
©
Det här verket är upphovrättskyddat enligt Lagen (1960:729) om upphovsrätt till litterära och 
konstnärliga verk. Det har digitaliserats med stöd av Kap. 1, 16 § första stycket p 1, för forsk-
ningsändamål, och får inte spridas vidare till allmänheten utan upphovsrättsinehavarens
medgivande. 

Alla tryckta texter är OCR-tolkade till maskinläsbar text. Det betyder att du kan söka och kopie-
ra texten från dokumentet. Vissa äldre dokument med dåligt tryck kan vara svåra att OCR-tolka 
korrekt vilket medför att den OCR-tolkade texten kan innehålla fel och därför bör man visuellt 
jämföra med verkets bilder för att avgöra vad som är riktigt.

Th is work is protected by Swedish Copyright Law (Lagen (1960:729) om upphovsrätt till litterära 
och konstnärliga verk). It has been digitized with support of Kap. 1, 16 § första stycket p 1, for 
scientifi c purpose, and may no be dissiminated to the public without consent of the copyright 
holder.  

All printed texts have been OCR-processed and converted to machine readable text. Th is means 
that you can search and copy text from the document. Some early printed books are hard to 
OCR-process correctly and the text may contain errors, so one should always visually compare it 
with the images to determine what is correct.

0
1

2
3

4
5

6
7

8
9

10
11

12
13

14
15

16
17

18
19

20������������������������������������������������
21

22
23

24
25

26
27

28
29

C
M



GÖTEBORGS UNIVERSITETSBIBLIOTEK 

•i 

001 195773 

l7He 8He 

4H j 5H 

Teeter on the brink 
of nuclear stability 
- Experimental investigations of very 

neutron rich light nuclear systems 

MIKAEL MEISTER 

Department of Experimental Physics 

Chalmers University of Technology, 

Göteborg University 



öTEBO^ 

£ fiSUjpJUl 

Biomedicinska biblioteket 



CHALMERS GÖTEBORG UNIVERSITY 

Teeter on the brink of nuclear stability 

- Experimental investigations of very neutron rich 
light nuclear systems 

MIKAEL MEISTER 

Akademisk avhandling som för avläggande av filosofie doktorsexamen i 
fysik vid Göteborgs universitet försvaras vid offentlig disputation den 6 

juni, 2003, k lockan 10.15 i V asa A, Vera, Sandbergs Allé 8, Göteborg. 
Avhandlingen försvaras på engelska. 

Fakultetsopponent: Professor Juha Äystö, 
Department of P hysics, 
University of J yväskylä, Finland 

Examinator: Professor Björn Jonson 
Handledare: Bitr. Prof. Göran Nyman 

Avhandlingen finns tillgänglig vid 
Forskargruppen för subatomär fysik 
Avdelningen för experimentell fysik 
CHALMERS T EKNISKA HÖ GSKOLA 

GÖTEBORGS UN IVERSITET 
SE-412 96 Göteborg 



Teeter on the brink of nuclear stability 
- Experimental investigations of very neutron rich 

light nuclear systems 

MIKAEL MEISTER 

Subatomic Physics Group 
Department of Exper imental Physics 

Chalmers University of Technology a nd 
Göteborg University 

Abstract 

Over the past decade, numerous experiments and theoretical investiga­
tions have been devoted to dripline nuclei of t he lightest elements. Among 
these, the heavy helium isotopes, belonging to the group where nuclear halo 
structure was first observed, and the very neutron rich hydrogen isotopes be­
lieved to embody a similar structure, attracted much attention. This thesis 
concerns experimental studies of nuclei having excess neutrons, teetering on 
the brink of nuclear stability. More precisely, 8He and its unbound subsystem 
7He and the two unbound hydrogen isotopes 4Ii and 5H are studied. 

In a complete kinematics experiment performed at GSI, dissociation of 
227 MeV/u 8He in carbon and lead targets has been studied. Prom the data, 
the relative energy spectra and angular distributions, in the one-neutron 
knock-out channel 6He+n, and in the diffractive dissociation and inelastic 
scattering channel into 6He+2n, could be extracted. The data are compared 
with previously published results of ®He and the unbound 5He to illuminate 
the resemblances and differences of the corresponding nuclei, revealing a more 
complicated structure of t he two heavier isotopes. In addition, the unbound 
hydrogen isotopes 4,5H originating from the one-proton knock-out channel of 
240 MeV/u 6He in a carbon target have been studied. Relative energy spectra 
as well as energy and angular correlations in the t+n and t+n+n systems 
were i nvestigated. The t+n+n relative energy spectrum is observed as a 
broad structure, peaked at 3 MeV above the threshold, and the two-body 
t+n system reveals a resonance compatible with earlier results for 4H. In 
addition, analyzing the energy and angular correlations using the method of 
hyperspherical harmonic expansion allowed to determine the relative weights 
of the most relevant partial waves in th e three-body t+n+n final state. 
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"anonymous" accelerator designers, operators, technicians, engineers, etc. 
The interaction among the people in the collaborations is substantial, and it 
is therefore often difficult to attribute ideas and results to a single person. 

For those of you n ot wanting the read the entire thesis should know that 
the work is organized in the following way. Chapter 1 is written for a general 
audience who is interested in getting a taste and a brief introduction to the 
field of nuclear physics in general, and exotic nuclei in particular. While 
Chapter 1 only assumes a small physics knowledge, Chapter 2 goes further 
into detail, bringing us beyond the basics, emphasizing on nuclear structure 
studies at the dripline, providing additional background to the work that 
follows. Further, Chapters 3 and 4 concern experimental techniques and 
probes used to extract the information of interest. The Papers, and the 
experimental results, axe di scussed and summarized in Chapter 5, and to 
some extent also in Chapter 6 where I i n addition evaluate the work from a 
more personal perspective. The end is devoted to a small Appendix closely 
related to to the analysis performed in Papers IV and V. 

The work is written as an attempt to present the basic ideas together with 
a fair amount of bac kground material. A casual reader should be aware that 
the writing at times is quite dense and interweaved. Further, I have made no 
special effort to give the impression that all details should be immediately 
understandable. Finally, the thesis is undoubtedly biased by my own limited 
understanding and prejudice, and even though the work is of restricted size 
I would like to apologize sincerely to all colleagues whose work has not been 
discussed or quoted adequately. 

Mikael Meister 

Göteborg, Sweden 
May 2003 
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CHAPTER 1 

Introduction 

1.1 A brief history of time 

The synthesis of elements began around one billion years after the big bang. 
Back then, the first galaxies and stars had formed from gigantic clouds of 
hydrogen. The gravitational energy thereby liberated, heated the stellar mat­
ter to such a degree that the process of nucl ear fusion started at the core of 
these newly born stars. The result was the synthesis of helium from hydro­
gen. Since then complex nuclear reactions within stars have been responsible 
for the synthesis of elemen ts. 

Human life, too, arose as a result of such processes. For just like all the 
matter around us, each and every atom in our bodies originated as dust from 
stars of earl ier generations. 

There have been times when natural philosophers believed that they un­
derstood the ultimate structure of matter - that they knew the fundamen­
tal building blocks of which everything is made. The followers of Aristotle 
thought as much when they argued that everything is made up of various 
portions of the four elements, earth, air, fire, and water. However, by the 
late Middle Ages, this simple picture had been complicated by the addition 
of quicksilver (mercury), sulphur, and a number of other substances, and the 
continual addition of more elements to the list led to its abandonment. If 
there are too many kinds of building blocks, it is hard to believe that they 
are fundamental. 
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1 • Introduction 

In the early days of modern chemistry (about 1800), a similar hope rose. 
But in the course of the nineteenth century, the number of ele ments grew to 
almost one hundred - again too many to be regarded as truly fundamental. 

With the discovery of the structure of th e atom in the first few dec ades 
of the twentieth century, the hope rose again. By 1920 or so, it was plausible 
to argue that all matter was built up of protons and electrons, with photons 
acting as the carriers of electromagnetic energy. Things became a little more 
complicated with the discovery or postulation in the early 1930s of th e neu­
tron, the neutrino, the positron, and a few o ther particles. This period is 
often referred to as the early childhood of nucle ar physics and during these 
years, and shortly after, great theoretical progress on the nature of nuclear 
forces and the development of simple nuclear models (liquid-drop model, 
shell model, collective model) were accomplished [1], Many characteristics of 
ground-state nuclei, like their masses, spins, magnetic moments and decays 
where systematically investigated, and the discovery of nuclear fission an d 
its first technical applications gained nuclear physics wide acclaim. 

The fact that we now rather well understand nuclei in the vicinity of 
the valley of stability does not mean that we have a complete picture of the 
complicated many-body system that constitutes an atomic nucleus. 

1.2 Units, dimensions, structures 

The lightest atom, hydrogen, has one proton and therefore one electron and 
the heaviest naturally occurring atom, uranium, has 92 protons and thus 92 
electrons. In a rough sense this is all there is to the diversity of the chemical 
elements*, however to explain the stability of the elements we must also take 
into account the neutron number of each nucleus. This value can vary con­
siderably for the nuclei of a given element, with a fixed proton number. The 
nucleus of ordinary hydrogen has e.g. one proton and no neutrons, the latter 
fact making it unique among all nuclei. But a hydrogen nucleus can also 
exist in a form that has one proton and one neutron. This nucleus is called 
a deuteron, and the atom still with only one electron is called deuterium. 
Chemically it is still hydrogen as is also the heavier radioactive form tritium, 
which has one proton and two neutrons. A tritium nucleus is called a triton. 
These separate nuclei of a single chemical element, differing only in neutron 
number, are the isotopes of th at element. Although the chemical properties 
of the isotopes of a given element are the same, their nuclear properties can 
be very different. 

'The element is defined by the number of elec trons surrounding the nucleus. 
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1.2 • Units, dimensions, structures 

To be more precise, the nucleus is characterized by its integer number of 
protons, Z (the atomic number) which uniquely specifies an element, and its 
n u m b e r  o f  n e u t r o n s ,  N ,  a n d  o f  t h e  t o t a l  n u c l é o n  ( m a s s )  n u m b e r ,  A  =  Z + N .  
Nuclei having the same Z} but differing in TV", are called isotopes; those hav­
ing the same N, but differing in Z are called isotones. Nuclei having the 
same nucléon number A are termed isobars. The simplest nomenclature of 
a nucleus is that given by its chemical symbol, with the nucléon number A 
as a superscript to the left.. W hich means that 12C denotes a carbon nucleus 
{Z — 6) with mass number A — 12 and neutron number N = 6. The car­
bon isotope having 8 neutrons is then denoted 14C. The naturally occurring 
elements thus cover a range from Z = 1 to Z = 92, whereas elements with 
atomic numbers up to Z = 116 [2] have been created in laboratories. 

Further, in nuclear physics we en counter lengths in the order of 1CT15 

m, which is called one femtometer (fm). This unit is quite often referred to 
one fermi, to honor the pioneer nuclear physicist Enrico Fermi. Nuclear sizes 
range from about 1 fm for a single nucléon to about 7 fm for the heaviest 
nuclei. 

The time scale of nuclear phenomena has an enormous range. Some nuclei 
such as e.g. 5He and nN break apart in times of the order of 10~ 20s [3,4]. 
Many nuclear reactions take place on this time scale, which is roughly the 
length of time that the reacting nuclei are within range of each other's nuclear 
forces. Electromagnetic transitions in nuclei occur generally within lifetimes 
of the order 10~9 - 10^12s. However, radioactive decays can occur with much 
longer or shorter lifetimes, a and ß decays e.g. often appear with lifetimes 
in the order of m inutes or hours, but sometimes thousands or even millions 
of years. 

Nuclear energies are conveniently measured in millions of electron volts 
(MeV), where 1 eV = 1.602 • 10~19 J is the energy by a single unit of electronic 
charge when accelerated through a potential difference of one v olt. Further, 
nuclear masses are measured in terms of atomic mass units, u, defined so that 
the mass of an atom of 12C is exactly 12u. Nuclear physicists rather work 
with mass energies than masses themselves. The conversion factor is 1 u = 
931.502 MeV, us ing the fundamental result from s pecial relativity E = mc2  

makes it possible to work either with energies or masses, where c2 = 931.502 
MeV/u in these units.* 

^For the entity "energy per nucléon" the units MeV/u are used throughout the the­
sis. This is not a strictly correct notation, but it is very commonly used instead of 
MeV/nucléon. 
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1 • Introduction 

1.3 The nuclear landscape 

Nuclei are complex quantal systems with a finite number of particles, and 
their binding energies* determined by the interplay between the strong and 
the electromagnetic interaction. 

At low energies, the nuclear properties axe described in terms of nucléons 
and virtual mesons, with empirically deduced effective interactions between 
them. Information on these properties is derived from nuclear structure stud­
ies using advanced spectroscopic tools. At high energies, the substructure of 
nucléons and mesons in terms of quarks and gluons becomes visible. The 
strong interaction between these fundamental building blocks of matter is 
described by quantum chromodynamics (QCD). Theories of s trings, super 
symmetries and M-theories try to describe quarks, electrons and other sub­
atomic particles in terms of even more fundamental building blocks. An 
interesting and popular account of t he latest developments in this area can 
be found in [5]. 

Nuclear physics has many links to particle- and astrophysics and modern 
research in these fields is closely related to the various phases in the evo­
lution of th e Universe. The experiments to detect the quark gluon plasma, 
to study the abundance of th e lightest elements, the attempts to model the 
production of heavy nuclei and to determine the equation of state of nuc lear 
matter, the search for neutrino masses and dark matter are all shared by 
nuclear physics, particle physics and astrophysics. 

Taking a closer look at the area of interest for a nuclear scientist, Fig. 1.1 
shows a map of the nuclear landscape. Today we believe there can only 
exist a limited number of nuclei, of these about half have already been seen 
in the laboratory but only a small number exist naturally on Earth, these 
are marked by black squares and defines the valley of /3-stability. Nuclei to 
the left of t he valley are unstable against /?+-decay or electron capture, and 
nuclei to the right are unstable against /?~-decay. Nuclides heavier that 209Bi 
are all unstable, and decay mostly by a-decay or in some cases spontaneous 
fission. The only heavy nuclides with sufficiently long half-lives to still be 
found on Earth are 232Th and 234-235>238U. The size of a nucleus, and therefore 
also the upper right boundary of t he chart is limited due to fission and the 
exact location of this limitation is not yet known. Experiments trying to 
synthesize super-heavy elements are eagerly exploring this limit. 

*The binding energy B of a nucleus is the difference in mass energy between a nucleus 
z%N and i ts  const i tuent  Z proton s and N neu trons :  B = {Zm v  + Nm n  — [m(AX) — 
Zrajjc2 if the electron binding energies are neglected, mp, mn, me are the masses of t he 
proton, neutron and electron respectively and m(x A) is the atomic mass. 
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1.3 • The nuclear landscape 
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Figure 1.1: Map of the nuclear landscape. 

The so called magic numbers which are associated with increased stability 
are usually convenient "landmarks" and are indicated by double lines in the 
map. The variation of the neutron-to-proton ratio on both sides of the valley 
of /?—stability le ads to a loss of binding energy of the last nucléon when 
approaching the borderlines of stability, the driplines, where the next proton 
or neutron respectively is not bound any more (BnJ) = 0). The driplines in 
the figure are only estimates, and especially, the exact location of the neutron 
dripline is not well known. 

The number of primordial nuclei is less than 300 (the number depends on 
how stability is defined), while almost 6000 nuclei are supposed to "exist" in 
the sense that they live much longer than the time it takes a nucléon with 
an energy about 5-8 MeV to cross the nucleus (r 10 22 s)§. Only about 
half of these supposedly existing ones have been observed up to now. While 
the proton dripline is reached or almost reached over a large mass range, the 
neutron drip line is only reached for the lightest elements, due to difficulties 
to produce the extreme neutron rich nuclei experimentally. 

§This is also referred to as the Fermi velocity of the nucléon. 
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1 • Introduction 

Figure 1.1 also shows the nuclei involved in the r- and rp-process [6], 
which are important scenarios responsible for the production of nuclides in 
the Universe. A t hird path, not shown in the figure is the s-process which 
runs along the stable nuclei. Many of these astrophysical scenarios are unfor­
tunately still quite poorly understood, again mainly because the properties 
of the nuclei involved, are not yet known experimentally. 

Another noticeable phenomenon in the nuclear landscape is proton emis­
sion. The forces between the nucléons in a nucleus can be approximated by a 
nuclear potential, and since neutrons and protons are both Fermions, each of 
them can only occupy one state due to the Pauli principle. In this way, they 
fill the potential well up to the Fermi level, but due to the repulsive Coulomb 
force between the protons, the well seen by the protons is less deep, and in 
addition the long-range Coulomb force creates a Coulomb barrier. 

In the valley of /3-stability, the Fermi levels of protons and neutrons 
are almost equal. When for example adding more neutrons to a nucleus 
it leads to a higher Fermi level for the neutrons, and when reaching the 
neutron dripline, the Fermi level for the neutrons is situated at zero energy. 
Therefore, nuclei beyond the neutron dripline cannot exist, since the excess 
neutrons would leave the nucleus immediately. At the proton dripline, using 
the same reasoning, the Fermi level for the protons is thus also situated at 
zero energy. However, nuclei beyond the proton dripline may exist as very 
narrow resonances, because the excess protons must first tunnel through the 
Coulomb barrier before they can leave. Therefore, if tunneling of protons 
is comparable, or faster than /3-decay, spontaneous emission of protons is 
observed. 

An interesting consequence of the Coulomb force is the curvature of t he 
valley of stability, which easily can be seen in the figure. 

One key feature of nuclear structure, which is of great importance to the 
universe as we know it, is the absence of stable five or eight-body nuclei, 
see Fig. 2.2. This simple fact is crucial to both primordial and stellar nu­
cleosynthesis. It leads to a universe whose baryonic content is dominated by 
hydrogen and 4He, with trace amount of deuterium, 3He, and 7Li. It also 
enables stars such as our sun to burn steadily for billions of ye ars, allowing 
time for the evolution of life inte lligent enough to wonder about such issues. 
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CHAPTER 2 

Light and very neutron rich nuclei 

As previously mentioned nucleax stability is determined through the inter­
play of the attractive nucleon-nucleon strong force and the repulsive Coulomb 
force. An intriguing problem is what happens to the nuclear matter as the 
limits of stability are approached. Many of these areas of t he chart of nu­
clides have only recently been opened for experiments, and a great number 
of exciting phenomena have already been discovered. 

The essential element, resulting from basic quantum mechanics involved 
while studying one-dimensional radial problems of quantum systems mov­
ing in short range spherical potentials, is that the wave functions behave 
asymptotically as exponential functions, given by the expression: 

rp(r) oc exp(—KT), (2.1) 

with K = (2m\E\)1^2  /h, and |.E| the binding energy (E < 0). This allows par­
ticles to move far away from the center of the attractive potential when E 
approaches zero. This idea can be extended easily to more realistic and com­
plex systems but the essentials remain: particles, e.g. neutrons can move out 
into the classical "forbidden" region of space. This has given rise to the sub­
sequent observation of neutron "halo" system in weakly bound nuclei where 
a new organization of protons and neutrons takes place which minimizes the 
energy by maximizing the coordinate space available. 
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2 • Light and very neutron rich nuclei 

2.1 Halo nuclei 

Less than two decades ago experiments carried out by Tanihata and cowork­
ers at Berkeley [7], enabled them to extract the interaction radii of light nuclei 
from interaction cross section measurements (the interaction cross section is 
here defined as the total reaction cross section if th e nucleus has no bound 
state, i.e. for all reaction channels where the proton and/or neutron number 
is changed in the interaction). The real surprise was to observe significantly 
larger matter radii in nuclei like 6'8He and uLi compared to more typical 
p-shell nuclei with a radius of a bout 2.5 fm. The data is shown in Fig. 2.1 
together with the r = ro • A1!3 behavior, with ro = 1.2 fm (today, these values 
have however been recalculated, including correlations in the projectile nuclei 
implied by their effective few body character, see for example Ref. [8]). The 
results clearly pointed out that nuclear matter is more extended than nor­
mally assumed, forming halo-like structures. It was realized that the charge 
distribution in such neutron rich nuclei could be determined by measuring 
electric quadrupole moments. Experiments carried out at ISOLDE [9] unam­
biguously showed that the charge distribution of 11 Li is almost identical to 
the charge distribution in 9Li thus bringing in additional and clear evidence 
that the large matter radii obtained were due to some unexpected behavior 
of the last two neutrons, forming a halo structure around the 9Li core. The 

3.5 —*— Be 
- - B 

ë 

4 6 8 10 12 14 16 

Mass number 

Figure 2.1: Schematic illustration of in teraction radii for light nuclei determined 
from interaction cross sections. A sudden increase of the matter radii 
is observed for a number of nuclei near the neutron drip line. The 
radii are deduced from Refs. [1,10, 11] using Glauber theory. 
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2.1 • Halo nuclei 

findings by Tanihata et al. inspired P. G. Hansen and B. Jonson to develop a 
simple model in order to describe this behavior [12]. A calculation in analogy 
to what can be made for the loosely bound deuteron was made, substituting 
the proton with a 9Li core and the neutron with the two remaining neutrons 
(assuming a di-neutron). With a two neutron separation energy of only 295 
keV, the di-neutron wave function spends as much as 80% of t he time out­
side the nuclear potential. There is no strict definition of a halo, but some 
authors [13,14] define a state as a halo when the halo-nucleon wave function 
spends more than 50% of th e time in the forbidden region. 

Present day experiments probe not only global features of halos like cross 
sections, but also structural details, such as spectroscopic factors and weights 
of wavefunction components. The arsenal of experimental tools include mo­
mentum distribution measurements, 7-ray experiments, complete kinematics 
break-up measurements and /?-decay studies, of which some will be discussed 
in subsequent sections. 

Some of the properties characterizing a halo nucleus is: 

• The most outstanding property is the small separation energy of the 
last bound nucléon (s). In an ordinary nucleus the separation energy is 
about 8 MeV, while in a halo nucleus it is usually less than 1 MeV. 

• As a consequence of the Heisenberg uncertainty principle an extended 
halo nucléon wavefunction implies a narrow momentum distribution 
according to 

(Ax) 2 (Ap) 2  > à 2 /4 .  (2.2) 

For more tightly bound nuclei, the momentum distribution of fragments 
after breakup is broader due to a more confined nuclear volume. 

• The interaction cross section is large in comparison with neighboring 
nuclei, this due to the extended r.m.s. matter radius that exceeds the 
ro = Ax/3 dependence of nuclei closer t o stability. 

• The halo state should have a low rela tive momentum barrier to allow 
the halo nucleon(s) to tunnel out beyond the reach of the strong force, 
most preferably s- or p-wave neutrons. The size of a proton halo has the 
be smaller than its neutron counterpart due to the additional Coulomb 
barrier which hinders its formation. 

• A large Coulomb dissociation cross section characterizes the halo nuclei. 
The loosely bound neutrons are easily separated from the core by the 
virtual photon field created in the Coulomb scattering process. 
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2 • Light and very neutron rich nuclei 

• A special feature of the two-neutron halo nuclei is that no bound sub­
systems are believed to exist, such a structure is usually referred to as 
a Borromean system [15]. (Note however the recent paper [16], where 
a possible non Borromean two neutron halo in 16C is discussed.) 

Ever since the first discoveries the field has grown enormously and a 
thorough examination, both experimentally and theoretically, of the halo 
concept (and also for more complex systems or nuclei with external neutron 
rich skins) can be found in some highly readable papers [15,17-21]. In these 
articles, extensive references axe given to the recent but already very large 
set of r esults in this field. 

* Z 

'Be 

I stable 

I lp halo 

I In halo 

Q 2n halo (or more) 

i__ j unbound 

He 

N 
-> 

Figure 2.2: Excerpt of the nuclear chart for very light nuclei. Known and sug­
gested halo nuclei are marked as indicated in the figure. White fields 
are ß-decaying isotopes. 

2.2 The Helium isotopes 

Looking at Fig. 2.2 the jagged edge of t he neutron dripline is very striking. 
It demonstrates another structural feature of dr ipline nuclei i.e. the impor­
tance of pairing in loosely bound systems. This quality is most remarkable 
for the helium isotopes. Trying to add one neutron to 4He will fail since 5He 
is unbound. However, adding two neutrons to the a-particle will form 6He, 
which is a bound (very loosely, but nevertheless bound) two neutron halo 
nucleus. Continue towards the neutron dripline, the story repeats itself with 
7He and 8He, where 8He has a very special structure which will be discussed 
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2.2 • The Helium isotopes 

in detail in Chapter 5. Continuing even further we reach 9He and the doubly 
magic 10He which both have been quite extensively investigated during the 
last years [22-28]. One particular important question when reaching regions 
far beyond the neutron dripline is whether the N = 8 remains a magic num­
ber or not depending on the strength of the LS force, see e.g. Refs. [29-32]. 

S -1.77 

3/2' 

4He 5He 6He 7He 8He 

stable unbound ß~ - unstable unbound ß~ - unstable 
abundance t1/2 = 807 ms tll7 = 119 ms 
> 99.999% 

Figure 2.3: Schematic overview of separation energies in helium isotopes, ener­
gies are in MeV but the scale is arbitrary, data taken from [33, 34]. 

The helium isotopes play a specific role in the concept of halo physics, 
mainly due to the fact that their structure may be described as a tightly 
bound 4He core surrounded by a number of neutrons. This "core + valence 
neutron" structure is the basis of a model [15] introduced to explain the halo 
structure of 6He [20,21] and the five-body cluster structure of 8He [35-37]. 
The nuclides 5He and 7He are unbound and have ground state spins V = 

3/2~ [34], corresponding to a neutron in a P3/2 orbital according to the stan­
dard shell-model. 

The stability (with respect to particle decay) of the A=8 isobar chain ter­
minates on the neutron-rich side with 8He. This nucleus has the largest N/Z 
ratio for any known particle-stable nuclear system. The lighter isotope 6He 
is characterized as a Borromean two-neutron halo system [15] and has been 
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2 • Light and very neutron rich nuclei 

studied in a large number of d ifferent experiments. Its structure is well un­
derstood and the ground state is to more than 90% a pure (OP3/2)2 s tate [38], 
The relatively simple structure of 6He makes it a bench-mark nucleus which 
can be used for comparative studies of nuclei close-by. The separation energy 
of the neutron pair in the OP3/2 sh ell, forming the halo in ®He, a mounts to 
973 keV while 2.139 MeV is needed to remove a neutron pair in 8He. The 
neutron pairing energy in 8He (e = 3.03 MeV) is one of the largest known and 
it is 275 keV larger than that of 6He. A careful analysis of the measured cross 
sections for different breakup channels of 6He and 8He [39] suggests that the 
8He structure is best described as a five body system (a + An) rather than 
as a two-neutron halo (6He+2n). Further experimental evidence for an a-
neutron structure has been obtained in beta-decay experiments [40] where 
the beta-delayed triton branch mainly originates from a 9.3 MeV resonance 
in 8Li, and has a GT (Gamow-Teller) reduced transition rate of Bar = 5.18 
corresponding to almost half of the GT sum rule strength [41]. This result 
indicates that the 8He ground state has a large overlap with an (a+t+n) 
structure in 8Li [42]. Zhukov et al. [35,43] have suggested a five-body cluster 
orbital shell model approximation (based on the discussion in Ref. [44]) to 
describe the 8He ground state wave function as (a + An). 

2.2.1 Helium analomy 

The semiempirical massformula*, suggests that the binding energy of the last 
neutron in the nucleus should decrease smoothly with increasing number of 
neutrons [46]. However, due to nucléon pairing and shell effects which cause 
discontinuities in the resulting monotonie behavior, this dependence should 
be treated separately for nuclei with even and odd number of neutrons. Ex­
cluding these effects though, a universal dependence appears; stability always 
decreases with the addition of one pair of neutrons. An increase of t he neu­
tron binding energy is rarely observed, and the strongest stability increase 
with number of neutrons is observed for the 6He -8He pair, where it exceeds 
1 MeV. Further, consider the binding energies of the odd He isotopes. In the 
transition from 5He to 9He, i.e. an addition of four neutrons, the binding 
energy does not effectively change, according to some authors there might 
even be an increase, see Fig. 2.4. This effect is usually referred to as "Helium 
analomy" [47]. 

'Originally developed by Weizäcker, Bethe and Bacher [1,45]. 
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Sx„ (MeV) 

2.0-- • x = 2 

• x = 3 

1 .0  --

-10"" 5He 

-2.0 - -

-3.0 --

Figure 2.4: Systematics of the binding energy with respect to the first particle 
threshold, Sxn for H and He isotopes, error bars excluded [34]- Data 
for [a-d] are t aken from Refs. [25, 27, 48, 49[ respecti vely. The con­
necting lines are onl y guides for the eye. 

Until now no microscopical explanation of this unusual stability of the 
heavy helium isotopes is available, and the question whether it is a reflection 
of the large neutron excess compared to more conventional nuclei or if t his 
is a qualitatively new phenomena is not clear. Presently it is not possible to 
experimentally test any hypothesis on other nuclei. The only pair of n uclei 
with fairly known masses having a very large neutron excess are the heavy 
unstable hydrogen isotopes, 4H and 6H (for these isotopes the experimental 
data are quite consistent [33,34]). Their decay energies (with respect to one 
and three neutrons) are also given in Fig. 2.4. Even though the errors are 
rather large, a trend similar to that of the He isotopes is observed, i.e. when 
adding two neutrons to 4 H forming 6H the instability does not seem to in­
crease. 

Presently there are no experimental data on heavier helium isotopes. A 
very rough estimation though (since no experimental data for 13Li exist) along 
the N = 10 isotone, would result in a system unbound by approximately 2-3 
MeV for 12He. 

tThe word nuclei (or isotopes) will be used hereafter for simplicity, even though these 
unbound systems might be better referred to as resonances. 

13 



2 • Light and very neutron rich nuclei 

2.3 Hydrogen 

Some decades ago it was suggested that the 5H nucleus might be situated 
near the breakup threshold and even be stable [50]. A lower limit on the mass 
of 5H was obtained a few years later [51] from the absence of sharp structures 
in the 3He(3He,n)5Be reaction up to 4.2 MeV. Since then the studies of the 
heavy hydrogen isotopes (3<A<8) have been given much attention and lately 
some intriguing results have been reported. The structure of a heavy hydro­
gen nucleus is expected to be similar to that of neut ron-rich helium isotopes, 
namely, an inert core surrounded by valence neutrons [47,52,53]. The 5H iso­
tope, with an even neutron number, could be less unbound than 6H or even 
4H due to the neutron pairing energy. However, the width of this state, esti­
mated in a conventional R-matrix approach is extremely large (10-15 MeV) 
due to the absence of Coulomb and centrifugal barriers in the t+ di-neutron 
channel [47,52]. Below some considerations will be formulated allowing such 
a large width to be understood qualitatively, even though the decay energy 
is comparatively low. For the isotopes with odd number of ne utrons (4H and 
6H), the experimental studies have however revealed their ground states as 
comparatively narrow resonance states situated 2-3 MeV above the dissoci­
ation threshold [33,34]. The experiments aiming at an identification of 5H 
have however given extremely contradictory results [34, 54-56], without any 
safe assignment of nei ther the resonance position nor its width. Estimations 
of th e width have been in a broad span from less than 500 keV up to more 
that 10 MeV. 

2.3.1 Nuclear systems w ith even num ber of neutrons 

An interesting fact when studying the systematics of unbound neutron rich 
nuclei is that systems with an even number of neutrons such as a possi­
ble 4n, 5H and 7H are more difficult to produce and detect than those with 
odd neutron number (note however the very recent publications by Marqués 
et al. [57] and Korsheninnikov et al. [56,58]). At a first glance this seems 
strange, because due to nucléon pairing energy, nuclei with an even number 
of n eutrons are quite often more stable than nuclei with an odd number of 
neutrons. 

It may turn out that the decay energy of the above mentioned nuclear 
systems is high, leading to a large width. However it might be reasonable to 
assume that a specific effect takes plaice which, even if the decay energy is low, 
results in an unobservably large width. Following the ideas of Goldansky [59] 
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Figure 2.5: Schematic representation of the centrifugal barrier influence on the 
decay with odd and even number of neutrons in I = 1 states, (a) 
One neutron subdues the centrifugal barrier, (b) When a neutron is 
added to make an even number, the pairing ene rgy is high enough and 
the system is bound, ( c) When a neutr on is added to make an even 
number, the system is unbound, and decays by two neutron emission. 
After pairing a di-neutron may appear with I = 0 relative to the 
residual nucleus and the decay can take place without penetration 
through the centrifugal barrier. 

about two proton emission* it was assumed [62] that the pairing effect of two 
nucléons forming a di-nucleon, having zero angular momentum with respect 
to the residual nucleus, allows emission in the absence of a centrifugal barrier. 

Consider a nucléon in a quasi-stationary state E\, blocked by the cen­
trifugal barrier, see Fig. 2.5. The addition of a second nucléon will change 
the energy of t his state, which becomes approximately equal to 

E2 = 2El - e, (2.3) 

where e is the pairing energy, and will result in either of two possible situ­
ations. If the energy gain due to pairing is high enough, the resulting new 
two-nucleon state becomes a bound state, and the even (with respect to neu­
trons) nucleus will be stable. This effect is e.g. observed in the transitions 

*For recent theoretical investigations of two proton emission see Refs. [60,61]. 
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2 • Light and very neutron rich nuclei 

from 5He to 6He and 7He to 8He. However, another situation is also possible, 
in which the energy gain due to pairing is not sufficient to bind the system 
and the two-nucleon state will remain unbound. The formed nucleus will 
then be susceptible to many-particle (in the simplest case, a three-particle) 
decay. This situation could happen in the transitions from 4H to 5H, from 
6H to 7H and as well fro m 9He to 10He. Which ever of the two possibili­
ties is preferable depends on many parameters such as the position of the 
single-particle level, the pairing energy, the decrease in well depth due to the 
increase in neutron excess etc. that is a quite complex problem. 

In this thesis, recent results from an experiment performed at GSI, Darm­
stadt concerning breakup of 6He at 240 MeV/u and 8He at 227 MeV/u in 
carbon and lead targets will be presented. This will hopefully shed some 
new light on the many questions concerning the very neutron rich hydrogen 
isotopes and heavy helium isotopes, teetering on the brink of nuclear stability. 
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CHAPTER 3 

Experimental tools 

High and medium energy physics research have always been the driving force 
behind the development of particle accelerators. Even though the early child­
hood of nuclear and particle physics started their lives in research laboratories 
in glass envelopes sealed with varnish and putty using electrodes and frequent 
discharges, they have long since outgrown this environment to become large-
scale facilities offering services to large communities. 

It was in the early twenties that the need for particle accelerators was 
first realized by Ernest Rutherford amongst others, but the electrostatic ma­
chines then available where far from reaching the necessary voltage and for 
a few y ears there was no advance. Suddenly the situation changed in 1928 
when Gurney and Gamov independently predicted tunneling [63,64] and it 
appeared that an energy of 500 keV might just be enough to split the atom. 
This seemed technologically feasible to Rutherford and he immediately en­
courage Cockcroft and Walton to start designing a 500 keV particle accel­
erator. Four years later in 1932, they split the lithium atom with 400 keV 
protons. This was the first fully man-controlled splitting of the atom [65] 
which later earned them the Nobel prize in 1951, "for their pioneer work on 
the transmutation of atomic nuclei by artificially accelerated atomic parti­
cles", see [66] for further reading. Many of the exotic discoveries through the 
decades to come had not been possible without the development of radioac­
tive ion beams (RIB) at different accelerator facilities around the world. 
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Figure 3.1: A photograph of the 
C ockcrofl-Walton accelerator installa­
tion at the Cavendish Laboratory. 
(From Lawrence and the cyclotron: 
AIP History Center Web Exhibit [67].) 

3.1 Production of radioactive nuclei 

Study radioactive species requires production in the laboratory. Today, there 
are two main methods to produce radioactive beams, both with some modi­
fications. 

The IFS (In-Flight Separation) method, used at GANIL, GSI, MSU and 
RIKEN amongst other places, which uses high-energy heavy-ion fragmen­
tation of st able nuclei, and the ISOL (Isotope Separator On Line) method, 
used for example at CERN-ISOLDE, Jyväskylä, Louvain-la-Neuve and SPI­
RAL at GANIL, where stopped target fragments are re-accelerated. The 
former technique provides fast, clean separation independent of the chemical 
element while the latter is superior in terms of be am intensity and geomet­
rical beam quality. The two techniques address two different energy regimes 
with a very small overlap, and the different beam properties make the two 
techniques complementary, and different types of experiments are performed 
at facilities using IFS and ISOL. A general review over methods to produce 
RIB can be found e.g. in Refs. [68-71] and a popular review is found in [72]. 
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3.1.1 In-Flight Separation (IFS) 

In-flight separation is successful in producing intermediate and high energy 
beams above 50 MeV/u, where the radioactive ions are produced by frag­
mentation reactions of stable beams on stable targets. A first generation of 
IFS facilities is in operation at various laboratories in Europe, the USA and 
in Japan. Among these GSI is playing an important role, since it is the only 
facility worldwide, where beams of all elements are available with energies 
up to and about 1 GeV/u. 

Mainly two types of fragmentation reactions can be considered, namely 
peripheral and central. The most neutron rich fragments are generally pro­
duced in peripheral collisions, while central collisions occurring at small im­
pact parameters rather tend to produce a high multiplicity of fragments. The 
reaction products can range from individual nucléons to almost the mass of 
the beam particle, many of which will be produced at high excitations and 
will undergo subsequent 7 or particle decays. It is therefore necessary to 
filter the secondary beam to increase the relative abundance of t he species 
of in terest. 

The time of the separation process is determined by the time-of-flight 
through the spectrometer which is in the order of [is or less. Thus, the in­
tensity of the secondary beam is usually not limited by the radioactive decay 
since the half lives of most isotopes of i nterest produced by fragmentation 
are appreciably larger. 

Breakup reactions and Coulomb excitation of gian t resonances are some 
examples of experiments well suited for this technique. 

3.1.2 Isotope Separator On Line (ISOL) 

The ISOL method which was the first to be developed [73], uses the ra­
dioactive ions produced by high-energy beams from a primary accelerator or 
neutrons from a nuclear reactor. 

So far the highest intensities have been reached using high energy protons 
(at ISOLDE 1.4 GeV protons from the PS booster is used) which produce the 
radioactive isotopes through spallation, fission a nd fragmentation reactions 
in a thick target. At high temperatures the reaction products diffuse to the 
target surface, desorbe and effuse via a transferline into an ion source. After 
extraction and acceleration from the ion source, a magnetic separator system 
purifies the the beam, which can then be sent to experimental areas. 

Depending on the selectivity of the target and ion source, the beams are 
often quite pure and the separator systems are not as complicated as in an 
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IFS facility, where the separator really creates the secondary beam out of a 
collection of fragments. However due to the rather slow diffusion processes, 
the lifetimes of the accelerated radioisotopes are limited downwards to a few 
ms, depending on the chemical and solid-state characteristics [74] of t he re­
action products. In this way it is possible to produce radioactive ion beams 
with low en ergies around and below the Coulomb barrier, typically 10-100 
keV. The low en ergy beams can easily be implanted in thin foils and their 
decay properties can be investigated. The method has proven to be very use­
ful, especially for reproducing astrophysical reactions which occur at these 
low energies, as well as for /?-decay studies of halo nuclei [75,76]. 

At many new facilities, such as SPIRAL and REX-ISOLDE, post accel­
erators are installed, see e.g. [77], where the secondary beams have energies 
ranging from one up to tens of MeV. 

3.2 GSI 

More than 30 years ago, on December 17, 1969, Gesellschaft für Schwerio-
nenforschung (GSI) was founded, and its first beam was delivered in 1975. 
GSI [78] is a heavy ion research center funded by the Federal Government 
of Ge rmany and the state of Hessen, and is located in a northern suburb of 
Darmstadt, approximately 25 km south of F rankfurt. 

The present accelerator complex, consisting of th e UNIversal Linear Ac­
celerator [79] (UNILAC, beam energy of 2 - 20 MeV/u), the 60 meter diam­
eter synchrotron for heavy ions [80] (SchwerlonenSynchrotron or simply SIS, 
1-2 GeV/u), the FRagment Separator [81,82] (FRS) and the Experimental 
Storage Ring [83] (ESR), permits acceleration of io ns up to a maximum en­
ergy of 1000 to 2000 MeV/u for ion optical transfer to more than 30 different 
experimental set-ups. 

Approximately 700 people are employed at GSI, including 300 scientists 
and engineers. The facility is open to national and international research 
groups, and more than 1000 scientists from over 25 countries are involved in 
the ongoing research activities pursued at GSI. The program covers a very 
broad spectrum, ranging from fundamental research in nuclear, atomic and 
bio physics as well as research in applied fields such as material sciences, 
plasma physics, cancer therapy, and accelerator development. 

GSI is probably most famous for the discovery of t he (super) heavy ele­
ments with atomic numbers 110, 111 and 112 [84] (resulting in the naming of 
the elements 108 and 110, hassium, Hs, and darmstadtium, Ds, respectively) 
and this research is still very much alive today searching for heavier elements. 
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Figure 3.2: A layout of the GSI accelerator facility. 

However today, GSI is probably equally famous for its cancer therapy, which 
has proven to be very successful in the treatment of human brain tumors [85]. 
Below follows a a brief summary of the ongoing research at GSI. 

Nuclear and Hadron Physics 

• Nuclear reactions up to relativistic energies. 

• Equation of state for n uclear matter. 

• Investigations of h ot, compressed and highly excited hadronic matter. 

• Exotic nuclei far off stability and superheavy elements. 

• Nucleus - atomic shell interactions. 

Atomic Physics 

• Superheavy quasi-atoms and inner shell excitation mechanisms. 

• Electron capture and recombination processes. 

• Heavy few e lectron systems. 
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Theoretical Physics 

• Properties of dense hadronic and nuclear matter at finite temperature 

• Non-equilibrium transport theory for nuclear collisions 

PHELIX Laser Project 

• Installation of a Petawatt/Kilojoule Nd:glass laser 

• Symbiotic use of intense heavy ion and laser beams 

• Generation and investigation of extremely dense and hot matter 

Plasma Physics / Beam Physics 

• Generation of high energy-density in matter. 

• Prestudies for inertial confinement fusion using heavy-ion accelerators. 

Materials Research 

Biophysics 

• Radiation effects in biological systems 

• Cancer therapy using heavy ions. 

In a near future, a major upgrade of GSI will be performed. The Federal 
Minister for Educational and Research in Germany has given the project 
its approval and founding is provided. The plans are to build a new major 
accelerator ring which will be injected by the current facility, with more than 
an order of magnitude in rigidity over the present SIS. In addition, more 
rings to accumulate and store high quality primary and secondary beams, 
of short-lived exotic nuclei as well as antiprotons, for research in hadronic, 
nuclear, atomic and plasma physics are also in a far planary stage. 

For further information concerning both the present and future GSI, and 
in some respect also the present status of modern nuclear physics, the highly 
readable "Conceptual Design Report" [86] is strongly recommended. 

22 



3.3 • Experimental technique and procedure 

3.3 Experimental technique and procedure 

Prior to the experiment, performed in October 1995, presented here a very 
similar experiment took place in July 1992. Three PhD theses [87-89] and a 
handful of a rticles concerning 6'8He, uLi and 14Be originate from that early 
work. The very successful outcome of t he pioneering experiment, which in­
creased our knowledge about these dripline nuclei enormously, led to the 
realization of the second one presented here. This second experiment con­
cerning the same halo nuclei has also proven to be very successful and has so 
far delivered three more PhD theses [90-92] and many articles, and yet the 
analysis of the data is still by far not finished. More detailed information can 
thus be found in the references mentioned above for a reader who has specific 
interest in some special subject, whether it concerns acceleration techniques, 
electronics used, data acquisition, detectors, calibration methods etc. which 
is to vast to be included here. 

3.3.1 Beam production 

The secondary 6'8He ion beams were produced in fragmentation reactions 
using a primary stable 180 beam (~ 1010 pps and 340 MeV/u) delivered by 
the SIS, impinging on an 8 g/cm2 thick Be-target, see Fig. 3.3. 

The requirement for transmission of a certain ion with mass m, veloc­
ity v and charge q through a magnetic spectrograph is the equality of the 
centrifugal and magnetic forces, 

_ „ mv2 „ mv A F = qvB = => Bp = — « v— (3.1) 
p q z 

where B is the magnetic field and p denotes the curvature of the magnet. A 
selection in v A/Z can thus be done due to the magnetic rigidity, note how­
ever that the last approximation only holds for fully stripped ions. Nuclei 
produced in fragmentation reactions have approximately the same velocity, 
so in a first approximation v can be regarded as constant. 

The 240 MeV/u 6He fragments (ß = 0.606) were separated in the FRS 
(Bp = 7.15 Tm, p «11.3 m) and then transported to the experimental area. 
For isotope selection a wedge-shaped degrader acting as a dispersive element 
was inserted in the midplane of F RS. The beam intensity was typically 109 
ions per spill* and the contaminants were observed on a few percent level only. 

"The repetition time was on average 1 pulse per 4.6 s. 
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Figure 3.3: The secondary 6'sHe beams were produced by a primary 18 O beam 

preaccelerated in the UNILA C and injected into the SIS for further 
acceleration to 3^0 MeV/u. Hereafter the beam underwent fragmen­
tation reactions with an 8 g/crr,i2 Be-target creating a full variety of 
lighter isotopes and transmitted through the FRS where an isotope 

selection could be m ade by a Bp setting. Subsequently the RIB (Ra­
dioactive Ion Beam) where transported to the experimental area in 
Cave B. 

In order to select 8He from other reaction products the transmission 
through the FRS was achieved with an intrinsic rigidity of 9.21 Tm. Not only 
8He was transmitted but also nLi and 14Be, see Table3.1. The transmission 
of these nuclei was facilitated by the extreme relation between neutron and 
protons these nuclei exhibit, A/Z > 3.5. Thus as can be seen in Fig. 3.4 only 
one Bp selection was necessary for production of these nuclides. A small 
portion of 6He and tritons was though also transmitted. After transmission 
through the FRS, the beam was further transported to the experimental area 
in Cave B. 
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Figure 3.4: The lowest region of the nuclear chart showing the chosen Bp=9.21 
Tm setting in order to transmit the selected nu clides. Only the nu­
clides below the sloping line are transmitted, if no momentum spread 
of th e secondary ions is assumed. 

Table 3.1: Velocity and kinetic energy of the ions transmitted at the beam-line 
setting of B p = 9.21 Tm. 

Projectile "He nLi 14 Be 
Kinetic Energy 227 MeV/u 266 MeV/u 289 MeV/u 

ß 0.593 0.627 0.645 
Pulse rate/4.6 s 155 145 30 

3.3.2 Complete kinematics experiment set u p - Cave B 

The experiment was performed in Cave B. The main idea behind the ex­
perimental set-up is that charged fragments after breakup in the secondary 
target, will be influenced by the magnetic field of A LArge-gap Dipole mag-
Net (ALADIN) [93,94] and deflected from its original path and subsequently 
detected in a big plastic scintillator, the time-of-flight (TOF) wall. The 
neutrons created in the break-up process of t he secondary beam will, since 
unaffected by the magnetic field and due to the Lorentzian boost, be focussed 
into a narrow forward cone around the initial beam direction and directed 
into the Large Area Neutron Detector (LAND) [95,96], positioned approxi­
mately 11m downstream from the target. In Fig. 3.5, a schematic view of 
the experimental set-up in the target area, Cave B is shown. 
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Figure 3.5: A schematic view of th e experimental set-up showing the plastic scin­
tillators Posl and TOF-wall, the multi wire proportional chambers 
(MWPC), the dipole m agnet (ALADIN), the multi wire d rift cham­
bers (MWDC), and the neutron detector (LAND). The secondary 
beam particles with energy ~ 250 Me V/u are transmitted from the 
FRS where the beam direction is from left to right in the figure. 

Beam tracking 

The trajectory of the beam before entering ALADIN was determined by 
three Multi Wire Proportional Chambers (MWPC) [97]. The first two, 9x9 
cm2 in front of t he target, and the third one, 20x20 cm2 located between 
the target and the magnet served to determine the scattering angle of t he 
fragments. For beam monitoring after the magnet two Multi Wire Drift 
Chambers (MWDC) 50x70 cm2 were used, see for example Refs. [87,88,90] 
for a more detailed description of th e MWDCs. 

A proportional chamber is basically a planar detector consisting of pa r­
allel anode and cathode plates with a gas filling in between. If a n electric 
field is applied, the electrons released, in the ionisation process caused by the 
passage of a charged particle through the gas will drift towards the anode. 
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If t he field is strong enough, an electron will gain sufficient energy to cause 
secondary ionisation, and a chain of s uch processes leads to an avalanche 
of secondary electrons which can be collected as a pulse at the anode. If 
many anode wires axe arranged in a plane between a common pair of ca th­
ode plates, each wire acts as an independent detector, and thus the name 
multiwire proportional chamber.* The position of interaction can be ob­
tained by comparing the signals from different anodes, further the sensitive 
planes can be arranged in both vertical and horizontal directions giving a 
two-dimensional image. 

MWPCs with high resolution are expensive and might be difficult to han­
dle due to the need of output signals from a very large number of wires. The 
cost can be reduced significantly and even better spatial resolutions can be 
obtained in a drift chamber. This uses the fact that released electrons need 
time to drift from their point of p roduction to the anode. If th e drift veloc­
ity is known, then the distance from the sensitive wire to the origin of the 
charged particle can be calculated. Thus, the time delay between the pas­
sage of a charged particle through the chamber and the creation of a pulse 
at the anode, is re lated to the distance between the particle trajectory and 
the anode wire. In practice, a reference time has to be defined, for example 
by the passage of the particle through a scintillator, placed elsewhere in the 
beam line. Further information concerning drift- and proportional chambers 
can for example be found in Ref. [99], 

A different type of charged particle detectors used in the experiment were 
scintillator detectors. Here the molecules in the detector material get excited 
by the incoming particle and subsequently emits light in the deexcitation 
process. The light output is then converted and magnified in a photomul-
tiplier tube. For time-of-flight measurement a plastic scintillator (POS1) 
placed in front of the first MWPC was used, together with either a scin­
tillator placed at the end of the FRS or, one of the two MWDCs or the 
TOF-wall placed behind the last drift chamber at the end of C ave B. The 
plastic scintillator was also used to determine the charge Z of th e incoming 
ions by means of ene rgy loss in the detector. The charge of t he fragments 
after break-up in the target was subsequently determined by the TOF-wall, 
composed by 20 scintillator strips arranged parallel to each other along the 
vertical direction, each with an active volume of 0.5x 10x200 cm3 covered by 
a black thin light shield. 

t Originally developed by Charpak and collaborators [98], an invention that later ren­
dered him the Nobel Prize in 1992 "for his invention and d evelopment of particle detectors, 
in particular the multiwire proportional chamber", see [66]. 
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Ion identification 

In order to select the relevant information for the different reactions, the 
correct events had to be extracted. First of all it was necessary to distinguish 
the selected incoming ions (in this case 6He and 8He) from the other fragments 
in the beam - both before and after the reaction target. 

The usual way of ion identification is to plot the mass versus the charge 
in two-dimensional spectra, or simply the time-of-flight versus the energy 
loss in a AE detector, in this case POS1. 

The energy loss by an energetic particle passing through matter stems 
from the Coulomb interaction with the atomic electrons and can be esti­
mated by using the Bethe-Bloch formula, see e.g. [100]. 

S [ « ¥ > - • • « - < • >  " 4  o , ,  

where NA is the Avogadro constant, / the mean ionisation potential of the 
traversed material, me is the electron mass and the subscripts p and t corre­
spond to the projectile and target respectively. The charge Z of the particles 
can thus be determined from the measured energy loss in the scintillator de­
tectors using the above relation. 

. »He 

, »Li 
l^Be 

: 

AE (a.u.) 

Figure 3.6: Identification of the incoming ions could be made in TOF versus AE-
plots. The incoming 6He, 8 He, 11 Li and and uBe are well separa ted. 
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As can be seen in Fig. 3.6 a very clean separation could be obtained using 
this method, yielding reliable identification of the incoming ions by imposing 
two-dimensional cuts in the spectra. A similar identification was performed 
after the breakup in the target. 

Neutron detection - LAND 

Neutron detection in general presents a significant experimental challenge as 
neutrons do not have electric charge. This fact makes the interaction with 
matter an improbable process since the atomic electrons, making up the size 
of t he atom, can be completely disregarded. Instead the neutrons interact 
with the nuclei only through the short range strong interaction, which means 
that a neutron detector must detect the secondary charged particles from a 
strong interaction process. Furthermore there is no reliable way of g etting 
the total energy of the neutron by studying the energy deposit inside a detec­
tor as the energy varies strongly with scattering angle. Thus, time-of-flight 
methods must normally be used for this purpose. 

The LAND detector (see Fig. 3.7) consists of 200 paddles each 2x0.1x0.1 
m3 arranged 20 by 20 in 10 successive layers, alternating vertically and hor­
izontally aligned. Each paddle has an altering sandwich structure of 5 mm 
scintillator/5 mm passive iron converter in order to increase the detection 
efficiency. The incoming neutrons interact with the iron nuclei by producing 
hadronic showers that are detected in the scintillator material. The light 
produced by secondary charged particles is collected by light guides on both 
ends of the scintillator sheets and directed to the photomultipliers. The dif­
ference in arrival time of the two signals serves to localize the position of the 
neutron incidence and the arrival time is deduced from the mean timing of 
the two signals. An internal calibration of LAND with regard to time and 
position is obtained by tracing cosmic rays through the detector between the 
beam spills. The detection efficiency for 240 MeV neutrons in LAND is quite 
high, 85 ± 5 %, and more thorough explanation of t he detector properties 
can be found in Ref. [95]. 

In front of LAND, a veto detector for charged particles is installed, con­
sisting of 20 thin organic scintillator strips to discriminate the neutrons from 
charged particles not deflected enough by ALADIN. The strips are arranged 
parallel to each other along the horizontal direction. Each strip covers an 
area of 200x10 cm2, which matches the paddle size in LAND, and has a 
thickness of 0.5 cm which is sufficient for charged particles to interact within 
it, but to thin for a noticeable neutron interaction. 
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IBSgj 

Figure 3.7: A schematic view of the Large N eutron Area Detector (LAND), the 
lower inset shows the construction of one its 200 paddles. (From 
Ref. [95].) 

Neutron disentanglement 

All events were classified according to the apparent neutron multiplicity mn  

= 0,1,2 registered in LAND, and thus mn characterizes the reaction mech­
anism. For each neutron multiplicity, integrated cross sections were deter­
mined, taking into account corrections for the detection efficiency and limited 
acceptance. 

One of the problems analyzing the data is a background connected to 
the finite multiple-hit resolving power of the detector [101-103]. Neutrons 
impinging onto LAND fire a number of it s submodules and a pattern algo­
rithm has to be employed in order to disentangle multiple neutron hits. The 
algorithm and its performance, under the circumstances of an experiment 
very similar to the present one is de scribed in Ref. [102], The main effect 
appears as a reduced double-hit recognition capability in the case when two 
neutrons interact in a close vicinity of each other in LAND. Such detection 
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Figure 3.8: A photograph showing a 
disassembled paddle of LAND. The al­
tering sandwich structure of the plas­
tic scintillator and iron converter is 
clearly seen. 

deficiencies were corrected for using realistic event simulations adjusted to 
the present experiment, and utilizing the LAND response from calibration 
measurements with tagged neutrons. A correction for reactions taking place 
outside the target, for example in a detector, was accomplished by the mea­
surement without a target. 

Data acquisition and analysis tools 

One of the main tools for on- and off-line analysis was the acquisition and 
control software, PAW-LAND, based on the PAW (Physics Analysis Work-
station)/ZEBRA [104] software package, developed at CERN and extended 
for experiments in Cave B [105,106]. The experimental data on-line were 
written as LMD (List Mode Data) files event-by-event and hereafter con­
verted into N-tuples for off-line analysis. 
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CHAPTER 4 

Observables and extracted information 

Due to the short life time of nucle i in the vicinities of driplines, much exper­
imental information about their structure is obtained through their collision 
with stable targets. In this chapter different tools, some of th em used in the 
present analysis, for probing the nuclear structure are briefly reviewed and 
in addition a few theoretical approaches are mentioned. 

First, to extract information about observables such as relative energy, 
angular distributions etc., the momenta of the particles involved are needed. 
In the experiment performed here, the longitudinal momentum in the labora­
tory system, pz, could be determined directly by time-of-flight measurement 
through 

Pz = rn0-yß, (4.1) 

where ß = v/c, 7 = (1/(1 — ß2))x'2, mo is the rest mass of t he fragment and 
v is expressed in units of c. The transverse momenta, px,y, could then be 
calculated using 

Px,y = Pz '  @x,yi (4-2) 

where 9x,y expressed in radians, is the angular deflection of the fragment 
perpendicular to the beam direction measured after the breakup target. The 
momenta of t he neutrons were calculated in a similar way, and the wanted 
information could subsequently be transformed into the appropriate reference 
frame and coordinate system. 
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4.1 Break-up reactions and cross sections 

The most important reaction mechanisms in the intermediate and high en­
ergy range with halo- and other loosely bound nuclei are Coulomb and nu­
clear dissociation. The dependence of the cross section on the target for these 
processes vary approximately as Z2 and A1/3 respectively. For light targets, 
the Coulomb effects are small, and nuclear contribution dominates and since 
the charge dependence grows much faster than that of the mass number, 
electromagnetic processes play the most important role for high Z t argets. 
It should however be noted that the cross section cannot be unambiguously 
subdivided into nuclear and Coulomb parts. 

In the experiment described here, carbon and lead targets were used. 
In addition runs without a target, so called empty target runs, needed for 
background subtraction and calibrations were also made. The cross section 
for a specific reaction could thus be calculated by using 

M r Njr  Nfr  i 

wNaIni N*r 
(4.3) 

where the different variables denotes, 

M : the molar mass of the target in g/mol 

uj : the target density in g/cm2 

N4 : the Avogadro constant 

Nsret): the measured number of eve nts for a specific reaction, with target (t) 
or empty target (et), e.g. 8He —* 6He + 2n 

N'pet^: the measured number of incoming projectiles that can give this reac­
t ion  e .g .  8 He,  wi th  t a rge t  ( t )  o r  wi thou t  t a r ge t  (e t ) .  

One of the major differences between exotic neutron- or proton rich halo 
nuclei and tightly bound nuclei is the larger probability for the former to 
break up owing to the smaller binding energy of t he halo cluster. 

Fig. 4.1 illustrates the possible break-up reactions for halo nuclei. The 
different processes are often referred to as halo nucléon stripping (4.1.l:c,d), 
core stripping (4.1.1:e,f), diffractive dissociation (4.1.l:a) and Coulomb dis­
sociation (4.1.l:b). From a theoretical point of view, stripping denotes the 
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4.1 • Break-up reactions and cross sections 

removal of one or several halo constituents regardless what happens to the re­
moved nucléons. However, from the experimental point of view the reactions 
are often described in terms of detectable signatures. The term absorption 
means removal of t he core or/and halo nucléon (s) in a way that they cannot 
be detected, while the signal of core break-up is detection of t he halo nuclé­
ons in coincidence with fragments from the shattered core. 

9® o<g> ® ®-

8  ° ®  
o — 9- *2 Or-

e to 

Figure 4.1: Schematic illustration of different break-up channels and concepts 
for halo nuclei. Part a) illustrates diffractive break-up where all 
constituents escape the target crea ting a cy lindrical cut in the wave-
function. Also shown is the impact parameter b which defines the 
distance between the center of m ass of the target and tha t of the pro­
jectile. Part b) shows Coulomb break-up that also leaves all cl usters 
to be detected. Parts c) and d) exemplify halo nucléon absorption. In 
part c) The F SI (final state interaction) is indicated, and in part d) 
the principle of mea suring the internal py and pj_ is sketched. Parts, 
e) and f) show the core s tripping processes of core a bsorption and 
core break-up, respectively. (Courtesy K. Markenroth.) 

Theoretical investigations of reactions with loosely bound nuclear systems 
started as early as 1947 with work done by Serber [107]. Here the interaction 
between the removed nucléon and the target is neglected, i.e. the target is 
assumed to be totally transparent. Today nucleax reactions at intermedi­
ate and high energies are often treated in the eikonal approximation [108], 
valid if the energy is high and the scattering angle is small [109]. See also 
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Ref. [110] where the eikonal model was used for studying nuclear breakup of 
Borromean nuclei. The form known as Glauber theory has been widely used 
for calculating reactions at high energies. The method was originally devel­
oped by Glauber [111], assumi ng that the target nucleus could be viewed as 
an absorbing black disc. Due to diffraction when a part of the wave function 
of t he projectile is removed, the projectile no longer remains in its ground 
state but instead contains an admixture of exc ited states. When these ex­
cited states are unbound the probability of di ssociation becomes a fact. For 
recent investigations using Glauber theory, applied to halo interactions with 
light targets, see e.g. the papers by Bertsch, Brown and Sagawa [112,113] 
and Parfenova et al. [114,115]. 

Theoretical methods treating break-up reactions without building on the 
eikonal approximation are of cours e also existing. One of t hem is Distorted 
Wave Born Approximation (DWBA) calculations, where the basic idea is to 
excite the system above the cluster threshold and then break it apart, see 
e.g Ref. [116], and also [117] for recent development applied to 6He. Meth­
ods which include coupling to the continuum are the transfer-to-continuum 
model [118], and the Continuum Discretized Coupled Channels (CDCC) 
method [119]. 

4.1.1 Decoupling core and halo 

The decoupling of core and halo degrees of freedom is manifested in the 
important relation between the interaction cross section and the halo removal 
cross section derived by Ogawa, Yabana and Suzuki [120] 

G-haio{Ä) — ai(A) - ar(A - halo). (4.4) 

This formula is based on Glauber theory with the assumption that the total 
wavefunction of th e system factorizes into a core- and a halo part. Further­
more if there are more than one nucléon in the halo no bound subsystem 
should exist (Note however the recent paper by Zheng et al. [16], studying 
the two-neutron halo structure of 16C). This relation offers a n opportunity 
to experimentally test the clusterization in a specific nucleus. The experi­
mental neutron removal cross sections and total interaction cross sections for 
the one-neutron halo nBe, and the two-neutron halos 6He, nLi and 14Be do 
all satisfy the relation (4.4) reasonably well for high energy fragmentation in 
carbon targets [20]. The same relation tells us that 6He is not a good core 
inside 8He, see e.g. Paper II. 
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4.1 • Break-up reactions and cross sections 

4.1.2 Coulomb dissociation 

In applying Coulomb excitation to studies of unstable nuclei, it is practical to 
provide the unstable nuclei as a beam. Hence the projectile is to be excited 
by the Coulomb field of a high Z-target. When the impact parameter is 
larger than the range of the strong interaction, reactions between a projectile 
and target can only proceed via the long range electromagnetic interaction. 
For a weakly bound halo nucleus the result of th is interaction is, with high 
probability, dissociation, while in the case of a "normal" nucleus, excitation 
of either the projectile and/or the target occurs. Due to this, halo structures 
have an extremely large Coulomb dissociation cross section (predicted in [12] 
and confirmed for the first time in [121]), even up to 80 times larger than 
expected from the Z2 dependence, comparing the interaction cross sections 
of nLi [102] and 12C [122] with a lead target. 

Figure 4.2: Photograph of Jupiter 
and the comet Shoemaker-Levy 9 taken 
by the Hubble Telescope on May 18, 

1994• The gravitational interaction of 
Jupiter with the comet broke it up in 
many pieces, seen as a string in the 

bottom part of the figure. (From Euro­
pean Space Agency Information Cen­

tre [123].) 

The situation is similar to what happened with the comet Shoemaker-
Levy in 1994 which crashed on the surface of Jupiter. Approximately 2 hours 
after closest approach, the comet (which was presumably a single body at the 
time) was broken apart by tidal forces into at least 21 pieces [123], clearly seen 
in Fig. 4.2. The pieces continued to orbit Jupiter two years before impacting 
on the planet due to the gravitational forces when Jupiter approached the 
Sun. 
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Coulomb excitation is a well es tablished experimental probe in nuclear 
physics [124,125], The measured Coulomb-excitation cross section is a direct 
function of the electromagnetic matrix elements B (EX) and B (MX), and can 
be deduced through the theory of Cou lomb excitation [124]. 

For halo nuclei, the experimental cross sections for Coulomb dissociation 
are large enough to provide a good opportunity to measure all halo particles 
after the reaction. Small momentum transfer or large impact parameters 
determine the reaction implying that all halo particles are most likely, only 
marginally disturbed in the process. 

Projectile ^ 

xrwK Virtual Photon 

Ex = R(o 

Figure 4.3: (a) A schematic drawing of the Coulomb excitation process. The 

projectile is exposed to the electric field, E, from the target in the 
projectile rest frame, and thus Lorentz-contracted in the beam direc­

tion. The final state is depicted as as a fully dissociated state, (b) 
The electric field from the target is interpreted as a virtual photon 
flux. (From T. Nakamura PhD Thesis [126].) 

The El strength distribution dBE\(E)/dE can be deduced from the Cou­
lomb dissociation cross section by using the equivalent photon method* , see 
for example Refs. [126,129,130] and references therein. Here the collision 
effect betw een a relativistic charged particle and a target is replaced by the 
corresponding effect produced by the interaction of radiation. Hence, the 
Coulomb excitation can be expressed as a photo-absorption process induced 
by a virtual photon, as schematically depicted in Fig. 4.3. 

"The method is also referred to as Weizäcker-Williams method of virtual quanta [127, 
128], 
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4.2 • B(E1) strength and sum rules 

The theory of Coulomb dissociation for high energy beam projectiles on a 
heavy target is well known [131] and the calculated differential cross section 
for El transition, da/dE can be obtained by multiplying the El strength 
function DBEI(E)/DE with the virtual photon spectrum NEI{E) which is 
given in [131] 

(4,) 

4.2 B(E1) strength and sum rules 

The extremely weak binding energy of halo nuclei gives rise to strong effects 
associated with coupling to the continuum. It is therefore essential to study 
both resonant and non-resonant continuum transitions, and decompose the 
multipole strength. 

The analogy between 11 Li and the deuteron was stretched even further by 
Hansen and Jonson [12] (referring to among others, Oppenheimer, Mullin and 
Guth [132,133]), speculating that such a loosely bound nucleus as nLi would 
have a soft electric dipole mode which could easily be excited in Coulomb 
collisions. 

Soft Dipole Giant Dipole 
Resonance Resonance 

Figure 4.4: Schematic illustration of Soft Dipole Resonance and Giant Dipole 
Resonance 

The electric dipole (El) strength in stable nuclei is largely exhausted by 
a giant dipole resonance, constructed from a superposition of man y particle-
hole excitations with essentially no El strength appearing in the low energy 
region below 5 MeV. This is, however, not the case for some light halo nu­
clei. It has been suggested that the giant dipole resonance could split into two 
components. One component would correspond to the normal frequency, i.e. 
an oscillation of the core protons against the core neutrons (AT = 1 isospin 
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change) and the other to a low frequency i.e. an oscillation of the core against 
the halo neutron(s) (AT=0), illustrated in Fig. 4.4. The latter has been re­
ferred to as a soft dipole mode. 

In general, this 'soft dipole strength' i.e. the strength well below the gi­
ant dipole resonance, is expected for neu tron rich nuclei with loosely bound 
valence neutrons. The transition between the first excited V = 1 /2~ state at 
E* = 0.32 MeV and the I* = l/2+ ground state in nBe representing one of 
the strongest El transitions ever observed (B(E1)=0.1 e2fm2) between par­
ticle bound levels [134], Such a favored El transition may be induced by 
a decoupled fea ture of th e valence neutron and an extended single pa rticle 
wave function of the loosely bound neutron. The measurement of th e low-
lying El strength has been extended to the continuum excitation of many 
loosely bound neutron rich nuclei nLi [102,135-137], nBe [138], 14Be [139], 
19C [140] among others, where the halo neutrons play an essential role to in­
crease the strength. In nBe, the El transition between the ground state and 
the 10Be+n continuum has been observed to be even one order of magnitude 
larger than that between its bound s tates [138]. 

Furthermore, the El sum rules (see e.g. [109]), which charac terize the 
strength of the transition can be used to estimate the size, and in some 
respect the deformation, of a system. The sum rules thus provide a direct 
link between the experimentally measured transition probabilities and the 
geometry of the ground state. And by using the Non Energy Weighted cluster 
sum rule [109], 

B(E1)  = SZ W  = ̂ Zy{Ar 2 c) ,  (4.6) 

information of th e ground state structure can be gained. Arc here describes 
the distance between the c.m. of the core and the whole nucleus, see e.g. [141] 
and Paper II. 

4.3 Momentum distributions 

An important issue in the interpretation of expe riments with loosely bound 
nuclei have been the shapes and widths of the momentum distributions. 
These two properties are closely related as pointed out in [13,142], see 
also [43,143,144] and references therein. 

Measurements of fragment momentum distributions after fragmentation 
have for several decades been a n important tool in investigating the internal 
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velocity distributions in stable nuclei. The extraction of the momentum 
distribution is usually complicated by a number of effects; the divergence 
of the beam, the angular straggling in the target and the beam monitoring 
detectors and reactions not originating from the target. The divergence and 
the angular straggling can be handled by studying the distribution from the 
non-reacting ions, and the background can be subtracted with help from runs 
without a target. However, the method is rather well understood which is 
a necessity for experimental investigations close to the unexplored driplines. 
Projectile fragmentation at high energy (> 400 MeV/u) has e.g. shown the 
following characteristics of stable nuclei [145,146]: 

(i) The momentum distribution in the fragment frame of reference is 
Gaussian. 

(ii) The shape for the core part is the same in the beam direction, p\\, and 
the direct ion perpendicular  to the beam, px-

The width of t he momentum distribution, cr(p \ \ ) ,  is found to be more or 
less independent of the beam energy and the target mass, but dependent on 
the projectile and fragment mass numbers, Ap and, respectively. This 
dependence can be expressed as 

,  -i IA F (Ap -  A F )  
' W ' - f  ( A r - l )  ( 4 7 )  

where <7o = 90 MeV/c, first formulated by Goldhaber and Heckman [145], 

The relatively high cross sections for the breakup of halo nuclei and the 
possibility of a relatively simple interpretation have led to the examination of 
fragment momentum distributions not only as a signature of a halo distribu­
tion, but also as a probe of the nuclear structure. This due to the possibility 
to obtain wave functions in the momentum space which can be transformed 
by using Fourier transformation into spatial coordinates. 

After the pioneering experiments of Kobayashi et al. [147], measuring the 
momentum distributions of charged fragments from breakup of 6He, 8He and 
nLi, the technique has been one of the main tools used to explore the halo 
feature, where the distribution has been found to be more narrow than in 
stable nuclei. The narrow distribution may be qualitatively seen as a di­
rect consequence of the Heisenberg uncertainty principle which states that 
an object with large spatial extension has a narrow width in phase space; 
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Ax-Ap > ft/2. It can be noted that the pronounced halo nuclei core distrib­
ution have Lorentzian shapes, see e.g [43]. 

It has further been shown that p± is more sensitive than py t o Coulomb 
and nuclear diffraction, requiring a good reaction theory [148]. In addition, 
it has also been shown that not only the reaction cross section but also the 
transverse momentum distribution of the fragments are sensitive to the sep­
aration energy of the last neutrons and to the size of the density profile 
in these nuclei [147], These two quantities are linked since the size of the 
nucleus is roughly proportional to the inverse of the square root of the sepa­
ration energy. Using the Goldhaber model for soft fragmentation, Tanihata 
and collaborators [147] were able to relate the narrow peaks in the trans­
verse momentum distributions with the separation energies and sizes of the 
radioactive nuclei. 

A recent and very successful experiment measuring the transverse momen­
tum distribution of 10Li from the one neutron knock-out of 11 Li is presented 
in [90,149]. Here it was shown that the shape seen in Fig. 4.5 only could be 
fitted with a superposition of s 2+p2 components with about 50% abundance 
of each. 

As a remark, it should however be noted that, in a single halo-nucleon 
knockout reaction the momentum distribution of the remaining fragment 

Figure 4.5: Transverse momentum 
distribution of 10Li reconstructed from 
the momenta of 9 Li + n in the reac­
tion of11 Li on a carbon target. The de­
composition of the distribution into an­
gular mome ntum components I = 0,1 
is shown. The solid line represents a 
fit with a \ 5% (lsi/2)2 contribution. 
(From H. Simon et al. [149].) 
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does not resemble the complete internal momentum distribution of the re­
moved nucléon. The higher momentum components of the halo wave func­
tion, which are located mainly inside the core, cannot be determined in 
halo-breakup reactions by measuring the final channel only because at small 
impact parameters the core will be destroyed in the reaction. Core shadow­
ing has to be included in the extraction of the halo wave function from the 
momentum distribution of the residual fragments [150,151]. 

4.4 Invariant mass 

In particle physics the invariant mass method is a widely used tool searching 
for resonance states, and during the last years the method has proven to be 
very successful in nuclear physics as well. 

The characteristic interaction time for a strong decay process is approx­
imately the time for a fast particle (v « c) to traverse a nucleus i.e. 1CT15 

x 10~8 = 10~23 s. Fast decays like this are impossible to see, and can only 
be observed as peaks in distributions from scattering processes and therefore 
called resonance particles or just resonances. 

In order to determine the mass and lifetime of such a resonance, the 
intensity or cross section is usually plotted against the invariant mass, M;n„, 
of t he decay products, defined by: 

MLc4=(|>) c2> (4-8) 

where the left hand side of the equation is invariant and has the same value 
no matter what reference frame is used, and the right hand side denotes the 
energies (E;) and momenta (pi) of the decay products. This is the natural 
definition since it is consistent with the usual relation between energy and 
momentum of a relativistic particle (E2 = p2c2 + m2c4) after use of energy-
momentum conservations. 

One of the first resonance particles discovered this way was the p° m eson 
[152], which can be formed in pion-nucleon collisions and decays rapidly to 
7T+ and 7T~ thr ough 

7T~ + p —> p° + n 

p° —* 71"+ + 7r~. 
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Figure 4.6: The invariant mass spectrum for the n~n+ system in the 
p(ir~, n+n~)n reaction. The p° resonance at 765 MeV is clearly 

seen. (After A. R. Erwin et al. [152].) 

However, the reaction could also occur without the intermediate p°-state 

Thus in both cases the particles actually observed are the two pions. There­
fore, as can be seen in Fig. 4.6, the invariant mass distribution has two 
components, a continuous background (a phase space - stemming from the 
two pions, with a minimum at 2m^c2 to a maximum determined by the inci­
dent beam energy) and a peak at a definite energy, 765 MeV, corresponding 
to the mass of the p° meson . 

The energy of a decaying state is not sharp and the probability distribu­
tion has a Lorentzian shape, usually called a Breit-Wigner distribution [153] 
(The formalism was originally developed by Breit and Wigner for describing 
resonances while studying the absorption by thermal neutrons [154]). The 
lifetime r, of each resonance is directly related to the resonance width T, at 
half m aximum, through 

Particle physics experiments are usually performed with very high beam 
energy, leading to strongly forward focused particles, thus facilitating a co­
incident detection of all involved particles. In this way the invariant mass 
of the selected product can be extracted. However, in nuclear physics ex­
periments, beams of low energy have traditionally been used making it im-

7 T  + p — > 7 r + + 7 T  +  n. 

T 
(4.9) 
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possible to detect all particles in coincidence due to large scattering angles. 
These experiments have been limited to the missing mass method of the type 
A (B,fragment+n)X, a method which is still commonly used today at low and 
intermediate energies. If X is detected the missing mass provides the energy 
of the fragment+n system, where peaks can be associated to resonances. 
Obviously it is experimentally more complicated to detect all fragments, in­
cluding neutrons, than just one fragment. The big advantage detecting all 
fragments is however quite obvious th at the wanted system is the detected 
system, and in addition, that correlations between the different fragments 
can be accessed. 

With the development of hig h energy beams and larger detector setups, 
coincident detection of all fragments have become possible also in nuclear 
physics experiments. During the last ten to fifteen years the invariant mass 
method has been successfully used in nuclear structure studies at the dripline, 
see e.g. [155]. However, here the search is not for new particles but for dif­
ferent resonance states in the nuclei. 

In the projectile system, the energies of all detected particles are small 
and nonrelativistic expressions can be used to calculate the relative energy 
in the fragment + Xn system. The resulting relative energy spectrum differs 
from the invariant mass spectrum only in the energy scale by the subtracted 
masses of th e involved fragments. 

If a reaction proceeds via a resonance, the energy spectrum can be ex­
plained using the .R-matrix formalism [156] using a Breit-Wigner parame­
terization of th e resonance 

Il a (4 10) 
dE {E - ET)2 + (fr(£))2' ' 

where Er is the resonance energy [157]. 

A very good example of the usefulness of the method can be found in 
[141], seen in Fig. 4.7, where the relative energy of 6He was reconstructed 
from the measured momenta of the two neutrons and the a-particle after 
break up in a carbon target. As can be seen in the figure a resonance at 
an excitation energy of 1.8 MeV is clearly distinguished from the rest of th e 
spectrum. 
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Figure 4.7: Relative energy spectrum, reconstructed from the measured momenta 
of the two neutrons and the a-particle after dissociation of 240 
MeV/u 6He in a carbon target. The energy Emn denotes the en­
ergy above the two-neutron separation threshold, Sin = 0.973 MeV. 
Data points are sh own as open circles with error bars. The solid line 
represents a Monte-Carlo simulation assuming a 2^ state in 6 He at 
an excitation energy of 1.797 MeV (T=0.113 MeV). (After T. Au-
mann et al. [141] and Paper I.) 

4.5 Energy and angular correlations 

At the high beam energies accessible at GSI the velocities of the halo nuclei 
(/? « 0.6 — 0.7) are much larger than the Fermi velocity of the corresponding 
halo nucléons (ß < 0.1). The internal degree of freedom of the halo nuclei 
may therefore be considered to be "frozen" during the collision process, thus 
reflecting a "snapshot" of the halo in momentum space. 

In analogy to 7—7 angular correlation studies [158], the angular momenta 
of the participants in the sequential decay can be determined through the 
emitted neutrons [159]. The fragmentation processes of Borromean nuclei 
are dominated by a two-step mechanism, where in the first stage, one neu­
tron is knocked out while the rest of the system remains untouched [38,160]. 
The residual unbound two-body system subsequently decays into a neutron 
and a charged fragment. This two-step process leads to angular correlations 
relative to the propagation direction of the unstable fragment, governed by 
the quantum numbers of t he intermediate state. 
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knock 

Figure 4.8: Angular distributions 
from the decay of 10 Li. The points are 
experimental data and the histogram 
is a reconstruction corrected for res­
olution and acceptance effects. Note 
the strong forward-backward asymme­
try, which reflects the I — 0,1 interfer­
ence. (From H. Sim on et al. [149].) 
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The inset in Fig. 4.8 defines the correlation angle between the recoil 
direction of the A - 1 system after one neutron knockout, and the relative 
motion between the charged fragment and the remaining neutron in the re­
action. The technique where the relative phase (see e.g. [161]) between the 
components of the wave function can be determined proved to be very suc­
cessful when applied to 11 Li, observing the angular distribution of the decay 
products from the recoiling 10Li in the one neutron stripping reaction in a 
carbon target [90,149]. In Fig. 4.8 the strong forward-backward asymmetry 
demonstrates the interference of the I = 0,1 final states in the single-neutron 
removal. The theory of the angular distribution has e.g. been discussed by 
Garrido et al. [162] who successfully predicted the asymmetry in 11Li. 

The correlations in two-particle decay can easily be extended to the three-
particle decay case that is commonly encountered in particle physics experi­
ments and typically analyzed using the technique developed by Dalitz [163]. 
The technique has also been successfully used in nuclear physics experiments, 
see e.g. the recent paper by Fynbo et al. [164] analyzing the three-body de­
cay of t he 12.71 MeV state in 12C. 

Another powerful approach to reveal correlation effects between fragments 
is the mixed-event method. This method is frequently used while analyzing 
elementary particle physics experiments to estimate a background from par­
ticles which may be decay products of resonances (see e.g. [165-167]). The 
method has also been used successfully for the search of two particle reso-
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nances in fragmentation reactions [157,168]. It can also be used to eliminate 
background contributions^ by generating uncorrelated events. This along 
with the technique of intensity interferometry has been worked out by Zajc 
et al. [171] and Marqués et al. [172], see also the pioneering work on stellar in­
terferometry by Hanbury-Brown and Twiss [173] and the review of intensity 
interferometry by Boal, Gelbke and Jennings [174]. 

^ Background is here understood as a peak like structure in the relative energy spectrum 
not stemming from a real resonance, see e.g. [169,170]. 
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CHAPTER 5 

Results and discussion 

The main idea of this chapter will be both to summarize, and to some extent 
go further into detail of w hat is presented in Papers I-V. 

First, we focus on the intermediate unbound nucleus 7He stemming from 
the one-neutron knock-out of 8He. Second, we concentrate on 8He itself and 
its breakup reactions in two different targets, carbon (1.3 g/cm2) and lead 
(0.387 g/cm2). Hereafter the results for the unbound neutron rich hydrogen 
isotopes 4H and 5H originating from the one-proton knock-out of 6He on a 
carbon target (1.87 g/cm2) will be presented in detail. After each element 
(helium and hydrogen) a small section will be devoted to a short discussion 
and summary of th e analysis performed. 

5.1 Papers I and III : The unbound 'He 

The 7He ground state is fairly well kno wn and is situated about 440 keV 
above the (6He+n) threshold [34]. In different experiments [175-177] an ex­
cited state at about 3.3 MeV above this threshold has been observed. In 
paper I the discrepancy between the experimental data at low rela tive en­
ergy, and a single resonance description was accepted as a first evidence for 
an unknown excited state in 7He. A detailed analysis presented in Paper III 
confirmed the existence of a new state in 7He, at 1.0 MeV above the 6He+n 
threshold, not observed before. 
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Events with one neutron detected in coincidence with a 6He fragment 
formed after fragmentation reactions of the 8He beam in a carbon target 
were selected in this analysis. Detection of only one neutron implies that 
the second one either has been absorbed or deflected strongly after a large 
momentum transfer. Such a reaction corresponds to a one-neutron knock-out 
or a one-neutron stripping [38]. The reaction mechanism can be considered 
as a sudden neutron removal, due to the very high beam energy (ß « 0.6), 
where the rest of the system remains almost unperturbed. 

The ground state of 7He is a comparatively long lived resonance (r « 160 
keV, which corresponds to a lifetime of ap proximately 1200 fm/c) and thus 
decays far away from the reaction zone. This provides the basis for a model 
with a two step mechanism in the sudden approximation: (1) Knock-out of 
a neutron from 8He into the unstable 7He nucleus. (2) Subsequent decay of 
7He into 6He and a neutron. The sudden approximation neglects momentum 
transfer to the 7He subsystem in the knock-out reaction, giving a resulting 
momentum of 7He equal to the momentum of th e neutron knocked out from 
the projectile but in opposite direction [178], schematically illustrated in 
Fig 5.1. The momentum distribution of t he fragment spectator 7He is thus 
determined by the internal momentum distribution of th e removed neutron, 
which in turn is determined by the projectile ground state wave function. 

The momentum distributions extracted from the data will not be dis­
cussed here, but is presented in Paper I and compared with theoretical mod­
els. 

target 

- 2(H> fm 

7He(l/2") 

7He(3/2") 

8He(0+) 

6He(0+) + n 

Figure 5.1: Illustration of the one neutron knock-out as a two step mechanism. 
The beam direction is from top to bottom in the left figure. 
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5.1 - Papers I and I II : The unbound 7He 

In Paper I, the angular distribution of decay neutrons from 7He was found 
to have a correlation function 

where 9 is the angle between the 7He momentum vector and the decay neu­
tron. The decrease of th e anisotropy term as compared to 5He [38] may be 
attributed to a more complicated structure of 8He (compared to 6He), which 
most likely has a component of an excited 6 He in i ts ground-state configura­
tion, together with a strong admixture of a (pi/2)2 component. 

5.1.1 Relative energy — A new state 

The relative energy distribution Er between the 6He fragment and the neu­
tron, was reconstructed from the measured momenta of the neutron, pn and 
6He, peHe, with 

and is shown in Fig. 5.2 as open circles with error bars*. 

The experimental data was first compared with an expected resonance 
energy distribution for the population of t he 7He ground state with the reso­
nance parameters adopted from Ref. [34] (resonance energy Er = 0.44 MeV 
and width T = 0.16 MeV, shown as a solid line in Fig. 1, Paper III). The cal­
culation was performed using the Monte-Carlo method with a Breit-Wigner 
shaped resonance, following the procedure outlined in Ref. [157], and includ­
ing effects of t he experimental resolution and acceptance. As can be seen, 
the experimental data cannot be described assuming a population of the 7He 
ground state alone. The calculated curve describes the maximum of the cross 
section well but decreases too fast towards higher energies compared to the 
experimental data. 

In order to describe the whole spectrum it was necessary to include one 
additional resonance. The attempt to describe the experimental spectrum in 
a free parameter fit with one single resonance resulted in the minimal reduced 
Xred equ al to about 2.8. However, the best fit using two resonances, shown 
as the full drawn line in Fig. 5.2, was achieved with \red = w^h the 
position of t he ground state at Er = 0.43(2) MeV (T = 0.15(8) MeV) and 
the second state at Er = 1.0(1) MeV (r = 0.75(8) MeV). We interpret the 
second resonance, with a fraction of 35 ± 10% of t he total cross section for 

pr 7716H/(TJI®He. "t" 77ln) (P6He/^6He Pn/^n)-

W ( 8 )  ~ 1 +0.7(1) cos2 ( 9 )  (5.1) 

me He + 

I TÎÏC 
(5.2) 
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Figure 5.2: Coincidence cross section of the 6He-n system after breakup of 227 
MeV/u 8He on a carbon target as a function of relative energy Er. 
The lines show the decomposition of a fit to the data (solid curve) 

into the ground state (dashed curve) and the proposed first excited 
state (dotted curve), using an R-Matrix expression folded with the 
experimental acceptance and response. From Paper III, Fig. 2. 

the one-neutron knock-out channel, as the In = 1/2" state of 7He. Fig. 5.3 
shows the dependence of x2 on the resonance parameters Ti and T2 if tw o 
resonances are assumed, and a clear minimum in x2 can be distinguished 
for the parameters given above. Similar, and consistent with the one shown 
here, contour plots are shown in Fig. 3, Paper III, illustrating the parameter 
dependence on the positions of the two resonances. 

In this context it is also important to note that the same experimental 
setup and the same data analysis procedure was used for the 5He data, where 
the a-n cross section is dominated by the £>3/2 ground state [157]+. It should 
also be mentioned that the lifetime of t he excited state is as well compara­
tively long, approximately 200 fm/c, and thus leads to a decay far away from 
the reaction zone. 

In three earlier experiments [175-177] a state has been found at an energy 
of about 3.3 MeV above the 6He+n threshold. This state was first interpreted 
as corresponding to a neutron in the pi/2-orbital and 6He in the ground 
state. However, the data presented in Ref. [175] showed that this resonance 
mainly decays into the 3n+a channel, which implies that the most probable 
configuration is of the form [6He*(2+) <g> 0pi/2]5/2-. 

tNote also, a very recent experiment performed at GANIL [179], where the data shows 
indication of an excited state in the energy region found here. 
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Figure 5.3: Contour plot shouting the dependence of x2 for the N=31 degrees of 
freedom on the resonance parameters Ti and T2 if two resonances 
are assumed. For each point on the contour lines all re maining pa­
rameters were varied in order to minimize \2 again. 

With this interpretation one would expect the position of th e 7He(l/2~) 
resonance, with a neutron in a px/2-state coupled to the 6He(g.s.), 1.8 MeV 
lower in energy. With the selection of the 6He+n channel, made in the present 
experiment, the 5/2~ state is excluded from the data set indicating that the 
state we observe at 1.0 MeV has another origin. With all these evidences 
the most reasonable I* assignment to the state observed here is 1/2". Fur­
ther evidence for the spin-paxity assignment P = 1/2" comes from recent 
calculations of t he 7He system where the sequence of negative-parity states 
3/2" (g.s), l/2~, 5/2" has been obtained [22,180-182]. 

The smaller anisotropy term in 7He, extracted from the angular distrib­
ution, may also be seen as an evidence for the Iir=l/2~ assignment to the 
state at 1.0 MeV. This, since a mixing of the £>3/2 ground state with the p\/2 
channel would cause a diminishing of th e anisotropy, which is actually what 
we see. The contribution from the 1/2" state was estimated to be only 7% 
in 5He [38] compared to 35 ± 10% in 7He. 

In addition, the proximity of the two spin-orbit partners in 7He would also 
give an important clue for the understanding of the ground state structure 
in 8He. The relative contribution from the 1/2" state indicates a strong 
admixture of a (Opi/2)2 component in the 8He ground-state wave function, 
discussed thoroughly in Paper I. 
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5.2 Papers I and II : sHe — A complicated structure 

In this analysis, mainly the break up channels of 8He into 6He + 2n were 
investigated. Due to limited acceptance, the a + 4n cannel was outside the 
range of the present setup. In Papers I and II comparisons with the 6He 
break up into a 4- 2n were made, however we will here concentrate on the 
heavier of the two unstable He isotopes. 

Table 5.1: Experimentally determined excited states in sHe. Excitation energies 
E" above the ground state and resonance widths T are gi ven in Me V. 

Ref. E* r E* r E* T 
[183] 2.8(4) 
[184] 1.3 2.6(3) 1.0(5) 4.0(3) 0.5(3) 
[185] 3.57(12) 0.50(35) 
[49] 3.59(6) 0.5 4.54(15) 0.70(25) 

[177] 4.4(2) 1.8(2) 

The present experimental knowledge about excited states below 5 MeV in 
8He is summarized in Table 5.1. In addition, the recent experiment by Iwata 
et al. [186] should be noted. Here the 8He dissociation into 6He + 2n on a 
Sn target shows a peak in the relative energy spectrum at E* = 3.6 MeV, T 
= 0.5 MeV. This was interpreted as the first excited 2+ state, however no fit 
to the data was performed. 

From these data one might conclude that 8He has two resonances below 5 
MeV, one in the energy interval from 2.6 MeV to 3.6 MeV and the other be­
tween 4.0 MeV and 4.6 MeV. The low energy resonance has been interpreted 
as the first excited 2+ state, which is supported by the measured differential 
cross section for inelastic scattering on a hydrogen target [187]. The nature 
of th e resonance around 4 MeV is not known. 

5.2.1 Carbon target — Two resonances 

By using different targets, different reaction mechanisms can be studied. In 
the first experiment a carbon target was used, and due to a low Z-value 
one would mainly expect nuclear interaction to be dominant in the reaction 
mechanisms. 
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Cross Sections 

In Paper I, a detailed discussion concerning different reaction channels in 
the break up of 8He into fragment and neutrons, and further what kind of 
information that could be extracted from this, is presented. 

This discussion will n ot be repeated here, but the main conclusions were: 

• The interaction cross section for 8He together with the measured neu­
tron removal channels give evidence for breakup into a+4n, interpreted 
as a signature of the five-body character of 8He. 

• The cross section for the one-neutron knock-out channel shows evidence 
for configurations with neutrons in the Opi/2 she ll as well as a core 
excited configuration, 6He*+2n, in the 8He ground state. 

Relative Energy 

The relative energy spectrum as determined from the measured momenta 
of 6He and neutrons after inelastic excitation of 227 MeV/u 8He is shown 
in Fig. 5.4. The experimental distribution may, in principle, be treated as 
one single broad resonance. However, the statistical evidence of a narrow 
structure at low ene rgy and the existing experimental information on 8 He 
levels which was discussed above, indicate that the most plausible explana­
tion is the presence of two overlapping resonances. This interpretation is also 
supported by the following two observations: 

• The width of the observed structure is at least twice as large as expected 
for any p-states from single-particle limit [188] and it can therefore 
hardly be due to one single 2+ state. 

• The cross section is about 30 mb (the same as for excitation of 6 He in 
the entire interval from 0 up to 10 MeV, see [141] and Paper I) which 
seems to be too large for the excitation of one sing le 2+ state. 

The solid line in the figure corresponds to a Monte-Carlo calculation us­
ing two Breit-Wigner shaped resonances. The fit to the spectrum resulted in 
the position of the first resonance at 2.9 ±0.2 MeV (T = 0.3 ±0.3 MeV) and 
the second resonance at 4.15±0.20 MeV (r = 1.6±0.2 MeV). Note, that the 
parameters of t he high energy resonance are in good agreement with those 
obtained in the stopped-pion-absorption experiment [177] and the resonance 
at 2.9 MeV is in good agreement with the results given in Refs. [183,184]. 
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Figure 5.4: Relative energy spectrum reconstructed from the measured m omenta 
o f  t h e  t w o  n e u t r o n s  a n d  6 H e  a f t e r  d i s s oc i a t i o n  o f  2 2 7  M e V / u  8 H e  
in a carbon target. Ecnn denotes the energy above the two-neutron 
separation threshold ( S2n = 2.14 Me V). Data points are shown as 
open circles with error bar s. The solid line represents a Monte-Carlo 
simulation assuming a 2^ resonance at an excitation energy of 2.9 ± 
0.2 MeV (T = 0.3 ± 0.3 MeV) and a resonance at 4.15 ± 0.20 MeV 
(T = 1.6±0.2 MeV). The dashed and the dotted lines display s eparate 
contributions of the two resonances. From Paper I, Fig. 5. 

If the lowest excited state corresponds to a neutron inpi/2-shell and a hole 
in p3/2-shell one would expect two states, 2+ and 1+, close to each other. This 
expectation comes from recent theoretical predictions using large-basis shell-
model calculations which place the 2+-state at E* « 5 MeV [22], and from 
quantum Monte-Carlo calculations [180] which result in E* = 2.3 MeV. The 
second excited state is in both calculations a 1+ state at an energy about 2.5-
3 MeV above the 2+ state. The characteristics of the known lowest excited 
states of the neighboring N = 6 nucleus 10Be (two 2+ states at 3.37 and 
5.96 MeV and a l- state at 5.96 MeV) confirm the 2+ assignment of the low 
energy resonance but indicate that the second resonance might be either a 
second 2+-state or a 1~ state, or an overlap of both. The measured angular 
distribution of t he excited 8He may shed light on the momentum transferred 
in the reaction and, hence, on the quantum numbers of the unknown 4.15 
MeV state. 
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Angular Distributions 

Quite generally, through a study of the angular distribution of the decay 
products, it is possible to determine the spin of the parent nucleus. 

0 20 40 60 80 100 

dcm (mrad) 

Figure 5.5: Differential cross sections for inelastic scattering in a carbon tar­
get of 227 MeV/u 8He as a function of the center-of-mass angle. 
The experimental data are compa red to calculations in a distorted-
wave Born approximation (DWBA). The dotted line corresponds to 
a nuclear dip ole transition (\=1), and the dashe d curve represents a 
calculated quadrup ole transition (\=2). All theoretic al distributions 
are corrected for the experim ental resolution in the experiment. From 
Paper I, Fig. 6. 

The sum of momenta (pni + p„2 + ps#e) represents the total momentum 
(paHe) of t he 8He system. The differential cross section as a function of the 
angle between the direction of the incoming beam and the center of mass of 
the outgoing system in the projectile-target c.m. system, i^, is shown in 
Fig. 5.5. 

The broad 8He state at 4.15 MeV in the relative excitation energy spec­
trum contributes with about 80% to the cross section in the inelastic scat­
tering channel and thus determines the main features of the experimental 
angular distribution. Does the cross section obtained for excitation of the 
narrow state at 2.9 MeV in 8He suggest a quadrupole transition as in the 
6He (see Refs. [141,189] and Paper I) case? Since the two states strongly 
overlap and the contribution from the narrow state is small, the differential 
cross section for excitation of this state cannot be obtained directly. 
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Following the procedure outlined in Paper I, DWBA calculations (see also 
Ref. [190]) for nuclear dipole and quadrupole transitions were made. The 
result of the calculation for the quadrupole transition is shown in Fig. 5.5 as 
a dashed line and the predicted peak position is close to the experimental 
one in the spectra, however, the experimental data clearly shows a shift of 
the peak towards smaller angles. The experimental distribution agrees better 
with a calculation assuming a A = 1 excitation shown by the dotted line in 
the figure. Note, that we did not use any free parameter to adjust the position 
of the peak. This observation leads to the conclusion, that, in contrast to the 
fragmentation of 6He, where a quadrupole transition dominates, the dipole 
mode is the strongest one in the excitation of 8He. A conclusion which 
became even more obvious while analyzing the interaction with the heavier 
lead target. 

5.2.2 Lead target — Strong interference 

In the second experiment lead was used as a target. With a much higher 
Z-value than the carbon target one would here expect Coulomb interaction 
to be the dominant reaction mechanism. 

The statistics for this experiment were not as good as with the lighter 
target, but good enough to make a careful analysis and extract qualitative 
information from the data. 

Cross Sections 

The different cross sections from corresponding reaction mechanism (see Ta­
ble I, Paper II) and how they were extracted is described in detail in Paper 
II, and the main conclusions were: 

• The one-neutron knock-out channel, dominating the fragmentation in 
a light target, is still an important part of th e fragmentation in a lead 
target. The electromagnetic contribution to this channel is negligible. 

• The Coulomb dissociation cross section for reactions in a lead target 
was evaluated from the experimental data by three different methods. 
It was found that the cross section for the 8He dissociation is a factor 
3 smaller than that for 6He. 
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Angular Distributions 

The broad resonance observed at E* = 4.15 MeV in the 6He+2n relative en­
ergy spectrum with the carbon target (see Fig. 5.4) was tentatively assigned 
to have I* = 1~. Since Coulomb excitation from the ground state would 
result in a final state with exactly this spin-parity, one would expect interfer­
ence between Coulomb and nuclear dipole transition amplitudes to this state. 

To check this, the nuclear and Coulomb amplitudes were calculated us­
ing the DWBA approach [190], described in detail in Paper II. The re­
sult is shown as a dashed and dotted line in Fig. 5.6 for the nuclear and 
Coulomb part respectively. As can be seen none of the transitions describe 
the data very well and the amplitudes were therefore added coherently: 
^ = i£|yc(0) -(- /Ar(0)e,^|2. The best fit to the data was obtained with 
ifi = |, which can be seen as a solid line in the figure. 

The result is quite striking, since neither Coulomb (as in the 6He case, see 
Refs. [141,189] and Paper II) nor nuclear excitations separately can describe 
the experimental data. Contrary to the case of 6He, where the Coulomb 
interaction plays a dominant role, the 8He inelastic scattering is governed 
by both nuclear and Coulomb interactions. Moreover, the interference re­
sults in a shift of the oscillations towards the positions of the experimental 
distribution, which also can be seen as an evidence for the Coulomb-nuclear 
interference. These calculations also show that one cannot unambiguously 
subdivide the inelastic cross section into nuclear and Coulomb parts. We may 
thus conclude that the observation of Coulomb-nuclear interference provides 
further support for the I* — 1~ assignment. 

Further, the B(El) strength for 8He was calculated from the estimated 
EM inelastic cross section in the angular distribution, to a value of 0.38 ± 
0.07 e2fm2 assuming a Breit-Wigner shaped distribution using the adopted 
energy for the 1~ state. This value is approximately a factor three to four 
smaller than that of 6He. 

In addition, by using the Non Energy Weighted cluster sum rule, Eq. 4.6, 
a comparison between the deformations Arc (describing the distance between 
the c.m. of the core and the whole nucleus) can be made, as explained in 
Paper II. The conclusions from these estimates is shortly summarized as: 8He 
is characterized by a more uniform distribution of the four neutrons around 
the a-particle core, than are the two neutrons in 6He around the a-core. 
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Figure 5.6: Differential cross sections for inelastic scattering of 227 MeV/u 8 He 
in a lead target as a function of the center-of-mass scattering angle. 
The experimental data are compa red to calculations in distorted-wave 
Born approximation (DWBA). The dotted line displays the DWBA 
calculations for electric dipole A=1 Coulomb excitation, while the 
dashed line shows the results of D WBA calculations with nuclear di­
pole A =1 excitation, and the solid line corresponds to a superpos ition 
of the two excitati on modes. All calculations ar e corrected for the ex­
perimental resolution. From Paper II , Fig. 1. 

5.3 Discussion Papers I - III 

The results obtained from the present analysis have hopefully shed some new 
light on the structure of heavy helium isotopes. Note however, that all the 
cross sections analyzed here correspond to data with 6He in the exit channel. 

The comparison between the data for 6He and 8He as presented in Papers 
I and II has shown that the structure of the latter is very complex and 
supports its description as a five-body system. To complicate the situation 
even further, our findings show that a core excited configuration, 6He*+2n 
exists in the 8He ground state, which also quite recently has been observed 
in Refs. [58,191]. Further again worth mention, is the observation of a 1~ 
resonance in 8He easily excited by nuclear interaction. This would resemble 
the similar phenomena found e.g. in nLi, interpreted as associated with a 
soft dipole mode, where the valence neutrons oscillate against the core. In 
this context, the similarity with 6He is again quite striking remembering the 
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large width of a possible low lying 1_ state above a 2+ state [34]. 
However, to fully uncover the nature of this intricate system more precise 

data are required. In particular, a detection system capable of registering 
all the fragments in the five-body channel (a + 4n) needs to be implemented. 
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Figure 5.7: Proposed level scheme of th e heavy helium isotopes. Note that all spin 

and parity assignments correspond to the respective He isotope. The 
parameters of t he two excited states in sHe and the ground and first 
excited state in 7 He are taken from the work presented here (energies 

in MeV). 

The proposed level scheme of the heavy helium isotopes based on the work 
presented here is shown in Fig. 5.7. (Note that 5He is taken to be unbound 
with 0.80 MeV in this scheme, using data from Ref. [34], whereas the same 
state presented in Fig. 4, Paper III is unbound with 0.89 MeV, using data 
from Ref. [192].) 

The energy difference between the ground state and the excited state in 
7He obtained here is about 0.6 MeV, which should be compared to the low­
est estimate of this energy difference in 5He which is 1.2 MeV [34,193,194]. 
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We thus find a considerable decrease of the splitting of the two lowest states 
when adding two more neutrons to 5He1. We note that the spin-orbit force 
is proportional to —(1 /r)dV/dr so that systems with large spatial exten­
sion tend to show a smaller splitting. The difference in size and diffuseness 
between 4He and 6He should therefore be reflected in the current observation. 

5.4 Paper IV : 4H — A test case 

The data presented in Paper IV and V was obtained in proton knock-out 
reactions from a 240 MeV/u 6He beam on a carbon target. Nucléon knockout 
is the dominant reaction mechanism at this energy, and Glauber type models 
are well suited to describe the data. The 6He structure is predominantly an 
inert a-core with two valence neutrons in the j?3/2-shell with their momenta 
coupled to zero [195]. A sudden knockout of a proton from the a-particle 
would result in a system with a triton and two valence neutrons in the same 
configuration as in the projectile. 

The process is thus similar to that discussed in Ref. [196] describing an 
experiment where the one-proton and the one-neutron knock-out reaction 
from uBe and nLi respectively was used to investigate the properties of 
10Li. We may further assume that the one-proton removal transforming he­
lium to hydrogen, proceeds via a direct reaction due to the large difference 
in the neutron- and proton separation energy of 6He, which makes proton 
evaporation very unlikely. 

We will here first focus on 4H, constructed from events containing only 
one neutron detected in coincidence with a charged triton from the one-
proton knockout channel of 6He. This data was mainly used as a check of 
the assumed reaction mechanism by comparing with previously published 
data from the extensively studied 4H [33]. 

The overall experimental resolution with regard to the decay energies for 
the studied reaction channels was obtained from Monte-Carlo simulations, 
calculated applying the measured detector responses. The general trend in 
both the two-body (t+n) and three-body (t+n+n) system is the same, where 
at low decay energy the resolution is about 150 keV and increases to 800 keV 
at 8 MeV, see Fig. 5.8. The Monte-Carlo simulations also give the detection 
efficiency. In the two-neutron case at low energy a decrease in efficiency due 

*Note also that the splitting between the 3/2" ground state and the first excited 1/2" 
state in the bound isotones 7Li and 7Be are 0.478 and 0.429 MeV, respectively [34]. 
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Figure 5.8: Top: Overall resolution OEd with regard to the decay energy Ed 
for 4 if into one neutron and a triton, and 5H into two neutrons 
and a tr iton. The curve was obtained from Monte-Carlo simulation, 
calculated applying the measured detector responses. Bottom: The 
two lines show the efficiency for the experimental set up, where th e 
dashed and solid li ne corresponds to 4 H and 5 H respectively. 

to the limited resolving power for two neutrons at small relative distances 
in LAND is observed. Further, due to the finite solid angle of the neutron 
detector the efficiency also decreases at higher energies. All the measured 
distributions were corrected for efficiency which includes distortions intro­
duced by the tracking routine and restricted acceptance of th e experimental 
setup. 

As can be seen in Fig. 5.9 the ï"=2~ ground state of 4H is overlapping 
with the 1~ first excited state, both are about 3 MeV broad and predicted 
to be separated by only 300 keV. The states have the same structure, i.e. 
a neutron in the P3/2 shel l coupled to the triton core. Since in 6He, the 
two neutrons are predominantly occupying the p3/2 shell [15], the sudden 
one-proton knockout from 6He as studied here is expected to populate both 
the 2~ and 1~ states in 4H. However, sin ce both states are much broader 
than their separation in excitation energy (~ 300 keV), and as can be seen 
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in Fig. 5.8 we are not able to resolve the two resonances at the energy of 
interest, only one peak is expected in the experimental spectrum. The 
higher lying 0~ and 1~ states arising from a neutron in thepi/2 shell coupled 
to the triton will only be weakly populated due to the small weight of t he 
(P1/2)2 configuration in the ground state of 6He. 
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Figure 5.9: Schematic illus­

tration of the energy levels in 
iH (energies in MeV), the data 

is taken from [331. 

The data was analyzed using the invariant mass method constructing a 
relative energy spectrum in the t+n center of mass system (Etn), shown in 
Fig. 1, Paper IV. The experimental distribution, can be fitted almost per­
fectly by using a single Breit-Wigner shaped resonance, with £a=3.56(9) 
MeV, ER=2.67(9) MeV and roi>s=3.28(12) MeV. Here E\ is the formal res­
onance position, ER is the real resonance position and roi>s is the observed 
width, see e.g. Ref. [156] for details. 

The extracted parameters are in agreement with experiments where 4H 
was studied in different nuclear reactions by the missing mass method (see 
compilation [33]). However, one notes that the maximum in the measured 
relative energy spectrum (Fig. 1, Paper IV) is at about 1.6 MeV of the t-
n relative energy, while the experimental excitation function for n-t elastic 
scattering is peaked at 2.6 MeV [197], shown as data points in Fig. 5.10. 

In order to understand this effect, the elastic scattering cross section was 
calculated using the R-matrix expression [156] 
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Figure 5.10: Experimental excitation function for n — t elastic scattering from 
Ref. [197], shown as data points. The solid line represents the elas­

tic scattering cross section calculated with the R-matrix expression 
in Eq. 5.3 using the resonance parameters obtained in the fit to the 
aH relative energy spectrum presented here. The dashed line shows 
the cross section (scaled with a factor 0.5) calculated using only the 

resonance term in Eq. 5.3, see text. 

where i p  is the hard sphere phase, k  the wave number and g j  the statistical 
spin factor. Using the resonance parameters obtained in the present work, 
with I = 1 and R = 4 fm and without any additional parameters, the peak 
position of the experimental excitation function for n-t elastic scattering from 
Ref [197] could be reproduced, shown as a solid line in Fig. 5.10. For more 
details see Ref. [156] and also Paper IV. 

The last term in Eq. 5.3 is the so called resonance term, the second is the 
interference term and the first is the potential scattering term. The reason 
for the shift of the maximum is interference between potential and resonance 
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scattering, and thus the position of the maximum in the experimental distrib­
ution is dependent on the reaction mechanism. The effect is most pronounced 
in connection with broad resonances and might be the reason for the scatter 
of the experimental data on the resonance position. In some cases, the 4H 
resonance position was only determined from the maximum in the measured 
spectrum [33]. A similar case concerning 5He and 5Li is discussed in [198]. 

5.5 Papers IV and V : 5H — The t+n+n system 

Encouraged by th e consistency of the 4H data and that we now understand 
the reaction mechanism well, we turn to the 5H case where two neutrons are 
registered in coincidence with a triton after the one-proton knockout reaction 
from 6He. 

The experimental studies of 5H began four decades ago with an evidence 
that it is /^-unstable with a half-life of abo ut hundred ms [199]. Since then, 
the quest for 5H has been undertaken in many laboratories, and today the 
consensus is that a stable 5H does not exis t. 

Several at tempts to find t he resonance in different types of nuclear re­
actions have been unsuccessful. Evidence for 5H as a broad st ate at 5.2(4) 
MeV was obtain ed in the 7Li(6Li,8B) reaction [200]. A recent exper iment 
reports the ground state at 5(1) MeV with a width of 3 MeV in 9Be(7r~,pt) 
and 9Be(7r~,dd) reactions [54], However, a peak in a spectrum of protons 
from the 3H(t,p) reaction, consistent with a 5H state at 1.8 MeV, was found 
in Ref. [201]. The observation of the 5H ground state at 1.7(3) MeV with the 
width 1.9(4) in the 6He(p,2p) reaction was reported [56] about a year ago. 
The most recent experiment, again using the 3H(t,p) reaction revealed a peak 
in the experimental spectra of protons consistent with a 5H resonance at the 
same energy as in Ref. [56] but with a width less than 500 keV [55, 202]. 

5.5.1 Relative energy — A broad structure 

The distribution of the total kinetic energy in the three body system Etnn, 
which is an equivalent of the invariant mass spectrum, was obtained from the 
measured momenta of t he neutrons and the triton and is shown in Fig. 5.11 
as data points. The observed str ucture exhibits a width of abou t 6 MeV 
(FWHM) with a maximum at about 3 MeV. 

A conventional analysis using a Breit-Wigner formula, as was carried out 
for the 4H case, is not appropriate to analyze broad few-body systems, and 
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Figure 5.11: The relative energy spectrum of the t+n+n-system obtained in one-
proton knockout reactions with a6He beam at 240 MeV/u impinging 
on a carbon target. The experimental data are shown by circles 
with statistical uncertainties. The solid line is the result of a three-
body microscopic calcula tion for the t+n+n system, assuming P = 
1 /2+ [52]. From Paper IV, Fig. 3 and Paper V, Fig. 1. 

the maximum of t he spectrum, at about 3 MeV cannot be accepted as the 
resonance position without theoretical analysis. 

The spectrum was therefore compared with calculations made within a 
strict three-body t+n+n dynamics [52], with In = l/2+, Etnn = 2.5-3.0 MeV 
and T = 3-4 MeV. As can be seen in Fig. 5.11, good agreement is achieved 
between the experimental data and the shape of t he calculated distribution 
with V = l/2+, considered to be the ground-state configuration in 5H [52]. 
Note, that the reason for the relatively narrow width as compared with the 
calculated decay through the di-neutron channel (discussed in Chapt. 2), is 
due to the three-body nature of the state. However, to independently confirm 
the I" = l/2+ assignment, an analysis of the energy and angular correlations 
in the t+n+n system was performed. 

5.5.2 Energy and angular correlations — Similarities with 6He 

Two different approaches were used to reveal correlation effects between the 
different fragments in the t+n+n relative energy spectrum. 

First, the influence of the t-n and n-n final state interactions on the rela­
tive energy spectrum was analyzed using an event-mixing procedure. Second, 
in order to obtain the relative weights of th e predominant partial waves and 
to assign the spin and parity of the broad structure seen in the t+n+n rela­
tive energy spectrum, the experimental energy and angular correlations were 
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evaluated using a restricted set of hyperspherical harmonics (HH), see Ap­
pendix A. 

The procedure using the mixed event method is in detail discussed in 
Paper IV. This analysis showed that di-neutron decay is dominating at low 
relative energy, counteracting a narrow 5H resonance, while the sequential 
neutron emission determines the spectrum at higher energies, see Fig. 4, Pa­
per IV. Therefore both n-n and t-n correlations are of v ital importance for 
the 5H resonance. 

To obtain more qualitative estimates, the energy and angular correlations 
were hereafter analyzed using a more refined approach, aiming at determining 
the spin and parity characterizing the system. 

The three body configuration can be expressed by the angle ($) between 
the Jacobi momenta, by the total energy of the three-body system and by 
the energy shared by corresponding pair of p articles, see Appenidix A. Two 
different Jacobi sets were used, A and B, see Fig. 2, Paper IV. The variable 
£tn = Etn/Etnn in Jacobi set A or variable enn = Enn/Etnn in Jacobi set 
B determines the ratio of relative energy for each pair of particles, where 
evidently 0 < e < 1. 

0.0 0.2 0.4 0.6 0.8 1.0 

£tn = Etn/Etnn 

Figure 5.12: Left: Energy correlation shown in Jacobi configuration A (n— tn). 
The experimental data are shown as open circles with statistical 
uncertainties. The dashed li ne corresponds to a co nventional phase 
space di stribution, while the solid line shows a distribution urith rel­
ative angular momenta lx = ly = 1. Right: Illustration of Jacobi 
momentum coordinate system A. 

The energy distribution shown to the left in Fig. 5.12 looks at first glance 
similar to that expected from a conventional phase space distribution 
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da/de ~ \/e(l — e). (5.4) 

However, this phase space distribution shown as a dashed curve cannot re­
produce the experimental data. 

For a three-body system, where no narrow resonances exist in any of the 
binary subsystems, the following equation holds [203] 

da/ds ~ (1 - e)ly+* (5.5) 

where lx and ly are the angular momenta in the t-n and n-tn subsystems, 
respectively. The experimental distribution shown in Fig. 5.12 can be rea­
sonably well approximated by equation (5.5) with lx = ly = 1, shown as solid 
line, indicating that the main contribution to the final state wave function 
mainly stems from p-shell configurations. Thus, having roughly determined 
the main components of the angular momenta for the two neutrons in the final 
state wavefunction we proceeded one step further, analyzing the angular and 
energy correlations using the method of HH expansion proposed in Ref. [204]. 

Figure 5.13: Two dimensional 
plot of the probability distribu­
tion W(g, cos ($)), extracted fit­
ting the experimental distribu­
tions using Eq. A.6. The inset 
sketches the used coordinate sys­
tem (t — nn). 

The experimental distributions for the variables e and d in the two Ja-
cobi systems are shown in Fig. 5, Paper IV and Fig. 2, Paper V. From these 
distributions the weights of all the partial waves in the final state (with hy-
permomentum K = 0,2 and lx,y < 1) were determined by fitting the data 
using Eq. A.6, which is described in detail in Paper IV. In short, the popu­
lation of the /* = l/2+ state with two neutrons in the p-shell was confirmed 
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and found to be dominant. Further, a good resemblance between the 6He 
wave function and the structure of the t+n+n system was found and the 
differences could be explained by the decay process of the preformed 5H. In 
addition to the mentioned distributions (Fig. 5, Paper IV and Fig. 2, Pa­
per V), the unprojected probability distributions W(fr, i9), shown in Figures 
5.13 and 5.14, reveal several features which are not evident in the projections. 

In Fig. 5.13, the angular distributions are almost flat when the relative 
energy e between the two neutrons is close either to 0 or to 1. In contrast 
it behaves almost as sin2$ when e is close to 0.5. This is connected with 
the fact that the contribution from the K = 2, S = 0 harmonic is strongly 
suppressed in this region and the harmonic with K = 2, S = 1 predominantly 
determines the correlations. Further, the probability distribution W along 
the fractional energy axis (e) reveals two distinct peaks clearly seen in the 
vicinity of •d = 0 and 180 degrees. The peaks are described mainly by the 
interference of the harmonics with K = 2, S = 0 and K — 0 , S = 0 and 
reflects the dynamical correlations which have been discussed for the 6He 
wave function in microscopic calculations [205]. In the conjugated spatial 
coordinates the peaks correspond to the di-neutron configuration with the 
two neutrons forming a cluster on one side of the triton and to the cigar-like 
configuration where the neutrons are separated from each other by the triton 
core. 

Figure 5.14: Two dimensional 
plot of the probability distribu­
tion W(e, cos(tf)), extracted fit­
ting the experimental distribu­
tions using Eq. A.6. The inset 
sketches the used coordinate sys­
tem (n — tn). 

Most noticeable in Fig. 5.14, is again the strong n-n interaction, observed 
in the asymmetry of the angular distribution ($), which in addition indicates 
a strong interference of waves with different parity. 
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5.6 Discussion Papers IV-V 

The data presented here for the t+n system are consistent with a 4H res­
onance state at ER=2.67(31) MeV, and of width ro6s=3.28(23) MeV. This 
result is in reasonable agreement with expe riments where 4H has been stud­
ied in different types of nuclear reactions using th e missing mass method. 
The 4H resonance is broad and the apparent peak position in the experimen­
tal distributions depends on the reaction mechanism. Thus, a theoretical 
analysis is necessary to derive the resonance energy. 

Further, the results - give for the first time - access to internal correlations 
in the 5H (t+n+n) system. This information is extremely important when 
trying to understand the inner structure of the nucleus. The experimental 
results obtained indicate that the expected configuration [52,53] for the 5H 
ground state is strongl y populated in the reaction channel analyzed here. 
However, narrow resonance structures were not observed. The following fact 
should also be taken into consideration (see also Sect. 2.3.1): 4H is unsta­
ble relative to neutron emission by 2.7 MeV, and thus, ignoring the neutron 
pairing energy, 5H would be unstable by 5.4 MeV. The pairing effects should 
be less pronounced for a diluted 5H system compared t o that for 6He, thus 
the neutron pairing energy in 6He (2.75 MeV) may be considered as an upper 
limit for the one in 5H. The lowest value of the 5H resonance, above t+n+n 
threshold, would therefore be 2.6 MeV. The observed peak position in the 5H 
relative energy spectrum is only 0.5 MeV above this value and thus in good 
agreement with this estimate. All experimental evidence presented in Papers 
IV a nd V tog ether with the theoretical calculations illustrated in Fig. 5.11 
indicate that the observed broad resonance is mainly due to the 5H ground 
state. 

Further, the present result, taking into account the broadness of the struc­
ture, is in agreement with some earlier results [54,200]. The reaction channel 
selected here can however not reproduce the narrow structure seen in [55, 56] 
and can therefore not shed light on its origin. Further investigations of both 
theoretical and experimental nature are thus needed to clarify the situation. 
Experiments where all t he fragments are detected and precise cross section 
measurements together with angular and energy correlations would be very 
useful in order to solve the issue. 
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CHAPTER 6 

Outlook and conclusions 

In this work I have demonstrated the way of se tting up, performing, ana­
lyzing and in the end presenting the outcome of a n experiment. This, my 
contribution to the subject very neutron rich light nuclei far from stability 
at the rim of t he nuclear chart, has hopefully been able to shed some light 
on the structure of the nuclei under consideration. The road is not always 
as straight as one might believe when reading the thesis. There are many 
pitfalls to escape and dead ends to wander about in before making a final 
conclusion, and even then, the conclusion might not be as unambiguous as 
wanted. 

The experimental data presented here are almost entirely stemming from 
direct reactions in which the target nucleus above all interacts by knock­
ing out one particle from the projectile, whereas the residual part acts as a 
spectator. The relatively simple reaction mechanism allows separating the 
consequence of the reaction itself and that of th e nuclear structure, and is 
thus a very important tool for extracting reliable information. Further, a ma­
jor part of the work is concerned with invariant mass measurements, indeed 
proven to be very successful, but different experimental probes are needed to 
get full insight in the complex structure of a nuclear system. This is actually 
one of the main exclusive conclusions I have made during the progress of 
work. One single experiment is absolutely not enough to extract all charac­
teristics of a specific nucleus. Many experiments are needed using different 
techniques in order to fully uncover the secrets hidden by nature. One par­
ticular interesting case is the 5H nucleus where, as discussed here, the results 
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from different experiments completely disagree on its inner structure. The 
interplay between nuclear structure and reaction mechanism has still to be 
fully understood, and is most probably the reason for the discrepancy. Under­
standing comes from putting all the detailed pieces of i nformation together 
and see the image in the jigsaw puzzle. Here, theoretical studies are very 
important and close interaction between experimentalists and theoreticians 
is a necessity. Having had the good fortune to work in such environment 
within the Subatomic physics group in Göteborg has been very valuable and 
truly instructive. 

Looking into the future then, what remains to be done? And what direc­
tions of rese arch seem the most profitable to pursue? 

First of all, a third and consecutive experiment would be a natural con­
tinuation of the experimental program explained here. Such an experiment 
was actually realized in September 2001 in addition to the previous two very 
successful "halo breakup" experiments with the ALADIN-LAND set up. 

This time the experimental set up was improved even more, making it 
possible to explore regions further out from the dripline. The detection of up 
to five pa rticles in the final state, in a nearly 4n geometry was feas ible. In 
addition, a segmented Csl 7-detector was used, to provide information about 
electromagnetic decay channels in the break-up reactions. A liquid hydrogen 
target was constructed to assure reactions of purely nuclear origin, and was 
used together with a AE-E telescope detector, placed perpendicular to the 
target to detect scattered or knocked out protons. In addition to this, the 
primary beam intensity was increased by more than one order of m agnitude. 

The experimental data is now being analyzed and its outcome will mo st 
probably be very helpful in understanding and uncover the complicated struc­
ture of many dripline nuclei teetering on the brink of nuclear s tability. Some 
of the more exotic reaction channels investigated will be 1H(14Be,2p)13Li, 
1H(11Li,2p)10He, 1H(8He,2p)7H, just to single out a few among many others. 

However, a sign of w arning should be raised. With the increasing com­
plexity of the experimental set-ups in order to obtain more detailed informa­
tion, the complexity of th e data is drastically increased and the conclusions 
are getting more difficult to extract. Sometimes it is important to step aside, 
look back, and return to simpler experiments in order not to loose pe rspec­
tive. 

A good example of a future experiment would be to confirm the 
In = 1/2- resonance state in 7 He in the one-neutron pick-up reaction 
9Be(6He,7He)8Be, measuring the two a particles of the decaying 8Be. If 
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performed e.g. at REX-ISOLDE using a radioactive 6He beam with just a 
few MeV/u, thus in a totally different energy regime, an excellent comple­
ment to the experiment presented here would be accomplished. Further, this 
would also increase the knowledge and insight of the intricate 8He system 
giving additional input to the theoretical problem concerning the strength of 
LS forces in the region. 

In addition to the nucléon knock-out channels discussed in this work, 
cluster knock-out may also be used to reveal structural properties. In this 
context, the successful work by Yoshimura et al. [206] is worth mention­
ing, where the a-particle knockout from 12C, 9Be, 7Li and 6Li was studied. 
The a-cluster knock-out will provide further insight to the halo structure, 
where a good example would be to study the different structures of 6He and 
8He discussed here. Further, the a-cluster knock-out will give access to ex­
tremely neutron rich resonances, such as 1H(14Be,pa)10He, 1H(nLi,pa)7H or 
1H(8He,pa)4n which axe just briefly investigated before. 

On a larger scale, several accelerator facilities presently under construc­
tion, commissioning or being proposed or discussed worldwide (such as RIA 
in the United States [207], the DRIBS project at Dubna [208], the next gen­
eration ISOL facility EURISOL in Europe [209], just to name a few not 
previously mentioned), will wi thout doubt, in the coming years make valu­
able contributions to the nuclear structure studies. 

Even if we think we now know what the basic building blocks of the 
universe are we still have a long way to go until we can describe all the 
complex properties of matter. One reason for this is that we still know too 
little about fundamental forces and their underlying symmetries. This is 
especially the case with the strong force acting between quarks and between 
nucléons, a force that still remains a mystery. There are many questions to be 
asked and probably even more not yet formulated. However a few questions 
closely related to the subject though, could be: 

• Why are protons and neutrons so much heavier than their constituents? 

• In what ratios of neutrons to protons can nuclei exist? What new 
properties do highly unstable nuclei reveal? 

• How were he avy nuclei and transuranium elements synthesized? What 
is the significance of unstable nuclei in this process? 

Even though our understanding of n uclear structure at the driplines has 
increased drastically the last decade, the picture we have of the nuclei is 
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still to a large extent phenomenological. There is not yet any theory hav­
ing a true predictive power for nuclei at the dripline, like the shell model 
for tightly bound nuclei. However, the availability of much increased beam 
intensities will allow not only to expand the knowledge about the exact lo­
cation of the driplines, but also provide sufficient secondary beam intensities 
for detailed nuclear structure studies giving additional inputs to the theories. 

Nevertheless, we are still only in the initial stages of exploring the outer 
parts of the nuclear landscape, and the next generations with radioactive 
nuclear beams will undoubtedly provide new possibilities for research with 
very good chances of discovering new phenomena, and other secrets lurked by 
nature yet too fantastic for us to imagine. To have the privilege of being not 
only a spectator but a participant in this process is a remarkable experience. 
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APPENDIX A 

Jacobi coordinates and hyperspherical harmonics 

A.l Jacobi coordinates 

In a three-body problem a system of three particles i , j , k  with coordinates 
rt, Tj, rfc in an arbitrary coordinate system are dealt with*. However in 
most three-body problems such a coordinate selection is not very convenient 
because the internal symmetry of t he particles (if a ny) cannot be appropri­
ately described. For this reason, it is more convenient to introduce the c.m. 
coordinate R of t he three-body system and two other translationally invari­
ant coordinates, which do not depend of the c.m. motion of t he three-body 
system. 

There are several ways of i ntroducing two translationally invariant coor­
dinates describing the internal motion of the particles i,j, k. One possibility 
is to introduce so called Jacobi coordinates, illustrated in Fig. A.l. These co­
ordinates axe often used in quantum three-body problems because the kinetic 
energy operator has a separated form and does not contain any mixing terms. 

Two Jacobi radii, x and y, can be introduced where one radius is between 
particles j and k, x = r,- — and the other between particle i and c.m. of the 
selected pair, y = (mjrj+mfcrfc)/(m.,-|-mfc) - Tj. In addition we can introduce 
the hyperradius p, measuring the overall size of t he system, and is invariant 

* All particles are assumed to be spinless, a general case including spin is considered 
in [203], 
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with respect to rotations and permutation of t he particles, p is defined as 

p2 = x2 + y2 = p2(sin2 9P + cos20p) (A.l) 

where 9 P  = arctan( x / y )  is the hyperangle. 

Figure A.l: Illustration of a Jacobi 
coordinate sy stem. 

In the momentum space we can introduce the corresponding Jacobi mo­
menta px, py, which are conjugated to the Jacobi coordinates x and y, and 
the Jacobi energies Ex, Ey, which are defined in analogous ways (naturally, 
Ex + Ey = E). Further, in analogy to the coordinate space we can in mo­
mentum space define the "momentum" k and hyperangle 9K as 

K2 = p2 + p2 = K2(sin2 0K + cos2 0K). (A.2) 

Thus a system of three particles i , j , k  with fixed total energy E  can 
be characterized by five kinematical variables, fli = 9K), where 
flx and fly are the directions of the respective Jacobi momenta and 9 K  =  
a,rct&n(y/Ex/Ey) — arctan(y/pI/py), reflecting the energy distribution be­
tween the Jacobi subsystems^. 

By introducing the hyperradius and the hyperangle, we can make use of 
the hyperspherical harmonics method. 

A.2 Hyperspherical harmonics 

The hyperspherical harmonics (HH) formalism was introduced in 1935 by 
Zernike and Brinkman [210]. The formalism was then reintroduced 25 years 

^In reality we use normalized Jacobi coordinates in both coordinate and momentum 
space [15]. 
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later by Delves [203,211] and Smith [212,213] and has ever since proven to 
be a powerful tool to study few-body atomic and nuclear systems, see e.g. 
the reviews by Krivec [214] and Zhukov et al. [15]. 

A motivation for introducing HH is to reduce the N-body, (3./V-3)-variable 
center-of-mass Schrödinger equation to a system of coup led ordinary differ­
ential equations in a single variable. This makes it possible to use the ex­
isting tools from the theory of Fourier series, orthogonal polynomials and 
the solution of systems of o rdinary differential equations. In this way, many 
quantities appearing in the HH formulation are generally expressible through 
closed analytic expressions. 

The HH are the eigenfunctions of the angular part of the Schrödinger 
equation in the six dimensional space [205], 

Ä = N£ l>lsm9p\ l>[cos9p} l>P^(cos2ep) [Y l x(x) ® \(y)]LM (A.3) 

and represents a generalization of the expansion on Legendre polynomials 
known from two-body systems to the case of three-body systems. Here, 
Yim(x) is the ordinary spherical harmonic function, Nl^'ly is a normalization 
constant, are the Jacobi polynomials with a = lx  + |  and ß = ly  + | ,  
see e.g. Ref. [215]. The additional quantum number K = lx + ly + 2n (n = 
0,1,2...) is called the hypermomentum. This is a three-body analogy to the 
orbital momentum in the two-body case. In this approach the centrifugal 
barrier of the t hree-body system is proportional to (K + 3/2)(K + 5/2)/p2  

corresponding to the 1(1 + 1 )/r2 factor in the two-particle case. 

The transition between one set of Jacobi coordinates to another is accom­
panied by a change of th e HH according to the formula: 

ykt'M = I s) (A.4) 
''J'y 

where (... | ...) denotes the Raynal-Revai coefficients [216]. 

A.2.1 Some examples 

In Paper IV and V, in order to determine the weights of the different partial 
waves in the t+n+n system from the experimental data, the method proposed 
in Ref. [204, 217] was used. The method is based on a fitting procedure using 
the HH series expansion of the amplitudes of the three-body decay. A general 
formulae for the approach can be found in Ref. [218], 
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The procedure was first to introduce a set of normalized Jacobi momen­
tum coordinates in the projectile rest frame: 

/Ml2U /Pi Pî\ /» r\ qi2 = (^-)2 — ; (A.5) 
1 \m i ui2 J 

^3-12^1 f P3 Pi + P2 
Q3-12 — (—^—J2 ; I 

2  \ r r i3  m\ - \ -mi )  

where rrii, pu,  (J .3 -12  and p,, ( i  = 1,2,3) are masses, reduced masses and mo­
menta of the particles respectively. Two different sets of Jacobi coordinates 
were used, A and B, see Fig. 2, Paper IV. In A indices 2,3 are related to 
neutrons and 1 to the triton, while in B 1,2 are related to the neutrons and 
3 the triton. The total kinetic energy in the t+n+n system is then equal 
to Etnn = <7i2 + <?3-i2- The three-body configuration can then be expressed 
in terms of the angle 1? between the Jacobi momenta qi2 and q3-i2, by the 
total energy of the three-body system ETNN and by the energy shared by one 
pair of p articles e — q\2/Etnn-

Figure A.2: Illustration of the correlation function W(e, 1?), (A.6) calculated 
solely with one amplitude, CsKijy = Coooo) Co2oo> C0211 from left 
to right respectively. 

Finally, according to [204,217] the energy and angular correlations in the 
t+n+n system can be described by a probability distribution W(e, i9), rep­
resenting the probability of finding the system in a configuration in vicinity 
of definite values e and â. The expansion can be characterized by a set of 
complex amplitudes CSKIJV for the respective harmonics, where S is the total 
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spin of the two neutrons, K  is the hypermomentum, and l x ( y )  axe the relative 
angular momenta in the corresponding Jacobi coordinate system. Only the 
lowest terms K = 0,2 and lx(y) = 0,1 were here used the the expansion. 

The explicit expression for the probability distribution W used to fit the 
data, valid in both Jacobi sets, has the following form 

W(e,d )  = — \/e(l — e )  • | C1211 | 8e(l — e)sin2i? 

+ I C oooo ~ C0200 2(2e — 1) + C0211 4 \J e(l — e) cosi? 

where W(e, 1?) is normalized to unity. 

(A.6) 

r } '  

The fitting procedure and its outcome is in detailed described in Paper 
IV. However, in order to explicitly demonstrate the shapes and character­
istics of the different amplitudes, the correlation function is here calculated 
with one single component at a time, the result can be seen in Fig. A.2. Here 
the distributions are shown in configuration A, however the distributions in 
configuration B would have the same shapes. 

3 
d 1.0 

7 \ cos f = 0 / \ 

7 \ COS ß = 0.5 

1 \ COS 1 = 1  

0.5 

Figure A.3: Illustration show­
ing the influence of the phase 
difference (ß = 90°, 60°, 0°, 
from top to bottom respectively) 
between the amplitudes Coooo a nd 
C0200 configuration B. The 
correlation function W(E, 1?), 
(A.6) is calculated with \ C oooo |2  

= 0.25, I C0200 12 = 0.75 and 
I C0211 |2 = I C1211 |2 = 0. 

£ Enn/Eti 
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Further, in Paper IV, Fig. 5(2) an asymmetry is clearly noticeable in 
the experimental distribution. The origin of th is asymmetry is the interfer­
ence between the two amplitudes Coooo and C0200, depending on the phase 
difference ß between them. In order to illustrate this effect the correlation 
function is here calculated (see Fig. A.3) solely with the two corresponding 
amplitudes responsible for the asymmetry. Note that, 

W ~ I Coooo - 2(2e - l)Co2ooe,/J I2 (A.7) 

~ I Coooo | 2 + I 2(2e — l)Co2oo | 2 —2Coooo2(2e — l)Co2oocos/?. 

As can be seen in Fig. A.3 the phase difference ß clearly influences the shape 
of the distribution, here shown in configuration B. The weight of the two 
components is here, | Coooo I 2 = 0.25 and | C0200 |2 = 0.75. 

Similar asymmetries can be seen in configuration A in the two distribu­
tions shown in Fig. 5(1) and Fig. 5(3) in Paper IV. Again the asymmetry is 
due to interference between amplitudes with different quantum numbers. 
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