


Central collisions between 28Si nuclei
at 12.4, 19.7 and 30.0 MeV per nucleon

R.J. Meijer

January 1989



CENTRAL COLLISIONS BETWEEN 28Si
NUCLEI

AT 12.4, 19.7 AND 30.0 MeV PER NUCLEON

CENTRALE BOTSINGEN TUSSEN 28Si KERNEN
BIJ 12.4, 19.7 EN 30.0 MeV PER NUCLEON

(MET EEN SAMENVATTING IN HET NEDERLANDS)

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD VAN DOCTOR
AAN DE RIJKSUNIVERSITEIT TE UTRECHT, OP
GEZAG VAN DE RECTOR MAGNIFICUS PROF. DR.
J.A. VAN GINKEL, VOLGENS BESLUIT VAN HET
COLLEGE VAN DEKANEN IN HET OPENBAAR TE
VERDEDIGEN OP WOENSDAG 22 MAART 1989 DES
NAMIDDAGS TE 12.45 UUR

DOOR

ROBERT JOHAN MEIJER

GEBOREN OP 25 MAART 1959 TE ZWOLLE



PROMOTOR . PROF. DR. C. VAN DER LEUN
CO-PROMOTOR: DR. R. KAMERMANS

Dit werk is een onderdeel van het onderzoekprogramma van de "Stichting voor Fundamenteel
Onderzoek der Materie" (FOM), die financieel gesteund wordt door de "Nederlandse Organisatie
voor Wetenschappelijk Onderzoek" (NWO).





Contents

Central collisions of light heavy-ions 5
1.1 Introduction 5
1.2 Theoretical status 6
1.3 Experimental status 8
1.4 Aim and method of this thesis 10
1.5 Outline of this thesis 12

New charged-particle detectors 15
2.1 Introduction 15
2.2 Plastic scintillators coupled to a photodiode readout system 16

2.2.1 Introduction 16
2.2.2 Detection system 17
2.2.3 Experimental procedure 19
2.2.4 Results 20
2.2.5 Conclusion 23

2.3 A CsI(Tl) scintillator coupled to a double photodiode readout system 23
2.3.1 Introduction 23
2.3.2 Design of the CsI(Tl) LP detector 23
2.3.3 Experimental setup 24
2.3.4 Off-line analysis 25
2.3.5 Resolution 28
2.3.6 Conclusions 28

2.4 A compact multidetector system 28
2.4.1 Introduction 28
2.4.2 Multidetector system 29
2.4.3 Silicon-CsI(Tl)-photodiode unit 30
2.4.4 Performance of the multidetector system 33
2.4.5 Pulse shape analysis of the photodiode signal 34
2.4.6 Conclusions 35

2.5 Electronics for the multidetector system 36
2.5.1 Introduction 36
2.5.2 Preamplification and the pulser system 38



Contents

2.5.3 Main amplifiers with digital gain control 41

2.5.4 Timing filter amplifiers and leading edge discriminators . . . . 42
2.5.5 Conclusions 45

2.6 Conclusions 45

Experimental procedure 49
3.1 Introduction 49
3.2 Experimental setup 49
3.3 Silicon targets 51
3.4 Data acquisition 52
3.5 Data processing 53

3.5.1 Calibration and selection 53
3.5.2 Calibration of CsI(Tl)-photodiode detectors 54
3.5.3 Generation of tapes with physical observables 54
3.5.4 Generation of heavy ion- and LP spectra 55

Evaporation-residue distributions 57
4.1 Introduction 57
4.2 Heavy-ion velocity distributions 58
4.3 Cross sections 62
4.4 Conclusions 64

Light-particle emission from central collisions 67
5.1 Introduction 67
5.2 Energy- and angular-distribution of evaporated particles 70

5.2.1 Introduction 70
5.2.2 Inclusive distributions in the CM frame 70
5.2.3 Coincident distributions of in the laboratory frame 72

5.3 Energy- and angular-distribution of pre-equilibrium particles 75
5.3.1 Introduction 75
5.3.2 Breakup 75
5.3.3 Absorptive breakup 76
5.3.4 Fermi jets 76
5.3.5 Exclusive pre-equilibrium distributions 77

5.4 LP spectra 79
5.5 Fit procedure 80
5.6 Results from the 19.7 MeV per nucleon 28Si -f 28Si experiment . . . . 80
5.7 Exclusive LP spectra for 28Si+28Si 82
5.8 Invariant-velocity distributions 95
5.9 Pre-equilibrium particles 95
5.10 LP multiplicities and the charge-and energy balance 98

5.10.1 Multiplicities 98



Contents

5.10.2 Missing charge 100
5.10.3 Missing energy 101

5.11 Nuclei at high excitation energy 103
5.11.1 Introduction 103
5.11.2 Temperature of a nucleus 103
5.11.3 Energy density 105

5.12 Summary and conclusions 108

List of acronyms 115

Samenvatting 117

Curriculum Vitee 123

Nnwoord 125



Chapter 1

Central collisions of light heavy-ions

1.1 Introduction

This thesis presents an experimental investigation of central collisions in the reaction
28gj _j_28gj a t b e a r n energies of 12.4, 19.7 and 30.0 MeV per nucleon. In these collisions
highly excited nuclei are created. The study of the formation and decay process of
these nuclei forms the main subject of the present work.

The recent interest in the properties of highly excited and compressed nuclei is .
caused by the expectation that at excitation energies in the order of the binding
energy of the nucleus, the nucleus simply fragmentates into several pieces. One
of the main experimental goals is to establish the existence of the fragmentation
process, since this might correspond to a phase transition in nuclear matter.

At beam energies in the range of 10-30 MeV per nucleon incomplete fusion
starts to dominate. Incomplete fusion is either caused by the emission of nucleons
before the system reaches thermal equilibrium, or by the breakup of the projectile
(or target nucleus) followed by the fusion of some of the fragments. By studying ;
the incomplete fusion process one obtains the initial conditions under which the
fused nuclei are formed. Since pre-equilibrium particles remove mass and excitation :';
energy from the fused system, the decay of a nucleus is strongly intertwined with %
the reaction dynamics. ;J

World-wide experimental and theoretical research is directed to the study of the - | j |
formation and decay of highly excited nuclei. The understanding of the underlying $f
fundamental processes is a challenge for the years to come. The next section presents i *
a description of the theoretical status. Section 1.3 summarizes the experimental
status. With these sections as background the aim of the present work is formulated
in section 1.4, followed by an outline of this thesis.
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1.2 Theoretical status

Much progress has been achieved in recent years in the microscopical description of
heavy-ion reactions in the intermediate energy region. This range of beam energies
starts at about 10 MeV per nucleon and ends according to the present terminology
at about 100 MeV per nucleon. A guide to microscopic models for intermediate-
onergy heavy-ion collisions can be found in Ref. [1]. Especially models based on
the Vlasov-Uehling-Uhlenbeck (VUU) equation [2,3] yield insight in the physics of
nuclear reaction mechanisms in this energy range. The essential terms in which these
models describe heavy-ion collisions are the self-consistent nuclear mean field (which
is a function of the nucleon density), the Coulomb field, the Pauli principle and in-
modium nucleon-nucleon collisions. These models only calculate the evolution of the
one-body density function, and the effects of the correlations between the nucleons
produced by in-medium collisions, e.g. cluster structures, are lost. Nevertheless
these models are in wide use.

Recently new models [4,5] were introduced that aim to overcome the shortcom-
ings of the VUU approach. These models go beyond the Vlasov models, because the
mean field is calculated from the position and momentum coordinates of every nu-
cleon. Correlations are explicitly built in since in these new models the evolution of
the particle coordinates can be followed, and not only the evolution of the one-body
density function.

In these semi-classical approaches most quantum efFects are lost. The largest
quantum mechanical efFects are expected to occur in the early stages of the collision
when nuclear systems are almost not excited and the wave functions of all nucleons
are strongly correlated. During the initial moments of contact the sudden increase
of the common nuclear volume promotes nucleons from low-lying states to highly-
excited single-particle states. The deexitation of these states can be associated with
interesting phenomena [6].

Quantum mechanical studies show that after the first stages of the collision, the
interacting nucleons behave rather classical: the relation between momentum and
energy of the nucleons becomes nearly on-shell. This could explain why classical
models are rather successful in the description of a heavy-ion collision. However,
these studies also show that the Pauli principle cannot be neglected.

In all the above-mentioned microscopic models a common mechanism for the
emission of pre-equilibrium particles can be recognized. The coupling of the relative
velocity between target and projectile and the intrinsic velocity of a nucleon inside
a nucleus, can give a transferred nucleon in the recipient nucleus enough boost in
energy to be emitted [7,8,9]. Calculations based on the binding energy of nucleons
show that this effect occurs for beam energies above «10 MeV per nucleon [10,
11]. A boosted particle can leave the recipient nucleus without a collision with an
other nucleon. These particles are the so called Fermi-jets. Particles that leave the
recipient nucleus after one or more collisions are named two-body pre-equilibrium
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particles. The theoretically interesting in-medium nucleon-nucleon cross section
can in principle be obtained [12] from the experimental pre-equilibrium nucleon
distribution.

Compared to the understanding of pre-equilibrium nucleon emission, little is
known about the physics of the breakup-fusion process. In a breakup-fusion process
the projectile or target shatters in the initial stage of the collision. Some of the
parts fuse with the reaction partner. This process is one of the mechanisms that
create composite pre-equilibrium particles. A microscopic model which describes
this process does not yet exist. Therefore, for the description of the breakup pro-
cess one relies on the mainly geometrical models developed for peripheral projectile
fragmentation [13,14,15].

The above-mentioned pre-equilibrium particle models can be used to describe the
formation the fused systems. Depending on the model used, some of the macroscopic
parameters describing the initial conditions of the fused system (excitation energy,
angular momentum, velocity, charge and mass) and thermalisation times can be
obtained.

The decay of equilibrated systems at moderate excitation energies is often de-
scribed by statistical mechanical models. The decay time of an excited equilibrated
nucleus decreases with increasing energy density (the excitation energy per nucleon).
At low excitation energies, a nucleus can reach thermal equilibrium between two
decay steps. In that case the probability for a specific decay channel is mainly de-
termined by the macroscopic parameters describing the initial and final states and
the final state level density. The statistical model for nuclear decay is based on these
principles and succesfully reproduces the experimental data. Usually only the decay
via H and He isotopes, 7-radiation and fission has to be taken into account. Recently
it was shown that the evaporation of heavier particles (Z > 2), which is observed at
energy densities of the order of 3-4 MeV per nucleon, can also be described by the
statistical model. The yield of Z > 2 particles is at least two orders of magnitude
below the yield of H and He isotopes [16,17,18]. For higher energy densities (> 5
MeV per nucleon), the relaxation time of the nucleus is of the order of the average
time between two successive decay steps. The use of statistical models is therefore
limited up to a maximum energy density of «5 MeV per nucleon [1].

At these higher energy densities the system may react not by increasing the ther-
mal motion of its constituents, but by increasing its surface energy by breaking up
into a number of complex fragments. This process is called multifragmentation. The
mass, charge, and energy of the fragments are constrained mainly by conservation
laws. The first multifragmentation models [20,21] were based on a canonical ensem-
ble, whereas for later models a micro-canonical ensemble was used [22]. Recently
calculations within percolation theories [23] also became available. Multifragmen-
tation models show that the global shape of the mass distribution is governed by
general statistical properties of finite systems [1,24],

The success of the approach in which the formation stage of a fused system is
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separated from its decay, depends on the equilibration time of the system. If the
decay time of the system becomes of the order of the formation time, an integral
description of the formation and decay process is needed. A first app.oach has been
published recently [23].

1.3 Experimental status

Intermediate energy heavy-ions beams are available for about 10 years. With an
increasing understanding of the heavy-ion reaction mechanisms, new experimental
methods were developed. In general a trend is observed towards larger detector
systems with an improved efficiency for exclusive measurements. This trend has
already resulted in the development and construction of 47r-detector systems.

The experimental study of central heavy-ion collisions in the intermediate energy
domain employs mainly two techniques, 1) the measurement of the folding angle of
fission fragments and 2) the measurement of the evaporation residue (ER) velocity
distribution. The first method is used in reactions in which medium-mass heavy-
ions are involved, the second method is used in reactions between light heavy-ions,
and is described in this thesis. Since the results of both methods are consistent, this
section concentrates on the techniques and results of the second method.

The experimental study of reactions in the intermediate energy domain has been
mainly focussed on the inclusive measurement of the ER's. A widely applied tech-
nique for mass identification and velocity measurement of ER's uses a Si detector
and a time-of-flight system consisting of two micro-channel plate detectors [25,26].
In some experiments the charge of the heavy ion is also obtained by measuring the
energy loss of a heavy-ion in the gas of an ionisation chamber that is pieced in front of
a Si detector. Figure 1.1 shows a detection system by which the inclusive heavy-ion
distribution in the reaction 28Si + 28Si at 12.4 MeV per nucleon presented in chap-
ter 4, is measured. A rather large set of inclusive data has been obtained with such
detector systems. Systematic studies performed by groups from the Hahn-Meitner
Institute have established the presence of pre-equilibrium processes for beam ener-
gies above £J 10 MeV per nucleon [10]. For asymmetric systems, the emission of
pre-equilibrium particles causes a shift in the ER velocity distribution, which for
complete fusion is centered around the compound nucleus (CN) velocity. From the
direction of this shift it was concluded that most of the pre-equilibrium particles
originate from the lightest of the reaction partners. Furthermore, this velocity shift
increases with incident energy and depends on the relative velocity of the reaction
partners. Although a rather abundant set of data exists, only the gross features
of the observed phenomena are understood. Further progress requires exclusive
experiments.

With the Ar induced reactions on Ag [29] and Sn [2] an attempt was made to
extend the systematics of the ER velocity shift to beam energies of several tens of
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Figure 1.1: The Utrecht ER detector. The micro-channel plate start detector is mounted
in a square box close to the scattering chamber. A two-element ionisation chamber,
positioned in a large vessel at the end of the flight-path, combined with Si surface barrier
detectors, mounted on the rear side of the vessel, enables the measurement of the charge,
energy and the emission direction of the ER's. Since the second micro-channel plate
detector is not installed, the stop signal of the time-of-flight system is generated by one
of the Si detectors.

MeV per nucleon. However, in the beam energy range around 40 MeV per nucleon
the ER residue cross section becomes very small and no velocity shift could be
deduced. In the folding angle spectra of the 40Ar +232Th reaction [3] the fusion peak
also disappeared in that energy range. Since the excitation energy of the fully fused
nuclei would be of the order of the nuclear binding energy, multifragmentation was
one of the proposed explanations. Since alternative explanations [4] exist, exclusive
experiments must be performed [1].

In order to perform exclusive experiments new methods have been developed
for the detection of charged particles. Stacks of Si-detectors, which are widely
used to measure the H and He isotopes (light particles) emitted in reactions in
the low energy domain, are not apt to measure the highly energetic light particles
(LP) emitted in the intermediate energy reactions. In this energy range CsI(Tl)
scintillation crystals with photodiode readout have been developed to measure the
energy of charged particles. Another important aspect is the pvo:Tess in silicon
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semiconductor technology. Low noise, large area (the size of a silicon wafer) Si
AE detectors can be produced for a reasonable price. Usually these detectors also
give position information. In combination with a scintillation stop detector large
solid angles can be covered with sufficient granularity. With these detectors detailed
angular distributions of charged particles can be measured.

For low bombarding energies, where the fusion process is dominant, the decay
process of excited nuclei can be studied by measuring the inclusive energy and
angular distributions of the emitted particles. The statistical model was found to
be successful in the description of the decay process [27]. The initial temperature of
the compound nucleus can be obtained from the shape of the energy spectra of the
evaporated particles. However, these methods are not applicable in the analysis of
inclusive LP spectra produced in reactions with bombarding energies of the order of
several tens of MeV per nucleon. At these energies the LP's emitted in peripheral and
deep-inelastic processes and pre-equilibrium particles contaminate the yield of the
particles evaporated from fused systems. In this case, an entrance channel selection
is needed for the study of the decay process. LP's emitted in central collisions
can be selected via the coincident detection of an ER. However, this method does
not separate the LP's emitted in the decay process of the fused system from the
pre-equilibration particles emitted during its formation.

The yield of the pre-equilibrium neutrons and the yield of the evaporated neu-
trons are rather easily separated [12]. Both the energy spectra of evaporated neu-
trons and the yield of the pre-equilibrium neutrons have a simple exponential shape,
with different slope parameters. Coulomb effects influence the energy spectra of
charged LP's.

Using detailed angular distributions of charged LP's, the authors of Ref. [J]
succeeded also in the disentanglement of the charged particle spectra into equi-
librium and pre-equilibrium yields. Distributions of LP's measured in coincidence
with ER's are scarce, and most of the data are measured at beam energies below
20 MeV per nucleon. The measurements of Ref. [1] and of Ref. [12] indicate that
the pre-equilibrium particles mainly consist of neutrons, H and He isotopes.

1.4 Aim and method of this thesis

The aim of this thesis is to study the formation and decay of nuclei in central
collisions of the 28Si + 28Si system at bombarding energies of 12.4, 19.7 and 30.0
MeV per nucleon, by analysis of the LP spectra measured in coincidence with ER's.

Instead of directly addressing the question of multifragmentation, this thesis
follows the evolution of the decay process by choosing the beam energies in such a
way that nuclei at low (« 3 MeV per nucleon), medium (« 5 MeV per nucleon)
and high (as 7.5 MeV per nucleon) energy densities can be formed. The decay
mechanism at low energy density is described by the statistical model, whereas the
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decay mechanism at the highest excitation energies is unknown. The highest energy
density would give rise to temperatures higher then reported before. However, the
actual energy density reached in these systems depends on the details of the pre-
equilibrium process. The systematic measurements will also enable us to follow the
evolution of these processes.

This thesis concentrates on two sets of measurements, the measurement of the
inclusive velocity distributions of ER's and the measurement of the LP distribu-
tions coincident with ER's. From the first set a strong reduction of the ER cross
section at increasing incident energy was observed and especially the relation to
a possible vanishing fusion cross section is discussed. The coincidence experiment
determines the LP pre-equilibrium contribution and the LP decay modes of highly
exited systems.

The choice of Si as projectile and target has several reasons. First of all it is
a symmetric system. For simple kinematical reasons, collisions between symmetric
systems most efficiently convert the kinetic energy of the beam into energy density,
even if the cross section for pre-equilibrium particle emission is high. Furthermore,
the multiplicity of pre-equilibrium particles is smaller for symmetric systems than
for asymmetric systems at the same beam energy per nucleon (beam velocity). The
chances of forming a larger and more energetic system are greater. In fusion reactions
for symmetric systems, the spread in the energy density due to incomplete fusion
is also smaller than for asymmetric systems (see chapter 5). The symmetric system
also guarantees that the particle yield is symmetric in the CM frame. This for-aft
symmetry insures that no information is lost at low lab energies and at very forward
angles.

The actual choice of the element Si as projectile and target was mainly based
upon two requirements: 1) one should be able to manufacture clean and self-
supporting targets which are isotopically pure and 2) a gaseous chemical compound
of the element should exist for use in the ECR injectors. For the present measure-
ments the explosive and poisonous gas silane (SifLj) was used.

The experimental approach was in principle quite standard. The ER's produced
in fusion reactions between 28Si nuclei can be detected with a simple ionisation
chamber AE detector and a Si surface barrier E detector. The absence of a time-
of-flight system is a trade off between detection efficiency and mass identification.
For the identification of ER's, however, charge identification is sufficient. The LP
detection method was improved significantly, since already in the first experiment
at 12.4 MeV per nucleon four CsI(Tl) detectors were used and in the 19.7 and 30.0
MeV per nucleon experiments the Utrecht multi-detector system with 16 of these
detectors was employed. LP energy distributions were measured in coincidence with
ER's for a large set of forward and backward angles on both sides of the beam. For
the determination of the LP multiplicity the singles ER distribution was measured
in all three experiments.
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1.5 Outline of this thesis

Chapter 2 describes the developments that have led to the construction of a CsI(Tl)
charged particle detector and of the Utrecht multidetector system. The experimental
setups, and the methods used in the acquisition, processing and analysis of the data
are described in chapter 3. Chapter 4 presents the results of the heavy-ion velocity
measurements. In chapter 5 exclusive LP spectra are analyzed and conclusions are
drawn about equilibrium and pre-equilibrium processes.

References

[1] G.F. Bertsch, S. Das Gupta, Phys. Rep. 160, 189 (1988).

[2] J. Aichelin, G.F. Bertsch, Phys. Rev. C31, 1730 (1985).

[3] C. Gregoire, B. Remaud, F. Sebille, L. Vinet, Y. Raffray, Nucl. Phys. A465,
317 (1987).

[4] G.E. Beauvais, D.H. Boal, J.C.K. Wong, Phys. Rev. C35, 545 (1987).

[5] J. Aichelin, G. Peilert, A. Bohnet, A. Rosenhauer, H. Stocker, W. Greiner,
Phys. Rev. C37, 2451 (1988).

[6] W. Cassing, Z. Phys. A326, 21 (1987).

[7] K. Mohring, W.J. Swiatecki, M. Zielinska-Pfabe, Nucl. Phys. A440, 89 (1985).

[8] S. Leray, G. La Rana, C. Ngo, M. Barranco, M. Pi, X. Vinas, Z. Phys. A320,
383 (1985).

[9] S. Bhattacharya, K. Krishan, S.K. Samaddar, J.N. De, Phys. Rev. C37, 2916
(1988).

[10] H. Morgenstern, W. Bohne, W. Galster, K. Grabisch, A. Kyanowski, Phys.
Rev. Lett. 52, 1104 (1984).

[11] G.S.F. Stephans, D.G. Kovar, R.V.F. Janssens, G. Rosner, H. Ikezoe, B.
Wilkins, D. Henderson, K.T. Lesko, J.J. Kolata, C.K. Gelbke, B.V. Jacak,
Z.M. Koenig, G.D. Westfall, A. Szanto de Toledo, E.M. Szanto, P.L. Gonthier,
Phys. Lett. B161, 60 (1985).

[12] W. Rosch, A. Richter, G. Schrieder, R. Gentner, K. Keller, L. Lassen, W.
Lucking, R. Schrek, W. Cassing, H. Gemmeke, Phys. Lett. 197B, 17 (1987).

[13] A.S. Goldhaber, Phys. Lett. 53B, 306 (1974).



References 13

[14] W.A. Friedman, Phys. Rev. C27, 569 (1983).

[15] M.J. Murphy, Phys. Lett. 135B, 25 (1984).

[16] W.A. Friedman, Phys. Rev. C37, 976 (1988).

[17] R. Charity, Nucl. Phys. A471, 225 (1987).

[18] R. Charity, private communication.

[19] C. Gregoire and B. Tamain, Annales. de Phys. 11, 323 (1986).

[20] D.H.E. Gross, L. Satphaty, Meng Ta Chung, M. Satphaty, Z. Phys. A309, 41
(1982).

[21] R.J. Meijer, A statistical model for clusters in nuclei, KVI internal report nr.
95i (1983).

[22] J.P. Bondorf, R. Donangelo, I.N. Mishustin, C.J. Pethick, H. Schulz, K. Snep-
pen, Nucl. Phys. A443, 321 (1985).
J.P. Bondorf, R. Donangelo, I.N. Mishustin, H. Schulz, Nucl. Phys. A444, 460
(1985).

[23] C. Cerruti, J. Desbois, R. Boisgard, C. Ngo, J. Natowitz, J. Nemeth, Nucl.
Phys. A476, 74 (1988).

[24] J. AicheNn, J. Hiifner, Phys. Lett. 136B, 15 (1984).

[25] H. Morgenstern, W. Bohne, K. Grabisch, H. Lehr, W. Stoffler, Z. Phys. A313,
39 (1983).

[26] E.A. Bakkum, A van den Brink, R.J. Meijer, R. Kamermans, Nucl. Instr. and
Meth. A243, 435 (1986).

[27] J. Galin, Nucl. Phys. A488, 297c, (1988). £

[28] K.A. Griffioen, E.A. Bakkum, P. Decowski, R.J. Meijer, R. Kamermans, Phys. <f
R e v . C37 , 2502 (1988) . |

[29] B. Borderie, M. F. Rivet, C. Cabot, D. Fabris, D. Gardes, H. Gauvin, F. I
Hanappe, J. Peter, Z. Phys. A318, 315 (1984).

[30] J. Blachot, J. Crancon, B. De Concourt, A. Gizon, A. Lieres, H. Nifenecker,
Proceedings of the XXIII International Winter Meeting on Nuclear Physics,
Bormio 1985, p. 598.



1! Chapter I. Central collisions of light heavy-ions

[31] M. Conjeaud, S. Harar, M. Mostefiii, C.E. Pollaco, C. Volant, Y. Cassagnou,
R. Dayras, R. Legrain, H. Oeschler, Y. Saint-Laurant, Phys. Lett. 159B, 374
(1984).

[32] G. Auger, E. Plagnol, D. Jouan, C. Guet, D. Heuer, M. Maurel, H. Nifenecker,
C. Ristori, F. Schussler, H. Doubre, C. Gregoire, Phys. Lett. 169B, 161 (1986).



Chapter 2

New charged-particle detectors

2.1 Introduction

Heavy-ion reactions have been extensively studied at beam energies below about
10 MeV per nucleon, the low energy range, and above 400 MeV per nucleon, the
relativistic, high-energy range. The energy range in between, the intermediate-
energy range, is scarcely explored since experimental facilities became only recently
available.

The experimental methods used in low-energy nuclear physics are only partly
applicable in the intermediate-energy region. Various groups have investigated al-
ternatives for the most widely used charged particle detector in the low energy
range: the silicon detect or. For years, silicon surface barrier detectors stacks have
been used for energy measurements and identification of charged particles emitted
in nuclear collisions at law incident energy. However, at intermediate beam energies,
these stacks usually are not thick enough to stop highly energetic hydrogen and he-
lium isotopes. Furthermore, silicon detectors are easily damaged by radiation and
they are expensive. Therefore, alternatives for these silicon detectors were needed.
Investigations were started for compact LP detectors, which were easy to use, with
a large dynamic range and available at low cost.

Improvements in semiconductor technology made it possible to construct large
area, small capacitance photodiodes with a low leakage current. The noise of these
new diodes is low enough to use them as transducers for scintillation light. Sec-
tion 2.2 describes a study of the performance of a plastic scintillator with photodiode
readout. From this study it became clear that acceptable results can be obtained
with CsI(Tl) scintillators coupled to photodiodes. The performance of such a LP
detector is reported in Section 2.3. Section 2.4 describes a multidetector system
with Si-AE detectors and Csl-photodiode E detectors. Most of the measurements
reported in this thesis were obtained with this system. The electronics designed for
this multidetector system is discussed in Section 2.5. Conclusions can be found in
Section 2.6.

Sections 2.2, 2.3, 2.4 and 2.5 have been published previously ([1,2,3,4]).
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2.2 Plastic scintillators coupled to a photodiode
readout system

2.2.1 Introduction
The LP multiplicity in heavy-ion reactions above 10 MeV per nucleon increases
rapidly with increasing energy. A 4?r multidetector system would be a powerful
tool for the understanding of the underlying reaction mechanisms. Each unit of
such a system should have a reasonable energy resolution, should be capable to
identify the LP's and to handle high count rates. Since a part of the LP yield is
forwardly peaked a good angular resolution is needed. Moreover, each unit should
be as compact, simple and cheap as possible.

ft is known for some time that the measurement of photon intensities by a pho-
todiode coupled to a charge-sensitive preamplifier is, except for light pulses with low
intensities (< 5.104 photons), superior to a photomultiplier detection system. This is
attributed to the relatively large sensitivity of the photomultiplier gain to variations
in temperature and bias voltage. The electronic noise of the photodiode, due to its
leakage current and its large capacitance (100 pF), however, makes the photodiode
Jess suited for the measurement of low photon intensities. The compactness, the low
cost, the gain stability, the small power requirements and power consumption of the
photodiode makes it a very interesting photon detecting device.

The publication of Bantel et al. [5] and the above mentioned considerations lead
us to investigate the possibility to realize a multidetector system for LP's based
on a plastic phoswich scintillator coupled to a photodiode. The phoswich consists
out of two scintillators and emits, as response to particle penetration, two light
pulses with different decay times. The current through the light-sensitive detector
is proportional to the light output of the phoswich.

Particle identification can be achieved by integrating the (amplified) current of
the photodiode by a charge-to-digital converter (QDC) with two integration times
as is shown in Figure 2.1. The success of this method is determined by the signal-
to-noise ratio of the photodiode and preamplifier circuit. From the specifications of
various current-to-voltage preamplifiers and from earlier measurements we learned
that the measurement of the photodiode current would be difficult. Therefore the
performance of each of the scintillators coupled to the photodiode was studied sep-
arately, with a charge-sensitive preamplifier. It allowed us to compare the perfor-
mance of plastic scintillators coupled to photodiodes to other scintillators coupled
to photodiodes.

The detection system including the preamplifiers is described in subsection 2.2.2.
The experimental procedure is given in subsection 2.2.3. Data on the energy resolu-
tion of plastic scintillators coupled to a photodiode with a charge-sensitive pream-
plifier and estimates of the photodiode current can be found in subsection 2.2.4.
The last subsection 2.2.5 gives the concluding remarks.
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Figure 2.1: a) Light output of the phoswich scintillator as response to particle penetration,
b) Current through the photodiode, c) Short QDC gate, d) Long QDC gate.

2.2.2 Detection system

2.2.2.1 Scintillators

Apart from the low cost, plastic scintillators have more properties that make them
attractive for use in a multidetector system. First of all they are non-hygroscopic
and rugged. Furthermore, they can be machined and polished easily and purchased
in almost every size. A disadvantage is the low specific density (p = 1.03 g/cm3)
and consequently the plastic scintillator has a low stopping power.

It was our aim to construct a phoswich detector consisting out of a AE scintillator
of NE102A with a thickness of 0.5 mm and a stop detector of NE115 with a thick-
ness of 4.5 mm. The thickness of the AE scintillator determines the lower-energy
boundary of the dynamic range to 6 MeV for protons and 24 MeV for a-particles.
The upper energy boundary is determined by the total thickness of the scintillation
material and by the thickness of the AE part. The scintillators are capable of stop-
ping 22 MeV protons and 88 MeV a-particles. However, the high-energy particles
lose a small amount of energy in the AE scintillator, 1.3 MeV for 22 MeV protons
and 5.0 MeV for 88 MeV a-particles, resulting in a relatively low light yield from
this scintillator. Some intrinsic properties of the scintillators are listed in table 2.1.
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Decay time [ns]
Pulse width [ns]
Wavelength of
maximum emission [nm]
Light output
relative to antracene [%]

NE102A
2.4
2.7

423

65

NE115
225

395

35

Table 2.1: Properties of NE102A and NE115.

2.2.2.2 Photodiode

The photodiode used during the experiments were manufactured by Hamamatsu
(type number S1723-04) and was almost identical to the photodiodes described
elsewhere [6,7,8,9,10,11]. However, it was selected on a low leakage current by the
Harshaw company. Although the photodiode is more sensitive for light with wave-
lengths in the red region, it can also detect the bluish light from the scintillators
with a reasonable large quantum efficiency. Some properties of the diode are listed
in table 2.2 (data taken from the specification sheet of Hamamatsu).

2.2.2.3 Preamplifiers

Both charge-sensitive and current-sensitive preamplifiers were used in the exper-
iments. The charge-sensitive preamplifiers were used because they allowed us to
compare the performance of the plastic scintillator photodiode combination with
similar detectors based on other scintillators. Moreover, from the collected charge
one can calculate the very small current from the photodiode. Since the particle
identification described above relies on the current from the photodiode, a hybrid
current-to-voltage amplifier was tested.

In the measurements with the charge-sensitive preamplifier the photodiode was
mounted directly on the forefront of a modified Ortec 121 and in some cases on
an Ortec 142A preamplifier, guaranteeing a maximal charge collection. The modi-
fication [11] matched the preamplifier to the large diode capacitance and consisted

1 Sensitive surface
Capacity
Rise time

1 Spectral response between

[cm*]
[pF]
M

[nm]

1 1
100

<15
200-1150J

Table 2.2: Properties of the Hamamatsu S1723-04 photodiodes.
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+25V

Figure 2.2: Circuit diagram of the photodiode connected to the MSD2 current-to-voltage
preamplifier.

out of the replacement of the decoupling and feedback capacitor by a 2.7 nF and a
2.2 pF capacitor, respectively. The bias resistor was changed to 1 Gfi.

The MSD2 preamplifier (Laben 5240) [12,13] is a compact four channel hybrid
current-to-voltage amplifier, designed for the amplification of current pulses from a
silicon microstrip detector. Because its small size and its insensitivity for pickup it
can be packed to a high density. Compared to other current-to-voltage preamplifiers
the MSD2 has a fast rise time (2ns) and a low-noise performance. Some salient
characteristics are listed in table 2.3. During the experiments the photodiode was
connected to this preamplifier as is shown in Figure 2.2.

2.2.3 Experimental procedure

Due to the unknown performance of the photodiode when it is coupled to a plastic
phoswich scintillator, the response of a photodiode coupled to the 0.5 mm NE102A
and a 4.5 mm NE115 scintillator was studied. At first instance the charge created in
the photodiode was amplified with a charge sensitive preamplifier. The scintillators
were bombarded by particles from elastically scattered a and proton beams delivered
by the 7 MV EN tandem Van de Graaff accelerator of the Robert Van de Graaff

Transresistance gain
(depending on the output load)
Input impedance
Noise estimated for a
100 pF input impedance

foV/pA]

[electrons]

10-40
120

2000-3000

Table 2.3: Some properties of the MSD2 preamplifier.
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laboratory in Utrecht. In these experiments a piece of scintillation material was
coupled to the photodiode with optical grease. An aluminized mylar foil was used
to maximize the light collection in the photodiode.

The detectors were placed along the focal plane of an Enge splitpole spectrograph
in order to shield them from /?- and 7-radiation. A thin (15-30 ^m), collimated,
silicon detector was positioned in front of the scintillation material, giving a trigger
each time when a particle entered the scintillator. Moreover, in this way the effi-
ciency of the scintillation materials could be determined as being 100%. Replacing
the silicon detector by one with an other thickness allowed us to vary quickly the en-
ergy of the particles entering the scintillators. The energy straggling of the particles
in the silicon detector was never more then 0.3 MeV and could be neglected.

The test input of the preamplifier was connected to a precision pulser, and the
amplitude of the pulser signal was matched to the amplitude of the photodiode
pulses. The photodiode preamplifier signals were amplified (by a factor 2000 and
3000) and shaped by an Ortec 452 main amplifier, with a shaping time of 6 fis for
the 121 preamplifier and 3 [is for the 142A. Pulses from the main amplifier were
sent to an octal ADC. The start of the ADC was mostly generated by signals from
the silicon detector. In the other cases we derived the start from the main amplifier
signal of the photodiode, using a constant fraction timing single channel analyzer.
The data were processed and directly analysed by a P D P 11/34 online computer.
Most of the results given in this section were obtained with the Ortec 121 charge-
sensitive preamplifier. The measurement with 16 MeV a-particles was carried out
with the Ortec 142A charge-sensitive preamplifier.

2.2.4 Results
Figure 2.3 shows three typical spectra. The first of these (a) gives the response
of NE102A for a-particles of 19.4 MeV with the start of the ADC generated by a
30 /tm silicon detector and in the second spectrum (b) the start is generated by the
photodiode itself. The last spectrum (c) is a pulser spectrum.

A comparison between these spectra reveals that the main contribution to the
energy resolution is the electronic noise from the photodiode and the preamplifier. In
the analysis the spectra were fitted with a Gaussian to determine the peak position
and the FWHM. Table 2.4 summarizes the results of our measurements and those
of comparable experiments reported in literature. The particle energies given are
corrected for the energy loss in the silicon detector. From this table one can see
that the resolution for protons lies around 1.2 MeV for the photodiode coupled to
NE102A scintillator material, a number which was found to depend only slightly
on the applied bias voltage. For the NE115 scintillation material the resolution is
3.0 MeV. A comparison of the light output of NE102A an NE115 for a-particles
of 13.8 and 19.4 MeV shows that the light output of NE115 is about one third of
NE102A. From the well known light output of NE102A the light output of NE115
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6oo ;

100 200 300 400 500
CHANNEL NUMBER

Figure 2.3: a) The response of NE102A for 19.4 MeV a-particles. The start of the ADC
was generated by signals of a 30 fim silicon detector in front of the scintillator. b) As
a), however, with the the start of the ADC generated by the photodiode itself, c) Pulser
spectrum (see text).

ScintilJ ior
Energy
[MeV]

3.0
5.8
11.3
13.8
16.16
19.4
48.8
52
6-10
12-20

Particle

P
P
P
a
a
a

P
P
P
a

NE102A
Peak/FWHM
[ch]/[MeV]
This work

81/1.2
269/1.2
184/3.0
221/3.2
159/2.5
356/3.1

NE115
Peak/FWHM
[ch]/[MeV]
This work

82/9.7

121/9.3

NE103
FWHM

[MeV]
Ref. 14

9.3

BGO
FWHM

[MeV]
Ref. 8

1.5

BGO
FWHM

[MeV]
Ref. 11

1.2
2.9

Table 2.4: Energy resolution of several scintillator-photodiode detection systems. The
peak positions show that the light output of NE115 is one third of NE102A.
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is calculated to be 22% of antracene. This value is somewhat smaller than the value
found by Bantel et al. [5], 35%, but in agreement with earlier specifications of the
Nuclear Enterprise Company.

Comparable measurements of other scintillators coupled to photodiodes are known
in the literature. A resolution of 9.3 MeV for 48 MeV protons was achieved by Bate-
man [14] in the late sixties with a self made photodiode and preamplifier coupled to
NE103. The present resolution can probably be attributed to the better character-
istics of modern photodiodes. It is also interesting to compare the present results
with that of Bakkum et al. [11], who did a similar measurement with BGO scintil-
lation material. The resolution of 1.2 MeV for proton energies in the range from 6
to 10 MeV is similar to the values obtained with the NE102A material. Also the
resolution of 2.9 MeV for a-particles with an energy between 12 and 20 MeV is close
to our value. Grassmann et al. [8] measured a resolution in BGO of 1.5 MeV for
elastically scattered protons with an energy of 52 MeV.

After each run we measured with a precision pulser, which injected via the test
input a well known amount of charge in the preamplifier, the electronic noise of the
detector. It turned out that in all cases the observed resolution was fully determined
by the electronic noise of the photodiode and the preamplifier circuit. From these
measurements we learned that the FWHM of 2.5 MeV for NE102A, measured with
the Ortec 142A charge-sensitive preamplifier for 16 MeV a-particles, corresponds to
an electronic noise of 1200 electrons.

The amount of charge produced in the photodiode by a 16 MeV a-particle
stopped in NE102A is about 1.75 fC. The rise time of the photodiode signal is about
15 ns. The assumption that all the charge created in the photodiode is carried away
in this time, leads to an upper limit for the current through the photodiode of 116
nA for the above case. It was not possible to see the response of the preamplifier
to the penetrating particles. From the pulse height of the signals out of the main
amplifier, the pulse height of the preamplifier signals was calculated to be 1.5 mV,
which was about the amplitude of the noise band. The response of the photodiode
coupled to the current-sensitive preamplifier was also studied for 16 MeV a-particles.
The noise band observed in the preamplifier output decreased by a factor of two to
about 2 mV when the photodiode bias was applied. Even if the oscilloscope was
triggered on the preamplifier signal from a silicon detector, which was placed in front
of the scintillator no response to the penetrating a-particles was observed. From
measurements with a LED, which emitted short light pulses in the photodiode, it
was observed that the pulse height of a charge-sensitive preamplifier coupled to the
photodiode was twice as large as the pulse height of a current-sensitive preamplifier
coupled to the diode. Therefore one could, using the above calculated pulse height
from the signals of the charge-sensitive preamplifier, estimate the pulse height of the
signals of the current-sensitive preamplifier to be 0.75 mV.

For the estimated maximum current of 116 nA in the photodiode one expects,
using the values of table 2.3 for the transresistance gain, an output voltage between
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1.1 and 4.6 mV. Thus even for the maximum energy that can be deposited in the
0.5 mm NE102A (S MeV for protons and 24 MeV for a-particles), no significant
signal can be obtained with this current-to-voltage preamplifier.

2.2.5 Conclusion
LP detection with a plastic phoswich scintillator coupled to a photodiode and a
MSD2 current-to-voltage preamplifier is not feasible due to the too small response
of the photodiode to photons emitted from a necessarily thin AE scintillator. The re-
sponse of a NE102A plastic scintillator-photodiode detector is, in this energy range,
comparable to that of a BGO-photodiode detector.

2.3 A CsI(Tl) scintillator coupled to a double
photodiode readout system

2.3.1 Introduction

This section describes the construction and performance of an LP detector consisting
of an CsI(Tl) scintillator and an double photodiode readout system. The design of
the Csl LP detector is presented in subsection 2.3.2, details of the experimental
setup and the off-line analysis are given in subsections 2.3.3 and 2.3.4, respectively.
Results on the energy resolution are described in subsection 2.3.5, and concluding
remarks can be found in subsection 2.3.6.

2.3.2 Design of the CsI(Tl) LP detector
Several authors [7,11] have already noted the advantages of a light charged-particle
detector consisting of an inorganic crystal scintillator and a photodiode. Moreover,
the emission wavelength of 580 nm and the relatively large light output (95% of
antracene and 40% of Nal(Tl)) makes the Csl scintillator especially well suited for
the Hamamatsu Si723-04 photodiode. An estimate based on these numbers and
the quantum efficiency curve of the photodiode shows that a Csl-photodiode com-
bination produces a factor of 4 more charge than a BGO-photodiode combination.
The specific density of CsI(Tl) (p = 4.51 g/cm3) is a good compromise between the
requirements of stopping high-energy particles in a reasonably small detector and
circumventing the extreme sensitivity of the light output, at high crystal densities
and low particle energies, to surface defects. Furthermore, CsI(Tl) is available at
low cost in various sizes, it is rugged and nearly non-hydroscopic, and it is easy to
machine. For high counting rate applications, however, the rather long decay time
of 7 fiz of the slowest scintillation component may affect its performance.
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Csl crystal

1 cm

Photodiodes

Figure 2.4: Sketch of the CsI(Tl) photodiode LP detector.

The salient properties of the photodiode are listed in table 2.2. The quantum
efficiency of the diodes for the scintillation light of CsI(Tl) is about 0.6. For the
higher light intensities the linearity and resolution of the photodiodes are known to
be better than for photomultipliers [15].

The crystal, delivered by the Harshaw company, has a dimension of 3 X 3 X
1 cm3 (see Figure 2.4). Two photodiodes are coupled to one side with transparent
silicone grease. The photodiodes were soldered on a printed circuit board, and the
mechanical construction of the detector housing was such that the diodes exerted a
slight pressure on the crystal. The crystal was wrapped in aluminium foil to ensure
a optimal light collection, and the whole detector was housed in a 1 mm thick brass
holder.

2.3.3 Experimental setup

The Csl scintillator was used as the final element of a telescope in a 20Ne + 27A1
experiment at 20 MeV per nucleon performed at the KVI cyclotron in Groningen.
The telescope consisted of two ion implanted silicon AE detectors (AEi, AE2),
manufactured by Schlumberger, and the scintillation detector. The AEi detector
was position sensitive with a thickness of 300 /im. The AE2 detector had a thickness
of 500 /zm. The telescope was placed at a distance of 167 mm from the target at a
mean angle of 14°. In this geometry it covered an in-plane angular range between
10.2° and 17.8°, determined by a 1 cm thick lead collimator. The whole system was
cooled to a temperature of 5°C, which is important to reduce the noise of the silicon
detectors and leads to a well stabilized system. The Faraday cup was placed 50 cm
from the target and approximately 30 cm from the telescope. In this geometry no
disturbances due to 7-radiation were observed.

The signals of the silicon detectors were amplified by standard Ortec 121 charge-
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Figure 2.5: The correlation between the total energy loss in AEi + AE2 and the sum of
the responses of the two photodiodes for LP's produced in the 20Ne +27A1 reaction at 20
MeV per nucleon.

sensitive preamplifiers and Ortec 472 main amplifiers. Canberra 2003-BT charge-
sensitive preamplifiers were connected to the photodiodes with 40 cm coaxial cables.
The signals of the preamplifiers were further amplified with Ortec 452 main ampli-
fiers with a shaping time of 6 /is. The main amplifier outputs were connected to an
Ortec AD811 ADC. The data were stored event by event on magnetic tape.

2.3.4 Off-line analysis

In the off-line analysis the measured photodiode pulse heights were corrected for
offsets and differences in tlie amplification chains. The thicknesses of the AEx and
AE2 detectors were determined by comparing the punch-through energies with the
calculations of an energy-loss program that uses the stopping powers tabulated by
Andersen and Ziegler [16]. Both thicknesses agreed within 20 /im with the values
(300 ftm and 500 //m) supplied by the manufacturer.

Figure 2.5 shows the summed energy loss in AEi and AE2 as a function of the
summed photodiode response for the LP's produced in the investigated reaction.
All isotopes of the light elements through Li are clearly separated, indicating that
the isotope separation is not limited by the energy resolution of the Csl detector.

The dependence of the summed photodiodes responses on the position of the
particle in the crystal is given in Figure 2.6 for a-particles with a total energy loss
between 15.0 and 15.5 MeV in AEj and AE2- The position information was deduced

1
It
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Figure 2.6: The summed responses as a function of the position of the particle in the
crystal for a-particles with a total energy loss between 15.0 and 15.5 MeV in AEi + AE2.

from the position-sensitive AEj detector. It is important to note that the response
of the two photodiodes is independent of the position.

The incident kinetic energy of a particle was calculated from the energy losses
in AEi and AE2. The energies of the different particles (p, d, t, 3He and a) were
obtained by interpolating between values in tables that contain the calculated energy
losses in the AEi and the AE2 detectors as a function of increasing incident energy.
The step size for the incident energy was always smaller than 0.5 MeV. The method
was tested with the calibrated data from a three-element silicon detector telescope,
which was also used in the same experiment.

The scintillator response from the energy deposited by a-particles up to 160
MeV and by protons up to 50 MeV is shown in Figure 2.7a and 2.7b, respectively.
The cutoff at the lowest energies is due to the aluminium reflector foil at the en-
trance of the crystal. A linear dependence over the whole energy range is observed
for a-particles. The nonlinear behaviour for protons for energies above 20 MeV
can be attributed to nuclear collision effects and to the light collection efficiency at
larger penetration depths. The energy loss due to nuclear inelastic interactions at
energies above about 40 MeV per nucleon becomes considerable [11]. This veloc-
ity dependence explains the different behaviour of protons and a-particles in the
studied range. Moreover, the light output for protons is greater than for a-particles
at energies below 40 MeV (see also Figure 2.8). This is a well known effect for
crystals [17,18]. The scintillation efficiency decreases at higher differential energy
losses dE/dx; therefore, at higher ionization densities (a-particles) the relative light
output will be smaller. The apparent decrease of energy resolution at higher ener-
gies is mainly an artifact of the energy-loss procedure used resulting from the fact
that the calculated particle energy is a much stronger varying function of the energy
losses at the higher energies than at the lower energies. Uncertainties in the energy
loss due to straggling and noise, therefore, results in the larger errors in the energy



2.3. A CsI(Tl) scintillator coupled to a double photodiode readout system 11

40 80 120 160

I I I
20 40 60 80

Ep (MeV)
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Figure 2.8: The detector response for the various LP's as a function of their energy.
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determination for the highest energies. To circumvent this problem, the energy of
the particle as a function of photodiode response was fit with a polynomial. In this
way the energy deposited in the crystal could be calculated directly from the photo-
diode response. The results of these fits for the different elements and isotopes are
summarized in Figure 2.8.

2.3.5 Resolution

From the procedure described above, no precise information can be obtained on
the energy resolution of the Csl crystal. Therefore, the energy resolution for 10
MeV protons, accelerated by the 6 MV EN Tandem in Utrecht, was measured. The
detector was placed in the focal plane of an Enge split pole spectrograph. The energy
resolution for 10 MeV protons was found to be 500 keV, and is completely determined
by the electronic noise of the photodiodes. Although this is certainly worse than
the resolution of a typical silicon detector, it is normally more than sufficient to
measure the LP energy distributions in heavy-ion reactions at intermediate energies.
Compared to the results presented in table 2.4 we see that this resolution is a factor
of two better than the resolution obtained with a BGO or a NE102 plastic scintillator
coupled to the photodiode. This is a direct consequence of the higher light output
of Csl and the operation of the photodiode at a wavelength near its maximum
efficiency.

The position dependence of the energy signal was also measured at Ep = 10
MeV. Even at this low energy the sum of the photodiode responses was position
independent.

2.3.6 Conclusions

A compact and cheap detector with a linear response over a wide range of energies
and with a relatively high resolution for low and high-energy LP's was constructed
from a CsI(Tl) crystal with a double photodiode readout system. With standard nu-
clear electronics this system performed successfully under experimental conditions.

2.4 A compact multidetector system

2.4.1 Introduction
Central heavy ion collisions at intermediate energies are characterized by a broad
distribution of the reaction products in energy, angle, charge and mass. These col-
lisions will in general produce only a few rather highly energetic LP's while the
remaining nucleons form an intermec'iate system that subsequently decays by emit-
ting LP's at lower energies and more complex fragments.
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In order to study the reaction mechanisms, it is necessary to discover the sources
of the reaction products. The multidetector system described in this section will
allow the study of gross features of heavy-ion reactions from detailed charged-particle
velocity distributions, either in singles mode or in coincidence with other reaction
products.

The multiplicity of the reaction products for beam energies below 1 GeV is
relatively low, and the information contained in the highly energetic LP's is quite
large. Therefore, these studies can be performed without a full coverage of the
whole solid angle. However, a resonable energy and position resolution and a good
particle identification over a wide range of incident energies is required. The design
of the multidetector system was constrained by two requirements: 1) it must operate
in conjunction with two large heavy-ion detection systems [19,20], and 2) it must
fit inside our existing scattering chamber (diameter 60 cm). Consequently, the
multidetector system should be as compact as possible; this excludes the use of
photomultiplier-based detectors.

The cost of the E detectors in standard Si AE-E telescopes is often a limiting
factor on the number of telescopes used in a setup. Moreover, these E-detectors
are often unable to stop high-energy protons and are rather sensitive to radiation
damage. Therefore, we started to investigate a cheap and compact alternative for
detectors that can stop highly energetic LP's. Results on scintillators coupled to
a photodiode readout showed that a photodiode can be a good alternative for a
photomultiplier.

Recent results with a 3 x 3 x 1 cm3 CsI(Tl) crystal and a double photodiode
readout (sect. 2.3) showed that CsI(Tl) is an almost ideal scintillator for use with
photodiodes. It combines three important qualities: high stopping power, relatively
high light output near the maximum of the spectral response curve of the photodiode,
and low cost.

With the experience gained from these studies, a multidetector system with many
identical detector units was constructed. Each unit consists of a Si AE-detector and
a CsI(Tl) E detector with photodiode readout.

Subsection 2.4.2 describes the multidetector system. The influence of various
reflective materials and crystal surface treatments on the light output of the CsI(Tl)
crystal are discussed in subsection 2.4.3. In subsection 2.4.4 the performance of the -[
detector system under experimental conditions is discussed. Subsection 2.4.5 gives *
results on the particle identification from a pulse-shape analysis of the photodiode ,|
signal. Conclusions can be found in subsection 2.4.6. -|

2.4.2 Multidetector system v
;

The multidetector system consists of several identical detector units (about 20) :;
which can be placed into holes in a fixed mounting. The picture of Figure 2.9 ;
shows the densely packed detectors. The aluminium frame contains 21 detector
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Figure 2.9: A spherical detector holder with 21 detector positions. The diameter of the
frame is about 24 cm.

positions. The detectors are separated from each other by 15° along the horizontal
and diagonal directions. Two additional in-plane positions at angles of 7.5° from
the center, together with the two in-plane holes at 15°, form a continuous groove
through which the beam can pass. The inner radius of the spherical frame is 120
mm and the axis of each cylindrical hole points to the target spot with an accuracy
of 0.2 mm.

Figure 2.10 shows the complete setup in which two of these spherical segments
are connected by an in-plane ring. In this geometry, detectors can be placed at all in-
plane angles at multiples of 15° and at various out-of-plane angles in the forward and
backward hemisphere. The whole setup can be rotated from outside the scattering
chamber. It is possible to adjust the distance of each detector from the target by
sliding it within the hole of the mounting. In general the detectors are placed at a
distance of 100 mm from the target. With 20 detectors at this distance, the solid
angle covered is about 0.20 sr. The setup is cooled with alcohol for an optimal
detector performance and is electrically isolated from the scattering chamber.

The electronics used in processing the detector signals is described in Section 2.5.

2.4.3 Silicon-CsI(Tl)-photodiode unit
Figure 2.11 shows a photograph of a disassembled detector unit. The dimensions of
the CsI(Tl) crystal (length 35 mm, diameter 18 mm) are chosen such that 100 MeV
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Figure 2.10: Two spherical detector holders, connected by two in-plane segments, enable
the simultaneous measurement of forward and backward in- and out-of-plane angles. The
beam passes through the centers of both spheres.

Figure 2.11: Exploded view of one telescope.
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Particle

P
d
t

3He
a

6Li
"C
160

20Ne
2 8Si

Threshold Energy
[MeV]

4.1
5.3
6.2

14.1
15.7
29.7
86.1

132
184
299

Table 2.5: Punch through energies for a 150 fim Si detector.

protons entering through the active surface of the surface barrier detector cannot
escape from the crystal. The 45° edges which are cut in the crystal serve as a light
guide. Experiments show that this improves the light collection of the photodiode by
a factor of 1.5. Energy-loss information is obtained via a 150 mm2 Si-detector with a
thickness of 150 fim. The choice of this thickness is a compromise between the cost,
an acceptable low-energy cutoff for protons and a-particles, and a tolerable energy-
straggling contribution to the AE signal. Table 2.5 lists the resulting low-energy
cutoffs for some relevant nuclei.

The surface barrier detector is sandwiched directly between two gold plated rings,
one connected to the metal CsI(Tl) housing (the ground electrode) and the other to a
LEMO connector (used for applying bias voltage and extracting the energy signal).
The aluminized surface of the silicon detector is directed towards the target. A
PFTE (teflon) cap insulates the front contact electrode and the sides of the surface
barrier detector from the surroundings. In this way the photodiode and the Si
detector are operated with positive bias voltages and the energy resolution of the Si
detector specified by the manufacturer could be reproduced. The resolution of the
AE detector is optimized by cooling the detection unit to a temperature of 5° C.

Each crystal is highly polished to improve the light collection and is covered by
a thin transparent layer of silicone grease to protect the slightly hygroscopic crystals
against humidity and to prevent the occurrence of electrochemical processes at metal
contact surfaces. A sprayed-on layer of plastic can also be used for this purpose,
however, it has the disadvantage of a slightly worse light collection. A silicone glue
was used to couple the photodiode to the crystal since even under small mechanical
pressures optical grease will flow away. The emission spectrum of CsI(Tl) ranges
from UV up to the near infrared with maxima at 300 and 580 nm. Reflectors and
glues should therefore not absorb any of these wavelengths; this is the case for the
white reflection material PFTE [20], the silicone glue, and the silicone grease.



2.4. A compact multidetectur system 33

cr'7

10 20
POSITION OF IWWDIflTJON IflM)

Figure 2.12: The light output of a highly polished crystal as a function of the wrapping
material and of the position of the light source. 1) PFTE tape + aluminium mylar foil.
2) PFTE tape 3) aluminium mylar foil 4) aluminium foil 5) black foil. The solid lines are
to guide the eye.

Figure 2.12 shows the dependence of the light output of the crystal as a function
of the position of the light source and of the wrapping material. Ganrna rays from
a collimated 137Cs source were used to irradiate the crystal perpendicular to its
axis. The position of the photopeak in the pulse height spectrum, v-s 1; en as a
measure of the light collected by the photodiode. An optimal light ;oi'ection is
achieved by wrapping the sides of the crystal with PFTE and aluminium foil (see
Figure 2.12). Further optimization of the light collection is achieved by covering
the front side of the crystal by an aluminized mylar foil. Prepared in this way, the
CsI(Tl)-photodiode elements have a typical energy resolution of 200-300 keV for 12
MeV protons.

2.4.4 Performance of the multidetector system

The multidetector system was tested with beams of the Utrecht Tandem Van de
Graaff accelerator, and successfully used in three experiments in which a Si target
was bombarded by Si beams of 8, 19.7, and 30 MeV per nudeon. These mea-
surements were taken at KVI in Groningen (8 MeV per nucleon) and at SARA in
Grenoble (19.7 and 30 MeV per nucleon).

In the test experiments special attention was given to the resolution and to
the particle identification properties of the detector elements. It was found that
the energy resolution of the CsI(Tl) detectors was determined mainly by the energy
straggling in the reflector foil and the quality of the front layer of the CsI(Tl) crystal;
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Figure 2.13: The relation between the energy loss in the silicon AE detector and the
scintillator-photodiode response.

the electronic noise of the preamplifier was less important. The particle identification
capability is good, as can be seen in Figure 2.13. Moreover, during the 30 MeV per
nucleon experiment Z separation of elements up to Si could be obtained.

2.4.5 Pulse shape analysis of the photodiode signal

It has been known for a long time that the light output of CsI(Tl) is a function
of the energy, charge and mass of the detected particle. To see to what extent
this information can be deduced from the photodiode signals of the multidetector
system, a test was done with one of the detector elements during the 19.7 MeV per
nucleon 28Si + 28Si experiment.

The light output of the crystal is mainly determined by two processes: 1) the fast
recombination of electrons and holes around the particle track, which produces UV
light, and 2) the trapping of excitons (electron-hole pairs) by Tl centers, which emits
light in the visible domain. Both processes compete, but the chance for electron
hole recombination increases with an increasing ionization density. Therefore, the
emission spectrum of CsI(Tl) is a function of the ionisation density, which in turn
is a function of the energy, charge, and mass of the incident particle. The energy
and identity of a particle can therefore be inferred from the primary wavelength
spectrum. However, the UV emission band overlaps the broad Tl emission band,
and for larger crystals (dimensions above a millimeter) most of the UV photons are
captured by the Tl centers and are re-emitted at a longer wavelength. Instead of
direct measurement of the emission spectrum one can use the difference in decay
times of both processes to extract this information. The decay time associated with
the recombination process is approximately 0.5 /is, whereas the decay time of the
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Figure 2.14: Pulse shape analysis circuit. PA: preamplifier, MA: main amplifier, TFA:
timing filter amplifier, CFD: constant fraction discriminator, TSCA: timing single channel
analyzer, TAC: time-to-amplitude converter, ADC: analog-to-digital converter.

trapping process is nearly 7 fis. This time structure in the light output of the crystal
is reflected in the current through the photodiode and in the shape of the leading
edge of the charge-sensitive preamplifier output pulse. There are several electronic
methods to extract parameters related to the amplitudes of the fast and slow rise
time components. One of these (shown in Figure 2.14) is the standard method used
in neutron-gamma discrimination. It employs the fact that the maximum of the
unipolar pulse from the main amplifier occurs at later times with increasing rise
times of the preamplifier pulse. A timing single-channel analyzer (TSCA) was used
to measure the time at which the main amplifier output pulse decreases to 90%
of its maximum value. Figure 2.15 shows the relation between this time difference
and the photodiode main amplifier pulse height. For energies above 30 MeV isotope
separation is obtained for the elements H and He. The dependence on the differential
energy loss is clearly visible, e.g. for increasing energy the maximum of the unipolar
pulse is reached at later times.

These results indicate that the development of a LP detector with isotope iden-
tification for the elements H, He, and Li, consisting only of a single CsI(Tl) crystal
and a photodiode, is feasible.

2.4.6 Conclusions
A multidetector system designed to measure energy and angular distributions of
charged particles has been designed, built, and used successfully in several experi-
ments. The detector elements, consisting of a Si AE and a CsI(Tl) E detector, are
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Figure 2.15: Time difference (between the start of the unipolar main amplifier pulse and
the point at which this pulse decreases to 90% of its maximum value) vs. the pulse height,
measured for a CsI(Tl) photodiode combination.

able to stop highly energetic LP's and to separate the individual H and He isotopes.
The results on the particle identification obtained by a pulse-shape analysis of

main amplifier signals show that it is possible to construct a highly granular detector
system with minimal dead space, consisting only of CsI(Tl) crystals coupled to
photodiodes, which is capable of identifying masses and charges of light nuclei.

2.5 Electronics for the multidetector system

2.5.1 Introduction
A multidetector system with 20 detection units, each constructed from two detector
elements, a 150 /tm silicon surface barrier AE detector and a CsI(Tl) scintillator E
detector with photodiode readout, has been described in Section 2.4. This multide-
tector system has been designed to measure energy distributions of charged particles
in singles and coincidence mode. The accompanying electronics must be able to pro-
cess analog signals and to generate logic signals. The performance of the electronic
equipment which has been designed and built for this purpose will be described in
this section.

The important design considerations for the signal-processing electronics of such
a multidetector setup are: ease of operation, compactness, and reasonable cost.
Signal processing for a multidetector system with identical detection units involves
many parallel identical circuits. A system especially designed for this purpose,
therefore, can compete favorably with commercially available electronics. Moreover,
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Figure 2.16: Block diagram of the electronic equipment to process the signals of one
detector unit of the multidetector system. PA: preamplifier, MA: main amplifier, TFA:
timing filter amplifier, LD: leading edge discriminator.

by using bus structures, the required amount of external cabling can be minimized.

The basic components needed to process the signals of one detector unit are
shown in Figure 2.16. The preamplifiers (PA's), located on top of the scattering
chamber in a EuroCrate rack (Figure 2.17), are connected to the detector elements
by a short coaxial cable. The PA modules are mounted in pairs. The output signal
of the PA is split and sent to a main amplifier for pulse height analysis and to a
timing filter amplifier (TFA) for event logic. Leading edge timing on the output
of the TFA provides sufficient time resolution to separate individual beam bursts
down to a spacing of < 50 ns. Trigger pulses are derived from the AE (Si) detectors;
this gives the best possible time resolution. ParticLs that are stopped in the AE
detectors cannot be identified, but the multiplicity of these (mainly heavy) particles
is low compared to the particles that penetrate into the CsI(TI) crystal (mainly
hydrogen and helium isotopes). Five octal main amplifier (MA) modules and the
five quad TFA modules are housed in two double-height EuroCrates. The EuroCrate
was chosen for its reliable (DIN 41612) connector standard and its bus (192 pins).
It has the further advantage of being inexpensive and in wide use.

Subsection 2.5.2 shortly describes the properties of the signals generated by the
detection elements, the design of the preamplifiers, and the associated pulser system.
A discussion of the main amplifiers and their control can be found in subsection 2.5.3.
Subsection 2.5.4 discusses the timing filter amplifiers and the leading edge circuits.
Conclusions are presented in subsection 2.5.5.
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Figure 2.17: The preamplifier rack and the multidetector system.

2.5.2 Preamplification and the pulser system

It has been known for quite some time [18] that CsI(Tl) emits light in the UV and
in the yellow region in response to charged particles. The UV component has a
decay time of the order of a few hundred ns and the yellow component of the order
of microseconds. The light emitted by the scintillator is converted to a current
by the photodiode. Integrating this current with a charge-sensitive preamplifier
improves the signal-to-noise ratio and provides a voltage pulse whose height varies
nearly linearly with the absorbed particle energy (see Section 2.3). In this case the
two components produce slightly different rise times in the output pulse. Charge-
sensitive preamplifiers must also be used to process the signals of the 150 mm2

150 /im silicon detectors. Since the signal-to-noise ratio is poor for signals from fast
low-Z particles in the AE detector and from slow particles in the stop detector, the
noise of the PA should be as low as possible.

Figure 2.18 shows the circuit diagram of the PA. It uses the TRA1000, a mono-
lithic IC of LeCroy. The input stage consist of a high speed, low noise 2N5434
FET that has a high common-source forward transconductance and a high com-
mon source input capacitance required for good PA performance. The high drain
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Figure 2.18: Circuit diagram of the charge-sensitive preamplifier.
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Figure 2.19: Two preamplifiers mounted on a EuroCard. The LED's show the presence
of a pulser signal and the failure of the preamplifier.

current, required for minimal noise, is adjusted by P2. Inductor LI acts as a high
drain impedance, necessary for a high signal gain. Resistor R6, in parallel with the
internal drain resistor, forms the damping resistor for LI. The rise time is improved
by an input compensation network, (R2,C1), which insures a proper termination of
the input transmission line. Signal ground and power ground are both insulated.
Rl is the external reference to power ground. The typical PA noise for a load of
200 pF is 1500 electrons.

The detector bias is adjusted by the potentiometer PI, which acts as a voltage
divider. Figure 2.19 shows a set of two PA's mounted in metal boxes on a single
Euroboard. Two reed relays on this board guide the test pulse to the PA. One LED
for each PA indicates that the PA is connected to the pulser. A third LED indicates
the saturation of the PA. This can be caused by large input pulses, pileup, and the
breakdown of the feedback system, e.g. a broken FET. Saturation of the PA also
causes the generation of an error signal.

Ten PA boards (20 PA's) are mounted in one EuroCrate. Each board receives its
power and the commands to switch the test pulses via the backplane. A control unit
is placed in the right most position of this rack. The error signals of all PA's in one
EuroCrate have been wired together via the bus control unit to produce a (non)error
signal. This signal is available via a lemo connector. The control unit also performs
the address decoding for the reed relays. A single bias supply is connected via the
control unit to the various PA's; the individual detector biases can then be adjusted
at each PA. A LED on the control unit indicates the presence of a bias voltage.
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Figure 2.20: Schematical drawing of the preampliflcation system with the pulser. TP:
test pulse, Sync: trigger pulse for pulser, Ref: reference voltage for pulser, PCM: pulser
control module, Sel PA: select PA, Sel BRD: select PA board.

A test pulse can be fed through each PA to test the electronic equipment and
to monitor its stability during experiments. A pulser control module (PCM), in
conjunction with a precision pulser, generates a test pulse at the input of each PA
by sending crate and PA addresses to the PA control unit. The PCM is connected
to each PA rack via the PCM bus. It also supplies the pulser with an external
reference input. The PCM generates a PA address and the selected PA control unit
switches the appropriate reed relays to connect the pulser to a charge terminator
which is built into every PA. After the reference level has stabilized, a trigger pulse
is sent to the pulser and the test pulse is subsequently generated. This system is
schematically given in Figure 2.20.

The reference level is generated by a 12 bit digital-to-amplitude converter (DAC).
For each PA the DAC input is stored in an internal 2K memory. The reference values
are loaded manually and displayed by a 3 5 digit voltmeter.

2.5.3 Main amplifiers with digital gain control
Two main amplifiers are needed to shape the slowly decaying signals from the two
PA's of each detector element. Shaping constants of 2 //s (Si) and 4 fts (CsI(Tl))

I
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yield optimal results. The maximum pulse height is 6V for a load of 50 fi. The design
of the MA's for the multidetector system is based on the MAD Camac amplifier [21]
which has digital gain control. The design has been modified to include pole-zero
compensation, a Robinson baseline restorer, a second-order shaping network, and
the capability to drive 50 il loads. The circuit diagram given in Figure 2.21 shows in
consecutive order the pole-zero compensation, first active shaping stage, digital gain
control, second active shaping stage, baseline restorer and line driver circuit. The
excellent filter characteristics and low noise of the main amplifier are mainly due to
the use of the low-ncise, high-speed OP37 operational amplifier in the active filter
gain stages. The maximum gain is 1000 and is controlled by a 12 bit multiplying
DAC.

The noise output level of a properly terminated main amplifier with a gain of 250
is typically 4 mV for both shaping times. For the highest gain (1000) the noise levels
are only 15 mV and 10 mV for the 4 and 2 (is types, respectively. The count rate
performance of the baseline restoration circuit was tested with a Ge(Li) detector and
a I37Cs source. The pole-zero circuits were adjusted at a counting rate of 150 s"1.
The resolution stayed constant up to a counting rate of 6000 s"1, but at 11000 s"1

the FWHM of both the 2 fis and the 4 [is main amplifiers became twice as large.
Eight MA's and an address decoding circuit are mounted on a single printed

circuit board. Crosstalk between adjacent channels is below the noise level for any
gain setting and input pulse height, independent of the 50 fi load on the output. Five
octal MA units are grouped into one double height EuroCrate. The MA controller
is located in the last postion. Each octal MA board is connected to this controller
by the bus of the crate. This bus provides each MA board with its power and the
gain settings.

The MA controller loads the MA's with the gain settings from a personal com-
puter via an opto insulated bus. The bus protocol is implemented in the MA con-
troller by an EPLD (Erasable Programmable Logic Device). Each MA generates an
acknowledge signal when a new gain setting is loaded. This signal is sent via the
MA controller to the computer. Gain settings can be changed with the personal
computer and are stored on floppy discs.

2.5.4 Timing filter amplifiers and leading edge discrimina-
tors

The timing filter amplifier (TFA) consists of a high-pass filter, a number of cascode
gain stages, a low-pass filter, and a TTL comparator; see Figure 2.22. The low and
a high-pass filters have fixed time constants of 100 ns. The gain of the TFA can be
adjusted by an external potentiometer to a maximal value of 200. The leading-edge
discriminator circuit (LD), which uses a LM360 comparator, is mounted on the same
printed circuit board as the timing filter amplifier. The comparator has an input
stage which withstands large overloads. The threshold of this comparator can be
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Figure 2.21: Circuit diagram of the main amplifier. 2 fis shaping time: Rl = 100 fl,
Cl = 390 pF, C2 = 820 pF, C3 = 390 pF, 4 /is shaping time: Rl = 51 fl, Cl = 680pF,
C2 = 1.5 pF, C3 = 680 pF.
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Figure 2.22: Circuit diagram of the timing filter amplifier, the TTL-NIM convertor is not
shown.
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adjusted by a potentiometer on the front panel.
The outputs of the LD are standard TTL and NIM signals. The NIM signals

are available via lemo connectors for standard logic processing. The TTL outputs
are connected to the bus and will be used by the event and digitizing units that are
presently being designed.

2.5.5 Conclusions
An economical and user friendly electronic system which is optimally suited to pro-
cess the signals of our multidetector system has been designed and built.

The preamplifiers have a high channel density and a performance comparable
to the better commercially available preamplifiers. The connection to the advanced
pulser system improves the testing and monitoring capability for a multidetector
experiment. The major advantage of the main amplifiers is their computer control.
This allows for easy storage, modification, and retrieval of the amplifier gains. The
timing circuits (TFA + LD) are of standard design, but fulfil the time resolution
requirement for experiments having beam structures with repetition rates < 20 MHz
and widths of about 10 ns. Moreover, the system is rugged enough to withstand
transportation over large distances.

2.6 Conclusions

The development of detectors based on CsI(Tl) scintillators and photodiodes, as
described in the previous sections, took place at a time when similar investiga-
tions were started by other groups. The CsI(Tl)-photodiode detector is now widely
recognized as a versatile LP detector with sufficient energy resolution. Compared
to a Si detector, these detectors have a larger dynamic range, are less expensive
and more rugged. Compared to other scintillation detectors with a photomultiplier
readout, CsI(Tl)-photodiode detectors are easier to use, more stable, cheaper and
more compact. Due to the excellent matching of the CsI(Tl) emission spectrum to
the sensitivity of the photodiode, the energy resolution of the CsI(TL)-photodiode
detector is more than sufficient for its use in heavy-ion experiments.

A multidetector system, employing twenty detection units containing Si-AE de-
tectors and CsI(Tl)-photodiode E detectors was constructed. It offers a very efficient
way for measuring detailed energy and angular distributions of charged particles.
The high dynamic range of the detection units of the multidetector system was of
major importance for the experiments described in this thesis.
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Chapter 3

Experimental procedure

3.1 Introduction

In incomplete fusion reactions most of the beam momentum is carried away by ER's.
The study of these heavy reaction products yields mainly global information on the
incomplete fusion process. The missing momentum, which is the difference between
the beam momentum and the transferred momentum deduced from the ER's, is
spread among other reaction products, in our energy domain mainly neutrons, H
and He isotopes. The incomplete fusion process can be studied in more detail via
these LP's. Furthermore, the measurements of these particles allows to study the
decay of excited nuclei as well. Singles LP energy distributions are rather featureless,
a straightforward selection of LP's produced in incomplete fusion processes can only
proceed via the simultaneous detection with an ER. However, the exclusive LP
spectra do not show pronounced structures (e.g. around beam velocity [1]). Only
the shapes and the cross section of the LP energy distribution depend to some extent
on the laboratory angle. This angular dependence allows for the separation of the
coincident particle yield into a distribution of pre-equilibrium and a distribution of
evaporated particles. Detailed measurements of the exclusive angular distribution
of the LP energies are needed to allow for this separation.

The experimental approach is quite straightforward, the ER are detected in a
simple ionisation chamber, the multiple-LP detection was improved significantly
by the use CsI(Tl)-photodiode LP detectors (see chapter 2). Prototypes of these
detectors were used in the 12.4 MeV per nucleon experiment at KVI, Groningen.
The multidetector system described in chapter 2 was used in the 19.7 and 30.0 MeV
per nucleon experiments at SARA, Grenoble. This chapter concentrates on the
remaining aspects, especially related to the data collection, processing and analysis.

3.2 Experimental setup
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Figure 3,1: Detector configuration used in the 19.7 and 30.0 MeV per nucleon 28Si + 28Si
experiments.

Figure 3.1 shows the experimental setup used in the 19.7 and 30.0 MeV per nucleon
experiments. In the 12.4 MeV per nucleon experiment a similar setup was used. The
target ladder is located in the center of a scattering chamber which has a diameter
of 52 cm and contains silicon and gold targets, the latter for the normalization of
the experiments. The 28Si beam passes the target and is stopped in a Faraday cup.
The heavy-ion detector is placed at a small forward angle, typically 5 degrees with
respect to the beam. A monitor detector, installed for normalization purposes, is
placed at the smallest possible angle with respect to the beam (3°).

In the 12.4 MeV per nucleon experiment, LP's were detected with four three-
element telescopes, the third element being a CsI(Tl) detector. In addition, two
conventional three-element and two-element Si telescopes were used. To minimize
the noise of the silicon detectors, all telescopes were cooled. The properties of the
detectors for this experiment are listed in table 3.1. The detectors are labeled by
their initial angle. Other detection angles were obtained by rotating the complete
setup. For LP detection in the 19.7 and 30.0 MeV per nucleon experiments the
multidetector system was used. The multidetector system is described in detail in
chapter 2, the detector geometry is given in Table 3.2.

Except for the singles 12.4 MeV per nucleon experiment, a 10 cm long ionisation
chamber was used to measure the energy-loss signals of ER's. A Si detector, located
at the back of the ionisation chamber measured the remaining energy of the ER's.
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Detector angle
9 [degrees]
15.0
35.0
55.0

169.7
-170
-45.3
-14.3")
-5 .0

30
30
15
20
15
25

300
30

Detector elements
Si fim
1000
500
100 5000

1000
1000
100 5000
500
150

CsI(Tl)
l x l
l x l

1 x3
1.7 ^

cm3

x 3
x 3

x 3
x 3

Rotation angle
[degrees]

10.0
10.0
10.0

-9 .7
10.0

-9 .7
-9 .7

60.0
60.0
60.0

-19.7
60.0

-19.7
-19.7

Solid angle
Afi [msr]

3.87
6.49
5.34
2.24
2.01
5.13

2 x 2.23
0.0944

Table 3.1: Properties of the LP detectors in the 12.4 MeV per nucleon 28Si + 28Si experi-
ment. a) Central angle, this detector is position sensitive and treated as two detectors in
the analysis.

The ionisation chamber was filled with freon at a pressure of 15 and 21.8 Torr. The
gas was continuously refreshed via a flow system. By measuring the drift time of the
electrons in the ionisation chamber, the in-plane angles of the detected heavy ions
could be determined accurately. Table 3.3 summarizes the configurations in which
this detector was used.

Inclusive ER distributions at 12.4 MeV per nucleon were measured separately
with the HRC system. This detector, which is described in detail in Ref. [2], also
identifies the masses of the particles via an time-of-flight technique, however, its
solid angle is too low to be used in these coincidence experiments.

3.3 Silicon targets

Natural silicon contains 92.23% 28Si, 4.67% 29Si and 3.10% ^Si. In this thesis only
the results from the 28Si + 28Si reaction will be discussed. During target preparation,
the target material is exposed to various chemicals, from which traces can remain

Detector angle
[degrees]

15 - 1 5
30 -30 45 - 4 5 60 - 6 0

135 135 150 -150

Solid angle
[msr]
2.24
12.2
24.2

Table 3.2: LP detector geometries in the 19.7 and 30.0 MeV per nucleon 28Si + 2SSi
experiments. Other angles were obtained by rotating the detectors over 6°. See chapter 2
for a detailed description of the multidetector system.
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Beam energy
Gas
Gas pressure
Thickness of Si detector
Solid angle

[MeV per nucleon]

[Torr]
[fim]

[msr]

12.4

21.8
250
1.21

19.7,
Freon

30.0

15.0
1000
0.77

Table 3.3: Hi-detector configurations in the exclusive 12.4,19.7 and 30.0 MeV per nucleon
28Si + 28Si experiments.

in the target. These impurities, especially those with almost the same mass as
silicon can influence the results. Before and after each experiment the composition
of the targets was obtained from the energy spectrum of elastically scattered or and
12C beams accelerated by the Utrecht tandem accelerator. The composition of the
targets used in the three experiments is shown in Table 3.4. No effects of these
impurities were found in the analysis of the experiments.

3.4 Data acquisition
The energy, time and trigger signals were derived from the detector output as shown
in Figure 2.16. These signals, together with the IC drift time signal were digitized by
CAMAC based ADC's, TDC's and bit (hit pattern) registers. The events were defined
by logical operations on the trigger signals. The dead time of the acquisition system
was kept around 10%, by regulating the total event rate with the beam intensity
and by selectively scaling down the singles events.

In the 12.4 MeV per nucleon experiment for each event the contents of all CAMAC
modules had to be stored on tape by a VAXll/750 computer. In the Grenoble
experiments a PDPll computer decided on the basis of the bits present in the hit-
pattern register ('configurateur'), which CAMAC modules contained relevant data,

Beam energy [MeV per nucleon] 12.4 19.7, 30.0
Thickness Si

C,'. rbon
before expenrne f
after

Oxygen
before experiment
after

lftg/cm2}

Si ftoms]

[% Si atoms]

315 367

3
11.1

2.4
2.4

Table 3.4: Composition of the targets measured before and after the experiments.
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and only those were recorded. Since the PDPll computer also copied each event to
a VME system, monitoring of the event by the VME based parallel processor system
did not result in an increased dead time.

3.5 Data processing

3.5.1 Calibration and selection

The following steps were performed to obta::. calibrated spectra of heavy ions and
LP's:

1. Scaling of ADC values to energies (for Si detectors and ionisation chambers) or
correction for ADC offsets (for CsI(Tl) detectors).

2. Identification of the particles.

3. Determination of the response function of the CsI(Tl) detectors. The response
function depends on the energy and identity of the particle and is slightly
different for each detector.

4. Calculation of the kinetic energy of the particles.

5. Selection of the events and the generation of event selected magnetic tapes.

6. Generation of energy- and velocity spectra of LP's and heavy ions. Spectra
are labeled by detector angle, particle type and the event type.

7. Calculation of normalization constants from sealer contents, geometrical prop-
erties of the detectors, target thicknesses, Rutherford scattering on gold, and
integrated beam currents.

8. Generation of spectra, e.g. in the form of dcr/duLP or d3er/(dJ£LP d!7[,P dflEiO-

For the 12.4 MeV per nucleon experiment a VAXll/785 computer with the replay
program PAX [3], extended with several specialized routines, was used. The 19.7 and
30.0 MeV per nucleon data were processed on two MICROVAX II computers, by the
same program. All operations on the data were performed via command files, which
reduces the number of errors, guarantees a traceback in case of error detection and
a rapid recovery. Software for the replay program, written in the VAX/FORTRAN
language, were carefully checked for compilation errors.

Some of the data processing steps are not trivial; these steps will be discussed
in the next sections.
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3.5.2 Calibration of CsI(Tl)-photodiode detectors
In chapter 2 the calibration of a two-photodiode CsI(Tl) detector is described. The
procedure uses the energy-loss signal of two, rather thick, silicon detectors. In the
12.4 MeV per nucleon experiment three detectors and in the 19.7 and 30.0 MeV
per nucleon experiments all CsI(Tl) detectors relied on the energy-loss signals of the
AE detectors for the calibration of the crystals. The calibration procedure for one
detector and one particle type may be described as follows:

1. Generate look-up table for the conversion of energy loss in the AE detector to
energy [4].

2. Generate for a subset of the events a two-dimensional spectrum of the cal-
culated energy and the pulse height of the scintillator, using the energy-loss
information and the lookup table.

3. Describe the energy-pulse height spectrum with a polynomial [5]. In this way
the effects of the energy straggling in the AE detector are minimized.

The CsI(Tl) detectors used in the multidetector system were almost identical,
therefore, it was possible to obtain a cross check for the calibration. For each detector
and for each particle i (where i stands for p, d, i,3He and a) the pulse heights P{E)i
corresponding to the energy (E, e) of the particle i at 25, 50, and 150 MeV were
determined numerically from the response function. Then for each particle i and
detector a matrix ME,e,i = P(E)i/P(e)Q was calculated. These matrix elements are
independent of electronic amplification and are directly comparable to the matrix
elements from other detectors.

3.5.3 Generation of tapes with physical observables
After the identification and calibration, new event tapes are generated that contain
only physical observables. The observables written to tape were the energy, identity
and position of the detected particle and in the coincident events also the time
between the detection of the LP and the detection of the heavy ion. The tapes
contain the following event types: LP-heavy-ion coincidences, inclusive LP events
and inclusive heavy-ion events.

In the Grenoble experiments, 29 tapes were recorded at 1600 bpi. Each tape
contains on the average 1.5 million events. One of the main advantages of the
multidetector system is that all detectors are almost identically constructed. This
is exploited in the specialized software developed for the multidetector system. The
task of this software is to calibrate and to sort the events. Furthermore, it contains
also features needed to check its proper functioning and to monitor in great detail
the destination of the sorted events, e.g. the number of events that are rejected by
a particular condition.
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Beam energy [MeV per nucleon]
Number of LP detectors
Number of HI detection angles
Number of LP detection angles
Number of LP-HI pairs
HI detection angles 0 [deg],
<f> = 0°
LP detection angles 6 [deg],
d> = 0°

LP detection angles 0 [deg],
= 180°

LP detection angles [deg],

HI charge numbers
LP

12.4
8
1

24
24
5

15 25 35
45 55 65
75 95 115

150 160 169
5 12.5 16.1

22.2 25.8 32.2
35.8 45.3 55

65 110 160

9, . . . , 24
p d t

3He a

19.7 30.0
16
2
32
64

4 (setting 1)
6 (setting 2)

3 (setting 1)
6 (setting 2)

15 21 30 36 45 51
60 66 135 141 150 156

9 15 24 30 39 45
54 60 129 135 144 150

(16.7, 64.0) (33.2, 65.9) (15.1, 95.6)
(16.7, 116.0) (33.2, 114.1) (20.1, 50.0)
(31.2, 105.2) (36.1, 58.2)

6 21 | 8 21
p, a

Table 3.5: Overview of the existing 28Si + 28Si exclusive LP-HI data measured.

On a VAX 11/785 computer it takes on the average 2.2 ms to process an event.
However, central computer facilities are usually overloaded, and most of the pro-
cessing has been performed on two MICROVAX II computers. Both computers are
equiped with only one magnetic tape unit, therefore, they are used in 'tandem
mode': one computer is reading the event in the compact Grenoble format from
tape, converts it to the PAX format and puts the event in a mailbox. This mailbox
is addressed via DECNET by the PAX program running on the other computer, that
contains the multidetector system software. The results are written on tape. For
the 19.7 and 30.0 MeV per nucleon experiments, this results in one 3600 foot 6250
bpi tape per experiment, which means a selection of 540 Mbyte out of 1.3 Gbyte.
The data processing took a few days of CPU time on the MICROVAX II computers.

3.5.4 Generation of heavy ion- and LP spectra
From the output tapes with the calibrated events, inclusive velocity spectra of heavy
ions have been generated. The analysis of the heavy-ion velocity spectra is described
in chapter 4. From these heavy-ion spectra, windows on the velocity and charge
of the heavy ion for the identification of ER's are deduced. With these windows
exclusive proton and a-spectra were generated. The analysis of these spectra is
discussed in chapter 5. Table 3.5 and Table 3.6 give an overview of the existing
databases.
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Beam energy [MeV per nucleon] 12.4
3,4,6,...,12,16,20

8-21
HI angles [deg]
HI charge numbers Z
HI mass numbers A

5,6,..., 19
9-24
18-47

3,5,..., 13,18,23
6-21

Table 3.6: Overview of existing 28Si + 28Si inclusive HI data.
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Chapter 4

Evaporation-residue distributions

4.1 Introduction
The maximum excitation energy that a nucleus can sustain is one of the major is-
sues in heavy-ion research. Inclusive measurements of heavy-ion velocities and of
the emission angle between fission fragments (the folding angle) have contributed
considerably to a more detailed understanding [1]. In these experiments fusion-like
reactions (central collisions in which the highly excited nuclei are produced) and
quasi-elastic processes can be clearly separated. For central collisions the yield, cen-
troid and width of the Gaussian shaped ER velocity distribution can be extracted [1]
and from the systematics of these quantities more of the physics of fusion processes
was learned. For instance the onset of incomplete fusion, a process that might
dynamically hinder the formation of highly excited systems, has been determined.

The evolution of the fusion cross section as a function of beam energy is intrigu-
ing, since it may contain information on a limiting excitation energy in a nucleus.
Attempts to determine this cross section have only been made for a limited number
of systems. For 40Ar + I19Sn the fusion-like contribution in the heavy-ion velocity
distribution disappears at about 40 MeV per nucleon [2]. Analogous information for
40Ar + 232Th, from folding-angle experiments, show a sharply vanishing contribution
between 39 and 44 McV per nucleon [3]. Slightly more information, mainly based
on Ar induced reactions, is available [4].

However, these vanishing yields are not a direct proof of a vanishing cross section
for fusion-like processes, but can be due to three effects.

- The (in)complete fused system is so highly excited that all (or almost all)
nucleons will be evaporated. Then heavy residues will not be detected though
the formation cross section did not vanish.

- The cross section for the observation of fusion products might be limited by
a maximum excitation energy or energy density, above which the system de-
excites via decay mechanisms in which the characteristic fusion products are
not formed.
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- The formation of an (in)complete fused system is hindered by the dynam-
ics of the collision. Above a certain incident velocity the systems cannot
(incompletely fuse [1],

For the beam energies at which the peak corresponding to the fusion-like re-
actions disappeared for the 40Ar + 119Sn and 40Ar + 232Th reactions, the energy
density of the fused system is close to the maximum value calculated within the
Hartree-Fock model of Levit et al. [5]. Until now, however, no definite experimental
information on the desintegration process of these highly excited nuclei is available.
Multifragmentation, the instantaneous disintegration of highly excited systems into
a multiple of lighter nuclei, receives much attention nowadays, since it might indi-
cate a phase transition in nuclei and inform us about the equation of state at lower
densities.

On the basis of the above-mentioned results one can not fully exclude the reaction
dynamics as a cause for the disappearence of the fusion products since the effects
were observed with the same projectile at almost the same beam energy. If the
energy density is the limiting factor on the fusion cross section and not the beam
velocity, the disappearance of the fusion peak should occur in the 28Si + 28Si system
at lower beam velocities than for the 40Ar + 232Th and 40Ar + U9Sn systems. The
reason being that symmetric systems most efficiently convert the beam energy into
energy density and the fusion probability is higher at lower beam energies. The data
presented in this chapter enable us to address this question.

Since the velocity of a heavy ion also characterizes the reaction mechanism, this
property was used to select experimentally on fusion-like reactions. In this chapter,
heavy-ion velocity spectra, measured at small forward angles, will be presented for
the reaction 28Si+28Si at 12.4,19.7 and 30.0 MeV per nucleon in section 4.2. Section
4.3 contains a discussion of these spectra. Conclusions can be found in section 4.4.

4.2 Heavy-ion velocity distributions

Heavy-ion velocity spectra measured in the reaction 28Si + 28Si at beam energies of
12.4,)9.7 and 30.0 MeV per nucleon are shown in Figs. 4.1, 4.2 and 4.3, respectively.
These figures present the singles heavy-ion velocity distribution of the 12.4 MeV
per nucleon experiment, and the spectra of the 19.7 and 30.0 MeV per nucleon
experiments measured in coincidence with the multidetector system, which have in
our measurements a better statistics than the inclusive ones.

For heavy ions with Z > 14, ER's can be clearly identified. The identification of
reaction products with Z < 14 is more complicated, since the velocity distributions
from different mechanisms overlap (see section 4.3).
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Counts

2.0 4.0 6.0 6.0 2.0 4.0 6.0 8.0

Velocity [cm/ns]

Figure 4.1: Heavy-ion velocity spectra measured at 12.4 MeV per nucleon 28Si + Z8Si at
5°. The charge of the heavy ion is given in the upper right corner.
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Counts 500 .

250 .

14

2.0 >.O 6.0 8.0 2.0 1.0 6.0 6.0

Velocity (cm nsj

Figure 4.2: Sum of the heavy-ion velocity spectra measured at 19.7 MeV per nucleon
28Si + 38Si at 4° and 6°. The charge of the heavy ion is given in the upper right corner.
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Counts

2.0 4.0 6.0 8.0 2.0 4.0 6.0 8.0

Velocity [ c m / n s ]

Figure 4.3: Sum of the heavy-ion velocity spectra measured at 30.0 MeV per nucleon
28Si -f 28Si at 3° and 6°. The charge of the heavy ion is given in the upper right corner.
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Beam energy [MeV per nucleon] 12.4 19.7
[cm/ns]

a2

2.3
25.9

(1.7)
(1.1)

Table 4.1: Parameters describing the widths of the ER velocity distribution, the errors
are in brackets.

4.3 Cross sections
The Gallilean invariant singles cross section for ER's can be described by [6]:

da
(4.1)

This distribution centers around VQ, the velocity of the residue before evaporation.
For complete fusion VQ = VCM- Equation 4.1 is based on two assumptions:

- The evaporated particles are emitted isotropic.

- The central-limit theorem can be applied which states that the distribution of a
sum of a large number of independent identically-distributed random variables
is approximately a normal distribution [7].

A transformation to the laboratory frame yields a Maxwellian shaped ER velocity
distribution:

d2«7
« (4.2)

For Z > 14 the yield and the width ofeR of the ER velocity distributions can be
easily determined since the contributions of other processes are low. For Z < 14 not
only fusion-like reactions contribute and a detailed decomposition of the velocity
spectra in quasi-elastic, deep-inelastic and fusion-like processes has been made. The
decomposition follows essentially the method outlined in ref. [8]. The velocity distri-
butions of heavy ions produced in quasi-elastic, deep-inelastic and central reactions
were described by Maxwellians. The ^-dependence of the ER velocity widths <7ER

for Z < 14 (see eq. 4.2) was extrapolated from the region Z > 14, where it was
accurately described by [9,10]:

(4.3)

in which Z is the charge of the observed ER and at and a2 are fit parameters. The
values for ax and a2, extracted from the ER velocity spectra, are listed in Table 4.1.
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1000

Figure 4.4: ER charge distribution for the reaction 28Si + 28Si at 12.4 (a), 19.7 (b) and
30.0 (c) MeV per nucleon.

From the amplitudes and widths of the inclusive ER velocity distributions, the
ER cross section was obtained as a function of Z. The absolute magnitude was
obtained from the 28Si + 197Au reaction with an accuracy of 20%. The ER charge
distributions are shown in fig. 4.4.

The cross sections for the 12.4 and 19.7 MeV per nucleon experiments are com-
parable in magnitude. At 30.0 MeV per nucleon the cross section is a factor of 10-20
lower. Fig. 4.4 shows that the Z distribution at 19.7 MeV per nucleon and at 30.0
MeV per nucleon peak at about the same value (Z = 14,15) which is lower than
at 12.4 MeV per nucleon (Z = 19). A decrease of this most probable Z-value with
higher incident energies is expected since it could merely reflect a higher excitation
energy of the fused system, which results in a longer decay chain and a smaller
charge of the ER. Furthermore, with increasing beam energies the initial charge of
the fused system is expected to be smaller, since more pre-equilibrium particles are
emitted. However, the charge distribution at 30.0 MeV per nucleon does not fit
in this description of a central collision. The almost equal peak values of the Z
distribution at the two highest beam energies suggest that similar highly excited
systems are formed although the incident energy was drastically increased. More
firm statements can only be made by using the information obtained from the study
of the decay products of these systems (see chapter 5).
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The cross section at 30.0 MeV per nucleon is a factor 10-20 lower than at 19.7
MeV per nucleon. Systematics based on lCiu ([11]) would give rise to only a factor
1.5. The rapid decrease in the ER residue cross section is similar to the ones observed
in the 40Ar + n 9Sn system [2] and in the 40Ar + 232Th system [3]. This was explained
by introducing the concept of a maximum energy density a nucleus can sustain [4,5].
Using the results of ref. [5] we find a maximum energy density of of about 7-8 MeV
per nucleon for a A — 56 nucleus with a compressibility of 222 MeV. In central
collisions in the 28Si + 28Si system at 30.0 MeV per nucleon this energy density can
be reached. Therefore, the present results are also consistent with the concept of a
maximum energy density.

Furthermore, the drop in the cross section of ER's starts in the 28Si + 28Si system
at beam energies between 20 and 30 MeV per nucleon, whereas in the 40Ar + U9Sn
and 40Ar + 232Th systems this occurs at beam energies above 35 MeV per nucleon.
The fusion probability is a decreasing function of the linear momentum [1], and
therefor' ' > higher in the 2 Si + 28Si reactions below 30 MeV per nucleon than in
the Ar Uuced reactions above 40 MeV per nucleon. Thus the drop in the observed
cross section at 30.0 MeV per nucleon indicates that the energy density of the fused
system is limiting the cross section for fusion products rather than the reaction
dynamics.

In principle the widths of the ER distributions also contain information on the
initial excitation energy of the primary fragment. However, the approach of Hilscher
et al. [10] is not applicable since incomplete fusion processes are not taken into
account. In this work we have not elaborated on the physics contained in the
widths, but only used them to separate the different reaction mechanisms.

4.4 Conclusions
Heavy-ion velocity distributions at small forward angles have been measured in the
reaction 28Si + 28Si at energies of 12.4, 19.7 and 30.0 MeV per nucleon. ER charge
distributions were determined from these measurements. The most probable Z-
value of ER's decreases from Z = 19 at 12.4 MeV per nucleon to Z = 14 at 19.7
MeV per nucleon, reflecting the emission of more prc-cquilibrium particles and/or
a higher excitation energy of the fused system at 19.7 MeV per nucleon. However,
at 30.0 MeV per nucleon the most probable value is Z = 15 and therefore does
not fit into the qualitative description of the fusion processes at 12.4 and 19.7 MeV
per nucleon. Instead, it seems that similar highly excited fused systems are formed
at 19.7 and 30.0 MeV per nucleon. Furthermore, at 30.0 MeV per nucleon the
ER cross section is a factor 20 lower than at 19.7 MeV per nucleon, much lower
than expected from systematics. The observed ER's are therefore produced in low
probability incomplete fusion processes.

The drop in the ER cross section at 30.0 MeV per nucleon is in agreement
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with the calculation by Levit and Bonche [5], who found that the maximum energy
density in nuclei with a nuclear compressibility of 222 MeV and a mass number in
the range of A = 50-60 is between 7 and 8 MeV per nucleon. Similar observations of
vanishing cross sections have been made by Auger et al. for Ar induced reactions [4]
at beam energies above 39 MeV per nucleon. Since the drop in the cross section
for fusion products occurs in the 28Si + 28Si system at lower beam energies than in
asymmetric systems one can conclude that the reaction dynamics does not hinder
the formation of fused systems.

ER's with Z > 14 are easily identified by their velocity. This property is used
in the next chapter to select on LP's emitted from decaying systems produced in
central collisions.
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Chapter 5

Light-particle emission from central collisions

5.1 Introduction

The study of the formation and the decay of highly excited nuclear systems has
generated great interest over the last few years [1,2]. Especially the phenomenon
of multifragmentation, the simultaneous disintegration of a nucleus, has received
much attention. The excitation energy of a nucleus at which multifragmentation
is expected to occur is in the order of the nuclear binding energy, about 8 MeV
per nucleon. However, unambiguous experimental prove of the occurence of this
phenomenon does not exist yet. Also theoretically a few fundamental questions are
still not answered. In what way does the process of incomplete fusion hinder the
production of highly excited nuclei, what is the correlation between the formation
and the decay process of a highly excited nucleus and what are the conditions for
multifragmentation?

This chapter presents a systematic, experimental study of the formation and
decay of nuclei formed in the reaction 28Si + 28Si at 12.4, 19.7 and 30.0 MeV per
nucleon. These beam energies are chosen in such a way that nuclei at a low (about
3 MeV per nucleon), medium (about 5 MeV per nucleon) and high (about 7.5 MeV
per nucleon) energy densities can be formed. The formation and decay of these
nuclei is studied by analyzing the spectra of protons and a-particles measured in
coincidence with ErVs. Although this study does not directly address the problem
of multifragmentation it is strongly connected since it discusses the conditions under
which highly exited fused systems can still be formed.

In chapter 4 it was shown that the ER cross section at the 30.0 MeV per nu-
cleon was a factor of 10-20 lower than in the 19.7 MeV per nucleon experiment.
This drop in the ER cross section has also been reported for other systems and
multifragmentation is one of the suggested explanations.

At excitation energies below about 3 MeV per nucleon the decay of nuclear
systems can be well understood in terms of statistical decay [3,4,5]. The statistical
model describes the decay of an excited nucleus in thermodynamic equilibrium. In
that case the probability for the decay via a specific channel is proportional to the
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level density of the nucleus to which it decays. For nuclei at low excitation energies
(< 1 MeV per nucleon), the level density can be accurately calculated within a
Fermi-gas model [6].

The evaporated particles are mainly neutrons, protons and o-particles. Already
at quite low excitation energies (around 0.5 MeV per nucleon), it is energetically
possible to evaporate nuclei with Z > 2. Since these nuclei remove on the average
much more excitation energy and angular momentum than protons or a-particles,
the level density of the remaining ER is low. Therefore, the yield of evaporated nuclei
with Z > 2 is much smaller than the yield of protons and a-particles. Evaporation of
Z > 2 nuclei has also been observed at excitation energies of 3-5 MeV per nucleon [7].
Statistical model calculations have been performed for the decay of nuclei at these
high excitation energies [5]. However, the level density of highly excited nuclei is
not well known [1,8]. Furthermore, the applicability of the statistical mod'.l is not
obvious since at these excitation energies, the average time between two successive
decay steps is already comparable to the nuclear relaxation time (the average time
needed to establish a thermodynamic equilibrium in a nucleus).

If the excitation energy per nucleon is such that the relaxation times are longer
than the decay times, then the basic assumption of the statistical model, a short
relaxation time for the intrinsic degrees of freedom as compared to the time between
two successive decay steps, is not fulfilled. Nuclear systems at these excitation ener-
gies are expected to desintegrate completely into lighter heavy ions (fragmentation).
[1,9,10]. The precise excitation energy per nucleon at which the nuclear instability
occurs is still not known.

Fusion reactions between heavy ions are widely used for the production of highly
exited nuclei. In central collisions at low beam energies (< 8 MeV per nucleon)
the target and projectile mainly fuse [11], and the CM kinetic energy converts into
excitation energy of the compound nucleus. At higher beam energies incomplete
fusion occurs and not all of the CM energy will be converted into excitation energy.
In an incomplete fusion reaction particles are emitted before a system in equilibrium
is formed.

Fermi-jetting is one of the microscopic mechanisms which leads to the emission
of pre-equilibrium nucleons [9,12,13]. Fermi jets are nucleons which have enough
velocity to escape from the colliding nuclei in the early stage of the reaction. This
velocity is obtained from the addition of the internal Fermi velocity and the relative
velocity of the two nuclei at the moment of contact. The onset of incomplete fusion
can be calculated within a Fermi-jet model [11,14]. The velocity distribution of
Fermi jets can be parametrized by two normal distributions, one around projectile
velocity and the other around the target velocity [15]. However, this model does
not include the collisions (two-body interactions) of jetted nucleons on their path
through the nuclear medium. With increasing relative velocity of the colliding nuclei
the mean free path of high-velocity nucleons in a nuclear medium decreases, due to
the decreasing influence of the Pauli principle [12]. This will reduce the amount of
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jetted particles. Nucleons that still escape the nuclear system after a collision might
yield information on the important in-medium cross section for nucleon-nucleon
scattering.

The breakup-fusion process also leads to incomplete fusion of the projectile and
target nucleus. In the initial stage the projectile or the target nucleus breakup, and
some of the fragments fuse with its reaction partner while others escape. If a large
part of the fragmented system fuses, the reaction is classified as a breakup-fusion
process. If only a small part (or even nothing) is absorbed the reaction is classified
as a fragmentation process. In breakup-fusion, composite pre-equilibrium particles
are produced with a velocity distribution centered around that of the nucleus before
fragmentation. Projectile fragmentation processes (mainly in peripheral collisions)
have been extensively studied [1].

For light asymmetric systems, incomplete fusion results in a shift of the inclusive
EH velocity distribution [16] which is centered around the CM velocity for fully fused
systems. The direction of the shift shows that the majority of the pre-equilibrium
particles originates from the nucleus with the lower mass. In a symmetric system pre-
equilibrium particle emission does not cause a shift in the singles ER distribution,
it only changes the width of this distribution. However, from the observed velocity
shifts and changes in the widths of the distributions it is hard to draw conclusions
on the nature and the amount of pre-equilibrium particles. For further progress it
is necessary to determine experimentally the pre-equilibrium particle yield.

The excitation energy per nucleon (the energy density) is the main quantity that
classifies the decay of a nuclear system. Equilibrated nuclei decay mainly via the
evaporation of LP's and 7-rays. In a Fermi-gas model the temperature is a function
of the energy density. This relation depends on the level density parameter, which
is not well known for nuclei at high excitation energies [1,8]. The temperature
of the nucleus before its decay (initial temperature) is reflected according to the
statistical model in the shape of the spectra of evaporated LP's [17,18]. Therefore
the initial temperature of the nucleus can be deduced from the shape of the spectra
of the evaporated LP's. In this chapter the formation and decay of highly excited
nuclear systems is studied for the 28Si +28Si reaction at 12.4, 19.7 and 30.0 MeV per
nucleon, by analyzing the spectra of protons and o-particles, which were measured
in coincidence with ER's. Such systematic correlation studies are scarce [8,19,20,21].
The symmetric 28Si + 28Si system was chosen since the contributions from projectile
and target nuclei to the pre-equilibrium yield are identical, which eliminates an
additional complication in the study of the LP spectra. Furthermore, symmetric
systems convert most efficiently kinetic energy into energy density and this energy
density is rather insensitive to the number of pre-equilibrium particles emitted in
the fusion process.

After deriving the equations that describe the exclusive LP distributions in
sects. 5.2 and 5.3, the details on how the coincident LP spectra were obtained are
given in sect. 5.4. The analysis of the LP distribution is described in sects. 5.5 and
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results are given in sect. 5.7. The interpretations of these results can be found in
the sect. 5.8, 5.9, 5.10 and 5.11. The last section of this chapter, sect. 5.12, contains
a summary of the conclusions.

5.2 Energy- and angular-distribution of evapo-
rated particles

5.2.1 Introduction
One way to analyse spectra of LP's in coincidence with ER's is to compare them
with spectra from a Monte Carlo simulation of the incomplete fusion process and the
decay of the fused system [19]. Such a method properly deals with the constraints of
the detector geometry, but these calculations are quite prohibitive in computer time.
In this work a different approach is taken. An analytic expression is derived that
describes the exclusive LP yield with a distribution for pre-equilibrium LP's and a
distribution for evaporated LP's [8], The kinematical constraints are in first-order
included.

5.2.2 Inclusive distributions in the CM frame
The statistical model of nuclear decay [23,24] describes the energy spectra of evapo-
rated particles. In its simplest form, effects due to angular momentum and Coulomb
barriers are neglected. An important ingredient in this model is the level density
for which an expression based on a Fermi-gas model of a nucleus is taken [6]. In the
statistical model the CM energy spectra of particles evaporated from a nucleus with
an excitation energy E* are given by:

A(ECM) = £ • £ £ - F{EcM)e-E™17 (5.1)

where the total kinetic energy released by particle evaporation is given by /?CM»
whereas T is given by:

(5.2)

The level density parameter a has a value which depends on A, the mass of the
nucleus:

a « - (5.3)

in which

q = 5, • • •, 15 MeV. (5.4)
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In general q = 8 MeV is used [1]. Theoretically an increase of q at higher excitation
energies is expected [25]. T is interpreted as a temperature. The factor F(ECM) is
given by:

« Vy/EcM « ĈM (5.5)

with v is the relative velocity between the evaporated LP and the ER. The velocity
v in eq. 5.5 is proportional to the flux of particles through the nuclear surface
[5,24,26,28]. It favors the emission of particles above average velocities. Therefore,
the energy density and the temperature of a nucleus on the average decreases after
the evaporation of a particle.

The kinci'c-energy spectra of the evaporated particles can be deduced from
eq. 5.1 by:

£ e = (l + — r'JJcM (5.6)

with me and Ee the mass and the CM energy of the evaporated particle, respectively,
and mT the mass of the recoiling ER. In the present study in which spectra of protons
and a-particles from the 28Si •+• J8Si system are analysed, the factor melmt is in the
order of 0.1 and can be neglected.

If the excitation energy is high enough to evaporate more than one particle,
the next particles are evaporated from lighter nuclei an at lower temperature (on
the average). Le Couteur and Lang [17,18] have shown that the resulting particle
spectra for a cascade of neutrons can be described by eq. 5.1 with:

f(E) = En and n = 0.45 (5.7)

and with 7" equal to the initial temperature of the fused system. This relation
is important since it allows a determination of the initial temperature from the
shape of the neutron spectra. In sect. 5.11.2 the relation between T and the initial
temperature is investigated, in which angular momentum and Coulomb effects and
also the emission of other particles than neutrons are included. It will be shown
that also the proton spectra can be described by eq. 5.1 with ?{E) = y/E and with
a value of T which is close to the initial temperature of the nucleus. Therefore, in
this thesis 7{E) - y/E is used.

In eq. 5.1 standard corrections for the Coulomb effects [27] are not incorporated
since they underestimate the yield at the lower LP energies. Instead, the Coulomb
effect is included by multiplying eq. 5.1 by:

where Ec determines the average barrier height (the charge of the ER changes within
a cascade) and 7c describes the average diffuseness of the barrier.
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Figure 5.1: Diagram of the coincidence kinematics. The detected LI* is the first to be
emitted.

In general an isotropic angular distribution of evaporated particles in the CM
frame is assumed. However, at low excitation energies and for nuclei with a high
spin dcrfdQcM oc 1/sin 0CM [27], whereas the distribution becomes isotropic only at
higher excitation energies. We have parametrized this distribution with:

C(OCM) =
da

dft
1

CM y sin2 OCM + k cos2
(5.9)

which varies from the classical 1/sin #CM
to 1.

to isotropy when k changes from 0

5.2.3 Coincident distributions of in the laboratory frame
In order to separate LP's emitted in fusion-like reactions from those emitted in other
processes, LP's were measured in coincidence with Eli's. This, however, puts a kine-
matical bias on the experimental results. In this section we derive expressions which
describe the laboratory distributions of evaporated LP's detected in coincidence with
ER's, using a first-order description of the kincmatical bias.

S.2.3.1 First-out function

In this approach it is assumed that the detected LP is the first to be emitted from
an excited nucleus moving with an average velocity J?CN- The LP has a velocity ve

in the CM system and the ER recoils with a velocity:

K
TV. = -W. (5.10)
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in which I\ is the ejectile mass and Ap and Aj are the projectile and target mass,
respectively, see fig. 5.1. Due to subsequent evaporations, the velocity of the ER

is normally distributed around vo, see sect. 4.3. This distribution is given by:

oc e ER ID. .11]

and relates to the experimentally determined ER cross section
via:

The coincident cross section can then be described by the product of ,4, B, C and
V, (Eqs. 5.1, 5.8, 5.9, 5.12) and the Jacobian

£(EU Ee) = ^ (5.13)

which gives the transformation of the cross section for the emission of an ejectile
with CM energy Ee to the laboratory resulting in an energy E^:

1,2 r-(«?BR-fl))3/(2<'BR) /R M l

The following kinematica) relations hold:

VQ = (I -T i)vcs - <vi(, (5.15)

v^n'mOi, = VfHindf. (5.1G)

and .'
n
I

"e = (t'CN - 4 ) 2 = "CN + vl - 21'LVCN COS^L- (5.17)

It is assumed that the distribution of the primary ER velocities (due to incom- $t
plete fusion) can be described by an average velocity [VQN = VCM in a symmetric -'J
system) and that an effective value for the whole decay chain can be used for e and

An ER velocity distribution is used to select the LP distribution, therefore,
eq. 5.14 must be integrated over this velocity range, which is taken twice the FWHM
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of the distribution. Then to a good approximation, the integration can extend to
infinity:

= „ IKE v % p V £"

[(«£R + W ) • ( - 2 - ) e"'*S«> + p<r|J (5.18)

with

p = v0 cos A0

= COS 0£R (( t + f )fCN - tt/L COS ^ J

sin 0L sin <>ER COS(^L - <£EH). (5.19)

t'o = (I + O?»CN + (3vl - 2<(1 + t)^cN^LCostfL (5.20)

and

in which erf is the error function. Note that the last term in eq. 5.19 is responsible for
the asymmetry in the yield for particles detected at the same {4> = 0°) and opposite
(<t> = 180°) side of the beam with respect to the EH detector. Expression 5.18 will
be referred to as the 'first-out' function.

5.2.3.2 Laat-out function

Alternatively it can be assumed that the detected LP is the last one to be emitted
in the decay chain. The coincidence kinematics for this case is shown in fig. 5.2.
Through several evaporations, the heavy ions are distributed according to eq. 4.1
and the coincidence cross section has the form:

(5.22)

with

^ (5-23)

= l"<i. (5-24)
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'V

Figure 5.2: Diagram of the coincidence kinematics. The detected particle is the last to be
emitted.

cos0Lcos0ER), (5.25)

and finally,

Integration of eq. 5.22 over the heavy-ion velocity will give the last-out function.
Doth the first-out and the last-out function, corresponding to the two extreme kine-
matical conditions are able to describe the same LP spectra with only slightly dif-
ferent values of the parameters [8).

5.3 Energy- and angular-distribution of pre-equi-
librium particles

5.3.1 Introduction
In this part three models will be discussed that describe the width of the momen-
tum distribution of prc-equilibrium particles. Two of these models, one proposed
by Goldhaber (30) and one by Friedman [9] arc used in the description of projectile
and target fragmentation. The model of Mohring ct al. [15] applies to the descrip-
tion of pro-equilibrium nucleons. Despite the differences in these approaches, all
three models describe the distributions of pre-equilibrium particles by a Gaussian
momentum distribution centered around projectile and target velocity.

Breakup is the shattering of the projectile and the target nucleus by their mutual
interaction during the collision process. Some of the fragments fuse with the other
reaction partner, while the other fragments escape as pre-equilibrium particles with
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velocities centered around beam velocity, the so called projectile-like-fragments. A
description of the momentum- and mass distributions of the breakup process are
shortly discussed in the next two subsections, followed by a discussion of a Fermi-jet
model for pre-equilibrium nucleon emission.

5.3.2 Breakup

Goldhaber [30] assumes a free breakup process of the nucleus and a Fermi-gas mo-
mentum distribution of the nucleons inside the nucleus. He then finds an exponential
momentum distribution for breakup fragments in the reference frame of the frag-
menting nucleus:

4 , " ' (5-27»

and for the perpendicular and parallel momentum widths ff|| and au respectively,
the relations: i

and

a\ = a jj + a]^ (5.29)

in which K the mass number of the detected fragment and Ap that of the projectile.
In the Goldhaber mode) a0 is determined by the nuclear Fermi momentum Pp (which
can be obtained from electron scattering), OQ = /V/\/5 w 107 MeV/c. Measured
values of <7Q are between 50 and 100 McV/c [32].

5.3.3 Absorptive breakup
In the Friedman model (9], it is assumed that the detected particle is the only part ,
of the projectile which is not absorbed by the target. If one uses an approximate !
wave function which describes the relative separation between the fragment and
the remaining part of the projectile, the model is able to calculate the parallel ,
momentum distribution of the fragment. For the non-absorbed fragment F of the ;i
projectile with mass mp and mass number Ay the parallel momentum width is given ''
by:

a hft fl+y/2 A ] r—
(5.30)

:•
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Beam energy
a\\

u
Multiplicity

[MeV per nucleon]

www

12.4

0.08
2.5

19.7
0.04
0.04
0.10
7.7

30.0

0.12
8.4

Table 5.1: The widths of the velocity distributions centered at VCM + u and
the 28St + 28Si system calculated by the Fermi jet model. The average jet velocity in the
CM frame is given by u.

With ZR and m/? the charge number and mass of the absorWd fragment /?, respec-
tively, one may write ft = y/2m,If^, mr = (mnf?if)/(mn + "»/•)» J*o = l.2/lj,> aiul
y = ZnZFc2/(*oE») where E* falls between the separation energy of the projectile
into H and F and the energy needed to separate F when it is excited to just below
its threshold for particle decay. The radius of the fragment is given by ;r0 and the
Coulomb energy between projectile and target by VQ. The model has been applied
successfully to describe the properties of projectile-like fragments [9,31].

5.3.4 Fermi jets

Fermi jets are nucleons which have enough velocity to escape from the colliding nuclei
in the early stage of the reaction. This velocity is obtained from the addition of the
internal Fermi velocity and the relative velocity of the two nuclei at the moment of
contact. In the simple model of Mohring et al. [15], Fermi jets are studied in the
approximation of two colliding potential wells filled with degenerate Fermi gases of
nucleons. The momentum distribution of the jelled nucleons can be described by two
normal distributions centered around the velocities of the two nuclei at the moment
when the density distributions of projectile and target nucleus start to overlap (in
practice the projectile- and target velocity). Thin model does not include two-
body interactions and the emission of composite particles. Two-body interactions
(collisions between nuclcons inside a nuclear medium) decrease the number of jetted
nucleons and increase the perpendicular width of the distribution of pre-oquilibrium
nucleons [11,37].

Results of the simple Fermi-jet model of ref. [15], applied to the MSi -f MSi
experiments with a Fermi-momentum Pp — 240 MeV/c [38], arc listed in Table 5.1.
The average jet velocity in the CM frame is given by « and according to the model
this quantity approaches the target- and projectile velocity in the laboratory frame.
The multiplicities of jetted nucleons for the three beam energies are given also.
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Figure 5.3: Diagram of the coincidence kinematics. A pre-equilibrium particle is emitted
from the projectile and the remaining part of the projectile fuses.

5.3.5 Exclusive pre-equilibrium distributions
From the previous sections it can be concluded that for both breakup fusion and
Fermi-jetting the distributions of pre-equilibrium particles can be described by nor-
mal distributions around the projectile- and target velocity. With the velocity di-
agram shown in fig. 5.3 the cross section for the pre-equilibrium LP's from the
projectile coincident with ER's can be written as:

dV
<*

w i t h

and

fl =

v =
AP-K

+ Ap- K'

The pre-equilibrium emission from the target is described by:

(5.31)

(5.32)

(5.33)

•»> (5.34)

where t7proj. and tTtH|el are the velocity of the projectile and target, respectively.
These distributions can be integrated over the Ell velocity, yielding the velocity
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distributions of pre-equilibrium particles coincident with ER's detected at an angle

= NPe

~ y nv

(5.35)

and

target _ j v p ^

(5.36)
L WgR/ J

with

V0 = (1 + A'JUproj. — ftVh (O.Al) I

and

p = COS #ER [("(1 + /*))vproj. — ILMi, COS #L]

—/if vi, sin ^L sin $ER COS(^L ~ ^ E R ) - (5.38)

Note that all parameters of the target and beam component are identical for the
symmetric 28Si + 28Si system, reducing the number of parameters that has to be
determined from the data. The functions 5.35 and 5.36 will be referred to as the
'pre-equilibrium functions'.

5.4 LP spectra
LP's emitted in central collisions were extracted by requiring coincidences with
ER's. In the 19.7 and 30.0 MeV per nucleon experiments the ER's were selected by
requiring the detected heavy ion to have ZER > 15 and a velocity centered around
VCM- The velocity range allowed was calculated from the width parameters of the
ER velocity distribution listed in Table 4.1, and corresponds to two times the FWHM
of the distribution, effectively covering most of the ER yield. In the analysis of the
12.4 MeV per nucleon experiment no velocity windows could be used, since in this ;

experiment the resolution of the AE-HI detector was not sufficient. However, the ;
AE resolution for heavy ions was good enough to identify an ER region in the AE-E \
spectrum.

The ER inclusive differential cross section is needed for the calculation of the LP
multiplicity. The inclusive ER cross section at 19.7 and 30 MeV per nucleon was
calculated with the relation:
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d 2 C T

dJ2ER
(5.39)

and is shown in fig. 4.4. The coincident LP cross section can be obtained from
the first-out and the pre-equilibrium functions. It is also possible to obtain the
LP multiplicity by dividing the number of LP's that are emitted from ER's (also
calculated via the first-out and pre-equilibrium functions) divided by the number of
inclusive measured ER's in the same run. This procedure was followed in the analysis
of the 12.4 MeV per nucleon experiment, in which the absolute cross sections could
not be determined.

For each combination of angles between the LP telescopes and the heavy-ion
detector (see chapter 3), LP energy spectra were generated. From the 19.7 MeV
per nucleon experiment, proton and a-spectra could be generated for each Z of
the ER's. In the 12.4 MeV per nucleon experiment, the insufficient Z resolution
of the heavy-ion detector, and in the 30.0 MeV per nucleon experiment the lack of
statistics, prevented the construction of spectra for LP's measured in coincidence
with an ER of a specific charge.

The absolute LP cross sections were calculated from the solid angles and the
absolute ER cross section could be deduced with an accuracy of about 20% (see
chapter 4).

5.5 Fit procedure
From the coincident evaporation yield (the first-out function, eq. 5.18) and the co-
incident pre-equilibrium yield (the pre-equilibrium functions, eqs. 5.35 and 5.36),
•̂ Evapi T-> "'ER! Ec, Tc, Npep, <7|| and cr± have been extracted. Kinematical condi-
tions determine t, \i and v. The final values were extracted from the full angular
distribution (energy spectra at 32 angles) with the computer code MINUIT that min-
imized x2 [39].

First it was verified that neither the first-out function nor the pre-equilibrium
functions alone could describe the experimental data. Then the first-out function
and the pre-equilibrium functions were combined. Start values of e, n and v were
calculated from Eqs. 5.10, 5.32 and 5.33, respectively. The start value of k was 1,
while other start values were taken from ref. [8]. With all other parameters fixed,
T, Â Evap and Npep were obtained from the best description of the experimental
results. Then c was released, and optimized together with T , Akvap a n d Wpep?
which improved the description significantly. The asymmetry of the yield at <j> = 0°
and <f> = 180° is basically determined by e. A slight further improvement could be
obtained by optimizing Ec, 7c, <7ER, <TX and <7||.

Optimization of k, ft and v did not result in any significant improvement of the
description. By varying #ER over the opening angle of the HI detector, it was found



5.6. Results from the 19.7 MeV per nucleon 28Si -f 28Si experiment 81

Reaction
Beam energy
t

k
T

Tc

Ec
H
V

a\\

°\.

[MeV per nucleon]

[MeV]

[c]
[MeV]
[MeV]

W
W

Protons
28Si + 28Si

19.7
0.096(6)

0.6
6.3(2)

0.018(1)
0.68(5)
2.27(6)

0.037
0.491

0.086(2)
0.122(3)

a-particles
28Si + 28Si

19.7
0.084(2)

10.0
9.5(1)

0.0097(1)
1.59(5)
6.5(1)
0.166
0.461

0.0385(8)
0.0640(8)

2 0Ne + 27A1
20.0

0.148(9)
0.60(6)
16.6(7)

0.012(1)
1.77(4)
6.5(1)

0.18(2)
0.55(5)

0.0308(1)
0.0340(2)

Table 5.2: A comparision of parameter values for proton and a-particles in the 19.7 MeV
per nucleon 28Si + 28Si experiment with those for a-particles for a 20.0 MeV per nucleon
20Ne + 27A1 experiment. For details see text.

that the results only weakly depend on #ER Therefore, the central angle of the HI
detector was taken for #ER-

Because of a possible correlation between the parameters, the deduced values
might not be not unique. The given errors are obtained from the \2 minimalisation
routine.

To summarize, neither the evaporation component nor the pre-equilibrium com-
ponent alone could describe the results. Reliable extraction of the physical quantities
from the data could only be achieved with a two-component description.

5.6 Results from the 19.7 MeV per nucleon 28Si
+ 28Si experiment

The results from the description in terms of the first-out function and the pre-
equilibrium functions are presented in Table 5.2 for the proton and Q-particle spectra
measured in the 19.7 MeV per nucleon 28Si+28Si experiment. In this table the results
obtained from the Q-particle spectra of the 20Ne + 27A1 experiment at 20 MeV per
nucleon [8] are also included. Below a discussion of the results in Table 5.2 is given.
The results of the 12.4 and 19.7 MeV per nucleon experiments are discussed later.

t: For the 28Si + 28Si reaction, e of o-particles is about two thirds of the value found
in the 20Ne + 27A1 reaction. From eq. 5.10 a larger value for e is expected
for the 20Ne + 27A1 experiment than for the 28Si + 28Si experiment because,
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the mass of the recoiling system in the 20Ne + 27A1 reaction is on the average
smaller.

The calculated t's for protons and a-particles are 0.018 and 0.077 respectively.
The latter is close to the one given by the first-out model. The discrepancy
between the experimental and calculated e for protons indicates that the first
order kinematics of the recoil is not sufficient to describe the differences in
the proton yield at <j> = 0° and (f> = 180" (see also the remark at the end of
sect. 5.2.3.1).

k: The a-particle distributions in the two experiments are almost isotropic. It was
found that the descriptions of the 28Si -f 28Si spectra are not very sensitive
to it. The optimum description is obtained with k = 1.0 for a-particles and
k = 0.6 for protons.

T: A direct comparison with the T values of the 28Si + 28Si experiments is not
possible, since a form form !F{E) = I was used in the analysis of the LP-spectra
from 20Ne + 27A1. This form for T(E) increases the value of T compared to
its value in an analysis with !F = \[E-

The T values for the 28Si + 28Si experiments will be discussed in sect. 5.11.3.

O'ER1 The width <7ER in the ^Ne -f 27A1 experiment is comparable to the values of
<TER for protons and a-particles in the 28Si + 28Si experiment.

7c, EQ\ These values are close to the values for the Coulomb barrier Vc obtained
from Vb = 1.44ZERZLP/(1.2/1E

/
R

3 + 1.2,4$)

ft, v: The values for a-particles are comparable for the two experiments. In the
28Si + i0Si experiments the theoretical values for (i and v were used, whereas
in the 20Ne + 27A1 the experimental values.

<r±, <r\\: A discussion of o±, <T|| can be found in sect. 5.9.

In conclusion one can state that consistency between the 28Si+28Si and 20Ne-f 2TA)
parameters is observed.

5.7 Exclusive LP spectra for 28Si+28Si
Results from the analysis of LP spectra at 12.4, 19.7 and 30.0 MeV per nucleon
with the first-out function (eq. 5.18) and the pre-equilibrium functions (eqs 5.35
and 5.36) are given in Table"5.3. A discussion of MAH, A/EV4P, A/PEP and ZLP is
given in sect. 5.10. LP energy distributions calculated with the first-out and pre-
equilibrium functions are compared with the LP spectra in Figs. 5.4 to 5.14.
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A large deviation in the description of the LP spectra is observed at the most
forward angles of the 12.4 MeV per nucleon exper'ment (figs. 5.4 and 5.5). The
experimental LP data are contaminated by events from peripheral reactions [40]
due to an insufficient Z separation in the Hi-detector. The discontinuities present
in the proton spectra at 55°, 65°, 115° and at 45.3°, 55°, 65° in the 12.4 MeV per
nucleon experiment can be ascribed to dead layers in the Si-detectors. The 30.0
MeV per nucleon LP spectra, shown in figs. 5.10 to 5.12, are a summation of the
LP spectra measured at settings 1 and 2 (see chapter 3). The 30.0 MeV per nucleon
o-spectra are well described. For protons at 30.0 MeV per nucleon two descriptions
are presented in Table 5.3 (columns c and d). The results are shown in figs. 5.10 and
5.12. The description d is slightly better than c. The large cross section for high
energetic protons at the smallest forward- and backward angles is described by d
with a pre-equilibrium component with a small width (compared to the description
of the 19.7 MeV per nucleon results). This small width underestimates the pre-
equilibrium component at larger angles. In the description this is compensated by
an evaporation component with a high temperature. The high-energy tails at the
forward- and backward angles cannot be described by c, for which the description
of the data is more similar to that of the 19.7 MeV per nucleon experiment. The
small angle spectra seem to have an additional pre-equilibrium component with a
small oL (column d).

The separation of the experimental LP yield into equilibrium and pre-equilibrium
components follows from the first-out and the pre-equilibrium functions. Neither of
these alone could describe the data. The yield of evaporated particles is dominant in
the angular range between 45" and 60", whereas the pre-equilibriuTi yield dominates
at backward angles. The existence of angles where one of the components dominates
and the fore-aft symmetry makes a reliable decomposition possible, especially
c, T, yVpep, <7|| and o± can therefore be well determined.
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k
7
"F.H
Tc
Ec
iV£»,p

V

"I

Np.p

.v.p

A'AII

A7E««P

A'ppp
#f.P

[MeVJ
M

|MeV]
|MeV]

H
M

"HI
[mb/tr]

HOu>
(mb/w)

" " H I

[mb/»r]

*

12.4
77.7

0.067(1)
1.0

4.65(4)
0.0147

0.94(3)
1.39(2)

4.32(2) 10*
0.037
0.491

0.076(2)
0.054(1)

5.71(1) 10*

4.fi(7)
3.9(6)
0.7(1)
4.6(7)

Proton*
b

19.7
2.31

0.096(6)
0.6

6 3(2)
0.018(1)
0.68(5)
2.27(6)

8.7(4) 10s

0.037
0.491

0.086(2)
0.122(3)

4.7(6) 10«

3200(481)

2500(400)

670(100)
2.8W
2.2(3)

0.58(9)
2.8(4)

c d e
Beam energy (MeV per nurlron]

30.0
3.17

0.038(7)
0.6

6.9(2)
0.018
0.68
2 2 7

2.58(9) 10*
0.037
0.491

0.127(5)
0.119(4)

9.0(5) 10*

190(30)

150(20)

34(5)
2.5(4)
2.0(3)

0.45(7)
2.5(4)

30.0
2.86

0.027(5)
1.2

8.5(3)
0.018
0.68
2.27

2.01(8) 10*
0.037
0.491

0.104(5)
0.057(3)

1.06(1) 10*

200(30)

145(20)

60(9)
2.7(4^
1.9(3)
0.8(1)
2-7(4)

12.4
19.9

0.079(3)
1.0

6.79(6)
0.0071(1)

0.84(3)
6.6(1)

1.25(4) 10*
0.166
0.461

0.0258(4)
0.0380(4)

1.98(8) !0<

2.6(4)
2.1(3)

0.56(8)
5.2(8)

a- particles
f

19.7
1.73

0.084(2)
1.0

9.5(1)
0.0097(1)

1.59(5)
6.5(1)

1.43(2) 10*
0.166
0.461

0.0385(8)
0.0640(8)

1.29(5) 10*

1600(200)

1200(200)

340(50)
14(2)
1-1(2)

0.30(5)
2.8(4)

K

30.0
1.19

0.073(5)
1.0

123(2)
0.0097

1.59
6.5

2.46(6) 10'
0.16C
0.461

0.045(2)
0.064(4)

3.7(3) 10s

80(10)

60(10)

24(4)
1.1(2)

0.76(10)
0.31(5)

2.2(3)

Table 5.3: Parameter values of the functions describing the LP yield in coincidence with
KR's for the 28Si + 28Si reaction at 12.4, 19.7 and 30.0 MeV per nuclcon. Two sets of
parameters describing the proton yield in the 30.0 McV per nuclcon experiment have been
obtained.
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Figure 5.4: In-plane angular distribution for protons emitted in coincidence with ER's
(Z > 14) at 5° in the 12.4 MeV per nuJeon MSi + 28Si reaction. The cross sections are
normalized on the ER yield and have therefore the dimension of muitiplit. y. The angle 6
is shown in each spectrum. For the first two columns <f> = 0° whereas the la,I two columns
arc given for 4> = 180°. The evaporation yield is given by the short-dashed line, the
forward pro-equilibrium yield by the long dashed line and the backward pre-equilibrium
yield by the dash-dotted line. The solid line gives the total yield.
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Figure 5.5: In-plane angular diitribution for a-partidet emitted in coincidence with ER's
of Z > 14 at 5° in the 12.4 MeV per nucleon "Si + "Si reaction. The crots section! are
normalized on the ER yield and have therefore the dimeniion of multiplicity. See fig. 5.4
for more detail*.
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Figure 5.6: In-plane angular diitribution for protoni emitted in coincidence with ER'i of
Z > 14 at 4° in the 19.7 MeV per nucleon 3*Si + MSi reaction. See fig. 5.4 for more detaili.



Chapter 5. Light-particle emission front central collisions

31.8 105 2|

10 , *

1 ,

75.0 25.0
iH'r&v (Mi*\"|

r " i '

75.0

Figure 5.7: Out-of-planc angular distribution for protons emitted in coinridcnrc with EFTs
of % > 14 it 4° in the 19.7 McV per nucleon MSi 4- n Si reaction. The angles $ and <t> arc
shown in each spectrum. Sec fig. 5.4 for more details.
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Figure 5.0: Out of-plant' angular distribution for a-particles emitted in coincidence with
KR'B of Z > 14 at 4" in the 19.7 MeV per nuclcon MSi + MSi reaction. The angles 6 and
4> arc shown in each spectrum. Sec fig. 5.4 for more details.
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Figure 5.10: Sum of the in-plane angular distributions for protons emitted in coincidence
with ER's of Z > 14 at 3° and 6° in the 30.0 MeV per nucleon MSi + MSi reaction. The
results correspond to column c in Table 5.3. Sec fig. 5.4 for more details.
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Figure 5.11: Sum of the out-of-plane angular distributions for protons emitted in coinci-
dence with ER's of Z > 14 at 3° and 6° in the 30.0 MeV per nucleon 28Si + 28Si reaction.
The results correspond to column c in Table 5.3. The angles 0 and <$> are shown in each
spectrum. See fig. 5.4 for more details.
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Figure 5.12: Sum of the in-plane angular distributions for protons emitted in coincidence
with ER's of Z > 14 at 3° and 6° in the 30.0 MeV per nucleon 28Si + 28Si reaction. The
results correspond to column d in Table 5.3. See fig. 5,4 for more details.
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Figure 5.13: Sum of the in-plane angular distributions for a-particles emitted in coinci-
dence with ER's of Z > 14 at 3" and 6° in the 30.0 MeV per nucieon 28Si + 28Si reaction.
See fig. 5.4 for more details.
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Figure 5.14: Sum of the out-of-plane angular distributions for a-particles emitted in coin-
cidence with ER's of Z > 14 at 3° and 6° in the 30.0 MeV per nucleon 28Si + 28Si reaction.
See fig. 5.4 for more details.
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5.8 Invariant-velocity distributions

In the previous section it was concluded that the first-out formula was able to
describe the exclusive LP spectra. The invariant velocity distributions for the 19.7
MeV per nucleon 28Si + 28Si experiment, shown in fig. 5.15, were calculated with the
values given in Table 5.10. The in variant-velocity spectra at 12.4 and 30.0 MeV per
nucleon have similar features.

In the velocity spectra of the evaporation component the influence of the coin-
cidence kinematics is visible as an extra yield on the lefthand side and below the
velocities of the sources (the ER detector was placed on the right-hand side). The
pre-equilibrium o-particles are clearly emitted from two separate sources, one at
projectile- and one at target velocity, whereas the pre-equilibrium protons could be
emitted from a single source with CM velocity. In the next sections this will be
discussed further.

5.9 Pre-equilibrium particles

In sect. 5.3 three models for pre-equilibrium particle emission were considered: the
breakup-, the absorptive breakup- and the Fermi-jet model. In this section the
experimental widths of the pre-equilibrium particle distribution will be compared
with the values calculated by these models.

In sect. 5.7 two descriptions of the proton yield in the 30.0 MeV per nucleon
experiment are presented. The <7j_ of 119 MeV/c was chosen because this value is
close to the 122 MeV/c observed at 19.7 MeV per nucleon. A crx of 57 MeV/c is
close to the 54 MeV/c obtained at 12.4 MeV per nucleon. Based on the results of
the 12.4 and 19.7 MeV per nucleon experiment a decrease of a± with increasing
beam energy is not expected.

The momenta cr0 and ay given in Table 5.4 are calculated from eq. 5.28 and 5.29
of the Goldhaber breakup model and from the experimental values for a^ and a±.
Table 5.4 also contains values obtained from other experiments. The cr0 from the
28Si + 28Si experiments fits in thjs systematics. In contrast to the Goldhaber model
(TQ depends on the beam energy. Compared to the values from other experiments
a relatively high value of O\ is obtained ( u\ cannot be calculated for <7|| > a±, see
eq. 5.29). In the Goldhaber model ax is the perpendicular momentum transfer to the
pre-equilibrium particles. This indicates that the incomplete fusion in the 28Si 4- 28Si
system is accompanied by a much higher perpendicular momentum transfer to the
pre-equilibrium particles than in the other systems.

Although the results on cr0 fit in the systematics, the predictive power of the
model is limited. A better understanding of the dependence of <r0 and ax on beam
energy and target projectile combination is clearly needed.

The experimental values for cry and a^ and the results of the calculations with
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Figure 5.15: Invariant-velocity distribution in the laboratory frame for protons and
a-particles in the reaction 28Si + 28Si at 19.7 MeV per nucleon calculated from the
first-out and pre-equilibrium functions, a) proton evaporation component, b) proton
pre-equilibrium component, c) sum of the evaporation and the pre-equilibrium compo-
nents, d) e) f) the same for a-particles. The magnitude of the beam- and CM velocity
are given by the solid- and dashed line, respectively. The invariant-velocity distribution
at 12.4 and 30.0 MeV per nucleon have similar characteristics.



98 Chapter 5. Light-particle emission from central collisions

Reaction

28Si-
28Si-
2 8 S i -
2 8 S i -
2 8SH
2 8Si-

2 0Ne-
1 6 O4

20Ne +
40ArH

1- 28Si
r 2 8Si
H28Si
h28Si
h28Si
f-28Si
f-27Al
-27A1

197Au
h27Al

Beam energy
[MeV per nucl.]

12.4
19.7
30.0
12.4
19.7
30.0
20.0
92.5
19.7
44.0

Particle

P
P
P
a
a
a
a

Z = 3...S
a

Z>2

a0

[MeV/c]
71(2)
80(2)

119(5)
51(1)
76(2)
87(2)
63(2)

86
76
87

[MeV/c]

2.3(1)1O3

7.3(2)103

1.3(1)1O3

1.2(l)103

300(6)
215

Reference
This work
This work
This work
This work
This work
This work

[8]
[34]
[33]
[35]

Table 5.4: The values of <r0 and a\ of the Goldhaber model of the 28Si + 28Si and other
experiments. The results for column d, table 5.3 are not included.

the Friedman model [9] and the Fermi-jet model [15] are listed in Table 5.5.
In the absorptive breakup model of Friedman the widths are calculated with the

energy Es (eq. 5.30) equal to the separation energy of protons and a-particles. For
the a-particles the agreement between theory and experiment is satisfactory, only at
12.4 MeV per nucleon the calculated widths are somewhat too high. The calculated
values for the proton widths are much higher than the values found experimentally.

The Fermi-jet model, which can only describe the proton widths, yields too low
values for a\\ and cr± for all beam energies. Since this pure mean-field model does not
include the broadening due to two-body interactions, the calculated values should
be regarded as a lower limit. In Table 5.3 a description of the 30.0 MeV per nu-
cleon proton yield was reported (column d) with a low value for the perpendicular
momentum width a± = 53.4 MeV/c, and which could be due to a pre-equilibrium
process not observed at 12.4 and 19.7 MeV per nucleon. A possible explanation of
this very forward and backward peaked pre-equilibrium proton yield is suggested by
the Fermi-jet model, which gives 41 MeV/c for the perpendicular width. Further-
more, the relative velocity of the colliding Si nuclei is close to the Fermi velocity of
the nucleons and considerably more nucleons would fulfill the condition necessary
for becoming a Fermi-jet than in the 19.7 MeV per nucleon experiment.

Differences in the velocity distributions of pre-equilibrium protons and a-particles
are clearly shown in fig. 5.15. The pre-equilibrium a-particles are emitted by two
sources, whereas the pre-equilibrium protons are emitted by a source at CM velocity.
Such a source was also found for pre-equilibrium neutrons in the reaction 4oAr + 4OCa
at 20 MeV per nucleon [10] and can be described by a microscopic quantum mechan-
ical model that showed that these neutrons were pre-equilibrium particles emitted
after no (Fermi-jets) or one and more collisions with other nucleons [12,11,10],
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Beam [MeV
energy per nucleon]
Experiment:

an [MeV/c]
<rx [MeV/c]

Absorptive breakup:
<7|, [MeV/c]

Fermi jets:
a,, [MeV/c]
o-x [MeV/c]

12.4

71(2)
51(1)

154

Protons

19.7

80(2)
115(2)

157

41
41

30.0

119(5)
111(4)

159

12.4

96(2)
142(2)

135

a-particles

19.7

144(3)
238(3)

137

30.0

164(2)
237(8)

139

Table 5.5: Experimental and calculated values for parameters of the pre-equilibrium mo-
mentum distributions in the 28Si + 28Si reaction at 12.4, 19.7 and 30.0 MeV per nucleon.
The widths presented in column d, table 5.3 are not included.

In conclusion, pre-equilibrium a-particles can be produced breakup-fusion reac-
tions. The widths of the momentum distributions are reasonably close to the values
calculated from the the Friedman model, and the velocity diagrams show two well
separated sources that emit the pre-equilibrium a-particles. In contrast to this, the
Friedmann model overestimates the widths of the proton momentum distribution.
The Fermi-jet model of Mohring et al. yields to small values for this distribution.
However, the pre-equilibrium proton velocity distribution resembles a single source
at CM velocity. Such a distribution could indicate that besides jetted nucleons
also nucleons which collided one or more times with other nucleons are emitted as
pre-equilibrium nucleons. Since this involves directly the nucleon-nucleon cross sec-
tion in a nuclear medium, a detailed study of the pre-equilibrium nucleon velocity
distribution could yield more information on this interesting quantity.

5.10 LP multiplicities and the charge- and en-
ergy balance

5.10.1 Multiplicities

Although the detectors in the three experiments cover only a limited part of the
total solid angle, the functional dependence that describes the coincident LP yield
at many angles makes it possible to integrate this function over the LP angle and
energy. The resulting value, normalized to the inclusive ER cross section, equals the
average number of LP's emitted per ER.

The estimation of the actual accuracy of the integrated LP cross sections was
based on two considerations. First the calculated LP cross sections of the two
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Reaction Beam energy
[MeV per nucl.]

28Si + 28Si 12.4
28Si + 28Si 19.7
28Si + 28Si 30.0
i e 0 + 48Ti 1 9 4

20Ne + 27A1 20.0
4 0Ar + 4 0Ca 20.0

n P 1 d t 3He a
Multiplicity

8.0(5)

4.6(7)
2.8(4)
2.5(4)
1.0(3)
1.8(2)

8
0.54(4)

4
0.13(2)

1
0.18(4)

2.6(2)
1.4(2)
1.1(2)
2.0(3)
3.2(2)

2

Reference

This work
This work
This work

[19]

[8]
[10]

Table 5.6: Multiplicities of LP's measured for various systems.

descriptions of the 30.0 MeV per nucleon proton yield were compared (Table 5.3
columns c and d). Although the differences in the parameters are large, the inte-
grated LP yields agree within 10%. Secondly, LP spectra generated by the statistical
model PACE were fitted by a function (eq. 5.46) that describes the inclusive LP dis-
tribution (see sect. 5.11.2). The number of particles obtained by an integration of
this function, and the number of evaporated particles generated in the Monte Carlo
calculation, also agree within 10%. These results indicate that the error in the total
coincident LP yield is of the order of 10 to 15%. The errors listed in Table 5.3 are
calculated assuming an error of 15%.

The LP multiplicity, the average number of LP's emitted per detected ER, can
be calculated by dividing the integrated exclusive LP yield by the inclusive yield of
the ER's, the singles ER cross section. For the 28Si + 28Si experiments the multiplic-
ities are listed in Table 5.3 and Table 5.6. The values for the total multiplicity MAM
are roughly a factor of two higher in the 12.4 MeV per nucleon experiment than in
the 19.7 and 30.0 MeV per nucleon experiments. Some information on LP multi-
plicities in coincidence with ER's are reported in the literature (see Table 5.6) and
surprisingly, most of them for beam energies close to 20 MeV per nucleon. These
multiplicities are also included in Table 5.6. In the analysis of the 40Ar + 40Ca ex-
periment the effect of the coincidence requirement was not considered and since the
neutron detectors were placed at the opposite side of the beam with respect to the
ER detector, the calculated multiplicities might be overestimated. In the reactions
28Si + 28Si, 20Ne + 27A1 and 16O + 48Ti at energies of about 20 MeV per nucleon
the pre-equilibrium LP multiplicity is always less than one sixth of the total LP
multiplicity. Compared to the multiplicities measured in the 20Ne •+ 27A1 and the
40Ar + 40Ca experiment the a-particle multiplicities determined in the 19.7 MeV per
nucleon 28Si + 28Si experiment are a bit low.

To investigate the LP multiplicity in more detail, its dependence on the charge
of the detected ER was studied for the 19.7 MeV per nucleon 28Si -f 28Si experiment
(the insufficient Z resolution in the 12.4 MeV per nucleon and the low statistics in
the 30.0 MeV per nucleon experiment prohibited this analysis for these energies).
The multiplicities are shown in Table 5.7. The multiplicity of evaporated protons
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z
Protons:

A/Evap
MpEP
a-particles:
MAU

MEvap
A/pEp

AZ

15

2.1(3)
1.7(3)

0.36(5)

1.5(2)
1.3(2)

0.16(2)
8.0(8)

16

2.7(4)
2.1(3)

0.53(8)

1.5(2)
1.3(2)

0.19(3)
6.3(9)

17

2.7(4)
2.2(3)

0.54(8)

1.2(2)
1.0(2)

0.20(3)
5.9(8)

18

3.1(5)
2.3(4)
0.8(1)

1.1(2)
0.8(1)

0.30(5)
4.7(8)

Table 5.7: Multiplicities, LP charge yield and missing charge in the 19.7 MeV per nucleon
experiment.

increases with the charge of the detected ER, whereas the multiplicity of evaporated
or-particles decreases. This is in line with statistical model calculations which show
that the average energy taken away by a proton is only 5 to 10 MeV lower than for
an a-particle. A proton removes thus more excitation energy per nucleon and less
charge from the ER than an o-particle. Compared to the evaporation component,
the multiplicity of the pre-equilibrium particles is typically one sixth of that of
the evaporated particles. For pre-equilibrium protons and a-particles multiplicities
increase with the charge of the ER. This shows that the main effect of pre-equilibrium
particle emission is not the removal of available mass, but the removal of available
excitation energy from the fused system.

From the three models used in this thesis for pre-equilibrium particle emission
only the Fermi-jet model [15] gives the multiplicity of the pre-equilibrium (jetting)
nucleons. The results are included in Table 5.1. The calculated multiplicities are in
all cases much higher than the experimental values. This could be due to the fact
that the model of ref. [15] does not include absorption of jetting nucleons due to
nucleon-nucleon collisions.

5.10.2 Missing charge

The missing charge AZ, i.e. the charge not carried away by protons, a-particles and
the ER is shown as a function of the charge for the 19.7 MeV per nucleon experiment
in Table 5.7. A missing charge (or mass) close to zero shows that the evaporated
and the pre-equilibrium particles mainly consist of H and He isotopes. The average
charge balance in the 12.4, 19.7 and 30.0 MeV per nucleon experiments is given in
Table 5.8. Other H and He isotopes are also observed in the these experiments,
but they contribute to only 5% of the proton- and a-particle yield. The present
results can be compared to charge balances from other reactions. In the 16O + 48Ti
reaction at 19.4 MeV per nucleon a missing charge of AZ = 4 was deduced from the
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Beam energy [MeV per nucleon]

AZ

Table 5.8: Average charge balance for the 28Si + 28Si reactions at 12.4,19.7 and 30.0 MeV
per nucleon.

multiplicities and the Z of distribution of ER's. This value agrees with results from
a Monte Carlo statistical model calculation for 16O -f 48Ti [19]. The charge deficit
in the 20Ne + 27A1 experiment at 20.0 MeV per nucleon is 2 charge units [8] and in
the 40Ar + 40Ca reaction at 20 MeV per nucleon no indication was found for a deficit
in the charge or mass balance [10]. Therefore, the charge deficit in the 19.7 MeV
per nucleon experiment does not fit in the systematics found for the 20Ne + 27Al and
the 40Ar + 40Ca sj_, ns, but is close to one found for the 16O + 48Ti system.

One can use th>- ^ystematics of the fraction of the projectile momentum trans-
ferred to the fused system to estimate the number of protons that are emitted as
pre-equilibrium particles by assuming that the same fraction of nucleons of the pro-
jectile is transferred to the target and that the same amount of protons and neutrons
are emitted. Using the systematics presented in ref. [1], the estimated number of
protons contained in pre-equilibrium particles at 12.4, 19.7 and 30.0 MeV per nu-
cleon is 2(1), 5(1) and 6(2) respectively. The observed missing charge thus agrees
with the linear momentum transfer systematics.

5.10.3 Missing energy

In the CM it is possible to calculate the missing energy, i.e. the difference between
the initial CM energy Eini_ (the sum of the CM kinetic energy and rest masses of
projectile and target) and the energy of the detected LP's and the ER (CM kinetic
energy and rest masses).

On the average, the observed decay energy is:

(5.40)

0Pep. + m(i)c2)M(i)pep. (5.41)
i

+mERc2 (5.42)

where the sum runs over protons, neutrons and a-particles. E(i) is the average
kinetic energy of i in the CM, m(i) the mass and M(i) the multiplicity. The average
mass of the evaporation residue is mgR- E(i)cva.p, is the average of the kinetic energy
E over the CM energy distribution of evaporated particles:
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Beam energy
Ea)
Eb)
v°)
vb)
wproj.

[MeV per nucleon]
[MeV]
[MeV]

[cm/ns]
[cm/ns]
[cm/ns]

12.4
-25
-6
0
0

2.4

19.7
120
40

4.2(9)
0(2)
3.1

30.0
260
150

5.8(7)
4.5(7)

3.8

Table 5.9: Average energy balance for the 28Si + 28Si reactions at 12.4, 19.7 and 30.0 MeV
per nucleon. The kinetic energy E for case a) is calculated under the assumption that all
the missing nucleons are bound, while in *) all nucleons are unbound. Errors in E are
estimated to be in the order of 40 MeV. From the kinetic energy and the missing charge
the CM velocity of the missing particles v is obtainbed. vproj. is the CM velocity of the
projectile.

oc
,-E/T

1 +
(5.43)

(see eq. 5.14) with T{E) = \fE. In a similar way E(i)pep_ is calculated by averaging
the CM kinetic energy over the pre-equilibrium particle velocity distribution:

^ oc
dv

(5.44)

The average over the target source yields in the present analysis the same results.
The parameters used in these equations were taken from Table 5.3. The neutron
parameters were taken identical to the proton parameters, except that the neutron
Coulomb energy was set to EQ = 0. The missing energy is then given by:

AE = EM. - ELP. (5.45)

From the missing energy the kinetic energy of the missing nucleons is calculated in
Table 5.9 for two cases: 1) all of missing the nucleons are bound into one or two
clusters and 2) the missing nucleons are unbound. The kinetic energy in case 2 will
be lower due to the binding energy effect. The results are given in Table 5.9.

At 12.4 MeV per nucleon the missing energy is equal to zero. This result is con-
sistent with the zero missing charge at this beam energy. At 19.7 and 30.0 MeV per
nucleon the missing energy is quite large. The CM velocity of the missing particles
both at 19.7 and 30.0 MeV per nucleon is above the projectile- and target velocity
in the CM frame (see Table 5.9). On the other hand, if the missing nucleons are
unbound, the velocity of the missing nucleons is close to the CM velocity at 19.7
MeV per nucleon and still above the projectile- or target velocity at 30.0 MeV per
nucleonHowever, it is rather unlikely that a large amount of nucleons distributed
around the CM velocity at 19.7 MeV per nucleon remain undetected by the multide-
tector system. Moreover, at 30.0 MeV per nucleon these free nucleons still have an
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average velocity above that of the projectile or target. This means that the nucleons
with a backward velocity in the CM system could be detected easily by the multide-
tector system at backward angles. At these angles there is no kinematical focussing
which confines the distribution of the missing particles around 0°. The fact that
the high multiplicity of the pre-equilibrium particles was not observed makes the
emission of a jet of many nucleons unlikely.

The above considerations lead to the conclusion that at 19.7 and 30.0 MeV per
nucleon both the missing mass and missing energy is taken away by one or more
composite particle(s). The Gaussian shape of the ER velocity distribution excludes
the possibility that all the nucleons are emitted in one cluster. More than two
clusters is also unlikely because this would imply that the average proton number
of the clusters would be close to two. Therefore the present measurements indicate
that two pre-equilibrium particles with A = 6 to 8 are emitted with velocities above
that of the projectile or target in the CM system. Since a high multiplicity of
Z > 2 fragments was not observed by the multidetector system the particles must
be emitted at small forward and backward angles.

5.11 Nuclei at high excitation energy

5.11.1 Introduction
The decay of a highly excited nucleus is mainly governed by the amount of excitation
energy per nucleon, which in a Fermi-gas model of the nucleus can be related to
the temperature. The temperature of a nuclear system is lowered during its de-
excitation process. In the next subsection the relation between the shape of the
spectra of evaporated LP's and the initial temperature of a nucleus is studied by
analyzing the results of a statistical model calculation. In sect. 5.11.3 the effects
of incomplete fusion on the energy density is investigated and the level density
parameter is calculated from the experimental values for the energy density and
the initial temperature of the nucleus. Furthermore, the initial temperatures of the
fused systems in the 12.4, 19.7 and 30.0 MeV per nucleon experiments are used to
look for signs of a limiting temperature.

5.11.2 Temperature of a nucleus
The statistical model PACE is often used to calculate LP and ER distributions. In
this subsection the results of PACE calculations are analysed to study the effect of the
decrease of the temperature of a nucleus during its decay and to investigate the effect
of the angular momentum of the nucleus on T. As mentioned in sect. 5.2, Le Couteur
and Lang [17,18] have shown for a cascade of neutrons that the parameter T is close
to the initial temperature if the shape of the neutron spectrum is described by eq. 5.1
with F{E) = y/E. The LP-spectra calculated by PACE can be used to investigate if
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Beam energy
[MeV per

Excitation energy

Initial temperature

•rrit

k

r
Tc
Ec

Yield
Pncc yield

nucleon]

[MeV]

[MeV]

M

[MeV]
[MeV]
[MeV]

counts
counts

12.4

184.5

5.1
44
I.I

0.53(9)
4.9(1)

1.09(9)
4.1(3)

5.4(5) 102

2172
2301

Protons

17.1

250.2

6.0
44
1.5

0.82(8)
5.5(2)

1.21(9)
4.2(2)

6.1(2) 102

2816
2958

17.1

250.2

6.0
60
1.7

0.71(6)
5.45(4)
1.25(6)
4.43(8)

9.0(2) 102

2060
2160

12.4

184.5

5.1
44

0.9
0.16(5)
6.6(3)
1.2(2)
6.9(4)

3.0(5) 102

929
1007

or-particles

17.1

250.2

6.0
44

1.1
0.6(2)
6.2(4)
1.8(2)
7.2(5)

4.4(8) 102

1018
1148

17.1

250.2

6.0
60
1.3

0.42(7)
6.9(3)
1.6(2)
7.3(4)

5.5(6) 102

824
903

Table 5.10: Parameters describing the proton and a-particle yield generated by PACE cal-
culations. The initial temperature is calculated with the level density parameter a = A/8
MeV"1

this relation can also be applied to spectra of protons and a-particles emitted in more
complex cascades. In the Monte Carlo simulation neutrons, protons, and a-particles
can be emitted during the decay, and the effects of the Coulomb interaction and the
angular momentum of the nucleus are correctly taken into account. LP spectra at
17 angles (0 = 5° — 175°) were calculated. The parameters of the following function
were deduced by a fit to these calculated spectra:

d2a

dELdflL
= JV E v a p

1
-[E,-Ec)/Tc

V sin Ve -f k cos2 6e

(5.46)

(see eq. 5.14) with ^(E) = \/~E. Table 5.10 lists the results for proton and o-particle
spectra from three PACE calculations. Two calculations for beam energies of 12.4
and 17.1 MeV per nucleon (the latter energy yields the highest excitation energy
the program could handle) were performed with /crit = 44 h. At the latter beam
energy also a third calculation with /cr;t = 60 h was performed. The level density
parameter a = A/8 MeV was used. The critical /-value for fusion was taken from
systematics, /cr;t = 44h [5]. The calculation with /cru = 60 h was performed to study
the effect of a high angular momentum on T.

The description is in all cases very good, which shows that also the LP spectra
from a complicated decay process, as calculated by PACE, can be described by the
simple form of eq. 5.46. Table 5.10 also lists the LP yield obtained by integrating
eq. 5.46 over the laboratory energy and the solid angle. These yields and the PACE
yield always agrees within 10%.

From the fc-values it can be inferred that the anisotropy of the distribution
increases with /crjt, whereas the anisotropy decreases with the excitation energy ;f
the system. The differences between the values of T for protons and a-particks
are much smaller than observed in the experiment, even if the decaying nuclei have
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Beam energy [MeV per nucleon]

yv

0
l
4
12
16

12.4 19.7 30.0
Energy density

[MeV per nucleon]
3.1
3.1
3.1
2.9

L 2 . 6

4.9
4.9
4.9
4.5
4.1

7.5
7.5
7.5
6.9
6.3

Table 5.11: The energy density as function of the number of pre-equilibrium particles
N for the fusion reaction 28Si + 28Si at 12.4, 19.7 and 30.0 MeV per nucleon. All the
pre-equilibrium particles originate from the projectile (or target) only and have projectile
(or target) velocity.

on the average a very high angular momentum. Furthermore, the value of T for
protons is not significantly affected by the angular momentum of the nucleus. The
values for T obtained with the form ^F(E) = vE for protons are close to the initial
temperatures. This observation is also in accordance with the results of [17,18]. The
value of T for a-particles is in all cases larger than the initial temperature. This is
effect is not yet understood.

We concluded that the connection between the experimental value of T for pro-
tons and the initial temperature of a nuclear system has been established provided,
that the proton spectra are described by eq. 5.46 with T{E) — yE. This relation
was already derived for a neutron cascade by Le Couteur and Lang [17,18], and
clearly also holds for protons emitted in complex cascades. In the following sections
the value of T for protons will be interpreted as the initial temperature of a nuclear
system.

5.11.3 Energy density
Due to incomplete fusion the measured LP's are emitted from nuclei with energy
densities lower than could be obtained for complete fusion. For symmetric systems,
however, the energy density only slightly depends on the formation process pro-
vided that the same fraction of the projectile- and target nuclei fuse (symmetric
incomplete fusion) and that on the average the fusing particles have the same ki-
netic energy in the CM system as the projectile- or target nucleons. To study the
dependence of the energy density on the number of pre-equilibrium particles, the
energy density is calculated for a breakup-fusion process of the 28Si + 28Si system in
which N pre-equilibrium particles are emitted with beam velocity. The slight energy
density dependence on the number of emitted pre-equilibrium particles is shown in
Table 5.11.

For the 12.4 MeV per nucleon 28Si + 28Si system, no missing charge was found,
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2 4 0 8

Energy density [MeV per nucleon]

Figure 5.16: The temperature as function of the energy density,
calculations with a Fermi-gas model with q = 6,7,8 MeV.

The solid lines are

and according to Table 5.11 the low pre-equilibrium particle multiplicity will cause
only a small spread in the energy density. The charge deficit in the 19.7 and 30.0
MeV per nucleon experiment was 6 and 8 charge units, respectively. In sect. 5.10
it was noted that the shape of the ER velocity distribution indicated that this
missing charge was likely to be emitted in a symmetric incomplete-fusion process.
The energy density of the fused system would then be close to that of a complete
fused system. In the extreme case that this missing charge was contained in pre-
equilibrium particles which originate from the projectile or target alone, Table 5.11
shows that the energy density of the fused system would be only 16% lower than for
complete fusion.

The temperature T is related to the energy density by:

(5.47)

with A the mass number of the nucleus, a the level density parameter and q = A/a.
The value for q only weakly depends on the mass of the nucleus [6].

Fig. 5.16 shows the experimental temperatures as function of the energy density.
The errors in T are based on the analysis of the PACE statistical model calculations
(sect. 5.11.2). The uncertainty in the energy density is based on the number of
pre-equilibrium particles, the extreme assumption being that all missing charge is
contained only in a projectile- or target-like fragment. The results are described
by q = 7.0(5) MeV which agrees with Fermi gas calculations that give values of q
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Beam energy
E*
A
E'/A
q

[MeV

[MeV

per nucleon]
[MeV]

per nucleon]
[MeV]

12.4
175

55(3)
3.2(7)

7.0(15)

19.7
108

43(3)
2.5(9)
16(6)

30.0
102

40(3)
2.6(9)
18(7)

Table 5.12: Calculated excitation energy (E*) and energy density (E*/A) of fused systems
formed in the 28Si -f 28Si reactions at 12.4, 19.7 and 30.0 MeV per nucleon. A is the mass
number of the fused system.

between 7 and 9 MeV for nuclei with mass numbers between 38 and 56, excited to
very low energy densities [6] (E* < 0.5 MeV per nucleon).

However, there is one inconsistency in the approach described above. Table 5.11
also shows that the fused systems at 19.7 and 30.0 MeV per nucleon would have a
high excitation energy; at 30.0 MeV per nucleon this energy should be much higher
than at 19.7 MeV per nucleon. Since at 19.7 MeV per nucleon the missing charge
is approximately equal to the missing charge at 30.0 MeV per nucleon and since
the multiplicities of the pre-equilibrium particles are not very different, the masses
of the fused systems at both beam energies should be comparable. Because of the
higher excitation energy at 30.0 MeV per nucleon the average ER charge number
should be lower than at 19.7 MeV per nucleon. This is in contrast to the results
presented in chapter 4, where it is shown that the average ER charge number at
19.7 MeV per nucleon is approximately equal to that at 30.0 MeV per nucleon.

Alternatively, one can estimate the excitation energy and the mass of the fused
systems by using the average CM kinetic energy, the multiplicity of the LP's, and
the average charge number of the ER. The mass number A of the fused system is
given by:

(5.48)

where the summation is over protons, neutrons and a-particles, and M, the multi-
plicity of the evaporated particle i. The excitation energy of the fused system (FS)
is estimated via:

E* = m(i)c2)M(i)
evap.

mERC
2 - mFSc

2 (5.49)

The results are presented in Table 5.12. The mass number, excitation energy and
energy densities of the fused systems at 19.7 and 30.0 MeV per nucleon are equal.
The energy density at 12.4 MeV per nucleon is a little higher than at 19.7 and 30.0
MeV per nucleon. This means that ER are not formed when the energy density is
in excess of about 3 MeV per nucleon. The value of q at 12.4 MeV per nucleon is
consistent with the values presented above. At 19.7 and 30.0 MeV per nucleon q is
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much higher, and shows that the relation of a Fermi-gas model between temperature
and energy density (eq. 5.47) might be not valid for fused systems formed at 19.7
and 30.0 MeV per nucleon.

5.12 Summary and conclusions

The formation and decay of fused systems has been studied from LP's measured
in coincidence with ER's. To separate the exclusive LP yield into contributions
from pre-equilibrium particles and evaporated particles, an analytical approach that
describes the exclusive in- and out-of-plane LP yield was applied [8]. The formalism
assumes that the LP's are evaporated from fused systems which have a Gaussian
velocity distribution centered around t>cM- 1° the frame of the evaporating nucleus
the LP energy distribution is Maxwellian. Pre-equilibrium particles are emitted
from a source with target velocity or from a source with beam velocity. In the
rest frame of the source, the pre-equilibrium particles have a Gaussian momentum
distribution. To incorporate the influence of the coincidence requirement on the LP
distributions the following kinematical conditions have been introduced:

- The detected LP is the first evaporated particle from a source with CM velocity.

- Pre-equilibrium LP's are emitted from a source with target velocity or from
a similar source with beam velocity. The detected particle is the only pre-
equilibrium particle.

A good description of the experimental results is obtained and a separation of the
LP yield into equilibrium and pre-equilibrium was achieved. It is important to note
that both the evaporative processes and the pre-equilibrium processes are required
to describe the experimental results. The evaporated particles dominate at angles
between 45° and 60", whereas the pre-equilibrium yield dominates at backward
angles. This angular dependence allows for the decomposition. Since both in- and
out-of-plane angles are well described, the LP energy distribution can be reliably
calculated for angles not covered by the detection system. Only at the most forward
and backward angles the LP yield has to be extrapolated.

The widths of the pre-equilibrium momentum distribution <T|| and ax were com-
pared to the Fermi-jet model of Mohring et al. [15], the Goldhaber breakup model [30]
and the Friedman [9] absorptive breakup model.

The values of cr0, calculated in the Goldhaber model from the parallel width <7||,
nicely agree with systematics for both protons and a-particles. For 28Si -f 28Si the
values (T\ for a-particles indicate a much larger perpendicular momentum transfer
than for other fragmentation reactions (see Table 5.4).. At 19.7 MeV per nucleon
cr± for a-particles in the 28Si + 28Si reaction is also larger than the value determined
for the 20.0 MeV per nucleon 20Ne 4- 27A1 reaction. For protons in 28Si + 28Si only
<7x a t 19.7 MeV per nucleon could be determined. The cro's depend slightly on
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the incident energy which disagrees with the Goldhaber model but is in agreement
with the results reported by refs. [9,32]. Therefore, the Goldhaber model only has
a limited predictive power.

The absorptive breakup model of Friedman [9] overestimates the measured par-
allel widths <7|| of the proton pre-equilibrium momentum distribution, but the values
for the 12.4, 19.7 and 30.0 MeV per nucleon a-particle momentum distributions are
satisfactory described.

The Fermi-jet model of Mohring and Swiatecki [15], which can only calculate <7||
and a± for protons, yields too low values for all three beam energies. Inclusion of
the nucleon-nucleon collisions should improve on it. At 30.0 MeV per nucleon the
proton momentum width a± can have two values, one near the width of the 19.7
MeV per nucleon experiment, the other one having only half of this value. This small
value might suggest that this component is produced by a Fermi-jet mechanism.

The Friedman model was found to describe the widths of the projectile- and tar-
get pre-equilibrium a-particle momentum distributions at 19.7 and 30.0 MeV per nu-
cleon reasonably well. Therefore, the present analysis indicates that pre-equilibrium
a-particles are created in break-up fusion processes. The proton distributions are
not well described by the Friedman model.

The shape of the velocity distribution for protons and a-particles is quite differ-
ent. For a-particles a projectile and target source can be clearly identified, while
possible proton sources overlap such that the distribution could also be described
by a single source with velocity VCM- This is exactly what recent models for pre-
equilibrium nucleon emission calculate [10,11,12]. The CM velocity of the 28Si + 28Si
system coincides with the nucleon-nucleon CM velocity of projectile- and target nu-
cleons. Then the pre-equilibrium proton yield is the sum of the Fermi-jet yield,
which is peaked at 0° and 180", and the rather isotropic yield of pre-equilibrium
particles that are emitted after one or more collisions.

Multiplicities of protons and a-particles were determined. The multiplicity of the
pre-equilibrium particles is typically one sixth of the multiplicity of the evaporated
particles. The total proton- and a-particle multiplicity is the largest at 12.4 MeV
per nucleon, a factor of 1.5 higher than at 19.7 and 30.0 MeV per nucleon.

From the total LP multiplicity and the average charge of the detected ER, the
missing charge was calculated. The missing charge was almost zero at 12.4 MeV
per nucleon, the evaporated- and pre-equilibrium particles dominantly constitute
of protons and a-particles at this energy. At 19.7 and 30.0 MeV per nucleon the
missing charge was much larger, 6.0(7) and 7.4(7) for ER's with Z > 14, respectively.

The missing energy, i.e. the difference between initial energy in the CM sys-
tem and the average energy carried away by the measured particles is zero at 12.4
MeV per nucleon. At 19.7 and 30.0 MeV per nucleon the missing energy is rather
large, but consistent with calculations based on the systematics of linear momentum
transfer. On the basis of the results on the missing charge it was argued that at
these beam energies two pre-equilibrium nuclei were emitted. These nuclei consist
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on the average out of 6-8 nucleons and have a velocity exceeding the projectile (or
target) velocity in the CM system. Furthermore, the reaction mechanism is such
that at 19.7 and 30.0 MeV per nucleon rather similar systems with the same energy
density of 2.6(9) MeV per nucleon are created. This energy density is close to that
of the 12.4 MeV per nucleon reaction, 3.2(7) MeV per nucleon. This means that
fused systems with an energy density in excess of about 3 MeV per nucleon do not
decay to ER's.

The analysis of inclusive LP spectra calculated with the statistical model PACE,
shows that T can be interpreted as the initial temperature of a nucleus. The tem-
perature rises from 4.6(5) MeV at 12.4 MeV per nucleon to 6.3(5) MeV at 19.7 MeV
per nucleon. This value is within the errors equal to the temperature of 6.9(5) MeV
at 30.0 MeV per nucleon. Under the assumption that the missing mass is emitted
in one or two clusters with beam velocity, one can determine that the initial en-
ergy density of fused systems in 28Si + 28Si is close to the energy density reached
for compound nucleus formation. The relation between initial temperature T and
energy density can then be described by a Fermi-gas model with q = 7.0(5) MeV.
This approach, however, was shown to be inconsistent with the observation that
at 19.7 and 30.0 MeV per nucleon the ER charge distribution peaks around the
same Z-value. Energy densities calculated by adding the average CM energy of the
evaporated particles including the effects of the binding energy, are almost equal
at 19.7 and 30.0 MeV per nucleon and lower than the energy density at 12.4 MeV
per nucleon. The q calculated at 12.4 MeV per nucleon agrees with the value found
in the calculation given above, but at 19.7 and 30.0 MeV per nucleon q is 15 and
18 MeV, respectively, but these numbers carry a high uncertainty of 6-7 MeV.

In conclusion, the central collisions between Si nuclei at 12.4 MeV per nucleon
can be described within the traditional picture of an incomplete fusion reaction.
During the initial stages a few pre-equilibrium particles are emitted. The remaining
nucleons form a compound nucleus which decays by evaporating neutrons, protons
and a-particles. The temperature of the compound nucleus is reflected in the shape
of the proton spectra and the relation between the energy density and temperature
of the compound nucleus obeys the Fermi-gas formula with q = 7 MeV. At 19.7 and
30.0 MeV per nucleon on the average two clusters with 6 to 8 nucleons are emitted
with large velocity. This velocity is such that (in the CM systems) it exceeds the
velocity of the projectile or target. This means that predominantly only those
nucleons of the projectile and target fuse which have the lowest CM velocities, while
the high-velocity nucleons continue their path. Therefore, the energy density of
the fused nucleons is lower than energy density expected on basis of the widely used
assumption that the pre-equilibrium particles have projectile- and or target velocity.
The measurements show that nuclei with an energy density in excess of 3 MeV per
nucleon do not decay to ER's. Furthermore, evaporation of protons from excited
clusters might explain the increased yield of protons at forward angles in the 30.0
MeV per nucleon experiment.
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Experimental observations of nuclear reactions as presented in this thesis reflect
the richness of phenomena that is characteristic for heavy-ion physics. Unifying
these phenomena in a single model is one of the aims of heavy-ion physics for the
time to come.
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List of acronyms

In this thesis some of the most frequently occurring expressions are replaced by
acronyms. For convenience of the reader they are listed below together with their
actual meaning.

ADC analog-to-digital converter
CFD constant-fraction discriminator
CM center-of-mass
CN compound nucleus
ER evaporation residue
FWHM full width half maximum
IC ionisation chamber
lCTit critical l-value for fusion
LP light particle (p,d,t,3Re,a)
MA main amplifier
PA preamplifier
PCM pulser control module
PEP pre-equilibrium particle
QDC charge-to-digital converter
TAC time-to-amplitude converter
TFA timing filter amplifier
TSCA timing single-channel analyzer
VUU Vlasov-Uehling-Uhlenbeck



Samenvatting

Dit proefschrift bevat een studie over centrale botsingen tussen 28Si projectiel-
en trefplaatkernen bij bundelenergieën van 12.4, 19.7 en 30.0 MeV per nucléon.
De inclusieve verdelingen worden onderzocht van de verdampingsrestkernen en de
exclusieve verdelingen van lichte deeltjes (p,d,t,3He, Q) welke gelijktijdig (coinci-
dent) met verdampingsrestkernen gemeten zijn. Het is een van de eerste studies
waarin gedetaileerde, exclusieve lichte-deeltjes verdelingen, zowel in het reactievlak
(gedefinieerd door de detectiehoek van de verdampingsrestkern en bundelas) als uit
het reactievlak bepaald zijn.

De keuze van het 28Si + 28Si systeem heeft een aantal belangrijke voordelen.
Omdat projectiel- en trefplaatkern gelijk zijn is de lichte-deeltjes verdeling in het
zwaartepuntssysteem symetrisch om 90°. Dit biedt niet alleen een extra controle op
de metingen maar vermijdt ook de complicaties in de niet-evenwichts deeltjes emissie
die optreden als projectiel- en trefplaatkern ongelijk zijn. Bovendien wordt voor
symmetrische systemen een bepaalde energiedichtheid in de gefuseerde systemen
bij lagere relatieve snelheden bereikt. Daardoor kunnen de experimenten bij vrij
lage bundelenergieën uitgevoerd worden, waarbij de effecten van het onvolledige
fusieproces minder zijn.

Alvorens de experimenten uit te voeren is een belangrijk probleem bij het de-
tecteren van hoog-energetische lichte deeltjes opgelost. Standaard Si-detectoren zijn
te dun (< 5 mm) om de energie van protonen boven 30 MeV en die van a-deeltjes
boven 120 MeV te kunnen meten. Na een uitvoerig onderzoek is gekozen voor de-
tectoren die geconstrueerd zijn uit 3 cm lange CsI(Tl) kristallen en fotodiodes. De
fotodiodes worden gebruikt om het scintillatie licht te meten. Mede door de uit dit
onderzoek voortgekomen publicaties is de Csl detector thans in vele laboratoria een
standaard instrument geworden voor het meten van hoog-energetische lichte deeltjes
en zware ionen (Z < 20) [1,2,3,4].

In het 12.4 MeV per nucléon experiment zijn een viertal Csl detectoren gebruikt.
Voor de experimenten bij 19.7 en 30.0 MeV per nucléon is het Utrechtse multide-
tectorsysteem, bestaande uit Si-Csl telescopen, ontwikkeld. Dit systeem maakt het
mogelijk om gelijktijdig lichte deeltjes op 20 verschillende hoeken te meten. Om-
dat alle detectoren vrijwel identiek zijn, is de controle op het functioneren van het
systeem en de ijking van de detectoren relatief simpel. Voor de identificatie van
de verdampingsrestkernen is een ionisatiekamer-Si combinatie gebruikt. De analyse
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van de experimenten is grotendeels met behulp van zelf ontwikkelde programmatuur
uitgevoerd. De standaard programmatuur was namelijk niet alleen ongeschikt voor
de analyse van gecompliceerde en grote gegevens-bestanden, maar bood bovendien
te weinig controle mogelijkheden over de verwerking van de meetgegevens.

Uit de snelheidsverdelingen van de zware ionen die uitgezonden worden naar
kleine voorwaartse hoeken (tussen de 3° en 6°) zijn de ladings (Z) verdelingen voor
de verdampingsrestkernen berekend. De meest voorkomende Z-waarde van deze
verdampingsrestkernen daalt van Z = 19 bij een bundelenergie van 12.4 MeV per
nucléon naar Z = 14 bij 19.7 MeV per nucléon. Dit betekent dat bij een hogere bun-
delenergie meer niet-evenwicht deeltjes worden uitgezonden en/of dat de excitatie
energie van de gefuseerde systemen bij 19.7 MeV per nucléon hog*r is. In deze kwa-
litatieve beschijving van het onvolledige fusie proces past de meest waarschijnlijke
waarde Z = 15 gemeten bij 30.0 MeV per nucléon niet. Bovendien is het opmerkelijk
dat de werkzame doorsnede voor verdampingsrestkernen bij 30.0 MeV per nucléon
een factor 10 tot 20 lager is dan bij 19.7 MeV per nucléon. Dit is veel lager dan op
grond van berekeningen verwacht wordt [5]. De waargenomen verdampingsrestker-
nen bij 30.0 MeV per nucléon worden dus geproduceerd in onvolledige fusie processen
met een kleine werkzame doorsnede.

De kleine werkzame doorsnede voor de vorming van verdampingsrestkernen bij
30.0 MeV per nucléon is in overeenstemming met berekeningen van Levit en Bonche [6].
Deze berekeningen laten zien dat de maximale energiedichtheid van kernen met eens
massagetal A = 50-60 en met een compressibiliteit van 222 MeV tussen de 7 en
8 MeV per nucléon ligt. Onverwacht kleine werkzame doorsneden van (typisch)
fusie achtige producten zijn ook gemeten door Auger et al. [7] in reacties met Ar-
projectielen op zwaardere trefplaatkernen bij bundelenergien boven de 40 MeV per
nucléon. Omdat de kleinere werkzame doorsnede bij de 28Si + 28Si reacties bij een
lagere bundelenergie optreedt dan in de reacties met Ar-projectielen, kan men con-
cluderen dat de reactiedynamica de doorsnede voor fusieachtige producten in eerste
instantie niet beperkt.

De breedtes van de snelheidsverdelingen van de verdampingsrestkernen laten
zien dat het effect van onvolledige fusie bij 30.0 MeV per nucléon groter is dan bij
19.7 MeV per nucléon. Meer informatie over onvolledige fusie is echter moeilijk uit
deze snelheidsverdelingen af te leiden. Gedetailleerde informatie kan echter worden
verkregen uit de verdelingen van de lichte deeltjes die coincident met verdamp-
ingsrestkernen gemeten zijn. Omdat deze coïncidente deeltjes voor meer dan 90%
uit protonen en a-deeltjes bestaan is het onderzoek op de verdelingen van deze deel-
tjes geconcentreerd. Verdampingsrestkernen met Z > 14 zijn aan de hand van hun
snelheid gemakkelijk te identificeren. Van deze eigenschap is gebruikt gemaakt om
lichte deeltjes te selecteren die coincident zijn met verdampingsrestkernen afkomstig
van centrale botsingen.

De scheiding van de lichte-deeltjes spectra in een verdampingsdeel en niet-even-
wichtsdeel is met behulp van analytische functies uitgevoerd [8]. Deze functies
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beschrijven de hoekverdelingen van verdampings- en niet-evenwichts deeltjes. Ver-
dampingsdeeltjes worden beschreven met een model waarin wordt aangenomen dat
lichte deeltjes verdampen van kernen die een Gaussische snelheidsverdeling hebben
om de zwaartepuntssnelheid. In het referentiestelsel van de verdampende kern wordt
de energieverdeling van lichte deeltjes beschreven door een functie die veel op de
Maxwell-Boltzmann functie lijkt. Niet-evenwichts deeltjes worden uitgezonden door
een bron die met de snelheid van een projectielkern beweegt en door een bron die met
de snelheid van een trefplaatkern beweegt. In de referentiesystemen van deze bron-
nen hebben de deeltjes een Gaussische snelheidsverdeling. De coincidentie-eis tussen
deze deeltjes en de verdampingsrestkern is gebaseerd op twee veronderstellingen:

- het gedetecteerde lichte deeltje is het eerste verdampte deeltje, en

- niet-evenwichtsdeeltjes worden door een bron met projectiel- of trefplaatkern
snelheid uitgezonden. Het waargenomen deeltje is het enige niet-evenwichts
deeltje.

Dit model beschrijft niet alleen de experimentele resultaten goed maar maakt ook
een verdeling in verdampings- en niet-evenwichts deeltjes mogelijk. Zowel het ver-
dampingsproces als het niet-evenwichts proces zijn essentieel voor een goede be-
schrijving van de experimentele gegevens. De verdampingsdeeltjes overheersen de
proton- en a-spectra voor hoeken tussen 45° en 60°, terwijl de niet-evenwichts pro-
tonen en a-deeltjes de achterwaartse hoeken domineren. Deze sterke hoekafhanke-
lijkheid draagt er in grote mate toe bij dat de verdampings- en de niet-evenwichts
componenten betrouwbaar gescheiden kunnen worden. Omdat het modèle de lichte
deeltjes die in en buiten het reactievlak worden uitgezonden goed beschrijft, kan
ook de lichte-deeltjes verdeling berekend worden voor die hoeken waar geen detec-
tor is opgesteld. Extrapolaties zijn dan alleen nodig voor de meest voorwaartse- en
achterwaartse hoeken.

Contour diagrammen van de niet-evenwichts a-deeltjes laten duidelijk zien dat
deze deeltjes door twee bronnen worden uitgezonden. Het blijkt dat het fragmen-
tatie model van Friedman [9] de gevonden snelheidsverdelingen van niet-evenwichts
a-deeltjes vrij goed kan beschrijven. Het is dus waarschijnlijk dat de niet-evenwichts
a-deeltjes geproduceerd zijn in een fragmentatie reactie, gevolgd door fusie. Het
model kan de snelheidsverdeling van niet-evenwichts protonen niet goed reproduce-
ren. Alhoewel deze proton verdelingen in de huidige aanpak beschreven worden door
Gaussische verdelingen rond de snelheid van projectiel- en trefplaatkern, zijn twee
verdelingen zo breed dat hun som op één ovale verdeling (lange as langs de bundelas)
rond de zwaartepuntssnelheid lijkt. Dit emissiepatroon wordt ook voorspeld door
recente modellen voor niet-evenwicht proton en neutron emissie [10,11,12].

Met behulp van analytische functies zijn ook de multipliciteiten van protonen
en a-deeltjes bepaald. De multipliciteit van niet-evenwichts deeltjes is ongeveer een
zesde van de multipliciteit van verdampingsdeeltjes. De totale multipliciteit van
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protonen en a-deeltjes is het hoogst bij 12.4 MeV per nucléon: een factor 1.5 hoger
dan bij 19.7 en 30.0 MeV per nucléon.

Wordt het gemiddelde aantal protonen dat is uitgezonden in de vorm van lichte
deeltjes opgeteld bij de gemiddelde Z van de verdampingsrestkern, dan vindt men
voor 12.4 MeV per nucléon alle in het ingangskanaal aanwezige protonen terug.
De ladingsbalans geeft dus geen reden om aan te nemen dat in de reactie andere
kernen dan lichte deeltjes en verdampingsrestkernen worden uitgezonden. In de
ladingsbalans bij de 19.7 en 30.0 MeV per nucléon reacties missen echter 6 tot 8
protonen.

Bij 12.4 MeV per nucléon is ook de energiebalans in orde, dat wil zeggen dat alle
energie van projectiel- en trefplaatkern is verdeeld over de verdampingsrestkernen,
protonen en de o-deeltjes. Bij 19.7 en 30.0 MeV per nucléon is dat niet het geval.
Een deel der beschikbare energie wordt meegegeven aan de niet waargenomen deel-
tjes. Het uitzenden van vrije nucleonen kan worden uitgesloten op grond van de
gemiddelde snelheid die ze dan moeten bezitten. Als alle niet waargenomen deeltjes
gebonden zouden zijn, dan zou bij deze energieën hun zwaartepuntsnelheid groter
zijn dan die van de projectiel- of trefplaatkern. Deze kernen zouden een, niet geob-
serveerd, minimum in de snelheidspectra van de restkernen veroorzaken. Wanneer
er meer dan twee deeltjes worden uitgezonden dan is hun massa-getal laag. Dit
soort deeltjes wordt echter ook door het multidetector systeem gemeten, maar met
een veel lagere opbrengst dan protonen en a-deeltjes. De niet waargenomen deeltjes
worden dus uitgezonden in de vorm van twee clusters, met een zelfde gemiddelde
snelheid die in het zwaartepuntsysteem groter is dan die van projectiel- of trefplaat-
kern. Het reacti^.mechanisme is zodanig dat in de reacties bij 19.7 and 30.0 MeV
per nucléon vrijwel identieke gefuseerde systemen worden gevormd.

Uit de vorm van de protonspectra voor de drie bundelenergien is de gemiddelde
temperatuur van de gefuseerde systemen bepaald. Deze stijgt van 4.7(5) MeV bij
12.4 MeV per nucléon naar 6.3(5) en 6.9(5) MeV voor 19.7 en 30.0 MeV per nu-
cleon. Hieruit kunnen we concluderen dat de temperatuur van gefuseerde systemen
verzadigt. Andere eigenschappen van de gefuseerde systemen kunnen ook uit de
verkregen meetresultaten worden afgeleid. Met behulp van de multipliciteiten en de
gemiddelde lichte-deeltjes energie is ook het gemiddelde massagetal en de energie-
dichtheid berekend. Gemiddeld hebben de gefuseerde systemen by 12.4 MeV per
nucléon een massagetal van 55. Bij 19.7 en 30.0 MeV per nucléon ligt dit, als gevolg
van onvolledige fusie, bij een massagetal van respectievelijk 43 en 40. De energie-
dichtheid van de gefuseerde systemen is echter voor de drie bundel-energien min of
meer gelijk: ongeveer 3 MeV per nucléon. Hieruit blijkt dat verdampingsrestkernen
alleen worden geproduceerd wanneer de energiedichtheid van het gefuseerde systeem
de waarde van 3 MeV per nucléon niet overschrijdt.

Centrale botsingen tussen Si-kernen bij 12.4 MeV per nucléon kunnen worden
beschreven binnen het traditionele beeld van een onvolledige fusiereactie. In het be-
ginstadium van de botsing wordt een enkel niet-evenwichts deeltje uitgezonden. De
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andere nucleonen van de projectiel- en de trefplaatkern fuseren. Het gefuseerde
systeem komt in thermodynamisch evenwicht en vervalt door emissie van voor-
namelijk neutronen, protonen en a-deeltjes. Verdampingsrestkernen bij 19.7 en
30.0 MeV per nucléon zijn in soortgelijke reacties gevormd, waarbij bovendien twee
niet-evenwichts deeltjes met in totaal 6 tot 8 nucleonen worden uitgezonden met
een zwaartepunts snelheid die groter is dan die van projectiel- of trefplaatkern. Dit
betekent dat óf alleen de nucleonen van projectiel- en trefplaatkern fuseren die de
kleinste zwaartepuntssnelheid hebben, öf dat de niet-fuserende nucleonen versnellen
tijdens de botsing. Het uitzenden van deeltjes met deze snelheden heeft tot gevolg
dat de energiedichtheid van gefuseerde systemen veel lager is dan wordt berekend
met de veel gebruikte veronderstelling dat de snelheid van niet-evenwichts deeltjes
gelijk is aan de bundelsnelheid. De maximale energiedichtheid van gefuseerde kernen
die vervallen naar verdampingsrestkernen is 3 MeV per nucléon.
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