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Sommario 
 

Lo studio della materia nucleare in condizioni estreme suscita grande interesse nel 

campo della Fisica Nucleare. In particolare, negli ultimi anni, grandi sforzi sono stati 

impiegati per la produzione di fasci esotici, indispensabili per lo studio dei limiti di 

esistenza e delle proprietà dei nuclei lontano dalla valle di stabilità, in prossimità delle 

drip-lines di neutrone e protone e nella regione dei nuclei superpesanti. Nel Capitolo 1 

di questa tesi viene fornita un’introduzione alle possibilità di studio fornite alla Fisica 

Nucleare dai fasci esotici.  

Recentemente, presso il Cyclotron Institute della Texas A&M University, è 

iniziata una nuova campagna di studi per la produzione di specie nucleari esotiche, 

usando il solenoide superconduttore BIGSOL. Tali studi sono finalizzati sia alla 

produzione di nuclei superpesanti mediante reazioni alternative ai tradizionali processi 

di fusione (cold e hot fusion) che alla produzione di nuclei ricchi di neutroni per studiare 

l’emissione di neutroni ritardata dal decadimento β. Le prospettive di studio di nuclei 

esotici con lo spettrometro BIGSOL sono presentate nel Capitolo 2. 

L’apparato sperimentale utilizzato alla Texas A&M è descritto dettagliatamente 

nel Capitolo 3. Lo strumento principale utilizzato è il solenoide BIGSOL, un tipo di 

spettrometro particolarmente indicato per lo studio di produzione di fasci esotici, 

poiché, rispetto agli apparati spettrometrici tradizionali, basati su dipoli e quadrupoli 

magnetici, permette di avere una grande efficienza di raccolta dei prodotti di reazione. 

Infatti, la simmetria cilindrica dell’apparato, caratterizzata da un’ accettanza azimutale 

di 2π, consente di raccogliere una grande frazione dei prodotti di reazione emessi a 

grandi angoli in reazioni profondamente inelastiche o in reazioni di trasferimento di 

molti nucleoni. 

Le traiettorie degli ioni prodotti sono tracciate lungo il percorso di volo nella linea 

di BIGSOL mediante rivelatori PPAC. Le specie esotiche prodotte vengono poi 

identificate e studiate grazie ad un complesso rivelatore di piano focale, formato da un 

PPAC sensibile alla posizione, una camera di Bragg e un array finale di scintillatori 

YAP(Ce). Attorno all’ array di scintillatori YAP(Ce) può essere posizionato un 

calorimetro neutronico, composto da scintillatori liquidi BC501. Questo dispositivo 
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verrà utilizzato per lo studio dell’emissione di neutroni ritardata dal decadimento β 

emessi dai frammenti ricchi di neutroni impiantati nei cristalli di YAP(Ce). 

I cristalli di YAP(Ce) ricoprono un ruolo importante nell’apparato sperimentale, 

perché costituiscono il rivelatore finale, dove le specie esotiche vanno ad impiantarsi. Il 

successivo decadimento alfa dei nuclei superpesanti prodotti deve, inoltre, poter essere 

rivelato negli stessi cristalli. I rivelatori, quindi, devono essere operati in modo da poter 

coprire il più largo intervallo possibile sia in energia che in massa. Le proprietà dei 

cristalli YAP(Ce), accoppiati a foto-moltiplicatori R4141 Hamamatzu, nel rivelare ioni 

pesanti, sono state studiate durante il lavoro di tesi ed i risultati sono riportati nel 

Capitolo 4. In particolare sono state valutate l’ampiezza d’impulso e la relativa 

risoluzione in funzione della tensione di alimentazione del foto-moltiplicatore. Una 

volta fissate le condizioni di lavoro, la risposta dei rivelatori è stata calibrata in energia 

come descritto nel Capitolo 5. E’ stato trovato che è possibile utilizzare relazioni semi-

empiriche per descrivere l’ampiezza d’impulso prodotta da ioni pesanti nei cristalli di 

YAP(Ce) in un largo intervallo di energie.   

Come discusso nel Capitolo 6, la forma d’impulso dei segnali degli YAP(Ce) è 

stata anche studiata utilizzando dei Flash ADC, allo scopo di discriminare i segnali 

prodotti dalle particelle alfa da quelli dovuti al fondo gamma.  

Nel Capitolo 7 è discussa l’analisi di alcuni test beams e la capacità di 

identificazione dell’apparato nel suo complesso.  

Il Capitolo 8 è dedicato alla caratterizzazione dei rivelatori del calorimetro 

neutronico. L’efficienza dei rivelatori è stata determinata usando un codice Monte Carlo 

in funzione della soglia energetica di rivelazione. Sono inoltre state testate sia la 

capacità di discriminazione neutroni-gamma, ottenuta con il metodo della doppia 

integrazione della carica, che le proprietà di temporizzazione dei rivelatori di neutroni. 

Nel Capitolo 9 sono riassunte le conclusioni di questo lavoro di Tesi.                   
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Summary 
 

The study of the nuclear matter far from the ordinary conditions is receiving an 

increasing interest in the nuclear physics community. In particular, the possibility to 

produce Radioactive Ion Beams has been pursued in recent years in order to investigate 

the limits of existence and the properties of nuclei far from the stability valley, around 

the neutron and proton drip lines and in the super-heavy region. An introduction to the 

possibility of nuclear physics studies with radioactive beams is given in Chapter 1 of 

this work.  

A new campaign of exotic nuclei production has recently started at the Cyclotron 

Institute of the Texas A&M University using the superconducting solenoid BIGSOL. 

The planned studies involve the production of super heavy nuclei following new 

pathway, alternative to the traditional cold and hot fusion reactions. Moreover, the 

region of neutron-rich nuclei will be investigated by studying the process of β-delayed 

neutron emission. The perspectives of exotic nuclei investigation using such 

spectrometer are discussed in Chapter 2.   

The experimental set-up used at Texas A&M is extensively described in Chapter 

3. The main component of the equipment is the BIGSOL system. A Solenoid based 

spectrometer is particularly suitable for Radioactive Ion Beams production because it 

allows a large collection efficiency of the reaction products, with respect to traditional 

devices based on magnetic dipoles and quadrupoles. The cylindrical symmetry with a 

full 2π azimuthal acceptance of the apparatus is well suited to collect a big fraction of 

the products ejected at larger angles as in the case of deep-inelastic or massive transfer 

reactions.  

PPAC detectors are placed along ion flight path in order to track the fragment 

trajectories and a focal plane detector, composed by a position sensitive PPAC, a Bragg 

Chamber and a final array of YAP(Ce) scintillators, is used to identify and study the 

produced exotic species. Surrounding the YAP(Ce) array, a neutron calorimeter made of 

BC501 liquid scintillators is used to study the β-delayed neutron emission of the 

neutron rich fragments implanted in the YAP(Ce). 

The YAP(Ce) crystals play an important role in the experimental set-up, in fact 

the exotic species are supposed to implant in the crystals. Moreover in case of super-

heavy nuclei production the subsequent alpha-decay should be detected in the same 
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YAP(Ce) crystal. Therefore such detectors should operate to cover the largest possible 

dynamic range in energy and mass. An extensive study of the response of the YAP(Ce) 

crystals coupled to R4141 Hamamatzu PMT to heavy ions was performed in this work 

and is reported in Chapter 4. The pulse height and the pulse height resolution are 

evaluated as a function of the applied high voltage to the photo multiplier. Once fixed 

the working conditions, the energy calibration of the detectors was performed, as shown 

in Chapter 5. Semi-empirical relationships are used to reproduce the YAP(Ce) pulse 

height produced by heavy ions in a wide energy range.   

As discussed in Chapter 6, in order to discriminate the alpha particle signals from 

the gamma background, the pulse shape of the YAP(Ce) was also studied using Flash 

ADC system.  

In Chapter 7 the analysis of some test beams and the identification capability of 

the system are discussed.  

The Chapter 8 is dedicated to the characterization of the neutron calorimeter 

detectors. The neutron detection efficiency was determined as a function of the 

threshold, using a Monte Carlo code. The neutron-gamma discrimination obtained using 

the double charge integration method was tested as well as the timing properties of the 

neutron detectors.                 
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1 An introduction to the physics with 
Radioactive Beams 

 

1.1 Overview 
 

The atomic nucleus is a many-body quantum system, where nucleons interact via 

strong, electromagnetic and weak interactions. The main goal of the nuclear physics is 

to derive the properties of such a complex system starting from those of their basic 

constituents. Up to now, our knowledge on nuclear structure was mostly gained by 

studying, with respect to the variables excitation energy and spin, the nuclei near to the 

valley of the β-stability or placed on the neutron deficient part of the nuclide chart.  

The new frontiers of the nuclear physics are related with the production of nuclear 

matter far from the ordinary conditions. For this purpose, studies at relativistic energies 

have been performed to probe the nature of quark-gluon structure of hadrons with fixed 

target experiments. Such investigation is now in progress at the Relativistic Heavy Ion 

Collider at Brookhaven [www.bnl.gov/RHIC] and in the near future a further step will 

be reached with the starting of the heavy-ion physics program at LHC-CERN [Mor99]. 

On the other side, studies at lower energies, with beams of stable and unstable nuclei, 

will probe the structure and the dynamics of the nuclei. Such investigations will be 

performed at the facilities in which Radioactive Ion Beams (RIBs) are already available 

or will be available in the near future.  These two areas of study of the nuclear matter 

are strongly related and are, to some extend, complementary: at high energy the nuclear 

physics strives to derive the properties of hadrons from those of quark and gluons, at 

low energy the nuclear physics strives to derive the properties of the nucleus from those 

of nucleons.  

Moreover, the nuclear physics with Radioactive Ion Beams is important in order 

to determine the limits of existence and the properties of nuclei far from the stability 

valley, around the neutron and proton drip-lines and in the super heavy region.  

Such exotic nuclei could show new phenomena and new types of nucleonic 

aggregation. Moreover they could help in understanding some important astrophysical 
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problems. In the stellar nucleo-synthesis, indeed, the r-process involves nuclei close to 

the neutron drip line that will be directly accessible with RIBs. Another important goal 

should be in the understanding of the basic law of nature, testing the standard model and 

the fundamental conservation laws. 

 

1.2 The nature of the nucleonic matter 
 
The hadronic matter present in nature is stable only in form of protons and in a 

few combinations of neutron and protons.  

The existence of a nucleus is firstly related to the binding energy of the system 

composed by protons and neutrons. The binding energy B is defined as the difference in 

mass energy between the nucleus XA
Z and its constituents and can be written by using the 

atomic masses as: 

 

B[MeV] = [Zm(1H)+Nmn-m(AX)]c2                                                                                             (1.1) 

 

with m(1H) the hydrogen mass (931.5 MeV), mnc2 the mass of neutron (939.57 MeV), Z 

number of protons, N number of neutrons. The neutron (proton) binding energy Bn (Bp) 

is defined as the energy needed to remove the last bound neutron (proton) from a 

nucleus. A negative binding energy means that the nucleon is not bound.  

The chart of the nuclides (Figure 1.1) shows the distribution of presently known 

nuclei. A stable nucleus has a decay-time of the order of the time scale of the universe 

or larger. Adding to the chart a third dimension, the mass excess, defined as the 

difference between the experimental nuclear mass and the mass number A, it clearly 

appears that the stable nuclei form the bottom of the valley of β-stability as can be 

found differentiating the semi-empirical Bethe-Weizsäcker mass formula [Kra87]. The 

cliffs of the valley rise parabolically for the isotopes of a given element.  

Since the beginning of the nuclear physics studies, many short-lived radioactive 

nuclei have been produced and studied [Ama84].  

Around the stability valley, there is a vast domain of nuclei that can spontaneously 

decay via weak interaction. The β-decay brings the unstable nuclei back to the bottom 

of the valley within isobaric chains. The time scale of β-decay ranges from millisecond 

to years, depending on the available decay energy and is faster for nuclei further away 
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from the stability. Near the drip-lines, where the neutron (proton) binding energy is 

zero, the decay via strong interaction takes place and dominates over β-decay.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.1 The nuclear landscape. The black squares represent the stable nuclei or nuclei with half live 
comparable to that of the Heart (4.5 billion years). These nuclei form the valley of stability. The blue 
region indicates the shorter-lived nuclei produced in laboratory. The green region represents the incognita 
region up to the drip lines. Red vertical and horizontal lines show the magic numbers as known today 
near the stability valley. 

 

The drip lines define the borderlines of nuclear existence. Nuclei beyond the drip-

lines decay via particle emission and can be studied in some cases before the particle 

decay or via direct reaction induced resonance.  

Different models can be used to predict the position of the drip-lines, but 

predictions of the borders of this  “terra incognita” are very different and span often 

over tenths of units mass, depending on the accuracy of the adopted mass model far 

from stability. Figure 1.2 shows, for the element Z = 55, the difference between the 

masses calculated by using different models, varying the neutron number [Gla04]. 

It is clear that outside the “known masses” region, the difference between the 

predictions of different models diverge increasing the neutron number and approaching 

the region of interest for the astrophysical r-process and the neutron drip line. 
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Figure 1.2: The difference between the masses (for the element Z = 55) calculated with different models, 
varying the neutron number. In the known masses region, the difference between the results of different 
models calculation is near to zero, but it diverges increasing the neutron number, approaching the region 
of interest for the astrophysical r-process and the neutron drip line (Sn = 0). (Figure from Thomas 
Glasmacher lecture at Euro Summer School on Exotic Beams 2004, Surrey University, Guildford UK.) 

 

A typical example of our present knowledge around the neutron drip line is 

presented in Figure 1.3. The 24O is the heaviest known particle-stable Oxygen isotope. 

In contrast with expectations from theory, the strong force does not bind 26O nor 28O 

[Fau96] [Tar97]. The latter nucleus is a doubly magic nucleus with Z = 8 and N = 20. It 

is also interesting to note that the addition of one proton permits to Fluorine to bind at 

least six more neutrons. The existence of 31F [Sak99] has been demonstrated and the 

search for 33F and 35F is being pursued. The production of heavier neutron rich nuclei is 

important in order to improve the reliability of the extrapolations of the location of 

neutron drip line. The experimental quantities that should be measured in a neutron rich 

nucleus after the demonstration of its existence are the mass and the lifetime.  

The many-body problem of the nuclear structure is commonly solved by using 

models based on the single particle motion in a mean-field well potential. This approach 

leads to the shell model, to the determination of the magic numbers and of the residual 

interaction that produces the level mixing. The bunching of the energy levels depends 

on the shape of the average mean field potential.  
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Figure 1.3: The part of the nuclide chart with the light nuclei. The neutron drip line has been explored 
only up to oxygen (Z = 8), where the heaviest particle stable isotope has 16 neutrons.  The heaviest 
known isotope of fluorine (Z = 9) has 22 neutrons. Therefore one additional proton binds at least six 
neutrons. Purple squares indicate the known halo nuclei and a very elongated “dimer” configuration has 
been found for 12Be. 

 

Experiments with exotic nuclei [Han01] suggest some limitation to the single 

particle motion model. For example, near the neutron drip line, the binding energy 

decreases and the neutrons occupy orbits with a large spatial extension, creating a 

diffuse surface region. In this situation, the spin orbit force may be weakened, the 

pairing interaction and the presence of skin excitation can invalidate the picture of 

nucleons moving in single particle orbits.  

In light nuclei, neutron halos with radii several times larger than those of stable 

nuclei with the same mass were observed, as reported in Figure 1.3. Halo neutrons 

move almost freely and their interaction is close to the bare interaction. Moreover the 

halo can give rise to collective excitation (the oscillation of the halo with respect to the 

core). In heavy neutron rich nuclei the large N/Z ratio produces an excess of neutrons at 

large distance that gives rise to the important phenomenon of the neutron skin. To study 

the neutron skin effects, some isotopic chains with a fairly large difference in N/Z ratio 

could be investigated. Ni, Zn, Kr or Zr chains are good candidates since nuclei with 

more than 20 neutrons can be explored beyond the stability.   
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The proton drip-line for even Z nuclei was explored up to Nikel (Z = 28) [Reh98] 

[Reh00], and partial information is also available around the magic numbers Z = 50 and 

Z = 82. The most interesting nuclei in the proton-rich region are those with N = Z and 

60 < A < 100, where protons and neutrons occupy the same orbitals and can give rise to 

a super-conducting phase carried by neutron-proton Cooper pairs. 

At the heavy mass side of the nuclide chart the valley of stability ends and decay 

via cluster emission (alpha particles or fission) dominates over β-decay.  The time-scale 

of α-decay mainly depends on the available decay energy (Qα-value) compared to the 

height of the Coulomb barrier, but it can also be affected by some structure effects that 

can change the half-life of one or two orders of magnitude.  

It is possible to identify in the nuclide chart some regions where the α-decay is the 

main decay process. To calculate the half-life for spontaneous fission processes is much 

more complicated due to the sensitivity on the height and on the shape of the fission 

barrier. Shell effects can stabilize the super-heavy elements over fission and the 

existence of limits in the super–heavy corner of the nuclide chart is still an open 

question.  

In particular the proton and neutron magic numbers over the doubly magic 208Pb 

are a matter of considerable debate. Non-relativistic models predict N = 184 and Z = 

124-126, whereas relativistic theory favors N = 172 and Z = 120 [Ben01]. Only by 

measuring the masses of super-heavy nuclei the puzzle will be solved and it will be 

possible to determine the shape of the spin orbit interaction in the super heavy region.  

 

1.3 The origin of the elements in stars  
 

Nuclear astrophysics is a broad interdisciplinary field that involves the physics of 

nuclear matter, the understanding of nuclear reaction mechanism, the evolution of 

nuclear structure and the contribution of strong and weak interactions to stellar nucleo-

synthesis.  

In the early Universe, 13.5 Gyr ago, the baryonic mass composition was 76% H 

and 24% 4He [Oli99]. By comparison, when the solar system was born 4.6 Gyr ago, its 

composition was 71% H, 27% 4He and 2 % heavier elements. This difference in nuclear 

abundance resulted from 9 Gyr of stellar nucleo-synthesis.   
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Figure 1.4: The solar system abundance of elements as function of the mass number.  Two neutron 
capture process are responsible for the synthesis of elements heavier than iron. The slow neutron-capture 
accounts for the peaks indicated by the red arrows, whereas the rapid neutron-capture accounts for the 
peaks indicated by the blue arrows.    

 

Figure 1.4 represents the solar system abundance of elements as function of the 

mass number. Charged particle reactions are responsible for the nucleo-synthesis chains 

that populate nuclei up to iron. Beyond the iron region, the Coulomb barrier is to high 

for such processes and the heavier nuclei are formed by reactions induced by neutrons.  

The rapid neutron capture (r-process) together with the slow neutron capture (s-process) 

are the main nucleosynthesis processes that are effective in populating the heavy 

elements. 

The s-process operates close to the stable nuclei where the time between 

sequential neutron capture reactions is longer than the lifetime for β-decay. The 

neutrons are produced in stars by charged particle induced reactions and the cross-

sections for neutron capture reactions (σnγ) are usually quite large, (σnγ = 100-5000 mb) 

for low energy neutrons. Nuclei with small cross section σnγ (e.g. closed shell nuclei) 

have a large lifetime τ and form a ‘bottleneck’ resulting in the s-process abundance 

peaks (see figure 1.4). The other peaks in Figure 1.4 are shifted downward in mass and 

can be explained by similar processes.  

The s-process contribution to the solar system nuclear abundances is relatively 

well understood [Arl99], consequently the r-process contribution can be usually 

slow neutron capture (s-process) 

rapid neutron capture (r-process) 

3% of 56Fe 
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obtained by subtracting from the total solar nuclear abundance the s-process 

contribution [Qia05]. Figure 1.5 shows the solar r-process abundance as extracted in 

this way. The main features in Figure 1.5 are the peaks at mass number A = 130 and A 

= 195, that can be explained as follows. In the r-process the neutron capture has to 

occur much more rapidly than β-decay. Therefore the nuclear flow rapidly moves 

toward the neutron drip-line. When the r-process starts there are many neutrons 

available for capture and some seed nuclei as 56Fe. A seed nucleus starts to quickly 

capture neutrons getting heavier and heavier until reaching a nucleus with binding 

energy so small that the capture rate is balanced by photodisintegration. At this “waiting 

point” the neutron capture stops and the nucleus is transformed via β-decay to a nucleus 

with higher separation energy where the neutron capture can start again. Heavier nuclei 

cannot be produced until the waiting point nucleus undergoes β-decay to its daughter 

with higher proton number. Therefore at a given proton number the abundance is 

concentrated in the waiting point nucleus. More slow is the decay more abundant is the 

nucleus. Nuclei with a neutron magic number are therefore “waiting points”, where the 

neutron capture slows and the β-decay to stability dominates. The maxima observed in 

the abundances of the elements at certain mass numbers correspond to waiting point 

nuclei with magic neutron numbers N = 82 and N = 126. 

 

              

Figure 1.5: Experimentally determined r-process abundance (red dots with error bars), compared with 
two calculations that differ for the strength of the spin-orbit interaction. Spin-orbit quenching gives a 
better agreement with the data. From [Pfe97]. 
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The waiting point approximation is very important in order to simulate the r-

process paths, since, in this condition, it is not needed to know the properties of all 

nuclei from the valley of β-stability up to the neutron drip line, but it is only needed to 

know the properties of the waiting point nuclei.  

At a waiting point, the abundances of two neighbouring elements (Z, A+1) and (Z, 

A) in the same isotopic chain should satisfy the relationship [Qia03] 

 

(1.2) 

 

where Nn is the neutron number density, ),(v , AZn γσ  is the product of neutron 

velocity and the neutron capture cross-section averaged over the thermal distribution of 

the temperature T, ),(, AZnγλ  is the photodisintegration rate at the same temperature, 

h is the Planck constant, mu is the atomic mass unit, k is the Boltzmann constant, G(Z,A) 

is a nuclear partition function, Sn(Z,A) is the neutron separation energy. It can be 

demonstrated that the average neutron separation energy Sn for the most abundant 

element in the chain only depends on the neutron density Nn and on the temperature T of 

the r-process environment [Qia03]. 

Based on a range of theoretical inputs for the neutron capture cross section σ
n,γ  , 

the β-decay rate estimates and the nuclear masses, it was determined [Gor92] that the 

waiting point approximation is valid for:             

Nn>1020 cm-3 at T = 2 109K  

and   

 Nn >1028 cm-3 at T = 109K. 

Unfortunately the astrophysical site of the r-process, where such very high 

temperatures and neutron densities can be reached, is not yet identified. There are two 

possible scenarios: the neutrino driven wind model in super novae and the neutron star 

merger model. However, due to our insufficient understanding of super novae and 

neutron star properties it is difficult to demonstrate “ab initio” how a robust r-process 

occurs in either model. Moreover, a complete simulation of the r-process needs the 

knowledge of some nuclear properties of the involved nuclei such as: 

• Global nuclear properties: masses, lifetimes, nuclear matter. 
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• Properties of excited states: isomers, level densities, electro-weak 

strengths, decay rates. 

• Reaction aspects: cross-sections, resonance structure and interference 

properties. 

Measured and compiled values of those quantities are available only for nuclei 

close to the valley of stability. For neutron rich nuclei only theory can provide the 

required information. 

The deduced r-process abundance distribution shown in Figure 1.5 is a signature 

for the existence of the shell structure for very neutron rich nuclei. However, in those 

nuclei far from stability with a very diffuse surface, a weakening of the spin orbit 

interaction might occur and new magic numbers might appear. This “quenching” of the 

shell structure can have an effect on calculated abundances.  

Figure 1.5 also shows a comparison between some experimentally determined r-

process abundances and two calculations that differ for the strength of the spin orbit 

interaction. The quenched shell model hypothesis seems to better reproduce the data 

[Pfe97]. 

In order to perform the best simulation of the r-process to compare with the 

experimental abundances, it is important to measure the neutron capture cross-sections 

that, up to now, are calculated by using the Hauser-Feshbach statistical model. This 

model is based on the fundamental assumption that the capture process takes place 

through the intermediary formation of a compound nucleus (CN) in thermodynamic 

equilibrium. This assumption is justified when the level density at the excitation energy 

of the populate CN is large enough. However, in exotic neutron rich nuclei, the number 

of available states in the CN is relatively small and the validity of the model may be 

questioned. In this case, indeed, the neutron capture process might be dominated by 

direct electromagnetic transitions to a bound final state (DC) [Gor04]. The calculation 

of the DC cross-section is very sensitive to spin and parity assignment to the low energy 

states and only microscopic model are appropriated for level density calculation.   

Various fission processes as spontaneous, β-delayed, neutron induced fission also 

complicate the modelling of r-process since they can change the path in the nuclear 

chart. 

   It is important to stress the fact that far from stability the available experimental 

data is insufficient to extrapolate the correct input parameters for any model.  Therefore, 

nuclear properties of thousands nuclei located near the neutron drip line have to be 
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measured. The needed nuclear data are: neutron capture (n,γ) and photodisintegration 

(γ,n) cross sections; β-delayed single and multiple neutron emission probabilities; the 

probability of neutron-induced, spontaneous and β-delayed fission; proton, α, and 

neutrino capture cross sections;  nuclear masses (Sn), β-decay and α-decay half-lives. 

Another process that contributes to the nucleo-synthesis is the rapid proton 

capture. It occurs during explosive astrophysical events such as novae explosion. These 

processes are responsible for the production of elements heavier than Oxygen and 

involve nuclear reactions at higher temperature (>108 K) and higher densities respect to 

the other nucleo-synthesis chains. Novae mainly produce 18F, 22Na and 26Al and the 

modelling of their evolution require the knowledge of the cross sections for proton and 

alpha capture on light neutron deficient nuclei. Experiments to get this information are 

very complicated and would require high beam intensities. Experimentally measured 

cross sections are necessary in order to obtain simulation of the stellar evolution to be 

compared with observed abundances. Novae explosion furnish a unique opportunity to 

study nuclear reactions in nature at extremes temperature and density conditions. 

   

1.4 Production of exotic nuclei 
 

Exotic nuclei are characterized by excess of neutrons or protons respect to the 

stability line, short half-life, neutron or proton dominated surface, low binding energy. 

Different types of reaction can be used in order to produce those nuclei.  

Light exotic nuclei are usually produced via transfer reactions, whereas nuclei 

close to the proton drip-line can be reached by using fusion evaporation reactions 

induced by RIBs [Son99] [Sew01]. The neutron drip-line region of the nuclide chart can 

be explored only via fission  [Sch01] or fragmentation reactions. Super-heavy nuclei 

can be investigated using fusion reactions and in-flight separation.  

Two methods were proposed and already used to produce rare exotic species: the 

ISOL (Isotope Separation On Line) or the IF (In-Flight) technique. ISOL technique is 

currently used in many laboratories around the world (HRIBF (Oak Ridge), TISOL 

(Triumf), REX-Isolde (CERN), Spiral (GANIL), EXCYT(Catania).  

In a the typical ISOL source, high-energy protons, neutrons or light particles are 

used to bombard a thick heavy target kept at high temperature producing the nuclear 

reaction products. The possible reactions are target fragmentation (random removal of 
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nucleons from the heavy target by the energetic light projectiles) or target fission. The 

species produced are separated from the target bulk via diffusion, effusion and chemical 

processes and from the other isobaric products by using fragment separators, which 

allow their transfer to the rare-isotope ion source. This method is known to produce 

excellent beam quality but at low beam intensities. Isotope extraction and ionization 

efficiency depends on the chemical properties of the element used as production target. 

For this reason the path reconstruction for a specific element in the ion source is 

difficult. Due to the decay losses during the transfer process, products yield is limited to 

longer lifetime (τ > 1s) and most neutron rich isotopes have too low intensities to be re-

accelerated. Figure 1.6 shows a schematic drawing of an ISOL facility. 

 

                                      

Figure 1.6: Schematic view of an ISOL facility. 

 

IF technique is nowadays used at GANIL (France), GSI (Germany), NSCL 

(USA), RIKEN (Japan). In contrast to the ISOL method, the IF involves target of light 

materials in which the primary heavy ion beam loses only a small part of its energy 

(about 20%), and produces the rare isotopes of interest by projectile fragmentation or 

fission reactions. A fragment separator must be placed behind the reaction target in 

order to separate the direct beam and other non-interesting fragments from the selected 

RIB. The RIB at the exit of the fragment separator can be used directly or it can also be 

stopped in a gas catcher in order to be extracted and reaccelerated.  

This technique permits to obtain beams of high energy (E/A > 50 MeV), close to 

the primary beam one, but having modest quality. The isotope separation is obtained by 

physical method (electric and magnetic fields) and no chemistry is involved. The fast 
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separation of the ions makes the method suitable to produce short-lived isotopes  (τ > 

10-6 s). Figure 1.7 shows a schematic view of an IF facility. 

 

 

                                           
 

Figure 1.7: Schematic view of an IF facility. 

 

A more complex facility is the one proposed in the US in the framework of the 

RIA (Rare Isotope Accelerator) project that will combine both the ISOL and the IF 

techniques. The aim of the RIA project is to build a world-leading facility for the study 

of short-lived nuclei. The facility should provide access to as many as possible nuclei, 

near the limits of stability, involved in the astrophysical r-process over the whole range 

of the proton drip-line and up to mass 60-100 for neutron-rich nuclei. RIA should 

provide also neutron-rich beams with enough intensity to address the production of 

super-heavy nuclei and to study the nuclear structure in general, by varying the N/Z 

ratio from the proton to the neutron drip-line along the isobaric or isotopic chains. 

It is planned that RIA will be driven by a super-conducting linear accelerator, 

which will provide high-power, 400MeV/u beams of any stable isotope from Hydrogen 

up to Uranium. The short-lived secondary beams will be variously produced by the 

most convenient technique using different type of production target and reactions 

(projectile fragmentation, target fragmentation, fission and spallation). Calculations 

were done to select the best reaction mechanism to obtain a specific rare isotope. Some 

results are reported in Figure 1.9. After separation, the selected rare isotope will be 

accelerated and directed to a fixed target experiment, stopped or trapped for other 

experiments. A simple scheme of the RIA facilities reported in Figure 1.8.  
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Figure 1.8: The RIA accelerator scheme 

 

Waiting for such an exciting facility, many laboratories are performing exotic 

beam research with presently available technology obtained by modification of existing 

facilities. In particular, a new campaign of exotic species production has been recently 

started at the Cyclotron Institute, Texas A&M University. The super conducting 

BIGSOL spectrometer will, indeed, represent a new tool for the analysis of secondary 

fragments produced in-flight, in the region of neutron rich nuclei and super heavy.     

 

 

 

Figure 1.9: The best production mechanism for the production of RIBs at RIA. Data are from ISOL Task 
Force Report: http://srfsrv.jlab.org/isol/
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2 Perspectives of exotic nuclei investigation 
using BIGSOL@TAMU 

 

In the following sections the studies planned at the Cyclotron Institute of the 

Texas A&M University by using the BIGSOL facility are outlined. The technical 

description of the facility is presented in Chapter 3. 

2.1 Study of super-heavy nuclei with 300<A<476 
 

The existence of super-heavy nuclei relies on some simple considerations. In fact, 

according with the liquid drop model, all nuclei in the super heavy region should be 

instable against spontaneous fission due to high Coulomb repulsion. However shell 

effects can provide an additional stabilization of the nucleus, generating local minima in 

the nuclear potential energy surface in regions where the level density around the Fermi 

energy is lowered.  

Many efforts have been produced in the last years in order to produce very heavy 

nuclei with atomic number Z > 110. The synthesis of super heavy elements in fusion 

reactions depends on the fusion cross-section as well as on the survival probability of 

the compound system against fission [Ari99] 

Two different methods have been used until now to produce super heavy nuclei: 

the cold fusion and the hot fusion.  

The new elements Z = 110, Z = 111 and Z = 112 have been synthesized at GSI by 

the Hofmann group using the cold fusion reactions: 208Pb(62Ni,n)269110, 
208Pb(64Ni,n)271110, 209Bi(64Ni,n)272111 and 208Pb(70Zn,n)277112 [Hof04]. In these 

reactions the large shell effect in the doubly magic 208Pb target nucleus reduces the 

excitation energy in the compound nucleus, lowering the multi-chance fission and 

increasing the yield of evaporation residue products. As a result, the final nucleus may 

be produced after the emission of one or two neutrons at least.  

On the other hand, much more asymmetric combinations of colliding nuclei, 

based on actinides targets (232Th, 238U, 242,244Pu, 248Cm) were used to synthesize super 

heavy nuclei Z = 110, Z = 112, Z = 114 and Z = 116 using the so called hot fusion. Itkis 

et al. describe reactions [Itk02] in which higher bombarding energies are used to obtain 

much larger fusion probabilities, leading to compound nuclei with rather higher 
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excitation energies (E* ≈ 40 MeV). Since the fission probability of highly excited nuclei 

is dynamically hindered as an effect of nuclear viscosity, the fission cross-section is 

reduced with a consequent increase of the survival probability. In this case the 

compound nucleus emits several neutrons before the super-heavy nucleus is produced. 

 

2.1.1 Structure of super heavy nuclei 

 

 The half-lives (t1/2) of known nuclei with Z>105 are predominantly limited by 

α decay and decrease from t1/2 = 21s for 160
266
106 Sg to t1/2 = 0.2 ms for 165

277112 . These 

isotopes mostly decay by successive α particle emission. The shell correction strongly 

influences the Qα value. However, the relationship between the shell correction 

magnitude and the α decay half-live is not simple. The shell correction Eshell can be 

quantified decomposing a self-consistent total binding energy Etot as 

Etot = Eav + Eshell                                                                                                              (2.1) 

where Eav is the average energy that is approximated by the liquid drop model energy. 

The shell structure of super-heavy nuclei in self-consistent mean field models was 

studied in recent years by several authors. Bender et al. [Ben99] [Ben01] performed an 

extrapolation of nuclear shell structure to super heavy nuclei with both Skyrme-Hartree-

Fock (SHF) approach and Relativistic Mean Field model (RMF), using several different 

parameterizations, which give similar results for stable nuclei but differ when 

extrapolating for super heavy masses. Spherical proton shell closures are predicted for  

Z = 114, Z = 120 and Z = 126 depending on the parameterization, while neutron shell 

closures occur at N = 172 and N = 184. One Skyrme interaction parameterization and 

most of the relativistic ones give the 120292
172  as first doubly magic spherical super heavy 

nucleus. However, several other interactions give no spherical super heavy nuclei at all. 

Super heavy nuclei differ from stable nuclei for their larger charge and mass. A 

strong Coulomb potential induces significant changes in the proton shell structure. 

Coulomb interaction pushes protons to larger radii changing the density distribution and 

the single particle potentials both for protons and neutrons.  The most important features 

of the effective mean field model for the single particle structure determination are: 

1) The effective nucleon mass and its radial dependence which determines 

the level density near the Fermi surface. 
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2) The spin-orbit potential, which determines the energetic distance of the 

split-levels.  

3) The density dependence of potential and effective mass, which has an 

influence on the relative position of the states. 

The occurrence of proton shell closures in self-consistent models depends strongly 

on the neutron number and vice versa, even looking at spherical nuclei. This effect can 

be explained in terms of single particle spectra as a coupling of the spin-orbit field to 

the profile of the density distribution that undergoes dramatic changes in super-heavy 

nuclei. In the region around 120292
172  all parameterizations predict a deep central 

depression of the nuclear density, which induces an unusual shape of the spin-orbit 

potential.  This is the so-called “semi-bubble” shape of the nucleus [Dec99].  

 

2.1.2 Cold fusion reactions 

 

A model to reproduce the measured formation cross-section for the presently 

known super heavy nuclei synthesized in cold fusion reactions has been illustrated by 

Smolanczuk et al. [Smo99]. In the cold fusion process, the excitation energy E* of the 

compound nucleus is suppressed to a minimum (E* < 20 MeV) so as to inhibit multi-

chance fission and consequently increase the yield of evaporation residue products. The 

doubly magic 208Pb nucleus is used as a target leading to the final super-heavy nucleus 

(ER) after emission of one neutron 208Pb(HI,1n)ER. The Smolanczuk model also 

predicts the optimal bombarding energy and the formation cross-section of the 

hypothetical super-heavy spherical nuclei. The calculations are based on the assumption 

that the neutron is evaporated by a compound nucleus formed by tunneling through the 

fusion barrier. Table 2.1 reports the calculated ground state Q values, the height of the 

fusion barrier Bfu, the transmission probability through the fission barrier T0, for the 

optimal bombarding energy and zero angular momentum, the neutron separation energy 

Sn, the height of the static fission barrier, the neutron to fission rate, the optimal 

excitation energy and the formation cross section. The experimental values of the 

excitation energy and the production cross-section for the known reactions are also 

reported. There is a quite good agreement between the model predictions and the 

experimental data. In fact, the calculations differ form the measured data by a factor of 
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2 on average. It is important to notice that the experimental cross-sections values are 

accurate generally within a factor of about 2 due to systematic uncertainties.  

The nuclei in the lower part of the table can be formed only using radioactive 

beams: following the model, the super heavy spherical nucleus with Z = 120 can be 

synthesized only using reactions involving neutron–rich radioactive Sr beams, with a 

very low cross-section of the order of magnitude of 1 nb.        

 

Table 2.1:  For the reaction 208Pb(HI,1n)ER the following quantities are reported: ground state Q values, 
height of the fusion barrier Bfu, transmission probability through the fission barrier T0,(for the optimal 
bombarding energy and zero angular momentum), neutron separation energy Sn, height of the static 
fission barrier, neutron to fission rate, optimal excitation energy and formation cross section. The 
experimental values of the excitation energy and the production cross-section for the known reactions are 
also reported.  

 

 

 

However it seems that the nuclei 289116, 291118 and 293118 might be produced with 

stable projectiles with surprisingly large cross-sections. This is in contrast with earlier 

expectations that the cross section decreases exponentially increasing the proton number 

of the projectile and that the production of such super-heavy nuclei cannot be obtained 

by the 1n-evaporation channel [Hof98]. According to the Smolanczuk model, in order 

to produce super heavy nuclei, the projectile bombarding energy should be increased to 
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obtain the optimal excitation energy. The increase of the production cross-section for a 

spherical super heavy nucleus is allowed by the higher static fission barrier in the 

proximity of the neutron shell closure, that leads to a larger neutron evaporation residue 

yield. Moreover, the saddle-point deformation of a spherical super-heavy nucleus is 

smaller with respect to the one for a deformed super-heavy nucleus. This provides a 

further increase of the evaporation residue production due to the decreasing of the level 

density at the saddle-point. 

The predictions of this model can be tested experimentally, keeping in mind that 

the extrapolations made by the use of schematic fusion barriers lead to considerable 

differences between theoretical and experimental formation cross section.  

 

 

 Figure 2.1: Schematic diagram of the SHIP recoil separator The length of SHIP from the target to the 
detector is 11 m. The target wheel has a radius up to the centre of the targets of 155 mm. The detector 
system consists of a large area secondary electrons time-of-flight detector and a position-sensitive silicon-
detector array. The flight time of the reaction products through SHIP is 2 µs. The filter, made of two 
electric and four magnetic dipole fields plus two quadrupole triplets, was extended by a fifth deflection 
magnet, allowing the positioning of the detectors away from the straight beam line. This provides a 
further reduction of the background. 

 

Following the theoretical predictions, the elements 272111 and 277112 were 

experimentally synthesized at GSI Darmstadt (DE) [Hof02]. The reactions 208Pb(70Zn, 

n)278112 and  209Bi(64Ni, n)273111 were used at projectile energies of 343.8 MeV and 

320 MeV respectively.  The cross-sections were found to be σ = 3.5 pb and σ = 1 pb, 

respectively, for the synthesis of   272111 and 277112 with half-lives within a range of a 

few hundred microseconds. The SHIP recoil separator was used to select the nuclei 

produced by fusion reaction. A schematic diagram of the separator is given in Figure 



Perspectives of exotic nuclei investigation using BIGSOL@TAMU 

 30

2.1 [Hof98]. It consists essentially of a velocity filter.  The heavy nuclei are detected by 

a detector system that is composed of three time-of-flight detectors, seven identical 16-

strip silicon wafers and three germanium detectors. The α−α correlations are also used 

to identify the heavy nuclei.    

 

2.1.3 Hot fusion reactions 

 

Another way to produce super-heavy nuclei is that pursued by Oganessian et al. in 

Dubna, involving the use of 48Ca-induced reactions on actinide targets [Oga01]. In those 

reactions, contrary to the cold fusion reactions, the dynamical limitations on the fusion 

of interacting nuclei are not expected due to the high asymmetry in the entrance 

channel. On the other hand, the excitation energy of the compound nucleus at the 

Coulomb barrier amounts to only about 30 MeV as a result of the significant mass 

excess of the doubly magic 48Ca nucleus. These circumstances should increase the 

survival probability of the evaporation residues. In the period from March 1998 till 

August 2000 some experiments were carried out at U400 cyclotron with the Dubna gas-

filled recoil separator [Sub02]. A schematic diagram of the spectrometer is reported in 

Figure 2.2.  

 

 

 

Figure 2.2:Schematic diagram of the Dubna gas-filled recoil separator. The dipole magnet D and the 
quadrupole doublet Q1 and Q2 are reported. 
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In order to produce Z = 112, Z = 114 and Z = 116 nuclei, the reactions    
238U(48Ca, 3n)283112, 244Pu(48Ca, 3n)288114, 242Pu(48Ca, 3n)287114, 244Pu(48Ca, 4n)288114 

and 248Cm(48Ca, 4n)282116 were used. The observed fusion-evaporation residues 

underwent some consecutive α-decays terminated by spontaneous fission. A significant 

increase of the half-lives of the super-heavy isotopes, situated in the vicinity of the 

predicted closed shells Z = 114, N = 184, was observed, confirming the conclusion of 

theoretical models about the decisive influence of the nuclear structure on the stability 

of super-heavy elements. 

The reaction 243Am(48Ca, xn)291-x115 was also used to synthesize the elements    

(Z = 115, N = 173) and (Z = 115, N = 172) in the 3n and 4n evaporation channels, with 

an estimated  production cross-section of σ = 3 pb and σ  = 1 pb, respectively [Oga04]. 

In this experiment the energies of the 48Ca ion beam were 248 and 253 MeV with 

uncertainty of 1% and energy loss in the target of 3.3 MeV. The expected excitation 

energies of the compound nucleus 291115 were 38-42.3 MeV and 42.4-46.5 MeV for the 

two energies, respectively. The target was made of AmO2, 99% enriched on 243Am. The 

target material was deposited onto 1.5 µm Ti foils to a thickness of 0.36 mg/cm2. The 

transmission efficiency of the spectrometer was estimated to be 35% for Z = 115. The 

detection system consisted of a multi wires proportional counter to measure the time of 

flight, a 4x12 cm2 silicon focal plane detector with 12 vertical position-sensitive strips 

to measure the decay of the implanted recoils.  This detector was surrounded by eight 

4x4 cm2 side detectors, without position sensitivity, forming a box of detectors open in 

the forward. The detection efficiency for α decay of implanted nuclei was 87% of 4π.  

 

 

2.1.4 Others possible reactions and proposed experimental activity 

  

Other reaction mechanisms might in principle lead to the production of super-

heavy nuclei with even more favorable production cross-sections with respect to the 

traditional fusion reactions. The BIGSOL spectrometer offers the capability to search 

for alternative ways to produce super-heavy nuclei through multi-nucleon transfer and 

very asymmetric fission or fragmentation processes. In fact this spectrometer exhibits 

very high collection efficiency for reaction products and, with the proper tuning of the 

magnetic field and the acceptance window, high discrimination factor against the 
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primary beam can be achieved. The cylindrical symmetry and the large acceptance 

angle of the apparatus are well suited to collect a big fraction of the products ejected at 

larger angles as in the case of deep-inelastic or massive transfer reactions.  

Figure 2.3 reports a schematic rapresentation of some possible reaction 

mechanism altenative to fusion reactions for heavy nuclei production. 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

Figure 2.3: Some possible rare mechanisms for heavy nuclei formation. a) Massive transfer or fission 
fragment Pick-up [Deu76] [Ada03]. b) Fusion-fission “overshot” reactions [Itk02]. c) Hierarchal 
dynamics and neck fragmentation, the shading darkness according to the charge ranking of the fragments 
[Col03]. 

 

The possibility to use alternative pathways to produce super heavy elements has 

been investigated by several authors. The reaction 238U + 238U at 7.42 A MeV was 

studied at UNILAC accelerator by Hildenbrand et al. in the 1977 [Hil77] to search for 

super-heavy elements produced by massive transfer or fission fragment pick-up 

reactions. They performed an inclusive measurement of charge, kinetic energy and 

angular distribution of the reaction products. In particular, charge and energy 

a) 

b) 

c) 
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distribution of the reaction products were analyzed in a three section ionization chamber 

with a Z resolution ∆Z/Z ≈ 1/50. The chamber was moved in step of 3° between the 

laboratory angles of θlab = 28° and θlab = 52°, to measure the angular distribution. 

Moreover, at θlab = 86° angle relative to the ionization chamber a ∆θlab = 16° acceptance 

surface barrier detector was placed in order to detect kinematical coincidences from 

binary events. This detector was gated in between macro-pulses of the accelerator to 

search for α or fission activity from the recoiling nuclei. The fission of one or both 

colliding nuclei was found to be the dominant process and the direct search for super-

heavy elements was negative. All the α transitions were identified as due to known 

isotopes between Pb and Th. Moreover, no single spontaneous fission event was found. 

However, based on the measured yields, an experimental upper cross section limit of    

σ = 20 nb for a half-live window of milliseconds to months was calculated for the island 

112<Z<114.   

The reaction 238U + 238U in the energy range from 7.5 to 8.6 A MeV and the 

reaction 238U + 248Cm in the energy range from 6.2 to 7.3 A MeV were also studied 

using radiochemical methods by Gaggeler et al. [Gag80] and Kratz et al. [Kra86] 

respectively. They reported upper limit cross-sections decreasing from σ = 10 nb down 

to σ = 1 nb for heavy products with half-lives of 0.1 minutes to one hour and cross-

sections of 30 pb for longer lived species.  

Another possible reaction mechanism is based on the fusion-fission reaction. Itkis 

et al. [Itk02] investigated the mass and the total kinetic energy distribution of fission 

fragments produced in the fusion-fission process of super heavy elements with 

102<Z<122 formed in reactions with 22Ne, 26Mg, 48Ca, 58Fe, 86Kr at energies near or 

below the Coulomb Barrier. The average masses of the light and the heavy fragment are 

reported as a function of the compound nucleus mass in Figure 2.4. In case fission of 

super heavy nuclei, the spherical nucleus with mass A = 132 play a stabilizing role in 

contrast to what happens in the region of actinides nuclei. The study also evidenced that 

the total kinetic energy of the fragments for the nuclei with Z>100 is much smaller in 

case of fission as compared with the quasi-fission process. Therefore producing the 

compound nucleus A = 436 Z = 170 in a fusion-fission reaction, if the compound 

nucleus fissions asymmetrically, the light fragment will be 132Sn and the heavy fragment 

will be the super-heavy element A = 304 and Z = 120. 
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Figure 2.4: The average masses of light (AL) and heavy (AH) fission fragments as a function of the 
compound nucleus mass [Itk02] 

  

Some other interesting reaction mechanisms have been recently proposed, in 

experiments, by Colin at al. [Col03]. This study indicates that collisions at the higher 

impact parameter favors asymmetric shapes of the separating systems and a hierarchy in 

the relationship between fragment size, velocity and emission angle. This effect is 

consistent with a strong deformation of the quasi-projectile or the quasi-target during 

the collision followed by a break-up of those elongated nuclei in two or more fragments. 

The fragments emitted by this neck reflect its internal structure. If an elongated quasi 

projectile is formed and breaks quickly, the relative velocities between the fragments 

should be higher along the quasi-projectile velocity direction than in other directions 

because the incident energy is not fully damped in internal degrees of freedom. 

Therefore the heaviest fragment focused along the quasi-projectile direction has the 

high velocity because is remnant of the projectile. 

This work suggest that producing such systems from the right initial target and 

projectile at the right energy and impact parameter may allow to tailor the shape of an 

emerging projectile-like or target-like fragment to favor particular asymmetries and 

determine sizable shell effects useful in producing interesting systems. For example, in 

the reaction 172Yb + 238U, the spherical nucleus 132Sn may come out from the target 
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neck, then the projectile 172Yb and the 132Sn can fuse to produce the super heavy 

element A = 304 with Z = 120.  

Various reaction mechanisms can be explored by using BIGSOL, involving 

collisions of heavy projectiles with heavy targets such as 238U + 238U, 208Pb + 238U, 198Pt 

+ 238U, 172Yb + 238U in the energy range from 7.5 to 25 A MeV. Some calculations 

[Wad04] suggest that this is the appropriate energy range for central collisions to 

produce a significant mass rearrangement. In fact, the higher is the energy the higher is 

the possible excitation energy that works against the formation of heavy nuclei, whereas 

the negative fusion Q-value, together with the selection on the impact parameter, might 

favor the formation of heavy systems. Looking at more peripheral system, it may 

happen that significant rearrangements occur with a limited energy dissipation living the 

nuclei cooler. The selection of the higher total kinetic energy events also allows looking 

at cooler systems. 

     

2.2 Study of β-delayed neutron emission in very neutron rich 
nuclei  

  

The β-delayed neutron (DN) emission is a well-known phenomenon that is 

present in the region of fission products. β-delayed neutrons are emitted from an excited 

state above the neutron separation energy (Sn) in the emitter. This state is first populated 

by β-decay of the precursor nucleus. This process is governed by the weak interaction 

and is accordingly slow on the nuclear timescale. 

The study of β-delayed emitters produced in fission reactions has received a 

growing interest, thanks to the interest in the structure of neutron-rich nuclei, especially 

those that play a relevant role in nuclear astrophysics as discussed in section 1.3. This 

growth of interest is demonstrated by a large number of new experimental studies 

performed at major RIB facilities (CERN-ISOLDE, GANIL-LISE, GSI-FRS) ([Del97] 

[Meh96] [Wan99] [She02] [Lyo00]). 

It is worth mentioning that DN data are also relevant for nuclear waste 

managements and for the energy amplifier project [Pfe02]. 

The interest in β-delayed neutrons has been motivated also by the possibility of 

using such phenomenon for non-destructive inspection of fissile material ([Ozt99] 

[Jon00] [Jon02]). In particular, β-delayed neutrons are now proposed as a tool to 
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determine the presence of special nuclear material as, for example, 235U and 239Pu in 

cargo containers [Jon02].  

From a general point of view, the observable that fully define the DN decay 

process are the lifetime for the β decay from the parent nucleus (t1/2) the neutron decay 

probability (Pn) and the neutron spectrum.  Hirsch et al have calculated mean energies 

and decay probability values for about 150 short-lived isotopes [Hir92]. Those data 

were an essential input parameter for heat calculations for nuclear reactors. The state-of-

the-art in the DN field is summarized in [Dan02]. 

 

2.2.1 Nuclear structure with β-delayed neutrons 

 

Nuclear structure studies are usually carried out after on-line separation (either by 

recoil separators with a separation time scale down to the µs or by the slower but more 

efficient ISOL separators as the one specifically envisaged in the SPES project 

[LNL02]). One distinguishes the light-mass region where excitation energies are high 

and level densities low from the high-mass region where it is the opposite. In the first 

case it is possible to identify the well-separated levels that can be resolved individually. 

Neutron spectroscopy is usually performed by the time of flight method using 

scintillator detectors. In the second case only averaged properties over an interval of 

excitation energy can be established. In this case, a common solution is to abandon the 

possibility of measuring the neutron energy, optimizing the neutron detection 

efficiency. Consequently, several studies were performed by using detectors employing 

large moderator structure with embedded 3He counters. In both cases the occurrence of 

decay is established by the detection of the β-particle emitted by the precursor. Neutrons 

and gamma rays are then recorded. In some cases, the β-delayed neutron decay of a 

precursor with mass A+1 can populate a different spin window in the daughter nucleus 

than the β-decay of the parent nucleus with mass A. This fact provides complementary 

information on level spin and parities based on transition selection rules. The decay 

lifetime is a key parameter for nuclear structure studies and applications. Understanding 

the missing strength (quenching) of the Gamow-Teller decay with respect to 

calculations is still an open issue. 

As an example, the decay scheme of the neutron-rich fission product 135Sn 

[She01] is shown in Figure 2.5. The levels in the daughter 135Sb at excitation energy 
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above the neutron separation energy (Sn = 3100 keV) decay by emitting neutrons and 

populate states in the final nucleus 134Sb. The lifetime of 135Sn is t1/2 = 450 ms and the 

neutron emission probability is about Pn = 25%. 

 

 

Figure 2.5: Preliminary decay scheme for the nucleus 135Sn. The data for 134Sn are from Korgul et al. 
[Kor00], the data for 135Sb are from Bhattacaryya et al. [Bha98] 

                              

 

Figure 2.6: Chart illustrating the delayed neutron data available in the fission product region. The new 
data evaluation represents a significant extension of measured Pn values. Some data present in the old 
data set are not present in the new data set. [Pfe02] 
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         The full collection of the available DN data for nuclei ranging from Co to 

Eu isotopes is presented in [Pfe02], where a comparison with available theories is also 

reported. As shown in Figure 2.6, data are completely absent in a number of elements 

such as Co, Ni, Zr, Mo, Ru, Rh, Pd, Ce, Pr, Nd, Pm, Sm, and Eu.  Decay probabilities 

up to 50-70% are occasionally predicted. Some of these nuclei have been already 

experimentally identified and their lifetimes have been measured. The lightest among 

these nuclei can be populated not only by fission reaction but also by projectile 

fragmentation of beams like 90Zr, as done in some experiments at GANIL and MSU. 

 

2.2.2 β-delayed neutrons in Fission 

 

The probability of DN emission in fission induced by thermal or fast neutron is 

reported in Table 2.2  (adapted from [Ron96]). 

As shown in Table 2.2, the number of delayed neutrons per 100 fission events (Y) 

is strongly function of the 2Z-N of the fissioning system and is quite large (Y ≈ 5) in the 

case of 238U and 232Th nuclei, dropping to Y = 0.7 for 239Pu.  In sake of comparison, the 

DN probability in the spontaneous fission of 252Cf (2Z-N = 42) is Y = 0.65. The 

reported data do not show differences for thermal or fast neutron induced fission, 

documenting that the distribution of the fission products is not changed too much in the 

two cases. 

As far as the time scale characterizing the process, the average value for DN 

emission in each nucleus depends on the population of fission products and their half-

lives. As an example, the decay times for 235U and 239Pu fission, induced by thermal 

neutrons, were measured in the time interval 5-730 ms by using reactor pulsed beams. 

The measured time distributions are well accounted for (see Figure 2.7) by considering 

in each case seven groups of fission products, each of them characterized by its 

probability and average half-life. An example of fission group analysis is reported in 

Table 2.3. 
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Table 2.2: Delayed Neutron Yield per 100 fission events. From [Ron96]. 

Fissionable Nuclide 2Z-N Fast Fission 

Yield (Y) 

Thermal Fission 

Yield 
238U 37 4.60  

232Th 37 4.70  
237U 38 3.17  

242Pu 39 2.17  
235U 40 1.50 1.50 

241Pu 40  1.45 
238Np 40 1.47  
229Th 40  1.53 
231Pa 41 1.04  
240Pu 41 0.99  
237Np 41 1.01  
234U 41 1.02  

243Am 41 0.98  
233U 42 0.70 0.70 

239Pu 42 0.68 0.68 
227Th 42  0.72 

242Am 42  0.67 
245Cm 42  0.66 
252Cf 42  0.65 
254Es 42  0.64 

241Am 43 0.46 0.46 
238Pu 43 0.47  
232U 43  0.49 

255Fm 44  0.30 
242Cm 45 0.21  

                              

                                      

Figure 2.7: The delayed neutron emission in the fission of 235U. 
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Table 2.3:The fission group analysis for 235U used to fit the decay data of Figure 2.7 

Group 
number 

Precursor t1/2,I (s) Ai  (per 100 
fissions) 

Average t1/2j 
(s) 

Group yield (per 
100 fissions) 

1 87Br 55.6 0.054 55.6 0.054 

2 137I 24.5 0.233 24.5 0.233 

3 136Te 
88Br 

17.7 

16.23 

0.015 

0.119 

16.4 0.134 

4 138I 
93Rb 
89Br 

6.27 

5.91 

4.37 

0.162 

0.014 

0.059 

4.99 0.309 

5 94Rb 
137Te 
139I 
98mY 
85As 
90Br 
143Cs 
135Sb 
99Y 
93Kr 

2.73 

2.5 

2.29 

2.05 

2.02 

1.91 

1.79 

1.70 

1.48 

1.29 

0.162 

0.014 

0.059 

0.105 

0.103 

0.131 

0.024 

0.025 

0.041 

0.010 

2.07 0.664 

6 144Cs 
86As 
100Y 
140I 
145Cs 
98Y 
91Br 
87As 
141I 
89Se 
101Y 
95Rb 

0.99 

0.95 

0.73 

0.61 

0.586 

0.549 

0.542 

0.490 

0.470 

0.410 

0.38 

0.379 

0.014 

0.013 

0.005 

0.015 

0.013 

0.010 

0.034 

0.007 

0.008 

0.007 

0.007 

0.060 

0.494 

 

0.159 

7 92Br 
102Y 
94Kr 
96Rb 
97Rb 

0.31 

0.30 

0.22 

0.199 

0.169 

0.008 

0.008 

0.006 

0.020 

0.009 

0.218 0.045 
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It is important to stress the fact that some DN data are also available as a function 

of the neutron energy in the range 0-7 MeV. As an example, the total DN yields in term 

of neutron/fission in the case of 235U and 237Np are reported in Figure 2.8 (from 

[Dan02]). It is clear that the DN yield is decreasing significantly in increasing the 

neutron energy. This is certainly due to a change of the fission fragment distribution, as 

documented by the variation of the yield of individual precursor groups reported in 

[Dan02]. As a result, the average half-live for DN emission is also changing 

significantly. 

 

                                          

                      

Figure 2.8: The total delayed neutron yield for 235U and 237Np as a function of the neutron energy. 
[Dan02] 

  

 

2.2.3 β-delayed neutrons for nuclear astrophysics 

 

For nuclei of astrophysical interest the gross decay properties (decay energy, Qβ, 

lifetime, t1/2, neutron emission probability per decay, Pn, are especially important since 

lifetimes and Pn-values control the synthesis of neutron-rich isotopes in the explosive r-

process scenario via a network of equations. Both quantities are strongly depending on 

the decay energy, which stresses the underlying nuclear structure in terms of shell 
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effects or deformed nuclear shapes. The r-process path has been reached for some        

N = 50 and N = 82 isotones of special importance known as waiting point nuclei. At 

these magic numbers capture of a neutron is strongly reduced. The r-process moves 

along the magic neutron number by a succession of β-decays and neutron captures, 

thereby increasing Z and coming closer to the valley of stability, until the neutron 

capture becomes more probable than (γ, n) and creates a nucleus of higher mass. A 

sizeable research activity, experimental as well as theoretical, is currently devoted to 

nuclei in these regions. The reproduction of experimental element abundances have 

brought the first evidence for lower shell strength at N = 50 and 82 very far from the 

valley of stability while first experimental nuclear data now become available.  

Very far from β-stability neutron-separation energies become lower (they vanish 

at the neutron drip line by definition) while β-decay Q-values increase. As a 

consequence, the energy window for β-delayed neutron emission becomes very wide 

and the neutron emission becomes the most probable decay channel. Neutron detection 

will be the most powerful method for identification of many new isotopes. Unlike in 

gamma spectroscopy, the less neutron-rich nuclei do not contribute to the background, 

consequently, a more favorable signal-to-noise ratio is expected in such measurements. 

It might be that, even in the medium mass region, the level density in the vicinity of the 

(now very low) neutron separation energy could become low enough to allow neutron 

spectroscopy like in the light nuclei. 

 

2.2.4 Production of neutron rich nuclei by heavy ion collisions 

 

Specific neutron rich nuclei can be populated not only by fission reaction but also 

by projectile fragmentation of lighter beams (e.g. 90Zr), as done in some experiments at 

GANIL and MSU or by using deep-inelastic reactions.  As a test case, we discuss here 

the possibility of populating light neutron-rich nuclei in the Z < 28 region, which 

correspond to the so-called super-asymmetric fission channels. The structure of neutron 

rich isotopes in the vicinity of the N = 32-34 region in Ca and Ti nuclei has been, 

indeed, the subject of a wide experimental work in recent years [Jan02] [Pri01]. The 

interest is mainly in the evidence for a shell gap at N = 32 in nuclei in the vicinity of 
48Ca. Recently, the possibility of a second shell gap at N = 34 have been also proposed 

in Ca and Ti nuclei. Such systematic investigation on the structure properties of neutron 
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rich nuclei in this mass region will certainly need more work, the key issue being here 

the definition of the best tools to populate the nuclei of interest. 

As an example, to populate neutron rich nuclei in this mass region, two different 

reaction have been used: 

• the fragmentation reaction of 140 MeV/nucleon 86Kr on a 9Be target at MSU 

• the deep inelastic reactions (DIC) induced by 305 MeV 48Ca on 208Pb at ANL. 

The choice of this second reaction was motivated by the peculiar experimental 

technique used in that case, based on the gamma-gamma coincidence on stopped binary 

products, with the parallel interest in studying also the produced target-like Pb nuclei 

[Jan02]. 

         The production of neutron rich nuclei in DIC is known to be extremely 

sensitive to the N/Z ratio of the di-nuclear system, being the N/Z ratio equilibrated in 

short times during the collisions. This is shown in Table 2.4 where the N/Z ratio is 

compared for some deep inelastic reaction and fission of the TLF nuclei. 

Table 2.4 Comparison between the ratio N/Z for three deep inelastic reactions and for the 238U fission. 
The Z value for the most probable projectile like particle is also reported. 

   

Reaction N/Z Ca Ti Ni
DIC 48Ca+208Pb 1.51 50 55 70
DIC 64Ni+238U 1.52 50 55 70
DIC 64Ni+232Th 1.51 50 55 70

Fission 238U 1.59 52 57 73
Fission 232Th 1.58 52 57 73

 
 

Furthermore, in Table 2.4 the Ca, Ti and Ni isotopes corresponding to the 

equilibrate N/Z ratio are also indicated. It appears that the most probable Ti isotope 

produced in the 48Ca + 208Pb collision is 55Ti, to be compared with the fact that 52,54Ti 

nuclei were indeed studied by using such reaction, whereas 56Ti was not observed. The 

same N/Z ratio characterizes also deep inelastic reactions induced by Ni beams, so that 

those reactions are supposed to produce similar results. 

On the contrary, the fission of the 238U or 232Th would produce a significant 

increase in the N/Z of the produced Ti and Ni nuclei, if such light nuclei are produced in 

fission. The isotopic and isotonic effects in fission fragment yield of actinide nuclei has 

been recently investigated [Gor02], demonstrating that the distribution of heavy 

fragments is rather constant being the one of the light group mainly determined by the Z 
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of the fissioning system. Such indication has been interpreted as the demonstration that 

the proton shells play a major role in the fission process. This means that the production 

of “super-asymmetric” fission is mainly governed by the structure properties of the 

nascent fragments. The study of the super-asymmetric fission channels is therefore 

strongly connected to the nuclear structure effects in fission, such as the role of closed 

shell fragments in the scission configuration. 

The possibility of producing “light” nuclei far from stability has been 

demonstrated in the work of Bernas et al [Ber97], where the fission of 750 AMeV 238U 

projectiles has been explored. This work demonstrated the possibility of populating Ni 

isotopes up to A = 78 and Ti isotopes up to A = 61. 

A second limiting factor in going far from stability by using DIC is the sequential 

decay of the primary fragments, that will depend strongly on the transfer of excitation 

energy from the relative motion to the reaction partners as a function of the reaction 

inelasticity. 

It seems therefore that a substantial increase in the N/Z ratio might be obtained 

by: 

1) using the fission of 238U or 232Th; 

2) trying to produce the fragments at the lowest possible excitation energy. 

From a detection view point, it will be certainly much easy to use collisions 

induced by 238U or 232Th beams on a heavy target (208Pb) or a light one (9Be) and detect 

the fission fragments from the fission of the projectile, taking advantage from the 

kinematical focusing. The two targets already used in [Wan99] gives the advantage of 

changing the ratio between nuclear and coulomb induced effects in the collision. 

 

2.2.5 Experimental methods 

 

The experimental equipments employed so far in experiments in the field of 

delayed neutrons consist essentially in 4π detectors to measure neutrons, mainly in 

coincidence with β particles.  

The first generation of systems employed mainly moderation detectors.  

Figure 2.9 represents a system using 20 3He proportional counters in operation at 

LANL.  The efficiency of this system is about 30% [Loa99]. The Mainz Long Counter, 

uses 64 3He proportional counters arranged in 3 concentric rings. Its efficiency is about 
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45% and it is currently used at on-line mass separators at ISOLDE-CERN for detection 

of β-delayed neutrons of astrophysical interest. Moderation detectors are only counting 

neutrons and do not provide any clues on the energy of the detected neutron. 

Furthermore, their slow response prevents the use in coincidence experiments. 

 

                         
 

Figure 2.9 Cross-section of the LANL 3He detector [Jan02]. 

 

A second generation of arrays has been designed to provide also information on 

the neutron energy, by using fast scintillators. A 4π system using 16 NE213 scintillators 

is described in [Kun95]. This system is presented in Figure 2.10. 

                                                

 

Figure 2.10 Arrangement of NE213 scintillators for neutron detection from [Kun95]. 
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The most recent systems designed for RIB facilities are discussed in [But00] and 

compared with the TONNERRE array at GANIL, as reported in Table 2.5. 

TONNERRE (see Figure 2.11) uses 32 curved 4 cm thick plastic scintillators BC400 

that define a flight path of 1.2 meters. The intrinsic efficiency for 2 MeV neutrons is 

about 30%. The total efficiency of the barrel is estimated to be about 15%. Such a 

system allows measuring the neutron spectrum by TOF technique. 

 

                               

Figure 2.11 General view of the TONNERRE array from [But00]. 

 

 

Table 2.5: Parameters and performances of various β-delayed neutron detectors compared with 
TONNERRE [But00] 
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2.2.6 Proposed experimental activity at BIGSOL 

 

            The BIGSOL super-conductive solenoid, in connection with the K500 

Super-conductive Cyclotron at the Texas A&M University, offers a new possibility in 

the field of β-delayed neutron studies. 

It is in fact possible to use beams of 238U (or 232Th) at 10-15 MeV/u to produce 

fission fragments by bombarding a heavy target (232Th or 208U) in the BIGSOL target 

chamber. The produced fission fragments can be focused by the solenoid on the detector 

station were reaction products can be identified by using the recently installed focal 

plane detectors, which are discussed in the next Chapters, in combination with the 

measure of the time-of-flight along the spectrometer and the knowledge of the magnetic 

field.  

The first type of proposed measurements will be simply to collect neutron rich 

fission fragments and identify the more neutron rich isotopes that are known to decay 

by delayed neutron emission, using as guidance the tabulation reported in [Del97]. The 

production of such isotopes has to be studied as a function of the bombarding energy. In 

a separate run, the same reactions have to be studied using a different experimental set-

up in order to measure the average excitation energy associated with each bombarding 

energy. This information will be used to correlate the fission data taken at TAMU with 

those obtained in fission reactions induced by photons of fast neutrons. 

This type of measurements will bring not only information on the populated 

nuclei, but also will shed light on the collision mechanisms. Model predictions revealed 

that the production rate of some specific nuclei is very different if one is considering a 

traditional deep-inelastic/sequential fission mechanism or some statistical multi-

fragmentation model. 

Once this preliminary investigation of the reactions has been completed, the direct 

measure of delayed neutron emission has to be performed for selected nuclear species. 

To this end the following points have to be experimentally tested: 

1) The possibility of implanting the reaction products selected by BIGSOL directly 

into the YAP(Ce) detectors. 
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2)  The possibility of measuring β-neutron coincidences using the YAP(Ce) 

detectors as catcher-β detector system placed in the BIGSOL first focus to 

determine the DN probability (Pn). 

3) The use of a more selective spectrometer to study in details the DN emission for 

specific nuclei implanted at the target point.                                   

The neutron calorimeter that will be used for the neutron measurements is described 

in Chapter 3. 
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3 The experimental set-up 
 

3.1 Introduction  
 

The goal of the experimental setup presented in this Chapter is to obtain a good 

fragment separation for reaction products in a broad range of masses (A), atomic 

numbers (Z) and charge states (q). Moreover we need an apparatus characterized by an 

acceptance as large as possible in mass, energy and emission angle of the produced 

fragments, taking into account that our particular interest is devoted to produce neutron 

rich nuclei with Z > 35 and super-heavy elements with Z about 120, as discussed in 

chapter 2.  

Figure 3.1 shows a schematic layout of our experimental set-up that makes use of 

the BIGSOL spectrometer in operation at the Cyclotron Institute of the Texas A&M 

University. The layout refers to the configuration used for the beam tests performed in 

September 2004. Many test beams have been performed during 2003 and 2004 using 

reactions involving heavy projectiles and heavy targets, in order to verify the possibility 

to detect such exotic species. Many improvements of the set-up were achieved during 

these years, resulting in the configuration that will be described in the following 

sections.    

 

 

 

 

 

 

      

 

Figure 3.1: Schematic lay out of the BIGSOL spectrometer at TAMU. 

  

Table 3.1 and Table 3.2 summarize the targets and the beams used during the last 

two years. Several calibration runs with different beams, with and without targets have 

been performed as well as reaction tests aimed at producing super heavy elements.     

Beam

Active collim.

target 

Si strips 
 BigSol 

PPAC1

PPAC2
PPAC3

PPAC4

Bragg 
Chamber 

YAP 
detectors

Beam blocker
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The K500 Super-Conducting Cyclotron of the TAMU University Cyclotron 

Institute delivers heavy ion beams with a typical current up to several pnA. The primary 

beam struck the target placed in the optical axis of the spectrometer.  The target 

thickness has been normally chosen to let the reaction products be transmitted even with 

degraded kinetic energy.  

The calculations of the energy loss in the target and in the detector parts were 

accomplished using the SRIM program. SRIM results from the work of J. P. Biersack 

on range algorithms [Bie80] and J. F. Ziegler on stopping theory [Zie85]. A full 

description of the code is given in [www.srim.org]. The reliability of the SRIM code 

compared with other stopping power codes and experimental data is discussed in 

[Pau03] for heavy ions up to atomic number Z = 36. SRIM together with MSTAR 

[Pau01] were found to provide the best calculation in the entire energy range (from E = 

0.001 AMeV to E = 1000 AMeV).   

Silicon strip detectors are placed around the target in order to detect the recoiling 

target-like nuclei for some specific kinematics or, in general, fission fragments and light 

charged particles with the ambitious goal of filtering out the reaction mechanisms. 

Silicon detectors are described in section 3.2.         

Several different beam blockers can be placed 10.3 cm downstream the target (see 

Figure 3.1). These plates were made of stainless steal and were thick enough to stop 

beam particles and reaction products. Using six beam-blockers with different 

mechanical openings it is possible to define different fragment entrance angles in the 

BIGSOL magnet. The Beam blockers are described in section 3.3.   

Fragments passing the beam-blocker hit a first Parallel Plate Avalanche Counter 

(PPAC1) positioned just before the entrance of the BIGSOL solenoid. The PPAC1, 

described in section 3.4.2, provides the start signal for a Time of Flight (ToF) 

measurement of the reaction products.  

After PPAC1, fragments travel in the magnetic field of the super-conducting 

solenoid BIGSOL and are focused in the spectrometer focal plane placed at about 4 m 

downstream the magnet. The solenoid BIGSOL is the main component of the beam line 

and is extensively described in section 3.5.  

The detector positioned in the BIGSOL focal plane is a multi-stage detector 

system developed by INFN. This detector is composed by a position sensitive PPAC 

(PPAC4) followed by a Bragg Chamber (BC) at the end of which a YAP(Ce) 

scintillation hodoscope is placed. This device, described in details in section 3.6, will 
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allow to select fragments with different trajectories in the magnetic field and the Z 

identification of the reaction products. 

Between the BIGSOL chamber and the focal plane detector, two additional 

PPACs are placed (PPAC2 and PPAC3) in order to better define the fragment 

trajectory. In particular, the PPAC3 is placed about 1 meter before the focal plane 

PPAC4 and it makes also possible to perform the time of flight measurements of the 

reaction products. Such detectors are described in section 3.4.       

Surrounding the YAP(Ce) hodoscope a neutron calorimeter will be placed in 

order to measure delayed neutrons emitted by neutron rich nuclei being implanted in the 

crystal. The neutron detector is described in section 3.7.    

 

Table 3.1:  Self supporting targets used during test beams at TAMU 

Targets Thickness 
238U 2.5 mg/cm2 
232Th 5.9 mg/cm2 
195Pt 4.9 mg/cm2 
12C 208 µg/cm2 
197Au 950 µg/cm2 

UF4 2.5 mg/cm2 

 

 

Table 3.2: Beams from the Superconductive Cyclotron used during the 2004 test runs 

Beam Energy (A MeV) 
238U 12 
198Pt 15 
172Yb 15, 10, 7.5 
197Au 7.5 
129Xe 7.5 
40Ar 25 
84Kr 25, 15, 7.5 
208Pb 15 
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3.2 The silicon strip detectors 
 

A maximum of six silicon strip detectors can be placed in the angular range 

 Θlab = 20°-80° in the forward hemisphere around the target. A picture of the strip 

detector supporting structure is reported in Figure 3.2. Those detectors allow in 

principle the detection of fragments and/or charged particles emitted in coincidence 

with the products detected at the focal plane. Triggering on target-like heavy fragments, 

fission fragments or light charges particles should in principle allow separating different 

type of heavy ion reactions and the inelasticity of the collision. This is expected to 

improve the discrimination capability of the apparatus when looking for rare events. 

However, the operation of such detectors in the hostile environment close to the target 

position is very critical. In fact silicon detectors are very sensitive to the radiation 

damage induced by the heavy beams. Since this problem is not yet solved,  we will not 

present in this Thesis data coming from those detectors. 

 

 

Figure 3.2: The supporting structure of the silicon strip detectors placed around the target in the BIGSOL 
reaction chamber. 
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3.3 The beam blockers 
 

Six different beam blockers can be placed 10.3 cm downstream the target as 

shown in Figure 3.3. Those collimators are mounted on a remote controlled rotating 

wheel and are thick enough to stop the beam particles and the reaction products. The 

first four beam-blockers select entrance acceptance angles, Θin for the BIGSOL magnet 

Θin >3°, Θin >6°, Θin >9° and Θin >12° respectively; the other two blockers select the 

products emitted in the circular apertures 5° < Θin < 6° and 10° < Θin <  11°. 

 

Figure 3.3: The beam blockers placed on the rotating wheel. 

 

3.4 The PPACs 
 

PPAC detectors are largely used in the present experimental set-up. This kind of 

detector is particularly well suited in applications involving charged particles and 

heavy fragments, since it exhibits negligible radiation damage. When used at low 

pressure (∼10 Torr) to detect heavy ions, PPACs are very fast detectors that ensure a 

good time resolution and can be made easily position sensitive. Consequently PPAC 

detectors are a good solution to track the particle trajectories and to perform time of 

flight measurements. 

A transmission PPAC detector consists generally of two thin parallel plate 

electrodes kept at a distance of few millimeters in order to optimize the timing 

information. Electrodes are contained in a volume filled with a counting gas with 
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entrance and exit windows. A homogeneous electric field is applied between the two 

electrode plates. 

A charged particle passing through the plates leaves a track of ions and electrons. 

Due to the high electric field the electrons are multiplied, giving rise to an avalanche 

and to a fast output signal (risetime<1 ns). The general principles of operation for a 

proportional gaseous detector are illustrated in section 3.4.1 

Electrodes can be segmented in thin strips or substituted with wire planes in order to 

produce a position sensitive PPAC. Consequently, PPAC detectors are very suitable 

not only to have fast timing but also to track the trajectory of heavy ions. When the 

electrodes are obtained by thin (1-2 µm) plastic foils, the energy loss is very low and 

the particle path is not modified significantly. 

In this section we will describe the PPAC1, PPAC2 and PPAC3 used in the 

BIGSOL spectrometer. PPAC4 is part of the focal plane detector and will be 

described in section 3.7 

 

3.4.1 Principle of operation of a proportional gas detector 

 

Diffusion of ions and electrons 

Charges produced by an ionizing event in a gas volume quickly lose their energy 

in multiple collisions with the gas molecules and assume the average thermal energy 

distribution of the gas. The gas kinetic theory provide the average value of the thermal 

energy εT = 3/2kT = 0.04 eV and foresees a probability distribution having a 

Maxwellian shape. In absence of other effects, a localized charge distribution diffuses 

by multiple collisions following a Gaussian law. The standard deviation of the 

distribution is given, in case of a linear diffusion, by  

Dtx 2=σ                                                                                                                                            (3.1) 

 where D is the diffusion coefficient and t is the time interval. During diffusion, ions 

collide with the gas molecules. Electrons diffuse much faster than ions (because of their 

smaller mass and size). Their average mean velocity is about 107 cm/s and their mean 

free path is classically four times larger than the one corresponding to the ions in the 

same gas.  
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Positive ions can be neutralized recombining with a negative charge or by charge 

transfer. Electrons can be either neutralized by an ion, or attached to an electro-negative 

molecule or absorbed in the walls. The attachment probability is negligible for noble 

gases and hydrogen whereas it assumes finite value for other gasses. 

 

 

Drift of ions and electrons 

When an electric field is applied across a gas volume, a net drift of the ions along 

the field direction is observed. The average velocity of this slow motion is the drift 

velocity of the ions w+, which is linearly proportional to the reduced field defined as   

the ratio between the electric field E and the gas pressure P. Therefore it is convenient 

to define the mobility of the ions µ+ = w+/E that is a constant for a given ion in a given 

gas.  

On the other side, except for very slow fields, the mobility of the electrons is not 

constant. Due to their small mass, under the influence of an electric field, electrons can 

increase their energy between collisions with the gas molecules. The electron drift 

velocity can be written as: 

τE
m
ew

2
=                                                                                                                                           (3.2) 

where e is the electron charge, m is the electron mass and τ is the mean time between 

collisions. The collision cross-section (and therefore τ) strongly varies with the electric 

field E and depends on the gas. Typical values of w around 5 cm/µs are obtained at high 

fields. Under similar conditions ions are thousand times slower. The electron drift 

velocity as a function of the electric field for I-butane gas at 10 Torr and 30 Torr is 

reported in Figure 3.4. The data points are calculated by using the MAGBOLTZ tool of 

the Garfield program (version 7.07) for simulation of gaseous detector. 

During the drift, electrons diffuse following a Gaussian distribution. The change 

in energy distribution due to the electric field results in a diffusion coefficient 

depending on the applied electric field E. Figure 3.5 represents the standard deviation of 

the space diffusion σx for 1 cm drift, for several gasses [Sau77].  
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Figure 3.4: Calculation of the electron drift velocity performed with the Garfield 7.07 program for pure I-
butane gas at 10 Torr pressure (figure a) and 30 Torr (figure b) as a function of the applied electric field. 
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Figure 3.5: Dependence of the standard deviation of the electron diffusion from the electric field for 1 cm 
drift in several gasses at 1 atm. 

 

 

Factors that influence the drift properties 

1) The presence of a magnetic field modifies the drift properties of an electron 

swarm. The Lorentz force transforms a small linear trajectory between two collisions 

into a circular trajectory and modifies the energy distribution. Consequently, the net 

effect associated with the presence of a magnetic field is a reduction of the drift 

velocity. For low electric fields, the drift velocity in presence of a magnetic field H 

applied in a direction perpendicular to the electric field results to be: 

221 τω+
= wwH ,              

m
eH=ω                                                 

ωτα =)( Htg                                                                                                                                         (3.3) 

where αH  is the angle of deviation of the electron swarm. 

2) Moreover, the addition of electronegative pollutants such as oxygen and water 

modifies the drift properties due to electron capture processes. 

 

 High electric field, the avalanche process 

σx 
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 Increasing the electric field above few kV/cm, the number of electrons that can 

receive enough energy between two collisions to produce excitation and ionization gets 

larger and larger. 

The process of ionization by collision is the basis of the avalanche multiplication 

in proportional counters. A single electron drifting in a high electric field at a given time 

has an energy ε with a probability distribution given by the function F(ε). Following the 

statistical fluctuation, the electron energy between two collisions increases. When the 

electron energy overcomes the ionization potential of the gas, an ionization encounter 

may occur.  The mean free path for ionization is defined as the average distance that an 

electron has to travel before getting enough energy to produce an ionization collision. 

The inverse of the mean free path for ionization is α, called first Townsend coefficient, 

consequently, the α parameter represents the number of electron-ion pairs produced per 

unit of drift length. Thus, after a mean free path α-1, a free electron in a region of 

uniform electric field will produce an electron-ion pair. The two resulting electrons will 

continue the drift, generating, after a further mean free path, two other electron-ion pairs 

and so on. If n is the number of electrons at a given position, after a path dx, the 

increase of the number of electron will be: 

dxndn ⋅= α                                                                                                                                          (3.4) 

integrating, one gets 

xenn α
0=    or     xe

n
nM α==

0

                                                                                                         (3.5) 

where M represents the multiplication factor.  

We remind that the electron drift velocity is about thousand times larger than the 

ion drift velocity, therefore the migrating charges originating the avalanche will have a 

drop-like shape with the electrons situated in the front side and the ions forming the 

positive tail. 

Many approximated expressions exist for the first Townsend coefficient α. A 

simple formula is given by Korff [Sau77] and is valid for low α values.  

E
BP

Ae
P

−
=α

                                                                                                                                           (3.6) 

where A and B are empirical  coefficients tabulated for various gasses, E is the electric 

field and P is the gas pressure. 
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In the same region is also possible to assume a linear dependence of α from the 

electrons energy ε. 

εα kN=                                                                                                                                                 (3.7) 

where N is the number of molecules for unit volume and k is a coefficient tabulated for 

various gasses. 

The multiplication factor cannot increase indefinitely. Secondary processes such 

as photon emission, inducing the generation of avalanches over the total gas volume, 

and space charge deformation of the electric field can give rise to breakdown 

phenomena. 

3.4.2 The PPAC1       

 

The layout of the PPAC1 is reported in Figure 3.6. It is a gas detector assembly 

design and built at INFN-LNL which is operated with isobutane at 10 Torr pressure in 

continuous gas flow regime. The PPAC1 is an annular detector with an outer diameter 

of 125 mm and an inner diameter of 30 mm to let the direct beam pass trough the 

central opening. This fact, together with the partition of the anode, keep the counting 

rate of the single anode pad sufficiently low. The anode is a 1.5 µm thick Mylar foil 

with an evaporated thin (100 µg/cm2 ) layer of  Au. The anode is divided in 16 angular 

sectors having the same opening. The cathode is an unique 1.5 µm Mylar foil with the 

same evaporated Au layer. Cathode and anode lay out are reported in Figure 3.7. The 

total width of the detector is 2.5 cm. In routine operation, the cathode is biased with –

610 V. The detector centre is placed 15.7 cm downstream the target inside the BIGSOL 

target chamber.  A picture of PPAC1 is reported in Figure 3.8. 

 

Figure 3.6: The PPAC1 layout 
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Figure 3.7: Scheme of the PPAC1 electrodes 

 

  

Figure 3.8: Picture of the PPAC1 during tests at LNL. 

 

3.4.3 The PPAC2 

 

The PPAC2 is a large gas detector designed and assembled by the Smoluchkowski 

Institute of Physics, Jagiellonian University, Krakow, that is a member of the BIGSOL 

Collaboration. PPAC2 has a diameter of 30 cm, it is also filled with isobutane at 10 Torr 

pressure and is operated in continuous gas flow regime. It has two 1.4 µm aluminized 

Mylar windows. Two wires grids orthogonally positioned provide the x and y positions. 

The central electrode is a 1.5 µm thick doubly aluminized Mylar foil. PPAC2 is placed 

at 3.3 m from the target and 2.64 m from the center of the BIGSOL solenoid. 

Anode back Cathode front
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3.4.4 The PPAC3 

 

The PPAC3 has been designed and constructed in past years at the Cycloctron 

Institute. It is a standard PPAC placed at 5.1 m from the target and 4.43 m from the 

BIGSOL centre. The active area of the PPAC3 detector is 20x20 cm2, it is filled with 

pentane gas at 5-6 Torr pressure and operated in a gas flow regime. The PPAC3 is 

composed by a total of 5 Mylar foils of 2 µm thickness each. Two wires grid electrodes 

orthogonally positioned provide the X-Y position. The grids are made of copper wires 

of 30 µm diameter with 1 mm spacing.  

 

3.5 The BIGSOL solenoid 
 

The BIGSOL Isotope Spectrometer, built in the past at Michigan State University 

[Bec93] and installed at Texas A&M University in 2001, is a 40 cm bore, 1 m long, B0z 

= 7 T super-conducting solenoid. BIGSOL was specifically designed to collect and 

identify exotic neutron rich nuclei produced in heavy ion collisions. Solenoid based 

devices are particularly suitable for RNB production because they allow a large 

collection efficiency of the reaction products, with respect to traditional devices based 

on magnetic dipoles and quadrupoles. The advantage of solenoid magnets is due to a 

full 2π azimuthal acceptance, relatively simple ion optics and good matching of 

solenoid focused ions to the acceptance of traditional ion beam lines.   

 The magnet coil, constructed by Cryomagnetics Inc. (Oak Ridge, TN), consist of 

four concentric coils connected in series. These coils are made by twisted multi- 

filamentary Nb-Ti-Cu composite super-conducting wires, fully epoxy impregnated. The 

coils dimensions are 77.5 cm length, 52 cm internal diameter and 63.5 cm external 

diameter. The maximum current at which the coils are operated is 173 A at a 

temperature of 4.2 K. The corresponding maximum central field B0z is 6.9 T at 4.2 K 

and the maximum axial field integral is ∫
+∞

∞−

Bdl = 6.7 Tm at 4.2 K. Coil inductance is 265 

H and stored energy is 4MJ at 173 A. The ramp time for operating the coil in such 

conditions is about 3 hours.  

BIGSOL has a highly linear current to field relationship. Magnetic field stability 

was checked in the past by recording field measurements obtained with a gaussmeter 
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Hall during significantly long time intervals (2-14 h) [Odo00]. This behavior results 

from the lack of any ferrous or magnetic material in the super-conducting magnet 

construction.  

A view of the solenoid is reported in Figures 3.9 and 3.10. A more detailed 

technical description can be found in [Bec93]. 

 

Figure 3.9: The BIGSOL Isotope Spectrometer layout as originally installed at MSU for the study of the 
production of neutron rich nuclei in the region 10 < Z < 35 (from [Odo00]). 

 

 

 

 

 

 

 

 

Figure 3.10: Photograph of the BIGSOL magnet as installed at the Cyclotron Institute of Texas A&M 
University 

 

The BIGSOL solenoid has already been in use for few years at MSU-NSCL either 

for the production of light heavy ion (HI) Radioactive Nuclear Beams (RNBs) using 

transfer reactions at low and intermediate energies [Bec93] [Bro95] [Rob95] as for the 

study of neutron rich nuclei in the region of the nuclide chart 10 < Z < 35, populated via 
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fragmentation of very massive beams at low to intermediate energy [Odo00] [Sou97] 

[Sou04].  

The current use of BIGSOL solenoid at the Cyclotron Institute of TAMU for 

identification of reaction products from fission or fusion-fission reactions induced by 

very massive HI projectiles presents some additional difficulties with respect to the case 

of the light HI RNBs previously studied at NSCL. 

• Transfer type reactions, used to produce light RNB give rise to a sizeable 

yield of only 3 to 10 distinct transfer reaction products, whereas reactions 

with massive projectiles might produce up to more than 200 distinct 

isotopic species.  

• In the use of any device based on magnetic fields, discrimination of heavy 

neutron rich isotopes is more complicated than resolving light stable or 

proton rich nuclei. In fact, the fractional separation of reaction products in 

energy (dE/dA) as a function of the mass (A), for a given magnetic rigidity 

(Bρ) decreases with the inverse square of the isotopic mass:      

            dE/dA = -1/2(qBρ/A)2. 

• Beam energies for the heavy projectiles induced reactions as available at 

the Cyclotron Institute are not sufficient to ensure the full stripping of all 

the reaction products. Consequently, most of the produced isotopes are 

found in a large variety of charge-states. From the basic magnetic selection 

relation Bρ = p/q ∝ A/q it appears clearly that an ambiguity in the charge 

state (q) determination will reflect in an ambiguity on the reconstructed 

fragment mass (A).   

   Extensive calculation were done originally at MSU [Odo00] and more recently 

at Texas A&M [Mat03] by using a good reconstruction of the magnetic field 

distribution inside the magnet, in order to simulate the trajectories of the incoming ions. 

Those calculations permit to estimate the acceptance of the spectrometer and the effect 

of the entrance and focal plane openings in the Bρ selection. 

3.5.1 The magnetic field 

 

 The calculation of the best approximation for the magnetic field of the 

spectrometer has been discussed and described in the T. O’Donnel Ph.D. Thesis (2000) 

[Odo00]. Here we will only report some results from that paper. 
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The magnetic field inside the bore of the solenoid can be described in terms of 

Legendre polynomials and their derivatives, whereas beyond this region an expansion in 

powers of 1/z can be used. 

The power series for the components of the magnetic field are then: 
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Following this assumption, it results that the magnetic field in any region of 

interest is simply a function of the on axis field B0z and its derivatives with respect to z. 

In the thick coil approximation, the magnetic field inside the magnet z < |0.81| m 

at r = 0 as a mathematically exact expression. 
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where r1 and r2 are the distances from the z axis to the inner and outer diameter of the 

coil, l is the length of the coil, N is the number of wires turns, I is the current flowing 

into the wires. 

It can be shown [Odo00] [Szi88] [Cos50] that inside the magnet the axial field is 

well reproduced by a Gaussian-plus-Constant fit of the form: 
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where a0, a1, a2, a3 are parameters to be empirically determined. 

For z > |0.81|m the axial magnetic field has the form 

3)0,(
z
arzB ==                                                                                                                                (3.13) 

where a is a fourth parameter to be determined. 

Figures 3.11 and 3.12 illustrate some results obtained from the above expressions. 
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Figure 3.11: Difference between the thick coil field profile, the Gaussian plus constant fit of this field 
and the thin coil field profile. It appears that the thick coil approximation differs from the thin coil 
approximation. The thick coil approximation gives the best reproduction of the measured magnetic field 
(from [Odo00]). 

 
Figure 3.12: The B0z on axis field as a function of z, obtained using the thick coil approximation, the 
gaussian plus constant fit of this field and the fit with a z-3 proportional field. It appears that the gaussian 
plus constant field reproduces very well the field inside the coil whereas the z-3 proportional field 
reproduces the field outside the coil. The switching point between the two fits is also shown (from 
[Odo00]). 
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Figure 3.13: Vector field plot representing the magnetic field over the full extent of the spectrometer 
flight path on a plane of constant azimuthal angle φ. In the cylindrical coordinate system is defined by (r, 
φ, z), the magnetic field B is defined as ),(ˆ),(ˆ zrBzzrBrB zr +=

r
. The vertical rectangle represents 

the physical extent of the BIGSOL cryostat bore (from [Odo00]). 

 

3.5.2 Characteristics of the solenoid orbits 

 

Simulations are reported in [Odo00], to estimate the fractional variation of the 

magnetic dispersion ∆Bρ/Βρ, which result from changes in: 

• the position of the entrance detector, the entrance apertures or the focal 

plane detector; 

• dimensions of the entrance and focal plane openings; 

• changing the strength of the field by changing the current into the coils. 

Figure 3.13 represents the magnetic field vectors in cylindrical coordinates, 

calculated over the total length of the spectrometer. It appears from Figure 3.13 that the 

solenoid cannot disperse ions entering at zero degrees since in this case the ion velocity 

is parallel to the magnetic field vector. 

Figure 3.14 represents in a 3D box the trajectory of an ion with magnetic rigidity 

1.39 Tm, emitted with an angle of 6° in the laboratory framework (θlab = 6°), for a 

BIGSOL current of 83 A. The Z-axis is the symmetry axis of the solenoid with origin in 

its middle. The ion reach the focal plane at a radial position rfp = 18 mm. In the XY 

focal plane the projection of the radial part of the orbit is also drawn, showing that each 

time an ion get to the focal plane it has completed a loop in a quadrant of the plane 

perpendicular to the symmetry axis of the solenoid. Generally, an ion with different Bρ, 

emitted at the same angle in the laboratory framework, can cross the z-axis and reach 



Chapter 3 

 67

the focal plane at the same radius. If two Bρ exist for which the ion gets to the same 

radial position rfp, then all the ions with Bρ in between will be focused at a radial 

position r < rfp. For the present example the other Bρ allowing the ion to reach the focal 

plane at 18 mm is 1.35 Tm. Thus, selecting an annular entrance aperture around θlab = 6° 

and a focal plane opening of radius rfp = 18 mm, a Bρ window of ∆Bρ  = 0.04 Tm and a 

fractional Bρ dispersion of 3% are obtained.   

Therefore, the most important characteristic of the ion orbits is related with the 

behaviour of Bρ as a function of  θlab and the radial position to the focal plane rfp.  

),( labfpii rBρBρ ϑ=                                                                             i = (0,1,2…)                          (3.14) 

as well as its total derivative is: 
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where i labels the multiple values possible for Bρ depending on how many times the ion 

has crossed the symmetry axis. For BIGSOL there are only two possibilities i = (0,1). 

   

 

Figure 3.14: 3D-plot of a simulated ion orbit in the BIGSOL spectrometer (Bρ = 1.39 Tm, BIGSOL 
current = 83.3 A, θlab = 6°). Red lines are the z-axis and its projections, z = 0 correspond to the center of 
the magnet. Quadrants in the focal plane ere evidenced. In this case the ion orbit does not cross the z-axis. 
The ion gets to the focal plane at rfp= 18 mm. Generally, ions with different Bρ, emitted at the same angle, 
can cross the z-axis and reach the focal plane at the same radius. If two Bρ exist for which the ions get to 
the same radial position in the focal plane, then all the ions with Bρ in between will be focused inside this 
radius (from [Odo00]). 
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The two partial derivatives in formula (3.15) are associated with the effect of the 

focal plane and entrance openings respectively.  

In our case, the entrance acceptance of the system can be adjusted by using the 

different beam blockers and the focal plane aperture can be modified via software 

gating the PPAC4 two-dimensional position spectrum. In this way it will be possible, in 

principle, to obtain the needed fractional dispersion ∆Bρ/Bρ to achieve an acceptable 

isotopic resolution. 

When looking for reaction products with very low production cross-section such 

as super-heavy nuclei, it is difficult to get rid of the higher cross-section competing 

reactions (e.g. elastic and deep-inelastic reactions) only by making a selection on the 

magnetic rigidity Bρ. In fact, the distribution of charge state q at the exit of the target 

implies that some of these products with different momentum p may have a magnetic 

rigidity Bρ = p/q similar to that expected for super-heavy nuclei. Since those reactions 

have cross-sections orders of magnitude higher than the ones we are looking for, even 

low probability charge states are important when considering the signal to noise ratio.  

This problem was solved by operating magnetic filters in the so called gas-filled 

mode [Sca91], i.e. forcing the fragments to travel inside a magnetic field not in high 

vacuum but with some filling material as gas, to reduce the charge state distribution at 

the exit of the target. In our particular case, due to the use of a superconducting magnet, 

it seems more convenient to use plastic foils instead of gas. The filling of BIGSOL with 

several thin Mylar layers seems to be effective in reducing the dispersion of the charge 

states and hence improving separation between the different classes of products. In this 

case, the charge states of the ions would change often during their trajectories in the 

magnetic field with the resulting trajectory close to the one of an ion that would carry 

the mean charge. However, the energy-loss straggling induced by the Mylar foils has 

the effect of defocusing all the products. In the last runs performed in August 2004, 9 

Mylar layers of 0.9 µm thickness, 10 cm spaced were inserted inside the BIGSOL 

spectrometer. The effect of the energy loss will be studied on the basis of the data of 

this test run. A picture of the foil holder is reported in Figure 3.15 
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Figure 3.15: Holding structure of the Mylar layers added inside the BIGSOL spectrometer in order to 
reduce the dispersion of the possible charge states of the products at the exit of the target.  

 

 

3.6 The focal plane detectors 
 

The total layout of the focal plane detection system is shown schematically in 

Figure 3.16 and a picture of the system is reported in Figure 3.17.  

 

 

 

 

 

 

 

 

 

 

PPAC4                                               BC 

 

Figure 3.16: The focal plane detector scheme. The PPAC4, the Bragg Chamber (BC) and the YAP(Ce) 
hodoscopes are represented from the left to the right. The numbers identify the different detector 
components: 1) PPAC4 windows, 2) PPAC4 strips, 3) PPAC4 cathode, 4) BC cathode, 5) Frisch grid, 6) 
BC anode, 7) YAP(Ce) shielding foil.  
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Figure 3.17: Picture of the focal plane detector array as used in the 2004 runs at the Cyclotron Institute of 
the Texas A&M University. 

 

3.6.1 The PPAC4 

 

The first element of the focal plane detector is the position sensitive PPAC4 

which has an active area of (6.5 x 6.5) cm2. It is placed at 6.15 m from the target and 

5.49 m from the BIGSOL center. The flight path between PPAC3 and PPAC4 is about 1 

m. The central cathode of the PPAC4 is made by a double aluminized mylar foil of 1.5 

µm thickness. The anodes are two 2.2 µm thick mylar foils divided in 31 strips of 2 mm 

width each. The read-out strips are created by evaporation of Au having thickness of 

100 µg/cm2. The PPAC4 chamber has a total length of 7 cm and is separated from the 

high vacuum beam line and from the second stage of the detector by two 2.5 µm thick 

mylar windows. The gap between the cathode and the two anodes is 2 mm. The PPAC4 

is operated with 10 mb isobutane gas. The gas pressure is electronically monitored by a 

sensor and the gas flow is controlled by two high precision needle valves.  

The detector is operated with –550V applied to the cathode by using an HV 

decoupling filter. The cathode signal, picked up through a capacitor, is used to provide 

the PPAC trigger signal. This signal is passed through a pre-amplifier (ORTEC 142), 

shaped in a Timing Filter Amplifier (Mod. ORTEC 474), and then finally processed 

through a Constant Fraction Discriminator (Mod. ORTEC Quad 200 MHz CFD 935).  

The two anode planes are mounted with the strips that identify the x-y impact 

positions. The read out is performed by the delay line method, connecting each strip to a 
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detectors 

Bragg 
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delay line cell. Each delay cell has 2 ns delay and is made by discrete inductances and 

capacitors. 

The signals, identified as Up (U), Down (D), Left (L), Right (R), are formed by  

fast amplifiers (Mod. ORTEC FTA820A) and Constant Fraction Discriminator units 

(Mod. ORTEC Quad 200MHz CFD 935).  

UP and DOWN signals (or LEFT and RIGHT) are then used as start and stop 

signals, respectively, of a Times to Amplitude Converter (TAC) Mod. ORTEC 566, in 

order to get the corresponding position signal. The outputs of the TACs are then sent to 

a CAMAC ADC (mod. Phillips 7164 16ch ADC) for the acquisition.  

The scheme of electronic chain is shown in Figure 3.18. 

 

 

 

 

 

 

 

 

 

 

Figure 3.18 The electronic read out scheme of PPAC4 

 

 

The PPAC4 detector will allow, as discussed before, the fragment discrimination 

in Bρ imposing, via software, different focal plane selections.   

As an example, in Figure 3.19 the data relative to a direct beam of Au ions at 7.5A 

MeV impinging on the PPAC4 is reported. As direct beam we define an ion beam that is 

transmitted through the set up from the BIGSOL target chamber to the focal plane 

detector when the target is not inserted in the beam. The beam optic is controlled before 

the target position by the commonly used cyclotron diagnostic systems.   In order to 

verify that the dispersed magnetic field does not affect the ion trajectory between the 

PPAC4 and the YAP(Ce) array, we determined the beam image requiring the 

coincidence of only one of the YAP detectors. In Figure 3.20 is reported the image of 
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the beam, when the coincidence with a backward scintillator YAP(Ce) #10 is required. 

Considering the position calibration of the PPAC4 (corresponding to 0.04 mm/channel) 

this image corresponds to the real dimensions of the YAP detector. Thus each ion that 

strikes the YAP(Ce) area comes from a corresponding area in the PPAC4 without 

trajectory distortion due to magnetic field. 

 

   

Figure 3.19 Image of the Au direct beam  at 7.5 AMeV on the PPAC4 detector. The position calibration 
is  0.04 mm/channel.  

 

Figure 3.20: Image of the Au beam 7.5 A MeV on the PPAC4, imposing the coincidence with the 
YAP(Ce)#10. Considering the position calibration of the PPAC4 (0.04 mm/channel) this image 
corresponds to the effective dimensions of the YAP detector.  

 

3.6.2 The Bragg Chamber 

 

After the PPAC4, the second part of the focal plane detector complex is the Bragg 

Chamber. This is an existing detector constructed during 1984 [Mor84] and re-
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commissioned for the focal plane detector of the BIGSOL beam-line. This detector 

allows the energy loss measurement of the incoming ions. 

 

 

Figure 3.21: On the left side a picture of the BC and of the PPAC4 chambers is reported. On the right 
side a scheme of a Bragg Chamber is shown.   

 

Moreover, a particular application for Ionization Cambers with the electric field 

parallel to the particle track is the possibility to perform the so called “Bragg Curve 

Spectroscopy” (BCS). This method allows the heavy ion charge identification for 

particles that stops between the cathode and the Frish Grid, by electronically handling 

the anodic signal. The foremost distinctiveness of the BCS technique is the 

straightforward determination of the atomic number Z measuring the amplitude of the 

Bragg-curve peak. Therefore, the Bragg-peak measurement and the total energy 

measurement can be immediately converted to a Z-E matrix without the linearization 

needed in the conventional ∆E-E technique. For a charged particle the specific energy 

loss, dE/dx, in a given medium is described by the Bethe-Block formula [Kno89]. As 

the energy loss per single collision is small, dE/dx increases slowly along the particle 

path. Only when the particle energy gets smaller than 1 MeV/amu the value of dE/dx 

increases rapidly forming the well-known Bragg-peak. The amplitude of this peak is a 

direct function of the fragment atomic number thus allowing a direct Z identification.  

For elements with Z up to 50 the expected difference in the Bragg-peak amplitude of 

neighbouring elements is larger than 2% [Zie85]. The integral of dE/dx over the particle 

range give the kinetic energy E of the stopped ion. 

In the Bragg ionization detector, the charge is collected in the direction of the 

incoming ion. Therefore the time evolution of the current pulse corresponds perfectly to 
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the Bragg curve of the stopped ion. If the specific energy loss (dE/dx ∝ Z2) can be 

measured, the determination of the ion Z is possible.  

In Figure 3.22 a typical signal from a Bragg chamber is reported.  

The classical method of read out to obtain BCS is to use a charge sensitive pre-

amplifier followed by two spectroscopy amplifiers in parallel using short and long 

shaping time constant τ, respectively. The amplifier with the short τ (0.5 µs) gives a 

signal that reflects the energy loss-range correlation. Consequently, the maximum of 

this signal is proportional to the Bragg-peak. The amplifier with long τ (8 µs) gives a 

signal with amplitude proportional to the total kinetic energy of the particle.  

The particle range is proportional to the time from the arrival of the particle in the 

Bragg Chamber and the Bragg Peak signal as it is seen by the anode after the Frish 

Grid. To obtain this information we used the PPAC4 cathode time signal as start for a 

TAC and the BC anode time signal as stop.   

This method gave in the past a satisfactory identification of the atomic numbers of 

the ion. In the original paper by A.Moroni et al. [Mor84] some tests of this detector for 

ion identification in the region 10 < Z < 36 are reported.  

New developments of this technique involve the use of flash-ADC to directly 

digitize the Bragg-curve and provide new possibilities of extracting the relevant 

information by software during the off-line analysis. Andronenko et al. have tested this 

possibility for nuclear charge in the range 2 < Z < 18 [And92].    

    

Figure 3.22 A typical signal from a Bragg Chamber. The maximum of the curve gives the Bragg-peak. 
The integral over the whole length of the signal gives the kinetic energy of the stopped particle, the time 
duration of the signal is proportional to the particle range in the Bragg Chamber. 
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Detector layout and electronics 

Figure 3.21 shows a photograph of the PPAC4 and BC chambers and a scheme of the 

BC electrodes. 

The main difficulty concerning the construction and use of a Bragg Detector deals with 

the small amount of charge produced by the detected particles, since no electron 

multiplication process takes place. However, the number of secondary electrons 

produced by ionization in the isobutane counting gas is about 4.3 104 per MeV of 

energy loss. For stopped particles, the electrons must drift over the active length of the 

detector (i.e. the cathode to Frisch grid distance), with small recombination probability, 

to give rise to an anodic signal. The detector geometry, the applied voltage, the quality 

of the filling gas and its pressure has to be carefully chosen.  

In our detector, the Bragg Chamber cathode is a 1.5 µm aluminized mylar foil 

placed just after the PPAC4 window. In order to separate the signal induced by the (fast 

moving) electrons from the one due to the slow ion and to avoid position dependence, a 

fine-meshed grid (Frisch Grid) is placed at 2.5 cm in front of the anode. In our detector, 

the distance between the cathode and the Frisch Grid (FG) is 34 cm. The anode is a 1.5 

µm doubly aluminized mylar foil so that an electric field exists also in the region after 

the anode where additional 3 cm separate the anode from the YAP(Ce) hodoscope. 

The total active length of the Bragg Chamber is actually 42 cm, filled with 

isobutane gas at P = 30 Torr pressure. A bottle of ultra high purity (99.91%) isobutane, 

supplies the gas, trough a pressure reducer followed by a hand-operated distribution 

system containing several high precision needle valves. The layout of the high-

vacuum/gas distribution system is shown in Figures 3.23 and 3.24. The gas pressure is 

electronically monitored and is kept in continuous flow by means of two needle valves. 

The gas flow is extremely important in order to avoid the gas ageing due to 

electronegative pollutants that might reduces significantly the detector pulse-height. 

The anode and Frisch grid polarization are 2500 V and 2000 V, respectively. The 

cathode is grounded. A resistor chain connected to 16 potential guard rings divides the 

voltage between the cathode and the Frisch grid. Thus, the uniformity of the electric 

field is preserved in the active volume of the BC [Mor84]. 
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Figure 3.23 BIGSOL detector gas control system.  

M1: Gas Bottle Pressure Meter. M2: MWPC Pressure Meter. M3: Ionization Chamber Pressure Meter. 
G1: MWPC Gas In Needle Valve with On/Off Control. G2: MWPC Gas Out Needle Valve. G3: I.C. Gas 
In Needle Valve with On/Off Control. G4: I.C. Gas Out Needle Valve.G5: Gas Bottle Pressure Control 
On/Off Valve. G6: Flux Monitor Valve 

 

The effectiveness of the charge collection depends on the used gas and on the 

reduced field defined as the ratio between the electric field E and the gas pressure P. It 

is useful to define the quantity ρ defined as the ratio between the reduced field in the 

anode-FG region and the reduced field in the cathode-FG region: 

PFGcathodeE
PFGanodeE
/)(

/)(
−

−=ρ  

Values of ρ ~3.3 are maintained during the measurements. 

Electron drift velocity is ve ≈ 5 cm/µs both in the cathode-FG region and in the 

anode-FG, as determined from Figure 3.4. Taking into account the length of the detector 

and the drift velocity, the rise time of the anodic signal results to be about 8 µs. This 

fact obliges to use quite long shaping times for the amplifier used to measure the total 

kinetic energy, with problems due to the pile-up at high rate. This fact represents a limit 

in the use of such detector system. 
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Figure 3.24: BIGSOL Detector vacuum system. W1: MWPC Entrance Window. W2: Ionization 
Chamber Entrance Window. P1: I.C. Pirani Vacuum Gauge. V1: Vacuum Pump Valve. V2: Main By-
Pass. V3: MWPC By-Pass. V4: Ionization Chamber By-Pass. V5: Air Inlet Valve 

 

In order to verify the setting of the Anode and FG voltages for a given gas 

pressure, we used a 252Cf open source. We increased the supplied voltage until the 

output signal reached a plateau. This indicates that the recombination of electrons 

traveling through the detector is minimal and that all electrons passing through the FG 

are collected at the anode. 

A drawing of the electronic chain is given in Figure 3.25. The anode signal is fed 

into a charge sensitive pre-amplifier (ORTEC 142 IH) and its output is sent to tree main 

amplifiers. A Canberra 2020 Amplifier is used to obtain the energy signal with a 

shaping time of 8 µs, longer than the maximum input rise time. The Bragg peak signal 

is formed using an ORTEC 474 Timing Filter Amplifier with a time constant equal to 

the electron transit time from the FG to the anode (0.5 µs). The time information is 
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obtained using a Fast Filter Amplifier (Mod. ORTEC 579) followed by a Constant 

fraction discriminator (Mod. ORTEC Quad 200 MHz CFD 935) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

   

 

 

Figure 3.25: Electronic read out of the Bragg Chamber 

 

The Range information is obtained by measuring the time interval between the 

arrival of the particle in the PPAC4 and the appearance of the Bragg Peak at the anode. 

The PPAC4 cathode signal is used as start in a TAC (Mod. ORTEC 566). The stop 

signal is provided by the Bragg Chamber time as shown in Figure 3.25. Since the time 

needed for an energetic ion to reach its range in the chamber is negligible with respect 

to the electron drift time in the chamber (ve ≈ 5 cm/µs), the measured time (tm) is the 

time the electrons take to go from the point where the ion stops to the anode (te). This 

time is therefore proportional to the length of the chamber (L) minus the ion range (R), 

as shown in Figure 3.26  
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Figure 3.26: The Bragg Range measurement.  It results vete = L-R. Since the ion stopping time is 
negligible with respect to the electron drift time, the measured time (tm) is equal to te  (tm ∝ L-R).     

 

As it is discussed in the following, in our case, an important fraction of the 

fragments does not stop in the Bragg detector. In this case the Bragg Peak will provide 

an information that is equivalent to the total energy loss ∆E and, the Bragg Range signal 

does not provide useful information. 

In Figure 3.27 the spectrum of the energy released in the Bragg Chamber by a 7.5 

A MeV direct Au beam is reported. The energy resolution of the peak is about 5%. The 

broadening of the energy response of the Bragg detector is mainly due to the energy 

straggling due to the presence of many adsorbing layers (tracking detectors) along the 

ions path.  

 

 

Figure 3.27: Energy released in the Bragg Chamber by a 7.5 A MeV Au beam  
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3.6.3 The YAP(Ce) detector array 

 
Figure 3.28: The YAP(Ce) scintillators positions on the back flange of the BC.  

 

 

 

The YAP hodoscope represents the end-cup of the BC detector. In this 

configuration the BC detector will be used generally as Residual Energy detector for 

particles that are not stopped inside the gas. In this case the BC will act as single 

transmission detector for particle identification by ∆E-E technique. Moreover, the 

YAP(Ce) scintillators are also supposed to be used to detect possible sequential decay 

of the implanted fragments. 

 

 

General characteristics of the YAP(Ce) Detectors 

 

The YAP(Ce) (yttrium aluminum perovskite, YAlO3) is a relatively new inorganic 

scintillator. Several studies were performed by Moszynsky et al. [Mos98a] [Kap99] 

[Kla00] in order to define the properties of the crystal, such as the light yield, the light 

pulse shape and the energy resolution. Such studies used gamma rays, alpha particles 

and heavy ions with medium Z (Z < 35) and low kinetic energy (E < 40 MeV). Others 
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studies are reported by Mengesha et al. in order to define the electron response of the 

crystal as a function of the electron energy [Men98].  

 Table 3.3 : Properties of the most commonly used scintillators.  (1) effective average decay time  for γ-
rays, (2) the refracting index at the wavelength of the emission maximum. (3) relative scintillation signal 
at room temperature for γ-rays when the detector is coupled to a photo-multiplier tube with a Bialkali 
photo-cathode. 

MATERIAL DENSITY 
[g/cm3] 

EMISSION 
MAXIMUM 
[nm] 

 DECAY  
 CONSTANT (1)

REFRACTIVE 
INDEX (2) 

CONVERSION 
EFFICIENCY (3) HYGROSCOPIC 

NaI(Tl) 3.67 415 0.23 µs 1.85 100 Yes 
CsI(Tl) 4.51 550 0.6/3.4 µs 1.79 45 No 
CsI(Na) 4.51 420 0.63 µs 1.84 85 slightly 
CsI 
(undoped) 4.51 315 16 ns 1.95 4 – 6 No 

CaF2 (Eu) 3.18 435 0.84 µs 1.47 50 No 
6LiI (Eu) 4.08 470 1.4 µs 1.96 35 Yes 
6Li – glass 2.6 390 - 430 60 ns 1.56 4 – 6 No 
CsF 4.64 390 3 - 5 ns 1.48 5 – 7 yes 

BaF2 4.88 315  
220 

0.63 µs 
0.8 ns 

1.50  
1.54 

16  
5 no 

YAP (Ce) 5.55 350 27 ns 1.94 35 – 40 no 
GSO (Ce) 6.71 440 30 – 60 ns 1.85 20 – 25 no 
BGO 7.13 480 0.3 µs 2.15 15 – 20 no 
CdWO4 7.90 470 / 540 20 / 5 µs 2.3 25 – 30 no 
Plastics 1.03 375 - 600 1 - 3 µs 1.58 25 – 30 no 

 

In this paragraph the present knowledge on the YAP(Ce) properties is 

summarized. In the next chapter a particular study performed in order to extend the 

present knowledge about the YAP(Ce) properties in case of heavier ions (Z<80) at 

much higher energy (up to about 2000 MeV) is reported.  

The YAP(Ce) is a Cerium activated scintillator where the ionizing energy diffuses 

trough the crystal and produces an excited state at or near the Ce-atom. The material is 

hard, non-hygroscopic and is chemically stable, qualities that make it suitable to work in 

hostile environments.  

YAP(Ce) has one principal decay time constant τ = 25 ns. The peak of the 

emission spectrum is at λ = 370 nm, consequently it is well coupled with the sensitivity 

of typical photo-multipliers. An additional weaker and slower component was also 

reported [Mos98a]. For this component, the decay time constant for γ-rays ranges 

between 67 and 246 ns with a relative intensity between 2 and 11% of the total light.  

The light output of the YAP(Ce) scintillator is about 50% relative to that of 

NaI(Tl). The crystal has a moderate efficiency for γ-ray detection due to the density of 
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the material (ρ = 5.37g/cm3) and the atomic number of Y (Z = 39). Table 3.3 reports a 

comparison between YAP(Ce), NaI(Tl) and many other crystals. 

 

Response of the YAP to γ-rays and electrons 

The most important property of the YAP(Ce) crystal is the linearity of the light 

yield as a function of the γ-radiation energy. Figure 3.29 shows that the light output per 

unit energy measured with a YAP detector for γ-energies between 14.4 keV and 1.275 

MeV is constant within + 2%. 

 

Figure 3.29: Relative light output of the YAP crystal versus energy of the γ-ray from Kapusta et al. 
[Kap99] 

 

Studies performed by Dorenbos et al. [Dor95] evidenced that the energy 

resolution for many crystals is strictly correlated to the presence of non-linearity in the 

scintillation response. A close relationship appears also between the non-linearity of 

scintillators to γ-rays and to electrons. Thus crystals that show the higher non-linearity 

have the lower energy resolution. Menghesha et al. [Men98] studied the response of the 

YAP(Ce) and other common crystals to electrons. They used the Compton Coincidence 

Technique to characterize the light yield non-linearity of the crystals. Figure 3.30 

reports the electron response for YAP(Ce) and CsI(Na) to electrons normalized to unity 

at 445 keV. YAP(Ce) response appears to be constant within 1.5% in the energy range 

from 16 keV to 445 keV, whereas the CsI(Na) response shows pronounced non-

linearity.        
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Figure 3.30: Electron response (Light output/Energy) of the CsI(Na) crystal normalized to unity at 445 
keV (left panel). Electron response (Light output/Energy) of the YAP(Ce) detector normalized to unity at 
445 keV (right side) [Men98].  

 

The YAP(Ce) crystal shows a good energy resolution for γ-rays. Kapusta et al. 

[Kap99] studied the energy resolution of a YAP(Ce) crystal of 3 x 3 x 20 mm3 volume, 

doped with 0.5 mol% Ce, supplied by Preciosa Co, coupled with a XP2020Q photo-

multiplier, as a function of the γ-ray energy. Figure 3.31 represents the energy spectra 

measured from a 137Cs and a 22Na sources. The energy resolution (FWHM) for the 662 

keV γ-ray from 137Cs is δE/E = (4.38 + 0.11)% and is δE/E = (5.2 + 0.13)% for the 

annihilation quanta of 511 keV of the 22Na source.  

Generally, the square of the energy resolution δE/E measured with a scintillation 

detector coupled with a photo-multiplier can be qualitatively represented as the sum of 

the squares of intrinsic resolution of the crystal (δsc) and of the contribution due to 

photoelectron statistics δN/N as reported in (3.17). 
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                                                                                                                     (3.16) 

where δE is the full width at half maximum of the full energy peak.  

The contribution of photoelectron statistics can be written as: 

21
21 )1(36.2 εδ +=

NN
N

                                                                                                                         (3.17) 

where N is the number of photoelectrons and ε is the variance of the  photo-multiplier 

gain. 
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Figure 3.31: Energy spectra of  662 keV γ-ray from 137Cs source (left) and 511 keV γ-ray from 22Na 
source (right) measured with YAP(Ce) crystal [Kap99]. 

 

The number of photoelectrons due to the 137Cs γ-ray has been determined by using 

a standard method [Mos94], comparing the 662 keV peak with the one from a single 

photoelectron. 

The intrinsic resolution of the YAP(Ce) crystal can be calculated form equation 

(3.16) subtracting from the measured resolution (δE/E = (4.38 + 0.11%) for the 662 keV 

γ-ray of 137Cs source) the contribution due to the photoelectrons statistics. For the 662 

keV γ-ray from 137Cs source the statistical spread FWHM calculated from (3.17) is 

δN/N = (4.18+ 0.04%), comparable to the measured energy resolution. Therefore, the 

intrinsic resolution of the YAP(Ce) is only δsc = (1.3 + 0.5%), the lowest ever measured 

for scintillators. The energy resolution for the YAP(Ce) is thus mainly limited by the 

photoelectron statistics. This makes the YAP(Ce) detector an ideal scintillator for γ-

rays.  

In sake of comparison, it is worth mentioning that in a study on CsI(Tl) crystals 

coupled to avalanche photodiodes Moszynski et al. [Mos98b] measured a total energy 

resolution of δE/E = (4.8 + 0.14%) for the 662 keV γ-ray of the 137Cs source. In this 

case the resolution is mainly limited by the intrinsic resolution of CsI(Tl) crystal, since 

the statistical error due to statistic is very low.   

For that reasons YAP(Ce) scintillators should be suitable detectors for γ-ray 

spectroscopy and for nuclear medicine applications, where YAP(Ce) matrices could be 

used as in gamma camera applications. 
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Response of the YAP(Ce)  to light and heavy ions 

Some studies were performed in order to determine if the light yield 

proportionality observed for γ-rays is valid for heavy ions as well. 

 

 

Figure 3.32: Light yield versus energy for a YAP(Ce) crystal from [Kla00]. 

  

Klamra et al. [Kla00] performed the test of a YAP(Ce) scintillator at the Tandem 

Laboratory in Uppsala, Sweden, using 16O, 35Cl and 79Br beams with energies ranging 

from 10 to 40 MeV. The test crystal was 30 mm diameter, 5 mm thickness and was 

coupled to a XP2020Q photo-multiplier. They found a non-linear dependence of the 

light output as a function of the ion energy in case of light and heavy ions. Figure 3.32 

reports the light output versus ion energy measured by Klamra et al. 

Since the Yap(Ce) response to electrons is found to be linear with energy in the 

range from 16 to 445 keV [Men98], the non linearity of the light output as a function of 

the ion energy was explained as an effect due to the δ-rays produced by the primary 

heavy charged particle, that contribute significantly to the total light yield [Bir64]. This 

effect is beam energy dependent and is more pronounced at energies of few MeV per 
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nucleon. In fact in the data the non-linearity is more evident for heavier ions than for 
16O.  

Klamra et al. also measured the relative energy resolution as a function of the ion 

energy. They founded that it roughly follows the dependence  

2
1(%) bEbR −= .                                                                                                                                  (3.18) 

Figure 3.33 reports the relative energy resolution as measured by Klamra et al. for 
16O, 35Cl and 79Br. 

 

Figure 3.33: Relative energy resolution versus energy in log-log scale for a YAP(Ce) detector, as 
reported by [Kla00].   

 

Timing properties of the YAP(Ce) 

Moszinski et al. [Mos98a] also investigated the timing capabilities of the 

YAP(Ce) detector. The measurements were carried out using γ-rays from 60Co and 22Na 

sources. The YAP(Ce) detector was a 10x10x5 mm3 sample coupled to XP2020 photo-

multiplier. The reference counter was a 25 mm diameter and 12 mm high BaF2 coupled 

to a XP2020URQ photo-multiplier. The time resolution [FWHM] for the reference 

counter was found to be δt = (80 + 3 ps) for both 60Co peaks in a narrow energy window 

and δt = (125 + 4 ps) for the 511 keV peak from 22Na source.   

The resultant total time resolution [FWHM] was found to be δt = (180 + 6 ps) for 

the 60Co γ-rays that corrected for the contribution of the reference counter, yields a time 

resolution of δt = (160 + 8 ps) for the YAP(Ce). For the measurement of the 511 keV γ-

rays from 22Na source, only the full energy peak was considered. The total time 

resolution [FWHM] was δt = (260 + 10 ps) that corrected for the resolution of the 

reference counter becomes δt = (230 + 16 ps) for the YAP. As reported in [Ben70] the 

time resolution of a scintillator is roughly proportional to the ratio τ/N, where τ is the 
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decay time constant of the light pulse and N is the number of photoelectrons. This 

quantity should be very useful when comparing different scintillators.  

 

Time constants and intensities 

Moszinski et al. [Mos98a] and recently Slunga et al. [Slu01] studied the pulse 

shape of the light output of the YAP(Ce) crystal coupled to Phillips XP2020/URQ 

photo-multiplier. They measured time constant and intensities of the two components of 

YAP(Ce) exposed to γ-rays, protons, alphas, 16O and 28Si, in the energy range from 5 to 

30 MeV. The signals from the photo-multiplier were directly stored in a Tektronix TDS 

684B digital oscilloscope. The oscilloscope collected 6 µs long signals at 2.50GS/s with 

a nominal bandwidth of 1GHz. The signals are finally stored in a PC for the analysis. 

For each particle type and energy a total of about 160 signals were collected. 

The YAP(Ce) signals were averaged and the tiles fitted with the function: 

21
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++=                                                                                                                 (3.19) 

where T1 and T2 are the fast and slow time constants. 

Figure 3.34 represents a sample fit for 9.8 MeV α particles in YAP(Ce). 

In Figure 3.35 the fast and slow time constants are reported for each ion as a 

function of the energy.  

 

Figure 3.34 Pulse shape fit to 9.8 MeV α particles in YAP(Ce) [Slu01] 

 



The experimental set-up 

 88

 

Figure 3.35: Time constant of fast decay component of YAP(Ce) versus energy (left panel) and   time 
constant of slow decay component of YAP(Ce) versus energy (right panel) [Slu01]. 

 

The relative intensity of the slow component is found to be constant with a 

fraction of 19 + 1%. The behavior of the time constants agree with the trend described 

by Moszinski for γ-rays and α particles, the time constants being shorter for heavier 

particles. The increase of the decay time with energy is to be expected since the charge 

density around the track of the particle increasing the energy approaches that of lighter 

particles.   

 

Characteristics of the HAMAMATSU R4141 photo-multiplier 

 

 

 

Figure 3.36: Typical cross-section of a head-on PMT (left). Picture of the R4141 PMT, the drawing with 
quotas and the dynode scheme (right). Taken from Hamamatsu catalogue. 
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The HAMAMATSU R4141 is a head-on type photo-multiplier. The photo-

cathode converts the incident light in photoelectrons. The conversion efficiency or 

spectral response characteristics is usually expressed in terms of radiant sensitivity (S) 

and quantum efficiency (QE). The radiant sensitivity (expressed in A/W) is the 

photoelectric current from the cathode divided by the incident radiant power. The 

quantum efficiency is the number of photoelectrons produced by the cathode divided by 

the number of incident photons in percent. The relationship between those two 

quantities is defined by: 

1001240(%)
λ

⋅= SQE                                                                                                                      (3.20) 

where λ is the wavelength in nm.                

The spectral response characteristic varies with the wavelength of the incident 

light and is determined on the long wavelength side from the photo-cathode material 

and on the short wavelength side from the window material.  

  

 

Figure 3.37: Photo-cathode radiant sensitivity and quantum efficiency for various materials. The R4141 
bialkali material is identified by the label 400K. From Hamamatsu catalogue.  
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The photo-cathode material of the R4141 PMT is Bialkali with a borosilicate glass 

window that transmit ultraviolet radiation. The spectral response is in the range from 

185 to 650 ns with a peak wavelength λ = 420 nm. Figure 3.37 reports the photo-

cathode radiant sensitivity and the quantum efficiency as a function of the light 

wavelength, for various semi-transparent photo-cathode materials. The label 400 

identifies the bialkali material of R4141 PMT. The labels K or S identify different 

windows material. For the peak emission of the YAP crystal (λ = 370 nm) the cathode 

radial sensitivity is about 80 mA/W and the quantum efficiency is around 25%. Figure 

3.38 reports the typical transmittance of various windows materials. For UV 

transmitting glass the cut-off is approximately λ = 185 nm. 

 

Figure 3.38: Typical transmittance % of various windows materials as a function of the wavelength. 

 

The photoelectrons produced by the photo-cathode are accelerated by an electric 

field and strike the first dynode of the tube where secondary electrons production takes 

place. These secondary electrons then impinge upon the next dynode to produce 

additional secondary electrons. Repeating this process over the total dynode number a 

high current amplification is achieved. Current amplification is defined as the anode 

current output divided by the photoelectric current from the photo-cathode. If the 

multiplication factor for one step is defined as δ. 

αδ dVA ⋅=                                                                                                                                           (3.21) 
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where A is a constant, α is a coefficient depending on the dynode material and 

geometrical factors and Vd is the voltage between two dynodes, The total current 

amplification for a photo-multiplier tube with n dynodes is µ . 
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where V is the voltage applied between cathode and anode. K is a constant. 

The output signal from a photo-multiplier is extremely sensitive to fluctuations in 

the power supply voltage. Therefore, the power supply must be very stable with 

minimum ripple, drift and temperature coefficients.  

The typical gain for a R4141 PMT operated at 1000 V is µ = 1.1 106.  

Another important characteristic of a photo-multiplier is the dark current, idb. It is 

the current that flows in the photo-multiplier even when the tube is operated in a 

completely dark state, without any scintillation material. This current produces the noise 

that is a critical factor for the determination of the detection limit of a photo-multiplier. 

The major sources of dark current are categorized as follows: 

1) Thermoionic emission of electrons (effect depending on temperature) 

2) Ionization of the residual gases 

3) Glass scintillation 

4) Ohmic leakage current 

5) Field emission. (If the tube is operated at voltages near the maximum rated 

value).  

The typical anode dark current after 30 min measurement, for a R4141 PMT 

operated at 1000 V is idb = 1 nA, the maximum value registered is idb = 15 nA.  

The detection limit of a PMT is indicated by the equivalent noise input (ENI). It is 

defined by the amount of light (expressed in Watt or Lumen) necessary to produce a 

signal to noise ratio of unity at the output of the photo-multiplier. The value of ENI is 

given by the formula: 

 
S

fidbq ∆⋅⋅⋅
=

µ2
ENI                                                                                                                 (3.23) 

where q is the electron charge, idb is the anode dark current in Ampere after 30 min. of 

measurement, µ is the current amplification, ∆f is the bandwidth of the system in Hz 
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(usually 1 Hz), S is the anode radiant sensitivity. For the R4141 PMT, ENI is 10-15 10-16 

W.  

When the interest is on the pulse shape of the incoming light pulse, the anode 

output signal should reproduce faithful the incident pulse form. This reproducibility is 

strongly affected by the anode pulse rise time, the electron transit time and the electron 

transit time spread (TTS). The electron transit time is the time interval between the 

arrival of a delta function light pulse at the photo-cathode and the instant when the 

anode output pulse reaches its peak amplitude. The fluctuation (FWHM) of the electron 

transit time distribution at single photoelectron event defines the transit time spread 

TTS. The anode pulse rise time is the time required rising from 10% to 90% of the 

anode pulse amplitude; the anode fall time is the time to go down from 90% to 10% of 

the peak amplitude. Figure 3.39 illustrates this situation.  

The time response of a given PMT depends on the applied voltage and on dynodes 

structure. Linear focused devices as R4141 has generally a time response with a typical 

rise time of 1.1 ns and with a typical electron transit time of 12 ns.  

  

 

Figure 3.39: Anode pulse rise time, anode pulse fall time and electron transit time. The incoming light 
pulse has a delta function distribution (pulse width less than 50 ns)   

 

 

YAP(Ce) array layout and electronics 

The hodoscope consists of 14 YAP(Ce) scintillation counters having each  13 mm 

diameter and 3 mm thickness mounted as shown in Figure 3.28, on a standard 

CONFLAT 100 stainless steal flange.  
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The crystals are housed in the flange and glued with NORLAND NEA 123 UV 

curable compound. In this way the scintillator, without the need of optical flanges, 

directly provides the interface between the focal plane detector chamber and the air. The 

YAP(Ce) crystals are coupled to HAMAMATSU R4141 LA PMT.  

Scintillation detectors are shielded from the unwanted light inside the BC by a 1.5 

µm aluminized mylar foil. 

Each YAP(Ce) signal is sent to two different spectroscopy amplifiers (mod. 

ORTEC 855 Dual Spec Amp) with different gain in order to allow the larger dynamic 

range. The amplifier output signals are then sent to a Phillips CAMAC ADC (Mod. 

7164 16 channel peak ADC) for the acquisition. The electronic chain is shown in Figure 

3.40. 

In order to measure the time of flight of the ions between the PPAC4 and the YAP 

hodoscope we used the PPAC4 cathode signal as common start for a TDC and the fast 

YAP(Ce) anode signal as stop (Figure 3.40).     

 

 

 

 

 

 

 

 

 

 

 

Figure 3.40 YAP detectors electronic chain 

 

 

3.7 The neutron calorimeter 
 

The neutron calorimeter is a high efficiency neutron detection system using 12.5 

cm diameter and 12.5 cm thickness BC501 scintillators. The properties of such 

detectors were extensively studied in the past and the results about the detection 
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efficiency as a function of the neutron energy and the detection threshold are described 

in [Pat91].  

The neutron detectors used in the present array started in the Nineties with a first 

production batch of about 30 detectors. The detectors were used at INFN-LNS Super-

conducting Cyclotron in Catania (IT), where some measurements reported in [Fio93a], 

[Fio93b], were performed. Few years later, another production batch of 30 detectors 

was delivered. Those detectors were used at INFN-LNL, Legnaro (IT) for the 

construction of a modular array for neutron measurements in heavy ion induced 

reactions. A complete characterization of the detectors is given in [Col96], a short 

description of the detectors will be given in this section.    

A good coverage of the solid angle is obtained by using 14 detectors arranged in 

two blocks of 7 detectors, each in the geometry schematically illustrated in Figure 3.41. 

The detector can be placed surrounding the yap hodoscope, as shown in Figure 3.42, in 

order to detect delayed neutron emitted by the neutron rich nuclei stopped into the 

YAP(Ce) crystals. For this purpose the YAP(Ce) hodoscope is moved 45 cm away from 

the BC exit flange and placed in the middle of the neutron calorimeter. 

 

 

 

 

 

 

 

 

                         

Figure 3.41: Schematic view of the neutron calorimeter geometry 

 

This system will be used to detect neutron hits by simply discriminating neutrons 

from gamma rays by pulse shape analysis. It is also planned to study the possibility of 

obtaining information about the neutron energy by unfolding the pulse-height spectra. 

 

Beam YAP(Ce) 
detectors 

Neutron detectors  (BC501) 
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         Figure 3.42: The neutron calorimeter as installed at Texas A&M in the summer 2005.    

 

The neutron calorimeter was assembled and tested in a first time with 252Cf source 

at the Neutron Laboratory of the Padova University located at LNL.  

A first characterization of the neutron calorimeter was performed at Texas A&M 

Cyclotron Laboratory. In particular, by using a 22Na γ source, the energy calibration of 

the liquid scintillators was performed determining the detection threshold. The time 

response of the neutron detector against the YAP(Ce) was also studied by using both a 
22Na γ source as well as a 252Cf fission fragment open source. The capability to 

discriminate neutrons against γ-rays with pulse shape discrimination was also tested. 

The electronic chain for the neutron calorimeter is quite complicated and is 

reported in the following. A description of the results obtained with the calorimeter is 

reported in the Chapter 8 of this work.    

 

Characteristics of the neutron detectors 

Each neutron detector of the calorimeter consists of a Bicron MAB-IF cylindrical 

cell of 12.7 cm diameter and 12.7 cm length, filled with the liquid scintillator BC501.  

The BC501 liquid scintillator is one of the most popular scintillators for neutron 

spectroscopy, due to its excellent pulse shape discrimination properties, which are 

comparable to that of Stilbene.  

The principal decay time constant of BC501 is τ = 3.2 ns. The peak of the 

emission spectrum is at λ = 425 nm. The refractive index of the liquid is n = 1.508. 
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The light output of the BC501 scintillator is about 78% relative to that of 

Anthracene. The density of the material is ρ = 0.874 g/cm3 and the atomic ratio between 

hydrogen and carbon is [H]/[C] = 1.212.    

The aluminum walls of the scintillator container are white coated for an efficient 

light collection. The cell is sealed by a glass window that is coupled to the Photo 

Multiplier Tube (PMT) with optical grease. The PMT is a Phillips XP2041. Those PMT 

have a photo-cathode with diameter larger than 110 mm and 14 dynodes. A PVC ring 

keeps the PMT centred with respect to the scintillator cell. A µ-metal foil is used to 

shield the PMT to the magnetic field. To enhance the peak current linearity and the 

timing properties of the PMT, the voltage divider allows a sustained high voltage drop 

between the cathode and the first dynode. The cell the PMT and the voltage divider are 

positioned in a 3 mm thick steel cylinder.         

 

Principle of operation 

The general idea of neutron detection is to convert the neutron into a charged 

particle. By far the most popular method for fast neutron detection is the elastic 

scattering on Hydrogen. The cross section for this reaction is quite large and its energy 

dependence is well known. Moreover, in the elastic scattering with a proton the neutron 

can transfer, under well defined kinematical conditions, its entire energy to the proton, 

whereas, in the scattering with a heavier nucleus only a fraction of the neutron energy 

can be transferred. 

 
 

Figure 3.43:  Schematic view of the neutron scattering 
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The kinematics of the reaction is reported in Figure 3.43. The conservation of the 

energy and the momentum gives, for non-relativistic particles: 

nr E
A
AE )cos1(

)1(
2

2 Θ−
+

=                                                                                                            (3.24) 

nr E
A
AE )(cos

)1(
4 2

2 ϑ
+

=                                                                                                                (3.25) 

where A is the mass of the target nucleus, En and Er are the energies of the neutron and 

the recoil nucleus in the laboratory framework, Θ and ϑ are the scattering angles in the 

centre of mass and in the laboratory system respectively. 

The maximum energy transferred to a recoil nucleus is:  

nr E
A
AE 2max )1(

4
+

=                                                                                                                          (3.26)    

Therefore only for hydrogen the entire energy of the neutron can be transferred to 

the proton in a single scattering. As the target nucleus get heavier, the fraction of energy 

transferred in a single scattering get smaller. For example for carbon the maximum 

transferred energy fraction is 28%. 

The probability P(Θ)dΘ that a neutron will be scattered into dΘ about Θ is: 

ΘΘΘ=ΘΘ ddP
sσ

σπ )(sin2)(                                                                                                        (3.27) 

where σ(Θ) is the differential energy cross section and σs is the total scattering cross 

section integrated over all angles. Since P(Er)dEr = P(Θ)dΘ the probability to have a 

recoil nucleus with energy Er is  

ns
r EA

AEP π
σ

σ )()1()(
2 Θ+=                                                                                                            (3.28) 

Hopkins and Breit [Hop71] shown that for hydrogen the differential elastic scattering 

cross section is isotropic. Therefore the proton recoil energy distribution from a mono-

energetic neutron is expected to be a rectangle, as shown in Figure 3.44. 
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Figure 3.44: Proton recoil energy distribution from a mono energetic neutron. 

 

Light Output versus energy 

For electrons the relationship between light output of the liquid scintillator (H) 

and the deposited energy (Ee) is linear (except for energies below about 125 keV). For 

protons however the light output is not linear and is roughly proportional to E2/3 where 

E is the energy deposited by the proton [Kno89]. Figure 3.45 shows the effect of the 

non linear light output on the pulse height distribution for protons. 

 

Figure 3.45: On the left panel is the pulse height distribution for proton if a linear light output is 
assumed. On the right panel is the effect of the non-linear light output response on the pulse height 
distribution. 

   

The presence of the carbon atoms affect the response of the scintillator since the 

neutron can have a Carbon scattering before to scatter off a proton. The effect of the 

Carbon scattering is shown in Figure 3.46. Due to the small scintillation efficiency of 

Carbon nuclei and to the small fraction of energy transferred in a Carbon scattering 

(max 28%) the presence of the carbon does not affect the spectra too much.  

Moreover if the neutron energy exceeds 8-9 MeV the effect of two competing 

reactions should be taken into account: 
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12C(n,α)9Be with a threshold of 6.17 MeV 
12C(n,n’)3α with a threshold of 7.98 MeV.  

 

 

Figure 3.46: Effect of carbon scattering on the proton recoil spectrum. 

 

Therefore, it is clear that the neutron detection efficiency depends on the response 

function of the detector as well as on the detection threshold. As low is the threshold as 

high is the detection efficiency. The calculation of the detection efficiency for the 

detectors of the BIGSOL neutron calorimeter has been made in Chapter 8 using a 

Monte Carlo Code [Pan90] [Pat91].   

 

Electronic read out of the neutron calorimeter 

The scheme of the electronics for the BIGSOL neutron calorimeter is reported in 

this section.  

The detectors were divided in four groups as follows: 

Neutron Detectors #1- #4:  group Down 1 (D1) 

Neutron Detectors #5- #7: group Down 2 (D2) 

Neutron Detectors #11- #14: group Up 1 (U1)  

Neutron Detectors #15- #17: group Up 2 (U2). 

The anode signal of the detectors belonging to the “Down” and to the “Up” 

sectors were sent to two different octal Constant Fraction Discriminators, model ESN, 

CF8000. This CFD module provides two Output signals (A and B) for each entrance 

channel.  

All the Output A of the first CFD were sent to a Pattern Unit to form the “OUT 

Pattern Unit Down” signal, as shown in Figure 3.47. In the same way the signal “OUT 

Pattern Unit Up” was formed using the Output A of the second CFD.  
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Figure 3.47: Starting point and Master Trigger production. 

 

The Output B were used to produce the Master trigger, as shown in Figure 3.47. 

For each detector group, the logic OR of the Constant fraction Outputs was produced 

using a Logic Fan-In Fan-Out module (model ESN LF4000). The logic AND of this 

signal with the trigger signal coming from the YAP(Ce) array was made by a logic unit 

(model Phillips PS775), see Figure 3.48. The logic OR of those signals for all the 

groups of detectors was used to produce the MASTER GATE signal with a Gate 

Generator module (model ORTEC GG416A)    

The trigger signal coming from the YAP(Ce) array CFD was also used as START 

signal for a Time to Amplitude Converter (model ORTEC 566). This module will 
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provide the time coincidence of the neutron calorimeter detectors with the YAP(Ce) 

array.  

 

 

 

 

 

 

 

Figure 3.48: Time coincidence and trigger 

 

The electronics used to perform the neutron-γ discrimination is shown in Figure 

3.49. All the anode signals of the 14 neutron detectors were delayed of 120 ns and sent 

to 14 input channels of Linear Fan-in Fan-Out modules (model LeCroy 428F). Those 

modules provide two identical output exits (a, b) for each input as shown in Figure 3.49.   

 

 

 

 

 

Figure 3.49: Splitting of the delayed anode signals. 

 

Figure 3.50 shows how the energy signal, the time signal and the PSD signal were 

produced for the group of detectors “Down_1”. The same procedure was applied to the 

others groups of detectors. For the detectors from #1 to #4, the outputs “Out_n_a” of 

Figure 3.49 were sent to a Linear Gate Fan-In Fan-Out (model Phillips PS744), the 

large gate “GATE_1_D_1” of Figure 3.51 was used to produce the energy signals for 

the detectors of the group “Down_1”. The corresponding timing signal was produced 

using a Constant Fraction discriminator (model CAEN N415).  The signals “Out_n_b” 

of Figure 3.49 were used to produce the PSD signals for the detectors of the group 

“Down_1” with the same procedure. In this case the gate “GATE_2_D_1” of Figure 

3.51 was used. 
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Figure 3.50: Pulse shape discrimination, energy and time signal production. Example for the “Down_1” 
group. 

 

 

 

 

 

 

 

 

 

Figure 3.51: Charge integration gates production. Example for the “Down_1” group. 

 

Finally, as shown in Figure 3.52, the energy signals, and the PSD signals of the 

four detector groups were sent to a Quad Linear Fan-In Fan-Out (model Phillips 

PS744), which is providing a unique output for any individual input; those outputs were 

amplified, stretched and sent to an ADC for the acquisition.  The same was done for the 

Pattern Unit signals of the groups “Down” and “Up”. The time signals of the four 

detector groups were sent to a Logic Fan-In Fan-Out (model LeCroy 429A) to form the 
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STOP time signal for the TAC that measure the time coincidence between neutron 

detectors and YAP(Ce) array (see Figure 3.48). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.52: Energy, Pulse Shape Discrimination, Time an Pattern Unit signals 

 

The Multiplicity outputs of the CFTD ESN-CF8000 were used, as shown in Figure 

3.53, to measure the multiplicity for each event in the neutron array. 

 

 

 

 

 

 

 

Figure 3.53: Neutron multiplicity signal.
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4 Study of the YAP(Ce) scintillation detector 
 

4.1 Introduction 
 

The pulse height and the pulse height resolution were studied in detail for a single 

YAP(Ce) crystal (type SKB 110-031-1035 from Crytur), coupled to a R4141 

Hamamatsu PMT , by using the ion beams listed below:  

• 20Ne at 40, 25 and 15 A MeV,  

• 40Ar at 40 and 25 A MeV,  

• 84Kr at 25 and 15 A MeV,  

• 129Xe at 15 A MeV,  

• 197Au at 15 A MeV. 

The tested YAP(Ce) crystal has the same dimensions of the ones used in the 

BIGSOL array: 13 mm diameter and 3 mm thickness and it is part of the same 

production batch.  

Pulse height and pulse height resolution were measured for each ion beam as a 

function of the photo-multiplier voltage. 

Tests were performed using both direct beams impinging directly on the crystal as 

well as energy-degraded beams to cover the larger possible energy range. The aim of 

this work is to find a general relationship between energy, type of ion and the produced 

pulse height.  

After the measurements performed on the single YAP(Ce) crystal, the results in 

term of pulse height and pulse height resolution were compared with those obtained in 

the BIGSOL spectrometer using direct 84Kr, 129Xe, 197Au beams at 7.5 A MeV. In the 

latter measurements, the photomultiplier was operated at 800 V, to detect alpha particles 

together with the implanted heavy fragments. 

Moreover, timing properties of the YAP(Ce) were studied in the BIGSOL 

spectrometer by measuring the time-of-flight of direct beams against the PPAC4 

detector. 
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4.2 Experimental set-up 
 

The measurements were performed at the Radiation Effects Facility at Cyclotron 

Institute of the Texas A&M University where it is possible to irradiate directly samples 

with low intensity heavy ion beams. A schematic lay out of the experimental area is 

reported in Figure 4.1.  

The YAP(Ce) detector was mounted inside a 30” vacuum chamber, where all the 

measurements were performed.  

A beam degrader system was used in order to obtain beams of different energy. 

Figure 4.2 represents a view of the beam degrader. It consists of a set of ten Aluminum 

foils of thickness increasing by a factor of two from 0.001” to 0.512”. A rotation of the 

foils of a maximum of 60° with respect to the beam direction allows obtaining all 

possible thicknesses. The foil area (5.8” x 2”) is large enough to degrade the entire 

beam without hitting the foil support frame that holds each of the ten foils. These 

individual frames are attached to a larger holding system to form a single unit. This 

holding frame is mounted into a custom-made UniSlide positioning system, which 

allows for vertical motion and for the selection of the desired foil in front of the beam. 

A UniSlide rotary table is also used to rotate the entire assembly to the selected angle.  

 

Figure 4.1: Schematic view of the experimental set-up. The Degrader housing box and the 30” target 
vacuum chamber are evidenced. 
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Figure 4.2: Schematic view of the degrader system. Ten foils with increasing thickness can rotate up to 
60° to cover all possible thicknesses. 

 

Computer-controlled stepping motors are used for both the vertical positioning 

and the rotary table. These motors interface with a software (SEUSS) based on Ziegler 

algorithm for stopping power [http://cyclotron.tamu.edu/ref/software.html]. The SEUSS 

software calculates the foil to be used and the rotation corresponding angle to obtain the 

requested energy of the energy degraded beam. Cameras are used to verify accurate 

vertical and rotary positions. The complete assembly is housed in a large-diameter 

stainless steel vacuum chamber. 

A standard ORTEC power supply (Mod. 556H) was used for the YAP(Ce) photo-

multiplier allowing different bias from 400 to 800 V. The PMT anode signal was sent 

directly to an ORTEC Dual Spectroscopy Amplifier (Mod.ORTEC 855) for proper 

shaping and gain setting. The output of the amplifier was sent to a CAMAC Phillips 

ADC (Mod. Phillips 7164 16ch ADC) of the data acquisition system. Data analysis was 

performed on-line and off-line by using the ROOT based software tools. 

4.3 YAP(Ce) pulse height 
 

In the off-line analysis, the pulse height was determined as a function of the 

kinetic energy of the ion beams for 400 V, 600 V and 800 V PMT applied HV. The 

measured pulse height depends on the intrinsic light output of the scintillator and on the 

PMT gain. Deviation from a linear relationship between kinetic energy and measured  
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Figure 4.3: Pulse height per unit energy as a function of the energy per nucleon of the ion, for different 
PMT voltages: 400V a), 600 V b), 800 V c).  

 

b) 

c) 

a) 
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pulse height might indeed be due to both the quenching of the scintillation light inside 

the crystal and saturation effects at the PMT level. This latter effect can be easily 

identified by measuring the pulse height at different PMT applied voltage values. 

In this analysis both direct beams and degraded beams data were included. In 

order to compare directly the pulse height for different ions, the measured pulse height 

per unit energy was reported as a function of the kinetic energy per nucleon of the ion 

beam. Figures 4.3 (a, b, c) show the data for PMT applied voltage of 400 V, 600 V, 800 

V respectively. We are mostly interested to the 400 V and 800 V data. In fact, the 400 V 

data exhibit a linear behavior for ion energies above 10 A MeV. On the other side, we 

should remember that the YAP(Ce) detectors in the BIGSOL array were operated 

mainly at 800 V during the test runs of the spectrometer performed so far. 

When the applied voltage is 400 V, the pulse height per MeV energy increases 

with the ion kinetic energy up to 10 A MeV and then it remains roughly constant. At 

low kinetic energies, the rising of the light output is due to the well-known quenching 

effects in the detection of heavy fragments [Bir64].  
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Figure 4.4: As figure 4.3a but for energies above 10 A MeV. For details see the text. 

 

Figure 4.4 presents a zoom of figure 4.3a in the kinetic energy range above 10 A 

MeV, where the pulse height per MeV results to be rather constant. It is clear that the 

absolute value of the light output per MeV depends on the ion mass, decreasing with 

increasing the mass of the detected fragment. This is certainly an effect due to the 

different range of the ions inside the crystal and is also associated with quenching 



Study of the YAP(Ce) scintillation detector 

 110

effects. When the data relative to a given beam are considered, the maximum dispersion 

of the pulse height   per unit energy for 40Ar and 129Xe beams is about 6% and about 3% 

for197Au. For 20Ne and 84Kr beams, the relative pulse height   shows a maximum 

dispersion of 13% and 14% respectively. This higher dispersion characterizing the latter 

data sets may be due to the quality of the beams not perfectly focused on the detector, or 

to small changes in the HV applied to the PMT during the measurements. 

Looking at Figure 4.3c it appears that the pulse height per MeV increases up to 

energies of 5 A MeV for all the ions and then it decreases for higher energies. This 

decrease of the pulse height at energies larger than 5 A MeV is clearly due to saturation 

inside the photo-multiplier.  

The relative pulse height as a function of the ion kinetic energy is reported in 

Figure 4.5 and Figure 4.6 in case of the 20Ne and the 197Au beams, respectively, for 

various values of the PMT applied voltage. In Figure 4.5 the relative pulse height is 

reported relative to the 200 MeV 20Ne beam energy. Also in the case of Figure 4.6 the 

pulse height   is normalized at 2000 MeV 197Au beam energy, which corresponds to 

about A 10 MeV as in the 20Ne case.  
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Figure 4.5: Relative pulse height of the YAP(Ce) as a function of the 20Ne beam energy for 800 V, 600V 
and 400V applied voltage. Data are normalized to unity at 200 MeV energy. 
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Figure 4.6: Relative pulse height   of the YAP(Ce) as a function of the 197Au beam energy for 800 V. 
600V and 400V applied voltage. Data are normalized   to unity at 2000 MeV energy.  

 

 

Figures 4.5 and 4.6 show that the YAP(Ce) detector exhibits a linear 

proportionality between pulse height and ion kinetic energy only at energies larger than 

10 A MeV, when the PMT applied voltage is 400 V.  The saturation effect is clear also 

in Figures 4.5 and 4.6. In fact, for HV values of 600 and 800 V, above 10 A MeV, the 

pulse height is lower than the one at HV = 400 V. Consequently, the functional 

dependence of the pulse height on fragment kinetic energy is more complicated and its 

slope is smaller. However it seems that in any case, it is still possible to obtain a suitable 

detector calibration also when the higher voltages are applied to the PMT. This fact will 

be discussed in the Chapter 5. 

 

4.4 YAP(Ce) pulse height resolution 
 

The measurements of the pulse height resolution were performed using the direct 

beam data only. For each beam energy the photo-multiplier was operated at values 

between 400 V and 800 V. In this way the pulse height resolution was studied as a 

function of the HV value and the energy of the ions.  
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From the collected energy spectra, the relative resolutions were determined as the 

ratio of the Full Width at Half Maximum [FWHM] and the peak position generally 

obtained by the proper peak fitting. 

Two typical pulse height spectra measured with the YAP(Ce) detector in case of 

15 A MeV 84Kr beam and  15 A MeV 197Au beam are reported as example in Figure 4.7 

when the PMT is operated at 800 V. 

 

 

  
 

 

Figure 4.7 Typical pulse height spectra obtained from the YAP(Ce) detector in case of 15 A MeV 84Kr 
beam (left panel) and 15 A MeV 197Au beam (right panel). The PMT is operated at  800 V. 

 

Figures 4.8 (a, b, c, d, e) show the measured pulse height resolution versus PMT 

applied voltage for various ion beams (20Ne, 40Ar, 84Kr, 129Xe, 197Au). 

For each ion, a linear fit of the pulse height resolution data was performed, as 

reported in Figures 4.8. In all cases, we found that the pulse height resolution decreases 

linearly with the PMT applied voltage. It is seen that the slope of the linear fit is similar 

for all the ions beams. Therefore we calculated the average slope as (-0.0242 + 0.0027) 

V-1.    

In Figure 4.9 and 4.10 the pulse height resolution data are reported as a function 

of the ion energy and separately as a function of the measured pulse height for the PMT 

applied voltages of 400 V and 800 V, respectively. 
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Figure 4.8: Pulse height resolution as a function of the photo-multiplier applied voltage, for different ions  
beams at various energies.  
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Figure 4.9: Pulse height resolution measured as a function of the ion energy (left panel) and of the pulse 
height (right panel) for (20Ne, 40Ar, 84Kr, 129Xe, 197Au) when the PMT is operated at 400 V. 
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Figure 4.10: Pulse height resolution measured as a function of the ion energy (left panel) and of the pulse 
height (right panel) for (20Ne, 40Ar, 84Kr, 129Xe, 197Au) when the PMT is operated at 400 V. 

 

By comparing Figure 4.9 and Figure 4.10, it appears that the pulse height 

resolution decreases increasing the photo-multiplier voltage from 400 to 800 V by a 

factor of two for lighter ions (as 20Ne) and to a factor of four for heavier ions (as 197Au).  

Assuming that the pulse height resolution is mainly determined by the 

contribution due to photoelectron statistics being the scintillator intrinsic resolution δsc 

negligible, the ratio of the pulse height resolutions measured at 800 V (R800) and at 400 

V (R400) can be calculated from (3.17) and (3.22) obtaining: 
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where np is the number of  primary electrons produced at the photo-cathode, µ400 and 

µ800 are the photo-multiplier gains at 400 V and 800 V respectively, α = 0.7 is the 

constant in the formula (3.22) and  n is the number of dynodes inside the R4141 PMT. 

Table 4.1 reports the values of the experimental ratio R800/R400 obtained from the 

measured data. The values in Table 4.1 are higher than the estimate from formula (4.1) 

in which the intrinsic resolution contribution of the scintillators is neglected. Moreover 

it is important to stress that the experimental ratio R800/R400 is higher for the ions with 

lower atomic number, as 20Ne, and for the 40Ar beam at low energy.  

This result may indicate that the intrinsic resolution of the scintillators is not 

negligible and its contribution is more relevant for ion beams at lower kinetic energies. 

However, another possible explanation relays on the saturation of the photo-multiplier 

gain when the HV value of 800 V is applied. In this case the multiplication factor µ800 

would be lower than the expected and the associated pulse height resolution would 

decrease. This hypothesis is supported by the observation of a photo-multiplier 

saturation effect at HV = 800 V for ion energies higher than 5 A MeV as illustrated in 

the previous paragraph.       

 

Table 4.1: Ratio of the pulse height resolution measured at 800V and 400V. 

        Ion Energy (MeV) R800/R400 
20Ne 800 0.35
20Ne 300 0.47
40Ar 1600 0.25
40Ar 991 0.37
84Kr 3120 0.21
84Kr 2081 0.25
84Kr 1260 0.23
129Xe 1937 0.24
197Au 2955 0.25

 

4.5 Test of the YAP(Ce) detectors in the BIGSOL beam line 
  

In this paragraph results are reported in term of pulse height and pulse height 

resolution obtained with the YAP(Ce) detectors of the array installed in the BIGSOL 

spectrometer. For those measurements 84Kr, 129Xe and 197Au beams at 7.5 A MeV were 
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used.  The timing properties of the crystals are also reported, as obtained from time of 

flight measurements between the PPAC4 and the scintillators. The PPAC4 is mounted 

at the entrance of the focal plane detection system employing also a 40 cm long 

ionization chamber with the YAP(Ce) array mounted as its end cup (see Chapter 2). The 

time of flight resolution measured between PPAC3 (mounted about 1m upstream) and 

PPAC4 was also measured, in order to monitor the quality of the beam hitting the 

scintillators. It has to be noted indeed that the fragments are passing through a number 

of tracking transmission detectors placed along the BIGSOL spectrometer before 

arriving to the focal plane. 

 

Table 4.2: SRIM calculation. Energy of the beams when entering the YAP(Ce) detectors 

Beam Initial Energy (MeV) Energy in the YAP(Ce) (MeV) 
84Kr 630 305.7 
129Xe 982.5 379.5 
197Au 1485 672.7 

 

The measurements were performed sending low intensity beams directly inside 

the spectrometer, without any target. However the energy of the beams is degraded in 

energy due to the presence of the detectors material. For that reason the energy of the 

beams at the entrance of the YAP(Ce) array was calculated using the SRIM code. The 

results are reported in Table 4.2. It is clear from the data in Table 4.2 that more than 

50% of the initial energy is lost before entering the scintillators. As will be shown in the 

next paragraph, an estimate of the energy loss straggling in this case is quite complex 

due to the presence of a number of different layers. Consequently the resolutions 

reported below are to be considered as an upper limit of the detector performance.  

For each beam, a selection of the YAP(Ce) detectors of the array that registered a 

number of events larger than 20% of the entries in the more fired crystal was performed 

and, for those detectors, the pulse height and the time resolution against PPAC4 were 

measured.  

For each beam the extrapolated expected pulse height resolution was calculated 

by using the data relative to the single crystal as measured previously at the Radiation 

Effects Facility (see Section 4.4). An expected pulse height resolution of 6% for 84Kr 

and 197Au and of 8% for 129Xe was obtained. Those values should correspond to the 
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case in which the energy straggling induced by the BIGSOL tracking system is 

completely negligible. 

The results obtained with the three beams considered are reported in Tables 4.3, 

4.4 and 4.5. Moreover, in Figure 4.11 a schematic drawing of the YAP(Ce) array is 

reported. The red and orange circles indicate the studied detectors. It appears that the 

beam strikes mainly the more central crystals. For the higher mass beams as 197Au, a 

larger number of detectors see the beam particles because of the increase of the angular 

straggling. 

For each ion beam, the average of the measured pulse height resolution was 

estimated by weighting on the detector entries. A pulse height resolution was found R800 

= 14.5%, R800 = 13% and R800 = 15.5% for 84Kr, 129Xe and 197Au beams, respectively. 

This resolution is about a factor of two worse with respect to the values expected from 

the direct beam measurements at the Radiation Effects facility.  This worsening is 

certainly due to the energy loss straggling in the tracking detectors. Moreover a second 

contribution is also expected due to differences in the performance of the detectors 

considered in the averaging. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.11 Schematic lay out of the YAP(Ce) hodoscope. The red and orange circles indicate the hit 
detectors. For details see the text. 
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Table 4.3: Results of the measurements  with 84Kr beam  
 

84Kr beam at 7.5 A MeV  

Energy of the beam at the YAP(Ce) = 305.7 MeV (SRIM) 

Estimated pulse height resolution  = 6%  

YAP(Ce) 

number 

Entries Measured pulse height 

resolution, R800 (%) 

Measured time 

resolution, δt (ns) 

6 18228 14 0.35 

7 4462 14 0.50 

10 8526 16  0.40  

 

Table 4.4: Results of the measurements with 129Xe beam 
 

129Xe beam at 7.5 A MeV  

Energy of the beam at the YAP(Ce) = 379.5 MeV (SRIM) 

Estimated pulse height resolution  = 8%  

YAP(Ce) 

number 

Entries Measured pulse height 

resolution, R800 (%) 

Measured time 

resolution, δt (ns) 

6 14754 9 0.30 

9 3466 19 0.55 

10 18208 15 0.35  

 

Table 4.5: Results of the measurements with 197Au beam 
 

197Au beam at 7.5 A MeV  

Energy of the beam at the YAP(Ce) = 672.7 MeV (SRIM) 

Estimated pulse height resolution  = 6%  

YAP(Ce) 

number 

Entries Measured pulse height 

resolution, R800 (%) 

Measured time 

resolution, δt (ns) 

5 2714 12 0.45 

6 6833 16 0.50 

7 2546 15 0.60 

9 7343 16 0.60 

10 9033 16 0.55 

 

The measured time of flight resolution (YAP(Ce) against PPAC4) ranges form δt 

= 300 to δt = 600 ps [FWHM] depending on the ion beam and, for a given beam, is 

generally better for the detector with the higher counting rate and the better pulse height 
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resolution. This is also an indication of the effects due to the straggling. Again, as done 

for the pulse height resolution, for each ion beam, the average time resolution was 

calculated, weighted on the number of hits in the detector. A time resolution δt = 380 ps 

was found for 84Kr beam, δt = 350 ps for 129Xe beam and δt = 540 ps for 197Au beam. It 

results that the beam with the best pulse height resolution (129Xe) has also the best time 

resolution. Numerical results are detailed in Table 4.6. 

 

Table 4.6: Average pulse height and the time resolution obtained with 84Kr, 129Xe and 197Au beams. For 
details see the text.   

Ion beam Average pulse height 

resolution, R800 (%) 

[FWHM] 

Average time 

resolution, δt (ns) 

[FWHM] 
84Kr 14.5 0.38 
129Xe 13 0.35 
197Au 15.5 0.54 

 

Finally, a more detailed analysis was performed in the case of the 129Xe data. The 

YAP(Ce) scintillator with the higher counting rate was selected. The pulse height 

spectrum for this YAP(Ce) is reported in Figure 4.12. Three different energy windows 

were considered on the pulse height distribution, as shown in Figure 4.12, to study the 

effect of the energy broadening (induced by the energy loss straggling) on the measured 

time resolution. 

 

Figure 4.12 On the left panel the pulse height spectrum of the YAP(Ce) detector  with the higher 
counting rate is reported. Red, blue and green markers indicate the windows marked as GATE1 (740-
780), GATE2 (720-830), GATE3 (630-940), respectively. On the right panel a two dimensional scatter 
plot of the time PPAC4-YAP(Ce) as a function of the YAP(Ce) pulse height is reported. Data are relative 
to the 129Xe beam with initial energy of 7.5 A MeV. 
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For the events belonging to each of the considered pulse height windows, the time 

of flight resolution between PPAC3 - PPAC4 and between PPAC4 – YAP(Ce) was 

derived. Results are reported in Table 4.7 

It results from the data reported in Table 4.7 that the time resolution measured by 

using PPAC3-PPAC4 is generally worse than the one between PPAC4-YAP(Ce) and is 

not changing with the energy window. This means that the bulk of the broadening of the 

pulse height in the selected YAP(Ce) detector is due to the material after PPAC4, i.e. to 

the ionization chamber. 

 

Table 4.7 Comparison of the time-of-flight resolution measured between PPAC3 - PPAC4 and PPAC4- 
YAP(Ce). Three windows were selected in the YAP(Ce) pulse height spectrum with the higher counting 
rate, as shown in Figure 12. Data refers to the 129Xe beam. The reported resolution values are the result of 
a gaussian fit of the gated time of flight spectra. Quoted errors are those from the fit procedure. 

   

Selection Time-of-flight resolution between  

PPAC3-PPAC4 (ps) 

Average time resolution PPAC4-YAP(Ce) (ps) 

GATE1 447 + 5 318 + 4 

GATE2 447 + 3 331 + 3 

GATE3 447 + 3 345 + 2 

NO GATE 450 + 3 352 + 2 

 

The energy loss straggling plays an important role in the time resolution measured 

between PPAC4 and the YAP(Ce) detectors. In fact selecting a window in the YAP(Ce) 

pulse height spectrum the time resolution improves with respect to the inclusive 

measurement of about 10%. We note also that the data in Table 4.7 suggests that the 

intrinsic time resolution of PPAC detectors is certainly worse than the one of the 

YAP(Ce) scintillator. 

Consequently, in evaluating the limiting resolutions of the YAP(Ce) scintillators 

used in the BIGSOL focal plane detector, it seems extremely important to test the 

available tools to estimate the energy loss straggling suffered by the fragments in 

passing all detectors. This study of the energy loss straggling is reported in the next 

Section. 
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4.6 Study of the energy loss straggling 
 

Two statistical processes contribute to the observed energy loss straggling of 

partially stripped ions passing trough matter: the collisional energy loss straggling and 

the charge exchange energy loss straggling. Spatial correlations of the atomic electrons 

in heavy targets are a third source of energy straggling, generally negligible in solid 

materials. These contributions are assumed to be independent and than their 

contributions must be added in quadrature to determine the observed effect. Those 

effects were explored in previous measurements carried out by several authors in the 

energy range E/A<20 A MeV [Hah81] [Gei83] [And94]. Past studies also pointed out 

that solid target non-uniformities might give rise to an important contribution in 

determining the observed line width. 

Bohr [Boh48] analyzed the collisional energy loss straggling of fully stripped 

ions, proposing a simple formula valid in the high-energy limit (v > v0 Z1
2/3, with v, v0 = 

0.2188c and c denoting respectively the projectile, the Bohr and the light velocity, 

respectively). 

It is very difficult to estimate the straggling due to charge exchange phenomena of 

partially stripped ions since the experimental knowledge of the charge exchange cross-

sections is generally very limited or not available at all for solid materials. In these 

conditions it appears that searching for empirical formulae obtained analyzing the 

available experimental heavy ion data together with the use of an adequate collisional 

straggling model might be a suitable way to predict the total energy loss straggling.  

In the assumption of a gaussian shape for the residual energy distributions and in 

case of energy loss ∆E lower than 30% of the initial kinetic energy of the incoming 

particles E, the energy loss straggling width δE relates to the straggling standard 

deviation Ω by 

δE = 2(2ln2)1/2 Ω                                                                                                                                (4.2) 

The straggling variance Ω2 is obtained subtracting from the measured total energy 

distribution variance ΩT the contribution due to the beam spread and the detector 

resolution ΩE: 

Ω2  = ΩT
2- ΩE

2                                                                                                                                   (4.3) 

The energy independent Bohr straggling variance ΩB is based on the Rutherford 

scattering law and neglects the binding of electrons in the target. It is given by 
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ΩB
2(MeV) = 4πZ1

2e4Z2Nx                                                                                            (4.4) 

where e is the electronic charge, Z1 is the ion beam atomic number, Z2, N and x are the 

target atomic number, atomic density and thickness, respectively. 

Lindart and Scharft [Oui00] extended the Bohr model to intermediate and low 

projectile energy regions by the following formulas: 
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where χ is a reduced energy variable  χ = v2/v0

2Z2  and  L(χ ) = 1.36 χ1/2-0.016χ3/2 is the 

stopping number of the target material that can also be determined experimentally. 

The study of the energy loss straggling is very important for BIGSOL 

experiments. In fact the heavy-ions produced in the BIGSOL spectrometer have to pass 

through several tracking detectors before reaching the focal plane detector. Thus we 

need to estimate the ions average energy loss and the straggling of the ions energy 

distribution during the flight path to the focal plane. For this purpose, the data obtained 

in the Radiation Effects facility experiment with 84Kr, 129Xe and 197Au beams were 

considered, in order to estimate the energy loss straggling for the degraded beams. The 

choice of those beams is related to the necessity of studying the energy loss straggling 

for those beams used during the BIGSOL spectrometer runs.  

 

Figure 4.13 Typical energy spectra obtained with the YAP(Ce) detector for 15 A MeV 84Kr ions direct 
beam on the YAP(Ce) (a) or passing through different Al layers (b,c) 

   

Typical energy spectra of the YAP(Ce) detector obtained in the Radiation Effects 

Facility experiment are shown in Figures 4.13 (a, b, c) for the 15 A MeV 84Kr beam 

a)  E = 1260 MeV b)  E =1000 MeV c)  E = 600 MeV 
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impinging directly on the YAP(Ce) or passing through various thickness Al foils. The 

energy spectra are presented in an expanded scale window in order to verify the peak 

line shape that appears to be not gaussian. Therefore, the average (L) and the standard 

deviation (Ω) of the distribution were calculated. 

In the following tables, results from the measurements performed with the 

YAP(Ce) detector operated at 800V are presented. Table 4.8 summarizes the data with 

direct 84Kr beams. 

 

Table 4.8 Direct 84Kr beam results:  δLT/L is the measured resolution (FWHM/L) 

Energy L (a.u) ΩL(a.u.) δLT/L(%) 

3120 2971.5 23.9 1.9 

2081 2869 31.9 2.6 

1260 2529 30.9 2.9 

 

By performing the fit of the resolution data as a function of the energy using the 

relation:  

 R=δLT/L = a1E-1/2                                                                                                                              (4.6) 

the parameter value a1 = 108.3 + 25.04  is determined.         

The values of the scintillator “intrinsic” resolution (R) at the energy of the 

attenuated beams are reported in Table 4.9, calculated using the formula (4.6) with the 

above a1 parameter. We assume that the total resolution δLT/L is given by the squared 

sum of the “intrinsic” contribution (R) and the energy loss straggling contribution 

(δEstr/E). 
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                                                                                                                   (4.7)                            

 Therefore, from the data measured with attenuated beams, the contribution to the 

width due to the energy loss straggling can be extracted, as reported in Table 4.9 

The energy loss straggling contribution to the total measured resolution was 

calculated by using the SRIM code. Starting from the direct beams energies the energy 

distribution of the 84Kr beams after passing through different Aluminum layers was 

calculated. From the average energy (E) and the standard deviation of the distribution Ω 

the value δEstr/E(SRIM) was calculated. The values of δE/E vs. E extracted from the 
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SRIM data are reported in Figure 4.14. The data can be fitted by an exponential function 

to interpolate the energy loss straggling contribution to the resolution at any energy 

value. 

Table 4.9 Result of the measurements performed 84Kr beams of different energy (blue rows) on various 
layers of Al. The contribution to the resolution due to energy loss straggling δEstr/E is reported and 
compared with the SRIM estimation.  

 Energy 
(MeV)  L (a.u.)  ΩL(a.u.)

 

δL/L (%)

 

R (%)  δΕstr/E 

SRIM 

δEstragg/E 

3120 2971.5 23.904 1.9 1.9   0.1 

2500 2875.4 36.513 3 2.2 2.0 0.3 

1950 2765 45.091 3.8 2.4 2.9 0.6 

1000 2355.3 52.951 5.3 3.4 4.0 2.5 

2081 2869 31.91 2.6 2.4   0.1 

1560 2639.6 55.25 4.9 2.7 4.1 0.3 

1500 2681 55.7 4.9 2.8 4.0 0.4 

1170 2494 49.12 4.6 3.2 3.4 0.8 

750 2132 55.63 6.1 3.9 4.7 2.2 

1260 2529 30.9 2.9 3.0   0.1 

1000 2348.4 45.1 4.5 3.4 2.9 0.3 

800 2128.4 46.6 5.1 3.8 3.4 0.7 

600 1782.9 63.06 8.3 4.4 7.0 1.3 

400 1208.19 70.96 13.8 5.4 12.7 2.5 

300 729.7 87.5 28.2 6.2 27.5 3.5 

200 204.9 69.437 79.6 7.6 79.2 4.9 

         

As one can see in Table 4.9 the values of the energy loss straggling calculated 

with SRIM are systematically lower than the values extracted from the experimental 

data. Consequently, the SRIM contribution to the line width results to be negligible with 

respect to the intrinsic resolution of the YAP(Ce) detector. 

The discrepancy between the SRIM prediction and the value extracted from the 

experimental data may be due to some approximations in the SRIM calculations (the 

contribution due to close collisions and to charge exchange process are neglected). 
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Figure 4.14: Values of the line shape width [FWHM] due to straggling in Aluminum layers, calculated 
by SRIM as a function of the energy of degraded 84Kr beams. The calculations were performed for three 
different values of the initial 84Kr energy. 

  

Looking at the experimentally derived energy straggling data two features appear: 

1) The spread of the energy distribution is an increasing fraction of the 

incident beam energy ranging from 2 to 10 %. 

2) The straggling width increases with the foil thickness.    

Based on these observations and on the Bohr straggling, the formula (4.8) can be 

used to fit our experimental data. 
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where a is an empirical constant, Z1 is the projectile atomic number  and Z2, A2, x are the 

target atomic number, atomic mass and thickness (mg/cm2), respectively.  

Ouichaoui et al. [Oui00] successfully used this approach to describe the energy 

loss straggling for 2 AMeV 32S, 79Br and 127I beams, on various targets.  

Another way to perform energy loss straggling calculations is to use the 

semiempirical formula (4.9) suggested by Schmidt-Bocking and Hornung [Sch78].  

This formula was used by Hahn et al [Hah81] to fit experimental energy loss 

straggling data relative to 7.3 A MeV 84Kr beam passing through foils of different 

thickness of Ni, Al and Ti.   
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where K is an empirical normalization constant, ∆E is the energy loss (MeV), S is the 

stopping power calculated (by SRIM as example) at the incoming energy Ei and at the 

exit energy Ei-∆E. We note that since equation (4.9) contains a ratio of stopping powers, 

the errors in the absolute values of the stopping power will approximately cancel. Zp and 

Zt in (4.9) are the projectile and target atomic numbers.  

The results of the Hahn measurements are reported in Table 4.10. The net 

straggling contribution is obtained from the measured value [FWHM] of the energy 

peaks δE by removing the observed contribution of beam width and detector resolution 

measured without absorber.  

δEstr = (δE2 - 2.272)1/2                                                                                                                      (4.10) 

In sake of comparison, the Ouichaoui, the Hahn and the SRIM estimates of the 

energy loss straggling are also reported in Table 4.10. It is important to note that Hahn 

et al. found that in the case of Al foils the target in-homogeneities affect the possibility 

to compare the calculated and the measured energy loss straggling.  

From the data reported in Table 4.10 we see that the Hahn and the Ouichaoui 

estimates reproduce very well the measured energy loss straggling which is, on the 

contrary, systematically underestimated by the SRIM calculations .   

 

Table 4.10 Values of the energy loss (∆E) and the straggling (δE) relative to 7.3 A MeV 84Kr beam on 
different layers of Al and Ni [Hah81]. The estimation of the energy loss straggling obtained using the 
Hanh formula, the Ouichaoui formula and the SRIM code are also reported. 

Layers µm ∆E(MeV) 
δE 

(MeV) δEstr (MeV)
δE Hahn 

(MeV) 

δE 
Ouichaoui 

(MeV) 
∆E (srim) 

(MeV) 
δE (srim) 

(MeV) 

Al 4.478 41.8 5.54 4.8   3.42 44.8 2.1 

  8.216 80.1 11.06 10.7   4.64 77.6 3.4 

Ni 0.787 19.15 3.62 2.4 2.5 2.6 19.7 1.4 

 2.923 73.5 5.79 5.1 5.0 5.0 73.9 4.6 

 3.519 87 6.03 5.4 5.5 5.5 89.3 3.3 

 5.126 129.3 7.28 6.8 6.8 6.6 130.9 5.0 

  6.138 159.4 7.78 7.3 7.6 7.3 157.4 4.7 

Ti 3.11 95.2 5.42 4.7 5.0 5.3 95.8 1.9 

No foil   0 2.72           
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The Ouichaoui parameter a, for a 7.3 A MeV 84Kr beam, is found to be a = 

(0.1245 + 0.0014), as calculated from the Ni target data, and is supposed to be the same 

for all targets and beams at 7.3 A MeV. However, the energy loss straggling for the Ti 

target is better reproduced by a slightly different value of the parameter a = 0.1125 (δE 

= 4.83 MeV).  

The Hahn parameter K is found to be K= (45 + 1) and K = 40 for 84Kr (7.3 A 

MeV) on Ni and Ti respectively. Hahn et al. pointed out that the parameterization in 

formula (4.9) does not adequately take into account for the Zt dependence. In fact Ni 

and Ti data do not fall in a universal curve.  

The Ouichaoui and the Hahn semiempirical formulas were used to estimate the 

energy loss straggling for 84Kr beams on Al. Results are reported in Table 4.11 
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Figure 4.15 Experimental energy loss straggling resolution plotted versus f(x,E,Z1,Z2,A2)](see formula 
4.8)  
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Figure 4.16 Experimental resolution due to energy loss straggling plotted versus g(∆E,S,Zp,Zt)/E (see 
formula 4.9) 
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Table 4.11: The energy loss ∆E, the energy resolution due to straggling δEstr/E(%) compared with the 
predictions from the Hahn and Ouichaoui formulas are reported for 84Kr beams on Al targets.     

Energy 
(MeV) ∆E (MeV) ∆E/E (%) δEstr/E(%)

δE/E (%) 
Hahn 

 Difference

Hahn-
measured 

% 

 δE/E (%)

Ouichaoui

Difference 

Ouichaoui-
measured   

% 

3120 0       

2500 620 19.9 2.1 1.3 36.9 1.8 14.2 

1950 1170 37.5 2.9 2.7 9.2 3.0 -1.5 

1560 1560 50.0 4.1 4.5 -9.6 4.2 -2.8 

1000 2120 67.9 4.0 10.3 -155.8 7.3 -82.1 

2081 0       

1500 581 27.9 4.0 2.5 38.3 2.5 37.7 

1170 911 43.8 3.4 4.6 -35.6 3.8 -14.0 

750 1331 64.0 4.7 10.1 -115.6 6.9 -48.0 

1260 0       

1000 260 20.6 2.9 2.1 28.2 2.9 2.2 

800 460 36.5 3.4 3.9 -12.1 4.7 -36.2 

600 660 52.4 7.0 6.8 3.1 7.3 -3.9 

400 860 68.3 12.7 12.8 -1.0 12.2 3.7 

300 960 76.2 27.5 18.9 31.3 17.0 38.1 

200 1060 84.1 79.2 31.0 60.9 26.5 66 

 

It has to be noted that for some of our data point, the energy loss is larger than the 

limiting value of 30 %. Consequently, in the data reported in Table 4.11, the values 

relative to the case with ∆E/E > 65% are not reported. For the Ouichaoui formula, for 

beam energies of 15  A MeV and 40 A MeV, the values of the parameter a were found 

to be a = (0.37 + 0.02) and a = (0.27 + 0.01) respectively. 
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For the Hahn formula the value of the parameter K = (123.2 + 3.9) and K = (123 + 

11.8) can be used to reproduce the 84Kr beam straggling at 15 and 40 A MeV, 

respectively. 

         The same procedure was used to analyze the energy straggling for 15 A MeV 
129Xe and 197Au beams. The data relative to those beams are reported in Tables 4.12 and 

4.13. 

 

Table 4.12 Result of the measurements performed with a 15 A MeV 129Xe beam (blue rows) on various 
layers of Al. The contribution to the resolution due to energy loss straggling δEstr/E is reported and 
compared with the SRIM and Ouichaoui (a =0.02) estimations.   

 Energy 
(MeV)  L (a.u.)  ΩL(a.u.)

 

R (%) 

 

δLi/L δEstragg/E 

SRIM 

δEstragg/E 

Ouichaoui 
δEstragg/E 

1937 2744 40.8 3.5 3.5   0.1  

1937 2798.7 37.9 3.2 3.5   0.1  

1600 2625 43.7 3.9 3.8 0.7 0.2 0.9 

1400 2497 46.3 4.3 4.1 1.4 0.3 1.2 

1200 2315.5 46.7 4.7 4.4 1.6 0.6 1.7 

1000 2068 59.3 6.7 4.9 4.6 1.0  

800 1683 85.3 11.9 5.4 10.6 1.6  

800 1732.9 74.9 10.1 5.4 8.6 1.6  

600 1012 116.5 27.0 6.3 26.3 2.7  

400 381.9 86.3 53.1 7.7 52.5 4.5  

200 58.2 13.9 56.0 10.9 55.0 7.7  

200 58.5 13.8 55.3 10.9 54.2 7.7  

 

 

In conclusion we found that the SRIM code reproduce very well the energy loss of 

the ions in the material, but it does not provide reliable estimates for the energy loss 

straggling. The difference between the measured energy straggling and the calculated 

one increases with the energy loss.    

Semi-empirical formulas can be used successfully to predict the energy loss 

straggling when the energy loss is less than 30% of the initial energy. Additional 
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experimental work seems to be needed to properly map out the line shape of heavy 

beams in the materials used in the detectors inside the BIGSOL spectrometer.  

 

Table 4.13 Result of the measurements performed with a 15 A MeV 197Au beam (blue rows) on various 
layers of Al. The contribution to the resolution due to energy loss straggling δEstr/E is reported and 
compared with the SRIM and Ouichaoui (a = 0.02) estimations. 

 Energy 
(MeV)  L (a.u.)   ΩL(a.u.) 

 

R (%) 

 

δLi/L δEstragg/E 

SRIM 

δEstragg/E 

Ouichaoui 
δEstragg/E 

2955 2994 37 2.9 2.9   0.1  

2955 3032.6 27.5 2.1 2.9  0.1  

2400 2811.8 39.8 3.3 3.2 0.8 0.2 1.1 
 

2200 2714.4 41.5 3.6 3.4 1.3 0.3 1.4 

1800 2488.6 46.8 4.4 3.7 2.4 0.6 2.1 

1600 2318.6 49.6 5.0 3.9 3.1 0.8 2.5 

1400 2079.7 55.3 6.2 4.2 4.6 1.1  

1200 1797.4 82.6 10.8 4.5 9.8 1.6  

1000 1386 137.4 23.3 5.0 22.7 2.3  

800 904.4 139.1 36.1 5.6 35.7 3.2  

600 355.4 67.0 44.3 6.4 43.9 4.5  

400 120.9 23.5 45.7 7.9 45.0 6.3  

200 39.0 14.0 84.4 11.1 83.7 8.9  

200 37.6 15.2 95.0 11.1 94.4 8.9  
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5 YAP(Ce)  array Energy calibration 
5.1 Introduction 

 

Two different approaches were used to describe the pulse height of the YAP(Ce) 

detectors with the PMT operated at 400 V or 800 V. In the first case the calibration 

formula is based on the Birks relationship [Bir64]. In the second case the calibration is 

based on two semi-empirical calculations. These two calculations reproduce the light 

output of the YAP(Ce) for energies below and above 5 A MeV, respectively.  

 

5.2 Energy calibration, HV = 400 V 
 

The energy calibration for the HV = 400 V case is based on the Birks semi-

empirical formula [Bir64], that relates the light output per unit length (dL/dx) to the 

specific ionization dE/dx.  

)/([1
)/(
dxdEkB

dxdES
dx
dL

+
=                                                                                                                        (5.1) 

where L is light output emitted by the scintillator, E is the energy of the particle, S is the 

scintillation efficiency and kB is the quenching factor (the so called Birks constant).  

In order to perform an analytic integration of the formula (5.1) Horn et al. [Hor92] 

proposed to approximate the Bethe-Block relationship for the stopping power as: 

  
E

cAZ
dx
dE 2

≈                                                                                                                                         (5.2) 

where A is the atomic mass of the detected ion, Z is its atomic number and c is a 

constant. 

Horn et al. [Hor92] and Avdeichikov et al. [Avd94] already used successfully this 

approximation for ion energies above few A MeV. The integration of formula (5.1) 

leads to the expression:  
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where a0 is determined by the electronic threshold, a1 depends on the scintillation 

efficiency S and the electronic gain, a2 is related to the quenching and to the kB factor. 
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Therefore the scintillator light output is a function of the energy, the mass and the 

atomic number of the ion. 

Separate fits of the experimental were performed by using the formula (5.3) for 

each ion beam. Table 5.1 reports the obtained values of the best fit parameters and the 

χ 2 values. As one can see, the quenching parameter a2 resulted in all cases to be very 

small. 

 

Table 5.1: Parameters obtained performing separated fit of the calibration data for each ion beam. The χ2 
values are also reported. The last row reports the mean parameter values and the χ2 value obtained by 
comparing with all the ion beams. 

 

 a0 a1 a2 χ 2 
197Au -30.3 + 2.4 0.074 + 0.0017 0.00013 + 0.00003 4 
129Xe -16.4 + 1.9 0.095 + 0.004 0.0006 + 0.0001 1.5 
84Kr -9.1 + 2 0.095 + 0.004  0.0013 + 0.0004 1.8 
40Ar -8.4 + 5 0.076 + 0.005 -0.00201 + 0.004 0.1 
20Ne -1.48 + 2.15 0.112 + 0.006 0.016 + 0.012 1.4 

Mean -12.7 + 11.2  0.0818 + 0.0227 0.00256 + 0.0076 59.4 

 

From the individual ai reported in Table 1.1 the average values of the a0, a1, a2 

parameters were determined and used to predict the pulse height. However, using the 

average parameters in Table 5.1 we are not able to reproduce satisfactorily the data. In 

fact, in this case, the total χ2 value is very high. On the other side, it is found that the 
129Xe parameters can well reproduce the data corresponding to all the other ions 

excluding the 20Ne.  Indeed to reproduce the 20Ne data the a0 parameter must be 

decreased by a factor of 4. This is in agreement with what reported by M.Parlog [Par02] 

for ions with Z<15. In fact, for lower atomic numbers the non-linearity is less 

pronounced and a lower value of the quenching parameter a2 is expected. Since the a2 

parameter was fixed, this fact reflects on a decrease of the a0 parameter. 
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Figure 5.1: The experimental data points and the calibration lines, obtained using the 129Xe parameters. 
Data are relative to 40Ar (a), 129Xe (b) and 197Au (c). 

 

 

 

 

a) 

b) 

c) 
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Table 5.2 χ2 values obtained for the calibration data when the 129Xe parameters (red line in table 3.1) are 
used. 

 

 χ 2 
197Au 1.7 
129Xe 1.5 
84Kr 4.8 
40Ar 3.9 
20Ne (a0 = -4) 1.8 

 

In Figure 5.1 (a, b, c) the experimental points and the estimates from the above 

formula are reported for the 40Ar, 129Xe and 197Au beam cases. 

Table 5.2 reports the χ2 values obtained when the 129Xe parameters are used to 

reproduce the light output also for all the other ions. 

It is worth noting that the χ2 values obtained by using the 129Xe parameters are 

still acceptable. 

 

5.3 Energy calibration HV = 800V  
     

As discussed in Section 4.3, when the PMT is operated at HV = 800 V, the YAP(Ce)  

light output rises with the ion energy up to 5 A MeV and than starts to decrease for 

higher energies. Therefore two separate fits to the pulse height data were performed in 

these energy ranges. 

 

Energies higher than 5 AMeV  

To reproduce the saturation effect at energies higher than 5 A MeV the formula (5.4) 

was used fitting separately the data relative to different ions. 

)1()( 1
0

aEeaEL −−=                                                                                                                  (5.4) 

Table 5.3 reports the values of the fit parameters and the χ2 value for each ion 

beam. 
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Table 5.3: Fit parameters and χ2 value for energies higher than 5 A MeV 

 a0 a1 χ 2 
197Au 3538.3 + 1.9  1546.6 + 1.8 0.73 
129Xe 3365.7 + 2  1077.1 + 1 0.74 
84Kr 2931.5 + 0.6  619.2   + 0.4  0.87 
40Ar 2699    + 0.9  343.7   + 0.4 0.015 
20Ne 2440.9 + 0.8  228.0 + 0.2 0.9 

 

With this approach, the experimental points in the considered energy range are 

reproduced well. In a second step, the relationship between the fit parameters (a0 and 

a1) and the atomic number of the ion was studied.  
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Figure 5.2: Dependence of the parameters on the ion atomic number. 

 

Figure 5.2 reports the behavior of the (a0 and a1) best fit parameters as a function of the 

ion atomic number. A polynomial function of order two is used to reproduce the data. 

The result of the fit and the correlation coefficient are reported inside the figures. In 

turn, using the polynomial function in Figure 5.2 we calculated the parameter values a0 

and a1 for each ion and compared with the experimental data, obtaining the χ2 value for 

the above “averaged” new parameters.  The results are reported in table 5.4    

The data reproduction by using the “averaged” a0 and a1 values is still very good. 
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Table 5.4  Averaged values of the fit parameters 

 a0 a1 χ 2 
197Au 3553.29 1560.98 0.7 
129Xe 3301.27 1023.22 0.6 
84Kr 3017.41 670.64 1.1 
40Ar 2647.82 347.02 1.2 
20Ne 2456.04 212.49 1.5 

 

In this way the averaged parameters for predicting the light output is available for any 

fragment. 

 

Energies lower than 5 A MeV 

To reproduce the experimental data at energies lower than 5 A MeV we used a 

power law (5.5), as a first step, and the same procedure used in case of the high energy 

range. 

1
0)( aEaEL =                                                                                                                                   (5.5) 

First the data corresponding to the different ion beams were fitted separately. 

Results of the fit are listed in Table 5.5 

 

Table 5.5 Parameters obtained fitting separately, with formula (5.5), the Au, Xe and Kr data 

 a0 a1 χ2 
197Au 7.371 10-5 + 2 10-6 2.4277 + 4  10-3 0.64 
129Xe 1.411 10-4 + 5.2 10-6 2.4680 + 5.8 10-3 0.15 
84Kr 2.897 10-3 + 7.6 10-5 2.1628 + 4.4 10-3 0.57 

 

In a second step we fixed the a1 value to the average a1 value a1 = (2.35 + 0.16) 

and the fit was performed again yielding the results tabulated in Table 5.6. 
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Table 5.6 Values of the a0 parameter obtained fitting separately the Au, Xe and Kr data with the a1 
parameter fixed to its average value.  

 A0 χ2 
197Au 1.226 10-4 + 7.2 10-8 0.67 
129Xe 2.9245 10-4 + 2.6 10-7 1.19 
84Kr 9.4152 10-4+6.6 10-7 0.68 

 

 

It is then found that the power law (5.6) can be also used to relate the value of the 

a0 parameter to the atomic number of the ion. 

1
00

bZba =                                                                                                                                              (5.6) 

the parameters b0 and b1 being 

b0 = 9.9639  

b1 = -2.5966 

Finally, the “averaged” a0 parameter from the equation (5.6) was calculated. The 

results in term of χ2 values obtained when using the “averaged” values are reported in 

Table 5.7. 

 

Table 5.7 Values of the χ2 obtained when formula (5.6) is used to calculate the a0 parameter for a given Z 

 a0 (from 5.6) χ2 
197Au 0.000118 0.67 
129Xe 0.000316 1.19 
84Kr 0.000906 0.68 

 

It is worth mentioning that the χ2 value is unchanged when looking to Table 5.6 

and 5.7. It means that the parameter values are well approximated by the power law 

(5.6). 

In Figure 5.3 (a, b, c), the experimental data for Au, Kr, Ne are compared with the 

calibration lines obtained by matching results in both energy ranges. The agreement 

between the experimental data and the calibration lines seems to be very good for all ion 

beams. 
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Figure 5.3: Calibration curves in the high-energy range (solid line) and in the low-energy range (dashed 
line). Data of 20Ne, 84Kr and 197Au beams are reported. 
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5.4 Check of the calibration 
 

In order to check the quality of the calibration algorithm and to verify if it is 

possible to apply this calibration to all scintillators inside the YAP(Ce)  array, we 

calculated, from the equations in Figure 5.2 and equation (5.2), the expected calibration 

parameters for the 172Yb beam for energies higher than 5 AMeV and from equations 

(5.5) and (5.6) the parameters for lower energies. Table 5.8 reports those parameters in 

the high-energy range and in the low energy range, respectively 

 

Table 5.8 Calculated calibration parameters for 172Yb 

High energy range  

(E > 5 A MeV) 

Low energy range 

(E < 5A MeV) 

a0 a1 a0 a1 

172Yb beam 

Calculated 

calibration 

parameters 3481.62 1360.948 0.000161 2.353 

 

We then selected the data corresponding to some runs performed during of the 

August 2004 campaign. Those runs correspond to 172Yb direct beam or 172Yb beam 

elastically scattered by a 232Th target. In Table 5.9 it is reported the energy of the 172Yb 

particles when they reach the YAP(Ce)  detector. The energy has been calculated using 

the SRIM program, taking into account all the layers of the materials inside the 

BIGSOL spectrometer. The quoted error represents simply the energy straggling of the 

beam as evaluated by the SRIM program.  

 

Table 5.9: In the first 2 columns the run number and the energy of the primary 172Yb beam are reported. 
The target  “Th” indicates that the beam is elastically scattered by a 232Th target (see Table 3.1). The 
fourth column reports the energy of the beam when striking the YAP(Ce)  detector and the error due to 
energy straggling. 

      

Run number 172Yb beam 

energy (MeV) 

Target Energy on the 

YAP(Ce)  (MeV) 

Error 

(MeV) 

2 2580 232Th 1642.03 13.07 

91 1720 Blank 905.55 11.15 

109 1720 232Th 660.60 16.82 

129 1290 232Th 158.28 9.11 
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We focused our attention on the YAP(Ce)  detectors labeled  #7 and #9 that shows 

the better counting statistics. For each of the two detectors the predicted calibration 

curve was multiplied by a gain factor G to take into account possible gain changes. 

Figure 5.4 (a, b) reports the calibration line and the experimental points for the 

YAP(Ce) #7 and the YAP(Ce) #9. The gain factor G is also indicated in the figure  

We found that the calibration formulae reproduce very well the experimental data 

in the high-energy region (E > 5 A MeV) as well as in the low-energy region (E < 5 A 

MeV)   
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Figure 5.4: 172Yb beam calibration points and the calibration curve obtained using the calculated 
parameters. 

 

The agreement between the experimental data and the calibration curve was very 

good also for other detectors. The same procedure was indeed applied to determine the 

gain factor for all the 14 detectors of the array. The gain factors ranges from G = 0.5 to 

G = 1.6 but in many cases is near the unity. This suggests that the detector in the array 

have all the same behavior. 

 

a) 

b) 

G = 0.82 

G = 1.1 
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6 Study of the pulse shape of the YAP(Ce) 
detectors using Flash ADC 

 

The pulse shape of the YAP(Ce) signals was studied by using an 8 channels, 

100MHz, VME Flash-ADC (FADC) produced by Struck Innovative Technologies 

(DE), model SIS3300. The sampling frequency of the FADC is 100 MHz, therefore it 

will produce one sampled point each 10 ns. 

The anode signal of the YAP(Ce) was sent directly to the Flash-ADC. The same 

signal was also sent to a Constant Fraction Discriminator and to the Shaping Amplifiers, 

as detailed in Section 3.6.3, in order to produce the trigger signal and process in parallel 

the energy information. The FADC output was acquired by using the BIGSOL 

acquisition system. 

The YAP output signal with the 22Na gamma source and the 241Am alpha source 

was studied, with the goal of investigating the possibility to use these FADC to 

discriminate alpha particles from the gamma background. This discrimination will be 

very useful in reducing the background in the detection of the alpha particles coming 

from the decay of super heavy nuclei, populated in heavy ion collisions.  

6.1 Introduction 
 

Several studies by Moszynski et al. [Mos98a] demonstrate that the decay time of 

the signals induced by γ-rays and α-particles in the YAP(Ce) crystals are different, as 

documented in Figure 6.1. 

In particular such studies evidenced that the tail of the signal can be fitted with the 

sum of two exponential functions as shown in formula 6.1.  

)()( 21
21

Τ
−

Τ
−

+=
tt

eAeAti                                                                                                                     (6.1) 

 

The light pulse due to γ-rays shows a very intense fast component with a decay 

time constant T1
γ = (26.7 + 0.12) ns and intensity I = 89 + 2% and a slow component 

with decay time constant T2
γ = (140 + 10) ns and intensity I = 11 + 2%.        
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The light pulse due to α-particles has a fast component with decay time constant 

T2
α = (24.8 + 0.12) ns and intensity I = 85 + 2% and a slow component with decay time 

constant T2
α = (100 + 5) ns. 

Therefore, in general, the decay time constant of the signals induced by γ-rays is 

longer than the one corresponding to α-particles. 

 

Figure 6.1: Light pulse shape from the YAP(Ce) crystal having dimensions 10x10x5 mm3 (provided by 
Preciosa Co) excited with γ-rays and α-particles. [Mos98a] 

 

In our case, only few sampled points are available for each signal making 

impossible the fitting with two exponential functions. However, it seems to be possible, 

for each event detected in the YAP(Ce), an exponential fit of the form 

 btAeti =)(                                                                                                                                  (6.2)  

The latter function was used to reproduce the decay tail of the signals analyzed by 

the FADC. Following the previous work from [Mos98a], an absolute value of the b 

parameter smaller for γ-rays than for α-particles is expected. 
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6.2 Analysis of the Flash-ADC signals 
 

Figures 6.2 and 6.3 show some of the signals obtained in the present work from 

the YAP(Ce) crystal #7 of the BIGSOL array, excited by α-particles and γ-rays 

respectively. The data were collected in two separate runs, one obtained with a 242Am 

α-source placed in front of the array, the other obtained with a 22Na γ-ray source.   

In the data analysis, only the events having a good sampling sequence were 

considered, excluding those with less than 5 sampled points.  

 241Am alpha particles

3800
3850
3900
3950
4000
4050
4100
4150

0 2 4 6 8 10

time (10ns/ch)

pu
ls

e 
he

ig
th

 

Figure 6.2: Pulse height vs time from the YAP(Ce) crystal excited by α-particles 

22Na gamma source
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Figure 6.3: Pulse height vs time from the YAP(Ce) crystal excited by γ-rays 
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The total energy released by the particle in the crystal was obtained from the 

FADC data as the total integral of the signal. This value was stored as a new variable 

for each event. Figures 6.4 and 6.5 represent the energy spectra obtained in this way for 

the α-particles of the 241Am source and the 22Na γ-rays, respectively.  

 

 

Figure 6.4: Energy spectrum of the 241Am α-particles as obtained from the FADC analysis 

 

            
Figure 6.5: Energy spectrum of the 22Na γ-rays  as obtained from the FADC analysis. 
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The energy released by the 242Am α-particles in the selected YAP(Ce) was 

calculated by using the SRIM code and resulted to be Eα = 4.72 MeV, the energy loss 

being due to the 1.5 µm mylar layer that protect the detector array and to a 1 mm air 

gap.  

From the α-particles energy spectra, the relative resolutions were determined as 

the ratio of the FWHM (306 channels) and the peak position (channel 874) generally 

obtained by the proper peak fitting.  The measured pulse height resolution for the 242Am 

α-particles was R = 35%. It has to be noted that this value is worse compared to the 

pulse height resolution obtained by using directly the shaping amplifiers (R = 28%). 

Before the fit of the signal tail with the exponential function 6.2, the base-line of 

the signal was set from channel 4096 to zero and the signal inverted. The maximum of 

the signal was also normalized to the unity and the time zero of the time scale was 

defined as the time corresponding to the signal maximum.  

After the fitting procedure, for each event, a new variable was defined containing 

the value of the parameter b, as determined by the least-square search. 

In Figure 6.6 and 6.7, two-dimensional scatter plots are reported of the b 

parameter as a function of the total energy for α-particles and γ-rays, respectively. 

 
 

Figure 6.6: Two dimensional scatter plot of the parameter b as a function of the total energy, obtained 
irradiating the YAP(Ce) crystal with 241Am α-particles   
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Figure 6.7: Two dimensional scatter plot of the parameter b as a function of the total energy, obtained 
irradiating the YAP(Ce) crystal with 22Na γ-rays  

 

Slicing in energy the scatter plots of Figures 6.6 and 6.7 by using 100 channels 

wide bins, and performing a gaussian fit of the projection on the b parameter axis, the 

mean value of the parameter b versus the particle energy (<b> vs Energy) was 

determined. Figure 6.8 reports the values of <b> as a function of the energy as obtained 

by irradiating the YAP(Ce) with α-particles (black points) and γ-rays (red points). We 

note that the values of the parameter b varies with the energy and, for a given energy 

bin, <b> values for α-particles and γ-rays are well separated. However the two 

distributions are partially superimposed, as shown in Figure 6.9. This will produce 

misidentification between alpha particles and gamma rays. 

In order to estimate the entity of such misidentification, for each energy interval, 

we compared the distributions of the b parameter for α-particles and γ-rays. The 

maxima of the two projections were normalized to unity and the total integral of the two 

projections was calculated. Finally, the integral of the tail of the gamma distribution that 

merges in the alpha particle distribution was also determined and vice versa for the 

alpha particles that merge inside the gamma ray distribution.  
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Figure 6.8: The mean value of b parameter is reported as a function of the energy for α-particles (black 
squares) and γ-rays (red circles).  

 

 

Figure 6.9: Distributions of the values of the b parameter obtained for alpha particles and gamma rays in 
energy interval (800-900), left panel and in the energy interval (1100-1200), right panel. 

 

Table 6.1 reports the quantity of gammas that merges in the alpha distribution and 

the quantity of alphas that merges in the gamma distribution for some energy bins. The 

reported numbers provide directly the estimate of the percent of particles that are 

misidentified by using the available FADC. 
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Table 6.1: Percent of particles in the alpha and gamma distributions that will be misidentified using the 
present method. For details see the text. 

 

Energy interval 

(a.u.) 

Average energy 

(MeV) 

% α-tail % γ-tail 

200-300 1.4 29 55 

300-400 1.9 18 44 

400-500 2.4 24 27 

500-600 3.0 25 22 

600-700 3.5 15 20 

700-800 4.1 21 16 

800-900 4.6 18 12 

900-1000 5.1 9 19 

1000-1100 5.7 16 12 

     1100-1200 6.2                16                16 

 

    Excluding the first two lower energy bins, where the alpha statistics is very 

poor, the superposition of the alpha and gamma distribution of the b parameter is less 

than 30%. Moreover, in the region corresponding to the energy peak of the 241Am 

source α-particles the superposition is less than 20%. Therefore, it is concluded that the 

pulse shape analysis using the presently available set-up can be used to reduce the 

gamma background always present in the target rooms. The use of higher sampling rate 

Flash ADC that are nowadays commercially available will improve the quality of the 

fitting procedure and the pulse shape discrimination capability of the BIGSOL YAP(Ce) 

array in looking for extremely rare events as the one in the production studies of super-

heavy elements. 
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7 Analysis of BIGSOL test beams 
 

 

7.1 Bragg Chamber energy calibration 
 

In order to perform the energy calibration of the Bragg Chamber, three runs were 

considered in which direct beams (84Kr, 129Xe and 197Au at 7.5 A MeV) without any 

target were used. For those data, the position of the peak in the Bragg Energy spectrum 

and its width [FWHM] were determined. At the same time, using the SRIM code, for 

each ion beam, the energy loss in the Bragg chamber was calculated, taking into 

account all material layers encountered by the fragments before the Bragg Chamber 

active volume. The proper Isobutane gas pressure inside the detectors was also taken 

into account.  

The above materials are listed in Table 7.1. 

Table 7.1 Material budget of the Bragg Chamber 

Materials crossed before the Bragg 

Chamber active volume 

Materials crossed up to the Bragg 

Chamber exit 

19.1 µm mylar 

0.1 µm gold 

5 cm isobutane gas at 10 mb pressure 

20.6 µm mylar 

0.1 µm gold 

5 cm isobutane gas at 10 mb pressure 

42.2 cm isobutane gas at 30 mb pressure 

 

Moreover a run with a 25 A MeV 84Kr beam impinging a 5 µm thick Thorium 

target was also considered. In this case the measurements were performed without 

blocker and with the BIGSOL magnetic field switched off. 

Table 7.2 reports the values of the Bragg energy peak position extracted from the 

data and the corresponding energy as calculated with SRIM. 

A linear fit of the values in Table 7.2, reported in Figure 7.1, was performed in 

order to get the energy calibration of the Bragg Chamber:  

BraggEnergyChannel = (4.60 + 0.04)* BraggEnergy(MeV) + (- 63 + 10) 

It is clear from Table 7.2 that the pulse height resolution registered with direct 

beams is quite good whereas the resolution with the Thorium target is much worse. This 
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effect is certainly related not only to the energy loss straggling in the Thorium target, 

but also to inelastic scattering contributions not resolved from the elastic peak. 

 

Table 7.2: Energy measurements with 84Kr, 129Xe and 197Au beams 

Beam Energy in the 

Bragg  

Chamber 

(MeV) 

Measured energy in 

the Bragg Chamber 

(channels) 

Energy 

resolution 

[FWHM] 

(channels) 

Energy 

resolution 

(%) 

129Xe (7.5 A MeV) 332 1332 41.6 3 
197Au (7.5 A MeV) 453.7 2026 77.5 4 
84Kr (7.5 A MeV) 185.2 781 23.5 3 
84Kr (25 A MeV) + 
232Th target 89.7 355 89.3 25 

 

Energy calibration of the Bragg Chamber

0

500

1000

1500

2000

2500

0 100 200 300 400 500

Energy (MeV)

C
ha

nn
el

s 

 

Figure 7.1: Energy calibration of the Bragg Chamber obtained using the direct beam 84Kr, 129Xe and 
197Au at 7.5 A MeV and the elastic scattering of a 25A MeV 84Kr beam on a 5.061 µm thick 232Th target. 

 

7.2 Time of flight calibration between PPAC3 and PPAC4 
 

The calibration of the time of flight between PPAC3 and PPAC4 was performed 

using the same runs considered in the previous section. It is important to note that the 

physical start and stop of the time-of-flight are inverted (i.e. PPAC3 should be the start 

because is mounted before PPAC4). This means that a positive correlation between 

energy and channel number in the time-of-flight spectrum is expected.  
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For each run, the average peak position in the time of flight spectrum and its 

FWHM value were determined. Also in this case the kinetic energy of the fragments 

after PPAC3 was calculated by using the SRIM program. The flight path between the 

two PPACs is  known to be 1.059 m. Therefore, for each ion, the time of flight can be 

calculated from the kinetic energy. The results are reported in Table 7.3. 

 

Table 7.3: Time of flight measurements (ToF) with 84Kr, 129Xe and 197Au beams 

Beam Kinetic 

energy 

(MeV) 

ToF peak 

(channels) 

ToF resolution 

[FWHM] 

(channels) 

ToF  

Resolution (ns) 

Nominal 

time of 

flight (ns) 
129Xe (7.5 A MeV) 849.2 2237 4.5 0.4 29.9 
197Au (7.5 A MeV) 1311 2235 5.9 0.6 29.5 
84Kr (7.5 A MeV) 565.3 2240 6.1 0.6 29.4 
84Kr (25 A MeV) + 
232Th 1975.1 2370 9.2 0.9 15.7 

 

It appears from Table 7.3 that, as in the case of the pulse height resolution, also 

the Time of Flight resolution is worse in case of the reaction with the Thorium target. 

A linear fit of the data was carried out in order to verify that the slope of the fit 

corresponds to the nominal conversion factor of the TDC (cf = 0.1 ns/ch) as obtained in 

a separated instrumental calibration. We found a slope c = (-0.105 + 0.003) ns/ch and an 

intercept t0 = (263 + 6) ns. Therefore the slope was fixed to the nominal value of c = -cf 

= -0.1 ns/ch searching for the offset that was found to be t0 = 253 ns. 

The results of the Time of Flight Calibration are reported in Figure 7.2. 
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Figure 7.2 Time of flight calibration. For details see the text. 
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7.3 Bragg Range analysis 
 

The Bragg Range signal is analyzed in this paragraph using a run with the direct 

beam 7.5 A MeV 84Kr without any target and a reaction run with the 7.5 A MeV 84Kr 

beam on the 232Th target, used as examples. The first run was already used in 

paragraphs 4.5 and 7.1. 

The principle of the Bragg Range measurement is described in Chapter 3.6.2. The 

measured signal is proportional to the Length of the Bragg Chamber minus the Range of 

the particle in the active volume. Therefore events with a zero Bragg Range correspond 

to ions that pass through the Bragg Chamber reaching the YAP(Ce) array. This fact was 

verified for all the test runs used in this thesis showing that events in coincidence with a 

YAP(Ce) detector have zero Bragg Range value.  

A zero Bragg Range signal is expected for the direct 84Kr beam since it is 

supposed to cross the Bragg Chamber volume and hit the YAP(Ce) crystals. However 

scattered beam particles can also stop in the Bragg Chamber producing a different 

Bragg Range signal, as shown in Figure 7.3. The peak at channel 75 in Figure 7.3 is 

believed to be due to ions that interact with the Frisch Grid and are stopped in the Bragg 

Chamber. In the further step of the analysis, the YAP(Ce) crystal #6 ( the one having 

the higher counting rate) was selected (see Table 4.3 paragraph 4.5). The pulse height 

spectrum for this detector was produced with three different conditions: 1) without any 

condition on the range; 2) with the requirement: Bragg Range < 1; 3) with the 

requirement Bragg Range >50. Results are presented in Figure 7.4  a, b, c. 

                      

Figure 7.3: Plot of the Bragg Range values obtained in the direct 7.5 A MeV 84Kr beam. 
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Figure 7.4: Pulse height spectra for the YAP(Ce) #6.  a) without any condition; b) with the condition 
Bragg Range < 1; c) with the condition Bragg Range  > 50.  

 

a) 

b) 

c) 
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It is clear from Figure 7.4 (c) that the requirement of a Bragg Range greater than 

50 correspond to the requirement that the ion stops in the Bragg Chamber. In fact the 

number of counts in the YAP(Ce) crystal reduces to the 0.5% of the total.  

Figure 7.5 reports a Bragg Range distribution obtained in the reaction of a 7.5 A 

MeV 84Kr beam on 232Th target. Many products with different energies and masses are 

produced in this case. Consequently the Bragg Range spectrum is more complex respect 

to the direct beam case. The plot shows a sharp cut off at channel 3000 corresponding to 

the position of the cathode of the ion chamber. The peak at a Bragg Range value of 

about 80 is due to ions that hit the Frisch Grid.  

               

Figure 7.5: Plot of the Bragg Range values obtained in the reaction 7.5 A MeV 84Kr + 232Th. 

 

 

Using the information on the cathode and Frisch grid positions obtained from 

Figure 7.5 and averaging with the same data obtained from other reaction runs, the 

Bragg Range can be roughly calibrated obtaining the relation 

Bragg Range (cm) = -77.5*channel + 2945.7. 
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7.4 Test of the Bragg Energy and time of flight calibrations 
with reaction data 
 

To test the calibration of the energy released in the Bragg chamber and of the time 

of flight between PPAC3 and PPAC4, some reaction runs with 84Kr, 129Xe and 197Au 

beams on the 232Th target were selected. All runs were performed with a 6° blocker 

placed after the target. The BIGSOL current was selected low enough to let the 

projectile-like particles hit the focal plane detectors. Moreover, the events that stop 

completely in the Bragg Chamber were selected by imposing the condition of a Bragg 

Range greater than the value 50. As seen in the previous section, this is the threshold on 

the Bragg Range parameter to reduce the number of hits in the YAP(Ce) array crystals 

to less than  the 1% of the total.  

    As a first step in the analysis, the fragments having mass close to the beam, i.e. 

projectile-like particles were considered. To this purpose the two dimensional scatter 

plot Bragg Energy versus Time of Flight was produced, as shown in Figures 7.6 (a, b, 

c). 

In order to check the calibrations, couples of correlated values (Energy, Time) 

were extracted from each scatter plot, by slicing in Energy and obtaining at the  

corresponding Time of Flight projection. 

First of all it has to be noted in the right part of Figures 7.6 that there are some 

events for which the Bragg Energy decreases increasing the time channel. It is 

important to remember that, as discussed in previous section, the physical correlation is 

inverted in our set-up, so that it is expected a positive correlation between the two 

variables. Those points are believed to correspond to particles that stop in the Bragg 

chamber but do not release completely their energy in the detector active volume since 

they hit the guard rings of the chamber. Those events are not considered in the present 

analysis. The remaining events that stop in the Bragg chamber showing a positive 

correlation between energy and channel number in the PPAC3-PPAC4 time spectrum 

will be used to test the calibration procedure.  
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Figure 7.6: Energy released in the Bragg Chamber versus PPAC3-PPAC4 time of flight, Selection of 
events with a Bragg Range >50. a) 84Kr + 232Th 7.5 MeV/A, BIGSOL current 69 A; b) 129Xe + 232Th 7.5 
MeV/A, BIGSOL current 59 A; c) 197Au + 232Th 7.5 MeV/A, BIGSOL current 120 A. 

 

In order to reproduce the experimental data for the different beams, the analysis 

follows the steps: 

1) The ToF calibration was used to calculate the value of the average time-of-

flight for each ToF distribution. 

2) For all events, the beam mass was assumed (84Kr, 129Xe, 197Au). 

c) 

a) 

b)
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3) For each mass, the kinetic energy (Ec) before the PPAC4 was calculated  by 

using the classical relation 
2

2

2
1

2
1
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⎛==

t
smmvEc , where m is the ion mass, s is 

the flight path and t is the time of flight.  

4) The SRIM code was used to produce tabulations of the energy released in the              

Bragg chamber (residual energy after PPAC4) as a function of the calculated kinetic 

energy at the entrance of the PPAC4 (Ec).  

The latter tabulations were produced for 84Kr, 129Xe and 197Au beam. Moreover a 

polynomial (of order two) fit of the SRIM predictions was performed in order to quickly 

extrapolate the values corresponding to the ridges in the scatter plots. The calculated 

points with the polynomial fit are reported in Figures 7.7, 7.8 and 7.9 for 84Kr, 129Xe, 
197Au beams respectively. 

5) The energy calibration of the Bragg Chamber was used to calculate the 

channels corresponding to the energy released in the Bragg Chamber.  

6) Finally a line representing the predicted (Energy, Time) values was draw upon 

the experimental points. 

The result of this procedure is reported for 84Kr ions in Figure 7.10 and for 129Xe 

and 197Au in Figures 7.11 and 7.12, respectively, demonstrating that a good 

agreement is achieved between the experimental ridge values and the one 

predicted by using the experimental calibrations. In fact, the reduced χ2 are 4.8, 

2.9, 0.8 respectively for the 84Kr, 129Xe and 197Au data. 
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Figure 7.7: SRIM predicted values for 84Kr ions. The energy released in the Bragg Chamber as a function 
of the kinetic energy before PPAC4 is reported 
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Figure 7.8: Same as Figure 7.7 but  for 129Xe ions.  
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Figure 7.9: Same as Figure 7.7 but for 197Au ions.  
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Figure 7.10: Comparison of the energies directly measured inside the Bragg Chamber and the ones 
calculated from the measured  PPAC3-PPAC4 time of flight data for  84Kr ions. 
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Figure 7.11: Same as Figure 7.10 but for 129Xe ions. 
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Figure 7.12: Same as Figure 7.10 but for 197Au ions. 

 

The quality of the data reproduction can be improved using all the couples (Bragg 

energy channel, Bragg energy calculated from the time of flight) obtained from the 

previous tests to obtain directly the energy calibration of the Bragg Chamber. Figure 

7.13 reports the couples of points obtained for 84Kr, 129Xe and 197Au beams. A linear fit 

of those data gave the calibration: 

BraggEnergyChannel = (4.6 + 0.1) (MeV-1) BraggEnergy(MeV) - (31 +17).  
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Figure 7.13: Energy calibration of the Bragg Chamber obtained using all the couples (Bragg energy 
channel, Bragg Energy calculated form the time of flight) for 84Kr, 129Xe and 197Au beams.  

   

Using these parameters the quality of the data reproduction in the two dimensional 

scatter plot Bragg Energy versus time of flight improves as shown in Figures 7.14, 7.15 

and 7.16. The reduced χ2 values for the data reproduction become χ2 = 1.4, χ2 = 1.5, χ2 

= 0.8 for the 84Kr, 129Xe and 197Au data. 

 

 

 

 

Figure 7.14 Energy released in the Bragg Chamber versus PPAC3-PPAC4 time of flight. Reaction 129Xe 
+ 232Th 7.5 MeV/A, BIGSOL current 69 A, selection of events with a Bragg Range >50. The blue line 
represents the result of the energy calibration derived from the ToF data. The red points mark the ridge 
maxima as obtained  by a slicing on the measured ToF. 
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Figure 7.15: As Figure 7.14 but for reaction 129Xe + 232Th 7.5 MeV/A, BIGSOL current 59 A, selection 
of events with a Bragg Range >50.  

 

 

 

Figure 7.16: As Figure 7.14 but for reaction 197Au + 232Th 7.5 MeV/A, BIGSOL current 120 A, selection 
of events with a Bragg Range >50.  

 

Once the energy and time of flight calibrations are checked by using direct bems, 

it is possible to look at more interesting events concerning the production of very heavy 

nuclei in the studied reactions. In the two-dimensional scatter plot of the energy 

released in the Bragg chamber versus the PPAC3-PPAC4 time of flight, we expect to 

find very heavy nuclei in the region above the ridge corresponding to projectile like 

particles. The goal of the present study is to measure the mass that corresponds to those 

events.  

For this purpose we have to produce some tabulations of the energy loss in the 

Bragg Chamber also for nuclei heavier than 197Au. Such data are presented in Figure 
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7.17. We note that SRIM does not allow calculating the energy loss for ions heavier 

than Uranium. 
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Figure 7.17: SRIM Tabulation of the Residual energy after PPAC4 as a function of the kinetic energy 
obtained for 84Kr, 129Xe, 184W, 197Au and 238U beams.  

 

However, looking at Figure 7.17, it is clear that the tabulated data get closer as the 

ion mass increases and the tabulations obtained for 197Au (Z = 79) and 238U (Z = 92) 

beams show relatively small differences. Thus, in a first approximation, for a super-

heavy ion (Z = 100), we can get a crude estimate of the energy loss by using the 

tabulations relative to 238U beams.   

7.5 Analysis of the 129Xe  + 232Th reaction at 7.5 A MeV  
 

The reaction of a 7.5 A MeV 129Xe beam on the 232Th target was used to test the 

features of the experimental set-up. For the considered system various reaction channels 

are certainly open in addition to the elastic scattering. Projectile and target can exchange 

some nucleons during deep inelastic collisions, producing target-like and beam-like 

fragments. Fission-like processes (fast-fission, quasi-fission and fusion-fission) can also 

occur involving much longer contact times during the collision. Those reactions 

produce a significant transfer of mass and energy between the reaction partners 

originating more mass symmetric fragments. The heavy nuclei produced in transfer 
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reactions with high excitation energy can also fission giving rise to more complex, three 

bodies exit channel.      

7.5.1 Influence of the BIGSOL field on the event selection  

Four different runs, performed with the 129Xe beam at 7.5 A MeV on the 232Th 

target, were analyzed in which the BIGSOL current was changed from 59 A to 99 A. 

For all the measurements, the 6° beam blocker was placed after the target. Two 

dimensional scatter plots of the energy released in the Bragg Chamber versus Time of 

Flight PPAC3-PPAC4 were constructed for each run as shown in Figures 7.18, 7.19, 

7.20, 7.21. Only the ions that stop in the Bragg Chamber were selected imposing the 

proper condition on the Bragg Range as done in previous data analysis. It is clear that 

for very low values of the BIGSOL current mainly the projectile-like particles produced 

during inelastic scattering are transmitted. Increasing the magnet current some heavier 

reaction products start to appear and then the yield of such nuclei drops again in 

increasing further the current. When the current is 99 A, as shown in Figure 7.21, the 

BIGSOL field decrease the transmission for the projectile-like events. To investigate the 

influence of the magnetic field on the reaction products selection, for each BIGSOL 

current, a graphical cut was used to select the projectile–like particles and the heavier 

reaction products. Then the integral those two regions was extracted. Table 7.4 shows 

the ratio of the events in the projectile-like region versus the events in the heavier 

products ones.  

 

 

Figure 7.18: Energy released in the Bragg Chamber versus PPAC3-PPAC4 time of flight. Reaction 129Xe 
+ 232Th 7.5 MeV/A, BIGSOL current 59 A. 6° blocker. Selection of events with a Bragg Range >50; 
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Figure 7.19: Energy released in the Bragg Chamber versus PPAC3-PPAC4 time of flight. Reaction 129Xe 
+ 232Th 7.5 MeV/A, BIGSOL current 79 A. 6° blocker. Selection of events with a Bragg Range >50; 

 

Figure 7.20: Energy released in the Bragg Chamber versus PPAC3-PPAC4 time of flight. Reaction 129Xe 
+ 232Th 7.5 MeV/A, BIGSOL current 89 A. 6° blocker. Selection of events with a Bragg Range >50; 

 

Figure 7.21: Energy released in the Bragg Chamber versus PPAC3-PPAC4 time of flight. Reaction 129Xe 
+ 232Th 7.5 MeV/A, BIGSOL current 99 A. 6° blocker. Selection of events with a Bragg Range >50. 
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From the data of Table 7.4 it is clear that a well defined value of the BIGSOL 

current maximize the relative yield of heavy fragments with respect to projectile-like 

ions.  

Table 7.4: Ratio R of the events in the heavy products region (Blue gate in Figures 7.18-7.21) versus the 
events in the projectile like region (Red gate in Figures 7.18-7.21). Reaction 129Xe (7.5 A MeV) + 232Th 
with a 6° blocker. 

 
BIGSOL CURRENT (A) R 

59 0.0008 

79 0.015 

89 0.019 

 

7.5.2 Identification of heavy products for 79 A BIGSOL current setting 

 

In this paragraph, the identification is performed of the mass of the particles that 

produces the ridge above the 129Xe nuclei in the reaction 129Xe + 232Th at 7.5 A MeV 

with a BIGSOL current of 79 A, which correspond to the maximum production of such 

nuclei. 

As done before, a slicing procedure was used to define the ridge of the heavier 

particles above the 129Xe beam particles ridge. The result is reported in Figure 7.22. The 

behavior of the 129Xe particles was well accounted for by using the procedure described 

in Section 7.4. Repeating the same procedure by assuming the kinematics for a 232Th 

target-like nucleus yields the line representing the expected position of such fragments 

that is also shown in Figure 7.22. 

At the expected position for the Th-like fragments, no events are detected. The 

inspection of Figure 7.22 suggests, consequently, that the heavy products in the blue 

gate correspond to fragments having a mass value intermediate between target and 

projectile. 
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Figure 7.22: Reaction 129Xe (7.5 A MeV) + 232Th. For details see the text. 

 

As a further step in the analysis, from the calibrated time of flight of the “heavy 

fragment group”, the kinetic energy was calculated by assuming an increasing value of 

the mass of the fragment.  It is thought, indeed, that the atomic number of those nuclei 

is about Z = 70. This value should correspond to the atomic number of near symmetric 

fission fragments produced in the considered reaction. Therefore we repeated the 

calculation assuming different values of the atomic number as Z = 70, Z = 72 and Z = 

74 and changing the mass number A for each value of Z. In each case (i.e. for a given 

(Z,A) selection, the deviations between the predicted values and the position of the 

experimental ridge was calculated, searching for the mass value that minimizes the χ2  . 

The most probable mass for the heavy fragments group resulted to be the value of 180 

mass units. The comparison between experimental and calculated values is shown in 

Figure 7.23. 
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Figure 7.23: Comparison of the experimental energy versus the one from the time of flight data obtained 
by assuming different mass values. For details see the text. 
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Figure 7.24 reports the χ2 values for different (A, Z) selections, showing a well 

defined minima that indicates the most probable value of the mass. 

It is clear that this identification method is not very sensitive to small variations of 

the atomic number Z. Moreover this method provides only the most probable value for 

mass and atomic number of the fragment group.  
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Figure 7.24 The χ2 get its minimum value for atomic mass 180. To calculate the Bragg Energy from the 
kinetic energy the SRIM tabulations for Z = 70, Z = 72, Z = 74 nuclei were used. 

 

7.6 ∆E-E identification of fragments in the YAP(Ce) array 
detectors. 
 

The ∆E-E technique is used to identify the fragments that do not stop in the Bragg 

Chamber volume and hit the YAP(Ce) array. The energy released in the Bragg Chamber 

is used as ∆E signal, whereas the residual energy is the energy released in the YAP(Ce) 

scintillators.  

The data relative to the direct beams (84Kr, 129Xe and 197Au at 7.5 A MeV without 

any target) and the data relative to the reaction 25 A MeV 84Kr + 232Th were, also in this 

case, used to check the identification capability of our system.  

For the considered ions and for different values of the energy at the Bragg 

Chamber entrance, the SRIM code was used to produce some tabulations relating the 

energy released in the Bragg Chamber and the residual energy in the YAP(Ce) 

scintillators.  
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The YAP(Ce) crystal #9 was selected because of the high counting rate recorded 

in all the considered runs. The energy calibration of this detector was performed as 

shown in Chapter 5 for the values of the atomic number Z = 36, 54 and 79. A unique 

scatter plot of the YAP(Ce)#9 pulse height versus the energy released in the Bragg 

Chamber was produced, containing the data relative to the three beams (see Figure 

7.25).   

The energy calibration of the Bragg Chamber and the YAP(Ce)#9 were used to 

convert the energy values of the SRIM tabulation into channels. Finally three lines 

representing the SRIM tabulated values folded with the calibrations were drawn in the 

scatter plot.   

 

 

 

Figure 7.25: ∆E-E data reproduction for Z = 36, Z = 54 and Z = 79. See the text for details. 

 

From Figure 7.25 it results that the data reproduction is fairly good. The SRIM 

tabulations and the YAP(Ce) calibration depend on the atomic number Z of the detected 

ion, therefore for each value of Z it is in principle possible to produce a different line in 

the two dimensional scatter plot of Figure 7.25. For each detected ion, the line that 

produces the best fit of the experimental data provides the identification of the Z of the 

nucleus. Due to the spread of the experimental distribution, the error ∆Z in the atomic 

number identification increases increasing the Z value. For the 197Au beam the atomic 

84Kr Z=36 
129Xe Z=54 

197Au Z=79
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number resolving power was estimated selecting a window of 100 channels around 

channel 1250 in the YAP(Ce)#9 pulse height spectra. The Energy spectra of the Bragg 

Chamber with this selection were plotted in the same graphic for the 129Xe and 197Au 

data, as reported in Figure 7.26. 

 

        

Figure 7.26: Energy released in the Bragg Chamber by 7.5 AMeV 129Xe and 197Au direct beams with the 
selection of the YAP(Ce)#9 pulse height in the window of channels (1200-1300) 

 

The FWHM and the centroid position of the two peaks were estimated. Therefore 

the atomic number resolving power (RP) was calculated for the 197Au beam as: 

separationpeak 
FWHMAu Z

RP
∆⋅

= = 5.6                                                                                (7.1) 

where FWHMAu is the FWHM of the 197Au peak, ∆Z is the atomic number difference 

between Au and Xe and “peak separation” is the distance between the centroids of the 

two peaks. 

 

Xe 

Au 
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8 Characterization of the neutron 
calorimeter detectors 

 

The BC501A scintillation detectors are widely used for fast neutron 

measurements thanks to their high light output, reasonably good efficiency for fast 

neutrons, good neutron–gamma discrimination and fast decay time of the light [Lau93] 

[Col96] [Til95] [Mac67]. The last property is particularly useful when the timing 

information is required as well as in measurements characterized by high counting rate, 

when this characteristic is very important to minimize the pile-up. Moreover, the decay 

of the light pulse from BC501A consists of three components with decay time τ = 3.2 

ns, 32 ns and 270 ns respectively [Kuc68]. The last component depends on the energy 

loss density and allows the neutron-gamma separation. Moszynski et al. also pointed out 

that the intermediate τ = 32 ns component plays an important role in the neutron-γ 

separation, in particular for large volume detectors as the 4 liters BC501A detectors of 

the “DEMON” array [Mos94]. For those detectors in fact the integration of the slow 

component for time windows larger than 200-300 ns does not improve significantly the 

neutron-γ discrimination.     

The neutron detection efficiency of the BC501A liquid scintillators used in the 

present calorimeter was calculated using a Monte Carlo code, based on the Cecil 

algorithm [Cec79]. This code was developed at the Bari University in order to calculate 

the response of the scintillators to neutrons in an energy range from 1 to 250 MeV 

[Pat91]. The results of the calculation performed with this Monte Carlo code are 

reported in the following paragraph 8.1. 

The experimental tests of the neutron calorimeter were performed at Cyclotron 

Institute (Texas A&M) in a laboratory where it was possible also to mount the YAP(Ce) 

detector array in the center of the calorimeter. The final tests however were performed 

once the neutron calorimeter was placed in its final position at the end of the BIGSOL 

beam line. 

A 22Na γ-ray source was used in order to calibrate the energy response of the 

detectors in keV electron equivalent (keVee) and to determine the detectors detection 

threshold. We also used this source to determine the timing properties of the 
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scintillators. For this purpose we measured the width of the prompt peak from γ−γ 

coincidence between two BC501A detectors.  

An open 252Cf source was then placed in front of the YAP(Ce) #7 of the array, to 

perform measurements of the neutrons emitted in coincidence with the fission fragments 

implanted in the YAP(Ce) crystal. 

In the following paragraphs we will describe the test performed in the laboratory 

as well as the ones performed in the BIGSOL beam line. 

8.1 Detector efficiency  
 

The efficiency of the neutron detectors was estimated using the Monte Carlo code 

SANREMO developed at Bari University. This code implements different types of 

scintillators as NE102A, NE213 equivalent to BC501A, NE218. The geometry of the 

detector is defined by changing the radius and the length of the scintillator cell as well 

as its position with respect to the neutron source. The presence of some shielding layers 

of Al or Pb can also be taken into account. The neutrons are produced by a point-like 

source and emitted isotropically.  

The program provides the response function for seven different possible reactions 

induced by the neutrons inside the liquid scintillator: 

1) the neutron proton elastic scattering, 

2) the neutron carbon elastic scattering, 

3) the (n ,n’ γ) reaction, 

4) 12C(n,α)9Be reaction, 

5) 12C(n,n’) 3α reaction, 

6) 12C(n,p) reaction, 

7) 12C(n,d) reaction. 

 The data regarding the absolute neutron detection efficiency (ε), calculated as a 

function of the neutron energy in the range from 1 to 10 MeV for two values of the 

detection threshold (Eth = 200 keVee and Eth = 500 keVee), are presented in the 

following. The neutron detection efficiency is calculated for the case in which the pulse 

shape discrimination is used to separate neutrons from gamma rays produced by the (n, 

n’ γ) reaction and in the case without pulse shape discrimination. Results are presented 

in Figures 8.1- 8.2. 
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For neutrons of energy up to 4.6 MeV the open reaction channels are the elastic 

scattering with protons and carbon nuclei. For neutrons with higher energy, the (n, n’ γ) 

reaction channel on carbon nuclei opens. Therefore for such neutron energies the use of 

the Pulse Shape Discrimination can be used in order to distinguish between the two 

reaction channels. For neutrons of energy greater than 6.17 MeV and 7.98 MeV the 

reactions 12C(n, α)9Be and 12C(n, n’)3α set in, complicating further the description of 

the detector response function. 
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Figure 8.1 Absolute neutron detection efficiency calculated for a detector of the calorimeter. The 
detection threshold was set to Eth = 200 keVee. The calculation was performed with and without pulse 
shape discrimination. 
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Figure 8.2: Absolute neutron detection efficiency calculated for a detector of the calorimeter. The 
detection threshold was set to Eth = 500 keVee. The calculation was performed with and without pulse 
shape discrimination. 
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Figure 8.3 shows the behavior of the absolute neutron detection efficiency as a 

function of the threshold value, expressed in keVee. It is clear that lower the detection 

threshold, higher is the detection efficiency. Moreover, with the lower threshold it is 

possible to detect with a good efficiency neutrons at low energy. In fact, setting the 

detection threshold at Eth = 500 keVee, the detection efficiency is at the 20% level only 

for neutron energies greater than 2.5 MeV. On the contrary with a threshold of 200 

keVee the detection efficiency for 2 MeV neutrons is about 40% and becomes higher 

than 20% for neutron energy of 1.4 MeV. 

Therefore, in planning the experiments in the field of the β-delayed neutrons, 

which are characterized by energies of about 2 MeV, we have to set the detector 

threshold to values not higher than Eth = 200 keVee, in order to obtain a good detection 

efficiency. For neutrons in this energy range the (n, n’γ) reaction on carbon nuclei is not 

open. However, the Pulse Shape Discrimination is believed to be necessary to reduce 

the background due to γ-rays.     
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Figure 8.3 Absolute neutron detection efficiency calculated for a detector of the calorimeter. The 
calculation was performed for two values of the detection threshold, taking into account the pulse shape 
discrimination. 
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8.2 Test of the Pulse shape discrimination capability 
 

At least three different methods are commonly used nowadays to perform the 

neutron-gamma separation. In the first method, the discrimination is obtained from the 

zero-crossing time after a suitable shaping of the signal [Spe74][Kas85]. The second 

method consist on a double charge integration of the signal with two integration gates 

chosen to extract the relative contribution of the slow component over the total light 

output [Ada78][Ber94]. The two methods were extensively compared in the works of 

[Wol95] [Bar98]. In principle, the zero-crossing method and the charge comparison 

method are comparable, however the neutron-γ separation achieved at low energies is 

much better when the zero crossing method is used. The quality of the neutron-γ 

separation becomes worse when the detector is operated under strong γ-ray radiation, 

due to various effects resulting in a signal distortion such as the pile-up of γ-ray events 

and baseline shifts. The utilization of pile-up rejection methods improves the quality of 

the neutron-γ separation in measurements where the γ-ray rate is up to 50 kcps in a 

single scintillator [Oku99]. 

The third method is based on the use of Flash ADC with high sampling rate as 

high as 1 GigaSample per second (GS/s). In this case the waveform can be recorded 

with the necessary accuracy even for the sharp pulses as the one from the liquid 

scintillators. The recorded waveforms are then analyzed to extract the particle type and 

the energy information, to obtain directly the time information and to resolve 

overlapping pulses [Kam99] [Mar02]. 

In this paragraph, some results are presented concerning the pulse shape 

discrimination capability of the neutron calorimeter scintillators, which were obtained 

with the double charge integration method. 

8.2.1 Experimental method and results  

 The tests of the pulse shape capability were performed in laboratory using a 

scintillation counter of the calorimeter. 

The electronic circuit is reported in Figure 8.4 and is essentially the same 

described in Chapter 3.7.  

For simplicity, in the following we will name the signal coming from the charge 

integration of the slow part of the signal as “PSD” and the signal coming from the 

charge integration of the whole waveform as  “Energy”.   
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Figure 8.4: Electronic scheme used for the pulse shape discrimination tests 

 

A 22Na γ-ray source was used to calibrate the response of the detector in keVee.  

A typical energy spectrum obtained with the 22Na source is reported in Figure 8.5. 

In this spectrum, the minimum detection threshold, determined by the sharp cut at low 

energy, and the Compton edges due to the 511 keV and to the 1274 keV γ-rays are 

clearly recognizable. 

 

Figure 8.5: 22Na energy spectrum the Compton edges due to the 511 keV and to the 1274 keV γ-rays and 
the minimum detection threshold are indicated by the arrows. 
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The Compton edge positions for the two γ-rays were used to convert the pulse 

height for Compton electrons in equivalent keVee using the standard procedure in 

reference [Kno89]. The light output corresponding to 104% of Compton maximum was 

determined to be the channel having 50% of the Compton edge counts in the γ-ray 

spectrum. After the energy calibration, the minimum detection threshold was found to 

be Eth = 99 keVee. 

A 252Cf neutron source was then used to check the neutron-gamma discrimination 

capability of our detector. The total width of the Energy integration gate was set to 125 

ns. In order to determine the optimum delay of the PSD gate with respect to the Energy 

one, measurements were performed varying the relative delay of the two gates from 10 

to 30 ns. This choice is motivated by the fact that a typical scintillator anode signal 

obtained with the 22Na source has a rise time of about 7 ns. The width of the PSD gate 

was then set by subtracting the delay value from the 125 ns width of the energy signals.  

Figures 8.6 represent the two dimensional scatter plots of the PSD signal versus 

the Energy signal obtained with different valued of the relative delay between the two 

integration gates. 

 

 

Figure 8.6: Two-dimensional scatter plots PSD versus Energy obtained with three different values of the 
relative delay between the charge integration gates. 
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Analyzing the PSD spectrum for narrow gates on the total Energy, a quantitative 

estimation of the neutron-γ discrimination can be obtained.  

As a first step, some PSD spectra were produced for several bins in Energy, 20 

keVee wide. In particular, in the Energy gated PSD spectra we can identify two peaks 

corresponding to γ-rays and neutrons. As an example, Figures 8.7 and 8.8 show the PSD 

spectra obtained with the selection of the energy in the interval ∆E = (1000 + 10) keVee 

and ∆E = (500 + 10) keVee for 15, 25 and 35 ns delay. 

With the low energy selection, the PSD spectrum shows two peaks partially 

overlapping. The minimum energy for which two peaks are discriminated is around E = 

300 keVee, whereas close to the threshold the two distributions are completely 

superimposed.    

The factor of merit M, defined in [Kno89] as 

nFWHMFWHM +
=

γ

separationpeak M                                                                                                                (8.1) 

is commonly used to quantify the neutron-γ separation. In (8.1) “peak separation” is the 

distance between the centroids of the peaks due to gammas and neutrons; “FWHMγ” is 

the FWHM of the peak due to gamma-rays and “FWHMn” is the FWHM of the peak 

due to neutrons. 

The results obtained are reported in Table 8.1.  From this analysis, it appears that 

at low energy the best neutron-γ discrimination is obtained when the relative delay of 

the two gates is 15 ns. This is in agreement with the observation of Moszynski [Mos94] 

that the optimum neutron-γ separation is generally obtained for the shortest possible 

initial delay. 

As a further step in our analysis, for each energy bin considered, and each value 

of the delay between the two integration gates, a gaussian fit of the PSD peaks due to 

gammas and neutrons was made. From the Gaussian fit, the integral of each peak and 

the integral of the gaussian tails that are merging in the other distribution (i.e. the 

misidentified events) were calculated. Finally, the fraction of misidentified events was 

calculated. Results are reported in Table 8.2 
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Figure 8.7: PSD spectra obtained for the Energy bin ∆E = (1000 + 10) keVee for 15, 25 and 35 ns delay. 
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Figure 8.8: PSD spectra obtained for the Energy bin  ∆E = (500 + 10) keVee for 15, 25 and 35 ns delay. 
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Table 8.1: Factor of merit M versus the bin energy for different delays between the Energy and the PSD 
gates. For details see the text. 

 
Average 

Energy  

(keVee) 

Μ 

Delay=15 ns  

Μ 

Delay=25 ns  

Μ 

Delay=35 ns  

1500 1.1 1.0 1.0 

1000 0.9 0.9 0.9 

500 0.8 0.8 0.6 

 

 

Table 8.2: The percentage of the gamma events merging in the neutron distribution (Cont γ) and the 
percentage of the neutron events merging in the gamma distribution (Cont n) are reported for different 
values of the delay.  

Delay=15 ns  Delay=25 ns  Delay=35 ns  Average 

Energy  

(KeVee) Cont γ 

% 

Cont n

% 

Cont γ

% 

Cont n

% 

Cont γ

% 

Cont n 

% 

500 0.6 10.1 0.6 13.5 2.5 18.4 

1000 0.2 3.3 0.3 8.4 0.7 7.2 

1500 0.01 3.8 0.1 3.4 0.2 5.5 

 

 

The results in Table 8.2, confirm that the delay of 15 ns is the best value, since it 

produces the higher factor of merit M minimizing at the same time the contamination of 

the gamma and neutron distributions. However, it is important to note that the measured 

factor of merit M = 0.9 at 1000 keVee is a factor of two worse with respect to that the 

values reported by Moszynsky for the “DEMON” 4 liters neutron detectors [Mos94]. 

The factor of merit certainly depends on the light yield of the scintillator and on its 

volume. A deterioration of the factor of merit for our detectors is probably the result of 

a reduced photoelectron yield due to the ageing of the scintillation liquid and of the 

PMT. Phenomena as light self-absorption or neutron multi-scattering may also affect 
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the quality of the PSD. Moreover, a quite large diameter of photo-multiplier is also 

responsible for the deterioration of the neutron-γ discrimination due to the low 

photoelectron collection form the external parts of photo-cathode and to a large transit 

time jitter of the photo-multiplier.           

8.3    Calorimeter laboratory tests  

8.3.1 Determination of the threshold in keVee 

 

For each scintillation detector of the calorimeter, the energy calibration has been 

obtained with the 22Na γ-source. A typical gamma ray spectrum is reported in Figure 

8.9.  After the calibration, the minimum detection threshold in keVee was determined 

for each detector. Results are reported in Table 8.3.  

 

  

Figure 8.9: Neutron Detector #2. Energy spectrum obtained using the 22Na γ-ray source. The Compton 
edges of 511 keV and 1274 keV γ-rays are indicated as well as the detection threshold.  

 

Table 8.3 Minimum detection threshold (Eth) in keVee for the neutron detectors of the calorimeter. 

Det # Eth (keVee) Det # Eth (keVee) 

1 162 11 155 

2 127.7 12 128.5 

3 163.8   

4 121.4 14 72.4 

5 121.4 15 53.8 

6 54.6 16 106.4 

7 194.8 17 119.6 

1274 keV Compton edge 

511 keV Compton edge 

Threshold 
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It is worth mentioning that the threshold is lower than 200 keVee for all the 

detectors. Therefore, in order to simplify the following analysis, it was decided to set 

via software the threshold for all the detectors at the value Eth = 200 keVee.   

8.3.2 Determination of the time resolution 

 

A 22Na γ−ray source was also used to determine the timing properties of the 

neutron detectors by measuring the width  [FWHM] of the prompt γ−γ time coincidence 

between different detector couples. The detector #11 of the group “Up” was used as 

trigger changing the second detector from detector #1 to #7 of the group “Down”.  

On average, a time resolution of δt = (1.6 + 0.2) ns [FWHM] was measured for all 

the detector couples. This means that, with an energy threshold of 200 keVee, the time 

resolution of an individual scintillator is  δt = (1.1 + 0.1) ns.  

 After these first measurements, the YAP(Ce) detector array was mounted in the 

center of the neutron calorimeter and a 252Cf fission source was placed in front the 

central YAP(Ce)#7. A typical energy spectrum of the YAP(Ce) detector in coincidence 

with the neutron detectors is shown in Figure 8.10.  It is clear that due to the quenching 

of the scintillation light and the presence of material layer (the air gap, the entrance 

Mylar foil placed in front of the YAP(Ce) we cannot distinguish  the two fission 

fragment groups. 

  

 

Figure 8.10:252Cf energy spectrum measured  in the YAP(Ce) #7. 
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 The time coincidence between the fission fragments detected by the YAP(Ce) 

and the neutrons and the gamma rays detected by the neutron calorimeter was 

measured.  The electronic chain used for the tests is described in Section 3.7.  

The selection of a particular detector of the calorimeter is possible selecting a 

peak in the Bit Pattern spectrum, as shown in Figure 8.11 

Figure 8.12 represents a typical Energy spectrum, obtained from the detector #2. 

During the data analysis a malfunctioning of the Constant Fraction Discriminator was 

noted. A shift of the prompt gamma peak position in the time spectra as a function of 

the gamma ray energy was evidenced. Therefore, analyzing the time spectrum for 

narrow gates on the Energy spectrum, a quantitative estimation of the shift was obtained 

for each detector. Figure 8.13 reports for the detector #2 the position of the prompt 

gamma peak as a function of the gamma-ray energy. A software procedure was applied 

to correct event by event each time spectrum for the shift. In Figure 8.14 the corrected 

time spectrum for the detector #2 is reported. The prompt gamma peak and the neutron 

bump are clearly separated by the time of flight difference between the gamma rays and 

the neutrons.   

For all the detectors the time resolution was measured as full width at half 

maximum of the prompt gamma peak. The average time resolution was δt = (1.4 + 0.2) 

ns [FWHM]. This value is comparable to that found measuring the γ−γ coincidence 

between two BC501A scintillators. The slightly lower value measured accounts for the 

lower energy of the fission gamma rays from the 252Cf source. 

 

 

Figure 8.11: A typical Bit Pattern spectrum. The peaks indicate the events relative to a particular detector 
of the Neutron Calorimeter. 
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Figure 8.12 Total energy spectrum relative to neutron detector #2 versus YAP(Ce) #7. The detection 
threshold is set to Eth = 200 keVee. 
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Figure 8.13: Position of the prompt gamma peak in the time spectrum as a function of the gamma ray 
energy. 

    

Figure 8.14 Time spectrum relative to neutron detector #2 versus YAP(Ce)#7. The events relative to 
prompt gammas and to neutrons are clearly separated. The detection threshold is Eth = 200 keVee. 
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8.4  Test performed with the calorimeter in the final position 
in the BIGSOL beam line. 
 

8.4.1 Determination of the energy threshold and the time resolution 

Once the neutron calorimeter was placed in its final position on the BIGSOL 

beam line (see Figure 3.42), the measurements of the energy threshold and the time 

resolution were repeated.  

Using the 22Na γ-source the detection threshold was once again determined. A 

typical energy spectrum obtained in these measurements is reported in Figure 8.15. 

 

          

Figure 8.15: 22Na energy spectrum for the neutron detector #16 

 

As done previously, the Compton edge positions of the two gamma rays from the 
22Na source were used to obtain the energy calibration. In these measurements the PMT 

gain was lower than the one used in the laboratory condition, due to some problems 

with the high voltage system. Therefore the detection threshold is generally higher than 

in the previous measurements, as results from the data reported in Table 8.4 

For those detectors a common threshold of Eth = 400 keVee was set and the time 

resolution was measured as full width at half maximum of the prompt gamma peak. The 

results are reported in Table 8.5 
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 Table 8.4: Neutron detector threshold (Eth) in keVee measured at the BIGSOL beam line. 

 
Det #  Eth (keVee) Det # Eth (keVee) 

1 354.5 11 395 

2 266.3 12 659 

3 369.5   

4 280.4 14  

5 311.5 15 233.7 

6 110.3 16 236.8 

7 91.9 17 217.3 

 

 

Table 8.5: Measured time resolution 

Det # Time 

resolution, 

δt (ns) 

Det # Time 

resolution, 

δt (ns) 

1 1.1 11 1.4

2 1.1 12 1.1

3 1.2   

4 1.2 14  

5 1.4 15 1.3

6 1.2 16 1.2

7 1.4 17 1.4

 

 

The average time resolution is δt = (1.25 + 0.12) ns [FWHM]. This value is 

comparable to that found in the previous measurements, the slight improvement being 

due to the higher threshold value. 

The hardware problems with the HV system have to be solved to get the 

calorimeter working with detection thresholds at about 200 keVee. 
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9 Conclusions 
 

Many efforts have been devoted in the recent years to investigate the properties of 

nuclei far from the stability valley, around the neutron and proton drip-lines and in the 

super-heavy region.  Some Radioactive Ion Beams facilities are already available for 

experimental research in nuclear physics laboratories around the world and ambitious 

projects are in progress in order to produce radioactive beams of higher intensity and 

superior quality respect to the ones now used for the experiments.  

In this contest, a new investigation of exotic species production was recently 

started at the Cyclotron Institute, Texas A&M University, where the super conducting 

BIGSOL spectrometer has been installed for the analysis of secondary fragments 

produced in-flight by energetic heavy ion collisions. Such fragments will be mainly in 

the region of neutron-rich and super-heavy nuclei. 

 The BIGSOL solenoid with its large azimuthal acceptance is an useful tool to 

collect exotic nuclei with high efficiency. However, when looking for reaction products 

with very low production cross-section, such as super-heavy nuclei, the selection on the 

magnetic rigidity Bρ cannot reject completely the products of competing reactions with 

higher cross-section (e.g. elastic and deep-inelastic reactions). Consequently a well 

establish trigger strategy by using fragment detectors is needed to identify firmly such 

rare events.  

During the last two years several test run were performed in the BIGSOL line in 

order to determine the capabilities of the experimental set-up and implement the 

available detector system. The selection capability of the spectrometer as a function of 

magnetic field value was investigated. The Bρ selection of the BIGSOL solenoid was 

demonstrated to be very good for medium-low Z nuclei (as the one produced by 40Ar 

induced reactions), but it worsen for heavier fragments. A complex and efficient system 

of detectors has been implemented in the BIGSOL beam-line. In particular, several 

PPAC detectors have been placed along the line to reconstruct the fragment trajectory 

and to perform time of flight measurements. The focal plane detection system, 

composed by a PPAC, a Bragg Chamber followed by a YAP(Ce) crystals array,  was 

designed to detect heavy fragments and record also possible sequential alpha particle 

decay after being implanted in the scintillators. For this reason the YAP(Ce) detectors 
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are operated with a large dynamic range in mass and energy. The study of the 

performances of the focal plane detector is the main topic of this Thesis work.  

The properties of YAP(Ce) scintillators in detecting energetic heavy ions were 

investigated in a wide range of energy and masses at the Radiation Effects Facility at 

Cyclotron Institute of the Texas A&M University. Results are presented and discussed 

in Chapter 4. 

In studying the performance of the YAP(Ce) scintillators coupled to an R4141 

Hamamatzu  PMT,  the YAP(Ce) pulse height response was found to be linear with the 

energy of the ion, for ion kinetic energies greater than 10 A MeV only when the PMT is 

operated at low voltage (400 Volt). For lower kinetic energies (E<10 A MeV ) a non-

linearity of the pulse height response appears, due to the well-known quenching effect. 

When the PMT is operated at higher voltage (800 Volt), a saturation effect appears and 

the pulse height response of the whole detector is no longer linear. However, the pulse 

height resolution is much better in the latter case, when compared with the results 

obtained at lower operating voltage in the regime of PMT linearity. In this regime, a 

detailed energy calibration is needed to extract information from the acquired data.  

The performance of the YAP(Ce) scintillators array was also studied directly in 

the BIGSOL spectrometer. In this case, the measured pulse high resolution is worse by 

a factor two compared to the expectations from the measurements performed at the 

Radiation Effects Facility due to the straggling induced by all the tracking detectors in 

the spectrometer. Nevertheless, a time resolution as low as 320 ps was measured 

relative to the PPAC4 detector for 380 MeV 129Xe ions. This means that the YAP(Ce) 

scintillators should exhibit an even better time resolution in detecting energetic heavy 

ions when the effects of the energy straggling are minimized. 

A detailed energy calibration of the detectors was also performed, as presented 

and discussed in Chapter 5. Two different approaches were used to describe the pulse 

height of the YAP(Ce) detectors with the PMT operated at 400 V or 800 V. In the first 

case the proposed calibration formula is based on the Birks relationship [Bir64]. In the 

second case the calibration is based on semi-empirical calculations that reproduce the 

pulse height of the YAP(Ce) for energies below and above 5 A MeV separately. This 

second case is the most interesting since the detectors of the array have been up to now 

operated at HV = 800 V in order to detect alpha particles and reaction fragments. It was 

found that the calibration parameters for the semi-empirical formulas could be also 

extrapolated as a function of the atomic number of the detected ion.  
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The pulse shape of the YAP(Ce) signals was studied in Chapter 6 by using an 8 

channels, 100MHz, VME Flash-ADC. This study pointed out that it is possible to use 

the pulse shape analysis to discriminate α-particle induced signals from the γ-ray 

background with a residual γ-ray contamination lower than 20% in the energy region of 

interest for α-particles detection (Eα > 4.5 MeV). However the use of high sampling 

rate Flash-ADC will allow, in future, an improved discrimination capability.  

The energy calibration of the Bragg Chamber was performed using direct beams 

and tested with projectile like particles produced in different reactions, as shown in 

Chapter 7. The calibration of the time of flight between PPAC3 and PPAC4 was also 

performed using direct beams data. Finally the reaction of a 7.5 A MeV 129Xe beam on 

the 232Th target was used to test the features of the experimental set-up. The reaction 

products that stop in the Bragg Chamber were considered. The most probable value for 

mass and atomic number of the fragment group were determined by using the timing 

information, the residual energy in the Bragg Chamber as well as energy loss 

tabulations calculated using the SRIM program. It results, however, that this 

identification method have some limitation in the resolution of the fragment atomic 

number Z. 

The ∆E-E technique is used to identify the fragments that do not stop in the Bragg 

Chamber volume and hit the YAP(Ce) array. The energy released in the Bragg Chamber 

is used as ∆E signal, whereas the residual energy is the energy released in the YAP(Ce) 

scintillators. The data relative to the direct beams (84Kr, 129Xe and 197Au at 7.5 A MeV 

without any target) and the data relative to the reaction 25A MeV 84Kr + 232Th were, 

also in this case, used to check the identification capability of our system. The data 

reproduction obtained using energy loss tabulations, YAP(Ce) and Bragg Chamber 

calibrations is fairly good. Moreover, an atomic number resolving power RP = 5.6 (7.1) 

was calculated in case of the fragments produced in 197Au beam induced reactions, 

selecting a narrow pulse height window in the YAP(Ce) spectrum. 

 Surrounding the YAP(Ce) hodoscope a neutron calorimeter composed by 14 

BC501A liquid scintillator detectors is now assembled to measure the β-delayed 

neutron emission from very neutron rich nuclei formed in reactions between heavy ions. 

The properties of such detectors were studied in Chapter 8. The neutron detection 

efficiency of the scintillators was calculated using a Monte Carlo code as a function of 

the detection threshold. An energy threshold not higher than 200 keVee should be used 
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in order to detect β-delayed neutrons, which exhibits a typical energy about 2 MeV with 

an acceptable efficiency (ε ≈ 40 %). The neutron-γ discrimination capability of the 

liquid scintillators was tested using a 252Cf source. The method of the double charge 

integration of the signal with two integration gates was chosen to extract the relative 

contribution of the slow component over the total light output. The discrimination 

capability was found to be not excellent (the factor of merit is M ≈ 1 at 1 MeVee) but 

still sufficient to separate neutrons from γ-ray background in the energy range of 

interest. A 22Na γ−ray source was used to measure the detection threshold of the 

detectors. The same source was used to determine the timing properties of the neutron 

detectors by measuring the width of the prompt γ−γ time coincidence between different 

detector couples. On average, with an energy threshold of 200 keVee, the time 

resolution of an individual scintillator was found to be δt = (1.1 + 0.1) ns [FWHM].  

After assembly and test of the experimental set-up, the first experiment for the 

study of β-delayed neutron emission from very neutron rich nuclei was planned for the 

end of year 2005. However, due to some unexpected problems with the BIGSOL 

superconducting magnet cryogenic system, the allocated beam time has been cancelled 

and it will be again scheduled during 2006, as soon as the difficulties with the cooling 

system will be solved. The forthcoming experiment will be very useful to test the final 

configuration of the BIGSOL apparatus and its capabilities, in connection with the 

beams delivered by the K500 Superconducting Cyclotron in contributing to the future 

development of the Nuclear Physics studied with stable and radioactive heavy ion 

beams. 
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