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I. INTRODUCTION

The low part of the energy spectrum of many medium-mass and heavy nuclei is
characterized by collective behaviour. A large amount of experimental information about
these states has become available. Most of the experimental data involve properties like
transition rates and moments.
The shell model, in spite of its great successes, has a limited predicting power for
rotational and vibrational band structures. The configuration space necessary for accurate
calculations of such features is too large to handle even on present-day supercomputers.
Transition probabilities of low-lying states are often underestimated by as much as two
orders of magnitude. Also quadrupole moments of nuclei far away from the shell closures
are much larger than the shell-model estimates. These observations led to the development of
various collective models in which the low part of energy spectra is described in the
framework of vibrations and rotations of the surface of the nucleus [Rai-50, Boh-75,
Eis-70].

In the last decade descriptions of nuclei in terms of boson operators of finite order
have been introduced. The Interacting Boson Approximation (IBA) [Ari-76, Ari-77, Sch-78,
Ari-79] was found to be very succesfull in explaining the features of low-lying collective
states. This model combines the advantage of a limited amount of free parameters with the
unification of the collective behaviour of nuclei, from vibrational to y-unstable and rotational
regions. The collective properties are described in terms of boson degrees of freedom. The
number of bosons is determined by the number of fermion - particle or hole - pairs outside
the major shell closures, in analogy to the shell model. The interacting boson model
originally introduced (IBA-1) did not distinguish between proton and neutron bosons
[Fes-73]. In recent years attention was focussed on the microscopic foundation of the IBA.
To this effect separate proton and neutron degrees of freedom were introduced (IB A-2) so
that the boson space can be treated as a subspace of the shell model space.
For a better understanding of detailed nuclear properties and their description by the
various models information on the wave functions is necessary. Electron scattering offers the
possibility to obtain precise nuclear structure information since it determines transition
probabilities (form factors) as a function of the momentum transfer (q) to the nucleus.
Medium-mass and heavy nuclei are characterized by a high level density. Only with
modern electron scattering facilities it has become possible to extract transition-charge
densities for these excitations in a model-independent way. The high energy of the incoming

electrons at NIKHEF-K - up to 500 MeV - makes it possible to study details in the densities
in the order of Ar=l fm. The high beam intensity (50 ^A) combined with a large solid angle
(5 msr) and high resolving power (1-10"4) enables the isolation of excitations in high level
densities and the study of weakly excited levels. If one measures the form factor up to high q
(2.5 - 3.0 fm"1) it is possible to extract from these form factors transition charge and current
densities without any assumptions about the nuclear stucture.
In the last years several attempts have been made to analyze form factors measured by
electron scattering in terms of IBA. The Sm isotopes have been investigated in the transition
region between vibrator-like nuclei and axially symmetric rotors [Moi-82]. The transition
charge densities of the 2+l states of a number of isotopes could be described by a common
set of so-called boson structure functions o^O") and P2(r)- Data from 154 Gd in the same mass
region agree qualitatively with those structure functions [Her-83]. However, the linear
relation between the three measured 2 + form factors predicted by the IBA-1 was not verified.
In 196 Pt a number of hexadecapole exctations are described succesfully with different
structure functions for proton and neutron bosons [Bor-85]. In the Os-Pt region a series of
2 + and 4 + states have been investigated and compared to IBA predictions [Eng-85],
Vibrator-like nuclei such as the palladium isotopes are characterized not only by a
(0 ,2 ,4+) two-phonon triplet at approximately twice the excitation energy of the 2+j state
but also by a strongly excited 3* state which in terms of the vibrator model can be described
as an octupole one-phonon state. Also the 4 + state at approximately the same energy is
naturally included in this model as a hexadecapole one-phonon state. The pure vibrator model
predicts a much smaller value for the quadrupole moment of the 2 + j state than experimentally
observed. Also the spatial behaviour of the 2 + 2 transition charge density is found to be
surface-peaked, contradictorily to its supposed two-phonon character. With the introduction
of anharmonicity into the vibrator model the transition charge densities of the two lowest 2 +
levels can be constructed from a linear combination of those of the one- and two-phonon
states, which are described by a first and second derivative of the ground state charge
distribution, respectively.
+

+

The Pd nuclei have been the subject of various studies in the framework of IBA-1
[Sta-82] and IBA-2 [Isa-80]. The IBA-1 study treated nuclei in the A=l00 region as a
transition between the U(5) and the O(6) limit. The change in excitation energies, transition
strengths and branching ratios could be described adequately over the mass region studied.
The IBA-2 study, focussed on the Ru and Pd isotopes, yielded quantitative results for
excitation energies and transition rates over the series of isotopes. For the calculation of

electromagnetic transition rates the coupling constants for proton and neutron bosons were
assumed to be equal. Recent pion scattering experiments on the Pd isotopes [Saft-83]
showed that the ratio of these effective charges is 0.4 rather than 1. This information was
used in a new IBA-2 calculation for the Pd isotopes presented in this thesis. The matrix
elements of IBA-calculations yield the transition strengths of low-lying states. The shape of
the transition charge densities is given by the boson structure functions, which in the present
work are derived from the transition charge densities in an attempt to describe 2 + and 4 +
excitations over the whole series of isotopes. The possible role of other than s- and
d-bosons, e.g. a g-boson, is also investigated.
The Pd isotopes can be described as the doubly-magic nucleus 1(^Sn with two proton
boson holes and four to seven neutron bosons. They thus can serve as a test on the predictive
power of both models in a region where their features deviate from a pure vibrator or U(5)
limit character. The spectrum of each isotope contains enough quadrupole and hexadecapole
transitions to investigate the relation between those transitions as predicted by the models. Pd
isotopes have been studied earlier by electron scattering [Hos-73, Art-78, Lig-76]. These
measurements, however, were performed at low momentum transfer and relatively poor
resolution and the anlysis was restricted to the 2 + j and 2+2 states in the framework of the
vibrator model.
In chapter II the models used in the aralysis of the present experimental data, the
Anharmonic Vibrator Model (AVM) and the Interacting Boson Model (IB A), are discussed.
The first part of this chapter is devoted mainly to the AVM model. The IBA model is treated
in the second part of chapter II and new IBA-2 calculations for the Pd isotopes are presented
in chapter H.3. The chapter is concluded with a description of the electron scattering
formalism and the IBA transition operators.
The experimental setup and the data taking procedure are discussed in chapter in. The
analysis of the raw data and the extraction of cross section data is described in chapter IV,
which is concluded by cross section listings for those levels, which are analyzed in the
framework of the models mentioned.
In chapter V a short description is given of the procedure used to derive the ground
state charge densities model-independently from the cross section data. These densities expressed in terms of a Fourier-Bessel expansion - are compared to literature values. They
also are used in the analysis of the inelastic data in the framework of the AVM.
Chapter VI deals with the low-lying collective excitations. First, the transition charge
densities of these states are extracted model-independently from the cross section data. Then,
the analysis is performed in the framework of the Anharmonic Vibrator Model. Deformation
parameters have been determined for a number of excitations and the anharmonicity in the

j
\

lowest 2 + states is investigated. In chapter VI.3 the transition charge densities are analyzed in
terms of the Interacting Boson Approximation. Boson structure functions are extracted for
the series of isotopes and the linear dependence of L=2 transitions is tested. Also the
description of different L=4 excitations is investigated. Finally, the relative merits of the two
models are discussed in section VI.4.
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II. THEORY
In this chapter the nuclear models used in the analysis of the present experimental data
are discussed. In section n.l a short description is given of the rotational model after which
attention is concentrated on the vibrator model, in which also anhavmonicity is introduced.
Section II.2 is devoted to the Interacting Boson Approximations, IBA-i and D3A-2, dealing
with one and two types of bosons, respectively. Existing IBA studies in the palladium region
are presented in section II.3 and a description is given of a new calculation for those nuclei
performed in the course of the present work. In section n.4 a short description is given of
the electron scattering formalism necessary to derive form factor curves from the measured
spectra and finally the IBA description of dynamical properties is treated.

II. 1 Rotational and vibrational models

Many medium-mass and heavy nuclei show relatively simple systematics in the low
part of their excitation energy spectrum. In the early fifties attention was concentrated on a
description of these nuclei in the framework of collective motion of the nucleons, suggested
by the large values observed for the nuclear quadrupole moment. In spherical nuclei the
excitations were assumed to lowest order to be harmonic vibrations around the spherical
equilibrium shape, whereas in permanently deformed nuclei the low-energy modes were
assumed to be due to rotations and vibrations of the deformed nuclear shape. These models
are described in different articles and texibooks, see for instance [Rai-50, Boh-75, Eis-70].
Here only those quantities are treated that are important for the present work. The collective
coordinates a^ of the nucleus are defined by the expansion of the surface into spherical
harmonics:
R(»,cp) = Ro ( 1 + X

Z

cc*^ Y ^ (#,<p)).

(II. l)

The relation between the body-fixed and the laboratory frame is given by :
Y x (-&',<?') = S YXv (#,(p) D\
v

Cfrj, # 2 , d 3 ),

where •&', cp' are angles related to the body-fixed frame, D \
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(II.2)

are the Wigner or rotation

matrices, # j , # 2 , ^3 aIe

me

Euler angles and a*^, =

Rotor model.
In the case of a pure static quadrupole deformation (k=2), the body-fixed frame can be
chosen to coincide with the principal axes of the deformed nucleus. Equation II. 1 can then be
written as:.
R = Ro ( 1 + V(5/167C) P [cosy (3cos2iJ'-l) + V3 sinysin2fl' cos2<p']).

(II.3)

The quantity p, defined through p 2 = £ a * ^ "211' *s a me asure of the deformation of
the nucleus and y defines the shape of the liquid drop. The nucleus is axially symmetric if y=
n-60°, with a prolate shape if y = 2n-60° and an oblate one if y = (2n+l)-60°. The moments
of inertia can be written in terms of the collective coordinates : Jy. = 4BP2sin2(y - 2/3 k7t),
k=1,2,3 and the energy spectra of rotors are characterized by the 1(1+1) rule.
Vibrator model.
In the vibrator model, transitions between states are expressed in terms of vibrational
degrees of freedom, through phonon creation and annihilation operators b' and b. This
results in a Hamiltonian for harmonic quadirvrole vibrations :

The quadrupole transition operator is given up to second order by [Lig-72]:
Q 2 m = 3/4 Jt Z(P 2 j 2 (qr)a* 2m +
V(5/4JC)

[l/2p 8/3p ( p 2 j 2 (p)) ] £ <2O2O|2O> <2m12m2|2
ml,m2

In formula II.5 the first term describes transitions to one-phonon states and the second
those to two-phonon states. The lowest states are a one-phonon (2+) singlet, a (0 + ,2 + ,4 + )
two-phonon triplet and a (0 + ,2 + ,3 + ,4 + ,6 + ) three-phonon quintet. The multiplets are
degenerate and the excitation energy of the triplet and quintet are twice and triple the
excitation energy of the 2 + j state, respectively. In the harmonic vibrator model the

12

quadrupole moment of the 2 + j state is thus only determined by the second part of the
quadrupole operator:
i) = - l2/(35n2) Z R^ 2

fe2.

(n.6)

In the experiments described in this work the transition densities to low-lying
collective states are determined. In the vibrator model the one- and two-phonon transition
densities are described as the first and the second derivative of a charge distribution p 0 :

p,(r) = -p x / JQfcT) r 3po(r) / dr,

(II.7)

p2(r) = - V(5/28JI) {px / V(2Ul)} 2 r2 92p0(r) Idr2.

(II.8)

The predicted spatial behaviour of the transitions and the relation between the transition
charge distribution from equations II.7 and II.8 and the experimental ground state charge
distribution can be checked through the experimentally found transition densities. Also the
deformation parameter P^ and the equivalent radius Req can be extracted from which the
quadrupole moment can be calculated. The discrepancies between experimental results and
predictions are treated below, where the anharmonic vibrator is discussed.
Anharmortic Vibrator.

The quadrupole moment as defined in equation II.6 has a value much lower than
experimental results show (see Nuclear Data sheets). Also the multiplets are not found to be
degenerate at the energy they should have in the harmonic quadrupole vibrator. Furthermore
the predicted second-derivative like shape of the transition charge density to the 2 + 2 state (eq.
II. 8) is in contradiction with experimental results (see chapter VI of this work and reference
[Lig-72]).
If one allows anharmonicity between the different states, the degeneracy disappears
and bands of states are defined through the different phonon states. In figure II. 1 different
classes of such states are shown. In chapter VI the quadrupole one- and two-phonon, the
hexadecupolc one-phonon and the octupole one-phonon states are investigated.
Anharmonicity can be studied in particular in the transition to the 2 + j and 2 + 2 states.
Both are described as a quadrupole phonon state, the 2 + 2 being the lowest two-phonon state.
The states ran be written [Lig-76] as a orthonormalized linear combination of the pure one
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and two phonon quadrupole states :
| 2 + i> = V(l-a 2 ) | 1> + a coscp | 2 >
| 2+2> = a

(119)

l-a 2 ) cos(p | 2 >

(11.10)

with cos<p the relative phase of the states (cos<p = ± 1), a the mixing parameter, | 1>, | 2>
the harmonic one- and two-phonon wave functions, and

|l>=bt,m|O>
| 2> = W2 2 <lm,lm2|JM> bt |ml b*iBa \ 0>.
m,,m2

3

2

0,2,4

OaS/,6

4+

i

1,2,3,4,5

Q1P

Q2P

Q3P

HIP

01P

QO2P

>

t
c

2 -

1 -

0

Figure II. 1 Classification of states in the vibrator model. Plotted are quadrupole, octupole
and hexadecupole states, with one- and two-phonon transitions.
The quadrupole moment of the first excited state is now given by :
Q(2 + ( ) = V(16/5n) ((1-oc2) Q n + a 2 Q 22 + 2a V(l-a 2 ) cos<p Q I 2 ;

(11.11)

with
Q u = - c P22,

Q 22 = 6/7 c pj 2 ,

c = V(18 / 28s3) Z R eq 2

and
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Q 12 =

R^, = V(5/3)

(11.12)

The interference moment Q,v linear in P2, is much larger than Q n and Q22. Thus the
mixing of phonon states due to anharmonic vibrations accounts for the much larger values
observed for the quadrupole moment than predicted in the pure harmonic vibrator model. The
constructive or destructive contribution of the one- and two-phonon wave functions through
cos<p can be extracted from the transition charge densities to the lowest L=2 excitations,
which then yield the sign of the quadrupole moment

II.2 Interacting Boson Model

In the former section the Hamiltonian was built up through the five classical collective
variables a 2 u for the collective quadrupole motion. Another approach is made in the
Interacting Boson Model (IBA). Herein the collective Hamiltonian is formulated in second
quantization in six creation (s^.d *) and six annihilation (s,dL) operators, that satisfy the
standard boson commutation relations. It differs from most other boson models (see e.g.
[Kis-77]) by the introduction of both a rronopole (L=0) and a quadrupole (L=2) boson and
the conservation of total boson number N. The number of bosons is counted from the nearest
shell closure, implying that from the middle of the shell one counts the number of hole pairs
instead of particle pairs.
II.2.1 Interacting Boson Approximation • 1
In IBA-1 no distinction is made between proton and neutron bosons and a general
Hamiltonian, containing all one-body and two body terms can be written as :
H = e s N + 1/2 u 0 N(N-l) + e1
+ 1 1 / 2 c L (2L+1)"2 [
L=0,2,4
2

(d s)<2) + (dV)W (d d)<2> ]W>

+ 1/2 v 0 [ ( d W > (s s)<°> + (sV)«> (d d)<°> ] <°>.
The annihilation operators are defined as dL s (-1)^ d.„.

is

(11.13)

The Hamiltonian contains nine parameters : e s , e'= (e s - ed)+l/Vs u 2 (N-l) -1/2 u o (2N-l),
cL(L=0,2,4), vL(L=0,2) and uL(L=0,2). The first two terms with the single-boson energies
e s and e d contribute only to the binding energies. Since the total number of bosons N=ns+nd
is conserved one needs for the description of excited states at most six parameters.
The six creation and six annihilation operators, denoted by b^ and b, can be combined
pairwise in 36 bilinear forms to an operator G : Gm(k)(l,l') = [b^ b ^ ] ^ . The operators G
close under commutation, [Gk,Gk ] = 2 k .. C k " ^ G k , and form the Lie algebra of the
group U(6) of unitary transformations in six dimensions, with the G's as generators and the
C's as structure constants. Since the IBA Hamiltonian is built up from those generators, it
possesses the group structure of U(6).
It is possible to determine subgroups of this algebra by selecting all subsets, i.e.
finding all groups of generators that also close under commutation. If one insists on L to be a
good quantum number, then the group 0(3) must be included in any chain of subgroups,
leading to only three such chains :
I
II
III

U(6) =) U(5) r) O(5) r> 0(3) 3 O(2)
U(6)3 SU(3)=> O(3)r> 0(2)
U(6)=) O(6)=> 0 ( 5 ) 0 0(3)=) O(2)

These chains are identified by the largest subgroup of U(6) i.e. by U(5), SU(3) and 0(6).
The algebra of the latter is isomorphic to that of SU(4), so that all possible subgroups of
U(6) are considered. A Hamiltonian that is written in terms of Casimir operators of such a
chain is diagonal in that representation and each subgroup of the chain has a symmetry that is
split proportionally to the quantum number characterizing the irreducible representations of
the various subgroups. The three chains thus provide the possible analytic solutions of the
Hamiltonian. They are the limiting cases of the IBA model, describing quadrupole vibrators
(U(5)), axially symmetric rigid rotors (SU(3)) and y-unstable rotors (0(6)). These dynamic
symmetries are described in various papers. [Fes-73, Ari-76, Ari-77, Sch-78, Ari-79].
Another way to write the Hamiltonian of 11.13 is in terms of a multipole expansion :
H = e n d - K Q - Q - K1 L -L + K" P f -P + K m T 3 -T 3 + K"" T 4 • T 4

16

(11.14)

where
L = -VlO
Q = (dh + sW2} + % (d+dl)(2>,
P = 1/2 (d-d) -1/2 (s-s),
T3 =

The form of the Hamiltonian is based on the "consistent Q" formalism [War-83] where the
parameter x is introduced in the quadrupole operator, so that it has the same form as that
used for electromagnetic E2 transitions. The dynamic symmetries in the IBA model can be
realized by an appropriate choice of the parameters. The U(5) limit is described by the choice
K=K"=0 in the Hamiltonian 11.14, the SU(3) symmetry by E=K"=K"'=K""=0 and a specific
value for x= ±V7/2. Finally, the 0(6) limit is described by E=K=K""=0.
In general the relation of those symmetries to the geometric description can be seen
through the use of the intrinsic state formalism [Gin-80, DieSOa]. After the appropriate
transformation to the classical variables, the deformation parameter P and the asymmetry
parameter y, the form of the nucleus is described by :

m i n

m=-2,2
= | ( s t + (P cosy) d ^ + 1/2 V2 P siny (d1^ + d\2) ) N I 0 >.

(II. 15)

The properties of the ground state are found by minimization of the energy surface
E(N;P,y) = <N;p,y |H| N;P,y> with respect to P and y. One obtains for the three limiting
cases :
• L + K"1 T 3 • T 3 + K"" T 4 . T 4 ,

(II. 16a)

E( N;P,y) = e d N P 2 / (1+ P2) + a t N(N-l) p 4 / (1+ P2)2,

(n.l6 b )

U(5) :

H = e nd -

K1 L

with aj defined as in ref. [Isa-81]. In equation II. 16** there is no dependence on y and the
minimum in energy is found for P=0. Therefore this limit represents a spherical nuclear
shape, corresponding to the vibrator model described in the former section.

n

SU(3)

:

H = -KQ.Q-K'L.L,

(

J
E( N; p,y) = - 2K { N (5 + (1 + X 2 ) P2) / (1+ P2) +
+ N(N-1) (2/7 x 2 P4 - 4 ^2/7 P3cos3y + 4 P2) / (1+ P 2 ) 2 }

A

-6K'NP2/(1+P2).

(

Apart from the trivial solution for p=0, the equilibrium is found for p =V2 and y = 0° or 60°,
if one neglects [DieSOb] the second term in equation II.17b. This corresponds to an axially
symmetric shape, prolate and oblate, respectively, as described in the rotor model. Van
Isacker [lsa-81] found approximately the same value for P in a more realistic case, calculated
for 156Gd. Because minima are only defined for y = 0° and 60°, no triaxiality is found for
this form of the Hamiltonian. In IBA-1 the way to describe this triaxiality is then by
including higher order terms in the Hamiltonian.
O(6):

H = - K 1 L . L + K 11 P t -P + K"'T 3 .T 3 ,

(

E( N; p,y) = (- 6K1 + 7/5 K1") N P 2 / (1+p2)
+ K74 N(N-l) ((1-P2) / (1+P2))2.

(II.18b)

As in the U(5) symmetry, there is no explicit dependence on y. If the first term is ignored,
the equilibrium state is found for p = 1. This symmetry, the "soft rotor", with as its most
striking example 196Pt, exists as one of the natural limiting cases of the IBA model. A
calculation for this nucleus resulted in P = 0.73, i.e. a slight deformation. Such y-unstable
nuclei are described in IBA in a natural way as one of the limiting cases, which is not the
case in the geometric picture.
Most nuclei are neither pure vibrators nor rotors but contain properties of both. The
advantage of the use of the IBA model is then that such a transitional class can be described
by a Hamiltonian that includes only terms significant for the transition between the limiting
cases as shown in figure II.2.
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K

O(6)

K

Sm,Gd

SU(3)

Figure II.2 Symmetry triangle for IBA. The symmetry limits are given in the corners,
together with the characterizing coefficient. On the legs typical examples of nuclei in the
transitions between the limiting cases are shown with tlie parameter ratio that defines them.
The factor X appears in the "consistent Q" formalism (see text). Contributions of K1" and K""
are neglected.
The Sm isotopes for example, change from anharmonic quadrupole vibrators near neutron
number 82 to more rotor-like nuclei towards neutron number 94. The Pd isotopes tend to
range from U(5) towards 0(6). For this transitional class Stachel [Sta-82] has shown it to be
possible to reproduce the correct trend with respect to observables as excitation energies,
transition rates and quadrupole moments. In these calculations only the terms in the
Hamiltonian (11.14) that are dominant in the transition between the different limiting cases are
taken into account : in other words the transition is characterized by the ratio of the
determining parameters. In section II.3 a survey is given of the description of various nuclei
over a broad mass region, all characterized by only three parameters e, K and x> thus
showing the generality of the model.
II.2.2 Interacting Boson Approximation • 2
Semi-magic nuclei such as the Sn isotopes do not exhibit a deformed character in their
lowest levels whereas nuclei such as Ba and Xe with a few protons outside the Z=50 shell
show a rotor-like structure when the number of neutrons increases from the shell closures;
they are most strongly deformed near the middle of the 50-82 neutron shell. This illustrates
the fact that the proton-neutron interaction is thought to be mainly responsible for the

19

deformation of nuclei. As a consequence in IBA-2, the Hamiltonian consists of two parts for
the identical (proton (rc), neutron (v)) bosons and a third part which represents the interaction
between proton and neutron bosons. The form of the Hamiltonian is then as follows :
H = E0 + eflndjt + evndv + V n r t + V v v + V, cv
v

pp = * uo.2.4 C^, ([dt/ p ]< L > [ d ^ J W )<°>

Q p = [st p d p + d t p s p p + Zptd+pdp]^)

(11.19)
(11.20)

(11.22)

M* v = *>!tfy< - d + A 1(2> * I" v «*" **K ^
- 2 1 ^ . 3 ^ [dt s d t v ] « . [ d A l ( k )

01.23)

where p s n, v.
In IB A-1 only one kind of bosons was assumed. In IBA-2 states can be classified
according to their symmetry with respect to proton and neutron bosons. In this group states
are characterized by their quantum number F-spin, 1/2 |NS-NV| < F < 1/2 (N^+Ny). The states
with maximum F-spin, totally symmetric, are the lowest in energy and correspond to IBA-1
states. However, there will be some admixture of mixed symmetry states in the lowest
eigenstates of the Hamiltonian n.19. The Majorana term M^ v can be used to guarantee that
low-lying states in IBA-2 are nearly totally symmetric in their proton and neutron variables.
In calculations the total number of parameters of the IBA-2 Hamiltonian is reduced to
e, K, xK > Xv > ^i > C o and C 2 (C 4 is negligible in most cases). In these parameters p s TC or
v and Zx (X v ) ' s assumed to be constant in a chain of istopes (isotones). U(5)-like spectra
appear for nuclei near closed shells where e » K. Near the middle of the shell one has K »
e for both protons and neutrons. When %n « %v ~ ±^7/2, the SU(3) limit holds. Finally the
O(6) limit is reached in the middle of the shells when %n ~ -xv » 0. The main parameters in
the IBA model are thus e, K and x and they vary smoothly as a function of the number of
neutron bosons.
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Figure II.3 The behaviour of the main IBA parameters e, K and Xfor nuclei in different
major shells. References are given in the text.
Calculations in the framework of the IBA have been performed over a broad mass
region. In figure II.3 £, K and % are plotted as a function of neutron number for several
nuclei.
- In all the major shells e has a nearly constant value in the middle of the shells and
tends to become larger towards the shell closures. The mean value depends on the shell
under consideration and decreases with increasing mass number. Simple microscopic
theories predict a constant value of 1.4 MeV over the whole mass region, but more
sophisticated calculations can explain the lowering of e by taking into account second order
contributions from the proton-neutron interaction.
- The value of K shows a very systematic trend, increasing in negative value for the
successive shells.
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- The parameter that changes most, x, has a negative value at the beginning of a shell
and changes sign with increasing neutron number near mid-shell, reaching a large and
positive value at the end of the shell. The large influence of sub-shell closures is clearly seen
for the tungsten isotopes at N=108. This illustrates that the experimental values for this
parameter can be an accurate indication of the occurrence of such subshell effects.
For nuclei with only a few proton bosons outside a closed shell, like the Cs, Ba and
Xe isotopes [Pud-80] in the 50-80 major shell, both e and K change slowly from the shell
closures towards the middle of the shell. In the first half of the 50-82 shell, an investigation
of rotor-like nuclei such as Gd and Sm [Sch-80] showed a greater variation in e from 1.0
MeV at neutron number 84 to slightly below 0.5 MeV at neutron number 94. Here, also the
variation of K is larger, from -1.5 to -0.5 MeV over the same region. Towards the end of a
shell, the platinum and osmium isotopes are described by a nearly constant value for e=0.5
MeV and K=-0.12 MeV [Bijk-80]. For the tungsten isotopes similar results are found
[DuvSla]. For all nuclei the values for xK and xv vary from approximately -1.0 in the first
third of the shell to a positive value at the end of the shell, no matter which type of nuclei is
involved.
In the Hg isotopes states with a rotational as well as a vibrational character are
observed. These nuclei are described by configuration mixing of two IB A-2 Hamiltonians
with a different number of proton bosons [Duv-81b]. The rotational structure is assumed to
arise from the excitation of a proton across the Z=82 shell closure, producing two
proton-hole bosons and one proton-particle boson (1^=3). The vibrational character is
described with one proton-hole boson. In this way a good description was obtained, but only
by the introduction of many more free parameters. The same technique is followed for the
description of the Ge isotopes [Gou-84], resulting in a good overall agreement with
experimental energy level schemes, B(E2) values, quadrupole moments and two-neutron
transfer cross sections.
Calculations for the Pd isotopes have been performed in both IBA-1 and in IB A-2;
they will be discussed below. The IBA-1 study [Sta-82] was quite general, dealing with the
transition between U(5) and O(6). The IB A-2 calculations [Isa-80] resulted in the prediction
of much more observables such as excitation energy schemes, quadrupole moments and
B(E%) values. In the next section a new calculation for the palladium isotopes is presented
and its results compared to experimental data.
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II.3 IBA-calculations

In the pure U(5) limit, there are no E2 transitions from the ground state to the
members of the 0 + , 2 + , 4 + triplet, contrary to experimental results [Lig-76, Art-78, present
work]. The shape of these transition densities is surface-peaked for the 2 + 2 and has 2 second
derivative-like shape for the 4+1# This means that the palladium isotopes do not exhibit a pure
vibrational symmetry but lie in a transition region (figure n.2). A study of the mass region
A=100 was performed by Stachel and collaborators [Sta-82]. They investigated the transition
between the U(5) and the O(6) limit for the Ru and Pd isotopes by using a Hamiltonian
which is intermediate between those limits :
H = e (df-d) + K ( d 1 ^ - s* sf)(d-d - ss).

(11.24)

In the Hamiltonian they used, the U(5) character is described by the first and the O(6)
character by the second term. They calculated excitation energies and branching ratios for the
Ru and Pd isotopes as a function of the ratio of the two terms in the Hamiltonian and could
describe the various isotopes with a value for K/e increasing with the neutron number.
We have investigated whether or not the palladium isotopes fall in the region between
U(5) and O(6) with regard to transition charge densities in a schematic way. The
experimental results show clearly transition strength to the 2 + 2 and the 4 + j states. Since in
the U(5) limit the ground state is a pure |s N > configuration, no excitation to the |s N ' 2 d 2 >
triplet is allowed. In the O(6) limit the ground state configuration may contain several
d-bosons, coupled to L=0 and therefore transition strength to the triplet states is possible.
Hence the transition strength to the 2 + 2 and 4 + j excitations in electron scattering contains
information as to where the Pd isotopes are located between the U(5) and 0(6) limits. The
structure functions cc(r) and p(r), describing the L=2 transitions are supposed to have a
shape of a first and second derivative of the ground state charge distribution. For simplicity
we have taken for the latter a two parameter Fermi distribution and have calculated the
transitions to the first and second 2 + excitation in 110Pd. Such a distribution deviates from
the experimental results, especially in the inner part of the nucleus (see chapter V), but for the
purpose under consideration the precise form of the ground state charge distribution is not
very important. We calculated the matrix elements for the transitions Oj+-» 2j + and Oj+-> 2 2 +
for different values for the ratio between e and K and constructed with those the transition
charge densities. A fairly good agreement with the experiment (see chapter VI) could be
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obtained for the shape as well as for the strength of both transitions. The calculation supports
the conclusion of Stache! that the Pd isotopes fall in the region intermediate between U(5)
and 0(6).
The Ru and Pd isotopes have been the subject of an extensive theoretical study within
the IBA-2 framework [lsa-80]. Van Isacker and Puddu performed an IBA-2 calculation,
including level spectra, quadrupole moments of the first excited 2 + state, B(E2) values and
branching ratios. They used a phenomenological Hamiltonian as described in section II.2.2.
In the Hamiltonian they assumed the pairing interaction to be equal for protons and neutrons
(e^Ey-e). The calculations showed that the contribution of V,^ was completely negligible
and that V w had only a small influence on the spectrum. At the time that the calculations were
performed, little was known about mixed-symmetry states and therefore Van Isacker and
Puddu did not try to fit the parameters of the Majorana term, but instead took constant values
(£j = £ 3 = 0, ^2 = -0-15) for all Ru and Pd isotopes. A further reduction in the number of
free parameters was obtained by allowing only e and K to be a function of both proton- and
neutron-boson number. All other parameters only depended en Nn QT N V , i.e. parameters
depending on N n were forced to be constant in a series of isotopes and parameters depending
on N v had to be equal for two isotonic Ru and Pd nuclei.
Excitation energy schemes were predicted well except for some 6 + , 8 + and 10+ states
of the ground state band in the isotopes with few neutron bosons, which possibly can be
explained by a single particle-like structure of these states. The electromagnetic properties
like quadrupole moments and B(E2) could also be described. The value for the effective
charge (10.6 efm2) was chosen to be equal in a chain of isotopes and fixed by the
experimental B(E2; 2 + J - > 0 + J ) value in 102Pd. All those cbservables were reproduced rather
well for all isotopes. The only exception is B(E2; 0+l-^>2+2)- Here the calculations show an
increasing trend with the neutron number, whereas the experimental values decrease.
In a recent pion scattering experiment by Saha et al. [Sah-83] the palladium isotopes
were investigated in the IBA framework. Contrary to electron scattering those experiments
are sensitive to both proton and neutron degrees of freedom. They found that the
experimentally determined matrix elements My and Mn could be described only if different
coupling constants for neutrons and protons were accepted. In a more schematic way the
same analysis has been performed by Ginocchio and Van Isacker [Gin-86]. The effective
proton and neutron matrix elements are defined by these authors by, respectively :
Nrc + e v N v )

and
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My = f(N) ( e ^ + c^v).

(11.25)

,
^j|^

We used the matrix elements from [Isa-80] to calculate the function f(N) over the
series of isotopes. The function was found to be nearly constant over the series of isotopes
for both protons as neutrons (hardly differing mutually) which confirms the validity of the
intermediate IBA-1 Hamiltonian used by Ginocchio. We concluded that f(N) can be regarded
to be independent of the boson type (i.e. neutron, proton boson) and therefore the ratio ev/en
can in turn be extracted independently from the shape of this function. We performed a fit on
the experimental pion scattering data, resulting in eye^ = 0.40+0.03.
As mentioned above, the calculations due to Van Isacker and Puddu predicted the
B(E2) values from the ground state to the 2+2 only to the right order of magnitude while the
experimental decrease of those observables with increasing mass number could not be
reproduced. To describe the B(E2) values to the 2 + j states an overall coupling constant
eJt=ev=10.6 efm^ was sufficient, but with the ratio e v /e n = 0.4 for the coupling constants as
found in the pion scattering experiments we could reproduce neither the B(E2) to the first nor
to the second 2 + state with the calculated matrix elements. This means that the simplification
to only one coupling constant as generally assumed in IB A calculations is not justified, at
least not for this mass region.
Therefore we investigated the influence of the different IBA parameters on the
experimental observables. We did a recalculation of the IBA parameters for the ^M-HOp^
isotopes with a fixed value for sv/sn = 0.40 as found from the ratio IV^/M^ in the pion
scattering experiment. The contribution of V ^ was neglected as in the calculation given in
[Isa-80]. In a fit on the excitation energies of the (2+) singlet, the (0+,2+,4) triplet and the
(0+,2+,3+,4+,6+) quintuplet (in n o P d also the 2 + 4 ), the values for e d and K were varied.
For V vv small adjustments on c 0 and c 2 were applied and c 4 was kept equal to zero. The
value for %n was fixed at 0.2. The calculations were performed with the computer codes
NPBOS and NPBEM [Ots-80],
The values for j ^ and x v influence strongly the ratio between the transition rates to the
first and the second 2 + states. This is caused by the fact that the transition to the 2 + j is
mainly determined by the non d-boson conserving part, whereas for the transitions to other
2 + states the d-boson conserving matrix element contributes considerably. This influence of
XJJ and x v on the level schemes and transition rates produced was investigated. The excitation
energies were affected in a very systematic way, i.e. they are only sensitive to the sum of x^
and %v. The excitation energies of all states show an extreme value for x^+Xy-0; they vary
slowly for chosen lower and higher values. The B(E2)-value to the 2 + j state is nearly
constant, while that to the 2 + 2 state varies strongly as a function of j ^ and xv- In figure II.4
the excitation energies and the ratio between the B(E2) values to the 2 + 2 and 2 + 2 states are
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shown as a function of %v for 110 Pd. The resulting values for x v are listed in table II. 1,
varying from -1.2 for 104Pd to half this value for 110 Pd. Where the palladium isotopes are
characterized with two proton boson holes and 4 to 7 neutron boson particles, those values
are in agreement with the general trend for those parameters (see the proceeding section).
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Figure II.4 Excitation energies of collective states in 110Pd, calculated as a function ofxvfor
%n=02. The dashed line represents the ratio between the B(E2)-values of the 2+j and2+2
states, normalized to the experimental ratio.

Table II. 1 Main IBA-2 parameters for the palladium isotopes. The value of %R = 0.2 in all
isotopes.
104pd

106pd

108pd

iioPd

e

0.930

0.900

0.830

0.760

K

-0.134

-0.145

-0.144

-0.135

-1.200

-0.900

-0.700

-0.600

With the value for x v determined with this procedure a new fit was performed on e
and K, which did not result in significant changes. Finally, a check was performed on the
description of experimentally determined M^, Mv, B(E2) values and branching ratios with the
matrix elements obtained. This resulted in a consistent description of all observables. In

figure II.5 the calculated excitation energies are compared to the experimental values. The
values for e and K are listed in table II. 1.
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Figure II.5 Excitation energies for low lying collective states below 2 MeV calculated in
IBA-2, compared to the experimental values.
Important for the comparison of theory and experiment are the matrix elements from
the ground state to the low lying 2 + and 4 + states. They are given in table II.2 and are used
in the analysis of the experimental results as discussed in chapter VI. The experimental and
theoretical B(E2) values to the 2 + t and 2 + 2 states, plotted in figure VI.6 (chapter VI), are
now in good agreement with each other. The coupling constants e n and e n are 18.0 and 7.2
efm2, respectively, for the whole series of isotopes.
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Table II.2 IBA-2 matrix elements for the palladium isotopes.

[d + d] v

[s+d + d

\
4.277776
-0.449622
-1.330306
1.732517

-0.119528
-0.469474
-0.079029
0.029126

2.280211
-0.788977
1.159972
-1.713043

O 0/9559
-0.264364
-0.059384
-0.057869

4+i
4+2
4+3
4+4

-0.652545
0.108612
0.019700
-0.092185

-0.421544
0.178125
-0.102561
0.244273

5.260220
-0.703946
-0.571370
1.232652

-0.170325
-0.689360
-0.091024
0.035466

2.277837
-0.640064
0.478910
-1.191959

-0.089512
-0.320495
-0.084182
-0.089513

4+i
4+2
4+3
4+a

-0.945685
0.151687
0.038927
-0.048533

-0.494815
0.185937
-0.103745
0.048696

2+j
2+2
2+3
2+4

6.097362
-0.844917
-0.385035
0.307454

-0.182257
-0.809481
-0.047456
0.019328

2.256886
-0.517812
0.318240
-0.274105

-0.085282
-0.350717
-0.049387
0.069000

4+j
4+2
4+3
4+4

-1.097888
0.194679
-0.017616
-0.032463

-0.527296
0.175707
-0.042158
0.063717

2+!
2+2
2+3
2+4

7.021344
-0.937165
-0.357158
0.302401

-0.211039
-0.987501
-0.054807
0.015967

2.230564
-0.455643
0.317886
-0.289774

-0.082503
-0.372975
-0.053784
0.063864

4+j
4+2
4+3
4+4

-1.334782
0.222175
-0.0162%
-0.048387

-0.547856
0.167395
-0.035634
0.085136

+

2 2
2+3
2+4

IO<>pd
2+i
2+2

108p d

II.4 Electron scattering

H.4.1 Electron scattering formalism
The electron scattering process is extensively described in various papers. Therefore,
only the main properties of the scattering process and some relevant formulae will be given
here. For a detailed description of the theoretical framework see c.g. the references [Dre-64,
Don-75,For-66 and Ube-71]. Since the interaction is weak ( coupling constant a=l/l37)
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two-step processes play a negligible role in the scattering process and first order Born
approximation already provides a reasonable description. Because then only the exchange of
one virtual photon is taken into account, there is no distortion of the incoming electron plane
wave and the cross section for scattering of electrons of energy E o through an angle ft from a
nucleus is given by :
CO

OO

dCT/dco = a M Tl { 2 |F X C (q)|2 + (1/2 + tan2(#/2)) I [ | F X E (q)|2 + |F X M (q)| 2 ]}. (11.26)

In this formula a M is the Mott cross section and T| the recoil factor:
a M = (a / 2E 0 ) 2 cos2(fl/2) / sin4(fl/2),

(11.27)

Tl = (1 + 2EQ/M sin^d/Z))"1.

(11.28)

The nuclear structure information is contained in F^ c , F^ E and F^ M , the longitudinal,
the transverse electric and the transverse magnetic formfactors, respectively, which depend
on the energy momentum transfer q :
q 2 = (k r k f ) 2 - (E r E f ) 2 = 4 Ej E f sin20&/2).

(11.29)

Through the different angular dependence (see formula 11.26) determination of both
longitudinal and transverse form factor is possible with a so-called Rosenbluth separation.
For the collective electric transitions investigated in the present work, the transverse form
factor is much smaller than the longitudinal one; it can therefore usually be neglected. Of
course this has always to be checked with measurements at backward angles.
The form factors are reduced matrix elements of the operators between the initial and
final nuclear wave functions, determined by the nuclear charge and current densities. Here
only the longitudinal form factor is given (J denotes J = 2J+1) :
Fkc (q) = V4JC V J J J p^r) j ^ q r ) r 2 dr.

(11.30)

The reduced transition probability is given (again only for the longitudinal part) by the
integral over the transition charge distribution:
B(EUr>J f ) = ( V *i
29

For medium-mass and heavy nuclei the PWBA results are not accurate enough, due to
the distortion of the electron wave functions by the Coulomb field of the nucleus. While
approaching the nucleus, electrons from the incoming beam are accelerated by the Coulomb
attraction and this causes that the form factor is effectively measured at a higher energy. As a
result for instance the absolute magnitude changes and the sharp minima in the PWBA form
factor curve are filled in. This effect is taken into account in Distorted Wave Born
Approximation (DWBA) calculations [Ube-71, Hei-81). For a graphical comparison of data
at different values of Ej and •&, results are commonly plotted against q ^ :
q ^ - q n + CW) Za/{El^iRtm)).

(11.32)

In this formula Z denotes the nuclear charge and Rrms> the rms-radius, is defined as the
second moment of the ground state charge distribution.
The electron scattering elastic and inelastic form factors contain the information about
the ground state and transition charge densities, respectively. Since these densities are in
coordinate space, they can be connected in a natural way to the nuclear wave functions. In
PWBA the densities are directly related to the formfactors via a Fourier Bessel
transformation. In DWBA phase shift fitting procedures have to be used to extract these
densities (see chapters V and VI).
II.4.2 Electromagnetic operators in IBA
In chapter II. 1 the description of transition charge densities in the framework of the
AVM has been discussed. The spatial behaviour of those densities was characterized by the
first and second derivative of the ground state charge density for a one- and two-phonon
state, respectively. In this chapter the transitions to excited states are treated in IBA, where
the transition charge densities are expressed in so-called boson structure functions.
In studying electro-magnetic scattering processes, the transitions between different
states are described by p(r) = eK p n (r) + e v p v (r), where en and ey denote the coupling
constants between the probe and the nucleus. For electron scattering this would imply that
the second term in this equation should be neglected, because the probe is only sensitive for
charged particles. However, incorporation of this term takes into account core polarization
effects. The relative weight of the coupling constants can not be determined by an electron
scattering experiment and therefore information from other experiments, e.g. pion or proton
scattering, is necessary to determine the effective charges.
The appropriate operators, describing the coupling between the bosons and the
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external field, are the electromagnetic transition operators. In the previous sections, only
static properties of nuclei have been considered and the coupling constants could be
determined as scalars, fitted to e.g. level schemes. For electron scattering, they must be
replaced by structure functions, describing the spatial dependence of the coupling to the
electromagnetic field. A second point to notice is that, where the operator is limited to
one-body interactions and only s- and d-bosons are included, the highest multipolarity that
can be reached is 4. The general form of the one-body transition operator in proton-neutron
IBA (IBA-2) is:
T(

°P = 2p=7t,v e p < 8i2 ap<2)<r> t s + d +

d+s

V2> + V

0 (r) [dtd]

P(/)

+ 8/0 <V 0) < r ) + V 0 ) (r) f s t s ] P ( 0 ) ) }"

(IL33)

It should be noted that the IBA model is not capable to predict the structure functions
a, P, y, 8 and r): it gives only the integral over these functions. The operators given here do
specify a relation between the different transitions with the same multipolarity. Recently,
however, calculations of boson structure functions on a microscopic basis [Sck-84] have
become available.
The eigenstates of the Hamiltonian in equation n. 19 are connected with each other by
matrix elements, which determine the transition densities. At this place the transition
operators will only be given in terms of IBA-1 for simplicity reasons. They can, however,
also be constructed in IBA-2 following equation 11.33.
E0 transitions.
The remaining terms of equation n.33 forL=0 transitions are:
TO) (r) = pW> (r) n d + r|<°>(r) + "/°> (r) N,

(11.34)

where the number operators for s- and d-bosons are used : n d =V5 [ d ^ d ] ^ and
n s =[s t s](° ) =N-n d . Taking matrix elements of formula 11.36 between eigenstates of the
Hamiltonian, Bii=< N, 0+j | n d | N, 0+j > one obtains the diagonal densities. For elastic
electron scattering, assuming the boson structure functions to be constant in an isotopic
series, one has:
Ap = pW (r) (Bi !(N+1) - B, ,(N)) + "/0) (r).
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(11.35)

Hence the difference in the mean square radius of neighbouring nuclei in an isotopic chain is
a function of p* and y only. For nuclei in the U(5) limit one has p=*0, meaning that those
differences are constant over the whole series. In chapter V the results on elastic scattering
for the palladium isotopes are discussed and compared with this prediction.
For inelastic scattering only the first term in equation 11.35 remains and therefore all
excitations have the same form factor shape. Obviously their strengths may differ; they are
prescribed by the IBA matrix elements. In electron scattering hardly any L=0 strength is
expected in the palladium region (see chapter VI).
Ml transitions.

Dealing with Ml transitions, there is only one term in the transition charge density :
T<» (r) = pW (r) [dtflW.

(H.36)

Since [d^dt]^1^ is proportional to the angular operator lSl\ which in turn is diagonal in
any coupling scheme, no Ml transitions are possible with this operator. Existence of Ml
strength in electron scattering experiments leads in the IBA-1 formalism to the introduction of
higher order terms. In IBA-2, Ml transitions are possible from the ground state to a mixed
symmetry state, i.e. to the band for which F = N/2 - 1 .
E2 transitions.

In this case, there are only two unknown structure functions :
T® (r) = a ^ ( r ) [ s ^ + d f s]® + % P(2)(r) [d+d]*2).

(11.37)

This implies that these structure functions can be extracted from two measured densities,
which then can be used to predict every L=2 transition density for which the matrix elements
are calculated. Furthermore, in an isotopic chain, one can determine whether or not the boson
structure functions are independent of the number of neutron bosons involved. The transition
probabilities, where only the integrals over the structure functions appear, are given by :
B(E2) = (a<2> [»*d + dfy® + X P(2) [ d ^ J ® ) 2 .

(11.38)

In chapter VI the transition charge densities for a number of L=2 transitions in the palladium

isotopes are discussed, from which the boson structure functions could be extracted. For
108
Pd and 110Pd the form factor behaviour for the very weakly excited 2 + 3 and 2 + 4 states is
predicted with the aid of the a(r) and P(r) determined.
E4 transitions.
In the picture of IB A-1 all L=4 transitions must have the same form factor:
(r) = pW (r) [d*d](4>.

(11.39)

Differences can be explained by allowing separate proton and neutron degrees of freedom. In
that case (IBA-2), still a linear dependence must exist between three different L=4
transitions. Another interesting point is to what extent other boson pairs contribute to the low
lying excitations. The highest multipole that can be reached with the restriction to s- and
d-bosons is L=4. Differences between hexadecapole fonnfactors can also be explained by
introducing a g(L=4)-boson. The transition density then has the form :
T<4> (r) = a ( % ) [s f g + g f s] <4) + P<4> (r)
+ Y<4)(r) [gfd + d*g](4> + Tl<4> (r) [gtg]W.

(11.40)

The distinction between the description in IBA-2 or in IBA-1 including g-bosons depends
also on experimental results for other excitations, e.g. on the description of the L=2
excitations with and without making distinction between proton and neutron bosons.
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III EXPERIMENTAL METHOD

The present experiment has been carried out with the 500 MeV electron scattering
facility at the National Institute for Nuclear Physics and High-Energy Physics (NIKHEF) in
Amsterdam. The accelerator, beam transport system, spectrometer setup and detection
system are described extensively in reference [Vri-84]. Therefore, only a description of the
experimental conditions particularly relevant to this work is given here.

III.1 Beam parameters
The electron beam produced by the Medium Energy Accelerator (MEA) is transported
with the desired properties to the target through the beam handling system. In order to keep
the overall resolution independent of the energy spread on the target, the so-called energy
loss mode was used. In this mode the vertical dispersion of the beam at the target is matched
to that of the high resolution QDD spectrometer (11.4 cm/%) so that all electrons which have
lost the same amount of energy in the scattering process, are focussed in one position at the
focal plane of the spectrometer. The beam properties at the target position contribute 3-10"5 to
the overall resolution. An additional and important advantage of this mode of operation is that
most of the accelerator beam current can be used.
Table HI. 1 Beam parameters, obtained during the present experiment.
energy range
peak current
repetition rate
pulse length
average current
energy spread
dispersion on target
intrinsic resolution

90-365
£8
250-400
3040
£60
£ 3-10' 3
11.4
310-5

[MeV]
[mA]
[Hz]
[us]
[UA]
[Ap/p]
[cm/%]
[Ap/p]

The beam parameters obtained during the various runs for the present experiment are
listed in table m.l. The energies were chosen in combination with the scattering angles such
that the complete data set covers a momentum transfer range of 0.3 to 2.5 far1, sufficient for
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a model-independent analysis (see chapter V.I) of the form factor data. Values indicated in
the table for peak current, repetition rate and pulse length were chosen as best as possible for
the experiment in accordance with the capabilities of the accelerator.
HI.2 Targets
The palladium targets (with mass numbers 104,106 and 108) were obtained by
melting and rolling isotopically enriched powder. The dimensions of these targets were
50*40 mm 2 , suitable for standard target frames. The 110 Pd isotope (50*20 mm 2 ) was
obtained on loan *K Thicknesses and isotopic abundances are listed in table III.2. The
impurities indicated for the 106Pd target were caused by contamination during the preparation
process.
Table ID.2 Thicknesses in mglcrr? and abundances in % of the palladium targets.
104p d

106p d

io«Pd

noPd

ickness

17.7

19.8

19.9

19.1

102 Pd
104pd
105pd
106pd
108pd

<0.1
90.0

<O.l
0.5
1.9

<0.1
< 0.1

<0.1

0.3
0.9

no P d
Pb
Sn
Au

< 0.1

0.24
0.36
2.35
97.0

7.8
1.7
0.5

96.3
1.0
0.3

0.62
0.92
1.02

98.4
0.4

0.7

_

The thickness of about 20 mg/cm 2 was chosen to be the maximum under the
constraint that straggling effects in the target should not affect the overall resolution by more
than 10 keV. The targets were always set in transmission mode. The homogeneity of the
targets, important for the absolute cross section normalization, was determined to be better
than a few percent. This measurement was performed in Mainz through absorption of a
monoenergetic X-ray beam [Chm-72].

*> Property ofN.BS., Washington(D.C).
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The targets were mounted in the target ladder equipment capable of containing eight
standard frames. In addition to the four palladium isotopes, a boron nitride and a carbon
target were mounted for normalization and energy calibration purposes. A chromium-doped
aluminiumoxide target was used for visual inspection of the beam spot with a TV camera. A
very thin platinum target enabled on-line tuning of the beam handling system and the
quadrupole of the QDD spectrometer for optimal resolution (see section IV. 1). The proper
setting of target position and angle with respect to the incoming beam was controlled
remotely with an accuracy of 0.1 mm and 0.1 mrad, respectively.
m.3 Spectrometer setup
For the single-arm (e,e') experiments under consideration the high-resolution QDD
spectrometer [Vri-84] has been used. In a number of cases also the large-solid-angle QDQ
spectrometer was used to monitor the product of beam intensity and target thickness, as a
check on the reproducibility and stability of the measurements. The scattering chamber,
containing the target ladder equipment, is connected with a sliding foil to each of the
spectrometers, thus allowing rotation of the spectrometers without breaking the vacuum. The
main parameters of the QDD spectrometer are listed in table III.3. Both spectrometers are
shown schematically in figure ill. 1 in conjunction with the scattering chamber, the rotatable
platforms supporting the spectrometers and the shielding around the detectors at the focal
plane positions.
Table HI. 3 Main parameters of the QDD spectrometer.
Maximum particle momentum
Maximum field strength
Deflecting angle of dipoles
Momentum acceptance
Angular acceptance
Ay
Solid angle A£2
Focussing conditions

600

[MeV/c]

1.43

m

2*75°

<x|i}>

±5

[%i

±40

[mrad]

±40
5.6

[mrad]

0
0

<yly>

Angular magnification <•&[•&>
<yl<p>
Resolution
Dispersion
Focal plane angle

[msr]
[mrad/mm]

-1.67
+0.87
< MO"4
6.78

41"
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[mrad/mm]
[cm/%]

The spectrometer consists of an entrance quadrupole and two dipole magnets. The
quadrupole magnet has the function of enlarging the horizontal acceptance for a given pole
gap, enabling a maximum solid angle of 5.6 msr. In order to ensure an accurate and
reproducible setting of the magnetic fields, necessary to obtain the intrinsic resolution
(3-10"5), a prescribed cycling and field setting procedure had to be performed before each
run. The magnetic field in the dipole magnets was measured with NMR probes. The values
of the scattering angles could be selected with an accuracy of 0.1 °, sufficiently precise for the
determination of the energy-momentum transfer of the electrons to the nucleus.

QDD

QDQ

Figure ELI Lay-out of the two spectrometer setup, showing the rotatable platforms, magnet
configuration and shielding. Also indicated are the scattering chamber and slit systems. The
beam enters perpendicular to the plane of drawing. Measures are in mm.
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III.4 Detection system
The detection system of the QDD spectrometer [Dis-84], shown in figure III.2,
consists of three multi-wire drift chambers (MWDC), a set of five scintillators covering the
focal plane and a Cerenkov counter. This telescopic arrangement provides the necessary fast
trigger signals and suppression of the background to an equivalent cross section level of
1O"38 cm2/sr. The chambers, the first (Xl-chamber) of which coincides with the straight
focal plane, are placed parallel to each other. The Xl-chamber determines the position of the
electron trajectory in the dispersive direction, while in combination with the X2-chamber,
placed 30 cm behind the focal plane, the angle in the dispersive direction can be determined.
differential pumping

QDD

Figure III.2 Lay-out of the focal plane detection system, showing the wire chambers,
scintillators and Cerenkov detectors. The XI-chamber coincides with the focal plane.
Because of the point-to-parallel focusing condition in the non-dispersive plane the angle in
the reaction plane can be calculated if the distance of the electron trajectory from the
symmetry plane is determined. To this effect the wires of the Y-chamber are placed at an
angle of 26.5° with respect to that of the Xl-chamber. The angle with respect to the particle
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trajectories ( approximately 41°) together with the wire pitch (4 mm) and the cathode-sense
wire distance (4 mm) ensures firing of at least two (double hit) and up to four wires
(quadruple hit). Distinction between double and triple events yields a spatial resolution of 2
mm. The measurement of the drift times to the sense wires results in a fine-channel
distribution of 16 channels per wire which corresponds to a spatial resolution of 0.25 mm.
The processing time of an event is 300 ns. During a beam burst a maximum of 128 events
can be buffered.
For single-arm experiments, data can be stored in two modes :
Spectrum mode : All events are histogrammed in a Xl-fine, a Xl-coarse, Y-coarse and
X2-coarse spectrum. The time of the event relative to the start of the beam burst and possible
errors in the read-out cycle are accumulated in a clock and a hitpattern spectrum, respectively.
The processing is performed with a cycling time of 5 us.
List mode : Per event the Xl-fine channel, Y- and X2-coarse channel numbers are stored on
magnetic tape. This allows off-line correction for spectrometer aberrations and kinematic
broadening due to the finite solid angle (see sections III.6 and IV. 1) but reduces the
maximum event rate to approximately 700 per second.
The wire chamber efficiencies are treated in appendix A of the next chapter. By
mechanically shifting the XI-chamber in the dispersive direction fine-channel efficiencies can
be averaged out. Each measurement is then performed in sixteen steps, whereby after each
step the XI-chamber is displaced over one sixteenth of the wire distance.
Corrections to the data connected with the performance of the detection system are
carried out in the programs used for the data analysis and will be discussed in the next
chapter.
IH.5 Measurement control
The measurement control and data handling system is incorporated in the total
computer network around MEA. Two PDP 11/44 computers form the centre of a
star-configured network. One of these is used for the accelerator control. It contains also the
databases of variables of the accelerator and the beam handling system. Those of the
experiment are completely controlled by the experiment control machine (ECM) - also a PDP
11/44 - which is connected to the network through a fast serial data link. The operating
system is UNIX *K used in parallel with an in-house built nucleus [Kol-85] for real time
applications.
*) UNIX is a Trademark of the Bell laboratories.
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The measurement control is performed through the program MEJAZ [Keg-80] which also
registers all experiment information important for the further analysis of the data such as
collected charge, position of the XI-wire chamber and of course the accumulated spectra.

L
\

IH.6 Choice of the spectrometer solid angle
The spectrometer is provided with a solid angle defining system with which one out of
four fixed slits can be selected during an experiment. In the course of the experiment on the
palladium isotopes five slits were available with the following solid angles : 0.02, 0.4, 1.6,
3.6 and 5.6 msr. The smallest one is a pin-hole slit. The second and fourth have an equal
acceptance in horizontal and vertical direction. The acceptance of the third is 20 mrad in the
reaction plane and 80 mrad in the dispersive direction. It therefore combines a large solid
angle with an acceptable influence of kinematic broadening (see below ). The shape of the
largest solid angle slit ( an octagon of 80*80 mrad 2 ) is chosen such as to minimize
spectrometer aberrations. The choice of a particular slit was mainly determined by count rate
considerations such that dead time losses should not exceed 10%.
At relatively low energies and forward angles the spectrum is dominated by the elastic
peak and its radiative tail. Under those circumstances the inelastic spectrum has been
measured in a separate large solid angle run in order to obtain good statistics. During such
runs the scintillator covering the elastic peak region was switched off.
The resolution in the spectra is influenced by the kinematic broadening AE, which is a
function of (among others) the horizontal acceptance Aq> of the spectrometer:
AE /E f =(E f /M)-sinfl-A(p

(III.l)

where E f is the scattered electron energy, M the mass of the nucleus and D the scattering
angle. For all energies the contribution of the kinematic broadening for the Pd spectra was
negligible for the smaller solid angles. Therefore, only in those cases where large solid
angles have been used, spectra were taken in list mode, which allowed off-line software
corrections for this effect ( see chapter IV.2 ). Then the influence of higher order matrix
elements in the focussing conditions of the spectrometer is no longer negligible and is also
taken into account.
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III.7 Data taking

Spectra were taken in a number of periods spread out over two years. Because the
whole q-range could not be covered during one of those periods, overlapping q-value points
( see tables IV.7 to IV. 13 for energy-angle combinations ) were measured in each period
enabling internal consistency checks between the different data sets.
Because in the present experiment attention was concentrated on the low-lying
collective excitations, the collected charge in each run was chosen such that sufficient
statistics was obtained for the whole range of levels below 3 MeV excitation energy. A
number of runs was performed on 110Pd with special attention on the weakly excited levels
between 0.9 and 2.0 MeV. Two runs were performed at a scattering angle of 154°, in order
to investigate the contribution of the transverse part of the form factor.
At each energy-angle combination a run was performed on a carbon and a
boron-nitride target. Both 12C and BN spectra provided, together with the palladium spectra,
a precise calibration of the dispersion along the focal plane and the energy of the incoming
electrons through recoil differences and various known excitation energies. The carbon
spectra were also used for normalization of the Pd cross sections since the carbon elastic
cross section is well known [Reu-82].
Some typical spectra are shown in figure III.3. The vibrational structure of the
palladium isotopes is clearly illustrated by the occurrence of a (0 + ,2 + ,4 + ) triplet at about
twice the energy of the first excited 2 + state. Above the triplet up to approximately 2 MeV the
spectra show only weakly excited states. Then the level density increases drastically until
above 3 MeV it was not possible anymore to separate individual levels. The change of
nuclear structure over the series of isotopes is illustrated by the gradual decrease of the
excitation energy of the strongly excited collective states with increasing mass, which
indicates a stronger deformation. To what extent the isotopes deviate from a pure vibrator as
a function of neutron number depends on the relative strengths of the different transitions,
which was treated in chapter II.3.
During all measurements - including the 154° runs - the targets were used in
transmission mode. The final resolution obtained varied from 15 keV at the lower energies to
30 keV at the highest energies. The high resolution is obviously essential for the separation
of closely spaced levels, e.g. the triplet, and for the study of very weakly excited levels.
Before cross sections can be extracted from the raw data, the spectra have to be
corrected for detection system efficiencies, alinearities of the dispersion over the focal plane
and dead time effects. These procedures are discussed in the next chapter.
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Figure III.3. Spectra from the even Pd isotopes 104 to 110 at E=277.9 MeV and •0=71.0'.
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3.0

HI.8 Energy calibration
The peak positions of strongly excited states observed in the spectra of palladium,
carbon and boron-nitride were used for energy calibration purposes. The well-known
excitation energies and recoil energy differences provide the input for an accurate
determination of the incoming energy and the excitation energy scales of the observed
spectra.
The energy of the peaks observed in the measured spectra can be expressed in the
magnetic field strength of the spectrometer and the position (channel number) of the peaks
along the focal plane:
Ef = T B ( 1 + dj (n-n0) + dj (n-n0)2 + d3 (n-nQ)3 + d4 (n-n 0 ) 4 )

(II1.2)

with:
Ef

: the energy of the observed electrons,

[MeV]

F
B
dj,d2,d3,d4
n-ng

: the conversion factor between field and energy,
: the magnetic field of the spectrometer,
: the spectrometer coefficients,
: the channel number relative to the central channel.

[MeV/T]
[T]
n
[ch ;n=i-4]

Equation IH.2 can be used in a least-squares fit to determine the spectrometer variables: the
conversion factor F, the energy of the central trajectory, the position of the central wire n 0 in
the XI wire chamber and the coefficients dj through d4 of the fourth order polynomial
describing the dispersion along the focal plane. The consistency of the latter parameter values
is checked between results of the different measuring periods. Typical values for the
spectrometer coefficients are:
d t = 2.42-HT5 ch' 1 ,

d2 = -3.50-10"11 eh"2,

d3 = -6.30-10"M ch' 3 ,

d4 = 1.50-10"17 eh"4.

Equation II1.2 can only be solved if the energies of the electrons in the observed peaks arc
determined. They can be expressed as a function of the known excitation energy and the
energy of the incoming electrons as :
E f = ( E r l / 2 E L - ( 0 ( l + (0/2M))/T|- l/2E L
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(III.3)

with

CO

M

n
EL

t
P

: the
: the
: the
: the
: the

energy of the incoming electrons,
excitation energy,
mass of the target,
recoil factor (see formula 11.28),
mean energy loss in the target
= 0.154 (Z/A) t {19.26 + ln(t/p)},
:the target thickness,
: the target density.

[MeV]
[MeV]
[amu]

[MeV]

(g/cm2]
tg/cm3]

Usually measurements are taken for different scattering angles at the same value of the
incoming energy. With the aid of formula III.2 and III.3 this allows the determination of the
energy of the incoming electrons (typically with an accuracy of 0.1 % ) .
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IV DATA ANALYSIS & CROSS SECTION TABLES

In this chapter the data reduction leading to cross section values is discussed. Level
schemes resulting from the line shape fitting are given as well as listings of cross sections.

iv.l Analysis of the raw data
As discussed in the previous chapter, two modes of data taking have been used :
spectrum mode and list mode. Results from the former are histogrammed in spectra directly
accessible to further processing. Measurements taken at large solid angle are stored in list
mode on event-by-event basis and therefore require an extra step in the analysis. This step
accounts for two effects which influence the resolution in those spectra. The first is the
kinematic broadening discussed in chapter III.6. The second effect is related to higher-order
matrix elements of the spectrometer which influence the resolution at larger solid angles.
The evaluation of these two effects requires the knowledge of the position and
direction vector for each event at the target location This vector can be determined with the
aid of the magnetic field configuration by backtracing from the focal plane position through
the spectrometer. With this procedure the scattering angle can be determined with an accuracy
of 8 mrad. Thus for the energy and angle range of the present experiment the Pd spectra can
be corrected for kinematic broadening to a level of 3-10'5. The reconstruction is optimized by
visual inspection on a graphical display of the various correlations between •& and (p at the
target or focal plane position. In practice optimization of the <x|#>, <x|#2> and <y|<p2>
matrix elements sufficed to obtain the highest possible resolution (up to 8-10'5). The
optimization procedure has to be performed for each energy, because the matrix elements
depend on the exact position of the beam spot on the target, the cycling procedure of the
QDD spectrometer and the setting of its entrance quadrupole. The corrections are performed
in the replay program KRAKER [Blo-86], the output of which contains the spectra in the
suitable format.
The effect of the applied corrections is illustrated in figure IV. 1 which shows part of a
typical uncorrected and of a corresponding corrected spectrum. The much improved
resolution enables separation of close-lying levels, e.g. in the triplet, and of weak excitations
on a high background.
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Figure IV. 1 A typical spectrum before and after corrections for kinematic broadening and
spectrometer aberrations.
The next step in the analysis involved corrections for dead time losses, detector
efficiencies, alinearities in the channel response and the variation of the effective solid angle
over the focal plane. The detector efficiencies and alinearities in the channel response were
determined in each measuring period according to the description in appendix A. The
procedure used to determine the dead time correction factors is described in appendix B. List
mode spectra with an appreciable kinematic broadening effect were not treated for channel
width alinearities, since after correction for kinematic broadening it is not possible anymore
to identify the XI-fine channel in which the particle was detected. A small correction has to
be applied for the variation of the solid angle along the focal plane caused by the fact that the
solid angle defining slits are placed behind the entrance quadrupole magnet of the
spectrometer.
All these corrections are performed in the bin-sorting program BINSOR [Bur-84].
Moreover, this routine redistributes the contents of the fine channels in bins with an equal
energy width. This is necessary because the alinearity of the dispersion results in bins of
unequal width in the raw spectra. The bin contents of each spectrum are normalized on solid
angle, collected charge and the bin width chosen, so that it is finally possible to histogram
several spectra, taken under the same kinematic circumstances, into one final spectrum.
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IV.2 Line shape fitting
J
It.
»

Each peak appearing in the spectra results from a convolution of the intrinsic line
shape (in practice equivalent to a delta function), the spectrometer resolution function and a
radiative response function. The spectrometer resolution function is assumed to be an
asymmetric hypergaussian of which the height, the width, the power of the exponent and the
asymmetry can be varied in the fitting routine. The radiative response function takes into
account effects due to Schwinger radiation, Bremsstrahlung and Landau straggling
[Max-67]. For peaks that are not included in the fit, i.e. in the rare cases that excited states
were measured without the elastic peak, its radiative tail is represented by a hyperbolic
function. In all spectra real background was observed to be negligibly small. The complete
fitting procedure has been performed with the MIT line shape fitting routine ALLFIT [Ber-67,
Off-84].
Because of the overwhelming number of excitations observed in the spectra, a special
procedure was followed in the fitting procedure. First, the levels in the spectra had to be
identified. For this purpose a set of spectra at 129.43 MeV and 343.47 MeV incoming
energies, covering a momentum transfer range from 0.5 to 2.0 fin'1, has been used. In this
set all excitations known from literature were assigned to peaks actually observed. The
excitation energy of peaks observed but not given by literature was treated as a free
parameter. After all the spectra in the subset had been fitted, position and strength of all
observed states were compared. Levels, hardly separated or very weakly excited, were
neglected in the further analysis. Approximately 30 levels per isotope up to 3 MeV excitation
energy remained for further processing. In the further line shape fitting all excitation energies
were locked to the values thus determined.
In the next step the excitation scale of the bin sorted spectra was checked in a separate
fit where the positions of the three strongest peaks (ground state, 2+t and 3"j) in each
spectrum were fitted. Comparison of these positions in all isotopes with literature values
resulted in a last correction (never exceeding 2-10"4) to the excitation energy scale.
Finally, all spectra were fitted to determine the peak areas. The shapes of peaks
belonging to one isotope were constrained to be equal. Contributions from contaminations in
the targets can influence the results if the recoil differences are too small to separate them
from the palladium peaks. Particularly for the I06 Pd target (see table III.2) equivalent elastic
peak areas due to those contaminations were calculated and included in the fit. The result of
the line shape fitting procedure is shown for some spectra in figure III.3 in the former
chapter.
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Table IV.l Excitation energies, spins and parities in

(;e,e')(a>
E[keV] J*
556
1324
1342
1680
1850
1948
1970
2010
2082
2126
2193
2265
2338
2489
2521
2533
2570
2627
2640
2677
2775
2810
2820
286S
2924
2991

2*
4*
2*

Pd.

Table IV .2 Excitation energies, spins and parities in

(c)

(P.F

E[keV]J*

556
1325
1343

556
1323
1341

2+
4+
2*

E(keV] J*
512
1128
1229

2*
2*
4+

E[keV] J*

ElkeVJJ*

512 2*
1130 2 +
1229 4*
1560 (2+,34

512
1128
1229
1558
1562
1707
1909
1932
2001
2084
2283
2351
2397
2485
2501
2579

1562
2+
4*
3"
(3,4)
(S-)
4+
(3,4)
4+
(5-.?)
4+
4*
(8+)

2080

4+

2193

3"

2336
2489
2520
2531
2569
2623
(2642)
(2677)

(5-,?)
T
(2) +
4+
(3",?)

1998
2082
2126
2192
2265
2338
2491

4+

r4

+

l + ,2 +
5"

2533
2570

(1,2,3)
(44,6)

2775
2810

(44.6)
2 + ,3 +

2875
2933

(44,6)

a : present work, b : [Red-83], c : [Bla-84]

Pd.

(c)

E[keV] J*
2*
4*
2*

106

1706 (0,1,2)
1909 (2 + )
1932 4*
2001 4 +
2084 3^
2283 (3,4)
2351
2397 r
248.1 2*
25Cu 4*
2579 r
2649 4*
2705 6 +
2776
2821
2878
2917 (2+)
2979

1706 0 +
1909 (2+)
1932 4 +
2084 3"
2282 4 +
2397 5"^"
2500 (3,4)
(2582) (4")
2649 4 +
2776

2*
2*
4*
3+
2+
0+
(13.)*
4+
0+
3"
4*
4+
5"
(n
2^
(4")

a : present work, b : [Red-83], c : [Har-80]

Table IV.3 Excitation energies, spins and parities in

(p,f >•)<">
E[keV] } *
434
931
1048
1314
1335
1441
1540
1626
1956
1990
2047
2099
2222
2282
2325
2374
2418
2478
2540
2555
2637
2657
2720
2760
2820
2840
2900
2960
2985

+

2
2+
4+
(2+)
(2+)
(2+)
(6 + )
4+
4+
3"
(2+)
(2+)
2+
5"
3\4+

5"
4+
4*
4+

434
931
1050
1314
1335
1441
1540
1626

2*
2+
4*
0+
3+
2+
(2 + )
(4 + )

1990
2047

4+
Y

2219
2282
2325
2374

(0+)
(2 + )
5"
3"

2555

4+

2657
2720

+

4
4+

log

Pd.

Table IV .4 Excitation energies, spins and parities in

(c)

( e,e')

EfkeVJJ*
+

2
434
931
2+
1048 4*
1314 0 +
1335 (3 + )
1441 2*
1540 d + ,2'
1625 (4+)
1956 (4 + )
1990 (4+)
2047 3'
+
2099 O.2 )
2218 (2 + )
2282

(2+)
(4+)

2637

(4+)

2720

(2+)

4+
(6 + ,...)
(5",6+)

a: present work, b : [Red-83], c : [Hae-82]

EfkeV] J*
374
814
921

2*
4+

1214
1398
1470
1574
1719 2*
1934 4*
2038
2135 2+
2193 3 \ . .
2276 3"
2283
2293
2322
2447
2474
2491
2499
2526
2578 4 +
2637
2658
2687 4 +
2721 4 +
2744 6 +
2777 6 + , ..
2791 4 +
2805
2888 3",...
2946 2+,3",
2984 y'..'

r

r

2418
2478
2540

w

E[k«V] }*
+

2
2+
4+

1215
1400
1472
1574
1717
1934
2038
2141
2193
2275

2,3 +
4+
(2+)
(6;?)

2295

(5-,?)

2447
2474

4+
(V)

2500

(2 + )

2721

2788

Pd.

(c)

(P4
374
815
921

ll0

4+
3"
(2 + )
T
y

E[keV] J*
374
814
921
1212
1214
1398
1470
1574
1720
1934
2038
2135
2193
2276
2283
2293
2322
2446
2474
2491
2499
2526

2+
2*
4+
(3 + )
(2 + )
(2 + ,3 + ,4 t )
(2 + )
(6 + )
(4 + )
(4 + )
32+

2637
2658
2687

(4 + )
2*

2744
2777
2791
2805
2888
2945
2983

(5",6+)

5"

3"
2+

4+

a : present work, b : [Red-83], c : [Gel-83]

In tables IV. 1 to IV.4 the excitation energies of all states observed are listed and
compared with results from other experiments. Almost all excitation energies agreed with the
so-called adopted levels from Nuclear Data Tables [Bla-84, Har-80,Hae-82, Gel,83].
Several levels not observed elsewhere were identified. Spin and parity of collective
excitations were determined by comparison of their form factors with those from known
levels (see chapter VI). Ambiguous assignments are given between brackets. In practically all
cases the agreement with previous assignments is good. For some levels spin and parity
could be assigned for the first time, for others the existing ambiguity in the assignment could
be eliminated.
The normalization of the fitted peak areas, leading to cross sections for these levels is
discussed in the next sections.

IV.3 Cross-section results
It was not possible to extract useful information for all levels listed in tables IV. 1 to
IV.4. In some cases the level density was too high to separate multiplets while for several
other levels the transition strength was too small to allow a model-independent analysis. In
the following chapters the palladium isotopes are treated extensively in the framework of the
Anharmonic Vibrator Model (AVM) and the Interacting Boson Approximation (IBA). Both
models deal with low-lying collective excitations. Therefore, this work concentrates on the
levels listed in table IV.5 given with their spins, parities and excitation energies.

Table IV.S The excitations in the palladium isotopes investigated in this thesis.

jit

104p d

0+

106p d

108p d

110p d

0

0

0.556
1.342

0.512

0.434

0.374

1.128

...
...

...
...

0.931
1.441

0.814
1.214
1.470

4+i

1.324

4+o
3"i

—

1.229
—-

2.193

2.084

2+

i

2+2
2+3
2+4

0

...
1.048
1.990
2.047

0

IV.7
IV.8
IV.9
IV.IO
IV.IO

0.921
1.934

IV.12

2.038

IV.I3

IV.ll

Normalization

In order to obtain absolute cross sections from the fitted peak areas extracted with the
analysis discussed before, normalization to well-known cross sections is necessary. For this
purpose carbon spectra have been measured simultaneously with the Pd runs. The results of
these measurements were compared to the values, described through a Fourier-Bessel
parametrization of the carbon charge density, determined by precise absolute measurements
[Reu-82]. In table IV.6 the carbon normalization factors are given for the data at 129.43 and
343.47 MeV. Since the theoretical value of the 12 C form factor is not reliable in the
neighbourhood of the minimum at q=1.84 fm"1 [Off-85], the normalization at 343.47 MeV
for the scattering angles 64° and 68° is taken to be the average of the normalization factors at
other angles. The normalization factors presented here have been used to determine the
absolute efficiency for electron detection of the NIKHEF-K facility [Vri-84].
Table FV.6 Normalization factors as defined by the ratio of the carbon cross sections
measured to those calculated with the parameters of reference [Reu-82].
343.47 MeV

129.43 MeV
norm.[%]

1?

30.0°
37.0°
45.0°
52.0°
60.0°
76.9°
87.0°

93.7
92.8
94.3
88.6
89.8
90.3
93.1

t>

norm.[%]

30.0°
36.0°
42.0°
48.0°
54.0°
60.0°
64.0°
68.0°

87.9
91.0
90.3
90.2
93.4
87.5
90.0
90.0

The factors listed in table IV.6 were used to normalize this subset of all data. A fit to
the elastic cross sections of this set was then used to determine the normalization factors for
all other data (see chapter V.2.). From the fitted peak areas in each spectrum cross sections,
normalized and corrected for the abundances of the targets, were calculated, resulting in a set
of cross sections for each level considered in this thesis.
Error propagation

Apart from the statistical errors various sources contribute systematic errors. The
normalization relative to the 12C cross section causes a 2% error (see section V.2). The 0.1%
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uncertainty in the energy of the incoming electrons results in a 0.2% error in the cross
sections depending on E and i3. Target thickness effects cause a 1.5% uncertainty. The
uncertainty in the collected charge and the solid angle is accounted for in the cross section
normalization. The uncertainty in the variation of the solid angle is 0.2%. The count rate was
always kept low enough to limit the correction factor for dead time losses to less than 10%.
The dead time correction error contributes at most 0.2% to the total error. The uncertainty of
0.1° in the scattering angle contributes at most 0.2% to the total error. The overall error is
obtained by adding quadratically the statistical error and the various systematic errors.
Tables

For each of the levels listed in table IV.5 cross sections extracted from all available data are
given. All cross sections listed have been corrected for target abundances and normalized to
the carbon cross sections. The errors indicated include statistical as well as systematic errors.
As can be seen from the results at the same or nearly the same q-value the consistency
between the different data sets is satisfactory.
The small momentum transfer spacing is a consequence of the fact that much of this
material was obtained during the evaluation and testing of the experimental setup of the
NIKHEF-K facility. Covering the momentum transfer range in intervals of 0.15 fm"1 would
have been sufficient for a model-independent analysis (see chapter V and VI). We decided,
however, to use all available data of which the error did not exceed 100%. This has been
especially useful for the weakly excited levels because of the improvement of the statististics.
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Table IV .7 Elastic cross sections for the104'1
104p d
q ,, E 0
[fm- '] [MeV1 tdeg.]
0.35
0.39
0.47
0.48
0.49
0.57
0.57
0.66
0.72
0.75
0.93
0.93
0.95
1.03
1.04
1.13
1.13
1.17
1.27
1.31
1.36
1.39
1.45
1.46
1.49
1.52
1.61
1.66
1.67
1.68
1.74
1.83
1.83
1.86
1.87
1.94
1.99
2.05
2.12
2.18
2.26
2.28
2.40
2.40
2.50
2.54

89.30 37.00
129.43 30.00
89.30 51.00
129.43 37.00
90.17 53.00
90.17 62.00
129.43 45.00
129.43 52.00
90.17 81.00
129.43 60.00
277.87 36.00
129.43 76.91
343.47 30.00
129.43 87.00
345.33 32.72
277.87 44.00
343.47 36.00
365.93 35.00
277.87 50.00
343.47 42.00
365.93 41.00
277.87 55.00
345.33 46.39
277.87 58.00
343.47 48.00
277.87 61.00
277.87 65.00
345.33 53.50
343.47 54.00
277.87 68.00
277.87 71.00
277.87 75.00
343.47 60.00
332.60 63.00
345.33 60.89
343.47 64.00
277.87 83.00
343.47 68.00
332.60 73.00
365.93 68.00
332.60 79.00
345.33 76.50
332.60 85.00
365.93 76.00
365.93 80.00
332.60 91.00

CT

i0

Pd isotopes.

106p d
AO

a

ACT

[fm2/msr]

[%]

[fm2/msr]

[%]

O.883I1O1
0.7237-101
0.114610 1
0.1604-101
0.910710°
0.2734-10°
0.4141-10°
0.1048-10°
0.199410 1
0.2003-10'1
0.9443-10'2
0.214910-2
0.1223-10"1
0.1208-10"2
O.81331O"2
0.2815-10"2
0.3892-10'2
0.2976-10"2
O.657O1O"3
0.4620-10'3
0.212610 3
0.9388-10"4
0.6076-10"4
0.3661-KT4
0.4207-10 4
0.236210" 4
0.2074-10"4
0.286310- 4
0.2628-10"4
0.1836-10"4
0.128M0" 4
0.6392-10"5
0.9148-10 5
0.6985-W 5
0.6196-10"5
0.2421-10'5
0.6450-10"6
0.4390-10"6
0.2010-10 6
0.271710 6
0.2243-10"6
0.2386-10"6
0.1219-10"6
0.1598-10'6
0.6163-10'7

2.2
2.3
2.3
2.3
2.2
2.3
2.3
2.4
2.2
2.4
2.3
2.4
2.9
Z2
2.8
2.3
2.4
2.6
2.3
2.4
3.4

0.8484-101
0.692210 1
0.108610 1
0.195510 1
0.8713-10°
0.259610°
0.4007-10°
0.9937-10"1
0.181910" 1
0.1879-10"1
0.9379-10"2
0.2226-10"2
O.12O910 1
0.1143-10'2
0.802610" 2
0.261510" 2
0.3543-10"2
0.283010-2
0.5981-10"3
0.421910" 3
0.2001 10"3
0.8368-10-4
0.5290-10"4
O.33521O"4
0.4029-10-4
0.2329-10"4
0.2028-10"4
0.2704- W4
0.2559-10"1
0.173410" 4
0.1176-10"4
0.5656-10"5
0.833410' 5
0.6373-10"5
0.5299-10'5
O.2O73-1O"5
0.5443-10"6
0.353910" 6
0.2186-10"6
0.2745-10"6
0.2224-10"6
0.220210" 6
0.1144-10"6
0.133010" 6
0.3779-10"7

2.5
2.9
2.6
2.2
2.2
2.2
2.3
2.6
2.3
2.3
2.3
2.4
2.7
2.2
2.3
2.3
2.4
2.5
2.3
2.4
2.6
2.7
2.3
2.6
2.6
2.5
2.5
2.3
2.4
2.6
2.6
2.7
2.8
2.8
2.5
3.1
3.3
4.8
6.9
4.3
5.3

2.7
2.3

2.6
2.6
2.7
2.6
2.3
2.4
2.5
2.9
2.6
3.0
2.8
2.5
3.1
3.3
4.6
6.9
4.1
5.2
3.3
4.8
5.4
5.9

S3

4.4

4.8
5.2
8.2

CT

[fm2/msr]

0.6809-101
0.978710°
0.179010 1
0.748010°
0.2312-10°
0.3770-10°
0.9215-10"1
0.159510" 1
0.1749-10"'
0.8915-W 2
O.2137-1O"2
0.1168-10'1
0.111610-2
0.7524-10"2
0.2488-10'2
0.346110 2
0.270010-2
0.5201-10"3
0.3712-10"3
0.1672-10"3
O.733MO"4
0.4926-10"4
0.3054-10"4
0.362S-10"4
0.2192-10"4
0.195010^
0.246210" 4
0.2427-10"4
0.1642-10"4
0.1099-10"4
0.520110 5
0.7686-10"5
0.5538-10"5
0.4614-10"5
0.1670-10'5
0.4362-10"6
0.3129-10"6
0.1934-10-*
0.2474-10"6
0.2014-10"6
0.1882-10"6
0.9505-10"7
0.1145-10"6
0.3941-10"7
0.1453-10'7

ACT

CT

[%]

[fm2/msr]

_

0.8116-101

2.3 0.7122-101
2.3 O.1O831O1
2.3 0.176910 1
2.2 0.814810°
2.2 0.243910°
2.3
2.5 0.900710"1
2.3 0.166710' 1
2.3 0.1673-10'1
2.4 0.8734-10"2
2.4 0.2155-10-2
2.6 0.1185-10"1
2.2 0.118510-2
2.3 0.7464-10"2
2.3 0.2122-10'2
2.5 0.3345-10-2
2.7
0.250810" 2
2.4 0.4314-10"3
2.5 0.3410-10 3
2.8 0.162910' 3
2.7
0.7732-10"4
2.4 0.4534-10"4
2.6 0.282510" 4
2.6 0.359910" 4
2.9 0.2201-10"4
2.5 0.195410"4
2.3 0.2416-10"4
2.4 0.2370-10"4
2.6 0.1606-10"4
2.8 0.1040-10"4
4.4
0.4576-10'5
2.8 0.691310" 5
2.8 O.51771O-5
2.6 0.400010- 5
3.2 0.1491-10"5
3.5 0.3757-10-6
4.8 0.2950-10"6
7.0 0.165610 6
4.4 O.28O81O"6
5.2 0.1935-10"6
3.4 0.1863-10"6
5.8 0.8251-10"7
5.5 0.1189-10"6
7.0 O.3112-1O"7
14 0.1485-10'7

Aa
l%]
2.4
2.2
2.3
2.7
2.2
2.2
.
2.6
2.3
2.5
2.5
2.4
2.6
2.4
2.7
2.9
2.4
2.9
3.4
2.5
2.7
2.5
2.4
2.7
2.6
2.7
2.6
2.4
2.5
2.8
3.6
3.2
3.2
3.1
2.9
4.6
5.0
4.8
8.0
4.4
5.5
4.2
5.7
5.7
8.0
8.6

Table IV.8 Cross sections for the2+} excitation in the 104-110Pd
104p d

[fm '][MeV 1 [deg.]
0.35
0.39
0.47
0.48
0.49
0.57
0.57
0.66
0.72
0.75
0.93
0.93
0.95
1.03
1.04
1.13

89.30 37.00
129.43 30.00
89.30 51.00
129.43 37.00
90.17 53.00
129.43 45.00
90.17 62.00
129.43 52.00
90.17 81.00
129.43 60.00
129.43 76.91
277.87 36.00
343.47 30.00
129.43 87.00
345.33 32.72
277.87 44.00
1.13 343.47 36.00
1.17 365.93 35.00
1.27 277.87 50.00
1.31 343.47 42.00
1.31 115.24 154.00
1.36 365.93 41.00
1.39 277.87 55.00
1.45 345.33 46.39
1.46 277.87 58.00
1.52 277.87 61.00
1.61 277.87 65.00
1.66 345.33 53.50
1.68 277.87 68.00
1.74 277.87 71.00
1.83 343.47 60.00
1.83 277.87 75.00
1.86 332.60 63.00
1.86 170.66 154.00
1.87 345.33 60.89
1.94 343.47 64.00
1.99 277.87 83.00
2.05 343.47 68.00
2.12 332.60 73.00
2.18 365.93 68.00
2.26 332.60 79.00
2.28 345.33 76.50
2.40 365.93 76.00
2.40 332.60 85.00
2.50 365.93 80.00
2.54 332.60 91.00

106pd

[fm2/msr]

[%]

0.7129-10"2
0.197310"1
0.5229-10-2
0.131510"1

8.2

0.6604-10"2
0.3719-10"2
0.171210"2
0.1548-10"3
0.7556-10"3
O.852OW3
0.2685-10"4
0.2107-10°
0.7055-10"4
0.102110"3
0.122910 3
0.7122-10"4
0.9959-10"4
0.9827-10"4
0.5717-10"4
0.489110"4
0.3009-10"4
0.1496-10"4
0.4095-10 5
0.3030-10"5
0.141910 5
0.5943- W6
0.1174-10"5
0.7355-10"6
0.115510"5
0.144310"5
O.131O1O'5
0.7033-10"6
0.8405-10 6
0.561310"6
0.3236-lO"6
0.8902-lO"7
0.603 MO"7
0.112310 7
0.920110"8
0.1763-10'7

17

3.4
7.7
.
5.5
.
4.2
.
2.9
2.8
2.7
4.2
3.1
4.0
3.2
4.6
4.2
2.5
2.8
.
3.0
3.1
2.3
2.6
2.7
3.4
2.8
4.2
6.0
4.6
4.2
4.3
2.9
3.6
3.2
3.7
5.1
4.4
8.0
5.1
20
18
12

or
[fm2/msr]
0.7916-10"2
0.3233-10 4
0.570610"2
0.117610"1
0.5677-10"2
O.780810-2
0.376310"2
0.432210"2

o.ioioio-2

0.2009-lO"2
0.182310 3
0.8025-10"3
O.93181O"3
O.3348-1O"4
0.226410- 3
0.7894- W4
0.1169-10-3
0.1433-10"3
0.8195-10"4
0.108010- 3
0.1050-1O3
0.639610^
0.528310^
0.3341-10-4
0.162310^
0.484210 5
0.321610 5
0.148510 5
0.6949-10-6
0.137610"5
0.7943-10"6
0.1288-10-5
0.164010- 5
0.1438-10"5
0.729910"6
0.940810"6
0.5829-10"6
0.3461-10-6
0.9924-10"7
0.6615-10"7
0.1579-10-7
0.1086-10'7
0.1382-10-7
.........
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108p d

[%]

7.8
12
5.3
2.9
2.9
4.8
4.0
3.9
2.4
2.8
3.1
2.6
3.8
4.0
4.0
3.2
4.5
4.0
2.4
2.6
.
2.7
3.0
2.4
2.5
2.4
3.0
2.7
3.9
5.3
4.4
3.8
3.9
2.9
3.3
2.1
4.5
5.3
4.1
7.5
6.2
15
14
12

a
[fm2/msr]
0.2671-10'1
0.7552-10"2
0.1865-10 1
0.8685-10"2
0.9386-10"2
0.5368-10"2
0.5194-10'2
0.1344-10-2
0.2290-10'2
0.2204-10"3
0.100610" 2
O.11331O"2
0.3710-10^
O.27391O"3
0.988610^
0.1502-10"3
0.189510" 3
0.102610" 3
0.1320-10"3

isotopes.
110pd

Aa
[%]
_
14

4.7
7.3
4.4
4.4
3.6
3.7
2.6
2.5
3.0
2.6
3.4
4.2
3.6
3.0
5.2
4.2
2.6
2.5
0.125510- 3 2.8
0.7188-10^ 2.9
0.615510- 4 2.3
0.3743-10"4 2.4
0.187310^ 2.8
0.513410" 5 3.0
0.376510- 5 2.7
0.167610 5 3.9
0.759010" 6 6.5
0.156810" 5 3.7
0.9323-10"6 4.9
0.159010- 5 3.6
0.197110" 5 3.0
0.178210" 5 3.2
0.886810" 6 4.2
0.1061-10-5 3.5
0.6478-10"6 4.5
0.3727-10"6 4.2
0.837810" 7 7.5
0.6605-10"7 4.8
0.1663-10-7
14
0.1149- lO"7
14
0.1667-10"7
10
0.1208-10"7
17

a
[fm2/msr]
0.1449-10''
O.2713-10"1
0.9494-10 2
0.169910"1
0.8780-10-2

Ao
[%}

10
9.8
4.5

2.9
4.2
.
3.4
3.7
2.4
2.7
2.9
2.7
3.3
4.1
3.9

0.5956-10"2
0.5827-10"2
0.153 MO"2
0.2719-10"2
0.2461 -10"3
0.1195-10'2
0.1239-10"2
0.4135-10-"
O.3O571O"3
0.145910" 3 3.2
0.169410" 3 4.0
0.2256-10"3 4.0
0.1371-10-3 2.9
0.1605-10-3 2.6
0.2068-10"5 2.4
0.1500-10"3 2.7
0.7784-10'4 2.3
0.631 MO"4 2.2
0.4520-10"4 2.5
0.2150- lO'4 2.6
0.5277-10"5 3.1
0.3800-10"5 2.8
0.1701-10-5 4.2
0.937810" 6 5.6
0.1944-10"5 3.9
0.124510" 5 4.1
0.189110" 5 3.6
0.6869-10 7 4.6
0.224110" 5 2.9
0.2033-10"5 4.0
0.9850-10"6 7.8
0.1235-10"5 5.3
0.8908-10"6 4.7
0.356110 6 4.0
0.923110"7 7.8
0.612610" 7 6.1
0.197710 7
14
0.1308-W 7
13
0.2869-10"7 8.9
0.1602-10"7 8.3

Table IV.9 Cross sections for the 2+2 excitation in the 104-1 Wpj isotopes.
104pd

1 [deg.]

0.47 89.30 51.00
0.48 129.43 37.00
ft AQ on 17 gff nft
0.57 90.17 62*00
0.57 129.43 45.00
0.66 129.43 52.00
0.72 90.17 81.00
0.75 129.43 60.00
0.93 277.87 36.00
0.93 129.43 76.91
0.95 343.47 30.00
1.03 129.43 87.00
1.04 345.33 32.72
1.13 277.87 44.00
1.13 343.47 36.00
1.17 365.93 35.00
1.25 345.33 39.50
1.27 277.87 50.00
1.31 343.47 42.00
1.31 115.24 154.00
1.36 365.93 41.00
1.39 277.87 55.00
1.45 345.33 46.39
1.46 277.87 58.00
1.52 277.87 61.00
1.61 277.87 65.00
1.66 345.33 53.50
1.68 277.87 68.00
1.74 277.87 71.00
1.83 277.87 75.00
1.83 343.47 60.00
1.86 332.60 63.00
1.86 170.66 1154.00
1.87 345.33 60.89
1.94 343.47 64.00
1.99 277.87 83.00
2.05 343.47 68.00
2.12 332.60 73.00
2.18 365.93 68.00
2.26 332.60 79.00
2.28 345.33 76.50
2.40 365.93 76.00
2.40 332.60 85.00
2.50 365.93 80.00
2.54 332.60 91.00

a
[fin2/msr]
0.2847-Ur3

as

15
.

.
34
17
_
0.1242-10'3 7.6
0.8345-10"4 5.5
0.1638-10"4 8.7
12
0.9100-10"4
11
0.4 H O W 5
0.2640-lO"4 7.1
0.3818-10'5 23
0.S55610- 5 27
0.6411-10-5 23
0.3994-10-5 8.8
0.2131-10"5 8.7
14
0.389910 s
.
0.5787-10-5 8.1
12
0.302710 5
0.310710 s 4.0
0.2349-10"5 8.3
0.129510' 5 7.5
14
0.6099-10'6
0.661410 6 5.7
0.3096-10 6
12
0.1141-UT6 24
0.4064-10-7 27
0.7354-10"7 29
0.S123-10-7 36
—
.
0.3783-10"7 22
0.371110-7 24
0.2786-10"7
15
0.5629- W 7
15
0.5188-10 7 25
14
0.4735-10"7
0.2886-10'7 22
0.1478-10-7
18
0.644010 8
55
0.7002-10"8 45
98
0.1398-10 8
.........
.
.........
0.3277-10"3
0.264610"3

108pd

lWPd
[fm2/msr]

OB

0.2140-10"3
0.5327-10"3

19
14

ft |£^Q.|f\-3

17
l/

0.140610"3 7.4
0.2120-10"3 46
0.1786-10-3 20
0.5344-10^ 4.0
0.1040-10"3 7.7
0.7084-10"4 4.7
0.1280-10-* 9.1
0.8036-10"4 9.3
11
0.4004-10-5
0.2698-10-4 5.5
0.561010"5 9.8
0.6861-10"5 20
0.4281 10-5 27
0.2382-10-5 9.0
0.1572-W 5 8.4
12
0.251810 s
0.3488-10'5
0.196810- 5
0.245510 s
0.134510"5
0.103210 s
0.5624-10-6
0.5479-10-*
0.2972-10-6
0.1279-10-6
0.390810"7
0.4597-10-7
0.2630-10-7
0.3474-10'7
0.208910- 7
0.2013-10"7
0.3284-10"7
0.358810- 7
0.4011-10"7
0.2009-lO'7
0.1948-10-7
0.9046-lO"8
0.5962-10"8
0.190610"8
.........

55

.
8.2
9.1
3.5
6.5
5.1
6.6
3.8
7.2
12
16
23
30
.
13
23
13
16
18
10
16
8.7
19
18
31

HOpd

a
[fm2fmsT]

a
[fm2/msr]
n UI<.IA-2
\J,X*1LJ 11/

_______
..

0.3749-10'3
0.1306-10-3
..........
0.8512-10"4

0.702AW4

0.1459-10"4
0.1067-10'3
0.509010 s
0.3215-10-4
0.661110 s
0.1007- W4
0.457710- 5
0.205810- 5
0.171210- 5
0.185610"5
0.288410- 5
0.196210 s
0.2257-10-5
0.1403-10"5
0.1151-10"5
0.5913-10"6
0.682310- 6
0.3630-10"6
0.162810"6
0.3344-10"7
0.7000-10-7
0.3868-10 7
.
0.3758-10"7
0.2214-10'7
0.206210 7
O.35361O-7
0.4715-W 7
0.4613-10"7
0.2517-10"7
0.2266-W 7
0.8I3M0-*
0.633910 8
0.319410"8
0.1029-10"8

28
26
7.6

5.1
8.8
8.2
11
5.0

8.9
16
31
9.8
11
15
.
9.9
10
3.7
6.3
5.7
6.3
3.8
6.9
10
20
16
23
.
12
23
14
14
15
8.9
13
7.5
20
18
25
61

AO

so
63

Oil

0.1849-10-3
0.4142-10"3

22

ft 7070«lfl"4
Ui/7/7 1U

A\
HI

0.9442-10"4
.
.
0.200210- 3
0.4482-10-4
0.8630-10"4
0.8754-10'4
0.165610"4
0.9132- W4
0.4856-10'5
0.4089-10"4
0.104110"4
0.1037-10-4
0.7037-W 5
0.2491-Ur5
0.221410 5
0.2334-10"5
0.193910"7
0.3235-10'5
0.1867-I0'5
O.23551O-5
0.1567-W 5
0.1381-10"5
0.7496-10 6
0.8136-10 6
0.3858-W 6
0.166410"6
0.4367-10"7
0.8358-W 7
0.7262-10 7
0.5826-10 9
0.396510 7
0.274310"7
0.215810 7
0.4238-10"7
0.5882-10"7
0.6376-10"7
0.3097-10"7
0.2989-10"7
0.124010 7
0.7003-10"8
0.4458-10"8
0.194210 8

12
.
20
4.1
9.3
5.3
8.6
9.4
12

4.6
6.7
16
23
9.4
10
14
12
9.1
5.0

3.2
6.6
5.0
5.9
3.6
6.7
11
17
17
16
63
13
25
24
14
16
8.3
13
7.3
17
19
25
25

Table IV. 10 Cross sections for the 2+3 and 2+4 excitations in 108Pd and
108p d

"Opd
1.214 MeV

1.441 MeV
•.

En

[fm"1] [MeV] [deg.]

0.93
1.04
1.10
1.13
1.25
1.27
1.31
1.36
1.39
1.45
1.46
1.52
1.66
1.74
1.83
1.83
1.86
1.87
1.94
1.99
2.05
2.12
2.26
2.28
2.40
2.40
2.50
2.54

277.87
345.33
332.60
277.87
345.33
277.87
343.47
365.93
277.87
345.33
277.87
277.87
345.33
277.87
277.87
343.47
332.60
345.33
343.47
277.87
343.47
332.60
332.60
345.33
332.60
365.93
365.93
332.60

36.00
32.72
35.97
44.00
39.50
50.00
42.00
41.00
55.00
46.39
58.00
61.00
53.50
71.00
75.00
60.00
63.00
60.89
64.00
83.00
68.00
73.00
79.00
76.50
85.00
76.00
80.00
91.00

U0

110Pd

1.470 MeV

a

ACT

CT

ACT

CT

ACT

[fin2/msr]

|[%)

[fnAmsr]

1%)

[fm2/msr]

[%]

0.4685-10"5
0.135310"5

28
50
.
41
19
35
43
.
51
43

0.5574-10"5
0.2453-10 s
0.5568-10"6
0.8357-10"6
0.170410"6
0.2453-10 6

24
23
72
34
63
43

0.531610- 7
0.6194-10"7

56
26
.
43
38
98
55
96
41
72
73
79
39

0.8509-10-6
0.6195-10 7
0.3147-10"6
0.4274-10"6
..
O.18O91O"6
0.4707-10"7
0.2925-10"7
0.1342-10-7
0.796310 8
0.664010 8
0.136210- 7
O.1O81-1O-7
0.7755- 1O"8
0.2188-10-8
0.381310 8
.........
.........
0.4676-10"9
0.8533-10"9
0.7056-10-9
.........

.
23
57
48
96
45
27
44
65
63
93
64
.
64

56

0.521610"5 31
0.1373-10'5 51
0.2058-10"5 23
0.141110 5
26
0.5614-10"6 22
6
0.8147-10"
19
0.4699-10"6 43
0.152010"6
85
0.139510- 6
26
0.5184-10"7 32
0.5535-10"7 80
0.2842-10-7 69
0.3828-10"7 20
O.1217-1O'7 69
0.136910"7
36
0.2377-10'7
39
0.691910"8
89
0.1087-10"7 31
0.7189-10"8 61
O.25481O"8 100
0.196210"8 134
0.U2210' 8
0.5253-10-9

.
115
114

0.9983-10"9
0.2429-10"9

62
98

0.3905-10"7
0.161710- 7
0.366410"8
0.1682-10 7
0.6259-10'8
0.6628-10"8
0.4933-10*
0.3162-10"8
0.3800-10"8
0.115110 7
.........
0.2557-10 8
0.104610"8

m

32
61
_

Pd.

Table IV.l 1 Cross sections for the 4*j excitation in the
104pd
[fm"1] [MeV] [deg.]

0.57 90.17 62.00
0.66 129.43 52.00
0.72 90.17 81.00
0.75 129.43 60.00
0.93 277.87 36.00
0.93 129.43 76.91
0.95 343.47 30.00
1.03 129.43 87.00
1.04 345.33 32.72
1.10 332.60 35.97
1.13 277.87 44.00
1i . i /17
1.25 345.33 39.50
1.27 277.87 50.00
1.31 343.47 42.00
1.31 115.24 154.00
1.36 365.93 41.00
1.39 277.87 55.00
1.45 345.33 46.39
1.46 277.87 58.00
1.52 277.87 61.00
1.61 277.87 65.00
1.66 345.33 53.50
1.68 277.87 68.00
1.74 277.87 71.00
1.83 277.87 75.00
1.83 343.47 60.00
1.86 332.60 63.00
1.86 170.66 154.00
1.87 345.33 60.89
1.94 343.47 64.00
1.99 277.87 83.00
2.05 343.47 68.00
2.12 332.60 73.00
2.18 365.93 68.00
2.26 332.60 79.00
2.28 345.33 76.50
2.40 365.93 76.00
2.40 332.60 85.00
2.50 365.93 80.00
2.54 332.60 91.00

10dpd
a
[fm2/msr]

[fm2/msr]

ACT

[%]

0.1214-105

-

0.8917-10"5
0.2498-W 5
0.173310" 4
0.1125-W 5
0.6157-10- 5
0.2771W5

34
34
49
35
24
.
31

0.2745-10"6

.
56

108pd

0.460010"
0.1584-10- 4
0.703710" 5
0.2187-10' 5
O.1O35-1O"1
O.77O3-1O"6
0.2567-10" 5
0.7491-10"6

a
[fm2/msr]

66
.
24

30
23
33
42
40
31
.
55

0.1752-10"4
0.123210" 4
0.3591-10"5
0.2391-10^
0.930610" 6
0.7488-10- 5

13

0.1427-10"5
0.113910- 5
0.2068-10' 5

0.1470-10"5

110 Pd

Aa
[%]

_
_
_
23
16
24
23
39
13
.
30

CT

[fm2/msr]

0.5066-10"4
O.81641O"5
0.1755-10"4
0.1966-10"4
0.3088-10"5
0.3516-10"4
0.1692-10-5
0.8059-10"5
0.3475-10"5
0.21S8-W s

ACT

[%]

_
64
15

32
12
31
19

28
15
20
20
fA

0.1057- W 5
0.331910' 6
0.7202-W 6
0.5759-10' 6
0.5968106
0.387M0" 6
0.2418-10"6
0.6087-10"7
0.1032106
0.5942-10"7
0.6913-10 7
0.233810" 7
0.176310" 7
0.2266-10-7
0.8526-10' 8
0.2117107
0.146M0" 7
0.1057-10 7
0.3468-10 s
„„

8.3
51
12
15
6.0

10
12
19
22
31
.
13
35
.
65
26
64
14

27
31
43

0.1189-10"5
0.883210" 6
O.llOOlO"5
0.238610" 5
0.136M0"5
0.2110-lO"5
0.1269-10"5
0.1084105
0.674110" 6
0.735510" 6
0.4419-W6
0.2241-10-6
0.656910 7
0.115810" 6
0.657810- 7
0.577210- 7
0.234710' 7
O.I3O41O"7
0.376110" 7
0.355210' 7
0.562810" 7
0.311610- 7
0.2798-10"7
0.1443107
0.9269108
0.336810- 8

57

12
21
10
12

3.7
6.7
5.0
6.0
3.5
6.0
8.4
11

13
16
.
8.9
21
17
15
18
8.8
13
7.4
15
14
24

0.3146-10"5
0.173410" 5
0.2871I0" 5
0.1615-10"5
0.162410' 5
0.101410s
0.1130-10"5
0.587910" 6
0.2835106
0.906610- 7
0.1613-10- 6
0.7882-10' 7
0.7693107
0.4049107
0.222910" 7
0J48810-7
0.575510" 7
0.6949 10"7
0.3946- UT7
0.3904-10 7
0.263610" 7
0.1262-10"7
0.6163-10 8
0.1297108

12

13
13
_
9.6
11

3.3
5.8
4.5
4.8

3.3
5.4
7.8
9.7
9.9
14
.

7.8
15
14
12
14

7.3
11
5.9
11

13
17
49

0.153010" 5
0.1658-10"5
0.190610" 5
0.253810" 7
0.3539- W5
0.2279-10"5
0.3250-10 5
0.191910" 5
0.188110" 5
0.120010' 5
0.1302-10"5
0.6700-10' 6
0.3382-10' 6
0.9850-10 7
0.1437-10' 6
0.8023-10- 7
0.8463-10"9
0.7460-10"7
0.4587-W 7
0.281010" 7
0.8370-10"7
0.1106-10' 6
0.9287-10' 7
0.5307-10"7
0.4373-10"7
0.2287107
0.1750-10"7
0.229710" 8
0.22S410 8

14
12

21
14
9.8
5.2

3.4
9.0
5.3
7.0

3.8
6.6
9.5
12
16
19

81
11
19
21
13
14

9.0
13
8.8
16

16
62
32

Table IV. 12 Cross sections for the 4 *2 excitation in 108Pd and
108p d
leff [fin"1]

En
[MeV] [deg.]

0.48 129.43 37.00
0.49 90.17 53.00
0.57 90.17 62.00
0.66 129.43 52.00
0.72 90.17 81.00
0.75 129.43 60.00
0.93 129.43 76.91
0.93 277.87 36.00
0.95 343.47 30.00
1.03 129.43 87.00
1.04 345.33 32.72
1.10 332.60 35.97
1.13 277.87 44.00
1.13 343.47 36.00
1.17 365.93 35.00
1.25 345.33 39.50
1.27 277.87 50.00
1.31 343.47 42.00
1.31 115.24 154.00
1.36 365.93 41.00
1.39 277.87 55.00
1.45 345.33 46.39
1.46 277.87 58.00
1.52 277.87 61.00
1.61 277.87 65.00
1.66 345.33 53.50
1.68 277.87 68.00
1.74 277.87 71.00
1.83 277.87 75.00
1.83 343.47 60.00
1.86 332.60 63.00
1.86 170.66 1154.00
1.87 345.33 60.89
1.94 343.47 64.00
1.99 277.87 83.00
2.05 343.47 68.00
2.12 332.60 73.00
2.18 365.93 68.00
2.26 332.60 79.00
2.28 345.33 76.50
2.40 332.60 85.00
2.40 365.93 76.00
2.50 365.93 80.00
2.54 332.60 91.00

a

[fm2/msr]

110p d
ACT

[%]

0.223110"3
0.413510"4
0.153410"4
0.3577-10"4
_
0.929010 5
24 0.2989-10-4
12 0.121410^
59
0.693610"4
Xl
O.1O4310"3
8.8 0.786510 s
4.5 0.667010"4
.
0.408510^
5.8 0.3082-10"4
9.8 0.4I15-10 4
8.7 0.313810- 4
3.9 0.142510^
4.8 0.970310 5
8.1 0.7169-10"5
0.961510"7
8.5 0.489410 5
11 0.2081-10'5
4.9 0.122110"5
29 0.863610 6
15 0.2028-10 6
37 0.9622-10"7
9.8 0.197510"6
15 0.9576-W 7
19. 0.111010"6
13 0.1094-10"6
13 0.1813-10-6
14 0.1576-10-6
_
0.5364-10 8
7.4 0.1479-10"6
11 0.7458-10'7
11
0.3605-10"7
18 0.411810"7
44 0.132610 7
29 0.416910"8
... ...
68
.
0.116910 8
0.1042-10"8
0.2375-10'8
78 O.14911O"8
0.7281-10"9
-

0.125410"4
0.8379-10'5
0.5173-10-4
0.639110- 4
0.625410"5
0.4817-10"4
0.195710 4
0.271310"4
0.3273-10"4
0.1177-10"4
0.6343-10"5
0.6366-10"5
0.396810"5
0.1743-10"5
0.117910"5
O.36931O"6
0.181510"6
0.1356-10*
0.114710 6
0.103410"6
0.8677-10-7
O.78O3-1O'7
0.132310"6
0.1220-10-6
.........
0.106610 6
0.70S5-10"7
0.3692-10'7
0.2377-10"7
0.948910 8
0.6162-10'8
0.2240-W 8

0.9858-10 "9
.........

a

[fm2/msr]

58

Ao
[%}

23
41
34
61
7.7
15
8.9
4.8
7.6
7.5
3.4
3.3
3.8
6.2
7.7
6.1
4.2
6.1
3.7
6.4
4.2
3.4
8.9
12
22
5.6
13
13
9.8
11
9.7
12
5.8
11
14
14
35
38
.
50
56
42
44
45

110

Pd.

Table IV. 13 Cross sections for the 3'j excitation in the ^04-llOp^ isotopes.
104p d
d
•Jeff , E 0
[fnf '] [MeV] [deg.]

0.35 89.30 37.00
0.39 129.43 30.00
0.48 129.43 37.00
0.49 90.17 53.00
0.57 90.17 62.00
0.57 129.43 45.00
0.66 129.43 52.00
0.72 90.17 81.00
0.75 129.43 60.00
0.93 129.43 76.91
0.93 277.87 36.00
0.95 343.47 30.00
1.03 129.43 87.00
1.04 345.33 32.72
1.13 343.47 36.00
1.13 277.87 44.00
1.17 365.93 35.00
1.25 345.33 39.50
1.27 277.87 50.00
1.31 343.47 42.00
1.31 115.24 154.00
1.36 365.93 41.00
1.39 277.87 55.00
1.45 345.33 46.39
1.46 277.87 58.00
1.52 277.87 61.00
1.61 277.87 65.00
1.66 345.33 53.50
1.68 277.87 68.00
1.74 277.87 71.00
1.83 343.47 60.00
1.83 277.87 75.00
1.86 332.60 63.00
1.86 170.66 154.00
1.87 345.33 60.89
1.94 343.47 64.00
1.99 277.87 83.00
2.05 343.47 68.00
2.12 332.60 73.00
2.18 365.93 68.00
2.26 332.60 79.00
2.28 345.33 76.50
2.40 365.93 76.00
2.40 332.60 85.00
2.50 365.93 80.00
2.54 332.60 91.00

106p d

a
[fm2/msr]

AC
[%]

O.85681O 3
0.240210- 2
0.1719-10"2

25
57
21
7.6

0.6526-10"3
0.1357-10"2
0.112910" 2
0.7678-10"3
0.2457-10"3
0.1334-10"2
0.1797-10"2
0.1057-10-3
0.8423-10'3
0.3384-10"3
0.2317-10"3
0.2344-10"3
0.7761 10"4
0.3863-10"4
0.3172-KT4
0.2472-10"4
0.1154 iO"4
0.159610" 4
0.915810" 5
0.9710-10"5
0.6914-10-5
0.8916-10-5
0.5425-10"5
0.3353-UT5
0.2349- 10"5
0.1501-10"5
0.1796-10"5
0.150810- 5
0.6082-10-6
0.176610" 6
0.1935-10"6
0.1544-10"6
0.163610" 6
O.1O341O"6
0.1108W 6
0.7269-10"7
0.5235-10"7
0.3289-10"7

11
6.5
-

3.5
3.0
2.8
3.5
2.8
2.1
3.4
2.7
3.9
2.7
2.9
3.8
4.1
4.4
2.7
3.6
3.3
3.3
2.7
3.2
3.8
4.0
3.6
4.1
3.1
4.7
5.5
6.7
9.1
5.6
8.2
4.5
8.4
7.9
8.8

CT

ACT

[fm2/msr]

[%]

„.

0.1508-10"2
0.6555-10'3
0.5574-10"3
0.1252-10"2
0.998710" 3
0.3124-10"3
0.7850-10'3
0.2512-10'3
0.1159-10"2
0.156510" 2
0.9290-10"4
0.7455-10"3
0.2647-10"3
0.191810"3
0.1840-?0-3
0.562510^
O.27541O"4
0.211910^

_
5.4
4.5

a
[fm2/msr]
„„

„„

Ao
[%]

a
[fm2/msr]

Aa
l%]

_
-

0.5594-10"3
0.1143-10"2
0.1052-10-2
0.449710" 3
0.4041 -MT3

6.8
3.3
3.2
2.8
3.5
3.2
2.7
4.6
2.9
4.7
2.9
3.5
5.3
-

0.7299-10"3
0.2314-lO"3
O.5393-1O"3
0.1653-10'3
0.8276-lO"3
0.1112-10'2
0.687510" 4
0.4803-IO"3
0.1652-W 3
0.1514 lO"3
O.1O6310-3
0.309 MO"4
0.1717-10'4
0.9369- lO' 5
0.7998-10-7
0.8325-10"5
0.4462-10"5
0.7953-10'5
0.526810" 5
0.5779-10"5
0.4574-W 5
0.6108-10-5
0.3309-10'5
0.192910 5
0.1350-10"5
0.8124-10"6
0.946510" 6
0.2305-10"7
0.8055-10"6
0.2794-W 6
0.5778-10'7
0.5561-W 7
0.658M0- 7
0.807810" 7
0.6036W7
0.5945-W 7
0.3387-10"7
0.2795-10"7
0.1176-10"7
O.593210 8

34
64
6.5
5.3
3.1
.
8.3
2.4
3.8
3.2
2.7
3.6
3.3
2.8
3.9
3.0

3.1
11
6.6

2.6
3.3
3.0
2.7
3.5
2.9
2.9
3.4
2.7
3.7
2.7
2.9
4.0
0.1692-10^ 4.1
0.8582-10"5 4.4
0.1380-10"4 2.6
O.863110"5 3.3
0.8732-10"5 3.0
0.6613-10"5 3.0
0.8084-10'5 2.6
0.4728-10"5 3.1
0.2959I0' 5 3.4
0.193610- 5 3.8
0.124910' 5 3.5
O.1383-1O"5 4.0
0.116310 5 3.0
6
0.450610"
4.6
0.108210- 6 5.7
0.130910- 6 7.2
0.1204-10"6 9.3
0.152510 6 5.6
0.1093-10-6 7.3
0.105610- 6 6.3
0.573210" 7 7.9
0.5280-10'7 7.2
0.1960-10"7
11
_
59

no P d

108 P d

O.918010"3
0.6146-W 3
0.197910" 3
0.9629-10-3
0.131810" 2
0.7513-10-4
0.5613-10-3
0.214510- 3
0.1425-10"3
0.141M0" 3
0.3865-10^
0.180410^
0.1259-10"4
0.1032-10^
0.5472-10"5
0.1004-10"4
0.5876-10"5
0.6788-10"5
0.5294- W 5
0.669410" 5
0.3938-10'5
0.249310" 5
0.1482-10-5
0.993910" 6
0.1049-10-s
0.8906-10-6
0.299M0" 6
0.7169-10"7
O.7298-1O-7
0.7061-10"7
0.U16-10-*
0.7211-10'7
0.7524-10"7
0.4858-10"7
0.3523-10"7
0.1631-10"7
O.51281O"8

5.1

5.8
2.9
4.0
3.4
3.4
2.8
3.6
5.3
4.3
5.2
4.7
.
3.6
5.8
8.5
9.9
13
6.7
8.1
5.0
8.8

9.2
13
30

4.8

6.3
3.6
5.7
4.4
5.3
3.4
2.7
4.3
3.4
3.4
2.7
3.3
3.9
4.9
5.3
4.8
6.8
3.5
7.7
14
12

15
7.7
9.9
6.1
11
10
14
15

Appendix A: Wire chamber efficiencies
The detection efficiency of the fine channels originates from three sources : the
detection efficiency of the chambers, non-equal wire distances and alinearities in the
fine-channel response. The first is a real efficiency effect, but is expected to be small and
nearly constant over the focal plane. The overall value of this efficiency was determined by
comparingmeasured cross sections to well-known absolute measurements to be 99.2±0.1 %
per chamber. The second effect causes a redistribution of events between adjacent coarse
channels. The wire response function scatters due to the differences in wire distances with a
0.7 % standard deviation. Deviations from the ideal electrostatic field configuration near the
wires and propagation delay differences between wires due to the tolerances in wire
thickness and position finally results in an inaccuracy in the time-to-position conversion for
the different fine channels between two wires.
The second and third effect can only be determined in the following way [Cra-66].
The shape of the physical spectrum is unknown, even if a region is chosen where the cross
section is only slow varying fuction of the momentum transfer. Therefore a number of
spectra have been taken with different momentum settings of the spectrometer. The
spectrometer settings are choosen such that the total region of the scattered electron spectrum
is twice as large as the momentum acceptance of the spectrometer, which enables the
unfolding of the physical spectrum. This spectrum is described by a polynomial series of
order L. The shape of the spectrum has to be flat enough that the difference in cross-section
over the distance of a channel can be neglected. In practice, the quasi-elastic region of 12C is
used, which satisfies this condition.
The content of a channel k expressed in this polynomial is given by

Ck(ps) = e k Apk T(pk) = e k APfc 2 An p k n
n=0

with
pk
ps
T(pk) Apk
^

:
:
:
:

mean momentum of channel k,
momentum setting of the spectrometer,
number of electrons with momentum in the interval pk±l/2Apk,
efficiency of channel k.
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(A.

The momentum corresponding to a fine channel is expressed in a fourtn-order polynomial, of
which the coefficients were obtained as described in section m . 8 :
4

p k = p s Z Bqk<l.

(A.2)

q=0

Combination of A.1 and A.2 yields for the channel contents :

L
n+1
nPs

S n (k)

(A.3)

a=0

where fy is averaged over the values expressed on the borders of the channels by :

4

4

q=0

q=0

1/2 Bq[(k+1/2)1 + (k-l/2)1] } n .

(A.4)

Now the total number of counts in a spectrum T ( p ) can be expressed as follows :

N

N

L

L

T c (p s ) = Z C k ( P s ) = Z e k Z A n P i »+i Sn(k) = I R D P s » + 1
k.l

k=l

n-0

(A.5)

n.O

and the efficiency of a channel as
ev =

Z C k (p s ) /

S Z A n p,"+» SB(k).

s=l

s=l n=0

(A.6)

The efficiencies can now be determined in an iterative process : for a certain choice of the
efficiencies, the coefficients of the physical spectrum are determined in a least squares fit.
Therefore, the number of spectra taken at different spectrometer field settings must be at least
one higher than the degree L of the polynomial used for the physical spectrum (usually 3 or
4). Once the form of the physical spectrum has been determined, new efficiencies can be
calculated straightforwardly with formula (A.6). This iterative procedure is repeated until the
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1.4

desired convergence is obtained, for the wire as well for the fine-channel efficiencies.
The fine-channel efficiencies are plotted in figure A. 1, grouped together as a function
of the fine-channel number between two wires. Within most groups of corresponding fine
channels the scatter is ±3 %. Some groups, however, show a strong correlation between the
individual response and the wire number, due to limitations of the time interpolation method.
The stability of the response function is observed to be 3±2 %. The overall fine-channel
width response has a spread of ±10%. The results of the procedure are stored in efficiency
files.
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Figure A.I Fine channel response for the XI chamber of the QDD spectrometer. The
channel numbers k are grouped according to n=(k modulo 16). Within each group n every
fifth channel is plotted against increasing channel number k as indicated by the small scale.
This procedure is performed whenever repairs have been carried out on the detection
system or every six months whatever came first. The correction on the actual data is
performed according to the following procedure. After each channel content has been divided
by its efficiency, the channel content is transformed to the ideal position for that channel by a
quadratic interpolation. If discontinuities would arise from the quadratic interpolation, a
linear form is used for that region of the spectrum.

Appendix B : Dead times
J

\

Because the angle of the incoming electrons with respect to the wire chambers
gradually decreases over the focal plane, the percentage of quadruple hits gradually
increases. After each trigger from a scintillator and the Cerenkov counter, a delay of 100 ns
allows the ionization track to drift to the wires in the MWDC's. The encoding of the hit
flipflops takes 180 ns. If at the end of a read-out cycle not all flipflops are read out (which is
e.g. the case for a quadruple hit), another cycle is executed. Event processing is performed
per sector of 64 wires in a priority encoding system which favors the lowest channel
numbers. Those two effects cause the dead time losses to depend on the sector involved and
on the spectrum form.
Two kinds of dead-time losses can be discerned: first, if a real hit can not be latched
during the read-out cycle and secondly if an event is mutilated. The latter is the case when
two or more events occur within the time window allowing the tracks to drift to the wires or
if the trigger delay was too small to enable a hit on a wire in one of the chambers. The event
information includes the drift time differences between adjacent wires. This information is
used to reject the first class of mutilated events.
The parameters relevant for the dead time losses are:
X:

X
a
X,Ci

h
N,bu
*bu

effective dead time in sector i (i = 1,5),
average time delay between a trigger and firing of a wire (100 ns),
average drift time of a track to the wires,
the delay between the first wire hit and the end of the read/reset procedure,
the count rate in sector i,
the total number of triggers,
the total number of beam bursts,
the effective burst length extracted from the clock spectrum.

Several modes of the read-out procedure are possible. If the reset and enabling of the
hit-flipflops is done separately for each sector, the dead-time correction is given by :
5

C, = exp ( I \i}xb)(1 + H;Tci) / (1 + H;(x a -x b )).

(B.I)

In another operation mode all sectors are coupled together. In this case the priority of
the lower sectors with respect to the higher ones causes the read-reset procedure to lengthen.
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The correction is then given by :
(B.2)

Ci=

The instantaneous count rate is given by N tt /(N bu x bu ). The parameters are determined
experimentally by varying the event rate in a range of 0.1 to 1 hit per |i.s. This is done both
for a flat spectrum and for a spectrum dominated by a strong peak. The latter measurement is
repeated for different spectrometer settings tuch that the peak is positioned in each of the
sectors.
In a later stage an extra option was added to the read-out electronics : After a trigger
has occurred in a scintillator, a dead time of 500 ns is imposed on the whole system. In
contrast to the other options this one enables an exact analytic determination of the dead time
losses. In this so-called 500 ns option the correction is given by :
C = (l-TdtNtr/xbuNbu)-l.

(B.3)

In this formula xdt is the dead time imposed, i.e. 50G ns.
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V GROUND STATE CHARGE DISTRIBUTIONS

In the present work the even-even palladium isotopes are studied. Since their ground
states have spin and parity J1t=0+, transverse formfactors do not contribute to the elastic
scattering process. The (longitudinal) form factors for the ground states are obtained directly
from the elastic cross sections through division by the Mott cross section (see formula 11.26).
The form factor curves for each isotope are given in figure V.3. These form factor data,
spanning six orders of magnitude, clearly illustrate the accuracy which has been achieved
over a large q-range (0.5-2.5 fm'1). This enabled the extraction of the ground state charge
distribution in r-space almost without any model bias : the so-called model- independent
analysis.

V.I Model-independent analysis
The ground state charge distribution can be parametrized in a series of Bessel
functions as:
v

max

p(r)= S a v j 0 (q v r)

(V.I)

v=l

for r < R, the cut-off radius outside of which the charge distribution is assumed to be
identically 0. In this formula j 0 denotes the zeroeth order Bessel function, and q v the zeroes
of j 0 such that:
j 0 (qvR) = 0

and

qv = v n IR.

In PWBA the longitudinal form factor, F(q), is the Fourier transform of the charge
distribution. Hence the latter is determined completely if the cross section is known at
discrete values qv= V7t/R for all v. The coefficients are then given by:
a v = q 2 v / 2 r e R F(qv).

(V.2)

In practice the calculations have to be performed in DWB A which causes a correlation
between the coefficients.

Since the form factor can only be measured up to a finite value of the momentum
transfer, q max , the number of coefficients that can be determined by the experiment, is
limited to N = q max R / %. A certain model dependence enters through the assumption on
the asymptotic behaviour of the form factor beyond q max ; the form factor in the asymptotic
region never exceeds F(q)limjt [Dre-74]:

where FP(q) is the proton form factor and q0 is the momentum transfer of the last form
factor maximum observed. The form factor at a specific q-point may assume any value
between zero and the limit value. To simulate this the form factor is assumed to be zero with
a variance A2Fj(q) = l/3*(F(q)|imjt)2. The uncertainty in the form factor behaviour beyond
q max introduces wiggles in the charge distribution with a wavelength Ar = 2n/q max . Hence,
the values of the coefficients a^ with v > N, contribute to the model dependent error in the
charge distribution. Because the higher-order Fourier-Bessel coefficients (due to the high-q
form factor behaviour imposed) diminish fast with increasing index, the series can be cut off
at a finite number. In practice a value of N=12 was found to be sufficient for the Pd isotopes.
Of course the cut-off radius has to be chosen large enough to ensure that only a
negligible part of the total charge is outside that radius. On the other hand a too large a value
of the cut-off radius introduces so much freedom in the values of the Fourier-Bessel
coefficients that unphysical wiggles appear on the tail of the nuclear charge distribution. A
criterion for the investigation of this effect is the influence of the cut-off radius on the
moments of the ground state charge distribution,
M(k) = ( 47C 0J P(r) r k+2 dr ) l / k .

(V.4)

For the rms radius (k=2) a factor r4 appears in the integral. Hence, small deviations at large
radii have considerable influence on the value of the rms radius and its uncertainty.
Examination of the rms radius as a function of R thus yields an important criterion for the
physically important choice of the cut-off radius.

V.2 Data analysis
The analysis has been performed with the phase-shift fitting program, MEFIT
[Dre-74]. Form factor data were available at about 40 q-values, homogeneously distributed
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over a q-range from 0.35 to 2.54 fin"1. In figure V.I the normalized x 2 of the fit and the
corresponding rms radius are plotted as a function of the cut-off radius for' 10Pd.
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Figure V. 1 Normalized chi-square and mean square radius of the fit for different choices of
the cut-off radius for 110Pd.
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Figure V.2 Model-dependent and statistical errors in the charge distribution for
Vmax=12 and a cut-off radius R=llfm.
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A good x2 value is obtained if the cut-off radius is chosen larger then 8.5 fm. The
trend in the rms radius as a function of the cut-off radius favors a choice for the latter
between 8.5 and 12.5 fm. Similar results have been obtained for the other isotopes. The

S7

cut-off radius for all isotopes is chosen to have the same value, 11 fm, in the middle of the
region. This value is still small enough to inhibit unphysical wiggles in the charge
distribution p(r) at large radii; furthermore the incompleteness error is well balanced to the
statistical error. In figure V.2 the contribution of both error sources are plotted for N=12 and
R=ll fm. In the resulting charge distribution the model dependent error is added
quadratically to the statistical error.
Normalization

The analysis described above is performed for a particular subset of the data ( see
chapter FV.3 ) which covers practically the total momentum transfer range of all available
data. This subset was selected on the basis of the precise determination of the incident energy
and the high statistical accuracy obtained. The procedure enabled also the examination of
deviations in normalizations and efficiencies. This was necessary because data taking has
been performed in several periods over more than two years. The Fourier-Bessel coefficients
resulting from the fit were used to determine separately the normalizing factors for the
extended data sets. This procedure resulted in normalization factors which were consistent
within their statistical uncertainty with the normalization factors obtained from carbon
measurements. Therefore, in the final fit, the values of the cross sections are corrected with
the aid of the carbon values and the error at each point is obtained by adding quadratically the
overall error in the carbon cross section normalization, 2%, to the statistical error (see chapter
IV).
V.3 Results
The results of the Fourier-Bessel fits to the elastic form factor data are plotted for each
isotope in figure V.3. The charge distributions obtained with the model-independent analysis
are shown in figure V.4. In both figures, also results from previous electron scattering
experiments are plotted. In table V.I are listed the Fourier-Bessel coefficients describing the
charge distributions, the X2 of the fit and the resulting mean-square radii. The rms radii are
plotted in figure V.5 in comparison with results given in the literature.
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Figure V.3 The elastic form factor ofm-noPd
with the Fourier-Besselfit. For 108Pdand
110
Pd the form factor behaviour obtained with the ground state charge distributions as
presented by Arthur [Art-78] and Lightbody [Lig-76] are also shown (dashed curves).
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Figure V.4 The extracted charge distributions for l°4-110Pd. In the case ofmPd and I10Pd
the ground state charge distributions as presented by Arthur [Art-78] and lightbody [Lig-76]
are also shown (dashed curves).
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Table V.I The resulting Fourier Bessel coefficients for N=I2 and R=ll fm for the
palladium isotopes and the $ values of the fit. The corresponding rms radii are also given.
104pd

106pd

108pd

110pd

4.120610" 2

4.1053-10' 2

4.075110' 2

4.0664-10"2

«2

6.2840-lO-

2

6.175210-2

5.945510-2

5.8787-10-2

a3

-2.1200-10' 3

3

3

-6.1369-10"3

2

-3.598010-2

3

-1.744610" 3

a

l

-2.9889-10"

-5.407310"

4

-3.8355-10"

2

-3.735310-2

«5

-4.4689-10"3

-3.5345-10"

3

1.665510-2

1.608410-

2

1.541710-2

1.4997-10-2

«7

3.687O-1O"3

2.8500-10"3

2.5925-10"3

1.999210 3

«8

-5.7528-10-3

-5.5760-10"3

-5.2777-10"3

-5.316510' 3

3

-1.543210"

3

-1.9756-10"

3

-1.428810" 3

2.228010"

3

3

1.6932-10"3

4

3.1571-10"4

4

-4.2191-10"4

a

«6

«9
a
a

10
ll

-3.2496-10"
6.9837-10"

4

3

1.3159 10"

4

5

1.6303-10"

3

-3.6302-10-2.198510"

1.0339-10"

2.2889-10"

°12

5.9876-10"

x2

1.3

1.2

1.0

1.3

4.437(10)

4.467(11)

4.524(10)

4.541(10)

rms [fm]

1.6507-10"

-3.346110"

Electron scattering experiments were performed earlier on 108 Pd [Art-78] and
Pd [Lig-76]. The form factor results are in good agreement with ours, but cover only a
momentum transfer range up to 1.1 fm"1. Therefore the charge distribution could not be
determined model-independently and has consequently been expressed in a two-parameter
Fermi distribution, which provided a good description of the limited data set. The present
form factor results, however, show clearly that such a distribution does not give a proper
description at higher momentum transfer. This is caused mainly by the constant value for the
Fermi distribution of the charge density in the inner part of the nucleus as can be seen in
figure V.4. This ansatz causes a systematic overestimate of the mean square radius whereas
its errors are then too small (see fig. V.5). A better description of the charge distribution can
be reached through the introduction of a third parameter, causing a winebottle shape of the
inner part of the nucleus, provided that the form factor is measured up to high enough
momentum transfer to enable the determination of the inner structure of the nucleus. Of
course, a model-independent analysis, as performed in this work, is always preferable to a
model assumption. We therefore conclude that the present values of the rms radii are to be
110
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preferred to the earlier results.
The muonic X-ray experiment [Bac-65] has been performed with a palladium target of
natural isotopic abundance. In figure V.5 the rms radius is plotted at the average mass
number for natural abundance. Clearly, the result of that experiment is not in disagreement
with the present results.
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Figure V.5 Rms radii for l04-110Pdfrom the present work in comparison with electron
scattering and muonic X-rays results obtained elsewhere. Optical isotope shift measurements
yield the solid line. The dashed line represents the results of the calculations by Wesolovski
[Wes-85].
In optical isotope shift experiments with the palladium isotopes [Hei-77], the
difference A<r 2 > between adjacent isotopes is determined from the fine structure level
scheme up to a screening factor. This factor takes into account the change in screening of
inner closed-shell electrons from the nuclear charge by the valence electron as it changes
from an ns to np orbital. We have assumed a screening factor of 1.1, the mean value in this
mass region. This resulted in values for the different isotopes as plotted in figure V.5
through the solid line, in perfect agreement with the present data.
In the vibrator-like U(5) limit of IBA-1 the rms-radius increases linearly with the
number of bosons involved [Ari-76]. Clearly, such a relation is confirmed by the
experiment. The IBA-2 calculations of ref. [Isa-80], in which the palladium isotopes are
assumed to lie somewhere between U(5) and O(6), also predict equal differences between
consecutive isotopes, in agreement with the present experiment.
In a recent article by Wesolovski [Wes-85] the behaviour of the rms radius was
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studied systematically over the whole periodic table. A global function in which the charge
distribution was assumed to have a Fermi shape was derived and shell-closure effects were
assumed to be contained in the skin thickness parameter. With this function a fit to all
experimental data yielded an rms deviation of only 0.025 fm. In the Pd isotopes, however,
this function undershoots the earlier Pd data by as much as 0.06 fm. The present values, on
the other hand, are significantly lower than Wesolevski's fit (see dashed curve in figure
V.5).
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VI COLLECTIVE EXCITATIONS

A number of collective excited states in each of the palladium isotopes has been
examined, with emphasis on those with angular momentum L=2 and 4 (see table IV.S).
Analogous to elastic scattering, the dynamic properties in terms of transition charge densities
are derived model-independently [Hei-81] from the cross sections, as will be discussed in
section VI. 1.
Through these transition densities an extensive investigation of two collective nuclear
models became possible. In the Anharmonic Vibrator Model (AVM) the transition charge
densities are described as derivatives of the ground state charge distribution, while the
strength of a transition has to be determined experimentally, expressed in the deformation
parameter ($. On the other hand, in the Interacting Boson Model (IBA) the transition
strengths are predicted but the spatial distribution of the transition is unknown. However, all
transitions with the same angular momentum are described in IBA by one set of boson
structure functions. Moreover, those structure functions should not depend on the neutron
number in a series of isotopes.
The experimental results are discussed in the framework of the Anharmonic Vibrator
Model in section VI.2. Deformation parameters are extracted from the experimental results
and the admixture of one- and two-phonon states resaponsible for the excitations is
investigated. In the next section the Interacting Boson Approximation is used in the analysis.
A common set of boson structure functions is determined for the series of isotopes. These
structure functions are used to predict the form factor behaviour of the 2 + 3 states in 108Pd
and of the 2 + 3 and 2 + 4 states in 110Pd. The difference in the observed structure of the L=4
transitions is discussed. The relative merits of the two approaches and the equivalence in
their description of the Pd isotopes are discussed in section VIA
VI.1 Model-independent analysis
In its main characteristics the analysis of the inelastic data is analogous to that used for
the elastic ones. The most important difference is that now Bessel functions of order k
instead of zero must be used for a transition of multipolarity X:
px(r) =

ZOvq^JxCq^M
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(VI.1)

for r < R, while the transition charge density is assumed to be zero outside the cut-off radius
R and the points qv*"1 have been chosen such that j^.,( q v x ' 1 R) = 0. The use of X-l, instead
of X, is a consequence of the continuity equation and the requirement that the charge as well
as the current density should be identically zero at the cut-off radius. As already noted in
chapter II the contribution of the transverse form factor can be neglected for collective
excitations.
Again it is necessary to assume a limiting behaviour for the cross section beyond the
highest measured q-value. A systematic study of the form factor as a function of q has
shown that the maxima drop off exponentially. Therefore, a limiting function of the form
Ae"b9 has been chosen where A and b are determined such that this curve matches on to the
measured form factor maxima. Calculations have been performed with the computer code
FOUBES [Hei-81].

As in the analysis of the elastic data (see chapter V), the sensitivity on the cut-off
radius was examined. For the inelastic data the cut-off radius values greater than 10 fm the
value of X2 was found to be independent of R. Analogous to the constraint on the rms radius
used in the analysis of the elastic scattering form factors, for the inelastic data the B(E2)
value (the form factor at the photon point) was used as a criterion. Because this quantity is an
integral over the transition charge density in r-space, its value and uncertainty are a function
of the cut-off radius. Examination of this function for all states studied in each of the isotopes
has resulted in an adopted value for the cut-off radius of 11 fm for all transitions presented
here; i.e. the same value as used previously for the elastic data.
To avoid unphysical wiggles in the densities at large radii, caused by uncertainties in
the higher-order FB coefficients, a tail bias can be imposed on the density. The density of the
outer part of the nucleus is dominated by the influence of the least-bound nucleons whose
radial wave function is given by a Whittaker function [Sic-82]. Therefore a reasonable choice
for the shape into which one wants to force the density, is p(r)=r^'1-e"ar. The radius from
whereon this decrease is enforced and the weight of the constraint in the fit, have to be
determined empirically for each case separately [Hei-81].
The errors in the extracted densities reflect both the statistical and the model-dependent
error introduced by the two constraints, the extrapolated high-q behaviour and the applied tail
bias. In those cases where B(Ek)-values are known from other experiments [Bla-84, Gel-83,
Hae-82, Har-80], they have been used as an additional constraint in the fitting routine.
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Results
Transition charge densities have been derived model independently for the 2 + t , 2 + 2 ,
4 + j , 4 + 2 and 3\ excitations. They are plotted for the different isotopes together with the
form factor data and the Fourier-Bessel fits in figures VI. 1 to VI.4.
The one-phonon 2+j state is strongly excited in each of the isotopes and its density
peaks at the nuclear surface. Of the members of the (0 + ,2 + ,4 + ) two-phonon triplet only the
2 + 2 and the 4+1 excitations could be observed. In I 1 0 Pd the 0 + member is separated by only
25 keV from the 4 + state, but in all other isotopes the 0 + is even closer to either the 4 + or the
2 + state. However, in none of the ' 10 Pd spectra measured could the excitation to the 0 + state
be observed above the statistical fluctuations in the radiative tail of the elastic peak. We
therefore concluded that in none of the isotopes contributions of this excitation had to be
accounted for in the measured form factor of the 2 + 2 or 4 + j states.
From the figures it is apparent that the strength of the 2 + 2 excitation is about 10% of
that of the 2 + t excitation, while the form factor maxima occur at slightly higher momentum
transfer values. The resemblance of the q-dependence of both states, however, is quite
striking. This is also illustrated in r-space: the transition charge density of the 2 + 2 state peaks
at a somewhat smaller radius and its amplitude is only =25% of that of the 2 + t , but otherwise
the density shapes for the two 2 + excitations are comparable.
The form factor behaviour of the 4 + j states differs strongly from the previously
mentioned excitations. While for the 2 + excitations the first and the second form factor
maximum differ by an order of magnitude in height, this is only a factor of two for the 4 + j
states. The extracted transition charge density has a shape characterized by the derivative of
the one-phonon 2+l state.
In each of the isotopes the 3' t state is strongly excited. The one-phonon character is
illustrated by the surface-peaked transition charge density.
The excitation energy of the hexadecapole one-phonon 4 + state is within 100 keV
from that of the 3' state (see tables IV. 1 to IV.4) while its excitation strength is only a few
percent of that of the 3' excitation. Because each target contains several percent contamination
of neighbouring isotopes, the peak height of the 4 + 2 states is comparable to those of the 3"
states of the other isotopes. This made the extraction of the form factor for the 4 + 2 states
quite difficult In practice it was possible to determine those form factors only for 108 Pd and
1I0

Pd. The results are shown in figure VI.5.
In the excitation energy range from 2 to 3 MeV several 4 + excitations with a

comparable strength were observed in each isotope. Examples of those excitations are shown
in figure VI.5. All those 4 + excitations show a form factor behaviour similar to that of the

hexadecapole one-phonon excitation. The q-dependence of the form factor curves of these
states are quite different from those of the 4 + , excitations. Not only do the form factor
maxima occur at about 10% higher momentum transfer values, but also the ratio of the
consecutive maxima differs strongly for the two classes of transitions. Similarly, the
transition charge density distributions show a different behaviour. The 4 + , has a
second-derivative like shape typical for a two-phonon transition, while all other 4 +
transitions have a surface-peaked density, typical for a one-phonon transition.
The B(EA.)-values resulting from the analysis are listed in table VI. 1. The transition
strength for the 2+l state increases from 104Pd toward* 110 Pd, while that for the 2 + 2 state
decreases. The B(E4; 0j-»4]) increases strongly in the series of isotopes. The B(E4) for the
4 + 2 state could only be determined for 108 Pd and U 0 Pd. The strength of the 3"j is nearly
constant over the series of isotopes.

Table VI. 1 B(EX) values for the low lying collective excitations in

104 U0

- Pd.

104pd

106pd

108pd

110pd

B(E2;0,->2j)

5.4-103(0.3)

5.9-103(0.2)

8.H0 3 (0.3)

8.710 3 (0.3)

B(E2;01-*22)

2

2.210 (0.3)

2

1.910 (0.2)

2

1.610 (0.2)

1.2-10 (0.3)

e2fm4

B(E4;0j->4i)

1.810 s (2.8)

4.410 s (1.0)

7.<M05(1.3)

9.110 s (1.4)

e2fm8

4.M0 5 (1.0)

5.6-10s (1.3)

e2fm8

4

e2fm6

—

—
s

1.4-10 (0.2)

s

1.210 (0.1)

78

5

1.3-10 (0.2)

2

9.510 (0.5)

e2fm4
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Figure VI. 1 Form factor curves for 104Pd with FBfits (solid curves), AVMfits (dotted
curves, section VI.2) and IBA calculations (dashed curves, section VI.3). The right hand
side gives the deduced transition charge densities.
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charge densities.
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VI.2 Anharmonic vibrator model
Various properties of the palladium isotopes, only a few nucleons away from the
Z,N=50 shell closure, have been described successfully in the vibrator model (see chapter
II). Not only level schemes, but also branching ratios and quadrupole moments can be
described. In addition the vibrator model provides a description of dynamical properties,
such as were observed in the present experiment The model predictions for the transition
densities are given in formulae II.7 and II.8. Indeed the one-phonon states are strongly
excited in each of the isotopes and exhibit the surface-peaked behaviour, described in the
framework of the model as the derivative of a ground-state charge distribution. The
two-phonon 4 + j state has a transition charge density which resembles, also in agreement
with the model, a second derivative with a node somewhere at the nuclear surface. However,
the 2 + 2 state does not show the predicted two-phonon character, but instead exhibits a
surface-peaked transition charge density, although it peaks slightly more inside the nucleus
than that of the 2 + j state. In section VI.2.1, the analysis for the 2 + j and 2 + 2 excitations in
the framework of the anharmonic vibrator model by admixing one- and two-phonon states in
the transitions is described. The two-phonon 4 + j and other observed collective excitations,
all of which exhibit an one-phonon character, are discussed in section VI.2.2.
VI.2.1 L=2 transitions
Lightbody [Lig-76] has shown that the lowest quadrupole excitations in vibrational
nuclei can be described as a orthonormalized linear combination of pure one- and
two-phonon quadrupole excitations (see chapter II. 1):

12+!> = V(l-a2) 11> + a cos<p 12>,

(VI.2)

| 2 + 2 > = a | 1> - V(l-a 2 ) costp | 2>.

(VI.3)

A similar analysis has been performed with the present data. Since our data set
enabled a model-independent determination of the transition charge densities, the analysis
could be performed in r-space. The sign of a transition charge density can not be determined
in electron scattering and therefore the analysis is performed for both choices of the relative
sign for the two densities. Positive transition charge densities to the 2+1 and 2 + 2 stales, as
presented in figure VI. 1 to VI.4, resulted in positive values for both the deformation
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parameter p 2 ( s e e formula 11.7 and II.8) and the anharmonicity parameter a and a clear
preference for cos<p = -1. The destructive contribution of the two-phonon state to the 2 + j
state causes its transition charge density to peak at a larger radius than would be the case for a
pure one-phonon state. Because the one-phonon state is strongly excited with respect to the
two-phonon state, a small admixture of the one-phonon state already dominates the transition
to the 2+2 state. Here the one- and two-phonon states have the same sign, resulting in a more
inwards peaking transition charge density.
We have performed a fit on the transition densities for those two states. For each of
the isotopes three different assumptions were tested, allowing increasing freedom in the
description of the one- and two-phonon states. The results are listed in table VI.2.
-A-

The transition charge densities for the one- and two-phonon states are described as

first and second derivatives of the ground state charge distribution obtained from the elastic
form factors. The only free parameters are thus the values for the anharmonicity a and the
deformation (J2- This assumption did not yield an acceptable description of the data.
-B-

The transition densities for the one- and two-phonon states are related to the ground

state as in case A but a scaling parameter in the radial dependence is introduced. A radial
scale reduction of 3 to 5% for the different isotopes with respect to the ground state charge
distribution resulted in a much better %2 in the fit.
-C-

The one- and the two-phonon states are allowed to have a separate radial scaling

factor. This assumption resulted in about 4% and 8% smaller radii for the two states,
respectively. Although the x 2 values for 108-110pd a r c

not

y e t optimal, the radial scaling

does result in a remarkable improvement
Table VI.2 Normalized ^-values and the radial scaling factors for the one- and two-phonon
states. The different cases A, B and C are explained in the text.
-A-

X2

104pd

5

-B-

X2

scaling(%)
|2>
U>

2.0

3.1(3)

4

1.4

14

6.0
4.0

106 Pd
108pd
110pd

11

-C-

X2

scaling(%)

U>

|2>

3.1(3)

1.0

3.0(3)

7.5(8)

3.6(4)

3.6(4)

0.5

3.7(4)

7.0(9)

5.2(3)

5.2(3)

2.8

4.3(3)

9.8(4)

4.0(3)

4.0(3)

2.6

4.3(3)

8.8(5)

SS

In all cases so far, the shape of the one- and two-phonon states was deduced from the
experimentally determined ground state charge distribution (see chapter V). An additional fit
was performed on the transition charge densities in which this relation was relaxed. Only the
two-phonon density was forced to be the derivative of the one-phonon density, without or
with a radial scaling factor between the two densities. The ground state charge distribution
calculated from the transition to the one-phonon state had the same shape as the
experimentally derived charge distribution for radii larger than 3 fm, whereas its amplitude
was significantly larger at smaller radii. This is caused by the extra structure in the interior of
the transition charge densities. Because the x 2 values were not significantly better than those
obtained in case B and C, no further attention is given to this approach. If anything, it seems
reasonable to attribute the observed deviations to contributions of higher order terms in the
quadrupole transition operator. Introduction of such terms in the analysis, however, would
seriously increase the complexity of the model but hardly affect the value of the deformation
parameter ($2.
The anharmonic quadrupole vibrator model parameters derived under assumption C
are listed in table VI.3, together with values available from literature. The corresponding
form factors are indicated in figures VI. 1 to VI.4 by a dashed line, in excellent agreement
with the experimental data. As expected the deformation parameter P 2 increases with the
number of neutrons in the valence shell. The value of the order of 0.3 for the mixing
parameter a indicates that the 2 + j excitation has an almost pure one-phonon character. Since
the amplitude of two-phonon states is much smaller than that of one-phonon states, already a
small one-phonon admixture has a large effect on the amplitude of the transition charge
density of the 2 + 2 . Therefore, the trend observed for a to decrease is reflected in the
observed decreasing ratio of the B(E2) values to the 2 + 2 and the 2 + j states(see table VI. 1).
The present values for ($2 are in agreement with earlier results [Rob-69,

Koi-75\,

while the values for a are significantly larger [Hos-73, Lig-76, Art-78]. In previous electron
scattering experiments the 2 + 2 level could not be observed separately due to the limited
energy resolution such that contributions from the 0 + t and 4 + , states had to be estimated.
This had no influence on the determination of (32. since the deformation is almost exclusively
determined by the transition to the 2 + , . The values for the mixing parameter, however,
depend strongly on the shape and the strength for the 2 + 2 , which may explain the
discrepancy between the present results and those from other experiments.
The quadrupole moment of the first excited state was calculated (see table VI.3) from
the values for a and p 2 with formula II. 11. As noted before, a and (32 were found to be
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positive and coscp to be -1 for the relative signs chosen for the transition densities to the 2 + ,
and 2 + 2 state. Some simple algebra shows that choosing different sign combinations for the
two transition charge densities affects the sign of the mixing parameter a and the relative
phase cos<p in such a way that the sign of the quadrupole moment does not change. Hence,
the sign of the quadrupole moment is determined within the model unambiguously to be
negative, which corresponds to an oblate shape for the paltadium isotopes.

Table VI.3 Anharmonic quadrupole vibrator model parameters and quadrupole moments.
The results are obtained under assumption C (see text) with signs for the transition charge
densities as presented in figures VI. 1 to VIA.
Q(2+i) [eb;

a

h

5.56(1)

0.318(5)

0.218(3)

-0.53(1)
-0.25(12) b

5.56(1)

0.288(7)
0.23

0.225(4)
0.23
0.242(7)a
O.23O(lO)e

-0.52(1)
-0.51(7) c

108pd

5.60(1)

0.273(4)
0.238(7) d

0.256(3)
0.245(4) d
0.250(10) e
0.245(8) a

-0.58(1)
-0.58(4) d
-0.58(13) f
-0.51(6)8
-0.66(18) h

nop d

5.62(1)

0.264(4)
0.201(4)'

0.272(3)
0.277(12)'
0.267(9) a
0.265(10) e

-0.62(1)
-0.47(3)'
-0.48(5)j
-0.72(12) f

'eq

[fmJ

[Rob-690]^ [Chr-70);c [Hos-73];d [Art-78];c [Koi-75];f [Har-71\; 8 [Lut-72]; h [Has-76];
[Lig-76];i[Bey-70];

VI.2.2 Other transitions in the vibrator model

The transition density of the 4 + , state does exhibit, as expected for a quadrupole
two-phonon transition, a second-derivative like structure (see fig. VI. 1-4). For these states
the deformation parameter p*4 and the radial scaling parameter have been extracted in a similar

S7

way as described in the proceeding paragraph. The two-phonon transition density has a
shape in which the first maximum is smaller than the second, in contradiction to the
experimental transition charge density, for which both lobes have almost the same amplitude
(see figs. VI. 1-4). Only in

104

Pd is the second maximum slightly higher than the first.

+

Therefore, for the 4 j excitations no such an agreement with the experiment could be
obtained as for the L=2 excitations. This is also seen in the calculated form factor curves in
figures VI. 1 to V I A While the fit is still reasonable in I 0 4 Pd, the deviations from the form
factor data are larger for the other isotopes. There the fitted curves peak at too high a
momentum transfer and also the heights of the form factor maxima deviate from the
experimental data. A transition to a two-phonon state is more sensitive to deviations from the
harmonic vibrator model than those to a one-phonon state. Probably

108

Pd and 110 Pd can not

be considered pure vibrators. This is in accordance with the IB A calculations, which place
the Pd isotopes in the transition class between a vibrator and a 7-unstable rotor (see chapter
II.3). The resulting equivalent radii R eq , following from the radial scaling parameter, and the
deformation parameters P 4 are listed in table VI.4. While the introduction of anharmonicity in
the case of the two-phonon 2 + 2 state resulted in a marked improvement of the description, a
similar analysis for the 4 + excitations is not appropriate because no hexadecapole transition to
a quadrupole one-phonon state can occur.
Table VI.4 Anharmonic vibrator model parameters for the lowest L=4 and L=3 excitations.

V

3f

V

x 2 Reqffrn] h

A

X2 Reqffm]

104

0.9

5.44(1)

0.261(7)

0.6

5.45(1)

0.194(7)

106

1.7

5.67(1)

0.275(10)

0.8

5.52(1)

108

2.1

5.63(1)

0.322(8)

1.0 S.54(l)

0.042(1)

1.0 5.56(1)

110

2.4 5.71(1)

0.329(6)

1.7

0.051(1)

0.8

0.184(3)
0.170(13)a
0.20 b
0.164(4)
0.149(21)a
O.I7b
0.152(3)
0.140(11)a
0.14 b

P4

X2 Re^ml P4

5.63(1)

The one-phonon hexadecapole 4 + state was observed only in

108

5.54(1)

Pd and

110

Pd (see

section VI. 1). Since this excitation has a one-phonon character, its transition charge density
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has to be surface-peaked, which is confirmed by our data (see fig. VI.S). The data could be
described well by fitting p 4 and the scaling parameter. The calculated form factor curves are
shown in figure VI.5.
The 3* state which occurs at about 2 MeV in all Pd isotopes, is described in the
vibrator model as an octupole one-phonon state. As for the one-phonon hexadecapole states,
the results are satisfactory, as can be seen in figures VI. 1 to VI.4. The p \ and !*„ values are
listed in table VI.4. The octupole deformation p 3 decreases over the series of isotopes in
contrast to P 2 and P 4 which were observed to increase.

VI.3 Interacting Boson Approximation

In the proceeding paragraph we have shown that the present results for the Pd isotopes
can be described reasonably successfully in the anharmonic vibrator model. In the AVM the
shape of the transition densities to the one- and two-phonon states is determined as a first and
second derivative of the ground state charge distribution. The deformation and mixing
parameters had to be determined using the experimental data for each isotope separately. In
the IBA model the shape of the boson structure functions has to be extracted from experiment
for the whole series of isotopes, while the contribution of those functions to the different
transitions is fixed by the IBA matrix elements. In this paragraph the same data will also be
analyzed in terms of the IBA model, which enables a comparison of the models mentioned.

1M

ltt

1H

11*

1M

1M

11*

Figure VI.6 B(E2)-values of the transitions to the2+j and2+2 states in the Pd isotopes. The
curves describe the calculations from ref[lsa-80] (dotted) andfrt it those treated in chapter
11.3 (solid line).
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In chapter II.3 the Pd isotopes were classified in the transition region between U(5), a
vibrator, and 0(6), a y-unstablc rotor. Also, new IBA calculations for the Pd isotopes were
presented. The excitation spectra could be reproduced quite well, as was illustrated in figure
II.5. The ratio of proton and neutron boson effective charges was taken from pion scattering
experiments, e v /e n =0.4, while comparison with experimental B(E2; 0+j—>2+1) values
resulted in en= 18.0 e.fm 2 and e ^ 7.2 e.fm 2 for the whole series of isotopes. In figure VI.6
the experimental B(E2)-values of the lowest two 2 + states are compared to our calculations
and to those of ref. [Isa-80]. The results obtained in the present study for the 2 + 2 states show
a dramatic improvement over the whoie series of isotopes.

VI.3.1 L=2 transitions
As already mentioned in chapter II, all quadrupole transitions are determined in IBA
by four boson structure functions arc v (r) and P n v (r). The boson structure functions a(r) and
p(r) represent the radial dependence of the wave functions for a transition from a s- to a
d-boson (and vice versa) and the recoupling of two d-bosons, respectively. Hence these
structure functions describe an intrinsic quality of the bosons and therefore are independent
of the nucleus involved in the transition, except for renormalization effects. The transition
charge densities can be expressed in terms of those quantities :
P i » = Z p«*,v e p { A ip «2p «

+

Xp B i p P 2 p (r) }

(VI.8)

with the IBA matrix elements:
A i p = < 2 + j | | [ d t s + std]< 2 >||0 + 1 >

and

B i p = < 2\

For all excitations investigated, the transition charge densities were determined modelindependently, so that the analysis could again be performed in r-space.
Quadrupole boson structure functions in the series of isotopes
If the boson structure functions a^r) and P2(r) are indeed independent of the neutron
number, all low-lying 2 + states in a series of isotopes have to be described with the same set.
We investigated the description of both the 2 + , and 2 + 2 states in the palladium isotopes. In
the analysis e R and Cy were chosen as given above and the matrix elements were taken from
the calculations described in chapter II (see table II.2). In a first analysis we assumed the
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structure functions for protons and neutrons to be equal. In that case, the two boson structure
functions oc2(r) and P2(r) are the only free parameters for the eight transitions to be
described.

co.

i
Figure VI.7 Quadrupole boson structure functions deduced from the transition charge
densities of the 2* j and2+2 states in 104-}10Pd.
Because electron scattering can not determine the sign of the transition charge
densities, fits were performed for both relative sign choices of those densities. Only with the
choice of opposite signs for the transition charge densities the eight 2 + states in the whole
series of isotopes could be described with one set of cc(r) and p(r). The apparent preference
for opposite signs is equivalent to the value for coscp = -1, found in the analysis in the
anharmonic vibrator model. The two boson structure functions are shown in figure VI.7.
The resulting shape of a 2 (r) and p*2(r) resembles that of a first- and a
second-derivative of the ground state charge distribution, respectively. This is hardly
surprising if one considers that in the anharmonic vibrator model the excitation to the 2+l and
2 + 2 states could be described satisfactorily through a linear combination of a one- and a
two-phonon transitions. The present analysis has resulted in a set of structure functions with
which it is possible to describe the 2 + j and 2 + 2 excitations over the whole series of isotopes.
The oc^r) is almost completely determined by the 2+l levels and exhibits the characteristic
surface-peaked behaviour, whereas the P2(r) resembles roughly the derivative of Oj(r). Both
structure functions have also some structure in the interior of the nucleus. This is in
agreement with the results derived from low-energy proton scattering [Pig-84], although
those experiments are not very sensitive to structures deeply inside the nucleus.
The agreement with experiment is shown in figures VI. 1 to VI.4 where the form
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factor curves of the 2+ t and 2 + 2 excitations calculated with o^fr) and P2(r) a r e compared to
the experimental data.
Up to now the boson structure functions were assumed not to differentiate between
proton or neutron bosons. As a next step in the analysis, separate shapes were allowed for
the proton and neutron components of the boson structure functions. This did not result in an
improved fit. Moreover, the large correlated errors in the proton and neutron components
indicated that the present data are not sensitive to a possible different radial behaviour of
proton and neutron bosons.
The radial behaviour of the boson structure functions has been calculated
microscopically for 1 1 0 Pd [Sch-84]. Core polarization effects were taken into account in a
phcnomonological way by adding a derivative of the ground state charge distribution. While
the a(r) function can be reproduced, the calculated p*(r) deviates from the experimentally
found function. Attempts to improve the calculations by extending the configuration space
are in progress.
Linear dependence ofE2 transitions
In the previous paragraph we concluded that the present experimental results can not
distinguish between proton and neutron components in the boson structure functions and that
the transitions to the 2 + j and 2 + 2 excitations in the whole series of isotopes can be described
with one set of a(r) and P(r) functions. In that case a linear dependence exists between
different L=2 transitions (see formula VI. 8), so that the structure functions can now be used
to predict the transition charge density of any other 2 + excitation, for which the IB A matrix
elements are known.
From the matrix elements in table II.2 the transitions strengths have been calculated
for 2+ states in the Pd isotopes. The transition strength to the 2 + 2 is only several percent of
that to the 2 + j excitation and the strength of higher 2 + states is even less. In 104 Pd and

106

Pd

the other 2+ levels are located above 2 MeV. At these excitation energies only strongly
excited states can be observed because of the high level density. In

108

Pd 2 + states are

predicted at 1.46 and 1.77 MeV, while a weakly excited 2 + state is observed at 1.44 MeV. In
110

Pd the theoretical values for the excitation energies are 1.26 and 1.54 MeV compared to

experimental values of 1.21 and 1.47 MeV, respectively. Although cross sections for the
weak excitations could be determined, a model-independent determination of the transition
charge densities was not possible. Therefore the transition charge densities for these
excitations were calculated with the matrix elements, from which the form factor curves were
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determined, which are compared in turn to the experimental data in figure VI.8. In the
calculations no scaling to the experimental data was performed, so that the transition strength
is directly determined by the IBA matrix elements. For l 0 8 Pd the predicted strength is 60%
too low and the minima predicted in the form factor curve are not observed. In
strength for the 2

+
3

and the 2

+
4

n0

P d the

is also somewhat underestimated, but the shape of the

calculated curve is closer to that indicated by the experiment Although the prediction of the
IBA model regarding the transition strength is borne out by the data, the large uncertainties in
the data points should be kept in mind. A more stringent test of the validity of the description
of all quadrupole excitations by one set of structure functions would require more accurate
data.
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Figure VI.8 Form factordata for the 2+ states compared to calculated form factor curves.
Previous investigations have used electron scattering results to extract quadrupole
boson structure functions. Those functions were determined from two 2 + excitations in
150

Nd [Die-81], A tesf on the reliability could not be performed because no other L=2 levels

were resolved in the experiment. In the Sm isotopes excitations in five isotopes were
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described through a linear combination of two boson structure functions

[Moi-82].

+

However, only the excitations to the 2 j state were investigated, which are dominated by the
d-boson non-conserving term, i.e. the transition is mainly determined by the oc(r) structure
function. In all those cases boson structure functions were found with a surface-peaked
shape for a(r) and a second-derivative like behaviour for P(r).
In

154

Gd the first three 2 + excitations have been investigated [Her-83]. It was not

possible to describe those transitions simultaneously with the IBA matrix elements. Even if
only a general linear dependence between the three transition charge densities was assumed,
no reasonable fit could be achieved. Dieperink attributes the failure of the IBA to
quasi-particlc effects [Die-83], Also the effect of g-bosons might be important for L=2
excitations. The g-boson effect will be discussed in the next section in the context of 4 +
states.
VI.3.2 L=4 transitions
For L=4 transitions only the d-boson conserving part contributes to the transition
charge density (see 11.37):
p,(r) = Z p = n > v e 4 p < 4+j || [ dtd ] p «> || 0+, > p 4 p (r)

(VI.9)

Above we concluded that the boson structure functions can be chosen equal for both protons
and neutrons for L=2 excitations. There the ratio of the coupling constants was chosen 0.4,
as determined from pion scattering experiments. No information is available about this ratio
for L=4 excitations. Therefore we calculated the transition strength to the 4 + states for two
different choices of this ratio : e v = eK and e v / e^ = 0.4 (the same ratio as fo*° L=2
transitions).
The absolute value of the coupling constants is not known and therefore the results
listed in table VI.S are normalized on the experimental B(E4) value in 110 Pd which resulted
in e v =e n =0.63 e*fm4 and e v =0.47 e*fm4, e n =l. 18 e-fm4, respectively. For either choice the
B(E4)-values for the 4 + j excitation increase with mass number. The experimental results
indicate a slight preference for the coupling constants to be the sane.

94

Table VI.5 B(E4)-values in e^-fm8 calculated with different values for the ratio between the
proton and neutron coupling constants.
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exp.

e^=eK

eJen=OA

2.510 s

3.8-105

exp.

e ^

6^=0.4

Pd

1.8105(2.8)

106

Pd

5

4.410 (1.0)

4.710

5

5.9-105

108

Pd

7.0105(1.3)

6.410 s

7.310 s

4.1-105(1.0)

3.110 s

5.910 s

Pd

9.H05(1.4)

9.110 s

9.110 5

S^IO^U)

3.5-105

5.7-105

no

According to formula VI.9, L=4 excitations are completely characterized by the
d-boson conserving part. This means that the transition charge density should have a
second-derivative like shape. This is confirmed experimentally for the 4+j level, which is a
member of the (0+,2+,4+) triplet (see figures VI.1-4). This suggests that the P4(r) structure
function can be taken the same as the (32(r) for the L=2 transitions. Although the shape of the
P2(r) structure function (fig. VI.7) agrees qualitatively with the 4 + j transition charge
densities (figs. VI.1-4), there are differences in the radial behaviour. The inner part of the
experimental transition charge densities is much less pronounced and the intersection with the
r-axis is located 0.5 fm more inside than that for the (3(r) structure function. Those
differences lead to a calculated form factor behaviour in disagreement with the experiment.
As already mentioned in section VI. 1, the form factor behaviour of the 4 + j level is
quite different from that of all other L=4 excitations. This effect is even more clearly
visualized in the extracted transition densities. While the first 4 + transition charge density
looks like a second derivative, suggesting a strong two-phonon component, the other 4 +
excitations show a surface-peaked behaviour. In contradiction to these experimental results
formula VI.9 predicts all densities to have the same shape, mutually differing only in
strength. This disagreement might be solved by assuming different proton and neutron
components for the (34(r) boson structure function. Such an approach was followed in the
analysis of E4 properties observed in a 196 Pt electron scattering experiment [Bor-85].
However, in the present study of the 2 + excitations it was shown that the experimental data
are completely insensitive to this distinction. Moreover, the analysis in the framework of the
vibrator model yielded good agreement with the experimental results for the 4 + 2 excitation
described as a hexadecapole one-phonon state. In IBA such a vibration is represented by a
g-boson configuration which makes the incorporation of a g-boson into the model plausible.
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Such an approach introduces three additional free parameters for the matrix elements between
the s-,d- and g-bosons. The L=4 transitions are then given by:
Pitt = e 4 { <4 + j || [Jg + gts]W || 0 + j> a 4 (r) + <4+j || [dW*> || 0\>

p4(r)

d+g]<4> || 0 + j> y4(r) + <4 + j || [gtg]«) || 0 + ^ r| 4 (r) }.

(VI. 10)

For the Pd isotopes no IBA calculations incorporating a g-boson are available. In the
analysis of a (p,p') experiment on 192 Os [Tod-85] such an analysis was performed. The
transition to the 4 + 3 state could only be explained if it was described as a hexadecapole state,
in IBA represented by a g-boson. Calculations showed the influence of the g^g term of
minor importance with respect to the first and third term in formula (VI. 10). The transition to
all three 4 + states could be described adequately, while the E2 branching ratios were
described as well as without the incorporation of a g-boson in the Hamiltonian. Although
Todd Baker et al. could not determine the parameters uniquely on the basis of their
experimental data, the successfull treatment of L=4 excitations in 192 Os with a reasonable
choice for those parameters suggests that the E4-excitations in 196 Pt [Bor-85] might also be
explained in this way. The present experiment suggests the relative importance of the [s'g +
g^s] part in formula VI. 10. The higher 4 + excitations can only be explained by a strong
contribution of this term, which results in a surface-peaked behaviour of the transition charge
density. In contrast to those 4 + states, this term should be small compared to the d-boson
conserving part (the second term) for the 4 + j state. These excitations could be described
fairly well if a [s^g + g*s] (4) mixing term was added to the transition density. Since this
admixture must have a surface-peaked behaviour, it has been chosen arbitrarily equal to the
cc2(r) structure function. Already an admixture of several percent caused the negative and
positive part of the calculated density to have the same amplitude and to shift the intersection
by 0.5 fm, in accordance with the experimental result. The form factor curves, calculated
with this approach, agree with the data (see figures VI. 1 to VI.4).
Of course this agreement with the experiment does not determine the exact form of the
L=4 boson structure functions. It only shows that a simultaneous description of all 4 +
excitations in IBA is possible with the incorporation of a g-boson and that the structure
functions of that boson are qualitatively the same as for the s- and d-bosons.
In conclusion we point out that a systematic study of L=4 transitions over a broad
mass region is necessary to investigate the role of g-bosons in IBA. The extension of the
boson space of course will also influence the E2 operator: the Hamiltonian will also contain
terms with [g*d + d^g] (2) and [g^g] (2) . This means that five more parameters have to be
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determined, too much to be determined in one experiment. Therefore further investigations of
the role of the g-boson in IBA are necessary. Since an almost pure d-boson conserving
excitation is expected to occur in the 4 + member of the (0 + ,2 + ,4 + ) triplet, experiments have
to be performed with high energy resolution. So far the Pd isotopes are the only nuclei where
L=4 excitations are found with a clear surface-peaked as well as with a second-derivative like
shape.
VI.3.3 Other transitions in IBA
Negative parity states
In the previous section we already mentioned that a systematic study is necessary to
investigate the role of bosons other than s- and d-bosons. This is also illustrated by the
occurrence of the strong 3* state found in each of the palladium isotopes at about 2 MeV
(figs. VI. 1-4). Also several 5" and 7" excitations are found in the excitation region between 2
and 3 MeV. Such excitations can only be described in the model if a f-boson is incorporated.
On the other hand incorporation of f- and g-bosons significantly increases the number of
parameters and deteriorates the relative simplicity of the model. The present experiment,
however, suggests that a systematic study following this line ought to be more successfull to
describe dynamic properties over a broad mass region.
Mixed symmetry states
All excitations discussed thusfar are states with maximum F-spin (see chapter II), i.e.
they are symmetric in proton and neutron degrees of freedom. Recently, attention was given
to the occurrence of a K=l + (l + ,2 + ,3 + ,..) band with mixed symmetry in the IBA formalism
[Boh-84, Iac-84]. In contrast to well-deformed nuclei no strength is predicted from the
ground state to a 1 + state in vibrational nuclei like the Pd isotopes. Experimentally no 1 +
excitations are observed in the present experiment. The mixed symmetry E2 excitation is
supposed to have an excitation energy in the range between =1.7 and -3.0 MeV, depending
on the parameters %x2 3 m t n e Majorana term of the Hamiltonian (see formula 11.19).
Because no 1 + state has been identified in the Pd isotopes, this term could not be determined
and therefore the excitation energies for those states can not be calculated. The ratio of the
excitation strength relative to that of the 2 + , state is given by:
B(E2;0,-»2mix)/B(E2;0I->21) = N ^ (eK - e v ) 2 / (e^

A value of ey/e^ =0.4 results in a B(E2)-ratio of =0.14. Although the level density is high in
the indicated excitation energy range, a state with such a large transition strength should have
been observed experimentally. Because no such states were found we concluded that under
the assumption mentioned for the coupling constants, the mixed symmetry strength is
fragmented.
VI.4 Conclusions
In chapter IV results of inelastic electron scattering on the Pd isotopes were presented.
For a number of low-lying collective states the transition charge densities were extracted
model-independently from the observed cross sections. In section VI.2 and VI.3 an analysis
was performed in the framework of the Anharmonic Vibrator Model and the Interacting
Boson Approximation, respectively.
In the AVM it proved possible to describe simultaneously the 2 + j and 2 + 2 states by
the introduction of anharmonicity: the transition charge densities to these states are written as
a linear combination for a one- and a two-phonon state excitation. The 2 + j excitation had an
almost pure one-phonon character, whereas the 2 + 2 excitation could be described by a small
one-phonon admixture into the two-phonon transition. The one- and tvvo-phonon transition
densities were derived from the ground state charge distribution compressed radially by 4
and 8%, respectively. The 4"^ state could not be described totally satisfactorily : the
amplitude of the quadrupole two-phonon transition charge density in the second maximum is
overestimated compared to the observed density. This discrepancy cannot be remedied by the
introduction of anharmonicity, because the quadrupole two-phonon state is already the
lowest-order quadrupole state contributing to a L=4 excitation. The 4 + 2 hexadecapole and the
3"j octupole one-phonon states are described in agreement with the experiment, with a
similar radial scaling as the quadrupole excitations. The values deduced for the deformation
parameters p^ and for the quadrupole moments of the excited states are in good agreement
with existing literature values. Apparently, the AVM is capable of describing the gross
collective behaviour of the Pd isotopes.
In chapter II the results of a new IBA-2 calculation for the Pd-isotopes were
presented. The matrix elements resulting from this calculation allowed the extraction of
quadrupole boson structure functions o^O") and P2(r). One set of structure functions sufficed
to reproduce the transition charge densities of the first and second quadrupole excitations in
all four isotopes. The data proved to be insensitive to different structure functions for proton
and neutron bosons. In 108 Pd and 110 Pd a number of - weakly excited - higher-lying 2 +
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states were observed. This allowed a test of the linear dependence of all quadrupole transition
charge densities. While in 110 Pd the data are reasonably described by the IBA-prediction, the
108
Pd form factors are nearly twice as large as the calculated values. Although the influence
of the Majorana parameters has also to be investigated, this dicrepancy might be solved by
the admixture of other than s- and d-bosons in the transition operator. The shape of the
transition charge density of the 4+l state agrees only qualitatively with that of P2W, whereas
the surface-peaked behaviour of the other L=4 transitions observed can not be described at all
with only a d-boson conserving part in the transition operator. Because L=2 transitions were
found to be insensitive to proton and neutron degrees of freedom, it is natural to assume that
the higher 4 + states also can not be explained by different contributions of proton and
neutron bosons. Under that assumption the 4 + j excitation and excitations to other 4 + states
suggest strongly the necessity of introducing a g-boson. Finally, it should be remarked that
the excitation to 3" states can only be described in IBA through the introduction of an
f-boson.
The vibrator model is built up from a geometric picture, whereas the IBA model is an
algebraic description. However, both models show large similarities in the description of the
transitions to collective states studied in the present work. The boson structure functions oc(r)
and p(r) in IBA exhibit roughly the shape of a first and second derivative, similar to the oneand two-phonon states in the AVM. The two models differ in the fact that the AVM treats the
transition strength to each state separately, irrespective of its multipolarity, whereas in IBA
all transitions with the same angular momentum are described with the same transition
operators. The advantage of the IBA above the AVM is the fact that relative transition
strengths are predicted by the model, after the parameters of the model are fitted to the level
schemes. Also a systematic trend of the parameters is observed over a broad mass region,
not only for vibrator-like nuclei as the Pd isotopes but also for other IBA-symmetries and
transional classes. On the other hand, the strongly excited 3"j states and the 4 + 2 states could
be described naturally in the AVM, while in IBA other types of bosons are needed for the
description of those excitations. The introduction of a f- and a g-boson in IBA has, of
course, repercussions on the complexity of the complete Hamiltonian. In section VI.3 is
indicated that such a treatment can be successful in the description of L=4 transitions. For a
more complete study of such bosons a systematic investigation is necessary of E3- and
E4-excitations in a large number of nuclei. Although such a treatment increases the
complexity of the IBA, it couples the advantages of both models used in the present work to
yield a more general description of collective behaviour of nuclei.
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SUMMARY

The low-lying states of the even Pd isotopes are characterized by vibrator-like
properties. In this thesis the results of an electron scattering experiment on the Pd isotopes,
designed to study the description of such nuclei in the Anharmonic Vibrator Model (AVM)
and the Interacting Boson Approximation (IBA), are presented and discussed.
Data have been taken at the high-resolution electron scattering facility of NIKHEF-K
and covered a momentum-transfer range of 0.4 to 2.5 fm"1. This enabled the extraction of
ground state and transition charge densities in a model-independent way in terms of a
Fourier-Bessel series expansion. In each of the isotopes transition charge densities are
determined for the 2 + j (quadrupole one-phonon) state, the 2 + 2 and 4 + , members of the
quadrupole two-phonon triplet and the 3 ' t (octupole one-phonon) state. Also a number of
other excitation have been studied, e.g. the 4 + 2 (hexadecapole one-phonon) state and the 2 + 3
and 2 + 4 state in 1()8Pd and 110 Pd and several other 4 + states in all isotopes.
Because of the large configuration space necessary, the shell model is not particularly
suitable for the description of medium-mass and heavy nuclei. Therefore several collective
models have been developed wherein the low energy part of those nuclei is described in
terms of vibrations and rotations of the nuclear surface. The present data are analyzed in such
a model, the AVM. The last decade the description of both rotational and vibrational
properties of collective motion with boson operators has shown successful. Therefore the
IBA model has also been used in the analysis.
In the AVM model the excitation to one- and two-phonon excitations is described with
transition charge densities which exhibit the shape of a first and a second derivative of the
ground state charge distribution. The introduction of a radial compression of this distribution
by a few percent results in a successful prescription for the collective excitations mentioned
above, although the structure of the transition charge densities observed in the interior of the
nucleus cannot be predicted by the model. The introduction of anharmonicity is required for
an adequate description of the quadrupole 2 + j and 2 + 2 excitations, i.e. those excitations
occur through mixing of pure one- and two-phonon states. The quadrupole deformation
increases over the series of isotopes, while the admixture of the one-phonon state in the 2 + 2
excitation decreases, which is in agreement with the observed trend for the transition strength
to the two lowest 2 + states. The hexadecapole and octupole one-phonon states are described
well. The shape of the transition charge density to the quadrupole two-phonon 4 + j state is
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reproduced reasonably although the amplitude of its first lobe is somewhat underestimated.
The IBA model predicts the relative strength of transitions with the same multipolarity
but not the shape of the transition densities. A new calculation for the Pd isotopes is
presented in this thesis, using recently obtained information about the coupling between the
electromagnetic probe and the nucleus for quadrupole excitations. The excitation spectra are
reproduced well and also the predicted B(E2) values agree with the experiment. One set of
boson structure functions a(r) and P(r) is sufficient to describe the first and second
E2-excitations in all Pd isotopes. The shape of these structure functions is similar to those of
a one- and a two-phonon state in the vibrator model. The transition to the 2 + j is almost
completely determined by a(r), while both structure functions contribute to the transition to
the 2 + 2 level. The data proved to be insensitive to different shapes for proton and neutron
boson structure functions.
With regard to E4 excitations, the 4 + j state can be described reasonably with a P(r)
structure function. However, a small admixture with a g-boson term results in a marked
improvement of the description. The transition charge density of all other E4 transitions
shows a clear surface-peaked shape. Because in the case of E2 transitions different proton
and neutron components in the structure functions are not required, such an approach seems
not appropriate for E4 transitions either. Therefore the data suggest strongly the admixture of
a g-boson in the IBA Hamiltonian leading to a proper description of all 4 + excitations.
From the discussion given above it is apparent that the results of the present
experiment can be described fairly well in terms of both models mentioned. Although they
are constructed in a different way - the AVM from a geometric picture and the IBA from an
algebraic description - they show large simularities in the description of the collective states
studied in the present work. Transition charge densities are constructed in IBA with boson
structure functions which resembles the first- and second-derivative like shape predicted for
the one- and two-phonon transitions in the AVM. The main difference in the properties
studied is the fact that in the AVM the strength to each state has to be determined by the
experiment, whereas in the IBA the relative strengths are predicted and all transitions with the
same angular momentum are described with the same operator. The advantage of the IBA is
the general description of nuclei over a broad mass region covering vibrators, rotors and
y-unstable rotors and the transitional classes between them. For the description of the
strongly excited 3"j and 4 + 2 states the introduction of f- and g-bosons is needed. Although
this increases the number of parameters in the Hamiltonian such additional bosons can yield a
more general IBA description of collective motion in nuclei.
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SAMENVATTING

De laaggelegen toestanden in de even Pd isotopen vertonen sterk vibrator-achtige
eigenschappen. Het onderwerp van dit proefschrift is een onderzoek naar de beschrijving van
deze kernen door het Anharmonic Vibrator Model (AVM) en door het Interacting Boson
Model (DBA) met behulp van elastische en inelastische verstrooiing van electronen.
Het experiment is uitgevoerd met de opstelling voor electronen verstrooiing bij het
Nationaal Instituut voor Kernfysica en Hoge Energie Fysica te Amsterdam. De meetgegevens
bestrijken een impuls overdracht van 0.2 tot 2.5 fin"1, hetgeen een model onafhankelijke
bepaling van de ladingsverdeling van de grondtoestand en de overgangsladingsverdeling van
aangeslagen toestanden mogelijk maakt, uitgedrukt in Fourier Bessel coëfficiënten. In elk
van de isotopen zijn de overgangsladingsverdelingen bepaald voor de 2 + } (quadrupool-een
phonon) toestand, de 2 + 2 en 4 + j toestanden, behorend tot het quadrupool-twee phonon
tripiet, en de 3'j (octupool-een phonon) toestand. Verschillende andere toestanden zijn ook
onderzocht, zoals de 4 + 2 (hexadecapool-een phonon) toestand en de 2 + 3 and 2 + 4 toestanden
in 108 Pd en 110 Pd en een aantal hoger gelegen 4 + toestanden in alle isotopen.
Het schillenmodel is niet erg geschikt om zwaardere kernen te beschrijven omdat het
dan een bijzonder grote configuratieruimte vereist. In de loop der jaren zijn verschillende
collectieve modellen ontwikkeld waarin het laag energetische gedeelte van het energie
spectrum wordt beschreven in het kader van vibraties en rotaties van het kern oppervlak. De
uit het huidige experiment verkregen gegevens zijn geanalyseerd in een van die modellen, het
AVM model.
Sinds de zeventiger jaren is het gebruik van boson operatoren succesvol gebleken
voor de beschrijving van kernen zowel met rotatie- als met vibratie-achtige eigenschappen.
Een dergelijk model, het IBA model, is daarom eveneens gebruikt in de analyse van de
meetgegevens.
In het AVM model worden de excitaties naar een- en twee phonon toestanden
beschreven door middel van overgangsladingsdichtheden die de vorm van een eerste en een
tweede afgeleide van de ladingsverdeling van de grondtoestand hebben. Een goede
beschrijving kan worden verkregen van de eerder genoemde collectieve overgangen als de
radiële afhankelijkheid van deze dichtheid met slechts enkele procenten verminderd wordt,
kan. De structuur in het binnenste van de kern echter, wordt niet gereproduceerd. De
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overgang naar de quadrupool 2 + j en 2 + 2 toestanden kan slechts bevredigend worden
beschreven als anharmoniciteit wordt geïntroduceerd, d.w.z. deze toestanden worden
verkregen via menging van de zuivere een en twee phonon toestanden. De quadrupool
deformatie neemt zoals verwacht toe en de bijdrage van de een phonon toestand in de
overgang naar de 2 + 2 toestand neemt af over de reeks isotopen. Dit is in overeenstemming
met het feit dat er steeds meer deeltjes buiten de gesloten schil een bijdrage leveren aan deze
overgangen. De hexadecapool en octupool toestanden worden eveneens goed beschreven. De
vorm van overgangsladingsdichtheid naar de quadrupcol twee phonon toestand wordt
ruwweg beschreven door het model, hoewel de amplitude van het eerste maximum kleiner
wordt voorspeld dan van het tweede in tegenspraak met de experimentele gegevens.
Het IBA model voorspelt de relatieve sterkte van alle overgangen met de zelfde
multipolariteit, maar geeft niet de vorm van de boson structuur functies waaruit de
overgangsladingsdichtheden opgebouwd worden. In dit proefschrift wordt een nieuwe
berekening voor de Pd isotopen gepresenteerd, waarin gebruik is gemaakt van recentelijk
verkregen informatie over de koppeling tussen de electromagnetische sonde en de kern voor
quadrupool overgangen. Een goede overeenkomst met de experimentele gegevens is bereikt,
zowel in de excitatie energie spectra als wel in sterkte van de overgangen tussen verschillende
aangeslagen toestanden. Met één set van a(r) en ß(r) boson structuur functies kunnen de
overgangen naar de 2 + j en 2 + 2 toestanden in alle Pd iotopen beschreven worden. De vorm
van deze structuurfuncties vertoont grote overeenkomsten met die van de een en twee phonon
toestanden in het vibrator model. De overgang naar de 2 + t toestand wordt grotendeels
vastgelegd door a(r), maar in de overgang naar de 2 + 2 toestand leveren beide
structuurfuncties een bijdrage. In de analyse bleek, op basis van de meetgegevens, geen
noodzaak voor onderscheid tussen proton en neutron boson structuur functies.
De E4 overgangen vallen uiteen in twee verschillende klassen. De overgang naar de 4 + j
toestand vertoont een overgangsladingsdichtheid met de structuur van een tweede afgeleide
en kan redelijk beschreven worden met een ß(r) structuur functie, hoewel een duidelijke
verbetering wordt verkregen na bijmenging van een g-boson term in de overgang. Alle
andere E4 overgangen hebben een overgangsladingsdichtheid die gepiekt is aan het
oppervlak van de kem. Deze overgangen zouden beschreven kunnen worden in het model
door de aanname van verschillende bijdrage van proton en neutron bosonen. In de analyse
van de E2 overgangen is echter gebleken dat het experiment daar ongevoelig voor is, zodat
een dergelijke aanpak hier niet voor de hand ligt. Gelet op de meetgegevens, is de conclusie
gerechtvaardigd dat de invoering van een g-boson in de Hamiltoniaan tot een betere
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beschrijving leidt van alle overgangen naar 4 + toestanden.
Zowel het AVM model als het IB A model geeft een goede beschrijving van het huidige
experiment. Hoewel de modellen een verschillend uitgangspunt hebben - het AVM is een
geometrische beschrijving en het IB A een algebraïsche - vertonen ze grote overeenkomsten in
de beschrijving van de bestudeerde collectieve toestanden. Het verschil is in hoofdzaak dat in
het AVM model de overgangssterkte naar iedere toestand moet worden verkregen uit
experimentele gegevens, terwijl in het IBA model de relatieve sterkte wordt voorspeld en
bovendien alle overgangen met de zelfde multipolariteit kunnen worden beschreven met de
zelfde operator. Het voordeel van het IBA model is dat een algemene beschrijving wordt
gegeven van kernen over een breed massa gebied van zowel vibrators, rotors en y-instabiele
rotors alsmede van de overgangsgebieden tussen de vermelde limietgevallen. Voor de
beschrijving van de sterk aangeslagen 3" en hogere 4 + toestanden is de invoering vereist van
een f- en een g-boson. Hoewel hierdoor het aantal parameters in de Hamiltoniaan toeneemt,
kan door de invoering van deze bosonen een meer algemene IBA beschrijving van collectieve
eigenschappen in kernen worden verkregen.
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STELLINGEN
behorend bij het proefschrift

ELECTRON SCATTERING OFF PALLADIUM ISOTOPES
an investigation of the equivalence of
the anharmonic vibrator model and the interacting boson model

Amsterdam, 9 juli 1986
Jan van der Laan

De scherpe overgang van U(5) naar SU(3), optredend in kernen met
massagetal rond 150, logenstraft de bewering van Fogelberg dat in het
IBA slechts geleidelijke overgangen van observabelen beschreven
kunnen worden.
- B. Fogelberg and G. Skarnemark, Nucl. Phys. A4S3 (1986) 15
Het feit dat Engel de laagstgelegen toestanden met negatieve pariteit en
spin S en 7 in Pt isotopen niet met een eenvoudige Hamiltoniaan kan
beschrijven, wordt veroorzaakt door de verwaarlozing van de koppeling
van het f-boson aan de d-boson behoudende termen.
- J. Engel, Phys. Lett. B171 (1986) 149
In IBA-2 berekeningen is niet de individuele waarde van %, of £, maar
hun som bepalend voor de resulterende overgangswaarschijniijkheden.
- Hoofdstuk II van dit proefschrift.
In tegenstelling met wat Brown et al. beweren zijn overgangssterkten
naar hogere 2* toestanden over het algemeen niet groter dan de één
deeltjes voorspellingen. Bovendien is het gesuggereerde reversal effect
voor de proton en neutron matrix elementen van deze toestanden veel
minder prominent dan de auteurs willen doen geloven.
- V.R. Brown et al., Phys. Lett. B164 (1985) 217

Voor experimenten waarbij de helderheid van een Röntgenbron
bepalend is, zoals bij diffractie metingen, heeft een laser gegenereerde
plasmabron geen voordelen boven een synchroton stralingsbron.
- P. Nicolosi et al., Appl. Phys. B26 (1981) 117

Doordat McDowell en Janev bij botsingen van ionen met 4He atomen
geen rekening houden met het proces van dubbelionisatie, komen hun
berekeningen voor de werkzame doorsneden in sommige gevallen tot
-75 % te laag uit.
- M.R.C. McDowell and R.K. Janev, J. Phys. B17 (1984) 2295

Quantumchemische voorspelling van waterstofbrug-vorming in
antagonist-receptor complexen is alleen dan mogelijk wanneer rekening
wordt gehouden met de statische permittiviteit van het inwendige van
het eiwitmolecuul.
- R.C. Young et al., J. Med. Chem. 29 (1986) 44

Nu humane biologische respons modifïceerders middels recombinant
DNA technieken op grote schaal beschikbaar komen dient de mens zich
te realiseren dat de risico's van het gebruik hiervan slechts dan te
bepalen zijn wanneer hij bereid is als zijn eigen proefkonijn te
fungeren.

In de architectuur is het plastisch getal als systeem voor de ordening
van groottes superieur aan de gulden snede.

Het gebruik van kansberekeningen waarin de kans op een ongeluk
wordt gerelateerd aan het aantal directe slachtoffers is onzindelijk bij de
verdediging van de relatieve veiligheid van kerncentrales.

