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Preface

In this thesis an experimental study of the properties of the giant

monopole resonance (GMR) In nuclei is described. The main subject is the

study of the neutron decay of the GMR in Pb, described in chapter 5,

and the fission decay of the GMR in 2 3 8 U , described in chapter 6.

Furthermore the strength distribution and decay properties of the

monopole strength in Mg and Ca were studied. Only part of this is

included in this thesis; in chapter 4 the strength distribution of the

isoscalar monopole (and also of the isoscalar dipole) strength as

obtained from the angular distribution of the excited strength at small

scattering angles are discussed, a full account of it will be given

elsewhere.

For the excitation of the GMR inelastic scattering at very small

scattering angles, including 0°, of 120 MeV a-particles was employed.

The experimental technique for performing thus type of measurements at

the KVI was developed in the course of this study and is the subject of

chapter 3.

In chapter 1 a short review of the status of electric giant

resonances with the emphasis on the GMR is given, while in chapter 2

some theoretical aspects of the DWBA analysis of inelastic a-scattering

data are discussed.

The research described in this thesis could not have been performed

without the support of the University of Colorado, Boulder, and the AFI

in Stockholm, Chalmers Institute of Technology, Göteborg, the University

of Lund and the University of Uppsala, who kindly lended to us the
?f)ft

neutron detectors needed in the experiment on Pb. The parallel plate

avalanche detectors used for detection of the fission fragments in the

experiment on the fission decay of the GMR in U were obtained from

dr. H. Janszen of the University of Bonn.

Part of the work described in this thesis has already been

published elsewhere, a list of these publications is given below.
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A van der Woude, Nucl. Phys. A441 (1985) 591
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S. Brandenburg, W.T.A. Borghols, A. G. Drentje, L.P. Ekström,

M.N. Harakeh, A. van der Woude, A. Hakanson, L. Nilsson, H. Olsson,

R. De Leo and M. Pignanelli, submitted to Phys. Rev. Lett.
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H.J. Lu, S. Brandenburg, R. De Leo, M.N. Harakeh, T. Poelhekken and

A. van der Woude, submitted to Phys. Rev. C
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Chapter 1 Introduction

Giant resonances in nuclei have been the subject of study for over

forty years now. This started with the observation [Bo37] by Bothe and

Gentner of anomalously large yields in the absorption of 17 MeV ph 'tons

in some nuclei. A first theoretical interpretation was given in 1944 by

Migdal [Mi44], who predicted the existence of a resonance in the

absorption cross section of electric dipole radiation by nuclei. A

confirmation of this piediction came in 1947 from the work of Baldwin

and Klaiber [Ba47,Ba48] and soon afterwards it became apparent that the

existence of the giant dipole resonance (GDR) is a common property of

all but the very light (A < 4) nuclei, as is illustrated in the review

of experimental data on the GDR by Berman and Fultz [3e75].

Theoretical explanations of the properties of the GDR in terms of a

hydrodynamical model of the nucleus, in which the GDR is described as an

out-of-phase movement of the proton and neutron fluids were soon given

by Goldhaber and Teller [Go48] and later by Steinwedel and Jensen

[St5O]. One of the more spectacular successes of a more refined version

of the model is the good agreement between the predicted [Da58,0k58] and

observed [Fu58] splitting of the GDR in deformed nuclei.

A property of the GDR that indicates that it should also be

possible to describe the GDR using a aicroscopic model is the fact that

its total excitation cross section in photon absorption obeys the

Thomas-Reiche-Kuhn sum rule [LebO], which is based on the assumption

that the nucleus is a system of particles bound by a harmonic potential.

This sum rule is an example of an energy weighted sum rule (EWSR), which

will be discussed in more detail in section 2.1.

The first attempts to describe the GDR microscopically are due to

Elliot and Flowers [E1S7] and Brown and Bolsterli 'Br59], who described

the GDR as a coherent superposition of lfiu lp-lh states. By introducing

a particle-hole residual Interaction with a repulsive isovector part the

excitation energy of the GDR, which is an isovector mode, is increased

with respect to the unperturbed energy of E = 41'A MeV. A large

number of calculations (see e.g. [Be77] for a review) has been done in
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the lp-lh framework. The results vary, depending on the specific

assumptions, but almost all the calculations underestimate the width of

the GDR. The explanation for this underestimation is that in the

calculations the coupling of the lp-lh states to more complex

configurations of 2p-2h character through the residual interaction is

neglected. This coupling results in an extra contribution to the width

of the GDR, the so-called spreading width r+. This effect is best seen

in heavy nuclei, where both the intrinsic width of the lp-lh states and

the spread in energy of these states, the so-called Landau damping, are

small with respect to the observed width. In light nuclei where the

energy spread and intrinsic width of the lp-lh states are much larger,

the effect of the coupling to 2p-2h states is a fragmentation of the

GDR, in agreement with the experimental results [Be75].

On the basis of the above considerations the observed width of the

GDR has been factorized in terms of three contributions:

r = r + + r + + A (i-i),

where rt is the width due to the intrinsic width of the lp-lh states,

the so-called escape width; IN- is the width due to the coupling of the

lp-lh states with more complex states, the so-called spreading width,

while A is> the contribution to the width due to the spread in the

excitation energies of the lp-lh states, the Landau damping. The values

of T+ and r+ can be determined by studying the decay properties of the

GDR: decay by particle emission of the lp-lh states (direct decay) will

preferentially populate specific hole states in the final nucleus,

whereas the decay of the 2p-2h states or of still more complex states,

to which they can couple, will lead to population of many more states

and will resemble very much the decay of a compound nuclear state, which

is governed by transmission coefficients and level densities.

Experiments on the decay of the GDR have been performed [Ku67,

Ca69,Yo72] for a few heavy nuclei, where the GDR decays by neutron

emission. It was found that most of the decay proceeds via the 2p-2h

configurations. A decay branch of at most 10 - 20 % branch has beer,

attributed to direct decay by particle emission of the lp-lh
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configurations. Qualitatively this is in agreement with the expectations

based on the comparison of t.ie observed and calculated widths.

The conclusion based on these measurements that the GDR decays

mainly statistically has been confirmed by measurements of photon

induced fission in actinide nuclei [Ve73,Ca80], where it was found that

the fission probability of the GDR is similar to that of the compound

nucleus as measured in neutron induced fission. In light nuclei

where n- is expected to be relatively small and where consequently the

direct decay of the lp-lh states is expected to dominate, the

experimental data, mainly obtained from radiative capture experiments,

show [Ha77] that this is indeed the case.

monopole

dipole

quadrupole

p'ln

AT-1
A S = I

fig. 1.1 Schematic representation of the first three ctultipolarities of
the four independent modes of giant resonances.

Soon after the development of the hydrodynamical model it was

realized [Da52] that giant resonances of multipolarity other than El

might also exist. In fig. 1.1 the hydrodynamical representation of a few

of these is depicted schematically. Of special interest is the isoscala:."
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electric monopole giant resonance (GMR), the so-called breathing mode,

since its excitation energy can be related to the compressibility of

nuclear matter [Wa62,We66]

where k^ is the compressibility of the nucleus, m is the nucleon mass

and TQ is the radius of the nucleus.

The first of these other giant resonances to be discovered was the

isoscalar electric quadrupole giant resonance (GQR), that was observed

both in inelastic electron [Pi71,Fu72] and proton [Le72] scattering. The

systematics of the GQR has since been studied extensively (for a recont

review see [Sp81]), mainly through inelastic cc-scattering, which very

selectively excites isoscalar electric modes. Similar to the GDR the GQR

has been observed in most nuclei. In nuclei with mass A > 40 it occurs

as a single resonance at an excitation energy E = 65'A MeV and

with a width between 3 and 6 MeV, the smaller width occurring in the

heavier nuclei. The observed excitation energies for the GQR are in good

agreement with the results obtained from either hydrodynamical or

microscopic calculations. In terms of the latter it can be described as

a 2T1L0 excitation, which has an unperturbed excitation energy of

E = 82#A MeV. Due to the attractive nature of the isoscalar part of

the residual particle-hole Interaction the energy is slightly lowered.

The observed width of the GQR is, as in the case of the GDR,

considerably larger than the predictions from microscopic calculations

In a lp-Lh basis [Go82].

For the GQR, like for the GDR, an energy weighted sum rule (EWSR)

can be defined. This sumrule is to a large extent exhausted by the

observed quadrupole strength in nuclei with mass * > 40. An Impression

of the systematics of the GQR can ae obtained from fig. 1.2, where the

results for the excitation energy, width and percentage of the EWSR

exhausted are given throughout the mass table.

In light nuclei (A < 40) the GQR does not appear as one single

resonance in the spectrum; the strength is distributed over many
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80 120 160
MASS NUMBER A

fig. 1.2 Systematics for the excitation energy E x, width r and fraction
S of the T = 0, E2 energy weigthed sum rule (EWSR) of the GQR
as observed in nuclei with mass A > 40. The different symbols
refer to the different laboratories where the data have been
obtained [Sp81].

iragments with a typical width of a few hundred keV in a large

excitation energy interval [B08IJ. This indicates that for the GQR as
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for the GDR the spread In energy of the individual lp-lh states becomes

large and that the GQR can no longer be considered as a very collective

phenomenon In these nuclei. In general the fraction of the EWSR

exhausted is considerably less than ICO % in light nuclei. Most probably

this is due to the fact that in the same excitation energy region also

strength of other multipolarities resides, thus obscuring the L = 2

strength. Another reason may well be the background subtracted from the

experimental data, which is subject to large uncertainties and thus

strongly influences the amount of strength (see e.g. [Bc/81] and [Zw85]).

The particle decay of the CQR has been studied in about 10 nuclei

over the mass table, though mainly in light nuclei where it mostly

decays by emission of charged particles, which are relatively easy to

detect. The obtained data show that the direct decay of the Ip-lh states

becomes less and less important with increasing mass of the nucleus

jZw85,Kn79,Y.o77(Wa82], but that a small direct component seems io remain

even for the heaviest nuclei [St81,Ok.82,E j84]. In actinlde nuclei the

fission decay of the GQR has been studied extensively, leading to

conflicting results [Ha84]. The final conclusion seems to be (Ha84] that

the fission decay of the GQR Is smaller than that of the compound

nucleus, in contrast to the GDR. An explanation for this result has not

been given so far.

The picture of the GCJR arising from the experimental data Is very

similar to that of the GDR: in heavy nuclei it is very collective and

decays mainly statistically; in lighter nuclei It spreads over many

fragments in a large excitation energy interval and decays to a large

extent directly. A similar behaviour is also observed in theoretical

calculations on the properties of the GQR. In heavy nuclei the

excitation energy and strength are correctly predicted, while the width

is consistently underestimated by the calculations. The origin of this

discrepancy is again to be found in the fact that in the calculations

the coupling with 2p-2h states is neglected. When these are taken into

account, predicted widths [Ha82,Sch84] are in gooa agreement with the

experimental values. In light nuclei the inclusion of the 2p-2h states

In the calculation leads to a fragmentation of the GQR, in agreement

with experimental findings [Go82].
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The first indications for the existence of still another giant

resonance, the isoscalar electric monopole giant resonance (GMR) came a

few years after the discovery of the GQR from the comparison of (d,d')

and (a,a') data [Ka75]. Further indications came from (e,e') [Fu76,Sa77]

and (a,a') [Ha77a,Ha79] experiments, but these did not result in

decisive evidence due to the similarity of the form factors and the

angular distributions for the GQR and the GMR.

The confirmation of the existence of the GMR came from small angle

inelastic «-scattering data [Yo77a] taken at the Texas ASM University.

At small scattering angles the angular distribution of the GMR exhibits

a very strong maximum at 0° and a deep minimum at a scattering angle

between 3° and 5°, depending on the mass of the nucleus, which allows an

unambiguous identification of the monopole character of the excited

strength.

-20

-15

100 zpo

lioo

Lso

. o ' - • ' ' ' 100 20O

fig. 1.3 Systematics on excitation energy, width and fraction of the
T = 0, EO EWSR of the GMR as obtained at the ISN Grenoble
[Bu84].
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Most of the systematics on the GMR has afterwards been obtained at

the Texas ASM laboratory [Ga84,Yo81,Ca80,Ro80] and at the ISN Grenoble

[Bu79,Le80,Bu80]. The systematics on excitation energy, width and

fraction of the EWSR exhausted is summarized in fig. 1.3 [Bu84].

For nuclei with mass A > 140 the structures in the spectrum

corresponding to the CMR and GQR are quite well resolved, their width

being smaller than the separation. The strength exhausted by the GMR as

found from the data by the Grenoble group is generally considerably

lower ( up to a factor 2) than that found by the Texas A&M group. This

discrepancy is at least partly due to the experimental problems

associated with small-angle inelastic scattering experiments. In

inelastic scattering data the (GMR+GQR) structure is superimposed on a

huge background, which at small scattering angles is of both physical

and instrumental nature, causing large uncertainties in the extracted

cross sections. Another problem is the smearing of the angular

distribution due to the finite opening angle of the detectors, which is

especially important for the GMR with its steep angular distribution.

This smearing tends to decrease the apparent strength.

In the lighter nuclei (A < 90) both the GMR and GQR acquire a

larger width and cannot be separated easily. The Grenoble group

[Bu79,Le8O] has derived the relative contributions of the GMR and GQR

from the angle dependence of the centroid energy and the width of the

total (GMR+GQR) bump in the spectra, assuming that for angles larger

than about 4° the structure is essentially due to the GQR. Together with

the smearing of the angular distribution this assumpcion leads to an

underestimation of the GMR strength. This underestimation will become

larger when the separation of the two components becomes smaller with

respect to their width. As can be seen from fig. 1.3 the excitation

energy of the GMR has a tendency of being lower than the hydrodynamical

prediction E = 80'A MeV in lighter nuclei, and thus its excitation

energy is getting closer to that of the GQR, whereas the width stays

more or less constant. These effects tend to give rise to an apparent

decrease of the GMR strength to decrease with decreasing mass A as has

been observed experimentally (see fig. 1.3).
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The lowering of the excitation energy with respect to the value

predicted on basis of the compressibility of nuclear matter [Wa62,We66]

has been attributed to surface effects [B180], which lower the nuclear

compressibility for a finite nucleus with respect to that for infinite

nuclear matter. A more detailed discussion of this point will be given

In chapter 4.

In deformed nuclei it has been observed [Ga84,Ga80,Bu80,Mo82] that

the GMR is split into two components. This splitting can be explained by

the coupling of the GMR with the K = 0 component of the GQR

[Za78,Ab80,Ja83], resulting in a redistribution of the strength for

both. The theoretical predictions for the splitting in the various

nuclei are in reasonable agreement with the experimentally observed

values. In chapter 6, where the decay of the GMR in U is discussed,

will be given more attention to this phenemenon.

In contrast to the GDR and GQR there is very little experimental

information available on the decay properties of the GMR. So far only

one experiment [Ey84] has been carried out, studying the decay of the
90ft

GMR excitation energy region in Pb. Although the authors claim [Ey84]

that about 15 % direct decay of the lp-lh states, that constitute the

GMR, has been observed, a more recent and complete analysis [D184] shows

that the data, which refer to the GMR and the underlying continuum,

could be completely explained without assuming any direct decay.

The results of theoretical calculations on the decay of the GMR do

not give a consistent picture. Some calculations [Ha82] indicate that

the decay is completely statistical, while according to other approaches

coupling to low-lying surface vibrations [Be83] or direct decay [Va81]

play an important role. In chapter 5 of this thesis, where an experiment

on the neutron decay of the GMR in Pb will be described, this problem

will be discussed in more detail.
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Chapter 2 Relevant theory

2.0 Introduction

The excitation of a giant resonance can be described quantum-

mechanically by an operator connecting the ground state and the giant

resonance. For isoscalar operators it can he snown that the total

transition strength of this operator depends on the ground state

properties only. These so-called sum rules are discussed in section 2.1.

In section 2.2 the formalism of the distorted wave Born

approximation (DWBA), which is used to calculate the theoretical angular

distributions is described. Also the determination of the experimental

transition strengths from the comparison of the theoretical and

experimental angular distributions will be discussed in this section.

The angular correlations for the decay of the excited states can be

calculated using DWBA generated m-state populations. The strong

Influence of the experimental geometry on the expected angular

correlation is discussed In section 2.3.

Especially in the study of the decay of the excited strength in

heavy nuclei the predictions from statistical model calculations are an

important point of reference. A short discussion of the formalism will

be given in section 2.4.

2.1 Sum rules for excitation of isoscalar giant resonances

The process of excitation of a nucleus in inelastic scattering of

hadrons can be described in terms of an operator that connects the

nuclear ground state with the excited states, which may be either

discrete states or continuum states. The response function of the

nucleus to the operator is then given by

RjXE) = Z |<<I>JF|+O>I
2 6 < V E > (2.1.1.),

n

where the sum should be interpreted as an integral over the energy for
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ths continuum part of the spectrum.

This response function Rp(E) can be characterized by its moments

m^F) = ƒ (E -E0)
kRF(E) dE = Z (E n-E 0)

k |<<!n |F |*0> |
2 (2.1.2).

n

It can be shown that the odd moments depend only on the operator

mediating the excitation, the ground state wavefunction and the nuclear

Hamiltonian [Go82J. Of these especially the first order Moment, the so-

called energy weighted sum rule (EWSR), is of interest since it is

generally used as a measure of the strength of excited states. It is

defined as

SF = Z (En " V ' l<*JFIVl2 (2.1.3),
n

which for Hermitlan operators is equal to [Bo69]

SF =4E < ( t Jol [ F' H 1' F ]iV (2.1.4).

In deriving the EWSR for excitation of isoscalar multipole strength

in inelastic scattering of e.g. a-particles the center of mass motion

should be taken into account in order to obtain the correct results, as

has been done by Deal and Fallieros [De73J. The operator for excitation

of isoscalar multipole strength In inelastic scattering is in the

intrinsic coordinate system given by

F(<f) = I I e " 1 ^ = - T 1 ^ F(q>) (2.1.5),
A k

+ • > • > * > 1 *

where r' = r - R, R is the center of mass coordinate R = — X r and q

the momentum transfer, while the summation runs over all nucleons.

A multipole decomposition of the operator leads to

F(oJ = /Tic S (-i)K /TWÏ F(X)(q) (2.1.6),

where F(X)(q) = i Z i^1^ Y l ( a < ) (2.1.7).

Expansion of the spherical Bessel functions j,(qr) up to second order in
A
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qrk then leads to two operators Q^ ' and P

Q(X)= k £ ^ °

k

which are similar to the usual isoscalar electric multipole operator for

multipolarities X > 2 and the second order isoscalar electric multipole

operator. The latter is important for the excitation of isoscalar

monopole and dipoie strength. If we now assume that the operator

commutes with the potential energy part of the Hamiltonian (i.e. the

forces are velocity independent), the commu:ation relation in eq.

(2.1.4) can be rewritten as

Using the multipole expansion of the operator F as defined in (2.1.6)

and (2.1.7) and the expansion of the spherical Bessel functions as

defined in (2.1.8) one can then derive the expression for the right hand

side of eq. (2.1.4) for the various multipoles.

For the multipoles X > 2 the first order term Q is the leading

term, resulting in

Sp = E E f B(ISX,Ji+Jf) = |£j \(2\+l>' -j- <r
X"2> (2.1.10),

\— 2
for the EWSR for excitation of these multipoles, where <r > is the

radial moment with respect to the ground state density.

For excitation of isoscalar monopole and dipoie strength the second/ -, \

order operator P is the leading term. For the monopole case the first

order term is a constant not leading to any excitation. For the

isoscalar dipoie the first order term would lead to a spurious

excitation of the center of mass- This can be taken care of by the use

of the proper coordinate system.
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A detailed discussion of the isoscalar dipole case has been given

by Harakeh and Dieperink [Ha81], leading to

Sp = E E f B(ISl,Ji+Jf)

< r 2 > 2 ' 1 0

E „ D = 65 •A"1''3 MeV and E r = 8O'A~1/3 MeV are the excitation energies

of the giant quadrupole and monopole resonances, respectively. For the

isoscalar monopole EWSR one finally finds

SF = T Ef B(IS0,Ji*Jf) = ^ f - < r 2 > (2.1.12).

In the expressions (2.1.10) through (2.1.12) the expectstion

values <r ? are to be evaluated in the intrinsic coordinate system,

whose coordinates have been specified by the primed variables r':

2.2 DWBA calculations

The angular distributions obtained in inelastic a-scatteriug

experiments are generally analyzed in the framework of the distorted

wave Born approximation (DWBA). Extensive discussion of the DWBA

analysis of nuclear reactions have been given by Jackson [Ja70] and

Satchler [Sa83]. Such DWBA calculations involve :

- an interaction between the nucleons in the projectile and ejectile and

the nucleons in the target nucleus

- the wavefunctions of the projectile and ejectile and

- the wavefunctions of the final and initial states of the target

nucleus.

In general the calculations are performed using simplifications of

this microscopic description of the reaction, which allow the use of

average quantities, thus leading to a macroscopic description. In this
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section these simplifications will be discussed shortly.

The cross section for inelastic scattering can be written in terms

of the transition matrix elements connecting the final and initial

states. In the case of inelastic a-scattering on a J = 0 target, where

only one multipolarity plays a role, the full expression for the

differential cross section reduces to

do _ f n 12 t l~ 12 /i i i \

1

where \i is the reduced mass, k. and k^ are the wave numbers for the

incoming and outgoing waves, respectively, and T,. is the transition

matrix element.

The transition amplitude T f i itself can be written as

T = J Xf (£f»r) <4>r I
s v( |r, -r I) |<K >x\ (£,,r)dr (2.2.2),ti f t r k k i i i

where x "* and X a r e the incoming and outgoing waves distorted by the

interaction between the projectile (ejectile) and the target nucleus. <J>̂

and <|>f are the wavefunctions of the Initial and final states of the

target nucleus, while V( |r - r|) represents the interaction between the

projectile and the nucleons in the target nucleus.

The projectile-target interaction U(r) = <<JJ. |X V( |r.-r |) |cp.> can be

determined from the nucleon-nucleon interaction and the internal

wavefunctions of projectile and target. If one assumes the nucleon-

nucleon interaction to depend only on the relative coordinates of the

nucleons, the projectile-target interaction can be obtained from an

integral of the aucleon-nucleon interaction over the nucleon densities

of the projectile and target (double folding)

where V ™ is the nucleon-nucleon interaction. The nucleon densities

involved can be derived from theoretical calculations. For many

applications a Fermi distribution is used, which is a good approximation
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to the actual density.

In case of o-scattering folding of the nucleon-nucleoii interaction

over the projectile nucleon density results in a projectile-nucleon

interaction that to a good approximation is given by a Gaussian

(Ba77,Be80]. The projectile-target interaction is then found from a

single folding integral

D(r) - S Pt(rt) • VpN(|rt+ r\ d?t (2.2.4),

where V N is the projectile-nuclem interaction.

Folding the Fermi distribution shape of the target nucleon density

with this Gaussian results in a shape that is nearly a Woods-Saxon, thus

justifying th<= use of a Woods-Saxon shape for the projectile-target

interaction. The parameters of the Woods-Saxon potential describing the

projectile-target interaction (i.e. the macroscopic optical potential)

or of the Gaussian projectile-nucleon interaction (single folding) are

then determined by fitting the elastic scattering data.

Using a simple Gaussian projectile-nucleon interaction with the

same range for the real and imaginary parts results in the saiae geometry

for both the real and imaginary parts of the folded optical potential.

This is in contrast with the macroscopic optical potentials found in the

literature [Pe76], which mostly have an imaginary part with a

significantly larger radius. The results of optical model calculations

with potentials having the same geometry for the real and imaginary

parts and with potentials with a larger imaginary radius are in good

agreement with each other at forward scattering angles. However, at

backward angles a significantly better fit to the data is obtained when

a potential with a larger imaginary radius is used. This need for a

larger imaginary radius can be explained from the fact that the

absorption of particles is already strong when target and projectile

barely touch, thus at a larger distance than the nuclear radius.

The form factor in eq. (2.2.2) is obtained by folding the

projectile-nucleus interaction with the transition density,
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Fx(r) = <4<f |S V( |rk-r|) )*,> (2.2.5),

where if Ĵ  = O, Ĵ  = K. In tbf iizz - ' »»."<M and assuming a 6-type

projectile-nucleon interaction the transition matrix element reduces to

where q is the momentum transfer. The first order term in the expansion

of the Bessel function is proportional to r . In the long wavelength

limit: the first order term dominates the expression for the transition

amplitude and it becomes proportional to the reduced matrix element for

electromagnetic transitions

M(EX) = < <!• I I 2 r£ Y x(r f c) | | ^ >
protons

= ƒ pP[ o t o n s rX+2 dr (2.2.7),

In case of a finite range projectile-nucleon Interaction and strong

distortion effects the isoscalar transition operator can differ

appreciably from the electromagnetic operator. However, it has been

shown by Bernstein [Be69] that in case of a-scattering, where the

projectile-nucleon interaction is assumed to be Gaussian, the shape of

the isoscalar transition operator responsible for a-scattering is very

similar to the electric multipole operator. In order to facilitate

comparison of electromagnetic transition rates with the results from

inelastic scattering a factor Z/A Is generally included in the

definition of the isoscalar multipole operator:

°x" = I ̂ k ^ v (2-2-8)-

The excitation of isoscalar monopole and dipole strengths are

special cases. For the monopole the first term in the expansion of the

Bessel function in (2.2.6) is a constant, which does not give rise to

any excitation, so the second order term mediates the excitation.
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Comparison with electromagnetic results is difficult here, since EO

transitions can not take place via emission of a photon. The EO

transitions can, however, take place via internal conversion, which

dominates in heavy nuclei, electron-positron pair creation and two-

photon decay. This last process has recently been observed for the first

time experimentally in two cases [Sch84]. However, these second order

processes are slower than y-decay v^-a intermediate states, thus making

it difficult to observe EO transitions. Comparison with electron

scattering results is only possible for cases where the EG character of

the transition has been established in another way, since in electron

scattering the form factor for excitation of isoscalar monopole strength

is very similar to that for excitation of quadrupole strength.

For the isoscalar dipole the first order term does not give rise to

excitation of the nucleus but results in a motion of the center of mass,

so also in this case the second order term mediates the transition.

Isoscalar dipole strength can decay by emission of a photon in second

order. However, in most cases the small isospin mixing obscures this

transition, making comparison of the inelastic scattering results with

those from y-decay rather involved. For electron scattering the same

holds here as for the isoscalar monopole excitations; the form factor in

this case is similar to that for excitation of octupole strength. The

isoscalar multipole operator for these cases is thus given by:

The form factor (2.2.5) has now been split into two parts, one

containing the operator mediating the transition and one containing the

structure information, the transition density Pfj_s which still has to be

determined.

The most fundamental way of obtaining the transition density is to

calculate it from the wavefunctions of the initial and final states,

that can be obtained from e.g. RPA calculations. However, t'..o

applicability of this method is rather limited due to the uncertainties
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in such calculations and well as small number of cases that can be

calculated without considerable computational problems.

Therefore mother approach for obtaining the transition density has

to be chosen. There are two possibilities for this, one based on the sum

rules for excitation of multipole strength and one based on a

hydrodynamical picture, in which the nuclear excitations are interpreted

as small amplitude surface oscillations [Bo69J.

In the latter approach the nuclear radius is expanded in spherical

harmonics

R = RQ [l + 2 a YJJ (Q)] (2.2.10),
Xu

where the coefficients a. are dynamical variables. Expanding the ground
A.U.

state nucleon distribution in a Taylor series about RQ one finds in

first order

p(r-R) = P0(r-RQ) + (R-R,,) ̂  pQ(r-R) | R = R Q

• eO<
r-V ' Ro SF V r - V f V " * (2-2-U)-

Xu X

The transition density for a surface oscillation of multipolarity X is

then given by

R R
pV) = --L2— |- p (r) (2.2.12).

For the excitation of monopole strength an expression of the

transition density can be derived [Sa73,Sa77,Ub71] on basis of a simple

radial scaling law

(2.2.13).

In the sum rule approach [Ka7O,Ui7A] the transition densities for

excitation of a single state exhausting the full EWSR for the

multipolarlty under consideration is derived. A detailed discussion of
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this approach is given in [De73] and [Ha81a], while the derivation of

the transition density for the excitation of isoscalar dipole strength

is given by Harakeh and Dieperink [Ha81]. The resulting transition

densities, which are given in formulas (2.2.14) are the well-known

Tassie densities [Ta56]. Although they have been derived as the

transition density for a single state exhausting the full ËWSR, they

have also been used for low-lying states exhausting only a small

fraction of the EWSR.

/2A+1 R0 dr °

pl(r) = • r f e [ 3 r 2 ^ + 1 0 r " ^ r 2 > ^ + £(r^+ 4 ^ ) ] p ° x~~l

where

F_( i_. 5_) jf_ (2.2.14)
EGQR ""CMR J m A

with E = 65«A"1 MeV and E „ = 80-A Me? and
GQR GMR

P°(f) = -P o' [3 + r ̂ ] pQ(r) X = 0

The transition matrix element (2.2.5) can now be derived in a

similar way as the projectile-target interaction: a double folding

integral of the nucleon-nucleon interaction over the nucleon density of

the projectile and the transition density or a single folding integral

of the projectile-nucleon interaction over the transition density:

Ufi ( r > = -f pil't\> V<r"ri> d 3 ri (2.2.15).

Parametrizatlon of the result in terms of an analytic function Is

not immediately evident. However, assuming the projectile-nucleon

interaction to be a 6-type interaction, the relation between the

projectile-target interaction (optical potential) and a macroscopic
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transition potential Is the same as the relation between the ground

state nucleon density and the transition density derived above. It turns

out that the use of a Gaussian projectile-nucleon Interaction does not

change this drastically, so that the use of macroscopic transition

potentials is reasonably justified in the description of inelastic a-

scattering. From the above discussion we may conclude that the

macroscopic and semi-microscopic approaches are equivalent and should

give the same results.

The deformation parameter p,, from which the transition strength is

derived, is obtained from the comparison between the experimental cross

sections and the DWBA predictions:

A do,

h- LdQJexp/ LdQ
 JDWBA (2.2.16),

Using the transition densities (2.2.12) and (2.2.14) one can derive

[Ha81a] for the Tassie transition densities (2.2.14)

/2X+1 s x 2 \ > 2M(IS\,

M(IS1,

M(ISO,

J i *

J i " >

J i *

Jf>

J f )

J f )

Z

8n

n—

Pi

/ I R

^<r2>

R0

H<r"> - ^1- O2>2 - 10t<r2>] \ = 1

0

and for the deformed transition densities (2.2.12) (2.2.17)

Z p Rn(2X+2)
M(ISX, J * J . ) = L > 21 r JT4n

from which the fraction of the EWSR exhausted can be calculated

2J + 1
ZEWSR = (Ef - Et) 2J + j- |M(IS\, J±+ Jf)l

2/S • 100 % (2.2.18),

where S Is the EWSR calculated according to section 2.1. In the

expressions (2.2.17) the radial moments <r > of the ground state nucleon
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density occur.

Following the procedure of Btrnstein [Be69] these moments are used

in deriving the EWSE fraction exhausted by the data. The procedure can
P

be summarized as follows. First the deformation parameter p for the
\

real part of the optical potential is obtained by comparing the

experimental data with the DWBA calculation using (2.2.16). These are

transformed into mass deformation parameters according to the scaling

law P, "Rp = P, "R > where ^ is the half density radius of the mass

density of the nucleus. This g, is used in (2.2.17) along with the
K

radial moments of the mass density <r > to derive the transition

amplitudes and henceforth transition rates, from which the percentage

EWSR exhausted by the data can be obtained following (2.2-18).

The fraction of the EWSR exhausted by the data found when using a

macroscopic optical potential and form factor is smaller than that found

when using a folded optical and transition potential, the difference

being larger for lighter nuclei and higher multipolaritles. This

observation has given rise to speculations about the small fractions of

EO EWSR exhausted by the data in light nuclei [Be801. However, it has

been argued by Mackintosh [Ma76], Harakeh [Ha81a] and others [Wa82,Ba84]

that on basis of a theorem due to Satchler [Sa72,Ow64J the transition

rates should be derived from inelastic hadron scattering according to

(2.2.17), where P, is the deformation parameter obtained using (2.2.16)

and <r> is evaluated with respect to the real part of the macroscopic

optical potential. In this way the transition rates obtained from the

two types of DWBA calculations are found to be indeed the same.

In the comparison of EWSR fractions obtained from electro-magnetic

data with values obtained using macroscopic transition potentials, and

evaluating the radial moments with respect to the ground state density

following the procedure of Bernstein, a similar discrepancy has been

found [Bo79,Bo81]. An empirical normalization factor depending on the

multipolarity of the transition was used to take this into account.

Reanalysis of the data shows that by using the geometry of the real part

of the optical potential to derive the radial moments a good agreement

with the electromagnetic results is obtained.
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A second problem Is the fact that in macroscopic calculations the

geometry of the real and imaginary parts of the projectile-target

interaction and the trar'ition potential are usually not identical,

leading to a similar .. ja.'eu. ss mentioned above when comparing

calculations performed UL .. different geometries. In this case the

discrepancy is due to the i .: that the radial moments of the real and

imaginary part are not the same when using the comnïonly used relation

between the real and imaginary deformation parameter PRRR
 = ^1^1 o r e v e n

p£ = Pj. When choosing B^ and Pj such that

(2.2.19),

calculations performed with optical potentials having different

geometries will result in the same EWSR exhaustion by the data.

In conclusion, when all radial moments are consistently evaluated

with respect to the geometry of the real part of the macroscopic optical

potential, the EWSR fractions derived from macroscopic calculations

using whatever optical potential and from folding model calculations

turn out to be in good agreement with each other and with the

electromagnetic results.

Finally it should be mentioned that in view of the above argument

the <r2> in the transition potential for isoscalar dipole strength in

(2.2.14) should be evaluated in the geometry of the respective part of

the optical potential in order to satisfy the condition of removal of

spurious center of mass motion for each part of the optical potential

separately.

2.3 Angular correlations

In a coincidence measurement between the scattered projectile and

the decay particle there exists a correlation that Is determined by the

spin and the magnetic substate population of the decaying state, the

spin and orbital angular momentum of the emitted particle and "he spin
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of the final state.

These angular correlations take a simple form In the plane wave

Born approximation (PWBA). In this approximation the incoming and

outgoing particles in the reaction are assumed to be described by plane

waves. For a target nucleus with J = 0 and taking the recoil axis as

the quantization axis only the m = 0 magnetic substate is populated. For

a splnless decay particle populating a final state with J = 0 the

correlation between the ejectile in the reaction and the decay particle

is then given by:

W(9) (2.3.1),

the spin of the excited state beinf, Jn = \ . Some examples of this

type of angular correlations are given In fig. 2.1, showing that the

angular correlations are very characteristic for the multipolarity of

the excited state, thus allowing unambiguous spin assignments.
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•. 2.1 Angular correlations for decay of resonances with spin J% =
0+, 1" and 2 + to a state with J71 = 0 + by a spinless particle,
as obtained In the plane wave Born approximations (PWBA).

The assumption that the incoming and outgoing particles can be

described by plane waves is not very realistic. The Coulomb and nuclear

interaction between the target nucleus and the projectile result in

distortions that have to be taken into account to get a good description
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of the reaction. If this is done it is no longer true that only the

m = 0 magnetic substate is populated. However, the m-state population

can in principle be calculated from the interaction between the

projectile and the target and the transition potential for excitation of

the nucleus to the specific state one is studying. The calculations are

usually performed in the distorted wave Born approximation (DWBA), using

the optical potential obtained from fitting elastic scattering data. The

form factors or transition potentials for the description of the

inelastic scattering are usually derived from the optical potential.

Another effect on the angular correlation that has to be taken into

account is the smearing out effect due to the finite opening angle of

the ejectile detector, resulting in a spread of the recoil direction.

This effect is particularly large when detecting the ejectile in the

vicinity of 0°. For example, when exciting a Pb nucleus to an

excitation energy of 15 MeV with inelastic scattering of 120 MeV alpha

particles the recoil direction changes by 15° for a change of the

ejectile angle by one degree. For lighter target nuclei the effect is

slightly less, but still has to be taken into account. As an example

fission angular correlations for various L-values of the fissioning

nucleus are shown for both a finite and an infinitesimally small opening

angle in fig. 2.2.

239,,, 1, 238,,Ufa.a) U
E 0 = l20 MeV, Ex--& MeV

J • j _

8cm(deg)

fig. 2.2 DWBA angular correlations for fission fragments for a few
values of the transferred orbital angular momentum. The dotted
lines represent the result for an infinitesimally small
opening angle for the scattered projectile, the dashed line
has been obtained assuming a 6° opening angle for the
scattered projectile.
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So far we have only discussed the angular correlation of the decay

of an isolated state. In general the states need not be isolated and

states of different spin may overlap. In such a case the contributions

of the various states should be added coherently, taking into account

the relative phase. Small admixtures of a different spin already have a

large effect on the shape of the angular correlation, as is illustrated

in fig. 2.3 where the angular correlation for a few cases are shown.

fig. 2.3 Angular correlations for decay of two overlapping resonances
with spin J = 0 + and 1" (right side) and Jn = (T and 2 (left
side). Results for two relative amplitudes of the contribution
of the two resonances are shown.
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In case many states overlap the phases will average out and the

coherent sum will reduce to an incoherent one, since the contribution of

the cross terms will on the average cancel. Experimentally speaking it

happens very often that states cannot be separated, but are in fact

isolated. In this case the contributions should be added incoherently.

In the general case of decay by a non-zero spin particle to a non-

zero spin final state more than one orbital angular momentum can

contribute to the decay. There is no apriori knowledge of the relative

amplitudes of these and therefore the angular correlations of such a

decay can in general not be used to make spin assigments [Zw85].

In the analysis of the angular correlations in the remainder of

this thesis the calculations will always bü performed using DHBA and

taking into account the finite opening angle of the ejectile detector.

The calculations were performed with the program ANGCOR [Ha80], which

was slightly modified to enable the averaging over the ejectile opening

angle. In this program the relative phases of the overlapping states can

only be 0° or 180°, whereas in realit;- they can have any value.

2.4 Statistical model calculations

In a microscopic picture the excitation of a giant resonance Is

described as a coherent superposition of lp-lh excitations of the

nucleus. The decay of these Ip-lh configurations can proceed in two

ways: either they decay by emission of the particle, leading to the

population of hole states in the residual nucleus, or they mix with more

complex 2p-2h configurations. These more complex 2p-2h configurations

can In turn decay either by emission of a particle, by mixing with the

still more complex 3p-3h configurations or by returning to the lp-lh

configuration. Since there are far more 3p-3h configurations with which

these 2p-2h configurations can couple it is justified to neglect this

last possibility.

The mixing with more complicated configurations continues until

finally complete equilibration has been reached and a compound nuclear
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state is reached that has no memory of the way in which it has been

formed, except for the usual conservation of quantum numbers such as

spin, parity, isospin and excitation energy. If the level density of

such states is high enough, which generally is the case at the

excitation energies at which giant resonances are located, structure

effects average out. The decay of the compound states is then described

in terms of average quantities and can be calculated using the Hauser-

Feshbach formalism [Ha52].

xcited state at E = E.
i

initial nucleus to decay by emission of a particle p with kinetic energy

e , leaving the final nucleus in a state at E = E- wrth Jn= j " , where

E^ = Ej + e - B , B being the binding energy of particle p, is in this

approach given by

Pp(Ef) = Pf(Ef, Jf*> 'f 'f S" T P < V dep (2.4.1),
L=|J£- Jt- spl

TI TE

where p (E_, J_) is the level density for states with spin J, at

excitation energy Ec in the final nucleus,

s is the spin of the emitted particle p

L its orbital angular momentum and
T?(e ) the transmission coefficient for scattering of
L p

particle p on the final nucleus.

The compound nucleus decay is thus described in terms of

transmission coefficients for the decay particles and level densities in

the residual nuclei after the decay, taking into account the

conservation laws for spin, parity and isospin. It will be clear that

the reliability of the results depends on the assumptions for the

transmission coefficients and the level densities.

The transmission coefficients are obtained from the optical model,

generally using a global set of optical model parameters. Although

differences occur, the overall behaviour of the transmission

coefficients is not very sensitive to the actual choice of the

parameters and thus does not seriously effect the result of the

statistical model calculation.
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The assumptions on the level densities in the final nucleus have a

much stronger influence on the results. In the code CASCADE [PÜ77], of

which a modified version [HaR4] was used, three excitation energy

regions in the residual nuclei. ; are considered, for which different

level densities are used. At low excitation energies the individual

level parameters are known and can be inserted in the program. At

intermediate energies the level densities are calculated with an

analytic level density formula based on the back-shifted Fermi gas model

p ( E > J ) . _ i _ 2J±1 expf2(a(E-A)) - J(

24/2 o3 a* (E-A-t) ;

where E - A = at^ - t defines the thermodynamic temperature t.

From theoretical arguments the spin cut-off parameter a is expected

to approach at high excitation energies the value a2 = 0.0150 A , the

rigid rotor value, assuming the nuclear radius to be 1.25 A fm . The

scarce experimental values of the spin cut-off parameter at low

excitation energies indicate that at these one should use values between

50% and 100% of this value. The parameters a and A can be determined

empirically, as has been done for a large number of nuclei by Dilg et

al. [Di73] or a global behaviour can be used. FinaJly at high excitation

energies liquid drop level densities are used.
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Chapter 3 Experimental methods

3.0 Introduction

As was mentioned in chapter 1 tho monopole character of excited

strength can only be determined by performing measurements at very small

scattering angles, including 0°. Furthermore the excitation cross

section for monopole strength is largest at 0°, so that for experiments

studying the decay of monopole strength it is also favourable to employ

inelastic scattering at 0° for exciting it.

Theoretical calculations show that the excitation of monopole

strength increases more rapidly with increasing incident energy than in

the case of other multipolarities (see [Sp81]). Although the KVI AVF

cyclotron can accelerate a-particles up to 160 MeV, the highest energy

routinely obtained is 120 MeV, which has been used fot many inelastic

scattering experiments during the last 10 years.

Inelastically scattered particles at 0* can only be detected after

separating them from the primary beam, which has the same direction but

a higher energy. This is done with the QMG/2 magnetic spectrograph. A

description of how it has been used in our experiments is given in

section 3.1 together with a discussion of the performance of the

spectrograph under the kinematical conditions at 0°.

A description of the spectrograph focal plane detection system and

its performance is given in section 3.2.

Inelastic scattering experiments at 0' •require an incident beam

with properties that are non-standard and cannot be obtained routinely

at most accelerators. Therefore in section 3.3 the procedure for beam

preparation as it has been developed at the KVI during the last three

years is described.

A short description of the electronics circuitry and data

acquisition system will be given in section 3.4, while in section 3.5

the data reduction of spectrograph data will be discussed.
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3.1 The QMG/2 magnetic spectrograph

A layout of the QMG/2 magnetic spectrograph [Dr74,Dr76] with the

local plane detection system as it has been used in the experiments is

shown In fig. 3.1. A summary of design properties is given in table 3.1.

fig. 3.1 Layout of the QMG/2 magnetic spectrograph. The full line
indicates the trajectory of the beam through the
spectrograph, the dashed lines are the trajectories of two
extreme rays reaching the focal plane detection system

The main difference with previous Q3D magnetic spectrographs [En79]

is the presence of the multipole magnet Ml with ecxtupole and higher

order components between the entrance quadrupole lens and the first

dipole magnet, instead of these components being incorporated in the

entrance quadrupole lens. In this way a better correction of the

quadratic dependence of the position in the focal plane on the vertical

angle of incidence is obtained.
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Table 3.1 Design properties of the QMG/2 magnetic spectrograph

Resolution (base width)

with maximum solid angle

Maximum solid a.igle

Maximum opening angle

Momentum byte

Dispersion

Horizontal magnification

Vertical magnification

Radius of curvature

Focal plane

Compensation for kinematics

*§ = 2 . to"4

10.3 msr for k 0.

6 deg for 10.3 msr solid angle

10 X

11.3 • (1 + 0.35 • k) at/%

0.81 - 0.94

4.5 - 7.1

1.20 m

straight, 1.20 m long

45 deg. incidence

0. < k < 0.3

The vertical focussing of the entrance quadrupole lens and the

fringing field of the first dipole magnet results in a vertical cross-

over at the position of the multipole magnet M2 between the first and

second dipole magnet. This multipole magnet contains a number of

independently adjustable multipole components, which are used to correct

for the dependence of the position in the focal plane on the horizontal

angle of incidence, thus allowing for compensation of kineraatical

effects.

The third dipole has been designed in such a way that particles

with different momenta that enter the spectrograph at the same

horizontal angle have parallel trajectories on leaving the magnet. Thus

the horizontal angle of incidence in the focal plane is only dependent

on the scattering angle measured with respect to the central ray of the

spectrograph (A0 ,) and since the horizontal magnification of the

spectrograph is nearly unity it is about equal to AS ,+ 45*.

Due to the reaction kinematics particles leaving the final nucleus

in the same state have different momenta when emerging at different

angles and thus will arrive at different positions in the focal plane,

if no corrections for this effect are applied.
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This dependence can be expanded as

p(@') = p(So) * [1 + k«(6' - @o) + higher order terras] (2.1.1)

where

So is the angle with respect to which the expansion is

made, i.e. the angle at which the spectrograph is set in

the experiment

©' Is the scattering angle of the particle

p(9) is the momentum of particles that have been scattered

over an angle 0

k is the kinematic constant, that is defined by

k- I.ÜE I .
P de '©o

The angle dependence of the momentum can be corrected for for

values of k between 0 and 0.3 with the quadrupole component in the

multipole magnet M2, while the higher order components of the multipole

magnet M2 can be used Co correct for higher order terms In the expansion

(3.1.1). It should be noted that the resolution still depends on the k

value of the reaction studied due to the finite angle (A0) subtended by

the beam at the target (see section 3.3). This angle is typically around

5 mrad and thus limits the resolution to — = 2»AQ'k = 10 'k . For

reactions on light targets, where k is of the order o* 0.1, this is

often the limiting factor.

At 0° scattering angle Uie situation is slightly different due to

the fact that the momentum of the particle not only depends on the

scattering angle in the median plane of the spectrograph but equally on

the scattering angle perpendicular to this plane. This effect cannot be

corrected for with the multipole magnet M2. Moreover at 0° the kinematic

constant k equals zero, so the kinematic effects are second order and

have to be corrected for with the sextupole components of M2 instead of

the quadrupole component.

In fig. 3.2 the results of calculations performed with the program

RAYTRACE for inelastic scattering of 120 MeV a-particles to the Ju= 0

excited state at E x = 7.65 MeV in C clearly show the effect of this
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second order term: in fig. 3.2a no second order correction Is applied,

resulting in a quadratic dependence of the position in the focal plane

on the horizontal angle of incidence; in fig. 3.2b the second order

correction has been applied resulting in an almost perfect cancel^t i.on

of the dependence of the position on the horizontal angle of incidence.

In fig. 3.2c the dependence of the position along the focal plane on the

vertical angle of incidence is plotted for the same magnet settings as

in fig. 3.2b, showing that here there still exists a (quadratic)

dependence, which can not be canceled.

> • r k

fig. 3.2 Calculated horizontal positions in the focal plane of
particles as a function of the horizontal (0) and vertical
(<|>) angles of incidence in the spectrograph with and without
second order correction in the magnetic field (see text).

The energy resolution that can be obtained by determining only the

position of the particles in the focal plane is, even when second order

corrections are applied, only about —=r = 6 • 10 for the reaction

discussed above. If the focal plane detection system is also capable of

determining the horizontal and vertical angles of incidence software

corrections can be applied that in principle allow an energy

resolution ~ « 2 • 10 . I n order to obtain this the horizontal angle

of incidence has to be determined with an accuracy of about 0.3°,

whereas the accuracy on the vertical angle of incidence has to be better

than 0.1* due to the large vertical magnification.

The second order kinematic broadening is dependent on the reaction



studied. In first order the worsening of the resolution is inversely

proportional to the ratio of the target mass and the projectile mass.

Thus it can be neglected when studying reactions where this ratio is

about 3 times larger than the value it has for the a + C case dicussed

above, i.e. inelastic a-scattering from nuclei heavier than Ca.

In the present experiments the QMG/2 spectrograph was not only used

to detect the inelastically scattered a-particl:s but also to separate

the scattered particles from the priuary beam. The beam could be dumped

in either of two Faraday cups, as indicated in the lay-out of the

spectrograph focal plane in fig. 3.3. One was located at the position of

the focal plane and could be moved over 30 cm along the focal plane,

thus allowing the 4.5 % momentum byte of the detection system to be

varied. In this way a momentum range between 91 % and 98 % of the beam

momentum could be covered. The detection system was shielded from this

Faraday cup by 10 cm of lead. The other Faraday cup was mounted on the

back flange of the spectrograph detector chamber and allowed a momentum

byte between 93 % and 97.5 % of the beam momentum to be covered by the

detection system.

The geometry of the scattering chamber and spectrograph entrance

allows measurements with a Faraday cup in the scattering chamber only

for scattering angles down to 4° with an in plane opening angle of 1°.

For measurements at still smaller angles the beam has to pass through

the spectrograph entrance slits and has to be dumped in a Faraday cup

somewhere in the spectrograph.

Since the beam has to pass through the spectrograph the opening

angle of the spectrograph has to include 0°, so that measurements for

angles smaller than 4° can only be performed when the scattering angle

of the particles can be inferred from the particle trajectory. As was

discussed in the above the horizontal angle of incidence in the focal

plane has a one-to-one correspondence with the scattering angle of the

particle. Thus a focal plane detection system that is capable of

measuring the angle of incidence In the focal plane is needed.
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3.2 The focal plane detection system

A schematic layout of the focal plane detection system [Ve81,?178]

as used in the present experiments is given in fig. 3.3. The detection

system consists of two two-dimensionally position sensitive detectors at

a distance of 10 cm from each other, backed by a 3.2 mm thick NE102A

scintilator viewed by two photo multipliers. The whole detection system

is housed in a box filled with gas at the same pressure as in the

position sensitive detectors, with an entrance foil of 25 ym Kapton

foil.

Faraday cup
(carbon)

pressure
r - - foil

/Pb //
shielding /jf

, ï c ^—.
- • — -

p.m

ps.d.

scintillafor

p.m.

p.s.d.

Faroday cup

fig. 3.3 Layout of the focal plane with detection system and Faraday
cups
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gas ouile

-gas inlel

one on eoch side oi 1he frome

fig. 3.4 Exploded view of the position sensitive detectors of the
focal plane detection system

The position sensitive counters (fig. 3.4) consist of a vertical

drift chamber and a resistive wire proportional detector filled with a

gas mixture consisting of 90 % Ar and 10 % ethane at a pressure of about

400 Torr. The vertical position Is determined by measuring the drift

time of the electrons to the anode wire with respect to the signal the

particle gives in the scintilator, which can be converted to the

position with the known [Je79] drift velocity of 40 mm/|isec. The

horizontal position is determined by collecting on both ends the charge

deposited on the resistive anode wire. The position of the centroid of

the avalanche on the wire, which has a width of about 1 cm, is then

proportional [Ve79] to the ratio of these charges.

In fig. 3.5 the electronics setup of the spectrograph focal plane

detection system is shown schematically. For an event in the detection

system to be valid it has to meet the following conditions:



front PSD

rear PSD

/A,

pulse height
inspection

coincidence
unit

pile up
inspection

resection
unit

fig. 3.5 Block scheme of the principle of operation of the electronics
setup of the focal plane detection system

- the two position sensitive detectors should fire within a 2 us

interval after the trigger by the scintilator. The length of this

window slightly exceeds they the maximum drifttime of the elect., ons

from the track of the particle to the anode wire, which is 1.5 us.

- no pile-up should be present in any of the detectors within a 6 us

interval.

- the pulse height in each of the detectors should be within a certain

range. For the position sensitive detectors the sum of the left and

right signals, which are used to determine the position, is used to

check on this condition; for the scintilator the sum of the linear

signals derived from the dynodes of the photo multipliers is used.

The signals resulting from each of these three operations are fed into a

special coincidence unit, which has outputs corresponding to the number

of events with and without rejection of the events with pile-up. By

counting the number of both types of events the loss of events by pile-

up can be corrected for.

When the spectrograph is used to measure singles, the output of the

coincidence unit after pile-up rejection is used to signal to the

hardware of the data-acquisition system that an event has occurred. On
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acceptance of the event eight signals are fed into ADC's:

- the four signals from the left and right sides of the two position

sensitive detectors are fed into linear gate stretchers of a Tennelec

PACE system, which has a conversion gain of 13 bits (8192 channels).

- the two vertical positions, determined by measuring the time between

the trigger from the scintilator and the triggers of the respective

position sensitive detectors, the pulse height in the scintilator and

the time of flight, which is determined as the time difference between

the trigger of the scintilator and a trigger derived from the

cyclotron RF, are fed into either stretchers of the Tennelec PACE

system or into Ortec AD811 Camac ADC's with a conversion gain of 11

bits (2048 channels).

The horizontal position resolution of the system was found to be

about 1 mm for 70 MeV a-particles, while the horizontal angle resolution

was found to be about 0.9° for 52 MeV a-particles using a very narrow

opening angle for the spectrograph [Ve81]. The vertical position and

angle resolution were not determined.

The main contribution to the angle resolution is the angle

straggling in the entrance foil and the gas. The data on angle

straggling presented by Ford [Fo79] show that under the present

experimental conditions the angle straggling amounts to 1.5 mrad and 4

mrad for the 25 Mm Kapton entrance foil and the gas respectively.

Measurements of angular distributions between 0° and 4° can only be

performed by measuring the incident angle for each particle and dividing

the total opening angle in a number of bins. For this procedure to be

valid the angle resolution should be considerably smaller than the bin-

size, which on the basis of the angular distribution for monopole

strength (see e.g. figs. 4.1 and 5.1) should have a width of about 1.5*.

The previously [Ve81] obtained results indicate that the requirements on

the angle resolution are just fulfilled.

It was therefore decided to redetermine the properties of the

detection system under the same conditions as in the actual experiment,

i.e. with 120 MeV a-particles and operating it at a pressure of 400

Torr, to be compared with the 550 Torr previously used.
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The horizontal and vertical position resolution of the detector

were determined by putting a brass plate with a pattern of horizontal

and vertical slits in front of the detector box and illuminating the

detector with a continuum spectrum. From this a horizontal position

resolution of 1.5 mm and a vertical position resolution of 0.2 mm was

found.

Determination of the angular resolution by using a very small

opening angle may give erroneous results since the contribution of

particles scattered from the slits increases rapidly with decreasing

opening angle and this broadens the distribution of the measured

incident angles. To avoid this problem kinematical coincidences between

scattered oc-particles and recoiling C nuclei were measured, using a
9 12

8 ug/cm target to minimize the angle straggling of the C nuclei in
the target. The scattered ct-particles were detected with the

l 2
spectrograph, which was set at 30°. The C recoils were detected with a

position sensitive solid state detector with a position resolution of

0.2 mm, which was positioned at a distance of 100 mm from the target,

thus having an intrinsic resolution of about 0.1°.

12In order to determine the angle resolution for the recoiling C

and to calibrate the position sensitive detector, measurements were made

using a 0.3° opening angle for detecting the a-particles with the

spectrograph. In fig. 3.6a the spectrum of the scattering angles for the

a-particles obtained from the recoil angle for two different positions

of the C detector, which were k° apart, Is shown for this case. From

the reaction kinematics it follows that a difference of 4° in the recoil
12

angle of the C corresponds with a difference in scattering angle for

the a-particle of 6°. From the measurements shown in fig 3.6a it was

inferred that the accuracy in the determination of scattering angle from

the C recoil angle was 0.7", which includes the contributions from
1 2

straggling of the recoiling C in the target and the effects of the

finite spot size and angle subtended of the beam.
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(deq)

fig. 3.6 Angle spectra for elastic scattering of 120 MeV qp-particles

on 12C at 0a, = 30°, the (ji-scale has an arbitrary offset,

(a) Scattering angles reconstructed from the measured recoil

angle of the C (Q , ) for two positions of the 12C0 ,of the xiC

detector, which are 4° apart, with an opening angle of 0.3°

for the scattered a-particles.

(b) Difference between the scattering angle reconstructed
12 Cfrom the measured recoil angle of the C (0 , ) and the

scattering angle determined from the measured angle of

incidence In the spectrograph focal plane (0 ,) for a

spectrograph opening angle of 6°.

In fig. 3.6b the spectrum of the difference of the scattering angle

determined from the recoil angle and the angle of incidence ir the focal

plane respectively is displayed for the full 6° opening angle for the

spectrograph. A full width at half maximum (FWHM) of 1.0° was found from

the spectrum of the difference of the scattering angles derived from the

angles measured for the recoiling C and the scattered a-particles

respectively. Taking into account the accuracy of 0.7" for the



determination of the scattering angle from the recoil angle this leads

to a accuracy of 0.7° in the determination of the scattering angle from

the horizontal angle of incidence in the focal plane of the a-particle.

This result is in good agreement with the obtained position resolution

of 1.5 nun and shows that a subdivision of the spectrograph opening angle

in bins of 1.5° is meaningful.

The relation between the vertical angle of incidence in the focal

plane and the out-of-plane scattering angle is less unambiguous due to

the fact that in the vertical direction no image of the target exists in

the focal plane. RAYTRACE calculations show that the angular

magnification for the vertical direction varies over the focal plane and

that for the part of the focal plane covered by the detection system it

varies between 3.5 and 5.9. With the measured vertical position

resolution of 0.2 mm the vertical angle of Incidence in the detector is

determined with a resolution of about 0.1°t corresponding to a

resolution of better than 0.6' for the vertical angle of incidence in

the s^'-irograph. In this number the angle straggling in the entrance

foil and the gas in fron of the detector in the detector box is

included. When taking into account also the angle straggling in the gas

behind the first PSD a realistic estimate of the resolution for the

vertical angle of incidence in the spectrograph is that it is better

than 1°.

3.3 Beam development

In preparing for inelastic scattering experiments at 0° a careful

study of the beam transport and various sources of experimental back-

ground has been performed. Up to now such experiments have been

performed at only three laboratories: Texas A&M University (see e.g.

[Yo77]) "-.he ISN at Grenoble (see e.g. [3u79]) and the KVI. Measurements

at small scattering angles down to about 2* have also been performed at

Jiilich [Mo83], and Osaka [Ya78,Ya82]. A recent review is given in

[Bu84]. In this section the experience gained at the KVI will be

discussed.



3.3.1 Cyclotron beam

The experiments have been performed using the KVI cyclotron under

various conditions.

In the initial experiments no phase selection inside the cyclotron

was made and the beam was extracted from the cyclotron with an

electrostatic deflector and magnetostatic channel; this is same

situation as for all other experiments performed with the cyclotron. Due

to the large radial size of the beam in the fringing field of the

cyclotron and the non-linear behaviour of the magnetostatic channel the

extracted beam has a large emittance and couplings between the energy

and the angle exist [As84]. The energy spread in the beam is of the

order of — = 2 • 10 .By severely limiting the acceptance of the beam

transport system the properties of the beam can be improved to such an

extent that inelastic scattering experiments at 0° can be performed.

However, considerable improvements in the quality of the beam on target

could be obtained by improving the quality of the beam extracted from

the cyclotron.

In the course of 1984 a new extractor consisting of an

electrostatic deflector and a radially focussing electromagnetic channel

was installed. With this extractor the radial size of the beam in the

fringing field of the cyclotron is much smaller, thus giving a

consiberably better quality of the extracted beam. This improved the

quality of the beam on target considerably.

onQ
In the experiments on Pb, where a short beam burst was needed to

get a good time resolution for the neutron time of flight, phase

selection inside the cyclotron was done with two slits on the first

turns after extraction of the beam from the ion source. Aside from the

improvement of the time structure of the beam the phase selection also

improves other properties of the cyclotron beam considerably: the

extraction efficiency more than doubled, while the transmission through

the analyzing system was a factor of four higher than usual, indicating

that the emittance and/or the energy spread of the extracted beam are

pr than with normal operation.
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3.3.2 Beam transport

In fig. 3.7 a layout of the experimental setup as used in thj zero

degree experiments is given. After extraction from the cyclotron the

beam is bent over ?Q° and then focussed on the entrance slits (SI) of

the analyzing systea. Together with the divergence slits (S2) 3 m

downstream these slits define the beam emittance in the rest of the beam

transport system. Since for inelastic scattering experiments at 0° it is

crucial that particle in the beam can not hit beam pipes or vacuum walls

in the magnets, the emittance was limited to 2 ram«mrad in both the

vertical and horizontal directions.

fig. 3.7 Layout of the
relevant part of the KVI beam
guiding system. Quadrupole
lenses have been indicated
with a Q, switching magnets by
SM and the analyzing magnet
with AM (see text).

Behind the double focussing analyzing magnet an image with small

magnification occurs in both the horizontal and vertical direction at

the position of slits S3. Thus narrow slits can be used at this place to

intercept all those particles scattered from the entrance and divergence
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silts that pass through the analyzing magnet. At the same time they are

used to select the energy bin of the outgoing beam. However, due to the

small horizontal magnification the energy bin that can be selected from

the incoming beam without creating a large beam halo is at minimum

f =5 -KT4.
After this energy selection the beam is focussed ot the position of

the slits S4, which are normally used for the energy selection. These

slits are set in such a wt-y that they only intercept as much as possible

the particles scattered ri.on> the energy defining slits, without

intercepting the primary beam-

To minimize slit scattering slit jaws of 3 mm electropolished

copper have been used, just thick enough to stop 120 MeV oc-particles-

Since beyond these slits the beam is bent once more by a 50° switching

magnet, thinner slits might still be used. However, in that case

particles passing through the slits might reach the target by scattering

from the beamtubes etc., thus requiring extra diaphragms along the

beamline, which in turn implies the risk of creating beam halo.

After passing through the analyzing system the beam passes through

the 50° switching magnet and is focussed onto the target with two

quadrupole doublets and one singlet. The mode of transportation has been

chosen such that a cross-over occurs after the first quadrupole doublet,

so that the beam size everywhere is considerably smaller than the beam

pipes l\

The transport of the beam from the target to the focal plane of the

spectrograph does not require special care, since the acceptance of the

spectrograph is much larger than the beam emittance. Beam halo at angles

larger than the spectrograph acceptance if at all present is intercepted

by the spectrograph solid angle defining slits. During the setup phase

of the experiment the setting of the spectrograph is chosen such that

' In order to reduce the possibilities of unwanted scattering still
further a new quadrupole doublet with 77 mm bore, to be compared with 52
mm for the previous one, and correspondingly larger beam pipes were
recently installed. In this way the position of the object from which
most likely particles could still be scattered was moved upstream by
more than 3 m to over 10 m from the target.
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the beam Is dumped in the Faraday cup mounted on the back flange of the

detector chamber. With this setting there is no possibility for the beam

to strike one of the spacers between the pole pieces, which otherwise

would cause an enormous amount of scattered particles to enter the

detector.

3.3.3 Fine tuning

After the beam transport has been set up the quality of the beam is

checked by doing measurements with a C target and with an empty target

frame. By adjusting the magnets and the slit settings in the beam

transport system the contribution of the beam halo to the counting rate

of the focal plane detection system is minimized. Furthermore

adjustments are made such that background particles can be eliminated by

imposing conditions on one or more of the parameters measured for each

particle. One obvious possibility for this is to ensure that the last

obstacle from which particles can scatter before reaching the target is

as far away as possible, thus maximizing the difference in the time of

flight (TOF) with respect to the cyclotron RF between particles

scattered from the target and from this obstacle with the same energy

loss.

C (a,a) C
Ea=l20 MeV
BO°

E,=9.641 MeV

14 12

. (MeV)

fig. 3.8 Scatterplot of the
time of flight (TOF) in the
spectrograph versus the
excitation energy in C c.q.
particle momentum. The lower
band corresponds to oc-
particles scattered from the
target, the upper band to
particles that have lost
energy upstream from the
target. Below the dashed line
the intensity has been reduced
by a factor 10.
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In fig. 3.8 a plot of particle momentum versus the TOF of the

particles, measured with respect to the cyclotron RF is shown. The TOF

has heen corrected for its dependence on the angle of incidence in the

spectrograph. Two bands are visible, of which the lower one is

associated with particles scattered from the 12C target, as can be seen

from the concentrations, that correspond to known states, which have

been indicated. The difference in TOF between the two bands increases

linearly with decreasing particle momentum, as would be the case when

the particles in that band have lost energy at an obstacle upstream from

the target. From the difference in time of flight between the particles

scattered from the target and the obstacle it was inferred that this

obstacle was located at 13 m upstream from the target, i.e. near the 50°

switching magnet. Installation of two diaphragms before and after the

magnet reduced the intensity of the spurious particles considerably. The

data shown in fig. 3.8 were obtained after the installation of the

diafragmas. In order to obtain for the two bands about equal intensity

in the plot, only one out of ten events has been plotted in the region

below the dashed line in fig. 3.8, where the particles scattered in the

target arrive. Before installation of the diafragmas the the intensity

of the particles scattered in the magnet was only slightly smaller than

that of the particles scattered in the target.

3.4 Data acquisition and reduction

The data acquisition was done on the PDP-15 computer using the

program TAX [Kr81] and on the VAX-11/750 computer with a preliminary

version of the data acquisition program presently under development

[Kr84].

With the program TAX on-line analysis of the data was possible,

including the display of two dimensional scatter plots, the definition

of one and two dimensional gates and combinations of these, creation of

new descriptors by adding input descriptors with arbitrary weights and

updating of spectra under various conditions. This allows a good

monitoring of the behaviour of the detectors and also makes it possible

to judge the quality of the data during the experiment.
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The preliminary version of the program available on the VAX-11/750

has no possibilities for on-line analysis, but by using mailboxes [Kr84]

it communicates the data to the off-line analyzing program PAX [Kr81],

which was run at the same time. With this program it is possible to

create output files containing (part of) the events that the program has

read. In this way both on-line analysis and recording of the data in

list mode on magnetic tape were possible at the expense of a slight

increase of complexity and dead time. With the data acquisition program

the data could also be written directly to magnetic tape, allowing a

much higher data rate. This feature was used for short singles runs that

were taken inbetween the coincidence runs and that were analyzed off-

line immediately.

Both programs have the same principle of operation and both use the

CAMAC Q-scan mechanism to read the information from the ADC's etc. A

CAMAC module acts as interface between the experimental setup and the

computer; on occurence of an event tho logic in this module decides

whether it can be accepted or not. In case of acceptance the ADC gates

are opened and a timer started, the time of which is dependent on the

conversion times of the ADC's used. The finishing of the timer starts

the readout of the ADC's; after completion the logic is reset by a

signal from the computer and the next event can be accepted.

Besides the processing of the event data the data acquisition also

allows updating of sealers that are read out on request. These were used

to count relevant quantities such as the charge collected in the Faraday

cup and the number of events before and after pile-up rejection as well

as the number of events offered and accepted by the data acquisition

system. In this way accurate dead time and pile-up corrections could be

obtained and the dead time and pile-up could be checked on line.

The off-line reduction of the data was done with the program PAX

[Kr81] on a VAX-11/780 computer. In the program a flexible processing

setup fo^ ':he data can be defined with logical and arithmetic operations

on the r'arameters o r each event and the updating of one- and two-

dimensional spectra using the logical conditions. Besides standard

operations the user can link a number of operations tailored for his
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specific needs to the general program. The projected spectra are stored

in libraries, using the VAX-11 Librarian utility, for later analysis.

3.4.1 Spectrograph singles data

In order to get a good determination of the position along the

focal plane the offset in the conversion of the linear signal from the

left and right wires has to be accounted for. After this has been done

the positions in the front and rear detectors are calculated by dividing

the signal obtained from the left side of the detector by the sum of the

left and right signals.

Particle identification is then done with a two-dimensional gate in

the position-versus-E ^ n t plane. A one dimensional gate on the energy

signal of the scintillator is not sufficient, since the pulse height in

the scintillator depends on the position due to attenuation of the light

when traveling through the scintillator to the photo multiplier.

The horizontal angle of incidence is calculated from the positions

in the front and rear detectors. In principle, the angle is given by the

difference of the two positions, but in practice small corrections are

needed to take into account that the two detectors do not have exactly

the same length and equivalent positions.

The path length of the particles and thus their time of flight

(TOF) is dependent ön the incident angle and momentum of the particle:

particles with the same momentum but different angles of incidence can

have path lengths that differ up to 1 m. For a-particles with energies

of approximately 120 MeV this corresponds to differences in flight time

up to 15 ns. This spread is much larger than the difference in time of

flight between particles scattered from the target and from objects

upstream in the beam transport system, both having the same energy loss.

In order to separate both types of events the time of flight has to be

corrected for its angle dependence. In order to be able to do this

separation with a one dimensional gate also the dependence of the time

of flight on the position along the focal plane has to be corrected for.

This type of correction has been applied to the data shown in fig. 3.8.
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The vertical position (drift time) can also be used to reject

events that are not due to an inelastic scattering in the target.

Particles scattered from the target can arrive In only a limited

vertical region of the focal plane, whereas particles that have been

scattered from the spectrograph entrance slits can arrive over the full

vertical dimension of the focal plane. From measurements on light target

nuclei it was found that the slit scattered particles are distributed

homogeneously vertically and that horizontally their distribution is

smoothly increasing with the energy of the particle. Therefore the

background in the region of the focal plane where the particles

scattered from the target arrive can be eliminated by subtracting from

the spectrum a background spectrum obtained from a vertical region where

no particles scattered from the target can arrive.

C (a,a) C
" E =120 MeV

(deg)

fig. 3.9 Angular distributions for
some states in C obtained by
dividing the spectrograph opening
angle in a few bins. The full curves
are DWBA predictions averaged over
the size of the bins.
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As was discussed in section 3.2 the angular distribution for

scattering angles smaller than 4° has Co be obtained by dividing the

opening angle of the spectrograph in a number of bins, the size of which

taking into account the angular resolution and the shape of the

distribution was chosen to be 1.5°. The conversion from the difference

between the front and rear positions to the angle of incidence was

determined from the geometry of the focal plane detection system and

checked with measurements on 12C using different opening angles.

In fig. 3.9 the angular distributions for angles between 0° and

4.5° obtained in this way are shown for a few states in 12C together

with DWBA predictions. The good agreement between the calculation and

the data shows that this procedure for determining scattering angles.
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Chapter 4 Isoscalar monopole strength in Mg.

4.1 Introduction

The existence of the isoscalar giant monopole resonance (GMR) in

light nuclei has not been well established up to now [Bu84],

notwithstanding the fact that considerable efforts have been made to

locate it [Ya78,Bu79,Ro79,Wi80,Le80,Lu81,Yo81]. This is at variance with

the situation for the isovector giant dipole resonance (GDR) (for a

review see [Be75]) and the isoscalar giant quadrupole resonance (GQR)

(for a review see [Sp81]) both of which have been observed even in 0

[Be75,Kn75]. The experimental findings for the GMR are also in

disagreement with theoretical predictions [Kr74,B180,Va81] that a GMR

should be present in Ca between 20 and 25 MeV excitation energy,

exhausting essentially the full energy weighted sum rule (EWSR). Several

explanations for these discrepancies have been suggested.

Bertrand et al [Be80] compared the results of DWBA calculations

with a macroscopic form factor and with a form factor obtained by

folding a transition density derived from shell model calculations with

a Gaussian projectile-nucleon interaction. The folding model form factor

was found [Be80] to give considerably larger fractions of the E0 EWSR

than the macroscopic form factor, especially for lighter nuclei.

According to Bertrand et al [Be80] this explained the trend of smaller

fractions of the E0 EWSR being exhausted by the experimental data in

lighter nuclei, since in general macroscopic form factors have been used

in the analysis of the data. However, as was pointed out in section 2.2,

the discrepancy between the methods is due to an inconsistent evaluation

of the transition rates in the macroscopic analysis.

Buenerd [Bu84] and Blalzot [B180] have suggested that the

transition density used in the analysis, which is based on a scaling

picture of the GMR [Ub71,Sa73], should be modified to take into account

the surface tension, which in light nuclei Is more Important than In

heavy nuclei and which is neglected in the scaling picture. However,

comparison of the results obtained for the scaling model and for two

other transition densities due to Satchler [Sa73] (version II) and
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Kishlmoto (see [Lu85]) respectively, which are claimed to take into

account the nuclear surface, show differences of at most 25% [Lu85]

It has been observed by Lebrun et al [Le80,Le81] that for nuclei

with mass A = 50 the GQR and GMR coincide, while their data suggest that

for still lighter nuclei the GMR lies at a lower excitation energy than

the GQR. The excitation energy of the GMR thus deviates considerably

from the hydrodynamical prediction E x = 80'A MeV, a deviation that

can be attributed to surface effects as will be discussed in section

4.5.

In nuclei with mass A < 40 it has been for.ad [Bo81, Zw85] that the

L = 2 strength is spread over many fragments in a large excitation

energy interval. For 0 this fragmentation is according to RPA

calculations due to the large width of the lf7/2 particle state, the

coupling of which to the lp3/2 hole state constitutes the largest

contribution to the giant resonance [Kr74] and to the coupling of the

Ip-lh configurations to more complex ones [De77]. A recent self-

consistent RPA calculation [Va81] suggests a similar picture for the GMR

in Ca. According to this calculation most of the strength is flatly

distributed between 20 and 30 MeV excitation energy, higher than

suggested by Buenerd [Bu84] and Lebrun et al [Le80]. However the Skyrme

interaction used in the calculation was chosen because it reproduces the

GMR excitation energy for Pb [Va81], where surface effects are much

smaller.

It thus seems plausible that the monopole strength in light nuclei

is spread over a large excitation energy Interval Instead of being

concentrated in one compact structure as is the case in heavy nuclei. If

so, it is intermingled with strength of other multipolarities, notably

quadrupole strength. This would at least partly explain the failure of

previous experiments [Ya78,Bu79,Ro79,Le80,Wi80,Yo81,Lu81] to locate a

substantial part of the E0 EWSR. In these experiments t'ae monopole

strength was identified by its characteristic angular distribution (see

fig. 4.1 where DWBA predictions for 0 are shown). If the monopole

strength is not dominant the characteristic minimum in the angular

distribution at small scattering angles will be obscured, thus leaving
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the raonopole strength unidentified. This suggests that part of the

strength in a number of nuclei with mass A between 27 and 60, to which

an L = 2 character was assigned by Lebrun et al [Le80,Le81, see also

Bu84], is in fact raonopole strength, as can be inferred from the

experimental angular distributions, which show peaking towards 0°.

10

30

fig. 4.1 DWBA
predictions for the
angular distributions for
various multipolarities
exhausting the full EWSR

As is clear from inspection of fig. 4.1 the obscuring of the

minimum of the L = 0 angular distribution is strongest when isoscalar

dipole strength is present at the same excitation energy, since its

angular distribution has a maximum just at the angle where the minimum

in the monopole angular distribution occurs. However, ^soscalar dipole

strength is mainly of 3fiu character and is thus expected to lie at

higher excitation energies than the monopole strength.

Another aspect in the data analysis that leads to an

underestimation of the strength is the background subtraction. It was

recently shown by Zwarts et al [Zw85] that the inelastic a-spectrum

taken at E a = 120 MeV and &a, - 12° on
 24Mg and 40Ca up to about 16 MeV
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excitation energy no continuum contribution due to multistep excitation

and knock-out reactions is present. This is in contrast to assumptions

made in previous experiments [Ki76,Yo77a,Bo81], where a considerable

background was subtracted. Summarizing, there seems to be no reason yet

to assume that most of the isoscalar raonopole strength in light nuclei

is missing or that the standard DWBA analysis of the data is grossly in

error. This conclusion has recently been corroborated by the results of

a study of the monopole strength in Si by Lui et al [Lu85] using the

same experimental technique as used in the present experiment.

In contrast to the GDR and GQR the decay properties of the monopole

strength in light nuclei have not been studied so far. The decay

properties of the quadrupole strength in light nuclei have been studied

in about 10 nuclei with mass A < 60. For nuclei with mass A > 40 it was

found [Zw85,Yo77,Co81,Kn81a] that the branching ratios for the various

decay channels of the quadrupole strength are in good agreement with

predictions from Hauser-Feshbach calculations, indicating a dominant

statistical decay for the GQR in these nuclei. For lighter nuclei,

notably 1 60 [Kn78] 2^Mg [Zw85] and 28Si [Kn81] non-statistical decay was

observed. In 0 and Mg a strong a-decay was observed, which has been

explained [Fa79] as a signature of a large overlap of the lp-lh

configurations constituting the GQR with SU<3) cluster wavefunctlons.

The decay properties of the quadrupole strength in 0 can indeed be

well explained with the results from RFA calculations [Kr74,De77). Aside

from evidence from the branching ratios for the GQR decay Mg and SI

also interference effects between the decay of the quadrupole strength

and knock-out processes indicate the non-statistical nature of the decay

of the GQR in these nuclei [Kn79,Zw82,Wa82a].

For the GMR in light nuclei no data on the decay properties have

been published so far. In this work the monopole strength distribution

and its decay properties for Mg have been studied. Mg was chosen as

target for two reasons: (i) it shows rather sharp peaks up to high

excitation energies, so that in the singles measurements It is possible

to get a good insight in the possible instrumental background, and (ii)

to take advantage of previous extensive studies of this nucleus carried

out by van der Borg et al [Bo81] and Zwarts et al [Zw85].
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In this chapter only the results on the strength distribution of

the raonopole strength in Mg as obtained from the singles measureuments

will be discussed, the results from the coincidence measurements will be

published elsewhere in a later stage. In section 4.2 of this chapter the

experimental procedure is described in so far as it differs from the

general description given In chapter 3. In section 4.3 the singles

measurements are described. In section 4.4 a discussion of the results

is given, while in section 4.5 the results are related to the nuclear

compressibility.

4.2 Experimental procedure

The 120 MeV a-beam provided by the (CVI cyclotron was used to

bombard a self-supporting, metallic Mg target with a nominal thickness

around 400 ug/cm2, enriched to 99.5%. The target was produced by rolling

under argon atmosphere vacuum evaporated Mg material and was

subsequently stored under argon atmosphere. Transfer into and from the

scattering chamber was also done under argon atmosphere and vacuum

respectively, without breaking the vacuum of the scattering chamber, in

order to minimize oxidization. In order to prevent buildup of carbon on

the targets during the measurements a i m long section of the beam line

In front of the scattering chamber was cooled to liquid nitrogen

temperature. It was concluded both from measurements of elastic

scattering and from the coincidence measurements that the contribution

of carbon and oxygen contaminants to the data is neglegible.

The actual target thickness was determined from comparison of

elastic scattering data with optical model predictions, using the same

optical model parameters as used by van der Borg et al [Bo81] (see table

4.1, p. 67). In this way a thickness of 380 ± 30 fig/cm2 was found, in

good agreement with the nominal value.

The inelastically scattered ct-partlcles were detected with the

QMG/2 magnetic spectrograph and focal plane detection system, which have

been described in sections 3.1 and 3.2, respectively, for excitation

energies in the target nucleus between 10 and 20 MeV with a resolution

of 70 - 100 keV. The procedure for the beam preparation for measurements
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at 0° has been described in section 3.3.

In the measurements the spectrograph was positioned at 1.5°. An

opening angle of 6° horizontally and ±1.25° vertically, corresponding to

a solid angle of 4.4 msr was used for the singles measurements. In this

way scattering angle intervals -1.5° < Ga, < 1.5°, 1.5° < Ba, < 3° and

3° < 9a' < 4.5° could be defined using the horizontal angle information

only. Aside from the measurements around 0', data were also obtained at

scattering angles 5°, 6° and 8° using an opening angle of 1.5°

horizontally and ±1.25° vertically (1.1 msr), the same size as the bins

constructed for the small angle data.

4.3 Singles measurements

Singles measurement of inelastic scattering at smal i. scattering

angles are usually hampered by a considerable instrumental background in

the spectra, which originates primarily from two sources: the beam

guiding system and the target itself. In section 3.3 the former

contribution was discussed and it was shown that this contribution could

easily be eliminated in the present setup.

The background originating from the target itself is caused by the

rescattering from the spectrograph entrance slits of particles that have

undergone a small angle elastic scattering in the target, a process with

a very large cross section. In the present experiment the spectrograph

entrance slits were at 1.5° (horizontal) and 1.25° (vertical) with

respect to the beam, resulting in a factor 16 higher particle fluK

compared with measurements at 0° with the full 6° opening angle of the

spectrograph. Therefore this background could not be neglected even

though the target has a low Z value.

In fig. 4.2 spectra are displayed for two vertical regions of the

focal plane, one where the particles scattered directly from the target

arrive and an equally large one, where these particles can not arrive.

For the slit scattered particles no such limitations exist, they have

been found to be homogeneously distributed vertically. Thus the real

excitation spectrum of the target nucleus can be obtained by subtracting
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fig. 4.2 Inelastic a-spectra for the 24Mg(<x,a') reaction at 0a' = 0°.
The spectrum with structure has been obtained for the
vertical part of the spectrograph focal plane where particles
scattered in the target can arrive, the flat spectrum for an
equally large region where particles scattered in the target
can not arrive, but particles scattered from the spectrograph
entrance slits can. The real spectrum of 2 Mg is obtained by
subtracted of the latter spectrum from the former.

the two spectra. The resulting spectrum i-. then essentially free from

intrumental background. The subtraction of the instrumental background

was checked by comparison with the coincidence data, where no other

instrumental background is present than in the random events, which are

eleminai:ed by the subtraction of random data. It was found that below

the neutron threshold essentially the full singles cross section was

recovered, thus demonstrating that the background has been subtracted

correctly.

In fig. 4.3 the spectra for the scattering angle intervals between

0* and 4.5', that have been obtained by dividing the spectrograph

opening angle in three bins, are shown after the background subtraction.

For the data taken at larger scattering angles, which are not shown, no

instrumental background was found. Already from inspection of the
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fig. 4.3 Inelastic a-spectra for 24Mg for three different scattering
angle intervals obtained by a software division of the
spectrograph opening angle.

spectra the very characteristic monopole angular distribution is

apparent for some of the peaks. In the spectrum for scattering angles

S , < 1.5* these peaks are strongly present, while their strength

rapidly decreases for the larger scattering angles.
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The angular distributions for the sharp peaks in the low excitation

energy region of the spectra and for the broader structures at higher

excitation energies were obtained by summing over appropriate region of

the spectra without subtracting any continuum background. The angular

distributions were fitted with DWBA predictions of up to three L-trans-

fers simultaneously. The DWBA calculations were performed with the code

DWUCK4 [Ku74] for L = 0 and L = 1, AT = 0 transfers, where Coulomb

excitation plays no role. For L > 2 transfers the code ECIS79 [Ra79] was

used because of its better treatment of Coulomb excitation, which is

inportant at small scattering angles for these multipolarities. The form

factor version I of Satchler [Sa73] was used for L = 0, for L = 1,AT = 0

the form factor proposed by Harakeh and Dieperink [Ha81] was applied and

for L > 2 the usual surface vibration form factor R -=— , where u is the

optical potential and R the nuclear radius, was used. The real and

imaginary parts of the form factor were normalized such that their

radial moments with respect to the corresponding part of the optical

potential were equal. The optical potential [Pe76] used in the analysis

was the same as used by van der Borg et al [Bo81] and Zwarts et al

[Zw85], the parameters are given in table 4.1. The DWBA calculations

were folded with the shape of the opening angle before entering them

into the fitting program. The fractions of the respective EWSR was

derived from the deformation parameters f! resulting from the fit using

the implicit folding method [Ha81a,Wa82,Ba84] described in chapter 2.2.

For the low excitation energy part of the spectrum the angular

distributions generally could be described with one dominant L-transfer

and a small contribution of other L-transfers. These small admixtures

are at least partly due to the angular distributions being obtained from

summing over excita'ion energy regions instead of by peak fitting, so

Table 4.1 Optical model parameters used in the analysis of Mg(a,oc') at
E a = 120 MeV

V rR aR W r-r a-r rc

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

-95.7 1.30 0.73 -22.9 1.60 0.71 1.30
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that tails of neighbouring peaks contribute. At higher excitation

energies the width of the structures observed in the spectra is larger

and a considerable overlap exists. This is reflected by the fact that

the contributions of the different L-transfers at high excitation energy

ara of the same order of magnitude.

(cleg)

fig. 4.4 Experimental angular distributions for a few sharp peaks at
"low" excitation energy (top row) and a broad structure at
higher excitation energy with fits to ÜWBA predictions, (see
text)

In fig. 4.4 a few examples of both categories are shown. In the top

row the angular distributions and fits for a few sharp peaks are given,
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which are well fitted with one dominant L-transfer. In the left section

it can be seen that in case of a dominant L = 0 transfer small

admixtures can be identified from the data points at the largest angles,

where the cross section for L = 0 excitation has dropped by almost two

orders of magnitude. For the angular distribution in the right section a

still better fit can be obtained by adding a small L = 1, AT = 0

contribution, presumbaly due to the tail of the neighbouring L = 1, AT =

0 peak, of which the angular distribution is shown in the middle

section-

In the bottom row of fig. 4.4 the fits obtained with three

combinations of L-transfers for the angular distribution of a structure

at high excitation energy are shown. The presence of L = 0 strength is

immediately clear from the rise of the angular distribution towards 0°.

Fits with two L-transfers fail to reproduce the angular distribution

satisfactorily, as can be seen from the left and middle sections. A fit

including L = 0, 1 and 2, however, describes the data well. No fits with

more than three L-transfers were attempted because of the questionable

significance of such a fit.

In general an acceptable fit could be obtained when including

contributions of L-transfers up to L = 2. In a few cases a significant

improvement in the x2 could be obtained by replacing the L = 2

contribution by one of a higher multipolarity, for which consistently

L = 4 was taken. It should be pointed out that this is an arbitrary

choice, since the angular range of the data does not allow assigments

for higher multipolarity. Also the inclusion of an L = 4 contribution

instead of the L = 2 does not imply that no L = 2 strength could be

present. The experimental angular distributions and the fits obtained

are for all intervals shown in fig. 4.5 and 4.6, the fractions of the

EWSR for the various multipolarities are given in table 4.2.

fig. 4.5 Angular distributions for all excitation energy intervals
fig. 4.6 studied in l Mg together with the fit to DWBA predictions.

(see next page)
The full line represents the sum of the contributions of the
different L-transfers, the other lines indicate the
individual contributions.
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Table 4.2 Fraction of the respective EWSR of isocalar raonopole, dipole

quadrupo

120 MeV

and quadrupole strength in Mg from inelastic tx-scattering at

percentage EWSR

E x L = 0 L = 1 L

(MeV)

11.40

11.70

11.80

12.10

12.50

12.80

13.10

13.40

13.90

14.10

14.50

U.70

15.30

15.70

16.50

16.90

17.30

17.60

18.00

18.60

19.20

19.80

0.73

1.8

0.97

0.75

7.7

0.19

0.99

2 . 1

5.7

2 .4

4 . 8

10.2

7 .8

5.4

5 .6

13.5

11.0

8 .8

1.9

2 . 5

0.94

2 . 5

2 . 2

1.2

1.5

2 .0

0.78

1.2

2 . 0

2 .9

5 . 1

2 .6

4 . 2

6 . 3

8 .5

7 .0

3 . 3

0.16

1.1

1.2

3 .2

2 . 3

0.61

2.0

2 .4

2 . 9

2.4

1.5

3 .2

3 .8

6 .4

3 . 1

5 .9

5.4

2.7

1.6

4.3

total 90 i 20 56 ± 12 51 ± 11



- 73 -

The statistical error In the extracted fractions of the EWSR is

less than of 10 7., it has been derived from the covariance matrix of the

fit. The overall accuracy of the results, which is mainly associated

with the DWBA analysis and includes the uncertainty in the target

thickness, is estimated to be 20 X.

24 i 24
Mg (a, a ) Mg

Ea=l2O MeV r
EO strength

ÜJ

O 10-

O.

a:
LJ

O
il

I-
]

20 -

10

0.

• 2 0 -

El , AT = 0 strength

E 2 strength

fig. 4.7 Strength distribution for isoscalar monopole, dipole and
quadrupole strength derived from the angular distributions
shown In figs. 4.5 and 4.6. For the Intervals In the E2
strength marked with an asterisk the data were fitted
including an L = 4 contribution instead of L = 2.



In fig. 4.7 the strength distributions for EO, isoscalar El and E2

strength are given. In the E2 strength distribution the intervals where

the E2 contribution in the fit was replaced by an E4 contribution are

indicated with an asterisk. The E2 strength is seen to be distributed

over the whole excitation energy range studied, in qualitative agreement

with previous results [Bo81,Zw85,Yc77a,Ki76,Ya75,It81].

For the isoscalar El strength the shape of the distribution

suggests that this Is a broad resonance with a width between 5 and 10

MeV and a centroid excitation energy slightly above 20 MeV. This Implies

that about half of the EWSR for isoscalar El strength is located below

20 MeV excitation energy.

The strength distribution of the observed EO strength exhibits a

similar behaviour, but seems to peak at a lower excitation energy and to

have a smaller width. This is in agreement with the observation of 90 %

of the EO EWSR below 20 MeV excitation energy. The centroid of the

measured E0 strength distribution lies at an excitation energy of 17.2 i

0.5 MeV and the distribution has a width (FWHM) of 4.7 ± 1.0 MeV.

4.4 Discussion

In table 4.3 a comparison of the present results with previous work

on Mg is made. As the present experiment allows assignments only for

multipolarities L < 2 the comparison is restricted to these. A detailed

comparison of the various results for strength with multipolarity L > 2

has been given by van der Borg et al [Bo81]. The comparison shows that

all experiments but the present small angle scattering experiment fail

to locate the monopole and isoscalar dipole strength, except for those

cases where a strong and pure peak occurs.

For excitation energies above 15 MeV a detailed comparison of the

present results with those of van der Borg et al f3o81] is complicated

due to the large continuum subtracted in the latter experiment. A

further discussion on this point is given below. Below 15 MeV excitation

energy, where the influence of the subtracted continuum background on

the results is not so large, the results for the E2 strength of van der
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Table 4.3 Comparison of the fraction of the respective EWSR located in

the present experiment with those of van der Borg et al [B08IJ

and Zwarts et al [Zw85]

E x % EWSR reference

(MeV) L = 0 L = l L = 2 L > 2

11 - 12 2.5 4.4 3.4

2.2 1.6 [B08I]

12 - 13 3.4 5.4

3.9 1.7 [B08I]

4.0 [Zw85]

13 - 14 9.5 2.2 5.0

8.6 1.9 [B08IJ

8.8 6.8 [ 2 w 8 5 ]i)

4.8 6.4

14 - 15 3.2 4.7 5.2 2.7

4.2 [B08IJ

11.0 6.6 [ Z w 8 5 ]l)

5.5 6.3

15 - 16 8.3 2.0 4.2

2.1 [B08I]

8.4

16 -17 15.0 4.8 7.0

8.4 [B08I]

17 - 18 13.2 9.4 6.4

10.1 [B08I]

18 - 19 19.0 10.4 9.1

11.6 [B08I]

19 - 20 19.8 15.5 5.4

5.8 [B08I]

' For these excitation energy Intervals the angular correlation

obtained by Zwarts et al [Zw85] could be fitted with either of the two

combinations given.
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Borg et al [B08I] are found to be in good agreement with the present

results, if we assume that the strength with multipolarity L > 2 found

[B08I] is contained in the L = 2 strength of the present data.

Zwarts et al [Zw85] inferred from the angular correlations of the
24 — 20

Mg(a,oc'a:o) Ne reaction that up to 16.5 MeV excitation energy no

continuum is present. The sum rule strength EWSR for the various

multipolarities as found by Zwarts et al [Zw85] agree with those found

in the present experiment for the same structure in the spectrum, if in

those cases, where Zwarts et al could not give a definite assignment of

the multipolarity, the assignments found in the present experiment are

taken. However, Zwarts et al [Zw85] fail to locate most of the E0 and

isoscalar El strength found in the present experiment up to 16.5 MeV

excitation energy.

Above 16.5 Me? excitation energy Zwarts et al [Zw85] could not

deduce a multipolarity and EWSR fraction from their data because of a

strong forward peaking of the angular correlations, which was attributed

to quasi-free scattering. In singles data this type of reaction appears

as a continuum underlying the real excitation of the target nucleus,

thus justifying the subtraction of a continuum background as done by van
24

der Borg et al [B08I]. In the Mg(a,a'c) coincidence data obtained in

the present experiment no such strong forward peaking of the angular

correlations as found by Zwarts et al [Zw85] was observed. This

indicates that at small scattering angles the quasi-free scattering is

small, so that little or no continuum should be subtracted for these

angles. At the angles beyond 4.5°, where no coincidences were measured

quasi-free scattering might be present, so that a continuum should have

been subtracted from the data at these angles. This would result in a

smaller fraction of the E2 EWSR being exhausted by the data and to

slightly larger fractions for the E0 and isoscalar El.

Another possible source of background is multistep excitation of

the target nucleus, which does not contribute to the exhaustion of the

TWSR. The angular distribution of multistep excitation is expected to be

rather flat. Thus also the subtraction of a background that is

attributed to multistep excitation would only lead to a decrease of the
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E2 strength without very much affecting the EO and isoscalar El

strength.

From these arguments and from the previously argued absence of

instrumental background it is concluded that the results for the EO and

isoscalar El strength obtained in the present experiment are well

established and can not be attributed to not subtracting a continuum

background.

The discrepancy between the present results and the results of van

der Borg et al [B08I] can be explained as follows. In the present

experiment the EO (and isoscalar El) strength is identified by its

strong excitation near 0°. In the experiment of van der Borg et al

[B08IJ the signature of EO strength is the deep minimum at about 5°,

since at larger angles its angular distribution is very similar to that

of E2 strength. The presence of isoscalar El or E2 strength in the same

excitation energy Interval will obscure this minimum and leave the EO

strength "ndetected. Since the cross section for EO strength at large

scattering angles is much smaller than that for the same amount of E2

strength, only little extra E2 strength will be found, thus explaining

the agreement between the E2 strength found in both experiments.

Similarly small amounts of isoscalar El strength filling the

minimum will also stay undetected because of its small cross section at

larger scattering angles. A larger amount of isoscalar El strength will

result in an angular distribution that for scattering angles smaller

than 5° rises with respect to the L = 2 angular distribution. Inspection

of the data of van der Borg et al [B08I] shows that this is indeed the

case for those excitation energy Intervals where In the present

experiment considerable isoscalar El strength was found.

We thus conclude that we have located in 24Mg 90 ± 20 % of the EO

EWSR, 55 ± 15 % of the isoscalar El EWSR and 50 X of the E2 EWSR and

that this result for the E2 strength is in agreement with previous data.

For the EO and isoscalar El strength the results of previous

experiments, which were not sensitive to these multlpolaritles, are not

inconsistent with the present results.
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Table 4.4 Comparison of the fraction of the EWSR for isoscalar raonopole

and dipole strength found in nuclei with mass A < 60 from

small angle inelastic scattering

nucleus % EWSR reference

1 = 0 L = 1

24Mg 90 ± 2 0 56 ± 12 present work

27A1 6 ± 1 [Le80]

28Si 66 ± 20 [Iu85]

40Ca 30 ± 6 [Br83]

*5Sc 10 ± 2 [Le81]

55Mn 10 ± 2 [Le81]

56Fe 10 ± 2 [Le80]

58Ni 10 ± 2 [Le80J

60Ni 7.5 ± 1.5 [Le80]

In table 4.4 the present results for the monopole and isoscalar

dipole strength in Mg are compared with those obtained for other light

nuclei (A < 58) from small angle inelastic scattering experiments. The

strength exhausted in low-lying states is not included in this table.

The results for the various nuclei show large differences, which can be

attributed to the method of data analysis, as will be shown below.
•y a

The da, . for Si [Lu85] have been analyzed in a similar way as the

data for "''Mg in the present experiment- However, a considerable

instrumental background is present in their data. This necessitates the

subtraction of a continuum before evaluating the cross sections. Due to

the moderate resolution the background is most probably overestimated,

thus resulting in an underestimation of the monopole strength. In the

analysis only the data for scattering angles larger than 3* were used,

the data at 0° scattering angle were taken with a considerably larger

opening angle and could only be used as consistency check after

renormalizing them with the results of the fit of the angular

distribution. Isoscalar dipole strength, was not Included In the

analysis, thus explaining its absence. No data were taken between 0' and

3', which from the present analysis were found necessary to reveal the
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presence of isoscalar dipole strength (see fig. 4.4). Nevertheless in

some of the angular distributions the presence of Isoscalar dipole

strength is apparent from the bad fit at the most forward angles. It is

therefore concluded that the results of Lul et al [Lu85] for Si are

consistent with the present results for Mg.

The EO strength in Ca [Br83] was derived from a comparison of

data for scattering angle intervals 0°< 0a,< 1.5°, where the excitation

cross section for EO strength has a maximum, and 1.5*< Sa<K 3°, where

the excitation cross section is considerably smaller. The isoscalar

raonopole strength ;ras also independently determined from the reaction

Ca(a,a'dg) Ar for excitation energies between 10.5 and 15.7 MeV. A

good agreement was found for the two methods, Indicating that between

10.5 and 15.7 MeV excitation energy In **°Ca 23 ± 5 % of the EO EWSR is

located. The good agreement also indicates that in this excitation

energy region only little isosc&lar dipole strength can be present,

since this strength would partially cancel the EO strength in the

analysis of the singles measurements.

For the excitation energy region between 15.7 and 20 MeV, where

7±2% of the EO EWSR was found [Br83] from the singles measurements, It

can not be excluded that isoscalar dipole strength is present. The

present results for Mg and the relatively small fraction of the EO

EWSR found in Ca between 15.7 and 20 MeV excitation energy suggest

that this is Indeed the case, explaining why only 30 % of the E0 EWSR

has been located in Ca sofar.

The results in the remaining nuclei have been obtained by Lebrun et

al [Le8O,Le81] by analyzing their data in terms of two Gaussians,

representing the GMR and GQR respectively. Such analysis is in view of

the results for 24Mg, 28S1 [Lu85] and 40Ca [Br83] is questionable in the

sense that it is likely to leave a lot of E0 strength undetected. This
27

is especially the case for Al, which presumably should behave similar
Olx 9ft

to Mg and Si. The angular distributions obtained for the two

Gaussian peaks show that the 'GQR' In most cases contains as much E0

strength as the GMR proper. In these nuclei again the presence of

isoscalar dipole strength has not been considered in the analysis.
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Interpreting the data for the various nuclei in view of the results

for Mg and Si [Lu85] It seems reasonable to assume that in light

nuclei the full EO EWSR is exhausted. In order to resolve the problem of

the missing EO strength in light nuclei high resolution data without

experimental background, as have been obtained in the present experiment
24

on Mg, are definitely needed.

For Mg as well as for Si the monopole strength is spread over a

fairly large excitation energy region and does not show the resonant

behaviour observed in heavy nuclei [Bu84]. This behaviour is similar to

that of the quadrupole [Sp81] and isovector dipole strength (Be75] in

light nuclei. For 0 this behaviour of the quadrupole strength is well

understood from a theoretical point of view [Kr74,De77J. Calculations

for Ca [Va81] also predict the monopole strength to be largely spread,

but at higher excitation energies than where it is presently observed-

4.5 The nuclear compressibility

The centroid energy of the EO strength distributions for both Mg

and Si [Lu85] are considerably lower than the hydrodynamical value

E x = 80-A""
1''3 MeV (~27 MeV). It has been suggested [B176,B180,Bu84 and

references therein] that this lowering of the excitation energy is due

to the influence of the nuclear surface on the nuclear compressibility.

In appendix A the relation between the mean excitation energy of

the monopole strength and the nuclear compressibility K^ is discussed.

The dependence of K, on the nuclear mass and charge as suggested by the

semi-empirical mass formula [My74] is given in eq. (A.11).

Using relations (A.8) and (A. 6) the value of K^ can be determined

from the average excitation energy and width of the isoscalar monopole

strength in a nucleus. By fitting (A.11) to the experimental values for

a number of nuclei the values of the compressibility of nuclear matter

K m and the contributions due to the nuclear surface K' and the neutron

excess K' can then be determined. However, as can be seen from (A.11)

and (A.13) the parameters are correlated with each other. K' is via
b

(A. 13) coupled to K , while K' and K' are coupled via the A dependence
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of their contribution to the nuclear compressibility K^

Table 4.5 Comparison of experimental and theoretical values for the

contributions to the nuclear compressibility

fit I

fit II

fit III

fit IV

[Lu85]

[B180,B181]

[Bu84]

Skyrme forces

SIII

SIV

SkA

253

248

245

263

270

240

278

[B181]

356

325

263

±

±

±

±

±

±

16

10

10

49

13

8

-488

-461

-442

-519

-607

-440

-591

-505

-460

-355

Ks

±

±

±

±

56

112

23

194

43

20

K

-285

-305

-228

-428

-550

-660

-432

-420

-508

-444

±

±

±

±

±

448

505

483

61

195

85

X

0

0

0

0

.VN

.68

.70

.80

.68

In table 4.5 the results of fitting equation (A.11) to the

experimental values of KA for 25 nuclei with mass A > 90, in which the

GMR exhausts essentially the full E0 EWSR, and for Mg (present result)

and Si [Lu85] are summarized and compared with the results from the

theoretical calculations discussed abovt'. In the fitting procedure

relation (A.13) for R was used. The values of <r2> needed to derive K.

from the excitation energies were taken from Bernstein [Be69].

Since the parameters in the fit are correlated it might well be

that several equally deep minima in the x^ exist. This is illustrated by

the fits I and IV in table 4.5. In both cases the same set of nuclei

was included in the fitting and the compressibility KA was derived from

<EX>A instead of from eq. (A.8). A similar fit including a few more

nuclei with mass A < 90, for which only a small part of the the E0 EWSR



- 82 -

is exhausted, was made by Buenerd [Bu84] . In fit IV the results from

this fit, which are aJso given in table 4.5, were used as the starting

values. In fit I the values of Blaizot et al [B180,B181], which were

derived from the nuclear binding energy (K^) and a simple model

(K' and K'), were used as starting values. Although the results from the

two fits are not inconsistent, the estimates of the errors on the

parameters are rather different, indicating the importance of the

correlations between the parameters.

To solve these ambiguities more accurate data are needed for light

self-conjugate nuclei and for a number of isotope chains of (medium-)

heavy nuclei such as the Sn, Nd and Sm isotopes. For the former nuclei

the contribution to the compressibility due to the neutron excess is

absent, so that the value of K' can be determined more accurately.
b

Together with accurate measurements on isotope chains, which reflect the

influence of the neutron excess, this would then allow a better

determination of K' also.

The importance of the inclusion of light nuclei in the fit is

illustrated by the comparison of fits I and II, In fit II the present

result for Mg and the result of Lui et al [Lu85] for Si have been

removed from the data to be fitted. This results In a considerably

larger error on the value of K' obtained from the fitting, without
o

seriously affecting those on the other parameters.

In fit III the compressibility K, of the nucleus was derived

according to eq. (A.8), thus taking into account the effect of the width

of the strength distribution. This does not affect the values of the

parameters significantly, except that it reduces the error on K' with

respect to fit I by a factor 2. Whether or not this Is significant is

questionable in view of the dependence of the results on the starting

values and the correlations between the parameters.

Still another illustration of the dependence of the results on the

input for the fit is shown by the comparison of the results of Lui et al

[Lu85J and fit I, which were obtained In the same way except that Lui et

al included only 13 nuclei In their fit.

However, in spite of the large uncertainties in the values of the
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parameters and their errors it is clear from the fits that the value of

K m lies around 250 MeV. Togethf with the value Kro = 240 MeV derived

from the semi-empirical mass formuli this leads to the conclusion that

Skyrme interactions with a considerably larger Km> such as SIII and SIV,

should not be used in theoretical calculations.

For K' the present fits indicate that values between -300 and -700

MeV can not be excluded, while for K' r.o conclusion can be drawn.

However, the present results suggest that with a more extensive set of

experimental data it will be possible to determine K' and K' more

accurately.
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Appendix A

Since the GMR is a congressional mode, its excitation energy can be

related to the compressibility of the nucleus and of nuclear matter.

Expanding the energy of the many nucleon system In terms of a collective

variable around the equilibrium value leads for nuclear matter In a

harmonic approximation to

where po is the equilibrium density for nuclear matter and E/A is the

energy per nucleon, while for a finite nucleus it can be defined as

7 d2 i
j£ — yf- # _ E/A (A 2)
A 0 d x2 'X = XQ

where X is a collective coordinate. If the monopole excitation can be

described in terms of a scaling model [Sa73,Ub71] In which both the

radius and surface thickness vary, the rms radius R = / <r2> can play

the role of X. Aside from the scaling model [Sa73,Ub71] for the GMR it

has also been proposed to describe the GMR as a density vibration with a

constant surface thickness (Satchler version II) [Sa73]. The resulting

transition density Is very similar to that of the scaling model,

however, the velocity field associated with It Is not. Comparison with

the velocity field from RPA calculation [B180] favors the scaling model.

In a macroscopic hydrodynamical model the excitation energy of the

GMR Is related to the compressibility by

E G M R = * . , _ 5 A _ (A.3)J
x m <r2>

where m is the nucleon mass. A similar relation can be derived from

microscopic sum rules. The strength distribution of a microscopic

calculation of e.g RPA type can be characterized in terms of its moments

or sura rules [Go82] (see also chapter 2.1)

nL - S EJJ |<n|F|0>|2 (A.4),
n
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where F is the operator mediating the excitation, which in case of the

GMR is given by F = £ \ r|. The moment m^ for odd values of k can be

proven to depend on the groundstate properties only.

Using the moment of the strength distribution mean energies can be

defined by

(A.5).
k \-2

It has been shown by Treiner et al [Tv82] that for the scaling model

K
Ê = / — (A.6),Ê, = / —
3 m <r2>

while for the model with constant surface thickness

K
È. = / 2— (A.7).

m <r2>

It should be pointed out that the so defined mean energies E are not

the same as the experimentally determined centroid energies for the GMR,

although the difference is small when <EX> > T, where <Ex> is the

centroid energy and T is the width of the GMR (FWHM). For a Gaussian

strength distribution to a good approximation

Ê"2 = <Ex>
2 + 3 (F/2.35)2 (A.8),

thus yielding a 2 to 5 % incrcsje in the value of KA as compared to the

results obtained when using <E >.

A relation between K^ and K^ is suggested by the mass formula of

Myers and Swiatecki [My74]:

KA - Km + Kg- A"
1'3 + Kj« (N - Z)2/A2 + K ^ Z2A~4;/3 (A.9).

In the mass formula K^ also appears and has been found to be Km = 240

MeV [B180], Using a simple Skyrme force Blaizot and Grammaticos [B181]

estimated Kg ~ -440 MeV and Kj, ~ -660 MeV [B181].
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The value of the Coulomb term Kc in (A.9) can be obtained

analytically assuming the nucleus to be a uniformly charged sphere

[Pa70]

where rc is the charge radius divided by A ' .

It has been shown by Blaizot [B180], however, that a more careful

derivation of the compressibility from the binding energy formula gives

KA= K ^ [Kg+ 4 a s ( l + Zj R)]A~1/3+ K|,(N - Z)2/A2+ | ^ - (1 - 27R)Z2A~4/3

c

= K, + K£ A~1/3 + K'z(n - Z)
2/A2 + | j - (1 - 27R)Z2A~4/3 (A.11)

where ag is the coefficient in the semi-empirical mass formula due to

the surface tension and

The value of R for a number of frequently used Skyrme interactions

varies between 0.2 and 0.35 [B180]. An empirical relation between K^ and

R has been derived by Buenerd [Bu84] from the work of Krivine et al

[Kr80]

R = 0.5 - 45/Km (A.13) .

Blaizot and Grammaticos [B181] have determined the values of Kg and

Kj. for a number of Skyrme forces by fitting (A. 11) to the values of K.

derived from self-consistent RPA calculations for 1 6 0 , Ca, Zr and

208Pb. They included an extra term K Jl"1/3(H - Z)2/A2 In (A.11), which

improves the fit slightly, and kept K^ fixed to the value of the Skyrme

Interaction used. The extra term, however, has only a small influence on

the results for Kg and Kj. and thus their results, which are given In

table 4.5, can be compared with values obtained from experimental data

using (A.11).



- 87 -

References

Ba84 W. Bauhoff, Z. Phys. A318 (1984) 219
Be69 A.M. Bernstein, In Advances in Nuclear Physics, M. Baranger and

E. Vogt (eds.) (Plenum, New York, 1969) Vol. 3
Be75 B.L. Berman and S.C. Fultz, Rev. Mod. Phys. 47 (1975) 713
Be80 F.E. Bertrand, G.R. Satchler, D.J. Horen, J.R. Wu, A.D. Bacher,

G.T. Emery, W.P. Jones, D.W. Miller and A. van der Koude,
Phys. Rev. C22 (1980) 1832

B176 J.P. Blaizot, D. Gogny and B. Grammaticos,
Nucl. Phys. A265 (1976) 315

B180 J.P. Blaizot, Phys. Rep. 64 (1980) 171
B181 J.P. Blaizot, and B. Grammaticos, Nucl. Phys. A355 (1981) 115
Bo81 K. van der Borg, M.N. Harakeh and A. van der Woude,

Nucl. Phys. A365 (1981) 243
Br83 S. Brandenburg, R. De Leo, A.G. Drentje, M.S. Harakeh, H. Sakai

and A. van der Woude, Phys. Lett. 130B (1983) 9
Bu79 M. Buenerd, C. Bonhomme, D. Lebrun, P. Martin, J. Chauvin,

G. Duhamel, G. Perrin and P. de Saintignon,
Phys. Lett. 84B (1979) 305

Bu84 M. Buenerd, Proc. Int. Symp. on Highly Excited States and
Nuclear Structure, Orsay, France (1983),
Journal de Physique 45 (1984) C4-115

Co81 M.T. Collins, C.C. Chang and S.L. Tabor,
Phys. Rev. C24 (1981) 387

De77 J.S. Dehesa, Phys. Rev. C15 (1977) 1858
Fa79 A. Faessler, D.J. Millener, P. Paul and D. Strottman,

Nucl. Phys. A33O (1979) 333
Go82 K. Goeke and J. Speth, Ann. Rev. Nucl. Part. Sci. 32 (1982) 65
Ha76 M.N. Harakeh, A.R. Arends, M.J.A. de Voigt, A.G. Drentje,

S.Y. van der Werf and A. van der Woude,
Nucl. Phys A265 (1976) 189

Ha81 M.N. Harakeh and A.E.L. Dieperink, Phys. Rev. C23 (1981) 2329
Ha81a M.N. Harakeh, KVI internal report 77, 1981 (unpublished)
It81 K. Itoh, S. Ohsawa, Y. Torizuka, T. Saito and T. Terasawa,

Phys. Rev. C23 (1981) 945
K176 A. Kiss, C. Mayer-Böricke, M. Rogge, P. Turek and S. Wiktor,

Phys. Rev. Lett. 37 (1976) 1188
Kn75 K.T. Knöpfle, G.J. Wagner, H. Breurer, M. Rogge and

C. Mayer-Böricke, Phys. Rev. Lett. 35 (1975) 779
Kn78 K.T. KnBpfle, G.J. Wagner,P. Paul, H. Breuer, C. Mayer-Böricke,

M. Rogge and P. Turek, Phys. Lett. 74B (1978) 191
Kn79 K.T. Knöpfle, in Nuclear Physics with Electromagnetic Probes,

H. ArenhSvel and D. Drechsel (eds.).
Lecture Notes in Physics 92 (1979) 443 , „pringer-Verlag,
Heidelberg

Kn81 K.T. KnBpfle, H. Riedesel, K.Schindler, G.J. Wagner,
C. Mayer-Böricke, W. Oelert, M. Rogge and P. Turek,
Phys. Rev. Lett. (1981) 1372

Kn81a K.T. Knöpfle, H. Riedesel, K. Schindler, G.J. Wagner,
C. Mayer-Böricke, W. Oelert, M. Rogge and P. Turek,
J. Phys. G7 (1981) L99



- 88 -

Kr74 S. Krewald, J. Birkholz, A. Faessler and J. Speth,
Phys. Rev. Lett. 33 (1974) 1386

Kr80 M. Krivine, J. Treiner and 0. Bohigas,
Nucl. Phys. A336 (1980) 155

Ku74 P.D. Kunz, University of Colorado, 1974 (unpublished)
Le80 D. Lebrun, M. Buenerd, P. Martin, F. de Saintignon and G. Perrin,

Phys. Lett. 97B (1980) 358
Le81 ü Lebrun, Ph. D. thesis, Grenoble, 1981, ISN report 81 - 37
Lu81 Y.-W. Lui, J.D. Bronson, C.M. Rozsa, D.H. Youngblood, P. Bogucki

and U. Garg, Phys. Rev. C24 (1981) 884
Lu85 Y.-W. Lui, J.D. Bronson, D.H. Youngblood, Y. Toba and U. Garg,

Phys. Rev. C31 (1985) 1643
My74 W.D. Myers and W.I. Swiatecki, Ann.Phys. (New York) 84 (1974) 211
Pa70 V.R. Pandharipande, Phys. Lett. 31B (1970) 635
Pe76 C.M. Perey and F.G. Perey,

Atomic data and nuclear data tables 17 (1976) 1
Ra79 J. Raynal, program ECtS79, unpublished
Ro79 H. Rost, W. Eyrlch, A. Hofmann, U. Scheib and F. Vogler,

Phys. Lett. 88B (1979) 51
Sa73 G.R. Satchler, Particles and nuclei 5 (1973) 105
Sp81 J. Speth and A. van der Woude, Rep. Piog. Phys. 44 (1981) 719
Tr82 J. Treiner, H. Krivine, 0. lohigas and J. Martorell,

Nucl. Phys. A371 (1982) 253
Ub71 H. Uberall, Electron scattering from complex nuclei

(Academic, New York, 1971)
Va81 N. Van Giai and H. Sagava, Nucl. Phys. A317 (1981) 1
Wa82 G.J. Wagner, P. Grabmayr and H.R. Schmidt,

Phys. Lett. 113B (1982) 447
Wa82a G.J. Wagner, in Nuclear Physics, C.H. Dasso, R.A. Broglia and

A. Winther (eds),
North Holland Publishing Company, Amsterdam, 1982

Wi80 A. Willis, M. Morlet, N. Marty, R. Frascaria, C. Djalali,
Nucl. Phys. A344 (1980) 137

Ya75 G.C. Yang, P.P. Singh, A. van der Woude and A.G. Drentje,
Phys. Rev. C13 (1975) 1376

Ya78 T. Yamagata, K. Iwamoto, S. Kishimoto, B. Saeki, K. Yuasa,
M. Tanaka, F. Fukuda, K. Okada, I. Miura, M. Inoue and H. Ogata,
Phys. Rev. Lett. 40 (1978) 1628

Yo77 D.H. Youngblood, C M . Rosza, J.M. Moss, D.R. Brown and
J.D. Bronson, Phys. Rev. C15 (1977) 1644

Yo77a D.H. Youngblood, A.D. Bacher, D.R. Brown, J.D. Bronson, J.M. Moss
and CM. Rosza, Phys. Rev. C15 (1977) 246

Yo81 D.H. Youngblood, P. Bogucki, J.D. Bronson, U. Garg, Y.-tf Lui and
C M . Rozsa, Phys. Rev. C23 (1981) 1997

Ew82 F. Zwarts, K. van der Borg, A.G. Drentje, M.N. Harakeh,
W.A. Sterrenburg and A. van der Woude, Phys. Rev. C25 (1982) 2139

Zw85 F. Zwarts, A.G. Drentje, M.N. Harakeh and A. van der Woude,
Nucl. Phys. A439 (1985) 117



- 89 -

90ftChapter 5 Decay properties of the giant monopole resonance in °Pb

5.1 Introduction

The existence of a number of giant resonances in heavy nuclei has

been well established experimentally- Information on the excitation

energy, width and fraction of the appropriate sum rule exhausted is

available for many nuclei for the isovector giant dipole resonance (GDR)

[Be75], the isoscalar giant quadrupole resonance (GQR) [Sp81] and the

isoscalar giant monopole resonance (GMR) [Bu84]. Also the existence of

the lfxo octupole resonance (LEOR) is quite well established [Sp81,Mo76,

Mo78], while indications for the existence of the isoscalar giant dipole

resonance (ISGDR) have been found [Bu84].

The obtained systematlcs on the excitation energies and strengths

are in good agreement with theoretical predictions from various models

[Be75,Sp81,Bu84,Go82]. However, the widths of the giant resonances are

systematically underpredicted by the microscopic calculations based on a

lp-lh picture of giant resonances and various refinements have been made

to remove this discrepancy [Va81,Ha82,Sch84]. To discriminate between

them experimental information on the decay properties of the giant

resonances is needed. Aside from studies of the fission decay of giant

resonances in actinide nuclei, which will be discussed in chapter 6 of

this thesis, only a few such measurements have been reported up to now,

reflecting mainly the complexity of the experiment.

The decay of the GDR has been studied in 1<UPr [Yo72], 2O8Pb [Ca69]
209

and Bi [Ku67] by measuring the energy spectrum of the neutrons in the

(Y,n) reaction, which predominantly excites the GDR. The spectra show

large resemblance to the spectrum of statistically emitted neutrons.

However, the population of neutron-hole states was found to be enhanced

in comparison with a simple statistical model prediction [Ku67,Ca69,

Yo72J.

These results can be explained by assuming that a few processes

contribute to the width of giant resonance. The escape width Tt is
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connected with nucleon emission from the lp-lh configurations forming

the giant resonance, which leads to population of hole states in the

residual nucleus.

A second component, the spreading width r+, is due to coupling of

the lp-lh configurations to 2p-2h configurations. The 2p-2h

configurations either decay by nucleon emission, giving rise to pre-

equilibruim decay, or couple to still more complex configurations,

finally leading to complete equilibration and statistical decay.

A third contribution to the total width is the so-called Landau

damping, which is due to the spread in energy of the lp-lh

configurations. RPA calculations [Go82,Ha82] indicate that in heavy

nuclei this gives only a small contribution to the total width.

This leads to the interpretation that the decay of the GDR is to a

large extent of statistical nature with a small contribution (10 - 20 %)

of direct decay of the lp-lh configurations that form the giant

resonance [Ku67,Ca69,Yo72]. This picture is in agreement with the

expectations based on the comparison of the experimentally found total

width of the GDR [Be75] with predictions from calculations in a lp-lh

framework.

The neutron decay of the GQR has been studied in three nuclei: Zr

[Ej84], U 9 S n [Ok82,Ej84] and 208Pb [Ey79,St81J. In contrast to the GiR

case, where the giant resonance dominates the photo absorption process,

the cross section for excitation of the GQR in any reaction constitutes,

even under favourable conditions, only a small part of the total cross

section, thus considerably complicating the interpretation of the data-

Inelastic a-scattering cross sections will also include excitation of

other multipoles, nucleon knockout and multistep excitation.

In order to obtain information on the decay properties of the giant

resonance the angular correlations between the scattered projectile and

the emitted particle and the energy spectra of the emitted particle have

to be measured. Concerning the angular correlations it is important to

measure angular correlations varying the angle of both the scattered

projectile (n-a' correlation) and the emitted particle (oc'-n

correlation).
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The most complete study on the decay of the GQR to date was carried

out by the Osaka group for 119Sn and 92Zr [Ok82,Ej84]. Using a 109 MeV

a-beara they measured the a'-n coincidences for scattering angles between

13° and 23°, detecting the neutrons at 12 different angles between 0°

and 180° in the center of mass of the decaying nucleus. They concluded

that a number of processes contribute to the coincidence cross section.

In the direction of the momentum transfer, neutrons populating hole

states In the residual nucleus are observed independent of the energy of

the scattered projectile. These neutrons are attributed [Ej84] to direct

nucleon knockout.

Neutrons populating hole states in the residual nucleus were also

observed at angles opposite to the momentum transfer for energies of the

scattered projectile corresponding to the excitation energy of the GQR.

The a'-n angular correlation for this component was found to be In

agreement [Ej84] with PWBA predictions assuming a simple wavefunctlon

for the GQR. Also the n-ot' angular correlation shows a good agreement

with the singles a' angular distribution for the GQR. From these

observations it was concluded that the GQR in Zr and Sn has a

direct decay branch, whose magnitude was estimated to be about 20 % for

both nuclei [Ok82,Ej84]. This number is in qualitative agreement with

predictions based on the comparison of the experimentally observed width

for the GQR and width predicted by RPA calculations in a lp-lh framework

[Go82].

For nuclei around mass A = 60 it was found [Kn81,Co81] that the

decay of the GQR was found in agreement with statistical model

predictions. In these cased however, threshold effects play an important

role. Since such effects influence direct and statistical decay in a

similar way the agreement between the data and statistical model

calculations is not conclusive on the absence of a direct decay branch.

Aside from the "normal" statistical component, which is the only

constituent of the neutron energy spectra for backward neutron angles

and excitation energies in the target nucleus above the GQR, a

contribution to the spectra with a shape similar to the statistical

spectrum but corresponding to a higher temperature of the nucleus was
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observed at forward neutron angles on the same side of the beam as the

scattered particle. This is attributed to a reaction in which the

incident projectile interacts with a few nucleons of the target nucleus

followed by pre-equilibrium emission of the neutron; the observed energy

spectrum for these neutrons is in agreement with predictions from

exciton model calculations assuming a lp-lh doorway state [Ej84].

In 208Pb it is more difficult to establish the existence of a

direct decay branch for the GQR because of the higher neutron binding

energy and the lower excitation energy of the GQR. Under these

circumstances statistical decay of the GQR in Pb will mainly populate

the low-lying excited states in Pb. These, incidentally, carry a

large part of the neutron-hole strength [Sch77] and thus will be

populated in the direct decay as well. Another effect is that the level
707

densities in the relevant excitation energy region in Pb are not high

enough to describe the energy spectrum of the statistically emitted

neutrons by the Maxwell distribution

N (En) = N0' En • exp (-Ij T) (5.1) ,

where En is the energy of the neutron and T the nuclear temperature

expressed in units of energy. In order to draw conclusions concerning

the decay properties of the GQR one must look at to other observables

such as the branching ratios for decay into the various states of the

residual nucleus. The Erlangen-Karlsruhe group has studied the decay of

the GQR along two lines: measurements of the y-xays emitted after the

neutron decay [Ey79] and of the neutrons themselves [St81].

In the (a,a'(n)y) experiment [Ey79] only y-rays deexciting the

first two excited states in 207Pb (E„ = 0.568 MeV, jn = 5/2" and
n - n +

E x = 0.898 MeV, J = 3/2 ) were observed. Decay of the J = 13/2 state

at E x = 1.633 MeV can not be observed because of its long lifetime

(ii = 0.95 s) and decay of higher excited states, was not observed,

indicating that these are at most weakly populated. The a'-y angular

correlations and branching ratios were compared with predictions based

on the statistical model and on lp-lh RPA calculations. The branching

ratios were found to be in good agreement with the statistical model
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predictions [Ey79,Ey82J. For the angular correlations of the J = 3/2~

state the two predictions are very very similar and agree well with the

data, for the J = 5/2 state, however, neither prediction was in

agreement with the data, although the prediction of the RPA calculation

could be made to agree by changing just one amplitude in the GQR

wavefunction [Ey82]. It was therefore concluded that the decay of the

GQR in 2Of*Pb is mostly of statistical nature, but that a small direct

decay branch can not be excluded.

A rather surprising result of the experiment was the shape of the

inelastic alpha spectrum coincident with the y~rays deexciting the first

two excited states in Pb. In contrast to the singles spectrum the

coincident spectrum shows considerable structure in the giant resonance

region [Ey79,Ey82]. The excitation energies of the peaks observed in the

coincident spectrum coincide with peaks observed in inelastic electron

scattering data at low incident energy [Ku"81]. Similar strucures have

also been observed in inelastic proton scattering at E = 200 MeV

[DJ82], where they were identified as being of E2 nature, and in

inelastic a-scattering data at Ea = 172.5 MeV [Mo83] and 120 MeV [Ha79].

Theoretical calculations in a 2p-2h framework indicate a fragmentation
20R

of the GQR in Pb and show a qualitative agreement with the data

[Ha82].

In order to study the differences between their a'-singles and ot'-y
207

coincidence data, in which neutron decay to the Pb ground state and

J n = 13/2+ isomeric state could not be observed, Steuer et al [St81,
?08

Ey82J measured the neutron decay of the giant resonance region in Pb

into the various states of Pb directly. The inelastically scattered

a-particles (incident energy 104 MeV) were detected at 16' and 24°, the

coincident neutrons at 8 angles in the backward hemisphere in order to

minimize the contribution of neutron knockout.

Up to 11 MeV excitation energy essentially all the excited strength
207

decays into the first four states in Pb. For the region between 11

and 12.5 MeV excitation the population of these states still consumes

about 50 %. This observation is in agreement with statistical model

predictions [Ey82].



The J u = 13/2 state at E x = 1.633 Me\ was found to be strongly

populated. Statistical model calculations show that this state can only

be populated strongly in the decay o£ strength with multipolarity L > 4.

From the branching ratio to this state it was inferred [St81,Ey82] that

L = 6 strength has to be present in the GQR region in Pb. Comparison

of the branching ratios for the other low-lying states with statistical

model predictions for various multipolarities led to the conclusion that

L = 4 strength is also present [Ey82].

From the measured branching ratios it was derived that about 50 %

of the E2 EWSR is located between 8.5 and 12.5 MeV excitation energy, in

agreement with the electron scattering result [KÜ81] and with hadron

scattering data of Harakeh et al [Ha79], Djalali et al [Dj82], Morsch et

al [Mo83] and Yaioagata et al [Ya83], but in disagreement with the

analysis Buenerd et al [Bu79J and Bonin et al [Bo84], where essentially

the full E2 EWSR was located. It should be pointed out that the amount

of E2 strength located is strongly reduced when it is assumed that also

higher multipolarity strength is present in the same excitation energy

region [Ha79, see also section 5.3]. Indications for the presence of

such strength in the region of the GQR were found in a number of

experiments [Mo83,Ya83,Ha79,Bo84].

The branching ratios for the decay into the 1/2", 3/2" and 5/2"

states, which are predominantly populated by decay of L = 2 strength and

only to a small extent by decay of higher multipolarity strength, were

compared with predictions from statistical model and lp-lh RPA

calculations, leading to the conclusion that the decay of the E2

strength is to a large extent of statistical nature. From the

discrepancy between the experimental and predicted a'-y angular

correlations for the J = 5/2 state and from the non-significant

difference between the experimental and statistical model branching

ratios it was concluded that a small direct c'ecay component can not be

excluded.

Similar conclusions were arrived at for Auclei around mass A = 60

[Kn81,Co81] where the GQR is also located just above the particle

threshold, leading to population of the same states in both statistical
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and direct decay. In 92Zr and 119Sn [Ok82,Ej84] on the other hand the

GQR is located at about 6 MeV above the neutron threshold and a definite

conclusion on the presence of direct decay could be arrived at because

the direct decay populates states,which are hardly populated in

statistical decay.

The structure observed in the Y~c°inci<ient inelastic a-spectrum on
9flft

Pb was found to be well reproduced [Ey82] in the neutron-coincident

a-spectrum for decay to the j " = 1/2" and 3/2" states in 2 0 7Pb,

indicating that the E2 strength in Pb is indeed fragmented. It was

found however, that the a-spectrum in coincidence with neutrons

populating the J = 13/2 state is strongly anti-correlated with the

previous one, thus explaining the structureless singles spectrum [Ey82].

So far only one attempt has been made to study the neutron decay of

the GMR in a heavy nucleus. Using the same experimental setup as in the

study of the decay of the GQR in Pb Eyrich et al [Ey84] determined

the neutron energy spectrum for the excitation energy region between 13

and 14 MeV in 208Pb for ©a, = 16° and 0^, = 24', corresponding to a

minimum and a maximum for the L = 0 angular distribution respectively.

From the differences between the two spectra and from a comparison with

a Maxwellian spectrum (eq. 5.1) representing the result of a statistical

model calculation they conclude that the GMR has a 15 % direct decay

branch to the low-lying states in Pb.

Some comments on the conclusions with respect to the decay of the

GMR arrived at by Eyrich et al [Ey84] should be made at this stage.

First, their assumption, that the statistical neutron spectrum can be

approximated with a Maxwellian distribution, is not justified, as was

shown by Dlas and Wolynec [DI84]. A statistical model calculation on

basis of a level scheme for Pb obtained from experimental information

and in part from predictions of a simple particle-vibrator calculation

for Pb was shown [D184] to be in agreement with the experimental data

[Ey84]. This leads to the conclusion that the decay of the GMR in 208Pb

is completely statistical-

Second, only a minor part of the singles cross section is due to

direct excitation of multipole strength. Furthermore it is questionable
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whether the main part of the cross section of the giant resonance bump

between 13 and 14 MeV excitation energy in uoPb is of EO nature under

the conditions of the experiment of Eyrich et al [Ey84]. At the large

scattering angles used the excitation cross section for the full EO EWSR

is small compared to that for other multipolarities. This may be seen by

extrapolating the angular distributions shown in fig. 5.1 for E = 120

Me?. At the incident energy of 104 MeV this is even worse, since the

cross section for L = 0 strength Increases more rapidly with incident

energy than that for other multipolarities. Thus the presence of a small

fraction of the EWSR for another multipolarity gives rise to a cross

section comparable to that of the GMR. Discrimination of this strength

on basis of its angular distribution is rather difficult since for the

even multipolarities, which can be expected at the excitation energy of

the GMR, the angular distributions are very similar in the angular range

studied. In the two point measurement performed by Eyrich et al [Ey84]

such discrimination is not possible.

9cm(deg.)

fig. 5.1 DWBA predictions
for the angular distributions

15 of various multipolarlties
exhausting the full EWSR.
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In view of the foregoing it seems impossible to draw any conclusion

on the decay properties of the GMR in Pb from the experiment by

Eyrich et al [Ey84]. From the experiments on the decay of the GQR and

GMR discussed above we conclude that for an experiment on the decay of

the GMR to be successful a number of requirements should be fulfilled.

First, the measurements should be performed at scattering angles

where the EO character of the excited strength can be determined from

its angular distribution and where EO strength has a large excitation

cross section. As can be seen from the angular distributions for various

multipolarities displayed in fig. 5.1 this is only the case for very

small scattering angles. An extra advantage of the small scattering

angles is that the angular distributions for multlpolarities other Chan

EO are rather flat, so that they can easily be subtracted out.

Second, the full angular correlation has to be measured in order to

be able to disentangle the various contributions to the cross section.

Third, a nucleus should be selected where the GMR is located far enough

above the neutron threshold such that the population in a statistical

decay of the neutron hole states in the residual nucleus is small. In

this case direct decay to the hole states will lead to a larger

population of these states than predicted by statistical model

calculations.

Taking into account these criteria and the experimental problems

inherent to this type of experiment, which will be discussed in the next

section, the technique of small angle inelastic a-scattering described

in chapter 3 of this thesis provides a good tool to study the neutron

decay of the GMR. On basis of the third criterion given above the

nucleus iuoPb seems to be a good choice as a target. Also from the point

of view of comparison with theoretical predictions this doubly-magic

nucleus is a good choice, since calculations following many different

approaches have been performed for this nucleus (see e.g [Sp81] and

[Go82]).

The structure of the remainder of this chapter is as follows. In

section 5.2 the experimental procedure will be described in some detail;

section 5.3 is devoted to the results from the singles measurements at
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small scattering angles for E a = 120 and 150 MeV, while the results of

the coincidence experiment at E a = 120 MeV are described in section 5.4.

Iii section 5.5 the results are compared with statistical model

calculations of the obtained results and a discussion of the importance

of the various contributions to the decay of the GMR is given.

5.2 Experimental procedure

120 MeV and 150 MeV a-beatns provided by the KVI cyclotron were used

to bombard a 4.8 mg/cm2 Pb target, enriched to 98 X. In order to

minimize contamination with oxygen, which at 0° gives rise to peaks in

the spectra i i the excitation region of interest, the target was

prepared by rolling of freshly evaporated Pb material under argon

atmosphere and was transferred into the scattering chamber without being

exposed to air. Carbon contamination of the target during the experiment

was presented by cooling a i m long section of the beam tube just in

front of the scattering chamber to liquid nitrogen temperature.

The inelastically scattered a-particles were detected with the

QMG/2 magnetic spectrograph, which was positioned at 0°. An opening

angle of 6° horizontal by 4* vertical was used, corresponding to a solid

angle of 7.2 msr and covering scattering angles between 0° and 3°. A

detailed description of the beam preparation, the QMG/2 magnetic

spectrograph and the focal plane detection system has been given in

chapter 3. Using the horizontal angle of incidence, which is measured

with the focal plane detection system with an accuracy of 0.7°, data

could be obtained for horizontal angles of incidence 0* < 0^ < 1.5* and

1.5° < 9, < 3.0*. The corresponding scattering angle intervals are

slightly larger due to the finite vertical opening angle. In the

analysis this effect has been taken into account where necessary.

However, for convenience we will refer to scattering angle intervals

0* < ©a, < 1.5° and 1.5° < ©a, < 3* in the remainder of this chapter. As

was pointed out in the previous section the difference between the data

for these two scattering angle intervals is to a large extent due to the

excitation of the GMR, the angular distribution of which has a very

strong maximum at 0* and a deep minimum around 3" (see fig. 5.1).
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5.2.1 Time of flight measurement

Inelastically scattered o-particles were measured both as singles

and in coincidence with neutrons. The energy of the neutrons was

measured with the time of flight (TOF) technique. The TOF can be

measured either with respect to the incident beam burst, using the

cyclotron RF signal as a time reference, or with respect to the time of

arrival of the scattered alpha particle in the focal plane.

In principle the latter method is favourable, since it is

independent of the time structure and drifts with respect to the RF

signal of the beamburst. However, the time of flight of the a—particle

through the spectrograph depends on its momentum and angle of incidence.

After correction for these effects a resolution of about 2.5 ns for the

time of flight of the a-particle through the spectrograph is obtained,

which results in a resolution for the neutron TOF of slightly better

than 3 ns.

Since the energy resolution obtained in this way was found to be

insufficient, it was decided to measure the neutron TOF with respect to

the cyclotron RF. The short beam burst needed was obtained by severely

limiting the RF phase acceptance in the center of the cyclotron with a

slit system consisting of a fixed slit at the radius of the first turn

after extraction from the internal source and a moveable slit at a

slightly larger radius.

The width of the beam burst was measured with a small NE102A

sr.intillator viewed by a fast XP2020 photo multiplier (PM) tube. The

time resolution of this monitor detector was certainly better than 350

ps, which was the smallest width observed for the beam burst during the

beam preparation. During the experiment the monitor detector was mounted

on top of the scattering chamber at a distance of 10 cm from the target.

The width of the beam burst was measured to be about 700 ps. Due to the

RF frequency stabilization system the beam burst drifts ± 300 ps with

respect to the RF signal, resulting in a long term width of about 900

ps. Whenever an instability in the time between the RF signal and the

beam burst, which was continously monitored, occurred, data acquisition
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was interrupted. In the off-line analysis the shifts between the

different runs were corrected for. The time spectrum for the monitor

detector obtained by continuous sampling over a running period of 12

days is shown in fig. 5.2 after correction for the shifts between the

different runs. The time resolution for the photon peak in the spectrum

is 1.0 ns, which is then the contribution to the lesolution of the

neutron TOF due to the uncertainty in the start of the flight t'me.

timing beam burst
versus cyclotron R F

RF beomburst

fig. 5.2 Time spectrum
with respect to the
cyclotron RF signal for
the monitor detector used
to check the beam quality.

5.2.2 Reduction of neutron background

Aside from neutrons originating from the target there are also

neutrons from other sources such as the Faraday cup and the beam guiding

system. To minimize the count rate due to these other sources two

approaches can be followed. Either the neutron detectors are surrounded

by a heavy shieldinp preventing neutrons from sources other than the

target to reach them or shielding is put around all possible neutron

sources except for the target.

The former approach has been chosen by the Erlangen-Karlsruhe group

[St81,Ey82,Ey84] in their study of the neutron decay of the giant
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resonance region in 208Pb. It has the advantage that no precise

knowledge of the origin of the background neutrons Is needed. However,

In order to be efficient the detector shielding his to be rather large,

thus limiting the number of detectors that can be used. In the Erlangen-

Karlsruhe experiment each detector had a weight of about 3 tons and a

volume of about 1.5 m3.

The other approach, an open geometry In which more detectors can be

used, but which requires a careful study of all possible sources of

spurious neutrons has been used by the Osaka group in their study on the

neutron decay of the GQR in U 9 S n and 92Zr [Ok82,Ej84]. We have chosen

the second option, an open geometry, on basis of the arguments discussed

below-

First, the Faraday cup in our case is at a distance of about 5 m

from the target and over 7 m from the detectors, so that ample space is

available to shield it from the detectors. In fig. 5.3 the position of

the shielding, consisting of 40 cm parafin, 1 ram cadmium, 10 cm lead and

20 cm concrete, is schematically indicated. It does not only shield the

detectors from the direct flux but also from the neutrons scattered from

the wall behind the Faraday cup.

Second, the last slits in the beam transport system are at a

distance of 15 m from the target and are shielded from the spectroraph

area by a 1 m thick concrete wall and the yoke of a switching magnet.

fig. 5.3 Schematic layout
of the experimental ari. ••<
with additional shielding
and location of the neutro
detectors.

i | fixed shielding

E223 additional shielding
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Aside from this large shielding these slits are not hit by the primary

beam but only by the beam halo. Slits intercepting the beam are located

even further away and the spectrograph area is shielded from these by

additional concrete walls-

Third, in the spectrograph area the beam can not hit anything, so

that no background neutrons originate from places in the spectrograph

area upstream from the target. This is indeed important not only for

reducing the neutron background but even more so for the beam halo seen

by the focal plane detection system in measurements at 0° scattering

angle, when the beam hits anything downstream from the analyzing magnet.

Inside the spectrograph there is no possibility for the beam to hit

anything; indeed, were it to hit anything this would have resulted in a

very high count rate in the focal plane detection system, making it

impossible to do the experiment.

The only source of a background of neutrons (and y-rays) left are

the spectrograph entrance slits, which are hit by a large flux of

particles that have been elastically scattered from the target over a

small angle. Under typical experimental conditions this flux amounts to

about 10^ particles per second. However, a large shielding around the

detectors will not prevent neutrons originating from these slits from

reaching the detectors, since they originate from a place very near to

the target.

5.2.3 Reduction of y~ray background

For the detection of the neutrons two types of detectors can be

used when the neutron energy is determined with the TOF technique:

plastic scintillators, e.g. NE102A or Pilot B, or liquid scintillators

such as NE213 or NE224. The liquid scintillators have the advantage of a

different response to neutrons and v~ravs» thus allowing pulse shape

discrimination (PSD) and rejection of the y~rays' B e a m correlated y-rays

can be rejected on basis of the TOF, however room background and

due to activation can not be discriminated against in this way.
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From a test experiment and from the data of the Erlangen-Karlsruhe

experiment [Ey82,Ey84] it was concluded that the use of liquid

sclntlllators with PSD is imperative for obtaining data of good quality.

For the experiment eight liquid scintillator detectors, provided by a

number of foreign laboratories, were available. The characteristics of

the detectors are listed in table 5.1.

Table 5.1 Properties of neutron detectors

detector nr. diameter thickness nr . of PM'B type PM sc ln t l l l a to r angle

(co) (cm) (deg)

30.5
20.3

30 5

30.5

20.3

30.5

20.3

5.1

5.1

5.1

5.1

5.1

5.1

5.1

3

1

3

3

1

3

1

XP2O40

XP2O2D

XP2O4O

XP204O

XP2O2O

XP2O4O

XP2040

NE213

NE213

NK213

KF.21 3

SE213

NE2 13

SF.224

45

90

160

107

121

135

lift

Lund

Groningen

Stockholm

L'pjisal a

Cronlngcn

Cöteborg

Col o rad o

dynode

fig. 5.4 Principle of operation of the pulse shape discrimination
(PSD) electronics.
CFD constant fraction discriminator
TSCA timing single channel analyzer
TAC time to amplitude converter
DA delay line amplifier



The pulse shape discrimination was performed with standard NIM

electronics according to the diagram of fig. 5.4. A timing signal was

derived from the anode of the PM tube using constant fraction

discrimination (CFD). The dynode signal was fed into a delay line

amplifier after shaping in a preamplifier. Using a timing single channel

analyzer (TSCA) the zero crossing (ZC) of the bipolar output of the

amplifier was determined. In fig. 5.4 the input and output pulse of the

delay line amplifier are schematically drawn for two rise times. It Is

clear that the ZC time depends on the rise time and thus the time

difference between the ZC time signal from the TSCA and the timing

signal from the CFD is a measure of the rise time.

pulse shape
discrimination
I2"."«*2"NE 213

o 5000

channel

—T—
200

fig. 5.5 Scatterplot of the PSD signal versus the energy deposited in
the detector. The dashed line indicates the boundary between
neutrons and y-rays used in the analysis. The vertical full
scale corresponds to about 8 MeV electron equivalent
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In the experiment not only this time difference but also the

amplitude of the output of the delay amplifier was recorded. In this way

a possible pulse height dependence of the the time difference could be

corrected for and a threshold on the pulse height could be set in the

off-line analysis to reject events in which a very small energy was

deposited in the neutron detector.

In fig- 5.5 a scatter plot of the two parameters is displayed for

one of the 12" diameter detectors, showing that the use of a two

dimensional window improves the rejection of y-rays. The dashed line in

the top part of fig 5.5 shows the boundary between neutrons and y"rays

as it has been used in the analysis. Using only the PSD signal, the

spectrum of which is shown in the lower part of fig. 5.5, either high

energy neutrons would have been misidentif ied as -y-rays or a large

amount of y-rays would not have been rejected.

In fig. 5.6 the time spectra before and after the pulse shape

discrimination are shown for the same detector as in fig. 5.5. The peaks

c.q. bumps due to the prompt and random y-rays c.q. neutrons are clearly

seen. The prompt to random ratio was found to be of the order of 2.5.

The bottom spectrum of fig- 5.6 shows that indeed a considerable

continuum background of yrays is present inbetween the beam bursts,

which could not have been rejected otherwise. In order to be sure that

to no neutrons are lost a small leak through of y~rays Into the neutron

spectrum has been allowed.

The satellite peak just to the right of the main y-ray peaks are

due to -prays originating from the spectrograph entrance slits, whereas

the small peaks inbetween the y-ray peaks are due to y-rays from the

Faraday cup. The spectra of fig. 5.6 have been obtained in a similar way

as the spectrum of fig. 5.2 and the time resolution of 2.0 ns observed

for the y-ray peaks can be considered as the overall time resolution for

the neutron TOF. For the 8" diameter detectors, which are viewed by one

PM tube a time resolution of 1.5 ns was observed.
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2 0 8Pb (a.a'n)

before PSD

lOOÜr- '

ea-=o°
e„=io7°

flg. 5.6 Coincidence time spectra measured with respect to the
cyclotron RF before and after application of the PSD
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5.2.4 Neutron detection efficiency

The neutron detection effiencies were calculated with a Monte Carlo

code [Ce79] using the known cross sections for the various processes

that contribute to the detection efficiency. The cross sections for

inelastic neutron scattering and radiative neutron capture, which

contribute a minor fraction to the totaj. effiency were not included

because their contribution is rejected by the pulse shape

discrimination. The shape of the calculated efficiency curve is almost

independent of the size of the detector and the liquid used, but depends

strongly on the threshold. For the NE224 scintillator a slightly higher

efficiency is found due to the larger specific density and H/C ratio.

The calculated efficiencies were checked for a number of neutron

energies and thresholds using the d(d, He)n reaction. For the 12"

diameter detectors the efficiencies were measured [N184] relative to r.he

known efficiency of a polyethylene counter at 0° with respect to the

beam, using the known angular distribution of the reaction. The accuracy

of these measurements is estimated to be about 20 Z for the absolute

value of the efficiency. The relative efficiency for the different

neutron energies has an accuracy better than 10 %.

>•

O 40

y
LL

O

o
Lü
I -
ÜJ
O

20

I2"0*2"thick
NE 213

8 \Z 16 20

NEUTRON ENERGY (MeV)
24

fig. 5.7 Comparison of the measured and calculated (Ce79] efficiencies
for one of the 12" diameter detectors for various values of
the threshold



- 108 -

In fig. 5.7 the experimental results are compared with the

calculations. The agreement between the data and the calculation is

especially for the lower neutron energies and thresholds considerably

vorse than previously published results [Ce79]. The discrepancy is at

least partly due to to the fact that a coincidence between the three PM

tubes was required, which results in an effectively higher threshold. In

the actual experiment an OR of the signals of the three PM tubes was

used.

For the 8" diameter detectors the efficiency was measured using the

kinematic coincidence technique. The neutron detector and a solid state

particle telescope were positioned at corresponding angles, while the

solid angle of the neutron detector was considerably larger than that of

the telescope. Thus for each He detected in the telescope the

corresponding neutron entered the neutron detector. The detection

efficiency for a given treshold is then simply given by the ratio of the

number of He-n coincidences in which the linear signal of the neutron

detector exceeds the threshold and the number of He particles detected.

The accuracy of the efficiency measured in this way is determined by the

counting statistics. The results from these measurements were found to

be in good agreement with efficiencies calculated for various values of

the threshold. It was concluded that the calculated efficiencies can be

reliably used in the data analysis, also for the 12" detectors.

The detectors were positioned at a distance of 1.60 m from the

target. This distance was chosen as a compromise between energy

resolution and range of neutron energies to be covered. Neutrons with an

energy of 1 MeV at this distance arrive just before the fastest neutrons

from the next burst and can thus still be identified unambiguously. On

the other hand for 6 MeV neutrons at this distance a resolution of about

500 keV is obtained, so that the low-lying states in the residual

nucleus 207Pb except for the J% = 5/2~ state at E x = 0.569 MeV and the

J* = 3/2~ state at E x = 0.898 MeV can still be separated.

As Is seen from fig. 5./ the detection efficiency for neutrons with

energies below 1 MeV is very siaall even when using a threshold

equivalent to 100 keV electron energy. In the analysis a threshold of
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100 keV electron equivalent was used. The energy calibration was done

using y-sources with energies between 0.5 and 2 MeV.

5.3 Singles measurements

Singles inelastic o-scattering data were obtained for scattering

angles 0° < 0a, < 3° at incident energies E a = 120 MeV and E a = 150 MeV.

At E„ 120 MeV the excitation energy region 8 < E x < 19 MeV in
 208Pb

was covered using two settings of the spectrograph magnetic field. The

spectra for both incident energies are shown in figs. 5.8 and 5.9.

The instrumental background due to particles scattered from the

spectrograph entrance slits has been subtracted from the spectra in

figs. 5.8 and 5.9 . The background spectrum was obtained from a vertical

region of the focal where no particles scattered from the target can

arrive directly, as was described in the previous chapter. The magnitude

of the background is at the low excitation energy side of the spectrum

almost half of the total yield, it decreases monotonically to about 25 %

of the total yield at the high excitation energy side of the spectrum.

The error bars in the spectra include the effect of the background

subtraction.

fig. 5.9 Singles spectrum obtained for E o = 150 MeV. For the meaning
of the curves see fig. 5.8
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'W %u

E O
Ex (MeV)

fig. 5.8 Singles
spectra at E = 120 MeV
(a) 0* < 6-, < 3",
(b) 0' < 0 , < 1.5*,
(c) 1.5" < 9a, < 3°,
(d) difference between
(b) and (c).
The dashed lines show
the background used in
the extraction of the
sum rule strength.
The full curves are the
contributions of the GQR
and GMR to the spectra.
The error bars include
all statistical errors
arising from background
subtraction etc. This
also holds for all
spectra shown furtheron
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The energy calibration of the spectra is based on data obtained for

C with the same magnet settings as for the Pb runs. As was

discussed in chapter 3.3 the focussing conditions at 0° are in first

order equal for any target nucleus. The second order effects, which for

C are almost a factor 20 larger than for 2"°Pb, were taken into

account including the effect of the angular distribution. The accuracy

of the calibration for 12C is better than 20 keV. In the case of 208Pb

the energy loss in the target (~ 250 keV) has to be taken into account

leading to an estimated accuracy for the excitation energy of about 50

keV.

Apart from the broad giant resonance bump consisting of the GQR and

GMR considerable structure is seen in the spectra, especially on the

low-energy side of the GQR. Similar observation; have been made

previously in both inelastic hadron scattering [Ha79,Ey79,St81,Ey82,

Dj82,Mo83] and inelastic electron scattering [Kii81]. Comparison of the

present data with those of Eyrich et al [Ey79,St81,Ey82] shows a good

agreement both for the excitation energy and width of the observed

structures. Comparison with the inelastic electron scattering results of

Kühner et al [KU81] shows a qualitative agreement. However, there is not

a one-to-one correspondence between the structures observed in both

experiments. Calculations of the GQR strength function by De Haro et al

[Ha82] using 2p-2h continuum RPA also show fine structure on top of the

GQR bump, which is in qualitative agreement with the data [Ha82].

The monopole character of the strength at high excitation energy

side of the giant resonance bump becomes apparent from the spectra for

the scattering angle intervals 0° < Gat< 1.5* and 1.5° < 0ai : 3', shown

in fig. 5.8b and 5.8c respectively. In the former spectrum this strength

is excited more strongly than in the latter, in agreement with the shape

of the angular distribution predicted by DWBA calculations. This is also

reflected by the spectrum of fig. 5.8d, which shows the difference

between the spectra of fig. 5.8b and 5.8c. While the continuum and the

GQR, located at the low excitation energy side of the giant resonance

bump, nearly vanish in the subtraction, a cleat bump remains in the

region where the GMR is located.
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As can be seen from the DWBA calculations of the angular

distributions for various multipolarities displayed In fig. 5.1 the

angular distribution for the GQR (L = 2) is rather flat within the

opening angle used, while the structure present will become even more

shallow when the angular distribution is averaged over the angle bins

used in the subtraction, including the effect of the vertical opening

angle. From the averaged DWBA calculations it follows that about 10 % of

the GQR cross section would remain after the subtraction. For L = 4 and

L = 6 strength, which have been reported [Mo83,Ya83,Bo84,Ya82] in the

excitation energy region of the GQR the subtraction would yield slightly

negative results, thus diminishing the remainder of the GQR cross

section.

Two multipole strength might cause problems in the subtraction due

to the shape of their angular distribution: the L = 1, AT = 0 and L = I,

AT = 1. The L = 1, AT = 0 strength in 208Pb has been reported [Mo83,

Dj82,Bo84] to lie at about 21 MeV excitation energy. The L = 1, AT = 1

giant resonance, the classical GDR, almost coincides in excitation

energy with the GMR in 2O8Pb [Be75,Bu84]. However, its excitation cross

section is very small compared to that of the GMR, as can be seen from

fig. 5.10 where the angular distributions for the full EWSR of GMR and

GDR are shown at both incident energies.

fig. 5.10 Comparison of calculated cross sections for excitation by 120
MeV and 150 MeV a-particles of the GMR and the GDR for the
full EWSR.
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The angular distribution of the continuum underlying the giant

resonances can not be predicted easily since the relative strength of

the various contributions to it are not known. At larger scattering

angles, where the instrumental background can in principle be made

negligible, the angular distribution of the continuum is smooth and

follows more or less the average of the angular distributions for the

various multipolarities [Mo83,Ha79].

At small scattering angles aside from a physical continuum also

instrumental background may present, the shape and magnitude of which is

very dependent on the experimental conditions, as can be seen by

comparing the present data with those of Youngblood et al [Y08I]. Also

the angular distribution of the instrumental background depends on the

experimental conditions.

For the continuum due to multistep excitation the angular

distribution is expected not to be very steep because of the many steps

in the excitation process. The angular distribution of the part of the

continuum due to quasi-free scattering is not known. The coincidence

measurements described in section 5.4 indicate that within the

experimental accuracy the angular distribution of the quasi-free

scattering is flat within the opening angle used.

From the arguments given above we conclude that the spectrum of

fig. 5.8d to a large extent corresponds to the strength distribution of

the GMR. At lower excitation energies a small fraction of the GQR is

still present and over the whole excitation region some continuum

remains. It can not be excluded that this continuum is of instrumental

origin.

In order to compare the present data with previously reported

results the spectra were analyzed in terms of a smooth continuum

background and two Gaussian peaks for the GQR and GMR, respectively. The

background was chosen such that it connects the flat continuum above the

GMR with the minimum in the spectrum below the GQR. The width and

excitation energy were for the data at E a = 120 MeV determined from the

spectrum for the scattering angles 0* < 0O, < 1.5', where the GMR is

most strongly excited. In the fit of the other spectra at E - 120 MeV
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these parameters were kept fixed.

The consistency of the results for the various spectra could be

checked by comparing the cross sections for the full solid angle, the

different angles bins and the difference. For the UMR a good agreement

was found. For the GQR the uncertainty in drawing the background is

quite large, leading to differences of up to 15 % between the value

obtained from a fit and the one derived from the fits to the other

spectra. For the GMR the uncertainty in the cross section due to the

background is estimated to be about 15 %, for the GQR the background

drawn is considered as a lower limit, which may overestimate the cross

section by as much as 30 %.

The fractions of the respective EWSR exhausted by the data were

determined by comparison of the experimental cross sections for the full

solid angle with DWBA predictions averaged over the opening angle. The

DWBA calculations were made using the optical model potential [Go76]

previously used by Harakeh et al [Ha79], of which the parameters are

given in table 5.2. For the GMR the form factor version I of Satihler

[Sa73] was used. For the GQR a Tassie form factor [Ta56], which follows

from the sum rule as was discussed in chapter 2.2, was used. The radial

moment of the imaginary part, and for the GQR also of the Coulomb part,

of the form factor was constrained to be equal to that of the real part

of the optical potential. The fraction of the sura rule was determined

using the implicit folding model discussed in chapter 2.2.

In table 5.3 the results for the GHR are given along with a summary

of data from other experiments. The error in the experimental ratio of

the cross section for the two scattering angle intervals includes the

Table 5.2 Optical model parameters used for 2O8Pb(a,a')2O8Pb

at E a = 120 MeV and E a = 150 MeV

V rR aR W rt az rc

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

-155.0 1.282 0.677 -23.26 1.478 0.733 1.4
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Table 5.3 Parameters fourxi for the fiMR exci ta t ion
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uncertainty in the relative solid angles. Assuming an uncertainty of

0.15° in the angle definition leads to an uncertainty in the relative

solid angles of 15 %. With the statistical errors and the uncertainty in

the continuum background, which influences in particular the GMR cross

section for the scattering angles 1.5" < 6ai < 3", this leads to the

estimated error of 25 % in the ratio of the cross sections for both

intervals. The error quoted on the cross section ratio obtained from

DWBA calculations is connected with the effect of the size of the angle

intervals on the results of the averaging. Comparison of the

experimental and calculated ratio for the GMR cross section clearly

shows the monopole character of the excited strength. For higher

multipolarity strength the calculated ratio is considerably smaller, for

L = 2 strength e.g. this ratio is 1.1_ * and for still higher

multipolarities it is even smaller.

Several authors [Mo83,Ya83,Ya82] have reported the presence of a

considerable amount of higher multipolarity strength in the excitation

energy region of the GMR on basis of a filling of the deep minimum in

the angular distribution at about 3°. Due to the large error bar on the

experimental ratio for the GMR cross sections for the two scattering

angle intervals the presence of strength with a higher multipolarity in

the excitation energy region of the GMR can not be excluded. Furthermore

this strength may well have been included in the continuum.

As can be seen from table 5.3 the various results for the

excitation energy and width of the GMR are all in good agreement.

According to most experiments the GMR exhausts essentially the full E0

EWSR, except for the results of Yamagata et al [Ya82] at E = 8 4 and 89

MeV, where only small fractions of the EWSR were located.

For the GQR no assignment of the multipolarity can be made from the

present data. In previous experiments [Ha79,Mo83,Ya83] indications for

the presence of L = 4 and L «• 6 strength in the GQR region have been

found. In table 5.4 the results from the present experiment, assuming

all the strength to be of Zl nature are given together with previous

results.
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Table 5.4 Comparison of the results obtained for the GQR with previous

measurements

re f

[Bu79J

[Y08I]

[Mo83]

[Ha79]
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For the present experiment upper and lower limits have been given.

The upper limit has been obtained using the background as drawn in figs.

5.8 and 5.9 the lower limits with a background similar to the background

type I used by Harakeh et al [Ha79]. The results for the two incident

energies are in good agreement, indicating the consistency of the

analysis.

The various results for the excitation energy of the GQR are in

good agreement. For the width the values are less consistent: excluding

those analyses where more than one peak has been used for the GQR, the

largest and smallest values observed differ by almost 1 MeV, whereas the

quoted errorbar on the width is generally around 0.3 MeV. This large

spread reflects the uncertainty in drawing the background under the GQR,

in particular at the low excitation energy side, and of including the

fine structure observed in several experiments in the determination of

the width.

Concerning the fraction of the E2 EHSR exhausted by the GQR the

results are at first sight not very consistent. The discrepancies

observed are, however, at least partly due to the inclusion of L = 4

strength in some of the analyses. Harakeh et al [Ha79] and Yamagata et

al [Ya83] analysed their data with and without L = 4 strength and found

a reduction of the L = 2 strength with almost a factor 3 on inclusion of

L = 4 strength in the analysis. Therefore the data obtained in some of

the a-scattering experiments were reanalyzed with the same optical

potential and form factor as used in the analysis of the present data,

assuming only L = 2 strength to be present. The results of this

reanalysis have been included in table 5.4.

For the data of Harakeh et al [Ha79] obtained at larger scattering

angles the reanalysis yields a result in good agreement with the

reported value [Ha79]. These authors derived their sum rule strength

from the values obtained for low-lying states with electron scattering.

Also the results reported by Bertrand et al [Be80] are in good

agreement with the value from the reanalysis. In this case the results

for low-lying states were found to be in good agreement with the values

obtained from electron scattering.
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Small angle a-scattering data have been reported by Youngblood et

al [Y08I], Yamagata et al [Ya82] and Morsen et al [Mo83] . No values for

the sa \ rule strength of low-lying states has been reported by these

authors. In contrast to larger scattering angles, Coulomb excitation

plays an important role here and strongly reduces the cross section

corresponding to the full EWSR because of the destructive interference.

It is not clear whether in the analyses presented by the authors the

Coulomb excitation has been included. For the data of Morsch et al

[Mo83] a similar difference in E2 strength due to the inclusion of L = 4

strength is found as for the data of Harakeh et al [Ha79] and Yamagata

et al [Ya83]. In the analysis of Yamagata et al [Ya82] no L = 4 strength

was included, the factor two between the reported values and those from

reanalyzing their data indicates that Coulomb excitation of the GQR was

indeed neglected by the authors.

Comparison of the values obtained from the different experiments

analyzing all of them in the same way shows that the experimental data

for the GQR obtained with inelastic a-scattering at incident energies

between 80 and 170 MeV are in good agreement with each other, except for

the values of Yamagata et al [Ya82]. The angular distributions and the

over-exhaustion of the E2 EWSR by the data, found if one assumes only

L = 2 strength to r— present, suggest the presence of higher

multipolarity strength In the same excitation energy region. This

suggestion is confirmed by the study of the decay of the GQR by Steuer

et al [St81,Ey82] and by our own coincidence data, which will be

described in the next section. The observation of essentially the full

E2 EWSR is in agreement with the results obtained from the y-decay of

the GQR in Pb by Bertrand et al [Be84], who found that the y-decay

branch corresponds to 81 ± 15 % of the E2 EWSR, assuming a total width

for the GQR of 2.4 ± 0.2 MeV.
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5.4 Coincidence measurements

From singles measurements as well as from previous studies on the

decay properties of the GQR [Ey79,St81,Ey82,Ey84,Ok82,Ej84] it is clear

that in addition to the giant resonance excitation and decay other

processes contribute to the coincidence yield as well. Particularly from

the study of the GQR decay in 3^Zr and li'Sn by Ejiri et al [Ok82,Ej84]

it has become clear that in order to obtain information on the giant

resonance decay one also has to understand the other contributions to

the coincidence yield at least qualitatively. Therefore before turning

to the decay properties of the GMR a few other aspects will be

discussed.
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' ' '/
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In fig. 5.11 Che location of the GQR and GMR and of part of the
907 90R

levels of Pb is shown with respect to the Pb groundstate. The

states indicated for 207Pb are the neutron-hole states, which up to 2.5

MeV excitation energy are the onl states present. Also the groundstate

of Pb is given, to indicate the threshold for two-neutron decay.

5.4.1 Quasi free scattering

The neutron-hole states in the residual nucleus are not only

populated in the decay of the giant resonances but also in quasi-free

scattering or knockout reactions, in which the incoming projectile

interacts with only one nucleon in the target nucleus. In the previous

studies of giant resonance decay in light nuclei knockout of protons and

a-particles has been observed [Kn79,Zw85], while in heavier nuclei

[Ej84] neutron knockout has been seen.

In these cases the angular correlations between the scattered

projectile and the particles knocked out of the target nucleus were

found to peak around the direction of the momentum transfer, thus

supporting the Interpretation of the process as quasi-free scattering

(QFS). The width of the bell-shaped angular correlation was in all cases

about 45°. This width is due to the Fermi momenta of the nucleons in the

target nucleus and thus depends on the momentum transfer, which in most

experiments was of the order of 2 fm

In the present experiment the momentum transfer is at maximum 0.6

fm and its direction varies strongly. Therefore a larger width of the

angular correlations of the QFS is expected In the present experiment.

The average direction of the momentum transfer in the present experiment

is 0* and thus the angular correlation is expected to peak around 0*.

fig. 5.11 Level scheme indicating the location of the giant resonances
and some states in Pb populated in the decay with respect
to the * Pb ground state. Only the neutron hole states in

Pb have been indicated. The threshold for 2n decay is
indicated by the ground state of 06Pb.
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208Pb(o,cm)207Pb e=135°

18
Ex (MeV)

208„

10

fig. 5.12 Scatter plots of excitation energy In the zuöPb target
nucleus versus the energy of the emitted neutrons for two
detection angles of the neutrons.

In fig. 5.12 scatter plots of the (apparent) excitation energy in
2 OR

Pb versus the neutron energy are shown for en = 45° and e = 135".

These angles are equivalent in case of neutron emission from Isolated

resonances or overlapping resonances of the same parity and also for

decay of the compound nucleus. For both angles the loci corresponding to

the low-lying states in 207Pb are seen. However, at Gn = 45* they extend

to high (apparent) excitation energies, while at 9n = 135" their

Intensity decreases rapidly with increasing excitation energy. The

behaviour at 9n = 135" is characteristic for a statistical decay of the

excited nucleus, as will be discussed later, while the strong population

of the low-lying neutron-hole states at 0n = 45° Is characteristic for

the presence of quasi-free scattering.

In fig. 5.13a and 5.13b the data for both angles have been

projected on the x-axis of the scatterplot, the (apparent) excitation

energy In Pb. Fig. 5.13c shows the difference between the data for

the two angles, which then represents the spectrum for the QFS. The QFS

starts at about 9 MeV apparent excitation energy, above 12 MeV it stays

more or less constant and constitutes about one third of the coincident

cross section for 0
n

45'.
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208Pb(a.a'n)207Pb
Ea=l20 MeV 8^-

55000-

te
_„_L -1--

Ex (MeV)

fig. 5.13 Inelastic a-spectra in coincidence with neutrons detected at
@ = 45* (a) and 135* (b). In part (c) the difference between
the two previous spectra is shown, which corresponds to the
contribution of the QFS
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208Pb(a.a'n)207Pb
E.=120 MeV &_,=0o

o.""

flg. 5.14 Spectra of the excitation energy in the residual nucleus
Pb (Q-value spectra) corresponding to the spectra shown in

fig. 5.13.
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In fig. 5.14 the corresponding 'Q-value' spectra are shown, which

are obtained by projecting the data on an axis perpendicular to the

loci. The spectra do not give the real Q-value since the recoil of the

residual nucleus is not accounted for. However, due to the small

scattering angle and the large mass difference between the emitted

particle and the residual nucleus the correction is less than 50 keV

even at the highest neutron energies.

The difference spectrum of fig. 5.14c shows the states of Pb

populated in the QFS. Taking into account the trivial 2J+1 factor the

Jn= 1/2" ground state and the JK= 3/2 state at E x = 0.898 MeV are

populated most strongly, followed by the J = 5/2 state at E x = 0.570

MeV and the Jn= 7/2 state at E^ = 2.340 MeV. No population of the
+TC= 9/2~ state at E x = 3.413 MeV Is observed. The j " 13/2 state at

E x = 1.633 MeV is at most weakly populated. Due to the bad resolution

for the highest energy neutrons no reliable estimate for its population

can be obtained. The observed behaviour Is in agreement with the

expectations based on the orbital angular momentum of the states. From

the momentum transfer In the reaction it is estimated that at most about

3-4fi can be transferred, thus explaining the weak population of the

J*= 13/2+ state.

208Pb(a,an)207Pb

£„=120 MeV, eo=0°

2 0 8 P b I S 5 i E , < 18 MeV
Pb O iEx <25MeV

fig-

(deg)

5.15 Angular correlation of neutrons leaving the residual nucleus
In one of the neutron bole states for excitation energies
15.5 < E x < 18 MeV in

 2 Pb. The horizontal bars Indicate the
opening angle of the detectors. The dashed line indicates the
lsotropic component in the correlation, the full line a
Gaussian that has been fitted to the data after subtraction
of the isotropic component.
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In fig. 5.15 the angular correlation Eor neutrons emitted from the

target nucleus at apparent excitation energies 15.5 < E < 18 MeV,

leaving the residual nucleus in one of the neutron-hole states below 2.5

MeV excitation energy is shown. The correlation is seen to have two

components: a small isotropic one due to the decay of the excited

nucleus and a strongly forward peaked one due to the QFS. If we assume

the latter to have a Gaussian shape, a width (FHHM) of about 90° is

found, indeed considerably larger than observed previously

[Zw85,Ej84,Kn79,Zw82] as was expected from the small momentum transfer.

For lower (apparent) excitation energies in Pb similar angular

correlations for the decay to the neutron-hole states are found. The

isotropic component in these correlations is, however, larger relative

to the forward peaked component, indicating the larger probability for

decay to these states for lower excitation energies in the target

nucleus. Furthermore the width of the forward peaked component increases

with decreasing apparent excitation energy. This can be explained from

the decrease of the momentum transfer with decreasing apparent

excitation eaergy.

The aim of the present experiment is to determine to which extent

the GMR in Pb decays by direct neutron emission from the lp-lh

configurations, that constitute the giant resonance. Therefore the

angular distribution of the a-particles associated with the quasi-free

scattering is of importance. This angular distribution can be obtained

from the difference between the data at 0n = 45° and Gn = 135° as was

argued above. Comparison of this difference for the scattering angle

intervals 0° < 0a. < 1.5° and 1.5° < 0ai < 3° shows that the angular

distribution of the a-particles associated with quasi-free scattering

(QFS) is within the statistical accuracy flat. However, since the QFS

dominates the population of the low-lying states at forward neutron

angles, even a slight peaking towards 0° of the angular distribution of

the associated a-particles would affect the Q-value spectrum of the GMR

decay considerably. Therefore it was decided to omit the data taken at

Qn = 45° in the analysis of the decay of the GMR.
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2 O B Pb(a .a ) 2 O S Pb
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coincident wiJh neulrons
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Ea = 150 MeV
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/
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flg. 5.16 Inelastic a-spectra (a) coincident with neutrons detected at
0 > 90', (b) singles at E = 120 MeV and (c) singles at
E a - 150 MeV.
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5.4.2 Decay of the giant raonopole resonance

In fig. 5.16 the inelasjic a-spectrum coincident with neutrons

detected at angles Qn > 90° » compared with the singles spectra at

Ea = 120 MeV and E a = 150 MeV for the same opening angle. Aside from the

smaller excitation energy range covered by the coincidence data, the

gross structures in all three spectra are similar. However, some

differences exist.

The GMR excitation in the coincidence spectrum seems to be smaller

with respect to the GQR and the continuum than in the singles spectrum.

This apparent decrease is attributed to two effects. First, the

continuum due to the QFS is larger under the GMR than under the GQR, as

can be seen from fig. 5,13c. The QFS is nearly absent in the concidence

data, while it is included in the singles. Thus the GMR in the

coincidence data is superimposed on a continuum that is relatively

smaller than for the singles, while for the GQR it is about the same.

2 0 8Pb' (/) n decay

E 1 0 - •

o"
- - - 2*

4*
6*

E„ (MeV)

fig. 5.17 Multiplicity of the emitted neutrons as a function of
excitation energy in °Pb for various multlpolarities of the
decaying strength as predicted by a statistical model
calculation.
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Second, In the coincidence spectrum two neutrons may be emitted for

for actual excitation energies in 208Pb E x > 14.1 MeV due to the opening

of the 2n decay channel. Taking into account the detection efficiency

the coincidence yield will due to this increase above Ex ~ 15 MeV. An

estimate of the observed neutron multiplicity can be obtained from

statistical model calculations. In fig. 5.17 the results of such a

calculation, the details of which will be discussed in the next section

is given. The calculation indicates that the continuum above the GMR is

considerable enhanced, thus seemingly decreasing the resonance to

background ratio for the GMR.

Another observation is that in the coincidence spectrum

considerable structure is present on top of the GQR, which is not as

strong in the singles spectra. A similar observation was made by Eyrich

et al [Ey79,St81,Ey82]. The structure observed in the present data is in

good agreement with that found by Eyrich et al [Ey79,St81,Ey82] in the

spectrum coincident with decay to the J = 1/2 , 3/2 and 5/2 states in

2 O 7Pb.

In fig. 5.18 the Q-value spectra for neutrons detected at 9n > 90°

are shown for three excitation energy regions, which correspond to the

GQR, the GMR and the continuum above the giant resonance region. For the

excitation energy region of the GQR (fig- 5.18a) the decay mainly
207

populates the low-lying states in Pb, in agreement with the results

of Steuer et al [St81,Ey82]. However, the relative branching ratios for

the various levels differ considerably from those found by Srru&r et al

[St81,Ey82]. These differences are not surprising, since In the

experiment of Steuer at a! [St81,Ey82], which was performed at

scattering angles 0 , = 17° and 0 . = 24', strength of high

multipolarity (e.g. L = 6) is excited more strongly than In the present

experiment at 0*.
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2 O 8Pb( a .an)2 O 7Pb
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flg. 5.18 q-value spectra for different excitation energy region in the
target nucleus °Pb.
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As was already argued by Steuer et al [St81,Ey82] the fact that the

J71 = 13/2f state at E x = 1.633 MeV is populated at all In the decay from

this excitation energy region constitutes evidence for the presence of

strength with multipolarity L > 4 in the region of the GQR. Taking into

consideration the relative branching ratios from a statistical model

calculation it is likely that even L = 6 strength is present [Ey82].

Indications for the presence of L = 4 strength have been reported by

several authors [Ha79(Bo84,Ya83,Mo83] from singles inelastic scattering

experiments, L = 6 strength has been reported only by Morsch et al

[Mo83] (see also previous section).

For the excitation energy region of the GMR (fig. 5.18b) the decay

proceeds to the low-lying states in Pb to a lesser extent than for

the GQR region. Most of the excited strength decays to states at

excitation energies between 3.5 and 6 MeV in Pb, in qualitative

agreement with a statistical model picture as will be discussed in the

next section. Also in this excitation energy region high multipolarity

strength must be present in view of the population of the J = 13/2

state. This is in agreement with the results of Morsch et al [Mo83].

For the highest excitation energy region (fig. 5.18c) the decay
?07

populates states at still higher excitation energy in Pb. In this

excitation energy region the subsequent emission of two neutrons becomes

increasingly important. Since one does not know which of these is

detected the derived excitation energy in the residual nucleus is

meaningless for values above about 7.7 MeV, which is the neutron binding

energy in Pb of 6.7 MeV plus the detection treshold of about 1 MeV.

The contribution of the GMR proper in the coincidence data can be

obtained by applying the same subtraction procedure as used in the

analysis of the singles data discussed in section 5.3. The results of

this subtraction are shown in figs. 5.19 and 5.20 for the projections on
Of)O

the excitation energy axis In °Pb and the Q-value axis respectively.
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fig. 5.19 Inelastic a-spectra in coincidence with neutrons detected at
9n > 90'. (a) 0' < Ga, < 1.5'j (b) 1.5' < Sa, < 3* and
(c) difference between (a) and (b).
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Comparison of fig- 5.19a and 5.19b clearly shows the strong

excitation of the GMR for the scattering angles 0" < 0a, < 1.5° as

compared to that for the scattering angles 1.5° < 9ai < 3°, in agreement

with the singles result and the DWBA prediction of the GMR angular

distribution (see fig. 5.1). This is reflected in the spectrum of fig.

5.19c, where the difference between the spectra for the two scattering

angles is shown. The difference spectrum of fig. 5.19c clearly shows the

GMR excitation on top of a small remaining continuum, which is similar

in shape and relative magnitude to that observed in the equivalent

singles spectrum.

However, a difference between the singles and coincidence

difference spectra exists in the excitation energy regior. below the GMR.

The remaining part of the GQR is in the coincidences about 20 'I of the

GQR yield in the spectra for the scattering angle intervals, which is

more than in the singles and also more than predicted by DWBA

calculations. This difference is presumably caused by the fact that the

angular correlation for the decay of the GQR to the low-lying states in
207

Pb is not isotropic, so that the fraction of the GQR angular

correlation sampled with the backward neutron detectors is different for

the two scattering angle intervals. At any rate, from the difference

spectra for the singles and as well as for the coincidence data it is

clear that the main part of the GMR is located between 12.5 and 15.5 MeV

excitation energy and that in this excitation energy only little

strength other than the GMR is present in the difference spectra.

In fig. 5.20 the Q-value spectra for the excitation energy region

12.5 < E < 15.5 MeV are shown for the two scattering angle intervals

(panels a and b) and for the difference between the two (panel c)

respectively. The latter then corresponds to the Q-value spectrum of the

decay of the GMR proper. The gross features of all three spectra are

rather similar, which already indicates that the decay of the GMR is not

very different from that of the background on which it is superimposed

and which presumably decays statistically. In the Q-value spectrum of

the GMR the population of the cluster of states with spin J = 9/2 and

11/2 between 3 and 4 MeV excitation energy is reduced, as is that for

the J71 = 13/2+ state at E x = 1.633 MeV. This is in agreement with the
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monopole character of the excited strength, which will preferably decay

to low-spin states in the residual nucleus.

5000

2000-

6 4 z 0
E_ (MeV)

fig. 5.20 Q-value spectra corresponding to the Inelastic a-spectra
shown in fig. 5.19.
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5.5 Comparison with statistical model calculations

In order to draw conclusions on the extent to which the GMR decays

statistically or not the experimental data are compared with statistical

model calculations. If the experimental data show a population of the

neutron-hole states that is larger than predicted by the calculations

this is interpreted as a signature of direct decay of the Ip-lh

configurations that form the giant resonance.

5.5.1 Statistical model calculations

Summarizing the previous results for the GDR [Ku67,Ca69,Yo72J, GQR

[Ok82,Ej84,St81,Ey82] and GMR [Ey84] one sees that consistently the

existence of a direct decay branch is claimed on basis of an analysis

using expression (5.1) for the statistical spectrum, while in the case

where detailed <. calculations were made such a decay was not observed. The

exponential shape of the neutron energy spectrum originates from the

assumption that the level density in the residual nucleus can be

approximated by

p(Ex) = po • exp(Ex/T) (5.2).

This assumption clearly does not hold at low excitation energy, where

the structure of the nucleus plays an important role. In order to get a

more realistic statistical model prediction of the population of the

low-lying states the experimental level scheme of the residual nucleus

should be used, as was done by Steuer et al [St81,Ey82] for the decay of
90S

the GQR in Pb. At higher excitation energies, however, not all levels

are known experimentally, so that the population of the low-lying levels

would be overestimated when using only the known levels.

Two approaches to this problem are possible. The first is to fit an

expression for the level density as a function of excitation energy and

spin to the experimental level scheme in the excitation energy region

where it is known completely. Such a fit has been made for a large

number of nuclei by Dilg et al [D173J. They fitted the experimental
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level density at low excitation energy and the density of s-wave neutron

resonances to the level density formula of the back-shifted Fermi-gas

ciodel (see chapter 2.4) to obtain a reasonable estimate of the level

density in the excitation energy region where the experimental level

scheme is not accurately known.

In the other approach, which has been followed by Dlas and Wolynec

[D184] in an attempt to explain the results of Eyrich et al [Ey82,Ey84]

for the decay of the GMR in Pb, the level density at excitation

energies where the experimental level scheme is not accurately known is

obtained from a theoretical calculation. They calculated the level
207scheme of Pb up to about 6 MeV excitation energy using a simple

particle (hole)-vibrator model [Bo75,Ha74], including only the coupling

of the 3p, /- neutron hole to low-lying surface vibrations in Pb,

since only states due to this coupling have been observed in inelastic

proton scattering on 2O'Pb [Wa75]. However, it should be noted that this

approach does not count the states due to coupling of other neutron

holes with the surface vibrations. Furthermore there may well be states

that can not explained in the weak coupling simple picture used. Thus

this approach can not be used because it takes into account only part of

all the levels.

Thus the first approach using a level density formula was chosen.
207

Up to 3.7 MeV excitation energy the experimental level scheme of Pb

was used. Above 3.7 MeV excitation energy the level density formula with

the parameters due to Dilg et al [Di73] was used. For a few levels the

spins are not known, these were chosen according to the spin of nearby

levels. Parity was included only when established, for the other levels

the population was calculated as the average of that for both parities.

Since the parameters in the formula have been fitted to the level

density at low excitation energy and at the neutron binding energy,
207

which for Pb is 6.7 MeV, the level density obtained from the formula

can be expected to be quite accurate for the region in between, and it

is this excitation energy interval that is of most interest for the

present analysis.

The transmission coefficients needed were calculated with the
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optical model parameters of Rapaport et al [Ra79], which are based on

measurements on °Pb. Using the optical potential of Wilmore and

Hodgson [W164J differences in the population of individual levels up to

20 % as compared to those obtained with the potential of Rapaport et al

were found. These differences are considered to give a reasonable

estimate of the accuracy of the calculations.

The parameters for the level densities were checked by comparing

the calculations with the data for the excitation energy region between

15.5 and 18 MeV in 2O8Pb. The calculations were preformed with the level

density parameters of Dilg et al [D173] and with the global parameters,

in which no shell effects are included, used as default values in the

code CASCADE [PÜ77], of which an extended version [Ha85] was used.

fig. 5.21 Comparison of the Q-value spectrum for excitation energies
15.5 < E x < 18 MeV in

 208Pb (points) with a statistical model
prediction (histogram) (see text).

Since at forward scattering angles only strength with low

multipolarity can be strongly excited it was assumed that all decaying

strength has spin J = 2 . Assuming another lo» spin value affects the

results of the calculation only slightly. The subsequent emission of two

neutrons, which may be important in this excitation energy region, was

taken into account in the calculation. The experimental level scheme of

Pb was used in the calculations.
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The calculations were performed for bins of 250 keV in both the

excitation energy of the decaying nucleus and the energy of the emitted

neutrons. In this way an E x versus En matrix similar to that of the

experiment (see fig. 5.13) was obtained. In this matrix the calculated

neutron detection efficiency and energy resolution and the shape of the

experimental inelastic it-spectrum as obtained from the coincidence

measurements were folded in. The effect of the emission of two neutrons

is present in both the experimental data and the calculation. The

resulting double counting was removed by normalizing the calculation in

such a way that after folding in the detection efficiency a flat

excitation energy spectrum resulted when projecting the matrix on the

excitation energy axis. The Q-value spectrum to be compared with the

experimental data was obtained by projecting the matrix on an axis

perpendicular to the loci corresponding to decay to states in Pb, as

was done for the experimental data.

In fig. 5.21 the result of the calculation using the level density

parameters of Dilg et al [DI73], plotted as a histogram, is compared

with the experimental data. The calculation has been normalized in such

a way that the yield in the excitation energy region between 4 and 8 MeV
207

in Pb is the same for the calculation and the experimental data.

Taking into consideration the accuracy of the calculation and the

detection efficiency the agreement between the data and the calculation

is good. The detection efficiency for low energy neutrons is very

sensistive to the threshold (see fig. 5.7). Since two low-energy

neutrons can be emitted the high excitation energy part of the spectrum

is even more sensitive to the threshold. The underestimation of the data

by the calculation In this region thus indicates that the experimental

threshold is slightly lower than the 100 keV used in the efficiency

calculations.

707
The population of the low-lying states in Pb is clearly not

reproduced by the calculation. No fit to the population of these states

can be obtained with realistic values of the level density parameters,

thus indicating the presence of a non-statistical process. A similar
on 1 1 Q

observation was made for 7iZr and Sn by Ejiri et al [Ok82,Ej84]. They
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showed that the angle integrated neutron energy spectrum could be

accounted for with an exeiton model calculation.

Using the global level density parameters, which give a much more

rapidly increasing level density, no good description of the

experimental spectrum could be obtained. We thus conclude that the level
207

density parameters of Dilg et al [Di73] for Pb give a good

description of the actual level density up to about 8 HeV excitation

energy. Furthermore the assumption that all decaying strength has a low

spin (J = 2 was assumed in the calculation) seems to be a reasonable

one, which is at least partly due to the fact that the results of the

calculation are fairly insensitive to a change of the spin of the

decaying nucleus by one unit.

5.5.2 Comparison of the GMR decay with statistical model predictions

The results of the calculations for the excitation energy region of

the GMR (12.5 < E x < 15.5 MeV) are shown in fig. 5.22 together with the

experimental data. The calculations are represented by the histograms.

In the upper part of the figure the Q-value spectrum for the continuum

underneath the GMR, which is believed to decay mainly statistically, the

GMR is shown. The experimental spectrum is obtained by subtracting from

the spectrum for scattering angles between 1.5° < G , < 3° the

appropriate fraction of the spectrum for the GMR, which results from the

subtraction of the data for the two scattering angle intervals

0° < Ga, < 1.5° and 1.5" < Qa< < 3° (see fig. 5.20). The calculations

were performed according to the procedure described above using a bin

size of 125 keV and were normalized to the total amount of counts in the

experimental spectrum. The overall agreement between the data and the

calculation is quite good, again indicating that realistic values for

the input parameters of the program have been used.

The discrepancies can be explained from the assumption that only

strength with spin J11 = 2 + is present. The population of the J% - 13/2+

state at E x = 1.633 MeV and the cluster of states with spin 9/"> and 11/2

between 3 and 4 MeV excitation energy shows that strength with

multipolarity L > 4 is present at the low excitation energy side of the
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Interval. The branching ratios for the decay of this strength to the

states around 2.5 MeV excitation energy differ considerably from those

calculated under the assumption Jn = 2 + for the decaying strength, thus

explaining the overestimatlon of the strength decaying to these states

by the calculation. The presence of high multlpolarlty strength at
•ino

higher excitation energies in Pb influences the data only slightly,
207since at higher excitation energies in the residual nucleus Pb many

levels with different spins are present, resulting in a similar Q-value

spectrum for all multipolarities.

In fig. 5.22b the Q-value spectrum of the GMR as obtained from the

subtraction procedure is compared to a statistical model prediction. The

experimental data in this case have been squeezed to a dispersion of 250

keV/channel. Aside from the spin of the decaying strength, which In this

case was assumed to be J = 0 , the calculations were performed In the

same way as discussed before. The calculation has been normalized to the

total number of counts in the experimental spectrum and thus corresponds

to the assumption that the GMR decays entirely statistical. From the

fair agreement between the data and the calculation it is concluded that

the decay of the GMR is compatible with completely statistical decay.

fig. 5.22 Comparison of the data for the excitation energy region
12.5 < E x < 15.5 MeV with statistical model predictions.
(a) Q-value spectrum for the background obtained by
subtracting an appropriate part of the spectrum of fig 5.20c
from the spectrum of fig. 5.20a. The calculation (histogram)
has been normalized to the total number of counts in the
experimental spectra (see also text).
(b) Q-value spectrum for the decay of the GMR (same as fig.
5.20c except for a different dispersion). The calculation has
been normalized to the same number of counts as the
experimental data.
(c) same as (b), except for the calculation which has been
normalized to the plateau in the experimental spectrum at
about 4 MeV excitation energy (= 60 % of total number of
counts in experimental spectrum). The arrows indicate the
unperturbed excitation energies of the multiplets due to
coupling of the various neutron holes to the J = 3" surface
vibration (see text).
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5.5.3 Comparison with previous experiments

For comparison with the previous results on the decay of the GDR

[Ca69] and GMR [Ey84] the data were also analyzed using formula (5.1)

for the statistical neutron energy spectrum. A nuclear temperature of

0.7 MeV was obtained, similar to the values of Eyrich et al [Ey84] and

Calarco [Ca69]. According to this analysis the population of the states

in 207Pb up to the J * = 13/2+ state at E x = 1.613 MeV is entirely due to

non-statistical decay. It amounts to 11 ± 2 7, of the total decay or the

GMR. The JU = 7/2" state at Ex = 2.340 MeV and the weak coupling doublet

of the 3p;L neutron hole to the J ' = 3 surface vibration at about 2.6

MeV excitation energy would also be populated statistically in this

analysis. However, the observed population is about twice as large as

the prediction. The total excess using this prediction for the low-lying

states up to 2.7 MeV excitation energy then amounts to 16 ± 2.5 "I. This

result is in good agreement with that obtained by Calarco [Ca69] for the

GDR in 208Pb anó with the result of Eyrich et al [Ey82,Ey84] for the GMR

region in "' i-b. The latter result was obtained assuming that the

background underneath the GMR would not populate these low-lying states

at all. For the present data this assumption is not justified, as can be

seen in fig. 5.22a. At the large scattering angles used by Eyrich et al

[Ey82,Ey84], however, the exitation of high multipolarities is

considerably stronger than in the present case. Since strength with a

high multipolarity will not strongly populace the low spin states in the

residual nucleus, it seems reasonable to attribute the population of the

low-lying states to the decay of the GMR.

Thus, the data on the decay of the GDR [Ca69] and of the GMR as

obtained from the present experiment and from the experiment by Eyrich

et al [Ey82,Ey84] to the low-lying neutron hole states are consistent.

The different conclusions reached are due to the assumed shape of the

statistical neutron spectrum.
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5.5.4 Comparison with theoretical predictions

A large number of different theoretical calculations have been

performed on the properties of giant resonances in Pb, mainly in the

RPA framework. Here only a few typical examples will be discussed and

compared with the experimental results; a recent review is given by

Goeke and Speth [Go82].

Prom the width of the strength distribution of the giant resonance

obtained on the different calculations conclusions on the importance of

the non-statistical decay can be drawn. All calculations in a lp-lh

continuum RPA framework give a width for the GMR lower than the

experimentally observed width, thus indicating the importance of

coupling to more complex configurations. However, the width obtained

depends on the specific assumptions in the calculation.

De Haro et al [Ha82] performed continuum RPA calculations both in a

lp-lh and in a 2p-2h basis. The input parameters in the calculations

were such that the experimental single particle energies are reproduced.

The lp-lh calculation gave a width of about 100 keV for the GMR,

corresponding to a direct decay branch of the GMR of less than 5 X. This

is in agreement with the result from the present experiment. Inclusion

of the 2p-2h configurations in the calculation leads to a width of about

2.6 MeV, in good agreement with the average value 2.5 ± 0.3 MeV obtained

from a large number of experiments (see table 5.3).

The calculations for the GQR show a similar trend, in agreement

with the data of Steuer et al [St81,Ey82]. Other calculations in a 2p-2h

basis with a dlscretized continuum also indicate that in order to

explain the experimentally observed width of the GQR and GMR coupling to

still more complex configurations are of importance [see Ha82a].

On the other hand a self-consistent calculation in a lp-lh basis by

Van Giai and Sagawa [Va81] gave a width (FWHM) of 1.7 MeV for the GMR in

Pb. This would correspond to a direct decay branch of about 70 %,

clearly incompatible with the present experimental result. It has been

argued by de Haro [Ha82] that this large width originates from the fact

that the single particle energies obtained in these calculation are much
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higher than the experimental values, resulting In a too large escape

width for the GMR.

Calculations by Bortignon et al [Bo81,Bo84a] in which the damping

of the giant resonances proceeds via coupling to surface vibrations

reproduce the width of the GQR In heavy nuclei quite well, indicating

that the direct decay is not very important. Also the branching ratio

for the y-decay of the GQR to the 3% = 3~ state at E x = 2.614 Mev" in
2 0 8Pb calculated in this model [Bo84a] is found to be in qualitative

agreement with the experimental value [Be83]. A similar calculation for

the GMR in 2 0 8Pb shows a contribution of 1.7 MeV to the total width.

From the discrepancy between the total width determined experimentally

and the calculational estimate Bortignon et al [Be84] conclude that

another decay mechanism must be present as well. Presumably this would

direct decay, which then would amount to 30 % of the total decay

[Bo84b]. This is considerably higher than the observed population of the

neutron-hole states, even if we include an estimate for the population

of the higher-lying ones.

PflftThe coupling of the GMR to surface vibrations in Pb would lead

to population of states in Pb, that can be described as a neutron-

hole coupled to a surface vibration. A fairly large number of these are
707

present in Pb, although only those associated with the 3pt neutron-

hole have been identified experimentally [Wa75]. From the experimental

information on these states and their counterparts In other nuclei

neighbouring Pb it is seen that the coupling between the hole

(particle) and the vibration is rather weak [Ha74]. The members of one

multiplet are close to each other in excitation energy and a reasonable

estimate of this excitation energy is given by the excitation energy of

the vibration in Pb plus the excitation energy of the hole-

(particle-) state.

The calculations of Bortignon et al [Bo81,Bo84b] indicate that the

most important of these weak-coupling states for the decay of the GMR

are the low-spin members of the multiplets due to coupling of the

negative parity neutron-holes to the J = 3~ vibration, which is the

most collective vibration in Pb. The approximate location of the
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multiplets, which contain low spin members (L < 2) has been indicated in

fig. 5.22c.

None of the raultiplets is located at the plateau in the spectrum

around 4 MeV excitation energy; neutron-hole states are also absent

here. Thus the population of this excitation energy region has to be

entirely due to statistical decay and can be used to get a lower limit

of the statistical decay branch. This lower limit amounts to 60 Z of the

total decay and is indicated by the histogram in fig. 5.23c. The excess

over the calculation is then attributed to the direct decay of the lp-lh

configurations forming the giant resonance and to the coupling of the

giant resonance to the J = 3 surface vibration. In this picture the

direct decay amounts to about 10 %, while the coupling to the 3~

vibration would be responsible for the remaining 30 X. In view of the

fact that only the coupling to the 3" vibration has been considered in

determining the location where the statistical model prediction should

be normalized to the data, this number is not unreasonable.

If we assume that the coupling to each of the low-lying surface

vibrations is about equally important, It can be argued that the Q-value

spectrum for this decay mode will be very similar to that for

statistical decay. Taking into account all possible couplings the number
207

of weak-coupling states in Pb is fairly large and a considerable

fraction of the levels up to about 6 MeV excitation energy should belong

to this class. Furthermore the states belonging to the various

multiplets are intermingled, so that the differences in the coupling

between the GMR and the mul^iplets will average out. Thus the population

of individual states is on the average determined by the transmission

coefficients, similar to the statistical picture. This similarity makes

It difficult to conclude definitely whether the decay is really of

statistical nature or due to the coupling to surface vibrations.

If one of the couplings plays a more important role than the

others, e.g. the calculations of Bortlgnon et al [Bo84a, Bo81] indicate

that the coupling to the 3~ vibrations dominates, this one coupling

might be observed experimentally. The contributions of the other less

Important couplings would result In a contribution to the spectrum that
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can not be distinguished from real statistical decay. The structure in

the Q-value spectrum of the decay of the GMR (fig. 5.22b) at excitation

energies between 4.5 and 6 MeV in ^" Pb suggest that indeed one of the

couplings, which then most likely is that to the 3" vibration, is more

important than the other ones. However, the statistical accuracy of the

data, the energy resolution and the estimated accuracy of the

statistical model calculations prevent drawing a definite conclusion in

this respect.

5.6 Conclusion

In the present work the decay properties of the giant monopole

resonance (GMR) in "cuoPb were studied. The decay of the GMR could be

separated from that of the underlying continuum by employing the

characteristic angular distribution for excitation of the GMR around 0°.

Since it was found that neutron knockout is an important contribution to

this continuum in singles inelastic a-scattering data, only the data for

which the neutrons emitted in the decay were detected at backward angles

were used in the analysis.

The decay of the continuum and the GMR was found to be rather

similar, i.e. the branching ratios for the various states in the
?O7

residual nucleus Pb do not differ very much. The continuum, the

knockout being eliminated, is due to multistep excitation of the

nucleus, the decay of which is assumed to proceed statistically. Thus

the similarity in the decay of the continuum and the GMR already

indicates that the decay of the GMR is mainly of statistical nature.

This suggestion is corroborated by comparing the data for both the

continuum and the GMR with statistical model calculations. In these
207

calculations the experimental level scheme of Pb up to 3.7 MeV

excitation energy and level density paramaters fitted to this level

scheme and s-wave neutron resonances were used. For the continuum

underlying the GMR a good overall agreement between the data and the

calculations was found, the deviations between the data and the

calculations could be attributed to the excitation of strength with

multipolarity L > 2, which were not included in the calculations. For
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the GMR a fair agreement between the data and the calculations v/as

found, which again indicates that the GMR has a large statistical decay

branch. It should be pointed out here that the evidence for a direct

di'cay branch of 10 - 20%, which was claimed in previous studies of the

decay of the GDR [Ca69] and of the GMR excitation energy region

[Ey82,Ey84] in 2O8Pb, is based on che use of level densities in the

calculations, which increase too fast with excitation energy, leading to

a negligible population of the low-lying neutron hole states.

Taking into account the possible discrepancies between the data for

the GMR and the calculations an alternative decomposition of the decay

data for the GMR is discussed. In this decomposition a lower limit of

60% for the statistical decay branch was obtained. Of the remaining 40%

about 10% would then reside in the low-lying neutron hole states in

Pb and could be attributed to direct decay of the GME. The other 30%

of the decay then populates states at higher excitation energies in

Pb. The structure of this part of the spectrum might be an indication

for the presence oil the coupling of the GMR to low-lying collective

vibrations in Pb, notably the J71 = 3 vibration, as has been

suggested by Bortignon et al [Bo81,Bo84b].

From the present results it can be concluded that calculations
90ft

predicting a predominantly direct decay for the GMR in Pb, such as

those by Van Giai and Sagawa [Va81j- are not correct. Also the conclusion

of Bortignon at el iBo81,Bo84b] that direct decay is responsible for

about a third of the total decay rate of the GMR can be discarded on

basis of the present result. The experimental result is in qualitative

agreement with the calculations of de Haro et al [Ha82], which predict

that direct decay should be small. The conclusions with respect to the

theoretical calculations do not depend on the analysis of the data: even

if it is assumed that all decay to the low-lying neutron hole states is

non-statistical the direct decay accounts for only 15% of the total

decay, still a minor fraction.

The result that the GMR in 208Pb decays mainly statistically is in

good agreement with the result for the GMR in U, which is discussed

in the next chapter. In that case the fission decay, which is a strong
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signature for statistical decay, was studied. Assuming that the GMR in

U exhausts the full sum rule a fission probability equal to that of

the compound nucleus was found, thus also indicating the dominance of

statistical decay for the GMR.
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Chapter 6 Fission decay of the giant nionopole resonance In i J OU

6.1 Introduction

Both experimental data [Ca69,Ku67,Ve73,Ca80] and theoretical

calculations (for a review see [Be77]) indicate that the decay of the

isovector giant dipole resonance (GDR) in heavy nuclei is predominantly

of statistical nature. In actinide nuclei decay via fission is a good

signature of statistical decay of the nucleus. The reason for fission

being a statistical process is that the fission process is rather slow
—22on the nuclear time scale: whereas a nucleon needs about 10 s to pass

through the nucleus the fission process takes about 10 s, so that the

nucleus can equilibrate completely before it fissions. For actinide

nuclei this means that the observed fission probability [Ve73,Ca80] for

the GDR is similar to that found from compound nuclear reactions [Ba74,

Ba74a] and from the Z2/A systematics [Va73].

For the giant quadrupole resonance (GQR) the theoretical

calculations [Go82,Ha82,Sch84] also predict that the decay is mainly

statistical. Experimental data obtained for 2O8Pb [St81], U 9 S n [Ok82],

92Zr [EJ84] and for the still lighter Zn and NI isotopes as well as 40Ca

(Co81,Kn81,Yo77,Zw85J indicate that the non-statistical decay of the GQR

into specific hole-states in the residual nucleus is a branch of at most

10-20%, the remaining 80-90% decays more or less statistically. One

would thus expect that the fission probability for the GQR in actinide

nuclei would be very similar to that of the GDR. Since fission decay is

relatively easy to observe a considerable amount of experimental data on

the fission decay of the GQR in actinide nuclei, especially in U has

been obtained, using various reactions (see e.g. [Ha84] for a recent

review).

Although the results of the various experiments seem to be

conflicting at first sight, nevertheless a consistent picture of the
238

fission decay of the giant resonance region in U arises, indicating

that the fission decay of the E2 strength is inhibited as compared to

that of the GDR and the compound nucleus. A short summary of the

experimental evidence for this conclusion will be given below. For
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reasons of convenience first the results obtained from electron-induced

fission will be discussed, although from the point of view of

completeness of the obtained data and from a historical point of view

the hadron-induced fission plays a more important role.

Inclusive electro-fission experiments by Arruda-Neto et al [Ar78,

Ar79,Ar79a(Ar80,Ar80a,Ar81,Ar82] were interpreted as leading to a

fission probability for the E2 strength in the giant resonance region

that was twice as big as that for the GDR at the same excitation energy.

According to their measurements almost 50 X of the E2 EWSR resides in

the fission channel. In contrast with this result Aschenbach et al

[As79] found in a similar experiment that the fission decay of the giant

resonance region was hindered: in fact no E2 contribution was needed to

explain the data. The interpretation of inclusive electro-fission data

Is rather complicated, due to the fact that all excitation energies in

the target nucleus up to the Incident electron energy contribute to the

measured cross section. Although the E2 virtual photon spectrum has a

much larger intensity than the El contribution, the observed cross

sections are still dominated by the El contribution, due to the even

larger dominance of the El photoabsorption cross section as compared to

the other multipolarities. Together with the uncertainties in the DWBA

calculations of the virtual photon spectrum, which have been rigourously

tested experimentally only for the case of El radiation on a medium

heavy nucleus [Do83] this results in considerable uncertainties in the

experimental results. '

An elegant method to overcome the Inherent uncertainties In the

virtual photon spectra has been used by Ströher et al [Str81,Str82] who

compared electron induced and positron induced fission cross sections In

J U. It was found [Str81,Str82] that the data could be explained

without any E2 contribution, although a small contribution could not be

excluded.

' From a recent remeasurement of the Inclusive (e,f) cross sections
[Wo85] it was concluded that the experimental cross sections of Arruda-
Neto et al which lead to the high fission probability for the E2
strength must have been in error.
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A much more reliable determination of the fission probability of

the giant resonance bump can be obtained from exclusive (e.e'f)

coincidence data. In such a measurement the shape of the excited total

multipole strength can be determined directly. By a proper choice of the

momentum transfer the excitation of a specific multlpolarity can be

significantly enhanced and by measuring at several carefully chosen

momentum transfers the contributions of the various multipolarities can

be disentangled.

Recently two such exclusive (e.e'f) measurements [Do81,Do82,Gr84,

Va82] have been performed. Using the photo-fission spectrum [Ve73,Ca80]

for the determination of the El contribution to the coincidence data,

the results of these independent measurements show that only a small

fraction of the total E2 EWSR decays by fission, assuming that all E2

strength observed is of isoscalar nature. In the experiment by Dowell et

al [Do81,Do82] no indication for the existence of a resonance was found

in the fission coincident spectra for E x < 11.7 MeV, the total amount of

E2 [+ EO] strength amounted to 10 % of the isoscalar E2 EWSR Griffioen

et al [Gr84,Va82] claim to find resonances at E x = 9.5 and 13 MeV,

slightly below the energies where one would expect the GQR and the

Isoscalar giant monopole resonance (GMR). From the small fraction

Griffioen et al [Gr84] conclude that the fission decay of the GQR in

2 3 % is lower than that of the GDR. In this context it should be noted

that in electron scattering experiments, it is impossible to

discriminate between EO and E2 strength because of the similarity of

their form factors.

Taking into consideration the results of the various experiments it

seems justified to conclude that electron Induced fission data show

that, if indeed a compact GQR exists in U, then its fission

probability is significantly lower than that of the statistically

decaying GDR.

The fission decay of the giant resonance region has also been

studied in a number of inelastic hadron scattering experiments,

especially in exclusive (a,a'f) measurements. The most complete set of

data has been obtained by van der Plicht et al [P179.P180] and De Leo et
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al [Le82] who measured the a'-flsslon angular correlations both in-plane

and out-of-plane at E a = 120 MeV. From these measurements It has been

deduced that the fission probability of the giant resonance bump for the

excitation energy region below the threshold for 2 n d chance fission

(i.e. fission after emission of a neutron) Pf < 0.11. This is about a

factor two lower than the fission probability of the GDR in the same

excitation energy region. In the fission coincident spectra indications

for a weakly excited structure at E„ = 9.5 MeV with a width of about 2.5

MeV are found. Assuming this structure to be due to the fission decay of

the GQR leads to a fission probability for the GQR of only 3.5 X. The

existence of this structure has been confirmed in a ( Li, Li'f)

measurement by Shotter et al [Sh79] an (oc.a'f) experiment at Ea = 172

MeV by Morsch et al [Mo82] and recently also In the (e,e'f) measurement

by Griffioen et al [Gr84,Va82] discussed above. Snotter et al [Sh79]

claim that the fission probability of the giant resonance to be at least

half that of the underlying background, but do not give numbers for

either fission probability. A reanalysis of their data by Harakeh [Ha84]

led to the conclusion that the fission probability of the GQR as

obtained from this measurement is in agreement with the value obtained

by van der Plicht et al [P179.P180]. Morsch et al [Mo82] found a fission

probability of 4 % for the structure at E = 9.5 MeV, also in agreement

with the result of van der Plicht et al [P179.P180] In both experiments

[P179,P180,Mo82] it was found that the angular correlation for the

structure at 9.5 MeV is anisotropic. This is surprising since one

anticipates on basis of statistical model considerations, that at this

excitation energy the projection of the angular momentum on the symmetry

axis of the nucleus (K) is completely mixed along the path to fission up

to the scission point. Morsch et al [Mo82] interpret this anlsotropy as

evidence for 'direct' coupling of the giant resonance to the fission

channel, even though its fission probability is very low-

Compared to the (e.e'f) measurements the hadron induced fission

data are more difficult to interpret because of the presence of a large

continuum under the giant resonance bump, which is presumably due to

multi-step excitation and thus expected to decay statistically. It is

clear that the obtained fission probability for the giant resonance
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critically depends on the assumptions on the shape and decay of this

background in both the singles and coincidences. As was observed in the

experiment on Pb discussed in the previous chapter the singles

spectra contain a sizeable contribution due to neutron knockout, which

will not give rise to any fission, thus leading to a lower fission

probability for the background than naively expected. In order to avoid

this problem Bertrand et al [Be81] measured the a'-fission coincidences

for E = 152 MeV at two scattering angles, corresponding to a minimum

and a maximum of the angular distribution for L = 2 strength,

respectively. The fission fragments were detected at one angle only, the
TOO

recoil angle of the excited U. The fission probability was determined

from these data under the assumption of either K-conservation or

complete K-mixing. Bertrand et al [Be81] claimed that under either

assumption the fission probability of the giant resonance bump is in

good agreement with that for the GDR. However, It was pointed out by De

Leo et al [Le82] that the fission probability In the region of the

giant resonance bump obtained by Bertrand et al [Be81] at the maximum of

the L = 2 angular distribution is lower than that obtained at the

minimum, thus leading to the conclusion that the fission probability of

the E2 part of the giant resonance must be less than that of the

background. The fission probability of this background was found [Be81]

to be in agreement with the compound nucleus fission probability.

Summarizing the results from the hadron Induced fission

experiments, it can be concluded that the fission probability of the

giant resonance bump as measured in these experiments is certainly lower

than that of the GDR and presumably also than that of the background.

This background, however, is the main reason of the ambiguities in the

conclusions arrived at by the various authors. Because of the

unfavourable resonance-to-background ratio it Is rather difficult to

single out the contribution of the resonance to the fission-coincident

spectra. The results of the hadron induced fission experiments are

consistent with the results of the electron Induced fission. Both types

of experiment indicate that the fission probability of the E2 part of

the giant resonance might indeed be much lower than expected on the

basis of the assumption of statistical decay. It should be noted,
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however, that in the hadron Induced fission it is impossible to

disentangle the contributions of tnultipolarities other than E2 to the

giant resonance bump In the singles spectra. From experimental studies

on 208Pb [St81,Mo83,Ha79] as well as from theoretical calculations, it

has become clear that the giant resonance structure also contains

strength of higher multipolarities, notably L = 4 and L = 6. Moreover,

it is expected on a theoretical basis [Ja83,Ab80,Za78,Bu80,Ga80,Ga84]

that in a deformed nucleus such as "°U the GMR would split into two

components, where part of the strength would be located at the same

excitation energy as the GQR.

Since it is not clear whether the observed inhibition is a property

of the E2 strength only or of all isoscalar giant resonance strength in

the same excitation energy region, it would be verv interesting to study

the fission decay of one specific giant resonance, that is located at

about the same excitation energy as the GQR. The only good candidate for

such a study is the GMR as will be discussed below. A study of the

fission decay of the GMR in U is also of importance in view of the

predicted [Ja83,Ab80,Za78] splitting of the GMR in deformed nuclei,

which has been observed in the mass region A = 150 [Bu80,Ga80,Ga84] and

in 2 3 8U [Mo82a].

As was mentioned before the nuclear continuum in the hadron induced

fission experiments poses a major experimental problem, both in

assessing the contribution of the giant resonance structure to the data

and in disentangling the various multipolarities present. This problem

does not exist in coincident electron scattering experiments, but in

such experiments it is not possible to determine separately the

contribution of the GMR and the GQR to the data. However, in a hadron

induced fission experiment the GMR is the only giant resonance for which

the contribution can be singled out from the data by using the very

characteristic angular distribution for excitation of L = 0 strength at

very forward scattering angles (fig. 6.1). In the past this feature has

already been used to identify in singles measurements the GMR strength

in many nuclei (for a recent review see e.g. [Bu84]). In calculating the

differential cross sections of fig. 6.1 it was assumed that the full

EWSR for the various multipolarities Is exhausted at an excitation
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fig. 6.1 DWBA differential cross sections calculated at Ea = 120 MeV
for the isoscalar aultipoles L=0, 1, 2, 3 and 4 assuming 100%
exhaustion of tho respective isoscalar EWSR's at an excitation
energy of 10 MeV In "°U (see text for more details).

energy of 10 MeV. For the L = 0 case the form factor (version I) due to

Satchler [Sa73] was used, while for the L = 1, AT = 0 strength the form

factor of Harakeh and Dieperink [Ha81] was used. For the strength

with L > 2 Lhe usual collective form factor R(dU/dR), where U is the

macroscopic optical potential, was used. The optical model parameters

used (V = -155 MeV, rR - 1.282 fm, aR » 0.677 fm, W = -23.26 MeV, rT =

1.478 fo, a-,- » 0.733 fm and rc = 1.4 fm) were previously [Ha79,Ha80]
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shown to give a good description for a-scattering on Pb and Th.

Fig. 6.1 shows that aside from the L = 0 and L = 1, AT = 0 cases the

angular distributions for the various multipolarities are more or less

flat at forward scattering angles. The angular distribution for L = 0

drops very sharply by more than two orders of magnitude between 0° and

3°, while the L = 1, AT = 0 angular distribution shows an increase of

almost a factor 10 over the same interval.

From calculated angular distributions it becomes clear that in the

absence of L = 1, AT = 0 strength the difference between data taken for

scattering angle intervals 0 - 1.5° and 1.5 - 3° is almost solely due to

the excitation of L = 0 strength. The coincidence with a fission

fragment eliminates the background due to quasi-free scattering (and

also possible instrumental background). The angular distribution of that

part of the continuum that is due to multistep excitation of the target
"? OR

nucleus was found to rather flat in Pb as can be seen in fig. 5.19.

Thus, taking into account the angular distributions for direct

excitation of the various multipolarities and the experimentally

observed angular distributions of the background, it seems to be

reasonable to assume that the continuum underlying the GMR has an

approximately flat angular distrubtion for 0" < 0 , < 3°, thus justify-

ing the subtraction procedure. The lsoscalar dipole strength is

a 3fuo excitation that should be located at around 20 MeV excitation

energy in U extrapolating from the measurements by Morsch et al
90ft[Mo82] for Pb. Thus the assumption that no substantial amount of

isoscalar dipole strength is present in U in the excitation region

where the GMR is located seems also to be justified.

A problem arises, however, for the excitation of the isovector

giant dipole resonance (GDR), which is located at about the same

excitation energy as the GMR. In an N * Z nucleus the GDR is excited

both via Coulomb and nuclear excitation [Sa72(Bu81,Iz81,Yo81]. In fig.

6.2 the angular distribution for both parts separately and for the

coherent sum of the two are shown. Although the shape of the angular

distribution due to Coulomb excitation of the GDR looks similar to that

of the GMR, it is at least an order of magnitude smaller at the incident

energy used in the experiment. The total cross section for the
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fig 6.2 DWBA differential cross sections calculated at Ea =120 MeV for
the isovector GDR assuming 100% exhaustion of the classical
EWSR at an excitation energy of 10 i-feV in 2 3 8U. The curves are
calculated assuming pure Coulomb excitation (dashed-dotted
curve) and the coherent addition of Coulomb and nuclear
excitations (solid curve).

excitation of the GDR becomes flat and even smaller (see fig. 6.2) if

nuclear excitation is included due to its destructive interference with

the Coulomb excitation. Because of this it is justified to neglect the

GDR froa; any further discussion, since it does not affect the results.
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6.2 Experimental setup

In the experiment a 120 MeV a-particle beam was used to bombard a

1.1 rag/cm2 U02 target deposited on a 100 ug/cm2 carbon backing. The

inelastically scattered ct-particles were detected with the QMG/2

magnetic spectrograph for scattering angles -3' < Qai < 3°. A detailed

description of the spectrograph and focal plane detection system has

been given in sections 3.1 and 3.2, while the procedure for beam

development has been described in section 3.3. Aside from its high Z

value In the present experiment the target wad also a source of some

instrumental background due to Its small size. Whereas in the other

experiments targets with an effective area of 20 * 20 mm were used the

purchased U target had a diameter of only 10 mm, causing some

scattering of the beam halo from the target frame. This limited the

angle between the normal of the target and the beam direction to 20".

In order to minimize scattering from the spectrograph entrance

slits of the large amount of tz-particles elastically scattered at very

small angles the maximum spectrograph solid angle of 10.3 msr was used,

corresponding to slit settings of 3", In dividing the opening angle

into scattering intervals 0° < 0a, < 1.5' and 1.5° < Qa, < 3' both the

horizontal and vertical angle of incidence in the focal plane was used.

As was disussed In section 3.2 the horizontal angle of Incidence In the

spectrograph is measured with a resolution of 0."". For the vertical

angle of incidence the resolution Is dependent on the momentum of the

particle because of the momentum dependence of the vertical

magnification of the spectrograph, but it is expected to be nowhere

worse than the horizontal resolution.

The fission fragments from the decay of the excited U nucleus

were detected with seven parallel plate avalance detectors (PPAD) with

an active area of 15 * 30 mm , which were operated at a pressure of 10

Torr. The solid angle subtended by each PPAD was 42 ± 2 msr, correspond-

ing to horizontal and vertical opening angles ©^ = 8* and 6y = 16°. The

relative solid angle and the efficiency of the PPAD's were measured with
252

a Cf spontaneous fission source. The efficiency was found to be

essentially 100 %. The energy spectrum of the PPAD's for the "*Cf
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fig 6.3 Fission spectra obtained wit! he various PPAD's during the
(a.a'f) experiment. If compared to a typical fission spectrum
obtained with one of the PPAD's using Cf fission source
(fig. 6.3a), the spectra exhibit deterioration due to energy
loss and straggling of the fission fragments in the thicker U
target and its carbon backing foil and also due to higher
count rate effects in the fission detectors.

source is displayed in fig. 6.3a and shows a clear separation between

the a-particles and the fission fragments from the source.
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fig 6.4 Schematic layout of the experimental setup showing the
scattering chamber with the positions of the fission PPAD
relative to the beam direction.

The PPAD's were positioned at angles 165", -155', 145', -45°, 125%

-65° and 105* relative to the beam direction, whereas the target was put

with its normal at an angle of 20° with respect to the beam, as Is

schematically indicated In fig. 6.4. Taking into account the axial and

forward-backward symmetry of the a'-fission angular correlations in the

center of mass system the angles of the PPAD's correspond to angles

between 15° and 75° in steps of 10°. In fig. 6.3 the energy spectra of

the PPAD's during the experiment are shown. The low energy events due to

light particles have been cut out electronically in order to avoid

excessive countrates of non-significant events. Due to an unfavourable

position with respect to the target the fission fragments could reach

some detectors only after losing considerable energy in the target and

backing material. This results In a shift to lower pulse heights of the

signals corresponding to fission fragments, thus worsening the

separation between light particles and fission fragments. The consequent
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loss of counts, which amounted to at maximum 10 % was corrected for in

the analysis. Since there exists no correlation hetween the energy of

the scattered a-particle and the pulse height in the PPAD these

corrections were made by multiplying the coincident inelastic a-spectrum

with the obtained correction factor.

The fission fragments are emitted back-to-back in the reference

frame of the recoiling °U, resulting in an angle between the two

fragments in the laboratory frame of less than 180°. In the present case

the recoil energy of the U is at maximum 14 keV, whereas the kinetic

energy release in the fission is of the order of 150 MeV, resulting in a

deviation from 180° by 0.2° at most, which can be neglected. Due to

straggling in the target and emission of neutrons by the fission

fragments the angle between the two fragments will vary around 180°.

Since in some cases detectors have a relative angle of 170° , which with

an opening angle of 8° corresponds to at maximum 178° between these

detectors, it is possible that in some cases both fission fragments are

detected, resulting in double counting. It was found, however, that the

effect of this on the angular correlations is within the error limits

and therefore it was neglected.

6.3 Experimental results

6.3.1 Singles measurements

As was mentioned in the previous section the ""U target was in the

form of uranium oxide on a carbon backing. This results In the singles

spectra being completely dominated by peaks due to the oxygen and carbon

contaminants, as can be seen from fig. 6.5, where the singles inelastic

a-spectra for the full 10.3 msr opening angle and for the "lateral" (©ai

> 1.5°) and "core" (6a, < 1.5') parts of the opening angle are

displayed. Together with the possible instrumental background the

contaminants make it rather impossible to obtain any reliable
218

Information on the excitation of U from the present singles spectra.
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fig 6.5 Singles spectra of inelastically scattered a-particles from a
* *TI target at S„r= O*. The huge shara peaks due to oxygen
contaminatn and carbon backing of hte 0 target are properly
labeled in the top part of the figure. The spectra correspond
from the top to the bottom to the "full" opening (9„i*0*-3#),
"lateral" part (0a,»1.35*-3') and "core" part (6a,-0*-1.35')
of the spectograph opening angle, respectively (see text for
more details).

However, the contaminant peaks can be used to check the proper

setting of the gates on the horizontal and vertical angles of incidence,

which define the "core" and "lateral" parts of the opening angle, and
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the angular resolution by comparing the observed angular distributions

for these peaks with DWBA predictions.

In particular the Jn = 0 states are suitable for this because of

their steep angular distribution. From the comparison of the cross

sections obtained for the "core" and "lateral" parts of the opening

angle with the DWBA calculations it was derived that the ratio of the

solid angles for the "core" and "lateral" parts of the spectrograph

opening angle was 3.5 ± 0.5 to be compared with the ratio of 3.0 that

follows from the choice of 8 = 1.5° as the separation between the two

parts, assuming an Infinitely good angular resolution. Taking into

account the finite angular resolution the ratio is expected to be about

10 % larger, in agreement with the obtained result. The good agreement

between the expected and obtained value for the solid angle ratio shows

that subtraction of data obtained for the "core" and "lateral" parts of

the opening angle is a valid means to obtain the monopole strength

distribution. In the experiments discussed in the foregoing chapters

this technique was applied only to the horizontal angle of Incidence,

where a good resolution could be obtained as was shown In chapter 3.2.

The fact that also in the present case good results could be obtained

shows that the momentum dependent magnification for the vertical angle

has been taken care of properly and that the angle straggling in the

entrance foils and gas of the focal plane detection system is not very

large.

6.3.2 Monopole strength distribution

By requiring a coincidence with a fission fragment the contaminant

peaks in the singles spectra are completely eliminated, as can be seen

from the fission coincident Inelastic a-spectra in fig. 6.6. The spectra

in fig. 6.6 have been obtained by summing the data for all seven fission

detectors and have been corrected for random coincidences.

Characteristic features in the spectra are the peak just above the

fission barrier (Bj), which is due to the drop In the fission

probability above the oyening of the neutron channel at E x » Bn, and the

rise above 12 MeV excitation energy due to the opening of the 2 chance
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fission channel (fission after neutron emission) at E x = B j. In fig.

6.6a the spectrum for the full 10.3 msr opening angle is displayed,

while in fig. 6.6b and 6.6c the spectra for the "core" and "lateral"

parts of the opening angle are shown respectively. The latter of these

has been obtained by subtraction of the "core" spectrum (fig. 6.6b) from

the total spectrum (fig. 6.6a). For the cross section scales at the

right hand side of fig. 6.6a and 6.6b ijlid angles of 2.05 and 8.2 msr

were assumed for the "core" and "lateral" parts of the opening angle.

These values yield a slightly different ratio than obtained from the

contaminant peaks, the reason for choosing this slightly different ratio

will be discussed below.

Comparison of the spectra for the "core" and "lateral" parts of the

opening angle for excitation energies between the neutron separation

energy and the threshold for 2 chance fission shows clear differences.

The "lateral" spectrum is flat in this excitation energy region, whereas

the "core" spectrum shows a clear rise starting slightly above 8 MeV.

Since to date in this excitation region only little L = 1, AT = 0

strength has been found in heavy nuclei [Mo83,Ha79] and it is not

expected to be present [Bu84] either, this rise can directly be related

to the excitation strength of the GMR. The shape and cross section for

excitation of the GMR can be obtained by subtracting the spectra of fig.

6.6a and 6.6b, taking into account the relative solid angle. Using the

fig 6.6 (a) Fission-coincident inelastic alpha spectrum for the "full"
opening angle of the spectograph.
(b) Same as (a) but the "core" part.
(c) Same as (a) but for the "lateral" part [i.e. spectrum in
(a) minus spectum in (b) ]
(d) Spectrum obtained by subtracting 1/4 spectrum in (c) from
spectrum in 'b) (dashed line represents eyeball fit of the
data; shaded area represents error limits).
(e) Spectrum obtained by sutracting 1/5 spectrum in (c) from
spectrum in (b) (dashed line represents eyeball fit of the
data.
(f) Giant monopole strength distribution (solid line) as
obtained from our fission coincident spectrum (d) with the
assumption of a fission probability similar to that of the
GDR. The dotted curve is the monopole strength distribution as
abtained by Morsch et al. [Mo82] (See text for more details)
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ratio of the solid angles as obtained from the analysis of the

contaminant peaks (dQ./dQ = 3.5 ± 0.5) it was found that the contents

of the resulting spectrum are significantly negative in the excitation

energy region around the fission barrier. As was pointed out above, the

presence of isoscalar dipole strength in this excitation region is

unlikely, so that the contents of the subtracted spectrum should either

vanish in the absence of monopole strength or be positive in the

presence of monopole strength. Therefore the ratio of the "core" and

"lateral" solid angles was chosen such that in the region of the fission

barrier the spectrum vanishes. This can be justified on basis of the

same argument as for the isoscalar dipole strength, that no direct

excitation of significant amounts of monopole strength is expected in

this excitation energy region. Using these assumptions R = 4.0 ± 0.2 was

found for the ratio of the solid angles of the "core" and "lateral"

parts of the opening angle, still in agreement with the value R = 3.5 ±

0.5 obtained from the contaminant peaks. The spectrum resulting from the

subtraction using this ratio is shown in fig. 6.6d. The dotted line in

fig. 6.6d represents an eyeball average of the data. It represents the
23S

strength distribution for the GMR in 0, as Ear as it decays into the

fission channel. The shaded area in fig. 6.6d indicates the errors,

including the statistical errors due to the subtraction and the

uncertainty in the solid angle ratio.

The shape of the monopole strength distribution is not very

sensitive to the solid angle ratio used in the subtraction. In fig. 6.6e

as an example the result for a ratio R = 5 is shown. For comparison the

eyeball average to the data of fig. 6.6d has been adjusted to the

spectrum, showing that choosing a larger value for R results in a flat

continuum being added to the spectrum. Similarly a smaller ratio R would

give a negative pedestal in the subtracted spectrum.

In order to extract the GMR strength distribution from the data

assumptions on Its fission probability have to be made. Since for low

spin values and excitation energies well above B^ there does not exist a

strong dependence of the fission probability on the spin [Va73], it is

reasonable to assume that if the GMR decays predominantly statistically,

its fission probability Is similar to that of the GDR (Ve73,Ca80] and
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the compound nucleus [Ba74,Ba74a] both In shape and magnitude. The

fission probability of the GDR is shown in fig. 6.7b; between 7 and 12.5

MeV it amounts to Pf = 0.22 ± 0.02. Above 12.5 MeV excitation energy it

increases due to the opening of the 2 chance fission channel and

finally reaches a value of 0.39 at 14 MeV. In case of a significant non-

statistical decay it is very difficult to make assumptions on the

fission probability.

Assuming Pf(GMR) = Pf(GDR), the full GMR strength distribution,

shown in fig. 6.7c, is then found by dividing the spectrum of fig. 6.6d,

which is shown once more in fig. 6.7a by the fission probability of fig.

6.7b. Extrapolating this distribution for excitation energies above 16

MeV, where no data were taken, a width (FWHM) of 6 ± 1 MeV and a

centroid energy of 12.5 ± 0.5 MeV are found for the GMR in 2 3 8U. Whereas

the centroid energy is in good agreement with the systematics [Bu84,

Sp81] the width is much larger than the width observed in spherical

heavy nuclei ("2.5 MeV for 208Pb and 2 0 9Bi). This broadening will be

discussed in more detail in the next fection.

The fraction of the E0 EWSR exhausted by the strength distribution

of fig. 6.7c is found from comparison of the data with DWBA predictions.

The strong excitation energy dependence of the cross section exhausting

the full EWSR as shown in fig. 6.7d should be corrected for. The cross

sections in fig. 6.7d have been obtained by determining the difference

between the average cross sections for scattering angles 0 . < 1.35" and

1.35* < 9ai < 3° as a function of excitation energy. The value of 1.35*

as the separation between the "core" and "lateral" parts of the opening

angle has been derived from the solid angle ratio used in obtaining the

GMR strength distribution. Thus the fraction of the EWSR exhausted by

the data is found by dividing the spectrum of fig. 6.7c by the curve of

fig. 6.7d and integrating the resulting spectrum, that is shown in fig.

6.7e. From this procedure it was found that the strength distribution

for the GMR, including the extrapolation to excitation energies above 16

MeV which amouts to 10 - 15 Z, exhausts 100 ± 30 % of the E0 EWSR. In

deriving this number it has been assumed that the fission probability of

the GMR is the same as that of the GDR both in shape and magnitude.
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The amount of raonopole strength decaying into the fission channel

can be derived in the same way as the total strength, except for the

dividing out of the fission probability. In this way it is found that

between 8 and 15 MeV excitation energy 22 ± 6 % of the EO EWSR decays

into the fission channel.

The errors for the EO strength include the statistical errors.

However, the largest contribution to the error stems from the 15 %

uncertainty in the solid angle ratio between the "core" and "lateral"

parts of the solid angle. The 10 % accuracy for the fission probability

of the compound nucleus, which was used to derive the total fraction of

the EO EWSR in 2 3 8U, has only little influence on the result.

fig 6.7 (a) Same spectrum as in fig. 6.6d i.e. the "core" minus the

"lateral" double differential cross section.

(b) Fission probability of hte GDR in 2 "u as a function of

excitation energy obtained from [Ve73] and [Ca80J

(c) Same as (a) divided through by the fission probability of

the GDR.

(d) Cross sections of a 100% EO EWSR strength calculated in

DWBA as a function of excitation energy. The curve in fact

represents the difference of the cross sections averaged over

the_angular intervals 0°-1.35" and 1.35"-3", i.e. — (O'-1.35°)

(e) EO strength distribution in % EWSR obtained from (c) by

dividing through by (d).

(f) EO strength distribution displayed as transition rate per

MeV.
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6.3.3 Angular correlations

In fig. 6.8 and 6.9 the fission coincident Inelastic a-spectra for

all seven fission detetectors are shown for the full 10.3 rasr opening

angle and the "core" part of it respectively. All these spectra show the

same features as the fission angle integrated spectra of fig. 6.6. The

observed cross sections do not depend strongly on the fission angle, as

is clearly illustrated by the angular correlations.

In fig. 6.10 the angular correlations are shown for a number of

excitation energy intervals for the full opening angle, the "core" and

"lateral" parts of it and for the difference between the "core" and

"lateral" parts. This last group represents the angular correlation of

the monopole strength present in the diferent intervals and should thus

be isotropic.

SSS-^l MeV FULL " I 125^ 77-9"TMeV FULL - , . 95-119 MeV FULL " 2 ? 5 H 119-158 MeV FULL "
125)- l 5 -

* • • * , , n ' * • • « ' • » . t • 2 5 . , • «

.Oi- i . * * ' " - * * - * *
; i 075^ - ' 225_- *
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,5- V 2 5 [ f + ^ • I f - «O- ^ - ^ , ' ' ' • "

LATERAL ^ LATERAL LATERAL 2 2 5 - • ^LATERAL-
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fig 6.10 Angular correlations of the fission fragments in coincidence
with inelastlcaily scattered o-particles at Qa< =0* for the
four indicated excitation energy bins. The first three rows
rafer to the indicated scattering angular ranges "full" (0* <
9at < 3*), "core" (0* < S^, < 1.35') and "lateral" (1.35* <
9ar < 3*). The fourth row "differ" refers to the subtracted
double differential cross sections of "core" minus "lateral".
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In general the angular correlations peak slightly at backward

angles, except for the lowest excitation energy Interval, which covers

the peak just above the fission barrier. In previous experiments at

0 , = 18° [P179,P180] a strongly anlsotropic angular correlation peaking
a 238

at the recoil axis of the excited U was observed for the excitation

energy region around the fission barrier. This observation [P179.P180,

Le82j can be explained by assuming that fission occurs only for K = 0

and that K is conserved during the fission process at excitation

energies near the barrier [Bo56J. At higher excitation energies the

angular correlations observed by van der Plicht et al [P179,P180] became

more and more isotropic, a signature of K- and/or L-mixing. The fact

that in the present experiment the angular correlation for the lowest

excitation energy interval is rather flat Is due to two effects, which

are both related to the small scattering angles. First of all at small

scattering angles only low multipolaritles are strongly excited, which

have angular correlations that are not yet very anisotropic. Secondly

the angular correlation is strongly smeared by the kinematics of the

reaction. For a scattering angle of 3° the recoil direction is

approximately 45", whereas for the 0° scattering angle it Is 0°. The

effect of this smearing of the angular correlation due to the finite

opening angle for detecting the inelastically scattered a-particle is

illustrated in fig. 6.11.

The angular correlations in fig. 6.i\ were calculated with the

program ANGCOR [Ha79a] using m-state populations obtained from DWBA

calculations. The dotted curves in fig- 6.11 represent the angular

correlations for an infinitesimally small opening angle and are

identical to the results that would have been obtained in PWBA (i.e. the

associated Legendre polynomials |p (cos(Q))|^ ), because at 0* only

m = 0 is populated. The dashed curves have been calculated for the full

10.3 msr opening angle, corresponding to an opening angle of ±3". A

comparison of the two results shows that the anisotropy of the

correlations is strongly reduced for the finite opening angle, while for

the odd multlpolarities and especially for L = 1 the maximum of the

correlations shifts away from the recoil axis. The latter effect is due

to the angular distributions of the scattered a-particles for the odd
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400

200

fig 6.8 Fission coincident
Qt-particle. spectra at the
quoted fission detector angles
£or the full 10.3 msr
spectrograph solid angl^
(0' < 9a, < 3").
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60

fig 6.9 Same as fig 6.8 for
the "core" part of the
spectrograph solid angle
(0* < 0a, < 1.35').
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•4

I

MEV, E K
: 6 MeV

L-"2,K-0

fig 6.11 a-fission angular correlations calculated for Qa,=0° and for
J71 = 1", 2 + and 3" (K=0) fission decay with m-state population
amplitudes obtained from DWBA calculations. The dotted curves
have been integrated over the full opening angle of the
spectrograph (0* < 6a, < 3'; 0* < <j> < 360").

multipolarities, which peak away from 0', as can be seen in fig. 6.1.

From fig. 6.11 it becomes clear that even in the absence of

trivially isotropic L = 0 strength an isotroplc angular correlation can

be obtained easily by mixing strength of L = 1, 2 and 3. A slight

peaking towards 90" is then caused by a dominance of L = 1 or L = 3, a

peaking at 0' by dominance of L = 2 strength. Thus the peaking around

90* of the correlation for the excitation energy interval 7.7 - 9.5 MeV

is an indication of the presence of some 3 (or 1 ) strength in this

interval.

The correlations for the 5.85 - 7.7 MeV excitation energy interval

nicely illusi.rate the effect of the angular distributions on the angular

correlation For the full opening angle the contributions from the

different multipolarities add up in such a way that the resulting

correlation is almost isotropic.

Since the angular distributions for L • 1 and L = 3 peak away from

0' and the one for L = 2 has a slight peak at 0", the angular

correlation for the "core" part of the opening angle is expected to be

dominated by L = 2 and thus to peak at 0', in agreement with the data.
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Similarly the correlation for the "lateral" part of the opening angle

should peak slightly around 90°, since it is dominated by L = 1 and

L = 3 strength, again in agreement with the observed behaviour.

From the analysis of the fission angle integrated data it was

concluded that in this excitation energy interval no monopole strength

is present. Therefore the angular correlation for the difference between

the "core" and "lateral" parts of the opening angle should vanish.

Except for the 15* point the correlation indeed vanishes. The reason for

the deviation at 15° might be the excitation energy dependence of the

L = 2 angular distribution, resulting in a slight peaking at 0° for low

excitation energies.

6.4 The splitting of the GMR in deformed nuclei

Splitting of giant resonances in deformed nuclei can easily be

explained qualitatively using simple models. In the Goldhaber-Teller

model for the GDR the restoring force is proportional to the amount of

unbalanced proton and neutron fluid, which increases more rapidly for a

vibration perpendicular to the symmetry axis than for a vibration along

the symmetry axis for prolate deformation of the nucleus. Therefore the

K = 1 component of the GDR has a higher excitation energy than the K = 0

component. Also, since there are two degrees of freedom perpendicular to

the symmetry axis and one along this axis the K = 1 component carries

twice as much strength as the K = 0 component.

For the GDR the energy difference between the two components can

simply be predicted: in order to get a standing wave in a resonator the

wavelength should be equal to the size of the resonator along the

direction of Che wave. Thus for the K = i component of the

GDR E * 1 / R and for the K = 0 component E * 1/R. , where R and

Rn are the length of the short and long principal axes of the prolately

deformed nucleus. Thus

K=0
x ~~- (6.4.1)
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which is proportional to the quadrupole deformation parameter f!„.

Comparison of the values for P2 determined from the static quadrupole

moment of the nucleus with values obtaineO from the splitting of the GDR

show a good agreement [Da58,Ok58,Fu59].

Also for isoscalar giant resonances like the GQR the mechanism of

the splitting can be visualized rather easily. In a hydrodynamical model

these giant resonances are described as surface vibrations. If we assume

that the propagation velocity is lsotropic, t'.ie vibration with K = 0

will have the lowest frequency and thus the lowest excitation energy,

while the excitation energy for larger K-values will be increasingly

higher. Experimental indications for the splitting of the GQR were found

in Nd [Sch75] and Sm [K175J isotopes, where the GQR in the deformed

isotopes is significantly broader than in the spherical ones.

Theoretical calculations by Suzuki and Rowe [Su771 and Zawischa et al

[Za78,Za82] show excitation energy differences of about 2 MeV between

the lowest and highest K-components. The width of the GQR in spherical

nuclei in this mass region is about 4 MeV, so that indeed the splitting

can only be observed as a broadening.

The GMR, however, has no K-projection ud thus can not split on its

own as the other giant resonances. A splitting of the GMR can therefore

occur only via coupling with other giant resonance modes. The GMR in a

deformed nucleus is a combination of a pure density vibration and a

surface vibration, which in the simplest case is of quadrupole nature.

The coupling of the GMR with the GQR is easily seen by expanding

the nuclear surface in terms of spherical harmonics

R(0) = R • [ 1 + f3,-Y°(Q) + I a*.v£*(Q) ] (6.4.2),

where the first term is due to Che static deformation and the second to

the GQR vibration. Expanding the nuclear density p(R) in terms of R then
0 u*

leads to terms Y„(Q)*Yr (Q), which for \x " 0 can be separated into

YQ(Q) , Y2(Q) and Y4<Q), of which the first one corresponds to a density

vibration, that couples to the GMR. As a result of this coupling the

strength of the GMR and the K* •> 0 component of the GQR will be
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redistributed.

Calculations of the excitation energies and the fractions of the EO

EWSR exhausted by the components have been performed in different

frameworks. Zawischa and Speth [Za82] performed a quasi-particle RPA

calculation for 2 3 8U. They find the two components at excitation

energies of 9.1 and 14.8 MeV, exhausting 40 % and 60 % of the EO EWSR

respectively. Abgrall et al [Ab80], assuming a deformation 02 = °*3 f o r

ÏÏ, calculated in the adiabatic cranking model that the two components

are located at 9.4 and 13.7 MeV and that the upper component exhausts

about 80 Z of the EO EWSR. For 2 3 8U the deformation P2 = 0.23 [E177]

resulting in a slightly smaller splitting and a still stronger upper

component.

LLJ 9

2 3 8 U

- prolate
oblate

O 0.20 0.40

fig 6.12 Excitation energy of the
components of the GMR In 2 3 8U as a
function of the deformation of the
nucleus according to the calculations
by Jang [Ja83]

Recently Jang [Ja83] derived analytical expressions for the splitting in

terms of the unperturbed excitation energy and the deformation in a RPA

framework. In fig. 6.12 the excitation energy is shown as a function of

the deformation p. according to Jang [Ja83]. Assuming the centroid
91ft

energy of ti.e GMR in V to lie at E x » 12.5 MeV, as was found in the

present experiment, and with p„ « 0.23 the two components are then

located at 8.6 and 12.9 MeV, thus yielding a splitting of 4.3 MeV.

If we assume that the width of each of the components is about the

same as the width of the GMR in a spherical heavy nucleus ("2.5 MeV in

Pb) all three calculations suggest that the two components should be
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observed as two well separated peaks. In the experimental strength

distribution shown in fig. 6.6d, however, only a broadening is apparent

and a real splitting is only suggested by the shape of the distribution.

Assuming a wiath of 3 MeV for the two components a splitting of 3 to 3.5

MeV has been obtained from the experimental strength distribution

somewhat smaller than the predictions. This Is in agreement with the

splittings derived from the broadening of the GMR in deformed Nd [Ga84]

and Sm [Bu80,Ga80] isotopes as compared to the spherical ones.

Concerning the distribution of the strength over the two components

the experimental distribution shows that about 2/3 of the GMR strength

is located in the upper component, in agreement with the results of

Zawischa and Speth [Za82] Also in this case the present result is in

agreement with the observations for the Nd [Ga84] and Sm [Bu80,Ga80]

isotopes.

The splitting of the GMR in U was deduced before by Morsch et al

[Mo82a] from a comparison of inelastic a-scattering data at E = 100 MeV

and E a =172 MeV, using the different ratio of the excitations of the GqR

and GMR at these two incident energies. They derived a splitting which

is in good agreement with the theoretical predictions of Zawischa and

Speth [Za82], b u t considerably larger than found in the present

experiment. This is shown by the dotted curve in fig. 6.6f, which

represents the strength distribution as derived by Morsch et al [Mo82a]

from their data. The width for each of the two components according to

Morsch et al [Mo82a] is about 2 MeV, smaller than the width observed for

the GMR in the spherical nucleus Pb (see section 5.3) and than that

suggested by the E0 strength distribution observed in the present

experiment. In view of the rather Indirect way the E0 distribution was

deduced by Morsch et al [Mo82] the present results cast some doubt on

its reliability.
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6.5 Conclusion

Assuming the GMR in 2 3 % to decay statistically, I.e. assuming its

fission probability to be similar in shape and magnitude to that of the

GDR, it was found that the GMR in 238U exhausts the full isoscalar EO

EWSR, as expected on the basis of the systematlcs for the GMR in heavy

nuclei [Bu84,Sp81]. This means that the fission probability of the GMR

in "u can not be much larger than that of the GDR, since otherwise the

GMR would exhaust more than the full sum rule. The centroid of the

strength distribution was found at E = 12.5 MeV = 77'A
-1/3

MeV, a value

that agrees well with that observed for other heavy nuclei [Bu84,Sp81].

Thus in contrast with previous measurements [see section 6.1],

where it was found that the total giant resonance structure has a

fission probability significantly lower than that observed for the GDR,

it appears that the GMR has a fission probability similar to that of the

GDR. Since the GMR is part of the giant resonance structure observed in

the previous experiments, the question arises whether the present result

is compatible «ith those previously obtained.

KW 3113

(MeV)

fig 6.11 a-fission angular correlations calculated for 0 ,=0° and for
j " " 1~, 2 + and 3~ (K=0) fission decay with D-state population
amplitudes obtained from DWBA calculations. The dotted curves
have been integrated over the full opening angle of the
spectrograph (0" < 0 , < 3"; 0" < $ < 360').
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In fig. 6.13 the (e.e'f) data of Dowell et al [Do81,Do82] are

displayed. These data are interpreted as the sum of isoscalar E2 and EO

strength observed in the fission channel. Between 7 and 11.7 MeV 10 X of

the E2 EWSR was found to be present in the fission channel [Do81,Do82]

under the assumption that all the strength excited is of E2 nature. This

is not only the sum of the isoscalar E2 and EO strength, but may also

contain a contribution from the isovector E2 and thus is to be

considered as &a upper limit. The monopole strength distribution as

observed in the present experiment is indicated as the hatched area in

fig 6.13. It has been obtained by converting the EO transition rates of

fig. 6.7e into E2 transition rates. The (e,e'f) data are consistent with

6.5 % of the E2 EWSR in the excitation energy region between 7 and 11.7

MeV after subtraction of the EO contribution (hatched area) observed In

the present experiment. Theoretical calculations [Za82] indicate that in

this region about 70 % of the isoscalar E2 strength should be located.

This would then result in a fission probability of about 10 % for the

GQR, in agreement with the results obtained by van der Plicht et al

[P179.P180]. The f=f>me conclusion was reached in the recent (e.e'f)

experiment by GriE'.ioen et al [Gr84,Kn82] where the data were analyzed

under the constraint of the monopole strength distribution as found in

the present experiment. This leads to the conclusion that :ndeed the

fission probability of the GQR is much smaller than that found for the

GDR and the GMR.
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Chapter 7 Concluding remarks and outlook

When the research described in this thesis was started about four

years had passed since the confirmation of the existence of the giant

monopole resonance (GMR) in inelastic cc-scattering data at small

scattering angles by Youngblood et al [Yo77]. In those four y ars a

large body of data had been collected, mainly by the groups of Texas A&M

University [Ro80,Ga80,Yo81] and ISN Grenoble fBu79(Le80,Bu80]. However,

two major questions were yet unanswered: the existence of monopole

strength in light nuclei and the decay modes of the GMR. The goal of our

work in the last four years has been to find an answer to these

questions.

7.1 Monopole strength in light nuclei

Although a considerable number of experiments had been performed to

locate the monopole strength in nuclei with mass A < 90 only small

fractions of the sum rule had been located. To explain this observation

various suggestions concerning the DWBA analysis of the data were made

[Bu81,Be80J. However, In view of the quality of the experimental data

and the fragmentation of the GQR and GDR in light nuclei [Sp81,Be75] it

might well be that the problem of the missing monopole strength is an

experimental problem. If also the monopole strength Is fragmented it

would be difficult to find small fragments of monopoie strength amidst

strength of other multlpolarities and on top of the large instrumental

background present in the data at small scattering angles. Under such

circumstances the characteristic minimum in the angular distribution of

the monopole strength Is obscured, thus leaving the monopole strength

undetected.

The first goal of our efforts was therefore to Improve the

experimental technique for small angle inelastic scattering in order to

suppress the instrumental background. The QMG/2 magnetic spectrograph at

the KVI was found to be an excellent Instrument in this respect,

especially in combination with the focal plane detection system, from

which a complete reconstruction of the trajectory of the particles is
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obtained. This has enabled us to obtain inelastic a-scattering data at

small scattering angles including 0°, which are essentially free from

instrumental background as was checked by comparing singles and

coincidence data. Furthermore with the QMG/2 magnetic spectrograph data

with a considerably better resolution than in previous small angle data

are obtained, which facilitates the identification of small fragments of

raonopole strength.

From the data that were obtained in this way for Mg it was

concluded that in this nucleus the energy weighted sum rule (EWSR) for

E0 strength is almost completely exhausted between 10 and 20 MeV

excitation energy. This shows that indeed the question of the missing

monopole strength in light nuclei can be attributed to experimental

problems in previous measurements. This conclusion was recently
TO

corroborated by measurements on Si by the Texas A&M group [Lu85], in

which also a large part of the E0 EWSR was located. In the present work

also about half the EWSR for isoscalar El strength was found in Mg in

the same excitation region as the monopole strength. This constitutes

the first observation of a substantial amount of El, AT = 0 strength in

a light nucleus.

Both the monopole and isoscalar dipole strengths are spread over a

considerable number of fragments, similar to the quadrupole and

isovector dipole strength. The centroid of the experimental strength

distribution of the monopole strength lies at about 17 MeV excitation

energy and it was found to have a width slightly less than 5 MeV. This

centroid energy is considerably lower than the hydrodynamical prediction

Ex= 80'A MeV . Lowering of the mean excitation energy of the

monopole strength with respect to the hydrodynamical value in light

nuclei has been predicted theoretically [B176.B180] due to the effect of

the nuclear surface on the compressibility of the nucleus. The present

data on Mg and those of Lui et al [Lu85] for Si provide the first

definite experimental evidence for this lowering.
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7.2 Decay of the giant raonopole resonance

90S 91ft

The present data on the decay of the GMR in Pb and U are the

first measurements of this kind that have been made. This lack of data

reflects the experimental problems involved in such experiments.

Theoretical calculations in various approaches resulted in quite

different predictions for the decay properties of the GMR in heavy

nuclei. Self-consistent calculations [Va81] predicted that direct decay

populating the neutron-hole states in the residual nucleus should be

dominant, whereas calculations using more experimental information

[Ha82J indicate that the direct decay would be of only minor importance.

Somewhere in between are the predictions based on the coupling of the

GMR to collective surface vibrations [Bo81,Bo84]. The pre-equilibriura

decay due to this coupling was found to account for about two thirds of

the total width, the remaining one third would presumably be due to

direct decay [Bo81,Bo84].

Since fission is a statistical decay mode (on a nuclear time scale

fission is a very slow process), the study of the fission decay of the
9*IQ

GMR in U gives a good insight in the importance of statistical decay

for the GMR. It was found that for 2 3 8U the decay of the GMR is

compatible with being completely statistical, although a small non-

statistical decay branch can not be excluded due to the fairly large

error bars.

Also for Pb it turned out that the data are compatible with a

completely statistical decay for both the GMR and the underlying

continuum. The observed discrepancies between the data for the GMR and

the statistical model predictions suggest that also other decay

mechanisms play a role. In this decomposition a lower limit of 60 X for

the statistical decay is found. Of the remaining strength about 30 %
9fi7

populates states in Pb at excitation energies between 4 and 6 MeV,

which might be an indication for the importance of the coupling of the

GMR to surface vibrations [Bo81,Bo84], while about 10 % populates the

neutron-hole states in excess of the statistical model prediction. In

the analysis of the data it was found that the assumptions on the shape

of the statistical neutron spectrum used in previous experiments on the
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?Oft
decay of giant resonances in Pb [Ca69,Ey84] are not justified and

that a detailed calculation based on the experimental level scheme of

Pb has to be made to obtain a good assessment of the statistical

decay, thus casting doubts on the previously claimed direct decay

branches.

7.3 Suggestions for further experiments

24
The present results for the monopole strength distribution in Mg

and those for Si [Lu85] are strong indications that also in light

nuclei the full EO EWSR is exhausted. It is of importance, however, to

obtain high quality data for a number of other light nuclei, notably

1 6 0 , to establish the existence of the full E0 EWSR in light nuclei more

firmly. Such data are also important for establishing more precisely the

contribution of the nuclear surface to the compressibility of the

nucleus.

Another contribution to the compressibility of the nucleus is

connected to the neutron excess (N - Z)/A of the nucleus. Since the

global average neutron excess depends on the nuclear mass A the value of

this contribution is correlated with the surface contribution, which

depends on the mass A. In order to determine the contribution due to the

neutron excess accurate measurements of the raonopole strength

distribution in some isotope chains of medium heavy nuclei, e.g. the Sn,

Nd and/or Sm isotopes, are needed. Due to this correlation a good

determination of this contribution would then reflect itself also in a

better determination of the surface contribution. An accurate

determination of the various contributions to the compressibility of a

finite nucleus is of importance for self-consistent calculations of the

properties of the nucleus and of nuclear matter, since it puts extra

constraints on the parametrization of the nucleon-nucleon interaction

used in such calculations.

For further experiments on the decay of the GMR three aspects seem

to be inmportant in view of the theoretical predictions and the

experimental information on decay of giant resonances so far:
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- the coupling of the GMR to collective surface vibrations as proposed

by Bortignon et al [Bo81,Bo84],

- the presence of a direct decay branch to neutron-hole states in the

residual nucleus in the decay of the GMR in (medium-)heavy nuclei and

- the decay properties of the monopole strength in light nuclei.

From the present experiment on the decay of the GMR in pb no

definite conclusion could be reached concerning the importance of the

coupling of the GMR to collective vibrations. Identification of the

weak-coupling states, which are populated in the decay of the GMR via

this coupling, in the spectrum of the residual nucleus is virtually

impossible because their excitation energy is generally not accurately

known, while the energy resolution is not sufficient to separate states

that are less than a few hundred keV apart. A possible solution of this

problem is to detect the y-rays emitted after the neutron decay. In the

case of Pb, where the most important surface vibration has JK = 3~,

this is not possible because decay of the weak-coupling states to the

respective hole states by emission of an E3 photon is strongly

suppressed with respect to e.g. decay to neighbouring states by emission

of an El photon.

A better chance to assess the contribution of this coupling is

probably offered by the nucleus Sn. In r'nis nucleus the lowest

surface vibration is located at about 1 MeV excitation energy and has

spin J = 2 . In the residual nucleus Sn a considerable part of the

hole strength is located below 150 keV excitation energy, the

corresponding weak-coupling states are thus located at excitation

energies slightly higher than 1 MeV. For a number of these it has been

experimentally established that they decay to the respective hole state

by emission of an E2 photon. Thus decay of the GMR via coupling to the

J = 2 surface vibration would give rise to an enhanced yield at E = 1

MeV as compared to the decay of the underlying continuum, which is

assumed to decay statistically.
92

To study the importance of direct decay of the GMR the nuclei Zr
1 1 q

and Sn, for which the decay of the GQR was found to have a 10 - 15%

direct decay branch [Ok82,Ej84], provide a good opportunity, because

decay of the GMR to the neutron hole states in the residual nucleus
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proceeds via emission of neutrons with an energy of almost 10 MeV, which

are not very likely to be emitted in statistical decay. It should be

pointed out that a good knowledge of the distribution of hole strength

is the first prerequisite for an assessment of the importance of direct

decay. This means that studies of the decay of giant resonances should

be accompanied by measurements of the hole strength using various

transfer reactions.

The decay properties of the monopole strength in light nuclei have

in the course of the present research been studied for Ca and * Mg.

The results of these measurements have not been discussed in this

thesis, a preliminary conclusion is that the decay properties of the

monopole strength in these nuclei are similar to those of the quadrupole

strength, the decay of which in Mg was found to be still predominantly

non-st-atistical, while in Ca statistical decay is presumably the most

important [Zw85]. An important nucleus for which the decay of. the

monopole strength should still be studied is 0, for which realistic

calculations can be made as was done for the quadrupole strength in this

nucleus [Kr74,De77].
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Samenvatting

In dit proefschrift wordt een experimenteel onderzoek naar de

eigenschappen van de isoscalaire monopool reuzenresonantie (GMR) in

atoomkernen beschreven. In de informatie met betrekking tot deze reuzen-

resonantie zijn twee belangrijke lacunes, te weten de vervalseigen-

schappen en het gedrag in lichte kernen. Het onderzoek heeft zich hierop

toegespitst.

Monopoolsterkte wordt relatief sterk aangeslagen in inelastische

verstrooiing van a-deeltjes met een energie hoger dan ongeveer 100 MeV

en wel vooral bij zöer kleine verstrooiingshoeken met inbegrip van 0°.

Metingen op deze hoeken worden sterk bemoeilijkt door instrumentele

achtergrond in de data, die zonder dat bijzondere maatregelen worden

getroffen veel intenser is dan het te meten "signaal", d.w.z. deeltjes,

die een inelastische verstrooiing aan een kern hebben ondergaan. Met de

ontwikkelde experimentele methode, waarbij de verstrooide deeltjes

worden gedetecteerd met een mpjnetische spectrometer, is het mogelijk

gebleken de achtergrond vrijwel volledig te elimineren.

De verdeling van de monopool sterkte in Mg is bestudeerd door

meting van de hoekverdeling van de verstrooide a-deeltjes voor kleine

verstrooingshoeken. Uit de metingen blijkt dat tussen 10 en 20 MeV

excitatie energie in Mg ongeveer 90 % van de totaal te verwachten

monopool sterkte aanwezig is, alsmede 60 % van de isoscalaire dipool

sterkte. De gemiddelde excitatieenergie, die uit de metingen is

afgeleid, is voor zowel de monopool als de isoscaiaire dipoolsterkte

beduidend lager dan op grond van extrapolatie van de resultaten in zware

kernen verwacht mocht worden. Dit kan verklaard worden uit de invloed

die de eindige afmeting van de kern heeft op de compressibiliteit van de

kern, waaraan de excitatieenergie van de monopool reuzenresonantie

rechtstreeks gerelateerd is.
20R

In Pb is het verval van de GMR via neutronemissie gemeten. Het

energie spectrum van de uitgezonden neutronen is in redelijke

overeenstemming met Hauser-Feshbach berekeningen, waaruit geconcludeerd

kan worden dat het verval statistisch van aard is. Ken kleine bijdrage

aan het totale verval door directe emissie van neutronen vanuit de
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deeltje-gat configuraties die de reuzenresonantie vormen kan echter niet

uitgesloten worden. Daarnaast zijn aanwijzingen gevonden voor een verval

van de GKR via een koppeling met collectieve vibraties van de kern,

waarvan de E x = 2.614 MeV 3 toestand in Pb een zeer bekend voorbeeld

is. Dit type verval is echter experimenteel zeer moeilijk te

onderscheiden van statistisch verval.

Het verval via splijting van de GMR is gemeten in U. De gevonden

spiijtingswaarschijnlijkheid is overeenstemming met die van de compound-

kern en de dipool reuzenresonantie, daarvan het bekend is dat het verval

hoofdzakelijk statistisch verloopt. Dit resultaat werpt een nieuw licht

op de bestaande tegenstrijdigheden met betrekking tot het verval via
O'S Q

splijting van de isoscalaire reuzenresonanties in U, maar kan deze

niet uit de weg ruimen. Uit de metingen blijkt dat de GMR in U

gesplitst is in twee componenten, zoals al eerder was waargenomen in

andere gedeformeerde kernen. De verdeling van da sterkte over de twee

componenten en de mate van splitsing zijn in redelijke overeenstemming

met theoretische voorspellingen.
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STELLINGEN

1 71 De structuur rond 10 MeV excitatieenergie in C, die is waargenomen

in inelastische verstrooiing op kleine hoeken, heeft spin J11 = 0 en

kan in het Resonating Group Model worden verklaard als de 'echo' van

de j " = 0+ toestand op Ej = 7.65 MeV in 12C.

D.H. Youngblood et a l , Phys. Eev. C23 (1981) 1997
D. Lebrun et a l , Phys. Latt. 97B (1980) 358
S. Brandenburg et a l , KVI Annual Report 1983

2 Hat verval van de dipool reuzenresonantie in Pb, zoals genieten

door Calarco, kan verklaard worden zonder een bijdrage van direct

verval van de 1 deeltje - 1 gat configuraties, waaruit de reuzen-

resonantie is opgebouwd, aan te nesten.

J.R. Calarco, Ph.D. thesis, University of Il l inois (1969)

3 Bij de bepaling van de splijtingswaarschijnlijkheid van de reuzen-
238resonantiestructuur in U in inelastische hadronverstrooiings-

experitnenten is geen rekening gehouden net de bijdrage aan het

continuum van quasi-vrije verstrooiing van het projectiel aan een

nucleon In de kern. Zolang deze bijdrage niet gemeten i s , kan niet

geconcludeerd worden dat de spli jtingswaarschi jnli jkheid van de

reuzenresonantie kleiner is dan die van de compound kern.

4 Uit de goede overeenstemming tussen de experimentele waarde voor de

breedte van de monopool reuzenresonantie in Pb en de waarde

gevonden in de RPA berekeningen in een 2 deel'je - 2 gat basis van

de Haro et al kan niet geconcludeerd worden dat verdere thermali-

satie niet van belang i s .

R. de Haro, Ph.D. thesis, University of Bonn (1982)
R. de Haro et a l , Nucl. Phys. A338 (1982) 265



5 De Dee-spanning in een cyclotron kan met een nauwkeurigheid van

ongeveer 50 V gemeten worden door het energiespectrum van de

Bremsstrahlung van electronen, die vanaf aard potentiaal naar de Dee

versneld worden, aan te passen aan een volledige theoretische

uitdrukking met als enige parameter de Dee-spanning.

M.K. van Asselt, proefschrift RU Groniagen (1985)
W.K. van Asselt en S. Brandenburg, KVI Annual Report 1983

6 Ook als zeer uitgebreide en geavanceerde detectiesystemen, waarmee

de banen van de deeltjes kunnen worden gereconstrueerd, worden

toegepast, dient een magnetische spectrometer voor metingen met een

hoge resolutie (— < 10 ) goede afbeeldingseigenschappen te hebben.

7 Met het KVI cyclotron kunnen routinematig bundels met een puls-

breedte korter dan 1 ns gemaakt worden, als de frequentie van de

Dee-spauning gestabiliseerd wordt tot — = 1 0

8 Verbetering van de target-technologie bij de produktle van radio-

nucliden levert een aanzienlijke kostenbesparing op.

9 Gezien de geomorfologie van het oostelijk deel van de Nederlandse

Waddenzee zal de uitbreiding van het areaal voor mosselcultures in

de Waddenzee naar dit gebied weinig succesvol zijn.

10 Radioactief en chemisch afval dient bovengronds opgeslagen te

worden.



11 De prioriteitstelling voor natuurkundig onderzoek in Nederland,

zoals die gemaakt is door de VCNO, belemmert een objectieve

beoordeling van 'beleidsruimtevoorstellen' door een lekenjury.

12 De vernieuwende waarde van 'vrouwenstudies' ligt slechts in de

herinterpretatie van bestaande theorieën vanuit een emancipatorisch

perspectief.

13 De recente affaire met betrekking tot de toepassing op grote schaal

van hormonen in de Intensieve veehouderij geeft duidelijk aan dat de

wetgeving op het gebied van voedingsmiddelen nog niet toe is aan de

door de Nederlandse regering voorgestane deregulering.
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