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Chapter 1

Introduction

Past measurements of the reaction (e, e′p) on light, medium and heavy nuclei
performed at NIKHEF, have revealed [Lap93,VdSt90] that the spectroscopic
factors of protons in valence orbits are about 60 to 70 % of the value predicted
by the Independent-Particle Shell Model (IPSM) (see Fig. 1.1). This observa-
tion disagrees with predictions of shell-model computations [Rijs92,Geu96] in
which long-range nucleon-nucleon correlations are accounted for, whereas mod-
els [MahS89,MaW91,Neck95,BenF90,Pand84,Dick94] that also account for the
short-range and tensor nucleon-nucleon correlations predict spectroscopic fac-
tors closer to the experimental values. Hence, the latter kind of nucleon-nucleon
correlations are supposed to be the main cause of the observed depletion of the
valence orbits. However, the individual roles of long-range or short-range corre-
lations in the depletion of proton orbits cannot be established experimentally.

In order to study the role of short-range and tensor correlations separately
from the long-range correlations, the electron-induced knockout of deeply-bound
protons (see Fig. 1.2) from the nucleus 208Pb was investigated and is described
in this thesis. The long-range correlations can be disregarded in the knock-out
of deeply-bound protons, since the coupling of deeply-bound proton orbits to
collective low-lying excitation in the core nucleus (surface vibrations) via these
correlations [Neck95] is negligible. Furthermore, the deeply-bound proton in
208Pb together with the remaining nucleons form a matter density that reaches
90 percent of the saturation density of nuclear matter (NM) (see Fig. 1.3). This
allows a meaningful comparison between the measured spectroscopic factors and
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Figure 1.1: Spectroscopic strength for knocked out valence protons measured
with the reaction (e, e′p), relative to the independent-particle-shell
model prediction, (2j+1), as a function of target mass.

those predicted by nuclear-matter computations. In our study, the spectroscopic
factors for deeply-bound proton orbits are determined with the aim of comparing
them to the predictions of models for nuclear matter [BenF90,Pand84,Dick94]
and for 208Pb [MaW91,MahS89] in which the effects of nucleon-nucleon corre-
lations are incorporated by means of an effective mass for the nucleon in the
nuclear medium. These model predictions are about 80-85 % of the IPSM-value.

The nuclear-matter computation employs realistic nucleon-nucleon poten-
tials to account for the strong nucleon-nucleon correlations and renders the
nuclear-matter spectral function from which the spectroscopic factors can be
deduced. As shown in Fig. 1.4, this function describes a nucleon in nuclear
matter with energy (Em) and momentum (pm) distributions that reflect the
short-range nucleon-nucleon correlations.
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Figure 1.2: Experimental energy distribution of protons in 208Pb in which the
locations of valence (dark-grey area) and deeply-bound proton orbits
(grey area) are shown.

When performing (e, e′p) reaction studies for deeply-bound protons one has
to make sure that the spectroscopic factors can be derived unambiguously from
the measured cross sections. The (e, e′p) reaction yield in the energy range
where the deeply-bound proton orbits (see Fig. 1.2) are located, may contain
significant contributions from rescattering processes (e, e′p)(p,N) - those in
which the detected proton (p) results from collision with another nucleon (N)
- , and from reaction channels that are governed by two-body currents. Hence,
the interpretation of (e, e′p) cross sections in terms of one-body currents, i.e. the
coupling of the virtual photon to one single proton, may not be straightforward.
The contribution of the rescattering process cannot be measured separately and
must be calculated on the basis of a model. Such a computation was performed
by the author. The two-body currents are of transverse nature and influence
the measured cross section exclusively via the transverse structure function.
Hence, the best approach to extract the spectroscopic factors is to determine
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Figure 1.3: Matter-density distribution in 208Pb [Tati72] compared to the sat-
uration density of Nuclear Matter. The IPSM contributions of the
valence proton orbits (dotted curve) and deeply-bound proton orbits
(dashed curve) to the matter density are shown.

the longitudinal part of the cross section. Therefore, the present measurement
aimed at a Longitudinal/Transverse separation of the measured cross sections.

At a beam energy below about 1 GeV, Coulomb distortions are significant in
(e, e′p) reactions on 208Pb. These distortions are of such a magnitude that they
must be accounted for by exact realistic calculations of Ref. [Jin92,Ud́ıas93].

The required 208Pb(e, e′p) measurements are challenging, since the cross sec-
tion for this reaction is low. The measurements should also cover a large energy-
momentum domain in order to include the energy and momentum distribution
of the individual protons. Therefore the missing-energy range, 8≤Em≤110 MeV
and missing-momentum range, 0≤pm≤270 MeV/c have been chosen. This re-
gion was covered experimentally in nine kinematic settings in order to ensure
that, for each (Em,pm) bin, the ejected protons are on average parallel to the
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Figure 1.4: Spectral function for nucleons in nuclear matter at saturation den-
sity.

momentum transfer. The energy of the knocked-out protons was in the range of
150-170 MeV for the entire experimentally covered missing-energy and missing-
momentum range. The requirement that the ejected proton is parallel to the
momentum transfer, in combination with a measurement at two different beam
energies, is necessary to allow an experimental separation of the longitudinal
and transverse parts of the cross section. Thus these measurements require:

• A high-duty factor electron beam in order to ensure a large ratio of real-
to-accidental coincidence events

• A large luminosity.
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These requirements were met by using a beam current of 10 µA extracted with
high-duty factor (≥80 %) from the stretcher ring (AmPS) at NIKHEF and a
100 mg/cm2 target.

The work described in this thesis is organised as follows. Theoretical aspects,
including the rescattering calculation and the effect of Coulomb distortions on
the L/T separation procedure are discussed in chapter 2. The experimental
setup and analysis are discussed in chapters 3 and 4, respectively. The results
of the experiment are presented and discussed in chapter 5. The conclusions are
summarised in chapter 6.



Chapter 2

Theory

2.1 Shell model

The independent-particle shell model (IPSM) describes several basic proper-
ties of atomic nuclei. For example, the observed clustering of energy levels for
protons (neutrons) in groups of closely-spaced energy levels, the so-called shell
structure of the nucleus, is successfully described by this model. However, the
model ignores the residual nucleon-nucleon (N-N) interactions, since it is based
upon the assumption that each nucleon moves independently in an average po-
tential (mean field) induced by the surrounding nucleons (nuclear medium).
Although this approach is incomplete, the model produces wave functions for
individual protons that reasonably match the shape of those wave functions as
derived from (e,e’p) experiments [Lap93]. This is due to the Pauli exclusion
principle which prohibits N-N scattering inside a nucleus such that the scat-
tered nucleons end up in a state that is already occupied by another nucleon.
However, short-range and tensor correlations between the nucleons are strong
enough to scatter nucleon pairs into high-lying states, such that occupation of
nucleons in the deepest shells is already depleted. For protons (neutrons) in the
uppermost shell - usually called the valence shell - the long-range part of the
N-N interaction will also play a role whenever this process transfers a sufficient
amount of energy to lift the nucleon above the lowest energy of the first empty
shell, which is for the nucleus 208Pb typically 4 MeV above the valence shell.

7
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Several refined versions of the shell model [Rijs92,Geu96] employ a large
model space to allow for the occupation of states above the valence shell, and em-
ploy a G-matrix formalism to account for the full N-N interaction. These models
yield spectroscopic strengths for the valence proton orbits in heavy closed-shell
nuclei of 80 to 90 % of the IPSM value in contrast with the results of past mea-
surements [Lap93] that find about 60-70 % for this quantity. Apparently these
models still lack some essential ingredients to explain the observed discrepancy.

In the following two sections two models are discussed that yield improved
predictions for the spectroscopisc strengths.

2.2 Correlations in nuclear matter

Infinite symmetric nuclear matter (NM) is suited to study N-N correlations for
ensembles of nucleons at a density similar to that in the interior of a heavy
nucleus. It is a medium of infinite extent of uniform density consisting of an
equal number of protons and neutrons and in which the Coulomb force between
protons is ignored. Since such a system of nucleons is translationally invariant,
the spatial wavefunction of each nucleon can be described by a plane wave. A
nucleon propagates in nuclear matter with a constant momentum except when
it interacts with another nucleon.

When A non-interacting nucleons are confined in a box of volume Ω (sur-
rounded by infinite potential walls), these nucleons form an ideal Fermi gas.
The Hamiltonian H0 of such a gas is:

H0 =
∑
i

�i
2

2m
, (2.1)

where �i
2

2m is the kinetic energy of the i-th nucleon with mass m. This Hamil-
tonian describes uncorrelated nuclear matter. The ground-state of symmetric
nuclear matter can be described by an anti-symmetric product of all nucleon
wave functions with spatial, spin and isospin quantum numbers. Due to the
Pauli exclusion principle, the ground state is obtained by filling each momen-
tum state (energy level) with two neutrons with opposite spins and two protons
with opposite spins. For symmetric nuclear matter, all momentum states are
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Figure 2.1: Estimates for the quasi-hole strength, as a function of energy rela-
tive to the Fermi energy EF . In the left panel, the Fermi gas value
nFG(E(p)), the zeroth-order estimate Z0

1h(E) and the second-order
Znm(E) estimate for the quasi-hole strength are shown for infinite
nuclear matter. The right panel shows the occupation probability
nnm(E), the strength Znm(E) and background term nc for NM.
The experimental strengths for 208Pb are taken from [Quint88].

fully occupied up to the highest energy state. The momentum associated with
the latter state is called the Fermi momentum pF and is equal to

pF = (
3
2
π2ρ)

1/3

, (2.2)

where ρ is the density of nucleons in nuclear matter.
The obtained momentum distribution of such a gas is a step function with

value unity for p< pF and zero for p> pF , as shown in Fig 2.1 . This gas of
nucleons is unbound when the infinite potential walls are removed. In order to
bind nuclear matter, N-N potentials are added to the unperturbed Hamiltonian
H0. The binding comes from the exchange part of the N-N potential which is
attractive for N-N pairs that are in an relative S or D state.
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Figure 2.2: Energy-momentum relation for nucleons in nuclear matter (NM).
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in free space, whereas the solid curve represents the energy and
momentum for a nucleon in NM. The density of points represents
the strength distribution of the full NM spectral function, which is
only shown for E ≤ EF , since the strength is small at energies and
momenta far away from the solid curve.

A commonly employed N-N potential is the Urbana v14 interaction [LagP81,
LagP80], which contains 2-body interactions only. However, both the Fermi mo-
mentum (1.7 fm−1) and total binding energy per nucleon of E/A=-17.5 MeV
obtained with this interaction are different from the empirical values. A rela-
tively small amount of Three-Nucleon-Interaction (TNI) is added such that the
empirical values for the Fermi momentum pF= 1.33 fm−1 and binding energy
per nucleon E/A=-16 MeV are obtained [LagP81].

A microscopic computation using the Urbana v14 +TNI potential [FriedP80]
yields the mean-field potential for a nucleon in nuclear matter. Since the wave
function for any N-N pair is anti-symmetric, the v14 potential can be written as
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a sum of a direct and an exchange term. The exchange term Vexch depends on
the momentum of the nucleon and is given by

Vexch = V o
exch + Vexch(p). (2.3)

The nuclear matter potential is given by:

U(p) = Vdir + V o
exch + Vexch(p), (2.4)

where Vdir is the direct term and both Vdir and V o
exch are independent of mo-

mentum. The energy of the nucleon, the so-called single-particle energy E(p)
then becomes

E(p) =
p2

2m
+ U(p), (2.5)

and is shown in Fig 2.2. The distribution of the momentum ppp and energy E of
nucleons in a nuclear medium is called the spectral function S(ppp,E).

One can remove a proton with momentum p and energy E from the ground
state |A〉 of the system of A nucleons by applying an annihilation operator ap,
resulting in a state ap|A〉. Due to N-N correlations this state is generally not
equal to the ground state |0〉 of the A-1 system. The full spectral function turns
out to be a sum of a term called quasi-hole strength, i.e. the probability that
the system is in the ground state of the A-1 system after removing a proton and
a background term accounting for all transitions to states |n〉 that are different
from the quasi-hole state. From the NM spectral function one can deduce the
nucleon momentum distribution nnm(p) and the quasi-hole strength Znm(p).
Since in nuclear matter eigenstates are labelled by |n〉 but in a nucleus (due
to its finite size) quantum states are described by (nlj) at discrete values of
energy Enlj , the nucleon momentum distribution is converted into an occupa-
tion probability nnm(E) using the energy-momentum relation (see Eq. 2.5).
This occupation probability is equal to the sum of the quasi-hole strength with
momentum p given by |〈p|ap|0〉|2 and a background term which results from
squared matrix elements of the type |〈n|ap|0〉2.

In the Correlated-Basis Function (CBF) computation [BenF90], the quasi-
hole contribution to the nuclear matter spectral function can be obtained by
taking the quasi-hole state as the only intermediate state i.e. |n〉 = |p〉. The
energy-integral of this contribution is the zeroth-order estimate for the quasi-
hole strength |〈p|ap|0〉|2. Such a computation uses the complete orthonormal
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set of correlated states which are obtained by applying two-body operators
on Fermi gas states. These operators account for the presence of strong N-
N correlations at small internucleon distances. Due to these correlations, the
zeroth-order estimate for the quasi-hole strength is less than the value unity
that is predicted by the ideal Fermi gas (see Fig. 2.1).

For energies close to the Fermi edge, it appears that the theory needs second-
order perturbation corrections in order to converge. These corrections are the
result of coupling of the correlated ground state to 2p2h states (two-particle
two-hole states) and coupling of the quasi-hole state |p〉 to |phh〉 excitations.
They further deplete the zeroth-order estimate. The resulting estimate Znm for
the quasi-hole strength is shown in Fig. 2.1.

Data for quasi-hole strengths obtained for the finite nucleus 208Pb [Quint88]
at energy E computed with the help of the energy-momentum relation (Eq.
2.5) are shown in Fig 2.1. The computed quasi-hole strength for NM is larger
than the empirical values for 208Pb. This is due to surface vibrations that
couple to single-particle states, an effect that appears only in a nucleus due to
its finite size. Such couplings cause further depletion of the quasi-hole strength
near the Fermi energy, since small portions of the quasi-hole strength near the
Fermi energy are shifted to larger binding energies. The latter effect is called
fragmentation of a single-particle state. In order to describe the data near the
Fermi energy, this finite-size effect must be accounted for in an explicit way.

In contrast, the background contribution nc approaches zero at large E,
since the coupling to 2p2h states becomes weak. Consequently, at large energy
the strength of the quasi-hole state approaches the occupation probability for
nuclear matter (see Fig. 2.1).

2.3 Correlations in 208Pb

Since nuclear matter is an infinite medium of nucleons, effects due to the fi-
nite size of a nuclear medium are not present. Finite-size effects are the shell-
structure of the nucleus, coupling of surface vibrations to these states and the
dependence of nuclear density on position in the nucleus. In order to compare
the results of nuclear-matter computations with experimental data, these effects
should be accounted for explicitly. For this purpose, we describe a local-density
approach [Neck95] for the nucleus 208Pb in Subsec. 2.3.1.
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In another approach, developed by Mahaux and Sartor [MahS89], the strong
N-N correlations and effects due to the finite size of the nucleus are embedded
in the nuclear mean field. Subsequently, this mean field is used to solve the
Schrödinger equation for the wave functions of the bound nucleons which are
confined in the nucleus 208Pb. The approach is discussed in more detail in
Subsec. 2.3.2 .

A similar approach for 208Pb based on effective masses and developed by Ma
and Wambach [MaW91] is discussed in Subsec. 2.3.3.

2.3.1 Inclusion of finite-size effects

Nuclear matter is a suitable starting point to describe N-N pair scattering inside
the nucleus 208Pb, since the NM equilibrium density is close to the density in
the interior of 208Pb. Short-range N-N scattering implies a large energy in order
to lift one proton of the correlated pair above the Fermi energy. The collision
partner is left behind in a highly excited nucleus 207Tl with an equally large
momentum of opposite sign. Hence, short-range N-N correlations cause high
momentum components in the spectral function at large removal energies. A
spectral function for 208Pb has been developed in the Local-Density Approxi-
mation (LDA) [Neck95] to account for the density of lead which depends on the
position of a nucleon relative to the centre of the nucleus. The LDA makes use
of nuclear matter spectral functions evaluated at several densities from 0 up to
0.16 fm−3.

Since a nucleus has a shell structure for E < EF (ρ), density-dependent
Hartree-Fock wave functions have been used in the model to describe nucleons
residing in the discrete energy levels. This suggests a separation of the computed
spectral function into a single-particle part (E ≤ EF (ρ)) and a correlated part
(E ≥ EF (ρ)). The latter part is taken from the density-dependent nuclear
matter spectral function Snm(E, p, ρ). This spectral function reproduces the
observed depletion of proton orbits with energies lower than the Fermi energy,
when it is used as a weighting factor of the Hartree-Fock wave functions for
single-particle states nlj. In case of orbits nlj near the Fermi energy, their
momentum distributions are modified by an extra factor. This factor accounts
for collective nuclear vibrations that can easily couple to nucleons in the valence
shell, since the binding energies of single-particle states populated by these
nucleons are of the same order of magnitude as the mean excitation energy
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for the transition to the collective nuclear vibration states. This is in contrast
with nucleons residing in the interior of the nucleus, since they have binding
energies which are larger than the mean excitation energy. Moreover the mean
excitation energy of the nucleons at surface is lower than the one for nucleons
residing in the interior of the nucleus, since the Fermi momentum is smaller at
the low-density surface than in the interior of the nucleus (see Eq. 2.2). The
resulting hole strength is shown as a function of energy in Fig. 2.3.

2.3.2 Variational moment approach for 208Pb

In the variational moment approach (VMA) [MahS89] correlations are embed-
ded in the effective mass of a nucleon in 208Pb via the nucleon self energy. The
self energy is proportional to the difference between the mass of a nucleon in a
nucleus and that in free space. Since translational invariance is invalid in a nu-
cleus, such a self energy depends also on the spatial coordinates rrr, with respect to
the centre of nucleus. The single-particle (bound-state) wave functions φnlj(rrr)
are obtained by solving the Schrödinger equation using a mean-field potential
which is the sum of this self energy and the Hartree-Fock (HF) potential which
contains a spin-orbit coupling term. The self energy has been determined from
208Pb(p, p) data and therefore the mean-field potential contains phenomenologi-
cal N-N correlations and finite size effects via this self energy. The Hartree-Fock
contribution has been parametrised by a Woods-Saxon potential with radius
rHF and depth UHF . The radius follows from the requirement that the energy
gap between the least-bound level and lowest level above the Fermi energy is
equal to the empirical gap size E3s1/2-E1h9/2 , where the corresponding depth
UHF is chosen such that the empirical Fermi energy is obtained.

In the correlated ground state, the occupation probability for an orbit nlj
described by a single-particle wave function φnlj with discrete energies Enlj is
[MahS89b],

N<
nlj = 〈φnlj |N̂<(Enlj)|φnlj〉. (2.6)

For single-particle states with discrete energies larger than EF , the occupa-
tion probability is:

N>
nlj = 〈φnlj |N̂>(Enlj)|φnlj〉. (2.7)
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Figure 2.3: Computed quasi-hole strengths Z for protons in 208Pb plotted as a
function of energy-locations. The dotted, solid and dashed curves
are the predictions of NM+surface effects, variational moment ap-
proach (VMA) and quasi-particle (QP) model, respectively.

Both occupation operators N̂<(Enlj) and N̂>(Enlj) have been deduced from
the self-energy term.

In the VMA model, the expectation value (spectroscopic factor) for the
quasi-hole strength Znlj is

Znlj = N<
nlj −N>

nlj , (2.8)

where N<
nlj is the occupation probability for the orbit nlj and N>

nlj is the con-
tribution of particle states at binding energies below the Fermi energy.

One should keep in mind that the self energy for a nucleon has been deter-
mined for energies larger than the Fermi energy using the available scattering
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data. Moreover, the aforementioned energy gap has not been considered in the
determination of this self energy. In view of these shortcomings, the spectro-
scopic strength has been decreased by 0.1 and an errorbar of ±0.1 has been
attached to this strength. In Fig. 2.3 it is seen that the quasi-hole strength pre-
dicted by VMA is close to that predicted by the nuclear-matter computation.

2.3.3 Quasi-particle model

The starting point of the approach developed by Ma and Wambach [MaW91],
is to solve the Schrödinger equation for the single-particle state nlj. The em-
ployed Hamiltonian is defined through the total effective mass mt(rrr) and the
quasi-particle potential V (rrr) which contains a spin-orbit term. The solution is a
bound-state wave function φnlj(rrr) for the single-particle state nlj. The quanti-
ties mt(rrr) and the potential V (rrr) are related to the nucleon self energy which is
basically a correction for the mass of the nucleon due to correlations. Hence, the
obtained bound-state wave function φnlj(rrr) contains these correlations, which
are due to Pauli exclusion, the coupling of single-particle states to vibrations of
the nuclear surface and short-range N-N collisions in the interior of the nucleus.
The correlations due to Pauli exclusion contribute to the total effective mass
mt(rrr) via the momentum mass mk(rrr), since an extra dependence on position
is introduced by these static correlations. The other correlations yield an extra
energy dependence in the quasi-hole strength Z, which indicates to which extent
the exact wave function of the nucleus is in a single-particle state. The total
effective mass [MaW83] is inversely proportional to this quasi-hole strength and
proportional to the momentum mass mk(rrr) and is given by:

mt(rrr) =
1
Z
mk(rrr). (2.9)

The strength Z and momentum mass mk(rrr) have been determined by reproduc-
ing the empirical spin-orbit coupling, the measured value of the average proton
ph-gap and the empirical ground-state density for 208Pb.

The depth of the quasi-particle potential V (rrr) is parametrised in terms of
this total effective mass and self energy for a single nucleon at the Fermi energy
and momentum.

The expectation value Znlj of the quasi-hole strength for the proton orbit
nlj, the so-called spectroscopic factor is smaller than the occupation probability
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for the proton orbit nlj. The difference between this occupation probability
and spectroscopic factor is the background term, which is determined by using
the conservation of the total number of protons in a nucleus. The computed
spectroscopic factors are shown in Fig.2.3.

Although short-range N-N correlations are treated differently in each model
shown in Fig.2.3, these models predict the same depletion of strengths, inde-
pendent of the proton orbit nlj at large binding energies (see Fig.2.3). However
at low binding energies, the depletion depends on the proton orbit nlj. Here,
the different treatment of finite-size effects results in differences of about 10 %
between the model values of the spectroscopic strength.

2.4 The (e, e′p) reaction

2.4.1 The Plane-Wave Impulse Approximation

In this section, the reaction (e, e′p) will be described in Plane Wave Impulse
Approximation (PWIA) (see Fig. 2.4). Such a description assumes that the
virtual photon couples to a single proton that is subsequently ejected from the
nucleus without any further interaction with the recoiling nucleus. Furthermore,
the in- and outgoing electron and knocked out proton are described by plane
waves. Hence, the momentum pmpmpm and binding energy Em of the proton before
it was knocked out of the nucleus can be determined exactly, and are given by:

Em = e− e′ − Tp − TA−1 (2.10)

= ω − Tp − TA−1

= MA−1 −MA +mp︸ ︷︷ ︸ +Mexc
A−1 −MA−1︸ ︷︷ ︸

= Esep + Ex

pmpmpm = eee− e′e′e′ − ppp = qqq − ppp
= −pA−1pA−1pA−1

The vectors (e,eee) and (e′,e′e′e′) are the four-momenta of the in- and outgoing
electrons, respectively. Their three-momenta span the scattering plane. The
four-momentum (ω,qqq) carried by the virtual photon, is shown as a wavy line in
Fig. 2.4. This photon transfers an energy ω to the the initial bound proton.
If ω is larger than the proton-separation energy Esep the proton emerges from
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Figure 2.4: One Photon Exchange diagram for the (e, e′p) reaction in the Im-
pulse Approximation.

the nucleus with a kinetic energy of Tp and momentum ppp. In this process, the
nucleus with initial energy EA = MA (laboratory frame) recoils with kinetic
energy TA−1 and momentum pA−1pA−1pA−1. The recoiling nucleus may be excited such
that its total mass is Mexc

A−1. The excitation energy is Ex = Mexc
A−1 −MA−1,

where MA−1 is the mass of the recoiling nucleus in the ground state.
In PWIA, the cross section for the reaction (e, e′p) is computed as a product

of an off-shell electron-proton cross section, for which the current conserving
version σcc1ep of De Forest [DeFor83] was used and a spectral function S(Em, pmpmpm)
that represents the joint probability of finding a proton with momentum pmpmpm and
energy Em:

d6σth

dpppde′e′e′
=
σcc1ep

e′2
S(Em, pmpmpm). (2.11)
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On general grounds (Gauge invariance, Lorentz invariance), the electron-
proton cross section σcc1ep can be expressed in four independent structure func-
tions i.e. wL, wT , wLT and wTT ([DeFor83]):

σcc1ep = σmott
Q2

q2 (
Q2

q2
wL +

ε−1

2
wT + (2.12)√

Q2

2q2
(1 + ε−1)wLT cos(φ) +

1
2
wTT (cos(2φ) + ε−1).

The quantity σmott is the Mott cross section for electron scattering off an in-
finitely heavy point-charge and φ is the angle between the scattering plane and
reaction plane (see Fig. 2.4). The quantity Q2 is equal to q2 − ω2. The polari-
sation parameter ε, given by

ε−1 = 1 + 2
q2

Q2
tan2(

θe′

2
), (2.13)

determines the longitudinal-transverse character of the transferred virtual pho-
ton. The longitudinal (L) structure function wL depends on the hadronic
charge distribution. The transverse (T) structure function wT and transverse-
transverse interference term wTT depend both on that part of the hadronic
current density that is perpendicular to qqq. The function wLT is the interference
term between the hadronic charge distribution and current density.

When the reaction is studied in parallel kinematics i.e. e′e′e′ and ppp are chosen
such that the momentum transfer qqq is parallel to ppp (θqp= 0◦, see Fig. 2.4),
the interference structure functions wLT and wTT will vanish since they are
proportional to sin θqp (see [DeFor83]). In this case Eq. 2.12 reduces to the sum
of a longitudinal and transverse component.

2.4.2 Spectral function

When the (e, e′p) reaction is measured for a transition leading to a state at
Em=Eα

m, the momentum distribution for this transition is:

ρexpα (pmpmpm) =
∫

∆Em

dEm
e′2 d6σexp

dpppde′e′e′

σcc1ep

, (2.14)
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Figure 2.5: The (e, e′p) reaction in parallel kinematics.

where the integration runs over the missing-energy region ∆Em that contains
the energy-location Eα

m only. The normalisation of ρexpα (pmpmpm) is such that

Zα =
∫ ∞

0

dpmpmpmρ
exp
α (pmpmpm). (2.15)

Hence, integration of the measured momentum distribution ρexpα (pmpmpm) for a single
proton in a given state α yields the experimental spectroscopic factor Zα. This
momentum distribution is related to the bound-state wave function Φα(rrr) for
the proton via:

ρα(pm) = |
∫
drrr expipmpmpm·rrr Φα(rrr)|

2

. (2.16)

The approximation of using plane waves in PWIA is not a realistic descrip-
tion for the A(e, e′p) reaction. The Final State Interaction (FSI) between the
knocked-out proton and the recoiling nucleus will distort the wave function of
the proton, while the electro-magnetic field of the nucleus affects the electron
waves. Obviously, with these distortions present, the Plane Wave description is
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not valid anymore. Despite of these distortions one still defines - for the ease of
comparison with experimental data - distorted momentum distributions as

ρDα (pm, Tp, e′, e) =
∫

∆Em

e′2 d6σD

dpppde′e′e′

σcc1ep

, (2.17)

where the momentum distribution now also depends on the kinetic energy of
the proton and electron energies. The computation of the cross section d6σD

dpppde′e′e′

is explained in Subsec. 2.4.3. The experimental spectroscopic factor is then
derived from:

Zα =
∫
dpmpmpmρ

exp
α (pmpmpm)∫

dpmpmpmρDα (pm, Tp, e′, e)
. (2.18)

Obviously, this procedure yields reliable results only when the pmpmpm dependence
of the experimental momentum distribution is correctly described by the dis-
torted momentum distribution. When it is assumed that electron and proton
distortions are correctly accounted for, deviations between ρDα (pm, Tp, e′, e) and
ρexpα (pmpmpm) may indicate the wrong choice of the BSWF Φα(rrr) and / or the pres-
ence in the experimental data of processes beyond the Impulse Approximation.

2.4.3 Proton and electron distortions

The Final State Interaction (FSI) between the knocked-out proton and recoil-
ing nucleus is computed in Distorted-Wave Impulse Approximation DWIA(p′).
For complex (A>4) nuclei the FSI is commonly treated with the help of non-
relativistic optical-model potential. This potential contains a Coulomb part,
a complex central term, an imaginary surface term and a complex spin-orbit
term. The explicit form this potential is given in Ref. [Quint88]. The employed
optical-model parameters (see Sec. 4.5) have been obtained from fits to 160
MeV (p, p) scattering data off 208Pb[Blok00].

In Fig. 2.6, the computed ρnlj(pm) are shown for the reaction 208Pb(e, e′p)
without (PWIA) and with (DWIA) the effect of proton distortions. The compu-
tations have been performed for the kinematics of the present experiment, i.e.,
the beam energy was 674 MeV and the outgoing proton energy is 160 MeV. The
bound-state wave function was computed in a standard Woods-Saxon potential
[Quint88]. The depth of this potential is chosen such that the binding energy
of the proton is reproduced, while its geometry is adapted such that previous
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Figure 2.6: Momentum distributions -in parallel kinematics- for the 3s1/2 tran-
sition in the reaction 208Pb(e, e′p) obtained with proton distortions
(DWIA(p′)) and without proton distortions (PWIA) (left panel).
The right panel shows the results of a relativistic calculation in
which the electrons are described by distorted wave DWBA(e) or
plane wave PWBA(e).

208Pb(e, e′p) data measured at Tp=100 MeV [Quint88] are correctly described
(see Sec. 4.5).

The main effect of the proton distortion is the decrease of the outgoing
proton flux due to the imaginary part of the optical-model potential. This is
clearly visible in Fig. 2.6. The filling of the minima is the result of interference
effects between real and imaginary parts of the scattering amplitude.

Coulomb distortion effects are focusing of the electron waves in the vicinity
of the nuclear charge distribution and acceleration of the incoming electron
and deceleration of the scattered electron. In order to take this distortion into
account exactly, the Dirac equation of the electron in the Coulomb field of the
nucleus should be solved. This computation is especially difficult when the FSI
for the proton (non-relativistic) is taken into account simultaneously. Therefore
an eikonal approximation, in which the electron wave function is developed in
a power series to second order in Zα, is usually employed. This approximation
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is called the Complete Distorted-Wave Impulse Approximation (CDWIA). For
details, see Ref. [GiuP87].

Authors of Ref. [Jin92,Ud́ıas93], have incorporated both proton and electron
distortion in one relativistic frame work. The calculations of Ud́ıas et al. are
along similar lines to those of Ref. [Jin92]. Here, the relativistic model of
Ud́ıas et al. will be discussed. Momentum distributions have been computed
with this model for the reaction (e, e′p) on various heavy nuclei. Differences
between the models are For the FSI, a relativistic DWIA(p′) has been used.
Here, the wave function of the outgoing proton is obtained by solving the time-
independent Dirac equation with a Coulomb potential Vc (computed from the
empirical charge distribution of the target nucleus) and strong complex Scalar
(Vs) and Vector (Vv) potentials fitted to elastic proton scattering data [Hama90]
off closed-shell nuclei from 40Ca to 208Pb in the projectile energy range of 65-
1040 MeV. The parameters of these scalar and vector potential are functions of
projectile energy and mass number. For the bound protons, the TIMORA code
[Hor91] has been used in order to compute the corresponding relativistic BSWF.
The obtained momentum distributions are plotted in Fig. 2.6 together with the
non-relativistic ones. Here, the wave function for the electron is computed in
Distorted-Wave Born Approximation (DWBA) by solving the Dirac equation
exactly for a (spherical) uniform distributed charge distribution that represents
the extended nuclear charge.

2.5 Coulomb Distortion and L-T separation

The present measurement of the reaction 208Pb(e, e′p) has been carried out
at two different beam energies in parallel kinematics in order to allow for a
Rosenbluth separation of the longitudinal (σL) and transverse part (σT ) of the
cross section. However, one first has to establish whether such a separation
is possible at all, since Coulomb distortion of the electron waves, will affect
the cross section such that a separation into longitudinal σL and transverse σT
components as shown in section 2.4.1 for PWIA, is no longer valid.

Basically, the Coulomb distortion effects are focusing of the electron waves in
the vicinity of the nuclear charge distribution and acceleration of the incoming
electron and deceleration of the scattered electron. As a result, the momentum
transfer qqq varies and is no longer unique and parallel to the proton momentum.
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Figure 2.7: Momentum distribution for the 3s1/2 transition in the reaction
208Pb(e, e′p) computed in DWBA for high (solid) and low (dashed)
beam energies employed in the present experiment (left panel). The
right panel shows the same distributions plotted as function of the
missing momentum at the reaction vertex.

This causes a mixing of longitudinal and transverse terms, with the result that
the cross section can no longer be written as the sum of a longitudinal and
transverse term only.

In order to investigate these effects on the momentum distributions, cross
sections were computed at beam energy eH=674 MeV (d6σHI

dpppde′e′e′ ) and at eL=461

MeV (d6σLO

dpppde′e′e′ ). They have been factorised into a kinematic part σcc1ep and a
momentum distribution ρnlj(pm) according to:∫

dEme
′2 d6σS

dpppde′e′e′
= σcc1S ρ

S
nlj , with S = HI,LO (2.19)
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Figure 2.8: Longitudinal (L) and transverse (T) momentum distributions re-
sulting from a L-T separation of the curves in the right panel of
Fig. 2.7.

and separated into a Longitudinal and Transverse part by∫
dEme

′2 d6σS

dpppde′e′e′
= σmott

S (wLρLnlj + ε−1
S wT ρ

T
nlj) with S = HI,LO. (2.20)

The quantity wL (wT ) is proportional to the squared charge (magnetic) struc-
ture function of the proton. The quantities ε and σmott

S are the virtual photon
polarisation parameter and the Mott cross section. The separated momentum
distributions ρLnlj and ρTnlj are expressed in terms of ρHI

nlj and ρLOnlj by:

ρTnlj = ρHI
nlj +

∆ρ
ε−1
LO − ε−1

HI

(
wL
wT

+ ε−1
LO) (2.21)

ρLnlj = ρHI
nlj −

ε−1
HI∆ρ

ε−1
LO − ε−1

HI

(1 +
wT
wL
ε−1
LO) with

∆ρ = ρHI
nlj − ρLOnlj .
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In PWIA, the factorisation of the cross section into the off-shell electron-
proton cross section σcc1ep and the momentum distribution ρPWIA

nlj is such that
the shape of ρPWIA

nlj does not vary with beam energy. Hence, ρLnlj=ρ
T
nlj=ρ

PWIA
nlj .

When the Coulomb and proton distortions are turned on in the (e, e′p) re-
action, the factorisation yields a ρHI

nlj that is not equal to ρLOnlj . This is shown in
Fig. 2.7 for the DWBA computations that treat these distortions exactly. The
main difference is a horizontal shift between the curves that is due to a change
of momentum of the electron when it propagates towards or away from the
reaction vertex. This change depends on the electron energy. A better agree-
ment between the curves is therefore achieved when they are plotted against
the missing momentum at the reaction vertex, which can be approximated by
the effective missing momentum peffm computed in the effective momentum ap-
proach (see Ref. [Gue99]). Obviously a L/T separation with the curves of Fig.
2.7 in pm-representation will not succeed, but even in the peffm representation
the shapes of the longitudinal and transverse momentum distributions are rad-
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Figure 2.10: Momentum distributions for the 3s1/2 computed in DWIA (no
Coulomb distortion) (left panel). The right panel shows the cor-
responding separated longitudinal (solid) and transverse (dashed)
momentum distributions.

ically different (see Fig. 2.8). Moreover they differ considerably from the shape
of the un-separated momentum distributions.

In order to investigate whether this difference is due to Coulomb distor-
tion only, or -possibly- also to proton distortions, momentum distributions have
been calculated in DWIA, where the Coulomb distortion is switched off. The
Rosenbluth separation was then carried out with cross sections computed in
DWIA. The results of this separation are shown in Figs. 2.9 and 2.10 which
demonstrate that the L-T separation is successful, since the observed difference
between ρDWIA

nlj and the separated momentum distribution is on the average
between 3 % and 9 %. The impossibility of the L-T separation is therefore only
caused by effects of Coulomb distortion.

This impossibility is not special for a 3s1/2 transition, since a L-T separation
of cross sections for other transitions, results in anomalous shapes of ρHI

nlj and
ρLOnlj as well. See for example the L-T separation in Fig. 2.11 as deduced for
the 2s1/2 transition. Similar results hold for all other transitions in the reaction
208Pb(e, e′p) at the present beam energies.
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Figure 2.11: Momentum distributions for the 2s1/2 transition computed in
DWBA with Coulomb distortions (left panel). The right panel
shows the corresponding separated longitudinal (solid) and trans-
verse (dashed) momentum distributions.

It is concluded that a straightforward L-T separation is impossible due to
Coulomb distortions. We therefore refrain from performing the L-T separation
and will analyse the data measured at the two beam energies separately.

2.6 Two-body Currents

Since the extraction of the spectroscopic strength from the measured crosss
section is based on the Impulse Approximation (IA), -coupling of the virtual
photon to one proton that is ejected-, it is necessary to verify the validity of
this approximation.

It is well known that two-body currents caused by coupling of the photon
to an NN-pair via Meson Exchange and Intermediate Delta Excitation, may
contribute to the cross section via its transverse part. In the kinematics of
this experiment, the main contributions of two-body currents come from the
charged π-meson exchange current with a neutron-proton (np) pair and proton
and excitation of a nucleon to a ∆. Due to the large width of this resonance, the
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Figure 2.12: Contour plots of the quantity ε−1wT

wL
for the high (left panel) and

low (right panel) beam energy of the present experiment, respec-
tively.

tail of this contribution has been observed in the measured inclusive (e, e′) cross
section at low missing momentum as function of energy transfer (see Subsec.
3.3.5). In other words, sub-nuclear degrees of freedom i.e. meson exchange
between nucleons and internal degrees of freedom of a nucleon are present in
the cross section for the (e, e′p) reaction and may make an interpretation of the
cross section based on the IA invalid.

The magnitude of the contribution could in principle be estimated experi-
mentally from a comparison of the separated longitudinal and transverse parts
of the cross section, but as demonstrated in section 2.5, this separation is fun-
damentally impossible for 208Pb at the present beam energies. Hence, a model
computation is required to estimate the contribution of two-body currents. Since
two-body currents contribute to the cross section via the transverse structure
function (wT ), it is instructive to compute the relative importance of the trans-
verse (wT ε−1, see Eq. 2.20) and longitudinal part wL of the electron-proton
cross section σcc1ep in the present kinematics (see Fig. 2.12). This figure demon-
strates that the transverse contribution is a factor of 1.5 to 2 larger at the low
beam energy than at the high beam energy.
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Following the non-relativistic model of Ref. [FabA79] for the deuteron,
meson exchange and isobar effects are accounted for by (effective) two-body
currents. The internal degrees of freedom of the nucleon allowing this exci-
tation consist of nuclear isobar configurations in the np current discussed in
Ref. [Lee96]. The lowest order diagrams for pion MEC between neutron and
proton are shown in the same figure. These diagrams are the pair term and
pion-in-flight term.

In order to estimate the effect (∆fA) of Meson Exchange Current and Isobar
processes on the transverse response function, a quasi-deuteron model originally
proposed by [Levi51] is employed. This model scales the relative effect of the
two-body currents on the deuteron [FabA79] to 208Pb by accounting for the
number of quasi-deuterons, i.e., the neutron-proton pairs in the relative quan-
tum state 3S1. The contribution This process will contribute to the yield of
the reaction 208Pb(e, e′p) when sufficient energy ω is transferred to the proton
and neutron by the virtual photon. The value of the energy transfer was chosen
such that the energies of both the proton and the neutron of the struck pair
was above the Fermi energy. This implies that there is presently a threshold
energy (Tp-Ep

nl-E
n
nl) for the considered process, in which Tp is the kinetic en-

ergy of the measured proton. In this way one neglects processes in which the
neutron remains in the (possibly excited) residual nucleus. For simplicity, a
Harmonic-Oscillator (HO) model is used to describe the protons and neutrons
in the nucleus, where Ep

nl(E
n
nl) is the HO energy of the orbit nl.

To compute the number of quasi-deuterons, one needs the overlap of all al-
lowed combinations of two-nucleon wave functions with the wave function that
describes the relative motion of proton and neutron in a 3S1 state . The quasi-
deuteron number denoted by N

3s1
D (Em) in the nucleus at an energy Em, is

the sum of all computed overlaps. These overlaps are evaluated by using the
two-nucleon wave functions in momentum space denoted by 〈p|n1l1n2l2〉 that
describe the relative and centre-of-mass (cm) motion of the quasi deuteron.
These functions form a complete orthonormal basis 〈p|nrellrelncmlcm〉 such that
the computation of the quantity N

3s1
D (Em) is feasible. The matrix elements

[Talmi93,BrodM67,Racah42] involved in this calculation belong to the transfor-
mation from HO two-nucleon wave function 〈p|n1l1n2l2〉 into
〈p|nrellrelncmlcm〉 while conserving the total energy of the two-nucleons, i.e.

2(n1 + n2) + l1 + l2 = 2(nrel + ncm) + lrel + lcm. (2.22)
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Figure 2.13: Quasi-deuteron number relative to the total number NZ of np
pairs for the isotones 218U(solid curve) and 196Yb(dashed curve).

For the doubly-closed shell nucleus 208Pb, coupling of valence neutrons to pro-
tons is very complicated since they reside in main oscillator shells where only
one spin-orbit partner 1h11/2 for the protons and 1i13/2 for the neutrons is below
the Fermi energy. Isotones of 208Pb, namely 196Yb and 218U have proton shells
filled with orbits nl(j− 1/2) and nl(j+ 1/2). Therefore, a quasi-deuteron num-
ber calculation for these isotones is used to estimate the total quasi-deuteron
number for 208Pb. A further simplification is that the proton and neutron in-
volved in the clustering of the deuteron in the nucleus have the same principal
quantum number. The computed quasi-deuteron number is given by

N
3s1
D (Em) =

∑
nl1l2

〈nl1l2|nrellrel = 0 ncmlcm〉. (2.23)

In Fig. 2.13, it is shown that the quasi-deuteron number when divided by the
total number NZ of np pairs in the nucleus, is virtually independent of the chosen
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Figure 2.14: Effect of two-body currents on the energy distribution at the low
(dashed-dotted) and high (dashed) beam energy. The solid curve
represents the energy distribution without the effect of 2-body cur-
rents.

isotone of 208Pb. Therefore, the quasi-deuteron number of 208Pb is taken as the
average of the relative numbers for the isotones 196Yb and 218U , multiplied by
NZ for 208Pb.

The effect (∆fA) of two-body currents on the transverse structure function
for quasi elastic scattering from 208Pb results into a spectroscopic strength given
by [VdSt87]:

S(Em) = 4π
∫ pF

0

dpmp
2
mS(Em, pm)σcc1ep (wT → wT (1 + ∆fA))/σcc1ep with

∆fA = (∆fD − 1)
N

3s1
D (Em)
A

L. (2.24)
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The Levinger factor L is included in the computation, since it accounts for the
difference in internal wave functions of the quasi-deuteron and a free deuteron
[Levi51]. The value of ∆fD is taken from a non-relativistic calculation of electro-
disintegration on the deuteron 2H(e, e′p) that occurs in its rest frame (see Ref.
[FabA79]).

The computed spectroscopic strength, without and with the effect of two-
body currents included, is shown in Fig. 2.14. Since the available number of
quasi-deuterons increases with Em(see Fig. 2.13), the computed contribution
of two-body currents becomes larger with increasing Em, reaching a factor two
at Em= 100 MeV compared to spectroscopic strength without the effect of
two-body currents. Since the present experiment aims at the determination
of spectroscopic factors of all proton orbits, the computed effect of two-body
currents on the determined spectroscopic factors is at most 30 % for the deepest
bound 1s1/2 orbit. The computed difference between the spectroscopic factors
determined at eL and eH is less than 5 % .

2.7 Rescattering

The aim of the present experiment is to measure the spectral function S(Em, pm)
for the reaction 208Pb (e, e′p) at high missing energy Em up to 100 MeV. For
this purpose, one needs the cross section for those events in which the observed
proton results from a direct (one-step) knockout process. The contribution
of the rescattering process - in which the detected proton (p) results from a
collision with an other nucleon (N) -, may not be negligible with respect to
that of a direct knockout reaction. Hence, a calculation of the strength of the
rescattering process is necessary.

The contribution of rescattering above the two-nucleon threshold energyE2N
m

is computed in this section. For 208Pb the value of E2N
m is about 15 MeV.

We consider rescattering as a two-step process [Cap85,Taka88,Gil97] in which
the primary reaction (e, e′N) is followed by an N(p, p′)N collision, such that
eventually a proton is detected (see Fig. 2.15). The differential cross section for
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Figure 2.15: Rescattering process in a nucleus. An incoming electron (eee) hits a
proton at position r1r1r1. The intermediate proton(p) propagates with
energy Ti to position r2r2r2, where it collides with another nucleon.
Finally a proton (p′) with momentum pdpdpd emerges from the nucleus
and is detected.

this process is given by

d6σR
dpdpdpdde′e′e′

=
p∑

N=n

∫
V

dr2r2r2
∫
V

dr1r1r1
∫ Td+ω

Td

dTi (2.25)

ρp(r1r1r1)
σprod

e′2(r1r1r1 − r2r2r2)2
pr1r1r1→r2r2r2
T ρN (r2r2r2)

d3σpN
dTddΩid

pr2r2r2→∞
T .

Here, the ingredients of the calculation are:
i) A production cross section σprod for the protons, involving an off-shell

electron-proton cross section electron-proton σcc1ep and the spectral function
S(Em, pm);

ii) in the second vertex, an off-shell proton-nucleon cross section d3σpN

dTddΩid
,

where Pauli blocking is taken into account;
iii) a density dependent flux absorption quantified by transparency proba-

bilities [Pand92] pr2r2r2→∞
T and pr1r1r1→r2r2r2

T for protons propagating through the nuclear
medium.

In the following subsections, the ingredients of the rescattering process and
the results of the calculation of d6σR

dpdpdpdde′e′e′ are discussed. The cross section for
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rescattering is the product of the ingredients integrated over the volume (V ) of
the nucleus 208Pb and over the energy Ti of the intermediate proton between
Td and Td + ω, since the intermediate proton transfers to the nucleon at the
second vertex r1r1r1, an energy between 0 and ω. Here, Td is the kinetic energy of
the detected proton. The integration is performed numerically by means of a
Monte Carlo method.

Note that the description of rescattering is a classical approximation to the
reaction (e, e′N)(Np′) . Further, we neglect the reaction (e, e′n) followed by the
process (n, p), since the off-shell electron-neutron cross section σcc1en is an order of
magnitude smaller than σcc1ep in the kinematics of the present experiment. Note
that the contribution of the reaction (e, e′p) followed by the process p(n, p)n
via the exchange of charged pion is automatically accounted for, since phe-
nomenological proton-nucleon cross sections (computed by the program SAID
using SP91 (1991) phase shift analysis [SAID91]) have been employed in the
computation of the off-shell proton-nucleon cross section d3σpN

dTddΩid
.

2.7.1 Propagation and absorption of protons

In the rescattering calculation, we use the nuclear matter (NM) spectral func-
tion Snm(Em, pm) at saturation density ρ0 = 0.17 fm−3 ([BenF90]) in order
to describe the energy and momentum distribution of the nucleons. The den-
sity dependence of the dispersion relation between momentum and energy of
the off-shell proton is approached in a Local Density Approximation (LDA),
where the proton is distributed in space according to a point-proton density ρp
of 208Pb . The point-proton density ρp was unfolded from the nuclear charge
density [Nucl87] by using the dipole proton form factor for the proton charge
distribution [HalzM84].

The absorption of the flux of protons is dependent on the point-proton and
point-neutron density. Here, it is assumed that the point-neutron density is

ρn =
A− Z
Z
ρp (2.26)

and the point-nucleon density

ρ = ρp + ρn. (2.27)

This assumption implies that the shape of the neutron density is taken equal
to the proton density. For the purpose of the present rescattering computation,



36 Theory

this approximation is sufficiently accurate, since it has been demonstrated that
the proton and neutron radii of heavy nuclei differ by less than 0.2 fm (see Ref.
[Allar73,Angleli79,Shlomo77]).

In LDA, a nucleon with momentum pm and energy Em propagates in nuclear
matter at nucleon density ρ. The dispersion relation between Em and pm is :

Em =
pm

2

2m
+ Vdip(pm, ρ), (2.28)

where Vdip(pm, ρ) is a double pole potential in pm proposed by Wiringa [Wir88]
to fit the real part of the optical potential calculated with the Urbana v14 +
Argonne TNI N-N interaction. The consequence of the dispersion relation 2.28
is that the nucleon gets an effective mass m∗ which is momentum dependent.
To describe this dependence, a polynomial potential Vpol(pm, ρ) ,

Vpol(pm, ρ) = Vpol(0, ρ) +
dVpol
dp2m

p2m (2.29)

is employed in the calculation. The potential Vpol(pm, ρ) is the least square
approximation to Vdip(pm, ρ), i.e. the integral

∫ 750 MeV/c

0

(Vdip(pm, ρ) − Vpol(pm, ρ))2dpm (2.30)

is minimised with respect to the quantities Vpol(0, ρ) and dVpol

dp2
m

.

The dispersion relation (2.28) for the nucleon in NM that possesses an effec-
tive mass m∗ then becomes

Em =
p2m

2m∗ + Vpol(0, ρ) (2.31)

Vpol(0, ρ) = 27.42MeV
ρ

ρ0
(
ρ

ρ0
− 3.418),

where m∗ is :

m∗ = m
1

1 + 0.25645 ρ
ρ0

. (2.32)

The dispersion relation is shown in Fig. 2.2 by the dashed curve.
The absorption is represented by the nuclear transparency probability prrr→∞

T

i.e., the probability that a proton struck at position rrr in the nucleus emerges
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from a nucleus without rescattering. In the present computation, we consider a
proton that propagates through 208Pb from position r1r1r1 to r2r2r2 . The probability
that the struck proton arrives at r2r2r2 is the ratio between two nuclear transparency
probabilities:

pr1r1r1→r2r2r2
T =

pr1r1r1→∞
T

pr2r2r2→∞
T

. (2.33)

The transparency probability for the proton is a line integral along the path
r of the proton:

pr
′r′r′→∞
T = exp(−

p∑
N=n

∫ ∞

r′r′r′
dz σNp(pm, ρ)gNp(|r′r′r′ − rrr|)ρN (rrr)). (2.34)

Here, σpp and σpn are effective cross sections for the scattering of the proton on
a bound proton and neutron in nuclear matter, respectively. In the calculation
of these cross sections, the effective mass of the nucleons and Pauli blocking were
taken into account. The functions, gpp(|r′r′r′ − rrr|) and gpn(|r′r′r′ − rrr|) ) [Pand92] are
pair distribution functions that represent the joint probability of finding a struck
proton at position r’r’r’ and a proton (neutron) at position rrr .

For the purpose of checking the pr
′r′r′→∞
T for 208Pb , the nuclear transparency

T i.e. the average transparency probability over the charge of the nucleus for
the kinetic energy of the proton Tp= 160 MeV,

T =
1
Z

∫
d3r′ρp(r′r′r′)pr

′r′r′→∞
T , (2.35)

was calculated. The obtained value T = 0.38 is in good agreement with the one
calculated in in DWIA, where the absorption is accounted for by the imaginary
part of an optical model potential.

2.7.2 Production Cross Section for the process (e, e′p)

The differential cross section to produce a proton with kinetic energy Ti emitted
with an angle of θiq relative to q in the scattering plane is

σprod(θiq, Ti) =
d6σ

dΩee′dωdΩiqdTi
(2.36)
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= S(ω − Ti, |pipipi − qqq|)σcc1ep K, (2.37)

where K = pi(Ti + m) and σcc1ep is the electron-proton off-shell cross section
[DeFor83].

2.7.3 Cross Section for the process N(p, p′)N

In the discussion that follows, one has to keep in mind that the energy of each
nucleon is related to its momentum by the dispersion relation eq. 2.28 and that
the employed kinematics are non-relativistic.

An incoming proton of momentum pipipi and energy Ti strikes a nucleon of
momentum pmpmpm and energy Em distributed according to a nuclear matter spectral
function S(Em, pm) . The incoming proton transfers to the nucleon a momentum
ptptpt = pipipi−pdpdpd and energy Tt = Ti−Td. In the final state, one proton of momentum
pdpdpd is detected and the other nucleon of momentum pupupu is not measured. The
cross section for this process depends on the momentum pdpdpd and kinetic energy
Ti of the incoming proton. The process is represented schematically in Fig.
2.16.

In Fig. 2.16, the positive z-axis points in the direction of pdpdpd. The momenta
pipipi and pdpdpd span the Oxz plane. θid is the angle between pipipi and pdpdpd, θim is the
angle between pmpmpm and pipipi and θmd is the angle between pmpmpm and pdpdpd. Ωid is the
solid angle (cos(θid),φid); φid = 0◦. φ is the angle between the plane spanned
by pmpmpm and ptptpt and the plane spanned by pipipi and pdpdpd and θ is the angle between
pmpmpm and ptptpt. The momenta of the participating particles are expressed in terms
of these coordinates and they are:

pdpdpd =


 0

0
pd


 pi =


 pi sin(θid)

0
pi cos(θid)


 (2.38)

pmpmpm =




Ptz

ptptpt
0 Ptx

ptptpt

0 1 0
−Ptx

ptptpt
0 Ptz

ptptpt





 pm sin(θ) cos(φ)
pm sin(θ) sin(φ)
pm cos(θ)


 . (2.39)
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Figure 2.16: The left graph shows the momenta of the particles participating
in the reaction N(p, p′)N in which the solid vectors represent the
momenta in the initial state and the dashed vectors indicate those
in the final state. The right graph shows the energies of the nucle-
ons. Pauli Blocking prevents a nucleon to occupy a state already
filled by another nucleon. A certain amount of energy Ti − Td
must be transferred to the target nucleon by the incoming proton
to allow a transition from a bound state into an unoccupied state
above the Fermi energy EF .

The exclusive cross section for scattering of a proton on a moving nucleon
of momentum pmpmpm and energy Em is :

d10σpN
dEmdpmpmpmdpdpdpddpupupu

=

S(Em, pm)
AA∗

F ∗ δ(Em + Ti − Td − Tu)δ(pupupu + pdpdpd − pmpmpm − pipipi). (2.40)

The initial flux of protons in NM is:

F ∗ = 4m∗|pm − pi|. (2.41)

We make the restriction that the amplitude A for the scattering process depends
only on the direction of pd. The quantity AA∗

F∗ is therefore proportional to
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1
f

dσ∗
Np

dΩid
. The quantity dσ∗

Np

dΩid
is the differential cross section for the process in

NM, obtained from phenomenological proton-nucleon cross sections generated
by the program SAID SP91 (1991) phase shift analysis [SAID91]. The quantity
f is the phase space factor for the reaction:

f =
∫

dpdpdpddpupupuδ(pupupu + pdpdpd − pmpmpm − pipipi). (2.42)

Integration over Em , the direction of pupupu and θ, results into a cross section
of the form:

d3σpN
p2ddpddΩid

= 2
∫ π

0

dφ
∫ pF

0

dpm
∫ pt+pm

|pt−pm|
dpuS(E∗

m, pm)
dσ∗Np

dΩid

1
f

pmpu
pt

(2.43)

with

E∗
m = −Vm +

p2d + p2u − p2i
2m∗ . (2.44)

Here, pmpmpm is calculated from the angle φ, pt and θ, according to the Eq.
2.39 . The angle θ is extracted from the quantities pu and pm and momentum
conservation:

p2u = p2t + p2m + 2pmpt cos θ. (2.45)

The integration over pupupu is restricted by a lower bound on its norm. The
lower bound is extracted from Pauli exclusion as explained in Fig. 2.16. There,
the exclusion principle is formulated by Tu ≥ EF and it is equivalent to pu ≥ pF
when calculating the momentum from the energy by the dispersion relation (Eq.
2.31). The Fermi momentum pF is thus the solution to the equation

EF = E(pF ). (2.46)

The differential cross section (Eq. 2.43) is evaluated numerically.

2.7.4 Coulomb Scattering

In p-p scattering, the Coulomb contribution to σpp diverges when the energy
transfer ET approaches zero. In order to avoid numerical instability in the
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integral 2.43, we require that the transfered energy is larger than the energy
gap Egap between the Fermi energy and the continuum, ET > Egap where the
knocked out proton should have an energy of

Tu ≥ −|EF | + Egap. (2.47)

Therefore, we can limit the c.m. scattering angle θcmid to 10◦, when Pauli
blocking is applied to the knocked out proton.

The scattering angle in the cm frame is related to the norms plabd and plabi

of the proton momenta in the laboratory frame, by:

cos(θcmid ) = 2
(
plabd

plabi

)2

− 1. (2.48)

Due to Pauli blocking, the norm plabi is larger than plabd . Applying this
inequality to equation 2.48, will impose a lower bound on the cm scattering
angle θcmid .

2.7.5 Results

In order to compare the computed cross section for rescattering with the spec-
tral function for direct knock out, the rescattering cross section is divided by
Kσcc1ep and this rescattering strength is dentoted by SnmR (Em, pm). Here, we
present this strength, where we have used both a correlated nuclear matter
Snm(Em, pm) and a model spectral function SPb(Em, pm) for 208Pb. This com-
putation was performed in the kinematical region, where the data were measured
(see Sec. 4.4), i.e. at central missing momenta pm of 50 MeV/c , 150 MeV/c
and 240 MeV/c , respectively. The nuclear transparency for 208Pb is included
in both calculations and the results have been averaged over the experimental
pm-acceptance of 80 MeV/c for each kinematical setting. As shown in Fig. 2.17,
the computed rescattering contribution for nuclear matter is at least an order
of magnitude smaller than the direct knockout contribution.

In order to compute the rescattering contribution SpbR (Em, pm) for the re-
action 208Pb(e, e′p), a model spectral function SPb(Em, pm) has been employed
which is given by

SPb(Em, pm) = T
∑
nlj

nnlj(2j + 1)L(Em)ρHO
nlj (pm), (2.49)
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Figure 2.17: The solid and dashed curves represent the NM spectral function
and the rescattering contribution for 208Pb, assuming a NM spec-
tral function, respectively.

where T is the transparency for 208Pb at Tp = 160 MeV. The ρHO
nlj (pm) are

Harmonic-Oscillator momentum probability densities for the proton hole states
with principal quantum number n, orbital angular momentum l and the to-
tal angular momentum j. The quantity L(Em) is a Lorentzian function that
describes the energy distribution for each orbit nlj according to the prescrip-
tion by Brown and Rho [BroR81]. Furthermore, occupation probabilities have
been employed that are scaled relatively to the prediction of Ref. [PandP84] by
0.95 in order to fit experimental values of Ref. [Quint88]. The results of these
computations together with the present data, are shown in Fig. 2.18 for the mea-
surements at a beam energy of 674 MeV. In the region Em=0-60 MeV, which
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Figure 2.18: Model spectral function (solid) and rescattering strength (dashed)
calculated for the reaction 208Pb(e, e′p). The data (crosses) are
those of the present experiment.

will be used to determine the spectroscopic strengths for the single-particle or-
bits nlj, the rescattering contribution is about two orders of magnitude lower
than the value for the direct knockout process. Moreover, it is clear from Fig.
2.18 that the model spectral function that was employed to compute the rescat-
tering contribution, is close to the measured data. Hence, no second iteration
in the computation of the rescattering contribution was necessary.





Chapter 3

Experiment

In the present experiment, the coincident protons and electrons from the reac-
tion 208Pb(e, e′p) in a large energy and momentum domain must be detected.
Since the cross section for this process is low, one requires a high-duty factor
electron beam in order to ensure a large ratio of real-to-accidental coincidence
events and a large luminosity. These requirements were met by using a current
of 10 µA (max) extracted with high-duty factor (≥ 80 %) from the stretcher
ring AmPS (Amsterdam Pulse Stretcher) and a 100 mg/cm2 target.

For reasons explained in Sec. 2.5, the measurements were performed in par-
allel kinematic settings at a high beam energy and at a low beam energy, while
keeping the energy transfer, momentum transfer and the proton kinetic energy
constant. In this way a Longitudinal/Transversal separation (see Sec. 2.5) is
in principle possible. Special attention has been paid to the calibration of the
beam energy and the scattering angle and the experimental acceptances, and the
determination of the target thickness, since even small errors in these quantities
will increase those of the Longitudinal/Transversal separated responses.

The measurements have been performed with a target system that consists of
two solid lead foils and the magnetic spectrometers QDD and QDQ which mea-
sure the momenta of the outgoing electron [CdVr84] and the proton [LdeVr90]
with a high momentum resolution of several times 10−4.

This chapter is organised as follows: in section 3.1 the AmPS facility and
the spectrometers are discussed. Subsequently, the target system and charge
integration are described in section 3.2. Furthermore, the determination of

45
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the angular acceptance of the QDD spectrometer, the beam energy and the
effective target thickness are discussed in section 3.3. In the last section 3.4, the
kinematic conditions for the present experiment are presented.

3.1 Experiment

The present 208Pb(e, e′p) experiment requires a large luminosity with a high
ratio of real-to-accidental coincidence events. The AmPS-ring [Wu91,DeWH93]
delivers a continuous electron beam with a duty-factor (df) of ≥80 % that
improves the real-to-accidental ratio by two orders of magnitude compared to
experiments which were performed at NIKHEF with the 1 % df Medium Energy
Accelerator (MEA). The accelerator MEA fills the ring with electron pulses with
a repetition rate (fMEA) between 50 and 150 Hz and a beam energy (e) up to
700 MeV. The width of these injection pulses is 0.7 (2.1) µs, corresponding to
once (thrice) the revolution time of the electrons in the ring. After injection,
the pulses are stretched over the ring’s circumference. The resulting current is
uniformly extracted from the ring during a period slightly smaller than τMEA =

1
fMEA

. In this way, a continuous current can be extracted from the ring that
fills up the period τMEA with an average macroscopic duty factor of ≥ 80 % .

One-turn injection was used for the measurement at high e , where the lumi-
nosity was sufficient for fast data collection with an average extracted current
of 2.1 ± 0.1 µA . The duty factor was about 40-70 %. At low e, where the
cross section is one order of magnitude lower than the one at high e, a higher
luminosity was achieved by using three-turn injection mode. In the latter mode,
the average extracted current was 8-9 µA with peaks at 10 µA. The duty factor
was 60-80 %. The injection repetition rate was 100-150 Hz.

The scattered electrons and the knocked-out protons are detected in coin-
cidence with two high-resolution spectrometers which are shown schematically
in Fig. 3.2. Several basic parameters of these devices are listed in Table 3.1.
The spectrometers and their optical properties have been described in detail
elsewhere ([CdeVr84,Blok87,Off87,LdVr90,Brink91]).
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Figure 3.1: Schematic layout of AmPS facility. The experimental hall (EMIN)
containing the two-spectrometer system is indicated by ”external
target area” .

3.2 Target thickness and Charge Integration

A schematic top view of the target area is shown in Fig. 3.3 . The water-cooled
target system consists of two foils, where the effective separation as seen by the
spectrometer QDD(QDQ) along the beam line between the foils is denoted by
defffoils:

defffoils =
sin θQDD(QDQ)

sinα
dfoils. (3.1)

The target was mounted on a target ladder, which was connected to the calibra-
tion target setup (see Fig. 3.4). The ladder was able to rotate such that target
angles could be reached in the range -155◦ ≤ α≤ -30◦ . A test was performed to
ensure that in all kinematic settings (see Sec. 3.4), the protons and the electrons
emerging from the target did not hit the massive pillars of the target ladder on
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Cerenkov˘

Figure 3.2: High-resolution spectrometer setup in the EMIN hall. The scattered
electron is detected in the left spectrometer (QDD) and the knocked-
out proton is measured in the right spectrometer (QDQ). The beam
impinges perpendicularly to the plane of the drawing. In the upper
left corner of the figure, the focal-plane detection system of the
QDD is shown.

their way to the spectrometer entrance slits. A top view of the target is shown
in Fig. 3.4. The thickness profile of the foils was measured, because the position
where the beam hits the foils, called the beam spots, shifts due to occasional
small displacements of the beam and therefore scans thickness variations of the
target. The beam displacements were confined to ≤ 3 mm on the lead foils.
The beam position was measured with an accuracy of 1 mm. The target thick-
ness of each foil was determined on 5 different beam spots. With the help of a
view screen (see 3.4), the beam was positioned at ± 2 mm left/right/up/down
and at the nominal centre position of the target. The homogeneity of the foil
was deduced from the relative difference between the target thickness of the foil
(foils) located on the off-centred beam spot (doff ) and the one on the centre
of the beam spot denoted by dcent . The measured modulus of average val-
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Figure 3.3: Double-foil target positioned in the two-spectrometer setup in the
EMIN hall, corresponding to the kinematic setting (B2) listed in
Table 3.2. The foil separation distance (dfoils = 5 mm) , the
target angle (α) and the proton-spectrometer angle (θQDQ) were
chosen such that the knocked-out proton is detected in the flat part
of the acceptance (dark shaded regions) of the QDQ-spectrometer
(∆Y target). The path of the proton and the scattered electron
through the target assembly is shown by arrows. Since, the effective
inter-foil distance defffoils is large, the scattered electron emerging
from the upstream foil is detected in the QDD-spectrometer out-
side the flat part of the angular acceptance (light-grey area).
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Table 3.1: Properties of the spectrometers

Parameters QDD QDQ

Electron Proton

Acceptances

momentum acceptance ∆p
pcent

±5 % ±5 %

solid angle Ω 5.544 msr 14.9 msr

Angular acceptances

Φmax
tar -Φmin

tar 80 mrad 130 mrad

Θmin
tar / Θmax

tar -40/40 mrad -58/65 mrad

Angular Resolutions

δφ (FWHM) 3.9a/5.1b mrad 13.8c mrad

δθ (FWHM) 2.4a/3.1b mrad 6.4c mrad

Resolution reconstructed foil position

δYtar (FWHM) 0.6 cm 0.4 cm

ae′ = 514 MeV
be′ = 291 MeV
cTp = 161 MeV

ues indicates, that the relative variation of target thickness for the upstream,
downstream foil and combined foils are of the order of a few % :

|d
off
Up − dcentUp

dcentUp

| = 2.1 ± 1.2%(Upstream),

|d
off
Down − dcentDown

dcentDown

| = 3.0 ± 1.5%(Downstream),

|d
off
tot − dcenttot

dcenttot

| = 0.7 ± 0.8%(combined).

The indicated uncertainties represent statistical errors.
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Figure 3.4: Top and front view of the target system, respectively. The calibra-
tion targets were mounted at an offset angle of 15◦ with respect
to the lead foils. The pyrometer is positioned such that it could
monitor the heat that was produced at the spot where the beam hits
the upstream foil. The thick black lines represent the target-ladder
pillars.

To avoid melting, the foils were cooled by a water flow of up to 95 dm3/h
during the actual data taking. The temperature was monitored by a pyrometer
setup [Medag99]. This instrument measured a temperature of 394-414 K during
the present experiment which was conveniently below the melting temperature
of lead (601 K). The position of this instrument is shown in Fig. 3.4.

The beam current was measured and integrated by an electronic device con-
nected to the beam dump, which was isolated from ground. Operation of this
device depended on the duty factor and the offset current. Extensive measure-
ments of this dependence has yielded a parametrisation given by [Starink99]

Qtrue = Qmeas

(
1

1 + pdf

)( 〈I〉
〈I〉 + Io

)
. (3.2)

Here, p is the sensitivity to the duty factor df and Io is the offset current
as measured without the beam. The true charge Qtrue was employed in the
determination of the luminosity L = dQtrue. The ratio Qtrue/ Qmeascalculated
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from the extracted current during actual data taking (for all experiments for
which the settings are presented in Sec. 3.4) was:

Qtrue/Qmeas = 1.03 − 1.06.

Here the value of the offset current is Io= 44 ± 6 nA. The average current 〈I〉
is between 2 and 9 µA and the duty factor ranged between 0.4 - 0.8 .

3.3 Calibration measurements

In this section the determination of the beam energy and target thicknesses are
described. The calibrations have been performed by measuring cross sections
for elastic scattering off the nuclei 208Pb and 12C.

The reconstruction of the momentum vector of the scattered electron at the
target ([Off87,Blok87]) was improved by accounting for possible off-centre beam
positions and optimising some matrix elements. As a consequence of the latter
improvements, the form of the angular acceptance of the in-plane angle Φtar

and the out-of-plane angle Θtar is independent of the energy of the detected
particle ([Brink91]). These adjustments are deduced from so-called sieve-slit
measurements performed on 12C.

Since the upstream foil is positioned at a value of Y QDD
tar that is beyond the

range where the solid-angle acceptance is flat (see Fig. 3.3), the dependence
of the horizontal and vertical angular acceptance on Y QDD

tar was determined
experimentally. The dependence of this acceptance on the energy of the scat-
tered electron was also quantified. These dependencies are discussed in detail
in Subsec. 3.3.4.

As an additional check of the product of luminosity and solid angle ac-
ceptance in the QDD-spectrometer, quasi-elastic scattering off 208Pb had been
monitored in the energy-transfer ω range 160-260 MeV. This check is described
in Subsec. 3.3.5.

3.3.1 Target-angle offsets and ratio of target thicknesses

Due to the choice made for the kinematic settings, a proton yield for the reaction
208Pb(e, p) could be determined as a function of the proton-spectrometer angle
θQDQ covering the range between -47◦ and -35◦ in case of the high beam energy
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(eH) and between -37◦ and -26◦ for the low beam energy (eL) (see Table 3.2).
For each foil, this yield is the number of knocked-out protons emerging from the
downstream (upstream) foil (denoted by NDown(Up)), multiplied by the factor
sin(α + ∆αDown(Up)) in order to account for the different target angles and
normalised to the incoming flux of electrons and target thickness. The form
of the yield for protons emerging from the downstream foil (upstream foil) was
such that it could be fitted by a parabolic function of the proton angle θQDQ.
From the fit, the following offset angles were deduced:

∆αUp = −0.95 ± 0.14◦,

∆αDown = −6.0 ± 0.14◦.

After optimising the target angle offset for each separate foil, the remaining
difference between the yields and the parabolic curve fits is an indication of the
stability of the product of luminosity and proton detection efficiency. From these
differences, we have determined the normalisation factors for each kinematic
setting. All factors are in the range 0.98 - 1.03, except for the settings B3 and
B9 (see Table 3.2), where the yield of protons emerging from the downstream
foil should be normalised by the factor Cqdq = 0.90.

From the data and fits (see Fig. 3.5), the following ratio of target thickness
of the combined foils has been deduced:

dUp/dDown = 0.863 ± 0.052.

3.3.2 Beam energies and Detection Efficiency

The beam energy was determined from the excitation spectrum of the nucleus
12C which was obtained by measuring the cross section for (in)elastic scattering
off 12C , where the scattered electron was detected by the QDD-spectrometer.
From the observed peak positions of the ground state and several excited states,
the beam energies were deduced as:

eH = 674.0 ± 0.7 MeV,

eL = 461.0 ± 0.5 MeV.

Here, the errors in the beam energy are due to the uncertainty in the coefficients
of the dispersion polynomial that transforms the focal plane position (X1 fine-
channels of QDD) into the electron momentum ([Bouw92]).
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Figure 3.5: Measured yield of protons that emerge from the downstream foil
(circles) and upstream foil (stars) for several spectrometer angles
θQDQ. The solid curve represents a parabolic fit (see Sec. 3.3.1)).

Subsequently, the differential cross section dσexp/dΩ for elastic scattering off
12C was measured. A target angle αcalib = −90◦ was used. The spectrometer
angle θQDD was 36.99◦ at the high beam energy (39.93◦ at the low beam energy).
Under these experimental conditions, the sensitivity of the differential cross
section to energy dσ

de′ and scattering angle dσ
dθQDD

are small ( dσ
de′ was 4.42 %

/MeV and dσ
dθQDD

was 0.07 % per degree) and the uncertainty due to α was
negligible. The target thickness of the carbon foil was measured by the weight
and area method: d = 104.27 ± 0.17 mg/cm2.

The experimental cross sections dσexp/dΩ are compared to the theoretical
one, dσtheo/dΩ by evaluating the Ratio: R = dσexp/dΩ

dσtheo/dΩ
.
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The weighted mean of the ratios determined at the high and low beam energy
was:

〈R〉 = 0.984 ± 0.048.

This value is in agreement with earlier measurements [Herder85] that have de-
termined the absolute efficiency of the QDD detection system for electrons as
96.4 ± 0.5 % [CdeVr84].

3.3.3 Target thickness of 208Pb

In order to determine the target thickness (dtot) of the combined foils, the cross
section dσexp/dΩ for elastic scattering off 208Pb was compared to the calculated
cross section that employs the Spherical Fourier Bessel coefficients for the charge
density of Ref. [Nucl87]. The target-angle offsets were accounted for by the
mean value of these offsets, since the positions of the foils could not be resolved
with the spectrometer QDD. The thus obtained target thickness is:

dtot = 98.3 ± 2.1 mg/cm2.

Medaglia et al. [Medag99] independently calibrated the thickness of this same
target for their experiment. They found the value, dtot = 99±3 mg/cm2. Thus,
our target thickness is in agreement with the value found above and has been
employed in the further analysis of the present experiment.

From the aforementioned target thickness and the ratio dUp/dDown (see Sub-
sec. 3.3.1), the target thicknesses of both foils have been derived:

dUp = 45.5 ± 1.6 mg/cm2,

dDown = 52.8 ± 2.1 mg/cm2.

These values have been employed in the determination of the cross sections
for kinematic settings where the positions of the downstream and upstream foil
are resolved by both spectrometers. For the other kinematic settings, the total
target thickness has been employed.

3.3.4 Angular Acceptance of the QDD

We determined the dependence of the horizontal and vertical angular acceptance
((Θtar,Φtar) acceptance) as a function of the position Y QDD

tar of the upstream
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the analysis.

foil (see Fig. 3.3), where the acceptance was flat. The angular acceptance is
shown for two values of Y QDD

tar in Fig. 3.6. We also took the dependence of the
(Θtar,Φtar) acceptance on the momentum of the scattered electron into account.
This dependence was predicted by a RAYTRACE calculation ([Bonnie84]) and
the prediction was verified by a dedicated experiment ([JdeVr87]), where the
total ∆Φ-acceptance varied with the focal plane position (X1 fine-channels) by
less than 1.5 %. In order to determine the dependence of the acceptance on
the momentum of the scattered electron, a set of 5 (Θtar, Φtar) acceptances has
been extracted at 5 adjacent focal plane sections covering the nominal focal plane
range. The latter range (350≤X1≤4200 fine-channels) is the part of the focal
plane that can be reached by particles without obstruction due to geometrical
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Figure 3.7: Experimental Quasi-Elastic cross section for the reaction
208Pb(e, e′) at three different spectrometer angles. The left and
right panel show the cross sections as a function of ω and ω -ωo,
respectively, where ωo is the position of the Quasi-Elastic (Q-E)
peak.

limitations of the spectrometer. The results are shown in Fig. 3.6, where the
cut on the nominal acceptance is parametrised as straight lines.

3.3.5 Cross Section Check

In order to monitor the stability of the electron detection efficiency, Quasi-
Elastic cross section dσexp/dωdΩ for the process 208Pb(e, e′), was determined
as a function of energy transfer ω covering the range between 160 MeV and 260
MeV. The cross sections were not unfolded for the radiative tails, but the cor-
rections discussed above were included. As shown in Fig. 3.7, this investigation
was performed for 3 different spectrometer angles θQDD and a consistent cross



58 Experiment

Table 3.2: Kinematic conditions of the measurements for the reaction (e, e′p)
on 208Pb ; Tp = 161 MeV ( p = 570 MeV/c) is constant in all cases.
All kinematic variables represent central values.

Setting Em pm ω q ε−1 e′ θQDD θQDQ α

ID MeV MeV/c MeV MeV/c MeV [deg] [deg] [deg]
F1 20 50 182.3 521.8 1.50 491.7 50.26 -46.61 -155
F2 45 50 207.0 519.5 1.52 467.0 50.26 -43.86 -155
F3 80 50 241.8 518.3 1.56 432.2 50.26 -40.11 -155
F4 20 150 182.2 419.3 1.30 491.8 38.29 -46.85 -130
F5 45 150 207.0 422.2 1.32 467.0 38.29 -43.38 -130
F6 80 150 241.8 428.7 1.35 432.2 38.29 -38.78 -130
F7 20 240 182.3 335.2 1.18 491.7 28.28 -44.31 -130
F8 45 240 207.0 343.5 1.20 467.0 28.28 -40.34 -120
F9 80 240 241.8 357.8 1.23 432.2 28.28 -35.11 -120
B1 20 50 183.8 522.6 2.99 278.2 86.05 -32.13 -150
B2 45 50 208.6 520.3 3.24 253.4 88.30 -29.19 -150
B3 80 50 218.9 519.1 3.67 218.9 92.31 -26.38 -150
B4 20 150 183.6 420.3 1.95 278.4 63.61 -36.43 -150
B5 45 150 208.6 423.1 2.07 253.4 65.09 -32.97 -150
B6 80 150 218.8 429.6 2.32 243.2 67.70 -28.18 -150
B7 20 240 183.8 336.3 1.52 278.2 46.25 -36.82 -90
B8 45 240 208.6 344.7 1.60 253.4 47.28 -32.76 -90
B9 80 240 218.8 359.0 1.77 242.2 49.07 -27.50 -150

section was obtained over the experimentally covered energy-transfer range and
overlap region for each spectrometer angle.

3.4 Kinematic Conditions

The Rosenbluth separation measurement requires cross sections for the reaction
208Pb(e, e′p) measured in parallel kinematics at the high beam energy (F) and
at the low beam energy (B), while keeping the momentum transfer q and energy
transfer ω constant. At each energy, data were collected at 9 kinematic settings
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spanning a domain of Em = 0-110 MeV and pm = 0-250 MeV/c. The kinematic
conditions of the settings are listed in Table 3.2.

The central kinetic energy of the knocked-out proton was kept constant at
Tp =161 MeV throughout the experiment in order to facilitate the calculation
of the Final-State Interaction of the outgoing proton.

In the choice of the kinematic settings, the following conditions were im-
posed:

* The measurement should be performed in parallel kinematic setting i.e. qqq
// ppp and q < p at beam energy eH =674 MeV (F) and eL = 461 MeV (B).

* The spectrometer angles, θQDD and θQDQ were limited to values larger
than 28◦ and less than -27◦ , respectively. These restrictions were due to
geometrical constraints.

* The ranges Em = 0 - 110 MeV and pm = 0-250 MeV/c form the required
domain of the measurements.

* The difference (|ε−1
B - ε−1

F |) between the backward inverse polarisation
parameter ε−1

B and the forward one ε−1
F , should be as large as possible to

obtain a maximal lever arm in the Longitudinal / Transversal separation.





Chapter 4

Data Analysis

In this chapter the analysis of the data leading to a spectral function represen-
tation is described. Details of the employed methods are given, a comparison
to earlier data is made and an overview of systematic errors is presented.

4.1 From raw data to Spectral Function

The conversion of raw coincidence data into a spectral function representation
is performed separately for each kinematic setting. The analysis of these data
from the raw data files (which also contain single events) consists of the following
steps:

- The selection of coincidence events and the evaluation of the correction
factors for detector efficiencies and dead time. The product of these factors
is denoted by Cnorm.

- The calculation of Em and pm and the factorKσcc1 for each event from the
reconstructed momenta of the particles at the target. From these momenta
and the raw timing information, the coincidence time spectrum corrected
for flight-time differences is obtained and the rate of accidental events
is determined. The sorted events are separated into accidental events
A(Em, pm) by setting an appropriate window ∆tA and true + accidental
coincidence events T (Em, pm) by setting a window ∆tT .

61
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- The Monte-Carlo calculation of the detection volume in (Em ,pm) -space,
denoted by V (Em, pm), using the experimental momentum and angular
acceptances of the spectrometers as input.

- The evaluation of the experimental spectral function Sexp(Em, pm) for
each (Em-pm)-bin by weighting each event with the detection volume and
a factor Kσcc1 according to:

Sexp(Em, pm) = Cnorm
T (Em, pm) −A(Em, pm)∆tT

∆tA

Kσcc1Qtruedefffoil(s)V (Em, pm)
. (4.1)

The factor Cnorm contains correction factors that vary for each kinematic
setting and one overall factor Ceff that only depends on the proton energy i.e.
Cnorm = CeffCqdqCdeadCwireCmult . The factor Ceff is the inverse of the pro-
duct of efficiency of coincidence electronics (εcoinc) and the absolute efficiency
of proton detection (εproton) that is obtained from the reactions 1H(e, e′p) and
1H(e, e) measured in calibration runs. The measured value of εcoincεproton is
0.96 ± 0.02 [Medag99]. The spectral function is normalised to the proton sin-
gles measured in the QDQ-spectrometer by the factor Cqdq as explained in
Subsec. 3.3.1. The factors Cdead, Cwire and Cmult correct for dead-time effects,
wire-chamber efficiencies and multiple scattering in the detection systems as
described in ref. [Quint88].

Further corrections to the experimental spectral function Sexp(Em, pm) are
made to account for effects discussed in Sec. 3.3. These comprise the separate
treatment of the phase space for the upstream and downstream target foils
(see Sec. 4.2) and subtraction of pion-proton events (see Sec. 4.3). After
these corrections, the measured spectral functions extracted for each of the nine
kinematic settings are combined into one data set that covers the (Em, pm)-
space (7≤Em≤ 110 MeV and 0 ≤pm≤ 270 MeV/c). This spectral function is
subsequently unfolded for radiative tails (see Sec. 4.4).

The integrity of the data set is checked by comparing the measured momen-
tum distribution for the first four valence transitions with results of an earlier
measurement at NIKHEF [Quint88] (see Sec. 4.5).

The systematic uncertainty in the experimental spectral function
Sexp(Em, pm) is discussed in Sec. 4.6.
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Figure 4.1: Comparison of the experimental accidental coincidence spectrum∫
dEmA(Em, pm) (circles) and simulated spectrum (triangles)∫
dEmA

sim(Em, pm) for events originating from the upstream tar-
get foil (left panel) and the downstream target foil (right panel).

4.2 Phase Space

For several kinematic settings, the upstream target foil is located at a position
beyond the range where the solid-angle acceptance of the electron spectrometer
is flat, whereas the downstream target foil is within the flat acceptance of the
solid angle. For these kinematics, the target foil positions are resolved by both
spectrometers and the spectral function could be extracted for each target foil,
separately. For each kinematic setting, the final spectral function is taken as the
weighted mean of both sets. Here, special care is taken to calculate the detection
volume V (Em, pm) by using a parametrisation for the solid-angle acceptance,
that is determined from the single-arm data for the upstream target foil (see
Subsec. 3.3.4).

In order to check the accuracy of the calculated detection volume, the distri-
bution of simulated accidental events Asim(Em, pm), which has the momentum
acceptance and angular acceptance of the measured single events in each spec-
trometer as input, is compared with the experimental distribution of accidental
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Figure 4.2: Corrected time spectrum for a kinematic setting (F3), where π−-p
events and e-p coincidence events were resolved. The curve repre-
sents a fit to the data with two Gaussian functions and a constant
background.

events A(Em, pm). The former distribution is, in parallel kinematic setting, very
sensitive to the exact positioning and acceptance of the QDD solid angle slit. As
shown in Fig. 4.1 for the kinematic setting B5, the distributions A(Em, pm) and
Asim(Em, pm) coincide within error bars. Also, for the other kinematic settings
the agreement is satisfactory, both in cases where the target foils are resolved
and where they are not resolved.

The systematic error in the spectral function resulting from uncertainties in
the calculation of the detection volume, is estimated from repeated Monte-Carlo
calculations where small variations in the solid angle acceptance are employed
(see Fig. 3.6). The resulting systematic errors are in the range 0.4-1.7% for
cases where the two target foils are separated.
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Figure 4.3: Total measured strength Stot(Em, pm) (circles) in the region
of the timing spectrum with t>tb, compared to the strength
(Sπ−p(Em, pm)) for π−-p events (triangles) in the same timing
region.

4.3 Pion Contribution

Since the refractive index of the C̆erenkov detector employed in the QDD-
spectrometer is 1.5, all particles with velocity β ≥ 0.66, will give a trigger. This
implies that besides the relativistic electrons also pions (π−) with momenta
larger than 95 MeV/c will be detected. Since no further particle identification
is performed in this spectrometer the pion contribution in the coincidence events
had to be removed in a different manner. The π−-p and e-p coincidence events
are observed in the corrected time spectrum as separate peaks, as shown in
Fig. 4.2. Here, the shift in peak position between π−-p events and e-p events
is caused by the flight-time difference between the electrons and the pions (see
Sec. 4.1), since the software treats pions as electrons.

In case of the backward kinematic settings, the relevant momenta are such
that the shift is 3.3-5.2 ns. In this case, the π−-p events and e-p events are
resolved as separate peaks since the resolution in coincidence time (FWHM) is
0.6-0.8 ns. Thus, the e-p events are sampled by setting a time window that
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excludes the π−-p events. This situation is less favourable in the forward kine-
matic settings, where the calculated shift is 1.1-1.4 ns which is comparable with
the coincidence time resolution. In kinematic settings F2, F3 and F6, π−-p
events are observed, in the other settings they are absent. This is due to the
fact that in the latter kinematic settings part of momentum acceptance is above
the upper limit for pion momenta from the reaction 208Pb(γ∗,π−p), and also
because the (γ∗,π−p) reaction cross section is kinematically suppressed at the
large electron spectrometer angles employed in these settings.

The strength Stot(Em, pm) extracted from the coincidence data for the re-
gion t>tb (see Fig. 3.2) is a linear combination of the spectral function for
e-p events Sep(Em, pm) and and that for Sπ−p(Em, pm) events in the region
t>tb. In order to determine the spectral function Sep(Em, pm), the coinci-
dence time spectrum (see Fig. 4.2) is fitted by two Gaussians ( representing the
strengths Sπ−p(Em, pm) and Sep(Em, pm)) and a constant background of acci-
dental events. The strength Stot(Em, pm) and the contribution of π−-p events
Sπ−p(Em, pm) are shown in Fig. 4.3.

The systematic uncertainty in the spectral function Sexp(Em, pm) due to the
choice of the separation point tb is determined by varying its position over a
range equal to half the time resolution. The resulting systematic error is 2-3 %.

4.4 Spectral function on a large (Em, pm) region

For each beam energy, the spectral functions extracted from the nine kinematic
settings, are combined into one data set covering the range of pm and Em as
shown in Fig. 4.4. In case of overlapping bins, the weighted mean was taken.
Employed bin sizes are ∆pm = 10 MeV/c and ∆Em = 1 MeV.

As can be seen in Fig. 4.4, two small regions in missing momentum (around
pm ≈ 100 MeV/c and pm ≈ 200 MeV/c) are not covered by the measurements.
Since a proper radiative unfolding of the data requires a continuously covered
(Em,pm)-space, these pm bins are filled with pseudo data, that are interpolated
from the adjacent filled bins. In order not to bias the further analysis of the
measured data unnecessarily, the error bars of the interpolated pseudo data were
multiplied by a factor of 3.

The thus obtained full spectral function is subsequently unfolded for radia-
tive tails according to a procedure described in Ref. [Quint88]. To perform the
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Figure 4.4: Region in (Em,pm) -space covered by the measurements at
e = 674 MeV.

tail subtraction, the momenta of the scattered electron and knocked-out pro-
ton for each (Em,pm) bin are reconstructed from the midpoint values for Em
and pm, the central QDQ momentum and the beam energy, assuming coplanar
parallel kinematics.

The effect of the radiative unfolding is shown in Fig. 4.5. For the high beam
energy, the radiative correction factor is 1.57 for the bin at Em = 8 MeV. This
factor contains the Schwinger and external Bremsstrahlung corrections for the
incoming (Cschw(e), Cbrem(e)) and outgoing electrons (Cschw(e′), Cbrem(e′)),
respectively. The values of these factors are listed in table 4.4. The measured
energy distribution Sexp(Em) is obtained by integrating the spectral function

Table 4.1: Radiative correction factors for the ground-state transition at
Em = 8 MeV, and a cutoff energy ∆Em = 1 MeV.

e [MeV] Cschw(e) Cschw(e′) Cbrem(e) Cbrem(e′)
461 1.164 1.144 1.055 1.025
674 1.169 1.159 1.181 1.098
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Figure 4.5: Missing-energy distribution Sexp(Em) before (dashed line) and af-
ter (solid line) radiative unfolding.

over the missing momentum and shown in Fig. 4.5 before and after radiative
unfolding.

The present radiative unfolding procedure has been tested in earlier (e, e′p)
measurements([Quint88]) on Deuterium. Since in this reaction, there are no
excited states in the residual nucleus, the spectral function beyond the ground-
state transition has to coincide with zero. Experimentally this was found to
be true within 1% of the not-unfolded spectral function in the region up to
Em = 15 MeV. Since the present data extend to larger values of Em, the value
2 % is taken as estimate for the systematic error due to radiative unfolding.
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Figure 4.6: Experimental momentum distributions for the transitions to the
first two doublets in the reaction 208Pb(e, e′p)207Tl, compared to
a fit (solid curve ) with a sum of two CDWIA momentum distri-
butions. Upper panels show the data obtained at the high beam
energy and the lower panels present the data measured at the low
beam energy.

4.5 Comparison with previous data

In order to compare the present results to earlier measured data ([Quint88]),
the present data of the kinematic settings with a central value of Em = 20 MeV,
are also sorted into 100 keV missing-energy bins and missing-momentum bins
of 5 MeV/c. From these data, the momentum distributions are extracted for
the transitions to the first two doublets (at excitation energies of Ex = 0.2 MeV
and Ex = 1.3 MeV). Although the experimental energy resolution (200 keV) is
not sufficient to clearly separate the individual states in each doublet, values
for the spectroscopic factor for each of the transitions are obtained by fitting
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Table 4.2: Optical-model parameters employed in the CDWIA calculations.
Unprimed (primed) quantities refer to real (imaginary) parts, re-
spectively. Indexes vol, sur and so refer to the volume, surface and
spin-orbit potentials, respectively.

Vvol rvol avol V ′
vol r′vol a′vol Tp

MeV fm fm MeV fm fm MeV
26.26 7.319 0.716 10.586 6.492 0.777 100
21.98 1.255 0.725 10.765 1.266 0.720 160
Vsur rsur asur V ′

sur r′sur a′sur Tp
MeV fm fm MeV fm fm MeV
0.000 6.886 0.678 3.327 7.437 0.606 100
0.00 1.255 0.725 0.0000 1.266 0.720 160
Vso rso aso V ′

so r′so a′so Tp
MeV fm fm MeV fm fm MeV
3.983 6.685 0.660 0.0000 6.363 0.838 100
2.200 1.101 0.600 -1.940 1.090 0.620 160

the measured data for each doublet with a sum of two momentum distributions
(see Fig. 4.6). The value of χ2 for these fits is between 1.5 and 2.5 and hence
the form of the doublet is well described by the predictions of the CDWIA
calculation. Since the kinematic settings of the present experiment differ from
those of the earlier experiment, different final-state and Coulomb corrections
must be accounted for. For this purpose CDWIA momentum distributions are
calculated using the earlier determined parameters for the bound-state wave
functions (BSWF) and optical-model parameters deduced ([Blok00]) from fits
to 98 MeV and 160 MeV proton scattering data off 208Pb (see table 4.5) as
input.

In Table 4.3, the spectroscopic factors obtained in this way are presented for
the measurements at the high (eH) and the low beam energy (eL), and they are
compared with earlier values ([Quint88]). The average ratio of all present values
and the earlier determined ones is 0.83±0.02, as can be seen in Fig. 4.7, where
the ratios are shown as a function of excitation energy. The systematic errors
on the earlier (present) data are 3% (7%), respectively. Moreover, uncertain-



4.5 Comparison with previous data 71

Table 4.3: Experimental spectroscopic factors (S) for the first four valence pro-
ton orbits in 208Pb obtained from a non-relativistic analysis (CD-
WIA) of the present data at high (eH) and low (eL) beam en-
ergy, compared to earlier values ([Quint88]. The indicated uncer-
tainties represent statistical errors, only. The radius parameter of
the Woods-Saxon potential employed for calculating the bound state
wave function is listed in the last column.

Valence state Spectroscopic factor BSWF
nlj Ref. [Quint88] eH eL r [fm]

3s1/2 1.12 ± 0.05 0.90 ± 0.05 0.90 ± 0.05 1.15
2d3/2 2.28 ± 0.07 2.04 ± 0.13 1.89 ± 0.14 1.16
1h11/2 6.91 ± 0.25 6.02 ± 0.30 5.10 ± 0.37 1.17
2d5/2 3.18 ± 0.12 2.70 ± 0.20 2.82 ± 0.30 1.20

Table 4.4: Same as table 4.3 but for a relativistic (DWBA) analysis.

Valence state Spectroscopic factor
nlj Ref. [Ud́ıas99] eH eL

3s1/2 1.3 ± 0.1 0.70±0.04 0.63±0.03
2d3/2 2.6 ± 0.2 3.05±0.17 3.07±0.19
1h11/2 7.7 ± 0.5 6.93±0.31 5.44±0.34
2d5/2 3.6 ± 0.3 3.07±0.24 3.20±0.34

ties in the choice of the optical potential and the approximative way in which
DWEEPY treats the Coulomb distortions of the electron waves, cause a model
uncertainty of about 5 % between the older measurements at Tp = 100 MeV
and the present ones obtained at Tp = 161 MeV.

In view of these systematic uncertainties, the agreement is satisfactory (see
Fig. 4.7, where the systematic uncertainty in the ratio is 9% and it is indicated
by the hatched bar).

A similar comparison between the present results and the earlier data is
performed in a relativistic framework by using relativistic DWBA momentum
distributions calculated by Ud́ıas et al. [Ud́ıas99], where the wave function of
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Figure 4.7: Ratio’s of experimental spectroscopic factors for the first four tran-
sitions in the reaction 208Pb(e, e′p)207Tl deduced from the present
data (Spres) and the earlier data (Sref ) of Ref. [Quint88]. The val-
ues shown in the left panel result from a non-relativistic analysis
and the right panel from the relativistic analysis(see text), respec-
tively. The systematic uncertainty in the ratio’s is indicated by the
hatched area.

the outgoing proton is obtained by solving the Dirac equation with a relativistic
S-V optical potential that fits elastic proton scattering data (see Subsec. 2.4.3),
and a relativistic current operator in the cc1 convention is used. When this rel-
ativistic analysis is applied to the Tp = 100 MeV data of Quint, spectroscopic
factors as listed in Table 4.5 are obtained. For the present data, the spectro-
scopic factors are obtained by fitting the doublets with a sum of relativistic
momentum distributions. In Fig. 4.7, the ratio’s of spectroscopic factors ob-
tained at Tp = 161 MeV (present experiment) relative to those at Tp = 100 MeV
([Quint88]) are plotted.
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It is observed that the spectroscopic factors obtained in our experiment at
the low and high beam energy are mutually consistent, from which it is con-
cluded that the Coulomb distortion effects in this approach are well under con-
trol. However, in the relativistic analysis the deduced ratio scatters much more
than in the non-relativistic analysis, which may be due to either the choice of
the relativistic Bound-State Wave Function or the energy dependence of the
relativistic optical potential. Further analysis of the data is therefore done in
the non-relativistic framework. Note that the absolute values of the spectro-
scopic factors obtained from the non-relativistic analysis are smaller than those
extracted from the relativistic framework (see Table 4.3 and 4.5). According to
Ref. [Ud́ıas95], a large part of the discrepancy between the spectroscopic fac-
tors is due to the difference between the relativistic and non-relativistic potential
which fit different data on elastic proton scattering.

4.6 Systematic Errors

There are several sources of uncertainties in the present analysis that influence
the extracted spectral function in a systematic way. These sources are discussed
below and a survey of all effects is listed in Table 4.6.

The accuracy with which the incident beam energy, the collected charge,
the absolute efficiency of the QDD detection system, electron angle and proton
angle are known, is given in Sec. 3.3. The uncertainty in the beam energy will
affect the spectral function via the modulus of the missing momentum and via
the calculation of Kσcc1. The latter can be neglected because the relative un-
certainty in the beam energy is smaller than 0.1 % and hence the corresponding
uncertainty in the spectral function is at most 0.1 %. The uncertainty in the
spectral function due to the uncertainty in the missing momentum pm is mainly
caused by the uncertainty of the electron spectrometer angle θQDD . The un-
certainty in the missing momentum is δpm ≤ 0.5 MeV/c. The uncertainty in
Sexp(Em, pm) can be calculated by using the systematic error δpm and the par-
tial derivative of the Sexp(Em, pm) with respect to pm as input. The resulting
values are listed in Table 4.6. The uncertainty of the proton angle will also cause
an uncertainty in the spectral function Sexp(Em, pm) via the quantity pm. Its
value is less than 1 % , since in parallel kinematics, the reconstructed missing
momentum hardly depends on the proton spectrometer angle θQDQ.
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Table 4.5: Systematic error in the obtained spectral functions

Source error effect on Sexp(Em, pm)

value [range] average/ [range]

eH eL

beam energy 0.1 MeV via Kσcc1 [≤0.1% ] [≤0.1 %]

electron angle 0.05◦ via pm 0.7% [≤3%] 0.4 % [≤ 1 %]

proton angle 0.05◦ [0.1 %] [0.1 %]

Current integrator [≤1.5 %] 1.5 % 1 %

Electron efficiency 0.2 % 0.2 % 0.2 %

εcoincεproton 2 % 2 % 2 %

target angle 1◦ 1.4 % [≤4.5 %] 1.4 % [≤3.5 %]

target thickness 2.1 %[≤ 3.8 %] 2.1 % [≤3.8 %] 2.1% [≤3.8 %]

Pion correction 2-3 % 2-3 % 0 %

Solid angle QDD 1 % [≤ 2.7%] 1 % [≤2.4 % ] 1 % [≤2.7%]

Solid angle QDQ 2 % 2 % 2 %

Radiative corrections 2 % 2 %

Tot. systematic error 5.0 % [ ≤7.6 % ] 4.6 % [≤6.5 % ]
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The systematic uncertainties due to the uncertainty in the efficiency of the
coincidence electronics (εcoinc) , the absolute efficiency (εproton) for the pro-
ton detection, the parametrisation of the solid-angle acceptance of the QDD
spectrometer, the target angle and the target thickness calibrations have been
discussed in Sec. 3.3.

The systematic uncertainty in the determination of the target angle is 1◦.
Since various target angles in the range between -155◦ and -90◦ are employed
in the measurements the resulting systematic effect on Sexp(Em, pm) varies be-
tween 1.5 % and 4.5 % (see Table 4.6). The systematic uncertainty in the
determined Sexp(Em, pm) due to the uncertainty of the target thickness varies
between 1 % - 2.5 % . The largest value of this uncertainty occurs in kinematic
settings, where both foils were resolved and treated separately.

In order to determine the total systematic error, all contributions that are
listed in Table 4.6 are summed up quadratically, except for the values of uncer-
tainties of electron efficiency and the full solid-angle acceptance of the QDD-
spectrometer, since these uncertainties are already included in the systematic
error of the total target thickness as given in Sec. 3.3.

As is shown in the last row in Table 4.6, the mean total systematic error on
Sexp(Em, pm) is about 5 % , whereas it can be as large as the full 7 % for indi-
vidual kinematic settings. Since most extracted quantities that are presented in
the following chapter result from a fit to data covering several kinematical set-
tings, it is justified to assign a total systematic error of 6 % to the experimental
spectral function.





Chapter 5

Results

In this chapter the method to extract spectroscopic factors of the individual
proton orbits from the measured spectral function is described. The resulting
data are then compared to various theoretical models. This chapter is organised
as follows: section 5.1 describes the multi-parameter fit procedure that is applied
to obtain the spectroscopic factors Znlj for proton orbits nlj at different energy
locations. The summed spectroscopic factors of the five deepest-bound proton
orbits i.e. 1d5/2, 1d3/2, 1p3/2, 1p1/2 and 1s1/2 relative to their IPSM occupation
number yields the spectroscopic quantity Zdeep. This quantity is also derived
with an integral method. Results are discussed in section 5.2 by comparing Znlj
and Zdeep with predictions of microscopic computations and phenomenological
models.

5.1 Determination of Spectroscopic factors

5.1.1 Introduction

In order to determine the spectroscopic factors in 208Pb two methods were fol-
lowed. In the first approach, the measured data in the region (Em,pm) = (7-65
MeV, 35-265 MeV/c) were fitted by a theoretical expression with a number of
free parameters (such as the strength and binding energy of each orbit char-
acterised by a set of quantum numbers nlj). In a second approach both the
measured and theoretical spectral function were integrated over missing mo-

77
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mentum pm in order to obtain the spectroscopic strengths. The ratio of the
experimental over theoretical integral then gives the spectroscopic strength rel-
ative to the IPSM strength. In this method the individual values for each orbit
are no longer discernible, since the contributions of proton orbits located in the
Em-range 10-65 MeV overlap considerably.

5.1.2 Multi-parameter fit method

For the determination of the spectroscopic factors Znlj from the measured data,
a model spectral function of the following form was applied :

S(Em, pm) =
∑
nlj

(2j + 1)Znljpnlj(Em)ρCDWIA
nlj , (5.1)

where nlj denote the quantum numbers that describe a proton orbit. For the
energy distributions pnlj(Em), each proton orbit was allowed to consist of two
fragments, each containing a fraction N i

nlj of the total spectroscopic factor Znlj ,
according to

pnlj(Em) =
2∑

i=1

N i
nljL(Em − Enlj

i ), (5.2)

where the distributions L are taken to be delta functions for the 3s1/2, 2d3/2,
2d5/2 and 1h11/2 transitions below Em= 10 MeV, since their widths are less than
the size of the experimental Em-bin of 1 MeV (see section 4.4) and otherwise
Breit-Wigner functions given by

L(Em −Enlj
i ) =

1
2π

Γ(Em)

(Em − Enlj
i )2 + Γ2(Em)1

4

. (5.3)

The quantities N i
nlj and Enlj

i are given in Table 5.1. No fragmentation was
employed for the spin-orbit partners ((2p1/22p3/2), (1f7/21f5/2), (1d5/21d3/2)
and (1p1/21p3/2)), since the spreading widths Γ are large enough to account for
it. The spreading widths Γ are Em-dependent and are taken from the analysis
by Brown and Rho [BroR81] as :

Γ(Em) =
a(Em −EF )2

b+ (Em − EF )2
(5.4)
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Table 5.1: Energy-locations Enlj
m and relative fragment strengths N i

nlj employed
in the multi-parameter fit. See text for an explanation of the sym-
bols.

State Enlj
1 N1

nlj Enlj
2 N2

nlj

nlj [MeV] [MeV]
3s1/2 8.0 0.75 14.5 0.25
2d3/2 8.35 0.75 12.9 0.25
1h11/2 9.35 0.65 13.4 0.35
2d5/2 9.67 0.75 13.3 0.25
1g7/2 11.35 0.90 16.0 0.10
1g9/2 17.4 0.50 18 0.50
2p1/22p3/2 19.7 0.33 22 0.67
1f5/21f7/2 24.7 0.43 27 0.57
2s1/2 28 0.54 46 0.46
1d3/21d5/2 34.8 0.40 36 0.60
1p1/21p3/2 42.7 0.33 44 0.67
1s1/2 53 0.50 57 0.50

with Fermi-energy EF= 6 MeV, a=24 MeV and b=500 MeV2. All energy distri-
butions were subsequently folded with a Gaussian representing the experimental
missing-energy resolution (FWHM=0.2 MeV). The momentum distributions
ρCDWIA
nlj , appearing in equation 5.1, were calculated in CDWIA (see chapter

2), where the optical model parameters were those listed in Table 4.5 for Tp =
160 MeV. The Bound State Wave Functions entering the CDWIA calculation
were solved in a Woods-Saxon potential with radius r0 as listed in Table 4.5 for
the valence transitions and r0=1.19 fm for the deeper bound orbits. Since the
DWEEPY code, which was used to calculate the CDWIA momentum distribu-
tions, is known to slightly overestimate the effect of the Coulomb distortion of
the electron waves on the calculated pm, the momentum distribution was shifted
by a small amount δpm=peffm (Vc=25 MeV)-peffm (Vc=18 MeV), where peffm is
obtained by using the formula in Ref. [Gue99].

The splitting of spin-orbit partners of the deeply-bound proton orbits (1p,
1d, 1f and 2p) is only a few MeV since l is low and the splitting is proportional
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to (2l+1) [MayJ55]. The low splitting value and the large spreading width (>10
MeV) for these states prevents a determination of the individual contributions
of the spin-orbit partners. These individual contributions could also not be
determined via the shape of their momentum distributions, since they are prac-
tically identical. Hence, for these orbits the values of Znl(j+1/2) and Znl(j−1/2)

were set equal in the fit and denoted as Znl in Table 5.2.
In a first step a multi-parameter fit of the experimental spectral function in

the range Em=8-65 MeV was carried out with the values of the spectroscopic
factors Znlj and the energy-location Enlj

i of the fragments as free parameters.
For a satisfactory description of the full spectral function in the range 8-65 MeV
it appeared that apart from the main fragments for the valence states 3s1/2,
2d3/2, 2d5/2 and 1h11/2, additional fragments for these orbits were necessary in
the range Em=10-15 MeV (see Table 5.2 ).

The energy location of these fragments, their summed strengths N2
nljZnlj

, the energy location of the main fragment 1g7/2 and its summed strength
N1

nljZnlj were determined from a separate fit in the region Em=8-15 MeV.
Subsequently, a new fit was made using the values of the spectroscopic factors
Znljand the locations Enlj

i of deeper bound proton orbits as free parameters.
The fitted parameters Znlj and their uncertainties - the statistical, exper-

imental systematic and model uncertainties, respectively - are shown in Table
5.2. The systematic uncertainty is subdivided into an error (correlated system-
atic uncertainty) which was common for both measurements at eH and eL and
an uncertainty (uncorrelated systematic uncertainty) caused by experimental
conditions that were different for the measurements at each beam energy. The
correlated experimental-systematic uncertainty in each quantity Znlj has been
obtained by multiplying the value Znlj with the overall relative correlated un-
certainty of 4.4 % (see chapter 4). The uncorrelated systematic uncertainty of
the spectroscopic factor Znlj is deduced from a separate fit in which the statis-
tical and uncorrelated systematic uncertainty were used. For a comparison of
Znlj at the low beam energy with the one at the high beam energy, the uncor-
related systematic uncertainty (see Chapter 4) and the statistical uncertainty
were taken into account. The obtained uncertainty in Znlj as shown in Fig. 5.2
is the quadratic sum of uncorrelated systematic uncertainty and the statistical
error.

The model error, due to the uncertainty in the spreading widths of the
deeply-bound proton orbits in the Em spectrum, has been determined from fits
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Table 5.2: Results of the multi-parameter fit to the spectral function in the re-
gion Em = 8-65 MeV at the low (eL) and (eH) beam energy. The
columns represent the proton orbit, energy-location of this orbit and
the spectroscopic factors Znlj at eL and eH . The quoted uncertain-
ties represent statistical, uncorrelated systematic and model error,
as discussed in the text.

State Em Znlj
nlj [MeV] eL eH
3s1/2 8.0 0.66±0.02±0.05±0.02 0.59±0.03±0.09±0.01
2d3/2 8.35 0.56±0.03±0.02±0.02 0.59±0.03±0.03±0.02
1h11/2 9.35 0.76±0.03±0.01±0.04 0.67±0.03±0.02±0.02
2d5/2 9.67 0.61±0.04±0.07±0.03 0.87±0.03±0.05±0.01
1g7/2 11.35 0.83±0.02±0.02±0.08 0.75±0.03±0.01±0.07
1g9/2 17.4 0.72±0.03±0.02±0.03 0.76±0.04±0.01±0.05
2p 19.7 0.91±0.03±0.04±0.06 0.68±0.04±0.04±0.03
1f 24.7 0.83±0.03±0.02±0.05 0.75±0.03±0.02±0.03
2s1/2 28.0 0.91±0.07±0.05±0.01 0.64±0.08±0.18±0.02
1d 34.8 0.80±0.04±0.05±0.01 0.69±0.05±0.01±0.01
1p 42.7 0.75±0.05±0.06±0.06 0.85±0.06±0.02±0.08
1s1/2 53.0 0.92±0.05±0.03±0.06 0.75±0.05±0.07±0.06

with various parametrisations for the spreading widths and the chosen location
of the Fermi energy EF (see Eq. 5.4). The parameters a and b have been
independently varied such that the calculated widths lie within the error bars
of the measured ones [Quint88]. The parametrisation of the spreading width
has a quadratic behaviour around the Fermi energy, which is correct for infinite
nuclear matter. However, for a finite nucleus such as 208Pb, there is a non-zero
energy gap between the valence shell and the first unoccupied shell. One may
argue that the position of the Fermi energy should therefore be chosen at the
valence orbit energy. The Znlj deduced from the fit using these new values for
the parameters a and b and EF deviate at most by 5 %. This difference is taken
as the model uncertainty.
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Figure 5.1: Employed parametrisations for the spreading width at different val-
ues of the parameters a (dotted curves) and b (dashed curves). The
measured widths [Quint88] are indicated by the triangles. The solid
curve is the parametrisation 5.4 by Brown and Rho ([BroR81]).

The quantity Znlj at the high(eH) and low(eL) beam energy is shown in
Fig. 5.2. The error bars shown in this figure represent the quadratic sum
of the statistical and uncorrelated systematic error. As shown in Fig. 5.2,
the quantity Znlj determined at beam energy e=461 MeV agrees roughly with
the one measured at e=674 MeV. The best value for Znlj was obtained from
both values Znlj by computing their weighted mean and error, employing the
quadratic sum of of the uncorrelated error and statistical uncertainty as error
of Znlj . The resulting weighted means together with the correlated systematic
and model uncertainty are shown in Fig. 5.3 and listed in Table 5.3. They will
be compared with predictions of various models in Subsec. 5.2.1 and 5.2.2.
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Figure 5.2: Experimental spectroscopic factors determined at eH = 674 MeV
(circles) and at eL = 461 MeV(triangles) are plotted against Em.
The indicated error of Znlj is the combined uncorrelated systematic
uncertainty and statistical error. The quadratic sum of the model
uncertainty and the correlated uncertainty is indicated by the grey
band.

The quality of the multi-parameter fit is illustrated in Fig. 5.4 by showing
the χ2 per degree of freedom as a function of the missing energy Em. Clearly
the fit is satisfactory over the full Em-range.

In the fit, large correlations were encountered between the deduced fit values
of Znlj and Enlj

i for deeply-bound proton orbits, i.e. large off-diagonal entries
in the covariance matrix. This is due to the overlap in Em of the orbits and the
limited missing momentum range that is experimentally covered. Clearly, this
procedure introduces model-dependence in the result. However, the deduced
strength for a collection of neighbouring orbits, given by

Z =
∑
nlj

Znlj(2j + 1)/
∑
nlj

(2j + 1) (5.5)
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Figure 5.3: Average values for Znlj. The indicated uncertainties contain the
uncorrelated systematic and statistical errors. The dark-grey band
represents the quadratic sum of the model and the correlated sys-
tematic uncertainty. The domain of the deeply-bound proton orbits
is indicated by the grey area.

is much less model-dependent, since strength can be shifted from one orbit
to another by the particular choice of Enlj

i , without affecting their summed
strength.

From formula (5.5), the quantity Zdeep obtained from the spectroscopic fac-
tors of deeply-bound orbits and for all orbits (Ztot) have been determined for
each beam energy using the values of Table 5.2. The deduced values for Zdeep
are:

Zdeep = 0.75 ± 0.02 ± 0.02 ± 0.05 ( eH)

Zdeep = 0.80 ± 0.02 ± 0.02 ± 0.04 ( eL).

The statistical uncertainty was calculated on the basis of the full covariance
matrix (calculated in the fit procedure) for the included states. A full covariance
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Table 5.3: Average values for Znlj as function of the energy location of the
least-bound fragment (see Table 5.1). The quoted uncertainties are
the quadratic sum of statistical and uncorrelated systematic error
and model and correlated error, respectively.

State Em Znlj
nlj [MeV]
3s1/2 8.0 0.65 ± 0.04 ±0.03
2d3/2 8.35 0.57 ± 0.03 ±0.04
1h11/2 9.35 0.72 ± 0.02 ±0.05
2d5/2 9.67 0.78 ± 0.05 ±0.04
1g7/2 11.35 0.79 ± 0.02 ±0.09
1g9/2 17.4 0.74 ± 0.03 ±0.06
2p 19.7 0.81 ± 0.04 ±0.06
1f 24.7 0.79 ± 0.03 ±0.06
2s1/2 28 0.87 ± 0.08 ±0.03
1d 34.8 0.74 ± 0.04 ±0.03
1p 42.7 0.81 ± 0.05 ±0.08
1s1/2 53 0.87 ± 0.05 ±0.07

matrix was also used in the computation of the uncorrelated uncertainty. This
matrix was obtained from a separate fit in which statistical and uncorrelated
uncertainty were used. The correlated error was computed in the same manner
as for Znlj . From these strengths, the average value for Zdeep was obtained in
a way, similar to the one employed in the determination of Znlj . The value is:

Zdeep = 0.78 ± 0.02 ± 0.06.

The last quoted uncertainty is the result of the the quadratic sum of the corre-
lated systematic uncertainty (4.4 % ) and the model uncertainty.
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Figure 5.4: Quality of the multi-parameter fit to the spectral function as rep-
resented by the χ2

d.f. as a function of the missing energy Em at the
high (circles) and low (triangles) beam energy. Each point repre-
sents the χ2

d.f. for the fit to about 20 points in the pm-direction.

A further quantity that has been determined from the multi-parameter fit
is the spectroscopic factor Ztot for all proton orbits relative to the number of
protons in the nucleus 208Pb. The deduced values are:

Ztot = 0.73 ± 0.01 ± 0.04 ± 0.04 ( eH)

Ztot = 0.77 ± 0.01 ± 0.04 ± 0.04 ( eL).

The average value for Ztot is:

Ztot = 0.75 ± 0.03 ± 0.05.

The uncertainties of Ztot are determined in the same way as those of Zdeep.
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Figure 5.5: The ratio Rexp (circles,triangles) of experimental over theoretical
spectral function integrated over pm (see eq. 5.6) compared to the
ratio Rfit (solid curve) as deduced from the multi-parameter fit.
The grey area represents the model uncertainty in Rfit.

5.1.3 Integral method

In order to compare the energy distribution deduced from the multi-parameter
fit with the experimental one, the integral

I(Em) = 4π
∫
dpmp

2
mS(Em, pm) (5.6)

was determined both for the experimental data Sexp(Em, pm) (or spectral func-
tion Sfit(Em, pm) deduced from the multi-parameter fit) and simultaneously for
the spectral theoretical spectral function Sth(Em, pm) (see eq. 5.1), where the
strengths Znlj were set equal to 1. The integration boundaries were chosen to
be 0-250 MeV/c such as to cover completely the measured domain. If a bin
in Sexp(Em, pm) (or Sfit(Em, pm)) was outside the measured domain (see Fig.
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Figure 5.6: Ratio of the cross section σQDM with 2-body currents and without
σ for the high (left panel) and low beam energy (right panel).

4.4 ) it was not included in the integration, neither was then the corresponding
bin in Sth(Em, pm). Since Coulomb distortion of the electron waves shifts the
momentum distributions by a pm-dependent amount (see chapter 2), we per-
formed the integration of data and theory in the effective missing-momentum
(peffm ) representation. For this purpose peffm was calculated from equation 2.2
with Vc=18 MeV, whereas the theoretical distributions were calculated at a peffm

calculated with Vc=25 MeV (as implicitly done in the DWEEPY code). The
energy distributions of the orbit’s fragments are taken identical to those found
in Subsec. 5.1.2. In Fig. 5.5 the ratio Rexp = Iexp(Em)/Ith(Em) is plotted as a
function of missing energy Em, for the data taken at the high and the low beam
energy. This ratio of integrals can be identified with the spectroscopic strength
that resides in the Em-bin. The shown error bars in Rexp in Fig. 5.5 represent
the quadratic sum of statistical and uncorrelated systematic uncertainties in
the measured energy distribution. The same ratios can be obtained from the
results of the multi-parameter fit given by Rfit = Ifit(Em)/Ith(Em). Here, the
denominator of this ratio is equal to the one used in the expression Rexp, while
the nominator results from Eq. 5.6 with the spectral function S(Em, pm) set
equal to the spectral function found from the multi-parameter fit. The relative
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Figure 5.7: Comparison between the experimental ratio Rexp (circles) and ra-
tios Rfit (solid curve) for all orbits. The pm-range is 0-150 MeV/c.
The grey area represents the model uncertainty in Rfit.

error in Rfit is smaller than 3 % over the full Emrange. This value is the result
of a computation that employs the full covariance matrix for the fitted Znlj .

First, the quantity Ztot has been determined using the ratios plotted in Fig.
5.5. This figure shows an enhancement of Rexp relative to Rfit, especially at
low beam energy and high missing energy. This enhancement is mostly due
to ∆ excitations [FabA79] which yield large two-body contributions to (e, e′p)
process at high-momenta, which are subsequently weighted by p2m in the inte-
gral method. This is in contrast with the multi-parameter fit method, where
each pm component of the spectral function contributes to χ2 according to the
uncertainty of the component. This observation is corroborated by the contour
plot (see Fig. 5.6) of ratios between the cross section with, σQDM (see QDM
model in Chapter 2) and without two-body effects σ. This plot shows indeed
the largest contributions of two-body currents to the (e, e′p) process at high
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missing momentum, high missing energy and low beam energy. In conclusion,
spectroscopic strength as function of Em deduced from the integral method is
more sensitive to effects of two-body currents than the strength derived from
the multi-parameter fit.

In order to reduce the contribution of two-body currents to Rexp, the ratios
Rexp were re determined in the pm-range 0-150 MeV/c. The resulting values of
Rexp at low beam energy are fairly consistent with those at high beam energy.
These experimental ratios are well described by Rfit. Since the momenta of
the 5 deepest-bound proton orbits (see Table 5.1) are at values of pm in the
pm-range 0-150 MeV/c, the contribution of two-body currents to their Znlj is
negligible. Below Em=30 MeV, the effects of two-body currents are negligible
over the full pm-range. Hence the other values of Znlj for the remaining proton
orbits are hardly affected by the two-body currents.

5.1.4 Zdeep and Ztot revisited

The quantities Ztot and Zdeep can also be determined from the experimental
(Iexp) and theoretical (Ith) energy distributions (see 5.6) by:

Ztot =
∫
dEmI

exp∫
dEmIth

. (5.7)

The spectroscopic factors Ztot and Zdeep follow from the simultaneous integra-
tion of nominator and denominator, over the Em-range, 7-65 MeV and Em-range
30-65 MeV, respectively.

This method and the multi-parameter fit yield the same Ztot for each beam
energy (see Table 5.4). This is not in contrast with the ratios Rexp shown in Fig.
5.5, since the nominator of Eq. 5.7 and denominator are integrated over a large
Em-range, where the main contribution to Ztot comes from the low Em-range
in which the effects of two-body currents are negligible. Hence, the latter ratio
is less affected by effects of two-body currents than Rexp at large Em.

The determination of Zdeep via Eq. 5.7 is not straightforward. The ratio of
the sum of CDWIA distributions ρD for all proton orbits (1d3/2, 1d5/2, 1p1/2,
1p3/2 and 1s1/2) that contribute to Zdeep i.e. the five deepest-bound proton
orbits over the sum ρtot of all proton orbits of 208Pb, indicates that the most
reliable value of Zdeep can be deduced from Eq. 5.7 in the pm-range, where the
ratio is largest. As shown in Fig. 5.8, this range is 0-150 MeV/c.
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Figure 5.8: Ratio between the momentum distributions ρD and ρtot. For ex-
planation of ρD and ρtot, see text.

The obtained value of Zdeep is listed in Table 5.4. This value is less reliable
than the one deduced from the multi-parameter fit, since the high momentum
components of ρD ( pm> 150 MeV/c) are not included in the determination of
Zdeep whereas in the multi-parameter fit, these components were included.

Furthermore, the experimental energy distribution is well described by the
same distribution derived from the multi-parameter fit (see Fig. 5.7) using all
proton orbits of 208Pb. As shown in Fig. 5.9 and Fig. 5.7 the major contribution
(85-90 % ) comes from the proton orbits (the five deepest-bound proton orbits)
located inside Em-range=30-65 MeV and the remaining contribution (10-15 %)
below Em=30 MeV, especially from proton orbits 1f5/2, 1f7/2 and 2s1/2) with
Em-distributions around Em=25-28 MeV having widths of about 10 MeV. The
latter contribution to Zdeep makes this quantity less reliable than the same
quantity obtained from the multi-parameter fit. In conclusion, the value of
Zdeep obtained from the multi-parameter fit is preferred to the one extracted
from Eq. 5.7.
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Figure 5.9: Comparison between the experimental ratio Rexp (circles) and ra-
tios Rfit (solid curve) for the 5 deepest bound proton orbits. The
pm-range is 0-150 MeV/c. The grey area represents the model un-
certainty in Rfit.

5.2 Spectroscopic factors compared to theory

The measured values of Zdeep for deeply bound orbits (see eq. 5.5), shown in Fig.
5.3, are significantly lower than the value unity predicted by the Independent-
Particle Shell Model. Hence, quenching of spectroscopic factors for deeply-
bound proton orbits in the nucleus 208Pb is observed for the first time. In
Subsec. 5.2.1 Zdeep is compared to the spectroscopic strength Znm obtained
in nuclear-matter computations [BenF90,Pand84,Dick94,Gra87]. Furthermore,
the experimental spectroscopic factors Znlj will be compared with the same
quantities obtained from phenomenological models [MahS89,MaW91]. This
subject is discussed in Subsec. 5.2.2. As about a quarter of the protons is



5.2 Spectroscopic factors compared to theory 93

Table 5.4: Spectroscopic quantities Zdeep and Ztot deduced from two methods
at two beam beam energies. For an explanation of the quoted uncer-
tainties, see Subsec. 5.1.2.

e method Zdeep Ztot
eL Integral full - 0.81±0.01±0.02
eL Integral low pm 0.87±0.02±0.04 -
eL Fit 0.80±0.03±0.04 0.77±0.04±0.04
eH Integral full - 0.78±0.01±0.02
eH Integral low pm 0.81±0.02±0.04 -
eH Fit 0.75±0.03±0.05 0.73±0.04±0.04

not observed in the (Em,pm) region covered they must reside elsewhere. This
is discussed in Subsec. 5.2.3.

5.2.1 Comparison with nuclear-matter calculations

In Fig. 5.10, the spectroscopic factors Znlj are compared to the occupation
probability nNM and spectroscopic strength ZNM predicted by the nuclear-
matter calculation of Ref. [BenF90]. Here, it is shown that the difference be-
tween the occupation probability nNM and quantity ZNM , - which is due to the
background term that results from contributions of 2p1h states in the residual
(A− 1) nucleus -, is virtually zero in the energy range where the deeply-bound
proton orbits are located. The measured spectroscopic factors of these orbits
can therefore be directly compared to nuclear-matter occupation probabilities.

Fig. 5.10 shows that for the deeply-bound proton orbits the agreement
between the experimental spectroscopic factors and the strength of the nuclear-
matter calculation of Ref. [BenF90] is remarkably good. Other nuclear-matter
computations predict similar Em- dependencies of the strength with values for
the deep-lying strength ranging between 0.80 and 0.85 in the excitation energy
range 30-50 MeV.

Finally, it is observed in Fig. 5.10, that the difference between the spectro-
scopic factors Snlj (N1

nljZnlj) for transitions to the main fragments of proton
orbits near EF (3s1/2, 2d3/2, 2d5/2 and 1h11/2) and the total spectroscopic fac-
tor Znlj (which also contains deeper-bound fragments with the same quantum
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Figure 5.10: Experimental values for Znlj(triangles) compared to values of
nNM (solid) and ZNM (dashed) computed for infinite nuclear mat-
ter. The spectroscopic factor Snlj for transitions to the fragments
of orbits near the Fermi energy (circles) are compared to values of
ZPb(dash-dot) obtained from nuclear matter in which surface ef-
fects are accounted for (see Subsec. 2.3.1). All computed strengths
are plotted as a function of Em relative to Fermi energy EF . For
an explanation of the grey and darkgrey areas, see Fig. 5.3.

numbers) is well described by the difference between ZNM and ZPb. This sup-
ports the approach taken by the authors of Ref. [BenF90] who argue that in
going from infinite nuclear matter to a finite nucleus one should account for fi-
nite size effects, - the coupling of surface vibrations to the proton orbits - for the
computation of spectroscopic strengths. Such a procedure produces a further
quenching of the strength ZNM , such that the spectroscopic strength ZPb for
the finite nucleus 208Pb is appreciably smaller than ZNM .
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Figure 5.11: Comparison between the present experimental spectroscopic fac-
tors Znlj (triangles) and quasi-particle model values [MaW91]
(dashed curve), Variational Moment Approach VMA [MahS89]
(solid curve) and VMA (grey area) with a different parametri-
sation of the spreading width. The dark-grey band represents the
quadratic sum of the model and correlated systematic uncertainty.

5.2.2 Comparison with phenomenological models

In Fig. 5.11 comparison is presented between the measured spectroscopic factors
Znlj for the deeply-bound proton orbits and the expectation values predicted
by phenomenological models [MaW91,MahS89] that employ an effective nucleon
mass. This so-called E-mass accounts for short-range and long-range correla-
tions in the ground-state wave function of 208Pb. At first glance the data seem
to be better described by the Variational Moment Approach (VMA) of Ma-
haux and Sartor [MahS89] than by the model of Ma and Wambach [MaW91].
However, the Variational Moment Approach produces spreading widths Γ that
are markedly lower than the widths employed in our multi-parameter fit. It
would therefore be more consistent to deduce the quantities Znlj from the multi-
parameter fit in which the VMA spreading widths are used. Such a fit yields
values of Znlj for the deeply-bound proton orbits that are significantly lower
than the calculated values.
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Furthermore, in the VMA model the spreading width is deduced from the
imaginary part W (r, Em) of the optical potential and assumed to be symmetric
around the Fermi energy (EF=6 MeV). The value ofW (r, Em) for bound states
is thus deduced from an extrapolation of (p, p) scattering data into the negative
energy domain. This produces spreading widths that are lower than the ones
employed in the present analysis.

5.2.3 Missing protons

The total number of bound protons in the nucleus has been deduced from the
measured spectroscopic strength by determining the total spectroscopic factor
for all orbits Ztot (see section 5.1). The deduced number, 62±2±4 protons, is
appreciable lower than 82, which is the number of protons in 208Pb. Since the
total number of protons (charge) in the nucleus is conserved, the remaining 20
protons must have energies and / or momenta above the maximum values of
the present experiment i.e. pm> 265 MeV/c, Em> 65 MeV. The major part of
these protons may be shifted to high momentum and large removal energies due
to scattering of nucleon-nucleon pairs via short-range correlations. Due to this
scattering one proton will be lifted above the Fermi momentum, while the other
proton recoils with the same opposite momentum such that this proton gains
also a large kinetic energy which leads to high excitation energies of the recoiling
nucleus. This process results thus both in a depletion of all proton orbits and the
presence of high-momentum components in the spectral function at large Em.
The present data have already demonstrated the depletion of all proton orbits. A
direct proof of the existence of the high-momentum components i.e. the recovery
of the missing protons, implies a measurement of the spectroscopic strengths
over a much larger Em-pm domain than covered in the present experiment.
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Summary

The aim of the present experiment was to measure the spectroscopic factors Znlj
of the 5 deepest-bound proton orbits (1d3/2, 1d5/2, 1p1/2, 1p3/2 and 1s1/2) in
208Pb with the reaction (e, e′p). Cross sections were measured at electron beam
energies 461 MeV and 674 MeV in a large (binding) energy-momentum domain
(Em=5-100 MeV, pm=25-270 MeV/c) with the two-spectrometer set up in the
EMIN hall at NIKHEF. The measurements were performed in such a way that
in principle a Rosenbluth separation of the longitudinal (L) and transverse (T)
components of the cross section can be carried out. The argument for aiming
at L/T separation was that spectroscopic factors deduced from the longitudinal
component of the cross section are considered to be most reliable, since this
part does not contain contributions from reaction channels that are governed
by two-body currents.

However, recent computations [Ud́ıas99] have made clear that Coulomb dis-
tortion of electron waves due to the large nuclear charge of 208Pb, is of such a
magnitude that a reliable determination of spectroscopic factors from the L/T
separated momentum distributions is impossible. This has been demonstrated
by the computation of separated longitudinal and transverse momentum dis-
tributions ρnlj(pm), for a particular orbit nlj, which widely differ in shape, as
compared to the unseparated one.

Therefore, an alternative approach to obtain the spectroscopic factors has
been followed by comparing the cross sections measured at the low and high
beam energy directly with a model computation. Possible contributions of

97
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rescattering and two-body currents were estimated. Rescattering was computed
in a two-step model and yielded a relative contribution to the measured cross
section of about 1 % and it was therefore neglected.

The effects of two-body currents have been investigated in two ways. First
the experimental spectral function (derived from the cross sections) at the high
and low beam energy were compared. Significant differences up to 50 % were
observed in the Em-range 65-100 MeV, whereas the strengths were equal within
error bars of typically 5 % in the Em-range 7-65 MeV. Secondly, the effects of
two-body currents were computed with a refined version of a Quasi-Deuteron
Model (QDM). This model computation predicts differences between strengths
measured at the low and high beam energy of up to 5 % for binding energies
below Em=65 MeV. This is consistent with the data that show differences up to
8 % . In the energy range 40-65 MeV, where the main strength of the deepest-
bound proton orbit 1s1/2 is located, the present QDM computation predicts
a contribution of 15 % due to two-body currents. However, since the QDM
computation represents only an estimate of the effects of 2-body currents, the
data at high Em have not been corrected with the computed contribution of
two-body currents.

Modern mean-field (shell-model) computations of the structure of 208Pb pre-
dict that the mean binding energies of all proton orbits lie in the Em-range 8-55
MeV. Therefore, the analysis of the present data was performed in the Em-range
5-65 MeV, such as to cover all bound orbits, but excluding the region above it
where the effect of two-body currents is important. Spectroscopic factors for
these orbits could be determined by fitting the measured spectroscopic strength
on the energy-momentum domain (5≤Em≤65 MeV,25≤pm≤270 MeV/c) with
a multi-parameter model. The model contains the binding energy of each orbit
and its spectroscopic factors as free parameters. Furthermore, the broadening
of each proton orbit around its fitted binding energy Enlj

m was described by a
Breit-Wigner shape with an energy-dependent width according to a prescription
by Brown and Rho [BroR81].

As a first check of the accuracy of the multi-parameter fit, the spectroscopic
factors for the 3s1/2, 2d3/2, 1h11/2, 2d5/2 valence transitions at Em=8 , 8.35,
9.35 and 9.67 MeV, have been compared with values obtained earlier [Quint88]
at NIKHEF. Given the systematic uncertainties of the earlier (3%) and present
data (7%), and the model uncertainty (5%) due to the treatment of proton and
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Coulomb distortions, the agreement between the present spectroscopic factors
and the earlier determined ones is satisfactory.

In the multi-parameter fit, the binding energies of the 5 deepest-bound pro-
ton orbits 1d3/2, 1d5/2, 1p1/2, 1p3/2 and 1s1/2 were constrained to values that
are at most 4 MeV away from values computed by phenomenological models
for 208Pb [MahS89,MaW91]. The binding energies of these orbits are therefore
in the Em-range 30-65 MeV. The spectroscopic strength in this energy region
has also been obtained with an integral method. For this purpose, the data
have been compared to the computed strength in which the spectroscopic fac-
tors were set to unity. The ratio between the integrated experimental strength
(30≤Em≤65 MeV) and the same integral for computed strength, agrees within
the error of 5 % with the mean spectroscopic factor Zdeep for the 5 deepest
bound orbits obtained from the multi-parameter fit.

The final value obtained for Zdeep is 0.78 ± 0.02 ± 0.06. The indicated un-
certainties are the quadratic sum of the statistical and uncorrelated systematic
uncertainty and the quadratic sum of model and correlated systematic uncer-
tainties, respectively. The experimental value of Zdeep agrees with the range
of theoretical spectroscopic strengths 0.79-0.83 obtained from nuclear matter
computations [BenF90] and phenomenological models [MahS89,Maw91]. It is
concluded that the present experimental value for Zdeep agrees within error bars
with models that include correlations and it is substantially lower than the value
unity predicted by the Independent-Particle Shell Model.

Since long-range nucleon-nucleon correlations are negligible for orbits with
binding energies in the Em-range 30-65 MeV, the observed depletion must be
the result of short-range and tensor nucleon-nucleon correlations. The earlier
observed depletion of valence transitions (3s1/2, 2d3/2, 1h11/2, 2d5/2 and 1g7/2)
in the Em-range 7-10 MeV fits well in this picture. For these transitions, both
long-range and short-range correlations play a role, and hence their spectro-
scopic factors are further reduced to 60-70 % of the IPSM value.

The total number of protons observed in the energy and momentum domain
of the present experiment is 62±2±4, which implies that a quarter of the pro-
tons in 208Pb has not been observed. The missing spectroscopic strength is
apparently shifted to high-momenta and large values of Em outside the experi-
mentally covered (Em,pm) range as a result of short-range NN scattering. This
is in agreement with the spectral function at large pm and Em as computed for
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Figure 6.1: Left panel: LDA momentum distribution of protons in 208Pb in
the Em-range 0-50 (solid), 50-100 (dashed), 100-150 (dotted) and
150-200 MeV (dashed-dot), respectively. The right panel shows the
LDA spectroscopic strengths (solid curve) with the single-particle
component (dotted) and correlated part (dashed curve). The inset
represents the running integral of the solid curve.

nuclear matter (see Fig. 1.4) and in local density approximation for 208Pb (see
Fig. 6.1) [Neck95].

A future measurement aiming to detect the missing protons should be per-
formed at beam energies larger than several GeV. For these beam energies, the
effects of Coulomb distortion will be an order of magnitude smaller than in
the present experiment, and hence a Rosenbluth separation of the longitudinal
and transverse part of the cross section will be feasible. Spectroscopic strength
should be deduced over a large Em-range (e.g. 0-200 MeV) from the longi-
tudinal part of the cross section, where two-body currents are absent. When
simultaneously a large pm-range ( e.g. 0-1000 MeV/c) is covered, one must be
able to detect about 95 % of the protons in 208Pb according to the LDA model
(see Fig. 6.1). Such a measurement, will also permit the extraction of spec-
troscopic factors and energy distributions of all individual proton orbits via the
angular-momentum decomposition technique [Quint88] applied to the longitu-
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dinal component of the cross section. For a subsequent comparison with theory,
models of finite nuclei will have to be developed that include both long-range
and short-range correlations in one consistent frame work.
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[Gue99] P. Guèye et al., Phys. Rev. C 60 (1999) 365.

[HalzM84] F. Halzen and A.D. Martin, Quarks and Leptons, Wiley (1984)
178.

[Hama90] S. Hama et al., Phys. Rev. C 41 (1990) 2737.

[Herder85] J.W. den Herder, Ph.D. thesis Universiteit van Amsterdam
(1985).

[Hor91] C.J. Horowitz et al., Computational Nuclear Physics 1, (1991)
129.

[JdeVr87] J.W. de Vries, Ph.D. thesis Universiteit Utrecht 1987.

[Jin92] Yanhe Jin, D.S. Onley, and L.E. Wright, Phys. Rev. C 45 (1992)
1311.

[LagP81] I.E. Lagaris and V.R. Pandharipande, Nucl. Phys. A359 (1981)
341 and 349.

[Lap93] L. Lapikás, Nucl. Phys. A553 (1993) 297c.

[LdeVr90] L. de Vries et al. , Nucl. Instr. and Meth. Phys. Res. A292 (1990)
629.

[Lee96] J.J. van Leeuwe, Ph.D. thesis Universiteit Utrecht 1996.



104 References

[Levi51] J.S. Levinger, Phys. Rev. 84 (1951) 43.

[MahS89] C. Mahaux and R. Sartor, Nucl. Phys. A475 (1987) 247.

[MahS89] C. Mahaux and R. Sartor, Nucl. Phys. A503 (1989) 525.

[MahS89b] C. Mahaux and R. Sartor, Nucl. Phys. A493 (1989) 157.

[MahB85] C. Mahaux, P.F. Bortignon and C.H. Dasso, Phys. Rep.
120 (1985) 1

[MaW83] Z.Y. Ma and J. Wambach, Nucl. Phys. A402 (1983) 275.

[MaW91] Z.Y. Ma and J. Wambach, Phys. Lett. B 256 (1991) 1

[MayJ55] M. Goeppert Mayer et al., Elementary theory of nuclear shell
structure, Wiley 1955.

[Medag99] R. Medaglia, Ph.D. thesis Université de Paris-Sud Paris 1999.
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Samenvatting

In de beschrijving van de structuur van atoomkernen wordt in het algemeen
de totale golffunctie opgebouwd door de Schrödinger vergelijking op te lossen
voor het veeldeeltjessysteem. Hiervoor zijn benaderingen nodig die er op neer
komen dat de golffunctie wordt geschreven als een (geantisymmetriseerd) pro-
duct van golffuncties van de A samenstellende deeltjes, protonen en neutronen
(nucleonen). In dit zogenaamde individuele-deeltjsschillenmodel worden de golf-
functies van de individuele deeltjes berekend uit de Schrödinger vergelijking voor
een enkel deeltje met een potentiaal die de gemiddelde wisselwerking tussen het
betreffende deeltje en de overige A-1 deeltjes zo goed mogelijk benadert.

In dit model is de kans om een deeltje in zo’n ééndeeltjestoestand aan te
treffen dus 1. Vanwege de gemaakte benaderingen zal de kans -ook wel spec-
troscopische factor genoemd- om in een experimentele bepaling het deeltje ook
werkelijk in deze één deeltjestoestand aan te treffen, kleiner dan 1 zijn. De
afwijking van 1 is een maat voor de (sterke) onderlinge wisselwerkingen tussen
de nucleonen, die in het gemiddelde veld verwaarloosd zijn.

In het verleden hebben metingen van uitstootreacties van protonen in lichte,
middelzware en zware kernen door middel van de reactie (e, e′p) aangetoond dat
de spectroscopische factoren voor de minstgebonden protontoestanden, -de zo-
genaamde valentietoestanden -, ongeveer 60 à 70 % bedragen van de waarde die
door het schillenmodel voorspeld is. Ook wanneer zogenaamde langedrachtscor-
relaties in het schillenmodel worden geintroduceerd, zijn de voorspelde waar-
den niet in overeenstemming met de gemeten spectroscopische factoren. In
modellen echter, die ook de zogenaamde tensor- en kortedrachtscorrelaties in
rekening brengen, liggen de voorspelde spectroscopische factoren dicht bij de ex-
perimentele waarden. Dit houdt in dat zowel kortedrachts- als langedrachtscor-
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relaties een rol spelen in de waargenomen fractionele bezetting van de valentie
protontoestanden. Hun individuele bijdragen kunnen experimenteel niet af-
zonderlijk bepaald worden uit de gemeten sterkten van de valentietoestanden
alleen.

Om de rol van de kortedrachts- en tensorcorrelaties gescheiden van lange-
drachtscorrelaties te bestuderen, is de spectroscopische sterkte van de diepge-
bonden protontoestanden in de kern 208Pb bepaald met behulp van de reactie
(e, e′p). Het experiment en de analyse daarvan worden beschreven in dit proef-
schrift. Voor de diepgebonden protontoestanden zijn de langedrachtscorrelaties
verwaarloosbaar. De diepgebonden protonen vormen samen met de overige
nucleonen in het binnenste van de kern een dichtheid die 90 % bedraagt van
de waarde van oneindige kernmaterie, met als gevolg dat de spectroscopische
factoren voor deze protonen vergeleken kunnen worden met die van een bereken-
ing aan oneindige kernmaterie. Een dergelijke berekening maakt gebruik van
realistische nucleon-nucleon potentialen, waarin kortedrachts- en tensorcorre-
laties tussen nucleonen volledig zijn opgenomen. De resultaten worden vaak
weergegeven in de vorm van een spectraalfunctie, waaruit de spectroscopische
factoren kunnen worden afgeleid. Deze spectraalfunctie beschrijft een nucleon in
oneindige kernmaterie met energie Em en impuls pm. In dit proefschrift worden
ook andere modellen besproken waarmee de gemeten spectroscopische factoren
worden vergeleken Hierin zijn de effecten van nucleon-nucleon correlaties op een
fenomenologische wijze verwerkt door een effectieve massa voor het nucleon in
het medium 208Pb te gebruiken die kleiner is dan de massa van het nucleon in
vacuüm.

In het experiment werd de reactie 208Pb(e, e′p) over een groot energie- en im-
pulsbereik (Em=5-100 MeV, pm=25-270 MeV/c) gemeten bij energieën van de
inkomende elektronenbundel van 461 MeV en 674 MeV. De meetapparatuur be-
stond uit twee spectrometers die opgesteld waren in de EMIN hal van NIKHEF.

Deze metingen vormen een uitdaging voor de experimentator, omdat de
werkzame doorsnede voor de reactie klein is. Er waren, voor elke bundelen-
ergie, 9 afzonderlijke metingen nodig om het volledige energie- en impulsbereik
te omvatten. Dergelijke metingen vereisen een hoge luminositeit en een elektro-
nenbundel met een hoog tijdsrendement (duty-factor) om de verhouding tussen
werkelijke en toevallige coincidente gebeurtenissen zo groot mogelijk te maken.
In het experiment werd daarvoor een bundelstroom van 10 µA met duty-factor
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tussen 30 en 80 % op een 208Pb trefplaat met een dikte van 100 mg/cm2

geschoten.
De metingen werden bij twee bundelenergieën uitgevoerd om een experi-

mentele schatting te kunnen maken van de mogelijke bijdrage van twee-deeltjes-
stromen aan de werkzame doorsnede. Aangezien deze bijdrage grotendeels van
transversale aard is zullen de werkzame doorsneden die gemeten worden bij
lage bundelenergie en achterwaartse hoek, daardoor meer bëınvloed worden
dan die bij hoge bundelenergie en voorwaartse hoek. In het ideale geval van
geen distorsie van de elektrongolven door het Coulombveld van de kern, kunnen
deze bijdragen zelfs eenduidig worden bepaald met behulp van een zogenaamde
Rosenbluth separatie.

Recente berekeningen hebben echter aangetoond dat de elektromagnetische
verstoring van de elektrongolven, ten gevolge van de lading van de kern 208Pb,
zo groot is dat een betrouwbare meting van de spectroscopische sterkte via de
Rosenbluth separatie, niet mogelijk is. Uit de berekeningen blijkt dat de gesepa-
reerde longitudinale en transversale impulsverdelingen voor een specifieke quan-
tumtoestand nlj onderling zodanig verschillen dat ondubbelzinnige herleiding
tot een impulsverdeling die onafhankelijk is van de bundelenergie niet kan plaats
vinden.

Er is derhalve voor gekozen, om de spectroscopische factoren met een andere
methode te bepalen. Hierbij werden de werkzame doorsneden die gemeten zijn
bij hoge en lage bundelenergieën vergeleken met resultaten van modelberekenin-
gen. Voor een betrouwbare vergelijking was het ook nodig om de bijdragen
van twee-deeltjesstromen en tweestapsprocessen afzonderlijk te bepalen. Twee-
stapsprocessen werden berekend in een ”rescattering”model, waaruit bleek dat
de relatieve bijdrage van dit proces tot de gemeten werkzame doorsnede min-
der dan 1 % bedroeg. Deze bijdrage is in de verdere analyse van de gegevens
verwaarloosd.

De effecten van twee-deeltjesstromen zijn op twee manieren onderzocht.
Eerst zijn de gemeten spectraalfuncties bij hoge en lage bundelenergieën on-
derling vergeleken. Meetbare verschillen tot 50 percent werden vastgesteld in
het energie bereik Em=65-100 MeV, bij lagere energieën werden geen meetbare
verschillen geconstateerd. Vervolgens zijn de effecten van twee-deeltjesstromen
ook berekend met behulp van een verfijnd ”Quasi-Deuteron model”. Dit model
voorspelde een maximaal relatief verschil tussen de gemeten spectraalfuncties
ter grootte van 5 % voor bindingsenergieën die kleiner zijn dan 65 MeV. Dit is
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niet in tegenspraak met de meetgegevens die verschillen laten zien tot maximaal
10 percent. Verder voorspelde het model een relatieve bijdrage tot de spectraal-
functie ter grootte van 15 % in het energiebereik Em=40-65 MeV, waar zich het
grootste deel van de sterkte van de diepstgebonden 1s protontoestand bevindt.
Omdat een dergelijke modelberekening slechts een schatting geeft van de orde
grootte van de effecten ten gevolge van twee-deeltjesstromen, zijn de gegevens
niet gecorrigeerd voor de berekende bijdragen van deze stromen.

Moderne schillenmodel berekeningen voor de kern 208Pb voorspellen dat de
gemiddelde bindingsenergieën van alle protontoestanden binnen het energiebe-
reik Em=8-55 MeV liggen. De analyse van de huidige meetgegevens is voor
dit energiebereik uitgevoerd, om zo alle gebonden toestanden te omvatten. Sig-
nificante effecten van twee-deeltjesstromen zijn hierdoor niet aanwezig, omdat
hun bijdragen tot de werkzame doorsnede vooral boven Em=65 MeV liggen.
Spectroscopische factoren van deze toestanden konden bepaald worden door de
gemeten spectraalfuncties te vergelijken met een multi-parameter model over
het energie- en impulsbereik (5≤Em≤65 MeV, 25≤pm≤270 MeV/c). Dit model
beschrijft de spectraalfunctie van de kern 208Pb in essentie als een product
van impuls- en energieverdelingen gesommeerd over de mogelijke quantumtoe-
standen nlj van het proton. De impulsverdelingen hangen van de quantumge-
tallen nlj af, terwijl de energieverdelingen beschreven zijn met behulp van Breit-
Wigner curve die een energie-afhankelijke breedte heeft. De vrije parameters
van dit model zijn de bindingsenergieën en spectroscopische factoren van de
protontoestanden.

De nauwkeurigheid van deze ”multi-parameter aanpassing̈ıs gecontroleerd
door de spectroscopische factoren van de 3s1/2, 2d3/2, 1h11/2, 2d5/2 valentie-
overgangen bij energieën Em=8, 8.35, 9.35 en 9.67 MeV, te vergelijken met
eerder gemeten waarden op NIKHEF. Gezien de systematische fouten van de
huidige (7 %) en eerdere gemeten data (3 %), en de modelfout (5 %) die optreedt
bij de behandeling van de proton- en elektronverstoringen, is de vergelijking
tussen de huidige gemeten spectroscopische factoren en eerder gemeten waarden
bevredigend.

In de ”multi-parameter aanpassing”zijn de bindingsenergieën van de 5 diepst-
gebonden protontoestanden, 1d3/2, 1d5/2, 1p1/2, 1p3/2 en 1s1/2, beperkt tot
waarden die maximaal 4 MeV afwijken van de waarden die berekend zijn met be-
hulp van fenomenologische modellen voor 208Pb. Deze bindingsenergieën liggen
in het energiebereik Em=30-65 MeV. Ter controle zijn de spectroscopische sterk-
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ten in dit energiebereik ook verkregen met een integraalmethode. Hiervoor is de
experimentele spectraalfunctie gëıntegreerd over de impulscoördinaat pm en ver-
volgens vergeleken met de berekende integralen waarin de spectroscopische fac-
toren gelijk gesteld zijn aan de waarde 1. De verhouding tussen de gëıntegreerde
experimentele sterkten en de berekende sterkte is binnen 5 % in overeenstem-
ming met de gemiddelde spectroscopische sterkte voor de vijf diepstgebonden
toestanden die uit de aanpassing verkregen zijn.

De uiteindelijke verkregen waarde voor de gemiddelde spectroscopische sterk-
te van de diepgebonden toestanden (Zdeep) is 0.78 ± 0.02 ± 0.06. Hierin repre-
senteert de eerste fout, de kwadratische som van statistische en onafhankelijke
experimentele systematische onzekerheden en de tweede fout, de kwadratische
som van model- en afhankelijke experimentele systematische onzekerheden. De
empirische waarde voor Zdeep is in overeenstemming met theoretische waarden
die liggen in het bereik 0.79-0.83, en verkregen zijn met behulp van berekeningen
aan oneindige kernmaterie en fenomenologische modellen. De huidige gemeten
waarde voor Zdeep is in overeenstemming met modellen die correlaties bevatten
en wijkt significant af van de waarde 1 die door het schillenmodel voorspeld
wordt.

Omdat het langedrachtsdeel van nucleon-nucleon correlaties verwaarloosbaar
is voor toestanden met bindingsenergieën in het energiebereik Em=30-65 MeV,
is de waargenomen afname van de spectroscopische sterkte in vergelijking tot de
schillenmodelwaarde, voornamelijk het resultaat van de kortedrachts- en tensor
nucleon-nucleon correlaties. De eerdere gemeten afname van sterkte van de
valentie overgangen (3s1/2, 2d3/2, 1h11/2, 2d5/2 and 1g7/2) in het energiebereik
Em=8-10 MeV past goed in dit geheel. Voor deze overgangen spelen zowel
de langedrachts- en als kortedrachtscorrelaties een rol, met als gevolg dat de
spectroscopische factoren voor deze overgangen nog verder gereduceerd worden
tot circa 60 à 70 % van de schillenmodelwaarde.

Het totaal aantal waargenomen protonen in het gemeten energie- en im-
pulsbereik is 62 ± 2 ± 4. Een kwart van de 82 protonen in 208Pb is dus niet
gemeten in het huidige experiment. Hun energieën en/of impulsen moeten dus
groter zijn dan de maximale energie (100 MeV) en impuls (270 MeV/c) van
het huidige experiment. Een dergelijke verdeling is in overeenstemming met het
gedrag van spectraalfuncties die berekend zijn met behulp van oneindige kern-
materie en een lokale-dichtheidsbenadering voor de kern 208Pb. Hierin wordt
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de bevolking van hoge energie- en impulstoestanden door protonen, veroorzaakt
door kortedrachts-nucleon-nucleon correlaties.

Samenvattend kan worden gesteld dat het huidige experiment heeft aange-
toond dat voor een adequate beschrijving van de kernstructuur van 208Pb realis-
tische nucleon-nucleon potentialen dienen te worden gebruikt. Hiermee kunnen
de experimenteel gevonden spectroscopische sterkten van zowel valentie proton-
toestanden als diepgebonden protontoestanden tegelijkertijd worden verklaard.
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Dit proefschrift zou nooit tot stand zijn gekomen zonder de bijdragen van vele
mensen. Dit nawoord is bestemd voor degenen die direct betrokken zijn bij dit
werk.

Beste Louk, jouw hulp bij de voorbereiding en uitvoering van de metin-
gen, en jouw expertise op het gebied van de spectrometeranalyse waren cruciaal
voor het slagen van dit onderzoek. Hierbij denk ik ook aan de “radiative un-
folding die je toepasbaar maakte voor een groot energie- en impulsbereik”. Ook
jouw bijdrage aan de natuurkundige interpretatie van de berekeningen en mee-
tresultaten waren van onschatbare waarde. Ook waardeer ik de zeer nuttige
proefschrift overleg-sessies in de eindfase van het onderzoek.

Beste Peter, als promotor ben je pas in de eindfase bij het onderzoek be-
trokken. De aansporing tot kwantificatie “if possible, please quantify” en com-
pactificatie heeft geleid tot een bondig proefschrift. Bedankt!

Dankzij de inzet van de technici liep het experiment gesmeerd. Ik bedank
in de eerste plaats de technici in de EMIN hal, met name Cocky voor het
bouwen van het trefplaatsysteem en Gert-Jan voor de hulp bij de uitlijning van
dit systeem en het plaatsen van de detectoren op bijna alle mogelijke hoeken.
Dankzij de versnellertechnici en in het bijzonder Ber, kon de cruciale eindsprint
in de laatste fase van het experiment gemaakt worden. De AmPS faciliteit
leverde over een periode van 3 dagen, een continue bundel van electronen bij
maximum stroom, waardoor een enorme hoeveelheid meetgegevens kon worden
verzameld. Ik dank met name Herman en Jan voor het bewerkstelligen van deze
bijzondere bundel.

Ook de bijdragen van de Saclay groep waren belangrijk voor het experiment.
Dear Claude and Jean-Eric, thank you for installing the watercooled target
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which was important for the success of this experiment. The pyrometer that
detects the temperature profile of the spot where the electron beam hits the
target, was also useful for detecting any melting, which to my great relief, has
never occured during the experiment. I would like to thank especially Claude
for instructing me about the read-out software of the pyrometer and for pointing
out the fact that the electric cable to the rotator engine fixed on the lead-target
(spare target when the cooled one failed) was not yet plugged in at the start of
the experiment.

Dear Rosella, thanks for the results obtained from your experiment which
were important for the analysis of my data. I am sorry for the many misun-
derstandings which were mostly due to my lack of knowledge of the French
language.

Ik bedank mijn collega-natuurkundigen uit de EMIN groep, Eddy, David
Groep en Ronald voor hun essentiële bijdragen aan het experiment dat reeds
in mijn eerste jaar van aanstelling plaats vond. Met name bedank ik Eddy
voor het leren “tunen” van de hardware van de spectrometers. Ook bedank
ik Gerard, Dave, Andrew, Martijn, Willem, Jochen, Henk, Evaristo, Mauro,
Franco, Lello, Salvatore, Guido en David Boersma voor hun actieve deelname
aan het experiment.

De verkregen meetresultaten moeten ook vergeleken worden met berekenin-
gen. Dear Professor Pandharipande, your contribution to the rescattering com-
putation was crucial, and your guidance and hospitality made my work at your
theory group in Loomis Laboratory a pleasant and interesting experience. Dear
Mark, thanks for your help in my hunt for an appartment near the Laboratory
and for showing me Urbana and Champaign. I also enjoyed the “interactive
computer game” which we played in some evenings. Dear Omar, thanks for
the cross-check of the electromagnetic vertex. Dear Ingo, the smoothed spectral
function that you produced with your code, I could use well in the rescattering
computation. Thanks!

Ook was het belangrijk om inzicht te krijgen in de electromagnetische stor-
ingseffecten bij de uitstoot van protonen door electronen. Dear Dr. Ud́ıas,
thanks for the results of the relativistic computations, which I could use in my
investigation of the feasibility of the L/T separations. Also thanks for your
suggestions of how to conduct such an investigation.

Ook bedank ik Henk, voor het lezen van mijn manuscript, de uitleg over
de optische eigenschappen van de spectrometers en de nuttige informatie over
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de processen die in de kern plaats vinden. Vooral de bepaling van het aantal
deuteronen in de kern zuurstof aan de hand van een kernstructuur model kon
ik goed gebruiken voor lood.

Na mijn verblijf te Urbana, waren mijn kamergenoten (Chiara en Willem)
gepromoveerd en vertrokken. Uiteindelijk kwam Niels kwam op mijn kamer. In
de eerste plaats is hij een drukke collega. Maar gelukkig heeft hij wel eens tijd
om eens flink te discussiëren over de Europese politiek en andere contraversiële
onderwerpen. Ik wens hem veel succes met de tweede helft van zijn promotieon-
derzoek.

Voor de analyse van mijn meetgegevens, maakte ik gebruik van PAW. Dit
software analyse pakket is net als een huidmondje van een blad, een noodzakelijk
kwaad. Dankzij de hulp van David, Ronald en Martijn is het nog redelijk goed
gekomen tussen PAW en mij. Verder bedank ik DavidG voor zijn nuchtere en
diepe kijk op mijn analyse-sores. Ook bedank ik Chiara voor haar uitleg over
de “ruimtehoek acceptantie” van de QDD-spectrometer, de deeltjesidentificatie
mogelijkheden van QDQ spectrometer, en de coincidentieanalyse.

Aan het begin van mijn promotie onderzoek was mijn programmeerervaring
met low-level computertalen C en PASCAL niet groot. Ook was werken met
de programming environment UNIX en scripttalen zoals gawk en perl nieuw
voor mij. Ik heb veel geleerd van mijn kamergenoot en scriptgoeroe Willem op
het gebied van UNIX en gawk. Hiervoor bedankt. Ook nam ik zijn taak over
als theemeester wat mij beter afging dan mijn taak als koffiemeester (zie de
nawoorden van mijn oud-collega’s). Verder bedank ik Ronald voor de hulp bij
mijn eerste stappen met perl en C.

Jochen kwam uiteindelijk naar Nederland, waardoor ik op een prettige manier
in aanraking kwam met de natuurkunde van de pionen bij hoge energie, wat een
goede afwisseling is op het onderzoek aan het veeldeeltjes systeem lood. Beste
Jochen, je was ook een prettige huisgenoot. Helaas, is het me niet gelukt om
jou de fijne kneepjes van koken bij te brengen.

Beste Martijn, je was mijn aanspreekpunt voor SETI, mede-Bijlmerbewoner
en mijn overduidelijke niet-Keltische collega. Ook beheerste je Latijn, geschiede-
nis en topografie. Met als gevolg dat we vaak op jouw kamer “Trivial Pursuit”
hebben gespeeld. Dit kwam zeer ten goede aan mijn algemene kennis.

Dear Steven, it was instructive to see your systematic approach of solving
analysis problems, which reduced my help to your spectrometer analysis con-
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siderably. Also thanks for your encouragements during the time that I wrote
my thesis.

Gedurende de jaren dat ik op het NIKHEF was, ontstond er binnen mijn
werkkamer, een “bibliotheek” Ik leende niet alleen boeken uit aan mijn collega’s,
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Laurens. Van de ITH groep, bedank ik Hans voor de hulp bij administratieve
zaken en LaTeX.
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Tenslotte, wil ik nog mijn moeder en mijn zus bedanken voor hun hulp bij de

verhuizing van Groningen naar het midden van het land. Ook bedank ik mijn
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op 29 augustus 1991 met goed gevolg afgelegd. Tijdens het doctoraal, heeft de
auteur zich bezig gehouden met de theoretische en experimentele natuurkunde.
De studie werd afgesloten met een afstudeerstage op het Kernfysisch Versneller
Instituut (KVI) waarin de auteur onderzoek deed op het raakvlak van theoreti-
sche en experimentele natuurkunde. Het onderzoek bestond uit het ontwikkelen
van een event generator voor de reactie 1H(p, p′e−e+). Met behulp van deze
generator werd gezocht naar de detectoropstelling waarmee de relevante physica
voor dit proces optimaal gemeten kon worden. Het doctoraal diploma Experi-
mentele natuurkunde werd behaald op 25 januari 1996. Aansluitend verrichtte
de auteur het in dit werk beschreven onderzoek aan het NIKHEF.
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