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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. 

 



CHAPTER 1-  INTRODUCTION 

13 

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) 



CHAPTER 1-  INTRODUCTION 

16 

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 



CHAPTER 1-  INTRODUCTION 

17 

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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 (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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 (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. 
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-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 

 & '
5

, ,D
ep miss miss p

e p

d
R K S E p p

d d d

q
q

u
; ö ö ö

U U

d d
 (1.26) 

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. 
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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 



CHAPTER 1-  INTRODUCTION 

33 

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. 

 



CHAPTER 1-  INTRODUCTION 

37 

 

     
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 
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1.8.2.  Experiment E06-007 

The experimental setup was quite conventional in Hall A at JLAB. It used beam energy of 

2.649 GeV. The left HRS was set to detect electrons with a central momentum of 2.216 

GeV/c and was fixed at a scattering angle of 21.44°. This determined the kinematical 

variables |q| = 1.000 GeV/c and ɤ = 0.433 GeV, and hence Q2 = 0.81 (GeV/c)2 as shown 

in Figure 1.16.  

 
Figure 1.16: Fixed parameters for the experiment E06-007. 

 

The right HRS was set with a central momentum of pp= 1.066 GeV/c, and was positioned 

at different angles around q to measure pmiss in the range of [-500,500] MeV/c as shown in 

Fig. 1.19. The solid-target ladder contained several targets (12C, 208Pb, 209Bi) and it was 

cooled, keeping the temperature below 30K at all times. A more detailed description of the 

target used in the experiment E06-007 is given in Section 4.5.2. 

Additionally, some measurements at different Q2 were performed on carbon and lead to 

study the possible dependence of the spectroscopic factors with Q2. The kinematical 

settings for these special runs are shown in Table 1.6.  

Table 1.6: Kinematics for the experiment E06-007 for the study of the Q2-dependence of the 
spectroscopic factors. 

Central values for all kinematics 

Ei = 2.649 GeV 

|q| = 1.000 GeV/c 

ɤ = 0.433 GeV 

Q2 = 0.812 (GeV/c)2 

qe = 21.44 deg. = 0.3742 rad 

kf =2.216 GeV/c 

Tp = 1.363GeV 

Kinematics 
Q2  

[GeV/c]2 
q 

[GeV/c] 
Ei 

[GeV] 
ɤ 

[GeV] 
Ef 

[GeV] 
ɗe 

[degrees] 
pp 

[GeV] 
ɗp 

[degrees] 

Kin01 0.812 1.000 2.649 0.433 2.216 21.44 0.989 54.101 

Kin12 1.40 1.400 2.649 0.745 1.904 30.60 1.388 43.816 

Kin13 1.97 1.750 2.649 1.045 1.604 39.81 1.738 35.936 
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2. Theory 
It is not the goal of this chapter to give a full account of the theoretical developments 

regarding the analysis and interpretation of (e,eôp) reaction. These details have been 

discussed several times in the literature and previous works [Don86, Kel96, Udi93, Garr93, 

Fru84, Pic85, Wal06, Udi95]. Here, only the basics assumptions usually taken within the IA 

and the main features and theoretical ingredients used in this thesis are briefly described. 

The assumptions reviewed here are usually fully justified at the quasielastic kinematics of 

the experiments of this thesis. For instance, in this work it is assumed, as it is often done 

for the energies customarily involved, that the mass of the electron is negligible. Other 

assumptions are reviewed in what follows. 

2.1.  Single-Photon Approximation 

Single-photon approximation allows for the neat separation of the leptonic and hadronic 

variables that enter into the process. As shown in Chapter 1, within this approximation, the 

dependence on the lepton kinematics can be easily identified. This assumption is generally 

sound, as the coupling of the leptonic probe to the nucleus is weak, as its strength is given 

by the structure constant a (approximately 1/137). However, under certain circumstances, 

double photon exchange may be an important correction. This is the case of Coulomb and 

radiative corrections, where the incoming and outcoming lepton exchange more photons 

than the one that actually is responsible of the nuclear transition for the reaction 

considered. As a summary, it can be said that the single-photon approximation for the 

lepton-nucleus interaction is generally valid, while radiative and Coulomb corrections must 

be considered as a technical nuisance that has to be included when comparing to actual 

experimental data.  

2.2.  Impulse Approximation (IA) 

The IA assumes that the (single) photon exchanged interacts with only one nucleon, and 

that said nucleon is the one that is further detected in coincidence with the electron (see 

Figure 2.1). This assumption is reasonable in quasielastic conditions and if the wavelength 

of the exchanged photon is of the order of the nucleon size or less, that is, the energy 

transferred to the nucleus is 200 MeV or higher. Under these conditions, the most likely 

process is that the exchanged photon interacts with one single nucleon, transferring to it its 

energy and momentum and knocking it out of the nucleus. The remaining nucleons inside 
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the nucleus are considered as spectators. 

 

 
Figure 2.1: (e,e'p) reaction in first order Born Approximation and the Impulse Approximation 

(IA) picture. (Figure from Her09b). 

 

The direct diagram considered in the IA requires a nucleon of moderate momentum 

(generally below the Fermi level) that receives a direct hit from the virtual exchanged 

photon and thus leaves the nucleus with the right momentum to be detected in the 

experiment (that is set for quasielastic kinematics). Under the usual kinematics conditions 

of (e,eôp) experiments, the knocked-out nucleon has a considerable momentum, typically 

above 400 MeV/c for older experiments at Mainz, Saclay and NIKHEF, and for the 

experiments analyzed in this thesis, around 1 GeV/c. 

On the other hand, there is also a possible exchanged diagram where the detected 

nucleon is the spectator while the virtual exchanged photon is absorbed somewhere else 

in the nucleus. This exchanged diagram is proportional to the probability of finding a 

nucleon with rather high momentum in the target nucleus that gets removed from the 

nucleus due to excitations and break up induced by the virtual photon, but not due to  

having received the momentum from the virtual photon.  

Apart from the small probability of this happening (a factor 1/A for this has been argued 

in [Fru84]), this exchanged diagram is clearly not favored because the probability of finding 

nucleons with high momentum in the target nuclei is orders of magnitude smaller than the 

one of finding them with low momentum. However, when studying kinematics where the 

experiment looks for initial nucleons with high momentum, one must be aware that the in 

this case the direct diagram may reach small values, and the exchanged diagram may 

eventually need to be inspected. 
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2.3.  One-body operator 

The IA naturally calls for considering the electromagnetic interaction of the lepton with the 

nuclear system as being described as a one-body operator. That is, the vertex at the 

nuclear side, that most generally will be an A-body operator J(1,2, é.,A), can be simply 

written as a sum of the one body interactions as 

 
1

£ £(1,2,... ) ( )
A

i

J A j i
;

;Ú  (2.1) 

Assuming the one-body structure of the interaction of the lepton with the nuclei, the 

interaction in the nuclear side can be factored out in easy-to-interpret ingredients. For the 

initial state, the initial nucleus is composed of A nucleons ,A I . In the final state, there are 

the A-1 nuclear system 1,A F+  and the knocked-out nucleon |N>. The matrix element 

representing the interaction at the nuclear side would then be 

 £1, , (1,..., ) ,A F N J A A I+  (2.2) 

The single-body plus impulse-approximation assumption (one may argue whether the 

IA implies the one-body approximation for the current too) lead to a factorization of the 

nuclear vertex as 

 £( ) 1, ,
i

N j i A F A I+Ú  (2.3) 

Two ingredients can be identified in this expression. First the spectroscopic amplitude 

or more properly overlap integral 1, ,IF A F A IW ; + . The interpretation of this quantity is 

easier in a single particle model, as it will be shown. It describes the overlap of the initial 

state I of the A particle target nucleus, usually in its ground state ,A gs , and the particular 

final state F of the residual system 1,A F+ . Therefore, it represents the probability of 

finding an initial nucleon with the conditions set by the reaction, which selects the state F 

of the final system. In terms of this overlap, the matrix element is simply put as IFN j W . 

This can be regarded as the matrix element connecting, via the interaction of the virtual 

photon, the knocked out nucleon with what can be seen as the wave function for the initial 

nucleon, or quasi-particle [Bro05] wave function YIF. 

2.4.  Beyond the Impulse Approximation 

The described one-body operator approximation, fully consistent with the spirit of the IA, 

neglects Meson Exchange Currents (MEC). During MEC, the interaction of the virtual 

photon (or generally, the virtual vector boson of an electroweak interaction) may be 

affected by the presence of other nucleons, or the pion in flight that mediates the NN 

interaction [Dub76, Umi95, Umi95b].  
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Due to the high momentum of the virtual boson that is chosen for usual (e,eôp) 

kinematics, possible MEC contributions to the reaction should involve high momentum 

nucleons and therefore they will be much lower than the direct term considered for the IA. 

Furthermore, as  MEC contributions are suppressed by a 1/A factor compared to the direct 

term, and for quasielastic kinematics their relative contribution decreases with increasing 

Q2, they are not expected to be important for the kinematics and nuclei (with A>10) 

considered in this work. Actual calculations of MEC seem to confirm this fact [Dub76, 

Umi95, Umi95b, Ama10]. 

2.5. Mean field approximation 

Complex nuclei are usually described using the mean-field picture, where nucleons are 

assumed to move independently of each other (aside from Pauli exclusion effects) in the 

nuclear mean field and are described as solutions of a single particle equation. Indeed, for 

independent particles, a product of A single-particle states, each of them solution of the 

single-particle equation with energies ei, is a solution of the A-body problem with total 

energy ii
E c;Ú . Being the nucleons identical particles, proper antisymmetrization of the 

wave functions requires that an antisymmetrized product (a Slater determinant) has to be 

used, instead of a simple product.  

Under this mean-field approximation, the overlap integral can be easily computed as 

 1, ,IF aA F A IW µ + ; W (2.4) 

where "a" corresponds to the single-particle state from which the nucleon has been 

removed. Indeed, in the extreme mean-field picture, both the initial and the final nuclear 

systems are constructed from single-particle states of the same mean field, and thus the 

1,A F+  system is just a particular hole state of the initial system. As it is possible to make 

holes (or remove nucleons) from different shell states, several possible final states of the 

1A+  system could contribute to the reaction, and in general the residual system will not 

be in its ground state. The (e,eôp) reaction will map out the excitation energies of the 

residual system that can be reached by removal of one nucleon from the target nucleus. 

One of the advantages of the (e,eôp) reaction, when performed under exclusive 

conditions, is that a particular state F of the residual system can be isolated or selected by 

setting the kinematics of the experiment for a particular excitation energy of the final 

nucleus. Experimental uncertainties cause that the excitation energies cannot be selected 

with arbitrary precision, so predictions for experimental (e,eôp) yields should include the 

contribution of all states that can be reached within the experimental range of excitation 
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energies. Nevertheless, in what follows, it will be assumed that the experiment can isolate 

the contribution of a individual final state, compatible with the removal of a nucleon from 

the single-particle level (or shell) a. 

The spectroscopic factor, for a given shell under study a, is defined as the norm of the 

particular quasi-particle contribution to the overlap integral, that is, Sa=<Ya|Ya> [Bro05]. In 

the mean-field model, this is simply the number of nucleons occupying the single-particle 

state a in the target nucleus. This is why it is very often said that the (e,eôp) reaction 

actually measures the number of nucleons in a given shell.  

2.6.  Relativistic Mean Field 

The mean field used to compute the single-particle wave functions can be implemented 

both in a non-relativistic or relativistic fashion. The non-relativistic approach assumes a 

Schrödinger equation with central and spin-orbit term, and with other possible further 

interactions, such as spin-spin interactions. This has been employed for decades to 

describe nuclear structure and self-consistent solutions obtained within Hartree-Fock 

approaches with phenomenological NN interactions. It has proved to be quite successful in 

describing nuclear sizes, binding energies, single-particle levels and single-particle wave 

functions. These non-relativistic models actually produce momentum distributions that are 

in remarkably good agreement with the experimental data obtained from (e,eôp) reactions. 

On the other hand, it is also possible to describe accurately the essential properties of 

nuclei in a relativistic picture, using self-consistent solutions of Dirac equations within either 

Hartree or Hartree-Fock approaches. In the relativistic approach, a lagrangian for 

nucleons, that incorporates the NN interaction obtained from effective single boson 

exchanges (with scalar, pseudoscalar and vector bosons) and whose properties are fitted 

to describe saturation properties of nuclear matter (binding energy and densities), is 

usually employed [Hor81, Ser86, Rein86]. This lagrangian can be solved in a self-

consistent way to produce nuclear wave functions, densities and further relevant 

properties.  

Both relativistic and non-relativistic phenomenological approaches to nuclear structure 

have been used for decades with very reasonable success and they were considered in 

this work equally valid to describe the nuclear initial states or the final state interaction of 

the knocked out nucleon with the residual system. There are very few observables that 

are, more or less arguably, really sensitive to the approach used to describe the nuclear 
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structure, being relativistic or not. The asymmetry ATL measured in the (e,eôp) reactions is 

one of these few observables. 

Mean-field parameters are often tuned to reproduce the observed experimental data. In 

non-relativistic approaches, the depth and the size of the Woods-Saxon potential 

employed as mean field are fine-tuned to reproduce the binding energy of the shell studied 

and the observed (e,eôp) cross-sections [Qui88, Lap93]. A similar procedure can be used 

in the relativistic case with the shape of the scalar and vector potentials (in contrast to the 

central plus spin-orbit terms used in the non-relativistic case). 

In this work, cross-sections for 12C, 16O and 208Pb nuclei are computed using single-

particle wave functions from relativistic mean fields that are known to reproduce 

adequately previous (e,eôp) data for these nuclei. In 12C the NLSH parameterization 

[Rein86], without further tuning, yields reasonable agreement with data [Kel05]. For 16O, in 

Ref. [Udi01] this parameterization was slightly tuned  in order to better reproduce former 

data in parallel kinematics taken at NIKHEF [Leu94] (yielding the NLSH-P 

parameterization). With the NLSH-P wave functions, 16O(e,eôp) data from other 

experiments at Saclay and NIKHEF in perpendicular kinematics are also well described 

[Chi90, Spa92]. In the case of lead, the wave functions obtained with the HS 

parameterization of the relativistic lagrangian [Hor81] were used in this work. They yielded 

an excellent reproduction of the 208Pb(e,eôp) data acquired in NIKHEF in parallel 

kinematics [Udi93, Udi95]. 
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2.7.  Spectroscopic Factors 

For light systems (A<4), the overlap 1A A+  between initial and final nuclear states 

sampled by the (e,eôp) reaction can be computed without resorting to the IPSM. Instead, a 

general many-body function is solved with a realistic NN interaction. For instance, the 

calculation of the 3He(e,eôp)d reaction can be carried out to yield the cross section in terms 

of 3He and deuteron wave functions that enter into the 1A A+  overlap: <d|3He>=Ya(r). 

This overlap depends on the coordinates of the proton removed from 3He which, within the 

IA, is the one that is detected [Alv03]. The (e,eôp) cross section is proportional to the 

squared norm of the overlap: 

 & '
2

| 1 |Z A A dr
_

; : + <Ú æ  (2.5) 

In the IPSM, this overlap would coincide with a single-particle orbit and its norm will 

count the number of protons in said orbit [Udi93], that is, the norm of this overlap, Z, is the 

spectroscopic factor. The exact calculation of the overlap for light systems shows that the 

norm of the overlap is of the order of 70% of the IPSM value, that is, the value one would 

get by neglecting all correlations and computing it within the mean field.  

For A>4 nuclei, it is often too complex to compute the overlap functions exactly. Thus, 

the IPSM is assumed and the (e,eôp) cross section is computed using the single-particle 

state corresponding to the hole made in the target nucleus. It is also assumed that all 

protons in the single-particle orbits within the binding energy range sampled by the 

experiment contribute to the cross section. The cross sections obtained are then 

compared to data. The theoretical cross sections must be rescaled to fit the data, and this 

scale factor yields information on the spectroscopic factors. It is remarkable that the shape 

of the cross sections so obtained compare quite well with the experimental data, as shown 

in Figure 2.2. For many nuclei, the scale factors needed are of the order of 60-70%, as 

shown in Figure 2.3. 
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Figure 2.2: Reduced cross sections from a (e, e'p) experiment performed in 208Pb at NIKHEF-

K compared to the shell model predictions, scaled to data. Scale factors needed are of the 
order of 65%. Data from [Qui88]. Theory from Udias et al [Udi93]. 

 

 
Figure 2.3: Spectroscopic factor from (e, e'p) experiments for valence shells of various 

nuclei. The observed values are only 60-70% of the shell model prediction, indicating that 
effects from N-N correlations  are important. Figure from [Lap93]. 

2.8.  Beyond mean field 

While the bulk of nuclear structure and properties, especially for complex nuclei (A>8) can 

be understood within the mean-field approach, it is clear that nucleons are strongly 

correlated and that there are effects of these correlations that cannot be accounted for 

within single-particle models. Correlations put nucleons outside of their single-particle 

orbits. This causes that the spectroscopic factors for the dominant one-hole shell orbits 
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explored with the (e,eôp) reaction, are in general smaller than the ones that would 

correspond to pure mean field nuclear behavior. For instance, correlations that arise 

mainly between nucleons pairs, sometimes cause that the knock-out of one nucleon imply 

also the removal of its partner. In this case, the reaction drains more energy transfer, so 

part of the removal strength for that nucleon that in the mean field would appear at the  

particular single-particle missing energy, lies at higher missing energies.  In many cases 

this makes that this strength is not seen in the experiment as the kinematical conditions 

are set to observe particular single-orbits.  

The usual way of comparing theory to (e,eôp) experiments under exclusive conditions is 

to compute the mean-field prediction for the single-particle states seen in the experiment, 

assuming 100% spectroscopic factors, and scaling the predictions to the data. As 

discussed here, scale factors will be less than one (typically 60-70% as seen in Chapter 1) 

and the departure from unity yields an idea of the importance of correlations. 

Effects beyond mean field not only deplete the spectroscopic factors of particular single-

orbit shells from their 100% expected values within the mean field. Correlations also cause 

fragmentation of the spectroscopic strength into mixed configuration states, which cannot 

be interpreted as pure single-orbit states. This can be seen in the missing energy 

spectrum of 12C or 16O, where the 1p3/2 strength appears fragmented into several states, in 

the first case, or that additional states to p or s hole states can be seen in the second case 

[Ami97]. Furthermore, correlations cause that nucleons do not stay óforeverô in orbits 

compatible with mean field orbits. This makes the mean-field energy levels get a finite 

width. 

In summary, effects beyond mean field [Mut94, Mut04, Mah87, Ma91]:  

a) Deplete the spectroscopic factor of pure mean field orbits seen in the hole states of 

the target nuclei. 

b) Fragment the strength of pure mean-field orbits into other complex configurations 

that should be understood only within configuration mixing. 

c) Make the mean-filed energy levels get a finite width. 

 

The strength not seen at the single-particle values of energy, would appear at higher or 

lower energies, not only in other discrete levels as discussed in b), but also as a 

continuous background, such as there is a chance of nucleons being removed from the 

target nuclei for almost any value of energy.  



CHAPTER 2-  THEORY 

48 

Thus, (e,eôp) reactions will not only provide information about the shell structure of 

nuclei, but also information about correlations. One long standing issue is actually 

disentangling the role of short-range and long-range correlations inside nuclei.  

Short-range correlations are intuitively understood from the finite size of nucleons that 

cannot then be put arbitrarily close together and thus contravening independent motion of 

nucleons. These correlations will enter into play in the surroundings of each nucleon (then 

the name short-range) and thus their effect should be largely independent on nuclear size, 

at least for nucleons deep inside nucleus that will not see the nuclear surface. Therefore, 

the importance of these correlations can be estimated from infinite nuclear matter 

calculations, which thanks to translational invariance are amenable to solution. These 

calculations would imply that short-range correlations cause a depletion of no more than 

15% in the spectroscopic factors [Pan84, Bob95, Bat01]. This is a very modest effect, 

which can only be understood taking into account that Pauli blocking effects, already 

considered in the mean field solutions, prevent nucleons from being too close and 

therefore, so short-range correlations are highly suppressed. From a different point of 

view, it can also be said that, even though nucleons could be scattered out of their mean 

field orbits due to nucleon-nucleon correlations, they can only go into unoccupied orbits 

due to the Pauli exclusion principle, and this is suppressed for deep shells due to the large 

difference in energy. 

Conversely, correlations of long range also have a role inside nuclei. As a typical 

example, pairing correlations due to which nucleons tend to couple in pairs of zero angular 

momentum, may act quite irrespectively of the distance between the nucleons in the 

correlated pair. For these long-range correlations, surface and nuclear size effects are 

supposed to be important, and thus these are difficult to assess, though there are 

predictions for their effect in the literature on one side [Mah87], and on the other [Ma91].  

Figure 2.4 shows the spectroscopic factors of 208Pb measured at NIKHEF. For deep 

shells, where long range correlations are supposed to be highly suppressed, the 

spectroscopic strength seen in the experiment is of the order of 80% of the maximum (i.e., 

predicted by the mean field model). For valence shells close to the Fermi level, Pauli 

blocking is less effective and long range correlations are held responsible for additional 

depletion of the spectroscopic factors to 60-70% values. 
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Figure 2.4: Spectroscopic strength measured with the (e,eôp) reaction in 208Pb at 

NIKHEF-K (Figure from [Bat01]).  
 

Indeed, it is generally assumed that it is the combined effect of short- and long-range 

correlations what causes the depletion of the spectroscopic factors near the Fermi level 

(that is, for valence shells) to the 60-70% of the full independent particle prediction. Further 

to the depletion of the spectroscopic factors, correlations might also have an effect on the 

shape of the momentum distribution. Indeed, short range correlations will enhance the 

chances of finding nucleons with high values of the momentum in the nucleus. However, 

for (e,eôp) reactions at quasielastic conditions, with focus in nucleons in shells near the 

Fermi level, this increase of the high momentum distribution is small [Ani06]. However, in a 

former experiment at NIKHEF-K [Bob94], an important increase of (e,eôp) events at high 

values of missing momentum (pmiss >300 MeV) was observed. Formerly this was attributed 

to long range correlations [Bob94] but also to relativistic effects [Udi96]. The fact that the 

experiment was performed quite far away from quasielastic kinematics, greatly difficult the 

interpretation of the results. At quasielastic kinematics, however, it has been shown that for 

quasielastic kinematics and Q2 of the order of 1 (GeV/c)2 [Ani06] that long range 

correlations, if they are responsible for the depletion of the spectroscopic factors to the 60-

70% level, they will also change the shape of the missing momentum distribution at 350 

MeV/c and higher, and under these conditions, this result will not be masked by relativistic 

effects. 

Overall, the effect of long range correlations in exclusive (e,eôp) reactions is not clear 

neither from the theoretical or experimental point of view. With regard to the experimentally 

observed values of the spectroscopic factors of the order of 60-70% are in fair agreement 

with the only calculations of the overlap than can be done exactly, namely for very light 
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systems such as it is the case of the 3He(e,eôp)d reaction. Exact (that is, not resorting to 

mean field approaches plus correlations within some model) theoretical calculations for the 

overlap for this case predict spectroscopic factor also of 60-70% [Alv03]. Further, in recent 

years, the role of tensor correlations in complex nuclear systems begins to draw attention 

[Schi02, Mon08]. 

2.9.  Final State Interaction: Optical Potential 

The matrix element in the calculation of the cross section involves the initial nucleon, the 

interaction with the photon, and the ejected nucleon. The initial part of the matrix element 

has already been discussed. For the final one, as it has been already discussed in the 

previous chapter, the interaction of the knocked-out nucleon with the residual system can 

be included in the DWIA. This means that the nucleon is assumed to interact by means of 

an average mean potential created by the residual system.  

This (optical) potential is computed most often by fitting elastic proton nucleus cross 

sections either in a relativistic fashion [Coo93] or in a non-relativistic one [Blok85]. This 

potential must account for the propagation of the nucleon in its way out of the residual 

system. In its path, the nucleon can interact with other nucleons. For instance, it may 

exchange momentum and energy with other nucleon in a way that it is the second nucleon 

the one that is knocked out of the nucleus and further detected instead of the one that 

interacted with the photon. As said before, this is a process outside IA and that is 

suppressed due to the high momentum of the nucleon after its interaction with the photon. 

It is also possible that it can transfer only part of its energy to the residual system, excite 

the nucleus, excite a nucleon resonance, etc. In the case of an exclusive process, these 

excitations of the residual system will drain energy and thus increase the missing energy 

for such events. Thus, they can be identified and removed from the (e,eôp) data. This 

means that, apart from some coupled channels contributions that are usually small [Kel96] 

during the propagation of the knocked out nucleon, only the elastic channel has to be 

retained. This is why the optical potential fitted to elastic proton-nucleus scattering data is 

adequate to describe the motion of the final nucleon. This optical potential includes an 

imaginary term that precisely takes into account the óabsorptionô of the nucleon or more 

accurately, the flux lost into inelastic channels excited by the nucleon in its way outside the 

nucleon. 

 In this work, relativistic optical potentials has been used, which means that the wave 
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function of the final nucleon is described as a solution of Dirac equation, with scalar (that 

is, which appears in Dirac equation modifying the mass) and vector (that is, that appears 

modifying the energy, or 0th component of the 4-momentum of the particle) potentials. 

When fitting these potentials to elastic scattering data, simple shapes (Wood-Saxon or 

Fermi shape) are chosen and their parameters are determined with comparison to 

experimental data.  

As the optical potentials fitted to elastic scattering do not fully constrain the (e,eôp) 

matrix elements, there remains some ambiguity or theoretical uncertainty introduced by 

the fact that different optical potentials, even if they yield similar agreement with elastic 

proton-nucleus scattering data, predict different (e,eôp) cross sections.  

There have been identified differences between predictions of relativistic and non-

relativistic (i.e., based upon the Schrodinger equation) optical potentials [Udi05] even 

when in both approaches they may fit elastic scattering data in a similar way. This is due to 

the fact that elastic scattering observables are only sensitive to the asymptotic behavior of 

the wave functions, while (e,eôp) matrix elements sample the very nuclear interior. The 

Darwin term, present in the relativistic case, reduces the effective density of the knocked-

out nucleon in the nuclear interior, thus yielding smaller (e,eôp) cross sections in the 

relativistic case than in the non-relativistic one and thus implying larger values of the 

spectroscopic factors.  

Furthermore, it has been seen that the choice a relativistic optical potential among the 

several parameterizations available, may introduce an ambiguity in the value of the 

spectroscopic factors, as the reduced cross-section at low values of the momentum 

transfer may change of the order of 15% [Udi01]. This happens even when, in general 

terms, it does not change the shape of the cross-section or ATL, and the effects of the 

lower components of the spinors in the observables are the same with the different 

potentials.  

However, for the values of nucleon momentum and nuclei (12C, 16O, 208Pb) considered 

in this thesis, the several relativistic optical potentials available yield results in remarkably 

agreement with each other, so that the spectroscopic factors derived with different optical 

potentials are usually within 5% [Kel05, Fis04, Ani06]. Throughout this thesis, the EDAI 

parameterizations of B. Clark et al. either for 12C (EDAI-C), 16O (EDAI-O), and 208Pb (EDAI-

Pb) have been employed. 

Appart from optical potentials, other microscopical approaches are also possible to 
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consider FSI. For instance, the relativistic folding approach are valid at the energies 

involved in this thesis. In the folding approach, the nuclear density is folded with an 

effective NN interaction, fitted to NN elastic scattering data, which, in the relativistic case, 

is parameterized as a sum of one boson exchanges [Lov81, Hor85]. This folding approach 

actually yields very good agreement to elastic proton scattering data from 16O and 208Pb. 

Besides the purely phenomenological-based approach to FSI given by optical 

potentials, Glauber approaches together with the eikonal approximation [Cio05, Ryc03] 

are also employed. This is an appealing approach as it does not require input from 

experimental proton-nucleus scattering, only needs the Glauber NN interaction profiles 

taken from experimental NN scattering, The propagation of the nucleon through the 

remaining nucleons is computed from the series of NN collisions, which are described in 

the extreme forward-angle (eikonal) approximation. Thus, this approach in principle can be 

applied to every nuclei. For light systems [Jes99], it is arguably one of the most 

appropriate methods of dealing with FSI. However, for complex nuclei a full Glauber 

calculation, that would require integrating Glauber profiles over the 3A dimensions of the 

positions of the A nucleons, becomes impossible. Approximations are then possible (such 

as the thickness approximation as employed in Ghentôs group calculations). The remaining 

nucleons with whom the propagating nucleon scatters are most often considered at rest 

(frozen nucleon approximation), although there have been also some calculations that 

remove this approximation and claim some effect may be seen of this in (e,eôp) reactions 

[Pet03]. 

A connection can be made between optical potential and Glauber approaches (see for 

instance [Nik96]) but most often the optical potential is not derived from Glauber schemes 

but rather, as previously described, from phenomenological fits to proton-nucleus 

scattering observables.  

One has to have in mind that, even if the eikonal-Glauber approach has a strong 

conceptual appeal (as it would be able of describing FSI for any nuclei from a very modest 

phenomenological input) when it comes to reproducing the phenomenology in complex 

nuclei, a very small effect in the NN profiles might yield a large effect in the total Glauber 

amplitude of the whole nucleus (essentially a power of A of the profile). Thus, this 

approach fails to yield quantitative results [Lav04]. 
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2.10. Factorization 

The matrix element IFN j W  introduced above (2.3) can be factorized (at least formally) 

in a simple way [Fru84, Vig04] by writing it as: 

 2 1 2 2 1 1| | | | IFdP dP N P P j P P wö : <: <: <æ  (2.6) 

This equation is read and interpreted in different ways in relativistic and non-relativistic 

languages.  

¶ Non-relativistic - From this point of view [Fru84, Cio08], two closure expressions 

| | 1dP P P<: ;æ  have been introduced, where  P can be interpreted, in the non-

relativistic case, as the wave function for a free (on-shell, positive energy only) nucleon. 

The integral may include the sum over spins and any other variables needed to span all 

possible states of the nucleon. Thus, the previous expression simply means that the matrix 

element needed to compute the (e,eôp) cross section can be written in terms of the overlap 

in momentum space (or as it is usually assumed, the momentum distribution for the initial 

nucleon) 1 | IFP w: <, times a further term 2|N P: < that describes the propagation of the 

final nucleon through the residual system, and 2 1P j P: <, that is the matrix element for 

the interaction of the exchanged boson with two free nucleons. This is the matrix element 

that would enter the elementary lepton-nucleon cross section sep. 

This formal factorization of the matrix element will not automatically lead to a 

factorization of the (e,eôp) cross section as the one introduced in Eqs. (1.24) and (1.25). 

This is due to the fact that, to obtain the (e,eôp) cross section, the above written matrix 

element must be squared and a sum on the third components of the angular momenta for 

the initial and final nucleons must be done. Within a plane-wave approach for the final 

state 2 2N | P (N,P ) b: <; and thus we are quite close to a factorized expression. The only 

requirement would be that the sum on third components of the angular momentum will not 

spoil the factorization in the cross section. Due to the spin-orbit coupling inherent to any 

nuclear single-particle state, this sum on angular components is in general different than 

the one for free nucleons, for which there is no spin-orbit coupling and thus orbital angular 

momentum is a good quantum number. Actually, it has been shown [Fru84, Cab89, 

Cab98b] that, due to the spin ½ of the nucleon, factorization is possible within PWIA, 

assuming only positive energy considered in previous expression, even if in the initial state 

there is spin-orbit coupling. What is more, it has been proved that within DWIA, if no spin-

orbit coupling is introduced in the final state, factorization is still recovered under the same 

assumptions [Fru84]. Finally, in Ref. [Vig04] the conditions required to recover factorization 
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in the cross section starting from previous expressions were established. It was found that 

it is enough that no spin-orbit is present either in the initial or in the final state, or in both.  

The term that represents the propagation of the nucleon in the final state, 2|N P: <, in 

a diagrammatic view, contains a direct term that represents the cases when the nucleon 

does not interact, and a scattering term considering the cases when the nucleon interacts: 

 & ' & '2 2 2N | P N,P S N,Pb: <; )  (2.7) 

The first term is the only considered within PWIA, and the second contributes in 

general. In light nuclei, the direct term dominates for low missing momentum, while the 

interference with the scattered term dominates when the direct term loses importance. The 

propagation of the nucleon in the final state is often computed within eikonal or eikonal-

Glauber approaches, especially for light nuclei [Lav04] or with diagrammatical expansions 

[Lag85]. In the distorted wave approach, an óexactô realization of <N|P2> in the presence 

of the residual nucleus is employed. 

¶ Relativistic view - Within a relativistic view, the former expression for the factorized 

amplitude has to be read in a different way. In particular, the closure relationships must 

now include both positive and negative energy components [Vig04, Udi05]. In other words, 

it should include both óuô spinors as well as óvô negative energy spinors [Bjo64].  

This has been at times misinterpreted as if ónegative energyô levels in the Dirac sea 

needed to be populated, but this is not the case. The energy of the nucleons considered is 

well defined and it is clearly a positive energy, in the sense that, asymptotically, the 

knocked out nucleon will be free and equal to a positive-energy (on the mass shell) 

detectable nucleon. On the other hand, bound nucleons are off the mass-shell just slightly, 

with a binding energy of the order of a few MeV, quite smaller than their rest mass.  

In the presence of potentials, in the relativistic case, wave functions of both the bound 

nucleon and the knocked out one, are expanded into free (on the mass shell) solutions of 

Dirac equation which must necessarily involve positive and negative free (on the mass 

shell) solutions. Of course, the negative energy free solutions components of the wave 

function are fully absent in the free elementary electron-nucleon cross section that by its 

own definition, involves positive energy free wave functions to describe incident and 

outgoing nucleons. 

In spite of these genuine dynamical effects (in the sense that without interactions there 

will not be negative energy content) that prevent exact factorization in the cross section in 

the relativistic view, the (e,eôp) cross section factorizes to a large extent, at least for 
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modest values of missing momentum at quasielastic kinematics (see Figure 2.5) [Udi01b]. 

It can be observed that, in the reduced cross sections for pmiss below 250 MeV/c, factorized 

results and the ones obtained within a fully unfactorized relativistic approach are very 

similar. This allows to maintain the interpretation of the distorted momentum distributions 

obtained from the data as giving an indication of the momentum distribution of the 

nucleons in the target nucleus, provided that this interpretation is not extended to very high 

values of missing momentum (>300 MeV/c) where only the fully unfactorized distorted 

calculation should be compared to data [Udi01b, Vig04b]. 

 

 
Figure 2.5: Reduced cross section in 16O(e,e'p) with a factorized and a full calculation. 

(Fig. from [Udi01b]). 
 

2.11.  Negative energy components 

Were if not for the negative energy components, one could actually built completely 

equivalent relativistic and non-relativistic models, provided the relativistic kinematics is fully 

included in the non-relativistic approaches. Otherwise, non-relativistic models would fail 

miserably [Ama96, Ama10].  

The negative energy components or, equivalently, the fact that the nucleon wave 

functions for the bound and knocked out nucleons are off the mass shell, may have 

observable effects. Indeed, it has been shown that the ATL asymmetry is very sensitive to 

any breakdown of factorization, either due to the negative energy components, the spin-

orbit interaction, or to re-scattering effects. Indeed, as seen in the following figure, the 

factorized ATL is clearly distinct from the one of interacting nucleons. In this figure it can be 

seen a behavior that is quite general for ATL. At moderate pmiss, the direct term drives the 
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cross section than thus follows approximately the behavior of the free ATL, apart from the 

negative (or off-shell) effects in ATL. At larger values of pmiss, the direct term gets smaller 

and an oscillation in ATL is seen, somewhere around 250-300 MeV, when the re-scattering 

term takes over the direct one. Thus, the region where the effect of negative energy 

components can be more conspicuous is for intermediate missing momentum, precisely 

where the cross sections peak and then good statistics can be obtained.  

 

 
Figure 2.6: ATL in 3He(e,e'p) comparing factorized (green curve) and several non factorized 

calculations (Figure extracted from [Vig04b]). 
 

In this region, differences between predictions of models with and without negative 

energy components are clear, particularly for j=l-1/2 shells. This is a direct consequence of 

the relativistic model that has been predicted in [Cab01]. Indeed, the effect of negative 

energy components can be associated with the enhancement of the lower components 

due to the presence of the S+V potentials. The lower component of a solution of a free 

Dirac equation is of the form: 

 down up
p

E M

q
w w

ö
;

)

d d

! !  (2.8) 

where due to the interaction, the denominator has effective values of mass and 

energy, ,  M M S E E V; ) ; )! ! . With the usual values of the potentials, this means that the 

lower components of wave functions obtained from relativistic Dirac equation are twice as 

large as the ones for free (on shell) spinors. Actually, the effect of the negative energy 

components can be studied using, instead of the fully relativistic wave functions, wave 

functions built from on the mass shell spinors, for which the lower energy component is 

built from the upper one with an expression that involves the free values of E and M. The 
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spinors verify that their expected values of mass, energy and momentum verify  

2 2 2M P E) ; , provided E, M and P in former equation verify E2=M2+P2. Comparing 

results with full and on-shell spinors (the latter giving predictions essentially similar to the 

non-relativistic ones) for ATL with experimental data, will allow to assess the need of these 

dynamical off-shell effects to describe data. Use of these spinors is equivalent to the use of 

spinors obtained from the full ones applying positive energy projection operators [Udi05, 

Her05]. 

2.12. Off-shell ambiguity 

The off-shell components of the wave functions have another effect. The Gordon 

transformation or Gordon decomposition that yields several (actually infinite) equivalent 

expressions to compute the matrix elements of free positive energy solutions of the free 

Dirac equation, is not longer valid. This is just a consequence of the fact that Gordon 

decomposition is derived using the free Dirac equation, while the spinors that solve a 

general equation with non-zero potential, will not, obviously, fulfil the free Dirac equation. 

The on-shell (or positive energy projected out) spinors introduced in previous paragraphs, 

however, can be shown to fulfil Gordon transformation.  

Therefore, the several expressions of the current operator yield indistinguishable values 

for the elementary lepton-nucleon (free) cross sections, but yield different values when 

applied to off-shell wave functions.  

From all possible forms of the current operator, three ócanonical formsô are more often 

employed, cc1, cc2, and cc3 [For83]: 
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 (2.9) 

Where u are the positive energy spinors, and F1 and F2 the nucleon form factors. 

Different (e,eôp) cross sections are obtained with these three operators. In the past, the 

differences between cc1 and cc2 have been taken as a measure of the theoretical 

uncertainty due to these off-shell ambiguities. It is important to remark that for on-shell 

nucleons the three prescriptions mentioned yield identical results. These on-shell results 

are very similar (within few percent in the derived spectroscopic factors, for instance) to the 
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ones obtained with the cc2 or cc3 prescriptions when applied to the full spinors. Therefore, 

it can be said that these prescriptions show a ómoderateô display of the nucleon off-

shellness. On the other hand, the cc1 prescription, when applied to compute the matrix 

elements between the off-shell spinors usually encountered in this work, tend to give quite 

different results, implying changes in the spectroscopic factors obtained with this operator 

for off-shell spinors of the order of 10%. Unless otherwise specified, all the theoretical 

results presented in this thesis has been obtained with the cc2 prescription. 

2.13. Gauge invariance ambiguity 

There is another popular ambiguity which affects the calculation of the matrix element of 

the one-body current operator for DWIA calculations of (e,e'p) reactions. This has to do 

with current conservation and gauge invariance [Kel97]. In principle, the vector currents 

(EM or weak) are conserved and the matrix elements computed should be gauge 

invariant. In practice, due to simplifications in the current operators and the wave functions 

employed (for instance, by restricting to only one-body current operators), the matrix 

elements usually do not fulfill the continuity equation and depend on the choice of gauge. 

To solve this ambiguity, usually one resorts to the phenomenology, comparing calculations 

with different gauges and picking the one that yields results in best agreement with data. 

As in the case of off-shell effects, some facts will be useful in guiding our choice of gauge 

and current operator. 

For instance, one must be aware that part of the lack of charge conservation is due to 

the flux lost into inelasticities, when the final state is described with an optical potential with 

imaginary part. This means that part of the óchargeô is simply lost into inelastic channels. 

This has less to do with gauge invariance than with limitations of the IA where the matrix 

element is computed as a direct sandwich with the optical potential solution. Considering 

lost channels will be enough to recover much of the ólostô current and it should help to 

conserve current.  

A most basic current conservation problem would occur when a potential that does not 

include losses into inelastic channels, that is, a real potential, shows gauge dependence. A 

calculation that may be used as a hint here, is the one for inclusive electron scattering, 

where the initial and final nucleons are computed with the same relativistic mean field real 

potentials [Her09b, Cab10]. Under these conditions, it can be shown that matrix elements 

obtained with the cc2 operator fulfill the continuity equation and yield identical matrix 
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elements for the most commonly employed gauges (Coulomb, Lorentz and Weyl gauges). 

The ones obtained with cc3 and the Coulomb gauge are rather similar to these obtained 

with cc2 and any gauge, while the matrix elements obtained with cc1 are very different, 

particularly with Weyl gauge and, to a less extent, the Lorentz one. These facts suggest 

the following actions: 

i) Disregard the results with the Weyl gauge. 

ii) Disregard cc1 results, due to large off-shell effects. 

iii) Consider most reliable the results obtained with cc2 or cc3, within the Coulomb 

gauge. Unless otherwise specified, the Coulomb gauge has been employed in the 

theoretical calculations of this thesis. 

The interested reader is referred to the literature for further comparison of these most 

common prescriptions. Particularly, the prescription popularized by de Forest [For83], that 

replaces the longitudinal component of the electromagnetic current for the target by a 

term proportional to the charge component such that 0q Jkk ;  for the modified current, 

and that has been shown [Pol06] to be equivalent to the Coulomb gauge choice.  

2.14. Proton Form Factors 

It is well known that nucleons are not point-like particles. Therefore, the structure of the 

nucleons should be taken into account when the (e,eôp) cross section is evaluated. The 

characterization of the structure of the nucleon is a defining problem of hadronic physics, 

much like the hydrogen atom is to atomic physics. Elastic nucleon form factors (FFs) are 

key ingredients of this characterization. The measurement of the electromagnetic FFs in 

elastic as well as inelastic scattering, and the measurements of structure functions in deep 

inelastic scattering of electrons have been a rich source of information on the structure of 

the nucleon. 

The study of the spatial distributions of the charge and magnetism carried by nuclei, 

began in the early fifties. Quite early the interest turned to the nucleon; the first FF 

measurements of the proton were reported in 1955 [Hof55]. Until the last ten years the FFs 

obtained from cross section data had suggested that GEp = GMp/mp = GD, where mp is the 

proton magnetic moments, and the dipole FF GD is given by; 
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 (2.10) 

Nevertheless, recent and unexpected results from JLAB using the polarization transfer 

technique to measure the proton electric over magnetic FF ration GEp/GMp, has revealed 
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that for Q2 values larger than 2 (GeV/c)2, GEp decreases faster than GMp/mp with a slope of -

0.14 per GeV2. Therefore the GEp/GMp ratio decreases linearly with increasing momentum 

transfer Q2. The numerous attempts to explain the difference in terms of radiative 

corrections which affect the results from the Rosenbluth separation method very 

significantly, but polarization results only minimally, have led to the previously neglected 

calculation of two-hard-photon exchange whit both photons sharing momentum transfer. 

Different parameterizations of the Q2 dependence of the form factors have been 

proposed. In this work, the parametrization from Ref. [Arr04] based on Rosenbluth 

separation has been used. This choice is consistent with working in the single-photon 

exchange approximation (section 2.1) as discussed in [Arr04]. 
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The parameters of the fit to the data obtained with the Rosenbluth separation technique 

and with the polarization transfer method are summarized in Table 2.1  

Table 2.1: Fit parameters for the Rosenbluth and polarization form factors, using the 
parameterization of Eq. (2.11) ([Arr04]). 

 

2.15. Study of the Q2 dependence of the Spectroscopic Factors 

Some recent works [Lap00, Fra01] pointed to the possibility of a Q2 dependence of the 

spectroscopic factor. For 12C there are several (e,eôp) experiments performed at different 

value of Q2, so it is a good nucleus to look for such effect. In Figure 2.7 from [Udi01], the 

scale factors needed to scale the theoretical RDWIA reduced cross section to the 

experimental data in 16O experiments are compared. 

Nevertheless, some aspects should be taken into account: 

1)-FSI- Scale factors are not independent on final state interactions (FSI). In particular, 

 Rosenbluth Polarization 

Parameter GE GM/mp GE GM/mp 

p2 3.226 3.19 2.94 3.00 

p4 1.508 1.355 3.04 1.39 

p6 -0.3773 0.151 -2.255 0.122 

p8 0.611 -0.0114 2.002 -8.34x10-3 

p10 -0.1853 5.33x10-4 -0.5338 -4.25x10-4 

p12 0.01596 -9.00x10-6 0.04875 -7.79x10-6 
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calculations with FSI based upon optical potentials fitted to elastic proton scattering in one 

hand, and upon the Glauber approach on the other, give generally different scale factors 

[Lap00]. This is due to the different picture of the FSI interaction assumed in each case. 

Which one is dominant in (e,e'p) processes is yet to be known, and probably depends on 

the kinematics. Also, elastic proton data mainly constrain the asymptotic behavior of the 

optical potentials. (e,eôp) experiments are not very sensitive to this asymptotic or large 

region, rather to the behavior of the proton wave function (and thus the potential) in the 

inner nuclear region. This is the reason why optical potentials that yield essentially the 

same elastic (p,p') observables, can however lead to (e,e'p) scale factors that differ by 

50% or more [Udi01]. However, under exclusive conditions, the optical potentials are quite 

adequate to estimate (e,eôp) yields. 

In Figure 2.7 the results shown in the left and right panels differ only in the relativistic 

optical potential employed. The effect on the scale factor is clearly visible while none of the 

two can be preferred over the other based upon elastic (p,p') scattering only. A very 

effective way of dealing with this optical potential uncertainty is to use also data from 

inelastic nucleon scattering, restricting thus more the potentials in the nuclear interior 

[Kel89]. This is at the moment only available for non-relativistic potentials in a restricted 

range of energies. 

 
Figure 2.7: - Effect of the Optical Potential used in the FSI calculation. From [Udi01]  

For higher Q2 and/or a heavier nucleus as 208Pb, scale factors are much more stable 

against different choice of the optical potentials [Udi93], mainly because all the available 
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relativistic parameterizations are much more similar than for 16O at low momentum of the 

knocked out nucleon. 

2) pmiss range - Usually, lower Q2 experiments span a smaller range in pmiss than large 

Q2 ones. Due to this, large Q2 experiments give more weight to the large pmiss region, 

where the IA is not the only prevailing reaction mechanism. Other contributions would 

naturally lead to an increase of the cross section in the pmiss region where the single-

particle spectral function is not dominant, and thus fitting scale factors with data in this 

region will yield higher scale factors. When comparing data from experiments taken at 

different Q2 in order to deduce scale factors, it is advisable to restrict the analysis to data in 

the region of pmiss where the IA result is important. 

2.16. Relativistic vs. Non-Relativistic Calculations 

A large amount of theoretical work on (e,e'p) has been carried out on the basis of non-

relativistic approximations to the nucleon current, like the standard distorted wave impulse 

approximation (DWIA) [Kel96] that uses a non-relativistic approximation to the nucleon 

current operator and wave functions. DWIA has been successfully used over the years to 

analyze (e,e'p) data using bound and scattered proton wave functions deduced from 

phenomenological non-relativistic potentials. The limits of validity of the non-relativistic 

DWIA approach have been studied [Meu01].  

On the other hand, nuclear responses and differential cross sections for exclusive 

quasielastic electron scattering within the framework of relativistic mean field 

approximations have been also studied [Udi93b, Udi95, Udi96]. In the relativistic distorted 

wave impulse approximation (RDWIA) the one-body nucleon current is calculated with 

relativistic wave functions for initial bound and final outgoing nucleons, respectively, and 

with relativistic nucleon current operator JN.  

The bound state wave function is a four spinor with well-defined parity and angular 

momentum quantum numbers, and is obtained by solving the Dirac equation with scalar-

vector (S-V) potentials determined through a Hartree procedure from a relativistic 

Lagrangian with scalar and vector meson terms [Hor91].  

The wave function for the outgoing proton is a solution of the Dirac equation containing 

S-V global optical potentials [Coo93] for a nucleon scattered with asymptotic momentum 

pF. Dirac equations for both scattered and bound wave functions are solved in coordinate 

space and their solutions are then transformed to momentum space where necessary. 
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Between the relativistic and non-relativistic approaches there are essential differences 

due to dynamical effects. These effects are due to the differences between relativistic 

and non-relativistic wave functions which depend not only on the four-spinor versus two-

spinor structure, but also on the potentials used in the respective Dirac and Schrodinger 

equations for the bound and scattered nucleon. The main features of dynamical effects are 

(a) A dynamical depression of the upper component of the scattered nucleon wave 

function in the nuclear interior, typically identified as the effect of the Darwin term coming 

from the derivative of the optical S-V potentials [Udi95].  

(b) A dynamical enhancement of the lower components, mainly those of the bound 

nucleon wave function, due to the negative energy components. 

RDWIA has been successfully applied to 208Pb and 40Ca at low Q2 [Udi93b, Udi95], and 

to 16O at high Q2 [Udi99, Gao00]. The effect caused by the nonlocal Darwin term for 40Ca 

and 208Pb cases was studied in detail in Refs. [Udi93b, Udi95]. The Darwin term causes an 

apparent enhanced absorption when comparing the RDWIA differential cross section to 

the DWIA one at moderate pm values, thus predicting larger spectroscopic factors [Udi93b, 

Udi95, Jin92]. For larger missing momentum values, the lower components of the 

relativistic wave functions start to play a more important role, enhancing the higher 

momentum components of the nucleon wave functions. In [Udi96] it was found that 

RDWIA calculations, compared to standard DWIA, tend to produce lower cross sections at 

pm=300 MeV/c and larger cross sections at pm=300 MeV/c, improving agreement with 

experiment. 

The effect of the dynamical enhancement of the lower components was studied in 

RPWIA [Cab98, Cab98b]. It was also studied in RDWIA at high Q2 [Udi99]. In both cases it 

was found to play a crucial role in the TL responses. Previous experiments on 16O at high 

Q2 seem to confirm former RDWIA predictions as it was shown in Section 1.6.1. In 

particular, the effect of off-shellness of the spinors in the ATL asymmetry at moderate 

values of the missing momentum, which is large for p1/2 and small for p3/2 shells, 

produces that only the predictions of relativistic calculations that include the dynamical 

enhancement of the lower components of bound Dirac spinors is consistent with data for 

the shell p1/2.  
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3. Simulations  
3.1.  Introduction 

A general problem invariably found during the analysis of (e,e'p) data is how to deal with 

spectrometer acceptances. Experiments are generally performed with spectrometers that 

have significant angular and momentum acceptances. On the other hand theoretical 

calculations are generally performed assuming central values for these acceptances. 

Thus, in order to correctly compare data to theory, acceptance issues as well as other 

instrumental effects such as mispointing of spectrometers or radiative corrections, must 

first be determined.  

There are two different approaches to reconcile experimental data and theoretical 

calculations:  

¶ Method 1 - Experimental acceptances may be unfolded to convert the 

experimental data into ópoint-acceptanceô equivalent results. Data should also be 

corrected by effects like radiative processes and Coulomb distortion. This 

procedure has been most often employed at NIKHEF-K and JLAB, although 

some model dependencies or bias in the data are introduced. 

¶ Method 2 - Theoretical calculations may be averaged over acceptances with a 

Monte Carlo simulation that may also include radiative effects and Coulomb 

distortion. This simulation can be compared to data with only moderate cuts at 

the edges of the acceptances. This method requires a good understanding of 

the experimental acceptances, it is time consuming and must be done for every 

theoretical calculation that one wants to validate against the particular 

experiment. 

The salient features of these options are briefly outlined. 

METHOD 1 - Without a realistic Monte Carlo code, only a restricted subset of the data 

whose behavior is well understood can be used in the acceptance unfolding. Accordingly, 

in the resulting data analysis, the spectrometer acceptances should be cut restrictively in 

the variables qtg (the out-of-plane angle), ftg (the in-plane angle), and ŭptg (the deviation 

from the spectrometer central momentum). Using data (from so-called ñwhite-spectraò 

measurements if available, or from simulations), it can be shown that when sufficiently 

restrictive cuts are applied, the distributions for the above-stated variables become ñflatò 
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over their cut range. Under these conditions, measured spectra can be simulated using a 

uniform random-number generator. Thus, by randomly populating ñphysicsò spectra with 

this type of simulation, the experimental phase-space for this much-reduced acceptance 

can be determined. This phase-space may then be employed to compute the cross 

section.  

Data are then unfolded for acceptance effects. This implies binning the data for reduced 

ranges of the variables of interest (usually Emiss, pmiss, q, w and f). As a rule of thumb, bin 

size should be reduced when the variation of the cross section inside the bin gets larger 

than its statistical uncertainty. If bins are too small, the statistical error inside them 

becomes too large, while if bin size is too large, the experimental points necessarily 

"average-out" features of the cross section.  

The experimental cross section for each particular bin can be compared to theoretical 

calculations obtained using the averaged values of the representative variables of the bin. 

It is important to note that these values, computed from their average in the data sampled 

inside each bin, may differ from their nominal central values in the bin. As a result, 

kinematics of each bin may not vary continuously with the contiguous ones, making it 

difficult to create theoretical calculations. 

Finally, assuming the factorized approach described by Eq. (1.26), cross section of the 

proton knock-out from a particular shell (i.e. in a given Emiss range) is usually given as a 

function only of pmiss, Using reduced cross sections, most of its dependence with the 

particular kinematics of the experiment (like q and w) are removed. This implies that bins 

with a different q and w can be then merged into a single bin. Theoretical estimates based 

upon unfactorized calculations would yield information on the error implied in this 

procedure. 

METHOD 2 - The increasing computer power available and the development of 

sophisticated Monte Carlo simulations allow for accurate modeling of the entire system, 

including target, detectors, electronics, radiative tails, etc. Thus, in principle, the whole 

range of acceptances present in the data may be considered, apart from minor cuts to 

avoid edge effects. In this case, the theoretical calculation must be input to the realistic 

Monte Carlo simulation and compared to minimally processed data [Flo99, Die01, Mon08]. 

While this procedure of comparing theory to data is truly model independent, it requires 

that the theoretical calculation must first be incorporated into the Monte Carlo of the 

experiment. Unfortunately, some theoretical models require a large computational cost in 
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order to be properly addressed. 

As it was already pointed out, the conventional way of incorporating theoretical 

calculations into the Monte Carlo simulation was based on a factorized expression for the 

cross section (see Eq. (1.24)) and with momentum distributions from theoretical models as 

input. This method is not optimal because the degree to which factorization is not fulfilled 

depends on the theoretical model employed and, above all, factorization is not a good 

approximation [Vig04]. 

In this thesis, rather than using a single momentum distribution calculated for a 

particular ñcatch allò kinematics to represent an entire experiment, RDWIA structure-

function calculations have been incorporated on an efficient event-by-event basis. In order 

to achieve this, responses are pre-calculated in a dense multidimensional grid in the 

variables pmiss, w and q, comprising the entire experimental acceptances. "Dense" enough 

mean that the interpolated responses from the grid differ by less than 1% [Flo99, Die01] 

from the actual responses computed at pinhole-acceptance kinematics. During the 

simulations, the cross sections are computed from the interpolated responses according to 

Eq. (1.22). The payoff is twofold: first, these theoretical cross sections can be easily 

included as the source in the most realistic physics simulation imaginable. Second, 

focused studies of the effects of acceptance averaging on the results are now possible 

without resorting to the factorization approximation. In this approach, the only assumption 

made is that Eq. (1.22) holds; that is, that the one photon exchange approximation is valid. 

3.2.  MCEEP 

MCEEP [MCEEP] is the de-facto Hall A simulation package developed initially by Paul 

Ulmer. With MCEEP, Hall A projects have access to well-developed software models of 

the High-Resolution Spectrometers, to name just a small subset of what the toolkit delivers 

(see below).  

From its humble beginnings, MCEEP has evolved into a dynamic toolkit for analyzing 

data obtained in Hall A at Jefferson Lab. Many effects previously neglected in the 

simulations ï multi-foil target models, spectrometer models, energy loss, multiple 

scattering and radiative corrections, are addressed in the current version of MCEEP. 

Unfortunately, in order to keep computation times reasonable, overly simplistic models 

of the (e,e'p) reactions were employed in the past. To take MCEEP to the next level the 

physics models available to the user needed to be improved. Ideally, they should allow 
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state-of-the-art theoretical descriptions of (e,eôp) reactions, including fully unfactorized, 

relativistic calculations, with even the possibility of including Coulomb distortion effects of 

the electron wave function. 

 

3.3.  RDWIA Response Functions + MCEEP 

In the past, MCEEP commonly used hard-coded momentum distributions supplied by the 

user to describe nucleon-knockout processes. End-user momentum distributions can be 

added to the code in a painless fashion and cross sections needed in the simulations were 

obtained from the momentum distributions assuming factorization. While this is a very 

efficient approach in terms of processing time and certainly sufficient for setting up 

experiments and making estimates of rates, for example, it is not sufficient for comparison 

of theory to experimental data or for studies of the effect of extended spectrometer 

acceptances. This is because in an extended-acceptance experiment, each event can 

correspond to somewhat different kinematics. Thus, every experimental bin corresponds in 

principle to a slightly different experiment and the results of the simulation are thus 

different for factorized versus unfactorized models. This issue has been address allowing 

for fully unfactorized calculations into MCEEP. To be specific, the responses are pre-

calculated in a grid (our ñhypercubeò) which spans the experimental phase space, and 

then they are used to interpolate responses within this hypercube to obtain cross sections 

on an event-by-event basis. These cross section values may then be cut or binned 

according to the wishes of the user, allowing for detailed studies of the effects of extended 

acceptances without any footprint induced by factorization upon the results. 

This approach of using response functions in MCEEP instead of momentum 

distributions was initially developed by S. Strauch, J. Vignote and J.M. Udías for the 

analysis of polarization observables in a 4He(e,eôp) experiment. Formerly, it was employed 

to include radiative corrections to theoretical models by Florizone et al. In this work, I have 

adapted and further developed this approach to incorporate it to the analysis of all 

experiments discussed in this thesis. 

Similar approaches were attempted in some previous experiments. A grid of response 

functions together with a Monte Carlo code was used, for example, in Ref. [Wij99] using 

response functions from J. Kelly. In Ref. [Man93], a 12C(e,e'p) experiment performed at 

MIT-Bates used the Monte Carlo code AEEXB [AEEXB] with a lookup table for the 

response functions obtained from the code PV5FF [Bof92]. In that case, the three-
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dimensional grid was created with the energy of the detected electron and proton and the 

electron-scattering angle. 

3.4. Example of the enhanced MCEEP simulations for the  
E89-003 experiment 

The results of the extended MCEEP simulations will be illustrated with a short study of the 

previous 16O(e,e'p) experiment E89-003 at JLAB. This experiment has already been 

analyzed [Gao99, Liy99] and results have been published [Gao00, Liy01]. Furthermore, 

good agreement between data and RDWIA model of Udías et al. [Udi99] was found 

[Fis04]. As our response functions are based on the same theoretical model, similar good 

agreement to data is expected. 

The goals of this study were: 

1) Apply restrictive cuts on the acceptances in the simulation (i.e. without acceptance 

averaging) to obtain the ñbareò (i.e. using central values for the kinematical variables) 

theoretical results. This is a basic test for the internal self-consistency of the method. 

2) Study the impact of acceptances cuts and criteria on the results can be assessed. This 

way, a deeper insight of what happens when a theoretical model is averaged over 

experimental acceptances can be gained. 

A detailed description of these tests can be found in [Her07]. Here only the more relevant 

results are presented. 

3.4.1.  Pinhole acceptances 

Using simulations with pinhole acceptances, the effects of averaging the theoretical 

calculations over the detector acceptances are removed. Therefore, the same result as for 

the bare theory is expected. In the bottom panel of Figure 3.1, it can be seen that the 

results obtained with ñextremely reducedò spectrometer acceptances agree nicely with the 

theoretical curves. The cuts used for the extremely reduced acceptance results spanned 

°0.1 mrad in both qtg and jtg and °0.1% in dp for both spectrometers. Clearly, the 

simulated results collapse to the point-acceptance theoretical RDWIA calculations. 
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Figure 3.1: Differential 16O(e,eôp) cross section (1p1/2 shell). Data, theory and simulations  

3.4.2.  Impact of the acceptances on the results 

The results from the extremely reduced acceptance simulations and the E89-003 data in 

Figure 3.1 (bottom pad) do not appear at the same missing-momentum values of the data 

published. This may easily be explained if the finite size acceptances are considered. The 

E89-003 data were plotted in a single bin located at the average value from the total 

number of events which passed both the cuts applied during the data analysis and 

occupancy restrictions placed upon the phase-space volume, that is, when care is taken 

that only bins of phase space that are appreciably populated are included.  

The range in the angular acceptances and momenta of the detected particles are 

translated into a range in (q,w and the out-of-plane f). In Figure 3.1, the impact of having a 

finite range in q and w is depicted in the top pad. Here, the entire number of bins in q and 

w and the results they imply for the cross sections are shown. In the middle pad, only the 

central q, w bins are shown, and the results are then more compatible with the bare 

theoretical calculations computed at central values of the kinematics. 

These acceptance effects are in general larger for lower qpq as it is shown in Figure 3.2. 

It is clear from these plots that the reduced-acceptance distributions do not correspond to 

the ñaverageò of the full-acceptance distributions. 
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Figure 3.2: Simulated differential cross section for E89-003 kinematics with experimental 

versus reduced acceptances. 

3.5.  Input file parameters 

3.5.1.  Beam parameters 

In order to get realistic simulations, the width and the energy spread of the beam should 

also be considered in the simulation. Furthermore, the offsets of the beam with respect to 

the central (x,y)=(0,0) coordinates of the target in the Hall coordinate system can be 

added. This allows for a better reproduction of the angular ranges of the experiment. 

In contrast to the experiment E00-102, in the experiment E06-007 a rastered beam was 

used. In the simulation, this effect is combined with the offsets, improving the angular 

matching between theory and simulations. 

3.5.2.  Internal collimators 

MCEEP allows for the use of internal collimators in the HRSs. During the simulation of the 

transport of the particles in the spectrometers, these collimators restrict the possible 

trajectories. By default, collimators are not included and thus simulations have wide 

acceptances. Without the default values of the collimators, the distribution of the yield vs. 

pmiss is not properly simulated. Nevertheless, changing the internal collimators to match the 

experimentally allowed values improves the agreement of data and simulations. 
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3.6.  Energy Loss and Radiative Effects 

The (e,e'p) reaction described by the simple, one photon exchange diagram shown in 

Figure 1.4 does not take into account that in any electron-scattering experiment, the 

incoming and outgoing charged particles radiate photons which are not observed. 

Radiative effects include: 

A) Virtual Photons: The emission and re-absorption of virtual photons corresponds to 

the vertex correction, mass renormalization, and vacuum polarization of the exchanged 

photon. Therefore the emission of a virtual photon can only change the magnitude of the 

measured cross section, without altering the momenta of the particles. Usually this is a 

small effect (save for Coulomb distortions), and can be well computed from QED. 

B) Real Photons: The radiation of a real photon changes the energy and momentum 

transferred in the (e,e'p) reaction. Furthermore, energy losses of the incident and scattered 

electron and extracted proton due to atomic ionizations along their path also have to be 

considered when describing the experimental reaction. 

These radiative processes are an integral part of the (e,e'p) reaction, but they are not 

included in the theoretical (e,e'p) cross section. Therefore, similarly of what happens with 

experimental acceptances (Section 3.1), two approaches exist to deal with radiative 

processes: 

A) In order to make the results independent of the target thickness and other features of 

the experimental setup, measured cross sections may be corrected for all radiative losses. 

This allows a meaningful comparison between the experiment and bare theory. In the 

correction process the measured cross section is adjusted to the values which would have 

been measured in the absence of radiation. 

B) They can be incorporated into the simulation code to obtain a more realistic 

simulation which can be compared directly to the acquired data.  

In this thesis, the first method was used. MCEEP simulations were done as realistic as 

possible, including all radiative processes. This way, source of errors induced by the 

unfolding procedure were avoided. This was already done in previous thesis [Mak94]. 

Three processes are considered for radiative corrections:  

¶ Ionization losses - Energy is lost through excitation or ionization of atoms along the 

path of the charged particles.  

¶ External radiation - External radiation is produced when the charged particle 

(electron or proton) radiates real and virtual photons in the presence of the Coulomb 
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fields of nuclei other than the one involved in the (e, e'p) reaction. 

¶ Internal radiation - Internal radiation is produced when the charged particle 

(electron or proton) radiates real or virtual photons from the interaction with the 

Coulomb field of the nucleus involved in the (e,e'p) reaction. It was first calculated by 

Schwinger [Sch49] and later improved by Mo and Tsai [Mo69], and it has the largest 

overall contribution to the radiative correction.  

Ionization losses and external radiation are proportional to the total amount of material 

that the charged particles have to traverse. In the experiments considered in this thesis, 

the target used and the windows of the target chamber were thin and internal radiative 

effects were in general the dominant effect. 

Although radiative effects have been known for many decades [Sch49, Yen61, Mo69, 

Tsa74], there are still many recent works [Tem09, Ent01, Weis06, Afa08] aiming to define 

the best way to handle them, especially around the energy region (~1GeV) considered in 

this thesis. This is due to the fact that radiative corrections change the final cross section 

by a very significant amount, so the reliability of final results depends to a high extent on 

the accuracy of these corrections. 

Extensive details about the calculation of the energy loss and external and internal 

radiative processes in MCEEP can be found in the user's guide [MCEEP]. 

The Peaking Approximation [Weis06] used in this work assumes that the real photons 

arising from radiative losses are emitted in the direction of the charged particles that 

emitted them. For the kinematics of the present experiment, the effect of proton radiation is 

relatively small. The formula "4.42" of [Mak94] derived for ultra-relativistic particles has 

been used to estimate the relative strength of the proton radiation. In the worst case, the 

correction to the cross section from proton-radiation effects is about 1%. Since this is well 

within the systematic and statistical uncertainties of these experiments, proton radiation 

has been neglected in the analysis (other than computing the corresponding Eloss). 

However, it should be noted that as one goes to higher values of Q2, proton-radiation 

effects increase and the relative strength of these contributions was considered. 

In Ref. [Weis06], the limitations of the Peaking Approximation were studied. The 

deviation between a full model that takes into account all possible angular directions and 

the Peaking Approximation at the kinematics of these experiments (Q2
~1GeV2) is less than 

1%, well within our systematic and statistical uncertainties. 
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4. Description of the Experimental 
Setup 

 

4.1.  Overview 

The experiments described in this thesis were performed in Hall A of the Thomas 

Jefferson National Accelerator Facility (JLAB), formerly known as CEBAF (Continuous 

Electron Beam Accelerator Facility). JLAB is located in Newport News, Virginia and is a 

state-of-the-art facility featuring an electron accelerator, three experimental Halls (A, B and 

C), a free-electron laser and an Applied-Research Center. The accelerator was designed 

to produce high current (up to 200µA), 100% duty factor beams of up to 4 GeV to the three 

independent and complementary experimental halls. simultaneously. 

In Hall A, two basically identical 4 GeV/c high resolution spectrometers (HRS-R and 

HRS-L) are used to detect scattered electrons and knocked-out protons respectively. The 

detector packages are installed in the focal plane of each spectrometer to determine the 

particle trajectories as well as to identify particles. 

In the experiment E00-102, a waterfall target with three waterfall foils, built by the INFN 

group [Gar92] was used to study 16O. In the experiment E06-007, special C+Pb+C and 

C+Bi+C target were used. Graphite foils were also used in the experiment for calibration 

purposes. 

In this chapter, an overview of all the experimental apparatus is given. Further detailed 

information on both JLAB and Hall A can be found in [JLAB, Alc04]. A full review of the 

electron accelerator is provided in [Lee01].  
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4.2.  Accelerator 

The layout of the accelerator is shown in Figure 2.1. 

 

 
Figure 4.1: JLAB Accelerator configuration. Figure from [Alc04]. 

 

The electron beam is accelerated to 45 MeV in the injector before passing through a 

linac consisting of superconducting RF cavities with a design accelerating gradient of 5 

MeV/m. Ongoing in situ processing resulted in an average gradient in excess of 7 MeV/m 

[Alc04]. This made it possible to accelerate electrons up to 5.7 GeV (higher than the 

designed maximum momentum of 4 GeV/c).  

After undergoing a 180° bend in the recirculation arc, the beam passes through another 

linac. At this point, the beam can be either extracted and directed into any of the three 

halls, or sent back for additional acceleration in the linacs. The final energy of the beam 

depends on the total number of passes.  

There are five different arcs for recirculation on the east of the machine, and four 

different arcs on the west end. The bending field of each individual arc is set to bend the 

beam of a different pass, that is, a beam of a different energy. The beam is separated at 

the end of each linac, sent to the corresponding arc, and then recombined before entering 

the next linac. At the end of the acceleration process, the beam is extracted and then 

delivered to the experimental halls. This allows different halls to use different values of the 

electron energies. 
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The beam has a micro-structure that consists of short pulses at a frequency of 1497 

MHz. Generally, each hall receives one third of the pulses, resulting in a quasi-continuous 

train of pulses at a frequency of 499 MHz. Beams with different energies can be delivered 

to the different halls simultaneously. 

Beam characteristics are summarized in Table 4.1 

 
Table 4.1: Jefferson Laboratory beam characteristics [Gao99]. 

The experiment E00-102 used a four-pass beam, with an energy of 4.6 GeV, and beam 

currents ranging from 5 to 120 µA. The experiment E06-007 used an energy of 2.4GeV, 

with a beam current up to 40 µA. 

4.3.  Hall A Setup 

The basic configuration of Hall A is shown in Figure 4.2 

 
Figure 4.2: Hall A configuration. 

 

After being extracted for use in Hall A, the electron beam is transported into the hall 

along the beamline, and onto the scattering chamber where the target is placed. Along the 

beamline (Figure 4.3), there are two BCMs (Beam Current Monitors, see Section 2.4.1) 

Maximum energy 5.7 GeV 

Duty cycle 100%, CW 

Emittance 2x10-9 m 

Energy spread (4s) 10-4 

Maximum intensity 200 mA 

Vertical size (4s) 100 mm 

Horizontal size (4s) 500 mm 
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and two BPMs (Beam Position Monitors, see Section 2.4.2) which provide precise 

measurements of beam current and position. The majority of electrons incident upon the 

target pass through without interacting and are transported to a well-shielded beam dump. 

Two spectrometers (see Section 2.6) are used to perform physics experiments. The 

electron spectrometer (HRS-L) measures the momentum and direction of the scattered 

electrons, and similarly, the hadron spectrometer (HRS-R) detects the knocked-out 

protons. The two spectrometers are essentially identical in terms of their magnetic 

components and optics. Note that by changing the polarities of the magnets, their roles 

can be interchanged. On the platform of each spectrometer, a shielding house (detector 

hut) was built to protect the detector packages and associated electronics from radiation 

damage, and to minimize the rates in detectors caused by particles not passing through 

the spectrometer. 

 
Figure 4.3: Schematic layout of Hall A. Figure from [Alc04]. 

4.4.  Beamline 

4.4.1.  Beam Current Measurement 

The beam current delivered to Hall A is measured by two beam current monitors (BCMs) 

located in the beamline about 24.5 meters upstream of the target with a Unser monitor 

sandwiched between them. They are used to monitor the beam current linearly and 

continuously.  

In addition to the BCM, the value of the current from the injector (from the OLO2 injector 

cavity) is also available. As this total current is shared among the different experimental 

halls, no beam may be delivered to the halls during beam current calibration runs. A 
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Faraday Cup at the injector section of the main accelerator is also used to provide an 

absolute reference during calibration runs (see section 5.1.1). 

Each BCM is a cylindrical resonant cavity made out of stainless steel, 15.48 cm in 

diameter and 15.24 cm in length, tuned to the frequency of the beam (1497 MHz). When 

the electron beam passes through the cavity, it excites the resonant transverse magnetic 

mode TM010 at 1497 MHz. A loop antenna couples RF power out of the cavity, giving an 

output signal proportional to the current, which is converted to a 10kHz signal. Each of the 

RF output signals from the two cavities is split into two parts, to be sampled or integrated.  

The sampled data, are processed by a high-precision digital AC voltmeter, DMM (Digital 

Multi-Meter). This device provides a digital output each second which represents the root-

mean-square (RMS) value of the input signal during that second. The resulting number 

V(u,d) is proportional to the average beam current for that second and it is fed into the data-

acquisition stream at regular intervals of a few seconds. 

The integrated data is sent to a RMS-to-DC converter which produces an analog DC 

voltage level. This voltage level drives a voltage-to-frequency converter (VtoF) whose 

output frequency is proportional to the input DC voltage level. These signals are then fed 

to fastbus scalers and finally injected into the data stream along with the other scaler 

information. These scalers accumulate during the run, obtaining a number proportional to 

the integrated voltage level and therefore they represent more accurately the true integral 

of the current and hence the total beam charge. 

This RMS-to-DC conversion is linear for currents from about 5µA to 200µA. In order to 

extend the linear region to lower currents, a set of amplifiers with gain factors of 3x and 

10x were introduced. As a result, each BCM provides a set of three signals. Therefore the 

upstream and downstream BCMs provide six signals that are fed to scaler inputs. 

The Unser monitor sandwiched between the BCMs is used for calibration purposes. It 

cannot be used to monitor the beam continuously because the output signal drifts on a 

time scale of several minutes. 

During a typical calibration run, the beam current is ramped from zero to the maximum 

value dwelling at each step for 60 to 90 s. In this manner, the beam charge can be 

determined with an accuracy of 0.5% down to a current of 1mA. 
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Figure 4.4: Typical Beam Current Monitor readout during the experiment E06-007. 

4.4.2.  Beam Position Measurement 

The position of the beam along the Hall A beamline was monitored using two beam 

position monitors (BPMs) [Bar90] upstream of the target along the beamline. These two 

BPMs are respectively 7.3m (BPM A) and 1.1m (BPM B) away from the target [Alc04]. A 

BPM consists of a cavity with four wire antennas oriented parallel to the electron beam and 

located at the corners of a square as shown in Figure 4.5. 

 
Figure 4.5: Schematic of a stripline beam position monitor. Left view is along 

the beam axis, right view is a cross section of the monitor. 

Radiofrequency (RF) signal from each antenna is processed to yield a DC signal which 

is proportional to the product of the beam current and the distance between the beam and 

the antenna. These DC signals are integrated in the DAQ system on an event-by-event 
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basis and used to give the beam position in horizontal and vertical lab coordinates (x,y). 

The antenna signals vary with beam current so a gain switch is used to keep the DC 

output signals constant regardless of the beam current. At a beam current of 10 mA, the 

beam position can be determined down to 20 mm. 

From the information provided by the two BPMs, one can figure out both the beam 

position on the target and the beam direction. The absolute position of the beam may be 

determined by calibrating the BPMs respect to surveyed wire scanners (Harps) located 

adjacent to each of the BPMs. These are surveyed at regular intervals and the results are 

reproducible at the level of 200 µm [Alc04]. 

4.4.3. Beam Energy Measurement 

The energy of the incident electron beam can be measured in two independent ways: eP 

measurements and arc energy measurements.  

The eP method uses a stand-alone apparatus to make an invasive measurement of the 

incident beam energy by measuring the angles of scattered electrons and protons in the 

elastic 1H(e,eǋp) reaction. This method was not used during these experiments. 

The Arc Energy method is based on the fact that an electron moves in a circular 

trajectory in a magnetic field. The radius of the trajectory depends on the magnitude of the 

magnetic field and the momentum of the electron. Therefore, the electron momentum can 

be determined by measuring the radius of the arc through which it is deflected by a known 

magnetic field. The deflection of the electron beam in the arc section of the accelerator 

beamline is used to determine the beam energy. The measurement can be made when 

the beam is tuned in either dispersive or non-dispersive mode in the arc section of the 

beamline. The electron beam momentum (p in GeV/c) is then found from the magnetic-

field integral of eight dipole magnets in the arc beamline and the resulting net bend angle 

through the arc (ɗ in radians) by: 
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where k = 0.299792 GeV rad / Tm ; the nominal bend angle is 34.3º. 

Two measurements must be performed to determine the beam energy: the field integral 

of the eight magnets in the arc with respect to a reference magnet (the 9th dipole) and the 

actual bend angle of the arc using a set of wire scanners. Further details regarding this 

instrumentation can be found in [Alc04]. 
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Figure 4.6: Arc beamline section with the magnets used to deflect the beam.  

 

The beam-energy values used during the analysis are taken as the Tiefenbach values 

recorded in the data stream. The Tiefenbach value is calculated from the launch and exit 

angles of the beam through the arc, obtained using the beam position monitors in the hall,. 

The relative error on the Tiefenbach energy is less than 5 × 10-4. 

 

4.4.4.  Beam Rastering System 

 

The power deposited by the electron beam into the target must be dissipated in order to 

maintain the target properties. A heat exchanger in the cryogenic loop is sufficient to 

handle the average power deposited in the target. Nevertheless, the size of the beam at 

the target is typically a few hundred micrometers in both the horizontal and the vertical 

direction. Therefore, the possibility of local boiling and bubble formation is a concern.  

To prevent the target from being overheated locally, the heat load is spread over a 

larger volume by sweeping the beam over a small area of the target using a device called 

raster [Alc04, Yan05]. The raster in Hall A is driven by a pair of horizontal (x) and vertical 

(y) aircore dipoles located 23 meters upstream of the target.  

Before 2002, the waveform of the magnet current was sinusoidal. The rastering 

frequency was around 20 kHz, with an irrational ratio for x and y component to avoid a 

closed Lissajous pattern. Unfortunately, with that raster equipment, as the sinusoidal 

waveform approached its peak, it slowed down in order to reverse direction at the edge of 

the scan region. This caused much more beam energy to be deposited along the 

boundaries and at the corners, contributing to an uncertainty in target length, which in turn 
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affects the accuracy of the experimental data.  

As described in [Yan05], since August 2002, a linear raster system with a high linear 

velocity and reduced turning time has been operating in Hall A. This system provides a 

highly homogeneous (95%) raster density distribution over the entire raster region. It 

achieved 98% linearity with 1000m/s linear sweep velocity. The turning time at the vertex 

of the raster pattern is about 0.2 µs, which is reasonably small compared to the typical 

20µs of the beam traveling time from edge to edge of the target. 

The experiment E00-102 was performed in 2001, before the new raster equipment was 

available. Nevertheless, it did not use rastered beam for production runs. On the other 

hand, the experiment E06-007 used extensively the new raster system, with a large 

rectangular pattern of about 2.5 mm x 6.0 mm as shown in Figure 4.7. 

 

 
Figure 4.7: Raster position in a production run on 209Bi in experiment E06-007 [RUN 2].  
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4.5. Target System 

4.5.1. Experiment E00-102 

The waterfall target constructed by a group from INFN was placed inside the scattering 

chamber. The basic design and configuration of the apparatus is presented in detail in 

[Gar92]. In the target cell, water was forced through vertical slits to form three flat, vertical, 

identical rectangular foils. These foils were stable due to surface tension and the 

adherence of the water to the 2 mm ³ 2 mm stainless-steel poles. The water, continuously 

pumped from a reservoir outside the scattering chamber, passed through a heat 

exchanger into the target cell, and then back into the reservoir. All targets parts in contact 

with water were made of stainless steel. 

A configuration with three identical waterfalls was used, with each waterfall nominally 

125 mg/cm2 (0.25 cm) thick, and oriented at 32.6° to the incident beam direction. This 

configuration was better than a single waterfall three times as thick because the energy 

loss in the target was reduced. The foil angles were optimized with respect to the 

apertures of the spectrometers and the trajectories of the ejected particles, so that neither 

the scattered electrons nor the knocked-out protons went through a second waterfall for 

any of the kinematical settings. The layout of the three foils is displayed in Figure 4.8. 

 
Figure 4.8: The waterfall-target configuration. 

 

The target can was a rectangular box with a size of 20 cm x 15 cm x 10 cm, and it 

contained air at atmospheric pressure. Beam entrance and exit windows were made of 50 

mm and 75 mm beryllium foils, respectively, which allowed for large beam currents (~70 

mA) to pass through. The two side windows are made of 25 mm stainless steel, a trade-off 

between having enough strength to sustain the pressure difference between the air in the 

inner can and the vacuum in the scattering chamber while at the same time minimizing 

multiple scattering and radiative effects. The outer target chamber was kept under vacuum 
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in order to reduce energy loss and multiple scattering of beam electrons, scattered 

electrons and ejected protons.  

Water targets are particularly useful for this experiment because of the hydrogen 

content of the water molecule. Since the kinematics of this experiment is quasielastic, 

H(e,e) can serve as a continuous luminosity monitor, and H(e,e'p) can be used to 

determine the q-direction precisely. Thus, this experiment is both self-calibrating and self-

normalizing. 

Once the target foils were formed, the thickness of the foils increased with the pump 

speed up to a maximum value, which depended essentially on the dimensions of the slits 

through which the water passed. Target thickness stability was monitored continuously by 

measuring the pump speed and the flow rate. A cooler was used to keep the water at a 

constant temperature. The dependence of the target thickness upon the water pump 

speed was mapped by looking at the spectrometer singles trigger rates at different pump 

tachometer settings [And05]. The experiment pump speed was chosen to make the 

waterfalls as thick as possible without driving the pump too hard. 

As the electron beam carried a large amount of power, localized boiling in the waterfalls 

was induced. This reduced the water density. In order to look for this effect, the water 

pump speed was held constant and a scan with increasing beam current was performed. 

Small effects (< 5%) were seen as the current was increased [And05]. 

There was also a target ladder which held five thin solid targets beneath the waterfall 

cell. A mechanical system allowed the vertical movement of this ladder in order to change 

the target which was placed in the beam. One of these targets was a density-calibrated 

BeO foil with a thickness of 369.2 ± 2 mg/cm2  [And05] which was used to determine the 

thickness of the water foils based on their 1p1/2 
16O(e,e'p) yields. The effective thickness of 

the waterfall foils, taking into account their orientation respect to the beam, is presented in 

Table 4.2 [Rei05]. 

 
Table 4.2: Waterfall foil thickness in the experiment E00-102. 

Note that these thicknesses were only used for energy-loss corrections and as a 

consistency test, as the luminosity was obtained from H(e,e) events (see Section 6.3.1). A 

variation of a few percent in the thickness was expected from run to run due to the 

dynamic nature of the target. 

Foil number 1 2 3 

Thickness (mg/cm2 ) 281 290 234 
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4.5.2. Experiment E06-007 

(e,e'p) experiments on heavy metal nuclei using electron beams have historically been 

limited because of the difficulty in employing sufficiently large electron-beam currents to 

make the measurements feasible. Lead and bismuth have very low thermal conductivity 

and very low melting points. Previous studies using electron beams [Bra00, Bob94] 

restricted beam currents to less than 1.5 µA and have used rotating metal foil targets to 

distribute the heat over large enough areas to prevent target meltdown. Experiments E06-

007 [Ani06] and E06-002 [Mic06] at Jefferson Lab proposed to use electron beam currents 

from 50 µA to 100 µA, corresponding to power dissipations of 60 W to 120 W in targets of 

lead and bismuth. A calculation of heat transport radially away from the beam within the 

metal foils reveals that it is practically impossible to bring the low temperature close 

enough to the electron beam and keep the foils below their melting temperature. A new 

design for carrying the heat away from the foils has successfully debuted  in experiment 

E06-007. This experiment was the first to subject heavy-metal targets to extended periods 

of bombardment using high beam currents. 

Information about the targets used in E06-007 can be found in [TarE06]. In order to 

create a lead target that could resist the high incident current without melting, a special 

design was developed for this experiment. The electron beam was rastered over a pattern 

of 4 mm x 6 mm on the lead target in order to prevent excessive local beam heating due to 

the highly focused electron beam. Further, additional cooling of the heavy-metal targets 

was required. The poor thermal conductivity of these targets precludes using heat 

transport radially along the body of the targets. A suitable backing for these targets needs 

to have a high thermal conductivity to extract thermal energy perpendicular to the metal 

surfaces. The high thermal conductivity of diamond made it an excellent choice for 

carrying the heat away from the metal foils. Further, the missing energy spectrum from 

carbon does not interfere with the spectra of main interest from the heavy metal targets. 

Carbon vapor deposition (CVD) diamond foils are commercially available. The heavy 

metal targets (å0.17 mm thick) were sandwiched between thin (å0.15 mm) sheets of CVD 

diamond and held in a ladder frame which was actively cooled by flowing 20 K helium gas 

through the frame. 

The experiment required that the target was tilted at 30 degrees with respect to the 

beam, as shown in Figure 4.9, so the actual target thickness seen by the electron beam 

was larger than the thicknesses just quoted (see Table 4.3). A picture of the target ladder 



CHAPTER 4-  THE EXPERIMENTAL SETUP 

87 

is shown in Figure 4.10. 

 
Figure 4.9: E06-007 target configuration. Targets were tilted 30º with respect to beam 

direction to reduce the impact of proton absorption in the target. 
 

The target ladder used in the experiment (RUN 1) contained 5 different foil targets as 

shown in the pictures of the target chamber in Figure 4.10. The second part of the 

experiment (RUN 2), not analyzed in this thesis, used a different target setup. More details 

about the targets used in RUN 2 can be found in Ref. [TarE06]. 

  
 

Figure 4.10: Pictures of the solid target ladder. Upstream (left) and Downstream view (right).  

 

For this experiment (RUN 1), the diamond-metal-diamond sandwiches were held 

together by compression. The first lead target used (target #4 in Table 4.3). failed after a 

few days running at 80 µA. Examination of the experimental spectrum showed that the 

diamond foils were still present, but the lead had melted away under the rastered beam. 




