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Abstract 
Study of the (e,eôp) Quasielastic 

Reaction in Complex Nuclei: 
 Theory and Experiment 

 
Joaquín López Herraiz 

 

Experimental coincidence cross section and transverse-longitudinal asymmetry ATL 

have been obtained for the quasielastic (e,e'p) reaction in 16O, 12C, and 208Pb in constant q-

ɤ kinematics in the missing momentum range -350 < pmiss < 350 MeV/c. In these 

experiments, performed in experimental Hall A of the Thomas Jefferson National 

Accelerator Facility (JLAB), the beam energy and the momentum and angle of the 

scattered electrons were kept fixed, while the angle between the proton momentum and 

the momentum transfer q was varied in order to map out the missing momentum 

distribution.  

The experimental cross section and ATL asymmetry have been compared with Monte 

Carlo simulations based on Distorted Wave Impulse Approximation (DWIA) calculations 

with both relativistic and non-relativistic spinor structure. The spectroscopic factors 

obtained for both models are in agreement with previous experimental values, while ATL 

measurements favor the relativistic DWIA calculation. 

This thesis describes the details of the experimental setup, the calibration of the 

spectrometers, the techniques used in the data analysis to derive the final cross sections 

and the ATL, the ingredients of the theoretical calculations employed and the comparison of 

the results with the simulations based on these theoretical models. 
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1. Introduction 
This thesis presents the analysis of data from several (e,e'p) experiments on complex 

nuclei performed in Hall A at the Thomas Jefferson National Accelerator Facility (JLAB) 

[JLab].  

The first of these experiments [E00-102] [Sah00] was performed in the fall of 2001 

using a waterfall (H20) target for studying the nuclear structure of 16O. The main purpose of 

this experiment was to study the 16O(e,eôp) reaction in quasielastic kinematics testing the 

limits of the Single-Particle Model with unprecedented statistical accuracy and spanning 

one of the largest ranges of missing momentum ever explored. 

The second experiment [E06-007] [Ani06] was performed in the spring of 2007 (first 

run) and in January 2008 (second run) using three-foil C+Pb+C and C+Bi+C targets to 

study the nuclear structure of 208Pb and 206Bi. Additional measurements of a single carbon 

target foil were also performed, allowing for the study of the nuclear structure of 12C. The 

Nuclear Group of UCM took part in the preparation of this proposal, as well as in data 

taking and analysis. 

In this thesis, experimental results from proton knock-out from the p1/2 shell of 16O, the 

p3/2 shell of 12C and the valence states of 208Pb in the pmiss range [-350,350] MeV/c are 

shown. They all have been compared with simulations based on relativistic and non-

relativistic theoretical calculations. 

This thesis is organized in the following manner. The initial part of this Chapter presents 

the quasi-elastic (e,e'p) reaction formalism, while the subsequent part surveys previous 

(e,e'p) experiments that motivated the ones presented in this work. In Chapters 2 and 3, 

the details of the theory and simulations used to compare with the measured data are 

explained. Chapter 4 contains a detailed description of the experimental setup at JLAB. In 

Chapters 5 and 6, a discussion of the steps followed in the data analysis is presented. 

Finally, Chapters 7-8 present and discuss the actual results for each target. Chapters 9 

contains the summary and conclusions of this thesis. 

1.1. Electron Scattering 

Electron scattering is one of the most powerful methods to study nuclear structure and 

interactions, as it has several advantages over other available nuclear probes [For83, 

For66, Don86, Fru84, Udi93, Udi95, Bof96]. The electromagnetic interaction is described 
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by Quantum Electrodynamics (QED). The electromagnetic coupling strength, 

characterized by the value of the fine structure constant a ~1/137.036, is relatively small 

and the interaction between the incident electron and the nucleus can be well described by 

the exchange of one single virtual photon. On the contrary, proton and pion scattering from 

nuclei are dominated by the strong force, so in order to extract nuclear structure 

information from reaction data, phenomenological models of the hadron-nucleus 

interaction must be relied upon. Further, the weakness of the electromagnetic interaction 

compared to the hadronic interaction means that the resulting virtual photon can probe the 

entire nuclear volume, in contrast to hadronic probes which interact strongly and thus 

primarily sample the nuclear surface. 

The virtual photon carries energy w and 3-momentum q
d

 which can be varied 

independently (subject to the restriction Q2 = q2 - w2 > 0). Thus, for example, one could fix 

the energy transfer w and, by measuring the nuclear responses at a range of q
d

 values, 

map out the spatial distributions of the nuclear charge and current densities. Note that real 

photon absorption experiments are bound to q2 - w2 = 0. 

Virtual photons interact with charge density r and electromagnetic currents J
d

 of the 

target nucleus, transferring w and q
d

. By measuring the cross section for electron 

scattering at various kinematics (that is, for different initial and final electron energies and 

scattering angles), one can map out the response of the nucleus to the electromagnetic 

probe, unveiling the details of the underlying nuclear structure. 

However, electron scattering also has drawbacks and difficulties: 

- A weakly-interacting probe implies a small cross section. Thus, the count rate for 

electron scattering experiments (especially for coincidence experiments) is usually low, 

requiring long beam-times to obtain statistically significant measurements. High intensity 

electron beams are required to achieve a good signal-to-noise ratio. In this regard, JLAB is 

unique amongst all facilities that are (or have been) capable of performing (e,eôp) 

experiments.  

- The small mass of the electron complicates the analysis of electron scattering data 

due to radiative processes, which can result in large corrections. 
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1.2.  Inclusive Electron Scattering - (e,eô) 

In single-arm electron-scattering experiments, the electron beam is incident on the target 

and a spectrometer is set at a particular momentum and angle to detect the scattered 

electron. This kind of experimental setup does not select a particular reaction channel, but 

rather all processes that can be caused by the interaction with the electron contribute to 

the measured signal. Therefore, this kind of experiments is termed inclusive. A general 

inclusive (e,e') spectrum showing the cross section ds/dWe (where dWe is the solid angle 

into which the electron scatters) as a function of w, for a fixed value of Q2 = q2 - w2, is 

sketched in Figure 1.1 [For66]. 

 
Figure 1.1: Schematic (e,e') spectrum. 

 

The first sharp peak to the left corresponds to elastic electron scattering from the 

nucleus as a whole, which appears at w = Q2/(2MA) (where MA is the mass of the nucleus). 

The next few sharp peaks at higher w correspond to nuclear excitations to discrete states. 

Often, excitations of collective modes such as giant resonances are seen beyond the 

discrete part of the spectrum. Even higher in energy, the quasielastic peak appears near w 

= Q2/(2MN), where MN is the mass of a nucleon. The position of this peak corresponds 

approximately to the kinematical condition for elastic scattering off a free single nucleon of 

mass MN. Thus, this peak may be attributed to electron scattering from individual 

constituent nucleons. The Bjorken x scaling variable, defined as xB= Q2/(2MNw) is a useful 

reference value to characterize the (e,e') reaction. Values of xB close to one, as the ones 

obtained in the experiments analyzed in this thesis, correspond to quasielastic reactions.  

The next few bumps at even higher energy transfer arise from nucleon excitations such 

as D and N* resonances. The intermediate region between the quasielastic peak and the D 

resonance is often referred to the dip region. Further away from the position of low lying N* 
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excitations, lies the so-called deep inelastic scattering region (DIP), where nucleon 

resonances are broad and overlapping. In this region, electrons may be thought of as 

scattering quasielastically from individual quarks of the nucleon. 

1.3.  Exclusive Electron Scattering - (e,e'p) 

Since inclusive (e,eô) cross section is comprised of data from many possible channels, it is 

inherently difficult to study and evaluate the individual contributions of the different 

channels to the observed data. Sum rule approaches [Cab10] or scaling ideas [Don88] 

may be of use, but in order to study single-nucleon properties it is better to focus on 

exclusive experiments. For these exclusive experiments, the final state can be selected 

and fully identified. For instance, the contributions to the electron-nucleus cross section 

coming from different valence nucleons can be disentangled, allowing for a more detailed 

study of the reaction mechanism. The theoretical description of the exclusive reaction is 

relatively simple, as only one channel needs to be taken into account. 

To obtain data under exclusive conditions in electron-scattering experiments, the 

scattered electron is detected and analyzed in one spectrometer and, at the same time, a 

knocked-out nucleon is detected and analyzed with another spectrometer. If the detected 

nucleon is a proton, this reaction is called (e,e'p). In this way, if the energy and momentum 

of the incoming and outgoing electron and the detected nucleon are both measured, four-

momentum conservation makes it possible to determine the energy transferred to the 

nucleus.  

It is then possible to set conditions which warrant that the final state corresponds to 

single-nucleon knockout, simply because not enough energy has been transferred to the 

nucleus to knock out two nucleons. Coincidence (e,eôp) measurements, under these 

conditions, which include signals from only one reaction channel, are an example of an 

exclusive measurement. One must bear in mind that, if the energy transferred to the 

nucleus is large enough, then more than one nucleon may be knocked out. This type of 

(e,eôp) measurement is not performed under exclusive conditions, and is the case for most 

transparency experiments [Lav04]. Quite generally, in existing facilities to date, only 

valence shells can be studied under exclusive conditions in (e,eôp). It is worth mentioning 

that electron-ion colliders such as the ELISe facility planned for FAIR [ELISe, ELISeb] may 

allow for exclusive (e,eôN) measurements for any neutron or proton shell. 

The history of quasielastic (e,eôp) experiments began in 1962 when Jacob and Maris 
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[Jac62] suggested that it could be a powerful experimental technique to study the energy 

levels and shell structure of light and medium nuclei. To date, many (e,eôp) experiments 

have been performed under exclusive conditions at accelerator facilities such as Saclay, 

NIKHEF-K, Mainz, Tokyo, MIT-Bates and JLAB. Results from these experiments prove 

that the (e,eôp) reaction is an excellent tool for the study of single-particle properties of 

nucleons in nucleus. 

1.4.  Kinematics 

For light or medium nuclei where Za<<1 (Z is the number of protons inside nucleus and a 

is the fine-structure constant), it is a good approximation to assume that only one virtual 

photon is exchanged in the process of electron scattering. This constitutes the first order 

Born Approximation [Bjo64]. Using standard notation [Udi95], the laboratory coordinate 

system, four-momenta, total energies and three momenta of the participants in the 

reaction are presented in Table 1.1: 

 
Table 1.1: Four-momentum of the participants in the (e,e'p) reaction. 

 

The reaction A(e,e'p)B in the Born Approximation is illustrated in Figure 1.2. The figure 

can be divided into two parts: the electron side and the target or nuclear side. On the 

electron side, the plane defined by the incident and outcoming electron momenta is called 

the electron-scattering plane, or often just the scattering plane; the electron-scattering 

angle is denoted as qe. On the target side, the plane defined by the momentum transfer q
d

 

and the knocked-out proton momentum pp
d

 is called ejectile plane, nuclear-scattering plane 

or, often just reaction plane. The angle between the three-momentum transfer q
d

and the 

proton momentum is denoted qpq. The angle between electron- and nuclear-scattering 

planes is the out-of-plane angle f. 

If the proton is detected at f = 0º or f =180º, the scattering and reaction planes coincide 

and the measurement is said to be performed in-plane. Measurements for which the 

knocked-out nucleon momentum is along q
d

(qpq=0Ü) correspond to ñparallelò kinematics, 

and measurements values of qpq other than 0º are said to be made in ñquasi-

perpendicularò kinematics, of which constant q-w measurements are most often employed. 

Incident electron: ki
m= (Ei,ki) Detected electron: kf

m= (Ef,kf) 

Target nucleus: pA
m= (EA,pA) Undetected residual system: pB

m= (EB,pB) 

Energy-momentum transferred: 

qm = ki - kf = (w,q) 
Detected proton: pp

m= (Ep,pp) 
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Figure 1.3 illustrates these two kinematical conditions. 

As has been said, the quantities experimentally measured in (e,eôp) experiments are ik
d

, 

ik
d

and pp
d

. The total energy of the detected proton pE
,,
is obtained from 2 2

p p pE M p; )
d

, 

where pM is the proton rest mass. In the laboratory reference frame, the target nucleus is 

at rest so & ',0A Ap Mk; , where MA is the rest mass of the nucleus. Most often, electrons 

are ultrarelativistic and their masses can be neglected so that i iE k¶
d

 and f fE k¶
d

. The 

transferred four-momentum qm is found from the energy-momentum conservation relation 

 & ',i fq k k qk k k u; + ;
d

 (1.1) 

It can be shown [For66] that & '2 0q q qkk;   , for ultrarelativistic electrons, 

& '2 24 sin / 2i f eq E E o;+ . 2Q  is defined as 2 2 2 2 0Q q q u;+ ; + ®
d

.  

 
Figure 1.2: Schematic view of the (e,e'p) reaction and definition of kinematical variables. 

 

Two important quantities are the missing momentum missp
d

and the missing energy 

mE [Udi93, Udi95, Kel96]. The missing energy is given by 

 miss p BE T Tuµ + +  (1.2) 

where Tp and TB are the kinetic energies of the ejected proton and the recoil nucleus, 

respectively. Writing down the kinetic-energy terms explicitly yields 

 & ' & '2 2 2 2
miss p p p B B BE p m m p M Muµ + ) + + ) +

d d
 (1.3) 

Conservation of momentum at the reaction vertex leads to 

 miss p Bp p q p; + ;+
d d d d

 (1.4) 

Thus, without any approximations, the missing momentum simply represents the 
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momentum of the recoiling system or residual nucleus. Conservation of energy at the 

reaction vertex implies that 

 
( ) ( )

i A f p B

p p B B A

E M E E E

m T M T Mu

) ; ) )

; ) ) ) +
 (1.5) 

Substituting Eq. (1.5) into Eq. (1.2) results in 

 miss p A BE m M M; + )  (1.6) 

Rewriting the residual mass in terms of energy and momentum gives 

 

& '

2 2 2 2

2 2

B A p

B B B B miss

B A p miss

E M E

M E p E p

M M E p

u

u

; ) +

; + ; +

; ) + +

d d

d

 (1.7) 

Thus, the missing energy can be written as 

 & '2 2
miss p A A p missE m M M E pu; + ) ) + +

d
 (1.8) 

This expression for the missing energy does not require any a priori knowledge of the 

residual system. Eq. (1.6) indicates that the missing energy represents the difference in 

binding energy between the initial and final nuclear states and, thus, it is the energy not 

observed (missing) as kinetic energy of the knocked-out particles. If the residual system is 

in its ground state, Emiss represents the separation energy Es of the ejected proton. 

Generally speaking, the residual system may be in an excited state. Conservation of 

energy has been used to remove MB from these expressions. This mass of the residual 

system also includes any excitation energy needed to remove a proton from the target 

nucleus, but not leaving the residual system in its ground state. So in a more general case 

 & '0  (  )B B x

miss s x

M M fundamental state E excitation energy

E E E

; )

; )
 (1.9) 

 
Figure 1.3: Schematic representation of parallel (left) and perpendicular (right) kinematics.  
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The invariant cross section can be written as [For66, Udi93, Udi95, Kel96]  
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d
 (1.10) 

where dWe is the solid angle for the electron momentum in the laboratory and hmn and Wmn 

are the electron and nuclear response tensors. Using 

 3 2
pd p p dp d; ö ö U

d
 (1.11) 

where dWp is the solid angle for the proton momentum in the laboratory, one can obtain 

the six-fold differential cross section 
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For extremely relativistic electrons, the electron mass can be neglected and the 

electron-response tensor can be written as [For66] 
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f

f
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ª ; + +
 (1.13) 

where i fK k kk k kµ )  and i fq k kk k kµ + . 

Matrix elements of the nuclear response tensor are obtained from bilinear products of 

the nuclear current matrix elements, appropriately averaged over initial states and 

summed over final states 

 W J Jkl k l
);  (1.14) 

Often, (but not in the theoretical calculations employed in this thesis, that rely on more 

general expressions as given in [Udi95,Umi95b]) current conservation and the continuity 

equation are employed to make the following substitutions 

 0q W W qkl kl
k l; ;  (1.15) 

 zJ
q

u
p; d  (1.16) 

After some algebra, the contraction of electron and nuclear response tensors reduces 

to the form 

 24 cos cos cos2
2
e

i f L L T T LT LT TT TTW E E V R V R V R V Rkl
kl

o
f d dÞ í; ) ) )à ï (1.17) 

If 2 2/Q qjµ
d

and & '2tan / 2ea oµ  are defined, the kinematical factors may be 

expressed as 
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 (1.18) 

The response functions can be expressed in terms of the nuclear current tensor 
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where r is the charge component of the nuclear current, J|| is the transverse component of 

the nuclear current in the scattering plane and J± is the transverse component of the 

nuclear current orthogonal to the scattering plane. Both J|| and J± are orthogonal to q
d

. The 

longitudinal response function RL arises from the charge and the longitudinal component of 

the nuclear current. The transverse response function RT is the incoherent sum of the 

contributions from the two transverse components of the nuclear current. The transverse-

longitudinal interference response function RTL is the interference of the transverse current 

with the longitudinal component of the nuclear current in the scattering plane. The 

transverse-transverse interference response function RTT is the interference between the 

two transverse components of the nuclear current. 

For (e,e'p) reactions in which only a single discrete state or narrow resonance of the 

target is excited, one can integrate over the peak in proton energy to obtain a fivefold 

differential cross section. From Eq. (1.12) we can integrate 
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where R represents a recoil factor given by 
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By inserting Eq. (1.17) into Eq. (1.20) and rewriting, the 5-fold differential unpolarized 

cross section can be expressed in a compact form as 
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where sM is the Mott cross section 
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In general, RL, RT, RTL and RTT are functions of the variables w, Q2, pmiss, Emiss and pp
d

 

and contain all the information that can be extracted from the (e,eôp) reaction with 

unpolarized electrons and nucleons. 
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Therefore the cross section expressed in Eq. (1.22) can be separated in two parts: the 

kinematical factors R, & '32p pE p n , VL, VT, VLT, VTT, and sM, independent of the nuclear 

structure, and the response functions which contain the nuclear structure information and 

are independent on electron kinematics, meaning that they depend only of the nuclear 

kinematics. 

 In parallel kinematics& 'pp q
d d
C , the orientation of the reaction plane (the azimuthal angle 

f) becomes undefined. In this special case, only the response functions RL and RT 

contribute to the cross section [For66, Gard94].  

1.5.  Mechanisms of the (e,eôp) Reaction 

In order to understand (e,eôp) scattering experiments, one needs to study the mechanism 

of the process in detail. A realistic description of the (e,eôp) reaction has to take into 

account several components. Some of them are not easy to handle and are sometimes 

neglected, but it is important to address them in order to obtain meaningful conclusions 

from the results. These include: 

-Energy loss, bremsstrahlung and Coulomb distortion of incident and scattered 

electrons. In their path through scattering-chamber windows, the target and the detector, 

electrons lose part of their energy and change their momentum. This causes the 

asymptotic values of the energy and momentum of the outcoming particles measured at 

the spectrometers to be different from the corresponding values at the interaction vertex. 

Furthermore, the Coulomb potential of the nucleus modifies the electron wave function, 

and thus the customarily employed plane-wave description of the electrons is only 

approximately valid. While all of these effects are technically challenging, they are 

theoretically well described by QED. 

-Electron-proton interaction. As the protons are embedded in a nuclear medium, the 

electron-nucleon interaction may be different to the electron interaction with free nucleons. 

Medium modifications to nucleons are only possible to disentangle within a particular 

nucleon model. 

-The single-particle structure of the target nucleus. Within the Impulse 

Approximation that will be employed here, the single-particle structure of the target 

nucleus is sampled by the (e,eôp) reaction only via the overlap function of the initial and 

final nuclear systems. This overlap function has a simple interpretation within extreme 

mean-field models, but it is difficult to compute when correlations are considered. 



CHAPTER 1-  INTRODUCTION 

21 

-Final state interactions (FSI). The interaction of the knocked out proton with the 

residual system must be taken into account for realistic comparison between calculations 

and data. This complicates the theoretical calculations. 

1.5.1.  Impulse Approximation 

(e,eôp) experiments are analyzed under a common framework known as Impulse 

Approximation (IA) [Fru84, Kel96]. The approximations made in the IA are sound for 

quasielastic conditions, where it is known that the reaction is dominated by electron 

scattering by the individual constituent nucleons. IA assumes that the exchanged virtual 

photon interacts only with one nucleon, precisely the one that is detected.  

¶ Plane Wave Impulse Approximation 

If aside from IA, the knocked-out proton is further assumed to come out of the nucleus 

without further interaction with the residual nucleus, then this nucleon can be described by 

a plane wave (Plane Wave Impulse Approximation or PWIA). Figure 1.4 sketches a 

diagram of this process. 

 
Figure 1.4: Plane Wave Impulse Approximation in (e,e'p). 

Under IA, missp
d

represents the momentum that the initial nucleon had inside the target 

nucleus, while the missing energy allows us to specify its binding energy. This supports 

the view that with the (e,eôp) reaction, we map out the momentum distributions of individual 

nucleons coming from a particular single-particle state inside nuclei, selected by adjusting 

the missing energy. 

In non-relativistic PWIA, the cross section can be factorized as [Fru84, Vig04] 

 & '
6

,ep miss miss
f e p p

d
R K S E p

dE d dE d

q
q; ö ö ö

U U

d
 (1.24) 

where p pK E pµ , R is the recoil factor and sep is the single nucleon off-shell cross section 

[For83], and ( ,| |)miss missS E p
d

 
is the spectral function, which can be written as 
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 & 'miss( ,  )  p ( - )miss miss a missS E p E Ep b; ö
d d

 (1.25) 

Here & 'misspp
d

is the proton momentum distribution, and Ea is the binding energy for 

shell "a"; that is, for the single-particle state whose energy is compatible with the missing 

energy constraints of the experiment. Therefore, the spectral function ( , )miss missS E p
d

 can be 

interpreted as the probability of finding a proton with initial momentum missp
d

 
and binding 

energy Emiss inside the initial nucleus. Within the factorization approach, we can map out 

the spectral function independently of the electron kinematics, as all direct dependence of 

the cross section on the electron kinematics appears as simple factors. One must bear in 

mind that factorization, as expressed in Eq. (1.24), is not fulfilled in Nature. In general, FSI 

introduce a dependency on the electron kinematics beyond the one introduced in Eq. 

(1.24). General conditions needed to recover factorized result were reviewed in [Vig04]. It 

should be emphasized that within relativistic approaches, factorization does not hold even 

in PWIA. 

If a spectral function is to be derived from experimental cross section data, one needs 

to compute values for the elementary electron-nucleon cross section. Most often, the scc1 

prescription of DeForest [For83] is used for the single nucleon off-shell cross section. This 

prescription is a current conserving off-shell extrapolation of the on-shell nucleon current, 

obtained from the Dirac equation for relativistic scattering interactions. This prescription 

includes explicitly the four-momentum transfer in the nucleon current calculation; further 

details are given in [For83]. For quasielastic kinematics, as the ones considered in this 

work, most prescriptions for the elementary electron-nucleon cross section are within few 

percent, thus this is not a main source of uncertainty. 

 

¶ Distorted Wave Impulse Approximation 

In the Distorted Wave Impulse Approximation (DWIA), the IA is assumed, but in 

contrast to the PWIA, the interaction between the knocked-out proton and the residual 

nucleus is taken into account. Figure 1.5 presents a diagram for the DWIA. 

Due to FSI, a factorization such as the one given in Eq. (1.24) may not be achieved, as 

FSI are different for nucleons knocked out with large or small momentum, even if the 

missing momentum and missing energy values are identical.  
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A distorted spectral function or reduced cross section is often defined according to 
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As a definition, Eq. (1.26) is of course always valid, but the distorted spectral function 

& ', ,D
miss miss pS E p p
d d

derived from data using Eq. (1.26) will depend upon the proton 

momentum pp
d

 and the angle between the initial and final proton momenta, whereas the 

(undistorted) spectral function depends only on Emiss and | |missp
d

.
 

 
Figure 1.5: Distorted Wave Impulse Approximation in (e,e'p). 

1.5.2.  Coulomb Distortion 

The Coulomb distortion of electron wave functions is sizeable effect for medium and heavy 

nuclei. Although it involves lengthy calculations, it is in principle under control [Yen65, 

Jin93, Kim97, Udi93, Kno74] but unfortunately invalidates the electron/nuclear separation 

and further breaks factorization. However, for large electron energies and especially for 

reasonably light targets such as carbon and oxygen, the dominant effect of Coulomb 

distortion upon the electron wave functions can be described using the Effective 

Momentum Approximation (EMA) to the electron Coulomb distortion [Kno74, Tra01, Bof96, 

Udi93, Kim96, Kim97, Jin93, Qui88, Kel97]. In this approximation, the asymptotic electron 

momentum k
d

 is replaced by effk
d

 to account for the acceleration of the electron by the 

mean electrostatic potential. Other than changing the effective momentum, all plane-wave 

expressions derived for the electrons are valid. The effective momentum can be estimated 

from expressions such as 
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Here, RZ is the nuclear radius determined by assuming the nucleus as a uniformly charged 

sphere.  
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This yields an effective momentum transfer [Jin93] given by.  
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However, comparisons with positron/electron data and studies of (e,eôp) on heavy 

nuclei made by several authors [Qui88, Udi93, Udi93b] have shown that this yields too 

much correction. Indeed, considering the nucleus as a hard sphere yields a Coulomb 

potential that is too large. Much better agreement with data has been found using full 

calculations that include the electron Coulomb distortion by substituting the potential of a 

hard charged sphere by the average value of the Coulomb potential for the nucleus of 

interest, computed from the experimental charge distribution. 

For a light or medium nucleus like 208Pb, Coulomb distortion has a significant effect as 

shown in [Udi93, Udi93b, Her05, Kim97]. Nevertheless, for the high beam energies 

considered in this thesis, the effect is small and it has not been considered in the 

simulations. 

1.5.3. Mean Field and Correlations 

In a mean field picture, nuclei are described as independent particles interacting only 

through the average mean field potential created by the other nucleons. In this scheme, 

nucleons occupy specific states (or orbits), that are bound solutions of the mean field 

potential. The many body function for the whole system is an (antisymmetrized) product of 

A of these single-particle states. This somewhat oversimplified picture is, however, quite 

successful in explaining general properties of A>4 nuclei. This independent-particle shell 

model (IPSM) describes several basic properties 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. Under this approximation, the 

probability of finding a nucleon in the target system with a given momentum and binding 

energy will be zero if this binding energy does not coincide with any of the single particle 

energies occupied in the nucleus. The IPSM is known to be a good approximation to 

describe closed-shell nuclei, as 12C, 16O and 208Pb studied in this work.  

The (e,eôp) cross section, in general, samples the overlap of the initial and final nuclear 

system, which has a very simple expression in the IPSM. Thus, when the energy sampled 

in the (e,eôp) experiment coincides with removal of a nucleon in a single-particle state, then 

the removal probability will be proportional to the number of nucleons in that orbit and to 

the momentum distribution characteristic of that orbit, that is, in this extreme picture, the 
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modulus of the wave function in momentum space, |Y(p)|2 for the orbit from which the 

nucleon was removed. Thus, within the mean field approximation, together with the 

Impulse Approximation, neglecting final state interactions and in a factorized approach, the 

reduced cross section introduced in Eq. (1.26) is a direct measure of the nucleon wave 

function corresponding to the adequate orbit, in momentum space. The magnitude of the 

cross section will also be proportional to the number of nucleons in the selected shell. 

However, the IPSM model ignores the residual nucleon-nucleon (N-N) interactions, 

Although this approach is incomplete, the model produces wave functions for individual 

protons that reasonably match the momentum distributions derived from (e,eôp) 

experiments [Lap93].  

 

 
Figure 1.6: Experimental reduced cross sections obtained in a 208Pb(e,eôp)207Tl experiment 

performed at NIKHEF-K [Bob94]. Peaks corresponding to knock out of protons from 
particular outermost states in 208Pb are clearly seen. 

 

Effects beyond mean field, such as correlations, break the IPSM picture in several 

ways. In the one side, the nuclear many body wave function would no longer be a simple 

product of single-particle states and the excitation (or Emiss) energy spectrum will not 

consist of a series of delta functions at the single-particle energies, but rather a series of 

finite width peaks (at least for the valence shells). Further, the overlap of the initial and final 

nuclear systems sampled in a narrow excitation energy range by the (e,eôp) experiment, 

will miss part of the nucleons that would contribute to that overlap. All these effects are 

explained in more detail in Chapter 2.  
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1.6.  Results from Previous (e,e'p) Experiments on 16O, 12C and 
208Pb 

1.6.1. Previous 16O(e,e'p) experiments  

16O is a doubly-magic, closed-shell nucleus. Its bound-state wave function is relatively 

easy to calculate. As proton elastic scattering from 16O has been studied over a wide 

range of kinematics, the final-state interaction for 16O(e,e'p) reaction is generally well 

understood. Therefore, one can derive good predictions for both cross sections and 

response functions. This makes 16O a very good candidate for the study of the reaction 

mechanism for proton knockout. 

 
Figure 1.7: Shell model for 16O (energy levels not to scale).The numbers on the left are the 

separation energies in MeV. 
 

Quasielastic 16O(e,e'p) experiments have been previously performed at NIKHEF, 

Saclay, MAMI and JLAB in various kinematics. A summary of these experiments is 

presented in  

Table 1.2. 

 
Table 1.2: Summary of previous 16O(e,e'p) experiments  

 

Before the E89-003 experiment that was performed in Hall A at JLAB during the 

summer of 1997, only 16O(e,e'p) experiments with low and moderate Q2 were carried out. 

SITE KINEMATICS Q2 (GeV/c)2 Tp (MeV) REFERENCE 

NIKHEF PARALLEL 0.1-0.4 96 Leuschner, M. et al. [Leu94] 

NIKHEF PERPEND. 0.20 84 Spaltro, C.M. et al. [Spa93] 

SACLAY PERPEND. 0.30 160 Chinitz, L. et al. [Chi91] 

SACLAY PERPEND. 0.19 100 Bernheim, M. et al. [Ber82] 

MAMI PARALLEL 0.08 92 Blomqvist, K.I. et al. [Blo95] 

MAMI VARIED 0.04-0.26 215 Blomqvist, K.I. et al. [Blo95] 

JLAB PERPEND. 0.80 427 Fissum, K.G. et al.[Fis04]  
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The former low Q2 experiments provided tests for different optical potentials and helped to 

understand effects beyond standard non-relativistic DWIA. Some results obtained from 

these experiments are presented in Figure 1.8. 

 
Figure 1.8: Missing-energy distribution (left panel) and missing-momentum distribution (right 

panel) from the 16O(e,e'p) reaction in parallel kinematics measured at NIKHEF-K [Leu94]. 

 

Figure 1.8 (left panel) shows an Emiss spectrum measured at NIKHEF-K [Leu94] for pmiss 

in the range [80,160] MeV/c. The spectrum is dominated by the two peaks at 12.1 MeV 

and 18.4 MeV, corresponding to proton knock-out from the 1p1/2 and 1p3/2 states shown in 

Figure 1.10. Due to the excellent energy resolution at NIKHEF-K the 1d5/2 and 2s1/2 doublet 

at 17.4 MeV, as well as a pair of 3/2- states at 22.0 and 22.8 MeV, were also 

distinguishable. These states are not explained in the extreme IPSM, but correspond to 

configuration mixing that fragments the pure mean-field orbits into several states. 

Prevalence of the IPSM in this nucleus is shown by the fact that ópure IPSM hole statesô 

have considerably more strength than other types. Figure 1.8 (right panel) shows the 

momentum distributions for protons in the 1p1/2 and 1p3/2 states for -180 < pmiss < 270 

MeV/c and its comparison with the theoretical prediction. Note that the 1p1/2 distribution in 

this figure was multiplied by a 0.1 factor. 

Response functions have also been extracted in these low-Q2 kinematics, and Figure 

1.9 shows a comparison of the measured transverse-longitudinal response function RTL 

with a modern relativistic DWIA calculation [Udi99, Vig04] for 30 < pmiss < 190 MeV/c. The 

agreement between calculations and data improves with increasing Q2. The top panel 
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corresponds to the knockout of a proton from the 1p1/2 state and the bottom panel 

corresponds to the knockout of a proton from the 1p3/2 state. 

 

 
Figure 1.9: (Left panel) RTL of 16O(e,e'p) extracted at NIKHEF-K (filled circles)[Spa93] and 

Saclay (open circles) [Chi91]. The curves are modern relativistic DWIA calculations 
(presented in [Fis04]). (Right panel) ATL calculations by Udías [Udi99] for the p1/2 shell, 

compared with data from the experiment E89-003 [Gao00, Fis04]. 

 

In the summer of 1997, the precursor to the 16O(e,e'p) experiment analyzed in this 

thesis was performed in Hall A at JLAB. As mentioned, it received the name E89-003 

[Gao00, Liy01, Fis04]. Quasielastic kinematics were employed at Q2 = 0.802 (GeV/c)2, |q| 

= 1.000 GeV/c and ɤ = 445 MeV. Data were obtained for the p-shell, the s1/2 state and 

even higher energies for Emiss Ò 120 MeV and pmiss Ò 375 MeV/c. 

The results for ATL are shown in Figure 1.9 (right panel). The top pad shows the effect 

of varying the current operator, the middle pad shows the effect of varying the bound-

nucleon wave function and the bottom pad shows the effect of varying the optical potential. 

More data are clearly needed at higher pmiss to allow the bound-nucleon wave function, the 

current operator and the optical potential to be determined independently. 

One must keep in mind that the non-relativistic calculation for RTL was ruled out by the 

experimental data. This can be seen in Figure 1.10, where NIKHEF-K results [Chi91] (set 

(b)) and Saclay results [Spa93] (set(c)) are compared to the non-relativistic calculation 

(with dotted red line), showing poor agreement with the data for the p3/2 shell. On the other 

hand, relativistic calculations performed by Udías [Udi01] are in fair agreement for the two 

shells and experiments. This illustrates the sensitivity of TL observables (response and 
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asymmetry) to whether or not the calculation is relativistic or non-relativistic. 

 
Figure 1.10: RTL for 16O(e,e'p) from Saclay (Set b, [Chi91]) and NIKHEF-K (Set c, [Spa93]) 

compared to non-relativistic (dotted red line) and relativistic calculations (black lines) [Udi01]. 
 

These results motivated the proposal of a new 16O(e,eôp) experiment at JLAB which 

aimed for much better statistical precision than the E89-003 and included measurements 

at higher pmiss. 

 

1.6.2.  Previous 12C(e,e'p) experiments 

12C has been previously studied in several experiments (Table 1.3) and in principle is well 

understood. Proton elastic scattering from 12C has been performed over a wide range of 

kinematics and this yields abundant information to be used in determining the final state 

interaction for the 12C(e,e'p) reaction. Therefore, one can derive good predictions for both 

cross sections and response functions. This makes 12C also a good candidate for the 

study of the reaction mechanism for proton knockout. 

Quasielastic 12C(e,e'p) experiments have been previously performed at Tokyo, Saclay, 

NIKHEF, SLAC, Bates and JLAB in various kinematics. A summary of these experiments 

is presented in Table 1.3. 

 

 

 



CHAPTER 1-  INTRODUCTION 

30 

 
Table 1.3: Summary of previous 12C(e,eôp) experiments. 

 

 

Figure 1.11: 12C(e,e'p) reduced cross section for the 1p3/2 shell obtained in  
previous experiments performed at JLAB [Dut03, Mon08]. 

 

SITE KINEMATICS Q2 (GeV/c)2 CENTRAL 
Tp (MeV) 

REFERENCE 

TOKYO PERPEND. 0.29 159 Kenzo, N. et al. [Ken76]  

SACLAY PERPEND. 
0.16 87 

Mougey, J. et al. [Mou76] 
0.18 99 

SACLAY PARALLEL 0.09-0.32 99 Bernheim, M. et al. [Ber82] 

NIKHEF PARALLEL 0.02-0.26 70 Steenhoven, G. et al. [Ste88]  

SLAC PERPEND. 1.11 600 Makins, N.C.R. et al. [Mak94] 

BATES PARALLEL 0.15 60-120 Ulmer, P.E. et al. [Ulm87] 

BATES PARALLEL 0.30-0.58 200-300 Weinstein, L.B.et al. [Wei90] 

BATES PARALLEL 
0.75 518 

Morrison, J.H. [Mor99] 
0.83 457 

JLAB PERPEND. 

0.64 350 

Dutta, D. et al. [Dut03] 1.28 700 

1.84 970 

JLAB PERPEND. 1.84 750 Monhaghan, P. [Mon08]  

TOHOKU PERPEND. 0.007 42 Tamae T. et al. [Tam09] 
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Nevertheless, recent theoretical reinterpretation of some of these experiments [Lap00, 

Fra01] claimed that there may be a dependence of the spectroscopic factors with Q2. As 

this would imply a serious modification of either the standard view of the reaction 

mechanism based upon the IA, or of our definition and interpretation of spectroscopic 

factors, this analysis raised the need for more experiments to investigate in detail the 

possible Q2 dependence of the spectroscopic factors.  

One of the problems with the reanalysis of the experiments performed in [Lap00, Fra01] 

is that data at different Q2 from experiments at different facilities were used. To address 

this, the Q2 dependence of the spectroscopic factors is now being studied in new 

experiments performed at the same facility with the same targets and detectors spanning 

different Q2 values [Dut03]. In these experiments, no Q2 dependence of the spectroscopic 

factors was found. In this thesis, a further negative result for this search for Q2 

dependence is presented. 

 

1.6.3. Previous 208Pb(e,e'p) experiments 

The atomic nucleus is often considered a dense system of fermions whose motion to first 

order can be treated as independent particles moving in a mean field. The 208Pb nucleus is 

a textbook example of a mean-field theory friendly nucleus. This nucleus has been studied 

in the past at NIKHEF-K [Qui88, Bob94] and Saclay [Med99] using the (e,eôp) reaction. 

 

SITE KINEMATICS Q2 (GeV/c)2 Tp (MeV) REFERENCE 

NIKHEF PARALLEL 0.1-0.4 100 Quint, E. [Qui88] 

NIKHEF PERPEND. 0.037 100 Bobeldijk, I. [Bob94][Bob95] 

NIKHEF PARALLEL 0.26-0.49 161 Van Batenburg, M. [Bat01] 

SACLAY PERPEND. 
0.55 161 

Medaglia R. [Med99] 
0.70 263 

 
Table 1.4: Previous 208Pb(e,e'p) experiments 

 

In these measurements, spectroscopic factors for the valence states displayed in Table 

1.5 were obtained for missing momenta less than 300 MeV/c, (save for the I. Bobeldijk et 

al. [Bob94] results). Some of these states are schematically shown in Figure 1.12. and a 

experimental Emiss spectrum from NIKHEF is displayed in Figure 1.6. 
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Table 1.5: Valence states in 208Pb together with the spectroscopic factors obtained from the 
comparison of the relativistic DWIA predictions to NIKHEF-K data [Udi93, Udi96]. 

 

Results from these experiments have been analyzed within the IA with both non-

relativistic and relativistic treatments [Udi93, Udi96]. Deviations from independent-particle 

motion for orbits near the Fermi energy are clearly present and are attributed to various 

correlations. Former works on this nucleus at high missing momentum, pmiss > 300MeV/c, 

[Bob94] attribute the excess strength in the cross section in this region as determined by 

the non-relativistic analysis, to long-range correlations. However, a relativistic analysis of 

the bound- and free-nucleon states shows no need to invoke long-range correlations 

[Udi96]. Instead, in the relativistic treatment of the (e,eôp) reaction, the spinor distortions of 

the lower component of the nucleon wave function account for the increased cross section 

seen at high missing momentum, in the case of the measurement of [Bob94]. In that 

experiment the measurement was done far from quasi-elastic conditions due to beam-

energy limitations that cloud the interpretation using usual IA assumptions.  

 
Figure 1.12: Diagram with some of the observed states in the 208Pb(e,e'p)207Tl. 

 (Figure taken from [Udi93]). 

SHELL Ex (MeV) Emiss = Sp + Ex (MeV) Spec. Factor 

3s1/2 0.000 8.008 0.70 

2d3/2 0.351 8.359 0.73 

1h11/2 1.348 9.356 0.60 

2d5/2 1.683 9.691 0.63 

1g7/2 3.470 11.478 0.30 
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1.7.  Physics Motivation and Objectives of these Experiments 

1.7.1.  General Motivation 

Exclusive (e,eôp) experiments allow for detailed study of properties of nucleons in nuclei 

and lepton-nucleus reaction mechanisms. Relativistic properties of the bound system are 

of interest in quantum field theory. Nuclei are a unique system for which binding energies 

have a magnitude comparable to the mass of the constituents, but not so large that the 

constituents themselves have lost their identity. Thus, binding effects are expected to 

modify the structure of the nucleons and of the lepton-nucleon coupling, as indeed some 

polarization transfer ( , ' )e e p
d d

 measurements in 4He and 16O [Stra03, Mal08, Die01] seem to 

indicate. 

Note that in molecules and atoms, binding energies are so small compared to the mass 

of the electrons, that bound and free electrons can be treated in exactly the same manner, 

as an extreme non-relativistic picture suggests. At the other extreme, quarks bound in 

hadrons interact so strongly that they can no longer be treated as free quarks. It is thus 

clear that bound quarks have properties that are highly modified depending on the 

surrounding media. Nucleons in nuclei are in a very interesting intermediate regime. 

However, this makes it very difficult to develop consistent theories of possible medium 

modifications.  

As a consistent and complete theory is lacking, experiments are used to fill the gap in 

our knowledge of the lepton-nucleon interaction for bound nucleons. This is of paramount 

interest for the many neutrino-nucleus experiments currently under way or in preparation 

[BooNE, KEK], aimed at detailed study of neutrino oscillations. The availability of models 

that can consistently predict both inclusive and exclusive electron-nucleus cross sections 

and that can also be applied also to neutrino-nucleus scattering will constitute an 

invaluable tool for the analysis of the experiments [Her09b, Her09c]. 

In this respect, it is worth mentioning the scaling approach to electron-nucleus reactions 

[Don88, Mai02] that leads to the superscaling approach to neutrino-nucleus scattering 

[Mar08, Her09b]. The superscaling approach allows the experimental body of electron-

nucleus scattering data to be translated into predictions for neutrino-nucleus reactions. 

The detailed tests of nuclear-structure models, reaction mechanisms (to be incorporated 

into FSI for instance) and modification of the lepton-nucleon interaction inside the nucleus 

make the (e,eôp) reactions under exclusive conditions, where everything is under control, 

one of the most powerful experimental techniques available. 
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1.7.2.  Experiment E00-102 - (e,e'p) on 16O 

The experiment E00-102 "Testing the Limits of the Single-Particle Model in 16O(e,e'p)" was 

performed in the fall of 2001 using a waterfall (H2O) target to study the nuclear structure of 

16O. The Nuclear Physics Group of UCM took part in the preparation of the proposal and 

data taking and also contributed significantly to the data analysis. As the name of the 

proposal indicates, the main purpose of this experiment was to study the 16O(e,eôp) 

reaction in quasielastic kinematics testing the limits of the Single-Particle Model. Indeed, 

The experiment E00-102 [Sah00] measured the 16O(e,e'p) cross section with higher 

statistical precision and to much higher missing momentum and missing energy than did 

E89-003. Data were taken at pmiss< 350 MeV/c to statistically improve upon and compare 

with the existing data. Furthermore, data were also taken at pmiss > 350 MeV/c where no 

measurements had ever before been made. Both regions can be seen in Figure 1.13. 

 

 
Figure 1.13: ATL in 16O(e,e'p) as a function of pmiss. Black squares represent the previous 
JLAB 16O(e,e'p) experiment E89-003 [Gao99]. Lines and open circles show theoretical 

predictions and estimates of statistical uncertainty released prior to the experiment. 
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1.7.3.  Experiment E06-007 - (e,e'p) on  208Pb and 12C 

The experiment E06-007, "Impulse Approximation Limitations to the (e,e'p) on 208Pb 

Identifying Correlations and Relativistic Effects in the Nuclear Medium" measured the 

reaction (e,eôp) on 208Pb, 12C and 209Bi at xB=1; that is, in quasielastic kinematics. 

Both non-relativistic and relativistic treatments predict similar low missing momentum 

cross sections when they are scaled to data with the spectroscopic factor. Excess strength 

at high pmiss has been seen in a former experiment on 208Pb. It can be attributed to long-

range correlations in a non-relativistic scheme [Bob94]. Nevertheless, in the relativistic 

approach [Udi96] no additional effects beyond mean field are required, so the increase of 

the cross section at high missing momentum is attributed to relativistic effects. However, 

these conclusions were based on an experiment not performed in quasielastic kinematics, 

and thus effects beyond the IA could contribute and misguide the interpretation. New 

experiments at Q2 large enough so the high missing momentum region can be explored in 

fully quasielastic kinematics will settle the issue of whether or not the momentum 

distribution obtained within a mean-field picture needs to be modified to explain the high 

missing-momentum data. 

The asymmetry ATL, which is accessible in unpolarized (e,eôp) reactions, is a relatively 

new and as yet little exploited observable for low-lying excited states. While it was not 

possible to measure this quantity at previous laboratories, yet an important effect of 

relativistic effects was predicted for this observable [Udi93]. The measurements reported 

in this thesis are the first ones to measure cross sections at negative pmiss (angles forward 

of the three momentum transfer) in 208Pb. ATL is sensitive to the theoretical approach (non-

relativistic vs. relativistic) employed and then it is of primary interest. 

As it was already mentioned, it has been claimed [Lap00, Fra01] from a reanalysis of 

several (e,e'p) experiments in 12C at different momentum transfers that the spectroscopic 

factors measured in (e,e'p) reactions in exclusive conditions may display a momentum-

transfer dependence. This dependence saturates at a Q2 of around 1 (GeV/c)2. 

Subsequent studies on 16O including data from 0.2 to 0.8 (GeV/c)2 did not find evidence for 

such Q2 dependence (see for instance, [Udi01, Rad02]). The experiments in Hall A 

reported here can settle this issue since the cross sections for low pmiss at Q2 between 0.81 

to 1.97 (GeV/c)2 can be accurately measured at the same facility and under similar 

conditions. 
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Therefore the objectives of this experiment were: 

(I) Search for long-range correlation effects at high missing momentum. 

a) Measure spectroscopic factors for states near the Fermi level.  

b) Measure cross sections for these low lying states to 500 MeV/c in pmiss. 

c) Search for any Q2 dependence in the spectroscopic factors. 

(II) Identify dynamical relativistic effects in nuclear structure. 

a) Measure the cross section asymmetry ATL. The relativistic mean-field model 

predicts an ATL for pmiss< 300 MeV/c substantially different from the predictions of non-

relativistic mean-field models due to dynamical enhancement of the lower component of 

the nucleon wave function. This effect in ATL is more noticeable for (j=l-1/2) states [Cab98] 

like the h11/2 shell in lead. 

 

1.8.  General Description of the Experimental Setup 

The experimental setup for these experiments was of the conventional Hall A variety. The 

accelerator transported a continuous unpolarized electron beam with a current on the 

order of 50 µA to the target chamber. The experiments used the two High Resolution 

Spectrometers, one for detecting the scattered electrons and one for the ejected protons. 

A detailed description of the experimental setup in Hall A at Jefferson Lab is shown in 

Chapter 0. 

 

1.8.1.  Experiment E00-102 

For this experiment, a beam energy of 4.620 GeV was used. The left HRS, set to detect 

electrons with a central momentum of kf = 4.121 GeV/c, was fixed at 12.5° and was never 

moved. This determined the kinematical variables |q| = 1.073 GeV/c, ɗq = 56.22°, ɤ = 

0.499 GeV and hence Q2 = 0.902 (GeV/c)2 as shown in Figure 1.14. 

The right HRS detected protons, had a central momentum set to pp= 1.066 GeV/c and 

was positioned at different angles around q as shown in Figure 1.14. Kinematics with ɗp<ɗq 

(in red) correspond to negative pmiss (referred to "minus" kinematics), those with ɗp>ɗq (in 

green) correspond to positive pmiss (referred to "plus" kinematics) and ɗp=ɗq (in blue) 

correspond to pmiss=0 (referred to "parallel" kinematics). Groundbreaking measurements 

performed at extreme positive pmiss are shown in purple. 
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Figure 1.14: Kinematical settings for the experiment E00-102. 

 

Figure 1.14 shows the kinematical setting of the experiment E00-102 16O(e,eôp) at 

JLAB. The 4.620 GeV electron beam entered Hall A from the left. The waterfall target was 

located inside the scattering chamber at the centre of the Hall.  

The waterfall target was the same as the one used in the previous E89-003 experiment 

[Gao99]. It was composed of three foils with water continuously flowing. As the water was 

flowing there was no problem with overheating, so that rastered beam was not required. 

The presence of hydrogen in the target allowed for the H(e,e) and H(e,e'p) reactions to be 

used as a reference. A schematic view of the target configuration is shown in  

Figure 1.15. A more detailed description is given in Section 4.5.1. 

 
 

Figure 1.15: Schematic view of the waterfall target used in the experiment E00-102. 
 
 

Central values for all kinematics 

Ei = 4.620 GeV 

|q| = 1.073 GeV/c 

ɤ = 0.499 GeV 

Q2 = 0.902 (GeV/c)2 

qe = 12.5 deg. = 0.218 rad 

kf =4.121 GeV/c 

Tp = 1.420 GeV 


