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INTRODUCTION

The Heavy lon Collisions (HICst intermediatenergy regime
PO QO GO p moTQud areanappropriatenvironment
for the investigation of the features of theclear interaction in the
matter The CHIFAR experimentas carried out at INFiaboratori
Nazionali del Sud: the main agmwerethe study of the reaction
mechanismsthe Intermediate Mass Fragmen(t#/Fs) emission
probabilityand the isospin roli@ HICs.Some nuclear reactions were
studied by the CHIMERA Collaboratiofrrom the combinations of
three different beamandas many targetshe following collisions
werechoseno comparethe trendof the emission productsetween

neutronrich and neutrompoor systems:

U 2%Sn#*Ni, al s o c alichoe s yfsrtesurt r on

U *Sn+eNi, al so capdedo Ainesit & mn

U ?Xe+*Zn, al so called fAisobarico
U 12%Sn+4Zn

U 2Sn+%Ni

U 12%Xe+*Ni.

All the abovementionechuclear collisions were studied@to 0 'Q w
of beam incident energgpecially selected to extettte knowledge
of the nuclear interactionsnd of the isospin rolat lower energy
range with respect to some previous experiments, such as REVERSE
or InKilsSy, where the same systems and physics cases were
investigated ab W 0 Q[DEF14, RUS2D

TheCHIMERA multi-detectoy mounted alNFN-LNS, permits
to detectsimultaneoushall the charged particles emitted in the final
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state of the HICs. In the studiedemiperipheral reactionsthe

reaction mechanisns typically binary that means the Projectile

Like Fragment (PLF) and the Targake Fragment (TLF)are the

main productf the processThe secondary emissions inclute
evaporation of neutrons, the emission of Light Charged Particles
(LCPs)and of gamma rays from the excited PLF and THEiRally,
insomecasesi denti fi ed al so anothenclaass ft er
of massive particlemustbe considered to explain the full reaction

pattern because in the first phase of the interactioroverlapcould

be created from the connection region between the projectile and the
target |1t i s a i rbetwekndhe @UF artdthe TLmMthé t e r
Aneck ruptureo gives ., rtheseaalledo a t
Intermediate Mass Fragment (IMF)

Although thelMFs production in the midapidity region was
investigated in many experimerstdl remains manypen qustions
Weknowthatin thisrapidity region he emission process of the IMFs
is characterized by a velocity in the laboratory frame thkitagor
slightly higher than) that of the center of mamsa broad distribution.

If the process iddominatedby statistical emissignthe velocity
distribution of the massive partislées determined by the Cauihb
repulsion.In detail, the velocity of IMFs is isotropically centred
around the one of the emitting source (PLF, TLdmpound nuclei,

€ ) Instead|f the process is dominated by dynamical emisdioa,
IMFs relative velocity distributionwith respect to the PLF and the
TLF, shows an anisotropic trénThe dynamical transport model
[BARO4] predictionsare in agreement with the experimental results
[DEF14, RUS20] which also highlighted the phenomenon of the

isospin migration In particular,in such dynamical eventshe



production of the neutron richer fragmentgasouredwith respect
to the ones produced in PLF/TLF evaporatifission. This is the
mechanism ofthd@ d y na mi c a l neck fragment at
The CHIMERA Collaborationpaid attention to the features of
the IMFs emissionn semiperipheral HICs since some prevsou
experiments, such as REVERSE and InKilsBye maingoals were
the observation ofhe ternary event$ PLF, TLF, IMFsi and the
correlated_.CPs thanks to the CHIMERA high granularitt first,
the REVERSE experiment studied tkec al | ed riineclud r on
system 2Sn#Ni and thbkBat rion p'So#Ni atone
o W 0 Qheam energy, in reverse kinematics. Théme, InKilsSy
experimentconsidered he fii s o b ar betweenchetwbi nat i
previous reactions so the!?*Xe+%Zn has an isospin contribute
similar t epotolyslemAndutar onmss I|-i ke th
r i ¢ h onomler ® have a broad systematics and to compare more
reactions as it possiblthe 12*Xe+%Ni wasalsostudied These four
reactionswvere useful to highlight the enhancement of the dynamical
fission probability in correspondence of the neutron rich
configuration The dynamical breadp and the IMFs emission
probability follow the isospind 76 contributeof both the projectile
and the targedf the colliding nucleiThe analysis of the REVERSE
and InKilsSydatademonstrated that thiele of the isospin content is
relevantin triggering the dynamical emission mechanism, while the
influence of the mass systaran beexcluded
The CHIFARexperiment main topic of the present thesigs
proposed to investigatahe features of thelMFs emission
mechanismgstatisticaland dynamicalyat lower energywith the

final goalof comparing theaewresultswith the previous ones.



The experimental setup will be describadnore detaiin the
second chapteBriefly, it wascharacterizety the coupling between
the CHIMERA multi-detector and the neWARCOS (Femtoscope
ARray for QOrrelaion and Spectroscopygorrelator Thechoiceof
this apparatus permitted benefits of the very high performances of
the two detectorsIn fact CHIMERA provides a complete
description of the reaction events, whal@ery preae identification
of the fragments detectedMFs and LCPs)in the solid angle
coveragecan beachievedthanks tothe high energy and angular
resolutionof FARCOS[EVP16].

The experimental procedurdata analysis and results will be
discussed in the second paftthis thesisstarting from the third
chapter andn the following onesThe proceduregegardingthe
energy calibrationsf thedetectorsaand the evaluation of the energy
resolution will be discussed’he data analysis was focused on the
IMFs emission and their identificatiomth thegE-E techniqueThe
methodof thesoc al | e d i wasimmemanted and applied
in order to improve the reconstruction of the evetit® correct
positionof eachparticle detected by the FARCOS correlator can be
assigredwithout ambiguity.

Theisospindependence Heavy lon Collisions is still deeply
investigated In fact, the isospin degree direedomplays a crucial
role in understandg nuclearinteractiors (in vacuumand inthe
medium) thanks to its connection with the EquatiohState (EOS)
of the nuclear mattelhe merging of the datollected by FARCOS
and CHIMERAwas very important to select the global varialieg.
total charged multiplicity reaction plane, and so ongeded to

characterize the emissioprocess.In particular, he CHIFAR



experimentvas focused on thghysicsaboutthe dynamical emission
process The effectsso far highlightedare in agreement with the
theoretical prevision Future perspectivecould concern an
improvementof the experimental setupvith the integration of a
neutron hodoscope like NArCoS (Neutron Array for Correlation
Studies) featuringhigh energy and angulagsolution in the neutron
signals, undeconstructiomat present days in CatanjiavP22].

The possibility of investigatingHICs having extreme isospin
asymmetry in the intermediate energy regimeals supported by
the building of a new fragment separaklRAISE (FRAgmentin-
flight SEparator) at INFN-LNS [MAR22]. It is on its final
constructiorphaseand it will deliver Radioactive lon Beams (RIBS)
with an intensity suitable for such studies (in a range betywern
p 10 n)i Some nuclear reactisiavealreadybeenproposed tde
analysé with FRAISE beams, such &Ni+2‘Snand®*Ni+1?Snin
order to agaicompareéi n e u-t ir omo anmpodme ugy ®Mmem
respectively.

The last chapter of this workoncernsthe ASY-EOS Il
experiment, carried out at GBAIR in Darmsadt, Germany
[RUSprop] It is aimed atthe determination of the features tbe
EOS putting new and moretringentconstraintson the density
dependence of the symmetry energy at sgptaration densities.
Simultan@us measuremewf the elliptic flov of neutrons, protons
and light darged particlesre thekey observable$or this scope
They are investigatethrough the'®’Au+'®’Au collisions, atfour
different energies, ¢ Y@L ‘Qwt AL Qw6 ™ U 'Q wand
p 1 TOTD Q dbhe experimental setup includedrious detectors of
the RB Collaboration, such as NEULANIXRAB, TOFD, LOS



ROLU, and alsdour double rings of the CHIMERA multietector
The elliptic flow developd in relativistic HICshas been proven
theoretically and experimentally to haseunique sensitivityn the
characterization of the symmetry eneggysuprasaturation density
The high-density regime like the one tested in ASEOS II
experiment which according to the model shouldeach twice the
saturation one, will provelimportant information for astrophysical

predictionsof themassradius relatioship of neutron stes:
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CHAPTER 1

Some investigations of the CHIMERA Collaboratiayn the Heavy

lon Collisions.

1.1. The CHIFAR experiment@ INFN-LNS: dynamical fission
and IMFs production at 20 AMeV.

The CHIFAR (CHIMERA-FARCOS) experimenDEFprop]
was carried out at INFlaboratori Nazionali del Sud Cataniajn
November 2019by the CHIMERA Collaborationwhich involves
numerousresearcherfrom INFN-LNS, INFN-Sezione di Catanja
INFN-Sezionedi Milano, but alsacoming fromPolandand Mexico.
The main aim of theCHIFAR experimentwas to examire the
reaction mechanisms of the Heavy |@wllisions (HICs),with
special emphasis ahe study of théntermediate Mass Fragments
(IMFs) emission in particular at the lower boundary of the Fermi
energyregime. The measureof the probability of dynamical and
statical emissiomf IMFs and Light Charge Particles (LCRalows
to understand thesvolution of the reactiormechanismin the
transition energy region from Could to Fermi energies.

Another keyobjective of the CHIFAR experimemtasto study
the dependence of the symmetry enesgythe densityin order to
improve the knowledge of the features of the Equa@brState
(EOS) of the nuclear matteilhe role of the isospindegree of
freedom(i.e. the ratiod ¥®obetween the neutron and protmber$
of the colliding nuclei ishe connection parametaith the symmetry
energy The phenomenon difieisospin migration can be observed in

Heavy lon Collisions (HICs) and manifests in two distinct
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mechanisms. The first ihe isospin diffusion, which arises due to
the isospin gradient between the projectile ahd target in
asymmetric reactions. This process is sensitive to the symmetry
energy’Y” and reflects a form othe isospin equilibratiornthat
occursduring the dynamical evolution of the reactidime second
mechanism isheisospin drift, which is more sensitive to the density
dependence of the symmetry energy, specifically the gradight "
Isospin drift occurs in the presence of a density gradient, such as in
the lowdensity neck region formed between the cyasjectile
(QP) and quadiarget (QT) in semperipheral collisions, bothin
isospin, symmetric and asymmetricdChis mechanism leads to a
neutron enrichment of the dilute nuclear matter, resulting in the
formation of neutrofrich intermediate mass fragments (IMFs),
particularly during the early dynamical emission phfRe)S15,
DEFO05, DEF12, DEF14

In the previous yeaygshe CHIMERA Collaboration analyzed
the complex dynamics of the IMFsmission at Fermi energiés
massand isospinasynmetric nuclear systesnin the REVERSE
[DEF14] and InKilsSy experimentsRUS2(, different nuclear
reactions weretsdied at 350 0 ‘Q af beam incident energyrhe
CHIFAR experimentwas plannedto investigate the competition
between dynamical and statistical emission of IMFs l20Bsas a
function ofthe beam energyand in particulathe total six nuclear
projectile and target combinatioafreadyobserved in the previous
two experiments, but at the lowiacidentbeam energy af 0 0 ‘Q w
The choice of the samHEICs is aimed at comparingthe main
distributions andthe results from thedata analysidor the two

different energies.
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The colliding reactionsof the CHIFAR experimenare the

following:
U 2?Sn¥Ni , al so cnrild¢tkra sSiypyetue mon
U *'%Sn+Ni , al so cmaodredad sSinewuemon
U *Xe+*Zn, also called fAisobarico s
U 12%Sn+4Zn
U 2Sn+%Ni

U 12%Xe+%Ni.
It is clearthat theywere obtainedfrom the combinations of three
beams- 1%4Sn 112Sp, 12%Xe - delivered by the Superconducting
Cyclotron (CS) of INFNLNS, and as many target$*Ni, >8Ni, %4Zn.
The chosen systems put emphasis on the isospin contstoidyits
role in HICs having selectedeutronrich/poor projectile and targets

In Tablel, the isospin value, calculated for eaiehction isreported.

oY% o2 o Y

) ® ®
fineutronricho 124Sn+*Ni 1.48 1.29 1.38
fineutronpoorod 12Sn+8Ni 1.24 1.07 1.16
fi $obari® 12%Xe+%Zn 1.30 1.13 1.21
1245n+4%%7Zn 1.48 1.13 1.31
11251 +%4Ni 1.24 1.29 1.26
124% e +5Ni 1.30 1.29 1.29

Tablel: Isospin values of nuclear reactions studied in the CHIFAR experiment.

The experimental setupas well suited according to thaims
proposedThe main featuref the apparatus usedas the coupling
betweenthe 4 CHIMERA multi-detector and the new correlator
FARCOS. This configuration wasthought toprofit of the novel
FARCOS array and its improved, with respect to CHIMERA energy
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and angular resolutiorin factt CHIMERA is able to providea
complete characterization of the reaction events, FAR@G{Bad
ackas a highresolution detectagiving a very precise description of
fragments detected in its limited solid angle covefagel3°-30° in
the laboratory frame systenfurthermore,tie coupling of the two
detectors allows the study of new observables, such thel NN

and LCRLCP correlationswhich provideinformation on reaction

mechanismssources characterization and particles emission times.

Thefeatures of the two detection systems will be described
moredetailsin the Chapter 20nly a few aspect@re mentioned in
this paragraphn order to better understarmbw theexperimental
setup is useful for the physics motivationsf the CHIFAR
experiment.

The CHIMERA multidetector, previously utilized in numerous

experiments atiNFN-LNS, is made by1192 telescopes. Each

tel escope consi st sletectdr coapled3vit) a & m

CslI(TIl) scintillator (ranging from-3 2 c¢cm i n thickness

configuration, CHIMERA covers a polar angular range oL716°.
Typical energy resolutions (FWHM), determined via elastic

scattering, werapproximately ‘©O p bfor the Si detectors and

about2% for the Csl(TI) scintillatorDEF05]. The 4° detect o

permitted to study different phenomena, such the neck

fragmentation irthe secalledfiternary eventsat Fermi energiesn

typical semiperipheral collisions, the reaction mechanism is usually

binary, yielding a Projectiléike Fragment (PLF) and a Targeke
Fragment (TLF) as the primary produetisthe end of the process
The secondary emissiofiem the excited PLF and TLiRvolve the

evaporation of neutrong,CPs and gamma raysdowever, these

14
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products alone aren't sufficient to explain the full reaction pattern
However a third class of massive particles can be generated during

the collision.In fact, n theinitial phase of the interaction, the
connecting region between the projectile and the target creates an
overl ap, s u cdiutednscleamaitean lmetwien theoPLF

and the TLF.Thesubsequenineck ruptureo gives
massive body, ¢ IMF. If it is emitted in such arocessit will have

a velocity in the laboratory frame similar to (or slightly higher than)

the center of mass, in a broad digttibn. This class of events

belongs to the set of the-soa |l | ed fit eandiavolyes ev ent
PLF+TLF+IMF.

Thanks to the high performances of the CHIMERA multi
detector that is able to detdcagmentsup to the target region, in
reactionf 124Sn+*Ni and?Sn+8Ni, asignificant crosssection for
ternary reactions in necentral collisionswas revaled with the
formation of the PLF, TLFRas residuesaccompanied by thBvIFs
emission Light IMFs, with atomic numberd p 1T were
preferentially emitted due to the neck rupture of the interacting zone
between the PLF and TLH.heselMFs can be emitted on short
timescales from neck ruptu¢according to the models withm 1T 1T
¢ T RGF0after the interaction) in the more dynamigalaction
phaseor over longer periods during the sequential decay of either
the PLF or TLRmore tharlOm T p v TTAGFG) [DEFO5, DEFO5h
Experimental data confirmed the theoretical hypothesis: emission of
light IMFs is prevalently correlatedwith the early stages of the
reaction in its dynamical phase, atigy are emitted frona dilute
density region, with respect to the normal saturation denstlyan

higher probability to be neutron enrichadstead, heavier IMFs,
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with @ « were found to be emitted in a later step of the neck
expansion process, in an asymmetric mass splitting of the PLF with
aligned three bodies configuration (TAMF-PLF). This last
phenomenon wa sdynandoalnfissiod o e d Aalsi gin e d
breaku p because is typically both a symmetric or asymmetric
binary splitting of a very exited and neujuilibrated PLF (that
follows a DIC excitation) occurring withip Tt Tt 1T Tt TG Gthat

Is symilar to a more equilibrated and later stage occurring fidigien
phenomenonThe process can be described as agtep sequential
mechanism: a fissielike emission following a deep inelastic
collision. It had previosly been observedin #Kr+%Er and

129 e+122Sn reactionseven at beam energig®wn top &0 U Q
[RUS15,GLA83, BAROA4.

Interestingstudies as a functionf the isospinof entrance
channel haveéeen donatp W 0 Q[EAM15]. CHIMERA's results
highlighted that the statisticakquential emission exhibits a similar
crosssection for both neutrenich and neutrofpoor Sn+Ni systems.

In contrast, the dynamical emission for the neutioh system
showed an enhancement factoddd2. This strongly evidenced the
dynamical fission's high sensitivity to the entrance channel's isospin,
[RUS15, RUS1D

Theexcitingscientific prospectivevasto investigate further the
dynamical processes and the IMFs production at lower energies
using theCHIMERA detector So, the idea of studying reactions
1245n44Ni, 112Sn+8Ni and 1?Xe+%%Zn at¢ ™ 0 Qi® connected to
explorethe significanceof onebody dissipation processand thé
subsequentinfluence @ the shapes, angular momentum and

excitation energies of the systendglditionally, understanding the

16



strong competition between fusion and binary channels is crucial for
comparison with Stochastic Mean Field predictioRdZ[L4]. At
these energies, the mechanism of neck evolution respect to the
symmetry energy is largely unknowyet.

TheCHIFAR experimental setuglsoincludedl0 telescopes of
FARCOS correlatain its final configurationthey were grouped o
5 pairs arranged in a ringjke configurationfor better coupling with
the sphez part of CHIMERA(see Fig. 1)In this way,a coverag®f
about¥softhe2 a z i mu twhsguaranteashhideehe covering
polar angle was in a range of 130° in the laboratory frame
Regardingthe identificationof the particlesin this configuration
FARCOS:is able to reconstrudhe ions impinging the two Silicon
stages of the detect@0e na nd 1 5tiicR. € m

FARCOShas abetter granularity than CHIMERA. Besides, its
energy resolutions and its resolving power permit to study more
accurately the link with different time scales of the binary brgak
of the projectileOne of the experimental aimsasthe improvement
of the knowledge about the neck dynamatsthe lowerenergy
regime: at this moment tltynamics trend with respect to tisespin
contentbehaviour isot clearly known.

FARCOS also gives the opportunity to perform interferometric
techniques on LCP, to extrapolate information about emission time
and size of the emitting sources [EVP16].

The CHIFAR experimenthas given a good opportunity
understandhe IMFs production mechanism in HICs the final
perspective to extertie previous studigdEF05, DEFO5b, PAPQ7,
RUS10, DEF12, DEF14, RUS15, RUS20, PAG&ward the low

energy regimefinally, the¢ ™ 0 Qle&am energy ialsoa strategic

17



choiceconnectingto thephysics researcbf the stable beams with

SPES radioactive beamat lower energiesthan p W 0 ‘Q cat

Laboratori Nazionali di Legnaro [MAR20]
P fon TR
. \ l\ ( y \\ )\
} f'*r.'l i '

1 1

Figure 1: 10 FARCOS telescopesoupled to the sphere part of CHIMERA, in the final
configuration used in the CHIFAR experimeait INFN-LNS in November 2019HVP16,
webCHI].

The data analysisyhichwill be discussed in #isecond part of
this thesis,is focused on thsix abovementionedhuclear reactions
studied in the CHIFAR experimentat ¢ 10 0 ‘Q éncident beam
energy.

In the following chapters, @areful description of the work done
will be reporteddividedinto several stepsuch as:

I. energy calibration of the Silicon detectors of the new
FARCOS correlator
ii. evaluationof theenergy resolution of thieont and back sides

of the Si stages of FARCOS

li.  timing analysis and applicatianf t he fpi xel at

18
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Iv. procedure and achieved results concerning to the particle
identification phase relative to the IMFs production

v. preliminary study and results of the isospin role in the HICs
the low beam energy of the CHIFAR experiment

vi.  further preliminary studies of the physiccases highlighted
by the data analysis, according to the main admbetter
understanishg the phenomenon of the isospimansport in
order to correlateit with the symmetry energy in the

asymmetric nuclear mattandcharacterie the EOS.

1.2 The physics of Heavy lon Collisions attermediateenergy

regime.

One of the main objectives for the CHIMERA Collaboration is
the investigationof Heavylon Collisions (HICs) atintermediate
enery regime The CHIMERA and FARCOSdetection systems
housed at INFNLNS, represent avery useful tool to achieve this
purpose

The intermediate energy domaifand the Fermi one at
o W 0 Quis an areaof interestfor nuclear physic research It
coversthe energy rangeetweerp 0 Q& OO0 p Mt Q&D.

It is mainly characterizedoy a transition behaviour in nuclear
reaction mechanismsasa function of the beam energnd the
impact parameter§C0O83. Within this energyregime and as a
function of the impact paramefephenomena including neck
emission, projectildike dynamical fission, massive ternary breakup
nuclearfragmentation and mufragmentatiorare observed. These

events are key indicators of the remarkable evolution of the reaction
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dynamics, exhibiting emission timescales that range from very fast
(tens of fm/c, or prompt) to considerably slower (hundreds of fm/c,
or sequential).

The main features of this transitibehaviourcan bedentified
in two aspects

. increaseddispersion of Projectidike Fragments: a greater
spread in the reduced linear momentunPafFs which are
createdby afast projectile fragmentation in serpieripheral
collisions can be seefGUES8S].

. "rise andall" trend thefragment multiplicityproduced during
multi-fragmentation in central collisions showsse-called
“rise and fall"inclination[LYN95].

Both the central collisions, where the two heavy nuclei collide
in the most violent wayand the serperipheral ones, provide an
ideal scenario for exploring the propertiestlodé nuclear matterln
that sensethe nuclear Equation of State (Eo8AR05] and the
phase transition in finite nuclear matt®XJC%] can be studied

In the Fermi energies regime o W 0 Q wnucleusnucleus
collisions permit to describe the dynamical transition from the mean
field domain ¢ ™ 0 'Q o the short meafree path one typical
of nucleonnucleon interactionsO v 1™ 0 ‘Q wThe study of the
semiperipheral nuclear reactions is useful to evidence these effects
when analysinghe contact zone of the two colliding nuclat. low
incident energyin central collisionsthe projectile and the target
nuclei create a compound nucleus in dodlision; but it is highly
unstable The fissionor evaporatiordetermineghe finalstate of the
reactionf[BOW93, SAN9%. Increasing the excitation energnd so
the incident energyntil the binding onemany IMFs are emitted in

20



the multiple splitting, and the socalled fimulti-fragmentation
becoms relevantat the increase of the incident energiize multk
fragmentation in central collisions is the clear signal of a
disassembling of an excited system.

Thesoc a | Irise dnd falb trendis typically observedn the
multi-fragmentation phenomenon It is directly linked to the
increasing violencei.e. to the centrality of a collision.Many
previous experiments highlighted this correlafioN95, SOWBQ].
Figure 2 illustrates the mean multiplicity ofMFs, defined as
fragments with an atomic numb®r o, measured in tHEKr+1Au
and¥’Au+'%"Au nuclear reactios as a function ofhebeam energy
and the impact parametdiheseexperiments were carried outtae
Michigan State University (MSUAnd atthe GSI Helmholtzzentrum
fur Schwerionenforschung in Darmstadtlarge systematic of data
were collected ltebeamsausedhadseveraknergesand the collision
products were detected with the Miniball/wall arragtection
systemin both cases, the principal highlighted result was the average
IMF multiplicity peaks a@aroundp ot Q& incident energyTo
better understand this phenomendime experimental data were
compared with two theoretical modefr the 8Kr+1%’Au system
(shown on thdeft panel of the Fig2): the Quantum Molecular
Dynamic (QMD simulates the dynamic phase of the reaction leading
to the formation of a hot sourceking place in the first stage of the
reaction,while the Statistical Multifragmentation Model (SMNj
used as afteburner to reproduce the emissiohparticlesfrom the
hotsource A decrease at higher energies was expeatelcbbserved
in the 17Au+'°Au reaction as ca be seenin the right panel of the

Fig. 2: the wide incident energy rangéthe examined datlowed

21



to roughly determinethe energy value of théeginning of the
decreaseFurthermoreit is accompanied by a shiéif the multt
fragmentation procegewardsmore peripheral collisions

The aim was to propose a proper description of the multi
fragmentatiomuclear procesdt suggests that fragment production
occurs aftera fastcompression and expansion phases, involving a
transition from normal nuclear densify T X 618G ) to a
lower density("* T@®” ). This density change leads to the creation

of clusters, a state referred to as the "fremzteconfiguration”.

197 197

Au + Au
E/A= 100 MeV E/Am 250 MeV EfA= 400 WaV
10— LR L D B | LI - 25 50 75 l:‘.l, 25 5.0 T‘.S l:). T zra 5l,o ‘rfa 1::_ 1
- — —unfiltered + N By 4 — b (tm) —t
——filtered " * Data
8- o mun N T
= | -=w/tilter _|
-=- QMD

6 C\ QMD _ 1 __ w/tilter -

<Npg>

97« ISV I P TP I YT I Y PPPYY
20 50 100200 500 20 S0 100200 500

Ebeam (MEV/A)

Figure2: Mean IMF multiplicity measured in tHéKr+'°’Au nuclear reaction, as a function of
the beam energy, compared to QMD and QMD+SMM calculatftefs panel);a decrease at
higher energies was obseniadhe'®’Au+'/Au collisions, as a function of the impact parameter
(right panel)[LYN95].

About the time scale of the muftiagmentation phenomenon,
analyses focusing on velocity correlation functions have consistently
shown that multifragmentation is\ery fast process, occurring on
the order ofp TR This timescale is directly linked to the
complete transfer of energy

Severalexperiments|[NAT81-RAMS85] focused onthe PLF
emissionat lower energiess( 1t ¢ ™ U Quvith typicalfeaturesin

semtperipheral collisionsin the Fermi energies regime, nucleus
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nucleus collisions areharacterizedby the dynamic transition from
the mean field domain to the short mdeae path ondypical of
nucleonnucleon interactions.The investigation of the semi
peripheral nuclearollisionsis usefultool in order tohighlightthese
transition effects when analysinghe contact zone of the two
colliding nuclei.

In some eventshe IMFs emissions observed tgopulates a
socal | ed apmddt yhisretes itoathe @reaherethe
component of the velocity parallel tbat of thebeam onei(e. the
parallel velocity)is intermediate between theLF and the TLF
rapidities.The IMFs relative velocity distribution, with respect to the
PLF and the TLF, and their angular distributions do not follow the
characteristic pattern due to the Coulomb repulsion observed in the
statistical decayor evaporation The IMFs emission tends to be
anisotropicthis means thdMFs arespeciallyaligned along the PLF
and TLF separation axisurthermore, theirelative velocities, with
respect to the PLF and TLF, are higher tivduat would be expected
from Coulomb repulsion aloné@nother key phenomenon observed
in such eventsst h Bsospindrifto, that consideringneutrons flow
from the PLF and TLF towards the dilute overlap reglmked to
the symmetry energy of the asymmetricclearmatter This process
leads to the production of neutroicher fragments compared to
those formedby the PLF/TLF evaporation or fission.

These observed properties are consistently explained by the
dynamicalphase of the reactioor neck fragmentation description
and are further supported by predictions from dynamical transport
models[COL93-PAPO01, PAPO7]

23



The CHIMERA collaboration has conducted crucial
experiments providing detailed information on the timescal®6f
emission in semperipheral nuclear reactionhe CHIMERA
detection systenousedatINFN-LNS, was specifically designed to
simultaneously detect all three classes of reaction prqodtics
means PLFFLF+IMF. One of the nuclear reactions studied in
reverse kinematics with CHIMERA muldetector was?*Sn+#Ni at
o W U Qiacident beam energyhe dita analysisndicates a broad
range of emission times, spanning frofea "Qdf®dto hundreds of
"QATw[DEF05, DEF05b, RUS10, RUS14, DEF16
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Figure 3: Charge distribution as a function of the parallel velocity for*#i8n+‘Ni nuclear
reaction ao W 0 'Qdhree clearly separated regions individufi@emissionof TLF, IMF and
PLF [DEFO%).

From the data analysihetwo-dimension&acharge distribution
was studiedas a function of the parallel velocity ftine reaction
1245n#Ni at 0 W 0 'Q JDEF0%]. Conditions of the inverse
kinematics greatly facilitated the detectiand the identification of

the final productsThreeclearly separatedegiors are visible (see
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Fig. 3). The fird onecan beassociated to the TL# theareaaround
@ p Yandwith avelocity lower than 2 cm/nsThe PLFinstead
coverls the region corresponding to heavy and relatively fast
fragmentswith atomic nunber close tothat of theSn projectile(i.e.

@ L Jtand moving with velocitiesf about7.5 cm/nstherefore

slower than thébeam velocity*x(8 cm/ns) Finally, the particles
distributedin the range of theenterof mass velocity: (5 cm/ns) are
correlatedto the IMF productionThe distribution highlights that
IMFs are mostly light fragmentsip to®w p u The longitudinal
velocity spectra of PLFs, TLFs, and IMRgas studiedor some
selected valuesf w thyfp candp Y(see Fig.4). The good
separation between PLFBL.Fs and IMFs is also observablethe
two-dimensional distribution®f the transversevelocities of the
ternary events, as a function of the longitudinal veilesisee Fig.
5). In particular, the maigharacteristicef the IMFsproductioncan
be highlighted: they are emittedth parallel velocities intermediate
betweenthose ofthe PLF and TLF furthermore,the average
longitudinal velocity of IMFsdoes notorrespond to theelocity of
the center of masandnot even tchalf of the beam velocityThis
means tht the IMFs velocity isathercorrelated to the migtelocity,

from theaverage of the two contribute§ PLF and TLF

0 -0 O O (1)
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Figure 5: Two-dimensionaldistribution of thetransversevelocities as a function of the
longitudinal velocities, for selected ternary evenith fixed ¢ T [DEF95b]

All these spectra were compared with the tloeetical
simulatiors of the semiperipheral?Sn+Ni collisionsatc W 0 Q w
beam energy considering the stochastic dynamical model based on
the BolzmannaNordheimVlasov (BNV) transport equations
[BARO4]. Experimental resultsonfirmed the theoreticalredictions
of the neck rupturethe IMFs emissioncomesfrom the neck
connecting PLF and TLFafter the reseparation of these two
fragments.

In the ternary emission, only one IMF is observaldbeyond
PLF and TLF as final product§heir behaviour is nanfluenced by
some LCPs. In factnithe analysis of the reaction here discussed, a
total charged particle multiplicity less or equal than 7 was well

enough to select serperipheral collisions.
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In this type of reactionsit is very interestingo analyse the
distribution of relative velocitiesf the reaction producté order to
extrapolate useful information on the mechanism of ternary
reactions Specifically, the relative velocyt between IMF and PLF
O O0M O 'O and then the one between IMF and TEF
0 00 AYD "G were studied and the correlation resultgere
evidencedin some plotsas shown in Figs. Selectingour groups of
events, respectively witkh thifp candp Ythe two relative
velocitiesare normaked to the Viola velocity, that corresponds to
the kinetic energgxpected fothe Coulomb repulsion, according to
the Viola systematidVIO85]. The two-dimensionalcorrelation
spectraare very helpful in gettinginformation related to the
fragment s @lsofincludmgthe tinnenof separationf the
IMF from PLF or TLF or also from both in the case of the
instantaneous ternary splithe distributionshown loci of points in
thed 70 00 YD "®@s.0 T "00 A O "@orrelations
assuming that the IMBeparated from the projectile ooffin target
after a time interval oft fip fp ¢ W@ after the primary
separatiomat zero timePoints along thdirst diagonal in that plot
corresponds to the case where, both, the relative velocities of the
pairs IMFPLF and IMFTLF present a significant deviation from
what due to Coulomb repulsipmdicating a dynamical emission
mechanism well described by the nemkission scenaridn this
case the IMF is expestl to be emitted at the beginning of re
separation between PLF and TLHe time scalés, howevershort,
into the interval aboup ¢ Tp v WETG) however, in casef the
most probable light IMFs, that means fragments wath  j, they

are emitter inthe soal | ed -Sitapd pwotcass, Wi
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P 18QEF60 Moreover the dynamical emission neck fragmentation
is characterized by an anisotropic angular distributith respect to
the PLF emitting frame, instead sequential/equilibrateduction is
generally isotropic.

These results and their interpretasowere confirmed by
transport model simulationspuchas Stochastic Mean Field (SMF)
[BARO5] and Constraied Molecular Dynamical Model (CoMD)
[PAPO1.
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Figure6: Correlation plots IMFPLF and IMFTLF relative velocities normalized according to
the Viola systematicselecting fourd thifp &p Yfor the 124Sn+#“Ni nuclear reaction at
o w 0 Qdolour scale indicates the mber of eventsThe experimental distributionsere
compared withmodel calculationsassuming that the IMEmissionis a twastep neck rupture
processin the time interval 010, 80, or 120 fm/@afterthe primaryreseparationThe shortest
separation times correspond to the location near the diagondiv "0 MO O

VI (V) "00 AYD "QDEF05H.
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1.2.1. Dynamical fission study of the emission process in the

245n+5Ni collision at =4 g

The CHIMERA Collaboratioralsofocuses itphysics nuclear
researchon the investigation of the properties of fast and-non
equili brated emission from projec
multi-detectorat INFN-LNS, the analysis involved th&‘Sn+Ni
reaction aincident beam energy of W 0 QW

While fast and nowequilibrated fission of projectileke
fragments (PLFs) has been observed previously in heavy ion deep
inelastic scattering at both low and high enerdi28F05, STB5,
BOCO0Q, the results from these two energy domains show clear
differences.

For the equilibrated/statisticéission of the PLF, e angular
distribution of the fragmentsesultsforward/backwardn the PLF
reference systeninstead, fithe heavieof thetwo fission fragments
is preferentially the faster one then we are observinga
nonequilibrium fission with the lighter fission fragmentlocated
between the heavier one andF. This mechanism was highlighted
in the study of the PLF dexcitation in the'?*Sn+“Ni reaction
[DEFO05], in the cases of less mass asymmetric PLF splitting,
corresponding t@ 70 t@®and®d® w(© andod aremass
number of the twdission products and is theatomic number or
charge of the light fragmentjor that reaction and was called
Adynamical .fissiono (DF)

In order toanalyse better the fission of projectiike fragments
in semiperipherical collisionsit wasnecessary tpay attention to

the two heaviest fragmentaccompanied bytamost four other
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charged particlesaken incoincidenceso, it was imposed X,
asthe total charged partictaultiplicity condition In the REVERSE
experiment ¥4Sn+%Ni and 1?Sn+8Ni at 0 W 0 'Q wthe forward
part of CHIMERA hasamuch lower efficiency for TLFthis means
that thecoincidenceconditionbetween PLF and TLF was nestin
order tomaintain a higher statistic Instead,a total ofy® p 1t
eventssatisfy the requiremenf total detectecchargec m @

Y tand of the sum of two heaviest charges p v Other
constraintsoncerned the kinetic energy laiging the collision and
the mass rangeo6s fragments.

In order to investigate the DF of PLEvents of interest were
selected according to the mass ratio of the two heaviest fragreents
intherange op8t 0 70  t&. The Fig.7illustrates® vs. the
lightest fragmentparallel velocityd  distributionson logaithmic
scale for three different mass asymmetriesj 0 and for three
ranges of total kinetic energies of the two heaviest fragn@nts
colours indicate the increments of the cross sections, and the red
corresponds to the highest orléhe mcroscopic transport model
calculationgBARO04] confirmedthat théO quantitycan be used as
an experimental measurement of the impact parameter during the
collision step of the reaction§he beam velocity is equal to 8.2
cm/ns. Consideringvelocities distributionstwo main components
were highlightedthe first one is a very low velocity (about 1 cm/ns),
instead the second one ®ose to the beam (for lower mass
asymmetries) or center of mass velocity (for higher mass
asymmetries). The first component corresponds to the events in

which @ is higher thand-projectile. The low velocity is not
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justified by the fusion, that requires higher velocities (

VOWE ) ; itoéds much

more | i kel

y that

from targets, such as residues. On the other hand, the high energy

group is observed witld X T v v T@ndy

TOWE t i

t 6s

that, in this case, the PLF undergoes splitting in two rinagments.
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Figure7: Plots of the sum of charges of the two heaviest fragment} ¥s. the lighter fragment

parallel velocity, for three different mass asymmetries and for three ranges of kinetic energies

(on a logarithmic scale) for tH&*Sn+5“Ni reaction at W 0 ‘Q dhe red colour shows the highest

cross sectionEF0T.

These observations asvenclearerif we consider thed

versus U distributions (Fig. 8), obtained after imposing an

additional condition orw : since the maximund® of the high

velocity group kifts downward for smallevalues ofO , as can be

seen irFig. 7, theupper limits oftd  have beeslightly modified In

this way,we canindividuatestructures oCoulomb ringscentredon

the beam velocity8.2 cm/ns) These suggestwell PLF source and

highlight the probable scenario of twequential reaction steghe
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scatteringof the PLFE which thensplits into two fragmentsin
particular the light fragmentarecollocatedn the low velocity sides
oftheringsThi s i s the signatur:¢heof t h
lighter fragments are preferentially emittbdckward, in the PLF

reference systenthat means toward the target nuclelisen, the
forward/backward symmetry of the rings is thatureof the second

step:it is a very fast processvith the time interval between the two

steps shorter than the PLF rotation tirhiethermorethe emission

direction confirms the forward/backward symmetrFor these
reasons, the process |i@e[BEFOERSi der e
DEFO05b, BARO4, PAG4
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Figure8: 0 versush plots, for the lighter fragment, for different mass asymmetries and for
three different kinetic energies (on logarithmic scébe)the 124Sn+*Ni reaction ato W 0 QW
colours indicate the crosse ¢ t i o nSirgcturéseof’ @oulomb ringare centred on the

0 U& O Gt {[DEFO5].
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The reaction plane is defined by theamaxisand t he PLF®

velocity vector reconstructed from the couptd the two fission
fragments, andt is possible to describe the fission axis, the axis of

relative velocity between the two fission fragmeiig means ofhe

in-plane anglel3 and the oubf-plane anglewy (Fig. 9)
[STE9S].
2 | Vol e
Bl e ¢
T s separation 5 &mﬂ?‘ﬁ
{‘::.\
Ean

Figure9: Schematicepresentationf the reaction plane, indicating the definition of lrglane
and outof-plane angles [DEFO05].

The direction of 1t Jindicates that the heavier
fragmentis emitted inthe forward direction alongwith the PLF
flight direction According to a sign convention/3 mJ
indicates a deflection of the fragmentward the beanaxis. From
this starter point the equilibrated(EQ) slow fission can be
characterizedy a flat inplane distributioninstead, a peak in the
distribution, close to 0° ia typical signal of dynamicgdDYN) fast
fission.

The Fig.10showsthe inplane angular distributions as obtained
in the analysis of the reaction here discussed, after a proper selection
of the PLF fissioHike events.For mocrately masssymmetric
divisions, that meanso jO C& T1&, the maximum
overhanging the flatequilibrated component The peak isthe
signaturghat the process is fast, and theshibws features that could

beascribedo a fidynamicab fission.
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Figure 10: Normalized inplane distributions of the heavier fragment from PLF splitting.
1t Xorresponds to the forward emission in the PLF reference frame, positive angles
indicate a deflection toward the beam a¥ssecond peak at180° indicates the forward
emission of the lighter fragmenthe red line highlights the equilibrated component of the
fission, instead the peak is the signature of dynamical fission [DEF05].

Theright-left asymmetry of thdg distributionaround 0°
permits to understand some properties of the dynamical prddess
asymmetrycan bedetermined byat least two sawes:the angular
momentum of the collision and tmeass (or charge) asymmeiry
the entrance channeVhich generate thstrongCoulomb repulsion.
Thefirst effect isthe PLF rotation before its splitting, atltenthe
fragment rotation; the second effect eéennectedto the neck
fragmentation.The distributions are also affected by two other
effects: the choice of the  condition and the efficiency of the
detection systemJnfortunately,there isnot adequatanodek that
explain well dynamical fissionfor the range of asymmetry
considered and at Fermi energiesso, we cannot compare
experimental results with theoretical predictioAbout CHIMERA
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efficiency an event generator was usassuming statistical fission
of PLF after scattering on the targ&he efficiency dependence on
B Is generally flat, except some dipaused by the beam exit
hole of the detector.

About the outof-plane distribution, the out-of-plane w
angle isusuallydefinedas an anglavith respect to the normal to the
reaction plangVAN73]. For the inplane emission, ishould be
W w Tt Calculating thay  distributions, separately f@YN
ed EQ componentspme featurgbecome evidenThe outof-plane
distributions do not depend on the mass asymmetngh meanghe
distributionsshowninvolved the sum of all datia the whole range
0 jo p8t t& Differing from the dynamical partthe
equilibrated partvas foundto donot depend on the kinetic energy
loss Experimental data under a unique energy ramge the
equilibrated componentO C L TTTO @ VOTQ are analyzed
(Fig. 11) butfor three energy intervals the case of the dynamical
contribuion. According to the simulations, ti was found that
dynamical fission has a stronger tendency to populate the region
r w 11 dorresponding to the emission into the reaction plane
the dependence on tie is not an artifact anthe width of the EQ
emissionis significantly largefby about 70%jhan that of the DYN

one
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The DF phenomenowas also characterizedn terms ofthe
relative velocities of the two heaviest fragmente ringlike
structure of thed  versus0 plots are not circular but rather
ellipses. The angular distribution of the relative velocities,
normalizecto the velocity given by the Coulomb repulsigzn @
was studiedas a function of the #plane anglgsee Fig. 12)taken
event by event according to the Viola systematics for asymmetric
reactionsHIL92]. For dynamical events, the mean relative velocities
become largeby some 1840% even fol j! x p8t this means

thatdynamical events are most probafwe higher velocitiegwith
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respect to the Coulomb valydjut also the widtlof the distribution

is larger. Even if it appears a sequential procesise angular
dependence of the relative fragment velo@tgmphasized at lower
energy beanfSTA96] and forl3 Tt Jprobably also due to the
influence of the target Coutab field. Other significantresults can

be individuated in the spectraThe normalzed relative velocity

Q Oattains a minimum valuelose to +120¢ furthermore, in
more peripheral collisions,i.e. O ¢ Y uirQ w for near
symmetric splitting0 ® p8rthroughout the entire angular range,
so the velocitygets equilibrated faster than the dealignment of the
fragments Finally, a small peak isisible around +180°now, the
relative velocity is close to the condition of the equilibrated figsion
so this peak is different with respect to thees at 0°The intensity

of these two peaks is more comparable for nearly symmetric
splitting, i.e.! j! p8t p&: the percentage of DF risés a

guite unexpected way for this class of events.
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and c) Vel oci ty
difference (panel dDEFO05].

About the time scale estimatiotihe fragments emitted on the
short time scaled( p Tt TTp L GG arecollocated outside the
Coulomb ringsAn interpretation of thexperimental datdbased on
rotation of the PLF before fissiogave a time interval between PLF
scatteringand fission ofp ¢ p ¢ ®AIq related to the mass

asymmetry and thesum of the twoenergiesO

at

t he

Aidynami calird

[DEFO5H.

According to theBNV transport model calculationEBARO04],

immediately after collision, PLF are not rotatifgut frozen in an

aligned configuratiorand the transfer of th@engularmomentumto

the PLF will take some timecorresponding to the centrality of the
reaction.Dynamical simulations show a time scatethe order of
¢ T4 According to the model, feer this time,we can have

someinformation about the PLF rotatiorA time interval between

collision and PLF splitting around qb Tt To T RE® can be
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estimated In any case this time is shorter thathat typical of
equilibrated fission (1100 times upper).Thus, he fragments
originatingfrom dynamical fissionare producedn the shorter time
scale andheyaremoreconcentrated in the reactiorapke than those
from the equilibrateghrocesgHIL92, GOL9Y.

Summarizing, the defining characteristic tife dynamical
fission is thefast two-fragmens emission resulting from the binary
splitting of PLF decayA key aspect of this process is the strong
velocity correlation between the two emitted fragments. Specifically,
the heavier fragment typically movésster,andit is ejected in the
forward direction relative to the PLF's reference frame. Conversely,
the lighter fragment is slower and emitted backward, orienting itself
towards theTLF. This specific emission pattern leads to an aligned
threebody configuration, often referred to asf@ligned breakup .
Observations in Au+Au collisions ap W 0 Q dhave revealed
similarly aligned, ternary and even quaternary breakup progesses
with a time scale aboyt 1 p T RHW[RUS10, COLO3, WIL10,
STE95, BOCOD

Experimental findings on neck fragmentation and dynamical
fission have been corroborated by simulations performed with two
distinct transport codes: CoMD [PAPO7] and BNV [BAROA4].
CoMD-II operates as a molecular dynamics model, employing-a self
consistent Noody approach to solve the equations of motion. It
incorporates crucial constraints from the Pauli principle and upholds
the conservation of total angular momentum. BNV isozlsistic
meanfield microscopicapproachlt details the evolution of nuclea
systems using a BoltzmamtordheimViasov type transport

equation, which includes a stochastic term to capture the dynamics
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of fluctuations. Whenevaluating collision terms within BNV,
particular attention is given to isospin effects, nucleon esesfons,
and Pauli blocking.

The relationship between dynamical and equilibrium PLF
fission was thoroughly investigated through a quantitative
comparison of absolute cross sections. Specifically, the statistical and
dynamical emissions of heavy fragments fr&iisn+#*Ni reaction
were measured against those froftSn+2Ni collision, both
conducted at the same w U ‘Qdeam energ [PAGO1l] The
experimental data revealed a compelling restiie dynamical
process is twice more probable for neutron rich system than the
neutron poor one, indicating a measurable difference into the reaction
mechanismThe origin of the enhancement of the dynamical fission
is due to the entrangghannel isospio Tdterm, different for the two
systems analyzed. Therefore, theoretical simulations of this effect

would be of great importancRUS1Q.

1.2.2. The influence of thell ZLisospinentrance channebn the

dynamical emissiomprobability of IMFs.

In Heavy-lon Collisions at Fermi energies, the creation of IsCP
and IMFsis linked to reaction mechanisms that operate on different
timescales.This was more evident in semperipheral collisions,
wherethe coexistence of light IMFs emissirom the neck rupture,
PLFsmassive breakip and equilibrated PLF fissidike emission
can be observed within the same rangeirpact parameters.
Considering the timescale parametdnge tompetition between
reaction mechanismis more evidentWhen emission occurs in a

statistical or equilibrated scenario over a long times¢aée m
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p Tt EABIG), it's generally categorized astatistical emissiah . | n
opposition dynamical processes are characterized ayon
equilibrated emission that happens on a much shorter timé€seale

L TT L TURAIG) [RUS20, GLA83, DEF12RUS10].

Works conducted bythe CHIMERA collaboration have
investigated the emission probability of IMFs in rmentral
collisions for the two soc al | e d -riii ncéH&t+fNb and
i ne up o d¥o+3Ni systemsat the beam energy ofwd 0 Q w
investigated in reverse kinemat{€dJS10, BOCOQRUS13.

The initial properties of the colliding nuclei play an important
role in the final outcome of the reaction; in particular, the role of the
isospin degree of freedom and of the system size was stldied.
previous resultsfRUS10, BOC0OQ RUS13 showed as binary
statistical equilibrate®LF breakup wasequally probable in the two
investigated neutron rich/neutron p&m+Nisystens, while the fast
dynamicalemissiornwas favaired for neutron riclsystemespecially
for IMFs heavier thaid X. Since the atomic numbare the same
in the two studied systems, for the projectile and tdrget, he
enhancement of the dynamical fissiarthe neutron rich oneould
be ascribedo the isospin ratio 7, that means the entrance channel
isospin irfluence,but a possible influencef the mass difference
could not be excludeat the beginningFor this reasona new
experiment was proposedhe InKilsSy experiment [RUS2(],
including also thenalysis of thé**Xe+%¥Zn nucleareactionl t 6 s a
combination that se the same mass tife previousneutron rich
system ie. 12Sn+“Ni) and al 7 contentclose to the isospiratio
of the neutron poor one.€. 1°Sn+8Ni), at the same bombarding

energyo W 0 ‘Qdn addition also ?Xe+%Ni was studied The
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choose of two targets is related to the difference of the atomic number
@and, consequently, of the isosgidratio. The respective isospin
values of each reaction studied are already reported in the Table 1 of
thisthesis.The dataof the InKilsSy experimenwverecollected at the
INFN-LNS in Catania the experimental setup involveitie 4 °
CHIMERA multidetectoy and asmall portion of the solid angle was
coveredby afirst prototype of the FARCOS correlaton orderto
collect IMFs with high angular resolution.

In order to study the probabilityf the dynamical or statistical
IMFs emission,a complete reconstruction of tlexcited PLF* is
mandatoryEvent by event, two constraints were verifigdhe sum
of the total detected chargeeater than 35.€. Bd oY,

i) the sum of theotal linearmomentunalong the beam axis greater
than 60% of the projectie momentuifre. 1 BN
@ ). The distributionsof the atomic charge number as a

function of the parallel velocitywere studied for the twadifferent Zn
and Ni targets (see Fidl3). For both systems, the PLF was
individuated, as the heavy remnant of primaPLF* breakup or
evaporation. The comparisonbetween the plots highlightea
tendency to detect lighter PLF and a slightlsoduler velocity
distribution for the'?*Xe+**Ni collision. A probablereason of this
trend is the enhancement of the probability of the PLF*
fragmentation for the Ni targetvhich lead to a lighter PLF residue
with a wider velocity distributionA contributionof fragments also
coming from the target is observable at low velocitiBlse most
IMFs in coircidence with PLRverelight, with @ p 1tIn order to

focus on the IMFs emission process from the PLF* source, a
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condition on the parallel velocity was imposedhaid to be greater
than 3 cm/ns. The TLF and consequettilyIMFs it generatewere

discaded.

0 1 2 3 4 5 6 7 8 9 10 11 12 0 1 2 3 4 5 6 7 8 9 10 11 12
Ve (CVDS) Vpar (€M/DS)

Figure13: Parallel velocity distributionsas a function of the atomic number, for tXe+54Zn
(left panel)and the 12%Xe+*Nii (right panel) systemshe graphical cut individuates the PLF
residugfRUS20].

One of the aspectaddressed irthe analysiswas the IMFs
multiplicity distribution, normalized to the unioriginating from the
excited PLF*, for the 1?Xe+%Ni and ?Xe+%%Zn systems The
experimental resultswere compared with the prediction®f
HIPSE+SIMON[LACO04] event generator codseeFig. 14). The
agreement appead very good no appreciable difference was
expected betweethe two systes) butin contrastan enhancement
of IMFs productionprobabilitywasexperimentallyobserved for the
Ni neutron rich targetln order to understand the influence of the
0 & entrance channehe comparison of théMF multiplicity trend,
shown in Fig. 15wasalsoextendedo thefineutronricho 124Sn+*Ni
and fineutronrpoon 2Sn+8Ni systems A higher IMF emission
probability for neutron rich configurations wasxpected and
confirmed.By comparing the results with t#éNi target and*Sn
and!?*Xe projectiles,an enhancement of dynamical IMFs emission

probabilitywasfoundfor the neutron richer projectifé’sn with no
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sizeabledifferences concerning theprobability of the statistical
decay.This means the rolef the projectila) Ywcontent in triggering

of the IMFsdynamicalproduction.
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Figurel4: IMFs multiplicity distribution normalized to the unityor 124Xe+54Zn and*?*Xe+%*Ni
systems; dotted lines indicate the predictions of HIPSE+SIMON event generatoRt4812(.
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Figure 15 Comparison of IMFs multiplicity distributions, fot?4Xe+%4Ni, 24Xe+54Zn,
1245n+4%4Ni and 1*2Sn+8Ni systems (left panel); ratios of probabilities, respect to the ones of
1125n+8Ni system (right panel) [RUS20].

The first conclusionthat for the neutrorrich systems the
dynamical fission is more probabkdsoprovidessome hing about
the role of the targasospin0 T ratio in early dynamical phases.
The right panel of the Fig.5lshows this enhancemenbf the

production probability, accordingo the 07w ratio: a bigger
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difference was found when changing the target, from Ni talzam
when changing the projectile, from Xe to $&ee Fig. 16) This
implicatesthat the IMFs emission probabilitrom PLF breakup
showsa geater sensitivity on the targéffco content rather than on
the projectile itself

Theproduction of IMFswvas then studied for those events with
only one IMF emitted from the PLF. In this case the contributions of
the dynamical and statistical emissions probabilities were studied.
The ratio of the dynamicaprobability to the to the total one
(statistical + dynamical), was determined for all IMFs, as a function
of the atomic numbew of the IMFs. The results are plotted in Fig.
16.

The comparison between theouple of systemswith Xe
projectile allowed to observe an enhancement of the dynamical
emission for the IMFs having m X, for the neutron rich Ni target
This fact permitted taaffirm that, for isobaric targets, the IMFs
dynamical emission probability from PLF* binary breakis related
to the increase of the target isospifica. By comparinghe datawith
the 5Ni target the dynamical emission probability increased in the
case of thé?*Sn neutron rich projectileAlso in this case, a bigger
enhancementof the dynamical fission probability was found
changinghe neutron rich target, from Zn to Ni, than when increasing
the projectile isospi Tw content, from Xe to SnVe could affirm
that the dynamical IMF emission probabilitythe PLF breakipis
more sensitive on the targéffco term rather than on the projectile

one
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Figurel6: Ratio of dynamical component and total one, as a function of the IMF atomic number,
for 12Xe+*Ni, 12Xe+*Zn, 'Sn+*Ni and '*’Sn+®Ni systems; the inset shows the result
extracted by the relative weights of dynamical and statistical emission, dréni—
distribution RUS2(Q.

At this point of theexperimental datanalysigRUS20, BARO4,
RUS15] the dynamicalbreak up that meanghe dynamical IMF
emission probabilitglependspecificallyon theisospini Foratio of
both projectile and targatstead the influence of the system size on

the dynamical fission can lbeasonhly excluded
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CHAPTER 2

The experimental setup of the CHIFAR experiment.

1. The FARCOS detectim system a new correlator for

spectroscopy anduclear reactions.

The investigation of theynamics of theéHICs at intermediate

energy regimep @ Qb G0 p mut Qb isstill a topicof

interestin the perspectivef characterizinggome opermuestions in

nuclear physicsThemain focuses are:

the study of thelensitydependencef the symmetry energy,

for theEquation of Statef the nuclear matter

two-particle correlations at lower energies1 order to
investigate the emission times of particles comingfiaumh a
compound nuclewith large isospin 0 ¥t asymmetries but

alsq at higher energieeemtoscopycorrelations in order to
study the spaciéme properties of the emitify sources.
spectroscopyndcorrelationamong different particlegxotic
nuclei are also produced in the HICthe measurementsf
observables, such as linear momentum and energy, of the
detected particlegermit to reconstruct the parent nucleus and
its spectroscopic featurga areas of interest also common to
nuclearastrophysics.

Direct reactions with stable and radioactive beams, in order to
probe exotic ndlei in inverse kinematics.

Bose condensate states in nuclehich can be identified by
the emission of alpha particles.
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In order to investigate thesibjects of the nuclear physias,is
crucialto use a detection systems providing hegliergy and angular
resolution andyranularity. The mainlesignedopology forstudies
of spectroscopyand particleparticle correlation is basedn
0 hodos copeGreeKaflghthat meahseway or path, and
0 o @, tfptgneans observer). It is a combinatioeenferal stages of
Silicon detectors and scintillatofdnCO17, ACO19] The final
results would be #&ighly portablecorrelator arrayscoupked with
ot her 47 in dréet te increase #iegphysicsreach.One of
these arrays e newgeneration correlatdfARCOS (Femtoscope
ARray for COrrelation and SpectrosopjfEVP16], specifically
designedto improve the knowledge ofwo/multi-particle and
Intermediate Mass Fragmer{tMFs) correlations in HICs at Fermi
energies, using stable and radioactive beams.

The projectof FARCOS waglevelopednsidethe CHIMERA
Collaboration, operatingt INFN-LNS, INFN-Sezione di Catania
and INFN'Sezione di Milanaln its final configurationthe correlator
consiss of 20 telescopesThe modular structure of each telescope
identifies a unique clusterf threedetectoistagesTwo Double Sided
Silicon Stip Detectors (DSSSDgonstitutethe first two stages of
the single telescopéheyhave a structure of 32 vertical gisiin the
front side of the detector and other 32 horizontal strips in the back
side; the two stagediffer onlyinthickness 300 em f or t he
and 1 5fd@the seaond one, boltaving an active area @.4 x
6.4 cnt. The last detectiostage is a calorimeter composed 4y
CslI(TIl) troncopyramidakcintillator crystalsof 6 cm thicknessand
active area of 3.2 x 3.2 éntheoutputelectronic signais read by a
Si photodiodeof 18 x 18 mmMiareaand 300 em thick s
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diode Finally, the signalsare processed by ASICApplication
Specific Integrated Circuitpreamplifiers CAS18 and digitized
with the GET electronicHOL1§. The structure of each telescope
consists of 132 readout channedd other four electronic pulser
linesuseful for test, calibratioand monitoring out of thadividual
telescope Therefore,the total number of readout chammér the
final FARCOS configuration will be composedtbe sum af

U 32 channedfor side x 2 sides (front and backp DSSSDs x

20 telescopes 2560 readout channels
U 1 Siphotodiode signal x 4 G31) x 20 telescopes = 80 readout
channels.
The architecture of the clusterequires some specific
interconnections,namely between thedetector stages and the
motherboardthenbetween the motherboard and thechparel, and
the last one between thgatchpanel and the backkEnwith the
vacuum feedthroughsThe interconnections mushinimize the
resistance and the inductance of the power Jlihesause the main
issue isto achieve thesignal integrity.A customdesigned vacuum
flange is usedfor two clusters(see Fig.17), with a total of 264
differential lines + 8 differential control signals for calibratior20
bias lines + 4 lines fahe slow control systefACO17]. The Fig.18
shows a schematic representatiorthed typical assemblingf one
FARCOS cluster In the following paragraph, the freend
electronics of the correlator will be described.
FARCOS wagesignedwith the aim to construct an array of

detectors with higrenergy and angulaesolution, focused on the
study of Heavy lons nuclear reactions at Fermi ener@as of the

main featurs is the possibility to identify the particles that are
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stoppedeven in the first detectiostage, relying orsilicon pulse
shape analysis techniqueshe energy resolutiorof FARCOS
detection systershould be less tin¢ MQQ®@w ‘Ovat vd U Q dF
particlesthe angular resolutidmetter than 1thedetection threshold
aroundp 0 'Q @ndthetotal counting rate of at leagfQ"Qd he full-
scaleenergy range is digitally selected, frgnmt ot 'Q @wp to¢ "OQ.w
The mainstrengthis the capabilityto improve themeasurements of
the correlation between IMFs and LCPs or ebetweenseveral
IMFs [ACO19].

Figure17: The custorrdesigned vacuum flange with interconnections for two clusters, for the
vacuum side (on the lefgnd the air side (on the right) [ACO17]
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Figure 18 Schematic representation of a FARC@QISster with its own ASICspreanplifier
mounted o a motherboarfivebCHJ[ZAG25]

&

The portability and modularity of tHeARCOS structure allow
the couplingwitot her 4° detectors, -such a
detector but also with other correlators and/or magnetic
spectrometerd-urthermorethe newgeneratiorof Radioactive lon
Beam facilities (RIB)achievable aftethe upgrade of the heavy ®n
Superconducting Cyclotron (C&) LNS (or alternatively fronSPES
at LNL, FAIR at GSI,SPIRALII at GANIL, FRIB at MSU should
increase the interest of the measurmeents of experimental
observables with high resolution, suchtae momentum andhe
energy of the detected partic|€s/P16].

1.1 The first employs of FARCOS in some experimental tests.

A FARCOS prototype was tested at INFENIS in Catania in
April 2013. For the first time, only 4 clusters were coupled with the
4 CHI ME RAetectany |daring the InKilsSy (Inverse
Kinematic Isobaric System) experiment [RUS15], using beams
delivered bythe CS ofiINFN-LNS. The!?*Xe+%Zn and!?*Xe+*Ni
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reactions were investigatedatwb 0 ‘Q docusing on the dynamical

emission probability. The 4 FARCOS telescopes covered the angular

range of— p@JT TdndY% X vih the laboratory frame
system. Il n this way, detegoswere on of
shielded from the FARCOS telescopes (see H, and the

detection of neutrons was encouraged by this configuralibe.

electronic chain included some preamplifiers to minimize the
electronic noisga signal processing stage (Shaper/Amplifier), and

an analogo-digital conversion phase, followed by data acquisition
(DAQ). I n t he dat-&identifieatiogtechrsquep h as e,
was applied on the two stages of DSSSDs, giving very good results

abaut isotopic identification for IMFs with atomic number upito

p 1 Besides, the PSD method applied to Csl(TI) signals provided a

good LCPs identification up to Li isotopes ate, and the alpha

particles in the same telescope (see Ziy[EVP16].

' CHIMERA'S SPHERE v

N

i_ FARCOS -

;]

g

Figure 19: Some photos of the InKilsSy experimental settifXe+5“Zn and 1?Xe+5Ni
reactions were investigatedatd 0 QaVP16].
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Figure20: PSD identification in a Csl(TI) crystal, from the analysis of the InKilsSy experiment
[EVP16].

During this preliminary use of the FARCOS correlator, the GET
electronic for readout and DAQ was also tested. In they®aw
period of 201516, GET system and the ASIC preamplifier were
better developed in collaboration with INFN and Politecnico di
Milano. In the following years, other clusters were assembled, in
order to obtain a final configuration of 20 telescopes by 2019: the
CHIFAR experiment used 10 of them.

On 2015 the FARCOS prototype was used in other two
experiments at LNS, that means CLii clustering in light exotic
nucleiand SIKOfor alpha clusteringThe results of the identification
of detected particles with FARCOSJealways shown satisfactory
results. So, it was evident the importance of FARCOS in the new
generation correlators, for studying Heavy lons reactions at

intermediate energies and for the identifications of LCP and IMFs.
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1.2 The FARCOSfrontend electronics

The FARCOS frontend electrorsGUA21] was designed in
two releasesthe first onehas been specifically testédr the 10
telescopes used in the CHIFAR experiment.

Considering thdinal layout of the custordesignedfacility,
motherboards consist inttd-layer P@ that houseswo FARCOS
ASICs that meansl6 + 1 channeASICs andreads out 32 +
detector channeléee Fig.21). Each chiphas 16channel custom
charge preamplifierswith a full-scale energydigitally selecable
following the steps p T ¢ M Mo U TTL TT TI¢ ¢ TOTIQ wthus
ensuringa wide dynamiacdangeanda high electronical granularity
Then, in the seconelease th&ull-scale choicés increaseavith two
more stepsp L Bt Q @ndp x TOTIQ oX his electronic facilitycovers
the fronted electronic of thddSSSDs and of the G3ll), but also
few slowcontrol elements, such as -@hip pulser channelby-

channel test signal injection system, temperature monitor.

Figure 21: Layout of the 1dayer PCB that houses 2 FARCOS ASICS and reads out 32 + 2
detector channels [GUA21].

Some tests in the electronic laboratohave provided
preliminary results about thenergy resolution, for example: by
coupling the frontend with a DSSSD (30@ m t hthecekeygy

resolution resultsabout¢ UQQ ®w "Olusing athreepick alpha
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sourcein a full-scale energy range pf 1t it Q u-urthermoreabout
the rise timei( the interval of 20% 80% of the time signglit gives
the following valuesiOnsforthe306 m t hi ¢ ko n'@ B D,
1500e m t BISEK19 ns for the C¢Il) + photodiode system.
The preamplifieris designed witha specific structure in order to
improve thenoise performance and the stabilityne calibration of
the entire system is favoured by a dedicamctuit and a
microcontroller placed on the sleeontrol boardin order to easks
mounting andhedataacquisition

During the CHIFAR experimentn addition to the detectors,
the experimental configurati@isoincludedother components, such
as a custondesigned vacuum flange with interconnections for two
clusters, for the vacuum side and thesale the differential to single
ended antialiasing amplifiel@56 channels per unifor DSSSDs
output signals)and finally the GET acquisition syate A schematic
representation of this chain is shown in.FA2. The mainpower
systemwas equipped with different bias boarohlividual channels
per telescope were uséar the high voltages, while low voltages
were jointly provided totwo telescopesThe modular structure
alloweda power air boardriving four telescopes.e. bias and slow
control. TheFARCOS DAQ is based on GET electronitis means
thatan ASAD (.e. AGET Support forAnalog toDigital) houses 4
AGETs (i.e. ASIC for GET, eachincludes4 channels for noise
measuement + 64 channels connected to externplty; each
COBO (COllection BOardrontrols 4 ASAID, for a total 0f1024
digital channelsThe trigger(MUTANT) is based on three levels:
multiplicity, trigger and timeFinally, the VME DAQ VME-GET
coupling, Data Analysis software for COB@sad VME, and the
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general data merging were developed at INFN Sezione di Catania
[ACO19]. A schematicoverview of these GET componeigshown
in Fig.23[POL18].

5 DN160 ISOK flanges 2 telescopes per flange

d 5 x 256 channel unity gain differential to single ended
,\Q*f&oﬂ’B g \a asa@ntialising amplifiers for DSSSDs output channels
[ Sesave | to Patch i
mE | o] vs anel 1 % 128 channel dual gain differential to single ended

to ASAD antialising amplifiers
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Figure 22: Schematic representation of the FARCO& figuration used in the CHIFAR
experimentjncluding the array detectors, the fromdeslectronic thedifferential to single ended
antialiasing amplifiers, and finally tHeET acquisitiofACO19].
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Figure23: Schematiconfiguration of the GET systeoonnectiongPOL18].




1.3The GET electronic.

The FARCOSdataacquisitionis based on th&ET electronic
[POL18, POL132, featuringl2-bit resolution of the analetp-digital
conversiorwith a frequacy up top 1 it ‘Ogand acustomdual gain
amplifier developedby INFN-Sezione di Catanighat feeds the
signals from thdronted motherboard to the GET system.

The General Electronics for TPCs (GEWas designed as a
versatileand comprehensivelectronic setup and data acquisition
systemfor nuclear physics instrumentation of up to 33792 channels.
Theemployment of radioactive beamsshaquiread thedeveloment
of experimental methods in order textract spectroscopic
information and to study the reaction mechanisntd the nuclear
collisions The main aira focuson the reconstruction of the phase
spacewith high energy and angular efficien@ndonthe capability
to identify the detected particleEhe experimental setup usually
characterized by the use of different tyjmé detectorsaround the
target, placed im vacuumchamber this means that the number of
channés must be increasedlt is essentialto realize a system
featuring by portability anthat allowscalibration for the experiment
in afew days/weeksThe GET architecture systers based on

1 a versatile ASIGvith several modes of acquisition

1 a 256channel frontend card, including the anatogligital
converter (ADC)

1 a data concentration systernncluding the FPGA (Field
ProgrammableGate Array) which improves the rate of the
data acquisition

1 a 3level trigger (MUTANT)
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The frontend cals ASAD (ASIC and ALIT) house four designed 64
channelAGET + ADCs The ADC is incontinuousread modeo
trigger module MUTANT via the COBQsee Fig23). ASAD also
permits to monitor the tempature, thepower supply voltagen case
of malfunction.

Originally, GET was createfdr varnous types off PCs,in their
different configurationsand employmeist such as gaslled
detectosor gas amplifies. In particularawide use of tlese detection
tools concernsthe physics of the Equation of Stgt€oS)and the
nuclear particle spectroscopy. lecentyears,the GET electronig
hasalsobeensetup for the coupling with Silicon detectgrsuch as
DSSSD and scintillatoysuchas CsI(Tl).

The powerful of GET is the capability to sample the signals to
reconstructtime, position and energy loss of the particlébe
innovative performancessuch as the high versatility and the

compactness, make the GBEystem the ideal solution for FARCOS.

1.4 The DualGain amplifier technology

A new high-frequency programmable multichannel amplifier
technology isunderimprovementor the CHIMERA multi-detector
andFARCOScorrelatorfSAC25].

Currently, the GETelectronics allows toover a dynamic range
of T x mdawand as already explainal, the input signals are
digitized at 12 bits Unfortunately,these featwas are nolonger
appropriate for the dynamic rangeveoed by FARCOS telescopes.
The main aim becomes to devel@ more complexdigital ACQ
architectureaccording to thénigh granularity and the high energy

and angular resolution of the involved detectors.
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The DualGain systemvas initially designedto process the
Csl(TI) signalsreadut by CHIMERA, then it wasextendedor the
CsI(Tl) crystalsof FARCOS The offset input signas adapted tthe
ASAD card and then the DualGain modudleplicates it with two
independengainsfor each copy of the signalhis means that the
dynamic range can lmhoserappropriately.

A single DualGainmodule consists of 64 channels digitally
PGA (Programmable Gain Amplifier)with seven gain values
available for a 16channel group (see Fig. 24) Three
microcontrollerscheck the slow control, the signal parameters setting
and the user remotmmmunicationsThe module can be used both
asan amplifier and as an attenuator of the sigaald the offset can
beadjusted in the range of ¢ 1 ™1 Thanks to the slow control,
the temperature of the module can be monitored, and also the
microcontrollers can turn off the PGAs in case of malfunctions.

In the configuration used fdine Cs(TI) crystals ofCHIMERA,
each ASAD card is connected to two DualGain modules
corresponding to 128 channels of the DAQ systéhe DualGain
system has been also tested for FARCOS arfdyesmain advantage
concerns the msibility to coupling FARCOS with othend ’
detectors, also in othelaboratories in the worldin fact, the
DualGain allevs to modify the dynamic rangé the DAQaccording
to the nuclear physics investigatiasfsone specific experiment
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Figure24: Schematic explanation of the DualGatructure for FARCOS and CHIMERA (on the
left); DaulGain system with ASAD card connection (on the right) [SAC25].

2. Features of CHIMERA multidetector.

In the CHIFAR experimentcarried out at INFNLNS in
November 2019the setup consisted of the "CHIMERA multi-
detector coupled to ltelescopes of the FARCOS correlatdhis
couplingallowedto maximize thanain features of the twabetection
systems:

U the high energy and angular resolution of FARGke it an
appropriate tool for intended researdh particular for the
identification of thedMFs producedn the HICs

i CHIMERA promotes thestudy of correlations among IMFs
and light charged particles produced in the nuclear reactions
thanks to its high granularity and angular coverag@eover,
thanksto thehigh performances of CHIMERA is possible to
characterize the reaction event byamsof the global variable
measurement.

The Charged Heavy lon Mass and Energy Resolving Array
(CHIMERA) [PAGO04, PAG12 is engineered to provida total
charged patrticle energy and angular measurement from an HIC at

Fermienergy having@o mp|l et e 4° angul ar cover
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target. This extensive array is composed of 1192 detector modules
working in double energy dynamic&ach module operates as a
telescope,couplinga 3 00 ¢ mdetedtor with a £sI(TI)
scintillatar; then, & integrated photodiode converts the light emitted
by the crystal into an electronic signal, enabling data acquisition. The
active area ofachCsl(TI) scintillatorsisaboutv 1 v T@ & , while
their thickness is not uniformt decreases with the increasing of its
polar angular positignbecoming thinner at larger angles. For
instance, the scintillator is 12 cm thick within the30* polar angle
range, while it is reduced to a 3 cm in the 242Z6° polar rangehe
region where low energy particles are more expedtefact, beside
to measure their energies, the Csl(TI) role illy stop the detected
charged particles.

The first stage of the detectianodule employsSilicon (Si)
detectors|PAG04, PAG12, chosen specifically for theileatures
concerning teenergy and time resolution and fast signal collection
@pproxi mately 10 ns i n). Taese3 00 €
characteristics ameonnectedo silicon's intrinsic material properties,
including its high density (2.33 g/cm3) and the minimal energy
required to generate an electioole pair (3.6 eV).In order to
maxi mi ze the coverage of t®He 4° s
detectorhas atrapezoidal shape. While their thickness remains a
constant 300 & m, their specific g
placement within the device. Furthermore, a thin 300 A layer of
aluminium covers both the front and basikles which serves to
improve electrical contacts and thus optimize the detector's time

response
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For the second stage of the detection unit, Csl(TI) crystals are
used [PAG04, PAG12 Their front side was covered with a
reflecting foil of aluminizedMylar. In order toensure optimal charge
collection, the crystals' lateral and readeswere coated witha
Teflonlayer, while the front face received an aluminium foil coating
the crystals were wrapped in a Teflon lapevo ‘Tt dthick and then
coated witho 1t dthick aluminium foil. These scintillators produce
light when struck by particles, and this light is subsequently
converted into a current signal by integrated photodiodes. The
primary role of the CsI(Tl) is téully stop andmeasure the residual
energy of particles that pass through the initiadl&ector stagd.he
scintillation signal generated by the CsI(TI) crystals has distinct
“fast" and "slow" components. These components are valuable as
they correlate with the specific energy loss, and consequently, the
energy, charge, and mass of the incident fragmenis cfioice of
CsI(Tl) was driven by its robustness against radiation damage, its
positive light response, andhe high density of the material
(4.51g/cmd), which allows for a thinner detector design while still
effectively stopping higienergy charged particleé. key property
of these scintillators is their ndimear light response, meaning the
light signalis notsimply directly proportional to the energy loss but
changes depending on the specific energydbtse different nuclear
species (quenching effect) Nevertheless, CsI(Tl) crystals are
recognized as ideal detectors for achieving precise isotopic
identification through the Pulse Shape Discrimination (PSD)
technique.The photodiodes, measuring 3@ in thickness and
having an active area pfy p Ui & , werecoupledtothe back side

of the crystaldy means of a thin silicon grease layer

63



The 1192 telescopes used in tGelIMERA multi-detectorare
organized into 35 rings. These rings are divided into two main
sections: the sphere and the forward pahe latter 17 rings are
precisely coupled to formsphere witha radius o0 cm. The initial
18 rings constituting the "forward patare positioned in front of
this spherein acylindricalgeometryalong the beam axis

The entire apparatwgorksinsidea vacuum chambendhas a
total length of 4 m. The forward part of CHIMERA covers a polar
angle range of 130°. The spherical section then extends the angular
coverage from 30° to 1765€eFigs. 25-28).

Figure 25. Schematic representation of the CHIMERA apparatgh specification ofits
geometryandangular coverage
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Figure 26: A photo of the forward part of the CHIMERANuIti-detectoy inside the vacuum
chambefwebCHI.

Figure27: A photography of the sphere thfe CHIMERA detectofwebCHI].
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Figure28: A pictureof a wheel of CHIMERA.

CHIMERA's most crucial aspect is its physical and geometrical
design [PAG0l, PAGO04, PAGl1R The abovementioned
configuration is responsible for the detector's high granularity and
impressive solid angle coverage, encompassing approximately 94%
of the total 4. These features are fundamental to the radtector's
performance, enabling the application of particle identification
methods In particular, three different identification techniques can
be applied s i mu {Et techreqoeu allbws :the t h e
identification in charge of the Heavy lon fragments and for isotopic
identification of IMFs with atomic numbei p Tinstead, their
velocity i s measured by the connec
Time Of Flight (TOF) signal, the latter obtained by comparing the
timing of the detector signal and the timing of the high frequency
from the cyclotron; finally, the PSD ethod is used to identify the
LCPs stopped in the d3l) scintillators. Furthermore, an-otepth
study of the shape of signals produced idebectors was conducted,

performed by both conventional and digital pulse shape acquisition.
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The main goal of this investigation was focused on further advancing
toward the charged particle discrimination with PSD method applied
on Silicon detectors. Considering the framd electronics, the
CHIMERA multi-detector was upgraded to measure thethse of

the signals, in order to achieve the mass and charge identifications
for reaction products stopped inside the Si stages: it was called the
E-risetime technique [POLOALDO04b]. This means thathe
reconstruction of events characterized by axceptional accuracy

In Figure 29 an overview of the identification methods of CHIMERA
was summarized. The CHIMERA beamline was also equipped with
a Micro-Channel Plate timing system and a microstrip silicon tagging
detector: exotic beams produced by projectile fragmentatioa
primary beam, delivered by the LNSS accelerator, can be
identi fied aTOp Itechnigug. Cobnbeeningqi& the
scientific program of CHIMERA, this characterization of the events
encouraged the study of nuclei with large isosgsymmetry, in
order to determine the evolution of the reaction mechanism for both

binary and compound nucleus reactions.
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Figure29: An overview of the identification methods adopted by the CHIMERA rugtector
[PAG12].

According to the two types of detectors involvede t
CHIMERA multi-detector employgwo distinct, yet functionally
similar, electronic chaingRUS23] to process the current signal
generated by photodiodes, ultimately feeding it into a data
acquisition system.

For the Sidetectors, the output signal is first sent to a Charge
Preamplifier (PAC). The PAC performs initial amplification and
impedance matching, producing a signal directly proportional to the
chargeproduced by the impinging particle in the detecidris signal
then proceeds to an Amplifier (AMP), whitias two sectionne
for providing an energy d@put and the otheone for providing the
timing outputs and a multiplicity signalThe energy signal
subsequently processed by a Charge Digital CoavdiQDC).

Concurrently, the temporal signal is handled by a Constant Fraction
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Discriminator (CFD), whose logic output serves as the start signal

for a Time to Digital Converter (TDCIn fact, n thelastsection, the

signal is differentiated by a higpass Capacitiv®esistive (CR)

filter andthenpassego the timing gain sectiorbependingon the

operatng mode of the CHIMERA multdetector, the maximum gain

is used to lower the detection threshol@ike timing output ishared

into three components:

The firstallows to evaluae the overthreshold conditio and
provide an appropriatesignal to control the outputsof the
module

In theseconglthe signal is again differentiated by a hjggss
CR filter, with a differentiation time ob 1® | then, it is
processethy a CFDwith a typical fraction of 30% and a delay
of o 1® { The logical signal is used #ise start signal, while
the stopsignalis obtained from theyclotronRadiofrequency
(RF). The TDC outputconverted it | gives a measure of the
arrivaltime of the detected particl&he 300 CFD is also used
to measure the evehi-event hit multiplicity.

Finally, the signal produced by the time gaining seci®n
processed by a CFD with a typical fraction of 886l a delay
of p v gt{ again, considering the start and stop signals as
abovethe TDC output irt iallows to calculate the riggme

of the signal, which igxpressedy the differencef the las$

two extrapolated componenty Y 0 0 .

The Data Acquisition System collects both the energy and time

signals.

The electronic chain for the (31) detectors also incorporates

a PAC and an AMP. However, it utilizes two QDCs and a Stretcher
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to handle two distinct energy outputs. The first energy signal, after
appropriate shapingnd a highgain (x10) amplificationis directed
to a QDC that integrates the signal's tail to extract the "slow"
component. The second energy output is stretched to its maximum
amplitude before being passed to another QDC to obtain the "fast"
component.

Schematic representations of CHIMERA's electrocinains
used to process signals produced by the Silicon deseatuf the
CsI(Tl) scintillatorare provided in Figur80.
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Figure30: Schematic representation of the electronic chains used in the CHIMERA apparatus
processignals produced bSi detectors (uppeichemgand CsI(TI) scintillators (loweschemg
[RUS23].



The 4° CHdltiMEdetAnwasbuilt toimproveheavy
ion researchn the intermediate energy range. fitst experimental
use, involving a partial setup, occurred in 19®ié first ring of the
detectorjncluding only32 telescopes, wasupledwith the INDRA
multi-detector at GANIL in FrancelThen, n 1999, a significant
portion of the device was installed at LNI$FN in Cataniaandused
in the experimental setup of tREVERSE experimerfDEF14]. In
the following years,he detectowas completed and install@tong
one of the beam lines of LNSBIFN. The main aimof the first
experiments that included CHIERA in the setup were the
investigation of some important aspects of the nuclear physcs
the IMFs emission and the isospin dependence in the nuclear
multifragmentation so in the collision mechanism at intermediate
energy.The REVERSE experiment choseome HICdor different
physics goal, such d$‘Sn+’Al and ?‘Sn+#*Ni at ¢ W 0 ‘Q and
o W 0 Qdo study the creation of clustetates *?Sn+8Ni and
1245n+Ni ato W 0 QW investigate the isospin roie the reaction
mechanismsnd the dynamical fission procegsoduction of exotic
nuclei evolution of supernovae and structure of neutron stihr
these nuclear reactions were studied in reverse kinematics, thanks to
high granularity of CHIMERAWwith greatadvantages lika strong
focusing effect and the relatively high kinetic energies of the emitted
particles.The data analysisighlighted a very good energyd time
resolution(around 2% and 1 ns, respectivelghd the flexibility of
the acquisition system of CHIMERAvhich allowed tosetdifferent
trigger conditionsimposing some constraintg the multiplicity of
charged particle, eventgith the total charge close to the projectile

charge could be well reconstruciéaerefore, for about 25% of these
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events with th@rimary PLF also TLF were detected in coincidence
with the PLF.The experimental resulisad been compared with
theoretical predictionbased on the BNV transport thepfiltered
according ® the geometrical configuration of the detecting system
basic features of the PLF, TLF and IMF regiorre perfectly in
agreementand also the IMF charge distribution was quite accurately
predicted The capability of CHIMERA to detefitagments in avide

range of kinetic energies, ranging from slow moving TLF up to fast
moving PLF(as already discussed and shown in B)jgwasone of

the most important innovatiorechievedboy CHI MERA among
detection system In particular, these features allowed to devedop

new investigation methgdbased on the evaluation of fragment
relative velocities ima threebody kinematical analysis, in order to
calibrate the time scale of the emisswinIMF produced in semi
peripheral collisions. The time scale calibration was firstly applied to
the 12Sn+*Ni reaction atoc wW 0 ‘Q data analysis highlightethat

light IMFs (OMp It emitted in semperipheral collisions were
predominantly emitted from the dynamigatxpanding neck region

The method was very interestifay establishing the hierarchy effect

in the emission time of IMFsincreasing IMB s charge t
corresponding emission time scale also increases to values as large
aso TURdToor more, typical for those IMFs originating from nearly
sequential asymmetric splitting of a primary PLF into two massive
fragments Finally, time scales a function of the isospin dynamics
was also investigatedith CHIMERA, in order toprobe the isospin
diffusion as a function of the density gradieihtwas observedthat

fragments dynamically emitted frotheinitial phaseof the reaction
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show lager values of the isospin asymmetiydicating a favared
emission of more neutremch nuclei. [PAG01, PAG04, PAG1P
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CHAPTER 3

Latest results from data analysis related to the FARCQOS correlator,

concerning to the CHIFAR experiment

The main experimental goalsf the CHIFAR experiment
already extensivelgxplained in the first chapter of this thesian
besummarizedn three points

U LCPs,IMFs, TLFs and PLFsletectionsin order to identify
the final products of nuclear collisions

U the investigation of the IMFs emissiarechanismthat means
dynamical or statisticalprocesses in terms of their
probabiliies

U therole of the isospin degree of freedoine.(the ratiod 76 in
HICs, with final aimof linking it to the symmetry energy and
the asystiff/soft parametrization of the asymmetric nuclear
matterEOS

The choice of the experimental setupased on the coupling
between 10 telescopes diie FARCOS correlator antdt he 4°
CHIMERA multi-detector, asshown in Fig. 1, encourageithe
investigation of thesix nuclear reactions at 1 0 ‘Qincident beam
energy Thislower energy withrespect to the previous REVERSE
and InKilsSyexperimentgboth carried out at 3% 0 Qawill allow
the comparison of thdataanalysisresultsbetween théwo beam
energiesand make a kind of nucleaystems data systematics as a

function of isospin, energy and size

The data analysiwas focused on the data collected by the two
first stages of thEARCOS telescopes, that meanstiie DSSSDs
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(300 € m a n dhickl respdttively)in the following
paragraphs of this chaptethe procedureconcerningthe energy

calibraion and the evaluation of the energy resolution of the Si stages

will be discussedA timing analysis wasnandatoryin order to
applicatethese al | ed @ pi x e:lthadolreotpositoato h ni g u
each particle detected by FARCOS could be assidghiedlly, the

g EE matrices of each telescopeere studiedduring the IMFs

identification phase.

1. Energy calibration of the DSSSDshte A pu-nbhbogho

technique.

In the first step of the data analydise first two stages.e. the
DSSSDs, of each FARCOS telescopased in the CHIFAR
experiment were energy calibratedhe sec al | ed Hfipunchi
t hr ougho [ZA@25 IKAG26buveas appliedto the two-
dimensional matrices involving the electronic channels ofwioeSi
detectos withthicknesseef3 00 asnrd 1500 e m r espect
The initial incidentenergy O of the impinging particlesis
unknown.The calibration technique works as it follovilse particle
punches through the firstagie ofa FARCOStelescope, that means
the Si300e m k dndaccertairamount Eof the incident energy
is lost. Afterwards the particlehasto stop at theend of the second Si
detector 1500¢ m t MAtithe &nd of the path.é.1 8 0 0 & m) I n
two DSSSDsif theremainng energyis zero (€ O 10 ‘Q¥the

technigue hypothes are satisfied arttie particle incident enerdy
is known (see Fig. 31) Whethis particular condition occur, it is

possible to individuate an energy calibration point
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Siof 300 p Si of 1500

E=27? .

Figure31: Schematic representation tife energy loss of a particleat stopsn a total path of
300 & m + thitkBeBOf Sie m

For eachFARCOStelescopethe twadimensional matricesf
the electronic channels were studidthe energy deposited in the
strip of the first DSSSD, as a function of the correspondimgygy
deposited in the strip of the second ogeneratd some hyperbolic
curves, suclsoas niltdenagy@alijmsEited tat.o t
According to the Beth8loch formula the energy loss of the
incident particlesin a materialis proportional to the square of the
particl edbds c¢har gerelaivistic pdrtclebaMng ma s s
Of6 p mot Q@&b). Consequentlythe obtained hyperbolic trends
can beassociated to the atomic numhgof the particles detected
within the two DSSSDs of FARCOS telescopHse finalgoal is to
be able tadentify the incident ions in the detectam terms of their
charge and nsa: the perspectivanvolves a good identification for
the final isotopes between¢ ® (¢ T besides,of course, to
measure their position and energy with high resolution.

Considering thetwo-dimensional matrices of the electronic
channeldor each couplefddSSSDssome experimental deviatisn
from theexpected behaviourave beernighlighted In particular, at

the end ofspecific hyperbolic curvessome snap backs events
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associated to the detected partidaa beobservedSpecifically,in

the 2D plots, these tails are more evid@ntorrespondence of the
Li,'Beand®Beas soci at ed ,dsban bebsersedntiei n e s
upperleft panel of the Fig. 32T'his meanghat condition relating to

the final energy equal to zero at the end of the total ipatde the

two DSSSDs was violatedhe range of the impinging particle is

| ar ger t h@onverdeB thdincidem particles are passing
through the second Stage andose their remaining energy in the

third stage of théelescopei.e. Csl(TI) scintillators.

Applyingthei p u n ethhirnogu g h 0 begires byeledtingu e
the eleatonic channelsorresponding to thé.i, 'Be and®Be shap
backsand use such electronic chanfoglthe calibration f$ of each
telescopeAssumingthe ion completely arrested in 1860nof Si,
using theLISE++ softwargLISE], the total kinetienergy released,
and then the two contributes lost in each DSSSD stage by each
fragmentwere evaluate(see Tab. 2)The linear best fit has allowed
to extrapolate the calibration parameters for each FARCOS
telescope. This explained technique was applied to the front sides of
the DSSSDgfirst and second stageg)he corresponding back side
strips were calibrated ithe following step,using the previous front

strip side already calibrated

Particle Energy lostin  Energy lost in Total kinetic

Si-300em Si-1500e m  energy released

Li 13,52 MeV 125,43 MeV 138,95 MeV
Be 18,45 MeV 172,75 MeV 191,20 MeV
Be 20,74 MeV 192,76 MeV 213,50 MeV

Table2: Energy lost in the two stages of@tectorof the telescopgr® 5, and total initial energy
for 7Li, 'Be and®Be particles, calculated by LISE++, according to the ptthobugh technique.
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Once the threenergiesareget the calibration parametecan
be exrapolatedassuming a linear function #senergy respons@
of the Si detectorin unitsof 0 ‘Qgi.e.0 Oz G ¢ & Qawhere
& is measuredn 0 ‘Q&Qand ®in O 'Q wThe obtainedlinearity
results verygood with a value of the paramet&f 1@ wn the
case of the fifth telescope, for exampléoreover, a constratrnas
beenalsoput in order tancludein the fit a zero value fourth point in
the axis origin according to the digital acquisition of FARCOS
(upper right panel of Fig. 32)

The Apdrhaliugdgho technique was | m|
strips, fora selection oix telescopesthe number 1, 5, 7, 8, 9 and

10 - employedn the CHIFAR experiment.
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Figure32 The fipurhaliurgch 0 t e c h nitgadanensisnal ahamél maridc t o t he
of the front side of the fifth telescopselecting three pointorresponding to thé.i, ‘Be and

%Be snap backs (upper lift paneQalibration parameters are extrapolated from the linear best

fit of the same module (upper right panel). Comparison of the two calibration parameters,

between the first and secoB&SSDf the telescope n° fbottom panel) [ZAG2B].

78



A statigical analysisvas applied to each telescopeorder to
evaluatethe errors associatedith the calibration parametessalues
extrapolatedfrom the linear besfit. A good stability for the
coefficients iswell achieved asit was verified from the comparison
between theespectivedistributions of thgparametes, for the first
and second DSSSBf each telescopgsee bottom panelf the Fig.
32, related to the fifth telescope as exampaithemore,all the six
telescopes calibratedising the method explained above were
comparedwith each other Regardingthe angular coefficienty
which representsthe preamplifier sensitivity, the trends of
correspondingstripsare quite similarhomogeneous and stable, for
the two DSSSDs of all six telescopé@&fie comparisons are shown in
theupper panalof Figures33and34 f or the 300 em a
thick Si detectorsrespectively The difference obtained for the first
DSSSD stage of the telescope msldue to the different ASIC
preamplifier gain usedn the measurementd-or the second
coefficient @ alsoa good agreement between the telescopes
achieved(shown in bottom panels of Figs. 33 and .34} it is
supposed in a digital acquisitiaks value is close to zero within the

error bars
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DSSSD
+mean value [keV/ch] 4 mean value [keV]

3 00 thackn
T1 841 +0,3 -r+1
T5 1413 +0,3 -4+ 9
T7 1379+ 0,3 26+ 7
T8 1356 + 0,5 -21+9
19 1348 + 0,4 10+ 10
T10 1325+ 0,6 8+9
DSSSD

+mean value [keV/ch] 4 mean value [keV]
1500 em t

T1 1510+ 0,3 0+x1
T5 1527+ 0,3 -20 =10
T7 1528+ 0,3 -1+2
T8 1528+ 0,2 2+2
T9 1540+ 0,3 02
T10 1548+ 0,5 0+6

Table 3: Mean values of the calibration coefficients for the six telescopes and for the two
DSSSDs.

In Table 3 theaveragevalues of the calibration coefficients
associateavith each DSSSD dfix telescopes studied are reported.
The good agreemewbnfirms the validity of the application of the
A p u n ethhirnogu ghmique fore the energy calibration of
FARCOS.In particular, the methodllowed ugo include theglobal
information of a DSSSD for each telescop&hich in principle

should be the same felachstrip, but is treated as amdependent
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electronic channel The small differencesobserved could be
explained by the couplingbetweenthe PAC and the different
capacitanceof the two DSSSDs

Once the calibration procedurecsmpletedthe statistisof the
eventscollected by eaclstrip of Si-detectorscan beplottedin a
singleDE-E identification matrixor each telescop&pecifically, the
two-dimensionakpectra grapkhe energiedrom the 1500° m thick
Si-strips on the xaxis while the yaxis represents the same
measurement buelated to300* m thick Si-strips. This means that
the points in the plot havepir of energycoordinates (E; DE) 1
now measured imunits of 0 ‘Q d¢thanks to the energy calibration
procedureFor a more correct data analysis yields of the first and
laststrips of Sistages weraot included in the statistics, in order to
eliminate bad correlations due to thendingeffects of the electric
field.

Figures35-37 belowshowsome examples ®E-E matrcesfor
the energy calibratedelescops. The spectra contaithe events
accumulated during theCHIFAR experimental runs for the
1245n+499N i i fr é urdadionspanning dotal of 60 hours of
data acquisition.Analogue two-dimensional distributions were
obtained for the other five reactions studied in the CHIFAR

experiment.
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2. Evaluation of the energy resolution oboth sides of the
DSSSDs

FARCOS was designedto have high energy and angular
resolutionfor reaction dynamics and nuclear structure studies
couplingcapability with other4  d e saflogvdtheestudyof Heavy
lons reactions at intermediate energies and the identification of LCP
and IMFsasfinal productsThe second step of the analysis explained
herewasdedicatedo theenergyresolutionevaluation of both sides,

l.e. front and back sidesf the two DSSSDs, for each FARCOS
module[ZAG25, ZAG25c].

The analytical approactvas based on gypical feature of Si

detectors. Theoretically, theyhave to satisfy the linear
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proportionality between tH®w "Oland the square root of the energy
released by thparticleincidenton the detectorwhich also means:
Owd® OO O (2)

Formula (2)explairs the rehtionship between the energy resolution
of the Si detector, expressedths square clOw "O) and themean
valueof the energyeleasedassuming that the statistical probability
of the chargecreatedinside of the detector is following a Poisson
distribution The two linear coefficients & and @ - represent the
differential increas of the"Ow "Olas a function of the energnd
the square of the electronic error of edekectoy respectively

Given the array structure of FARCOS telescopdke
estimation of theenergy resolution of both sides of tB&SSSDs
involved the evaluation of theirOw "O0as a total error and its
separation into two componentelakdto the electronic noise and
to the intrinst contribution of the detection systefuring the
CHIFAR experiment, some run®f three elastic scattering
measurementsvere acquired *O+°"Au at ¢ W ‘Q cheam energy
and two?C+%Au at x wnd@ W ‘Q cAll three beams have been
delivered by the Tandem acceleratbbused at INFN-LNS.
Considering the total energy of gebeams, theevaluation of the
energy resolution focused on the filx3SSDO which has @hickness
of 300 em. Indeed the beam energiesere not enough to punch
through the first stage and reach the secondabrtee FARCOS
telescopes

Consdering the front side strips of the DSS3$ke mean energy
released in the first stage of each telescope was éstinfiom a

Gaussian fit of théhreeelasticpeaks. The procedurveas accurately
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performedstrip by strip acquiring the mean value of the eneayn
the sigma parametef the fit (see Fig. 38)finally, the " Ow "Olwas
calculated.

In order to perform ahigh-level accuracyanalysis,it was
decided to consider the coincidence between one strip of the front
side and not all 32 strips of the back sideosingonly a group of
them taking into account for the angular spread of one strip that in
some cases can be as large as 10° in the polar angle of the laboratory
frame.After comparingthe sigma deviatiain the performance of
Gaussian fitavith severalgroup of strips, the best conclusion was
that the energy spread of the elastic peak in the angular region
covered by 8 stripgivesthe minimum totalerror. Consequently he
32 strips of each DSSSD were studied ises of 8 stripseach:this
means thaeach vertical strip adhefront side was put in coincidence

with 4 groupseach consisting of 8 horizontal strips of the back side.

TS_DE15 |0+Anoau|-vmm-u-m|

Yield [a. u.]

90 '
Energy [MeV]

Figure 38: Histogram of the energy peak released on the strip n°15 of the first DSSSD of the
telescope n°&he front side single strig in coincidence witl8 back strips, fot’O+'%’Au @ 85

MeV elastic scatteringrom the Gaussian fit, the energy meatueand the sigmparameters
areevaluated.
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Once all theGaussiarfits wereperformed for each front strip,
for each telescope the average of tepositedenergy andthe
"Ow "Olwere calculated, relating to the three elastic scatterilps.
guantities areaccompaniedby ther respective absolute errors,
calculatedusing the theory of error propagatiol.herefore as
regardsthe estima¢ of the energy resolution of the DSSSDs,
expresseds gpercentagdat wasdetermined by the ratio betwete
"Ow "Ovand the energgnean for each telescope

The nextstepwas abouthe evaluation ofthetwo components
of the energy resolutionas a measurement tife electronic noise
and of the intrinsic contribution of theingle detectorFor each
telescope analyzed, a linear fit was extrapolated from the three elastic
scatteringsin order to verify thdinear relationship expressed by the
formula (2), typically for Si detector§he plos obtained are shown
in the Figure 39the square of thevaluatedOw "Olasa function of
the energy mean valli@is plotted, with the linear fifred lines) and
the associated errors (green lindapally, for each telescopé¢he
electronic noise and thetrinsic detector error were calculatiedm
formulas @) and(4). Unlike for the electronic error, the intrinsic
componentdependon thespecific reactionof scattering because
the total error of the telescope is differemcording tothe beam

energy of the three processes.
Q& QOONIEIE Ey p TTRQ® )

NQOQQO & E OO0 Qa QwoNié it éQn (4)
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The overall resultsof the entire procedurdescribedabove
about the energy resolution of the front sidéshe DSSSDsare
summarized in Tab 4-6 below. Theyare related to the three elastic
scattering, and shotkeenergy mean valuethe Ow "O)theenergy
resolutionin percent,the electronic and detector components with

their associated errors.
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Figure39: Experimental linear fits for the six telescopes analyZ@d "O0 of the threeelastic
scatteringsre plotted as a function afean aergy, with statistical error bars. In each panel of
the figure the value of the two fits parameters is reported. The red line representsethdtéif
the green lines are the upper and lower limit of thediitsideringor the error on the parameters
as a result from the fit procedure.
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Elastic scattering: 1°0+°7Au at 85 MeV

Telescope Energy FWHM Resolution Electronic Electroni Detector  Detector
mean error ¢ error error error
(total error)

[MeV] [MeV] [%] [keV] [%o] [keV] [%]
T1 81,80 0,99 0,99 +0,02 1,2 459 + 187 47 528 +202 53
15 83,81 +0,95 0,95 +0,02 1,1 752 + 149 79 196 =171 21
17 7881 £136 1,36+0,02 1,7 1088 + 154 30 271 £ 176 20
T8 7843 +£1,31 1,31 £0,03 1,7 1042 +220 80 266 + 253 20
T9 7892 £1,40 1,40 £0,03 1.8 1090 + 195 78 306 =224 22
T10 76,11 £1,07 1,07 £0,02 14 779 £ 140 73 286 + 156 27

Table4: Average values of energ¥Dw "O0 energy resolution in percent, electronic and detector
components with their associated errors, for each telescope, relating to the elastic scattering
BOo+Au atp W Qw

Elastic scattering: 1>C+'*7Auat 75 MeV

Telescope Energy FWHM Resolution Electronic FElectroni Detector  Detector
mean error ¢ error error error
(total error)

[MeV] [MeV] [%] [keV] [%] [keV] [%e]
T1 72,78 £0,90 0,90 +0,01 1,2 459 + 187 51 444 +199 49
T5 74,57 +0.87 0,87 £0,03 1,2 752 + 149 86 118 + 183 14
T7 70,16 £ 1,30 1,30 0,02 1,9 1088 =154 84 212 =177 16
18 69,89 +£1.23 1,23+0.,03 1.8 1042 +220 85 185 +248 15
T9 70,35+£133 133002 1.9 1090 = 195 82 239 £214 18
T10 67,88 £0,99 0,99 +0,02 1.5 779 £ 140 78 215 £ 155 22

Table 5. Average values of energyQw "O) energy resolution in percent, electronic and detector
components with their associated errors, for each telescope, relating to the elastic sé¥gtefithu at
X WQw

Elastic scattering: 12C+*7Au at 65 MeV

Telescope Energy FWHM Resolution Electronic Electroni Detector  Detector
mean error ¢ error error error
(total error)

[MeV] [MeV] [%o] [keV] [%] [keV] [%o]
T1 62,65 +0,90 0,90 +0,02 1.4 459 + 187 51 437 +203 49
T5 04,22 £0,91 0,91 0,02 1.4 752 £ 149 83 154 £ 171 17
T7 6047 £1,31 1,31 +0,02 22 1088 = 154 83 217 £178 17
T8 6025+1,25 1,25+0,03 2.1 1042 =220 83 210 £252 17
T9 60,67 £1,33  1,33+0,03 22 1090 £ 195 82 244 £223 18
T10 5847 +£1,02 1,02+0,02 1.7 779 £+ 140 76 242 + 161 24

Table6: Average values of energfDw "O0) energy resolution in percent, electronic and detector
components with their associated errors, for each telescope, relating to the elastic scattering
L2C+%Au ate W QW
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By comparing the results obtained,onge qualitative
conclusiongan bedrawn Specifically,it can benotedthatthemean
energy values are homogenous and in agreement wittethen
energy for eachelastic scatteringespectively This ismostevident
for telescoped 1 and T5the othelonesshowa slightly lower energy
value than expected likely explanation is thathe detector haa
dea region (or not fully depleted¥further investigatioa could be
usefulfor afully understanding and correction.

The estimationof the energy resolutioof the front side of
DSSSDsgavea value around® P'Y 0 Yvhich corresponding to
P® U Qdat o Tt ot Q wof peak the resolution resultbetter for the
higher energies and decreasing for the lower onles.total error
associated to the energy measured was arpand ‘Q wrFinally,
from the evaluation of the intrinsic and electronic components of the
error, the analysitiasconfirmed that approximately 80% of the total
deviation was due to the electronic chaire. the digitizer, the
preamplifier and anything else coming from the whole experimental
setup

Regarding the energy resolution ofthe back $de of the
DSSSDsthe differencdetweerthe energies released by the particle

in thefront and back sidg dividedby the energ lost in the first one,

.y y :
that means theatio 5 , was evaluated for each front strip

in coincidence with all back strips of eadd®SSD withthickness of
300 em. The analytical procedure was analogous to the already
descibed method for the front sid€hereforefrom gaussian fitshe

energy resolution of the back sideDSSSDswvas estimated around
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p& PY D TYwhich corresponding to&0 ‘Q cat o 1ot Q cof peak
(see Fig40).
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Figure 40. Histogram of the energy peak released on the stri afthe first DSSSD of the
telescope n°5The ratioyyiy is evaluated for each front strip in coincidence with all

back strips for 1°0+°/Au @ 85 MeV elastic scatterindz:rom the Gaussian fit, the sigma
parameters calculated

3. Thepifkel ati on techni guo dghe a
unambiguous reconstructiorof the particle position in the
detector

The choice to use DSSSDs ashe first two stages of the
FARCOS arraylusters allowed uso implement apecific technique
for the reconstruction of the detected particlestact, in the most
recent experimental setsifor nuclear physics experimenDSSSDs
have becomeexcellent instrumentsapable of collecing particles
with very high energy and angular resolution, thanks to their
segmentation into stripslhey have reduced the need of several

electronic channeldor a giving surface covage a single detection
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system havingo ¢ o ¢strips is now able to detect particlesd
their positions, insteadf involving 1024 detectorHowever,there

are alsosome disadvantagesuch asefficiency issues and in
particular the possibility that a fraction of thrcidentparticles on

the DSSSDmaynot be measurecbrrectly The secallediii nt er st r i
e v e ndensifpthose cases in whidheparticle iscollected into the
very slight region between twadjacentstrips this means that its
energy is shadbetween themaltering the real reconstruction of the
particle Finally, considering the possibilityhhatmultiple particles are
measured in the same detection system, the capabilitysign the
correct position to each partialeaybe affected by sondifficulties.
These motivation encourage the CHIMERA Collaboration to
improve a methodthe sec al | ed ndpi xel[GARd4on t ec
CAR25] appropriate for the DSSSDs tdie FARCOS correlator,
testing it with the data collected INFN-LNS. Theultimate goalof

this method is to assign tleerrect position to each particle detected
by FARCOS,in terms ofits coordinates: from the analysis of the
fired strip of the front side and the one of the back side of the first
stage of a FARCOS telescope, the 300em thick DSSSD the pair

of the polar angle—and the azimuthal on#.determine a unique
spatial position othe particle.

The procedure works step by st¢pAG25c]. After the
calibration phase already explaingtbr each telescop¢he qE-E
matrices obtainedshown in Figs. 387) include allexperimental
events without discriminationwith regard tonoise electronic
inductions,nterstrip events, and so o selection of the events was

mandatory.
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In a first stepsome experimental constraim®&re imposed on
the particle multiplicityin a single FARCOS telescopmeetingthe
following conditions:

a. particles stopped inside ti& stages, that means multiplicity
equal to zero in the CsI(TI) crystals
b. multiplicity equal to 1 in both sides of the first DSSSD, and
also in thdront side of the second DSSSD; about the last back
side a multiplicity less than 4 is required
c. ideally, the energy released by the incident paréitike front
side of the detector should be approximately the same as that
lost at the corresponding back sidepncerning the FARCOS
telescopeshe evaluation of the energy resolutimghlighted
some differencebetween thenergy resolutions dfvo sides
of the DSSSDgback sidedhave a worse energy resolutjon
Experimentally, an energy range o%15% was imposed
between the energy measuremennighe two corresponding
sides This specific range washosenin order to maintain a
goodcompromise in thetatistics of thevents
d. strips hit by a particlenustbe the same, comparirtige first
and the second DSSSDs front sidesatanosthe previous or
subsequent onso neighbouring.
For the events with multiplicity equal to one, that meaitis a single
particle detected in a singlFARCOStelescopea good assignment
of the position of the particledetected without ambiguity was
achieved.

In the next step of the proceduicondition b. was partially
modified to extend the selection and also include evenith
multiplicity equal to 2on the front sides of the two DSSSD§he
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other constraintselating tothe energy and the fired stsipemained
unchanged Unfortunately, with this new inclusion ofadditional
events,some ambiguitiebave beermbserved. In partidar, simply
comparng the energies lost in the stages of the detestas no
longerenough to classify alhe events meamng it was no longer
possilke to discriminatebetween interstrip, electronic induction or
spurious eventsTable 7 illustrates ame examples of the several
ambiguitiesexaminel. If two differentenergyvaluesare measuce
only in the second DSSSD, atie fired strip are adjacerthen this
has beemlassifiedas an interstrip eventhe real energy released by
the particle can be reconstredtfrom the sum of the two values
Conversely, in other casewhere energies and strip appear
uncorrelated,the ambiguities remain unresolved he pixelation
technique must be implemented usin@nother variable in the
analysissuchas the time variable [CAR24, CAR25].

AE_front AE_back E_front
[MeV] [MeV] [MeV] Nstrip 300 front Nstrip 300 back Nstrip 1500 front
79,8859 29 [0]
148,723 2011] B 30 1]
#1 51,6344 51,8097 Position ambiguity resolved: this is an interstrip event in
228,6089 DSSSD_1500pm
(ambiguity in energy only)
12,9576 12,9558 22,1211 410] 0[0] 4 [0]
118.896 120,412 180,113 13 [1] 2511] 13 [1]
“ Unresolved ambiguity: are these 2 different particles?? Could we assign their position using the TIME
VARIABLE??
12,0703 12,3186 29 [0] 29 [1] 30 [1]
114,905 116,925 30 [1] 18 [0]
#3 24,9049 Unresolved ambiguity: this is an imterstrip event in
126,9753 DSSSD 300um; Could we assign its position using the
TIME VARIABLE??

Table7: examples obbserved ambiguities, simply comparing the energies lost in the stages of
the detector and the fired striphe implementation of the time varialbdeuld be useful to
improve the pixelation technique.
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The timing analysis allowso excludeunphysical evenid.e.
noise and spuriouincidences, examining the detection time of the
particles.Thesec al | ed fAdetection framtmeo Vv a
the digitized signal: it is defined as them&during which the signal
reached.0% ofits amplitude after the subtraction of the baseline.

For each telescopd the FARCOS correlatotime difference

spectra were plotted, evaluating th#erence between the detection
times of a particle crossing the front and back sides of the first
DSSSD (30Cem thick). The differenceis centredaround the zero
and the sigmappraisedy a Gaussian fis approximatelyi® & i
for example for the tel esrciopled nAS5
1245n44Ni system(Fig. 41) Analogue results are obtained for the
other telescopes amdactiors analyzed in the CHIFAR experiment.
The long tails of the coincidence time peak are due to both
differences in time of flightwhich cannotreasonablyccurfor well
measured eventandsotheyw i | | be ispusiousevertd ed as
andasnoise affecting the timig of the small signalS-he analysis
alsoincluded the study of thievo-dimensional distributions relating
to thealready calculatetime differenceas a function of the detected
energy of the particleagain relating to the sides of the first DSSSD
(see Fig. 42, relatinghe same Tsand @ Areiucthroo nr eact i
Finally, thetime difference between the detection time of a particle
punching throughboth front sides of thesecondDSSSD- 1500 em
thick - and thefirst one - 300 em thick - was plotted For each
telescope and studied reactioftem gaussian fitsa time difference
around T® Y T® X € iwas measured: this means thatlaeticle
detectiortimeis longerin the second stage thamthe first one of the
FARCOS telescop@-ig. 43)
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Figure43: Time difference spectrum between the detection times of a particle crbetiifignt
sides of thesecondDSSSD (50 0 & m ahdhttiefizskone G0 0 & m , forhihee telesgope
n°5, from data collecteih the'Sn#¥*Ni fineuchénr eacti on.
The time differencesetween thsides of the first DSSSD and
between the two stagesalculated with the above descripted
procedureallow to select the events witmultiplicity equal to 2 on
the front sides of the two DSSS[3pecifically, a particle is accepted
and included in the final analysias belonging to the event only if
its detection time falls within thetime window & Q¢
¢, M Qwecg, , in order tomaintain agood statistic In fact,
according to this choicethe describedime analysisassuredthe
exclusion of spurious coincidence and narsé¢he selectedevents.
Finally, the interstrip evest in the second DSSSDwere
reconstructed and resolved as a unique evem ofcadent particle
having areal energygivenby the sum of the two valueseasured in
the twoclosefired strips
Thefinal stepofte appl i ed fApixel ation t e

unambiguouslyassiging the correct position to each particle
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detected bynhe FARCOScorrelator By considering th& coordinate
pairs, namely the polar angle—and the azimuthahngle %y the
univocal spatial position of the particlean be plotted in enatrix of
the %0 B—plane for all ten FARCOS telescopes employed in the
CHIFAR experiment (see Fig. 44)The angular distributions
obtained for each reactiostudied allowed to veriy the angular
coverage of FARCOS in the experimental setup, that mepokar
coverage betweel3°-30° in the laboratorframe system, analtotd
azimuthal coverage f , aZcording to the coupling of the FARCOS
telescopes around tIBRHIMERA sphereas already shown in Figure
1.
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Figure 44: Angular distribution in théb B—plane,for all FARCOStelescopesised in the

CHIFAR experimentTheassignment of the positiai detected particles unambiguouslythis
distribution is related to thevents collected by tHé*Sn#*Ni fineutchon.r eacti on
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4. |dentification of the IMFs detected by the FARCOS

correlator.

The first objective of the CHIFAR experiment, as already
discussed at the beginning of this chaptas the investigationof
the IMFs productions at thew beam energy of ™ 0 ‘Q dvata
analysis moved on the identification of the final products of the six
nuclear collisionstudiedin the CHIFAR experimeniSpecifically,
the identification phase of the IMFs detected by the FARCOS
correlator involved thep EE techniqueappliedbetween the first and
the second DSSSD eAch FARCOStelescope

4.1 Particles identification techniques.

The experimental setup of the CHIFAR experimémt means
the FARCOS correlator anthe 4 "CHIMERA multi-detectorare
ideal tools for the measurement of the energies released by the
detected particles. Additionallyheir velocities can bestimated.
Several technigusallow the identification of theeaction products
usingtheseexperimentaimeasurementfianks to the performance of
the detection systenjisEO87, KNOJ].

The incident charged particl@geractwith the material of the
detectors and lose a part, or all, of their initial energy.

The quantummechanical calculation was first performed by Bethe,
Bloch, and other physicist§he energy transfer was parametrized in
terms of the transfer momentusinceit is a measurable quantjty
while the impact parametés not. The quantityof the energy loss is
expressedy the BetheBloch formula b):
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— ¢lia-—11T— g 1 ¢-
(5

whit the following parameters involved

O 1 : classical electron radius

O & : electron mass

O0O: Avogadrods number
O "Omean excitation potential

O & atomic number of absorbing matéria

O 0: atomic mass of absorbing material

O ”: density of absolihg material

O & charge of incident particle in unit 6f

O1  UFoof the incident particle

Or pfp 1
O 1 : dersity effect correction
O 6: shell correction

O @ :maximumenergy transfer in a single collision.

The formula (5) highlights that thenergy lossof a particle
crossingin anabsorbingmaterial is proportional to the squdre of
the atomic number of the incident parti@ded inversely proportional

to the square of the velocity of the particlHsalsodepends on the
ratio —between the atomic and mass number of dbsorbing

material.

The dependence on theature of theparticle allows us to
identify in chargehe detected particleBesidesin some caseshe
discrimination in mass is also possildbaracterizing the production

of isotopes.The secalledii (pE t e ¢ hisanegad ed particle
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identification methods used in the analysis of ideonstruction of
nuclear collisions, based on the physics described.

The qEE techniquerequires the use of a telescope as
detection systemn the firstthinnerdetectoy the incidentcharged
particle loses @ortion ofits initial energycalledfi| ost YOner gy o
sulsequently it is stopped isidethe second stage of the telescope
whereitsii r e s i d u &@lcandeneeasgrgddis happens if the
energy of the particle is such that the particle passes through the first
detection stage and is then stopped in the second Stagesum of
the lost and the residual eniergjs equal to the initial incident energy
of the particleThe two measured quantitiean be plotte in a two
dimensional distributionthe gp EE matrix showseveral hyperbolic
branches, and for ihreason b s 0 ¢ a | |-gotb. Edch bnea a n a
identifiescharged particleaccording to their atomic numberand
atomic mass numbed. In particular, according to the square
dependence from the charge in the Bdélach formulathe banana
lines arelarger separatedncreasing theatomic numberd with
respect to the mass numherwhich insteadallow to discriminate
the different isotopesgrouped in thesets of less separated
hyperbolasin particular, using the array structure of CHIMERAd
FARCQGS, a good identification of thikght fragments @M ¢ 1tcan
be observedsee Figs. 45, 46)
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Another methodapplied for theparticle identification is the
fiPulse Shape Discrimination(PSD) technique.In scintillator
detectors, in particular in the inorganic ones, the yie&hd
corresponding to the collected emission scintillation ligiain be
composite of the sum of two exponential decays: they eafled
Afast o and 0 sdroduwarby thedegxatatien oftthe
atoms, after the crossing of the particle in the detettor fast and
slow components have different dedayes independent of each
other.Typically, in the inorganic scintillatorgompared with théast
decay timethe time constant ranges fronT@@ ‘ ito 1 i(fast),
while t has a consiste value of about® ‘* i(slow). Thefraction
of light appeangin the slow component often depends on the nature
of the exciting particle.This dependence can be useful to
discriminate between different kinds of particles that released the
same energy in the detectat is the principle of theparticle
identificationused in the PSD method.

In the CHIMERA and FARCOSletectorsthe light produced
by the CsI(TI) crystal scintillators then collected by the coupled
photodiodes anfinally converted ito an electrial signal.From this
signal, the fast and slow components are extrapoldtegrelative
yields of the twocomponentslepend on the specific energy loss of
the particle and, hence, can be useddamntify the light charged
particles and their isotopes updo o (left panel ofFig. 47).

As already described in Chapter &1 indepth study of the
shape of signals produced the detectorshas beenconducted
[PAG04, PAG12 PAG12h. In particular, particles withid ¢
which stopped in the Silicon detect@&00& m t)hthamk tothe
performancesf CHIMERA, can be identified in charge by usitig
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PSD metho@pplied on Silicon detectorafter someupgradsof the
front-end eletronics for theCHIMERA Si detectos, the risetime of

the signalgbetween th&0% and80% of the signalmaximum)was
measured andthen studiedv er s u s t h e-rised n ene @y
technique)jn order toobtainmass and charge identifications the
reaction products stopped inside the Si std§€3L05ALD04b].

The PSDBSi methochasmadeCHIMERA a uniquet ‘multi-detector

in the world thus able to measure the heavy fragments originating
from the target in order to characterize the entire reaction @ggnit

panel offFig. 47).

g 200 [ | I | [Ty
& Ti i 14
2 200 B | 80 : =
3 4 © ©=153 .,
= e __ 00— .
(< > 3
700 |- 1 e - 10
= E |
600 - 9 ?mu— = —|B

radsE .
et B
wo= 3 T T m: i

0

_'l i i ?'-l'l"_u'i'.l:.-.'l [ .I. |..-| 1 I P |. Fa|
- . P 230 240 250 260 270 280 290 300 30§20
T Stow Low Gain RisaTime (ns)

Figure 47: Pulse Shape Discrimination identification for the 2Sn+Ni nuclear reaction at

o W 0 'Qdelated to the Csl(TI) crystals of the CHIMER®Aulti-detector (left panel)a fast
slow matrix (right panel) kinetic energgs a function of the rise tin{8i-PSDJPAG120].

The energy measured by the detector is physically correlated to
the velocities of the incident particleghe iiTime-Of-Flighto (TOF)
technique isappliedto calculate thevelocity of the particlesThis
method uses thistard andfistopd r e f tenesetimtaessent to
the TDC. The digital output is proportional to the time interval that
includes the real time of flight of the particles, needed to arrive in the
detector plus a delay due to electronic cha@acording to the
conversion factor, therd "€n be expressesthe differencef):

YOO z 0 O (6)
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whereo is the electronic delay between the start and the stop signal.
The velocity is then determined by the classical ratio between the
distance travelled by the partided the' YO O

If the particle is stopped inside the detector stadpas released
all its kinematic energy. Its mass can be evaluated by the inverse

formula (8):
0 ¢y O— O—— (8)

whereQOis the total energy measured.

The CHIMERA beam line was eqped with an efficient
Micro-Channel Plat¢MCP) timing systemand a microstrip Silicon
tagging detectojLOM11, PAG1d]. The tagging systemwas based
on the ETOF techniquein order to identify the incident io®ming
from exotic beams produced by the projectile fragmentation of
primary beams, delivered by tRi&Shoused at INFNLNS. The MCP
was placed upstream on the beamline, whileBSSSDwas located
approximately2 metersupstreamthe target.By correlating the
energy released in the DSSSD as a function of the Galdulated
between the two detectorthe resulting distribution is shown in
Figure 48[RIS25]. It is possible to identify everal isotopesfrom
*He up to!'Cions

This characterizatioms an important aspect of the scientific
program of the CHIMERA Collaboratiowith a viewto improvethe
study of the large isospin asymmetric nuclear mattee finalgoal
is to determine the evolution dhe reaction mechanisror both
binary collisiong compound nucleus reactions and multi
fragmentatiofPAG1%, AMOO09, PIRL1].
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Figure48: ETOF calibrated plot; correlating the energy released as a function of the TOF,
several isotopes can be identified, fréife up to'’C ions [RIS25].

4.2 The EE technique applied tolMFs detected by
FARCOS

The FARCOS array configurationis idedly suited for the
appl i cat i eentechmifueinh brader tapifentify the IMFs
produ@d after the six nuclear collisions studied in the CHIFAR
experimen{ZAG25, ZAG25h ZAG?24].

The first two DSSSDs of each FARCOS telescope were
consideredhs thenteractionlayers of the IMFsThis means that the
measurement of the energy das f the particles irtransmission
onthe first stage of the telescope.t he 3 00 D$S®Dwas i c k
studied as a function of the residual ené@ypf the particles stopped
in the second stagege. the 1500° m thick DSSSD Based orthe
BetheBloch formula &) already explained the CHIMERA
Collaboration hasimplementedan identification algorithm by

evaluating thewo contributionsw Cand O, for a given particle, it
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wasusedthe following proportionality9), which thengenerateghe

equilateral hyperbolic curves in the final ptots
WO 0% aza (9)

Theidentificationphase of the IMFs detected by the FARCOS
correlatormaintained the same experimental constraints used in the
analysiswiththé@ pi x el at i oForedcleteldscopegtuee O
E matrix studied was obtained from the already discussed conditions
about energy, fired strips and multipliciby the particles impinging
on the single telescopaccording to the timing analysig.his
selection of the eventsnsuredthat there waso ambiguity in the
application of the algorithm for idermjahg IMFs. Figures49-54
illustrate theqp EE matrices acquiredrom the data collected by the
1245n459N | ineiuthon [ frasxt of ahe $FARCOS
telescopes analyze&imilar plots areobservedfor the other five

reactions of the CHIFAR experiment.
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Figure49: gp EE matrix for the telescope n°1, relating to the data collefcted the 124Sn+5“Ni
Aneuiltiromo . Expeaimenialcconstraints were imposedsédect events with particle
multiplicity up to 2and to eliminate noise and spurious coincidences
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Figure50: gp EE matrix for the telescope n°5, relating to the data collected froft4Bre+#*Ni
Aneutiromo .BExeimdnialconstraints were imposed to select events with particle
multiplicity up to 2 and to eliminate noise and spurious coincidences.
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Figure51: gp EE matrix for the telescope R°relating to the data collected from tHéSn+5*Ni
Aneutiromd reacti on. Experi ment al constraints we
multiplicity up to 2 and to eliminate noise and spurious coincidences.
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Figure52: gp EE matrixfor the telescope & relating to the data collected from tHéSn+#*Ni

Aneutiromd reacti on. Experiment al constr ai
multiplicity up to 2 and to eliminate noise and spurious coincidences.
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Figure53: gp EE matrix for the telescope @°relating to the data collected from théSn+*Ni

Aneultiromd reacti on. Experi ment al
multiplicity up to 2 and to eliminate noise and spurious coincidences.
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Figure54: op EE matrix for the telescope n°10, relating to the data collected frofd‘8re*Ni
Aneuttiromd reacti on. Experi ment al constraints we
multiplicity up to 2 and to eliminate noise and spurious coincidences.

The final step of the identification process used the
implemented algorithnto fit i b a n a n a for each telessope.
Geometrically FARCOS covered the angular region between 13°
and 30° in the laboratory frame systemBy considering this
configuration, data analysigrovideda good identification of the
detectedparticles In details, IMFswere identified in charge up to
@ p ofurthermorgisotopesouldbe discriminatd with the mass
number up t®@ ¢ Ttwhich corresponds tihe atomic chargeo
w In the twodimensionalspectra,protons are notepresented,
because theyeleasevery low energy in the first detection stade
future analysisthey will beidentified usingother methodssuch as
the PSDapplied tothe Cs(Tl) crystals. An example of the fitting
resultsfrom the application of the identification algorithm is shown
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in the figure belowlflue, red angbink lines indicate the fits ifig.
55). The analysis highlighted some differenfmstelescopsn® 1, 9
and 10 The statistics of the events wemeichlower, astheselatter
telescopeslid not perfornoptimally. ThelMFs identificationcould
be extracted up td ¥ (see Fig. 56)Probably,the experimental
constraintsapplied were too restrictive and other proceduresre

neecakdto find betterresults

Figure 55 Identificationfit algorithm applied to thdanana lines of thep EE matrix of the
telescope n°5, relating to the daththe 124Sn+N i Aineichon iMFaweteived n .
identified in chargeupt® p @
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