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Abstract

Starting from the first observation of the halo phenomenon 20 years ago,
more and more neutron-rich light nuclei were observed. The study of unstable
nuclear systems beyond the dripline is a relatively new branch of nuclear physics.
In the present work, the results of an experiment at GSI (Darmstadt) with re-
lativistic beams of the halo nuclei ®He, ''Li and *Be with energies of 240, 280
and 305 MeV /nucleon, respectively, impinging on a liquid hydrogen target are
discussed. Neutron/proton knockout reactions lead to the formation of unbound
systems, followed by their immediate decay. The experimental setup, consisting of
the neutron detector LAND, the dipole spectrometer ALADIN and different types
of tracking detectors, allows the reconstruction of the momentum vectors of all
reaction products measured in coincidence. The properties of unbound nuclei are
investigated by reconstructing the relative-energy spectra as well as by studying
the angular correlations between the reaction products. The observed systems are
9He, °He, '°Li, ?Li and "3Li.

The isotopes '?Li and '3Li are observed for the first time. They are pro-
duced in the 'H(*Be, 2pn)'2Li and 'H(**Be, 2p)'3Li knockout reactions. The ob-
tained relative-energy spectrum of '2Li is described as a single virtual s-state with
a scattering length of a, = —13.7(1.6) fm. The spectrum of '®Li is interpreted
as a resonance at an energy of E, = 1.47(13) MeV and a width of I' ~ 2 MeV
superimposed on a broad correlated background distribution.

The isotope '°Li is observed after one-neutron knockout from the halo nu-
cleus M'Li. The obtained relative-energy spectrum is described by a low-lying
virtual s-state with a scattering length ay = —22.4(4.8) fm and a p-wave reso-
nance with £, = 0.566(14) MeV and I' = 0.548(30) MeV, in agreement with
previous experiments.

The observation of the nucleus ®He in coincidence with one or two neu-
trons, as a result of proton knockout from ''Li, allows to reconstruct the relative-
energy spectra for the heavy helium isotopes, *He and “He. The low-energy part
of the He spectrum is described by a virtual s-state with a scattering length
as = —3.16(78) fm. In addition, two resonance states with [ # 0 at energies of
1.33(8) and 2.4 MeV are observed.



For the "He spectrum, two interpretations are possible. It can be inter-
preted as a superposition of a narrow resonance at 1.42(10) MeV and a broad
correlated background distribution. Alternatively, the spectrum is being well de-
scribed by two resonances at energies of 1.54(11) and 3.99(26) MeV.

Additionally, three-body energy and angular correlations in '°He and ®Li
nuclei at the region of the ground state (0 < E¢y, < 3 MeV) are studied, providing

information about structure of these unbound nuclear systems.
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1. Introduction

1.1 Nuclear landscape

Nuclear physics is the science of atomic nuclei, their properties, the in-
teractions between them and their constituents. Different nuclei are basically
different combinations of particles of two types: protons and neutrons. However,
even now, decades after most of the basic properties of stable nuclei have been
discovered, a fundamental theory of the nuclear structure is still lacking, and
theoretical predictions of the limits of nuclear stability are unreliable. The task of
finding these limits falls back onto the experimentalists. The vast area of interest,
available for nuclear physicists nowadays, includes about 2900 different nuclei [1]

and is depicted in the nuclear chart shown in Fig. 1.1. Among all varieties of
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Figure 1.1: Nuclear landscape. Stable nuclei are markedaa& bquares, red and blue squares de-

note 3*- and 3~ -radioactive nuclei, respectively. Nuclei unstable againparticle decay or undergo
spontaneous fission are marked in yellow.

nuclei, only a limited amount exists naturally. They are marked as black squares
(see Fig. 1.1) and commonly called the valley of 3 stability. Nuclei to the left of

the valley contain excess number of protons and are unstable against ST -decay
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or electron capture. Neutron-rich nuclei, to the right of the valley, are unstable
against 7-decay. The heaviest stable isotope is ?°’Bi and all heavier nuclides
decay mainly by a-particle emission or even spontaneous fission.

What happens at the limits of stability? Substantial changes in the neutron-
to-proton ratio to both sides of the valley of § stability lead to a decrease of the
binding energy for the last nucleon(s) until it traverses the zero value (B, , = 0)
at the so-called driplines. The neutron and proton driplines are defined by the
heaviest particle-stable nuclides within a family of isotopes and isotones, respec-
tively. Figure 1.1 shows as well the highlights of the experimental activities along
the driplines. Study of different phenomena can shed light on different aspects of
nuclear interaction.

While light N = Z nuclides are mostly stable, the heavier ones lie away
from the line of § stability. Disappearance of shell-model magic numbers and
appearance of new magic numbers occurs close to the dripline. An example is
the nucleus °Ni with 28 protons and 28 neutrons, which is not doubly magic
according to the experimental observations [2]. In the case of 1°°Sn, the deficit of
neutrons with respect to the mean mass of the stable tin isotopes is about 18 and
it is expected [3] to be the heaviest N = Z nucleus stable against the ground-state
proton decay. This stability is related to the doubly-magic character of 1°°Sn.

A study of neutron-proton pairing, which is especially strong in nuclei
around N = Z and contributes to the binding energy, provides important infor-
mation about the interaction between these two particles [4]. Evidence exists
that exotic neutron-rich nuclei as well gain binding energy from an unpaired pro-
ton, which narrows the gaps between shells and provides the opportunity to bind
even more neutrons. This feature results in the significant difference between the
heaviest oxygen (**O) and fluorine (*'F) isotopes [5]. However, the observation
of such strange behavior is still novel and requires further investigations, since in
stable nuclei the attractive pairing interaction generally enhances the stability of
isotopes with even numbers of protons and neutrons.

Precise measurements [6] of the ft-values for super-allowed 0" to 0" Fermi
nuclear beta decay, which takes place in nuclei in the N = Z region, provide the
most accurate value for the up-down quark-mixing matrix element, V4, of the
Cabibbo-Kobayashi-Maskawa matrix. This matrix should be unitary, and the
experimental verification of that expectation constitutes an important test of the
Standard Model.



The low-energy dipole strength located close to the particle-emission thresh-
old is a general feature [7] in many isospin asymmetric nuclei. This mode was
named Pygmy Dipole Resonance (PDR) and, in neutron-rich nuclei, has been ex-
plained as being generated by oscillations of weakly bound neutrons with respect
to the isospin symmetric core [8]. Thus, in exotic nuclei with extreme neutron
excess the PDR modes should be especially pronounced. The picture of collective
flow as seen in experiments is a precise test of the existing models including self-
consistent microscopic calculations with the collective degrees of freedom. The
origin of approximately one half of the nuclides heavier than iron observed in
nature is explained by the r-process. The existence of pygmy resonances have im-
portant implications on theoretical predictions of radiative neutron capture rates
in the r-process nucleosynthesis, and consequently on the calculated abundance
distribution in the universe. This was studied using calculations and fits to the
properties for neutron-rich nuclei involved in this process [9]. The inclusion of the
PDR increases r-abundances distributions for nuclei around A = 130 by about
two orders of magnitude (see Fig. 6 in [9]), compared to the case in which only
the GDR was taken into account.

In the mass region A = 180 high angular momentum yrast states in de-
formed nuclei can sometimes be populated by aligning the spins of few nucle-
ons [10]. The states with high total spin projection on the nuclear symmetry
axis, K, may be long-lived, with half-lives ranging from a few nanoseconds to se-
veral years. The K-isomer states exhibit an unusually simple shell configuration,
providing a powerful probe of structure and residual interactions in nuclear many-
body systems [11]. They also give information on multi-nucleon correlations in
the nuclear surface.

In this thesis, special attention is paid to the light nuclei extremely enriched

by neutrons and especially to the nuclei at and beyond the dripline.

1.2 Halo nuclei

The exact location of the driplines at the neutron-rich side is known only for
light nuclei. Near the neutron dripline, the large neutron excess and small neutron
separation energy can lead to dramatic changes in nuclear structure. One of the
most interesting discoveries is the appearance of a so-called neutron halo. The

proton dripline is relatively well established for most of the elements because the



Coulomb repulsion among protons has a strong destabilizing effect on nuclei with
significantly fewer neutrons than protons. On the other hand, the neutron binding
energy little by little approaches zero as the neutron number increases. Elusive
quantum-mechanical effects such as nucleon pairing and energy-level bunching

determine the stability of the heaviest isotope of each element.

First experimental evidence for the unusual properties of ''Li was obtained
20 years ago by I. Tanihata and co-workers at Berkeley [12], when the interac-
tion cross section was measured for this nucleus at relativistic energy. The root
mean square (RMS) radius for its matter distribution, deduced from the cross
section, turned out to be extremely large [13]. Measurements of the quadrupole
deformation for °Li and ''Li have shown that these nuclei have nearly the same
deformation [14]. The term ”"neutron halo” was introduced by P.G. Hansen and
B. Jonson in Ref. [15], where the large radius of "' Li was connected with its small
neutron binding energy which finally results in the extended and diluted distri-
bution of neutrons around the °Li core. This was confirmed by measurements of
charge radii [16-18]. Experimental data on matter and charge radii for helium and
lithium isotopes are compared in Fig. 1.2. The comparison demonstrates that for

heaviest isotopes the matter radii are about 0.5 fm larger then the charge radii.
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Figure 1.2: Charge (open circles) and matter (filled cifjcteslii of helium and lithium isotopes are
shown by solid and dashed lines, respectively [13, 16-18].



Nuclei with two-neutron halo represent a group with so-called Borromean
properties. The term was introduced by M. Zhukov et al. [19] for the bound
three-body systems where any of the two-body subsystems is unbound. This is
connected to the fact, that particle stability and binding energies at the neutron
dripline depend on the neutron pairing, as one can see from Fig. 1.3. The helium
isotopes SHe and 8He are particle-stable, while their "neighbors”, °He and "He,

are unbound.
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Figure 1.3: Low-Z part of nuclear chart. Stable isotopesaaeked as black squares.

Since the phenomenon has been discovered, more halo nuclei have been
observed: one-neutron halo nuclei, such as "'Be and °C, and two-neutron halo
nuclei, such as ®He and '"B. One of the most interesting examples is ®He, which can
be viewed both, as a two-neutron halo with a ®He core, or as a four-neutron halo
with an a-particle core. The Coulomb barrier is an obstacle for halo formation
at the proton-rich side. However, even there, a halo state was observed in ®B and

presumably exists in 1"Ne [20, 21].

1.3 Nuclear systems beyond the dripline

Currently, the neutron dripline is experimentally accessible up to element
Mg [22]. However, even the dripline is not a limit for researchers. By knocking
out nucleons, or even heavier constituents from the halo nucleus, it is possible to
produce configurations which are particle unstable, but still can be observed as

resonarnces.



For Borromean nuclei with a neutron halo, the knockout of a valence neu-
tron is a process with high probability. The remaining subsystem of the core with
only one neutron is unbound. It is also possible to study proton knockout from the
core. The halo nucleus already contains too many neutrons and, thus, one-proton
removal leads to the formation of an even more exotic system. The investigation
of such resonances is similar to the discrete-level spectroscopy of stable nuclei and
plays an essential role in exploring the single-particle and collective structures of
weakly bound nuclei in the dripline region. The problem of identifying states and
measuring energies in unbound systems is not only a difficult exercise in nuclear
spectroscopy. Experimental measurements of binding energies of nuclear states

serve as a benchmark for different theoretical models.

One of the most interesting and intriguing results in the field is the observa-
tion of the heavy hydrogen isotope *H. The measurement of two protons emitted
in the decay of ?He from the reaction 'H(°He, pp)°H with 36 MeV /nucleon beam of
®He, resulted in a peak at an energy of 1.7(3) MeV with the width T = 1.9(4) MeV
above the t + n + n threshold [23]. The following experiments reported about
the observation of a very narrow resonance with I' < 0.5 MeV at an energy of
E, = 1.8 MeV in reactions *H(t, p)°H [24], *H(t, p)°H and *H(°He, *He)’H [25].
Several measurements failed to observe the narrow resonance in the t + n 4+ n
system [26-28]. In the most recent experiment high statistics was collected and
correlations between the decay products of °H were investigated [29]. The 1/2"
ground state was observed at an energy of 1.8 MeV with a width I' & 1.3 MeV.

However, the situation is still unclear, and more investigations are needed.

Experiments studying exotic systems are difficult to perform and analyze.
Only at high beam energies, several hundreds of MeV /nucleon, it is possible to
suddenly remove one of components from a nucleus without disturbing the rest. At
the same time, it is necessary to achieve energy resolution below a few hundreds of
keV in order to perform spectroscopy. The interpretation of the obtained spectra is
also a challenging task. Only the combination of results from several experiments,
using different approaches leads to a consistent description that can be adopted

with confidence.



1.4 Experimental studies along the dripline

Halo nuclei are typically short-lived and cannot be used as a target mate-
rial. Therefore, experiments are performed in inverse kinematics, where a beam of
exotic nuclei hits a stable target. Radioactive-beam facilities provide a direct ac-
cess to experimental studies of nuclei at and beyond the dripline. All experiments
with exotic nuclei can be divided into two main groups: low-energy beam (up to
20 MeV /nucleon) and high-energy beam (energy range from 100 MeV /nucleon to
1 GeV/nucleon) experiments.

Low-energy beams primarily allow the study of transfer and fusion reac-
tions as well as reactions via the formation of compound nuclei. Reactions proceed
via a compound nucleus, if a low energy projectile is absorbed by the target and
the energy is redistributed between all nucleons. On a time scale of about 1071
seconds, the energy happens to be concentrated in one particle, e.g. a neutron,
which allows it to evaporate. Charged particles are rarely evaporated because of
the Coulomb barrier. The condition for the formation of the compound nucleus
is that the incident particle free path in the nuclear matter A should be much
shorter then the nuclear radius R. This condition can be fulfilled if £ < AS,
where E is the energy of the projectile particle, A the number of nucleons and S
the neutron separation energy [30].

If, for some reasons, the energy is redistributed between several nucleons
only, without involving the rest of the nucleus, the reaction occurs without forma-
tion of a compound nucleus, and this process is called direct reaction. It usually
takes place if a projectile of intermediate or high energy is involved. The exam-
ples of direct reactions are inelastic scattering, when energy is transferred to the
target nucleus, and transfer reactions, when nucleons are redistributed between
target and projectile nuclei. The use of high-energy beams of exotic nuclei has
many advantages, both from experimental and theoretical points of view. High
beam energies result in short interaction times and small scattering angles, which
allow the use of simplifying approximations for the description of the reaction
mechanism. From the experimental side, large beam velocities lead to a strong
kinematical focusing, which allows for measurements covering the full solid angle

with moderately sized detectors with high efficiency.

There are basically two methods to produce beams of exotic nuclei [31]:
the use of an Isotope Separator On-Line (ISOL) and In-Flight Separation (IFS).



In the former case an accelerated beam of stable nuclei bombards a target, and ra-
dioactive atoms of interest are produced through nuclear reactions. These atoms
are transported, by various techniques, including thermal diffusion, to an ion
source where they are ionized and extracted. The radioactive ions are then mass-
separated from other ions and accelerated to energies needed for nuclear physics
experiments by a second accelerator. The ISOL technique can produce high beam
qualities, purities and intensities. The disadvantage is that beams with very short
half-lives (less than 10 ms) are difficult to produce. Pioneered at CERN, this tech-
nique is presently very extensively used e.g. at Jyvéskyld (Finland), Louvain-la-
Neuve (Belgium), Orsay (France), Warsaw (Poland), Oak Ridge (USA), TRIUMF
(Canada), CIAE Beijing (China).

The second method, IFS, is implemented in such facilities as FRS (GSI,
Germany), A1200 (MSU, USA), BigRIPS (RIKEN, Japan) and SISSI (GANIL,
France), COMBAS and ACCULINNA (JINR Dubna, Russia), RIBLL (Lanzhou,
China) and SBL (Chiba, Japan). After acceleration of heavy-ion beam to high
energy (40 - 2000 MeV /nucleon) it is directed to a thick production target for
converting into secondary beams via nuclear fragmentation. Reaction products
are separated by means of a magnetic field. An advantage of this method is that
the lifetime of the studied nuclei is only limited by the flight path and the beam
velocity. This allows to study nuclei with lifetimes in the microseconds region.

Halo nuclei have been studied at GSI for many years [32], using carbon and
lead targets. The carbon target allows to study nuclear break-up, because of its
small charge. In the case of a lead target, the electromagnetic dissociation process
dominates. The use of a hydrogen target, as in this work, opens new interesting
possibilities to study quasi-free scattering with beams of unstable nuclei [33].

This thesis is divided into eight chapters. A general description of the ex-
perimental setup is following this introduction. A more detailed explanation of
detectors and calibration procedures is presented in chapter three. The fourth
chapter is dedicated to the description of the observed quantities and their role in
the analysis of the experiment. The response of the setup is shortly presented in
chapter five. Neutron knockout is described in chapter six, while chapter number
seven contains results for the proton knockout channels, including relative-energy
spectroscopy and studies of angular and energy correlations. The thesis is con-

cluded with a summary and outlook.



2. Experimental technique

2.1 Production of exotic nuclei

The experiment, described in this thesis, was performed at the Gesellschaft
fiir Schwerionenforschung (GSI) in Darmstadt. A schematical view of the heavy-

ion beam facility is shown in Fig. 2.1. The primary beam of *O from the ion
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Figure 2.1:Heavy-ion beam facility at GSI (Darmstadt). The SIS can jgre\beams of elements from hydrogen
to uranium, with energies up to 2 GeV/nucleon. After the agion in the SIS, the beam is directed to the thick
production target. Products of nuclear fragmentation epasated by means of magnetic field in FRS and directed
to Cave B.

source was preaccelerated in the UNlversal Linear Accelerator (UNILAC) and
injected into the heavy-ion synchrotron (SchwerlonenSynchrotron, SIS). After the
acceleration it was extracted and directed to a beryllium production target with
the thickness of 4.007 g/cm? for converting it into secondary beams via nuclear

fragmentation. Reaction products were separated by means of the Bp — AE — Bp



method in the FRagment Separator (FRS), which is described in detail in Ref. [34].
The production rate of the needed isotopes was low, therefore a degrader (AF)
was not used, and the secondary beam was left as a mixture of different nuclei
with similar A/Z ratio. A particle with velocity v, mass A and charge ¢ is passing

through the magnet, if the following condition is satisfied:

Bo=20o gy, (2.1)
q q
where § = v/c and v = 1/\/1—762 The magnetic rigidity Bp was set to be
9.52 Tm during the whole experiment and different beam compositions were
achieved by varying the energy of the primary beam. During the first stage of the
experiment, the primary beam with an energy of 308 MeV /nucleon was used. As
a result, the secondary beam contained mainly *He (A/Z = 4) nuclei. Increasing
the primary beam energy up to 360.5 MeV /nucleon caused the selection of 1“Be
(A/Z = 3.5) beam. In both cases, ''Li with A/Z = 3.6 passed through the sepa-
rator. Weak admixtures of °He and 3H were also present. The energies of the 8He,
ULi and Be ions were 240, 280 and 305 MeV /nucleon, respectively. The beam

parameters are summarized in Table 2.1. The beam intensity was high enough to

Table 2.1: Properties of the secondary beam. There were iffevetht settings during the experiment.
First, "helium” setting, led to domination &te ions in the beam. During the second part of the experi-
ment, “beryllium” setting was applied, wheléBe and!'Li had maximum intensities.

lon 8He B 1Be
Bp 9.52 Tm
E, MeV/nucleon 240 280 305
Intensity, s’ 350 50 40

get reasonable statistics during the two weeks of experiment, and low enough to

analyze the data collected on the event-by-event basis.

After separation the secondary beam was transported to the experimental
hall (Cave B), where the reaction target was situated. The scheme of the experi-
mental setup in Cave B is shown in Fig. 2.2. It allows for kinematically complete

measurements of all reaction products.
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2.2 ldentification of incoming particles

The position sensitive scintillator detectors POS1 and POS2 were installed
at the entrance of the cave and before the target (see Fig. 2.2). As suggested
by the name, POS detectors are supposed to measure the position of the passing
particles. However, in the mean time detectors with better position resolution are
used. Here, POS detectors are mainly used for the measurement of the incoming
beam velocity. Each of them consists of a thin scintillator foil with a thickness of
300 pum, being viewed through light guides by four photomultipliers (up, down,
left and right). The mean value of the time signals from these photomultipliers
is taken as the time when a particle hits the detector. Just before and after the
target, p-i-n silicon diodes (PIN1 and PIN2) were situated, which were used for
energy-loss measurements. From the energy loss in the silicon diodes, the charges
of incoming and outgoing particles are deduced. The time of flight between the
two POS detectors allows for an A/Z determination, using Eq. 2.1 and taking
into account that all incoming particles have the same Bp. An example of a two-
dimensional identification plot is shown in Fig. 2.3. This method allows for a very
clean and reliable identification of the incoming particles. The ions of interest are

chosen for further analysis using two-dimensional cuts.

2.3 Target and beam tracking in the target region

A liquid-hydrogen target with a thickness of 350 mg/cm? was used in the
experiment. The liquid-hydrogen was filled into a 5 cm long, 2.8 cm diameter
cylinder with 50 pm mylar windows. Measurements in a so-called empty-target
mode, when the target volume was filled with gaseous hydrogen, were also per-
formed in order to control the background from reactions occurring outside the
target volume, e.g. in detector materials, separation foils, air etc.

Eventwise tracking of particles is necessary, since the size of the beam spot
at the target was about 3 cm in diameter. In the present experiment, tracking is
performed by means of Multi-Wire Proportional Chambers (MWPC), which are
described in Ref. [35]. Relying on the fact that there were more than 11 meters
distance from the last magnet to the target position such that only particles with
small incoming angle can reach the target, the incoming beam was assumed to

be parallel with high accuracy. Thus, only one chamber, MWPC1, was used

12



5
10°
14
4 Be
; 10°
N L .
3 Li .
2 6HC -
-2 — 10
1 | | | \ \ ;
2.8 3.2 3.6 4.0 4.4

A/Z

Figure 2.3: The secondary beam is an admixture of differems,i therefore each particle has to be
identified. The charge of the ion was obtained from its enérgy in the PIN1 diode and th&/Z ratio
was calculated using time of flight between two POS detedtorthe knownBp. The isotopesHe,
HLiand™Be are clearly separated.

for the tracking of incoming particles, being installed 90 cm upstream of the
target. Figure 2.4 shows the tracking of beam particles before and after the target.
The position of the reaction vertex along the beam direction z is unknown. In
the present analysis, it is fixed at the central plane of the target, marked as a
gray circle. The angles 6 and ¢ are defined using the MWPC2 detector, which
was situated at a distance of 65.7 cm downstream of the target. The angular
resolutions for different nuclei are listed in Table 2.2. The resolution is dominated
by the uncertainty of the position of the reaction vertex and the uncertainty in
the angle of the incoming particles.

The data analysis revealed, that the beam is broader than the target size.
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MWPC2

MWPCl1

Figure 2.4: Tracking of the beam particles before and dfiietarget. The grey area indicates the central

plane of the target, where reactions are assumed to happen.

Table 2.2: Angular resolution of the experimental setupdifferent ions. Angular spread in the hori-

zontal and vertical directions are denoteddgy andoy, , respectively.

8He HT3 14Be
oy, , mrad 4.29 3.93 4,74
e, mrad 3.83 3.8 3.8

The left panel of Fig. 2.5 shows the position distribution of the incoming beam
in MWPC1 detector. In order to select particles, hitting the target, a special
condition is applied. The scattering of beam particles between the two detectors
MWPC1 and MWPC2 in an empty-target run has been studied. Since the target
volume is empty, the angular spread of the beam can increase only if the particles
hit the target frame. The investigation of the angular spread between the two
chambers as a function of the position in MWPC1 revealed, that the target is
shifted relative to the detector and its center corresponds to MWPC1 coordinates
(—0.2 cm, 0.2 cm). Therefore, only particles, hitting MWPCI in a circle centered
at (—0.2 cm, 0.2 ¢cm) within a radius of 1.2 c¢m, as shown in the right frame of
Fig. 2.5, are accepted for further analysis. The radius of 1.2 cm is chosen in order

to avoid edge effects.
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Figure 2.5: Position of the incoming beam in the MWPC1 detebefore (left panel) and after (right
panel) the condition for hitting the target has been applide: target boundary is shown as dashed line.

2.4 Detection of charged reaction products

The charges of the reaction products are determined using the PIN2 detec-
tor, placed at a distance of 46 cm after the target. The velocity of the fragments
is measured with a Time-of-Flight Wall (TFW), installed 754 cm after the tar-
get. This detector consists of 32 scintillator modules (paddles). The modules are
arranged in two layers. The first layer is made of 18 vertically oriented paddles,
and the remaining 14 paddles are placed horizontally, forming a second layer. The
vertical paddles are 147 cm long, the horizontal 189 cm. All of them have a thick-
ness of 0.5 cm and a width of 10 cm. The detector measures also the energy loss
of the particles. An example of the energy-loss spectrum obtained in the TFW is
shown in the left panel of Fig. 2.6.

Different isotopes are deflected to different angles by A LArge gap DIpole
magNet (ALADIN), described in Ref. [36]. The TFW is used for the measurement
of x and y positions of charged fragments, which in combination with the angles
{0, ¢}, measured by MWPC2 allows to define the deflection angle 6" through the
ALADIN magnet. An example of isotope separation is shown in the right panel
of Fig. 2.6. The lithium isotopes, emerging from reactions with “Be ions, are

clearly identified.
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Figure 2.6: Charge of the fragments is determined by enegg/ih PIN2 and TFW detectors. Example
of energy-loss spectrum obtained using TFW is shown in th@émel. Different isotopes are separated
by means of different deflection angles in the ALADIN magn&he separation of lithium isotopes
originating from!'“Be is shown in the right panel.

2.5 The Large Area Neutron Detector

Neutrons are not deflected by the magnetic field of ALADIN and con-
tinue to move straight ahead towards the Large Area Neutron Detector (LAND),
situated 1124 cm after the target. A photo of LAND is shown in Fig. 2.7.
The detector is subdivided into 200 paddles of 200 x 10 cm? area and 10 cm
depth [37]. A single paddle is shown schematically in Fig. 2.8. In order to re-
duce the mean free path of the neutrons in the detector, passive iron converters
are introduced. Thus, each paddle consists of 11 sheets of iron (the two outer
ones are 2.5 mm thick, the others are 5 mm thick) and 10 sheets of 5 mm thick
scintillator, mounted in an iron box which has a wall thickness of 1 mm. The
detector is composed of 10 layers. Each layer consists of 20 paddles, consecutive
layers are oriented perpendicular to each other, giving a position in both vertical
and horizontal directions, using both the position of the paddle and the location
of the hit within the paddle. The detection efficiency for neutrons with energies
of 240 - 300 MeV is about 85%.

The mechanism of the neutron detection in LAND is based on hadronic
showers, developing preferably in the passive iron converters. The shower may

consist of several charged particles, producing light in the scintillator. It is prob-
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Figure 2.7: A photo of the Large Area Neutron Detector. Thecter covers an area ofx2 m? and
allows for detection of high-energetic neutrons with arcédficy of about 85%.
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Figure 2.8: Schematic view of a LAND paddle. Each paddle hsizeaof 200< 10x 10 cn® and consists
of 10 layers of plastic scintillator and 11 layers of irormganrged into a "sandwich” structure.
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able that the visible light is produced in more than one paddle, thus, resulting in
multiple hits inside the detector. Since the neutrons are scattering, this may be in
non-neighboring paddles far apart. On average, 1.4 paddles fire per incident neu-
tron with an energy of 240 - 300 MeV [37]. Thus, per event there are several hits
in LAND. A special algorithm is then used to reconstruct the number of incident
neutrons. The routine provides the capability to resolve several neutrons crossing
LAND. All hits are sorted in time. The hit, which is the first in time, carries
information about momentum of the first incident neutron. Hits, satisfying the
kinematical conditions for scattering or backscattering events from the first hit,
are assigned to the same neutron interaction chain, otherwise they are discarded.
The remaining hits are again sorted in time and the first is subsequently consid-
ered to be the first hit of the second neutron. All first hits within the interaction
chains are used to determine the momenta of the initial neutrons and are used to
calculate the momentum of the second neutron. The procedure is repeated until
all hits are assigned. If hits of two or more neutrons are spatially close, it can be

complicated to distinguish them, if they are not well separated in time.

2.6 Detection of recoll protons

The plastic scintillator wall (TOF') consisting of 20 plastic scintillator sub-
modules (200 cm length, 10 cm width, 1 cm thickness) was placed at the left side
of the target at a distance of 392 cm. It was used for the detection of recoiling
target protons. A metalized plastic foil bag filled with helium gas was installed
between the target and TOF detector in order to reduce multiple scattering of
the protons. Two chambers, MWPC3 and MWPC4, were installed between the
target and the helium container and were used for proton tracking, in order to
determine the reaction vertex. Protons can be separated from background events
by a two-dimensional plot showing energy loss in the proton wall versus the time
of flight between the target and the proton wall. An example is shown in Fig. 2.9.
The two values reveal a A\-shaped punch-through pattern for the protons. Low-
energy particles are completely stopped in the detector and deposit an energy of
AL = E,, therefore being inversely proportional to time of flight squared. Pro-
tons, arriving the detector with an energy higher than 32.7 MeV are not stopped
anymore, and their energy loss relates as AE ~ 1/E,. Using the ATIMA code [38]
for calculation of time of flight of the particle through the matter, it is possible
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Figure 2.9: Correlations between protons time of flight anergy loss in the proton wall. Low-energy
protons were completely stopped in the detector. Protansjrey the TOF with energies of 32.7 MeV
and higher, penetrate through 1 cm of plastic.

to reconstruct the initial energy of protons from energy loss and time of flight
measured by the detector.

Trace amounts of deuterons and tritons are also identified. The observed
amount of these isotopes is higher than one would expect stemming from the nat-
ural liquid hydrogen. Most probably they are the products of break-up reactions.
This can be a subject of further investigations. One can also see a y-peak with
a long tail. Since most of the gammas are produced in the target region, they
have similar trajectories and their times of flight to the detector are close and

concentrated in the peak. Events in the tail are due to background.
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3. Calibration of the setup

The main purpose of the detector system is to allow for the reconstruction
of the four-momenta of the reaction products with high resolution. The setup
includes detectors with a complex structure. For example, LAND consists of
200 independently operating paddles, as has been mentioned above. In order to
achieve the desired resolution, all detectors have to be calibrated and synchronized
in time. The four-momentum vectors can be reconstructed if the distance from
the target to each individual detector is known, and the time of flight together
with the particle hit position are measured. The calculation of four-momenta is
described in Section 4.2.

3.1 Time-of-flight and position measurements

The measurement principle is the same for LAND and TFW paddles and is
schematically presented in Fig. 3.1. All times are measured relative to the POS2

detector, which is used to define a common start. When a particle hits a paddle

« < )
|
.

I: L
(tO;EO)

PM1 PM2

(t,Ey) (t2,E»)

. A

Figure 3.1: Detection principle in one paddle. Particldtifg the module at position and timet,
deposits energ¥y. Times and energies, measured by the two photomultiplier§a ¢2) and (1, E»),
respectively.

at position x along the paddle at time %y, then the two times measured by the
photomultipliers are

L —
tl = to -+ i and tz = t(] -+ x, (31)

,USC ,USC

where v, is the effective velocity of light in the scintillator and L the paddle
length. The difference in arrival times of two signals serves for the localization of
the hit position and their sum gives the time of the hit:

1 —1 L 1+t L
r = 12 2~vsc—i—§ and ty= ——

2 Qe

(3.2)
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The constants L and v,. can be included into the calibration parameters, leading
to the following very simple relations:
tl - tg tl + t2

) Vse and to = 5 (3.3)

xr =

This method provides an accuracy for determination of the coordinate of the hit
along the paddle of o =~ 3 cm.

Alternatively, position information can be obtained using the energy sig-
nals. Here, the measurement is based on the light attenuation in the scintillator
material. If Ej is the energy deposited by a particle, then the amplitudes of the

signals measured by the two photomultipliers are

Ey=FEy-e?® and Ey = Ey-e NEm2) (3.4)
where A is the light attenuation coefficient, x the position of the flash and L
the length of the paddle’. The quantity log(E,/E,) is then independent on the
deposited energy Ej, and the hit position x can be obtained. On the other hand,
the geometric mean, /E, - Fs, provides the deposited energy independently on the
hit position. Using this method one can determine the position with ¢ ~ 25 cm.
Therefore, the coordinates are reconstructed using the measured times.

For LAND, both mentioned methods give hit positions in the direction
along the paddle. Coordinates in the other two directions are obtained by ran-
domization over the paddle width and thickness. For the 10 cm wide paddles,
such an approach provides again a resolution of ¢ ~ 3 cm.

The detection efficiency for charged particles in TFW is very close to 100%.
Therefore, each ion usually produces signals in two crossing paddles, one horizon-
tal and one vertical, belonging to different layers. The horizontal paddle delivers
the = coordinate, whereas the vertical one serves for determination of the y posi-
tion. The values ty and FEj are measured in both paddles and the mean value is

calculated.

3.2 Stability of calibration parameters with time

For some years, the basic calibration procedures are automated and per-
formed using the land02 code, described in Ref. [39]. Thanks to this fact, one can

11t was found recently, that higher order corrections arelade
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not only calculate a set of calibration parameters, but also investigate their be-
havior during the experiment and introduce time-dependent corrections if needed.
Below, the calibration of time signals in LAND is described in detail.

The conversion from electronic channels to nanoseconds is performed with
the help of a pulser calibration. The pulser is generating 11 pulses with an interval
of 10 ns. In order to be able to let the first pulse remain at zero, regardless of
the drifts during the experiment in the electronic chain seen by the time calibra-
tor module, a time calibrator offset (T}.y) is introduced. Consequently, time in

nanoseconds is calculated as
T=a- Nch + Ecah (35)

where N, is the raw time signal in channels and a the TDC gain in ns/ch. In
total 656 files with data are recorded during the experiment. If one observes
the behavior of the parameter as a function of time, it is necessary to minimize
statistical fluctuations of the calculated parameters, using more data files. From
the other side as many points as possible are needed. A compromise solution in
this particular case is to chain every three files together. The T}., parameters are
calculated for each of the 400 PM tubes. It is found, that for almost all channels,
the parameter is drifting as shown in the upper left panel of Fig. 3.2. Since we
mainly operate with time differences, a common drift of all channels is equivalent
to a stable behavior. However, some channels are drifting in a different way as
shown in the upper right panel of Fig. 3.2. Thus, for each channel, the change of
the T}., parameter over time can be split into two components, one is common
to all channels, the other is specific to problematic channels. In order to enhance
the individual corrections needed, the common component should be eliminated,
using the following procedure. If one finds differences between T;., parameters,
calculated for the first file and for the second one, the mean value of the main
group of them is declared as a common shift for all channels between these two
files. A typical distribution of differences between two sets of parameters is shown
in Fig. 3.3. The common shift can be found using a gaussian fit of the obtained
distribution. The same operation was repeated for the first and the third files,
the first and the fourth files and so on. When all shifts are already known, the
common drift of parameter can be eliminated using the equation

(1) = Tyear (1) — Tyewr (1) — AT (4, 1), (3.6)

teal
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Figure 3.2: Time dependence of tlig.,; parameter. The upper left panel represents an example of a
common drift of all channels, the upper right corresponds fwoblematic channel. The lower panels
represent the behavior after correction.

where AT (i, 1) is the shift between i'* and first files, Tj.,(4) is the time calibrator
offset calculated for the it file and Ticar(1) the time calibrator offset calculated
for the first file. As a result, for those channels where there are only common
shifts, stable behavior is achieved (Fig. 3.2, lower left panel) whereas, for others
the anomalous component (Fig. 3.2, lower right panel) could be extracted. Due
to subtraction of the T, (1) parameter, all T£% (i) values are close to zero. After

teal

the anomalous components are found, a manual correction for 25 problematic
channels has been applied.

The next step is the internal calibration of LAND. It is usually performed
using interactions of cosmic particles, which present a natural source of radiation.
The hard component of the cosmic ray flux at sea level, mainly muons (97%), has
sufficiently high energy (mean energy 2 GeV) to penetrate the concrete ceiling of
the cave, in which LAND is installed, and to traverse the neutron detector with
approximately the speed of light. The total incident flux on LAND is estimated
to be 600 Hz. Thus, after a short time, the detector is completely scanned by
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Figure 3.3: Differences between channelwisg,; parameters calculated for the first and the second
files. The mean value gives common shift®) of all channels between these files.

the cosmic rays. The position of light production is calculated from the time
difference of two signals from the PM tubes of each paddle (Eq. 3.2). Data for
pairs of crossing paddles are collected into two-dimensional histograms. For each
particular crossing, the position along one paddle is uniquely defined by the actual
position of the second paddle, and vice versa. In such a way, the offset Ty;¢; and
the effective velocity in the paddle are found by linear fitting. Taking into account,
that the muon velocity is close to the speed of light, a relative time calibration
can be performed for the PM time signals. In other words, two hits of the same

muon, but in neighboring paddles, should satisfy the condition

b+t t3+1y
— =C 3.7
t bih_g 37)

where t; and ¢, are times measured in one paddle, while 3 and ¢4 measured in the
other paddle. The constant C' is the time of flight between two paddles, defined
by their thickness. The synchronization is achieved by means of an offset Ty,
calculated per paddle, which is added to both PM tube time signals. In view of
the fact that there is no way to assure the functionality of some chosen PM tube
in the detector, instead of binding the calibration to a reference paddle, a more

general condition is introduced [40]:
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Tsyne = 0. (3.8)
all_paddles
When all offsets are found, the time signals in two PMs of the same paddle,

Ty and T5, are calculated using the expressions

{ Tl =ap - Nchl + Ecall + Tdiff + Tsynca

(3.9)
T2 = a2 - Nch2 + EcalZ - Tdiff + Tsync-

For the calibration, data from a dedicated cosmic run before the experiment
were taken. In order to check the calculated parameters, they are introduced into
the code, and if they are correct, then a recalculation of the parameters should
result in zero differences. To verify this, data from muon hits, that happened
during the experiment between beam spills, were used. For every three files out of
the available 656, the parameters Ty, s¢ and T, were recalculated for all 200 pad-
dles. The behavior of these parameters during the experiment was investigated.
The offset Ty5¢ showed stable behavior, while the T,,. parameter was drifting
for some channels, as shown in the right panel of Fig. 3.4, as compared to the left
panel which represents a stable channel. In both cases, statistical fluctuations are
observed. Using these data, an additional time-dependent correction of the T,

parameter was applied for 5 unstable channels. After the parameter recalcula-
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Figure 3.4:Time dependence of the offsét,.., used for time synchronization of the paddles. The left pane
shows stable parameter behavior and the right panel refisesse unstable case. Statistical fluctuations are observed
in both plots.

tion no further drifts are observed, which indicates that the internal calibration
procedure for LAND has converged.

For the TFW detector the pulser calibration was performed in the same
way, as for LAND. The offset T;., revealed unstable behavior and had to be
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corrected in 11 channels out of 64. For the intrinsic calibration of TFW, the heavy
ion hits are used. Usually the detector is not completely illuminated, especially
in the y direction. Each ion is detected in both layers of the detector, hitting one
horizontal and one vertical paddle. The synchronization of the detector is based
on the fact, that hits in two crossing paddles are simultaneous, which means that
for the TFW detector the constant C' in Eq. 3.7 can be approximated with zero.
An investigation of the behavior of the parameters Tg; ;s and Ty, resulted in the

introduction of time-dependent corrections of Ty, for 7 paddles out of 32.

3.3 Walk determination and elimination

The walk effect is the dependence of a time signal on its amplitude. It can
lead to a significant worsening of the time resolution for a detector signal. Walk
is inevitable in measurements where the time signal is produced by a leading-
edge discriminator. Using a constant-fraction discriminator (CFD) supposedly
should solve the problem, but any improper adjustment of the CFD can lead to
an reappearance of walk in a particular channel. In this section, an algorithm for
offline determination of the walk effect from collected physics data is presented.

The time ¢/, measured by a single detector channel, can be viewed as
t'=t+ f(e), (3.10)

where ¢ is the real time of the event appearance and f(e) a function containing the
amplitude dependence of the measured time. Thus, to perform walk correction,
the function f(e) has to be determined and corrected for. If events with known
t are available, the function f(e) is easily determined [41]. For the cases with
unknown ¢, events with special properties can be used.

The present algorithm uses data from events where it can be expected
(often by geometry), that a simple relationship between the measured times should
exist. These can either be the four times of two simultaneously firing neighboring
paddles of the LAND and TFW detectors or a single scintillator foil viewed by
four photomultipliers, such as the POS detectors. This allows to assume that
signals with the above mentioned properties are produced by the same particle
and the Eq. 3.7 has to be fulfilled, with the times ¢; and ¢, (¢3 and ¢4) belonging
to opposite photomultipliers.

Events with hits in neighboring paddles are often characterized by incom-
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plete passage through the paddles in beam direction, as shown in Fig. 3.5, therefore
different flight paths of the particle in the two paddles cause different energy de-

position. Although the energies measured in one paddle are correlated, the finite

‘@n
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\

Figure 3.5: The passage of an ion through two neighboringleaaf the TFW detector, top view.

energy resolution allows to have different energies in one channel for the fixed
energy in the second channel. In case of the POS detector, all four energies are
correlated but because of the small detector size the light attenuation is compa-
rable with resolution, and if three energies out of four are fixed, the fourth energy
is not defined uniquely, but varies in a certain range. This allows to apply the
present method.
By introducing a value

ottty

2 2
where ¢}, t,, t; and ¢} are the measured times, the combination of Eq. 3.7 and
Eq. 3.10 leads to

dt (3.11)

file) + fale2)  fs(es) + falea)
2 2
Accordingly, the function dt is affected by the walk effect in all four detector

dt(ey, eq,€3,64) = +C. (3.12)

channels. If one applies narrow gates on es, e and ey, the corresponding walk

functions can be treated as constants and Eq. 3.12 is simplified to
filer) =2-di(er) + Ch, (3.13)

where (] includes all constant offsets. By looping over e;, the corresponding walk
function is determined. By moving the gates over the whole ranges of e,, e3 and
ey4 a set of curves

f1<€1) =2- dt(el) + CQ (314)

is obtained, where the constant Cy depends on the gate positions. The curves
cover partial energy ranges, because of the remaining energy measurement corre-

lations, limiting the obtainable values of e; as function of ey, e3 and e4. They are
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subsequently merged into one energy dependent function. A walk curve obtained
for one of the POS detector channels is shown in Fig. 3.6. As one can see from the
figure, the walk effect is in the order of several hundred picoseconds. However, in
this particular case, it is not so pronounced within the energy-loss range, covered
by one isotope. For example, the energy loss of 8He is below 80 arb. units and in
this energy range walk effect amounts to about 250 ps. This fact, in combination
with the bad energy resolution of POS detector, explains, why this procedure

results in an improvement of the time resolution in the order of several percents.

0 100 200 300 400 500
e, arb. units

Figure 3.6: Walk curve obtained for one POS channel.

Each paddle, excluding the edges, in the LAND and TFW detectors, has
two neighbours. Thus, for most of the paddles, the walk curves can be determined
twice and the similarity of the obtained results can be used as a consistency check
of the method.

Once the functions f;(e;) are obtained, corrections have to be applied to
the time-calibrated data, prior to calculation of the offsets Ty; ¢ and Ty,

The method has been applied to the POS, TFW and LAND detectors. The
lack of statistics for LAND and TFW results in no success. For these detectors,
an alternative data collection scheme using only two or three signals is under

investigation. Curves obtained for the POS detectors were applied and although
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achieved improvement of resolution is in the order of several percents, the method
has shown to work and will be very helpful in the future, when leading edge

discriminators will be used in R*B setup [42].

3.4 Relative calibration of detectors

After the intrinsic calibration of the detectors has been performed, the next
step is their relative calibration. The time of flight between two POS detectors
is calibrated using properties of the incoming beam (see Table 2.1). A time T,
when a particle reaches the target, is defined as

Tros2 — Trosi

To = Tross - y - day, (3.15)
12

where d;5 is the distance between the two POS detectors and ds; the distance
between POS2 and the center of the target. The time of flight of reaction products
is calculated relative to Tj. Using the velocities of the unreacted beam, corrected
for energy loss in the beam line, the time offset for TFW can be found. Relative
calibration of LAND is performed assuming, that after one-neutron removal from
a two-neutron halo nucleus, the second neutron, being unaffected by the reaction,

continues to move forward with the velocity of the incoming beam.

3.5 Time-of-flight resolution

The intrinsic time resolution of the POS, TFW and LAND detectors can
be determined using Eq. 3.7. The width of this distribution is connected to the in-
trinsic resolution of detector. It is applied to crossing paddles of TFW and LAND
and to the four time signals of the POS detectors. Results for different isotopes
are listed in Table 3.1. The intrinsic LAND resolution is opanp =~ 250 ps. The
accuracy of Ty determination can then be found, using Eq. 3.15. The resolution
for the fragments time-of-flight, Ufg}c, can therefore be calculated. The obtained
values are cross-checked using the non-reacting beam. The measurement shows
values, 0,7, which are unexpectedly high (see Table 3.1). The observed difference
can partly be explained by an energy spread in the beam and different trajectories
of the particles through the ALADIN magnet. However, the main contribution
stems from jitter in the electronics chain common for the LAND and TFW detec-

tors. This effect can be estimated using the time calibrator data. The panels (1),
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Table 3.1: Intrinsic time resolution of the POS1, POS2 an@/Tdetectors and time-of-flight resolution
for charged fragments, predicted from detectors resalsti¢?’, and being measured in the experiment

exp
Utof'

8He T 11Be
opos1, PS 186 139 117
opOs2, PS 221 165 131
oTFW, PS 200 148 121
o{oke, ps 321 239 192
Orofr PS 532 462 450

(2) and (3) of Fig. 3.7 show a time calibrator peak in the POS, TFW and LAND
detectors, respectively. One can see a very narrow peak in POS, while the peak is
asymmetric and broad both in the LAND and TFW detectors. Both width and
shape of the spectra in the cases of the LAND and TFW detectors are dominated
by jitter. The panel (4) of Fig. 3.7 shows the time difference between one POS
channel and one TFW channel, which is close to time-of-flight. In this case both
shape and width of the spectrum are also dominated by jitter. However, if one
looks at time difference between any two TFW channels, as shown in panel (5)
of Fig. 3.7, or any two LAND channels, the distributions are narrow. A simi-
larly narrow distribution can be obtained if one looks at time difference between
any TFW channel and any LAND channel. An example for these distributions is
shown in panel (6) of Fig. 3.7. The narrow distributions in the latter two cases
prove, that the jitter is common for all TFW and LAND channels. Therefore,
neither the intrinsic resolution of detectors nor the relative timing of TFW and
LAND are affected. It is shown, that this jitter in the electronics chain leads
to an additional systematical error in measurement of fragments and neutrons

time-of-flight without worsening the resolution for relative timing.
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4. Observables and analysis tools

4.1 Reaction channels

The dominating breakup channels of light loosely bound nuclei at high
energies are Coulomb and nuclear dissociation. The cross section of the former
process is proportional to Z2, where Z is the charge of the target nuclei, and is
negligibly small for a proton target. The reaction mechanisms, observed in the

present experiment, can be divided into three types:

e quasi-free stripping of one of the halo neutrons by the target nucleus. This
channel is dominating. For this case, the knocked out neutron is scattered
to large angle and is not detected by LAND. The remaining subsystem is

unbound and decays into the constituent core and remaining neutrons.

e nuclear excitation. Diffractive dissociation of one of the halo neutrons, the
analogue to Fraunhofer diffractive scattering of light on a black sphere. Here,
because of scattering angles, most of the neutrons hit LAND [43]. This
process allows the detection of all disintegration products of the incoming

nucleus, and is therefore used to study its nuclear excitation energy spectrum.

e quasi-free scattering of a proton at a nucleon of a bound cluster inside the
nucleus in inverse kinematics. As a result, the nucleon or the cluster is
separated from the nucleus, while the rest of the nucleus acts as a spectator.
The process leads to the formation of a system consisting of a modified core

and the halo neutrons.

In the two first cases, because of both high beam energy and the fact that halo
neutrons are loosely bound and spend most of the time outside the core, the
remainder of the nucleus acts as a spectator. In contrast to neutrons, protons are
deeply bound in the core. The proton binding energy in neutron-rich nuclei is
about 20 MeV. Therefore, it is not easy to remove it without affecting the rest of
the system and the possibility of momentum transfer to the core has to be taken
into account. The diffractive dissociation is supressed on a hydrogen target due
to small size of target nuclei.

The cross section for a specific reaction channel is calculated using the

M /N, N
_ r A 4.1
7= ON, (Ni N;) (4.1)

following equation
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with the variables

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

w: target thickness in g/cm?;

N4: Avogadro’s constant;

N,.: measured number of events in a specific reaction channel;

N,p: measured number of incoming particles;

N¢t: measured number of events in a specific reaction channel with empty
target;

Nflf : measured number of incoming particles with empty target.

The number of incoming beam particles and charged reaction fragments is
calculated involving the same detectors. Only events, which have produced signals
in all of them, are taken into account during the analysis. Therefore, efficiencies
of particular detectors do not play a role in the cross section calculation. The only
exception is LAND. Efficiency and acceptance of this detector have an influence
on the measurement. The correction procedure for these effects will be discussed

later.

4.2 Momentum distributions

When all reaction products are identified and for each of them the time of
flight and the coordinates of the hits in the detectors are known, the four-momenta
P = (E,p) can be reconstructed. Here and below, units with A = 1 and ¢ = 1
are used. The velocities v of the reaction products are calculated from the time

of flight. The total momentum in the laboratory frame is then calculated as

Po = mov7Y, (4.2)

where v = /1/(1 —v?) and my is the rest mass of the fragment. By measur-
ing polar and azimuthal angles # and ¢, as defined in Fig. 2.4, the momentum

components p,, p, and p, can be found:

Pz = Posin b cos ¢
Py = Posinfsin ¢. (4.3)

p: = pocost

The momentum components of charged fragments are calculated using the coor-
dinates of the hit in MWPC2 and the time of flight between the target and the
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TFW detector. The polar and azimuthal angles of neutrons, as well as their time
of flight, are calculated using LAND.

4.3 Invariant mass and relative energy

For a system consisting of N particles, the total energy E and momentum

P are
N N
E=)E and  F=) p (4.4)

The squared four-momentum of the particle system,

N 2 N 2
P g (ZE) . (z@) Ve @s)

is invariant under Lorenz transformations. The quantity M? is also referred to as
the invariant mass of the system. The invariant mass method has been successfully
used in particle physics for determining the masses of very short-lived particles by
measuring their decay products [44]. Nowadays, it is also widely used in nuclear
physics for the study of systems whose production in nuclear reactions is followed

by immediate decay.

The so-called relative energy is used in the following. If all reaction pro-

ducts are produced in their ground states, the relative energy is defined as

N
Ex=M=>Y_m, (4.6)

for the system consisting of N particles with rest masses m?. This quantity repre-
sents the excitation energy of the system above the N-particle threshold. Usually,
in this kind of experiments, total relative energy in the system does not exceed se-
veral MeV | therefore the system can be treated using non-relativistic relations. In
the center of mass system Ey = p3%, /24, where py is the relative momentum of the
N particles and p the reduced mass. In the present work relative-energy spectra
are calculated for two-body and three-body systems, consisting of core fragment

and one or two neutrons, and are denoted as E¢, and E¢,,, respectively.
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4.4 The hyperspherical harmonics method

For the description of three-body systems, it is convenient to introduce
a set of so called Jacobi coordinates {731,752}, which are described in detail in

Appendix A. The Jacobi momenta P, and P, are constructed as

p

- Di Pj m;m;
p= =2 "
my; mj m; + mj

- (;07 p?+p§> my(m; + m;) (4.7)
A

Y
my o my+my ) my+mjy+my

—

where p;, p; and p; are the conventional momenta of individual clusters in the
projectile system with masses m;, m; and my, respectively. The usage of momenta
in the projectile system permits to use non-relativistic relations. In the case when
two out of three particles are identical, there are two choices of Jacobi coordinate
system, the so called T and Y systems, where (ijl) = (123) and (ijl) = (231),

respectively, as shown in Fig. 4.1.

Core Ccore

Figure 4.1: Definitions of the T (left frame) and Y (right frajnJacobi coordinate systems.

The study of systems with more than two constituents exhibits a rich source
of information by analysing different types of energy and angular correlations be-
tween clusters. The hyperspherical harmonics (HH) method provides a convenient
tool for their study. It is described in detail in Appendix B. The method was
used for the first time for studies of the nuclear reactions in Ref. [45, 46]. Re-
cently it was applied to the study of electromagnetic dissociation of Borromean
nucleus ®He [47]. In the context of HH method the wave function of the three-body
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system in the momentum space can be expressed in terms of the hyperspherical
coordinates {x, 0,, Py, 752}, where

P T
k=P + Py and 6, = arctan 51, 0. € [O, 5] : (4.8)
>

The remaining four angles {751,752} = {01, ¢1,02, 2} are the common angular
coordinates of the Jacobi vectors 731 and 752. The "momentum” & is connected to
the total relative energy of the three-body system via Eg,, = x%/2m, where m
is the reduced mass. The hyperangle 6, is responsible for the energy distribution
between clusters.

The differential cross section integrated over the transferred momentum
can be described by

dSc

o oc(sin 6,,)*(cos 6,,) Z ZZA{I% l,l, L(E)*

KK 11 o)l

(4.9)

< 3 T (Q5)TER L (Q5) dPLdPsdd,,
My,

where I‘IIQI}:ML is the hyperspherical function and the complex expansion coeffi-

cients are normalized by

ZZAZIZ2 lllg( ) =1 (4.10)

K 1,02
The transitions between the T and Y Jacobi coordinate systems are ac-

companied by a change of HH according to the expression

ARLT) = | kL ASE(Y), (4.11)
Ul
where (I11}]l112) k1, are the Raynal-Revai coefficients [48].

By integrating over the orientation of the three-body core + n + n system
and over the remaining azimuthal angle, the angular part of the differential cross
section (4.9) can be simplified, leaving a dependency on the angle 6 between the
Jacobi momenta P, and P, (see Fig. 4.1) only. It is convenient to introduce the

value € = sin?#,, which describes the energy distribution in the system. Note,
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that € = F,,/ Ecpy, in the T-system and ¢ = E¢,,/Ecyp, in the Y-system. In terms

of these variables, the cross section can be given as

d?o
dE deosf de Z D> AfLARS

K, K’ 11,15 12,1

x /(21 + 1)(20 + )20 + )20 + D) 0i2(e)  (4.12)

(
C P m
8 ; (ll + m)'(l’l + m)' l1,m,l2,0 L <9> 4 (9)7

,m, l’
where \Iflf(b (¢) is the hyperangular function, CZLI%JQ’O the Clebsh-Gordan coeffi-
cients and P7'(6) the associated Legandre polinomial. The expression 4.12 can be

rewritten as

d*o do
iEdeosode " E5 g *13)
where W (E, ¢, 0) is the correlation function normalized to unity:
1 gl
/1/ W(E,¢,0)de dcost = 1. (4.14)

In the analysis, because of low statistics, the whole range of relative energy
is being split into two intervals and two different projections of the correlation
spectra: the fractional energy spectrum W (e f W(E,¢,0)dcosf and the an-
gular distribution W (6 fo W(E,¢,0)de are averaged within relative energy (E)
intervals. As follows from Eq. 4.12, for the given relative energy, the hyperangular
part W (e) of the correlation function is defined by hyperangular functions and
angular part W (0) is described by Legandre polynomials. Figure 4.2 shows the
examples of distributions W (e) for different combinations of quantum numbers
K, l; and [5.

4.5 Relative-energy spectra

In case of proton knockout a modified core fragment and two neutrons are
produced in the final state. If one of the neutrons carries a transverse momen-
tum larger than 60 MeV, it does not hit LAND. Its interaction with the system

consisting of the core and the remaining second neutron is therefore considered to
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Figure 4.2: Examples of fractional energy distributidi¥e) for different combinations of quantum
numbersk, [; andl,. The case ofX = 0,/; = 0 andly = 0 corresponds to phase space distribution,
W(e) ~ +/e(l—e).

be negligible. In the following this is referred to as a one-neutron event. Another
type of reaction leading to the same final state is one-neutron knockout, where the

knocked out neutron is scattered to large angles and the second neutron impinges
onto LAND.

The particles in the final state (core fragment and neutrons) are not cre-
ated in the reaction. They are already present in the projectile nucleus from the
very beginning and are just released by the collision. Thus, the relative-energy
distribution of the breakup fragments originates from initial state wave function
and is modified by the final-state interaction. The populated resonances are usu-
ally described in terms of R-matrix theory [49] where the initial distribution is

not taken into account. The obtained spectra are fitted using a Breit-Wigner
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parametrization for resonances:

dO’ Fl<ECn)
X )
dEcn — (B, + Ai(Ecn) — Ecn)? + irl(Ecn)Z

(4.15)

where E¢, is the relative energy in the core plus neutron two-body system and
E, the energy above the core plus neutron threshold. The dependence of the
resonance width, I[';(E¢,,), on the relative energy and on the angular momentum
is given by I'y = 2P(Ec,)y?, where 4% is the reduced width and P(Ec,) the
penetrability through the centrifugal barrier for a neutron with orbital angular
momentum [ [49]. The energy dependence of the resonance shift, A;(Eq,), is
determined by the relation Aj(Ec,) = —[Si(Ec,) — B]y?, where S;(Ec,) is the
shift function and B = S;(E,) [49].

The validity of such an approach is investigated in Ref. [50]. It is shown,
that in case of strong final-state interaction, the initial relative-energy distribution
is strongly modified, and the obtained spectrum can be treated as describing the
final system only. It is the case for systems like "He, "He, °Li and '3Be, which
are unbound but if one adds one more neutron into any of these systems, the
binding energy gained from the neutron pairing is enough to make the system
bound. It is possible only in case of a strong interaction between the core and the
neutron. If one moves beyond the dripline, where the amount of neutrons exceeds
the number of protons so much, that the interaction gets weaker in the system,
the situation can be different. Being in "terra incognita” one has to check, if the
obtained spectrum can be described as originating from the initial nucleus. Only

if it is not the case, one can claim the existence of a resonance state.

The lifetime, 7, of each resonance is directly related to the resonance width
[’ through I' = A/7. In the case of a short-lived low-lying resonance, the width
I' can be larger than resonance energy FE, and the resonance overlaps with the
threshold. Since the boundary condition for the cross section requires it to vanish
at the threshold, the shape of the resonance becomes asymmetric. In the case of
a low-lying s-wave resonances I'(E) oc E'/? and, thus, they often overlap with the
threshold. Moreover, in the extreme case of I' > 4F,., the state is named “virtual”

and can be treated using the expression

2

k
cosd + —sin 5] , (4.16)
bcn

do
dEC’n

1
k4 Py,

X Pcn
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with
1 1
Pon Ot 6 = " + §r0p2cn + O(p2,,). (4.17)
Here ¢ is the s-wave phase shift, a, the scattering length, pe, the relative mo-
mentum in the core + n system, 7y the effective range parameter and k = \/2p€,,
where g is the reduced mass. In case of low momentum transfer to the core,
value €, should be close to the two-neutron separation energy, Sy, in the mother
nucleus [51]. In order to check the hypothesis about negligibility of momentum
transfer, €,, is used as a free parameter of the fit. The effective range parameter
does not have a significant influence on the shape of the spectrum obtained from
Eqgs. 4.16 and 4.17; a value of ry = 3 fm is used.
The obtained relative-energy spectra are fitted by a sum of Eq. 4.15 and
Eqgs. 4.16 and 4.17, folded with the experimental energy resolution function. In
case of two-neutron events, the relative energy F¢,, is used instead of Fg, in
Eq. 4.15. For the three-body systems two decay models, di-neutron emission and
neutron emission leaving core + n system with zero relative energy, give the same

result.

4.6 Virtual states in different theoretical models

The s-wave scattering at low energies can be described using several mo-
dels:

e the effective-range approximation,
e the R-matrix reaction theory,
e the collision S-matrix.

The physical meaning of the model parameters is different for different models.
However, connections between parameters from different models can be estab-
lished.

The cross section for the scattering of two particles interacting via short-

range potential can be described as

do sin? §

XX .
dEcn, — pen

(4.18)
This equation is also known as Watson-Migdal factor [52, 53].

40



The effective-range approximation represents a variational principle ap-
plied for the solution of the corresponding Schrodinger equation. In case of s-wave
scattering pcy, cot 0 can be expanded as a power series of p2, (see Eq. 4.17), where
two parameters are enough to reproduce the cross section up to several MeV. The
method can be used for any radius, depth and shape of the potential. There-
fore, the effective-range expansion provides a model-independent description of a

low-energy phase shift.

In case when the scattering length as > 0, the peak in the relative-energy
cross section is especially intense and narrow if the potential describing the binary
system has a bound state close to the threshold. The value of a, is larger if the
state is closer to the threshold. A negative scattering length a, < 0 appears with
decrease of the well depth, when the bound level is pushed into the continuum and
becomes a resonance state. The absolute value of negative ay is increasing with
decreasing energy difference between the resonance position and the threshold

energy.

The most popular and convenient formalism for the description of reso-
nance reactions is the R-matrix theory. In this framework the existence of s-wave
resonance state without a centrifugal barrier can only be explained by strong
configuration mixing. The resonance state is described by two parameters, the
resonance energy [, and the resonance width I';(E,). The relative-energy spec-
trum can be reproduced using Eq. 4.15, with ['y(Fe,) = \/WFT, where
[, = I'y(E,). The resonance shift, A;(E¢,), is equal to zero in the case of [ = 0.
If as and ry are known, combining Eqs. 4.15 and 4.18, the resonance position E,
and the resonance width I', can be found. For a broad resonance the position
of the maximum in the cross section is shifted towards low energy and does not

correspond to the resonance energy F,.

In scattering theory the collision matrix (or S-matrix) is defined as an uni-
tary matrix connecting asymptotic initial and final states of interacting particles.
A stable bound state is interpreted as a pole of the S-matrix at a purely imaginary
value ikg, with kg > 0, in momentum space or at an energy E; = —k2/2p. The en-
ergy F, can be approximately evaluated from the parameters of the effective-range
approximation using the expression [54]

h2~? 11

By~ ——0o with v — 4 —rgyR (4.19)
2u as 2

41



The value a4 can be positive in two cases: either the state is bound or the interac-
tion is repulsive. A resonance state is characterized by the position of the pole in
the S-matrix which corresponds to the roots of the denominator in Eq. 4.15. The
R-matrix parameters are connected to the S-matrix poles in the complex energy

plane E; by the following expression [55]

T AR,

As follows from Eq. 4.20, in case of a narrow resonance, when \ < 1, the pole

E, = E.[1 —2)\* — 2iAV1 — \?] with A

(4.20)

energy is B, ~ E, — %Fr. If the resonance is broad and I', > 4F,., the pole moves
into the negative energy region in the complex energy plane, but in this case does
not correspond to a bound state. In terms of the S-matrix formalism such states
with asymmetric peaks at low energy in s-wave scattering of neutrons are called
anti-bound or virtual states. An anti-bound state has no definite lifetime. The
R-matrix theory associates such peaks with very broad resonance states.

In the analysis of the present experiment the relations listed above are
used to establish connections between different theoretical models. The results
of the data analysis using the effective-range approximation are linked to the

conventional language of the R~ and S-matrix formalisms.

4.7 The least-squares method

The analysis of the experimental data was performed using least-square fit
of theoretical expressions folded with the response function of the experiment to
the measured distributions. If a variable y; is measured at k points, x;, with an
error 0; (i = 1, 2, ..., k) it is possible to fit a function f(x;aq,as,...,a,) to the
data. The parameters aq, as, ..., a,, are unknown and have to be determined. The
number of points must be greater than the number of parameters. The method

of least squares states, that the best values of a; are those for which the sum

2

2= Zn: [M} (4.21)

O‘A
i=1 v

is minimum. One can see, that Eq. 4.21 is just the sum of the squared deviations
of the data points from the curve f(z;) weighted by the respective errors on y;.

The method is also referred to as y? minimization.
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To find the values of a; one must solve the system of equations

O _

0, j=1,2,....m (4.22)
8aj

and determine the real minimum.

In case of k independent data points being used to extract m parameters,
the degrees of freedom is thus n = k — m and the value x?/n should be close to
unity for a good quality fit [56].

The probability density function for the value of x? depends on degrees of

freedom and is represented by

1
- = (n/2)-1_—x/2
f(z,n) = 2"/2F(n/2)x e v (4.23)

where I'(n/2) is the gamma function. The probability density function can be

used to estimate the confidence level of the fit. Figure 4.3 shows the probability

0.06 | n=28 |
~
S 004} 1
(@]
= -
P

0.02} ]

v*>35
0.00 ' ' '
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2
X

Figure 4.3: The probability density distribution f for 28 degrees of freedom. The area marked by

gray color denotes the probability fgf to be above 35.

density distribution for the case of 28 degrees of freedom. If the obtained value
of x? in this case is larger than 35, for example, then there is 17% probability for
the assumed fit to be valid.
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5. Corrections for response of the setup

The overall response of the setup is obtained using a Monte-Carlo simula-
tion, based on experimental data. For this purpose, a calibration measurement
with monoenergetic neutrons between 70 and 1100 MeV was performed [57], al-
lowing a detailed study of the neutron-induced charged particle showers in LAND.
The neutrons were produced in deuteron break-up reactions. One measurement
was performed at an energy of 270 MeV /nucleon, close to the neutron energies in
the present experiment. The response of the LAND detector to a single neutron
crossing the detector area is used in the Monte-Carlo simulations. The overall re-
sponse of the setup is defined mainly by the neutron detector and can be described
by the response function F(FE, E’), where E’ is the neutron energy and E the re-
lative energy in the system. This function can be obtained from Monte-Carlo
simulation and parametrized by the expression given in Ref. [58]. The theoretical

cross sections are convoluted with the response function

da) 7 , ( do ) ,
) I 008 ) dE'. (5.1)
<dE erp 0 de’ theor

The function F(E, E’) is normalized to unity for any fixed value of E’

o0
/F(E, E"dE = 1. (5.2)
0

The energy resolution is about 60 keV at low energies, increasing to about 400 keV

at an energy of 4 MeV.

Because of the limited acceptance of the setup, the overall efficiency is
not constant, but depends on the relative energy. The response function has to
include this dependency. In order to simplify the analysis, a correction for the
efficiency is performed in a separate procedure. Efficiency curves are obtained
for each reaction channel by means of Monte-Carlo simulations, taking into ac-
count the momentum distributions of the reaction products and the beam energy.
Examples of the obtained curves for the one and two neutron cases are shown
in Fig. 5.1. All measured spectra are corrected for the corresponding efficiency
curves. As has been mentioned in Section 4.1, only the efficiency of LAND is

2

taken into account. LAND covers an area of 2 x 2 m*. Because of the strong

kinematical focusing of neutrons emitted from excited projectiles, most of them
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Figure 5.1: Setup efficiency for one neutron (left frame) amaineutron (right frame) events as obtained
from a Monte Carlo simulation.

hit the detector. Starting at relative energies of about 2 MeV, neutrons start to
escape LAND and the efficiency decreases, as shown in the left panel of Fig. 5.1.
In case of two geometrically close neutron hits, which are not separated in time,
they can not be resolved, and at low relative energies the efficiency is equal to
zero up to certain threshold of about 100 keV. With the increase of relative en-
ergy, the probability to resolve two neutrons also increases. At relative energies
above 2 MeV, neutrons start to escape LAND and efficiency is decreasing again,
as shown in the right panel of Fig. 5.1.

The previous chapter comprises a description of the processes where one
or two neutrons traverse the LAND detector. A special tracking routine is then
used to disentangle multiple neutron hits. There is a certain probability for this
routine to misidentify the number of neutron hits. Therefore, in the analysis of
the experimental data the results of the tracking routine are used together with
the Monte-Carlo simulation allowing to estimate the so-called ”faked” neutron

background and correct for it.
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6. Neutron knockout channel =!VLj

As already mentioned above, one of the first discovered halo nuclei is 'Li
and until now it is one of the most illustrative examples of this phenomenon.
Its unbound subsystem °Li was observed for the first time in 1975 in transfer
reaction “Be(?Be, ®*B)°Li at the energy of 121 MeV /nucleon [59]. The obtained
spectrum was interpreted as a resonance with FE, = 0.81(25) MeV and width
[' = 1.2(3) MeV and was assumed to be the ground state. However, according to
theoretical calculations, the measurement relates most probably to the first excited
state, characterized by a neutron in p;/, shell, while groud state was suggested
to be just above threshold and correspond to a neutron in sy, shell [60]. After
more than 10 years break an experiment studying the proton spectrum from the
UB(7~,p)'YLi reaction showed a broad resonance at the energy of 0.15(15) MeV
with I' ~ 1 MeV. It was described by a Breit-Wigner parametrization assuming
an s-wave behavior for the resonance [61]. Since then the ground state of '°Li was
subject to many discussions, which inspired numerous experiments.

A study of the °Be(*?C, *Ne)!°Li reaction showed a p-wave ground state
at E, = 0.24(6) MeV [62]. The distribution of relative velocities between Li
fragments and neutrons, produced by fragmentation of *O at the energy of
80 MeV /nucleon contained a peak around zero, which could not be brought in
agreement with the previous results. The best description of this spectrum was
achieved with the assumption of an s-wave with a scattering length as < —20 fm
and a p-wave resonance at 0.540 MeV [63, 64]. A similar result could be obtained
if 1°Li would decay to excited state in ?Li at 2.7 MeV, but all doubts were removed
after studying the proton removal from "Be. It was shown, that the excited state
in °Li is populated only in 7% of all cases [65]. The neutron momentum distribu-
tions from coincidence measurements with °Li after neutron removal from "Li at
the energy of 280 MeV /nucleon and after proton removal from ' Be at the energy
of 460 MeV /nucleon were narrow, which could only be explained if the ground
state of 1°Li was an s-state [66]. The analysis of the invariant-mass spectrum using
a Breit-Wigner parametrization for both s-state and p-state showed the ground
state to be located at 0.21(5) MeV and a first excited state at 0.62(10) MeV [43].

In the present experiment the relative-energy spectrum of °Li is
obtained in the 'H('Li, pn)!°Li reaction. = The measured distribution is

shown in Fig. 6.1. The sharp peak at low energy is interpreted as low-
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Figure 6.1: Differential cross section as a function of tietaenergyE,, for 1°Li obtained after one
neutron knockout from!Li. The dashed line corresponds to a virtsistate, while dotted line represents
ap-wave resonance.

lying virtual s-state (dashed line) and described by Eqs. 4.16 and 4.17
with a scattering length ay = —22.4(4.8) fm.  The obtained value for the
binding energy e, = 0.352(22) MeV is very close to known value of
(S, (M'Li) = 0.378(5) MeV [67]), which confirms the validity of applied model. The
second observed state is interpreted as a p-wave resonance at E, = 0.566(14) MeV
above the °Li + n threshold with the width of T')—(E,) = 0.548(30) MeV. The
resonance shift A;(F¢,), defined in Eq. 4.15, is neglected, due to its small value.
For the sake of consistency with the previous interpretations, it has been also

omitted in the present analysis.

The obtained parameters together with the results of earlier experiments
are presented in Table 6.1. The present results are in perfect agreement with
studies of neutron knockout from ''Li at 264 MeV /nucleon using a carbon tar-
get [68] and in good agreement with results obtained from a neutron transfer
reaction °Li(d, p) at 2.36 MeV /nucleon [69].

However, there are also slight discrepancies between results obtained on
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Table 6.1: Comparison of results obtained foki in the present experiment with some of the previous
measurements.

s-state p-state
as, fm €an, MeV E,, MeV T, MeV
H target —22.4(4.8) 0.352(22) 0.566(14) 0.548(30)
C target [68] —30"32 0.3 0.510(44) 0.54(16)
9Li(d,p) [69] —24<a< —13 not given ~0.4 ~0.2

carbon target and the present one. Namely, the possible observation of d-strength
at about 1.5 MeV in the carbon-target experiment, cannot be observed here. This

state can neither be populated in the °Li(d, p) reaction, while it was observed at
E, = 1.40(8) MeV in a multi-nucleon transfer reaction 1°Be(*2C, 2N)1°Li [70].
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7. Proton knockout channels

7.1 Reaction channels*Be + p— !'Li + xn

A search for lithium isotopes heavier than 'Li was performed in 1973 with
a 4.8 GeV proton beam bombarding an uranium target. It was shown that 2Li
is particle-unbound and an upper limit for the *Li production cross section was
estimated [71].

In the present experiment, at an energy of 305 MeV /nucleon it is possible
to perform quasi-free proton knockout from ¥Be without disturbing the rest of
the system and to observe 'Li nucleus in coincidence with one or two neutrons
in the final state. The absence of momentum transfer to 'Li during the reaction
can be shown using the fact, that the two-neutron separation threshold for this
nucleus is only Ss,, = 0.378(5) MeV [67], and in case of any significant momentum

transfer the nucleus would not survive.

7.1.1 2L

The obtained relative-energy spectrum for '2Li is shown in Fig. 7.1. It can
be described as a single virtual s-state and being fitted using Eqgs. 4.16 and 4.17.
The resulting scattering length is a; = —13.7(1.6) fm, and the value of parameter
€an = 1.47(19) MeV is very close to the known two-neutron separation energy in
1Be, which equals to 1.26(13) MeV [72]. This fact confirms the validity of applied
model as well as the assumption of low momentum transfer to the 'Li nucleus
during the reaction. No additional resonances are observed [73]. The obtained
result contradicts to the only available shell-model calculation, which predicts
two excited states at energies of 0.41 and 0.73 MeV above the ground state [74],

respectively.

7.1.2 BBLi

The relative energy of the breakup fragments can be strongly influenced
by the initial-state wave function, as has been discussed in Section 4.5. The term
correlated background was introduced in Ref. [75] to describe the contribution of
an initial-state wave function to the relative-energy spectrum in the final state.
It was shown, that a correlated background can exhibit a peak-like structure at

low energies and can be falsely interpreted as a resonance. Even if its maximum
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is situated far from the region of excited states, it can still influence the derived
position of the real resonances. Therefore, it has to be taken into account during
the analysis of the spectra.

The two-neutron events have their origin in the fragmentation of the halo
nucleus “Be into four particles p + "'Li + 2n in the final state. The proton is
knocked out to a large angle and does not interact with the rest of the system.
Moreover, if there is no momentum transfer to the core fragment, meaning that its
energy remains the same, it is possible to use a three-body picture of **Be + 2n in
1Be for the system "Li+2n. A similar approach was used for 1°He, as described in
Ref. [76]. In case of proton knockout from *Be one obtains 'Li plus two neutrons
in the final state. It was shown above, that the momentum transfer to the 'Li
fragment is low, which serves as a criterion for the applicability of the described
model. The ground state wave function of “Be is expanded in HH, assuming a
dominating K = 0 term with a small admixture of K = 2 and K = 4 components.
Instead of exact calculations presented in Ref. [75], the following parametrization

do ~ E%.
dEcn, — (2.21€z, + Ecnn)™?’
with €y, taken to be equal to the two-neutron separation energy of projectile
nucleus Sy, (1Be) = 1.26(13) MeV [72] was used.

The differential cross section as a function of the relative energy for the

(7.1)

ULi + 2n system is shown in Fig. 7.2. A good description of the obtained spectra
is achieved if it is decomposed into two components: a three-body resonance (long-
dashed curve) at an energy of F, = 1.47(31) MeV and a width ' = 1 + 3 MeV,
superimposed on a broad correlated background distribution (short-dashed curve).
Such a treatment allows to achieve a reduced x?/n of 1.1. Assuming the absence
of this resonance it is impossible to reproduce the two-neutron separation energy,
the obtained result of ey, = 0.78(5) MeV differs dramatically from the above
mentioned value of 1.26(13) MeV. At the same time, x?/n cannot be brought
below 1.9. The obtained resonance cross section equals to 0,5 = 0.49(9) mb and
can be increased, if one uses the value for e, obtained in the analysis of the 2Li
spectrum. The spectrum can alternatively be described by several closely-spaced
overlapping resonances.

Theory predicts the ground state of *Li at 3.34 MeV above the Li + 2n
threshold with the spin and parity J* = 3/2~ [74], which corresponds to four

neutrons with total spin 0 surrounding the °Li core. The nucleus can also be
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considered as a Borromean system with two neutrons around the 'Li core. More
investigations, both experimental and theoretical, are needed in order to better

understand 3Li system.

7.2 Reaction channels!Li+p — ®He + xn

Helium isotopes, heavier than *He, can be described as a system consisting
of an a-particle surrounded by neutrons. Isotopes up to °He have been observed,
while only “He and ®He are bound (see Fig. 1.3). All others are particle-unstable
and were identified via their decay products.

The *He nucleus is a classical example of a Borromean system. The two-
neutron separation energy of this nucleus equals to 0.972 MeV. According to
the shell model, valence neutrons should occupy ps/, shell. However, three-body
calculations predict contributions of (sy/5)? and (p1/2)? configurations with proba-
bilities of 3 - 10% and 5 - 6%, respectively [77]. The presence of these components
has been experimentally confirmed [78].

The binding energy of 8He is 2.139(7) MeV [72]. It can be naively viewed
as an « core surrounded by four valence neutrons, occupying the full p3/, subshell.
However, experimental results contradict this picture [33, 79]. Theoretical calcu-
lations predict a contribution of the (ps/2)* configuration to the ground-state wave
function of ®*He at a level of 35%, while the rest are admixtures of (ps2)*(s1/2)?,
(p32)*(di/2)? and (p32)*(p12)? configurations [77]. It is obvious, that the situa-

tion with “He and 9He is even more unclear.

7.2.1 °He

The “He nucleus was observed for the first time in the pion charge-exchange
reaction *Be(r~, 77)?He. The spectrum, obtained in this experiment, was de-
scribed by three resonances at energies of 1.14, 3 and 5 MeV [80]. A subse-
quent measurement confirmed these results and allowed to determine the widths
of these states [81]. Further investigations [70, 82, 83| provided similar results.
Therefore, for a long time the knowledge of the ground state of He was con-
sidered to be well established. The resonance at an energy of about 1.2 MeV
was interpreted as ground state of “He with a width ' ~ 0.1 MeV. Measure-
ments of neutron-fragment velocity difference in the two-proton knockout reac-

tion “Be(Be, n®He) indicated the presence of virtual s-state with an upper limit
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on the scattering length a; < —10 fm [84]. The recent measurement provides a
different value for the scattering length, a, > —20 fm [85], with low statistics.
An experiment with improved statistics provides a value for the scattering length
between —2 and 0 fm [86]. Some of the experimental results for “He are presented
in Table 7.1. All measurements but one are in agreement about the resonance
states, while the situation for the low-energy part is unclear. A recent experiment
shows a broad resonance at 2 MeV [85]. However, the reported energy resolu-
tion is about 0.8 MeV (FWHM) and the observed broad distribution can result
from two overlapping resonances. The following analysis procedure concentrates
mainly on a description of the low-energy part of the spectrum.

In the present experiment the relative-energy spectrum of He is obtained
by a coincident measurement of a 8He fragment and a neutron after one-proton
knockout from Li at an energy of 280 MeV /nucleon. A similar result was ob-
tained after proton knockout from "Li at an energy of 61 MeV /nucleon [76].

A comparison of the two spectra is shown in Fig. 7.3.
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Figure 7.3: Comparison of the relative-energy spectre oy obtained in the present experiment and

after one-proton knockout from Li at an energy of 61 MeV/nucleon [76]. The spectrum from Ref] [7
is normalized in the peak region to the spectrum obtainelddrptesent experiment.

The analysis of “He data, described in Ref. [76], indicated that the low-

energy part of the spectrum originates from the decay of '“He and corresponds to
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the case when one of the two neutrons is not detected. However, in the present
analysis, such an interpretation is checked and rejected. The contribution from
events, where two neutrons are crossing LAND but only one is detected, is esti-
mated as described in Chapter 5 and subtracted, as shown in Fig. 7.4. The left
panel of Fig. 7.4 shows the relative-energy spectrum for the ®He + n system. The
dashed line denotes the contribution of events originating from °He decay. The
right panel of Fig. 7.4 shows the relative-energy spectrum for ®He 4+ n + n sys-
tem. Here the background consists of events, where only one neutron was crossing
LAND and the tracking routine misinterpreted it as two neutrons. In both cases,

the corrections do not exceed 15% of the total amount of events.
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Figure 7.4: Relative-energy spectra fafe (left frame) and®He (right frame). Background, consisting
of events with misinterpreted number of neutrons, is shoydadshed line.

Figure 7.5 shows the comparison of neutron transverse momentum distri-
butions in cases, where one and two neutrons are detected in coincidence with ®He.
These distributions have different shapes because of different final-state interac-
tion in the two-body and the three-body system. This is one more argument
against an interpretation of the low-energy part of He relative-energy spectrum
as originating from °He decay, since in this case neutron momentum distributions
would be similar.

The ground-state wave function of ''Li contains 45(10)% of (s1/2)* neu-
trons [87]. Therefore, after quasi-free knockout of one proton from this nucleus,
there is a high probability to obtain an s-wave neutron in the final state, which
influences the low-energy part of the “He spectrum. (i) As a first attempt, the

obtained relative-energy distribution is described as a single virtual state, using
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Figure 7.5: Neutron momentum distributions’He and!'°He systems. The filled circles correspond to
one-neutron events and open circles denote momentunbdisi for one of the two neutrons. Different
shapes of the spectra are determined by different final Bigeactions in two-body and three-body
systems.

Eqgs. 4.16 and 4.17. The result of the fit procedure is shown in Fig. 7.6. The
obtained value for the scattering length is ay = —2.52(47) fm and the parame-
ter €y, = 0.95(9) MeV, which is higher than expected. The achieved value for
x%/n = 1.42 allows to reject the hypothesis.

(ii) Guided by results of previous experiments, where two resonances were
observed at energies of 1.2 and 2.4 MeV, with widths of 0.1 and 0.7 MeV [70],
respectively, these two resonances were suggested to be present in the measured
spectrum. However, since the statistics is low, not all parameters of the fit are
varied and three of four parameters for two Breit-Wigner resonances are fixed,
whereas the fourth parameter, namely the position of the first resonance is used
as a free parameter in order to check the consistency of this approach. The
obtained value for the position of the low-lying resonance E, = 1.33(8) MeV is
in perfect agreement with previous experiments, which proves the consistency
of the approach. The full result of the fit is shown in Fig. 7.7.  Dotted and
dashed-dotted lines correspond to Breit-Wigner resonances at energies of 1.33

and 2.4 MeV, respectively. The low-energy part of the spectrum is described
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as a virtual s-state using Eqs. 4.16 and 4.17 and is shown as dashed line. The
obtained value for the scattering length is a; = —3.16(78) fm. The negative sign
for the obtained scattering length a, is in agreement with Refs. [84, 85], while its
absolute value is much smaller. This is an indication of weaker interaction between
8He and neutron within He, than one would expect from the previous results.
The obtained value for the parameter €, is 0.79(10) MeV, which is higher than
Son(1'Li) = 0.378 MeV. The interpretation of the proton knockout data from ''Li
is more complicated, than for the proton knockout data from *Be. The break-up
threshold of the ®He fragment (Ss, = 2.139(7) MeV) is much higher than the one
of "'Li and, therefore, it can still survive after momentum transfer and in this
case the value of €5, becomes higher then it would be expected from the model.
It was mentioned above, that the shape of the spectrum, obtained using
Eqgs. 4.16 and 4.17 is not very sensitive to the effective range parameter ry. In
order to check this, the fit procedure was repeated with a value for the effective
range parameter of rq = 1.66 fm. The obtained parameters E, = 1.35(9) MeV,
as = —3.56(84) fm and €y, = 0.90(13) MeV are within error bars in agreement
with results obtained for ro = 3 fm. In both cases the values of the parameter
€2, are much higher, than the known value for the two-neutron binding energy
in 1Li. The typical single-particle width for a p-wave resonance at an energy of
about 1.2 MeV is about 2 MeV. Thus, a narrow resonance can be an indication

for populating the sd shells.

7.2.2 “He

The heaviest known helium isotope is 1°He. The search for this nucleus
has an almost 30 years history, since the first attempts in 1966 [88], until it
was finally observed at RIKEN (Japan) by Korsheninnikov et al. in 1994 [76].
The invariant mass spectrum of ®He + 2n system, produced in a d(*'Li, 2n®*He)
reaction, shows a peak at an energy of 1.2(0.3) MeV and a width I' < 1.2 MeV.
This result was confirmed by following experiments [89, 90]. Excited states were
observed at energies E, = 4.31(20) MeV and E, = 7.87(6) MeV. These results
could not be reproduced by theory assuming *He with a (ps/2)* structure for the
valence neutrons, the description has to be enhanced taking more complicated
configurations into account [77].

The distribution of relative energy in the three-body ®He + 2n system,

obtained in the present experiment, is compared to the result of proton knockout
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from M Li at an energy of 61 MeV /nucleon [76] in Fig. 7.8. The cross section is not
calculated in Ref. [76] and the spectrum is normalized to the one obtained in the
present experiment. The two spectra are similar within their uncertainties, despite
different projectile energies and targets. This is an indication, that both of them
reflect either the wave function of the initial nucleus, 'Li, or the properties of
the °He system. Figure 7.9 shows an attempt to describe the obtained spectrum
by a correlated background calculated from the three-body wave function of 'Li
without considering any interaction between the reaction products in the final

state
do Egnn
X .
dECnn (18762n + ECnn)7/2

(7.2)

A similar approach was used in Ref. [76], involving the COSMA model [19] for

the wave function calculation. The spectra, obtained with different assumptions,
had their maxima above 5 MeV, while the experimental distribution peaks at
1 MeV. It was found, that a wrong asymptotics of the wave function has been
used [91]. The problem is solved in the present analysis and the recalculated
correlated background has a shape close to the experimental distribution. The
used model cannot describe the spectrum at high energies, therefore the relative-
energy range restricted to 0 - 5 MeV is used for the fit. As one can see from
Fig. 7.9, the correlated background does not provide a proper description of the
spectrum. The obtained result for the parameter ey, = 0.397(21) MeV is very
close to the two-neutron separation energy in ''Li, which equals to 0.378 MeV.
It has been shown in the analysis of “He, that there is a momentum transfer to
the fragment during the reaction, leading to a higher value of €y,. Therefore,
another assumption is tested, namely to introduce a Breit-Wigner resonance in
addition to the correlated background, as shown in Fig. 7.10. As a result, the new
value €3, = 0.64(20) MeV is in agreement with the result of the He analysis. The
resonance parameters, F, = 1.42(10) MeV and I = 1.04(76) MeV, are furthermore
in good agreement with the results, reported in Ref. [76].

The observation of an excited state at the energy FE, = 4.31(20) MeV [89)] al-
lows the alternative description of the measured spectrum as a superposition of two
Breit-Wigner resonances without the correlated background involved, as shown in
Fig. 7.11. In this case, the ground state has the parameters F, = 1.54(11) MeV
and I' = 1.91(41) MeV and the excited state is found to be at the energy
E, =3.99(26) MeV with the width I' = 1.64(89) MeV.
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Some theoretical calculations predict the ground state of '“He with a (s12)?
configuration [92, 93]. If it is the case, this resonance has to be accompanied by
a virtual s-state in “He with a large value for the scattering length. This is not
observed in the present experiment. Recent measurement showed an absence of
any resonances below 2.5 MeV, however, the total statistics was very low [94].

The available experimental information about °He, including the present
measurement, is summarized in Table 7.2. Both versions describing the spectrum

agree with each other, and with other measurements. In the present measurement

Table 7.2: Compilation of available experimental resuwts'f He including the present experiment.

Ref. [76] [89] [90] Present exp. Present exp.
E?, MeV 1.2(3) 1.07(7) 1.7(0.3) 1.42(10) 1.54(11)
Y, MeV <12 0.3(2) - 1.04(76) 1.91(41)
El, MeV - 4.31(20) - - 3.99(26)
I't, Mev - 1.0(3) - - 1.64(89)
E?, MeV - 7.87(6) - - -

2, MeV - 0.6(3) - - -

and in the experiments presented in Refs. [76, 90] the initial nucleus was the same,
HT4. It may be, that all spectra reflect only the initial nucleus wave function. This
contradicts the result of an experiment, described in Ref. [89], where °Be was used
as initial nucleus. The similarity of results obtained with different initial nuclei

indicates strongly that they describe the properties of the 1°He system.

7.3 Virtual states

The phenomenon of neutron-nucleus s-wave scattering was described in
Section 4.6 in terms of different theoretical approaches. The anti-bound states
have been observed for several neutron-rich nuclei. In particular, in the present
experiment they are observed in °He, °Li and '2Li. Table 7.3 contains parameters
for anti-bound states in these nuclei and also for *Be, for the three models. The
parameters in R-matrix and S-matrix theory are calculated from the effective
range parameters, which in turn are obtained from least-square fits of the data.

As one can see from the Table 7.3, the nuclei can be divided into two
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Table 7.3: Comparison of parameters of virtual states fiediht nuclei, obtained in different theoretical
approaches. The properties of the measured distributi@msely widths and positions of the maxima,
are introduced for qualitative comparison of the data.

Nucleus Spectrum Effective range R-matrix S-matrix

Ermaz, MeV FWHM, MeV  a,, fm g, fm E.,MeV I',,, MeV A Es, MeV

9He 1.03 8.4 ~3.17 3.00 4.97 246 12 -1.28
9He 1.45 115 ~3.55 1.66 8.05 465 14 -1.30
107§ 0.037 0.52 —224 300 0691 6.01 2.2 -0.041
1214 0.062 0.60 ~13.7 3.00 0379 2.02 13 -0.077
13Be[68]  0.97 8.2 ~3.2  3.00 4.74 235 12 -121

groups. Taking into account the experimental resolution and the influence of the
prepared state, the relative-energy spectra for °Li and '2Li peak at several tens
keV with a FWHM of about 500 keV. In the effective-range approximation these
nuclei are characterized by a large absolute value of the scattering length a,. The
R-matrix parameters for low-lying states in °Li and '2Li nuclei correspond to the
resonances below 1 MeV with several MeV width. The He and '®*Be spectra are
characterized by an extremely broad bump with a FWHM in the order of 10 MeV
centered at about 1 MeV. The low-lying states in these nuclei are characterized
by small absolute value of the scattering length in effective range approximation.
In terms of the R-matrix theory it corresponds to resonance at several MeV with
tens MeV width. Since in this case the R-matrix parameters are determined in a
narrow region far from E,, they have very large uncertainties for “He and depend
strongly on the effective-range parameter rq. However, this does not affect the
position of the S-matrix pole, which is determined from F, and I', of the R-matrix

approach.

From the position of E, one can conclude, that the anti-bound states ob-
served in “He and ¥Be cannot be interpreted as ground states, but rather a thresh-
old phenomenon. In the case of 1°Li the obtained R-matrix resonance energy is
E,. = 0.691 MeV. Taking into account, that the first resonance state is observed

at E, = 0.57 MeV, the interpretation of the virtual s-state as ground state can
also be doubted.
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7.4 Angular and energy correlations

From the relative-energy spectra at most positions and widths of the reso-
nances are extracted. In order to understand the observed systems, further knowl-
edge of their internal structure is needed. This information can be extracted from
correlations between decay products. Angular and energy correlations for the
three-body ®He + 2n and 'Li + 2n systems are studied at the region of their
ground states, 0 < FEg,, < 3 MeV, using the hyperspherical harmonics (HH)

formalism, described in detail in Section 4.4 and Appendix B.

For each three-body system four correlation plots are obtained — projections
of the correlation function W (e, @) to the energy and angular axis in T and Y
Jacobi coordinate systems. The obtained distributions for *He+ 2n and " Li+2n
systems are shown in Figs. 7.12 and 7.13, respectively. The partial energy e
is defined as ¢ = FE,,/Ecp, in the T-system and in this case the distribution
W (e) characterizes the energy correlations between the two neutrons. In the Y-
system ¢ = Ec¢y/Ecn, and W(e) describes the energy correlations between the
core fragment and one of the neutrons. An uncorrelated energy distribution in
the system is described by the phase space W (e) o< y/e(1 — €), which is shown as
dashed line in all fractional energy spectra. If the mean relative energy between
two particles (n - n or core - n) peaks at small values, the corresponding spectrum
is enhanced compared to the phase space at low ¢, while a shift towards high ¢
indicates preferably high relative energies.

In the analysis of the two-neutron events neutrons are sorted by velocity.
Since two neutrons are identical, it is impossible to determine the sign of cos#
in the T-system and this requires the distribution to be symmetric. Therefore,
angular distribution is calculated twice, with fast neutron being the first and slow
neutron being the second, and vice versa. The summation of these two mirrored
spectra leads to symmetry of the final distribution.

If one compares the relative-energy spectra of 1He and '3Li (see Figs. 7.2
and 7.10), the resonance structure is more pronounced in the former case, while
the distribution is very broad in the latter case. The situation with the corre-
lation plots seems to be different. There are practically no correlations between
constituents of '°He. The obtained angular distribution in the T-system is uni-
form, as shown in the lower left panel of Fig. 7.12 and energy in the Y-system

is distributed according to phase space, as shown in the upper right panel of
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Figure 7.12: Energy (upper panels) and angular (lower gawelrelations irfHe + 2n system in the
region of the ground state,Q E¢,,, < 3 MeV. The distributions in the T-system are shown in the left
panels and the distributions in the Y-system are shown imigie panels. The angular distribution in
the T-system is symmetric because of equivalence of tworoesit Results of a fit are shown by solid
line. The dashed line represents a phase-space distrib@arelations, obtained from the ground-state
wave function oft!Li assuming no final-state interaction [95] are shown by tha-giméted line.
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Figure 7.13: Energy (upper panels) and angular (lower ghwelrelations int'Li + 2n system in the
region of ground state, & FE¢,, < 3 MeV. The distributions in the T-system are shown in the left
panels and the distributions in the Y-system are shown ini¢ine panels. The angular distribution in the
T-system is symmetric because of equivalence of two nesitrSolid line corresponds to the results of
the fit. Dashed line denotes phase-space distribution.
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Fig. 7.12. These two spectra indicate the absence of any interaction between the
fragment and the neutrons. The shape of the energy distribution in the T-system,
which is shifted towards low e, reveals correlations between the energies of the
neutrons. The same effect is reflected in the angular distribution in the Y-system,
which is enhanced at the region of low #, as shown in the lower right panel of
Fig. 7.12.

In contrast to the case of 8He + 2n, the correlation plots indicate strong
interaction in the 'Li+ 2n system. The energy distribution in Y-system exhibits
a double-hump structure. The low-energy hump corresponds to strong energy
correlations of core fragment and one of the neutrons. This agrees with the result
for 12Li, where a strong attraction between the ''Li core and neutron is observed.
If the relative energy between the core and one neutron is low, consequently the
relative energy between the core fragment and the second neutron is high. Since
the two neutrons are equivalent, the second hump appears at high energies, which
corresponds to anticorrelation between the core and the second neutron. The
same feature is reflected in the angular distribution in T-system. Low values of
0 correspond to the case, where the neutron and the core fragment are close in
the momentum space, while high values of 6 are achieved when relative energy
between the core fragment and the neutron is large. For the given total energy
in the system, if the relative energy between the core fragment and one of the
neutrons is small, then, consequently, the relative energy between the two neutrons
is high. This results in an energy distribution in the T-system, which indicates
anticorrelation of neutron energies, as shown in the upper left panel of Fig. 7.13
and reflected in the angular distribution in Y-system, which reveals predominantly

large angles between the Jacobi momenta P, and Ps.

For the analysis of the obtained spectra the spin-parity J™ = 01 was as-
sumed for the He ground state and a similar structure was considered for ?Li.
A full set of HH with K =0, 2, 4; l;,l5 =0, 1, 2 and S = 0, 1 was tested on the
distributions in the T-system and restricted to the necessary components. The
antisymmetrization of the wave function with respect to the two neutrons in the

T-system results in even values of [; for S = 0 and odd values for S = 1. The
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correlation function in the T-system can be written as
4 002 202 2
W(0, ) =—/2(1 - 5){|A 44 AZP(1 — 2¢)
T
+ 8|AT?(1 — £)esin? O + 32| A9 (e — 1)*¢*(3 cos® § — 1)?

+16V/2| AR Ag3)| cos (¢ — ¢23)(2e — 1)(e — 1)e(3cos® 0 — 1)

(7.3)
+ 2| Agy [|A | cos g0 (2 — 4e)
+ 4V/2| A cos a3 (1 — £)e(3 cos® § — 1)} }
where the complex amplitudes have to satisfy the condition
|A002+|A202+|A202+|A402 (74)

L are calculated relative to the ©33. All four spectra are fitted

The phases ¢/,
with one set of parameters. Transformation of the parameters between T and Y
systems is performed using Raynal-Revai coefficients (see Eq. 4.11). Results of
the fit are shown by the solid line in the spectra. The obtained coefficients are

shown in Table 7.4.

Table 7.4: Coefficients obtained from the fit of energy andutangcorrelations between the decay pro-
ducts of'He and!3Li nuclei in T-system. All phases are calculated relative 3

Nucleus KLSlls |AKE? o, deg.
10 e K=2,L=0,8=0,1=01,=0  0.2311) 0.70(42)
1314 K=2L=05=01,=01,=0 1.2(5) 178(27)

K=2,L=0,8=101=11=1 33.1(5)
K=4L=08=01,=2, 1= 6.7(1.1) 0.4(20.)

It is found, that distributions in the ®*He + 2n system are determined mainly
by the harmonic with K = 0. Weak correlations are observed and explained by
a contribution of K = 2 at a level of only 0.23(11)%. Several interpretations for
the “He relative-energy spectrum are presented in Section 7.2.2. The study of
correlations helps to choose the more reasonable interpretation. In case there is no

final-state interaction in the ®He + 2n system, the measured distributions should
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reflect the ones, obtained from " Li wave function [95]. The theoretical curves are
shown by dash-dotted lines in Fig. 7.12. The experimental data look very different,
which can be explained by the fact, that the initial distributions are altered by
final state interaction. Taking into account this information, one can conclude,
that the most reasonable interpretation of the °He relative-energy spectrum is
using two Breit-Wigner resonances, without any correlated background involved.
The observed faint correlations between the decay products of the °He ground
state, indicate a more complicated structure of the nucleus, than consisting of a
8He core surrounded by two valence neutrons.

In order to describe the correlation spectra for the '*Li system, higher har-
monics have to be involved. The contribution of the lowest harmonic with K = 0
is found to be 59%. The harmonics with K = 2 is present with {; = I, = 0 and
[ =1y =1 at the levels of 1.2(5)% and 33.1(5)% respectively. Strong correlations
in the system are explained mainly by an appearance of K = 4 harmonics at a
level of 6.7(1.1)%. The theoretical description based on the wave function of the
initial nucleus, “Be, is still missing. In the future, it would be useful to have it
in order to compare to the measured distributions and to estimate the validity of
the correlation background approach to the description of the ¥Li spectrum.

All coefficients in Eq. 7.3 are determined from fits to the experimental data.
Thus, the two-dimensional correlation function W (e, #) can be reconstructed. Fi-
gure 7.14 shows the functions in the T-system, describing the correlations between

the decay products of '°He (left panel) and '®Li (right panel) nuclei.
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Figure 7.14: Correlation functiori¥ (e, 6) for 1°He (left panel) and3Li (right panel) in the T-system.
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8. Summary and outlook

The unbound nuclear systems “He, °He, °Li, '2Li and '*Li have been
studied using proton-induced nucleon knockout in inverse kinematics using rela-
tivistic ®He, "'Li and “*Be projectiles.

The isotope '°Li was produced in one-neutron knockout reaction from the
halo nucleus ''Li. The obtained relative-energy spectrum is described by a low-
lying virtual s-state with the scattering length ay, = —22.4(4.8) fm and a p-wave
resonance with £, = 0.566(14) MeV and I' = 0.548(30) MeV, which is in good
agreement with previous experimental results.

The isotopes '?Li and '3Li are observed for the first time. They are pro-
duced in a one-proton knockout reaction from *Be. The ''Li isotopes were de-
tected in coincidence with one or two neutrons. The obtained invariant-mass
spectrum of '2Li is described as a single virtual s-state with a scattering length
as; = —13.7(1.6) fm. The spectrum of 3Li is interpreted as a resonance at an
energy of £, = 1.47(13) MeV with a width I' & 2 MeV, superimposed on a broad
correlated background distribution.

The detection of ®He in coincidence with one or two neutrons, after proton
knockout from ''Li, allows the reconstruction of the relative-energy spectra for the
heaviest helium isotopes, “He and °He. The low-energy part of the He spectrum
is dominated by a virtual s-state with the scattering length a; = —3.16(78) fm.
An evidence for two resonance states with [ # 0 in He at energies of 1.33(8)
and 2.4 MeV is also obtained. Several interpretations can be used to describe
the "He spectrum. It can be seen as (i) a superposition of narrow resonance at
E, = 1.42(10) MeV with I' = 1.04(76) MeV and broad correlated background
distribution. Alternatively, the spectrum can be interpreted using two resonances
(ii) at energies of 1.54(11) and 3.99(26) MeV with widths of 1.91(41) MeV and
1.64(89) MeV, respectively.

In addition, a study of three-body correlations in the decay of °He and
131i systems in the region of the relative energy 0 - 3 MeV is performed. No strong
correlations are observed in ®He + 2n system. However, the obtained distributions
are very different from what one would expect in case if there is no final-state
interaction in the system, which favours the second (ii) interpretation above. The
system ''Li+ 2n reveals strong correlations between the constituents. In this case

it is necessary to have theoretical calculations based on *Be wave function in
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assumption of no final-state interaction. It is very important for understanding of
the 13Li structure. The interpretation of angular and energy correlations in °He
and BLi systems in the region of relative energy 3 - 7 MeV has to be performed.
In this region relative-energy spectrum in the case of '®Li is mainly described
by a parametrization for the correlated background. Two possibilities exist for
He. Combination of experimental distributions and theoretical calculations in
this region will provide information about excited states in '®Li, if there are any,
and additional arguments for any of the two interpretations of '°He spectrum.
In future, with the R®B setup [42], experimental technique will be im-
proved drastically. Higher beam intensity together with upgraded detector design
will permit measurements with better statistics and resolution. Kinematically
complete detection of all reaction products including recoil protons will provide
the full information about the reaction process. In the present experiment we can
only estimate the role of momentum transfer to the core fragment, while in future

it will be possible to investigate the process in detail.
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9. Zusammenfassung

Die ungebundenen Kernsysteme “He, °He, '°Li, ?Li und '*Li wurden mit-
tels protoneninduziertem Nukleonenaufbruch aus relativistischen Strahlen, beste-
hend aus ®He, 'Li und 'Be mit Energien von 240, 280 bzw. 305 MeV /Nuk-
leon hergestellt und in inverser Kinematik untersucht. Hohe Strahlenergien fiihren
zu kurzen Wechselwirkungszeiten bei kleinen Streuwinkeln, so dass vereinfachte
Néaherungen fiir die Beschreibung des Reaktionsmechanismus moglich sind. Aus
experimenteller Sicht sind grofie Strahlgeschwindigkeiten fiir eine starke kinema-
tische Fokussierung verantwortlich, die Messungen unter Abdeckung des volles
Raumwinkels mit méaflig grofen Detektoren bei einer hohen Nachweis-Effizienz
erlaubt.

Das Experiment wurde an der GSI (Darmstadt) durchgefiihrt. Der Experi-

mentieraufbau ist in Abb. 9.1 gezeigt. Er besteht aus dem Neutronendetektor
LAND, aus dem Dipol-Spektrometer ALADIN und aus verschiedenen Arten von
Tracking-Detektoren. Die Hauptaufgabe des Detektorsystems ist die Rekonstruk-

Abbildung 9.1: Schema des experimentellen Aufbaus: Aufdrder kinematischen Strahlfokussierung
ermoglichtdie Anordnung kinematisch vollstandige Mexgen aller Reaktionsprodukte mit Detektoren,
die nur einen kleinen Teil des gesamten Raumwinkels im Lsjsbem abdecken. POS — POsition Sen-
sitive scintillator, PIN — p-i-n diode, MWPC — Multi-Wire Bportional Chamber, ALADIN — A LArge
gap DIpole magNet, LAND — Large Area Neutron Detector, TFWimé of Flight Wall, TOF — Time
Of Flight wall.
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tion des Vierer-Impulses der Reaktionsprodukte mit hoher Auflosung. Der Ex-
perimentieraufbau umfasst Detektoren mit komplexer Struktur, z.B. der LAND-
Detektor besteht aus 200 unabhéngigen Szintillatoren, die beidseitig mit Photo-
multipliern ausgelesen werden. Um die gewiinschte Auflosung zu erreichen, miissen
alle Detektoren untereinander kalibriert und zeitlich synchronisiert werden. Die
grundlegenden Kalibrierungsverfahren sind automatisch und ermdoglichen nicht
nur die Berechnung einer Reihe von Kalibrierungparametern, sondern auch die
Untersuchung von deren Stabilitéit wihrend des Experiments und wenn nétig, eine
Einfithrung von zeitabhéngigen Korrekturen. Im vorliegenden Experiment wurde
eine zeitabhéngige Kalibrierung fiir die meisten der Detektoren durchgefiihrt.

Neutronen-/Protonen-Aufbruchreaktionen fithren u.a. zur Bildung von unge-
bundenen Systemen, die unmittelbar Zerfallen. Die Eigenschaften von neutronen-
reichen ungebundenen Kernen werden sowohl durch Rekonstruktion der Rela-
tivenenergiespektren als auch durch die Untersuchung der Winkelkorrelationen
zwischen den Reaktionsprodukten studiert. In den Relativenergiespektren werden
Position und Breite der auftretenden Resonanzen extrahiert. Die Korrelationen
zwischen den Reaktionsprodukten beinhalten Informationen iiber die Struktur
der beobachteten Kernsysteme.

Im Falle des Neutronenaufbruchs, bedingt durch hohe Strahlenergie und die
Tatsache, dass Halo-Neutronen schwach gebunden und die meiste Zeit auflerhalb
des Kernrumpfs lokalisiert sind, verhalt sich dieser als “Zuschauer”. Im Gegensatz
zu Neutronen sind Protonen stark im Kern gebunden. Die Separationsenergie
eines Protons in neutronenreichen Kernen ist etwa 20 MeV. Daher ist es nicht
einfach, ein Proton aus dem Kern ohne Auswirkungen auf den Rest des Systems
zu entfernen, und die Moglichkeit eines Impulsiibertrags auf den Restkern muss
berticksichtigt werden.

Im Falle des Protonenaufbruchs werden ein modifiziertes Kernfragment
und zwei Neutronen im Endzustand produziert. Wenn eines der Neutronen einen
transversalen Impuls groBer als 60 MeV hat, wird der LAND-Detektor nicht getrof-
fen. Die Wechselwirkung dieses Neutrons mit dem System, das aus dem Rest-
kern und dem anderen Neutron besteht, wird als vernachlassigbar beschrieben.
Im Folgenden werde diese Ereignisse als “Ein-Neutron-Event” bezeichnet. Eine
spezielle Tracking-Routine wird fiir die Trennung mehrerer Neutronentreffer ver-
wendet. Mit einer gewissen Wahrscheinlichkeit ermittelt diese Routine eine nicht

korrekte Anzahl von Neutronentreffern. Daher wird bei der Analyse der exper-
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imentellen Daten das Verhalten der Tracking-Routine mit einer Monte-Carlo-
Simulation berechnet. Die Simulation basiert auf den experimentellen Daten und
ermoglicht die Bestimmung eines so genannten “gefélschten” Neutronenuntergrun-
des und die Durchfiirung einer Korrektur.

Leichte, schwach gebundene Kerne zeichnen sich durch einen hohen Grad
an Cluster-Bildung aus. Somit entstehen die Teilchen im Endzustand (Restkern
und schwerere Fragmente) nicht in der Reaktion. Sie werden als bereits von An-
fang an im Projektil-Kern bestehend beschrieben und werden durch den Zusam-
menstofl nur freigesetzt. Dementsprechend ist die Relativenenergie-Verteilung der
Aufbruchfragmente durch die Wellenfunktion des Anfangszustandes, modifiziert
durch die Endzustandswechselwirkung, definiert. Die bevolkerten Resonanzen wer-
den in der Regel in Rahmen der R-Matrix-Theorie [49] beschrieben, die die ur-
spriingliche Verteilung nicht beriicksichtigt. Die erhaltenen Spektren werden durch
eine Breit-Wigner-Parametrisierung der Resonanzen mit der Resonanzenergie E,
und der Resonanzbreite ' als freien Parametern beschrieben. Dieser Ansatz kann
im Falle starker Wechselwirkung zwischen Restkern und Neutronen angewendet
werden. Beim Uberschreiten der Neutronen-Abbruchkante, wo die Neutronenzahl
die Anzahl der Protonen stark iiberschreitet, kann sich die Situation d&ndern. Wenn
man sich auf der “terra incognita” befindet, muss gepriift werden, ob das erhal-
tene Spektrum nicht nur durch die Eigenschaften des Anfangkernes entstanden ist.
Nur wenn dies nicht der Fall ist, kann auf die Existenz eines Resonanzzustandes
zuriickgeschlossen werden.

Im Falle einer kurzlebigen niedrigliegenden Resonanz kann die Breite I'
grofer als F,. sein und damit Resonanz kann mit der Schwelle iiberlappen. Da an
der Schwelle der Aufbruchquerschnitt verschwinden muss, wird die Form der Res-
onanz asymmetrisch. Im Fall von tiefliegenden s-Resonanzen ist ['(E) o E'/2,
deshalb iiberlappen sie typischerweise mit der Schwelle. Im Extremfall I' > 4F,
wird der Zustand als “virtuell”bezeichnet und kann in Rahmen der sogenannten
“effective range theory” mit den Parametern: Streulédnge as und in diesem Fall [51]
der Zwei-Neutronenseparationsenergie des Projektil-Kernes, €5, beschrieben wer-
den.

Eine der ersten je entdeckten Halokern ist ''Li. Er ist bis heute eines
der anschaulichsten Beispiele fiir dieses Phénomen. Sein ungebundenes Subsys-
tem '°Li wird via Ein-Neutronenaufbruch produziert, wobei das Aufbruchwech-

selwirkende Halo-Neutron zu grofien Winkeln gestreut wird. Der Nachweis von
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9Li-Fragmenten in Koinzidenz mit dem verbleibenden Neutron erméglicht die
Rekonstruktion des Relativenenergiespektrums des ungebundenen '°Li. Die er-
haltene Verteilung wird durch einen tiefliegenden virtuellen s-Zustand mit der
Streuldnge as = —22.4(4.8) fm und einer p-Resonanz mit E, = 0.566(14) MeV
und I’ = 0.548(30) MeV beschrieben, was in guter Ubereinstimmung mit friiheren
experimentellen Ergebnissen ist. Der aus dem Fit extrahierte Wert fiir die Zwei-
Neutronenseparationsenergie des Projektil-Kerns, €, = 0.352(22) MeV, liegt in
der Nihe der Bindungsenergie von ''Li bei 0.375(5) MeV. Diese Tatsache bestéitigt
die Annahme, dass sich verbleibende '°Li-System als Zuschauer verhélt.

Die Isotope '2Li und *Li wurden hier zum ersten Mal beobachtet. Sie wur-
den in den Aufbruchreaktionen 'H(*Be, 2pn)*2Li und 'H(*Be, 2p)'3Li erzeugt.
Das Isotop ' Li wurde in Koinzidenz mit einem oder zwei Neutronen nachgewiesen.
Die Bindungsenergie von ''Li ist mit 0.376 MeV niedrig, es wiirde im Falle eines
signifikanten Impulsiibertrages wéihrend der Reaktion aufbrechen. Das heifit, dass
bei dem Protonenaufbruch von *Be das Restsystem im wesentlichen unbeeinflusst
bleibt.

Das erhaltene Relativenenergiespektrum von '2Li wird als ein einzelner
virtueller s-Zustand mit einer Streuldnge von a; = —13.7(1.6) fm gut beschrieben.
Die Bindungsenergie des Projektil-Kerns *Be wird ebenfalls gut reproduziert. Der
aus dem Fit extrahierte Wert fiir den Parameter e, = 1.47(19) MeV stimmt mit
der bekannten Separationsenergie von 1.26(13) MeV gut iiberein.

Die breite Relativenenergie-Verteilung von 3Li kann nicht als korrelierter
Untergrund beschrieben werden. Dieser berechnet sich aus der Wellenfunktion
des Ausgangskernes “Be mit Annahme, dass keine Endzustandswechselwirkung
stattfindet. Daher wurde dem korrelierten Untergrund eine Resonanz bei einer
Energie von E, = 1.47(13) MeV mit einer Breite von I' ~ 2 MeV superponiert.
Es kann auch nicht ausgeschlossen werden, dass das Spektrum eine Uberlagerung
mehreren Resonanzen représentiert. Fiir eine sichere Aussage sind weiterreichende
experimentelle Untersuchungen notwendig.

Der Nachweis von 8He in Koinzidenz mit einem oder zwei Neutronen nach
dem Protonenaufbruch von "Li erméglicht die Rekonstruktion der Relativenen-
ergiespektren fiir die schwersten Helium-Isotope, “He and °He. Die Interpretation
der Daten bei Entfernung eines Protons von M Li ist komplizierter als im Falle des
1Be. Die Aufbruchsschwelle des ®He-Fragments liegt viel hoher (Ss, = 2.14 MeV)

als in MLi, deshalb kann der Kern einen signifikanten Impulsiibertrag iiberleben.
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Dieser Effekt muss wiahrend der Datenanalyse beriicksichtigt werden.

Fiir He wurden Resonanzen mit Energien von etwa 1.2, 2.4, 4.3 und
5 MeV in mehreren Experimenten beobachtet. Die Situation im niederenergetis-
chen Teil des Spektrums ist ungeklart. Verschiedene Experimente liefern Werte
fiir die Streuléinge zwischen —20 fm und 0 fm [84-86]. Im vorliegenden Experi-
ment wird der niederenergetische Teil des He-Spektrums durch einen virtuellen
s-Zustand mit der Streuldnge a; = —3.16(78) fm dominiert. Der erhaltene Wert
fiir die Zwei-Neutronenbindungsenergie, €5, = 0.79(10) MeV, ist hoher als der
bekannte Wert fiir 1*Li. Dies ist wahrscheinlich durch den Impulsiibertrag auf das
8He-Fragment withrend der Reaktion bedingt. Ein Hinweis auf zwei Resonanzen
mit [ # 0 in *He bei Energien von 1.33(8) und 2.4 MeV wird in diesem Experiment
gesehen, in Ubereinstimmung mit fritheren Messungen.

Der Kern '°He ist das schwerste bekannte Helium-Isotop. Die Suche
nach diesem Kern hat eine fast 30-jahrige Geschichte, von den ersten Ver-
suchen im Jahr 1966 [88] bis zur Beobachtung bei RIKEN (Japan) durch Kor-
sheninnikov et al. im Jahr 1994 [76]. Trotzdem ist die experimentelle Infor-
mation {iber ®He heute immer noch sehr fragmentarisch und basiert auf nur
drei Messungen [76, 89, 90]. Im vorliegenden Experiment wurden mehrere In-
terpretationen zur Beschreibung des °He-Spektrums benutzt. Es kann nicht
durch eine korrelierten Untergrund beschrieben werden, der aus der Wellen-
funktion von ''Li unter vernachlissigung der Endzustandswechselwirkung bes-
timmt wird. Eine gute Beschreibung wird durch eine Uberlagerung einer schmalen
Resonanz bei einer Energie von E, = 1.42(10) MeV mit einer Breite von
' = 1.04(76) MeV und einer breiten Verteilung des korrelierten Untergrundes
erreicht (i). Die Beobachtung eines angeregten Zustandes bei einer Energie von
E, = 4.31(20) MeV [89] ermdglicht eine alternative Beschreibung des gemessenen
Spektrums als Uberlagerung von zwei Breit-Wigner-Resonanzen (ii) ohne den ko-
rrelierten Untergrund. In diesem Fall werden die Resonanzen bei Energien von
1.54(11) und 3.99(26) MeV mit den Breiten 1.91(41) MeV bzw. 1.64(89) MeV
beobachtet.

Bei der Untersuchung von Systemen mit mehr als zwei Komponenten er-
weist sich die Analyse der verschiedenen Arten von Energie- und Winkelkorre-
lationen zwischen den Clustern als reiche Informationsquelle. Die Expansion der
partiellen Energie- und Winkelverteilungen in hyperspherische Harmonische Funk-

tionen bietet ein praktisches Werkzeug fiir deren Studium. Diese Methode wurde
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zum ersten Mal fiir die Analyse von Kernreaktionen in Ref. [45, 46] eingesetzt.
Sie wurde vor kurzem fiir die Untersuchung der elektromagnetischen Aufspaltung
des borromiischen Kerns ‘He angewendet [47].

In der vorliegenden Arbeit wurden Dreikorper-Korrelationen beim Zer-
fall von He- und '3Li-Systemen in der Region ihrer Grundzustinde, die einem
Relativenenergie-Intervall von 0 - 3 MeV entsprechen, untersucht. Es wurden keine
starken Korrelationen im System ®He + 2n gefunden. Die gewonnenen Verteilun-
gen unterscheiden sich sehr stark von denen, die man im Fall fehlender End-
zustandswechselwirkung erwarten wiirde. Das ist ein Hinweis auf die Tatsache,
dass Ausgangsverteilung hier durch die Endzustandswechselwirkung im 8He + 2n
System modifiziert wird. Dies spricht fiir die bereits angesprochene Interpreta-
tion (ii), die ohne korrelierten Untergrund die Spektren beschreibt. Das System
HTi + 2n zeigt eine starke Korrelation zwischen den Komponenten. In diesem
Fall sind theoretische Rechnungen, basierend auf der *Be-Wellenfunktion ohne
Beriicksichtigung der Endzustandswechselwirkung, fiir das Verstéindnis der Struk-
tur von ?Li notwendig. Die Interpretation der Winkel- und Energiekorrelationen
in den Systemen °He und *Li im Bereich einer Relativenenergie von 3 - 7 MeV
muss noch durchgefiihrt werden. In diesem Energiebereich werden die Relativenen-
ergiespektren im Fall von Li vor allem durch den korrelierten Untergrund
beschrieben. Es gibt zwei Moglichkeiten fiir das °He-System. Im Energie-Intervall
von 3 - 7 MeV wird das Spektrum entweder (i) mit Hilfe des berechneten korre-
lierten Untergrundes oder (ii) einer Breit-Wigner parametrisierten Resonanzstruk-
tur beschrieben. Die Kombination von experimentellen Verteilungen und theo-
retischen Rechnungen in dieser Region werden Informationen {iber die angeregten
Zustinde in '3Li, wenn es welche gibt, und zusitzliche Argumente fiir eine der
beiden Interpretationen des “He-Spektrums liefern.

Die logische Fortentwicklung des jetzigen LAND-Experiments ist das an
FAIR geplante R3*B-Experiment [42]. Hohere Strahlintensititen zusammen mit
einem optimierten Design aller Detektoren werden Messungen mit verbesserter
Statistik und genauerer Auflosung ermoglichen. Die kinematisch vollsténdige Er-
fassung aller Reaktionsprodukte zusammen mit den Riicksto-Protonen aus dem
Target wird komplette Informationen iiber den Reaktionsprozess liefern. Im vor-
liegenden Experiment kann die Rolle des Impulsiibertrages auf das Kern-Fragment
bestimmt werden, wiahrend es in Zukunft méglich sein wird, den gesamten Prozess

im Detail zu untersuchen.
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A. Jacobi coordinates

For the description of three-body systems (core + n + n) it is convenient
to use a set of translation invariant coordinates {751, 752}, also known as Jacobi
coordinates, where 7€Z ={R,, 7A22} Here R; is the length and 7A22 are the angular
coordinates of the vector 7€Z

If 7;, 7; and 77 are individual cluster coordinates, then Jacobi coordinates

for a three-body system can be written as

p

7€1 =71 =7
- L mTy A myTy
TR (A1)
. mlﬁ + ijj + mlﬁ
L T m; + my

where (ijl) = (123) corresponds to a so called T-system and (ijl) = (231) to
Y-system, defined in Fig. A.1.

COore core
Figure A.1:Definitions of T (left) and Y (right) Jacobi coordinate syste

One may define the conjugated momenta corresponding to the Jacobi co-
ordinates ﬁl, 7€2 and ﬁcm. These corresponding momenta, denoted as 731, 732
and ﬁcm, can be expressed via individual cluster momenta p;, p; and p;. The
conjugated momentum Py corresponding to the Jacobi coordinate R, is defined

as
7: —M—l A2
1 1 ltu ()

where M is the reduced mass of the two particles connected by the Jacobi vector

—

Ri. Thus, applying Eq. A.2 to Eq. A.1 one obtains the conjugated momenta
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(
N Pi D mim;
P=—"]—
m;  mj | m;+m;

- (ﬁl Di + Dj ) my(m; +m;) (A.3)
Py =

my mi+mj mi—i—mj—l—ml

—

\

In analogy to coordinate space, in momentum space one can introduce variables
[ o2 2 P1 T
k=\VP1 +Po and f.. = arctan B 0, € [O, 5] : (A.4)
2

The "momentum” k is connected to the total relative energy of the three-body
system and the hyperangle 6, is responsible for the energy distribution between

the clusters. The application of the Jacobi coordinates is described in Section 4.4.
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B. Hyperspherical harmonics

The hyperspherical harmonics (HH) method for the description of three-
body systems is a generalization of the commonly used approach for description
of two-body systems. The two-body system in spherical coordinates is described

by the set of variables {r,7}, where 7 = {0, ¢}. The kinetic energy operator is

defined as
. K2 10 0 1.
VR v BN Ity T BT B.1
var 2m [7’287’ <T 8r> r2 (r)] ’ (B.1)

where L is the orbital angular momentum operator, describing angular part of the
two-body motion. The eigenfunctions of L are the spherical harmonics Y] (7).

The eigenvalue of operator L?is (I + 1) which results in eigenvalue equation

LYin (7) = U1+ 1) Vi (7). (B.2)

A three-body system can be described by the set of Jacobi coordinates
{751,752}, defined in Appendix A. In the context of the HH method, the wave
function describing the three-body system is expressed as a function of the hy-

perspherical coordinates {p, 6,, R, 7%2} The hyperradius p is given by

p=4/R3+RE, (B.3)

Ri = psinb, and Ry = pcosb,, (B.4)

where

and hyperangle 6, is defined by

0, = arctan =, 6, € |0, - B.5
= —_—, S , = - .
, = arctan 7 b 5 (B.5)
The remaining four angles {7@1,7?,2} = {61, 91,05, po} are the common angular
coordinates of Jacobi vectors 7€1 and 7€2.

In terms of hyperspherical coordinates the kinetic energy operator for a

three-body system becomes

2m 2m

. 72 K2 /92 50 1 -
7?= (V& + V%)= —— <8—p2 Py ;Kz(ﬂé’)) , (B.6)
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where Qf = {6,601, ¢1,05, ¢} and KQ(QQ) is the hypermomentum operator de-
scribing the angular and hyperangular parts of the three-body motion defined
as

> _, N L*(R1)  L*(R,) 57
_8—9%_ cot( ”)a—e,f sin® 0, i cos? 6, (B7)

The eigenfunctions of the hypermomentum operator are the hyperspherical

K*(%) =

harmonics, which describe the distribution of the clusters in the three-body system
Flf(%ML (Qg) = \I’lny (9p)YL15\412L (7%1, 7%2) (B-8)

Here U'.2(6,) are the hyperangular functions and Y]fl]\l/fL (R1,Ry) spherical har-
monics. The corresponding eigenvalues of the operator K are defined by the
eigenvalue equation

KT = K(K + 4T, (B.9)
where K is called the hypermomentum. This quantum number is a generalization

of the normal angular momentum and is given by

K=0+0L+2  with ©v=012,... (B.10)

The quantum number [ (I3) is the relative orbital angular momentum between the
clusters separated by Jacobi vector R, (R;)
The hyperangular part of the hyperspherical harmonics is the hyperangular
function
‘~Ill[1(l2 0, = N}}b (sin 9p)l1 (cos 9,,)l2 Pf“/“?“ﬁ (cos26,), (B.11)

where N}éb is a normalization coefficient

V(K +2) (v + 1 + 1y + 2)! )}1/2 (B.12)

Nhlz —
K {2l1“2+2f(y+ll +35T(wv+k+3

and P22 (cog 20,) the Jacobi polynomial

Pos(z) = z—vi ( ”ZO‘ ) ( Zii ) (@ — 1" * + D)F. (B.13)

k=0

The normalization conditions for the hyperangular functions are
w/2
/ df,sin” 6, cos 0,V (0, WK (0,) = o k. (B.14)
0
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The angular part is expressed in terms of spherical harmonics as

Vi (Ri,Ra) = Z Z Yimy, (015 01)Yigm,, (02, 2) ¥ Ci%fbml (B.15)

711 ml2 = l2

LM . . .
where CllmlL lymy, 1€ Clebsch-Gordan coefficients. The spherical harmonics are

the eigenfunctions of the angular momentum operator L? and can be explicitly

written as

204+ D)l —m
Vi (0, 6) = ( 4W(l)i ml).l) P™ (cos 0)e™®, (B.16)

where P/ are the associated Legendre polynomials. The normalization and or-

thogonality relation of the angular functions is given by

/dgf)/d@ sin QY gb)Y/mi(@, ¢) = 5”/5mlm2. (Bl?)
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C. Correlated background

As was mentioned above, three-body systems can be described by a set of
hyperspherical coordinates {p, 6,,, Ry, 7A€2} and the wave function can therefore be

expanded in HH:

Won(Ri, Ra) = p=° Y Xiis(o) [TR3(95) @ Osaa,] (C1)

KLSlilo

where T'22(Q2) is the HH, g, the spin function. For Borromean systems, the

hyperradial functions y in Eq. C.1 behave asymptotically as

L1l

Xkis(p) ~exp(—rop)  for  p— o0, (C.2)

where kg is connected to the binding energy via Ey = (firg)?/(2m) and m is the
nucleon mass. Since such asymptotic behavior is the same for all terms in the

expansion one can choose a simple bound-state wave function

le(lis(P) alf(lisX( ) (), (C.3)

where
X (p) = clexp(—rop) — exp(—kip)) (C.4)

with

(C.5)

c = (HO_Hl)z and KLS

2/‘?051(/430 —+ l'il) Z | Il |2

This two-parameter hyperradial wave function reproduces simultaneously

the true asymptotic behavior of the bound-state wave function and size of the

system. The parameters ky and k; are defined using experimental values for
binding energy and RMS matter radius, respectively.

For a three-body system the distribution of momenta is given by

d°N

< [Wo(Py. Po) 2, C.6
PP, [Wo (P, ) (C.6)

where P, and P, are the conjugated Jacobi momenta.
If p1, p> and p3 are momenta of particles with masses my, ms and msg,

respectively, then the relative energy of the three-body system is given by
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h2 2 2

2m
where value k is introduced similar to the hyperradius, k = /P? + P3. Thus,

the six-dimensional volume element can thus be written as

2 h2 h2
+ &) = (P24 P2) = g2, (C.7)

m; Mo M3 2m 2m

dPdP, = 2dkdQ « E2, dEcy,d, (C.8)

dN

dEcyy’
from the momentum-space wave function by performing an integration over the

which indicates the possibility to obtain the distribution of relative energy,

five hyperspherical angles (£2£).

Using the model wave function from Eq. C.4 the Fourier transform and
the hyperspherical angular integration can be performed analytically. Introducing
E; = h*k%/(2m) (i = 0,1) in Eq. C.4, one obtains

dN
Ag|Fr(Ecnn)|? C.9
dEcnnO(; k| Fic (Ecnn)[, (C.9)
where
Ag =) lazgl (C.10)
LSl
and
Fre(BEom) o« ;YA 17 e ) e
e Bem) 0 Bow 3K+ 3) | <E0+Ecm T\ B+ Eem )|
(C.11)
where I'(x) is the gamma function and the function fx(y) is defined as
2K +7 2K +3
fr(y) = y*R0M Ry ( T 1 it 3,y> (C.12)

with o F1(«, 3,7, y) being the hypergeometric function.
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