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ABSTRACT

A STUDY OF 206Pb BY INELASTIC

SCATTERING or 35 MeV PROTONS

BY

Joseph Eugene Finck

Using high resolution techniques the inelastic scat-

206
tering of 35 Mev protons by Pb have been measured. A

resolution of 6 to 9 keV allowed identification of approx-

206Pb with excitation energies up to
imately 180 levels of

6.8 MeV. Angular distributions of most of these states are

measured. L-transfers and deformation parameters are

determined by comparison of the measured angular distribu-

tions to collective model calculations. Strongly excited

collective states are compared to analogous states in

207Pb and 208Pb and the overall distribution of inelastic

206Pb is compared to 208Pb. Microscopic cal-strength in

culations of natural parity states are presented and allow

a test of theoretical RPA and TDA wave functions. Unnatu-

ral parity states with well determined wave functions are

also studied microscopically and permit an examination of

the central and noncentral forces in the effective inter-

action.
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CHAPTER I

INTRODUCTION

The lead region has always been an attractive area to

test nuclear models. Nuclei in this mass region have been

studied both experimentally and theoretically. The bulk

of this work has involved the structure of the doubly-

208
magic nucleus Pb. Many of these studies have also ex-

207
tended to the single-hole structure of Pb and the

20931 which are now well-

206

single-particle structure of

established. An examination of Pb is a further step

toward the more complex structure that exist away from

closed shells.

206Pb includeExperiments previously performed on

inelastic scattering [Refs. 1.1, 1.2, and I.3I which has

given information about the strongly excited states.

Information about the microscopic structure of many of the

low-lying states has been provided by decay studies [Refs.

1.4, I.5, and 1.6], transfer reactions [Refs. 1.7, 1.8,

1.9, and 1.10], and isobaric analog resonance experiments

[Refs. 1.11 and 1.12]. The spins and parities of many

higher-lying levels have also been determined by these

206
experiments. Using the shell model which describes Pb

208
as two neutron holes in the Pb core, energies and wave

1
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206
functions of the low-lying levels of Pb have been cal-

culated [Refs. 1.13 and 1.14]. With this background a

detailed study of inelastic proton scattering from 206Pb,

including collective and microscopic calculations, has

been undertaken.

A direct reaction, such as inelastic proton scatter-

ing, can be used as a means to obtain spectroscopic infor-

mation. In direct reaction experiments a beam of par-

ticles with a certain energy is focused on a target. The

number of outgoing particles of a certain energy as a

function of the angle between the incoming beam and the

outgoing particles (the angular distribution) is measured.

From these data the energy of the levels of the investi-

gated nucleus can be directly determined; information

about the spin and parity of the excited levels, and the

spectroscopic strength for the excitation of these levels

can be obtained by comparing the measured angular distri-

butions with calculations assuming a specific configura-

tion for the level considered.

Of all the direct reactions available proton scatter-

ing is the most appealing reaction to investigate nuclear

structure and interactions. Almost all levels in a

nucleus can be excited by means of inelastic scattering of

protons with a beam energy for above the Coulomb barrier.

However, the cross sections can be low. The structure of

the states can be determined from comparison of the
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experimental angular distribution for the level with that

obtained from macroscopic or microscopic distorted wave

calculations. When there are accurate wave functions

available from model calculations microscopic calculations

are preferred because these provide a better check on the

proposed structure of the state. As the shape of angular

distributions at forward angles and the magnitude of the

overall angular distribution are very sensitive to the

different configurations in the wave functions of the

state, microscopic calculations are a suitable test for

the wave functions.

The possibility of finding states which have not been

seen before, together with the possibility of comparing

the experimental angular distributions of the states with

model calculations provide the motivation for a high reso-

206
lution (p,-p') experiment on Pb.

206Pb hasA proton inelastic scattering experiment on

been reported [Refs. 1.1, 1.2, and 1.3] at 24.5 MeV bom-

barding energy with an energy resolution of approximately

25 keV. This experiment identified 30 levels, and spin

and parity assignments for the most strongly excited

states were made. Using a collective model calculation,

the reduced transition rates for some of these states were

extracted. In this experiment, the angular distributions

were compared only with the collective model predictions.

The theoretical tools for a microscopic analysis were not
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well developed at the time that this experiment was done.

Furthermore, only states below 4.6 MeV of excitation

energy were observed and in this region states weakly

excited were not extracted. In addition, the resolution

limited the number of states that could be analyzed unam-

biguously. This represents the most extensive study of

206Pb (p, p') to date.

With the availability of particle accelerators with

increased intensity and improved resolution, along with

advances in magnetic spectrographs and particle detection

devices, weakly excited levels and close lying excited

levels can be resolved and studied. The microscopic

description of nucleon-nucleus scattering has also pro-

gressed. Now with a better understanding of exchange

effects and the nucleon-nucleon interaction, microscopic

inelastic reaction theory can be used to study nuclear

properties [Ref. 1.15].

This thesis reports a study of 206Pb (PI P.) per-

formed at 35 MeV with an energy resolution of 6 to 9 keV.

Experimental procedures are described in Chapter II.

206Pb with excitation ener-Approximately 180 levels of

gies up to 6.8 MeV are observed. Measured distributions

for 144 of these levels are displayed. In Chapter 111

these results of the experiment are presented.

In the remaining chapters the theoretical models

are compared with experimental results. The collective
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model is used in fitting many of the measured angular dis-

tributions, and L-assignments and deformation parameters

are obtained for these states. Systematics of strongly

excited collective states in 206Pb, 207Pb, and 208Pb are

examined, and inelastic strengths of 206Pb and 208Pb are

compared. Microscopic calculations are performed for a

number of natural and unnatural parity states. The micro-

scopic examination of natural parity states permits the

testing of wave functions since such transactions depend

little on the noncentral two-body interaction. Wave

functions obtained from the random phase and Tamm-Dancoff

approximations are examined. Unnatural parity transitions

to levels with well determined wave functions allow the

two-body central, tensor, and spin-orbit forces to be

studied. In this study two different sets of forces are

employed for comparison with experimental results.

In Appendix 1, the methods used in the analysis of

the data are outlined. This includes a description of the

computer programs used to perform data reduction, deter-

mine excitation energies, extract angular distributions,

and plot the results. Appendix 11 give examples of input

to the distorted wave programs used in this study.

Measured angular distributions of 206Pb (p, p') are tab-

ulated in Appendix 111. Appendix 1V lists abstracts of

published papers to which 1 have contributed while a

student at Michigan State University.
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CHAPTER II

EXPERIMENTAL PROCEDURE

The experiment was performed using 35 MeV proton

beams from the Michigan State University and Princeton

University sector-focused cyclotrons. The Michigan State

cyclotron delivered a proton beam of between 500- and

1500-nA average current on target. The average current

from the Princeton cyclotron was between 50- and 150-nA.

Throughout the experiment 206Pb targets of about

0.1 mg/cm2 thickness were used. The targets were pre-

pared by vacuum evaporation of the isotope, enriched to

97.22%, on a 20 ug/cm2 carbon foil with a support of two

layers of formvar. This choice of target thickness was

based on a study by Wagner [Ref. 11.1] which showed that

lead targets of this thickness affect the resolution very

little. In addition, targets of this thickness yield

tolerable count rates, and skewing of peak shapes due to

straggling of the protons in the target was reduced.

The beam on target was monitored by measuring the

total charge collected in the Faraday cup and by measuring

the number of beam particles elastically scattered into a

NaI(T1) detector placed at an angle of 90° relative to the

incident beam. This angle was chosen because 90° lies
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near a relative maximum of the elastic cross section for

206Pb and also gives a good separation of protons elastic-

ally scattered from lead and light mass contaminants in

the target. The relative normalization obtained by these

two measurements agree to within 5%.

The spectra from the part of the experiment at

Michigan State were obtained using nuclear emulsions in

the focal plane of the Enge split-pole magnetic spectro-

graph. This plate data was taken with a 0.6 milisteradian

(1° x 2°) solid angle at forward angles and a 1.2 mili-

steradian (2° x 2°) solid angle at backward angles. A

stainless steel absorber of thickness 0.25 mm was placed

immediately before 20 inch Kodak NTB 25 um nuclear emul-

sions. The absorber stopped all particles other than

protons, and decreased the proton energy. This enhanced

the proton tracks in the emulsion and did not signifi-

cantly broaden the line width. On-line determination of

the focal plane line width was optimized by adjusting the

dispersion of the beam across the target using a "specu-

lator" technique [Ref. II.2]. Once the dispersion was

Optimized, the resolution remained constant throughout

the experiment. The resolution of the plate data ranges

from 6-9 keV (FWHM). Each plate run covers a range of

excitation energies from the ground state to about 7.0 MeV.

A typical spectrum of plate data is shown in Figure

11.1. States of well-determined spin and parity have been



Figure 11.1

206
Typical spectrum of protons scattered by Pb obtained

with a photographic plate.

and parity are identified.

States of well-determined spin

The resolution is about 6 keV.
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11

identified. Some strongly excited states, such as the

ground state, the first excited state, and the 3- state

at 2.648 MeV of excitation, produce proton tracks too

dense to scan. However, their positions can easily and

accurately be determined by the plate scanner. This aids

in the energy calibration of the spectra.

Most states below 4 MeV of excitation appear to be

completely resolved. Of special interest in this study

are the unnatural parity states. These states, being

weakly excited, present an experimental challenge. In

particular the 1+ state at 1.708 MeV requires very high

resolution to be extracted from the shoulder of the

strongly excited 4+ state. In all plate spectra the 1+

state was clearly separated from the 4+ state and could be

easily extracted.

The density of states above 4 MeV of excitation

becomes increasingly large. Many of the states appear to

be completely resolved. Peaks whose widths indicate

possible multiplet structure were extracted by an intera-

tive procedure using the program SCOPEFIT [Ref. 11.3]. A

description of this program, and other programs used in

the data analysis, is given in Appendix I.

At Princeton the quadrupole-dipole-dipole-dipole

(QDDD) spectrograph was used. When excited states were

examined the solid angle was opened to about 3.6 mili-

steradian (2° x 6°). The solid angle was closed to 1.2
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12

milisteradian (2° x 2°) when observing the elastic peak.

This was done to decrease the number of particles striking

the detector, thus reducing dead-time losses. The detec-

tor used in the focal plane of the QDDD was a 20 cm long

resistive-division position-sensitive gas proportional

counter backed by a plastic scintillator in coincidence.

The data acquisition and analysis was performed by the

program TOY [Ref. 11.4] on a Sigma-2 computer. The pro-

gram gates the position spectrum from the gas proportional

counter by a window on a particle identifier consisting

of the total proportional counter signal versus the scin-

tillator signal. In addition, the position spectrum was

gated by the particle time-of-flight (TOF) spectrum

(measured relative to the cyclotron rf signal). The TOF

is an aid in particle identification and was used to

reduce background in the proton spectra.

Data taken with the proportional counter must be done

in three passes because of the large dispersion of the

QDDD. Each pass covers an energy range of 2.5 MeV. The

three passes overlap encompassing levels from the ground

state to states up to 5.5 MeV of excitation. The energy

resolution of this data is 15 to 20 keV. Data at 40°,

taken in three segments, are displayed in Figure 11.2.

The only counter data used in the analysis in this study

are levels labeled in Figure 11.2.

Both methods of acquiring data offer unique
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Figure 11.2

Typical spectrum of protons scattered by

with the proportional counter.
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15

advantages. Data taken with the nuclear emulsions have

far better resolution allowing weakly excited and close

lying states to be analyzed. The linearity of the plates

yield accurate excitation energies. The proportional

counter gives more accurate cross section data for

strongly excited states because it is not limited by the

number of counts in a peak. Because energy resolution is

not as curcial in this part of the experiment, a compara-

tively large solid angle could be used and data was

accumulated at a rapid rate. The counter data also has

the advantage of livetime data taking, while the data

taken with the photographic plates is passive. Due to the

time required to scan a plate, the results from this part

of the experiment were typically not known for months.



II.1

II.2

II.3

II.4
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CHAPTER III

EXPERIMENTAL RESULTS

Listed in Tables 111.1 and 111.2 are the excitation

206Pb observedenergies of the approximately 180 levels of

in this experiment. In Table 111.1 the levels with exci-

tation energy below 4.6 MeV are compared with the results

of a recent compilation [Ref. 111.1] and an inelastic pro-

ton scattering experiment [Ref. 111.2] with an incident

proton energy of 24.5 MeV. Above 4.6 MeV of excitation,

the correspondence of levels seen in different reactions

is uncertain due to the high level density and uncertainty

of excitation energy. As a result the data in this region,

displayed in Table 111.2, is not compared with previous

results.

To determine the energies of identified 206Pb states

only the data taken with the nuclear emulsions are used.

This data not only has the advantage of high resolution,

but also is very linear along the entire length of the

plate. All levels listed in these tables were clearly

observed in the photographic plate data at a minimum of

three angles. The energy calibration of each plate expo-

206
sure was determined using both Pb states and well-known

levels of nuclei which were present as impurities in the

17
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target. The 206Pb states used had focal plane positions

clearly determined in this experiment, and had excitation

energies established in other high resolution experiments

[Refs. 111.3, 111.4, 111.5, and 111.6]. These calibration

states are indicated in Table 111.1. The levels of 12C

and 160 strongly excited by inelastic proton scattering,

as well as the ground states of 35Cl and 37Cl were used

whenever possible. The presence of impurity states in the

206Pb spectra also allows the scattering angle to be

accurately determined by kinematics.

The excitation energies given in Tables 111.2 and

111.2 include statistical uncertainties plus an additional

error of 1 keV per 500 keV of excitation energy for states

beyond 3.5 MeV of excitation energy. This systematic

error is an estimate of both the interpolation error and

the uncertainties in the focal plan positions caused by

the high level density.

Below about 4.6 MeV of excitation energy most states

are well-resolved and the agreement with previous work is

very good. Several new levels have been identified in

this region including two relatively strongly excited

states at 3.257 and 3.980 MeV of excitation energy. A

level previously reported at 2.658 MeV is not seen in this

experiment. Even if this level is excited in the present

experiment it could not be resolved from the state at

2.648 MeV of excitation energy in the counter data, and
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because the 2.648 MeV state is the strongest excited state

in this reaction the particle density is too intense to

analyze in the plate data. Other levels previously

reported in this region, yet not seen in this experiment,

are probably very weakly excited, and an upper limit of

10 ub/sr can be put on their maximum cross section.

Angular distributions for inelastic states seen at

four or more angles are shown in Figures 111.1 through

111.3. The cross sections are displayed with their cor-

responding excitation energies. Error bars indicate sta-

tistical errors and are drawn only when greater than the

symbol size. The curves drawn through the data are

included as guides to the eye and do not represent theo—

retical fits to the data. These angular distributions are

also tabulated in Appendix III.
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Figure 111.1

Measured inelastic cross sections. The lines drawn through

the data points are included to guide the eye and do not

represent theoretical fits to the data.
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Figure 111.2

'

Same as Figure III.1.
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Figure III.3

Same as Figure III.1.
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CHAPTER IV

COLLECTIVE MODEL ANALYSIS

The usual method of extracting information on the spin

and parity of a state and on the transition strength for

the excitation of the level in a direct reaction is by

making a comparison of the measured cross section with the

results of a calculation using the Distorted Wave Born

Approximation (DWBA). With this approach the experimental

angular distributions are compared to DWBA angular distri-

butions which have a characteristic shape determined by the

strengths of each L-transfer involved. The problem is sim-

206Pb has a 0+ ground state. Thus, inplified here because

a one step direct reaction all natural parity transitions

can involve only one L-transfer. For a spherical nucleus

such as 206Pb, the collective vibrational model can be used

to obtain the characteristic L-transfer shape.

The DWBA method is described here only briefly. A

detailed description of the DWBA method is given in Refer-

ences IV.1, IV.2, IV.3.

A. Description of the DWBA Method

In DWBA the differential cross section dc/dQ for the

direct reaction A(a,b)B is proportional to the square of

36
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the transition amplitude.

DW _ -+ + (-) -)- + (+) + +

T — derafderB (kB,rB)<B,b|V|A,a>xa (ka,ra). (IV.1)

Here Ed is the displacement of the projectile a relative to

the target nucleus A, ; is the displacement of the out-

8

going particle b relative to the residual nucleus B, and J

is the Jacobian of the transformation to these coordinates.

The distorted initial and final waves are represented by

(-) H

X B
a respectively. The remaining factor in theand x

transition amplitude is the matrix element of the inter-

action causing the transition, taken between the internal

states of the colliding pairs:

<B,b|V|A,a> = fwabvawadg. (IV.2)

Here 5 represents all coordinates independent of 5a and ES.

The potential V is equal to V -UB, where V is the inter-

B 8

action between B and b and U8 is the potential that gener-

ates the distorted wave XB' Usually one takes for UB the

potential that describes the elastic scattering.

For inelastic scattering two different approaches are

possible: the macroscopic and the microscopic DWBA. The

macroscopic DWBA will be examined here; in Chapter V the

microscopic DWBA will be considered.

In the macrosc0pic DWBA the collective model is used

to describe the wave functions WA and $8, and the potential

U8 is assumed to be the optical potential, deformed similar
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to the nucleus. In this case the equipotential surfaces

can be characterised by

' m

R(e.¢) = 60(1+£ aLmYL(e.¢)). (Iv.3)

m

where are the deformation parameters and and are
Lm

the polar coordinates in the lab coordinate system. The

potential U' felt by the projectile can be expanded into a

Taylor series according to

U'(R) = 0(R0) = U(R/(1+£maLmY§(e.¢)))

U(R)-{ aLmY$(dU/dn)+ higher order terms. (IV.4)

Lm

The first term of the right hand side of equation IV.4 is

the potential which gives rise to the elastic scattering.

The term linear in aLm induces inelastic scattering to

collective states of multipolarity L. The higher order

terms are neglected in DWBA calculations. With this form-

ula the DWBA cross section can be calculated. For excita-

tion of vibrational states one finds [Ref. IV.4}:

2

8
do L

a§(9) W EL:T 0L(9)r (IV'S)

- + dU + + 2
0L(e) = glferé )(k8,r)ra;Y$x; )(ka,r)|' (IV.6)

and

2 2 h
8L = ZlaLml = (2L+1)_;p. (IV.7)

L

For this excitation wL is the frequency of the vibration
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and CL the "spring constant". For rotational excitation a

similar expression can be written containing the frequency

and moment of inertia of the deformed nucleus.

The collective description for inelastic scattering

is rather simple, since only the optical model potential

is needed to perform the distorted wave calculations. The

only adjustable parameter is 8:. The value of B: for exci-

tation of a level is found by normalization of the DWBA

angular distribution to the experimental one:

2.. 92do

BL ‘ (E§)exp/‘d0)DW' (Iv’a)

The deformation parameter BL may be used to determine

the reduced transition probability G in single particle
L

units (s.p.u.). This relation is given by:

(3+L)2 22

GL = 4w(2L+1)

2

0L, (IV.9)

where z is the atomic number of the target.

Another quantity of interest is the fraction of the

energy-weighted sum rule (EWSR) limit for a particular

multipole contained in the observed transitions. The sum

of the observed energy weighted transition strength is

given by:

s = Z G E (IV.10)
I

L f Lf f

where the sum is taken over all final states f of energy

E reached by a particular multipolarity L.
f

Although equation IV.6 is only valid for the
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excitation of collective states, the calculated angular

distribution is also used generally to assign L-values.

This is often possible because the shape of the angular

distribution is mostly determined by the angular part of

the matrix element (Equation IV.2). However, the L-values

obtained should be treated with caution especially when the

fit is not very good.

B. Elastic Scattering and the Optical Model

For comparison with the measured angular distribu-

tions, the DWBA collective model calculations were per-

formed using the computer code DWUCK [Ref. IV.5]. A

sample of the input to this code may be found in Appendix

II. The optical model parameters used in the analysis are

the general set of Becchetti-Greenless [Ref. IV.6].

Because the Becchetti-Greenless parameters are functions

of the particle energy, the energy dependence of the

incoming and outgoing distorted waves is accounted for.

The set of optical model parameters used is listed on

Table IV.1.

A comparison of the measured elastic scattering angu-

lar distribution with a calculation using these parameters

is shown in Figure IV.1. Since the target thicknesses

were known only approximately, the normalization of

elastic scattering to this calculation is used to deter-

mine the value for the thickness of the different targets.

Using this procedure the absolute cross sections are
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believed to be accurate within ten percent.

C. L-transfers and Deformation Parameters

Angular distributions for natural parity states are

very characteristic of the angular momentum transfer.

Comparisons of collective model fits to identified states

are displayed in Figures IV.2 and IV.3 and discussed

below. The L-transfers are determined by comparing the

data with theoretical angular distributions, and with

experimental cross sections of states with unambiguous

L-assignments. The experimental cross sections used in

206
this comparison include both Pb states observed in

208Pb states observed in the 35 MeVthis experiment and

proton study by Wagner g£_al [Ref. IV.7]. The deformation

parameters and L-transfer assignments for states with

excitation energies below 4.6 MeV are given in Table III.1

for comparison with the measurements of References IV.8

and IV.9. Where possible those states with angular

distributions of unidentifiable shape have JTr adopted from

Reference IV.8. The L-assignments and deformation param—

eters of levels above 4.6 MeV are given in Table III.2.

Since above 4.6 MeV so many new states are observed in the

present experiment and the correspondence of levels seen

in different experiments is uncertain, the results of

this experiment are not compared to previous studies in

this region.



OPTICAL MODEL PARAMETERS USED

TABLE IV.1
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IN DWBA CALCULATIONS
 

 

 

 

 

VR rR AR Wv WSF II

In: -53.247 1.170 0.750 -5.000 -5.497 1.320

Out: -54.099 1.170 0.750 -4.415 -6.126 1.320

AI vso wso rso Aso rc

In: 0.653 -6.20 0.00 1.010 0.750 1.189

Out: 0.653 -6.20 0.00 1.010 0.750 1.189

 



43

Figure IV.1

Comparison of the measured elastic angular distribution

with the DWBA calculation explained in the text.
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Figure IV.2

Collective model fits for identified states. Displayed

with the fits are the excitation energy of the state and

the deformation parameter, 8 , corresponding to orbital

angular momentum transfer L.

(
H
I
D
/
6
!
“
)

d
(
1
‘
/

(
1
3
2

  



d
o
/
d
Q

[
m
b
/
s
r
]

 

46

    

 

   
  

01

10'2

0

10‘2

ma

0

m”-

10'3

EX=S.983

' 03:0.012

10'2 ' o

10'3 ‘

EX:S.6LIO

l l _L l l

0 301m 90 0 301m 90 0 30 9190

Figure IV.2



47

Figure IV.3

Same as Figure IV.2
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C-1. L=2 Transitions

Six probable quadrupole states were observed. These

states have 17% of the total expected strength given by an

EWSR. Most of the L=2 strength is concentrated in the

first excited state at 0.803 MeV and a state at 4.107 MeV.

These two states have transition strengths of 11.7 and 5.9

s.p.u. respectively. A well known 2+ state at 1.469 MeV

was observed. The excitation energy of this state is not

in agreement with decay studies [Ref. IV.10] but is con-

sistent with the energy measured in transfer reaction

experiments [Ref. IV.11]. The states at 2.151 and 2.422

MeV were previously assigned a J" value of 2+. These

levels are observed weakly excited in the present experi-

ment but their angular distributions do show the charac-

teristic L=2 shape. A state at 4.242 MeV was previously

identified as a 5- state [Ref. IV.12]. This experiment

suggests an assignment of L=2.

208Pb [Ref. IV.7]Inelastic proton scattering from

also identified six L=2 states with approximately the

same total strength. However, all six states observed in

208Pb had energies above 4 MeV of excitation.

C-2. L=3 Transitions

Previous experiments have only definitely identified

one 37 state at 2.648 MeV of excitation. Two other states

at 5.444 and 6.045 MeV of excitation were tentatively

assigned a J1T value of 3- [Ref. IV.12]. The 2.648 MeV
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level is the strongest excited state observed in the pres-

ent experiment with a transition strength of 32.1 s.p.u.

exhausting about 18% of an EWSR. The 3— strength is frac-

tioned and many other states with a characteristic L=3

shape were observed. In particular, the levels at 3.718

and 5.245 MeV are relatively strongly excited. The angular

distribution of the 5.092 MeV state is fit equally well

with L=3 or L=4 shapes so that the L-transfer is not

uniquely determined. The observed 3' states have 26% of

the total expected strength given by the EWSR.

C-3. L=4 Transitions

The dominant 4+ state observed was the 4.333 MeV

level with a transition strength 8.8 s.p.u. The other

well known levels at 1.686, 1.998, and 2.928 MeV were

observed with transition strengths of 2.6, 0.8, and 2.6

s.p.u. respectively. New 4+ states were identified which

'were not previously reported, notably the relatively

strongly excited (>1 s.p.u.) states at 3.450, 5.007,

5.422, 5.561, and 5.911 MeV of excitation. ‘There is some

.ambiguity in assigning the JTr of the levels at 4.710 and

5.796 MeV. Both of these levels could probably be equally

well fit by an L=4 or an L=5 shape. The observed 4+

states have 24% of the expected strength given by the

lfiNSR.
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C-4: L=5 Transitions
 

All known 5- states were observed, the strongest being

the state at 3.772 MeV of excitation with 5.8 s.p.u. of

transition strength. Previously unreported levels at

4.456, 4.793 and 5.588 MeV are all relatively strongly

excited. The L=5 assignment of the level at 3.515 MeV is

in disagreement with the tentative 3+ or 4+ assignment of

Reference IV.11. Before the first maximum at 37 degrees,

this angular distribution is not fit well by a L=5 shape as

can be seen in Figure IV.3. On the basis of this fit an

assignment of L=5 seems rather weak. However, it has been

previously noted [Ref. IV.13] that the predicted collective

model cross section for large angular momentum transfer is

usually smaller than the measured data at forward angles.

This difference between data and theory is amplified as

the spin of the state increases. An example of similar

behavior can be observed by examining two well known 5-

states in 206Pb at 2.782 and 3.277 MeV. Both states show

this phenomena where forward angle data tend to rise rela-

tive to the calculation. Indeed the shape of the measured

3.277 MeV state is nearly identical to the state in ques-

tion. As a result of the similarity of the 3.515 MeV

state with established levels it has been tentatively

assigned to be an L=5 transition.

C-5. L=6 Transitions
 

The only previously observed level seen in this
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experiment is the strongly excited state at 4.357 MeV with

9.7 s.p.u. of transition strength. New L=6 levels

observed include relatively strongly excited states at

3.257, 4.123, and 4.939 MeV.

C-6. L37 Transitions

 

Only two states were unambiguously identified as

involving L=7 transitions. The established level at 2.200

MeV was identified with 1.7 s.p.u. of transition strength

and a previously unidentified state at 4.828 MeV is tenta-

tively assigned an L=7 shape with transition strength of

1.9 s.p.u. Transfer reaction experiments [Refs. IV.11, and

206Pb, and thisIV.14] have found more L=7 strength in

experiment identifies states at similar excitation ener-

gies. However, these states are weakly excited and their

angular distributions do not contain enough information to

make reasonableL-assignments.

Two 8+ states were observed with the strongest being

the level at 4.580 MeV. This state has a transition

strength of 4.2 s.p.u.

D. Systematics of Collective States in Lead Nuclei

The strongest states excited by direct reactions in

the doubly magic nucleus 208Pb are the collective 3-, 5‘,

2+, 4+, 6+, 8+ levels between 2.5 and 5.0 MeV of excita-

tion. Many experiments have been performed to examine the

207
corresponding weak coupling states in Pb
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[c.f. Ref. IV.15 and referenced contained therein]. Sev-

eral experiments [Refs. IV.9, IV.16, IV.17] have also been

performed on 206Pb to observe the analogous collective

states in this nucleus. These experiments show a strong

correlation in both energy and strength of the collective

states in the three nuclei with the exception of the L=5

states. These states are now examined in the present

experiment, and an explanation of the anomaly in the 5-

strength is sought.

Angular distributions of the even parity collective

states are shown in Figure IV.4. The data are compared to

the empirical angular distributions for the analogous

208
states in Pb [Ref. IV.7] and to collective model calcu-

lations. The agreement between the calculated angular

distributions and the experimental results is generally

very good. The shapes of the angular distributions of

206 208
corresponding states in Pb and Pb are similar, but

206
the states of Pb are all weaker by approximately 30%.

There is, however, still a one-to-one correspondence of

206
the strong collective positive parity states in Pb with

those in 208Pb, ie. the fractionation is not significant.

The angular distributions of the 3- and 5- collective

206Pb are shown in Figure IV.5. Two states atstates in

3.193 and 3.515 MeV excitation energy, which were not pre-

viously identified as 5- states, have angular distribu-

tions which are fit best by an L=5 shape. The L=4
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Figure IV.4

Angular distributions for positive parity excitations in

proton scattering from 206Pb. The solid lines represent

collective DWBA calculations. The dashed lines represent

interpolation of corresponding levels in 208Pb. The exci-

tation energy, Ex (MeV), indicated for each state is the

value determined from the present data with uncertainties

given in the text.
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Figure IV.5

Angular distributions for negative parity excitations in

proton scattering from 206Pb. The solid lines represent

collective DWBA calculations. The dashed lines shown with

the 2.648 and 3.772 MeV states are interpolations of cor-

responding levels in 208Pb [Ref. IV.7]. The excitation

energy, Ex (MeV), indicated for each state is the value

determined from the present data with uncertainties given

in the text.
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calculation is also shown for comparison. The 3- state at

2.648 MeV of excitation is the strongest excited state in

206pb and, like the even parity states, has a similar angu-

lar distribution with about 70% of the strength of the

2.615 MeV 3' state in 208Pb.

However, in contrast with the states discussed above,

206Pb with significant

strength as opposed to two such states in 208Pb. The 5—

206

there are eight 5- states in

Pb at 3.772 MeV of excitation probably corre-

208

state in

sponds to the 5' state in Pb at 3.709 MeV of excitation

[Ref. IV.17], and is slightly stronger than that state.

However, it has also been observed that there is no single

208Pb at 3.198 MeV of excitation

207

analog to the 5_ state in

206
in either Pb [Ref. IV.17] or Pb [Ref. IV.15].

Wagner, et al [Ref. IV.15] have observed six L=5 states in

207Pb with a total of 85% of the core

206

this region in

208
Pb. Pb data shows seven possible L=5strength in

states in this region of excitation summing to 80% of the

208Pb core strength. The summed transition strength is

given by the relation

. . __ 2 *5
Summed tran51tion strength - [X BL(Ei)] . (IV.11)

. i

In figure IV.6 the levels of interest here of all three

nuclei are plotted with their relative strengths shown.

.A comparison of these collective levels with transition

strengths for all individual levels is presented in Table

IV}2. These results suggest a spreading of the L=5
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Figure IV.6

Levels for which angular distributions were measured

together with those measured in Ref. IV.15. The numbers

give the transition strength.
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207 206
Pb and

trons removed from the 208Pb core. These phenomena may be

strength in both Pb with only one or two neu-

explained at least qualitatively by examining the wave

functions of these states.

206
The wave functions of Pb have been calculated and

examined for the region below 2.6 MeV of excitation, but

very little is known about the wave functions of the higher

energy levels. Fortunately, much work has been done in

208
this energy region on the nucleus Pb [c.f. Refs. IV.18

and IV.19 and references contained therein]. Figure IV.7

is a schematic representation of the location of the

single-particle and single-hole neutron and proton shell

model orbitals, above and below the N=126, Z=82 magic,

shell closing energy gaps. Examining the 5- state at 3.198

208
MeV of excitation in Pb shows that the wave function has

a large aplitude (s 0.8) neutron g9/2,p1/2-1 component.

206
Hence, if one takes the simplest picture of Pb as hav-

ing an empty p1,2 neutron shell then one would expect

there to be no 5- state with significant strength corre-

sponding to the 3.198 MeV state in 208Pb. On the other

hand, 206Pb is not so simple and is known to have a p1/2

neutron in the ground state with a probability of about

40% [Ref. IV.20] so that some strength will remain. Thus

in practice, it appears that the 5- strength is substan-

206
tially fractionated over at least seven states in Pb

and, surprisingly, the total strength is only about 20%
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TABLE IV.2

COMPARISON OF THE STRONGLY EXCITED COLLECTIVE

206 207 208

 

 

 

 

LEVELS IN Pb, Pb, and Pb

206Pb 207Pb 208Pb

Ex J" BL Ex J" BL Ex J1T BL

2.648 3‘ .108 2.628 5/2+ .076 2.615 3' .126

2.663 7/2+ .087

2.782 5' .026 2.728 9/2+ .024 3.198 5‘ 058

3.014 5‘ .016 3.223 =5 .013

3.193 (L=5) .010 3.384 (L=5) .027

3.277 5' .015 3.429 (L=5) .016

3.399 5' .020 3.476 (L=5) .013

3.515 (L=5) .012 3.509 (L=5) .025

3.558 5' .022

3.772 5‘ .043 3.583 9/2+ .023 3.708 5' .034

3.620 11/2+ .028

4.107 2+ .047 4.103 3/2' .036 4.086 2+ .058

4.140 5/2‘ .045

4.333 4+ .055 4.313 7/2’ .067 4.323 4+ .067

9/2’

4.357 6+ .054 4.364 11/2' .042 4.424 6+ .062

4.404 13/2' .047

4.580 8+ .033 4.630 17/2' .028 4.610 8+ .040

4.671 15/2' .025  
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Figure IV.7

Single-particle and single-hole levels in the lead region.

The indicated energies are those at which these levels are

fixed experimentally.
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less than that observed in 208Pb. This suggests that as

well as the 99/2,p1/2-1 particle-hole component there might

be a more complex collective component present in the 3.198

208
MeV state of Pb, which is difficult to detect in trans-

fer reactions. This behavior is similar to that observed

in the 40Ca - 48Ca region [Ref. IV.21], where both the 3-

and 5- strengths were reduced and fractionated as one moved

away from the closed d3,2 shell and populated the f7,2

shell with neutrons but again the decrease in the 5-

strength was less than expected on the basis of the par-

ticle-hole model.

The contrasting character of the 5- state at 3.772

206
MeV in Pb can also be understood by examining the wave-

function of the corresponding state in 208Pb. The 3.709

208
MeV level in Pb has been shown to be a mixture of many

configurations [Refs. IV.18 and IV.19], none of which is

dominant, and including only a small amount of p1/2

strength. Hence, one would expect this state to behave

206
like the other strongly excited states in Pb. However,

206
this state is significantly stronger in Pb than in

208Pb' suggesting that this state is possibly gaining

collective strength from the fractionated L=5 states at

lower excitation energy. The total L=5 strength in all

206Pb is 96% of the total L=5

strength of the two 5- states in 208Pb.

eight 5- states observed in
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206 208
E. Comparison of Pb and Pb Inelastic Strengths

The results of the collective model fits are presented

in Figure IV.8 and are compared with the resutls of a simi-

208
lar experiment on Pb [Ref. IV.7]. Here the strengths

for each L-transfer ranging from 2 to 6, and L37 has been

displayed according to excitation energy for each of the

206 208
two nuclei, Pb and Pb. The definite correlation in

both energy and relative strength of the five strong col-

lective 3-, 2+, 4+, 6+, and 8+ states in the two nuclei is

again evident from this plot. In addition, this figure

208
also shows that for the first two strong 5- states in Pb

there are no similar states in 206Pb.

The distribution of L=3 inelastic strength is quite

similar in the two nuclei. This suggests that the octupole

strength in this lead region is rather insensitive to the

p1,2 neutron population. However, the distribution of

206 208
total inelastic strength in Pb and Pb is quite dif-

ferent for the other L-transfers.

In 208Pb all the L=2, L=4, L=6, and L37 strength is

above 4 MeV of excitation energy. In 206Pb there is a

significant excitation of all these L-transfers observed

below 4 MeV. The L=5 strength is quite fractionated in

206pb, especially below 4 MeV of excitation energy.

Furthermore, there is relatively little L37 inelastic

206
strength observed in Pb.

These results are in contrast to the study of
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Figure IV.8

Results of collective model fits of 206Pb compared to

20895. The deformation parameter. 8 is Plotted againstLI

excitation energy for a number of L-transfers.
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inelastic strength of the three nuclei, 207Pb, 208Pb, and

2093i, by Wagner et a1 [Ref. IV.15]. They showed clearly

that the distribution of inelastic strength is quite simi-

lar in these three nuclei. This suggests a sensitivity

in this lead region to the p1/2 neutron population of all

inelastic strength with the exception of the octupole

strength.

F. Summary of the Collective Model Results

Almost one hundred-fifty angular distributions have

206Pb (p, p') experiment. Forbeen measured in the presen

half of these transitions L-values have been determined

using a macrosc0pic DWBA analysis. At excitation energies

below about 4 MeV, previous studies have identified most of

the levels and the results of this experiment agree quite

well with these earlier results. A few new levels in this

region have been identified in this experiment, and most

of the L-assignments for states above 4 MeV of excitation

were previously unreported.

The strongly excited even parity and 3- states in the

stable lead nuclei appear to be insensitive to any single

particle structure. The 5- states behave rather differ-

208Pb is principally depen-ently. When the core state in

dent on the p1/2 neutron single particle level, and these

two neutrons are removed, the L=5 strength is fraction-

ated, implying that the 5‘ wave functions are probably

more complicated than those suggested by the simple shell



model.

70



IV.1

IV.2

IV.3

IV.4

IV.5

IV.6

IV.7

IV.8

IV.9

IV.10

IV.11

IV.12

IV.13

IV.14

IV.15

IV.16

IV.17

REFERENCES FOR CHAPTER IV

G. R. Satchler, Nucl. Phys. 33 (1964), 1.

N. Austern, DirectNuclear Reaction Theories,

Wiley, New York (1970).

P. E. Hodgson, Nuclear Reactions and Nuclear

Structure, Clarendon Press, Oxford (1971).
 

R. H. Bassel, Phys. Rev. 149 (1966), 791.

P. D. Kunz, University of Colorado, unpublished.

F. D. Becchetti and G. W. Greenlees, Phy. Rev.

182 (1969), 1190.

W. T. Wagner, G. M. Crawley, G. R. Hammerstein,

and H. McManus, Phys. Rev. C 33 (1975), 757.

M. P. Webb, Nucl. Data gg, No. l (1979), 145.

G. Vallois, J. Saudinos, and 0. Beer, Phys. Lett.-

24B (1967), 512.

J. C. Manthuruthil, D. C. Camp, A. V. Ramayya,

J. H. Hamilton, J. J. Pinajian, and

J. W. Doornebos, Phys. Rev. C Q (1972), 1870.

W. A. Lanford and G. M. Crawley, Phys. Rev. C 2

(1974), 646.

E. R. Flynn, R. A. Broglia, R. Liotta, and

B. S. Nilsson, Nucl. Phys. A221 (1974), 509.

M. Lewis, F. Bertrand, and C. B. FUlmer,

Phys. Rev. C 1 (1973), 1966.

W. A. Lanford, Phys. Rev. C lg (1977), 988.

W. T. Wagner, G. M. Crawley, and

G. Hammerstein, Phys. Rev. C 11 (1974), 486.

J. Saudinos, G. Vallois, and 0. Beer Nucl. Sci.

Appl. 3 (1967), 22.

J. Alster, Phys. Lett. 258 (1967), 459.

71



IV.18

IV.19

IV.20

IV.21

72

W. W. True and C. W. Ma, Phys. Rev. C 3 (1971),

2421.

H. Heusler and P. von Brentano, Ann. of Phys. 13

(1973), 381.

W. A. Lanford, Phys. Rev. C 11 (1975), 815.

A. M. Bernstein and E. P. Lippincott, Phys. Rev.

Lett. 31 (1966), 321.



CHAPTER

MICROSCOPIC MODEL ANALYSIS

Shell model calculations have been performed on 206Pb

[Refs. V.l and v.2]. These calculations predict both the

energy and wave function of low lying natural and unnatural

parity states. Since natural parity states are excited

primarily by the well understood central force, a compari-

son of the measured angular distributions to those predic-

ted by microscopic calculations allow a suitable test of

the wave functions. .Unnatural parity states are excited

by central and noncentral forces. PerEOrming microscopic

calculations on unnatural parity states with well deter-

mined wave functions permit an investigation of the reac-

tion mechanisms for exciting these states.

In this chapter a description of the microscopic DWBA

is given first. Then the interactions and wave functions

used in the calculations are discussed. Finally predicted

cross sections of natural and unnatural parity states are

presented and analyzed.

A. Description of the Microscopic DWBA Method

for Inelastic Scattering

 

 

In the microscopic DWBA one tries to understand

inelastic scattering starting from the nucleon-nucleon

73
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interaction and the motion of the individual nucleons. The

interaction potential V is assumed to be the sum over two

body interactions between the projectile p and the target

nucleons i, so V=X vip'

i

The interaction vip has a central part, a tensor part,

and a two-nucleon spin-orbit (L . S) part [Refs. v.3 and

v.4]. The central part of vio can be written as

(c) _ + + + .+

vip - Vogo(r)+VOoicpgo(r)+VTT. ngT(r)+

+ + +

T )(Ti°Tp)gOT(r). (v.1)0
+

P

VOT( i p

where spin and isospin operators are represented by c and

T, or as

= v + v + v + v , (v.2)

where SE stands for singlet-even, etc.

The interaction vip can be given a certain shape (for

instance a Yukawa shape) and then the strengths Vb, V0, VT,

and VOT can be adjusted in order to fit experimental data

(phenomenological point of View). A more fundamental

approach is to take an effective nucleon-nucleon inter-

action, such as the long-range part of the Hamada-Johnston

potential [Ref. v.5] or a Reid soft-core potential [Ref.

v.6], and afterwards make a test with selected experimental

data.

For the tensor part of vip the following form is used
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(t) = ' (t) (t)
vip g=0'1VT g (rip)sip’ (v.3)

with

_+.+ ++ 2_+.+

Sip — (oi rip)(op rip)/rip (oi op)/3. (v.4)

An analogous form is used for the spin—orbit part of

Vip with Sip in Equation V.3 replaced by L - S: the two—

nucleon spin-orbit operator [Refs. v.7 and v.8].

The effect of exchange has to be taken into account

[Refs. V.9]. This leads to the formula [Ref. V.3] for the

antisymmetrised form of the transition amplitude (Equation

IV.1) which can be written as

(-)
T = A<xf (01¢J (1.---.A)-xé"(1)¢ (0.2.3.---,A1

M J M
f f f f

Iv (1.---.A)x{+)(0)>. (v.5)| <1
01 JiMi

with A being the number of nucleons in the target. Par-

ticle 0 is the incoming particle and can be exchanged with

one of the target nucleons. The exchange is explicitly

included here by the term with x2.). The ¢J and ¢J are

i f

now fully antisymmetrised wave functions.

Since the interaction V is a two body interaction,
01

the contributions to the matrix element occur from those

parts of the initial and final wave function @i and 9f

which can only be connected by a single-particle transi-

tion, therefore, Equation V.5 can be written as
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(-) (-)
T. = <9 la. +a. [0 ><x (0)9. (1)-x (1)9- (0)

1f 2 Jf J2 J1 Ji f 32 f 32

|V01Ix{+’101¢j1(1)>. (V.6)

The first term on the right hand side of Equation V.6 is

the spectroscopic amplitude S (af is a creation operator

and a is an annihilation operator). In this way the tran-

sition amplitude T can be written as a weighted sum of all

inelastic scattering amplitudes in which a single bound

nucleon in the j1 shell is promoted to the j2 shell. The

value of the spectroscopic amplitude must be obtained from

shell model calculations.

B. Forces Used in the Microscopic Calculations

In this study two different forces are employed for

comparison to experimental results. The first set of

interactions (Force A) uses the Serber exchange mixture

for the central part of the interaction. This effective

force has been found [Refs. v.10, v.11, and v.12] to be a

good representation of the phenomenological force deter-

mined by fitting definitive reaction data. The Serber

mixture had strengths of Vo= -30: VO=10: VT=10: Vor=10

MeV, and the radial form was taken to be a l fermi range

Yukawa. The tensor force was taken from the works by

Crawley §E_3£ [Ref. v.13] and by Fox and Austin [Ref.

v.14], and resulted from fitting the crucial (1+, T=0) to

1
(0+, T=1) transition in 14N(p,p') 4N(2.3l MeV) with a

tensor force of the one pion exchange potential (OPEP)
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with a rz-Yukawa shape. The range was obtained by matching

the OPEP and the strength adjusted to fit the nitrogen

data. This study assumed that the tensor isoscalar portion

was zero. The L - 5 force was taken from studies by Fox

and Austin [Ref. V.14], in which the spin-orbit potential

was obtained by matching the cutoff Hamda-Johnston poten-

tial. The radial shape was given by two Yukawas with

respective proton and neutron strengths (ranges) of 29.1

and 20.1 MeV (0.577 fm) and -1496 and -752 MeV (0.301 fm).

This set of interactions was used in a previous study of

208Pb (p,p') by Wagner g£_3; [Ref. v.15].

The second set of interactions (Force B) is from a

study by Bertsch 25333_[Ref. v.16]. The force is derived

by fitting to the harmonic oscillator matrix elements of

the Reid [Ref. V.6] or Hamada and Johnston [Ref. V.17]

nucleon-nucleon potentials. Several choices for the indi-

vidual terms in the interaction are given in Reference

V.16. The present calculations have utilized the sum of

the interactions labeled 1, 4, ll, 14, 16, and 18 in Table

l of that paper. This set is obtained mostly from the

Reid interaction, and is the set preferred by the authors

of Reference V.16. Similar sets of interactions were pre-

viously utilized in a study of 40 MeV protons inelasti-

24Mg [Ref. v.18], and in a study ofcally scattered from

unnatural parity states of 888r excited by 17.2 MeV pro-

tons [Ref. v.19]. The latter study is of particular
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88
interest here because Sr, being two protons removed from

the doubly magic nucleus 90Zr, is similar in structure to

206Pb, which is two neutrons removed from the doubly-magic

208
nucleus Pb.

C. Wave Functions Used in the Microscopic Calculations

206

 

The wave functions of the low-lying levels of Pb

208
are described by two neutron holes in the Pb core.

Shell model calculations based on these two interacting

20695 with both theneutron holes have been performed for

Tamm-Dancoff approximation (TDA) and the random phase

approximation-(RPA). In the present microscopic calcula-

tions wave functions derived from both methods are uti-

lized. The TDA wave functions have been obtained from the

work of True and Ma [Ref. v.20], who employe a phenomeno-

logical nucleon-nucleon interaction of a Gaussian central

force plus a weak-coupling force, with a conventional

shell-model calculation. RPA wave functions come from the

work of Vary and Ginocchio [Ref. v.21] who use a central

interaction. In general the energies predicted by the

TDA are in slightly better agreement with experimental

results than the RPA predictions. However, electromag-

netic transition rates are given more accurately with the

RPA.

D. Results of Microscopic Calculations

Microscopic calculations were performed for identi-

fied unnatural parity states and a number of low-lying
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natural parity states with the code DWBA-70 of Schaeffer

and Raynal [Ref. v.22]. The code utilizes the helicity

formalism [Ref. V.23] and allows the treatment of real

interactions with central, tensor, and spin-orbit compo-

nents, and an exact treatment of "knock-on" exchange. A

sample of the input to DWBA-70 may be found in Appendix II.

D-l. Natural Parity States

Microscopic calculations of the angular distributions

of natural parity states predicted by both sets of inter-

actions and by both sets of wave functions are shown in

Figures V.1 through V.4. Both direct and direct-plus-

exchange calculations are presented. An asterisk indi-

cates the direct calculation. For these microscopic cal-

culations, the results with Force A are given by the solid

curves while the dashed curves indicate results using

Force B.

Considered first are states of normal parity lying

below the dominant 3- level at 2.648 MeV. Displayed in

Figure V.l are cross sections predicted by the RPA wave

functions of the first excited 0+ state, the first five 2

states, the first two 4+ states and the first 7- state.

The strongest state in this region of excitation is the

first excited state of 206Pb, the 2+ state of 0.803 MeV.

The shape of this angular distribution is reproduced well

by the calculation. However, its magnitude is underesti-

mated by about a factor of three. Levels of moderate
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Figure V.l

Microscopic model fits for low-lying natural parity states

using RPA wave functions. The solid lines correspond to

calculations done with Force A: the dashed curves show

results using Force B. The asterisks indicate only direct

calculations. The curves without asterisks indicate cal-

culations including exchange effects.
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strength in this region of excitation energy include the

2+ state at 2.469 MeV, both 4+ states, and the 7- state.

The shape and strength of these angular distributions are

very well reproduced, especially by the calculations using

Force B. Force B does better than Force A in matching the

magnitude of the angular distributions and in reproducing

the shape of these states of moderate strength. The

success of Force B is especially clear at forward angles.

The weakly excited 2+ state at 2.151 MeV of excitation is

best fit by Force A. The remaining weak 0+ state and 2+

states are overestimated by these calculations, however,

the shapes are well reproduced in general.

Figure V.2 shows measured angular distributions of

these same low-lying natural parity states compared with

microscopic calculations using TDA wave functions. The 2+

state at 0.803 MeV is underestimated by about an order of

magnitude. The data for the collective 1.686 MeV 4+ level

is also stronger than predicted. In general the angular

distributions of these states calculated using the TDA

wave functions reproduce the weakly excited states as well

as the RPA calculations, but give poorer agreement than

the RPA calculations for the strongly and moderately

excited states.

Examining the wave functions in detail reveals some

differences between the RPA and TDA predictions. For all

the 2+ states, the 0+ state and the 7- state examined
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Figure V.2

Same as Figure v.2 with TDA wave functions used in the

calculations.
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here, the main particle-hole component is consistently

larger in the RPA wave functions. As an example, consider

the 2+ state at 0.803 MeV of excitation energy. The two

predictions give:

_ -1 -1 -1

prA ' '79191/2'f5/2>+°51IP1/2'p3/2>+'2°If5/2'f5/2>+

-1 -1 -1

'13193/2'93/2>+'17193/2'f7/2>+'121f5/2'p3/2>'

wTDA - .71|p1/Z,f5/2>+.54[pl/2,p3/2>+.27[f5/2,f5/2>+

-1 -1 -1

'21193/2'93/2>+°2°193/2'f7/2>+°17lf5/2'P3/2>°

The result is an improved fit with the RPA wave functions

for all these levels except the 0+ state. This suggests

that these states have primarily a single particle-hole

configuration, and that the 0+ state is probably a mixture

of several particle-hole components.

There is a major discrepancy between the predicted

wave functions for the two 4+ states. Both the TDA and

the RPA predict these 4+ states to have a configuration

which is a combination of the |f5/2,f;}2> and IfS/2,p;}2>

neutron particle-hole components. One of these components

is always paramount while the second is of moderate

strength. Other particle-hole components contribute only

:modestly to these wave functions. The RPA predicts the

Iconfiguration of the 4+ state at 1.686 MeV to be dominated

by the |f5/2,f;}2> component, and the 4+ state at 1.998

MeV is dominated by the lfS/2,p'5'}2> configuration. The
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TDA wave functions for these two states have the same con-

figurations of these particle-hole components, only

reversed. The angular distributions of these 4+ states

are clearly predicted better using the RPA wave functions.

Examined next are several highly collective natural

parity states with excitation energies around 3 MeV. In

Figure v.3 measured angular distributions of the 4+ state

at 2.928 MeV, the 5- states at 2.782 and 3.014 MeV, and the

6+ state at 3.257 MeV are compared with calculations using

RPA wave functions. The shape of these angular distribu-

tions are all reasonably well reproduced. The first 5-

state and the 4+ state are underestimated by the calcula-

tions. The magnitude of the second 5- state and the 6+

state are accurately predicted by the calculations, espe-

cially by Force A. Shown in Figure v.4 are calculated

angular distributions of these states using TDA wave func-

tions. These wave functions yield very different results.

With the exception of the second 5- state, the predicted

magnitudes fall far short of the data, by as much as a

factor of 30 in the case of the 6+ state. As was the case

with some of the low-lying states the systematic differ-

ence between the two sets of wave functions is that the

RPA wave functions have a larger concentration of strength

in the principal particle-hole component. The RPA pre-

dicts the wave functions of both 5- states to have an

almost pure single particle-hole configuration, and the 4+
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Figure V.3

Microscopic Model fits for higher—lying natural parity

states using RPA wave functions. The meanings of the

curves and asterisks are the same as in Figure v.1.
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Figure v.4

Same as Figure v.3 with the TDA wave functions used in the

calculations.
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state to be about 93% pure. The TDA predicts these states

to have a configuration of several particle-hole components

with the largest component having about 75% of the

strength. Here also is another major difference between

the two sets of wave functions. The TDA predicts the

largest neutron particle-hole component for the 6+ state to

‘1 The corresponding RPA wave function pre-
5/2' 7/2>'

dicts this state to be an essentially pure Ig9/2,g;}2>

be If f

particle—hole state.

In figure v.5 the measured angular distributions of

the 2+ state at 1.469 MeV and the 4* state at 1.686 MeV

are compared with angular distributions using Force A and

Force B. Calculations using both the total forces are

presented, and the force is broken down to show the contri-

butions of the central and noncentral component parts

independently. The calculations show clearly that the

angular distributions of these natural parity states pre-

dicted by the total forces are dominated by the central

part. For both states the central force is predicted to

be larger using Force B. This increased central contribu-

tion results in a calculation with the complete Force B

which is about fifty percent stronger than the calculation

using Force A. Although the noncentral forces contribute

weakly, it is instructive to note that the shapes of the

tensor and spin-orbit calculations using Force A and

Force B are very similar, and the predicted magnitudes are
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 Figure V.5

Comparison of measured angular distributions with the cen-

tral and noncentral parts of Force A and Force B.
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nearly the same.

D-2. Unnatural Parity States
 

When examining the natural parity states it is diffi-

cult to infer more than general information about the

interactions. This is due to both the uncertainty in the

wave functions of these states, and possibly excitation of

these states by collective modes. However, unnatural

parity states pose no such problem. Three low-lying

unnatural parity states have been firmly identified [Ref.

v.24] and both the RPA and TDA predict these to be pure

neutron particle-hole states. These three states are the

+

3 state at 1.344 MeV, the 1+ state at 1.708 MeV, and the

6- state at 2.385 MeV. The neutron particle-hole configu-

. . . -1
ration of these states 15 respectively |p1/2,f5/2>,

[pl/2,p;}2>, and [pl/2,iI;/2>. Calculated angular distri-

butions using both Force A and Force B, and broken down

into their central and noncentral constituent parts, are

compared to the data in Figure V.6.

The calculations using Force A reproduce the general

shape of the data but the magnitude of the 3+ and 1+

levels is underestimated by about a factor of three. The

data of the 6- state falls of more rapidly than the calcu-

lations predict. For all three states the tensor part of

Force A is the dominant interaction. The central force

is the weakest interaction and its contribution to the

total predicted angular distribution is observed to be
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Figure V.6

Same as Figure V.5.
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less significant as the total angular momentum of the

states examined increases. The only significant contribu-

tion by the spin-oribt force is over a limited angular

range for the 1+ state.

When Force B is employed the predicted cross sections

are all improved. The shape of the 3+ state is matched

well and the theory underestimates the data by only about

a factor of two. The enhancement of the magnitude is

caused principally by the increased strength of the central

part of the interaction. The central part is observed to

be nearly equal in strength to the tensor part. Since

these two components are out of phase, the angular distri-

bution predicted by the complete Force B has less structure

than is predicted by Force A. Thus, the prediction of

Force B compares better with the data. Force B also gives

an improved estimate of the magnitude of the l+ state. For

this state the central force dominates the tensor force at

forward angles, and, in fact, the total calculation is

larger than the data in this region. However, past thirty

degrees, where the central and tensor parts give contribu-

tions of similar strength, the shape and magnitude are

predicted quite well. The fit to the 6- state using Force

B approaches the slope of the data more closely than the

fit obtained using Force A. Once again it is the

increased strength of the central part which is respon-

sible for the improvement. The contribution of the
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central part of Force B is also observed to decrease sig-

nificantly as the angular momentum of the state increases.

A similar phenomenon is observed with Force A but to a

lesser degree. The predicted shape and magnitude of the

spin-orbit interaction with both forces is similar for all

states.

In addition to the three established unnatural parity

states there is evidence for two more unnatural parity

states which should be seen in this experiment. A 3+ state

with a pure [pl/2,f;}2> neutron particle-hole configuration

is predicted at 3.193 MeV of excitation energy by the TDA,

and at 3.156 MeV of excitation by the RPA. The level

observed at 3.121 MeV has been suggested by a (p, d)

experiment [Ref. v.25] to be this 3+ state. The RPA also

predicts a 1+ state with a |f5/2,p;}2> configuration at

3.963 MeV of excitation. Two 1+ states are predicted by

the TDA at 2.317 and 3.759 MeV of excitation energy with

pure |f5/2,p3}2> and |f5/2,f;}2> configurations respec—

tively. The state observed in this experiment at 3.737

MeV has been shown [Ref. V.24] to be a possible candidate

for a 1+ state.

Angular distributions for these two possible unnatu-

ral parity states have been calculated with both forces.

The results are displayed in Figure v.7 together with the

experimental data for the 3.121 and 3.737 MeV states. The

magnitude of the cross section for the 3.121 MeV state is
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Figure v.7

Same as Figure v.5.
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underestimated especially at forward angles by Force A

which excites this state principally by the tensor part of

the force. The calculation done with Force B is somewhat

better in reproducing the magnitude. However, the fit at

forward angles is still poor. The improved fit is caused

by both a slightly larger contribution by the tensor part

and a contribution by the central part that is nearly an

order of magnitude larger than the central force contribu-

tion of Force A.

The calculations performed for the 1+ state have used

the configuration proposed by the RPA. This state lies on

the shoulder of a relatively strongly excited L=3 state

and is extracted at only a few angles. As a result it is

difficult to compare predicted shapes of the angular dis-

tributions to the data, but there is enough information to

suggest that the magnitude of this state is best repro-

duced with Force B.

E. Summary of the Microscopic Model Results

Microscopic calculations were performed on most low-

lying natural parity states and all unnatural parity

states identified in this experiment. These calculations

were executed with the program DWBA-70 using realistic

interactions and shell model wave functions. "Knock on"

exchange contributions to the cross sections were included.

The calculations allowed a test of wave functions pre-

dicted by the Tamm-Dancoff approximation and the random
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phase approximation. Two realistic interactions were

employed and compared. Force A used the Serber exchange

mixture for the central force, and empirically determined

noncentral forces. Force B was derived by fitting to the

harmonic oscillator matrix elements of the Reid potential.

Natural parity states with peak cross sections

z0.1mb/sr were best fit with Force B. These states were

shown to be excited principally by the central part of the

interaction, and the central contribution of Force B is as

much as fifty percent larger than the central contribution

of Force A. The tensor and spin-orbit forces gave little

enhancement to the cross sections of natural parity states.

The predicted shapes using either force or wave function

were found to be very similar to the measured angular dis-

tributions. These natural parity states were in general

reproduced best with the RPA wave functions. In all cases

where the predicted wave functions were significantly dif-

ferent the RPA clearly gave a better fit to the data.

Furthermore, it was observed that the RPA wave functions

for most of these states had a larger concentration of

strength in the primary particle-hole component. With the

exception of the O+ state this tended to improve all pre-

dicted angular distributions. This suggests that these

states may be described by a rather simple single particle-

hole configuration.

Unnatural parity states are not excited collectively
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and the wave functions of these states are predicted by

both the RPA and TDA to have a simple single particle-hole

configuration. Thus, calculations of these states permit a

unique examination of the forces. With Force A calcula-

tions of all observed unnatural parity states underestimate

the magnitude of the data, while generally reproducing the

shape. The calculations have shown that only the tensor

part of Force A gave a substantital contribution to the

predicted cross section. The results obtained with Force

B were all much better. This improvement is caused to some

degree to a small increase in the tensor strength for all

states, but mainly because of a contribution by the central

part which is similar in magnitude to the tensor force.

This central force was seen to be most influential for the

lower spin states. The resulting calculations using cen-

tral and noncentral interactions in general match the mag-

nitude of the data reasonably well. This central force

also added to the tensor force in such a way as to smooth

out the structure in the calculated angular distribution

and thus give better agreement with the data.
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CHAPTER VI

SUMMARY

Using 35 MeV proton beams from the Michigan State

University and Princeton University cyclotrons the nucleus

206Pb was studied by measuring the scattered protons. High

resolution techniques were utilized to identify approxi-

mately 180 levels in 206Pb. Below 4.6 MeV of excitation

energy the agreement with previous studies is very good

although several new states were also observed in this

region. Many new levels above 4.6 MeV were also measured.

Angular distributions are presented for 144 of these

states.

Angular distributions predicted by the collective and

microscopic models are compared to the data. The collec-

tive model calculations allowed the extractions of L-values

and deformation parameters. For states where results from

other studies were available the agreement is quite good.

The L-assignments for most states of high excitation

energy were previously unreported. The collective model

results for 206

208

Pb were also commpared to the core nucleus

Pb. This comparison showed a similarity between the

two nuclei for some strongly excited states and the L=3

strength. However, the overall distribution of inelastic

strength was quite different for multipolarities other
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than 3. The strongly excited collective states are com-

pared with analogous collective states in 207Pb and 208Pb.

A strong correlation in both energy and strength of these

collective states in the three nuclei was observed with

the exception of the L=5 states. A possible explanation of

the anomaly in the 5- strengths is given in terms of the

core wave functions.

Microsc0pic calculations performed on natural parity

states indicated that these states were excited primarily

by the central two-body interaction. RPA and TDA wave

functions were tested in calculations. The RPA wave func-

tions, which gave the best fit to the data, suggested that

many of the states examined have primarily a single par-

ticle-hole configuration. Microscopic calculations for

unnatural parity states with well determined wave functions

permitted the examination of the two interactions. The

magnitude and shape of the angular distributions of these

states was best represented using an interaction derived

by fitting shell model matrix elements of the Reid poten-

tial (Force B). This interaction is the sum of three

Yakawas with the ranges chosen to reflect various meson

exchanges. Central, tensor, and spin-orbit components

were included. This force predicted the central and ten-

sor contributions to the angular distributions of unnatural

parity states to be similar in magnitude.

It would be of interest to study inelastic scattering
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of protons by 206Pb at higher bombarding energies. Based

on the apparent simple wave functions of many states in

206Pb, this nucleus provides an ideal target to examine

the energy dependence of the central, tensor, and spin-

orbit forces. Also of interest would be a study, similar

to the present work, on 88Sr. The low-lying states of

88Sr are described by two interacting proton holes in the

902r core. Included in these low-lying states are the 1+

and 3+ levels described by very simple wave functions. The

proton hole wave functions of these states are analogous

to the neutron hole wave functions used to describe the

low-lying 1+ and 3+ states of 206Pb.
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APPENDIX I

ANALYSIS OF THE DATA

The plate data was scanned in vertical strips whose

height was dictated by the optical systems of the scanning

microscopes. Each band was scanned so that extraneous

background was excluded. For each exposure, the separate

passes were combined using the program JABBERWOCKY [Ref.

1] written by S. Ewald. This program allowed combination

of the separate vertical passes in two ways: straight

addition or addition after shifting of the passes so that

the centroids of specified peaks were alligned as closely

as possible. The latter option permits compensation for

skewness in the focal plane images or zeroing errors in

scanning. The counter data was taken with the data acqui-

sition program TOOTSIE [Ref. 2].

With the data in counts-versus-channel number form,

the program SCOPEFIT was used for the data reduction. In

extracting the area of the peaks, the shapes were assumed

to be identical for all peaks and the areas were extracted

by an iterative procedure. The shape of the strongest

isolated peak in each spectrum was assumed to be represen-

tative of all peaks. The low energy tail was varied to

assure a best fit for all peaks of interest. This method

allowed extraction of weakly excited peaks on the shoulder
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of strongly excited peaks and permitted the separation of

barely resolvable peaks. Peak stripping methods would not

be able to extract the areas of peaks in these situations.

With the reduced data, the programs DOALL [Ref. 4]

and SKRUNCH [Ref. 5] were used for further analysis. The

correspondence between excitation energy and focal plane

position was found with the code DOALL which can perform a

search on beam energy, scattering angle, and focal plane

parameters to determine the best fit to the positions of

peaks of known energy. For this data, the searches were

limited to the angle and to the focal plane variables

because, since particles other than protons were excluded

from the emulsions, the beam energy could not be uniquely

determined. Instead, the bombarding energy was determined

using the bending magnets' nuclear magnetic resonance

readings and a correction empirically established using the

momentum cross-over technique [Ref. 6]. Beam energies can

be calculated better than 1 part in 1000 with the correc-

tion.

The focal plane parameters from DOALL were entered

into the program SKRUNCH [Ref.5]. This program transforms

a counts-versus-channel number spectrum, which is assumed

to be quadratic in energy, into a counts-versus-channel

number spectrum which is linear in energy. With spectra

in this form there is a one-to-one correspondence between

channel number and excitation energy at all angles. This
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simplifies greatly the extraction of angular distributions

for all levels.

To determine cross sections from the reduced data the

program SIGPLT [Ref. 7] was used. Using the output of this

program plots were contructed of angular distributions,

angular distributions compared to collective model calcula-

tions, and angular distributions compared to microscopic

model calculations, using the computer programs [Ref. 8]

PLOTTER, COLL MOD PLOTTER, and DWBA-70 PLOTTER respec-

tively.



APPENDIX II

SAMPLES OF DWUCK AND DWBA-70 INPUT

The DWBA analysis in this paper was performed using

the programs DWUCK [Ref. 9] for collective model calcula-

tions. In this appendix sample inputs for these two

programs are listed including control cards for the Sigma-

7 computer. The cases examined are the 3' state at 2.648

MeV for the collective model example (Table A.II.1), and

the 6- state at 2.385 MeV for the microscopic model example

(Table A.II.2). The punched output of DWBA-70 is very

cumbersome so an auxilliary program (DWBA70 MASHER [Ref.

8]) is used to output predicted cross sections in a more

convenient format.
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APPENDIX III

206PB ANGULAR DISTRIBUTIONS

Tabulated on the following pages are the angular dis-

206Pb measured in this experiment (Tabletributions of

A.III.1). All cross sections are given in microbarns per

steradian.
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APPENDIX IV

ABSTRACTS OF PUBLICATIONS

On the following pages are titles and abstracts of

published papers which I have co-authored while a graduate

and undergraduate student at Michigan State University.

My contributions to these publications are indicated by a

letter key following the title. The key is as follows:

A. Data taking.

Analysis of data.

Performing theoretical calculations.

Assisting in the preparation of the paper.

Principal writer of the paper.

Presented the paper at a meeting or conference.
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A. "A SURVEY OF THE (3H6, 7Be) REACTIONS

AT 70 MeV" A' B' C' D

W. F. Steele, P. A. Smith, J. E. Finck, and G. M. Crawley,

Nucl. Phys. A266 (1976) 424.

ABSTRACT

A study of the (3He, 7

using a 70 MeV 3He beam. By surveying a wide range of

target nuclides, namely 12' 13c, 160, 24' 26mg, 40' 42.

44Ca, 58, 60, 62, 64Ni, QOZr' 120, 124Sn, 1448m and 206

Be) reaction has been undertaken

Pb,

systematics of the a-clustering phenomenon were investi-

60
gated. In addition, masses and energy levels of Fe and

120Cd were measured. The 7Be particles were detected in a

single wire proportional counter backed by a plastic scin-

tillator in the focal plane of an Enge spectrometer to

ensure adequate particle identification. Total energy

resolution as small as 140 keV full width at half maximum

was obtained, although in most cases the target thickness

limited the energy resolution to larger values. Differen-

tial cross sections as low as 20 nb/sr were measured. The

finite range programs LOLA and LOLITA were used to calcu-

late differential cross sections for comparison to data,

assuming the reaction to proceed by a direct a-transfer.

The spectroscopic factors which were extracted show a

marked decrease with increasing atomic mass number, imply-

ing a decrease in surface a-clustering for heavier nuclei.
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B. "THE 54Fe(P: d)53Fe REACTION AT 40 MeV

AND THE DWBA ANALYSIS" A' B' D

T. Suehiro, J. E. Finck, and J. A. Nolen, Jr., Proceedings

of Int. Conf. on Nuclear Structure, Tokyo, 1977. J. Phys.

Soc. Japan 44 (1978) Suppl. 534.

ABSTRACT

Angular distributions of deuterons from the 54Fe

(p, d)53Fe reaction were measured with 40.16 MeV protons

using a split-pole spectrograph and position sensitive pro-

portional counter. The measurement was done with 15 keV

resolution. Peaks previously unresolved in the (p, d)

reaction were clearly observed. Calculations performed

with zero-range local DWBA and the adiabatic model are

shown to give poor results. Fits are improved with Finite-

range and non-local corrections for 7/2- states. By use

of the effective binding procedure fits were much improved

for the 1/2-, 3/2-, and 5/2- states.
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C. "EXTRACTION OF DEFORMATION PARAMETERS

FROM INELASTIC PROTON SCATTERING" A' B' C' D

C. H. King, G. M. Crawley, J. A. Nolen, Jr., and

J. E. Finck, Proc. Int. Conf. Nucl. Structure, Tokyo, 1977.

J. Phys. Soc. Japan 43 (1978) Suppl. 564.

ABSTRACT

This experiment reports the measurement of the inelas-

tic scattering of 35 MeV protons from the nuclei 154Sm,

176 232Th and 2380. Angular distributions were extrac-Yb,

ted for the ground state rotational band. The data were

compared with coupled channel calculations using a deformed

optical potential and values of the deformation parameters

82 and 84 were extracted. These values, together with the

multipole potential moments are compared to the results of

Coulomb excitation, electron scattering, and inelastic a-

sscattering measurements. In general, the potential

moments extracted from the present (p, p') measurements

agree better with those from the Coulomb excitation and

electron scattering measurements than with the moments

from (a, a'). However, the deformation parameters from

(p, p'), corrected for the projectile size, agree much

better with values obtained from high energy a-scattering

than with deformation parameters extracted from Coulomb

excitation and electron scattering experiments.
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D. "INELASTIC PROTON SCATTEIRNG FROM

LANTHANIDE AND ACTINIDE NUCLEI" A' B' C' D

G. M. Crawley, C. H. King, J. A. Nolen, Jr., and

J. E. Finck, Int. Symp. on Nuclear Physics at Cyclotron

Energies, Calcutta, India, September 14-16, (1977) 239.

ABSTRACT

The inelastic scattering of 35 MeV protons is reported

from the nuclei 154Sm, 176Yb, 232Th and 238U. Angular dis-

tributions were extracted for the ground state rotational

band. The data were compared with coupled channel calcu-

lations using a deformed optical potential and values of

the deformation parameters 82 and 84 were extracted.

These values, together with the multipole potential

moments are compared to the results of Coulomb excitation,

electron scattering, and inelastic a-scattering measure-

ments. The deformation parameters generally do not show

good agreement for the different methods although the

values obtained from the proton measurements are reason-

ably consistent with the values from high energy a—

scattering. However, the potential moments from the

present (p, p') measurements agree better with those from

the Coulomb excitation and electron scattering measure-

ments than with the moments from (a, a').
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54Fe(p,;d)53Fe REACTION

A, B, D

E. "A STUDY OF THE

AT 40 MeV"

T. Suehiro, J. E. Finck, and J. A. Nolen, Jr., Nucl. Phys.

A313 (1979), 141.

ABSTRACT

54Fe(p, d)53Fe reaction was studied using 40 MeVThe

protons with a split-pole magnetic spectrograph. A total

of 53 states were observed up to an excitation energy of

7.364 MeV in 53Fe. At least 29 of these states have not

been previously reported. Angular distributions were

measured from 6° to 90° for transitions to 35 of these

states, and were analyzed with distorted-wave Born approx-

imation calculations. Excitation energies, transferred

L-values, spectroscopic factors and the implied JTr values

are given. Difficulties encountered in obtaining a

reliable set of spectroscopic factors are discussed in

relation to various prescriptions in the DWBA calculations,

and to the one-nucleon transfer sum rule.
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F. "OCTUPOLE STATES IN 63Cu AND THE

WEAK-COUPLING PICTURE" A' B' D

Y. Iawasaki, G. M. Crawley, R. G. Markham, J. E. Finck,

and J. H. Kim, Phys. Rev. c‘gg (1979), 861.

ABSTRACT

A high-resolution experiment of proton inelastic

scattering by 63Cu at Ep = 40 MeV has resolved three octu-

pole states at Ex = 3.81, 3.84, and 3.89 MeV for the first

time, thus showing the existence of seven strong octuopole

states in 63Cu. This finding is direct evidence that the

traditional simple weak-coupling model in terms of one

quartet 2p3/2 0 31 is adequate for the octuopole core-

excited states in 63Cu. This is not evidence, however,

that the weak-coupling picture in general is incorrect for

the octupole states in 63Cu. It is shown that to be con-

sistent with the present experimental data, the weak-

coupling picture for the octupole states requires a ground-

state wave function substantially different from the

ground-state wave function of the conventional particle—

core-coupling model.
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G. "MULTIPOLE MOMENTS OF 1548111, 176Yb,

AND 238U FROM PROTON INELASTIC SCATTERING"

232Th,

A, B, C, D

C. H. King, J. E. Finck, G. M. Crawley, J. A. Nolen, Jr.,

and R. M. Ronningen, Phys. Rev. C 2Q (1979), 2048.

ABSTRACT

We have measured the inelastic scattering of 35 MeV

protons from the nuclei 154Sm, 176Yb, 232Th, and 238U.

Angular distributions were extracted for J1T = 0+-8+ members

of ground state rotational bands. These data were analzyed

using coupled channels calculations for scattering from a

deformed optical potential. Searches were made on some of

the parameters of this potential, including the deformation

parameters 82 and B4. The multipole moments of the poten-

tial distribution were calculated from the parameter values

and are compared to the results of Coulomb excitation,

electron scattering, and inelastic, alpha-particle scat-

tering studies. In general, these moments deduced in our

investigation agree better with those from Coulomb excita—

tion and electron scattering than with moments deduced from

a-particle scattering. But we also find the moments from

our study to be systematically smaller than those from

Coulomb excitation.
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H. "CORE EXCITATIONS IN 63Cu BY THE 63Cu(p. p')

AND 65Cu(p. t)63Cu REACTIONS" A' B' D

Y. Iawasaki, G. M. Crawley, J. E. Finck, Phys. Rev. C 33

(1981), 1960.

ABSTRACT

63
Core excitations up to Ex = 4 MeV in Cu(p, p')63Cu

65Cu(p, t)63Cu at 40 MeV proton energy. The tran-and

ferred angular momentum L has been determined for each

transition on the basis of the angular distribution shape.

A quartet-plus-doublet pattern is consistently observed for

the groups of states corresponding to the 2+, 3;, and 4:

states of the core nucleus 62Ni. This implies the exis-

tence of doublets arising from the coupling of collective

states of the core with 2p“2 proton orbital, in addition

to the quartets from the coupling with the 2p3/2 proton

orbital considered in the conventional weak-coupling

excited-core model. It is pointed out that the.existence

of a weak-coupling situation cannot be proved only on the

basis of transfer-reaction data, and in this regard the

importance of a comparative study of the inelastic-scat-

tering and transfer-reaction data is emphasized.
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232 234, 236, 238
I. "MULTIPOLE MOMENTS OF Th and U

FROM PROTON INELASTIC SCATTERING" A' B' c, D

R. C. Melin, R. M. Ronningen, J. A. Nolen, Jr.,

G. M. Crawley, C. H. King, J. E. Finck, and

C. E. Bemis, Jr., Proceedings of Int. Conf. on Band

Structure and Nuclear Dynamics, Vol. 1 (1980), 69.

ABSTRACT

We have measured the inelastic scattering of 35 MeV

protons from 232Th and 234' 235. 238
U. Angular distribu-

tions were extracted for JTr = 0+-8+ members of the ground

state rotational bands. These data are being analyzed

using coupled channels calculations for scattering from a

deformed optical potential. Our preliminary values for the

quadrupole and hexadecapole moments of the potential dis-

tribution are compared to moments from Coulomb excitation,

electron scattering, and alpha particle scattering, as well

232 238
as theory. Preliminary values of 86 for Th and U are

given.
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J. "SYSTEMATICS OF COLLECTIVE STATES IN LEAD

NUCLEI FROM INELASTIC PROTON SCATTERING" A' B' C' E

J. E. Finck, G. M. Crawley, J. A. Nolen, Jr., and

R. Kouzes, Phys. Lett. 1073 (1981), 182.

ABSTRACT

From the scattering of 35 MeV protons from 206Pb

accurate excitation energies and angular distributions have

been determined for the strongly excited collective states.

These states are compared to corresponding states in

207, 208
Pb. A possible explanation of the anomaly in the

S- strength is given in terms of the core wave functions.
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206Pb BY INELASTIC SCATTERING OF

A, B, C, E

K. "A STUDY OF

35 MeV PROTONS"

J. E. Finck, G. M. Crawley, J. A. Nolen, Jr., and

R. T. Kouzes, submitted for publication.

ABSTRACT

Using high resolution techniques the inelastic scat-

206Pb is measured. Approxi-tering of 35 MeV protons by

mately 180 levels with excitation energies up to 6.8 MeV

are identified and angular distributions of most of these

states are measured. L-transfers and deformation parame-

ters are determined by comparison of the angular distribu-

tions to collective model calculations. Microscopic cal-

culations of natural parity states are presented and allow

a test of RPA and TDA wave functions. Unnatural parity

states are also studied microscopically and permit an

examination of the central and noncentral forces in the

effective interaction.
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L. "INELASTIC PROTON SCATTERING

176 154 A, B, C, E
FROM Yb AND Sm"

J. E. Finck, G. M. Crawley, and J. A. Nolen, Jr., BAPS

31 (1976), 662.

ABSTRACT

Because of the complementary nature of (e, e') and

(p, p') in proving proton and neutron transition densities

154
and because there are existing (e, e') data on Sm and

176Yb, measurements of the (p, p') reaction on these nuclei

was carried out with 35 and 40 MeV proton beams from the

MSU Cyclotron. The protons were detected both with a delay

line counter and with nuclear emulsions in the focal plane

of the Enge spectrometer. States up to 8+ in the ground

state band of both nuclei were observed and many levels

in other bands were also seen. Angular distributions have

been measured from 20° to 80°. Calculations of the angular

distributions will be presented.
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M. "DEFORMATION PARAMETERS VIA THE (P, P')

REACTION" A' B' C' E

J. E. Finck, G. M. Crawley, C. H. King, and

J. A. Nolen, Jr., BAPS 21 (1976), 985.

ABSTRACT

The (p, p') reaction is being studied on targets of

1548m, 176Yb, 232 238
Th, and U at a beam energy of 35 MeV.

Data have been obtained via a magnetic spectrograph with a

position-sensitive proportional counter (8-10 keV FWHM) and

with nuclear emulsions (5 keV FWHM). Qualitatively the

angular distributions of the 0+, 2+, 4+, and 6+ members of

the ground state rotational bands are much more structured

than either those from (p, p') reactions on spherical

nuclei or on deformed nuclei at lower bombarding energies.

Coupled channel calculations including interference between

direct and multiple step excitations, using the nuclear

deformation parameters, 82, B4, and 86, from (a, a') work

at 50 MeV, and using Becchetti-Greenlees global optical

154 238
model parameters, produce good fits to the Sm and U

data, but do not do well for the 176Yb. The present

results will also be compared to those from previous

studies of Coulomb excitation, Coulomb-nuclear interference,

and inelastic electron scattering experiments.
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O. "PROTON SCATTERING AT 35 MeV TO GROUND BAND STATES

23 234, 236, 238 A, B, C, D
IN 2Tb, and U"

R. C. Melin, R. M. Ronningen, J. A. Nolen, Jr.,

G. M. Crawley, J. E. Finck, and C. E. Bemis, Jr., BAPS

31 (1979), 837.

ABSTRACT

Angular distributions of elastically and inelastically

scattered protons have been measured in the angular range

of 20° to 144.5° in steps of 2.5° and 5°. A 35.3 MeV dis-

persion-matched proton beam from the M.S.U. cyclotron was

used. The scattered protons were detected in the focal

plane of an Enge split-pole spectrograph with the 25 cm

inclined cathode, delay-line detector. The angular dis-

tributions for states in the ground band with J"=0+ through

6+ are being analyzed within a coupled channels framework.

Quadrupole, hexadecapole, and possibly higher order mass

moments will be presented. The results will be compared

to moments from (e, e'), (a, a'), and Coulomb excitation

studies.
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