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In de CC analyse die De Swiniarski geeft van de inelastische

protonverstrooiing aan de 2. en 2„ niveaus van il2Cd wordt niet

vermeld dat de berekening alleen in eerste orde wordt

uitgevoerd- Bovendien geeft hij de één-fononcomponent van beide

niveaus ten onrechte een verschillend karakter. Dit leidt tot

een te grote mengverhouding en een onderschatting van de

twee—fononaanslag van de 2„.

R. De Swiniarski, G. Bagieu, Dinh-Lien Pham, M. Massaad,

J.Y. Grossiord and A. Guichard, J. Phys. 37 (1976) 1125.

Wegens de complexiteit van verschillende numerieke

oplossingsmethoden hebben gekoppelde-kanalenberekeningen

slechts een indicatieve waarde.

Dit proefschrift.

Terugkoppelingen van ge'éxciteerde niveaus naar de grondtoestand

hebben voornamelijk effect in het achterwaartse hoekgebied van

de elastische differentiële doorsnede en van het analyserend

vermogen. Het meten van protonen verstrooid in deze

achterwaartse richtingen is dus noodzakelijk bij het bepalen van

gegeneraliseerde optische potentialen.

Dit proefschrift.

Voor de berekeningen van gedeformeerde vibratiekernen, die

Zalmstra uitvoert voor de KU=3 band in 2 8Si, dient de

kernpotentiaal tot in de tweede orde van de deformatie

ontwikkeld te worden. Dan is de L-overdracht namelijk niet meer

beperkt tot 3, maar kan de waarden 1,3 of 5 aannemen.

1).

2)

J.J.A. Zalmstra, J.F.A. van Hienen and J. Blok,

Phys. Lett. 146B (1984) 397.

Dit proefschrift.



5. Hoewel het toekennen van de nobelprijs voor de vrede aan de

Zuidafrikaanse bisschop Tutu de standpunten heeft verscherpt,

is het toch een stap op weg naar uiteindelijke vrede in

Zuid-Afrika.

6. Het "liefhebben" van een instituut boven de mens vormt geen

basis voor een goed werkende "samen"-leving, maar leidt eerder

tot een "tegen"-leving.

7. Het verdelen van de werkgelegenheid is een noodzaak in onze

huidige maatschappij als men een sociaal klassensysteem van

rijke "werkenden" en arme "afhankelijken" wil voorkomen. Het is

een teken van hoogmoed te denken dat de eigen baan ondeelbaar

is.

8. Het kleine aantal Nederlandse vrouwen met een technisch-

wetenschappelijke opleiding toont aan dat emancipatie van de

vrouw in Nederland vaak anders wordt geïnterpreteerd dan als

gelijkstelling met mannen. De erkenning als individu is

kennelijk belangrijker dan de waardering in een beroep.

9- Grote(re) snelheidsverschillen tussen de verschillende

weggebruikers maken het verkeer onveilig(er). Daarom zal de

verkeersveiligheid verminderen door het opheffen van de 100 km/u

limiet zoals geadviseerd is door de Centrale Politie

Verkeerscommissie aan de ministers van Binnenlandse Zaken en van

Justitie dd. 8 mei 1935.

10. Afkortingen en vakjargon verminderen de duidelijkheid in de taal

als ze niet worden uitgelegd, zelfs in een gezelschap van

specialisten.

11. Getuige de elfstedentocht 1985 is hoop op betere tijden

gedurende meer dan 21 jaar gerechtvaardigd.
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INTRODUCTION

Medium mass and heavy nuclei are difficult to understand because

of their many-particle structure. Microscopic models in which the

nucleon-nucleon force binds the individual particles in the nucleus

have become rather complex. They are therefore often replaced by

collective models in which the nuclear -hape plays a primary role.

The energy levels and transition rates between these levels form the

most important collective obsetvables. More recent models as the

interacting boson approximation (IBA) are very interesting as they

have been able to reproduce these observables very well. Here the

nucleons are not considered collectively, but only pairs of valence

nucleons, the so-called bosons, are of importance.

Nuclear scattering experiments form, besides electromagnetic

probes, an important tool to investigate the nuclear structure and the

validity or the models. Especially proton scattering is interesting

because of the stronger interaction with neutrons than with protons,

which gives additional information about neutron and proton

distributions in the nucleus as compared to electron scattering in

which mainly protons are involved.

Let us summarily describe the nature of the experimental

observation. Low energy protons (20.4 MeV) impinge on a very thin

target of pure isotopical composition. Only a few of them, by

interacting with a nucleus, will be scattered in various directions

where they are detected. Some will leave the nucleus in its ground

state (elastic scattering), others will excite the nucleus by

transferring a discrete amount of their energy (inelastic scattering)»

A careful counting through the whole angular range of these scattered



particles, classiried according to the levels in which the nucleus has

been left - we will use for this the term reaction channel —, provides

us with the so-called differential cross sections. Incident protons,

when polarized, as in our experiments at the AVF cyclotron of

Eindhoven, can give different results for the two spin directions.

Their relative difference, the analysing power, works then as a

magnifying-glass for the information about nuclear structure we can

extract-

The extraction of information is not straightforward because it

shows up in the observables only interwoven with the reaction

mechanism. In the phenomenological approach of the elastic scattering

the nucleon-nucleus interaction is approximated by an optical model

(OM) potential which has the form of a well with radius and surface

thickness similar to the nuclear shape, because it is connected with

the nuclear density by folding with the nucleon-nucleon interaction.

This potential contains also an imaginary part which in the

theoretical calculations, accounts for the neglected channels. The

optical model is quite rough because of the neglect of density

dependence, exchange and non-locality of the interaction, but it still

gives in terms of a small number of parameters, about ten, a quite

good description of the elastic scattering. Excitations of the nucleus

are explained in the same view by deformations of the nuclear surface,

i.e. as vibrations around its spherical ground state, or as rotations

when it is permanently deformed. The structure information is then

expressed in terms of deformation parameters (P) and transition

strengths between excited levels. In the so-called coupled channel

(CC) formalism and in the less sophisticated distorded waves Born

aapproximation (DWBA) the deformation of the corresponding optical

model potential is then characteristic. Rotators exhibit stronger

couplings to excited levels than vibrators and thereby need other

form factors (geometrical form of the transition potential). The

transition matrix elements between the nuclear states are also model

dependent and are calculated separately e.g. by an IBA structure

analysis.



Working in this context we have recorded and analysed

experimental (p,p') data for the 1"*8> 150» 152» 15"»Sm isotopes, as these

nuclei present a typical transition from the vibrational model (1'*8Sm)

to the rotational one (15"*Sm).

The experimental setup and the data reduction methods are

described in chapter 1. Nuclear structure and reaction mechanism are

briefly reviewed, respectively, in chapters 2 and 3. The generalized

optical model, a method developed to extract reliable information

about the optical model parameters and deformations, is presented in

chapter 4. The experimental results for the Sm isotopes are presented

in chapter 5, where optical model, DWBA and CC calculations for low

lying levels and some other channels more difficult to excite are

presented in the subsections 2,3,4 and 5.

The interpretation of the deformations in terms of multipole

moments, based on comparison with data from the literature, is

presented mainly in section 4 of chapter 5. This resulted for the two

heavier nuclei l^Sm an<j 15i*gm ^n a stronger quadrupole deformation of

the neutron than that of the proton distributions. Moreover this has

been comfirmed at least for 151fSm by combining IBA calculations with

the coupled channel results. Inconsistency in such data still leaves

us with uncertainties in the interpretation of the 11(8Sm and 150Sm

results.



chapter I EXPERIMENTAL PROCEDURE

In this chapter we give a short outline of the experimental

set-up with emphasis on the recent developments of the polarized

proton beam production at the A.V.F. cyclotron of the Eindhoven

University of Technology (E.U.T.). Details can be found in the thesis

of Meissen (Mel78).

1.1 Polarized beam production at 20.4 and 22.3 MeV

The polarized proton source, developed by Van der Heide (Hei72),

is of the atomic beam type (Dar80, Cle75, Hae67, Fle61). A beam of

hydrogen atoms in the S. ̂ ground state is polarized in the electron

spin by the Stern-Gerlach method. Thereafter, r.f. transitions

induced between the H hyperfine states polarize the beam in the

proton spin (Abr62). Subsequent ionization by electron bombardment in

a strong magnetic field takes place in an ionizer developed and

constructed by the ANAC corporation (Gla79, Gla68). This development

resulted in an improvement of the figure of merit (P2I) of the source

by a factor of 6, with a current of about 12 uA just behind the

ionizer and with a degree of polarization of about 90%.

The longitudinally polarized proton beam is extracted from the

ionizer at an energy of 5 keV before entering the Wien filter, which

rotates the spins by 90 degrees into a direction perpendicular to the

median plane of the cyclotron. In order to inject the polarized ion

beam radially into the cyclotron a trochoidal injection system of the

Saclay type (Beu67) has been used. In this system the Lorentz force is

compensated for by a transverse electric field, while specially

shaped electrodes ensure both horizontal and vertical focusing.



The transmission through the central region of the cyclotron

(Bot81), which is very sensitive to the centre geometry, results in

beam intensities of 150 to 250 nA at a radius of about 30 cm. The

cyclotron delivers, aftsr an extraction of about 70% efficiency, 100

to 200 nA of polarized protons at 20.4 MeV and 22.3 MeV with an

energy spread of 60 to 90 keV.

A dispersive beam transport system of magnets and quadrupoles

lenses (Hag70) guides the protons along a 40 i long beam line to the

scattering chamber where the experiments take place. Two 45° bending

mignets, with entrance and exit slits of, respectively, 1.0 mm and

1.4 mm wide, and three interposed lenses form the dispersive system.

This reduces the energy spread of the beam to 20 keV with a beam

intensity upto 50 nA. The horizontal beam quality is then of the

order of 20 mm mrad at 20 MeV.

1.2 The experimental area

1.2.1 Beam monitoring

The polarized proton beam hits the target foil in the centre of

the scattering chamber (fig. 1.1) with an angular spread of about

0.75°. The beam direction is adjusted by optimizing the current

through a 3 mm diaphragm substituted for the target.

Two 3 mm thick silicon lithium drifted detectors (Kevex) are

placed in the vertical plane through the beam, above and below the

reaction plane, at angles of 45° to it. Insensitive to the degree of

polarization, these "out of plane" detectors are used for integration

of the elastically scattered protons. Reflecting the combined factors

of the incident current and the number of encountered target nuclei

per square centimeter, these detectors provide the relative

normalization between the various experimental runs.

The beam energy is measured using the well known "cross-over"

technique (Bar64). For this purpose a mylar target is placed into the

beam. The cross-over angle between the protons scattered elastically



from hydrogen and those scattered inelastically from ^2C (4.333 MeV)

is determined by linear regression. This result is checked with the

peak positions of an additional detector at a fixed angle of 36.8°.

The inaccu^=icy in the determination of the proton energy, related to

left-right beam side measurements and to slightly different cyclotron

settings, like the extractor position, is of the order of 0.2 MeV.

DETECTORS

DETECTOR
DIAPHRAGM

FARADAY CUP \ '\ ^DEGRADER
\ \ ; \ FOIL

DETECTOR
,OUT-OF-PLANE
DETECTORS

POLARIZATION MONITOR
DETECTORS

I
SCATTERING CHAMBER

Fig. 1.1 The scattering chamber (diameter 56 cm),

and the polarization monitor (diameter 18 cm).

The degree of polarization of the beam is measured continuously

in the polarization monitor downstream the scattering chamber. The

analysing power (67 + 1%) of 16 Mev protons scattered elastically by
J2C nuclei (Bos62) is hardly energy dependent at a scattering angle

of about 55° (Mey76, Fai69, Gai76). These conditions enable a very

reliable determination of the beam polarization. For that purpose the

proton energy is degraded to an average energy of 16 MeV by an

aluminium foil. After collimation, the protons are scattered from a

polyethylene foil. Those scattered elastically are then detected by

two 500 um silicon surface barrier detectors (Philips), placed in the

horizontal plane at 52.5° at both sides of the beam. To avoid

systematical errors due to the solid angle of the detectors and to

beam misalignment the polarization is measured in each detector



separately by switching every minute between the two spin states. The

intensities are mutually normalized by an "out of plane" detector in

the polarization monitor. The average of the asymmetries obtained for

each detector separately, generally differing less than 2%, is taken

as a measure for the beam polarization.

1.2.2 The targets

Most of the targets, listed in table 1.1, are self-supporting

foils obtained from the K.V.I, at Groningen. The very thin 15l*Sm

target on carbon backing (25 |±g/cm2) was supplied by A.E.R.E.

(Harwell), while a lb2Sm target was obtained form the University of

Munich. The target foils are mounted on a nickel frame having a

circular hole of 10 mm diameter.

The targets are placed in the centre of the scattering chamber

under an angle ($ as defined in fig. 1.1) of 25° to 35°. This angle

is determined in relation to the detector positions in order to

minimize the energy spread due to the different paths the scattered

protons can follow through the target. The 20.4 MeV protons incident

on a 1000 |ig/cm2 Sm target get a negligible energy spread (less than

1 keV) for transmission measurements, which is only sensitive to the

angular spread of the beam and the solid angle of the detectors. The

reflection mode gives a contribution to the energy spread of about

35 keV and 25 keV for 90° and 150° scattering angles respectively

without considering straggling.

1.2.3 The detection system

The scattered protons are detected by two arrays of four

semiconductor detectors placed at both sides of the beam.

The forward detectors (D1-D4), exposed to a relatively high

proton flux, can be rotated at a distance of 225 mm around the target

from 20° to 150°. In front of these detectors, which are by 5° or 6°

apart depending on the experiment, diaphragms are mounted to define

an angular acceptance of about 1°. The distance to the target

(107 mm) of the backward detectors (D5-D8) is chosen in combination



Table 1.1 Thickness d ((ig/cm2) and isotopic composition (%) of the

targets.

Target

l ^ S m

152Sm

15"Sm-l
151<Sm-2

d

1100

1500

630

1500

250

144

0.04

0.10

0.02

0.04

0.02

147

1.30

0.80

0.20

0.20

0.14

148

96

0

0

0

0

.40

.60

.19

.28

.12

149

1.46

3.50

0.29

0.29

0.17

150

0.25

89.00

0.24

0.22

0.12

152

0.37

4.70

98.29

1.27

0.74

154

0.20

1.30

0.76

97.70

98.69

with the diaphragms, having an angular acceptance of 2.46°, to match

the counting rate of forward and backward detectors. The backward

detectors, 10° or 12° apart, cover the angular region of 70° to 160°.

The 3 mm thick silicon surface barrier detectors from Ortec used

in the first experiments were replaced by 3 mm lithium drifted

silicon detectors from Enertec for the later experiments. The Ortec

detectors exhibit more stability against working conditions, while

the Enertec's better resist against radiation damage (Bor83, Ran82,

Ran84).

The measurement of the total lonization produced in the detector

gives a linear response to the particle energy. Full charge

collection is difficult to obtain for the most energetic protons

(20.4 MeV), which are stopped in the ultimate layer of the detector

(Sky67) just before the aluminium electrode, where the electrical

field is very weak. Though the reverse bias voltage has been

increased, a slight allnearity is still left in the high energy

region of the spectra.

The detectors are cooled down to -10°C by a Peltier junction to

reduce the leakage current from 2 to 0.2 uA with a subsequent

reduction of noise.
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1.3 Data acquisition

1.3.1 The electronic equipment

The electronic chain of each detector (see fig. 1.2) consists

mainly of a fast—logic circuit and a pulse-shaping and amplifying

circuit. The fast discriminator determines a minimum threshold for

the filter amplifier signals and generates, after NIM to TTL

conversion, a trigger signal for the routing unit. This unit provides

for the detector identification and thereby for the timing of the

amplifier output by steering the gate and the external strobe of the

stretcher. Hence, too small energy signals, i.e. less than

corresponding with 6 MeV proton energy, together with coincidences

(2-u<50 ns) between two detectors can be eliminated at an early

stage. Inspection of pile-up is accomplished after a few micro

seconds and an inhibit signal is sent to the gate of the ADC.

According to the detector and spin bits as governed by the ADC

controller the spectra are stored in a 38k MOS memory.

The control unit (fig- 1«3), which inspects the operation of the

polarized ion source, generates the spin bit, supervises the spin

direction reversal (about every minute) and controls the run time by

means of a preset number of elastic counts in the out of plane

detectors.

The counts of the out of plane detector, the integrated beam

current and the run duration are recorded in EUROBUS sealers (Nij79).

The total dead time, about 8 (is/event, is determined by the

routing unit, which is reset by the end of the ADC-busy signal. Both,

the sealers and the control unit, take this dead time into account.

1.3.2 The computer data handling

A PDP11/23 computer is connected by a Gee-Elliott modular CAMAC

interface system to a 38k MOS memory and to the ADC controller (see

fig. 1.3). CAMAC-EUROBUS converters provide a further connection to
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DETECTOR

BIAS

METERS!

DET.

TEST

PULSER

MAIN

AMPLIFIER

Fig. 1.2 Detailed electronic system of each detector.

A D C DETECTORS
1 - 8

busy

gale

POLARIZED
ION SOURCE

discriminator

ROUTING
UNIT

spin bit

stop

FARADAY CUP\

TIME

out of plane

1 XX

sc chamber

MONITOR

DETECTORS

CONTROL
UNIT

EUROBUS
SCALERS

dead time

ADC

CONTROL
MOS MEMORY & CONTROL

38 K - 24 b.

CAMAC lines
- M CAMAC SYSTEM

SCATTERING
CHAMBER

EXP13
steering

CAMAC lines

POP 11/23

Fig. 1.3 The complete data acquisition system.



EUROBUS sealers and experimental modules. Details can be found

elsewhere (Raa79).

The experiment is supervised by means of the experiment monitor

system EXP13 (Nij82). Working on user's command basis, this program

can prepare the MOS memory and the ADC controller for the

measurements, start or stop the experiment and display relevant parts

of the spectra. During about 1.5 hour the data are stored in the MOS

memory at addresses proportional to their input amplitudes. The

sensitivity is set on a value of about 11 keV/channel by a conversion

gain of 2048 channels and a digital substraction of 1024 channels.

T\\F- data are divided in groups in the memory according to detector

and spin bits.

One can follow the experimental status during the experiment by

display of the spectra and of the channel with highest contents. The

sealers and the degree of polarization can be inspected whenever

wanted. The program EXP13 also permits an optimization of the beam

direction in between the runs by measuring the fractions of the

current on the various diaphragms the beam is hitting on its way from

the target .to the faraday cup. A check of the detector leakage

currents and temperatures ensures a proper detector operation. At the

end of each run, the recorded spectra, the sealer contents, and the

experimental status are written onto disks.

1.4 Energy resolution

The energy deposited by collisions in a semiconductor

detector is mainly used to create electron-hole pairs in silicon.

These pairs are not completely uncorrelated: high energetic electrons

will create new pairs. Hence, the statistical fluctuations in the

charge collection follow a modified Poisson distribution (Gou75). The

variance becomes:

o2 = e F E (1.1)
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with F : the Fano factor (0.12 for silicon)

E : the incident proton energy

e : the average energy needed for the creation of an

electron—hole pair in silicon (3.7 eV)

Other statistical phenomena also can cause broadening of the

peaks in the spectrum.

a. Noise sources like fluctuations in detector loakage current or

instabilities in the electronic system are measured as the FWHM of a

gaussian peak generated by a precision pulse generator. This FWHM is

of the order of 15 keV. We denote the variance associated with these

processes as aj;.

b. As the energy spectrum of the scattered protons may be computed

from the following independent quantities,

E : the incident beam energy

x : the target thickness

9 : the proton scattering angle

the statistical fluctuations in these quantities cannot be neglected.

b.l. The spread in the incident beam energy results, assuming a

gaussian distribution, in a variance: u3.

b.2. The kinematic energy spread, connected with the detector angular

acceptance and the beam emittance, is evaluated in the approximation

of a constant probability function of scattering over the full

angular interval:

with a - 1.02°; angular aperture of the forward detectors,

or a » 2.46°; angular aperture of the backward detectors,

and b = 0.75°; angular spread of the beam.

b.3. The scattered protons can follow various paths through the

target to a detector. This constitutes a source of fluctuations in

the energy loss in the target. Assuming -ilso a constant distribution

of the possible path lengths through the target, we find for the
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protons scattered backwards (reflection mode) a spread in x:

2 X " (1.3)9 12 v cos (90-9/2) ;

Here we neglect the angular acceptance which contributes less than

1 keV. For the protons scattered forwards (transmission mode) we

obtain with the same assumptions a negligible contribution of this

effect.

b.4. The energy straggling (Eva55) refers to statistical variations

in the energy losses in the target. It is connected to random

fluctuations about the average number of collisions and the average

energy loss per collision encountered by a proton which crosses the

target. Here we will account only for the average target path both,

for the reflection and the transmission mode:

S A COST v '

with e : electron charge

N : Avogadro number

Z : atomic number of the target nuclei

A : mass number of the target nuclei

T) : in transmission mode: 6/2

in reflection mode: (180-8)/2

We now can write the standard deviation of the energy, assuming

the absence of correlations between these quantities:

Some typical energy spreads have been calculated, using equation 1.5,

for a 20.4 Mev incident proton beam with 20 keV energy spread

impinging on a 1500 (ig/cm2 150Sm target. In these circumstances we

have:
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BE/39 : 3.1, A.7 and 3.1 keV/° at respectively 30°,

90° and 150°

öE/öx : 12.5 keV/(mg/cm2)

ln table 1.2, the results are compared with the experimental values

extracted from a gaussian profile fitted to the elastic peak in

single run spectra. This rather simple evaluation gives surprisingly

good results.

1.5 Data reduction

1.5.1 Addition of the spectra

Periods of about 15 hours were needed in order to obtain about

500 counts of protons leaving the target nucleus in the two phonon

states we are interested in. Such periods are divided in runs of

about 1.5 hours to allow for some checks or adjustments in between

the runs, especially to avoid broadening of the peaks due to drift in

amplification or to variations in beam quality-

Table 1.2 Comparison of the calculated and the measured energy

spread for some transmission (T) and reflection (R)

target modes.

angle

degrees

40

90

90

140

target mode

T

T

R

R

FWHM calc

keV

35.5

38.3

52.5

44.3

FWHM exp

keV

38.4

*

52.3

42.5

* 90" in the transmission mode was not measured but calculated to

estimate the broadening due to the reflection mode.
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This procedure requires the addition of the partial results by

the locally developed program SUMS. The spectra y. are compared

with one chosen as reference x., by a chi-squared algorithm (Nij78)

with as mutual normalization factor \ the ratio of the spectrum

integrals:

2

(1.6)

The spectra with high chi-squared values are then processed by

shifting and stretching in order to reduce the differences. For this

purpose, five positions selected out of peaks originating from the

target or from contaminants as H, C and 0, must be known.

Measurements on mylar targets furnish the peak identifications. If

XR(i) and X0(i) represent the channel position of peak i (i=l,5),

respectively in the reference and in the original spectrum to be

added, the five points should cluster in the (XR.XO) plane around a

line:

XO = A.XR + B (1-7)

A linear regression produces the shift(B) and stretch(A) parameters.

Assuming that a channel i contains all the protons whith energy in

the channel interval Ji-l,iJ , a channel of the "shifted" spectrum

will contain a sum of partial contents of some channels of the

original spectrum. These partial contents are determined by the

product of the content of an "original channel" and by the length of

the preceding part of the channel covered by the linear projection of

the shifted spectrum interval Ji-l,ij on the original spectrum. A

schematic diagram of this principle is shown in fig. 1.4.

The above shift method reduces the chi-squared value of the

spectra in most cases to about unity. The spectra can then be added

to the reference spectrum whereas the other ones, often presenting

higher backgrounds or broader peaks, are rejected.

* Ji-l,iJ denotes an interval where point i is included and point i-1

excluded
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XOU-3)

XSd-3)

XOII-2)

XSU-2)

ORIGINAL SPECTRIM

SHIFTED SPECTfW
XS(I-l) XS(I)

Fig. 1.4 Scheme of the shift procedure where the content of channel

XS(i) of the shifted spectrum is denoted by CS(i). With

CO(i) defined in the same way for the original spectrum:

XO(i) = A.XS(i) + B

CS(i) = a.C0(i-2) + p.CO(i-l).

1.5.2 Cross sections and analysing powers

The peaks of the collected spin up and spin down spectra are

integrated by the program EIOTEX written for our PDP11/23 computer.

It operates on an interactive basis by continuous display of the

peaks of interest in the sum of the spin up and the spin down

spectrumj the associated markers and the estimated background.

As said in sect. 2.3 a slight alinearity exists in the high

energy region, therefore a third order regression is aplied to

identify the excited levels. For this purpose, known 12C and i60 peaks

are used to make a first estimation of the position of some target

peaks with high statistics. After an interactive correction of these

positions as displayed in the sum spectrum, a parabolic fit refines

all these peak positions before the final regression is calculated.

The background under the peaks is evaluated separately in both

the spin up and spin down spectrum by a linear or a 2nd order

polynomial least squared fit through two low intensity regions at

both sides of the peak of interest. The total background is then

inspected by displaying it in the sum spectrum.
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The free peaks and the multiplets of peaks separated by less

than 70 keV are treated further following different procedures:

a. the free peaks:

The free peaks are integrated separately in each of the spin up

and spin down spectra by adding the contents of the channels

between two peak markers. The integrals are then corrected for

their respective backgrounds to provide the values of cross

section and analysing power. The statistical moments of the peaks

are used to check the peak quality, i.e. the asymmetry and the

width of the peak. The channel statistical dependence introduced

by the shift procedure is assumed to be negligible, so the

contents of these channels can be taken as uncorrelated. Still,

the correlation in the background coefficients introduce

correlation terms in the errors of the "corrected" peak integral.

The corrected integrals are divided by the total number of counts

of the out of plane monitors to normalize for the integrated

incident beam and the target thickness. For each specific

experimental setting various "overlap" measurements are taken with

forward and backward detectors situated simultaneously at the same

angle, left and right to the incident beam. They provide the

relative angular acceptance of the detectors to give the final

overal relative normalization factor.

b. the peak multiplets:

Multiplets of nearby lying and overlapping peaks are fitted by

an analytical curve consisting of the superposition of a gaussian

and a lorentzian:

(x-x0)
2 (x-x0)

2 _
F = F.H.exp{ } + F .H.{1+ f 1 (1.8)

W2/2 L W2

G L.

with F + FT = 1.0

H : the height of the peak

x : the channel position

x0 : the peak, position
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W : the gaussian 1/2 FWHM
G

W : the lorentzian width parameter
L

The lorentzian shape is needed for some of the high energy

peaks. It simulates the low energy tail which is due to e.g.

slit-scattering and target irregularities (Zab80), or to

inefficient collection of energy losses due to recoiling silicon

nuclei (Res69) and imperfect charge collection (see sect. 2.3).

Even when this tail includes only about 2% of the elastic peak,

its importance appears in the accuracy of the determination of the

area of weak inelastic peaks on this tail, e.g. for the 2. peak

of 151*Sni.

The width parameters, W and W, , are different for the high and
O L.

low energy sides of the peak. This accounts for some detector

defects like "large scale traps" in the detector (Ere76) resulting

in inhomogeneous charge collection.

This fixes the number of shape parameters for one peak at six.

All these parameter values are estimated from the sum spectrum.

Often the strongest peak in the multiplet is chosen to set the

starting values of the shape parameters. The peak height above the

background and the peak position are estimated from a parabolic

regression. The widths are derived by a linear regression between

the two channels around the height at half maximum. Depending on

the spectrum quality the tail parameters are chosen by the

experimenter. Typical values of FL. lie between 0.01 and 0.04,

while WL for the low and high energy tail lies around respectively

2.5 and 0.7 times the gaussian width.

A further hand guided fit is performed by visual inspection of

the sum spectrum together with the result of the fit. The other

multiplet peaks get their positions and heights successively from

a parabolic regression on the remaining spectrum. The other

starting parameters are taken from the peak analysed first. To

refine the starting values, a successive peak to peak evaluation

can be followed as often as needed till the fit is judged as

satisfactory. The total widths and tail components of the peaks

are kept equal when they can be identified as originating from the

same nuclide. A chi-squared criterion and a comparison of the

integrals of the sum spectrum with that of the fit must give
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reliable results.

The peak heights in the spin up spectrum are evaluated by

multiplying the fitted heights by the relative value of the top

contents in the spin up spectrum with respect to the sum spectrum.

A similar procedure provides for the heights in the spin down

spectrum. Keeping the other shape parameters fixed at their value

found previously, the further integrating is performed in the same

way as for the isolated peaks. This provides us with the cross

sections and analysing powers.

Mainly due to the normalization, a minimal error of about 2% is

assumed in the values of cross section and analysing power. After

transformation from the laboratory system to the centre-of-mass

system, the results are stored in a disk-file. After transmission

from the PDP11/23 to the B79OO computer these data are assembled in

one data file accessible for theoretical analyses.
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chapter II SOME ASPECTS OF THE COLLECTIVE NUCLEAR STRUCTURE

2.1 The Bohr and Mottelson model

The collective nuclear model of Bohr and Mottelson (Boh53) was

introduced to account for the properties of many-nucleon systems. The

nucleons are considered to move in single-particle orbits forming an

almost stable pattern in space defining the overall nuclear shape,

which can be either spherical or deformed. By an external interaction

spherical nuclei can be brought into vibrations maintaining a fixed

volume due to the incompressibility of nuclear matter. Permanently

deformed nuclei, however, while retaining their shape, can show

variations in orientation; they exhibit the properties of rotators.

2.1.1 The vibrator

If we deal with a vibrator, the nucleus can be described as a

deformable incompressible liquid drop with a shape given by:

R = R0 (1 + 2 «,*,,, (6,«.)) (2.1)

where Y are the spherical harmonics. It should be noted that \=0

(nuclear compression) and \=»1 (center of mass vibration) have to be

left out of consideration. The simplest form of the hamiltonian is a

sum of separate terms, each describing harmonic oscillators

associated to an a. .
Xu

where B and C are coefficients related to the mass and the
A. K
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elasticity of the nucleus.

The hamiltonian of this system can also be written in terms of
+

the phonon creation and annihilation operators p. and p, . The

following relations hold:

H = E two (p+ p + - ) (2.3)

^ x u x ) )
2 a ^ (2.5)

These operators will be used in the formulation of transitions

between the energy levels (see chapter III).

The excitation energies of the corresponding collective states

are in this simple case given by:

E = T. E ; E = n tito (2.6)
. K A. K \
A.

where u = C /B and n is the number of phonons. This gives a
\ \ A, X

vibrational energy spectrum characterized by one phonon levels

(IL=1), two phonon levels ( n =2 and 0<I<2\ ), etc... The octupole

phonon "ha), typically has an energy of twice the energy of the

quadrupole phonon. Some other negative parity levels can be obtained

by combination of quadrupole (\=2) and octupole (X=3) phonons.

2.1.2 The rotator

The nuclear shape of a rotator is specified normally with

respect to body-fixed axes (x'.y'.z') as:

R = R°(1 + x> W 6 I > * 1 ) } (2'7)

When the nucleus rotates, the coefficients of these spherical

harmonics can be expressed with respect to a space-fixed system as:

a, = I a, S X
n (2.8)
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where the arguments of the rotational functions jO are the time
A.U

dependent Euler angles between the body- and the space-fixed system.

An adequate choice of principal axes restricts the quadrupole

deformations to a_ and a„ = oc?_~ terms, alternatively expressed as:
a2Q = p cos Y (2.9)

a 2 2
 = 72 P s i n ? ( 2 - 1 0 )

The parameter p measures the total deformation of the nucleus (p2 =

Ea2 )• Prolate (cigar) and oblate (pancake) shapes are respectively
u 2\i

given by positive and negative values of p. The parameter y defines

the axial symmetry (y + nit/3 defines three unequal axes; y=0 defines

z' as symmetry axis). Inserting (2.9) and (2.10), together with the

coordinate transformation (2.8), into (2.2) gives for the

hamiltonian:
L2

H = I Cp2 + i B(P2+PV) + I E (JL) (2.11)
-x ,y ,z

with L as the components of the angular momentum along the

body-fixed axes and g^ as the effective moments of inertia with

respect to these axes. The system can be excited through vibrations

in p and y or through rotations of the principal axes with respect to

the space-fixed axes.

Rotational states will be characterized in general by three

quantum numbers: J, M (referring to angular momentum expressed in the

space-fixed system) and K ("L_ ). where K is only a good quantum

number for the nuclei symmetrical around z'. For a given J, this

number K can take all even integer values up to J. The rotational

part of the energy is then given by:

8x' gz'

Symmetry properties of the wave functions imply even J values for

K=0, and all possible J values K,K+l,K+2,... for nonzero K.

Whereas the nuclei that are axially symmetric in the ground

state, retain this symmetry under p vibrations, they are excited by y

or octupole vibrations to asymmetric shapes. Some typical rotational

bands can be built on the vibratlonal states characterized by the K
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value of the band. Therefore deformed even-even nuclei with intrinsic

angular momentum zero typically show in the low energy region a

0 ,2 ,4 ,... g.s. rotational band (K =0 ), and an octupole band

(K*=0~) of 1~,3~,5~,... levels, while the 0 band (KTC=0+ with

0 ,2 ,4 ,... levels) starts at about 1 MeV excitation energy.

2.2 The interacting boson approximation

The interacting boson approximation (IBA) introduced by Arima

and Iachello (Ari76, Ari78-1&2, Ari79) intends to give a unified

description of the collective excitations, as most nuclides present

characteristics between purely vibrational and purely rotational

behaviour.

The IBA hamiltonian describes the nucleus as a system of N

fermion pairs (bosons) coupled to L=0,2 or 4 (denoted respectively as

s, d and g bosons). This number N appears to be directly related to

the total number of active nucleon pairs outside closed shells. It

should be noted that these active pairs can be either particle— or

hole-like. In this way some shell model features are incorporated

into the model.

Restricting ourselves to a simple two level system where the s

bosons occupy the ground state and the d bosons the excited level of

energy e, the interaction between these bosons gives rise to the

total energy spectrum. The hamiltonian written in terms of the boson
+ +

creation (s ,d ) and annihilation (s,d) operators reads:

+
H = en + K"(P -P) + K'(L.L) + K(Q.Q) + a(T,.T,) + b(T,.T.)

(2.13)
with

nd = (d .d)nd

-

L = /ÏÖ[d+ x dj(

(2.14)
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[d+xs + s+ x3J(2) - I /7[d+ x dj(2)

and, b = (-) b for b=s or b=d. (2.15)

Since the 36 products [b x bj generate the Lie grouP U(6), the

hamiltonian can be diagonalized in an appropriate basis given by the

irreducible representations of this group.

The vibrational limit is characterized by large e in comparison

with the strength of the interaction and thus by n.,, while all n
d d

changing terms are negligible. The rotational limit, yet, is

characterized by large QQ and LL terms and a small e term. The

vibrational-rotational phase transition is often studied by holding K

and K' constant with a=b=O, while decreasing E linearly with

increasing neutron number.

Accounting for the octupole states, (L=3), populated by f

bosons, the hamiltonian becomes:

— ti T rl "t~ tl ̂ I £ « 1 D I

d f fd

where H and H are of the same type as given by eq. (2.13),
d f

describing respectively the quadrupole and octupole modes, while H

is the octupole—quadrupole interaction. This has not been used

extensively, since an octupole boson involves ltuo excitation in the

shell model, making the concept of the boson number rather vague.

In IBA—1, no distinction is made between the nucleonic degrees

of freedom. In IBA-2 on the contrary, identical nucleons can pair

together to L=0 or L=2, creating proton and neutron bosons. The

hamiltonian is then written as:

HTBJ = H + H + H (2.17)
IBA-2 n v iiv

where the hamiltonians H and H are often restricted to the £ part,
n v

and the proton-neutron boson interaction H is given by:
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H = - < Q Q + c M (2.18)
iv n v

where Q and Q are generalized quadrupole operators (cf. 2.15). Now
U V

the strong quadrupole—quadrupole force gives rise to deformations for

nuclei in the middle of the maior shells. The values of s and e are
n v

more or less constant in this case. This is in contrast to IBA-1

where e approaches zero in the middle of the shell. From a

microscopic point of view IBA-2 is more satisfactory in this respect.

The Majorana operator M has been added mainly to remove states of

mixed proton—neutron symmetry from the low energy part of the

spectrum to higher energies.

Dynamical symmetries

In some limiting situations the IBA—1 hamiltonian possesses a

dynamical symmetry, i.e. it commutes with the Casimir (invariant)

operators of a complete chain of subgroups contained in U(6). Their

eigenvalues are then good quantum numbers (given between the [,]

terras in the diagram below), labeling uniquely the energy levels

of the system. Only three of these chains are possible, which

have to include the rotation group 0(3), normally denoted by the

subgroup of the higher order: the vibratlonal SU(5), the rotational

SU(3) and the y-unstable rotational 0(6) limit. The latter will not be

considered further being not of direct interest for the nuclei studied

in this thesis. The remaining chains read:

SU(6) 3 SU(5)D 0(5)3 0 (3 )3 0(2) chain I
[N] [ n j Lv.A] [L] [M]

SU(6) 3 SU(3)3 0(3)3 0(2) chain II

[N] [X.H.K] [L] [M]

where, N = total number of bosons

v = number of d bosons coupled to zero

A = number of d bosons triplets coupled to zero

L,M = angular momentum and correspondiag projection
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[\,(ij = the Elliott quantum numbers

K = the projection of L on the body-fixed axis of

symmetry

The [\,lij quantum numbers have been introduced by Elliott (E1158) to

label the representations of the group SU(3) and to label the

rotational bands:

L = K, K+l, K+2,..., K+max[\,uj0

where K = min[X,(iJ, min[X,uJ-2,...,1 or 0 (2.19)

but L = max[\,(ij, max[\,(iJ-2,•..,1 or 0 for K=0

The definition of K is obvious as can be seen from:

if u=0, K=0 band, L=O,2,4,..., k (2.20)

if (i=l, K=l band, L=l,2,3,..., k+l

As well in the vibrational as in the rotational limit a band

cut-off appears at L =2N, this in clear contrast with the
max

geometrical model (sect.2.2.1).

The eigenvalue problem can now be solved analytically in terms

of these quantum numbers classifying the nuclei following the

subgroup chain considered, which reproduces the energy spectrum of

the classical vibrator (chain I) and rotator (chain II).
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chapter III SOME THEORETICAL CONSIDERATIONS ABOUT ELASTIC AND

INELASTIC SCATTERING

3.1 Cross sections and analysing powers

In this section we will give a brief review of the reaction

theory to provide a background for the analysis of our experiments.

Details can be found in publications of Bloch, Austern and Satchler

(Blo75> Aus70, Sat80, Sat64). We restrict ourselves to direct

reactions and in particular to nucleon scattering, as the

compound—nucleus contribution, while dominated by neutron emission

(Aus70), becomes negligible in the proton channels for an incident

energy E > Q(p,n) + 4 Mev (Bec69).

The scattering of nucleons by a nucleus is generally described

by the quantum—mechanical theory as a stationary collision process,

where the incident and scattered nucleons are represented by plane

waves corresponding to a constant particle flux. The total system of

an incident nucleon (x) and a nucleus (X) is given by the time

independent Schroedinger equation:

(H - E)Y - 0 (3.1)

with H = H + T + V, where H governs the internal motion of X. The

relative motion of projectile and target is determined by the kinetic

energy operator T and the potential energy operator V. The solutions

of the Schroedinger equation can be expanded in terms of the

orthonormal set of the internal wave functions $ (X) of the nucleus,

i.e.

"x V x ) " EA ( X ) <3-2>
* - g *a XaW (3.3)
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The wave functions Y describe the relative motion in the reaction
a

channels a-

Starting from <9?R|H - E U > = 0 for each possible nuclear state $

and integrating over the internal nuclear coordinates, we end with a

system of coupled equations:

(TP + < $
P iv iy - sh = " s < $pi v iv^ (3-4)

with Ep = E - 6p.

As such a system of an infinite number of exit channels cannot

be solved exactly, the current reaction models are restricted to a

small number of strongly excited levels. Therefore, a suitable

choice of the potential, containing an imaginary part, accounts for

the terms discarded. In the simplest reaction model, which

incorporates the elastic channel as the only one, the coupling

reduces to a diagonal potential,the optical potential ^glvl^^,

obtained by folding the effective interaction with the nuclear

density. This potential, normally chosen spherical so it doesn't

include angular momentum transfer, can be determined easily from the

experiment. When more channels are coupled together the non-diagonal

terms <$ V $ > must be taken into account. This interaction can, by
PI I a

surface oscillations or nuclear rotations, transfer angular momentum

from one channel to another. The matrix elements now carry

information both on the nuclear structure and on the reaction

mechanism as seen in section 2 of this chapter.

The wave functions v » solutions of (3.4), can in fact be
P

expanded in partial waves:

X = ï. Y (e,*) u (r) (3.5)

P l>nl !»m 1.»
The functions u stand for combinations of incoming and outgoing

l,m
waves needed in the asymptotic solution of the Schroedinger equation.

The amplitudes b of the outgoing waves appear in the calculation
l,m

of the cross section which is proportional to the outgoing flux.

These amplitudes can be expressed following the Green's function

formalism (Aus70):



31

with

where 8 denotes a vector addition in which 1 and I (the target
P

spin), couple to the angular momentum J- The function Gp( ko,r) is of
1 P P

the incoming type. T can only connect channels whith the same J
1 ccp

and parity II=(-) n with it as the parity of the target state. This
limits the number of coupled equations to 2.1 (21+1) per channel

max p ,
j3 for an incident nucleon with spin 1/2 incident on the 0. ground
state, 1 being the maximum orbital angular momentum,

max

The total inelastic cross section can then be expressed in terms

of the outgoing flux and the transition amplitudes as follows, where

the spin states of the nuclei and projectiles (respectively M and m)

are mentioned explicitly:

°(VH;P.- ) - ? ? ITJI2 (3-8>
1 1 f f a l,m p

Here v is the relative velocity of the projectile with respect to the

nucleus in the various channels.

The differential cross section is given by:

ijg(a + p j - ^ Ê i j ; T1!1 i"1 Y. I2 (3.9)
dQl m M Hm M ' v I aB lm'

i 1 f f a l,m

The cross terms between the different partial waves 1 give rise to an

interference pattern in the differential cross section.

For an unpolarized incident beam the cross section is obtained

by averaging over the initial spin states (M and m ) and summing

over the final ones (M and m ).

If the incident beam is polarized, an additional observable can

be defined, i.e. the analysing power A, to characterize the

differences obtained in the cross sections by e.g. the two

polarization directions in the case of proton scattering:
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<imfMf

m.M.m.Mr1 1 f f

IT
(3.10)

3.2 The basic reaction model

Medium mass nuclei are often desribed by collective models owing

to the complexity due to the large number of active nucleons. These

models assume a spherical shape of the nucleus, which by deformation

can be excited into higher states. The low-lying levels of these

nuclei are then strongly coupled to the ground state and treated

exactly to all orders in the coupled channels formalism (CC) as given

by equation set 3.4. The only restriction consists in the limited

number of channels taken into account.

1

i

i

k

P

a

1

1

1

1

ï

IS

F °

Fig. 3.1 DWBA (left) and CC (right) coupling schemes.
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3.2.1 The DWBA formalism

In some cases we can assume the coupling to be weak; that is,

the elastic scattering is considered to be the most important

process. The inelastic channels are then treated as perturbations in

the distorded waves Born approximation (DWBA) (Bas62), this being

simpler than the full coupled channels treatment (CC).

Flux can only go out of the elastic channel. In the case of

three channels a,p,y, the coupling scheme can be represented as in

fig. 3.1.

The one-step ((a + J3), (a + y)) and two-step (a + p + y)

transitions are all treated as first order perturbations. The set of

coupled equations 3.4 reduces then to:

(T + <$ |v|$ > - E )X = 0

(T
P
 + <<f?

P iv iy - V x e - - <»pMv *<* (3-U)

where only the outgoing solution for x is used in the calculation
a

of the transition amplitude.

3.2.2 The effective interaction

The main interest of inelastic scattering lies in the

information it can yield on nuclear structure and reaction mechanism.

It is therefore convenient to expand the interaction V(r) of eq. 3.7

into multipole operators (Tam65) in order to distinguish clearly the

projectile, target and dynamical aspects of the coupling.

V(r) = E v£(r) (Q£.*X) (3.12)
t,\

The radial form factor v, (r) must be integrated explicitly when

calculating the T , while Q and Y operate respectively on the
(Zp A K

target wave functions and the angular coordinates of the distorded
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waves. The index t discriminates between various characters of the

excitation (e.g. first and second order). The matrix element involved

in the transition amplitude (3.6) is then given by:

where A is a purely geometrical factor resulting from the operation

of Y, on the distorded waves, and <IaIIQ, III > is the reduced matrix
A. p A a

element containing all the information on the nuclear structure. For

example when working in the IBA, these reduced matrix elements must

be calculated using boson creation and annihilation operators.

3.3 The optical model

In the optical model (Hod7L), the waves describing the elastic

scattering are solutions of the homogeneous part of equation 3.4

using a local spherical one-body potential of the form:

V(r) = Vc(r,rc) - V Q f t r . r ^ ) (3.14)

" i (Wy f(r,r.,ai) + 4a.Ws ̂  f C r . r ^ ) )

f h i
2 ,. 1 d _. N + t

" t r ) Vso7 d? f(r'rso'aso) °-1

It

f(r,rx,ax) = {l + expCr-iy/aj"
1 (3.15)

where

with R = r p}/3
x x

is called the Woods-Saxon form, with r the relative nucleon—nucleus

distance, with r and a , the nuclear radius and diffuseness
x x

parameters respectively. The Coulomb potential V (r,r^) is that of a

uniformly charged sphere of radius r A 1 / 3. The real central potential

V , also called the refracting potential, scatters the incident

nucleons elastically , while the imaginary volume potential W and

surface potential W account for the flux absorbed from the incident
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channel by inelastic processes. The analysing power originates from

the spin-orbit potential V .
so

All the parameters can be determined by phenomenological

analyses of experimental data. The dependence of the depth parameters

on mass and energy at a fixed geometry have been extracted from

global analyses of large data sets (Bec69, Hod84, Per76).

For energies below 100 MeV it has been found that the real part

of the potential usually dominates over the imaginary part. The

latter, however, will more reflect details of nuclear structure in

exhibiting greater differences when going from one nucleus to another

(Hod84, Per76).

Whereas V decreases nearly linearly with the increasing

incident energy, the imaginary terms present a more complex

behaviour. Since absorption is strongly connected to the valence

nucleons, the surface peaked imaginary potential will be predominant

at our rather low incident energies (20 Mev). But the volume part

will grow with increasing energy.
The potential V increases with mass number as result of an

o

increase of the Coulomb potential, result of the expected non

locality character - momentum dependence - , and of the isospin

contribution (N-Z)/A (Per63-2, Per67). The global potential of

Becchetti and Greenlees reads:

V = V - 0.32 E + 0.40 - £ — + 24.0 t N" Z ) (3.16)
0 Al/3 A

The trend of W to increase as a function of (N-ZJ/A, even when
s

phenomenologically noted, is not specified quantitatively because of

the various possible forms and the inherent complexity of its origin.

In contrast to this the V potential has been found rather
so

independent of mass and energy. When leaving the geometry parameters

free in the fits, it has been observed that the spin orbit radius and

dlffuseness tend to be smaller than those of the real potential.

Moreover, the imaginary diffuseness can be rather large in the case

of rotators. The often used formulation as given in (3.14) introduces

correlations between the parameters, as the well known V R and W a,
r ' o o s i

ambiguities (Per63-2). Therefore some better determined quantities

(Gre69) have been introduced:
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- the volume integral : J = ƒ U(r) dr (3.17)

- the root-mean square (rms) radius: <r2>* = (/U(r)r2dr/J) (3.18)

which, for incident protons, reflects mainly the neutron distribution

in the nucleus.

Starting from the global parameter set of Becchettti and

Greenlees (Bec69) the computer code OPTIMO (Vos72) provides the

values of the ten iteratively fitted parameters by minimizing the

following quantity:

i N x - ~ * • u 2

X 2 4 I (-̂ -ffE i^ÜS-) (3.19)
N 1=1 i.exp

where x. stands for the differential cross section as well as for the

analysing power, Ax for the standard deviation, and N is the total

number of data points. The absolute normalization of the

experimental data is recalculated in each run by minimizing the x2 on

the complete angular data set. The volume integrals and root mean

square radii have been computed together with the calculated cross

sections.

3.4 Inelastic scattering in the collective frame-work

In this section, we will give the basic features which

differentiate between the vibrational and the rotational aspects of

the collective model when used in the reaction theory. Generally the

form factor is obtained by expansion of the optical potential as a

function of the spherical harmonics and of the deformation

parameters, while the associated angular momentum transfer between

the excited nuclear states appears in the reduced matrix elements of

the corresponding operators between the nuclear states. More details

can be found in some review articles (Tam65, Buc63-1&2, Sat64,

Bas62).
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3.4.1 The vibrational model

As seen in section 2.1.1 the vibrational model treats the

nucleus as a sphere susceptible to vibrations around its spherical

equilibrium shape, i.e. it has a dynamical deformation. This nuclear

shape can then be written as:

R = R0(l + £ a. Y ) (3.20)
^ All A.U.

The optical potential follows this shape and is now expanded up to

second order as:

V(r-R) = V(r-R0)
2 <R0>

n=l
n! X\i'

3r
(3.21)

R=R0

The reduced matrix elements of 3.18 are calculated (Tam65) by

roducing the phonon c

b, (see section 2.1.1):

+
introducing the phonon creation and annihilation operators b, and

A.U

(3.22)

The strength parameters p which multiply the reduced matrix elements

are then used in the transition amplitudes. By using the addition

theorem for the spherical harmonics and by following the notation of

section 3.2.2, we get for a first order excitation:

vf'M T) ° V

R°a7
R-

'(r) = a,

and for a second order excitation:

2
R0 52y

0 *r2
 R"R0

'(r)

((r)

i »^i

\ 2O|\O)
2

(3.23)

(3.24)

(3.25)

(3.26)

where \ stands for /2\+l.
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I+= 0* 2*

2*

4+

Pói

r= 1,375-

Fig. 3.2 Coupling schemes for harmonic vibrators.

— > stands for first order excitation, and

==> for second order excitation.

The harmonic vibrator

The positive parity states can now be classified according to

the phonon number. Restricting ourselves to quadrupole and octupole

phonons, a two phonon state can be excited (fig. 3.2) in a two step

reaction by a first order coupling. By second order coupling, two

phonons can be created in one step simultaneously (g.s.=>I) with

strength Pi^«

In the assumption of a perfect harmonic vibrator (Tam66), the

respective strength parameters p„_, |3„T (two-step reaction) and p'

(one-step reaction) are then equal ((3,).

Similarly the negative parity levels are described by

The anharmonic vibrators, positive and negative parity levels

As some inelastic cross sections (Lom73), and some

electromagnetic transitions (Gar71, Hau71) - e.g. nonzero 2 2 * 0.

strengths - indicate that such perfect harmonic vibrators do not
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r=o*,r,4*

0+

02,

1

i

k

1

i

1

ft'1

1*01

}

i

Poi

Fig. 3.3 Coupling scheme for anharmonic vibrators

Same notation as in fig. 3.2.

exist- in nature, the anharmonic vibrator model has been introduced.

Now the wave functions with different phonon number (n) have to be

mixed. Following the notation of Raynal (Ray72, Lom73), we get e.g.:

2^> = cos 4> |n=l;l=2> + sin 4> |n=2;I=2>

2*> = - sin $ |n=l;I=2> + cos 4> |n=2;I=2>

3

We then find the coupling scheme of fig. 3.3, but now with an

additional coupling strength p^T as compared with fig. 3.2.

The level |l> can now be excited by a one step process in both

first and second order from the ground state (g.s.). The interference

of these two contributions plays an important role in the oscillatory

pattern of the angular distributions, which is very sensitive to the

sign of the various coupling strengths as seen in the coupling

elements which for quadrupole phonons read (Mer69):

..C1) .(2)

(3.28)

Here I "I and I »0. One can now derive the following relations
pa +

between the excitation strengths for the excitation of a 2„ level via
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the 2. level. Following the notation of Tamura (Tam66), we find:

P02 = P2 cos $
P22 = p2 cos 2<t> (3.29)

% 2 - P| cos $

Only two free parameters, p_ and Q remain. For the excitation of the

4 and 0„ levels, we have:

02 2
P = p cos $ (3.30)

PÓI = P2 Sin *I
8" = 8 cos (j)

where now three parameters (p ,p and (j) ) are needed in the

description.

The negative parity levels (I =1 ,3 ,5 ) can be described as

one or two phonon states generated by quadrupole and octupole

excitations. If we assume the 2. and 3, levels to be pure, we then

find:

802 = P2; Po3 = P3

P» = 8., cos $ ; PoT
= PT COS ^r (3-31)

Pof " h h sin *i
ft" ~ P cos (b

where $T is the mixing of the I states with other states. This

leaves us with four parameters, p., p., p and Q .

3.4.2 The symmetric rotational model: the ground state band levels

Apart from dynamical deformations, nuclei can also show a static

permanent deformation of cylindrical symmetry. The nuclear surface

of these axially symmetric deformed nuclei is expanded in first order

in the deformation parameters (see section 2.1.2):
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R = Rod + E PX
Y\O) (3.32)

X=2
where |39>O and P9<0 respectively refer to prolate and oblate nuclei.

+ +
The need of some CC calculations including the 2-0

back-coupling to reproduce elastic data from rotational nuclei (da/dQ

and A(0) simultaneously) (Bas62, Rus68) points to a stronger 0.-2.

coupling in these deformed nuclei than in the spherical vibrators.

This coupling decreases for direct excitations of higher spin states,
+

which need indirect excitation via the 2. state by some multiple

process (Ban68).

This leads to a different calculation of the coupling (Tam65,

Wag65, Cha58) than the one used in (3.23)-(3.26). The optical

potential is now expanded in terms of the Legendre functions P to

account for the coupling of any possible rank X, treated up to all

orders when compared with the Taylor expansion:

V(r,0',<|>') = 2 Vr)2)u0 \o (3-33)

Xu
with v(r) = VTa \ J(r-R) P.(6') d(cos(0')) (3.34)

where the rotation functions i) . (Edm60) are introduced to express

this potential in a space-fixed coordinate system. The X=0 part of

the v (r) term represents the diagonal part of the potential i.e. the

usual optical potential. The iL. functions are used as the operators

Q between the rotational wave functions of spin I to calculate the
K
reduced matrix elements for the g.s. band:

<I2ll££0 |IX> = i"
X (-) 2 l I^djOXOjljO) (3.35)

3.4.3 The deformed-vibrational model: the negative parity levels

of the K11^" band

The negative parity levels of the K »0 rotational band are

interpreted as small octupole surface oscillations superimposed on

static deformations, while retaining axial symmetry. They are

treated, similar to the analysis of the levels belonging to the K "2

band (Tam65, Ray79, Bor79), in first order perturbation (Har83,
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Leo83). The corresponding interaction may now be written as:

V(r,G',<)>•)= VCr.iy + ^ 03^'^ Ro |^ (r,Rp) (3.36)

with Rp - R0(l + ^ ^ { o ) "

R - Rp + R0 (E «3(iY3(i)

where (i reduces to zero in the K^O band. The radius R still
P

contains a hexadecapole deformation. There is experimental evidence

that direct coupling with a strength p from the ground state to the

4, level is needed to reproduce the experimental data (Leo83, Har83,

Put82). After expansion into Legendre functions, this potential is

split up in two terms, V and V„. The term V is the conventional

form factor and operates between states of rhe same rotational band.

han

(2)

The term V , on the other hand, represents the interband interaction.

(2)
V2(r,0',d>') = E a3 v^ V ) Y^O Y^o (3.37)

\
with

v(^(r) = A Ï \ /R0 ||(r,Rp) P^O') d(cos(0')) (3.38)

This gives in the space-fixed coordinate system:

V2(r,0',*') - S vJ 2 )(r)S)^ YX[i (3.39)

with \ the angular momentum transfer, and with

v(2)(r) = Z v(?}(r) i-jf- (a/T(30\"0|\0)2 - 5/3(10X"0|X0)2)
X \" K TC?C 3 (3.40)

Here the second term is a correction introduced to fulfil the

condition' of translational invariance of the centre of mass (Hir78).

This term will not be included in our analysis since its effect,

while important for the 1 states, is negligible for the other 0

band states (i.e. 3~ and 5~) (Har83, Bla82).

Reduced matrix elements, denoted as <\,\">, can then be
(2)

associated with each form factor v, ., (r) which contributes to a X

transfer (1,3 or 5) as given by:

<I2I S)g0 IIL> = E <\,\"> (3.41)
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with
,(-VH) -I2/7 -,-- A ,1 X I

x U I ( 2 1
3 X"X

(3.42)

We expanded in our analysis with the code ECIS (Ray82) the

potential up to second order instead of using the Legendre expansion

(3.38), in order to get an appropiate input without modification of

the program. Equation 3.39 then transforms to:

V2(r,0',<t1') a3 R° Y30 OR (3.43)

3R2
R=R0 30 X"0

The reduced matrix elements <X,X"> are now connected to two new form

factors av/ör and 52V/SR2: the first term can only transfer an

angular momentum of 3, X" being zero, while the second term can

transfer angular momenta X of 1,3 or 5 for X"=2, and \=l,3,5,and 7

for X"=4.

In contrast to the approach of Zalmstra (Zal84) who uses only

5V/3R form factors, we shift in this way the form factor peak about

0.4 fm to the outward region (fig. 3.4). The diffraction pattern

would then be shifted a little towards smaller angles.

Fig. 3.4 Central part of the octupole form factor used for the 3
154

excitation from the ground state in Sm. The full line

follows the form factor given in eq. 3.43 whereas the dotted

line is restricted to the first order term.
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The intraband transitions in the octupole band have been

calculated on basis of the V Cr»9"»•*) form factor using as static

deformation the one of the ground state band which is assumed to be

the same (Har83).

3.5 The program ECIS

The vibrational and rotational CC calculations have been

performed with the code ECIS (Ray82, Ray75, Ray72, Ray69), which

includes deformed central, Coulomb and spin orbit potentials.

The spin orbit coupling is of the full Thomas form (She68,

She69, Ver72), as it has been introduced by Raynal into his code:

v, (r) = (—1 V S.[v{v (r,T ,R )Y. }x -4-Vj (3.44)
\,so lm c' so L L K o ^k,so \' i J

In order to test the validity of the ECIS79 calculations, we

performed some comparisons with "similar" results obtained with the

codes OPTIMO (Vos72) and CHUCK (Kun69).

For both OPTIMO and ECIS a simultaneous fit of all the optical

potential parameters was performed to the cross section and the

analysing power of the elastic scattering from 152Sm which nucleus

was in this case considered as spherical. The resulting parameter

sets are listed in table 3.1. Whereas the theoretical calculations

give almost the same results for both cross section and analysing

power, small discrepancies can be noticed in the final set of optical

model parameters. This gives an average relative uncertainty in the

parameters of 1.5% as an indication of the accuracy we can obtain in

such type of fits.

Next CC calcutations were performed for the scattering to the 2.

state of 152Sm as well in the rotational as in the first order

vibrational mode. The same set of OM parameters was used with a

deformation strength of 0.235. The coupled equations were solved by

integrating in steps of 0.25 fm till R - 25 fm including 25 partial
in

waves. The full Thomas coupling has been implemented in the code

CHUCK by van Overveld (Ove85) for the Taylor expansions of the



152Srn(p,p')152Sm; E = 20.4 MeV.
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dS

0.01

100

dE
lmb/«rl
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Fig. 3.5 Results of CC calculations performed in a 0i~21 CC scheme

for 152Sm(p,p')152Sm(2^) with the code ECIS (full lines)

and the code CHUCK (dashed lines) by use of the same CC

parameter set. Fig. a gives the results obtained in the

vibrational limit assuming a full Thomas spin-orbit

coupling. Calculations without spin-orbit coupling are

given for the vibrational (b) and the rotational (c) model.
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Table 3.1 Optical model parameters and chi—squared values per

experimental point obtained for the fit of the g.s. of

152Sm which was considered as spherical.

code V r a
o o o

W V r a
so so sos i i

(MeV) (fm) (fm) (MeV) (fm) (fm) (MeV) (fm) (fm)

OPTIMO 50.180 1.236 0.670 12.715 1.123 0.846 5.294 1.132 0.338

ECIS79 50.700 1.225 0.677 12.434 1.119 0.863 5.066 1.131 0.335

for a A(9)

OPTIMO 36.2894 4.15273

ECIS79 36.2290 3.26321

potential only. Results are hence shown (fig. 3-5) with and without

spin-orbit deformation for the vibrational mode, while the scattering

by a rotator has been calculated only without l.s coupling. The

differences which are small though not negligible can be attributed

to the complexity of the numerical integration procedures involved.

Remarkable is that the phase of the interference pattern seems to be

more reliable than the absolute normalization of cross sections or

amplitude of the analysing power. Also the backward region Is more

sensitive to these differences.

We have chosen the code ECIS for our CC calculations as it has

been found a widespread use. This enables easier comparison with

calculations from other publications.

3.6 The generalized optical model

Even though numerous approximations based on the optical model

are used in the evaluation of the transition amplitudes, it is still

expected mainly from the optical model that it reproduces the elastic
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data as accurately as possible.

As the potential depths and geometries are normally fixed on

experimental data by a single channel calculation assuming the nuclei

as being spherical, a distortion of the optical model parameters is

needed to compensate for the deformed multi-channel reality.

Explicit treatment of the strongly excited inelastic channels

including the back-coupling into the elastic channel, should give

results with a more physical meaning (Com78, Buc63-2).

The elastic scattering, indeed, is found to be sensitive to the

coupling and hence to the nuclear deformation (Buc63-1). An increase

of p displaces the diffraction pattern from the backward angles

toward smaller angles without affecting the position of the first

minimum (Ama84). An ordinary optical model fit covering the complete

angular region would then result in too large depths for

strongly deformed nuclei to reproduce the cross sections at these

backward angles at the expense of some shift of the first minimum to

a too small angle. A good approximation of the increase of V and W
o s

is a quadratic function of (3 (Per63-2) with energy and mass

dependent coefficients:
A V s o = C l p

2 (3.45)

A Ws = c2 p
2 (3.46)

The reduction of W when used in CC calculations has a physical

meaning. It accounts explicitly for the loss of flux out of the

elastic channel (Mer69).

The CC effects will be different in the vibrational and

rotational model, not only because of different coupling forms, but

also because of differences in the diagonal potentials; i.e. the

projection of the deformed rotational potential on X=0 (Buc63-1,

Bak75). Important deviations of the geometry parameters are expected

to occur for rotational nuclei where the diffuseness must be reduced

In the CC formalism as the assumption of sphericity requires an

anomalously large skin thickness (Mer69).

To obtain good fits to the elastic cross section and

polarization data simultaneously (see chapter 4), the geometry

parameters should also be varied, together with the depths and
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deformations (Rus68). Nevertheless, no systematics about this is

known to us at the moment.

3.7 CC formalism and electromagnetic transitions

The coupling of the nucleus with a scalar electromagnetic field

is expanded into multipole moments M with rank X and projection u as

given by Bohr (Boh69):

) = fp(.h f̂ (r) Y ^ dr (3.47)

Here p(r) is the nuclear density and f.(r) the form factor of the

interaction. A reduced transition probability (Boh69) between two

nuclear states I and I is then, in the case of electric multipole

transitions, given directly by:

BE(X;I1*I2) ="l~
2 |ME(X)|

2 (3.48)

with

Mgtt) = <I2«ME(\,O)III1> (3.49)

where the form factor f,(r) has the form r .

In the collective model, the electric transitions are associated

to shape variations of the nucleus, which analogous to (3.12), can be

written as:

6p(r") = T. Px(Px,r) Qx Y^ (3.50)
X

which via eq. 3.47 and 3.49 leads to:

involving the same reduced matrix elements as in the reaction theory.

Here X is a multiplicative factor to be dealt with later on. The
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factor K stands for:

, X+2
J p. (p, ,r) r dr

v = !_* (3.52)

and is often expressed in terms of an "equivalent uniform radius", R

(Boh75), reflecting the situation of an equivalent uniform spherical

charge distribution of radius R subjected to shape variations. A

Taylor expansion in first order gives:

or in second order as necessary for the rotational model:

R h

These K can be calculated numerically from the reaction analyses.

They are specific for each Woods-Saxon geometry and the rank of the

multipole considered (Owe64).

The factor X in eq. 3.53 accounts for the effects of the

interaction on protons and neutrons separately. For example

electromagnetic transitions which are related to proton density

variations only, give, since X = Z:

Mp(\) = Z pP <I2IQXII1> K.P (3.55)

while interactions which proceed typically via neutrons give:

Mn(\) = N p" <I2IIQXHI1> K." (3.56)

Under the assumption that the shape parameters (r , a , B and hence
o o \

R ) for the proton and neutron potentials are the same, we get
(M /M ) 2 = (N/Z)2.
n p

The multipole moments M_,(\,(i) are connected directly to those

of the folded reaction potential, M (\,u). Here p(r) is replaced by:

V(r2) - <$|V|$> - /pC^) V(r12) d^ (3.57)

The Satchler theorem (Sat72, Mac76) reads:
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). ^ (3.58)

and this indepeadently of the precise shape of the two-body

interaction. Therefore, the nuclear geometry found in hadron

scattering can be used directly to calculate the density moments.

This is confirmed by the fact that the moments of the folded

potentials, when expressed in an r form factor, appear to have

rather constant values, in the same way as the volume integral and

the deformation length ((3„r), even with various kinds of incident

projectiles. The nuclear density moment obtained by this way

(M_(X,n)) reflects then both the proton and neutron distributions in

the nucleus. Inelastic proton scattering gives:

with
, X+2K(Px,r) r dr

h -&~ (3-60)

The relative strengths of the proton-proton (V ) and proton-neutron

(V ) interactions are then taken into account by:
pn

X = c Z + c N (3.61)
PP pn

and hence, under assumption of the same proton and neutron potentials,

by:

M ,(X) = c M (X) + c M (X) (3.62)
PP PP P pn n

The coefficients c (= V ./(V + V ), i=p,n) can be evaluated in
pi pi pp pn

two ways:

i) by microscopic predictions (Ger79, Bri78-1) suggesting a ratio

V /V of about 1/3 as confirmed by some phenomenological
pp pn

analyses (Ber81). We find then, in accordance with Zwieglinski

(Zwi83):

M ,(X) = 0.25 M (X) + 0.75 M (X) (3.63)
PP P n
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li) with empirical optical potentials as e.g. from Becchetti and

Greenlees (Bec69), where

V =v +V = vn+^~^V. (3.64)
opt pp pn 0 A 1

which gives following Alons (Alo81):

^ 1

The two prescriptions lead to nearly the same values.

Electromagnetic interactions can therefore be employed to

evaluate, following eq. 3.62, the neutron contributions to proton

inelastic scattering.
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chapter IV GENERALIZED OPTICAL MODEL METHOD

As described in chapter 3 the inelastic proton scattering can be

used as a tool to get precise information about the shape and about

the collective properties of nuclei, for instance, by comparison of

nuclear and electromagnetic transition densities. It is therefore

important to determine the parameters of the Woods-Saxon geometries

and the deformation strengths as accurately as possible. We therefore

have been lead to a new treatment of the experimental data.

No final results of coupled-channel calculations will be

presented in this chapter. We will rather expose the failure noticed

in the conventional way of fitting and we will present a systematic

study of the dependence between the observables and the CC

parameters. This study which has been performed on some Sm isotopes,

as well vibrational (11|8Sm) as rotational (lb2Sm), resulted in a more

reliable method of analysis.

4.1 The conventional generalized optical model method

A first analysis of our measurements obtained with 20.4 MeV

polarized protons i.e. on the well known rotator 152Sm was performed

in a "classical" way, including compensation of the optical model

(0M) parameters for the deformation and the multi-channel reality by

fitting in a CC scheme explicitly the elastic channel and the

strongly excited inelastic channels simultaneously (Com78, Buc63-2).

Starting from the global potential of Becchetti and Greenlees

(Bec69) the code OPTIMO (Vos72) provided in a conventional

one-channel analysis a first estimate for the Woods-Saxon
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2*. 2f-
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(a) (b)

Fig. 4.1 Scheme of the performed 0-2-4. CC calculations. The

fit includes elastic and inelastic channels (a) or the

elastic channel only (b).

lb2Sm(p,p')1!l2Sm; E = 20.4 MeV.

0 30 B0 90 120 ISO 160 0 30 60 90 120 150 160

•=9 0. H

- -0.S

Fig. 4.2 Results of the conventional analyses performed for the

elastic scattering from 152Sm. The solid line refers to

optical model calculations using the parameter set Cl of

table 4.1. The dashed line gives the final results of the

conventional CC calculations with the sets C2 (tables 4.1

and 4.2).
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parametrization. A simultaneous fit of the ten O.M. parameters, as

defined in section 3.3, has been performed. The results,

characterized by pure surface absorption, can be found in table

4.1(C1). More details will be given in chapter 5.

To account explicitly in a 0i~2.-4. c c scheme for the loss of

flux from the elastic channel a further adaptation of the imaginary

(surface) depth (W ) and the geometry parameters (r.,a ) has been
S IX

performed in the strong coupling approach by the code ECIS (Ray72).

Keeping the fJ, strength fixed at a reasonable value of 0.07 (Bri78-2)

the parameters of the imaginary potential were fitted together with

the deformation strength parameter p„ on the data for both the 0. and

the 2 levels (see fig. 4.1.a) as these two channels are both very

sensitive to these parameters. A further adjustment of the (3„ and (3,

values to the 0 , 2^ and 4 data provided us with the final

deformation strengths where the p did not change significantly

(<0.5%). The final results are given in table 4.1(C2). This resulted

in a good description of the elastic and 2, inelastic cross sections,

while we notice a worsening chiefly in the fit of the analysing power

of the elastic data (see fig. 4.2 and table 4.2).

Table 4.1 Optical model parameters obtained in the analysis of lb2Sm

(p,p') reaction in a one-channel analysis (Cl) or a CC

analysis by fitting elastic and inelastic channels

together (C2) , or by fitting only the elastic

channel (C3a and C3b).

Cl

C2

C3a

C3b

V
0

(MeV)

50.50

52.57

r
0

(fm)

1.225

1.212

a
o

(fm)

0.677

0.704

W
s

(MeV)

12.43

11.73

12.90

12.90

ri
(fm)

1.119

1.213

1.208

1.208

a.

(fm)

0.863

0.707

0.647

0.647

V
so

(MeV)

5.066

6.109

r
so

(fm)

1,

1,

.131

.120

a

(f

0

0

so
m)

.335

.496
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1 5 2Sm(p,p')1 5 2Sm; E = 20.4 MeV.

0.000 MeV :

0.122 MeV

(b)

0.200 0.056 -0.038

0.250 0.056 -0.038

0 30 60 90 120 150 1B0 O 30 GO 90 120 150 160
8C„ Idcg) 8 tdegl

Fig. 4.3 Effects of deformation strengths obtained on the ground

state and the 2. channels of 152Sm in a C -2.-4-6. CC

coupling scheme for the 0M parameter set C3b of table 4.1.

Variations due to 0 and fJ, are respectively given in fig.

(a,b) and (c,d) for both CL and 2 channels.

4.2 Some typical results of a systematical study

The preceding section shows the difficulties we encountered to

determine potential parameters and deformation strengths from a

simultaneous fit to the 0.. and 2 data. We therefore investigated the

specific effects of the deformation strengths and the parameters of

the imaginary potential on both the elastic and strong inelastic

channels.
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1 5 2Sm(p,p')1 5 2Sm; E = 20.4 MeV.

0.224 0.000 -0.038

0.224 0.140 -0 .038
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9cm Cdeg) 8 Ideg '

Fig. 4.3 (continued)

First the elastic and inelastic data were calculated by the code

ECIS as a function of the deformation strengths (3 , {3, and (3, in a

0j-2.-4 -6. CC scheme, while employing the parameter set C2 of table

4.1. Since the g strength has been found of minor influence on the
6 + + +

excitation of the 0-2.-4 levels, it was fixed at a value of -0.038.

Figure 4.3 shows that the cross section for the 2 state has an

absolute magnitude that varies proportionally to the (3, strength,

its angular pattern being quite insensitive to it. As for the

analysing power, it shows to be especially sensitive in the backward
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Fig. 4.4 Variations in the ground state and the 2^ cross section and

analysing power obtained as a function of the imaginary

optical model parameters for (3 = 0.22. The other

parameters are those of set C3b of table 4.1 while the

coupling was restricted to a 0.-2. scheme. The influence of

the depth and diffuseness are given in fig. (a,b), whereas

the radius effects are given in fig. (c,d).

angular region. The effect of the deformation strength while being

associated with mainly outgoing flux from the channel under

investigacion (p~ and PA f°r the ground state and p. for the 2.

state) has a typically different character. It affects mainly the

depths of the diffraction structure of the cross section and

analysing power. It is interesting to note the drastical damping of

the analysing power in the backward region above 130° with increasing
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152Sm(p,pl)I52Sm; E = 20.4 MeV.
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Fig. 4.4 (continued)

P2> P4
 values'

Next the variations in cross section and analysing power as a

function of the imaginary potential parameters (W , r , a.) have been
+ + S

investigated. Some results obtained with a 0i~2] coupling scheme are

shown in fig. 4.4. The elastic and inelastic channels both appear to

be quite sensitive to the imaginary potential. In particular the

radius r influences the slope of the cross sections and the angular
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Fig. 4.5 Chi-squared values of all experimental points, obtained for

the ground state of lb2Sm in a CC calculation where the

0M potential has been fitted following the method given in

the text. The lines only serve to guide the eye between the

points obtained with the same g. values but different fl

values and vice versa.



61

phase. This enables us a rather reliable determination of its value.

The influence of the imaginary potential depth and diffuseness is for

both channels very similar to that of p2 since they all act

preferentially on the amplitudes in the diffraction structure, known

as the W a (Per63-2) and the pw ambiguities (Tam68, Bar71).

We remark that nevertheless an increase of the p2 and a decrease of

W or a. similarly influence the inelastic channel, but that the

elastic channel reacts just in an opposite way (principally in the

forward angular region) to these variations. This effect can easily

be employed to fix both the W a and the p values, as in the

conventional practice. This, however, resulted in a poor reproduction

of the backward angular region chiefly of the analysing power, making

our OM parameters choice less uncertain.

A simultaneous fit to the data for the (K and 2. states by

varying the imaginary potential indeed would not help to resolve

these ambiguities since the two levels show a different sensitivity.

Not only the important back-coupling is specific for each of the

two levels, but also the sensitivity to the form factors derived from

the optical potential. The reason is the following: whereas it is

still expected that the OM potential reproduces the elastic data as

accurately as possible, the choice of a multipole of order 2 derived

from this very same OM potential to reproduce the 2. data is less

obvious. The first excited level should therefore be of minor

importance in the fitting process and the ground state in itself

should be sufficient to fix the parameters. It indeed turns out that

this can be realized as the elastic channel is very sensitive to the

coupling strengths. Moreover, the effects of p and of the imaginary

potential being the same in the forward angular region are different

in the backward region. Me therefore investigated if the minimization

of the x2 for the elastic channel by a set p , p., W , r , a
£. T1 s i i

corresponds with a reasonable value of p , working in a coupling
+ + +

scheme 0^-2.-4. with a grid of p„, p, values. We thereby consider the

coupling to the excited levels as perturbation (see fig. 4.1.b). The

imaginary potential had been fitted in a first run (table 4.1.C3a)

before adjusting the other potentials (table 4.1.C3b). The minimum in

X2 (fig« 4.5) resulting from the fit of the complete OM parameter set

corresponds with the (3, just needed to describe the 2, data. It can

be seen from fig. 4.6 and table 4.2 that the adjustment of the



62

152Sm(p,p')152Sm; E = 20.4 MeV.
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Fig. 4.6 Cross sections and analysing powers obtained with OM

parameters set C3a (full lines) and C2 (dashed lines) from

table 4.1.
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Table 4.2 Deformation strengths and chi—squared values obtained for

the elastic scattering from i52Sm.

P p. x^( c r o s s section) ^(analysing power)

Cl

C2

C3a

C3b

0.

0 .

0 .

224

235

235

0.

0 .

0 .

056

023

023

36.2894

62.0328

25.7703

23.8111

4.1527

11.3539

1.2163

1.3540

X2

500 _

300 _

i i y i IJ
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M• f• y ^
~ \|—•-•-•7

1 i 1 i 1

ji i i

f

' *
P3

T 0.00
• 0.10
• 0.15
* 0.20

i 1 i

0.00 0.10 0.20 0.30

P2

Fig. 4.7 Chi-squared values obtained for 1/t8Sm . Same conventions as

in fig. 4.5.
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Fig. 4.8 Survey of the OM parameters (presented as functions F , F

and F as defined in section 4.2) needed in the search

procedure to fit the elastic data for ll<8Sin and 152Sm in

dependence of p and 0,. For sake of clarity an accuracy

interval v.i 5% has been indicated.
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Fig. 4.8 (continued)



66

(MeV)

16 -

14 -

- 0.6

- 0.5

0.0 01 0.2 0.3 0.1 0.2 0.3

Fig. 4.9 Detailed survey of the imaginary potential parameters

needed in the search procedure for lb2Sn and 11<BSm.
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Fig. 4.9 (continued)



imaginary potential for the P9 , p, set corresponds with the minimal

X2, as extrapolated from fig. 4.5. This already substantially

improves the quality of the fit. Still the description of the

backward region of the 2. level has been deteriorated due to a

possible incorrect X~2 form factor and/or an incomplete coupling

scheme. This method gives less reliable values for the p strenth.

This can be associated to smaller backcoupling effects to the ground

state and to possible negative interference with other backcouplings

not taken into account here-

Similar investigations have been performed for the vibrator
ll(8Sm where the optical potential parameters have been fitted in a

first order vibrator 0.-2,-3. CC scheme for a grid of p~, P3 values.

The resulting y^ are plotted in fig. 4.7. The x minimum is less

sharp, as could be expected from the smaller backcoupling to the

ground state. It furnishes us with a good estimate of p of about

0.13 for a minimal x2 value but it diu not reproduce the p. strength

needed. Each increase of the p value was accompanied indeed with an

increase of the x2> which could be the effect of a bad choice of the

coupling form factor as the first order term in a Taylor expansion.

The sensitivity of this kind of search procedure is depicted in

figs. 4.8 and 4.9 where the imaginary potential parameters found

during this study are plotted together with the quantities:

as the back-coupling to the ground state is directly proportional to

these quantities and as they behave more smoothly than the parameters

of depth, radius or diffuseness separately. The variations of F with

increasing p are very small, which shows that the backcoupling effect

due to the central potential is very stable and that small

inaccuracies in the p values will not affect the values of the

central potential parameters. The relative variations in F are more

significant, as could be expected. A decrease of F with increasing p

in the vibrator model is due to a decrease of W because the loss of
s

flux in :he elastic channel is taken into account explicitly. A

.simultaneous small decrease of a. is noticed which could point to a
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small deformation of the presupposedly spherical llt8Sm. When the

choice of p is clearly overestimated (p>0.17) we notice a

discontinuity in the fitted OM parameters, which reveals the

impossibility to reproduce the experimental data with parameter

values that are unreasonable from the physical point of view. In

contrast to this, 152Sm shows an increase in F for increasing (3 as

consequence of a drastic decrease of the diffuseness parameter a.,

which has not to be overrated artificially anymore, as the permanent

deformation is now explicitly taken into account. The increase in the

imaginary well depth W could then be correlated to the W a,

ambiguity, as the increase of p provides well for the expected

decrease of W . In contrast to F , the spin-orbit term F is found
s v so

to be more sensitive to the deformation strength, as we saw that

coupling effects affect the analysing power more strongly.

4.3 Conclusions

We decided, as conclusion, to start the analysis of each

investigated nucleus with a rough determination of the deformation

strength and imaginary potential parameters by the conventional

method. A fine readjustment of all the OM parameters is then

effectuated by fitting to the elastic data only, followed by a

further tuning of the deformation strengths with the inelastic

channels. This method of analysis is now strongly dependent on the

accuracy in the measurements of the elastic cross section and

especially on the analyzing power in the backward region, but it

will supply us with better OM parameters.
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chapter V Experimental results and theoretical analysis for

l»»8»lS0»152>15itSm

5.1 Introduction

The nuclear structure of the even samarium isotopes is nowadays

fairly well understood, mainly through analyses of the energy

spectra, which exhibit clearly different characters with increasing

neutron number. The nucleus i48Sm which has only four neutrons

outside the closed neutron shell N=82, has a typical vibrational

spectrum, whereas 15"*Sm with ten valence neutrons exhibits

unmistakable rotational properties. As for the higher order

rotational bands of the heavier nuclei only a slight asymmetry

(y<10°) has been found (Dav60, Ais67) these will be considered in the

present work, as axially symmetric. This is supported by some previous

CC analyses of (T,-C') scattering where the 152Sm nucleus coula be

described better within the symmetric than in the asymmetric

rotational frame (Pal79). A progressively decrease of the excitation

energy of the first 2* and 4^ levels (fig. 5 = 1) from ll(8Sm till 151*Sm

denotes a typical transitional region between the two limits of the

collective model. This has been studied extensively in the past, also

in inelastic scattering experiments. A list of these experiments can

be found at the end of this chapter, further referred to as table

5.A. This phase transition has also been investigated by comparison

of IBA predictions with results of electromagnetic probes, e.g.

Coulomb excitation and electron scattering. References of this work

can also be found in table 5.A. Still some complementary information

about nuclear matter distributions and deformations can be gained

from inelastic scattering experiments, even if their interpretation

is somewhat difficult since nuclear structure and reaction theory are

intertwisted. Both reduced matrix elements and collective form
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factors are indeed characteristic for each case, vibrational or

rotational. Several previous nuclear reaction studies of this

isotopical chain already gave some notion of the systematic trend of

tlie parameters in this mass region (table 5.A). Still some

discrepancies exist between the resulting deformation parameters, as

will be shown later on. Moreover a systematical study of all the four

isotopes has not been done uptill now with a polarized proton beam on

the low lying levels of both positive (O.,2 ,4 ,6.) and negative

(L ,3 ,5 ) parity states. A review of all levels investigated in the

present work is given in the energy spectra of fig. 5.1.

This chapter has been organized as follows. The analysis has

been performed first in the conventional way (as described in chapter

4) before applying the generalized optical model (GOM). Results of

the one-channel analyses and DWBA calculations are given,

respectively, in sections 2 and 3, while CC results are presented in

sections 4 and 5 including a final interpretation in terms of proton

and neutron density moments and a discussion in terms of IBA results.
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Fig. 5.1 Adopted experimental levels for the Sm isotopes. The full

lines represent the channels for which inelastic scattering

data have been measured in this work. Dashed lines label

other nuclear states.
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5.2 Optical model analysis

In order to get good starting values for the phenomenological

optical model (OM) potential before applying it in the CC

calculations, a one-channel analysis of the elastic data has to be

performed treating the four Sm isotopes in the same way.

The parameters of the Woods—Saxon wells given in section 3.3

have been fitted to the elastic data by using the search programme

OPTIMO (Vos72). Taking as starting values those of the global

potential of Becchetti and Greenlees (Bec69), a simultaneous fit with

ten OM parameters lias been performed. This method provided better

results than successive fits of a restricted number of parameters to

the experimental cross sections and analysing powers separately.

Adjustment of the absolute normalization of the cross section has

been done each run during the minimizing process.

Results of these calculations together with the experimental

data are shown in fig. 5.2. The OM parameters obtained are listed in

table 5.1, while resulting volume integrals and root mean square

radii are given in table 5.2.

The experimental elastical angular distributions exhibit the

phase transition in a smoothing of the diffractional structure and in

an increasing slope of the cross sections when going from 1<t8Sm to

l^Sm with increasing mass. The latter effect has been noticed

already in (n,n') reactions at 7 MeV (E1177) and in (p,p') reactions

at 50 MeV (Woo72-1) which, however, are contradicted by the results

of Fulmer (Ful70).

We notice a great improvement in the reproduction of the elastic

data when using our best fit OM parameter sets instead of those of

Becchetti and Greenlees (Bec69). The improvement has been obtained by

decreasing the real central and the spin-orbit diffuseness while

increasing the imaginary diffuseness. This was accompanied by a small

decrease of the imaginary and spin—orbit radii. Less pronounced

trends have been observed in the potential depths. Typical smaller

V , V and W to larger W have been found than the values proposed
o so v s

by Becchetti and Greenlees. We also remark a deterioration of the

quality of the fit connected to the appearance of the rotational

character. This is clearly correlated with the uncertainties obtained
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in the OM parameters by the search procedure. The code OPTIMO

provided us with standard deviations calculated from the correlation

matrix corrected for the x2 per degree of freedom. The best fit left

us with rather large errors. The radii have been found as the

parameters determined best together with the real central depths,

with an uncertainty of about 2.5%. The diffusenesses and the other

depths, however, had uncertainties increasing from il*8Sm till is>1<Sni

as expected from the distortion needed to reproduce permanently

Sm(p,p')Sm; E = 20.4 MeV.

0 30 60 90 120 150 180 0 30 60 90 120 150 180
8„„ Ideol 8 l"f«9'

Fig. 5.2 Best fit (full lines) of the elastic data in a one-channel

optical model analysis. The dashed curves have been

calculated with the optical model parameters of Becchetti

and Greenlees.
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deformed nuclei. The errors covered a range from 2% till 30%. The

imaginary volume depth in particular is not really significant as its

relative error was about 100%. The sum W + W , however, showed more

stability (about 5%) during the fit than the surface term separately

(about 30%) indicating the ambiguity between volume and surface

absorption at this energy. Similar features have already been

reported earlier in the literature (Agr75, Mel78). We have therefore

fixed W to zero in order to perform the DWBA and CC calculations

Sm(p,p')Sm; E =20.4 MeV.

0-1

0.1

o.ooo M « V •:

-o.s

0 30 60 9C 120 ISO 180 0 30 60 90 120 150 180

8 C. ' ̂ 9> "c. 'de9'

Fig. 5.2 (continued).
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Table 5.1 Best fit optical model parameters obtained in a one-channel

analysis of the elastic data at 20.4 MeV of the Sm isotopes.

V r a W W r a V r a
o o o v s i i so so so
(MeV) (fm) (fm) (MeV) (MeV) (fm) (fm) (MeV) (fm) (fm)

148 55.74 1.173 0.750 0.28 10.57 1.242 0.743 5.72 1.163 0.560

150 55.82 1.173 0.730 0.01 10.70 1.222 0.810 5.75 1.170 0.615

152 50.70 1.225 0.677 0.00 12.43 1.119 0.863 5.07 1.131 0.335

154 55.70 1.163 0.692 0.00 11.65 1.102 0.998 4.60 1.083 0.382

The Coulomb radius was fixed at 1.25 fm.

Table 5.2 Volume integrals, rms radii and total reaction cross

sections a result
r

given in table 5.1

sections a resulting from the best optical model fits

A

148

150

152

154

J /A
o

431.3

428.2

431.7

411.7

MeV

122

128

135

144

A

fm3

.6

.8

.3

.8

J /A1/3

so

166.8

168.9

143.9

125.1

<R2 >è

o

5.557

5.538

5.655

5.471

<R1
2>è

fm

7.198

7.270

6-9i;

7.144

<R 2>*
so

6.393

6.510

6.127

5.925

ar
(mb)

1522

1586

1585

1708

whereas W has been increased with an amount equal to the W value
s v

given in the best fit-

No clear nuclear structure effects are found in the resulting

real central potential parameters (table 5.1) whereas a distinct

alteration of the imaginary geometries and spin-orbit parameters is

observed. The phase transition from vibrator to rotator is thereby
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marked by a substantial increase of the imaginary diffuseness masking

the large deformations. A systematic decrease of all the spin-orbit

parameters is also noticed, contradicting the results of Woollam

(Woo72-1) who found at 50.8 MeV an increasing a , but a rather
so

stable V and r with increasing neutron number. These results,
so so

however, are not very reliable since the analysis did not include

comparison with polarization observables.

Similar effects are reflected by the volume integrals (table

5.2). The real J /A which is expected to be defined accurately (~2%),

like the rms radius (~3%), in such kind of analysis of Sm data

(Woo70), has been found rather stable. Less stability is found in the

other volume integrals with an increase of about 18% in J. /A
1/3 X

accompanied by a decrease of about 35% of the J /A . Instability

in the rms radii was restricted to the spin -rbit part only with a

tendency to decrease with increasing neutron number. The total

reaction cross section changed by substantial amounts (12% increase

for stronger deformation).

Similar trends have been revealed by Ch-istensen (Chr69) in a

one-ohannel OM analysis of deuteron elastic scattering, explained as

a smearing of the potentials. The instabilities indicate therefore

the necessity to apply the generalized optical model to find OM

parameters which bear more physical relevancy.

5.3 TrfBA analysis

As a test of the OM parameter set obtained and as a first

indication for the analysis of the inelastic scattering data, we

performed some one-step DWBA calculations (section 3.2.1). Only the

strongest collective transitions have been analysed in this way,

since here the other couplings can be considered as negligible. This

implied an analysis of the 2, inelastic channel for each Sm isotope,

while the 3.. channel was examined only for ll<8Sm and 15OSn> as the

corresponding cross section has been found to be about an order of

magnitude smaller for the heavier isotopes.

These calculations have been performed with the code ECIS
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Table 5.3 Deformation strengths ((3) and deformation lengths (6=f3R )

obtained in a DWBA analysis performed in the vlbrational

(V) or rotational (R) frame-work.

A channel model x ) ö2^

148

150

«I
h

i

V

V

V

R

0.

0.

0.

0.

130

152

178

173

0.

0.

121

190

0.

0.

108

146

0.809

0.942

1.110

1.075

0

1

.804

.265

0.

0.

666

909

31 V 0.133 0.829

152 2* R 0.260 1.628

V 0.272 0.260 1.815 1.617

154 2L R 0.355 2.230

V 0.286 0.323 1.919 2.021

1) This work

2) Ref. Kru71 Sm(p,p'); Ep=16 MeV.

3) Ref. Woo72-1 Sm(p,p'); Ep=50.8 MeV.

(Ray82), which will be used also for the further CC calculations. The

optical model parameter set has been taken from the one-channel

analysis (table 5.1), where W was taken zero. A first order

derivative (eq. 3.21) has been used as form factor for the 2 and 3

channels of the presupposed vibrators ll48Sm and li>0Sm. On the other

hand, Legendre projection (eq. 3.33) has been employed for the 2

channel of the rotators 152Sm and 15"*Sm. The same treatment has been

applied to 15üSm, which we considered as the transitional nucleus.

The p strengths have been adjusted to reproduce the first maximum of

the experimental cross sections because the neglected couplings are

expected to have only little influence (see chapter 4) in this

angular region. This maximum lies around 30° for the 3, a-.s>'ilar
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1 '*8Sm(p,pI)1 '(8Sm; E =20.4 MeV.
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Fig. 5.3 DWBA analysis of 148Sm using a first order Taylor

expansion is form fac*"~>r.

distributions, but around 50° for the 2 data since it was too

difficult to separate the corresponding peak from the elastic peak at

more forward angles.

A first estimate of the deformation strength was furnished by

the search procedure of the code ECIS. A further adjustment following

the p2 law jacked up the (3's (about 5%) to their final values

indicating that the average slope of the DWBA curves is a little too

small or that the calculations are out of phase with the experimental

data.
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15OSm(p,pI)15OSm; E =20.4 MeV.

0 30 60 90 120 150 180 C 30 60 90 120 150 180
8om (deg)

 8
O„ '

de9'

Fig. 5.4 DWBA analysis of lb0Sm with a first order Taylor expansion

for the vibrational model (full lines) and a Legendre

expansion (dashed lines) for the rotational model.

For comparison, the resulting p values are listed in table 5.3

together with the results of Kruse (Kru71) and Woollam (Woo72-1). The

agreement is not really satisfactory. This could not be improved by

renormalizing to the deformation length. This method, when applied in

the sense defined by Hendrle (Hen73), is indeed expected to correct

for projectile sizes only, which is not needed here. We remark here

the sharp increase in the quadrupole deformation strength with

neutron number, which is generally referred to as the "increasing

deformation". On the other hand a small decrease is noticed in the

octupole strength, which must be confirmed in the more extended CC
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Fig. 5.5 UWliA analysis of lb2Sm and 151tSni pereormed in the

rotational model.

calculations including rotation-vibration coupling for 152Sm and
15"*Sm. The almost identical results for the quadrupole strength

obtained in the vibrator and the rotator model both for the 150Sm

nucleus should be underlined. Further comparison with CC results will

be done in the next section 5.4.

In figs. 5.3-5.5 a typical shift in angular phase is observed in

the vibrator calculations in contrast to the rotational results. This

can be seen particularly well for the 2 inelastic data of 150Sm

where vibrational and rotational results are suxerimposed. A slightly

better ratio of first to second maximum is also observed in the
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rotational calculations for the 2. channel.

In conclusion, the DWBA calculations give unexpectedly good

results, reproducing the general dlffractional structure, especially
+

in the rotational frame for the 2. channel, and announcing a somewhat

more pronounced rotational character for

5.4 CC analysis of the strongest collective transitions

In this section we report the CC analysis of the scattering

leading to the ground and the first excited states of the four Sm

isotopes. Since these are the strongest channels, the final set of OM

parameters obtained would not be affected much by the truncation of

the space. The adjustment in particular of the absorptive potential

for compensation of the couplings explicitly taken into account, will

then affect straightforwardly the cross sections and analysing powers

of both elastic and inelastic channels. As most of these channels are

not afflicted with interference due to single and multiple

excitations, some conclusions can be extracted about the collective

shape, the nuclear moments and the neutron and proton distributions

of these nuclei.

5.4.1 The method of CC analysis

The analysis of the scattering leading to these low lying levels

have been performed either in the harmonic vibrator model (first and

second order) in the case of il<8Sm, or in the axially symmetric

rotator model for 152> lbt*Sm. For the transitional nucleus 150Sm

parallel analyses have been tried along all three lines. All the

calculations performed by using the code ECIS, included 25 partial

waves in an integration procedure with steps of 0.25 fm upto 25 fm.

The Coulomb radius was fi:\xd at 1.25 fm. All optical model parameters

have been extracted in the spirit rf both the conventional and the

generalized optical model (see chapter 4). The same set of OM

parameters has been used for each individual channel. A well
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established fit procedure has been developed to get the best OM

parameter set. These procedures are indicated as Vi, Vii, Ri and Rii.

5.4.1.1 The harmonic vibrator model

All the calculations have been performed in both first and

second order to test the importance of the diagonal matrix elements.

Vi) The conventional approach

The search proceeded in a 0-2-3 CC scheme where all the

parameters have been fitted simultaneously to the three channel data.

Starting from the optical model results of section 5.2, a fit of the

parameters of both the absorption potential (W ,r.,a.) and the

deformations (£!„ and (3,) resulted in a scaling factor too small for

the forward angular region, as was already noticed in the DWBA

analysis. We therefore have chosen for a further adaptation of the |3

value following the p^ dependence of the cross section as already

done in section 5.3. A last fine tuning of the imaginary OM

parameters provided us with the final values listed in tables 5.4 and

5.5.

Vii) The generalized optical model

Keeping the results of Vi) as starting values, a further

adjustment of the OM parameters has been made to the elastic data

only. A fit of first the imaginary potential parameters and

afterwards the real central and spin orbit parameters together, was

performed. This procedure was stimulated by the fact that the

absorptive «ell is affected mostly by the explicit accounting for

inelastic channels (section 4.2). This implied a subsequent new

tuning of the deformation strengths to match the cross sections to

the experimental data around the first maximum leaving the elastic

results virtually unchanged.

5.4.1.2 The axially symmetric rot.itor model

Stronger couplings by higher order excitation processes imply

competition between the direct and multistep paths through which the
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Table 5.4 Optical model parameters from CC analyses Vi and Ri cs

given in the text. The order of the vibrational model is

given by VI or V2. Units as in table 5.2.

A

148

150

152

154

model

VI

V2

VI

V2

R

R

R

55

55

50

55

V
o

.74

.82

.70

.70

1

1

1

1

'o

.173

.173

.225

.163

0.

0.

0.

0.

a
0

750

730

677

692

U
s

9.86

11-18

9.64

10.16

10.71

11.73

10.44

ri

1.255

1.267

1.251

1.281

1.228

1.213

1.216

ai

0.786

0.710

0.810

0.761

0-752

0.707

0.795

5

5

5

4

V
so

.72

.75

.07

.60

1

1

1

1

r
so

.163

.170

.131

.083

0

0

0

0

a
so

.560

.615

.335

.382

Table 5.5 Deformation strengths.

A model

148

150

152

154

VI

V2

VI

V2

R

R

R

0.133

0.133

0.171

0.171

0.162

0.224

0.316

0.154

0.157

0.129

0.127

0.

0.

0.

039

075

032

-0

-0

.038

.030

Table 5.6 Imaginary volume integrals, rms radii and total reaction

cross sections. Units as in table 5.2.

A

148

150

152

154

model

VI

V2

VI

V2

R

R

R

VA

431.3

428.2

431.7

411.7

121.3

125.6

121.2

125.0

120.0

119.4

120.7

J /A1/3

166.8

168.9

143-9

125.1

1.051

1.042

1.060

1.021

2 i

1.391

1.378

1.394

1.406

1.355

1.326

1.356

<r2 >*
so

1.209

1.225

1.14E

1.054

ar

1577

1517

1598

1587

1510

1472

1538



85

Table 5.7 OM parameters from CC analyses Vii and Rii in the

generalized optical model. Conventions and units see table

5.4.

A

148

150

152

154

model

VI

V2

VI

V2

R

R

R

V
0

54.48

54.82

55.05

55.31

56.731

52.65

56.59

r
0

1.186

1.181

1.184

1.180

1.167

1.214

1.191

a
0

0.746

0.746

0.725

0.726

0.739

0.697

0.671

W
s

9.91

11.01

9.65

10.83

9.92

11.73

11.10

ri

1.263

1.261

1.745

1.246

1.260

1.213

1.183

ai

0.725

0.665

0.776

0.694

0.755

0.707

0.761

V
so

5.72

5.91

5.66

5.85

5.67

5.817

5.39

r
so

1.187

1.201

1.159

1.184

1.128

1.108

0.897

a
so

0.593

0.543

0.588

0.537

0.621

0.527

0.392

Table 5.8 Deformation strengths.

A model

148

150

152

154

VI

V2

VI

V2

R

R

R

0.125

0.124

0.165

0.170

0.162

0.225

0.313

0.145

0.147

0.123

0.124

0.

0.

0.

037

074

032

-0

-0

.030

.030

Table 5.9 Imaginary volume integrals, rms radii and total reaction

cross sections. Units as in table 5.2.

A

148

150

152

154

VI

V2

VI

V2

R

R

R

VA

433.8

431.5

432.9

431.0

430.6

439.7

444.2

VA
113.1

114.2

114.7

114.4

117.2

119.4

116.1

Jso/A
1/3

170.5

178.1

164.6

173.8

160.7

161.8

121.3

0

1.058

1.054

1.048

1.046

1.041

1.058

1.033

1.379

1.360

1.378

1.353

1.385

1.326

1.315

rso

1.238

1.244

1.210

1.226

1.186

1.151

0.926

°r
1508

1444

1544

1458

1542

1481

1476
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nucleus can be excited. A slightly different approach than the one

used for the vibrator has to be followed in this case:

Ri) The conventional approach

The analysis has been done while keeping in mind, that the

magnitude of the cross sections for the low lying levels are very

sensitive to interference between these different excitation paths as

seen in fig. 5.6 and to magnitude and relative signs of the intrinsic

deformations and the reduced matrix elements. Higher multipole

deformation strengths and levels with higher spins have less

influence on the lower lying channels, but are themselves strongly

sensitive to the lower multipoles. They have therefore been taken

successively into consideration in the calculations. Working first in

a 0,-2^-4. CC scheme, the fit of ^ anc' t n e imaginary potentials has

been restricted to the 0 and the 2 data as we noticed in section

4.2 that the 4. excitation strength did not strongly influence the

imaginary geometry (r.,a.). Extending the fit also to the 4 data, we

evaluated the hexadecapole deformation strength, while finally

retuning the parameters p_ and W • Incorporating the 6. in the

coupling scheme, a simultaneaous fit has been done of the (3 and (3,

values. A little readjustment by hand of |3 through application of

the p2 iaw w a s then still needed, implying retuning of the

imaginary potential and the other deformation strengths. No 6

i

4+ ,
t

2+ ,

! i

f

1

I

' 1

1

\

Fig. 5.6 Coupling scheme for the rotational model.
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deformation has been included into the calculations due to lack of

experimental data for the 8 channel and to a negative result

obtained by Palla (Pal83) concerning the influence of a 2 -pole

deformation on the other channels. We nevertheless tested the

inclusion of the 8, channel for 152Sm. This hardly brought visible

effects about in the calculations and in the strength of the

deformations (2% in the 2 —pole deformation values (\=2,4,6)).

Rii) The generalized optical model

A successive fit has been performed of the imaginary and real

parameters of the OM potential to the elastic data while keeping the

g values fixed. This implied a new tuning by hand of the f! and a fit
+ + +

of the B, j fS, to match the 2 ,4 and 6. data. As seen in section 4.2,

the x2 f°r the 0 is here much more sensitive to small changes in

deformation than in the vibrational mode. A reasonable description of

the elastic data could be produced only by a final adaptation of the

OM parameters to the elastic observables- As finishing touch, the

spin-orbit deformations were allowed to vary independently of the

central and Coulomb deformations in the general OM frame-work.

5.4.2 Results and discussion

The resulting OM parameters are given for the conventional and

the generalized optical model methods in tables 5.4 and 5.7,

respectively. The corresponding deformation strengths are listed in

table 5.5 and 5.8., while the volume integrals, rms radii and

reaction cross sections can be found in tables 5.6 and 5.9. The

results of the calculations are shown in figs. 5.7-5.22. The

discussion of these results will be given in the following

subsections.

5.4.2.1 The OM parameters

The minimization procedure used in the search for parameters in

the code ECIS leaves us with various orders of uncertainties for the

vibrational and the rotational models. Errors of about 1% in the
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central OM parameters and 2.5% in the spin orbit parameters are

characteristic for vibrational calculations- The heavily deformed

nucleus •̂'"'Sm on the other hand gives about 3% uncertainty in the

central part of the potential and about 15% in the spin orbit

potential. The radii are in general determined with somewhat smaller

errors (about a factor of 2) than the depth and diffuseness

parameters.

Furthermore, as seen in chapter 4, similar ambiguities can be
n

expected such as Vor and Wgai in the conventional one-channel

analyses. This leads us to consider the volume integrals and rms

radii as more reliable quantities than the individual OM parameters.

We rejected other ambiguities, e.g. that of BR , since it has been
o

oboerved during the analysis reported in chapter 4, that variations

of about 25% in the 6 or 8 imply only variations of less than 5% in
the values of r .

o

Inspection of the reaction cross sections, volume integrals and

rms radii (tables 5.6 and 5.9) shows in the conventional method a

systematically smaller (by about 5%) imaginary volume integral than

in the generalized optical method. This could indicate that the

truncation of the model space for the Ï. channel is less important

than for the ground state channel. The neglect of the coupling to

negative parity states indeed is expected to have less influence on

the 2, channel than on the elastic one. It is found that all these

parameters are more stable between A=148 and 154 than in the

one-channel analysis (table 5.1). The same has already been noted in

the behaviour of a. in an analysis of (p,p') scattering by Woollam

(Woo72—1), and in the (n,n') reaction cross sections as reported by

McEllistrem (E1177). Our analysis incorporates the nuclear structure

effects essentially into the spin-orbit part by means of a clearly

decreasing spin-orbit rms radius with increasing neutron number and

an excessive low spin-orbit volume integral for the heavy 15l*Sm. We

observe a slight enhancement of J with the neutron number, which was

also seen by Hatanaka (Hat83) in a (d,d') study at 56 MeV. In

contrast to this in the analysis of unpolarized data at 50.8 MeV by

Woollam (Woo72-1) the CC application did not change the decrease in

the values of J as obtained in the one-channel analysis. Our results

disagree with those of Palla (Pal83) who found nuclear structure

effects only in the deformation values and in the excitation
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1"*8Sm(p,pt)1'*8Sm; E =20.4 MeV.

Cl -

dS
t mb/sr1

is.
dB

Imb/jrl

10

1

0.1

1

0-1

0.550

r \

/ \

/ * \

MeV

:

•

MeV

-

-

r\ •A

0 30 60 90 120 ISO 180 O 30 60 90 120 150 180
ec„ (deg) Bcm Id.gl

Fig. 5.7 Comparison of the two CC analysis methods, the conventional

one (dashed lines) and the generalized optical model one

(full lines), in first order vibrational calculations

performed on the 1!*8Sm experimental data in a O I ^ J - S J

coupling scheme.
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15OSm(p,p')15OSm; E =20.4 MeV.

0-1

10

d£
dS

[ m b / i r l

0.1

dn
d2

l.b/.r)

0.1

=J 0. fl

0 30 60 90 120 150 180 0 30 60 90 120 150 180
8C . Ideg) S e . ld.9>

Fig. 5.8 Comparison of the two CC analysis methods for second order

vibrational calculations performed for 150Sm. Same

conventions as in fig. 5.7.
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15 '*Sin(p>p1)151»Sm ;E =20.4 MeV.

do
dS

l.b/.r)

dff
dfi

0 . 1

0 .1 r

-

-

-

• *

1 . i 1 i

. \ * .W' T

\ V v

' • • N ^ •

• I I I

A
\V :

- 0-5

- -0.6

0 30 60 90 120 ISO 180 0 30 60 90 120 ISO 180
»c. ( d e 9 ' Sc

Fig. 5.9 Comparison of the two analysis methods in rotational

calculations performed for 15l*Sm in a 0i~2^-4i-6, CC

scheme. The conventions are the same as in fig. 5.8.
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mechanisms taken into account.

Whereas constancy of the OM parameters in CC treatment of the

elasr.ic data is clear, the general trend of the J's and rms radii

gwe raise to certain inconsistencies which seem to be connected with

the method of data analysis. This indicates how careful one should be

when extracting conclusions from these kinds of results.

5.4.2.2 Quality of the fits

Some difficulties arise in the interpretation of the quality of

the fit in terms of a \2 criterion only. A shift in angular phase of

the theoretical curves in comparison with the experimental points

will tend to reproduce the strong slopes at the expense of the

regions of maxima. We therefore have chosen for a visual

interpretation of our theoretical calculations where preference is

given for the reproduction of the first forward maximum.

i) Comparison between the conventional and the generalized OM

analyses

A scan of the effects of the two methods used is given in first

order vibrator calculations for 148Sm (fig. 5.7), in a second order

vibrator for 150Sm (fig. 5.8) and in the rotational frame for 151*Sm

(fig. 5.9). The generalized optical model applied to vibrator nuclei

resulted in small but significant effects. It raises the cross

sections and analysing powers of the CL and 31 channels in the

backward angular region in contrast to the 2 channel resulting in a

somewhat better description of the measurements. A small shift is

also observed for the diffraction pattern towards higher angles which

ameliorates the elastic channel description but deteriorates the

inelastic ones. The rotational calculations give rise to more

differences, mainly in the analysing power. Essential improvement is

noticed in the elastic channel while the 2. and 4, channels of i5"*Sm

clearly suffer from a shift to smaller angles in contrast to the

general trend of the data. The diffraction structure of the cross

section is smoothed only in the forward angles of the 2. channel, but

over the whole angular region for the 4 channel. Most of these

effects were also observed for the 152Sm rotator, but less
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11<8Sm(p,p')llt8Siii; E =20.4 MeV.

0-1 :

is.
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Fig. 5.10 CC calculations for J1»8Sin involving O*-27'-31 coupling

schemes in the first order (full line) and the second

order (dashed lines) vibrational modes.
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pronounced, in the same order of magnitude as for the vibrators shown

in fig. 5.7 and 5.8.

Because of the better reproduction of the elastic channel, even

sometimes at the expense of the inelastic channels, we have chosen

definitely for the generalized optical model to present the further

results.

ii) Best choice of the collective model

In order to reduce uncertainties arising from the assumption of

E -20.4MeV.

da
d2

(mb/sr)

: \

: V^

r

0.000

AA

0.33<

ƒ ;

M<v :

-

0.5

0.1 r

0 30 60 90 120 150 180 0 30 60 90 120 150 180

ec„ (d«9) ec. I«I«9"

Fig. 5.LI CC calculations performed for 150Sm. First order (dashed

lines) and second order (dotted lines) vibrational

calculations are presented together with results obtained

in the rotational model (full lines). Further explanations

are given in the text.
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a specific model, llt8Sm and 150Sm have been analysed in both a first

and a second order vibrational model, moreover 150Sm has been

calculated in the rotational frame. Results are given in fig. 5.10

and 5.11.

We will first discuss the results on llf8Sm. Small differences

are noted In the elastic channel, whereas nonzero diagonal reduced

matrix elements introduce more structure in the backward angular

region of the analysing power and a steeper slope in the inelastic

cross sections reproducing the experimental data less well. This

15OSm(p,p')15OSm; E =20.4 MeV.

0.01 :

0.5

-0.5

-0.6

0 30 60 90 120 ISO 180 0 30 60 90 120 150 160

Fig. 5.11 (continued)
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stimulates the picture of pure one-phonon or one-boson states with

zero IBA recoupling matrix elements. Still less improvement is gained

by this analysis in comparison with the JHBA analysis presented in

fig. 5.3, except for a better phase of the diffraction pattern in the

2^ channel. A recent analysis of polarized deuteron inelastic

scattering from the same nuclei (Hat83), while fitting rather well

the cross sections, presented a similar failure in describing the

polarization data for both ll(8Sm and i50Sm. The important

15oSm(p,p')15OSm; Ep= 20.4 MeV.
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dS

mb/sr!

da
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mb/»r I
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0.01

0.001
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h..'..~

-~_

;

:

r

1 .

T

(o)
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'f**r;

0 30 60 90 120 150 ISO 0 30 60 90 120 150 180
Bcm [deg> «.. '<J«9'

Fig. 5.12 Mixed configuration calculations for the 4, channel in
150Sm in a first (a) and second (b) order vibrational

picture. The pure harmonic calculation (dashed lines) must

be combined with the one—phonon anharmonic component

(dotted lines) to obtain the complete result ![full lines).
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Fig. 5.13 Coupling scheme for the <^ level of 150Sm analysed in the

vibrational model.

discrepancies which remain in the 2, calculations, could indicate the

failure of the collective form factor (0ve85). The llt8Sm form factor

as found in electron scattering (Moi81) needs an enhancement at small

radii (about 2 fm) The same enhancement appears to be necessary for
1 5 0 > 1 5 2Sm, but at larger radii (3fm), which can be masked better by

the collective form factor, since it is situated on the interior side

of a form factor which resembles the collective one (Fro81, Car78).
> + -

It is surprising is that the discrepancies for the 2, and 3. channels

of 11<8Sm resemble those of the vibrational 150Sm calculations, which

discrepancies vanish in the rotational model. Baker (Bak75-1) and

Kurepin (Kur73) noted a similar shift in angular phase in the

polarization data as the main difference between the two models. This

could indicate that also a fit in the rotational frame has to be

tried to the ll+8Sm data. Similar attempts of Hatanaka (Hat83)

resulted indeed in a better description of the 2 channel.

The 0^ ,2^ ,3-̂  and 4^ levels of 150Sm have been presented in fig.

5.11 where the simplest coupling scheme has been chosen: i.e. a

0^-2,-3, vibrational scheme and a 0i~2,-4, rotational one. Moreover,

an anharmonic vibrational model has been used for the 4 channel
+ + - +

(0^-2^-3^-4, CC scheme) given in fig. 5.12. The two-phonon component

of this 4 state can be populated in the pure harmonic way by a
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1 5 2Sm(p,p ')1 5 2Sm; E =20.4 MeV.

o.i

de
dfi
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Scm <<*»9> 8 c . l d ' 9 '

Fig. 5-14 Effects introduced by the sign of f3 (-0.030 for the full
6

lines and +O.O3O for the dashed lines) in the multiple

path scheme leading to the excitation of the ground state

band of lb2Sm and ibl(Sm.

two-step process via the 2l level or via the simultaneous excitation

of two phonons in a second order process. The 4 wave function

contains also a one-phonon admixture which can be excited by a first

order process in the anharmonic picture. The complete coupling scheme

is shown in fig. 5.13. Its use was justified through a poor

reproduction of the data provided by the pure harmonic picture in

particular around 70°.

For the "rotational" analysis of fig. 5.11 we used the

deformed-vlbrational model for the 3. level in a 0.-2.-4.-1.-3..-5 CC
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152Sm(p,p1)152Sm; E =20.4 MeV.
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Fig. 5.14 (continued).

scheme. More about this can be found in the next section. Whereas the

deformation strengths (table 5.8) are more alike those of ll*8Sm, the

rotational model gives a manifestly better description of the four

levels considered, principally for the cross sections. Not only the

angular phase but also the maxima match much better with the

experimental data. This confirms the presumptions of Woollam

(Woo72-1) on basis of the experimental character of the 2* level

which is more alike the one of the 2^ of 152Sm or 151*Sm. Still we

notice a bad reproduction of the backward angular region of A(6) in
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Fig. 5.14 (continued).

the inelastic channels as a possible indication of some deficiences

in the collective form factors and of incomplete coupling schemes*

The analysing power is even somewhat more difficult to interpret, the

data being intermediate between vibrational and rotational

calculations, see e.g. in fig. 5.11 the A(G) for the 2. state between

6U° and 90°. Giving similar results as the DWBA calculations (fig.

5.4), the analysing power in particular gives evidence to the

presupposed soft deformation of the transitional nucleus 150Sm.

Bearing in mind the sensitivity to the relative signs of the
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Fig. 5.14 (continued).

couplings leading through different paths to the higher lying members

of the ground state band, some tests have been performed for the sign

of the (3 deformation for lb2Sm and 15l|Sm. Results are given in fig.

5.14. The p, hardly influences the elastic and first inelastic

channels, while variations in the slope and especially in the depth

of the diffraction structure are observed for the 4. and 6. channels

as already noticed by Barlett (Bar80). Although these variations are

not pronounced, the phase of the diffraction pattern being constant,

negative (3, values for positive P 2»PA
 b e t t e r reproduce the
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observables. Large discrepancies still persist in the description of

the 6 data which remain badly understood. Explanations for ^"Sm Xn

the sense of contributions from the unresolved 0, level, which has

not been taken into account here, are less probable. These

contributions should be very low as this 0~ is interpreted as the

basis of a rotational band built on (3 vibrations which preserve axial

symmetry (Pre75) and therefore will be excited only in second order

processes. Sensitivity to sign of the p has not been investigated

here as earlier work (e.g. Bar71) provided for all 0 positive signs

consistent with the global set of p measured and evaluated through

the deformation region, A=150 hill 190, as given by Hendrie (Hen68)

and Fischer (Fis77). The DWBA calculations reproduce the 2 data of
154Sm surprisingly better. The stronger imaginary potential in this

case could indicate that some strong couplings to the 2, state,

though perhaps negligible for the ground state, are still missing in

the CC coupling scheme. Similar effects can also play an important

role in the failure to reproduce the 4. channel of i5ifSm.

We may conclude that 2 and 3~ channels in the ll<8Sm and 150Sm

isotopes correspond better to a one-phonon picture in the vibrational

models. The rotational model, however, gives better results in cross

sections for 1 5 0' 1 5 2 > 15ltSai. The analysing power illustrates the soft

character of the deformation in i50Sm as a transition between

vibrator and rotator. Great similarity between the i50Sm and the
ll(8Sm data and vibrator calculations would suggest a same

transitional character providing an argument for performing a

rotational calculation for the 1!*8Sm.

5.4.2.3 Deformation strengths and multlpole moments

Deformation strengths are very subtile quantities to extract

from the measurements, which makes the comparison of nuclear shapes

by nuclear and electromagnetic methods rather cumbersome.

The systematic overestimation of the p's deduced from DWBA

analyses (table 5.3) over those extracted from CC analyses (tables

5.5 and 5.8), increases from 5% for llt8Sm to 15% for 15<tSm. This is

not surprising since a decrease of the imaginary potential as

consequence of the explicit CC scheme had been found to increase the

magnitude of the 2 inelastic channel as seen in sect. 4.2, an effect
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also observed by Kruse (Kru71). More information than a general trend

through an isotopical series can not be gained from these DWBA

calculations as they only provide an approximation of the more

complex CC analyses.

The x2 analysis by ECIS gives typical errors less than 1.5% in

the quadrupole and octupole deformations of the central coupling.

Deformations of higher multipoles or more complex excitation

processes give much larger uncertainties: about 10% for (3 and p in

the rotational model, reflecting the P,Pfi ambiguity, and about 30% in

the one-phonon component of the negative parity states in the

vibrators. Uncertainties in the p values do not arise only from the

method of fitting, but also from the analysing procedure

(conventional or general OM methods), from the model assumptions,

from the truncation of the coupling schemes and also from some

correlations between different multipole deformations.

Nevertheless a comparison with other experiments would make our

knowledge about nuclear shapes more precise. Hendrie observed (Hen73)

that in particular for permanently deformed nuclei a normalization

can be made among the various experiments. He considers the size of

the projectile as the only origin of the difference between the

potential and the density distributions assuming the nucleus to have

a sharp surface. First order corrections then lead to a scaling by

the radius R , which indicates that the deformation length (f3. R ) is
O A. O

a better quantity to compare between the results of different

reactions. Nevertheless the diffuseness, but also the folding of the

nucleon-nucleon interaction in the nuclear matter distribution,

should be considered.

As a consequence of the Satchler theorem (Sat72) described in

sect. 3.7 the multipole moments M (X) appear then to be more reliable

quantities for quoting deformations than the deformation lengths

(Mac76, Mac74). This comparison remains nevertheless dependent on the

validity of the folding model, i.e. the nucleon-nucleon interaction

should be density independent (Bri77-1, Bri77-2) and local, while

exchange effects (Shi75) can be ignored. Calculations of Georgiev and

Mackintosh (Geo78) in which exchange effects are included in an

approximate way into the proton inelastic scattering, however,

discredited presumptions in strong exchange effects. Typical results

for (p,p') reactions on it)1*Sm pointed to a small underestimation of
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Table 5.

reaction

(P.P1)

10 Review

E<*>

(MeV)

20.4P

ref.

this

work

of deformations

model

Vl(023)

V2(023)

h

0.125

0.124

and mu

h

0.145

0.147

ltipole

M(2)

(eb)

1.06

1.04

moments for iHOSm.

M(3)

(eb3'2)

0.91

0.91

12 Kur72 V (02) 0.130 1.13

16 Kru71 Vl(02) 0.120 1.08

16 Bro70 V (023) 0.120 0.150 1.04 0.96

24.5P Kur73 V2(02) 0.115 0.996

24.5P K.ur71 Vl(023) 0.120 0.150 1.04 0.96

25.6 Pal83 V2(023) 0.143 0.166 1.17 0.96

50.8 Woo721V (02) 0.107 0.879

(n,n') 7 E1177 Vl(02) 0.140 1.084

(d.d1) 15P Bak.752V (02) 0.130 0.855

R (02) 0.120 0.818

56P Hat83 V2(O23) 0.109 0.116 0.86 0.67

(x,t') 40.9 Pal79 V2(023) 0.139 0.148 1.02 0.76

53.4 Eag77 V (023) 0.126 0.128 0.96 0.72

(a,a') 50 Gle68 V (02) 0.110 1.20

(e,e')252-401 Mol81 0.83

Coulomb 4.5 Elb60 (p,p')&(d,d') 0.94

14.1 Vej68 (a,a') 0.86 0.59

19-27 Sim67 (16O,16O') 0.89

muonic atom Bar79 0.84

IBA-2 Sch79 1.04

Same conventions will hold for tables 5.11-5.13:

(*) P means polarization data included

* No V and spin-orbit couplings have been used in the analysis.

% No data exist for the 4.. ; no spin-orbit terms as in *.
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Table 5.11 Review of deformations and multlpole moments for ^50Sm.

reaction E ref. model R R R M(2) M(3) M(4)
3/2 2

(MeV) (CC) (eb) (eb ) (eb )

(p,p') 20.4P this Vl(023) 0.165 0.123 1.42 0.78

work (0234) 0.593 0.28

V2(023) 0.170 0.124 1.46 0.78

(0234) 0.050 0.24

0 ; 1 6 2 2 ^ 0 3 7 2 i i Z

(n,

(d,

n1

d'

)

)

25.

50.

7

56P

6

8

Pal83 V2(023)

1*0072^ (02)

E1177

Hat83

Vl(02)

R (02)

V2(O23)

0.165

0.139

0.170

0.170

0.144

0.

0.

116

103

1

1

1

1

1

.39

.21

.34

.41

.13

0

0

.70

.61

(T.T') 40.9 Pal79 R+(023) 0.199 0.117

R+(024) 0.165 0.041 1.40 0.28

53.4 Eag77 V (023) 0.140 0.105 1.09 0.60

(a,a') not found

(e,e') 401.4 Moi81 1.15

Coulomb 15.1 Vej68 (a,a') 1.14 0.57

4.5 Elb60 (p,p')&(d,d') 1.15

Ber67 review article 1.11

19-27 Sim67 1.20

muonic atom Bar79 1.15

Yam78 1.21

IBA-2 Sch79 1.25 0.26

+ Analysis performed following the asymmetric rotator. The moments

calculations though are based on the symmetric rotator
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Table 5.

reaction

(P.P')

12 Review

E ref.

(MeV)

20.4P t.w.

of deformations

model p

R(0246) 0.225

and maltipole

4̂ h

0.074 -0.030

moments

M(2)

(eb)

2.38

for i;j

M(4)

(eb2)

0.63

Sm.

M(6)

(eb3)

0.01

24.5P Kur71 R(0246) 0.250 0.070 0.000 2.65 0.72

24.5P Kur73 R(024) 0.250 2.47

24.5P Bar71 R(024) 0.250 0.050 2.45 0.52

25.6 Pal83 R(0246) 0.261 0.050 0.011 2.56 0.54 0.15
*

50 Put82 R(0246) 0.246 0.066 0.081 2.51 0.66
50.8 «0072^(02) 0.262 2.52

<n,n') 7

(d.d1) 15P

20P

56P

(t.-t') 40.9

53.4

(a,a') 50

(e,e')

252-401

35-350

35-110

50-105

Coulomb 15

4.5

132-143

-

11.25-12

8-17

muonic

atom

IBA-2

E1177 R(02)

Bak752V(02)

R(02)

Cle823R(02468)

Hat83

Pal79

Eag77

Hen68

Reu83

Moi81

Car78

Coo76

Ber72

Vej68

Elb60

Sie/7

Ber67

Fis77

Sha74

Bar79

Yam78

Sch79

R(024)

R(0246)

R(024)%

R(0246)

+ muonic

(P,P'>4((

0.

0.

0.

0.

0.

0.

0.

220

260

240

236

251

346

246

atoms

l,d')

review paper

0.041

0.051 -0

(0.048 -0

0.048 -0

1.89

1.78

1.77

2.24

2.30

.010 2.27

.012) 3.20

.012 2.23

1.85

1.86

1.85

1.84

1.83

1.76

1.84

1.83

1.86

1.85

1.87

1.84

1.86

1.708

0

0

0

0

0

0

0

0.

0.

.47

.48

.47 0.05

.44 0.04

.55 0.16

.37

• 37

.37

.539
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Table 5.13 Deformations and multipole moments for 154Sm.

reaction E ref. model B B4 p M(2) M(4) M(6)

(MeV) (eb) (eb2) (eb3)

(p,p') 20.4P t.w. R(0246) 0.313 0.032 -0.030 3.23 0.50 0.01

12 Kur72 R(0246) 0.284 0.046 3.06

16 Br070 R(024) 0.250 0.050 2.66

25.6 Pal83 R(0246) 0.285 0.051 -0.015 2.88

35 Kin78 R(02468) 0.265 0.073 0.000 2.78

50.8 Woo721R(024) 0.294 0.050 3.11

134P Ron83 R(02468) 0.289 0.068 +0.010 3.25

800 Bar80 R(0246)* 0.301 0.110 -0.016 2.91

800 Ray81 R(0246) 0.315 0.102 -0.016 3.05

0.66

0.59

0.57

0.75

0.71

0.91

0.90

0.89

0.

0.

0.

0.

05

28

15

15

(n,

(d,

Ci,

n')

d')

7

7

20P

56P

40.9

53.4

E1177

Lag83

R(02)

R(024)

Cle823R(02468)

Hat83 R(0246)

Pal79

Eag77

R(0246)

R(024)%

0.240

0.252

0.299

0.389

0.062

0.059

(0.054

0

-0

-0

.004

.015

.018)

2.11

2.hl

2.50

2.61

2.78

3.74

0.59

0.57

0.78

0.60

0

0

0

.15

.39

.07

(a,a') 28-33 Apo70 R(0246) 0.225 0.050 -0.015 3.16 0.91 0.08

50 Hen68 R(0246) 0.270 0.054 -0.018 2.57 0.53 0.04

50 Gle68 R(O246) 0.225 0.045 -0.015 2.95 0.76 0.05

(e,e') 35-110 Coo76 2.10 0.47

Coulomb 4.5 Elb60 (p,p')&(d,d') 2.15

11-12 Fis77 ( a , a ' ) 2.12 0.63

11 Lee75 ( a , a ' ) 2.06 0.58

13 2.07 0.43

16.1 Vej68 ( a , a ' ) 2.05

8-17 Sha74 ( a , a ' ) 2.09 0.54

146 Dia72 ('•«Ar.'^Ar1) 2.05

muonic atom Bar79 2.07

IBA-2 Sch79 2.04 0.755
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the multipole moments when exchange is omitted. These effects, which

decrease with increasing energy of the incident projectile to less

than 1% at about 100 MeV, will give corrections of about 2.5, 7 and

8.5% respectively for M (\),\=2,4 and 6 at about 20 MeV. On the other
E

hand calculations of Hamilton and Mackintosh (Ham78, Ham77), in which

density dependent nucleon—nucleon interactions were employed,

resulted in an increase of the multipole moments of about 17% in

comparison with density independent results-

Keeping in mind the possibility of such effects, we have chosen

to represent the deformations in term of these multipole quantities

in order to get some information about the neutron and proton

distributions in the nucleus in the manner exposed in section 3.7. In

this case density dependences will not have in this case disastrous

consequences, as they include protons and neutrons separately, which

enhances the differences in the respective deformations. These

enhancement has been found (Ham78) to be confined to a few percents,

be it for lbl*Sm only.

The deformation parameters and multipole moments extracted from

our analysis are listed in tables 5.10-5.13 together with those

calculated from other analyses compiled from the literature (table

5.A). As defined in section 3.7, we calculate the M (\) assuming
P.P

identical radial dependence of the neutron and proton distributions:

Jv (p r) rX+2 dr

with

X = c 7, + c N
-PP Pn

We adopted the relation V /V 1/3, giving e.g. an X value of
pp pn

84.5, 69.5, 77, 79.5 for respectively (p.p1), (n,n'), (d,d') and

(T,T') reactions on 15J|Sm.

The following remarks emerge from the results obtained. The

extracted quadrupole moments (tables 5.10-5.13) span a wide range of

values which are grouped according to reaction types. Typically

(P»p') reactions furnish higher values for the multipole moments than

electromagnetic or (d,d') experimeris as a direct effect of the

difference in the proton—neutron and proton—proton interaction. No
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Table 5.14 Neutron multipole moments M (\) extracted from
n

selected nuclear reacti:n moments M(\) normalized with X.

A

148

150

152

154

reaction

(P,P')

(n.n1)

(d.d1)

(t.-c')

(a,a')

(e,e')

IBA-2

(P.P1)

(n,n')

(d,d')

(t.t1)

(a,a1)

(e,e')

IBA-2

(P.P1)

(n,n')

(d,d')

(T.T 1)

(a,a1)

(e,e')

(e,e«)

IBA-2

(P,p')

(n,n')

(d,d')

(t.T1)

(a,a')

(e,e')

IBA-2

reference

this work

E1177

Hat83

Pal79

Gle68

Moi81

Sch79

this work

E1177

Hat83

Pal79

no found

Moi81

Sch79

this work

El 17 7

Hat83

Pal79

Hen68

Moi81

Car78

Sch79

this work

Lag83

Hat83

Pal79

Gle83

Coo76

Sch80

M(2)

(eb)

1.06

1.08

0.84

1.02

1.20

0.83

1.04

1.37

1.41

1.13

1.40

1.15

1.25

2.38

1.89

2.30

2.27

2.27

1.86

(1.85)

1.71

3.23

2.42

2.61

2.78

2.95

2.10

2.04

M
n<2>

(eb)

1

1

0

1

1

1

2

1

1

2.

1.

2.

2.

2.

3.

3.

3.

3.

3.

.14

.84

• 84

.15

.57

.44

.19

.11

.57

.55

.99

.75

.56

.68

,60

39

12

27

81

M(4)

(eb2)

0.63

0.48

0.47

0.44

0.55

0.54

0.50

0.59

0.78

0.60

0.76

0.47

0.76

|

(<

0.

0.

0.

0.

0.

0.

1.

0.

1.

2b )

.65

41

41

34

51

97

09

07

05

M(6)

(eb3)

0.01

0.05

0.04

0.16

0.01

0.15

0.04

0.05

Mn(6)

(eb3)

-0.04

-0.03

-0.08

Note: No octupole moments are given. These will be treated in section

5.5.
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trend is found with increasing energy in the sense as expected by

Brieva (Bri78-2), Georgiev (Geo78) and Ronningen (Ron83). This is

probably due to the uncertainties in the nuclear reaction analyses.

On account of their reliability based on large systematical studies,

extended CC schemes, etc., we selected (table 5.14) some of these

values to lead us in the further discussions. Our choice of data has

been supported by the qualit> of the fit to the experimental results.

The reaction moments normalized with X on this way are found to

exceed by large the electromagnetic ones (normalized with Z). The

neutron quadrupole moments calculated via eq. 3.63 (table 5.14)

should be found to be more equal than the corresponding reaction

ones. This was indeed the case for the strongly deformed i52Sm and

l^Sm we will discuss now. This analysis yields for these two

isotopes rather large neutron quadrupole moments indicating that the

neutron distributions are much more deformed than those of the

protons.

This type of comparison of the deformations, however, is often

limited in the literature to a direct comparison between M and M ,,
E pp

the latter being normalized with Z instead of with X (eq. 3.61).
Neglecting the difference between V and V one can easily get

pp pn

information by comparison as the two values must be equal for equal

deformations. In some alternative studies (Mac76, Bar80, Ron83,

Kin78) it is concluded on this basis to nearly equal deformations for

the proton and neutron distributions in l^Sm by consistency between

(p,p') and (e,e') measurements of the E2 transitions. These

conclusions were derived from phenomenological analyses as well as

from parameter-free optical potential analyses (Bri78-2). This latter

included exchange effects in a local approximation and used

normalized (N/A and Z/A) similar neutron and proton transition

densities extracted from electromagnetic measurements. For 1&1*Sm

smaller moments where extracted from nuclear reactions than via

electromagnetic methods. These discrepancies were attributed to the

neglect of exchange effects (Geo78). Clear inconsistency also has

been observed between (p,p') and (a,a') results as (a,a') moments

overrate the charge density moments by about 20Z. This hampers the

applicability of the folding model in this kind of reactions. This

inconsistency could, however, originate from the neglect of the
specificity of V and V .

nn np
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To facilitate the comparison of our results with those from the

literature, we applied the same method of normalization to the more

recent data compiled here, implying scaling by Z/X. The results are

presented in table 5.15. We will discuss at length the 154Sm case

since it has been treated extensively by others. Our compilation

provides more consistency between (p,p') and (a,a') data in both the

two scaling procedures which would support the applicability of the

folding model. In all reaction the e'xtracted density multipole

moments now exceed the electromagnetic results, thus confirming our

results of the more strongly deformed quadrupole neutron

distributions, a result that disagrees with the findings of Clement

(Cle82-2). Similar trends observed in the M (4) for 151*Sm are still
n

more uncertain mainly because of the P,P, ambiguity. Results are
much less easy to interpret for 152Sm where the M (2) resulting from

n

the different reactions scatter around the M (2) value. Typical sign

inversion between the proton and neutron moments is found in the 2 6

moment of 152Sn (table 5.14), the only nucleus for which A.=6

electromagnetic moments have been found in the literature.

These specific neutron and proton densities are expected to

improve the failure observed in microscopic analyses of 1.04 GeV data

on 152Sm (Tab82) in which it was found that identical neutron and

proton shapes underestimate the cross sections for the higher spin

states (4^ and 6..).

The agreement for the extracted neutron quadrupole moments

(table 5.14) for ll4eSm and 150Sm is unfortunately less satisfactory.

The fluctuation of nuclear reaction moments around the

electromagnetic values are noted when the Z normalisation is used .

The X scaling of the density moments on the other hand gives

differences in the neutron and proton moments ranging from 0% till

30%, i.e. of the same order of magnitude as in 152>15l<Sm. This makes

the interpretation of the results very difficult. It might

nevertheless indicate that the number of protons and neutrons which

take part in the excitation must be distributed in different manners.

An analysis in terms of IBA-2 could provide information to clarify

the discrepancies.

In an attempt we pursue an interpretation in terms of the IBA

model as this accounts explicitly for the number of valence nucleons
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Table 5.15 Density moments for 151*Sm renormalized with Z/X. Same

references are used as in table 5.14.

A reaction M(2) M(4) M(6) M(3)

(eb) (eb2) (eb3) (eb3/2)

148 (p,p') 0.82 0.70

(n,n') 0.99

(d,d') 0.70 0.56

(T,T') 0.83 0.62

(a,a') 1.01

(e.e1) 0.83

IBA 1.04

150 (p,p') 1.04 0.13

(n,n') 1.28

(d,d') 0.93

(T,T') 1.12 0.22

(a,a')

(e,e') 1.15

IBA 1.25 0.26

152 (p,p') 1.78 0.47 0.01

(n,n') 1.70

(d,df) 1.88 0.39

(t.-u') 1.79 0.37 0.04

(a,a') 1.85 0.36 0.03

(e.e1) 1.86

(e,e') 1.85 0.55 0.16

IBA 1.71 0.54

154 (p.p1) 2.37 0.37 0.01

(n,n') 2.16 0.53 0.13

(d.d1) 2.10 0.63 0.03

(-t.t1) 2.17 0.47 0.05

(a,a') 2.38 0.61 0.04

(e,e') 2.10 0.47

IBA 2.04
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involved in low lying collective excitations. For the 152>15l*Sm

isotopes the number of proton (n ) and neutron (n ) bosons which
it v

could participate in the excitation process have about the same ratio

as N/Z (table 5.14). We could then expect excitation processes really
proportional to [c M + c M I with M ~N and M ~Z. The nucleusL p n n p p p J n p
1'*8SmJ however, possesses only two neutron bosons and six proton

bosons, which makes such a distribution of the excitations doubtful.

The neutron moments extracted from the other nuclear reactions are

afflicted with similar uncertainties.

To investigate these kind of effects we performed some IBA

calculations. Only the IBA-2 has been used since it takes neutron and

proton degrees of freedom into account explicitely. The hamiltonian

used is of the form:

H = e n + i c Q . Q + F M + V ( 5 . 2 )
d v it s vie nit

where the input parameters (table 5.16) have been taken from the

extensive analyses of Scholten (Sch80, Sch83, Sch85, Sch79) which

reproduced the phase transition between vibrator and rotator very

well. No different d boson energies are needed for the neutron and

proton components (e=e =e )• The neutron-proton interaction is taken
v it

of the pure quadrupole type:

Q = (s+d + d s + ) ( 2 ) + x (d+d" ) ( 2 ) ; p=v,u (5.3)

where x is not restricted anymore to the value of the SU(3) limit,

i.e. -/7/2 ~ ~1«3, and can therefore be different for the neutron and

proton parts. The Majorana force, which accounts for the symmetry of

the states with respect to interchange of ii— and v—boson degrees of

freedom (0ts85) is of the type (Sch85):

M - C - f s V - s V ) ( 2 ) . (Ï3 - I d ) ( 2 ) (5.4)

-2 E UdV)(k). fddf
. . , kv v it' l v it'

A small residual proton-proton interaction was also needed to improve

the fits to the energy levels:

',,-r-2,[(«)
(2)rv,)<2)J<0)
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Table 5.16 IBA-2 parameters used in the Sm analyses (Sch79).

148 150 152 154

n
n
n
v
e

k

x

*v

"d

h
co*
C2n

e =

= n +n
71 V

= 0.00

= 0.05

= 0.00

e = e

6

2

0.95

-0.120

-1.3

0.0

= 0.15 MeV

= 0.132 eb.

6

3

0.

-0.

-1.

-0.

70

080

3

8

6

4

0.

-0.

-1.

-1.

52

075

3

0

6

5

0

-0

-1

-1

.43

.081

.3

.1

These parameters reproduce the vibrational-rotational phase

transition mainly due to a sharp decrease of e and of x with

increasing neutron number.

The effective charges (e) have been chosen by Scholten (Sch79)

to reproduce the electromagnetic BE(2;2.+ 0.) in 15l*Sm obtained by

Coulomb excitation (Dia72) and are kept constant throughout the

isotopic series. The same effective charges have been taken for the

neutron and the proton components: e=e -e . The calculations of
71 V + +

Scholten reproduced with these parameters the BE(2;21+ 0.) and the
+ +

BE(2;4 • 2.) for the four isotopes by a choice of the E2 transition

operator of the form:

T(E2) = £ ^[(.ft, + d £ p )
( 2 )

 + X p
( 2 )(V p)

( 2 ) (5.6)

The transitions of multipoles \*2 were restricted to the dd terms.

The use of such a simple expression can be justified by the fact that
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Table 5.17 Proton and neutron components of the electric multipole

moments calculated in the IBA-2 frame using the

parameters of Scholten (Sch79).

148

50

152

154

M (X)

2

4

2

4

2

4

2

4

2.17

0.00

3.29

0.55

5.13

1.45

6.90

2.38

5.72

0.95

6.18

1.42

7.81

2.63

8.56

3.33

1.04

0.40

1.25

0.26

1.71

0.54

2.04

0.75

low excited states of the ground state band can be described in a

symmetric representation of the proton and neutron bosons in the

F-spin (0ts85). This implicates that the properties of these states

can be calculated by simply summing the operators of the proton and

neutron parts of the Hamiltonian.

This approach is different from the one of Moinester (Moi82) who

performed a simultaneous analysis of the transition densities for

electron scattering experiments on the four isotopes in an IBA-1

treatment. Identical matrix elements and identical equivalent form

factors then appear in his calculations. Different effective charges

are used to separate neutron and proton components. This was found to

reproduce successfully the electromagnetic BE(2) values. Also for the

(e,e') reactions Dieperink and Iachello (Die78, Die79) succeeded to

reproduce in the same IBA-1 approach the BE(2) values using form

factors fitted from 0,-2, and 0j~2, cross sections. This reproduced

the cross sections for the 2 badly. A fit of the matrix elements to
+ +

the 0^~22 transition density by use of form factors found reproduced

the cross sections at the expense of the BE(2) values. A more
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microscopic treatment, as IBA-2, separating neutron and protons

degrees of freedom is then invoked to ameliorate the results.

The IBA-2 approach we will follow is close to the one given by

Iachello (Iac81). The rotational CC treatment of our results makes it

difficult to separate first and second order terms. We therefore have

chosen to add the (d d) to the (s d + d s) terms for the neutron and

proton parts separately in order to get neutron and proton matrix

elements. This implied a simpler expression for our ME(2) electrical

transition operator:

M
I,IIT
f P (5.7)

with e as effective charges used to reproduce the experimental

values of the BE(2).

%

80

40

20

• Mn/ME(A)
A M V /ME(A)

A 148 150 152 154

Fig. 5.15 Relative contribution of the neutron and proton parts in

the IBA-2 quadrupole moments.
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We recalculated these values by using the codes NPBOS and NPBEM

(Sch79) to evaluate the proton and neutron parts of the E2 and E4

multipole moments (table 5«17):

M f\) = £ M (\); M (\) = e M (*) (5.8)
E p=v,K p p p p

A plot of the ratios of neutrons and proton contributions to the

total density moments M(2) is depicted in fig 5.15. The lower

contribution of the neutrons, though increasing with neutron number,

indeed supports our presumptions. Typical neutron excitations take

part into the electromagnetic process by the choice of the effective

charges of e =e =0.132 eb. This contradicts the Z normalization
v %

followed generally in which only protons can take part in the

excitation. Other effective charges could be necessary for other

reactions, which account for n-p, n-n and projectile-boson

interaction.

Differences in the proton and neutron effective charges could

then still reveal differences in the nucleon—nucleon interaction

strengths (V and V ) or different deformations for proton and
nn np

neutrons. We will therefore propose the following treatment of the

experimental data. In view of the abundance of data arising from

different inelastic scattering experiments we hope to extract some

more information.

We already pointed out the difficulty arising from the

normalization to a definite number of nucleons taking part in the

excitation. This problem is less perturbing in the IBA treatment

because the number of bosons is incorporated in the matrix elements

and the only normalization resides in the boson effective charges. We

therefore decided to adapt these effective charges to reproduce the

BE(2) as normalized to X-l. This implicates dividing the boson

effective charges by Z=62. Assuming that the proton and neutron

distributions differ only by the deformation, this gives us for the

electromagnetic moments:

r "e ̂ A + e»\) <5-9>
The moments for the various reactions are then:
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= e p « + e p M (5.10)
X v v v u n n
P

M i

-Siü = e p M + e p M (5.11)
X TV V VH7l II
n

MJ ,. M , (e + e )

Xd Xfl 2 LPv v Pu TCJ v

M . (2 e + e ) (2 e + e 1

-if - V - P A + — V ^ A (5.13)

where the effective charges should reflect the differences in the

nucleon-nucleon interaction. Identical effective charges are expected

for each isotope and for each reaction. The resolution of these four

parameters e , e , p and p from the equations 5.10 - 5.14 is

hampered by the mutual dependence of these equations. The problem has

therefore to be simplified by supposing equal neutron and proton

deformations. Solution of the remaining effective charges (e and e )
V 71

can then be effectuated by taking two of these equations. All the

values of e (resp. e ) must then give nearly the same results.
Tl V

Departures from this result could then be interpreted as differences

in the proton and neutron deformations.

To pursue our aim we began to adjust the effective charge given

by Scholten to reproduce exactly our adopted values for the

electromagnetic density moments. This supplied us with slightly

different electrical charges than those used in the IBA calculations.

Table 5.18 Effective boson charges (10 eb) needed in the IBA-2

calculations to reproduce the electromagnetic and nuclear

scattering quadrupole moments assuming equal proton and

neutron deformations.

A

e

e
ve
it

148

1.70

2.23

1.48

150

1.96

2.64

1.32

152

2.31

1.93

2.41

154

2.19

1.36

3.37
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(eb)
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1
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• err
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A 148 150 152 154

Fig. 5.16 Effective charges e, e and e as given in table 5.18.

If we adopt again the ratio of 3 between V and V , we find,
pn nn

when solving (5.10) and (5.11), a ratio of p /p ranging from 0.55 in

llt8Sm to 0.67 in 151*Sm. This latter value agrees with the difference

in deformations reported earlier in this section. Another approach is

taking (3 =(3 and comparing the effective charges solving the system

of (5.10) and (5.11) or of (5.12) and (5.13), i.e. comparing neutron

and proton scattering or comparing alpha and 3He scattering. The

comparison of e.g. proton scattering and alpha scattering is less

correct as exchange or break-up effects differ widely. We see in

table 5,18 and fig. 5.16 a decrease in e with an increase in e .
v it

It turned out, however, that combined analysis of alpha and 3He
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scattering gave inconsistent results partly due to a nearly

dependency of the equations.

Both methods of analysis reflect a stronger participation of

neutrons in the excitation of llt8Sm than predicted by the IBA with

only four nucleons away from a closed shell in this case- It is

therefore not unrealistic to suppose that additional 2p-2h

excitations of the assumed inert core contribute. In the heavier Sm

isotopes this effect becomes less important due to Pauli-blocking.

Concluding we may say that also the IBA analysis supports the idea of

a larger neutron deformation of ^^Sm, but that the uncertainty in

the effective boson number makes the result for the lighter nuclei

obscure.

Spin-orbit deformations

Variations in the spin-orbit deformations were also allowed as a

Table 5.19 Central and spin-orbit deformations in the CC analysis.

Vibrator first order (VI), second order (V2) or rotator

(R) model are assumed for the Sm nuclei.

A model 8„ 8, 8. 8, 8O 8. „ 8. 8,H2 ^3 [_4 J_6 2,so 3,2o 4,so 6,so

148 Vl(023) 0.125 0.145 0.153 0.038

V2(023) 0.124 0.147 0.174 0.074

150 Vl(023) 0.165 0.123 0.145 0.029

V2(023) 0.170 0.124 0.186 0.058

R (024) 0.162 0.037 0.122 0.026

152 R (0246) 0.225 0.074 -0.030 0.167 0.139 -0.001

154 R (0246) 0.313 0.032 -0.030 0.256 0.080 -0.016

* The numbers between the parentheses give the coupling scheme in

terms of the spin of the channels included in the CC calculations.
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Fig. 5.17 Variations in the 2^ channel attributed to corrections in

the spin-orbit deformation (full lines: 8 *6 ) in
so ^central

contrast to the earlier constraints (dashed lines:

The llt8Sm results are presented in the

first order (a) and the second order (b) vibrational modes

in a Oi'^-Bj^ CC scheme. The 15<tSm channels are calculated

in the rotational mode (c) for a °t"2T~4T~6t CC scheme"
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151(Sm(p,pI)15'»Sm; E =20.4 MeV.
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Fig. 5.L8 Changes In the 4^ and the 6. channels obtained for the

rotator ^'•Sm by tuning of the spin—orbit deformations.

Same conventions as in fig. 5.17.

last action to improve the fits to the experimental data for the low

lying levels. Effects of these are not visible in the elastic channel

and very small in the other even-parity channels in both vibrational

and rotational nuclei. Typical effects which, as expected, affect the

analysing power data most, are shown in fig. 5.17 for the 2. channel

of llt8Sm in the first and second order vibrational mode, and i5<*Sm in

the rotational mode. The results of the 4. channel of 151|Sm (fig.

5.18) seem hardly to be affected at all. A little improvement in the

forward angular region of the 6.. channel is accompanied with a
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iz.
dS

Imb/sr)

1'*8Sm(p,pI)ll(8Sm; E =20.4 MeV.

o.i -

0 30 60 90 120 150 IBO 0 30 60 90 120 ISO 180

Fig. 5.19 Effects of spin-orbit deformations on the 3, channel of

the first order vibrator 1>48Sin . Same conventions as in

fig. 5.17.

deterioration of the phase in the backward angular region.

The 3. states in the vibrational model are found to be the most

sensitive for p with about 10% and 20% decrease in, respectively,

cross section and analysing power. The analysing power still

presented for all channels small visual improvement in the backward

angular region at the expense of manifest damage at forward angles.

Typical results can be seen for first order vibrational calculations

of 11(8Sin in fig. 5.19.

A comparison with the central deformation strengths gives a

generally increasing trend in the quadrupole spin orbit deformation

obtained by vibrational calculations (table 5.19), while systematic

smaller p are given in the rotational mode. The variations in

"4..O
are not so clear, in contrast to a drastical reduction of the

and p. which are accompanied by the strongest variations in

analysing power, but from which the improvement is difficult to
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estimate. This contradicts the results of Ronningen (Ron83) who found

higher (3 values than the central f3's ones in an analysis o?
SO

scattering of 150 MeV polarized protons from 151*Sm. We arrive,

however, at the same conclusion, namely that the asymmetries fail in

confirming specific spin-orbit deformations for these nuclei.

5.5 The negative-parity channels: the two-phonon states and the

rotation-vibration model.

The analysis of multistep processes as those needed to excite

the nucleus in a higher energy state as the negative parity levels

(3 ,1 ,5 ) cannot only be interpreted as a test of the 0M parameters

and deformation strengths found in the more restricted coupling

schemes, but can also serve to confirm the nuclear reaction model

chosen in the first steps of the analysis. A consistent description

of all scattering data will provide more reliability to our analysis.

Moreover, a complete set of octupole deformation strengths through

the Sm chain can emphasize the vibrational—rotational phase

transition. Me will therefore try to explain the 1, and 5^ levels in

terms of mixing between one- and two-phonon states in the first and

second order vibrational picture while octupole vibrations

superimposed on a permanent symmetrically deformed nucleus are

invoiced to reproduce the levels of the K =0 band in the rotational

nuclei.

5.5.1 The method of analysis

In the same manner as given in section 5.4.1. we split the

analysis in a vibrational (i) and a rotational (ii) part.

i) The vibrational model

The pure harmonic picture using 0M parameters and deformation
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Fig. 5.20 CC scheme for the calculations of the negative parity

channels in the rotational model.

strengths (p ,p ) extracted from the general optical model as given

in section 5.4 has been applied in a first attempt to describe the

data. The pure two-phonon states 1^ and 5^ can be excited in not

only two successively first order steps in a first order vibrational

picture, but also by two simultaneous phonons in a second order

vibrational mode. Sometimes it is necessary to assign to these levels

a nixed character of both one- and two-phonon in the anharmonic

picture. A fit of both one-phonon strengths (PT) and mixing angle

($ ) as defined in section 3.4.1 have been made by the same code ECIS
+ + - -

in 0-2 -3-1 1 coupling schemes. Results are presented in the more

complete coupling scheme 0.-2^-3^-1.-5 allowing two-phonon

rearrangements between the 1.. and 5 level.

ii) the rotational model

The negative parity levels have all been studied in the same

model, i.e. those of octupole vibrations of a deformed nucleus. Only

the p, strength has been adjusted to reproduce the amplitude of the
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Fig. 5.21 First order vibrational calculations for the 1. and 5.

channels of 1'*8Sm. The anharmonic vibrator curve (full

line) resulted from mixing of a pure two-phonon component

obtained in a two steps process in the pure harmonic

vibrator model (dashed lines), and a one—phonon component

(dotted lines).

3ĵ  cross section around 30°. No dipole strength Pj has been taken

into account, also no corrections for translational invariance of the

centre of mass as defined in eq. 3.40 have been made. All the

calculations have been performed in the 0.-2,-4.-3^-1.-5. coupling

scheme as given in fig. 5.20 allowing first and second order interband

coupling as defined in section 3.4.3. Contributions of the 6. state
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Fig. 5.22 Second order vibrational calculations for the 1~ and 5~

channels of 1'*8Sni- Same conventions hold as In fig. 5.21.,

but including one step processes in the two-phonon

component.

have not been included as they were expected to be small. The OM

parameters and deformation strengths used have been taken from the

rotator analysis presented in sect. 5.4. including Pp,p, and 0

deformations. These were all assumed to be the same for the ground

state band and for the octupole band. The \=1,3 and 5 transfer could

therefore be obtained by coupling of the octupole strength with these
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Fig. 5.23 Comparison for 11<8Sm of first (full line) and second

(dashed line) order calculations in a mixing procedure as

explained in the text.

\=2,4 and 6 multipole strengths in the way described in sect. 3.4.3.

The external form factors and reduced matrix elements have been

introduced into the code ECIS. This allowed Taylor expansions for the

interband transitions and Legendre polynomial expansions for the

intraband transitions to be used together in one coupling scheme.
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5.5.2 The applicability of the models

i) The vibrational model:

Results of harmonic and anharmonic calculations together with

the one-phonon component needed to describe the data are presented in

fig. 5.21 and 5.22 for 11(8Sm only, as 150Sm gave almost identical

results-

Pure harmonic excitation of these levels is obviously too weak

as it provides magnitudes for the cross sections which are about an

order too low for the 1, state .and about a factor one-half to low for

the 5 channel. The insertion of second order processes influences

the two levels differently. The perfect agreement in angular phase of

the calculations compared to the data obtained in first order for the

1, channel is destroyed especially with respect to the analysing

power. In contrast to this, a clear improvement is noticed in the 5

channel with inclusion of second order processes. Their influence is

more pronounced for 150Sm: the two maxima in the backward angular

region are reproduced but the first maximum round 40° is washed out.

In fig. 5.23 we compare first and second order calculations for

the 1. channel of l"*8Sm. The results are rather similar with a

sligthly steeper slope in the cross section and with higher

amplitudes of the oscillations in the analysing powers in second

order. The first order model remained the best basis for reproducing

the 1. data as the diffraction structure is less pronounced in this

case.

The 5^ channel, on the opposite, is reproduced better in the

second order approximation which gives not only a better slope in the

cross section but also reproduces the first and last maximum as

combined effect of the direct one-phonon component (first maximum)

and simultaneous excitation of the two phonons (last maximum). The

angular phase of the analysing power for the 5. channel also better

matches with the experimental points. So these two channels are

contradictory in the picture of simultaneous excitation by two

vibrational phonons, the quadrupole and the octupole one.

Almost identical results have been found for the 150Sm nucleus

(fig. 5.24) where it is still more clear that a first order Taylor

expansion better agrees with the 1. channel, especially in the
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backward angular region of the analysing power. Some worsening,

however, can been observed in the 5 channel for the second order

model. Though it still reproduces the maxima in contradiction to the

first order calculations, it is too low in magnitude for the cross

sections as consequence of its being out of phase above 60°.

15OSm(p,p')15OSm; E =20.4 MeV.

O 30 60 90 120 ISO 180 O 30 60 90 120 150 180
8 C B (degl Bcp ld.9)

Fig. 5.24 First order (dashed lines) and second order (dotted lines)

vibrational calculations for the 1^ and 5, channels of
150Sm. Deformed vibrational results are given by the full

lines.
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ii) The rotational model:

As given in section 5.4, 150Sm could be described better as

rotator than as vibrator, especially with respect to the cross

sections, for excitations to the 0., 2. and 3. states. The

polarization data for these levels, pointed to the softness of the

deformation. It would therefore be of interest to look at the other

negative parity levels-

Figure 5.24 seems to support an intermediate vibrational-

rotational mode for this nucleus. The rotational model shows for the

1, cross section and analysing power a shift in the angular pattern

compared to the vibrational model, the data being intermediate

between these two calculations. The same type of phenomena are noted

for the 5, channel, illustrating again the transitional character.

Some discrepancies, however, are noted between the two CC models in

the shape of the cross section. The first maximum is reproduced only

poorly in the rotational mode implying the necessity of a direct

one-phonon component in the interpretation of this level. This could

be justified by the steeper slope in the cross section and the

smaller magnitude in the analysing power above 130° as can be seen in

fig. 5.21 and 5.22 for 148Sm.

Analysis of the 3., 1. and 5. levels of the K. =0 band has also

been made for 152Sm and 151(Sm. The peak at 0.922 MeV (8* and 1~

unresolved) in the 15l*Sm spectrum has indeed been identified as

mainly originating from a 1, level. This is supported by some

previous CC calculations performed on (p,p') measurements of 800 MeV

(Bar80).

Results are very satisfactory for 152Sm (fig. 5.25), especially

when we realize the approximation made in the present calculations in

choosing Taylor series instead of Legendre polynomial expansions.

Remarkably are the too large oscillations noted in the 1, and 5.

cross section, which could be attributed to the somewhat sloppy

choice we made to omit the corrections for transational invariance of

the centre of mass (eq. 3.40). The overall structure however is

reproduced very well with the exception of the second maximum in the

1, analysing power and the last maximum in the 5. cross section.

Some small shift in angular phase is also observed for the 3~ and

1^ calculations for the heavily deformed 151tSm (fig. 5.26) which
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Flg. 5.25 Deformed vibrational calculations performed for the 3., 1.

and 5. channels of the 152Sm rotator assuming

0 -2.-^-1.-3-5^, coupling schemes.
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Fig. 5.26 Deformed vibrational calculations performed for the 3~ 1~

and 51 channels of the 15l*Sm rotator assuming

0 - 2 - 4 - 1 - 3 - 5 coupling schemes.
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gives a much worse reproduction of the data. Not only a catastrophe

is observed in the description of the analysing power of the 3,, but

also too much strength for the 1 channel and a bad reproduction of

the analysing power in this channel. The 51 channel is described

somewhat better but still far from satisfactorily, especially in the

backward angular region of the analysing power. Some stronger

deformation could be at the origin of these discrepancies, which

would imply the need of a more prosper model analysis including the

Legendre polynomial expansions also for the interband excitations. It

will be clear that the analysing power of the 3. led us to perform a

number of calculations in order to get a more decent fit. No

satisfactory result could be obtained. The difficulties encountered

in fitting the data for the ground state band hampered us in

extracting reliable OM parameters, which turned out to be of

fundamental importance in the fitting of the negative parity levels-

Put and Harakeh (Put82, Har83) in an analysis of 50 MeV

unpolarized data for i!>2Sm by the code CHUCK (Kun69) using Legendre

Table 5.20 Deformation strengths needed in the analysis of negative

parity channels in the excitation of Sm nuclei at

20.4 MeV. The vibrational notations are those of Tamura

(Tam66).

A

148

150

*
model

Vl(02315)

V2(02315)

VI(02315)

V2(02315)

R (024135)

0.145

0.147

0.123

0.124

0.136

P01

0.020

0.032

0.020

0.033

-0.018

-0.017

-0.020

-0.190

PÖ5

0.055

0.033

0.042

0.021

P

0

0

0

0

i2
05

.016

.018

.008

.017

152 R (024135) 0.103

154 R (024315) 0.083

* Same conventions are used as in table 5.19.
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Table 5.21 Multipole moments for \=1,3,5 obtained by summing the

contributions of the first and second order form factors

in vibrator and rotational model (same conventions as in

table 5.20).

A

148

150

model

VI

V2

VI

V2

V3 )
Ci

0.91

0.91

0.78

0.79

ME(D

0.24

0.38

0.24

0.12

ME(5)

0.21

0.13

0.16

0.19

R 1.05 0.39 0.22

152 R 0.93 0.47 0.26

154 R 0.76 0.46 0.25

expansions found better results especially for the 3. and 1. data.

The code JUPITER (Tam67) was used by Barlett (Bar80) for a similar

kind of analysis of 800 MeV unpolarized data on lbl*Sm. This resulted

in the same kind of discrepancies in the 3. cross section but

nevertheless with a really good description of the 1 channel. It

would be of great interest to reanalyse our own data with a modified

version of CHUCK to get proper information for the heavily deformed

isotopes.

5.5.3 Deformation strengths and multipole moments

An extended comparison for the deformation strengths found in

the literature could not be made for the negative parity levels.

Experiments on these levels have been reported seldom because of

difficulties in the measurements. The deformation strengths resulting

from our analysis are given in table 5.20. The vibrator-rotator
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transition is marked clearly by a steep decrease of the octupole

strength, which agrees with the first estimate made in the DWBA

calculations in section 5.3. The two excitation paths, two- and

one-phonon creation, leading to the 1. states, compete with each other

with the same excitation strengths which results in a large

sensitivity to interference. The 5. two-phonon excitation strength

clearly overrules the direct one-phonon strength as long as second

order excitations are not included in the calculations. This

illustrates the complexity of the interaction model for these

channels, which makes the interpretation in terms of density moments

really difficult. Their values, obtained by summing both first and

second order terms for vibrator and rotator models are given in table

5.21. A remarkable jump is observed between the rotational and

vibrational results for it>uSm. A similar type of difference, but less

pronounced, occurred in the even X-multipole moments of this nucleus.

Whereas decrease is observed in the octupole moments, quasi constant

X.=l and \=5 moments are found for the four nuclei by including the

variety of results obtained by the different analyses. Further

discussion'about this would need comparison with electromagnetic

results which are up till now found to be very scarce.
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Table 5.A Review of the most important references for experimental

results concerning the collective properties of the Sm

isotopes.

method of analysis reference

(P.P1) Pal83

Ron83

Put82

Tab82

Ray 81

Bar80

Bri78

Bri78

Geo78

Kin78

Kur78

Kur73

Kur72

Woo72-1

Kur71

Bar71

Kru71

Woo70

Ful70

Bro70

Sto67

Ken64

(n,n') Lag83

Bri78

E1177

(d,d') Hat83

Cle82-1

Cle82-2

Bak75-2

Vej68

A

144-154

154

152

144,150,152

154

154

154

152,154

154

154

148,154

148,152

148,154

X44-154

148,152

152

148-154

148

144-154

148-154

144-154

152,154

154

152,154

148-154

144-154

152,154

144,152,154

148,152

148-154

*
energy (MeV)

25.6

134-P

50

1040

800

800

35

50.8

35

12

24.5-P

12

50.8

24.5-P

24.5-P

16

49.5-P

50.8

16

16

12

7

7

7

56-P

20-P

20-P

15-P

12.1
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Table 5.A (continued)

(x.-c') Pal79

Cla77

Woo72-2

(a,a') Apo70

Gle68

Hen68

(e,e') Reu83

MoiBl

Car78

Nak77

Coo76

Ber72

Coulomb(a,a') Fis77

Lee75

Sha74

Vej68

(P.P1)

&(d,d') Elb60

( 1 6O, 1 6O'Y) Dom74

Sim67

(35C1,35C1') Sie77

("*°Ar,'t0Ar') Dia72

review ref. Ber67

muonic atomes Bar79

Yam78

144-154

144-154

144

154

148,154

152,154

152

144-152

152

152

152,154

152

152,154

154

152,154

148-154

148-154

152

148,150

152

154

150,152

148,152

150,152

40.9

53.4

53.4

27.5,30,32.5

50

50

251.5 5, 401.4

35-350

250

35-110

50-105

11.25,12

11,13

8-17

15.1,16.1

4.5

41.0-59.1

19-27

132,143

146

-

-

-
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Table 5.A (continued)

IBA Ots85

Sch85

Chu84

Kin84

Sch83

Ari82

Cas82

G1182

Moi82

Sch8O

Cas79

Die79

Sch79

Sch78

Die78

Suj77

148-154

148-154

150,152

148-158

148-154

144-156

148-158

148-154

144-154

148-154

146-156

146-156

148-154

148-154

150-154

150

IBA-2

IBA-2

IBA-1

IBA-1

IBA-2

IBA-2

IBA-1

IBA-2

IBA—1 & form factors

IBA-1,IBA-2

IBA-1

IBA-1

IBA-2

IBA-1

IBA-1

IBA-1

* P means polarization data included.
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SUMMARY

Measurements of the differential cross sections and asymmetries

in the inelastic scattering of 20.4 MeV polarized protons from

l"*8> 150' 152»15itSin h a v e b e e n u s e d t o investigate the collective

properties of these nuclei, i.e. the vibrator-rotator phase

transition, the deformations and the density moments.

Experimental results included data for both the positive-parity

states 0. ,2, , (4, ,6, ) and the negative parity states 1,,3.,5,, which

systematics gives more reliability to the extracted physical

quantities of interest.

Phenomenological optical potentials have been carefully

evaluated following the lines of a "generalized optical model"

developed in this work. Taking the backward coupling of the inelastic

channels to the elastic channel into account in a CC context, the

final OM parameters have been fixed by a fit to the elastic data

only. The backward angular region of the elastic cross section and

especially of the analysing power then played a primary role but

supplied us with better defined OM parameters. This restricted the

nuclear structure effects essentially to the spin-orbit part of which

the strength decreases with increasing neutron number. We noticed

also a slight enhancement of the volume integral J with neutron

number.

A DWBA and especially a more extended CC study of the phase

transition has been performed where ll48'150Sm have been analysed in

the first and second order vibrational model. The rotational model

has also been applied to the transitional nucleus 150Sm, and moreover

to the rotators 152Sm and 15"*Sm. Whereas the vibrational model gives in

first order a better description of the 2. and 3. channels than the

second order, the rotational model seems indispensable for a

description of the cross sections for the low-lying levels of all the

four isotopes. The analysing power of the 150Sm levels illustrates

the soft character of its deformation. The two-phonon states 1, and

5̂  of the vibrators are mutually contradictory, as they do not both

sustain the possibility of simultaneous excitation by quadrupole and

octupole phonons. The transitional character of 150Sm is illustrated

also by these two levels needing intermediate calculations between
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vibrational and rotational models. A very good description of the

octupole band has been obtained for 152Sm. Less satisfactory results

for i51*Sm are attribuated to the approximations made in the interband

form factors in our analysis and to great sensitivity to the choice

of the OM parameters.

Deformation strengths have been analysed in terms of density

moments as comparison with other experiments such as the

electromagnetic ones are then possible. Detailed discussion is given

for the quadrupole moments, which are the ones defined best. No trend

is found with incident energy. Scaling of the moments with the proton

number Z resulted for 1;>'*Sm in consistency between (p,p') and (a,a')

results, which supports applicability of the folding model for the

latter reaction. Incorporation of the ratio 1/3 between the

proton-proton and the proton-neutron interactions leads in 152Sm and

l^Sm to a stronger quadrupole deformation of the neutrons than of

the protons. This has been confirmed for 154Sm by inserting IBA-2

results into the quadrupole moment calculations. Uncertainties in the

effective boson number make the results for the lighter nuclei more

uncertain. Noteworthy are also the very small M(6) values and the

decrease of M(3) with increasing neutron number, while M(l) and M(5)

remain stable. We also noticed that variations in the spin—orbit

deformations did not clearly improve the agreement between experiment

and theory.

In conclusion: we have seen in our experiments the well-known

phase transition in the Sm isotopes. Especially the analysing power,

though described sometimes rather poorly, served as a clear

indication. The description of this phenomenon by means of CC

calculations was only partly succesful. It is an open question if a

better description of cross section and analysing power

simultaneously can be obtained in a still more extensive collective

analysis.
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SAMENVATTING

In dit proefschrift zijn metingen van inelastische verstrooiing

van gepolariseerde protonen aan l1*8'150> 152> 151(Sm kernen gebruikt als

middel om de kollektieve eigenschappen van deze kernen te bestuderen,

d.w.z. de vibratie-rotatie overgang tussen ilf8Sm en i51(Sni, de

deformaties en de multipool momenten.

Een scala aan experimentele metingen betreffende zowel niveaus

met positieve pariteit, 0.,2, , (4.,6,), als met negatieve pariteit,

1 ,3 ,5 , leidde tot een vrij grote betrouwbaarheid van de verkregen

resultaten.

Een gegeneraliseerd optisch model (OM) waarin de terugkoppeling

van de inelastische kanalen naar het elastische kanaal expliciet in

rekening is gebracht bij een aanpassing aan het elastische kanaal, is

ontwikkeld. De metingen in het achterwaartse hoekgebied, vooral van

de analyserende vermogens blijken dan een belangrijke rol te spelen

in het vastleggen van de door deze methode beter gedefinieerde OM

parameters. De effecten van de veranderende kernstruktuur kwamen nu

in het bijzonder te voorschijn in de spin-baan potentiaal, waarvan de

sterkte drastisch afneemt met toenemend neutronenaantal.

De vibratie-rotatie fase-overgang is bestudeerd in de zogenaamde

DWBA en CC benaderingen. Hierbij werd voor de ll+8Sm en 150Sm kernen in

eerste of tweede orde vibratiemodel gerekend. De 150Sm kern werd

daarnaast ook als rotator opgevat, terwijl 152Sm and i51*Sm alleen als

rotatoren werden beschouwd. De beschrijving van de 2. en 3.

differentiële werkzame doorsnedes lukte in het algemeen beter vanuit

het rotatiemodel. Het overgangskarakter van 150Sm blijkt dan vooral

uit de analyserende vermogens. We spreken in dit geval van een zachte

deformatie. Opvallend is het tegengestelde karakter van de twee fonon

niveaus, 1. en 5. waarvan de een beter beschreven wordt door een

vibratiemodel in eerste orde en de ander in tweede orde. Dit

belemmert een duidelijke uitspraak over de mogelijkheid van

gelijktijdige excitatie door middel van een quadrupool en een

octupool fonon. Het overgangskarakter van 150Sni komt ook hier tot

uiting doordat experimentele punten tussen resultaten van de

vibratie- en rotatiemodellen in liggen. Terwijl vibratie-rotatie
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berekeningen ^^Sm vrij goed beschrijven, zijn er aanmerkelijk minder

goede resultaten geboekt voor i51*Sm. We denken, dat dit te wijten is

aan onze benadering in de interband vormfactor en aan een grote

gevoeligheid voor de keuze van de OM parameters.

De deformaties van de kernen zijn verder bestudeerd in termen

van momenten van dichtheidsverdelingen, die vergeleken worden met

resultaten van onder meer (e,e') experimenten. De discussie is

hoofdzakelijk weergegeven aan de hand van de quadrupool momenten, die

het best bekend zijn. Resultaten van (p,p') en (a,<z') experimenten

blijken na normering van de momenten met het aantal protonen Z in de

kern onderling consistent te zijn. Dit ondersteunt de toepasbaarheid

van het zogenaamde "folding model" voor (a,a') reacties. Bij gebruik

van de algemeen aanvaarde verhouding 1/3 tussen de proton-proton en

de proton-neutron wisselwerking zijn er grotere quadrupool

deformaties gevonden voor de neutron verdelingen in vergelijking met

de proton verdelingen. Berekeningen aan de hand van het IBA-2 model

bevestigen deze resultaten, althans voor ls>1*Sm. Onzekerheden in het

effectieve boson aantal maken conclusies voor de lichtere kernen

moeilijker. Opvallend zijn verder de zeer kleine waarden voor M(6) en

het afnemen van M(3) bij toenemend neutron getal, terwijl M(l) en

M(5) constant blijven. Ook is gebleken dat variaties in de spin-baan

deformatie geen duidelijke verbetering brengen in de overeenstemming

tussen experiment en theorie.

Als eindconclusie kunnen we stellen dat de bekende fase-overgang

in the Sm isotopen ook in ons onderzoek experimenteel werd

geconstateerd. Het nut van experimenten met gepolariseerde protonen

blijkt uit het feit dat in het bijzonder het analyserende vermogen,

alhoewel soms slecht beschreven, diende als een belangrijke

indicatie. Deze fase-overgang kon met behulp van gekoppelde kanalen

niet bevredigend worden beschreven. Het blijft een open vraag of een

betere beschrijving van werkzame doorsnedes en analyserende vermogens

alsnog verkregen zou kunnen worden in een nog uitgebreidere

kollektieve analyse.
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