
SE0300209

LUNFD6-NFFR- I 2 I

Development of Detector Systems for
Internal and Fixed Target Heavy Ion

Physics Experiments

Pavel Golubev

Department of Physics
Lund 2003

I 6



Development of Detector Systems for

Internal and Fixed Target Heavy Ion

Physics Experiments

Pavel Golubev

Department of Physics
LUND 2003



Development of Detector Systems for

Internal and Fixed Target Heavy Ion

Physics Experiments

Thesis for the Degree of Doctor of Philosophy

By due permission of the Faculty of Science (Naturvetenskapliga
fakulteten) at Lund University to be publicly discussed in

lecture hall at the Department of Physics
on May 23d, 2003, at 10:15 a.m.

by

Pavel Golubev

LUND
UNIVERSITY

DEPARTMENT OF PHYSICS
LUND, 2003



Nuclear Physics
LUNFD6/(NFFR-1021)/1-120/(2003)
ISBN 91-628-5670-7
ISSN 1101-4202

Division of Nuclear Physics
Lund University
P.O. Box 118
221 00 LUND
Sweden

� 2003 Pavel Golubev
E-mail: Pave1.GolubevQkosufy.lu.se
Printed in Sweden
Media-Tryck
Lund 2003

The publications included in this thesis are reprinted with the permission of the copy-
right holders.

Publications 1, 11, IV Elsevier Science B. V.
P. 0. Box 103
1000 AC Amsterdam
The Netherlands



Organization Document name
LUND UNIVERSITY DOCTORAL DISSERTATION
Division of nuclear physics -Diate-ofl-ssue
Department of Physics 20030429
Lund Universitv CODEN
P.O.Box 118 ISRN LUNFD6/(NFFR-l02l)/l-l30/(2003)
SE-221 00 Lund, Sweden
Author(s)
Pavel Golubev
Title and subtitle

Development of Detector Systems for I ternal and Fixed Target Heavy Ion Physics Experiments

Abstract
This thesis deals with intermediate energy heavy ion reactions with the particular aim to study the
nuclear matter equation of state which defines the relation between statistical parameters of a

fermionic system.

The development of equipment for two experiments, CA47 at The Svedberg Laboratory in Uppsala,

Sweden and R16 at Kernfysisch Versneller Instituut (KVI), Groningen, The Netherlands, are described.

CA47 contains the CHICSi detector, a modular, ultra-high vacuum (UHV) compatible, multi-detector
system, covering a solid angle of 37r sr around the collision point. Together with two auxiliary
detector systems CHICSi is placed at the cluster-jet target chamber of the CELSIUS storage
ring. This thesis gives a technical overview of the detector and the development carried out in
order to achieve the desired detection performance. Some laboratory and in-beam tests are described

and the analysis of the first experimental results is discussed.

The nuclear intensity interferometry experiment 1116) was performed in a dedicated beam-line of
the AGOR superconducting cyclotron. Small-angle two-particle correlations were measured for

the E/A = 61 MeV 36Ar + 27AI, 112Sn, "'Sn reactions, together with singles spectra.

The experimental energy distributions of neutrons and light charged particles for the 36Ar + 27 Al
reaction have been analyzed with a Maxwellian multi-source prescription. These results, together with
correlation function data, are used to extract information on the size of the emitting sources

and their time evolution.

Key vords:
Multi-detector system, ultra-high vacuum compatibility, VLSI electronics, ultra-thin detectors,

heavy ion reactions, nuclear intensity interferometry
Classification system and/or index terms (if any)

Supplementary bibliographical informat on: Language
English

ISSN and key title: ISBN
1101-4202 Cosmic and Subatomic Physics Dissertation 91-628-5670-7
F1Lc-ipi.nt'.-notes Number of page Price

130
Security classification

Distribution by (name and address)
Pavel Golubev, Division of Nuclear Physics
Box 118, SE-221 00 LUND, Sweden
1, the undersigned, being the copyright owner of the above-mentioned dissertation, hereby
grant to all reference sources permission to publish and disseminate the abstract of the
above-mentioned dissertation,

Signature I/ JDate 20030429



Contents

1 Introduction 1

2 Nucleus-Nucleus Reactions 4
2.1 Reaction Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.2 Theoretical Approaches . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2.2.1 Statistical Models . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.2.2 Dynamical Models . . . . . . . . . . . . . . . . . . . . . . . . . 6

3 Experimental Aspects 8
3.1 A ccelerators . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3.1.1 GWC and CELSIUS at TSL, Uppsala . . . . . . . . . . . . . . . 8
3.1.2 AGOR at KVI, Groningen . . . . . . . . . . . . . . . . . . . . . 10

3.2 D etectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
3.2.1 Types of Detectors . . . . . . . . . . . . . . . . . . . . . . . . . 12
3.2.2 Particle Identification Techniques . . . . . . . . . . . . . . . . . 13
3.2.3 47r D etectors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

4 The CHICSi Detector Complex 16
4.1 General Layout . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
4.2 The CHICSi Detector Telescopes . . . . . . . . . . . . . . . . . . . . . 18
4.3 VLSI Front-end Electronics and Readout System . . . . . . . . . . . . 19
4.4 Mechanical Configuration . . . . . . . . . . . . . . . . . . . . . . . . . 20
4.5 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . 21

5 Detection of Light Particles for Interferometry Experiments 23
5.1 Small-angle Correlation Functions . . . . . . . . . . . . . . . . . . . . . 23
5.2 Experimental Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
5.3 Calibration of CsI Detectors . . . . . . . . . . . . . . . . . . . . . . . . 29
5.4 Off-line Data Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
5.5 Physics Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

References 39

v



vi CONTENTS

6 Acknowledgments 44

7 Summary of the publications 46



Abstract

This thesis deals with intermediate energy heavy ion reactions with the particular
aim to study the nuclear matter equation of state which defines the relation between
statistical parameters of a fermionic system.

The development of equipment for two experiments, CA47 at The Svedberg Labora-
tory in Uppsala, Sweden and R16 at Kernfysisch Versneller Instituut (KVI), Groningen,
The Netherlands, are described.

CA47 contains the CHICSi detector, a modular, ultra-high vacuum (UHV) compat-
ible, multi-detector system, covering a solid angle of 37r sr around the collision point.
Together with two auxiliary detector systems CHICSi is placed at the cluster-jet tar-
get chamber of the CELSIUS storage ring. This thesis gives a technical overview of
the detector and the development carried out in order to achieve the desired detection
performance. Some laboratory and in-beam tests are described and the analysis of the
first experimental results is discussed.

The nuclear intensity interferometry experiment R16) was performed in a dedicated
beam-line of the AGOR superconducting cyclotron. Small-angle two-particle correla-
tions were measured for the E/A = 61 MeV 36 Ar + 27 Al, 112Sn' 121 Sn reactions, to-
gether with singles spectra. The experimental energy distributions of neutrons and light
charged particles for the 3'Ar + 2'Al reaction have been analyzed with a Maxwellian
multi-source prescription. These results, together with correlation function data, are
used to extract information on te size of the emitting sources and their time evolution.



Chapter 

Introduction

One of te most challenging questions in nuclear physics today is to understand the
behaviour of nuclear matter under extreme conditions.

Heavy ion reactions offer a unique possibility to study the evolution of nuclear
systems from non-equilibrium to equilibrium and thereby how forces behave in the
early, hot and dense environment. Two exciting experimental observations in the 70s
were (i) multifragmentation, i.e. emission of several low and medium mass fragments
( < A < 30) from one highly excited piece of nuclear matter 1 2 3 4 and (ii)
the collective flow in nuclear matter [5]. The idea that the multifragmentation process,
observed in various kinds of multi)hadron induced collisions, is connected to the liquid-
gas phase transition has been discussed intensely during many years. It was somewhat of
breakthrough in this discussion when te ALADIN experiments on the relation between
temperature (T) and excitation energy (E') in heavy-ion reactions 6 confirmed the
phase transition predictions from the Copenhagen statistical liquid drop model 7).

Complementary experiments at lower energies and in particular ambiguities in the
nuclear thermometry ave, later on, raised questions on the liquid-gm interpretation.
New experiments, leading to a better understanding of the nuclear equation of state
(EOS) are now much requested. In fact also astrophysicists need this information in
order to understand the early development of Universe and the behaviour of specific
objects like supernovae or neutron stars. In order to understand the EOS from heavy ion
reaction data it is however essential to understand also the dynamical evolution and the
particle emission processes prior to final break-up. The CHICSi detector in combination
with CELSIUS, operating in slow ramping mode, is one of the first detector systems
that is directly dedicated for such investigations.

Historically, accelerator based heavy ion reaction physics starts in the late 70s and
early 80s when the Bevatron in Berkeley and the Dubna Syncrophasotron began to
operate. These accelerators were followed by others like SIS/ESR at GSI in Darmstadt,
GANIL in Caen, SATURNE in Saclay, CELSIUS in Uppsala, RIKEN in Tokyo etc,
that widened the mass and energy range of the beams.

1



2 Chapter 1. Introduction

By the mid 1980s proton accelerators, such as the Alternating Gradient Synchrotron
at BNL (Brookhaven National Laboratory) and SPS (Super Proton Synchrotron) at
CERN were modified and gave access to much higher heavy ion beam energies. In this
moment the construction of even higher energy heavy ion accelerators, such as LHC
(Large Hadron Collider ) at CERN and RIKEN II in Tokyo has begun.

This means that the available area of the phase diagram of nuclear matter (figure 11)
has been extended substantially. By means of heavy ion collisions it is now possible to
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Figure 1.1: Schematic phase diagram of nuclear matter.

travel far out in this diagram and reach extreme conditions of high temperature and
high density. In fact, the chosen energy regime of the experiment will define which part
of the phase diagram that can be probed and thereby which phase transitions that may
be expected.

Already in the early 1970s experiments with electron-proton collisions indicated that
nucleons have an internal structure - they are built up from quarks and gluons. The
field theory that describes these quanta is the quantum chrornodynamics (QCD). This
theorv concludes that single free quarks or gluons cannot be studied or observed in
our laboratories because they have "colour charge". All particles possible to observe
are name1v colourless or colour neutral. Only at very high energy densities and tem-
peratures, coloured objects may propagate longer distances. This may have been the
situation in early Universe, 15 billion years ago, but with the new, ultra-relativistic
accelerators it may become possible to produce unbound quarks and gluons in the
laboratory in a small volume 10-100fm') for a short time (2-10f m/c).

The search for quark-gluon plasma (QGP) is in progress but no clear, convincing
quantitative conclusion for its existence has yet been obtained. Even if QGP is not
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formed in a very high energy heavy ion collision it is still important to know the be-
haviour of matter under these high densities and temperatures. The intermediate states
of such a collision may for instance involve as many as 500 particles in a small volume.
This system, although quite small, is sufficiently large for statistical physics to be ap-
plicable. Since the heavy ion reaction is a highly dynamical process, equilibrium and
non-equilibrium effects are not always easy to separate.

Also in these ultra-relativistic collisions, there is however a late phase where the
remaining pieces of nuclear matter may experience a phase transition from a continuous
nuclear liquid of nucleons into a nuclear vapor of fragments and ncleons. This thesis
is very much focused on experiments where this liquid-gas phase transition is studied.



Chapter 2

Nucleus-Nucleus Reactions

2.1 Reaction Scenarios

The reaction mechanisms, characterizing heavy ion collisions, evolve with bombarding
energy and impact parameter, as schematically illustrated in figure 21. The positive
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Figure 21: Artistic view of the evolution of heavy ion reaction mechanisms in the impact
parameter vs. beam energy diagram.

charge of the colliding nuclei provides an energy threshold, the Coulomb barrier, which
must be exceeded to allow the nuclei to interact strongly. Also the long-range Coulomb
field can however excite the nuclei electromagnetically. At somewhat higher energy,
peripheral collisions lead to deep-inelastic processes [8 9 and central collisions lead to
complete fusion. In deep-inelastic collisions a transient binuclear system is formed that
splits up in a late stage of the reaction. The models of neck formation and separation

4



2.2. Theoretical Approaches 5

into final fragments are mostly based on fluid dynamics and thermodynamics. In central
collisions a compound nucleus is formed, i.e. both nuclei are trapped in the common
potential well. Eventually the compound nucleus decays by fission into two approxi-
mately equal size fragments. In either case, the fusion or fission nucleus evaporate light
particles and photons. This emission leads to a substantial cooling of the system.

At higher bombarding energies (E/A P�� 30 - 100 MeV), the probability of compound
nucleus formation decreases. In this regime, which is known as the "incomplete fusion"
regime 10, 11, 12, 131 only a part of the smaller nucleus is absorbed by the larger nucleus
in semi-peripheral or peripheral collisions. When an excitation energy comparable to the
total binding energy is transferred, the boiling limit is reached. This energy is however
not normally homogeneously distributed. Instead the combined system can break up
into many fragments. This is the multiftagmentation process which is believed to be a
manifestation of the "liquid-gas phase transition" of excited nuclear matter 2 3.

At relativistic energies, nucleus-nucleus collisions are described by the participant-
spectator" or "fireball" model 14, 15]. The colliding system is divided into three pieces,
defined by the straight line collision geometry: the target spectator, practically at rest
in the lab system; the projectile spectator, which continues with nearly unchanged speed
and direction, and the so-called fireball, arising from the overlapping zone of the nuclei.
In very central collisions the total system may decay violently in a fast "explosion"
process. At very high energies these central collisions may enter a state of such high
temperature and density that a second phase transition can occur, which liberates the
quarks and create the quark-gluon plasma, shown in figure 21 16].

Experiments that aim at studies of a particular class of heavy ion reactions must
obviously not only contain information about the beam energy but also about the
impact parameter. Intermediate energy heavy ion reactions may have a high multiplicity
of fragments and nucleons emitted in a wide energy range. Therefore complete and
exclusive event-by-event measurements are needed. Only with such information, one
can sort the events into collision classes. However, also a large number of events of each
class is needed to obtain proper statistics. Only with large statistics it is possible to
deduce both dynamical and statistical parameters of the emission sources.

2.2 Theoretical Approaches

Because of the complex nature of heavy ion reactions they require quite sophisticated
theoretical prescriptions. Often experiments are designed from Monte-Carlo simulations
using standard models that provide general properties of particle and fragment emission.
Such a simulation model is called an event generator and it is often combined with a
multiparticle detector acceptance program. This provides so called filtered theoretical
data. The analysis and interpretation of experimental data normally require much more
detailed calculations.

The existing teoretical models can be divided into two main categories, referred to
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as "dynamical" and "statistical". Dynamical models are often based on equations of
motion that describe the time evolution of the constituents in space and phase-space
while statistical models formulate the decay from equilibrated systems. Statistical cal-
culations thus assume that all possible exit channels are occupied with equal probability.
Often a combination of dynamical and statistical models is necessary to describe the
heavy ion collision in a complete way.

2.2.1 Statistical Models

The simplest approach to describe multiftagmentation in intermediate energy nucleus-
nucleus collisions is static. Starting with a spherical nucleus in thermal equilibrium
one can study the break up into several pieces of the system on the basis of statistical
mechanics. One example, the bond percolation method, allows to study long range
correlations between nucleons by a lattice of points tat are linked together by some
statistical probability distribution 17]. This approach has been successfully introduced
in nuclear physics both to study the multifragmentation of nuclei and the transition
from hadronic matter to QGP (18, 19, 201. Here the whole dynamical evolution of the
system, from the initial compressed and hot state to the break up state, is neglected.

2.2.2 Dynamical Models

Dynamical models normally treat the evolution of the heavy ion collision on a micro-
scopic level. There are many kinds of microscopic theories on the market, such as
the time dependent Hartree Fock (TDHF) 21], which is a pure mean field theory, the
Vlasov equation, which is a semiclassical approximation of TDHF, the Vlasov-Uehling-
Uhlenbeck (VUU) and Boltzmanri-Uehling-Uhlenbeck (BUU) 22, 23] equations, which
include both mean-field a two-body interaction.

One of the first complete microscopic models that was used to confront experimental
results on e.g. particle emission was the cascade model. The nucleus-nucleus cascade
model is a superposition of p + A cascades. The p + A cascade model was originally
introduced for high energy (GeV) p + A collisions more than 40 years ago 241. In this
early model the nucleus was considered to be a collection of point-like nucleons with
momentum vectors generated by a frozen Fermi distribution (until their first collision).
The first nucleon-nucleon collision shifts the original nucleon momenta. When two
nucleons come closer to each other than,

rcollision
7r

a two bodv collision is simulated. Here UNN is the nucleon-nucleon cross section. Monte-
Carlo simulations give the reaction type, the scattering angle, energies etc. of the
scattered particles. Improvements of the cascade model, e.g. through the introduction
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of a mean field, local potential and Pauli blocking of the scattering have been made.
The proper treatment of secondary collisions is also important in intranuclear models
for nucleus-nucleus collisions.

The BUU-model is an extension of the cascade model that introduces the mean-field
in the total Hamiltonian of the system. A local, density dependent potential, that is
often used, is the Skyrme potential:

U(p = A(plpo) + B(plpo)'

where p(r) and po are the local and normal nuclear densities respectively. The power, or
gives the strength of the density dependence. o normally falls in the interval 24. A is
the attractive and the repulsive parameter, chosen to reproduce experimental binding
energies and other saturation properties of nuclear matter. The BUU equation is solved
numerically with the "test particle" method where the collision term takes into account
the particle "gain"/"loss" aspects in small finite phase space cells and the Pauli exclu-
sion principle is introduced through corresponding blocking factors. The solution of the
BUU equation represents the time evolution of the single particle distribution function
and predicts single particle or two-particle correlation observables. It is however not
possible to reproduce many-body phenomena such as fragment formation.

Molecular dynamics models simulate many-body dynamics by allowing N classical
particles to be subjected to finite range two-body or even many-body forces. Molec-
ular dynamics (MD) approaches like nucleon molecular dynamics (NMD) or quantum
molecular dynamics (QMD) 25] describe the evolution through Schr6dinger equation
in terms of Slater determinants, built up by coherent single-particle states (Gaussian
wave packets) 26]. The QMD equation of motion includes quantum effects like Pauli
blocking and stochastic particle decay. QMD is quite successful in reprodUCiDg e.g.
multifragmentation data.

QMD or NMD are models developed to investigate both reaction dynamics and
fragment formation. To add the final break up of residues, a statistical multifragmen-
tation model (SMM) 27] is often introduced after the MD dynamical stage. Such a
combination of a dynamical model and a statistical model has been successfully used
to reproduce complete experimental data on mass distributions in from both p-nucleus
and nucleus-nucleus reactions 271.

Hydrodynamic models 28, 29] describe in their simplest form the reaction by one
single fluid, using the assumption of local thermal (temperature), mechanical (pressure)
and chemical (chemical potential) equilibration. Bulk-matter properties are introduced
through the equation of state which determines the local pressure gradients driving
the fluid. More advanced versions consider the heavy-ion reaction in a multi-fluid per-
spective, where coupling between the different fluids can be derived from an underlying
transport concept. Such decompositions are either motivated from particle kinetics, e.g.
a separation into projectile/target/fireball fluids, or from the situation where different
chemical components exist together in a non-equilibrium situation.



Chapter 3

Experimental Aspects

Experimental investigations on nuclear reactions require accelerators and detector sys-
tems. For several decades, from the 40s to the 70s, heavy ion beams were available
only at low energies (up to 20A MeV). This allowed mainly nuclear structure studies.
Temperature and angular momenta were determined and investigations on the stability
of proton rich and neutron rich nuclei were performed.

In the 1970's and 1980's, heavy-ion beams became available in the intermediate
energy region. At these energies 20 MeV < EIA < 00 MeV), the excitation energy
becomes comparable to binding energy and phenomena like deep inelastic reactions or
multifragmentation could be studied.

3.1 Accelerators

The accelerators at TSL, Uppsala and KVI, Groningen have been utilized in the exper-
iments of this thesis.

3.1.1 GWC and CELSIUS at TSL, Uppsala

The first "multifragmentation" experiments with the CHICSi detector are performed at
the national, Swedish, The Svedberg Laboratory (TSL) in Uppsala. This laboratory has
a cclotron (Gustaf Werner Cyclotron, GWC) and a synchrotron acceleration storage
and cooler ring (CELSIUS) 30]. An overview of the TSL accelerators and experimental
halls is given in figure 31. The cyclotron, with K=192 MeV, is able to produce a wide
variety of beams ranging from protons to 129Xe29+. Ions with charge-to-mass ratio 12
can be accelerated up to 45.5A MeV and protons up to 180 MeV. Ions are produced
bv either an internal PIG or an external ECR ion source and then injected into the
cyclotron for acceleration. Ions from the cyclotron are transported to the appropriate
experimental hall or to the CELSIUS storage ring.

8
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Figure 3 : Overview of the TSL experimental facilities.

The CELSIUS, 82 rn circumference, storage ring 31] is a synchrotron which can
store protons and ions under electron cooling (see figure 32). It provides proton beams
of energy up to 136 GeV. Electron cooling can be provided for protons up to 550 MeV,
corresponding to 300 keV electron energy. The electron cooling improves beam char-
acteristics such as divergence, energy spread and halo. For a cooled beam, the relative
energy spread, E/E, is typically 10'. Heavy ion beams with ZIA = 12 can be accel-
erated and cooled up to 470A MeV. The cooling is in this case more effective than for
protons due to the more effective interactions with electrons.

In one of the straight sections of the CELSIUS ring the gas-jet target system is
placed. It produces a stream by pressing the gas through a cooled nozzle under tem-
perature and pressure conditions close to the liquid transition. Noble gases like neon,
argon, krypton and xenon are available as well as other light gases like hydrogen, deu-
terium, helium, nitrogen etc. The cluster-jet beam crosses the ion beam at straight
angle and it is then collected in a cryogenic beam dump. This target jet is blocked dur-
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Figure 32: Layout of the CELSIUS stor- Figure 33: Beam energy variation during
age ring. one beam cycle.

ing injection, cooling and acceleration (except in ramp experiments). This target allows
the stored beam to have a long lifetime at reaction rates comparable to those at con-
ventional extracted beam experiments. CELSIUS lminosities Up to 1019 CM-2S-1 have

been achieved for ion-ion interactions and two orders of magnitude higher luminosities
are reached for proton induced interactions.

Since the lifetime of the stored beams is long enough, it is possible to operate
CELSIUS in so called slow-ramping mode. This means that the magnetic fields of
the bending magnets are increased, following a slow acceleration cycle from injection
to dumping, identical for each cycle. Therefore data can be obtained simultaneously
for events in a wide energy interval in the same experiment if the beam frequency is
recorded. This is illustrated in figure 33.

This technique allows to study important threshold and resonance effects since one
can "scan" over the energy interval of interest. It is also possible to perform "excita-
tion function" experiments, which means that one follows the evolution of a physical
observable with the beam energy.

3.1.2 AGOR at KV1, Groningen

The interferometry experiment was performed at the Accel6rateur Groningen Orsay
(AGOR) of the Kernfysisch Versneller Instituut (KVI) at Groningen. An overview of
the AGOR accelerator and KVI experimental halls is given in figure 34.
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L

Figure 34: Layout of the AGOR cyclotron and expe7imental area.

AGOR is a "state-of-the-art" compact superconducting K=600 cyclotron, capable
of producing beams of a large variety of ions (from hydrogen to uranium) with energy
up to 200 MeV for protons and 6A MeV for uranium.

Since we utilized the RF time signal to measure time-of-flight of neutrons in a wide
dynamic range we required longer time interval between bursts than the regular radio-
frequency allows. Therefore, a sub-harmonic buncher was introduced that operates at
half orbital frequency of the cyclotron. In figure 35 a typical time spectrum from a
charged particle detector relative to the cyclotron RF signal is displayed. The suppres-
sion factor of the chopped "ghost peak" is close to 250.

3.2 Detectors

Most detectors in subatomic physics experiments use the principle of transferring energy
loss in the detector material to some kind of signal that can be recorded. This chapter
describes detector techniques and detectors used in this thesis.
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Figure 3: Time structure of the AGOR extracted beam with sub-harmonic buncher
operating.

3.2.1 Types of Detectors

Silicon detectors

When charged particles interact in a silicon crystal they loose kinetic energy basically
through inelastic collisions with bound electrons. This creates electron-hole pairs in
the semiconductor material. An internal electrical field, created by donor/acceptor
implantation, removes the free charge carriers. The electron-hole pair caused by the
passing ion, is now accelerated in an internal or external electric field. According
to Ramo's theorem 32], the moving charge induces a detectable electrical signal on
the electrodes. Semiconductor materials, like Si, have large stopping power and small
average energy 3.6 eV in silicon) needed to create an electron-hole pair. These detectors
can therefore be made very compact, with possibility to have very fast response time and
good energy resolution. New etching processes have made it possible to produce ltra-
thin self-supporting AE detectors 33] or even integrated AE - E detector telescopes
[34] A big advantage of Si detectors is that the output signal is linear with the energy
deposited in the detector.

Scintillators

Several kinds of materials (organic and inorganic crystals, liquids, plastics, gases and
glasses) can be used to produce scintillating detectors. The various choice of density,
rise-time of the signal and the possibility to machine these materials to almost any
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form and size make scintillators one of the most commonly used particle detectors. The
detection technique is here based on the fact that when a particle enters a scintillator,
a light-pulse with a decay time specific for the material is generated by ionization
and de-excitation in the material. The amount of light emitted is a measure of the
energy deposited in the scintillator, which depends on the material characteristics, and
the ionization capability of the track of particle. One disadvantage of scintillation
detectors is the non-linear energy response and the complicated dependence of the
light output on the charge and mass of the particle. The light is normally detected
by a photomultiplier, but when a very compact detector system is needed, like in the
CHICSi complex, photodiodes are used to read out the light signal.

3.2.2 Particle Identification Techniques

AE-E technique

This method is utilized in the CHICSi set-up, described in chapter 4 The specific
energy loss for a charged particle per unit path length (stopping power) is obtained
from the Bethe-Bloch formula, which has mass M), charge (Z) and kinetic energy (E)
dependence:

dE MZ2

dx E

in a classical description. The energy loss signals, AE and E of a particle that stops
in the last (E) detector of a telescope provide both identity and energy. This telescope
can contain two or more detectors. The thickness of the first (AE) detector defines
the lower energy limit of identification, as the particle must traverse this detector. In
order to minimize the identification threshold, CHICSi contains a very thin (- 10 im)
first detector which required a special etching technique in its production (see Paper I
and references therein). The signals from the two detectors are integrated in charge-
sensitive preamplifiers and shaped in pulse-shaping amplifiers. The relation between
AE and E is usually illustrated in two-dimensional matrices from which the atomic
mass and charge can be obtained if the resolution is good enough.

Pulse shape analysis

The shape of the pulse generated by semiconductor or scintillation detectors depends
on the charge and mass of the particle. There are several approaches for the electrical
analysis of this shape 35, 36, 37]. The pulse shape analysis, that is used in our interfer-
ometry experiment with Csl(TI) and organic scintillators, utilized te fact that the time
dependence of the light output L(t) can be represented by the sum of two exponential
functions, associated with the fast and slow components of the scintillator as shown in
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figure 36. By integrating the pulse within two time gates (see figure 36) it is possible
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Figure 3: Resolving scintillation light into fast (prompt) and slow (de-
layed) components. The solid line represents the total light decay curve.

to separate between different charged particles in the long-short signal matrix. Pulse
shape analysis can also be achieved by two scintillators with different time constants
("phoswich" detector) optically coupled to the same photomultiplier. The short vs.
long gate correlation plots are commonly applied in experiments where a large gamma-
ray background must be removed. In the interferometry experiment we utilized liquid
scintillator which has good neutron/gamma-ray pulse shape discrimination properties.

3.2.3 47r Detectors

Modern experiments on intermediate and high energy nucleus-nucleus collisions require
a simultaneous detection of a large number of ejectiles per event. In order to provide
information about the impact parameter and to disentangle between various reaction
mechanisms, the sources of all emitted fragments must be identified with confidence.
The pioneering 47r detection systems dedicated to heavy ion reactions - AMPHORA 38],
MEDEA 39], MUR/TONNEU 40] and DWARF BALL/WALL 41] were followed by
a more elaborate and powerful second generatin of 47r detector systems like MINI-
BALL 42], INDRA 43] and CHICSi. Representative 47r detector system for higher
energies are FOPI 44] and ALADIN 45].

The geometry of 47r multi-detector systems is usually designed also to take into
account kinematical forward focusing effect. Thus the granularity of detectors (and
their distance from the target) depends on the polar angle. To keep te multi-hit
probability of a single detector below a certain level (usually few percents) the optimum
configuration must however be a compromise between the size and number of elements
[46, 47]. Also the dynamic range and the accuracy in energy measurements must guide
the design. The 47r multi-detector systems for studies of intermediate energy heavy
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ion collision have to cover a wide dynamic range of particle energies, from target-
like recoiling residues with energy peaked at about JA MeV up to projectile-like
fragments with energy around the beam energy. Even higher energies can be expected
for light particles and fragments. Moreover, in order to disentangle different reaction
mechanisms, the data must always be collected in event-by-event mode.



Chapter 4

The CHICSi Detector Complex

C141CSi, which stands for Celsius Heavy Ion Collaboration Silicon multidetector com-
plex 46], is a AE-E telescope system for the measurements of charged particles produced
in hadron-nucleus and nucleus-nucleus collisions. The basic design and the physics ques-
tions around this detector are presented in paper 48, 49].

CHICSi is an instrument that has been designed to make full use of the potential
and novel features of a storage ring/cluster-jet target environment [50]. CHICSi is the
first full-scale detector system (covering - 7r solid angle) that operates inside ultra-
high-vacuum (UHV) environment (a pressure of < 10-8 Pa is obtained during beam
storage). This device, although small in size and easily transportable, is in its first
full-scale version tailor-made for the cluster-jet target of the CELSIUS facility at The
Svedberg Laboratory in Uppsala. All detectors, (- 2000) tat constitute the maximum-
size CHICSi, are arranged in azimuthal rings of �� 15 cm with each telescope facing
the crossing point between the ion beam and the target (cluster-jet beam). The main
challenges in this project were: (1) the necessity to make all details UHV compatible;
(2) the need of ultra-thin (;z� 10 pm) detectors; 3 the need for VLSI readout elec-
tronics; 4 the need of GSO scintillators with compact photodiode readout; (5) the
request to develop readout interface that connects VLSI electronics to a VME based
data acquisition system.

CHICSi has been designed to measure particles in wide energy 07 - 60A MeV
intervals. Apart from energy, also particle identity (mass and charge) and emitting
angle of the particles are determined. The high granularity of the device makes angle
reconstruction possible.

One of the most important physics goals of the CHICSi project is to study interme-
diate mass fragments (IMF). Some experiments have been done (MINIBALL, ALADIN,
EOS and INDRA collaborations [51, 52, 53]) and numerous models have been proposed
to describe the decay mechanism responsible for this fragment emission. However the
CHICSi multidetector array and additional internal and external detector systems in
combination with the CELSIUS ring, operating in slow ramping mode and the cluster-

16



4.1. General Layout 17

jet target is the first detector complex that is directly dedicated for studying details of
the multifragmentation process.

Papers 1, 11 and III of this thesis give detailed descriptions of the CHICSi detector
complex. Below, some further details are presented.

4.1 General Layout

The set-up (figure 41), which is used in the CHICSi experiments, contains three detector
systems measuring the bulk part of all light charged particles and IMFs (CHICSi), heavy
recoils (HR-TOF) and projectile-like fragments (PF-WALL).

T

CHICSi

PF-wall

Figure 41: Layout of CHICSi and its subsystems in the median plane of the cluster-jet
scattering chamber. All CHICSi detectors in the median plane are shown here, although
shading detectors need to be removed when the recoil system (HR- TOF) is in operation.

The CHICSi detector

The detector telescopes that constitute the full-scale CHICSi is arranged in 18 rings
with 32 modules in each. All rings are identical, but te tilt angle of te telescopes differ
in order to face the target point all over the angular range 12 - 144'. The solid angle is
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increasing from 31 rnsr at the smallest emission angle to 654 rnsr around 90', to take
into account the kinematic for-ward focusing effect, so that the single hit probability is
almost constant. The high granularity of CHICSi means that angular distributions can
be measured and that the probability of double hit is < 5% for all reactions studied 46].
This has been confirmed from an event generator that use NMD (see chapter 2.

Auxiliary Detector Systems

Apart from identifying as many as possible of the IMFs and the lighter particles,
CHICSi should also serve as a general event characterizing device. It will normally op-
erate together with other specialized detectors or detector systems. Typical CHICSi ex-
periments contain coincidence measurements with auxiliary detector systems for heavy
recoiling nuclei (HR-TOF) 54] and for projectile-like fragments PF-WALL [55]. Also
other external detector systems, e.g. for pions or neutrons are planned to be operated
in coincidence with CHICK

4.2 The CHICSi Detector Telescopes

Paper 11, attached to this thesis gives a very detailed description of the silicon and
GSO detectors and telescope structures. It also presents results from tests on radiation
stability, energy calibration etc.

CHICSi has two kinds of telescopes: the for-ward angle telescope (FAT), intermediate
angle telescope MAT) and its mirrored copy, backward angle telescope (LAT). The first
detector is always a 1 - 12 pm thick silicon detector, which gives a very low energy
thresholds of 0.7A - .9A MeV.

The FAT covers 12 - 400 and has first ultra-thin 10-12 prn) Si detector followed
by a 300 pm thick detector and a 6 mm GSO scintillator read out by photodiode (PD).
It is able to identify IMF's with 3 < Z < 0 and even resolve masses for light particles.

In the MAT and LAT the ultra-thin Si detector is followed by two 300 ym Si
detectors. These detector telescopes, installed at 40 - 144', are able to identify IMF's
with energies between 0.7A and 17A MeV.

All detectors are fixed on a ceramic frames, which are mounted on a motherboard.
A shielding box is placed around the detectors for protection from stray radiation and
external electromagnetic fields.
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4.3 VLSI Front-end Electronics and Readout Sys-

tem

Integrated front-end electronics

The signal conditioning and readout of the detectors that comprise the CHICSi
detector telescopes is a particularly challenging enterprise from the technological view-
point. The need to read out a large number of detectors in UHV environment has
been mentioned. The implementation of trigger decisions based on the particle- or IMF
multiplicity, (including particle identification) is another challenge. The only realistic
readout scheme under these circumstances is based on Application Specific Integrated
Circuits (ASIQ with Very Large Scale Integration (VLSI).

The development of VLSI electronics during the last decade 56] have shown that it
is possible to obtain high-quality analogue/digital ASIC design even for spectroscopic
requirements. Each telescope of CHICSi has one chip assigned, that performs all the
spectroscopic signal conditioning. It also generates a fast trigger signal and provides an
interface to a serial bus readout. Paper III gives a detailed description of the CHICSi
chip and also of the readout interface for the laboratory and in-beam testing.

The front-end ASIC for the CHICSi detector system was designed by SINTEF
Instrumentation, Oslo 57]. Two versions (Mkl and Mk2) were designed and both
were processed at Austria MicroSysterne International (AMS). The 0.8 Pm high
resistive poly2 BiCMOS technology in utilized. The chip has an area of 5.67x4.370
= 24.78 mm 2. The power consumption of the chip, with nominal bias references, is
approximately 45 mW. This chip incorporates all the analogue and digital signal pro-
cessing for readout of a detector telescope with four detectors to serial analogue and
digital buses.

CHICSi readout system

The CHICSi readout system can be divided into two parts - the internal part and
the external (in air) part. The VLSI chips are mounted on the grandmother board
(GMB) placed inside the target chamber. The GMB houses also a few other electronics
components, connectors and detector telescopes. It performs signal processing up to
the point of analogue-to-digital conversion of spectroscopic signals. The external, high
power consumption elements, are the Power Distribution Board (PDB), the Readout
Control and ADC board, which handles one pair of GMBs, the NIM based electronics
for high level trigger processing and the Master board. The Master board reads out
all ADC boards and delivers data to a dual-ported memory in a VME communication
module. The CHICSi VME module is linked by optical fibre to the VME/Lynx based
main Data Acquisition System (DAQ).
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4.4 Mechanical Configuration

GMB and detector mounting

After dtailed investigations and tests it was decided to produce the GMB on a
glass-fibre laminate (FR4) in 6 layers. FR4 boards can be produced in any size in
contrast to ceramics boards which are more fragile.

Detector telescopes must be easily removeable from the GMB. This requires special
connectors which also mst to occupy minimum area on the board. One sch con-
nector solution, tested under realistic experimental conditions, ses UHV-compatible
gold plated copper-beryllium springs. Tese springs slide into a milled structure i the
GNIB, together with contact pads of the motherboard (MB). This esures electrical
connection between the MB and GNIB.

The ounting of a complete GMB must, be performed in a special order. The VLSI
chips are first mounted by chip-on-board technique on one side of the GMB and the
detector telescopes on the other side. The ounting procedure rquires special test
and support forms. Even ore complicated is the procedure to replace not properly
working chips bt also this process has been successfully carried ot.

Flexible band cable and connectors

Everv GMB has an electrical bs with around 30 channels. The printed board
solution of connecting the GNIBs to vacuum feedthroughs on the scattering chamber
flange is shown in figure 42. This band cable is processed on a glass-fibre laminate (FR4)

Figure 42: he fle.Tible band cable for connecting two GMBs and feedthrough.

of 02 mm thickness and two "Prepreg" (adhesive aterial) layers of 0065 mm thickness.
The upper and lower side of the able are connected to ground and also serve as general
protection layers. This application specified cable fulfills several requirements: (i it
is UHV-compatible, (H) it connects two GMBs to each feedthrough, (iii) it is flexible
enough to reach all positions on the detector skeleton, (iv) it is shielding well the
most noise sensitive lines and (v) both types of connectors are reliable and easy to
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mount/dismount.
The connectors consist of two parts: gold plated, commercially available, pins and

an isolating housing. The housing was designed and produced in Macor TM _ a UHV
compatible material (Paper I). The "male" parts of the connector are mechanically
integrated into the GMB structure.

4.5 Results and Discussion

VLSI front-end electronics.
After testing of the first prototype version of integrated front-end electronics, the

revised version, Mk2, with improved design was produced and tested with much better
results on resolution etc. The main changes concerned noise improvements of the ana-
logue part (preamlifiers, shapers, protection circuits) as well as the digital part and the
readout chip interface unit.

Although simulations indicate that the main part of the specifications for the chip
have been met, only tests and measurements can confirm the operation of the chip.
Therefore, an extensive test program on the complete system of detectors, VLSI chip
and readout electronics has been carried out in the Lund CHICSi laboratory and in
beam at TSL, Uppsala.

Commissioning and first data.
We have performed a series of experiments to establish the performance of the

CHICSi detector. The integrated front-end readout electronics has been first studied in
series of table-top arrangements. The results show a good linearity over the specified
ranges for all El-E4 channels, an acceptable noise level, an a-particle response on
channels El and E2 that well satisfies the design goal (see figure 20, Paper 11). The
in-beam tests with CHICSi telescopes read out by the Mk2 VLSI chip, show that the
identification power of light particles and fragments from AE-E correlations are in
good agreement with what could be expected from statistical straggling (E2-E4) and
thickness variation (El).

The first experiment with a complete subset of the CHICSi detector and its auxiliary
PF-WALL detector system was performed in November 2002. The main focus in this
experiment was on a further optimization of the detector performance. Also the data
acquisition was prepared for future full-scale experiments.

The possibility to identify light particles and fragments has been demonstrated in
this (commissioning) experiment at the CELSIUS/cluster-jet system.

The results presented in figure 19 from Paper 11 shows that all detector combinations
of the CHICSi telescopes fulfill the design criteria. In figure 43 an example of E2 low
gain 300 pm Si) vs. E4 300 pm Si) correlation exhibits the excellent isotope resolution.
For the first time the trigger from the projectile fragment forward wall detector system
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was introduced in the CHICSiDAQ and thus coincidence data were taken. A second
part of the data taking allowed CHICSi to serve as master trigger.
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Figure 43: AE-E correlations fom in-beam tests with CHICSi. A 2ONe6+

beam at 200A MeV was bombarding an Ar target. The data is obtained with a
14/-"m+300prn+300Mm telescope inside the cluster-jet scattering chamber. The cut in
the AE channel is due to a high IMF threshold. The signals below the threshold level
are due to a "zero data suppression, which is not 1001% effective.

Full compatibility with UHV requirements of the storage ring environment was
achieved. No noticeable outgassing has been registered after an overall baking of all
inserted equipment to 130'C. Pumping for about 12 hours was required to connect the
scattering chamber to the storage ring vacuum. The radiation stability of the front-end
readout VLSI electronics and all detectors was enough to survive two weeks of beam
without noticeable drift of electronics, increase in detector leakage current etc.



Chapter 

Detection of Light Particles for
Interferometry Experiments

This chapter deals with intensity interferometry from two-particle correlation mea-
surements. This can be used to explore properties of nuclear matter under extreme
conditions in heavy ion collisions. Section 5.1 introduces the correlation function that
is investigated and Section 52 describes the experimental setup used for simultaneous
measurements of proton-proton, proton-neutron and neutron-neutron correlation func-
tions. The calibration method of the CsI scintillator is described in Section 53 and
some aspects of the data analysis in Section 54. Finally, neutron and charged par-
ticle spectra and some examples of measured correlation functions are presented and
discussed in Section 5.5.

5.1 Small-angle Correlation ]Functions

Let us imagine an emission of two nucleons with momenta p, and P2 having positions
with a distance R between them in the emission source as shown in figure 5.1. The

S(X'P) Det. 1

15,
0 12 I

R

t'%_j EM Det.2 Fll'
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Figure 5.1: Schematic illustration of two particle correlation, - relative angle, and q -
relative momentum.

relative momentum is denoted by q and the total momentum by P. The two particle

23
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correlation function is defined as

C(PI, P2 = k dN12 (Pl, P2) /d'pid'P2 (5-1)
(dNi(pi) /dlpl)(dN2(P2) /dIP2)'

This can be directly measured if the one- and two-particle distributions are measured.
Theoretically, these are expressed in terms of space-time integrals of source functions
S(x, p). These source functions contain all the information on the emitting system. The
numerator in formula 5.1 is generated by real coincidence pairs taken from the same

event (i.e. the same collision). The denominator represents the yield of uncorrelated

events. The normalization constant k is determined by the fact that the correlation

function should be equal to unity at large relative momenta. It is customary to replace

formula 5.1 by a function that uses the (six-dimensional) generalized vectors q = (pi 

P2)/2 and P = P1 + P2. Normally C is then integrated over some of the six variables

and e.g. C(q) is presented, where q = 12 P1 P2

5.2 Experimental Setup

The interferometry technique puts a number of important requirements on the experi-

mental setup. Firstly, to ensure high precision of the relative momentum the detectors

must provide good energy and angle resolution. Particle identification should be car-

ried out properly in a wide dynamical range. Secondly, it is crucial to keep as low as

possible the energy threshold of the detected particles. Several precautions must be

taken to perform correct measurements for small q values, since the interesting signals

are mostly explored in this region. Thirdly, large solid angle coverage is desirable not

only for a wide phase-space coverage of the investigated phenomena but also for proper

calculation of the normalization factor k in formula 5.1. Fourthly, the background con-

ditions in the experimental hall are of a great importance. Scattering material must be

reduced to a minimum, especially for neutron measurements.

The two-nucleon interferometry experiment 1116) was performed at the AGOR

cyclotron of KVI, Groningen, The Netherlands (see chapter 3 section 31.2), in February

2002. Small angle two-particle correlations were measured for the EIA = 61 MeV
3'Ar beam, bombarding 5.1 73 67 Mg/CM2 thick 27AI, 112Sn, 124Sn targets. The pulsed

beam was extracted from the cyclotron and taken out to the "H-Hall" experimental area

(see figure 34). The beam frequency was 18.57 MHz 53.8 ns between beam bursts,

burst width (FWHM) �z- 1 ns). The intensity was stabilized around 0. - 1.0 A.

Figure 52 shows the experimental setup used in this experiment. One main ob-

jective of this experiment was to extend the angular coverage as compared to earlier

experiments. We found it particularly important to follow up the investigation on

neutron-proton emission chronology and to extend the interferometry technique to in-

clude also deuterons and tritons. In order to obtain an angular distribution of both
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Figure 52: Schematic view of the experimental setup. All EMRIC and EDEN detectors
were positioned on the same side of the beam. Polar angles for EMRIC and EDEN
detectors are also indicated. The two grey triangles indicate the Forward Wall (from
Ref. [58]).

singles and correlation measurements, 16 CsI(TI) elements (ENIRIC) and 32 liquid scin-
tillator modules (EDEN) were placed in wide angular regions (figure 5.2). Additionally,
32 phoswich modules from the KVI projectile fragment wall were used.

Scattering Chamber

We used a modified steel scattering chamber, - 52 cm in diameter. The chamber
was equipped with three thin exit windows made of 10 Jim Capton or Ararnica for the
CsI detectors and a thin window for the forward wall. To change targets remotely, a
step motor was installed on the upper lid of the chamber.
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Figure 53: Pulse shape analysis for particle identification with CsI(Tl)crystal (a) and
neutron-gamma-ray discrimination (b) with organic NE213 liquid scintillator.

The Proton Detectors

EMRIC 59] has been specially designed to perform small angle correlation measure-
ments between light charged particles in the intermediate energy range. Each EMRIC
detector has an area of 4 x 4 cm2 and thickness of 10 cm. The CsI(Tl) crystal is optically
coupled by silicon rubber to a 10-stage XP2012 phototube. A front window of 10 Pm
mylar foil protects the detector from external light. The two components (fast and slow)
produced by the particles in the crystal (see chapter 3 are used to identify 1,2,1H and
','He isotopes (see figure 53 a) with pulse shape analysis. The pulse integrating time
for the fast and slow components were 600 ns and 29 its separated by ps. The CsI
detector stops protons up to 200 MeV. The energy resolution, well inside 1.0%, has been
confirmed by the AE(Si - E(CsI(TI)IPMT) method (see Paper IV) complemented
by registering alphas from point-like sources to monitor the gain variations.

In our experiment we distributed the EMRIC detectors over the laboratory polar
angle region Olab = 30 - 114' in the horizontal plane. They are placed in air outside
the scattering chamber at 55.8 cm or 65.8 cm from the target position. Due to the
energy loss in air and the exit window of the scattering chamber the minimum energy
that we could register was z 7 11 and 14 MeV for 1,3 He. Combined with the adjacent
detector spacing of = 25' a minimum relative momentum of q �� 35 MeV/c was
reached for protons.

Neutron Detectors

The neutron detectors 60] came from the EDEN multidetector system and consisted
of 32 cylindrical stainless steel cells containing NE213 liquid scintillator material. This
material has good pulse shape discrimination properties. The cells have = 200 mm,



5.2. Experimental Setup 27

50 mm thickness and a 02 mm thick front face. The wall of the cell is coated with NE561
reflector paint with a 6 mm glass window at the end where the photornultiplier (either
4502B or 4512B models manufactured by Philips Components Ltd.) is connected to
the base through a conical light guide. Each detector set together with voltage divider
is housed inside a 2 mm thick soft-iron cylinder with an extra shield of 0.5 mm thick

- metal. The mechanical support provided four clusters arranged around the target.
Each cluster contained detector cells in a x3 matrix were the middle detector was
removed. The detector clusters were mounted at a distance of 27 m from target at
angular positions of 42', 66', 90' and 114' covering the angular range 0b=36 - 120'.
Each neutron detector occupied a solid angle of A = 42 msr with adjacent detector
spacing of AO = 6.

The energy is determined from a measurement of the flight time (TOF) of the
neutron from the target to the detector. The emission time of the neutron is taken
from the accelerator RF signal with a constant offset, determined from the flight time
of -y-rays from the target to the detector.

The neutron/-y-ray separation by pulse shape discrimination is performed by record-
ing fast-slow components of te light output (see figure 53 b). The "hardware" thresh-
old of the light output was set to 03 MeVee (see section 54), corresponding to a neutron
energy ;�� 1.8 MeV. The neutron detection efficiency is 20% at MeV but decreases to

5% for energies between 50 and 100 MeV.

Each neutron detector was equipped with charged particle rejection counter from
Proton Rejection System (SYREP) 61]. The SYREP detector module consists of a
3 mm thick NE102A plastic scintillator coupled to an XP3020 photomultiplier. The
charged particles can be rejected in the analysis of the data by requiring an anti-
coincidence between SYREP and corresponding EDEN detector time signals.

The Forward Wall

To register the projectile fragments from the reaction, 32 phoswich modules of
the KVI multi-detector forward wall 62] were installed in the forward angular region
01ab = 7 - 20'. The detectors have an active area of 65 x 65 cm2. These phoswich detec-
tors consist of a I mm thick fast plastic scintillator (NE102A), serving as an energy-loss
AE detector, and a cm thick slow plastic scintillator (NE115) as E detector. The
scintillators are optically coupled together and connected to one single photomultiplier.
The energy resolution is about 10%.

Electronics and Acquisition

In the R16 experiment the triggering and digitizing electronics comprises QDC
(charge to digital converter) and TDC (time to digital converter) channels of the
EDEN, EMRIC, SYREP and Forward Wall detector systems. The front-end read-
out was housed in NIM, CAMAC and VME crates. The overall structure of the data
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acquisition system for the R16 experiment is shown in figure 54. All electronic units
associated with the logics and readout system of the detectors were located in the
experimental hall.

VME

FW
INN

FW

----------

EMRIC

EDEN

Figure 54: Block scherne for electronics.

The analogue signals from the four detector systems (PM tubes) were split into two,
in order to perform two distinct functions (logic and analogue). The analogue part of
electronics is composed of passive impedance-matched division and attenuation of the
signals delivered by the anode of the phototubes. As EDEN, EMRIC and Forward
Wall detector systems all utilize pulse shape discrimination for particle identification,
two different signals were delayed and sent to individually gated QDCs.

The first part of the logic chain was almost identical for all types of detectors. The
fast signal associated with a scintillator detector is made by the corresponding CFD
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(constant fraction discriminator). The CFDs allow to split the digital signals to generate
both fast and slow component gates for charge integration of the pulse delivered by the
detectors and control TDCs.

The second part of the logic chain was used to create a master gate to trigger the
data acquisition. Singles and coincidence data were taken by triggering the system with
the condition that either a single charged particle or neutron was detected or an n, p
or pp coincidence was registered. For coincidence data the readout system was thus
triggered by ultiplicity 2 (or more). The overlap time was set to about 150 ns to
allow coincidences between particles (from the same event) with different flight time.
Signals from the Forward Wall were scaled down by factor of 1000 with a rate divider.
The possibility to introduce the Forward Wall signals to the logics for master gate trigger
generation was also used. In addition, a number of scalers were read out and stored in
data. This provided the possibility to monitor counting rates of all subdetectors and
nn, np, pp coincidences on-line. The VME based data acquisition system provided the
on-line visualization and analysis tools.

High voltage was supplied from LeCroy HV4032A and CAEN SY403 units controlled
remotely via an RS232 connector.

5.3 Calibration of CsI Detectors

Since the final state interaction signature of the correlation function appears at very
small values of q for nucleon-nucleon interactions, the energy calibration of the par-
ticle detectors must be established for each individual CsI crystal with high preci-
sion. This was performed for the EMRIC detector system by making use of the
AE(Si - E(Cs1(T1)1PMT) method (see Paper IV included in this thesis). Silicon
detectors of well known thickness were installed in front of the CsI(T1) detectors. With
the help of energy-range tables, complemented by point-like alpha-, beta-sources and
pulser measurements, the CsI(T1) could be calibrated. From the silicon detector cal-
ibration it is straightforward to determine the relation between the light pulse in the
CsI crystal and the energy deposited by the particle in scintillator. This gives the CsI
response function, which we could obtain with an energy resolution of 1.0% for 1,2,3 H.

Calibration runs to check the precision of the described method were performed
at the Gustav Werner Cyclotron of TSL (Uppsala, Sweden) where a primary beam of
protons of 77.4±0.95 MeV was used. To get a wide proton energy spectrum, from 4 MeV
to the primary beam energy, an Al wedge was introdused. The detailed description of
the precise energy calibration of 16 CsI(Tl) scintillator crystals is given in Paper IV.
Some important issues concerning light output of the crystal and its pulse integration
are also discussed there.
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5.4 Off-line Data Analysis

In this section the procedures used for transformation of raw experimental data into
physical observables will be briefly discussed. The goal of the data analysis is to obtain
particle identification and energy, correct for detector efficiency and finally to construct
the correlation functions. This is achieved in three steps as shown in figure 5.5 In

PARTICLE IDENTIFICATION

4
CALIBRATION

EFFICIENCY CORRECTIONS

DATA ANALYSIS
PAWIROOT

Figure 5.5: Diagram of the data analysis.

the first step, the particle is identified through pulse-shape discrimination information.
This is achieved in plots of fast vs. slow or short vs. long gate integrated detector
pulses.

Efficiency corrections

Before it is possible to make an absolute normalization of the measured particle
spectra one must correct for the losses due to detector inefficiency. These corrections
are dependent on energy as well as shape and material of the detector. Thus they affect
both the absolute level and the shape of the spectra.

We introduce two kinds of corrections for charged particles, registered in CsI(T1):
(i a first correction due to inelastic interactions of the particles with nuclei of the
scintillation crystal, (ii) a second correction due to different geometrical acceptance
(solid agle) for different energies of the incoming particle.
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The particle losses due to inelastic interaction in the CsI can be written as an
analytic function of the particle energy E (in MeV):

1 a E (-E1100)
100

where a depends on the mass of the particle, a = 0140 for protons, 0.155 for deuterons
and 0.115 for tritons. This is based on Monte-Carlo simulations of inelastic scattering
of charged particles on nuclei in the scintillator, using cross sections from ref. 63]. For
the EMRIC detector the geometrical (ii) correction varies with the energy E (in MeV)
of impinging particle as:

(1 + (b E 1,68) /L)2.

Here b = 00014 for protons, 00009 for deuterons and 000066 for tritons. L is the
distance from the target to the EMRIC detector front face (in cm). Figure 56 shows
the correction factors for protons, deuterons and tritons.
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Figure 56: Correction curves for the absolute yield of protons, deuterons and tritons
due to inelastic interactions in the CsI(TI) crystal (a), and the difference in olid angle
acceptance (b) (L = 62 cm).

The efficiency of neutron detection depends on the scintillator type, its geometrical
dimensions as well as on the neutron energy and the threshold for light output detection.



32 Chapter 5. Detection of Light Particles for Interferometry Experiments

The light output of the scintillator, usually expressed in MeV equivalent electron energy
(MeVee). An available Monte Carlo simulation code 64, 651 for calculations of neutron
detector efficiencies for both hydrocarbon and plastic scintillators has been utilized.
This code is basically a compilation of n + p and n + C reaction cross sections and it
shows a quite good agreement (better than 10%) with experimental data. Figure 57
shows the results for this efficiency calculations of the Monte Carlo code developed at
Kent State University by Cecil et al. 65]. These results have been applied to reconstruct
the energy spectra.

Some conditions were put on the "calibrated light" and neutron energy, calculated
from time-of-flight, to subtract the background created by neutrons scattered in the
surrounding material or by non-vetoed light charged particles "contamination". To
compensate the detection efficiency loss for these procedures the corresponding neutron
corrections were used (also shown in figure 57).
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Figure 5.7: Monte Carlo simulation of the efficiency of the EDEN detectormodule as a
function of the neutron energy for the detection threshold from Me Vee to 1 0 Me Vee.

After particle identification and calibration have been obtained, physics data files
are produced and analyzed using PAW or ROOT data analysis frameworks. In the
following section some data analysis issues are discussed.
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5.5 Physics Results

Neutron and charged particle energy distributions

It should be pointed out that the several aspects of the data analysis are still pre-
liminary.

As an example, preliminary neutron kinetic energy distributions in the laboratory
frame are presented in figure 5.8 for the angular range Oiab = 36 - 120'. The spectra
are corrected for neutron efficiency which gives then the correct energy dependence but
not the correct absolute cross section. The proceeding source analysis is howewer only
based on relative yields.
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Figure 5.8: Efficiency corrected neutron kinetic energy spectra measured in the angular
range from 01ab = 36' to Olab = 120' from the 61 Me V "A r + "Al reaction.

Figure 59 shows the p, d and t energy spectra from the E/A = 61 MeV 36 Ar + 27 Al
reaction at different angles ranging from Olab = 30 t Olab = 114' in the laboratory
frame. To reduce the background events, the data are sorted with "minimum bias"
requirement that at least one fragment is registered in the forward wall in coincidence
with the charged particle.
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Figure 59: p, d, t energy spectra measured in the angular range fM Oiab 3 to
Olab = 114' from the EIA = 61 Me V 3rAr + 27 Al reaction. The lines are the result of
a three-source fit procedure (see text).

The energy thresholds (- 8, 11 and 14 MeV for protons, deuterons and tritons,
respectively) are essentially given by the energy loss an air and in the thin window of
the scattering chamber.

The shape of the spectra depends on the detection angle. At least three sources
are required to reproduce the energy distribution for p, d and t over the whole angular
range with a unique set of parameters. The strongly interacting (participant) source is
described by a Maxwell-Boltzmann distribution. This isotropically emitting source is
transformed to the laboratory system as:

d 2 EI.b - Ec. + E - 2 )ECoso
dQdEl.b - NVE,�, E,,, exp(_ T,

where T, is set by the high energy slope of the backward spectra. The target-like (TS)
moving source is described by an evaporative source with low excitation energy:

d 2 Ejab - Ecoul Ej.b - Ec. + E - 2 )EcosO
_ N exp(--

dQdEl.b T2 T,

Here Eab and are the kinetic energy and particle emission angle in the laboratory

frame, respectively. E, is the laboratory kinetic energy of a particle, having the velocity
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�3, of the source and EC,,,, is the Coulomb barrier term. T, is the source temperature and
N a normalization constant. Thus, four parameters are used to describe each source.
The initial values of the parameters were extracted from fits to the 90' spectra. All
parameters are also allowed to vary only within "realistic" intervals. All three sources
(also a projectile residue source, PS) and thus twelve parameters were introduced for
the forward angular range 010 = 30 t Olab = 66'. Charged particle spectra in angles
between 010 = 78 t Olab = 114' are well fitted with only contributions from target-like
and intermediate sources. The values of the slope parameters, source velocities and
Coulomb repulsion term averaged over all detection angles for p, d and t are given in
Table 5.1.

Table 5. 1: Parameters extracted from the three-source fits to the masured light charged
particle spectra. The slope parameter T, the source velocity , and Coulomb repulsion
term are deduced for projectile-like (PS), intermediate (IS) and target-like (TS) sources.

TS is PS
Particle �5 Ts) Ecouj7 05 T,, EC.,, O� T�,, EC.,,

MeV MeV MeV MeV MeV MeV
p 0.067 5.28 2.81 0.171 14.96 3.42 0.297 5.87 3.50
d 0.069 6.13 2.04 0.183 15.48 4.37 0.287 6.71 3.63
t 0.065 6.25 2.71 0.190 16.38 5.01 0.291 6.45 4.17

The fits are shown in figure 59. The overall agreement with data is quite satisfactory
except for protons at forward angles where the calculated energy spectra underestimate
the experimental data. This was also reported in other experiments (see for example
ref. 66]).

The results presented in Table 5.1 show that the target-like and projectile-like
sources reach similar temperatures before they decay. The intermediate source has
much higher temperature. The source parameters are somewhat different for p, d and
t, which may indicate some time dependence in the emission process.

Correlation functions

The goal of the interferometry experiment is to construct correlation functions. The
two-particle correlation function 67, 681 is given by formula 5.1. The experimental
correlation function is defined by the yield of true coincidences (as a function of the
two-particle relative momentum) divided by the product of the singles distributions.
The denominator is generated either by mixed pairs taken from different events 69]
or by a product of single-particle yields (measured under the same trigger condition as
coincidences 70]).
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Figure 5.10: Experimental proton-proton correlation function measured from the
E/A = 61 MeV 3Ar + "Al reaction. Filled circles indicate correlation function mea-
sure "forward" and stars - "backward" (from Ref. 71]).

One example of pp correlation functions is shown in figure 5.10, measured for the
E/A = 61 MeV "Ar + "Al reaction. The correlation functions are normalized to
unity in the range 100 < q < 150 MeV/c, and the product of singles distributions was
used to construct the denominator in formula 5.1. The correlation function measured
"forward" is constructed with proton pairs detected at b = 30 - 54', while the
"backward"correlation function is measured at 01ab = 66 - 114'.

The statistics of the collected events gives a reasonable correlation function above
3.5 MeV/c relative momentum. In both cases, the resonance at - 20 MeV/c is clearly
visible. The shape of the correlation functions looks as expected from the interplay
of the attractive short-range s-wave nuclear interaction, quantum statistical antisym-
metrization (Pauli exclusion principle for identical particles) and long-range Coulomb
repulsion.
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The enhanced strength of the correlation function measured "backward" indicates
that protons were emitted from a source of smaller space-time dimension. A complete
reaction scenario may therefore involve dynamical emission from first-chance nucleon-
nucleon collisions at the first stage of the reaction, followed by dynamical emission
from the overlap zone and statistical evaporation (de-excitation) from projectile-like
and target-like sources. For the "Ar + "Al reaction, the c.m.-system moves with
velocity 0.2c. Due to the strong forward boost and non-negligible energy cut-
off of the detector, the "backward" correlation function is built up mainly by protons
from dynamical emission and statistical evaporation from target-like source, while the
correlation function measured "forward" is mainly sensitive to dynamical emission and
the projectile fragmentation process.

This interpretation is supported by the results obtained from analysis of the singles
spectra, which suggest that the energy spectra can be reproduced assuming only target-
like and intermediate sources for Olab = 78 - 114', while the contribution from the
projectile-like source is necessary to describe the energy spectra at 01,b = 30 - 66'.
In conclusion, the combined data from singles and correlation measurements sets very
efficient constraints on any theoretical model 72] formulated to describe the space-time
evolution of the collision.
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Chapter 7

Summary of the publications

-Publication I

"CHICSi - a compact ultra-high vacuum compatible detector system
for nuclear reaction experiments at storage rings. 1. General structure,
mechanics and UHV compatibility"

Nucl. Instr. and Methods A 500 2003 84

This article opens the trilogy, describing the CELSIUS Heavy-Ion Collision Silicon
detector system (CHICSi). We present here the basic ideas of the CHICSi complex
which is a large solid angle multidetector system, designed for use in ultra-higb vacuum
(UHV) environment inside an internal target chamber. This calls for new technology
and materials for detector telescopes, readout front-end electronics, connectors, cables

and mechanics.
Two auxiliary detector systems, which will operate in coincidence with CHICSi

are also shortly presented in this publication. These are a heavy recoil, time-of-flight
system (HR-TOF) also placed inside the target chamber and a projectile fragmentation
phoswich wall (PF-WALL) located outside the chamber.

Publication II

CCCHICSi - a compact ultra-high vacuum compatible detector system
for nuclear reaction experiments at storage rings. 11. Detectors"

Nucl. Instr. and Methods A 500 2003 96

We describe the detector telescopes for identification of charged particles and frag-
ments in CHICSi. These telescopes consist of a first ultra-thin, 10-14 /Im Si detector, a
second 300 pm ion implanted Si detector supplemented by a 6 mm GSO(Ce) scintillator
read out by a photodiode (PD) or by a third 300 ym Si detector.
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The telescopes, read out by integral front-end electronics, provide full charge sepa-
ration up to Z = 17 and mass resolution up to A = 9 in the energy range 07 - 60A MeV
with <8% energy resolution for the first Si detector and <2% energy resolution for the
300 m Si detector. A new method, developed to perform absolute energy calibration
for the GSO/PD detector is presented. The energy resolution of this detector is - %

Publication III-

"CHICSi - a compact ultra-high vacuum compatible detector system
for nuclear reaction experiments at storage rings. 111. Readout system"

Nuclear Physics Report LUNP 0103
Submitted to: Nuclear Instruments and Methods in Physics Research A

This third paper about the development of the CHICSi detector system presents
first te functional description of the Application Specified Integrated Circuit (ASIC)
Very Large Scale Integrated (VLSI) microchip for spectroscopic signal processing and
generation of trigger and transport of digital control signals. The ASIC integrated
electronics combines highly sensitive analogue amplifiers and digital functions in the
same chip. The chip is mounted directly onto the Grand Mother Board (GMB) with
chip-on-board technique. 18 of these chips are placed, in UHV environment, on the
serial GMB. Each GMB contains a daisy-chain organization of the VLSI chip readout.

This paper also describes the external electronic readout system. Analogue-to-
digital conversion of the spectroscopic signals is performed on a separate board (ADC
board), outside the chamber, which is connected on one side to a power distribution
board (PDB), directly attached to a UHV mounting flange, and on the other side to
the VME based data acquisition system (CHICSiDAQ).

The auxiliary detector systems can be read out and sorted in a coincidence with
CHICSi data. The complete readout system, which utilizes standard NIM/CAMAC
electronics, has proven to work well during commissioning at the CELSIUS storage
ring, where data from CHICSi and the PF-WALL have been stored in a coincident
mode on event-by-event basis.

Publication IV

"Energy calibration of Csl scintillator in pulse-shape identification
technique"

Nucl. Instr. and Methods A 501 2003) 505

CsI(Tl) scintillators have been studied with respect to precise energy calibration in
the pulse-shape identification technique. This is needed to utilize an array of CsI(Tl)
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crystals for ',','H isotope identification and precise energy determination, with the qual-
ity required in small-angle particle-particle correlation experiments. The power law
parameterization of the light output of 16 crystals exhibits at least three sets of pa-
rameters, probably explained by different relative contributions of the fast and slow
components of the integrated light output in the long gate.

This paper also presents the first results on the proton-proton correlation function
measured in an intensity interferometry experiment performed at KVI (Groningen, The
\etherlands).
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