane of the FRS, we could also
measure the charge changing cross sections of 8B, which in this special case
are identical to the one-proton removal cross sections because no other
charge-changing reaction channel with ∆Z = 1 exists. Please find the
description of the cross section measurement in Appendix B.

The one-proton removal cross sections enable us to put the momentum
distributions on an absolute scale, so that not only shape parameters but
also the differential cross section dσp/dp‖ can be compared with theoretical
calculations.

For the one-proton removal cross section of 8B on a carbon target, a
value of σp = 98± 6 mb [22] was obtained from the measurement of charge
changing cross sections that is described in Appendix B.1.

The longitudinal momentum distributions from the 8B breakup on a
carbon target, scaled to the one-proton removal cross section, are shown in
Figs. 7.4.

7.2.2 Comparison with other measurements

For the 8B breakup, a number of experimental data, including measure-
ments of longitudinal momentum distributions, exist.

The GSI measurement

The longitudinal momentum distribution of 7Be fragments from the 8B
breakup was already measured at the FRS in 1994 [70]. In the recent ex-
periment, we have successfully attempted a refined measurement with im-
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Figure 7.4: This plot shows the scaled momentum distributions for the 8B breakup
reaction on a carbon target that were obtained in the two measurements described
in Sec. 7.2.1. The error bars on the data points only reflect statistical errors of the
momentum measurement, but do not include the uncertainties of the experimental
cross section.
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Figure 7.5: The direct comparison of the longitudinal momentum distributions
dσp/dp‖ obtained in two independent measurements (open symbols and filled sym-
bols) shows the good agreement between the two data sets.
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Figure 7.6: Direct comparison of the momentum distribution measured at the FRS
in 1995 (from Ref. 70, histogram) with the recent result (filled circles, with a
double-Gaussian fit). The two distributions are centered in the projectile co-
moving frame and the data set from the new measurement is scaled to match the
old distribution. The ordinate values refer to the histogram.

proved statistics and an extended coverage of the high momentum tail. The
direct comparison of the two momentum distributions that were obtained
in the different experiments, as shown in Fig. 7.6, shows an agreement in
the central momentum region, while the new distribution reaches out to
175 MeV/c from the center.

The width of 94±5 MeV/c, which was obtained from the new measure-
ment, is slightly larger than the value of 81± 6 MeV/c that was published
in Ref. 70. The direct comparison of the distributions, however, shows that
the smaller value is caused by the restricted momentum coverage of the
older data. It should also be noted that from the old data no conclusive
statement about the shape of the distribution in the momentum tails could
be drawn, while the extended distribution shows clearly that neither a pure
Gaussian nor a Lorentzian curve can reproduce the data. The one-proton
removal cross section of 8B for a carbon target of 94± 4 mb that is stated
in Ref. 70 agrees very well with the value of 98± 6 mb that was extracted
from the new data.

A comparison with the momentum distribution obtained for fragments
from the one-proton removal reaction of the stable nucleus 10B is shown in
Fig. 7.7. The 10B breakup was performed at 1450 MeV/c in a carbon target.
The distribution exhibits a Gaussian shape with a FWHM of 165±9 MeV/c,
about a factor two larger than for the loosely bound 8B.

A look at the momentum distributions for 8B and 10B, scaled to their
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Figure 7.7: This figure shows the obtained momentum distributions for the core
fragments from a one-proton removal reaction on 8B (filled symbols) and 10B
(open symbols), with a carbon breakup target in both cases. The dashed line
is a Gaussian fit to the 10B data with a FWHM of 165 ± 8 MeV/c. The two
distributions are normalized at the maximum.
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Figure 7.8: The longitudinal momentum distributions of core fragments from the
8B (filled symbols) and 10B (open symbols) one-proton removal reaction on an
absolute scale of one-proton removal cross section. Please note that the errors on
the cross sections are not shown in this plot.
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Table 7.1: Obtained widths for the longitudinal momentum distributions of
breakup fragments from one-proton removal reactions.

Projectile Energy Target FWHM Ref.

(MeV/u) (MeV/c)

8B 1471 C, Al, Pb 81± 6 [70]

Be 81± 48B 41
Au 67± 3

[39]

8B 38 Si 93± 7 [57]
8B 1440 C 95± 5a this work
8B 1440 Pb 88± 5a this work

10B 1450 C 165± 8b this work

adouble Gaussian
bGaussian

respective one-proton removal cross sections of 98±6 mb and 17±3 mb [22],
as is shown in Fig. 7.8, is very interesting. With this picture it becomes
evident that the special nuclear structure manifests itself not only in a
narrow momentum distribution, but also in a largely enhanced one-proton
removal cross section as compared to a tightly bound nucleus.

Results from other experiments

The observation of a narrow momentum distribution of the 7Be fragments
from the 8B breakup reaction at relativistic energies at GSI [70] was followed
by investigations of this reaction at lower energies.

The results that were obtained are summarized in Tab.7.1. It should be
noted that a single parameter, i.e. the value of FWHM, in general can not
completely characterize a distribution. The information about the shape is
required as well, only then the distribution is reproducible. It is therefore
difficult to compare two distributions by means of their FWHM alone, in
fact it can be quite misleading.

A comparison of the various momentum widths from breakup reactions
at different projectile energies shows that the values obtained with light
targets agree reasonably well over a large range of energies, while for heavy
targets the width is strongly reduced at low projectile energies. This has
been attributed to the reaction mechanism, which narrows the momentum
distribution significantly. The authors of Ref. 39 argue that no extended
wave function is needed to explain the narrow momentum distributions,
as this can be reproduced by just taking the core shadowing into account.
The core shadowing has a larger impact on p-states than on s-states and is
therefore important in the case of 8B.
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7.3 8B and the theories

Because the nucleus 8B was discussed with much controversy, and because
of its role in the solar neutrino problem, a large number of publications
about theoretical investigations of this nucleus exists. In the short overview
given here, I want to restrict myself to two theoretical calculations that
were done within our collaboration. Although completely different in their
approaches, both lead to the common conclusion that there is an extended
proton wave function in 8B.

7.3.1 The mean-field QRPA approach

Similar to the calculations outlined in Sec. 6.4.2, H. Lenske also applied
the mean-field QRPA theory [48] to compute the momentum distribution
of the core fragments from the 8B breakup.

In the QRPA-picture, the nucleus 8B is described by proton-particle
neutron-hole excitations based on 8Be. This leads to a 8B(2+) ground
state. With a 1p3/2 neutron-hole configuration in

8Be, a correlated 3/2−

proton wave function coupled to the 7Be ground state is obtained. The
calculations include also small admixtures (about 8%) from 1/2− proton
components. The reaction dynamics is described in an eikonal approach,
including interferences from nucleon–nucleon scattering.
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Figure 7.9: In this plot, the measured longitudinal momentum distribution of 7Be
fragments from the breakup of 8B on a carbon target is compared to a QRPA
calculation by H. Lenske. The dashed curve represents the distribution obtained
in the transparent limit, while the solid distribution was calculated taking final
state interactions and the reaction dynamics into account [46]. The theoretical
curves are folded with the system resolution.
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The longitudinal momentum distribution from the 8B breakup on a
carbon target is reproduced very nicely, as shown in Fig. 7.9.

7.3.2 The three-body cluster

M. H. Smedberg et al. describe 8B using a wave function calculated in an
extended three-body model [73, 32].2 In this approach, the 8B nucleus is
viewed as a three-body system consisting of an α particle, a 3He nucleus
and a proton. To account for the loosely bound proton, the binary 7Be–p
channel is implicitly included. Effects of strong deformation and dynamical
polarization of the 7Be core as well as the core excitations are treated
simultaneously.

The dominating configurations are a p3/2 or a p1/2 proton coupled to
the 7Be ground state (Jπ = 3/2−), and a proton in a p3/2-orbital bound to
the first excited state of 7Be (Jπ = 1/2−).

The reaction mechanism is found to have a major impact on the lon-
gitudinal momentum distribution also in the case of relativistic projectile
energies and light breakup targets. Taking core shadowing into account in

2The value for the FWHM of the 7Be longitudinal momentum distribution stated in
Ref. [73] differs slightly from the value stated here because the data I present here stems
from a later and further refined analysis of the experiment.
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Figure 7.10: Calculation using the three-body cluster model for the 7Be longitudi-
nal momentum distribution after the breakup of 8B in a carbon target [73]. The
solid curve corresponds to the calculation that takes core-shadowing into accout.
This distribution is folded with the system resolution. The dashed curve gives the
calculated distribution in the transparent limit of the Serber model. The measured
momentum distribution is plotted with filled circles.
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the opaque limit of the Serber model, i.e. treating the target nucleus as a
black disk, the calculated momentum distributions are able to reproduce
the measured distribution.

The sum of the longitudinal momentum distributions from the three
dominating configurations, folded with the system resolution and scaled to
the measured distribution, is plotted in Fig. 7.10. The agreement between
measurement and theory is striking.

However, since this calculation does not take Coulomb dissociation into
account, the calculated cross section misses about 25% of the measured
value of 98± 6 mb [73].

Comparison of the two theories

In general, both theories are able to describe the measured momentum
distribution from the breakup on a carbon target rather well. The small
differences in shape completely vanish if one compares the distributions
obtained for the transparent limit. Such a comparison is shown in Fig. 7.11.
Concerning the momentum distribution, both theories are equivalent in
their results and in their conclusion that 8B has a spatially extended proton
wave function. To give a final qualitative evaluation of the two, they have
to show how well other experimental properties of 8B can be reproduced.
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Figure 7.11: Comparison of QRPA (thin lines) and three-body cluster model (thick
lines) momentum distributions for 8B. The solid curves include the respective reac-
tion dynamics calculation, while the dashed curves correspond to the transparent
limit of the Serber model. In the transparent limit, the resulting distributions are
almost indistinguishable.
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Appendix A

Ion optics of the energy-loss
mode

Here I will only give a brief introduction to ion optics, as much as is needed
to describe the energy-loss mode. A thorough discourse on ion optics can
be found in H. Wollnik’s book, Ref. 83.

A.1 Some basic ideas

To uniquely describe the position and the movement of a particle at a
certain time one needs six coordinates: three variables for the position in
space, two angles to specify the direction of the motion, and one variable
quantizing the motion, e.g., giving the momentum of the particle. An ion-
optical system will work on all six of these coordinates and change them
in a specific way. The most convenient way to describe such a system is
by the use of transfer matrices. The vector in the ion-optical coordinates
that describes the initial situation of an ion can be transformed by multi-
plication with the transfer matrix. The resulting vector then describes the
ion-optical coordinates of the ion after passing through the system. For a
linear transformation, this can be accomplished with the six by six matrix
M: 

x

a

y

b

s

δp

 = M


x0
a0
y0
b0
s0
δp0

 . (A.1)

In the ion-optical coordinate system, positions and momenta of an ion are
described relative to a reference particle that moves along a reference tra-
jectory with a reference momentum. The position of the ion is defined by
the two transverse coordinates x and y which lie in a plane perpendicular
to the direction of the reference momentum. The direction of the ion’s
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momentum relative to that of the reference particle is given by the values
a and b as defined in Eq. A.2, these are the tangents of the angles between
the reference momentum and the ion’s momentum in x- and y-direction,
respectively. The magnitude of the momentum is determined by the frac-
tional momentum deviation δp, defined in Eq. A.3. The sixth variable is
the distance along the reference path, s. Please note that in this case the
time is the independent variable.

a =
dx

ds
, b =

dy

ds
, (A.2)

δp =
p− p0
p0

. (A.3)

The variable p denotes the component of the particle momentum in the
direction of the reference path. This is important to understand later which
component of the particle momentum is measured.

A.2 The transfer matrix in first order

For a magnetic system that is symmetric with respect to the horizontal mid-
plane, the x- and y-planes do not mix, therefore the upper left four-by-four
submatrix of the matrix M decomposes into two two-by-two matrices. The
matrix for such a system then can be written as

M =



m11 m12 0 0 0 m16
m21 m22 0 0 0 m26
0 0 m33 m34 0 0
0 0 m43 m44 0 0
m51 m52 0 0 1 m56
0 0 0 0 0 1

 .

The matrix elements mij represent the solutions for the equation of
motion of the charged particle in first order. If higher orders should be
included, the dimension of the matrix has to be increased. The coefficients
of first order are

m11 = (x|x) =
∂x

∂x0
, m12 = (x|a) =

∂x

∂a0
, m16 = (x|δ) =

∂x

∂δp0
,

m21 = (a|x) =
∂a

∂x0
, m22 = (a|a) =

∂a

∂a0
, m26 = (a|δ) =

∂a

∂δp0
,

m33 = (y|y) =
∂y

∂y0
, m34 = (y|b) =

∂y

∂b0
,

m43 = (b|y) =
∂b

∂y0
, m44 = (b|b) =

∂b

∂b0
,

m51 = (s|x) =
∂s

∂x0
, m52 = (s|a) =

∂s

∂a0
, m56 = (s|δ) =

∂s

∂δp0
.
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Inserting these definitions, the matrix becomes

M =



(x|x) (x|a) 0 0 0 (x|δ)
(a|x) (a|a) 0 0 0 (a|δ)
0 0 (y|y) (y|b) 0 0
0 0 (b|y) (b|b) 0 0

(s|x) (s|a) 0 0 1 (s|δ)
0 0 0 0 0 1

 .

These first order coefficients will be used in the following to calculate
the particle position at the final focus of the magnetic spectrometer.

A.3 Momentum measurement using the energy-
loss mode

For the description of the imaging of the FRS in the energy loss-mode, I
use two transfer matrices. The FRS is divided into two stages as shown in
Fig. A.1. The first two dipole magnets belong to the first stage that does
the imaging from the entrance F0 to the dispersive mid-plane F2, which is
described by the transfer matrix A. The second stage includes the last two
dipole magnets and images F2 to the final focal plane F4 and is described
by the matrix B.

A

 xF0aF0yF0bF0
sF0
δF0

 =
 xF2aF2yF2bF2
sF2
δF2

 , B

 xF2aF2yF2bF2
sF2
δF2

 =
 xF4aF4yF4bF4
sF4
δF4

 . (A.4)

To be able to include cases where the second stage of the spectrometer
is set to a different magnetic rigidity, e.g., to accept a breakup fragment,
the two transfer matrices A and B have different reference momenta pA and
pB.

A

F4

F2

F0

B

Figure A.1: This schematic view of the two-stage spectrometer FRS corresponds
directly to the Eqs. A.4.
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A.4 Determination of the x-position

We are interested in the x-positions of our particle. From the matrix mul-
tiplication we deduce the x-positions at F2 and F4 in first order:

xF2 = (x|x)AxF0 + (x|a)AaF0 + (x|δ)AδF0 , (A.5)

xF4 = (x|x)BxF2 + (x|a)BaF2 + (x|δ)BδF2 . (A.6)

For a system with point-to-point imaging, the position of the particle at
the image plane is independent of the initial angle, therefore the matrix
elements (x|a)A and (x|a)B are zero:

xF2 = (x|x)AxF0 + (x|δ)AδF0 , (A.7)

xF4 = (x|x)BxF2 + (x|δ)BδF2 . (A.8)

Replacing xF2 in Eq. A.8 yields

xF4 = (x|x)B(x|x)AxF0 + (x|x)B(x|δ)AδF0 + (x|δ)BδF2 (A.9)

= (x|x)B(x|x)AxF0 + (x|x)B(x|δ)A
pF0 − pA
pA

+ (x|δ)B
pF2 − pB
pB

.

(A.10)

Now we add the condition for the energy loss mode, namely the dispersion
matching of the two stages. This requires that the deviation in x at F4 due
to the first dispersive stage is compensated by the dispersion of the second
stage. For this, the equation

(x|x)B(x|δ)A = −(x|δ)B (A.11)

must be fulfilled. A look at Eq. A.9 shows us that this condition makes our
complete system achromatic if the fractional momentum deviation does not
change at the mid-plane F2 (δF0 = δF2). In this case the x-position at F4
is independent of the particle momentum.

However, if there is a breakup target inserted at F2, the momentum
of the particle changes. The momentum behind the target, pF2, is the
momentum of the particle before traversing the target, pF0, plus a change
in momentum due to the energy loss and nuclear reactions in the target.
This momentum change is the quantity that we measure with the energy
loss mode. The momentum change is caused by three contributions: the
atomic energy loss, the change in mass due to the nucleon removal, and
the momentum imparted by the removed nucleon. The momentum change
caused by the loss of mass can be excluded by regarding the velocity change
in the breakup reaction, as shown in Fig. 2.3.

The momentum of a particle moving at relativistic velocity is

p = mv

= γm0v .
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To denote the different rest masses before and after the reaction, I use the
indices A and B. The velocity in front of the breakup target is vF0, and the
velocity behind vF2, so we define ∆v = vF2 − vF0. With this, we obtain for
the momentum after breakup:

pF2 = γF2mBvF2

= γF2mB(vF0 +∆v) , (A.12)

with γF2 corresponding to vF2. The velocity change ∆v is given in the
laboratory rest frame. The intrinsic momentum of the core fragment before
the breakup, however, should be given in the halo-system’s rest frame. This
can be accomplished by transforming the total momentum pF2 after the
breakup into the halo system’s rest frame, which moves with the velocity
vF0 relative to the laboratory. But before this transformation, we need to
calculate the momentum pF2.

Inserting the relations A.11 into Eq. A.10, we obtain for the x-position
at F4

xF4 = (x|x)B(x|x)AxF0 − (x|δ)B
pF0 − pA
pA

+ (x|δ)B
pF2 − pB
pB

= (x|x)B(x|x)AxF0 − (x|δ)B

(
pF0
pA
− 1

)
+ (x|δ)B

(
pF2
pB
− 1

)
and finally

xF4 = (x|x)B(x|x)AxF0 − (x|δ)B
pF0
pA

+ (x|δ)B
pF2
pB
. (A.13)

From Eq. A.13, we see which variables determine the position at F4. The
first term depends directly on the beam position at the entrance of the
FRS. The beam should be centered at the entrance and the beam spot size
should be as small as possible, in this case xF0 is negligible. The second
term of Eq. A.13 depends on the momentum of the secondary beam pF0,
which can be dertermined by the measurement of xF2. The third term,
finally, contains the variable that we want to extract, the momentum pF2.

A.5 Calculation of the longitudinal momentum

Simplifying Eq. A.13 by requiring that the position of the particle at the
entrance of the spectrometer, xF0, is negligible and solving for pF2 yields

pF2 =
xF4
(x|δ)B

pB +
pF0
pA
pB . (A.14)

Using xF2 = (x|δ)AδF0 (compare with Eq. A.7) and the definition of δF0
according to Eq. A.3, we replace pF0 with

pF0 = pA

(
1 +

xF2
(x|δ)A

)
(A.15)
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Table A.1: This table lists ion optics variables and gives their definitions

xF2 particle x-position at the
mid-plane

xF4 particle x-position at the final
focus

vF0 particle velocity in front of the
breakup target

vF2 particle velocity behind the
breakup target

γF0 Lorentz factor of particle in
front of the breakup target

γF2 Lorentz factor of particle behind
the breakup target

pF0 total longitudinal momentum in
front of the breakup target

pF2 total longitudinal momentum
behind the breakup target

pA momentum of the reference
particle in the first spectrometer
stage A

pB momentum of the reference
particle in the second
spectrometer stage B

qA particle charge in front of the
breakup target

qB particle charge behind the
breakup target

mA particle rest mass before the
breakup target

mB particle rest mass behind the
breakup target

χA reference magnetic rigidity of
the first spectrometer stage A

χB reference magnetic rigidity of
the second spectrometer stage B

(x|δ)A dispersion of the first
spectrometer stage A

(x|δ)B dispersion of the second
spectrometer stage B

and obtain

pF2 = pB

(
1 +

xF2
(x|δ)A

+
xF4
(x|δ)B

)
(A.16)

This equation was already used in Chapter 3 (Eq. 3.3).
The reference momentum pB is defined by the setting of the magnetic

rigidity of the second spectrometer stage, χB, and by the charge of the
particle qB behind the breakup target. The magnetic rigidity is defined as

χB =
pB
qB
. (A.17)

Substituting pB, all variables in the formula are predefined or measured
quantities and the momentum can be calculated directly:

pF2 = qBχB

(
1 +

xF2
(x|δ)A

+
xF4
(x|δ)B

)
(A.18)

As pointed out in section A.1, the momenta in these calculations are
the components of the momentum vector in the direction of the reference
path.

Equation A.18 gives the momentum pF2 in the laboratory frame. To
deduce from this the intrinsic momentum of the core fragment before the
breakup, pF2 has to be transformed into the rest frame of the halo system.
This is described in Sec. 3.3.
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Extracting cross sections

The setup at the final focal plane, as described in Sec. 4.3.2, was designed
to measure charge-changing cross sections parallel to the measurement of
momentum distributions. The charge-changing cross section is especially
interesting in the case of 8B, the one-proton halo nucleus, because here the
charge-changing cross section equals the one-proton removal cross section
since 6Be is unbound and 7Be is the only possible reaction product with
Z = 4.

The measurement of the momentum distribution in energy-loss mode
also provides the possibility to extract the one-nucleon removal cross sec-
tions, however with inferior accuracy due to the lack of a full particle iden-
tification at the breakup target and a necessary transmission correction.

The cross sections that I refer to in Secs. 6.2 and 7.2 were analyzed by
D. Cortina-Gil, therefore I will only briefly describe the measurement of
cross sections and their analysis. Cross sections, and especially the one-
nucleon removal cross sections, can convey very important information on
the nuclear structure of loosely bound systems, and should therefore not
be excluded here.

B.1 Charge changing cross section

For the measurement of charge-changing cross sections, the detector setup
at the final focus of the FRS, as depicted in Fig. 4.5, was used. The
secondary beam of nuclei that were to be investigated was separated by the
FRS and fully identified applying the method described in Sec. 4.4. This
beam impinged on a reaction target placed behind the first MUSIC. The
charge of the emerging particles was determined via the measurement of
the energy deposited in the second MUSIC behind the reaction target.

From the data obtained in the measurements with this setup, two cross
sections can be extracted. First, one can determine the number of emerging
particles that have the same charge as the projectile. Compared to the
number of incoming projectiles, this yields the total charge-changing cross
section. Second, one can count all reaction products that have one proton
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less than the projectile (irrespective of the neutron number), thus obtaining
a partial charge-changing cross section.

It is evident that for nuclei at the proton drip line, the total charge-
changing cross section is identical to the total interaction cross section,
since any removal of a neutron will produce an unbound nucleus. In the
same way, the partial charge-changing cross section with a reduction of the
proton number by one is identical to the one-proton removal cross section.

The total interaction cross section σt is defined by

I = I0 e
−σtnd , (B.1)

where I is the number of transmitted non-reacting projectiles per time unit,
I0 the number of incoming projectiles per time unit, n the number of target
atoms per volume unit, and d the target thickness.

The total charge-changing cross section σZ is defined analogously:

I0 − IZ = I0 e
−σZnd . (B.2)

Here, IZ denotes the number of particles per time unit that undergo a
charge-changing reaction, I0 − IZ consequently corresponds to the number
of particles that emerge with unchanged charge.

Counting the number of incoming projectiles and emerging particles
with unchanged charge in a given time intervall, N0 and N , respectively,
the total charge-changing cross section can be calculated:

N

N0
= e−σZnd , (B.3)

σZ =
1

nd
ln
N0
N
. (B.4)

To extract partial charge changing cross sections σi, e.g. for reactions
with ∆Z = 1, the number of particles in a certain exit channel, Ni, needs
to be counted. Using Eq. B.2, we obtain

N0 −Ni
N0

= e−σind

σi =
1

nd
ln

N0
N0 −Ni

. (B.5)

In the above equations only the target itself was considered. However,
in the measurement nuclear reactions also occur in the detector materials
and in the air between the two MUSICs. To correct for those reactions
that do not occur in the target, measurements with the target removed
were undertaken. Treating the surrounding materials as one compound
target, we can rewrite Eq. B.2:

I0 − IZ = I0 e
−σZnd e−σ̃Z ñd̃ (B.6)

with σ̃Z , ñ, and d̃ characterizing the materials in the beam except the
target. The effect of these materials can be determined in a measurement
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with removed target, from which the values Ñ0 and Ñ are taken. Inserting
Ñ/Ñ0 = e

−σ̃Z ñd̃ into Eq. B.6 gives

N

N0
= e−σZnd

Ñ

Ñ0
(B.7)

and we obtain

σZ =
1

nd
ln
N0Ñ

NÑ0
. (B.8)

In the same way the measurement of the partial charge-changing cross
section σi can be corrected for reactions in surrounding materials. In this
case, Eq. B.5 needs to be changed to

σi =
1

nd
ln
N0(Ñ0 − Ñi)

(N0 −Ni)Ñ0
. (B.9)

B.2 One-nucleon removal cross sections

The one-nucleon removal cross sections can be obtained from the mea-
surements of the momentum distributions after one-nucleon removal in the
breakup target at the dispersive mid-plane. The extraction of cross sections
from this data is, however, hampered by two facts: the transmission be-
tween the dispersive mid-plane F2 and the final focal plane F4 needs to be
taken into account, and there is no full particle identification in front of the
breakup target, which prohibits the direct determination of the incoming
projectile rate. Due to these reasons the one-nucleon removal cross sections
can only be extracted with inferior accuracy.

The formulas to determine the one-nucleon removal cross sections are
identical to those presented in Sec. B.1. The transmission between F2 and
F4 was calculated in a mocadi simulation. Using settings where the pro-
jectile nucleus was transmitted to F4 and identified there, particle scalers
at F0 or F2 can be calibrated, taking transmission losses into account, to
yield the count rate of the selected projectile.

At the time of writing this thesis, the analysis of cross sections is not
yet completed. Therefore a complete list of all cross section values can not
be given.
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