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INTRODUCTION

Progress in nuclear science is often driven by aeeelerator and other
advanced facilities, which allow probing ever mdeeply into the structure of the
nucleus, or even to discover new states of thesanchatter.

It is well known that the atomic number Z deternsinbe number of
electrons of the neutral atom and, consequenttychiemical properties. When
displayed on a graph of neutron number N versube& stable isotopes lie along a
slightly curved line, called the line of stabilifyr s-valley of stability), all unstable
isotopes decay until the line of stability is reeghThe isotope lifetime can range
from less than 10 second to billions of years. Short-lived isotompesinot be
found naturally on earth, even if they are contityuereated in stars. So they play
an important role in the creation of the elemeats] in the understanding of the
universe origin.

Physics researchers think that most of the elementhe cosmos are
formed in stellar environments via reactions thatolve many rare isotopes,
which are short-lived nuclei (called exotic nucle®ry far from the line of
stability. The properties of most of these isotopes unknown and they can be
studied thank to the new facilities in the worlddato the theoretical models
calculation. In this scenario, nowadays differeatilfties are running to produce
exotic beams and new projects and techniques arey go reach new exotic
beams with high energy and intensity.

At Laboratori Nazionali del Sud of the Istituto Niazale di Fisica Nucleare
(LNS-INFN) in Catania (Italy), exotic beams are gwoed since many years. In
particular, the subject of this thesis deals whle bpportunity to study direct
reactions, using CHIMERA multidetector and beamsdpced by In-Flight
Fragmentation technique. CHIMERA (Charge Heavy Mass and Energy

Resolving Array) device is ardnultidetector made of 1192 telescopes. It has been
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build at LNS-INFN to study heavy-ion collisionstime intermediate energy range
(20-200 MeV/u). During the last year, thank to @neailability of light exotic
beams in thé'Be isotope region, the first two experiments haserbperformed to
test the detector’s capabilities. The elastic scaify angular distribution dfC+p
and'®°C+d at 50 MeV/ul®Be+p at 56 MeV/u aniB+d at 52 MeV/u are obtained
using the kinematical coincidence technique. Tisallte are very encouraging to
next studies of transfer reactions and/or othemsctireactions. Several upgrading
to optimize the beams transmission and increage ititensity are important to
improve the measurement results. Some of theseaw@adable in the future
experiments.

This thesis is divided in five chapters. The ckaft shows a panoramic
view of the physics understanding and controversyhe today knowledge of the
exotic nuclei, with particular attention to the etit reactions. The chapter 2
describes the principle features of the radioactheam production method,
especially the facilities running at LNS-INFN. Tlehapter 3 shows the main
CHIMERA multidetector characteristics, the taggisgstem upgrading which
allows performing experiments with exotic beamsdpieed by the In-Flight
Fragmentation method. The chapter 4 describes tbeegure to analysis the
experimental data, and to extract the elastic agaff angular distributions.
Finally the chapter 5 is devoted to illustrate firecedure and model used to

perform the fit of the angular distributions.
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CHAPTER 1 — Physics case

1.1 Introduction

Nowadays nuclear physics research is principallyotisl to investigate
nuclei far from stability by means of radioactivean facilities. Most of the
present knowledge of the nuclear structure is basethe properties of nuclei
close to the line of-stability, where the proton to neutron ratio is1akt the same
for the stable nuclei. Far from the stability regihe nuclear physics models have
to be revisited. Different observables disagree ¢xpected dependence, for
instance the nuclear radius dependence &5 the magic numbers for Z and N
seem to be dependent on N and Z, respectivelydBgsiucleon correlations and
clustering seem to play a much more important toén the binding energy of
stable nuclei. The study of nuclei under extremedd@mns of isospin (connected
to the difference between the proton and neutranbaus) leads to the discovery
of new phenomena like nuclei halos, neutron skim$ maybe even more exotic
structures. Consequently new modes of collectivetianoare expected in
connection with these phenomena, namely oscillat@frthe neutron skin against
the core, similar to the soft dipole mode alreatbntified in the case of very light
halo nuclei. Today the thickness and the propedfethe neutron skin of exotic
nuclei are not well known. This understanding widllp to describe the compact
systems like neutron stars, an object composedlynostneutrons at nuclear

density or greater and properties of both finitd arfinite system.

1.2 The nuclear chart and drip lines
The existence of the atomic nucleus is firstly tedato the binding energy
of the specific system of protons and neutrons. @ihding energy BE is defined
as the difference in mass energy between a nuéléysand its constituents of Z

protons and N neutrons and can be written by usiogic masses (in atomic mass
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units) as [HEY04]:
BE(4Xy) = [Z - M, + N - M, — M(4Xy)] c? 1.1
with Mp, M, denote the proton and neutron mass respectivilfzXy) is the
actual nuclear mass and taving the value of 931.50 MeV/u. Information on
atomic masses (experimental or calculated onesg carbe found tabulated on the
website of the Atomic Mass Data Center website [AJB]. The binding energy is
a measure of how much energy has been gained tinrtheg strong force by
forming the nucleus. On the other hand particle elndter binding energies give
important information about the limits of nucleaxistence. Then the neutron
(proton)  binding

e 7 energy B (Bp)

s &

& p emission

[ spentaneous fission
[ predicted

" (sometimes called
. By N separation energy)
is the amount of
energy needed to
remove the last

neutron  (proton)

—_— N —

from the specific
Figure 1.1 The chart of the nuclides showing the neutron aatiop drip lines which
are defined by demanding that the respective bindimergies, Band B, be zero. The
neutron and proton numbers for the closed shedisiraticated by the horizontal and
vertical lines. The figure also shows the line vehtdre fission barrier Bjoes below 4 .
MeV and a prediction of the possible shell struetfor the super—heavy elements information on the
[HUYO04].

nucleus and gives

single state of the
nuclear structure. Negative binding energy meaasttie particle is energetically
not bound anymore by the nucleus.

The chart of the nuclides (see Figure 1.1), aldledahe Segré plot, shows
the nuclear species as a function of the protonbauniZ) and neutron number
(N). The black squares correspond to the stabldenuthis area is called
“stability” or “p-stability”. There are about 283 nuclear speciéable or

sufficiently long lived to be found on Earth. Weegem initially along thé&l = Z
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line, but then moving steadily to the neutron rgitie of the chart, because they
opposite to the Coulomb force. The chart also g€ how many protons
(neutrons) the nuclear ground-state can hold aildbgt bound. Our present
knowledge of atomic nuclei suggests that some 60009 distinct nuclear species
live long enough to be created and studied. Siheebirth of nuclear physics,

many short-living radioactive isotopes have beensihibjects of extensive studies,

The valley of stability
/—\m’ =

-~ __nuclel with excess  the neutron side of ..~
© " nucleons move - the valley is poorly C-\“_(
. down the valley understood - scientists™ ;
; towards stability - aren't sure where the

dripline lies £

Figure 1.2 An artistic picture of the valley of stability. Thealleys walls area symmetric: as one adds neutiioas
valley's wall rises less quickly than by addingtpns. This is due to the repulsive Coulomb intéoacbetween protons
which grows as the square of the number of prole@aJ02].

first as products in natural radioactive chainstloough production in cosmic
radiation, and later as artificially created in ateas and accelerators. When
adding, as a third dimension, the nuclear massssx(the difference between the
nuclear mass and atomic mass number A) a landsesqmemes visible: the valley
of S-stability (see Figure 1.2). The stable nuclei faha bottom of the valley and

can be found by differentiating the Bethe-Weizséckemi-empirical mass
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formula. The cliffs of the valley rise paraboligafior a given mass number. The
weak interaction brings the unstable nuclei, thtoygdecay within isobaric
chains, back to the bottom of the valley. The tsoale of thgg-decay ranges from
milliseconds to years and strongly depends on Wadlable decay energy: going
further away from stability the decay is fasteraNthe drip lines in the Segré plot,
the binding energy (Br Bn) of the last nucleon (proton or neutron) beconas z
and the strong interaction takes over the weak ©hese lines are accepted as the
borderlines of nuclear existence, although foripaldr cases barriers can slow
down the particle emission and lead to the obsenvand study of nuclei beyond
the drip lines, so the exact location of themas,dertain isotopes, not well known.
For a given isotope, differences up to 16 masssunitthe predicted drip lines
using different mass models can be the result.

Other decay modes based on cluster emission, sucklecay and fission,
will become faster thap decay and will take over. The half life for decay
depends mainly on the available decay energyv@ue, see [ATMC]) compared
to the height of the Coulomb barrier, although lauaclear structure effects can
alter the half life by one to two orders of magdgu Different regions, where
decay is or will be the main decay mode, can baliwed on the chart of nuclei
(see Figure 1.1). The half life values of the sparbus fission process are much
more difficult to obtain due to the extreme semgitito the fission barrier shapes.
Furthermore, shell effects can stabilize the stedal'superheavy elements”
towards the spontaneous fission process and thmerdfe question of where
nuclear existence ends in the superheavy cornstilisopen. In Figure 1.1 a
borderline is drawn where the fission barrier laysund 4 MeV. Taking the
different borderlines into account, more than 6006lides are believed to exist of
which 3600 have been observed even if not all efitlhave been studied in full
detail. Within this high number, important infornat on the forces interacting in

the nuclear medium is present and the most exatitenis believed to give a deep
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understanding of the nucleus and its structure [A&]Y

1.3 Physics interests in Radioactive lon
Beams (RIBS)

As it was discussed in previous section, variousagwlations using mass
formulae and fits to the known nuclei in the regioihstability diverge rather
wildly when approaching the drip-line region. Sbisi clear that main interest is
found in studying new ways in which protons andtrens are organized in
forming nuclei, which are either very neutron ooton rich.

In order to reach those regions, new production sephration techniques
are under development, leading to intense and etiengadioactive ion beams of
short-lived nuclei. Eventually, these beams camused to go even further out of
stability. A very important driving idea in the mhaction of these radioactive
beams is the accessibility to the nuclear reacttbas play a role in the element
formation inside stars. The domain at the borderbetween nuclear physics and
astrophysics, called 'nuclear astrophysics', cas be studied and will help to find
the key reactions that have led to the formatiotheflightest elements first: light-
element synthesis, understanding the CNO catatytite, etc. Indeed radioactive
beam experiments are important for the measurerokmeactions and decay
processes of radioactive nuclei which can takeeplaicthe high temperatures,
typical in explosive stellar events. Reaction measients with radioactive beams
have been successfully performed, simulating nugdeacesses in the Big Bang
and for explosive hydrogen and helium burning cbos. Besides in the domain
of nuclear astrophysics, the exploration of thetrogurich side is essential: in this
region, in fact the formation of the heavier eletsarccurres during the r-process
(the rapid capture of a number of neutrons in reast(n,y)), befores-decay back

to the stable region could proceed [HEYO04].
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1.4 Nuclear structure far from stability

The shell model is related to the description oflear excitation modes
and the properties in the ground-state. So onéefrtain questions is to find the
way to extrapolate the nuclear mean field approachegion far from thep-
stability. Indeed nuclei with high isospin have pedies as spin, parity, and
electromagnetic moments, different from the onegdeen by the shell-model.
Many phenomena may affect the shell structure, sgdine isospin dependence of
the effective interaction and in particular thensprbit term.

While shells and magic numbers are important terdenhe the properties
of the nucleus, polarization effects can also plaglevant role. More specifically,
there are collective effects involving from sevetalall nucleons leading to a
variety of phenomena such as vibrations, rotaten giant resonances. They are
driven by correlations among nucleons. Collectiiidads to deformation and
weakening of the spherical shell structure. Muchtld richness of nuclear
structure derives from the interplay between themapeting tendencies, namely
the interweaving of single-particle and collectiveotion and their subtle

dependence on nucleon number.

1.4.1. Shell structure

The shell model is the basic framework for nucktaucture calculations in
terms of nucleons. It is based on the assumptiain ds a first approximation, each
nucleon inside the nucleus moves independently igplerically symmetric
potential, generated by the other nuclei and inolya strong spin-orbit term. The
nucleons are arranged in shells, each one ablentaia up to a certain number of
nucleons determined by the Pauli principle. Thecatied “magic numbers”
correspond to fully occupied shells. An energy @gmpears between the last
completely occupied and first unoccupied shelk firovides extra stability to this

particular combination of nucleons. Magic numbeeswaell established for nuclei
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+ along the stability line and for most

508§ ———— 4312

of the known unstable nuclei.

/-\ 308§ —————— p12”
7o ) For nuclei far from stability
vpli2 8 o .\J/ 8§70 —— a2* L -
8 0 I . s+ Vanishing of the traditional shell
apl/2 [N |vd5/2:51/2.d3/2 gaps and appearance of new magic
" C 750 axt  humbers might however occur. One
npa/iia 1 "
6 IB 1 . . .
— — 3130 ————— pr2- important aspect, which is currently
RES R
Gl 1 LeCo) the subject of much discussion, is the
P N _/ 740 —————— as2t
'Hel  ®7 o——— a2t so-called “shell quenching”, which is
¢ e .
.-~s\ - /,\ related to the modification of the
- - QB-L/.,}' average field experienced by a single
Figure 1.3 Examples of shell inversion [GRA04]. nucleon as a consequence of Changes

in size and diffuseness for nuclei
with large isospins. For these nuclei far from sitgbthe softening of the Woods-
Saxon shape of the neutron potential is expectexduge a reduction of the spin-
orbit interaction and therefore a migration of thgh-l orbitals with a substantial
modification of the shell structure [DOB94, HEY04].

In this scenario single particle states, two nutleeparation energies,S
and $p and their differences,, and é,, respectively, excitation energies are used
as signatures for shell structure. It can conssdene examples of the experimental
discoveries of the level inversion. The Figure liBstrates the evolution of the
N=8 shell gap’O has 8 protons (magic) and 9 neutrons. Removédeofwo p/
protons from thé’O to'°C causes the 5/Znd 1/2 levels swap excite states. The
removal of the first pair protons inypin *?Be causes an upward shift of the, pf
the neutrons partners, closing the N=8 gap newtnahopening the N=6 gap. This
behaviour is strongly evident Be level scheme with the inversion of the.s
and py.- levels (shown in Figure 1.3).

The status of the nuclear shell model is determimgdhe capabilities to
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take care of a continuous set of adjustments, deraio handle many major shells
at the same time, by the availability of realigtio-body effects accounting the
three body effects and the comparison with expertaiedata in exotic region

[GRAOA4].

1.4.2. Nuclear moments and nuclear masses far
from stability

The ground-state properties of an exotic nuclewh @s half life, decay
mode, decay energy and subsequently the mass tare tbke first experimental
information obtained. The ground-state mass is atiqular importance as all
interactions and correlations contribute to it. @gperimentally mapping the mass
surface and improving the theoretical mass formuiaebecomes clear that
clustering and nucleon correlations create mordibghand therefore more exotic
nuclei are expected to be bound. While in the passt of the masses of
radioactive nuclei were deduced from their decaratteristics (such as andf-
decay energies) and in the region of the stabflibyn reaction work (such as
energy thresholds for transfer reactions), the mdation of radioactive beams
has advanced so much that superior mass measugszaneniow possible in traps,
accelerators, dedicated spectrometers and starage r

The density in the atomic nucleus, as well as tfifasgness of the surface,
was predicted to be nearly constant and as a coeseq the nuclear radius varies

3 with Ry ranging from 1.2 to 1.25 fm. Furthermore, the

with mass number as,R
protons and neutrons are mixed homogeneously inntleeus. One can then
calculate the change in the mean square radiugdinp@one neutron to a nucleus,
assuming a uniformly charged, spherical liquid dildpund mass A = 100 this is
typically of the order of 0.3 percent, which is $hcampared to the change in the
mean square radius induced by a deformation ofsgieerical shape: a typical

guadrupole deformatiorg, = 0.3, causes an inc:rease<(|5f>2 of 3 percent. Such
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changes can be deduced accurately by measuringptiope shift of a spectral line
between two isotopes.

The advent of radioactive beams made possible tasume interaction
cross sections of radioactive ions, and surprigingige root mean square radii
were observed in the first experiments in BerkéleAN85] for °He and'Li. The
large size of these particular nuclei was explaiagdue to the halo effect, which
arises from the weak binding of the last valenceleans. The particular situation
of nuclear radii in the beginning of the nucleaarths shown in Figure 1.4.

The ground-state spin and parity, the nuclear mlewgnetic moments, the
magnetic dipole moment and the electric quadrupotanent, provide crucial
information on the nucleus, as on the specific Ishpgurticle characteristics of the
valence nucleon(s), as well as on the collectigperties of the underlying core.
The knowledge of spin and parity of a ground-stafeen comes from its decay
characteristics, provided the structure of the @iéergnucleus is well known. But
in many cases the selection rules for the spedécay mode(s) only limit the
possible spin range and therefore other methods tabe developed to have a

unique spin and parity determination. The magndipole moment is directly

Neutron Drip line

'Rmn'ns -1.47) fm
. 000
1 o 0.5 1 1.5 2
0 ——Tr—T e e e e e e e e e e
0 5 10 15 20) 25

N

Figure 14 Root-mean-square matter radii of light nuclei [T28{
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related to the nuclear spin through the gyromagmatio [HUYO06].

Several ingenious techniques have been developeuetsure nuclear
electromagnetic moments and they have recently beelewed by G. Neyens
[NEYO03]. The magnetic dipole and electric quadrepsioments of'Li and °Li,
and thus the proton distributions, are very similduich, in turn proves that the
extended radius itfLi is due to the extra neutron pair [ARN92].

With the advent of energetic radioactive ion beamsumber of reactions
can also be used to obtain information on the spith the parity of the ground-
state of the projectile and of the populated stadesinteresting spin-off of the
optical techniques that have been developed to uneatectromagnetic moments
is the laser ion source. Laser light can be usedniae efficiently and selectively
the radioactive isotopes of a specific element peced in nuclear reactions. The
influence of the nuclear properties on the atonptical transitions through the
hyperfine interaction can be probed with the resbfaser ionization technique by

scanning over the laser frequency [HUYO06].

1.4.3. Halo Nuclei

The halo is a threshold effect arising from theywgeak binding of the last
one or two valence nucleons (usually neutrons) \aitWell-defined inert ‘core’
containing all the other nucleons. In halo nudleg potential well corresponds to
the mean field potential of the core of the nuclelise valence nucleon (the
discussion will be restricted to one halo nucledngipally) has a good chance of
finding itself outside the core. The uncertaintynpiple ensures that such bound
states have a relatively short lifetime, of theeordf a few milliseconds to a few
seconds. This is quite long enough for such nuidebe formed and used in
nuclear reactions in order to study their unuseatures.

The accepted definition of a halo nucleus (typicall its ground-state) is

therefore that the halo neutron is required to hawvee than 50% of its probability
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Figure 15 Many new phenomena occur for dripline nuclei. Samhthem are illustrated
here for the A=8, 11 and 17 isobars. The A=8 isalmeusists of nuclides, which are all
radioactive. The astrophysical interesting nucRBiss a one-proton halo nucleus while
®He may best be described as an alpha core surdundéour neutrons. For A=11 the
neutron dripline is reached foli (T1,=8.3 ms), which is a two-neutron halo nucleus,
while *Be is a one-neutron halo with an intruder s-statits ground-state. The level
order of the ground-state and the first two excittates in'Be is identical to that of its
unbound mirror nucleuSN. The A = 17 isobar is limited by the two-neutrand two-
proton halo nuclet’B and*'Ne, respectively, and the beta-decay of the ldtieds an
excited proton-halo state 1fF at 495 keV [JONO4].

density outside the range of the core potentialsuoh open structure, it is not
surprising that shell model and mean field appreado describe such systems
break down, and few-body (cluster) models of coles valence particles can
account for the most general properties of theséenwsuch as their large size and
breakup cross sections. In addition to the decogpf core and valence particles
and their small separation energy, the other ingmbrtriterion for a halo is that the
valence particle must be in a low relative orbig@ar momentum state, preferable
a s-wave, relative to the core, since higher l-ealgive rise to a confining
centrifugal barrier. The confining Coulomb barngithe reason why proton halos
are not so spatially extended as neutron halos.

The three most studied halo nuclei &, *'Li and *'Be. However others
exotic halo systems will be confirmed, such*#e, **B, 1°C and'°C. The above
examples are close to the neutron dripline atithéd of particle stability. Other
candidates, awaiting proper theoretical study amgeemental confirmation
includeB, 'B and*B, along with*°C, %C and*0. Proton halo nuclei examples

include®B, 1N, 'Ne and the first excited state OF.
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Another special feature is that most halos teraetananifest in the ground-
states of the nuclei of interest. Indeed, mostiefknown halo nuclei tend to have
only one bound state; any excitation of such a Wweb&und system tends to be
into the continuum, with the notable exceptiort'&e which has two bound states.

It is possible to distinguish single halo, two meathalo and neutron skin
(see Figure 1.5). Two-neutron halo nuclei, such®de and*'Li have the
remarkable property that none of their two-bodysysbems are bound. Thifsje
can be modelled as a bound three-boedy+n system despite there being no
bound states ofi+n (He) or n+n (the dineutron). Such nuclei have beslfed
‘Borromean’ [ZHU93] and their wavefunctions requiaher special asymptotic
features to account for this behaviour [KHAO4]. Tdeare different model to
describe their nuclear structure. In general, singhlo can be studied using a
simple two-body (cluster) model, core + valencetray bound by a short range
potential. Indeed one of the criteria for a haliesto exist is if the total probability
for the neutrons to be found outside the rangéhefpotential is greater than the
corresponding probability within the potential. Tweutron halo model considers
the motion of the two neutrons around the nucleu® @nd can be described
through Hartree-Fock techniques. A number of swdiee currently developing
fully microscopic (ab-initio) structure models. Hhetart from a realistic NN
interaction and can also include 3-body forces.tAappromising approach is the
Coupled Cluster Method [DEAO3]. This has been usgdely in a number of
other fields, such as chemistry, atomic and coretbmsatter physics, and it has

only recently been applied seriously to nuclearcitire.
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1.5 Nuclear Reactions induced by RIBs

The continuous improvement in the intensities aptical qualities of
secondary radioactive beams leads to systematatiestof nuclear reactions,
essential to the development of modern nuclear iphiydn particular direct
reactions that selectively excite a minimal numtifanucleonic degrees of freedom
are particularly relevant. So mechanisms such aslo@W excitation, more
recently elastic and inelastic scattering, transiad knock-out reactions are
rapidly becoming standard tools for the investiatof the structure of nuclei far
from stability.

At energies larger than 500 MeV/u it is generaligepted that the Glauber
approximation [GLA59] can be used to infer chargd anatter distributions from
proton elastic scattering data, if the cluster cttrre of the nuclei is properly
considered [KHA96, KHAO1].

At lower beam energies, inelastic scattering caruged to measure the
resonance structure of nuclei and the nature oflyavg excitations. Inelastic
excitations can provide additional information, gdementary to Coulomb
excitation studies, since the nuclear interactioat teads inelastic excitation is
function of protons and neutrons numbers, whilel@uob excitation depends only
on the interaction of protons [IWAQ0Oa, IWAOQODb].

Transfer reactions can be used to accurately datermtomic masses,
excited state energies, level spins and paritied, spectroscopic factors. It has
also been established that nuclear deformatione bkpar signatures that can be
inferred from transfer reaction angular distribn8sdWER94, BER83]. The use of
angular distributions inverse kinematics could eumn extended to electron-
nucleus scattering by the use of a colliding etactexotic nucleus storage ring.
This would allow an accurate determination of clkadistributions in nuclei
[CASO00].

The following subjects concerning the elastic sraty, transfer and
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breakup reactions are strictly connected with tivestigation of this thesis.

1.5.1. Elastic Scattering

The elastic scattering is a well known reactioncpss and it has been an
important source of information on nuclear promsitiThis information can be
obtained primarily through studies of the potental interaction (“optical
potential”) that is found to reproduce measuremenhthe elastic scattering cross
sections. In distorted waves Born approximation @AY the distorted
wavefunctions for the incoming and outgoing paeticare generated using optical
potential. It describes elastic scattering andceftd the non-elastic channels is
taken into account through the imaginary part efaptical potential. If, however,
one or more inelastic channels are strongly coufidtie elastic channel it is not
sufficiently accurate to take them into accounotigh the optical potential, nor it
is sufficiently accurate to use DWBA to calculdte scattering into these inelastic
channels. This strong coupling situation arisesnsteongly collective states are
excited (coupled-channels (CC) approach) [BRA97].

The phenomenological optical model tries to repldme complex many-
body problem of the interaction of two nuclei b timteraction of two structure-
less particles through an effective potential. e tdescription of the elastic
scattering, the effect of non-elastic processesh aag inelastic scattering and
transfer lead to absorption of flux out of the aashannel, being represented by
adding an imaginary term to the potential. While tkffective potential is in
principle non-local, it is usually replaced by ltxal equivalent of the general

form
U(r)=V.(r)=V(r)—-iw(r) 1.2

where V(r) is the real well depth, W(r) is the inreagy part that takes into account
the non elastic effect of the interactionc(W represents the Coulomb potential

usually described by:
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where Ry is the sum of the charge radii of the interactinglei, Z and 2y are the
charge of the two nuclei colliding and r is theatele distance. The calculated
elastic scattering is usually insensitive to theich of Ry, for heavy-ion elastic
scattering [KEE09].

When studying proton plus nucleus elastic scatjeginenergies well above
the Coulomb barrier, usually it can be neglecteeCsj effects due to couplings
to other reaction channels. It is then possibledéscribe the scattering by
phenomenological or microscopic potentials thatyvatowly with energy.
Microscopic optical model approaches have been fegemhany years to calculate
the nucleon-nucleus and nucleus-nucleus entranaeneh optical potential and
transition potentials, for scattering to exciteatas [ALAO4].

A very popular microscopic optical model descriptfor obtaining the real

and imaginary parts of the nucleon-nucleus optpmztential is the JLM model

p( wBe.wBe]p p(”BB.“BE]p
E/A=39.1 MeV ' 10 Yo, E/A=38.4 MeV
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Figure 1.6 On the left side the cross sections for'fBe + p elastic scattering at.2MeV/u compared to calculations
using the JLM potential and the “Sagawa” densitye Tull circles correspond to the data. The dasineccorresponds
to the standard JLM calculation for light nucleillfine (dotted line) corresponds to calculati@msvhich the real part
(imaginary) was renormalized. The potential is t@ritU; v = Ay V + iAwW, with 1y, 2w the normalization factors of the
realV and imaginaryV parts of the potential. On the right sidBe + p elastic scattering at.a81eV/u [LAPOS8].
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Figure 1.7 Elastic-scattering angular distributions &&n: *Be (red
triangles),’Be (blue diamonds), antiBe (black squares). The lines
represent the optical model calculations®®e (dot-dashed linejBe
(dashed line), and'Be (full line). The inset shows the measured
angular distribution (symbols) and optical model(full line) for the
Be+*Zn system together with the result of the calcatatfor the
inelastic excitation of (1/2 Ex= 0.32 MeV, dashed line). The error
bars are statistical fdf"Be and statistical and systematic Be on
%4Zn. In order to reproducéBe data, it was used a surface potential to
take into account the diffuse halo structure [DIP10

developed by J.P.
Jeukenne, A. Lejeune and
C. Mahaux [JEU77]. In
this model, ground-state
and transition densities
are used to deduce, from
infinite  nuclear matter,
optical potential
calculations, the elastic

scattering and the

transition optical potentials of finite nuclei [AlO%]. An example, the Figure 1.6

shows angular distribution of elastic scattering’dfBe nuclei and it is compared

with the calculations using the optical model anchiaroscopic approach for the

proton—nucleus potential.

In literature it also established that to descridastic scattering involving

weakly bound nuclei at incident energies lower th&0 MeV is necessary take

into account the strong couplings to the continutiates of the break-up channels

to the elastic channel [SAK87]. The probabilitylde excited to continuum states

is higher, compared to the stable isotopes, arsdntlaly induce new features in the

interaction potential. The coupling to the otheaateon processes may also be

stronger. In principle, to calculate the interactipotential for elastic scattering,

one should include all possible virtual couplinggveen the ground and higher

excited states. These processes remove flux frereldstic chann¢BRA97]. The

interaction term arising from couplings to inelastthannels is called the

1 Continuum states: for a pair of interacting nu¢eiA), states where either a or A or both are unbdcare referred to as
continuum states. The continuum, so called, bec#use are an infinite number of unbound states bitend into a

continuous whole containing resonant states of-defihed spin and parity and decay widths as welthe main non-

resonant continuum. Couplings to and within thetioolum are particularly important for weakly-boundclei and can

have significant effects on other channels, paaitythe elastic scattering [KEEQ09].
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dynamical polarization potential (DPP) [BRA97]. $herm is complex, non-local
and energy-dependent, it includes the couplingktited states and to continuum
states or to other reaction processes, like transéetions or break-up.

Another new approach describes the elastic saaftesith halo nuclei
through optical model adding a part related toghdace potential. A systematic
work on elastic scattering around Coulomb barrighWwalo nuclei [DIP10] gives
very interesting information about the surface prtips, such as size of nuclei and

surface diffuseness (see Figure 1.7).

1.5.2. Transfer Reactions

Distorted wave theories applied to transfer (knouk- stripping, etc.),
assume two-body descriptions of both the entranog exit channels. The
comparison with experimental data allows to obthfferent information; in facts
measurements of the energy spectra give locatioostdhe states of the residual
nucleus and values for the separation energidseafansferred particles. Whereas
measurements of the angular distribution give mfmion about the transferred
angular momentum (from the shape of the distrilm)tend about the strengths of
the transitions (from the magnitude).

The workhorses of this effort were tha ) stripping and §, d) pickup
reactions, but many other reactions were usedjdimd two-particle transfers.

For reactions with radioactive beams, one must workverse kinematics,
since the nucleus of interest is now the projedihel not the target. Very few
transfer reaction studies involving radioactiverbsahave been carried out so far.
This is mainly due to the low cross section, ofdhger of 1 mb/sr.

Interest in the halo nucled$Be has prompted work on the'{ge°Be)d
reaction at 35 MeV/nucleon [WINO1]. As previouslentioned, the nucleusBe
is particular interesting for several reasons. gtmund-state spin parity is I/t

contradiction to the simple shell model and spla¢ritartree—Fock prediction of
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1/Z. This “parity inversion” is correctly predicted byor example, psd-shell
calculations of [BRO96]. The simplest configuratioonsists of a 2s valence
neutron coupled to d°Be core, that isa‘lOBe(O+)D251,2>. In case of core
excitation (2 excited state at 3.368 MeV fofBe), there is another component
with a valence neutron in the skdsub-shell, that isB‘ l°Be(2+)D1d5/2>. If one
expresses the wave function of the*T/Be ground-state as the sum of the single-
particle and core excited components

“Be,, =a|Be(07) 0 2s,,) + 8| “Be( 2 ) U y,) 1.4

The spectroscopic factors for transfer to the gdoand first excited state
of 1°Be should be directly related 6 andp? assuming negligible population of
the 2s1d orbitals by’Be core neutrons. Then the study of the neutromstea
YBe(p,d}°Be provides information on the overlap between gheund-state in
“Be and the0}; and 2{ states in*Be, as well as on the ratio of the two
component$/a [WINO1] (see Figure 1.8).

An experimental observable, to probe the strenfjfawing correlations, is
the probability of reactions in which a pair of tems is transferred between
projectile and target. Again the reaction, typigalt,p) or (p,t), would be
performed in inverse kinematics. The differencethia asymptotic behaviour of
single-particle density and pair density in a wgdldund system can be measured
by comparing the energy dependence of one-parcl@ pair-transfer cross
sections. The question of the evolution of theipgieffects as function of isospin
and nuclear density has often been discussed.rargk it is predicted that the
pairing gap increases with neutron excess. Thiscefis related to the density
dependence of the pairing interaction and the lodegrsity associated with skins
and haloes. The increase of the pairing correlasioould be reflected in larger
probabilities in two-neutron transfer reactions,ichhare the direct measurement

of the pair field.
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1.5.3. Break-up reactions

In the previous sections, it has been describedtthasfer reaction is an
important tool for the study of the single-particlearacteristics. However, transfer
reactions experiments, in the case of an exotitnpaiof the reaction, are often
difficult to perform due to low cross sections. Bles most importantly the
theoretical analyses require very precise knowlexfglbe nucleus-nucleus elastic
scattering optical potentials, which in turn camtein the effects of break-up
[TYM99, BONO2]. Then the study of break-up reactiaepresents an important
complementary approach.

The breakup reaction on a light target is charasdrby an unusually
narrowv momentum distribution of a “core” fragmemtdaan enhanced reaction
cross section, reflecting the extended neutron Iséocture. Indeed, the halo
structure was first discover fdfLi by observing the enhanced interaction cross
section for this nucleus [TAN8%nd the narrow momentum distribution %,
following the breakup of'Li on a carbon target [KOB88, ORR92].

In case of one neutron halo, the simplest measurernsethe single-

neutron removal cross section, in which only theegs observed in the final state,
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Focal plane position (channels)
Figure 1.8"'Be at 35.3 MeV/u on CHarget with SPEG and CHARISSA array. Upper panel

Be focal plane spectra in singles; lower panel:coincidence with deuterons in the
CHARISSA array. The spectra are t8Be laboratory angles from 0.4° to 1.2° [WINO1].
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as in the transfer reaction. If the interactiorpoessible for the neutron removal is
the neutron-target nuclear potential [BON98], theeacross section in coincidence
with the neutron is called diffractive (or elastimlakup cross section.

In the case of heavy targets, the coincident csestion contains also the
contribution from Coulomb breakup due to the cengut Coulomb potential
which acts as an effective force on the neutronNBG)J. So in general, in all
theoretical models the dynamics is controlled by three potentials describing
nucleon-core, nucleon-target, and core-targetactens.

In some works it has been established that the Ir@akup is responsible
for a damping in the elastic angular distributionthe range of 5°-20° [KHAO04,
BONOZ2]. Besides charge exchange reactions, whicyme radioactive nuclei in
the final state, have also been studied. The effiédhe halo breakup is very
dramatic in this case, reducing the absolute gessons by about 50% [CAPO1].

In general the theoretical methods used to des¢hbeabove mentioned
reactions, require at some stage of the calculdherknowledge of the nucleus—
nucleus optical potential. The problem of the dateation of the optical potential
for a halo projectile has already been studied bypyrauthors and a summary can
be found in [PACO00]. For example one method is t@rts from a
phenomenologically determined core—target poterstiad then the effect of the
breakup of the halo neutron is added. This prolegsts to adding a surface part to
the core—target potential [BONO2]. This new surfaeaked optical potential has
been seen to have a quite long range which sheflitt the properties of the long
tail of the halo neutron wave function. Such kilndgotentials are often called, as
previously said, DPP.

Another approach to the calculation of the imaginpart of the optical
potential due to breakup is based on a semicldssiethod described by Broglia
and Winter in [BRO81a,BRO81b]. This is also usedBrink and collaborators
[BON85,STAS85] to calculate the surface optical paigd due to transfer and in the
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""Be+"C a)
542 MeV

Figure 19 (a) Elastic scattering angular distribution for theatin *'Be + *C.
Solid line is with a bare volume imaginary potehtizashed line is obtained adding
the imaginary surface potential. Dotted line in@slso the real part of the surface
potential. (b) Solid line is obtained with the sabage potential as in (a), the dotted
line is obtained by decreasing both the real andgimary potential radii as
explained in the text, while the dot-dashed lineoligained decreasing only the
imaginary potential radius [BONO2].

Bonaccorso and Brink model for transfer to the icantm reactions [BONS8S,

BON91a, BON91b, BON92, BON98]. The idea is that ltineakup is a reaction
following the same dynamics as transfer but leadmanly to continuum final

states for incident energies per nucleon highen tha average nucleon binding
energy.

Since the optical potential has one of its mogredting applications in the
calculation of elastic scattering angular distribng, Figure 1.9 shows an example
for the reaction'Be +*?C at 49.3 MeV/u. The optical model parameters ffiar t
volume parts of the bare potential are taken froeh FRKHA97] (solid line). The
dashed line is obtained instead including the serfmaginary potential calculated

according to the method proposed in the work [BONOBhe theoretical
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calculations reproduce the behaviour of the expemiad data especially at angles
larger than 5° where the effect of breakup is topsess scattering [BONO2]. The
angular distribution shows the usual Fraunhoferillaions at small angles,

followed by an almost exponential decrease of tlssc section due to far side

dominance.
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CHAPTER 2 — Production of
radioactive beams

2.1 Introduction

The exploration of nuclear matter under extremedit@ms is one of the
major goals of modern nuclear physics. The oppdrasnoffered by exotic ion
beam for research in the areas of nuclear stru@ndemechanism and nuclear
astrophysics are exciting, and worldwide activitythe construction of radioactive
beam facilities bears witness to the strong sdientiterest in the physics, that can
be probed with such beams. Moving away from thdeyabf stability, the
production of the so called “exotic nuclei”, howevis compared with difficulties
because of the extremely low production cross seand very short half lives of
the nuclei of interest. Nowadays there are two dempntary ways to make good
guality beams of exotic nuclei: the Isotope Sepama®©n Line and the In Flight

Fragmentation methods (see Figure 2.1):

The Isotope Separation On Line method (ISOL)radioactive species are
produced in a target and thermalized in a catcbesisting of solid, liquid or gas
material. The isotopes are subsequently extractad the catcher material and
ionized in an ion source. After extraction from tba source the species are mass
analyzed using magnetic selector and subsequeotiglaaated to the required
energy. Beams produced have good optical quality weariable in energy

essentially from rest (meV/u) to intermediate egdegfew 100 MeV/u) [HUYO04].

In Flight Fragmentation method (IFF): thin production target is
bombarded with an accelerated heavy-ion beam ierotal have the reaction
products recoiling out of the target. The primaeaim fragments into a variety of

stable and exotic secondary beams, moving withciteds around the primary

Tesi di dottorato in Fisica, di Laura Grassi 28



beam. This method uses the reaction kinematicsesmmbination of magnetic
and electrical fields, and atomic processes totifyetne nuclei and to separate the
isotopes of interest from the primary beam or frotmer isotopes produced in the

reaction. In this way it is applicable to very dhloring nuclei (jus) [DUPOQ6].

Several RIBs (Radioactive lon Beams) facilities averently running in
the world and new projects have been developed.ew generation of RIBs
facilities is planned with FAIR (Germany), SPIRAIPrance) and FRIB (USA),
looking for hybrid combination of the two produationethods described above.

At the Laboratori Nazionali del Sud of Istituto Nezale di Fisica Nucleare in

In Flight Isotope Separator On line (ISOL)
Fragmentation
(IFF)
light and heavy ions, n, e
driver accelerator -spallation
heavy ions or -fission
-fusion reactor -fusion
-fragmentation -fragmentation
thin target Catcher
high-temperature thick target

| !

\ gas cell i
fragment separator \ ion source
Cms mass separator

storage ring

post accelerator

—

experiment
GeV F.) detectors meV to 100 MeV/u

= spectrometers

eventually slowed down ms to several s

us good beam quality

Figure 2.1 A generic description of the IFF and ISOL methfidigY04].
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Catania (Italy), LNS-INFN, exotic beams are produd®/ IFF beams and by
EXCYT facility (ISOL method). Besides, since 2008 has been started
collaboration in the SPES (Selective Production Exfotic Species) project
consisting in the design and realization of a newility based on the ISOL
technique for production of radioactive beams ofiimen mass. This project will
be realized at the Laboratori Nazionali in Legnafothe Istituto Nazionale di
Fisica Nucleare (LNL-INFN). It represents an intediate step towards the

EURISOL project [EURW].

2.2 The Isotope Separation On Line
method (ISOL)

The different steps of an ISOL system, shown inufég2.1, can be
considered: production, thermalization, ionizati@xtraction, mass separation,
cooling, charge-state breeding and acceleration @fteh some of them are
embedded in a single unit of the system. The differsteps are governed by
physical and chemical processes, thus both phy4ea., production cross-
section, decay half-life, ionization potential) amdhemical (e.g., molecular
formation probability, volatility) properties of éhnuclei of interest and of the

target material are important.

2.2.1. Reaction mechanisms
The main aim of the target systems is to producenash isotopes as
possible and to get the released in gaseous foom the target, as fast and as
efficient as possible. A wide variety of reacti@msl beam-target combinations are
chosen to produce the radioactive isotopes of@stetooking the predicted cross
section of the system and therefore to obtain b prgduction yield for the exotic
nuclei of interest. Usually the processes involirethe exotic beam productions

are: light and heavy ion fusion evaporation, direetctions, fission, spallation and
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fragmentation reactions. Different projectiles wathvide energy range are used to
induce the nuclear reaction in the target: low gngrotons and neutrons of 30 to
100 MeV, high-energy protons of 500 to 1500 MeVawnheions of 4 to 100
MeV/u, thermal neutrons and electron beams of 59 Me

Beams close to the line of stability on the neueficient side can be
produced through light-ion induced fusion reactiolmsthis case the advantages
are the high cross section of the reaction andhtgk intensity of the primary
beam available. Instead heavy-ion fusion evaparateactions have typically a
much lower cross section, but they produce neutleficient nuclei very far from
the line of stability.

To produce neutron-rich nuclei in a wide mass ramiféerent beams, as
low and high energy protons, heavy ions, fast errttal neutrons and electrons,
are used to induce fission reaction BF*U, #**Th and long lived actinides.
Usually the cross section of a fission reactionas very much dependent on the
energy of the incoming particle, so with differesrtergy of the primary beams,
different secondary beams can be produce with ahewtame rate [DAR90].

Spallation products can span a large part of tlibeaun chart on its neutron-
deficient side. The production cross-sections facle very far from stability are
modest, but the high primary beam energy (usuabyom) allows one to use thick
targets (of the order of 100 g/ém

Projectile fragmentation reactions are induced lhygh-energy heavy ion
beam with energies above 50 MeV/u or a high engympton beam. These
reactions produce a wide variety of isotopes, ctoghe initial target or projectile
nucleus as well as very light nuclei.

It should be noted that direct and light or heawg fusion evaporation
reactions produce on average a limited number térdnt isotopes, while the
other reaction mechanisms discussed produce hundarfedifferent isotopes. In

general, the choice of the nuclear reaction, usegrboduce an ion beam of a
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particular isotope, depends on its position ondhart of nuclei, but also on its

physical chemical properties [DUPO06].

2.2.2. Targets and Catcher

The main aim of the target systems is to producenash isotopes as
possible and to release them as fast and as effiage possible. The diffusion in
the target material of the reaction products igtyyrconnected to the chemical
properties of the target systems. Once the exataeten are produced, they are
stopped in a solid or gaseous catcher. Often thel thermalized” instead of
“stopped” is used to indicate that the radioactt@ms are cooled down from e.g.
about 200 MeV Kkinetic energy in case of a fissieaction tolB00 meV average
kinetic energy corresponding to a catcher tempezadfi 2000°C. In some cases
the target and the catcher are the same. Aftemiilezation the radioactive nuclei
of interest (partly) escape from the catcher aeg tire transported towards the ion
source. In case of a solid catcher, diffusion frtma target/catcher material is
followed by effusion towards the ion source. Thenfer process is governed by
the diffusion properties of the atoms of interest @f the target/catcher matrix.
The effusion is controlled by a combination of st pumping through the pores
of the target/catcher material and through the eoting tube, sticking times when
the atom hits a wall and diffusion properties ¢¢ #toms with respect to the wall
material. In case the sticking time is long comgate the diffusion time of the
atom inside the wall material, it will diffuse aegentually disappear in the walls.
To reduce the loss of nuclei, the speed of theseesses is increased by heating
the target/catcher system, the transfer line arel itin source to a suitable
temperature. In this way the diffusion processhi surface of the solid matrix is
accelerated and the sticking time at the wallsheftarget or catcher material and
container is reduced.

Thick targets are mainly used in combination witighkenergy proton
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beams, in particular for light-ion fusion reactiofpUP92, GAEO03] and
fragmentation reactions [VILO3] thick carbon catcheare exploited as well.
Typical targets have thicknesses of a few 100 §/amd consist of foils (e.g.,
tantalum), fibres, liquids (e.g., mercury) or powgl¢e.g., uranium-carbide). The
target container is heated, e.g., by sending antriglal current through the
container, reaching temperatures around 200

In heavy-ion fusion evaporation reactions the fgmaducts are stopped in
a thin catcher foil heated to high temperatures. d&weral application carbon is
used as catcher material as for many elements ithusidn process is fast and
graphite can stand very high temperatures. Sthelotmaterials like niobium,
tantalum, tungsten and rhenium are used as wels @bnfiguration was used
extensively at the GSI ISOL facility [KIR92].

In case of a gaseous catcher, the radioactive atdrrgerest stay in the
gas phase and there is no need for high temperaftatems. These kinds of
catchers are widely used in fission or heavy iosidn evaporation reactions, in

which the reaction products are stopped in a ngase[DUPO06].

2.2.3.lon Sources

Depending on the requirements, several ionizatienhanisms are used. In
general singly-charged positive or negative ions aroduced. In a few cases
multiply charged ions are produced as well. Usutilly target-catcher-ion source
iSs an unique system. It is put on a positive (isecaf beams of positively charged
ions) or negative (negatively charged ions) highage of typical values between
40 and 60 kV.

Different ionization mechanisms are implementedha ion sources of
ISOL systems. The use of them depends essentialligeoionization potential{f)
of the element of interest, the required chargee stad selectivity.

For isotopes of elements, present in the gas pimasde the ion source,
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with W;>7 eV and for the creation of multiply charged iom$ectron impact
ionization is mostly used. The atoms or ions amalirded by energetic electrons,
thereby losing one or more of their outer electr@tsidying the cross section for
electron impact ionization of atoms as a functibelectron energy is possible to
optimize the production. This method is used inhkigmperature gaseous
discharge ion sources, ECR ion sources and EBIS.

A second ionization mechanism is based on surfaczation. When an
atom interacts with a heated surface it can losgaor an electron before leaving
the surface as a positive or negative singly ctdarge. This technique can be used
efficiently for elements with \¢7 eV for the creation of positive ions (positive
surface ionization) and with electron affinitya®1.5 eV for the creation of
negative ions (negative surface ionization). Usihgs ionization technique,
extreme selectivity can be obtained if isotopesdpoed in the same nuclear
reaction have very different ionization potent{@$JP06].

A method that has been successfully implementetS@L systems is
resonant laser ionization [DUP97]. During this me& the atoms are stepwise
excited by laser photons, leading finally to thetaouum, to auto-ionizing states
or to highly excited states close to the continuimthe latter case the ionization
step is achieved through infra-red irradiation, @lectrical field or atomic
collisions. The process consists of typically twotloree steps. Because of the
resonant nature of most of these steps, resonsett lanization is very efficient
and chemically selective. If the laser bandwidthn&row enough, beams are
obtained isobarically and isomerically pure. Detan the principles and

applications of resonant laser ionization can heéoin [HUR88, LET87].
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2.2.4. Mass Separator and Post Accelerator

After the ions are created in the ion source, tlaeg extracted and
accelerated in a DC electrical field created byighivoltage potential difference
between the ion source and an extraction elecwodee beam line. Then the low-
energy ion beam is mass separated by an analyziggeh and transported to the
focal plan. The focal plane is where, in ideal dbads, the ion beams are
focussed after the analyzing magnet. An importaopgrty that expresses the
guality of the system is the mass resolving powefined as R = M{M. HereAM
is the full width at half maximum of a beam of iomgh mass M in the focal plane
of the separator. The resolving power depends emitbperties of the magnet and
of the ion optical properties of the ion beam [DBPOrypical values for ISOL
systems vary from a few hundred to a few thous@tber properties of the mass
analyzing system are discussed in [BRO89].

A “cooler” device is used to cool down the ion beanorder to improve its
ion optical properties and in some cases to bumehan beam. Cooling should be
understood in terms of reducing its axial and Haiieperature or more precisely
its axial and radial momentum or energy spread.cBung of the ion beam is often
required to increase the peak to background rdtoedain experiments like laser
spectroscopy experiments or to inject the beam antbarge-state breeder. There
are two distinctive devices used for cooling anddbhing: penning traps [BOL97]
and radio frequency (RF) coolers [MOO92]. Both eyst are based on the storage
of the ions using electrical DC and RF fields (Ri®lers) or a combination of
magnetic and electrical fields (Penning traps).f&ufas like helium or argon is
introduced inside the system. Through collisioesMeen the buffer gas atoms
and the radioactive ions, energy is lost and the lmeams are cooled. This cooling
technique has been developed over the last yealding excellent performance.
Efficiencies, defined as the beam intensity of ¢beled beam versus the injected

beam, over 50% have been reached. Coolers ardledst different 1SOL
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systems [CLAO3, HABOO, HERO1, NIEO1] for efficiemjection into traps as well
as for solid-state studies.

The beam of singly charged radioactive ions is lacated by using a
variety of post accelerators (cyclotrons, lineacederators and tandems). At
Triumf and Oak-Ridge laboratories the singly chdrigms are accelerated directly
and stripping is performed during the accelerapoocess. For all other projects,
charge state breeders are required in order tanohtgher charged ions. They
have been developed to boost theidn beam to a higher charge state. This
process has to be efficient and fast without inglgigextra beam contamination
from stable isotopes. Two types of charge-stateding ion sources are used: the
Electron Beam lon Source (EBIS) and the Electrogl@son Resonance (ECR)
ion source. Both rely on the principle of intensaribardment of the ions with
energetic electrons, with electron impact ionizatyeelding ions in higher charge
states. The plasma of ions and electrons is cahfineough electrical and strong

magnetic fields.

2.3 EXCYT facility at LNS-INFN

The EXCYT facility (Exotics with Cyclotron and Taewh) for production
and acceleration of radioactive ion beams is allglat LNS-INFN, since the end
of 2006 (see Figure 2.2). This facility is basedtbe ISOL method: the K-800
Superconducting Cyclotron drivers the stable heamybeams (up to 80 MeV/A, 1
pUA) on a target-ion source (TIS) assembly, andithé1V Tandem provides the
post-accelerating of the radioactive ion beams yeced [RIF08].

The EXCYT facility is able to produce beams witlgtnpurity, but the role
of the Tandem as a post-accelerator, implies tmatréaction products must be
ionized negatively in order to be accelerated bywihce nowadays, many efforts
were focused on Eiyield. The production of the radioactive ions &fprmed by
lSC4+

injecting a primary beam of 45 MeV/A on a graphite target apatbeam
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Figure 2.2 Layout of the LNS-INFN laboratory and ECXYT fatfli[LNSW].

power of 150 W, while the ionisation 8fi is achieved by a Tungsten positive
surface ioniser. For such a kind of ion beam, igaést extraction efficiency from
the TIS is obtained by positive ionisation. Thee thost-acceleration with the
Tandem is possible only after a charge exchande(C&lC) to obtain negative
ions. The CEC consists of a cell containing Caesmapours, which interact with
the 8Li beam converting its charge from +1 to —1 by @ step reaction. The Li
beam has been produced at different energies tes-ctoeck the transmission
efficiency together with the charge exchange edficy.

The maximum®C primary beam intensity was 1 era, which correspdn
a beam power of 147 W leading to a production y@l®x1¢ pps of®Li. Table
2.1 summarizes the production yields at the engraidhe first stage of isobaric
separation. The yields Sti and *Na are also reported even if measured in not
optimized conditions.

The Target lon Source Complex is made of grapmtdosed in a tungsten

container and heated by a surrounding electricatene The recoils produced in
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the target will effuse through the transfer tubethie ionizer, where they are
ionized by an ISOLDE-type ion source and then exé&e by an acceleration
voltage up to 50 kV. The sources available for Th® are the Hot Plasma lon
Source (HPIS), which is suitable to ionize posiivenany elements, included
noble gases with an efficiency of about 1%, andstivéace ionization type sources
for positive and negative ion production. The pesi(PIS) is particularly suitable
for alkaline ions for which it is highly selectivand efficient, while the negative
(NIS) is indicated for halogens with exception hfofine. The source presently
used is the PIS (efficiency measurements indicatemization rate around 70%
for Lithium beam) [RIF08]. The selection of targetaterial has been done
following the criteria of high porosity, small grasize, high thermal conductivity,
high chemical purity, high melting point and lowpear pressure.

The first target prototype used for the prelimindegt at SPIRAL in
GANIL and at LNS-INFN during March 2006 is shown[MENAO5]. It consists of
two parts: the upper tablet and the lower part whacts also as mechanical
support. The transfer tube to the ionizer is lotdte between these two parts.
Sizes were chosen to maximize the Li collectiomrfigter=8mm, high=3.5 mm).
To improve the production the target design was ifiemtd by employing ten,
uniformly spaced, 1 mm thick, graphite disks. Fertimvestigations are planned to
improve knowledge about the Li release mechanigm fthe target. Other target
candidate materials such as fibres, felts and sémctured materials are taken
into consideration.

Using a primary beam of 100 W, a beam intensity18pps of2Li* is

Table 21 8Li, °Li and*Na Measured Yields at the Entrance of
First Stage of Isobaric Separation [RIF08]. produced. After the CEC’

1.510° pps of BLi" are

Beam Beam Power Intensity

"Li 147 W 9410° pps transported through the mass
u B2 W 3.4410° pps separator until the Tandem
MMz B2 W 3.740° pps

entrance. The transport
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efficiency through the two stages of the isobarassmseparation is close to 100%
as expected. The acceleration transmission at éineléim is of the order of 50%,
lower than with Li stable beams. Therefore somerawgments are planned in the
injection line of the Tandem, possibly the instiiddia of a new quadruplet. The
final intensity of°Li on target is B10* pps [RIF08].

An overall optimisation process involves several keints of the facility
(CS, TIS, CEC, Tandem). This will permit a sigrdfit increase of the beam
intensity on target. In particular &hi intensity up to 510° pps can be expected.
Besides, the installation of a different sourceetipplanned in the near future: the
aim is to start developing a new radioactive bedgifferent from®Li, which can be

of scientific interest for researcher, as it cad®O.

2.4 In-flight fragmentation (IFF) of
projectile

By the ISOL method, fragments are produced almtostsd in thick targets
and can be used for experiments at low energy grbeae-accelerated by a post
accelerator. Radioactive beams at energies lafygm 80 MeV/A have been
produced so far at heavy ion accelerators by usi@dgFF. This technique relies on
the forward focusing of the products of peripheratlear reactions and on the
selection, in flight, by electromagnetic devicekthe different produced species.
RIBs, including the short living ones, producedtbg IFF technique are directly
available for experiments [RAPO7].

In this method the primary beam passes througtptbéuction target and
retains a large fractioi®0% or more) of its initial kinetic energy. Therefpan
advantage of IFF techniques is that beams candmuped and delivered at high
energy without the need for reacceleration. Thegse can be extremely efficient
and the production target only needs to be abbiidsipate a fraction of the beam

power. The unreacted beam is collected at some pthiet in the separator itself.
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A distinct advantage of this method is that theitguof the secondary
beams can be improved by passing the ions througfiiqal energy degraders at
an intermediate dispersive point [GEI89, SCH87].isThan, in most cases,
eliminate mass-to-charge ambiguities and provideergslly pure secondary
beams for even the heaviest elements.

One final significant feature of IFF is that theopess is not sensitive to
chemical properties or, in general, to the ha#-lff the isotopes of interest. The
limitation on the half-life is only given by theight time of the ions through the
device, which is usually longer in the in coolergs. The net result is that, given
suitable ion optics, the efficiency of the IFF sgp@n techniques can reach
essentially 100% [MORO04].

Below it is described the general feature of theshod and the availability

of these beams at LNS-INFN in Catania.

2.4.1. Reaction mechanisms

The three principal reactions involved in the radibve beam production
are: projectile fragmentation, projectile fissiamdanuclear fusion.

Projectile fragmentation process involves a pergheteraction of the
projectile with a target nucleus. In this processis nucleons are removed and the
excited residue undergoes small recoil from theoreahand isotropic recoil from
the de-excitation. Coulomb deflection and the naictecoil of the ion are small so
that the large initial velocity can focus all theogucts into a narrow cone. The
mass, charge, and velocity distributions of thediess have been equally well
described in microscopic nucleon-nucleon scattermafels or in macroscopic
abrasion framework partly because all the modetslipt the creation of excited
primary residues that must undergo statisticahdata&ion [MOR79].

A macroscopic model based on the removal of nusleanthe volume

eclipsed by the target and projectile and the sybe® de-excitation of the
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Figure 2.3 Schematic view of the projectile fragmentationcélerate heavy ion beam passes through a thinttarge
achieve random removal of protons and neutrondightf The projectile fragments cool by evaporatgiming rare
isotope beams [LIS10].

primary products also has been successful [BOWBSE]. This approach is

called alternatively the participant-spectator mode more commonly, the

abrasion-ablation model. The target nucleus is inehto shear off part of the
projectile, leaving the rest of the projectile taviel forward at the initial beam

velocity, with a minor down-shift in velocity ancdme excitation energy (see
Figure 2.3). The primary residues (projectile agéd) then undergo statistical de-
excitation processes leading to the observed ptedNOR78].

A remarkable feature of the observed fragment csessions is that they
are relatively constant from approximately 40 Mawieon to 2 GeV/nucleon
with the exception of the fragments whose mass munslower than, but still
close to that of the initial nucleus [SOUO02, ENQORje cross sections are largest
for fragments close in mass, but lower, than th@alnnucleus and decrease
exponentially with decreasing mass number.

An example of the broad range of fragments that lmarobserved in a
single setting of a separator is shown in Figudeftbm the work of Pfaff et al.
[PFA96].

Although projectile fragmentation is used to pragldight neutron-rich
nuclei, the maximum vyield of projectile fragmentatiproducts is obtained for
neutron-deficient nuclei. On the other hand, nuctssion has been an extremely
important source of neutron-rich nuclei for a Idimge. The fission process creates
nuclei with a kinetic energy of approximately one@¥Wu in the rest frame of the

fissioning nucleus and the angular distributiorpodducts is essentially isotropic
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for low values of angular momentum. Thus, the fegectors of the products are
distributed on the surface of a slightly diffuséege. When the fissioning nucleus
is moving with a kinetic energy that is large comgghato the fission recoil, then
the products can be collected and separated ubkiRgedchniques in the similar
way used for projectile fragments. However, gemgrahly one or the other

kinematics solution, e.g., forward-going or backivgoing in the rest frame, can
be accepted by present separators. Even with ithisalion the fission of very

energetic projectiles is an important process k& production of neutron-rich

nuclei due to the lack of other methods to prodhese nuclei [MORO04].

Another reaction used to the production of exotarhs is the nuclear
fusion reactions. In this case the products haweali momentum that is
significantly lower than the primary beam ones. &lsuthe secondary beams are
collected by recoil separators, which often empétgctric fields to select the
fragments velocities, and preserving the mass-&ogeh ratio [DAV89, NOLS5,
TRIB89]. This production method is less
used because the beams from these

recoil separators suffer from some

Energy Loss

contamination. Indeed the separation

technique is sensitive to the atomic

L LR L . ¥

mass-to-charge ratio of the ion and not

strictly to the nuclear mass-to-proton

Time of Fhi . . .
. number ratio of the ion. Besides

Figure 24 The projectile fragments observed in one

setting of the magnetic rigidity in the A1200 H ;

separator from the reaction 6Kr with °Be at 70 different Charges states of a given

MeV/u are shown as a function of energy-loss and | . .

time-of-flight. The vertical line indicates the iSOtope will be separated decreasing the

position of nuclei with N=Z and the diagonal line

indicates the positions krypton isotope [PFA96]. collection efficiency
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2.4.2. Targets

The influence of the target material on the fragmeelds comes from the
interplay of the nuclear cross section and theupeation of the beam properties
by electronic interactions (energy loss and mudtigtattering). Usually target
materials with low Z are preferred.

The ion optics of fragment separators (discussekamext section) require
that the width of the beam spot on-target be apprately less than 1-mm to
allow high selectivity in the separation and paafion of the secondary beams. In
general the beam energy is delivered to a tardetm of the order of a few cubic
millimetres. Dissipation of the thermal heat delea to fragmentation targets in
such small volumes, can become an important prabkdvanced designs for
cooling targets have included a rapidly rotatingpdite wheel in operation from
some time at GANIL [SAV96] and new designs of sanisystems for the big-
RIPS [KUBO3] and for the super-FRS [GEIO3] sepamt&@ome work suggests
that liquid lithium is another choice for target teréal partly because it is also an
excellent cooling medium [NOLO3]. Since the densfyberyllium is about four
times that of lithium, the combination of berylliumetal with liquid lithium

cooling could be used to provide a contained tasgstem [MORO4].

2.4.3. Fragment separator and profiled degrader
One of the largest difficulties of beams produceg projectile
fragmentation is that the secondary beam emitfaiscanavoidably large due to
the random recoil momentum of the fragments createdhe nuclear reaction.
This emittance is reduced with increasing beamaoigioMoreover, the resulting
energy and angular spreads of the radioactive nbhelems are much larger than

those of a standard beam from an accelerator tagtar ten or more). In fact, the

2 emittance is an important property related wit diptical quality of the ion beams. In general96&6 radial emittance
of an ion beam is defined as the area of an eltipstecontains 95% of the beam intensity.
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total emittance of secondary beams is determinedhlkycombination of the
nuclear reaction kinematics and atomic processeh @s multiple angular
scattering and energy loss straggling in the prbdndarget and in any degrader.

The highest resolving power for the various fragtees obtained if the
system is achromatic. The term achromatic mearghkahorizontal position and
angle of a particle at the end of the separatos shm¢ depend on its momentum.
Achromatic systems have the advantage that thé dp@ size is kept small even
when the momentum acceptance is large. The Figbrél@strates the basic ion-
optical concepts of fragment separation in a moaradbss achromatic with one
stage of filtering. The ion trajectories for diféet momenta and initial scattering
angles of the same isotope are indicated by thes lin the figure. Note that the
ions are focussed to a small spot at the finallfplzane of the device, independent
of the initial angle or momentum. The key elemeantshe device are an initial
bend for momentum-to-charge ratio selection andrbegection, an energy loss
degrader for atomic number separation, also callégedge’, and a second bend
for momentum-to-charge ratio selection of a speatn.

The angular acceptance can be set by an aperterettad target or simply
by the quadrupole magnets themselves at the begnaf the device. The
momentum acceptance of the device is generallyduiriby the magnet bores or by
an aperture at the intermediate position. Since fthgmentation nuclei are
produced at nearly the same velocity, the Loremtmtila (Bb=p/q =mv/q) sets the
initial value of the magnetic rigidity given by tmeass to charge ratio separation.
An energy degrader can be inserted
into the beam at the intermediate

momentum-dispersive  image. It

Frinay e s breaks the ambiguity among the ions

Figure 2.5 Schematic representation of the ion- that have the same initial mass-to-
optics used in a momentum-loss achromat to

separate projectile fragents [MORO4! charge ratio, because the energy lost
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in the material will depend on MZE or (Z/vf. The momentum lost will be
approximately proportional to (Z/v). Again, becaubke ions have approximately
the same velocity they will lose different momemtahe degrader depending on
their atomic number and they will exit from the Ifovith different magnetic
rigidities. The contaminants can then be disperaedhe focal plane by an
additional bend.

The mass resolving power of a fragment separatobeaexpressed in first

order as [MORO4]:
(x/9), (3/5,)
(%/x), 6 (5/)

where (xb): is the dispersion of the first set of dipolés= (p — p)/po is the

2.1

Riass =

percent momentum deviation from the central monmrantiy, = (m-n)/mg is the
percent change in the momentum caused by a peshange in mass respecg;m
Xo IS the initial spot size at the degrader, and){xig the magnification at the
dispersive image. In each case the subscript Oteletioe value for the central ray.

A similar expression can be written for the chamggolving power [MORO4]:

(x/0), (9/3,
Rcharge - X/X [%5/5 2.2

whered, = (z-2)/z, is the percent change in the momentum causedpdgyaent
change in the atomic numbeg, at the degrader with the mass and momentum
held constant. Equations 2.1 and 2.2 are valicafoechromatic system with the
condition:
(>§/5)2 :‘(X/X)zf(bﬁ/d)l 2.3

It's important to note that the first term in batquations 2.1 and 2.2 for
the resolution is simply the momentum resolving powf the first half of the
separator. Hence, lower momentum resolving powesmayd implies less pure
secondary beams. To obtain mass resolving powertheoforder of 200, the

intrinsic momentum resolving power of the devicewdd be 1000 or greater. This
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requirement has important consequences for thegmlesi the separator and
indicates that the emittance of the primary beaoukhbe as small as possible in
order to reduce the spot sizg, and thus increase the resolving power. In general
it is not necessary to use degraders with achrenmatfiles. An alternative
approach is to use a “homogeneous” or flat degrader to tune the magnetic
components of the second half matching the dispersf the beam after the flat
degrader.

Very fast projectile fragment beams, kinetic eneppr particle (200
MeV/nucleon, can be thermalized by depositing thik bf their energy in a solid
foil and the remainder in high pressure helium gaSHO03] in order to basic
studies of the existence, half lives, and decaypgmees of the ions produced.
However, there are two difficulties in just stoppitihe ions in a buffer gas: first,
the density of a typical gas is about 1000 timegelothan that of a solid causing
the range distribution to be spread over largeadis#s, second, the broad
momentum distributions of ions from projectile fragnt separators (several
percent in most cases) will spread the large raligjeébution of a mononenergetic
ion in gas over even larger distances. In diffefeagmentation facilities, fast ions
are collected in buffer gases. In these systemé$aiteons lose nearly all of their
kinetic energy in a degrader foil/entrance windavd go into the gas cell filled
with high-purity helium. These degraders have tovieey carefully prepared
because imperfections in the solid on the order fefvum turn into tens of mm in
a gas. The ions will lose the remainder of theirekic energy in the gas and will

capture electrons during the final deceleration lz@xbme thermalized.

2.4.4. Computer Simulation
Several programs exist to calculate the performafan-flight separators
and the expected yields. The most commonly usegrano is LISE++ [TAROS].

LISE++ includes the parameters of the general gonditions for most of the
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existing fragment and recoil separators. For a nesign, a program such as
TRANSPORT is used to calculate the first order begtics and these parameters
are input into LISE. More sophisticated programe ihclude higher order optics
and secondary reactions are also available. The¢ meagily available and reliable

code of this type is MOCADI [IWA97].

2.5 Outlook facilities

At present a large number of facilities are modifyand/or upgrading their
present capabilities to be able to produce radwadtteams using one of the two
methods. Different new projects in Europe and ia thorld are through the
scientific study but are awaiting possible agreegnoenfunding and a number are
in the construction phase.

In the United State, the Fragmentation Radioactwme Beam (FRIB)
project will offer measurements with fast, stoppeal reaccelerated beams of rare
isotopes. At Michigan State University (MSU), thexisting National
Superconducting Cyclotron Laboratory (NSCL) fagilifolded driver linac
accelerator, deliver uranium with energy up to 20€V/u and lighter ions with
increasing energy (protons at 600 MeV). The upgigadvill allow to reach 400
MeV/u for uranium and 1 GeV for protons (400 KWRIBW].

The High Intensity and Energy ISOLDE project (HIEGILDE) at CERN,
Geneva (Switzerland), is a major upgrade of thestesg ISOLDE and REX-
ISOLDE facilities. The objective is the increasiagergy up to 10 MeV/u of the
delivered radioactive ion beam (RIB). This projaans to fill the request for a
more energetic post accelerated beam by meansnefvasuperconducting linac
[HIEW].

The Facility for Antiproton and lon Research (FAIRDject in Darmstadt
(Germany) is a particle accelerator complex. Tldif@is an integrated system of

particle accelerators which will provide high eneand high intensity beams of
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ions of all stable and unstable chemical elemdmsn(hydrogen to uranium, ions
up to 35-45 GeV/u and antiprotons 0-15 GeV/c) withprecedented quality.
Moreover derived beams of short-lived nuclei andipaoton beams will be
available [FAIW].

The SPIRAL2 project, at GANIL (France), is basedaomulti-beam driver
in order to allow both ISOL and low-energy IFF teifues to produce RIB. A
superconducting light/heavy-ion linac acceleratestekons up to 40 MeV and
heavy ions up to 14.5 MeV/u. They are used to bathlmoth thick and thin
targets. The production of high intensity RIB oltren-rich nuclei will be based
on fission of uranium target induced by neutrongamed from a deuteron beam
impinging on a graphite converter or by a dirediation with a deuteroriHe or
*He beam. The post acceleration of RIB in the SPIRALoject is assured by the
existing CIME cyclotron, which is well adapted ®eparation and acceleration of
ions in the energy range from about 3 to 10 Medfunhasses A~100-150 [SPIW].

In addition, the nuclear physics community is wogkion a common

design for a future European Isotope SeparatiorLida Radioactive lon Beams

(EURISOL) project.
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Figure 26 Layout of the LNS and the Fragment Recoil Separased to select exotic beams
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In Italy both the ISOL and IFF facilities are awdile. At LNL-INFN, there
is a new project called Selective Production of tiex@pecies (SPES). This
consists in the production of protons at 30-70 Md#®livered by a new cyclotron
under construction), impinging on different targetis UC,. The exotic fission
products are accelerated by the already existifdAd ALPI (A~100 at 12
MeV/u).

In particular in the next section it'll be showretain characteristic of the
in-flight radioactive ions beams facility runningthe LNS-INFN in Catania. The

measurements of the beam production are part®thksis subject.

2.6 Exotic beams produced by IFF
method at INFN-LNS

In-flight production of RIBs at LNS-INFN was ache by projectile
fragmentation on light targets at incident energiethe range of 40 to 62 MeV/A
[RAPO7]. In particular, fragmentation reactionsstdble beams accelerated by the
LNS-INFN Superconductive Cyclotron (SC) at 55 Me\(ftC, *°0, *®0) at 55
MeV/u were studied. Production targets’B& with thickness ranging from 0.5 to
2500 um have been used. In the production of RIBs bylftemethod, the key
role is played by the Fragment Recoil SeparatorS)FRhich is a magnetic filter

which selects, according to their magnetic rigidttye fragments produced in the
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reaction. In the IFF method the standard extractioa of the accelerator was
employed as FRS, since it was already built ascanoanatic fragment separator.
The FRS consists of two bending dipole magnetamdl D, three quadrupoles
triplets Q-Qs3, Qs-Qs and Q-Qq, two sextupoles correctorg, & near quadrupoles
Q4, Q (see Figure 2.6). A degrader could be placed atittermediate focus
[RAPO7].

During 2009 different experiments were performed gstudy the
opportunities offered by such beams usimgCHIMERA multidetector. A tagging
system made of a Double Side Silicon Strip Detecd'SSSD) and a
MicroChannel Plate (MCP) was developed for CHIMER#®ay. The measure of
the “time of flight” and the energy loss allows thls®topic identification of the
beams. More details about the two detectors andnémesurement technique will
be described in the next chapter.

Beams around'Be region were obtained witiC, and*?O primary beams
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Figure 2.8 O primary beam at 55 MeV/u arfiBe 1,5 mm production target. Energy loss in the SI3%gainst the time of
flight between the silicon detector and the MCPe Black line shows elements with the same timéigitf
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at 55 MeV/u andBe production target thick 1,5 mr’C primary beam at 55

MeV/u impinging on &Be target producesBe and"“B with rate around 10 kHz,

optimizing the corresponding magnetic fields of thensport for two different

configuration (see Figure 2.7)®0 primary beam impinging at the same

production target can produce afS8e with less intensity (3 kHz), but more

neutron rich beams likEC with higher rate (see Figure 2.8). The Tablesh@ws

the different beams rate produced by the two pryrbeams>C and*?0.

Table 22 Characteristics of the produced fragmentation bedrrgensity is normalized to a primary beam of

100 Watt. .
. Be production
Primary beam targ(ft thickness Secondary beam Intensity (kHz) | Abundance
(55 MeV/A) (mm) and energy

Bc 1.5 Be 48 MeV/A 10 * 50%
Bc 1.5 2B 47MeVIA 160 80%
o) 1.5 0 31 MeV/A 5 10%
o) 1.5 0 36MeV/A 0.7 1.5%
o) 2.5 E 24MeVIA 10 20%
o) 1.5 %C 50 MeV/A 9 30%
o) 1.5 5B 52MeV/A 4.5 15%
o) 1.5 Be 48MeV/A 3* 10%
o) 1.5 "Be 56MeV/A 45 15%
o) 1.5 8Li 51MeV/A 3 10%

The optimization of the beams transport is a diffitask because of the

R24 065 HG Si-Time

Figure 29 Scatter ploAE-TOF. O primary beam at
55 MeV/A impinging on a®Be production target

[AGO09].

lack of an efficient transport monitor
system. To optimize the transport up
to the scattering chamber, the pilot
beam technique has been used. This

method consists using a beam with

the same magnetic rigidity of the
exotic beam desiderate. IndeE@e
has approximately the same magnetic
rigidity of the primary beams itself

(*3c®* and'®0’* beams at 55 MeV/u).
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The primary beams are characterized by magnetid Wweth a Bp of 2.817 and
2.785 Tm respectively, very near to the valuessieea by LISE++ calculations
(2.780 and 2.710 Tm). In general, the transporteaftron rich beams is impossible
using this technique. It could shift the currenédue of the magnetic dipoles and
guadrupoles using the reference points given byptimeary beam. In this way it
cannot take into account non linear behaviour efritagnetic field, when rather
large changes in currents are set.

As an example the Figure 2.9 shows the productiahidentification of
nuclei as’He, *'Li, *Be, and™®B. The production of these nuclei can be possible,
even if the efficiency of their transport in the BHERA beam line is very low,
due to the large changes necessary on theeting of the magnets. To improve
the transport efficiency a new system for the fpams diagnostic has been
implemented and will be tested o ‘

2011. The aim is the optimizatior "X

CHIMERA

of the diagnostic system. It will scatering
chambe “k

allow to control in real time the g "_"\!ﬁ":i. !
beam intensity and the two _ J TR 5
dimensional beam profiles. The
aim is to optimization of the beam ) =Y
transport efficiency along the bear i ¢
line. This system maximizes thi
intensity until to the scattering
chamber.

The diagnostic devices ari Tf‘ N
made of plastic scintillators anc 2 Y. |
DSSSDs. The scintillator measure | = l S
the beam intensity (lower than .C P S——

ppS), the DSSSD allows to Figure 2.1C Schematic view of the beam line. The diagnostic
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visualize the spatial beam profile. The Figure 2sh@ws the positions of each
diagnostic device installed along the beam lineilutd the CHIMERA
multidetector. In order to optimize the intensifypeam transport and its focus, the
two detectors are installed in pair. Another deuicat will be installed in two
points of the beam line is a Fiber lon Beam Basenis8r (FIBBS). It is a device
based on scintillating fibres, it scans the bealowaihg to acquire the horizontal
and the vertical beam profiles with sensitivitydel10® pps [COS09].

Another upgrading of the FRS is going and will bady at the beginning
of 2011. All the transport beam line from the Cyaba up to the switching magnet
has been dismounted and rebuilt in order to insewv larger acceptance
guadrupoles and some sextupole. The new beam dimdoden studied in order to
increase the acceptance of the fragmentation béamactor from 10 to 40 is
foreseen for the increase of the beam transpadiesity. New tests are scheduled
on middle February until #foMarch 2011, in order to check the overall efficign

of the new system.
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CHAPTER 3 - The CHIMERA
array

3.1 The 4mn CHIMERA multidetector

The CHIMERA (Charged Heavy lon Mass and Energy Rasp Array) is
a multidetector to study heavy-ion collisions ir timtermediate and low energy
range [PAGO1]. It is a® multidetector array for charged patrticles, at enés
installed at Laboratori Nazionali del Sud of INANCatania (ltaly), made of 1192
detector telescopes and covering the 94% of tled solid angle (see Figure 3.1
and Figure 3.2) [AIE95, PAGO1, PAG04].

The detector measures polar and azimuth anglesgyeneelocity, and
isotopic identification of almost all the detectgdrticles. The identification

method employed are four:

CsI(T])

Figure 3.1 Schematic view of the CHIMERA multidetector. Tlaedet is set inside the sphere. On the top a sdiemew
of a telescope.
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- =, - .|' .-.|'. [ r s
Figure 3.2 Recent photo of the CHIMERA multidetector with eph and five rings. The other four rings of theafard
part have been transferred at GSI.

X/

% AE-E, charge identification of the particles punchimrough the
silicon detector and stopped in the CsI(Tl). Mas=ntification for
particles with Z9.

s AE-TOF (Time of Flight), mass identification, velbciand energy

measurement of the particles stopped in the sild=iactor.

« PSD (Pulse Shape Discrimination) in Csl(TI), isa¢tadentification

of light charge particles.

X/

s PSD (Pulse Shape Discrimination) in Silicon detectcharge

identification of the particles stopped in the & detector.

Besides, the CHIMERA multidetector is characteribgda low energetic
detection threshold (less of 0,5 MeV/u for heavgsicand 1 MeV/u for light

particles). In particular in Table 3.1 are showa threshold values considering the
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particles involved and the identification method.

Table 31 Detection thresholds of the CHIMERA multidetectmainst the identification method for charge light
particles.

Z53 3<Z<10

Energy (MeV/u) Technique | Identification | Energy (MeV/u)| Techniqug Identification

E <6 TOF A E <12-15 TOF A
6< E <15 AE-E ZeA E >12-15 AE-E ZeA
15< E<Emax| PSDiInCsl(T|) ZeA 4<E<6 PSDinS Z

3.2 The Tagging System

It has been shown in the chapter 2 that fragmemtdteams are available at
LNS-INFN in Catania. Event by event identificatiof the incoming beams is
obtained by the tagging system implemented in CHRAEapparatus. This
tagging consists of a MicroChannel Plate (MCP) arfldouble Side Silicon Strip
Detector (DSSSD). They are set along the beam din¢he entrance of the
CHIMERA scattering chamber, with a base of fliglitl2.9 meter (see Figure
3.3). The MCP gives the start time reference, tI®8D give the stop time

reference and measures the position of the impgniggams and their energy loss.

CH

IMERA

Figure 3.3 Photograph of the MCP (on the
right side) and DSSSD (on the left side)
set along the beam line.
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3.2.1. MicroChannel Plate

In general these kinds of detectors are largely usenuclear physics for
time measurements thank to their prompt answer [CJWONO5, FIG91]. The
MCP has been assembled at LNS-INFN using the baw+ohannel glasses (43
X 63 mm, 700 micron thick), produced by the Topagdrtechnik. They has been
mounted in chevron configuration, the electricahteat are set into the groove of
a plastic frame. A mylar foil (2m thick) with an evaporation of LiF (}5g/cnt)
is the source of electrons. When the beam impittgee$oil, it causes the escape of
electrons from this surface. They are driven bynifoun electric field until
arriving on the upper surface of the MCP glassed thultiply the electrons
collected. The electron drift region is realizedhanan aluminium box supporting a
metallic grid (biased at the same potential ofupper surface of the MCP). Then
the signal emitted from the MCP is collected byanpr copper anode. The future
upgrading consists in a MCP position sensitive, nelgrid and rear of the MCP
will be supplied through a resistive divider [PIRRIUSO06].

The bias applied is 4000 V, enough to get 100%cieficy with a

calibration o source (then energy loss punching through the LiF is about 115

§1° 1 r r 1 r keV/um). The efficiency of light
E gy fast ions is lower (see Figure 3.4),
gsc_ v :::g i and it is not easy improve the
P results. In fact for instance,
J N :;gi | increasing the electric field applied
Li to the MCP system from 4000 to
1 ::: 4500 V, it produces an increase of

T | only 2% of the efficiency fofHe
0 26 40 80 80 100 120 ions. This is due to the small

AE/AX (keV/um)
Figure 34 Efficiency plot for intermediate energy number of electrons emitted by the
fragmentation beams detected by MCP. The abscissa

represents the specific energy loss in the mylar fo  foi| and probab|y also by the quite
[GRAOS].
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high velocity of emitted electrons, strictly reldte the beam velocity [DEFO08].

3.2.2. Double Side Silicon Detector
The DSSSD is a position sensitive silicon detegimduced with planar
process, where a series of narrow parallel stepteddes have been superimposed
on one surface using ion implantation and/or plitbimgraphy techniques (see
Figure 3.5). Since electron-hole pairs, creatediwithe volume of the detector,
travel along field lines to the
corresponding electrode

. Al . .
. segment, a strong signal is

5102

derivated only from those

TS0 segments that have collected

. N [psice] appreciable charge carriers
Figure 35 Schematic picture of a double side silicon strip
detector. [HUB91] [KNOOO].

The DSSSD used is provided by the Micron Semicotmiuttd. It is
50x50 mnj area and 14Qim thickness, with 16 vertical strips in the froitesand
16 horizontal ones in the rear side, thereforebtiem position sensibility is about
3x3 mnf. The DSSSD is placed, on a movable arm, alondéaen line, around

90 cm before the entrance of the CHIMERA scattecimgmber (see Figure 3.3).

3.3 The electronic chains
The signals coming from the detectors are processmusforming them in
such a way that they can be read by the acquissiystem. The electronic chain
can be schematized in two different chains of igaads coming from the silicon
detectors and CslI(Tl). The basic electronic chdirsilicon detectors, with the
relevant parameters, is sketched in Figure 3.6.harge preamplifier (P.A.C.),
customized for timing measurements with high capace detector, provides a

first amplification of signal. The charge preamiglifintegrates the signal of the
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Figure 3.6 The electronic front-end of silicon detectors.

detector giving an output independent of the detecapacity and proportional to
the charge produced by detected particles. Moredker preamplifier has a test
input in which it is possible to send precise spagpulses generator (pulser)
signals, in order to control the electronic stayiliThen the output signal is

processed by the amplifiers (CAMAC 16 channels laiponodel, produced by

CAEN). They give two different analogic outputs,eoprocesses the signals for
energy measurements, the other output for time uneasents.

The energy signal is integrated by charge digibaiverters (QDC, realized
on VME 9U standard by CAEN). In order to have adjenergy resolution, also
for low energy signals, the analogical to digitaheersion is achieved by double
charge encoding: the “High Gain” (HG) and the “L@ain” (LG) coding.

Timing logical signals for the silicon are genedatey a high resolution
Constant Fraction Discriminator (CFD, produced bAEBI). This module gives
two logic output, one prompt output is the staridireference signal. This signal
together with the Radiofrequency of the Cyclotrae @rocessed to the Time

Digital Converter TDC and give the measure to tlmerof Flight (TOF). The
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Figure 3.7 The electronic front-end of Csl scintillator.

CFD produces also a chainable multiplicity signakdi for the trigger of the
acquisition system. From the ring 4 to ring 16, ¢hek silicon electronics has been
replaced by new compact modules particularly stiifiie the measure of the rise
time of the silicon signal enabling us to get tiharge of particles stopped in the
silicon detectors [ALD0O4, ALDO05]. The module (motl1568 Caen) has 16
channels, each one including one energy and timeliflan, two CFD
discriminators respectively with 30% and 80% frastiand a stretcher for the
energy signal. The time difference between the 30fb 80% CFD provides the
silicon rise time information. The stretched eneafjpws a simpler adjustment of
the QDC gate. The production of these module has panned to the Pulse
Shape Discrimination in Silicon Detectors and diésct in the section 3.4.4.

A schematic view of the electronic chain of Csl(Tdpupled with
photodiode (PD) is shown in Figure 3.7. The amgildj produced by SILENA in a
16 channels NIM module, give a fast timing outpotl @louble output in energy
for each channel, with different gains (higher =-1wer). The energy output

with high gain is sent to the QDC, this is the #8loCsI(TI) signal component.
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The other energy output is sent to a stretchenaintains the signal at its high
value, this is the "fast” component. The other gethoutput of the TDC is used
for the chain of trigger of the data acquisitiosteyn.

During experiments with beams produced by IFF, agrcoming from
MCP and DSSSD are added to the electronic chainP Mi@nal is sent to a
preamplifier. Then a constant fraction discrimimagoses the time stop reference
signal processed by the TDC. The 32 signals oD88SD are processed by two
compact preamplifier produced by Mesytec and sendwb 16 channel NIM
modules. They give energy, time and OR outputs. éifexgy outputs of both strip
sides are sent to the QDC to the measure of thgtass. The timing outputs are
sent to the TDC to the time reference. The OR efftbnt strip side, scaled by a
factor from 100 to 500, is send to the triggeteysto monitor the beam intensity.

The Trigger system of andletector must be able to perform an accurate
event-selection, while the event rejection mustas¢ enough to reduce dead time.
In CHIMERA [ALDO2] various triggers are used evedity scaled. They are
based mainly on multiplicity that can be decidecdaading to the physical
purposes. During the experiments with radioactiearbs, one event trigger
multiplicity together with a beam monitor triggeashbeen set. The choice to use
multiplicity M=1 is due to the rather low beam insty and to store data from
elastic scattering reactions. The beam monitogéngscaled by a factor 100-500,
is generated by the DSSSD. When an event is actdptdhe trigger the dead
time signal is raised and gates to QDC and strefchee generated. In order to
select the good reference signals for the selentedt, a window gate enabling the
MCP and RF signals is generated. After the coneersme the CPUs begins the
QDC and TDC data readout. When this job is endsigraal to stop the dead time
is send and another event can be accepted.

Data are collected trough some racks PC. Theseoawrgected to the VME

crate by an optical link with CAEN system V2718 VNHEI Optical Link Bridge
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and broadcasted via Ethernet to be read by diffevenkstations for storage and
on-line control. The set-up and control of CAMAC dautes, including pulse

generator linked to preamplifier for testing andibzation purposes, are realized
via a set-up VME-6U CPU, while the NIM modules amntrolled by a dedicated
software running on a PC. More details can be faarkief. [DEFO7].

3.4 Identification methods
The CHIMERA multidetector allows the identificatioof the charge
particles emitted from the reactions, by using fo@thod:AE-E, TOF, PSD in Si,
PSD in CsI(TI).

3.4.1. AE-E technique

Particles punching through the Silicon detector stagped in the CslI(TI),
can be identified byAE-E method. The identification is based on the gyer
correlation measured by the two detectors.

Charged particles pass completely through the ®ilidetector, retaining
most of its initial energy. Therefore the silicoatector and the CsI(Tl) measure
respectively the energy losaK) and the energy residue (RAE is given by the
following equation:

AE :d—EAx 3.1
dx

whereAx is the thickness of the silicon detector and dE#&dthe stopping power
(differential energy loss for charged particleshivitthe material divided by the
corresponding differential path length). The —dE/dlso called specific energy
loss, is given by the Bethe-Block formula [LEO98)y using this formula for

charged particles detected by a telescope of twects, it finds that the energy
residue and dE/dx are sensitive to the atomic nuiffeand the charge (Z) of the

particle. Then the two energies measured are telgtehe following relation:
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Figure 3.8 Reaction *?Sn+*/Ni at 35 MeV/u. On the left sid&E-E scatter plot, low gain configuration; it obsens just
charge identification. On the right sideE-E scatter plot, high gain configuration; it oh&r a very good isotopic
identification [POLO5].

E[AE O AZ? 3.2
The expression reveals th@E-E matrix (see Figure 3.8) have hyperbolic
behaviour for each isotope detected, more sensktaege identification (due to’Z
dependence) and mass identification for light pkes. More details about the

fitting procedure used can be found in [TASO1].

3.4.2. Time Of Flight

The particles stopped in the Silicon detector deniified in mass by the
Time Of Flight (TOF) technique [PAGO01, PAGO04].

The start signal is given by 30 % Constant Fradb@triminator acting on
time signal generated by the silicon detector, @htbp signal is given by delayed
Reference Signal delivered by the Super Condu@wjotron (SC).

The identification in mass is obtained from the ekio energy of the
particle:

1 D? 1 33

E==MV* =M s
2 20 (to_t)

where M ev are the mass and velocity of the particle detedieds the base of
flight from the target to the detectar,is a conversion factor between channel of

the TDC and seconds (about 200 ps/ch); t is the timlasurement; ts the time
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Figure 39 Reaction’Sn +5Ni at 35 MeV/u. TOF scatter plot. Time of flighgainst the
energy measured by the silicon detector. A sidewshparticles stopped in the Silicon

detector, B side particles punching through.

reference depending to the system configuratias,dget in a such way that g-is
the “real” time of flight of the particle from thrrget to the detector. In order to

obtain accurate measurement of the time of flightan be use calibration points

of known energy.
This method allows to obtain also the velocity lné particle by using the

follow expression:
D
3.4

V:E =
t at-t)

The Figure 3.9 shows an example of TOF scatter. pllo¢ figure shows

also particle punching through the silicon detectoonsidering also the Bethe

block formula, it obtainA\E 0 Z(t—t,)°.
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3.4.3. Pulse Shape Discrimination in Csl(TI)

CsI(TIl) scintillators are used to perform Light @yed Particles (LCP)
mass and charge identification. They convert en@gization to photons mainly
in two different types of physical processes, masglin two distinct light output
components, commonly named ‘fast’ and ‘slow’, refileg energy deposited by
the patrticle in the crystal, and also the partsgecies. The light output of CsI(Tl)
can be schematically described by a combinatiotwofexponential components
with different time constants. So pulse shape oiisoation method (PSD)

12480 + NI 35 A MeV Ring 8 telescope 03-1

e e e e S TN B e e e e Y TJ AN A e e e e

f .§

Csl Fast Low Gain

£

1) P N U T T NI NS N T T W T T T S TSN T S
. L] 500 1000 1500 2000 2500 3000 3500
Csl Slow Low Gain

Figure 3.10Reaction*Sn+Ni at 35 MeV/u. Scatter plot Fast-Slow [POLO5].

consists in measurements of two gate applied omsitivals shape output. One of
the two energy outputs is stretched and then iatedr(prompt component), the
second energy output is directly integrated inttik providing information of the

slow component of Csl light emission. The prompd #me slow components are

thus used to construct an identification scattet, gls shown in Figure 3.10.
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3.4.4. Pulse Shape Discrimination in Si
In order to obtain charge (Z) discrimination forrfpdes stopping in the
first stage (Silicon detector), a new method PSpliad in Si has been developed,
based on the Risetime measurements of charge sigpaheans of the difference
in response time of two constant fraction discrimbims, triggering at different
pulse levels. The PSD method used is based onifReseheasurement of the
signal for particles incoming in the front side mead Silicon detector (300m

thick). In fact the shape of

“Ar+Pety 20 MeV/u ) the signal generated by a
[T T T[T T T[T 28 . .

BT, = 235 charged particle in a

| =P silicon detector carries

- 11735 information on its charge Z

e 2RI S (see MUTO0]  and

H 1125
L 10 references  therein  for
5 = — 7.5 further details).
. Sl A compact 16
gl S —g 25 Ghannel NIM  module
DS e S A T = Y
180 200 220 240 commercialized by CAEN

Rise Time (ns)

Figure 311 Reactior™Ni + *“Sn at 35 MeV/u. Scatter plot energy  gives three signals. For
against Risetime for fragments stopped in a silidetector of ring 6
0 =13.7°). . .
( ) each input: an analogical

stretched signal proportional to the particle epeegtiming logic signal generated
by a 30% constant fraction discriminator (CFD) ambther timing logic signal
generated at 80% fraction of the input signal. Tisetime measurement is
provided by the difference between the two timingnals (30% and 80%
fractions). In Figure 3.11, the energy and risetgsoatter plot reveals sensibility to
the charge of the particle detected.

The pulse-shape analysis in silicon detector deesedhe identification

thresholds for charge and mass identification diava the multidetector to be

Tesi di dottorato in Fisica, di Laura Grassi 66



used with low energy stable and exotic beams.

3.5 Kinematical coincidence technique

Because the CHIMERA multidetector is @ #hultidetector, the kinematical
coincidence technique allows to exploit the goodgemance of the detectors. In
this method energy spectrum is plotted consideawngnts in coincidence with
another telescope, kinematic condition “constraiig”that the azimuth angle
between the two telescopes is 18@%£180°). Using such method it obtains
background free data with good angular resolutibhe main purpose is the
measurement of angular distribution of fragmentsdpced in two-body reactions
such as elastic or inelastic scattering, trangher €tc.. As example, it can consider
the results obtained studying the reacfibilbeam impinging on a plastic target, at
52 MeV. This experiment has been realized to clibekquality of spectroscopic
information that can be obtained by using CHIMERAltetector. The Figure
3.12 shows the energy plot of two detectors witifiedence in azimuth angle of
Ap=180°. The black line corresponds to inclusive datee red line corresponds to
events in coincidence between the two detectore Kimematic constraint

produces very clean peaks and reduced background.

4
10 T T T X T o T » T B T

ELLLL LI 13 I L

500 1000 1500 2000 2500 1000 1510:\

20‘00 25[05 3000
Energy (ch) Energy (ch)

Figure 3.12. Reaction’Li+p at 52 MeV. Energy scatter plot of two silicdetectors withAg=180°. The black line
corresponds to inclusive data. The red line comedp event in coincidence.
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Figure 313 Reaction’Li+p at 52 MeV. On the left side, energy scattestplLi against proton energy of two silicon
detector in coincidence withe=180°. The kinematics lines relative to elastictterang red line and inelastic scattering

green line. On the right side angular distributidrihe inelastic scattering to the first excitedtstof the'Li at 0,47 MeV
[AMOO08].

The CHIMERA sphere detector8>30°) have an angular openidg=+
4°, this value could produce a large energy spnmedte coincidence peak in the
extraction of angular distributions. Plotting thaeggies, relative at events in
coincidence, it can distinguish kinematic linesresponding to the different
reaction channels involved. The Figure 3.13 shawslines corresponding to the
elastic and inelastic scattering to the first exaitate of théLi. In particular, the
matrix is obtained plotting the energy measuretivia silicon detectors of ring 3
external =6.4°) and ring 13658° sphere) in kinematical coincidence. It has
been selected events stopped in the silicon detdd¢sides considering small cuts
in the inelastic line, as small as possible to rawécient statistic, it corresponds a
smaller angle in the centre of mass frame. Thisapwlation can improve the

angular distribution, as it shown in Figure 3.13.
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CHAPTER 4 - Data Analysis

4.1 Introduction

During last year, two test experiments have beerfopeed using
CHIMERA multidetector and radioactive beams produdsy the In Flight
Fragmentation (IFF) method. The main aim is theltaf direct reactions in
inverse kinematic induced by these light ion beamstermediate energy. In the
chapter 2, the IFF facility running at LNS has beescribed in details. Through
this production technique, different stable andtiexmn beams, are transported
into the CHIMERA scattering chamber. A tagging systhas been implemented
in the CHIMERA multidetector, to perform isotopubeintification of the incoming
beams and measures their energies. Therefordpwsato select accurately the
different reaction channels and the incoming plegicThanks to its higher rate
than transfer reactions or other direct reactiths, elastic scattering is the first
step to study the system, these radioactive nadéiin the same time to explore
CHIMERA capabilities (energy resolution, etc.).

In this chapter, it will be described the procedigealibrate in time and
energy the tagging system, the study of the beama leconstruction, the
kinematical coincidence method and the angularridigion of the elastic

scattering for°B+d, 1°Be+p,'°C+p and*°C+d.

4.2 The tagging system calibration
As it has been described in the chapter 3, theirigggystem consists of a
MicroChannel Plate (MCP) and a Double Side Sili&inp Detector (DSSSD).
The DSSSD (149um thickness) is position sensitive, it is made 6fstrips front
side and 16 strips back side in the opposite dmecio use MCP and DSSSD just
when IFF beams are transported up the CHIMERA a¢atf chamber, they are

set along the beam line with moving arms.
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Initially, the system has been checked with a timesks alpha source (5.1,
5.4 and 5.8 MeV). The MCP and DSSSD have beeniposd in the vacuum tube
at a distance of about 70 cm. An alpha source bas ket in front of the MCP.
The two output time references for the Time Of RMigTOF) measurement are
given by the MCP and DSSSD. The DSSSD measuredta@senergy (E) releases
by the alpha particles. The Figure 4a) ¢hows the matrix TOF-E, the three spots
identify the alpha source structure, revealingghed performance of the tagging
system. Indeed the DSSSD has enough energy resolub resolve the
substructures of the alpha source (~30 KeV eneargglution), and the selection of
one pixef in the DSSSD reveals time resolution better tha® (s (see Figure 4.1
(b)).

After this check, two experiments witiC and*®0 primary beams at 55

2000 T T T T T T T 1 T T T N T

1500 -

—_—| | — - 500 ps FWHM 7|

energy channels

1000 = . =

500 —iiad 1 1 ale 1 1 ﬂ

sl ealasaalannal iawal oo laaealessal I i
2975 3000 3025 3050 3075 3100 3125 3150 3050 3080 3070 3080

5090 3100
time of flight channels time of flight (channels)

Figure 4.1 (a) TOF-energy scatter plot of alpha source. It hasnbselected one strip front side) TOF
histogram. The plot is obtained with one phadnstraint in the DSSSD.

MeV/u have been performed by using CHIMERA multegor. The task of the

tagging system is to identify the incoming beanms] ®@ measure their energies, to
select the initial reaction channels, and to meashe number of the incoming

particles. Therefore it must be used in transmigsamd it would have to perturb
the beams, as less as possible.

The time and energy scales have been calibratedisbygy the values

3 A pixel in the DSSSD corresponds to one striptfiside and one strip back side plot constraints.
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predicted by LISE++ simulation program. The prograndesigned to predict the
intensity and purity of radioactive ion beams byflight separators [TAROS]. It
runs on various platforms and it has graphicalrfate. It has been selected the
configuration of the fragment separator at LNS-INFNalled “LNS-
ETNA_NoDegr”, the primary beam, its energy and geastate (as exampteC™*

at 55 MeV/u), the thickness of the production tarfgBe, 1.5 mm), the effective
thickness of others “materials” crossed by thante (the silicon detector is thick
149 pm; the mylar foil of the MCP is thick 2 um ahd set at 45° respect the line
beam), the “drift”, which is the base of flight taeten the material chosen (MCP is
set at 12.9 meter distance by the DSSSD). In pdaticthe calibration of the
tagging system has been performed considering tagnetic rigidities of the
Fragment Separator, “Dipole 1" and “Dipole 2”, ohetmaximum optimum
transport of the chosen isotop€B, Bp=2.433 Tm). This configuration setting
simulates the TORE scatter plot of the tagging system (see Figuze(d)). For
each beams, energy and TOF values are establishedate channels in the
tagging system.

For each strip front side, graphical contour cuts done on the different
beam spots }{B, “B, B, °Be, *Be, ®Li, ‘Li and °Li, recognized from the
comparison with LISE++ simulation, see Figure 4&).(The linear best fit
establishes the time (expressed in nsec) and erfjergyessed in MeV) scale of
the tagging system. When the tagging system ibredéid for each strip front side
of the DSSSD, the TOBRE scatter plot can be plotted considering all event

coming from the different strips (see Figure 4p.(

Tesi di dottorato in Fisica, di Laura Grassi 71



dE-TOF
12C (55.0 MeV/u) + Be (1500 um); Setings on 123; Config: OWDMSMMMMMM
dplp=1.25% ; Wedges: 0: Brhe{Tm): 24371, 24371

Start Matesial 1; Stop: Material 2. ACQO_start Detector " dE: Materal 2 - 5i (148 um)

wihouk chaege shsbes

a
12
. e
2 10 208006
g CAU spesd
g Opes
<
i
B . =
8 .
T [ f]
2 Q -
¥ O E
= i % 3 z: 5 5
LTS e e SE L st 81211 pr e Time of flight (ns)
121
o | b 102
\2_/10__
LLl L
< L
e
6—
N 10
4=
2
oF
—lllllllll 1 I lll!lllllllll IIIIIIIIIII
100 110 120 130 140 150 160 170
TOF (nsec)

Figure 4.2 *C primary beam impinging otBe production target. Magnetic field setting optied to the transport
2B, (@) TOF -AE LISE++ code simulationbf Experimental data TOFAE scatter plot.
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A check of the reliability of the calibration standut comparing the values
predicted by LISE++ program relative to anothetiisgtof magnetic fields. For
example, setting the LISE++ configuration 88> primary beam at 55 MeV and
magnetic rigidity optimized on the transport'@e fragment, the simulated TOF-
AE scatter plot is obtained (see Figure 4f.(The general agreement with the
corresponding experimental TQfe matrix (Figure 4.3 k) is quite good.
However some discrepancies can be evaluated cthgulthe energies of the

beams relative to the calibrated system by thevetlg expression:

-AE 4.1

where m is the mass of the isotope, d is the ba#mlat, t is the time of flight of
the tagging system andE is the energy loss in the DSSSD. Comparing the
extracted values with ones calculated by LISE++usation, and including the
energy beams calibrated produced¥y/* primary beam at 55 MeV/u (see Figure
4.4 @) and Figure 4.44)), an overall uncertainty of the beam energy tsreged
+2.5%.

There are different kinds of uncertainties to léadvard this result. The
main uncertainties are: the production target tmesls (4% about), the uniformity
and thicknessof silicon detector (3% about) and the energy of the primary beam
(+1% about). The last uncertainty leads to strongotsf in the final energy
measurements, because it is strictly related wighsetting of the magnet fields.
As it has been described in the chapter 2, thet iemms technique set the
magnetic rigidity () of the beam line transport. The primary beamrattarized
by a given B, is employed itself as pilot beams. This valueasparable with the
Bp predicted by LISE++ to optimize the transport drw tisotope previously

considered.

* The hole-electron pair collection depends on #ygletion thickness, which is, more or less, the
thickness of the detector.
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The combination of all these uncertainties reaslynakplains the final
spreading observed between predicted and measwath lenergies. Recent
improvement about magnetic fields measurementslaghostic system along the
beam line will lead to energies uncertainties semdahan the 2.5%.

Apart the uncertainties above reported, the effétihe energy spread must
also be taking into account. The production medragsigenerate beams with a
rather large energy spread, moreover the beantrinsport is optimized to select
beams with about#%6 momentum spread. This momentum spread, reliteda
the dispersion effect of the last dipole before #wattering chamber, can be
highlighted by the TOF measurement, strip by stfithe DSSSD. The Figure 4.5
(a) and p) show the TOF measured f&B ions in different pixels of the DSSSD.
The Figure 4.59) is obtained by selecting one strip front sideigsh. 5) and
spanning all the strips in the back side. InstésdRigure 4.5K) is obtained by
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selecting one strip back side (strip n. 5) and sjpanall the strips in the front side.
As schematized in the Figure 46, (the Figure 4.54) and(b) match respectively
to horizontal and vertical coordinate of the DSSSThe Figure 4.5 §)
immediately underlines that an average TOF vamatibabout 2 ns of the beam
paths exists when the horizontal plane is investjgFigure 4.5d)). This effect
is principally dues to the energy dispersion ofldst dipole. The beam with larger
average TOF has less energy and is more benddtk lwydole than the beam with
smaller TOF (higher energy).

Detailed analysis to discriminate interstrip evenes events when particles
punch through the middle space between two striigufe 4.6 4)), from
coincidences events, i.e. an event with two bearticiegs impinging on different
strips (Figure 4.6k)), has been done. To avoid troubles, these eaeatexcluded
from the analysis data, considering, as it willdxplained below, that they are a

small percentage of the total ones. However theerstanding of the effects,
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Figure 46 Schematic views:d) interstrip event, k) typical coincidenced] interstrip event in a pixeldj Energy
scatter plot of two adjacent strips front sid®.Graphical cut o’B events with diagonal behaviouf) Energy plot
correlation back side when two adjacent stripshefftont side are firedg] Energy scatter plot of the graphical cut
shows in the panetl) less the events displayed fix (
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coming from these double and/or multiple firing et& helps to be ready to the
future developments.

Interstrip events consist in a charge collectionid#id by two adjacent
strips, therefore the sum of the energy measureatidoywo strips is the real energy
loss by the particle in the detector. The Figuré @) shows the plot of two
adjacent strips front side. The diagonal behavisurecognized as interstrip
events, instead the lines parallel to the axegwaeats in which two particles have
impinged the two strips, when the ACQ time windaategof QDC is opened (see
section 3.3 in the chapter 3). The Figure &préports a graphical contour cut
(green colour) on the diagonal behaviour of ffiizisotope. Obviously, in this cut
also coincidence events are included (due to tteesection of the lines parallel to
the axes). Therefore, another condition is requicediscriminate interstrip events
from coincidence ones. In general, the coincidesbesild fire two different strips
of the back side (Figure 4.®)f, the probability that a particle impinges in the
middle space of a pixel would be low (Figure 44)).( Indeed the energy
correlation between two strips back side showsiagahal behaviour (Figure 4.6
(f), when two adjacent strips front side are fir8therefore, assuming that
interstrip events have double strips front sidediand single one from the back
side (Figure 4.6d)), it is found that interstrip events are a venyall part of the

coincidences, which in turn, about 11% of the tetadnts.

4.3 Kinematical coincidences technique
In the chapter 3, the kinematical coincidence tegghas been showed in
an experiment with stable beam at low energy. &t tase the coincidence was
looked for particle stopped in the silicon detestorhe following results are the
first ones obtained at intermediate energy (55 MeMimary beam), looking for
particles in coincidence between CsI(TI) scintdiat

The study of events in coincidence between twastelges is based on the
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Figure 4.7 () AE-E matrix inclusive data cocktail beam. Selectifigybeam, the red points are relative to the
particles detected in the telescope at 3.1° inaid@nce with those ones detected by the telescofé°aThe
azimuth angle between the two coupled telescopedopisl80°. p) Energy histogram measured by the
scintillator. The peak pointed to the arrow corresjs to the elastic scatteritfg+d reaction.

comparison of the kinematic expected for the direeiction involved (elastic or
inelastic scattering, transfer reaction, etc.).rEdat requires a careful procedure
to check coincidences, this technique gives speatrg clean from the data
background. The Figure 4.38)(represent\E-E scatter plot of all the particles
detected at polar angbe=3.1°. Selecting from the cocktail beam B particles,
the coincidence, between the telescop#,aB.1° and the one &i;=66° with
azimuth angle\p=180°, produces the

red points in Figure 4.7a). As - %‘(" """"" T

Tel 38(3.1°)-875(66°)

expected by 2-body kinematic, the Ag=215°

elastic peak is recognized, see als

S0 b

energy spectrum in Figure 4.D)(

AE(channel)

Changing just the azimuth angle to

300 -

Ap=215°, no one coincidence,

. . . e St
coming from elastic scattering -

100 ZE-J 335 JOC" IEI.:J GI)l' . 0 éﬁlJ QI)C 15‘&')
reaction, is prominent (see Figure E(channel)
Figure 48 Selecting B beam, the red points
correspond to the particles detected in the tefesed
4'8)' because the detectors COUp|ed3'1° in coincidence with the telescope at 66°. The

, Lo i i missing elastic events is dueAp=215°.
don’t satisfied the kinematic rules.
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4.4 Angular distribution of the elastic
scattering
The aim of this analysis is to extract from theerkpental data the angular
distribution of the heavy partner of the reactionthe centre of mass reference

frame (CM). The angular cross section in the ceoftraass frame is given by
do _ Ny,
dQ NtaQ

4.2
where N¢atis the number of the particles scattered measiNed, the number of
the incoming patrticles, t is the thickness of thiget (atoms/area)Q is the solid
angle, dv is the factor to the transformation from the latory frame to the
Centre of Mass frame.

The first task is the measure of the numbey,Mdf reaction events at a
given angle. For each telescope of the forwardstitigis is the sum of events in
coincidence detected by scintillators kinematicatiypled. In the experiment with
80 primary beam, during the observation of thesedlets, it has been realized
that the beams line axis is not straight. This rieslithe kinematical coupling
between detectors. Indeed the particles, punchirggh the extreme right side of
the DSSSD, are detected by the telescopes ofrteifig of the CHIMERA array

in the opposite direction (left side). The sameiltdsas been obtained in the others

spatial directions. Taking into account that themen’t detectors at angles less than

C .
DSSSD Ring 1
. Internal
B B b T e f
L0
- Target

A BD+DF=540 cm
CB=2.4cm G
EF=8.5cm

Figure 4.9 Schematic view of the focus beams point.
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1° degree, it has been done some assumptions bststrip, to correct the beam
line reconstruction.

The Figure 4.9 shows a schematic view of the systenfiguration. The
angular corrections are obtained from the followielgtion:

tgh=— === 4.3

where BD+ DF=540 cm is the distance between theSIBE8&nd the first ring, EF
is its radius, and CB is the half length of théceih detector side. The corrections

on the angles respect to the centre of the DSS&harfollowing:

Strip 1/16 Strip 2/15 Strip 3/14 Strip 4/13 Strip 5/12 Strip 6/11 Strip 7/10Q Strip 8/9
AD 1.16 1.02 0.87 0.73 0.58 0.44 0.29 0.10

Once taken into account these corrections, it @arch for kinematical
coincidences. It has to consider the spread ineagigb ande) of the telescopes,
and the correction due to the impinging angle eftibam.

The scattering angles predicted by the kinematictduit perfectly to the
detectors opening. As an example, in Figure 4.1 motted two'®C energy

spectra, measured by two CsI(Tl) scintillators (de¢ector of the ring 2 external

LI B I B N N B N e 20 I L L L N
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Figure 4.10'°C+p elastic scattering at 50 MeV/u. Energy scattets between two kinematically coupled
scintillators withAp=180°.
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and one of the ring 2
internal). The events are in
coincidences with deuterons
detected by a telescope of the
ring 15. The kinematic angles
expected, for elastic

scattering of C  and

Figure 4.11 Schematic view of a typical coincidence between tw ~ deuterons, fall in the space
telescopes along the polar angle.
between two detectors. The
effective polar anglé and the solid angle of the measured cross se®idhe
result of the matching between the kinematic ra@ed the opening of each the
detector (see Figure 4.11).
Similar situation can be switch along the azimutigla (see Figure 4.12
(a)). In Figure 4.12K) is represented the energy histogrant“8f detected by a
scintillator of the ring 1 external (2.2°) in coidence with deuterons detected by
two scintillators of the ring18€E82°).

In conclusion the solid angle and th@olar angle of the particles detected

are the results of the matching between the kinematf the reaction, and the

ring 16
./ &
N / ’
target & 5
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beam E (channels

2B ring 1E (2.2°)
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Figure 412 (a) Schematic view of a typical coincidence betweetelascope of the ring 1 external and two
telescopes of the ring 16b)(*B+d elastic scattering at 47 MeV/u. Energy scaitets between the scintillators
kinematicallycoupled
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opening of the scintillators involved.

After these careful evaluation of the particlestterad at the effective
angled in the laboratory frame, the transformation in teatre of mass fram@y
results multiplying for the Jacobian factor.

In the equation 4.2, the number of impinging ioNsg, is given by the
particles counted by the trigger of the taggingesys The selection of the beam
incoming with the data beam trigger provides theber of event. The correction
factor (see chapter 3, section 2.4) used in theuisitipn beams events is
considered. However even here, some cautions mestaken. During the
experiment with*C primary beam impinging ofBe production target, even if the
beam profile was not spread on the whole DSSSD Kgare 4.13), many
particles are scattered by the target frame. Tlaka® difficult a correct evaluation
of the incoming particles. For this reason, the udeng distributions obtained
correspond just at the test experiment wi® primary beam impinging ofBe

production target. In the next experiment, a Midra@nel Plate position sensitive

la
Entries 4.037312e+07
Mean x 4.383
Meany 7.059
: RMS x 2.507
=] RMsy 2.048

Figure 413 *C primary beam impinging ofBe production target, magnetic fields optimize he t
transport of thé?B. Matrix of the beam 2D-profile seen by the DSSSD.
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will set in front of the reaction target.
The measured angular distributions are reportethlie and plotted in

Figure 4.14.

Table 41 Elastic scattering angular distributions for diéfet initial channel reactions.

Ocu(degrees) ocu(mbl/sr)| Aocu(mb/sr) | ocmior | Acew/Acr

192 184.39 2661 6.71 0.97

e 268 75.16 8.40 10.34 1.16
344 5581 15.48 20,54 571

50 MeV/u 46.0 15.79 2.19 1771 246
616 8.87 1.46 2926 481

774 2.20 0.90 1604 657

182 126.16 7.08 136 0.44

eeag 25.0 60.00 2.03 9.74 13
20.7 5455 7.29 223 0.75

28.8 50.69 5.04 331 33

50 MeViu 38.5 11.88 217 34.7 2.87
333 30.36 251 23.9 4.36

163 88.06 3.45 9.16 0.36

. 231 70.47 6.72 202 2.34
B+d 211 69.50 8.00 28.8 2.74
26.0 44.03 483 28.6 3.14

52 MeViu—353 24.89 2.00 401 3.36
385 35.19 11.13 1066 337

9.1 94.95 7.70 9408 7.70

. 26.0 82.92 6.75 8294  6.75
Be+p 33.2 57.43 3.01 5743  3.01
40.4 18.85 2.24 1885  2.24

56 MeVIu—4g7 6.76 0.67 6.76 0.67
63.2 357 0.37 357 0.37

where@cy is the scattering angle in the centre of massdrafrthe®®C+p, °C+d,
13B+d and'®Be+p, ocy is the correspondent cross section given by thatemn
4.2, Accy is the error given by the Poisson statistic e@@ia¥y, /' Ny . Theog

andAck are the Rutherford cross section and its errors.
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Figure 4.14 Elastic scattering angular distribution for cdltig systems. On the left side the cross sectiorsared. On the
right side the ratio to the Rutherford cross sectio
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CHAPTER 5 - Elastic scattering
measurements

5.1 The Optical Model

In this chapter the procedure and the potentigheshaised to fit the elastic
scattering angular distributions of the systéfs-p, *°C+d, *B+d and*°Be+p, are
described. Elastic scattering is an ideal toolttaly some nuclear properties (as
nucleon-nucleon interactions, radial structure,)eta particular the proton and
deuteron elastic scattering on light elements reditmned by nuclear rather than
electrostatic interaction. Indeed while elastictsrang cross section between
heavy nuclei follows the 1fEenergy dependence, light system particles, at
intermediate range energies, are characterizedrdss csections respect to the
Rutherford ones, which rapidly increase with thatteeing angles [GURO03]. The
Coulomb effects are important only at small anglesn the nuclear scattering
dominates, this effect is related with the nuclemce short range. The common
model used to describe the elastic scatterindgereliure is the optical model which
describes the effect of the target nucleus on ticedént particle in terms of a
complex potential well. The optical analogy is ens&ransparent sphere scattering
and absorbing light (cloudy crystal ball model) MT]. The basic assumption is
that the interaction between two colliding nuclsircture-less), depends by the
distance r between the centres of the two nuclae imaginary part of the
potential takes into account all the effects ddfdrfrom the elastic scattering
channels, involved in the reactions.

The elastic scattering angular distribution meagusbown in the chapter 4
(Table 4.1), has been analyzed using PTOLEMY cét¢Q80], which provides
an efficient program for fitting optical model paotels to elastic scattering data

and calculate the cross sections. The potentigleshaed is:
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V(r):VC(r)—Vfl(r)—iW(r)fz(r)+(VLS+r|XV)§'L[Sdf%r(r) 5.1

where \{ is the Coulomb potential; V, W and_¥are the potential depths of the
real, imaginary and spin-orbit terms which depegdhe energy involved in the
elastic scattering; the functiong(r), fa(r), fis(r) are usually taken to have the

familiar Saxon-Woods forms:

f(r)= 1r_R 5.2
l+e®
where R=R,A” is given by the projectile for elastic scattersystem;r is the
radial distant from the centra;is the diffuseness, it describes the potenti&ldfhl
at the surface. In literature [PER76], usually Byeanda are about 1.20 fm, and
0.7 fm respectively. The spin-orbit potential padferring to the spin of the
projectile coupled to its orbital angular momentumjncluded when the spin is

different to zero [PTO78].

5.1.1.*°C+p and *°C+d elastic scattering at 50
MeV/u

The'®C is a nucleus studied in some works [ELE0O4, ZHEG&]structure
is not yet well understood from both theoreticall @xperimental point of view. It
could be a candidate 2n-halo nucleus, but it iserido the stability line than other
2n-halo nuclei. Even i°C can also be treated as a core+n+n three-bodgrsyiit
is not a Borromean system because the subsystérsare bound. Th&C one-
neutron (§) separation energy is 4.250 MeV, and the two-meuf(&,) separation
energy is 5.468 MeV. This suggests that pairingatfobf the two neutrons added,
in the system™*C+2n, plays a very important role /iC. On the other hand,
lifetime measurement for the first-excited statef& [WIE08] and transfer
reaction *°C(d,p)°C requires no exotic interpretation [WUO10]. Theref

complementary study of the elastic scattering caolestigate its anomalous
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E =50 MeV/u 4 Expenimental data E sc=50 MeV/iu + Experimental data

100 100 ¢

o A AL TR 0
\/ :

o/og
\\
q
—

/oy

Bl 0.1
0 20 40 60 80 100 0 10 20 30 40 50

By (degrees) By (degrees)

Figure 5.1 ““C+p,*“C+d elastic scattering. Fits to the experiment#a thy using optical potential model.

behaviour.

To avoid a fit with too many free parameters, than produce
“unphysical” results, initially the radius and diffeness (real and imaginary parts)
has been fixed and the potential depths are $éteas fit parameters'®C has spin
zero in the ground state, so the last term of titergial expression in 5.1 is equal
to zero. The initial values to the fit are choseoking for similar system in
literature or in the Ref. [PER76]. As example, tadius real and imaginary of the
interaction is set equal to 1.2 fm, and the diffiessa and g, from the initial
value of 0.7 fm, are scaled (one by one) at ste.@2 fm. This task ends when
the best chi-square per poinf/point) is obtained. Results are reported in Table
5.1, and the angular cross sections to the Ruttierfalculated by using the

potential fit parameters, are plotted with expentaédata in Figure 5.1.

Table 51 Optical model potential fit parameters

V(MeV) | Ry(fm) | a(fm) | W(MeV) | Ry(fm) | a(fm) | Reo(fm) | x*/point
16C+p - ’
50 MeV/u 270 1.20 0.85 45.9 1.20 1.20 1.26 0.2
C+d -
50 MeV/u 246 1.17 0.90 28.6 1.20 1.70 1.26 0.4

As expected, both the systems have behaviour ¢toslee Rutherford at

very small angles, then the nuclear force is maeglgminant than the Coulomb
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—Fit 1 ——Fit 1

16C + p elastic scattering - = Fit2 16C + d elastic scattering — — Fit2
E sc=50 MeV/u ¢ Experimental data E;sc=50MeV/u 4 Experimental data
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Figure 5.2 Elastic scattering angular distributioB€+p (left side) and®C+d (right side). The two lines (continue
and dashed) are two fits to the data relative eéqtirameters reported in Table 5.2.

one and the ratio increases. The oscillations amgicdl to Fraunhofer
nearside/farside interference pattern (diffracedfiect).

The imaginary diffuseness parameters obtained fribw fits have
“anomalous” values, in particular for the elastiattering of*°C on deuteron
target. Even if the usually halo nuclei are chamared by a potential surface
[BONO2], the big diffuseness of the imaginary peould suggest some strange
behaviour. Different attempts have been done tthétexperimental data with a
surface potential. Being few experimental data pithe addiction of more fit
parameter produces unphysical results. In ordérgblight the reliability the fit
analysis, the comparison between two different ditgdais plotted in Figure 5.2.
The “anomalous” set parameters are named Fit iead<-it 2 is the fit of the data
by using “normal” diffuseness and radius parametard the “free” potential
depth. The two parameters sets are summarizes ble Ta&.2. “Normal’
diffuseness and radius fixed in the calculationsdpce a strong imaginary
potential depth, and in th8C+d also an “enormous” real one. Elastic scattering
reaction can’t produce so high absorption, theeetbe solution Fit 2 seems to be
“unphysical”. Moreover in Figure 5.2 the dashedcklane (Fit 2) don't suite the
data behaviours, especially in the elastic scatefiC+d, where the higher value

of diffuseness is obtained. The pictures confirengbodness of the parameters Fit
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1 to reproduce the data behaviour.

Table 52 For each system, two sets potential parametenrepogted.

V(MeV) | Ry(fm) | a(fm) | W(MeV) | Roi(fm) | a(fm) | Reo(fm)
C+p |Fitl] 270 1.20 | 0.85 45.9 1.20 1.20 1.26
50 MeV/u| Fit2| 286 1.20 | 0.85 88.7 1.20 0.90 1.26
c+d |Fitl| 246 1.17 | 0.90 28.6 1.20 1.70 1.26
50 MeV/u| Fit2| 647 1.17 | 0.90 420 1.20 0.90 1.26

5.1.2.°B+d and '“Be+p elastic scattering at 52
MeV/u

138 and %Be isotopes have not “halo” structures, however shely of
elastic scattering reactions for these nuclei is imaportant tool to future
investigations of thé’B and 'Be “halo” nuclei. As it has been shown in the
Chapter 1, one neutron halo is described using b@dy model (nucleus
core+neutron), therefore proton or deuteron elastattering calculations give
important information to the core nucleus wave fiowc to be used in the
description of other direct reactions (transfeedieup, etc.).

With the same method previously described,'fBe-d and'®Be+p elastic
scattering angular distribution has been reproduced

3B has spin equal t0"33/2, so initially V, W, V(s are taken as “free”
parameters and the corresponding diffuseness alakrare fixed. This potential

shape, using different combination of fixed initigrameters, doesn’'t give any

3B+ ( elastic scattering —Fit1

E.:5=52 MeV/u

¢ Experimental data
= = Fit2

3B+ d elastic scattering

# Experimental data E,35=52MeV/u

1000 1000

—

/\V/_/ 10 ’
/ /
'

1 1 =t

100 100 %

0 10 20 30

Oy (degrees)y

40 50 0 10 20 30 40 50

O (degrees)

Figure 5.3 *B+ d elastic scattering, the pictures show two fitgdy using parameters summarized in Table 5.3.
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reasonable results. PTOLEMY code calculates nopmssible result. Probably,

due to the few data points, the introduction oftfar three parameters (connected

with spin-orbit term) decreases the reliability ttee data fits. To this reasons,

assuming ¥o contribution smaller than the real and imaginaeptti, spin-orbit

term are neglected. The values of parameters autaane reported in Table 5.3,

named “Fit 1”. The parameters of the imaginary poét are characterized by a

little high diffuseness and radius. Different vau@uggested by literatures for

similar system [PER76]), produce an imaginary depthhigh, compared with the

real one (see Fit 2 in Table 5.3), and make wdisdfit quality §°=21.0 and see

Figure 5.3).

Table 53 Two sets of fitted parameters to experimental.data

V(MeV) | Ry(fm) | a(fm) | W(MeV) | Ry(fm) | a(fm) | Re(fm) | x%/point
“B+d |Ffit1| 219 | 0.82| 075 235| 110 099 126 0.45
52
MeV/u | Fit2 | 143 | 1.13| 070 654| 113 070 125 210

Also for the'®Be+p elastic scattering angular distribution, tlagadfitting

procedure begins by the initial parameters of déhess and radius, for the real

and imaginary part of the potential, suggestedR&H76]. This set of values lead

to a real potential repulsive (Table 5.4 - Fit\@hich is “unphysical” solution for

10Be+ p elastic scattering
E,op=56 MeV/u
1000

—Fit1
+ Experimental data

100

el

10

//‘—\/

ol/og

/)

0.1

0 20 40 60

80 100 120

O (degrees)

10Be + p elastic scattering
Ej05,=56 MeV/u
1000

4 Experimental data

- — Fit2

’
100 ;

0 20 40

O (degrees)

60 80 100

Figure 5.4 Be+p elastic scattering. The pictures show two festédy using parameters summarized in Table 5.3.
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the nuclear attractive force. Scaling at stepsusadind diffuseness real and
imaginary parameters, the best reproduction taddtia behaviour is suited by the
parameters corresponding to the Fit 1 in Table Bekide, even if the radii and
diffuseness are smaller than the parameters sumadain the Fit 2, the potential
depths are more confident to those calculated floeroelastic system at similar
energies, above reported. The Figure 5.4 showsn@ngular distributions fitted

to the data (Fit 1 and Fit 2) and the better repetidn of the data behaviour by the

red line than the black dashed one.

Table 5.4Two sets of fitted parameters to experimental data.

V(MeV) | Ry(fm) | a(fm) | W(MeV) | Ry(fm) | a(fm) | Re(fm) | x%/point

“Be+p | Fit1| 278 | 057| 031 168 09 040 125 45
56

MeV/u | Fit2 | -12.6 | 1.20| 0.60 0.04| 120 060 125 47
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SUMMURY AND CONCLUSION

The present work reports first results about préidacof radioactive
beams and the investigation of the CHIMERA multdébr capabilities using
kinematical coincidences. At Laboratori Nazionalel dSud of the Istituto
Nazionale di Fisica Nucleare (LNS-INFN) in Catar(italy), radioactive ion
beams (RIBs) are produced by In Flight Fragmenta(ié-F) technique. Two
experiments, with®0 and**C primary beams at 55 MeV/u impinging 6Be
production target, have produced light RIBs witloegh rate (19- 10* p/s) to
study elastic scattering 61C+p and'®C+d at 50 MeV/u!®Be+p at 56 MeV/u and
B+d at 52 MeV/u.

The experiment set-up has required some upgradidgecurate analyses.
A tagging system, consisted of a Double Side Sili§trip Detector (DSSSD) and
a MicroChannel Plate (MCP), has been implemented tlom CHIMERA
multidetector. Measuring the energy lo2sE] in the DSSSD and the Time of
Flight (TOF) between the two detectors, the energreasurement of the beams
incoming and their isotopic identification have begeerformed the energies of the
beams incoming and their isotopic identificatiowé&een performed. The system
calibration has been obtained using the and TOF predicted by LISE++
simulation code. The program is designed to preitietintensity and purity of
radioactive ion beams by in-flight separators. iBgtthe configuration of the
Fragment Separator (FRS) at LNS-INFN and the erpatal conditions (primary
beams, detectors, etc.), th&-TOF scatter plot is accurately predicted. Chedoks
the reliability of the calibration have highlightedme energy uncertainties due to
the productions mechanisms and to the unknown ntiagields in the dipoles.
Future upgrading about monitor beam transport sysééd magnetic rigidity

measurements in the FRS will lead to smaller unggrés.
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The elastic scattering angular distribution is nnead by using kinematical
coincidence technigue. Taking into account that MERA is a 4 multidetector,
measurements of events in coincidence betweerctgles coupled kinematically
allowed to obtain high quality data. The energyc$pe are cleaned by the
background and the reaction mechanism involvedciquely recognized. On the
other hand some troubles arise when the beams ingdnave not straights line
and they are not focus on the target. The lack béam tracking has revealed
some difficulty in the beam line reconstruction.afysing events detected in the
forward part of the CHIMERA array and punching tgh the DSSSD, strip by
strip, some assumptions have allowed carrying om diata analysis. Next
improvements about a MicroChannel Plate positiorsisiee, positioned in front to
the target, together with a DSSSD will permit easied more accurate beams
lines reconstruction.

Selecting the initial reaction channel, measuring humber of particles
incoming and the events in kinematical coincidened@th the appropriate solid
angle, the elastic scattering angular distributians obtained for the following
systems:*®C+p and'®C+d at 50 MeV/u%Be+p at 56 MeV/u and®B+d at 52
MeV/u. The experimental are fitted by using optinabdel. As expected, due to
the short range of the nuclear force, the Coulomibtaces are sensible only at
very small angles. Increasing the angles the nudteae becomes predominant
leading at high values of the cross section tdRutherford one.

In particular, the fits of the experimental datareeto reveal an anomalous
structure of thé®C isotope. Nowadays, its structure is not well usti®d, even if
1%C can also be treated as a core+n+n three-bodgrsyst is not a Borromean
system because the subsystenmiSth-are bound, the paring effect of the two
neutron added dfC seems to play an important role [WUO10,WIE08, BAE
ZHEO02]. The elastic scattering distribution, fitteet the reaction channeféC+d

and *°C+p, leads at “anomalous” diffuseness of the imagirpotential. These
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results could confirm the anomalous structure ef't8. Besides the upgrading of
the FRS (available next year), about new largerdgusoles and sextupoles
mounting, will increase the beam intensity per 4&dr, carrying on further data
analysis of direct reactions, as transfer and brgaland more detail studies of
elastic scattering. These studies will be compleargrin the investigation of’C

structure and other nuclei &8e halo.
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