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Abstract 

In dieser Arbeit wird die Endzustandswechselwirkung in der quasielastischen Elek­

tronenstreuung an leichten Kernen bei hohen Viererimpulsüberträgen untersucht. 

Der Wirkungsquerschnitt der (e, e'p) Reaktion an Kernen ist der Impulsverteilung 

der Nukleonen im Kern direkt proportional, wenn man die Wechselwirkung des her­

ausgeschlagenen Nukleons mit den restlichen Nukleonen vernachlässigt. Die End­

zustandswechselwirkung im Energiebereich von 1 GeV und mehr, der für die ge­

planten Experimente an CEBAF relevant ist, ist jedoch groß und im Gegensatz zur 

Endzustandswechselwirkung bei kleineren Energien im wesentlichen absorptiv und 

diffraktiv. Sie kann mit der Glauber Theorie beschrieben werden. 

Die Untersuchung der Elektronenstreuung an unpolarisiertem und tensorpolarisier­

tem Deuterium und an Helium-4 zeigt, daß die Endzustandswechselwirkung für 

höhere missing momenta dominiert. Sie führt zu einer starken Anisotropie der Win­

kelverteilung der Spektralfunktion, insbesondere zu einem Peak bei 90 0 für höhere 

missing momenta, und zu einer Vorwärts-Rückwärts Asymmetrie. Dabei ist die Aus­

wirkung der Endzustandswechselwirkung je nach Kinematik und Absolutbetrag des 

missing momentum unterschiedlich, sie kann sowohl zur Verstärkung als auch zur 

Abschwächung führen. Die Details der Wellenfunktion bei kleinen Abständen der 

Nukleonen haben auf das Endergebnis nur einen sehr geringen Einfluß. Berücksich­

tigt man bei der Berechnung der Spektralfunktion die Endzustandswechselwirkung, 

so kann man schließen, daß eine experimentelle Unterscheidung der Vorhersagen 

von verschiedenen Modellen für die D-Welle des Deuterons oder für die Form der 

Korrelationen in Helium unmöglich sein wird. 

Die Eigenschaften der Endzustandswechselwirkung werden von der Nukleon-Nukleon 

Streuung bestimmt. Die Endzustandswechselwirkung induziert daher ein universel­

les Verhalten der Spektralfunktion unabhängig vom spezifischen Target-Kern. 
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Chapter 1 

Introduction 

Electron scattering from nuclei has revealed interesting and important information 

on the structure of nuclei over the past decades. The electron and nucleus interact 

electromagnetically by exchanging a virtual photon; one can vary the transferred 

momentum at fixed transferred energy so long as the four-momentum transfer is 

space-like. This is a big advantage over experiments with Teal photons. The elec­

tromagnetic interaction is well known and relatively weak compared to the strong 

interaction of the nucleons in the nucleus, of order a = 1~7' so that it can be treated 

perturbatively. 

In elastic electron scattering, the cross section yields information on the charge 

distribution in the nucleus. Starting with the pioneering work of Hofstadter [1] in 

the fifties, the charge distribution of a wide range of nuclei was determined precisely 

in electron scattering experiments. Inelastic inclusive electron scattering gives infor­

mation on the transition charge and current densities and therefore on the nuclear 

structure. 

The next goal for electron scattering experiments is to investigate the nucleon 

momentum distribution in nuclei especiallyat high momenta with exclusive electron 

scattering. In (e, e'p) experiments, the cross section is proportional to the spectral 

function, which gives the joint prob ability to find a nucleon of energy E with a 

momentum k in the nuclear ground state if one assurnes that no final state inter ac­

tion takes place between the struck proton and the residual nucleus. Although the 

principal ideas and motivation for such experiments go back to Gottfried's classic 

works of the early sixties ([2, 3, 4], see also [5, 6, 7, 8, 9]), they are only becoming 

feasible at the new generation of high luminosity, continuous beam electron facilities 

(CEBAF, AmPS, MAMI, and Bates). 

The independent particle shell model describes the nucleus as a system of nucle­

ons in which each nucleon moves independently in a mean field potential generated 
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by the other nucleons. It is assumed that all the shells are filled with nucleons start­

ing from the lowest energy level up to the highest level, the Fermi level. This model 

of the atomic nucleus is analogous to Bohr's model of the atom. In contrast to the 

atom, where the residual interaction of the electrons is weak, the residual interaction 

of the nucleons in the nucleus is strong and leads to correlations between the nucle­

ons [10]. There exist various types of short range and long range correlations, the 

best known example of which is the Pauli blocking. Those correlations lead to high 

nucleon momenta in the nuclear ground state, and an experimental determination of 

the nucleon moment um distribution at high momenta would shedlight on the short 

distance nucleon-nucleon interaction in the nuclear medium. However, the nucleon 

momentum distribution cannot be extracted directly from the cross section because 

the final state interaction between the ejectile and the residual nucleus is present 

and strong. Basically all data taken in (e, e' p) experiments in the past decade show 

an important influence of final state inter action [11, 12]. In order to extract the 

interesting information from the (e, e'p) data, a thorough understanding of the final 

state inter action is necessary. Currently, there exist many calculations for the effects 

of final state interaction for experiments with kinetic energies of the proton below 

or around a few hundred MeV [13]. 

However, for a study of correlations which are supposed to manifest themselves 

at higher nucleon momenta, it is mandatory for the detected proton to have a much 

higher kinetic energy; only high kinetic energies of 1 Ge V or more allow to access high 

momenta of about 2 - 3fm-1 in all kinematical conditions. Those high energies of 

the proton will be achieved at the Continuous Electron Beam Acceleration Facility 

(CEBAF) for the first time. The other recently commissioned continuous beam 

facilities MAMI in Mainz, AmPS at NIKHEF in Amsterdam, and Bates at the 

Massachussetts Institute of Technology operate at lower energies. 

Previously, there was no anticipation in the literature that the final state in­

teraction at the Ge V energies attainable at CEBAF will be any different from the 

one at low energies. However, the calculations carried out in this thesis and in 

[14, 15, 16, 17, 18] show that qualitative and quantitative changes take place. At 

Ge V energies, the final state interaction is strong, diffractive and mainly absorp­

tive. The very nature of nucleon-nucleon interaction changes from the purely elastic 

potential scattering at low energies to a strongly absorptive, diffractive small angle 

scattering at kinetic energies of the struck proton larger than 0.5 - 1 Ge V. In this 

high energy regime, the Compton wavelength of the struck proton is much smaller 
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than the size of a nudeon and the average nudeon-nudeon separation in nudei. 

Therefore, the experience gained at lower energies and the methods used there can­

not be applied to the calculation of final state interaction in the diffractive regime. 

The Glauber model [19, 20] becomes a natural framework for the quantitative de­

scription of final state interactions. 

For several reasons, light target nudei are of special interest: On the theoretical 

side, there are several predictions for the ground state wave functions of light nudei 

[21, 22, 23, 24, 25, 26, 27, 28]. The models for those wave functions indude not 

only correlations, but also different types of three-nudeon forces [29,30, 31]. As the 

predictions differ considerably, some experimental information is needed as acheck 

of those important features. 

A large part of the experimental program at CEBAF is devoted to experiments 

on light nudei. The deuteron is important as it is used as a neutron target, and also 

polarized 3 He is a candidate for this. 

Apart from the investigation of the conventional topics of nudear physics, ex­

dusive electron scattering experiments are discussed as tools for the observation of 

color transparency. Color transparency is the prediction of quantum chromodynam­

ics (QCD) that at sufficiently high energies the strength of final state interactions 

should decrease (see, e.g. [32,33,34]). There exist different predictions for the onset 

of color transparency. One of the conditions for color transparency, the requirement 

that the formation length has to be larger than the nudear radius, leads to the 

condition that the four moment um transfer Q2 has to exceed a certain energy that 

is connected with the nuclear mass number A: Q2 ~ (5 - 10)AtGeV2 [35]. It was 

confirmed by the calculations in [35] that the onset of color transparency is slower 

for heavy nuclei than light nudei. The condition for Q2 indicates that with the Q2 

values attainable today, color transparency can be observed only with light target 

nudei. As aprerequisite for the planning of suitable experiments for the search 

for color transparency and their subsequent analysis, it is necessary to identify the 

effects of conventional final state interaction, e.g. forward-backward asymmetry, to 

exdude an erroneous interpretation of conventional final state inter action effects as 

signals of color transparency [36, 37, 38]. Also, one needs to identify the regions 

of strong final state inter action, as it should be easier to observe the vanishing of 

final state interaction effects in those regions [34, 39]. Furthermore, theoretical pre­

dictions of color transparency can only be confronted to the forthcoming data if 

a realistic ground state wave function is employed. Therefore, it is necessary to 
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test the various predictions for few-body wave functions and to find out how the 

uncertainties in the predicted wave functions influence the final results. 

In this thesis and the corresponding publications [14, 15, 16, 17, 18J the effect of 

final state interactions on the experimental results in (e, e' p) scattering from light 

nuclei has been investigated using Glauber theory [19, 20J. Calculations of initial 

and final state interaction effects in proton-nucleus scattering at high energies have 

employed Glauber theory very successfully (see, e.g. [40, 41J and references therein). 

The calculations presented here are an exploratory study of final state inter action 

effects. The major goals were to find out how large final state inter action effects 

are compared with short range correlation effects, to identify the typical signature 

of final state inter action effects and the kinematical regions where they dominate, 

and to find out if and how final state interaction effects and short range correlation 

effects can be disentangled. Also, different types of ground state wave functions have 

been employed and their effect on the observed missing momentum distribution has 

been checked. 

This thesis is organized as follows: in the second chapter, the effects of final 

state inter action at high energies are first discussed at a qualitative level, then the 

final state interaction operator is discussed at a quantitative level. In chapter 3, 

the final state interaction effects are calculated for electron scattering from unpolar­

ized deuteron targets. The deuteron is the simplest nucleus, and the experimental 

study of the short distance (i.e. large momentum) behaviour of the deuteron wave 

function is of particular importance for understanding the short range properties of 

the nuclear forces. The deuteron presents an ideal testing ground for the calcula­

tion of final state inter action effects as there are realistic deuteron wave functions 

calculated from N N meson exchange potentials [25, 26J available in a conveniently 

parameterized form. Therefore, no additional assumptions about the nuclear ground 

state enter the calculations. In chapter 4, electron scattering from tensor polarized 

deuterons is investigated. Measurements with a polarized deuteron target provide 

the tensor analyzing power as additional observable besides the missing moment um 

distributions. In this ch apt er , the different models for the deuteron ground state 

are compared, a main point is the investigation of the sensitivity of the expected 

experimental results to the D-wave content of the deuteron wave function, for which 

rather different predictions exist. After having established the dominance of final 

state inter action effects in electron scattering from deuterons, its influence on ex­

periments with heavier target nuclei is studied. A very suitable nucleus for this 
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investigation is 4H e. On the one hand, it is a very tightly bound system and its 

properties therefore resemble strongly the ones of heavy nuclei. On the other hand, 

the relatively small number of four nucleons admits a complete treatment of the 

problem to all orders in the correlations and the final state interactions. Such a 

complete treatment of the inclusive 4 H e( e, e'p) re action is given in [18] and chapter 

5 for the first time. In chapter 6, the consequences of the quasi-deuteron hypothesis 

([42, 43, 44, 24, 45, 46, 13], and references therein) for experimental measurements 

are discussed and a new approximate universality of the missing momentum distri­

butions for different target nuclei which is induced by the dominance and universal 

behaviour of final state interactions is presented. 



Chapter 2 

Final State Interaction at High Energies 

and High Momenta 

The investigation of the moment um distribution of the nucleons inside the nucleus 

is a major goal of modern exclusive electron scattering experiments. The nucleon 

moment um distribution at higher momenta contains unique information on the short 

range nucleon-nucleon interaction in the medium. Currently there exist several 

predictions for the wave functions of light nuclei which include refined elements like 

short and long range correlations and even three-nucleon forces. The calculation of 

those wave functions demands a high numerical effort, and the research dedicated 

to the evaluation of realistic wave functions represents a large field of its own. The 

available predictions differ considerably. Even for the simplest nucleus, the deuteron, 

which consists only of two nucleons and can therefore be described, in principle, 

exactly, the predictions for higher momenta differ considerably, by almost one order 

of magnitude for the prediction for the Bonn meson exchange N - N potential [25] 

and the Paris potential [26] (see Fig. 2.1). This difference gives an estimate of the 

uncertainties in the predictions of modern theories of the nucleon-nucleon interaction 

at large momenta > 1.3fm-1 . The important quest ion is how to distinguish between 

the different predictions experimental! y. 

2.1 (e, e'p) in Plane Wave Impulse Approximation 

If there were no final state interactions, exclusive electron scattering from nuclei 

would directly yield the necessary information, i.e. the nucleon moment um distri­

bution inside the nucleus. A schematic diagram of the reaction is shown in Fig. 2.2. 

The electron exchanges a virtual photon with the nucleus. I assurne Impulse Ap­

proximation, which means that the photon interacts with one nucleon only. In the 
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Figure 2.1: Predictions for the single particle moment um distribution ofthe deuteron 

calculated from the Bonn wave function [25] (solid line) and from the Paris wave 

function [26] (dotted line). 

idealized case of Plane Wave Impulse Approximation(PWIA), this nucleon leaves the 

nucleus without any further interaction with the residual nucleus and is detected in 

coincidence with the scattered electron. In PWIA, the A( e, e'p) coincidence cross 

section can be represented in the form 

(2.1) 

e' N 

(A -1) 

(v,if) 

A e 

Figure 2.2: The reaction mechanism ofthe A( e, e'p) reaction in Plane Wave Impulse 

Approximation. 
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Here K is a kinematical factor, M ep is the ep elastic scattering amplitude, /I and if 
are the (e, e') energy and moment um transfer, Q2 = rj2 - /12, the struck proton has 

a moment um P and energy E(p) = Tkin + m p , and the missing momentum and the 

missing energy are defined as p"""'m = q - P and Em = /I + m p - E(p) - Tkin(A - 1) 

(where Tkin(A -1) is the kinetic energy of the undetected (A -1) residual system). 

Hereafter, the z-axis is chosen along the (e, e') moment um transfer q. In PWIA, the 

missing momentum coincides with the negative initial nucleon momentum inside the 

target nucleus: Pm = -Pi. The spectral function S(Em, Pm) gives the prob ability 

to find a nucleon with missing energy Em and missing momentum Pm inside the 

nucleus. In an independent particle shell-model (IPSM) for the initial and final 

nuclear state the spectral function can be written as [11 J 

S(Em,Pm) = L:NaJ<Pa(Pm)J 28(Em + Ca) (2.2) 
a 

where <Pa (Pm ) is the single-proton wave function in a given state a in moment um rep­

resentation, Ca the associated energy eigenvalue, and Na the associated occupation 

number. The moment um distribution in the nucleus is now obtained by integration 

over the missing energy: 

However, in an actual experiment, there is always final state interaction present 

which spoils the simple picture of PWIA. 

2.2 (e, e'p) with Final State Interaction 

In a realistic calculation, one has to take into ac count that the knocked out proton 

undergoes final state interaction with the residual system. A schematic picture of 

the reaction is shown in Fig. 2.3. As I want to concentrate on the effects of the final 

state interaction, I consider the longitudinal response for the sake of simplicity and 

treat the photon as a scalar operator. Then, the experimentally measured A( e, e'p) 

coincidence cross section can again be represented in the form 

(2.4) 

where the spectral function also depends on the momentum of the knocked out 

nucleon, in contrast to the PWIA case. Note that the missing moment um Pm is not 
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(v, i/) 
(A -1) 
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Figure 2.3: Reaction mechanism of the A( e, e'p) reaction including final state inter­

action. 

related in a simple way to the initial proton momentum as it is the case in PWIA. 

The validity of the factorization assumed in Eq. (2.4) is widely discussed in the 

literature [11, 47, 48]. In the present case of the longitudinal response only there is 

no problem with the factorization. Moreover, I will use only central forces in the 

final state interaction, so that the factorization assumption is valid for all parts of 

the response [11,47]. The spectral function S(Em, Pm, p) can be written in terms of 

the nuclear reduced amplitudes M j as 

S(Em,fm,P) = L: IMjl2o(v + m p - E(p) - Em). 
j 

(2.5) 

For the longitudinal response, the reduced nuclear amplitude for the exclusive pro­

cess A( e, e'p )Aj equals 

Mj = J dRI ... dRA-I 'Ifj(RI ... RA- 2 ) 

S(rI, ... , FA) exp(ipmRA-I) 'Ifi(RI , ... , RA-I), (2.6) 

where the initial nucleus contains A nucleons, 'If i is the wave function of the target 

nucleus and 'If j is the wave function of the (A - l)-body final state. Jacobi coor­

dinates (see appendix A) are denoted by R, laboratory coordinates {fi(Rj, ReM)} 

are also used when appropriate. The specific expression Eq. (2.6) corresponds to 

the nucleon "A" chosen for the detected struck proton. In the derivation of Eq. 

(2.6) the center of mass motion was taken into account (and integrated over). This 

leads to the presence of RN-I instead of fN in the exponential. S(rI, ... , fN) stands 

for the S-matrix of the FSI of the struck proton with the spectator nucleons. The 

missing moment um distribution is obtained by integrating over the missing energy 
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(2.7) 

where the dependence on the moment um p of the struck proton was dropped for 

convenience. All numerical results presented later on are calculated for the fixed 

value Tf::ton = 1 Ge V. If the initial state is not known, one has to average over 

all possible initial states in Eq. (2.7). Evidently, having high kinetic energy of the 

struck proton Tkin is important for reaching the interesting region of high missing 

momenta where the effects of the correlations are expected. This becomes possible 

for the first time in the CEBAF range of Tkin. Some examples for the kinematical 

range of different reactions are given in appendix B. 

2.3 The Final State Interaction Operator 

As the integration over the missing energy calls upon high kinetic energies of the 

proton, I concentrate on Tkin ;c, 1GeV. The very nature of nucleon-nucleon interac­

tion changes from the purely elastic potential scattering at low energies to a strongly 

absorptive, diffractive small angle scattering at Tkin ;c, 0.5 - 1 GeV. E.g., a typical 

value for the total elastic N - N cross section is (Tel ~ 10mb and for the inelastic 

cross section (Tin ~ 30mb, which clearly shows the dominance of the absorption at 

the considered high kinetic energies. This is also borne out by the ratio p of the real 

to the imaginary part of the forward elastic scattering amplitude, which takes the 

values p ~ -0.2 for p - p scattering and p ~ -0.4 for p - n scattering [49]. In this 

high energy regime, the Compton wavelength of the struck proton is much sm aller 

than the size of a nucleon and/or average nucleon-nucleon separation in nuclei. The 

Glauber model [19, 20] be comes a natural framework for quantitative description of 

FSI. 

The Glauber formalism describes quite wen nucleon-nucleus scattering at ener­

gi es above 500 MeV, even at angles as large as 300 at 500 MeV (for a review see [40]). 

A thorough test of the Glauber theory in the scattering of 2 Ge V polarized deuterons 

on protons has been performed in [50], high er energy data on elastic pd scattering 

are discussed in [51]. In [52] the Watson multiple scattering series is expanded to 

develop the Glauber approximation plus corrections arising from three effects: 1) 

deviations from eikonal propagation between scatterings, 2) Fermi motion of struck 

nucleons, and 3) the kinematic transformation which relates the many-body scatter-
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ing operators of the Watson series to the physical two-body scattering amplitude. 

An important finding of [52] is that the eikonal, Fermi motion and kinematic cor­

rections substantially cancel each other. Hence the Glauber approximation is more 

accurate than that corrected for one of those effects (see also the review [40]). 

Before the Glauber formalism is explained in quantitative terms, some remarks 

ab out the general features of final state interaction at high energies are in order. 

In the simplest case of (e, e'p) on the deuteron, we have the interaction of the fast 

proton with the neutron. After the interaction of the photon and the proton in 

the hard vertex, the proton carries in good approximation the moment um q of the 

photon, the comparatively small initial moment um of the proton can be neglected. 

Final state inter action can only take place if the neutron is in the forward hemisphere 

with regard to the proton. In this case, due to the diffractive nature of the nucleon­

nucleon interaction at the considered high energies, either the proton is absorbed, 

i.e. the process does not contribute to the considered elastic channel of the (e, e'p) 

reaction, or it is only slightly defiected in transverse direction. This slight defiection 

in transverse direction is a dynamical effect due to the diffractive nature of the 

interaction. This defiection is present in the CM system of the proton and spectator 

nucleon, it is not a mere kinematical effect in the laboratory system. The reaction 

is sketched in Fig. 2.4a. The defiection of the proton in transverse direction leads 

to a difference between its moment um before the final state interaction took pi ace 

and its momentum afterwards which is most likely perpendicular to the z-direction: 

q - p:= Pm 1. z. The missing moment um Pm arises from the final state interaction 

and does not contain any information on the initial nucleon momenta. The missing 

moment um generated in this way is usually large due to the short ranged nature of 

the final state interaction. If one plots the distribution of the missing momentum 

distribution against the angle () between the missing momentum Pm and the z-axis, 

one expects from this simple intuitive consideration a large peak around () = 90°. 

This distribution is sketched in Fig. 2.4b and it shows up again in the numerical 

results presented in the following chapters. 

After having established a physical understanding for the properties of final state 

interactions at high energies, it is easy to understand how those features are reflected 

in the framework of the Glauber theory. For a detailed presentation of Glauber 

theory and its applications to proton-nucleus scattering, see [19, 20, 40, 52]. The 
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q 
a) --------~IF------------------- ------- ... 

proton neutron z-axis 

Counts 

b) 90 angle 

Figure 2.4: Panel a) shows the kinematics of the final state inter action at high 

energies, and panel b) sketches the expected missing momentum distribution plotted 

against the angle B of the missing moment um with the z axis. 

final state interaction operator for the exclusive process Ai(e, e'p)AJ reads 

A-l 

SWb'''' fA) = II [1 - B(Zi - ZA) r(bA - bi )] (2.8) 
i=l 

where the decomposition of the coordinate vector into transverse part band longi­

tudinal part Z was used: r = (b, z) and the nucleon "A" was chosen as the struck 

proton. The profile function of the pN interaction, r(b), is related to the proton­

nucleon scattering amplitude f by the inverse Fourier transform 

(2.9) 

where Cf = k - k', and k and k' are the initial and final momenta of the incident 

proton. The proton-nucleon scattering amplitude at high energy and small angles 

can be parameterized as 

(2.10) 
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with f(O) = (i + p) kO'tot which leads to the profile function 
471" 

. ~2 

f( ~b) = O'tot(l - zp) ( _ ~) 
471" b~ exp 2b~' 

15 

(2.11) 

Here p is the real to imaginary ratio for the forward elastic pN scattering amplitude, 

b; is the diffraction slope. In the GeV energy range, O'tot ~ 40mb, p ~ (-0.2) -

(-0.4), bo ~ 0.5fm [53, 54, 55, 56, 49]. Those parameters have only a very slight 

energy dependence in the Ge V energy range. In the numerical calculations, I use 

the values appropriate for Tkin = 1 Ge V for the sake of definiteness, but for higher 

energies, the results hardly change at all. The O-function in the operator (2.8) implies 

that the final state interaction is possible only provided that the spectator nucleon 

was in the forward hemisphere with respect to the struck proton. The form of f(b) 

tells that the struck proton wave is distorted only at small Ibl :;; bo • This means 

that the FSI operator S is short ranged in the transverse direction and long-ranged 

in the longitudinal direction. Here, long ranged indicates a distance on the scale 

of the nuclear radius RA, and short ranged indicates a distance on the scale of the 

diffraction slope bo and/or the nucleon-nucleon correlation radius r c • 

Because p is small, r(b) is dominated by the imaginary part of the p-n elastic 

scattering amplitude and the distortion factor S predominantly gives an absorption 

of the struck proton wave at small b. At lower energies, the term "inelastic event" 

indicates that the target nucleus breaks up, whereas at the considered high four­

moment um transfer (e, e'p) experiments, "inelastic" means that the proton breaks 

up when undergoing FSI with the residual nucleus. The fact that p is small and 

O'el < O'in means that those inelastic events are dominating at GeV energies. 

In contrast to FSI at low energies, which is S-wave dominated and therefore 

isotropie, the above basic properties of FSI at high energies demonstrate that the 

transverse and longitudinal directions, and the forward and backward hemisphere, 

have different roles, with the phenomenological consequences of a marked angular 

anisotropy, and forward-backward asymmetry. 

In my calculation, I use the central part of the nucleon-nucleon scattering am­

plitude. The contribution of its spin-orbit part is small [40]. 

Although Glauber has originally derived his formalism in a non-relativistic frame­

work, the high energy approximation of Glauber does not depend upon the existence 

of a potential. There exists extensive literature on the field theoretic derivation 

of the Glauber approximation for particle-particle scattering [57, 58, 59, 60]. It 
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can be obtained in the high energy limit of a general expansion of the scattering 

amplitudes [57]. For hadron-nucleus scattering, a field theoretical rederivation of 

Glauber's formulas was given for the first time by Gribov [61]. It is important that 

Glauber's S-matrix for hadron-nucleus interactions only contains the free nucleon­

nucleon scattering amplitudes, which can be seen from Eq. (2.9). An additional 

correction to A( e, e'p) scattering and to quasi-elastic scattering in general originates 

from the slight loss of energy of the struck proton due to the recoil energy. Its effects 

in proton-nucleus scattering were investigated in [62] and found to be small. The 

main effect of this correction for A( e, e'p) scattering is a slight shift of the peak in 

perpendicular kinematics. The concern of this thesis is a comparison of the final 

state interaction and short range correlation effects, this contribution is neglected 

here. 

In this thesis, I neglect the intermediate isobar states, because their effect is 

very small: at the considered energies, the inelastic proton-proton cross section is 

exhausted by the reaction pp --7 pb., so the b. is the only candidate for the inter­

mediate isobar state. If the b. is produced in the hard vertex, it has to decay by the 

process b.n --7 pn, but this process where a pion is exchanged has a real amplitude 

and therefore its interference with the predominantly imaginary amplitude of the 

process pn --7 pn is negligible. 

The effect of meson exchange currents at lower energies amounts up to approx­

imately 10% of the transverse response function, it is much smaller in the other 

parts of the response. At the high energy transfers considered here, there exists no 

mechanism that would allow to transfer this high energy that the meson receives 

from the photon to the proton. As I consider the (e, e' p) reaction for kinetic energies 

of 1 GeV, meson exchange current contributions are negligibly small. 



Chapter 3 

Electron Scattering on Unpolarized 

Deuterons 

The deuteron, which consists of one proton and one neutron, is the simplest nucleus 

and has a special role due to the fact that the two-body problem can, in principle, 

be solved exactly. Starting from different models for the nucleon-nucleon interaction 

[25, 26J the deuteron wave function, the binding energy and the quadrupole moment 

of the deuteron have been calculated. The various models differ considerably in 

their predictions of the D-wave content. It is therefore an important question if it 

is possible to get direct information on the deuteron ground state wave function by 

performing 2 H e( e, e'p)n experiments, and if this information will allow to check and 

distinguish between the predictions of the different models. In this thesis, the Bonn 

and Paris predictions for the deuteron wave function will be compared. There are 

also other models [27, 28], but their results are in agreement within 20 - 30% with 

the Paris predictions. The Bonn model results differ considerably from the other 

group of models due to the smaHer D-wave content. Therefore, the Bonn and Paris 

models are suitable representatives for the present investigation, the use of another 

model will not yield different insight into the problem. 

For the deuteron, one cannot distinguish between the influence of the "mean 

field" and the effects of nucleon-nucleon correlations, as there are only two nucleons 

present in the nucleus. The nuclear correlations are already contained in the S- and 

D-radial wave functions. 

As realistic parameterizations of the wave function are available, no assumptions 

about the wave function are necessary and therefore the deuteron is very weH suited 

for the exploration of final state interaction effects. The results of this chapter have 

been published in [14J. 
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3.1 The Deuteron Wave Function 

The deuteron has total angular moment um J = 1 and positive parity. The deuteron 

wave function contains S-wave and D-wave, which are coupled to J = 1 and the 

three possible values for Jz with the corresponding spin eigenstates. The wave 

functions for Jz = ±,O are: 

(3.1) 

Wo = (U~)Yoo(f) - ~w~r)Y2o(f))IO) 
(3 w(r) , (3 w(r) , +y 1o-r-Y2-1(r)11) + Y 1o-r-Y21 (r)I-1) (3.2) 

(u(r)Yoo(f) + {1 w(r)Y2o(f))1_1) 
r Ylo r 

(3 w(r) , f3 w(r) , +y 5-r-Y2- 2 (r)ll) - Y 1o-r-Y2-1(r) 10) (3.3) 

Here, 10") stands for the initial triplet spin wave function with the projection 0 = 

0, ±1. 

3.2 The Missing Momentum Distribution 

The reduced nuclear amplitude for the exclusive process D( e, e'p)n is given by 

Mji = J d3rexp(-iPmT)XjS(f')Wi(T) (3.4) 

where r == r'n -r'p, W i(f') is the deuteron wave function for the spin state i (see section 

3.1) and Xj stands for the spin wave function of the final pn state. For unpolarized 

deuterons and for a spin-independent proton-neutron scattering amplitude, one finds 

the observed momentum distribution by averaging over the three possible initial 

states and summing over the final states 

W(Pm) = ~ ~ IMji l2 = 4?T(~?T)3 J d3rd3r' exp[ipm . (T' - r)]S(r')St(r') 
J,Z 

[
u(r)u(r') + !w(r)w(r') (3(f'· r')2 -1)] (3.5) 

r r' 2 r r' (rr')2 ' 
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where ujr and wjr are the Sand D-wave radial wave functions of the deuteron, 

with the normalization J dr( u2 + w2
) = 1. This normalization leads automatieally 

to the eorreet normalization of the missing momentum distribution in PWIA: 

(3.6) 

where we have denoted the missing moment um distribution in PWIA by N, i.e. 

WPW1A(Pm) = N(Pm). This notation is used throughout this text. Note that for 

unpolarized deuterons and a spin-independent final state interaction of proton and 

neutron the S- and D-wave do not interfere, as ean clearly be seen from Eq. (3.5). 

1~~------------------------------~ 
Deuteron: PWIA .... D wave 

...... 
I 

~ 101 -- S wave 

.." 

E ....... 
~103.... '" 
,......... 

E ". 
'" 

'. c.. . '" ........, -5: 
Z 10 : 

'. 

o 1 234 
missing momentum (fm- 1 ) 

Figure 3.1: The S-wave (solid line) and D-wave eontributions to the PWIA missing 

moment um distribution N(Pm) ealeulated with the Bonn wave funetion. 

In PWIA, the S-matrix of FSI reduees to S(r') = 1. Then we obtain a completely 

isotropie missing moment um distribution: 

(3.7) 

In Fig. 3.1 the missing moment um distribution in PWIA is deeomposed into the 

S- and D-wave eontributions. Here, the Bonn wave function was used and if not 

stated otherwise, the numerical results in this thesis have been obtained with the 

Bonn potential. The interesting dip strueture will be discussed in the chapter on 

eleetron seattering on tensor polarized deuterons. At higher missing momenta, Pm ;;:::, 

1.5fm-t, the distribution is dominated by the D-wave eontribution. This eauses 
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the diserepaney between the predietions of the Bonn and Paris models as shown in 

Fig. 2.1: the D-wave eontent of the models is different. Therefore, an experiment 

that yields information on the high moment um part of the single particle moment um 

distribution N(Pm) is neeessary to diseriminate between the different models. 

For electron seattering on deuteron, the final state inter action operator S as 

given in Eq. (2.8) simplifies to 

S(r) = 1 - 8(z) r(b) , (3.8) 

where r = b + qz. The profile function r(b) as given in Eq. (2.11) is a short ranged 

operator of the transverse separation b, as the diffraetion slope bo = 0.5fm is mueh 

smaller than the deuteron radius RD ~ 2fm. In eontrast, the 8-funetion is a long 

ranged function of the longitudinal separation. Therefore, the produet S(r) St(r') 

introduees a marked angular anisotropy in the integrand of the observed missing 

momentum distribution and into the missing moment um distribution W(Pm) itself. 

In Fig. 3.2, the solid line shows the angular distribution of W(Pm) and for eom­

parison, the isotropie PWIA distribution is included as the dotted line. In the 

different panels, the angular distribution is shown for different moduli of the miss­

ing momentum. The angular distribution of the missing momentum distribution 

W(Pm) has several interesting features: i) Even for momenta as low as 1fm-I, there 

is a distinet anisotropy present. ii) In all eases, the ealculation including FSI differs 

eonsiderably from the one in PWIA. iii) For missing momentalarger than 1.75fm-1
, 

W(Pm) shows clearly a prominent peak at 8 = 900 degree. It evolves through a very 

asymmetrie stage to an approximately symmetrie peak at 90° at larger values of 

pm. This peak is due to the diffraetive eharacter of the final state inter action and 

was already diseussed qualitatively in seetion 2.3. Its presenee is a clear sign of the 

dominanee of the final state inter action for intermediate and large missing momenta. 

iv) The missing moment um distribution shows a striking forward-baekward asym­

metry: W(Pl., -pz) =f. W(Pl.,Pz) (where the missing moment um was deeomposed as 

follows: Pm = Pl. + Pzq), whieh has its origin in the nonvanishing real part of the 

P - n seattering amplitude p =f. 0, leading to S(b,z)St(b',z') =f. S(b',z')St(b,z) in 

the integrand of Eq. (3.5). In faet, it is proportional to p. 

It is important to see if the dominanee of the D-wave at Pm > 1.5fm-1 survives 

the final state interaction. In Fig. 3.3 the angular dependenee of the missing mo­

mentum distribution W(Pm) (solid line) and of its S-wave (dotted line) and D-wave 

(dashed line) eomponents are shown for different values of the missing momentum 
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Figure 3.2: The angular dependence of the missing moment um distribution W(Pm) 

including FSI effects (solid line) and of the PWIA missing momentum distribution 

N(Pm) (dotted line). 
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Pm. The D-wave eontribution is only very slightly distorted, it is almost isotropie. 

The S-wave shows a distinet angular anisotropy and, at higher missing momenta, 

builds up the peak at () = 90°. In eontrast to the PWIA, the S-wave now dominates 

for higher missing momenta in perpendieular kinematies, i.e. at () = 90°. 
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Figure 3.3: The angular dependenee of the missing momentum distribution W(~) 

(solid line) and of its S-wave (dotted line) and D-wave (dashed line) eomponents at 

different values of the missing momentum Pm. 

This behaviour of the D-wave eontribution ean be easily understood: the faet 

that r(b) is a short ranged funetion, whereas the D-wave is strongly suppressed at 

short distanees by the eentrifugal barrier, implies that FSI effects in the D-wave 

eontribution to W(Pm) should be mueh weaker than in the S-wave eontribution. 

In Fig. 3.4, the missing momentum distribution W(Pm) and several of its eom-
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Figure 3.4: The missing momentum distribution W(~) vs. Pm and its decomposi­

tion into (a-e) the PWIA and the rescattering contributions cx: r*r and into (d-f) 

the S- and D-wave contributions at (a,d) e = 0°, (b,e) e = 90° and (e,f) () = 180°. In 

panels (a-e) the fuH distribution W(~) (solid curve) includes also the contribution 

cx: (r* + r) from the interference of the PWIA and FSI amplitudes, which is not 

shown separately. 
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ponents are plotted versus Pm for parallel (i.e. B = 0°), antiparallel (i.e. B = 180°) 

and perpendieular kinematies. Figs. 3.4d-f show the deeomposition into S-wave 

(dotted line) and D-wave (dashed line) eontribution. Again, one sees clearly that 

the S-wave dominates in perpendieular kinematics and contributes signifieantly 

in (anti)parallel kinematies. The D-wave is still an important eontribution in 

(anti ) parallel kinematics, although it is not as dominant as in the PWIA distri­

bution for higher missing momenta. The S-wave eontribution can conveniently be 

written as WS(Pm) = 2-57f-4U2 (Pm), where 

U(fm) = J d3fexp( -ifm . f')S(f') u~) = u(l; Pm) - u(r;fm) (3.9) 

The PWIA term u(l;Pm) in (3.9) decreases on the seale P.l,Pz rv l/RD' In view of 

b~ ~ R'tJ, the FSI term u(r;fm) has a Pi. dependence rv exp(-!b~pD and at moder­

ately large pz it decreases on the seale pz rv 1/ RD. It has the absolute normalization 

rv (Jtot(pn)/(27fR'tJ) = 0.16 [15,63]. The destruetive interferenee of the PWIA and 

FSI amplitudes pro duces a dip in the S-wave eontribution at Pi. rv 1.3 fm- 1 as shown 

in Fig. 3.4e, whieh is partly filled by the effeet of the finite p. 

Fig. 3.4b shows the PWIA-FSI decomposition of the B = 90° distribution. Shown 

by the dotted eurve is the PWIA distribution, the dashed eurve shows the pure 

reseattering eontribution cx: r*r in Eq. (3.5). The term cx: (r + r*) from interferenee 

of the FSI and PWIA amplitudes, not shown separately here, is given by the differ­

ence between the solid eurve and the sum of the dashed and dotted eurves and is 

most significant around Pm rv 1.5 fm-I. The sharp peak at B = 90°, whieh emerges 

at Pm ~ 1. 7 fm-I, is a pure FSI (elastic p-n reseattering) effect. 

Fig. 3.4a,e show that for Pm ~ 1.5 fm-I, FSI effects are substantial also in paral­

lel kinematics. Here the most interesting effect first noticed in [15], is the emergenee 

offorward and baekward peaks in W(Pm) with inereasing Pm as shown in Fig. 3.5. In 

Figs. 3.4a,e, the same effect shows up as the FSI component overwhelming the PWIA 

eomponent at Pm ~ 3 fm-I. The origin of this phenomenon is in the high-frequency 

Fourier eomponents of the step-function B(z) in the integrands of (3.5,3.9). The 

dominant effeet comes from the "elastie rescattering" operator B(z)B(z')r(b)r*(b') 

in the integrand of (3.5), and Fig. 3.4c shows that the exeess over the PWIA eurve in 

antiparallel kinematics at Pm ~ 3 fm- I is entirely due to the eontribution from the 

term cx r*r. In parallel kinematies, the exeess over the PWIA eurve is mainly due 

to the term cx: pr together with a smaller eontribution from the terms cx: (r* + r) 
from the interferenee of the PWIA and FSI amplitudes, which are not shown sep-
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Figure 3.5: The angular dependence of the missing moment um distribution W(Pm) 

(solid line) showing the development of the forward and backward peaks at Pm = 

2 im-1 (lower panel) and at Pm = 4 im-1 (upper panel). The dashed curve shows 

W(Pm) found with the smeared step-function T(z) of Eq. (3.10) with Zo = 0.25 im. 

arately in the figure. The scale for the intra-nucleon separation at which nucleons 

can still be treated as approximately structure-less particles interacting with the 

free-nucleon amplitude, is set by the radius of the nucleon and/or the short-range 

correlation radius r c f"V 0.5 im. The effect of the non-pointlike nucleons can be 

modeled substituting the idealized step-function O(z) for the smeared one 

1 z 
T(z) == -2[1+tanh(-)]. 

Zo 
(3.10) 

The educated guess is Zo :$ !rc• In Fig. 3.5 I show the effect of smearing for 

Zo = !rc = 0.25 im. Uncertainties with the smearing do evidently persist at high 
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Q2. They are small at least up to Pm ~ 3 fm- 1, treatment of higher Pm requires 

new approaches which go beyond the Glauber model. 

As far as the applicability of Glauber's multiple scattering theory is concerned, 

this is an entirely new situation and shows that the Glauber treatment of FSI in 

A( e, e'p) scattering is not fully self-contained at large longitudinal missing momenta. 

The Glauber theory description of the proton-nucleus elastic scattering is very ac­

curate [50, 51, 40], but in the pA scattering one has the well defined asymptotic 

lin) and lout) proton states, whereas in FSI in the D( e, e'p) scattering the incoming 

proton wave is generated at a finite distance from the target neutron. When this 

distance becomes of the order of the radius of nucleons, one can not describe the 

distortion of the wave function of the spectator neutron by formula (3.8) with the 

idealized step-function. 
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Figure 3.6: The pm dependence of the forward- backward asymmetry AFB in parallel 

kinematics. 

The FSI-induced forward-backward asymmetry in parallel kinematics 

A _ W(B = OO,Pm) - W(B = 1800 ,Pm) 
FB - W(B = OO,Pm) + W(B = 180o,Pm) 

(3.11) 

is shown in Fig. 3.6. The asymmetry AFB is large and should be taken into account 

when looking for the forward-backward asymmetry which is expected at higher Q2 

because of the colour transparency effect [36, 37, 38] (see also a discussion in [64]). 
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Figure 3.7: (a) The longitudinal missing momentum distribution F(pz) calculated 

with full FSI (solid curve) and in the PWIA (dashed curve). (h) The ratio of the 

full F(pz) to the PWIA distribution FpWIA(Pz)' 

Still another interesting quantity is the Pi. -integrated, longitudinal missing mo­

mentum distribution 

(3.12) 

In the PWIA, FpWIA(Pz) = f d2ihn(pi.,Y) is related to the asymptotic y-scaling 

function [65,66]. In Fig. 3.7 we show the ratio R(pz) = F(pz)/ FpWIA(Pz)' At small 

pz, the reduction of the flux of protons due to the absorption by the neutron leads to 

a depletion rv 7% in agreement with the estimate [63] and the NE18 experimental 

finding [67, 68, 69]. At larger pz :;;::, 1.2 fm-I, the contribution cx: rr* from FSI 

enhances F(pz) by rv(30-40)% as compared to the PWIA distribution FpWIA(Pz)' 
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At larger Q2 and higher kinetic energies of the proton, Tkin ~ 1 Ge V, the proton­

neutron total cross section is approximately constant [49]. Therefore, this large 

FSI effect in F(pz) should persist at large Q2 ~ 1 Ge V2 and should be taken into 

account in the asymptotic y-scaling regime, too. However, one has to be careful in 

transferring those results to the y-scaling regime, as the data analyzed there have 

been taken in a different kinematic setting of high Q2 but very small transferred 

energy v [70], in contrast to our situation where the transferred energy takes values 

of several hundred MeV (see appendix B). The departure from the PWIA further 

increases at pz ~ 3 fm-I, but the quantitative description of FSI in this region of 

pm requires improving upon the Glauber approach, which goes beyond the scope of 

this thesis. 

3.3 Uncertainties due to the Employed Parame­

ters 

As was already mentioned in section 2.3, the Glauber model is weH tested in the 

calculation of proton-nucleus scattering and attempts to include only one correction 

to the Glauber model do not give any improvement, as several corrections tend to 

cancel each other [52]. One may ask how big the influence of the uncertainties in 

the experimentally measured employed parameters iso For my calculations, I need 

the total cross section, the diffraction slope bo and the ratio of the real to imaginary 

part of the elastic forward scattering amplitude. Those values are needed for proton­

neutron scattering and, for the calculations involving 4 H e, also for the proton-proton 

scattering. 

3.3.1 Cross Section 

The total spin-independent cross sections are well known and do not pose any prob­

lem. However, the spin-dependent cross sections !::J.(JL and !::J.(JT have been deter­

mined only with large error bars [49, 71]. Although I discuss electron scattering 

from an unpolarized deuteron target here, the proton-neutron cross section entering 

in the Glauber FSI operator is not spin-independent, as the proton and neutron 

are in the triplet state: in the hard vertex I consider scalar photons, they do not 

affect the spin state, and in the deuteron there exists only the triplet state. The 

most general form of the total cross section for reactions with polarized beams and 
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polarized targets is [72] 

(3.13) 

where 0'0 is the total cross section for the reaction with unpolarized particles in the 

channel under consideration, k is the unit vector along the direction of the incident 

beam. The scalar products entering in Eq. (3.13) are [72] 

m 

2.:( _1)m+1pt,m - Ps (3.14) 
m 

where Ps and Pt,m are the probabilities of finding the initial system in the singlet 

state or triplet state with the projection m on the axis k, respectively. 

In the case considered here, the proton, which flies in the direction of the z-axis 

with approximately the moment um q of the photon acts as beam, and the neutron 

acts as target. As the deuteron consists of the triplet state only, Ps = 0, and one 

finds 

(3.15) 

where the obvious relation Pt,l +Pt,o+Pt,-l = 1 was used. As all the triplet states have 

the same prob ability in the unpolarized deuteron: Pt,m = ~, so that the expression 

for the total cross section furt her simplifies to 

(3.16) 

The spin-dependent cross sections 0'1 and 0'2 are related to the measurable quantities 

ßO'L and ßO'T as 

(3.17) 

ßO'L and ßO'T are determined from the cross section differences measured with 

parallel or anti-parallel orientations of the beam and target polarization vectors. So 

the total cross section for the considered case can be expressed as 

(3.18) 

In a measurement at SATURNE II, at an energy of the incoming beam of Tkin = 

1.000 GeV, 0'1 = -~ßO'T = -3.625mb±0.44mb and -ßO'L = 8.894mb±0.86mb 
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(the errors given are total errors) were measured [71]. This leads to a total proton­

neutron cross section 

atot = a o - (0.93 ± 0.33) mb. (3.19) 

As the total spin independent cross section at the kinetic energy of 1 Ge V a 0 = 

40.4 mb is much larger than the correction, it is justified to use a o instead of atot 

in the above reported calculations. Even if the correction was known with higher 

precision, the effect of it on the calculations would be marginal. The correction will 

be more important for the case of the polarized deuteron target and is discussed in 

the next chapter. Both ßaL and ßaT show an interesting energy dependence around 

Tkin ::::: 1 Ge V. Therefore, the correction term will also show an energy dependence. 

The possibility to use final state interaction effects to learn something about the 

spin-dependent nucleon-nucleon cross sections are discussed in connection with the 

polarized deuteron. 

3.3.2 Diffraction Slope and p Parameter 

For the diffraction slope b; and the ratio of the real to imaginary part of the forward 

elastic scattering amplitude, the data in the range of Tkin ::::: 1Ge V is scarce and 

usually has large error bars. The compilation of values for bo in [53] gives bo = 

0.4 - 0.6fm for proton-proton scattering. The more recent proton-proton data from 

Gatchina yield 0.5fm for 1 GeV [55]. For proton-neutron scattering, the measured 

values vary around 0.5fm in the energy region of 1 GeV [54]. The data have been 

collected using unpolarized beams and targets, so the spin dependent parts of the 

diffraction slope are unknown. For the calculations, I have assumed that bo = 0.5fm 

for proton-proton scattering, which represents an average of the available data, and 

the same value of 0.5 fm for proton-neutron scattering. It is important to note 

that the precise value of bo is not that important as long as we have bo ~ RA, 

which means that the final state interaction operator is short ranged compared to 

the nuclear radius. For the deuteron with RD ::::: 2fm and 4 H e with R4 He::::: 1. 7 fm, 

this is certainly true. 

To illustrate that the presented calculations are not very sensitive to the precise 

value of bo, in Fig. 3.8 results obtained with bo = OAfm (dotted line) and bo = 0.6fm 

(dashed line) are shown. In parallel and anti parallel kinematics, the change in the 

results is negligible. This is to be expected, as bo enters only in the transverse 

part of the FSI operator, and has therefore only small influence in (anti )parallel 
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Figure 3.8: The missing moment um distribution W(Pm) for different values of the 

diffraction slope bo for theta = 00 in a), for 0 = 900 in b), and for 0 = 1800 in 

c). The solid line gives the result for bo = 0.5fm, the dashed line for bo = O.6fm 

and the dotted line for bo = O.4fm. For comparison, the PWIA distribution N(Pm) 

(dash-dotted line) is plot ted in b) . 

kinematics. For perpendicular kinematics, the results remain qualitatively the same. 

For bo = O.4fm (dotted line), the final state interaction is even shorter ranged and 

therefore the peak in perpendicular kinematics for pm ;;:::, 2fm-1 is more pronounced 

in this case. For bo = 0.6fm, the range of the final state interaction is increased and 
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therefore the tail at Pm ;<:, 2jm-1 is decreased. However, it is stilliarger by almost 

one order of magnitude than the PWIA distribution at Pm = 3jm- I
. Fig. 3.8 shows 

that the dependence of the results on the value of the diffraction slope bo is small and 

that the observed changes in the calculations agree exactly with the expectations 

one has. 
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Figure 3.9: The forward-backward asymmetry calculated for p = -0.3 (dotted line), 

p = -0.4 (solid line), and p = -0.5 (dashed line). 

Also for the ratio of the real to imaginary part of the elastic forward scattering 

amplitude p, in the region of Tkin ~ 1 Ge V, there are only few data for proton-proton 

scattering [73] and no data for direct proton-neutron scattering available. However, 

dispersion relation calculations [74, 56] reproduce the present data very weIl and it is 

reasonable to trust those calculations also for the proton-neutron case. Those calcu­

lations predict a p = -0.4. In order to demonstrate that the presented calculations 

are not very sensitive to the precise value of the parameter, the forward-backward 

asymmetryas defined in Eq. (3.11) is shown for p = -0.3 (dotted line), p = -0.4 

(solid line), and p = -0.5 (dashed line) in Fig. 3.9. One can see clearly that the 

forward-backward asymmetry is proportional to p (for an extensive discussion of the 
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forward-backward asymmetry see section 4.7). If one plots the moment um distribu­

tions calculated with different p values, one sees practically no difference between 

the curves. This shows again that the forward-backward asymmetry is a very suit­

able observable for a detailed study of the effects in (anti)parallel kinematics, in 

contrast to the moment um distribution. 

The arguments and results of this section show that the influence of uncertainties 

in the experimental determination of the parameters which enter the Glauber the­

ory calculation are negligible and that all qualitative conclusions about the nature 

and dominance of final state inter action effects are not altered by changes in those 

parameters. 

Summarizing, the main result of the investigation of the D( e, e' p)n reaction in the 

few-Ge V energy range is that FSI effects completely dominate the observed missing 

moment um distribution W(P'm) at high Pm (over '" 1.5fm-1
). They produce a 

marked angular anisotropy in W(Pm), consisting in a dip at () rv 90° (in perpendicular 

kinematics) for Pm IV (1 - 1.5) fm-I, and a prominent peak at the same angle 

for larger Pm. This anisotropy is mostly due to the FSI distortions of the S-wave 

contribution. The anisotropy effects in the D-wave contribution are also sizable, but 

much sm aller than in the S-wave contribution. The D-wave contribution remains 

an important component for Pm ~ 1.5 fm- 1 in parallel kinematics. The effect of the 

final state interaction is different for perpendicular and (anti)parallel kinematics and 

for different values of the missing momentum. Inclusion of the final state interaction 

in the calculation of the observed missing momentum distribution can decrease or 

enhance it. Therefore it is obvious that the final state interaction effects cannot be 

accounted for by a simple overall factor multiplying the PWIA distribution. 

From the obtained results it is clear that it will be difficult or impossible to 

obtain direct experimental information on the D-wave of the deuteron ground state 

in the D( e, e'p)n re action at the considered energy range. One may assume that the 

unpolarized deuteron is not the best suited target nucleus for this task, as the S­

wave and D-wave do not interfere and as the available observables are not especially 

sensitive to the D-wave content of the deuteron. This is not so for polarized deuteron 

targets, which will be investigated in the next chapter. 



Chapter 4 

Electron Scattering on Tensor-Polarized 

Deuterons 

Despite of the fact that the deuteron is a very dilute target, it was shown in the 

previous chapter that FSI effects dominate the missing momentum distribution for 

Pm ~ 1.5fm-1 in electron scattering on unpolarized deuterons. There is a basic ne­

cessity to disentangle the short-distance and large relative momentum wave function 

of the deuteron and to distinguish between different models of the nucleon-nucleon 

interaction, and to this end, one can think of exploiting the tensor polarization of the 

deuteron. In contrast to the scattering from unpolarized deuterons, the S-wave and 

D-wave contributions can interfere in electron scattering from polarized deuterons. 

Moreover, besides the momentum distributions for different polarizations, one has a 

new observable, the tensor analyzing power, which is expected to be especially sen­

sitive to the D-wave. Therefore, experiments on polarized deuterons could reveal 

much more information on the short range behaviour of the nucleon-nucleon inter­

action than the scattering from unpolarized deuterons which was discussed above. 

Indeed, due to the mixing of the S- and D-wave components by the tensor nuclear 

forces, the probability of FSI between the struck proton and the spectator neutron 

depends on the alignment (tensor polarization) of the deuteron. 

Similar sensitivity to tensor polarization of the double scattering amplitude in 

elastic P - 2 H scattering was discussed earlier [75, 76]. The 2 H( e, e'p) experiments 

with both polarized and unpolarized deuterons constitute an important part of the 

program at CEBAF [77, 78, 79]. The tensor analyzing power can also be measured 

in the 2 H( e, e'p) reaction on the polarized deuteron jet target in the HERMES 

experiment at HERA [80]. 

The important Ilew observable if only the target deuterons are polarized is the 
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tensor analyzing power 

A = 0"+ + 0"- - 20"0 = 2 0"+ - 0"0 , 

0"+ + 0"_ + 0"0 20"+ + 0"0 
(4.1) 

where O"J.L is the cross seetion for the polarization state of the deuteron J.t = ±1,0 

and we use the property 0"+ = 0"_. By definition, -2 :::; A :::; 1, the limits being 

saturated when 0"+ = 0 and 0"0 = 0, respectively. Already in PWIA the tensor 

analyzing power A is nonzero, as the D-wave admixture in the deuteron pro duces 

tensor polarization dependent deviations from the spherical shape of the deuteron 

wave function. The interest in A sterns from the potential sensitivity to the not so 

wen known D-wave component of the deuteron and from the possibility of discrim­

ination among different models for the deuteron ground state. For the same reason 

of the deviation from a spherically symmetrie shape, the probability of FSI also de­

pends on the tensor polarization: at large q the struck proton flies in the direction of 

q, the prob ability of interaction with the spectator neutron is higher if the deuteron 

is aligned along q and the alignment depends on the tensor polarization. Conse­

quently, the interpretation of the experimental data on the tensor analyzing power 

requires a quantitative understanding of FSI effects. The results of this chapter can 

be found in [16]. 

4.1 Tensor Analyzing Power in Plane Wave Im­

pulse Approximation 

As for the unpolarized deuteron, I would like to concentrate on the FSI effects and to 

focus on the simpler case of the longitudinal response. For this case, the photon can 

be treated as a scalar operator which does not change the spin state of the proton 

and the neutron (for the fun hadronic tensor in deuteron scattering, see [81, 82]). 

The reduced nuclear amplitude for the exclusive process D( e, e'p)n is given by 

(4.2) 

where r = rn - r'p, \lI J.L(f') is the wave function for the deuteron spin state J.t and Xv 

stands for the spin wave function of the final pn state. Sv(f') is the S-matrix of FSI 

between the struck proton and the spectator neutron, which describes the distortion 

of the outgoing waves. The subscript v is areminder that the np interaction in 
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the final state may depend on the spin state. The observed moment um distribution 

corresponding to a given deuteron polarization Ii is the sum 

It is convenient to introduce the S- and D-wave amplitudes 

s(Pm) J d3i u~) Yoo(f) S(T) exp(ipmT) 

dT(flm) - J d3i w;r) Y2T(f) S(i) exp(iflmT) , 

(4.3) 

(4.4) 

(4.5) 

where T = 0, ±1, ±2 and the possible weak dependence of the FSI factor S(T) on 

the relevant spin state 10") is suppressed, see below. In terms of these amplitudes 

the momentum distributions can be written as 

w+ (Pm l (2!l3 (1$(Pml + {Fodo(Pm lI' + 130 Id'(Pmll' + ~Id,(pmll') (4.6l 

Wo (Pm l = (2~l' (I$(pml - Fsdo(fmll' + 130Id-'(Pmll' + 130Id,(pmll') (4.7) 

At first some simple results for PWIA are cited, where S(r) = 1. Denoting 

s(Pm) = J drru(r)jo(Pm r), d(Pm) = J drrw(r)j2(Pm r) , (4.8) 

one finds in PWIA 

where 

SPWIA(flm) = y'4;s(Pm) 

d~WIA(Pm) = -4?rY2T(Pm)d(Pm). 

(4.9) 

(4.10) 

( 4.i1) 

(4.12) 

(4.13) 

is the missing moment um distribution for the unpolarized deuteron and the tensor 

analyzing power equals 

(4.14) 
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Notice the proportionality of APW1A(Pm) to (1 - 3cos2(O)), which determines the 

angular behaviour of the tensor analyzing power in PWIA 

( 4.15) 

and 

(4.16) 

Also, notice the property 

( 4.17) 

which holds because Y2±l(Pm) = 0 and therefore d±l(Pm) = 0 for 0 = 0°,90°,180°, 

and Y2±2(Pm) = 0 and therefore d±2(P'm) = 0 for 0 = 0°,1800. 

4.2 Nodes of S- and D-Wave Amplitudes, S-D 

Wave Interference and Diffractive Dip-Bump 

Structure in PWIA 

Here I discuss how the properties of the D-wave lead to certain features like zeroes 

and maxima of the moment um distributions and the tensor analyzing power in 

PWIA, and how the predictions for those zeroes and maxima differ for the Bonn 

model and the Paris model. 

The salient features ofthe PWIA distributions NJ.L(Pm) and the tensor analyzing 

power APW1A(Pm) can easily be understood in terms of the Pm-dependence of s(Pm) 

and d(Pm). For the sake of definiteness, consider perpendicular kinematics, i.e. 

o = 90°. The separate S- and D-wave function contributions (dotted line and dash­

dotted line, respectively) to No (Pm , 0 = 90°) (solid line) and N+(Pm, 0 = 90°) (solid 

line) are shown in Figs. 4.1c,d, respectively, for the Bonn potential [25]. Notice a 

stronger D-wave contribution to N+(Pm, 0 = 90°). The total distributions NJ.L(Pm) 

include also the S-D interference terms which are not shown separately. The S-wave 

amplitude s(Pm) has a ze~o at Pm = p2;) = 2.22fm-1 for the Bonn potential. The 

D-wave amplitudes dT(Pm) have a kinematical zero at Pm = 0 and are node-free in 

the considered region of Pm. The S- and D-wave amplitudes become comparable at 

Pm ~ 1.5fm-1 , and the D-wave contribution takes over at larger Pm. For the Bonn 

potential No (Pm , 0 = 90°) has a zero at Pm = p~) = 1.58fm-1 for the destructive 
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interference and exact cancelation of the S-wave and the D-wave contributions, when 

d(Pm) = V2S(Pm), see Eq. (4.17). At Pm > p~), the S-D interference in No (Pm , e = 
90°) becomes constructive: the sum of the S-wave and D-wave contributions (dashed 

line) is considerably smaller than the total distribution No. The Pm-dependence of 

No (Pm , e = 90°) and N+(Pm, e = 90°) is strikingly different. As shown in Fig. 4.1d, 

N+(Pm, e = 90°) exhibits a smooth, structure-less decrease with pm, and interference 

effects are small, with a change from constructive to destructive interference at 

Pm > p~). The effect of the dip in the S-wave contribution is completely masked by 

an overwhelming D-wave contribution. 
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Figure 4.1: The fuH momentum distributions (solid line) Wo (a), W+ (b) including 

FSI and No (c), N+ (d) vs. Pm at e = 90° and their decomposition in the S-wave 

(dotted line) and D-wave (dash-dotted line) contribution. The dashed line shows 

the sum of S- and D-wave contribution. 

The properties of s(Pm) and d(Pm) have simple manifestations in the tensor 

analyzing power. At Pm -+ 0 one has APWIA (Pm , e = 90°) -+ 0 due to the van­

ishing of the D-wave function d(Pm). With increasing Pm, APWIA(Pm, (J = 90°) 
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(dotted line in Fig. 4.2) stays positive, and saturates at pm = p~) the upper bound 

APW1A (Pm , f) = 90°) = 1, when No (Pm, f) = 90°) vanishes, as predicted by Eq. 

(4.12). With the furt her increase of Pm, the tensor analyzing power decreases and 

takes the value APW1A (Pm , f) = 90°) = t when the S-wave function S(Pm) has a 

node at Pm = p~) = 2.22jm-1 for the Bonn potential. Beyond the node, the S­

wave function rises in magnitude, leading to a change of sign of APW1A(Pm, f) = 90°) 

at Pm = p~) = 2.73fm-1 for the Bonn potential, when s(Pm) = - Jsd(Pm). 

The position p~) of the zero in No (Pm , f) = 90°) and N± (Pm , 0 = 0°,180°), and 

the position p~) of the zero of APWIA(Pm, 0 = 90°), are a matter of delicate can­

celations between the S- and D-wave functions. As such, they are sensitive to the 

D-wave function, which remains a not so wen known quantity in the theory of the 

deuteron. In Fig. 4.2a the predictions for APWIA(Pm, 0 = 90°) from the Bonn and 

Paris [26] wave functions (dotted and dash-dotted curve, respectively) are compared. 

The qualitative behaviour of the results is the same, but for the Paris potential, 

No (Pm , 0 = 90°) has a zero at a value of p~) = 1.50fm-\ which is 0.08fm-1 smaller 

than for the Bonn wave function. The sensitivity to the model of the wave function 

increases with Pm: for the Paris wave function, the tensor analyzing power changes 

sign at a value of p~) = 2.52fm-1 , by about 0.2fm-1 smaller than for the Bonn 

wave function. 

The angular dependence of N/l-(Pm, 0) in PWIA for different missing momenta 

is shown in Fig. 4.3 and the angular distribution of APW1A(Pm, f)) is shown by the 

dotted curve in Fig. 4.4. As N = HN+ + N_ + No) = H2N+ + No) is the PWIA 

distribution for scattering on unpolarized deuterons which does not change with 

the angle 0, a minimum in N+ (dotted curve) in the angular distribution corre­

sponds to a maximum in No (dashed curve) and vice versa, and N + = No at 

f) = arccos (±ts) = 90° ± 35.3°, as the tensor analyzing power vanishes at this 

angle (see Eqs. (4.14),(4.11),(4.12)). By virtue of the definition (4.1) the sign of 

the difference between N± (Pm , 0) and No (Pm , f)) depends on the tensor analyzing 

power A. For instance, APW1A(Pm,0 = 90°) changes sign at p~) = 2.73jm-1 (see 

Figs. 4.2,4.4) and for Pm > p~) we have N+ (Pm , 0 = 90°) < No (Pm , f) = 90°), 

whereas for Pm < p~) we have N+ (Pm , f) = 90°) > No (Pm , 0 = 90°), cf. Figs. 4.3a-e 

and Fig. 4.3f. In PWIA, the distributions N/l-(Pm, 0) are even functions of cos f), and 

there is no forward-backward asymmetry: N/l-(Pm, f) = 0°) = N/l-(Pm,O = 180°). 
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Figure 4.2: The tensor analyzing power vs. the missing moment um Pm. Panel (a) 

shows A PW IA (Pm, e = 90°) calculated using the Bonn wave function (dotted line) and 

calculated using the Paris wave function (dash-dotted line) and also A(Pm, e = 90°) 

calculated with the Bonn wave function (solid line) and with the Paris wave function 

(dashed line). Panel (b) shows APWIA(Pm, e = 0°) = APWIA(Pm, e = 180°) (dotted 

line) and A calculated including FSI for e = 0° (long-dashed line) and e = 180° 

(solid line). 

4.3 FSI Effects and Nodal Structure of S- and D­

Wave Amplitudes 

FSI effects substantially modify the above pattern. The FSI-operator S(r) and 

the profile function r(b) have the same form as for unpolarized deuterons, but the 
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Figure 4.3: The angular dependence of the missing momentum distributions No 

(dashed line), N+ (dotted line), Wo (solid line) and W+ (dash-dotted line) for dif­

ferent values of the missing moment um Pm. 

dependence on the spin state has to be taken into account: 

(4.18) 

and 
(/1)(1 . ) b-+z . 

(J'tot - ZP/I [ __ ] = (1 _. )G (b) 
471' b~ exp 2b~ Z p/I /I • 

(4.19) 
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Figure 4.4: The angular dependence of the tensor analyzing power in PWIA (dotted 

line) and including FSI (solid line) for different values of the missing momentum. 

As the struck protons have high energy and moment um and as the simple case of 

the longitudinal response considered here, the spin state of the proton and neutron 

does not change and FSI between struck proton and spectator neutron proceeds in 

the spin triplet state. What enters the Glauber FSI factor (4.19) is the np total 

cross section O'tl for the triplet state with polarization v. One can express O'J~l 
in terms of the conventionallongitudinal, ßO'L, and transverse, ßO'T, cross section 
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differences [72, 49] (compare section 3.3). For transverse polarization Iv) = ±1, the 

probabilities for the triplet states are Pt,+ + Pt,- = 1 and Pt,o = 0 and one finds from 

Eq. (3.15) 
(±1) _ _ 1 A 

O'tot - 0'0 + 0'1 + 0'2 - 0'0 - '2tiO'L, (4.20) 

and for longitudinal polarization Iv) = 0, one has Pt,o = 1 and Pt,+ + Pt,- = 0 and 

finds the cross section 

(4.21) 

The experimental data on ßO'L and ßO'T, reviewed in [49], show that ßO'L and ßO'T 

are :s (10 - 20)% of the unpolarized cross section 0'0' They exhibit an interesting 

energy dependence in the region 0.5 Ge V :s Tkin :s 1 Ge V and tend to decrease at 

higher T kin . For T kin = 1.0 GeV, the SATURNE II data [71] yield 0'1 = -!ßO'T = 
-3.625 mb ± 0.44 mb and -ßO'L = 8.894 mb ± 0.86 mb, leading to 

(±1) ( ) b O'tot = 0'0 + 4.447 ± 0.43 m (4.22) 

and 

O'~~l = 0'0 - (11.697 ± 0.979) mb. ( 4.23) 

This shows that the correction for the spin-dependence is small for transversely po­

larized deuterons and more significant for longitudinally polarized deuterons. In 

principle, the experimental isolation of FSI effects and investigation of their Tkin 

dependence can shed some light on the energy dependence of O'~~/. As already men­

tioned in section 3.3.2, direct experimental measurements of Pv and of the diffractive 

slope b~ for pure spin states v are unfortunately not yet available. The interplay of 

FSI and tensor polarization effects leads to a very complex pattern of the (Pm, 0) 

dependence of moment um distributions. In order to emphasize the salient features 

of FSI effects, here I omit small corrections due to ßO'L, ßO'T and, for the sake of 

definiteness, consider O'tot = 40.4mb, P = -0.4 and bo = 0.5fm, appropriate for 

unpolarized np scattering at Tkin ~ 1GeV [40,49,53, 54]. The small effect of the 

correction to O'fot is discussed in section 4.6. 

As for the unpolarized deuteron target, the fact that the FSI operator O(z)f(b) 

is a "short-ranged" function of band a "long-ranged" function of z leads to the 

anisotropy of S(r)St(r") and to the angular anisotropy of W(~). The forward­

backward asymmetry W(P.L, -pz) #- W(P.L,Pz), which has its origin in the non­

vanishing real part of the p-n scattering amplitude p #- 0, is also present. This 
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angular anisotropy of FSI effects leads to quite a complex interplay of FSI and 

S-D interference, breaking of the PWIA symmetry properties (4.15) - (4.17), and 

strong departure from the PWIA law A cx (1 - 3cosZ(B)). A further complication 

comes from the finite p, which, apart from the forward-backward asymmetry leads 

to complex-valued S- and D-wave amplitudes and to the filling of the dips in the 

distributions Np, (Pm). 
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Figure 4.5: The real parts of the matrix elements s(Pm) (solid line), doCPm) (dotted 

line) and dz (Pm) (dashed line) for B = 900 including FSI, as defined in Eqs. (4.4), 

(4.5). Notice the change of the scale of do(Pm) at Pm = 2.3fm-1 , and of dz(im) at 

Pm = 2.7fm-1 • 

The gross features of FSI effects can readily be understood, though, in terms 

of FSI distortions of the S- and D-wave amplitudes (4.4), (4.5); those features are 

already present for the unpolarized case (compare with the previous chapter): i) 

Angular anisotropy of the FSI factor (4.18) leads to an angular dependence of the 

S- and D-wave amplitudes (4.4),(4.5) which is different from the PWIA expressions 

(4.9),(4.10). ii) At small Pm ;$ 0.5fm-1, FSI re duces s(Pm) by rv 3.5%. In this 

region of small Pm, the FSI reduction is to a good approximation B- independent. It 

describes the attenuation of the flux of struck protons due to inelastic np interactions 

and the flow of events from small to large P.l due to elastic np rescattering. iii) 

Destructive interference between PWIA and FSI components of s(Pm) produces a 

node of the real part of s(Pm), shown by the solid curve in Fig. 4.5, in perpendicular 
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kinematics, e = 90°, at P1. = p~) = 1.37jm-1 (for the Bonn wave function). The 

presence of this node, shown in Fig. 4.5, is solely a consequence of the PWIA-FSI 

interference, it is not related to the presence of the node in the PWIA amplitude 

(4.9) at much larger Pm = pg) = 2.22jm-1 . The position of the node of Res(Pm) in 

P 1. only weakly depends on the longitudinal component pz of the missing moment um. 

iv) At larger Pl., the FSI contribution to S(Pm) becomes much larger than the PWIA 

amplitude, and leads to a sharp peak at e = 90°. This peak has its origin in 

elastic rescattering of the struck proton on the spectator neutron, which contributes 

predominantly to e = 90° for the reason that in high-energy elastic rescattering the 

moment um transfer is predominantly a transverse one (see the discussion in section 

2.3). Fig. 4.3 shows how this 90° peak builds up with the increase of Pm. 

Distortion of the D-wave amplitudes dr(Pm) has a certain specifics due to the 

fact that the radius of pn FSI is much smaller than the radius of the deuteron. For 

crude estimates, consider the approximation of the zero-range pn interaction: 

.... 1 .... 
r(b) ~ '2O"tot(pn)(l - ip)8(b). (4.24) 

For the presence of 8(b) in (4.24), FSI contributions to dT(Pm) will be dominated 

by cosa = 1 (a is the angle of r with the z-axis), where Y2±2(a) = Y2±l(a) = O. 
This leads to an extra, and very strong kinematical suppression of the final state 

interaction contributions to d±2(Pm) and d±l(Pm)' On the other hand, the FSI 

contribution to do(Pm) does not have any special suppression and, in elose similarity 

to an S-wave amplitude, the real part of do(Pm), shown by the dotted curve in 

Fig. 4.5, develops anode at P1. = p~) = 2.87 jm-1 (for the Bonn wave function). 

Compared to do(Pm), in d±l (Pm) and d±2(Pm) FSI effects are negligible in the region 

of practical interest where Pm ::; (3 - 4)jm-1
• For instance, Re d2(Pm), shown by 

the dashed curve in Fig. 4.5 does not develop anode. 

Still another striking effect of FSI is a nonvanishing dr(Pm) at Pm = 0, as shown 

in Fig. 4.5 for e = 90°. Indeed, in the moment um space, the FSI contribution can 

be represented as a convolution of the PWIA amplitude with a certain smearing 

function. Because of this smearing, d~SI (Pm = 0) ::J. O. Because of the kinematical 

suppression of the PWIA amplitude at small Pm, even a weak FSI amplitude which 

has a sign opposite to that of the PWIA amplitude, leads to a zero of Re dr(Pm) at 

small Pm. Fig. 4.5 shows how Re do (Pm , e = 90°) develops such a zero at P1. = p~) = 

0.09jm-1 for () = 90°. The nonvanishing D-wave contribution at Pm = 0 when FSI 

is ineluded is evident also in Figs. 4.1a,b. However, because of the strong inequality 
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IdT(Pm) I ~ Is(P'm) I in the vicinity of Pm = 0, it is very difficult to observe this fine 

structure of the D-wave amplitudes experimentally. 

4.4 FSI Effects on the S-D Interference and on 

the Position of Diffractive Dips 

Now the obtained results can be interpreted in view of the above described prop­

erties of FSI. At small pm ;::; 0.5fm-t, both Wo(Pm) and W+(Pm) are dominated 

by the S-wave contribution and are reduced by ~ 7% with respect to the PWIA 

distributions No(Pm) and N+(Pm). The discussion of larger Pm is started again with 

the simpler case of Wo (P'm , B = 900
) shown by the solid curve in Fig. 4.1a. The 

S-wave contribution, shown by the dotted line, has a dip at Pm = p~) = 1.37 fm- 1 

for the node of Re s(Pm) (the same dip shows up in W+(Pm) shown by the solid line 

in Fig. 4.1b). In the PWIA case, the dip of the S-wave contribution to Np,(P'm) was 

located at Pm = p~) = 2.22fm-1 and its effect on Np,(Pm) was barely observable 

for the overwhelming D-wave contribution. The dip in the S-wave component of 

Wo,+(Pm) is filled in by the contribution from the imaginary part of the S-wave am­

plitude. The D-wave component of Wo(Pm) (dash-dotted curve in Fig. 4.1a) shows 

an irregularity at Pm = p~) = 2.87fm-1 due to the node of Redo(Pm). The possible 

dip of the D-wave component of Wo (Pm) is filled in by a contribution from Im do(Pm) 

(and also by the much smaller FSI components of d2(Pm), d±l(Pm))' This irregularity 

is difficult to observe experimentally due to the predominant S-wave contribution 

to Wo (Pm , B = 900
). 

Because ofthe shift ofthe zero of Re s(Pm) to Pm = p~) = 1.37 fm- 1 compared to 

p~) = 2.22fm-1 in the PWIA, the condition Res(Pm,B = 900
) ~ /fRed(Pm,e = 

900
) and the resulting dip in Wo(Pm) will be met at Pm = p~) = 1.21fm-1 , a 

strong shift from p~) ~ 1.58fm-1 in the PWIA, cf. solid curves in Figs. 4.1a,c. 

The dip in Wo(Pm) is partly filled in by the contribution cx: IIms(PmW (there is 

also a small effect of interference between Im s (Pm) and Im do (Pm) and a small 

contribution from nonvanishing FSI components of d±l and d±2)' FSI effects in 

Wo (Pm , e = 900
) are very strong and lead to a drastic difference between Wo(Pm, e = 

900
) and the PWIA distribution No (Pm , e = 900

) starting already from a small 

missing momentum Pm ~ (0.8 - 0.9)fm-1 . FSI effects in W+(Pm, e = 900
) are even 

larger than in Wo (Pm , e = 900
), for Pm > 2.5fm-1 W+ is by one order of magnitude 
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larger than N+. The dip in the S-wave contribution leads to a substantial structure 

in W+(Pm, () = 90°) shown by the solid curve in Fig. 4.1b, as compared to a structure­

less and monotonously decreasing PWIA distribution N+(Pm, () = 90°). The dip in 

W+ is not as pronounced as the dip in Wo, as the interference is much weaker for 

W+. 

At a sufficiently large P.1, the contribution of elastic rescattering to Wj.t (Pm , () = 
90°) admits to a certain extent a probabilistic interpretation. At P.1 ~ 2.5fm-1 the 

90° peak in W+ (Pm , () = 90°) is higher than in Wo (Pm , () = 90°), in agreement with 

the fact that the the proton and the neutron are aligned along the z-axis only for 

/l = ±1, which leads to a higher prob ability of FSI (see the discussion in section 

4.5). 

The results for parallel kinematics, P.1 = 0, () = 0° and () = 180°, are shown in 
q(pn) 

Fig. 4.6. At small P.1, FSI amplitudes are suppressed by a small factor oe 4;lib I"V 

(:~~)2. For this reason of small FSI effects, W+(Pm,() = 180°) (solid curve in 

Fig. 4.6a) has a shallow dip and W+(Pm, () = 0°) (dashed curve in Fig. 4.6a) has 

a shoulder-like structure at Pm very elose to the position of the dip in the PWIA 

distribution N+(Pm,() = 0°,180°) (dotted curve) at Pm = p~) = 1.58fm- l . Sub­

stantial departure from PWIA starts at Pm ~ 1fm-1 and is very strong at higher 

Pm· 

In Fig. 4.6a, I present also Wo(Pm,() = 90°) (dash-dotted curve). A comparison 

with W+ (Pm , () = 0°) (dashed curve) and W+(Pm, () = 180°) (solid curve) shows a 

dramatic breaking of the PWIA symmetry (4.17) by FSI effects. Strong breaking 

of still another PWIA symmetry, Wj.t(Pm, () = 0°) =/:. Wj.t(Pm, () = 180°), will be 

discussed in more detail below, in section 4.7. 

In spite of the suppression factors I"V (~) 2, FSI effects in W+(Pm, () = 0°,180°) 

shown in Fig. 4.6a are enhanced due to the destructive S-D interference, see Eqs. 

(4.6), (4.7). In Wo (Pm , () = 0°,180°), shown in Fig. 4.6b, the S-D interference is 

constructive and consequently, Wo (Pm , () = 0°) (dashed curve) and Wo (Pm , () = 180°) 

(solid curve) are least sensitive to FSI effects. Even so, FSI effects are noticeable 

already at relatively small Pm ~ Ifm- I . Notice that at large Pm ~ (2.5 - 3)fm-1 

the distributions Wo (Pm , () = 0°) and Wo (Pm , () = 180°) exhibit a strong excess over 

the PWIA distribution No (Pm , () = 0°) (dotted curve), and decrease very slowly 

compared to the PWIA distribution No (Pm , () = 00
). The origin of this excess lies 

in the O-function which emerges in the idealized form of the Glauber FSI operator 
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Figure 4.6: (a) The moment um distributions W+(Pm,O = 0°) (dashed line) , 

W+(Pm,O = 180°) (solid line) and Wo (Pm , 0 = 90°) (dash-dotted line) including 

FSI and N+(Pm,O = 0°) = N+(Pm,O = 180°) (dotted line). (b) The momen­

turn distributions Wo(Pm,O = 0°) (dashed line), Wo(Pm,O = 180°) (solid line) and 

No (Pm , 0 = 0°) = No (Pm, 0 = 180°) (dotted line). 

(4.18). For the discussion of the sensitivity of this excess to modifications of the FSI 

operator for the finite size of the nucleus see the previous chapter. 

A comment on the interpretation of the above results in terms of the nuclear 

transparency ratio 

( 4.25) 

is in order. The results for To (Pm, 0 = 90°) and T + (Pm, 0 = 90°) are shown in Fig. 4.7. 
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Figure 4.7: The nuclear transparency ratio To(Pm,8 = 90°) (solid line) for longi­

tudinally polarized deuterons and T + (Pm, 8 = 90°) (dashed line) for transversely 

polarized deuterons in perpendicular kinematies. 

Onlyat small Pm I"V 0, the result that TJ1-(Pm, 8) ~ 0.93 < 1 ean be interpreted as a 

eonventional nuclear attenuation. At higher Pm, the nuclear transparency ratio has 

a strongly polarization dependent dip-bump structure. The rieh and complex Pm 

and 8 dependenee of the nuclear transpareney TJ1-(Pm, 8) is evident from the results 

shown in Fig. 4.3. For instanee, in transverse kinematics To(p~), 8 = 90°) ~ 1, 

which is followed by a rapid rise of the transparency ratioand an infinite peak 

To(p~), 8 = 90°) = 00 at the dip of the PWIA distribution No (Pm , 8 = 90°). At still 

larger Pl., in the region dominated by elastic reseattering effeets, there is very strong 

nuclear enhaneement (antishadowing) TJ1-(Pm,8) ~ 1 (see also [15, 35]). 

4.5 The Tensor Analyzing Power 

The tensor analyzing power for e = 90° ealculated with the Bonn wave function in­

cluding final state interaction is shown by the solid line in Fig. 4.2. Before going into 

the details, the effeets of the final state interaction ean be diseussed qualitatively: 

already at rather low missing momenta Pm ~ 0.9jm-1, there is a distinct deviation 

from the PWIA curve (dotted line). For higher missing momenta, the shape of the 

tensor analyzing power is changed drastically by the final state interaetion. This 
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large and early deviation from the plane wave behaviour is caused by the fact that 

the final state inter action acts different on the different parts of the tensor analyzing 

power 

( 4.26) 

l.e. on the moment um distribution for transversely polarized deuterons (f1 = ±1) 

and longitudinally polarized deuterons (f1 = 0). From the sign of the quadrupole 

deformation of the deuteron, which was measured experimentally [83], it is known 

that the deuteron's spin is aligned along the distance vector r = in - r'p. The 

quantization axis is along the direction of the (e, e') momentum transfer q, and the 

proton carries in good approximation this momentum q after the inter action with 

the photon in the hard vertex. Therefore, the prob ability of final state interaction is 

larger for the transverse polarization of the deuteron, where proton and neutron are 

aligned in q direction, than for the longitudinal polarization of the deuteron, where 

proton and neutron are aligned perpendicular to q. The two cases are depicted in 

Fig. 4.8. The strong distortion of the tensor analyzing power by FSI again shows 

that the FSI effects cannot be described by a simple overall factor: if this was the 

case, the FSI effects in the tensor analyzing power would vanish. 

• n 

p n p -----_. - - - - - .- - .. -----_0 --------- .. 
z z 

transverse polarization longitudinal polarization 

Figure 4.8: Sketch of the final state interaction in polarized deuteron targets for 

transverse polarization of the deuteron and longitudinal polarization of the deuteron. 

The (Pm,O) dependence of the tensor analyzing power naturally follows from 

the above described properties of the S- and D-wave amplitudes and Wtt(Pm, 0). 

Fig. 4.4 shows a strong departure of A(Pm,O) (solid curve) from the PWIA law 

A cx: (1- 3 cos2 0). In the PWIA (dotted curve), the tensor analyzing power has two 

zeroes at () = 90° ± 35.3°. The results shown in Fig. 4.4 demonstrate how the FSI 

distortions change both the location and number of zeroes of A(Pm, 0). 

The Pm dependence of A(Pm, 0) derives from the Pm dependence of the S- and 
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D-wave amplitudes. In contrast to the PWIA case, A(Pm,O) does not vanish at 

Pm = 0, but numerically IA(Pm = 0, 0)1 ~ 1 and is hardly measurable. For the 

sake of definiteness, I consider in more detail perpendicular kinematics 0 = 90° (see 

Fig. 4.2, upper panel). With increasing Pm, A(Pm, 0) rises and has a maximum at 

pm ~ p~) = 1.19fm-1 , in the region of the dip in Wo (Pm , () = 90°). In contrast to 

APWIA(p~), () = 90°) in PWIA (dotted line), A(p~), 0 = 90°) does not saturate the 

bond A = 1. With the furt her increase of Pm, we encounter A(Pm, () = 90°) = ! at 

p!;) = 1.42fm-\ very elose to the position of the FSI induced node in Re s(Pm). 

At still higher Pm, A(Pm, () = 90°) has two zeroes. The first zero, at pm = p~O) = 

1.70fm-1 is the counterpart of the zero at Pm = p~) = 2.73fm-1 in PWIA, caused 

by the cancelation of S- and D-wave amplitudes when d(Pm) ~ -JSs(Pm). Such 

a strong shift of the location of this zero with respect to PWIA is due to the fact 

that s(Pm) is affected strongly by FSI and changes sign much sooner compared to 

the PWIA case. Compared to the PWIA case, the value of p~O) is affected also by 

different distortions of dr(ifm) and by the contribution from Im s(Pm), Im dr(Pm), see 

Eqs. (4.6),(4.7). The origin of the second zero at Pm = p~l) = 2.46fm-1 is related 

to the FSI induced node of Re do(Pm) at Pm = p~) = 2.87 fm-I. The inequality 

p~l) < p~) is an effect of the contribution to A(Pm, () = 90°) from Id2(Pm)1 2 (the 

contribution oe Idl (Pm)1 2 is numericallyvery small) , which makes A > 0 at Pm = p~). 

At stilllarger Pm, where WJL(Pm,O = 90°) is dominated by the contribution from 

elastic np rescattering in the S-wave, the tensor analyzing power is positive, i.e. 

W+ > Wo, for the above discussed larger prob ability of rescattering for fJ = ±1. 

A comparison of the tensor analyzing power A calculated with the Bonn wave 

function (solid line) and the Paris wave function (dashed line) shows that the dif­

ferences in the predictions ineluding final state interaction are only marginal. Con­

sequently, the tensor analyzing power does not seem to be an especially suitable 

observable for distinguishing between the different models, in contrast to the naive 

expectation. 

4.6 Comparison ofthe Bonn and Paris Wave Func­

tions 

Comparison of the PWIA results from the Paris and Bonn wave functions in Fig. 4.9 

shows a significant sensitivity of NJL(Pm, () = 90°) to the model of the deuteron wave 
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function at large moment um. The PWIA tensor analyzing power shown in Fig. 4.2 

exhibits similar model dependence at large Pm. FSI effects mask this sensitivity to 

the model of the wave function to a large extent, which naturally derives from the 

fact that r(b) is a short ranged function compared to the deuteron wave function. 

For this reason, the FSI component of S- and D-wave amplitudes becomes fairly 

insensitive to details of the large Pm behaviour of the deuteron wave function. For 

instance, whereas in PWIA No (Pm , e = 900
) has a dip at p~) = 1.50fm-1 for the 

Paris wave function (dashed curve in Fig. 4.9b) and at p~) = 1.58fm -1 for the Bonn 

wave function (solid curve in Fig. 4.9b), with allowance for FSI a position of the dip 

of Wo (Pm , e = 900
) at Pm = p~) is predicted very elose for the Paris (dashed curve 

in Fig. 4.9a) and Bonn (solid curve in Fig. 4.9a) potentials: p~) = 1.206fm-1 and 

p~) = 1.208fm-\ respectively. This suggests that the actual value of p~) is much 

more sensitive to the strength of the FSI rather than to the wave function. 

The difference between W+(Pm, e = 900
) for the Paris (dotted curve in Fig. 4.9a) 

and the Bonn (dash-dotted curve in Fig. 4.9a) wave functions also becomes marginal 

compared to the difference between the PWIA distributions shown in Fig. 4.9b. 

Because the position of the dip in Wo (Pm , e = 900
) is mostly controlled by FSI in 

the spin-triplet state with IJ = 0, one can think of using the high-statistics data on 

2 H( e, e'p) scattering on longitudinal deuterons in perpendicular kinematics for the 

evaluation of otl = 0'0 + t~O'L - ~O'T. For instance, to check the sensitivity of FSI 

towards changes in the cross section, I repeated the calculation for otJ = 30 mb, 

as predicted by Eq. (4.23) for Tkin = 1 GeV, keeping the same value of po and b;. 

The results for the Bonn wave function (solid line) and for the Paris wave function 

(dashed line) are shown in Fig. 4.10b. The dip is shifted to Pm = 1.264fm-1 and 

1.270fm-1 for the Paris and Bonn potentials, respectively. This shows that there 

is a minimal residual model dependence of the dip position. The shift of the dip 

position from p~) ~ 1.21fm-1 to p~) ~ 1.27 fm- 1 when the np cross section is 

changed from 40 mb to 30 mb is substantially larger than the difference between the 

results for Paris and Bonn potentials, and it is hard to distinguish the two curves in 

the dip region at all. Besides the position of the dip in Wo (Pm , e = 900
), the large 

Pm behaviour of Wo(Pm,e = 900
) is also sensitive to otl. Namely, according to [14], 

the height of the e = 900 peak in WJ.I (Pm, e) is proportional to (4:~t) 2. The effect 

of the different normalization can be seen in Fig. 4.lOa, where Wo(Pm) calculated 

with a value of otl = 40.4 mb (solid line) and O'~~l = 30 mb (dashed line) is plotted. 
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Figure 4.9: The moment um distributions calculated with the Bonn and Paris wave 

functions in PWIA (b) and including FSI (a) at () = 900
• The results calculated 

with the Bonn wave function for Wo and No are shown by solid lines, W+ and N+ 

are shown by dash-dotted lines, the results calculated with the Paris wave function 

for Wo and No are shown by the dashed lines and for W+ and N+ are shown by 

dotted lines. 

The smaller normalization when otl = 30 mb is used leads to a slightly sm aller tail 

at high missing momenta. Although the change in O"J~f was quite large, the results 

are rather similar and differ both significantly from the PWIA result No (Pm) (dotted 

line). The large Pm behaviour of this peak also depends on the as yet experimentally 

not measured diffraction slope for scattering in this specific spin state. However, the 

infiuence of changes in the diffraction slope on the missing moment um distribution 
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Figure 4.10: In a), the moment um distribution Wo calculated with the Bonn wave 

function in perpendicular kinematics is shown for otl = 40.4 mb (solid line) and 

for otl = 30 mb (dashed line). For comparison, the PWIA distribution calculated 

with the Bonn wave function is shown by the dotted line. In b), Wo calculated with 

otl = 30 mb is shown for the Bonn wave function (solid line) and for the Paris wave 

function (dashed line). 

is small, see Fig. 3.8. A more detailed analysis of the sensitivity of the dip position 

and of the elastic rescattering peak to b,.O'L, b,.O'T, and to values of p and b~ for 

pure spin states Iv) go es beyond the scope of this thesis. The results presented in 

Fig. 4.10 imply, however, that it will be a difficult task to distinguish different values 

of the cross section by experiment. 
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4.7 Tensor Polarization and Forward-Backward Asym­

metry 
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Figure 4.11: (a) The forward-backward asymmetry AFB VS. Pm for W+ calculated 

with the Bonn wave function (solid line) and the Paris wave function (dashed line). 

(b) The forward-backward asymmetry AFB VS. Pm for W+ (solid line) and Wo 

(dotted line) calculated with the Bonn wave function. 

Above it was shown how FSI masks the effects due to the peculiarities of the unp er­

turbed wave function of the deuteron. It is interesting that the forward-backward 

asymmetry 
A(/L) _ W/L(O = OO,Pm) - W/L(O = 1800 ,Pm) 

FB - W/L(O = OO,Pm) + W/L(O = 180o,Pm) 
( 4.27) 
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is a pure PWIA-FSI interference effect caused by the nonvanishing elastic part of 

the p-n rescattering amplitude and as such is proportional to the PWIA amplitudes. 

Let's compare the amplitudes M/LV(±Pm) for a given initial spin state fL at 0 = 

0° (pz = +Pm) and 0 = 180° (pz = -Pm): using O(z) = !(1 + €(z)), where €(z) is 

equal to +1 for z > 0 and -1 for z < 0, we have (we suppress the spin variables 

v,tt,r) 

J w(r)exp(±iPmZ )(1- (1- ip)G(b)O(z))d2bdz (4.28) 

MPWIA(Pm) - (1 - ip) (Fc(Pm) ± iFs(Pm)) 

MPW1A(Pm) - Fc(Pm) =F pFs(Pm) + i (pFc(Pm) =t= Fs(Pm)) , 

where, using the fact that in our case W(f') is an even function of z, 

1: w(f') exp(±iPmz )d2bdz 

2 10
00 

W(f') Cos(Pmz)d2 bdz, ( 4.29) 

(4.30) 

( 4.31) 

Then one obtains 

A(t-t) -
FB -

Wtt ( +Pm) - Wtt( -Pm) __ 1_ L:r {IM(Pm)1 2 -IM(-Pm)1 2
} tt,r 

Wtt ( +Pm) + Wtt( -Pm) (21c-)3 Wtt ( +Pm) + Wt-t(-Pm) 

_4p_1_L:r {MPWIA(Pm)Fs(Pm)}tt,r (4.32) 
(271")3 Wtt ( +Pm) + Wtt ( -Pm) , 

where the sum over 7 is areminder that for the chosen deuteron polarization fL 

different combinations of s(Pm) and dr(ffm) enter the matrix element according to 

Eqs. (4.6),(4.7). Because of Fs(Pm) -+ 0 at Pm -+ 0, see Eq. (4.31), AW~ vanishes 

at Pm -+ o. 
In the generic case, both the S-wave and D-wave amplitudes with 7 = ±2, ±1, 0 

contribute to A~~. The situation greatly simplifies for transverse deuterons, polar­

ized along the z axis, tt = ±1. In this case, D-waves with 171 = 1,2 do not contribute 

to A~~, because the corresponding PWIA amplitudes (4.10) vanish at 0 = 0°,180°. 
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Consequently, only the term with T = 0 contributes to the numerator in (4.32), and 

the relevant PWIA amplitude equals 

( 4.33) 

Therefore, it is predicted that A~+~ has anode at precisely Pm = p~) and the location 

of this node is not affected by FSI. This provides a unique possibility of experimental 

determination of p~), which is important for testing models of the deuteron wave 

function. The sensitivity to the model of the deuteron is demonstrated in Fig. 4.11b, 

where A~~ is compared for the Bonn and the Paris wave functions. Notice the very 

steep Pm-dependence of A):~ around the node. Eqs. (4.30),(4.31) show that while 

Fc(Pm) decreases with Pm, Fs(Pm) first rises with Pm. As a matter of fact, in spite 

of the FSI suppression factor "-' (-k;)2, Fs(Pm) is quite large in the vicinity of the 

node and gives rise to a peak in A):~ at Pm ~ 1.3fm-1 • 

For the longitudinal deuterons, fl = 0, the corresponding PWIA amplitudes do 

not have any interesting nodal structure, see Fig. 4.1d, which shows quite a structure­

less No(Pm,(J = 0°,180°) (solid line). Correspondingly, A~1 does not exhibit any 

structure at Pm ::; (3 - 4)fm-1 • 

In this chapter, an analysis of effects of the quadrupole deformation of the 

deuteron in 2 H(e, e'p)n scattering on tensor-polarized deuterons has been carried 

out. Because the final state interaction is sensitive to the alignment of the deuteron, 

FSI effects depend strongly on the tensor polarization of the deuteron, which leads 

to a very rich pattern of the angular and Pm dependence of moment um distributions 

and tensor analyzing power. In the tensor analyzing power A, FSI effects turn out 

to be substantial at a relatively small missing moment um Pm ~ (0.9 - 1.0)fm-1 

both in perpendicular and (anti)parallel kinematics. In perpendicular kinematics, 

for the longitudinal deuteron fl = 0, one finds that FSI shifts the dip of the mo­

mentum distribution from Pm = 1.58fm-1 to pm = 1.21fm-1 • For transverse 

deuterons, fl = ±1, FSI produces a shoulder-like structure in W+(Pm, e = 90°) 

as compared to a monotonous decrease of N+(Pm, e = 90°) in PWIA. At large 

Pm ~ 2.5fm-I, the elastic rescattering peak in W+(Pm, e = 90°) is stronger than 

in Wo (Pm , e = 90°), in agreement with the expectation that the experimentally 

known sign of the quadrupole deformation of the deuteron makes the prob ability of 

rescattering of the struck proton on the spectator neutron larger for fl = ±1. 

Onlyat smallpm ~ 0 the departure of the nuclear transparency ratio TJ1-(Pm, e) = 
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~:~:: ;j from unity is small, TJl(Pm, 0) ~ 0.93. At larger Pm, in the region of strong 

PWIA-FSI interference, one finds both TJl(Pm, 0) ~ 1 and TJl(Pm, 0) ~ 1. The an­

tishadowing effect TJl(Pm, 0) > 1 is particularly strong in perpendicular kinematics. 

In PWIA, the tensor analyzing power exhibits substantial sensitivity to models 

of the deuteron wave function at large Pm. FSI effects mask this sensitivity to a 

large extent. A unique observable, which provides an FSI independent probe of the 

nodal structure of the combination of S- and D-wave functions s(Pm) - ~d(Pm), 

is the forward-backward asymmetry A}:~ for transverse deuterons f.t = ±1. The 

asymmetry A1f~ is a pure PWIA-FSI interference effect and has its origin in the 

nonvanishing real part of the np scattering amplitude. None the less, A}:~ is shown 

to be proportional to s(Pm) - 72d(Pm), and the node of A~~(Pm) is predicted to 

coincide with the node of the PWIA amplitude s(Pm) - ,fid(Pm). The potential 

sensitivity of FSI effects to the spin triplet np total cross section was explored and 

shown to be small. A very precise measurement of Wo (Pm , 0 = 900
) might shed 

some light on the values of ßcrT and ßcrL, as the dip position in Wo (Pm , () = 900
) is 

determined by the total spin-dependent pn cross section crtot. 

In conclusion, interpretation of the experimental data on 2 ii( e, e'p) scattering 

on tensor polarized deuterons at missing momenta Pm ~ (0.9 - 1.0)!m-1requires 

an accurate evaluation of FSI effects which depend strongly on the spin state of the 

deuteron and on the scattering kinematics. For this, one needs better experimental 

data on N N scattering. 



Chapter 5 

Electron Scattering on 4 H e 

In the previous chapters, electron scattering from deuterons has been investigated. 

As there are several realistie deuteron wave functions available in parameterized 

form, the deuteron is an ideal testing ground for the calculation of the final state 

inter action effects: no additional assumptions ab out the ground state wave function 

enter the calculation. N ow, as a good understanding of the final state inter action ef­

fects is established, I proceed with the investigation of electron scattering on heavier 

nuclei. A very suitable nucleus for this investigation is 4 H e, as it is a tightly bound 

nucleus, which is expected to have similar properties as heavier nuclei. Especially, 

its moment um distribution should resemble the momentum distributions for heavier 

nuclei. Therefore, there are good reasons to believe that an exhaustive analysis of 

FSI effects in 4 He gives a good guidance to the significance of FSI effects in heavier 

nuclei. 

Currently, the 4 H e wave functions are not available in parameterized form and 

they are obtained only with a considerable numerical effort by Monte Carlo calcu­

lations (see, e.g. [23]), by solving the Faddeev equations (see, e.g. [21]), or by the 

hyper-spherical harmonie expansion method (see, e.g. [22]). As the calculation of 

the final state interaction itself is quite involved, those wave functions cannot be 

used in the calculations presented here. Furthermore, the most interesting phenom­

ena take place at large missing momentum, where higher order terms in the cluster 

expansion for the moment um distribution become quite important and a very tight 

control of the numerical accuracy is necessary. Despite the small number of nucleons 

in 4 H e, the fuH cluster expansion in correlation function and final state interaction 

operator includes a very large number of terms. For this reason, at this exploratory 

stage, I employ a simple model wave function. The actual calculations can be car­

ried out for an arbitrarily large missing moment um if a suitable form of the wave 

function is chosen which allows a semi-analytic evaluation of the missing momen-
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turn distribution. A calculation of this type to all orders in the correlations and 

final state interactions has been carried out in [18] for the first time. The obtained 

results do not depend on the details of this wave function, and its simple form makes 

a semi-analytic evaluation of the integrals feasible. The results of this chapter can 

be found in [15] and [18]. 

5.1 The Missing Momentum Distribution 

For the longitudinal response, the reduced nuclear amplitude for the exclusive pro­

cess 4H e(e, e'p)A j equals 

Here 'iI!(Rb R2 , R3 ) and 'iI! j(Rb R2 ) are wave functions ofthe target 4 H e nucleus and 

of the specific 3-body final state A" which are conveniently described in terms of the 

J b· d· R.... ... .... R~ 2 ~ 1 ( .... ....) R.... .... 1 ( .... .... .... ) ( I aco lcoor mates 1=r2-rl, 2='3r3-'3 rl+r2, 3=r4-'3 rl+r2+r3 pus 

Rem = ~:Li ri = 0). Lab coordinates {ri(Rj, Rem)} are also used when appropriate. 

The specific expression (5.1) for M j corresponds to the nucleon "4" of 4 H e being 

chosen for the detected struck proton. S(rl, ... , f4) stands for the S-matrix of the 

FSI of the struck proton with three spectator nucleons. 

The calculation of the full FSI-modified spectral function S(Em,Pm) is aseparate 

problem, as the wave functions for the final three-nucleon state are required for its 

calculation. In this exploratory study of the salient features of FSI, I focus on 

the inclusive missing momentum spectrum of protons in 4 H e( e, e'p) scattering in 

quasielastic kinematics 

(5.2) 

The sum over all the allowed final states A j for the three undetected nucleons can 

be performed making use of the closure relation 

L: 'iI!j(R1', R2')'iI!j(Rb R2) = 8(R1 - R1 ')8(R2 - R2'). (5.3) 
j 

This leads to the missing moment um distribution 
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where 

p(R3, R3') = dR1 dR2 W*(Rl, R2, R3 )5 (rl .. , f4 )5(rl, ... , f4)w(Rb R2, R3) 
~ ~ J ~...... -I ~ ~ I t I I -10 -+ -+ 

(5.5) 

is the FSI-modified one-body density matrix (OBDM). In PWIA, when S(rl, ... , f4) = 

1, Eq. (5.5) re duces to the standard one-body density matrix of a nucleus and 

Eq. (5.4) gives the PWIA missing moment um distribution N(k), also referred to 

as single particle momentum distribution (SPMD). Extensive studies of N(k) are 

available in the literat ure ([66, 84] and references therein, see also the monograph 

[85]). 

An accurate incorporation of FSI effects into the calculation of the moment um 

distribution W(Pm), Eq. (5.4), is a numerically very involved problem. For this 

reason, in this exploratory study of FSI effects, I use a simple, yet realistic, param­

eterization of the wave function, which allows a semi-analytic evaluation of W(Pm). 

Namely, I employ the frequently used Ansatz consisting of a harmonie oscillator 

mean field wave function Wo and a J astrow correlation factor F to allow for the 

effects of the correlations in the ground state, 

(5.6) 

where 
4 

F= II[l-C(fi-rj)] , 
i<j 

(5.7) 

[ 1 ~ ~ 2] [1 (~2 ~ 2 3 ~ 2)] Wo oe exp - 2R2 ~ri = exp - 4R2 R1 + 3R2 + '2R3 
o t 0 

(5.8) 

and 

C(r) = Co exp (- ;:;) . (5.9) 

For a hard core repulsion of the nucleons Co = 1, for a soft core Co < 1. In the 

literature, one usually considers the correlation radius rc ~ 0.5-0.6 im [84,85,86,87, 

88]. The exact value of the correlation radius is not known; an upper limit is given 

by the charge radius of the proton of reharge = 0.8 im [89], the correlation radius is 

certainly smaller. The radius Ro of the oscillator wave function can be determined 

from the charge radius of the 4H e, from which one must subtract the contribution 

due to the finite charge radius of the proton. For instance, for a hard core repulsion, 

Co = 1, and r c = 0.5 im, the experimentally measured charge radius of the 4H e 

[89] is reproduced with Ro = 1.29 im. Notice that the "correlation volume" r~ is 
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a very small fr action of the volume of a nucleus and one has the strong inequality 

(re/ Rn? ~ 1. 

5.2 Short Range Correlations and Single Particle 

Momentum Distribution 

In order to set up a background, I start with a discussion of the short range correla­

tion (SRC) effects in the SPMD N(Pm). Here one has to evaluate the conventional 

OBDM 

p(R3, R3') = J dR1 dR2 'If~CRl, R2, R3,)pt('r1'''' T4')P(p1, ... , f4)'If o(RI, R2, R3) 

(5.10) 

The product of the Jastrow functions in (5.10) can be expanded as 

4 

ptp = TI [1- ct(fi' - rj ')][1- C(fi - rj)] = 
i<i 

1- L [Ct(i' - j') + C(i - j)] + :L ctc + :LCtct +:L cc + ... 
i<i 

(5.11) 

The cluster expansion (5.11) gives rise to 212 terms in the integrand of the OBDM in 

Eq. (5.10), but with the considered Ansatz wave function it is possible to carry out all 

the integrations in the OBDM and in the SPMD analytically. Here I present abrief 

summary of main effects of short range correlations in the SPMD (for the related 

earlier works see [84, 85, 86], the more refined form of the above approximation 

known as the correlated basis function theory is widely being applied to SPMD in 

heavier nuclei ([88] and references therein)). 

Although the number of terms in the expansion Eq. (5.11) is large, one can 

classify each term according to the number of correlations it contains and investigate 

its importance for the interesting region of higher missing momenta. To the zeroth 

order in the correlation function, one has the "mean field" term, which leads to the 

long ranged OBDM 

... ..., 27 1 1 (3 ( ... 2 ... 2)) 
po(R, R) = W1 512 71"3 Rg exp - 8R~ R + R' (5.12) 

(where I have introduced R == R3 and R' == R~ for brevity) and the steeply decreasing 

SPMD 

(5.13) 
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falling off rapidly for momenta larger than the Fermi moment um kF f'V 1/ Ra, showing 

the typical mean field behaviour. To this lowest order the normalization is given 

by Wl = R~(4/37r)3/2. (Hereafter N(liPm), N(CiP'm),,,. indicate the contributions 

to N(Pm) coming from the "1", "C" ,,,. terms in the expansion (5.11)). Note that 

in any PWIA calculation, with or without correlations, the SPMD is isotropie and 

depends only on IPm I. 
The higher order terms in C, ct in (5.11) can be considered as "interactions" 

which modify the one-body density matrix po(R, R') of the mean field approxima­

tion. This is shown schematically in Fig. 5.1. The first order corrections to p(R, R') 

and N(P'm) come from the terms which are linear in C(ri - fj) and Ct(ri' - fj I). 

Leading corrections to N(Pm), which decrease slower with Pm the zeroth order term 

(5.13), come from interactions of Fig. 5.1a, which affect only one of the trajectories 

in the calculation of the OBDM. The corresponding corrections to the OBDM are 

long-ranged, and lead to a contribution to the single particle momentum distribution 

of the form 

(5.14) 

For the sake of brevity, I don't show here and in the following equations correction 

factors [1 + O(r~/ R~)l to the slope and the normalization factors. Of course, those 

factors and the corresponding renormalization of Wl are included in the calcula­

tions. The normalization in (5.14) contains the small factor (re/ Ra)3. This factor 

appears with each three-dimensional integration over the correlation function. The 

Pm dependence of the term linear in the correlation function is similar to that of the 

mean field term, just that the slope is slightly smaller in Eq. (5.14), which makes the 

N( ct + C) term larger than the mean field term at intermediate missing momenta 

around the Fermi moment um kF . In this region, the destructive interference between 

the mean field term N(liP'm) and the term linear in the correlations N(Ct + C;Pm) 

is strong. 

The driving contributions to the short ranged component of the OBDM and 

therefore to the related large-Pm component of the SPMD come from the three 

identical terms of the form C t (f4' - fi ')C(f'4 - fi). They produce a short range 

interaction of the type shown in Fig. 5.1b between the two trajectories which enter 

the calculation of the OBDM and lead to a short ranged component of the OBDM 

of the form 
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Figure 5.1: Schematic diagrams of several contributions to the one-body density 

matrix containing correlations. a) a linear correlation term of the type Ct(ri' - r4 '), 
b) the quadratic contribution C t (ri' - r4 ') C (ri - 714) and c) a cyclic third order 

contribution of the type Ct(714' - 71i ') C(71i - 71k) C(71k - 714), 
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2 1 ,*,11 r
3 (1 (.... '-'/)2 9 ( .... 2 '-'/2)) ~WIC - ____ c exp -- R-R -- R +R . 

o 7r3 221 R9 4r2 8R2 
o C 0 

(5.15) 

The resulting large-Pm component of the SPMD directly probes the eorrelation fune­

tion CeR): 

(5.16) 

Notice that the large-Pm tail of the SPMD eontains the small normalization factor 

cx: (rcl Ro)6 due to the integration over the two correlation functions. In spite of 

this small normalization, the eontribution N( ctC) is dominant at large missing 

momenta: the slope r~ is mueh smaller than the slopes ~ Ro of the mean field term 

and the linear correlation term, it therefore contributes at large missing momenta 

where the other terms have already vanished. 
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Figure 5.2: The single particle moment um distribution (SPMD) for the mean field 

distribution Co = 0 (dotted curve) , for soft eore eorrelations Co = 0.5 (dashed 

eurve) and for hard eore eorrelations Co = 1 (solid eurve). The other parameters 

are R o = 1.29fm and rc = 0.5fm. 

The eorrelated pair of nucleons is often treated as a quasi-deuteron ([42, 43, 66] 

and referenees therein). Indeed, Eq. (5.16) resembles the momentum distribution in 

the quasi-deuteron with the short-range correlation function playing the role of the 

wave function of the quasideuteron. 
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Figure 5.3: The single particle moment um distribution (SPMD) for different values 

ofthe correlation radius rc• The solid curve shows rc = O.5fm and the dashed curve 

shows r c = O.6fm. The other parameters are Ro = 1.29fm and Co = 1. 

The terms cx cc, ctct in expansion (5.11) correspond to interactions which 

involve only one of the trajectories in p(R, R') and give a long ranged contribution 

to the OBDM and a steeply decreasing contribution to the SPMD N(Pm), similar 

to (5.13),(5.14). The above analysis can easily be extended to still higher order 

effects in the correlation function. For instance, the cyclic terms of the form C t (r4 -

r3)C(r4' - rz ')C(rz - r3) also lead to a short-range interaction between the two 

trajectories in the OBDM, as shown in Fig. 5.1c. For the presence of the extra link 

in the 4-2-3 chain, though, the corresponding interaction range is larger than in the 

diagram of Fig. 5.1b, and the resulting contribution from such cyclic terms to the 

SPMD has a Pm dependence steeper than in Eq. (5.16): 

N( [CtCC + ctCtC]CYcliC ;Pm) ~ -6WIC~fs (~:r exp( -~r;p~) (5.17) 

However, numerically more important are the non-cyclic third order terms of the 

form Ct(r4 ' - ri ')C(r4 - ri)Ct(rj - rk), which have a slow P;' dependence equal to 

that of the leading CtC contribution (5.15) but are of the opposite sign: 

N( [CtCC + ctctcLon_CYcliC; Pm) ~ -10WIC~J!~~ (~:) 9 exp (-r~p~) . (5.18) 

Such a destructive interference between the CtCC + ctctc and CtC contributions 

to the SPMD demonstrates a well understood suppression of interaction between 
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any pair of nucleons for the repulsive correlation with surrounding nucleons, for 

more discussion see below. 

The above considerations are illustrated by the numerical results displayed in 

Figs. 5.2,5.3,5.4,5.5. The sensitivity of the SPMD to short range correlations is 

obvious from a comparison of the mean field distribution, Co = 0, with the soft core 

correlation Co = 0.5 and the hard core correlation Co = 1 in Fig. 5.2. For Co = 0, 

the mean field momentum distribution (5.13) falls off rapidly for Pm ~ kF rv 1/ Ro • 

Once the short range correlations are included, the large-Pm tail builds up. Its 

strength is cx C;. The effect of destructive interference between the mean field 

SPMD (5.13) and the lowest order correlation contribution (5.14) is obvious at 

intermediate Pm rv kF . The interference effect rises with the correlation strength 

Co. One usually considers 'T'c rv 0.5 fm, but the exact value of the correlation radius 

'T'c is not known precisely [84, 86, 87]. According to Eq. (5.16), the most important 

quadratic correlation contribution to the single particle momentum distribution rises 

steeply, cx 'T'~, with the correlation radius r c. However, at large values of Pm where 

the short range correlation component becomes more important than the mean field 

component, the suppression by the factor exp( -'T'cp~) is quite significant and the 

residual sensitivity to the variation of 'T'c is weaker than cx 'T'~. This is illustrated 

by Fig. 5.3, where we compare the moment um distributions for 'T'c = 0.5 fm and 

rc = 0.6fm. 

Above I cited the explicit form of leading terms in the SPMD. The rate of con­

vergence of the expansion in powers of the correlation function is of great interest on 

its own. For instance, the large-Pm tail of the SPMD is often discussed in terms of 

the quasi-deuteron configurations, neglecting the effect of the nuclear surrounding. 

If this were a good approximation, then one would have expected a universality of 

the large-Pm single particle moment um distributions for all nuclei. The accuracy 

of this approximation can be judged from Fig. 5.4, where I present the results for 

N(Pm) including all terms up to the second order, i.e., ctct + ctc + CC (dotted 

li ne ), to the fourth order (dashed line), to the sixth order (dash-dotted li ne ), to 

the eighth order (double-dotted line), and the full cluster expansion (5.11) up to 

the twelfth order terms (solid line) is plotted. All the different single-particle mo­

mentum distributions are normalized to unity. Although ~he shape of the SPMD 

does not change qualitatively, we find a substantial, rv 40%, renormalization of the 

lowest-order quasi-deuteron contribution to N(Pm) by effects of the nuclear environ­

ment. This shows that the large-Pm behaviour of the SPMD is sensitive to details of 
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Figure 5.4: The convergence behaviour of the single particle moment um distribution 

for Ro = 1.29fm, rc = O.5fm and Co = 1. The dotted !ine includes all terms up to 

second order, the dashed line includes all terms up to fourth order, the dash-dotted 

!ine shows all terms up to sixth order, the double-dotted !ine includes all terms up 

to eighth order and the solid !ine shows the full calculation, i.e. it includes all terms 

up to twelfth order. 
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correlations represented by the renorma!ization factor Re as defined in Eq. (5.19). 
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the nuclear wave function and a quasi-deuteron universality of the SPMD at large 

Pm is though a reasonable, but not a very accurate, approximation. The effect of 

higher order corrections is evident from the form of the Jastrow correlation factor: 

the mutual repulsion from surrounding nucleons suppresses the prob ability of short 

distance interaction between any pair of nucleons in the nucleus, cf. Eqs. (5.16) and 

(5.17),(5.18). The effect of higher order terms is particularly important at interme­

diate values of Pm I"V kF I"V I/Ra, where the model SPMD develops a slight minimum. 

The model wave function employed here contains only those many-nucleon correla­

tion effects, which are reducible to higher orders in the pair correlation function. The 

fact that terms up to sixth order are non-negligible at large Pm, suggests that the at 

present poorly known pair-irreducible multinucleon correlations can also contribute 

to the SPMD at large momentum. 

Fig. 5.2 shows that the shape of the SPMD changes with the correlation strength 

in a nontrivial way. In Fig. 5.5 I present the renormalization factor 

R ( )
_N(Ca=l;Pm) 

e Pm - ( /"'f ) , N va = O;Pm 
(5.19) 

which expands the difference between the mean field and correlated distributions 

to greater detail. At large Pm this ratio blows up, but at intermediate pm :s kF it 

has a nontrivial behaviour: The short range correlation effects enhance, rather than 

suppress, the SPMD and lead to Re (Pm) > 1 at small Pm, the extra strength at 

large Pm due to short range correlations comes from a depletion of the SPMD at 

Pm I"V kF , rather than from the region of Pm rv o. 
There are no direct experimental data on the SPMD in 4 H e with which one 

could compare the results. The model SPMD N(Pm) is close to the results from the 

recent Monte Carlo calculation [23J and the y-scaling analysis [66J. 

5.3 Final state interaction effects 

Choosing the nucleon "4" as the struck proton, the FSI operator takes the form 

3 

S(rl) ... , f4) = rr [1 - O(Zi - z4)r(b4 - bd], 
i=l 

(5.20) 

with the familiar profile function r(b) of the nucleon-nucleon scattering. As the 

struck proton undergoes FSI with both neutrons and the proton, the corresponding 

experimental values have to be taken into account: the weighted average of p, the 
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ratio of the real to imaginary part of the forward elastic scattering amplitude, takes 

the value p = -0.33, the total proton-nucleon cross section is given by O'tot ~ 43 mb. 

The value of the diffraction slope is the same for protons and neutrons, so bo = 

0.5 fm [40, 54, 55, 53,49]. The cited values apply to Tkin ~ IGeV, but they vary 

only slightly for higher energies. 

Combining the final state inter action operators and the J astrow correlation fac­

tors, one can write down the FSI-modified density matrix as 

p(R3,R3') = J dR1 dR2\J!~(RI,R2,R3') 
xpt(rl' .. , f4')St(rl' .. , f4')S(rI, ... , f4)P(rl' ... , f4)\J!o(R1 , R2, R3). 

The operator ptstsP which emerges in (5.21) can be expanded as 

4 

pt st S P = rr [1 - Ct (ri ' - rj ')][1 - C (ri - rj) ] 
i<j 

x rr [1- O(z~ - z~)rt(b4'- bi')] [1- O(Zi - z4)r(b4 - bi)] = 
i;64 

(5.21) 

1 - I: [C t + C] - I: [rt + r] + I:[Ctr + crt] + I: ctc + I: rtr + .... (5.22) 
i<j i;64 

The role of the FSI terms in the cluster expansion (5.22) is very similar to that 

of the short-range correlation terms. There are interactions which only involve 

one of the trajectories in the FSI-modified OBDM, there are terms of the form 

O(z~ - Z~)O(Zi - z4)rt(b~ - b;)r(b4 - bi), which lead to an interaction between the 

two trajectories etc. There also emerges a novel kind of an interaction between the 

two trajectories of the form Ct(b~ - bi)r(b4 - bi) (plus its hermitian conjugate and 

higher order short ranged interactions), which is due to the quantum-mechanical 

interference between the initial state correlations and final state interactions [15]. 

Before I discuss the numerical results for the FSI effects in the fuH expansion 

(5.22), I classify the most important FSI terms and FSI-correlation interference 

terms. This classification is possible due to the fact that in the considered region of 

high energies of the struck proton, the correlation radius rc and the diffraction slope 

bo are approximately equal: r c ~ bOl and both are much smaHer than the nuclear 

radius Ro• Due to the presence of the theta-function in the FSI operator, it is not 

possible to calculate the contributions of the FSI terms analytically as it was done 

in the previous section for the correlation terms. However, as the dependence of 

the FSI operator on the transverse separation b4 - bi is similar to the dependence 

on r of the correlations, the ih dependence (Pm = (P.l,Pm,z)) of the FSI terms is 
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Figure 5.6: Schematic diagrams of several contributions to the one-body density 

matrix modified by final state interactions and correlations. Panel a) shows a linear 

final state interaction term of the type rt(ri' - f4 '), panel b) shows the most im­

portant quadratic contribution rt(ri' - r4') r(Ti - f4) and panel c) shows a second 

order FSI-ISC interference contribution of the type r t (f4' - ri ') C(ri - r4). 
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similar to that of the correlation terms, one just has to interchange 7'e and bo and the 

different normalizations. The Pm,z dependence of the FSI terms is governed by the 

long-ranged theta-functions. The integration over the theta-function does not lead 

to a factor ~, therefore it increases the normalization of the FSI terms as compared 

with the correlation terms considerably. 

N ow, the various final state interaction terms are classified and investigated in 

detail: The terms linear in ft and f correspond to an interaction with one of the 

two trajectories in the OBDM as shown in Fig. 5.6a. As such, they lead to a long 

ranged contribution to the OBDM and to a contribution W(ft + f; Pm) to the FSI­

modified missing moment um distribution of the form very similar to N( Ct + C; Pm) 

of Eq. (5.12), but with the normalization typical of the Glauber multiple scattering 

theory [19, 90] 

y ~ <7tot • (~) 2 = <7tot ~ 0 2 (5.23) 
47l'ba Re 47l' Ra ., 

which is larger than the normalization in (5.14) by a factor of the form 

W(f
t + f;Pm) ~ (<7tot) . (~)2. (Re)3. ~ ~ Re . ~ ~ 2 6 ~ 1 (5.24) 

N(Ct+C;Pm) 47l'ba Re 7'e Co 7'c Co . . 

Here I have used that bo ~ 7'c and <7tot ~ 47l'bÖ (actually, :;%~ ~ 1.4, which even 

leads to a still larger normalization of the FSI terms). The enhancement factor 

rv RO/7'e in (5.24) derives from the fact that the Glauber operator is a long ranged 

function of the longitudinal separation in contrast to the short ranged correlation 

function and is the simplest demonstration that FSI effects in the missing momen­

turn distribution are more important than the correlation effects. Eq. (5.24) gives 

an estimate of the relative normalizations of the two components of the missing mo­

mentum distribution. The transverse moment um dependence of both components 

is essentially identical. For the presence of the B-function in the Glauber operator, 

the Pm,z dependence of W(f; Pm) can not be written down in a simple analytical 

form (one can derive an involved and not very enlightening expression in terms of 

an error function of a complex argument); what is important is that it is a steeply 

decreasing function of Pm,z on the scale kF . 

An analysis of high er order effects proceeds very similarly. The driving short 

ranged FSI contribution to the OBDM and to the large-Pm tail of the missing mo­

mentum distribution W(Pm) comes from diagrams of the type shown in Fig. 5.6b 

which correspond to terms cx: ft(b~ -b~)f(b4 - bi ) in the expansion (5.22). Sup­

pressing for a while the Pm,z dependence and making use of the strong inequality 
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(bo/Ra)2 ~ 1, in elose similarityto N(CtC;Pm) we find 

W(ftf;Pm) cx IJ d2Bf(B)exP(ip1.B)r 

dO" el 1 2 ( 2) ( 2 2) 
- 41T dPl = 40"tot 1 + p exp -bop 1. . (5.25) 

The result that this particular contribution to the transverse missing moment um 

distribution is proportional to the differential cross section of elastic pN scattering, 

dO" el / dPl, is self-explanatory and the effect of ftf interaction admits a quasielassical 

interpretation as an incoherent elastic rescattering of the struck proton on spectator 

nueleons. 

Because of bo ~ rc in the CEBAF range of energy, the short ranged CtC and 

ftf interactions between the two trajectories in p(R,R') lead to W(CtC;Pm) = 

N(CtC;Pm) and W(ftf;Pm) components with very similar P1. dependence. In elose 

similarity to Eq. (5.24), the overall normalization is substantially larger for the FSI 

term. A comparison of the two components at Pm,z = 0 gives 

(5.26) 

and leads to the important conelusion that the tail of the transverse missing mo­

mentum distribution must be entirely dominated by FSI effects. 

As the FSI is long-ranged in Z4 - Zi, W(ftf; Pm) decreases steeply with Pm,z on 

the scale '" kF '" I/Ra. This leads to a strong angular anisotropy of the elastic 

rescattering effect, compare with Eq. (5.25). However, the naively expected con­

tinuation of this steep decrease of the ftf contribution and the dominance of the 

ctc correlation component (5.16) of the SPMD in (anti)parallel kinematics at large 

IPm,z 1 ~ kF are not borne out by the numerical results. The Pm,z dependence of 

W(ftf; Pm) has peculiarities of its own. The B-function, which is present in the 

Glauber operator, has a slowly decreasing Fourier transform at large Pm,z' The 

contribution from the ftf interaction to the integrand of the OBDM contains the 

product of the B-functions of the form B(z~ - Z~)B(Zi - Z4) = B(Zi - zmax), where 

1 ,1 'I Zmax = 2(Z4 + Z4) + 21z4 - z4 . (5.27) 

The nonanalytic function IZ4 - z~1 in Zmax gives rise to a P~7z tail of the longitudinal 

missing moment um distribution after the calculation of the Fourier transform in 

Z4 - z~ (for a detailed discussion of the case of heavy nuelei see [91]). The factor B( zi-
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Z~)O(Zi - Z4) implies that the rtr interaction is forbidden on the part of either one or 

the other of the trajectories in the calculation of the OBDM as shown schematically 

in Fig. 5.6. This ban on the rtr interaction is of purely quantum-mechanical origin 

and the oe P;'?z tail of the longitudinal missing moment um distribution defies any , 

classical interpretation, in contrast to the strong FSI enhancement of the transverse 

missing moment um distribution, which admits a semiclassical interpretation to a 

certain extent. For the reasons explained in detail in [91], the rtr interaction and 

the resulting oe P;7z tail of the missing moment um distribution are missed in the 

conventional DWIA. 

Another nontrivial and important effect, the quantum-mechanical interference of 

correlations and final state interactions, comes from the terms oe Ct(r4' - ~ ')r(b4-

bi ) and oe C (~ - ~ )rt (b4 ' - bi '). These and higher order cyclic and non-cyclic terms 

lead to a short range interaction as shown in Fig 5.6c in the transverse separation 

between the trajectories in the calculation of the OBDM (5.20) and to a large-Pm 

tail of the transverse missing moment um distribution of the form 

w(crt + ctr;Pm) oe J d2 RCtCR)exp(ip.di). Re J d2 Br(B)exp(-ipl.B) 

oe exp [-~(r~ + b~)Pl] . (5.28) 

Considering that bo rv rc , at large Pl. the effects of the crt + ctr interaction are as 

important as those of the CtC and rtr interactions. Furthermore, the remarkable 

feature of the FSI-correlation interference term is that owing partly to numerical 

factors, it has a large normalization. At Pm,z = 0 we find 

(5.29) 

This clearly shows that the interference between final state interactions and corre­

lations is much more important than the pure correlation component of the missing 

moment um distribution. Notice that any semiclassical consideration would com­

pletely miss this large correlation-FSlinterference effect. Furthermore, the numeri­

cal significance of this interference effects shows that even in perpendicular kinemat­

ics, the semiclassical treatment of FSI misses important quantum mechanical effects 

and must be taken with great caution. The Pm,z dependence of this contribution to 

W(P) is controlled by the long range character in the longitudinal separation of the 

Glauber operator. 
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The terms of higher order than the already discussed quadratic terms have a still 

smaller normalization. Some of them also contribute to the missing momentum dis­

tribution at higher missing momenta, and their small normalization is compensated 

by the larger number of higher order terms (the convergence behaviour is discussed 

below). The most important types of higher order terms are briefly discussed here. 

The leading short-range correlation correction to the elastic rescattering effect comes 

from the terms cx: C(r4 - ri)r(b4 - bi)r*(b4' - bi '), which have the Pl. dependence 

with the slope 

1 (b2 b~1'~) b2 

2" 0 + b; + 1'; < 0' 
(5.30) 

a steep Pm,z-dependence and the normalization 

w(cr'f + C'r'r) _ _ fs3. 1'~ . ~ I"V _ 

W(f'r) - 2Co 5 b2 2 R 0.3. 0+ 1'c 0 
(5.31) 

These corrections are not small. In a different form, a similar result is contained in 

Eq. (7) of Ref.[92]. The FSI correction to the correlation effect comes from terms 

cx: C(f4' - Ti ')C(f4 - Ti)r(b4 - bi ), which give 

W(C'Cr + C'Cr'ii,n) cx: exp( -1'~p~) exp [-~ (b~b~~; + 1'~) pi 1 ' (5.32) 

slow decrease with pz and the relative normalization 

w(c'cr + C'Cr') 1'~ O'tot 2 
W(C'C) ~ - 1'2 + b2 . 411"1'2 f"V -3' 

C 0 C 

(5.33) 

The still higher order terms of the form cx: r t (b~ - b;)r(b4 - bi )rt (b~ - b~)r(b4 - bk ) 

lead to a second order short ranged interaction between the trajectories in the FSI­

modified OBDM. The transverse momentum dependence of such a contribution 

to W(Pm) also admits a semiclassical form of the convolution of differential cross 

sections of consecutive incoherent elastic scatterings and 

(5.34) 

The cx: (bol &)2 corrections to the slopes in (5.25) can readily be derived and corre­

spond very qualitatively to a slight smearing of the elastic scattering cross section 

due to the -compared to the moment um transfer in elastic pN scattering- sm all 

initial Fermi motion of the struck proton and the spectator nucleon (for a critical 

discussion of semiclassical considerations see [91]). 
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5.4 Final State Interaction and Missing Mornen­

turn Distribution: the Numerical Results 

The full calculation of the FSI-modified OBDM is quite involved, beeause the full 

expansion (5.21),(5.22) for the integrand of the OBDM contains 218 terms. The 0-

function in the Glauber operator leads to the slow convergence of the Fourier trans­

form and requires very tight control of numerical accuracy in the ealculation of the 

FSI-modified missing moment um distribution, especially at large IPm,z I. With the 

generic wave function, an aceurate calculation of the large-Pm behaviour of W(F:n) 

would have required enormous eomputing time. The chosen Ansatz wave funetion, 

complemented by the usual Gaussian form of the profile function, simplifies the task 

greatly, beeause all the transverse coordinate integrations and the corresponding 

Fourier transform in the transverse missing momentum can be performed analyti­

cally to all orders in eorrelations and final state interaetions. Only the longitudinal 

coordinate integrations and the eorresponding Fourier transform must be performed 

numerieally. Now I present some of the results for the missing moment um distribu­

tion W(Pm). Unless specified otherwise, all the numerieal results are for the hard 

eore eorrelation, Co = 1. 

As the PWIA missing moment um distribution including the correlation fune­

tions is completely isotropie, any anisotropy in W(Pm) is a clear signal of FSI. 

In Fig. 5.7, I show the angular distribution of W(Pm) for different missing mo­

menta for the full calculation with FSI (solid line) and the PWIA result (dashed 

line). Already at the rather low missing momentum of pm = 1.0fm-\ there is 

a strong deviation from the isotropie PWIA behaviour. With growing missing 

moment um , the dip around 90° evolves through a very asymmetrie stage into a 

pronouneed peak at Pm ~ 1.6 fm-I, the signal of complete FSI (plus eorrelation­

FSI interferenee) dominance. The evolution of the angular distribution is espe­

cially fast around Pm I"V 1.5 fm-I. As for the ease of the deuteron targets, the 

forward-baekward asymmetry W(P.L,pz) =f. W(P.L, -pz) is present in the angular 

distributions. This forward-baekward asymmetry has its origin in the nonvanish­

ing real parts of the P - n and P - P seattering amplitudes p =f. 0, leading to 
A t ~I I -I, I 1\ -+ -I "t -+ -+" -1, I -+, I. I 

S (bI' zu' .. b4, z4)S(bl) ZI,· .. b4, Z4) =f. S (bI, ZI, . .. b4, z4)S(b1 , Zl'" . b4, Z4) m the m-

tegrand of (5.5). 

The same features of W(Pm) ean be seen in the missing momentum distributions 
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Figure 5.7: The angular dependence of the missing momentum distribution W(Pm) 

for different missing momenta Pm (fuH line). For comparison, the corresponding 

value of the single particle momentum distribution N(Pm) is also plotted (dotted 

line). 

displayed for (anti)parallel and perpendicular kinematics in Fig. 5.8. For smaH 

missing momentum, the FSI leads to a reduction of strength. At Pm = 0 the PWIA 

distribution is depleted by approximately 24%, which is about twice as large as 

the nuclear shadowing effect in the total P 4 H e cross section [90]. Two mechanisms 

contdbute to this depletion which is mostly due to the r t + r terms in the expansion 

(5.22): i) attenuation of the fiux of struck protons due to absorption by inelastic 

interaction with the spectator nucleons, ii) defiection of the struck protons by elastic 
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Figure 5.8: The missing moment um distribution W(Pm) (fullline) and the single 

particle moment um distribution N (Pm) (dashed line) for () = 900 (upper panel), 

() = 00 (middle panel), and for () = 1800 (lower panel). The parameters for the 

nuclear ground state are R o = 1.29fm, rc = 0.5fm and Co = 1. 

scattering on the spectator nucleons. Such a semiclassical interpretation must be 

taken with the grain of salt, though: because of the quantum-mechanical interference 

effects, FSI leads to quite a complicated, strongly Pm dependent, pattern of depletion 

and/or enhancement of the FSI modified missing moment um distribution W(Pm) as 
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eompared to the PWIA distribution N(Pm). With inereasing missing momentum, up 

to Pm < 0.5jm-1 , the angular distribution is almost isotropie, from Pm = 0.5jm-1 

on, the deviations from the isotropie PWIA behaviour grow larger. In perpendicular 

kinematies, from Pm = 1.5jm-1 on, the fuH ealculation including FSI (solid line) 

shows a large tail at high missing momenta, whieh is one order of magnitude larger 

than the tail of the PWIA distribution N(Pm) for hard eore correlations (dotted 

line). 

The peeuliarities of the Fourier transform of the B-function factors do not show 

up in perpendieular kinematies, at Pm,z = O. Here the role of the Glauber operator 

r(b) in the evaluation of the FSI-modified OBDM is nearly identical to the role of 

the correlation function C(T) in the modifieation of the mean-field OBDM. The only 

difference is in a mueh larger strength of FSI effeets, which is the reason why W(Pm) 

develops a minimum at Pm ~ 1.4 jm-1 as eompared to the minimum of the PWIA 

distribution at pm ~ 1. 7 jm -1. 

To this end, notice that Pm ~ 1.4 jm-1 eorresponds to a region of Pm in whieh 

the effect of short range correlations in the SPMD is still marginal. Already this 

observation suggests very strongly that in perpendicular kinematics, B = 900
, the 

missing moment um distribution W(Pm) can only weakly depend on the short-range 

correlation effects in the nuclear wave function. This is indeed the case. The results 

shown in Fig. 5.9 demonstrate that, in striking eontrast to the strongly correlation 

dependent PWIA distribution N(Pm) of Fig. 5.2, the FSI-modified W(Pm) is ex­

tremely insensitive to the strength of the short range eorrelations. N amely, even 

at large Pm ~ 1.5jm-1 the missing moment um distribution W(~) calculated with 

Co = 1 is only by rY 50% larger than W(Pm) ealculated with Co = 0, in con­

trast to a difference of several orders in magnitude in the PWIA distributions for 

Co = 0 and Co = 1. This enhaneement is mueh stronger than expected from the 

pure eorrelation contribution of PWIA, though. In a elassical eonsideration, such 

an enhancement of W(Pm) with the correlation strength is quite counterintuitive: 

the classical probability of elastie rescattering of the struck proton on the spectator 

nueleon is higher for elose eonfigurations, whieh are suppressed by the hard eore 

eorrelation. The found enhaneement of W(~) from the mean field, Co = 0, to the 

hard core eorrelation, Co = 1, wave function must be attributed to the above dis­

eussed correlation-FSI interferenee effect, see Eq. (5.27), which is numerieaHy larger 

than the effect of the suppression of the rtr elastie rescattering contribution by the 

short range eorrelation (see the diseussion above). Fig. 5.10 shows that the situation 
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Figure 5.9: In each panel the missing moment um distribution W(Pm) is plotted for 

hard core correlations, Co = 1, (solid line), soft core correlations, Co = 0.5, (dashed 

line) and no correlations at all , Co = 0 (dotted line). The upper panel shows the 

results for 0 = 900
, 0 = 00 is shown in the middle panel and 0 = 1800 is shown in 

the lower panel. The parameters for the nuclear ground state are R o = 1.29fm and 

r'c = 0.5fm. 

changes neither qualitatively nor quantitatively if the correlation radius is increased 

from r'c = 0.5 fm to Tc = 0.6 fm. Thus, the conclusion is that FSI is dominating 
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Figure 5.10: The same as in the previous figure, only with the correlation radius 

rc = 0.6jm instead of rc = 0.5jm as above. 

completely and that it will be extremely difficult to disentangle the effects of short 

range correlations in the ground state of the target nucleus from the FSI-affected 

experimental data on A( e, e'p) scattering in perpendicular kinematics. 

Let's have a look at (anti)parallel kinematics, () = 00 and () = 1800
, to check if the 

situation there is more promising. In the angular distributions of Fig. 5.7 one can 

see that also in (anti)parallel kinematics, deviations from the PWIA behaviour are 
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present and large. The missing momentum distributions for (anti)parallel kinemat­

ics displayed in Figs. 5.8b,c differ strongly from W(~) in perpendicular kinematics. 

In antiparallel kinematics, at () = 180°, the nuelear depletion of W(~) at Pm = 0 

of approximately 24% vanishes with increasing Pm and is superseded by nuelear en­

hancement at Pm ~ 1 fm-I. In parallel kinematics, at () = 0°, a similar transition 

from nuelear depletion to nuelear enhancement takes place at Pm ~ 1.5 fm-I. This 

difference between parallel and antiparallel kinematics is due to the before-mentioned 

forward-backward asymmetry generated by the nonvanishing value of p. The min­

imum or shoulder-like irregularity that is present in PWIA at Pm ~ 1.7fm-\ and 

which in perpendicular kinematics is shifted by FSI to Pm ~ 1.4fm-I , is washed out 

by the FSI both in parallel and antiparallel kinematics. Now, W(Pm) is decreasing 

monotonously. 

The results for parallel kinematics, () = 0°, show that the PWIA distribution 

N(Pm) and the FSI-modified distribution W(Pm) are very elose to each other for 

missing momenta Pm > 2fm-I, although W(Pm) slightly undershoots the PWIA 

values. Must this be taken as evidence that FSI is unimportant in parallel kinemat­

ics, at () = 0°? The results shown in Figs. 5.9b,c demonstrate that this is not the 

case. In parallel kinematics, Fig. 5.9b, W (Pm) hardly changes from the mean field, 

Co = 0, (dotted line) to the soft core correlation, Co = 0.5, (dashed line) to the 

hard core correlation, Co = 1, (solid line), which must be contrasted to a dramatic 

sensitivity of the SPMD to the correlation strength Co in the same region of large 

Pm. In antiparallel kinematics, for () = 180°, the FSI-modified distribution W(~) 

of Fig. 5.9 exhibits a stronger sensitivity to short range correlations. However, 

this dependence on the correlation strength Co is quite counterintuitive, as W(Pm) 

decreases substantially when short range correlations are switched on, remaining 

lower than both the PWIA distribution N(Pm) and the FSI-modified distribution 

W(Pm) evaluated in the mean field approximation Co = O. Notice also that the 

difference between the cases of the soft core and hard core correlations in Fig 5.9 

is much smaller than the difference between the PWIA distribution N(Pm) and the 

FSI-modified distribution W(Pm) for Co = 1 in Fig 5.8. The predominance of FSI 

effects is furt her emphasized by the elose similarity of the curves corresponding to 

r'c = 0.5 fm and r'c = 0.6 fm, shown in Fig. 5.9 and Fig. 5.10, respectively. 

What actually happens in parallel and anti-parallel kinematics is a manifestation 

of still another strong correlation-FSI interference effect, which in this case is con­

nected with the real part of the pN elastic scattering amplitude. In Fig. 5.11 we show 
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Figure 5.11: The distribution W+(Pm) = ![W(O = OO;Pm) + W(O = 180°)] is shown 

for hard core correlations, Co = 1, (solid line) , soft core correlations, Co = 0.5, 

(dashed line) , and no correlations at all, Co = O,(dotted line). The other parameters 

are R o = 1.29fm and f c = O.5fm. For comparison, the single partide momentum 

distribution for hard core correlations, Co = 1, is also shown (dash-dotted line). 

separately the large-Pm behaviour of W+(Pm) = HW(O = OO;Pm) + W(O = 180°)], 

which is free of the FSI contribution linear in p (the terms cx p2 that are present 

in W+ are very small). The influence of p on the missing momentum distribution 

is slightly larger in 4 He than in the deuteron. In the mean field approximation, 

Co = 0, the large-Pm tail of W+(Pm) is entirely due to the O-function effects. As it 

was discussed in detail above and in [15, 14, 91], this tail is suppressed by the cor­

relation effects, which naturally smooth out the idealized O-function in the Glauber 

operator which assurnes idealized pointlike nudeons. On the other hand, the PWIA 

distribution at Co = 1 is numerically very dose to the FSI effect at Co = O. When 

both the FSI and ISC effects are induded, with the increase of Co the rising corre­

lation contribution compensates partly for a decrease of the FSI contribution. The 

net effect is a weak depletion of W+ (Pm) from the mean field, Co = 0, value to 

the soft core correlation value at Co = 0.5. However, there is hardly any change 

in W+(Pm) from the soft core to hard core correlation result for W+(Pm). This is 



84 ELECTRON SCATTERING ON 4H e 

due to a certain numerical conspiracy between the correlation and FSI parameters. 

From the practical point of view it is important that for a weak energy dependence 

of the pN scattering parameters, such a conspiracy will persist over the whole range 

of Tkin and Q2 to be explored at CEBAF. 
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Figure 5.12: The forward-backward asymmetry AFB(Pm) as defined in (5.35) is 

shown for hard core correlations, Co = 1, (solid line) , soft core correlations, Co = 0.5, 

(dashed line), and no correlations at all , Co = 0, (dotted line). The other ground 

state parameters are R o = 1.29fm and rc = 0.5fm. 

The substantial role of the real part of the pN scattering amplitude in this region 

of large pm is obvious from the FSI-induced forward-backward asymmetry 

(5.35) 

which is shown in Fig. 5.12. It exhibits a strong dependence on the correlation 

strength and is quite large for the hard core correlation Co = 1. The forward­

backward asymmetry is an intricate FSI-PWIA interference effect proportional to 

the real part of the pN scattering amplitude. In the absence of short range cor­

relations, Co = 0, the asymmetry stays negative valued at all Pm. It changes sign 

when correlation effects are included. In the latter case one can compare the re­

sults for 4 H e with the results for the deuteron (see Fig. 3.6), which should resemble 
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each other. Indeed, for the soft and hard core correlations, both the magnitude and 

Pm dependence of the asymmetry shown in Fig. 5.12 are remarkably similar to the 

forward backward asymmetry in D( e, e'p) scattering. For the deuteron target, the 

calculations are performed using the realistic wave functions which directly include 

the effects of short distance proton-neutron interaction. From this comparison one 

can conclude that, first, the simple Ansatz wave function for 4 H e correctly models 

gross features of short-distance nucleon-nucleon interaction in 4 He and, second, the 

found change of the sign of AFB(Pm) and its rise with the correlation strength at large 

Pm are on firm grounds. It is this enhancement of AFB(Pm) which effectively cancels 

the effect of slight decrease of W+(Pm) and pro duces the correlation independent 

W(O = OOiPm). This enhancement of AFB(Pm) also amplifies the slight decrease of 

W+(Pm) and produces the counterintuitive substantial decrease of W(O = 1800,Pm) 

with the correlation strength Co. The sensitivity of W(O = 0°, 1800iPm) to the cor­

relation strength Co decreases with the value of p. Having established the origin of 

masking effects of FSI on W(Pm) in (anti)parallel kinematics, I wish to point out 

that even a measurement of W+(Pm), which is free of the FSI effects proportional to 

p, would not yield much information on the correlations in 4 H e, as the sensitivity 

of this quantity to the value of Co is not sufficiently strong for a reliable separation 

of the correlation component of N(Pm). 

5.5 On the Convergence of the Power Expansion 

in SRC and FSI 

In section 5.2 lalready have commented on the importance of higher order effects 

in the two-body correlation function C(ri - rj). Roughly, the important terms of 

each order differ by a factor of (ft)3, i.e. by 0.06 for rc = 0.5fm and by 0.1 for 

rc = 0.6fm. Indeed, the rate of convergence for rc = 0.6fm is distinctly slower than 

for rc = 0.5fm. However, there are also large combinatorial factors, which make 

the higher order terms non-negligible. In the PWIA case, the highest existent order 

is twelve, and the number of terms in the n-th order is (~), so we have 66 second 

order terms compared to 495 terms of fourth order to 924 terms of sixth order and 

still 495 terms of eighth order. This is a reason why the contribution of sixth order 

terms to N(Pm) is still non-negligible. As a general rule, for a specific term to be 

important at high Pm, it has to connect the two trajectories of the OBDM with 
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correlations, i.e. it has to contain an interaction of the type ct(f4 - fi)C(r4' - fi ') 
(plus any number of other correlations between the spectator nucleons andj or the 

spectator and struck nucleon trajectories) andjor a cyclic chain of correlations , e.g. 

C(r4 - ri)C(ri - rj)C(f4' - rj '). To the leading order, only three of the possible 

66 ctc, CC, ctct terms contribute at large Pm, and the percentage of important 

terms per order increases with the order. The above points are illustrated by a 

comparison of specific higher terms (5.17) and (5.18) with the leading term (5.16). 

The importance of higher order effects is further enhanced when FSI is included. 

Here, the expansion (5.22) contains 218 terms. 

From the point of view of practical calculations, the major complication with 

FSI is that the longitudinal coordinate integrations and the corresponding Fourier 

transforms have to be carried out numerically. At Pm,z = 0, though, the role of the 

correlation and FSI terms in the expansion (5.22) is very similar, and so are the 

convergence properties. First I discuss the convergence of the pure FSI terms in the 

absence of correlations, Co = O. Fig. 5.13a shows the convergence of W(O = 900, Pm) 

for perpendicular kinematics. To higher orders in FSI, one intro duces attenuation 

of the proton wave which leads to a depletion of W(O = 90° ,Pm). Although to 

the fourth-order approximation one finds the positive valued, and slowly decreasing, 

contribution (5.34) from the double incoherent elastic rescattering, which could have 

enhanced W(O = 90 0 ;Pm) somewhat, its normalization is too small to have an 

appreciable impact on the Pi. distribution in the considered region of Pm. The 

situation in parallel and anti-parallel kinematics is very similar, see Figs. 5.13b,c. 

Here the crucial point is that FSI generates the large-Pm tail in W(Pm) even in 

the absence of short range correlations. The convergence is good and the change 

from the fourth to sixth order is marginal. In the considered case, the precocious 

convergence in (anti ) parallel kinematics is due to an absence of correlations, see 

below and the discussion in section 5.4. 

The convergence of the expansion in the correlation function, which was quite 

slow already in the PWIA, worsens when final state interactions are included. To 

have some idea on the interplay of FSI and SRC terms, in Fig. 5.14 I show how 

W(Pm) evolves when the expansion (5.22) is truncated at terms'" rkcN-k. The 

results for N ~ 6 include the numerically stronger pure FSI effects to all orders. For 

perpendicular kinematics, we find a convergence at large Pm only for N ~ 10. In par­

allel and antiparallel kinematics, the contribution from N = 12 is still non-negligible. 

Here apart of the problem is an unexpectedly strong FSI-SRC interference effect 



5.5 ON THE CONVERGENCE OF THE POWER EXPANSION IN SRC AND FSI 87 

C = 0 o 

......... , .. " ...... " ....... , 

- 6th order 

4th order 

2nd order 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 
missing momentum (fm -1) 

Figure 5.13: The convergence behaviour of the missing momentum distribution 

W(Pm) without any correlations, i.e. Co = 0, for different angles e. The dotted 

line shows all the terms up to second order, the dashed li ne represents all terms 

up to fourth order, and the fullline shows the complete result, i.e. all terms up to 

sixth order. The upper panel shows the results for e = 90°, e = 0° is shown in the 

middle panel and e = 180° is shown in the lower panel. The other parameters are 

R o = 1.29fm and 1'c = 0.5fm. 
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Figure 5.14: The convergence behaviour of the missing moment um distribution 

W(Pm) with hard core correlations, i.e. Co = 1, for different angles e. The dotted 

line shows all the terms up to second order, the dashed li ne represents all terms up 

to fourth order, the dash-dotted line shows all terms up to sixth order, the double­

dotted line includes all terms up to eighth order, the long-dashed line shows the 

calculation up to the tenth order, the dash-double-dotted line represents all terms 

up to twelfth order, and the fullline shows the complete result, i.e. all terms up to 

18th order. The upper panel shows the results for e = 900
, e = 00 is shown in the 

middle panel and e = 1800 is shown in. the lower panel. The other parameters are 

R o = 1.29fm and rc = 0.5fm. 
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associated with the real part of the pN scattering amplitude, which exhibits a strong 

sensitivity to short range correlations. For the soft core correlation, Co = 0.5, the 

convergence is much faster. To summarize, these results demonstrate that estimates 

of the missing momentum distribution to lowest orders in the correlation function, 

i.e. in the quasi-deuteron approximation, are too crude for making quantitative con­

clusions. This may partially be due to the form of correlations I employed. However, 

it indicates that the effects of higher order correlations and multi-particle correla­

tions should be taken into ac count in a precise calculation of the nuclear ground 

state. 

5.6 Implications for Nuclear Transparency Stud-
• les 

Nuclear effects in A( e, e'p) scattering are often discussed in terms of the transparency 

ratio 

T ( .... ) W(Pm) 
A pm = N(Pm) . 

The above presented results strongly support the point that the FSI effects do not 

reduce to an overall renormalization of the observed missing momentum distribution 

by the nuclear attenuation factor, which is an often uncritically made assumption. 

Only at Pm ~ 0 the found depletion of approximately 24% can be interpreted as 

a pure nuclear attenuation effect; at larger missing momenta, a strong interplay 

of attenuation and distortion effects leads to a nuclear transparency TA(fim) which 

exhibits both much stronger depletion and "antishadowing" behaviour TA(Pm) ~ 1. 

This is clearly seen in Fig. 5.15, in which I show nuclear transparency for perpen­

dicular, parallel and anti-parallel kinematics for the hard core correlation. In the 

latter two cases, the nuclear transparency is very strongly affected by the real part 

of the pN scattering amplitude, the effect of which can not be interpreted in terms 

of attenuation altogether. 

In the experimental determination of nuclear transparency one inevitably runs 

into a sort of vicious circle: What is measured experimentally is the FSI-distorted 

missing moment um distribution W(fim) and one is forced to rely upon some model 

calculations of the PWIA distribution N(Pm). Still furt her complications and extra 

model dependence will be involved if the experimentally measured cross section does 

not allow an integration over a sufficiently broad range of missing energy Em . To 
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Figure 5.15: The nuclear transparency TA(Pm) as defined in (5.36) is shown for hard 

core correlations, Co = 1, (solid line), soft core correlations, Co = 0.5, (dashed line) 

and no correlations at all , Co = 0, (dotted line). The upper panel shows the results 

for e = 900
, e = 00 is shown in the middle panel and e = 1800 is shown in the lower 

panel. The other ground state parameters are Ra = 1.29fm and rc = 0.5fm. 

a certain extent, this model SPMD N(Pm) can be checked against the experimen­

tally measured missing moment um distribution W(Än), implicitly and/or explicitly 

assuming that the FSI effects can be factored out as an overall attenuation factor. 
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The above presented results (see also [91]) very clearly show this is not the case 

and in large parts of the phase space such an evaluation of nuclear transparency 

can lead astray. Such a procedure was used, for instance, in an analysis of the data 

from the recent NE18 experiment [67, 68, 69]. Apart from the factorization assump­

tion, in the NE18 analysis quite a large Pm-independent renormalization was applied 

to the model SPMD N(Pm) in anticipation of the short-range correlation induced 

reshuffiing of strength from the small to large missing momenta. Here I only want 

to point out that the results of section 5.2, see Fig. 5.5, cast a shadow on such an 

oversimplified treatment of the correlation effects. 

Having performed a full analysis of the combined SRC and FSI effects and having 

established a primacy of FSI effects, I now address the question of how strongly 

nuclear transparency is sensitive to correlation effects. In Fig. 5.15 I present the 

nuclear transparency calculated for different correlation strength, 

(0: -+) W(CO;Pm) 
TA 0; Pm = N(O:' -+ ) . O,Pm 

(5.36) 

At large missing momenta, Pm ~ 1.5 fm- 1
, the transparency becomes very sensi­

tive to the correlation strength, this sensitivity comes entirely from N( Co, Pm). In 

the region of moderate missing momenta, Pm ::; 1.3 fm- 1 , though, nuclear trans­

parency exhibits hardly any sensitivity to the correlation strength, which confirms 

the anticipation in [91]. 

The experimental data are often presented in terms of a nuclear transparency 

ratio for the cross sections integrated over a certain moment um window. I present 

the results for the longitudinal and perpendicular partially integrated transparencies 

TL and Tl. defined as follows: 

(5.37) 

(5.38) 

and the integrated transparency Tint 

(5.39) 
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Figure 5.16: The ratios TL (T.d of the pz (Pi.) integrated spectral functions as 

function of the integration limit Pmax as defined in (5.37), (5.38) are shown for hard 

core correlations, Co = 1, (solid line), soft core correlations, Co = 0.5, (dashed line) 

and no correlations at all , Co = 0, (dotted line). The upper panel shows the results 

for () = 900
, () = 00 is shown in the middle panel and () = 1800 is shown in the lower 

panel. The other ground state parameters are R o = 1.29fm and rc = 0.5jm. 

In agreement with the discussion in [93] the integrated transparencies are larger when 

correlation effects are included. However, the overall effect is very small confirming 
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Figure 5.17: The fully integrated transparency Tint as function of the integration 

limit Pl.,max as defined in (5.39) are shown for hard core correlations, Co = 1, (solid 

line), soft core correlations, Co = 0.5, (dashed line) and no correlations at all, Co = 0, 

(dotted line). The other ground state parameters are R o = 1.29fm and Tc = 0.5fm. 

the conclusions of Ref. [94]. 

The variation of the partially integrated transparencies Tl.(pl.) and TdPz) with 

the upper limit of integration Pl. (pz) is quite natural because the larger Pl. (pz) is, 

the larger fraction of struck protons deflected by elastic scattering is included. What 

is not so obvious is that Tint(Pl. I'.J 0) is not really smaller than the fully integrated 

transparency Tint ( 00). The naive semiclassical expectation is that 1-Tint(pl. I'.J 0) cx: 

<7tot(pN) vs. 1-Tint ( 00) cx: O'in(pN), because in distinction to the former case in the 

latter case the deflection of struck protons by elastic rescatterings cannot contribute 

to nuclear attenuation. This expectation is not borne out by exact calculation, 

which demonstrates the pitfalls of the semiclassical treatment of W(Pm) and the 

importance of the point that FSI distortions do not admit a classical interpretation. 
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5.7 Sensitivity of the Results to the Ansatz Wave 

Function 

Quasielastic A( e, e'p) scattering at large missing moment um Pm is a natural place 

to look at the large-Pm component of the single-particle momentum distribution, 

which is expected to be generated by short range correlations of nucleons in the 

ground state of a target nucleus and which is weIl known to rise with the correla­

tion strength. The principal finding is that the large-Pm behavior of the observed 

missing moment um distribution in 4 H e( e, e'p) is dominated by final state interac­

tion of the struck proton with spectator nucleons and by the intricate interplay and 

quantal interference of the FSI and ground state correlation effects. In perpendic­

ular kinematics, the FSI contribution to W(Pm) exceeds the SRC contribution to 

the SPMD by an order of magnitude. Even here, a substantial part of the FSI ef­

feet comes from a quantum-mechanical FSI-SRC interference effect in the one body 

density matrix, which defies a semiclassical interpretation. The pattern of FSI-SRC 

interference effects is still more complex in (anti)parallel kinematics, where a novel 

effect of strong enhancement of the forward-backward asymmetry by short range 

correlations in the ground state was found. In antiparallel kinematics, this SRC-FSI 

interference effect and the non-vanishing real part of the pN scattering amplitude 

lead to a decrease of the FSI-modified missing moment um distribution W(Pm) with 

the correlation strength, in contrast to the increase with the correlation strength of 

the single particle momentum distribution. FSI effects make a model-independent 

determination of the SPMD N(P'm) from the experimentally measured missing mo­

mentum distribution W(P'm) impossible. Large FSI effects are of quite a generic 

origin and are not an artifact of the employed semi-realistic Ansatz wave function. 

The origin of the dominance of the final state inter action effects at large missing 

momenta is simple and weIl understood: the fact that the final state interactions 

are short ranged, with the interaction radius bo ~ O.5fm ~ RA, leads to large 

contributions at large missing momenta. In contrast to the short range correlations, 

the final state interactions are a short ranged function of the transverse separation 

only, in the longitudinal separation of two nucleons, they are long-ranged, therefore 

the FSI terms pick up a larger normalization, see Eqs. (5.24),(5.26). 

There remains the intriguing possibility of the forward-backward asymmetry as 

a probe of short range correlations and furt her studies of the model dependence of 
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this observable are worth while. 

The Ansatz for the wave function was motivated by adesire to have a com­

plete calculation of both short range correlation and final state inter action effects, 

rather th~n an evaluation of several lowest order terms. Even though much of the 

integrations and Fourier transforms can be performed analytically, the numerical 

calculations present quite a formidable task. The above presented results show that 

higher order correlation and FSI effects are indeed important. The simple Jastrow 

function only includes the S-wave correlations. The investigation of the missing mo­

mentum distribution for 2 H( e, e'p) scattering in the previous chapters suggests that 

the D-wave effects are not that important. Specifically, it has been shown that the 

sensitivity to different models for the deuteron wave function, which give D-wave 

contributions to N(Pm) differing at large Pm by an order of magnitude, is completely 

lost when including FSI. This insensitivity towards the D-wave is due to the fact 

that the FSI operator is short ranged and therefore does not affect the D-wave very 

much, as the D-wave is suppressed at small distances by the centrifugal barrier. At 

the interesting higher missing momenta, the missing momentum distribution was 

found to be dominated by FSI distortions of the S-wave contribution. Therefore, 

one can expect that the D-wave effects would not change the conclusions on the 

relative importance of the FSI and SRC effects at large Pm. One of the interesting 

findings is a substantial effect of higher order terms in the pair correlation func­

tion, which clearly shows an inadequacy of the simple quasi-deuteron model for the 

large-Pm component of the missing momentum distribution, both in PWIA and with 

allowance for FSI. 

One interesting implication of the dominance of FSI effects at large Pm in both 

2 H( e, e'p) and 4H e( e, e'p) scattering is the similarity of the missing moment um spec­

tra, which will be discussed in the next chapter. 



Chapter 6 

U niversality and Final State Interaction 

In the past decades, a great theoretical eifort has been devoted to the study of 

the nuclear single particle moment um distribution N(k). Particular importance is 

attributed to the large momentum tail of N(k), which is expected to be dominated 

by two nucleon short-range correlations, or "quasi-deuteron" configurations [44, 24, 

45, 46, 13]. This name originates in the predicted analogous behavior of short­

range interactions in all nuclei, from deuteron to nuclear matter. This should be 

reflected in a similar shape for the large k tail (k > 1. 5 - 2 fm -1) of N ( k) in 

deuteron or in any other nucleus (hereafter the universality of N(k) refers to the 

k dependence, apart from a kindependent normalization factor). An example can 

be seen, e.g., in Fig. 5 of [23] where the ratio between the 4 H e and D distributions 

varies roughly between 2.5 and 4.5 in the range Ifm-1 < k < 4fm-1 • The earliest 

application of the quasi-deuteron idea can be found in the calculation of the nuclear 

photo eifect for photons of energy larger than 150 MeV (see [42], and references 

therein). However, the nucleon momenta considered there are slightly smaller than 

the momenta at which one expects the quasi-deuteron universality now. In [43], a 

microscopic evaluation of the nuclear moment um distributions for the ground states 

of 4 He and 160 in two-body approximation was presented. The major finding of [43] 

was that beyond momenta of 2 fm- 1 the correlation part becomes dominating and 

that the general behaviour of the deuteron moment um distribution is quite similar 

to the one obtained for the closed shell nuclei. 

Considering the results of the last chapter, where I found an important contri­

bution also from higher order correlations to the 4 H e ground state, it seems unclear 

if the quasi-deuteron hypothesis gives a quantitatively correct description of the 

nuclear ground states. However, here I would like to discuss the question if it is 

possible to find experimental evidence for the dominance of the quasi-deuteron at 

large momenta k from (e, e'p) experiments, assuming that this dominance really is 
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present. The results of this chapter have been published in [17]. 

In the previous chapters it was shown that the final state interaction completely 

dominates the missing momentum distribution at higher Pm in perpendicular kine­

matics and is very important in (anti)parallel kinematics. Moreover, the sensitivity 

of the missing moment um distribution W(Pm) to details of the ground state wave 

function like the D-wave or short range correlations is lost when FSI is included. 

6.1 FSI-Induced Universality 

As a further illustration of this point, I show the PWIA and the full transverse 

momentum distribution W(Pm) including FSI for the deuteron wave functions cal­

culated from the Bonn and Paris models in Fig. 6.1. The weIl known smaller D-wave 

content of the Bonn model makes the corresponding PWIA much smaller than in 

the Paris model at large Pm. This difference gives an estimate of the uncertainties 

in the predictions of modern theories of the N N interaction at large Pm ~ 1.5fm-1 • 

However, when FSI are included the differences between the two distributions dis­

appear: FSI, which distort the struck proton's wave function only at small distances 

Ibl ~ bo ~ RA, are hardly sensitive to the deuteron D-wave (where the centrifugal 

barrier keeps nucleons apart). In Fig. 6.1b I show how the distribution W(Pm) for the 

4 H e( e, e'p) reaction is changed for different types of short range correlations, going 

from Co = 0 (pure mean field) to Co = 1 (hard core). For perpendicular kinematics, 

the FSI-dominated distributions are not very sensitive to such drastic changes in 

the ground state wave function. The origin of this FSI dominance was discussed 

previously. These results for 4 H e, as weIl as the washed out difference between the 

predictions from the Bonn and Paris potentials for the deuteron, nicely illustrate 

the main point: the transverse missing momentum distribution including FSI effects 

shows marginal sensitivity to the large-k components of the nuclear ground state 

W A, gross features of the bulk of the nuclear ground state only enter through the 

overall normalization and small corrections cx: -ffi- to the slope of the Pm dependence. 
A 

The behaviour of the transverse missing moment um distribution including FSI for 

large Pm is completely governed by the properties of the N N rescattering, which are 

universal for all nucleL 

In Fig. 6.2, the main quantitative point is presented: in perpendicular and 

(anti)parallel kinematics we show the missing moment um distributions W(Pm) in­

cluding FSI for 4 H e and for the deuteron. The latter is multiplied by 3 to take into 
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Figure 6.1: a) The PWIA missing moment um distribution N(Pm) in the D(e, e'p) 

reaction calculated with the Bonn wave function [25] (dashed line) and with the 

Paris wave function [26] (dotted line) and the full missing moment um distribution 

W(Pm) including FSI in the D(e, e'p) reaction at () = 900 calculated with the Bonn 

wave function (solid line) and the Paris wave function (dash-dotted line). b) The 

full missing moment um distribution W(Pm) including FSI in the 4H e(e, e'p) reaction 

for hard core correlations Co = 1 (solid line), soft core correlations Co = 0.5 (dashed 

li ne ), and pure mean field, Co = 0 (dotted line). 

account that in 4H e we have 3 FSI scatterers. The similarity between the distribu­

tions including FSI for 4H e and deuteron at pm larger than 1.5fm-1 is impressive, 

especially in perpendicular kinematics. It is even more striking if one compares the 
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Figure 6.2: The full missing momentum distribution W(ffm) for the 4 H e( e, e'p) reae­

tion (solid line) and for the D( e, e' p) reaetion (dashed li ne ) multiplied with a factor 

of 3 to aeeount for the higher number of FSI seatterers in 4H e. For eomparison, the 

PWIA missing momentum distribution N(Pm) for 4He is also shown (dotted line). 

On top, we show transverse kinematies, () = 90°, and in the middle and the lower 

panel we show parallel and anti parallel kinematies, () = 0° and () = 180°. 

perpendieular and parallel distributions eorresponding to one and the same nucleus 

(either deuteron or 4 He). They are equal in the fully isotropie PWIA predietion. On 

the eontrary, at large Pm the fuH distributions W(Pm) for parallel and perpendieular 

kinematics differ by one order of magnitude, attesting the FSI dominanee. So, at 

last, universality appears, but it is driven by the dominanee of FSI effeets rather 



100 UNIVERSALITY AND FINAL STATE INTERACTION 

0.2~-----------------------------. 

a) Deuteron 
0.1 

CD 
I...L. 

« 0.0 

-0.1 

-0.2+---~------~-----~--~-----~--~ 

0.4 

C = 1 o I 
I 

, 
I 

.-, , 
...... .-

.... ---

................................................................ / ................................. . 

-0.2 

,/ ............ " .. "." ................ . 

.'l'..... " .' ...... " ...... . .... ~ .... , ..... b) Helium 
-0.4+---~~--~----~--~~--~----~ 

0.0 0.5 1.0 1.5 2.0 2.5 
missing momentum (fm -1) 

3.0 

Figure 6.3: The forward-backward asymmetry AFB defined in Eq. (3.11) is shown 

for the reaction D(e,e'p) in a) and for the reaction 4He(e,e'p) in b). For 4He, 

different correlations were used: hard core, Co = 1, (solid line), soft core, Co = 0.5, 

(dashed line), and pure mean field, Co = 0 (dotted line). 

than by an intrinsic feature of the nuclear ground state wave function. 

In perpendicular kinematics, the PWIA curve is overwhelmed by the FSI effect 

by orders of magnitude. There is no hope to find direct quasi-deuteron effects 

in experiments performed in perpendicular kinematics. Even more confusion can 

arise from experiments in which events which are taken at different angles e of the 

missing moment um Pm are put together as a function of IPm I and are not presented in 

separate distributions. In perpendicular kinematics the FSI dominance is so marked 
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that it seems difficult to think that a more refined 4 H e ground state can modify 

this situation, especially as the missing moment um distribution for the D( e, e'p) 

re action in perpendicular kinematics calculated with realistic wave functions is also 

dominated by FSI and as the FSI effects in 4 H e should be stronger than in the 

rather dilute deuteron. 

In parallel kinematics, the situation seems more interesting. There, the results 

which were obtained previously suggest the FSI dominance in (anti)parallel kine­

matics is less pronounced than in perpendicular kinematics and that PWIA and FSI 

effects are in competition, and a quantitative understanding of their interplay can 

become decisive. At these kinematics, at large Pm,z, FSI effects are mainly due to the 

O-function in the final state interaction operator. The related discontinuity intro­

duces high-moment um longitudinal components. This is again a universal property 

of the FSI. Its presence does not depend on the specific target nucleus, although 

there is a slight sensitivity to the form of the correlation function. 

Apart from this large Pm,z tail, the interference between the PWIA amplitude and 

the component oe p of the FSI amplitude, leads to a forward-backward asymmetry, 

shown in Figs. 6.3a,b for 4H e and D. The mere presence of a large forward-backward 

asymmetry suggests strong FSI effects, and again its Pm dependence for deuteron 

and 4 H e with soft corejhard core correlations included is qualitatively similar. The 

realistic deuteron wave functions do already include effects of the short range N N 

interaction. However, as the forward-backward asymmetry is a PWIA-FSI interfer­

ence effect, it also contains some information on the nuclear ground state, as was 

shown in detail in chapter 4 and [16] for the special case of the polarized deuteron 

target, and therefore and due to the different values of p for D and 4 H e the similarity 

is less pronounced than in perpendicular kinematics. 

Concluding, the final state interaction creates strong similarity patterns in the 

energy-integrated moment um distributions for (e, e'p) on 4 He and (e, e'p) on deuteron 

at large missing momenta. This will permit detailed studies of universal features of 

nuclear FSI in the diffractive regime, but it makes tests of the short range struc­

tures in the nuclear ground state much more difficult. In particular, in perpendicular 

kinematics this task seems hopeless. It has to be stressed that FSI effects cannot be 

described by a simple overall renormalization factor as they depend strongly on the 

specific kinematics. A further analysis of the situation in longitudinal kinematics 

requires more sophisticated models for 4 H e, due to the complex interplay of FSI 

and PWIA effects there. 



Chapter 7 

Summary and Conclusions 

In this thesis, the effects of the final state interaction on the observables in (e, e'p) 

reactions on light nuclei at Ge V energies have been calculated using Glauber theory. 

In order to concentrate on the FSI effects, the photon was considered as a scalar 

operator, i.e. the longitudinal response function was calculated. The signature of 

final state interaction is a marked anisotropy in the observed missing moment um 

spectra, leading to a pronounced peak in perpendicular kinematics at higher missing 

momenta and a forward-backward asymmetry. The final state interaction induces a 

complicated pattern of shadowing and anti-shadowing in the nuclear transparency 

ratios, as the FSI effects depend strongly on the kinematics and the value of the 

missing momentum. It is impossible to describe the FSI effects by a simple overall 

factor. In all cases, a dominance of the final state inter action effects is found for 

higher missing momenta in perpendicular kinematics and their role in parallel and 

anti parallel kinematics is also important. 

Even for the deuteron, which is a very dilute nucleus, the FSI effects lead to a de­

viation from the PWIA behaviour at Pm ;::, 1 fm- 1 and they dominate the missing 

momentum distribution for pm ;::, 2 fm- 1 in perpendicular kinematics completely 

[14]. At missing momenta larger than 3 fm-I, the FSI leads to smaller peaks in 

parallel and antiparallel kinematics. In PWIA, the influence of the D-wave con­

tribution at higher momenta is large and the predictions of different models vary 

by almost one order of magnitude in this regime. However, the sensitivity of the 

missing momentum distribution to the D-wave is washed out entirely by FSI and 

an experimental discrimination of different models for the deuteron wave function 

seems to be impossible. Those results are contrary to the conventional expectation 

that FSI effects in the deuteron should be small in general and practically non­

existent in (anti)parallel kinematics. The FSI effects in (anti)parallel kinematics 

are substantial and lead to large FSI corrections of approximately 40% in the lon-
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gitudinal missing moment um distribution. As the longitudinal missing momentum 

distribution is related to the asymptotic y-scaling function, those results indicate 

that FSI effects will have an important influence on the y-scaling analysis. 

Also in electron scattering from tensor polarized deuterons [16], the FSI effects 

are strong. They dominate the missing moment um distribution in perpendicular 

kinematics from 1.5fm-1 on and they are important in (anti)parallel kinematics, 

too. Because the FSI is sensitive to the alignment of the deuteron, the FSI effects 

depend strongly on the polarization of the deuteron, which leads to a rich pattern 

of the angular and Pm dependence of moment um distributions and tensor analyzing 

power. The departure of the nuclear transparency ratio T(Pm) is small only at 

small Pm ~ Ofm-I. At larger missing momenta, in the regions of strong PWIA­

FSI interference and FSI dominance, one finds both T <%:::: 1 and T ~ 1. The 

antishadowing effect T > 1 is particularly strong in perpendicular kinematics. The 

tensor analyzing power is dominated by FSI even from the relatively low missing 

moment um of Pm ~ 1 fm-Ion, as the FSI is sensitive to the alignment of the 

deuteron. Although the S-wave and D-wave components of the deuteron wave 

function can interfere in scattering from polarized deuterons, in contrast to the 

situation in electron scattering from unpolarized deuterons, the sensitivity to the 

D-wave is lost when FSI is included. A unique possibility of determining properties 

of the ground state wave function directly from the experiment by measuring the 

zero of the forward-backward asymmetry for transversely polarized deuterons was 

pointed out. The forward-backward asymmetry arises from the interference of the 

PWIA and FSI and it seems to be a weH suited tool for the investigation of the 

subtle interplay of FSI and PWIA effects in (anti)parallel kinematics. 

As a representative example for heavier nuclei, 4 H e was chosen and the FSI ef­

fects in inclusive 4 H e( e, e'p) scattering were evaluated [15, 18]. 4 H e is a very tightly 

bound nucleus and therefore its properties, e.g. the nucleon moment um distribu­

tion inside the nucleus, are expected to resemble the properties of heavier nuclei 

[43, 66]. In this thesis, a complete treatment of the inclusive 4 H e( e, e'p) scattering 

to all orders in the correlation and final state interaction was presented. The simple 

though realistic model wave function that I use allows one to reduce the numerical 

calculations to a stilllengthy and complicated but feasible task and enables one to 

identify the origin of specific effects. The investigation of FSI effects in inclusive 

4 H e( e, e'p) scattering shows an impressive dominance of FSI effects. In perpendic­

ular kinematics, the missing moment um distribution including FSI overshoots the 
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single particle moment um distribution by one order of magnitude for large miss­

ing momenta. Already at small Pm, the FSI leads to a distinet deviation from the 

PWIA behaviour, and for intermediate and large missing momenta, the FSI terms 

and the novel quantal FSI-SRC interferenee effeets give large contributions. The 

influenee of the strength of the short range eorrelations, whieh is remarkably large 

in PWIA, reduees so mueh onee FSI is aeeounted for that it seems very diffieult, 

almost impossible, to extraet information on the strength or form of the eorrela­

tions from the fortheoming experimental data. Aetually, even the novel effeet of 

the quantum-mechanieal interference of FSI and SRC eontributes much more to 

the missing momentum distribution than the pure SRC term. Those interferenee 

terms would be missed in any semi-classical treatment of FSI effects and defy any 

semi-classical interpretation. For a eritieal discussion of semiclassieal approaehes, 

see [91]. They are espeeially important in parallel and antiparallel kinematies, where 

they lead both to depletion and enhancement of the FSI-distorted missing momen­

turn distribution. In parallel kinematics, the interplay of FSI and SRC terms leads 

to a virtual independenee of the missing moment um distribution on the strength of 

the eorrelations. The strong interplay of the attenuation and distortion effeets leads 

to a nuclear transpareney T which exhibits both an even stronger depletion than 

the one of 24% for vanishing missing momentum and antishadowing behaviour. In 

the region of moderate missing momenta, Pm ;5 1.3fm-1 , the nuclear transpareney 

exhibits hardly any sensitivity to the correlation strength, thus confirming the an­

tieipation in [91]. At large missing momenta, Pm ~ 1.5fm-1 , the transpareney 

becomes very sensitive to the eorrelation strength. However, this does not yield any 

direet experimental information on the eorrelations sinee the transpareney is not an 

observable because additional model assumptions about the single particle momen­

turn distribution are needed to extraet it from the data. The large FSI effects are of 

quite a generie origin and they are not an artifact of the model wave function used 

in the ealculations. 

The origin of the overwhelming FSI dominanee at higher missing momenta is well 

understood: the radius of the final state interaction, bo, is mueh smaller than the 

nuclear radius RA. For this reason, the FSI eontribution at large missing momenta 

Pm ~ b: is large. The anisotropy of the final state interaction, whieh is short ranged 

in the transverse direction and long ranged in the longitudinal direction, leads to a 

large normalization of the FSI terms, in contrast to the isotropieally short ranged 

eorrelation terms. 
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This property of FSI, which is universal for all target nuclei, leads to an approx­

imate universality of the missing moment um spectra for different target nuclei [17]. 

In perpendicular kinematics, the distributions for 4 H e and D (the latter is scaled 

by a factor of three to account for the larger number of spectator nucleons in 4 He) 

coincide almost perfectly for larger missing momenta. In (anti)paraIlel kinematics, 

the interplay of FSI and PWIA effects is more important and the similarity is not 

as striking as in perpendicular kinematics, although an approximately universal be­

haviour is clearly present. For a quantitative treatment of FSI in heavy nuclei, see 

[63, 35, 64]. Indeed, a strong effect of FSI in (e, e'p) scattering on carbon and lead 

was found in [35]. 

The calculations in this thesis have been carried out for light nuclei. It is weIl 

known that due to the high density of 4 He, the correlation-induced large-Pm tail 

of the single particle momentum distribution does not change substantiaIly from 

4 H e to heavy nuclei [66, 87, 95, 88]. It is also weIl known that the FSI effects rise 

steeply with the mass number. For instance, the nuclear transparency decreases 

from""'" 0.75 for 4He down to ,...... 0.25 for 197Au [67, 68, 69]. This suggests strongly 

that FSI distortions will be still stronger and correlation effects will become marginal 

in A( e, e'p) on heavy nuclear targets. 

The results reported here will also affect the interpretation of the y-scaling anal­

ysis of (e, e'p) scattering in terms of the single particle momentum distribution. To 

the extent that according to the experimental data, the FSI parameters - the total 

p - N cross section, diffraction slope, the ratio p of real to imaginary part of the 

forward elastic scattering amplitude - vary only slightly for Q2 of several Ge V 2, 

the FSI dominated missing moment um distribution also shall stay approximately 

Q2 independent over the CEBAF range of Q2. This fact leads to an "FSI-scaling" 

effect that should not be confused with real y-scaling. 

Although there are many publications on FSI at lower energies, e.g. in [96] 

FSI and SRC effects in the exclusive 4H e( e, e'p)3 He reaction at low energy and 

low missing moment um are discussed using a very different description of FSI, the 

FSI effects at energies of a few Ge V, which are still lower than the energies where 

one expects color transparency effects, have not been investigated thoroughly up to 

now. The considered aspects of FSI and SRC were not discussed in previous work 

on semi-inclusive A( e, e'p) scattering [97, 63, 98]. FSI effects in D( e, e'p) scattering 

were discussed also in the recent work [99] using a different technique. These authors 

focused on corrections to the y-scaling analysis and did not consider the angular 
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anisotropy of FSI effects. The results of [100] also show a strong influence of FSI 

effects on the D(e, e'p)n and D(e, e'p)n reactions, confirming the earlier results of 

[14] and the findings in [16], which are presented in this thesis. 

Another interesting application of the work presented here is the calculation of 

a sum rule for the Coulomb reacceleration of neutrons in the electro-dissociation 

of the deuteron [101J. In [101], the contribution of the final state interaction be­

tween the fragments of the electro-dissociation into the shift of the average velo city 

of fragments from the beam velo city was calculated. The reacceleration is related 

to the FSI-induced forward-backward asymmetry of the missing moment um dis­

tribution in the related D( e, e' p)n scattering. Both acceleration and deceleration 

effects are possible depending on the sign of p. This contribution of FSI might help 

to explain the velocity shift between the neutrons and the 9 Li fragments in the 

Coulomb dissociation of 11 Li which was observed in arecent experiment [102, 103]. 

The observation was qualitatively interpreted as an effect of classical deceleration 

of 11 Li and acceleration of 9 Li in the Coulomb field and led to the discussion of the 

Coulomb reacceleration as a clock for nuclear reactions [102, 103, 104, 105J. The sub­

sequent quantum-mechanical treatment of the reacceleration effect did not support 

this classicalinterpretation though (see [104, 105, 106], and references therein). The 

deuteron is the simplest example for the mechanism of reacceleration by FSI. With 

a suitable model wave function, the same calculation for the electro-dissociation of 

11 Li can be performed. 

The conclusions which can be drawn from the results presented in this thesis and 

in [15, 14, 16, 18, 17J for future experiments are that it will be very difficult to extract 

any kind of information on the high moment um component of the nuclear ground 

state by performing (e, e'p) experiments at GeV energies. For this, a very tight 

control over the final state interaction on the theoretical side and an outstanding 

precision of the measurements on the experimental side will be necessary. 



Appendix A 

Jacobi coordinates 

In the case of a multi-particle system it is often convenient to use Jacobi coordinates, 

which describe the relative motion of the particles. For systems of particles with 

equal mass, the k-th Jacobi coordinate is given by 

R-- -- 1~ __ 
k = r k+ 1 - - L.t r i , 

k i=1 

(A.l) 

where the ri denote the laboratory coordinates of the particles. The k-th Jacobi 

coordinate points from the center of mass of the first k particles to the particle 

k + 1. In order to express the J acobi coordinates in lab coordinates and vice versa, 

one has to add the center of mass coordinate ROM = ~ tri = 0 to the set of Jacobi 
i=1 

coordinates. For the special case of the fOUT particle system, e.g. 4 H e, the J acobi 

coordinates read: 

(A.2) 

and the lab coordinates are given by 

1 -- 1 -- 1 --
r1 -"iR1 - "3R2 - 4R3 

1 -- 1 -- 1--r2 -R1 - -R2 - -R3 
234 
2 -- 1 --r3 -R2 - -R3 
3 4 
3 --r4 - 4R3. 

In some parts of the text I have used R~ = ~R2 in order to simplify the appearing 

coefficients. 



Appendix B 

Kinematical Constraints 

In this appendix, I give an overview over the kinematical conditions of the D( e, e'p)n 

and 4 H e( e, e'p)X reactions (where X stands for the possible final three-nucleon 

states). This is interesting in order to see e.g. over which range of the missing 

energy Em and negative four momentum transfer Q2 the experiments have to be 

carried out to find the moment um distribution. 

In the experiment, the transferred energy 1/, the transferred 3-momentum Cf and 

the kinetic energy of the knocked out proton nin,p are measured. From Tkin,p, the 

modulus of the moment um , !p!, can be extracted, and the direction of pis fixed by 

the detector position. 

In the calculations, I have assumed a fixed Tkin,p and I have calculated W(~) 

for various Pm. 
The modulus of the moment um of the detected proton is given by 

(B.I) 

and with the missing momentum 

(B.2) 

the proton angle ()p =1-.(p, i/) is then given by 

()p = arcsin (p; sin ()) , (B.3) 

where () is the angle of the missing momentum. For Tkin,p 1 Ge V the proton 

angle ()p varies from ()p = 3.4° for Pm = 0.05jm-1 and ()p = 28.1° for Pm = 4jm-1 

in perpendicular kinematics (() = 90°). The proton angle for arbitrary angles () of 

the missing moment um is smaller and obviously vanishes for (anti)parallel kinemat­

ics. This shows that the application of Glauber theory is justified in this regime, 
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as Glauber theory works even for angles of 30°, see [40]. The modulus of the 3-

moment um transfer is given by 

(BA) 

The total energy E res of the residual system is 

Eres = v - E(p) + Mtarget (B.5) 

with the target mass Mtarget and the energy of the proton E(p) = mp + Tkin,p' The 

residual system is recoiling with the missing moment um Pm, so that one has 

M 2 E2 .... 2 
res = res - Pm . (B.6) 

This expression for M res contains the mass and the excitation energy of the residual 

system. Of course, in a specific re action channel, M res must be at least as large as 

the sum of the rest masses of the particles of the residual system, which leads to the 

necessary condition 

M res 2:: Mres,min := :L: mi 
i 

that is equivalent to the condition 

E res 2: Eres,min := Tkin,res + Mres,min . 

(B.7) 

(B.8) 

The difference M res - Mres,min gives the intrinsic excitation energy of the residual 

system. This intrinsic energy consists of the kinetic energy of the relative motion of 

the particles which the residual system contains. The recoil energy of the residual 

system, i.e. the kinetic energy of it, is given by 

(B.9) 

The missing energy Em equals 

E m := v - Tkin,p - Tkin,res = M res + mp - Mtarget . (B.IO) 

For the considered type of experiment, the moment um transfer is space-like, so 

that the negative four momentum transfer squared must be positive, which gives 

another constraint for the kinematics: 

(B.ll) 
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This leads to a condition for the maximum energy transfer 

(B.12) 

and from condition (B.8) the minimal energy transfer which is necessary is 

Vmin = E(p) - Mtarget + V Pm 2 + M;es,min . (B.13) 

N ow the necessary background is set up and the kinematical settings and constraints 

for the specific reactions under consideration can be discussed in detail. Numbers 

for the kinematical variables are given in order to facilitate comparisons e.g. with 

the kinematical ranges of planned experiments. 

B.l Deuteron 

First, the reaction D( e, e'p)n is discussed, i.e. the re action without any pions in the 

final state. The only possible missing energy equals the binding energy EB of the 

deuteron: 

Em = EB = 2.226 MeV , (B.14) 

and the only possible mass of the residual system is obviously the neutron mass, 

M res = m n . The boundaries for the energy transfer v now read 

Vmin m p + Tkin,p - md + VPm 2 + m; 
Vmax - VPm 2 + p2 + 2!Pm!!P! cos(B + Bp). (B.15) 

If the condition Vmin < Vmax is fulfilled, the only possible energy transfer is v = Vmin; 

higher values of the transferred energy are only possible if they excite a resonance 

of the nueleon, therefore leading to pions in the final state after the decay of the 

resonance. The minimum value of the energy transfer equals 1.0 Ge V for Pm = 

Ojm-1 and 1.297GeV für Pm = 4jm-1 . The transferred three moment um !tf1 equal 

to Vmax is 1.7 Ge V for pm = Ojm-1 and is given in table B.1 für pm = 4jm-1 for 

parallel and perpendicular kinematics and for Pm,max in anti parallel kinematics. 

In table B.1, the kinematical constraints following from the above conditions are 

shown. As can be seen from Eq. (B.15), the condition Vmin < Vmax is most restric­

tive in anti parallel kinematics, where B = 1800 and the eosine term in the expression 

for Vmax is elose to -1, as the proton angle is zero in antiparallel kinematics. Cor­

respondingly, the possible maximal values of Q2 decrease in anti parallel kinematics 
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() Pm,max 

0° > 10jm-1 2.5GeV 4.56 GeV2 

90° 4.5jm-1 1.5GeV 1.87 GeV2 

180° 2.5jm-1 1.2GeV 1.87 GeV2 

Table B.1: This table shows the kinematical constraints for the D( e, e'p)n reaction 

in parallel, perpendicular and antiparallel kinematics at Tkin,p = 1 Ge V. For each 

kinematics, the accessible maximal missing moment um Pm,max is given in the first 

column, the maximal transferred energy at Pm = 4jm-1 or Pm,max, respectively, is 

given in the second column and the maximal value of Q2 for the whole considered 

missing momentum range pm :::; 4jm -1 is given in the third column. 

until they reach zero. Also in perpendicular kinematics, the range of missing mo­

menta is limited, as the proton angle increases with higher Pm, leading to sm aller 

values of vmax . So also here, the maximal value of Q2, i.e. Q~ax = v!ax - v!in de­

creases for higher missing momenta, so that the maximal four momentum transfer 

squared is given by the value of Q2 = 1.87Ge V2 for vanishing missing momentum. 

The accessible range of missing momenta is increased when the kinetic energy of 

the proton is increased. The results presented in this thesis have been obtained for 

Tkin,p = 1 Ge V, but as the parameters entering the FSI operator hardly change for 

higher energies, the results will remain the same for Tkin,p > 1 GeV. 

N ow, the reaction D( e, e' P )mr is considered. In contrast to the previous case, 

excitations of the residual 7r + n system are possible, leading to a broad spectrum 

of missing energies. The minimum missing energy for this reaction is 

Em,min = m7r + EB ~ 140 MeV . (B.16) 

This missing energy is much larger than the missing energy of Em = 2.226 MeV one 

has without the pion in the final state. The expression for Vmax = 11.11 remains the 

same as above, the minimum necessary energy transfer is now 

(B.17) 

The accessible kinematical regions are shown in table B.2. The limits on the range of 

the missing moment um are similar, although the upper bounds are slightly smaller 

now, and also the Q2 values are slightly smaller, due to the fact that some extra 

energy is needed for the production of the pion. For vanishing missing momentum, 
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Pm = 0, the missing energy is Em = 696 MeV. In antiparallel and perpendicular 

kinematics, this is the maximum value of the missing energy which decreases until 

it reaches the lower bound. In parallel kinematics, the missing energy increases and 

reaches Em = 1.36 GeV at pm = 4fm-1
• 

() I Pm,max I Vmax Q~ax 
0° 9.5 fm- 1 2.5GeV 4.25 GeV 

90° 4.4 fm- 1 1.5 GeV 1.57GeV 

180° 2.3 fm- 1 1.2 GeV 1.57GeV 

Table B.2: This table shows the kinematical constraints for the D( e, e'p )mr re action 

in parallel, perpendicular and antiparallel kinematics at Tkin,p = 1 Ge V. For each 

kinematics, the accessible maximal missing moment um Pm,max is given in the first 

column, the maximal transferred energy at Pm = 4fm-1 or Pm,max, respectively, is 

given in the second column and the maximal value of Q2 for the whole considered 

missing moment um range Pm ::; 4fm-1 is given in the third column. 

B.2 Helium 

In this thesis, I have considered the inclusive 4 H e( e, e'p) reaction, i.e. I have summed 

over all possible final states. There are several possible final states: 

GI The two-body breakup channel 4 H e( e, e'p)3 H with the triton ground state 

as final state. In this channel, the missing energy has the fixed value Em = 
19.8MeV. 

GI The three-body breakup channels 4He(e, e'p)Dn with a minimum missing en­

ergy of Em = 26.1 MeV and 4He(e,e'p)pnn with a minimummissing energy 

of Em = 28.3MeV. 

The values of v and Q2 for the two-body break-up channel are fairly similar to the 

values for the D( e, e'p)n reaction. The situation in the three-body break-up channels 

is more interesting as there is a broad range of missing energy accessible. As the 

two channels are quite similar, I give numbers only for the 4He(e, e'p)Dn reaction. 

For vanishing missing momentum, Pm = Ofm-1 , the possible energy transfers range 

from 1.03 Ge V to 1. 7 Ge V, the corresponding missing energies range from 26 MeV 
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to 696 MeV, and the maximal attainable Q2 is 1.82 Ge V for all kinematies. Both in 

antiparallel and perpendieular kinematies the missing momenta are limited, and the 

maximum value of the missing energy is therefore 696 MeV. In parallel kinematies, 

however, the missing energy speetrum extends to higher values with inereasing Pm 

and reaehes E m = 1.42 GeV at Pm = 4fm-1 • 

When there are pions in the final state, the value for /Imin inereases to 1.17 GeV 

for Pm = 0 fm -1 and to 1.27 Ge V for Pm = 4fm -1. The minimal missing energy is 

166 MeV. Onee the transferred energy is larger than /Imin, the two types of reaetions 

eannot be distinguished solely through the kinematies. However, it should be pos­

sible to identify the pions in the experiment. At CEBAF, there is a multi-particle 

spectrometer available whieh detects all eharged particles. With this additional 

information on the residual system, the reaetion ean be reeonstrueted. 



--- ---- ----- ---
--- --------
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