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Abstract

The electric dipole response of neutron-rich nickel isotopes has been investigated
using the LAND setup at GSI in Darmstadt (Germany). Relativistic secondary beams
of 56757Ni and %7~ 72Ni at approximately 500 AMeV have been generated using projectile
fragmentation of stable ions on a 4 g/cm? Be target and subsequent separation in the
magnetic dipole fields of the FRagment Separator (FRS). After reaching the LAND
setup in Cave C, the radioactive ions were excited electromagnetically in the electric
field of a Pb target. The decay products have been measured in inverse kinematics using
various detectors. Neutron-rich 57769Ni isotopes decay by the emission of neutrons,
which are detected in the LAND detector. The present analysis concentrates on the
(v,n) and (7,2n) channels in these nuclei, since the proton and three-neutron thresholds
are unlikely to be reached considering the virtual photon spectrum for nickel ions at
500 AMeV. A measurement of the stable °®Ni isotope is used as a benchmark to check
the accuracy of the present results with previously published data. The measured (7,n)
and (v,np) channels are compared with an inclusive photoneutron measurement by Fultz
and coworkers, which are consistent within the respective errors.

The measured excitation energy distributions of 7=%9Ni contain a large portion of
the Giant Dipole Resonance (GDR) strength predicted by the Thomas-Reiche-Kuhn
energy-weighted sum rule, as well as a significant amount of low-lying E1 strength, that
cannot be attributed to the GDR alone. The GDR distribution parameters are calculated
using well-established semi-empirical systematic models, providing the peak energies and
widths. The GDR strength is extracted from the y? minimization of the model GDR
to the measured data of the (+,2n) channel, thereby excluding any influence of eventual
low-lying strength. The subtraction of the obtained GDR distribution from the total
measured E1 strength provides the low-lying E1 strength distribution, which is attributed
to the Pygmy Dipole Resonance (PDR). The extraction of the peak energy, width and
strength is performed using a Gaussian function. The minimization of trial Gaussian
distributions to the data does not converge towards a sharp minimum. Therefore, the
results are presented by a x? distribution as a function of all three Gaussian parameters.
Various predictions of PDR distributions exist, as well as a recent measurement of the
68Ni pygmy dipole-resonance obtained by virtual photon scattering, to which the present

pygmy dipole-resonance distribution is also compared.



Zusammenfassung

Die elektrische Dipolstérkeverteilung neutronenreicher Nickelisotope wurde am
LAND-Experimentaufbau bei der GSI in Darmstadt untersucht. Relativistische Sekun-
diirstrahlen, die %~°"Ni und ®"~"2Ni enthielten, wurden mit ungefihr 500 AMeV mittels
Projektilfragmentierung an einem 4 g/cm? Be-Target erzeugt. Die dabei entstandenen
Fragmente wurden anschliessend im Dipolmagnetfeld des Fragmentseparators (FRS) auf-
getrennt und nach Cave C gelenkt, wo sie im elektrischen Feld eines massiven Bleitar-
gets elektromagnetisch angeregt wurden. Die Zerfallsprodukte wurden mit verschiedenen
Detektoren in inverser Kinematik nachgewiesen. Die neutronenreichen %7~%Ni-Isotope
zerfallen mittels Neutronenemission, die im LAND-Detektor gemessen werden. Die vor-
liegende Datenanalyse befasst sich mit den (7y,n)- und (v,2n)-Kanélen, da unter Beach-
tung des virtuellen Photonenspektrums fiir Nickelionen bei 500 AMeV die Proton- und
3n-Schwellen kaum erreicht werden koénnen. Die Messung am stabilen ®®Ni dient durch
die Vergleichsmoglichkeit mit einer fritheren Messung als Bezugspunkt fiir sémtliche ge-
messenen Werte dieses Experiments. Die gemessenen (7,n)- und (vy,np)-Kanile werden
dabei mit der inklusiven Photoneutronenverteilung von Fultz et al. verglichen, die mit
den gegenwirtigen Ergebnissen im Rahmen der entsprechenden Fehler {ibereinstimmen.

In den gemessenen Anregungsfunktionen von "~%?Ni wurde sowohl ein grosser An-
teil der Stdrke der Dipol-Riesenresonanz (GDR), die durch die Thomas-Reiche-Kuhn
Summenregel vorhergesagt wird, als auch eine signifikante niedrig-liegende E1-Stérke
beobachtet, die nicht allein der GDR zugeordnet werden kann. Die Lage und Breite
der GDR wird mittels semi-empirischer systematischer Modelle berechnet, wiahrend die
Stérke durch y2-Minimierung der Modellverteilung an den gemessenen (vy,2n)-Daten er-
halten wird, da der Einfluss durch niedrig-liegender Stérke in diesem Bereich ausgeschlos-
sen werden kann. Die Verteilung niedrig-liegender E1 Stérke nach Abzug der GDR von
der gemessenen Stirkeverteilung wird durch eine Gaussverteilung beschrieben und der
Pygmy-Dipolresonanz (PDR) zugeordnet. Die Minimierung der Gauss-Modellfunktion
an die PDR-Verteilung liefert kein scharfes Minimum im Parameterraum. Deshalb wer-
den die Ergebnisse als x2-Verteilung als Funktion aller drei Gaussparameter dargestellt,
die sich in der Umgebung der moglichen Parameter-Minima befinden. Eine alternative
Messung der PDR mittels Streuung virtueller Photonen in %Ni wurde vor kurzer Zeit
verdffentlicht. Die hier gemessene PDR, Starkeverteilung wird sowohl mit diesen Daten

als auch mit theoretischen Vorhersagen verglichen.
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Chapter 1

Introduction

The interaction of electromagnetic radiation with matter can be considered as one of
the most fundamental processes of nature. It is one of the main mechanisms required to
sustain life on earth, due to the conversion of luminous energy into a chemically stored
energy form wvia photosynthesis. It defines the way we perceive our world, due to the
stimulation of photoreceptor cells by photons in the retina. When used as a tool, it
provides insight into the structure and functionality of macromolecules such as proteins,
using, e.q., x-ray diffraction or nuclear magnetic resonance techniques, as well as into the
electronic structure and dynamics of molecules and atoms with, e.g., absorption methods
in the infrared, visible, and ultraviolet domains of the electromagnetic spectrum. The
dynamical properties of atomic nuclei can be studied in a similar way, with the main
experimental difference being the energy range of the electromagnetic probes. The energy
of the photons must be adjusted to the forces under investigation, since the energy
transferred by the interaction must be considered as a perturbation with respect to
the total energy involved. Therefore, visible and ultraviolet photons are used to excite
valence electrons in the atomic shell, where they are bound by energies in the eV range.
In the case of the nucleus, where strong and electromagnetic forces dominate, photon
energies in the keV and MeV range are required.

When a photon interacts with an atomic nucleus, several scenarios are possible,
depending on the conveyed energy. For relatively low energies, single nucleons can
be promoted to excited states, which decay back to the ground state via a gamma
cascade, revealing a portion of the nuclear shell structure, or, in the case of deformed
nuclei, rotational modes can be excited. At higher energies, a larger number of nucleons
can participate in the excitation, enabling vibrational and compressional modes. Giant
resonances are a class of such vibrations, in which a large fraction of the nucleons is
involved [1]. These are collective modes in which the nucleons oscillate in phase, in
so-called isoscalar modes, or in which the protons and neutrons are out of phase, in the

isovector modes. More complex modes exist also, where, e.g., nucleons of opposite spin



CHAPTER 1. INTRODUCTION

oscillate against each other, or combinations of several basic modes. In the present work,
the attention was focused on the electric dipole mode, due to the excitation mechanism
used in the experiment.

The isovector giant dipole resonance has been studied intensively in the past, how-
ever, mainly in stable nuclei [2]. While systematical trends have been established using
this data, it is not clear if they are valid for exotic nuclei as well. Theoretical calculations
show the fragmentation of the electric dipole strength in neutron-proton asymmetric nu-
clei [3]. A previous LAND* experiment on neutron-rich oxygen isotopes showed this
fragmentation of dipole strength, which, based on theoretical grounds, originates from
single neutron particle-hole excitations [4]. In heavier nuclei, the degree of collectivity
increases to form a so-called soft dipole mode or pygmy dipole resonance, first predicted
by Lane [5]. A systematic investigation of neutron-rich tin isotopes using the LAND
setup provided evidence for the existence of this low-lying strength [6,7]. Recent results
from an experiment performed by the RISING' collaboration at GSI* on neutron-rich
nickel isotopes [8] shows the presence of low-lying dipole strength in ®®*Ni, which is also
supported by various RPA calculations [9-11]. One of the objectives of the experiment
described in this thesis is the extraction of the electric dipole strength in a series of
neutron-rich nickel isotopes, with an emphasis on the pygmy dipole resonance.

This work concentrates on the results of an experiment performed in 2005 with the
LAND setup at GSI. The electric dipole response of various nickel nuclei was measured
using relativistic radioactive beams at approximately 500 AMeV. Primary heavy-ion
beams of %®Ni and %6Kr have been accelerated in the UNILACY and in the SIST 18
synchrotron before being directed onto a thick Be target, where a large amount of lighter
fragments is produced. These are thereafter separated in the magnetic dipole field of
the FRS!, extracting only a selected mass-over-charge ratio. The ions are excited in
the electric field of Pb target nuclei through a process described by the Weizséacker-
Williams approach. The neutron-rich nuclei then decay mainly by emission of neutrons,
which are detected in LAND. The excitation energy is reconstructed on an event-by-
event basis using the measured invariant mass of all participating species. The power
of the LAND setup lies in the detection of all components involved in the reaction,
providing exclusive measurements. Only the excitation-energy distribution above the
particle emission threshold can be measured in LAND experiments. Information below

the particle threshold must be gained through complementary methods, such as virtual

“Large Area Neutron Detector

fRare Isotope Spectroscopic INvestigations at GSI.

fGesellschaft fiir Schwerionenforschung in Darmstadt, Germany. The new official name is GSI
Helmholtzzentrum fiir Schwerionenforschung GmbH.

SUNIversal Linear ACcelerator

ISchwerlonenSynchrotron

IFRagment Separator



photon scattering, performed, e.g., at NSCL** for the neutron-rich oxygen isotopes [12],
or by the RISING collaboration in the case of 58Ni.

X ok X%

This thesis is divided into six main chapters. Chapter two describes the basic theoret-
ical principles commonly used in the study of giant resonances, as well as the Weizséacker-
Williams approach of equivalent photons. Several examples of dipole strength measured
previously in various nuclei are also depicted. Chapter three introduces the experimen-
tal setup used to obtain the present data. The fourth chapter evokes briefly several
calibration issues which enable the access to the physically relevant data using analysis
tools described in chapter five. Chapter six exposes the obtained results for two mass
regions in the nickel isotopic chain, namely *®Ni and %"~%'Ni. After the discussion of

these results, chapter seven will state the main conclusions of the analyzed experiment.

**National Superconducting Cyclotron Laboratory, located at Michigan State University in East
Lansing.
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Chapter 2

Theoretical Principles and

Phenomenological Issues

Coulomb excitation of atomic nuclei can be achieved by their exposure to an electromag-
netic field varying in time. If the excitation function shall be measured, as is one of the
goals of the present experiment, it is essential to precisely know the energy transmitted
to the nucleus on an event-by-event basis. When performing photoabsorption measure-
ments with real photons, their energy may be measured directly (e.g., when using tagged
photons) and thus provides the excitation energy of the nucleus. In heavy-ion-induced
electromagnetic excitation, such a measurement is impossible when using an external
target. If the photon interaction is considered as an interaction with an electromagnetic
field varying with time, a Fourier analysis of this field will provide exactly the photon
energy. The energy transmitted by any electromagnetic field to the nucleus may be ana-
lyzed in a similar manner. If the field varies with time, the Fourier transform will provide
the excitation energy spectrum conveyed by the field, which is a continuous distribution.
The invariant mass must therefore be reconstructed separately for each event, based
on the momenta of all species participating in the excitation reaction, which eventually
leads to the excitation energy.

The evaluation of the excitation of atomic nuclei relies on several concepts that will
be presented in the first part of this chapter. The first question that will be addressed
is how nuclei respond to electromagnetic excitation, which will then be followed by the
description of giant resonances, as well as various features appearing in exotic nuclei.
Finally the question of how electromagnetic excitation occurs when mediated by the
interaction between heavy ions will be treated. The idea will first be presented in the
classical case, before being adapted to the relativistically correct form required by the

reaction investigated in the experiment.



CHAPTER 2. THEORETICAL PRINCIPLES AND PHENOMENOLOGICAL ISSUES

2.1 Response of Nuclei to Electromagnetic Excitation

When a microscopic system is exposed to a time-varying electromagnetic field, its be-
havior may be described by a transition operator depending on the type of the electro-
magnetic field. While real fields can be quite complex, one can express them as a linear
combination of multipole fields. Such electromagnetic fields are characterized by angular
momentum A and magnetic g quantum numbers, and are divided into electric EA and
magnetic M A components, according to the associated parity of (—1))‘ and (—1)A+17
respectively. Since the magnetic moments are usually two orders of magnitude smaller
than their electric counterparts, only the electric multipole moments will be discussed
from here on. In the long-wavelength limit, the electric multipole moment M (EX, p) is

given by Harakeh and van der Woude [1]:

MEND = [ o)V () dr (2.1)

where p (7) is the charge density, 7 is the position vector, r its length, A is the angular
momentum quantum number, Y), is the spherical harmonic associated to the quantum
numbers (Ap), and Q is the solid angle. The long-wavelength limit is reached when
kr < 1, where k is the wave vector associated with the energy transfer of the interaction.
If the protons and neutrons are considered as point-like entities, the charge density can

be expressed as the following sum over A nucleons:

A
p() =3 e (% - tzk> 57— 1) (2.2
k=1

where e is the unit charge and t, = —i—% and t, = —% are the isospin values for neutrons
and protons, respectively. When combining expressions (2.1) and (2.2), the electric

multipole transition operator is obtained:

A A
1
M (EX p) = 562 raYau () — e Z e Yau () (2.3)
k=1 k=1

The transition operator is split into two terms, leading to two types of electric excitations
for a given A. The first term on the right-hand side of equation (2.3) does not depend
on isospin and leads to isoscalar (AT = 0) excitations. The second term depends on
isospin, and therefore leads to isovector (AT = 1) excitations.

Up to now, only information on the transition itself has been obtained. The entire
process of electromagnetic excitation also depends on the initial and final states of the
system. The so-called reduced transition rates B (EX,.J; — Jy¢) express the transition
strength based on the states J; M; and J; My of the system and on the transition operator
M (EX p) [13]:

B(EX J; — Jg) = Y [(Jp My | M (B, p)| J;M;)|? (24)
puMy
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where the sum runs over the magnetic quantum numbers p of the transition operator and
over the polarization M; of the final state. Using the Wigner-Eckart theorem, stating
that the dependence of the matrix element on the magnetic quantum numbers is given
by the Clebsch-Gordan coefficients [13,14], expression (2.4) reduces to:

B(EX, Ji — Jf) = (g M (BN ) (2.5)

The reduced transition matrix element M (EX) can be extracted from the previous ex-

pression and is defined as follows:
M (BA,J, = Jj) = (J; |M(EN)]| J) (26)

The strength of the response of a given system can now be evaluated with equation (2.5),
which can also be measured directly. However, if knowledge of the degree of collectivity
of the excitation is requested, the use of sum rules is necessary, which will be described
in the following section.

The reduced electromagnetic transition rate B(EX) and the degree of deformation
of the nucleus can be linked together with the concept of so-called deformation lengths.
Considering a spherical projectile-target pair, the radii R; can be described by the fol-

lowing equation [15]:

Ri (9i,01) = Roi [ 14 BapYou (93, 04) (2.7)
An

where i = 1,2 labels the projectile and target, respectively. The angles ¥; and ¢; are
defined in a body-fixed coordinate system. The radius Ry; is defined for the ground
state and is modified due to the excitation to a given vibrational mode of the nucleus,
which can be described by a set of basic spherically harmonic vibrations. Each basic
mode is defined by the amplitude 3y, and by the normalized spherical harmonic function
Y. (¥i, ;). In the following discussion, only one harmonic mode will be considered, such
that the Ap label will be dropped. Also, only the target will be considered, thus defining
i = 2. Using a similar formalism as in the analysis of elastic scattering, a first-order

optical-model potential Ug will be defined for the deformed vibrational state:

dUQ (7“ — RU)Y
dr

where r is the distance between the centers of the target and of the projectile, Ry is the

Ug (1,02, ¢2) = Uo (r — Ru) — Ru2Bu2 (92, 2) (2.8)

sum of the potential-radii of the target and of the projectile, and Rys is the potential
radius of the target. This allows the vibration to be treated as a perturbation. The
first term of the right-hand side of equation (2.8) is responsible for elastic scattering,
while the second term is responsible for inelastic scattering. It should be noted that

the second term of the right-hand side (without the spherical harmonic function) is the
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deformation energy. The nuclear potential Uy is complex for heavy-ion scattering, and

can be defined as:
UO (7“ — RU) I —Vf (7“ — Rv) — in (7“ — Rw) (2.9)

where the radius parameters Ry and Ryy are the radii attributed to the two potential
components V and W. The functions f (r — Ry) and g (r — Ry ) define the behavior
of the potential with respect to the distance between the surfaces of the target and
of the projectile. The Coulomb potential term Vi must be added to expression (2.9)
for the complete description of the scattering process. Taking the complex potential of
expression (2.9) into account, the optical potential in equation (2.8) can be re-written

as:

Vo
0Bc2

where the partial derivative of the Coulomb potential with respect to the nuclear defor-

Ug —Up = (ﬁCQ + (Rva2fv2) Vj—i + i (Rw2fBwz) W%) Y (2, 2) (2.10)

mation is given by:
Ve 3R}y Z1Zoe?
IBoa 22+ 1 Al

with » > Ro1 + Rea, the multipole order A of the excitation, the charge numbers of the

(2.11)

projectile Z1 and target Z5, and the unit charge e. The obtained optical potential can
be used in various theoretical models describing inelastic scattering of heavy ions, such
as the distorted wave Born approximation (DWBA) or various coupled channels (CC)
methods. Using the DWBA method, the differential cross section can be calculated,
involving the use of reduced electromagnetic transition rates for the Coulomb term. A
comparison with equation (2.10) provides a link between the value of B(E)\) and the
mean deformation length <Ré2 602>:

B(EN) = %de <Rg2ﬁ02> (2.12)
Another important feature of the optical potential of expression (2.10) is the possible
interference between the first (Coulomb) and second (nuclear) terms of the right-hand
side of this equation. This introduces the concept of Coulomb-nuclear interference when
the cross section is calculated using, for instance, a coupled channels calculation. The
integral cross sections of Coulomb dissociation reactions can then be expressed by the
following equation [16]:

OcN =0c +OoN + o7 (2.13)

with the combined Coulomb and nuclear cross section ocpy, the pure Coulomb cross
section o, the pure nuclear cross section oy, and the interference term oy, which can
be positive or negative for constructive and destructive interference, respectively. Only

calculations can predict the sign and amplitude of the interference term.
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2.2 Sum Rules

The theoretical formulation of the transition operator has been described in section 2.1.
However, the obtained expressions cannot be used directly to describe cross sections
measured experimentally. The oscillator sum rules provide the link between theory
and experiment. They depend on the potential energy term of the Hamiltonian H,
and neglect velocity- and charge-dependent effects of the nucleon-nucleon force. The
oscillator strength is defined as the transition probability multiplied by the transition
energy F, — Ey, where E, is the energy of state a and Ej is the ground state energy [17].

Based on this definition, the sum of oscillator strengths is given by:

§ (M) = 3 (Ba — Bo) [(a | MI0)* = 5 {0][M, [H, M]] 0) (214)

a
where the sum runs over all states a accessible with the operator M from the ground
state. Equation (2.14) is also known as the energy-weighted sum rule. Considering
equation (2.4), an alternate expression for expression (2.14) using the reduced transition
probability can be obtained. When in presence of a multipole field, e.g., as given by

expression (2.1), equation (2.14) can be written as:

S(BEN) = 2A+1h_2A<<dfd£T)>2+A(A+1) (f(’")>2> (2.15)

47 2M r

with M the mass of the nucleus, A the number of particles of the system and f (r) the
radial part of the multipole field of angular quantum number A. For the case of an E1
transition, the transition operator is given by equation (2.3): the radial component is
f(r) = p(7¥)r. According to definition (2.2), the electromagnetic interaction only affects
the protons of the nucleus, which introduces center-of-mass effects in equation (2.1).
An effective charge of % - e and —% - e is therefore attributed to the Z protons and N
neutrons of the nucleus of mass number A, respectively. When combining the parameter

A of equation (2.15) with the e? term of the radial term, the effective-charge term of the

2 2
AeZ;p = (Z (%) +N <§) ) e’ = % e? (2.16)

Expression (2.15) then reduces to:

nucleus is:

9 ¥ NZ , NZ

_ 2 v Ns N o 2
S(E1) = oM A ¢ 14.8 Vi MeV fm (2.17)
which can finally be used to calculate the integral photoabsorption cross section:
o0 1 3
/ odE = 76 (B1) MV fin? (2.18)
0 9hC

Equation (2.18) is also known as the Thomas-Reiche-Kuhn (TRK) sum rule (or energy-

weighted sum rule for the isovector E1 resonance). Combining equations (2.17) and
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(2.18) leads to a different expression for the TRK sum rule for A particles with charge
eerr [1,2]:

me A

o0 22 hAe? NZ
/ o (E)dE = N > 60—2 MeV mb (2.19)
0

2.3 Giant Resonances

2.3.1 General Properties

Giant resonances are collective modes in atomic nuclei with relatively large cross sections,
involving usually a large fraction of the nucleons. They occur as damped harmonic
oscillations of the density or shape of the nucleus. The first experimental observation of a
giant resonance took place in 1937 by Bothe and Gentner [18], although the exact nature
of the resonance was not understood. The phenomenon was described in 1944 as being
an oscillation of the protons against the neutrons in the nucleus, i.e., the isovector giant
dipole resonance [19]. Later, other resonance modes have been observed, contributing
to a systematic view of the giant resonances. The current classification relies on the
multipolarity L of the resonance, on the isospin 7" and on the spin S quantum numbers.
The multipolarity defines the number of nodal planes of the resonance, and therefore
sets the shape of the oscillation, e.g., AL = 0 leads to monopole, AL =1 to dipole and
AL = 2 to quadrupole modes. From a macroscopic and hydrodynamic point of view, a
giant resonance can be considered as a damped oscillation of the nucleons. The nucleons
can either oscillate in-phase or out-of-phase, according to the spin and isospin quantum
numbers. A {AL =1, AT =1, AS = 0} resonance, called the isovector giant dipole
resonance, is represented by a proton fluid oscillating against a neutron fluid, whereas
a {AL =1, AT =0, AS = 1} resonance can be visualized by a fluid of protons and
neutrons with spin T oscillating against a similar fluid with spin |. The change of spin
quantum number therefore defines the electric (AS = 0) or magnetic (AS = 1) nature
of the resonance.

Figure 2.1 shows various giant resonance modes based on the multipolarity, isospin,
and spin quantum numbers. The isoscalar giant dipole resonance (ISGDR) is missing
in the previous figure, since in a first-level approximation, the in-phase movement of
all nucleons implies also that the center-of-mass follows this movement, which is then
observed as a simple displacement of the entire nucleus. However, higher-order terms
in the ISGDR transition operator predict a ‘squeezing’ mode, being an oscillation of
the nucleon density, where the center-of-mass remains immobile. Generally speaking,
the study of giant resonances provides access to various properties of the nucleus, which
leads to properties of pure nuclear matter through extrapolation.

Giant resonances can be considered as damped harmonic oscillations. If such a system

is coupled to an external field, e.g., an electromagnetic field, the resonance is described by

10
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Figure 2.1: Overview of the main giant resonance modes. The following color code has

been used: all nucleons (green), protons (red), neutrons (blue), nucleons with spin |
(light gray), nucleons with spin | (dark gray).
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a Lorentzian function [20]. Mathematically speaking, Lorentzian functions are symmetric
and extend from —oo to +00, meaning that the value of such a function is always non-
zero at the origin. This is not realistic from a physical point of view, since the excitation
to a giant resonance will not take place without an energy transfer to the system. Giant

resonances are therefore better described by Breit-Wigner distributions [2]:

Om

oy (B) = ———"—=
1+ (Eng’Q")

where F,, is the resonance energy of the peak of the distribution, I' the width and

(2.20)

om the cross section at F,,. These three quantities have been measured systematically
over a wide range of stable nuclei and present a systematic trend, which can be used to

evaluate the resonances of nuclei for which experimental data is not available. As can
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Figure 2.2: Evolution of F,, of GDR as a function of mass number A. See text for

explanation of solid and dashed lines. Figure from Berman and Fultz [21].

be seen in figure 2.2, the GDR peak energy F,, varies rather smoothly as a function of
the mass number A. This feature is expressed by several semi-empirical expressions for
E,,, allowing the calculation of the peak energy for any nucleus of mass number A in
the validity range of the model. The solid line represented in figure 2.2 is a fit function

for the peak energies F,,:
By = ¢ A7V (2.21)

where A is the mass number. The fit parameters take the values ¢; = 47.9 MeV and

co = 4.27. The fit function represented by the dashed line in the same figure is expressed

12
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by:
By = cs ATY3 <1 - eiA/A‘)) + g ATV /6= A A0 (2.22)

with the fit parameters ¢; = 77.9 MeV, ¢g = 34.5 MeV and Ag = 238.

The following function for the GDR peak energy is based on the Jensen-Steinwedel
and Goldhaber-Teller models, based on a hydrodynamical view of the giant resonance [1,
21]:

B =31.24712 £20.6A71/6 MeV (2.23)

The function described above does not take into account the proton-neutron asymme-
try nor the eventual deformation of the nucleus, which requires a more sophisticated
systematical model.

The resonance width can also be described by a semi-empirical function based on
the hydrodynamical modeling of the nucleus. Auerbach and Yeverechyahu considered
two compressible and viscous nuclear fluids, and propose the following resonance width

based on the viscosity terms [22]:
=23+ 144723 £ 21472 MeV (2.24)

While the GDR width is parameterized according to the mass number in the previous

expression, it can also be calculated as a function of the peak energy [1]:
[ (E,,) = (0.026 & 0.005) - EL9£01 MeV (2.25)

Junghans et al. propose a different parametrization of the GDR peak energy and
width for nuclei with A > 80, based on the Finite Range Droplet Model (FRDM) [23-27].
Since the deformation of the nucleus is taken into account, the GDR may split into up
to three components for triaxial nuclei. The peak energies are calculated in two steps.
First the so-called centroid energy is calculated, which does not contain any deformation

parameters:

he [8J A2< 1+e—|—3u>_1/2
) l4u—e- T2 ,

T Ry Vm* 4NZ I+etu (2.26)
u:(l—e)Al/B’-%

with Ry = 1.16AY/3 fm, the symmetry energy constant J = 32.7 MeV, the surface
stiffness constant @ = 29.2 MeV and € = 0.0768. The effective nucleon mass m* =
874 MeV /c? has been obtained by optimizing the calculated values to measured data of
heavy nuclei. Then, the three peak energies are calculated according to the degree of
deformation. The peak energy being inversely proportional to the semi-axis length Ry,

the energy values are given by:

Ro _ Eo
Ry, exp {\/g - Beos (v — %kjﬂ')]

13

E, = Fy

(2.27)
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where 3 and v are the Hill-Wheeler parameters for ellipsoidal shapes [17,28]. The index
k of equation (2.27) can run up to k = 3 for triaxial nuclei. An individual resonance

width is also attributed to each peak energy:

B\’ B, \°

with 6 = 1.6.

The third parameter describing a giant resonance is its integral, or strength. The
numerical values are given by the appropriate energy-weighted sum rules, which depend
on the transition operator. Each type of giant resonance has therefore a different sum
rule attributed to it. For the isovector GDR, the corresponding sum rule is the Thomas-
Reiche-Kuhn (TRK) sum rule, given by equation (2.19). The GDR distribution can
be described completely with the parametrization provided by Junghans et al. [24] by
considering equations (2.27), (2.28) and (2.19):

3 2
1.02-11.9 - NZ ET
= S b fim? (2.29)

oy (E)
” WA S (BB

Since the distribution used in this equation is a Lorentzian, the constant 1.02 is the
conversion factor between the integrals of Lorentz and Breit-Wigner distributions. The
om parameter of the Breit-Wigner distribution given by equation (2.20) can be expressed

in terms of the TRK sum rule in a similar way [2]:

_60-2 NZ
Tm = i A

mb (2.30)

which is equivalent to the sum pre-factor of equation (2.29) after unit conversion.

2.3.2 Statistical Decay of Giant Resonances

Giant dipole resonances are usually located above a particle threshold (neutron and/or
proton) of the nucleus. They can therefore decay via several reaction channels, e.g., pure
gamma decay, semi-direct decay and compound nucleus decay. The latter decay channel
is most often the dominant one, and will therefore be described here.

The decay of a compound nucleus is well described by statistical models, such as
the Fermi-gas model. Starting from the Weisskopf-Ewing formula [29], the emission

spectrum is given by the following equation:

where C' contains all constant values of the Weisskopf-Ewing formula, o, is the capture
cross section for the inverse process, and p (O, U) is the level density of an I = 0 daughter

nucleus with an internal excitation energy of U MeV. Assuming that all nucleons are in

14
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a thermal equilibrium in the compound nucleus, the level density can be described using

the Boltzmann entropy formula:
p(0,U) cexp S (U)] (2.32)

If the remaining excitation energy U is small, the entropy can be expressed as the first

term of a Taylor series:

1
S(U) = % U+ ..., with <%) =7 = const. (2.33)

where T is the nuclear temperature. Also, if U = E* — S,, — Ej;, for the emission
of neutrons can be approximated by U = — FEy;,, leading to the constant-temperature

model, equation (2.31) can be reduced to:

which is equivalent to the frequently used Maxwell distribution formula [13,29,30]. The
nuclear temperature is analogous to the thermodynamic temperature, for which one sets
the Boltzmann constant to & = 1, such that the temperature is expressed in energy
units (MeV for the case of equation (2.34)). The temperature can be calculated with

the following expression:

U
T =\/— 2.35
- (2:35)

where a is the level density parameter of the nucleus. The calculation of the level
density parameter is not a trivial task, since precise knowledge of the nuclear structure
is required. Often, the following approximation is used:
o= Mev (2.36)
Ca
with the mass number A and the proportionality constant C'4. The value of C'4 is not
well defined, and takes the value 7.5 [29], 10 [13] or 8 [31]. The value of a is particularly
small for closed-shell nuclei: since nickel nuclei (Z = 28 closed shell) have been measured
in the present experiment, considerable deviations from equation (2.36) can be expected.
While describing the properties of statistical decay, Weisskopf states [30] that equa-
tion (2.34) is only valid if one particle is emitted. Le Couteur et al. [31] argue that if
more than one particle is emitted by the nucleus, the following equation must be used
instead of expression (2.34):

-1

By
N (Uo, Byin) dEjin < o= exp [

_Ekin
T,

] dEin (2.37)

If U = aT? (cf. equation (2.35)), [ and T, take the following values [31]:

1 11
|~ —6, T,~—T (2.38)
11 12
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where T is the updated nuclear temperature of the daughter nucleus, depending on
the number, kinetic energies and binding energies of the emitted particles. Comparing
the shapes of the kinetic energy distributions described by equations (2.34) and (2.37)
(considering the values from expression (2.38)), the main difference lies in the kinetic-
energy-dependent exponential pre-factor: for a single evaporated particle, this factor is

FEin, while it changes to approximately \/Fp;, for more than one particle.

2.4 Special Features of Exotic Nuclei

In most, if not all, scientific fields of study, one tries to rationalize observations into
simple rules for a better understanding of complex phenomena, or to extrapolate var-
ious properties to still unobserved systems. In nuclear physics, such rules (e.g., magic
numbers) and systematical trends (e.g., semi-empirical GDR systematics) are built on
the observations of stable and long-lived unstable nuclei, since they are accessible since
several decades. In the more recent years, the ability to produce nuclei always farther
from the valley of -stability has been achieved. These exotic nuclei exhibit interesting
new features, that are not foreseen by the existing systematical rules. For instance, light
neutron-rich nuclei can present a neutron halo formed by the valence neutrons. Heavier
nuclei with a neutron excess exhibit an outer layer of increased neutron density, the
so-called neutron skin [3]. The dynamical behavior of neutron-rich nuclei also presents
several new effects, such as the fragmentation of IVGDR strength due to different ef-
fective potentials of the core and valence neutrons [10]. The large neutron excess also
induces an accumulation of E1 strength well below the GDR. This new collective mode,
known as the Pygmy Dipole Resonance (PDR), can be described as an out-of-phase
oscillation of a neutron-enriched surface layer against the core nucleons [3].

Pygmy resonances, or giant resonances in general, can be calculated by several the-
oretical models, most of which are based on the Random Phase Approximation (RPA).
RPA is a useful tool to investigate collective oscillations of small amplitude, where the
precise knowledge of the wave functions is not necessary. To simulate an oscillation, a
mean field theory can be applied to the nuclear system in order to describe the station-
ary states. The RPA resides in the extension of the mean field model to time-dependent
states, making the system dynamic [20]. Figure 2.3 shows a model calculation performed
by Paar et al. for the pygmy dipole resonances in the nickel isotopic chain using the
Relativistic Hartree-Bogoliubov (RHB) self-consistent mean-field model, along with the
Relativistic Quasiparticle RPA (RQRPA) [3]. Another calculation carried out by Liang
et al. is based on the relativistic random-phase approximation, also showing low-lying
dipole strength in figure 2.4. Non-linear isoscalar-isovector coupling via the coupling
constant A, has also been included. The shown results have been obtained by using

the NL3 parameter set as effective force for the relativistic mean-field calculations. A
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Figure 2.3: RHB4+RQRPA calculation for the PDR in nickel isotopes. Open circles:
Pygmy Dipole Resonance centroid energies of nickel isotopes as a function of mass num-
ber A. Open diamonds: calculated Ni 1n thresholds. Full diamonds: measured Ni 1n
thresholds. From Paar et al. [3].

third RPA calculation is shown in figure 2.5, where the RQRPA has been implemented
with the relativistic quasiparticle time-blocking approximation. The individual peaks
have been artificially smeared with a width of 20 keV and 200 keV in the left and right
panels, respectively. Although all three cited calculations are slightly different, they all
predict a clear dipole-resonance mode well below the GDR.

The degree of collectivity is a recurring question in the investigation of the PDR.
Besides being a collective resonance, the PDR could be seen as non-collective dipole
strength, located at lower energies due to the less bound outer neutron orbitals [3].
Sum rules measure the collective character of a resonance: either the TRK sum rule [6]
or cluster sum rules ( [6] and references therein) can be used. Typical pygmy dipole
resonances exhibit only a few percent of the TRK sum rule strength, which indicates
that most of the nucleons do not participate in the collective mode, which in turn is
consistent with the hydrodynamical picture of an oscillation of the neutron skin against
the core nucleons.

The knowledge of the PDR strength distribution does not only contribute to a bet-
ter understanding of the dynamics of the nucleus, but also to the basic properties of
nuclear matter and to astrophysical issues. By investigating systematically the PDR
over an isotopic chain, information on the equation-of-state of neutron matter can be
obtained [7], such as the symmetry energy of pure neutron matter, which is an impor-
tant quantity for the realistic modeling of neutron stars. For the case of neutron-rich

tin isotopes, the symmetry energy of pure neutron matter was obtained from an RPA
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Figure 2.4: Dipole strength distributions for even-mass neutron-rich nickel isotopes. The
relativistic random-phase approximation (RRPA) was used, including also non-linear

isoscalar-isovector coupling via the coupling constant A,. From Liang et al. [32].

calculation and from the measured PDR strength relative to the GDR strength. In turn,
this energy value can be used to extract the neutron-skin thickness. Although the PDR
strength is small compared to the GDR, it plays an important role in the modeling of
nucleosynthesis by modifying the (n,7) and (y,n) cross sections [33,34]. Figure 2.6 shows
the r-process abundances for two different temperature, neutron density and irradiation
time conditions. The smaller neutron density in the left panel reveals the impact of
low-lying strength on the abundance, shifting the mass distribution to higher values.
This is explained by the lack of (n,y)<(y,n) equilibrium, since the individual reaction
rates are comparable to the 3-decay rates [33]. In the right panel, where the equilibrium
conditions are met, the PDR does not play a major role for the abundance distribution.
The result is, however, independent of the nature of the low-lying strength, since only
the total level density plays a role [34].

Low-lying dipole strength has been observed previously in several nuclei, starting
with neutron-rich oxygen isotopes and reaching up to 2°®Pb. Since the presence of the
PDR is linked to the proton-neutron asymmetry, it can only be studied with stable
nuclei in the high-mass region [35]. The access to short-lived nuclei using radioactive
beam facilities allows the investigation of this collective mode in much lighter systems.
A measurement with neutron-rich oxygen isotopes [4] has shown the presence of an
accumulation of E1 strength well below the GDR region. Analyzing the measured cross
section, up to 12% of the Thomas-Reiche-Kuhn sum rule is exhausted by the resonances

in this region. Later, another experiment with neutron-rich Sn isotopes has been
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Figure 2.5: RQRPA and RQTBA dipole response calculation for Ni isotopes. The right
panels show the energy range for the PDR and the GDR, while the left panels show only
the PDR region. From Litvinova et al. [9].
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Figure 2.6: Calculated r-process abundances compared to the solar system abun-
dances. Left panel (a): abundance distributions for 7' = 10° K, a neutron density of
10%° cm™3 and an irradiation time of 2.4 seconds. Right panel (b): same distributions
for T =1.5-10° K, a neutron density of 10%® cm ™2 and an irradiation time of 0.3 sec-
onds [33].

carried out [6]. Here again, PDR strength has been observed, as shown in figure 2.7.
The measured neutron-rich isotopes are compared to the photoabsorption measurement
on the stable '24Sn nucleus, of which the GDR is well described by a Lorentzian function.
The unstable isotopes present an excess of E1 strength below the GDR region, which
is attributed to the PDR, exhausting 7(3) and 4(3)% TRK sum-rule strength for 13°Sn
and 328n, respectively [6]. These results lead to values for the symmetry energy of
pure neutron matter by interpolation on a RQRPA calculation [7]. An average value of
32.0 + 1.8 MeV was obtained from the '3%132Sn analysis. Using this value, a neutron
skin thickness of 0.23 £ 0.04 fm and 0.24 & 0.04 fm has been obtained for 3°Sn and
13281, respectively, using a similar interpolation procedure. Recently, the E1 strength of
%8Ni has been measured by virtual photon scattering [8], which shows an accumulation
of cross section near 11 MeV which cannot be described by the GDR alone, as shown
in figure 2.8. The upper limit of the width of this PDR is 1 MeV, while exhausting
approximately 5% of the TRK sum-rule strength assuming a total gamma-branching
ratio of approximately 0.4% and 4% for the GDR and PDR regions, respectively. This
result is of great interest for the present experiment, since it provides a comparison with

data obtained with a different experimental setup.
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Figure 2.7: Pygmy dipole strength in ¥%132Sn. Left panels: energy-differential electro-
magnetic excitation cross sections. Right panels: photoabsorption cross sections. From

Adrich et al. [6].

2.5 Heavy-ion-induced Electromagnetic Excitation

2.5.1 Preliminary Issues

Giant resonances are excited by the interaction of the nucleus with a probe via the strong
or the electromagnetic interaction. The different GR modes described in section 2.3
often overlap in energy, such that they cannot be distinguished based on the choice of
excitation energy alone. Omne therefore tries to choose a selective probe, in order to
excite only a restricted class of resonances. Inelastic scattering of hadronic probes is
often used. For non-spin-flip isoscalar modes, (a,a’) is a common tool, since the a-
particle is a S = 0 and 7" = 0 probe, as well as scattering of '2C and 60, although
the latter probes can mix hadronic and electromagnetic interactions, depending on the
energy of the projectile [1]. Protons, deuterons, and in general hadronic probes with
non-zero spin and isospin can also excite AS = 1 and/or AT = 1 GR modes. Giant
resonances can also be studied by purely electromagnetic probes, such as electrons and
photons. Inelastic electron scattering is a powerful tool for the measurement of transition
densities and for the disentangling of the various multipole modes of the GR, by studying

the form factor. However, electrons excite isovector as well as isoscalar modes and create
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Figure 2.8: Dipole strength of %*Ni measured by virtual photon scattering. Top panel:

photoabsorption and electromagnetic excitation cross section distributions. The blue

dotted line only takes the virtual photon spectrum into account, while the red dashed
line also includes the gamma branching ratio. Bottom panel: measured electromagnetic
excitation cross section, with GDR and PDR distributions folded with the detector

response. From Wieland et al. [8].

an unwanted continuum in the spectra due to the large elastic scattering cross section

in inclusive measurements. Photons, on the other hand, are very selective for AT =1
transitions [1], making photon scattering (,7’) and photoabsorption (y,xn+yp) very
powerful tools for the investigation of isovector giant resonances. While photoabsorption

with real photons is straightforward, it does not enable the study of short-lived nuclei,

since massive targets are required. The target and projectile roles must therefore be

exchanged, leaving the excitation in intense electromagnetic fields as the only realistic

method.

The treatment of heavy-ion-induced electromagnetic excitation relies on the evalu-

ation of the electric (and/or magnetic) field as a function of time and position. Even
though the field can be calculated for any given trajectory of an ion through the electro-
magnetic field, the assumption of a rectilinear trajectory greatly simplifies the procedure.
It should therefore be verified if the assumption of a linear trajectory is acceptable. When
considering pure Coulomb interactions, the trajectory of an impinging (light) nucleus on

a stationary heavy target is well described by Rutherford scattering, providing a hyper-
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bolic trajectory. The scattering angle may be derived from the Rutherford formula given
in ST units [36]:

(2.39)

Zr 7 pg?
19:2arctan[ T2Pde }

dmegbp/Fc?y
where Z is the nuclear charge, ¢. is the unit charge, ¢y is the electric permittivity in
vacuum, b is the impact parameter, p is the reduced mass, (¢ is the velocity of the
projectile, and v is the associated Lorentz parameter. The largest scattering angle is
given when expression (2.39) is evaluated for the smallest possible impact parameter
where only the Coulomb interaction takes place.

The minimum impact parameter is an important quantity, which is used not only to
evaluate expression (2.39), but also in the calculation of the equivalent photon spectrum.
A simple assumption for the minimum impact parameter would be to use the sum of
the radii of both interacting nuclei. The resulting values, however, do not describe
experimental data well. Benesh, Cook and Vary [37] propose a parametrization partially

based on the nuclear radii of heavy ions interacting at relativistic velocities:

bECY ~rg AV 4+ BYS — g (4713 4 B (2.40)

min

where A and B are the mass numbers of the two interacting nuclei. The parameters
ro = 1.34 fm and = = 0.75 have been obtained from a fit on experimental nucleon-nucleus
and nucleus-nucleus interaction data.

Using bﬁ%v = 12.7 fm for a 58Ni nucleus impinging with 500 AMeV on a Pb target,
the maximum deflection angle is of the order of 14 mrad, allowing the assumption that
the trajectory of the nickel nucleus through the electric field of the lead nucleus is linear,

simplifying greatly the subsequent analysis.

2.5.2 Fermi Approach

Fermi described the process of electromagnetic excitation due to a moving charge in 1924
with a non-relativistic approach [38], as shown in figure 2.9. The target nucleus, with
charge Zpe, is at rest, while the projectile moves along a linear trajectory, with a non-
relativistic velocity ¥. The geometry of the process can be reduced to two dimensions,
onto a plane defined by the trajectory of the projectile and by the center of the target.
The origin of the time scale is located at the turning point of the projectile, i.e., when
the projectile is at the distance of closet approach b, or impact parameter, with respect
to the center of the target. The electric field E generated by the target nucleus can be
described by the following identity (in natural units):

Zre
—||F\|3r (2.41)

= Zre
(7) = —5Ur =
Il
where Z7 is the charge number of the target nucleus, e is the unit charge, and @, is the

unit vector of 7. According to the inverse kinematics geometry of figure 2.9, the position
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Figure 2.9: Schematic view of the geometry of heavy-ion-induced electromagnetic exci-

tation.

vector 7 can be parameterized in the following way:
vt
= < . ) ;7 = Vb2 + 02t (2.42)

The longitudinal and radial electric fields can be described using equations (2.41) and
(2.42):

Zrevt
(b2—|—v2t2)3/2 ’

ZTeb
By (1) = 2 1 4,242)3/2
(b2 + v2t2)

Since the goal of this approach is to attribute an energy distribution to a given interaction

B (t)= (2.43)

with the parameter set {Zr,v,b}, the electric fields in equation (2.43) must first be
transformed from the time to the frequency domain via a Fourier transformation. The

following Fourier series will describe the electric fields in expression (2.43):

By (t Zansm[ ] Zb cos [%—"t} (2.44)

where T is the period of the function. The Fourier coefficients can be calculated with:

_2 T/2 By (t)sin [27771 } gt — 2Zrev /T/2 tsin [%T"t]
/2 T g (82 4 022)P (2.45)
/T/2 [27771 } gt — 2Zreb /T/2 cos [%T"t] " '
= — ) cos = — =
T/2 T T o (b2 4 0242)%/?

Using these expressions, expression (2.44) represents the electric fields of light waves,
which can be described by the corresponding frequency spectrum [36]:
dl (v,b) ¢

dv 2

|E (v, b)|? (2.46)
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By defining the frequency as v = n/T in equations (2.45) and by expanding the period of
the function to +oo, the spectrum of the combined longitudinal and transverse electric

fields is described by:

2 2
dI (v,b) _ cZze? 2 /Oo cos [2vt] dt ? /°° tsin [27vt] dt (2.47)
dv 27 oo (B2 + v2t2)3/2 oo (B2 4 v2t2)3/2

The solutions of the two integrals in equation (2.47) are modified Bessel functions of the

second kind, simplifying the intensity expression to:

I Z2e*? 2 2
dI (v,b) _ 8meZie’v K2 b LK ) (2.48)
dv v v

02

where Ky and K7 are modified Bessel functions of the second kind of order zero and one,
respectively. The approach described by Fermi shows the derivation of the frequency (or
energy) spectrum based on a time-varying electric field. Although the results presented in
this subsection cannot be used directly for the interpretation of the present experiment, it
shows in a reasonably simple manner the underlying concepts of the various descriptions

of heavy-ion-induced electromagnetic excitation.

2.5.3 Weizsacker-Williams Approach

The following equivalent photon approach was developed in 1934 independently by
Weizsédcker and Williams, and describes the process of electromagnetic excitation while
taking relativistic effects into account. While still in inverse kinematics (cf. figure 2.9),
the electric fields of equation (2.43) must be modified [1, 36, 39]:

VA t Zrevyb
By(t) =100 By ()= (2.49)
(b2 —|—fy%2t2)3/2 (b2 —1—7%%2)3/2
For completeness, the magnetic fields generated by the motion of the charge are:
B(t)=0, By (t)=BEL() (2.50)

The left panel of figure 2.10 shows the electric fields of equations (2.49) for a Pb target
nucleus and a projectile with a velocity of § = 0.75 and an impact parameter b = 12.7
fm, corresponding to the minimum impact parameter for a °®Ni nucleus. The right
panel of the same figure illustrates the distortion of the electric field seen by a projectile
due to its relativistic velocity. Qualitatively, if the velocity of the projectile increases,
the transversal electric field will become narrower due to the reduced interaction time.
Since a narrow time distribution produces a wide frequency distribution after a Fourier
transformation, the frequency spectrum will therefore reach out to higher values for the

higher projectile velocity. As the frequency distribution decreases asymptotically on
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Figure 2.10: Left panel: longitudinal (dashed blue line) and transversal (solid red line)
electric fields as a function of time. Values for a Z = 82 nucleus with § = 0.75 and

b =12.7 fm. Right panel: view of relativistic distortion of electric field.

the high-frequency side, a maximum excitation energy cannot be defined. The so-called
adiabaticity parameter £ is defined as the ratio of the collision time to the excitation
time. The parameter must be smaller than unity in order for an excitation to take place.
Otherwise, the duration of the collision is too long, and the interaction will be adiabatic,

i.e., without any energy transfer. The adiabaticity parameter is defined as:

_eb
~ hyBe

where € is the excitation energy and b is the impact parameter. Based on this definition,

£ (2.51)

the maximum excitation energy can be estimated if £ = 1 and if b = byyp:

hvyBc

bmin

(2.52)

€maxr —

Taking again the example of a °®Ni nucleus traveling with 3 = 0.75 onto a Pb tar-
get (bpin = 12.7 fm), the maximum excitation energy according to equation (2.52)
is 17.6 MeV. For the quantitative understanding of the frequency spectrum, a Fourier
transformation similar to expression (2.44) is applied on equation (2.49) to generate a fre-
quency spectrum of the two perpendicular electric fields according to equation (2.46) [36]:

d[” (W,b) 1 Z/12-v€2 c\2 1 2 2
— () K@

2 ¢
211 5
(;) e & Ko (&)

2.
AL, (w,b) 1 73 (2:53)

dw 2 ¢

with w = 27v and &, = ‘;’—S. Both intensity components of equation (2.53) must be added
together in order to describe the interaction felt by the projectile nucleus. Each value of

b will generate a different spectrum. Since the impact parameter cannot be measured,
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the spectrum will be integrated over all possible impact parameter values [36,37]:

dI (w) o0 dI” dl |
P\ 9 oL
: W/bmm<dw( )+ S .0 )b b

2.2 . v?
22 ey 01 () - 1 € 670~ K76

v

(2.54)

m™ C

with the adiabaticity parameter £ = % Based on equation (2.54), the so-called
number of virtual quanta N (hw) can be calculated:
dI (w)
dw

One of the most important features of the Weizsacker-Williams method is the link be-

dw = hwN (hw) d (hw) (2.55)

tween the virtual photon spectrum and the electromagnetic excitation cross section via
equation (2.55):
oo = / N (hw) oy (Few) d (o)

1 dI( )
/hw dw oy (W) dw

where o¢ is the electromagnetic excitation (or Coulomb) cross section and o, is the

(2.56)

photoabsorption cross section.

Although the approach presented above provides the description of the virtual pho-
ton field for the set of electric fields in expression (2.49), it cannot be used directly for
the understanding of the various giant-resonance modes. The reduced transition rates
for electromagnetic processes B (o), I; — I¢), as shown in subsection 2.1, provide the
strength of a transition based on the transition operator. The sum rules of subsec-
tion 2.2 indicate the integral cross section that can be expected for a given transition,
but do not contain any information of the photoabsorption strength distribution, which
is crucial for the conversion to the electromagnetic excitation strength distribution, as
shown by equation (2.56). The calculation of the photoabsorption cross section from the
reduced transition rate for a given giant resonance (w)-mode is given by the following

expression [40,41]:

(27)* (A + 1)

o 2A N+ P )P B (A I — 1) (2.57)

o7 () =

where € is the excitation energy, p (€) the density of final states as a function of excitation

energy, and k = w/c. The total photoabsorption cross section is then simply the sum of

all (mA)-modes:
=> o7 (e) (2.58)
A

In order to obtain the Coulomb excitation cross section according to equation (2.56),

the total number of virtual quanta N (€) for each (w\)-mode must be calculated.
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This is achieved by using a Liénard-Wiechert potential to describe the electromagnetic
fields [39,41-43], which is thereafter expanded by a Taylor series around the center of
the projectile nucleus. The first and second terms of the series give rise to the E1 and
M1 contributions, as well as a portion of the E2 contribution. For the full E2 excitation
amplitude, the third term of the Taylor series is also required. The electromagnetic fields
are expanded into multipole components using spherical harmonics, and then converted
into multipole potentials. The excitation amplitudes are then calculated via first-order
perturbation theory, using the multipole potential as the perturbation. This generates a
result comparable to the Fourier-transformed electric fields of equation (2.53), with the
main difference that this approach yields separate amplitudes for the various 7 A modes.
After removal of the dependence on the impact parameter by integration, total virtual

photon numbers for the major modes (E1, E2 and M1) are obtained:

Nei (0 = 223 (5)' (eko (1 0 - S (K (9 - K3 )]
Nes(0 = 228 () (2 [1- 5] @ +¢[1- 5] mio e
» s (2.59)
+ S K@ - K3 0] +€ 2= 5| K1)

2
Nun (9 = 223¢% ek (©) K ) - & [ ) - K3 )]

with the adiabaticity parameter & = €b,;, /hyv and the fine-structure constant a.. Using

these total virtual photon numbers, the electromagnetic excitation cross section can be

oc = Zag‘ = Z / %NM (¢) a;r)‘ (€) (2.60)
TA TA

which is equivalent to expression (2.56). Figure 2.11 shows a series of E1, M1 and E2

calculated with:

total virtual photon numbers for a %Ni beam impinging on a Pb target (Z=82) with
500 AMeV. For comparison, the adiabatic cut-off energy is 18 MeV for this energy. It
should be noted that at high virtual photon numbers, multiple excitation can occur.
This effect can be safely neglected at low energies, but can modify substantially the
shape of the virtual photon field at high energies. The beam energies of the present
experiment are located around 500 AMeV, where the probability of multiple excitation

is still relatively small [44], which is therefore neglected in the data analysis.
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Virtual photons

E [MeV]

Figure 2.11: Total virtual photon numbers for **Ni impinging on a Pb (Z=82) target
with 500 AMeV. The E1 (solid red line), M1 (dashed blue line) and E2 (dotted green

line) photon fields are shown.
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Chapter 3
Experimental Setup

The experimental details of the nickel experiment are presented in this chapter. Starting
with a general description of the GSI accelerator complex as well as of the FRagment
Separator (FRS), the main attention will be drawn to the setup of the detectors in
Cave C. After passing in review the major detector systems, a glimpse at the future
FAIR* facility will be given. The overall R3B! setup concept will be shortly discussed
before drawing attention to NeuLAND, the successor of the existing LAND detector.
Since its development has already begun, first test results will be presented, which con-

stitute one of the first steps towards the new detector system for fast neutrons.

3.1 GSI Accelerator Layout

The schematic layout in figure 3.1 depicts the existing GSI complex (in blue), as well
as the planned FAIR facility (in red, to the east of the existing GSI accelerators). The
present experiment took place in Cave C at GSI, which is located at the southern end of
the experimental hall. The primary ion beam is generated by the ion sources located at
the west end of the facility before being injected into the UNIversal Linear ACcelerator
(UNILAC), which accelerates the ions up to an energy of 11.4 AMeV [45]. The beam
is then passed to the SIS 18 synchrotron (SchwerlonenSynchrotron), which accelerates
the ions to the desired energy. The versatility of the UNILAC and SIS accelerators gives
access to ion beams of all possible stable and long-lived unstable primary beams, ranging
from protons to 238U with maximum energies of 4.5 GeV and 1 AGeV, respectively [46].
For the present experiment, two primary beams were used: ®Ni for the neutron-deficient
nickel runs and 8Kr for the neutron-rich nickel runs. After the final acceleration in the
SIS, the primary beams are directed towards the FRS, which will be described in the

following section.

*Facility for Antiproton and Ton Research
tReactions with Relativistic Radioactive Beams
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Figure 3.1: GSI accelerator complex with future FAIR facility. The existing GSI accel-
erators are depicted in blue and those of FAIR in red.

3.2 Fragment Separator FRS

The production of secondary ion beams is achieved with the FRS [46-48], located at the
exit of the SIS 18 synchrotron. In order to produce radioactive beams, the high energy
primary beam interacts with a 4.19 g/cm? Be production target, as seen in figure 3.2. A
broad distribution of nuclei is produced via nuclear fragmentation due to the relativistic
energy of the projectiles. The unreacted beam and the fragments enter the first two
FRS dipole magnets, which filter out all species except those with a specific A/Z ratio,
according to the setting of the magnetic field. The passage of a charged particle through
a magnetic field is described by:

p A
Bp= 5o =Py (3.1)

where B is the strength of the magnetic field, p is the curvature radius of the trajectory,
p and @ are the momentum and charge of the particle, respectively, A and Z are the
mass and charge numbers, respectively, of the particle, § is its velocity, and ~y is the
associated Lorentz factor. It should be noted that expression (3.1) does not take the
mass defect into account. While A and Z are defined by the ion of interest and p is
fixed by the geometry of the FRS, the value of B must be adjusted for a given ion. The

velocity of the ions is related to their production mechanism. The width of the velocity
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Figure 3.2: Schematic drawing of the Fragment Separator (FRS). The three scintillator

detectors used in the analysis are also shown.

distribution must be narrow in order to prevent losses due to the limited acceptance
of the magnets, forcing the velocity variation between the primary and secondary ion
beams to be small.

With a FRS momentum resolution of Ap/p = 2% [46], the secondary ion beam still
includes multiple species at the F2 focal plane (after the first two dipole magnets). If a
pure beam is requested, a degrader can be inserted into the beam path at this location.
Since the energy loss is proportional to Z?2 (c¢f. the Bethe-Bloch formula (5.21)), the mag-
netic rigidity of the various charges will be different in the second Bp separation stage
in the third and fourth dipole magnets, which allows the isolation of a pure secondary
beam. In the present case, however, the FRS was set to produce a so-called cocktail
beam, containing several species with similar intensities, allowing a simultaneous mea-
surement of various nuclei, since each ion is tracked and identified on an event-by-event
basis.

The FRS is fully equipped with detectors for the tracking of the ions. Three plastic
scintillator detectors are of special interest, since their data is required by the analysis,

and are therefore shown in figure 3.2. Two plastic-scintillator paddles, each of which is
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read out by two photomultipliers, are placed at the F2 (in the middle of the FRS) and
F8 (at the end of the FRS) focal planes, respectively. The S2 and S8 scintillators can
provide the velocity measurement of the incoming ions. Since the trajectory between
S2 and S8 is not rectilinear, the distance between both detectors is not well defined,
since it depends on the effective beam trajectory. The actual velocity measurement will
be performed with the S8 scintillator and the POS detector in Cave C, which will be
presented in the following section. The third important FRS detector is the FGR — or
finger — detector, which mainly provides the lateral distance of the ions with respect to
the optical axis of the FRS at the F2 focal plane. The position in the dispersive plane
enters the calculation of the Bp value of each ion as a correction, which enhances the A/Z

resolution. The FGR detector is drawn schematically in figure 3.3. Each photomultiplier

L\

Figure 3.3: Finger detector at the F2 focal plane of the FRS. When a signal is measured
in coincidence in two photomultiplier tubes (drawn in red), the lateral position is given

by the position of the common paddle.

tube reads out two neighboring scintillator paddles. A hit in a given paddle triggers two
PM tubes in coincidence (drawn in red in the figure), which allows the lateral position
measurement. This type of detector is automatically calibrated, which is one of the main
advantages of this type of readout. In order to measure the vertical position or the mean
time of the hit, the PM tubes would have to be synchronized in time and energy with
respect to each other. The high rates at F2, however, prevent each ion of being detected,
since the probability of a given ion being shadowed by a slightly earlier one is relatively
high. If the first ion does not reach Cave C, but the second one does, the precise Bp
value cannot be calculated, which contributes to a loss of mass resolution. Also, the
mass distribution of the fragments produced in the FRS usually peak near the valley of
(-stability, meaning that less exotic fragments are more abundant. Since the masses are
somewhat geometrically separated (but not resolved) in the dispersive focal plane F2,

the detection probability decreases for the masses on the stable side of the distribution.
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3.3 LAND Setup in Cave C

3.3.1 Setup Presentation

After the production and separation of the secondary beam in the FRS, the exotic
ions enter the LAND setup in Cave C, shown in figure 3.4. The incoming beam is
tracked in time by the POS scintillation detector (along with information from the S8
scintillator paddle) as well as in position by two position-sensitive pin diodes (PSP).
These also provide an energy-loss measurement allowing the identification of the charge
of the ion. The beam then reaches the reaction target at the front opening of the Csl
gamma-detector barrel. A third PSP is placed behind the gamma detector and serves
the tracking of the heavy fragments, which are then deflected in the magnetic field of
the ALADIN magnet (A Large Acceptance DIpole magNet) towards the heavy fragment
branch at 13.3° with respect to the incoming beam. A large vacuum chamber (not shown
in fig. 3.4) was inserted into the ALADIN aperture and reached up to the beginning of
the beam pipe shown in the setup drawing. The ions therefore were in vacuum since
their production and up to the very end of this branch.

Unaffected by the magnetic field, the evaporation neutrons remain on their trajectory
close to 0° until they reach the LAND detector (Large Area Neutron Detector). A
plastic-scintillator Veto wall (not shown in fig. 3.4) is placed in front of LAND in order
to distinguish protons from neutrons, since only the former produce a signal in the Veto
wall. Such protons do not find their origin in the target, and therefore contribute to the
background. In the fragment branch, the ions pass through three GFI fiber detectors,
providing horizontal positions, which are used for tracking. A small plastic-scintillator
wall, the NTF (New Time-of-Flight wall), was placed behind the third GFI. This detector
was used for testing purpose only. A similar but larger detector, the TFW (Time-of-
Flight Wall), provides position, time and energy-loss information of the heavy fragments
and unaffected beam particles.

The following subsections will shortly describe the properties of the individual de-
tectors of the setup. A more detailed description can be found in the thesis of Stefanos
Paschalis [49].

3.3.2 Beam Tracking Detectors

When the beam reaches Cave C, the A/Z ratio is determined by the FRS, but the charge,
velocity and angles of the trajectory must still be determined. The velocity is obtained by
measuring the flight time of the individual ions between the S8 scintillator, placed after
the fourth FRS dipole magnet, and the POS detector, a thin plastic-scintillator detector
(5x5x0.02 cm?), read out by four photomultipliers, as can be seen in figure 3.5. The

time measured by POS is also the reference time of all detectors of the setup. This
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Figure 3.4: LAND setup in Cave C. The Veto wall in front of LAND and the ALADIN vacuum chamber are not shown.

36



3.3. LAND SETUP IN CAVE C

Figure 3.5: Beam tracking detectors in front of ALADIN. From right to left (beam
direction): PSP1, POS, PSP2, Csl (with target) and PSP3.

detector can also provide energy-loss and position information, but these quantities are
measured with a higher resolution with the position-sensitive pin diode (PSP) detectors
(4.5x4.5x0.03 cm?). Using the positions on the first two PSP detectors, the position
of the reaction vertex in the target is extrapolated. The absolute time at which the ion
reaches the vertex is also extrapolated using the measured velocity. In both cases, the
precision of the extrapolated quantities depends strongly on the geometrical knowledge
of the setup.

Two detectors are not shown in figure 3.5: the ROLU and pixel detectors. The
ROLU is a set of four plastic scintillators, each of which is read out by one PM tube.
The acronym ROLU stands for Rechts Oben Links Unten (right top left bottom), and
indicates the position of the subunits with respect to the beam axis. Each scintillator
can be driven into the beam line with a small motor, creating a rectangular variable
aperture for the ions. The ROLU is usually used to collimate the beam by acting on the
beam trigger in an anti-coincidence mode. In the present experiment, the ROLU was
most often set to a square aperture of 2x2 cm?.

The pixel detector is exclusively used for the position calibration of the PSP detectors.
This detector is mounted on a retractable structure, allowing its removal from the beam
path whenever it is not required for calibration. It consists of a clear plastic mask with
21x21 0.5x0.5 mm? square scintillator pixels with a pitch of 2 mm. The scintillation

light is collected by the mask and detected by a photomultiplier tube. A coincidence

37



CHAPTER 3. EXPERIMENTAL SETUP

measurement of the PSP and of its pixel detector provides a projection of the pixel
layout on the PSP, which is distorted before calibration. A map can then be established

using a cluster-finding algorithm, in order to make the positions of the pixels match.

3.3.3 The CsI Gamma Detector

The gamma detector used in the present experiment is composed of 144 CsI(Na) crystals
arranged in a barrel geometry, as seen in figure 3.6. There are 12 azimuthal segments with
12 crystals each, segmented according to the polar angle. Since not only electromagnetic
excitation was performed during the nickel experiment, but also quasifree scattering, a
plastic-scintillator detector was introduced between the beam pipe and the Csl crystals
in order to detect protons. This detector is an assembly of 12 scintillator strips running
through the entire length of the Csl, with the strip width matching the width of the
azimuthal segments of the gamma detector. When only gammas should be detected in
the Csl detector, the plastic scintillator detector is used as a veto detector to discriminate
gammas from charged particles. If a neutron is, however, knocked out of the nucleus in
a quasifree reaction, the plastic detector will not register it, but the Csl detector will
record a high-energy entry. In order to exclude such neutron hits, the high-energy values

are identified on an event-by-event basis and ignored by the present analysis.

"
e,

Figure 3.6: View of the opened Csl gamma detector [50].

3.3.4 The Large Area Neutron Detector LAND

The Large Area Neutron Detector (LAND) is a high-efficiency neutron time-of-flight
detector designed for neutrons with energies ranging from 100 to 1000 MeV [51]. LAND

is placed at approximately 14.6 m behind the target at an angle of 0° and is composed of
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Figure 3.7: Left: view of the Large Area Neutron Detector LAND. Right: LAND scin-
tillator paddle. Each sheet of 5 mm thick plastic scintillator is preceded by a 5 mm thick

sheet of iron converter.

200 so-called paddles with a section of 10x 10 cm? and 2 m long. Each paddle is a stack of
10x5 mm thick iron sheets, each of which is followed by a 5 mm thick plastic-scintillator
sheet. The iron layers convert the high-energy neutrons to charged particles, which can
be detected subsequently in the following scintillator. Each paddle is read out by two
photomultiplier tubes placed at the ends of the paddles. Twenty paddles are assembled
into a 2x2 m? plane perpendicular to the beam axis. Ten such planes are then stacked
to provide a 1 m deep detector. The planes alternate vertical and horizontal paddles
in order to increase the position resolution of the detector. When a paddle is hit, the
position along the paddle is provided by the time difference of the signals measured by
the two PM tubes, while the other two positions are defined by the absolute position of
the paddle in the detector.

Since each neutron usually generates several hits in LAND, all 400 channels must be
synchronized in time and energy, such that the hits in various paddles can be compared
with each other. The optimally working LAND presents a time resolution of o; ~ 250 ps.
If more than one neutron interacts with LAND, the hits of the different neutrons must
be separated: a special algorithm attributes the various hits to the different neutrons by
using time, position and angular arguments. The calibration of all 400 channels will be

discussed in more detail in chapter 4.

3.3.5 The Large-area Scintillating Fiber Detector GFI

The large-area scintillating fiber (GFI) detectors [52, 53] provide horizontal position
measurements with a high precision. Each detector consists of 475 scintillation fibers
with a length of 50 cm and 1 mm wide. One end of the fibers is coupled to a position-

sensitive photomultiplier tube, while the other is read out by a conventional PM tube for
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Figure 3.8: The scintillating fiber detector GFI.

timing and energy measurements. In the nickel experiment, only the position information
was used. As long as the position resolution of the position-sensitive photomultiplier is
better than the fiber width, which is fulfilled for heavy ions in the mass region of the
present experiment, the position resolution of the GFI detector corresponds to the fiber
pitch of 1 mm.

The GFT calibration relies on a similar algorithm as the PSP detectors. Each fiber is
attached to a mask coupled to the position-sensitive PM tube. The horizontal position
is then obtained wvia a coordinate system transformation. This requires the calibration
of the PM tube using a so-called sweep run, during which the ion beam is swept over the
various detectors of the fragment branch by varying the magnetic field of ALADIN. The
position of each fiber can then be determined with a cluster-finding algorithm in order
to establish the complete mapping of the fiber mask, which is used for the coordinate

transformation.

3.3.6 The Time-of-Flight Wall TFW

The last detector of the fragment branch is the time-of-flight wall (TFW), shown in fig-
ure 3.9. The modular design comprises 18 horizontal and 14 vertical plastic scintillating
paddles, both 10 cm wide and 0.5 cm thick, and read out by photomultiplier tubes at
both ends. The position of the ions along the paddles is again provided by the time
difference measured by the PM tubes. However, the position resolution is inferior to
that of the GFI detectors, and therefore cannot contribute to the fragment tracking.
The main purpose of this detector is to provide time and energy-loss measurements.
The energy loss is used for the charge identification of the fragments, allowing charge
correlations to be established using also information from the third PSP detector, which
will be described in chapter 5.

The calibration of the TFW is closely related to that of LAND: all channels must be
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Figure 3.9: The time-of-flight wall TFW.

synchronized in time and energy before use. This can be achieved by using the sweep
run, as in the case of the GFI detectors (subsection 3.3.5). The sweep run, however,
is performed without any reaction target, and therefore the beam is constrained to a
narrow vertical range. The synchronization of the channels far from the center of the
detector is more reliable if a run with a thick reaction target is used, due to the angular
straggling. The general calibration procedure will be described in chapter 4 along with
the LAND calibration.

3.4 R’B Setup at the Future FAIR Facility

3.4.1 General Properties of the R*B Setup

The R®B setup (Reactions with Relativistic Radioactive Beams) at the future FAIR
facility can be considered as an upgrade of the existing LAND setup at Cave C. The
planned FAIR accelerator layout can be seen in figure 3.1, where all future facilities are
drawn in red. The current GSI accelerators will be upgraded to handle higher beam
intensities in order to be used as injectors for FAIR. One of the main new features
will be the SIS 100/300, a double heavy-ion synchrotron capable of accelerating, e.g.,
BBUYT up to 34 AGeV [54]. When U7 ions are accelerated instead of U%?* ions,
the maximum intensity that can be obtained due to the space-charge limit is increased
by approximately one order of magnitude, which, however, requires the use of stronger
magnetic fields. The production of secondary beams does not require such high energies,
but the higher intensities will be beneficial for the investigation of even more exotic
nuclei. The Super-FRS will produce the exotic beams with magnetic rigidities of up to
20 Tm [55], providing beam energies up to 1 GeV per nucleon [54], which can be directed
into the R®B setup, besides various other experiments and storage rings.

Figure 3.10 presents the schematic layout of the R3B setup. As for the present LAND
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Figure 3.10: The R3B setup at FAIR. Figure from the R3B technical proposal [55].

setup, the incoming beam will be tracked up to the target, which will be surrounded by
a 47 gamma calorimeter. A new superconducting dipole magnet, capable of handling
the high beam energies, will be used to deviate the charged fragments into two branches:
the heavy fragment and the proton branches. The fragment branch will be implemented
with a new TOF wall based on Resistive Plate Chambers (RPC), a detector category
which will be described in more detail in the following subsections. The proton branch
will track protons with gas-filled drift chambers, which are already in use at Cave C
for the more recent LAND experiments. For the neutron detection, a new detector -
NeuLLAND - will be built. Instead of using scintillator material, RPCs will be used here
also. A second neutron detector for slower neutrons will be installed at an angle close
to 45° with respect to the incoming beam for the investigation of, e.g., charge-exchange
reactions. One of the major implementations with respect to the existing LAND setup
is the high-resolution magnetic spectrometer intended for precision mass measurements,
used for instance for knock-out and quasi-free scattering reactions.

In the following subsections, the NeuLAND detector will be presented in more detail,

as well as results of one of the first test experiments.

3.4.2 NeuLAND

The design goals of NeuLAND have been chosen to match the momentum resolution
of the charged fragments of Ap/p a~ 1073 [55]. This constrains the time and position
resolutions of the new detector to oy < 100 ps and 0, 4. ~ 1 cm, which is approximately
one third of the respective quantities of the existing LAND detector. The active area
seen by the neutrons will remain at 2x2 m?, since this will match the +80 mrad of
the aperture of the dipole magnet if NeuLAND is placed at a distance of 12.5 m from

the target. The depth of the detector will also remain approximately the same, since
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it is mainly determined by the neutron interaction length of the converter material.
These detector variables will allow an invariant-mass resolution of 10 keV at 200 keV
above the neutron threshold for a medium-mass nucleus with an incoming energy of
500 AMeV, when the detector is located the farthest from the target (approximately
35 m). NeuLLAND should also be capable of detecting up to 5 neutrons per event and

reconstruct their momenta correctly [55].

p yield for 500 MeV neutrons on 5mm Fe (FLUKA)
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Figure 3.11: Proton yield per incident 500 MeV neutron on 5 mm Fe. Solid line with
dots: total proton yield. Other lines: proton yield for the 0-5° (solid line), 5-20° (dashed
line), 20-80° (dashed-dotted line), 80-120° (dotted line) and 120-180° (densely dotted
line) angular ranges. Figure from the R3B technical proposal [55].

The design of the new detector relies on the properties of the neutron conversion.
As in LAND, iron will be chosen as passive converter material for NeuLAND), since it
offers an attractive density-to-cost ratio. A FLUKA calculation shows in figure 3.11 the
energy distribution of the generated protons for an impinging neutron at 500 MeV [55].
As the distribution peaks at low energies, the new detector will primarily be required
to present good time and position resolutions in this region. Also, the 20-80° range
dominates the distribution, which also must be taken into account, since large angles
can ruin the position resolution in thick detectors.

There are two major detector concepts for NeuLAND, based on scintillation material
or on Resistive Plate Chambers (RPC). The high granularity of NeuLAND requires a
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large number of read-out channels: the cost for fast photomultiplier tubes is one of the
main drawbacks for the scintillator solution. The RPC concept is very attractive from
the cost point of view, since this type of detector is based on common materials, lowering
the cost per channel. These detectors are used for the detection of charged particles,
most often minimum ionizing, meaning that a serious effort in R&D is required in order
to detect high-energy neutrons. In the following subsections, the RPC detector principle
is described, as well as a first test experiment, in which existing RPC detectors have

been tested with a proton beam in the low-energy range of figure 3.11.

3.4.3 Resistive Plate Chamber Detectors

Resistive Plate Chambers (RPC) are gas-filled detectors usually used for the detection of
charged particles. The RPC has been introduced in 1981 by Santonico and Cardarelli [56]
and proposed as a less complex variant of the Pestov counter [57]. The initial concept
was simple: the RPC consists of two parallel electrode plates with counter gas flowing
at atmospheric pressure between them. At least one of the electrodes must be made of a
material with a high bulk resistivity. In this early RPC design, two Bakelite electrodes
were used, with a bulk resistivity of 1019-10!' Q ¢cm. The counter gas was a 1:1 (v/v)
mixture of argon and butane. Argon is an inexpensive gas often used in proportional
counters due to its low electron affinity [58], which is of high importance in electron
avalanche detectors. The butane acts as quench gas responsible of absorbing UV photons
generated by the relaxation of Ar atoms. Ultraviolet photons can produce ionization of
the gas far from the initial interaction vertex, which causes a loss in position resolution
and proportionality. Copper foil was placed on one of the Bakelite plates (on the side not
facing the gas volume) and was connected to ground. High voltage was applied to the
other plate via a thin sheet of conducting paper. Copper strips were apposed above the
HYV electrode to extract a usable electric signal. The high surface resistivity of the HV
electrode makes it transparent to electric pulses generated by the electrode avalanche
in the gas gap [59,60]. This allows the signal to be efficiently decoupled from the HV.
Also, since the HV in the gas gap is carried electrostatically by the Bakelite plates, the
amount of current flowing in the gap is small and therefore does not lead to a voltage
break-down of a large portion of the detector. This first RPC showed a time resolution
of approximately 1 ns and 97% efficiency at an operating voltage of 10 kV.

Over the years, the RPC design and operation parameters have greatly evolved with
the optimization of the detector attributes for various uses. The gas gaps have become
smaller, leading to an increased number of gaps in order not to lose efficiency. Also,
glass plates are widely used as resistive material instead of Bakelite, which is due to
the increased stiffness of glass and its superior surface quality. The gas mixture has
evolved as well: the first RPC of Santonico and Cardarelli did not require the use of

amplifiers to process the electronic signals, since the detector was operated in the so-
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called streamer mode, which involves the discharge of a relatively large region of the
detector, generating large signals. Several actual experiments run RPCs in the streamer
mode, such as BELLE at KEK} and BABAR at SLACS. The streamer mode simplifies
the read-out electronics, but is severely limited by the rate capacity of approximately
1 Hz/cm?.

In presence of higher rates, the RPC must be operated in the so-called avalanche
mode [61], involving smaller currents and therefore a smaller blind zone after a signal
has been generated. Since the strength of the electric field cannot simply be reduced
to prevent the formation of streamers without destroying the detection efficiency and
time resolution, the gas mixture must be modified. Attempts to operate the RPC in the
avalanche mode have been carried out with various compositions of halogenated carbon
compounds such as CClyFy (Freon-12) [61], CF3Br (Freon-13B1) [62], CH3F4 (Reclin-
134a) [63,64] or CHF5 (HFC-125) [65]. A small proportion of SFg also suppresses
streamers [66] and extends the efficiency plateau on the high-field side. A standard gas
mixture of 85% Reclin-134a + 5% isobutane + 10% SFg is currently used in most detector
systems [64]. Some attempts have been made to change the gas mixture by using COq
instead of SFg and isobutane, or by removing the isobutane from the mixture, at the
expense of time resolution and efficiency [65]. The use of gases with a significant global
warming potential, such as SFg and Reclin-134a, introduce further constraints on the
release of the counter gas to the atmosphere. A possible design of a recycling unit for
the RPC gas mixture is discussed in appendix C.

The avalanche-mode RPCs can be furthermore subdivided into two categories: trig-
ger and timing RPCs. The latter have more strict conditions on the mechanical ho-
mogeneity than the former, since the time resolution strongly depends on the gas gap
size [64]. Small fluctuations in the gap size can generate position-dependent time reso-
lution effects, which ruin the overall resolution. Avalanche-mode trigger RPCs are used
in high-energy physics experiments such as ATLAS and CMS at the LHCY, while timing
RPCs can be found in HARP at CERN! or in ALICE at the LHC, or in FOPI and
HADES at GSI. Generally speaking, RPC detectors can only measure time. The charge
of an event is usually defined only by the detector properties, mainly by the electric field
strength. This is due to the electron avalanche process: when an electron-ion pair is
created by the passage of an ionizing particle or by a photon, the electron is accelerated
towards the anode. On the way it collides with the various gas species, where more elec-
trons are knocked-out. The amplification continues until the electric field created by the

RPC electrodes is screened strongly enough by the electron cloud, which occurs at the

YKEK High Energy Accelerator Research Organization, Tsukuba, Japan

$SLAC National Accelerator Laboratory, previously known as Stanford Linear Accelerator Center,
Menlo Park, CA, USA
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so-called space charge limit. This limit is reached relatively quickly at quasi-atmospheric
gas pressures.

The design constraints defined for NeuLAND in subsection 3.4.2 require excellent
timing properties as well as a high detection efficiency. The detector concept therefore
relies on multi-gap timing RPCs, as can be seen in the prototype design in figure 3.12.
A 2x4-gap RPC prototype is planned with read-out electrodes of approximately 2.4 cm
width. The modules should finally measure 2x0.5 m?, allowing four such modules to be
assembled into one plane. Since the prototype testing is under way, all detector variables
are subject to change. In most experiments, the detectors are required to be almost
transparent to the particles they measure. For NeuLAND, a massive passive converter
is required for the production of a hadronic shower by relativistic neutrons. The inner
and outer read-out electrodes are therefore planned with a thickness of 4 and 2 mm,
respectively. The glass plates lie on a network of fishing line, defining the width of the
gas gap. The outermost glass plates are coated on the side opposite to the gas gaps with
a graphite layer onto which the high voltage is applied. This layer is isolated from the
read-out electrodes by Kapton film. A differential read-out of the electrodes is planned,
in order to improve the signal quality. The cross-talk between neighboring electrodes is
an important issue since inactive detector volumes are minimized: the electrode strips
are glued together, yielding a spacing of a few hundred microns.

Several RPC modules will be stacked together and inserted into gas-tight envelopes.
Since the electronics and supporting structures will need to be located at the short edges
of the individual modules in order to create a continuous active layer, the gas gap spacers
must run along the length of the RPC. The gas quality must be homogeneous throughout
the entire detector, indicating that the detector gas must be pumped through the gaps,
since diffusion will exchange gas volumes much slower in the center of the detector than
near the edges.

RPC prototypes for NeuLAND have already been produced and tested under various

conditions, in order to choose a final concept for the detector. The following subsection
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Figure 3.12: One of the investigated RPC concepts for NeuLAND.
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will present results from the KVI test experiment, where two RPC prototypes designed

for other detector systems have been tested with low-energy proton beams.

3.4.4 RPC Test Experiment at KVI

The previous subsections have shown on one hand that relativistic neutrons produce
primarily low-energy protons when interacting with Fe nuclei, and on the other that
Resistive Plate Chamber (RPC) detectors have been developed for the detection of
minimum ionizing particles. Since NeuLAND shall be based on RPCs, their response to
non-minimum-ionizing protons must be proven to provide sufficient time resolution and
efficiency. A test experiment with RPC prototypes has been carried out for this reason
with proton beams at various energies at the Kernfysisch Versneller Instituut (KVI) at
the University of Groningen in the Netherlands.

The first RPC prototype of the test experiment was provided by the FOPI collab-
oration and is a 900x46 mm? RPC of the production series [67,68]. The design of the
detector is shown in figure 3.13, although the production series RPC consists of 2x4 gas
gaps of 300 pum width. Copper foils are apposed on the outermost glass plates to supply
the high voltage. A typical operating voltage for this RPC was -9.5 kV, although tests
with various voltages ranging from -8.6 kV to -9.7 kV have been carried out. A 16-strip
read-out anode was placed in the middle of the detector with a pitch of 1.94 mm and a
gap width of 0.6 mm. The electronic signals were pre-processed by a specially designed
pre-amplifier, which generates an amplified analog signal as well as a logical signal. This
information was then sent to the data-acquisition system.

The second RPC tested at KVIis a prototype from LIP in Coimbra, Portugal. Unlike
the FOPI RPC, this detector has structureless read-out electrodes [69], as can be seen
in figure 3.14. The RPC is 60 cm long, 2 cm wide and 1.12 ¢m high, with 2x2x300 pum
gas gaps. The HV aluminum electrodes are in contact with the gas volume, and the
resistivity is carried by only one glass plate placed between them. The central electrode
is supplied with a typical positive voltage of 6.25 kV. Here also, the voltage has been
varied from 5.5 kV to 6.5 kV for testing purposes. The anode is read out with respect to
the outer cathodes (ground) via a capacitance. The electronic signals are treated with
the FOPI pre-amplifiers before being sent to the data-acquisition system. The results
recorded with this RPC are not optimal since the designated front-end electronics were
not available.

The test experiment was performed at the irradiation station of the AGOR cyclotron
facility at KVI. A picture of the setup is shown in figure 3.15. Proton beams at 190 and
85 MeV were delivered to the cave and passed through a collimator before reaching
the detectors. A [0 = 5 mm collimator was used during most of the test. Protons at
120 MeV and at energies between 26 and 72 MeV were generated in the experimental

area by inserting degrader material into the 190 and 85 MeV beams, respectively. In
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Figure 3.13: Schematic drawing of the FOPI RPC. The bottom inlay shows the assembly
of FOPI RPC subunits in the gas box. From A. Schiittauf [67].
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Figure 3.14: Schematic drawing of the LIP Coimbra RPC. From Alvarez-Pol et al. [69].
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Figure 3.15: Picture of the RPC test-experiment setup at KVI.

most measurements, the proton rate varied from 100 to 200 counts per second. With
the 5 mm beam collimator, this leads to a unit-surface rate of approximately 500 to
1000 Hz/cm?, which is three orders of magnitude higher than expected for NeuLAND.

Figure 3.15 shows the standard configuration of the test: the beam first passes
through a plastic scintillator viewed by two Hamamatsu R2083 photomultiplier tubes,
which generate the trigger. The protons then pass through the FOPI RPC before enter-
ing a second scintillation detector, equipped with two Photonis XP2262 PM tubes for
efficiency measurements. The LIP RPC was usually placed behind the other detectors,
in order to profit from the beam time. For timing measurements with LIP detector,
however, the positions of the two RPCs were exchanged. The RPCs were both supplied
in series with the standard gas mixture of 85/10/5 Reclin-134a/SFg /i-Butane.

The analysis details of the KVI test experiment are discussed in appendix B. The
time resolution of the RPCs is measured by considering the time-of-flight between the S1
scintillator and the RPC. The mean time has been used for the individual detectors, since
this removes the position dependence of the time signal. The resulting time distribution
is then fit by a Gaussian function which directly provides the o time resolution. If the
observed time resolution is obtained from the flight time of the protons between the
S1 scintillator and the RPC, the total time resolution is the quadratic sum of all time

resolution values of the various detectors:

2 2 2 2 2
oror =051, Y 051.,r + OrpPC,L T ORPC,R (3.2)
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RPC E, MeV] o7t [ch] of'BPC [ch] oftPC [ch] oFPC [ps]

FOPI 120 0.93 1.46 1.13 45.2
FOPI 38 1.04 1.81 1.48 59.2
FOPI 29 1.20 3.60 3.39 136
LIP 120 0.93 247 2.29 91.6
LIP 48 1.65 2.26 1.54 61.6

Table 3.1: Time resolution results o; for the FOPI and LIP RPCs at various proton
energies. The 120 MeV data was recorded with the LIP RPC in the rear position,
which affects the time resolution. For the time resolutions given in ps, a TDC gain of
40 ps/channel is used. S1 labels the time resolution of the trigger scintillator detector
located in front of the RPCs, while SIRPC labels the combined RPC and S1 time

resolution.

where L and R label the time resoluti