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1 Introduction

The atomic nucleus is commonly considered to be composed of neutrons and protons
held together by * strong interaction that is mediated by the exchange of mesons. This
picture it known to be sufficiently good for a fair description of many properties of nuclei
and nuclear reactions. The description is necessarily based on models rather than on first*
principle theories because the many-body problem cannot be solved exactly and because the
interaction is not really well known.

It came ai a surprise that Bohr's atomic shell model could be applied to the nuclear
system1. In the latter case one assumes that to first approximation each nucleon moves
independently in a potential that represents the average interaction with the other nucieons in
the nucleus, This model is referred to ss the independent-particle shell model (IPSM). For a
given nucleus the number of particles in a certain shell is found by putting the nucieons into
subsequent shells starting from the lowest one, the Uj^-shell. Initially the shell model was
not able to give a good account of the so-called magic numbers, which had been identified
experimentally in the systematic* of nuclear-binding energies, These numbers should
correspond to the nucleon numbers at a shell closure. Only after Gcxjpert-Maycr2 proposed
the addition of a strong spin-orbit term to the mean-field potential, this problem was
resolved and the nuclear shell model became widely accepted. Apart from the magic
numbers the shell model derived its early success from the correctly predicted ground-state
tpim of odd-A nuclei.

It is anwing that the nuclear shell model is so successful in view of some essential
differences with the atomic case:

* there is no central field in the nuclear system;
* the nuclear force it much stronger and of a shorter range than the Coulomb interaction.

The solution of this apparent paradox lies in the Pauli exclusion principle. Most of the
possible transitions caused by g two-body interaction are prohibited in the nucleus, because
the final states are already occupied by other nucieons. The result is that the wave function
of a single nucleon to a good approximation resembles that of a particle in a one-body
potential, like in the IPSM.

A more sophisticated description of the nucleus requires the consideration of
interactions (or correlations) between the nucieons, This is usually done by the
incorporation of a residual two-nucleon interaction in the shell model. As a result the
boundary between the occupied and the unoccupied states (Fermi level) in the ground state
it no longer sharp. The residual interaction thus has two effects on the ground-state



structure: (i) a depletion of orbitals below the Fermi level; and (ii) a nonzero occupancy of

the orbitals above the Fermi level.

A well known example of such a calculation is the one by Cohen and Kurath3. In this

case, which applies to lp-shell nuclei, the residual interaction was determined semi-

empirically by fitting a restricted number of parameters to the measured energy levels of the

nuclei involved. The model was very successful in explaining various nuclear observables

such as magnetic moments and electromagnetic transition strengths.

Most 'hell-model calculations use a limited model space. If the model space is extended

by, e.g., increasing the number of single-particle orbits considered, a more complicated

structure for the nuclear ground-state is found. As an example the results of such a

calculation for 12C are mentioned4. For the lp-shell a rather small (< 5 %) depletion is

found, although some 20 - 30 % of the configurations are non-trivial, i.e., differ from the

standard (ls)4(ip)8 configuration.

There exist several other ways of calculating the influence of correlations in the nuclear

ground state^"7. Benhar et al.7, for instance, assume an explicit form of the correlation

function with (in principle) no restriction on the type of correlations: two- or many-body

interactions are allowed. The parameters of the interaction are again fitted to ground-state

energies. A calculation along these lines for 12C yields a 20 % depletion of the lp-shell.

Similar results for heavy nuclei have been obtained by Pandharipande5 and Mahaux6.

A direct way of investigating the shell structure of the nucleus is provided by knockout

reactions such as (p,2p) or (e,e'p). In this kind of reactions the knocked-out proton is

detected in coincidence with the scattered particle. By measuring the momenta and energies

of all particles involved one is able to determine the momentum and energy of the proton

before it was knocked out of the nucleus (see chapter 2). If the coincidence measurements

are carried out under various kinematical conditions, it is thus possible to determine the

distributions of momenta and binding energies of the protons inside the nucleus. Since with

each shell a characteristic momentum distribution and binding energy are associated, such

measurements enable the identification of possible shell structure in the nucleus. Moreover,

from the magnitude of the measured momentum distribution one can derive information on

the number of particles (occupancy) in a given shell.

In 1957 Thyre"n et al.8 carried out one of the first (p,2p) experiments and demonstrated

the literal truth of the shell model by observing a difference in separation energy for protons

belonging to two different shells. The preferred experimental method, though, is the (e,e'p)

knockout reaction, as already emphasized by Jacob and Maris9 in 1962. The advantage of

the (e.e'p) reaction over other reactions is the weakness of the electromagnetic interaction,



which makes the extraction of the momentum distribution more reliable. In 1967 Amaldi et

al.1" succeeded in exploiting the (e,e'p) reaction for the determination of the momentum

distribution of protons in 12C. The momentum distributions of protons with different

separation energies were easily distinguished and they closely followed the expected shapes

of the momentum distributions of the shells involved, thus providing even more convincing

evidence for nuclear shell structure.

The (e.e'p) reaction has now been used for more than two decades in several

laboratories. The results obtained until 1982 have been summarized by Frullani and Mougey

in a recent review article1 *. The deduced occupation numbers for orbitals below the Fermi

surface are generally 20 to 30 % smaller than expected from the simple shell model. This

has not been interpreted by the authors as a depletion of shell-model orbitals, though. They

attribute the difference to uncertainties in the description of the reaction, in particular of the

final-state interaction.

The aim of the study presented in this thesis is on the one hand to contribute to the

experimental verification of the aforementioned model calculations by trying to obtain as

precise as possible data on the role of ground-state correlations in nuclei. Such information

can be obtained by measuring the occupancy of the orbitals below as well as above the

Fermi level. On the other hand it is necessary, in order to reach that goal, to also carefully

study the mechanism of the (e.e'p) reaction itself.

The description of the (e.e'p) reaction contains two basic ingredients: (i) the interaction

between the incident electron and a proton embedded in the nuclear medium (electron-proton

coupling); and (ii) the interaction between the knocked-out proton and the residual nucleus

(final-state interaction, FSI). Knowledge of both aspects of the reaction is required in order

to be able to derive occupation numbers from the experimental cross sections.

The primary electron-proton cross section is particularly interesting as it may also

contain signatures of non-nucleonic effects in nuclei. Usually the e-p coupling is described

by the interaction between an electron and a free proton with some correction for the binding

of the proton13. This coupling might, however, be modified in the nuclear environment. In

inclusive electron-scattering experiments14, for instance, it has been shown that the ratio of

transverse and longitudinal response functions in the quasi-elastic region deviates

appreciably from what is expected assuming the coupling to be the same as for a free

nucleon. One possible explanation is a modification of the electromagnetic properties of the

nucleon due to the nuclear medium15'16, which might be related to a possible partial

deconfinement of the quarks, although a similar effect is predicted by meson models17.

The FSI is commonly treated in the framework of the optical model. The parameters of



the optipal potential are taken from the analysis of elastic proton scattering data. It is thus
assumed that the FSI in (e,e'p) is sufficiently well treated by taking the distorted proton
wave as determined by a (p,p) experiment. There are indications, however, that the FSI
requires a more detailed consideration. Bernheim et al.12, for instance, demonstrated that it
was not possible to describe (e,e'p) data taken in a particular kinematical configuration using
a standard optical-model potential, Moreover, it is known from proton scattering that the
coupling between the various allowed reac ion channels has an important influence on the
angular di.uibution. The possible role of channel couplings in the final state of the (ex'p)
reaction hitherto has not been investigated.

Clearly both aspects entering the description of the (ex'p) reaction need to be studied
carefully before definite conclusions can be drawn concerning momentum distributions and
occupation numbers derived from (e,e'p) experiments. Part of the work presented in this
thesis was intended to increase our understanding of the (e.e'p) reaction in this respect.
Both the FSI and the e-p coupling were studied experimentally. The outcome of the
experiments is compared to detailed calculations of the coincidence cross section including
coupled-channels effects and a modified e-p coupling. The progress made in the
understanding of the electron-induced knockout reaction is discussed and it is shown that
the description of the measured momentum distributions has been improved considerably. It
is hoped that further investigations of this kind will eventually lead to precise results for
orbital occupancies.

The experiments were carried out at NIKHEF-K, where a high-resolution spectrometer
pair is available for an accurate »tudy of the (e,e'p) reaction18. We have chosen 12C as the
target nucleus for the following reasons: (i) extensive nuclear-structure calculations are

: available for this nucleus; (it) the proton- I2C system has been studied in great detail19, thus
; facilitating calculation! of the final-state interaction; (Hi) possible electron distortions are
'. expected to be small for a low-Z nucleus; (iv) inclusive electron-scattering data in the
'' quasi-elastic region are available, which allows for a direct comparison between the two
1! reactions; and (v) some aspeus of the reaction J2C(c,c'p)nB have already been studied at
'% Saday12,
f Two kinds of experiments have been performed on l 2 C. The first was aimed at
,•; obtaining accurate momentum distributions for various final states in U B . Some special
< measurements were carried out in order to vary the parameters influencing the FSI. The

experimental results concerning the knockout of lp-protons from 13C are presented in
1 (•' chapter 3. The role of coupled-channels effects in the (e.e'p) reaction is also discussed in
I this chapter. Weak transitions observed in the reaction 12C(e,c'p) U B are the primary subject
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of chapter 4, where we discuss whether some of these transitions can be associated with
knockout from normally unoccupied shell-model orbitals.

The second experiment on I2C was devoted to the study of the e-p coupling. These
measurements were supplemented by data taken on ̂ 1 . The latter experiment allowed us to
measure simultaneously knockout from the relatively dense 4He-core and the relatively
dilute deuteron. In this way the density dependence of the e-p coupling in the nucleus could
be studied. The results of these experiments, which are presented in chapter 5, have been
compared to various models that take into account the effect of the nuclear medium on the
e-p coupling. The possible role of charge-exchange and meson-exchange currents in the
interpretation of these experiments is also considered.

Chapter 2 contains a brief survey of the formalism of the quasi-elastic (e,e'p) reaction,
while chapter 6 contains a summary of this thesis. Several parts of this thesis have already
been published elsewhere20*26. For this reason chapter 3 and 4 as well as several sections of
chapter 5 can be read independently.

I
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2 The quasi-elastic (e,e'p) reaction

2.1 Introduction

In this chapter the formalism of the quasi-elastic (e.e'p) reaction is presented. Since

this reaction has been the subject of several review articles1, there is no need for a genera!

discussion of the (e,e'p) cross section. Moreover, the various approximations applied in the

derivation of the cross-section formula are discussed in detail by Frullani and Mougey2. For

these reasons we restrict ourselves to an introduction of the kinematical quantities (section

2.2) and a summary of the plane-wave formalism (PWIA) of the reaction (section 2.3). The

remainder of the chapter is devoted to a discussion of the influence of the distortions acting

on the incident and outgoing waves in the reaction. The emphasis is on the relation between

the (e,e'p) formalism and the expressions employed in the various computer programs for

calculating the coincidence cross section.

As an introduction we present in this section a brief outline of the history of the

computer code that is commonly used for the calculation of the (e,e'p) cross section in the

distorted-wave impulse approximation (DWIA). Actually, most codes presently used stem

from the same computer program, called PEEP, as originally written by Knoll3 in 1971.

The code contained partial-wave expansions for the incident electron, the outgoing electron

and the emerging proton. However, those parts of the program that concern the electron

distortion have later been removed, since this distortion is small for the light nuclei studied

at that time4 and there were some convergence problems for heavy nuclei3. The remaining

code involved a factorized expression of the (e,e'p) cross section. In section 2.4 we discuss

the related formalism, which is referred to as the conventional DWIA approach. <

The program was improved in the late seventies by Boffi, Giusti and Pacati5, who

developed an unfactorized code (PEEPSO) including the spin couplings between the '

participating particles in the reaction. In order to be able to insert the spin-orbit term in the

potential felt by the outgoing proton it turned out to be essential to treat the electron-proton

coupling in a non-relativistic framework^'". The formalism of this generalized DWIA code :

is the subject of section 2.5. Not discussed in this chapter are the versions of the program )

developed for the calculation of cross sections that involve polarized incident electrons9 $

and/or polarized target nuclei1(). *i

Recently (1987) an approximate treatment of Coulomb distortions was incorporated by \

Giusti and Pacati11, who employed a high-energy approximation for the electron waves12. j

This is also discut:;ed in section 2.5. ,



Por some special cases such as 12C it is desirable to avail of a coupled-channels
treatment of the final state of the (e,e'p) reaction, which is not incorporated in the
aforementioned codes. Calculations involving such effects can be carried out by
simulating13 the (e,e'p) reaction by means of a pick-up reaction as is explained in section
2.6.

A brief outlook concerning future requirements for a computer code for quasi-elastic
(e.e'p) reactions is given in section 2.7, which also contains a summary of the chapter.

2.2 Klntmatlci

The kinematics of the (e.e'p) reaction is illustrated in fig. 2.2.1 for the case that the
proton is detected in the plane defined by the electron vectors. An incoming electron with
momentum e emits a virtue! photon with momentum q and energy as. The final momentum

Pig. 8.9.1 Ont-pheton akohanga diagram for tha
(•,a'p) motion in tha plana-wava Impulu
approximation. Tht #laetron soattarlng angla It
danottd by • , « , tha praton datsetlon angla Is
r*pr«stnt«d by • -« and y Is th« angla bctwatn tht
momanlum tr«n«vr q and tha outgoing-proton
momentum p1. Tha proton Is dttaotad In tha plan*
dtflnati by th* alaelron momanta.

of the electron is denoted by •'. It is assumed that the photon couples to a single proton,
which is knocked out of the nucleus in this process. The outgoing proton has a momentum
p'. Since e, e' and p' are measured for each coincident event in the experiment, it it
possible to calculate the initial proton momentum pm:

Pm = P '"q*P' - ( e - e ' ) . (2.11)



It is noted that this sign convention is appropriate if pm is viewed as the initial proton
momentum, whereas the opposite sign corresponds to the actual missing momentum in the
reaction. Both conventions are encountered in the literature2-5-14.

In the same way one can evaluate the difference in the total energy before and after the
reaction (or missing energy):

E m . E 0 - F . T p - T A . 1 - « . T p - T A . 1 , (2-2-2>

where EQ and E' are the initial and final electron energy and Tp represents the kinetic energy
of the outgoing proton. The kinetic energy TA.j of the recoiling A-l nucleus can be obtained
from eq. (2.2.1), since p'A>1 = -pm. The missing energy Em is the energy required for the
separation of the nucleon from the target nucleus (binding energy) and includes a possible
excitation of the residual nucleus:

E m - B ^ + E ^ . (2.2.3)

By measuring the (c.e'p) cross section for a range of values of pm and Em one is able to
determine the distributions of momenta and energies of protons inside the nucleus (section
2.3).

From eq. (2.2.1) it is seen that the scattering angles 0e< and 0p. as defined in fig. 2.2.1
are not uniquely determined for a certain choice of pm. Consequently there is a freedom in
the choice of kinematics employed in the experiment. Two kinematical configurations are

.' commonly used in (e,e'p) experiments:

* parallel kinematics: p' is chosen parallel to q (Y » 0). The advantage of this type of
kinematics is that the condition y - 0 justifies a simplification of the expression for the
coincidence cross section (see section 2.4).

* constant 4 and to kinematics: by keeping q and co constant throughout an experiment
, the electron angle 6e. need not to be changed and the polarization of the virtual photon

and the distortion of the electron waves are therefore also constant. (Historically this
"; configuration is called perpendicular kinematics, although none of the particle vectors
' need to be perpendicular to any of the others).

jl
In introducing the kinematical variables we have assumed that the asymptotic momenta

ft are equal to the momenta right before and after the knockout process, or -in other words- we
_£• neglected the distortion effects. Actually fig. 2.2.1 should be replaced by fig. 2.2.2, where
,' the effect on the kinematics of the final-state interaction (FSI) between the outgoing proton

' | and residual nucleus A • 1 is considered. It is now of interest to compare the measured
t quantity pm defined by eq. (2.1.1) and the actual initial proton momentum p{. From fig.



2.2.2 we obtain the following equations between the initial, intermediate and final momenta:

P + PA-1 = P' + P'A-1 (2-2-4)

Pi = P - q. (2.2.5)

By combining eqs. (2.2.1), (2.2.4) and (2.2.5) we find the expression:

Pm = Pi + (P'" P) = " P'A-1- (2-2-6)

It is seen that after the inclusion of distortions the experimentally measured missing

momentum p m no longer corresponds to the actual initial proton momentum Pj, whereas it

is still equal to minus the recoil momentum p'A_j. We note that the separation energy Ej of

the initial proton in fig. 2.2.2 is equal to the one previously defined (Ej = Em) in eq.

(2.2.2), because a similar relation as expressed in eq. (2.2.4) for the momenta holds for the

energies involved.

Fig. 2.2.2 One-photon exchange diagram for the
(e.e'p) reaction in the distorted-wave impulse
approximation. The identification of the three angles
involved can be found in the caption of figure 2.2.1.
The intermediate momenta of the outgoing proton
and the residual A-1 nucleus are represented by p
andpA_., respectively.

Since the interaction of the outgoing protons with the residual nuclei is attractive and

such that the cross section for proton scattering is generally forward peaked, we may

express the influence of the FSI on the outgoing protons qualitatively by a reduction of p1

with respect to p. It is concluded that the measured p m will be somewhat smaller than the

10



actual initial proton momentum pf. This argument has been formalized by Nakamura15, who

calculated the effective value of p m to be:

P e f f P V v , (2.2.7)P m P m a v ,

in which Vav is the average potential between the outgoing proton and the residual nucleus.

Obviously a detailed analysis of (e,e'p) experiments requires a more sophisticated treatment

of distortion effects than presented here (see section 2.4); eq. (2.2.7), however, does

represent the main tdnemadcal effect

It is noted that all measured momenta have been presented in the laboratory frame,

whereas the DWIA calculations are carried out in center-off-mass kinematics. For the

outgoing-proton momentum the non-relativistic relation between the two is given by:

P'cm= ^ T P' - "X P'A-1- <2-2-8)

The (relativistic) relationships between the momenta and energies in both frames can be
found in appendix A of ref. 2.

2.3 Plane-wave impulse approximation

If neither the beam nor the target is polarized the coincidence cross section for the

(e,e'p) reaction can be expressed in terms of four response functions9'16

d6a Q2

_-{eWL+WT+eWTIcos2q)-(e(e+l))1 /2WLT=OS(P}.
q2e

where oM o t t is the cross section for electron scattering from a point particle, Q is the four-

momentum transfer defined by Q2 = q2 - ffl2 and <p is the azimuthal angle between the

scattering plane of the electron and the plane through q and p'. The polarization parameter e,

given by17

e = [l+2(q2/Q2)tan2(ee ./2)]-1 , (2.3.2)

•' determines the longitudinal-transverse character of the transfered virtual photon. The

[ response functions Wj = Wj (oo, q, p', y) depend on the electron-proton coupling, the

;' nuclear structure, and the final-state interaction between the outgoing proton and the residual

11



nucleus, and as such contain the information we want to extract from the (c.c'p) experiment

The formula for the coincidence cross section, eq. (2.3.1), holds in general as long as

the exchange of only one virtual photon is considered. As is explained elsewhere9-16'18 the

response functions W; can be expressed in terms of products of matrix elements of the

nucleon current between the initial and final nuclear states. If only the one-body contribution

to the nucleon current is taken into account, these matrix elements read16 (in momentum

representation):

(q+Pi,s) Jx(q,Pi,o) Oif(Pi,s), (2.3.3)

where the subscript X denotes a specific component of the nucleon-current operator, s

represents the nucleon spin and a is the spin operator. It is seen -as implied above- that 3^

depends on the wave function Xp^* ° f t n e outgoing proton (with asymptotic momentum

p'), the nucleon-current operator J^ and the overlap between the initial and final nuclear

states 4>jf. It is noticed that apart from the initial momentum Pj of the proton, the nucleon

current depends also on the binding energy of the proton, which reflects the fact that the

scattering process takes place on a moving object that is bound in the nucleus. These so-

called off-shell effects cause a modification of the electron-proton interaction compared to

the interaction between an electron and a free proton18. Eq. (2.3.3) forms the b?.sis of the

various calculations of the (e.e'p) cross section that are discussed in more detail in the next

sections.

If the outgoing proton is represented by a plane wave (PWIA), i.e., the distorted wave

in eq. (2.3.3) is replaced by S(p'-p) = 5(pm-pj), and the summation over the spins is

carried out, the matrix elements \ reduce to a product of the nucleon current and the overlap

integral16:

3*«Wl.Pm)*ii<Pm)> (2-3.4)

If this expression is inserted in eq. (2.3.1), the coincidence cross section factorizes in a term

depending on the off-shell nucleon current only and a term containing the nuclear-structure

information, i.e., the cross section can be written as:

d6o
K <yep S(Em,pffl), (2.3.5)

e p

* where Oep represents the (off-shell) electron-proton cross section and S(Em ,pm), the

•. | spectral function, is the joint probability of finding a proton with momentum p m and a

h binding energy E m inside the nucleus. It is given by

12



S(Em,pm) - Lf |O i f(pm)|2 8(Em - E, - Ej). (2.3.6)

Eq. (2.3.5) is the well known factorized expression for the (e,e'p) cross section in PWIA,

which is often used as a starting point in discussing (e.c'p) experiments. All information

concerning the (off-shell) nucleon current is contained in aep . Throughout this work we

have used the approach due to Dc Forest18 for the nucleon current, which is based on

current conservation (Oq,001).

We now discuss the momentum distribution pa(pm) for proton knockout from an

orbital with quantum numbers a = {n,l j } leading to a discrete final state with a separation

energy E a = Ef - E;. For that purpose the Fourier expansion of the overlap integral is taken:

° i f ( P m ) = " S o 5 5 ' ̂ r) exp('iPm'r) dr (237)

The overlap between the initial and final wave function in r-space Qg(r) is usually replaced

by a (normalized) single-particle wave function14 <Pnijm(r) = RnjjWY^Qp^) multiplied by

the square-root of the probability S a(E o) of finding a. proton with binding energy E a and

quantum numbers a. (This replacement is only valid in the independent-particle shell model

(IPSM); a more general expression for O if(r) is discussed at the end of this section.) The

quantity R^i represents the radial part of the wave function. Inserting Sa
1/2<pn|:m(r) in eq.

(2.3.7) yields the following expression for the momentum distribution14:

Pa(Pm) = / S(Em,pm) dEm - - ^ L | / j , ^ ) Rnlj(r) J & p, (2.3.8)

where Ji(pmr) is a spherical Bessel function of order 1. The normalization of pa(pm) is such

that

(2.3.9)

",. It is seen that the integral over the measured momentum distribution for a given state thus

,| yields experimental information on the spectroscopic factor S a(E a) . If we integrate the

.$ spectroscopic factors over all states with the same value of a, we obtain the number of

' i protons in orbital a (occupancy):

j | Na = Jsa(Em)dEm. (2.3.10)

H At this point we note that the spectral function S(Em ,pm) depends on the vector p m ,

whereas the momentum distribution pa(pm) depends on the scalar pm , because the square

on the r.h.s. of eq. (2.3.8) removes the angular p m dependence. This is only valid in

13



PWIA.

The overlap integral 3>jj(r) is in general more complicated than discussed above. In the

IPSM the hole state created by a single-nucleon knockout reaction is by definition an

eigenstate of the Hamiltonian14. In this framework it is thus allowed to replace Oj^r) by a

single-particle wave function. The residual interaction, however, prevents the hole state

from being a true eigenstate. Moreover, correlations in the ground-state wave function of the

target nucleus may also give rise to a more complicated form of the overlap integral. In order

to account for this, the overlap integral in r-space can be written as a sum over orthonormal

single-particle wave functions2*14:

Oif(r) = < Vf(l...A-l) | ̂ . . . A ) > = Aa<|>a(r) + ApO>p(r) + (2.3.11)

The square of an amplitude Aj can be identified as the spectroscopic factor of a certain

single-particle component Experimental information on the individual amplitudes is hard to

obtain, unless one of them is dominant, because they interfere with each other and the

measured cross section is a coherent sum of all contributing components. The problem is

alleviated if only two orbitals contribute to a given transition. In that case one might be able

to fit the two amplitudes to the data, if the statistics are sufficient. An attempt at such an

analysis is presented in section 4.5. It is noted that the interference terms A a x An only

contribute to the cross section if the quantum numbers contained in a and p* are equal except

for the principal quantum numbers, because otherwise the angular parts of the wave

functions are othogonal.

2.4 Distorted-wave impulse approximation

If the coincidence cross section is to be calculated more accurately the final-state

;, interaction (FSI) between the outgoing proton and the residual nucleus also needs to be

\ considered. In this section we discuss the incorporation of FSI-effects in the so-called

conventional DWIA approach, in which the (e,e'p) cross section is factorized in terms of the

electron-proton coupling o^ and a distorted spectral function SD(Em,pm,p').

' The evaluation of the factorized DWIA cross section is based on eq. (2.3.3). In the

| previous section this expression was simplified by replacing the distorted wave x^* by a

8 plane wave. In this section we neglect the spin-orbit term of the optical potential, but we do

I not replace %^* by a plane wave. If it is also assumed that the pj-dependence of J^ is

weak2, as verified by Boffi et al.6 for a non-relativistic nucleon current, one can take J^ out

of the integral. In this way the interaction between the virtual photon and the nucleon is
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again put into aep. The accuracy of these approximations is discussed at the end of this
section. The integral of eq. (2.3.3) reduces to (also see p. 45-47 in ref. 2)

/ dPi xp-
w*(q+Pi) *if (Pi) = <PD(Pm.P')- (2A1)

In order to evaluate this integral both %J-'^* and <% are Fourier expanded in r-space

*(r) exp(+ip-r) dr (2.4.2)
p (2JC)3/

°if<Pi) = - ^ 7 T / °ir<r') expC-iPi-r1) dr1, (2.4.3)
(2n)ilz

where we substituted p for q+pj in eq. (2.4.1) using eq. (2.2.5). In this way the

intermediate momentum p (see fig. 2.2.2) enters the description of the reaction. For a

proper evaluation of the DWIA cross section the center-of-mass values for p should be used

(cf. eq. (2.2.8)):

A -1 1 A -1A 1 1
Pcm= — P - X

By combining eqs. (2.4.1) - (2.4.4) the following expression is obtained

<PD(Pm.P') = — . \ Zp-
(-}*(r) exp(i ̂ - q-r) Oif(r) dr. (2.4.5)

(2re)3 A

If the distorted vave Xp-^*(r) is replaced by a plane wave and eq. (2.4.4) is used to add the
momenta involved, it is seen that eq. (2.4.5) reduces to the Fourier transform of the overlap

function Oj^r). Analogously to the PWIA spectral function we therefore define the distorted

spectral function by (cf. eqs. (2.3.6) and (2.3.7)):

SD(Em,pm,p') = |(pD(pm,p')|2 8(Em - % - Ej). (2.4.6)

The expression for the coincidence cross-section expression in the conventional DWIA
approach is now identical to eq. (2.3.5) with S(Em,pm) replaced by SD(Em,pm,p'):

= KoepSD(Em ,pm ,p'). (2.4.7)

The distorted spectral function is usually calculated by means of a partial-wave expansion

for the distorted wave of the outgoing proton:

15



Xp.(-)*(r) * J L 2 , ,J AiL } S m Ylm(er,«pr) Yln/(ep,<(>p.). (2.4.8)
P r

The partial waves/]*(r) are computed by solving the radial Schrodinger equation:

d^*(p) 10+D U*(r) ,

- 7 7 - + (l - —r )/l (P) - 0, (2.4.9)
dp2 p2 Ek

where U(r) represents the optical potential, while the parameters p and Ek are given by: p =
k'r • p'r/(h"c) and % * (Hk')2/2n with \i = m_(A-l)/A the reduced mass. The expression for
U(r) contains a real part and an imaginary part with a surface and volume term:

U(r) - Vc(r) - VfOtfU) - iWf(r,Ri,ai) + 4 i ^ WD f(r.Rj.aj), (2.4.10)

in which the Coulomb potential V c is given by

7,2 . 7 j

tt-fc-)]2 forrSRc; Vc(r) = - — for r>Rc (2.4.11)

and the geometry of the potential well is defined as

f(r,R,a)- [ 1 + exp((r-R)/a) ]•» (2.4.12)

and f = df/dr. The parameter values of the optical potential are deduced from the analysis of
elastic proton-scattering experiments. The inclusion of a spin-orbit term in eq. (2.4.10) is
discussed in the next section.

In a general treatment of the optical model it is shown19 that the optical potential is non-
local and energy dependent. The latter is taken into account by adjusting the parameters of
the potential separately for each proton energy using elastic proton scattering data as a
constraint (see section 3.3). The non-locality is usually accounted for by means of a
modification of the scattering wave function. We used the prescription according to Percy20

VMB.IOC.1 - [ 1 +

where V(r) is the equivalent local potential and P the range of the non-locality. The
expression multiplying y ^ is the well known Pcrey factor.

A similar non-locality correction is applied to the bound-state wave function. In this
case, however, the corrected wave function is normalized to unity again in order to obtain
properly normalized spectroscopic factors. The effect of these non-locality corrections on
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Fig. 2.4.1 Momentum distribution for 1p knockout from 1 2 C in parallal kinematica at T p - 70 MaV. Tha solid
Una i» a PWIA calculation and tha daaKad lina representa a calculation in tha faetorizaaor canvtntbnaiDVJIA
approach. Tha othar two curvai correspond to unfuctorizid or ginerallztd DWIA calculation* with
(dot-daahed) and without (dottad) a spin-orbit interaction in tha optical potantial. In all DWIA curvaa tha
non-locality corractiena hava baan Includad.

the (ce'p) cross section is discussed in the next section.

In order to illustrate the influence of the FSI on the coincidence cross section we have
calculated the momentum distribution for lp knockout from 12C leading to the n B ground
state in the conventional DWIA approach. Parallel kinematics were used with momenta
corresponding to the ones employed in the 12C experiment discussed in chapter 3. The solid
line in fig. 2.4.1 corresponds to a PWIA calculation using eq. (2.3.8), whereas the dashed
curve represents the (factorized) DWIA calculation. The other curves are obtained in a more
sophisticated approach and will be discussed in the next section. The effect of the FSI is
twofold:

* The momentum distribution is shifted towards negative values of pm. This is attributed
to the real part of the optical potential, which causes a reduction of the length of the
pm-vector (see eq. 2.2.7).

* A certain fraction of the outgoing proton flux is removed from the direct knockout
channel due to nonelastic processes in the final state. This results in an overall
reduction of the cross section, which is brought about by the imaginary part of the
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optical potential.

Boffi et a l . ^ ' ^ have studied the approximations involved in the conventional DWIA

approach. They compared the coincidence cross section calculated by means of a factorized

expression (eq. (2.4.7)) to an unfactorized calculation (see next section). Differences of less

than 10 % depending on the kinematics and the electron-proton interaction employed were

found. The differences are smallest for parallel kinematics (y = 0), since the two interference

structure functions W-pp and W-j^ vanish in this case1*".

Although the factorized approach seems to give a rather good description of the FSI in

the (e,e'p) reaction, there remains a problem in using this approach, which is related to the

neglect of the spin-orbit part of the optical potential. Because the parameters of the optical

potential as determined from elastic proton scattering always contain a spin-orbit part, an

inconsistency arises, if these potentials are used for the description of the (e,e'p) reaction. In

the next section it will be shown that these effects can be calculated in a generalized DWIA

approach and turn out to be relatively small (for 12C). Therefore the factorized DWIA

approach is extremely useful in exploring various aspects of the final-state interaction in

(e,e'p) that are difficult to incorporate in the more complicated generalized DWIA codes.

Three examples of such investigations are mentioned, although they are not discussed here:

* Coupled-channels effects can be included in the final state of the (e,e'p) reaction by

replacing %*")* in eq. (2.4.5) by the solution of a set of coupled-channels equations

relating several reaction processes (see section 2.6).

* The role of charge-exchange in the (e,e'p) reaction can be investigated by evaluating

eq. (2.4.5) separately for the two isospin components involved (see section 5.5).

* If the electron-proton coupling depends on the nuclear density p(r), the nucleon current

cannot be taken out of the integral in eq. (2.3.3). If it is assumed, however, that the

density dependence of the nucleon current only affects the total strength of the

coupling, i.e., the dependence on p(r) is not too complicated, it is still possible to

obtain a factorized expression for the coincidence cross section. In this way the effect

of a density-dependent coupling on the momentum distribution can be investigated in

first approximation (see section 5.A).

j 2.5 Generalized DWIA calculations

I
\

spin-orbit term in the optical potential is taken into account6*21. In order to incorporate the

, It is not possible to factorize the expression for the coincidence cross section, when the
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spin-orbit coupling in the program, a non-relativistic expression for the electron-proton
interaction in the nucleon-current matrix element eq. (2.3.3) is needed, since the final-state
interaction is also treated non-relativistically. The problem is that the electron spin is
preferably described by Dirac spinors, whereas the proton spin is usually described by Pauli
spinors.

Boffi, Giusti and Pacati" employed the non-reiativistic electron-nucleon interaction due
to McVoy and Van Hove^ in their calculation of the unfactorized (e,e'p) cross section. The
computer program PEEP, which was developed for factorized DWIA calculations, was
modified in such a way that it could be used for unfactorized calculations of the (e,e'p) cross
section including the spin-orbit coupling. The optical potential given in eq. (2.4.10) was
extended with the following term:

Uso(r) = - (fi/rn^c)2 [Vso f (r,Rs,as)/r + i Wso f (r,Rsi,asi)/r ] la, (2.5.1)

This version of the (e,e'p) code is referred to by the name PEEPSO. We note that the

program is essentially based on eq. (2.3.1) and thus includes all four structure functions16.

The kinematics used in the experiment obey relativistic relations, whereas the DWIA

code works in a non-relativistic frame. In order to obtain a consistent approach, the non-

relativistic equivalent of the kinematic variables is required. This is obtained by slightly

adjusting the quantities that influence the FSI least, i.e. the electron angle (by less than

0.1°), the proton angle (by less than 1.0°), and the final electron momentum (by less than 1

MeV/c), while keeping the other parameters (pm, Em, p', q, y) the same. The explicit form

of the transformation is given in appendix 1 of ref. 23.

In fig. 2.4.1 the factorized and unfactorized DWIA calculations are i-ompared for lp

knockout from 12C. Apart from the PWIA and conventional DWIA results discussed in the

previous section, two momentum distributions are displayed that have been obtained with

the unfactorized program PEEPSO. It is seen that the major effect of the FSI is already

contained in the factorized DWIA calculation. The dotted curve, which corresponds to an

unfactorized DWIA calculation without a spin-orbit part of the potential, almost coincides

with the one corresponding to a factorized approach (dashed), except at the highest values of

pm (or smallest values of q). The effect of switching on a (real) spin-orbit term is twofold

(dot-dashed curve): (i) the minimum of the momentum distribution is filled in; and (ii) the

relative strength left and right of p m = 0 MeV/c changes, i.e., the asymmetry of the the

curve becomes slightly smaller.

A further improvement of the calculation of the coincidence cross section is obtained by

also considering the distortion of the electron waves. This has been done by Giusti and
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Pacati11 following a suggestion by Knoll for the expansion of the electron waves12.

Solutions of the Dirac equation for the electrons were obtained through a high-energy

expansion in inverse powers of the electron energy. In the resulting distorted waves only

terms up to the first order in Za were retained. The distorted electron wave is thus written as

% e/k) e+ikC'r {1+ ar2 + iarV-r ± ib[(kexr)2 + 2ike-r - a-(kexr)]} Uu,

where the effective electron momentum ke is defined as k + 3Za/2Rc and u h is the Pauli

spinor for an electron with helicity h. The expressions for the phase shift 5 and the

parameters a and b can be found in ref. 11. The a and b terms are linear in Za and contain

the effect of the focussing of the electron wave.

In order to understand the way in which eq. (2.5.2) is incorporated in the DWIA

formalism it should be realized that the expansion is given in r-space. Consequently the

evaluation of the nucleon-current matrix elements, eq. (2.3.3), should also be done in r-

space. From the previous section we recall that the r-space integrals, such as eq. (2.4.5),

contain an exponential e"*'1", which in fact represents the product of the incident and

outgoing (plane) electron waves. By replacing this exponential by the product of two

electron waves as given by eq (2.5.2), the electron distortion can be included in the DWIA

codes.

This method of treating the Coulomb distortion has the advantage of avoiding the

convergence problems encountered by Knoll in his partial-wave expansion of the electron

waves (see sect. 2.1). However, in eq. (2.5.2) higher-order terms in (Za) are neglected.

Only very recently Giusti and Pacati24 have shown that the first order approximation is not

valid for heavy nuclei, where the second order term is about as large, but of opposite sign as

the first order term. They also demonstrated that the terms beyond the second order one can

be neglected. Since in the present work only cases with Z £ 6 are considered, the first order

expansion is sufficient. The version of the (e.e'p) DWIA code including the electron

distortion by means of eq. (2.5.2) is called DWEEPY. In this same code the nucleon current

satisfies continuity, or -in other words- gauge invariance is imposed.

The effect of the various improvements is illustrated in fig. 2.5.1, where several

momentum distributions are shown calculated under the same kinematical conditions as

those given in fig. 2.4.1. It is noted that none of the curves in fig. 2.5.1 is the same as any

of the curves in fig. 2.4.1. The solid line corresponds to a generalized DWIA calculation

including electron distortion. In each of the other curves one aspect of the full DWEEPY

calculation is not included.

The dashed line represents a calculation without the electron distortion. As expected for
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Flfl. 2.5.1 Momantum distribution for 1p knockout from 1 2 C in parallel kinamatics at T p - 70 MaV. Tha aolid
lina it an unfaetorlzed or generalized DWIA calculation including an approximate traatmant of tha alactron
distortion. Tha dashed lina represents a aimilar calculation without tha alactron distortion. Tha othar two
curve* are again DWEEPY calculates without tha non-locality correction (dot-dashed), and without tha
gauge invariance (dotted curve).

a light nucleus such as 12C the overall effect is small. In going to higher values of q, i.e.,
towards negative values of pm, the influence of the electron distortion increases. It is also
observed that the minimum of the momentum distribution including the distortion is slightly
shifted in the direction of positive values of pm. This shift corresponds to the well-known
effect of distortions in (in)elastic electron scattering as expressed by the effective momentum
transfer q^.

The influence of the gauge invariance on the momentum distribution is also shown in
fig. 2.5.1. If gauge invariance is not imposed (dotted curve) the cross section at high pm

increases, implying that incorporation of gauge invariance results in somewhat larger
spectroscopic factors and slightly smaller values of extracted root-mean-square radii (r^,).
We note that r ^ is an unknown and therefore adjustable parameter of the wave function
and as such can be derived from the (e,e'p) experiments.

Finally we discuss the effect of the non-locality correction on the calculated momentum
distribution. The effect of eq. (2.4.13) on the bound-state wave function is negligible, since
it is completely compensated for by an adjustment of ro in order to keep the experimentally
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determined Trms constant. The influence of the non-locality on the scattering wave is
displayed in fig. 2.5.' The curve without the non-localilty correction (dot-dashed curve)
predicts a larger cross section than the one including the correction. Therefore we conclude
that the inclusion of the non-locality correction gives rise to larger spectroscopic factors (by
about 8 %). The derived values of rrms are also slightly affected (see section 3.3).

2.6 Coupled-channels calculations for the (e,e'p) reaction

One would like to be able to calculate the contribution of two-step processes to the

(e,e'p) reaction. Unfortunately the aforementioned codes for calculating (e,e'p) cross

sections cannot handle coupled channels in the final state. To a rather good approximation,

however, the (e,e'p) reaction can be treated as a pick-up reaction13, so that existing codes

for calculating two-step processes in the latter can also be used for (e.e'p).

For a transition to a discrete final state the distorted spectral function SD(Em,pm,p') is

given by eq. (2.4.6). From eq. (2.4.5) it is seen that SD is the square of the integral in

r-space over the bound-state wave function of the proton and the continuum wave function

of the outgoing proton, as gi"en, for instance, by an optical model. The exponential results

from the (plane) incoming and outgoing electron waves. However, formula (2.4.5) can also

be viewed as the T-matrix element for a pick-up reaction, in which a "particle" described by

the plane wave exp(i(A-l/A)qT) picks up a proton from an orbit a, while the outgoing

Fig. 2.6.1 Analogy between the (e.e'p) reaction and a pick-up reaction employing a fictitious light particle.
The incident energy of this particle is chosen such as to reproduce the momentum q of the (e.e'p) reaction.
The scattering angle 8 corresponds to the angle y between q and p' defined in fig. 2.2.1.



particle (again a proton) is described by the distorted wave x^*. The mass and energy of the

incoming "particle" and the Q-value of the reaction should be chosen in such a way that the

kinematics of the reaction, i.e., the values of q and p', are the same as in the (e,e'p)

reaction. This analogy is illustrated in fig. 2.6.1.

The equivalence between the factorized description of the (e,e'p) reaction and a pick-up

reaction was checked by calculating the knockout of a lp3/2 proton from 12C of and of a

3s 1/2 proton from 208Pb with both the (e.e'p) program PEEP and the pick-up program

DWUCK25. The results agreed.

Two-step processes can now easily be calculated by taking for the distorted wave %^*

in eq. (2.4.5) a coupled-channels wave function, as is done for instance implictly in a

program like CHUCK25. Clearly, the role of other channel couplings in the final state of the

(e,e'p) reaction can also be investigated by this program. It•'.• shown in sections 3.4 and 4.4

that these effects are not negligible in 12C and that they may lead to modifications of the

deduced values of the spectroscopic factors and root-mean-square radii.

2.7 Summary and conclusions

Various elements of a non-relativistic (e,e'p) calculation in the distorted-wave impulse

approximation are incorporated in the computer program DWEEPY. The basic ingredients

of this program have been presented in this chapter.

In selected cases it is desirable to avail of a description of the (e.e'p) reaction that

includes possible channel couplings in the final state. It is possible to simulate the (e,e'p)

reaction by means of the code CHUCK, which has been developed for hadronic reactions.

The effect of several improvements in calculating the DWIA (e.e'p) cross section has

been investigated for lp knockout from 12C. It was demonstrated that the changes in the

strength and shape of the momentum distribution are relatively small (£ 10 %). These

improvements, however, are important if one wants to obtain accurate values of the

spectroscopic factor Sa(Em) and root-mean-square radii Tnas for the bound-state wave

functions.

The description of the (e.e'p) data presented in the chapters 3,4 and 5 is based on the

unfactorized DWIA code including the approximate Coulomb correction (DWEEPY). This

approach should be sufficient for the low Z nuclei coi=sidered in these experiments, since in

that case the electron distortion is small. Occasionally these results are supplemented by

coupled-channels calculations.

Although the presently available programs seem to be adequate for light nuclei
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investigated at relatively low incident electron energies (S 500 MeV), future experiments at
higher energies probably will require a new approach based on the Dirac equation for both
protons and electrons. This is clearly a better treatment of the electron pan of the reaction for
two reasons: (i) the electron distortion can be included in the program by means of a partial-
wave expansion; and (ii) the off-shell electron-proton coupling can be incorporated in the
preferred relativistic way. Since the description of elastic proton scattering at high incident-
proton energies seems to be equally successful in the relativistic Dirac framework26 as in the
non-relativistic Schrodinger framework27, the proton pan is not expected to be less well
treated in this approach.
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3 Knockout of 1p protons from 12C

3.1 Introduction

The quasi-elastic (e,e'p) reaction has been used in the past to determine spectroscopic
factors for light and medium heavy nuclei1. More recently these experiments have been
extended with improved energy resolution at NUCHEF-K2'3. One of the major findings of
these studies is a reduction of up to about 50% of the spectroscopic strength for orbitals near
the Fermi level compared to the predictions of the independent-particle shell model (IPSM).
The strength reduction is much larger than the 10 - 30 % depletion of shell model orbitals
near the Fermi level predicted by recent many-body calculations4'5. This intriguing result
might be related to a lack of understanding of the (e,e'p) reaction process. Two essential
ingredients enter the description of this reaction: (i) the coupling between the virtual photon
and the bound proton, which is generally based on the impulse approximation (IA); and (it)
the final-state interaction (FSI) between the outgoing proton and the residual nucleus.

The IA has been the subject of a recent (c,e'p) study (see section 5.3 and ref. 6). A ,
break down of the IA was observed, which could be parametrized by a 22 ± 7 % !
enhancement of the ratio RG of magnetic and electric form factors for bound protons.

t However, no information was obtained on the absolute strength of the electron-proton
coupling inside the nuclear medium. Therefore it remains unclear to what extent the
observed failure of the IA affects the absolute scale of the spectroscopic factors, which are
commonly determined in dominantly longitudinal kinematics.

In this chapter we discuss the role of the FSI in the reaction 1 2C(e,e'p)nB. The :

i emphasis will be on the uncertainties inherent to the FSI and on the influence of these

/ uncertainties on the deduced spectroscopic factors and root-mean-square radii of the orbitals
involved. The FSI has previously been investigated by Bernheim et al.7 for the (e,e'p)

•••' reactions on 12C and 16O at a kinetic energy Tn of the outgoing proton of 100 MeV. They
". obtained values of spectroscopic factors that are about 40 % smaller than expected on the
<; basisof the IPSM. Furthermore the data taken in parallel and anti-parallel kinematics could ;

X not be simultaneously described by DWIA calculations. '••
I We have carried out a 12C(,c,e'p)nB experiment at Tp = 70 MeV at NIKHEF-K in j

£ both parallel and anti-parallel kinematics. As compared to earlier studies both the missing- '
| energy resolution and the precision achieved for the absolute cross sections have been
*• improved considerably. For the description of the FSI we have made use of a careful •

analysis of 12C(p,p) data8 and a recently proposed method of simulating coupled-channels
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(CC) effects in the (e.e'p) reaction (see sect. 2.6 and ref. 9). Furthermore we employed an

unfactorized DWIA code PWEEPY) developed by Giusti and Pacati10, which includes the

electron distortion to first order in Za (see sect 2.5). Whereas the Coulomb distortions are

small for a light nucleus such as 12C, the CC-effects are known to be important8 in elastic

proton scattering off 12C. We have investigated, whether the standard proton optical

potential, which contains the CC-effects in an effective way, is also suitable for the

calculation of the FSI in the (e,e'p) reaction.

A description of the formalism of the (e.e'p) reaction1, of coupled-channels

calculations11 and of the electron distortion10 can be found elsewhere (also see chapter 2).

In this chapter we restrict ourselves to a discussion of the experiment and the interpretation

of the results. Section 3.2 is devoted to a description of the experiment, its analysis and a

discussion of the uncertainties. The standard DWIA calculations are presented in section

3.3. The role of coupled-channels effects is the subject of the next section. In section 3.5 we

discuss the / = 1 momentum distribiticns for proton knockout from 12C leading to the 3/2"

ground state, the 1/2" state at 2.125 MeV and the 3/2' state at 5.020 MeV in 1XB. The data

are interpreted in the DWIA framework with and without CC-effects. The resulting

spectroscopic factors and ims radii are compared with theoretical predictions and values

derived from other experiments. The conclusions of our investigations are presented in the

last section.

3.2 Experiment and analysis

The experiment was carried out at the 500 MeV linear electron accelerator of
NIKHEF-K12. The setup for coincidence measurements consists of two high-resolution

spectrometers, each equipped with a stack of multi-wire proportional chambers and

scintillators. A detailed description is given by De Vries et al13. Two natural carbon targets

. have been used. The thicknesses were determined by measuring the weight and area of each

- target, yielding 16.4 and 41.0 mg/cm2, respectively. By employing these values in the

;• analysis of several elastic electron-scattering measurements the results agreed on average

•, { within 2.5 % with the corresponding literature cross sections14.

. In order to clarify the method of analysis of the coincidence data we use the PWIA

* expression for the (e,e'p) cross section1 (see eq. (2.3.5))

I d 6 a
S(Em,pm), (3.2.1)
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where Ee. and E_. represent the energies of the outgoing electron and proton, K is a

kinematical factor and <5ep is the off-shell electron-proton cross section. The spectral

function S(Em,pm) is the joint probability of finding a proton with separation energy Em

and initial momentum p m inside the nucleus.

From the measured coincidence cross sections we determine the experimental spectral

function defined by

S«P(Em,pra) = — / KcW*1 (3.2.2)

with <Jep
ccl the off-shell electron-proton cross section due to De Forest15. A theoretical

calculation usually yields an (unfactorized) cross section instead of a spectral function. In

order to avail of a quantity that is easily interpreted the theoretical cross sections are also

divided by Ka** 1 . In this way both theory and experiment are represented by an effective

spectral function1.

The analysis of the coincidence data consists basically of the following steps: (i)

selection of coincident events and evaluation of correction factors to account for dead time

and detector inefficiencies; (ii) reconstruction of the particle vectors at the target position,

calculation of Em and p m for each event and construction of an (Em,pm)-histogram (bin

size: 50 keV x 5 MeV/c); (Hi) correction of the coincidence-time spectrum for flight-time

differences based on the reconstructed particle trajectories and determination of the

accidental-coincidence rate by making use of this spectrum; (iv) a Monte-Carlo calculation of

the detection volume in (Em,pm)-space using the known geometry of the setup as input; (v)

evaluation of the spectral function for each (Em,pm)-bin by subtraction of the accidental

events, by weighing with the detection volume and dividing by Key**1; (vi) correction for

radiative processes by unfolding the radiative tails from the spectrum; (vii) calculation of the

momentum distribution for a given discrete transition with (quantum numbers a):

pa(Pm)= J S(Em,pm)dEm. (3.2.3)

We considered only those pm-bins that have a detection volume weight larger than 30 % of

the maximum weight. Hence, no data points are available close to p m = 0 MeV/c, where the

detection volume vanishes as pm
2 . More details about the analysis can be found in ref. 16.

In order to obtain the momentum distribution over a large range of pm one has to vary

the kinematics. This has been done by changing the momentum transfer q, while keeping

the momentum p' of the outgoing proton constant (pm = p' - q), which has the advantage

of keeping the final-state interaction constant throughout the entire kinematical range. Since

q was kept parallel to p ' , this mode is referred to as parallel kinematics. (If |p'| < |q| the
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Table 3.2.1. Central values of the momenta and angles employed in the 12C(e,e'p)11B experiment. Also
listed are the integrated charge Q and the target angle <>(g [defined such that $ t g - -90° corresponds to a
target perpendicular to the beam direction].

Pm
[MeV/c]

-150.0
-120.5

-90.8
-71.7
-41.7
10.7
28.6
74.7
98.5

101.8 T
119.3
119.6
119.6
149.6
172.1
203.3

fMeVJ

481.1
481.1
444.6
444.6
444.6
352.4
352.4
481.1
444.6
444.6
406.3
405.8
284.5
405.8
284.5
284.5

%
[degj

72.13
67.21
69.14
65.76
60.56
70.87
65.86
37.71
37.50
51.53
52.78
37.39
33.42
31.29
41.00
30.48

q
[MeV/c]

519.2
489.7
459.9
440.8
410.8
358.4
340.5
294.4
270.6
357.6
325.3
246.8
157.3
213.8
188.4
154.7

TP
[MeVl

70.02
70.02
70.00
70.00
70.00
70.00
70.00
70.00
70.00
70.00

100.00
68.99
40.00
67.93
66.87
66.00

8P
[deg]

-46.14
-47.90
-46.50
-47.63
-49.30
-43.18
-43.32
-55.03
-53.53
-67.29
-43.31
-49.96
-51.16
-49.25
-41.80
-38.85

[degl

-125.5
-130.5
-129.3
-133.3
-138.3
-130.0
-135.0
-117.5
-158.3
-146.3
-153.6
-120.0
-126.6
-128.7
-159.0
-125.5

Q

[mCJ

600.0
367.1
315.0
275.0
166.5
421.7
532.2

75.1
63.7
87.7

212.2
427.8

97.1
499.9
510.9
434.9

1 perpendicular kinematics

kinematics is called anti-parallel.)

The employed angles and momenta are listed in table 3.2.1. The kinetic energy of the

outgoing proton Tp was kept constant at or close to 70 MeV. Hence the center-of-mass

energy of the proton relative to 1 JB varies between 59 and 71 MeV in the present

kinematical range. These differences were accounted for in the DWIA calculations. We also

performed measurements at Tp = 40 MeV, at Tp = 100 MeV and in perpendicular (q 1 pm)

kinematics. The goal of these measurements was to provide additional constraints on the

description of the FSI. The way in which such data can be used for this purpose is

explained in the next section.

A missing-energy spectrum of the reaction 12C(e,e'p)* ! B is displayed in fig. 3.2.1 for

the kinematics centered at p m = 172 MeV/c. The E m resolution is 150 keV (FWHM). The

three states corresponding to / = 1 knockout are clearly visible. The 13C contamination

(about 1 %) of the target gives rise to a very small peak at 1.4 MeV excitation energy (12B

ground state) and one at 2.4 MeV (excited state at 0.95 MeV in 12B). These transitions to
12B do not hamper the evaluation of pa(pm) for the states studied in any of the employed

kinematics. The lack of strength at 4.445 MeV, where a 5/2" state is located, and the weak

excitation of several positive-parity states have been the subject of separate papers17*18"19

(see also sections 4.4,4.5 and 4.6).
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Several checks on the analysis were carried out The calculation of the detection

volume (phase space) was calibrated by comparing the distribution in (Em,pm)-space of

experimental and simulated accidental events; see ref. 16. Slight adjustments (= 4 mrad) in

the assumed horizontal acceptance of the electron spectrometer were necessary to obtain a

proper match between those distributions. These adjustments effectively correct for

misalignments in the position of the beam spot, rotation point of the target and positioning

of the solid-angle defining slit. In a few cases the offsets were larger (< 10 mrad) due to a

wrongly positioned slit. The accuracy of this calibration method is determined by the

angular resolution of the electron spectrometer (3 mrad), which corresponds to an

uncertainty in the length of the pm-vector of about 1 MeV/c. This gives rise to a systematic

error in the measured momentum distribution of less than l.S %, except in some kinematics

where the eifect may be as large as 4 %. The angular resolution of the proton spectrometer

hardly influences Pa(pm), because in parallel kinematics p m is mainly determined by the

(accurately known) length of the p'-vector and hardly by its angle.

Since the reaction ^(e.e'p) is a kinematically overdetermined process relating each

proton to one single electron, it can be used to measure the product of the coincidence

efficiency ec and the efficiency Ep for proton detection. Such experiments were carried out

12C(e,e'p)11B

172 MeVfc

,3/2

Fig. 3.2.1 Excitation-energy spectrum of the 12C(e,e'p)11B reaction at Eo - 284.5 MeV. The central value
of the missing momentum is 172 Me We.
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Table 3.2.2. Total systematic error in the obtained momentum distributions.

source accuracy effect on p ^ p j
average [maximum]

0.3 %
0.6 % [<
1.5% I<
0.3%
1.0%
2.0 %
2.5 %
0.6 % [<
0.2 %
0.5 %
0.3 %
0.1 %

incident energy EQ

electron angle 9e>
proton angle 6p.
electron solid angle Qe .
proton solid angle flp.
target thickness
target angle
electron efficiency ee

ecoin x eproton
dead time corrections
current integrator

Total systematic error

0.1 %

3mrad
5mrad
1.0%
2.0 %
2.5 %
0.3°
0.2%
0.5 %
0.3 %
0.1 %

v i a K c ^ 1

viapm

3.8 %

four rimes yielding an average efficiency ec£p of 98.7 ± 0.5 %.

The target angle has been calibrated by means of a series of elastic electron scattering

experiments. The resulting angular offset with respect to the nominal value could be

determined with an accuracy of 0.3 °.

On the basis of the aforementioned calibrations we have evaluated the total systematic

error in the experimental momentum distribution. The individual contributions are listed in

table 3.2.2. Since the contributions due to the target angle and those related to the length of

the pm-vector depend on the individual kinematicai situation, an error range is given in those

cases. It is noted that the uncertainty in the incident energy affects the momentum

distribution via the calculation of Ka e p
c c l and via the length of the pm-vector. The

systematic error in the collected charge, solid angles, dead times and electron detection

efficiency ee are taken from ref. 16, where a more detailed discussion of the systematic error

• in (e,e'p) experiments can be found. Since the number of contributing errors is relatively

•".. large, the total systematic error has been evaluated by quadratically adding the individual

• - contributions. The largest value of the systematic error applies to the data close to pm = 0

\ MeV/c.

j* 3.3 DWIA calculations

|
In the discussion of the DWIA calculations and coupled-channels calculations (CCIA)

we restrict ourselves here to the transition leading * J the 3/2" ground state. The other 1=1
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transitions are discussed in section 3.5. The calculations were performed with a non-

relativistic unfactorized DWIA code20 (DWEEPY) that contains an approximate treatment of

the distortion of the electron waves10-

The parameters of the optical potential employed in (e,e'p) DWIA calculations are

usually taken from an optical-model analysis of elastic proton scattering from the residual

nucleus at the same proton energy. However, only few data are available on the ' 'B(p,p)

reaction and none of them in the desired energy domain. For that reason we have used the

optical-model parameters derived from 12C(p,p) experiments under the assumption that the

mass difference is sufficiently taken care of by the A1 / 3 dependence of the radii. This

introduces some uncertainty in our treatment of the FSI, but we do not expect this to be

large.

In order to avail of an additional constraint in selecting the most suitable optical

potential, part of the momentum distribution centered at 120 MeV/c has been measured at

three values of Tp. For the description of these data we consider the energy-dependent

parametrizations of the 12C optical potential due to Comfort and Karp8 (CO), Jackson and

Abdul-Jalil21 (JA) and Schwandt et al.22 (SC). Although the SC-potential is strictly

speaking not applicable to the present case as it is based on proton scattering data for nuclei <

with A > 24 and for energies Tp S 80 MeV, it provides us with an alternative approach to

the ' ]B potential, derived from a widely used general parametrization of the proton optical

potential. The other two parametrizations are based on 12C(p,p) data. There are several

reasons for preferring the CO-potential over the JA-potential: (i) Comfort and Karp

considered only those data sets that showed a smooth behavior with momentum transfer,

excluding unreliable measurements in this way; (ii) the parameters show a smooth Tp-

dependence, contrary to the JA-case; and (Hi) the obtained descriptions of the elastic cross

sections are superior to those obtained with the JA-potential over the whole energy range.

Nevertheless, we carried out some calculations with the JA-potential, since it was the

preferred one in the analysis of the 12C(e,e'p)11B experiment by Bemheim et al.7, who did

not include the CO-potential in their considerations.

The parameters of each potential (at Tp = 70 MeV) are listed in table 3.3.1. The JA-

and SC-potential are so-called minimal relativistic optical potentials23, whereas the CO-

potential is a non-relativistic one8. The Schrodinger equation is modified accordingly in each
"j

case. $

Before actually comparing the DWIA calculations to the data, the data have to be %

corrected for slight differences in the outgoing proton energy T_ and in the Coulomb \T
corrections due to variations in the incident energy Eo (see table 3.2.1). The data have been 'i

renormalized to the highest values of EQ (481.1 MeV) and Tp (70.0 MeV) by multiplying ]

•j
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Table 3.3.1. Parameters of the optical potentials used in the analysis of the 12C(e,e'p)11B experiment.
The value of rc is 1.20 fm in all cases.

JA
SC
CO
ACO
MCO

V
[MeV]

18.57
32.66
30.36
30.59
25.50

r0
[fm]

1.454
1.195
1.200
1.286
1.200

[fm]

0.554
0.697
0.624
0.600
0.624

W
[MeV]

7.26*
6.32
7.90
6 54
8.15

ri
[fm]

0.932
1.482
1.388
1.300
1.388

[fm]

0.612
0.495
0.666
0.630
0.666

Vso
[MeV]

2.48*
5.60
5.67
6.26
4.87

rso
[fm]

0.775
0.988
0.900
0.938
0.900

aso
[fm]

0.23
0.68
0.50
0.52
0.50

i A surface derivative part with a strength of 4.152 MeV is also included.
* An imaginary spin-orbit potential of -1.42 MeV with a geometry given by rso » 1.379 fm and a s o - 0.637

fm is added to this term.

them with the ratio of calculated momentum distributions corresponding to each kinematics

(employing the CO-potential). The corrections are generally less than 2 %, except near the

minimum of the momentum distribution at p m = -20 MeV/c and at the highest value of pm

(210 MeV/c), where the corrections are at most 6 %.

The analysis of the corrected pa(pm) consists of fitting both the spectroscopic factor S a

(for an orbital with quantum numbers a) and the rms radius r^^ (relative to the A-1 system)

of the bound-state wave function (bswf) to the data. The depth of the Woods-Saxon well, in

which the bswf is calculated, is adjusted in order to reproduce the separation energy

corresponding to the considered final state in n B . The remaining bswf parameters are kept

constant (a = 0,65, X. = 25). Only the data at p m > 0 Me We are used in the fit. Since the data

at p m < 0 MeV/c essentially contain the same nuclear-structure information, this procedure

should also yield a good description at negative pm-

Non-locality corrections have been applied to both the scattering and bound-state wave

functions following the prescription due to Perey24 with a range parame*-;r P = 0.85 fm (see

eq. (2.4.13)). The effect of the non-locality corrections to the bswf on the derived values of

S a and r rms is very small, but the correction for the scattering wave yieldo an 8%

enhancement of S a and a 2% reduction of r ^ .

The (corrected) ground-state data at Tp = 70 MeV are displayed in figure 3.3.1 together

with the DWIA calculations for the various optical potentials. The fitted values of r ^ and

Sa are shown in the left part of table 3.3.2. The listed errors are due to the uncertainty in the

fit and include the statistical errors in the data. Although the data at pm > 0 MeV/c are nicely

described, the anti-parallel data are clearly underestimated. As mentioned in the section 3.1

the same problem was observed by Bernheim et al.7 at T = 100 MeV. Before discussing

this point in greater detail, we consider the differences between the results obtained with the

aforementioned parametrizations of the optical potential.

k
Mr
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Fig. 3.3.1 Momentum distribution for 1p knockout from 1 2 C leading to the 1 1 B ground state. The curves
represent DWIA calculations employing various optical potentials. Only the data at p m > 0 MeV/c have been
used in the fitting procedure.

Both the description of the ground-state momentum distribution and the Tp-dependence

of the data are used in discussing the three potentials. In fig. 3.3.2 the data taken at Tp = 40,

70 and 100 MeV are compared to the corresponding DWIA calculations. The energy

dependences of the potentials are taken from the literature8'21'22. For each optical potential

the values of S a and r ^ are taken from the fit to the p m > 0 MeV/c data at T = 70 MeV

(see table 3.3.2). Hence, there is no freedom in the normalization of the curves. Neither of

the calculations is able to explain the Tp = 40 MeV data. This is probably due to the fact that

the quasi-elastic region is not separated from the giant-resonance region for such low values

of the energy transfer (« 55 MeV). Moreover, the uncertainty in the FSI is also larger in th

energy domain as illustrated, for instance, by the energy dependence of the CO-potential8,

which ceases to be smooth near Tp = 40 MeV. The interesting discrepancy between the Tp =

40 MeV data and the DWIA calculations is, however, not understood quantitatively. Hence,

in the present discussion we restrict ourselves to the Tp = 70 and 100 MeV data.

The SC-potential is least successful in describing the shape of the pa(pm) and the JA-

potential is unable to explain the transition from Tp = 70 MeV to Tp = 100 MeV. Therefore
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Table 3.3.2. Fitted values of rrms , Sa and 11 for the ground-state momentum distribution at Tp » 70 MeV
for various optical potentials. For each potential two cases are listed: one corresponding to a fit of the data at
Pm > 0 MeV/c with T) - 1.000 and one corresponding to a fit of all data without a constraint on r\.

potential

JA
SC
CO

pm>0MoV/c;ri« 1.000
rrms s a

2.890(17)
2.635(20)
2.724(16)

1.461(17)
2.004(27)
1.897(21)

3.7
6.1
3.5

rirrs

2.817(12)
2.681(13)
2.719(10)

all data

s«
1.35(7)
1.78(11)
1.74(8)

n
1.33(4)
1.33(5)
1.28(4)

X2/d.f.

3.4
7.6
3.4

we conclude that the data confirm the aforementioned preference for the CO-potential.

However, we note that this consideration of the T_-dependence of the optical potential is

only based on a small part of the momentum distribution around p m = 120 MeV/c, which is

no guarantee for success in other pm-ranges.

We now return to the description of the data at p m < 0 MeV/c. The lack of asymmetry

compared to the DWIA calculation is observed at two values of T_: by Bernheim et al.7 at

T = 100 MeV and in the present experiment at Tp = 70 MeV. Since in both cases various

optical potentials have been used without resolving the discrepancy, it is apparently an effect

that is not contained in the usual treatment of the FSI in the (e,e'p) reaction. A possible

cause of the problem is suggested by the observation that the differences between the data

and the DWIA curves increase in going from parallel to anti-parallel kinematics, i.e., for

increasing values of |q| (see table 3.2.1). If the incident energy is constant this implies that

the electron scattering angle becomes less forward. Consequently the polarization of the

virtual photon gradually changes from longitudinal to transverse. In an independent (e.e'p)

experiment on 12C it was shown that the ratio of transverse to longitudinal response

functions deviates from the IA (see section 5.3). Since the distorted-wave calculations are

based on the IA, such a deviation might also cause the present anomaly. For that reason we

introduced in the DWIA-calculations an additional parameter t\, with which the transverse

response function (and the interference functions, although they cancel in parallel

kinematics) is multiplied. We refitted rfms and S a to all data, i.e., at positive and negative

values of pm, with TI as an additional free parameter. From fig. 3.3.3 it is seen that a much

improved description of the data is obtained for all three potentials. The fitted parameters

are listed in table 3.3.2. The value of r\ = 1.28 + 0.04 (CO-potential) is consistent with the

results of the independent experiment (section 5.3), which was specially designed for the

purpose of measuring the quantity RQ and which yielded r\ (= Rojbound ' ^Gjfree) = 1-22 ±

0.07. We conclude that the lack of asymmetry in parallel kinematics can be parametrized by

an anomalous ratio of transverse and longitudinal response functions.

The way we introduced the parameter TJ suggests that the transverse response function

36



X

-7
10

IO'H

0) D

£io8-^

T p - DEPENDENCE OF OPTICAL POTENTIAL

COMFORT a KARP

x

* *

JACKSON & ABDUL

SCHWANDT

Tp = 100MeV
Tp= 70MeV
Tp= /.OMeV

80
I ' I

100 120
p (MeV/c)
m

140 160

Fig. 3.3.2 The momentum distribution corresponding to the ground-state transition in the C(e,e'p)11B
reaction for three values of the proton kinetic energy Tp. The data are compared with the same three optical
potentials that have been used in fig. 3.3.1. The solid curves correspond to T- - 1 0 0 MeV, the dashed curves
correspond to T p - 70 MeV and the dot-dashed curves correspond to T p > 40 MeV.
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is enhanced. However, if the data at pm < 0 MeV/c had been fitted first, an overestimate of

the data at p m > 0 MeV/c had been observed. Again the deviation would have been resolved

by introducing T), but this time a quenched longitudinal response would have been implied.

At present no experimental distinction can be made between the two interpretations,

although theoretically a change in the transverse response seems to be more likely than one

in the longitudinal response. The consequences of this ambiguity for the derived

spectroscopic factors are mentioned in section 3.5.

The values of r rms and S a derived with the JA-potential (table 3.3.2) differ

considerably from the results obtained with the other potentials, which is not surprising in

view of the deviating shape of this potential (table 3.3.1). Since the JA-potential was

constructed without a careful consideration of the quality of the available elastic proton

scattering data8*21, we will further only compare the results obtained with the other two

potentials.

The parameter values extracted using the CO- and SC-potential show a relatively small

(< 4 %) model dependence. We conclude that the two alternative approaches of the ^ B

optical potential yield consistent results. It is gratifying that the introduction of Tt * 1 brings

the fitted parameters even closer to each other. We note that by using T| > 1 the

-7
10 -

t
in*--
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12 , 11
C(e,ep) B g s FREE TRANSVERSE-LONGITUDINAL RATIO
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JACKSON JABDUL

-SCHWANDT

-200 -100 100
I

200
Pm(MeV/c)

Fig. 3.3.3 Momentum distribution for 1p knockout from 1 2 C leading to the 1 1 B ground state. The ratio r\ of
transverse to longitudinal response functions is treated as a free parameter in the DWIA curves.
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Ftg. 3.3.4 The momentum distribution corresponding to the ground-state transition in the 12C(e,e'p)11B
reaction for parallel and perpendicular kinematics at p m •> 100 MeV/c. The calculations are based on the
parameters that are listed in table 3.3.2. The dashed curves include an anomalous transverse/longitudinal
ratio r\ - 1.278.

spectroscopic factors are somewhat reduced. This can be understood from the fact that there

is also a small (enhanced) transverse component at p m > 0 MeV/c.

From now on we will only use the CO-potential, since it is the only one for which a

consistent treatment of both DWIA- and CCIA-effects is available8. Moreover, the

comparison of the various DWIA-calculations with the data lends support to this choice.

The importance of using a value of r\ * 1 in the analysis is demonstrated for another

case in fig. 3.3.4, where the ground-state momentum distributions around p m = 100 MeV/c

for parallel and perpendicular kinematics are displayed together with the corresponding

DWIA calculations. The curves are based on the fitted values of T|, rrms and S a (see table

3.3.2) for the CO-potential. The solid (dashed) lines correspond to n = 1 (T| *• 1). Clearly an

enhancement of T| is also favored by the data in perpendicular kinematics, although there

remains a discrepancy of = 10 % between the perpendicular data and the calculation. At

present we do not understand the origin of this discrepancy.
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3.4 CCIA calculations

It is known that a coupled-channels calculation yields a different cross section for

elastic proton scattering than the standard optical-model calculation. It is therefore of interest

to investigate, whether channel couplings also affect the description of the FSI in the (e,e'p)

reaction. In this section we will discuss this topic using the results of the analysis of

Comfort and Karp8 on CC-effects in elastic proton scattering from 12C.

In section 2.6 it has been discussed that CC-effects in (e,e'p) can be calculated with the

computer code CHUCK25. The (e,e'p) reaction is simulated by a proton-pickup reaction for

a very light (fictitious) incident particle. This method is also used in the present

investigation.

We have considered the channels and couplings in the ' 2B+p system corresponding to

those that have been used by Comfort and Karp in 12C. They stress the relative importance

of the (p,d,p) channel with respect to the (p,p',p) channel. This has led us to the coupling

scheme for the (e,e'p) reaction on 12C depicted in fig. 3.4.1. Couplings involving more

than two steps were not included in view of their expected small influence in (e,e'p).

Since we wanted to use the optical potentials as evaluated by Comfort and Karp, the

same coupling strengths have been used as in their case (S-^ = 3.6, P g g . ^ - = Pgs->7/2"=

-0.44). Instead of considering all possible (p,d,p) channels individually, we assumed the

ground-state multiple! in 10B to be degenerate. In this way all (p,d,p) strength can be

simulated by one channel. In order to save computer time we have only included the

inelastic couplings to the 5/2" and 7/2" states in n B . An explicit calculation including also

the inelastic excitation of the 1/2" and 3/2' states in U B yielded differences of less than 1 %

for the ground-state momentum distribution. Only the direct-knockout channel leading to the

C O U P L I N G S C H E M E Fig. 3.4.1 Coupling scheme for a
coupled-channels calculation of the
reaction 12C(e,e'p)11B. A bi-directional
arrow indicates that both couplings are
active in the calculation. The coupling

5 / _ strengths are mentioned in the text.

1Vd ^ ' v^

12.
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Fig. 3.4.2 Calculations for elastic proton scattering off 1 1 B. The curves are identified in the figure. The
dotted curve represents an optical-model calculation with an optical potential representing the CC-etfects in
the (e.e'p) reaction.

n B ground state has been considered. The effect of a possible interference between other

direct-knockout channels and inelastic (de-)excitations is discussed later.

The role of CC-effects in elastic proton scattering is illustrated by a calculation of the

elastic cross section for scattering off 1JB employing the same couplings for the nB+p and
10B+d systems as used in the reaction 12C(e,e'p)nB (see fig. 3.4.1). The results are shown

in fig. 3.4.2. The solid line corresponds to a standard optical-model calculation (OM) with

the CO-potential. The dotted line represents a coupled-channels calculation (CC) using the

same potential. It is seen that the channel couplings cause a reduction of the cross section. In

the analysis of elastic proton scattering this reduction is usually compensated for by

adjusting the optical potential. We have used the adjusted CO-potential (ACO) derived by

Comfort and Karp8. The dashed line in fig. 3.4.2 corresponds to this CC-calculation with

the ACO-potential. In elastic proton scattering off 12C the OM(CO) and CC(ACO)

calculations give about the same results8, indicating that the influence of the channel

couplings on the asymptotic part of the scattering waves is effectively contained in the CO-

potential. In ^Bfop) some differences remain between the OM-calculation and the CC-

calculation with the ACO potential, which are apparently due to employing the 12C
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parameters for n B . In the absence of elastic proton scattering data from J1B at T_ = 70

MeV, it did not seem opportune to modify either the CO- or the ACO-potential in order to

improve the agreement. The question to what extent these differences influence our

conclusions on the role of CC-effects in (e.e'p) will be addressed at the end of this section.

Using the same CO- and ACO-potentials and the coupling schema of fig. 3.4.1 we

have evaluated the momentum distribution for lp knockout from 12C. For perpendicular

kinematics the results of the various calculations are displayed in fig. 3.4.3. The solid lire

represents the standard DWIA calculation (CO-potential). The CCIA-calculation with the

same potential (dotted curve) shows that the channel couplings have a similar effect in

(e,e'p) as in elastic proton scattering: the cross section is reduced in the whole kinematical

range. If we replace the CO-potential by the ACO-potential (dashed line) in order to be

consistent again with our treatment of * %(p,p), this reduction is largely compensated in

close analogy to elastic proton scattering, although there remain significant deviations near

p m = 0 MeV/c. In parallel kinematics (fig. 3.4.4) the correspondence between the

DWIA(CO) and CCIA(ACO) calculations is worse. The minimum in the CCIA-calculation

is shifted towards p m = 0 MeV/c and the distribution shows less asymmetry. Since pa(pm)

0,1 _

12C(e,e'p)11Bgs IN PERPENDICULAR KINEMATICS

DWIA (CO ) calculation
CCIA(ACO) calculation
CCIAICO ) calculation

I '
50

I
100

1

p

1 1
150

(MeV/cl-
200 250

Fig. 3.4.3 Momentum distribution for the 12C(e,e'p)11B reaction leading to the ground state in 1 1 B for
perpendicular kinematics obtained by means of a CCIA-calculation. The identification of the curves is given
in the figure.
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is more sensitive to details of the FSI in parallel kinematics than in perpendicular

kinematics7-20 it is not surprising that CC-effects are more explicit in the parallel case. The

important observation is that the channel couplings in (e.e'p) give rise to a modification of

pa(pm) that is not compensated for by an adjustment of the optical potential that leads to

such a compensation in (p,p). It is therefore concluded that CC-effects influence the (e,e'p)

reaction in a different way than the (p,p) reaction. This means that channel couplings will

affect the deduced values of r ^ , TI and Sa, especially in parallel kinematics.

It is desirable to simulate the CCIA(ACO) calculation in (e,e'p) by means of a modified

DWIA-calculation, because the CCIA-calculations make very large demands on computer

resources. Moreover, some aspects of a sophisticated (e,e'p) calculation such as the electron

distortion and the unfactorized approach cannot be included in a simulation of CC-effects in

(e.e'p) by means of the program CHUCK. Therefore, it was tried to find a modified CO-

potential (MCO) such that a factorized DWIA-calculation without electron distortion

employing this MCO-potential yields the same result as the CCIA(ACO) calculation. For

this purpose we have adjusted the strength of the real, imaginary and spin-orbit parts of the

CO-potential. It turned out that a reduction of the real part of the CO-potential by = 5 MeV

1 -

0.1-

'2C(efe'p)11Bg. IN PARALLELJ<INEMATICS

DWIA (CO) calculation
CCIA (ACOkalculation
DWIA (MCO)calculation

-200 -150 -100

i 1—|—i r

-50
~i 1—r—i r

50
i—'—n~r

100 150

i—r"
200

PmlMeV/cl

Fig. 3.4.4 Momentum distribution of the 1 2C(e,e'p)1 1B reaction leading to the ground state in 1 1 B for
parallel kinematics obtained by means oi a CCIA-calculation. The identification of the curves is given in the
figure.

I
I
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reproduces the main CC-effects in both types of kinematics. The parameters of all

mentioned potentials are listed in table 3.3.1.

A DWIA-calculation with the MCO potential (dot-dashed curve in fig. 3.4.4) is almost

indistinguishable from the CCIA(ACO) calculation (dashed curve). If this modified potential

(MCO) is applied to elastic proton scattering from L1B (dot-dashed curve in fig. 3.4.2) a

large discrepancy with both the OM(CO) and the CC(ACO) calculation is found. Sines the

OM(CO) and CC(ACO) calculations are assumed to be realistic for the ^BCp.p) reaction,

this observation confirms our conclusion that CC-effects act differently in the two reactions.

It was mentioned before that there remained some differences between the OM(CO)

and CC(ACO) calculations for the xlB(p,p) reaction, whereas they gave almost equivalent

cross sections in case of 12C(p,p). Here we see that these differences are small compared to

the differences with the OM(MCO) calculation, so the former differences are not expected to

affect our conclusions in any significant way.

Thusfar we omitted the inelastic couplings to the 1/2" and 3/2" states in n B , since they

hardly influenced the ground-state momentum distribution. However, a possible

interference between the inelastic couplings and the direct-knockout process leading to the

1/2" and 3/2" states in l *B might have larger effects, because additional knockout strength is

fed into the system. Such channel couplings are depicted in fig. 3.4.5.

We have carried out a CCIA-calculation according to the coupling scheme of fig.

3.4.5. The MCO-potential was used in order to account for the couplings of fig. 3.4.1. The

P2-values for the inelastic excitations were derived from inelastic proton scattering26 and the

relative strength of the knockout amplitudes has been taken from Cohen and Kurath27. The

signs of all transitions have been checked against those from recent shell-model

calculations28. The major effect of including these couplings is on the relative strength of the

Fig. 3.4.5 Coupling scheme relating the inelastic
excitation of the 1/2* and 3/2" states in 1 1B and the
direct-knockout process leading to the same
states. The strength (and sign) of each coupling is
indicated in the figure.

C*e
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Table 3.4.1. Correction factors for Saand T| that take into account the coupling between the direct-
knockout channel leading to the 1/2" and 3/2' excited states and the two-step channel leading to these
states.

grand stale 1/2" 3/2"

onSo

onT|
1.145(9)
0.911(7)

1.427(33)
0.779(15)

1.439(46)
0.773(19)

maxima of pa(pm) both for p m > 0 and p m < 0 MeV/c, or -in other words- on T| and Sa .

The effect on Tm. is less than 1%. Instead of redoing a part of the analysis, we have

expressed the effect of the interference between inelastic couplings and direct knockout as a

correction that has to be applied to S a and t\. As can be seen from table 3.4.1 the correction

factors, though they are largest for the excited 1/2" and 3/2" states, are sizeable even for the

ground-state transition. The listed uncertainties are due to the fit that has to be carried out in

order to derive the correction factors. We conclude that the interference between the

relatively weak two-step channel 12C(e,e'p)(p,p')nB and the relatively strong direct-

knockout process 12C(e^'p)11B cannot be neglected (also see section 4.4).

The present treatment of the final-state interaction in the 12C(e,e'p)11Bg s reaction is

based on potentials derived from elastic proton scattering from 12C, since ^Bfop) data are

not available in the right energy domain. However, it is not expected that an analysis using

such data, when they come available, would yield large large differences compared to the

present analysis.

(i

3.5 Results for 1p knockout

The momentum distributions for lp knockout from 12C leading to the 3/2" ground

state, the 1/2" state at 2.125 MeV and the 3/2" state at 5.020 MeV in 1XB are shown in fig.

3.5.1. The DWIA-calculations have been performed with the MCO-potential (see table

3.3.1) and include an approximate treatment of the electron distortion10 (DWEEPY). We

have treated rnns, Sa and TJ as free parameters in all three cases and corrected the resulting

values for the omitted couplings using table 3.4.1. It is seen that a good description of the

data is obtained. It is gratifying that the effective reduction of the real part of the optical

potential due to the inclusion of coupled channels leads to a reduction of the discrepancies

near p m = 0 MeV/c for the ground state.

The measured momentum distribution of the 1/2" state has a much deeper minimum

around p m = 0 MeV/c than the 3/2" states. This behavior is nicely reproduced by the
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Fig. 3.5.1 The momentum distributions for 1p knockout from 12C leading to 1 1B. The curves represent
DWIA calculations employing the MCO-potential. The fitted parameters are listed in table 3.5.1 (and are
corrected for the omitted couplings using table 3.4.1).
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calculations. The difference between the 1/2* and 3/2" states disappears in a factorized

DWIA-calculation, i.e., if the spin cc plings between electron and proton are omitted.

Consequently we attribute this j-dependence to the fact that in an unfactorized DWIA

calculation a l p 3 / 2 proton allows for more couplings to partial waves than a lp 1 / 2 proton.

Therefore the former will cause a stronger filling of the minimum at p m = 0 MeV/c than the

latter.

The fitted values of r, ,^, Sa andT| are listed in table 3.5.1. (The given uncertainties

include a factor Vx2/d.f.) We compare the results for three calculations: (i) no longitudinal-

transverse anomaly (r\ = 1) and no CC-effects (a DWIA(CO) calculation fitted to the data at

p m > 0 MeV/c only); (ii) r\ as a free parameter and no CC-effects (a DWIA(CO) calculation

fitted to all data); and (Hi) T| as a free parameter and CC-effects included (a DWIA(MCO)

calculation yielding values of r^^, Sa and TJ, which have been corrected for the couplings

between the direct-knockout channel and the two-step channel using table 3.4.1).

From table 3.5.1 we see that the enhancement of r\ is rather large for the two excited

states without the inclusion of CC-effects. However, the values of rj derived from the third

calculation, which includes all CC-effects, agree with the value for the ground-state. We

note that it is the correction for the couplings that are not contained in the DWIA(MCO)

calculation, which is based on fig. 3.4.1, that brings T| down to ground-state value (cf. fig.

3.4.5). The ground-state value is slightly smaller than, but still consistent with the

enhancement of 22 ± 7 % measured in the independent experiment (section 5.3).

The obtained r r m s values do not show a strong dependence on the details of the

analysis, although the radius for the ground state changes significantly after the inclusion of

CC-effects. The lpi /2-proton radius can be compared to the radius of the lpi / 2-neutron

orbit in 13C as measured29 in magnetic scattering from 13C. If we transform the results of

I; both measurements to the center-of-mass system, the (e,e'p) experiment yields 2.70 ± 0.04

t fm and the magnetic experiment 2.73 ± 0.04 fm. This nice agreement is also observed for

% the radius of the lp3/2-orbit in a comparison between magnetic scattering30 from n B (2.54

^ ± 0.04 fm) and the average of the l p 3 / 2 radii derived from the present experiment: 2.57 ±

•v 0.04 fm. If an A1 '6 dependence of the values of r,,,^ is assumed the agreement between the

rJJ results deduced from (e,e'p) and magnetic scattering is even better. The quoted error of

-^ the rn n s values contains an estimated model error of 1 % (from table 3.5.2) and includes the

| uncertainty in the length of the pm-vector (= 1.3 MeV/c; see section 3.2). The latter affect

•£ the deduced (e,e'p) radii by less than 0.4 %,

f- The derived spectroscopic factors are also listed in table 3.5.1. One may argue that the

* transverse spectroscopic factors S a
T (= T\2 Sa) could have been listed equally well, since it

* i is unknown whether the longitudinal response is quenched or the transverse is enhanced.



TaDle 3.5.1. Fined values of rrms, S a and T| (or three states in B corresponding to / - 1 knockout. The
values obtained with the MCO potential have been corrected for the couplings between the direct-knockout
channel leading to the 1/2* and 3/2* excited states in B and the two-step channel leading to these states.

rrms

r|*1;CO
1*1*1; MCO

TJ=1; CO
r i * i ; CO
T|#1;MC0

il=1; CO
r i *1 ; CO
T]*1; MCO

3/2*. g.s.

1.28(4)
1.15(a)

2.724(16)
2.719(10)
2.780(16)

1.90(2)
1.74(8)
1.72(11)

1/2', 2.125 MeV

1.57(7)
1.23(7)

2.945(21)
2.956(11)
2.948(13)

0.235(3)
0.199(13)
0.260(22)

3/2", 5.020 MeV

1.51(7)
1.21(9)

2.804(21)
2.833(13)
2.828(15)

0.200(3)
0.167(12)
0.200(20)

However, since processes like meson-exchange currents (see section 5.6 and ref. 31) and

charge exchange (see section 5.5 and ref. 32) are known to influence Sa
Tand not S a

L (=

Sa), we will only discuss the longitudinal spectroscopic factor Sa.

From table 3.5.1 it is seen that the initial inclusion of T) reduces the spectroscopic

factors, when the same (CO-) potential is used. This is due to the fact that even in the most

forward angle kinematics there is a small transverse contribution to the cross section. The

incorporation of channel-couplings has an effect that is different for the excited states as

compared to the ground state. Whereas the ground state is hardly affected in this case, the

excited states change considerably, especially due to the interference between the inelastic

couplings and the direct-knockout proces. It is noted that the negligible change in the

spectroscopic factor of the ground state after the inclusion of channel couplings is caused by

a cancelation of two effects: a reduction of strength due to the CC-effects contained in the

DWIA(MCO) calculation (fig. 3.4.1) and an increase due to the correction for the couplings

omitted in this calculation (fig. 3.4.5 and table 3.4.1).

The errors in the spectroscopic factors increase with each successive step of the

analysis (see table 3.5.1). For the case of taking T| * 1 this is caused by the fact that both TJ

and S a affect the overall normalisation of the curves, giving rise to a larger uncertainty in

both parameters. The inclusion of CC-effects also leads to an increase in the error due to the

uncertainty in the correction factors for the omitted couplings.

In order to investigate the model dependence of the fitted parameters, the same analysis

was redone employing a slightly increased value of the real part of the MCO potential (V =

26.5 MeV). Since many uncertainties in the FSI can effectively be treated by a modification

of this part of the optical potential, such an analysis provides us with an estimate of the

model error in the parameters (see table 3.5.2). It is seen that the model-dependence of r ^
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and T\ is not very large. For the spectroscopic factor the situation is slightly worse, although

most differences cancel if their relative strength is considered. The total uncertainty in the

summed spectroscopic strength for the three / = 1 states is obtained by quadratically adding

the model error corresponding to AV = 2 MeV (= 6 %), the fit error (= 7 %) and the

systematic error in the data (- 4 %). In this way we arrive at an estimate of the total

uncertainty in the 1=1 spectroscopic factors of 10 %.

The obtained spectroscopic factors are compared to the results of some other

experiments33 '34 and to several shell-model predictions27'28 in table 3.5.3. The

spectroscopic factors are listed both on an absolute scale and relative to the sum of strengths

of the three states. The listed uncertainties only contain contributions due to the fit and due

to the statistics of the data. In the (e,e'p) experiment only about 55 ± 6 % of the IPSM sum-

rule strength is observed in the three / = 1 states, if it is assumed that the deviation o' rj from

unity is due to an enhanced transverse response. (Otherwise a value of 79 ± 9 % is found,

but -as mentioned before- we consider the 'longitudinal' result to be more thrustworthy.) At

this point we reach the conclusion that a more detailed consideration of the role of the FSI in

the (e,e'p) reaction apparently does not explain the low spectroscopic factors obtained in

(e,e'p) experiments.

The shell-model calculations yield 90 -100 % of the IPSM sum-rule and do not predict

much lp strength above Ex = 5 MeV. An /-decomposition16 of the Em-spectrum in the

region Ex = 6 - 24 MeV reveals an additional amount of lp strength corresponding to S a =

0.06 - 0.10 increasing the total observed lp-strength to 57 ± 6 %. We note that it cannot be

ruled out that more Ip-strength is spread evenly over a wider Em range.

The spectroscopic factors extracted from a (d,3He) experiment33 reveal a large

discrepancy with the values derived from the present experiment. This can mainly be

attributed to the use in the (d,3He) analysis of a bound-state wave function with radial

parameter r0 = 1.25 fm for all three 1=1 states, whereas a much larger value (r0 = 1.35,1.65

and 1.51) is needed in order to reproduce the presently measured rtms of these states. It is

known35 that an increase of r0 will result in a strong reduction of the values of S a extracted

from the (d,3He) experiment. An actual calculation of the (d,3He) cross sections employing

Table 3.5.2. Deviation in the fitted parameters due to a change in the real part of the MCO potential of +1
MeV (V-26.5 MeV).

3/2', g.s. 1/2', 2.125 MeV 3/2', 5.020 MeV

rrms -0.6% -0.4% -0.4%
S a +2.4% +2.4% +2.9%
T| +0.9% +0.2% - 0 . 1 %

^ 4 9



Table 3.5.3. Comparison of deduced spectroscopic factors with those obtained from other experiments
and with those obtained from shell-model calculations. The fifth column represents the sum of the
spectroscopic factors for the three fci states.

3/2^, g.s. 1/2", 2.125 MeV 3/2^, 5.020 MeV E a S a

present exp.
relative

(d,3He)
relative

(P.2P)
relative

Cohen-Kurath
relative

Utrecht-0
relative

Utrecht-2
relative

1.72(11)
0.79

2.98
0.75

2.02
0.76

2.849
0.71

2.951
0.74

2.643
0.73

0.26(2)
0.12

0.69
0.17

0.33
0.12

0.753
0.19

0.683
0.17

0.518
0.14

0.20(2)
0.09

0.31
0.08

0.33
0.12

0.377
0.70

0.339
0.0S

0.473
0.13

2.18(15)
1.00

3.98
1.00

2.68
1.00

3.99
1.00

3.97
1.00

3.63
1.00

the optical potentials and kinematics of ref. 30 and the (e,e'p) values of r0, results in the

following spectroscopic factors: Sg s = 2.27, S1/2- = 0.24 and S3/2- = 0.15, bringing the

(d,3He) results much closer to the (e,e'p) results. Nevertheless the relative behavior of the

spectroscopic factors in (d,3He) is still different from the result obtained in (e.e'p). The

remaining deviations may be caused by the neglect of CC-effects in the (d,3He) analysis.

A (p,2p) experiment34 yields somewhat larger spectroscopic factors than the (e,e'p)

experiment and shows a reasonable agreement in the relative behavior of the spectroscopic

factors. It is noted that in the analysis of the (p,2p) data the bswf-parameters have been

taken from one of the previous 12C(e,e'p) experiments36 in perpendicular kinematics (r0 =

1.36 fm). No CC-effects were considered in the (p,2p) analysis.

We will now discuss the spectroscopic factors as found in three shell-model

calculations (see table 3.5.3). Two calculations involve a Oftoa-configuration space

(Cohen-Kurath, Utrecht-0) and the third a 2fico space (Utrecht-2). Neither of the calculations

gives the small spectroscopic factors found in the present experiment. On a relative scale all

calculations predict a weaker excitation of the ground state and a stronger excitation of the

excited 1/2' state than is experimentally observed. A calculation with a larger configuration

space improves the relative strength predicted for the two excited states, but the overall

agreement is not significantly improved.

% 50
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Finally we compare the measured spectroscopic factors with the result of a recent

many-body calculation involving correlated nucleons. Several approaches exist for this

problem, most of them predicting occupation probabilities of 70 ± 10 % for orbits close to

the Fermi level4'5. A specific calculation by Benhar et al.37 applies to 12C. They consider a

two-body correlation function consisting of a central, tensor and spin-isospin part and

employ a Reid Soft Core NN-interaction. The many-body wave function is obtained by

minimizing the ground-state energies of various Ip-shell nuclei, from which they find a 81

% occupation probability for the lp shell in 12C. This value is still larger than the

experimentally observed 57 ± 6 % in the Em-range up to 40 MeV, but clearly closer to the

data than the 90 -100 % p~ dieted by the shell-model calculations.

3.6 Summary and conclusions

A quasi-elastic (e.e'p) experiment has been performed on 12C in parallel kinematics

with the aim of studying the momentum distributions for lp knockout. Special attention has

been paid to the role of the final-state interaction including the effects of channel couplings.

The ground-state momentum distribution and data taken at various values of Tp were

used in selecting a suitable optical potential. The optical potential due to Comfort and Karp8,

which is based on a careful analysis of elastic proton scattering off 12C, gives a good

description of both data sets and allows for a consistent treatment of the CC-effects in the

final state of the (e,e'p) reaction.

It was shown that channel couplings have a different effect on the (e,e'p) reaction than

on elastic proton scattering. This is probably due to the different range in r-space that is

being probed in the two reactions. The interference between the direct-knockout process

leading to the 1/2" and 3/2* states and the two-step excitation of these states caused an

important correction to the derived values of S a and x\. The total effect of the channel

couplings on Sa is small for the ground state (~ 1 %), but rather large for the excited states

(< 30 %). The summed spectroscopic strength extracted from the three / = 1 momentum

distributions is increased by only 3.5% if CC-effects are included in the analysis.

"/r The present experiment confirms the observation by Bernheim et al.7 of the

, i ground-state momentum distribution in 12C showing more symmetry with respect to pm = 0

'•*' MeV/c than is predicted by a standard DWIA calculation. This phenomenon could be

'% parametrized by a q-independent enhancement of the ratio T| of the transverse and

• 'A longitudinal response functions. The introduction of T| *• 1 resulted in a good description of

\>- Pa(Pm) w ' t n a fitted v a l u e of T| = 1.15 ± 0.05 for the ground state (after inclusion of
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CC-effects). This value is consistent with the results of a separate experiment (see section

5.3) that did not depend on a model for pa(pm). A disadvantage of the present method of

determining ri is the influence of the employed optical potential and of possible CC-effects

on the final outcome. However, the good and consistent description of the momentum

distributions of the three 1=1 transitions indicates that the FSI is sufficiently well under

control. The obtained accuracy in r| is somewhat better than that obtained in the special

experiment (see section 5.3) and might be further improved upon by reducing the influence

of the FSI by increasing Tp.

At this point we note that the equivalent results found in a q-dependent and a

q-independent measurement of r\ indicate that the q-dependence of the electron-proton

couplings is apparently well described by o^1- This is noteworthy, since the absolute

value of Ggp varies by a factor of 30 over the investigated kinematical range.

The obtained values of rrms are consistent with those derived from magnetic elastic

electron scattering on neighbouring nuclei.

Only 57 ± 6 % of the IPSM sum-rule is found for the spectroscopic strength

corresponding to lp knockout from 12C. A detailed study of the FSI including the effects of

channel couplings did not lead to major changes in total spectroscopic derived from the data.

However, if the longitudinal response were quenched instead of the transverse response

being enhanced the total strength would be much higher (79 ± 9 %). It is, however, more

likely that the transverse response is enhanced, although further experimental and theoretical

work is needed to clarify this issue.

From a comparison of the (longitudinal) spectroscopic factors with the results of

various shell-model calculations, it is concluded that neither the relative nor the absolute

strength of the states are well reproduced by the shell model. A recent many-body

calculation is closer to the data in this respect

The uncertainties associated with the FSI could be reduced by carrying out (e,e'p)

experiments at a higher value of Tp, where the CC-effects are expected to be smaller".

Alternatively (e.e'p) experiments could be performed in perpendicular kinematics, where the

influence of channel couplings is less (see fig. 3.4.3). Such investigations are also needed

in order to explain the 10 % discrepancy found in the interpretation of data taken in

perpendicular and parallel kinematics. It remains to be seen, whether such investigations

will lead to a complete understanding of the small spectroscopic factors found in (e,e'p) and

the (perhaps) related problem of the anomalous behavior of the transve^e/longitudinal

response in the (e,e'p) reaction.
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4 Weak transitions in the reaction 12C(e,e'p)11B

4.1 Introduction

The nuclear shell model has been studied in much detail in lp-shell nuclei. Level

schemes and electromagnetic properties have been successfully described in the framework

of this model1 '2 . A well-known deficiency, however, pertinent to most of the shell-model

calculations performed thus far, is that effective operators have to be used in the calculation

of electromagnetic observables such as form factors derived from electron-scattering

experiments. The need for effective operators is a signature of the limited model space

employed in the calculations.

Another indication that one has to extend the model space is to be found in the

spectroscopic factors derived from recent (e.e'p) experiments^. The obtained spectroscopic

factors (including the ones presented in the previous chapter) are much smaller than found

from the presently available shell-model calculations.

As already mentioned in section 3.5 the occurrence of correlated nucleons inside the

nucleus might be the cause of these discrepancies. Explicit calculations4 '5 of the role of

ground-state correlations in the nuclear many-body wave function indeed show a sizeable

reduction (=> 20 %) of the occupancy of orbitals close to the Fermi level, which leads to

smaller spectroscopic factors for transitions involving valence nucleons.

Another consequence of ground-state correlations is the nonzero probablity of finding a

nucleon in an orbital above the Fermi level. This suggests an alternative way of studying

these phenomena, namely by measuring the spectroscopic factors corresponding to

\ knockout from normally unoccupied orbitals. The required accuracy for this alternative

*; method of studying ground-state correlations is less than that required for a measurement of

•' the spectroscopic factor of a valence orbital. In the latter case the accuracy must be better

'i than the difference between values from calculations with and without correlations, whereas

' in the former case the mere observation of a nonzero spectroscopic factor for a transition

iJ from a normally unoccupied orbital constitutes clear evidence for the existence of ground-

i state correlations in the target nucleus. :

| Experimentally, both transfer and knockout reactions can be used to investigate the ;!•

| occupancy of orbitals above the Fermi level. Since the expected occupancies are small, the "

£ investigated transitions will be rather weak. Hadronic reactions, like (p,2p) and (d,3He), are

;: subject to strong distortion effects and, especially for weakly excited final states, to two-step
}.] processes6'7. The electron-induced proton-knockout reaction is expected to be less
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hampered by complications due to the reaction mechanism. In order to be able to measure

small cross sections in an (e,e'p) experiment, a high resolution both in the missing energy

and in the coincidence timing is a necessary prerequisite. As these were hitherto not

available, the (e,e'p) reaction has not been used for such a study thusfar. At the NIKHEF-K

coincidence facility8 considerable improvements in both the energy and timing resolution

have been achieved. We performed an (e,e'p) experiment at this laboratory with the aim of

investigating the weak transitions in the reaction 12C(e,e'p)1IB. The results of this

experiment are the subject of this chapter.

Knockout from an orbital above the lp shell in 12C can be identified by looking at the

spin and parity J* of the final state in l lB. Since the initial state (12Cgs) has J* = 0+, the

excitation of a 1/2+ non-normal parity state in ] 'B, for instance, can correspond to knockout

of a proton from the 2s (or Is) shell. Analogously knockout from the d shell (f shell) in 12C

can lead to the excitation of a 3/2+ or 5/2+ state (a 5/2" or 7/2" state) in n B . If indeed the

measured momentum distribution shows the behavior expected for a single-step knockout

process, such a transition indicates the excistence of an unusual configuration in the 12C

ground state.

Secondary processes, however, might spoil the interpretation of weak transitions. It

was found in similar studies employing the (d,3He) or (p,2p) reactions6'7, that the angular

distributions for the 5/2" and 7/2" states are rather structureless. Hence, it was concluded that

these weak transitions are dominated by two-step processes. The situation is different for

the (e,e'p) reaction. We will show that there is experimental and theoretical evidence that the

contributions of pure two-step processes are rather small, although the interference between

the direct-knockout process and two-step processes cannot be neglected.

The chapter is organized as follows. Some experimental details are given in section

4.2. We describe in section 4.3 how we calculated a bound-state wave function for an

orbital above the Fermi level, which may be unbound in a standard Woods-Saxon well. The

role of two-step processes and coupled-channels effects is discussed in section 4.4 on the

basis of the excitation of the 5/2" state at 4.445 MeV and the 7/2" stat; at 6.743 MeV. In

section 4.5 the momentum distribution for the l/2+ state at 6.792 MeV is presented and

compared to the results of recent shell-model calculations. The other weak transitions are

discussed in section 4.6. The next section is devoted to knockout of Is protons from 12C.

Although this process cannot be viewed as a weak transition, it is also presented in this

chapter along with the other / = 0 transitions. The summary and conclusions can be found in

section 4.8. Several parts of this chapter have already been published elsewhere9'10'11'12.
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4.2 Experiment and analysis

The cross sections for the weak transitions have been derived from the same spectra

that have been used for the study of lp knockout from 12C. Since this experiment has been

discussed in the previous chapter, we refer to section 3.2 for all details concerning the

measurement and the analysis of these spectra.

There are a few differences, though, compared to chapter 3. Since the statistical

accuracy of the data does not allow for a meaningful investigation of differences in the

final-state interaction (FSI) at different values of the kinetic energy Tp of the outgoing

proton, we only consider the data taken in parallel kinematics at Tp = 70 MeV. The only

exception is the measurement at T_ = 40 MeV, which is used in the study of two-step

processes in section 4.4. Furthermore, one measurement (with a central value of the missing

momentum pnf
em = 57 MeV/c) has been added to the set of kinematics listed in table 3.2.1.

This measurement was not used in the analysis of the lp-knockout data for two reasons: (i)

due to a wrongly positioned spectrometer angle, the kinematics is not exactly parallel; and

(ii) for the same reason the phase space for the ground-state transition was small.

Ex[MeV] 3»-

Fig. 4.2.1 Excitation-energy spectrum of the reaction C(e,e'p) B at a centra! value of the missing
momentum pm « 29 MeV/c. The spectrum has been sorted in 100 keV bins. Several individual states in 11B
have been indicated.

j
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We also mention two minor differences in the analysis of the present data compared to

the analysis of the lp-knockout data: (i) the data have been sorted in pTO-bins of 10 MeV/c

width instead of 5 MeV/c; and (ii) the data have not been corrected for differences in the

incident-electron energy nor for differences in the outgoing-proton energy. The corrections

are small (typically about 1.5 %) and are negligible compared to the statistical uncertainty in

the data.

Two excitation-energy (Ex) spectra are displayed in figs. 4.2.1 and 4.2.2, one at a low

value of p m
c e n t r (= 29 MeV/c), and one at a high value o: p m

c e n t r (= 172 MeV/c). Apart

from several small peaks between Ex = 6 and 10 MeV an increase in strength is observed at

Ex = 12 MeV, where the continuum strength corresponding to Is knockout begins. Since

the acceptance in the missing energy Em (= Ex + Es 8s) is limited to about 40 MeV, only

part of the ls-hole spectral function was measured.

It is interesting to note the occurrence of a broad peak at an excitation energy of about

11.5 MeV. According to Mougey" this peak may correspond to a similar structure seen in

the reactions 12C(p,d)HC and 1 2C(3He,a)nC. The momentum distribution for this

transition is presented in section 4.5.

In order to identify the individual states in the Ex-region between 6 and 10 MeV we

have fitted the excitation energies of the observed peaks. The results are listed in table 4.2.1

together with the known values from the literature14. The obtained excitation energies are

consistent with the literature values, which are all known to within 1 keV. Since the

excitation energy of the various states cannot be determined very accurately in the (e,e'p)

reaction due to the energy resolution of about 150 keV the literature values are used

throughout this chapter.

The first two states listed in table 4.2.1 together form a non-separated doublet at 6.751

± 0.025 MeV. Therefore both s knockout (l/2+) and f knockout (7/2") may contribute to

the excitation of this doublet The relative strengths of the two components depends on the

TabU 4.2.1 Excitation energies of weak states in 11B as derived from the 12C(e,e'p) spectra in the Ex-
range between 6 and 10 MeV. The known excitation energies, spins and parities are also listed. The accuracy
of the literature values for the excitation energy is better than 1 keV.

Ex
exP [MeV]

6.726 ± 0.025
6.777 ± 0.025
7.278 ± 0.025
7.954 ± 0.025
8.61 ± 0.05
9.820 ± 0.025

remarks

from 120 < pm < 210 MeV/c data
from -70 < p m < 100 Me We data

only seen in 2 spectra
unknown in literature

^lleralirejMevj

6.743
6.792
7.286
7.978
8.560

-

J"

7/2"
1/2+
5/2+
3/2+

£5/2"
-
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EJMeV)-

Ffg. 4.2.2 Excitation-energy spectrum of the reaction C(e,e'p) B at a central value of the missing
momentum pm - 172 MeV/c. The spectrum has been sorted in 100 keV bins. Several individual states in 11B
have been indicated.

value of the missing momentum pm, since the momentum distribution for s knockout peaks

at pm = 0 MeV/c, whereas the f-momentum distribution has a maximum at about 160

MeV/c. In order to investigate whether both states are excited we fitted the excitation energy

of this peak in two distinct pm-regions. As can be seen from table 4.2.1 the high-pm spectra

yield an energy that is in agreement with the 7/2" state, whereas the excitation energy derived

from the low-pm spectra is consistent with that of the l/2+ state. It is concluded that both

states are excited and contribute to the measured cross sections, but that they dominate in

two different pm-ranges.

In the most recent compilation14 the spin and parity of the 8.56 MeV state is given as

J71 <: 5/2". We have assumed J" = 3/2" following Foot et al.15, who summarized the available

arguments for this assignment. Since the state is observed in only two spectra, no

momentum distribution could be constructed. Therefore only an upper limit of the

spectroscopic factor has been determLied.

The last level listed in table 4.2.1 should probably be identified as a state with SK =

l/2+, since the corresponding momentum distribution is well described by a DWIA

calculation for ls1/2 knockout (section 4.6). We note that a recent shell-model calculation16
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for n B finds two 1/2+ states at relatively low excitation energy (Ex = 8.15 and 10.65 MeV).

The presently observed state at 9.82 MeV might well be associated with the second l/2+

state.

The remaining known levels in * *B below Ex = 10 MeV (not listed in table 4.2.1) were

not observed in the present experiment and will therefore not be discussed with the

exception of a 5/2' level at Ex = 4.445 MeV. Only an upper limit for the strength of this level

has been determined, whereas it is strongly excited in inelastic proton scattering1''. This

observation is exploited in the discussion on the role of two-step processes in the (e.e'p)

reaction that is presented in section 4.4.

The momentum distributions of the various peaks are presented in the sects. 4.4 - 4.6.

4.3 The wave function of an orbital above the Fermi level

If a momentum distribution for the (e,e'p) reaction is to be calculated, the overlap

function between the initial and final nuclear states is needed (see sect. 2.3). Usually the

overlap function is replaced by a single-particle wave function of a bound proton that is

evaluated in a normal Woods-Saxon well. However, an orbital above the Fermi level may

be unbound in such a potential well. One can then increase the depth of the well in order to

find an orbital with the experimental separation energy. This requirement ensures that the

bound-state wave function (bswf) has the proper asymptotic behavior:

exp(-kr)
with k2 = 2mpEm. (4.3.1)

It is questionable, however, whether the behavior of the bswf inside the nucleus is then

correct. An improved calculation of the bswf of an orbital above the Fermi level can be

based on the fact that the residual interaction causes the binding of such an orbit In that case

the radial part Ro: of the bswf is obtained by solving the following set of equations for each

nucleon with angular momentum j and remaining quantum numbers a (ref. 18):

1~ + V + t g ) Kaj = 2!i.i Ujji Kai:t, (4.3.2)

where the quantities Ujj.a' are complicated operators depending on the total nuclear wave

function and the residual interaction, and Ra>:- represents the bswf to other parent states. The

calculation of Ra; is difficult, because a (microscopic) model for the evaluation of Ujj.a is
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required and a set of coupled equations has to be solved.

It has been suggested18 to simulate the effect of the source term (r.h.s. of eq. (4.3.2))

by modifying the geometry of the Woods-Saxon well employing a regular Schrodinger

equation for a single-particle orbit. Since the source term is surface peaked, the radius of the

Woods-Saxon is modified in such a way as to reproduce the measured separation energy of

the state ensuring the correct asymptotic behavior (see eq. (4.3.1)). This method of

calculating a bswf for a normally unbound orbital has been checked*^ against

microscopically calculated wave functions for lf-orbitals in 40Ca and 58Ni.

Accordingly the following procedure has been adopted in calculating the radial overlap

function for a weak transition in the reaction 12C(e,e'p)11B. We have taken the

Woods-Saxon well that reproduced the experimental values of Em and r^^ for lp knockout

from 12C leading to the 1JB ground state and enlarged the radius of the well until the

binding energy agrees with the measured separation energy of the weak transition under

consideration. The r ^ of the thus obtained wave functions amounts to about 3.5 fm for the

2sld shell and 4.3 fm for the If shell (see table 4.6.1). Analogously the radius is to be

reduced, if the experimental separation energy is much smaller than obtained in a normal

well. This has to be done, for instance, for a Is state at a relatively small separation energy.

Obviously our analysis could be improved, if microscopic calculations for wave

functions of an orbital above the Fermi level in 12C were available. In the absence of such a

calculation we have also analyzed the data employing harmonic-oscillator wave functions.

As is demonstrated in section 4.6 (table 4.6.1) the differences between the two approaches

are small compared to the other uncertainties in the analysis.

4.4 Two-step processes

Before one can derive occupancies from the momentum distributions corresponding to '

': the observed weak transitions it must first be ascertained whether two-step processes play a

! minor role in the (e,e'p) reaction. Because of the weakness of the electromagnetic coupling

3 one expects that the (e.e'p) reaction is less hampered by such reaction-mechanism :

- y complications than hadron induced reactions. i;

| j For the 5/2' state at 4.445 MeV no excitation is observed in the reaction 12C(e,e'p)] *B §

j . • (see figs. 4.2.1 and 4.2.2). The lack of strength for this state can be understood in a shell | ;

if: model with only a (ls)4(lp)8 configuration. Since the If orbit is unoccupied in this simple |

jl model, the 5/2" state (and the 7/2" state at 6.743 MeV) cannot be excited by a single-step p,

E$ process. In this section we investigate the role of two-step processes and in the excitation of , ,

f'L i?
a * .••
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these two states. First, a qualitative discussion is presented based on the nonobservance of

the 5/2" state at a relatively low Tp value of 40 MeV. Thereafter we will use the Tp = 70

MeV data for a more quantitative discussion of the subject including explicit coupled-

channels calculations.

The measurement at Tp = 40 MeV is of special interest for the study of two-step

process in the (e,e'p) reaction, since the probability of secondary processes tends to be

larger at lower energies20. The excitation-energy spectrum at this energy is shown in fig.

4.4.1. The remarkable feature of the spectrum is the absence of strength atEx = 4.445 MeV,

where a 5/2" state is known to be located14. Assuming that this level is only excited by

means of a secondary process, we can use this lack of strength to set an upper limit to the

amount of two-step processes in the reaction 12C(e,e'p)1IB. From the data shown in fig.

4.4.1 we deduce that there is at least a factor of 30 difference between the excitation strength

in the region of Ex = 4.445 MeV and that of the 3/2" state at 5.020 MeV. The result can be

expressed in terms of a maximum momentum distribution p(pm) of 7 x 10'1* (MeVZc)'^to

be compared with typically p(pm) ~ 1 x 10"9 (MeV/c)"3 for a weak transition (see next

section). At proton energies between 70 and 100 MeV, usually employed in (e.e'p)

experiments, the effect is expected to be even smaller. This is confirmed by the measured

105<pm<135MeV/c

3 / 2 "
5 x * 5.02 MeV

2 U 6
Ex [MeV]

44

)Fig. 4.4.1 Excitation-energy spectrum of the reaction C(e,e'p) B at EQ - 284 MeV. The kinetic energy
of the outgoing proton was 40 MeV. No strength is observed at 4.445 MeV, where a 5/2" state is located.
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upper limit for the excitation of the 5/2" state at T_ = 70 MeV. The average over all

kinematics at this proton energy yields p(pm) S i x 10"11 (MeV/c)"3. Apparently pure two-

step processes do not contribute significantly to the (e,e'p) reaction. (It is noted, though,

that as yet nothing can be said about possible interferences between a weak direct-knockout

contribution and a small two-step component.)

The absence of strength at Ex = 4.445 MeV may be compared with the results of a

(p,2p) experiment7, in which an incoming proton energy of 100 MeV was used and the

energy of the outgoing protons (40 MeV) was the same as in the aforementioned (e.e'p)

experiment. The 5/2' state was found to be excited with one third of the strength of the

nearby 3/2" state with an angular distribution characteristic for / = 1 knockout. In this

hadronic reaction two-step processes are expected to proceed through two main channels: (i)

inelastic excitation of the target nucleus 12C(0+ -> 2+) and subsequent 1=1 knockout; (ii) I

= 1 knockout leading to the n B ground state followed by inelastic excitation of nB(3/2' ->

5/2") by the outgoing protons. Since the total reaction cross section for proton-nucleus

scattering increases with decreasing T_ (ref. 21) it has been suggested20 that the major

contribution comes from the latter channel. Adopting the dominance of channel (ii) and

assuming that the two protons contribute coherently to the inelastic excitation, the

probability of populating the 5/2" state in (p,2p) could be a factor of 4 larger than in the

(e,e'p) reaction. However, from the present experiment, we infer a difference of at least a

factor of 10. A more detailed investigation of the coupled-channels effects is needed for a

better understanding of this observation.

We now turn to the T_ = 70 MeV data. As mentioned before the 5/2" state at Ex =

4.445 MeV could not be observed at this energy either. The 7/2' state at Ex = 6.743 MeV,

however, shows a nonvanishing strength. It is identified by the pjjj-dependence of the fitted

citation energies of the doublet at Ex = 6.75 MeV (see table 4.2.1). The momentum

distribution of this peak (fig. 4.4.2) shows a shoulder at a value of p m that corresponds to

the maximum of a momentum distribution for direct If knockout.

In order to determine the strength of the If component we have first fitted the

momentum distribution with an incoherent sum of DWIA calculations for lf7/2 and 2s1/2

knockout. The bound-state wave functions were constructed in the manner described in

section 4.3. The corresponding momentum distribution is shown in fig. 4.4.2 and the fitted

spectroscopic factors are listed in table 4.4.1. A similar calculation for a combination of

lfy/2 and l s j ^ knockout has also been performed. The data show a preference for a 2s

single-particle wave function. (The excitation of the l/2+ state is discussed in more detail in

the next section.) More important, though, is the fact that the extracted If-spectroscopic
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Fig. 4.4.2 Momentum distribution for knockout of a proton from 1 2 C leading to the 1/2+,7/2" doublet at 6.75
MeV in 1 1 B . The solid line is a DWIA calculation containing an incoherent sum of 2s and 1f knockout. The
dashed curve represents the 1f component and the dotted curve corresponds to the 2s component.

factors do not seem to depend on the nature of the s 1/2 component. Even the inclusion of an

enhanced transverse-longitudinal ratio (see section 3.3) does not change S l f7 /2 appreciably.

On average a value of S l f7 /2 = 0.38(9) 10'2 is found.

In this analysis it is assumed that the excitation of the 7/2' state proceeds completely

through direct If knockout from 12C. However, this state can also be populated by direct

knockout leading to the ̂ B ground state followed by an inelastic excitation of the 7/2" level.

We consider both the pure two-step process and a combination of direct If knockout and a

two-step process interfering with each other. The calculation of these processes requires a

coupled-channels (CC) approach. The way to perform CC-calculations for the (e,e'p)

reaction has been presented elsewhere (see section 2.6 and ref. 11).

Tabla 4.4.1 Spectroscopic factors for 1f knockout from C deduced from the momentum distrubution
displayed in fig. 4.4.2. The individual contributions are added incoherently.

Contributing bswf-s

1s and 1f
2s and 1f

S 1S1/2

1.78(15) 10-2

S2s1/2

0.81(6) 10-2

S1f7/2

0.39(9)
0.38(8) 10"2

X

2
1

2/d.f.

.6

.9
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The calculations were carried out with the program CHUCK22 for both the 7/2" and the

5/2" states. The optical-model parameters from Comfort and Karp2^ were used, while the

P2-values for the inelastic excitations were taken from ref. 17. The coupling scheme for

the interference between the direct and two-step processes is depicted in fig. 4.4.3. Because

the experimental data only give an upper limit for the excitation of the 5/2" state, the

amplitude for direct knockout leading to this state has been taken from a 21ttn shell-model

calculation24. For the 7/2" state we have optimized the amplitude for this transition in such a

way that the CCIA calculation reproduced the strength of the If component in the 6.75 MeV

doublet as displayed in fig. 4.4.2. The results, represented as a momentum distribution, are

shown in fig. 4.4.4. Both the pure two-step calculation (dashed line) and the calculation

involving the interference between the two channels (solid line) are depicted. The dotted

curves correspond to direct knockout of a If proton from 12C with a spectroscopic factor

corresponding to the square of the amplitude used in the CCIA calculation.

The pure two-step calculations yield for both states values below the measured data,

confirming our earlier conclusion concerning the minor role of pure two-step processes. The

inclusion of the coupling between the direct-knockout process and the two-step process

leads to a major modification of the curves. The strength of the 5/2" curve is still in

agreement with the measured upper limit of Ps/2(Pm) S 1 x 10"11 (MeV/c)"3 in the pm-region

above -50 MeV/c. The curve for the 7/2" state has about the right shape to reproduce the If

component of the momentum distribution of the 6.75 MeV doublet

With the chosen signs of the If amplitudes the interference between the direct-

knockout process and the two-step process for the 7/2" state is seen to be constructive at pm

> 0 MeV/c and destructive at p m < 0 MeV/c, whereas for the 5/2" state the effect is opposite.

If the sign of the If amplitude is chosen differently the CCIA calculation of the momentum

distribution yields the wrong shape for the 7/2" state. It is concluded that not only the

(ii-0.55

s :-

Fig. 4.4.3 Coupling scheme (or the
CCIA calculations of the excitation of
the 5/2' and 7/2" states in 1 1 B . The
coupling amplitudes are indicated in the
figure.

C+e
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COUPLED - CHANNELS EFFECTS IN PARALLEL KINEMATICS
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Fig. 4.4.4. Results of several calculations for the excitation of the 5/2" and 7/2* states in the reaction
1^C(e,e'p)11B. The dotted line corresponds to direct knockout of a If proton, the dashed line identifies a
two-step calculation and the solid line represents a coupled-channels calculation. The calculations have
been performed for parallel kinematics and a kinetic energy of the outgoing proton of 70 MeV.

magnitude, but also the sign of the direct-knockout amplitude can be determined by the data.

Li this way the amplitude for lf7/2 knockout from 12C has been determined. (For the 5/2"

state the other sign gives results still compatible with the measured upper limit.)

A large difference is observed between the spectroscopic factors derived from the

coupled-channels calculation (Slf7/2 = 6.1 10"4) and the one obtained assuming only direct

knockout (S l f7 /2 = 3.8 10'3). The reason is the interference between the direct and the two-

step channels. From fig. 4.4.4 it is seen that in the region p m > 100 MeV/c, where the

experiment is sensitive to this state, the two-step curve is about a factor of 3 above the

single-step calculation. Hence, the corresponding amplitudes differ by a factor of V3 and for

the total cross section we find, assuming purely constructive interference between the two

channels:

°ee'p ~ (̂ single-step + t̂wo-step) = (1 + V3) Asingje_step » 7.5 Osingie.step, (4.4.1)

which is consistent with the observed ratio. It is concluded that large modifications of the

derived spectroscopic factors may occur for weak transitions in the (e,e'p) reaction,
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COUPLED - CHANNELS EFFECTS IN PERPENDICULAR KINEMATICS

Fig. 4.4.5 Similar calculations as depicted in fig. 4.4.4, but now for perpendicular kinematics. The
identification of the curves is the same as in fig. 4.4.4.

especially if the single-step channel has a smaller (or comparable) magnitude than the two-

step channel. It is emphasized, however, that such modifications are only expected for weak

transitions, since the pure two-step channel is generally weak.

We compare the obtained spectroscopic factors with the results of a recent shell-model

calculation24 performed in an extended model space, which yields Si f5 /2 = 1-54 10"4 and

S jf7/2 = 2.37 10"3. The calculated value of S l f5 /2 results in a momentum distribution that is

consistent with the measured upper limit, whereas the calculated value of S l f7 /2 *
s a factor of

4 above the experimental one. In spite of this difference, the qualitative behavior of the two

If states is well reproduced by the 2fia> shell model: the 5/2" is hardly excited, whereas the

7/2" state gives rise to measurable strength in the doublet at 6.75 MeV.

It is worth noting that the (e,e'p) cross section for a direct-knockout process depends

mainly on the value of pm , whereas the two-step process also depends on the angle y

between q and pm . This fact offers some interesting possibilities to investigate whether a

transition is (mainly) due to two-step processes or (mainly) due to direct knockout. The first

possibility is to compare the excitation of a state in parallel and anti-parallel kinematics. It

can be seen, for instance in fig. 4.4.4, that the pure two-step calculations for the 5/2" and
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7/2" states show a large asymmetry around p m = 0 MeV/c, whereas the single-step

calculations are rather symmetric. Another possibility is offered by the differences between

perpendicular and parallel kinematics. In fig. 4.4.5 we show the results of the coupled-

channels calculations for the same reaction as before, but in perpendicular instead of parallel

kinematics. It is concluded that the cross section for a two-step process strongly depends on

the kinematics. This is in contrast to the case of direct knockout, the reason being, as

mentioned before, that the latter depends mainly on the value of pm . The experimental

conditions for studying two-step processes in this way seem to be feasible, since the

difference between the two kinematics is more than one order of magnitude for the 5/2"

state.

Although CC-effects play an important role in the excitation of these weak states in the

(e,e'p) reaction on 12C, it should be realized that the measured strength of the 7/2" state

could only be obtained with a nonzero direct-knockout component If we assume that a

direct-knockout process is also essential for the excitation of the other (stronger) weak

states, we may still interpret the observation of theses states as evidence for nonzero

occupancies of orbitals above the lp shell.

A word of caution is appropriate, though, if the state is very weakly excited ( p , ^ ^

10"10 (MeV/c)"3), since in such cases it might not be possible to discriminate between a pure

two-step excitation and one involving both two-step and single-step processes. This is

illustrated in fig. 4.4.4, where the two-step curve for the 7/2" state at p m < 0 MeV/c is close

to the CCIA curve. In the present experiment, however, we expect that the interference

between the two reaction channels mainly affects the deduced spectroscopic factors, since all

investigated states have a strength exceeding that of the 7/2' state.

In order to assess the effect of channel couplings on the spectroscopic factor S a for a

,: given weak transition, it is necessary to carry out an explicit CCIA calculation. However,

the strength parameter P of the corresponding inelastic excitation in ' }B needs to be known

;:' for such a calculation. Since these parameters for the other weak states below Ex = 10 MeV

^ in 1 *B were not available we could not evaluate this effect It is possible, however, to obtain

\ a crude estimate of the influence of CC-effects on the deduced values of Sa . Our estimate is

'•• based on the following assumptions:

<j> * the interference between the two channels is constructive;

! * the strength of the two-step channel in terms of a momentum distribution is about 5 x

fi 10"n (MeV/c)"3.
| The latter assumption seems reasonable in view of the fact that the p2-va1«ies for the other

^ inelastic excitations in llB are presumably smaller than for the 5/2' and 7/2" states, which

| are the strongest two levels seen in inelastic proton scattering off that nucleus17. For this
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Tabla 4.4.2 Crude estimate of the influence of CC-effects on the derived spectroscopic factors from the
reaction 12C(e,e'p)1 *B. Upper limits for the factor fs (defined in the te-:.; are listed as a function of the
strength p m a x in the maximum of the momentum distribution. It is assumed that the interference is
constructive and that the strength of a pure two- step process corresponds to p = 5 x 10 (MeV/c) .

Pmax

is

[(MeV/c)"3] 1 x It)"10

11.7

5x10" 1 0

2.14

1

1

x10"9

.66

5x10" 9

1.23

5 x 1 0 ' a

1.07

reason and because of the assumed constructive interference our estimate of the influence of

CC-effects on the deduced values of S a probably represents an upper limit.

For a given strength of the weak state under consideration we now calculate the factor

fs, which we define as the ratio of spectroscopic factors obtained in a single-step DWIA

analysis and a CCIA analysis of the data. This has been done by employing similar

arguments as have been used in obtaining eq. (4.4.1). The results are listed in table 4.4.2.

The obtained values of fs agree with the explicitly calculated effects on the

spectroscopic factors in chapter 3, where we found a few precent effect for the ground state

and upto 30 % for the excited states at 2.125 and 5.020 MeV, lending support to our

assumptions. Since most of the weak states discussed in the rest of this chapter have a

maximum of the momentum distribution between 5 x 10'10 and 1 x 10'9, we conclude that

the derived spectroscopic factors for those states are uncertain by at most a factor of two. As

demonstrated in the next two sections such an uncertainty is not prohibitive for a useful

interpretation of the data.

We conclude that the (e,e'p) reaction offers a tool to investigate relatively small

components of the nuclear many-body wave function, albeit with an uncertainty in the

obtained spectroscopic factors due to CC-effects.

4.5 The 1/2+ state at 6.792 MeV

The experimental data for the peak that contains both the l/2+ state at 6.792 MeV and

the 7/2" state at 6.743 MeV have already been presented in fig. 4.4.2 (error bars due to

statistics only). The data near pm = 0 MeV/c exhibit a typical / = 0 behavior, indicating the

knockout of a proton from an s1/2 orbit. The shoulder of the momentum distribution at

higher values of p m is due to the excitation of the 7/2" state at 6.743 MeV, as has been

argued in the previous section. We use a single-step DWIA calculation for the interpretation

of the momentum distribution, since no angular distribution for the 1/2+ state in the
11B(Tp,p') reaction is available to determine the (3 value of the inelastic excitation, which is
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needed in order to perform a CCIA calculation.
If one wants to extract a spectroscopic factor for the l/2+ state, it should be realized

that both Is and 2s knockout might contribute to the cross section. This can be understood
in the framework of the shell model, where the overlap integral of the 12C ground state and
the ^ B j ^ + w a v e function can be written as a coherent sum2^ of l s ^ a n ( i 2s j / 2

single-particle wave functions (see eq. (2.3.11)):

<V(nB1 /2+)lv(12Cgs)> = A2s(j>(2s). (4.5.1)

The squares of the amplitudes A l s and A2s are the spectroscopic factos S a for the orbitals

involved.

The data have been interpreted by means of an unfactorized DWIA calculation

including Coulomb distortions (DWEEPY; see chapter 2) with eq. (4.5.1) replacing the

usual single-particle bswf. It appeared not to be possible to fit the two s1/2 amplitude and

the spectroscopic factor for If knockout all at the same time, since the statistics in ihe data

are relatively poor. Instead we evaluated the DWIA-momentum distribution fo; various

choices of the relative strength of the amplitudes A l s and A2s, and added to the; resulting

id-
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Flg. 4.5.1 Calculated momentum distribution for knockout of a proton from 1 2 C leading to the 1/2+,7/2"
doublet at 6.75 MeV in B. The curves are DWIA calculations for a coherent sum of 1s and 2s components.
Added to this calculation is an incoherent 1f contribution with a fixed spectroscopic factor of 3.8 10"3. For
each curve the ratio Ap of the A1 s and A2 s amplitudes is indicated in the figure.
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Table 4.5.1 Spectroscopic factors for 1s and 2s knockout from 1 2 C deduced from the momentum
distributions of the doublet at 6.75 MeV for various choices of the relative strength A 1 s /A 2 s of the two
corresponding amplitudes. In each case an incoherently added 1f component is included (S^y^ " 3 - 8 1 u " 3 ) -

A 1 s / A 2 s

1.00
0.50
0.10
0.00
-0.10
-0.50
-1.00
-2.00

S1s1/2

0.59(13) 10"2

0.23(03) 10"2

0.86(06) 10"4

o.o
0.74(05) 10 -4

0.13(01) 10'2

0.35(03) 10'2

0.72(05) 10"2

1.78(14) 10"2

S2s1/2

0.59(13) 10"2

0.92(10) 10^2

0.86(06) 10"2

0.80(05) 10"2

0.74(05) 10'2

0.52(04) 10"2

0.35(03) 10"2

0.18(01) 10'2

0.0

Z2/d.f.

8.47
4.24
1.99
1.84
1.80
2.00
2.22
2.24
2.51

momentum distribution a DWIA calculation for direct If knockout with S1{7/2 = 3.8 10~3

(see section 4.4). No CCIA calculation was used for the lf7/2 component, because the

dominant feature of this calculation (fig. 4.4.4) is already contained in the DWIA calculation

(cf. fig. 4.4.2). The total strength of the Os1/2+2s 1/2) component was fitted to the data. The

spectroscopic factors are listed in table 4.5.1 and some of the corresponding curves are

displayed in fig. 4.5.1. The quoted errors are due to the statistics of the data and due to the

uncertainty in the fit. It is noted that the obtained spectroscopic factors depend on the

assumed If strength. An explicit calculation of this effect using a 50 % larger or smaller If

component yielded spectroscopic factors that differed by less than 20 % from the ones

shown in table 4.5.1. The effect of the uncertainty in the shape of the bswf (see section 4.3)

has been estimated by repeating a part of the analysis with harmonic-oscillator wave

functions. This resulted in changes in the spectroscopic factors of (again) less than 20%.

; From fig. 4.5.1 it is seen that the interference between the Is and 2s component of the

;• overlap integral has a large effect on the shape of the momentum distribution. In order to

I. evaluate the uncertainties in the obtained values of S l s l / 2 and S2si /2 one has to take into

-• account several factors.
p.

'.; First of all there is the question what we should consider to be a reasonable fit on the
>• basis of table 4.5.1. In assessing the values of %2/d.f. in table 4.5.1 it should be realized

. '> that the number of degrees of freedom in the fit is 36 implying that a small reduction of
| %2/d.f. represents a significant improvement in the description of the data. This is illustrated

•£ in fig. 4.5.2, where the calculation with the lowest value of %2/d.f. and a pure l s 1 / 2

| calculation are compared to the data. Taking %2/d.f. £ 2 as an acceptable range we obtain
I the following values for the amplitudes: -0.036 < A l s < 0.009 and 0.072 < A^ < 0.093.
I The next effects to be considered are the uncertainties related to the assumed strength of
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Fig. 4.5.2 Momentum distribution for knockout of a proton from 1 2 C leading to the 1/2+,7/2" doublet at
6.75 MeV in 1 1 B . The data are the same as those presented in fig. 4.4.2. The solid line corresponds to a
calculation with A 1 s «-8.6 10 and ^ s » 8.6 10 , while the dashed curve is for pure I s knockout.

the If component and the chosen shape of the bswf. As mentioned before each aspect adds

20 % to the total uncertainty. Finally the influence of possible two-step excitations has to be

included. As discussed in the previous section the factor fs for p(pm=0) » 1.5 IO'9

(MeV/c)"3 is only 1.5 (see table 4.4.2). On the other hand we have to determine the

CC-effects for two interfering shapes. Therefore we again take a factor of two for the

uncertainty in the values of Sa due to CC-effects. If we include all uncertainties we obtain

the following ranges for the amplitudes: -0.056 < A l s < 0.014 and 0.051 < A 2 s < 0.13,

which corresponds to spectroscopic factors S l s i / 2 £ 0.0031 and 0.0026 < S 2 s l / 2 < 0.018.

Hence, it is concluded that (within the constraints of the present analysis) the 2s component

seems to be larger than the Is component with a slight preference for amplitudes with

opposite signs. Moreover, a small or vanishing l s 1 / 2 amplitude is favored by the data.

The obtained spectroscopic factors can be compared to the results of recent shell-model

calculations26*27 performed in a large model space with complete elimination of spurious

states. (We note that this transition cannot be described by Cohen/Kurath wave functions1,

because no non-normal parity states are contained in the model space employed in that case.)

The space is spanned by the single-particle states Is, lp, Id, 2s, If and 2p, albeit with
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restrictions on the total number of oscillator quanta involved. A Reid soft-core potential

describes the translationally invariant two-particle interaction. The renormalization of this

interaction due to the still limited model space was parametrized by empirically found Talmi

integrals.

For 12C a 2Ka> model space has been used, which resulted in the following major

components of the ground-state wave function: 0.80(1 s)4(lp)8 + 0.33(ls)3(lp)8(2sld)1 +

0.24(ls)4(lp)6(2sld)2, where the third component mainly consists of configurations with

two particles in the Id shell (amplitude = 0.22). Notable features of this calculation are the

ls^-hole content of 10% and an occupancy of 2.2% of the 2si /2 orbit. The wave function

of the l/2+ state in nB, calculated in a more restricted 1R© model space, corresponds to an

eigenvalue at an excitation energy of 8.15 MeV, fairly close to the experimental value. The

calculated wave function is given by 0.96(ls)4(lp)6(2sld)1 + 0.29(ls)3(lp)8 with a l s 1 / 2

hole content of 8.4%. The calculated overlap integral is dominated by the l s I / 2 amplitude,

A l s = 0.297. The 2s1/2 amplitude is small due to severe cancelations between the various

configurations, leading to an amplitude A2s = 0.032. The corresponding spectroscopic

factors are S l s l / 2 = 0.088 and S2 s l / 2 = 0.001.

Even though there are relatively large uncertainties inherent in the present analysis, the

values for S J s l / 2 and S2 s l / 2»a s deduced from the experiment, differ considerably from the

calculated values. The measured value of S J S J / 2 is much smaller than the calculated value

and the observed 2s strength is larger than the Is strength, whereas the shell-model

calulation yields the opposite. This discrepancy might be caused by the restricted llko model

space used for the wave function of the 1/2+ state. It will be interesting to investigate

whether an extension of the configuration space employed in the shell-model calculation will

result in an improved agreement with the data.

4.6 Other weak transitions below Ex = 12 MeV
r-. A

.• As can be seen from figs. 4.2.1 and 4.2.2 there are several transitions beyond Ex = 7

, II MeV in the reaction ^Ctce 'p) 1 1 !* for which it is possible to derive a momentum

/"J distribution. The transitions at 7.286 MeV (J* = 5/2+) and 7.987 MeV (J* = 3/2+) supply i\

$ evidence for the existence of ground-state correlations in 12C provided that they are more |

^ strongly excited than can be explained from two-step processes alone. The peak at 9.82 )•

\ MeV may represent the onset of the ls 1 / 2 part of the missing-energy spectrum and the :.

" structure at 11.5 MeV has an unknown nature. It is the subject of this section to present the

» corresponding momentum distributions and to determine the various spectroscopic factors. ]
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Table 4.6.1 Fined values of T| and S a for several weak transitions in the reaction 12C(e,e'p)11B. For each
state the spin and parity JK. the rrms and two values of S a are given, depending on the type of bound-state
wave function employed (Woods-Saxon or harmonic oscillator). The listed values of S Q correspond to r\ - 1.

Ex [MeV]

4.445
6.743
6.792

7.286
7.978
8.560
9.82(3)

±11.5

J *

5/2"
7/2"
1/2+, 1s
1/2+ 2s
5/2+
3/2+
£5/2"

(1/2+),2s
(1/2,3/2)"

4.251
4.295
1.894
3.527
3.525
3.570
2.806T

1.914
3.597
2.72(7)*

-
-
-

1.66(4)
1.5(2)

-
-

1.65(3)*

Woods-Saxon

<0.0010
0.0038(6)
<0.0031
0.003 - 0.018
0.017(1)
0.006(1)
<0.005
0.006 - 0.034
<0.0004
0.034(3)*

harm, oscil.

<0.0012
0.0054(10)

-
-

0.014(1)
0.007(1)
<0.005

-
-
-

t The average rrms derived from the two 3/2" states is taken for this state.
' These values have been derived from a fit to the data using rrms, r) and S Q as free parameters.

As mentioned before we have not explicitly calculated the CC-effects for the weak

transitions beyond E x = 7 MeV. The momentum distributions presented in this section are

therefore analyzed in terms of a direct-knockout process. Based on the upper limits given in

table 4.4.2 we estimate the uncertainty in the fitted values of S a to be less than a factor of

two.

The DWIA calculations have been performed using the optical potential due to Comfort

and Karp23. The bswf for the orbitals involved is calculated in the manner described in

section 4.3. In table 4.6.1 the corresponding values of the root-mean-square radius are

listed. For completeness the results obtained in the previous sections have also been

included in the table. It is seen that the sequence of r ^ values shows the qualitative features

expected from the IPSM.

Table 4.6.1 also contains a survey of the obtained spectroscopic factors. (It is noted

that longitudinal spectroscopic factors are used throughout this chapter.) Most momentum

distributions (figs. 4.6.3, 4.6.4 and 4.6.5) show an enhancement at pro < 0 MeV/c

compared to the standard DWIA calculation, which was also observed for lp knockout from
12C (see section 3.3). In that case we attributed this effect to an anomalous transverse-

longitudinal ratio T). It was shown that an enhancement of Tf may in part be caused by CC-

effects. In the present case it is known that CC-effects certainly cannot be neglected. Hence,

we conclude that the enhancement of 11 for the weak states is mainly due to the channel

couplings. In selected cases it was possible to fit i). The resulting values are contained in

table 4.6.1. It is noted that the listed values of S a are obtained with Tj = 1.

74



We have derived values of S a employing either harmonic-oscillator or Woods-Saxon
bound-state wave functions (see table 4.6.1). In this way we get an estimate of the
dependence of Sa on the details of the bswf. We observe a difference between the two
approaches, but they are small compared to the other uncertainties of the analysis.

In the remaining part of this section we discuss the individual transitions, which have
been ordered according to their orbital quantum number.

/= 0 knockout

In fig. 4.6.1 the momentum distribution of the state at 9.82 MeV is displayed. Since

the maximum of the momentum distribution is located near p m = 0 MeV/c with a strength

well above 1.0 10'10 (MeV/c)"3, we conclude that the spin and parity of the state should be

identified as J™ = l/2+. Therefore we have analysed the data in the sams way as has been

done for the l/2+ state at 6.792 MeV. The DWIA curves corresponding to a coherent sum of

Is 1/2 and 2s 1/2 contributions are shown in fig. 4.6.2. The spectroscopic factors that are

listed in table 4.6.2 have been obtained by fitting the corresponding curve to the data. It is

seen that the lowest value of %2 is obtained with a dominating lsi / 2 component, whereas the

1/2+ state at 6.792 MeV showed a dominant 2s1/2 character. In a similar analysis as has

-9
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£ -10
1:10 -
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('/?*) ,9.82 MeV
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-100 0 100 200
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Fig. 4.6.1 Momentum distribution for the state at 9.82 MeV in 1 1 B . The solid line represents a DWIA
calculation for pure 1 s knockout and the dashed curve corresponds to pure 2s knockout.
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Fig. 4.6.2 Calculated momentum distributions for the stats at 9.82 MeV in 1 1B. The curves are DWIA
calculations for a coherent sum of 1s and 2s components. For each curve the ratio Ap. of the A2s and the
A1s amplitudes is indicated in the figure.

been described in section 4.5 we obtain the following results: 0.079 < A l s < 0.19 and

-0.017 < A2s < 0.019, which corresponds to the following ranges for the spectroscopic

factors 0.0063 < S l si /2 < 0.034 and S2s 1/2 < 0.0004. It is noted that these ranges include

the uncertainty due CC-effects and the shape of the bswf. If it is assumed that this state

corresponds to the second l/2+ state that is predicted by the shell-model calculations

Table 4.6.2 Spectroscopic factors for 1s and 2s knockout from 1 2C deduced from the momentum
distribution of the 9.82 MeV state displayed in fig. 4.6.1.

A2 s /A1 a

1.00
0.50
0.10
0.00

-0.10
-0.50
-1.00
-2.00

51s1/2

0.45(09) 10'2

0.90(18) 10"2

1.63(11) 10"2

1.49(08) 10'2

1.25(07) 10'2

0.55(05) 10'2

0.26(03) 10'2

0.96(10) 10 -3

0.0

s2s1/2 %2/d.f.

0.45(09) 10'*
0.22(04) 10'2

0.16(01) 10'3

0.0
0.13(01) 10"3
0.14(01) 10'2

0.26(03) 10"2

0.39(04) 10"2

0.58(06) 10'2

6.34
6.53
1.57
1.11
1.28
2.60
3.01
2.99
2.83
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discussed in the previous section, wemay compare the related spectroscopic factors. The
shell-model result (Sis l /2 = 0.0077 and S ^ j = 0.0003) is consistent with the experimental
findings this time.

Since the state at 9.82 MeV shows a clear ls1/2 behavior, this peak can also be viewed
as the beginning of the ls-hole spectral function. It has been suggested16-25'28 that the 1s-
hole spectral function might show some structure at low separation energy. We believe that
the observation of the peak at 9.82 MeV is the first experimental evidence of such a
phenomenon. However, the quoted calculations predict much more structure than is present
in the measured Em-spectrum.

"•i

I = 1 knockout

The state at 8.560 MeV has only been observed in the spectra taken at p m = 100 and

210 MeV/c, from which we have derived an upper limit for S a assuming J71 = 3/2" (see also

section 4.2). A standard IP3/2 bswf has been used with r r m s = 2.806 fm, which

corresponds to the average of the radii found for the two 3/2" states below Ex = 6 MeV. The

well depth was adjusted in order to reproduce the experimental separation energy. The

10"

1 i 1 , , i i

12C(e,e'pj"B
11 ̂ - = 1 2 MeV

-100
I I ' ' ' I '
0 100
P m (MeV/c ] -3>

200

Fig. 4.6.3 Momentum distribution of the broad peak at about 11.5 MeV in 1 1 B . The data have baen
obtained by integrating the missing-energy spectrum between 11 and 12 MeV. The solid line represents a
DWIA calculation with S Q and rfms determined by the data at p m > 0 MeV/c. The dashed curve has been
obtained by also treating t\ as a free parameter.
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very weak excitation of this state in the (e.e'p) reaction can be related12 to the shape of its
longitudinal form factor for inelastic electron scattering^, which resembles very much the
one for the 0x

+ -» 02
+ transition in I2C. The latter has been explained in the framework of a

weak coupling model, in which the ' lB ground state and the 8.560 MeV excited state are
written as:

(4.6.1)
= alp3/2l12c0+(l)>

I llfi3/2-(3) > = alp3/2 I 12c0+(2) >•

Here the operator &\vyi creates a hole in the IP3/2 shell and the labels (1) and (2) refer to

the 0+ ground state and 0+ excited state at 7.66 MeV in 12C respectively. The immediate

consequence of this picture is that the / = 1 transition to the 8.560 MeV state in the (e,e'p)

reaction is forbidden: the spectral function for lp3/2 knockout to this state is proportional to

the overlap between this state and a lp3/2 hole in the 12C ground state

which can easily be seen to yield a vanishing strength due to orthogonality. The very small

-100
T

0 100
Pm [MeWc]

200

Fig. 4.6.4 Momentum distribution for 1d knockout from 1 2 C leading to the 5/2+ state at 7.286 MeV in ' 1B.
The solid line has been obtained by fitting S a and rrms to the data at p m > 0 MeV/c. For the dashed curve all
data have been used and T) was treated as an additional free parameter.
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excitation strength in (e,e'p) confirms the described picture for this state (and tells that the
mixing with the ground state is small). It is also concluded that the probability for a
transition to this state by a two-step process is very small.

The momentum distribution of the broad peak at about 11.5 MeV also exhibits an / = 1

character (fig. 4.6.3). The data have been described by means of a DWIA calculation for the

knockout of a lp3/2 proton. The solid line in fig. 4.6.3 corresponds to a fit of the data at p m

> 0 MeV/c yielding S l p3 /2 = 0.038(2) and r , ^ = 2.64(8) fm, while the dashed line has been

obtained by a fit to all data with TJ treated as a third free parameter: S j_^2 = 0.034(3), rIms =

2.72(7) fm and r\ = 1.65(3). The large value of TI is consistent with similar values obtained

for the excited 1/2' and 3/2" states below 6 MeV (see section 3.5). As mentioned before we

suppose that the large value of T| is mainly due to CC-effects. The rms radius is consistent

with the ones obtained in the previous chapter in the DWIA analysis of the momentum

distributions corresponding to the excited lp states. The large width of this peak is not

understood at present.

200
P m [MeWcl-

Fig. 4.6.S Momentum distribution for 1d knockout from 1 2C leading to the 3/2+ state at 7.978 MeV in 1 1 B .
The solid line has been obtained by fitting S a and rrms to the data at p m > 0 MeV/c. For the dashed curve all
data have been used and r\ was treated as an additional free parameter.
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1=2 knockout

The two states at 7.286 and 7.978 MeV in U B can be reached by Id knockout from
12C. We have compared the data with a ld5/2 calculation for the 7.286 MeV state and a

ld3/2 calculation for the state at 7.978 MeV. The momentum distibutions (figs. 4.6.4 and

4.6.5) can be described by single-step DWIA calculations, again supplying evidence for the

existence of ground-state correlations in 12C. It would be interesting to compare the

obtained spectroscopic factors (S l d 5 / 2 = 0.017(1) and S l d 3 / 2 = 0.006(1) in case T| =1) with

the results of a 2Ko) shell-model calculation. Although these calculations can be done in

principle26, the results ate not available at present.

An improved description of both momentum distributions is obtained by also fitting the

anomalous transverse-longitudinal ratio T]. Again the resulting values (H 1̂ 5/2 = 1-66(4);

T|ld3/2 = 1.5(2)) are consistent with those found for the excited lp states.

4.7 Knockout of 1s protons from 12C

This section is devoted to a discussion of direct Is knockout from the 4He-core of 12C

leading to the continuum strength beyond Em = 28 MeV. Although this process is not

considered to be a weak transition, it is presented in this chapter where the results for other

/=0 transitions are also presented.

Due to the limited Em acceptance of the present experiment only part (28 - 40 MeV) of

the total ls-hole spectral function, which extends well beyond 40 MeV30, could be

observed. In the observed Em region the data allow for a determination of the parameters

Sa, rms and r\ in the same way as has been done for the lp data in section 3.3.

In fig. 4.7.1 the data are compared to two DWIA calculations employing the optical

potential due to Comfort and Karp2^. The depth of the Woods-Saxon well used in the

calculation of the bswf was adjusted in order to reproduce the ls-separation energy

corresponding to the center of the considered Em interval. The solid line in fig. 4.7.1

represents a fit of the data for p m > 0 MeV/c only. Just as for the case of the lp-momentum

distribution we find a nice description of the data for p m > 0 MeV/c, whereas the curve

Tabl» 4.7.1 The values of Sa, rrms

condition

fittop_>OMeV/cdata
fit to ail data and ri fixed
fit to all data and r\ free

and T) deduced from the 1s-momentum distribution shown in fig. 4.7.1.

s«
0.472(14)
0.482(17)
0.446(31)

rrms

1.904(30)
1.940(34)
1.935(12)

11

1.00
1.00
1.39(3)

X2/d.f.

3.00
4.31
1.87
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Fig. 4.7.1 Momentum distribution for 1s knockout from 12C. The data have been obtained by integrating
the missing-energy spectrum between 30 and 39 MeV. The solid line represents a DWIA calculation with Sa

and rrms fitted to the data at pm > 0 MeV/c. The dashed curve has been obtained by also treating i\ as a free
parameter and using all the data in the fit.

underestimates the data for p m < 0 MeV/c. Again the discrepancy can be resolved by

introducing T) as an additional free parameter (dashed line in fig. 4.7.1). The obtained

parameter values are listed in table 4.7.1.

The fitted value of r^^ = 1.935(12) fm is significantly smaller than the value used by

Mougey in the analysis of a previous '^(e.e'p)1 *B experiment performed in perpendicular

kinematics30. However, Mougey did not fit r ^ to the data but instead used the lp value for

the radius parameter r0 (=1.36). Moreover, it is evident from fig. 9.1 in ref. 25 that his

calculation underestimates the perpendicular data at high values of pm, implying the need for

a smaller value of t[ms.

The obtained value of Tils = 1.39(3) should be compared to the value of r|jp = 1.28(4)

derived from the lp-momentum distribution in a similar analysis (section 3.3). Unless it is

assumed that CC-effects, which contribute about 0.1 to the value of f]lp, are drastically

different for r| ls, the enhancement of TJ1S is larger than the one of T|jp. This might be due to

the following. Beyond Em » 28 MeV it is energetically possible to knock two nucleons out

of the nucleus. A likely mechanism for such a two-particle emission consists of the direct
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coupling of the virtual photon to the mesons that are being exchanged between two

nucleons. Since this coupling is transverse, the opening of this reaction channel leads to an

enhanced transverse cross section. A similar effect was reported by Ulmer31 in an actual

longitudinal-transverse separation for Is knockout from 12C.

In order to investigate the longitudinal-transverse response in more detail the data in the

Em-range 25-40 MeV have been sorted in 2 MeV bins. For each bin a bound-state wave

function was calculated with the appropriate binding energy that was used in a similar

DWIA analysis as carried out for the entire measured Is region. Since the statistics of the

data below Em = 30 MeV is relatively poor, the three parameters could not be determined

independently in this Em-region. For those bins the data have been fitted in two steps. In the

first step only the data at p m > 0 MeV/c were used in order to fix the value of T^^ and in a

second fit all data were used for the determination of Sa and TJ. No results were obtained in

the Em-range between 27 and 28 MeV, where the spectrum is dominated by a broad lp peak

(see section 4.6).

The fitted values of T] are plotted in fig. 4.7.2 as a function of the missing energy. The

error bars represent the uncertainty in the fit except for the two lowest Em points. In those

1.8-

1.6-

U -

1.0-

0 .8-

0 6 -

"C(e,ep)"B
1s, -knockout

TRANSVERSE-LONGITUDINAL RATIO

24 28 32 36 40
Em!MeV] •

Fig. 4.7.2 Anomalous transverse-longitudinal ratio r\1or 1s knockout from C as a function of the
missing energy E m . The two-particle emission treshold is located at about 28 MeV. The hatched area
corresponds to the average value of r\ for 1p knockout after correction for CC-etfects.
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cases an estimate of the additional uncertainty due to the fitting procedure is included. The
data are characterized by two remarkabe features: (i) no deviation of T| from unity is found
for the Is data below Em = 30 MeV, although the data are not inconsistent with the deviation
observed for 1, -"uckout; and (ii) a strong enhancement of Ti(Em) is observed after the two-
particle emission treshold has been passed, confirming our conjecture about the cause of the
relatively large value of f\ for Is knockout. The first conclusion should be regarded with
some caution, since the inclusion of coupled-channels effects in the analysis of the data in
this region might well lead to a change in the value of r\. Actually, an independent
measurement of TJ for lp and Is knockout from *Li (section 5.4) yields equal values ofr\ip

and r| ls. Although this concerns a different nucleus, it may suggest that the present result
for Is knockout from 12C in the Em-region below 30 MeV is due to our way of analysis.
However, this does not affect our interpretation of the abrupt change in T|(Em) at 32 MeV as
being due to the onset of (transverse) two-particle emission processes.

4.8 Summary and conclusions

In this chapter the weak transitions for excitation energies between 6 and 12 MeV in the

reaction 12C(c,e'p)11B have been studied. In addition the low-energy part of the Is hole

spectral function has been analyzed.

The absence of strength at Ex = 4.445 MeV, where a 5/2" state is located, indicates the

minor importance of pure two-step processes in the (e.e'p) reaction. This observation is

confirmed by an explicit calculation of a secondary process leading to the 5/2" state in n B .

However, CCIA calculations show that the interference between a direct-knockout process

and a two-step process involving the inelastic excitation of the residual nucleus may lead to

significant changes in the momentum distributions. Such an interference causes a reduction

by a factor of six of the spectroscopic factor of the 7/2" state in n B . For the other weak

^ transitions observed it was not possible to evaluate the CC-effects quantitatively. However,

.*• since the inelastic excitation of 5/2" and 7/2" states in 1XB is much stronger compared to the

] other states considered, we assume that the influence of CC-effect on these states is less.

'• Consequently the direct amplitude for these weak transitions must be unequal to zero,

although the deduced spectroscopic factor might be modified. We conclude that the weak

?* excitation of several states with either normal (5/2", 7/2") or non-normal parity (l/2+, 3/2+,

* 5/2+) constitutes direct evidence for the existence of ground-state correlations in 12C. The

if uncertainty in the spectroscopic factors o. Jiese states, which have been derived using

y single-step DWIA calculations, is estimated to be at most a factor of two.
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The total spectroscopic strength observed in the Em interval between lp and Is

knockout (22 < Em < 28 MeV) amounts to less than 0.1 nucleon (2 a S a < 0.1). If the large

quenching of strength found in the lp-knockout part of the spectrum were to be attributed to

ground-state correlations in 12C only, one would have expected to find a much larger value:

£ a S a = 1.5. Apparently either the ground-state correlations give rise to a spreading of

strength over a much wider energy region or the observed quenching of lp strength is (in

part) of a different origin. This conclusion is unaffected by uncertainties due to CC-effects.

Evidence is found for some structure in the low-energy part of the ls-hole spectral

function. The momentum distribution of a peak at 9.82(3) MeV can be described by a

single-step DWIA calculation for knockout of a ls1 / 2 proton. At about 11.5 MeV a peak

was found having a momentum distribution with a lp character. The origin of this peak is

not understood at present.

Most of the obtained momentum distributions favor an enhanced value of the

anomalous longitudinal-transverse ratio TJ, just as has been observed for lp knockout from
12C (section i.3). We attribute this enhancement mainly to CC-effects, which have not been

evaluaiA for each individual state. A detailed analysis of the low-energy part of the

ls-knockout region reveals an increase of the value of T| above the two-particle emission

treshold. Beyond this treshold, which is located at Em « 28 MeV, the deviation of T\ from

unity increases up to twice the value found for lp knockout. Apparently the opening of this

new reaction channel causes a sizable increase of the transverse (e,e'p) cross section. It is

noted that in this Em region the (e,e'p) reaction looses its exclusive character, since the

second emitted particle goes undetected. Hence, other reaction processes, which can be

excluded below the treshold, may contribute to the cross section.
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5 The virtual-photon proton coupling

5.1 Introduction

An important goal of quasi-elastic (e.e'p) experiments is to determine the momentum

distributions of protons in nuclei, from which one may derive the occupancy of the shell-

model orbitals and the shape of the wave function of bound nucleons. In order to extract the

basic information on nuclear structure from such (e,e'p) experiments several assumptions

are needed concerning the reaction process itself1:

* the knockout process occurs through the exchange of one virtual photon (one-photon

exchange or Born approximation);

* the energy and momentum that the electron looses in the scattering process are

transfered to a single nucleon (quasi-elastic assumption);

* the struck nucleon is the one detected in the coincidence measurement (neglect of

exchange contributions);

* the coupling to a bound nucleon is the same as the coupling to a free nucleon modified

for off-shell effects (impulse approximation).

It is also necessary to avail of a good description of the interaction between the outgoing

proton and the residual nucleus. This final-state interaction (FSI) has been the subject of

several investigations2'3 and has been discussed to some extent in connection with the

analysis of the i2C(e,e'p)liB measurements (chapter 3). Since one obtains good

descriptions of the momentum distributions with optical (or coupled-channels) potentials

that have been derived from measured p-(A-l) cross sections, the treatment of the FSI

seems to be satisfactory, although further study is required in view of the small occupancies

of orbitals found in (e,e'p) experiments4.

We will now discuss the validity of the other assumptions. The first assumption is

justified by the low probability of processes involving multiple-photon exchange, since the

cross section for such processes is of order a™ for n exhanged photons, where a is the

fine-structure constant The quasi-elastic assumption is based on the occurrence of a broad

structure in the nuclear response function at an energy loss corresponding to the kinetic

energy of one nucleon that carries away the total momentum transferred by the electron. The

exchange contributions (or antisymmetrization effects) involve nucleons having initial

momenta of the same magnitude as that of the outgoing nucleon. Hence, their effect is very

small (= 10'4) in the kinematics commonly employed in (e,e'p) experiments, where the

outgoing proton momentum is chosen to be much larger than the initial proton momentum5.
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It is harder to justify the impulse approximation (IA) from first principles. There are

even some models that explicitly predict deviations from the IA:

* In a relativistic description of the nuclear mean field the mass of the nucleon is replaced

by an effective mass m*c2 = me2 + S, where S (= -420 MeV) represents the scalar

potential (o-to model6). Such a replacement causes a modification of the cross section

for electron scattering off a proton embedded in the nuclear medium.

* The form factors of a bound nucleon are usually assumed to be identical to the free

ones. However, models based on the underlying quark structure of the nucleon (such

as the soliton model7 and the dynamical rescaling model8) predict a modification of the

form factor in the nearby presence of other nucleons. There has been much interest in

these models, since they are able to describe the EMC-effect9.

Apparently there is some reason to doubt the validity of the IA, which urges a detailed study

of the IA in the quasi-elastic knockout process. In an experimental investigation of this

subject one must also consider off-shell effects and meson-exchange currents, sines these

effects could influence the outcome of such a study:

* The binding energy takes the proton off the mass shell given by E2 = (pc)2 + (m_c2)2.

Off-shell effects are generally not viewed as a violation of the IA. We have treated the

off-shell effects according to the prescription due to de Forest , which is based on

current conservation. It has been checked that the conclusions of the present

experiment remain unaffected if other prescriptions are used.

* The virtual photon can also couple to the mesons that are being exchanged between the

nucleons. These meson-exchange currents (MEC's) play an appreciable role in case of

the deuterium electrodisintegration11 and might also be of importance for knockout

reactions on complex nuclei. Since MEC's are usually treated by modifying the

nucleon current, they give rise to a change of the effective electron-proton cross section

inside the nuclear medium and as such constitute a break down of the IA.

It is evident from the aforementioned list of phenomena that an investigation of the
validity of the impulse approximation is a subject related to many important topics in nuclear
physics. Apart from that, a detailed knowledge of the virtual-photon proton coupling is an
essential ingredient in obtaining reliable nuclear-structure information from the (e,e'p)
reaction.

The experimental study of the impulse approximation in involved, because the
coincidence cross section depends on both the electron-proton interaction and on the nuclear
structure. Recently we have performed (e.e'p) experiments aimed at disentangling these
contributions at NKHEF-K. They comprise of a series of relative (e,e'p) measurements on
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12C and 6Li carried out in such a way that the nuclear-structure part of the cross section

cancels in the cross-section ratio. Therefore these experiments provide a tool for the

investigation of the validity of the impulse approximation or, in other words, for studying

the virtual photon-proton coupling inside the nucleus.

Chapter 5 is organized as follows. The experiment on 12C is presented in section 5.3.

Both the G-G> model and the dynamical rescaling model are used in the interpretation of the

data. The nuclear-density dependence of the electron-proton coupling has been studied by

means of the experiment on ^Li, where knockout from both the relatively dense 4He-core

and the dilute quasi-deuteron can be observed (if one considers *Li as a 4He-d system). The

results are presented in section 5.4. Both sections have previously been published as short

papers12'13. Some details that were not mentioned in those papers are discussed in section

5.2 together with an introduction of the experimental technique. In the interpretation of the

data the role of an (e,e'n)(n,p) two-step process has been considered. A calculation (section

5.5) shows that these charge-exchange effects are small. (Together with a similar calculation

for the (e,e'n) reaction these results have also been published14.) Section 5.6 is devoted to

an estimate of the contribution of meson-exchange currents in the transverse cross section.

Some future extensions of the present experiment are the subject of section 5.7 and the

chapter is summarized in section 5.8, where also a comparison with (preliminary) data from

other laboratories is presented. Finally, in appendix 5.A we discuss the influence of a

density-dependent electron-proton coupling on the coincidence cross section and how this

can be parametrized by an effective density in selected cases.

5.2 Experiment and analysis

In order to explain the experimental method for the investigation of the electron-proton

coupling inside the nucleus we repeat some of the elementary equations of the (e,e'p)

formalism. The factorized expression of the (e,e'p) cross section is given by1 5 (see eq.

(2.4.7))

d6a
K o SD(Em,pm,p'), (5.2.1)

dEe.dQc.dEp.d«p. CP

where K represents a kinematical factor and SD(Em,pm,p') is the probability to detect a

proton with initial momentum p m and binding energy E m inside the nucleus. Distortions in

the final state are taken into account by means of the dependence of S D on the momentum p'
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of the outgoing proton. The cross section c ^ describes the coupling between the virtual-
photon and a bound proton. In the impulse approximation c e p is replaced by the cross
section for electron scattering off a free proton (modified for off-shell effects). The free
cross section a^J"16 can be written as:

V (5.2.2)

where o"Mott is the cross section for electron scattering off a point charge, Q and q are the
four- and three-momentum transfer and e is defined as follows16

e = [1 + 2 (q2/Q2) tan2(9e. / 2)]'1 (5.2.3)

with 8e- the electron scattering angle. The parameter e is a measure of the polarization of the
virtual photon. A purely longitudinal (transverse) polarized photon corresponds to e = 1
(e = 0). The form factors in eq. (5.2.2) are the ones of the free proton.

The influence of the nuclear environment on the fundamental electron-proton scattering
cross section has been investigated by performing (e,e'p) experiments at two values of the
incoming-electron energy E o and two corresponding values of 6e< such that q remains
constant. The nuclear-structure part of the coincidence cross section is the same in the two
measurements, since the energy transfer to (and hence Em) and the final-proton momentum
p' (and therefore p m = p' - q) are also held constant. Reduced cross sections have been
obtained by dividing the measured cross sections by K o^f01, where o^1 represents the
off-shell electron-proton cross section due to De Forest10. The ratio of reduced cross
sections for the two experiments is given by

e p e > / cep
cc l(ee

baekwatd)
R " ( e / « ^ c^ccl^forward) ( 5 - 2 4 )

)

If o e p
c c l gives a proper description of the electron-proton coupling inside the nuclear

medium, the experiment will yield R=l. A deviation from unity is therefore a clear
indication of the influence of the nuclear medium on the electron-proton coupling.

As mentioned before the effect of the final-state interaction (FSI) between the outgoing
proton and the residual nucleus cancels in R, because p' is kept constant in the experiment.
This is only valid if the coincidence cross section can be factorized as in eq. (5.2.1). In a
more general treatment of proton (and electron-) distortions the coincidence cross section no
longer factorizes. However, these effects can be calculated and turn out to be small15. The
same holds for charge-exchange processes as will be shown in section 5.5.

The experiments were carried out at the NIKHEF-K coincidence facility17. A 41.3
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mg/cm2 natural carbon target and an enriched 6Li-foil (98.7%) with a thickness of 13.0

mg/cm2 were used. Both targets were mounted in rotating frames in order to smooth out

target inhomogeneities. There are several reasons for choosing these target nuclei. First, the

use of low-Z nuclei ensures that Coulomb distortions, which are different at the two values

of the incoming-electron energy, are small. Second, we wanted to vary the density that is

probed in the reaction, since the appropriate models contain a dependence on the nuclear

density. The 6Li target allows for the simultaneous observation of lp knockout, which

corresponds to the dilute quasi deuteron, and Is knockout, which corresponds to the dense
4He core. In both cases the missing energy is below the two-particle emission treshold. This

is important, since two-body knockout contributions might obscure the interpretation of the

experiments. A third reason is the fact that these targets are stable under beam conditions

and hence do not give rise to unwanted systematic errors.

The kinematical parameters of the experiments are listed in table 5.2.1. The parameters

that have not yet been introduced are the final-electron momentum e', the proton detection

angle 8p. and the target angle tytxgtv ^ e angle 6p. was chosen such that p' was parallel to

q. This choice of kinematics enabled us to perform a separation of the longitudinal and

transverse structure functions as explained in the next section.

Since the target angle ^ g m t i s different in two corresponding measurements, it needs

to be carefully calibrated. This has been done by means of a series of elastic electron

scattering measurements at different values of t̂arget- *n u e c a s e °^ m e 12C experiment a

deviation of -1.7 ± 0.4 ° was found with respect to the set value; for 6\A -3.0 ± 0.3 °. The

values of <!>(,_rt listed in table 5.2.1 have been corrected for these offsets.

The stability of the system has been checked by repeating certain measurements after a

time lapse of a few days. The ratio of cross sections of identical measurements averaged

over all the 6Li and 1 2C experiments was found to be 0.999 ± 0.007. The coincidence

efficiency was investigated using the reaction ^(e.e'p). An average efficiency of 99.1 ±

0.5 % was obtained. More details about stability and coincidence efficiency are presented in

sections 5.3 and 5.4.

The data analysis consists of the following steps18: (i) selection of valid coincident

events; simultaneously correction factors for dead time and detector efficiencies are

evaluated; (it) reconstruction of the particle vectors at the location of the target and

calculation of the values of E m and pm; an (Em,pm)-histogram is constructed with a grid

size of 50 keV x 5 MeV/c; (Hi) by employing the calculated particle trajectories the timing

spectrum is corrected for flight-time differences; this spectrum is used for the identification

and subtraction of accidental coincidences; (iv) the detection volume in (Em,pm)-space

(phase space) is calculated by means of a Monte-Carlo program (N * 2 x 106); (v) the
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Tabl* 5.2.1 Central values of the kinematical parameters used in the present (e.e'p) experiments.

Eo

[MeV]

312.8
443.3
312.8
443.3
312.8
443.3
312.8
443.3
312.8
443.3

322.0
479.9
322.0
479.9
323.5
479.9
322.0
479.9
323.5
479.9
311.6
463.8

le'l

[MeV/cJ

227.6
355.6
227.8
355.8
227.6
3559
227.6
355.5
227.6
355.5

237.9
394.9
238.6
395.5
239.0
395.8
238.1
394.9
234.1
394.9
235.3
387.0

%'

[degj

114.59
69.14

107.23
65.76
96.76
60.56
56.95
37.50
56.95
37.50

[deg]

^target

[degj

[12C1p knockout; |pf|

-26.94
-46.50
-29.71
-47.63
-33.58
-49.30
-45.12
-53.53
-45.12
-53.53

98.3
129.3
91.3

133.3
101.3
138.3
141.3
158.3
141.3
158.3

I6!.) 1p and 1s knockout;

113.92
64.49

102.05
59.37
92.41
54.77
54.98
34.16
55.17
34.18
56.99
35.56

-27.45
-49.08
-32.10
-50.80
-35.71
-52.21
-46.45
-55.54
-45.56
-55.54
-47.18
-56.66

107.0
137.0
107.0
142.0
107.0
147.0
142.0
117.0
143.0
117.0
150.0
120.0

Pm

[MeV/c]

|q|

[MeV/c]

= 369.1 MeV/c]

-87.92
-89.89
-68.99
-70.87
-38.80
-41.05
100.8
99.25
100.8
99.25

|p'|-369.1

-102.5
-103.1
-69.83
-70.55
-41.09
-40.53
100.1
99.52
99.05
99.52
99.74
99.24

457.1
459.0
438.1
440.0
407.9
410.2
268.3
269.9
268.3
269.9

MeV/c]

471.6
472.2
439.0
439.7
410.2
409.7
269.0
269.6
270.1
269.6
269.4
269.9

E

[

0.166
0.504
0.207
0.535
0.274
0.583
0.604
0.795
0.604
0.795

0.170
0.549
0.240
0.597
0.306
0.641
0.625
0.827
0.620
0.827
0.609
0.817

if „ CC1

1.351
3.798
1.679
4.739
2.422
6.818
20.08
53.10
20.08
53.10

1.283
4.099
1.862
5.972
2.663
8.612
21.99
66.36
21.11
66.36
20.90
62.47

reduced cross section (or spectral function) is obtained by subtiacting the accidentals from
each (Em,pm)-lin, weighing the bins with the detection volume and dividing each bin by the
calculated value of K o^f*1', (vi) the spectral function is corrected for radiative losses by
carrying out an unfolding procedure19; (vii) momentum distributions are obtained by
integrating the spectral function over an energy interval AEm corresponding to the
considered transition:

P(Pm) Se*P(Em,pm)dEm. (5.2.5)

In the present experiment only those pm-bins are considered that have a detection-volume
weight larger than 50% of the maximum weight in both kinematics. This results in a p m

acceptance of 30 MeV/c. Finally the ratio of reduced cross sections J?u(pm) is evaluated
according to
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w energy

P'Pm' Jhigh energy
(5.2.6)

The subscript indicates that the ratio has not yet been corrected for the differences in

distortion effects at the two energies. These corrections will be discussed later.

In order to obtain the correct values of #u(pm) it is essential that the pm-vector is well

determined at both energies. For instance, a misalignment of the beam spot or target position

results in a slight change in the angular acceptance of the spectrometers. This might lead to

wrongly determined values of p m and since the backward- and forward-angle measurement

are affected in a different way, also to a wrong value of i?u(pm). It is noted that the

calculated detection volume will then also differ from the actual one.

We have checked the determination of the pm-vector by comparing in momentum space

the calculated distribution of accidental coincidences with the measured distribution. By

requiring an identical shape for the two distributions, we were able to determine an

experimental detection volume, which is corrected for any misalignments in a consistent

way.

The procedure was especially needed in the 6Li experiment, since the momentum

distributions for lp and Is knockout from *"Li show a considerable slope in the investigated
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_

-

io9-

CALCULATED MOMENTUM
DISTRIBUTIONS 6 Li

/ / ' ' " " \ \
/ ' \ *»

/ / \ \

\ \
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\ \\ \\ \
\ 1
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1p KNOCKOUT LEHMAN \ \
Is KNOCKOUT ELTON-SWFT \
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pm [ M e V / c l - 5 *

Fig. 5.2.1 Calculated momentum distributions for
proton knockout from Li. The curves have been
obtained with the unfactorized DWIA code PEEPSO
employing an overlap function based on the PWIA
results of refs. 20 and 21 . The dashed (solid) line
corresponds to 1p (1s) knockout.
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pm-range. This is illustrated in fig. 5.2.1, where the calculated p(pm) is shown for both

cases20. (A separate (e.e'p) experiment, aimed at measuring the momentum distributions of
6Li, confirmed these calculations21.) In most cases a shift of 3 mrad in the horizontal

acceptance of the electron spectrometer appeared to be sufficient in order to obtain the

desired agreement between the calculated and measured accidental distributions, although at

very forward angles a larger shift was needed (£ 6 mrad). The latter is explained by a

misalignment (3 mm) of the target-rotation point perpendicular to the beam direction that

existed in that beam period, which has the largest effect at very forward angles. The

procedure yields a relative uncertainty of 0.3 MeV/c in the value of p m between the

backward and forward kinematics. If the uncertainty in pmdue to the incident energy is also

included, we arrive at a contribution to the systematic error in R of 0.1 - 1.5 %.

The I 2C experiment was mainly focussed on a flat part of p(pm). In this case the total

uncertainty in p m influenced the extracted values of R by 0.7 -1 .7 %, which is comparable

to the value for the ^Li data cfter applying the correction.

A missing-energy spectrum of the ^ ( e . e ' p ^ H e reaction is displayed in fig. 5.2.2.

The two regions corresponding to lp and Is knockout are clearly visible. Due to the

12
6Li (e,e'p) 5He

-1i5<pm<-85 MeV/c

1 p knockout

1s knockout

T i I i I I I ? I I i I I I I I I I i I 7 r r i i
U 6 8 10 12 U 16 18 20 22 2k 26 28

Em [ MeV ]
Fig. 5.2.2 Mfeaing-anergy (Em) tpactrum of tha reaction 6U(«,«'p)5He taken at Eo > 479.9 MaV. Th« data
hava baan avaragad ovwr miming momanta p m batwaan -115 and -85 MaV/c.
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unbound character of the ^He residual nucleus, the observed states have a natural width,

which for the ground state, whihch has a width of 600 keV, exceeds the missing-energy

resolution. The Is peak has a width of 100 keV. The lp data have been integrated over the

missing-energy range 3.5 - 11.5 MeV and the Is data from 19.5 to 27.5 MeV. It is noted

that according to recent ct-p-n Faddeev calculations for 6Li by Lehman20 the lp missing-

energy range contains contributions with / = 0 characteristics. The dashed line in fig. 5.2.1

corresponds to this Faddeev calculation.

Two missing-energy spectra of the '^C experiment are shown in fig 5.2.3. The spectra

were taken at different values of the incident energy, but concern the same pm-interval. In

the case of 12C only the transition leading to the ground state of n B has been analyzed.

The ratio of reduced cross sections is listed in table 5.2.2 for both experiments. The

uncorrected ratio R,, is the average of #u(pm) over the six common pm-bins of one pair of

measurements. The ratio R is obtained by applying the correction factors CC o u l and CF S I to

R,,. The factor C -̂0"1 corrects for the difference in the distortion of the electron waves at the

two energies. The (qualitative) effect of the Coulomb potential is an enlargement of the

momentum transfer q and an increase of the electron flux in the vicinity of the nucleus due

to the larger electron energy in the Coulomb potential. Both the effective momentum transfer

and the flux increase have been calculated in the manner of ref. 18 (see section 5.4). By

making use of the measured momentum distributions the effect on q is transformed to an

amplitude effect. The Coulomb correction at each energy is the product of this amplitude

effect and the effect on p(pm) due to the flux increase. The factor C C o u l is now calculated

by taking the ratio of the Coulomb corrections belonging to one pair of measurements at a

certain value of q.

As mentioned before in a factorized description of the (e,e'p) cross section the FSI-

effects cancel exactly in R, but this is no longer true in an unfactorized approach. In order to

estimate the differences in FSI-effects at the two energies we calculated the ratio of reduced

cross sections with both an unfactorized and a factorized DWIA program employing several

prescriptions for the optical potential. The results are expressed as a correction factor CF S I ,

which is applied to the data. The uncertainty due to the optical potential is less than 0.2 %

(see section 5.3). Since only relatively small corrections (0.1 - 2.7 %) are needed (table

5.2.2), we conclude that the factorization is indeed a rather good approximation for the

present experiment.

The statistical error ARstat in the corrected ratio R is obtained by adding quadratically

the statistical errors in the two corresponding measurements. The individual statistical errors

contain small contributions due to the subtraction of random coincidences (< 0.3 %) and due

to the limited statistics in the phase-space calculation (= 0.5%). The systematic error ARsyst
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Eo= 312.8 MeV
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Fig. 5.2.3 Excitation-energy (Ex) spectra of the reaction 12C(e,e"p)11B. The upper part of the figure
refers to the low-energy or transverse kinematics, the lower part to the high-energy or longitudinal
kinematics. The data have been averaged over missing momenta p m between -110 and -70 MeV/c.
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is the quadratic sum of the uncertainties in the target-angle calibration (0.3 - 0.9 %), energy

calibration (0.1 - 0.2 %), system stability (= 1.0 %) and relative uncertainty in p m (0.3 -1.7

%). The quadratic sum is taken, since ARsyst consists of a relatively large number of

independent errors. It is noted that in the presentation of the data in the next two sections,

' statistical errors are shown in figs. 5.3.1 and 5.4.2, whereas the quadratic sum of ARstat

and ARsyst is displayed in fig. 5.4.3.

After applying the corrections R should be equal to unity, if a e p is not affected by the

nuclear medium. (We note that if the longitudinal and transverse parts are identically affected

R is also equal to unity.) At q = 0.27 MeV/c the data are close to unity (see figs. 5.3.1 and

5.4.2). The measurements are dominantly longitudinal at this low value of q both at low and

high incident energy (e > 0.6; see table 5.2.1). Consequently R corresponds to a ratio of

longitudinal cross sections, which are identical apart from some kinematical factors. The

experimental verification of this provides an important check on the measurement and

analysis. At large values of q, where the transverse contributions are larger, the values of R

are significantly different from unity implying a failure of the impulse approximation.

Table 5.2.2 Reduced cross section ratios, correction factors and uncertainties for all data.

|q| [MeV/c]

461.1
441.1
416.1
271.6
271.6

471.6
441.6
411.6
266.6
264.1

476.6
444.1
414.1
271.6
269.1

Ru

1.107
1.069
1.069
0.974
1.004

1.083
1.096
1.054
1.010
1.006

1.098
1.065
1.082
1.031
1.014

ARU

0.042
0.042
0.060
0.020
0.021

0.038
0.043
0.043
0.027
0.029

0.036
0.039
0.030
0.031
0.023

cCoul

[12C

1.004
1.014
1.023
0.996
0.996

fti

0.982
0.987
0.992
1.003
1.004

[*Ll

0.975
D.980
0.985
1.002
1.003

CFSI

1p knockout]

0.986
0.983
0.973
1.002
1.002

1p knockout]

0.999
1.000
1.002
1.002
1.002

Is knockout]

1.001
1.001
1.000
0.995
0.995

R

1.096
1.066
1.065
0.972
1.002

1.062
1.082
1.048
1.015
1.012

1.072
1.045
1.066
1.028
1.012

ARstat

0.042
0.042
0.060
0.020
0.021

0.037
0.042
0.043
0.027
0.029

0.035
0.038
0.030
0.031
0.023

ARsyst

0.017
0.021
0.023
0.016
0.017

0.013
0.012
0.011
0.017
0.018

0.014
0.013
0.012
0.016
0.016
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5.3 The 12C(e,e'p)11B experiment12

The usual description of the quasi-free scattering process assumes the validity of the

impulse approximation (IA), i.e., the free nucleon current is used22. This is reasonable

since, within the nucleus, the nucleons are relatively loosely bound. However, there are

indications that the intrinsic properties of the nucleon change in the nuclear environment23,

which implies a break down of the IA. The influence of the nuclear medium is a subject of

growing interest, inspired by the current picture of nucleons as composed of quarks.

Because the confinement scale for quarks in a nucleon is only slightly smaller than the

average nucleon-nucleon distance in nuclei, the quark structure of a nucleon -and thus its

properties- may be modified inside the nucleus24. For example, it has been suggested25 that

the confinement volume for quarks may be enlarged in the nucleus in order to explain the

EMC-effect9. Recent relativistic formulations of the mean nuclear potential also suggest that

the intrinsic nucleon properties may be affected by a modification of the Dirac spinors

arising from a combination of strong scalar and vector fields inside the nucleus26. We note

that many of the aforementioned effects could, instead, be expressed as mesonic effects.

Quasi-free electron scattering, i.e. 'elastic' scattering from bound nucleons which are

almost on shell, is especially suited for obtaining information on modified nucleon

properties. Since the coupling of the virtual photon to a free nucleon is accurately known

from experiment27, possible modifications of the coupling due to the nuclear medium can

be identified.

Detailed studies of inclusive quasi-free electron scattering (e,e') on 3He, 12C, 40Ca,
48Ca and 56Fe have been performed at Saclay28. The deduced ratio of transverse to

longitudinal strength is much larger than expected from the free photon-nucleon coupling.

The coupling to meson-exchange currents due to pions and nucleon isobars does not seem

to explain this discrepancy. An improved description is obtained through the introduction of

either an enlarged quark-bag radius29 or by using a relativistic spinor for the nucleon given

by the a-© model6-30. Inclusive experiments involve averaging over initial energies and

momenta of the knocked-out nucleon(s). Thus the analysis depends on the assumed nuclear

structure. An exclusive experiment has the advantage of fixing the kinematics, and -for

knockout to the ground state of the residual nucleus- excluding two-nucleon emission. A

detailed discussion of exclusive (e,e'p) experiments can be found in the review article by

Frullani and Mougey1. In this section the results of an exclusive 12C(e,e'p)nB experiment

are presented along with a comparison to both the inclusive data and the models mentioned

above.

The (e,e'p) coincidence cross section can be expressed31 in terms of four structure
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functions W; (see eq. (2.3.1)). In parallel kinematics, when the momentum of the outgoing
proton p' is parallel to the momentum transfer q, only two structure functions WLand WT

remain32:

d6a Q2

K<JMou ~T~ <e W^co.q.p1) + W^co.q.p1)}, (5.3.1)
dEe.diie.dEp.d£2p. q2e

where oMott is the Mott cross section, Q2 = q2 - co2 the four-momentum transfer squared, ©

the electron-energy loss, and e = [1 + 2(q2/Q2)tan2(9e./2)]'1 the photon-polarization

parameter with 6e. the electron scattering angle16. For scattering from a bound nucleon WL

and WT depend on the separation energy and momentum inside the nucleus. In the plane-

wave impulse approximation this dependence is the same for WL and WT and eq. (1) can be

factorized32:

d6a
= KoepS(Em,pm), (5.3.2)

where o describes the off-shell electron-proton scattering cross section. For scattering

from a. free proton it is given by

tfep*66=°Mott Q2 (q2 e ) ' 1 1 e IFL (Q2)!2 + IFT (Q2)i2} <5-3-3)

and thus the longitudinal-transverse (LT) character is determined by the nucleon current For

elastic scattering from a free proton the Fj's are equal to the electric and magnetic proton

form factors: FL
free(Q2) = GE(Q2) and FT

free(Q2) = (Q2/4m2)1/2GM(Q2). The spectral

function S(Em,pm) represents the probability to find a proton with separation energy Emand

momentum p m = pf - q inside the nucleus. Distortion of the outgoing proton wave can

approximately be taken into account by replacing S(Em,pm) by the distorted spectral

function SD(Em,pm)p'). However, in doing so we neglected the slight difference in proton

distortion for WL and WT. The accuracy of this approximation will be discussed later.

If the photon-proton coupling is modified inside the nucleus, o~ep will be different.

Hence the influence of the nuclear environment can be investigated by studying the behavior

of o ' . Since the absolute value of SD(Em,pm,p') is unknown, only the ratio of a 's can be

obtained in cases where Em, p m and p1 are the same. This can be done by performing

measurements at two values of the initial electron energy Eg and corresponding values of 8e.

such that q and to remain constant. This results in a different value of e, hence it follows

from eq. (5.3.1) that the two measurements comprise an LT-separation, which will yield the
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Table 5.3.1 Virtual photon-polarization parameter 6 for all (e.e'p) kinematics.

Eo [MeV]

312.8
443.3

q [GeV/c]
pm[GeV/c]

0.60
0.80

0.27
+0.10

photon polarization e

0.27
0.58

0.42
-0.04

0.21
0.53

0.44
-0.07

0.17
0.50

0.46
-0.09

The experiment was carried out with the NIKHEF-K coincidence facility17. A 41.3

mg/cm2 natural carbon target was used, mounted in a rotator to smooth out target

inhomogeneities. The two values of Eo were 312.8 and 443.3 MeV. The outgoing proton

momentum was kept constant at 0.37 GeV/c, corresponding to a kinetic energy of 70 MeV.

The kinematics were centered around four values of q covering a range between 0.27 and

0.46 GeV/c with special emphasis on the points near 0.45 GeV/c, where the most accurate

LT-separation can be made due to the larger differences in e (see table 5.3.1). The q-range

chosen corresponds to a pm-range between -0.09 and +0.10 GeV/c. We consider / = 1

knockout leading to the ground state of U B, so the measurements at pm= -0.09 and +0.10

GeV/c are near a maximum of a / = 1 momentum distribution, ensuring good statistics. As a

stability check, the measurement at q = 0.27 GeV/c was repeated (at both energies) after all

other data taking was completed. The average ratio of these cross sections appeared to be

0.996 ± 0.012. We also measured the coincidence efficiency with the 1H(pfiJp) reaction at

both energies. The efficiencies appeared to be constant within \% with an average value of

98.8 ± 0.9 %. Several elastic electron scattering measurements were carried out

-intertwined with the coincidence data taking- to monitor the effective target thickness. The

target angle was calibrated separately with an accuracy of 0.4 degree. These checks

confirmed the stability of our experimental apparatus to within 1.2 %.

The data have been analyzed and corrected for radiative losses in the same manner as

described in ref. 33 (see section 5.2). In order to ensure that the same pm-range is probed at

both energies, the data are sorted in small pm-bins (5 MeV/c) and weighted by their

individual detection volume, which has been obtained through a Monte-Carlo simulation.

Only those pm-bins are considered which have a detection-volume weight larger than 50 %

at the low-energy kinematics. This results in a 30 MeV/c pm-acceptance. Reduced cross

sections ored(Eo>0e.) were obtained by dividing the cross sections by K o ccl as calculated

by de Forest10. Other prescriptions for <rep within the IA differ by less than 0.5 % in their

ratio from o^1 in this kinematical region10. The ratio ored(Eo,0e.)backv/ore(1(Eo,0e.)forwis

displayed in fig. 5.3.1. Only statistical errors are shown. Since the data are presents'! as a
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Fig. 5.3.1 Ratio <*r0(|(Eo>®e)backward/<Jred^O'®e)forward * * a ' u n c t i o n ° ' t h 9 three-momentum transfer

q for the reaction 12C(e,e'p)11B ground state.

as a ratio most of the systematic errors drop out, only those related to the target angle,
energy calibration and system stability remaining. The uncertainty in the energy calibration
causes a 0.5 MeV/c error in the relative value of pro between the two kinematics. Near the
maximum of a / = 1 momentum distribution this yields an additional error on the ratio of 1
%, which becomes somewhat larger near pm = 0 GeV/c (q = 0.37 GeV/c). The systematic
error in the ratio totals 2 %.

As mentioned before we assumed the proton distortions to be the same for WL and WT.
The uncertainty of this assumption has been calculated with the DWIA code PEEPSO34. It
can be expressed as a correction to the ratio of fig. 5.3.1 and amounts to less than +0.3 %
at q = 0.27 GeV/c and about -1.6 % at q = 0.45 GeV/c. These numbers change by less than
0.2 % if another optical potential is used. The effect of the Coulomb distortion on the
electron has been estimated with an empirical expression suggested by Knoll35. It changes
the ratio plotted in fig. 5.3.1 by +1 % over the entire q-region under consideration. These
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corrections have not been applied to the data.

Since the distorted spectral function is the same at both energies, the ratio shown in fig.

5.3.1 should be equal to one, if aep is not affected by the nuclear medium. At q = 0.27

GeV/c the data and the predictions of the models are indeed close to unity as expected, since

the longitudinal contribution dominates in this q-region. That the experiment reproduces this

result provides an important check on the analysis. At large values of q, where the

transverse contributions are largest, the data indicate a deviation of 8.4 ± 2.6 % from the

impulse approximation.

In order to make a comparison with the inclusive daft28 on 12C, an LT-separation has

been performed. Using eqs. (5.3.1) and (5.3.2) the ratio WT/WL was derived from the

exclusive data of fig. 5.3.1. We plotted RG = [(4m2/Q2)WTAVL]1/2 as a function of Q2 in

fig. 5.3.2. As can be seen from the expressions for FL
free(Q2) and F j ^ Q 2 ) , RQ is the ratio
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Fig. 5.3.2 R Q > [(4m2 /Q2 )Wf/WL ]1 / 2 as a function of the four momentum squared Q 2 for both inclusive
and exclusive quasi-elastic scattering from C.
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of the form factors GM/GE for a free proton. For a bound proton we interpret RG as the

value of GM/GE insk'e the nucleus.

The quantity RQ has also been deduced from the inclusive data28, which cover a large

range of <o including the quasi-free region. These data have been averaged over an interval

of to of about 20 MeV, corresponding to the energy acceptance of the present experiment.

Assuming that the inclusive reaction proceeds mainly through single-nucleon knockout, we

can apply corrections for neutron knockout and contributions of momenta perpendicular to

q, which are not contained in the (parallel) exclusive data. The latter effect amounts to a few

percent on RG. The former correction is performed by multiplying WT/WL by a factor

Hp
2/(HP

2+Hn
2) = 0.681, where ji represents the magnetic moment of the nucleon. The

inclusive data also contain contributions due to / = 0 knockout, which we estimate to be less

than 20 % based on previous measurements1. It is impossible to correct RG for this

contribution, since the LT-character of / = 0 knockout is unknown. However, there is no

reason to expect that it is qualitatively different from that of 1=1 knockout. As can be seen

from fig 5.3.2. the two results are in good agreement lending support to the assumption of

single-nucleon knockout dominance. The main observation from fig. 5.3.2 is the

enhancement of the ratio GM/GE inside the nucleus. The 'bound' ratio is 22 ± 7 % larger

than the 'free' ratio (solid curve in fig. 5.3.2), which at small values of Q2 corresponds to

Hp =2 .79 .

In figures 5.3.1 and 5.3.2 the results of several calculations are shown. The dotted

curve represents the prediction of the cr-co model^26. Nuclear-matter estimates were used

for the values of the scalar (-420 MeV) and vector (+328 MeV) potentials36. In both figures

the dashed curves were obtained from an enlargement of the size of the proton37. Since the

magnetic moment is proportional to the size, e.g. the radius in a quark-bag model38, the

enlargement factor (A. = 1.15) simply multiplies \i.. Also drawn is a curve corresponding to

a calculation of Celenza, Rosenthal and Shakin39 based on many-body soliton dynamics in a

relativistic framework40. Only the effect of the nuclear medium relative to the free result,

assuming nuclear-matter density, is incorporated in this curve. All models considered give a

good description of the experimental data (see also section 5.A).

We also considered meson-exchange currents (MEC's) as a possible explanation for

the observed effect. The calculation by Fabian and Arenhovel1* for the ^(e.e'pjn reaction

indicates that MEC's increase RG by a few percent in the quasi-elastic region. This is

contrasted by a MEC calculation41 with the Fermi-gas model that predicts a 5 - 10 %

reduction of RQ at Q2 = 0.15 GeV/c2, to be compared to the 22 % enhancement we find

experimentally. It is evident that more elaborate MEC-calculati'ons are needed. (This topic

will be discussed in more detail in section 5.6.)
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In summary the results of the present experiment show a significant effect of the

nuclear medium on the virtual photon-proton coupling, implying a break down of the

commonly used impulse approximation. The deduced ratio of the magnetic and electric form

factors is enhanced as compared to the one for free protons. Several models succeed in

describing this behavior. Therefore it would be of interest to study the relation between

these models. Future exclusive experiments focussing, e.g., on the density dependence of

the photon-proton coupling will be instrumental in further unraveling the effects caused by

the nuclear medium.

5.4 The 6Li(e,e°p)5He experiment13

The description of quasi-elastic scattering from complex nuclei is generally based on

the impulse approximation (IA), i.e., the assumption that the interaction between the

projectile and the bound nucleon can be described by use of the free nucleon current

However, there exists empirical evidence, which stems from inclusive electron-scattering

experiments, suggesting that the nucleon current deviates from the IA prediction. First, the

experimental Coulomb sum rule is not saturated by about 40%42 and, second, the ratio of

longitudinal to transverse strength in the quasi-elastic peak is much smaller than expected28.

Theoretical investigations of the role of correlations in the longitudinal and transverse

response functions have not succeeded in explaining the discrepancies so far43. Models

beyond the conventional framework have been proposed6'7'30'44'45'46, in which basically

the current of a nucleon is modified within the nucleus. In most models, e.g. the relativistic

mean-field model44 and the soliton model7, the change of intrinsic nucleon properties, and

therefore of the electron-proton cross section o _ , depends on the density of the surrounding

nuclear medium. Also the A-dependence of the confinement size, as discussed by Close et

al.46, is essentially due to differences in the average density.

With the objective of investigating the nuclear-density dependence of the electron-

proton coupling a quasi-elastic (e,e'p) experiment has been carried out on 6Li. Since a high-

resolution (e,e'p) experiment offers the possibility to study the individual proton orbits, it

can be used to observe knockout from regions in the nucleus with different densities. This is

in contrast with inclusive electron scattering in the quasi-elastic region, in which an average

over all available orbits is measured. The choice of 6Li as target nucleus is motivated by the

possibility of studying lp and Is knockout simultaneously due to the relatively small

difference in binding energy (16.7 MeV) of these orbits. This allows for the observation of

proton knockout from both a high density (Is) and from a low density (lp) region. Here we
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transverse longitudinal

Fig. 5.4.1 Kinematical arrangement of a pair of measurements at two different values of the incoming
electron energy and scattering angle.

discuss the results of the experiment and its implications for a possible dependence of o.D

on the density.

In order to study the virtual photon-proton coupling inside the nucleus a relative (e,e'p)
measurement is performed in which the polarization of the virtual photon is varied, while the
nuclear-structure part of the cross section is kept constant. The change in photon
polarization e is obtained by going from a low incoming-electron energy and a backward
electron-scattering angle to a high energy and a forward angle. The nuclear-structure part is
the same in the two measurements, because the momentum transfer q, the energy transfer co
and the initial proton momentum p m are held constant Since the outgoing proton
momentum p' and the angle between p' and pm do not change either, as illustrated in fig.
5.4.1, the effect of final-state interactions also cancels to a very good approximation in the
ratio of cross sections. A more detailed discussion of such an experiment can be found in
sects. 5.2 and 5.3.

The data will be expressed in terms of a ratio R, which represents the ratio of backward
over forward reduced cross sections. The reduced cross sections are obtained by dividing
the coincidence cross sections by K Oqf*1, where K is a kinematical factor and a** 1 is the
off-shell electron-proton cross section based on current conservation, as proposed by de
Forest10. The aforementioned kinematical conditions imply that R does not depend on
nuclear-structure aspects, i.e., the momentum distribution. This statement assumes the
validity of the factorized expression for the (e.e'p) cross section15. Corrections for small
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Tabla 5.4.1 Incoming-electron energy Eg, virtual-photon polarization e, momentum transfer q and missing
momentum pm for each measurement.

Eo [MeVJ

322.0
479.9

q [GeV/c]
p m [GeV/c]

0.645+
0.836T

0.264t
0.105+

0.639
0.833

0.267
0.103

photon polarization e

0.313
0.644

0.412
-0.043

0.248
0.601

0.442
-0.073

0.184
0.557

0.472
-0.103

t This experiment was carried out at energies of 311.4 and 463.8 MeV.

deviations (< 0.5 %) from this approximation will be discussed later.

The experiment was carried out with the NIKHEF-K coincidence facility17. An

enriched ^Li-foil (98.7 %) with a thickness of 13.0 mg/cm2 mounted in a rotating frame to

smooth out target inhomogeneifies was used. The kinematics are summarized in table 5.4.1.

The outgoing proton momentum p' was parallel to q and p' was kept constant at 0.37

GeV/c (Tp. = 70 MeV). For a known separation energy all other kinematical variables can be

calculated from the information supplied in table 5.4.1. At the lowest value of the

momentum transfer, q = 0.27 GeV/c, the measurements at both energies were carried out

several times for calibration of the detection volume and for determination of the system

stability. This yields a series of cross sections at each energy that should be identical. The

standard deviation in the average of these cross sections is 0.9 %, confirming the stability of

our system. The coincidence efficiency, measured with the 1H(e,e'p) reaction, was 99.1 ±

0.8 % at the low incoming-electron energy and 99.3 ± 0.7 % at the high energy.

The data have been analyzed and corrected for radiative losses in the usual manner33

(see section 5.2). In representing the data by the ratio R we assumed the pm-vector to be

well calibrated in both the backward and forward measurement, since otherwise the

cancellation of the momentum distribution in R would not occur. By comparing the

calculated distribution of accidental coincidences in missing-momentum space with the

measured distribution, it was possible to gauge the length of the pm-vector. This procedure

yields a relative uncertainty of 0.3 MeV/c in the value of the missing momentum. Together

with contributions from target-angle calibration, energy calibration and system stability this

leads to an overall systematic error in the ratio of reduced cross sections R of less than 2 %

for all data.

In fig. 5.4.2 the experimentally determined values of R are shown for lp and Is

knockout from 6Li. The lp data have been integrated over the missing-energy range 3.5 -

11.5 MeV and the Is data from 19.5 to 27.5 MeV. The data have been corrected for slight
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differences (£ 0.5 %) in the final-state interactions between the forward- and backward-

angle kinematics by means of an unfactorized DWIA calculation. The parameters of the

optical model47 and bound-state wave function were chosen in such a way that a fair

description of the experimental momentum distributions21 was obtained. For the lp

bound-state wave function we used the results of an a-n-p Faddeev calculation20. The

correction due to the Coulomb distortion, which also affects the ratio slightly, consists of

two parts: (i) an amplitude effect calculated by employing the high-energy approximation for

the electron waves48 andfiij an effective q shift, which has been transformed to an amplitude

effect by making use of the measured momentum distribution21. The total correction factor

for both distortion effects varies between 0.981 and 1.006 for lp knockout and the

difference between lp and Is shell knockout is smaller than 0.7 %.

As is shown in fig. 5.4.2 the data for both Is and lp knockout indicate a significant

deviation from the impulse approximation. The data can be parametrized phenomeno-

logically by a 15% enlargement of the effective proton magnetic moment in the same way as

has been done for the 12C data (section 5.3). The most important result of the present

IS
.2

II
O

"5
o

1.1

m

i.n

0.9

1

V

1

6Li (e.e'p)

1p knockout :

1s knockout T

I

I' I

I

0.3 0.4
q [GeWc J

0.5

Fig. 5.4.2 Ratio of reduced cross sections (backward over forward) for 1p knockout (crosses) and 1s
knockout (black circles) from 6Li. The impulse approximation corresponds to unity.
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Fig. 5.4.3 Average ratio of reduced croc* Motions a* a function of the density probed by the (e.e'p)
reaction. AH displayed data have been corrected for distortion effects.

experiment is the observation that the deviation appears to be equal for Ip and Is knockout

If the deviation is due to a modification of the nucleon properties inside the nucleus,

ths electron-proton coupling depends on the nuclear density p(r). We have calculated the

effect of p(r) on the coupling by employing a local-density approximation. The effect can be

parametrized by means of Pefl(Pm)>which i n PWIA is found to be (see section 5. A)

PeflKPm> = (5.4.1)

where j/(pmr) is the /^-order spherical Bessel function and RQ(r) the bound-state wave

function. The quantity peff(pm) is interpreted as the density probed in the (e,e'p) reaction at

a missing momentum pm. (Note that this is not the same as the average (diagonal) density of

the nucleon in its orbit.) The actual calculation of peff(pm) has been done in DWIA. In fig.
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5.4.3 the mean value of R in the q-range 0.4 - 0.5 GeV/c is shown as a function of the

average of pef$(pm) over the corresponding pm-volume. The error bars include in each case

the systematic error. The average deviation from the IA amounts to 6.6 ± 1.4 %. It is

evident that the available data do not show a density dependence in the range of pe f f covered

by the present experiment and the one on 12C (section 5.3).

The data are compared with predictions of the c-m model44 and the relativistic soliton

model7 in fig. 5.4.3. The vector and scalar potential in the <y-eo model are calculated in a

local-density approximation36'49. The nuclear-density dependence of the soliton model is

taken from Celenza et al.39>4°. Their density dependence is of the form F(q,p(r)), in which

case deviations in R start linear in p^Pn,) . For the form factors we have used the recent

parametrization by Simon et al.27. Both models show a weak dependence on the nuclear

density and predict a deviation from the IA which is much smaller than the measured effect

The data do not rule out mechanisms as proposed by either the a-co model or the soliton

model, though the major effect must have another origin.

The interpretation of the present experiment could be affected by a non-negligible

contribution of the (e,e'n)(n,p) two-step process, since the (transverse) photon coupling to

the neutron becomes comparable to that to the proton in the backward-angle kinematics and

the charge-exchange (n,p) channel is relatively strong. However, Boffi et al.50, using an

isospin dependent (Lane-type) optical potential51, have shown that the inclusion of charge

exchange does not alter the cross section for the (y,p) reaction. An explicit distorted-wave

calculation for the (e.e'p) reaction along similar lines (section 5.5) yields an increase of

about 2 % of the reduced cross-section ratio R.

The possible role of meson-exchange currents (MEC's) has not yet been mentioned.

Actually, the modification of the nucleon current in the c-co model is equivalent to the

exchange current due to the o meson6. Pion-exchange currents give a significant

contribution in case of the deuteron electrodisintegration11. Qualitatively their effect is

similar to that of the models considered here, i.e. mainly an increase in the transverse cross

section. However, since the range of the pion interaction is relatively long, the pion

exchange currents might have a different effect Whether such exchange currents could

explain the measured deviation from the IA, awaits explicit calculations of the role of MEC's

in the quasi-elastic region. Beforehand it is not clear if MEC's can be expected to show a

similar dependence on the density as observed in the presently investigated range of peff-

(Section 5.6 is devoted to a more extensive discussion of this subject.) In addition more

(e.e'p) experiments, especially on heavier nuclei and for more deeply bound states, are

required to further map the nuclear-density dependence of the electron-proton coupling.
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5.5 Charge exchange in the (e,e'p) and (e.e'n) reactions14

The electron-induced knockout reaction in the quasi-elastic region is considered to be

an attractive tool for nuclear-structure investigations, since the electromagnetic interaction is

weak and relatively well understood. For the extraction of nuclear-structure information one

usually assumes that (i) the interaction between the projectile and the bound nucleon can be

described by the free nucleon current (impulse approximation) and (ii) the interaction

between the outgoing nucleon and the residual nucleus can be well described by the optical

model. However, in recent exclusive quasi-elastic measurements (sections 5.3 and 5.4) it

was found that the ratio of transverse and longitudinal response functions is significantly

larger than expected on the basis of the aforementioned assumptions. It is important to

investigate whether this effect is caused by a break down of the impulse approximation or

by an insufficient knowledge of the final-state interaction. Boffi et al.5«15'32'34'52 have

studied the final-state distortions of the (e,e'N) reaction in detail, but they did not include

secondary processes. It has been demonstrated experimentally that (pure) two-step

processes involving an inelastic excitation of the residual nucleus are practically negligible

for the (e,e'p) reaction (see section 4.4). Whether charge-exchange processes such as

(e,e'n)(n,p) contribute significantly to the regular (e,e'p) cross section is, however, not

known. In backward angle (e,e'p) kinematics, when the virtual photon is transversely

polarized, they might be important for two reasons: (i) the electron-proton and electron-

neutron coupling are of comparable strength in such kinematics, and (ii) the charge-

exchange reaction is relatively strong with respect to the elastic channel. In the (c.e'n)

reaction the contribution of charge-exchange processes might also be important in forward

angle (longitudinal) kinematics, because the direct-knockout process is relatively small in

this case. Such neutron-knockout experiments are now being planned at several facilities53,

e.g., with the aim of measuring the charge form factor of the neutron. In this section a

calculation is presented of charge-exchange processes in the quasi-elastic (e,e'p) and (e,e'n)

reactions.

In the plane-wave impulse approximation the (e,e"N) coincidence cross section can be

factorized in the electron-nucleon cross section o ^ and the spectral function S(Em,pm) by

(see eq. (5.2.1))

Ka e NS(Em >pm ) , (5.5.1)

vhere E m is the binding energy and p m the initial momentum of the knocked-out nucleon1.
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This expression remains approximately valid after inclusion of final-state distortions15. The

spectral function then also depends on the center-of-mass value of the momentum p' of the

outgoing proton. The distorted spectral function for proton knockout from an orbit a

leading to a discrete final state in the residual nucleus is given by1'15 (see eqs. (2.4.S) and

(2-4.6))

SD(Em,pm,p') = | J _ Jdr XpWV.r) < W exp(i-^-q-r) |.2 (5.5.2)

The overlap 4>jf(r) between the initial and final nuclear wave function is usually replaced by

a singte-particle wave function multiplied by the square root of a spectroscopic factor S a .

The distorted proton wave x p is the solution of the Lippmann-Schwinger equation for the

optical potential U_

(5.5.3)

with Go the free Green's function and <p a plane wave.

Charge-exchange processes in the final state of the (e,e'p) reaction can be introduced

by employing the Lane formalism51, in which the optical potential is written as

t - T
U(r) = - U0(r) + 4 Ui(r), (5.5.4)

A

where t is the isospin of the projectile and T that of the residual nucleus. The isospin

dependence of this potential has two consequences: (i) the (e,e'p) cross section can get

contributions from neutron knockout followed by an (n,p) charge-exchange reaction and (it)

the distorted wave x p is modified, because the equations for the elastic proton scattering and

the (p,n) charge-exchange process are coupled. This can be seen from the Lane equations51

where x _ and %np are the distorted waves associated with the two reaction channels.The

potentials U p p , Upn,... are the representations of the Lane potential (eq. (5.5.4)) in

proton-neutron formalism, e.g. Up. = -Uo - 2TzUj/A (see ref. 54). In order to calculate the

total (e.c'p) cross section we need to know the modified proton distorted wave Xpp and the

one corresponding to (n,p) charge exchange (xpn). The latter is related to the (n,n) elastic

channel by means of a similar set of equations as given in eq. (5.5.5). The proton and

111



neutron channels can be considered together in a matrix representation

f [ ]
UnpXnnJ {O q>J

This coupled-channels problem can be solved by diagonalizing the potential matrix U. This

is done by means of a unitary matrix M that contains the eigenstates of U as columns.

Although eq. (5.5.6) is valid for any prescription for U, we will take the Lane potential as

an example. While the potential is non-diagonal on the proton-neutron basis, it is diagonal

on the basis constituted by the isospin states |T-V2> and |T+V2> :

f-U0(r)-2(T+ l )U,(r) /A 0 "l
U(r) = . (5.5.7)

I, 0 -U0(r) + 2TU!(r) /A J

Eq. (5.5.6) decouples after diagonalization of U. (This decoupling requires the Green's-

function matrix and the plane-wave matrix to be proportional to the unit matrix, so Coulomb

interactions and mass differences between the two channels (p and n) are neglected.) The

decoupling reduces the problem to solving two one-dimensional Lippmann-Schwinger

equations. The total cross section can be calculated by substituting the distorted waves in a

generalized version of eq. (5.5.2). Taking the difference between the electron-proton (gp)

and the electron-neutron coupling (gn) into account this yields for proton knockout

Wr)exp(iA;±q.r)|2
A

(5.5.8)

The constants gn and g_ include the form factors of the coupling. For pure transverse

scattering the ratio gn/gp equals the ratio of neutron to proton magnetic moments. Note that

the column vector (*_}) multiplying the overlap function ®tf(x) takes into account the sign

difference between (e,e'p) and (e,e'n) reactions on the same (isosinglet) target nucleus50.

By replacing (1 0) by (0 1) in eq. (5.5.8) the distorted spectral function g^S^ for (e,e'n)

instead of (e,e'p) is obtained.

As an example we will discuss the knockout reaction leading to a residual nucleus with

T = l/2, e.g. knockout from 12C or 40Ca. We denote by %< a nd X> * e solutions of the

diagonalized eq. (5.5.6). They are thus the distorted waves associated with the T-V2 = 0

and T+V2 = 1 optical potentials:
U^r) = UT"1/2(r) = - U0(r) - 3 Ui(r) / A

(5 5 9)
U>(r) = UT+1/2(r) = - U0(r) + Uj(r) /A.
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For the calculation of the total cross section %< and x> need to be transformed from the
isospin to the proton-neutron formalism. The corresponding unitary matrix M is given by

(5.5.10)

The distorted waves in the two representations are then related by

(5.5.11)
*.Xpn %nn / v " 5C> J \X>~X< X>+X< )

The calculation of x> and x< is carried out with the existing DWIA code for (e,e"N)

reactions PEEP15. It is then possible to obtain the distorted spectral function by calculating

the distorted-wave matrix in p-n representation according to eq. (5.5.11) and substituting

the results into eq. (5.5.8).

It is noted that the Lane potential describes charge-exchange processes between

isobaric analogue states only. In a two-step process, such as (e,e'n) followed by (n,p),

other intennediate states can also contribute to the total cross section. The contributions of

these transitions are generally smaller since either the initial (e,e'n) or the secondary (n,p)

process (or both) are weaker. Furthermore, the phases of these transitions may be either

constructive or destructive. We therefore expect that the present calculation with the Lane

potential gives a reasonable estimate of the effect of charge exchange in (e.e'N).

The calculations have been performed for lp knockout from 12C (both for protons and

neutrons) leading to the ground state of the residual nucleus. Reduced cross sections, i.e.,

the coincidence cross sections devided by K aeN, are plotted in fig. 5.5.1 as a function of

the initial proton momentum pm. We used the (parallel) kinematics of a recent experiment

(see sections 5.2 and 5.3) on 12C, where the variation in p m (= p' - q) was achieved by

changing the momentum transfer q, while keeping p' constant and parallel to q at a fixed

incoming-electron energy. This implies that a decrease of p m corresponds to an increasingly

transverse reaction. The calculations were done for the two values of the incoming-electron

energy used in the experiment, 312.8 and 443.3 MeV. The optical-model parameters have

been taken from an isospin dependent parametrization of elastic proton-scattering data55.

(Since the calculations are carried out using the factorized expression of eq. (5.5.1), the

spin-orbit potential is neglected15'52. For the purpose of the present investigation this is

irrelevant, since we are mainly interested in the relative effect of charge exchange.

Moreover, the formalism can easily be extended to an unfactorized version of eq. (5.5.1).
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Fig. S.S.1 Reduced cross sections as a function of pm for quasi-elastic proton (neutron) knockout from
12C at two values of the incoming-electron energy. The dashed (solid) line corresponds to the cross section
without (with) charge exchange. The kinetic energy of the knocked-out nucleon is 70 MeV. The range of the
low-energy calculation is limited by angle restrictions in parallel kinematics.

Though these modifications will result in slightly different absolute cross sections, they are

not expected to influence the relative behavior.)

In order to assess the role of charge exchange in the total cross section the reduced

cross section for direct knockout is also shown in fig. 5.5.1. It is calculated by putting gn or

g_ to zero in eq. (5.5.8). It is seen that charge exchange leads to a small increase of the

transverse cross section for (e,e'p), but gives a sizeable enhancement of the (longitudinal)

cross section for (e,e'n). The latter can be understood from the fact that ce_ » o e n at

forward angles, thereby favoring the charge-exchange process over direct knockout.

It is also possible to understand the constructive interference in transverse kinematics.

First, it is noted that the effect of the optical potential on the PWIA spectral function consists

of two parts56: (i) the imaginary potential causes a reduction of the spectral function, and (ii)

the real potential causes a shift to smaller values of p m in parallel (pV/q) kinematics.

Second, as can be seen from eqs. (5.5.8) and (5.5.11), the main contribution to the

transverse cross section stems from x>- This follows from the fact that gn/gp is of the order

of unity and negative, while there is an additional minus sign due to the column vector in
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front of O^r). The distorted wave %> is calculated by means of U>. Eq. (5.5.9) shows that

the isovector potential Uj makes U> both less attractive and less absorptive. This explains

the net increase of the total cross section due to charge exchange as predicted for transverse

kinematics.

The right-hand side of fig. 5.5.1 indicates that charge-exchange processes complicate

the extraction of the neutron spectral function from the measured (e,e'n) cross sections in

parallel kinematics. We also carried out a charge-exchange calculation for (q,co)-constant

kinematics (or so-called perpendicular kinematics). The result is shown in fig. 5.5.2.

Although charge-exchange processes again dominate the cross section, the shape of the

(distorted) spectral function is hardly affected in this case. This is due to the fact that q is

kept constant in such kinematics. Apparently it is difficult to carry out an absolute

measurement of the neutron spectral function in either kinematics. A better approach might

be to perform measurements at two values of the incoming-electron energy in parallel

kinematics. The high-energy data, which are mainly longitudinal, will then serve as a gauge

of the charge-exchange calculation, whereafter the low-energy data, taken in transverse

kinematics, should be corrected for charge-exchange processes in order to derive the desired

neutron spectroscopic factors.

Measurements at two values of the incoming-electron energy are also used at present to

perform a longitudinal/transverse separation in quasi-elastic proton-knockout experiments

(see section 5.3). It is evident from fig. 5.5.1 that charge-exchange processes modify the

outcome of such measurements. In order to study this problem quantitatively, we have

calculated the ratio Rch'ex of the total cross section, including charge exchange, over the

direct-knockout cross section for several choices of the Lane potential. The values of Uo and

Uj were taken from isospin-dependent parametrizations of the proton optical potential55'57

and macroscopic analyses of (p,n)-experimentsS8>59. In fig. 5.5.3 the double ratio R =
RCh"e"jow energy f RCl**eXJhigh energy i s s h o w n f o r b o t h * e (e'e'P> a n d (e'e'n) r e a c t i o n - The

E0=U3 MeV

-100 0 100
pjMeV/c] »

Fig. 5.5.2 Reduced cross sections for
neutron knockout from C in perpendicular
kinematics at q - 1.87 fm"1 and m - 86
MeV. The curves are explained in the
caption of fig. 5.5.1.
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Longitudinal-Transverse Separation

0.9 -

-100 0 100

pm { MeV/c) >

Fig. 5.5.3 Ratio of reduced cross
sections including charge exchange
relative to the direct-knockout cross
sections. The shaded area corresponds to
the spread in R due to the variation in
optical-model parameters. The kinematics
are those of fig. 5.5.1.

spread in R due to the variation in optical-model parameters is seen to be not very large. In

case of the (e,e'p) reaction charge exchange has a minor influence on a longitudinal-

transverse separation. In the pm-range between -100 and -40 MeV/c a few percent

enhancement of the double ratio is found. Apparently the measured enhancement of R in this

pm-range (section 5.3) cannot be explained by charge-exchange processes. For the (e,e'n)

reaction the effect is much larger. The difference in behavior for negative and positive values

of p m in parallel kinematics is a clear signature of charge-exchange effects. Since the effect

is relatively large it could already be measured in an experiment with modest statistical

accuracy.

5.6 Meson-exchange currents

Since meson-exchange currents (MEC's) were found to be important in the description

of deuteron electrodisintegration11, they might also partly explain the deviation from the

impulse approximation as measured in the longitudinal/transverse (e,e'p) experiments on 6Li

and 12C. Unfortunately MEC calculations for the (e.e'p) reaction are hardly available.

Fabian and Arenhovel11 have published a calculation of exchange currents including the
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isobar contribution for the electrodisintegration of deuterium. Their calculation shows an

enhancement of the transverse cross section of a few percent on the quasi-elastic ridge,

which is in the same direction as our data would require. A similar result was obtained by

Laget for the quasi-elastic *He(e,e'p)2H reaction^'61. He also assessed the role of MEC's

in the delta-region for inclusive reactions on heavy nuclei28. From his results it can be seen

that a small tail due to exchange currents extends below the quasi-elastic peak, which

increases the transverse response function. However, Kohno and Ohtsuka41 found an

opposite effect in an explicit calculation of MEC-contributions in inclusive electron

scattering. Employing a Fermi-gas model in a non-relativistic framework they predict a

reduction of the transverse cross section. Ericson and Rosa-Clot have criticized this

calculation62, since the sign of the effect is in conflict with their expectations based on

Pauli-blocking arguments. On the other hand Boffi et al.63 have recently obtained a similar

result as Kohno and Ohtsuka for the exclusive reaction.

Since the available calculations yield conflicting results, we have investigated the

possible influence of MEC's on the interpretation of our experiment only in a qualitative

way. For that purpose the quasi-deuteron model64 (QDM) is employed in order to scale the

deuterium calculation of Fabian and Arenhdvel to ̂ Li and 12C.

Fabian and Arenhdvel have treated the deuteron electrodisintegration in a non-

Enp [MeV]

Fig. 5.6.1 Contour plot of the changes (%) in the transverse response function C t rans for inclusive electron
scattering from deuterium by interaction effects (MEC and IC); [reprinted with permission of the North-Holland
Publishing Company from ref. 11, fig. 5],
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relativistic approach including both jr-meson exchange currents and isobar contributions.

For the NN-interaction a Hamada-Johnston potential was used. Their results are reproduced

in fig. 5.6.1, which shows a contour plot of the relative effect on the transverse form factor

/trans^T^Q2)) 8 s a function of both the relative n-p energy E and the three-momentum

squared q2. Since the change in the longitudinal form factor, which is due to the isobar

contributions only, is much smaller, we will only consider the effect onfaaDS. Although

/trans concerns the inclusive cross section, the relative effect on the exclusive response

function/^ is the same11.

The QDM was put forward by Levinger64 and was later generalized by Schoch for

(y,N) reactions65. It was succesfully applied to the description of photo-absorption reactions

on complex nuclei66. More recently it was also used67 in explaining inclusive photo-proton

spectra from 12C. The QDM is based on two simple assumptions66: (i) the (virtual) photon

is absorbed by a correlated n-p pair; (it) the correlation function at short internucleon

distances is proportional to the deuteron wave function. The first assumption is motivated

by the low probability (in real-photon experiments) of knocking out one nucleon, which has

a high value of p m (> 300 MeV/c) and by the known importance of a two-nucleon

mechanism in, e.g., the (y,n) reaction. Moreover it is impossible for an n-n or p-p pair to

exchange a charged pion. The second assumption was made plausible by Levinger using the

theory of the effective range of nuclear forces64.

The effect of MEC's in a heavy nucleus is now assumed to be proportional to the

product of the number of n-p pairs in the nucleus and the relative effect Afd of MEC and IC

contributions on the transverse response function of deuterium. The effect AfA of MEC's on

the transverse response function for quasi-elastic scattering from a nucleus A (with N

neutrons and Z protons) can then be written as

N Z Afd, (5.6.D

where N-Z is the number of n-p pairs in the nucleus A. The exponential factor, which

depends on the photon energy By, has been introduced to incorporate Pauli blocking

effects68. The constant L renormalizes the size of the deuteron wave function inside the

nucleus. According to Levinger in his original 1951 calculation it is given by64-69

L(A) = 13.82 A /R 3 . (5.6.2)

In fig. 5.6.2 (reproduced form ref. 69) the theoretical values of L(A) calculated using R2 =

5/3<r2>ex_ are compared with the measured values derived from photo-absorption

experiments. In such experiments the cross section can be described by the QDM, if L(A) is
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Fig. 5.6.2 Phenomenological values of the Levinger parameter L as a function of A. The clashed area gives
the computed L obtained using the measured charge rms-radius of each nucleus. The values of D used in
obtaining L are indicated [reprinted with permission of the World Scientific Publishing Company from ref. 69,
fig 8].

treated as a free parameter. The dashed area corresponds to the uncertainty in the theoretical
calculation due to the experimental uncertainty in the measured rms radii. The close
correspondence between theory and experiment is remarkable in view of the fact that by
fitting L(A) all unknown aspects of the reaction process are effectively contained in L(A).

In applying the QDM to the (e,e'p) data we have used the calculated values of Afo from
fig. 5.6.1 and the experimental values of L(A) from fig. 5.6.2 taking D = 0. In order to
obtain A/d from fig. 5.6.1 we need to know the value of Enp corresponding to our
experiment. For that purpose the relation between the kinematical variable Enp and the
energy transfer a> for (e,e'p) experiments on heavy nuclei must be found. Fabian and
Arenhovel11 show that near the quasi-elastic ridge in fig. 5.6.1 one has En « (1/2)
q2/(2Mp). Since eo * q2/(2Mp) for quasi-elastic scattering from a heavy nucleus, we have
E ^ «(1/2) co in the present case. Therefore, the intersection of the experimental value of q2

and E,^ = (1/2) tt> yields A/d. For the total number of n-p pairs the product of N and Z for
that specific nucleus has been taken.

Table 5.6.1 shows all relevant parameters. In the last two columns the relative effect on
the ratio R of the transverse over longitudinal reduced cross sections is compared to the
results of the (e,e'p) experiments presented in sections 5.3 and 5.4. The QDM calculation
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Table 5.6.1 Parameters and results of the quasi-deuteron model applied to the MEC calculations of ref.
11. The quantities R ^ g c anc* " represent the calculated and measured effect on the cross-section ratio
(averaged between 0.4 and 0.5 GeV/c).

12C-1p

6Li-1p

6Li-1s

L

5.0

4.5

4.5

A

12

6

6

N

6

3

3

Z

6

3

3

A (A
[%]

128

57

57

RMEC

1.191

1.098

1.098

R

1.078(32)

1.064(29)

1.062(24)

clearly gives a larger effect than has been measured, especially for lp knockout from 1 2C.

Nevertheless we think that this result is rather encouraging, since it is the first calculation

predicting a sizeable deviation from the IA. It is recalled that both the soliton model and the

o-co model gave a 1 - 2 % effect only. However, it is stressed that the QDM calculation is

rather crude, as illustrated by the various uncertainties associated with the present approach:

* There is some arbitrariness in the values of the Levinger parameter that are being used

in the literature: some authors use values as large as 8 or 10 for L(A). However, this is

partially compensated for because simultaneously a non-zero value of D is being used.

* It is questionable whether the values of L(A) as derived from photo-absorption

experiments are directly applicable to the (e,e'p) reaction, since the latter concerns a

transition to a single discrete state contrary to the former.

* There is no dependence on the quantum number of the bound-state wave function in

the QDM, whereas one might expect a different effect of MEC's for, e.g., / = 0 and / =

1 knockout from 6Li. It is interesting to note, though, that the data do not show an

/-dependence either.

In spite of these uncertainties we conclude that MEC-effects might indeed be important

in (transverse) (e,e'p) experiments and cannot be disregarded in the interpretation of the

present data. It is clearly necessary to carry out more elaborate calculations of MEC-effects

for the quasi-elastic (e,e'p) reaction, also in view of the inconsistencies between the

presently available MEC-calculatJons.

5.7 Future experiments

The (c.e'p) experiments on 6Li and 12C as presented in sections 5.3 and 5.4 have

yielded the first indication of a break down of the impulse approximation, i.e., it was shown
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that the ratio of proton form factors RQ differs from the free-space value. The models

thusfar employed are not successful in explaining the data quantitatively. More

measurements might clarify the situation. In this section we mention several extensions of

the present measurements and we discuss the problems involved with some of these future

experiments.

In order to obtain a better understanding of the electromagnetic properties of a bound

proton it would be highly desirable to measure both its charge and magnetic form factor on

an absolute scale instead of relative to each other. These form factors should be measured

over a wide range in momentum transfer q, since possible deviations from the IA become

larger6'7'8 with increasing q. Moreover, it would be of interest to cany out similar

experiments in the dip- and the A-region: the increasing importance of meson-exchange

currents and isobar contributions might well lead to an co-dependent modification of the

nucleon form factors. Finally, similar experiments carried out on heavier nuclei could be

useful in extending the range of effective densities studied.

In employing the (e,e'p) reaction for such investigations, it should be realized that the

cross section is also determined by the spectral function and the final-state interaction (FSI).

Neither of these aspects is sufficiently well known at present to allow for an absolute

measurement of bound-proton form factors. Therefore it is necessary to calibrate the FSI by

performing separate experiments for different values of Tp in parallel and perpendicular

kinematics. Since the uncertainty related to the absolute value of the spectral function

remains, it is expected that the experiments in the near future still involve form-factor ratios.

However, such measurements can be carried out at higher values of q and o>, when higher

incident energies will be available. Apart from the necessity of a higher incident energy, it is

of equal importance, as is less well known, to be able to locate the proton spectrometer at a

very forward angle for such mcasurments. This is illustrated below for the present situation

at NIKHEF-K.

As an illustration of what can be learned by extending the range of effective densities

studied we discuss the influence of density-dependent form factors on the (e.e'p) cross

section for several heavy nuclei at the end of this section.

If the q-rangc is to be increased problems arise due to the smallest angle of the proton

spectrometer and the highest available value of the incoming-electron energy Eo . As an

example some kinematical calculations have been performed for the present situation at

NIKHEF-K17. In fig 5.7.1 the proton angle 6p. is plotted as a function of Eo . Curves

connecting constant values of q (solid) and constant values of the photon-polarization

parameter e (dashed) are shown. The values of pra range from -150 to +150 MeV/c thus
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Fig. 5.7.1 Kinematics of a longitudinal/transverse separation in (e.e'p). The proton scattering angle is
plotted as a function of tha incoming-electron energy. Curves have been drawn connecting constant values
of q (solid) and e (dashed). Tha central value of the separation energy E m is 8 MeV and tha kinetic energy of
the proton is 100 MeV in the upper figure and 150 MeV in the lower figure.

122



ensuring reasonable counting rates. The kinetic energy T of the outgoing proton is 100

MeV. In order to perform an accurate longitudinal/transverse separation data should be taken

at two widely different values of e keeping q constant (see table 5.2.1). The lower value is

primarily limited by the minimum value of 6_.. For instance, an experiment at q = 600

MeV/c with a reasonable separation (AE = 0.35) and Op.1"5" = 28° would require electron

energies of 420 and 580 MeV. These values are probably just within the constraints of the

present NIKHEF-K facility. However, if experiments beyond q = 600 MeV/c are to be

carried out under similar conditions, this is not possible anymore. As can be seen from the

lower part of fig. 5.7.1, increasing T_ makes the situation worse, although such an increase

would be required if the same pm-range is to be probed at a higher value of q.

A similar calculation has been performed for kinematics with q and e kept constant

(perpendicular kinematics). Although a true longitudinal/transverse separation cannot be

carried out in such kinematics, the ratio of cross sections still contains interesting

information. The result*: are displayed in fig. 5.7.2 in the same representation as before.

Since the variation in p m is accomplished by varying 8_-, both q and e are constant at one

energy. Therefore the dashed and solid lines of the previous figures coincide in this case. If

an experiment is to be performed at two values of e keeping q constant, similar problems

arise as in parallel kinematics: for large q the lovv-e measurement must be carried out at a

very forward proton angle. It is concluded that a reduction of 8p
min and/or an increase of

Eo
m a* are essential for carrying out such experiments in either parallel or perpendicular

kinematics.

It is also desirable to investigate the density dependence of the electron-proton coupling

in greater detail. Thusfar the concept of Peff(pm) has been used as a measure of the effective

density probed in the (e,e'p) experiment at a given missing momentum pm . It is shown in

appendix 5.A that this concept has a limited range of validity, since it can only be used for

bound-state wave functions with principal quantum number n = 1 and for values of p m not

too far from the maximum of the momentum distribution. This is essentially due to the fact

that the density p(r) has a different effect on the individual extrema of a bound-state wave

function in r-space. Consequently it is generally not possible to parametrize the effect of a

density dependent electron-proton coupling by a single value of the density. It is possible,

however, to evaluate a density-dependent cross section for the (e,e'p) reaction by assuming

a certain density dependence of the coupling. Such calculations indicate (section 5. A) that

experiments on heavy nuclei may be quite interesting. For instance, a longitudinal-

transverse separation in the two maxima of the momentum distribution for 2p knockout

from ̂ Zr might yield a different effect in each maximum, since in the first maximum mainly
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the nuclear surface area is being probed and in the second maximum mainly the nuclear

interior. Such measurements should be complemented by experiments aimed at the study of

the final-state interaction3 and the electron distortion70, as these processes also affect the

ratio between the maxima.

Summarizing it can be stated that future (e,e'p) experiments involving a longitudinal-

transverse separation will be an important tool in the study of the form factors of the bound

protons. Although it will not be possible in the near future to measure these form factors on

an absolute scale, the present ratio-measurements can be extended in various ways.

Measurements at a larger momentum transfer are feasible, if the maximum available incident

energy is sufficiently high and the minimal angle that can be reached by the proton

spectrometer is sufficiently small. The density dependence of the virtual-photon proton

coupling can be investigated in more detail on heavier nuclei provided that simultaneously

experiments aimed at a study of the FSI are carried out

5.8 Conclusions

Proton knockout experiments have been performed in longitudinal and transverse

kinematics with 6Li and 1 2C as target nuclei. The ratio of cross sections obtained for Is

knockout from HA and for lp knockout from ^Li and 12C shows a significant deviation (6.6

± 1.8 %) from the impulse approximation, i.e., the assumption that the coupling to a bound

proton can be treated as the coupling to a free proton. The results are equal within the error

bars for all three cases, implying that no dependence on the density of the medium could be

observed in the presently investigated range of the effective density p e f f probed in the (e,e"p)

reaction. We have tried to describe the effect by the OKt> model6*36 or the soliton model39-40

adopting the local-density approximation. Although the data do not exclude contributions

from mechanisms proposed in either of these models, the major part of the measured effect

requires another explanation.

It has been investigated whether inclusion of charge-exchange processes in the final

state of the (e,e'p) reaction influences the interpretation of our data. The present calculation

employing the Lane potential51 indicates that only a small part (2 ± 1 %) of the effect might

be explained by such secondary processes. However, in a recent Faddeev calculation for the
3He(e,e'p) reaction the charge-exchange contribution to the cross section turned out to be

negligible71. Whether these results are contradictory awaits further investigations.

Fcr the (e,e'n) reaction a Lane-type calculation shows that charge-exchange processes
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are rather important in that case.

If charge-exchange processes cannot be neglected, the agreement between the inclusive

and exclusive data on 12C as shown in fig. 5.3.2 is probably somewhat fortuitous, since the

inclusive data, in contrast to the exclusive data, are not affected by such processes. The fact

that we did not observe a difference might be due to the relatively large error bars of both

data sets.

Meson-exchange currents could also modify the coupling between a virtual photon and

a proton inside the nucleus. In the absence of a sophisticated calculation the effect of MEC's

has been estimated by combining the quasi-deuteron model64 with a MEC calculation for

deuterium11. This approach yields a sizeable (< 20 %) deviation from the impulse

approximation in the same direction as indicated by the data. Since this estimate is rather

crude, it clearly calls for elaborate MEC-calculations of the (e,e'p) reaction in the quasi-

elastic region.

Considering the aforementioned explanations of the observed effect, it seems likely that

one has to take several processes into account in order to describe the data. However, the

effect of the individual models cannot be simply added, since there is some overlap between

them. For instance, the o-co model and the MEC-effects should not be taken together,

because both models attribute the effects of the nuclear medium to the meson fields.

Furthermore, since the processes are coherent, the outcome is not known beforehand.

Consequently a definite conclusion concerning the origin of the effect is not available at

present.

In order to summarize the experiments the quantity RQ (defined in section 5.3) has

been plotted as a function of Q2 in fig. 5.8.1. Preliminary (exclusive) data from Saclay72on
12C and 40Ca and from MIT73 on 12C are also displayed. It is evident that all data show a

25 ± 10 % enhancement of RG with respect to the magnetic moment of a free proton.

However, the Saclay values are systematically higher than the other data. This is possibly

caused by the fact that in evaluating the 40Ca data the missing-energy spectrum has been

integrated over 50 MeV. Consequently these data contain contributions corresponding to

emission of two or more nucleons. Since such processes are expected to be mainly

transverse (see sect. 4.7), this might explain the additional enhancement of RQ in the ^Ca

data. We conclude that inclusion of the continuum part of the Em-spectrum in evaluating RG

complicates the interpretation of the experiment

It should be noted that the data in fig. 5.8.1 can be interpreted in three ways: (i) an

enhancement of the transverse response function in the quasi-elastic region due to, e.g.,

MEC-contributions; (ii) a reduction of the longitudinal response function, which might be
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Fig. 5.8.1 RG or ratio of form factors of a bound proton as a function of the four-momentum squared for
exclusive quasi-elastic experiments on 6Li, 12C and 40Ca. The results of several laboratories12-13172'73

are displayed.

related to the non-saturated Coulomb sum-rule42 and the small spectroscopic factors4 found

in other (longitudinal) quasi-elastic experiments; and (Hi) a combination of (i) and (ii). The

present experiments do not distinguish between these options. However, such a distinction

is essential in understanding the cause of the anomalous coupling between the virtual-photon

and a proton inside the nucleus.

We emphasize that it is of equal importance to obtain simultaneously an understanding

of the inclusive data. Although an inclusive experiment has the disadvantage of being an

average over all final states, it has the advantage of allowing for an absolute measurement

(only slightly affected by final-state interactions) of the longitudinal and transverse response

separately. If, for instance, the quenching of the non-saturated Coulomb sum-rule could be

explained by many-body calculations involving correlated nucleons, a reduction of the

longitudinal response would not be considered anomalous anymore. It has to be awaited

whether such developments indeed lead to an improved understanding of the quasi-elastic

response functions.

From the discussion of future experiments it is concluded that the (e,e'p) reaction can
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be used as a tool for studying the coupling between a virtual photon and a bound nucleon in
greater detail provided that it is possible to perform experiments at higher values of both the
momentum transfer q and the energy transfer co. In that case (e.e'p) experiments on a range
of nuclei involving a longitudinal-transverse separation might enable us to essentially map
the proton form factor as a function of q, co and the nuclear density.

5.A The nuclear density probed in the (e,e'p) reaction

Recent models6'7 that describe the coupling between a virtual photon and a bound

nucleon assume a dependence of the coupling on the density of the surrounding nuclear

medium. In order to compare the outcome of (e,e'p) experiments with the model predictions

it is of interest to investigate the effect of a density-dependent coupling on the calculated

coincidence cross section. This appendix contains a discussion of such an investigation

employing two distinct models for the density dependence of the electron-proton coupling.

Moreover it will be shown that in selected cases the effect can be parametrized by means of

an effective density.

The average density p a v for a nucleon in an orbit a of a nucleus with matter

distribution p(r) is given by

^ p
Pav = —f—; ; > ( 5 A 1 >

j R 2 ( ) 2 d

where R a represents the radial part of the bound-state wave function. In fig. 5.A.I the

sampling function R^r j r 2 is displayed together with p(r) for several nuclei. The

Tabl* 5.A.1 Values for pe f f and p a v for several orbits and nuclei.

nucleus

6Li

12C

^Zr

208pb

orbit

1P
1s
1p
2s
1d
2p
1f
3s
2d

Peff lfm"3I

0.0069
0.0459
0.0342

0.0451

0.0488

Pav f fm"3l

0.0264
0.0651
0.0696
0.0906
0.0900
0.1027
0.1085
0.1162
0.1174
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The sampling function Ra

2(r)r2 together with the nuclear-matter distributions for various

corresponding values of p a v are listed in table 5.A.I. It is seen that p a v increases with A,

hence suggesting the interest of studying the electron-proton coupling in heavy nuclei.

However, pav cannot be used as the relevant parameter for the effective density probed in

the reaction, since eq. (S.A.1) does not contain any information about the reaction process,

while it is known that the radial sensitivity may be strongly dependent on the type of

reaction involved74'75.

This point is now discussed in some detail for the (e,e'p) reaction. Usually the (e,e'p)

cross section is factorized in a coupling term (oep) and a spectral function (see, e.g., eq.
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(5.2.1)), which is the square of the radial integral over the inital and final wave functions

(see, e.g., eq. (2.4.5)). If the coupling term is independent of the density the expression for

scattering off a free proton cTgp&ee is commonly employed (neglecting off-shell effects):

ffepfree=°MottQ2 ( q 2 £ ) ' ! { e I

where the F;'s are the free proton form factors and e is the photon-polarization parameter

(see eq. (5.2.3)). If c depends on the nuclear density p(r) the coupling must also be

contained in the radial integral. For that purpose we define the following density-dependent

radial integral Dj (cf. eq. (2.4.5)):

(2JC)3
Jdrx,.w*(r)q»a{r)exP(i-^-qT)Fi(Q

2,p(r)), (5.A.3)
A

where the subscript i stands for either the longitudinal (L) or the transverse (T) response.

The distorted wave Xn'^* represents the outgoing proton, <pa(r) is the proton bound-state

wave function and Fj(Q2,p(r)) is a density-dependent coupling constant (form factor), for

which the dependence on p(r) might be different for the longitudinal and transverse

coupling. Considering both the longitudinal and transverse response we obtain the

following expression for the density-dependent spectral function SM

. , L ( m P m P P ) T m P m p p
m,pm,p',p) = — — . (5.A.4)

E FL
2(Q2, p=0) + FT

2(Q2, p=0)

It is noted that contributions due to the interference structure functions are neglected. This is

a good approximation in parallel kinematics, but less accurate in kinematics with q and co

kept constant15. Since we are only interested in the relative effect of the density on the

spectral funcion, this neglect is not relevant at present

Expression (5.A.4) can be used to investigate the influence of a density-dependent

coupling, if a model is assumed to describe the density dependence. The free proton form

factors in eq. (5.A.4) are given by

FL(Q2,p=0) = GE(Q2), FT(Q 2 ,P=0) = ( - ^ - ) 1 / 2 GE(Q2). (5.A.5)
4mz

Two different prescriptions have been used for the density dependence of the form factors

Fi(Q2,p):

* the o-o) model6; the form factors of eq. (5.A.5) are used with m replaced by m*(p)

adopting the local-density approximation:

m*(p) = m + S [p(r) /p(r=0)], (5.A.6)
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where S is the scalar potential introduced in section 5.1 (S => -420 MeV). This model

causes an enhancement of the transverse cross section and does not affect the

longitudinal cross section.

the soliton model7; again the free-space expressions for FL and FT are used, but this

time multiplied by the G(p)/G(p=0) ratio as computed by Celenza et al.39:

G E ( f ' p ) ] ;] ;

(5.A.7)
The effect of the density dependence consists of two parts: (i) the magnetic moment

(Q2=0) is increased, causing an enlargement of the transverse cross section; (it) the

fall-off of both form factors as a function of Q2 becomes steeper, resulting in an overall

reduction of the cross section for larger Q2.

The density dependent spectral function S ^ has been calculated for 12C in parallel
-7

10"

.10
10

12 11
Cle.e p) B

= 310MeV

PARALLEL KINEMATICS
i-j i

-200 -150 -100 -50 50
I

100

Fig. 5.A.2 Reduced cross sections for the
(e.e'p) reaction on 1 2 C in parallel kinematics at
two values of Eo (T p - 70 MeV). The dotted
curves include a density-dependent coupling
due to the o*-0) model6 , the dashed curves
incorporate the density-dependent coupling

150 200 according to the soliton model7 and the solid
line is the standard DWIA calculation.
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kinematics at two values of the incoming-electron energy (Eo = 310/450 MeV, Tp = 70

MeV). As can be seen from fig. 5.A.2 the deviations from the DWIA calculation (solid

curve) are indeed opposite for the two models (but for both models R > 1, as will be shown

below). The deviations are larger by going to smaller values of p m due to the increase of the

transverse component of the cross section at larger values of q (= p' - pm). For the same

reason the deviations of the a-co calculation become larger at the lower energy: the

construction of the same q at a lower incident energy requires a larger scattering angle.

However, the soliton model shows smaller deviations from the DWIA-calculations at E o =

310 MeV. This can be understood from the fact that the reduction of the cross section due

the steeper fall-off of the form factors is partially compensated by the enhancement of the

magnetic moment in transverse kinematics. It is noted that both models show the same

relative behavior: if the ratio R of the reduced cross section at low energy over the one at

high energy is evaluated then in both cases R > 1 at p m < 0 MeV/c and R * 1 at p m > 0

MeV/c (confirming the qualitative features of the curves in fig. 5.3.1).

A similar calculation has been performed for 2s knockout from 40Ca (Eo = 310/450

MeV; Tp = 100 MeV). Again we see (see fig. 5.A.3) an opposite effect for the two models

and increased deviations towards negative pm . An important observation is the enhanced

influence of the density on the second naximum of the momentum distribution. This is

caused by the increased importance of the nuclear interior for the cross section at largr • pm .

Therefore, the influence of the density on the cross section is enhanced at the second

maximum, in spite of the fact that the transverse contributions are smallest at high pm.

In order to disentangle the effect of the p-dependence from the longitudinal-transverse

mixing all other calculations have been performed for kinematics with q and to kept constant

(Eo = 500 MeV, q = 450 MeV/c, Tp = 100 MeV). Results for several nuclei are shown in

figs. 5.A.3 and 5.A.4. It is interesting to note that the deviations from the DWIA-curves are

negligibly small near the first maximum of the spectral function for 2p knockout from 90Zr.

This is understood from the radial shape of the 2p wave function, which consists of two

lobes with opposite sign. The density dependence causes a large modification of the inner

lobe, which in the first maximum of the momentum distribution is canceled by a (smaller)

modification of the (larger) outer lobe. At the second maximum both lobes act

constructively, giving rise to a large effect

From the figures it is seen that each maximum of the spectral function for knockout

from orbitals with principal quantum number n > 1 is influenced in a different way by a

density-dependent coupling. For n = 1 the effect of p(r) on the cross section corresponds

roughly to an overall scaling factor. In that case one can define an effective density pe f f that

yields the same effect in a factorized formulation of the coincidence cross section. This is
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Fig. 5.A.3 Reduced cross sections for 2s knockout from 4 0 Ca in parallel kinematics (Tp - 100 MeV) at two
values of the incident energy EQ (left). Similar calculations for 2s and 1d knockout (Eo - 500 MaV; T p > 100
MeV) in q-ro constant kinematics are shown at the right. Tha curves are explained in the caption of fig. 5.A.2.

expressed by the following requirement:

F i 2 (Q 2 . Peff) SD(Em,pro,p') = D i
2(Em,pm,p1,p). (5.A.8)

In order to obtain an expression for p e f f based on eq. (5.A.8), we replace the form factor in

Dj by the expansion

Using this expansion in the r.h.s. of eq. (3) one obtains after some algebraic operations

(5.A.10)

133



208 , 207
P6(e,e p) Tl

3s knodcout

T-p r 1 1 r-p 1 1 1 r-p r
50 100 150 200 250 300

- p 1 1 1 i-p 1 1—i r-p-
50 100 ISO 200 250

p IMeWcl—=>•
m
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which is the same expression for peff as introduced in sect. 5.4 (in PWIA). In eq. (5.A.10)
j((pmr) represents the /"'-order spherical Bessel function and Ra(r) the radial part of the
bound-state wave function <Pa(r).

Finally the range of validity of eq. (5. A. 10) is discussed. The expansion of FjCQ^pfr))
is only allowed if F^Q^pOr)) is linearly (or weakly) dependent on the density p(r), which
condition is fulfilled for the two aforementioned models (see eq. (5.A.6) and ref. 39). It is
also evident from the derivation of eq. (5.A.10) that it is necessary to divide by S(Em,pm),
implying that eq. (5.A. 10) cannot be evaluated for values of pm close to minima of the
momentum distribution. In other words, the integrand in eq. (5.A. 10) must be positive
definite. Consequently the concept of peff(pm) is only valid for wave functions with n = 1,
since their essential feature is a single peak in r-space. Moreover peff should not be used for
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large values of pm , where the Bessel function j/(pmr) starts to oscillate in a region where

RoWpWr2 is still large. In spite of its limited validity peg(pm) is a useful concept, since it

provides us with a single variable that parametrizes the effect of the density on the electron-

proton coupling in a kinematical range typically used in (e,e'p) experiments. We have

checked that the above argument remains valid if distortions of the outgoing proton are taken

into account

Table 5. A. 1 contains a listing of values of p e f f evaluated at p m = -100 MeV/c for those

cases in which eq. (S.A.10) can be applied. A comparison of p a v and p e f f indicates that

inclusion of the reaction process in the calculation of the density lowers its value for a given

orbit. This reduction is even larger when distortion effects are incorporated in eq. (5.A.10),

as has been done in sect 5.4. From table S.A.1 it is also concluded that the highest available

value of pe f f is already reached in light nuclei. This is due to the surface-peaked behavior of

the n = 1 orbitals.

As became clear in the discussion above pefj cannot be used for orbitals with n > 1. In

that case one can only use the calculated cross section itself, assuming a certain density

dependence of the coupling. The results as presented above indicate that the effect of a

density-dependent coupling increases for each next maximum of the spectral function. This

is essentially due to the fact that each successive maximum derives its strength from a

different region in r-space, which is located more deeply inside the nucleus. For the same

reason also the optical potential3, bound-state wave function and Coulomb -^stortions70

influence the relative strength of the successive maxima. In a relative measurement such as

the longitudinal-transverse experiments discussed in this chapter, the major part of these

other effects cancel because the strength of the effects is kept constant by means of a

particular choice of the kinematics. This type of measurement could therefore be used in

studying the electron-proton coupling in heavier nuclei.

Summarizing, we have investigated the effect of a density-dependent electron-proton

coupling on the calculated (e,c'p) cross section assuming a certain model for the density

dependence of the coupling. This has been done for various nuclei and orbits employing

both the CT-O) model and the soliton model. Calculations show that the effect is different for

the successive maxima of the spectral function. This phenomenon might be exploited in

future (e.e'p) experiments on heavy nuclei aiming at the study of the density dependence of

the coupling between a virtual photon and a proton bound in the nucleus. In selected cases

(for bound-state wave functions with n = 1 and p m not to far away from the maximum of

the momentum distribution) the effect of a density-dej/..jdent coupling can be parametrized

by an effective density pe{[.
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6 Summary and conclusions

The atomic nucleus is a co^vact system of interacting protons and neutrons. In first

approximation the dynamics of a nucleon can be described as if it is moving in the field

caused by the other nudeons in the nucleus. However, the dynamics is also affected by the

residual interaction between nucleons, which complicates the movement of the nuclear

particles and induces nucleon-nucleon (NN) correlations. Clearly, experimental information

on the nucleon movements is needed for a detailed understanding of the structure of the

nucleus. Such information can be derived from quasi-elastic knockout experiments

involving the coincident detection of the scattered projectile and the knocked-out nucleon,

from which one can obtain the probability distributions of momenta and binding energies of

nucleons inside the nucleus. In order to deduce the proton momentum distributions from the

data precise knowledge of the reaction mechanism is required. It was the purpose of the

present work to investigate various aspects of the mechanism of the quasi-elastic (e,e'p)

reaction and to use the results of this study in the extraction of nuclear-structure information

from (e,e'p) measurements on 12C.

The study of the reaction mechanism was aimed at two aspects of the (e.e'p) reaction:

(i) the interaction between the incident electron and the bound proton (e-p coupling); and (ii)

the interaction between the outgoing proton and the residual nucleus (final-state interaction).

Experimental information on the e-p coupling has been obtained by carrying out the

same (e.e'p) measurement at two values of the incident electron energy. The measurement at

the low energy had a dominantly transverse character, whereas at the high energy the

character of the e-p coupling was mainly longitudinal. From the data we have detennined the

quantity RQ, which (in plane-wave impulse approximation) is the square root of the ratio of

transverse and longitudinal response functions. The results, displayed in fig. 6.1, are equal

for the three cases studied: lp knockout from 6Li and 1 2C, and Is knockout from 6Li. On

average R^Jbound deviates from Rcjfree by as much as 18 ± 3 %. The deviation is not

strongly dependent on the probed nuclear density, which varies by a factor of four in the

three cases studied. It should be realized, though, that the actual density probed in our cases

is relatively small (£ 0.05 fm'3).

Additional information on T| ( s RoJboumj / Rojfree) ^ a s ' ) e e n derived fr°m * e

momentum distributions for lp-knockout from 12C that have been extracted from an (e,e'p)

experiment in parallel kinematics. A good description of the data could only be obtained by

assuming an 18 ± 4 % enhancement of 1\, which is consistent with the aforementioned
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Ftp. 6.1 Anomalous ratio of transverse and longitudinal response functions for 1p-knockout from 6Li and
1 Z C and 1s-knockout from Li as a function of the four-momentum transfer squared. The value of R G for a
free proton is 2.79 at Q 2 - 0.

result.

Several attempts have been made to explain the data using recent models that predict a

deviation of i\ from the free-space value. However, neither models based on a relativistic

formulation of the mean nuclear potential (a-fo model) nor models involving a modified

nucleon structure (soliton model) are able to give a proper account of the data. It has also

been investigated whether charge-exchange processes might lead to values of rj deviating

from unity. A calculation employing the Lane formalism explains only about 30 % of the

observed deviation. An estimate of the role of meson-exchange currents (MEC) based on the

quasi-deuteron model yields a larger effect than is observed experimentally. Apparently

MEC contributions may be important in the quasi-elastic region. However, the present

estimate of MEC-effects in (e,e'p) is very crude and should be replaced by a more realistic

calculation. We conclude that the observed deviation of R Q from the free-space value is not

well understood at present, although the influence of several possible processes has been

assessed.

It is noted that our investigation of the electron-proton coupling in the nuclear medium
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does not supply information on the absolute strength of the e-p coupling, whereas such

information is needed for a calibration of the spectroscopic factors derived from (e,e'p)

experiments.

In order to improve our understanding of the final-state interaction we investigated the

role of channel couplings (CC) in the 1^C(e,e'p)11B reaction. These effects are known to be

important in proton scattering off 12C and could therefore also affect the description of the

(e,e'p) reaction. It was demonstrated that the CC-effects in (e,e'p) are different from the

CC-effects in elastic proton scattering. Consequently the optical potential that should be

used in (e.e'p) differs somewhat from the optical-model potential that contains the effects of

channel couplings for elastic proton scattering. Calculations including CC-effects have been

performed for several final states in the reaction 12C(e,e'p)nB. The influence of channel

couplings on the derived spectroscopic factors depends strongly on the strength of the

excited state. Whereas the ground-state spectroscopic factor is affected by only 1%, the

spectroscopic factors for the excited lp-states change by about 30 % and the spectroscopic

factors of the weakly excited states in the Ex region between 6 and 10 MeV can change by a

factor of two. It is concluded that the interference between a direct-knockout channel and a

two-step channel can lead to significant changes in the deduced spectroscopic factors.

At this point we note that a 10 % discrepancy was observed between the spectroscopic

strength derived from data taken in paralellel kinematics and a limited set of data taken in

perpendicular kinematics. The origin of this discrepancy remains unclear at present

Employing the knowledge acquired on both the electron-proton interaction and the

final-state interaction we have analyzed the momentum distributions corresponding to the

3/2" ground state, the 1/2" state at 2.125 MeV and the 3/2" state at 5.020 MeV in ] JB. A

good description of the three momentum distributions was obtained. However, a calculation

with T\ = 1 or without CC-effects fails to reproduce both the location of the minimum and

the asymmetry of the momentum distribution with respect to p m = 0. The fitted root-mean-

square radii of the lp orbitals agree well with the values derived from elastic magnetic

electron scattering off neighbouring nuclei.

The extracted spectroscopic factors exhaust only 57 ± 7% of the lp-sum rule. The low

spectroscopic factors might be due to strong NN-correlations causing a depletion of valence

orbitals. In that case there is also a nonzero probability of finding nucleons in orbitals that

are unoccupied in the IPSM. This effect can be investigated experimentally, because the spin

and parity of several states between Ex = 6 and 10 MeV is such that in a direct process they

can only be excited by knockout from such orbitals above the Fermi level. Since two-step

processes are possibly important in the excitation of these states, we have performed some

141



coupled-channels calculations for these weak transitions. It was found that a nonzero direct-

knockout component a needed to explain the measured strength. However, the total

strength contained in the weak transitions is by far not enough to explain the difference

between the lp-spectroscopic strength and the sum rule. Apparently either the ground-state

correlations give rise to a spreading of strength over a much wider energy region than is

covered by our measurements, or the observed quenching of lp strength is (in part) of a

different origin such as, for instance, a renormalization of the e-p coupling.

We conclude that the knowledge acquired from our study has reduced the uncertainties

involved in the interpretation of quasi-elastic (e,e'p) measurements, although a better

understanding of the mechanism of the (e,e'p) reaction is still needed. First, the absolute

strength and the q-dependence of the electron-proton coupling should be studied in more

detail for two reasons: (i) the absolute strength of the coupling directly affects the

spectroscopic factors obtained in (e.e'p); and (ii) a modified e-p coupling may contain

signatures of non-nucleonic effects in nuclei. Second, a detailed investigation of the FSI is

needed in order to resolve the discrepancy between the results obtained in parallel and

perpendicular kinematics. It is expected that future investigations along these lines will help

to further unravel the nature of the electron-proton coupling in the nuclear environment and

may lead to a more quantitative understanding of the role of correlations in the nuclear

ground state.
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Samenvatting

De atooi'iJcern is opgebouwd uit protonen en neutronen die bijeengehouden worden

door de zogenaamde sterke wisselwerking. Elk kerndeeltje beweegt zich in het veld van de

overige nucleonen. Om de beweging van de protonen te onderzoeken kan gebruik gemaakt

worden van de quasi-elastische (e.e'p) reactie. Bij deze reactie stoot een hoog-energetisch

elektron een proton uit de kern. Het verstrooide elektron en het uitgestoten proton worden

daarna gelijktijdig waargenomen. Door de impuls van zowel het inkomend elektron als de

gedetecteerde deeltjes te meten kan de energie en de impuls van het proton voor de reactie,

d.w.z. die van het proton in de kern, bepaald worden. Kennis over deze grootheden is van

groot belang voor het verkrijgen van een gedetailleerd beeld van de opbouw van de kern.

Een dergelijk (e,e'p) experiment is uitgevoerd aan de kern "C . In het eenvoudigste

(schillen-) model van de kern 12C is de ls-schil gevuld met 2 protonen en 2 neutronen,

terwijl de resterende 4 protonen en 4 neutronen te vinden zijn in de lp-schil, waarin de

kerndeeltjes zwakker gebonden zijn dan in de ls-schil. Eén van de eerste (e,e'p)

experimenten op 12C werd uitgevoerd door Amaldi in 1967. Daaruit bleek inderdaad dat er

een onderscheid gemaakt kan worden tussen sterker (Is) en zwakker (lp) gebonden

protonen. Bovendien werd aangetoond dat de gemeten impulsverdeling sterk verschillend is

voor beide schillen.

Meer recente modellen voorspellen dat er ook een zekere kans is om nucleonen in

andere schillen, zoals bijvoorbeeld de 2sld-schil, aan te treffen en dat er gemiddeld minder

dan 4 protonen in de lp-schil aanwezig zijn. Informatie over de bezettingsgraad van de

verschillende schillen kan verkregen worden door gemeten impulsverdelingen te vergelijken

met berekende impulsverdelingen. Door op deze wijze de resultaten van nauwkeurige

^Cfoe'p)11!? experimenten te combineren met die van gedetailleerde modelberekeningen

kan de structuur van de 12C kern onderzocht worden.

Voor een juiste interpretatie van de gemeten impulsverdelingen is het noodzakelijk te

beschikken over een goede kennis van het mechanisme van de (e.e'p) reactie. Een tweetal

aspecten van de reactie zijn daartoe nader bestudeerd:

* De wisselwerking tussen het inkomend elektron en het gebonden proton bestaat uit een

ladingsdeel en een magnetisch deel. De verhouding RQ van deze twee delen is bepaald

aan de hand van de gemeten impulsverdeling. Hieruit blijkt dat RQ voor een proton in

de kern 18 ± 4 % groter is dan RQ voor een proton buiten de kern.

* De wisselwerking tussen het uitgestoten proton en de restkern n B is gewoonlijk

gebaseerd op gegevens verkregen uit elastische verstrooiingsexperimenten van
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protonen aan die restkern. In dit proefschrift is aangetoond, dat de verschillende

mogelijke reactieprocessen in de eindtoestand van de (e,e'p) reactie aanleiding geven

tot interferentieverschijnselen die niet volledig vervat zijn in de parameters verkregen

uit de protonverstrooiingsexperimenten. Door rekening te houden met deze zogenaam-

de kanaalkoppelingen kunnen de meetresultaten goed beschreven worden.

Vervolgens zijn de gemeten impulsverdelingen gebruikt voor de bepaling van de

bezettingsgraad en de gemiddelde straal van de lp-baan in 12C. De gevonden straal is in

overeenstemming met de resultaten van andersoortige metingen aan de kernen ^ B en 13C.

Voorts blijkt de lp-schil slechts met 2.3 + 0.2 protonen bezet te zijn in plaats van met de 4

die we verwachtten voor deze schil. Anderen hebben vergelijkbare resultaten verkregen met

(e,e'p) experimenten op zwaardere kernen dan 12C.

Een mogelijke verklaring voor de relatief lage bezetting van de lp-schil is, zoals

hierboven al is aangegeven, de aanwezigheid van nucleonen in hogergelegen banen. Een

aanwijzing hiervoor is de (zwakke) aanslag van toestanden in ^B , die in een direct uitstoot-

proces slechts bereikt kunnen worden vanuit de 2sld-schil of de lf-schil in 12C. Om na te

gaan of deze toestanden ook via tweestapsprocessen aangeslagen kunnen worden zijn de

hierboven beschreven kanaalkoppelingen ook voor dit geval berekend. Deze effecten blijken

een grote rol spelen in de aanslag van dergelijke toestanden. Het is derhalve moeilijk om de

bezettingsgraad van de schillen boven de lp-schil in 12C nauwkeurig te bepalen. Ondanks

deze onzekerheid kon aangetoond worden dat de gevonden sterkte voor deze zwakke

overgangen veel te klein is om de onverwacht lage bezetting van de lp-schil te verklaren.

Hierbij zij opgemerkt dat het niet uitgesloten kan worden dat er nog sterkte is gelegen in

delen van het spectrum die buiten het bereik van onze metingen vielen.

Naast het hierboven besproken werk is er een afzonderlijk (e.e'p) experiment

uitgevoerd, dat specifiek gericht was op het onderzoek van de wisselwerking tussen het

inkomend elektron en het gebonden proton. Met dit doel is tweemaal dezelfde (e,e'p) meting

verricht, waarbij de elektron-proton interactie de ene keer gedomineerd werd door de

ladingswisselwerking en de andere keer door de magnetische wisselwerking. Het resultaat

van dczs experimenten kan uitgedrukt worden in de al eerder genoemde verhouding RQ van

het magnetische en het ladingsdeel van de wisselwerking. De gevonden waarde van RQ is in

overeenstemming met de waarde bepaald aan de hand van de impulsverdelingen. Dezelfde

waarde van RQ werd ook gevonden in een experiment op 6Li, waaruit tevens bleek dat het

verschil in RQ voor een gebonden proton ten opzichte van een vrij proton hetzelfde is voor

protonen in de Is- en in de lp-schil van ^Li.

Een mogelijke oorzaak van deze afwijkende waarde van RG zou gelegen kunnen zijn in

bijdragen van het (e,e'n)(n,p) ladingsuitwisselingsproces. Berekeningen tonen aan dat dit
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proces slechts een kleine bijdrage levert aan de vergroting van RQ. Een vergelijkbare

berekening voor de (e,e'n) reactie laat zien dat dit ladingsuitwisselingsproces daar wel een

grote rol speelt De meetgegevens kunnen evenmin beschreven kunnen worden door recent

ontwikkelde modellen zoals het <y-ä> model en het solitonmodel. Een ruwe schatting van de

mogelijke rol van meson-uitwisselingseffecten gebaseerd op het quasi-deuteronmodel geeft

aan dat deze effecten niet verwaarloosd mogen worden en in detail uitgerekend zullen

moeten worden.

Omdat de elektron-proton wisselwerking slechts is bestudeerd door middel van één

experiment, waarbij alleen de relatieve sterkte van het magnetische en het ladingsdeel

gevarieerd is, kan geen uitspraak gedaan worden over de absolute sterkte van deze

wisselwerking. Zolang hierover onzekerheid bestaat blijft het onduidelijk of de relatief

kleine bezettingsgetallen inderdaad een kernstructuureffect zijn of bijvoorbeeld veroorzaakt

worden door een afwijkende wisselwerking tussen een invallend elektron en een gebonden

proton. In dit verband zij opgemerkt dat ook de eindtoestandswisselwerking nog een

element van onzekerheid bevat. Hei: is namelijk gebleken dat (e,e'p) experimenten die

uitgevoerd worden in twee soorten kinematische configuraties (parallel en loodrecht) een

verschil van 10 % te zien geven in de verkregen bezettingsgraad. Nader onderzoek van

zowel de elektron-proton wisselwerking als de eindtoestandswisselwerking zal uitsluitsel

kunnen geven over de oorzaak van de kleine bezettingsgetallen die gevonden worden met de

(e.e'p) reactie.
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Nawoord

Dit proefschrift is tot stand gekomen dankzij de medewerking van een groot aantal

mensen. Allereerst wil ik al degenen die werkzaam zijn bij de subfaculteit Natuurkunde en

Sterrenkunde van de Vrije Universiteit of bij de sectie Kernfysica van het Nationaal Instituut

voor Kern- en Hoge-Energiefysica danken voor hun directe of indirecte bijdragen aan mijn

onderzoek. De goede sfeer, die op beide instituten de afgelopen vier jaar aanwezig was,

vormde een uitstekende basis voor het verrichten van experimenten die slechts uitgevoerd

kunnen worden door samenwerking van vele personen. Hieronder vermeld ik hen die in

deze periode het meest direct betrokken waren bij mijn werk.

Hooggeleerde professor van Middelkoop, beste Ger, ik ben je buitengewoon

erkentelijk voor de begeleiding die ik van jou, mijn promotor, ontving. Ondanks je zware

verplichtingen als directeur van het instituut vond je altijd gelegenheid om mijn soms lange

stukken snel van kritisch commentaar te voorzien.

Zeergeleerde doctor Blok, beste Henk, en hooggeleerde professor de Witt Huberts,

beste Peter, veel van de ideeën die ten grondslag liggen aan dit proefschrift zijn van jullie,

mijn copromotoren, afkomstig. Ik ben jullie zeer dankbaar voor de vele stimulerende

gesprekken die we de afgelopen vier jaar voerden. Markant vond ik het dat jullie manier van

begeleiden zó zeer verschilde dat er zelden sprake was van overlappende doch veeleer van

aanvullende kennisoverdracht, waarvan ik in niet geringe mate geprofiteerd heb.

Zeergeleerde doctores Lapikäs en Jans, beste Louk en Eddy, jullie steun bij de

verwerving en analyse van de meetgegevens was onontbeerlijk. Jullie rust bij het oplossen

van problemen op deze gebieden vormde een effectief tegenwicht tegen mijn haast om tot

resultaten te komen.

Paul Keizer, Jan Willem den Herder en Edwin Quint, jullie waren mijn meest directe

collega's tijdens de afgelopen jaren. Gevieren werden wij voor de taak gesteld de eerste

reeks (e,e'p) experimenten bij het NIKHEF-K uit te voeren, te analyseren en te

interpreteren. Ik dank jullie voor de goede en prettige samenwerking. Op deze wijze werd

voorkomen dat het wiel viermaal werd uitgevonden.

Het overlijden van doctor Taber de Forest Jr. zo kort voor de voltooiing van dit

onderzoek heeft mij diep getroffen. Samen met zijn collega doctor Piet Mulders was hij

steeds bereid in te gaan op mijn vragen en opmerkingen op het gebied van dt theoretische

middelhoge-energie kernfysica. Het was een groot voorrecht om samen te mogen werken

met een zo internationaal gerenormeerd fysicus als Taber de Forest.
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Zeergeleerde doctor Mulders, beste Piet, ik ben je bijzonder dankbaar voor de vele

goede adviezen betreffende de theoretische achtergronden van het onderzoek en de

presentatie daarvan. Hoewel het resultaat van mijn gang naar boven soms boven mijn macht

ging daalde ik altijd af met meer theoretische bagage dan voordien in mijn bezit was.

Illustrissimo Prof. Boffi, caro Sigfrido, illustrissimi dottori Giusti e Pacati, cara

Carlotta e caro Franco, è con molto piacere ehe penso al gradevole contatto ehe ho avuto con

il vostro gruppo a Pavia durante gli scorsi anni. In particolare voglio ricordare qui la vostra

grande ospitalitä ehe per ben due volte ho avuto l'onore di sperimentare. Ho veramente

apprezzato molto tutto cid.

Monsieur docteur J. Mougey, eher Jean, je vous remercie pour la collaboration

agréable pendant l'experience longitudinal-transverse et pour ton hospitalité ä CEBAF.

Zeergeleerde doctor van Hees, beste Fons, ik zal niet vergeten hoe jij enige weken voor

de afronding van dit proefschrift het laatste teken in hoofdstuk 3 de 'juiste' waarde gaf. Ik

heb de samenwerking met jou en je Utrechtse collega's bijzonder op prijs gesteld.

Ik dank Ber Kuyer als "primus inter pares" voor de technische steun die ik van de

Groep Versneller Techniek (GVT) tijdens de experimenten heb gekregen. Dankzij de niet

geringe inspanningen van de GVT vormt de versneller samen met de omringende apparatuur

een instrument van een vooralsnog ongeëvenaarde klasse.

Maarten de Jong, jij was gedurende ruim een halfjaar als doctoraal student zeer nauw

bij mijn onderzoek betrokken. In die tijd heb je veel werk voor mij verricht, waarvoor dank,

maar het meest stelde ik prijs op het uitstekende gezelschap datje gedurende die tijd vormde.

See you at CERN!

Ineke Weijer, Rolf Ent, Johan Lanen, Jo van den Brandt en Gerrit Kramer ben ik

erkentelijk voor hun medewerking bij tal van projecten en experimenten die allen

onlosmakelijk met het geheel verbonden zijn.

Fred Herrebout en Rob Vermeulen, jullie symboliseren als paranimfen de essentiële rol

die is weggelegd voor een vriendenkring bij de totstandkoming van een proefschrift.

In de handen van mijn ouders lag het begin van mijn opleiding die met het verschijnen

van dit proefschrift zijn (althans formele) voltooiing vindt. Jullie permanente steun en

aanmoediging heb ik bijzonder gewaardeerd.

Lieve Janneke, door mij afwisselend aan te moedigen en af te remmen werd

voorkomen dat ik op het éne moment het werk zou onderschatten en op het andere moment

mijzelf zou overwerken. Het inschatten van jouw bijdrage aan dit proefschrift valt

(gelukkig) buiten het wetenschappelijk kader van dit werk.
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1. Daar 'off-shell' correcties de verhouding van transversale en longitudinale structuur-

functies voor (e,e'p) experimenten in belangrijke mate kunnen beïnvloeden, leidt

verwaarlozing van deze correcties bij berekeningen van de genoemde verhouding tot

een onjuiste interpretatie van de meetgegevens.
A. Picklesimer, J.W. van Orden and S.J. Wallace, Phys. Rev. C32 (1985) 1312
T.D. Cohen, J.W. van Orden and A. Picklesimer, preprint University of Maryland, PP #87-225
T. Suzuki, preprint Nihon University (1987), submitted for publication in Phys. Rev. C

2. In een onlangs uitgevoerd (e,e'p) experiment werd door Ulmer et al. de totale

spectroscopische factor voor de uitstoot van 1 p-protonen uit C bepaald. Het

verkregen resultaat is onbetrouwbaar, omdat het niet gebaseerd is op een gemeten

impulsverdeling, maar afgeleid werd uit één meting bij een lage ontbrekende impuls,

waar de impulsverdeling een steile helling vertoont.
P.E. Ulmer et al., preprint MIT (1987), submitted for publication in Phys. Rev. Lett.
P.E Ulmer, Ph. D. Thesis, Massachusetts Institute of Technology (1987)

3. Omdat een meting die niet van de overgedragen impuls q afhangt hetzelfde resultaat

geeft voor het gedrag van de elektron-proton interactie in de kern als een meting die

daar wel van afhangt, kan geconcludeerd worden dat de q-afhankelijkheid van deze

interactie goed beschreven is in het door deze metingen bestreken gebied van q.
Dit proefschrift, hoofdstuk 3

4. Vetterli et al. concluderen op grond van een onlangs uitgevoerd 54Fe(n,p)54Mn

experiment dat de Gamov-Teller (GT) sterkte die berekend wordt met behulp van het

schillenmodel binnen een grote modelruimte aanmerkelijk groter is dan de GT-sterkte

die afgeleid wordt uit het experiment Deze conclusie is echter aanvechtbaar, omdat zij

de tussen een excitatie-energie van 10 en 40 MeV gevonden GT-sterkte verwaarlozen.
M.C. Vetter» et al., Phys. Rev. Lett. 50 (1987) 439

5. Indien door hadronen geïnduceerde uitstootreacties, zoals de (p,2p) reactie,

geïnterpreteerd worden zonder een uitvoerige studie van de rol van kanaalkoppelingen,

kan het resultaat van deze analyses zelfs voor de sterkste overgangen onbetrouwbaar

zijn.



6. Bij de bepaling van de neutrinomassa aan de hand van de onlangs te Kamioka (Japan)
en Cleveland (Ohio) waargenomen neutrinopuls, die vermoedelijk uitgezonden is door
de supernova SN1987a, kan niet zonder afdoende verklaring voorbij worden gegaar

aan de neutrinopuls die de Mont Blanc groep vier en een half uur eerder registreerde.
M. Aglietta et al., Europhys. Lett. 3 (1987) 1315 [Mont Blanc]
K. Hirata et al.. Phys. Rev. Lett. 58 (1987) 1490 [Kamioka]
R. M. Bionta et ai., Phys. Rev. Lett. 58 (1987) 1494 [Ohio]

7. De analyse van de structuurfuncties F2(x,Q2) voor diepinelastische muonverstrooiing

aan de kernen H en Fe door de European Muon Collaboration vertoont een

inconsistentie: in de analyse wordt de verhouding R van longitudinale en transversale

werkzame doorsneden gelijk aan nul gekozen (quark-parton model), terwijl de

interpretatie op eerste-orde quantumchromodynamica (QCD) berust Met waarden

voor R gebaseerd op QCD wordt F 2 voor lage waarden van de Bj0rken-parameter x

significant groter.
J.J. Aubert et al. (EMC), Nucf. Phys. B258 ^°85) '89
J.J. Aubert et al. (EMC), Nucl. Phys. B272 (19öo) 158

8. Ten onrechte wordt aan de nieuwe tak van de natuurkunde die bekend staat onder de

naam 'Computational Physics' de status van een derde methodiek toegekend naast de

vanouds bekende experimentele en theoretische natuurkunde. Deze nieuwe tak verschilt

slechts hierin van de theoretische natuurkunde dat de gebruikte rekenmethode nieuw is.
Rapport van de Verkenningscommissie Natuurkundig Onderzoek (VCNO), Staatsuitgeverij,
Oen Haag (1985)

9. In vele onlangs verschenen populair wetenschappelijke boeken wordt gepoogd een

verband te leggen tussen enerzijds ontwikkelingen in de moderne natuurkunde en

anderzijds verschillende levens- en wereldbeschouwingen. In deze vergelijking wordt,

zij het meestentijds stilzwijgend, aan de natuurkunde een reikwijdte toegekend die

groter is dan haar toekomt, daar de natuurhinde immers niet de pretentie heeft alle

aspecten van de werkelijkheid te omvatten.
P. Davies, God and the now physics, Simon & Schuster, Inc., New York (1983)
F. Capra,77w Tao of physics, Shambala, Berkeley (1975)

10. Pas nadat de Student natuurkunde zich in voldoende mate in zijn vak bekwaamd heeft,

is het zinvol om de maatschappelijke verantwoordelijkheid van de fysicus aan de orde

te stellen in een op de algemene vorming van de student gericht college.



Erratum pag* 82

Contrary to what is stated in the text the error bars of the two lowest E m points

in fig. 4.7.2 do not include the additional uncertainty due to the fitting

procedure. If this uncertainty is included the error bars are almost twice as large

= 0 .93±0 .16andE m =13MeV:t i


