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1 Introduction

Over the years many attempts have been made to understand the basis of the successes of the

independent-particle shell model. In this model the interaction of a nucleon with all the other

nucleons in the nucleus is described by an average potential. According to this model the nucleons

occupy stationary orbits, which are solutions of the Schrodinger equation for this potential. In this

respect the doubly-magic closed-shell nucleus 208Pb has enjoyed great interest. For instance,

experimental data for 208Pb were obtained from elastic- and inelastic-scattering experiments with

hadronic beams [NDG-65]. From these data Brown, Gunn and Gould [BroG-63] concluded

already, that there was still a flaw in the hitherto rather successful nuclear shell model. They

observed, that the predictive power of the model for the sequence of energy levels was quite

satisfactory, but that the empirical level scheme is more compressed than the calculated one. This

compression of energy levels near the Fermi surface might be an indication of a rearrangement of

the protons, which depletes the occupation of the orbits just below the Fermi surface.

In 1968 Bertsch and Kuo [BerK-68] predicted, that the occupation probability of the orbits in

208Pb should be reduced by about 25% due to dynamical effects: core polarization and ground-state

correlations. Around this time the first (d,x) and (t,a) pick-up data became available [HinM-66,

ParH-69, RoyA-70, BarF-70]. The authors' interpretation of these data tended to find completely

occupied shells, but according to [ParH-69] significant systematic uncertainties (as large as 50%)

exist in these results due to the dependence on the choice of optical potentials and bound-state wave

functions. Moreover Brown [Brow-69] pointed out, that the distorted-wave Born approximation

(DWBA) applied in these hadronic-transfer reactions may be accurate enough to deduce good

relative spectroscopic factors, but that it is not suited to determine absolute occupancies.

More recently theoretical work involving nuclear-matter calculations predicted a depletion of

the occupation probability of valence orbits of 20 - 30% of the independent-particle shell-model

values [PanP-84, JamM-85, JamM-87].

The presently available intermediate-energy electron beams with a high intensity and

resolution enable one to measure accurately elastic and inelastic form factors of nuclei from which

ground-state and transition charge densities can be determined in a largely model-independent way.
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Although theoretical calculations describe the shape of these form factors for pure single-particle

excitations (e.g. for transitions with the highest multipolarity) in the lead region reasonably well,

the amplitudes of the theoretical curves overshoot the data considerably (30%), which might be an

indication for a reduced occupancy [PanP-84]. Similar problems occur in the nuclear interior (small

r), when calculated ground-state charge densities of nuclei in the lead region are compared with the

experimental ones [FroB-77, FroC-83].
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Figure 1.1 Experimental charge-density difference between 206Pb and 20STl

displaying a clear 3sj/2 character. The solid curve is the result of a mean field

calculation, assuming a difference of one 3sj/2 proton between the two isotones and

the dashed curve is calculated assuming that the difference is due to 0.7 3sJQ and

0.3 2d proton.

A striking example for the existence of single-particle properties in heavy nuclei is the

experimentally determined charge-density difference between the isotones 206Pb and 205Tl

[CavF-82, FroC-83]. This one-proton difference clearly displays (see figure 1.1) the node

character of a 3s1/2 density, but it is considerably smaller in the center than the density calculated

for a difference of one 3s1/2 proton (solid line). It can be described reasonably well with a density

difference containing 0.7 3s1 / 2 proton and 0.3 2d proton (dashed line). Therefore one can

conclude, that there is an absolute difference of 0.7 proton between the filling of the 3s1 /2 proton

orbit in 206Pb and in 2O5T1. It has later also been interpreted as a 70% occupancy of the 3sW2



proton orbit in lead [FanP-84, PanP-84, JamM-85]. This conclusion might be considered rather

premature bearing in mind that the 3s-hole strength in 2O5T1 is not only concentrated in the ground

state but also partly fragmented to excitation energies of 1.21 and 1.4 MeV [FlyH-77].

A novel spectroscopic tool to test the single-particle properties of nuclei is the (e,e'p)

knockout reaction. This electromagnetic reaction allows the exploration of the inner part of

bound-state wave functions by probing, due to the weakness of the electromagnetic interaction,

more deeply into the nuclear interior than the hadronic-transfer reactions. Hence the reaction is

sensitive to the details of the inner structure of the bound-state wave function. The shape of the

measured proton momentum densities is sufficiently specific for every angular momentum (/), that /

assignments can be made and spectroscopic factors determined for proton knockout leading to

discrete hole states. For continuum regions a complete /-decomposition can be performed.

Figure 12 Spectroscopic factors deduced with the (e.e'p) reaction relative to the

sum-rule limit [Keiz-86, Bran-87, Herd-87, Stee-87J.



When one extrapolates the spectroscopic factors derived so far with the (e,e'p) reaction at

NIKHEF for light and medium-heavy nuclei [Keiz-86, Bran-87, Herd-87, Stee-87J (see figure

1.2) to the lead region, one might expect to find spectroscopic factors, that are smaller than the 70

to 80% of the sum-rule limit, which is predicted by theory for 208Pb [PanP-84, JamM-85,

JamM-87].

The investigation of heavy nuclei with the (e.e'p) reaction leading to discrete hole states in

the residual nucleus became only recently possible with the coincidence setup at NIKHEF-K

[VriJ-84], which renders a missing-energy resolution of better than 100 keV. Another important

development, which enabled one to employ the (e,e'p) reaction to extract spectroscopic information

also on heavy nuclei, was, that a computer code by the group of Boffi (DWEEPY [GiuP-87])

became available to calculate momentum density distributions in the complete distorted-wave

impulse approximation (CDWIA) taking into account the distortion of the proton waves as well as

the Coulomb distortion of the electron waves.

The aim of the high-resolution electron induced quasi-elastic proton knockout experiments,

described in this work, is to determine absolute occupation numbers for the valence-proton orbits

of 208Pb and to check whether the predicted occupancies of 70 to 80% can be experimentally

verified or that the general trend of the much lower spectroscopic factors observed in the lighter

nuclei continues. Therefore the spectral function of 208Pb is mapped out with the (e,e'p) reaction in

a missing-momentum range between -SO and 300 MeV/c. The spectroscopic factors for the known

discrete hole states in 207Tl at excitation energies of 0.0 (1/2+), 0.35 (3/2+), 1.35 (11/2"), 1.67

(5/2+) and 3.48 MeV (7/2+) are determined by comparison with calculated (CDWIA) momentum

densities and an /-decomposition is performed for the continuum.

Expecting to find rather small spectroscopic factors as mentioned above and bearing in mind

the large, implications for the theory, we looked for an additional calibration of the spectroscopic

factors deduced from the (e,e'p) data. Such a calibration possibility was found for the 3s1/2 proton

orbit in 208Pb, which according to the shell-model picture is just filled. Here the angular-

momentum selectivity (/) of the (e,e'p) reaction was exploited. Under kinematical conditions,

where almost exclusively 1=0 knockout is selected, two relative (e,e'p) experiments were



performed on the pairs 205Tl / 206Pb and 206Pb / 208Pb. These relative measurements together with

the results from the charge-density difference (e,e') experiment on 2O5T1 and 206Pb mentioned

before allow one to determine - with the application of a simple sum-rule argument - the absolute

3s1/2 proton occupation not only in the isotones 2O5T1 and 206Pb, but also in 208Pb.

This thesis has the following structure. In chapter 2 the theory essential for the interpretation

of the experimental results obtained with the (e,e'p) reaction is summarized. It starts with a

description of the basic ideas involved in the shell-model and mean-field theory, after which the

(e,e'p) formalism is briefly presented. The CDWIA used to calculate proton momentum densities,

taking into account the distortion effects on the electron and proton waves simultaneously, is

discussed more extensively in order to point out the sensitivity for the input parameters in these

calculations.

The experimental setup and the data-handling procedure applied to derive the experimental

spectral function from the data is described in chapter 3. The results of the actual measurement of

the proton spectral function of 208Pb with the (e,e'p) reaction are presented in chapter 4. Some

valence and deeper-lying orbits in 206Pb and 205Tl are discussed in chapter 5 in order to study the

effects of open neutron and proton shells. In chapter 6 the sum-rule procedure, which is used to

calibrate the results of (e.e'p) reaction with the absolute charge-density difference measurement

mentioned above, is explained and the results of the relative measurements, already partly

published [QuiB-86, QuiB-87], are discussed. Finally the results are summarized and some

concluding remarks are made in chapter 7.



2 Theoretical Considerations

2.1 The Nuclear Shell Model

From a historical point of view it was a natural step, after the successes the atomic shell

model had enjoyed in describing the movement of electrons in an atom, to develop a similar model

for nucleons in a nucleus. The quintessence of this so-called independent-particle shell model

(IPSM) is that each nucleon moves independently from all the other nucleons and that its interaction

with the nucleus can be described by an average potential generated by all nucleons. In this

mean-field approximation, which is best suited for the heaviest nuclei, the protons and neutrons

occupy stationary orbits. This model is thus a static one and bears no dynamical content. All

possible quantum states are completely filled starting from the lowest (in energy) up to the so-called

Fermi surface and they are empty above. The independent movement renders, in spite of the strong

interaction between the particles, a reasonable description due to the Pauli principle, which blocks

transitions to neighbouring, already occupied, states and allows only transitions to higher-lying

empty quantum states involving comparatively large energy differences.

The shell model wave functions are found as solutions from the Schrodinger equation, in

which the potential contains a Coulomb part, a spin-orbit coupling part and either a harmonic

oscillator potential or a more realistic Woods-Saxon potential. More sophisticated wave functions

can be obtained with a self-consistent Hartree-Fock field (HF), which can be calculated starting

from e.g. a density-dependent effective nucleon-nucleon interaction. The free parameters in these

potentials are obtained from a fit to experimental data such as binding energies and rms radii (e.g.

[DecG-80]).

The availability of large computers enabled one to enlarge the shell-model basis in order to

include high-lying excitations. In this way the dynamical effects are effectively described. This

technique improved for light nuclei the predictive power for the knockout from levels above the

Fermi surface [DeaB-86, SteB-85]. However for heavy nuclei no depletions were predicted yet due

to the still too limited model space [PopG-87].

It has also been attempted to include dynamical corrections to the results of the Hartree-Fock

approximation. These corrections give an energy shift and a compression of the single-particle



states and they also shift some (5%) strength from below the Fermi surface to states just above the

Fermi surface. This approach of calculating corrections to the Hartree-Fock model is for instance

employed in first- and second-order random-phase approximation (RPA) calculations [DecG-81],

which are able to predict among others the shape of transition-density distributions for high

multipoles quite well. However, the results of these calculations overestimate systematically the

observed strength [PanP-84].

2.2 Nuclear-Matter Calculations

With the availability of accurate charge density distribution results [e.g. FroB-77] from

elastic electron scattering experiments it became clear, that charge densities calculated in the HF

framework as a sum of single-particle densities were unable to describe the data, notably so in the

nuclear interior. Therefore one started to study the problem differently. One performed nuclear-

matter (NM) calculations of the occupation of orbits starting with an infinite number of nucleons,

after which a finite nucleus is constructed by the inclusion of surface effects [PanP-84]. This

procedure yields a distribution of the protons over the single-particle orbits, that is different from

the Hartree-Fock ansatz.

In figure 2.1 curves have been drawn for the filling n(e) of the shell-model orbits. The

effects of the nuclear-matter calculation and the RPA correction are shown in subsequent steps.

Whereas the HF approximation predicts a filling n(e) of all levels up to the Fermi surface and no

strength at all above this energy (nHF), nuclear-matter calculations give an overall depletion

(=10%) below the Fermi energy (eF), which is distributed in levels above eF due to short-range

correlations (n$R), i.e. the strong repulsion between two nucleons at short distances. Another

additional reduction of strength, which is most pronounced near the Fermi level, is due to long-

range correlations. Taking into account both short- and long-range correlations one obtains the

occupation of the orbits in nuclear matter (nN M) . Since n N M has little density dependence

[FanP-84] one might expect that it is a good starting point to determine the occupation numbers for

heavy nuclei [PanP-84].

A wave function for a heavy nucleus such as 208Pb can now be constructed by coupling

8



single-particle states to single-hole states in so-called surface oscillations shifting strength from

below to above eF using a density-dependent effective interaction and the random-phase

approximation. One then obtains for n(e) the full curve indicated by (nNM + 5nRPA) shown in

figure 2.1. According to [PanP-84] there might be some double counting in adding second-order

correlated-basis perturbation-theory corrections in nuclear-matter calculations (carried out for long

range correlations) and RPA corrections in nuclei. However this is only a small effect as stated in

[JamM-85], where a similar model was discussed.
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Figure 2.1 Filling of the shell-model orbits n(e), predicted in a Hartree-Fock

framework (HF) and by nuclear-matter theory, including only short-range

correlations (SR) and short- as well as long-range correlations (NM). The full curve

is a calculation for a finite nucleus. This result is obtained by addition ofRPA-

corrections to n.lNM-

In the models mentioned above it is found, that the occupation of the valence orbits in 208Pb

is 70% to 80% and that the orbits just above the Fermi surface are occupied for about 10%.

Approximately 10 to 20% of the total strength is scattered to very high excitation energies. More

specifically Pandharipande et al. [PanP-84] expect an occupancy of 64% for the 3s, / 2 orbit in

208Pb. The theoretical uncertainty in this number due to the freedom in the choice of the parameters

employed in this nuclear-matter calculation is estimated [PanP-84] to be about 12%. The



calculation by Jaminon et al. [JamM-87] renders a 77% occupancy for the 3s1/2 orbit. In this work

the (e,e'p) reaction will be employed to check these predictions.

2.3 (e,e'p) Formalism

Ths aim of this section is to show how nuclear-structure information, e.g. the occupation of

single-particle states as discussed above, can be deduced from data obtained with the (e,e'p)

coincidence knockout reaction. We shall start with a description in first-order Born approximation,

i.e. only processes with one photon exchange are taken into account and all particles are described

as plane waves (PWIA).

(EA.pA)

Figure 22 Schematic description of the quasi-elastic knockout

reaction A(e,e'p)B

In a measurement of the A(e,e'p)B reaction, which is schematically represented in figure 2.2,

the 4-momentum vectors are determined for the in- and outgoing electron as well as for the

knocked-out proton. Assuming that the electron interacts with one proton only (quasi-free

scattering) and that there is no (final state) interaction between the outgoing proton and the residual

nucleus one can determine the binding (or missing) energy, Em, and the (missing) momentum, pm ,

of the proton before it was knocked out of the nucleus

Em

p m = e - e1 - p = q - p [2.2]

10



e 0 is the energy and e the momentum of the incoming electron; eQ' is the

energy and e' the momentum of the outgoing electron; w is the energy and q

the momentum transfer carried by the virtual photon, see figure 2.2; p 0 is the

total energy, T. the kinetic energy, p the momentum and m the mass of the

knocked-out proton; Eg is the total energy, TB die kinetic energy and mfi the

mass of the recoiling (A-l) system. E s e is the proton-separation energy of (he

initial nucleus and E x the excitation energy of the residual nucleus.

The six-fold differential cross section d6o/(de0'dQe.dTpdf2p) basically contains two

ingredients, the electron-proton interaction and the nuclear-structure part. In the impulse

approximation the interaction part can be described as a product of the electron-proton cross section

(a ) and a kinematical factor (k=po|p|). Because one is dealing with a bound proton an off-shell

expression for the electron-proton cross section as described by de Forest (o1
cc) [Fore-83] should

be used. Therefore, the so-called spectral function, which contains the nuclear-structure

information is given by:

1 d6a
S(Em,Pni) = [2.3]

k a e p deo'dQ^dTpdflp

This factorization method was first suggested by Jacob and Mans [JacM-62]. S contains the

momentum distribution of the protons in the various energy levels of the target nucleus in the

ground state. In the IPSM the hole states created by single-nucleon knockout are by definition

eigenstates. Therefore the spectral function can be written as a sum of one-proton momentum

density distributions [DieF-75].

S(Em,Pm) = Z S ^ (Em) pnlj(.pm) [2.4]

Snjr- (Em) is the spectroscopic factor for the (nlj) component of the spectral

function at E m and pnl: (p m ) is the momentum density distribution for one

proton with quantum numbers n, I and j .

The momentum density distribution equals, in PWIA, the square of the wave function of the

bound proton in momentum space, which in its turn is the Fourier transform of the bound-state

wave function of this proton in r-space.

11



In PWIA a simple relation between S(Em,pm) and the total number (Z) of protons in the

nucleus is given by the sum rule

Z = /S(Em ,pm)dEmdpm= i Z Snlj (Em) P | | / / p m ) dEmdpm

This relation can also be used for individual orbits and the sum of the speetroscopic factors is

then usually normalized to the total number of protons, which should fill that orbit in the mean-field

approximation. For closed-shell nuclei like 208Pb one defines then the fraction of the sum-rule limit

as

n(n,l,J) = (2/+1)1 J Sn/y (Em)dEm [2.6]

From the experimentally determined spectral function one cannot obtain Z or the orbital

occupancies by a simple integration over p m , because the detected proton has a final-state

interaction with the residual nucleus (dashed lines figure 2.2) and the electron waves will be

distorted by the Coulomb field of the nucleus. These effects will change the measured electron and

proton momenta as well as the total yield. However, the factorization (see formula [2.3]) still holds

to a large extent for parallel kinematics [BofG-79], i.e. e' and p are chosen such that the

momentum transfer q is parallel to p (see figure 2.3). Therefore it will still be possible to determine

spectroscopic factors, when one replaces the plane-wave momentum densities in formula [2.4],

which are normalized to one proton, by distorted densities pD
n;;(pm) (see section 2.4 and 2.5). The

latter densities do no longer fulfill the PWIA requirement that the integral over p m yields one.

PARALLEL PERPENDICULAR

Figure 23 Parallel and perpendicular kinematics commonly used in (e.e'p) experiments.
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2.3.1 Proton Distortion

The final-state interaction of the knocked-out proton is represented in the distorted-wave

impulse approximation (DWIA) by an optical-model potential. The optical potential involved in the

Schrodinger equation for the continuum wave contains a Coulomb part, a complex central part, an

imaginary surface term and a complex spin-orbit coupling part [Rayn-72]. For completeness its

definition is given below:

U(r) = -Vc(r,Rc)-Vf(xv) - iWT(xw) + 4iasWsf '(xs) + (2/r)[VSQf \KSQ) + i

XJ =[ r -R i ] /a i ,

R; = r ;(A-l)1 / 3 (i = V, W, S, SO, WSO, C),

f '(x) = df(x) / dx, with f(x) the standard Woods-Saxon function and

Vc(r,Rc) is the Coulomb potential of a homogeneously charged sphere

with radius R c ( = V(5/3) < r V / 2 ) .

In the calculations discussed below for fitting both (p,p) scattering data and quasi-elastic

electron-induced knockout (e,e'p) data, relativistic kinematics have been used. Also the relativistic

correction factor for the central potential according to [NadS-81] and the nonlocality correction

according to [Pere-63] have been applied.

Table 2.1 Optical-model parameters obtained from fits to 98 MeV proton

scattering data (depths are in MeV and lengths in fin). Set I is deduced by

Schwandt et al. [SchM-82]. Set II has been determined with the computer code

ECIS [Rayn-72, BloK-87]. Rc= 7.1 fin.

V W Ws VSQ Wgo

I 30.04 7.18 3.68 -1.066
II 27.93 9.00 3.16 4.00 -0.835

rv rw rs rso rwso

I 1.225 1.410 1.101 1.090

II 1.223 1.137 1.272 1.116 1.088

av aw ag ago a ^

I 0.706 0.570 0.648 0.620
II 0.719 0.742 0.622 0.676 0.719

! i e t I = 2 2 0 / 3 9

ft?/d.f.)setII = 18 /29
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The optical-model parameters should be obtained from fitting (p,p) scattering data from the

(A-1) system. Since (p,p) scattering data from 207Tl cannot be obtained, 98 MeV elastic-proton-

scattering data from 208Pb [SchM-82] were fitted using the computer code ECIS [Rayn-72 and

BloK-87] . In table 2.1 two sets of optical-model parameters are listed. Set I contains empirical

optical-model parameters taken from the literature [SchM-82], which were determined employing

the computer code SNOOPY. These parameters were used as starting values for the fitting

procedure. Set II contains the results obtained with ECIS. The strong improvement in the reduced

X2 found in set II compared to set I (see table 2.1) is mainly due to the inclusion of an imaginary

surface term and the ability of ECIS to fit all optical-model parameters simultaneously.
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Figure 2.4 The effect of proton distortion on the calculated

momentum density distributions. Curves with (DWIA) and without

(PWIA) the effect of the proton distortion are shown for 3s and lh

knockout in the reaction mPb(e,e'p)?07Tl.
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In figure 2.4 calculated momentum density distributions are shown for the reaction

208Pb(e,e'p)207Tl without (PWIA) and with (DWIA) the effect of proton distortion. The effects of

proton distortion have been calculated using the optical-model parameters according to set II of

table 2.1. The calculations have been performed for an electron beam energy of 412 MeV and an

outgoing proton energy of 100 MeV. The bound-state wave functions were generated in a

Woods-Saxon potential (r0 = 1.15 fm and 3Q = 0.65 fm) to which a spin-orbit term was added (r s o

= 1.15 fm, a s o = 0.65 fm and V s o = 6 MeV). The depth of the Woods-Saxon well was chosen

such that the experimental binding energy of the involved proton was reproduced. In addition, a

nonlocality correction to the bound-state wave function was applied [Pere-63]. The calculations

have been performed for the case of parallel kinematics.

The attractive real part of the optical potential causes a shift of the momentum density

distributions to lower pm. However in the case of 208Pb this effect is almost completely

compensated for by the shift caused by the strong repulsive Coulomb potential. Therefore one

hardly observes a shift of the maxima in figure 2.4.

The imaginary part of the optical potential renders a decrease of the outgoing-proton flux,

which manifests itself by a decrease of the maxima in the momentum distributions as can be seen in

figure 2.4. Further interference effects between the real and imaginary terms produce a filling in of

the minima.

The determination of spectroscopic factors from (e,e'p) experiments is most sensitive to the

optical-model parameter W, i.e. the imaginary part of the central potential. Therefore fits were

performed with different (fixed) values of W. If one allows a deterioration of a factor 1.5 in the x2

of the fit to the proton data - corresponding to an increase of W from 9 MeV (set n, see table 2.1)

to W = 10.5 MeV -, the effect on the strength of the momentum density distributions calculated for

the (e,e'p) reaction on 208Pb is 2.5% for the 3s1/2 orbit, 1% for the 2d orbits and 7% for the lg

and lh orbits. These calculations have been performed with the computer code DWEEPY2

[GiuP-87 and section 2.5]. The effect on the determined rms radius is only 0.1%. Hence one can

conclude, that there is only a small uncertainty in the interpretation of the (e,e'p) data due to

uncertainties in the optical-model parameters, (see further discussion in chapter 4).

Phenomenological prescriptions [SchM-82, BauH-82] predict only very small changes in the
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optical-model parameters for proton scattering from 208Pb and from 2 ^Hg, 205-J-J a n ( j 207-pj. ^T^

Aa; < 0.005, AV < 0.25 MeV. The changes in the depths of the other potentials are less than 0.1

MeV. Therefore parameter set II has been used for all residual nuclei involved in the present

experiments. This choice causes an error in the spectroscopic factors deduced with the (e,e'p)

reaction of less than 1 % (see chapter 4).

2.3.2 Electron Distortion

In the (e,e'p) reaction the Coulomb distortion of the in- and outgoing electron (plane) waves

e i k r has in principle two effects. The first one is a focussing of the electron waves towards the

nuclear charge, increasing the electron flux on the target nucleus, and the second is a change of the

momentum transfer due to the acceleration of the incoming electron (e) and the deceleration of the

outgoing electron (e1) in the Coulomb field of the target nucleus. In principle one should solve the

Dirac equation of the electron in the Coulomb field to take this distortion into account exactly.

However, it is extremely hard to perform this calculation when one simultaneously wants to take

into account the final-state interaction for the proton. Therefore an approximation has been made.

The Coulomb effects can be approximated to zeroth order in Za by replacing the plane waves by

(k/k) e'1"" [2.7]

k = k - Vc(0,Rc) (k/k) = k + (3/2) (Za/Rc) (k/k)

k = e or e1

Following the suggestion by Knoll [Knol-74] on the basis of the high-energy approximation

[LenR-71] the two effects of focussing and momentum change can be separated. In this way a

more refined approximation was obtained by Giusti and Pacati [GiuP-87], in which an additional

term occurs in the two solutions for the in- and outgoing waves:

O h
+ / - = 1 1 , ^ 1 / 2 {1 ± ib (kx r ) 2 - b2(kx r ) 4 / 2 + h+'(a,b,k,r) }(k/k)e iEr

Uh is the Pauli spinor for an electron

5 1 / 2 = Za(4/3 - ln(2kRc)) + b

b = - 3Zo/(4k2Rc
2)

h+/(a,b,k,r) = ar2 + iar2 k.r ± ib [ 2i k.r - a . (k x r)]

a = - Za / (6kRc3)
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In the derivation of these distorted electron wave functions a high-energy expansion

[LenR-71] was made for the phase shifts. Terms with inverse powers of k higher than two were

neglected, which is allowed as long as I V ^ R ^ I / k « 1 and j + 1/2 « k Rc. Both requiremenls

are satisfied in the present experiments. The approximation for the phase shifts is already accurate

to 0.1% for 200 MeV electron-scattering experiments [LenR-71] and even better for higher

energies. Giusti and Pacati [GiuP-87] also made an expansion in powers of Za, which was

truncated to first order for the small "a"-contributions and to second order for the dominant

"b"-contributions. Whereas the b2-term gives still a considerable contribution to the calculated cross

sections all higher-order terms are smaller, which has been checked explicitly for the third to sixth

order terms [GiuP-87].

Electron-distortion calculations (proton distortion not included) performed for Is, lp and Id

knockout in the 208Pb(e,e'p)207Tl reaction involving the approximations described above were

consistent [GiuP-87] with the exact solutions of the Dirac equation [Knol-74]. However one

should bear in mind, that the focussing effect is only 10% for these "l/"-orbits whereas it is about

20% for the 3s orbit. Moreover there is hardly any shift of the momentum density distribution

along the pm-axis, since these calculations were carried out for perpendicular kinematics, i.e. the

kinematical conditions were chosen such that p m is perpendicular to q (see figure 2.3). The

approximation for the electron distortion has been added by Giusti and Pacati to the existing code

PEEPSO, which handles the proton distortion in an unfactorized formalism [BofG-82], to render

the complete distorted-wave code DWEEPY2 [GiuP-87]. This (CDWIA) code has been specifically

used to calculate the distorted momentum density distributions employed in the interpretation of the

present experimental data (see chapter 4,5 and 6).

In figure 2.5 calculated momentum density distributions are shown for 3s, 2d and lh

knockout from 208Pb. To show the effect of the electron distortion curves have been drawn, which

include only proton distortion (DWIA, already shown in figure 2.4) and proton as well as electron

distortion (CDWIA). One observes an enhancement of the maxima (except maybe for the lh) due to

the focussing and further filling in of the minima due to interference effects. There is also a shift of

the maxima towards higher missing momentum. This shift becomes smaller with increasing pm due
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to the fact, that in parallel kinematics for a given incoming energy a larger pm corresponds to a

smaller q, i.e. to a smaller electron scattering angle and therefore to a smaller enhancement of q.

103 FT—r
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Figure 25 The effect of electron distortion on the calculated

momentum densities. Curves with (CDWIA) and without (DWIA)

the effects of the electron distortion are shown for 3s, 2d and lh

knockout in the reaction 208Pb(e,e'pf07Tl.
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3 Experimental Equipment, Data Taking
and Data Analysis.

3.1 Experimental Setup

For the present experiments a pulsed electron beam from the linear Medium-energy Electron

Accelerator (MEA) at NIKHEF-K was tuned in dispersion-matching mode [WitL-82] on a target.

The scattered electrons and the knocked-out protons were detected in coincidence with two

high-resolution spectrometers (see figure 3.1) [VriJ-84], Only some basic parameters of the

equipment are given here. The spectrometer parameters are listed in table 3.1.

The detection system in each spectrometer (see figure 3.2) consists of a stack of multi-wire

drift chambers (MWDC) enabling the determination of the position (=momentum) and the angles at

which the particles hit the focal plane. Downstream of the MWDC stack an array of scintillators is

located for the purpose of triggering the wire chambers and producing the timing signal for

coincidence measurements. The Cherenkov counter serves for the purpose of background

suppression.

Table 3J QDD and QDQ spectrometer parameters.

Max. particle momentum [MeV/c]

Momentum acceptance [%]

Angular acceptance out of plane A6 [mrad]

in plane A<|> [mrad]

Octangular solid angle AQ [msr]

Focussing conditions

Angular magnification

[mm / mrad]

momentum resolution (Ap/p - ± 1%)

QDD

600

-5.0 / +4.5

±40

±40

5.54

<x|6> = 0

<y|y> = 0

<eie> = -i.56

<y|<|» - -0.864

<1 x W4

750

-4.3/

±65

±70

15.91

<x|9>

<y|<)»

<eie>
<«t>i«t»
2 x l G

QDQ

+5.0

= 0

= 0

= -0.908

- -0.228
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QDD QDQ

Figure 3.1 Lay-out of the two-spectrometer setup, showing the rotatable

supports, magnet configuration and shielding. The beam enters perpendi-

cular to the plane of drawing. Dimensions are in mm.

shielding

imbgx

QDD QDQ

Figure 32 Lay-out of the focal-plane detection systems, showing the

location of the wire chambers (X1J(2,Y1,Y2), scintillators and Cherenkov

detectors. The focal plane coincides with the XI-plane. Central and

extreme rays are indicated.
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3.2 Targets

The targets used were self-supporting 205Tl, 206Pb and 208Pb foils. To avoid melting they

were rotated (at 3 Hz) during the actual data taking. The angular clearance of the thin rotator (see

figure 3.3) used for this purpose enables to place the target in reflection mode for the QDD

spectrometer even when this spectrometer is positioned as far forward as 35°. The target

specifications are given in table 3.2.

Table 32 Target specifications

nucleus

205-n

206 p b

208pbt

2O8pbtt

thickness

[m%/cnr]

26.60(30)

9.60(10)

12.45(14)

12.93(14)

abundancy

[%}

99.46

99.69

97.01

97.01

main

contamination

203-n

207 p b

207 p b

207 p b

t During the runs some increase in thickness occurred due to melting. The
thickness was determined for each individual run with an accuracy of 1.5%.
t t This target was used together with 206Pb in the relative experiment (see
section 6.1).

beam
dump

QDD

Figure 33 In the target rotator the foil is mounted on a (60 mm) ring,

which rotates (3 Hz) eccentrically with respect to the beam spot. The

angular shielding due to either the target ring or the pillars of the target

container have been indicated. Measures are in mm.

21



Before the targets were exposed to the electron beam, their thicknesses were determined by

the weight and area method. This method is only applicable for homogeneous targets. Due to the

exposure of the target to the beam, however, melting increases the target thickness at the position,

where the beam hits it. Therefore for all periods another method has been used: the target

thicknesses were determined at the beginning of each run by comparing the elastic-

electron-scattering cross section at an effective-momentum transfer of 1.75 fm'1 (where the cross

section varies slowly with q) with calibration cross sections, using the parameters given by

[CavF-82, FroB-77]. This method yielded an accuracy of 1.5% in the determination of the target

thicknesses in perfect agreement with the result of the weight and area method for the few cases,

where both methods could be applied.

When rotated all targets could tolerate an average current of 25 ji.A under the condition that

the incoming beam is dispersed over a height of 1.5 cm. The variation in the target thickness due to

beam heating was then less than 1% during a 15 hour run. In one case, however, the

current-density limit has been accidentally exceeded and a considerable increase of the target

thickness (up to 10%) was observed. Due to a continuous monitoring of the singles rates in the two

independent spectrometers even such a large change hardly (< 0.2%) contributes to the total

systematic error in the target thicknesses.

The uncertainty in the target-angle calibration was 10 mrad. It has a varying influence on the

target thickness depending on the particular kinematical condition. The effect averaged over the

various kinematics has been quadratically added to the systematic error in the target thicknesses,

which therefore increased to 2.0%.

3.3 Data Taking

The data taking procedure for (e,e'p) experiments has been fully described by den Herder

[Herd-87]. Therefore, only a short description is given here in order to show how the coincidence

event rate is determined and normalized. Following the scheme given in figure 3.4 the coincidence

timing system will be discussed.

A particle passing through the detection-system scintillator triggers the read out of an 80

MHz clock (ECLK or HCLK). The corresponding system is then made insensitive for further
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particle detection during a period of 500 ns, in which the wire chambers are read out and reset. The

trigger signals from both spectrometers are compared. A match signal is generated if within 40 ns

both detection systems give a trigger. The timr difference is measured by a TAC/ADC combination

(accuracy 28 ps) and an 80 MHz clock (CCLK). After the accelerator burst (30 |is) the time of the

CCLK is compared in the Time-Comparator with the clock times of the events in both

spectrometers to select within a 500 ns window the matching events, which are then stored in the

coincidence storage unit (CSU). This setup is only able to detect one coincidence per burst.

Additional coincidences are still counted with a sealer (NCOIN), but not stored in the CSU.

Focal plane Control Room

+1

+1

1
ECLK

HCLK

11

Trigger
e

Trigger

P

1

7/
7/

\
\
\
\
\

'77,77,

\
\
\
\77,'7777,

4 1-4-
r \
*latch\—

'

O s t a r t

stop

80 MHz

Ncoin

CCLK I

+1 k

*
FAOADC

*
Time

I
comparator

CSU

Figure 3.4. Functional scheme of the coincidence logic. For an explanation see text.

The coincidence count rate requires a correction Cdead due to the detector dead time. This

correction is obtained by simply comparing the number of triggers with and without the imposed

500 ns dead time. This overall dead-time correction (always smaller than 1.15) is sufficient for the

electron detector system. However, for the proton detection system it is possible that in spite of the

imposed dead time of 500 ns, which disables the trigger system, the wire-chamber information of a

next event is stored instead of the one that generated the trigger. The way the data have been

corrected for this effect is extensively described in section A2.3. Another factor CTAC corrects for

the limitation that only 1 coincidence per burst can be processed. This factor (typically 1.01) is

determined by a comparison of coincidences observed on the sealer (NCO,N) with the number of
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coincidences stored by the CSU. Finally there is a correction factor for the efficiency (Ceff) of the

individual wire chambers. This correction can be directly deduced from the stored events and

amounts to about 0.05% per chamber [Herd-87].

3.4 Data Reduction

The wire-chamber information is converted off-line by means of a backtracing program

(REKIN) into momenta and scattering angles of the detected particles at the target position. At this

stage events with extreme focal-plane angles are rejected and corrected for (Cf ). An extreme angle

originates from MWDC signals of a real single event mistakenly combined with an additional noise

pulse in one of the chambers. In the hadron spectrometer (QDQ) this effect is measured to be small

at the bottom of the focal plane, where the read out starts, and large (=7%) at the top. It is a

non-uniform correction and has to be accounted for in the calculations of the detection volume (see

section 3.5). The phenomenon is also present in the electron spectrometer (QDD), but the effect is

much smaller. This is due to the fact that the QDD focal-plane detection system is divided in five

independent sectors and the effect can therefore only occur, if both the noise pulse and the event

pulse appear in the same sector. The distortion of the detection volume is thus much smaller and

only an overall correction (=2% ) is applied rather than including the effect in the calculation of

the detection volume.

Events with reconstructed target scattering angles larger than compatible with the solid-angle

acceptance are also rejected. These events are due to multiple scattering of the particles in the

detectors foils. The corresponding correction factor C ^ , , is 1.005 for QDD events and 1.02 for

QDQ events.

The spectrum of the difference between the arrival time of the electron and of the proton,

which has a FWHM of 5 ns, is corrected for flight-time differences in the spectrometers. This

results in a coincidence timing (FWHM) resolution of less than 1 ns (see figure 3.5). In order to

select all (>99.9%, 3a) true coincidences a 3 ns window is set around this timing peak.

The applied correction factors (Cdeid,Cfcp, C,,,,,.,,, Cj.AC and Ceff) have been checked with a

kinematically overcomplete ^(e.e'p) measurement (see appendix Al). Here the product of the

coincidence and proton detection efficiencies was determined by comparing the fully corrected
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coincidence yield with the simultaneously measured single electron count rate. The resulting

efficiency 98.4(5)% has been used to normalize the coincidence rates.

-10

Figure 33 Time of flight difference spectrum before (full circles) and after

(open circles) a correction for path-length differences in the QDD and QDQ has

been applied. The areas containing the true (T) and accidental (A) events as well

as the random level (B) are indicated. The curves represent Gaussian fits to the

data.

3.5 Conversion from Counts to Spectral Function

The momentum vectors of the electron and proton belonging to a coincidence event enable to

calculate the missing momentum and missing energy in the knockout reaction (see section 2.3)

Pm = e " e< "

[3.2]

[3.3]

(in parallel kinematics pm is defined positive for the usual case of p>q)

After the construction of Em and pm, the events appearing in and outside the At = 3 ns

window are sorted as N(Em, pm) and A(Em,pm), respectively. In N(Em, pm) there is still a number

of accidentals (* At A / [40-At]) present, which have to be subtracted. This number is determined
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by a fit of a Gaussian plus a flat background (B) to the corrected time-difference spectrum. After

subtraction of those accidental events one obtains for the coincidence rate

T(Em, pm) = N(Em, pm) - BAt [A(Em, pm) / / A(Em, pm) <ffimdpm ]. [3.4]

The spectrometers have specific acceptances with respect to energy and scattering angles.

This leads to a block shaped detection volume, corresponding to the probability to detect specific

(e',p) combinations. For the six-folded differential cross section (see section 2.3) the total

detection volume becomes VTOT = f de0 ' dQe, dT dQ , which equals the product of the total

angular and energy acceptances of the coincidence setup. In the cross-section representation each

(e',T ) pair has the same detection volume.

However, when the transformation is made to the spectral-function representation (see

section 2.3), the detection volume is not equally divided over all (Em,pm) bins. The detection-

volume function V(Em,pm) must therefore be calculated for each bin:

v(Em ,Pm) = / de0' d£2e. dTp dfl,, = / J dEm dp

J describes the coordinate transformation.

The integration boundaries are defined by the acceptance limits of the spectrometers.

This integral is calculated with a Monte Carlo technique, which has been described

previously [Quin-83]. Here the corrections for focal-plane rejects as mentioned above (see section

3.4) and for folding of the phase space with the angular resolutions of the detection systems are

also taken into account.

After the counts T(Em, pm) are divided by kaep (calculated for each event individually) and

normalized, one obtains the function S*(Em, pm):

T(Em,pm) A e
[3.5]

Cj.OT is the product of all correction factors described previously. A is the mass of the

target nucleus [u], e is the elementary charge, t is the target thickness, Q is the collected

charge and NA is Avogadro's number.
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The experimental spectral function S*(EDJ,pnj) has still to be corrected for radiative losses.

The radiative unfolding procedure is described in appendix A2. It has extensively been tested by

measurements on deuterium and hydrogen near pm= 0 MeV/c (see also appendix A2).

After the radiative unfolding has been applied one finally obtains the spectral function

S(Em,pm), which contains the nuclear-structure information.

3.6 Systematic Errors

The target thicknesses were deduced from a comparison of elastic cross sections measured in

the QDD with calibration cross sections (see section 3.2). In this way the systematic errors due to

the QDD solid angle, the charge integrator and correction factors related to the QDD detection

system (CDdead , CDeff, CD f c p and CDpinscat; see section 3.3 and 3.4) do not contribute to the total

systematic error, since they will be included in the target thickness.

The efficiency correction (e EQ) determined with 'H(e,e'p) measurements (see appendix Al)

includes the systematic errors in corrections related to the QDQ detection system (CQdead, CQeff,

CQ f and CQ ^ ^ J ) and in the coincidence correction factor (CpAC).

The error in the value of the QDQ solid angle, which has been determined from

electron-scattering experiments is 1.9% [HerL-85b].

Table 33 Contributions to the total systematic error in

the measured momentum densities.

Contribution

target thickness

Vc
Solid angle QDQ

e[200keV]

ee[2mrad]

ep[3mrad]

Total (quadratic sum)

effect on p(pm)

2.0

0.5

1.9

0.1

0.8

0.3

3.0
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The uncertainties in the scattering angles and the beam energy (see section A 1.2) have a

different effect on the spectral function for different kinematics. The corresponding error

assignments listed in table 3.3 have been averaged over all kinematics.
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4 The Proton Spectral Function of 2°8Pb

In this chapter a measurement of the proton spectral function of 208Pb is presented, which

has been obtained with the electron-induced quasi-elastic proton knock-out reaction. Proton-hole

states observed in 207Tl are studied up to an excitation energy of 25 MeV.

Due to the good missing-energy resolution (100 keV) of the two-spectrometer setup at

NIKHEF it was possible for this heavy nucleus to employ the (e,e'p) reaction for a study of the

individual momentum distributions, pnij(pm)» of valence protons. As is already known from

hadronic experiments the knockout strength of these protons is mainly concentrated in one strong

peak for each sub-shell (3s1/2, 2d3/2, lh1 J / 2 and 2dj/2)-

One of the aims of the investigation of these valence-hole states is to study the mean-field

potential for 208Pb through the shape of the experimental momentum distributions and the

measurement of rms radii for the orbits. Another aim is to determine the energy distribution and the

occupation numbers for these orbits. The latter ones are predicted to exhaust about 70% of the

sum-rule limit [PanP-84, JamM-85], whereas most occupation numbers obtained so far from

hadronic transfer reactions [BarF-70, FlyH-77, HinM-66, RoyA-70, WooC-82, I^inG-84] yield

occupation probabilities of about 100%.

While the vafence-proton hole states in 207Tl have been studied extensively with various

hadronic probes [BarF-70, FlyH-77, HinM-66, RoyA-70, WooC-82], only very few data are

available for the deep-lying hole states [LanG-84]. This is due to the very large background

contribution in the continuum region (Ex>4 MeV) resulting from a breakup of the hadronic

projectile [LanG-87]. This contribution makes the interpretation of hadronic data in this region very

difficult and model dependent. Therefore it is worthwhile to study the deep-hole states with the

(e,e'p) reaction, where such background contributions are absent.

In section 4.3 an /-decomposition of the continuum region for excitation energies from 4 to

25 MeV will be performed in order to study the energy distribution of the hole strength and to

determine the average binding energies and widths of the deep-hole states. For this decomposition

bound-state wave functions will be employed, calculated in a Woods-Saxon potential. The depth

and radius of this potential are determined from a fit to the momentum distributions measured for
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the discrete hole states (section 4.2).

4.1 Kinematical Conditions

The spectral function of 208Pb was measured with the (e,e'p) reaction from -50 up to 300

MeV/c in steps of 30 MeV/c, each covering a p n -range of 60 MeV/c. The kinematical conditions

are listed in table 4.1.

Table 4.1 Kinematical conditions of the (e,e'p) experiment on 208Pb; Tp= 100 MeV (p = 445

MeVIc ) in all cases. The kinematical variables are represented graphically in the adjacent figure.

dump
pm-central

[MeV/c]

-20
10
40
70

100
130
160
190
220
240
260
280

40 t

120t

220f

e
[MeV]

412.3

"

"
352.5
412.3
266.8
284.4

266.8

400.2
401.2
351.4

e'
[MeV]

295.0
n

11

ti

"

232.4
295.0
150.7
169.4

n

150.7

286.0
285.0
239.3

°e
[deg]

80.70
74.10
67.79
61.67
55.68
49.80
53.10
38.10
57.80
45.60
38.60
34.30

70.04
53.39
39.21

8
[deg]

38.80
40.80
42.46
43.88
44.29
45.70
41.40
45.60
34.10
36.30
34.10
31.50

41.64
45.00
42.34

target angle
[deg]

118.0
124.0
132.5
140.0
148.7
157.0
156.0
159.0
143.0
159.8
160.0
120.0

131.0
155.0
160.0

target angle

target

primary
beam

In these kinematics data were also obtained for 206Pb (see section 6.1)

The data have been acquired in parallel kinematics, in which case the factorization of the

six-fold differential cross section into the electron-proton cross section and the spectral function is

still valid to a large extent in spite of the strong distortion effects (see section 2.3.1). From an

experimental point of view parallel kinematics is also a favourable condition, because in this case a

large (positive) value of pm , which implies a small value of the momentum distribution (see figure

2.5), corresponds to small momentum transfer and therefore to a large value of the electron-proton

cross section. Moreover, in this case the p m resolution depends almost exclusively on the good

resolution (4 mrad) with which the electron scattering angle is measured and hardly on the moderate
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accuracy (11 mrad) with which the proton angle can be determined. The pm-resolution thus

obtained was better than 2 MeV/c.

The kinetic energy of the knocked-out proton was kept equal for all kinematics in order to

keep the final-state interaction (FSI) between the outgoing proton and the residual nucleus constant

(see section 2.3). It was chosen to be 100 MeV (p = 445 MeV/c), which is a compromise between

a reduction of the FSI effects and count-rate considerations.

Most data have been accumulated at a beam energy larger than 400 MeV, but for p m values

above 200 MeV/c the beam energy had to be lowered, because the electron scattering angles cannot

be chosen smaller than 35° (see section 3.2).

4.2 Valence Proton Orbits in 2 0 8 Pb

ir
>

I
1—1

CO

250
11/2-

1.35 MeV 208Pb(e,e'p) 207T1

200 < pm < 240 MeV/c

0 1 2 3 4 5 6

Ex[MeV]=>

Figure 4.1 Excitation energy spectrum of 207Tl obtained with the (e,e'p) reaction

atpm= 220 MeVIc snowing the knockout of valence protons to discrete states in
207T[

In figure 4.1 an excitation-energy spectrum, obtained with the (e,e'p) reaction at p m = 220

MeV/c, is shown for 207Tl. One observes the well known l/2+, 3/2+, 11/2", 5/2+ and 7/2+ levels at

excitation energies of 0.00,0.35, 1.35, 1.67 and 3.47 MeV, respectively. These states are due to

31



knock-out of 3s1/2, 2d3/2, l h n / 2 , 2d5/2 and lg7 / 2 protons from the ground state of 208Pb. From

such a spectrum the momentum-distribution values, pnIj(pm=220 MeV/c), are deduced by

integration of the peak areas over Ex. Assuming Gaussian shapes only small corrections have to be

made for strength outside the integration interval and for possible tail contributions from

neighbouring peaks. The resulting measured momentum distributions for the first five discrete final

states are listed in table 4.2.

Table 42 Experimentally determined momentum distributions, pl(GeVfc)'3], for

the first five proton-hole states in 207Tl. The indicated errors denote the statistical

errors only. The horizontal lines separate data obtained in different kinematics (see

table 4.1).

Pm
[MeV/c]

-47.5
-42.5
-37.5
-32.5
-27.5
-22.5
-17.5
-12.5
-7.5

7.5

-17.5
-12.5
-7.5
-2.5

2 .5
7.5

12.5
17.5
22.5
27.5
32.5
37.5

22.5
27.5
32.5
37.5
42.5
47.5
52.5

e P0.00
[MeV]

412.3 10.4( 68)
24.7( 8C)
35.8( 92)
52.6( 113)
78.5( 146)

128.4( 223)
155.4( 328)
227.9 ( 512)
317.0(1222)
166.5(1745)

412.3 161.9( 748)
158.7( 708)
439.0(1272)
409.8(2568)
221.1(1984)
323.6(1102)
278.2( 543)
267.7 ( 381)
203.7( 284)
198.8< 270)
190.0( 252)
151.9( 276)

412.3 169.1< 560)
236.7 ( 434)
261.7< 319)
237.4( 241)
170.9< 191)
172.3( 171)
163.6( 228)

Po.35 Pl.35

21.7( 89)
31.7 ( 79)
27.9( 83)
34.4( 85)
37.4(112)
19.8(112)
52.9(180)
91.7(598)

18.5( 43)
17.8( 53)
15.2< 48)
16.3( 56)

Pi.67 P3.47

36.6(122)
38.9( 98)
42.4( 92)
68.5 {126)
52.9(104)
38.0(104)
68.3(198)
36.2(188)
57.0(487)

15.0(132)
16.9( 94)
23.4( 75)

7.4( 46)
30.5(184)
10.4( 45)
26.5(122)
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Pm

57.5
62.5
67.5

52.5
57.5
62.5
67.5
72.5
77.5
82.5
87.5
92.5

82.5
87.5
92.5
97.5

102.5
107.5
112.5
117.5
122.5

112.5
117.5
122.5
127.5
132.5
137.5
142.5
147.5
152.5

177.5
182.5
187.5
192.5
197.5
202.5
207.5
212.5

22.5
27.5
32.5
37.5
42.5
47.5
52.5
57.5
62.5
67.5

e

412.

412.

412.

412.

412.

400.

3

3

3

3

3

2

P0.00

153.7(
139.9 (
113.1 (

240.6(
168.1(
116.0(
94.9(
79.3(
63.3(
66.2(
36.0(
39.3(

82.7(
57.0(
54.4(
35.2(
31.4(
32.4(
19.7(
17.9(
18.8(

21.5(
18.1(
11.9 (
14.0(
14.0(
13.5(

8.8(
7.8(

9 .K
9.2(
8.4(
7.3(
8.0(
7.7(
7.3<
8.1(

246.1(
189.2(
222.5(
170.5 (
206.9(
169.1(
183.5(
155.6(
136.6(
115.0(

226)
247)
232)

573)
218)
134)

99)
92)
88)
84)
65)
82)

125)
80)
64)
44)
40)
41)
33)
36)
46)

54)
34)
24)
22)
21)
23)
18)
17)

15)
12)
10)

8)
9)

10)
11)
15)

616)
360)
303)
217)
281)
239)
238)
322)
226)
275)

Po.3

25.5(

5

68)
33.4(119)
35.9(121)

15.0(104)
26.5(
37.1(
39.8(
34.4(
49.7(
33.8(
51.1(

74)
72)
61)
57)
75)
59)
77)

62.8(112)

50.8(
46.5(
51.2 (
58.7(
51.0(
61.9(
65.8(
46.4(
30.0(

31.3(
40.5(
40.3(
35.6(
34.2(
30.8(
32.9(
24.6(
17.0(

19.5(
19.0(
14.6(
16.8(
15.4(
14.8(
11.6(
11.1(

99)
71)
61)
60)
58)
62)
69)
62)
62)

60)
53)
44)
38)
35)
39)
38)
35)
34)

22)
17)
13)
13)
13)
13)
14)
18)

Pi.35

2.7(
1.9(
2.4(
2.9(
2.9(
2.0(
4.7(
6.3(
8.8(

4.5(
8.K
7.3(

12.9 (
12.7 (
17.0(
20.1(
23.6(
24.4(

42.7(
43.6(
45.1(
40.7(
42.4(
40.6(
32.2 (
33.6(

22)
13)
14)
13)
13)
13)
15)
22)
32)

19)
21)
18)
21)
20)
26)
29)
35)
45)

31)
28)
25)
23)
26)
25)
27)
38)

Pl.6"

18.6 (

1

72)
38.5(108)
43.2(143)

10.1(
26.8(
24.2(
35.2(
43.1(
42.0 (
47.9(
56.9(

61)
63)
48)
55)
64)
66)
69)
83)

62.2(104)

47.2 (
57.8(
53.6(
63.9(
61.9(
51.7(
53.4(
40.7(
42.3(

33.6(
31.8(
32.0(
42.2(
30.1(
24.2(
21.4(
20.6(
20.5(

25.2(
25.5(
23.7(
21.5(
22.0(
20.2(
20.2(
14.5(

80)
73)
56)
64)
65)
55)
62)
55)
72)

54)
40)
36)
40)
33)
33)
30)
31)
40)

23)
20)
17)
16)
18)
17)
21)
22)

27.6(160)
22.3(

5.0(
27.8(
17.1(
28.0(
23.8(
39.4(
27.0(

91)
48)
73)
60)
84)
76)
96)
96)

38.8(121)

P3.47

l . K
4.2(
l . K
2.6(

2.0(

6.7(
3.3(
5.9(
6.0(
8.7(
8.0<
9.2(

10.4(
10.3(

12.3(
11.1(
12.2(
12.2 (

9.6(
9 . K
8.3(
7.0(

11)
12)
10)
13)

14)

20)
12)
14)
13)
17)
17)
19)
22)
28)

16)
16)
13)
16)
16)
17)
20)
17)
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Pm

97.5
102.5
107.5
112.5
117.5
122.5
127.5
132.5
137.5
142.5

202.5
207.5
212.5
217.5
222.5
227.5
232.5
237.5

162.5
167.5
172.5
177.5
182.5

222.5
227.5
232.5
237.5

287.5
292.5

237.5
242.5
247.5
252.5
257.5

262.5
267.5
272.5
277.5

e

401.2

351.4

352.5

266.8

266.8

284.4

284.4

Po.00

57.9(
30.8(
19.2(
16.3(
24.8(
22.6(
13.7(

8.1(
8.6(

19.1(

11.9(
5.5(
7.5(
7.4(
6.1(
4.1(
4.2(
2.7(

4.6(
4.0(
7.5(
6.5(
6.6(

6.9(
5.4(
4.8(
5.2(

0.3{
0.2(

4.6(
3.5(
1.9<
2.0(
1.0(

1.2(

0.8(
0.3(

240)
84)
53)
41)
43)
42)
31)
29)
28)
52)

27)
12)
11)
10)

9)
7)
8)
7)

30)
22)
31)
28)
31)

19)
12)
11)
12)

2)
2)

13)
8)
5)
5)
5)

6)

4)
4)

Po.3«

42.9(197)
74.2(181)
41.8 (
56.0(
49.2(
36.5(
36.7 (
52.9(
28.3(
44.8(

17.7(
18.6(
12.1 (
13.1(
11.3(

9.8(
8.9(
8.5(

23.6(
24.1(
20.2(
17.4(
14.1(

12.3(
11.7(
10.3(

8.4(

0.1(
0.1(

4.4(
4.3(
3.5(
2.3(

1.7(
1.8(
l . K
0.7(

78)
96)
67)
53)
57)
97)
62)
93)

33)
21)
14)
14)
13)
12)
13)
15)

47)
34)
38)
99)
28)

23)
17)
15)
16)

2)
2)

9)
7)
7)
6)

6)
5)
4)
5)

Pi.3;

10.3(
9 .H

15.0(
17.8(
15.1(
19.4(

43.4(
31.2(
33.2(
29.1<
27.3(
28.2(
25.1(
18.6(

28)
26)
34)
43)
41)
55)

46)
27)
26)
24)
24)
23)
26)
28)

41.7(125)
34.4(101)
36.6(103)
35.4(102)
34.0(105)

38.7(
29.5(
23.9(
24.5(

0.7(
0.7(

16.9(
13.1(
11.3(

8.8(

4.8(
4.3(
2.8(
3.1(

55)
35)
38)
30)

3)
3)

20)
19)
17)
18)

8)
7)
6)
7)

Pl.6T

66.2(162)
62.5(134)
49.4(
54.0(
37.3(
42.9(
31.8(
34.5(
27.2(
29.0(

19.6(
23.4(
16.5(
15.7(
13.9(
10.7(
10.1(

9.2(

28.4(
24.9(
20.5(
16.1(
17.8(

19.2<
17.2(
15.0<
15.5(

0.3(
0.5(

8.6(
6.4(
5.0(
4.9(
3.9(

2.9(
1.5(
1.9(
1.3(

76)
86)
54)
62)
55)
64)
57)
68)

29)
23)
17)
16)
15)
13)
14)
16)

92)
77)
65)
55)
64)

32)
23)
25)
23)

2)
3)

16)
10)
10)

9)
10)

6)
5)
6)
6)

P3.47

3.4(
3.0(
4.3(
7.7(
5.8(
7.7(
7.4(
7.7(
6.2(

6.5(
6.5(
6.4(
5.5(
7.4(
5.4(
4.8(
3.9(

11.8(
10.6(
12.1(
11.9(

9.3(

7.7(
7.4(
5.2(
5.3(

0.4<
0.3(

4.0(
2.5(
2.9(
1.8(
2.3(

2.3(
0.5(
1.6(
1.2(

23)
44)
20)
28)
25)
28)
29)
31)
43)

19)
11)
15)
11)
14)
13)
11)
17)

43)
39)
42)
43)
40)

22)
18)
14)
14)

2)
2)

9)
7)
7)

16)
7)

7)
4)
5)
5)

The experimental momentum distributions (see table 4.2) have been compared with CDWIA

predictions, that have already been discussed in section 2.3.2. The results of such fits are plotted in

figure 4.2. The data shown in this figure are obtained from those according to table 4.2 as follows.
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Figure 42 Momentum distributions for the proton orbits in 208Pb corresponding

to proton knockout leading to the first five excited states in 207Tl. The drawn curves

are results of standard CDWIA calculations employing standard Woods-Saxon wave

Junctions, of which the normalization and radius are adjusted to describe the data.
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The data measured at several beam energies (e) have all been transformed to the highest employed

beam energy emax = 412.3 MeV and combined in 10 MeV/c bins. The transformation was done by

multiplication of the measured strength with the CDWIA ratio Pnij(Pm)emax' Pnl/Pn^e °^ w e

momentum distributions calculated for emax and the actual beam energy (e). These transformed and

combined values are listed in table 4.3.

Table 43 Momentum distributions, p[(GeVlc)~3],for the first five proton holes in

207JI jfe numerica[ values are obtained by converting the data given in table 42 to

a beam energy of 4123 MeV and combining them in 10 MeVIc bins. The indicated

errors denote statistical errors only.

pm[MeV/c]

-50.0
-40.0
-30.0
-20.0
-10.0

0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0

100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0
180.0
190.0
200.0
210.0
220.0
230.0
240.0
250.0
260.0
270.0
280.0
290.0
300.0

Po.oo

10.4(
29.5(
62.4(

138.4 (
235.2(

68)
61)
89)

179)
375)

291.6(1570)
278.4(
222.1 (
214.6(
186.9(
174.1(
136.4(
89.8(
68.2(
46.5(
32.7 (
20.8(
17.0(
12.3(
10.4 (
7.8(
3.6(
4.4(
8.6(
7.8(
8.1(
7.0(
6.3(
4.0(
3.1(
1.6(
0.8(
0.7(
0.2(
0.2(
0.2(

469)
200)
127)
105)
104)

83)
63)
55)
36)
27)
18)
14)
12)
12)
17)
23)
15)

8)
6)
6)
6)
6)
4)
4)
3)
3)
3)
3)
2)
3)

P0.35

27.3(
31.0(
28.6 (

59)
60)
79)

56.1(173)

18.2(
15.6(
30.0(
36.8(
41.8(
51.1(
55.3(
50.8 (
40.2(
36.1(
32.1(
20.7(
21.2(
20.5(
17.9(
15.6(
15.3(
12.2(
10.8<
8.4(
4.7(
2.9(
1.5(
l .K
0.6(
0.2<

33)
34)
39)
39)
42)
37)
40)
31)
23)
23)
24)
24)
42)
23)
12)

9)
9)
8)
8)
6)
5)
4)
3)
3)
4)
2)

Pl.35

2.7(
2.1(
2.9(
3.5(
8.1(

13.7(
18.1(
23.9(

22)
9)
9)
9)
9)

13)
17)
28)

47.3(142)
38.9(
42.8(
42.8(
41.5(
31.4<
26.9(
23.7(
15.5(
10.0(
4.5(
2.9(
2.7(
0.7(

79)
20)
17)
17)
14)
15)
13)
11)
10)

6)
4)
6)
2)

Pl.67

36.6(122)
40.7(
59.1(
44.5 (

67)
80)
92)

38.9(176)

17.8 (
9.5(

13.4(
15.2(
26.5(
39.1(
45.5(
56.3(
63.4(
47.2 (
35.8(
34.3(
23.6(
20.6(
25.9(
20.9(
24.2(
22.6(
20.6(
17.6(
13.7(
10.4(
6.8(
3.9(
2.5(
1.3(
l . K
0.4(

87)
27)
28)
28)
29)
38)
41)
37)
42)
28)
20)
22)
20)
25)
84)
46)
14)
12)
11)
10)
10)

7)
6)
5)
4)
3)
4)
1)

P3.47

2
2
4
7
8

10
13
11
11
12

8
6
5
4
2
2 .
1.
1.
0.
0.

• 5(
6(
2<
2<

• 3(
6(

o<
6(
6(
2 (
4(

5(
9(
7(
9(
2(
0(
2(
5(
3(

8)
7)
7)
9)

11)
17)
35)
29)
10)
10)
10)

7)
7)
6)
4)
4)
2)
3)
2)
1)
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The values obtained for the spectroscopic factors (S), the fractions of the corresponding sum

rules (n = S / [2j + 1]) and the fitted radii (r0) of the bound-state wave functions as obtained from

the earlier discussed fitting procedure are listed in table 4.4a. In addition to the statistical errors

assigned to these values systematic errors have to be added. The systematic error in the determined

spectroscopic factors due to the overall experimental uncertainties (see section 3.6) is 3% to which

an uncertainty due to the final-state interaction should be added. This uncertainty depends on / : 1%

for the 2d, 2.5% for the 3s and 7% for the lg and lh orbits (see section 2.3.1). The additional

systematic uncertainty in the determined radii due to uncertainties in the description >f the

final-state interaction amounts to 0.1% (see section 2.3.1).

Table 4.4 Spectroscopic factors (S), fractions of the sum rule (n) and radii (r0)for

the proton orbits in 208Pb obtained from fits to the measured momentum

distributions using (a) standard CDWIA calculations and (b)fits in which apm-shift

was included as an additional free parameter. The indicated errors include only the

statistical uncertainties. The systematical errors are described in the text.

a)

b)

nlj

3s

standard CDWIA description

nlj

3 s 1 / 2 0.

2d 3 / 2 1.

l h n / 2 5.

2d5 / 2 2.

i g 7 / 2 i-

S

xn 1.13< 4)

2d 3 / 2 2.61(11)

2d 5 / 2 3.09(10)

s
[

80( 5) 40.

82( 7) 45.

08(12) 42.

33( 7) 38.

55( 7) 19.

n

%}

0(25) 1

5(17) 1

3( 8) 1

8(12) 1

4( 9) 1

pm-shift fitted

n

[%]

56.7(19)

65.3(28)

51.5(17)

r0
[fm]

1.20K

r0
[fm]

.212(19)

.268(13)

249 (

231 (

7)

9)

220(13)

9)

1.199(10)

1.175( 7)

JC2/d.f.

3.0

2.3

0.9

1.9

0.8

pm-shift x2/d.f.
[MeV/c]

14.

14.

11 .

5( 9) 1.1

5(15) 1.4

0(11) 1.2
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Studying the behaviour of the CDWIA fits to the different experimental densities (see figure

4.2) and the corresponding y} values (see table 4.4a) one observes, that excellent fits are obtained

for the lh1 1 / 2 and lg7 / 2 momentum densities. However, although the gross features of the 3s and

2d data are reproduced by the calculations for these orbits, the maxima of the calculated densities

seem to be shifted towards higher p m values. In order to determine the magnitude of this shift the

3s and 2d momentum densities have been fitted again with a pm-shift added as a free parameter.

The value for r0 has to change in such fits in order to retain the good description of the data at high

pm . As can be seen in table 4.4b it is then indeed possible to obtain a good description of the 3s and

2d data, when a pm-shift of about 13 MeV/c is introduced (see table 4.4b). The introduction of a

pm-shift in fits to the lh and lg densities renders Apm-values that are consistent with 0 MeV/c,

since the description is already excellent. However, as will be shown below it is also possible to

obtain good fits for these distributions with an enforced pm-shift of 13 MeV/c, because the

influence of this shift can be compensated for by a change in r0.

s 10-

k

Figure 43 The pm-shifts introduced in CDWIA calculations to fit the (e.e'p) data

for 2sla knockout from 40Ca and 51V,for 2p3/2 knockout from ^Zr and for 3s and

2d knockout from mPb

In an attempt to find an explanation for the apparent need to introduce a pm-shift parameter to
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bring the calculations in agreement with our data, we also determined the magnitude of the pm-shift

in CDWIA calculations required to fit the (e,e'p) data for 2s1/2 knockout from 40Ca [Kram-87] and

51V [Herd-87] and for 2p3/2 knockout from 90Zr [Herd-87]. The results of this investigation are

plotted in figure 4.3. They display a linear dependence of the pm-shift on Z.

The shift might be due to imperfections in either the calculation of the proton distortion or in

the electron distortion, or in both. Therefore it will be investigated how these distortions should be

adjusted in order to describe the data.

Modification of the proton distortion

Assuming that the pm-shift is due to an incorrect treatment of the proton-distortion part in the

calculation one might first consider the fact, that the solutions of the Schrodinger equation for the

bound state and the solutions for the scattering state are not orthogonal. Boffi et al. [BofC-82] have

shown, that this changes the calculated cross sections for the case of 16O by only 0.01 %.

Moreover, we do not expect it to be a Z-dependent effect.

As a next step we have investigated the shift by changing the optical-model parameters

employed in the description of the proton distortion (see section 2.3.1). We found that either a

rather drastic 30% reduction of the Coulomb field of the residual nucleus, as seen by the outgoing

proton or a very large increase of the radius of the real part of the optical potential from 1.22 to

1.60 fm is required to explain the large pm-shift. Both changes of the optical potential destroy the

good DWB A description of the proton scattering data completely and are therefore not allowed

within the present theoretical framework (see section 2.3). The choice of these different

optical-model parameters would affect the outgoing proton momentum which will shift the

theoretical distribution pnij(pm) accordingly along the pm-axis by a more or less constant

(independent of pm) amount. As is shown in table 4.5a the inclusion of an ad-hoc p-shift of Ap =

13 MeV/c, which is the weighted average of the pm-shifts observed for the 3s and 2d orbits (see

table 4.4b), yields a good description of all five experimental momentum distributions. The fits

obtained with this Ap are very similar to the fits shown in figure 4.4, which are obtained with the

electron distortion part of the calculation modified (see below). It is also possible to shift the

calculations with other parameters in the optical model such as well depths and other radii (see
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section 2.3.1), but the shape description of the data gets unacceptably worse (i.e. the maximum in

P3sl/2 a t Pm = 2 2 ° MeV/c vanishes).

Table 45 The same quantities as listed in table 4.4a, but with modified CDWIA

calculations, a) The proton-distortion part is modified with a shift of Ap = 13 MeVlc.

b) The electron-distortion part is modified by choosing £ = 0.5 instead of 15.

nlj

3s1 / 2

2d5/2

ig7 / 2

a) Ap=13MeV/c

S np r0 %2ldi.

[%} [fm]

1.11( 3) 55.4(17) 1.199(9) 1.1

2.53( 7) 63.2( 7) 1.205(7) 1.4

7.81(16) 65.1(13) 1.136(4) 1.1

3.23( 7) 53.8(12) 1.166(6) 1.2

2.28( 9) 28.5(12) 1.132(6) 0.7

b) £=0.5

S ne r0 x2/d.f-

[%] [fm]

0 .98(3 ) 48.8(16) 1.250(11)1.2

2 . 3 1 ( 6 ) 57.6(16) 1 .226(8)1 .4

6.85(18) 57.1(15) 1 .160(6)1 .5

2 . 9 3 ( 7 ) 48.9(12) 1 .186(7)1 .5

2.06( 9) 25.8(11) 1.146( 8)0.7

If one introduces an additional real surface term in the optical model similar in shape to the

already included imaginary surface term (see section 2.3) the (p,p) data can be fitted again with an

enforced real surface term as large as 12.5 MeV, hardly changing the Woods-Saxon shape for the

real part of the potential. Therefore no improvement is obtained in the description of the

experimental (e,e'p) momentum distributions, when using this modified optical-model potential.

Before drawing definite conclusions about the discrepancy between the optical-model parameters to

be used in (p,p) and (e,e'p) experiments, one should first consider other possible causes for the

observed pm-shift.

Modification of the electron distortion

The observed pm-shift might also be due to a deficiency in the description of the electron

distortion (see section 2.3.2). However, to fully bring the calculation in accordance with the data, it

requires the rather drastic assumption that the enhancement of the electron momenta, Ak = £Za/Rc,
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in the Coulomb field of the nucleus is not equal to the standard value with 11, = 1.5 (see formula

[2.7]), but with C, = 0.5*. This "solution" gives a dependence on Z and it affects q. Therefore it

renders a pm-dependent shift of the calculated pn]j(pm). The electron distortion modified CDWIA

calculation fits are shown in figure 4.4. One observes a considerable improvement of the fits to the

3s and 2d data comparable to the improvement obtained with the modified proton distortion

discussed above. The numerical results of these fits are given in table 4.5b. The description of the

lh and lg distributions remains very good, since the influence of the shift for these distributions is

compensated for by a correlated change of the radius. This compensation does not work as well

for the 3s and 2d densities, since these densities have more than one maximum.

Effect of the modifications, when a Hartree-Fock bound-state wave Junction is used.

In an attempt to determine, whether the proton or electron distortion part in the CDWIA

calculations should be modified, fits were also performed for the 3s 1/2 transitions (where the effect

is most prominent) but now using a bound-state wave function calculated in a density-dependent

Hartree-Fock field (DDHF) employing the Dl -force of [DecG-80]. In this way there is only one

free parameter, the spectroscopic factor. As can be seen in table 4.6 a good fit to the 3s1/2 data is

then obtained for either modification. Hence this comparison renders no indication to discriminate

between the modifications of £ or p.

Table 4.6 3s knockout strength deduced front fits to the (e,e'p)

data with standard and modified (see text) CDWIA calculations

employing a DDHF bound-state wave function.

type

standard

C = 0.5

Ap=13MeV/c

S n x2' d-f.

0.75(2) 37.4(12) 3.0

1.00(2) 49.8(9) 1.2

1.00(2) 50.2(9) 1.1

'Note, that this modification of the electron distortion implies an ad-hoc change of a parameter, which is not
allowed in a consistent calculation of the Coulomb distortion.
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Figure 44 The plotted data are identical to those shown in figure 4.2. The drawn

curves are CDWIA calculations in which the electron distortion part is modified (an

enhancement of only 0.5 Za I Rc, see text). As indicated in the text the fits shown

are quite similar to those, in which the proton distortion part of the CDWIA

calculation is modified.
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Effect of the modifications on the determined radii of the bound-state wave functions.

Another attempt to discriminate between the two modifications concerns the radii of the

bound-state wave functions, because the radii of the bound-state wave functions obtained with the

standard CDWIA description (see table 4.4a) and with the modified calculations (see table 4.5)

differ considerably. For this purpose table 4.7 presents a comparison between the rms radii for the

proton orbits in lead obtained with the (e,e'p) reaction study on 208Pb, with a sub-Coulomb (t,a)

proton pick-up experiment study on 208Pb [WooC-82] and with a (d,x) experiment on 206Pb

[RadP-87]. Also listed are the results of mean-field calculations using the density-matrix expansion

(DME, [NegV-72]) and of a density-dependent Hartree-Fock calculation (DDHF) employing the

Dl-force of [DecG-80]. Without any modifications of the CDWIA calculations, the experimentally

determined radii for the surface-peaked 1/ orbits are in perfect agreement with the theoretical

predictions and with other experiments. Even for the 2d orbits, where the shape description is not

very good, there exists a reasonable consistency with the standard description, but there appears a

discrepancy up to 10%, when either £ or p are modified.

The fact that - in spite of the problems with the shape description at low p m - the rms radii

determined with the (e,e'p) probe are at the 1% level consistent with the theoretical predictions and

other experimentally deduced values, indicates that the (e.e'p) probe is also for these orbits a

powerful tool to determine radii. This is due to the fact that the rms radii derived from the present

data are mainly determined by the fall-off at high p m and are less sensitive for the region at lower

pm , where the shape description is not satisfactory.

For the 3s1/2 orbit the deduced radius, using the standard description, is 3 to 5% smaller than

the HF predictions and the (t,a) and (d,t) results. This is due to the fact that, for this orbit, the rms

radius is mainly determined by the slope of the momentum distribution after the first maximum at

low pm , where the shape description is rather poor. Hence we must conclude, that within the

present theoretical framework it is not possible to determine with the (e,e'p) reaction an accurate

rms radius for the 3s1/2 orbit in heavy nuclei. This limitation and the aforementioned problems with

the description of the 2d and 3s data at low pm might be due to the inability of the present formalism

to describe knockout of protons from orbits, of which the wave functions are large inside the

nucleus.
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Table 4.7 RMS radii for proton orbits determined with the (e,e'p) reaction, with a

sub-Coulomb (t,a) proton pickup experiment [WooC-82] and with the (d,x) reaction

[RadP-87] are listed together with results from DME [NegV-72] and DDHF

[DecG-80] calculations.

nlj

3sl/2

2d3/2
lhll/2

2d5/2

^7/2

^9/2
2Pl/2
2P3/2

" * 2

lf7/2

2siy2

RMS-Radii [fm] a

This work: 208Pb(e.e'D)b

standard

5.22(5)

5.47(4)

6.09(3)

5.39(3)

5.56(5)

(5.74) c

(5.23) c

(5.37)c

C=0.5

5.32(3)

5.33(3)

5.67(3)

5.24(2)

5.23(3)

(4.8)e

(4.8) c

(4.3) c

Ap=13 MeV/c

5.18(3)

5.26(3)

5.56(2)

5.17(2)

5.17(3)

208Pb(t,a)

5.36(10)

5.45(10)

6.04(10)

5.44(10)

206Pb(d,x)

5.37

5.51

6.06

5.45

208pb

DME

5.47

5.56

6.09

5.52

5.60

5.74

5.00

5.00

5.23

5.37

4.47

206pb

DDHF

5.36

5.46

6.09

5.44

a All experimentally determined radii have been transformed from relative particle-core coordinates to
laboratory coordinates by multiplication with ((A-l)/A)1/2. The DME and DDHF rms values were
already given in the laboratory system.

b The uncertainty in the rms radii due to the final-state interaction is less than 0.1%.
c These values have been estimated from the DME values and are used for the /-decomposition (see

section 4.3), i.e. for the IX orbits the rms D M E is multiplied by 0.96 as observed for the (measured)
radii of the 2d orbits and for the 1/ orbits the DME rms value is used, which is in agreement with
the measured radii of the lg and lh orbits.

Beyond the standard (e,e'p) formalism

As a next step we will check whether it is possible to improve the theoretical description of

the data with some recently suggested modifications of the (e.e'p) formalism (see chapter 2).

Because the standard CDW1A description of the 3s1 /2 and the 2d densities is mainly deficient

at low p m , i.e. at high q (see figure 4.2 and table 4.4), we investigated the influence of an

enhancement of the transverse over the longitudinal part of the electron-proton cross section as was

recently observed in (e,e'p) experiments on 12C and 6Li by Van der Steenhoven ct al. [SteB-86,
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SteB-87]. Including the ratio of the longitudinal over transverse response as an additional free

parameter in the fit to the 3s1 /2 data hardly improves the discrepancy between the theoretical

prediction for the shape of the momentum distribution and the experimental data. Other

modifications of the response function such as a modification of the nucleon form factors in the

nuclear medium are also unable to improve the description.. This has been checked for form factors

calculated in the relativistic soliton model as suggested by Celenza, Rosenthal and Shakin

[CelR-84] and for the a-co model [SerW-85], in which the vector and scalar potentials were

calculated in the local-density approximation by Noble [Nobl-79].

At present there is to our knowledge no theoretical explanation available for the difference

observed between the CDWIA prediction and the experimental data.

4.2.1 Spectroscopic Factors

For the determination of spectroscopic factors from experimentally determined momentum

distributions one needs theoretical densities, that give an accurate description of the data. As has

been shown in the preceding section this is the case for the lg and lh densities calculated in the

CDWIA. However for the 3s and 2d data this prescription renders a considerable undershoot of the

observed maxima. A good description can only be obtained, when modifications are applied to the

CDWIA calculations.

The spectroscopic strength deduced with these modified calculations is for the two 2d orbits

considerably larger than the strength obtained with the standard description. The modified electron

distortion increases the spectroscopic strength by a factor 1.27 and the modified proton distortion

even by a factor 1.39 (see table 4.4 and 4.5). The increase is partly due to the improved description

of the maxima and partly due to the considerable decrease of the rms radius relative to the value,

that is consistent with the aforementioned theoretical predictions as well as with experimental

results from other sources (see table 4.7). Therefore we considered it reasonable to correct the thus

found experimental spectroscopic strength such that at least the important quantity r0 is brought in

agreement with the theoretical prediction (see table 4.7). Since the correlation between r0 and S can

be calculated as [AS IS] I [ArQ I r j = -2.1, a correction can be applied to the deduced spectroscopic
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strength to account for this radius change. Applying this correction to the spectroscopic factors

obtained with either a modified p or a modified £, one obtains practically the same value. The error

in the deduced 2d spectroscopic strengths has been increased to account for the small difference

between the two results, i.e. 0.9%. These final values given in table 4.8 are a factor 0.91 smaller

than the values obtained with a modified £.

The rms radius found for the 3s1/2-orbit, with the modified £ (= 0.5), is consistent with the

rms radius deduced from other sources (see table 4.7). Furthermore the spectroscopic strength

observed when using this modified £ (see table 4.5a) is consistent with the strength observed,

when a DDHF bound-state wave function is employed in the calculation with either a modified p or

C, (see table 4.6). Therefore this value for the spectroscopic strength has been taken as the final

result for the 3s1/2 orbit.

The thus specified spectroscopic strengths, represented as fractions of the sum-rule limit, are

given in table 4.8 together with the r0 values used in the different analyses. Also listed are the

corresponding results from a number of hadronic experiments.

Within the present theoretical framework the fraction of the sum-rule limit foui with the

(e,e'p) reaction for the four valence orbits in the first four transitions amounts to about 50% of the

sum-rule limit for each orbit. This fraction is considerably smaller than the 70 to 80%, which is

expected on theoretical grounds for orbits near the Fermi surface [PanP-84, JamM-85]. The highest

lying deep-hole state at 3.47 MeV exhausts even only about 20% of the sum-rule limit for the lg7/2

orbit, but this is probably due to a fragmentation of the lg7 / 2 strength into a number of states at

higher excitation energies. This strong fragmentation is expected for such deeper-lying orbits (see

also section 4.3).

Comparison with results obtained with hadronic probes

According to the results listed in table 4.8 the occupation numbers (n) determined with the

(e,e'p) reaction are roughly a factor of 2 smaller than the values obtained with hadronic reactions.

However, there is a considerable spread among the latter values, which can not solely be explained

by the use of different values for r0. Furthermore it is apparent from the related literature [e.g.

RadP-87], that there is an appreciable overall uncertainty (about 30%) in the absolute normalization
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of the hadronic results. The (t,a) experiments [WooC-82, HinM-66, FlyH-77] are even explicitly

normalized to render spectroscopic factors close to the sum-rule values.

Table 4.8 The fraction of the sum-rule limit (n = S I [2j+l] ) residing in the

strength found in the first five proton-hole states in 207Tl studied with the (e,e'p),

the (d,3He) and the (t,a) reactions.

nlj

3*1/2
2d3/2
l h l l /2

2d5/2

^7/2

ro[fm]

[MeV]

0.0
0.35

1.35

1.67

3.47

n*

[%]

(e,e'p)
present work

48.8(49)
52.7(42)

42.3(36)

44.5(34)

19.4(24)

varying

see table 4.7

(d,3He) (d,3He)
[LanG-84] [RoyA-70

90

95
64

87
44

1.25"

for all nlj

95

85

101

70

20

1.286

n
l%]

(MX) (MX)
I [HinM-66] [BarF-70]

100

90

96

70

1.3

for all nlj for all nlj

95

115

89

62

40

constant

not specified

(MX)
lFlyH-77]

63

109

61

52

80

1.25

for all nlj

(MX)
[WooC-82]

97

96

86

77

varying

see table 4.7

' The indicated errors include both the statistical errors and the systematical uncertainties. The latter errors

are discussed in the text.

^ In [LanG-87] the (d,3He) data were partly reanalyzed using rQ= 1.225 fin, which increases n by 15 to 20%.

It is even difficult to compare in a relative sense the present results with the ones deduced by

most of the hadronic experiments, since contrary to what has been deduced from the present work

and predicted on theoretical grounds - namely that different r0 values should be used for different

states -, the hadronic data have been analyzed with the same r0 for all states. In this respect it is

interesting to note, that Grabmayr et al. [GraM-87] analyzing 2O8Pb(d,3He) data with the same rms

radii as [WooC-82] - therefore also consistent with the radii deduced in the present experiment -

obtained for the valence orbits spectroscopic factors that exhaust only about 54% of the sum rule

instead of the 100% obtained with a fixed r0 (= 1.22 fm).
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Searching for possibly remaining valence-hole strength and for deep-hole strength we will

determine in the following section for each angular momentum the amount of knockout hole

strength in the continuum region covered by the present experiment (up to Ex = 25 MeV).

4.3 Deep-Hole States in 2 0 7Tl.

In order to determine the spectroscopic strength residing in the deep-hole states and the

possibly remaining valence-hole strength the proton spectral function of 208Pb measured with the

(e,e'p) reaction has been divided in momentum distribution slices, p(Pm)Em' e a c n covering an

excitation-energy region of 0.5 MeV. This is illustrated in figure 4.5, which shows the

three-dimensional spectral function. In an /-decomposition method one fits each p(pm)Em with a

sum of calculated momentum densities.

For each transition of multipolarity / the momentum distribution was calculated using the r0

value deduced from fits to the corresponding discrete transitions. For deeper-lying orbits, for

which there is no corresponding discrete transition in the spectrum, r0 was chosen such as to

reproduce the DME value for the rms radius (see table 4.7). Furthermore we assumed that the

momentum distributions of the 2p and 2s transitions will exhibit the same shifts along the pm-axis

as observed for the 2d and 3s transitions. Hence we described these transitions with C, modified

CDWIA calculations, choosing - like observed for the 2d and 3s transitions (see section 4.2.1) - a

4% smaller rms radius than the DME value. Consequently the earlier determined correction factor

0.91 for the 2d orbit was also applied to the 2p spectroscopic factors. The 2s strength was - like the

3s strength - not corrected for the radius change (see section 4.2.1).

To limit the number of CDWIA calculations the momentum densities for each binding energy

(Em), beam energy (e) and rms radius (as given in table 4.7), have been calculated by inter- and

extrapolation. For this purpose we calculated for each nlj - combination (up to 2s]/2) eight

momentum densities covering any combination for (Em, e, r0) from Em = 8.018 and 25.0 MeV, e

= 412.3 and 266.8 MeV and r0 = 1.15 and 1.30 fm. We have checked for a number of cases, that

this linear-interpolation procedure is adequate to reproduce the CDWIA calculation of the

distributions in each slice with an accuracy better than 1%.

The (e.e'p) reaction is hardly j-sensitive, since the calculated momentum densities for two
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spin-orbit partners are very similar. Therefore only one of the two can be included in the fitting

procedure. A transition energy has to be chosen, where the j = / - 1/2 strength vanishes and the j = /

+ 1/2 strength appears. For j = / - 1/2 to j = / +1/2 states the transition energy was chosen such,

208Pb(e,e'p) 207T1

2s1/2

10

20

^ t f v '

Figure 45 A three-dimensional plot of the proton spectral function of
20^Pb measured with the (e,e'p) reaction. The Ex-bin size chosen for the

l-decomposition is OS MeV (see text).
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that the ratio of spectroscopic strength found for the two spin-orbit partners is the same as the ratio

of the respective sum-rule limits (i.e. [/ + 1] / / ) . The total strength for each /-value is hardly

sensitive to the choice of the particular transition energy. For the 2p orbit the strength changes by

6%, when one uses only p(pm)2P3/2 instead of both 2p1/2 and 2p3/2 in the /-decomposition. For the

If and lg orbits the effect is less than 1% and for the 2d orbit the choice (2d3/2,2d5/2) is obvious,

since the spin-orbit partners are well separated. The rms radius was kept constant for all Em values

and therefore the corresponding r0 varied slowly with Em. Keeping instead the r0 value constant

hardly changes the obtained results, since the strength is always constrained to relatively limited

Em-regions, in which the corresponding r0 values change very little and moreover - unlike the

spectroscopic factors deduced with hadronic probes - the spectroscopic factors derived from the

present (e,e'p) work are not very sensitive to changes in r0.

As a first step fits to each p(Pm)em were performed with an incoherent sum of distributions

calculated for the 3s, 2d, lh, lg, 2p, If and 2s transitions in the region from Ex = 0 up to 25 MeV

to locate the main fragments. As a next step only those densities containing strength significantly

different from zero were considered in the sum for each interval. In figure 4.6 the /-decomposition

results are plotted for the 3s, 2d, lh, lg, 2p, If and 2s strength. For the lh and 3s transitions the

strength is also plotted in the excitation-energy region, where there was no significant strength

observed in the first step. This is done in order to demonstrate, that - apart from the well known

discrete transition - there is indeed no additional strength present The results for the other orbits,

i.e. 2d, lg, 2p and If, are obtained with the 3s and lh strengths restricted to 2 MeV intervals

around the respective peaks. The drawn curves are used to estimate the strength still located outside

the considered intervals. This will be further discussed at the end of this chapter.

The fraction of the sum-rule limit found below Ex=25 MeV is listed for every transition in

table 4.9 together with the average binding energy <EB> (Eg = - [Ex + E^J = - [Ex + 8.018 MeV])

and the width of the strength distribution r (= o V(81n2». Also listed are the corresponding results

from a (d,3He) experiment [LanG-84], which covered an excitation energy region up to 14 MeV.

The theoretical predictions for the quantities under consideration are by Van Giai and Van Thieu

[VanV-87], who coupled single-particle HF-states, calculated with the Skyrme III effective force,

to the collective excitations of the core, and by Poppelier and Glaudemans [PopG-87], who
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Figure 4.6 Results of the l-decomposition of the proton spectral function of 208Pb

in an excitation energy region from 0 to 25 MeV showing the spectroscopic strength

in each bin as fraction (n() of the sum-rule limit that is exhausted by the valence

l-components (left) and by some deeper-lying l-components (right). The shown

curves are calculated according to formula (4.4J and used to estimate the strength

located outside the covered interval. The dashed lines separate excitation energy

regions where different orbits were employed in the fit.
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Table 4.9 The fraction of the sum-rule limit (n) -the total strength is indicated with a bold

number-, average binding energy (<EB>) and width (F) of the spectroscopic strength as deduced

in the present experiment from the 208Pb proton spectral function with the l-decomposition method

for excitation energies up to 25 MeV. Results deduced from a (d,3He) experiment and from a

modified Hartree-Fock [VanV-87] and a shell-model [PopG-87] calculation are listed for

comparison. The last column contains HF binding energies (EB) calculated with DME [NegV-72].

nlj

present work

<nB>
|McV|

Valence orbits

3 S | , ,

- d 5 ,2

"•11,2

•8.02

-8.37

-9.69

-10.5(5)

-9.37

-9.9(5)

Deeper-lying orbits

'87,2

'S»I

is

V

If

-11.49

•12.2(5)

•16.6(5)

•14.7(5)

-19.4(5)

-25.1(5)

<-29.9(5)

n

'.%]

48.8(49)

52.7(42)

44.5(34)

56.5(44)

42.3(36)

47.6(76)

19.4(24)

50.2(53)

53.7(67)

52.1(56)

56.6(36)

70.2(1(7)

?35.5(39)

r"
|MeV|

-

3.7(5)

4.0(9)

1.8(5)

4.1(5)

6.0(5)

7.9(5)

9.4(9)

>4.6(5)

<EB>

IM.-V

•8.02

•8.37

•9.69

-11.1

-9.35

-10.8

-11.49

-11.9

-18.0

<-18.27

<d.3He)a

n

1*1

90

95

58

91

64

92

45

89

110

>70

r"
|MeV|

5.1

5.8

1.25

5.0

>5.9

modified HF b

<EB>

IMcV]

-7.44

-8.49

•9.49

-10.15

•9.52

-9.85

-13.17

-13.44

•17.44

n

m

90

95

72

91

80

96

50

95

92

r"
IMeVl

3.52

2.42

2.24

3.15

Shell model0

<EB>

IMeVl

-8.02

-8.32

-8.20

-8.35

-9.71

-9.9

-9.35

•9.5

n

\%\

91

97

93

96

85

91

84

90

r"
IMeV]

2.9

2.0

2.2

1.4

DMEd

E B

|MeV|

-9.65

-10.65

-12.57

-9.99

-15.34

-19.80

-17.8

-22.4

-28.0

-32.9

The indicated errors include statistical and systematical errors added quadratically.

' The symbols "<" and ">" indicate that there is significant strength located outside the considered interval, i.e.

Ex>14 MeV for (d,3He) and Ex>25 MeV for (e,e'p). Hence <EB>, n and r are only lower limits.

* t The symbol"-" indicates that n and <EB> correspond to a single peak,

a [LanG-84], b [VanV-87], d [NegV-72].

c [PopG-87] predicted for each subshell the strength in the 10 hole states closest to the Fermi surface. These

predictions have been used to calculate <EB> and r.
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performed lp-lh shell-model calculations. For the deeper-lying orbits we can only compare our

results for the average binding energy with those of a Hartree-Fock calculation [NegV-72], in

which the density-matrix expansion is used.

We will now discuss on the basis of the results given in table 4.9 the presently determined

fragmentations, the average binding energies, spreading widths and spectroscopic factors in

comparison with other experimental results and theoretical predictions.

Fragmentation

The absolute strength observed in this (e.e'p) experiment is considerably smaller than the

strength observed with the (d,3He) reaction and the two theoretical predictions. As discussed in

section 4.2.1 the difference between the (e,e'p) and (d,3He) results is probably due to the

(arbitrary) choice of r0 in the transfer experiments. The deviation from the two theoretical

predictions [VanV-87, PopG-87] is partly due to the fact that they do not include depletions due to

short- and long-range t relations (see section 2.2). The lp-lh shell-model calculation for the

doubly-closed shell nucleus 208Pb is bound to find a 100% occupation for all orbits although it may

lead to a fragmentation of strength (note that the total strength listed in table 4.9 includes only the

lowest 10 fragments). The calculation by Van Giai and Van Thieu is also mainly intended to

calculate fragmentation of the strength rather than the absolute strength, because their model starts

with completely occupied shells, which are then modified due to surface effects. Therefore,

although the present results disagree as far as the absolute strength is concerned, it is worthwhile

to compare the fragmentation of strength derived in the present work with the fragmentation found

by the other.

In the present (e,e'p) experiment the 3s1/2 and 2d3/2 valence-hole strength is concentrated in

only one peak, which is consistent with the hadronic results and the theoretical predictions listed in

table 4.9. For the 2d5/2 orbital there is, apart from the main peak at Ex = 1.67 MeV, also a fragment

( 28±4% of the main peak ) observed at 4.75 MeV ( see figure 4.6 ). This fragmentation is in

perfect agreement with the 26% predicted by the modified HF calculation [VanV-87]. The results of

the latter calculation for the strength found in the various /-components is represented graphically in

53



figure 4.7. The 2d5/2 fragmentation deduced in the present (e,e'p) experiment is considerably

smaller than that observed in the (d,3He) experiment [LanG-84], which finds in the fragment 57%

of the strength found in the main peak. For the lh j 1 / 2 states we observe fragmented strength,

which amounts to 13(16)% of the main peak. This fragmentation is consistent with the small lp-lh

shell-model prediction (7%) as well as with the 20% fragmentation predicted by [VanV-87]. Again

the fragmentation observed in the (d,3He) experiment is considerably larger and amounts to 44%.

The explanation for the additional fragmented strength observed for the 2d and lh orbits in the

(d,3He) experiment [LanG-84] might be due to an underestimation of the background to be

subtracted from the measured strength in the continuum region.

208Pb

lg7/2

En,[MeV]

Figure 4.7 Results of the modified Hartree-Fock calculations by Van Giai and Van

Thieu [VanV-87] for the strength found in the various l-components in the proton

spectral function of 208Pb.

We will now discuss the results for the deeper-lying orbits. It is not possible with (e.e'p)

experiments to differentiate between lg7 / 2 and lg9 / 2 transitions. Therefore the ratio between the
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strengths found for these two transitions has been chosen to be 0.8, conform the sum-rule

expectation value. One can thus compare the strength found in the first discrete lg7/2 transition at

3.47 MeV to the total observed lg strength. This renders a fair agreement between the present

(e,e'p) experiment (16(3)%) and the (d,3He) result (20%). The experimentally observed structure

in the distribution of the lg7 / 2 strength is qualitatively reproduced in the modified-HF calculation

(see figure 4.6 and 4.7), but the strength concentrated in the highest peak (24% of the total lg

strength) is overestimated.

The still deeper-lying 2p, If and 2s proton-hole states display a broad structure without any

pronounced peak and the width increases with increasing binding energy. To our knowledge there

are no theoretical calculations available for the strength distributions of these orbits.

The predictive power of the modified-HF calculation by Van Giai and Van Thieu for the

fragmentation of the valence strength is quite good, but becomes less accurate for deeper-lying

orbits. The shell-model calculation predicts that a small part (3 to 6%) of the fragmentation of all

strength is so much spread out, that it would be difficult to determine it from the present data set.

However, the considerable fragmentation of the 2d5/2 strength observed in the present experiment

is not predicted by the shell-model calculation even when those calculations are extended to include

2p-2h contributions [PopG-87].

Average Binding energies.

When one compares the measured average binding energies of the various orbits with the

binding energies obtained in a mean-field calculation using the density-matrix expansion [NegV-72]

(see table 4.9), one observes a good description of the energy difference between different

(sub)shells and the spin-orbit splitting. However as can be seen in figure 4.8 the absolute scale is

shifted by AEB (= |EB
HF - <EB>(e e. J ). This difference can be interpreted as a measure of the

dynamical corrections such as due to polarization and correlation effects, which should be added to

the HF-field to obtain the total real part of the mean field felt by the nucleon in the nucleus. To

demonstrate this we have plotted in figure 4.8 also the prediction by Mahaux and Ngo [MahN-84],

who used a dispersion-relation approach to calculate the polarization and correlation effects. This

parameter free description describes the trend in the data reasonably well. It supports the very
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general dispersion-relation approach, which makes it possible to predict binding energies with an

accuracy of better than 1 MeV for the (sub)shells in 2O8Pb.

-25 -20 -15 -10

E B
H F [MeV] =>

-5

Figure 4A Difference between the measured average binding energy, <EB>, and

the corresponding HF prediction [NegV-72], E^F,for the valence and deeper-lying

orbits in 208Pb plotted as a function ofE^^. The drawn curve is a prediction for

this difference using a dispersion-relation approach [MahN-84].

Spreading Widths.

In figure 4.9a the experimentally determined spreading widths (T) for the deep-hole states in

2O7T1 given in table 4.9 are plotted as a function of the average binding energy relative to the Fermi

energy (EF). For low binding energies T is proportional [BerB-83] to the energy squared:

r = a(EB-EF)2 [4.1].

This dependence is expected for an infinite Fermi gas near the Fermi surface, where the width is

due to a damping mechanism in which the simple excitations mix with surface vibrations. The

empirical value for a of 0.05 has been deduced for low excitation energies from a number of

transfer-reaction data [BerB-83]. The full curve in figure 4.9a corresponds to this empirical value.

Brown and Rho [BroR-81] used for T the parametrization:

T = (24 MeV) (EB-Ep)2 / f (500 MeV2) + (EB-EF)2 ] [4.2]

to fit the single particle widths in medium light nuclei (A<58), which for low binding energy is
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equivalent to formula [4.1]. As can be seen in figure 4.9a this prescription (dashed curve) gives a

fair description of the experimentally observed widths, which implies that this parametrization also

holds for heavy nuclei.

10

10 20
|EB-EF| [MeV] =

5 -

1- - 1

b

-

lg9/2.

- ig7/2/ y

2 p /

I /

/

''' If

208Pb -

-

J

10 20 30

[MeV]

Figure 4.9 a) The experimentally observed spreading widths F are plotted as a

Junction of/EB-Ep/ together with empirical prescriptions according to formula [4.1)

(full curve) and according to formula [4.2] (dashed curve).

b) The widths, which are transformed to <W> (see formula [4.3]), are

compared with results from nuclear-matter calculations with 0.5pNM (dotted curve)

and with pNM (dashed curve) and with (p,p) results (full curve).

One can also connect T, through the uncertainty principle of Heisenberg, to the imaginary

part of the optical potential, which is used for the description of the particle states [JeuL-76]:

T = 2 < W > [4.3]

In figure 4.9b the results of infinite nuclear-matter calculations for <W> by Jeukenne,

Lejeune and Mahaux [JeuL-76] are drawn for a nucleon density equal to the density of infinite

nuclear-matter (dashed curve) and to half this density (dotted curve). The extrapolation of these

calculations to EB = EF has been carried out according to the suggestions by Bertsch, Bortignon

and Broglia [BerB-83]. The data can be described quite well when one assumes, that the average

density seen by the protons in the lg7/2, lg9/2, 2p and If orbits lies between these two curves

57



(0.75(6) times the infinite nuclear-matter density pN M) .

Since W is expected to be symmetrical around the Fermi energy for |EB - EF | < 30 MeV

[MahB-85] one can also deduce <W> and therewith F from (p,p) scattering data. Mahaux et al.

have derived <W> in this way. Their result renders a good description of the widths without any

free parameters (see figure 4.9b; full curve).

Occupation numbers.

The empirical parametrization for T ([BroR-81], formula 4.2) can be used to estimate the

amount of strength outside the intervals (see table 4.9) covered in the present experiment by fitting

the energy distribution of the deep-hole states with :

(E-Ej)2

S(E) = H e " ( " r [4.4]

(24 MeV) (E - EF)2

(8 In 2)m [ (500 MeV2) + (E - EF)2 ]

H is the height of the strength distribution

E; is the position of the peak maximum.

The curves obtained from fits employing formula [4.4] have been drawn in figure 4.6. For

the lg9/2, 2p and If orbits 12% of the total strength is located outside the integration interval. For

the 2s there is probably still 53% of the total strength to be found beyond an excitation energy of 25

MeV. In figure 4.10 the fractions of the sum rule found after correction for the unobserved strength

are plotted for the various orbits. The strength observed for the orbits near the Fermi surface

exhausts about 50% of the sum-rule limit. For the deeper-lying orbits we find about 75% of the

sum-rule limit.

The occupation of the orbits near the Fermi surface can be parameterized according to

[PanP-84] as:

n(EB) = 0.6 - p x In(x) [4.5]

P - aE 0 / it, x - |EB - EF| / Eo, Eo - 40 MeV, EF - -6.7 MeV

a is the same proportionality constant as used in formula [4.1]
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20

10

0

~r
If

n(E) = nNM(E) + 5nRPA(E) .

lhn/2

208Pb(e,e'p) 207T1

-30 -25 -20 -15

EB [MeV] =
-10 -5 0

Figure 4.10 Fraction of the sum-rule limit observed in the present (e,e'p)

experiment for various orbits in 208Pb. The lg9/2, 2p, If and 2s occupations have

been corrected for unobserved strength assuming that the shape of the fragmented

strength can be described with formula [4.4]. The full curve is the prediction of

reference [PanP-84] and the dashed curve is scaled relative to the full curve with y=

0.79 to fit the data.

These authors have used this parametrization to fit their theoretical occupation numbers,

which were calculated taking into account short- and long-range correlations as well as surface

oscillations according to Dechargg and Gogny [DecG-80], i.e. n(E) = nNM(E) + 8nRpA(E). They

obtained a good fit with p = 0.5, which corresponds to a = 0.04. This value is somewhat smaller

than the empirical value 0.05 [BerB-83] discussed above (see formula [4.1]).

If expression [4.5] is fitted to the experimentally determined spectroscopic strengths for the

seven suborbits closest to EF we obtain the value 0.49(8) for p\ which is consistent with the value

obtained by [PanP-84]. However, to obtain a reasonable fit, the occupation at the Fermi energy has

to be reduced to only 44 % instead of 60 %. Hence the dependence on binding energy of the
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occupation numbers near the Fermi surface is described quite well by long-range correlations

combined with surface effects, but the calculated occupation numbers are larger than the measured

values, namely by 16 % (of the total sum rule) at the Fermi energy and by 10% for binding

energies of -30 MeV. If one considers only one overall quenching factor y to the theoretical

prediction n(E) =. [ nNM(E) + 8nRPA(E) ] the comparison between all experimental occupation

numbers with the predicted occupations ([PanP-84], also section 2.2) shows to be y = 0.79(3).

This quenching might indicate, that the effect of short-range correlations is underestimated or

that the theoretical framework employed in the analysis of the (e,e'p) data is not yet perfect and that

the observed strength should be renormalized. However, from this experiment alone no definite

conclusions can be drawn. In chapter 6 we will therefore try to connect the spectroscopic factors

derived in the present experiment by means of two relative (e,e'p) measurements on the pairs

(208Pb, 206Pb) and (206Pb, 205TI) to an absolute (e,e") measurement of the difference in occupation

of the 3s1 / 2 orbit in the isotones 2 0 6Pb and 2 0 5Tl [CavF-82, FroC-83], after which some

conclusions will be drawn in chapter 7.
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5 Single-Particle Properties in 205TI and
Investigated with the (e,e'p) Reaction.

In this chapter the analysis discussed in chapter 4 for 208Pb will also be applied to data

measured on 206Pb and 2O5T1 targets. These data were obtained in two experiments that were

carried out in order to determine the connection between the spectroscopic factors deduced in

(e,e'p) experiments and the occupation numbers (see chapter 6 and [QuiB-86, QuiB-87]). The

kinematics, in which data have been acquired for the experiments described in this chapter and

chapter 6, are summarized in table S.I.

Table 5.1 Kinematical conditions of the present experiment; T =

100 MeV in all cases.

taiget

206pb

208pb

206pb
208pb

206pb
208pb

206pb

205T,
206pb
205T(

206pb
205T,
206pb
205T|

pm-central
[MeV/c]

40
40

120
120
220
220

40
40
40
40

100
100
175
175

e
[MeV]

400.2

401.2

351.4

416.1

420.8

e'
[MeV]

286.0

285.0

239.3

304.5

309.0

ee
[degrees]

70.0

53.4

39.2

67.5

65.5

54.0

40.0

GP target angle
[degrees] [degrees]

41.6

45.0

42.3

43.0

44.0

46.5

47.4

131.0

155.0

160.0

134.4

134.0

149.0

160.0

Since there was only a very limited pm-region covered in these experiments, it was not

possible to deduce accurately rms radii for the various orbits from the available data. Therefore we

assumed that the rms radii were identical to those obtained for 208Pb in chapter 4. This assumption

is supported by HF calculations using the density-matrix expansion (DME, [NegV-72]), which

predict the changes to be smaller than 0. \%. It was also not possible to determine accurately the

modification of £ in the CDWIA calculation as discussed in section 4.2. Here we considered it

reasonable to use the same values as determined for 208Pb. This is supported by the fact that in this
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way a good description of the 3s1/2 momentum densities is obtained, which is not too surprising in

view of the Z-dependence of the modification (see figure 4.3).

We have determined excitation energies and spectroscopic factors for a number of discrete

transitions and compared the deduced values, whenever possible, to the ones reported in the

literature. Furthermore we also performed an /-decomposition of the spectral functions in order to

determine the spreading widths, average binding energies and occupation numbers also for these

isotones. Thus one is able to observe the effects of open neutron and proton shells on these

observables for valence and deeper-lying orbits.

In addition to this new information the assumption [QuiB-86, QuiB-87] (see also chapter 6)

that the 3s1/2 spectroscopic strength is really restricted to a few low-lying discrete transitions can be

checked presently, with CDWIA calculations, up to Ex = 18 MeV (above 18 MeV the identification

of 3s1/2-strength is hampered by the presence of 2s1/2-strength). At the time of the earlier

publications [QuiB-86, QuiB-87] this could only be confirmed with DWIA calculations for the

region up to E x = 5.5 MeV, since the neglect of electron-distortion effects in these calculations

prohibited a separation of 3s and 2p strength.

I
3
o

206Pb(e,e'p) 205T1

200 < pm < 240 MeV/c

0 1 2 3 4 5

Ex[MeV]=>

Figure 5.1 Excitation-energy spectrum of 20STl obtained with the (e,e'p) reaction

atpm * 220 MeVfc showing the knockout of protons leading to final states in 20STl.

Excitation energies and spins known from the literature have been indicated.
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5.1 Discrete Transitions Observed in the 206Pb(e,e'p)20STl Reaction.

In figure 5.1 the excitation-energy spectrum of 20STl obtained with the reaction

206Pb(e,e'p)205Tl is shown for a missing-momentum value of 220 MeV/c. When one compares

this spectrum with the spectrum for 208pb shown in figure 4.1, one observes that the valence-hole

strength, which is restricted to one strong peak for each subshell in 2O7T1, is more fragmented in

Table 52 Excitation energies, ExfkeV], of proton-hole states in 20$Tl known

from the literature in comparison with those determined in the present (e,e'p)

experiment.

j x t

1/2+

3/2+

5/2+

3/2+

1/2+

3/2+

1/2+

11/2'

(3/2+)

5/2+

5/2+

5/2+

(3/2+)

5/2+

( 1/2+, 3/2+)

5/2+

5/2+

<S/r)

11/2"

11/2"

(S/2-)

(1/2+, 3/2+)

5/2+

NDS
[Schm-85]

0

203.75

619.42

1140.75

1218.98

1340.40

1433.79

1484.05

1574.03

1866.4

1951

2002.46

2098.22

2488.48

2623.08

2750.6

(d,T)

[RadP-87]

0

202(5)

618(5)

1139(5)

1217(5)

1340(5)

1435(10)

1486(5)

1579(15)

1844(15)

1949(5)

2035(10)

2098(10)

2434(15)

2498(15)

2607(15)

2756(15)

(t,a)
[FlyH-77]

0

205(5)

614(5)

1138(5)

1222(5)

1341(5)

1436(5)

1491(5)

1859(10)

1953(10)

2044(10)

2112(10)

2420(10)

2482(10)

2588(10)

2714(10)

(t,a)

[HinM-66]

0

200(20)

620(20)

1140(20)

1210(20)

1340(20)

1430(20)

1480(20)

1580(20)

1860(20)

1960(20)

2040(20)

2120(20)

2430(20)

2490(20)

2600(20)

2740(20)

(e,e'p)

present work

0

203(6)

616(13)

1151(10)

1208(10)

1334(11)

1420(16)

1479(7)

2458(20)

2573(20)

' The spin and parity ass ifnments have been taken from [Schm-85, RadP-87, FlyH-77, HinM-66].
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2O5T1 due to the open neutron shell. This fragmentation will be studied in this section.

>
p

100

100 200

Pm[MeV/c]=>

206Pb(e,ep) 205T1

lhn/2

150 200

pm[MeV/c]:
250

10-' -

0 100 200

Pm[MeV/c]=>

Figure 52 Momentum distributions for 3s, 2d and lh knockout from 206Pb

In spite of the high level density in the residual nucleus ^^Tl the 100 keV missing-energy

resolution allowed the extraction of individual momentum distributions for a number of transitions.

Three 3s fragments were observed in the excitation-energy spectrum of 205Tl (see also sections 6.2

and 6.3), four 2d fragments and three fragments containing lh strength. The observed excitation-
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Table 53 Spectroscopic factors (S;) and fragmentations (ft = S; /ISi [%]) for
206Pb obtained for a number of discrete transitions with the (e.e'p) reaction and the

(d,3He) reaction. Also listed are a number of theoretical predictions.

nlj

3 a 1 / 2

2*3/2

I

2d5/2

lhll/2

[MeV]

0.0

1.208(10)

1.420(16)

0.203( 6)

1.151(10)

1.334(11)

0.616(13)

1.479< 7)

2.458(20)

2.573(20)

(e,e'p)t

present work

Si

0.683(60)

0.136(14)

0.056( 9)

0.875(78)

1.10( 9)

0.52< 5)

0.38( 5)

2.00(16)

0.32(3)

3.58(32)

0.49( 6)

0.84( 8)

4.91(42)

fj

78

16

6

55

26

19

73

10

17

(d,3He) t f

[RadP-87]

Si

1.09(22)

0.18( 5)

0.06( 3)

1.33(30)

1.61

0.74

0.37

2.72

0.38

6.31

0.94

1.37

8.62

fi

82

14

5

59

27

14

73

11

16

Ref.l

Si

1.46

0.30

1.76

2.08

0.40

1.16

3.64

0.60

8.40

Theory

Ref.2

Si

1.48

1.48

2.36

2.36

0.60

Ref.3

Si

1.72

0.08

0.08

1.88

2.64

0.76

0.08

3.48

0.48

9.36

Ref.4

Si

1.27

0.48

0.07

1.82

Ref.l: [AzzC-69], Ref.2: [ZamK-7S], Ref.3: [SilB-81], Ref.4: [PopG-87].

* The errors include both statistical and systematical uncertainties

^ The spectroscopic factors obtained employing the well-depth method (WD). The errors have only

been given explicitly for the 3s strength, but it is staled in [RadP-87], that the uncertainty due to the

bound-state parameters, the peak-fit procedure and the fit to the angular distributions ranges from

17% for the strong transitions to 30% for the weaker ones, to which an overall systematic error of

13% should be added quadratically to account for uncertainties in the target thickness and in the

distortion calculations.
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energy values are listed in table 5.2 as well as the ones obtained with other reactions [Schm-85,

RadP-87, FlyH-77, HinM-66] showing agreement. It was not possible to identify with the (e,e'p)

reaction other transitions than those listed in table 5.2 due to their weakness or, because it was not

possible to separate them from neighbouring states (e.g. near Ex = 2 MeV).

The deduced momentum distributions for the identified states are plotted in figure 5.2. In

these figures the corresponding CDWIA calculations are drawn, which were scaled to fit the data in

order to determine spectroscopic factors. As already mentioned we assumed that the rms radii were

identical to those obtained in chapter 4 for 208Pb. The spectroscopic factors thus obtained for the

individual transitions are listed in table 5.3.

Table 5.3 also presents the spectroscopic factors from a (d,3He) experiment [RadP-87] in

the analysis of which bound-state wave functions were used with rms radii consistent with the ones

determined in the present work (sec table 4.7). As observed also for 208Pb (see chapter 4) the

spectroscopic factors derived in the hadronic experiment are much larger than follows from the

present (e,e'p) measurement. However, the fragmentation of strength (fj), which is also listed in

table 5.3, is in good agreement.

The absolute spectroscopic factors predicted by the various theories, which take into account

the effect of configuration mixing, display only a very small overall depletion. This is obvious for

the lp-lh shell-model calculations because these give by definition a 100% occupation for all orbits

in the 0+ ground state of Pb. The spectroscopic factors for the main fragments deduced with the

(e,e'p) and (d,3He) reaction differ roughly by a factor 1.7. The (d,3He) spectroscopic factors for

the 3s are consistent with the (e.e'p) values after they have been renormalized according to the

results of a calibration experiment, in which a sum-rule approach is applied (see section 6.3). The

effect of a renormalization factor of 1.7 for other orbits than the 3s will be discussed further at the

end of chapter 6.

In the theoretical predictions by Azziz and Covello [AzzC-69] the fragmentation of the

strength is calculated in a core-coupling model assuming the core states of 206Pb to be vibrational.

Zamick, Klemt and Speth [ZamK-75] performed a similar calculation, but they did not constrain the

core states to be vibrational. The shell-model calculation by Silvestre-Brac and Boisson [SilB-81]

has been performed in a basis that contains correlated pairs and the large-scale shell-model
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calculation by Poppelier and Glaudemans [PopG-87] includes lp-lh excitations. In conclusion

whereas the fragmentation observed for the 3s1/2. 2d3/2 and lh11 /2 orbits in the (e,e'p) and (d,3He)

reaction is the same, none of the theoretical calculations is able to predict the observed

fragmentation.

5.2 Discrete Transitions Observed in the 205TI(e,e'p)204Hg Reaction.

The valence-hole strength in the excitation-energy spectrum of 204Hg measured with the

(e,e'p) reaction is shown in figure 5.3. In contrast to what has been found for 2 0 5Tl - a main

fragment, which carries more than 50% of the total strength in each valence orbit (see section 5.1) -

the strength found for 204Hg is divided over a large number of more or less equal fragments. It is

very difficult to identify individual states, because they are numerous and the transitions are rather

weak. The discrete transitions, which are still identifiable, are listed in table 5.4, where they are

compared with experimental excitation energies obtained from inelastic electron-scattering

experiments [Burg-88].
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Figure 53 Excitation-energy spectrum of *°*Hg measured with the reaction
205Tl(e,e'pji04Hg at a missing-momentum value of175 MeVfc.
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Table 5.4 Excitation energies of some proton-hole states in 2®*Hg determined with

the reaction 205Tl(e,e'p)204Hg (present work) and the reaction 204Hg(e,e')

[Burg-88]. Also listed are the spectroscopic factors, which correspond to knockout

from 205Tl to these states. The errors denote both statistical and systematical

uncertainties.

[Burg-88]

Ex[MeV]

3s

0.0
1.637( 7)

2.359( 4)

2.595(12)

2d

0.436( 2)

1.944(10)
3.186(12)

present work

Ex[MeV]

0.0

1.633(13)

2.368(16)

2.621(18)

0.444(23)

1.925(18)

3.180(13)

S

0.200(20)

0.126(15)

0.061( 8)

0.043( 7)

£ 0.430(43)

0.372( 35)

0.958( 93)

1.322(120)

Apart from the four 3s1/2 transitions discussed in [QuiB-87] (see also section 6.2) we could only

identify three states, which were due to 2d knockout. The excitation energies for the seven discrete

transitions ate consistent with the more accurate excitation-energy values determined by Burghardt

[Burg-88] from inelastic (e.e1) experiments. The momentum distributions corresponding to these

discrete transitions are plotted in figure 5.4. The rms radii of the bound-state wave functions

employed in the CDWIA calculations drawn in these figures have again been chosen identical to the

ones observed for 208Pb (see table 4.7). The corresponding spectroscopic factors are listed in table

5.4.

To our knowledge there are no theoretical predictions for the fragmentation of the

proton-hole strength in 204Hg. This is apparently due to the fact that the configuration space needed

to perform shell-model calculations for 2O4Hg becomes prohibitively large.
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Figure 54 Momentum distributions for 3s and 2d protons in 20STl determined

with the (e,e'p) reaction.

5.3 /-Decomposition of the Proton Spectral Functions of 2 MPb and 205TI

Due to the extreme selectivity of the (e,e'p) reaction for /=0 knockout at low p m , we claim

that the 3s strength found in the discrete transitions for 20sTl and 206Pb exhausts all the 3s strength.

This has been discussed in [QuiB-86, QuiB-87] (see also next chapter), where an /-decomposition

was performed for the spectroscopic strength below Ex - 5.5 MeV and a count-subtraction method

69



has been applied to estimate the 3s, /2 strength up to Ex = 15 MeV. At the time of the earlier

publications it was not possible to extend the /-decomposition procedure to higher excitation

energies, because a code, that included the effect of Coulomb distortion on the electrons in the

calculation of the momentum densities was not yet available prohibiting the separation of the 3s1/2

and 2p strengths.

The presently available code to perform CDWIA calculations (see chapter 2 and [GiuP-87])

allows to extend the /-decomposition method to higher excitation energies. Hence we have applied

the /-decomposition method as discussed in section 4.3 for the spectral function of 208Pb also for

the two isotones under consideration. The rms radii of the bound-state wave functions are, like

those used in the previous section for the individual transitions, chosen according to table 4.7. Due

to the lack of information on the high p m behaviour of the spectral function in the data it was not

possible to extract If strength for 206Pb. It was also impossible to separate lh, lg and If strength

for 2 0 5Tl, because these momentum densities have very similar shapes and are therefore not

distinguishable given the limited number of kinematics at which the data for this target have been

collected. However, the other subshells (up to the 2s1/2) could be located.

For the 3s1 /2 orbit a difference in occupation between the three nuclei was observed in the

relative analysis (see [QuiB-86, QuiB-87] and chapter 6). Therefore we searched for additional 3s

strength up to Ex= 18 MeV (above 18 MeV the identification of 3s1/2-strength is hampered by the

presence of 2s1/2-strength). Within the errors (0 ± 3% of the sum rule) no additional 3s1 / 2

spectroscopic strength is observed for 2O5T1,206Pb and 208Pb confirming the assumption made in

[QuiB-86, QuiB-87] (see also next chapter) that all strength is restricted to the low-lying discrete

transitions. The reduced occupation observed in the 3s,/2-orbits of the isotones 205Tl and 206Pb

compared to the occupation in 208Pb is therefore probably not due to additional fragmentation into a

number of small states, but rather due to an (additional) depletion in the non-magic nuclei.

In figure 5.5 the resulting energy distributions for the various /-components are plotted. As

we noticed already in the analysis of the discrete transitions (see sections 5.1 and 5.2), the

fragmentation of the valence-hole strength (i.e. 3s and 2d; see figures 4.6 and 5.5) increases going

away from closed shells. This is due to the increasing number of low-lying levels going from

208Pb to 204Hg. However, for the deeper-lying hole states the spreading widths remain unchanged.
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This indicates that they are, as one expects, not effected by the open-shell effects.
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Figure 5S Results of the l-decomposition of the proton spectral functions of
206Pb and 205Tl in an excitation-energy region from 0 to 25 MeV relative to the

sum-rule limit (n() for valence and deeper-lying l-components. The curves are

calculated according to formula [4.41 and used to estimate the strength located

outside the covered interval (see text). The dashed lines separate excitation energy

regions, where different components were employed in the fitting procedure.
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Table 5S Binding energies, fractions of the sum-rule limit and spreading widths

observed for valence and deeper-lying orbits in 20SPb, 206Pb and 205Tl. The errors

denote both statistical and quadratically added systematic uncertainties. The

systematic uncertainties in n amount to 7% for 21 orbits, 8% for Hand9% for 1=0.

nlj EB

[MeV]

Valence orbits

3sl/2

2d3/2

l h l l /2

2d5/2

-8.02

-8.37

-9.37

-10.5(5)

2O8pb

n

[%]

49(5)

53(4)

42(4)

57(4)

Deeper-lying orbits

is*

2Pt

1ft

2,t

-14.7(5)

-19.4(5)

-25.1(5)

-

57(8)

65(5)

79(10)

72(12)

r
[MeV]

-

-

-

3.7(5)

6.0(5)

7.9(5)

9.4(9)

-

[MeV]

-7.7(5)

-7.9(5)

-9.1(5)

-10.0(5)

-14.1(5)

-18.9(5)

-

-

206pb

n

[%]

44(5)

52(5)

40(4)

56(5)

56(8)

57(6)

-

65(15)

r
[MeV]

1.6(5)

1.5(5)

1.1(5)

3.2(5)

5.3(5)

8.1(5)

-

-

205T,

EB

[MeV]

-7.4(5)

-8.3(5)

-

-10.5(5)

-

-18.7(5)

-

-

n

[%]

43(5)

58(5)

-

57(5)

-

61(7)

-

49(15)

r
[MeV]

2.5(6)

1.4(5)

-

3.0(5)

-

7.4(5)

-

-

' Corrected for strength outside the considered interval (see figure 5.5) according to formula [4.4]. About 12% of the

total lg, 2p and If strength and about 50% of the total 2s strength is involved in this correction.

The binding energies, fractions of the sum-rule limit and spreading widths for 205Tl and

2°6pb deduced with the /-decomposition method, are listed in table 5.5. For completeness the

quantities for 208Pb previously given in chapter 4 (see table 4.9) are also presented. No dramatic

differences between the 3 nuclei involved are observed for these quantities showing that this region

of heavy nuclei is governed by approximately the same mean field for all nuclei under discussion.

Therefore in the next section a comparison of the results for 2O5T1,206Pb and 208Pb with those of

mean-field predictions will be made.
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5.4 Comparison with Mean-Field Predictions.

The binding energies observed for the various orbits in the three nuclei (see table 5.5) are

more or less equal, which is consistent with the HF prediction [NegV-72]. The difference between

the experimental binding energies and this HF prediction is plotted in figure 5.6. Not only for

208Pb (see also figure 4.8), but also for the other nuclei the trend in the difference is reasonably

well described by the predicted difference using a dispersion-relation approach fMahN-84).

Therefore one is able to predict average binding energies of the various shells for nuclei in this

mass region with an accuracy of about 0.5 MeV, when correlation and polarization corrections are

added to the Hartree-Fock prediction (see section 4.3).

tr
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i

u-
X
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<J> 208Pb

+ 206Pb -

* 205J1

-30 -5

EB
HF [MeV]

Figure 5.6 Difference between the measured average binding energy, <EB>, and

the corresponding HF prediction [NegV-72], EB
HF,for the valence and deeper-lying

orbits in 205Tl, 206Pb andmPb plotted as a function ofEB
HF. The drawn curve is

a prediction for this difference using a dispersion-relation approach [MahN-84j.

The spreading widths observed for the deeper-lying orbits are consistent for all nuclei

considered. Hence not only the widths observed for 208Pb, but also those for the other two nuclei
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are correctly described by the empirical parametrization of Brown and Rho (see figure 4.9, formula

[4.2] and [BroR-81]) as discussed in section 4.3. The spreading widths for the valence-hole

strength are due to a different mechanism (low-energy configuration mixing). Therefore the

parametrization is not applicable.

It

2s1 /2 If

n(E) = nNM(E) + 5nRPA(E)

Figure 5.7 Fraction of the sum-rule limit observed in the present (e.e'p)

experiment for various orbits in 205Tl, 206Pb and208Pb (see table 5.5). The full

curve is calculated according to [PanP-84]. The dashed curve is the same curve, but

scaled by 0.77 to fit the data.

The fraction of the sum-rule limit, which equals 1 for the 3s1/2 orbit in 205Tl and (2j+l) for

all other orbits, is also within the errors the same for the three nuclei considered. This fraction has

been plotted in figure 5.7 (the results for 208Pb have already been shown in figure 4.10). It is clear

from this picture, that the occupation of the various orbits decreases gradually towards the Fermi

energy. This trend is consistent with the theoretical prediction for 208Pb [PanP-84] shown as the
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solid curve in figure 5.7 and supports the predicted effects of surface oscillations. However the

calculation has to be scaled by a factor 0.77(2) (dashed curve; see also figure 4.10) to describe the

data. This is also the ratio between the occupation predicted for the 3si/2-orbit in 208Pb (64%

[PanP-84] see also section 2.2) and the measured occupation for this ground-state transition

(49(5)%). However, this also implies that there is a corresponding occupation of orbits just above

the Fermi energy such as the lh9/2-orbit. Although the (e,e'p) reaction is not able to differentiate

between the Ih spin-orbit partners, we still conclude that this lh9/2-strength is not present, since

one observes no significant additional / = 5 strength for 208Pb in the region up to 10 MeV

(An=5.3(67)% see section 4.3; figure 4.6), where this component can still be included in the fit

without encountering non-orthogonality problems in the fitting procedure.

Since there is a large overlap between the conclusions, that can be drawn from this and the

previous chapter, no further conclusions will be drawn here, but the reader is referred to the end of

chapter 7, where the conclusions will be given.
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6 From (e,e'p) Spectroscopic Factors to
Occupation Numbers in 2°5T1, 20«Pb and

The summed spectroscopic strengths, deduced with the (e,e'p) reaction for the proton orbits

in 208Pb, 206Pb and 7asT\ as described in the previous chapters are remarkably lower than follows

from the so far most sophisticated theoretical description of nuclei [PanP-84, JamM-85, JamM-87].

This implies that either our understanding of the structure of nuclei has to be seriously reconsidered

or that the interpretation of spectroscopic factors derived from (e.c'p) experiments in terms of

absolute occupation numbers - discussed in section 2.3 - is incorrect In order to obtain a cross

check on this interpretation we have applied an indirect (sum-rule) approach, in which one can

determine one of the 208Pb occupation numbers, i.e. the 3s1 / 2 one, by using the following

experimental ingredients:

- The absolute difference in occupation numbers of the 3s1/2 orbits in 206Pb and 205Tl as

derived from absolute single-arm elastic electron-scattering experiments, in which the

charge-density difference between 206Pb and 2O5T1 has been determined [CavF-82,

FroC-83]. This absolute difference in 3i l / 2 occupation numbers will be further referred to

as z.

- The ratio between the 3s1 /2 spectroscopic factors of 206Pb and 208Pb as measured in a

relative (ejc'p) experiment [QuiB-86].

- The same ratio but for ^^Tl and 206Pb also measured in a relative (e.e'p) experiment

[QuiB-87].

The difference between the charge-density (p) of 206Pb and 205Tl deduced from absolute

single-arm elastic electron scattering data can be interpreted [CavF-82, FroC-83] as a difference in

occupation numbers for the individual orbits:

Ap -p(206p b ) _p (2O5T!) - S ^ A N ^ p ^ with I ^ A N ^ - 1 . [6.1]

Prfj to tkc cbMtcdeMity of one proton wkkqiiaMiimmiinbtn/i//

iNrfj it the dirTeience in occvpaiion mmber between die nlj orbits of ̂ ^Pb and 205T1,
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As can be seen in figure 1.1 and [CavF-82, FroC-83] the main contribution to Ap in the nuclear

interior (small r) is, as one expects, due to a difference in 3s1/2 occupation.

Bearing in mind, that an occupation number can be related to spectroscopic factors (see

section 2.3) by

N^- = L( S
f
nij (summed over all final states (f))

one can express the difference in the charge density for the 3s orbit in the nuclei 205Tl and 206Pb

also in terms of spectroscopic factors [GraK-85]:

S3si/2<206pb>" = z-

Combining the existing experimental information [CavF-82, FroC-83] about this difference with

the ratio, ̂ 205/206' of spectroscopic factors to be determined with a new measurement for the same

nuclei

1*205/206 =£S 3 j l / 2 (205) /ZS 3 l l / 2 (206) [6.3]

= N3s l /2(205)/N3s l /2(206)

the absolute occupation numbers for the 3s1/2 orbit can be determined for both isotones:

N(206)3l l /2 = z / [ 1 - R J O S ^ ] [6.4]

N(2O5)3jW = z / [ l/R20*206* U f65]

The (c.e'p) reaction is well suited to determine relative 3s1/2 spectroscopic factors, because

one can select almost exclusively 3s ] / 2 knockout by choosing kinematical conditions at low

missing-momentum values. Such relative experiments give not only a cancellation of almost all

experimental uncertainties but also the distortion effects cancel to a large extent Hence, although

the experimentally determined summed spectroscopic strengths might be different from the absolute

occupation numbers, the ratio of these summed spectroscopic strengths can indeed be interpreted as

a ratio of occupation numbers.

Experimental 3s spectroscopic factors for 2O5T1 and 206Pb can be easily linked to the 3s

spectrotcopic factors for 20BPb by an additional relative (e,e'p) measurement of the ratio

78



R20*208 =£S3S1/2(2O6)/2:S3S1/2(2O8) [6.6]

= N3s l /2(206)/N3s l /2(208)

In section 6.1 the link between the 3s, /2 spectroscopic factors of the two lead isotopes under

consideration is made and section 6.2 presents the relative (e,e'p) measurement on 205Tl and

2 0 6Pb. The experiments described in both sections have been performed at NIKHEF-K in an

international collaboration with physicists from laboratories in Tubingen (BRD), Bloomington

(USA), Saclay (France) and Amsterdam. Both sections have already been published elsewhere

[QuiB-86,QuiB-87].

In section 6.3 the presentation and discussion of the difference between the measured

spectroscopic factors and the occupation numbers obtained with the relative measurements are

given. Finally in section 6.4 the results for the 3s1 / 2 orbit will be used to normalize the

spectroscopic factors for all other orbits.

Before presenting the relative (e,e'p) measurements we would like to comment on the

interpretation of the value for z. Obviously the occupation number for the 3s1 / 2 orbit in 208Pb

obtained with the prescription given above depends linearly on the value for z, i.e. the absolute

difference in the occupation numbers of the 3s, / 2 orbits in 205Tl and 206Pb, measured with a

precise (e,e') experiment [CavF-82, FroC-83]. According to these authors the 3s 1/r2 component in

this difference amounts to 0.7 proton and the remaining strength (0.3 proton) is mainly

concentrated in a 2d component. Tr should be noted that this (e,e') measurement renders only

information on the difference in occupation, but not on the absolute occupation number. Therefore

the 3s ] / 2 difference may be explained as a 70% occupation of the 3s1 /2 orbit [FanP-84, PanP-84,

JamM-85] - i.e. 1.4 3s1 / 2 proton in 206Pb and 0.7 in 205TI -, but it may also be a result of

configuration mixing in the ground state of 205Tl, which is not a closed-shell nucleus. Obviously it

is also possible that z=0.7 results from a combination of both depletion and configuration mixing.

An explanation in terms of configuration mixing is supported qualitatively by the observed

fragmentation of the 3s-hole strength in 2O5T1 [FlyH-77]. In a phonon-hole coupling model

[AzzC-69, ZamK-75, GraK-85] the wave function for the 1/2+ ground sttte of 2O5T1 can be written
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as | l/2+ > = a | 3s"1 x 0+ > + p | 2d' x 2* >, in which 10+ > and | 2+ > are the ground and first

excited states in 206Pb. In such a model z is expected to be approximately equal to a 2 [GraK-85].

Therefore z=0.7 might also be interpreted as being due to 1.3 3s]/2 proton - instead of one - in the

ground state of 205Tl implying that there would be no depletion at all for ^ P b . With the present

experiments one can determine whether or not one may interpret z=0.7 as evidence for a real

depletion of the 3s orbit in 206Pb. Hence one is able to distinguish between the two explanations.
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6.1 Relative 3s Spectroscopic Strength in 2 0 6 P b and 2 0 8 P b Studied with the

(e,e'p) Knockout Reaction.^

Fractional occupation numbers of single-particle orbits of the order of unity are basic to the

validity of the nuclear shell model. Unfortunately, occupation numbers are not directly measurable.

For example, by single-nucleon transfer reactions one measures overlap integrals between the initial

and final state wave functions, that are related in a model-dependent way to the occupation

numbers. Only if this model description as well as the reaction theory for transfer reactions are

good enough, reliable occupation numbers can be extracted from experimental data.

It has recently been argued [PanP-84, JamM-85] for the doubly-closed shell nucleus 208Pb,

that short-range and tensor correlations give rise to a depletion of normally completely filled orbitals

close to the Fermi surface. Estimates of this depletion are as large as 30%.

Most of the available information on the proton occupation numbers in the lead isotopes

comes from single-proton transfer reactions [HinM-66, FlyH-77, GraK-85] and more recently

from electron-scattering experiments [PanP-84, CavF-82, FroC-83]. Results of the latter

experiments are interpreted as being consistent with fractional occupation numbers of around 0.7.

Additional spectroscopic information can be obtained from high-resolution (e,e'p) knockout

experiments. The (e.e'p) knockout and the single-proton pickup reactions complement each other,

since they probe different parts of the bound-state wave function and proceed via different reaction

mechanisms. The theoretical description of both reactions is not yet accurate enough to determine

absolute spectroscopic factors.

Recently, precise relative spectroscopic factors for 3s1 / 2 proton removal have been measured

with the (d,3Hc) reaction [GraK-85] relating the systems 206Pb/205Tl and 208Pb/207Tl. This

reaction is sensitive to the asymptotic tail (r * 10 fm) of the 3 s , / 2 wave function and thus the

extracted spectroscopic factors are a measure of the asymptotic normalization of this wave function.

In this letter we report results of a measurement of the relative 3s ,^ proton knockout strength in the

* The experiment described in this section has been published in Physical Review Letters [QuiB-86]. It was carried
out in an international collaboration with groups from Tubingen, Bloomington, Saclay and Amsterdam.
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lead isotopes 206Pb and 208Pb with the (e,e'p) reaction. With this technique one probes the 3s

proton wave function *F3l(r) through its Fourier-Bessel transform in momentum (pm) space. In the

Plane Wave Impulse Approximation (PWIA), the reaction yield is proportional to the momentum

distribution p(pm) = I / Jo(pmr) r 2 * ? ^ ) dr P. This expression becomes extremely simple at pm=0;

then the integrand becomes r 2 1 ? ^ ) , which has a dominant peak at r » 6.5 fm, where the third

maximum of ¥3 l(r) is located. Hence, at low pm the (e,e'p) reaction yields a measure for the

strength of the 3s wave function in the surface region of the Pb nucleus. At higher momenta the

cross section becomes also sensitive to the other two maxima of 4*3j, which are located in the

nuclear interior.

p = 200MeV/cu_L

0 1 2 3
E^rJfcVl-r

Figurt 6J The experimental spectral function versus excitation energy for
206,208pi, Qf /£m, anj ftfg/t values of the missing momentum.

The experiment wit performed with the linear accelerator MEA of NIKHEF-K at incident
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electron energies of 410 and 350 MeV. By employing a dispersion-matching technique and by

using two high-resolution spectrometers [VriJ-84] a missing-energy resolution of 135 keV was

achieved (see figure 6.1), allowing separation of the 1/2* ground states from the first excited 3/2+

states in both isotopes. Data were taken on enriched 206Pb and 208Pb targets in parallel kinematics

[BofG-79] with a fixed momentum (p) of the detected proton (Tp= 100 McV). Thus, in PWIA, a

proton with initial (missing) momentum pm(=p-q) is knocked out of the nucleus parallel to the

momentum transfer q. Coincidence cross sections were measured for both isotopes with p m

centered at 15,100 and 200 MeV/c with a 50 MeV/c momentum acceptance. At pm=15 MeV/c the

shape of the 3s1/2 momentum distribution is almost flat and independent of details of the final-state

interaction and of the detailed structure of the bound-state wave function. Moreover there is hardly

any strength of higher-/ knockout expected at low pm and the counting rate for 3s1/2 knockout is at

its maximum. The two other kinematics were used to check the pm-dependence of the ratio of the

cross sections and to determine the contributions of higher-/ strength.

The coincidence efficiency was determined with the 'H(e,e'p) reaction to be 99.6(8)%. The

target thicknesses were determined from elastic electron scattering at q = 1.75 fnr1 by comparison

with elastic cross sections measured elsewhere fCavF-82, FroC-83, FroB-77]. Accidental

coincidences (<6%) were subtracted from the total yield, the radiative tails were unfolded and

corrections were made for dead-time effects (<15%). By adding all relevant error contributions

quadratically a total systematical error on the cross-section ratio of 2% was obtained.

The measured coincidence cross sections were converted to a spectral function S(Ex,pm)

representation [HerD-85]; see figure 6.1. Integration of the spectral function over the excitation

energy (Ex) yields the momentum density p(pm) for each transition.

The quantity of interest in the present experiment is the ratio of the spectral functions of

206Pb and 20>Pb for 1=0 knockout strength. This ratio can be obtained either by performing an

/-decomposition of the spectral functions integrated over some excitation-energy interval, or by

determining Pj(pm) for the individual transitions in the spectral function from peak fitting. The

results of the first method are independent of the location and nature of the transitions in the

excitation-energy spectrum, but rely on the calculation of momentum densities in Distorted-Wave

Impulse Approximation (DWIA). The second method is only possible for well separated levels
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(AEx>150keV).

The /-decomposition was carried out by integrating the spectral function over 0.5 MeV

excitation-energy bins and subsequently fitting the obtained Pj(pm) with an incoherent sum of

calculated pa(pm) with a=3s, 2d, lg and lh. These densities were calculated with Woods-Saxon

bound-state wave functions [ro= 1.197(A-1)1/3 fm, ao= 0.65 fm, V s o = 6 MeV, Esep(206) =

7.252 MeV and 6^(208) = 8.013 MeV [WapA-85]]. The distortion of the outgoing proton was

calculated with a standard optical potential [SchM-82]. For each Pb isotope the largest 3s1/2

component was found in the knockout leading to the ground state of Tl (see figure 6.2). Significant

1=0 strength was also found between 0.75 and 1.75 MeV in 205Tl consistent with the known

presence of two l/2+ states at Ex = 1.22 and 1.44 MeV in 2O5T1.
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Figure 62 Fragmentation of the 3sll2 proton-hole strength in 205207jit

In the second approach, the /*0 ground-state transition was integrated and the small

contribution of the fitted low-energy tail of the first excited state at 0.35(0.20) MeV for 2O7T1
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(2O5T1) was subtracted. In figure 6.3 the resulting ratio between the two ground-state strengths is

shown as a function of pm. Also shown is the ratio of the 3s1 / 2 DWIA calculations assuming equal

spectroscopic factors for the two isotopes (dashed curve). By adjusting this curve to the data we

obtain 0.69(3) for the ratio (R,,) of the 3s1 / 2 spectroscopic factors for the ground-state transitions.

As figure 6.3 shows, no significant pm-dependence of the ratio is observed. This indicates that the

ratio of spectroscopic factors is also r-independent. The same procedure has been applied to the

l / 2 + state at 1.22 MeV in 2O5T1 relative to the ground-state transition in 207Tl. Here we find a

scaling factor of 0.13(5). These results are consistent with the ones found with the

/-decomposition (see table 6.1).
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Figure 63 Ratio of the 3sll2 strength for the transitions to the

ground states of 20STl and 207Tl. The dashed DWIA-curve

corresponds to equal spectroscopic factors for the two isotopes.

The solid curve is scaled to fit the experimental ratios.

In addition to these individual ratios the following integral quantities have been deduced from

this experiment:

- the fraction of the ground-state 3s strength relative to the strength integrated up to Ex= 5.5

MeV is oc2
2O5= S 0

2 0 6 / / S 2 0 6 =0.78(4) and <X2
2O7= S0

2 0 8 / / S 2 0 8 = 0.99(7);

- the 3s strength in 206Pb relative to the ground-state strength in 208Pb is
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LRi = (S0
206+Si+2

206) / So
208 = 0.83(5)

- the ratio of the total strength integrated up to 5.5 MeV in both isotopes

RTOT = j S206 / i S208 = 0.84(9).

From the results presented here we conclude, that there is 22(4)% fragmentation of the 3s1/2

hole strength in 2O5T1 and hardly any fragmentation in 207Tl up to an excitation energy of 5 J MeV.

This is consistent with recent (d,3He) results [GraK-85] and with shell-model calculations in a

large configuration space [PopG-87].

We find that the total 3s strength up to 5.5 MeV is 16(9)% smaller in 206Pb than in 208Pb.

This effect might be due to a neutron rearrangement, which shifts 3s-hole strength to much higher

excitation energy in the case of the open neutron shell in 205Tl, but not in the case of the closed

shell in 2O7T1.

Table 6.1 3s strength in 206Pb relative to that of the ground state of208Pb; only statistical

errors are given.

Ro

Rl+2

2RS

Ex-interval

[MeV]

[-0.5,0.5]

[0.5,1.5]

[-0.5,1.5]

J E *s 2 0 Hs 2 0 8

(c,e'p)

/ - decomposition

0.67(5)

0.16(2)

0.83(5)

Ro

Rj

R2

IR4

[MeV]

0.0

1.22

;.44

s.2O6 /So2O8

(c,efp)

peak fitting

0.69(3)

0.13(5)

a)

(d,3He)

[GraK-851

0.77(1)

0.12(2)

0.04(2)

0.93(4)

a) State not resolved in peak-fitting procedure.

The relative strength Ro is 10(5)% smaller in this experiment than in the (d,3He) reaction

[GraK-85]; see table 6.1. This can be explained by an unlikely large change (>10%) of the most

sensitive optical-model parameter W from one isotope to the other. A more likely explanation of

this difference resides in the choice of the bound-state wave function, which is sampled in very
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different regions of r-space in the two reactions. For instance the standard prescription for the A1'3

dependence of the geometry of the mean field, in which the 3s, /2 proton is bound, in going from

206Pb to the closed-shell nucleus 208Pb, may be inadequate. If for instance the Woods-Saxon well

radius r0 is increased by 1% in 206Pb, then a reanalysis shows that the Ro values deduced from

both reactions become consistent [(e,e'p)=0.67(3) and (d,3He)=0.67(l)]. This observation, if

substantiated by future measurements, makes the parallel investigation of the (e,e'p) and (d,3He)

reactions a method to determine the rms-radii of individual shell-model orbits.

The observation that the ratio of the 3s ground-state wave functions is independent of r (for

r<6.5 fm) indicates, that the bound-state wave functions are very similar for both isotopes. The

present results are rather insensitive to the type of bound-state wave function. They remained stable

(<3%), when either Hartree-Fock wave functions [DecG-80] or Woods-Saxon wave functions,

used in the recent (d,3He) experiment [GraK-85], were applied instead of the ones mentioned

above. This demonstrates, that the relative spectroscopic strength deduced in this (e,e'p)

experiment is insensitive to details of the bound-state wave functions.

When one combines the additional information from the absolute (e,e') charge-density

difference experiment [CavF-82, FroC-83] on the two isotones 205Tl and 206Pb with the present

results, one may hope to approach the determination of absolute spectroscopic factors for the two

isotopes. However, the question whether the 3s proton contribution z to the charge-density

distribution is an absolute number, that can be derived model independently from the (e,e')

experiment, is still open. Firstly the influence of particle-hole admixtures on the charge density

difference is still insufficiently known. Secondly the effect of a possible modification of the

photon-proton coupling in the nuclear medium has been demonstrated recently [CelH-85], which

resulted in a better agreement with the shape and size of the experimental charge density difference.

The value of z near unity used in ref. [CelH-85] however, contradicts the fragmentation of the 3s

hole strength in 2O5T1 observed in hadronic transfer reactions [FlyH-77, GraK-85] and in the

present (e,e'p) experiment.

Further theoretical work is required to interpret the electron-scattering results in this mass

region [PanP-84, CavF-82, FroC-83] as well as the fragmentation of the hole strength found in this
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experiment, before the question of fractional occupancy for the 3s proton orbit can be answered.

Finally we plan to determine z directly from a relative (e,e'p) measurement on 2O5T1 and

206Pb, since z is related via a sum rule with the difference between the total 3s1/2-strength in the

two isotones [GraK-85, Clem-73]. A similar experiment will also be performed with the (d,3He)

reaction.

We like to thank Dr. J. Heisenberg for the use of his isotopically enriched Pb targets. The

Scientific Affairs Division of NATO has supported some of us with a travel-grant (RG. 85/0442).

This work is part of the research program of the National Institute for Nuclear Physics and

High-Energy Physics (NIKHEF, section K), made possible by financial support from the

Foundation for Fundamental Research on Matter (FOM) and the Netherlands' Organization for the

Advancement of Pure Research (ZWO). Participation of the Tubingen group members was

rendered possible by financial support of the German BMFT.

88



6.2 Evidence for Partial Occupancy of the 3s1 / 2 Proton Orbit in

In the mean-field approximation to the nuclear many-body problem it is assumed that shells

are occupied up to and empty above the Fermi-level (eF). This model is fairly successful in the

description of ground-state charge densities and in providing the basis for shell-model calculations

of nuclear dynamics at low excitation energy. However, the basic assumption of closed shells is an

approximation only. One should add dynamical corrections to the static mean-field in order to

account for nucleon-nucleon correlations. These correlations are predicted to smear out the Fermi

surface and thus induce a depletion of states below eF. Theoretical estimates of correlations

[BroG-63, PanP-84, JamM-85] predict a typical depletion of 20-30% of valence orbits in 208Pb,

such as the 3s ] / 2 orbit. Since the 3s ]y2 orbit contributes about 50% to the charge density at the

center of 2 0 8Pb such a depletion would explain the observed discrepancy [FroB-77] of the

mean-field predictions with the charge distribution. In addition the empirical observation of

quenching and missing strength in various electromagnetic observables [Papa-85] may in part be

understood in terms of partial occupancy. However, no sufficiently accurate experimental

information on the 3sj^ occupation probability in 208Pb has yet been obtained.

In this paper we discuss a high-resolution proton knockout experiment on 206Pb and 2O5T1

that addresses the question of the occupancy of the 3s1/2 proton orbit in the lead region. In order to

avoid the difficulties in obtaining an absolute occupation probability directly from the (e,e'p)

spectral function, a sum-rule method is used, in which only relative spectroscopic factors are

needed. Using the well-known fact that the number of 3s 1 /2 protons N(A) in system A equals the

spectroscopic strength Sf{A) for 3s1/2-removal summed over final states (f) in the (A-1) system, we

can write

N(A) - N(A-l) = IjSfCA) - SjS^A-l). [6.7]

For the nuclides 205Tl (JK = 1/2+) and 206Pb the spectroscopic strength for 3s1/2 proton

* The experiment described in this section has been published in Physical Review Letters [QuiB-87]. It was carried

out in an international collaboration with groups from Tubingen, Bloomington, Saclay and Amsterdam.
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removal can be related [GraK-85] to the number z of 3s1/2 protons contributing to the charge

density difference Ap = p(206) - p(205). One then has z = N(206) - N(205) or, equivalently,

N(206) = z /{1 - 2 ^ 2 0 5 ) / 1 ^ 2 0 6 ) } . [6.8]

Therefore both N(206) and N(205) can be determined for a given value of z by measuring the ratio

of spectroscopic strengths. With the ratio N(208)/N(206) from a previous (e,e'p) experiment

[QuiB-86], N(208) can also be determined. From electron scattering studies at Saclay [CavF-82,

FroC-83] it has been found that z = 0.7 is compatible with the charge form-factor data. We note

that this sum-rule analysis of combined (e.e'p) and (e,e') data avoids the difficulty, that the

interpretation of z in terms of absolute 3s ] / 2 occupancies depends on the amount of configuration

mixing.
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Figure 64 The experimental spectral function versus excitation energy for 206Pb

and 205Tl at low and high values of the missing momentum. The hatched peaks are

due to 3s la proton knockout.
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The experimental method has been described in ref. [QuiB-86, i.e. section 6.1].The present

measurement of the reactions 205Tl(e,e'p) and 206Pb(e,e'p) was performed at an incoming electron

energy of 410 MeV and the kinematical conditions were chosen such that the missing momentum

(pm) was centered at 15, 80 and 160 MeV/c.

In the reaction 205Tl(e,e'p)204Hg at p m = 15 MeV/c three excited states in 204Hg were

identified at Ex=1.64(l), 2.37(2) and 2.62(3) MeV (see figure 6.4). The pm-distributions for the

transitions to these states show the same p m dependence as the transition to the ground state (see

figure 6.5). These transitions are therefore due to 3s1 /2 proton knockout. In the simultaneously

measured reaction 206Pb(e,e'p)205Tl the fragment of 3s1/2 strength found in the transition to the

205Tl ground state relative to the total observed strength was found to be 0.80(3). Averaging this

with the previously determined [QuiB-86, section 6.1] value 0.78(4) yields the value of 0.79(2).

8
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Figure 65 Ratios of the 3sll2 strength of the transitions to the ground and excited

states in 204Hg and the transition to the ground state of20STl. The dashed curve

corresponds to equal spectroscopic factors for the two isotones. The solid curves are

scaled to fit the experimental ratios.
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Table 62 3sIl2 strength in 205Tl and 206Pb relative to the ground-state transition

for 206Pb. Only statistical errors are given. The 4% error in the denominator of

SJS (206) has not been included, since it cancels in the further analysis. The

spectroscopic factors (S) for the 3sJ/2 strength in 206Pb and 205Tl have been

deduced with formula [6.8] (see text) using z=0.7 [CavF-82, FroC-83]. The

systematic error from this experiment on the spectroscopic factors for 2"5Tl is 6%

and for ^°Pb 3%; no contribution from the error in the value of z has been

included.

[MeV]

205TKe,e'p)204Hg

0.00
1.64(1)

2.37(2)

2.62(3)
Total

206Pb(e,e'p)205Tl

0.0

1.21(1)
1.43(2)

Total

S f/Sgs(206)

0.29(1)

0.20(1)

0.08(1)

0.05(1)

0.61(2)

1.00(4)

0.18(2)

0.07(1)

1.25(4)

0.32(3)

0.22(2)

0.08(1)

0.05(1)

0.67(6)

1.10(5)

0.20(2)

0.08(1)

1.37(6)

Apart from the ground-state transitions, the transitions to the two known l /2+ states in 205Tl at

1.21(1) and 1.43(2) MeV and to the three excited states in 204Hg, no transitions with a 3s1/2

character were observed. The resulting spectroscopic strengths relative to that of the ground-state

transition in 206Pb are listed in table 6.2. The ratio of the summed strengths found in the individual

transitions in the two isotones is SfSf(205) / £fSf(206) = 0.49(4). Assuming for the moment that

the sums exhaust the 3s1 /2 strengths in 205Tl and 206Pb, one can deduce the occupation numbers

by substituting the ratio of the sums in formula [6.8]. By adopting the value z=0.7 given in ref.

[CavF-82, FroC-83], we obtain N(206) =1.37(10) and N(205) = 0.67(10). In the quoted errors

the systematical uncertainties were added linearly to the statistical errors, but no estimate of the
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uncertainty in z was included. With the ratio 1 ^ 2 0 6 ) /Sgs(208) = 0.83(7) for the lead isotopes

206Pb and 2 0 8Pb determined in ref. [QuiB-86], one obtains the 3s1 /2 occupancy of 2 0 8Pb as

N(208) =1.65(18).
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Figure 6.6 Fragmentation of the 3sll2 proton-hole strength in
205Tl and 204Hg. The absolute scale ofS has been calibrated using

z=0.7 [CavF-82, FroC-83].

Inherent to the above analysis is the assumption that the identified discrete transitions

represent all 3s1 / 2 strength. We have checked this assumption by carrying out a multipole

decomposition [QuiB-86] of the spectral function up to 5.5 MeV (see figure 6.6). The ratio of the /

=0 strength integrated up to 5.5 MeV is JS(205) //S(206)= 0.46(5) in agreement with the ratio of

the summed strengths mentioned above. A sinilar agreement has been observed [QuiB-86] for the

93



lead isotopes, where we found JS(206) / |S(208) = 0.84(11). Obviously the / -decomposition

method yields less accurate results, because it lacks the additional information on the number of

discreet transitions. Since there is no evidence from the energy distribution of 3s1/2 strength (see

figure 6.6), that we have missed any /=0 transition of sizeable strength we base our final result

N(208)=l.65(18) on the peak-fitting method. Hence the present analysis yields an occupation

probability of 82(9)% for the 3s1/2 orbit in 208Pb.

The question arises how much 3s1 /2 strength could possibly reside at excitation energies

higher than 5.5 MeV. Firstly the single-particle spreading width for orbits near the Fermi surface is

expected to be only a few MeV [PanP-84, MahB-85]. Secondly the fragmentation of single-particle

states into the continuum at high excitation energies has been calculated with Jastrow correlations

[BirC-81]. The result is that for all nuclei involved only very small amounts (about 5%) of 3s 1/2

strength are fragmented above 5.5 MeV. To investigate this we have applied the following method.

At low missing momentum the observed strength is predominantly 1=0 with a small contamination

of 1=2 (2d) strength. This allows the determination of the difference D in 3s1/2 strength between the

two isotones relative to the ground-state transition from 206Pb to 2O5T1 by a direct bin-by-bin

subtraction of the two spectral functions

JE) t S(206) - (1-e) ofEx S(205) \
D(EX) = [6.9] ;

Sgs(206)

Here e is a small correction (=5%) due to the difference in separation energies of the two nuclei,

which makes both the 2d and 3s1/2 momentum densities near pm= 15 MeV/c about 5% larger for Tl

than for Pb ( see e.g. the dashed curve in figure 6.5 for the 3s1/2 wave function). The subtraction

procedure of formula [6.9], would yield an exact result if 205Tl and 206Pb would contain the same

number of 2d protons. Even if this were not the case the error would still be less than 4% assuming

the extreme of one 2d proton for the difference, since at p m = 15 MeV/c the momentum density for f

one 3s ] / 2 proton is according to DWIA calculations a factor of 30 larger than that for one 2d •-

proton. Applying the subtraction (see formula [6.9]) to the present data we find D(EX=5 MeV) =

0.67(4) and D(EX=15 MeV) = 0.67(6). This is an indication that there is no, or equal, 3s1 /2

strength fragmented between excitation energies of 5 and 15 MeV in 2O5T1 and ^^Pb.

The same method has been applied to the data of an (e,e'p) experiment [QuiB-86] involving
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the lead isotopes 206Pb and 2 0 8Pb. Here D(EX = 15 MeV), evaluated relative to Sgs(208), is

19(8)%, which is in excellent agreement with the observed difference 17(7)% [QuiB-86] for the

discrete transitions alone.

We conclude that there is no significant difference in 3s1/2 strength at excitation energies

from 5 up to 15 MeV between each of the three nuclei involved in the present analysis. As a

consequence the observed difference between the summed 3s ] / 2 knockout strength up to Ex= 5.5

MeV is equal to z and absolute spectroscopic factors for the individual transitions can be deduced in

the described way.

A possible source of error in our analysis is the question of whether the 3s ] / 2 bound-state

wave function for a transition from the ground state in 205Tl to an excited state in 2<MHg should be

calculated while keeping either the radius of the potential well, or the nns-radius of the wave

function, constant. In this analysis we have chosen for a constant rms radius, an assumption

supported by results of a recent (e,e'p) experiment [HerH-86]. If the analysis is done with a fixed

well geometry the value for N(208) increases from 1.65(18) to 1.70(18).

We emphasize that all 3s1 /2 occupation probabilities deduced from the present sum-rule

analysis scale linearly with the value of z as obtained from absolute elastic electron scattering form

factors of 206Pb and 205Tl. In the framework of the mean-field theory the obtained value of z=0.7

is almost independent of the effective interaction employed in the calculations [CavF-82, FroC-83].

Further theoretical work to include dynamical correlations in self-consistent calculations is needed

in order to delineate the possible limitations of the present interpretation in the framework of

mean-field theory.

Combining the results from the present relative experiment on 206Pb and 205Tl with the

experimentally determined 3s1/2 component in the charge-density difference of these isotones

[CavF-82, FroC-83], we conclude that these nuclei have a 68(5)% occupancy for the 3s1 /2 proton

orbit relative to the sum-rule prediction. Using this number and the 3s1/2 occupation ratio of 206Pb

and 208Pb, deduced previously [QuiB-86], we obtain an 82(9)% occupation probability of the 3s1/2

orbit in 208Pb. It should be noted that these occupancies remove to a large extent the discrepancy

between the measured charge densities for 2O5T1, 206Pb and 208Pb [FroB-77, CavF-82, FroC-83]

with mean-field calculations [DecG-80]. When a partial occupancy of the 3s1/2 orbit is introduced
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in Hartree-Fock calculations, the required reduction of the charge density in the nuclear interior is

indeed obtained. Depletions of a similar magnitude have also been invoked in order to explain the

systematic quenching of high-spin magnetic and electric transition form factors for nuclei in the

Pb-region [Papa-85].

The derived 82(9)% occupancy of the 3s1 / 2 orbit of the doubly-magic nucleus 208Pb is

compatible with the occupation probability of 0.92(13) deduced with a similar sum-rule method

from (d,3He) experiments [CleG-87]. Note, that both errors given here do not account for the

uncertainty in z. These results support the predictions from many-body theory, that the occupancy

for orbits near the Fermi surface in 208Pb is 70-80%, when RPA and short range correlations are

included [PanP-84, Gogn-83, MaW-83, MahN-84]. Separate (e,e') and (e,e'p) studies yield

indirect information on the depletion of the 3s, / 2 proton orbit in 2O'Pb; the combined, largely

model-independent, analysis presented here has given direct evidence for a depletion that is

compatible with theoretical predictions.
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6.3 3s 1 / 2 (e,e'p) Spectroscopic Factors and Occupation Numbers.

The question whether z = 0.7 should be interpreted as a signature of configuration mixing

[GraK-85] or as a signature of depletion [FanP-84, PanP-84, JamM-85] has been answered in the

previous section in favour of depletion.

The deduced 3s1 / 2 occupation numbers - 82(9)% for 208Pb, 68(5)% for 206Pb and 67(10)%

205TI - are a factor (a =) 1.S7 larger than the summed absolute spectroscopic strength determined

in chapter 4 and 5. These occupation numbers are even somewhat higher than the theoretical

predictions of 64% [PanP-84] and 77% [JamM-87] for the 3s , / 2 orbit in 208Pb. Hence the

conclusions to be drawn from the small spectroscopic factors observed in (e.c'p) experiments, is

certainly not that the theoretically expected occupation numbers are too large, but rather that in the

determination of occupation numbers from summed spectroscopic strength a renormalization factor

has to be applied.

This renormalization factor can be a result of incorrect assumptions made in the interpretation

of the data or of a signature of nuclear-structure effects. We first consider the former possibility by

reviewing briefly the assumptions made in the analysis.

The effect of charge-exchange processes - (e,e'n){np) - in the description of the reaction was

neglected. It is considerable for 4He (between 5 and 25%) [BraB-88], still significant for 12C (up

to 3%) [Stee-87], but is expected to be much smaller for 208Pb. Neglecting this effect is therefore

justified.

The contribution of two-step processes is expected to be small in (e.e'p) experiments for all

nuclei. This has been explicitly confirmed for the case of 12C [SteB-85b]. Therefore it is also

justified to omit this effect

Spectroscopic strength accounting for the observed renormalization factor between the

spectroscopic factors and occupation numbers could reside in the two (or more) nucleon knockout

channels. Although expected to be small [FruM-84], this has to be verified experimentally by multi-

coincidence experiments. These experiments will become feasible, when the 100% duty factor

machines, such as the updated version of ME A scheduled for 1992, come into operation.

The missing strength might be spread out to higher excitation energies, but for 208Pb, 206Pb

and 2O5T1 we observe 0(3) % of the sum-rule limit for the 3s t / 2 strength between Ex = 2 and 18
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MeV. Even if one takes the upper limit (3% between Ex = 2 and 18 MeV) indicated by our

measurement for such strength and assumes the missing strength under discussion to be spread out

evenly, the strength, which would account for the large renormalization factor under discussion,

has to be spread out over hundreds of MeV. In this context we note that in the mean-field picture

there should be no strength at all above Ex = 100 MeV, since this excitation energy is larger than

the depth of the mean-field potential. As will be discussed in chapter 7 Pandharipande [Pand-87]

expects that this strength at very high excitation energies amounts for the 3s 1/2 orbit to about 15%

of the sum rule. Experimentally one can search for such strength by investigating the hign

excitation-energy region with (e.e'p) experiments. This type of measurement is hampered by high

accidental count rates, but may become possible with the new continuous electron beams.

It is unlikely that the observed renormalization factor is caused by the choice of the

bound-state wave functions employed in the calculation of the CDWIA momentum densities, since

the used Woods-Saxon bound-state wave functions are consistent with Hartree-Fock bound-state

wave functions. Moreover the modification of the mean field due to the effect of partly-filled orbits

is expected to cause only a 1 or 2% change in the rms radius [MahS-87, JamM-87] and therefore

the spectroscopic factors will hardly be affected (see section 4.2.1). The use of so-called natural

orbits [Pand-88], which implies a reduction of the wave functions in the nuclear interior, enhances

the calculated CDWIA momentum densities. Consequently one would then obtain even smaller

spectroscopic factors from (e,e'p) experiments.

Imperfections in the treatment of the final-state interaction in the CDWIA calculations are

also unlikely to be the cause for the renormalization, since the spectroscopic factors of the valence

orbits observed for the nuclei 12C [Stee-87],51V, ^Zx [Herd-87], 2O5T1,206Pb and 208Pb (present

work) all exhaust only about 50% of the sum-rule limit (see figure 7.2). Apparently the reduction

does neither dependent on A and Z nor on the outgoing-proton energy (T = 70 MeV for 12C; T_ =

70 MeV and 100 MeV for 51V and 99&; Tp = 100 MeV present work). The spectroscopic factors

for these nuclei show even the same dependence on binding energy.

Finally we have investigated the assumption made in the analysis of our data that the

electron-proton cross section for a bound nucleon can be described with an off-shell electron-

proton cross section ( o j with the same form factors as measured for a free proton. For the case of
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I2C and 6Li an 18% enhancement for the ratio of the transverse over the longitudinal part of o"

observed for protons bound in a nucleus compared to this ratio for free protons [SteB-86, SteB-87,

Stee-87]. Experimentally it is not yet determined whether the longitudinal part is reduced or the

transverse part enhanced. However an enhancement of the transverse part, leaving the longitudinal

part unchanged, was considered the most likely option [Stee-87]. Since our data were measured

mainly in longitudinal kinematics, the deduced spectroscopic factors would then not be affected.

However, it should be noted that no data are available yet on the absolute value of o ^ .

In conclusion in our opinion the most likely source for the renormalization is a change of

aep, although it can not be excluded that the missing strength is scattered to higher excitation

energies. Since these causes are expected to affect both valence and deeper-lying orbits in the same

way, we will investigate the effect of the renormalization also for the other orbits.

6.4 Extension of the Renormalization Effect Observed for

the 3sll2 Orbit to the Other Orbits.

We have applied the renormalization factor, a = 1.57, between the spectroscopic factor and

the occupation number as observed for the 3s, / 2 orbit also for the other orbits. The result is

presented in figure 6.7a. As can be seen, using the value z = 0.7 and our results would imply that :

the depletion ranges from hardly any for the deeper-lying orbits to about 70-80% for the valence

orbits. The thus obtained occupation numbers (see figure 6.7a) overshoot the theoretical prediction

[PanP-84] (drawn curve). Using a reduced renormalization factor, a = 1.30 (corresponding to z =

0.58), would bring the deduced spectroscopic factors in agreement with the theoretical prediction

for the occupation numbers (see figure 6.7b).

Therefore one might conclude on the basis of our results that either the theoretical prediction

is incorrect or the interpretation of the charge-density difference (Ap) between 206Pb and ^ ^ as a 1

3s component of 0.7 is an overcstimation. Unfortunately there is no error assigned to this value in j

the original publications [CavF-82, FroC-83]. The required smaller value for z might be connected i

with the overshoot near r = 0 fin of the theoretical description for Ap compared to the experimental

data (see [CavF-82, FroC-83] and also figure 1.1).

The reduced value for a corresponds to a reduction of z from 0.7 to 0.58. Concerning this
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reduction we note that two publications [FanP-84, PanP-84] use a value of z = 0.6(1) in agreement

with the reduced z-value given above.
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Figure 6.7 Fraction of the sum-rule limit observed in the present (e,e'p)

experiment for various orbits in 205Tl, 206Pb and208Pb (see table 5.5). The

plots have been made for different values ofz and a :a)z = 0.70, a = 157 and

b)z = 058, a = 130. The drawn curve is calculated according to [PanP-84].

Celenza, Harindranath and Shakin [CelH-85] argued that the charge-density difference
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between 206Pb and 2O5T1 as measured by [CavF-82, FroC-83] can be explained as a difference of

one 3s1 /2 proton between the two nuclei. They claim that the observed reduction, relative to the

mean-field calculation for a difference of one 3s1/2 proton, is due to a modification of the nucleon

form factors in the nuclear medium. Friedrich [Frie-86] argued that the observed deviation from the

mean-field prediction for one 3s1/2 proton is the result of an incorrect treatment of the influence of

the core polarization in the calculation. However, these attempts to explain the charge-density

difference as a difference of one 3s ] / 2 proton are completely incompatible with the results of the

present work, since z = 1.0 implies that a renormalization factor a = 2.24 has to be applied to our

data, which would yield unphysically large occupation numbers for most orbits.

In conclusion we have shown that there is a significant depletion of the 3s ] / 2 orbit. The

occupation of this orbit resides between 49(5)% and 82(9)%. In order to obtain occupation

numbers from the summed spectroscopic strength, as observed with the (e.e'p) reaction, one

should probably apply a renormalization factor. Further theoretical and experimental work is

required to settle the magnitude and origin of this renormalization factor. We have demonstrated

that z=0.7 should be considered as an upper limit and therefore the corresponding renormalization

factor a is most likely less than 1.6. With a = 1.30 (z = 0.58) we find a perfect agreement between

the theoretically-predicted occupation numbers and those, which follow from our data.
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7 Summary and Conclusions

In the independent-particle shell model the nuclear wave function is described as a product of
)

the wave functions of individual nucleons. These nucleons move independently in a mean-field

potential generated by all nucleons together. It is well known, that this picture has only a limited

validity and that the interactions between the individual nucleons should be taken into account.

These so-called correlations, which are expected to affect the wave functions of the particles

residing in valence as well as in deeper-lying orbits, can be studied best in a closed-shell nucleus,

since in open-shell nuclei the correlation effects are difficult to observe due to strong surface

effects.

Until now there were only data available on the single-particle properties of 2()8Pb for the

valence-proton orbits. These data were obtained with (d,T) and (t,a) reactions [HinM-66, ParH-69,

RoyA-70, BarF-70, WooC-82, LanG-84]. By the nature of the analysis - some normalization

factors are often chosen such as to reproduce the sum-rule expectation values - such experiments

deduce spectroscopic factors, that are practically always consistent with the pure shell-model

prediction, i.e. 2j+l protons in each orbit. Moreover, these hadronic experiments suffer from a . 1

rather large (30%) uncertainty in the absolute determination of spectroscopic factors. This :

uncertainty becomes even larger for the deeper-lying orbits due to a considerable background ;

accompanying the hadronic data in this region.

It is advantageous to employ the (e,e'p) reaction for the investigation of the single-particle

properties in 208Pb for valence and deeper-lying orbits, because the different reaction mechanism is

supposed to be better known than in the case of hadronic transfer reactions. Moreover there is no

background in the case of the (e,e'p) reaction, which enables one to explore also the deeper-lying E

orbits. The (e,e'p) data are analyzed in the impulse approximation (IA), i.e. it is assumed that the j-

interaction between the electron and the nucleus takes place by the exchange of one photon with one i

individual nucleon, that the total reaction yield can be represented as a sum of scattering amplitudes

from individual nucleons and that the interaction operator is the same as for a free nucleon. This

type of (e,e'p) experiments on heavy nuclei became only recently possible, with the high-

resolution (100 keV) two-spectrometer coincidence setup at NIKHEF-K [VriJ-84]. This thesis
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presents (e.e'p) measurements on 208Pb, 206Pb and 205Tl targets. The proton spectral function of

208Pb w a s mapped out for missing momenta up to 300 MeV/c and missing energies up to 33 MeV,

but for 206Pb and 205Tl only a limited pm-region was covered. In the mean-field approximation the

missing-energy region investigated corresponds to the spectroscopic strength residing in the orbits

down to the 2s1/2 orbit. This is illustrated in figure 7.1, where the theoretical and experimental level

schemes, taken from [NegV-72], but corrected according to [MahN-84], and from the present

work have been plotted. The experimentally observed spreading widths have also been indicated in

this figure.
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Figure 7.1 Theoretical binding-energy values - polarization and correlation

contributions [MakN-84] added to the Hartree-Fock prediction [NegV-72] -

compared to the experimentally observed binding energies. The derived spreading

widths (T) and the uncertainty in the determined average binding energies (AE) have

also been indicated.

An important ingredient in the analysis of (e,e'p) momentum densities is the availability of a

CDWIA code that takes into account the distortion effects of the nucleus on the electron as well as

on the proton waves. Such a code was written by Giusti and Pacati [GiuP-87] and recently made
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available for the interpretation of our experimental results.

Due to the 100 keV energy resolution the transitions to valence-hole states in 207Tl could be

resolved, which allowed to determine the individual momentum distributions for the valence orbits. I

These data were fitted with distributions calculated in CDWIA, of which the momentum scale had f

to be modified slightly in order to obtain a proper description of the data. By comparison with the

analysis of other (e,e'p) experiments [Kram-87, Herd-87] we found this modification to be

Z-dependent. The modification itself needs further attention and should be investigated with (e,e'p)

measurements on 208Pb under different kinematical conditions, such as perpendicular kinematics, a

different outgoing-proton energy and a different incoming-electron energy, in order to determine

what refinements have to be made to the CDWIA calculation. Nevertheless it was possible to

determine the spectroscopic factor and the rms radius for individual orbits with only a small

uncertainty due to the distortion anomaly. The deduced radii for the surface orbits are within 2%

consistent with HF predictions, but the spectroscopic strength exhausts only 50% of the sum-rule

limit (i.e. of the shell-model expectation value).

In an attempt to detect the missing valence strength and to locate the deeper-lying orbits an

analysis of the spectral function in the region above Ex = 3.5 MeV was made. Here the spectral

function is no longer related with well separated discrete levels, but corresponds to a large number

of overlapping states. However, in a so-called /-decomposition method the spectral function can

still be separated into contributions for different orbits. This is possible due to the different

pm-dependence for different orbital angular momenta (/). In this way one can investigate orbits

beyond the lg 7 / 2 orbit. From the strength distributions thus obtained for each orbit the total

spectroscopic strength, the spreading width and the average binding energy (EB) were derived.

The deviation between the observed average binding energies and the Hartree-Fock predicted

values [NegV-72] agrees remarkably well (see figure 7.1) with the size of the corrections to the :•

nuclear mean field due to polarization and correlation contributions predicted in a dispersion- >

relation approach [MahN-84]. j

In a Fermi-gas model [BerB-83] the spreading widths for the least bound deeper-lying orbits

are expected to increase for binding energies, EB, close to the Fermi energy, EF, as 0.05 (EB-EF)2.

This dependence is indeed observed for the lg?^. lg9/2 anc* 2p orbits. However a considerably
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smaller value is observed for the If orbit. The presently observed energy dependence of the

spreading widths i'or 208Pb can be successfully described with an empirical parametrization

[BroR-81] derived from (p,2p) experiments for lighter nuclei (A<60). The widths can also be

connected to the imaginary part of the optical potential f JeuL-76] as observed in (p,p) scattering

experiments. The widths determined in this way from the proton optical potential [MahB-85] are in

good agreement with the values derived from the present (e,e'p) data.

We have also studied the differences in spectroscopic factors, binding energy and strength

distribution between the three nuclei investigated. The reduced (e,e'p) spectroscopic factors ( n =

ZS/[2j+l]) are more or less equal but the 3s 1/2 strength is about 0.05 larger in 208Pb than in 206Pb

and 205Tl, which is probably caused by the open neutron shell. Another effect of open shells is

seen when one compares the fragmentation of the valence strength. For 208Pb all strength is

contained in one state, for 206Pb there is still a main fragment carrying more than 50% of the

strength, but for 2O5T1 the strength is divided over a number of states, which are about equally

strong. The spreading widths for the deeper-lying orbits as well as the average binding energies are

the same for all three nuclei. This shows that the deeply-bound nucleons basically feel the same

mean-field potential.

When the total observed spectroscopic strength is interpreted in terms of occupation numbers

and compared to nuclear-matter calculations [PanP-84], one observes the predicted decrease

towards the Fermi energy. However the spectroscopic factors are a factor 0.77 smaller than

predicted [PanP-84]. This might be an indication, that a renonnalization has to be introduced when

going from summed spectroscopic strengths to occupation numbers. In our opinion the most likely

causes for such a renonnalization must be found in a modification of the electron-proton cross

section or a shift of strength to higher - up to at least hundreds of MeV - excitation energies.

This phenomenon of remarkably low spectroscopic strengths is not specific for the lead

region as can be seen in figure 7.2, where the summed spectroscopic strengths deduced with the

(e.e'p) reaction are plotted as a function of EB not only for 205Tl>
 206Pb and 208Pb (see also figure

5.7), but also for 51V and ^ Z r [Herd-87]. For all these nuclei the spectroscopic factors show a

considerable depletion and even the same dependence on binding energy.
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In order to determine experimentally the connection between the derived spectroscopic

factors and the absolute occupation numbers, a calibration experiment was performed. Here relative

(e.e'p) data on 205Tl, 206Pb and 208Pb [QuiB-86, QuiB-87] were analyzed in combination with the

result from an absolute (e,e') charge-density difference experiment between 206Pb and 2O5T1

[CavF-82, FroC-83]. If the latter result is interpreted as a difference of (z=) 0.7 3s1 /2 proton

between the two isotones, the renormalization factor (a) for the connection between (e,e'p)

summed spectroscopic strengths and occupation numbers amounts to 1.57. If applied to all orbits

this yields occupation numbers increasing from 80% for the valence orbits to 100% for lg9 / 2 and

deeper-lying orbits. Therefore z = 0.7 must be considered as an upper limit. A value of 0.58 for z

would render an excellent agreement between our results and the theoretical prediction [PanP-84].
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Figure 72 Summed spectroscopic strengths represented as fraction of the sum

rule for valence and deeper-lying orbits in 208Pb, 206Pb, 205Tl (this work), 51V and

^Zr [Herd-87] and plotted as a function of binding energy.
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According to Pandharipande [Pand-87] the spectroscopic strength for the 3s1 /2 orbit as

deduced from our (e.e'p) experiments corresponds to a sum of <0+| a+11/2
+><1/2+| a |0+> over all

quasi-particle states. In order to obtain an absolute occupation number one should add a so-called

background term of the form <0+| a+ |I><I| a |0+> summed over all intermediate states I, that do not

correspond to a quasi-particle state. This background strength will be spread out over a very large

excitation-energy region and will therefore be hard to observe.. Hence the summed spectroscopic

strength observed in the low excitation-energy region should not be interpreted as an absolute

occupation number, but as a measure of the discontinuity at the Fermi surface of the occupation

numbers (see also figure 2.1). If we follow this approach, we should add a background

contribution of 0.15, i.e. the occupation of the orbits just above Ep [PanP-84], to our spectroscopic

factor to derive the occupation for this orbit. The 3s1/2 occupation number in 2"8Pb would then

amount to 0.64(5) which is in perfect agreement with the predicted value of 0.64 ([PanP-84] and

section 2.2). However, it remains unclear, what the background contribution amounts to for the

other orbits and the other nuclei. This deserves further theoretical attention.

To improve the determination of the absolute occupation numbers one must consider

improved calculations of the proton and electron distortions in a fully relativistic framework. This

will reduce the number of approximations, which so far had to be made in the calculations.

On the experimental side one should test the prescription for o e p with measurements under

different kinematics as will be carried out in the near future at NIKHEF-K [SteB-87b].

Furthermore one can instead of using proton knockout as a means for the determination of the 3s ] /2

occupation number, also determine the occupation number by populating the (partially filled) 3s1/2

orbit in 208Pb with the reaction 208Pb(3He,d)209Bi in search of l/2+ states. Here one expects to

observe the difference between the sum rule and the actual occupation of the 3S| /2 orbit. This

experiment has been carried out recently at the KVI. Two l/2+ states were indeed populated

[NanH-86], but it is as yet too early to connect the observed strength quantitatively with a depletion

of the 3s1 /2 orbit in 2O8Pb.

It has been shown that the (e,e'p) reaction is well suited to investigate properties of valence

orbits even in heavy nuclei and it is at present the only available tool to gain reliable information on
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deeper-lying orbits.

The mean-field description of nuclei is not only valid for the valence orbits, but also to a

large extent for the deeper-lying orbits. The average binding energies and spreading widths can be

accurately detennined with the (e,e'p) reaction and are consistent with the predicted values. We

were able to show, that the occupation numbers decrease going from the deeper-lying orbits

towards the Fermi surface by about 20%. Although the absolute occupation numbers could not be

determined accurately, it is clear from the analysis of present relative and absolute (e,e'p)

experiments that the 3s1/2 orbit in 208Pb is for less than 80% occupied. Hence even in the doubly-

magic nucleus 208Pb the valence-proton shells are far from being closed!

t
1
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Al The iH(e,e'p) Reaction as a Calibration Tool for
Coincidence Reactions.

A method is described to employ the (e,e'p) reaction on hydrogen for the determination of

the coincidence efficiency of the two-spectrometer setup. The results from this overcomplete

reaction are also used to determine the beam energy, the position of the detector systems relative to

the focal planes and the central momentum of the hadron spectrometer (QDQ).

A 1.1 Coincidence Efficiency

With the kinematically overcomplete 'H(e,e'p) reaction the product of the proton (t ) and

coincidence (ec) detection efficiency of the spectrometers used in the present experiments has been

determined. The efficiency (ee) of the electron spectrometer (QDD) was already implicitly taken into

account in the determination of the target thicknesses through elastic electron-scattering

measurements with the QDD (see section 3.2 and 3.6). Therefore the product of e and e^ is further

referred to as the efficiency (e). It has been deduced by a comparison of the inclusive single-arm

elastic scattering yield N ê e-j with the exclusive coincidence yield N(ee.pj. Since the angular range

of the recoiling protons is limited by the angular acceptance of the electron spectrometer to a much

smaller cone than subtended by the solid angle of the hadron spectrometer, both yields, if obtained

with the use of a pure hydrogen target, are simply related:

N ( w r ( l ' E ) N W ) [Al.l]

However, for practical reasons a CH2 foil is used as target, which adds a quasi-elastic 12C

contribution to the single-arm yield. This flat carbon background can be described with a straight

line [HerL-85] and formula [Al.l] then reads

rf) (XI) - (a, + a2 XI) = (1/e) S(e>e.p)(Xl) [A1.2]

XI is the position in the QDD focal plane, S is the number of counts in the

electron spectrum at position XI for the inclusive and exclusive yield.

The parameters aL and a^, which describe the quasi-elastic carbon spectrum, are

fitted simultaneously with £ .
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The efficiencies determined in this way for the different periods in which the data have been taken

are listed in table Al . l . The average efficiency 98.4(5)% is in good agreement with the 99%

proton detection efficiency deduced from the pulse-height spectra of the 3 mm thin scintillator that

is part of the hadron trigger. Since the efficiency is expected to be constant, the average value has

been used to correct all data.

Table A1J Beam energy (e), efficiency (e), QDQ central channel (X1QC) and

angular offsets {^ntp >&Qfp a / K ' ®Dfp)'" the focal plane of the spectrometers.

e
[MeV]

352.5(2)

412.3(2)

266.8(2)

400.2(2)

414.4(2)

421.3(2)

average

e
[%]

102.0(30)

97.2(11)

97.5(18)

99.2(11)

97.7(11)

98.2(13)

98.4(5)

XIQC

[Channel nr.]

2174(54)

2154(56)

2146(36)

2122(53)

2078(49)

2146(55)

2137(33)

[mrad]

2(1)

-2(1)

-2(1)

2(1)

-2(1)

-MX)

-1(2)

GQfp
[mrad]

-5(3)

-2(3)

-11(3)

-8(3)

-9(3)

-7(3)

-7(3)

eEXp
[mrad]

0(3)

2(3)

1(3)

-2(3)

3(3)

1(3)

1(2)

A1.2 Calibration of the Position of the Detector Systems.

For the data analysis a backtracing program [KeiL-86] is used, which relates angle and

position of the particle in the focal plane to the scattering angle and momentum of this particle at the

target position. The matrix elements used for this program depend in principle only on the field

shape of the magnetic spectrometers. The measured coordinates of the position-direction vector at

the focal plane, however, depend also on the accuracy with which the detector system is positioned

relative to the focal plane defined by the spectrometer optics. Therefore certain offsets must be

added to the measured focal-plane coordinates in order to make a transformation to the "optical"

coordinate system. These offsets might be slightly different every time the detector system is

moved (e.g. for maintenance) out and into position. One defines for the measurement of die

112



in-plane angle the offset yDf (OgfJ and for the out-of-plane angle the offset 0 ^ (©QJJ,) for the

QDD (QDQ) spectrometer. The central channel X1 D C (X1QC) corresponding to the central

momentum of the QDD (QDQ) spectrometer may also differ slightly from period to period due to

small differences in the cycling history of the magnetic field.

yD f and X 1 D C have been determined a number of times with so-called sieve-slit

measurements during (e,e') single-arm experiments [Offe-87]. They reproduced very well and the

average values (yj)ip=O and XlQC=2180) have been used in the present experiment

The simplicity of the spectral function for the (e,e'p) reaction on ' H :

can be used together with the kinematically-corrected electron and proton spectra [Lapi-83] to

determine O Q ^ ©Q^,. ©Dfjv ^ Q c ^ m e ^3eam energy (e) simultaneously.

For the measurement of the out-of-plane angle the focal-plane offset in each spectrometer can

simply be determined by multiplying the central values of the angular spectra -reconstructed at the

target position- with the corresponding <6|6> matrix element (see table 3.1). This is allowed,

because the QDD entrance-slit system, which defines the central value, can only be moved in the

scattering plane and because the QDQ solid angle is illuminated only partly by the coincident events

in the lH(e,e'p) experiment.

The remaining offset O Q ^ is directly correlated with X l ^ and the beam energy. They can

be derived simultaneously as follows.

The electrons scattered from hydrogen through B e will have a (reference) momentum

e'o = [A1.4]
l 2 d ( 2 e / 2 )

The momentum e' of electrons with slightly different scattering angles (0e+AOe) will be

de'o e'o
e1 = e'o + A<l>e = e'0(l - A% sin 0 e )

d 9 c nip

The difference between the reference momentum (e'o) and the measured momentum (e') corrected
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for the angular difference (AOe) with the reference angle (@e) is

e'
e'cor = e 0 - - —

If all variables in expression [A 1.5] have the correct values, the e'cor spectrum should exhibit a

peak at e'cor = 0. For the proton momentum this difference can be derived in a similar way as

P'cor = P'O " 1 1 5
t 1 - (I/nip) V( p ' o

2 + mp2) A<Dp t a n 0 p ]

p' is the measured proton momentum, AO is the measured deviation from the

central scattering angle 9 . and the reference proton momentum p'o is defined as

2 (e + nip) e nip cos 0 p

P'O = 2(e sin ©p)2 + 2e

The offset ^Qfp, the central channel X 1 Q C and the beam energy e can be determined in a

minimizing procedure by demanding that variations in these parameters can explain the observed

deviation of the central values of the Em, p m , e'cor and p'cor spectra from zero. In table Al. 1 the

offsets determined with this procedure are given. \

Using these offsets in the analysis not all <J> spectra -reconstructed at the target position-

center around zero for all kinematics. This was either due to a misalignment of the QDD solid-angle

defining slit (up to 6.5 mrad) or due to the rotation center of the spectrometers not coinciding with

the center of the target [VriK-86]. The effects due to these misalignments could be accounted for in

the calculation of the detection volume by using the coordinates of the rotation center and

solid-angle position as additional information.
f

In the analysis the offsets (GWp* X l ^ , 0 D f and ®nfP), determined individually for each

period, have been applied. The variation in the central channel in the QDQ indicates that the

presently applied cycling procedure of the magnets allows to reproduce the integral JB 61 with an

accuracy of somewhat better than 0.1 %. The offset 0D f p is within the accuracy of the measurement

constant and consistent with single-arm results (@Dfp=0) [Offe-87]. The spread in the angular
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offsets of the QDQ indicates, that the corresponding detector system can be positioned in the focal

plane with an accuracy of 1 mm in the dispersive as well as in the nondispersive directions.

The beam energy could be calibrated with an accuracy of 200 keV, the proton energy with an

accuracy of 300 keV and the scattering angles in the QDQ with an accuracy of 3 mrad in both O and

© directions. The energy scale of the scattered electrons has been calibrated with an accuracy of

200 keV and their scattering angles are known with an accuracy of 2 mrad. Although the energy

calibrations for the three particles are not very precise in absolute sense, their values are highly

correlated and hence the final resolution in Em, which involves these three energies is still better

than 100 keV.

Especially for low p m and non-parallel kinematics the QDQ offsets should be determined for

each run in order to let the experimental and calculated detection volumes coincide as accurately as

possible. With this technique an accuracy of better than 1.5 MeV/c has been obtained, whereas it

can be worse than 5 MeV/c without calibration.
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A2 Radiative-Unfolding Procedure.

The spectral-function representation of (e,e'p) data has to be corrected for the possibility, that

the particles involved might have lost some energy due to photon emission or ionization of the

target atoms before or after the interaction. As a result part of the strength, which should be located

in a certain (Em,pm) bin, will be spread out in the (Em,pm) plane.

A2.1 Radiative-Tail Distributions.

The strength (N ) for a peak found in a certain integration interval is related to the strength

(No), which would have been found if radiation loss did not occur:

N o =C(AEm)Nexp(AEm) [A2.1].

AEm is the cutoff energy of the interval, which is the energy difference between the peak

position and the upper integration boundary, and C is the correction factor.

There are three radiative corrections to be considered. The first and usually largest correction

is due to the emission of a photon by the electron in the electromagnetic field of the nucleus other

than the one virtual photon involved in the interaction itself (see figure A2.1). This process is called

internal Bremsstrahlung. Both the real and virtual contributions to this process are schematicly

represented in figure A2.1. The corresponding correction function was first derived by Schwinger

[Schw-49] for elastic electron scattering. Refinements to this correction including recoil corrections

were subsequently made [Tsai-61]. The correction function was extended to include the inelastic

region [MeiG-64, Maxi-69, BorD-71]. The correction factor as proposed by Penner [Penn-77] is:

tA2.2]
(1+8vimal)

a e(e-e»)b
5re.i = — 1" ( . ,>2 A E 271 Tl2AEm

2 me
2

e is the beam energy, e' is the energy of the scattered electron, (o is the

transferred energy and q the transferred momentum.
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The Schwinger corrections for the incoming and outgoing electron are assumed to be equal

and therefore a simple square root of the correction factor is taken for each tail. As a result the

calculated tail due to radiation of the incoming electron will be about 0.5% too small and the one for

the scattered electron too high by the same amount. There will only be an effect for the radiative

unfolding procedure, when the two tails are not in the same pm-bin. With the usual pm-bin size of 5

MeV/c this will be the case for cutoff energies above 2.5 MeV (see figure A2.2). Hence the effect is r

rather small ( <0.1% ) because the tails beyond this point contain only about 13% of the total j

strength each. The total correction has been tested for elastic electron scattering and proven to be i

more accurate than 0.1% (statistical error) [Penn-77]. It should be noted that the virtual-photon part

T̂here is a misprint in [Penn-77].
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of this correction (see figure A2.1), which takes into account the vacuum polarization and the

vertex correction, is independent of the cut-off energy (AEm) and results in a reduction (about 5%)

of the measured strength.
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Figure A22 Radiative tails evaluated for the transition from 208Pb to the 207Tl

ground state atpm=100 MeV/cfor the case that e, e' orp suffered some energy loss

(starting at A). Tail contributions, which radiate from outside into the detection

volume, have also been indicated for pm=60 MeV/c (starting at B) andforpm=l45

MeVfc (starting at C). The checkered area symbolizes the detection volume with bin

sizes AEm= 1 MeV and Apm= 5 MeV/c.

A second radiative process is the external Bremsstrahlung, i.e. the emission of a photon by

the electron in the Coulomb field of other target nuclei. The corresponding correction was first

derived by Bethe and Heitler [BetH-34]. An approximation, which can be integrated analytically, is

given by Friedrich [Frie-75]

1 + r t a 1 _ +r AEm

2 AEm

E « e for the incoming electron and e' for the outgoing electron.

; is a function of Z [Tsai-74]

2 e
) 2 ] } [ A 2 . 3 ]

The effective target thickness teff is defined as the quocient of the target thickness t (in g/cm2)
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and the radiation length [Tsai-74]

X o = 716.405 (A/Z) / [ Z(l t - f(Z)) + 12 ] g/cm2,

1] and 12 are slowly varying functions of Z (see table A2.1)

and f(Z) is the Coulomb correction for the one photon exchange approximation [BetH-34]

f(Z) = (Za ) 2 { 1.202 + (Za) 2 [ -1.0369 + ( ( Z a ) 2 1.008) / ( ( Z a ) 2 +1) ] }.

Table A2.1 Parameters for the calculation of the

radiation length [Tsai-74]

h
5.31
4.79
4.74
4.71
5.216 - ln(Z) / 3

6.114
5.621
5.805
5.924
7.085-2In(Z)/3

The interaction is supposed to take place at the centre of the target. This half-path length

approximation is highly (better than 0.1 %) accurate in our case, where £.t«0.1 [Tsai-74].

The corrections for internal and external Bremsstrahlung are only applied for the electrons.

For the protons these effects are six orders of magnitude smaller. Multiple photon emission is also

not considered, because such processes have a probability, that is at least another order of a

smaller.

Table A22 Parameters for the Landau distribution [FinD-80]

i

1
2
3
4
5
6
7
8
9

Si

0.737
0.947
1.23
1.68
2.40
3.68
6.18
12.3
39.7

fi

0.0271
0.0798
0.1085
0.1087
0.0862
0.0604
0.0396
0.0258
0.0238

ci

-1.48
-0.738
0.17
1.33
2.95
5.39
9.40
16.8
30.8

«i

0.196854
0.115194
0.000344
0.019527

The third correction to be made for electrons as well as for protons takes into account the loss

of energy due to ionization of the target atoms. It was first derived by Landau [Land-44]. For thin

targets with large atomic masses it has to be slightly modified, because the resonant energy
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transfers between the particles and the electrons in the atomic shells of the target are important

[BluL-50]. This effect is accounted for by folding a Gaussian into the original Landau distribution.

An approximation [FinD-80] is used, in which the modified distribution is approximated by a sum

of nine Gaussians (accuracy better than 0.14%; see table A2.2)

i=9 i=9
CLand = 2 fi / E fiPK>b(x), [A2.4]

i=l i=l

The Gaussian probability integral has been approximated according to [AbrS-65] formula 26.2.18 as

i=4
prob(x) = 1 - 1 / { 2 [1 + I S J X 1 ] 4 )

i=l

x = > / 2 [ A E m / ^ - A - c i ] / d i ,

£ = 0.1536 (Z/A)t/|32 MeV,

A = In { \ [ p2 / (1- p2)]} - 1.8 In (Z) - P2 - 5.1004.

di =V(S i
2

 + b2),

b2 =2. 10"5Z4/3A./^2

f{, C;, g. and 8j are listed in table A2.2

The mean energy loss for a charged particle in an absorber is [PDG-82]

V t o n = 2 S l n « P2 ' 0 - P2)] " 0 9 l n <Z>" P2 + 11.06469},

for an electron in the limit |52-»1 this becomes [OBrC-74]

p is the target density in g/cm3.

A2.2 The Unfolding Procedure

Using the formulas for the correction factors of all radiative processes presented above, the

radiative tails, which are the derivatives of the reciprocal correction functions, can now be

unfolded. We follow the suggestion of Crannell [Cran-69] to consider the strength in each (Em,pm)

bin as a peak, which is reduced due to radiation losses and for which the corresponding radiative

tails must be unfolded. One starts this procedure with a row of p m bins at a missing energy, which

is smaller than the proton-separation energy, because no strength can be shifted to this (Em,pm)

region due to radiation. For these bins correction factors for all radiative processes are calculated

using a cutoff energy of half the bin size. The original bin contents Nexp is then incremented by
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applying these correction factors (Co)

No = NexP .C0(e).C0(e').C0(p) [A2.5]
= NexpCoschw(e)-Coschw(e1)-CoBren,(e)-COBrem(e').COLand(e).COLand(e').COLand(p)

The corresponding tails in the (Em,pm) plane are evaluated and subtracted from the remaining bins.

Those tails are not only evaluated for the original bins inside the experimentally covered (Em,pm)

space, but also for bins outside this region, because it is possible that strength is shifted into the

detection volume due to radiation (see figure A2.2). Therefore an extrapolation of the measured

spectral function has to be made at fixed Em to higher and lower pm . The whole procedure is

repeated for the next row of Em bins and so on until the total spectral function has been corrected.

To perform the tail subtraction correctly one has to reconstruct the e1 and p vectors from the

(Em,pm) coordinates. For Em and p m we used the average value for the bin assuming the spectral

function to be uniformly distributed.

E m = (Em,min + Em,max) ' 2

Since various combinations of e1 and p can render the same (Em,pm) pair, it is not possible to

reconstruct the two vectors e1 and p from the two coordinates (Em,pm) in an unique way.

Therefore several additional constraints have to be applied. Firstly one assumes coplanar

kinematics, i.e. all vectors lie in one plane (<|> = <|>e. = 0 ). Further constraints are obtained for

parallel kinematics by keeping 8e. fixed at the central value and requiring 9 = 0 , after which e'

and p can be calculated from equations [3.2] and [3.3] recursively. This method ensures a proper

reconstruction of the kinematics even for very small pm.

With the energies and scattering angles corresponding to the (Em,pm) pair thus determined ; ;

one can now apply the so-called peaking approximation in case one of the particles suffers some 1

energy loss. i.

This approximation assumes that the energy loss (y) is in the direction of the momentum of

the radiating particle (see figure A2.3). The (Em,pm) pair is then recalculated. Since the functional

dependence of the radiative tail has been given above, one can calculate how the strength is spread

out due to radiation losses and correct the measured distribution accordingly.
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A complication is due to the fact that the incoming-electron momentum is experimentally

determined before a possible energy loss occurs, whereas the momenta of the outgoing particles are

measured after such radiative losses. If the incoming electron has radiated, the transferred

momentum (q) will decrease and the outgoing-proton momentum is changed correspondingly,

when the same part of the spectral function is probed. In that case all vecto/s will therefore be

affected. One will still observe a change in the constructed pm, because the momentum transfer is

calculated using for the energy of the incoming electron e instead of e-y (see figure A2.3). As a

consequence there are tails in three directions

[A2.6a]

e/e [A2.6b]

• e'/e1 [A2.6c]

(P/P) (P(/P) [A2.6d]Pm3

exp

e'

Figure A23 Reconstruction of the missing momentum vector for the

case that one of the particles has suffered energy loss due to radiation.

This can be illustrated with the data (see figure A2.4) obtained from an (e,e'p) experiment on

hydrogen. Obviously in this case the spectral function is a delta function at Em = p m = 0. Two tails

are clearly observed: for e defined by Em=-pm and for e' given by Em = pm. The third tail for p in

the direction Em= - (p/p0) p m is (as expected) very small and therefore hardly visible.

The actual amounts that should be subtracted from bin j (Em direction; the incremented bin

corresponds to j=0) are represented with the following formulas
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in the direction of e

ANj = No [1/Cj - 1/Cj.,](e) { 2 + 1 / C0(e
() + 1 / C0(p) + 1 / [C0(c') C0(p)] } / 6

[A2.7a],

in the direction of e1

ANj = No [ 1/Cj - 1/Cj.jl^ { 2 + 1 / C0(e) + 1 / C0(p) + 1 / [C0(e) C0(p)l } / 6

[A2.7b]

and in the direction of p

ANj = No [1/Cj - l /Cj. ,]^ { 2 + 1 / C0(e) + 1 / C0(e') + 1 / [C0(e) C0(e')] } / 6

[A2.7c].

The correction factor (C) is evaluated for a cutoff energy AEm = (j-l/2)Em-bin

size and the sequence, in which the radiative unfolding in the three directions is

carried out, is averaged over all 3! possibilities.

Figure A2.4 Not-unfolded spectral function for the reaction 'Hfe.e'p), where the

two radiative tails due to radiation of the electron before and after the interaction can

be observed.

Apart from the virtual-photon part of the Schwinger correction, which gives an overall reduction

(see section A2.1) the increment of the start bin equals (see formula [A2.5])

0(C) C 0 ( p ) - l }
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The number of counts subtracted in the tail for j=l to infinity is according to formula [A2.7] and
[A2.5]

S ANj = Nexp { [C0(e) - 1] [2 C0(e
() C0(p) + C0(e') + C0(p) + 2] / 6 +

[C0(e') - 1] [2 C0(e) C0(p) + C0(e) + C0(p) + 2] / 6 +

[C0(p) - 1] [2 C0(e) C0(e') + C0(e) + C^e1) + 2] / 6 }

= N 0 - N e x p

which illustrates, that in the unfolding procedure the number of counts is conserved for the real part

of the radiative correction.

The error propagation is performed without taking into account the full correlation matrix.

This neglect of correlations leads to a small overestimation of the errors, which was checked with a

high statistics (e,e'p) measurement on carbon and turned out to be less than 0.1%.
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Figure A25 Momentum distributions for the reaction D(e,e'p)n for Em between

1.7 and 2.7 MeV;

a) the sorted counts N(pm);

b) the calculated detection volume V(pm);

c) the uncorrected spectralfunction S*(pm);

d) the radiative-unfolded spectral function S(pm).
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A2.3 The D(e,e'p)n Reaction as a Test Case.

As a test case for the reconstruction of p m and for the radiative-unfolding procedure the

ground-state transition in the reaction D(e,e'p)n has been studied near p m = 0 MeV/c. This

measurement will reveal mismatch, if any, between the backtracing program (see figure A2.5a) and

the detection-volume calculation, because the detection volume has, apart from the usual edges due

to finite spectrometer acceptances, also a minimum at 0 MeV/c (see figure A2.5b). This results

from the fact, that around 0 MeV/c the detection volume is proportional to p m
2 dpm . The

construction of the missing-momentum vector close to 0 MeV/c is most sensitive to the directions

of e1 and p. Hence this procedure provides a check for the determination of the scattering angles.

The radiative unfolding procedure can also be tested in this experiment, because there are no excited

states in the residual system (see figure A2.6) and hence the remaining strength above the

ground-state transition should be consistent with zero after the unfolding.

10'

103

5 10
Em [MeV] =*

Figure A2.6 Spectral function for the reaction 2D(e,e'p)n before (top) and after

(bottom) radiative unfolding. The data were integrated from pm = -32 J to 325

MeVlc. Note that the scale is linear below 10l. The Hydrogen peak is due to 1H

contamination in the CD2 target.
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As can be seen in figure A2.5 the calculation of the detection volume (see figure A2.5b) works

reasonably well, since the large dip in the count rate (see figure A2.5a) around 0 MeV/c translates

properly in a smooth curve in the spectral-function representation (see figure A2.5c). The

remaining spike at p m = 0 MeV/c is due to the radiative tail of the reaction 'H(e,e'p), which is also

observed in this experiment due to 'H contamination of the CD2 target. This tail contribution

disappears after the radiative-unfolding procedure has been applied (see figure A2.5d). However,

there is still a significant (8±.1%) amount of strength (see figure A2.6) left in a missing-energy

interval between 3 and 10 MeV, where one would expect no strength at all. A further investigation

-40 -20 0 20

Pm[MeV/c]=>

Figure A2.7 a) The missing-momentum distribution, after the radiative unfolding

procedure has been applied, for the strength found between Ein=1.7 and 2.7 MeV

for the ground-state transition (filled circles) and between En=3 and 10 MeV for the

tail area (open circles), showing a strong residue in the tail especially at low missing

momentum.

b) The corrected time-difference spectrum for events with a missing

energy value between 3 and 10 MeV. The spectrum has been fitted with a constant

background plus a broad Gaussian (FWHM=4.5 ns) underneath the sharp

(FWHM=1.0 ns) Gaussian peak.
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of the distribution of this remaining strength showed that it is concentrated at negative pm values

(see figure A2.7a). Moreover the corrected time-difference (Atc) spectrum for this part (Em= 3 up to

10 MeV) of the spectral function shows a bump-like structure (FWHM <= 5 ns) underneath the

sharp (FWHM = 1 ns) Gaussian peak (see figure A2.7b).

H(e,e'p)

e'cnr[MeV]

u i

2

-10 -5 0 10 -10 -5
Atc [ns] =»

pulse height [a.u.] =*

Figure A2.8 Some spectra from an (e,e'p) experiment on hydrogen.

a) and b) Kinematicatty-corrected electron (e'cor) spectra for all events and for

events with a Em larger than IS MeV, respectively,

c) and d) Corrected time-difference (Atc) spectra for all events and for events

with Em>1.5 MeV and e'cor< 0.4 MeV, respectively,

e) and f) Pulse height spectra for all events and for events with Em> 1J MeV

ande'cor< 0.4 MeV, respectively.
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In order to investigate this phenomenon further we also analyzed data from a ^ (

experiment with a missing energy larger than 1.5 MeV, i.e. the radiation tail. The kinematically-

corrected electron (e'cor) (see appendix A 1.2 formula [A 1.5]) spectrum for all events shows a peak

at 0 MeV as expected. However, when we select events with E m > 1.5 MeV still some of these

events have a corrected value around 0 (see figure A2.8a and b). Hence the energy transfer (to =

e-e') for these events corresponds to elastic scattering without radiation loss, which indicates that

the energy (Tp) of the detected proton must have been too small, since Em = (0 - Tp.

A further investigation of these events (Em > 1.5 MeV and e'cor < 0.4 MeV) exhibited as

expected only negative pm-values. They also showed uniform distributions for both in- and

out-of-plane angles in the two spectrometers, covering the total solid-angle acceptances and a broad

(=5ns) corrected time-difference spectrum (see figure 2.8c and d). In the pulse-height spectrum of

the scintillators in the QDQ (see figure 2.8e and 0 a second peak appeared, when selecting these

events.

All these effects can be explained, when after the first proton a second proton with lower

momentum passed through the wire chambers, whose MWDC information was stored instead of

that of the first one. The first proton belonged to the real coincidence event and gave the trigger

signal for the time-difference measurement. Such an interchange is possible, if the second proton

appears in a 152 ns window after the first one and has a lower momentum. The 152 ns delay

between the trigger and read out is needed to allow for the maximum drift time to the wires in the

MWDC's. The interchange is caused by the fact, that the chamber readout starts on the low

momentum side of the chambers and stops as soon as it has encountered an event. Therefore the

height of the correction as well as the length of the corresponding tail, in which these events

become erroneously redistributed, are dependent on the momentum of the proton (p) and related to

the dead-time correction factor ( C , ^ ) , which was determined for a 500 ns dead-time (see section

3.3).

The correction for these double hits has to be performed on a count level, which means that

S(Em,pm) has to be multiplied by the detection volume V(Em,pm) and k o ^ (see section 3.5) before

applying the correction and divided by it again afterwards. The unfolding is similar to the one

applied for the radiative tails, but obviously no extrapolation has to be made to regions outside the
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detection volume. The direction of the tail is the same as that for Landau straggling of the proton

described previously (see formula [A2.6]). At any value of p m the tail runs from p m to [pm - (p -

Pmin)] anc* * lIS distributed according to the detection-volume shape. The correction factor is defined

as:

CDH = t (Cdead" D(152/500) P(p2<p) ] + 1.

P(p2<p) is the probability for a second proton to have a lower momentum than

the first coincident one. It depends on the shape of the proton singles spectrum.

One has to subtract only that part of these mutilated events that fall inside the corrected time-

difference window of ± 1.5 ns. We calculate this fraction from the area of the corrected

time-difference spectra in this window (see figure A2.7b and A2.8d) by assuming a Gaussian

distribution with a FWHM defined as

FWHM = V 2 T / ( c P ) '•

T = 0.385 m, which is half of the maximum path-length difference for

trajectories through the QDQ, P » p / (V(p2 + m_2)) and c - 0.3 m/ns. The

factor V2 has been added, because one has to fold the time distributions of the

first and the second proton.

Finally the fully corrected spectral function for the reaction 2D(e,e'p)n shows (see figure

A2.9) that the radiative-unfolding procedure combined with the double-hit correction ensures a

reliable result. Before the unfolding there is about 25% (17% due to radiative effects and 8% due

to double-hit effects) of strength present in the region between 3 and 15 MeV and after the

unfolding there is only 0.9 ± 1.3% left in this area. The error is almost completely statistical.

The distortion of the data due to a second event is in principle also present in the QDD, but I

here the effect is much smaller, because the drift times in this spectrometer are smaller. Therefore \

the readout can be started after only 100 ns (instead of 152). Furthermore the QDD detection 1

system is divided in five independent sectors (instead of one in the QDQ), which reduces the effect " j

by a factor five. Finally the QDD dead-time correction is, in the usual parallel kinematics,

considerably smaller than that of the QDQ. Therefore no correction has to be applied for the QDD.
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Figure A2S Spectral function for the reaction D(e,e'p)n after the

double-hit effect has been unfolded and the radiative-unfolding

procedure has been applied. The data were integrated for pm =

-325 to 325 MeVlc. Note that the scale is linear below 10'.
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Samenvatting
Beperkingen van de "gemiddelde veld" beschrijving voor kernen in het lood-gebied,

geobserveerd met de (e,e'p) reactie.

In dit proefschrift is de energie- en impulsverdeling van de protonen in de kern 2 0 8Pb

bestudeerd met een reactie waarbij door een elektron met een hoge energie een proton uit de kern

wordt gestoten. Deze zogenaamde (e,e'p) experimenten zijn uitgevoerd met de 500 MeV

elektronenversneller en twee magnetische spectrometers voor de analyse van het uitgaande electron

en proton. Dankzij het zeer goede energie- en tijd-scheidend vermogen van de NIKHEF opstelling

is het mogelijk om op nauwkeurige wijze de kleine werkzame doorsnede, typisch voor deze

coïncidentie-experimenten, te bepalen.

Het eenvoudigste model voor de beschrijving van de golffuncties van de nucleonen

(protonen en neutronen) in een zware kern is het één-deeltjes schillenmodel. In dit model wordt de

kern opgebouwd gedacht met nucleonen die, ondanks de sterke wisselwerking, onafhankelijk van

elkaar bewegen in een gemiddeld veld dat gegenereerd wordt door alle nucleonen samen. Ten

gevolge van het Pauli-principe kunnen niet alle nucleonen de energetisch laagste (nl: = ls J / 2)

quantumtoestand bezetten. Het maximale aantal nucleonen in iedere toestand is gelijk aan de

zogenaamde somregelwaarde 2j+l. In het één-deeltjes model worden de opeenvolgende

quantumtoestanden, te beginnen met de energetisch laagste, succesievelijk gevuld met protonen.

Voor 208Pb zijn dan alle toestanden tot en met de 3s1/2 baan volledig gevuld en is er geen bezetting

van (energetisch) hoger gelegen toestanden. Tussen de gevulde en lege quantumtoestanden ligt het

zogenaamde Fermi-oppervlak. In het algemeen is dit één-deeltjes model in goede overeenstemming

met de uit (d,3He) en (t,4He) reacties bepaalde bezettingen van de minst gebonden (valentie)

protontoestanden (3s1/2, 2d3/2, lhj 1 /2,2d5/2), maar opgemerkt dient te worden dat het voldoen aan

de somregel bij de analyse van deze overdrachtsreacties vaak als randvoorwaarde wordt

gehanteerd.

Theoretisch kan men echter verwachten dat het één-deeltjes model niet meer is dan een eerste

orde benadering en dat er voor een realistische beschrijving van kernen correcties aangebracht

moeten worden om de sterke interacties tussen de individuele nucleonen in rekening te brengen.
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Deze zogenaamde correlaties hebben onder andere tot gevolg dat protonen uit toestanden onder het

Fermi-oppervlak verdwijnen naar toestanden erboven. Voor de aanvang van het huidige onderzoek

waren hiervoor reeds een aantal (indirecte) aanwijzingen uit elastische en inelastische eleVtronen-

verstrooiingsexperimenten op kemen in het massagebied rond 208Pb.

De (e,e'p) reactie is, onder de aannamen dat het elektron slechts een wisselwerking heeft met

dit ene proton en dat deze wisselwerking gelijk is aan die met een vrij proton, bijzonder geschikt

om op een zeer directe wijze het één-deeltjes karakter van een kern te bestuderen. Als bovendien

wordt aangenomen dat alle sterkte corresponderend met een zekere quantumtoestand in het door het

experiment bestreken excitatie-energiegebied aanwezig is, kan voor deze quantumtoestand de

bezettingsgraad bepaald worden. Op het NIKHEF is de 208Pb(e,e'p)207Tl reactie bestudeerd om de

beperkingen van de "gemiddelde veld" benadering vast te stellen en het effect van correlaties te

onderzoeken. Niet alleen de uitstoot van valentieprotonen maar ook van sterker gebonden protonen

met bindingsenergieën tot 33 MeV is bestudeerd. In dit energiegebied treffen we protonen aan in de

volgende quantumtoestanden: 3s,/2» 2d3/2, lhn/2> 2d5/2, lSii2' 1ê9/2' 2Pl/2> 2P3/2' lf5/2' lf7/2 e n <

2s 1/2. Conform de theoretische verwachting van Pandharipande, Papanicolas en Wambach omtrent

de invloed van correlatie-effecten is inderdaad waargenomen dat de bezetting van de toestanden in

de buurt van het Fermi-oppervlak lager is dan de bezetting van de dieper gelegen toestanden. De :

gevonden bezetting van de valentie-toestanden bleek echter zelfs 50% kleiner dan verwacht wordt

volgens het één-deeltjes model en 20 tot 30% kleiner dan verwacht in modellen waarin

correlatie-effecten wel in rekening zijn gebracht. De opbrengst van het 208Pb(c,e'p)207Tl

experiment corresponderend met valentieprotonen werd geconcentreerd gevonden in scherpe pieken

in het excitatie-energie spectrum van de thallium kern. De opbrengst van de dieper gelegen

toestanden is uitgesmeerd over resonantie-achtige verdelingen, die breder worden naarmate ze

sterker gebonden zijn. De bindingsencrgie-afhankelijkheid van deze breedte is gelijk aan de !

afhankelijkheid die door Brown en Rho afgeleid werd uit gegevens van de (p,2p) reactie voor (

lichtere kernen ( A<60). Verder kon de experimentele gemiddelde bindingsenergie voor de diverse

quantumtoestanden alleen goed beschreven worden met een "gemiddelde veld" waarde mits die

waarde gecorrigeerd wordt voor polarisatie- en correlatie-effecten zoals berekend door Mahaux en

Ngô.
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Uit de in dit proefschrift gepresenteerde metingen worden dus drie duidelijke aanwijzingen

voor correlaties gevonden, namelijk de afname van de bezettingsgraad bij het Fermi-oppervlak, de

gemiddelde bindingsenergie en de breedte van de quantumtoestanden. De absolute waarde van de

bezetting is echter 20 tot 30% lager dan voorspeld wordt door de meest geavanceerde theoretische

beschrijvingen van de kemstructuur. Dit betekent dat deze theorie herzien moet worden of dat er

een verkeerde aanname is gemaakt in de analyse van de meetgegevens. Om dit laatste te controleren

is een ijk-experiment uitgevoerd, waarbij uit een absolute (e,e') meting van het ladingsdichtheids-

verschil tussen de kernen 206Pb en 205Tl zoals gemeten in Saclay en een relatief (e,ëp) experiment

aan dezelfde isotonen uitgevoerd op het NIKHEF absolute bezettingen kunnen worden afgeleid.

Deze absolute bezettingen zijn verbonden aan absolute bezettingen in 208Pb via een aanvullend

(e,e'p) experiment ter bepaling van de verhouding van de spectroscopische factoren voor 206Pb en

208Pb. Het resultaat voor de bezettingsgraad van de 3s1/2 quantumtoestand in 208Pb is 0.82 en

wijkt dus sterk af van de 0.49(5) gevonden met de directe analyse.

Uit het ijk-experiment volgt dus dat er geen reden is om de theorie van de kernstructuur

grondig te herzien, maar dat de afleiding van de bezettingsgetallen uit de gemeten overgangssterkten

mogelijk minder rechtstreeks is dan aanvankelijk verondersteld. Er moet een hernormering worden

toegepast. Dit kan veroorzaakt worden doordat de sterkte is uitgesmeerd over een energiegebied

van honderden MeV's hetgeen in het onderhavige experiment niet kan worden vastgesteld of de

wisselwerking van een elektron met een gebonden proton niet gelijk is aan die met een vrije proton.

Beide mogelijkheden dienen in de toekomst verder experimenteel onderzocht te worden. Ter

ondersteuning van de laatst genoemde mogelijkheid zijn onlangs op het NIKHEF al enige

experimentele aanwijzingen verkregen uit (e,e'p) metingen op 6Li en l 2C, waarbij een verschil

werd geconstateerd tussen de wisselwerking van elektronen met vrije en in een kern gebonden . f

protonen. <

In dit proefschrift -'s aangetoond dat er correcties moeten worden aangebracht in het

één-deeltjes model om een goede beschrijving van de kernstructuur van 2O5T1,206Pb en 208Pb te

verkrijgen en dat deze correcties geïnterpreteerd kunnen worden als resultaat van correlaties tussen

de nucleonen onderling.
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