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1 Het gebruik van verschillende afsnijstralen in de Fourier-Bessel analyse van de verschillende

toestanden van de grondtoestandsband in 1 5 2 Sm door Phan et al. ') is niet nodig als de

convectiestroom g^parametriseerd is volgens de definities van Heisenberg 2).

!) X.H. Phan et al. Phys. Rev. C 38, 1137 (1988)
2) J.H. Heisenberg, Adv. Nucl. Phys. 12 (1981) 61

2 De manier om stralingscorrecties toe te passen op (e.c'X) reacties, zoals dat standaard gedaan

wordt, is fundamenteel incorrect, zelfs als men straling van het hadron volledig verwaarlozen kan.

3 Het door de Bates Program Advisory Committee goedgekeurde proposal 89-05 om de

^eCe.e'ir1") reactie te onderzoeken zal in de huidige vorm niet tot betrouwbare resultaten leiden.

4 Zolang de invloed van de waterkringloop op het broeikaseffect nog niet met behulp van

modellen in kaart is gebracht, is de beslissing om van overheidswege te investeren in de bestrijding

van het broeikaseffect ongegrond.

5 Premies van ziekenfondsverzekeringen zouden lager kunnen zijn wanneer declaraties van

door de patiënt niet tijdig afgezegde consulten aan de patiënt zelf zouden worden doorberekend.

6 Het feit dat in Transsylvanië verscheidene minderheden nog steeds stelselmatig worden

onderdrukt wijst erop dat de macht in Roemenië in handen is van een groep mensen, die niet

wezenlijk verschilt van die van vóór de revolutie. Het noemen van Roemenië in het rijtje van

Oostbloklanden die hun politieke koers hebben gewijzigd doet daarom onrecht aan de werkelijke

omwentelingen in de overige Oostbloklanden.

7 Gezien de resultaten van het Nederlandse bridgetcam op de internationale toernooien in de

afgelopen jaren, zou de Nederlandse Bridge Bond het gebruik van sterk conventionele (rode)

systemen moeten stimuleren in plaats van ontmoedigen. Dit zou leiden tot enerzijds een grotere

bedrevenheid van de topspelers in het zich wapenen tegen dit soort systemen, anderzijds tot betere

resultaten tegen de zogenaamd "zwakkere" landen.

8 De ware tragedie voor het milieu is dat struisvogelpolitiek niet meer mogelijk is door de

vervuilde bodem.



VRIJE UNIVERSITEIT TE AMSTERDAM

SHAPE TRANSITION IN THE Nd-ISOTOPES

An electron scattering study

ACADEMISCH PROEFSCHRIFT

ter verkrijging van de graad van doctor aan
de Vrije Universiteit te Amsterdam,
op gezag van de rector magnificus

dr. C. Datema,
hoogleraar aan de faculteit der letteren,

in het openbaar te verdedigen
ten overstaan van de promotiecommissie

van de faculteit der natuurkunde en sterrenkunde
op donderdag 21 februari 1991 te 13.30 uur

in het hoofdgebouw van de universiteit,
De Boelelaan 1105

door

ROBERT KARL JOSEF SANDOR

geboren te München

Drukkerij Kerkhofs
Veldhoven 1991



Promotor : prof. dr. M.N. Harakeh
Copromotor : dr. C.W. de Jager
Referent : prof. dr. J. H. Heisenberg

The work described in this thesis is made possible by financial support from the Foundation

for Fundamental Research on Matter (FOM) and the Dutch Organisation for Scientific

Research (NWO)



Ran mijn ouders

Aan Ine



Contents

1 Introduction 1

2 Theoretical Descriptions 7
2.1 Microscopic Calculations 7

2.1.1 Introduction 7
2.1.2 General structure 8
2.1.3 Hartree-Fock theory 10
2.1.4 Effective interactions 11
2.1.5 Pairing correlations 12
2.1.6 Nuclear excitations 14

2.2 The Quasi particle-Phonon Model 15
2.2.1 General formalism 16
2.2.2 Transition charge densities 18
2.2.3 The parameters 19

2.3 Triaxial Hartree-Fock-Boguliubov Calculations 21
2.3.1 The DDHFB framework 21
2.3.2 The Generator Coordinate Method 24
2.3.3 Transition charge densities 25

2.4 References 27

3 Electron Scattering Formalism and Experimental Procedures 2 9
3.1 Electron Scattering Formalism 29

3.1.1 Electron-scattering cross sections in PWBA 30
3.1.2 Modifications due to distorted wave effects (DWBA) 32
3.1.3 Fourier-Bessel expansion of charge and current densities 33

3.2 Experimental Conditions 35
3.2.1 Equipment 35
3.2.2 Targets 36
3.2.3 Data-taking conditions 37

3.3 Data Analysis 39
3.3.1 Calibration of the incoming energy 39
3.3.2 Lineshape fitting 40
3.3.3 Normalisation of the cross sections 42
3.3.4 Fourier-Bessel analysis of excited states 44

3.4 References 46



4 The Spherical Nucleus I 4 2Nd 47
4.1 Introduction 47
4.2 General Remarks on the QPM Calculations for l42Nd 50
4.3 The Quatirupole States 52
4.4 Hie Ocuipole States 57
4.5 The Hexadecapole States 61
4.6 Other Multipolarities 66

4.6.1 Monopole states 66
4.6.2 Dipole states 67
4.6.3 High rnultipolarity states 69

4.7 Summary and Conclusions 71
4.8 References 75

5 The Deformed Nucleus 1S0Nd 77
5.1 Introduction 77
5.2 The Rotation-Vibration Model 79
5.3 General Results of the DDHFB Calculations 82
5.4 The Positive Parity States 84
5.5 The Negative Parity States 90
5.6 Conclusions 99
5.7 References 101

6 The Transitional Nucleus 146Nd 103
6.1 Introduction 103
6.2 Theoretical Considerations 104
6.3 The Quadrupoie States 106
6.4 The Octupole States 113
6.5 The Hexadecapole States 116
6.6 Other Multipolarities 121

6.6.1 Monopole states 121
6.6.2 Dipole states 122
6.6.3 High multipolarity suites 123

6.7 Comparison with RVM Calculations 127
6.8 Summary and Conclusions 129

6.9 References 132

7 Summary 133

Appendix 139

Samenvatting 143

Dankwoord 149



Introduction

Introduction

The Nd-isotopes are located in the nuclear mass table in the region of the rare-earth nuclei. The

chain of even-even isotopes between A=142 and 150 exhibits a shape change from spherical to

quite strongly deformed. This makes these isotopes suitable candidates for an investigation of the

influence of that shape transition on dynamic properties of the nucleus, such as the transition

charge densities of the low-lying excited states. The experiments to investigate this shape transition

have been performed with the Medium Energy Accelerator at NIKHEF, and the obtained results

are presented in this thesis.

A nucleus is a collection of neutrons and protons, that are bound by means of the strong

interaction. If energy is put into such a system, i.e. the nucleus is excited, the nucleons will start

moving with respect to each other. If this motion can be reduced to that of a few protors or

neutrons with respect to the rest of the nucleus, one speaks of single-particle excitations. If many

nucleons move in a coherent way, the term collective excitations is used. The collective excitations

of a nucleus are strongly influenced by its shape. Two types of collective motion that can be

distinguished arc rotations of the nucleus as a whole, which can only occur with statically
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deformed nuclei, and surface vibrations - typical for spherical nuclei - in which case the motion is

interpreted as an oscillation of the surface around some equilibrium shape.

It has been known for a long time |BohM 75], that nuclei can have different shapes. Roughly,

they can be classified into two categories: spherical and deformed nuclei, where the latter can be

subdivided into prolate, oblate and triaxial deformed nuclei. Experimental evidence for this

classification can be readily obtained from energy spectra and quadrupole moments. The low-lying

part of the energy spectrum of spherical nuclei can often be interpreted in terms of surface

vibrations, a typical vibrational nucleus has a so-called one-phonon singlet at an energy co and at

about twice that energy a two-phonon multiplet. Moreover, there is a special class of spherical

nuclei, the so-called (semi-)magic nuclei. These (semi-)magic nuclei are nuclei that have a closed

proton and/or neutron shell and are observed to have very few excited states at low excitation

energy. Furthermore, the transition probabilities of the low-lying states are much smaller than

those of deformed nuclei, indicating that the collectivity of these states is not very large and that

single-particle degrees of freedom may have an influence. In contrast, the energy spectrum of a

deformed nucleus has excited levels at energies which obey the simple relation with the angular

momentum, typical for a rigid, quantum-mechanical rotor: E~ /(/+1). The evidence provided by

quadrupole moraents amounts to deformed nuclei having moments which can be an order of

magnitude larger than those of spherical nuclei. Of course, many nuclei have a transitional

character, incorporating both vibrational and rotational features.

The above mentioned observables - energy spectra, quadrupole moments and transition

probabilities - are static or integral properties of the nucleus. However, more can be learned about

the structure of the nucleus if the dynamic properties, specifically transition charge densities are

investigated. A transition charge density is the spatial overlap between the ground state wave

function and the excited state wave function and thus is a measure for the structure of the

transition. Hence, these densities provide an excellent testing ground for nuclear models.

Density distributions can be accurately investigated by means of electron scattering. In

scattering electrons off nuclei the only interaction that is involved is the electromagnetic interaction,

which is described with high precision by quantum-electrodynamics. Since it is a weak interaction,

two-step processes can be neglected in the reaction mechanism. Consequently, nuclear structure

information can be extracted unambiguously from the experimental data. Due to the finite mass of

the electron, the energy and momentum transferred to the nucleus in the scattering process are not

coupled, in contrast to reactions with real photons. Hence, reaction probabilities (cross sections)

can be measured for different values of the momentum transfer, enabling the mapping out of the

nuclear structure functions in momentum space. By transforming these functions to coordinate

j-pace, one obtains charge density and current density distributions.

Historically, the first model able to describe the collective properties of nuclei was the Liquid

Drop Model. In this model, excitations are regarded as time-dependent oscillations of the surface

(vibrations) or as time-independent deformations of the surface, which can lead to rotations.

Although such macroscopic models are very useful to obtain a general impression of the collective
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features governing a particular nucleus, deeper insight into the nuclear structure can be gained only

from a microscopic investigation. On the other hand, purely microscopic calculations must often

invoke large approximations to make them practically feasible. For instance, shell-model

calculations require a prohibitively large model space for the description of nuclei which are not

close to double shell closures.

In a popular approach which has met with reasonable success, the Hartree-Fock (HF)

approximation, the nuclear ground state is described in a self-consistent way. Using this as a

starting point, excitations are then composed of configurations with one or more particles

promoted to orbits with a higher energy in the mean field potential. However, also in this

approximation a completely microscopic calculation is extremely hard to handle. Therefore, often a

phenomenological nucleon-nucleon interaction is chosen, or, if one is solely interested in the

microscopic description of excited states, a parametrisation of the ground state of the nucleus is

used.

In the past, many electron scattering experiments have been performed to investigate different

shape transitions in different regions of the nuclear mass table. Two examples: the prolate-oblate

transition in the Os and Pt isotopes has been studied thoroughly by [ReuS 84j and |BoeE 881 and

Hartree-Fock-Boguliubov (HFB) calculations were applied successfully in the description of the

experimental charge density distributions. The chain of the vibrational Pd isotopes has been

investigated by van der Laan |Laa 86] and the experimental results were compared to Interacting

Boson Model (IBM) calculations.'However, if one wants to study the transition from spherical to

deformed shapes within one chaiii of isotopes, the region of the rare-earth nuclei is especially

suitable. Indeed, the chains of even-even Ce, Nd, Sm and Gd isotopes have been extensively

investigated, both by means of electron scattering and with other probes.

One of the first studies of this specific shape transition has been undertaken by Heisenberg et

al. [HeiM 71], who performed an electron scattering experiment off the ground state of, among

others, 142Nd, 146Nd and 'S^Nd. The most comprehensive study until now has been that of Meot

on the quadrupole states in the Sm isotopes [Meo 87]. In that work a reasonably good agreement

was found between the experimental data of the 2]+ states and microscopic HFB calculations with

a dynamical approach to calculate transition charge densities. However, no satisfactory explanation

for the structure of the higher quadrupole states in the semi-magic nuclei 140Ce and 144Sm could

be given, neither with the HFB calculations, nor with the IBM, nor with the Generalised Seniority

Model. With the exception of data for the ground state band of ^ S m [PhaA 88] no data have

been published on states with multipolarities other than quadrupole.

Other electron scattering experiments in this region have either been limited to only a few nuclei

of the chains, such as for 150Nd by Hirsch [Hir 77], or the results have been interpreted in terms

of macroscopic models (IBM), making use of the same set of two phenomenological structure

functions for all Sm isotopes [MoiA 82]. It should be remarked, however, that for 154Gd it was

shown that more than two structure functions are needed to describe the excitation of the

quadrupole states [Her 82}. Until presently, there has never been a thorough study of the influence
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of the vibration to rotation shape transition for states with higher spins and for higher excitations

of ihe same nuiltipolarity.

In this thesis the results from an electron scattering experiment, which has been performed on

the isotopes 14-Nd, 14f)Nd and '- '̂Nd are presented. The spectra, which have been obtained at the

high-resolution electron scattering facility of NIK.HEF-K and cover a momentum transfer range

from 0.5 up to 2.8 fur1, have been analysed for all states that could be resolved up to excitation

energies, where cross sections could be extracted with reasonable accuracy. These data form a

subset of those on the complete chain of stable, even Nd-isotopes which have been measured at

NIKIIKF-K. The results on the other isotopes, 144Nd and 148Nd, are presented in |Mie 90] and

| Per 911, respectively.

A wealth of experimental data on the Nd-isotopes obtained with other probes has become

available in the past few years. A similarly thorough investigation on all of the Nd-isotopes as

presented here has been performed by Pignanelli et al. by means of the (p,p') and (d,d') reactions

iPigD 9()|. The present results will be compared to theirs and, where necessary, spin and parity

assignments from those experiments were adopted. Moreover, the results of a Coulomb excitation

experiment on 144,146,148,150^ (AhmB 88| and a low-energy photon scattering experiment off

142,146,148.150^ |PitH 90| will be taken into account. Other experiments on single Nd-isotopes

also provided valuable information, especially on multipolarities of certain transitions. To be

mentioned in this respect are the (p,p') experiment on 142Nd by Trache et al. |TraW 89| and the

(n.n'y) and gamma-gamma-correlation measurements, both on I46Nd, by Al-Janabi et al. | AljJ 83]

and Snelling and Hamilton (Snel I 831, respectively.

The experimental form factors and transition charge densities are compared to two microscopic

models: the Quasiparticle-Phonon Model (QPM) and a Density-Dependent Hartree-Fock-

Boguliubov (DDHFB) model with a dynamical calculation of transition densities. The QPM

describes nuclear excitations as a superposition of one-phonon and multiple-phonon states, where

a phonon is defined as the solution of the quasiparticle RPA equations and as such constitutes both

collective and non-collective excitations. The present version of the QPM is well suited to describe

the interplay between single-particle and collective degrees of freedom in the low-lying excited

states in spherical nuclei. In contrast, the DDHFB can also deal with (triaxial) deformations of the

nuclear ground state. However, in the calculations of the transition charge densities of excited

states, approximations are invoked which give the best description for well-deformed nuclei. The

predictions of the models will therefore be compared with the experimental results of the nuclei
142Nd and 15()Nd, respectively. The microscopic description of the transitional nucleus 14ANd is

extremely complicated, as it is expected to incorporate both vibrational and rotational aspects.

Since such calculations are not available, the experimental data will be compared to the results of

each of the mentioned models. Additionally, some states in I46Nd and I50Nd will be compared to

calculations with the macroscopic Rotation-Vibration Model (RVM).
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In chapter 2 first a general introduction is given about microscopic calculations. Next, an

overview is given of the two microscopic models used in the present work, QPM and the

DDHFB.

The electron scattering formalism, the experimental setup, the analysis of the raw data, the

extraction of cross sections and the details of the Fourier-Bessel analysis to obtain experimental

transition charge densities is described in chapter 3.

In chapter 4 the experimental results for the nucleus 142[s(d are presented and compared to the

calculations with the QPM.

Chapter 5 deals with 150Nd. The experimental transition charge densities of the positive parity

states are compared to the results of the DDHFB calculations. The negative parity states are

interpreted in terms of the macroscopic RVM, of which also a review is given.

The experimental data of 146fs]d are presented in chapter 6. Comparison will, where possible,

be made with all three models, i.e. the QPM, the DDHFB and thr RVM.

In chapter 7 the conclusions of this thesis will be summarised. In the appendix the Fourier-

Bessel coefficients of the states, for which transition charge densities were extracted, are listed.
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Theoretical Descriptions

The experimental results presented in this thesis will be compared to two microscopic

calculations using separate approaches, the Quasiparticle-Phonon Model and the Density-

Dependent Hartree-Fock-Boguliubov method. The calculations were performed by V.Yu.

Ponomarev and M. Girod, respectively. In this chapter the concepts, which are needed to

understand and appreciate the complexity and limitations of the calculations, are reviewed.

2.1 Microscopic Calculations

2.1.1 Introduction

The description of a many-body system of interacting particles is a problem that cannot be

solved exactly if the number of particles involved is larger than three. Since each nucleon is

composed of three interacting quarks, the interaction between two nucleons already involves at

least six particles. Even if one does not take into account explicitly the quark degrees of freedom,

only the nuclei 2H, -*H and -*He are exactly solvable. Therefore, in nuclear physics the description

of practically all nuclei will be confined to nuclear models that provide as realistic an

approximation as possible. In principle, this problem can be tackled in two ways, macroscopically

and microscopically.
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Macroscopic models regard the dynamics of the nucleus as a whole. One of the first models to

describe a nucleus was the Liquid Drop Model (l.DM)|RinS 80|. In the LDM the nucleus was

approximated by a spherical charged liquid drop, incompressible and with a sharp edge, and

excitations of the nucleus were interpreted as collective hydrodynamical vibrations. However, it

soon became apparent, that many nuclei have a deformed shape in their ground state. To explain

excitations of such nuclei a picture of the nucleus as a rigid, quantum-mechanical rotor was

developed |BohM 75|. Later the Interacting Boson Model (IBM) (Aril 76] was introduced. In the

IBM nuclear excitations are assumed to involve only valence nucleons, i.e. those exceeding a

magic number. These are then pairwise coupled to angular momentum J = 0 or 2 and modelled by

s (1=0) or d (1=2) bosons. The remaining nucleons are treated as an inert core. In this way the

excitation level schemes at low excitation energy of spherical, prolate, oblate and triaxially shaped

nuclei as well as those of nuclei with intermediate shapes could be explained.

Microscopic models directly take the nucleonic degrees of freedom into account, in their

extreme form, the nucleus is described in terms of individual protons and neutrons, such as for

instance in the shell model. Most microscopic models start with the assumption, that the interaction

between nucleons in a nucleus can be split into two parts: an average central potential Uc(r)^

(consisting of an overall attractive force and containing for instance a spin-orbit term and a

Coulomb interaction term) and a so-called residual interaction V^r, ,^, . . . ) . This assumption is

justified by the rather low and constant density inside the nucleus resulting from the short range

character of the nuclear forces with respect to the dimensions of the nucleus. These forces, though

strong and of a range comparable to the distance between two nucleons, are tempered by the Pauli

exclusion principle. Thus, the average potential will follow in its space-dependence the matter-

density distribution rather closely. In the present work the focus will be on the internal structure of

collective excitations and the interplay between single-particle and collective degrees of freedom.

Since this can only be investigated from a microscopic point of view, this section will be used to

discuss the general structure of microscopic calculations.

2.1.2 General structure

The Hamiltonian for a system of A interacting particles is given bytt [RinS 80]

i *j

and hence can also be expressed as:

t Throughout this section a spherical central potential is assumed.

ft For simplicity the nuclcoii-nuclcon interaction is represented here as a two-body interaction only.
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" = " „ + 5 >.V f M ( r l , r | . ) (2.2)

with the single-particle Hamiltonian HSp:

and the residual interaction given by:

An) (2.4)

The basis states can be generated by solving the Schrodinger equation for the single-particle

Hamiltonian (2.3). Within the Hilbert space spanned by the basis states, the residual interaction is

then diagonalized, yielding the nuclear wave function generally as a superposition of a limited set

of basis states. To perform the calculation of the basis states, a suitable average central potential

Uc(r) must be chosen. This can be done in several ways.

One can approximate the potential phenomenologically by a harmonic oscillator potential (as is

often done in shell-model calculations):

V,l0(r) = X-{fi(Olfi)r2 + Vls(r) (2.5)

or the Saxon-Woods potential:

v"'P 1 A V"'P

V{r) + Vls(r) = -^ =r - - p-£ - 7 • 7 (2.6)
1 + exp[(r-fl)/fl] r dr I + [ ( f l ) f a ]

where V^'p (V"f), a (a/5) and R = fry*1/3 (% = nsA
1^) are the depth (different for protons p and

neutrons n), diffuseness and radius parameters of the central (spin-orbit) part of the potential,

respectively. The advantages of the latter potential are its finite depth which allows a correct

asymptotic behaviour of the single-particle wave function. This potential will be used in the model

described in section 2.2.

A more fundamental approach is to calculate a single-particle potential from the sum of many-

body interactions. A procedure used widely for this purpose is the Hartree-Fock method.
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2.1.3 Hartree-Fock theory

The Hartree-Fock (HF) theory makes use of the success of the nuclear shell model in

explaining qualitatively many nuclear properties. Hence, it assumes that there exists an average

potential (to be called HF potential)

//,„, = ^ A ( i ) (2.7)

the eigenfunction of which with the lowest eigenvalue Eo is an approximation to the exact ground-

state wave function of the nucleus. This eigenfunction <P/if(\ .A) is then a Slater determinant:

\0III.(\..A)> = I | f £ | 0 > (2.8)
k = 1

Here, the fermion operators a^+, at are particle creation and annihilation operators, respectively,

pertaining to the single-particle wave functions (ft, which are eigenfunctions of the single-particle

Hamiltonian h(i):

h(i)(pk(i) = Ck<Pk(i) (2.9)

The problem which arises is, that the HF potential depends on the different occupied single-

particle states, whereas the single-particle states on their turn are generated by, and thus are

dependent on, the average potential. In the HF method a self-consistent solution of this problem is

obtained by applying the variational principle, such that the expectation value of the ground-state

energy is stationary (minimal) with respect to a change in a single orbital of the wave function

01 IF, ie.:

8<0,,F\H\0,,F> = 0 (2.10)

with the subsidiary condition that the single-particle orbitals must remain orthogonal to each other

and normalised to one. H is equal to (in second-quantisation representation):

tjmn

Applying this variational principle one obtains the HF equations, which in r-space representation
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have the following form:

%-(pa(r) + U,lhir)<pa(r) + f H' / /,(r,r ')^(r')Jr' = ea<pa(r) (2 .12)
Zm

Here, (pa(
r) represents a single-particle wave function with its energy eigenvalue fa. The

functions Ujjp(,r) and W/ip{r,r') form the local and the non-local parts of the FIF potential,

respectively, and are given by:

U,,F{r)= ]Tj|<03(r')|2V(r,rVr' (2.13)
P

W,,F{r, r')= - 2J Vplr'XppWir, r') (2.14)

0

in which the summation extends over all occupied single-particle states. In these formulae V(r,r) is

the nucleon-nucleon force.

The HF equations are solved iteratively. Starting with a set of trial functions <pJr), the

potentials UjlF and VllF are calculated. Subsequently, equation (2.12) is solved to yield the

functions (plr), which are on their turn used as trial functions, etc., until the procedure converges.

2.1.4 Effective interactions

Up to this point it has been assumed, that the nucleon-nucleon interaction in the nuclear

medium can be approximated by a potential V acting between pairs of nucleons. It is by no means

certain that this is a good approximation. Indeed, if one asserts the validity of eqs. (2.12-2.14) and

one determines the free nudeon-nucleon interaction from scattering experiments, it turns out that

all potentials that give a good fit to the data are so repulsive at short distances that the HF

approximation is invalidated.

A first attempt to solve this problem has been suggested by Brueckner |Bru 551 by using an

effective interaction instead of a bare nucleon-nucleon force through the so-called G-matrix:

= V.<2) | ¥"- '> (2.15)
bare ' - /

where f̂ 2) is a correlated and <#2) an uncorrelated two-particle wave function. In this way the

influence of the presence of other nucleons, resulting in a dependence on the particle density in the

region of the interacting partiHe-.. was taken into account. Another suggestion was to include
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three-particle correlations |RajB 67]. This makes the solution of the HF equations very complex,

and although Negele has performed such a calculation in a reasonably good approximation |Neg

70), all such calculations contain a little bit of phenomenology. Therefore, it is not surprising that

many } IF calculations nowadays start a priori with a phenomenological effective interaction. The

most widely used interactions until now are the Skyrme force |Sky 59| and the Gogny force |Gog

751. The Skyrme force is a zero-range effective interaction. It has a two-body part and a three-

body contact term which under certain conditions is equivalent to a density-dependent two-body

force. Its success can be attributed to the simplicity of the mathematical form of the force, as the 8-

functions facilitate the calculations considerably, and to its ability to describe the nuclear binding

energies and radii over the whole periodic table with a limited set of parameters. It has been

argued, however, that a zero-range force is not very realistkc and might fail to describe the long-

range pan of the realistic effective interaction. In particular, it is impossible with the present

versions of the Skyrme force to properly describe pairing correlations in nuclei. In the Gogny

force, this problem is avoided by replacing all parts of the Skyrme interaction, with the exception

of the spin-orbit and density-dependent terms, by a sum of two Gaussians with spin-isospin

exchange mixtures (originally used by Brink and Boeker |BriB 67]):

I 'd,2) = 7 e'lr'~r2rlK(Wt + B,P" - H,PZ - MtP
aPr)

~ r2)pa(i(r, + r2)) (2.16)

The price to pay is an increase of the number of free parameters from 6 to 13. The parameters for

both types of interactions are adjusted to the properties of finite nuclei and nuclear matter. In the

calculations described in section 2.3 the Gogny force is used.

2.1.5 Pairing correlations

As a consequence of the variational principle used in the HF theory, the HF-state is stable

against one particle-one hole (Ip-lh) excitations. There is, however, experimental evidence - such

as the odd-even effect, the energy gap in even-even nuclei and the low-lying 2+ states in even-even

nuclei - which leads to the idea, that particle-particle (p-p) correlations are also quite important.

The introduction of the so-called Boguliubov quasi-particles (Bog 581 as a new type of fermions

allows the treatment of (p-p) and (p-h) correlations on the same footing. Such a quasiparticle is a

linear combination of a particle state and the hole state corresponding to its time-reversal conjugate.

This is achieved by transforming the particle operators ak+ into quasiparticle operators cft+:
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( 2 . J 7 )

c. is)

with the coefficients Ak and Bk being the complex conjugates of Ak and Bk , respectively. One

can define a quasiparticle vacuum <P, in the same way as for particles, as av\<P> = 0 for all v. An

explicit expression tor this quasiparticle vacuum, up to a normalisation factor NQ, is simply given

by:

!<*>> = N o T T t f v | 0 > (2.19)

Through the same variational principle (2.10) one now arrives at the Hartree-Fock-Boguliubov

(HFB) equations (see also (Man 75) and references cited therein). Thus, with the deteniiination of

the coefficients Ak and Bk from the HFB equations, both the pairing and (p-h) correlations are

included in a self-consistent way.

Often the demand for complete self-consistency is abandoned, however, in which case the

ground-state wave function is represented by the Bardeen-Cooper-Schrieffer wave function:

in which u^ and v̂  are the variational parameters and % the HF single-particle wave functions.

This is the so-called HF+BCS procedure. Here a\ is a creation operator for the time-reversal

conjugate of the particle state <pk. In this approximation only the monopole pairing interaction is

taken into account. For the interaction usually some kind of schematic force is applied (such as

given by the constant gap approach, which asserts that the binding energy of all states in which the

particles are coupled to spin zero, is increased with the same value). A similar procedure is

adopted in the model described in section 2.2.

In general, the influence of the pairing interaction is estimated to be small for magic nuclei

(although not a priori negligible), since the energy gap between occupied and empty single-panicle

states is large. For open-shell nuclei the effect will be much larger, causing a partial occupation of

the states above the Fermi-level.

A problem that arises when transforming from a particle basis to a basis of quasiparticles is the

mixing of particle creation and annihilation operators in eqs. (2.17-2.18). This means, that the

trans formation does not conserve the particle number N in the nucleus. The usual remedy is to
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restrict the variation (2.10) by the subsidiary condition, that the expectation value of the panicle

number operator N has the desired value:

< H'\N\ H'> = N (2.21)

This is achieved by adding a term -AV (o (he variational Hamiltonian:

/ / ' = // - AN (2.22)

The I^igrange multiplier X is called the chemical potential or the Fermi energy.

2.1.6 Nuclear excitations

Up to this point methods have been discussed to calculate single-panicle (or quasiparticle)

wave functions of the nuclear ground state which can then be compared to experimentally obtained

ground-state charge densities. Whereas the maximum of the charge density is very sensitive to the

density dependence of the effective interaction, the occupied single-particle wave functions

determine the structure of the nuclear interior, which is therefore sensitive to the correlations taken

into account (a well known shortcoming of HF calculations is the too large oscillations of the

charge density in the nuclear interior due to the neglect of correlations that would have otherwise

smeared out the shell effects).

Many nuclear excitations, however, cannot be classified as simple (Ip-lh) or two-quasiparticle

excitations. Since they can only be explained as transitions in which many nucleons participate in a

coherent way, they are temied collective excitations which generally fulfil the following criteria:

1) The electromagnetic transition probabilities (see section 3.1.1) have a collective strength

often more than an order of magnitude larger than those of single-panicle transitions.

2) They show up systematically in the spectra of different nuclei over large regions of the

periodic table.

Clear examples of such transitions are the giant dipole resonance, which has an excitation

energy varying slowly with the mass number (= A~^^ '• ~ l / 6), and the strong excited first 2+ state

in medium-heavy to heavy nuclei.

A theoretical description of such collective transitions usually employs single-particle

(quasiparticle) wave functions obtained from a phenomenological potential or the HF approach.

Excitations are then composed of configurations with one or more particles promoted to orbits

with a higher energy in the mean field potential. Excited states are then mixtures of such

configurations, which are determined by diagonalising the residual interaction (2.4) within a

(usually quite limited) set of configurations. This is the procedure adopted by conventional Shell

Model calculations. Whei; pairing interactions are included by the aforementioned Boguliubov



Theoretical descriptions 1_5

transformation, excitations are described as mixtures of configurations with two or more

quasiparticles and the Hamiltonian is diagonalised within the space of quasiparticle configurations.

A slightly different method is to deal with the equations of motion of ihe excitation operator

directly. In the simplest approximation one assumes that this operator is a one-body operator and

then derives a set of linear equations for the excitation amplitudes of the contributing one-body

configurations. These equations are called the Random-Phase-Approximation (RPA) equations.

Alternatively, the RPA equations may be derived from other assumptions. One of these is, that the

excitations are small-amplitude vibrations of the mean field, produced by the similarly vibrating

shapes of the particle orbits. The amplitudes must be small because the RPA deals only with

excitations of one particle relative to the ground state. It does allow, however, that the ground state

already contains some correlations, i.e. particles promoted to higher shells. If pairing correlations

are included, one has the Quasiparticle RPA |Bar 60].

If the excited states differ from the ground state in a major way, i.e. by more than just the

displacement of one particle, one may proceed in various ways, two of which shall be mentioned

here. First, one may put several RPA or QRPA excitations, interpreted as vibrational quanta or

phonons, on top of each other. This obviously opens up the possibility to describe vibrations of

larger amplitude, which may be anharmonic if there is an interaction between the phonons. Such a

model, the Quasiparticle-Pbonon Model, is described in section 2.2.

When the amplitudes of the oscillations become very large, it may be preferable to describe

nuclear states as superpositions of mean-field configurations with different shapes. This is relevant

when the energy minimum of the equilibrium shape is shallow. A method to deal with the mixing

of various HFB mean-field states, the Generator Coordinate Method (GCM), is summarised in

section 2.3.

2.2 The Quasiparticle-Phonon Model

In this section a description of the Quasiparticle-Phonon Model (QPM) is presented for even-

even spherical nuclei. The main idea of the QPM is to construct a phonon basis, whereby phonons

are defined as solutions of the QRPA equations. The phonon basis is then used to calculate two-

and multiple-phonon states, which are subsequently coupled to the one-phonon states to obtain the

spectrum of excited states. The goal of the model is to be able to describe the interplay between

collective and single-particle degrees of freedom in the excitation of low-lying excited states in

spherical nuclei. Of interest for the present work are of course the calculated transition charge

densities, which can directly be compared to the experimental transition charge densities.

Detailed information about aspects of !he QPM which will not be treated in this work, such as

the description of giant resonances and properties of odd nuclei in a wide range of excitation

energies, can be found in refs. [GalS 88], [MalS 80] and [VorD 84].
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2.2.1 (icncral formalism

The QPM uses an effective Hamiltonian which consists of four parts:

U = / / ,„ + Hpaxr + Hm + Hsm (2.23)

where:

(1) HSp is the single-particle Mamiltonian

(2) llpair represents the monopole pairing interaction (see also section 2.1.5)

(3) lim is the separable multipole interaction in the (p-h) channel

(4) Hsm is the separable spin-multipole interaction in the (p-h) channel.

Following the procedures described in section 2.1, a spectrum of excited states is calculated. This

is done in the BCS approximation by transforming the particle creation and annihilation operators

ajm and am into quasiparticle operators as in eqs. (2.17-2.18, 2.20). The coefficients My and vy are

chosen to minimise the expectation value of the operator Hsqp = Hsp + Hpau for the quasiparticle

vacuum l()>. In this way the operator H takes the form:

jm jm

where the energy of the quasiparticle \jm> is:

E, = [(£;• - AT)2 + CT
2]'/2 (2.25)

Here, A denotes the chemical potential, x the isospin of the quasiparticle and CT the correlation

function (energy gap).

Next, a two-quasiparticle creation operator A+ is defined in the following way:

A+(/>'A^) = X < jmj'm''Xii > a'm a?'m' {1-26)

and a unitary transformation from the operators A+(jj'Xfi) and AQj'X^i) to phonon creation and

annihilation operators g t . and (?., is performed:
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N,7.

The phonons defined in this way represent both pure two-quasiparticle excitations and collective

excitations, to the structure of which many two-quasiparticle configurations contribute.

To obtain a basis of phonons, the amplitudes ifT1, and <p..' are calculated. This is done by

solving the so-called RPA equations for each Jn, which follow from the ansatz that the

Hamiltonian H = Hqf;p + Hres is approximately that of a set of independent harmonic oscillators of

which Q, . are the creation operators of an oscillator quantum phonon with energy (0^ :

It can be easily shown, that this leads to vibrational (p-h) excitations superposed on a ground state,

which is defined as a phonon vacuum, i.e. QJRPA> = 0. The approximation (2.28), in which

more complicated terms on the right hand side have been neglected by assuming that they occur

with random signs (phases), leads to coupled equations for the amplitudes i/f and <p, the RPA

equations:

(2.29)

(2.30)
kk'

One of the main features of defining phonons as in eq (2.27) is that by applying the phonon

creation operator to the \RPA> ground-state wave function one not only can create a quasipartitie

pair, but also destroy one, meaning that it is possible to deal with two-quasiparticle correlations in

the ground state. The RPA equations yield also the excitation energies cofo, where A denotes the

angular momentum and i the root number of the solution. The expressions for COM, \^, and 0^' in

RPA can be found in [Sol 87J.

With the obtained phonon basis the Hamiltonian (2.23) can be rewritten in terms of phonon

operators:

Vr(A0[[GiV.-<2iV.-ll/1G^-]oo+A-^j+"-
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where the square brackets indicate angular momentum coupling. The wave functions then have the

fullowitm form:

1 X - S .

+ ... g.s. (2.32)

The first term of eq (2.31) corresponds to the non-interactive phonon approximation, whereas the

second describes the interaction between the different parts of the wave function (2.32) with the

exchange of one phonon. Terms involving the exchange of three, five,., phonons are not shown.

The matrix element U ,'.,(Xi) of the interaction between one- and two-phonon components of the
,. ,.

wave function is a function of the phonon amplitudes xir1. and <t>... and the matrix element of the
JJ JJ

residual interaction. Their precise relation can be found in |VorS 83 J.

The transformation from quasiparticles to phonons leads to a violation of the Pauli principle.

As phonons are integer-spin configurations, they obey Bose statistics and thus the underlying

physical property of nucleons being Fermions is ignored. The consequences are twofold: first, the

total many-phonon basis is overdetermined compared to the correctly anti-symmetrized many-

quasiparticle basis. Second, the violation of the Pauli principle necessitates a renormalisation of the

matrix elements of the quasiparticle-phonon interaction y/^ and 0^. It has been shown in |VorD

84] that for even-even spherical nuclei the first consequence is the most important, leading to many

spurious states. In the present work the Pauli principle was taken into account in the

diagonalisation approximation (for details see |VorS 83], [Sol 87] and [SolS 83]), which has

proven to be sufficient for the present type of calculations while rigorously simplifying the

calculations.

2.2.2 Transition charge densities

In the present calculations the wave functions (2.32) for excited states with up to three

phonons were included. Diagonalizing the Hamiltonian (2.31) results in the excitation energies of

excited states r\Jy (v is the root number) and the structure coefficients R, P and T. With these

quantities transition charge densities can be calculated. If one neglects ground-state correlations,

only one-phonon pt(r) and two-phonon p^^ir) densities contribute to the transition charge

densities p (r):



Theoretical descriptions 19

with

pJ
t(r) = }^pfj'(r)-^—(Wjj' + <t>lj') (2.34)

and

N,7. , ,

^ " " ' ' (2.35)

(2.36)

The two-quasiparticle transition densities pAr) have the form [I>ee 75]:

j if -4\J0>u*(r)Uj'(r) (2.37)

In these formulae

< • =

v j ; ' = UJUJ- - VJ'VJ (2 '39)

are combinations of the Boguliubov transformation (2.17-2.18,2.20).

The shape of the radial part of the single-particle wave functions and the value for eT, the

effective charge of the nucleons, will be discussed below.

2.2.3 The parameters

The phenomenological Saxon-Woods potential is chosen as the central binding potential of the

single-particle Hamiltonian. For the protons the parameters were taken from [Lan 90] (see also the

discussion in section 4.2), for neutrons from [PonS 79]. An important point is the completeness

of the single-particle basis. Any potential with a finite depth generates both a discrete and a
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continuous spectrum. For the description of the lowest excited states, the discrete part will contain

most of the important configurations and the continuous part may be neglected. However, this is

not necessarily true for transitions of high multipolarity. A way to correct for the exclusion of the

continuum states and thus for the incompleteness of the basis is to introduce effective charges for

the nucleons. Here, however, another approach was used by including so-called quasi-bound

states in the basis, i.e. states with a width smaller than a few keV. Thus, the single-particle

spectrum basis used to solve the RPA equations for the case of l42Nd contains 29 proton and 28

neutron levels withy < 9. A measure for the completeness of the spectrum is the exhaustion of the

model-independent energy-weighted sum rule, which is reasonably satisfied for low Jn (see table

4.8). Hence, no effective charges were used (i.e. ep = 1 and en - 0) except for Jn= V excitations,

for which the values ep=N/A and en=-Z/A were used, which is necessary to remove the spurious

centre-of-mass motions.

The pairing correlations, treated in BCS with a monopole pairing interaction in the (p-p)

channel, are approximated by a constant matrix element G-17/A MeV, which is chosen to

reproduce the odd-even mass difference in the neighbouring odd nuclei.

Next, a brief justification is given for the use of separable forces (for a more detailed

discussion about separable forces see [VdoS 83J). It is known, that for a suitable set of

parameters, the majority of the interactions reproduce the spectra of nuclear excitations with more

or less equal success. The reason for this can be found in the use of a truncated basis. The use of

an incomplete set of single-particle wave functions has the consequence, that the two-particle

matrix element of effective forces is insensitive to the general behaviour of the interaction. In other

words, the single-particle wave functions "filter out" a small part of the interaction. For an analysis

of this point see (KniiH 76]. In the same paper it is shown, that one can construct a separable two-

nucleon interaction, whose matrix elements are equal to those of more realistic forces. The relative

simplicity of the calculations using separable forces makes them preferable to other interactions.

In the past two radial dependences have been used for the forces: R%(r) = x̂  , dVldr and Rx(r)

= *S0 , M , where V is the central part of the single-particle potential (2.6). Both functions

automatically ensure the coherent enhancement of the E(X) transitions of the collective states to the

ground state [VdoS 83J. However, there are two reasons to prefer the first radial dependence. The

first reason is found in the handling of spurious states. With both functions a spurious Jn = \-

state appears. The easiest way to avoid this is to choose the strength parameter of the isoscalar

force >4 such that the excitation energy of the lowest 1" state vanishes. However, this leads to

errors of 10% for the strength of the other 1" states below the giant dipole resonance in case of the

second radial dependence, whereas for the first this is not the case. The other reason for using

R\(r) - *() \d\'ldr is that the single-particle matrix elemei ts do not depend on the upper limit of the

integration.

The isoscalar KQ and isovector K", strength parameters are handled in the following way. The

strength ratio for each multipolarity is fixed at:
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K1"

- L = -1.2 (2.40)

and the isoscalar part is adjusted such that the excitation energy of the lowest root of the RPA

equations coincides with the experimental excitation energy. The values obtained in this way for
JK

K0 for different F are close together.

It is worth noting, that after defining the phonon basis no free parameters are introduced in the

description of the phonon interaction.

2.3 Triaxial Hartree-Fock-Boguliubov Calculations

In this section an outline will be given of the triaxial density-dependent Hanree-Fock-

Boguliubov (DDHFB) calculations. The j'i.n of this model is to describe the ground state of

deformed, soft nuclei in a self-consistent way, the results of which are subsequently used to

calculate transition charge densities of excited states with positive parity in a dynamical approach.

The general formalism of Hartree-Fock calculations has already been given in section 2.1.

Therefore, only features especially relevant to the present calculations will be discussed here.

2.3.1 The DDHFB framework

To describe the ground state of a nucleus, HFB calculations were performed along the lines

given in section 2.1. The Gogny force was used as effective interaction (see eq. (2.16)). The main

feature of this force is its finite range, allowing one to treat the pairing and the mean field

interaction in the same way within the HFB formalism. With this force the saturation curves

obtained with Brueckner HF theory for infinite nuclear matter can be reproduced. The parameters

of the force used in the present calculations were those of the D1SA set, listed in table 2.1. This

set is a variation on the well-known Dl set, but yields improved pairing and surface properties for

finite nuclei (for more information on the differences between the two parametrisations see [PhaA

88]).

The HF or the HFB method provides the lowest energy of a system, compatible with the

symmetries imposed on that system. Up till now it has been assumed, that the nucleus has a more

or less spherical shape. However, it is known that a large number of nuclei is clearly deformed.

Given the success of the HF method for spherical nuclei, one would like to apply this method to

the deformed nuclei. This can be achieved by constraining the variation of eq. (2.10) to an intrinsic

deformation of the nucleus. This is effectuated by a rearrangement of the average and the pairing

fields. The constraints which are used in the present calculations are the deformation parameters qg

and qj. The DDHFB wave function is then obtained from the variational equation:



Theoretical descriptions

Table 2.1: The values of the parameters of the DISA set of the effective Gogny-force IP ha A SS].

See eq. (2.16) for the definition of the force.

Term

Central

Density-

dependent

Parameter

Ml
W,

Bi

Hi

M,

«0
Wk

Ifm]

[MeV|

[MeVJ

[MeV]

[MeVj

I MeV]

|MeV]

Value

0.7

-1728.5

1300.0

1834.1

1405.8

1350.0

-130.0

Parameter

W2

B2

H2

M2

a

[fm|

|MeVl

[MeV]

[MeV]

[MeV]

Value

1.20

106.14

164.60

167.95

226.43

0.33

<?(< QAH - XN - ThQo - mCk I & >) = 0 (2.41)

with the constraints:

<<Pq\Qa\<Pq>

<<t>q\Qi\ <!><,>

= A

= Q2

(2.42)

Here, A, 7?Q and r\2 a r e Lagrange multipliers. The first constraint ensures the conservation of the

particle number (see also section 2.1.5) and the other two conditions imply triaxial deformations:

Go = 5 r2r2() = 2z2 - x2 ~ y2 (2.43)

and

Qz = /16*715 r2(Y22 + Y2-2) = x2 + y2 (2.44)

The collective coordinates qg and Q2 are related to the traditional Bohr parameters /3and y through

(2.45)

and
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(2.46)

where

< r2 > = <x2 + y2 + z2 > (2.47)

The reason that these specific constraints were used finds its origin in the known strong

collectivity of the first 2+ and 4+ states corresponding to quadrupole deformations. With these

constraints the rigidity of the nucleus with respect to quadrupole excitations is maintained.

Solution of the variational equation (2.41) for a variety of constraint values permits the self-

consistent determination of the potential energy of the nucleus as a function of its deformation.

Such a potential energy surface (PES), which was calculated for 150Nd using eleven major shells,

is shown in fig. 2.1. As can be seen, the minimum of the PES is not very deep, indicating that
150Nd is quite soft to deformations in either the )3 direction or the /direction. Such a nucleus

cannot be well described by using only the HFB wave function corresponding to the minimum of

the PES, i.e. by a single Slater determinant. Therefore, a dynamical treatment is introduced in the

Generator Coordinate Method (GCM) by defining the nuclear wave function as a superposition of

deformed HFB wave functions.

10

03 5
150Nd

0.5 0.0 0.5
y= 60° 7= 0°

0.2 0.3 0.4

Fig. 2.1: Contour plot of lhc calculated potential energy surface of'^°Nd. The inset represents cuts in the PES
along y = 0° and y= 60°.
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2.3.2 The Generator Coordinate Method

In the Generator Coordinate Method (GCM) the nuclear wave function IV> is written as a

superposition of so-called intrinsic states of the system, \<p(,>, with generator coordinate q in the

following way:

= \f(q)\<pq>dq (2.48)

in which/(</) is a weight function or generating function. This weight function is determined

through the variational principle:

= 0 (2.49)

Variation with respect to/(</) gives the integral equation:

\\ll(q,q) - El(q,q')~\f(q,q')dq' = 0 (2.50)

where

l(q,q') = < <t>q \ <Pf > (2.51)

and

|//|<ft,'> (2.52)

This equation is called the Griffin-Hill-Wheeler equation, which is complicated to handle

numerically. Therefore, an approximative treatment was used by taking the so-called Gaussian

Overlap Approximation (| Won 75) and |RinS 80)). This reduces eij. (2.50) to:

(-~(M"1)— + \'(q) - E)f(q) = 0 (2.53)
2 dq aq

Following the method of [Kum 751 one arrives at the Bohr-like Hamiltonian:
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(2-54)

where W/^),/})) is the collective potential corrected for the zero-point energy from the FIF energy

£(A)<&) IGirG 79|. The other terms in eq. (2.54) represent the collective kinetic energy, in which

fi(X>, BQ2 a«d #22 a r e t n e vibrational mass parameters and Ix, ly and l2 are the rotational moments

of inertia. The dots denote differentiation with respect to time. All variables in these equations are

functions of the collective variables PQ and fa, which are related to the Bohr parameters by (5Q = P

cos yand fa - P sin y. The masses and the moments of inertia are calculated microscopically. For

the moments of inertia this is performed in the cranking approximation [Ing 56].

In the space spanned by # } and fa the total wave function has the form:

K = - /

where / is the total angular momentum and K its projection on the intrinsic symmetry-axis. DMK

represents the Wigner D matrix, R the rotation operator, which depends on the three Euler angles

between the laboratory and the intrinsic axes, and 0/}yis the FIFB wave function. The quantity

fixip,}) is the vibrational wave function in the intrinsic frame resulting from the diagonalisation of

the Bohr-like Hamiltonian. The integration over j3 and /averages over the vibrational degrees of

freedom and mixes the different phonon states.

2.3.3 Transition charge densities

For the special case of an even-even rotational nucleus, transitions may take place between the

ground state (/ = K = 0) and the rotational states / = 2, 4, 6,.. In this case the transition charge

density is defined as

p,r(r) = </|p(r)|0> (2.56)

with

p{r) = £ # / • - n) (2.57)

the point proton charge operator. The transition charge density can then be written as
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(2.58)

with

\ pPr(r)
Y\

(2.59)

Here pn-^r) is the spatial HFB charge density folded with the finite size of the nucleons and

corrected for centre of mass effects.

In the calculation of the transition charge densities two approximations were invoked. First, a

sharp angular overlap between the HFB wave functions was assumed. This has been justified for

well-deformed nuclei (ZarN 77|. Second, the overlap of the wave function of the ground state and

that of the excited state is also assumed to be sharp. However, the finite size of the overlap is

partially corrected for by including a second-order correction to the non-locality.

It is worth noting, that once the parameters of the Gogny force are determined, the calculations

are fully microscopic and no other free parameters are introduced.
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Electron Scattering Formalism and
Experimental Procedure

3.1 Electron Scattering Formalism

The electron scattering process is extensively described in various papers. Therefore only the
main characteristics and some relevant formulae will be given here. For a detailed description of
the theoretical framework see references [ForW 66, Ube 71 ].

Two features dominate the interaction when electrons scatter off nuclei: the weakness of the
electromagnetic interaction and the finite mass of the electron. The first implies that two- and
higher-step processes can be neglected so that the interaction can be considered to take place
through the exchange of a single virtual photon. The second feature implies that, fora given stale,
the momentum transferred to the nucleus can be varied, allowing a study of the (transition) charge
densities throughout the nucleus.

As a starting point, one assumes that the incoming and outgoing electrons can be represented
by plane waves, the Plane Wave Born Approximation (PWBA). This yields transparent and
convenient expressions for cross sections and transition charge densities. However, (his
approximation is too crude for practical purposes and the final analysis of the data is performed in
the Distorted Wave Born Approximation (DWBA).
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3.1.1 Electron-scattering cross sections in PWBA

The PWBA cross section for scattering an electron with energy £/ from a nucleus in an initial
(ground) state with spin./,- and parity it-t to a different final state with spin 7yand parity ;y through
a scattering angle 6 is given by:

" ^ m̂. • r^f .. , I *• I * / « "" 1 1 m I I P i ( < / i l & . I r ^ A f > t l ^ I ffy -a itan2 ( |\ |
X =0 I J I = 7

In this formula 0̂ , is the Mott cross section for scattering from a unit point charge^ :

(3.2)

where a (= 1/137) is the fine-structure constant and 77 a factor accounting for the recoil of the
nucleus:

where M is the mass of the nucleus. The quantity F)f(q) denotes the longitudinal charge form
factor and F^(q) and FiM(q) the (transverse) electric and magnetic form factors, respectively.
These are the nuclear structure functions containing the information about the nuclear transitions
and they depend only on the four-vector momentum transfer q:

cf = I*. ~ */l2 " (Ei - Ef)2 = 4E,E,un2(8l2) (3.4)

with kt and kc being momentum three-vectors. The possible values for A are constrained by

angular momentum and parity conservation to give the following selection rules:

U -Jf\<\< \Jt + js\

K, Kf = (-1);' for electric transitions

it, Kf - (-1) ;*' for magnetic transitions

Therefore, scattering off a nucleus with Jn - ()+ ground state involves only either electric or

' Throughout this ihesis natural units will he used, i.eti = c = I.
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magnetic fonn factors of a single multipolarity and in the case of elastic scattering - or inelastic
scattering to a ()+ state - only the charge form factor of order A = 0 contributes.

The longitudinal and transverse fonn factors are connected to the nuclear charge and current
densities, respectively, by means of a Fourier-Bessel transformation. In the present work the focus
will be on transitions of natural parity. Therefore, only the relation of the charge and transverse
electric form factors to the nuclear densities is given:

J 0

Px(r)Mqr)r2dr (3.5)

(3.6)

Here y'̂ CO is the spherical Bessei function of order A, p^(r) is the transition charge density and
J^A±\(r) are two of the three components of the transition current density. The reduced transition
probability is related to the charge density by:

B(EX) = (3.7)

and it is directly connected to the value of the form factor at the photon point q = Ex (see eq.
(3.5)). For EO transitions a different quantity is considered, namely the square of the reduced
matrix element of a monopole transition:

B(fiO) = 4n
J n

(3.8)

The cross section for elastic scattering is expressed slightly differently:

ail
(3.9)

with the elastic form factor
distribution P()(r):

being the Fourier transform of the ground state charge

An f"
f\)(Q) = — I po(r)sin(qr)r dr

Z?Jn

(3.10)
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In this formula Po(r) is normalized to Z.

Barrett moments, which can be determined from transition moments in muonic atoms, play a
similar role for elastic scattering as the B(EX) (usually obtained from y-decay) for inelastic
scattering; they determine the behaviour of the form factor at small q-values. They are denned by:

(rke~'tr) = ^2-p (3.

Here a and k are parameters which are determined by a fit to a change in a transition energy. Both

B(EX) and Barrett moments thus provide additional information at momentum transfers lower than

can oe studied with electron scattering.

3.1.2 Modifications due to distorted wave effects (DWBA)

For an accurate analysis the PWBA does not suffice. The (attractive) Coulomb field of the
nucleus distorts the incoming and outgoing electron waves. Qualitatively this distortion manifests
itself in two ways: first, the incoming electron is accelerated resulting in a higher effective
scattering energy; second, the electron wave is focussed, which leads to an averaging of the cross
section over a range of scattering angles giving the well-known filling of the form factor minima.
For a quantitative treatment in DWBA the wave function of the electron is taken to be the solution
of the Dirac equation in the Coulomb field of the nucleus in its ground state. As a consequence the
direct relationship of form factor versus nuclear density through Fourier or Fourier-Bessel
transformation is destroyed, since the form factor is not any more a function of merely the energy-
momentum transfer. Although the density representation is preferable when comparing
experimental data with results of theoretical calculations, the form factor representation is still
useful in some cases. To account partially for the DWBA effects, the so-called effective
momentum transfer is introduced [HeiB 83]:

( 3 I 2 )

where Req = 1.12 A ̂ 3 fm, with A the mass number of the nucleus. Then the qeff positions of the

maxima and minima of the experimental form factors are correctly described by PWBA

calculations, the magnitude of the form factors, however, is not.

For plotting purposes usually the data measured at different incoming energies are recalculated

to one energy to account for the energy dependence.
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3.1.3 Fourier-Bessel expansion or charge and current densities

As mentioned before, the analytic relation between form factors and nuclear densities vanishes
when Coulomb distortions are taken into account. The nuclear transition densities are quantities
that only depend on the nuclear structure, independent of the reaction mechanism and thus of the
distortions of the electron waves. Therefore, to extract nuclear structure information it is useful to
reconstruct the nuclear densities from the experimental cross sections. This is only possible by
choosing an appropriate parametrization beforehand.

Frequently used parametrizations for both the ground state charge distribution and the nuclear
transition densities are Fourier-Bessel series. The coefficients of the terms are determined by a
least-squares fit of the cross sections calculated in DWBA, that result from this parametrization, to
the experimental cross sections. For the ground state charge distribution the following
parametrization is chosen |DreF 74]:

Po(r) = ^Afjoiq^r) r < R, (3.13)

= 0 r > R,

and for the transition densities the slightly different form [Hei 81 ]*

Pi(r) =^Vi" l A(^" 1 ' ' ) r<Rc (3.14)

= 0 r > /^

^ + l ( ^ r ) r < R c ( 1 1 5 )

= 0 r > %

In these formulae the quantity Rc is the cut-off radius beyond which the densities are assumed to

be zero. The parameters q^ in equation (3.13) are determined by the following relation:

Mc) = 0 hence qh = ^n I Rc (3.16)

whereas the parameters q^~^ in eqs. (3.14) and (3.15) are determined by:

* Here the paramctrisation of the current as used in Ihc program FOUBES is given.
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(3.17)

-1 'S elated to p^ a through the continuity equation:

4
dr

(3.18)

giving for./AA.,:

where co represents the excitation energy. For EO (A=0) transitions the current term Jx,X.-\(r) does
not exist and there is the extra constraint, due to the conservation of charge, that

f
Jo

p'o
r{r)r2dr= 0 (3.20)

Therefore, for EO transitions one parametrizes as follows:

Po(r)

= 0

r < K

r> Re

(3.21)

A . A + I W = ( 3 - 2 2 )

= 0

Since these expansions are complete, this procedure is model-independent. However, this is only
true when the form factor is measured up to q = <». Clearly this is impossible, and therefore certain
model assumptions on the form factor behaviour beyond the maximum experimental transferred
momentum {q^^ have to be introduced. Furthermore, one has to truncate the series after a certain
number of terms and an appropriate value for the cut-off radius has to be chosen. The way all these
assumptions are accounted for is described in the section 3.3.4. on Fourier-Bessel analysis.
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3.2 Experimental Conditions

The experiments described in this thesis have been performed with the electron scattering
facility of NIKHEF-K. Detailed information about the accelerator, the beam transport system, the
spectrometer set-up and the detection system is available in reference | VriJ 84|. Only those system
properties relevant to the present work are described in the subsequent sections.

3.2.1 Equipment

The electron beam is produced by the Medium Energy Accelerator (MEA). Table 3.1 lists the
most important parameters as the beam emerges from the accelerator to enter the beam-handling
system, which then directs the beam to the target. For the present type of experiments the beam-
handling system is tuned in the so-called energy-loss mode. In this mode the vertical dispersion of
the beam at the target is matched to that of the spectrometer. As a consequence all the electrons
which have lout an equal amount of energy in the scattering process, are focussed at the same
position on the focal plane of the spectrometer. Thus an optimal intrinsic resolution is obtained
without the necessity of limiting the energy spread and with that the beam current on target.

Table 3.1 Main accelerator beam parameters of the MEA accelerator

Maximum energy
Maximum peak current
Repetition rate
Pulse length
Duty factor
Energy spread

500
10

300
30

< 1
0.2

MeV
mA
Hz
Us
%
%

The targets are mounted in a target ladder which can move and rotate in such a way, that each
target can be selected for beam exposure at any desired angle. The spectrometer used in the present
experiment is the QDD spectrometer. This spectrometer is especially designed for detection of
scattered electrons with a high resolution (< l*10^) and a large solid angle (5.6 msr). It consists
of an entrance quadrupole and two subsequent dipoles. A schematic drawing of the spectrometer is
presented in fig. 3.1.The spectrometer is connected to the target chamber by means of a sliding foil
allowing the rotation of the spectrometer between 30° and 154° with respect to the beam, without
breaking the vacuum or losing the high resolution.

The detection system of the QDD spectrometer [DisK 84J, shown in the inset of fig. 3.1,
consists of a stack of four multi-wire drift chambers (MWDC), triggered by a set of 5 scintillators
and one Cerenkov counter. Each MWDC contains 288 wires, 4 mm apart. Drift time interpolation
allows the wire spacing to be divided into 16 fine channels. Two MWDC's measure the
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Fig. 3.1: Schematic drawing of Ihc QDD spectrometer, with ihc numbers representing the sizes in mm. The
beam enters perpendicular to the plane of drawing. The inset shows in more detail the detection system
at the focal plane.

position and direction in the dispersive (X) plane and two in the non-dispersive (Y) plane. Thus,

with the aid of so-called sieve slit measurements [OffJ 87) the precise vector of the scattered

electron at the target can be determined by a reconstruction of the trajectory of each event through

the spectrometer [BloO 87). Therefore, it is possible in the off-line analysis to correct for

spectrometer aberrations and kinematic broadening, if the data were taken in an event-by-event

mode. The data acquisition is performed by a PDP 11/44 computer.

3.2.2 Targets

The three neodymium targets with mass numbers 142, 146 and 150 were obtained by reducing

isotopically enriched Nd2C>3 powder and melting and rolling the metal. They were manufactured

by Oak Ridge National Laboratories in a size suitable for mounting in standard frames in the target

ladder. The thicknesses were chosen as a compromise between the count rate and the resolution.



Electron scattering formalism and experimental procedure 37

Due to the unavailability of the final results of a (p,p') experiment to determine the contribution of
other isotopes to the target material at the moment of writing, only the contribution of the main
target constituent is known. These numbers are: 99% for 142Nd, 98% for 146Nd and 95% for
l50Nd. The target inhomogeneities estimated to be less than \%. Since neodymium is reactive
when exposed to air, i.e. it oxidizes and is hygroscopic, the targets, when not used for
experiments, were stored in an argon atmosphere in a glove box. In spite of the careful handling,
the amount of oxygen increased over the time period in which the experiments were performed,
causing some difficulties in the determination of the cross sections of excited states at certain q-
values. Also other contaminants like silicon, carbon and fluor were observed. However, these
contaminations were small and therefore did not have a large influence on the analysis.

3.2.3 Data-taking conditions

The choice of angle and energy combinations was governed by three constraints; first, the
transferred momentum range covered had to be large enough to allow a model-independent
analysis of the form factor data. This is satisfied by the present experiment with the covered q-
range of 0.5 to 2.8 fnr1. Second, an optimal momentum resolution was needed, since at higher
excitation energies the level density of excited states becomes very high. This means in general
choosing as low a beam energy as possible. Third, the contribution of the transverse form factor
components of the cross section had to be minimised. Therefore, only forward spectrometer
angles (between 30° and 85°) were used. An additional argument for this last constraint is given by
the kinematic broadening of the spectra.

Kinematic broadening is a consequence of the finite angular acceptance of the spectrometer and
is given by the formula:

%-sindAd (3.23)
M

Here Ef denotes the final electron energy, M the target mass and 6 the scattering angle. This
broadening is always quite small, though not negligible, for neodymium due to its large mass, but
can be considerable for the low-mass contaminants in the target. It thus can lead to difficulties in
determining the cross section, especially in the case of oxygen, because of the uncharacteristic
broad shape of the peak in the spectrum. For the present experiments two solid-angle defining slits
were used, a small one with an acceptance of A6^A$= 10*10 mrad2 and a large one with 40*40
mrad2. To be able to correct for the kinematic broadening for neodymium, all spectra with the large
slit were taken in event-by-event mode (list mode). In this mode, however, one is limited to a
maximum of approximately 900 counts per second by the computer-to-tape readout cycle. Hence,
if the count rates were higher, as was the case for the lowest q-values, the data were acquired on-
line in spectra] form (spectrum mode). For these data the small solid-angle defining slit of the
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spectrometer was used, so no correction of the kinematic broadening was needed. Since the
correction for kinematic broadening is mass-dependent, it is not possible to optimize the resolution
for all target components simultaneously. Therefore, it was performed only for neodymium.

The dead time of the detector system was electronically fixed at 500 ns. Care was taken to
adjust the count rate for each measurement, such that the number of counts lost due to the detector
dead time was less than 10% of the number of triggers. This was done by adjusting the current on
target with the energy-defining slit in the beam handling system and by the choice of the entrance
slit of the spectrometer. The two lowest q-points for each Nd-isotope were measured in two steps:
in the first run the whole wire chamber was used; then in the second run the scintillators, that
triggered the region of the detection system in which the elastically scattered electrons were
recorded, were switched off. Thus the inelastic part of the spectrum could be measured with a
higher current on target, so that better statistics could be obtained. Correction for the dead time
losses was made by multiplying the contents of each spectrum with the factor:

with Np being the number of triggers of the scintillators (prompt triggers) and Ne being the number
of triggers accepted by the whole detection system (event triggers). The uncertainty in this factor
was always less than 0.2%.

There are two types of relative efficiencies of the wire chambers of the detection system
relevant to the cross sections to be extracted from the spectra:

1: The relative wire efficiencies in the X1 chamber. These were extracted by measuring a flat
spectrum at different magnetic-field settings. The corresponding correction was applied to
the number of counts recorded by each wire. These corrections were less than 1 %.

2: The relative fine channel efficiencies in the XI chamber due to drift-time interpolation
alinearities. These were taken care of by moving the wire chamber system every l/16th of
the total charge to be accumulated, by the distance of one fine-channel along the focal
plane. Thus the inefficiencies of the fine-channels were averaged out.

More detailed information about relative detector efficiencies and dead time losses can be found in
[BurB 84].

Additional measurements on a natural carbon t: .get and a natural boron-nitride target were
performed at most q-values for normalisation and energy calibration purposes, as will be discussed
below.
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3.3. Data Analysis

The cross section for electron scattering off a nucleus at a certain beam energy £,- and scattering
angle 0is given by:

3.76 x

In this formula N is the number of detected electrons, A is the atomic weight of the target nucleus,
Q (nCj is the accumulated charge, / [mg/cm2j is the effective target thickness and AQ |msr] is the

solid angle of the spectrometer. The way the experimental quantities in this equation have been
determined either on- or off-line is described in this section.

The angular setting of the spectrometer is calibrated optically with an accuracy of 0.015°. The
uncertainty of the beam spot position on the target contributes an additional uncertainty of 0.03° in
the scattering angle. The collected charge on target Q |p.C] is measured by means of a toroid
monitor in the beam line. The current integrator coupled to it has an accuracy of 0.1 %. The solid
angle 4I2|msr] is known to within 1% for each solid-angle defining slit from geometrical
considerations. The effective target thickness t [mg/cm2] is calculated from the actual target
thickness to by / = tg I sin <f>, with <j> being the angle which the target plane makes with respect to
the incoming beam. Although the angle 0 is reproducible within 0.05°, an offset of 0.35° was
discovered after the experiments were completed. As the origin of this offset is unknown, it has
been treated as a systematic error. The remaining parameters are determined off-line. Although a
priori a beam energy is chosen, a precise calibration using the information contained in the data
must be performed. The number of counts N for a certain transition is determined by a lineshape-
fitting analysis.

3.3.1 Calibration of the incoming energy

The precise energy of the incoming electrons is determined in combination with the excitation
energy scale along the focal plane. To this end additional data were taken on a boron-nitride target.
Together with the data on carbon and neodymium, the excitation energies as known from literature
and the recoil energy differences, this provided the input for an accurate determination of £y, the
energy of the detected electrons, and the spectrometer parameter xc needed to calculate the
incoming beam energy. The position x (channel number) along the focal plane is connected to Ej-
through the dispersion polynomial:

= BT 1 + (3.26)
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with r | MeV/kG| the conversion factor between the magnetic field and the

energy of the particles (V = 42.0 Me V/kG)
B | kG) the average magnetic field strength of the two dipoles

*/;(/= I-4) [chan'] the spectrometer dispersion coefficients

x,. |chan| the central-channel number

The parameters </, (i=l-4), £>and xc are determined by a least-squares fit of the peak positions in
the spectra to known excited states. The incoming beam energy £ ; is then calculated from Et
through the relation:

with

'•<•»' r \

2 £* [

V

M

r;
Ex

Eloss

t

p

"' + 2«] Ei
2

|MeV]

|MeV|

|MeV|

[g/cm2]

[g/cnv l̂

the mass of the target nucleus
the recoil factor

the excitation energy
the mean energy loss in the target:
Eloss = 0.154 (Z/A) t (19.26 + ln(f/p))

the effective target thickness

the target density

The beam energy was thus determined for all runs within a statistical uncertainty of 0.3%. The
values for d-v and xc as determined from this experiment were consistent with the results of other
experiments done at NIKHEF-K. However, a variation in xc as a function of the incident electron
energy was found which points to an additional systematic error due to saturation effects during
the cycling procedure of the dipole magnets or incorrect positioning of the beam spot. This error is
estimated to be less than 0.08% [Off 88]. Sometimes there were not enough data points available
to determine all parameters. In these cases the central channel and the <£/ were fixed to average
values from previous experiments.

3.3.2 Lineshape fitting

To extract the area of every peak in the spectra, the number of counts were determined by
means of a lineshape-fitting procedure. To this end the program ALLFIT [Hyd 84] was used. The
peaks were fitted assuming an asymmetric hypergaussian shape, i.e. the exponent in the gaussian
was allowed to have a value different from 2. The asymmetry results from the use of different
shapes for the low-energy and the high-energy tails. Especially the shape of the low-energy tail can
have a large influence on the calculated cross sections. This tail was described using a theoretical
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curve incorporating the effects of Landau straggling, external Bremsstrahlung and Schwinger
corrections [Max 69). The theoretical uncertainty in these radiative corrections was estimated at 0.1
%. For the data taken in spectrum mode a flat background was used in addition. For the list-mode
data this was not necessary, since the reject criteria on the scattering angles 9 and <j>on target, used
in the data-reduction procedure, were shown to exclude virtually all background (San 871.

To obtain an optimal fitting result one should, in principle, leave the five parameters (height,
position, width, asymmetry, power of the exponent) free to vary for each peak. However, one
expects the shape of all peaks of one element to vary only slightly as a function of the excitation
energy. Moreover, for the weaker states, the statistics usually prohibit the fitting of all parameters.
Therefore the peak shapes of all excited states were fixed to that of the ground state of the
respective elements. For the peaks of other elements than Nd observed in the spectra (12C, I6O,
I9F, 2sSi, 232yh); o n e o r m o r e parameters were fixed at reasonable values. Especially I6O caused
problems when the kinematic broadening was large, but the recoil energy was too small for the
peak to have shifted outside the region of interest. For this q-range the ground state peak of lf>O is
observed as a broad background under the Nd peaks. The width of the peak was fixed in these
cases at a value calculated from eq. 3.23.

The level density increases drastically as a function of excitation energy and nuclear
deformation. This limited the maximum excitation energy below which cross sections could be
determined within a reasonable error to 4.0, 3.0 and 2.0 MeV for l42Nd, l46Nd and l50Nd,
respectively. Still, between 30 and 50 peaks were fitted for each isotope. Fig. 3.2 shows, as
examples, fitted spectra for 142Nd, 146Nd and l50Nd at different transferred momenta.
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Fig . 3 .2 : Spectra for 1 4 2 N d , 1 4 6 N d and l 5 ( ) N d at transferred momenta of qeff- • • ' . 2.3 and 1.5 f m 1 ,

respectively. Peaks due to different target contaminants arc marked as well as some of the strongest

excitations of the Nd isotopes.

3.3.3 Normalisation of the cross sections

As mentioned already, at most q-points an additional run on 12C was performed. These runs

were used to eliminate some of the systematic errors in the cross sections, and to account for the
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absolute detection efficiencies. To this end the cross sections for the 0+ ground state of 12C at each
energy-angle combination of the experiment were calculated from the accurately known charge
distribution parameters [OffC 90). The ratio between the calculated and the measured cioss section
was a measure for the absolute efficiency of the detection system, under the assumption that the
conditions during the carbon run were the same as for the neodymium runs. In the calculation of
the errors in these normalisation factors the different shapes of the respective form factors were
taken into account. This procedure could not be applied in the vicinity of the very steep form factor
minimum of the ground state of 12C, as it would lead to a very large error in the correction factor,
due to its extreme energy dependence. Therefore, the first excited 2+ state in 12C at 4.439 MeV
was also used. This state displays a very flat q-dependence of the form factor in this region. The
parametrization for the transition charge density was taken from |RavS 871. Unfortunately, at
some q-values there was either no carbon measurement performed or the quality of it was such,
that it could not be used for normalisation purposes. These runs were assigned a larger systematic
error.

Barrett moments as known from the literature |EngS 74] were used to check the target
thickness. To this end a fit on the form factor with a free normalisation was performed which
indicated that the error in the target thickness was of the order of 1%. The only remaining
uncertainty in determining the final cross sections is the inhomogeneity of the targets. This was
estimated to be smaller than 1%.

Table 3.2 gives an overview of the error sources and their contributions to the cross sections.

In the last column the errors that are eliminated in the process of normalisation are marked.

Table 3.2 Summary of error sources. The last column marks

systematic contributions that cancel in the normalisation

parameter

scattering angle

incoming energy
solid angle

radiative corrections
charge integration
target angle

target thickness 12C
target thickness Nd
efficiency
dead time correction

statistical

0.05°

0.1 %
0.1 %

0.35°

1.0%

<0.2 %

systematic

1.0%
0.1 %

0.1 %

0.3 %
1.0%
0.5 %

X

X

X

X

For each data point the statistical errors as listed in table 3.2 were added quadratically to the

statistical error in the cross section. In the case of elastic scattering the shape of the form factor as a



44 Electron scattering formalism and experimental procedure

function of the scattering angle and the beam energy was taken into account in the determination of
the errors in the cross sections. This has not been done for the excited states. Instead an additional
statistical error of 2.5% was used. The systematic errors were summed linearly.

3.3.4 Fourier-Bessel analysis of excited states

To obtain transition charge densities from the absolute cross sections a Fourier-Bessel analysis
was performed using the program FOUBES |Hei 81]. This was done only for the levels that
satisfied the following two criteria: first, the multipolarity had to be known unambiguously. To
this end the results of an inelastic proton scattering experiment on the Nd isotopes performed at the
KV! |PigL 90] were used in combination with the present data. This combined analysis proved to
be very successful and the multipolarity of most resolved states in the present experiment could be
determined. Next, the form factor of the state to be investigated had to show the shape of an
excitation of a single multipolarity, at least over a sufficiently large q-range to make a Fourier-
Bessel analysis meaningful. For peaks where the form factor was a clear superposition of two
states of different multipolarity, only a B{EX) value was determined for the component of the
lowest multipolarity under the assumption that the transition charge density would be of the
standard surface-peaked type.

The cutoff radius Rc was set at 11.5 fm for the ground state charge distribution as well as for
the transition charge distribution. This value was chosen as a compromise between the desirability
of having a reasonable number of parameters and the necessity to avoid unphysical oscillations far
outside the nucleus. In view of this last problem also a so-called tail bias was used |Hei 81). This
tail bias is a restriction in coordinate space which assumes that beyond a certain radius R\, that is
well outside the nucleus, the transition charge distribution falls off like some functional of r. This
functional is chosen in accordance with the radial dependence of the wave function of the leasi
bound nucleon(s) to have the shape of a Whittaker function (Sic 82|. Hence, the overlap at large
radii between the wave function of the initial state and that of the final state is taken as:

p(r) ~ ** (3.28)

A variance is then defined as a pseudo-^2 by:

P is the weight factor of the tail constraint. It was chosen, together with /?j, for each transition

charge density separately so as to give the most acceptable shape. The variable rt takes values from

R\ up to Rc in steps of 0.2 fm.
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The prescription of Rothhaas et al. [RotF 74] was used to constrain in q-space the Fourier-
Bessel coefficients beyond the highest momentum transfer. This implies specifying an "upper
limit" beyond Qmax , which was taken to have the form:

(3.30)
°P(q)

Here yand/weie determined either to give a reasonable envelope at the lower-q data, or, y was
fixed to the slope of the proton form factor and/ was adjusted to the form factor maximum at the
highest q if that q^mx was larger than 2.5 frrr1. The limit was enforced through the use of pseudo-
data. These data were of zero cross section with error bars given by the upper limit envelope and
spaced by

Aq = -(<7/v+i -<7w) (3.31)

beyond ^wajcwith q^ being the largest solution of eq. (3.17) lower than qmax. This density of
pseudo-data was chosen, because the mean square deviation in a statistical distribution using three
data points, each having a statistical error equal to the upper limit, is the same as the rms- width of a
uniformly distributed probability with a half-width corresponding to the upper limit.

With this procedure 15 Fourier-Bessel coefficients have been fitted. The fit to the pseudo-data
yields the model or incompleteness error. The total x2 of the Fourier-Bessel fit is given by the sum
of the contributions of the real data, the pseudo-data and (if known) the experimental reduced
transition probability B(EX). The reduced x2 is calculated from the total x2' by dividing it by the
number of degrees of freedom (Nf) in the fit. Mr is given by the following sum:

Nf = #(real data) + #(high - q pseudo - data) + #(tail bias pseudo - data) #(parameters) (3.32)

where # refers to number.
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The Spherical Nucleus 142Nd

4.1 Introduction

[n this chapter the results on 142Nd will be presented. The experimental data will be compared
with the results of the Quasiparticle-Phonon Model (QPM), which has been described in section
2.2.

In an electron scattering experiment off the N=50 closed neutron shell nuclei 88Sr, 89Y and
90Zr it was established |SchD 83} that the lowest quadrupole excitations, which were believed to
be practically pure collective vibrations, also had a significant single-particle component. One of
the aims of the present work on 142Nd is to investigate this aspect in the rare earth region. A clue,
that the underlying microscopic structure (in terms of the shell model: the single-particle level
scheme) may have a large influence on the excitation of low-lying collective states, can be extracted
from the energies of the 2j+ , 3f and 4(+ excited states in the even N=82 isotones. As will be
discussed in section 4.4, the energy of the 3f state depends strongly on the proton number, in
contrast to that of the other two states, which remain practically constant. The most likely
explanation for this feature is, that the filling of the lg7/2 proton subshell has a larger influence on
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Tal)lc4.l: List of measured excitation energies with statistical errors in comparison to a
compilation of Nuclear Data Sheets [Pek 84 J, the work ofTrache et al. /TraW 89] and
the preliminary results of Pignanelli et al. [PigD 90]. Energies of states which could
not be measured accurately enough are given without errors.

Literature

Ex

(MeV)

1.5768

2.0844

2.0989

2.2073

2.2172

2.340

2.3843

2.438 a>

2.550

2.5833

2.739 a>

2.8459

2.956

2.978

3.008

Jn

2+

3-

4+

(6)+

0+

2+

(4+) b)

(3,2)+

U+),2+

2+

0+

Present Work

Ex

(MeV)

1.575 (4)

2.083 (6)

2.098

2.21 (4)

2.385 (8)

2.438 (20)

2.584(18)

2.739 (12)

2.845 (6)

2.893

2.976 (6)

3.008

in

2+

3-

4+

6+

2+

4+

(4+)

5"

2+

(6+)

0+

Literature

Ex

(MeV)

3.0457

3.080

3.1281

3.151

3.2429

3.244

3.295

3.300

3.311

3.358

3.366

3.413

3.425 c>

3.453

3.456+x

3.563

2+a)

(4+) a)

(1,2+)

(7)"

(4)-

(4)-

(2,3)+

(4+) a)

(2,D+

(3)"

(5)"

1-c)

(8)

(9)"
3-a)

Present Work

Ex

(MeV)

3.045

3.080 (7)

3.135

3.246 (6)

3.319 (8)

3.413(12)

3.494 (9)

3.580 (16)

4+

7"

4+

(6+)

(9")

3"

a) From Trachc et al.

b) From Pignanclli et al.

c) From Pitz et al. [PitH 90].

excitations from one subshell to another, such as that of the 3f state, than on excitations which
may take place within a single subshell, as for the 2j+ and 4]+ states. Although in the past
electron scattering experiments have been performed on rare earth nuclei around the N=82 neutron
subshell closure (i.e. at Saclay on the Sm-isotopes |Meo 87] and at MIT-Bates on the Ce-isotopes
[Kim 90]), no conclusive evidence on the influence of the single-particle structure was obtained.

In the present work an extensive study of the interplay of collective and single-particle degrees
of freedom in the semi-magic nucleus l42Nd was performed. Since the neutron pairing correlations
play a role of minor importance due to the closed neutron shell, only proton configurations are
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CO
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Fig. 4 .1 : The elastic form factor daia of ^^Nd. The solid curve is the result of the fit with a Fouricr-Bcsscl
analysis.The deduced ground state charge density of ' 4 2 Nd j s shown as the curve with error band. The
error band contains the statistical error and the incompleteness error.

expected to contribute to the low-lying excited states. This implies, that the transition densities
obtained from electron scattering expen-Ktrus for these low-lying states will contain practically all
radial nuclear structure information. The nucleus I42Nd has also been studied recently by other
experimental methods, notably inelastic proton scauering [TraW 89] and low-energy photon
scattering [PitH 90]. Moreover, the preliminary result;: of another (p,p') experiment with slightly
improved statistics [PigD 90] have recently become available. The results of the present
experiment will be compared to the results of these various experiments.

The experimental spectra were analysed up to an excitation energy of 4.0 MeV. However, due
to the high level density, no form factors clearly belonging to one level could be distinguished
beyond 3.6 MeV. Even so, 21 levels were observed and for most of them spin and parity
assignments were confirmed or newly proposed. Table 4.1 lists excitation energies and spin and
parity assignments for all of the observed states in comparison to the literature values. The errors
listed in table 4.1 are just the statistical errors. The systematic errors in the excitation energies have
been shown by Burghardt [Bur 89] to be very small and they are assumed to be of similar
magnitude in the present experiment, i.e. around 2 keV.

The form factor for elastic scattering off the ground state and the ground state charge density
are presented in fig. 4.1. The present results are in good agreement with those of a previous
experiment of Heisenberg et al. [HeiM 71]. Due to the unavailability of the cross sections of that
experiment for 146Nd and 150Nd, no thorough combined analysis of the influence of the shape
transition of the Nd-isotopes on the ground state charge densities was possible.

In appendix the coefficients of all states for which a Fourier-Bessel analysis could be
performed, are given.
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4.2 General Remarks on the QPM Calculations for

For a description of the Quasiparticle-Phonon Model (QPM) the reader is referred to section
2.2 and the references quoted therein. In the present section the parameters and the general features
specific to the calculations for 142Nd will be discussed.

Table 4.2: Overview of the Saxon-Woods parameters. Listed are the parameters used in a
previous publication on the quadrupole states of I42Nd [SanB 89 j and the parameters
used in the present work.

parameters

proton

neutron

V0(MeV)

r0 (fm)

ao(fm)

V0(MeV)

r0 (fm)

ao(fm)

old

52.5

1.24

0.65

46.0

1.27

0.62

new

57.7

1.30

0.55

46.0

1.27

0.62

Table 4.2 gives an overview of the parameters of the Saxon-Woods (SW) potential. The "old"
radial parameters refer to the ones used in a previous publication on the quadrupole states in 142Nd
(SanB 89|, whereas the new radial parameters used in the present calculations are taken for the
proton part of the potential derived from an (e,e'p) experiment performed at NIKHEF-K by Lanen
[Lan 90]. The parameters of the neutron part of the potential were taken in both cases from |PonS
79J. The single-particle spectrum, which is calculated up to the H19/2 shell, is shown in fig. 4.2
for the states around the Fermi surface. In view of the large single-particle basis, as already
mentioned in section 2.2, no effective charges were used .

The monopole pairing interaction has been accounted for in the BCS approximation. A
standard force strength of G = 17/A MeV was used, which is the usual value for this parameter
|RinS 80], Since 142Nd has a closed neutron shell, the pairing correlations in the neutron system
are very small. As a consequence, the neutron particle-hole configurations have energies higher
than 5 MeV and proton components will dominate the one-phonon states, resulting from the RPA
calculations, below 4 MeV. Indeed, the contribution from neutron configurations never exceeds
10%. Fig. 4.3 shows the quasiparticle spectrum up to 7 MeV.

The radial dependence of the residual interaction is taken to be the derivative of the S W-well. In
principle, for each multipolarity the parameters K̂ , X of the effective residual force are chosen to
reproduce the experimental excitation energy of the lowest state. However, for the excitations with
a multipolarity of 5 and higher this leads to untypical values of the isoscalar force K̂ , . Therefore,
for these excitations a different procedure was followed. For negative parity states KQ was taken
equal to the value of that of the octupole states, i.e. Ko, and for positive parity states the same
value as for the quadrupole states, K̂  , was used.
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The final step in the calculations is the coupling between the one- and multiple-phonon states.
In the present calculations all one-phonon configurations with an excitation energy Ex < 4.5 MeV
and two-phonon configurations with Ex < 6.5 MeV are taken into account. Only those three-
phonon configurations that are constructed of the collective 2j+ , 3f and 4\+ one-phonon terms
were included in the wave function. For semi-magic nuclei the coupling between the one- and
multiple-phonon states is not very strong [VdoS 74]. The first quadrupole [2i+ x 2\+\ two-phonon
state is already located rather high (Ex = 3.8 MeV), and other two-phonon states are located at even
higher energies (Ex > 4 MeV). Therefore, but for a few exceptions, the one-phonon components,
both collective and non-collective, will dominate the wave functions of the states of interest. The
contribution of the two-phonon admixtures to the transition charge densities will hardly be visible,
since the transition densities of two-phonon transitions are small as a rule |KhoK 86] and are
spread out over the nuclear interior. Fig. 4.4 shows, as an example, the transition charge densities
of some two-phonon states. Traces of three-phonon states are not even visible up to an excitation
energy of 3.5 MeV. In general, the most important consequence of including two- and three-
phonon states in the calculations will be the mixing of the different one-phonon components
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Fig. 4.4: Transition charge densities of the [2j+ x 2i+]<2) and [3r x 3r](2) two-phonon states, calculated in

the QPM.

through the coupling to the multiple-phonon states and the renormalisation of the wave function as

a whole due to the two- and three-phonon parts.

To allow a direct comparison with the experimental data the calculated transition charge

densities were folded with the proton form factor according to the parametrisation of Simon et al.

ISimS 80|.

4.3 The Quadrupole States

In the present experiment four quadrupole states were observed at excitation energies of 1.575
MeV, 2.385 MeV, 2.845 MeV and 3.045 MeV. Only for the first three states were transition
charge densities extracted, since the form factor for the fourth quadrupole state could only be
measured over a limited q-range, i.e. between 1.0 and 2.0 fm"1. In a (p,p') experiment performed
by Trache et al. [TraW 89] this state was unambiguously identified as a 2+ state with an isoscalar
strength that is a factor of 5 smaller than that of the 2+ state at 2.845 MeV. As the strength ratio of
the form factors of the two respective states determined in this experiment is also about five, the
proposed spin and parity assignment for the state at 3.045 MeV has been adopted.

Fig 4.5 shows the form factors for the quadrupole states. The second form factor minimum of
the 2+ state at 2.385 MeV is clearly shifted to a higher value of qcff with respect to that of the 2+
states at 1.575 MeV and 2.845 MeV. This indicates that the state at 2.385 MeV has an excitation
mode different from that of a collective surface vibration, the expected configuration for the first
quadrupole state.

The quasiparticle RPA calculations, the first step in the QPM calculations, predict six
quadrupole one-phonon states with an excitation energy smaller than 4 MeV. The calculated
excitation energies and B(E2) values are listed in table 4.3 and the calculated transition charge
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drawn just to guide the eye. For plotting purposes the form factor dala and the respective curves of the
22+ and 2$+ states have been divided by 10.

densities of the first four states are shown in fig. 4.6. The 2\+ one-phonon state is the most
collective. The 22+ and 23+ one-phonon states are, as to be expected, much less collective.
However, the 24+ one-phonon state is again very collective, its B(E2) value being only three times
smaller than that of the 2i+ one-phonon state. This behaviour of collective versus non-collective is
reflected in the transition charge densities. The transition charge densities of the 2 j + and 24+ one-
phonon states peak mainly at the nuclear surface, whereas those of the 22+ and the 23+ one-
phonon states have very pronounced volume peaks. A possible explanation lies in the single-
particle subshell-structure, shown in fig. 4.2. The two proton subshells lg7/2 and 2d5^ are close
to the Fermi level and close to each other, whereas other subshells, notably the lhj ]/2, 2d3/2 and
3s 1/2 have about 2 MeV higher single-particle energies. This results in about 1 MeV higher quasi-
particle energies for those levels than for the lg7/2 and 2d5/2 subshells, as shown in fig. 4.3. This
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Fig. 4.6: Transition charge densities resulting from the RPA calculations for ihe first four 2 + onc-phonon
stales in 142Nd.

is also observed in the adjacent odd-A nuclei. The 24+ state is mainly built from configurations
involving the orbits higher in energy and is much more collective, due to the gap, than the almost
pure two-quasiparticle 22+ and 2$+ states.

After coupling the one-, two- and three-phonon configurations, one obtains for the four states
mentioned previously the results listed in table 4.3. As mentioned, the coupling between the one-
phonon configurations and the two-phonon configurations is not very strong. The admixtures of
the two-phonon components for the lowest four 2+ states do not exceed a few percent. In fig. 4.7
the calculated transition charge densities for the 2\+, 22+ and 2^+ states are compared to the
experimental data. The theoretical excitation energies and transition probabilities are summarized in
table 4.3. The systematics of the excitation energies of the quadrupole states are well reproduced,
although the spacing between the states is slightly overestimated by the calculations. One should
keep in mind that the strength of the multipole term is adjusted to reproduce the excitation energy
of the 2]+ state.
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Table 43: Excitation energies and B(E2) values of the quadrupole states observed in this
experiment compared to those from the QPM calculations. The results of the RPA
calculations ami those of the full calculations after coupling the two- ami three-piunum
states are listed.

Jrt v

2+ 1

2

3

4

5

6

RPA

(MeV)

1.900

2.480

2.600

3.300

3.830

3.940

Calculation

(e2fm4)

3816

124

269

1327

3.3

0.5

(MeV)

1.630

2.420

2.530

3.050

3.320

3.920

QPM

B(E2)

(e2fm4)

4060

247

173

705

99

40

Kxpcriment

f-x

(MeV)

1.575

2.385

2.845

3.045

B(H2)

(e2fm4)

2810 (10) a>

309(17)

498(20)

a) The B(E2) value has been laken from |Pck 84] and used in the Fourier-Bessel analysis as a data point.

The transition charge densities for the 2\+ and 2zj+ states are clearly dominated by the
respective one-phonon components. Indeed, other components contribute each less than 1%,
adding up to a total of 10%. This is not the case for the 22+ and the 2$+ states. Here the coupling
to the multiple-phonon states leads to an appreciable mixing of the second and the third one-
phonon states on the 10% level. As a result the B(E2) value of the 22+ state increases, whereas that
of the 23"1" state decreases due to destructive interference. This probably explains why this state
was not observed in the present experiment. Indeed, cross section values calculated from the
predicted transition charge density of the 23+ state are well below the detection limit of the present
experiment. However, a state at 2.550 MeV has been reported [JonB 711, which is believed to be a
possible 2+ state. Quite remarkable is the measured and predicted high collectivity of the 24+ state.
This is an evidence of the gap in the proton single-particle spectrum (lg7/2,2dg/2<=>
lh| i/2>3si/2,2d3/2) as discussed earlier. Generally, all three measured transition charge densities
are well reproduced by the calculations. As a consequence of the adjustment of the parameters of
the Saxon-Woods potential the positions of the calculated surface maxima (see dashed curves in
fig. 4.7) are now in better agreement with the data than the preliminary results (the dotted curves in
fig. 4.7) published earlier [SanB 89]. However, the calculations overestimate the observed
structure in the nuclear interior appreciably. This structure already appears in the RPA one-phonon
transition charge densities and can be traced back, to a too large contribution of the (2d5/2,2d5/2)
two-quasiparticle component. This has an even larger influence on the calculated transition charge
densities of the hexadecapoie states. The discussion of this effect will be left to the section dealing
with the 4+ states.
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calculations (dashed lines) for the three excited quadrupolc stales al respectively 1.575, 2.385 and
2.845 McV in ' ^ N d . Also shown (dotted lines) arc the results from the calculations with the old
Saxon-Woods parameters, published earlier |SanB 89).

It is interesting to note that the B(E2) value for the 2\+ state from the RPA calculations is about
30% larger than the experimental value, which is in contrast to the usually too small B(E2) value
resulting from microscopic calculations with a truncated basis. Coupling the one- and multiple-
phonon states even leads to an increase of the strength of the 2j+ state. This may be attributed to a
depletion of strength from the giant quadrupole resonance (GQR). Although the states which build
the resonance are included in the single-particle basis, the one-phonon states from the resonance
region are not included in the wave functions of excited states, since the one-phonon basis is cut at
an excitation energy of Ex = 4.5 MeV, well below the resonance. Therefore, the coupling of the
2)+ state with the GQR is not fully taken into account.

To investigate the contribution of the transverse form factor to the cross section, an additional
measurement was performed at a beam energy of 80 MeV and a scattering angle of 154°. The
energy was chosen such that the q-value coincided with the first form factor minimum of the
quadrupole states. The contributions were observed to be negligible for the 2j+ state, 40% for the
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Fig. 4.8: Form fac'ir data of the 3 j ' state at 2.083 MeV and the 3y state at 3.580 MeV. The curves represent

the fit obtained in a Fourier-Bcsscl analysis (solid line), the QPM calculation (dashed lines) and the fa

using a Standard density (dotted lines).

22+ state and 26% for the 2^+ state. Calculations with the QPM have shown, that the transverse
form factors of all the quadrupole states reach their maximum value around the minimum of the
charge form factor. Since at 154° there is an enhancement of the transverse part with respect to the
longitudinal part of the cross section of about a factor of 20, it is concluded that the contribution of
the transverse form factors at the forward scattering angles for which measurements have been
performed, never exceeds 2% and thus can be neglected. For the states of other multipolarities no
transverse contribution was observed, although the measurement was not performed in the form
factor minimum of those states. However, tht: QPM calculations predict the transverse contribution
to be of the same order as for the quadrupole states, hence it is neglected in the following.

4.4 The Octupole States

Two octupole states have been observed in the present experiment, the first at 2.083 MeV and
the second at 3.580 MeV. A transition charge density for the first state could not be extracted in a
model-independent way, due to the small difference in excitation energy of 15 keV between this
state and the 4+ state at 2.098 MeV. The experimental resolution was only good enough to resolve
the peaks for momentum transfers up to 1.3 fm1 . Therefore, a functional form assumed for the
transition charge density of the weaker 4+ state was subtracted beyond 1.3 fm"' from the form
factor of the transition due to the excitation of both states.

The functional form chosen was the derivative of the ground state charge density:

(4.1)
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Fig. 4.9:

8 10

r[fm]

3.580 MeV

- V / \
0

8 10

The experimental transition charge density of the 3 j ' state at 2.083 MeV (curve with error band)
compared to the results of the QPM calculations (dashed line) and the calculated transition charge
density of the 33" state at 3.580 MeV together with the Standard density (dotted line) obtained from a
fii to the data.

with p()(r) being given by a two-parameter Fermi distribution. The parameters were taken from
|HeiM 711 and are used throughout this thesis, unless theoretical or other experimental evidence
favours a different value for the average nuclear radius, which is in those cases clearly stated. This
transition density is usually known as a so-called one-phonon density. To avoid confusion, the
name Standard density will be used henceforward.

The validity of using a Standard density for the 4i+ state will be discussed in the next section.
The resulting - more or less - pure form factor for the 3f state and the extracted transition charge
density are shown in figs. 4.8 and 4.9, respectively. For the state at 3.580 MeV the diffraction
pattern of the form factor at q-values beyond the first maximum is washed out because of
contributions from other levels in this high level density region. This made it impossible to obtain a
transition charge density for this state. However, the position of the maximum of the form factor
indicates that one is indeed dealing with an octupole state (see fig. 4.8). This is confirmed by the
already mentioned (p.p') experiment [TraW 89]. A B(E3) value for this state was extracted by
again assuming a transition charge density with a Standard shape. This assumption is supported by
the QPM calculations (see fig. 4.9), although for an optimal description of the experimental form
factor the Standard transition density had to be shifted to TQ = 5.5 fm. The B(E3) values are listed
in table 4.4.

The quasiparticle RPA predicts two octupole one-phonon states below 4 MeV. The excitation
energies and B(E3) values are listed in table 4.4. The first state is very collective, in contrast to the
second one which is an almost pure two-quasiparticle state and hence has a B(E3) value that is
about two orders of magnitude smaller.

An interesting feature of the first octupole state is the strong dependence of the excitation
energy on the proton number in the even N=82 isotones from 138Ba to 144Sm. This is in contrast
to the case of the 2^+ and 4 (

+ states, the excitation energies of which remain practically constant.
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Table 4.4: Excitation energies and B(E3) values of the octupole states observed in this experiment
compared to those from the QPM calculations. The results of the RPA calculations ami
those of the full calculations after coupling the two- and three-phonon states are listed.

3-

V

1

2

3

4

Calculation

RPA

Ex

(MeV)

2.500

3.370

4.831

B(E3)

(e2fm6)

20.0 e+4

0.1 ! e+4

5.37 e+4

Ex
(MeV)

2.050

3.280

4.010

4.710

QPM

B(E3)

(e2fm6)

18.5 e+4

0.23 e+4

1.32 e+4

4.04 e+4

Ex

(MeV)

2.083

3.580

Experiment

B(E3)

(e2fm6)

26.20 (15) e+4

1 e+4 a)

a) Obtained using a Standard density with a maximum at 5.5 fm.

This is illustrated in fig. 4.10. An explanation for this behaviour can be obtained by looking at the
main two-quasiparticle configurations contributing to the respective excitations in I42Nd; they are
listed in table 4.5. Whereas the 2j+ and 4j + one-phonon states are built mainly of excitations
within a subshell, two quasiparticle levels are involved in the case of the 3j" state. Consequently
one may expect, that the excitation energy of the 3 r state will depend strongly on the difference
between the energies of the contributing quasiparticle levels.

3.0

O

2.0

1.0

138 Ba 140Ce 142Nd 144,Sm

F i g . 4 . 1 0 : Expe r imen ta l exc i ta t ion energ ies of the 2 j + s tate (sol id) , the 3 j " slate (dashed) and the 4 ] + state
(doi ted) in the N = 8 2 cvcn-A isoioncs from ' ^ B a to I 4 4 S m .
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Table 45: The main two-qiiasiparticle configurations contributing to the 2j+, 3f, and4/+ one-

phonon states in

Jv*

2j +

3f

V

Ex

(MeV)

1.900

2.500

2.280

main

configurations

(2d5/2,2d5/2)

Og7/2>lg7/2)
(2d5/2)lh]]/2)

(lg7/2,lh1] /2)
(2d5/2,2d5/2)

(lg7/2'2d5/2)

%

56.1

15.5

77.5

5.3

88.5

7.3

To study this proton-number dependence, quasiparticle BCS calculations were performed for
the even N=82 isotones, keeping all parameters fixed to the values used in the calculations for
142Nd and just varying the proton number. The resulting energies of the quasiparticle levels are
depicted in fig. 4.11. Clearly the difference in energy between the 2d5/2 and I hi 1/2 quasiparticle
levels, which form the main quasiparticle configuration contributing to (he first octupole one-
phonon state, decreases by a factor of two in going from ^ B a to !44Sm, thus indicating the
sensitivity of the 3j" state to shell effects. Although the presented argument based on only one-
phonon states, of course, cannot be applied to the description of real excitations, a full QPM
calculation, performed without adjusting the multipole strength parameters of the residual
interaction, reproduces the systematics of the excitation energy of the 3 j - state [Vdo 90).

3.0

2.0

UJ*

1.0 -

136 Ba 140r>_ 142Ce 142Nd 144Sm144,

Fig . 4 . 1 1 : Calculated energies of the 2d^n (solid), Ig7/2 (dashed) and lh j \Q (dolled) quasiparticlc levels in the

N=82even-A isotones from ' 38ga 10 l ^
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After coupling the one- and multiple-phonon states one obtains the octupole states listed in table
4.4. As can be seen, only li ree states have an excitation energy lower than 4.1 MeV. The 3j" state
is quite collective with an 84 % contribution of the 3f one-phonon configuration and around 10 %
contribution of the {2]+ x 3]") two-phonon state. The 32" state remains a practically pure two-
quasiparticle state. However, the third 3" state is again more collective, but the main contribution is
from the [2j+ x 3j'J two-phonon state. As mentioned earlier, the transition charge densities of two-
phonon states are usually small. Therefore, the calculated transition charge density of the 33" state,
which is shown in fig. 4.9 (together with the calculated and experimental ones of the 3 f state) is
small. The agreement between the calculation and the data for the 3j" state is good, both for the
structure of the transition charge density and for the B(E3) value. The 3>2~ state, with its small
calculated B(E3) value, has not been observed experimentally yet. The predicted transition charge
density of the 33' state was used to calculate a form factor in DWBA. This form factor is compared
to the experimental one of the level at 3.580 MeV in fig. 4.8 and is found to be in reasonable
agreement.

4.5 The Hexadecapole States

In the present experiment five transitions were observed with a possible hexadecapole character
(see fig. 4.12). The first state at 2.098 MeV has an excitation energy close to that of the 3f state,
as mentioned in the previous section. Therefore, only at the lowest incident energies it was
possible to separate the peaks corresponding to the excitation of these levels and thus only the first
maximum of the form factor of the 4j+ state up to 1.3 fnr1 is well determined. Clearly the range of
the momentum transfer is not large enough to extract a transition charge density.

The character of the level at 2.438 MeV is not known. The shape of the form factor permits
two possible multipolarities, 0 or 4. However, we believe to be dealing with a 4+ state for the
following reasons:

a) The level has not been observed in a (p,t) experiment by Ball et al. [BalA 69], which was
particularly sensitive for monopole excitations.

b) The level has been observed in the (p,p') experiment of Trache et al. [TraW 89] and
although no assignment was published, generally proton scattering is more sensitive to
E4 transitions than to E0 transitions for angles larger than 30°.

c) The angular distribution of a state at 2.436 MeV, resulting from a preliminary analysis of
the (p,p') experiment of Pignanelli et al. [PigD 90], seems to indicate a 4+ excitation.

d) Both the systematics of the excitation energy and the structure of the transition charge
density of the 42+ state as predicted by the QPM agree very well with the experimental
data for this transition as will be discussed below.

The level at 2.584 MeV has been given aJ*= 1<+) assignment in the literature [TenM 74J.
However, both in the experiment of Trache et al. and in the present experiment a too large strength
for this state is observed for it to have an unnatural parity. Therefore, it is assumed that another
level with approximately the same energy is excited. The preliminary results of Pignanelli et al.



62 The spherical nucleus

104

10s

10"6

10"7 t-
'- j

• - , •+

If %
it V

I \A
a \
• ' \

> \

i
i
i
i

i'
11

i

V
2.098

(\

1

MeV

\
t
\
1
t
t
1
i
i

• * . • ' .

10"5

10 6

10"7

10'8

/ \ — 4

r //% z'^N2-438
-
r
~ J

in v \V V\\
\

i

i-

MeV

\
\\ I

\
i
I
\
i
I
1

: 1

10"4

10"5

10"7

108

r
in

 
i

r /
; i
* I ,

I i
' • :

: i -

t •
t :
1 -'
t •
1 ;

r i-:
• 1 ;

i:

[ Jf

V
/ < " \ 2.584 MeV

•- I \

JL. \

• i

1 1 1

,

/ 1

\ *

1 \
: \

I

ifi
/

. i

/ i

\
1\

• • • • • • \

\ \

, 1

, 2
I
\

i I

\ \

\

1

2

V
\
• \

i

2

.438

I i

43-

584

i

-

MeV-

_

-

1 ,"

MeV

-

1 ,"

0

- -2

CO
I

ID
ro

1

O

- 2

0

%„
2 4 6

r [fm] -

Q

_J l _

8 10

— •



The spherical nucleus 142Nd 63

105 -

-6

-7

• -y v ^: // VS
z If
• <l- '/- ;/

•7i /

- •'/

i •'/

: !
>i •

4 *
4

3.080

/ \
\ :
\ !\ ' JTX.
\ i A *
li / \

>\J \

1

MeV

\l
i
1
i
1
I

i *,

\ ' ,

10° r

10"7 "

•*—•

o

10"5 r

10° r

10"7 r

-5

-6

-7

• / A

- i

\ 3.319 MeV

V

w \\

I \

i

in

. i

/\
/ I
i ,

i

^i i

/ \

1 J ^

u

3.319

L
VV

MeV-

.

-

8 10

r[fm]

CD
4 «?

O

3 "

2 ^

- 1

0

Fig. 4.12: Experimental form factor data with the fits obtained in a Fouricr-Bcsscl analysis (solid lines) and
deduced transition charge densities (curves with error bands) of the 4 + states in 142Nd. Dashed curves
represent the form factors and transition charge densities of the QPM calculations and dotted curves the
results of the respective fits with Standard transition densities. In case of the 43+ state the Standard
density is shifted to 4.8 fm. For the 43+ state also a comparison with the QPM result for the 23+
state is shown (dot-dashed curve).

give J71 = 2+ for this state. However, based on the shape of the form factor as predicted by the
QPM it is more likely to be the third hexadecapole state. Both possibilities will be discussed
below.

The strong states at 3.080 MeV and 3.319 MeV are identified by Trache et al. as 4+ states
which is confirmed by the present work, since the shapes of both form factors are those of
surface-peaked hexadecapole transitions and the magnitudes are consistent with the (p,p')
experiment. The form factors of all five states mentioned are shown in fig. 4.12.

The RPA-calculations predict five one-phonon hexadecapole states below 4 MeV. Table 4.6
lists the respective energies and B(E4) values. The 4i+ one-phonon state is much less collective
than the 2 j + and 3f states, as the underlying configuration consists for almost 90% of the two-
quasiparticle Q^sil^sn) configuration. This confirms the findings of Trache et al., where the
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untypical angular distribution of the 4(+ state is attributed to a large two-quasiparticle component.
The 42+ and 4^+ one-phonon states are also more or less pure two-quasiparticle states. However,
the 4.j+ one-phonon state is, like the 24+ one-phonon state, quite collective with many two-
quasiparticle configurations contributing in a coherent way, leading to a B(E4) value even larger
than that of the 4 | + state. Although many two-quasiparticle configurations contribute to the 45

+

stale, some of them have a destructive interference, resulting in a lower B(E4) value.
Coupling the one- and two-phonon states does not alter the first three hexadecapole states

appreciably. Both the B(E4) values, listed in table 4.6, and the transition charge densities, depicted
in fig. 4.12, remain practically unchanged with respect to those of the one-phonon states.
I lowever, the strength of the 44+ one-phonon state at 3.630 MeV gets fragmented into two states,
one at an excitation energy of 3.160 MeV and the other at 3.460 MeV. This is due to the coupling
of the one-phonon state to the \2\+ x 2 | + | two-phonon state at 3.8 MeV. Both states have similar
structures of approximately 40% of the 4^+ one phonon state, 40% of the aforementioned two-
phonon state and some 8% three-phonon contribution. The resulting transition charge densities
have therefore a similar structure and strength.

Table 4.6: Excitation energies and B(E4) values of the hexadecapole states observed in this
experiment compared to those from the QPM calculations. The results of the RPA
calculations and tlu>se of tlie full calculations after coupling the two- and three-plwnon
states are listed.

4+ 1

2

3

4

5

6

7

RPA

Ex
(MeV)

2.280

2.480

2.670

3.630

3.930

4.030

4.080

Calculation

B(E4)
(e2fmx)

17.3

6.5

4.1

34.7

3.6

0.8

0.2

e+5

e+5

e+5

e+5

e+5

e+5

e+5

(MeV)

2.160

2.430

2.630

3.160

3.460

3.700

3.990

QPM

B(IM)

(e2fm8)

19.5

7.8

3.4

14.8

14.5

2.2

0.5

e+5

e+5

e+5

e+5

e+5

e+5

e+5

E*

(MeV)

2.098

2.438

2.584

3.080

3.319

Experiment

B(E4)

(e2fm«)

41 e+5a>

45 e+5b)

2.1 (8) e+5

0.7 e+5 c)

6.2(19) c+5

11.4(17) e+5

a) B(E4) using a Standard dcnsiiy.

b) B(E4) using the QPM density.

c) B(E4) using a Standard density shifted to 4.8 fm.

As is visible in fig 4.12, the agreement between the calculated and measured transition charge

densities for the 42+, 44+ and 45+ states is rather good, both in structure and in strength.
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Fig. 4 .13 : Calculated transition charge density of the (2d5/2>2d5^2) two-quasiparticle configuration.

However, the calculations predict too much strength in the nuclear interior for the latter two states.
For the 4\+ state and the 43

+ state only a comparison of the form factors is possible, shown in fig.
4.12. Concerning the 4T,+ s t a t e ^ is dear, that the position of the first maximum of the form factor
is much better described by the transition charge density of the 43+ state calculated in QPM than by
either that of the 23+ state or that of a Standard density peaking at the nuclear surface. Since in
general the overall structure of the transition charge densities is rather well predicted by the QPM,
it strongly supports the conjecture, that the state at 2.584 MeV is a hexadecapole state. It must be
mentioned though, that the experimental B(E4) value, listed in table 4.6, which was derived by
making use of a Standard transition density shifted to 4.8 fm, is about a factor of three smaller than
the one predicted by the QPM. The lack in strength and the position of the transition charge
density, located inside the nuclear interior, seems to explain why this state has not been identified
before as the 43+ state.

For the Ax+ state both the transition charge density of the QPM and the one with a Standard
density, give a good fit to the first maximum of the form factor. The difference in the two
calculated form factors is only visible beyond 1.3 fm"1, where no data are available. Therefore, in
table 4.6 two B(E4) values are listed. However, we believe that the description of the Standard
density is more realistic than that of the QPM. A clue to this can be obtained from the experimental
transition charge densities of the 4j+ states in 142Ce [Kim 90J and 144Nd [Mie 90]. In both of
these nuclei the extraction of transition charge densities is not hampered by other strongly excited
states and form factors were obtained up to 2.15 fur^. The obtained transition charge densities for
the 4i+ states showed very little structure in the nuclear interior. The calculations for these nuclei in
the framework of the QPM ([Mie 90] and [Pon 90]), however, predict a similar structure for these
states as in 142Nd. They are more or less pure (2d5/2,2d5/2) two-quasiparticle states and their
structure in the nuclear interior is also overestimated. This was also the case for the 2j+ state in
142Nd (see section 4.3).

For all of the mentioned states this discrepancy can be traced back to a too large contribution of
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the (2d_s/2,2d«i/2) configuration in the calculations, of which the transition charge density, shown in
fig. 4.13, has a maximum at 2.8 fm~'. This contribution can be reduced by adjusting the spin-
orbit part of the potential used to calculate the single-particle spectrum which thus brings the lg7/2
and 2d^/2 levels closer together. This would lead to an enhancement of the (2d5/2.1g7/2)
component in the 4 |+ one-phonon state and a better agreement with the experimental transition
charge densities. However, this would mean an ad hoc adjustment of parameters, without any
underlying physical reason, as neither accurate experimental data on the spin-orbit term are
available to justify this adjustment, nor is the QPM, or any other model for that matter, sufficiently
accurate to determine single-particle energies in neighbouring odd nuclei. Thus, the origin of (he
large structure in the interior of the nucleus for the 2X

+ state and the 4]+ state is understood, but on
theoretical grounds there is yet no reason to adjust parameters to obtain better agreement with the
experiment.

4.6 Other Multipolarities

4.6.1 Monopole states

Only two excited ()+ states in 142Nd below an excitation energy of 3 MeV are reported in the
literature; the rather weakly excited ()2+ state at 2.217 MeV and the strongly excited 03+ state at
2.978 MeV |BalA 69|. For the 03+ state a transition charge density, depicted in fig. 4.14, was
obtained with the typical shape of a density vibration. The B(E0) value is listed in table 4.7. As in
the QPM does not take into account particle-particle correlations in the residual interaction, the
description of the monopole states is expected to be incomplete. Hence, no comparison with a
calculated transition charge density has been performed.

0*

2.976 MeV

0*

2.976 MeV H

I . I • I , I

2 4 6 8 10

r[fm] •

60

40 c ^
l

E
20 ®

1

o
0 "

Fig. 4.14: Experimental form factor data with the Fouricr-Besscl fit and transition charge density of the 0+ state
at 2.976 McV.
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Table 4.7: Excitation energies and B(EX) values of the remaining states observed in this
experiment compared to those from the QPM calculations. The results of the RPA
calculations and those of the full calculations after coupling the two- and three-plionon
states are listed.

0+

1-

5-

6+

7-

8+

9"

V

1

1

2

3
1
2

3

1

2

1

2

RPA

Ex

(MeV)

7.140

3.000

3.340

4.580

2.300

2.690

3.990

3.160

3.340

4.040

3.310

Calculation

B(EX)

(e2l

1.38

1.74

0.10

0.75

8.63

0.15

2.35

1.48

0.65

2.00

5.42

m2*)

e-5

e+8

e+8

e+8

e+9

e+9

e+9

e+11

e+11

e+12

e+14

Ex

(MeV)

3.790

2.670

3.250

3.840

2.210

2.650

3.730

2.920

3.250

3.870

3.210

QPM

B(

(e2f

2.15

1.58

0.19

0.95

8.61

0.85

2.26

1.35

0.75

1.72

5.13

EX)

m2*)

e-4

e+8

e+8

e+6

e+9

e+9

e+9

e+11

e+11

e+12

e+14

Ex

(MeV)

2.976

3.425 b)

2.739

2.206

2.893

3.413

3.246

3.494

Experiment

88

1.83

1.21

9.4

8

2

2.5

2

B(E

(e2frr

(41)

(36)

(12)

(20)

(4)

a)

e-3 b)

e+8

e+9

e+7 c)

e+9d>

e+11

e+15d>

a) In units of e2fm4

b) This slate has not been observed in the present experiment. The B(E1) value is from [PilH 90].

c) B(EA.) value obtained using a Standard density with a maximum at 4.7 fm.

d) B(E?0 value obtained using a Standard density.

The excitation energy of the 02+ state is only 10 keV apart from the 6 j + state at 2.206 MeV,
making it impossible to resolve these states. As the form factor of the doublet has a first maximum
at 1.15 fm"1, a value considerably larger than the 1.0 fnr1 of the state at 2.976 MeV, it seems
unlikely that the observed transition, if it were due to a monopole state, consitutes a typical density
vibration. Therefore, it has been treated as a pure 6+ transition.

4.6.2 Dipole states

The QPM predicts the first one-phonon 1- state at an excitation energy above 7 MeV. There is,
however, a dipole two-phonon state with the [2j+x 3j"] structure at approximately 3.7 MeV.
Although this state has been observed as quite a strong excitation in a photon scattering experiment
[PitH 90] at 3.425 MeV with a B(E1) value of 18.3 ± 3.6 * 10 3 e2fm2, it has not been observed
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calculations, and the dotted lines the form factor obtained from (he Standard transition density. Also
drawn arc the experimental (curve with error band), the QPM (dashed lines) and the Standard (dotted
lines) transition charge densities of the respective states. For the 62"1" state the Standard transition
density has been shifted inward to fit the form factor data.
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in the present experiment. Photon scattering probes the isovector dipole character of the state at the
i]=(0 photon point, whereas in the measured q-range electron scattering is sensitive to the isoscalar
charge density which is probably small due to the two-phonon character of this state (sec also fig.
4.4).

4.6.3 High multipolarity states

In the present experiment six states of high multipolarity were identified with reasonable
certainty. First, the transition at 2.206 MeV, which is a superposition of the transitions to the (>2+

state and the 6(+ state, has been treated as a pure 6+transition (see also section 4.6.1). The
transition charge density so extracted is shown in fig. 4.15. Two other possible 6+ states were
found at excitation energies of 2.893 MeV and 3.413 MeV. However, due to the weakness of the
excitation of these states and the filling of the form factor minima, possibly due to admixtures of
other states, only the form factors are shown in fig. 4.15. A B(E6) value for these states was
determined using a Standard transition charge density, according to the prescription discussed
earlier. However, for the second 6+ state the radius at which the Standard density peaks was
shifted to a value smaller than the nuclear radius, i.e. 4.2 fm, since the form factor peaks at an
unusually large value of qcff. This is consistent with the transition charge density predicted by the
QPM, which also has a maximum at 4.2 fm.

The B(EX) value for the state at 3.494 MeV was obtained using a Standard density peaking at
the nuclear surface and assuming the state to have IK = 9" (see fig. 4.16). This is in accordance
with the literature [Pek 84], in which a 9" state in the vicinity of 3.456 MeV has been assigned.

For the remaining states of high multipolarity, the 5" state at 2.739 MeV and the 7' state at
3.246 MeV, it was possible to obtain the transition charge densities, which are shown in fig. 4.17.
The multipolarities for both mentioned states were determined on the basis of the position of the
first maximum of the form factor, assuming a surface-peaked transition charge density. That this is
a reasonable assumption is corroborated by the transition charge densities calculated in the QPM.
All obtained B(EX.) values are 1; ted in table 4.7.

For the 5" and higher multipolarity states the description within the QPM has its shortcomings.
An indication of this is obtained if one considers the exhaustion of the respective energy-weighted
sum rules (EWSR) [Ber 69] for the various multipolarities. Whereas for the multipolarities up to 3-

the EWSR is exhausted for more than 79%, this number gradually decreases for higher
multipolarities. The calculated numbers are listed in table 4.8. The shortcoming of the QPM results
from the fact, that the isoscalar force parameters K̂  are adjusted to reproduce the collectivity of the
low-lying states in the used model basis space, which is almost complete for low multipolarities
and gets more and more truncated for higher multipolarities. However, the high multipolarity states
are not collective and their positions are more sensitive to the single-quasi particle level scheme than
to the parameters Kg . Moreover, it is difficult to investigate the validity of keeping the strength
ratio for the isovector to isoscalar forces constant, as for many nuclei such states have not been
identified yet and in view also of the truncated basis space. Indeed, if the isoscalar force x̂ , is
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I able t S: I'he exhaustion oj the respective energy-weighted sum rules ff'.WSR) hy the states

predicted hy the QPM for the different multipolarities. assuming a model basis space

as discussed in the text.

1-

2"

3-
4+

5"

F:WSR

94.6

95.0

79.7

65.6

61.5

6+

7-

8+

9-

EWSR

50.4

44.1

47.6

39.1

adjusied to reproduce the excitation energy of the first state of each multipolarity A > 5, unrealistic

values are obtained for this parameter. Therefore, another procedure was chosen. The multipole

strength term for the negative parity states was set at that of the octupole states, whereas that of the

positive parity states was set at that of the quadrupole states. Hence, a priori one should expect

only a schematic agreement with the experiment for levels with Jn> 5".

The calculated transition charge densities and form factors for the high multipolarity states are

shown in figs. 4.15, 4.16 and 4.17, and the predicted B(EX) values are listed in table 4.7. As can

be seen, the agreement between the calculations and the experimental results is not more than

qualitative, although both the calculated excitation energies and B(EX) values seem to confirm the

proposed multipolarities.
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4.7 Summary and Conclusions

The low-lying states of 142Nd have been measured up to an excitation energy of 4 MeV for
effective momentum transfers between 0.5 and 2.8 fnr1. The excellent energy resolution made it
possible to separate the form factors of 21 states. For 11 of these states accurate transition charge
densities were obtained by means of a Fourier-Bessel analysis. Some new excited levels have been
found, such as the 4+ states at 2.438 MeV and 2.584 MeV, the 5" state at 2.739 MeV and the 6+
state at 2.893 MeV. Also some levels found in other experiments have been confirmed and foi
some of these levels a spin and parity assignment has been suggested. Table 4.9 lists a summary
of the states which have been observed in the present experiment. The diversity of the data -
multipolarities ranging from 0* to 9', identification of four quadrupole and five hexadecapole states
- allows a systematic investigation of the modes of excitation of these low-lying states. Special
attention has been given in this respect to the interplay between single-particle and collective
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degrees of freedom. To this end, the experimental results were compared with calculations in the

framework of the Quasiparticle-Phonon Model (QPM).

Table 4.9: Summary of the excited states in ^-Nd, observed in the present experiment. The

excitation energies and the lt(E\) values are compared to the results of the QPM

calculations.

Experiment

(MeV)

1.575

2.083

2.098

2.206

2.385

2.438

2.584

2.739

2.845

2.893

B(KA.)

(e2fm2*)

2.81 e+3

2.62 e+5

4.1 e+6

9.4 e+9

3.09 e+2

2.10 e+5

7 e+4

1.21 e+8

4.98 e+2

8 e+7

J t

V
-V
V
6,+

22
+

42
+

43
+

-V
V
62+

Calculation

»'-x

(MeV)

1.630

2.050

2.160

2.210

2.420

2.430

2.630

2.670

3.050

2.650

B(EA.)

(e2fm2*)

4.06 e+3

1.85 e+5

1.95 e+6

8.61 e+9

2.47 e+2

7.75 e+5

3.36 e+5

1.58 e+8

7.05 e+2

8.50 e+8

Ex

Ex

(MeV)

2.976

3.008

3.045

3.080

3.135

3.246

3.319

3.413

3.494

3.580

leriment

B(EX)

(e2fm2*)

8.8 e+1 a>

6.20 e+5

2.5 e+11

1.14 e+6

2 e+9

2 e+15

1.0 e+4

<>3+

4-4+

7."

45
+

63+

(9f)

-V

Calculation

Ex

(MeV)^

3.320

3.160

2.920

3.460

3.730

3.210

4.010

B(I-X)

(e2lm2*)

9.90 e+1

1.48 e+6

1.35 e+11

1.45 e+6

2.26 e+9

5.13 e+14

1.32 e+4

a) In units of c2fm4

In general, the agreement between the experimental data and the calculations is good. The use

of the geometrical parameters of the Saxon-Woods potential as obtained from the results of an

(e,e'p) experiment on 142 Nd |Lan90] has led to a much better description of the radial dependence

of the transition charge densities than the parameters used before [SanB 89]. The systematics of

the excitation energies and B(EX) values as well as the structure of the transition charge densities

are well described by the calculations. Especially interesting as a testing ground for the theoretical

description are the quadrupole states and the hexadecapole states in view of the many experimental

transition charge densities obtained for these states. Indeed, all characteristic features of the

mentioned states are at least qualitatively described, such as for example the degree of collectivity

of the quadrupole states: the 2 j + and 2^+ states being collective in contrast to the 22+ and 23+

states. It has been shown that a possible explanation can be found in the underlying subshell

structure of the nucleus, especially the gap of approximately 2 MeV between the single-particle

energies of the 26^ and lg7/2 subshells on the one hand and the lhj \^, 2d^2 a n d 3$\/2 subshells

on the other. A similar behaviour is seen in the transition charge densities, that of the 22+ state

showing a pronounced volume peak whereas those of the 2 j + and 2^ states are mainly surface

peaked. This has been explained to arise from both the coupling of the one-phonon states to the

multiple-phonon states and the structure of the one-phonon states in question. Also the reason for

not observing the 23+ state in the present experiment has been explained to arise from destructive
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interference between the second and the third one-phonon components in the transition charge
density of this state.

The situation for the hexadecapole states is quite different. The 4^ state is calculated to be an
almost pure two-quasiparticle state. Although experimentally this state could not be separated from
the much stronger 3f state for momentum transfers larger than 1.3 frrr1, thus making it impossible
to extract a transition charge density, the experimental B(E4) value, assuming a Standard shape for
the transition charge density, is found to be in reasonable agreement with the calculations. The
two-quasiparticle character of this transition has also been suggested by Trache et al. [TraW 891 on
the basis of an anomalous angular distribution obtained in a (p,p') experiment. The level at 2.438
MeV has been observed before in the same (p,p') experiment, but no spin or parity was assigned.
On the basis of the systematic^ of the calculations and observed angular distribution in a
preliminary analysis of another (p,p') experiment [PigD 90] we propose it as a candidate for the
42+ state. Indeed, the transition charge density, assuming a 4+ transition, is in good agreement
with the calculations. The 43+ state, calculated to be by far the weakest hexadecapole state up to
3.5 MeV, might be the state seen at 2.584 MeV. The 44+ and 4s+ states have been observed by
Trache et al. [TraW 89] and are confirmed by the present experiment. Both the B(E4) values and
the structures of those 4+ states are quite similar. It is worth noting that for these two states the
two-phonon admixture is large and up to 50%.

The description of the 3 r state in terms of quasiparticle configurations has led to an intuitive
explanation for the strong proton number dependence of the excitation energy of this state within
the N=82, even isotones. In contrast to the 2\+ and 4\+ states, which are mainly built from
excitations within a subshell, the configurations that contribute to the 3\~ state are excitations from
one subshell to another, thus making this level more sensitive to the relative energies of the
different subshells. It is shown, that the single-particle energy spacing between the 2d5/2, lg7/2
and the lhj \/2 is indeed rather strongly dependent on the proton number in going from ' ^Ba to

For the states of higher multipolarity only qualitative agreement between the experimental data
and the calculations is obtained. This has two reasons: first, the quality of the dita for these states
is generally not good enough to extract transition charge densities. Therefore, a comparison
between the data and the results of the calculations is only possible on the level of form factors.
Experimental B(EX) values are obtained, however, again assuming a Standard shape for the
transition charge densities. Second, the QPM does not pretend to describe non-collective high-
multipolarity states as well as collective ones. Furthermore, as there are not enough experimental
data available on these states, also the value for the isoscalar strength term of the residual
interaction is not known. Therefore, this term was taken for the positive parity states to be the
same as for the quadrupole states, whereas the value for the negative parity states was the same as
for the octupole states.

Concluding, it has been shown, that most features of the low-lying part of the excited spectrum
in 142Nd can be explained to arise from an interplay between collective a/id single-particle degrees
of freedom. The contribution of two-phonon states to the transition charge densities of excited
levels below 3.0 MeV is negligible, whereas above 3.0 MeV its contribution is visible. More



74 The spherical nucleus 14-Nd

important is the mixing of one-phonon states among each other due to coupling to the two-phorum
states. This can lead to a redistribution of transition strengths which cannot be obtained in a more
simple approach. In this way the general structure of practically the whole excited spectrum of
natural-parity states up to 3.0 MeV is satisfactorily explained.
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The Deformed Nucleus 150Nd

5.1 Introduction

In this chapter the experimental data on ^ O N ^ a r e presented. The data for the positive parity
states are compared to the results of the calculations performed in the density-dependent Hartree-
Fock-Boguliubov (DDHFB) formalism, described in section 2.3. Those of the negative parity
states will be compared to the macroscopic Rotation-Vibration Model (RVM), described in section
5.2.

The nucleus 150Nd, with its well-developed rotational bands, is an excellent testing ground for
a microscopic description of low-lying collective transitions in deformed nuclei. Much effort has
already been spent in the investigation of deformed nuclei, both experimentally and theoretically.

Theoretically, deformed nuclei are interesting because of their well-understood macroscopic
behaviour, since they can be considered as rigid, quantum-mechanical rotors. Indeed, the simple
relation between the excitation energy Ex of the states within a band and the angular momentum /:
Ex ~ 1(1 + 1), is confirmed by the spectrum of the low-lying states of the ground-state band.
Furthermore, different bands can be identified, corresponding to rotational bands that are built on
intrinsic states which can be described as vibrations of different multipolarity, superposed on a
statically deformed shape and having different projection quantum numbers K on the intrinsic
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Tahte 5.1: List of observed excitation energies with their statistical errors in comparison to a
compilation of the Nuclear Data Sheets I Mat 86] and the results of Pignanelli et al.
IPigD 90}. Energies of states which could not be measured accurately enough are
given without errors.

Literature

Ex

(MeV)

0.1301

0.3814

0.6760

0.7204

0.8505

0.8527

0.9346

1.0615

1.1290

1.1297

1.1378

1.1822

1.2002

1.2835

1.3075

1.3176

1.3534

1.409 a)

iK

2+

4+

0+

(6)+

2+

1-

3-

2+

5-

8+

4+

1-

3+

1-

(3,4)

1-

4+

2+a)

Present Work

Ex

(MeV)

0.130(5)

0.380 (5)

0.719 (7)

0.850 (6)

0.932 (7)

1.059 (5)

1.129(5)

1.189(10)

1.250

1.310

1.350 (9)

Literature

Ex
(MeV)

1.4267

1.4344

1.485 a>

1.5185

1.5444

1.5798

1.5987

1.648 a)

1.687 a)

1.753 a>

1.782 a>

1.866 a>

1.885 a>

1.908 a)

1.921 a>

1.988 a>

' J71

(2,3)

4+

3"

3"

3-

3"

10+

4+a)

3" a>

4+a)

4+a)

3- a)

4+a)

4+a)

4+a)

3- a)

Present Work

Ex

(MeV)

1.432 (8)

1.482 (6)

1.514

1.565

1.578 (10)

1.645 (6)

1.685

1.737

1.800

1.860 (9)

1.886 (9)

1.904

1.985 (10)

a) From Pignanclli et al.

principle axis. From a microscopic point of view it is quite complicated to perform calculations for
such nuclei. First, as mentioned in section 2.1.5, the influence of pairing interactions is estimated
to be considerable for open-shell nuclei (and practically all deformed nuclei fall into this class).
This means, that the pairing correlations must be accounted for in a fully self-consistent way to
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arrive at a good description. Indeed, in reference [GirG 83] it has been shown, that treating the
pairing interaction in the BCS formalism with a schematic force in the constant gap approach may
lead to a completely erroneous prediction of the nuclear shape. Second, the potential energy
surface (PES) of a deformed nucleus usually displays a shallow minimum. This means, that the
representation of the nuclear wave function by a single Slater determinant is a very crude
approximation. These arguments show, that a microscopic description of deformed nuclei requires
a full treatment of all correlations and of the nuclear dynamics, leading to complicated calculations.

Experimentally, many deformed nuclei in the rare earth region have been investigated by means
of electron scattering, for instance l52Sm [PhaA 88|, i56Gd (Her 82| and also l50Nd [Hir 77J.
However, due to the extremely high level density already at excitation energies higher than 1 MeV,
only very few transition charge densities have been reported for states other than those of the
ground-state band. The extremely good energy resolution in the present work made it possible to
extract transition charge densities also for states of other bands in 150Nd. The multipolarities of the
transitions observed above 1.6 MeV have been adopted from the results of (p,p) and (d,d')
experiments performed by Pignanelli et al. [PigD 90].

The experimental spectra were analysed up to an excitation energy of 2.0 MeV. A total of 25
states were observed. Table 5.1 lists the excitation energies and spin and parity assignments of all
observed excited states in comparison to the literature.

In an additional measurement at a beam energy E = 80 MeV and a scattering angle 9 = 154°,
resulting in a Qeff= 1.0 fnr1, it was observed that the transverse contribution to the cross section
never exceeded 25% for any given transition. It is concluded that for angles smaller than 83° the
major contribution to the cross section is from the charge form factor and that the transverse
component is smaller than 2%. Therefore, in the following it has been neglected.

In appendix the coefficients of all states for which a Fourier-Bessel analysis was performed are
given.

5.2 The Rotation-Vibration Model

The Rotation-Vibration Model (RVM) to be presented here is a macroscopic model, in which
excitations are interpreted in terms of collective motion of the nucleons. An extensive description
of this approach can be found in many textbooks, such as [BohM 751. Here only those quantities
are treated which are relevant to the present work.

The collective coordinates a^ of the nucleus are defined by expanding the surface into
spherical harmonics:

R(Q') = Ro\\ + > > a'kflYX/1(n')\ (5.1)
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Following the description of |Mar 811 and the references quoted therein, it is assumed that the
nucleus has an axially-symmctric static deformation and that surface oscillations are allowed to be
Mjperposed on the static deformations. The nuclear radius can now be written as:

R(Q') = Roll + (5.2)

where the static axially-symmetric shape is given by the sum over X and the dynamic vibrational
axial and non-axial terms are given by a sum over X' and //'. Given that K, the projection of the
angular momentum on the symmetry axis, is a good quantum number for statically deformed
nuclei, the rotational bands built on the surface vibrations with multipolarity X' will be non-
degenerate. Therefore, for a surface vibration of multipolarity X\ one expects bands with K-
projections fl' = Q,..,X' and parity (-)*'.

To obtain transition charge densities, the ground state charge density po is expanded in terms
of the deformation parameters oc^'fi'- Assuming that only terms with the same projection fi'
contribute to the excitation of a certain band with K-projection y.', one gets:

po(r-R,G') = po(r-Rp,Q') p, (r- (5.3)

with

Pl(r-Rfi,Q') = -Ro - (5.4)

and

1 + (5.5)

Expanding into Legendre polynomials and rotating to the laboratory frame then gives:

pa(r,i2) =
Xft X 'A

(5.6)
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with the wave function (BohM 75):

/.„ + (—\J+*-'(h v(r\nl, Y\ (5 7)
167T2( 1 + <&C0)

where A' is the multipole order of the vibration.

In the light of the experimental data to be presented in the next sections, the discussion will be
limited to the ground-state band, the y-band (Kn - 2+) and the octupole band {KK= |i'(")). For
excitations within the same band only the first summation in eq. 5.6 is considered. This leads for
the members of the ground-state band, assuming a ground state with Jn' = ()+, to the following
transition charge densities:

p^\r) = <.//0A0|(X)> (-)J/ p^\r) (5.8)

For excitations of states of the y-band, only the second summation in eq. 5.6 contributes and the
following density is obtained (allowing just X = 2 and taking ./,• = 0):

pW(r) = > p\'\-\?<Jf-2X2100> *r\22 W v '- * < /0201A0 >
•"••* V AK(2A+ 1)

* </02±2|A±2> (5.9)

with ?722 = P sin y. In a similar fashion the following transition charge density can be derived for

excitations from the ground state of the nucleus to members of an octupole band:

(5.10)

For the low-lying collective isoscalar octupole vibrations a spurious centre of mass motion is
induced which has to be removed before comparison with experimental data. Correction for this
spurious motion was performed by adding a counteracting term in eq. 5.2.with a parameter ^^-
(eq. 5.10), which is determined, once r}^^ is chosen, by the constraint of translational invariance:

/ '
piU{r)Pdr = 0 (5.11)
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Furthermore, in eqs. 5.8, 5.9 and 5.10, p^ ' and p ( are given by:

pj'\r) = /4JI{21+ j) I d(-cos9) Pi(r,
Jo

(5.12)

where P/(cos0) is the Legendre polynomial.

5.3 General Results of the DDHFB Calculations

A comparison of the experimental data on 152Sm with the results of the DDHFB calculations
[PhaA 88] established, that the description of the charge density and the transition charge densities
of the ground state band was quite sensitive to changes in the effective nucleon-nucleon
interaction. It was concluded, that the D1SA parametrisation of the Gogny-force (see table 2.1)
gave the best agreement with the data. The same parametrisation has been used in the present work
to investigate whether it leads to a good description of the ground state band of 15^Nd. Moreover,

10

O 5

0.5 0.0 0.5
Y= 60° y= o°

150,

Fig. 5.1: Contour plot of ihc calculated potential energy surface of
along y = 0° and y= 60°.

j n s c t represents culs in the PES
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since in the present work additional data are available on the transition charge densities of the 2+

state and the 4+ state of the y-band, this allows a study of the coupling between the vibrational and
rotational degrees of freedom.

Fig. 5.1 shows the calculated Potential Energy Surface (PES) of 150Nd. The static minimum is
located near /J= 0.3 and y= 0°, corresponding to a purely prolate deformation. The potential
energy dependences along the y=0° and y = 60° lines are typical for well-deformed nuclei.
Although the barrier to a spherical shape of the nucleus is relatively high along y= 0°, the
minimum in the PES is rather soft in the direction of increasing yfor fi < 0.3. This shallowness of
the minimum indicates that 150Nd cannot be described with only the HFB wave function
corresponding to the minimum in the potential energy, i.e. a single Slater determinant. Indeed, if
one uses the results of the DDHFB calculations to perform a dynamical calculation by solving the
Bohr Hamiltonian (eq. (2.54)), one obtains the collective ground-state wave function depicted in
Fig. 5.2. The maximum of this Oj"1" wave function is located at a smaller (J deformation than the
minimum of the PES. Moreover, the dynamic; 1 y-deformation is y= 15°, in contrast to y= 0° for a
static deformation. This change from a prolate shape to a triaxial one confirms the necessity to
perform these calculations in a dynamical framework.

150
Nd

o.o 0.1 0.2 0.3

P
Fig. 5.2: Contour plot of the collective ground state wave function of

dynamical calculations.

0.4

a s obtained from the fully
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5.4 The Positive Parity States

I'ig 5.3 shows the experimental form factor and the deduced charge density of the ground state
of IMINd. Also drawn in fig. 5.3 are the results from the dynamical calculations. The agreement
between the calculations and the experimental data is reasonably good and similar to that for 1S2Sm
IJ'haA HS). The experimental maximum in the charge density is somewhat underestimated,
whereas the calculations predict too much charge and structure in the nuclear interior. Since the
details of the internal structure are determined by the occupied single-particle levels, this deviation
can be attributed to an underestimation of higher-order correlations between particles (and/or
holes), which cause a smearing out of these shell effects.

Of the positive parity states up to 2.0 MeV known from the literature, six were observed in the
present experiment in a large enough q-range to extract transition charge densities. These are the
2,* state at 0.130 MeV, the 41+ stale at 0.3S0 MeV, the 6|+ state at 0.719 MeV, the 2}+ state at
1.059 MeV, the 4}+ state at 1.350 MeV and another 4+ state at 1.645 MeV. In table 5.2 the IJ(KX)
values are also listed. At 0.850 MeV, the excitation energy of the 22+ state, a peak was indeed
observed in the spectra. However, a doublet of levels, the 2+ state of the p-band and the 1" state of
(he oclupole band, can contribute to this peak. On the basis of the 13(1-2) value as measured in a
Coulomb excitation experiment by Ahmad et al. [AhmB 88|, which is more than two orders of
magnitude smaller than that of the 2+ state of the ground state band, the major contribution to the
observed peak is expected to be from the 1" state. This will be further discussed in the section on
the negative parity states. Several other levels have been observed at higher excitation energies (see
also table 5.1), which are believed to be possible 4+ states ([Mat K6| and |PigD 9()|, respectively).

150 Nd
ground staie

10

15

10 f
co

s b

o
Q.

Fij;. 5.3: The clastic form factor data of '-"'Nd with the fit obtained in a Fouricr-flesscl analysis (solid curve).
Also shown is the deduced ground slate charge density of '-">tysld (curve with error band) compared with
the results of the DDHFB calculations (dashed line).
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Table 52: The B(EX) values of the positive parity states of I50Nd observed in the present

experiment compared to those from literature.

Y
V

2P+

V

4+

4+

4+

Ex

[MeV]

0.130

0.380

0.719

0.850

1.059

1.350

1.645

1.886

1.904

B(EX)

present work
( e2fm2\)

2.82 (4)e+4*0

1.44 (11) e+7

9.50 (30) e+9

6.8 (5) e+2

3.5 (7) e+5

3.1 (4) e+5

4 e+5d)

B(EX)

literature

(e2fm2*)

2.816 (35) e+4b)

2.5(12) e+7b)

1.5(3) e+2t>) 0.7 (2) e+2 c)

7.6 (5) e+2 b)

a) The B(EX) value from (AhmB 88| has been included in the fit.

b) From |AhmB 88].

c) From |FogS 86|.

d) Obtained using a Standard density shifted to 5.8 fm.
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but the quality of the data is not good enough to confirm these assignments. For two of these
states, those with excitation energies of 1.886 and 1.904 MeV, the form factor data are shown in
fig. 5.4. For the latter state a B(E4) value has been extracted using a shifted Standard density (see
section 4.4), peaking at 5.8 fm.

The form factors data and obtained transition charge densities are shown in fig. 5.5. As can be
seen from the figure, the overall structure of the transition charge densities for the 2\+ and 23+
states is very similar. The same is true for the 4\+ and 43+ states. However, the radius where the
transition charge densities of the 23+ and 43+ states peak is shifted by the same amount to a lower
value compared to that of the 2\+ and the 4\+ states, respectively. This shift can be attributed to the
fact that the 23+ state and the 43+ state are known to be members of the y-band [Sak 84J, which in
this case constitutes a vibration along the short axis of the prolate deformed nucleus 150Nd. This
means that the overlap of the wave functions of the initial state and the final state will peak at a
smaller radius than the same overlap in case of excitations of the ground-state band. The latter is
expected to peak in first order at the average nuclear radius.

It is interesting to note, that the transition charge density of the 4+ state at 1.645 MeV peaks at
an even smaller radius, i.e. at 5.4 fm. This seems to indicate, that one is dealing with a member of
a band with an even higher value of K. This possible variation in the radius as a function of K
makes it very difficult to determine the multipolarity of a transition in a deformed nucleus from the
position of the first maximum of the form factor. In the case of a spherical nucleus this method
works fairly well, because all collective transitions peak at more or less the same radius. Indeed, if
one looks at the form factors of the 4+ states observed in this experiment (see fig. 5.5), the q-value
at which the first maximum is located increases from 0.75 fm-1 for the 4 2 ' state to 1.1 fm"1 for the
4+ at 1.645 MeV. Therefore, it is a priori impossible to determine the multipolarity of transitions
in deformed nuclei by means of electron scattering without additional information. In the present
case, this information has been furnished by the (p,p') and (d,d') experiments of Pignanelli et al.
[PigD 90). The diffraction pattern of the angular distributions obtained with inelastic proton
scattering experiments is not as sensitive to deformation effects as the form factors from electron
scattering, thus allowing in many cases an unambiguous determination of the spin and parity of
transitions.

The results of the theoretical calculations are presented in fig. 5.5 together with the
experimental transition charge densities. As can be seen, the overall agreement between the
experiment and the calculations is good. Both the strength and the structure of the transition charge
densities of the 2j+ and 43+ states are well reproduced, whereas the agreement for the other states
is not as good. It is emphasized once more, that no parameter of the nucleon-nucleon interaction or
of the PES has been adjusted to optimize agreement with the experiment.

A closer look reveals some discrepancies, which are more or less consistent with those found
in the description of the ground state band of 152Sm [PhaA 88 J. First, the strength in the surface
peak of the transition charge density of the 4g

+ state is underestimated, although somewhat less
than for 152sm. Second, the calculated strength of the 2g

+ state is somewhat larger than that
observed in the experiment, in contrast to the case of 152Sm, where the new D1SA parametrisation
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of the effective nucleon-nucleon interaction produces a more or less perfect prediction. The
observed transition charge densities for the 6g

+ state have more or less the same shape in both
nuclei. The discrepancies between the experiment and the calculations, which will be discussed in
more detail below, have similar features. In general the dynamical calculations yield an equally
satisfactory description of the ground state band as for 152Sm, thus confirming the quality of the
D1SA parametrisation.

Turning to the description of the y-band, it can be observed that the calculated ratio of the
transition charge densities of the y-band with respect to those of the ground state band is larger
than the measured value, leading to a somewhat larger discrepancy for the 2^+ state than for the
2i+ state. Although an inward shift of the transition charge densities is reproduced, the calculated
shift is slightly less than observed. A probable explanation for this (small) deviation is, that the
amplitude of the vibrational degree of freedom is underestimated. Its origin might be attributed to a
too large prediction of either the vibrational masses or the moments of inertia in the cranking
approximation.

The fact that the transition charge densities of both 4+ states peak more outward than those of
the 2+ states is evidence for a positive hexadecapole moment in 150Nd. This is in agreement with
the results of previous theoretical calculations by Gbtz et al. |G6'tP 12] and is also consistent with
the findings of the R VM, to be discussed in the next section.

The description of the 6j+ state of the ground-state band is not as good as for the other states.
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To investigate this deviation between theory and experiment, calculations along the lines of the
Davydov-Filippov formalism | DavF 58| were performed. These calculations single out values of
P and y in the PIiS plane, which are subsequently used to calculate the corresponding transition
charge density. The results of these static calculations are shown in fig. 5.6 together with the
experimental transition charge density of the 6j+ state. It turns out, that a larger value of B and/or
y than found in the dynamic calculation leads to a better agreement with the data. This indicates that
the PHS as determined in the HFB treatment might not be soft enough in the direction of
increasing P or y deformation. The influence of these larger values for P and yon the other states,
however, has not been investigated, so that no final conclusions can be drawn on this point.

5.5 The Negative Parity States

Table 5.3 lists the excitation energies and the B(EX) values of the negative parity states, which
have been detected in the present experiment. Again, all spin and parity assignments have been
taken from [Mat 86| or |PigD 90). For five of these states transition charge densities could be
extracted: the 3f state at 0.932 MeV, the 5f state at 1.129 MeV, a 3" state at 1.482 MeV, a 3" state
at 1.578 MeV and a 3" state at 1.860 MeV. These are plotted in fig. 5.7.

Table 5 J: The li(EA) values of the negative parity states of !-s<)Nd observed in the present
experiment compared to those from the literature.

I f

-V
5|"
1-

3-

3"

3-

3-

E*

|MeV]

0.850

0.932

1.129

1.189

1.482

1.578

1.860

1.985

B(FA)

present work

(e2fm2*-)

0.12(27) a)

1.94 (18) e+5

1.6 (6)e+8

2.99 (30) e+4

1.7 (5) e+4

1.4 (4) e+4

3 e+3 d>

B(FA)

literature

(e2fm2^)

0.016(6) M

1.75 (20) e+5 c)

a) The 11" state could not be resolved from the 22+ suite. Sec text on how this value has been obtained.

b) From IPilH 90|.

c)From |AhmB8«|.

d) Obtained using a Standard density shifted to 5.2 fm.
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Fig. 5.7: The experimental form factor data and transition charge densities (curves with error bands) of observed
negative parity states in ' ^ N d . Shown arc the 3 j ' state at 0.932 MeV, the 5j" state at 1.129 MeV
and the octupolc states at 1.482 MeV, 1.578 MeV and 1.860 MeV, respectively. The solid lines
represent the Fourier-Besscl fils.

The peak at 1.129 MeV is known to be a doublet of the 8+ state of the ground-state band and
the 5' state of the Kn = 0" octupole band. The shape of the form factor, depicted in fig. 5.7,
shows that the major contribution to this transition is from the 5" state. Since the DDHFB
calculations have not been performed for the 8+ state, the transition has been treated as a pure
excitation of the 5" state. As will be discussed below, the transition charge density which was
obtained in this way fits in very well in the general picture of 15()Nd. However, the filling of the
first minimum of the form factor is probably due to a contribution of the 8+ state.

As mentioned in the previous section, the peak at 0.850 MeV is a doublet of the 2+ state of the
p-band and the 1" state of the Kn = 0" octupole band. Since the P-band in the rare earth region is in
general weakly excited (see also table 5.2), it is more likely that the main contribution to this level
is from the 1' state. Indeed, a fit to the form factor assuming a pure quadrupole transition led to a
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B(E2) value almost an order of magnitude larger than the literature value. Therefore, to disentangle
the contribution of the 1" state from the transition at 0.850 MeV, the following procedure was
adopted: the transition charge density for the 2R+, which was calculated in the dynamical model
and is shown in fig. 5.8, was used to calculate a form factor in DWBA. The calculated B(E2)
value, however, was 3.0 e2fnr*, a factor of two larger than observed in the experiment of | AhmB
88) (see table 5.2). Therefore, the calculated transition charge density was scaled down by a factor
of two. This calculated form facto1" was subtracted from the experimental form factor, to obtain the
form factor of what is assumed to be that of the 1' state. This was subsequently used in a Fourier-

10-5 _

10 •6 _

10•7 _

• A
• ' ' /

i \

r//tv&
:

i

1

0.850 MeV

\V\
: • r \
•..' •, --4 Aii i / i / \
" i \ ! Y \

1

0.850 MeV

, 1 . 1 , 1 ,

0 co~

-2

-4

0 8 10
-1 r[fm]

Fig. 5.9: The form facior data of the peak at 0.850 MeV and the extracted transition charge density (curve with

error band) of the 1' state (for details sec text). The dashed line represents the calculated form factor of

lhc 2R + slate and the solid line that of the fit to the 1" form factor after subtraction (see text).



94

•510

10

s 107

10 8

0

1

1.189 MeV

• •

The deformed nucleus 15()Nd

2 0

.4 V 1.985 MeVi 10'1

10 e

10

10"'

•7

Fig. 5.10: Form factor data of the 1' stale at 1.189 McV and the 3" state at 1.985 MeV. The dolled curve is the

fit obtained using a Standard transition density.

Bessel analysis to extract a transition charge density. The experimental form factor, the theoretical
form factor of the 2«+ state and the extracted form factor of the 1" state are depicted in fig. 5.9,
together with the resulting transition charge density for the 1" state.

The level at 1.189 MeV is mentioned in the literature [Mat 86] as a state with a spin lower than
2, whereas a recent inelastic deuteron scattering experiment [PigD 90] identified it as either a 1"
slate or a 3" state. Hence, it was assumed in the present work to he a 1" state. However, it turned
out to be impossible to obtain a reasonable Fourier-Bessel fit to the form factor data, shown in fig.
5.10. This indicates that the transition may have either admixtures of other states or has another
multipolarity altogether. Also shown in fig. 5.10 are the experimental form factor of the 3" state at
1.985 MeV and the form factor resulting from the fit to determine the B(H3) value of this state. To
this end a shifted Standard transition density peaking at 5.2 fm was used.

The dynamical model used in the previous section could not be applied to states with a negative
parity. Therefore, the experimental data were compared to the results of the RVM, of which an
outline has been given in section 5.2. The calculations were performed with the computer code
BFL |Har 811. The parameters for the description of the charge density of the ground state of
'•''"Nd were taken from |HeiM 711. Then, the /K j84 and fa deformation parameters were adjusted
such that the calculated transition charge densities and B(FX) values reproduced the corresponding
experimental quantities for the 2y

+ state, the 4g+ state and the 6g+ state, respectively. The resulting
values, which are in reasonable agreement with the microscopic calculations of Gotz et al. [GotP
12), are listed in table 5.4. Also listed are the deformation parameters which were obtained from an
inelastic proton scattering experiment by Ichihara et al. |IchS 871 on IHSm, a nucleus very similar
to 15()Nd as the DDHFB calculations show |PhaA X8|. The only obvious discrepancy is the
negative value of the fa parameter. The calculated transition charge densities are compared to the
experimental ones of l wNd in fig. 5.11. As can be observed, the overall agreement is quite good.
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MeV, the 4+ state at 0.380 MeV and the 6 + state at 0.719 MeV of the ground slate band.

The structure in the nuclear interior is not reproduced by the calculations. This is not
surprising, considering that the ground state charge distribution has been approximated in the
present calculations by a two-parameter Fermi distribution. In this parametrisation the single-
particle contributions to the structure in the nuclear interior are averaged out.

Next, the deformation parameters of the y-band were adjusted. The values for the amplitude of
the y-vibration, 7722>

 a n c* t n e coupling of the 4y+ state to the ground state, rj42, are given in table
5.4. The calculated transition charge densities are shown in fig. 5.12. The agreement with the
experimental data is good. Again, there is a remarkable similarity with the values for 152Sm. It is
interesting to note, that the vibrational amplitude of the {J-band, which has been calculated from the
B(E2) value listed in table 5.2 and has a value of 0.015, is much smaller than the value of r/2?,
indicating that the nucleus is softer in the y-direction than in the P-direction. This is confirmed by
the PES as calculated with the DDFHB model and depicted in fig. 5.1.
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Table 5.4: The parameters which have been used in the RVM to calculate transition charge
densities of the ground state band, the y-band and the octupole band in 150Nd. Also
listed are the deformation parameters obtained from (p,p') experiments on 152Sm vAth
the aid of the yvibration model for the ground-state band and the yband /IchS 87j and
with the RVM for the octupole band (PutH 82].

Ground state

charge density

ground state band

y-band

octupole band

(* = 0)

parameter

r()

30

P2
P4

*l22
142

T130

Ps
$10

Pi b>

150Nd

1.079

0.651

0.275
0.079
0.011

0.230
0.030
0.109

0.023
0.026
0.000

I52sm

1.202

0.759

0.2671 (46) a>
0.0694 (45) a>

-0.008 a>
0.245 (63) a)

0.0204 (64) a)
0.087 a)

[GotP 721

0.22
0.08

a) The values of the parameters have been corrected for the different value of the charge radius r.. by assuming

equivalence of deformation lengths 5 = pR for electron and proton scattering.

b) The amplitude of the coupling of the 1- slate to the gianl resonance mode.
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The parameters of the octtipole band, fo and ^5, were adjusted to obtain an optimal description
of the 3f state and the 5f state, respectively. The band turned out to have the signature K = 0 on
the basis of the position of the maximum of the experimental transition density of the 3f state.
Spurious motion of the center of mass was eliminated by adjusting the parameter ^1 0 until
translational invariance (eq. (5.11)) was ensured. The value of she TĴ Q parameter is in good
agreement with the value found in a (p,p') experiment on 152Sm by Put and Harakeh |PutH 82|.
Again, the values of the deformation parameters are listed in table 5.4 and the transition charge
densities are compared to the experimental ones in fig. 5.13. As can be observed, the overall
agreement is good. The most obvious discrepancy is the predicted structure for the 5f state around
5.0 fm, which is not present in the experimental density. However, the position of the density,
which is determined by the value of the rj^Q parameter, is well predicted. Quite remarkable is the
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obtained agreement for the I f state which was not included in the fit of the deformation
parameters. It indicates both that the assumed transition charge density for the 2R+ state is quite
reasonable and that the form factor, which remains after subtraction of the 2p+ state, corresponds
to that of a collective isoscalar 1" state. Furthermore, it indicates that the 1" state results from a pure
KJI= Q- octupole vibration with no necessity to add a contribution from the isoscalar giant dipole
resonance (i.e. pi - 0). For comparison with hadron scattering it is useful to define the isoscalar
dipole operator which is of second order O = 1/2 r^Y] and to determine the reduced transition rate
defined with respect to this operator:

T) -III' dr (5.13)
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The extracted B(1S, 0+ -> 1) value for the 1" state at 0.850 MeV is 1.6 (10) * 10s e2fm6.

In principle, the R VM can also be used to determine the K-value of a state if the multipolarity
of the vibration of the band to which this state belongs is known and its transition charge density is
measured. In this case, the shape of the calculated transition charge density is fixed by the ground
state charge density parameters, its strength by the vibrational amplitude and the radial position of
its peak by the K-value. Thus, assuming an octupole vibration, the 3" state at 1.482 MeV is
suggested as a member of the Kn = 2~ band with an octupole vibration amplitude ^2 = 0.055 and
the 3" state at 1.578 MeV is likely to be a member of the KK = V band with ri3 j = 0.046.
Similarly, assuming a hexadecapole vibration, the 4+ state at 1.645 MeV is probably a member of
the Kn = 4+ band with TI44 = 0.048. The comparison between the calculations and the experiment
for these states is shown in fig. 5.14.

5.6 Conclusions

The form factor data of low-lying excited states of '-''''Nd with excitation energies up to 2.0
MeV have been studied for effective momentum transfers between 0.5 and 2.8 fnv1. As much as
25 levels have been observed and for 12 of them transition charge densities were obtained,
whereas for four more form factors were presented. For most levels the form factor data were
consistent with the spin and parity assignments in the literature.

The experimental charge and transition charge densities were compared to theoretical
calculations in a dynamical, triaxial DDHFB framework, where no parameters other than for the
nucleon-nucleon interaction were adjusted. The resulting potential energy surface is that of a
prolate deformed nucleus, the minimum lying at /J=0.3 and y=0°. The fact that the collective wave
function of the ground state does not have its maximum at the same position as the minimum of the
PF.S proves the necessity of performing dynamical calculations.

The agreement between the calculations and the experimental data for the ground state band
and the y-band is rather good. Both the shift inward of transition densities of the members of the y-
band and the positive hexadecapole moment of the nucleus is reproduced. The deviation between
the observed transition density of the 6+ state of the ground-state band and the calculated one could
possibly be ascribed by means of Davydov-Fiiippov calculations to a larger softness in the fi- and
y-directions than predicted in the dynamical DDHFB calculations. Further calculations on the
influence of this softness on the other states of the ground-state band are necessary before any final
conclusions can be drawn.

The transition charge densities of the states of the ground state band and the y-band were also
compared, along with those of the states of the Kn - 0" octupole band, to calculations performed in
the macroscopic Rotation-Vibration Model. In general it could be said that the RVM gives a good
description for the transition charge densities of the states of those bands. The parameters, which
were deduced from the description of the transition charge densities of the ground-state band, the
y-band and the Kn - 0" octupole band, have values that are typical for well-deformed nuclei in the
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rare-earth region. The good description of the l j " state indicates both that the transition charge
density for the 2p+ state, which was calculated with the DDHFB is quite reasonable and that the
form factor, which remains after subtraction of the 2n+ state, corresponds to that of a collective
isoscalar 1" state. For three more states a K-value was suggested for the band of which they are a
member. To this end a vibration of a certain multipolarity was assumed and the /f-value was
determined with the RVM from the position of the maximum of the transition charge density.
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The Transitional Nucleus I46Nd

6.1 Introduction

In this chapter the experimental results on >46Nd are presented. The nucleus 146Nd lies in the
middle of the investigated chain of isotopes. It is regarded as a transitional nucleus, since it
exhibits both the features of vibrational nuclei, like a two-phonon triplet at approximately twice the
excitation energy of the first 2+ stale, as well as the features of rotational nuclei through the onset
of deformation, which expresses itself in an intrinsic quadrupole moment [GerC 71] and an
enhanced B(E2) value of the first quadrupole state. Consequently, realistic microscopic
calculations are extremely complicated, because single-particle as well as collective degrees of
freedom, which must include both vibrational and rotational motion, must be accounted for.
Indeed, until now there has been only one significant attempt to describe the level structure
microscopically of I4^Nd by Von Bernus etal. [BerG 75]. It has since then been recognised, that
in order to be able to judge any model on its merits, more complete and accurate experimental
details were necessary. This has led to a wealth of experiments performed in the last few years
with many different probes, e.g. with the (n.n'y) reaction [AljJ 831 and y-y correlation
measurements after thermal neutron capture [SneH 83] and (p,p') and (d.d1) experiments [PigD
90]. From a Coulomb excitation experiment [AhmB 88] and a low-energy photon scattering
experiment [PitH 90] B(EX) values of some low-lying collective states were obtained.

The present inelastic electron scattering experiment has the advantage of probing the structure
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ol the transitions, thus shedding light on the dynamics of the nucleus. Some forty levels up to 3.0

M e \ have been observed and with the aid of the previous)) mentioned exper iments most

e venations were identified. For thirteen ot these levels transition charge densities were extracted,

whereas for nine more levels B(FA.) values have been determined. Furthermore, an attempt has

been made to interpret the results in terms of vibrations or rotations by compar ing them to

calculations with the QPM and the DDHFB model, introduced previously in sections 2.2 and 2.3.

The transverse contribution to the cross sections of the excited states was not measured

specifically for 1 4 6 Nd. However, both in l 4 2 N d and in '-^'Nd that contribution was deduced to be

smaller than 2% for angles smaller than 83°. Therefore, it is reasonable to assume that in the

angular range of the present experiment the major contribution is from the charge form factor so

that the transverse component has been neglected in the analysis.

In ihe appendix the coefficients of all states of l 4 f lNd for which a Fourier-Bessel analysis was

performed are given. The cross sections of all of the presented states can be obtained on request

from the author.

6.2 Theoretical Considerations

As mentioned in the introduction, the nucleus '4f)Nd has both vibrational and rotational
features. Consequently, both the Quasipartide-Phonon Model (QPM) and the Density-Dependent

1 lartree-Fock-Boguliubov method with dynamical calculation of transition charge densities
(DDIIFB) will have their shortcomings in describing this nucleus. The version of the QPM used
here assumes a spherical mean field potential, so it will not be able to account for deformation
effects. In contrast, the DDIIFB model makes explicit use of a deformed potential and calculates
variables such as moments of inertia, necessary for a fully dynamical calculation, in the cranking
approximation, which works best for strongly deformed nuclei. Notwithstanding these limitations,
the only way that more insight can be gained into the structure of the nucleus until a hybrid
microscopic model has been developed, which treats both vibrational and rotational degrees of
freedom on an equal footing, is by comparing the experimental data to the results of the
calculations with each of these models and investigating to what extent each model is appropriate.

In the calculations by means of the QPM the same radial parameters of the Saxon-Woods
potential, taken from the (e,e'p) experiment of Lancn |Lan 901, were used as for I4~Nd (see table
4.2) with a correction for the increase of the nuclear radius due to the extra neutrons. Also the
isoscalar and isovector strength parameters were adjusted in the same way as explained in chapters

2 and 4. A difficulty which is encountered in the calculations for I4<sNd is the strong coupling
between the different one-, two- and three-phonon states. This strong coupling makes it necessary
to include as many configurations as possible. However, limitations on computing time made it
impossible to use a significantly larger basis than in the case of 142Nd. Indeed, it was necessary to
neglect one-phonon slates with excitation energies higher than 4.0 MeV and two-phonon states
higher than 5.5 MeV in order to be able to include most important three-phonon states constructed
from the 2+, 3", 4+ and 5" one-phonon terms. Therefore, some important configurations might not
have been included so tha: the present calculations will have their limitations in that respect.
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Y= 60° Y= 0°

0.0 0.1 0.2 0.3 0.4
P

Fig. 6.1: Contour plot of Ihe calculated potential energy surface of 146Nd. The inset represents cuts in the PES
along Y = 0° and y = 60°.

The DDHFB calculations have been performed along the same lines as described in sections
2.3 and 5.3. A possible shortcoming of the model is the use of the cranking approximation in the
calculation of the moments of inertia, which might not be applicable for the case of 146Nd.
Furthermore, the gaussian overlap approximation was invoked in the calculation of the transition
densities, although this approximation has only been proven correct for (strongly) deformed nuclei
[ZarN 77]. Nevertheless, in view of the rather good agreement for 150Nd a reasonable
reproduction of the data is expected for 146Nd. Unfortunately, at the moment of writing apart from
the ground-state charge density theoretical results are only available for two excited states, namely
the 2i+ state and the 4]+ state.

Fig. 6.1 shows the potential energy surface (PES) of I46Nd. The static minimum is located at
/?= 0.15 and y= 7°. This shows, that the nucleus already has a triaxial deformation in the ground
state. A second minimum is located at p = 0.10 and y= 60°, which corresponds to a pure oblate
deformation. Moreover, both minima are quite soft, especially in the y-direction, and the barrier
between the two minima is not very high, indicating that the nucleus can easily change its shape
when excited. Again the shallowness of the minima shows, that a dynamical calculation is
necessary for this nucleus.
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Fig 6.2 displays the ground-state charge distribution obtained from the experiment. The results

of the 1)1)1 llfl calculations are also drawn. The discrepancy between the calculations and the

experimental data is somewhat larger at the maximum of the experimental charge density than for

'"•"N'd. Although on the whole the description of the nuclear interior is better, the fluctuations in

the calculated density are larger than for '^'Nd. Again, this suggests that higher-order .orrelations

between i|iuMparticles should IK taken into account.

6.3 The Quadrupole States

In the present experiment eight states, believed to be quadrupole states, were observed. Table 6.1

lists the excitation energies and the ft(F2) values. The state at \.M)^ MeV, which is identified in a

[J decay experiment |lkeV 7S| as a 2+ stale, was observed only weakly at two q-values; therefore,

no form factor is presented. The same was true for the quadrupole state at 1.7X9 MeV. For the

levels at 2.1(>K MeV and 2.976 MeV, the spin and parity assignments of which were taken from

|l'igl) 9<)|. only form factors are presented, shown in fig. (•>.}. The B(K2) value for the latter state

is extracted by assuming a Standard transition charge density (see ctj. (4.1)) peaking at a radius of

l'-1 tin and by adjusting its strength such that the resulting form factor describes the first maximum

of the experimental form factor. The state at 1.977 MeV could only be resolved from the 4+ state at

1.9X7 MeV lor the lowest four q-values. This was enough to obtain a B(l-2) value for this state

assuming a Standard density shifted to 5.0 fm. This assumption is backed by the QPM

calculations, as will be discussed below. For the other three quadrupole states transition charge

densities were extracted, which are depicted in fig. 6.4 together with the experimental form factors.

The first form factoi minimum of the 2+ state at 2.665 MeV is clearly filled, which points to

contributions of other state.:.
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Fig. 6.3: Form factors of the quadrupole stales with excitation energies of 2.198 and 2.976 MeV. The dotted
curve represents a fit wiih a Standard density.

Table 6.1: Excitation energies and B(E2) values of the quadrupole states observed in the present
experiment compared to those from the literature and the QPM calculations. The
literature values have been taken from Nuclear Data Sheets /Pek 90], unless otherwise
stated. Above 2 MeV only those excitation energies are given which have also been
observed in the present experiment. Energies of states which could not be measured
accurately enough are given without errors.

Literature

Ex

(MeV)

0.45386

1.3032

1.4706

1.7874

1.9054

1.9779

2.199 a>

2.665 a>

2.974 a>

B(E2)

(e2fm4)

6.91 (5)e+3 b)

Present

Ex

(MeV)

0.453 (6)

1.303
1.470(5)

1.789

1.977 (9)

2.198

2.665 (10)

2.976

experiment

B(E2)

(e2fm4)

6.91 (5) e+3c>

6.8 (5) e+2

2 e+2 d>

16.8 (20)e+l

0.6 e+2c)

V

1

2

3

4

5

6

7

8

9

QPM calcul

Ex

(MeV)

0.565
1.640

2.150

2.360

2.490

2.600

2.980

3.380

3.430

ations

B(E2)

(e2fm4)

5.44 e+3

2.42 e+1

10.6 e+2

1.84 e+1

2.66 e-2

2.08 e+2

1.82 e+2

9.77 e+1

2.80 e+2

a) Spin and parity assignments taken from [PigD 90]

b) Taken from |AhmB 88)

c) B(E2) value from [AhmB 88) used as a data point

d) B(E2) value obtained assuming a Standard transition density shifted to 5.0 fm.

c) B(E2) value obtained assuming a Standard transition density.
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Fig. 6.4: Experimental transition charge densities (curves with error bands) and form factors of the 2 + slates at
0.453, 1.470, 1.977 McV and 2.665 McV. The solid curves represent ihc Fouricr-BcsscI Tits, whereas
Ihe dotted curve is the result of a fit with a Standard transition density shifted to 5.0 fm. The dushed
form factor curves correspond to the results of the QPM calculations

Table 62: The contributions of the different types ofphonon configurations to the first 2+ state in

. The percentages are the sums of contributions larger than 1%.

type

one-phonon

two-phonon

three-phonon

142Nd

# configurations %

1 91.6

2 4.8

0.2

146N(j

# configurations %

2 72.8

4 21.7

3.6

As mentioned in section 6.2, the relatively simple picture which existed for 142Nd in terms of
phonon excitations vanishes for the case of 14<>Nd. Due to the strong coupling between one- and
multiple-phonon states and hence the redistribution of the strength of the quasiparticle RPA one-
phonon configurations over many states, all excitations to be discussed below have very
complicated structures. This is illustrated in table 6.2, where the configurations contributing to the
2j + states of 142Nd and 146Nd, respectively, are listed. Therefore, only the main features of the
excitations will be discussed in the comparison of the QPM with the experimental results, and the
connection to the RPA results will be omitted. It is remarked that, to obtain a reasonable global

description of the strength distribution of low-lying positive-parity states, the parameters of the
2 + 4 +

residual interaction K̂  and Ko were adjusted disregarding the constraint imposed in the case of
142Nd that the excitation energy of the first 2+ and 4+ states agree with the experimental energies.
This leads to an overestimation of the energy of the 2j+ state by about 100 keV, which can be
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considered to be a consequence of the truncated ba.sis of two- and three-phonon stales. The

underestimation of the excitation energy of the 4 ] + state by approximately 2(K) keV on the other

hand, can be directly related to the strength distribution of the 4+ states and will be discussed in

section 6.5.

Table 6.1 lists the excitation energies and B(E2) values of the quadrupole states as calculated

by the QPM and fig. 6.5 shows the calculated transition charge densities of the first six 2+ states.

The strength distribution of the first six quadrupole states as predicted by the QPM is more or less

confirmed by the experimental results. There are three rather strong 2+ states, i.e. the 2 ] + , 23+ and

2(,+ states, and three weak ones which are hardly seen in the present experiment. A comparison of

the experimental and the calculated transition charge densities for the 2\+ state, depicted in fig.

6.6, immediately indicates that the nucleus 146Nd displays deformation effects. Although the radial

parametrisation of the Saxon-Woods potential for 142Nd taken from [Lan 90) has been corrected

for the assumed increase in size because of the four extra neutrons, an extra increase of 0.15 fm is

observed in the radius at which the experimental transition charge density peaks in comparison to

the one obtained with the QPM. The general features of the density are reasonably well

reproduced, with a relatively weak structure in the nuclear interior. In fig. 6.6 the results of the

dynamical DDHFB calculations are also displayed. They agree very well with the experimental

results as far as the shape is concerned, although the strength of the transition is overestimated,

even more than in the case of '-^Nd.

The description of the 2^+ state by the QPM, shown in fig. 6.6, is quite good. The main

contribution to this state is from the \2\ + x 4\+\&) two-phonon configuration, which has shifted to

a low energy due to the interaction with three-phonon configurations. The two-phonon

contribution in the nuclear interior is practically cancelled by destructive interference with other

configurations. The remaining contributions come (among others) from the collective first and

second one-phonon states. Therefore, it may be concluded that in spite of the experimental H(H21

value, which is an order of magnitude smaller than that of the 2 j + state, the 2^+ state is still quite

collective. An interesting feature is that the radius at which the transition charge density of this state

has its maximum is somewhat smaller than predicted by the QPM. Given the collectivity of this

state, it can be presumed that the transition charge density is peaking at the nuclear surface. The

small radius then points to the influence of nuclear deformation. Indeed, as is shown in section

6.7, this transition can be well described in the macroscopic RVM as an excitation of the 2+

member of the y-band.

As mentioned earlier, the 2f,+ state was experimentally resolved from the neighbouring 4+ stale

only at the four lowest q-values, i.e. up to 0.95 fm"'. However, using the transition charge density

from the QPM, a form factor was calculated which describes the data well. This seems to indicate

that the collectivity and the structure of this state, consisting mainly of the fourth one-phonon

configuration and only little multiple-phonon contributions, is reasonably predicted.

All in all the description of the quadrupole stales up to 2.0 MeV is repnxluced rather well by

the QPM. Although a small onset of deformation can be deduced from the radial positions at which

the transition charge densities of the 2 ] + and 2^+ states peak, the other quadrupole states, and in

particular ihe 2^+ state, seem to be governed by the vibrational (phonon) degrees of freedom. The

discrepancy between the excitation energies predicted by the QPM and those observed in the
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experiment is similar to the case of '"^Nd.

The calculated quadrupole states at higher excitation energies have not been assigned to

experimental transitions, due to the very high level density above 2 MeV. For llie transition charge

density o( the quadrupole state at 2.665 MeV no comparison with a calculated density is possible,

since the state is believed lo be outside the range of excitation energy for which the present QPM

calculations are assumed to be valid.
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Shown are the experimental transition charge densities (curves with error hands) of the 2 ) + slate at

0.453 MeV, the 2 ^ + state at 1.470 MeV ami the experimental form factor of the 2f,+ state at l.<>77

MeV. The doited curve shows the fit with the Standard transition density shifted to 5.0 I'm. The

calculations hy the QPM are represented by the clashed curves and the DDI1FB results by the dot-dashed

curve.
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6.4 The Octupole States

Transition charge densities were extracted for two octupole states, at 1.190 MeV and at 2.339
MeV. These are depicted in fig. 6.7, together with the respective form factors. The B(l:3) value of
3.52(21) * 10s e2fm6of the 3 r state obtained in the present experiment is considerably larger than
the value of 2.6(3) * 10s e2fm6 quoted in [Spe 89]. F;or three more states, those at 2.530. 2.690
and 2.850 MeV, respectively, a Fourier-Bessel analysis was not possible, since the data show a
clear filling of the diffraction minima. These form factors are shown in fig. 6.X. It was assumed,
that the admixtures of other states are either from much weaker excitations or of a higher
multipolarity, so that their contributions to the first form factor maximum of the octupole slates are
negligible. Under this assumption, a B(E3) value was determined by taking the shape of a
Standard density (see eq. (4.1)) for the transition charge density and adjusting the strength of the
resulting calculated form factor (also shown in fig. 6.8) to agree with the experimental data. The
determined excitation energies and obtained B(E3) values are listed in table 6.3. Several other
possible 3" states between 2.8 MeV and 3.0 MeV have been observed, but only at a few q-values.
Hence, these form factors are not presented here. The nuiltipolarities have been taken from
Pignanelli et al. [PigD 901, in which all states listed in table 6.3 were identified as octunolc states.

Table 6.3: Excitation energies and B(E3) values of the octupole suites observed in the present
experiment compared to values from the literature. The literature values have been
taken from Nuclear Data Sheets [Pek 90}, unless otherwise stated. Energies of states
which could not be measured accurately enough are given without errors.

Literature

Ex

(MeV) j

1.11895

2.1673

2.336 a)

2.527 «)

2.685 a>

2.805 a)

2.820 ^

2.846 a)

2.933 a)

Present

Ex

(MeV)

1.190(6)

2.339 (8)

2.530 (8)

2.690

2.807

2.822

2.850(12)

Experiment

B(E3)

(e2fm6)

3.52(2I)e+5

5.1 (7) e+4

2 e+4 W

5 e+3 b>

2 e + 4 <••>

V

1

2

3
4

5

6

QPM calcul

Ex

(MeV)

1.150

2.380

3.010

3.180

3.390

3.840

ations

B(E3)
(c2fm6)

1.62 e+5

5.34 e+4

4.92 e+2

6.26 e+3

3.71 e+4

1.05 e+4

a) From |PigD 90].

b) B(F,3) value obtained using a Standard density.

c) B(E3) value obtained using a Standard density sliilted lo 6.0 I'm.
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dashed curves represent the QPM calculations.

The QPM predicts only six octupole states up to an excitation energy of 4 MeV, much fewer
than observed experimentally. This underestimation of the number of 3' states by the QPM also
occurs in the case of 144Nd |Mie 90). Two possible explanations for this discrepancy within the
framework of the QPM are the following. First, given the overestimation by the QPM of the
excitation energies observed in l42Nd (and the quadrupole states in 146Nd), it might be that this
effect is larger for the octupole states in nuclei away from closed shells. This would mean that the
calculations should be performed up to an excitation energy higher than 4.0 MeV. Second, only a
limited number of multiple-phonon states could be included in the calculations. In general, the
inclusion of higher-order correlations would push the roots of the RPA equation down in energy.
This would increase the number of octupole states in the region of excitation investigated in this
experiment. However, this would not change the structure of the low-lying octupole states very
much, which means that the structure and the strength of the densities such as presented for the
first two 3" states are more or less independent of the configurations not included in the presently
used two- and three-phonon basis.



The transitional nucleus 115

10"4

10 5

10 6

10 7

10"8

\ ^ \

. r -...•• T i

r/ \
t

2

-* *

|

3

530

••
••

'"
• 

**
'

> \

1

MeV

1\

Fig. 6.8: Experimental rorm factors of the octupole states at 2.530, 2.690 and 2.850 McV. The dotted curves
show fits obtained with Standard transition densities. Also shown are the results of the QPM
calculations (dashed curves).

The calculated transition charge densities are shown in fig. 6.7 and the B(E3) values are listed
in table 6.3. It is interesting to note, that the densities of the first two octupole states show a similar
structure, the main contribution for both states coming from the first one-phonon configuration at
2.230 MeV and the [2i+ x 3f] two-phonon configuration. This is in reasonable agreement with
the results of the present experiment, as can be observed in fig. 6.7. It must be mentioned though,
that the literature reports another 3" state at 2.167 MeV [SneH 83], which would make the level at
2.339 MeV the third 3" state. However, neither in the present experiment, nor in the experiments
of Pignanelli et al. [PigD 90] has the level at 2.167 MeV been observed. Moreover, in an accurate
(n.n'y) experiment by Al-Janabi et al. [AljJ 83] this state is given a tentative 2+ assignment. This
means, that the experimental situation is not yet resolved, but that if the level at 2.167 MeV is
indeed an octupole state, it cannot be the collective one predicted by the QPM. Although the QPM
has been quite successful up till this point in predicting the strength distribution and the general
structure of the transition charge densities of the low-lying excited states of spherical nuclei, it
might be that the model is not any more valid for the octupole states in 146Nd. Indeed, a close
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inspection of the experimental transition charge densities reveals, that the transition density of the
2.339 MeV level peaks at a smaller radius than that of the 1.190 MeV level, just as in the case of
the quadrupole states. Since both levels are quite collective it would be reasonable to assume that
both densities peak at the nuclear surface. This indicates a possible deformation of the nucleus
l46Nd and that the 32' state at 2.339 MeV is probably a member of yet another octupole band,
which in its turn implies that this state might be outside the model space of the present version of
the QPM, despite the good agreement with the experimental transition charge density.

For the higher 3" states the connection between the experiment and the calculations is not very
clear. On the basis of their strengths, the states at 2.530 MeV and 2.690 MeV may correspond to
the calculated 35" and ?>(,- states, respectively, which would lead to the correct strength systematic^.
Since no experimental transition charge densities are available, comparison is only possible on the
form factor level. The positions of the calculated form factor maxima, as shown in fig. 6.8, are in
reasonable agreement with the experimental data.

6.5 The Hexadecapole States

Of the excited states of 146Nd observed in the present experiment, five were identified with the
aid of the literature as hexadecapole states. Two more possible 4+ states were observed in the
spectra at only a few q-values. The excitation energies and B(E4) values are listed in table 6.4. The
transition charge density of the state at 1.987 MeV could not be extracted in a model-independent
way, since its excitation energy is only 10 keV apart from the, in strength comparable, 2(+ state.
Therefore, the two states could only be resolved at the lowest four q-values. As mentioned in
section 6.3, the QPM results suggest a transition charge density for the 26

+ state which seems to
be consistent with the measured form factor up to 1.0 fnr1 and has the shape of a Standard
density. A Standard transition density shifted to 5.0 fm was used to calculate a form factor above
1.0 fm"1, which was then subtracted from the form factor of the doublet. The resulting form factor
and the extracted transition charge density are shown in fig. 6.9, together with the form factors and
transition charge densities of the other hexadecapole states. The data of the state at 2.622 MeV
show a filling of the diffraction minima, making a Fourier-Bessel analysis meaningless. The first
form factor maximum of the state at 2.437 MeV does not allow the extraction of a B(E4) value
with a Standard transition density.

The hexadecapole states in l46Nd display several interesting features. First, the transition
charge density of the 4,+ state peaks at a larger radius than that of the 2j+ state, just as in the case
of ls()Nd. Again, this points to a positive hexadecapole moment of the nucleus. This is in
agreement with the calculations of Gotz et al. [Gb'tP 72|, who predict #4 = 0.056. Second, the
transition charge density of the 42

+ state has a similar shape as the 4j+ state (see fig. 6.9), but with
an inward shift of 0.7 fm. This can possibly be explained as due to an excitation of the y-band.
However, if the notion of bands is introduced in 14<>Nd, then one would expect the 2$+ state at
1.470 MeV, the only candidate for the 2+ state of the y-band, to be shifted inward by the same
amount. Although a shift of approximately 0.2 fm is visible, it is much smaller than the 0.7 fm in
case of the hexadecapole states. It might be argued, that in the process of exciting the 42+ state the
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Table 6.4: Excitation energies and B(E4) values of the hexadecapole states observed in the
present experiment compared to values from the literature. The literature values have
been taken from Nuclear Data Sheets [Pek 901, unless other-wise slated Energies of
states which could not be measured accurately enough are given without errors.

Literature

Ex

(MeV)

1.04317

1.7451
1.9189
1.9893

2.4349
2.550 a)
2.620 a)

2.930 ^

Present Experiment

Ex
(MeV)

1.044(10)

1.747 (9)
1.919

1.987 (9)

2.437

2.622(12)

2.935 (10)

B(E4)
(e2fm8)

1.50(26)e+6

3.61 (32)e+6

2.1 (4) e+6

3 c+5b)
1.6 (6)e+6

QPM calculations

V

1

2

3

4

5
6

7

8

9

Ex

(MeV)

0.870

1.590
2.040
2.340

2.450

2.520
2.580

3.010

3.330

B(E4)

(e2fm8)

1.42 e+6
2.33 e+6

2.19 e+6
1.64 e+5

1.98 e+5

1.83 e+5
1.15 e+5

1.29 e+6
1.55 e+4

a) From Pignanclli el al. [PigD 90].

b) Obtained using a Standard transition density.

hexadecapole deformation of the nucleus disappears due to a rearrangement of the nucleons inside
the nucleus. This indicates that the nucleus is very soft with respect to hexadecapole excitations.
Calculations in the framework of the DDHFB model should be able to answer these questions.
Indeed, the DDHFB densities of the 2 j + and the 4j+ states, shown in figs. 6.6 and 6.9,
respectively, are in reasonably good agreement with the characteristics of the experimental data of
the ground state band. Both the general structure and the shift of the transition charge density of
the 4 j + state with respect to that of the 2 | + state are reproduced, although the shift is somewhat
underestimated and a larger collectivity is predicted. Unfortunately, the DDHFB results on the y-
band are not yet available. A third interesting feature of the hexadecapole states is the strength of
the 42

+ state, which is three times larger than that of the 4j+ state. Ichihara et al. [IchS 87] have
shown for other (well) deformed nuclei in the rare-earth region, that this might be due to a large
influence of the Y42 multipole operator, which couples the 4y+ state directly to the ground state.
To investigate this point further, macroscopic calculations have been performed with the Rotator-
Vibrator Model (RVM). Those results will be discussed in section 6.7.

Table 6.4 lists the B(E4) values and the excitation energies as calculated by the QPM. The large
strength of the 42+ state with respect to the 4]+ state is reasonably reproduced. The explanation of
this feature is found in the underlying configurations of both states. Due to the interaction with the
three-phonon terms, the [2|+ x 2j+](4) two-phonon pole of the RPA calculations is strongly shifted
in energy to a value lower than that of the first one-phonon pole at 2.030 MeV, namely from 3.75
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Fig. 6.9: Comparison between the experimenial and Ihc theoretical results for the hexadecapole slates in 14<>Nd.

Shown arc the experimental transition charge densities (curves with error band) of the 4 ] + state at
1.044 MeV, the 4 2

+ state at 1.747 MeV, the 4 4
+ state at 1.987 MeV (after subtraction; sec text) and

the 4 + state at 2.935 MeV and the respective form factors. The solid curves show the Fouricr-Bcsscl
fits. The calculations by the QPM arc represented by the dashed curves and the DDHFB results by the
dot-dashed curve. Also shown is the form factor of ihc 4 + state at 2.622 MeV, together with the fit
(dotted curve) obtained with the Standard transition density.

MeV to 1.04 MeV. This leads to the 4 j + state having a large two-phonon contribution of 50% and
a three-phonon contribution of 30%, in spite of the low energy of this state. In contrast, the 42

+

state has a 20% contribution of the first 4+ one-phonon component, 45% of the |2]+ x 4j+](4) two-
phonon configuration (also shifted from 3.46 MeV to 1.81 MeV) and 20% of the three-phonon
configuration. The major part of the strength of the first 4+ one-phonon state is located in the 43+
state. This implies, that the isoscalar strength parameter of the residual interaction must be adjusted
for the 43+ state to coincide with its experimental counterpart. The only excited state which is a
suitable candidate on the basis of the large B(E4) value, is the state at 1.987 MeV. If one assumes
that the calculated 43+ state can be identified with the experimental state at 1.987 MeV, the
excitation energies are observed to be practically identical, indicating that the K̂* parameter has a
realistic value. However, this excitation is experimentally known to be the 44+ state, implying that
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which arc not discussed any further in ihc text.

a weakly excited state is not predicted by the calculations, as may also be the case with the octupole
states. The discrepancy in the excitation energies of the 4(+ and 42

+ states is then understood to
arise from the sensitivity of the respective RPA solutions to the exact configurations included in the
calculations and the general feature of the QPM in that it overestimates excitation energy
differences.

In fig. 6.9 the results of the QPM calculations are compared to the experimental data. Needless
to say, the large radius at which the experimental transition charge density of the 4j+ state peaks is
not reproduced by the calculations. However, its shape and strength is reasonably predicted. The
agreement for the 42

+ and the 44
+ states is also quite good, although it must be kept in mind, that

the shape of the latter transition charge density is, apart from its strength and the radius at which it
peaks, very sensitive to the shape of the 2(f state.
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6.6 Other Multipolarities

Some sixteen more peaks other than discussed above have been observed in the spectra of
I46Nd. An attempt has been made to link the states observed in the present experiment to those
seen in other experiments. However, due to the high level density above 2 MeV and the limited
resolution it seems likely, that many of the peaks observed correspond to doublet states. Hence,
for many of the peaks only the excitation energies are listed in table 6.5 and the form factors, as far
as the peaks were observed over a reasonable q-range, are shown in fig. 6.10 without any further
discussion. The remaining states, the form factors of which show the features of a single
excitation, will be discussed below.

6.6.1 Monopole states

Three monopole states up to 2.0 MeV are known in the literature. None of these have been
observed in the present experiment. Especially interesting in tbis respect is that the 02+ state,
claimed to be detected at 0.916 MeV (IkeY 78] has not been observed in any of the other
experiments performed, although one would a priori expect a low-lying excited 0+ state for this
nucleus with vibrational features. At a higher energy, 2.231 MeV, a state has been observed which
was identified in (p,p') and (d,d') experiments [PigD 90| as a possible monopole state. Its form
factor and deduced transition charge density are shown in fig. 6.11. It should be remarked, that
the Fourier-Bessel fit through the data is not very good.

-1

0'
2.231 MeV

, 1 . 1 . 1 . 1 , 1

E
ID

-10

2 4 6 8 10

r[fm] •

Fig. 6.11: Experimental form factor dala with the Fouricr-Bcsscl fit (solid line) and the deduced transition charge
density of the possible monopole state at 2.231 McV.
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6.6.2 Dipulc states

Fig. 6.12 shows the transition charge density and the form factor of the 1" state at 1.377 MeV.
The B(E1) value has been taken from [PitH 90] and used as a datapoint in the fit. The description
of the transition charge density of the 11" state by the QPM is not good (see fig. 6.12). Although
the shape is reasonably reproduced, the structure is underestimated by about an order of
magnitude. Another possible 1" state at 2.275 MeV has been reported by |PigD 90). The form
factor as observed in the present experiment is shown in fig. 6.12. Although the state at 2.275
MeV is rather strongly excited for momentum transfers larger than 1.0 frrr1, it is impossible to
confirm the spin and pan y assignment or perform a Fourier-Bessel analysis on this state due to the
lack of low-q data. Nevertheless, the shape of the form factor is more consistent with that of a
transition of higher multipolarity. Indeed, if this transition has J71 = 1-, thus the B(E1) value must
be very small, since the state has not been observed by Pitz el al. [PitH 90].
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Tal)le 6_5: Excitation energies and B(EX) values of the states of other multipolarities observed in
the present experiment compared to values from the literature. The literature values
have been taken from Nuclear Data Sheets /Pek 90 j , unless otherwise stated. Energies
of states which could not be measured accurately enough are given witlumt errors.

Literature

0+

1-

5'

5"

5"

5"

4+

5-

7"

(4>+

(1,2+)

2+

Ex

(MeV)

2.226 a>

1.3767

2.270 a>

1.5177

2.0458

2.573 a>

2.747 a)

2.917 a)

3.005 a>

2.0295

2.0961

2.1489

2.4572

2.4835

2.7098

Present experiment

(0+)

1-

5"

(5")

5"

(5)

(5",6+)

(5-)

Ex

(MeV)

2.231

1.379 (6)

2.275

1.517 (6)

2.570

2.748 (9)

2.877 (19)

2.915

3.000

2.030

2.090 (9)

2.152 (11)

2.374

2.457

2.484

2.709

B(FA)

(e2fm2*-)

38.4(81) W

4.51 (27)e-3 t)

2.64 (29) e+8

8.5 e+7d)

2.93 (45) e+7

4.7 e+7 <1)

2.7 e+7c^

QPM

-V
5?"

-V
-V
-V
-V

Ex

(MeV)

1.670

2.520

3.120

3.170

3.510

3.810

B(HA.)

1.91 e+8

5.25 e+7

4.52 e+7

1.39 e+7

1.97 e+7

1.83 e+7

a) From [PigD9()|.

b) In units of c2fm'1

c) B(E1) value taken from |PitH 9()| and used in the fit as a data point.

d) B(E>.) value obtained using a Standard density peaking at 6.0 fin.

c) B(EX) value obtained using a Standard density peaking at 5.8 fm.

6.6.3 High mullipolarity states

Four states known to be 5' states have been identified as such. For two of them, the state at
1.517 MeV and the one at 2.748 MeV, transition charge densities have been extracted. They are
shown, together with the corresponding form factor data and the form factor of the 5" state at
2.570 MeV, in fig. 6.13. Again, as in the case of the hexadecapole states, the transition charge
density of the 5f state peaks at a strikingly large radius, whereas that of the 5" state at 2.748 MeV
peaks at a value which would be expected if the nucleus would have a spherical shape. Also the
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form factor of the 5 state at 2.570 MeV has a first maximum at the same value as the one at 2.748

MeV, although the width of the maximum of the state at 2.570 MeV, probably due to an admixture

of another state, allows larger radii for the peak of the transition density. The B(F.5) value listed in

table 6.5 has been derived with a Standard transition charge density peaking at the nuclear surface.

The 5" state at 3.000 MeV has also been observed and its form factor is shown in fig. 6.14. Its

B(H5) value listed in table 6.5 has been obtained with a fit using a Standard transition density but

with a smaller radius of 5.8 fm. Two more states have been observed that have form factors with

a shape of a high multipolarity transition, i.e. the states at 2.877 MeV and 2.915 MeV, also shown

in fig. 6.14. The state at 2.915 MeV has been reported in [PigD 9()| as a 4 + state, but the form

factor is more consistent with that of a 6+ state or perhaps 5' state. The state at 2.877 MeV is

unidentified as yet in the literature. In this case an assignment of ln = 5" seems most likely.

As in the case of the hexadecapole states, one is tempted to introduce a band stnicture in 146Nd

similar to that of IS()Nd, where the transition charge density of the 5\~ state also peaks at a radius

about 1 fm larger than that of the 3]" state. Although the excitation energy of the 1" state at a first

glance seems inconsistent with such a picture, since it is higher than that of the 3f state, this might

be due to anharmonic effects. The results of the RVM calculations show, as will be discussed in

the next section, that the idea of an octupole band for the 1|~, the 3|~ and the 5 f states is

reasonable.

The excitation energies and B(E^.) values for the 5" states as calculated by the QPM are listed in

table 6.5. The structure of the reported 5" states is very complicated. The first one-phonon state is

equally distributed over the 5 | \ the 52", the 5y and the 55" states. Moreover, each excitation

contains about 50% two-phonon and 20% three-phonon contributions. The single exception is the

54" state, which is almost purely built from the second one-phonon state. It is clear, that the

theoretical description of the 5" states is very sensitive to the basis of one- and multiple-phonon

states which are included in the calculations and thus is a good testcase for the validity of the

configuration space.

The agreement for the B(E5) values is quite reasonable. The strength structure of one strong 5"

state and several higher 5" states, more or less equally strong, is at least qualitatively observed.

However, a 5- state at 2.046 MeV is reported in the literature, which is not predicted by the QPM.

This state is appearently only weakly excited, since it is not observed in the present experiment.

This is similar to the observations of the hexadecapole states and possibly the octupole states.

The comparison of the transition charge densities and form factors, shown in figs. 6.13 and 6.14,

is not so straightforward due to the large radius at which the transition charge density of the 5 f

state peaks and the width of the first form factor maximum of the 52" state. If, however, the two

states at 2.877 and 2.915 MeV, respectively, are assumed to be 5" states (and the excitation at

2.046 MeV is not included) the stnicture of the densities as predicted by the QPM calculations is on

the whole confirmed by the experimental data. Also the reasonable description of the form factor of

the transition at 2.877 MeV shows, that it is likely that at least one of the components of this peak,

which possibly receives contributions from a number of levels, is a 5" state. In figs. 6.13 and 6.14

the labeling of the 5* states has been performed under the aforementioned assumptions.

In spite of the ambiguities in the identification of the experimental data with the calculated

transitions, it can be concluded from the above that the configuration space used in the calculations
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is at least reasonable. However, there are indications such as the missing 5" state at 2.0458 MeV,
that some, possibly important, contributions have been neglected.
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6.7 Comparison with RVM Calculations

To investigate in how far '"^Nd can be regarded as a deformed nucleus with vibrations
superposed, calculations were performed with the RVM. For the description of the ground state
charge density the Fermi parametrisation from [HeiM 71) has been used. The deformation
parameters have been determined in a similar fashion as described in section 5.5. They are listed in
table 6.6, whereas the resulting transition charge densities are compared to the experimental ones
in fig. 6.15.

Table 6.6: The parameters which have been used in the RVM to calculate transition charge
densities of the ground state band, the fband and the octupole band in

Ground state
charge density

ground state band

7-band

octupole band

(K = 0)

parameter

r0 [fm|
aolfm]

P2
P4
P6
TI22

T142

T130

P5

Pi

l46Nd

1.074
0.632

0.142
0.025

-

-0.360
-0.067
-0.147

-0.047
0.016
0.000

It can be observed, that most features of the transition densities can be reproduced fairly well,
with the exception of the radius at which the transition density of the 4g

+ state peaks. It should be
remarked, that the radial positions of the calculated transition charge densities of the 4y+ state and
the 5] ' state are mainly determined by the values of ^22 and f?30- The g°od agreement with the
experimental transition densities suggests, that the description of 146Nd as a deformed nucleus and
its excited states in terms of band structures is reasonable for the states shown in fig. 6.15.

The value of fa ls consistent with the quadrupole deformation of 146Nd as measured with
Coulomb excitation [Rag 89]. Moreover, it is in agreement with the value calculated by Caballero
and Moya de Guerra |CabM 90] with the Strutinsky method [Str 74]. Quite remarkable is the large
7742 parameter needed to reproduce the strength of the 4y

+ state. This value is about a factor two
larger than observed for any of the well-deformed nuclei in the rare earth region flchS 87]. It is,
however, consistent with the extreme softness of the potential energy surface (see fig. 6.1) in the
y-direction. The values of the parameters of the K = 0 octupole band, which are somewhat larger
than those of 150Nd, also confirm this picture.
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Fig. 6.15: Comparison between ihc experimental transition charge densities (curves with error bands) and the
results of the calculations with the RVM (solid lines). Shown are the data of the 2 + slate at 0.453
MeV and the 4 + state at 1.044 McV of the ground state band, the 2 + state at 1.470 MeV and the 4 +

state at 1.747 McV of the y-band and the 1" slate at 1.379 McV, the 3" siaicat 1.190 McV and ihc 5"
state at 1.517 McV of the octupole band.

6.8 Summary and Conclusions

The form factors of the low-lying excited states of 146Nd with excitation energies up to 3.0
MeV have been measured for effective momentum transfers between 0.5 and 2.8 frrr1. Some forty
levels have been observed and for thirteen of them transition charge densities were obtained,
whereas for sixteen more only form factors were presented. For most levels the form factors were
consistent with the spin and parity assignments as given in the literature, although some
ambiguities remain, such as for instance the character of the state at 2.275 MeV. Table 6.7 lists a
summary of the states which have been observed in the present experiment.

The transition charge densities have been compared to both models presented in chapter 2, the
Quasiparticle-Phonon Model (QPM) and the Density-Dependent Hartree-Fock-Boguliubov model
(DDHFB) with a dynamical calculation of transition charge densities. The two models take a
completely different approach in the sense that the QPM assumes a spherical nucleus and the
DDHFB is most suitable for strongly deformed nuclei. Since 146Nd has features of vibrational as
well as deformed nuclei, it is a priori to be expected, that both models will have limited success in
describing this nucleus.

The Potential Energy Surface (PES) of the nuclear ground state as calculated by the DDHFB
model shows a very soft minimum at /? = 0.15 and y= 7° with another local minimum at {5 = 0.1
and 7= 60°. This, together with the low barrier between the two minima, indicates that the nucleus
may change its shape drastically as a function of excitation energy.

This is already weakly seen in the quadrupole states. The 2\+ state peaks at a larger radius than
predicted by the QPM using the parameters of the Saxon-Woods potential of 142Nd, even after
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Table 6.7: Summary of the excited states in I46Nd, observed in the present experiment. The

excitation energies and the B(E\) values are compared to the results of the QPM

calculations.

Experiment

Ex

(MeV)

0.453

1.044

1.190

1.303

1.379

1.470

1.517

1.747

1.789

1.919

1.977

1.987

2.030

2.090

2.152

2.198

2.231

2.275

2.339

B(EX.)
(e2fm2A.)

6.91 e+3

1.50 e+6

3.52 e+5

4.51 e-3

6.8 e+2

2.64 e+8

3.61 e+6

2 e+2

2.1 e+6

38.4 a>

5.1 e+4

2 i +

V
3f

2 2
+

1-

23+

h~
V
24+

4+

V
43+

2+

0+

1-

32 '

<

Ex

(MeV)

0.565

0.870

1

1

2

1

1

2

2

2

2.

.150

.640

.150

.670

590

360

600

040

380

3PM
B(I

(e2fr

5.44

1.42

1.62

2.42

1.06

1.91

2.33

1.84

2.08

2.19

5.34

IX)

n2\)

e+3

e+6

e+5

e+1

e+3

e+8

e+6

e+1

e+2

e+6

e+4

Experiment

Ex

(MeV)

2.374

2.437

2.457

2.484

2.530

2.570

2.622

2.665

2.690

2.709

2.748

2.807

2.822

2.850

2.877

2.915

2.935

2.976

3.000

B(

(e2f

2

8.5

3

1.68

5

2.93

2

4.7

1.6

6

2.7

EX)

m2^)

e+4

e+7

e+5

e+2

e+3

e+7

e+4

e+7

e+6

e+1

e+7

33"
52"

4+

2+

34-

53"
35"

3e~
3-
54-

55-

4+

2+

(

Ex

(MeV)

2.450

3

2

3

3

3

3

3

3

3.

.010

.520

.180

120

390

840

170

510

810

3PM
B(I

(e2fr

1.98

4.92

5.25

6.26

4.52

3.71

1.05

1.39

1.97

1.83

IX)

n2*)

e+5

e+2

e+7

e+3

e+7

e+4

e+4

e+7

e+7

e+7

a) In units of ĉ fm4

correcting for the increase in size due to the four extra neutrons. The higher 2+ states though, all
have experimental transition charge densities or form factors more or less in agreement with the
calculations for a spherical nucleus. In this respect, especially the good prediction of the strength
distribution of the first six quadrupole states is a convincing argument, that the dominating
configurations contributing to quadrupole excitations are of a vibrational character with perhaps
some single-particle degrees of freedom but, except for the 2\+ state, only little contribution of
rotational degrees of freedom. Although the experimental situation for the octupole states is not
resolved beyond doubt, it seems likely that the two 3" states for which transition charge densities
were presented are indeed the first two octupole states as predicted by the QPM. However, the
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description of the 3" states by the QPM is incomplete, probably due to too large cuts in the phonon
basis, resulting in too few octupole states. As in the case of the quadrupole states the deformation
seems to disappear or at least decrease for the second excited octupole state.

This is even more strongly observed in the hexadecapole states, where the first 4+ state has a
density which peaks well outside the average nuclear radius, suggesting a positive hexadecapole
moment. The 42+ state has a surface-peaked transition charge density with a B(E4) value about
two times larger than that of the 4 i + state. This, in combination with the strength of the 44+ state at
1.987 MeV, has been explained by the QPM as to arise from the lowering of the energy of the
[ 2 i + x 2 j + | ( 4 ) and [ 2 | + x 4 ) + ] ( 4 ) two-phonon configurations below that of the first one-phonon
state, due to their interaction with the three-phonon configurations. The QPM, however, fails to
predict the weakly excited hexadecapole state at 1.919 MeV.

In case of the 5" states the QPM also misses the weak 52" state. For the remaining states
observed in the present experiment, the overall agreement is reasonable. Both the fragmentation of
5" strength and the radius at which the transition charge densities peak is ger^rally well predicted.
The most important discrepancy occurs for the transition charge density of the 5\~ state, which has
a maximum at a radius much larger than the average nuclear radius.

A general feature for multipolarities from 2 to 5 is, that the transition charge density of the first
state has a maximum at a much larger value than the average nuclear radius. From this a
deformation can be deduced, which is supported by the measured quadrupole moment of the
nucleus. Moreover, the transition charge densities of the higher excitations of the mentioned
multipolarities all peak at a lower value than the first excited state. This points, just as in the case of
' ^ N d , to excitation of rotational bands. To examine this, the experimental transition charge
densities were compared to the results of dynamical DDHFB calculations and calculations with the
macroscopic Rotation-Vibration Model (RVM).

It is observed, that the DDHFB calculations give quite a good description of the transition
charge densit ies of the 2\+ and 4 | + states, whereas the agreement of the R V M with the
experimental data is excellent. The only discrepancy of the latter calculations with the data is the
position of the maximum of the transition charge density of the 4 | + state. Since tlie DDHFB
predicts this position better, it is concluded that the anomalously large radius is a consequence of
the microscopic structure of the nucleus and points to an extreme softness with respect to
quadrupole and hexadecapole excitations. The softness of l 4 6 N d with respect to vibrations with
other multipolarities (3,5) is confirmed by the large values of the amplitude parameters obtained
from the RVM, which are up to a factor 2 larger than for 1 5 0Nd.

It is concluded, that ' 4 6 N d is a nucleus in which there is a shape coexistence of prolate-
deformed and spherically-symmetric shapes. The good description with the RVM and the DDHFB
for the lowest state of each multipolarity shows, that these are governed by rotational degrees of
freedom. The structure of the transition charge densities of the higher excitations is reasonably well
explained by the QPM, pointing to a vibrational character of this nucleus. Therefore, the nucleus is
very soft and at higher energies the deformed nucleus turns spherical.
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(Otoiptar

Summary

The Nd-isotopes exhibit a well-known shape transition from the spherical, vibrational nucleus
142Nd to the deformed, rotational nucleus 15()Nd. In this thesis the results of an electron scattering

experiment on '4^Nd, ' ^Nd and '^Nd, designed to study the influence of this shape transition

on the low-lying excited states, have been presented and discussed. The experimental data have

been compared to two microscopic models, i.e. the Quasiparticle-Phonon Model (QPM) for l42Nd

and 146Nd and the Density-Dependent Hartree-Fock-Boguliubov (DDHFB) model with a

dynamical approach to calculate transition charge densities for 146Nd and 150Nd. The data

obtained for the latter nuclei have also been compared to the macroscopic Rotation-Vibration

Model (RVM).

The experiments were performed with the magnetic QDD spectrometer at the high-resolution

electron scattering facility of NIKHEF-K. The data were taken at beam energies ranging from 112

MeV to 454 MeV and angles between 36° and 83°, corresponding to effective momentum transfers

between 0.5 and 2.8 fnr'. This enabled the extraction of transition charge densities in a model-

independent way by means of a Fourier-Bessel analysis. The spectra were analysed up to

excitation energies of 4.0, 3.0 and 2.0 MeV for 142Nd, 146Nd and 150Nd, respectively. The
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excellent energy resolution ranging from 10 keV for the lowest incident electron energy (112 MeV)

up to 30 keV for the highest energy (454 MeV) allowed the determination of form factors for

between 20 and 40 excited states that could be resolved for each nucleus. The diversity of the data

- multipolarities ranging from 0 up to 9, identification of up to 8 states of the same multipolarity in

a nucleus - allowed a systematic investigation of the modes of excitation of low-lying states.

For 142Nd and l5()Nd an additional measurement at a backward angle of 154° and an energy of

80 MeV was performed to investigate the contribution of the transverse form factor to the cross

sections. It was shown, that the transverse component can be assumed to be smaller than 2% at the

forward angles ae which the data were taken. Hence, in the analysis their contribution was

neglected.

The QPM is a microscopic model in which the calculations are performed in two steps. First,

basis states called "phonons" are generated, whereby phonons are defined as both collective and

non-collective solutions of the BCS quasiparticle RPA equations. Next, two- and three-phonon

states are constructed which are then coupled together and to the one-phonon states. In this way

one accounts for pairing interactions as well as multipole correlations. The QPM is, in its present

version, especially suitable to describe the properties of collective transitions in spherical nuclei.

The DDHFB model on the other hand, as discussed in this thesis, has been developed to allow

a microscopic description of well-deformed nuclei. First, the Potential Energy Surface (PES) of

the nucleus is calculated. The nucleon-nucleon force which is used in this procedure is the D1S

parametrisation of the Gogny-interaction. In general, the minimum of the PES is quite shallow for

deformed nuclei. To account for this, the (transition) charge densities are calculated in a dynamical

way by allowing many configurations, corresponding to certain py-deformations, to contribute.

To this end a Bohr-like Hamiltonian, in which the inertia parameters are calculated in the cranking

approximation, is solved with the PES as the collective potential. The calculation is completely

microscopic once the parameters of the nucleon-nucleon interaction have been determined from fits

to other data and no parameters are introduced or adjusted to optimize agreement with the

experiment.

In the RVM excitations are described in terms of vibrations and rotations of the nuclear

surface. The different parameters of this macroscopic model were adjusted to the experimental

transition charge densities.

The nucleus 142Nd is a semi-magic nucleus with an N=82 closed neutron shell. Therefore, the

neutron pairing correlations play a role of minor importance and only proton configurations are

expected to contribute to the low-lying excited states. This implies, that the transition densities

obtained from electron scattering experiments for these low-lying states will contain practically all

nuclear information.

The agreement between the experimental data for 142Nd and the results of the QPM

calculations is rather good. The strength distribution of the transitions with multipolarities from 1

to 6 is well predicted and the general features of the experimental transition charge densities are
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also reproduced. The collectivity of the 2j+ and 2f states, in contrast to the 2-f and 2-f states, is

shown to find its origin in the subshell structure of the nucleus, namely in the gap in the proton

single-particle spectrum between on the one hand the 2d5/2 and lg7/2 subshells and on the other

hand the lhn/2, 2^^ and 3s^2 subshells. The respective transition charge densities confirm this

picture, those of the 2 j + and 24+ states being mainly surface peaked, whereas that of the 22
+ state

has a significant contribution in the nuclear interior.

The situation for the hexadecapole states is quite different. Whereas the 2j+ state is collective,

the 4 | + state is predicted to have an almost pure two-quasiparticle configuration. Experimentally

this state could not be separated from the 3] ' state for q-values larger than 1.3 fnv1. Nevertheless,

an experimental B(E4) value was obtained by using a transition charge density with the shape of

the derivative of the ground-state charge density (Standard density). It is found to be in agreement

with the QPM calculations. The level at 2.438 MeV has been given a iK = 4+ assignment on the

basis of the shape of the inelastic electron scattering form factor and the characteristic angular

distribution measured in a (p,p) experiment. Both the strength and the structure of the transition

charge density of the level at 2.438 MeV are in excellent agreement with the QPM predictions for

the 42
+ state. An argument has been given - on the basis of the shape and the strength of the

experimental form factor - that the 43+ state, calculated to be by far the weakest hexadecapole state

up to 3.5 MeV, is experimentally observed at 2.584 MeV. The QPM calculates a large two-phonon

admixture of up to 50 % for the 4^+ and 45+ states. The good agreement with the experimental

transition charge densities of these states, which have excitation energies of 3.080 and 3.319

MeV, respectively, seems to confirm this structure.

The QPM predicts only three octupole states up to an excitation energy of 4.0 MeV. The two

transitions with the highest B(E3) values, i.e. the 3f state at 2.083 MeV and the 33" state at 3.580

MeV, have been observed experimentally. The agreement between the calculations and the

experiment is quite good. Furthermore, an intuitive explanation has been given for the strong

proton number dependence of the excitation energy of the 3j~ state, in contrast to those of the 2 j +

and 4 j + states, in the N=82 isotones. It has been shown, that the single-particle energy spacing

between the 2d5/2, lg7/2 a nd lhn/2 subshells varies quite strongly as a function of the proton

number. As the 2j+ and 4)+ states are mainly built from excitations within a single subshell, their

excitation energies are less sensitive to this variation than that of the 3f state, which has only

configurations consisting of excitations from one subshell to another.

In the present experiment six states have been observed that are believed to be states of

multipolarities between 5 and 9. Notwithstanding the limitations of the model in describing these

states, the overall agreement is reasonable, both for the strength distribution of, for instance, the

three 6+ states and the shape of the transition charge densities.

In conclusion, it is shown, that for semi-magic nuclei like 142Nd the structure of the transitions

can be explained by a mixing of collective and non-collective one-phonon states. Two- and three-

phonon states are observed to have little contributions below 3 MeV, whereas above 3 MeV their

contribution is visible. More important is the mixing of one-phonon states among each other due to

coupling to the two-phonon states. This can lead to a redistribution of transition strengths which
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cannot be obtained in a more simple approach. In this way the general structure of practically ihe

whole excited spectrum of natural-parity states up to 3.0 MeV is satisfactorily explained.

For the determination of the spin and parity of transitions ir the nuclei 146Nd and '-'•"Nd

extensive use has been made of the results of experiments with other probes. This has been shown

to be necessary, since the position of the first maximum of the electron scattering form factor is

sensitive to deformation effects and thus is not very characteristic for the transferred angular

momentum.

The experimental charge and transition charge densities of '-''"Nd were compared to theoretical

calculations in a dynamical, triaxial DDHFB framework, where no parameters were adjusted other

than for the nucleon-nucleon interaction, which were determined from othei data. The resulting

potential energy surface is that of a prolate deformed nucleus, the minimum lying at P = 0.3 and y

= 0°. The fact that the collective wave function of the ground state does not have its maximum at

the same po'^ion as the minimum of the PES proves the necessity of performing dynamical

calculations. These dynamical calculations have only been performed for the positive parity states.

The agreement between the calculations and the experimental data for the ground state band

and the y-band is rather good. Both the shift inward of transition densities of the states of the y-

band and the positive hexadecapole moment of the nucleus is reproduced. The deviation between

the observed transition density of the 6+ state of the ground-state band and the calculated one is

tentatively ascribed by means of Davydov-Filippov calculations to a larger softness in the P- and y-

directions than predicted in the dynamical DDHFB calculations. Further calculations on the

influence of this softness on the other states of the ground-state band are necessary before any

final conclusions can be drawn.

The transition charge densities of the states of the ground-state band and the y-band were also

compared, along with those of the states of the Kn = 0" octupole band, to calculations performed

in the macroscopic Rotation-Vibration Model. In general it could be said that the RVM gives a

good description for the transition charge densities of the states of those bands. The parameters,

which were deduced from the description of the transition charge densities of the ground-state

band, the y-band and the KK = 0' octupole band, have values that are typical for well-deformed

nuclei in the rare-earth region. The good description of the I f state indicates both that the

transition charge density for the 2p+ state, which was calculated with the DDIIFB, is quite

reasonable and that the form factor, which remains after subtraction of the 2p+ state, corresponds

to that of a collective 1" state of the mentioned octupole band.

For three more states a /(-value was suggested for the band of which they are a member. To

this end a vibration of a certain multipolarity was assumed and the /(-value was determined with

the RVM from the position of the maximum of the transition charge density.

It is concluded, that I50Nd is a prolate deformed nucleus with properties which are typical for

deformed nuclei in the rare-earth region. Moreover, it is demonstrated that the mean-field theory
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can provide a highly accurate description of deformed nuclei using the same density-dependent

force that has proven to be successful in describing spherical nuclei.

The PES of the nuclear ground state of 146Nd as calculated by the DDHFB model shows a

very soft minimum at P = 0.15 and y = 7° with another local minimum at /? = 0.1 and y- 60°.

'Phis, together with the low barrier between the two minima, indicates that the nucleus may change

its shape drastically as a function of excitation energy.

A first indication is already present in the quadrupole states. The 2; + state peaks at a larger

radius than predicted by the QPM using the parameters of the Saxon-Woods potential of I42Nd,

even after correcting for the increase in size due to the four extra neutrons. The higher 2+ states,

though, all have experimental transition charge densities or form factors more or less in agreement

with the calculations for a spherical nucleus. In this respect, especially the good prediction of the

strength distribution of the first six quadrupole states is a convincing argument, that the

dominating configurations contributing to quadrupole excitations are of a vibrational character with

perhaps some single-particle degrees of freedom but, except for the 2 (
+ state, only little

contribution of rotational degrees of freedom.

Although the experimental situation for the octupole states is not resolved beyond doubt, it

seems likely that the two 3" states for which transition charge densities were presented are indeed

the first two octupole states as predicted by the QPM. However, the description of the 3" states by

the QPM is incomplete, probably due to too large cuts in the phonon basis, resulting in too few

octupole states. As in the case of the quadrupole states the deformation seems to disappear or at

least decrease for the second excited octupole state.

This is even more strongly observed in the hexadecapole states, where the first 4+ state has a

density which peaks well outside the average nuclear radius, suggesting a positive hexadecapole

moment. The 42+ state has a surface-peaked transition charge density with a B(E4) value about

two times larger than that of the 4]+ state. This, in combination with the strength of the 44+ state at

1.987 MeV, has been explained by the QPM as to arise from the lowering of the energies of the

\2\+ x 2|+]W and |2i+ x 4i+](4) two-phonon configurations below that of the first one-phonon

state, due to their interaction with the three-phonon configurations. The QPM, however, fails to

predict the weakly excited hexadecapole state at 1.919 MeV.

In case of the 5" states the QPM also misses the weak 52" state. For the remaining states

observed in the present experiment, the overall agreement is reasonable. Both the fragmentation of

the 5- strength and the radius at which the transition charge densities peak is generally well

predicted. The most important discrepancy occurs for the transition charge density of the 5f state,

which has a maximum at a radius much larger than the average nuclear radius.

A general feature for multipolarities from 2 to 5 is, that the transition charge density of the first

state of each multipolarity has a maximum at a much larger value than the average nuclear radius.

From this a deformation can be deduced, which is supported by the measured quadrupole moment

of the nucleus. Moreover, the transition charge densities of the higher excitations of the mentioned

multipolarities all peak at a lower value than the first excited state. This points to the excitation of
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rotational bands. To examine this, the experimental transition charge densities were compared to

the results of dynamical DDI1FB calculations and calculations with the macroscopic Rotation-

Vibration Model (RVM).

It is observed, that the DDHFB calculations give quite a good description of the transition

charge densities of ihe 2 j+ and 4j+ states, whereas the agreement of the RVM results with the data

of these states and the lif, 4^, 1 j - , 3f and 5j" states is excellent. The only discrepancy of the

latter calculations with the data is the position of the maximum of the transition charge density of

the 4|+ state. Since the DDHFB predicts this position better, it is concluded that the anomalously

large radius is a consequence of the microscopic structure of the nucleus and points to an extreme

softness with respect to quadrupole and hexadecapole excitations. The softness of 146Nd with

respect to vibrations with other multipolarities (3,5) is confirmed by the large values of the

amplitude parameters obtained from the RVM, which are up to a factor 2 larger than for l5()Nd.

It is concluded, that I46Nd is a nucleus in which there is a shape coexistence of prolate-

deformed and spherically-symmetric shapes. The good description with the RVM and the DDHFB

for the lowest state of each multipolarity shows, that these are governed by rotational degrees of

freedom. The structure of the transition charge densities of the higher excitations is reasonably

well explained by the QPM, pointing to a vibrational character of this nucleus. Therefore, the

nucleus is very soft and at higher energies the deformed nucleus acquires a spherical shape.

The study of the shape transition in the Nd-isotopes and its effect on the dynamic properties of

the low-lying states has shown, that going from a spherical nucleus to a deformed nucleus leads

to a shift of vibrational degrees of freedom to rotational ones. Moreover, it has been shown, that

for a good description of vibrational nuclei single-particle degrees of freedom must be included.

To explain the complicated structure of the excited states of a transitional nucleus like 146Nd, a

model which incorporates all of the mentioned degrees of freedom is needed.

Although the work presented in this thesis is the most comprehensive of its kind up till now, it

might still be possible to extend the insight into the influence of the shape transition on the low-

lying excited states. The most obvious extension is to include the nuclei 144Nd and l48Nd in the

analysis. Moreover, by combining the results of the present electron scattering experiment with

those on other chains of nuclei, such as the Ce-, the Sm- and the Ba-isotopes, some ambiguities

concerning the interplay of different degrees of freedom might be solved. It has proven to be very

helpful if the results of (p,p') and (d,d') experiments are available for the determination of the spin

and parity of the transitions. Another field, which is hardly investigated in this mass region and in

the mentioned perspective, is the influence of the shape transition on the transition current

densities. Although a systematic investigation of these is expensive and time-consuming, it is felt

that much can be learned about the nuclear structure such as the possible occurrence of eddie

currents in the convection current of collective and non-collective transitions.
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Appendix

Fourier-Bessel coefficients A^ of all states for which transition charge densities have been extracted,
multiplied by 1(XX). For definitions see section 3.1.3. For all states Rc = 11.5 fm.

142Nd

n

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

0+

0.000 McV

50.3457

56.0176

-31.0085

-37.7830

16.3969

16.1884

-8.5182

-6.9688

1.8285

1.7313

0.0765

-0.0412

0.0236

0.0041

0.0010

2+

2.845 McV

4.3886

6.7576

-0.5421

-4.9184

-0.8979

1.6424

0.1556

-0.7769

-0.5842

-0.3822

-0.0972

0.0675

0.0024

-0.0139

0.0068

2 +

1.575 McV

11.1393

19.0413

2.5191

-9.3967

-0.5735

5.0652

0.6546

-1.7695

-0.9733

-0.3861

0.0287

0.0704

-0.0342

0.0039

0.0049

0+

2.976 MeV

-0.2700

0.2523

12.5523

30.6034

23.0112

-7.6451

-18.9252

-2.3907

8.1677

1.5731

-3.1836

-0.4921

0.9356

-0.1210

-0.2757

3"
2.083 McV

11.3136

21.8412

8.1922

-9.3743

-6.6351

3.2554

3.2869

-0.8590

-0.8029

0.6953

0.3244

-0.2423

-0.0238

0.0806

-0.0296

4+

3.080 McV

2.1125

4.7336

2.1920

-1.9943

-1.3304

1.0208

1.1868

0.3853

0.0276

-0.0114

-0.0056

0.0024

-0.0005

-0.0013

0.0003

6+

2.210 McV

2.2648

5.1321

4.2557

0.0982

-2.8919

-2.3510

-0.3587

0.4866

0.1375

-0.0651

-0.0149

0.0139

-0.0029

0.0000

0.0000

7"

3.246 McV

1.4468

4.0971

4.7248

2.0680

-0.7844

-1.1468

-0.1385

0.2524

0.0221

-0.0446

0.0065

0.0055

-0.0025

0.0004

-0.0001

2+

2.385 McV

3.6736

6.7506

1.2785

-5.1254

-4.1012

-0.1536

1.0010
0.3641

0.0602

0.0419

-0.0065

-0.0080

0.0057

-0.0020

0.0004

4 +

3.319 McV

2.7886

6.1318

2.8525

-2.3583

-1.3807

1.4931

1.4241

0.3918

0.1156

0.0228

-0.0367

0.0144

-0.0026

0.0002

-0.0003

4+

2.438 McV

1.3307

3.3441

1.9200

-2.0996

-3.3440

-1.7213

-0.5504

-0.2629

-0.0218

0.0397

-0.0111

-0.0012

0.0021

-0.0009
0.0002

5"

2.739 McV

2.4314

4.8948

3.2405

0.1413

-0.6675

-0.0204

0.1194

-0.0358

-0.0205

0.0277

-0.0131

0.0038

-0.0008

0.0004

-0.0010
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146Nd

V-

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

0+

I).(KK) MeV

49.9315

53.74 IK

-29.9379

-32.3414

15.0143

12.1493

-6.629')

-5.<X)W>

1.6882

1.0263

•0.3707

0.1160

-o.txxso
0.0020

0.0(X)2

4+

1.747 MeV

4.5955

9.5840

4.9342

-2.2926

-2.2028

0.8445

1.1307

0.2762

0.1295

0.0374

•0.0171

0.0050

-0.0013

0.0004

-0.0001

2+

0.453 MeV

16.5030

26.2254

1.3622

-11.9912

0.5107

4.9200

-0.6779

-2.2558

-0.5102

0.3142

0.1372

-0.0735

0.0170

-O.(X)43

0.0013

4+

1.987 MeV

3.37570

7.01200

4.22796

-0.74022

-1.74251

-0.15776

0.58542

0.17683

-0.16941

-0.09221

0.04014

0.03880

-0.(X)702

-0.01370

-;>.(KX)39

4+

1.044 MeV

2.6316

4.2719

0.4167

-1.7369

0.3693

1.0794

0.0512

-0.2876

-0.0618

0.0140

0.0054

-0.0012

-O.(XX)2

0.0002

O.O(XX)

0+

2.231 MeV

-0.2355

-2.0411

-3.0442

0.6087

4.6014

2.7020

-2.5847

-4.5670

-2.2633

0.2022

0.5238

-0.0792

-0.2141

-0.0185

0.0433

3-
1.190 MeV

12.8326

22.8001

5.4323

-9.6003

-3.4273

3 3535

1.4343

-0.8496

-0.3456

-0.0251

0.0266

O.(X)2()

-0.0042

0'X)24

-0.0005

3"
2.339 MeV

5.2117

10.4086

3.7278

-4.8758

-3.1406

1.7006

1.9155

0.0869

-0.4236

-0.2188

-0.0587

0.0487

0.0025

-0.0118

0.0054

r
1.379 MeV

0.7363

4.3789

2.7107

-4.9336

-3.0590

3.4179

1.8193

-1.7018

-1.0759

-0.0583

-0.0978

-0.0172

0.0355

-0.0131

O.(X)36

2*"
2.665 MeV

2.5721

4.1976

0.3102

-2.8196

-1.3231

0.6478

0.6045

0.1566

0.1737

0.1282

-0.0287

-0.0325

0.0149

0.0061

-0.0068

21"
1.470 MeV

5.2(XM

8.5808

1.0307

-4.5747

-1.1418

1.9498
0.6009

-0.7064

-0.4066

-0.0700

-0.0464

0.0058

0.0067

-0.0049

0.0020

5"

2.748 MeV

1.4460

3.4294

2.4980

-0.3229

-1.1672

-0.2152

0.2155

0.0090

-0.0384

0.0161

-0.0017

-0.0017

0.0012

-0.0004

-0.0002

5"

1.517 MeV

3.7225

7.1511

3.0009

-2.2823

-1.5439

0.7755

0.5420

-0.1540

-O.(W56

0.0528

-0.0169

0.0024

0.0006

-0.0003

-O.tXXM

4+

2.935 MeV

2.6483

3.8658

-0.5835

-2.1909

0.3871

1.1863
0.3679

-0.1313

0.0116

0.0100

-0.0090

0.0049

-0.0023

0.0009

-0.0001
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150Nd

(I

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15

0+
O.(XX) McV

49.4004

50.6800

-31.1516

-30.6550

14.6939

11.7571

-5.7441

-4.5658

1.2659

0.8001

-0.2675

0.1247

-0.0562

0.0048

0.0009

5"

1.129 McV

2.9591

4.6431

-0.2677

-2.3662

0.2134

0.6775

-0.3037

-0.3459

0.1005

-0.0171

-0.0045

0.0067

-0.0045

0.0024

-0.0008

2+

0.130 McV

31.2555

43.0640

-4.9401

-22.5429

2.2093

8.5182

-1.6999

-3.1935

-0.0583

0.6543

0.1940

0.0038

-0.0265

0.0071

-0.0028

r
1.189 McV

0.9687

-1.0653

-4.0691

-1.1379

1.8414

0.4778

-0.9058

-0.5676

-0.3055

-0.2587

-0.0420

0.0172

-0.0438

-0.0109

0.0107

4+

0.380 McV

8.0677

12.9357

1.2342

-5.0816

0.9031

2.6024

-0.0148

-0.7401

-0.1729

0.1078

0.0048

-0.0155

0.0077

-0.0025

0.0007

3"

1.482 McV

3.9463

7.9354

3.3902

-2.5889

-1.5182

1.1354

0.5026

-0.4403

-0.0800

0.1114

-0.0323

-0.0063

0.0099

-0.0044

0.0013

6+

0.719 McV

2.1205

3.1178

-0.5400

-2.1025

0.1115

0.9820

0.2532

-0.1293

0.0187

0.0063

-0.0068

0.0039

-0.0019

0.0008

-0.0002

3"
1.578 McV

2.9598

5.6397

1.5686

-2.8046

-0.9037

1.3319

0.1967

-0.5751

-0.0392

0.0832

-0.0381

0.0096

-0.0007

-0.0005

0.0000

1-

0.850 McV

-0.7186

-6.0377

-4.5612

5.8174

4.5150

-3.6693

-2.2506

2.2945

0.8826

-1.0648

-0.1801

0.4018

-0.0583

-0.1318

-0.0188

4+

1.645 McV

1.6241

4.4715

4.1208

0.1955

-1.9427

-0.5496

0.8281

0.4431

-0.1445

-0.0746

0.0489

0.0001

-0.0089

0.0049

-0.0011

3"
0.932 McV

9.0221

14.5973

2.3067

-5.3945

-0.9624

1.6537

0.7078

-0.1607

-0.1332

0.0393

-0.0095

0.0010

0.0004

-0.0003

0.0000

3"

1.860 McV

2.4929

3.8889

-0.1776

-1.8339

0.4343

0.8800

-0.1868

-0.3710

0.0132

-0.0346

0.0104

0.0000

-0.0023

0.0018

-0.0004

2+

1.059 McV

5.3666

9.6415

2.1364

-5.0198

-2.3698

1.4747

0.9732

-0.3471

-0.3666

-0.0808

0.0160

0.0147

-0.0071

0.0012

0.0008
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Samenvatting

De Nd-isotopen vertonen een vormverandering van de bolvormige, vibrationele kern l42Nd
naarde prolaat gedeformeerde, rotationele kern 150Nd. In dit proefschrift worden de resultaten van
een electron verstrooiïngs experiment op '42Nd, 146Nd en 150Nd gepresenteerd, waarbij de in-
vloed van de genoemde vormverandering op de laaggelegen aangeslagen toestanden wordt onder-
zocht. De experimentele data worden vervolgens vergeleken met berekeningen die gedaan zijn met
twee microscopische modellen, te weten het Quasideeltje-Phonon Model (QPM) voor de kernen
142Nd en 14(>Nd, en het dichtheids-afhankelijke Hartree-Fock-Boguliubov (DDHFB) model met
een dynamische benadering voor de berekening van overgangsladingsdichtheden voor de kernen
l46Nd en 15()Nd. De laatstgenoemde kernen worden bovendien ook vergeleken met macrosco-
pische berekeningen met behulp van het Rotatie-Vibratie Model (RVM).

De experimenten zijn verricht bij de hoge-resolutie electron-verstrooiïngs faciliteit van
NIKHEF-K met de magnetische QDD spectrometer. De data zijn vergaard bij bundelenergieën
tussen 112 MeV en 454 MeV en verstrooiïngshoeken die variëren van 36° tot 83°. Dit heeft
geresulteerd in een impulsoverdracht bereik van 0.5 fm1 tot 2.8 fm~', waardoor op een model-
onafhankelijke manier overgangsladingsdichtheden verkregen konden worden door middel van een
Fourier-Bessel analyse. De spectra zijn geanalyseerd tot excitatie energieën van 4.0, 3.0 en 2.0
MeV voor respectievelijk I42Nd, '4^Nd en '^Nd. Door de zeer goede energie resolutie van 10
keV voor de laagste bundelenergie tot 30 keV voor de hoogste was het mogelijk om vormfactoren
van 20 tot 40 geëxciteerde toestanden te scheiden voor iedere kern. De grote verscheidenheid van
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de data - multipolariteiien van 0 tot 9, identificatie van soms 8 toestanden van dezelfde
multipolariieit in één kern - heeft het mogelijk gemaakt om de manier van excitatie van de
laaggelegen toestanden systematisch te onderzoeken.

Voor de kernen '42Nd en 150Nd zijn tevens metingen verricht bij een hoek van 154° en een
bundelenergie van 80 MeV om de bijdrage van de transversale vormfactor aan de werkzame
doorsnedes te bepalen. Het is aangetoond, dat de transversale component redelijkerwijs kleiner dan
2r/< verondersteld kan worden bij de voorwaartse hoeken waarbij de experimenten zijn verricht. In
de analyse is deze bijdrage dan ook verwaarloosd.

Het QPM is een microscopisch model. De berekeningen worden in twee stappen gedaan: eerst
worden basis-toestanden, genaamd "phononen", gegenereerd waarbij een phonon gedefinieerd is
als de (zowel collectieve als niet-collectieve) oplossing van de BCS-quasideeltjes RPA
vergelijkingen. Vervolgens worden twee- en drie-phonon toestanden geconstrueerd die aan elkaar
en aan de één-phonon toestanden worden gekoppeld. Op deze manier worden zowel paar-
wisselwerkingen als multipool-correlaties meegenomen. In de hier gepresenteerde versie is het
QPM bij uitstek geschikt om bolvormige kernen te beschrijven.

Het DDHFB model kan daarentegen ook aan gedeformeerde kernen rekenen. Allereerst wordt
een potentiaal-energie vlak (PES) van de kern berekend waarbij de DIS parametrisatie van de
rr«gny nucleon-nucleon wisselwerking wordt gebruikt. Over het algemeen is het minimum in het
1'hS vrij ondiep voor gedeformeerde kernen. Om hier rekening mee te houden worden de
collectieve golffuncties van de toestanden waarin de kern zich kan bevinden dynamisch berekend.
Hiertoe wordt een soort Bohr Hamiltoniaan opgelost waarbij de inertie-parameters berekend
worden in de "cranking"-benadering en als collectieve potentiaal de PES wordt gebruikt. Op het
ogenblik dat de nucleon-nucleon interactie vastgelegd is, is de berekening volledig microscopisch
en worden er verder geen parameters geïntroduceerd om de overeenkomst tussen berekening en
experiment te verbeteren.

In het RVM worden excitaties beschreven als rotaties en vibraties van het kernoppervlak. De
verschillende parameters van dit macroscopische model zijn bepaald door middel van de
experimentele overgangsladingsdichtheden.

De kern )42Nd is een half-magische kern met een gesloten N=82 neutronschil. Daardoor spelen
neutron-paarcorrelaties geen rol van betekenis en kan worden aangenomen, dat slechts proton
configuraties bijdragen aan de laaggelegen aangeslagen toestanden. Hierdoor kan worden
verondersteld, dat de overgangsladingsdichtheden van de genoemde toestanden, zoals die uit
electronverstrooiïng zijn verkregen, de practisch volledige informatie over de overgangsstructuur
bevatten.

De overeenkomst tussen de experimentele data en de QPM berekeningen is redelijk. De
sterkteverdeling van de overgangen met mulripolariteiten van 1 tot 9 wordt goed voorspeld terwijl
de globale kenmerken van de overgangsladingsdichtheden eveneens goed gereproduceerd worden.
De collectiviteit van de 2\+ en 24

+ toestanden, in tegenstelling tot de 22
+ en 23+ toestanden, vindt

zijn oorsprong in de subschil structuur van de kern, namelijk in het gat in het proton één-deeltjes
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spectrum tussen aan de ene kant de 2ds/2 en lg7/2 subschillen en aan de andere kant de 1 h] 1/2»
2d3y2 en 3s|/2 subschillen. De respectievelijke overgangsladingsdichtheden bevestigen dit beeld,
aangezien die van de de 2 j + en 24

+ toestanden voornamelijk bestaan uit een oppervlakte piek,
terwijl die van de 22

+ toestand een grote bijdrage in het binnengebied van de kern heeft.
Geheel anders is de situatie voor de 4+ toestanden. Terwijl de 2j+ toestand collectief is, wordt

voor de 4 j + toestand een bijna pure twee-quasideeltjes configuratie voorspeld. Hoewel deze
toestand experimenteel niet gescheiden kon worden van de 3j" toestand voor q-waardes groter dan
1.3 fm"1, was het desondanks mogelijk om een B(E4) waarde voor de overgang af te leiden met
behulp van een overgangsladingsdichtheid, die de vorm heeft van de afgeleide van de
grondtoestand s ladingsverdeling (een zogenaamde Standaard dichtheid). De experimentele B(E4)
waarde blijkt overeen te komen met de door QPM berekende waarde. Het niveau bij 2.438 MeV
heeft een iK = 4+ toekenning gekregen op grond van de q-afhankelijkheid van de vormfactor en de
karakteristieke hoekverdeling zoals die in een (p,p') experiment is waargenomen. Verder is
aangetoond, dat er sterke aanwijzingen zijn - zoals de vorm en de sterkte van de experimentele
vormfactor - dat de 43

+ toestand, waarvan voorspeld wordt dat het de zwakste 4+ toestand is onder
3.5 MeV, waargenomen is bij 2.584 MeV. Voor de 44+ en 45+ toestanden berekent het QPM twee-
phonon bijdrages tot 50%. De goede overeenkomst met de experimentele overgangsladings-
dichtheden van deze toestanden, die excitatie energieën van respectievelijk 3.080 en 3.319 MeV
hebben, lijkt deze structuren te bevestigen.

Het QPM voorspelt slechts drie octupool toestanden met excitatie energieën lager dan 4.0 MeV.
De twee overgangen met de grootste B(E3) waarden, de 3f toestand bij 2.083 MeV en de 33-
toestand bij 3.580 MeV, zijn beide experimenteel waargenomen. De overeenkomst tussen
experiment en berekeningen is goed. Verder is er een intuïtieve verklaring aangedragen voor de
sterke proton-aantal afhankelijkheid van de excitatie energie van de 3 j ' toestand in de N=82
isotonen, in tegenstelling tot die van de 2j+ en 4^+ toestanden. Deze berust in het feit dat de één-
deeltjes energie spreiding van de 2d5/2, lg7/2 en lhj 1/2 subschillen sterk varieert als functie van het
proton-aantal. Aangezien de 2t+ en 4 t

+ toestanden voornamelijk uit excitaties binnen dezelfde
subschil zijn opgebouwd, zijn hun excitatie energieën minder gevoelig voor deze variatie dan die
van de 3 f toestand, die slechts bestaat uit configuraties waarbij twee subschillen zijn betrokken.

Verder zijn er in het gepresenteerde experiment zes toestanden waargenomen, waarvan de
multipolariteiten tussen 5 en 9 liggen. Ondanks de beperkingen van het QPM bij de beschrijving
van deze toestanden is de globale overeenkomst redelijk, zowel wat betreft de sterkte-verdeling van
bij voorbeeld de drie 6+ toestanden ais wat betreft de vorm van de overgangsladingsdichtheden.

Samenvattend kan worden gesteld dat, voor half-magische kernen zoals 142Nd, de structuur
van de laaggelegen overgangen verklaard kan worden door middel van menging van collectieve en
niet-collectieve één-phonon toestanden. Twee- en drie-phonon toestanden hebben onder 3.0 MeV
nauwelijks enige bijdrage. Belangrijker is de menging van de één-phonon toestanden ten gevolge
van de koppeling aan de twee-phonon toestanden. Dit kan tot een herverdeling van de
overgangssterkte leiden, hetgeen niet verklaard kan worden met een wat eenvoudiger model.
Hiermee kan gesteld worden, dat het gehele spectrum van toestanden met natuurlijke pariteit tot 3.0
MeV bevredigend verklaard is.
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Om de spin en pariteit van overgangen in de kernen 146Nd en 150Nd te bepalen is veelvuldig
gebruik gemaakt van de resultaten van experimenten met andere inkomende deeltjes. Dit is
noodzakelijk gebleken aangezien de positie van het eerste maximum van de electron verstrooiïngs
vormfactor zeer gevoelig is voor deformatie effecten en daardoor niet bruikbaar voor de bepaling
van multipolariteiten.

De experimentele ladings- en overgangsladingsdichtheden van 150Nd zijn wat betreft de
positieve-pariteits overgangen vergeleken met de DDHFB berekeningen. De resulterende PES is
die van een prelaat gedeformeerde kern, met het minimum bij ß = 0.3 en y- 0°. Uit het feit dat de
collectieve golffunctie van de grondtoestand zijn maximum bij andere waarden van /Jen 7heeft
blijkt, dat dynamische berekeningen voor deze kern een noodzaak zijn.

De overeenkomst tussen de berekeningen en de experimentele gegevens voor de grondtoestand-
band en de y-band is behoorlijk goed. Zowel de verschuiving van de overgangsladingsdichtheden
van de toestanden van de y-band naar het binnengebied als het positieve hexadecapool moment van
de kern worden goed voorspeld. De discrepanties tussen de waargenomen en berekende
overgangsladingsdichtheid van de 6| + toestand kunnen door middel van Davydov-Filippov
berekeningen worden herleid tot een waarschijnlijk grotere vervormbaarheid van de kern in de ß-
en y- richting. Voor definitieve conclusies hieromtrent is het echter nodig om de invloed van deze
vervormingen op de andere toestanden van de grondtoestands-band te onderzoeken.

De experimentele overgangsladingsdichtheden zijn ook vergeleken met berekeningen met het
macroscopische RVM. Over het algemeen kan gesteld worden, dat de toestanden van de grond
toestands band, de y-band en de KK = 0" octupool band zeer goed beschreven kunnen worden door
het model. De waarden van de parameters komen goed overeen met die van andere gedeformeerde
kernen in het zeldzame-aarden gebied. Opvallend is de goede beschrijving van de overgangs-
ladingsdichtheid van de I j ' toestand, hetgeen erop duidt, dat zowel de beschrijving van de 2ß+

toestand zoals die berekend is met behulp van de DDHFB heel redelijk is, als dat vormfactor die na
aftrek van de 2ß+ toestand overblijft correspondeert met die van een collectieve 1" toestand van de
genoemde band.

Verder is voor drie andere toestanden een K-waarde gesuggereerd voorde band waar ze lid van
zijn. Door een multipolariteit voor de vibratie waarop de rotatie is gesuperponeerd aan te nemen,
was het mogelijk uit de positie van de overgangsladingsdichtheid met behulp van het RVM een K-
waarde te bepalen.

Uit het voorgaande kan worden afgeleid, dat 150Nd een prolaat gedeformeerde kern is met
eigenschappen die typisch zijn voor gedeformeerde kernen in dit massa-gebied. Bovendien is het
aangetoond dat met de gemiddelde-velden theorie, met gebruik making van dezelfde nucleon-
nucleon potentiaal zoals die bepaald is uit bolvormige kernen, een zeer nauwkeurige beschrijving
van gedeformeerde kernen kan worden gegeven.

Het PES van de grondtoestand van 146Nd, zoals berekend door het DDHFB model, vertoont

een heel ondiep minimum bij ß = 0.15 en y =7°, met een locaal minimum bij ß= 0.1 en y= 60°.
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Dit, samen met de lage barrière tussen de twee minima, geeft aan dat de kern een drastische
vormverandering kan ondergaan als functie van de excitatie energie.

Een eerste indicatie daarvoor kan al worden waargenomen bij de quadrupool toestanden. De
2\+ toestand heeft een maximum bij een grotere straal dan door het QPM wordt voorspeld, zelfs na
correctie voor de toegenomen straal van de kern ten gevolge van de vier extra neutronen ten
opzichte van i42Nd. De hogere 2+ toestanden hebben echter allemaal overgangsladingsdichtheden
of vormfactoren die in overeenstemming zijn met de QPM berekeningen. Vooral de goede
voorspelling van de sterkteverdeling van de eerste zes 2+ toestanden toont aan dat het dominerende
proces in de quadrupool excitaties een vibrationeel karakter heeft met eventueel één-deeltjes
bijdragen maar, met uitzondering dus van de 2i+ toestand, bijna geen rotationele vrijheidsgraden.

Hoewel de experimentele situatie voor de 3" toestanden niet geheel duidelijk is lijkt het toch zo
dat de twee 3" toestanden waarvoor overgangsladingsdichtheden zijn verkregen overeenkomen met
de eerste twee octupool toestanden zoals die door het QPM zijn voorspeld. Opgemerkt dient echter
te worden dat de beschrijving van de 3" toestanden door het QPM incompleet is, hetgeen resulteert
in te weinig 3" toestanden. De oorzaak ligt waarschijnlijk in de te beperkte phonon basis. Evenals in
het geval van de 2+ toestanden lijkt de deformatie, die aanwezig is in de 3 r toestand, te verdwijnen
voor de hogere 3" toestanden.

Dit effect is nog sterker waarneembaar bij de 4+ toestanden. De 4 | + toestand heeft een
overgangsladingsdichtheid die ver buiten het kernoppervlak piekt, duidend op een positief
hexadecapool moment. De 42+ toestand daarentegen piekt op het kernoppervlak met een B(E4)
waarde die ongeveer twee maal zo groot is als die van de 4i+ toestand. Dit, en de sterkte van de
44+ toestand, is verklaard door het QPM als een gevolg van het omlaag schuiven in energie van de
[2i+ x 2i+](4) and \2\+ x 4i+](4) twee-phonon configuraties tot onder die van de eerste één-phonon
toestand ten gevolge van de wisselwerking met de drie-phonon componenten. Het QPM faalt echter
in het voorspellen van de zwakke 43+ toestand.

In het geval van de 5 - toestanden wordt de 52" toestand ook niet voorspeld. Voor de
overgebleven toestanden is de overeenkomst tussen het experiment en de berekeningen redelijk.
Zowel de fragmentatie van de 5" sterkte als de straal van het maximum van de dichtheden wordt in
het algemeen goed voorspeld. De belangrijkste afwijking is de genoemde straal van de dichtheid
van de 5 r toestand.

Een algemeen kenmerk van de overgangen met multipolariteiten tussen 2 en 5 is de grote straal
waarbij de overgangsladingsdichtheden van de eerste toestand van iedere multipolariteit piekt.
Hieruit kan een deformatie worden afgeleid die in overeenstemming is met het gemeten quadrupool
moment. Bovendien pieken de overgangsladingsdichtheden van de hoger aangeslagen toestanden
bij een kleinere straal. Uit een en ander lijkt te kunnen worden afgeleid dat er sprake is van excitatie
van rotatiebanden. Om dit te onderzoeken zijn de experimentele dichtheden vergeleken met de
resultaten van de DDHFB en RVM berekeningen.

Daarbij is waargenomen dat de DDHFB berekeningen een goede beschrijving geven van de 2 |+

en 4]+ toestanden, terwijl de overeenkomst met het RVM voor deze toestanden en de 23+, 43+, 1,-,
3f en 5f toestanden uitstekend is. De enige afwijking wat betreft de laatstgenoemde berekeningen
is de beschrijving van de positie van het maximum van de 4\+ toestand. Aangezien deze positie
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veel beter wordt voorspeld door DDHFB, kan worden afgeleid dat de grote straal een oorzaak is
van de microscopische structuur van de kern en dit duidt op een extreem grote vervormbaarheid
met betrekking tot quadrupool en hexadecapool excitaties. Deze zachtheid van 146Nd wordt ook
bevestigd door de grote waarden van de amplitude parameters zoals die verkregen zijn uit het
RVM, die ongeveer twee maal zo groot zijn als voor 150Nd.

Daarom kan worden geconcludeerd dat 146Nd een kern is waarin een coëxistentie bestaat van
een prolaat-gedeformeerde en een sferisch-symmetrische vorm. De goede beschrijving met RVM
en DDHFB van de laagste toestanden van iedere multipolariteit toont aan dat deze beheerst worden
door rotationele vrijheidsgraden. De structuur van de overgangsladingsdichtheden van de hoger
aangeslagen toestanden wordt redelijk beschreven door QPM, hetgeen duidt op een vibrationeel
karakter. Daarom kan worden gesteld dat de kern zacht is en bij hogere energieën een vorm-
verandering ondergaat van gedeformeerd naar bolvormig.

Het onderzoek naar de vormverandering in de Nd-isotopen en de uitwerking op de dynamische
eigenschappen van de laaggelegen toestanden heeft aangetoond, dat de verandering van een
sferische naar een gedeformeerde vorm correspondeert met een verschuiving van vibrationele naar
rotationele vrijheidsgraden. Bovendien is aangetoond dat voor een goede beschrijving van
vibrationele kernen, één-deeltjes vrijheidsgraden ook moeten worden meegenomen. Om de
gecompliceerde structuur van de excitaties in 146Nd te beschrijven is een model nodig dat alle drie
genoemde vrijheidsgraden bevat.

Hoewel het onderzoek, zoals in dit proefschrift gepresenteerd, het meest volledige is in zijn
soort, is het uiteraard mogelijk om het inzicht in de invloed van de vormverandering op de
laaggelegen aangeslagen toestanden uit te breiden. De meest voor de hand liggende uitbreiding is
het betrekken van de kernen 144Nd en 148Nd in de analyse. Bovendien kunnen de huidige
resultaten gecombineerd worden met die van andere ketens van even-even kemen zoals de Ce- Sm-
en Ba-isotopen. Hierdoor kunnen enkele onduidelijkheden betreffende de bijdragen van
verschillende vrijheidsgraden opgelost worden. Het is zeer nuttig gebleken om de resultaten van
(p,p') en (d,d') experimenten te betrekken in de analyse. Een ander gebied, waarop in dit massa
gebied en met het genoemde doel nog nauwelijks onderzoek is gedaan, is de invloed van de
vormverandering op de overgangs stroom dichtheden. Hoewel een systematisch onderzoek hiervan
duur en tijdrovend zou zijn, zou veel over de kernstructuur geleerd kunnen worden zoals het al dan
niet optreden van wervels in de convectie stroom van collectieve en niet-collectieve overgangen.
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Dankwoord

Collectieve verschijnselen zijn het resultaat van de bijdragen van vele afzonderlijke
componenten. Dit is niet alleen een van de bevindingen van dit proefschrift, maar heeft ook
betrekking op de totstandkoming ervan. Op deze plaats zou ik enkele van deze componenten willen
benoemen en de personen die ze bijgedragen hebben willen bedanken.

Beste Muhsin. Als mijn promotor heb jij talloze malen door je enthousiasme voorde resultaten
van dit onderzoek mij over een dood punt heengeholpen. Je heldere visie op wat het eindresultaat
moest worden en welke stappen daarbij genomen dienden te worden heeft het relatief eenvoudig
gemaakt dit ook te bereiken. Door je nauwgezetheid daarbij konden veel fouten worden
voorkomen. Ik dank je voor de voortreffelijke coaching.

Beste Kees. Ik heb je bereidheid om als copromotor de dagelijkse begeleiding op je te nemen
zeer gewaardeerd. De manier waarop je de verschillende problemen tijdens het onderzoek wist te
herleiden tot hun ware aard en je vervolgens met pasklare oplossingen kwam, is een enorme hulp
voor mij geweest. Je vermogen om feilloos de zwakke plekken in een betoog te vinden heeft menig
maal tot duidelijke verbeteringen geleid.

Beste Hans, jouw kundigheid is bij het verzamelen van de data van onschatbare waarde
geweest. De uitstekende resolutie die noodzakelijk was voor dit experiment is mede door jou
verwezenlijkt.
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Beste Henk, je grote kennis van de kernfysica en in het bijzonder de electronenverstrooiïing
heeft een grote indruk op mij gemaakt. Onze discussies over de Fourier-Bessel analyse heb ik als
zeer leerzaam ervaren.

Dear Jochen Heisenberg, I thank you for the fast and careful reading of the manuscript, which
made it possible to finish this thesis within the deadline.

Dear Vladimir Ponomarev and Andrej Vdovin. I have appreciated your hospitality beyond
measure during my stay in Dubna. Our investigation of the agreements and discrepancies between
the experimental data and the calculations will remain one of my fondest memories of the past four
years.

Cher docteur Girod. Je vous remercie pour la manière consciencieuse dont vous avez effectué
les calculs. En outre, je suis très heureux d'avoir pu collaborer et publier avec vous.

Dear Umesh, I thank you for the great help in the analysis of the data. I have experienced our
collaboration as a very pleasant one.

Dr. Pignanelli and Dr. De Leo, your (p,p') and (d,d') data have proven an invaluable help in
the analysis and I thank you for furnishing the results before publication.

André, Dick, Joost, Leon en Nasser: jullie collegialiteit en hulp tijdens de verschillende fasen
van dit werk heeft mijn verblijf op het NIKHEF zeer plezierig gemaakt.

Dear Roberto, beste John: our collaboration on the other Nd-isotopes has been very pleasant
and fruitful, for which I thank you.

De GVT komt mijn dank toe voor de betrouwbaarheid van de experimentele opstelling,
waardoor het verzamelen van de experimentele data zo vlot is verlopen. Ber Kuyer wil ik nog
bedanken voor de duidelijke uitleg over het tunen van de versneller en tevens voor het geschonken
vertrouwen dit in de weekenden aan mij over te laten.

De CSG heeft ervoor gezorgd dat gedurende vier jaar een computer met het nieuwste OS paraat
heeft gestaan voor de analyse van de data. Jullie expertise heeft gedurende de meetperiodes vele
mogelijke rampsituaties verholpen.

Chris, je was een zeer aangename kamergenoot. Dat onze gemeenschappelijke interesses op het
gebied van de high-scores lagen heeft altijd voor een welkome afwisseling gezorgd.

Beste Annemarie, jouw flexibiliteit bij het afhandelen van 'de kleine dingetjes tussendoor' en je
bereidheid om op het laatste ogenblik nog te telexen of te faxen heeft mijn grote bewondering en
dankbaarheid geoogst.

Lieve Ine, de laatste woorden zijn voor jou. Toegewijdheid en geduld zijn misschien geen
absoluut meetbare grootheden. Toch mag dit proefschrift als het resultaat worden beschouwd van
deze eigenschappen die jij de afgelopen tijd in ruime mate hebt gehad tegenover mij. Ik dank je
voor alles.


